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Abstract

The Wnt signaling pathway has been proven to be a key regulator for stem cell self-renewal,
for cell proliferation and for differentiation. Through development and adult homeostasis,
Wnt signaling is tightly controlled at many levels and by multiple mechanisms. While
properly regulated Wnt signaling accounts for normal development and homeostasis,
aberrant signaling leads to embryonic misdevelopment and diseases including
carcinogenesis, diabetes type Il and bone disease.

The Wnt co-receptor LRP6 is acting as a key regulator for transmission of the extracellular
Whnt signal into the cell. LRP6 is therefore located at the cell surface. Subsequently, the
binding of Wnt ligands to the LRP6 extracellular domain elicits multiple phosphorylation
events on the LRP6 intracellular domain.

An unsolved issue in the field of Wnt/B-catenin signaling concerns the involvement of the
asparagine-attached oligosaccharides (N-glycans) on the LRP6 extracellular domain in Wnt
signaling. While it has been clearly shown that LRP5/6 generally need N-glycosylation to
reach their destination, i.e. the cell surface, and that this process modulates Wnt signaling,
only little is known about the N-glycosyltransferases mediating the oligosaccharide
attachment and processing. Recently the N-glycan B-1,6-branch inducing MGAT-V, acting at
an early step of N-glycan diversification, was shown to modulate Wnt signaling. However,
the main diversifying N-glycosyltransferases which contribute to the length of the N-glycan
antennae (GIcNAc transferases and galactose transferases) remain unknown.

In this study | provide the first evidence that an N-glycan antennae elongating GIcNAc
transferase, B3GNT8, modulates canonical Wnt signaling by adding mass specifically to LRP6.
My work supports a model where B3GNT8 modifies certain LRP6 subspecies to modulate
their Golgi-to-surface transport. In addition, my study identifies for the first time a GIcNAc
transferase that is involved in metabolic regulation of Wnt signaling. A model in which
B3GNT8 promotes LRP6 Golgi-to-surface transport under the influence of metabolic
processes is therefore proposed.



Zusammenfassung

Der Wnt-Signalweg ist ein Schluesselelement in der Regulation von Stammzellen-
Erneuerung, Zellproliferation und Differenzierung. Waehrend der organismalen Entwicklung
und waehrend adulter Homoeostaseprozesse ist der Wnt-Signalweg engmaschig auf
mehreren Ebenen und durch mehrere Mechanismen kontrolliert. Waehrend ein innerhalb
homoeostatischer Grenzen funktionierender Wnt-Signalweg zu normaler Entwicklung und
normalen Homoeostasepreozessen fuehrt, fuehrt abweichende Aktivierung zu embryonaler
Fehlentwicklung und zu Krankheiten wie Krebs, Diabetes vom Typ Il und
Knochenkrankheiten.

Der Wnt Co-Rezeptor LRP6 agiert als Schluesselregulator bei der Transmission der
extrazellulaeren Wnt-Signale in die Zellen hinein. Aus diesem Grund ist LRP6 an der
Zelloberflaeche lokalisiert. Das Binden des Wnt Liganden an die extrazellulaere Domaene
von LRP6 loest nachfolgend mehrere Phosphorylierungsereignisse an der intrazellulaeren
Domaene von LRP6 aus.

Ein ungeloester Sachverhalt im wissenschaftlichen Feld des Wnt-Signalwegs betrifft die
Teilnahme der Asparagin-gebundenen Oligosaccharide (N-Glykane) auf der extrazellulaeren
Domaene von LRP6 im Wnt-Signalweg. Waehrend klar gezeigt werden konnte, dass LRP5/6
generell N-Glykosylierungen brauchen um ihren Zielort, die Zelloberflaeche, zu erreichen
und dass dieser Prozess das Wnt-Signaling moduliert, ist nur wenig bekannt ueber die N-
Glykosyltransferasen, die das Anheften und die Prozessierung des Oligosaccharides
ausfihren. Kuerzlich wurde der B-1,6-Verzweigung-induzierenden MGAT-V, welche an einer
fruehen Stufe der N-Glykan-Diversifizierung wirkt, eine Mitwirkung in der Modulierung des
Wnt-Signalwegs nachgewiesen. Jedoch bleiben die Hauptdiversifizierungsenzyme der N-
Glykane im Wnt-Signalweg, die welche zur Laenge der N-Glykan-Antennen beitragen
(GIcNAc- und Galactosyl-Transferasen), unentdeckt.

In dieser Studie biete ich den ersten Beweis, dass eine N-Glykan-Antennen verlaengernde
GlcNAc-Transferase, B3GNT8, den Wnt-Signalweg moduliert durch das Hinzufligen von
Masse spezifisch an LRP6. Meine Arbeit unterstiitzt ein Model, in welchem B3GNT8
bestimmte LRP6-Subspezies modifiziert, um deren Transport vom Golgi zu der Zelloberflache
zu verstarken. Darliber hinaus identifiziert diese Studie zum ersten Mal eine GIcNAc-
Transferase, B3GNT8, welche in die metabolische Regulierung des Wnt-Signalweges
involviert ist. Deshalb wird ein Modell vorgeschlagen, in welcher B3GNT8 den Transport
einer bestimmten LRP6-Subspezies vom Golgi zur Zelloberfliche unter dem Einfluss
metabolischer Prozesse unterstiitzt.



Content

Independence Declaration
Abstract
Zusammenfassung
Content
Figure Index
Table Index
Abbreviations
1. Introduction
1.1  Wntsignaling
1.2  The known Wnt pathways
1.3  The mechanism of B-catenin dependent Wnt signaling
1.4  The key components of canonical Wnt signaling
1.5 The Wnt co-receptor LRP6 - our field of interest
1.6  The N-glycosylation process
1.7 B3GNTS8s role in N-glycosylation
1.8 N-glycosyltransferases and N-glycosylated pathway members
in Wnt signaling
1.9  N-glycosylation of the Wnt co-receptor LRP6
2. Aim of the Study
3. Results
3.1 Identification of a GIcNAc transferase that covalently modifies
LRP6 and stimulates Wnt signaling
3.2 B3GNT8 modifies endogenous Wnt signaling and promotes an
LRP6 subspecies
3.3 LRP6 has 4 N-glycosylation sites that are highly conserved
34 B3GNT8 modifies the complex N-glycans of LRP6
3.5 B3GNTS8 co-immunoprecipitates with LRP6
3.6 B3GNTS8 acts at the level of the activated Wnt receptor complex
3.7 B3GNTS8 specifically adds mass onto LRP6 to regulate Wnt signaling
3.8 B3GNT8 does not appear to modify LRP5
3.9 In HEK293 cells, B3GNTS8 does not synergistically enhance the
activity of B3GNT2 to stimulate Wnt signaling
3.10 B3GNT8 is required for LRP6 / Wnt signaling
3.11 B3GNT8 is sufficient to rescue LRP6 protein levels, Wnt signaling and
cell proliferation
3.12 B3GNTS8 LoF in HEK293 cells mainly influences Wnt signaling

v

00 O~ W KFE P = X

=
w

15
16
19
20

20

22
24
24
26
27
30
32

33
34

35
36



3.13
3.14
3.15
3.16

B3GNTS8 reduces Wnt/PCP signaling

B3GNT8 increases the cell surface levels of LRP6

The first two conserved LRP6 N-glycans are able to contact ligands
B3GNTS8 acts in hexose induced Wnt signaling

Discussion

4.1

4.2

4.3

4.4

4.5

4.6

The decision criteria for pursuing the characterization of B3GNT8

4.1.1 Identification of B3GNT8

Participation of B3GNT8 in Wnt signaling

4.2.1 Direct or indirect modification of the LRP6 N-glycans by
B3GNT8

4.2.2 Participation of the B3GNT8-modified LRP6 in Wnt
signaling

4.2.3 B3GNT8s enzymatic activity and Wnt pathway members

4.2.4 B3GNT2 and the modification of LRP6 and Wnt signaling
in HEK293 cells

4.2.5 B3GNTS siRNA gene silencing in LRP6/Wnt signaling

Functions of B3GNT8-modifed LRP6 N-glycans

4.3.1 B3GNTS8 in LRP6 Golgi-to-surface transport

4.3.2 B3GNTS in LRP6/ligand interaction

4.3.3 B3GNT8 in signalosome endocytosis

B3GNTS8 and other pathways

4.4.1 B3GNT8 and Wnt/PCP signaling

4.4.2 B3GNTS8 and the N-glycosylation pathway

4.4.3 B3GNTS8 and cell cycle

4.4.4 B3GNTS8 siRNA gene silencing and Wnt, p53, TGFB, Shh,
FGF, and MAPK signaling pathway

LRP6 and B3GNT8 in metabolic regulation of Wnt signaling

4.5.1 LRP6 and hexose induced Wnt signaling

4.5.2 B3GNT8 and hexose induced Wnt signaling

Consequences of my study

Materials and Methods

5.1

Methods

5.1.1 Maintenance of Cells

5.1.2 Transient ScreenfectA Transfection of Cell Lines for
Overexpression Experiments

5.1.3 Transient Promofectin Transfection of Cell Lines for
Overexpression Experiments

5.1.4 ScreenfectA Transfection of Cell Lines for siRNA
Experiments

5.1.5 Cell Lysis for SDS-PAGE / Western Blotting

5.1.6 Bradford Assay

42
43
46
48
54
54
54
55

55

57
57

58
59
59
59
60
61
61
61
62
62

62
63
63
64
65
67
67
67

67

67

68

68
68



5.2

References
Appendix

5.1.7 Sodium Dodecyl Sulfate — Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

5.1.8 Semi-Dry Western Blotting

5.1.9 Western Blotting with Trans Blot Turbo System

5.1.10 Blocking, Incubation with Primary and Secondary
Antibodies, and Washing with the BioLane InSitu
Hybridization Mashine

5.1.11 Blocking, Incubation with Primary and Secondary
Antibodies, and Washing with the BiolLane InSitu
Hybridization Mashine

5.1.12 Transformation of Electro-competent Escherichia coli Strains

5.1.13 Transformation of Chemo-Competent Escherichia coli Strains

5.1.14 Plasmid Preparation with the PEQlab Mini-Prep Kits (peglab)

5.1.15 Endonuclease Digestion of Plasmids and DNA

5.1.16 Luciferase Assays

5.1.17 Cell Surface Biotinylation

5.1.18 Immunoprecipitation

5.1.19 Polymerase Chain Reaction (PCR)

5.1.20 RNA Extraction

5.1.21 DNase I Digestion

5.1.22 Reverse Transcriptase PCR (RT-PCR)

5.1.23 Real Time PCR (qPCR)

5.1.24 RNAseq

5.1.25 Fixation of Cells in Formaldehyde

5.1.26 Peptide-N-Glycosidase F (PNGaseF) Digestion of LRP6

5.1.27 Endoglycosidase H Digestion of LRP6

5.1.28 Co-Immunoprecipitation

Materials

5.2.1 Consumables

5.2.2 Equipment

5.2.3 Buffers and Premixed Solutions

5.2.4 siRNA

5.2.5 Antibodies

5.2.6 RNAseq - target genes of different pathways

5.2.7 qPCR primer

5.2.8 Plasmids

Acknowledgements

Dank

Curriculum Vitae

\

68
69
69

69

69
70
70
70
70
71
71
71
72
72
72
72
72
73
73
73
73
73
74
74
76
77
78
79
80
83
83
85
103
108
109
110



Figure Index

Figure 1:
Figure 2:

Figure 3:

Figure 4.

Figure 5:
Figure 6:

Figure 7:

Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:
Figure 23:

Figure 24

Figure 25:
Figure 26:
Figure 27:
Figure 28:

The known Wnt pathways and their cellular response.

ON state, OFF state and aberrant activation of Wnt/B-catenin
signaling.

Crystal structure of the Xenopus laevis Wnt8 in complex with the
cysteine rich domain (CRD) of Frizzled8.

Schematic view of LRP6 with a more detailed structure of the
extracellular domain (ECD).

The N-glycosylation process and the major N-glycan types.

The Localization of B3GNT8 and products of B3GNT8s enzymatic
function.

Schematic view of LRP6 with a more detailed structure of the
extracellular domain (ECD).

Identification of B3GNTS.

Only B3GNT8 modifies LRP6 and modulates Wnt signaling.
B3GNT8 GoF stimulates exogenous and endogenous Wnt-signaling.
Alignment of LRP6 from different species with LRP5.

B3GNT8 modifies the N-glycans of LRP6.

B3GNT8 modifies the complex N-glycans of LRP6.

LRP6 co-immunoprecipitates with B3GNTS.

B3GNT8 GoF acts at the level of the activated receptor complex.
B3GNTS LoF acts at the level of the activated receptor complex.

B3GNTS8 expression synergizes with Rab5 dependent Wnt stimulation.

B3GNTS8 specifically adds mass to LRP6 to regulate Wnt-signalling.
LRP5 reduces B3GNTS8 protein levels.

Only B3GNT8 functionally modifies LRP6.

B3GNTS8 siRNA affects LRP6 and TOPFLASH.

Rescue of B3GNTS8 siRNA effects.

Correlation analysis of samples for RNAseq confirms similarity for

each condition.

Three analysis identify Wnt signaling as differentially regulated by
B3GNTS LoF.

RNAseq of Control siRNA vs. B3GNTS8 siRNA treated HEK293T cells.
B3GNTS8 expression decreases Wnt/PCP signaling.

B3GNTS8 increases cell surface levels of LRP6.

B3GNTS8 co-localizes with and increases cell surface levels of LRP6.

VI

12

14

17
21
22
23
24
25
26
27
28
29
30
31
32
33
35
36

37

39
41
42
43
46



Figure 29: The first two conserved LRP6 N-glycans are in close spatial proximity
to known MESD binding sites.

Figure 30: FBS reduction increases TOPFLASH response and reduces LRP6
protein bands.

Figure 31: Whnt-signaling and LRP6 react to glucose/glutamine reduction.

Figure 32: B3GNTS8 rescues upper LRP6 bands and TOPFLASH signaling in
glucose/glutamine reduced media.

Figure 33: Co-expression of B3GNT8 with LRP6 augments hexose sensitivity
of TOPFLASH signaling in HEK293 cells.

Figure 34: Model: B3GNT8 adds modifications to and enhances the cell surface
transport of LRP6 under the influence of metabolic processes.

Supplementary Figure 1: RNAseq, Principal Component Analysis

VI

47

49
50

52

53

66
103



Tables Index

Tablel: Abbreviations

Table 2: Description of consumables

Table 3: Description of equipment

Table 4: Description of Buffers and Premixed Solutions

Table 5: Description of siRNAs

Table 6: Description of primary antibodies

Table 7: Description of secondary antibodies

Table 8: Description of target genes from different pathways
Table 9: Description of qPCR primers

Table 10: Description of plasmids used in this study
Supplementary Table 1: Quality of raw reads after base calling
Supplementary Table 2: Differentially regulated genes in B3GNT8 silenced

HEK293 cells

74
76
77
78
79
79
80
83
83
103

104



Abbreviations

Abbreviation

Name

APC Adenomatous Polyposis Coli

APCDD1 Adenomatosis Polyposis Coli Down-Regulated 1
ATF2 Activating Transcription Factor 2

ATP Adenosine-triphosphate

ATRA All-trans retinoic acid

Axin Axis inhibition protein

B3GNT B-1,3-N-acetylglucosaminyltransferase
BFDRC Benjamini False Discovery Rate Correction
BP B-propeller

BSA Bovine serum albumin

Clq Complement 1q

CAMKII Calcium / Calmodulin Dependent Kinase I
CDG congenital disorders of glycosylation

CDK Cyclin dependent kinase

cDNA complementary DANN

CK1 Casein kinase 1

CM conditioned media

ColP Co-immunoprecipitation

C0Os-7 fibroblast-like monkey kidney cell line
CRD Cysteine Rich Domain

CTLA-4 cytotoxic T-lymphocyte-associated Protein 4
Dkk Dickkopf (german, means "big head")
DMEM Dulbecco’s Modified Eagle Medium
DMEM "¢ glutamine-free, glucose-reduced DMEM
DMSO Dimethylsulfoxide

DPAGT1 Dolichyl-Phosphate N-Acetylglucosaminephosphotransferase 1
DTT Dithiothreitol

Dvl Dishevelled

EB Elution Buffer

ECD extracellular domain

ECL Enhanced chemiluminescence

ECM extracellular matrix

EDTA Ethylenediaminetetraacetic acid

EGF-R Epidermal Growth Factor Receptor

EndoH endoglycosidase H

ER Endoplasmic reticulum

FBS Fetal Bovine Serum




FBSdiaI

dialyzed FBS

FGF Fibroblast Growth Factor

FGFR FGF Receptor

FLRT fibronectin leucine rich transmembrane protein

Fz Frizzled

Fzd Frizzled

Gal Galactose

GFAT glutamine:fructose-6-phosphate amido transferase
GIcNAc N-acetylglucosamine

GIcNAC-T GlcNAc-Transferase

GLUT Glucose transporter

GoF gain-of-function

GSK3 Glycogen Synthase Kinase 3

HBP hexosamine biosynthetic pathway

HCT15 Human colon adenocarcinoma cell line

HEK293T Human embryonic kidney cells, immortalized, contain SV40 large T antigen
HFG Helmholtz Forschungsgemeinschaft

HL60 Human promyelocytic leukemia cells

HRP Horse Raddish Peroxidase

ICD Intracellular domain

IGFBP Insulin-like growth factor-binding protein

IGFR Insulin-like Grotwh Factor Receptor

IgG Immunglobulin G

1774.2 Mouse BALB/c monocyte macrophage cells

JNK kinase

KEGG Kyoto Encyclopedia of Genes and Genomes

KO knock-out

LB Luria Broth

LDLR Low Density Lipoprotein Receptor

LoF loss-of-function

LRP5/6 Low Density Lipoprotein Receptor Related Protein 5/6
LRP6AC truncated LRP6, lacks the ICD

LRP6AE1-4 LRP6 construct with deleted YWTD B-propeller/EGF modules
Man Mannose

ManNAz Azido-N acetylmannosamine

MAPK Mitogen-activated protein kinases

Mbases Megabases

MESD Mesoderm development Candidate2

Mest/PEG1 Mesoderm Specific Transcript/Paternally expressed gene 1
MG132 proteasome inhibitor

MGAT-V B1-6 N-acetylglucosaminyltransferase V

MMP Matrix Metalloprotease

MO Morpholino

Xl




MVB Multivesicular Bodies

NDP-hexose nucleotide diphosphate-activated hexose
ON overnight

osT oligosaccharyltransferase

pax2 paired box gene 2

PBS Phosphate buffered saline

PCA Principal Component analysis

PCP planar cell polarity

PCR Polymerase Chain Reaction

PDGFR Platelet-derived growth factor receptor
Pen/Strep Penicillin/Streptomycin

PF cluster passing illumina chastitiy filter
PKC Protein Kinase C

PMA Phorbol 12-myristate 13-acetate
PNGaseF Peptide-N-Glycosidase F

polyLacNAc poly-N-acetyllactosamine

p-value significance value

PVDF Polyvinylidene fluoride

gPCR Quantitative Real-time PCR

Rab5 small GTPase

rErR rough ER

RNA Ribonucleic acid

ROCK kinase

ROR2 neurotrophic tyrosine kinase, receptor-related 2
RT Room Temperature

RT-PCR Reverse Transkriptase-PCR

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis
Shh Sonic Hedgehog

siRNA small interfering RNA

SNP single nucleotide polymorphism

SOST Sclerostin

TAC Thesis Advisory Commitee

TbR T-Brain

TBS Tris-buffered saline

TCF/LEF T-cell factor/Lymphoid enhancer-binding factor
Tf-R Transferrin Receptor

TGF Transfrorming Growth Factor

TLB triton lysis buffer

TOPFLASH luciferase based reporter gene assay with TCF/LEF dependent promoter
Wnt Wingless and Int

wt wild-Type

B-TrCP E3 ubiquitin ligase

Xl




1. Introduction

1.1 Wnt signaling

The Intl gene was discovered to be an oncogene and was found to be related to the
Drosophila Wg gene in 1982 by Nusse and Varmus. It took over a decade after this discovery
to realize that the gene products of Intl and Wg were part of a cellular signaling pathway,
the so called Wnt pathway. Since then the Wnt pathway (or Wnt signaling) has proven to be
a key regulator for stem cell self-renewal, for cell proliferation and for differentiation
(Clevers, 2006; Logan and Nusse, 2004; Reya and Clevers, 2005). In embryonic development
it is involved in primary body axis formation, in anteroposterior patterning, and in the
organogenesis of limb, eye, skin, gut and liver (Kiekers and Niehrs, 2001; Yamaguchi, 2001).
Also in adulthood, Wnt signaling regulates tissue homeostasis (Clevers and Nusse, 2012;
MacDonald et al., 2009; Moon et al., 2004). Wnt signaling is tightly controlled at many levels
and by multiple mechanisms. Aberrant Wnt signaling leads to defects in embryonic
development as well as diseases including cancer, diabetes type Il and bone disease (Lim and
Nusse, 2013; Kim et al., 2013a; Polakis, 2012; Clevers and Nusse, 2012; Wray and Hartmann,
2012; Wang et al., 2012; Reya and Clevers, 2005; Peifer and Polakis, 2000; Polakis, 2000).
Thus Wnt signaling is one of the most fundamental regulatory systems in all metazoan
development and human pathogenesis. The regulation of Wnt signaling is therefore of
profound relevance and research aimed at identifying the mechanisms used by cells to
achieve this is highly active. Further insights into the mechanism of Wnt signaling regulation
also holds promise for medical treatment of some major human diseases (Anastas and
Moon, 2013).

Since Wnt signaling is highly evolutionarily conserved many model organisms are available
for experimental studies. Invertebrate model organisms include the nematode
Caenorhabditis elegans (Jackson and Eisenmann, 2012), the Cnidaria hydra (Hobmayer et al.,
2000) and the fruit fly Drosophila melanogaster (Swarup and Verheyen, 2012). Vertebrate
model organisms include Xenopus spec. (Kiecker and Niehrs, 2001), Danio rerio (Verkade
and Heath, 2008) and Mus musculus (Wang et al., 2012). 30 years of experimentation with
cell culture and model organisms have led to tremendous insights into the transduction and
regulation that control the activity of the Wnt pathway.

1.2 The known Wnt pathways

Wnt signaling is roughly divided into [B-catenin dependent (canonical) and B-catenin
independent (non-canonical) Wnt signaling (Cavallo et al.,, 1998) (fig. 1). The B-catenin
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dependant pathway is the best characterised and uses the multifunctional B-catenin protein
as a transcriptional co-activator. The levels of B-catenin are tightly regulated by its
phosphorylation-dependent proteosomal degradation in the so-called B-catenin destruction
complex (Logan and Nusse, 2004). Wnt receptor activation prevents this phosphorylation of
B-catenin, allowing its accumulation in the cytoplasm, diffusion to the nucleus and activation
of Wnt target genes. In addition to a Fzd receptor, LRP5/6 is required a s a co-receptor for B-
catenin dependent Wnt signaling.

The non-canonical Wnt signaling comprises the Wnt-Ca2+-pathway and planar cell polarity
(PCP) signaling. PCP signaling is activated by binding of Wnts to Frizzled and further activates
the small GTPases Rac and Rho. This consequently activates the kinases ROCK and JNK to
regulate cytoskeleton rearrangement that regulate cell shape and cell migration. The PCP
pathway requires the conserved signaling molecules Rac, Rho, Rock, JNK, Flamingo, Diego,
Strabismus, Fat, and Prickle. But their detailed protein interactions have not been defined
yet (Singh and Mlodzik, 2012).

Wnt-Ca®* signaling leads to calcium release, this activates calcineurin, the Calcium /
Calmodulin Dependent Kinase Il (CAMKII) and the Protein Kinase C (PKC) to regulate cell
adhesion, migration, and cell destiny (De, 2011).

B-catenin dependent Wnt signaling regulates induction and patterning of germ layers,
controls the body axis formation, segment polarity, cell fate specification and cell
proliferation (Logan and Nusse; 2004). Since the Wnt receptor LRP6 is the main topic of this
study, the B-catenin dependent Wnt pathway will be discussed in detail in the next two
paragraphs.

The known Wnt pathways

Canonical Non-canonical Non-canonical
Wnt/B-catenin pathway Wnt/Caz+ pathway Wnt/PCP pathway

A

o) Kny
ROR2
LRP5/6 Ryk
Frizzled Frizzled Frizzled
Cell fate decisions Cell movement Cell and tissue polarity

Figure 1: The known Wnt pathways and their cellular response.
The activation of either of the three known Wnt pathways depends on the particular combinations of Wnts, Frizzleds and co-receptors.
For Wnt/B-catenin signaling binding of Wnts to LRP5/6 is a pre-requisite. Wnt/Ca2+ signaling depends on the co-receptors Kny, ROR2



and Ryk. PCP signaling can be initiated by binding of particular Wnts to particular Frizzleds in the absence of co-receptors. The different
pathways lead to different cellular responses. Modified after Logan and Nusse (2004).

1.3 The mechanism of B-catenin dependent Wnt sighaling

Wnt/B-catenin can be represented by a simple ON/OFF model with or without Whnt,
respectively (MacDonald et al., 2009; Logan and Nusse, 2004). In detail: at the surface of
receiving cells Wnt ligands binds to both Fzd and Low Density Lipoprotein Receptor Related
Proteins 5 or 6 (LRP5 or LRP6) to initiate signaling (fig. 2). In contrast to the other Wnt
pathways, for B-catenin dependent signaling LRP5/6 is exclusively required in addition to the
primary receptor Fzd (MacDonald and He, 2012a; He, 2004; Tamai et al., 2000). In the
absence of a Wnt ligand cytosolic B-catenin is sequentially phosphorylated by the
serine/threonine kinases Casein Kinase 1 alpha (CKla) and Glycogen Synthase Kinase 3
(GSK3) to create a destruction recognition motif that is recognized by the E3 ubiquitin ligase
B-TrCP and consequently ubiquitinated B-catenin is targeted for proteasomal degradation
(Liu et al., 2002; Liu et al.,, 1999). GSK3, CK1 and B-catenin are part of the “B-catenin
destruction complex” together with the scaffolding protein Axin and Adenomatous Polyposis
Coli (APC) (Staos and Weis, 2013). When a Wnt ligand reaches a receiving cell it is
incorporated into a ternary complex with Fzd and LRP5/6 which in turn recruits the
scaffolding protein Disheveld (Dvl) to Fzd (Gao and Chen, 2010). Large aggregates of Wnt
receptors (called signalosomes) form as a result which leads to the phosphorylation of the
PPPSP and CK1 sites in the intracellular domain (ICD) of LRP5/6. Consequently Axin is
recruited to the phosphorylated LRP5/6 (Bilic et al., 2007; Tamai et al., 2004) and GKS3 is
inactivated (Kim et al., 2013a; Pan et al, 2008a; Bilic et al., 2007; Cong, 2004). Through the
phosphorylation of the LRP6 ICD GSK3 creates its own inhibitory substrate (Wu et al., 2009;
Piao et al., 2008) thus providing a potential mechanism for activated Wnt receptors to
directly inhibit the phosphorylation of b-catenin by GSK3. Another potential mechanism that
has been proposed for GSK3 inhibition involves its sequestration into MVB's upon Wnt
pathway activation (Taelman et al., 2010). Consequently, B-catenin is no longer degraded
and is free to translocate into the nucleus where it binds to TCF/LEF transcription factors by
replacing the transcription repressor Groucho and activates transcription of Wnt target
genes. There are several well characterised Wnt target genes such as myc, cyclinD and Axin2
however the total number of Wnt target genes identified continues to grow, due to context
and cell-specific Wnt signaling responses. Several Wnt target genes are themselves Wnt
pathway components, highlighting the strong nature of feedback regulation (Lustig et al,
2002; Tetsu and McCormick, 1999; He et al.,, 1998). The exact mechanism by which the
inactivation of the B-catenin destruction complex is achieved is not fully understood yet.
Different studies support that either parts of the receptor complex or the whole complex is
recruited to Fzd/LRP as a result of receptor activation events (Kim et al., 2013b; Li et al.,
2012). Perturbations by e.g. mutation of pathway components can lead to aberrant
activation (fig. 2).



A tight control of the level of B-catenin dependent Wnt signaling is important for tissues to
function properly. Aberrant activation of Wnt signaling can lead e.g. to secondary axis
formation or reduction in eye size in zebrafish (Chen et al., 2014). Several secreted and
transmembrane activators and inhibitors exist to regulate Wnt signaling at the level of
receptor activation, i.e. in addition to the Wnt-Fzd-LRP6 complex. Most of the Wnt signaling
activators or inhibitors are highly conserved and many act at the level of LRP6, such as
Wise/SOST (Itasaki et al., 2003; Li et al., 2005), IGFBP (Zhu et al., 2008), APCDD1 (Shimomura
et al., 2010), Waifl (Kagermeier-Schenk et al., 2011), ZNRF3m (Hao et al., 2012; Koo et al.,
2012), C1q (Naito et al., 2012), Dickkopf (Dkk) (in vertebrates) (Bafico et al., 2001; Mao et al.,
2001a) and R-spondin (Hao et al., 2012; Koo et al., 2012).

Normal and dysregulated Wnt signaling

Normal cells: Normal cells: Cancer cells:
OFF state ON state Aberrant activation

by mutation
Y Y
X o)
LRP6 LRP6 \'LRP6
Frizzled Frizzled @ Frizzled

Figure 2: ON state, OFF state and aberrant activation of Wnt/B-catenin signaling.

Normal cells OFF state: In absence of the Wnt ligand, free B-catenin is constantly degraded by the so called B-catenin destruction complex
conisting of Axin, GSK3, CK1 and APC.

Normal cells ON state: The Wnt ligand builds a ternary complex with Frizzleds and LRP5/6 which leads to inhibition of the B-catenin
destruction complex by binding of Axin and Dsh to LRP5/6 and Frizzleds, respectively. B-catenin can accumulate and translocate into the
nucleus where it acts as a co-activator together with the transcription factor TCF/LEF to induce Wnt target gene expression.

Cancer cells Aberrant activation: In absence of the Wnt ligand a mutation in APC or other pathway components (red triangle) inhibits the B-
catenin destruction complex. B-catenin can accumulate and translocate into the nucleus where it starts expression of Wnt target genes as a
co-activator together with the transcription factor TCF/LEF. Modified after Logan and Nusse (2004).

1.4 The key components of canonical Wnt signaling

The Wnt ligand is a family of secreted lipid-modified glycoproteins and comprises up to date
19 members. Wnts are lipid modified and thus are thought to be packaged and transported
in lipoprotein particles or exosomes or within specific protein complexes (Gross and Boutros,
2013; Mulligan et al., 2012). Since it is very difficult to purify Wnts it is unknown where the
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specificity of different Wnt ligands binding to its different receptors stems from. However,
biochemical studies indicate that the binding of different Wnt/Fzd combinations to various
co-receptors activates different signaling cascades (Niehrs, 2012; Angers and Moon, 2009;
van Amerongen and Nusse, 2009). The most studied are Wnt1, Wnt 3a and Wnt8 and these
are pre-dominantly involved in B-catenin dependent signaling. Additional to their lipid-
modification Wnts can be N-glycosylated, in which some asparagine residues carry an N-
linked oligosaccharide chain. Contrary to the lipid modification, the glycosylation sites
fluctuate in the number and position on Wnts. The role of the N-glycosylation also is variable
in the Wnt family: in several cellular contexts, replacement of N-glycosylation sites does not
affect Wntl-induced signaling, indicating that N-glycosylation is neither essential for
signaling nor for secretion (Doubravska et al., 2011; Mason et al., 1992). This is supported by
the position of one of the N-glycans on Wnt8, which sits right in the middle of the
Whnt/Frizzled complex, and does not participate in Frizzled binding (Janda et al., 2012) (fig.
3). However, Wnt3a and Wnt5a N-glycosylation precedes the modification with a lipid and is
important for proper Wnt secretion (Tang et al., 2012; Komekado et al., 2007; Kurayoshi et
al., 2007).

Crystal structure of Wnt8 in complex with Frizzled8-CRD

+—N-glycan
Xenopus laevis wnt8 o

e |
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Frizzled 8 CRD
PAM -

Figure 3: Crystal structure of the Xenopus laevis Wnt8 in complex with the cysteine rich domain (CRD) of Frizzled8.

The Xenopus laevis wnt8 is shown in purple, the N-terminal “lipid thumb” domain in deep purple, the C-terminal “index finger” domain in
light pink and the palmitoleic acid (PAM) in red. The Frizzled 8 CRD is shown in blue. Rests of N-glycan are colored in yellow. Note the N-
glycan rest of Wnt8 which is facing the Frizzled8 CRD but seems not to participate in binding. Modified after Niehrs (2012).



Fzd, the main Wnt receptor, is a seven-pass transmembrane glycoprotein. All family
members possess an extracellular N-terminal Cysteine Rich Domain (CRD) and bind in an
“index finger and thumb” conformation to Wnts (Janda et al., 2012). This ensures a high
affinity and, at the same time, a specificity for the different Wnt/Fz combinations. Frizzleds
share two highly conserved N-glycosylation sites and N-glycosylation mutants are retained in
the ER (Milhem et al., 2014). But N-glycosylation mutants of Fzd8 and Secreted Frizzled
Related Protein 3 (sFRP-3) exhibited an unchanged affinity for Xenopus Wnt8 (Dann et al.,
2001).

B-catenin is predominantly immobilized by cell membrane located cadherin. In absence of
the Wnt ligand free B-catenin is constantly degraded. Upon Wnt binding B-catenin
accumulates in the cytosol and then further translocates into the nucleus where it associates
with TCF/LEF transcription factors. B-catenin is serine/threonine and tyrosine
phosphorylated which modulates its stability (Valenta et al., 2012). Furthermore, B-catenin is
O-glycosylated which regulates its transport into the nucleus and thus regulates its signaling
activity (Sayat et al., 2008).

1.5 The Wnt co-receptor LRP6 - our field of interest

Contrasting to the other Wnt pathways the co-receptor LRP5/6 is exclusively required in
addition to the primary receptor Fzd in B-catenin dependent Wnt signaling (MacDonald and
He, 2012a ; He, 2004; Tamai et al., 2000). LRP5/6 is therefore of great interest to the
scientific field. LRP5/6 is a 1615/1613 amino acids single-span transmembrane protein and
belongs to the Low Density Lipoprotein Receptor (LDLR) superfamily. Loss of the Drosopohila
orthologue arrow phenocopies the Wg mutant (Wehrli et al., 2000), which confirms it is
essential for transduction of Wnt signaling. LRP5/6 is widely co-expressed during
embryogenesis and in adults, which confirms their necessity for cell development and
homeostasis (Kelly et al., 2004; Houston and Wylie, 2002; Dong et al., 1998; Hey et al., 1998).
Unlike LRP5, expression of LRP6 alone in Xenopus embryos is sufficient to induce secondary
axis formation. And LRP6” but not LRP5 7" mice are perinatal lethal (Kato et al., 2002; Pinson
et al., 2000). This suggests that LRP6 is more active than LRP5 (He et al., 2004). On the other
hand, LRP5 but not LRP6 is indispensable for adult bone homeostasis (He et al., 2004). But
both LRP5 silencing and viable heterozygous LRP6"" mice develop osteoporosis (low bone
density) (Holmen et al., 2004). Since LRP6 seems more active than LRP5 in cell culture
context, LRP6 is our labs field of interest and was used in all of my experiments except where
indicated otherwise.

For Wnt signaling transduction, the phosporylation of the intracellular domain (ICD) of LRP6

is crucial and has been subject of extensive studies (Niehrs and Shen, 2010). The

modifications of the extracellular domain (ECD) are not so well characterized, which may be

due to the difficulties associated with studying protein N-glycosylation (Winterhalter et al.,

2013; Nie et al., 2013; Leymarie and Zaia, 2012; Wuhrer et al, 2011; Harvey et al. 2005). The
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ECD of LRP6 mediates binding of Wnt ligands and antagonists (MacDonald and He, 2012). It
comprises 1350aa and is modularized into four tandem B-propeller/EGF-like units (E1-E4)
followed by three LDLR type A repeats (He et al., 2004) (fig. 4). Crystal structures of E1+E2
and E3+E4 showed the platform-like nature of these ligand-binding modules (Chu et al.,
2013; Chen et al., 2011; Cheng et al., 2011a; Cheng et al., 2011b). LRP6 mutants lacking all of
the tandem B-propeller(BP)/EGF-like units (LRP6AE1-4) are constitutively active. Thus the
ECD is important for tight control of Wnt signaling and prevents activation of the ICD in the
unbound state. While Wnt1 prefers binding to BP1+BP2, Wnt3a binds to BP3+BP4 (Ettenberg
et al., 2010; Bourhis et al., 2010). This indicates that LRP6 may bind multiple Wnt proteins
simultaneously. Dkk1 binds to both BP1+BP2 and BP3+BP4, which supports the known broad
inhibition spectrum of Dkk1 (Ettenberg et al., 2010). By binding to LRP6 Dkk1 interrupts
Wnt/Fzd/LRP6 complexes (Semenov et al., 2008) and together with the Dkkl receptor
Kremen (Krm) inititates LRP6 removal from the cell surface (Mao et al., 2002a).

LRP6 - schematic view
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Figure 4: Schematic view of LRP6 with a more detailed structure of the extracellular domain (ECD).

The 4 B-propellers of the type | transmembrane protein LRP6 are colored blue, EGF-like repeats in orange, LDL-type A repeats in green, the
transmembrane domain is colored in yellow and the intracellular domain is colored in gray. Known ligand binding sites are marked by red
ovals. The size is not in a realistic representation.

The maturation of the LRP6 ECD requires the formation of disulfide bonds and N-glycan
attachment together with the correct folding of a complex set of alternating helices, turns
and B-strands to form the 4 six-bladed B-propellers typical for LRPs. The LRP6 chaperone
MESD (Mesoderm Development Candidate 2) both assists in folding of these highly complex
domains and escorts properly folded LRP6 from the ER to Golgi. By doing so MESD prevents



premature LRP6 aggregation and improper disulfide bond formation (Hsieh et al., 2003). The
ER exit of LRP6 is also reported to be controlled by palmytoylation at two Cysteines in the
ICD (C1394 and C1399) close to the transmembrane domain, which helps to tilt the
transmembrane domain properly with respect to the ER membrane in order to prevent a
hydrophobic mismatch and thus ER retention (Abrami et al., 2008b). Mest/PEG1 (Mesoderm
Specific Transcript/Paternally expressed gene 1), which reduces LRP6 N-glycosylation levels,
leads to ER retention of LRP6 (Jung et al. 2011), highlighting the importance of N-
glycosylation for LRP6 maturation. N-glycosylation stabilizes proteins and makes them more
soluble in aqueous solutions, thus it protects them against proteases and is important for
the accomplishment of the various tasks a protein fulfills (Gabius, 2009). When LRP6 protein
is analyzed by SDS-PAGE/Immunoblotting two bands are detected: a low molecular weight
form and a high molecular weight form. These LRP6 forms are low N-glycosylated and highly
N-glycosylated forms and are thought to be immature, ER-localized and mature, Golgi-
transited receptor, respectively (Jung et al.,, 2011; Khan et al., 2007; Hsieh et al., 2003).
Improper N-glycosylation prevents normal ER-to-surface transport of LRP6 and inhibits
Wnt/B-catenin signaling (Jung et al.,, 2011). Hence, N-glycosylation is an important
modification of LRP6 in order for LRP6 to reach the cell surface. Therefore | will introduce
the N-glycosylation process in the next paragraph.

1.6 The N-glycosylation process

For proper protein folding proteins in the secretory route need N-glycosylation (Roth et al.,
2008; Ellgaard and Helenius, 2003; Roth, 2002). The N-glycosylation pathway is a highly
ordered, complex set of enzymatic modifications that results in the decoration of secreted
and transmembrane proteins with specific N-glycan chains. All N-glycans are synthesized
through the same pathway and share a mutual core glycan structure. The core N-glycan
structure consists of two N-acetylglucosamine (GlcNAc) and three mannoses (Man), which is
attached to asparagine residues within conserved Asn-X-Ser/Thr motifs on proteins in the ER
via a dolichol-attached intermediate. This core N-glycan structure is then further modified in
the Golgi by a diverse set of glycosyltransferases, resulting in a great variety of N-glycan
structures (Drickamer and Taylor, 2006). The maturation of N-glycans from the
oligosaccharide precursor to high-mannose-, complex- or hybrid-types increases diversity
and thus functionality of the proteome to a degree unmatched by any other post-
translational modification (Walsh, 2006; Trombetta, 2003; Spiro, 2002; Burda and Aebi,
1999).

The biosynthesis of N-glycans can thus be simplified into three major steps (fig. 5):

1) Synthesis of the dolichol-attached oligosaccharide precursor
2) Transfer of the oligosaccharide precursor to a new-forming protein
3) Processing of the oligosaccharide precursor (trimming and then elongation/branching
events to diversify the structural nature of the glycan chains)
8



The N-glycosylation of proteins begins in the rough ER (rER) as a co-translational process
(Zuber and Roth, 2009; Burda and Aebi, 1999). It starts with the formation of the dolichol-
linked oligosaccharide precursor. Dolichol consists of repeating isoprene units and acts as a
lipid anchor that attaches the oligosaccharide precursor to the ER membrane. The assembly
of the oligosaccharide precursor can be divided into two stages: The cytoplasmic-ER-face
stage and the ER-lumenal stage. In the first stage, GIcNAc is attached to the dolichol anchor
by the the Dolichyl-Phosphate N-Acetylglucosaminephosphotransferase 1 (DPAGT1) through
a pyrophosphate unit, one phosphate being originally attached to dolichol and the second
from the nucleotide sugar, UDP-GIcNAc (Drickamer and Taylor, 2006). By the addition of
various sugars, the oligosaccharide chain extends to form the oligosaccharide precursor
which is made up of 2 GIcNAc, 9 mannose and 3 glucose molecules. After the addition of the
last of the three GIcNAc the precursor is ready to be transferred onto a new forming
polypeptide. In the second stage, the dolichol-linked oligosaccharide is flipped into the
lumen of the ER. There, the precursor is co-translationally transferred en bloc to an
Aspragine or Arginine of an Asp/Arg-X-Ser/Thr/Cys recognition motif by the multisubunit
oligosaccharyltransferase (OST), which forms a complex with the Sec61 translocon and an
associated ribosome (Chavan and Lennarz, 2006; Kelleher and Gilmore, 2006). The transfer
of the oligosaccharide precursor to a nascent peptide is driven by the cleavage of the
pyrophosphate bond between the dolichol and the glycan which releases energy. Three
conditions must be fulfilled before a glycan is transferred onto an asparagine (or arginine):

1. The asparagine has to be located in a specific consensus sequence (Asn/Arg-X-
Ser/Thr/Cys, X£P) of a target protein (i.e. a cell surface or secreted protein) (Mellquist
et al., 1998). This consensus sequence is also called asparagine sequon.

2. The asparagine has to be exposed on the surface of the protein being synthesized
and not buried in a 3D-structure.

3. The asparagine must be located in the luminal side of the ER (Drickamer and Taylor,
2006).

The biosynthetic N-glycosylation process and the resulting oligosaccharide precursor are
evolutionarily conserved from yeast to mammals. The presence of the oligosaccharide
precursor aids in proper protein folding and thus the rER is the main quality control center
for protein folding in living cells (Roth et al., 2010). It is noteworthy that the vesico-tubular
clusters of the pre-Golgi intermediates also house quality control machinery (Fan et al.,
2003; Zuber et al., 2001; Zuber et al., 2000; Bannykh et al., 1996; Lucocq et al., 1986). Golgi
entry of newly synthesized proteins is only achieved after passage through these quality
control machineries. Quality control of folding is important for cells since folding disorders
can result in pathological loss-of-function (LoF) or gain-of-function (GoF) (Roth, 2010).

The next step in N-glycosylation is the pre-trimming of the oligosaccharide precursor in the
ER/pre-Golgi, which signals the correct protein folding (fig. 5). The trimming of the
oligosaccharide precursor is a complex process. After transfer of the completed
oligosaccharide precursor onto an asparagine of an ER-lumen-exposed peptide, three
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glucose residues are removed from the precursor. This pre-trimming in the ER requires the
concerted action of the (exo-)Glucosidases |, Il and Ill, which prevents further interaction of
the oligosaccharide with the oligosaccharyltransferase (Kalz- Fuller et al., 1995; Hettkamp et
al., 1984; Brada and Dubach, 1984; Burns and Touster, 1982). From here on, the involved
enzymes start to be distributed between rER to pre-Golgi, since glucosidase Il was detected
throughout the rER, in the smooth ER and in vesiculo-tubular clusters (Zuber et al., 2000;
Roth et al., 1990; Lucocq et al., 1986). In general, di-glucosylated oligosaccharides generated
by Glucosidasel represent a glyco-code that allows for further translocation in the secretory
route and thus for further N-glycan processing. Mono-glucosylated oligosaccharides
represent a glyco-code promoting protein folding through the calnexin/calreticulin cycle, i.e.
the misfolded protein-response for dislocation from the ER and subsequent degradation
(Roth, 2010; Hammond et al., 1994; Hebert et al., 1995). These oligosaccharide precursor
trimming reactions are known to be conserved from yeast to higher eukaryotes (Roth, 1987;
Kornfeld and Kornfeld, 1985). If the protein is properly folded the oligosaccharide precursor
is further trimmed by Mannosidase | and Il (Roth, 2002; Roth et al., 2010). It has been shown
that the removal of both the glucose and some of the mannoses are important for the
protein quality control (Roth et al., 2010).

In the Golgi, the next step involves further removal and addition of sugar residues by
glycosidases and glycosyltransferases, respectively. In the cis-Golgi, mannosidases
completely or partially remove the four mannose in a-1,2 linkages. Subsequently,
glycosyltransferases of the medial Golgi add sugar residues to the core glycan (which
consists of 2 GlcnAc and 3 mannose), initiating the synthesis of the three main types of N-
glycans: high mannose types, complex types and hybrid types N-glycans (Roth et al., 2010;
Drickamer and Taylor, 2006; Roth, 2002) (fig.5).

High-mannose N-glycans: High-mannose N-glycans are made of two GIcNAc with many
attached mannose residues.

Complex N-glycans: As implicated by their name, complex oligosaccharides can contain
almost every possible number of saccharide types and saccharides. The GIcNAc transferase
B3GNTS, which is being analyzed in this study, is involved in the construction of complex N-
glycans. Synthesis of complex N-glycans happens primarily in the Golgi. Here, GIcNAc-T |
transfers a GIcNAc to the Man-a-1,3 arm of Man5GIcNAc2-Asn-X creating a B-1,2 linkage.
B3GNT8 prefers the B-1,2-arm. Then the mannosidase II-mediated removal of two mannose
units forms the substrate for GIcNAc-T Il, which then transfers GIcNAc to the Man-a-1,6 arm
to create a B-1,2 linkage. When GIcNAc-T | and mannosidase Il have acted as described
above, a second antenna can be formed by GIcNAc-T Il and GIcNAc-T Ill to VI as well as the
core fucosyltransferases may act. The action of GIcNAc-T | is required for the actions of
GIcNAc-T II, Ill and IV, mannosidase Il and the core alpha-1,6-fucosyltransferase. However,
GIcNAc-T V and VI require, in addition to GIcNAc-T I, the prior action of GIcNAc-T Il
(Schachter 2000). The GlcNAc-transferases Mgatl, -Il, -IV and V can increase the number of
antenna (Lau et al., 2007). Complex N-glycans share the N-acetyllactosamine (LacNAc)
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structure which is a disaccharide consisting of N-acetylglucosamine (GIcNAc) and galactose
(Gal). Multiple alternating additions of Gal and GIcNAc by galactosyl transferases and GIcNAc
transferases respectively can form long poly-LacNAc chains on complex N-glycans. The
GlcNAc transferase B3GNTS8 belongs to the LacNAc synthesizing group of enzymes (Seko and
Yamashita, 2008) (for detailed description see next paragraph). GlcNAc transferases and
galactosyl transferases act in successive steps to elongate glycan chains on the same protein.
For this reason GIcNAc transferases and galactosyl transferases localize to the same
compartments and physically associate. GIcNAc transferases and galactosyltransferases
share this common localization with many other glycosyltransferases in organisms from
Saccharomyces cerevisiae to Homo sapiens (de Graffenried and Bertozzi 2004; Giraudo and
Maccioni 2003a; Bieberich et al. 2002; Moremen 2002; Giraudo et al. 2001; Jungmann et al.
1999; Jungmann and Munro 1998; Nilsson et al. 1994). Two mechanisms may account for
the proper localization of these type Il single transmembrane-spanning glycosyltransferases:
the first is called the “bilayer thickness” model, because it has been proposed that different
glycosyltransferases sort according to the size of their transmembrane domains and the size
of the local membrane thickness (Mitra et al. 2004; Bretscher and Munro 1993). The second
is referred to as the “kin recognition” model, where it has been proposed that
glycosyltransferases in the same compartment form complexes and are thus excluded from
Golgi-to-surface moving vesicles (Opat et al. 2000; Nilsson et al. 1993; Machamer 1991).
These models are not mutually exclusive: the membrane thickness could contribute to the
localization of enzyme complexes while enzyme complexes could establish domains in a
particular membrane (Lee et al., 2009).
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The N-glycosylation process
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Figure 5: The N-glycosylation process and the major N-glycan types.

A. Upper panel: schematic view, lower panel: molecular view. An oligo-saccharide precursor is flipped into the lumen of the ER and an
oligo-saccharide transferase attaches it to an asparagine or arginine residue of the target protein. The precursor is then modified and
decorated with a more elaborate set of sugars and branches by a large number of different glycosyltransferases.

B. The N-glycosylation process leads to high-mannose, complex, or hybrid type N-glycans. For the complex type N-glycans one example is
shown. The amount of polyLacNAc (n) can vary on each antenna.

Hybrid N-glycans: The third type of N-glycans is the hybrid type. As the name implicates
hybrid types are made up of mannose residues on one branch while on the other branch
LacNAc units form a complex branch. For synthesis of hybrid N-glycans GIcNAc-T Ill must act
on the product of GIcNAc-T | before mannosidase Il. Then the pathway is committed to
hybrid structures since Mannosidase Il will not find a substrate on bisected oligosaccharides
(the reverse action leads to complex N-glycans). The amounts of GIcNAc-T Il and
mannosidase Il in cells directs the N-glycan biosynthetic pathway towards hybrid or complex
type N-glycans (Schachter, 2000).
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The three aforementioned N-glycan pathways towards high mannose, complex and hybrid
type are conserved in prokaryotes as well as in archaea (Dell et al., 2010). The difference
between prokaryotes/archaea and eukaryotes is the final N-glycan structure. In prokaryotes
and archaea the N-glycan structure does not differ much from the initial oligosaccharide
precursor. However in eukaryotes, the oligosaccharide precursor is extensively modified
while being transported from ER to cell surface (Drickamer and Taylor, 2006). As mentioned
before, the peptide attachment of the oligosaccharide precursor as well as its processing
into high mannose/hybrid/complex N-glycans is important for proteins like the Wnt co-
receptor LRP6 to reach its destination, i.e. the cell surface (Khan et al., 2007, Hsieh et al.,
2003). Although this is known since more than a decade, up to date no specific N-
glycosyltransferase has been identified that is involved in controlling the transport of the
Wnt co-receptor LRP6. While it is easy to hypothesize that the GIcNAc-to-dolichol
transferase DPAGT1 or the precursor-transferring OST are involved in LRP6 transport by
exerting a global effect on the complex N-glycans of LRP6, it is harder to predict which Gal-
or GlcNAc-transferase modifies the nature of the N-glycan chains. B3GNTS8, that was
identified in this study, is involved in the elongation of LacNAc units of complex N-glycans.

1.7 B3GNTS8s role in N-glycosylation

The B3GNT family comprises nine members: iGnT, B3GNT2, -3, -4, -5, -6, -7, -8 and -9. Their
sequences are highly homologous and some of their activities have been characterized. The
members iGnT, B3GNT2, -3, -4, and -8 mediate poly-LacNAc synthesis (Ishida et al., 2005;
Shiraishi et al., 2001; Sasaki et al., 1997). Furthermore, B3GNT3 is also involved in the
synthesis of O-glycan core 1 structures (Yeh et al., 2001). The non-LacNAc-synthesizing
enzymes B3GNT5, -6, and -7 mediate the synthesis of lactotriose (Togayachi et al., 2001),
core 3 O-glycans (lwai et al., 2002) and the keratan sulfate backbone (Seko and Yamashita,
2004; Kataoka and Huh, 2002), respectively. B3GNT2 and -8 are the main poly-LacNAc
synthesizing glycosyltransferases in humans and thus are thought to be localized in the Golgi
(Qiu et al. 2011). The substrate specificities of the B3GNT family members can explain which
members are involved in the addition of B1,3-linked GIcNAc to specific glycoconjugates.
However their involvement in the elongation of oligo- or poly-LacNAc units on multi-
antennary N-glycans is not yet fully understood.

B3GNTS, is poorly characterized in comparison to the other members of the family. It
comprises 397 amino acids and the transmembrane region is located at the N-terminus
making B3GNTS8 a type Il protein. In SDS-PAGE / Immunoblotting B3GNT8 shows up as two
bands at approximately 43kDa, since B3GNTS8 is itself N-glycosylated. Most of B3GNT8s
characteristic features are drawn from in vitro studies. In a Mn**-dependent manner,
B3GNTS8 selectively transfers GIcNAc from UDP-GIcNAc onto galactose of tetra- or penta-
antennary N-glycans with or without core fucose (Ishida et al., 2005). To transfer GIcNAc
from UDP-GIcNAc onto galactose, the divalent metal-binding motif of B3GNTS interacts with
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the phosphate group of the nucleotide donor through coordination of a divalent cation such
as Mn?*. While DDD is the conserved metal binding-motif in other B3GNT enzymes, the
divalent metal-binding motif in B3GNT8 is QDD (Hiruma et al., 2004; Iwai et al., 2002;
Togayachi et al.,, 2001; Shiraishi et al., 2001). The in vitro action of B3GNT8 on tetra-
antennary N-glycans yields two products: one with a GIcNAc on a Gal residue of the B1,2
branch, and the other with a GIcNAc on a Gal residue of the B1,6 branch. However, in vitro
studies have shown that B3GNT8 prefers the B1,2 branch over the 1,6 branch (fig. 6).
Furthermore, it was shown in vitro that the specificity of B3GNT8 is similar to that of
B3GNT2. B3GNT8 and B3GNT2 have been demonstrated to interact in COS-7 cells and form a
heterocomplex in vitro with enhanced enzymatic activity of B3GNT2 (Seko and Yamashita,
2008).
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Figure 6: The Localization of B3GNT8 and products of B3GNT8s enzymatic function.

A. B3GNT8 is localized in the Golgi according to the GeneCards Humand Genes Database. This is based on the localization of family
members, the enzymatic function in the N-glycosylation process and signal sequence.

B. B3GNT8 GIcNAcylates galactose residues on the B1,2-branch of mainly tetra-antennary (lesser penta-antennary) N-glycans. As the

n indicates, the alternating addition of GIcNAc and galactose by B3GNT8 and an yet unknown galactosyltransferase creates the repeating
polyLacNAc units that are typical for complex N-glycans. B3GNT8 is one of five family members involved in polyLacNAc synthesis. The final
N-glycan structure will be “capped” with sialic acid (not shown).

The tissue expression of B3GNTS8 is highest in pancreas, spleen, small intestine and bone

marrow. Real time-PCR showed no expression in heart, prostate, adult or fetal brain and

colon. However, in colon cancer it is highly up-regulated (as is LRP6). In HCT15 human colon

cancer cells, exogenous B3GNT8 enhanced the cell surface expression of poly-LacNAc and
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beta-1-6-branched N-glycans (Ishida et al., 2005), confirming that it is involved in the
synthesis of poly-LacNAc units. In Hep2 cells, gain-of-function (GoF) or loss-of-function (LoF)
of B3GNTS8 increases or decreases respectively cell proliferation and invasion. Furthermore,
mMRNA and protein levels of B3GNT8, MMP2/9 and TGF-1p are positively coupled, confirming
its relevance for cancer. However, MMP-2 is a non-glycosylated protein. Thus the correlation
with MMP2 is likely to be indirect (Shen et al. 2011). In nude mice B3GNT8 GoF and LoF
modulate tumor growth (Hua et al., 2012).

1.8 N-glycosyltransferases and N-glycosylated pathway members in Wnt signaling

Recently the N-glycan branching enzyme (1,6 N-acetylglucosaminyltransferase V (MGAT-V),
was shown to modulate Wnt signaling. MGAT-V acts at an early step of N-glycan
modification by inducing B1,6-branching of the trimmed oligosaccharide (Guo et al., 2014).
However, it is not known how MGAT-V modulates Wnt signaling and if it acts directly on a
component of the pathway.

The dolichol-phosphate GIcNAc-transferase DPAGT1 is a Wnt target gene (Sengupta et al.,
2010) and had been reported to modulate canonical Wnt signaling in human squamous
carcinoma cell lines (Jamal et al., 2012). The authors hypothesize that DPAGT1 facilitates
changes in the glycosylation pattern of Wnt3a and LRP5/6 although this has not ben
confirmed. This has still to be shown.

The principal diversifying N-glycosyl transferases that contribute to lengthening of N-glycan
antennae (i.e. GIcNAc transferases and galactose transferases) are not known. The reason
for this is the difficulties which the structural study of N-glycans bears (Winterhalter et al.,
2013; Nie et al., 2013; Leymarie and Zai, 2012; Wuhrer et al, 2011; Harvey et al. 2005).

There are nineteen different Wnt ligands and, although all of them are N-glycosylated, there
are variations in both the number and position of N-glycosylation sites, indicating that the
role of Wnts N-glycosylation is not evolutionary conserved (Tanaka et al., 2002). In support
of this, deletion of Wnt1 N-glycosylation sites does not affect signaling (Xiaofang et al., 2012;
Doubravska et al., 2011; Mason et al., 1992) and the N-glycan of Wnt8 does not participate
in Fzd8-binding, although it is located in the gap between a Wnt/Fzd complex (Janda et al.,
2012). On the contrary, for Wnt3a and Wnt5a N-glycosylation is important for secretion but
not for action (Tang et al., 2012; Komekado et al., 2007; Kurayoshi et al., 2007).

B-catenin is O-glycosylated which regulates its transport into the nucleus and thus regulates
its signaling activity (Sayat et al., 2008).

Frizzleds share two highly conserved N-glycosylation sites and Frz harboring mutations in
these sites are retained in the ER (Milhem et al., 2014). Although N-glycosylation is
important for Fzd Golgi-to-surface transport and can be regulated by the ER-resident protein
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Shisa (Yamamoto et al. 2005), the N-glycans seem not to participate in the interaction with
Whnts (Janda et al., 2012).

The regulation of Wnt signaling by metabolic processes is also connected to N-glycosylation.
In two macrophage cell lines (J774.2 and RAW264.7) Wnt signaling is positively coupled to
glucose and L-glutamine supply changes (Anagnostou and Shepherd, 2008). Both L-
glutamine and glucose are used in the hexosamine biosynthetic pathway (HBP) to produce
nucleotide diphosphate-activated hexoses (NDP-hexoses), e.g. for N-glycosylation. The
authors demonstrated that the glucose and L-glutamine mediated change in Wnt signaling
was caused by N-glycosylation of Wnt pathway members upstream of GSK3. It has been
suggested that this is regulated in part via N-glycosylation-dependent LRP6 Golgi-to-surface
transport (Jung et al., 2011; Anagnostou and Shepherd, 2008).

1.9 N-glycosylation of the Wnt co-receptor LRP6

LRP6 needs N-glycosylation to reach its destination at the cell surface (Khan et al., 2007,
Hsieh et al., 2003). The nature of the N-glycans needed is however not clear. Seven of the
ten possible N-glycosylation sites in LRP6 have been demonstrated to carry N-glycans (Cheng
et al., 2012; Chen et al., 2011; Khan et al., 2007). All are located in BP or EGF-like domains
(fig. 7): None of the LRP6 mutations associated with early CAD (coronary artery disease),
late-onset AD, OPPG (osteoporosis-pseudoglioma syndrome), FEVR (familial exudative
vitreoretinopathy), or HBM (high bone mass, for LRP5) disease have been associated with
known LRP6 N-glycosylation sites (Chen et al., 2011). There is a single nucleotide
polymorphism (SNP) known for amino acid 281 (N-glycan #3) but no links to a disease.

LRP6 can be detected as two bands of different molecular weight in western-blot. The lower
molecular weight band represents the immature LRP6 that is located in the endoplasmatic
reticulum (ER), whereas the higher molecular weight band represents the mature LRP6 at
the cell surface (Hsieh et al., 2003). The higher molecular weight of the mature, membrane
located LRP6-proteins is thought to result from glycan modification of LRP6 in the Golgi,
during the later stages of the N-glycosylation pathway (Hsieh et al., 2003). When subjected
to PNGase F treatment (which cleaves all N-glycans, regardless of their structure) both LRP6
bands are downshifted, indicating that both LRP6 species corresponding to these bands are
N-glycosylated (Khan et al., 2007). The same group subjected the LRP6’ N-glycosylation-
process to treatment with tunicamycin: tunicamycin blocks the transfer of GIlcNAc-1-
phosphate to dolichol-monophosphate (the ER-anchor of the oligosaccharide precursor) by
inhibition of the GIcNAc-1-P-Transferase (Eckert et al., 1998). Thus, it inhibits the formation
of all N-glycans. This treatment phenocopied the PNGaseF treatment confirming that both
LRP6 bands differ solely in N-glycosylation. This is consistent with a co-translational
attachment of the oligosaccharide precursor. The lower molecular weight form of LRP6 is
cleaved by endoglycosidase H and is resistant to neuraminidase. In contrast, the higher
molecular weight form of LRP6 is resistant to digestion with endoglycosidase H and sensitive
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to neuraminidase digestion. This indicates that the higher molecular weight fraction of LRP6
represents receptor that has transited through the Golgi, while the lower molecular weight
form of LRP6 represents the fraction of receptor retained in the ER (Khan et al., 2007; Hsieh
et al., 2003). Since endoglycosidase H cleaves high-mannose and some hybrid-types of N-
glycans, the mature form of LRP6 contains only complex-type N-glycans and/or hybrid-types
but no high mannose types. The cleavage of sialic acid by neuraminidase clearly supports
this, since the sialic acid “cap” is found solely on complex- and hybrid-types.

Putative N-glycan sites of LRP6

D known ligand binding sites
. Conserved N-glycan site
. YWTD beta propeller

D EGF-like domain

. LDL type A repeat
O Transmembrane domain

. Intracellulardomain

Figure 7: Schematic view of LRP6 with a more detailed structure of the extracellular domain (ECD).

Scheme of LRP6, with red filled circles indicating the position of putative N-glycan sites (BP1: amino acids #42, #81,EGF-like repeat 1: #281,
BP2: #433 & #486, BP3: #692, #859, #865, EGF-like repeat 3: #926, BP4: #1039). Dark red ovals show known ligand binding sites. The 4 B-
propellers of LRP6 are colored blue, EGF-like repeats in orange, LDL-type A repeats in green, the transmembrane domain is colored in
yellow and the intracellular domain is colored in gray. The size is not in a realistic representation. Note the close spatial proximity of some
N-glycan sites to known ligand binding sites.

A disturbance of the LRP6’ N-glycosylation process leads to translocation problems. In the
ER, molecular chaperones check newly synthesized proteins for correct folding. Since
attachment of the oligosaccharide precursor is co-translational, folding sometimes depends
on it. LRP6 requires the chaperone MESD and in its absence LRP6 forms aggregates in the ER
(Koduri and Blacklow, 2007; Li et al., 2006; Culi et al., 2004; Culi and Mann, 2003). All LDLR
family members consist of at least one BP domain, which is followed by a linker and an EGF-
like repeat. MESD is specifically required for the maturation of these tandem BP-EGF-like
repeats and aids in attachment of the oligosaccharide precursor to LRP6 (Culi et al., 2004).
This highlights the importance of the attachment of the precursor for LRP6 ER-to-Golgi
transport. Furthermore, Mest/PEG1 (Mesoderm Specific Transcript/Paternally expressed
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gene 1), which inhibits the processing of the oligosaccharide precursor on LRP6, leads to
intracellular retention of LRP6 (Jung et al. 2011). This highlights the importance of the N-
glycan processing or maturation for the LRP6 Golgi-to-surface transport. Therefore defects in
LRP6 N-glycosylation are likely to constitute the known effects of LRP6 cell surface absence
like neonatal lethality, abnormalities of skeleton/central nervous system/mammary
gland/and heart, and the Wnt-deficiency phenotypes seen in mice (Joiner et al., 2013).

The identification of B3GNT8 as a novel LRP6 glycosyltransferase is the first reported link
between a specific glycosylation pathway component and Wnt receptor regulation and will
provide a foundation for future research into this highly complex process.
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2. Aims of the Study

The aims of this study are as follows:

1.

Identify the importance of the N-glycosylation sites in LRP6 of different species
together with the functionally redundant LRP5 for [-catenin-dependent Wnt
signaling

Identify N-glycosyl transferases that modify both LRP6 and Wnt signaling using a
Medaka cDNA expression library and cell culture based screening experiments

For any glycosyltransferase gene(s) identified from this screen, characterize in detail
the modification of LRP6

For this glycosyltransferase gene, provide a detailed characterization of any potential
requirement especially for Wnt signaling, but also for other pathways

Functionally characterize the action of the identified glycosyltransferase on LRP6 and
N-glycosylated members of the B-catenin-dependent Wnt pathway
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3. Results

3.1 Identification of a GIcNAc transferase that covalently modifies LRP6 and stimulates
Whnt signaling

| screened a medaka cDNA library for regulatory modifiers of the Wnt co-receptor LRP6 and
used SDS-PAGE LRP6 immunoblotting as well as TOPFLASH reporter assays as read-outs to
identify suitable candidates for further characterisation. The medaka cDNA library was
prepared in collaboration with Jochen Wittbrodt (COS, Heidelberg University) and consists of
approximately 20.000 unique, full length, sequence verified and annotated medaka clones
made from RNA extracted from medaka eggs and early stage embryos. In order to simplify
the screening process, 24 cDNA clones were combined from the original library of
individually arrayed clones and these cDNA pools prepared as transfection ready plasmid
DNA samples. In total 740 pools of potential LRP6 modifiers were prepared in this way. As in
former screening approaches performed in our lab (Zhang et al, 2015; Chen et al, 2014;
Davidson et al., 2009; Davidson et al., 2005), the read out of this gain-of-function expression-
screen was the detection of LRP6 in SDS-PAGE/Immunoblotting and in my screen | focused
on modifiers that would alter the migration charateristics of the mature upper LRP6 band. |
identified a pool of 24 cDNAs that covalently added mass to the upper LRP6 band, resulting
in a clear upshift after Western Blot detection (fig. 8 A, upper arrow). A secondary screen
using the single cDNAs from this pool identified a member of the -1,3-N-acetylglucosaminyl
transferase (B3GNT) family, named B3GNTS (fig. 8 B). There are 9 members of the B3GNT
family in total, numbered in the order of their identification. This B3GNT8 is a recently
identified member and relatively uncharacterized.
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Figure 8: Identification of B3GNTS.

A. SDS-PAGE/WB of cell lysates from the primary screen. 120 ng of the cDNA pools (5 ng of single cDNA clone) were co-transfected with
10ng myc-LRP6 and cell lysates harvested 20 hours post--transfection. An anti-myc antibody was used to detect total LRP6. A cDNA within
one pool conferred covalent modification of LRP6, visualised as an up-shift (arrow).

B. A secondary screen identified the individual cDNA clone as the glycosyl transferase B3GNT8.

In addition to B3GNTS8, three other potential LRP6 glycosyltransferase genes have been
identified that promoted an upshift of the mature form of LRP6; two in the screen |
performed and two that were identified in a previous screening experiment that used a
different cDNA library as the source of potential modifiers (one representative example: fig.
8 A, lower arrow). All four of these glycosyltransferases were then tested for their ability to
regulate LRP6/Wnt signaling using the TOPFLASH Wnt reporter assay. The TOPFLASH
reporter construct encodes a firefly luciferase under transcriptional control of 7x TCF/LEF
transcriptional response elements. This TCF/LEF element, with the DNA binding sequences
(A/T)(A/T)CAA(A/T)G and TTCAAAG for TCF and LEF respectively (Gustavson et al., 2004), is
activated by B-catenin. A construct harboring the renilla luciferase under a thymidine kinase
promoter served as a control for transfection efficiency and cell viability and was used to
normalize TOPFLASH values. Initial TOPFLASH reporter assays and SDS-PAGE /
Immunoblotting showed that only B3GNT8 had the ability to both modify LRP6 and
modulate Wnt signaling. | then performed a titration experiment using B3GNT8 and, in
addition, B3GNT7, one of the additional glycosyltransferase hits that shares highest similarity
to B3GNTS, and ST3GAL3, a sialic acid transferase that conferred a smaller up-shift to LRP6
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than B3GNT8 (fig. 9). These experiments confirmed that only B3GNT8 can functionally
modify LRP6 and that it can do so in a dose-dependent manner (fig. 9).

TOPFLASH
. Exogenous LRP6
old 2
8
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4 {—_ I T T
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I | I I I | I 1 BSGNT?
—_ B3GNTS8
—_ ST3GAL3

+ + + + + + + LRP6

’ ' LRPG6 total

smamEm,..

Figure 9: Only B3GNT8 modifies LRP6 and modulates Wnt signaling.

HEK293T cells in 96well format were co-transfected with TOPFLASH luciferase Wnt reporter (20ng), thymidine kinase-renilla reporter (4ng),
LRP6 (20ng) and with increasing concentrations of B3GNT8 or B3GNT7 (10, and 15ng). Cells were harvested 24h later in 1% triton lysis
buffer for Western Blot or passive lysis buffer (Promega) for Luciferase assay. Anti-myc antibody was employed to detect LRP6. Note that
B3GNT7 promotes significant modification of LRP6 but, unlike B3GNTS8, has no functional effect on signaling.

3.2 B3GNT8 modifies endogenous Wnt signaling and promotes an LRP6 subspecies

The results presented above rely on over-expressed LRP6, which are present at non-
physiological levels and therefore are more susceptible to artifactual results. In order to test
the effect of B3GNT8 under more physiologically relevant conditions | performed TOPFLASH
reporter assays as well as SDS-PAGE/Western Blot analysis without co-expressing LRP6. Non-
B3GNTS8 transfected cells were taken as controls. B3GNT8 also promoted a dose-dependent
activation of Wnt signaling in the absence of co-expressed LRP6 (fig. 10 B). Importantly, the
dose-dependent activation of Wnt signaling by B3GNT8 was accompanied by a small but
clear upshift of the mature form of endogenous LRP6 (fig. 10 B, lower panel). Two
independent LRP6 antibodies were used to demonstrate this effect of B3GNT8 on
endogenous LRP6 and each showed the presence of higher molecular weight forms of
mature, cell surface LRP6, corresponding to the upper bands. Moreover, the increasing
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phosphorylation at the first PPPSP site (serine 1490) on endogenous LRP6, which is generally
regarded as the first sign for activated Wnt signaling, confirmed the activation of LRP6 itself,
in addition to Wnt signaling (fig. 10 B, upper panel). This indicates that the up-shift of the
endogenous mature form of LRP6 that was promoted by B3GNT8 was responsible for the
activation of Wnt signaling.

In order to more clearly detect the different endogenous LRP6 subspecies to B3GNTS, | used
12% SDS-polyacrylamide gels with extended run-times. In contrast to lower percentage SDS
polyacrylamide gels the 12% gel maintains the proper definition of all LRP6 bands but
needed longer run-times. Careful examination of the results shows that the upshift of
exogenous LRP6 corresponds to the strengthening of a pre-existing endogenous third upper
band (fig. 10 B, lower panel, red arrow). This third endogenous band was also detectable
with the anti-Sp1490 antibody (fig. 10 B, upper panel). This indicates that the cell surface
LRP6 consists of different LRP6 sub-species.

A B

TOPFLASH TOPFLASH
Exogenous LRP6 Endogenous LRP6

fold fold

1.0

0O | 000 0
+ + + + LRPE __—] B3GNT8

—_ 1
BIGNTS PPSP phos.

' R .- .$(Sp1490)

LRP6 exog.

L
- -

LRP6 endog.

Figure 10: B3GNT8 GoF stimulates exogenous and endogenous Wnt-signalling.

A. TOPFLASH reporter assay (upper graph) and WB of overexpressed LRP6 from lysates of HEK293T cells transfected as indicated.
Myc-tagged LRP6 (20ng) was transfected alone or with increasing concentrations of B3GNT8 (10ng, 15ng, 20ng). Total cell lysates were
harvested 24 hours post--transfection in 1% triton lysis buffer for Western Blot or passive lysis buffer (Promega) for luciferase assay. a-LRP6
(T1479) was used to detect total LRP6.

B. As in A, but without LRP6 co-overexpression. TOPFLASH reporter assay in HEK293 cells with increasing amounts of transfected B3GNT8
(10ng,15ng, 20ng). For the Western Blots,12% SDS-polyacrylamide gels and extended run-times were used to separate the different
endogenous LRP6 species (distinct bands). Anti--T1479 Ab was used to detect total LRP6 (LRP6 endog.). Note the progressively stronger
appearance of a third upper band with increasing amounts of B3GNT8 (lower red arrow). An antibody detecting phospho-Serine-1490
(Sp1490) was used to detect LRP6 PPSP phosphorylation status. Note the increase in signal intensity (middle red arrow) as well as the
appearance of an additional “upper” band (upper red arrow) detected by the Sp1490 Ab.
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3.3 LRP6 has 4 N-glycosylation sites that are highly conserved

The Wnt co-receptor LRP6 harbours 10 Asp/Arg-X-Ser/Thr putative N-glycosylation sites. My
multiple sequence alignment using Clustal O (1.2.1) software of homo sapiens, mus
musculus, xenopus tropicalis, and danio rerio LRP5/6 demonstrates that eight of these N-
glycosylation sites are highly conserved in vertebrates. If the drosophila melanogaster LRP6
homolog Arrow is included in the alignment, only 4 evolutionarily conserved N-glycosylation
sites appear (sites #2, #5, #6, and #8, corresponding to Asn81, Asn486, Asn692, and Asn865,
respectively). These 4 sites (fig. 11 and fig. 29 A, labelled as 1 to 4) are located exclusively in
the B-propeller domains. All four evolutionarily conserved N-glycosylation sites are located
within the YWTD propeller/B-sheet domains referred to as BP1-4; one each in BP domains 1
and 2 and two in BP domain 3 (see fig. 11).

Highly Conserved N-glycosylation sites 1-4 in LRP6 of different species

1

075581 LRPG_HUMAN 51 EDAAAVDFVFSHGLI--YWSDVSEEAIKRTEFNKTE-—----- SVQNVVVSGLLSPDGLACD
075197 LRP5_HUMAN 63 EDAAAVDFQFSKGAV--YWTDVSEEAIKQTYLNQTE----- A-AVQNVVISGLVSPDGLACD
B5L5I6 LRP6_DANRE 51 EDAAAVDYIYAQGLI--YWSDVSEESIKRTLFNGSA----- PSGVQTTVISGLASPDGLACD BP1
088572 LRPG_MOUSE 51 EDAAAVDFVFGHGLI--YWSDVSEEAIKRTEFNKSE------- SVQNVVVSGLLSPDGLACD
F6YLU8 LRPG_XENTR 52 EDAAAVDFVFFRGLI--YWSDVSEEAIKRIDFNKTG------- SSHDVVISGLLSPDGLACD
QO9NHE9 ARRO_DROME 119 AEAMAIDFYYAKNLV--CWTDSGREIIECAQT) ALQPLLRAPKQTVISTGLDKPEGLAMD
2
075581 LRP6_HUMAN 460 MYWTDWGE----IPKIERAALDGSDRVVL LGWPNGLALDYDEGKIYWGDAKTDKIEVMN
075197 LRP5_HUMAN 473 MYWTDWGE----NPKIECANLDGQERRVL GWPNGLALDLQEGKLYWGDAKTDKIEVIN
B5L5I6 LRPG_DANRE 464 MYWTDWGE----VPKIERAALDGSQR GWPNGLALDYSERKIYWGDAKTDVIEVME
088572 LRPG_MOUSE 460 MYWTDWGE----IPKIERAALDGSDRVVL GWPNGLALDYDEGTIYWGDAKTDKIEVMN BP2
F6YLU8 LRP6_XENTR 461 MYWTDWGE----IPKIERAAMDGSDRIIL GWPNGLALDYAEGKIYWGDAKTDKIEVMT
QI9NHE9 ARRO_DROME 534 MEWSDWNE---RKPKVERASLDGSERVVLVISENLGWPNGIALDIEAKAIYWCDGKTDKIEVAN
3

075581 LRPG_HUMAN 638 RRADIRRISLETN---NNNVAIPLTGVKEASALDFDVTDNRIYWTDISLKTISRA
075197 LRPS_HUMAN 651 SRAATIHRISLETN---NNDVAIPLTGVKEASALDFDVSNNHIYWTDVSLKTISRA
B5L5I6 LRP6_DANRE 642 RHTDIRRISLETN---NNNVAIPLTGVKEASALDFDITDNRIYWTDITLKTISRA
088572 LRP6_MOUSE 638 RRADIRRISLETN---NNNVAIPLTGVKEASALDFDVTDNRIYWTDISLKTISRA!
F6YLU8 LRP6_XENTR 639 RRADIRRISLETS---NSHVAIPLTGVKEASALDFDVTDNRIYWTDVSLKTISRA!
QI9NHE9 ARRO_DROME 714 RQEHIGRISIEYNEGNHNDERIPFKDVRDAHALDVSVAERRIYWTDQKSKCIFRAF'

4 BP3
075581 LRP6_HUMAN 814 LIESSNMLGLNRE-VIADDLPHPFGLTQYQDYIYWTDWSRRSIERANKTS IQGH
075197 LRP5_HUMAN 827 MIESSNMLGQERV-VIADDLPHPFGLTQYSDYIYWTDWNLHSIERADKTSG! IQGH
B5L5I6 LRPG_DANRE 818 LIESSNMLGLERE-VIADDLPHPFGLTQYQDYIYWTDWSQRSIERANKTS IQGH
088572 LRPG_MOUSE 814 LIESSDMLGLNRE-VIADDLPHPFGLTQYQDYIYWTDWSRRSIERANKTS IQGH
F6YLU8 LRPG_XENTR 815 LIESSNMLGLDRV-VIADDLPHPFGLTQYQDYIYWTDWSQRSIERANKTS IQND

QINHE9 ARRO_DROME 893 KIESADWDGKKRQILVGSDMDEPYAVSLYQDYVYWSDWNTGDIERVHKTT VHSG

Figure 11: Alignment of LRP6 from different species with LRP5.

Alignment of homo sapiens LRP6, homo sapiens LRPS, danio rerio LRP6, mus musculus LRP6, xenopus tropicalis LRP6, and drosophila
melanogaster LRP6. In every line the uniprot identifier is given before the gene_species abbreviation together with the number of the line
starting amino acid. The YWTD BP / B-sheet motif of the B-propeller domains 1-3 (BP1-3) preceding the conserved N-glycosylation site is
colored magenta/blue, respectively. Highly conserved N-glycosylation sites are boxed red. Interspersed amino acids are abbreviated by
three dots.

3.4 B3GNT8 modifies the complex N-glycans of LRP6

Considering B3GNT8 is predicted to modify pre-existing N-glycan chains, | next asked what
type of LRP6 N-glycan chains are modified by using specific inhibitors of N-glycosylation as
well as enzymes that cleave different types of N-glycan chains. To this end | added a well-
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known global inhibitor of N-glycosylation, tunicamycin, to LRP6 and B3GNT8 transfected
HEK293 cells. Tunicamycin inhibits N-glycosylation by being incorporated instead of the very
first GIcNAc of the new forming oligosaccharide precursor (Eckert et al., 1998). Thereby it
inhibits all subsequent steps of N-glycosylation. In SDS-PAGE/Immunoblotting, tunicamycin
reduces all LRP6 forms to one single, fast migrating band indicating that all LRP6 subspecies
differ predominantly in their N-glycans (Khan et al., 2007). In agreement with these findings,
SDS-PAGE/Immunoblot analysis of LRP6 from tunicamycin treated cells confirmed the down
shift of both LRP6 bands. The SDS-PAGE/Immunoblotting also revealed that B3GNT8 was not
able to modify LRP6 after the tunicamycin treatment, indicating that B3GNT8 modifies pre-
existing N-glycans on LRP6 (fig. 12 A). The decrease in total LRP6 after tunicamycin
treatment is reportedly due to deregulation of quality control mechanisms (Khan et al.,
2007).

Next, | treated cells with an N-glycan dissociation agent to test if this removes the glycan
chains of B3GNT8-modified LRP6. | subjected Western Blot-ready lysates from LRP6 and
B3NGT8 transfected HEK293 cells to peptide:N-glycosidaseF (PNGaseF) treatment which
removes all types of N-glycans. Un-modified LRP6 was used as control. As expected, PGNase
F down shifted both LRP6 bands. In line with my expectations, PNGaseF also completely
removed the B3GNT8-mediated modification of LRP6 (fig. 12 B). From these experiments |
could confirm that B3GNT8 indeed modifies the N-glycans of LRP6.
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Figure 12: B3GNT8 modifies the N-glycans of LRP6.

A. Western Blots of lysates from HEK293T cells in 96-wells transfected with LRP6 (20ng) and B3GNT8 (15ng) and harvested 24 hours later.
3.5h post-transfection, 0.1ug tunicamycin was added per 96well.

B. Asin A, but PNGaseF was added to lysates in Laemmli loading buffer for 2h at 37°C.

The N-glycans of LRP6 are all thought to be processed from high mannose precursors into
complex- or hybrid-types (Khan et al., 2007). | used endoglycosidase H (EndoH), which
removes only high mannose and some hybrid N-glycans but not complex-types, to confirm
that B3GNTS8 acts on complex N-glycans which is its substrate. | subjected Western Blot
lysates from LRP6 and B3GNTS transfected HEK293 cells to endoglycosidase H treatment and
in SDS-PAGE / Immunoblot analysis, the lower LRP6 band could be down-shifted (fig. 13 A).
The down-shift of the lower LRP6 band is consistent with the co-translational attachment of
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the mannose-rich oligosaccharide precursor to immature LRP6 forms. Neither the un-
modified nor the B3GNT8-modified upper LRP6 band was downshifted. The stability of the
upper LRP6 bands to EndoH treatment confirms that all precursors are processed into
complex-types and that B3GNTS8 acts on these complex-type N-glycans.

Complex N-glycans uniquely possess a terminal sialic acid residue (the so-called “cap”) on
each of their antennae. The exoglycosidase neuraminidase cleaves specifically this last sialic
acid of all types of glycans and the complex type N-glycans of LRP6 have been shown to be
sensitive to neuraminidase treatment (Hsieh et al., 2003). To confirm that B3GNTS8 acts on
the complex N-glycans of LRP6 | administered neuraminidase to whole cell lysates from LRP6
and B3GNT8 transfected HEK293 cells. Un-modified LRP6 served as control. The
exoglycosidases galactosidase and N-acetylglucosaminase were administered as controls to
exclude unspecific addition of galactose or N-acetylglucosamine. Non-exoglycosidase treated
samples were loaded on both sides of the SDS-polyacrylamide gel to make the small
downshift visible. Neuraminidase conferred the same downshift to the upper LRP6 band
both with and without B3GNT8s modification (fig. 13 B, samples “N”, note the decrease in
distance between upper and lower LRP6 band). In line with my expectations, the
galactosidase and N-acetylglucosaminase treated samples showed no effect. This strongly
suggests that B3GNT8 modifies complex N-glycans on the ECD of LRP6.
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Figure 13: B3GNT8 modifies the complex N-glycans of LRP6.

A. Western Blots of lysates from HEK293T cells in 96-wells transfected with LRP6 (20ng) and B3GNT8 (15ng) and harvested 24 hours later.
Endo H was added to lysates for 2h at 37°C. Note that the lower bands, but not the upper bands, of LRP6 are endoglycosidase H sensitive.
An anti-myc antibody was used to detect total LRP6.

B. As in a, but Neuraminidase (N), Galactosidase (G), or N-Acetylglucosaminase (U) was added to lysates in Laemmli loading buffer for 2h at
37°C. Note the small decrease of distance between upper and lower LRP6 bands with Neuraminidase.

3.5 B3GNTS8 co-immunoprecipitates with LRP6

In order to test if B3GNT8 and LRP6 interact physically | performed co-immunoprecipitation
experiments were antiFLAG-antibody coupled beads are used to enrich FLAG-tagged
proteins and their binding partners. FLAG-tagged B3GNT8 was used as bait from LRP6 and
FLAG-B3GNTS transfected HEK293T cell lysates. The N-glycosylated Dickkopf3 (DKK3) protein
and the non-glycosylated Glycogen Synthase Kinase 3 (GSK3) were used as secretory
(ER/Golgi-transiting) and cytosolic (non-ER/Golgi-transiting) control, respectively. In line with
expectations, B3GNT8 co-immunoprecipitated with LRP6 (fig. 14, upper panel). However

26



B3GNTS8 did not co-immunoprecipitate with DKK3 and GSK3. This result confirms that LRP6
and B3GNT8 physically interact, which is in line with the finding that LRP6 is a substrate for
B3GNTS.
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Figure 14: LRP6 co-immunoprecipitates with B3GNTS.

Western Blots of lysates from HEK293T cells transfected with combinations of LRP6::6myc (600ng), DKK3-V5 (60, 40, 30, and 24ng), GSK3-
myc (300, 600, and 1200ng), and B3GNT8::FLAG (450ng) in 6 well format. Whole cell lysates were harvested 24hours past transfection and
co-immunoprecipitated with anti-FLAG agarose beads. Anti-Myc antibody was employed to detect LRP6, and GSK3, B3GNT8 was detected
by an anti-FLAG antibody, DKK3 was detected by an anti-V5 antibody. Note that the IgG band is just above the two B3GNT8 bands. Note
that DKK3 and GSK3 are above the B3GNT8 and the IgG bands.

3.6 B3GNTS8 acts at the level of the activated Wnt receptor complex

To gain insights into where B3GNT8 functions to activate Wnt signaling | performed an
epistasis experiment by over-expressing different pathway components to activate signaling
at different levels and asked to what degree co-expression of B3GNT8 enhanced this further.
Wnt3a was applied as conditioned media (CM) in order to focus on Wnt reception at the cell
surface and avoid any potential effects during the Wnt synthesis and secretion route. The
TOPFLASH reporter alone served as control for B3GNT8s baseline activity. In TOPFLASH
assays, B3GNTS8 showed synergies together with the Wnt receptor complex or the so called
signalosome members Wnt3a, LRP6, Dsh, and CK1y (fig. 15, synergies are indicated by stars
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according to their p-value). No enhancement by B3GNT8 was seen if the pathway was
activated by B-catenin, which acts further downstream in Wnt signal transduction. This
indicates that the modification of LRP6 acts at the level of the activated signalosome.
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Figure 15: B3GNT8 GoF acts at the level of the activated receptor complex.

HEK293T cells were co-transfected with the Wnt-reporter TOPFLASH (20ng), thymidin kinase-renilla reporter (4ng), Fz5 (50ng), LRP6 (7ng),
Dsh (20ng), CK1y (10ng), transmembrane(TM)-GSK3 (30ng), beta-catenin (20ng), and LacZ (mock) or B3GNT8 (15ng) per 96well. Wnt3a or
Dkk1-conditioned medium was added (5ul or 70ul O.N., respectively). The cells were harvested 24h past transfection in passive lysis buffer
(Promega). P-values for synergies (compared to difference in signaling of reporter w/o B3GNT8): *<0.05, **<0.01, ***<0.001.

To support the B3GNT8 GoF epistasis experiments | performed B3GNT8 LoF epistasis
experiments. One day after transfection of HEK293 cells with B3GNT8 siRNA | transiently
transfected the same cells with canonical pathway members. The TOPFLASH reporter alone
served as control for B3GNTS8s silencing, which, as expected, reduced basal Wnt signaling
about 2-fold (fig. 16). The inhibition of Wnt signaling by B3GNT8 siRNA was however more
significant if the pathway was activated by Wnt3a-CM or LRP6 and, to lesser extent by Dvl
(fig. 16). As for B3GNT8 GoF, B3GNT8 siRNA had no significant effect on Wnt signaling
activity if the pathway was activated at the level of B-catenin. | interpret this as a
confirmation that the modification of LRP6 acts at the receptor complex level and not
downstream.
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Figure 16: B3GNTS8 LoF acts at the level of the activated receptor complex.

On day 1, HEK293T cells were subjected to siRNA (siControl or siB3GNT8, 20pmol each) mediated gene silencing. On day 2, the same cells
were co-transfected with the Wnt-reporter TOPFLASH (20ng), thymidin kinase-renilla reporter (4ng), Wnt3a (20ng), LRP6 (20ng), Dsh
(20ng), CK1g (10ng), the constitutively active transmembrane(TM)-GSK3 (30ng), beta-catenin (20ng), and LacZ (mock) or B3GNT8 (15ng)
per 96well. Harvest was done as described above. P-values for synergies (compared to difference in signaling of reporter w/o B3GNTS):
*<0.05.

Activated signalosomes are thought to be endocytosed in a Rab5 dependent manner. Rab5
defines the site of entry into early endosomes and modulates Wnt signaling depending on
the cell type (Dasgupta et. al, 2005; Rives et al., 2006; Seto and Bellen, 2006). Rab4 and
Rabll mediate the fast and the slow recycling, respectively, but are not thought to
modulate Wnt signaling (Kikuchi et al. 2006). In TOPFLASH luciferase reporter assays | tested
increasing concentrations of the Rab proteins 4, 5, and 11 for their effects on the B3GNT8
mediated Wnt stimulus. The TOPFLASH reporter alone was used to control for B3GNT8s
activity. While Rab11 did not increase Wnt signaling Rab4 enhanced signaling about 2-fold,
similar to the effect of B3GNTS (fig. 17). However, Rab4 and B3GNT8 co-expression led to a
merely additive effect. Rab4 enhances exosomal shuttling of endogenous Wg proteins in
Drosophila (Gross et al., 2012). To me this suggests that the increase in TOPFLASH response
upon Rab4 expression may reflect an enhanced exosomal shuttling of Wnt. The early
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endosome marker Rab5 lead to a 3-fold activation of Wnt signaling and, strikingly, co-
expression of B3GNTS8 lead to a synergistic enhancement at higher Rab5 levels. This result
suggests that B3GNT8s modification of LRP6 acts at the level of the activated signalosome.
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Figure 17: B3GNT8 expression synergizes with Rab5 dependent Wnt stimulation.

B3GNTS8 sensitizes the Rab5 induced Wnt signalling. TOPFLASH reporter assay using HEK293T cells treated cotransfected with increasing
concentrations the endocytosis related proteins Rab4 (5, 10, 20ng), Rab5 (1, 2, 4ng) and Rab11 (5, 10, 20ng) either with or without 15ng
B3GNTS. Cell lysates were harvested 20 hours post-transfection for Luciferase activity measurement. Note the steepened increase in Wnt
signaling when B3GNT8 is co-transfected with Rab5.

3.7 B3GNTS specifically adds mass onto LRP6 to regulate Wnt signaling

| tested the ability of B3GNTS8 to functionally modify a truncated LRP6 (LRP6AE1-4) that lacks
most of its extracellular domain and thus lacks all N-glycosylation sites. Although LRP6AE1-4
is constitutively active (Mao et al., 2004), its activity can still be enhanced by addition of Wnt
medium or co-expression of LRP6 kinases such as CK1ly (Davidson et al., 2005). LRP6AC,
which lacks most of the intracellular domain but still possesses its extracellular domain and
thus all N-glycosylation sites, was used as control in addition to wild-type LRP6. In contrast to
LRP6AE1-4, LRP6AC should be modified (up-shifted protein band) by B3GNT8 but should not
be able to activate Wnt signaling since it’s missing its intracellular domain. In line with my
expectations, B3GNT8 modified wild type LRP6 and LRP6AC in the immunoblot assays while
the LRP6AE1-4 bands remained uninfluenced (fig. 18 A). In agreement with my hypothesis
that B3GNT8 activates Wnt signaling by modifying the N-glycans of LRP6, B3GNT8 was
however not able to stimulate LRP6AE1-4 activated Wnt signaling, as it did with the wild
type LRP6 (fig. 18 A, graph). As expected LRP6AC decreased Wnt signaling and B3GNTS8 did
not counteract this dominant-negative effect. This is consistent with a positive role in Wnt

signaling for B3GNT8 mediated modification of LRP6 N-glycan chains.
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N-glycosylated canonical Wnt pathway members comprise LRPs, Wnts, and Frizzleds. To
verify the above results, | tested if B3GNT8 can covalently modify other N-glycosylated Wnt
pathway members than LRP6. Wnt3a and Frizzled5 were readily available in our lab and have
been tested for their activity in Wnt/TOPFLASH signaling. LRP6 served as control for
B3GNTS8s activity. | transiently transfected HEK293T cells with LRP6, Wnt3a, and Frizzled5
either with or without B3GNT8 for SDS-PAGE/Immunoblot assays. As expected, B3GNTS
solely up-shifted LRP6 (fig. 18 B). From the above mentioned experiments | conclude that the
mass addition to LRP6 is the cause of B3GNT8s Wnt stimulus.
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Figure 18: B3GNT8 specifically adds mass to LRP6 to regulate Wnt-signalling.

A. HEK293T cells were co-transfected with TOPFLASH luciferase (20ng), thymidine kinase-renilla reporter (4ng) and the indicated LRP6
construct (each 20ng) and w/o B3GNT8 (15ng). Cells were harvested 24h later in 1% triton lysis buffer for Western Blot or passive lysis
buffer (Promega) for luciferase assay. Anti-myc and anti-Flag antibodies were employed to detect the LRP6 construct, anti-Flag was used to
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detect B3GNTS8. Note that the lower LRP6AE1-4 band is on the heigth of B3GNT8.Note that the stimulation of Wnt signaling stops with
LRP6AE1-4.

B. Western Blots of lysates from HEK293T cells co-transfected with LRP6 (20ng), Frizzled5 (20ng), Wnt3a (5ng), and LacZ (Mock) or B3GNT8
(15ng). Whole cell lysates were harvested 20hours past transfection in 1% triton lysis buffer. An anti-myc antibody was employed to detect
LRP6, an anti-V5 antibody was used to detect Frizzled5 and Wnt3a. Note that B3GNTS8 up-shifts solely LRP6.

3.8 B3GNTS8 does not appear to modify LRP5

Considering LRP5 and LRP6 function redundantly | tested the ability of B3GNT8 to modify
LRP5. To this purpose | co-expressed increasing amounts of LRP5, with or without B3GNTS.
LRP6 expression served as a functional control for B3GNT8 activity. While LRP6 expression
stabilized B3GNTS8 (fig. 19, compare first and last lane), a strong reduction of B3GNTS8
appeared, whenever LRP5 was co-expressed (compare lane 1 and 3). B3GNT8 was not able
to confer mass upon LRP5. Although LRP5 and -6 expression is driven by the same promoter,
LRP5 is either translated at much lower levels, leading to weaker protein bands, or the Myc-
epitope is less accessible to the antibody. In contrast to LRP6, the upper LRP5 band is
stronger than the lower band, suggesting that LRP5 N-glycan processing may be more
efficient. This shows that in the canoncial Wnt pathway B3GNT8 acts mainly on LRP6.
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Figure 19: B3GNT8 does not modify LRP5 and LRP5 reduces B3GNTS protein levels.

Western Blots of lysates from HEK293T cells transfected with LRP6::myc (20ng) or LRP5-myc (20, 40, 60, or 80ng), and B3GNT8-FLAG (25ng)
or LacZ (mock) in 96 well format. Whole cell lysates were harvested 20hours past transfection in 1% triton lysis buffer. Anti-FLAG antibody
was employed to detect B3GNTS8, LRP5 and LRP6 were detected with anti-myc antibody. The unspecific band above B3GNT8 may serve as
loading control. Note that B3GNT8 protein levels decreases with introduction of LRP5 (lowest band in lower panel).

32



3.9 In HEK293 cells, B3GNT8 does not synergistically enhance the activity of B3GNT2 to
stimulate Wnt signaling

It was shown that B3GNTS8 synergistically enhances in vitro the activity of and co-
immunopurifies in COS-7 cells with its family member B3GNT2 (Seko and Yamashita, 2008). |
therefore asked if the covalent mass addition to LRP6 in HEK293T cells might be rather
through B3GNT2 than B3GNTS8. | therefore isolated the B3GNT2 construct from our
annotated medaka cDNA library and transfected increasing amounts in HEK293T cells either
with or without B3GNT8. LRP6 together with B3GNTS8 alone served as a control for B3GNT8s
activity. Although B3GNT2 activated Wnt signaling in a dose-dependent manner it has no
effect on the modification of LRP6 as seen by SDS-PAGE/Western Blot analysis (fig. 20).
Moreover, the combination of B3GNT2 and B3GNT8 resulted merely in an additive
TOPFLASH increase (fig. 20, graph). Since our lab is interested in the effects of protein
modifiers on the Wnt co-receptor LRP6 | decided not to investigate further the effect
B3GNT2 in Wnt signaling. To me this result indicates that the enhancement of B3GNT2
activity by the mere presence of B3GNT8 does not happen in HEK293T cells.
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Figure 20: Only B3GNT8 functionally modifies LRP6.

HEK293T cells in 96well format were co-transfected with TOPFLASH luciferase Wnt reporter (20ng), thymidine kinase-renilla (4ng), LRP6
(each 20ng) and with increasing concentrations of B3GNT2 (5, 10, and 15ng) either in the presence or absence of B3GNT8 (15ng). Cells
were harvested 24h later in 1% triton lysis buffer for Western Blot or passive lysis buffer (Promega) for Luciferase assay. Anti-myc antibody
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was employed to detect LRP6.Note that B3GNT2 dose-dependently stimulates Wnt signaling, but neither alone nor in combination with
B3GNT8 up-shifts LRP6 in Western Blot.

3.10 B3GNTS8 is required for LRP6 / Wnt signaling

To investigate the requirement of B3GNT8 for LRP6/Wnt signaling | performed B3GNTS8 gene
silencing (siRNA) experiments. TOPFLASH and SDS-PAGE/Immunoblot assays on LRP6 protein
were performed after a 48h knock down (siRNA) of the B3GNT8 gene, which was previously
shown to be the optimal time (not shown). Time course experiments for B3GNTS silencing
also showed that the knock down was stable for at least 4 days. For the loss-of-function (LoF)
experiments the siRNA was transfected on day 1 and on day 2 TOPFLASH, B3GNT8 and mock
pDNA constructs were transfected. LRP6 knock down (siRNA) was used as a positive control
for Wnt signaling inhibition and for proper identification of the LRP6 protein in SDS-
PAGE/Immunoblotting. Non-targeting siRNA (siControl) was used to control for the
transfection procedure. In TOPFLASH assays B3GNT8 knockdown significantly reduced Wnt
signaling, although it did not reach the level of the LRP6 knock down (fig. 21 A, graph). SDS-
PAGE/Immunoblotting analysis showed a slight downregulation of LRP6 total protein and a
clear decrease in phosphorylation of the LRP6 Serine at position 1490 (fig. 21 A, upper and
middle panel). The decrease in the level of S1490 phosphorylation corresponded
approximately with the decrease in Wnt signaling (both approx. -45%). Quantitative real-
time PCR showed that the B3GNT8 LoF did not decrease LRP6 on transcriptional levels (fig.
21 B). The LRP6 protein decrease must therefore happen post-transcriptionally. LRP6 and
B3GNT8 knockdown have been reported to reduce cell proliferation (Hua et al., 2012;
Keramati et al., 2009) and | confirmed this effect in HEK293T cells (fig. 21 C). Cell
proliferation analysis as well as gPCR analysis of B3GNT8 mRNA levels confirmed
knockndown by siRNA targeting B3GNT8 (fig. 21 B, C).
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Figure 21: B3GNT8 siRNA affects LRP6 and TOPFLASH.

A. TOPFLASH assay and Western Blots of HEK293T cell lysates 48 hours after siRNA transfection. HEK293T cells were transfected with
20pmol of the indicated siRNA and, 24h later, transfected with TOPFLASH reporters (20ng) and thymidine kinase renilla reporter (4ng).
Whnt3a-CM was added to make the PPSP phosphorylation visible. a-LRP6_T1479 was used to detect total LRP6. Anti-LRP6_Sp1490 was used
to detect phosphorylation of the Serine at position 1490, to monitor Wnt pathway regulation at receptor complex level. Note that B3GNT8
siRNA LoF results in significant reduction of both Wnt signaling and LRP6 (siB3GNTS).

B. Cells from the same transfection as in A were subjected to gPCR. Note that B3GNT8 knock down does not influence LRP6 mRNA levels,
and vice versa.

C. Cells from the same transfection as in A have been detached via trypsinisation and counted. Note that the reported decrease of cell
proliferation upon B3GNT8 knock down can be observed (siB3GNTS).

3.11 B3GNTS is sufficient to rescue LRP6 protein levels, Wnt signaling and cell proliferation

In order to confirm the specificity of the B3GNTS8 silencing and its apparent requirement for
Wnt signaling, | performed a rescue experiment using medaka B3GNTS8, which is not
targeted by the B3GNT8 siRNA used. | therefore first silenced the B3GNT8 gene by siRNA
transfection in HEK293T cells and the next day | transfected exogenous medaka B3GNTS8 in
the same cells. In TOPFLASH assays B3GNTS8 siRNA caused a 2-fold reduction in Wnt signaling
that was completely rescued by exogenous B3GNT8 (fig. 22 A, graph). LRP6 protein levels
were reduced by B3GNT8 siRNA and this could also be rescued, as seen in SDS-
PAGE/Immunoblotting (fig. 22 A, panels below graph). This confirms B3GNTS is required for
the maintenance of correct LRP6 levels and Wnt/B-catenin signaling. The Epidermal Growth
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Factor Receptor (EGF-R), the Transferrin Receptor (Tf-R), and Wnt3a served as controls since
these proteins are also subject to N-glycosylation. The fact that neither the B3GNT8 LoF nor
rescue influenced protein amounts of the EGF-R, the Tf-R and Wnt3a adds to the specificity
of B3GNTS for LRP6 (fig. 22 A, panels). B3GNTS8 siRNA, as expected, reduced the proliferation
rate of cells and this was also rescued by subsequent co-expression of medaka B3GNTS (fig.
22 B and C). These results confirm that B3GNTS is required for LRP6/Wnt signaling.
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Figure 22: Rescue of B3GNT8 siRNA effects.

A. TOPFLASH assay and Western Blots of HEK293T cell lysates 40 hours after siRNA transfection. a-LRP6_T1479 was used to detect total
LRP6, anti-EGFR antibody, was used to detect the epidermal growth factor receptor (EGFR), and anti-TfR antibody detected the Transferrin
receptor, a well-defined cell membrane control, and anti-Wnt3a antibody was used to detect Wnt3a. HEK293T cells were transfected with
20pmol of the indicated siRNA and, 24h later, transfected with TOPFLASH reporters (20ng), thymidine kinase renilla reporter(4ng) with or
without Medaka B3GNT8 (15ng). Note that B3GNT8 siRNA LoF results in significant reduction of both Wnt signaling and LRP6 (siB3GNT8),
and these effects are rescued upon reintroduction of exogenous B3GNT8 (rescue).

B. Cells from the same transfection as in A were light microscopied (BF) to monitor proliferation. Note that the reported decrease of cell
proliferation upon B3GNT8 knock down can be observed (siB3GNT8), and ths is used as an additional control for the succesfull knock down

of B3GNT8 together with the qPCR (not shown) and the TOPFLASH assay. Note that reintroduction of B3GNT8 rescues the siRNA effects
(rescue).

C. The cells from B have been detached via trypsinisation and counted.

3.12 B3GNTS8 LoF in HEK293 cells mainly influences Wnt signaling

After finding that B3GNTS is required for LRP6/Wnt signaling | asked if B3GNT8 affects other
signaling pathways. To this end | carried out a global transcriptional analysis which is a deep
sequencing assay (RNAseq) in cooperation with Dr. Olivier Armant (KIT), who did the
RNAseq. | produced biological triplicates of Control-siRNA or B3GNT8-siRNA (LoF) treated
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HEK293 cells and controlled the efficacy of the B3GNT8 knock down by quantitative real-
time PCR (fig. 23 A). The RNAseq samples showed no sign of degradation (RNA index number
>8). The sequencing resulted in more than 48 million pairs of 50 nucleotides long reads per
sample with a mean Phred quality score >35. The reads were mapped against the human
genome (GRCh37) using known exon junctions (Ensembl release 75). The correlation analysis
via heat mapping confirmed the data consistency for each experimental condition (fig. 23 B).
The reduction of MMP2 expression and the increase in TIMP-2 expression reported as a
consequence of B3GNT8 silencing (Hua et al.,, 2012) was also observed in our RNAseq

analysis, thus validating the experimental procedure (-32% and +26% in this RNAseq
experiment, respectively).
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Figure 23: Correlation analysis of samples for RNAseq confirms similarity for each condition.

A. One representative example of a qPCR of Control siRNA versus B3GNT8 siRNA treated HEK293T cells for the RNAseq.

B. Control siRNA versus B3GNT8 siRNA. Cells were seeded at day one in 6 well plates and and transfected with 100pmol of the siRNA
(siControl or siB3GNT8). On day two the medium was exchanged. On day three, cells were lysed in peqGold RNA pure, and RNA was
precipitated. RNA concentrations were adjusted with Nanodrop 1000 Spectrophotometer. qPCR confirmed the knock down (not shown).
Heat mapping of sample triplets was done by Dr. Olivier Armant (KIT).

| used three independent deep-sequencing analysis softwares to analyze my results; Davids
Gene Function Classification Tool©, Cytoscape®© and The Panther Classification System©.
Strinkingly, two of three software analysis highlighted canonical Wnt signaling as most
differentially regulated pathway in B3GNT8 LoF cells, and the third software analysis showed
its significant differential regulation (fig. 24, all p-values<0.05 after Benjamini False Discovery
Rate Correction BFDRC). My own analysis of known pathway specific target genes confirmed

the predominant modulation of Wnt target genes (>93% vs. <43% from other pathways) (fig.
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25 A). Down regulated Wnt target genes (all p-values<0.05 after BFDRC) comprised e.g. Myc
(-31%), SNAI2 (-60%), Cyclin D1 (-61%), Cited1 (-62%), and MMP-2 (-68%), all of which are
well documented Wnt/B-catenin target genes that are upregulated in response to pathway
activation. Axin2, which is one of the best characterized Wnt target genes, was also
downregulated however Benjamini False Discovery Rate Correction judged it to be not
significant. These data indicate that in HEK293 cells B3GNT8 mainly influences Wnt signaling.
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Panther Classification System
Pathway Assignment

Wnt pathway

Coverage: 39.0%

Gonadotropin releasing hormone
receptor pathway

C

Davids Gene Function Classification Tool
KEGG-Pathway Assignment

Coverage: 27.2%

Category = Term +|Genes Count | % 3 Beniamini P-Value 3
KEGG_PATHWAY MAPK signaling pathway 83 1,8 1,8E-1
KEGG_PATHWAY Endocytosis 65 1,4 4,3E-2
KEGG_PATHWAY Regulation of actin cytoskeleton 63 1.4 3,5E-1
KEGG_PATHWAY Neurotrophin signaling pathway 51 1,1 1,7E-2
KEGG_PATHWAY | Wnt signaling pathway 47 1,0 2,9E-1
KEGG_PATHWAY Insulin signaling pathway 45 1,0 1,7E-1
KEGG_PATHWAY Tight junction 44 0.9 2,0E-1

Figure 24: Three analysis identify Wnt signaling as differentially regulated by B3GNTS8 LoF.

A. Simplified Cytoscape result: Gene ontology terms that cover the 5234 genes differentially expressed in the B3GNT8 LoF. For differential
gene expression analysis the default settings as described in the Cytoscape 3.0.1 users manual have been used. Cytoscape does not provide
coverage data.

B. Simplified Panther Classification System result: 5234 differentially expressed genes assigned to KEGG-pathways. For differential
expression analysis the default settings as described in Mi et al. (2013) have been used.

C. Simplified Davids Gene Function Classification Tool result: Assignment of 5234 differentially expressed genes after B3GNTS8 LoF to KEGG-
pathways.For differential gene expression analysis the default settings as described in DAVIDS bioinformatics resources 6.7 have been
used.

A+B+C. Differentially expressed genes have a p-value <0.05 after BFDRC.
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Using the Panther, Cytoscape and Davids analysis software | analyzed the differentially
expressed set of genes from my RNAseq experiment (p-values<0.05 after BFDRC) for
enriched gene sets (gene ontology terms or GO terms). E.g. my expectation was that
silencing of B3GNT8 would lead to the up-regulation of other N-glycosyltransferase genes,
du to compensatory mechanisms. | found however that the redundantly functioning family
members of B3GNT8, B3GNT2 and -4, were not significantly up-regulated (+7% and +12%
respectively). Indeed, all three software analyses showed that B3GNT8 silencing decreased
the expression of 30 N-glycosyltransferases participating at different steps of the N-
glycosylation process (fig. 25 B, lower Cytoscape graph, as one example). These
glycosytransferases include e.g. the dolichol-mannosyl-transferase ALG12 (from Panther,
HGNC symbol), the galactosyltransferase B3GALT6, the GalNAc-transferase GALNT7, the
sialyltransferase ST3GAL2, the fucosyl-transferase FUT4 and the GIlcNAc-transferases
B3GNT1 and B3GNTS5.

It has been shown that B3GNT8 LoF leads to a down regulation of cell proliferation (Hua et
al., 2012; Liu et al., 2010) and my results are in line with this. However, the mechanism by
which B3GNT8 regulated cell proliferation is unclear. My GO term assignment of the
differentially expressed genes found that a B3GNT8 knock down leads to upregulation of
genes that take part in negatively regulating the cell cycle and in G1 phase arrest (fig. 25 B,
upper Cytoscape graph). Genes that belong to the GO term “negatively regulating cell cycle”
and that were up-regulated in my RNAseq experiment are (from cytoscape, HGNC symbols):
GAS2L3, ING4, THAP5, RPRM, FOX04, TCF7L2, LATS2, SART1, CYP27B1, CDKN2B, MTBP,
PKD2, RHOB, BCL6, HBP1, RNF167, TCF4, NR2F2, DHCR24, PTPRK, PLA2G16, BMP2, TAF®6,
TP53BP2, WDR6, CDK6, GAS1, TP73, DDIT3, VASH1, EIF4G2, TRIM35, PRDM4, HDAC1, IRF6,
RASSF1, BTG3, TBRG1, FOXC1, PRNP, PPP1R15A, HPGD, TP53INP1 and USP44. And genes
that belong to the GO term “G1 phase arrest” and that were up-regulated in my RNAseq
experiment are (from cytoscape, HGNC symbols): E2F1, TAF1, CDC6, MTBP, CDC23, CDK®,
FOX04 and TCF3.

To get a clearer look into the gene expression changes after the B3GNTS8 silencing | plotted
the number of differentially expressed genes against the protein family names (all p-
values<0.05 after BFDRC). This analysis confirmed the down regulation of N-glycosyl
transferases participating at different steps in the N-glycosylation process (fig. 25 C). My
analysis also showed that collagens exhibited mainly reduced transcript numbers. The
collagen sensing anthrax toxin receptor interacts with LRP6 to modulate Wnt signaling (Chen
et al., 2013), which indicates an additional mechanism for B3GNT8s effects on Wnt signaling.

A
Differentially Expressed Target Genes assigned to Signalling Pathways

Wnt* p53° TGFB° Shh° FGF° MAPK®
Target genes 47 122 147 40 75 86
Differentially expressed| 44 52 56 11 20 21
(in percent 93,6% | 42,6% 38,1% 27,5% 26,7%  24,4%)
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Assignment of Differentially Expressed Genes
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Figure 25: RNAseq of Control siRNA vs. B3GNT8 siRNA treated HEK293T cells.

RNAseq results of two conditions (triplets each): Control siRNA versus B3GNT8 siRNA. Cells were seeded at day one in 6 well plates and and
transfected with 100pmol of the siRNA (siControl or siB3GNT8). On day two the medium was exchanged. On day three, cells were lysed in
peqGold RNA pure, and RNA was precipitated. RNA concentrations were adjusted with Nanodrop 1000 Spectrophotometer, and qPCR
confirmed the knock down.

A. The level of influence of the B3GNT8 knock down on signaling pathway activities. For references about the target genes, please refer to
the materials and methods section. Only genes have been selected with a p-value lower than 0.05. * = target genes in HEK293T cells, ° =
target genes from multiple cell lines due lack of HEK293T specific genes. Note the high percentage of differentially expressed target genes
in the Wnt pathway.
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B. Assignment of differentially expressed genes to gene ontology terms by the Cytoscape software (simplified). Note the down regulation
of Wnt signaling and N-glycosylation. Note also the upregulation of G1 phase arrest effectors.

C. Number of differentially expressed genes per protein family. The number before the dash denotes the number of upregulated genes.The
number after the dash denotes the number of down-regulated genes. Most of the families with low counts are not shown. Note the
reduced numbers of glycosyl transferases and collagens.

3.13 B3GNTS8 reduces Wnt/PCP signaling

After the RNAseq indicated that B3GNT8 mainly influences Wnt signaling | wanted to analyze
the ability of B3GNTS to regulate the different pathway branches of Wnt signaling. There are
at least three different Wnt pathways known: the canonical B-catenin dependent pathway,
and the two non-canonical Ca2+ and PCP (planar cell polarity) signaling pathways. PCP
signaling is inhibited by Wnt/B-catenin signaling and is Activating Transcription Factor 2
(ATF2) dependent (Tahinci et al., 2007; Gray et al., 2013). | therefore tested the effect of
B3GNT8 on non-canonical Wnt signaling using an ATF2-dependent luciferase reporter assay
and a parallel TOPFLASH assay served as control for B3GNT8s activity in Wnt/B-catenin
signaling. Wnt5a served as an activator for the ATF2 dependent luciferase reporter assay. In
line with its ability to promote Wnt/B-catenin signaling, B3GNT8 dose-dependently
decreased PCP signaling and the effect was augmented in the presence of exogenous Wnt5a
(fig. 26). This indicates that exogenous B3GNT8 does not uncouple B-catenin signaling from
its well documented cross talk with PCP signaling.

Luciferase reporter gene assay

TOPFLASH|  ATF2 dependent luciferase

2 |

. —1 _—JsscnTs
+

+ + + Wntba

Figure 26: B3GNT8 expression decreases Wnt/PCP signaling.

B3GNTS8 regulates PCP/Wnt signaling. Luciferase reporter assay using HEK293T cells and a canonical Wnt reporter (TOPFLASH) and a PCP
reporter (ATF2 dependent luciferase). Cell lysates were harvested 24 hours post-transfection for Luciferase activity measurement. Amounts
transfected per 96well: TOPFLASH 20ng, thymidine kinase renilla reporter 4ng, B3GNT8 15ng for TOPFLASH, ATF2 dependent luciferase
20ng, B3GNTS 3, 10, or 30ng for ATF2 dependent luciferase, Wnt5a 50ng. TOPFLASH confirms the functionality of the B3GNT8. Note that
increasing concentrations of B3GNT8 dose-dependently decrease ATF2/PCP signaling. Wnt5a intensifies this effect.
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3.14 B3GNTS8 increases the cell surface levels of LRP6

Proper N-glycosylation is needed for LRP6 protein to proceed in the secretory route to the
cell surface (Khan et al., 2007). | hypothesized that B3GNT8-modified N-glycans may regulate
LRP6 cell surface levels and used cell surface biotinylation assays to look into this in more
detail. In this assay, the Lysine residues of cell surface proteins are covalently coupled to a d-
biotinyl-N-hydroxysuccinimid ester which is used together with avidin beads to enrich for
biotin labeled cell surface proteins (Cole et al., 1987). Non-B3GNT8 modified LRP6 was used
as negative control. The intracellular chaperone MESD aids transport of LRP6 to the cell
surface (Khan et al., 2007) and was used as positive control. As expected, the B3GNT8 co-
expression with LRP6 led to a dose-dependent increase of cell surface LRP6, as seen by the
increased levels of biotinylated LRP6, which correlates well with the up-shift in the upper
band of LRP6 (fig. 27). As expected, MESD caused an increase of cell surface LRP6 (compare
lanes 1 and 5), however | did not increase the levels of B3GNT8-modified cell surface LRP6
(compare lanes 4 and 6). This suggests that B3GNT8 may be involved in the cell surface
translocation of an LRP6 subspecies different from the subspecies promoted by MESD to
reach the cell surface.

Cell Surface Biotinylation

w10 I 08 ga B |viotinylated LRP6

< .4 | biotinylated LRP6
Rl 1 (weal%/er exposure)

[« a @ S W | ransferrin receptor
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+ + MESD
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Figure 27: B3GNTS8 increases cell surface levels of LRP6.

Western Blots of lysates from HEK293T cells co-transfected with LRP6 (20ng), B3GNT8 (0.5ng, 1ng, 5ng), and MESD (5ng), or MESD and
B3GNT8 (both 5ng) per 96well. Labeling of cell surface proteins was done with Sulfo-NHS-SS-biotin at 4°C, and neutravidin beads were used
for enrichment of biotinylated proteins. An anti-PCNA antibody was used for input lysate control (bottom panel), and the transferrin
receptor (TfR) for biotinylated surface protein control. Note the dose-dependent increase in both LRP6 molecular weight and amount (top
panel).

In order to analyze B3GNT8 promoted LRP6 cell surface transport using a different method |
measured the distribution of mcherry-tagged LRP6 in the presence of B3GNTS8::tGFP. Non-
fluorescent LacZ and the golgi target sequence-containing pmTurquoise2-golgi protein
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served as non-golgi resident and golgi-resident mock, respectively. B3GNT8 co-localized with
LRP6 (fig. 28 B, middle panel) and the B3GNTS8 transfected cells show a drastic increase in
LRP6:mcherry containing vesicles in cellular protrusions compared to the non-golgi and the
golgi mock (fig. 28 A, white arrows). To confirm that all vesicles have been counted, z-stacks
of the cells were taken (fig. 28 B). In total, the cell number with a high number of
LRP6::mcherry containing vesicles in cellular protrusions increased to approx. 3.5-fold in the
B3GNTS8::tGFP transfected cells compared to the controls. Since B3GNTS8 is predicted to be

located and function in the Golgi, these vesicles are presumably transporting LRP6 to the cell
surface.
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Figure 28: B3GNT8 co-localizes with and increases cell surface levels of LRP6.

A+B. Confocal microscopy of Hek293T cells overexpressing LRP6::mcherry, B3GNT8::GFP, and the golgi marker pmTurquoise2-golgi. LacZ
was used as non-golgi resident mock, pmTurquoise2-golgi was used as golgi-resident mock. Transfections were made in a 3cm petri dish,
photos were taken with SP5 Tandem DM6000. Note that B3GNTS8::tGFP overexpression increases the LRP6::mcherry containing vesicles (B
middle panel). Scanning via z-stacking through cells makes the increase of LRP6::mcherry containing vesicles more visible (C). Amounts
transfected are as in fig. 26.

C. Statistical counting of one representative experiment of cells containing high numbers of LRP6::mcherry containing vesicles in three
different conditions.

3.15 The first 2 conserved LRP6 N-glycans are able to contact ligands

Within each BP there are 5 individual YWTD BP/B-sheet motifs and, interestingly, in both BP1
and BP3 the conserved N-glycan is immediately preceded by these YWTD/B-sheet motifs
(see fig. 11, colored boxes). In BP2, the conserved N-glycan is however preceded by the
YWTD/B-sheet motif plus an additional B-sheet. This positions the N-glycosylation site of BP2
in close proximity to known ligand binding sites, as it is the case for the conserved N-
glycosylation site of BP1 (fig. 29 B, C and D). (The addition of a B-sheet in BP2 is conserved in
LRP6 of all aforementioned species, and in homo sapiens LRP5; not shown).

| used the 3D modeling OpenGL based molecular visualization system PyMOL to try and
understand whether the first two conserved N-glycan chains of LRP6 could potentially
interact with known LRP6 ligands. Structural data of LRP6, MESD and N-glycans was obtained
from: Pymol database ID: 4DG6 Holdsworth et al. 2012, 4FQC Mouquet et al. 2012, 2KMI
Chen et al. 2010. | modelled two MESD ligands (LRP6 chaperone) on the first two B-
propellers of LRP6 (fig. 29 B). Modeling of MESD binding to LRP6 was based on the molecular
docking techniques of Chen et al. (2010). Additionally | modelled the first two conserved
LRP6 N-glycans. Although | modelled rather short N-glycans both N-glycans were able to
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contact a MESD ligand. This may hint to a functional relevance of the first two conserved

LRP6 N-glycans in ligand binding.
A

Conserved N-glycans of LRP6

Conserved N-glycan sites

O known ligand binding sites
@ YWTD B propeller

@ Conserved N-glycan site

D EGF-like domai

@ LDL type A repeat

O Transmembrane domain
@ Intracellular domain

Tertiary Structure of the first 2 B-propellers of LRP6
N-glycans on the first 2 3-propellers of LRP6 with two MESD

C
Molecular Surface of the first LRP6 3-propeller Molecular Surface of the first LRP6 B-propeller

MESD chaperone binding sites and conserved N-glycan site MESD escort binding sites and conserved N-glycan site

Figure 29: The first two conserved LRP6 N-glycans are in close spatial proximity to known MESD binding sites.

A, Scheme of LRP6, with red filled circles indicating the position of evolutionarily conserved LRP6 N-glycan sites (Asn81, 486, 692, and 865,
#1 to 4 respectively). Dark red ovals show known ligand binding sites. Note the close spatial proximity of conserved N-glycan site #1 and 2
to ligand binding sites.
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B. LRP6 beta propeller 1 and 2 are shown in gray cartoon, 2 MESD proteins are projected upon them in yellow sticks, both in chaperone
domain binding position, LRP6’ N-glycans are shown in red sticks. All N-glycans are modelled by using the pentasaccharide core plus two
antennae: 1 N-acetylglucosamine and 1 N-acetyllactosamine with a sialic acid cap.

C. LRP6 beta propeller 1 is shown in grey mesh, MESD chaperone domain binding sites are indicated in blue, the first conserved N
glycosylation site is marked red.

D. As in C, but MESD escort domain bindings sites are indicated in green.

3.16 B3GNTS8 acts in hexose induced Wnt signaling

Wnt signaling is positively coupled with glucose and L-glutamine supply from cell culture
media in J774.2 and RAW264.7 macrophage cell lines and the N-glycosylation process is
involved (Anagnostou and Shepherd, 2008). | hypothesized that B3GNTS, which is dependent
on hexose supply for its enzymatic activity, may be involved in this glucose dependent
regulation of Wnt signaling. | made the assumption that hexose dependent modulation of
Wnt signaling is a more general feature of cells and applies as well to HEK293 cells. To test if
glucose supply changes Wnt signaling in HEK293T cells, cell culture media supplemented
with different amounts of either D-glucose or L-glutamine were used for HEK293T cells that
were transfected with TOPFLASH reporter plasmids. Different Fetal Bovine Serum (FBS)
concentrations were first tested and from these experiments it could be shown that
decreasing FBS concentrations increases Wnt signaling (fig. 30). A concentration of 5% FBS
was chosen for the glucose/glutamine titration experiments because at this concentration
Whnt signaling could be further enhanced or decreased and the endogenous LRP6 protein
bands could be clearly detected by WB analysis (fig. 30, red arrows). In addition, dialyzed FBS
and DMEM with low glucose (1000mg/l) and no L-glutamine were used as to remove glucose
and L-glutamine and indeed it behaved in the same way as non-dialyzed FBS, thus validating
the use of dialyzed FBS (fig. 30).
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Figure 30: FBS reduction increases TOPFLASH response and reduces LRP6 protein bands.

TOPFLASH reporter assay (upper graph) and Western Blot (panels below) of cells stimulated with different FBS amounts. Cells were co-
transfected with Wnt reporter TOPFLASH (20ng), thymidine kinase-renilla reporter (4ng), and LacZ (76ng) in 96well format in DMEM with
5% FBS and 1% Pen/Strep. After 6h, the DMEM was exchanged for the medium indicated. After 36h, the cells were harvested in passive
lysis buffer for luciferase assays or in 1% triton lysis buffer for Western Blot. Note the increase in TOPFLASH response upon FBS reduction.
a-LRP6 (T1479) was used to detect total LRP6. All other antibodies recognized natural protein epitopes. Note the decrease in LRP6 Western
Blot bands (red arrows) upon FBS reduction.

We then performed experiments using 5% dialyzed FBS to which different amounts of either
D-glucose or L-glutamine was added and cell lysates were harvested after 36h for both Wnt
reporter assays and Western Blot analysis of endogenous LRP6. We found that the reduction
of glucose had no significant effect on Wnt signaling and that reduction of glutamine results
in a slight decrease in Wnt signaling (fig. 30). From this we conclude that HEK293 cells share
a part of the glucose/glutamine response mechanism with macrophage cells.

To test if LRP6 reacts to glucose and L-glutamine depletion we also performed Western Blot
analysis of the endogenous LRP6 protein. Interestingly, when exposing cells to decreasing
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amounts of glucose or glutamine the upper, cell surface LRP6 band changed dramatically
(fig. 31, upper panel). With decreasing glucose concentration the upper LRP6 band migrated
at first slower, showing a clear upshift, and then disappearing, together with the appearance
of a new lower band just below the ER form of LRP6. The result of decreasing glutamine
amounts was equally striking, with a clear and progressive upshift of the upper LRP6 band
with decreasing glutamine. This indicates that cells respond to glucose or L-glutamine
changes by synthesizing different LRP6 subspecies, which may account at least partially for
the changes in Wnt signaling.
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Figure 31: Wnt-signaling and LRP6 react to glucose/glutamine reduction.

TOPFLASH reporter assay (upper graph) and Western Blot (panels below) of cells stimulated with different D-glucose/L-glutamine. Cells
were co-transfected with Wnt reporter TOPFLASH (20ng), thymidine kinase-renilla reporter (4ng), and LacZ (76ng) in 96well format in
DMEM (25mM D-glucose, 4mM L-glutamine), 5% FBS and 1% Pen/Strep. After 6h, the DMEM was exchanged for DMEM”™? (i.e. 5mM D-
glucose/no L-glutamine) and the FBS-, D-glucose-, and L-glutamine-concentration indicated. After 36h, the cells were harvested in passive
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lysis buffer for luciferase assays or in 1% triton lysis buffer for Western Blot. Note the decrease in TOPFLASH signaling upon glutamine
reduction. a-LRP6 (T1479) was used to detect total LRP6. All other antibodies recognized natural protein epitopes. Note the change of the
upper LRP6 Western Blot band (red arrows) upon glucose and glutamine reduction.

| then asked if exogenous B3GNT8 can rescue LRP6 bands and Wnt signaling in glucose or
glutamine titrations. | therefore exposed TOPFLASH-transfected HEK293 cells to the same
glucose or glutamine titrated media as above, either with or without exogenous B3GNTS. |
increased exposure time of media to 48h, which indeed enhance the TOPFLASH response. In
glutamine titrated media, the composition of the upper LRP6 forms changed significantly,
both with or without B3GNT8 (fig. 32, upper and third panel). The depletion of glutamine
leads to a reduction of NDP-activated hexose forms (Nakaishi et al., 2009), one of which is
likely to be the GIcNAc donor for B3GNT8, UDP-GIcNAc. In glucose reduced media however,
B3GNTS8 stabilized both upper LRP6 protein bands (fig. 32, red arrows).

The TOPFLASH assays confirmed the reduction of Wnt signaling upon lowering glutamine
levels (fig. 32). Strikingly, together with the rescue of the upper LRP6 bands, B3GNT8 blocked
the reduction in Wnt signaling caused by reduced glucose/glutamine. This may indicate that
B3GNTS8 can rescue the effects of hexose depletion and suggests that B3GNT8 might play a
role in hexose induced Wnt signaling.
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Figure 32: B3GNTS8 rescues upper LRP6 bands and TOPFLASH signaling in glucose/glutamine reduced media.

TOPFLASH reporter assay and Western Blots of cells stimulated with different glucose/glutamine amounts in the presence or absence of
B3GNTS8. Glucose and glutamine amounts were varied as indicated. Cells were co-transfected with Wnt reporter TOPFLASH (20ng),
thymidine kinase-renilla reporter (4ng), LacZ and w/o B3GNT8 (15ng) in 96well format in DMEM, 5% FBS and 1% Pen/Strep. After 6h, the
DMEM was exchanged for DMEM 7" (i.e. 5mM D-glucose/no L-glutamine) and the FBS-, D-glucose-, and L-glutamine-concentration
indicated. After 48h the cells were harvested in passive lysis buffer (from Promega) for luciferase assays or in 1%triton lysis buffer for
Western Blot. Note the reduction of TOPFLASH signaling upon L-glutamine reduction. Note that B3GNT8 expression stops this. a-LRP6
(T1479) was used to detect total LRP6. a-PCNA antibody was used to detect the loading control PCNA. Note the change in LRP6 Western
Blot bands (upper red arrows) upon glucose and glutamine reduction and the stabilization of the upper LRP6 bands by B3GNT8 (lower red
arrows).

In a different approach to analyze the role of B3GNT8 in hexose induced Wnt signaling, |
increased hexose levels by adding the readily available Azido-N acetylmannosamine. The
azidosugar Azido-N acetylmannosamine (ManNAz) (a kind gift of Dr. Ute Schepers) is a
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modified hexose analog that, when present in its more hydrophobic peracetylated form, can
readily be taken up by cells and then epimerized by cellular esterases for incorporation into
the glycosylation pathway. Increasing ManNAz supply in normal 5% FBS containing DMEM
slightly increased TOPFLASH signaling (fig. 33). Overexpression of LRP6 activated Wnt
signaling as expected, however under these conditions no increase of signaling was seen
upon the addition of ManNAz. Only upon co-expression of B3GNT8 with LRP6 was the effect
of ManNAz again seen (fig. 33), indicating that B3GNT8 may indeed play a role in hexose
induced Wnt signaling at the level of LRP6.
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Figure 33: Co-expression of B3GNT8 with LRP6 augments hexose sensitivity of TOPFLASH signaling in HEK293 cells.

TOPFLASH reporter assay using HEK293T cells treated with increasing amounts of the hexose ManNAz. 20ng LRP6 and 15ng B3GNT8 were
transfected and either 80uM or 7mM ManNAz added 5h post transfection. Cell lysates were harvested 26 hours post-transfection for
Luciferase activity measurement. Note that co-expression of B3GNT8 sensitizes LRP6 to hexose induced Wnt signaling.
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4. Discussion

The main findings of this study are listed below:

1. B3GNT8 is a new modifier and regulator of LRP6 and Wnt signaling.
B3GNT8 modifies the complex LRP6 N-glycans to regulate Wnt signaling.
B3GNT8 modifies certain LRP6 subspecies to enhance Wnt signaling via promotion of
Golgi-to-surface transport.

4. This B3GNT8 promoted LRP6 subspecies is different from the LRP6 forms that MESD
helps to fold/transport in the secretory pathway.

5. B3GNTS8 loss-of-function modulates mainly canonical Wnt signaling.

6. B3GNT8 plays a role in the metabolic regulation of Wnt signaling.

Here | discuss my experimental data in the context of our current understanding of Wnt
signaling and the N-glycosylation pathway.

4.1 The decision criteria for pursuing the characterization of B3GNT8

4.1.1 Identification of B3GNTS

Although it is known since more than a decade that LRP6 needs N-glycosylation to come to
the cell surface (Khan et al., 2007; Hsieh et al., 2003), to date no LRP6 modifying N-
glycosyltransferase has been identified. | screened a medaka cDNA expression library for
LRP6 modifying N-glycosyltransferases and identified two glycosyltransferases in my screen,
in addition to two that were identified in a previous screening experiment that used a
different cDNA library as the source of potential modifiers. Out of these four LRP6 modifying
glycosyltransferases, of which three have been further tested in titration experiments, only
B3GNT8 modulated Wnt signaling in addition to modifying LRP6. B3GNT8 is one of 9
enzymes comprising the B-1,3-N-acetyl-glucosaminyltransferase family (B3GNT), however
B3GNTS8 is a recently identified member and relatively uncharacterized. It is involved in the
poly-N-acetyllactosamine (polyLacNAc) synthesis, i.e. the alternating addition of GIcNAc and
galactose on complex— or hybrid-type N-glycans (Seko and Yamashita, 2005), and may
therefore be directly involved in the maturation of LRP6.

The effects of homo sapiens B3GNT8 expression on LRP6/Wnt signaling were less drastic
(not shown) which is an effect that has been observed both with our medaka library clones
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as well as with clones from a Xenopus library. This apparent higher specific activity may be
due to the lower body temperature of medaka which may have resulted in the evolution of
proteins that are more active than their mammalian counterparts under the cell culture
conditions we are using. Although it can be argued that these are potentially artifactual
conditions to select LRP6 modifiers, the fact that B3GNT8 siRNA silencing experiments
showed a requirement of human B3GNTS8 for Wnt signaling in HEK293 cells convinced me to
pursue the further characterization of this LRP6 glycosyltransferase.

Wnt signaling is highly involved in cancer and in cancer metastasis (Guo et al.,, 2014).
Polylactosamine and related structures play important roles in cell-cell interaction (Zhou,
2003), in cell-extracellular matrix (ECM) interaction (Varki et al., 2009), in immune response
and thus in determining the metastatic capacity of cancer cells (Togayachi et al., 2008;
Dennis and Laferte, 1987). Strikingly, in malignant transformed fibroblasts (Yamashita et al.,
1984) and in tumor cells with high metastatic behavior (Dennis et al., 1987) the amount of
poly-N-acetyllactosamine specifically on tetra-antennary N-glycans is increased. My
hypothesis was that the known modulation of Wnt signaling via N-glycosylation (Anagnostou
and Shepherd, 2008) may be linked to B3GNT8-mediated modification of the tetra-
antennary N-glycans of LRP6, which may affect tumor cell proliferation and metastatic
potential (Ihara et al., 2002; Granovsky et al., 2000; Seberger and Chaney, 1999; Pierce et al.,
1997; Kobata, 1989; Dennis and Laferte, 1989).

4.2 Participation of B3GNTS8 in Wnt signaling

4.2.1 Direct or indirect modification of the LRP6 N-glycans by B3GNTS8

The N-glycans of LRP6 are all thought to be processed from high mannose precursors into
complex- or hybrid-types (Hsieh et al., 2003) and substrates of B3GNT8 are complex-type N-
glycans (Ishida et al., 2005), which my Endoglycosidase H and neuraminidase assays
confirmed. Moreover, my data strongly suggests that B3GNT8 modifies the complex N-
glycans on the ECD of LRP6 (figs. 13 and 18). Direct interaction between LRP6 and B3GNTS is
supported by co-immunoprecipitation experiments and co-localization experiments (figs. 14
and 28). Although the co-immunoprecipitation experiments also show a physical interaction
of B3GNT8 with other proteins (ROR2, LRP5, Kremenl, Wnt3a, FGFR1, and FLRT3), none of
them was modified (not shown). Considering that N-glycosyltransferases recognize
carbohydrate moieties as well as amino acids in close proximity to the carbohydrate, N-
glycosyltransferases are able to bind to non-substrate proteins (Baenziger, 1994). Thus, the
substrate specificity of B3GNT8 may not solely come from its substrates but may be
additionally conferred by other protein partners. The identification of such partners will be
important for further research to establish the mechanisms by which B3GNT8 promotes Wnt
signaling.
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It will also be important to demonstrate clearly that B3GNTS8 is able to incorporate GIcNAc
into LRP6 N-glycans. One possibility to test this would be the development of an in vitro
glycosylation assay. The activity of B3GNT8 towards tetra-antennary N-glycans has been
demonstrated by galactosylating a tetraGP substrate (GalBl1—> 4GIcNAcB1-> 2(Galpl—>
4GIcNAcB1~> 4)Manal—> 3[GalBl-> 4GIcNAcB1=>2 (GalBl=>4 GIcNAcB1—> 6)Manal—>
6]ManB1—> 4GIcNAc) missing a peptide backbone (Seko and Yamashita 2005). This in vitro
glycosylation assay has not been tested for glycan chains attached to peptides. For an in vitro
glycosylation assay utilizing B3GNT8, LRP6 harboring N-glycan chains from intermediate
steps of the N-glycosylation pathway would be helpful. However, as seen by clear and
distinct bands in SDS-PAGE/Western Blot, LRP6 is found mostly either in immature or mature
form but seldom with glycan chains from intermediate N-glycosylation steps. Thus, a
purification of LRP6 protein from cellular lysates will likely not obtain adequate amounts of
appropriate LRP6 forms. Another approach would be to obtain LRP6 proteins with un-
processed oligosaccharide precursor, such as the immature form LRP6 present in the ER.
After tryptic digest and purification of the immature LRP6 protein by HPLC, the N-glycan
processing can then experimentally be mimicked. To this end, subsequent N-glycan trimming
by Glucosidasel, Il, lll, Mannosidasel, Il and Endomannosidase as well as MGAT branching are
needed (Roth, 2002; Roth et al., 2010). A check by Mass Spectrometry should verify the
resulting glycan structure and then B3GNT8 can be applied.

Despite an in vitro glycosylation assay confirming the possibility of B3GNT8 adding GIcNAc to
LRP6 glycan chains, it is possible that B3GNT8 does not directly modify growing LRP6 N-
glycan chains in live cells. B3GNT8 could indirectly support the modification of the LRP6 N-
glycan chains by attachment of other functional groups, as e.g. phosphate groups (Akeboshi
et al., 2009). To address this question, | initiated collaboration with Ute Schepers here at KIT.
We will use Mass Spectrometry to analyze the N-glycan chains of tryptic digested LRP6 in the
absence or presence of B3GNTS. This work is currently ongoing.

Another approach to monitor the hypothesized B3GNT8-mediated elongation of LacNAc
units on LRP6 N-glycans is by use of lectin assays. Lectins are carbohydrate-binding proteins
that specifically bind sugar moieties and are grouped according to the monosaccharides for
which they show the highest affinity. Lectins with particular monosaccharide specificity also
vary in their affinities for different glycan structures (e.g. high-mannose, complex, bi-/tri-
/tetra-antennary complex). To this purpose, | initiated collaboration with Christian Thiel from
the Center for Child and Adolescent Medicine (AG glycosylation defects) of the University
Heidelberg, who is an expert in the analysis of congenital disorders of glycosylation (CDG).
B3GNT8 GoF and LoF COS-7 cell culture experiments will be performed using tagged LRP6,
and lectins will then be used to analyze the glycan epitopes of immuno-purified LRP6. The
lectins will be HRP-coupled to allow detection by SDS-PAGE/Western Blot. This work is in
progress.
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4.2.2 Participation of the B3GNT8-modified LRP6 in Wnt sighaling

Both LRP6 activated and base-line/endogenous Wnt signaling dose-dependently responded
to increasing B3GNTS8 concentrations. Moreover, the increasing phosphorylation at the first
PPSP site (serin 1490) on endogenous LRP6, which is generally regarded as the first sign of
activated Wnt signaling (Chen et al., 2009; Davidson et al., 2005), confirms that the B3GNT8-
modified LRP6 form participates in Wnt signaling (fig. 10). In support of this, B3GNTS8-
modified LRP6 was present in biotinylated cell surface fractions, thus being accessible to
Whnt ligands. This is consistent with the ability of B3GNT8 to further promote Wnt signaling
in cells that have been exposed to Wnt conditioned medium (fig. 15). Receptor sub-species
can differ in N-glycan number (Lau and Dennis, 2008). Although differences in N-glycan
number of cell surface LRP6 has not been reported, cells can equip the same cell surface
protein with a varying number of N-glycans using UDP-GIcNAc to regulate differentiation
programs (Lau et al., 2007). The variation of N-glycan number regulates the cell surface
expression of glycoproteins. Glycoproteins that exhibit switchable cell surface expression
generally include proteins with less than 5 N-glycosylation sites (e.g. TbR, CTLA-4, GLUT4),
while glycoproteins with higher numbers lead to hyperbolic responses (e.g. EGFR, IGFR,
FGFR, PDGFR) (Lau and Dennis, 2008). LRP6 harbors 10 such putative N-glycosylation sites
(own sequence analysis, not shown). Reduction hexose concentration in the cell cultur
medium changes the SDS-PAGE migration pattern of the upper LRP6 protein band (fig. 31),
suggesting that Wnt signaling reacts to hexose supply partially through LRP6. To answer if
Whnt signaling reacts to hexose supply by changes of cell surface LRP6, LRP6 cell surface
levels in hexose reduced media should be quantified using cell surface biotinylation assays.
Furthermore, Mass Spectrometry analysis of LRP6 N-glycans from cells in hexose reduced
media could elucidate how N-glycan number, localization and composition react.

4.2.3 B3GNT8 and Wnt pathway members

Of the N-glycosylated canonical Wnt pathway members LRP6, Wnt, and Frizzled, B3GNT8
only modified LRP6, suggesting that the modification of LRP6 ECD promotes Wnt signaling. In
line with my expectation, a truncated LRP6 lacking all N-glycosylation sites was not affected
by B3GNTS (fig. 18). B3GNTS failed to modify LRP5, which is highly similar to and functionally
redundant with LRP6 (Kelly et al.,, 2004). Although LRP5 harbors only 6 putative N-
glycosylation sites, LRP5 and LRP6 contain the same 4 conserved sites. This indicates a
functional relevance for these conserved sites. Considering that B3GNTS fails to modify LRP5
this suggests that B3GNTS8 is highly specific for LRP6. Nevertheless, B3GNT8 protein levels
decreased in the presence of overexpressed LRP5 and increased in the presence of
overexpressed LRP6, indicating that there is a link to both LRP5 and LRP6. Although LRP5
expression levels appeared to be lower than LRP6, the decrease of B3GNTS8 protein in the
presence of LRP5 was significant (fig. 19). In HEK293 cells, LRP6 plays a dominant role over
LRP5 (Ettenberg et al., 2010), probably due to stabiliziation by high numbers of N-glycans
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(Shental-Bechor and Levy, 2008) that might be a reason for the low LRP5 levels. On the other
hand, the results of this study may reflect the different functions of LRP5 and LRP6 in tissue
growth and homeostasis. E.g. in embryogenesis, LRP6 but not LRP5 is indispensable. On the
other hand, the function of LRP5 is indispensable in adult bone homeostasis (He et al., 2004).
To analyze the effects of LRP5/6 on B3GNTS8 protein levels in more detail, more complex co-
expression experiments using different amounts of LRP5 and -6 in combination with and
LRP5/6 LoF is needed. Another approach is to analyze the effects of LRP5/6 GoF and LoF on
B3GNTS8 protein in cell lines derived from different human tissues and from different stages
of embryogenesis.

4.2.4 B3GNT2 and the modification of LRP6 and Wnt signaling in HEK293 cells

B3GNT8 has been shown to enhance the activity of B3GNT2 in COS-7 cells (Seko and
Yamashita, 2008; Seko and Yamashita, 2005), however any effect this may have on Wnt
signaling are unknown. Although B3GNT2 can activate Wnt signaling it does not modify
LRP6, this effect may be due enhanced N-glycosylation of other targets that regulate Wnt
signaling). Furthermore, the combination of B3GNT2 and B3GNTS8 resulted merely in an
additive and not in a synergistic TOPFLASH increase, indicating that the enhancement of
B3GNT2 activity by B3GNTS8 does not occur in HEK293 cells.

Reasons for the differences in the results from Seko and Yamashita compared to mine can
be explained by the following: they tested the single and combined enzymatic activities of
B3GNT2 and -8 using in vitro assays, which are missing all regulatory enzymes and binding
partners naturally co-existing in live cells. This artificial environment can change protein-
protein association. The successful co-immunoprecipitation of B3GNT8 and- 2 in COS-7 cells
and the increase in cell surface polyLacNAc chains in HL60 cells is interpreted by the authors
as a confirmation of B3GNT8 enhancing the activity of B3GNT2 in vivo. Another possible
explanation is that B3GNT2 and -8 participate in subsequent steps of N-glycosylation and
therefore associate, like many other glycosyltransferases to build LacNAc (Spessott et al.,
2012; de Graffenried and Bertozzi, 2004; Giraudo and Maccioni, 2003; Bieberich et al., 2002).
In my opinion, this experiment from Seko and Yamashita suggests that exogenous B3GNTS8
functions by synthesizing poly-LacNAc chains in HL60 cells and that B3GNTS8 is the main
polyLacNAc synthesizing B3GNT family member in HL60 cells. In support for this, myelocytic
lineage-differentiation of HL60 cells by DMSO, as used by the authors, up-regulates B3GNT8
more than B3GNT2 (Qiu et al., 2011). Furthermore, Qiu et al. also show that the expression
levels of B3GNT2 and -8 in myelocytic lineage-differentiated HL60 cells highly depend on the
differentiation-inducing chemicals as e.g. DMSO, ATRA, or PMA. Thus, rather than B3GNT8-
activated B3GNT2 being the cause of up-regulated polyLacNAc chains in HL60 cells it may
rather have been the exogenously added B3GNTS.
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4.2.5 B3GNTS LoF in LRP6/Wnhnt signaling

While LRP6 expression stabilizes B3GNT8 (fig. 19), B3GNT8 gene silencing reduces LRP6
protein levels (fig. 22). This suggests there are alternative mechanisms of how B3GNTS8
regulates Wnt signaling and hints at the involvement of feedback regulation between
B3GNT8 and LRP6. The B3GNTS8 siRNA LoF did not decrease LRP6 transcriptional levels, thus
excluding the reported decrease of LRP6 mRNA expression by siRNA-induced long term
effects (Khan et al. 2007). The LRP6 protein decrease must therefore happen post-
transcriptionally. Another possibility is an increased LRP6 turnover rate by the protein
quality control mechanism because of miss-produced N-glycans as seen for many other
proteins (Nakagawa et al., 2009) and as suggested for LRP6 in the presence of Mest (Jung et
al., 2011). The predicted substrate specificity of B3GNT8 towards the 1,2-branch on existing
N-glycan chains suggests that it acts at later stages in the N-glycosylation pathway, and this
would explain the downregulation of the upper LRP6 band after B3GNT8 siRNA transfection.
This supports an increased LRP6 turnover rate. Furthermore, my RNAseq experiments
indicate that B3GNT8 LoF leads to decreased expression of glycosyltransferases participating
at all steps of the N-glycosylation process (fig. 25), thus influencing also the synthesis of the
less N-glycosylated LRP6.

The RNAseq data also showed that B3GNT8 gene silencing reduced transcript numbers of
collagen family members (fig. 25). Considering the collagen-sensing anthrax toxin receptor
interacts with LRP6 and modulates Wnt signaling (Chen et al., 2013; Abrami et al., 2008), this
could be an additional way of how B3GNT8 modulates Wnt signaling, although one cannot
rule out down regulation of collagen expression due to siRNA long term effects.

4. 3 Functions of B3GNT8-modifed LRP6 N-glycans

Four out of ten LRP6 N-glycosylation sites are highly conserved (fig. 11). Although two of
these conserved sites have not been reported to be modified by attachment of N-glycans
(Cheng et al., 2012; Chen et al., 2011; Khan et al., 2007), this may be due to the difficulties
associated with studying protein N-glycosylation or to reduced hexose supply (Winterhalter
et al., 2013; Nie et al., 2013; Lau et al., 2008). However, the high conservation of four N-
glycosylation sites indicates a functional relevance.

4.3.1 B3GNTS8 in LRP6 Golgi-to-surface transport

Correct N-glycosylation is needed by almost all proteins in the secretory pathway to come to
the cell surface (Scheiffele and Fullekrug, 2000; Gut et al., 1998; Nabi and Rodriguez-Boulan,
1993) and LRP6 is retained in the ER if it fails to undergo proper N-glycosylation (Jung et al.,
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2011; Khan et al., 2007; Hsieh et al., 2003). As expected, B3GNT8 siRNA gene silencing
changes the ratio of upper and lower LRP6 bands. The ratio change was subtle but
reproducible (upper:lower-ratio changed from 7:1 to 6:1), in agreement with my predicition
that B3GNT8 regulates LRP6 Golgi-to-surface transport. However, more experiments are
needed for verification e.g. by applying high resolution SDS-PAGE (see results 3.2) to monitor
changes both in the migration pattern and amounts of the different highly N-glycosylated
LRP6 species.

The cell surface levels of LRP6 also depend on the intracellular chaperone MESD (Khan et al.,
2007) and in the absence of MESD LRP6 forms aggregates in the ER (Koduri and Blacklow,
2007; Li et al., 2006; Li et al., 2005; Culi et al., 2004). All LDLR family members (like LRP6)
consist of at least one beta propeller domain (BP), which is followed by an EGF-like repeat.
MESD is required for the proper folding and maturation of these tandem BP-EGF-like repeats
and aids in attachment of the oligosaccharide precursor to LRP6 (Culi et al.,, 2004), thus
highlighting the importance of precursor attachment for LRP6 transport. Contrary to my
expectations, MESD and B3GNT8 co-expression strengthens both non-modified and
B3GNT8-modifed LRP6 (fig. 27), suggesting that MESD promotes a species different than that
promoted by B3GNT8. However, the MESD amino acid sequence contains an ER retention
signal and MESD protein is indeed localized in the ER (Chen et al., 2011; Hsieh et al., 2003),
whereas B3GNT8 is thought to localize in the Golgi (Seko and Yamashita, 2008). Hence,
MESD aids the transport from ER to Golgi, where B3GNT8 is located. Thus, until LRP6 reaches
B3GNT8 many intermediate N-glycosylation steps are necessary, and meanwhile the LRP6
protein can be subject to different molecular changes, like intracellular ligand binding (Li et
al., 2005) or conformational changes of the immature N-glycan (Baenziger, 1994).
Furthermore, the LRP6 protein consists of different splice variants and the LRP6 gene shows
multiple single nucleotide polymorphisms (SNPs) that are known to play distinct roles in
Alzheimer’s disease and high- and low-bone-mass disease (Alarcon et al., 2013; Williams and
Insogna, 2008). These steps could serve as priming events thereby determining the fate of
the yet immature oligosaccharide.

4.3.2 B3GNTS in LRP6/ligand interaction

The positioning of the conserved LRP6 N-glycan attachment sites 1 and 2 is located one
additional B-sheet after the YWTD BP/B-sheet motifs and puts the corresponding N-glycan
chains in close proximity to known ligand binding sites (fig. 29). My molecular visualization
modeling confirmed that these additional amino acids between the YWTD BP/B-sheet motif
and the N-glycan 2 are necessary for the proximity to the ligand binding sites (not shown)
and the existence of this additional B-sheet is conserved in LRP6 and -5 (fig. 11). This
suggests a functional relevance in ligand binding, either for ER/Golgi-located LRP6 (e.g. by
binding MESD; Liu et al., 2009) or at the cell surface (e.g. by binding Wnt1, Wnt9b, Dkk1 and
SOST, which bind to the first two LRP6 B-propellers; Ettenberg et al., 2010; Bourhis et al.,
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2010; Ahn et al., 2011; Bourhis et al.,, 2011). My TOPFLASH assays showed significantly
enhanced Wnt signaling by B3GNT8 in Wnt3-CM treated cells (fig. 15). Although this
enhancement may arise from increased LRP6 cell surface expression (fig. 27), the possibility
of stronger binding of Wnts and/or Frizzleds to LRP6 remains a plausible explanation for the
enhancement. In support of this, Dkk1-CM inhibits B3GNT8 TOPFLASH synergies (not
shown), indicating the necessity of Wnt-accessible signalosome members for B3GNTS8-
mediated Wnt enhancement. To further elucidate the function of the LRP6 N-glycans in
LRP6/ligand interactions, TOPFLASH reporter assays with ligands binding to LRP6 BP1 and/or
BP2 in the presence or absence of B3GNT8 could be used. In addition, LRP6/ligand binding
assays, e.g. dual-color dual-focus line scanning fluorescence correlation spectroscopy
(Dorlich et al., 2015), can be employed.

4.3.3 B3GNTS in sighalosome endocytosis

Proper Wnt signaling is thought to require Rab5-dependent endocytosis and recycling of the
receptors back to the cell surface (Hagemann et al., 2009). For signaling maintenance the
signalosome is transported into endosomes or multi-vesicular bodies (MVBs) (Dobrowolski
et al., 2012; Taelman et al., 2010). Considering that B3GNT8 acts at the level of the LRP6
signalosome and shows synergy with Rab5 expression, my data support a transport of
signalosomes in endosomes (fig. 17). Although clathrin- and/or caveolin-mediated
endocytosis are thought to be involved in signalosome endocytosis, B3GNT8 did not show
synergies with clathrin and caveolin expression (not shown). Clathrin and caveolin
involvement in Wnt signaling is however still a matter of debate and depends on the cell
type being analyzed (Demir et al., 2013; Kikuchi et al., 2009). Also galectin-3 conditioned
medium, a polyLacNAc binding protein which modulates Wnt signaling presumably by
forming a non-endocytosable receptor:galectin-lattice (depending on the cellular context)
(Garner and Baum, 2008; Shi et al.,, 2007; Demetriou et al., 2001), did not affect the
B3GNT8-mediated Wnt enhancement (not shown). In my experiments B3GNT8 rather
enhanced Wnt signaling by increasing the cell surface levels of certain LRP6 subspecies (fig.
27). To me this suggests that Wnt stimulation upon B3GNT8 expression results mainly from
the enhanced LRP6 Golgi-to-surface transport.

4.4 B3GNTS8 and other pathways

4.4.1 B3GNTS8 and Wnt/PCP signaling

The non-canonical PCP signaling is inhibited by Wnt/B-catenin signaling and is Activating
Transcription Factor 2 (ATF2) dependent (Tahinci et al., 2007; Gray et al., 2013). Although
B3GNT8 mainly influenced Wnt signaling in our RNAseq experiment, B3GNT8 dose-
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dependently decreased PCP signaling and the effect was augmented in the presence of
exogenous Wnt5a (figs. 25 and 26). This indicates that exogenous B3GNT8 does not
uncouple B-catenin signaling from its well documented cross talk with PCP signaling.

4.4.2 B3GNTS8 and the N-glycosylation pathway

The RNAseq data shows that the redundantly functioning family members B3GNT2 and
B3GNT4 (Seko and Yamashita, 2005) were non-significantly up-regulated upon silencing of
B3GNT8 (not shown). On the other hand, all three bioinformatic software analysis that |
performed show decreased expression levels of N-glycosyltransferases participating at all
steps of the N-glycosylation process. Although | cannot formally rule out that this is due long
term siRNA treatment, this suggests feedback mechanisms for N-glycosyltransferases from
different steps of the N-glycosylation process, in addition to co-localization mechanism for
successively acting glycosyltransferases (Spessott et al., 2012; Ishida et al., 2005; de
Graffenried and Bertozzi, 2004).

4.4.3 B3GNTS8 and cell cycle

B3GNTS regulates the proliferation of cells in culture (Hua et al., 2012; Liu et al., 2010) and
tumor growth in nude mice (Hua et al., 2012), however the mechanism is unclear. Although |
used non-synchronized cells, my RNAseq data suggest that the regulation of proliferation is
due to upregulation of G1-phase arrest effectors (fig. 25). Thus, future RNAseq experiments
can use cells with synchronized cell cycles to confirm and extend these findings.
Furthermore, there is a known connection between cell cycle control and Wnt-signalling
(Davidson., 2009), so the effect of B3GNT8 on the cell cycle and vice versa should also be
investigated in more detail.

4.4.4 B3GNTS8 siRNA gene silencing and Wnt, p53, TGFB, Shh, FGF, and MAPK signaling
pathway

In order to gain a more global picture of how cellular signaling pathways are regulated by
B3GNTS, | specifically looked for differential expression of known transcriptional target
genes in our RNAseq experiment. Although, in good agreement with my prediction, B3GNT8
silencing mainly effects the transcription of Wnt target genes, the effect on other signaling
pathways, as e.g. Shh, FGF and MAPK, was also seen. However, considering the complex
nature and cross-talk between cellular signaling pathways it is perhaps not surprising that
additional signaling pathways are also affected. Reporter gene assays specific for different
signaling pathways would be necessary to address this in more detail. The greater effect on
Whnt signaling is likely due to a preference of B3GNTS8 for LRP6; although B3GNTS is involved
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in the elongation of polyLacNAc present on all complex-type N-glycans (Seko and Yamashita,
2005), B3GNT8 does not modify the N-glycosylated EGF-R, TF-R, ROR2, LRP5, Kremenl,
Wnt3a, Dkk3, FGFR1, and Fzd5 (figs. 14, 18, 19, 22 and 27). This suggests that B3GNT8 is a
GlcNAc transferase with a certain specificity for LRP6 and therefore Wnt signaling. Protein
specific N-glycosyltransferases are involved in conferring unique N-glycan structures to
specific proteins and recognize both the N-glycan moiety and the surrounding amino acid
residues, thereby creating very specific protein subspecies (Baenziger, 1994). The exact
mechanism of how protein specific glycosyltransferases recognize their unique substrate is
complex and just emerging (Lee et al.,, 2014). To date, only a few protein specific
glycosyltransferases are known, such as e.g. UDP-Glc:glycoprotein glucosyltransferase, UDP-
N-acetylglucosamine:lysosomal enzyme N-acetylglucosamine-1-phosphotransferase, and
UDP-GalNAc:glycol-protein hormone N-acetylgalactosaminyltransferase (Manzella et al.,
1996; Baenziger, 1994; Rosen, 1993; Troy, 1992; Rutishauser, 1992). To test if B3GNT8 is a
protein specific glycosyltransferase, large scale protein modification screens would be
necessary. If B3GNT8 is indeed an LRP6 specific GIcNAc transferase a clinical relevant
research field would likely be established for the targeted inhibition of LRP6 Golgi-to-surface
translocation in LRP6-missregulated diseases such as Alzheimer (Liu et al, 2014) and certain
breast cancer subtypes (Liu et al., 2010).

Our RNAseq experiment also verified reports that B3GNT8 LoF reduces MMP2 expression
and increases TIMP-2 expression, -32% and +26% respectively (Hua et al., 2012; Li et al.,
2011). Although the authors failed to report a mechanism for these observations, it is most
likely mediated by Wnt signaling, considering MMP-2 is a Wnt target gene (Wu et al., 2007).

4.5 LRP6 and B3GNTS8 in metabolic regulation of Wnt signaling

4.5.1 LRP6 and hexose induced Wnt signaling

The regulation of Wnt signaling by metabolic processes is currently not well understood.
However, both the Wnt pathway is significantly involved in many tumor types (Clevers,
2006; Gordon and Nusse, 2006) and one characteristic of tumors is elevated levels of hexose
uptake and metabolism by the hexosamine biosynthetic pathway (Milewski, 2002; Gatenby
and Gillies 2004; Bironaite et al., 2000). In the two macrophage tumor cell lines J774.2 and
RAW?264.7, Wnt signaling is significantly altered when D-glucose and L-glutamine levels are
changed (Anagnostou and Shepherd, 2008). Like these macrophage cell lines, | could confirm
that HEK293 cells share part of this glucose/glutamine-dependent regulation mechanism.
Both glutamine and glucose are used in the hexosamine biosynthetic pathway (HBP) to
produce nucleotide diphosphate-activated hexoses (NDP-hexoses), e.g. for N-glycosylation,
and indeed, the glucose/glutamine mediated change in Wnt signaling utilizes N-glycosylation
(Anagnostou and Shepherd, 2008). The authors reason that this mechanism adjusts cellular
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growth to nutrient supply. Furthermore, they found evidence that metabolism-mediated
change in Wnt signaling is elicited by pathway members that are upstream of GSK3. On Wnt
receiving cells, only two members of the canonical Wnt pathway are known to be both N-
glycosylated and upstream of GSK3: Frizzleds and LRPs, with LRPs inheriting a greater
number of conserved N-glycosylation sites than Frizzleds (4 vs. 1, respectively, own
alignment, not shown). My experiments indeed suggest there is an influence of
glucose/glutamine levels on LRP6 maturation however do not clearly show a regulation of
cell surface transport of LRP6 upon glucose/glutamine changes (fig. 31). More detailed
experiments are required to specifically analyze the cell surface levels of LRP6 upon
glucose/glutamine reduction, such as e.g. cell surface biotinylation assays or fluorescence
microscopy assays. The existence of different LRP6 subspecies harboring different N-glycan
modifications and their involvement in the regulation of Wnt signaling is an interesting
future research topic. The investigation of the different phosphorylation events for each
subspecies in the presence of Wnt ligands may get an indication about the contribution of
each species to Wnt signaling.

It will be also important to study which LRP6 N-glycosylation sites play a role in hexose
induced Wnt signaling. Considering glucose/glutamine-mediated changes in Wnt signaling
utilize N-glycosylation (Anagnostou and Shepherd, 2008) mutation of specific LRP6 N-
glycosylation sites and the effect this has on LRP6 function and Wnt signaling would be an
interesting topic to study. Since the likelihood for precursor attachment to any N-
glycosylation site depends on both the site distance to the C-terminus and the site preceding
amino acid (Bano-Polo et al.,, 2011), my hypothesis is that the most N-terminal N-
glycosylation sites are likely to be equipped with glycan chains and thus to be involved in
hexose induced Wnt signaling.

4.5.2 B3GNT8 and hexose induced Wnt signaling

B3GNT8 promotes the stabilization of LRP6 upper bands that are otherwise reduced when
glucose levels are lowered, however this effect is not seen when glutamine levels are
lowered (fig. 32). L-glutamine is needed by the rate-limiting enzyme of the hexosamine
pathway, glutamine:fructose-6-phosphate amido transferase (GFAT) (Nakaishi et al., 2009),
thus, depletion of glutamine leads to a shortage of multiple NDP-activated hexose forms.
Although exogenously added B3GNT8 has increased chances to utilize GIcNAc from the
donor UDP-GIcNAc as compared to endogenous N-glycosyltransferases, in glutamine
reduction B3GNT8 could not modify LRP6. Thus, B3GNT8 appeared to be depleted of its
GlcNAc-donor, UDP-GIcNAc. In contrast to glutamine reduction, cells can partially
compensate glucose reduction by interconverting hexoses via epimerization (Boyce et al.,
2011; Holden et al., 2003; Hinderlich et al. 2000). And indeed, B3GNTS stabilizes both upper
LRP6 bands in glucose titrated media (fig. 32), suggesting that B3GNT8 compensates the
effects of the glucose loss on LRP6 by drawing UDP-GIcNAc from cellular hexose pools (Seko
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and Yamashita, 2008). Furthermore, the RNAseq data suggest that this compensatory effect
on LRP6 by B3GNT8 may additionally result from a coupled expression of N-
glycosyltransferases participating at all steps of N-glycosylation. In support of this, LRP6
stabilizes B3GNT8 protein levels, suggesting a feedforward mechanism. Interestingly,
together with the rescue of the upper LRP6 bands, B3GNT8 both blocked the reduction in
Wnt signaling caused by reduced glutamine (fig. 32) and augmented hexose sensitivity
caused by increased ManNAz (fig. 33), indicating that B3GNT8 may indeed play a role in
hexose induced Wnt signaling at the level of LRP6. Consistently, synthesis of tetra-antennary
N-glycans (a substrate of B3GNTS) is highly sensitive to hexosamine flux (Lau et al., 2007).
Detailed structural analysis of the N-glycans of LRP6 by Mass Spectrometry is therefore an
important part of the future work to understand better the role of B3GNT8 and hexose
induced Wnt signaling. Furthermore, sequence analysis revealed that B-catenin has one
putative O-glycosylation site and that Frizzleds have more than three putative N-
glycosylation sites (not shown). B-catenin and Frizzled may therefore be dependent on
cellular hexose levels in addition to LRP6 and should be included in future research.

4.6 Consequences of my study

An unsolved issue in the field of Wnt/B-catenin signaling concerns the N-glycosylation of
Whnt ligands and their transmembrane receptors Frizzled and LRP. While it has been clearly
shown that Wnts, LRPs and Frizzleds need N-glycosylation to reach the cell surface and that
this process modulates Wnt signaling (MacDonald and He 2012; Janda et al., 2012; Khan et
al., 2007; Yamamoto et al., 2005; Hsieh et al., 2003; Tanaka et al., 2002) only little is known
about the N-glycosyltransferases involved.

Recently the N-glycan branching enzyme MGAT-V was shown to modulate Wnt signaling.
MGAT-V acts at an early step of N-glycan diversification by inducing B1,6-branching of the
trimmed oligosaccharide (Guo et al., 2014). MGAT-V induces synthesis of tetra-antennary N-
glycans, and considering the known roles that tetra-antennary N-glycans and Wnt signaling
play in cancer (Joiner et al., 2013; Chen et al., 2011; lhara et al., 2002; Granovsky et al., 2000;
Seberger and Chaney, 1999; Pierce et al., 1997; Kobata, 1989; Dennis and Laferte, 1989) it is
likely that Wnt ligands and their receptors harbor tetra-antennary N-glycans. However a
direct connection between the N-glycosylated pathway members Wnts, Frizzleds, LRPs and
the MGATV remains to be shown. In addition, the main diversifying N-glycosyl transferases
which contribute to the length of the N-glycan antennae (GIcNAc transferases and galactose
transferases) remain unknown. The reason for this is partly due to the difficulty associated
with the study of protein glycosylation (Winterhalter et al., 2013; Nie et al., 2013; Leymarie
and Zaia, 2012).
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My study shows for the first time an N-glycan antenna elongating GIcNAc transferase to
regulate canonical Wnt signaling and emphasizes the importance of cellular metabolism for
both glycoprotein and cell surface receptor studies. My data opens an interesting new
research field with regard to putative protein-specificity of this new LRP6 maodifier.
Furthermore, my data may provide insight into the B3GNT8-mediated regulation of tumor
growth in nude mice (Hua et al., 2012). To investigate into a connection between tumor
growth and B3GNT8-modulated Wnt signaling will be of great interest to explore. This data
may also provide insights into the tumor signaling pathways that are supported by the
generally elevated levels of glucose und glucose flux through the hexosamine biosynthetic
pathway (Gatenby and Gillies, 2004; Milewski, 2002; Bironaite, 2000). Finally, this may lead
to therapies where B3GNTS8 is targeted to regulate LRP6 Golgi-to-surface transport. LRP6
missregulatory diseases include Alzheimer’s disease (Liu et al., 2014; Alarcon et al., 2013),
high- and low-bone-mass disease (Williams and Insogna, 2008) and certain breast cancer
subtypes (Liu et al., 2010). To investigate into B3GNT8s involvement in these diseases will be
of great interest.

My work supports a model where B3GNT8 modifies certain LRP6 subspecies to modulate
their Golgi-to-surface transport. In addition, my study identifies for the first time a GIcNAc
transferase that is involved in the metabolic regulation of Wnt signaling. A model in which
B3GNT8 promotes LRP6 Golgi-to-surface transport under the influence of metabolic
processes is therefore proposed (fig. 34). This model is based on my work using cultured
cells and will therefore require in-vivo verification in the future.
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Figure 34: B3GNT8 adds modifications to and enhances the cell surface transport of LRP6 under the influence of metabolic processes.
B3GNT8 modifies the N-glycans on LRP6 (red lines), which aids the LRP6 Golgi-to-surface transport. This leads to enhanced Wnt signaling in
the presence of the Wnt ligand compared to non-modified LRP6. Hexoses (e.g. glucose) are taken up by hexose transporters (e.g. the
glucose transporter GLUT) and are utilized by the hexosamine biosynthetic pathway to build up UDP-GIcNAc (or are epimerized from
intracellular hexose pools, not shown). UDP-GIcNAc is the hexose donor of B3GNT8 and supports B3GNT8s enzymatic activity on LRP6
thereby increasing Wnt signaling.
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5. Materials and Methods

5.1 Methods

For reasons of accuracy and comprehensibility are the catalog numbers of consumables and
equipment as well as the ingredients of pre-mixed solutions to be found in the Materials
section.

5.1.1 Maintenance of Cells

The cell medium contained 1x Dulbecco’s Modified Eagle Medium (DMEM) (+4,5g glucose,
+pyruvate, +L-glutamine) (GIBCO) with 5% Fetal Bovine Serum (FBS) (Sigma Aldrich Co.) and
1% Penicillin/Streptomycin (Pen/Strep) (GIBCO) unless otherwise stated. 5% BSA was chosen
because of the more equal ratio of upper vs. lower LRP6 band. For siRNA inhibition
experiments the same DMEM medium with 5% FBS without Pen/Strep was used to enhance
knock down efficiency. Incubation was done at 37°C (5% CO2). For passaging the HEK293T
cells were washed in Phosphate Buffered Saline (PBS) (without CaCl, and MgCl;) (GIBCO) 1ml
0,25% trypsin-EDTA (GIBCO) was applied for 3min at 37°C (5%CO,) to detach cells from a
75cm? Cellstar Cell Culture flask (greiner bio-one). For 96well Cellstar Cell Culture Plates
(greiner bio-one) the volume of trypsin was adjusted to cell growth area. Subsequently, they
were taken up into new medium and counted in a Neubauer cell counting chamber for
experiments and for cell culture stock.

5.1.2 Transient ScreenfectA Transfection of Cell Lines for Overexpression Experiments

For 96well plates 0,35ul/well ScreenfectA (InCella) was mixed with 9,65ul dilution buffer
(InCella). 100ng of the transfecting plasmid DNA were filled up with DNA EB elution buffer
(QIAGEN) to 10ul. Both mixes were combined and incubated 30min at RT without any
mechanical disturbance to ensure proper lipoplex formation. Finally 80ul cell suspension was
added to the mix and 95l of the mix plated onto 96well plates (one step transfection). Or
80ul of DMEM+10%FBS+1%Pen/Strep medium was added and 95ul was given to already
settled cells in 96well plates (two step transfection). For other well plate formats the
volumes have been adjusted according to cell growth area.

5.1.3 Transient Promofectin Transfection of Cell Lines for Overexpression Experiments

For most overexpression experiments Promofectin (Promocell) was chosen because it
showed a more equal ratio of upper vs. lower LRP6 band. For 96well plates 0,35ul/well
Promofectin was mixed with 9,65ul OPTI-MEM Reduced Serum Medium (GIBCO) to enhance
transfection efficiency. 100ng of the transfecting plasmid DNA were filled up with DNA EB
elution buffer (QIAGEN) to 10ul. Both mixes were combined and incubated 30min at RT
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without any mechanical disturbance to ensure proper lipoplex formation. Finally 80ul cell
suspension was added and 95ul of the mixture plated onto 96well plates (one step
transfection). Or 80ul medium was added and 95ul was given to already settled cells in
96well plates (two step transfection). For other well plate formats the volumes have been
adjusted according to cell growth area. Where necessary the transfection mix was
exchanged for DMEM cell growth medium+10%FBS+1%Pen/Strep after 6h.

5.1.4 ScreenfectA Transfection of Cell Lines for siRNA Experiments

For 24 well plates (greiner bio-one) 1ul/well ScreenfectA (InCella) was combined with 40ul
dilution buffer (InCella). 20pmol siRNA was taken up into 40ul dilution buffer. Both mixes
were combined and incubated 30min at RT without any mechanical disturbance to ensure
proper lipoplex formation. Finally 400ul HEK293T cells were added, and 450ul of the mixture
was plated in a 24well Cellstar Cell Culture Plate (greiner bio-one). The plate was left for
10min to ensure homogenous distribution of cells.

5.1.5 Cell Lysis for SDS-PAGE / Western Blotting

After removal of the growth medium 40ul/96well of 1% triton lysis buffer (TLB) was added to
the cells. To ensure protein stability the following steps were done at 4°C or on ice. The lysis
was allowed to proceed for 3min with intermediate vortexing. The lysate was centrifuged
with 12.000rpm for 5min. 30pul of the lysate was taken into a new vessel without disturbing
the cell debris pellet. The lysate was added 10ul 4xLaemmli buffer and boiled at 95°C for
5min to ensure protein denaturation. Until usage lysates were stored at -20°C.

5.1.6 Bradford Assay

3ul of a HEK293T cell lysate (in 1% TLB) was mixed with 12ul 0.15M NaCl solution and 100pl
Bradford solution (Sigma Aldrich Co.) in Elisa Reader 96well Microplates (greiner bio-one).
Samples were measured on ELX-808IU Absorbance Microplate Reader from BioTek
Instruments. Standard curve was made with 1mg/ml Bovine Serum Albumin Fraction V
pH7.0 (BSA) (GE Healthcare) solution.

5.1.7 Sodium Dodecyl Sulfate — Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The separating gel (percentage dependent on the proteins of interest) was poured in a
caster (BIO-RAD), covered with saturated n-butanol or isopropanol to get an even surface,
and left for polymerization for about 30min. The top of the gel was washed with ddH,O0,
filled with the stacking gel, and a comb was inserted to create the loading pockets. After
30min, the comb was taken out carefully, and the pockets were washed with ddH,0 1-
2times. The gel was put into a MINI-PROTEAN Tetra Systems gel running unit (BioRad), which
was filled with 1xSDS-PAGE running buffer. A maximum of 10ul (for 0.75mm thick gels) or
20yl (for 1.5mmthick gels) of each sample was loaded according to Bradford measurement.
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The gel electrophoresis was done for 30min at 80V and then 1-2h at 120V, depending on the
separation needed.

5.1.8 Semi-Dry Western Blotting

The blot papers were soaked with transfer buffer. PVDF Immobilon-P 0.45um Transfer
Membrane (MerckMillipore Co.) was first activated with methanol, Protran BA 85
Nitrocellulose 0.45um membrane (Whatman) with ethanol. The transfer stack was placed in
a Western Blotting TransBlot SD cell (BIO-RAD) from bottom (anode) to top (cathode) in the
following order: thick Whatman gel blotting paper, thin Whatman gel blotting paper (both
Sigma Aldrich Co.), membrane, gel, thin Whatman gel blotting paper, thick Whatman gel
blotting paper. Each layer was pressed carefully to remove air bubbles. Blotting was done at
0.1A (per 40cm? gel) for 1hour.

5.1.9 Western Blotting with Trans Blot Turbo System

The blot paper stacks were wetted with transfer buffer (BIO-RAD). The membrane was
activated with ethanol. The transfer stack was placed in a TransBlotTurbo transfer system
(BIO-RAD) from bottom (anode) to top (cathode) in the following order: blotting paper stack
(supplied by manufacturer), membrane (supplied by manufacturer), gel, blotting paper
stack. Each layer was pressed carefully to remove air bubbles. The blotting was run for 7min
at 1.3A for one 40cm’ gel (or 2.5A for two 4Ocm2) or 30min for high molecular weight
proteins.

5.1.10 Blocking, Incubation with Primary and Secondary Antibodies, and Washing with the
BioLane InSitu Hybridization Mashine

The procedure in the BioLane HTI (intavis) was as follows: Blocking was done in 5% (w/v) BSA
solution for 1.5h at RT. Primary antibody incubation was done for 10hours at 4°C. Then the
blots were washed 5x in TBS-T solution, the first wash for 15 sec, the following for 8min
each. Secondary antibody incubation was done for 1hour at 4°C. Again, the blot was washed
according to the just mentioned procedure. Storage of the membrane was at 4°C. The
protein was visualized with the ECL Western Blotting Substrate (Promega Co.).

5.1.11 Blocking, Incubation with Primary and Secondary Antibodies, and Washing the
SNAP i.d.

A 40cm? membrane was blocked in 30ml 1% (w/v) BSA solution by sucking the BSA solution
through the membrane with the SNAP i.d. 2.0 protein detection system (MerckMillipore
Co.). Primary antibody incubation was done overnight at 4°C on a shaker (a-LRP6total-
T1479d61 1:5000, a-B3GNT8rb2 1:500, a-EGFR 1:5000, a-TfR 1:20000, a-PCNA 1:20000, a-
Sp1490-CS Wnt-dependent 1:5000, a-Myc 1:20000, a-FLAG 1:5000, a-V5 1:5000, a-tubulin
1:5000, a-Axin 1:5000, a-GFP 1:10000, a-Wnt3a 1:3000). The blots were washed with 120-
250ml TBS-T in the SNAP i.d. 2.0. Secondary antibody incubation was done for 1-4hours at
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4°C on a shaker (a-rabbit, a-mouse both 1:2000). Again, the blot was washed as just
mentioned. Storage of the membrane was at 4°C. The protein was visualized with the ECL
Western Blotting Substrate (Promega Co.).

5.1.12 Transformation of Electro-competent Escherichia coli Strains

20-50ng plasmid DNA in 1-3ul and 50-100ul of electro-competent XL1 blue Escherichia coli
suspension was pipetted into an electro-cuvette with an electrode distance of 1mm. The
electroporation was done at 1.8Kilovolt with a time constant of approximately Smillisec.
After immediate addition of 1ml SOC medium the bacteria were incubated in a 1.5ml
Eppendorf tube (Eppendorf AG) at 37°C on a shaker. After 1h, 10-20ul of the bacterial
suspension was plated in a 10cm petri dish, or 6-12ul in a 6cm petri dish.

5.1.13 Transformation of Chemo-Competent Escherichia coli Strains

10-100ng plasmid DNA or 5ul of a ligation mix was added to 50-100ul of chemo-competent
TOP10 Escherichia coli suspension and left on ice for 30min. Chemo-transformation was
done at 42°C for 45-50sec with a subsequent rest for 2min on ice. After addition of 900ul
SOC medium the bacterial suspension was incubated in a 1.5ml Eppendorf reaction tube at
37°C on a shaker. After 1h, 10-20ul of the bacterial suspension was plated in a 10cm petri
dish, or 6-12ul in a 6cm petri dish.

5.1.14 Plasmid Preparation with the PEQlab Mini-Prep Kits (peqlab)

5ml over night culture of an electro- or chemo-transformed single clone Escherichia coli XL1
blue colony was centrifuged at 5000g for 10min. The bacterial pellet was resuspended in
250ul solutionl (part of the kit). Subsequently, 250ul solutionll, and 350ul solutionlll (both
part of the kit) were added with inverting of the Eppendorf reaction tubes after each step.
The mixture was loaded onto a peglab mini-prep column (part of the kit) and centrifuged at
10.000g for 1min. 500ul PW plasmid buffer (part of the kit) was added to the column, and it
was centrifuged again at 10.000g for 1min. Washing was done 2x with 75ul DNA wash buffer
(part of the kit), and an additional centrifuging at 10.000g for 2min removed liquids from the
column. The plasmid was eluted with 50ul elution buffer (part of the kit) by centrifugation at
5000g for 2min. For higher plasmid yields, the corresponding prep kits were used.

5.1.15 Endonuclease Digestion of Plasmids and DNA

A minimum of 200ng DNA was added to 10% 10x Fast Digest Green Buffer (Fermentas) and
5% DNA digestion enzyme. The final volume was adjusted to 20ul. Digestion was done 37°C
for 5-15min for fast digest enzymes or longer depending on the DNA concentration.
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5.1.16 Luciferase Assays

For luciferase assays, one 96 well was lysed in 40ul Passive Lysis Buffer (PLB) (Promega Co.).
Then 10ul of sample was mixed with 10ul of PLB in a white walled 96well plate. For firefly
luciferase, glycylglycine buffer with DTT and ATP (both 1:100) or with firefly substrate
solution (1:5 in glycylglycine buffer) was prepared. For renilla luciferase coelenterazine was
prepared 1:10000 in coelenterazine buffer. The mixing and the measurement was done on
Victor Light luminescence counter (PerkinElmer) for 2sec by well. All TOPFLASH (firefly
luciferase) values were normalized against renilla luciferase values.

5.1.17 Cell Surface Biotinylation

To inhibit endocytosis, the cells were constantly kept on ice during the following procedure.
40min before harvest cell were carefully scraped into 2ml Eppendorf tubes and washed with
ice cold PBS (pH8.0). Immediately before use, a 5mg/ml Sulfo-NHS-SS-biotin (Thermo
Scientific Inc.) solution was prepared. The working concentration was 1mg/ml and was
added to the cells carefully. After shaking for 2h at 4°C, the cells were pelleted. To remove
unreacted biotin, the cells were washed 3 times with quenching buffer and then centrifuged
at 500g for 2min. Lysis was done in 150ul 1% triton lysis buffer for 3min with intermediate
vortexing. A centrifuging step at 12000g removed cell debris. The supernatant was
transferred to a new Eppendorf tube and an aliquot of 30ul was taken as “input”. The
NeutrAvidin Agarose Resin beads (Thermo Scientific Inc.) were washed 2x in PBS (pH7.2) and
were suspended 1:1 in PBS to make 50% slurry solution. 20ul slurray and 100ul supernatant
were mixed and the precipitation was done 2hours or overnight at 4°C, depending on the
protein of interest. The next day the beads were centrifuged at 500g for 1min, and an
aliquot of 30ul of the supernatant was marked as “flowthrough/unbound”. After washing of
the beads 3x with TBS-T, 25ul PBS was added together with 10ul laemmli buffer. The
samples were boiled at 95°C for 5min and centrifuged at maximum speed. The supernatant
was labelled as “biotinylated”.

5.1.18 Immunoprecipitation

Cell were harvested from 6well Cellstar Cell Culture plates (greiner bio-one) in 500ul 1%
triton lysis buffer, kept on ice for 3min, and by addition of 400ul 1%triton lysis buffer
transferred into a 1.5ml Eppendorf tube. After centrifuging at maximum speed for 5min, the
lysate was transferred to a new Eppendorf tube and a 30ul aliquot was taken as “input”.
Bradford assay ensured equal total protein concentrations for SDS-PAGE. 25ul 2mg/ml anti-
T1479 antibody (own production) was added to the lysate and samples rotated at 4°C for
4hours. Meanwhile 15ul of agarose A beads and agarose G beads (both Roche Diagnostics
GmbH) were mixed and washed twice with PBS. The beads were resuspended in 300ul 1%
triton lysis buffer and added to the sample for overnight rotation at 4°C. The next day the
beads were carefully centrifuged and 30ul of the supernatant was labelled as “unbound”.
The beads were washed 3 times in 1% TBS (0.3M salt) and once in 500ul of Tris-HCI-MgCl,
solution. For elution, 30ul of 2x Laemmli was added. The samples were boiled at 55°C at
1100rpm for 15min and the supernatant was labelled as “IP”.
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5.1.19 Polymerase Chain Reaction (PCR)

4ul of 5x Green GoTaq Reaction buffer (Promega Co.) was mixed with 0.5ul dNTP mix
(10mM), 1ul forward primer (10uM), 1ul reverse primer (10uM), 9.25ul PCR grade water,
0.25ul 5U/ul GoTag DNA polymerase (Promega Co.), and 4ul cDNA to 20ul total volume.
After initial denaturation at 95°C for 2min, for GAPDH primers 40cycles of denaturation
(95°C, 1min), primer annealing (55°C, 1min), and elongation (72°C, 1.5min) were applied
with a terminal elongation at 72°C for 10min on a peQSTAR 2x Gradient PCR machine
(peQLab). For LRP6 or B3GNTS the said PCR cycled 30 times.

5.1.20 RNA Extraction

The cells were pelleted and dissolved in 500ul peqGold RNA pure (peglab). An equivalent
volume of a phenol:chloroform:isopropylalcohol (25:24:1, pH 5.0) was added and mixed by
inverting. After centrifugation at maximum speed for 5min the upper aqueous phase was
transferred into a new 1.5ml Eppendorf tube. 0.1 volumes of sodium acetate (3M, pH 4.8)
and 2.5 volumes of pure ethanol were added. To facilitate precipitation samples were stored
for more than 30min at 4°C. After centrifuging for 20min at 4°C at maximum speed the pellet
was washed with 75% ethanol and air dried. Reconstitution of RNA was done in 20ul of
nuclease free water at 55°C for 10min.

5.1.21 DNase | Digestion

600ng RNA was mixed with 1l 1U/ul DNasel (Fermentas), 1ul 10x Reaction buffer for
DNasel (Fermentas), and filled up with nuclease free water to a total volume of 10ul. After 1
hour at 37°C 1ul 25mM EDTA (Fermentas) was added to the digestion mix und put to 65°C
for 10min to stop digestion.

5.1.22 Reverse Transcriptase PCR (RT-PCR)

For Reverse Transcriptase (RT)" samples 6ul of DNase | digest was mixed with 14ul RT" mix.
For RT samples 3pl digest was mixed with 7pl RT- mix. The RT" mix consisted of: 1ul MMLV
RT Rnase H Point Mutant (Promega Co.), 4ul 5x RT buffer (Promega Co.), 2ul dNTP mix
(2.5mM each), 1ul 200ng/ul random hexamer primer (Life Technologies), 1.6ul 25mM MgCl,
(Promega), 3,9ul PCR grade water, and 0.5ul 40U/ul RiboLock RNase Inhibitor (Fermentas).
The RT mix consisted of: 2ul 5x RT buffer, 1ul dNTP mix, 1ul random hexamer primer, and
3ul PCR grade water. The sample/RT mix was then incubated 10min at 25°C, 60min at 42°C,
and 10min at 70°C. To RT" samples 80ul PCR grade water was added, to RT samples 40pl.
The samples were stored at -20C.

5.1.23 Real Time PCR (qPCR)

10ul of 2x GoTag gPCR Master Mix (Promega Co.) was mixed with 1ul forward primer
(10uM), 1ul reverse primer (10uM), 2ul cDNA, and 6ul water. For B3GNT8 1.5ul of each
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primer (10uM) together with 7ul template ensured consistent results. The gPCR was run on
a StepOnePlus Real-Time PCR System (AB applied Biosystems).

5.1.24 RNAseq

Total RNA extraction was performed with Trizol (Invitrogen) following the manufacterer’s
protocol. Extracted total RNA samples were tested on RNA nanochips (Agilent). Sequencing
libraries were generated from 1 pg of RNA samples with the TruSeq stranded mRNA kit
(Hlumina). Size and concentration of sequencing libraries were determined with DNA-chip
(Agilent) and the concentrations adjusted to 7 pM. Multiplexed samples were loaded on a
single sequencing lane. Paired end reads (2 x 50 nucleotides) were obtained on a Hiseq1500
using SBS v3 kits (lllumina). Cluster detection and base calling were performed using
RTAv1.13 and quality of reads assessed with CASAVA v1.8.1 (lllumina). The reads were
mapped against the human genome (GRCh37) using tophat version 2.0.11 1 with the options
-r 180 --mate-std-dev 80 --b2-sensitive --no-novel-juncs -a 5 --library-type fr-unstranded and
using known exon junctions (Ensembl release 75). Gene expression was determined with
HTSeq version 0.5.3p3 2 by counting for each gene the number of reads that overlapped
with the annotation location obtained from Ensembl release 75. Differential expression was
calculated using the R package DESeq 2, thereby following the workflow as described by
Trapnellet al. (2009) and Anders & Huber (2010). Genes with an adjusted p-value (FDR) less
than 0.05 were considered as differentially expressed.

5.1.25 Fixation of Cells in Formaldehyde

Cells were washed with PBS and fixed in 4% formaldehyde for 10min. 3 times washing with
PBS removed unbound formaldehyde.

5.1.26 Peptide-N-Glycosidase F (PNGaseF) Digestion of LRP6

After the cell lysis proteins were taken up in Laemmli buffer and boiled at 95°C for 4min. 4pl
500U/ul PNGaseF (New England BioLabs GmbH) was added to 40ul sample. The digest took
place for 2h at 37°C and was stopped at 95°C for 5min.

5.1.27 Endoglycosidase H Digestion of LRP6

After the cell lysis proteins were taken up in Laemmli buffer and boiled at 95°C for 4min. 1pl
500U/ul Endoglycosidase H (New England BioLabs GmbH) was added to 10ul sample. The
digest took place for 2h at 37°C and was stopped at 95°C for 5min.

5.1.28 Co-Immunoprecipitation

Cells from 6well Cellstar Cell Culture plates (greiner bio-one) were lysed for 3min on ice in
500ul 1% triton lysis buffer with intermediate vortexing. By adding 400ul 1% triton lysis
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buffer the cells were taken into a new 1.5ml Eppendorf tube and centrifuged on maximum
speed for 5min. 800ul were transferred into a new Eppendorf tube and an aliquot of 45ul
was labelled as input. Bradford assay ensured equal total protein concentrations for SDS-
PAGE. 20ul ANTI-FLAG M2 Affinity Gel beads (Sigma-Aldrich Co.) per well were washed 3
times in TBS (0.3M salt) and once in 1% triton lysis buffer. The beads were resuspended in an
appropriate volume and added to the cell lysates for overnight rotation at 4°C. Next day 45ul
of the supernatant was labelled as “unbound” and the beads were washed 3 times with TBS
(0.3M salt) by 10min rotating. The beads were eluted by addition of 30ul of TBS (0.3M salt)
and 17pl Laemmli Western Blot buffer and subsequent shaking at 55°C for 15min.

5.2 Materials

5.2.1 Consumables

Table 2: Description of consumables

Consumable

Company

Catalog Number

1.5ml 3810X Eppendorf tube

Eppendorf AG

0030 125 150

10cm petri dish

10cm Petri Dishes greiner bio-one 632102
10xFast Digest Green Buffer | Fermentas

10xFastDigest buffer Fermentas

145mm CellStar Cell Culture | greiner bio-one 639160
Dishes

175cm2 Cellstar Cell Culture | greiner bio-one 660160

flask

1x DMEM (+4,5g glucose, | GIBCO 41966-029
+pyruvate, +L-glutamine)

2.0ml Eppendorf Safe-Lock | Eppendorf AG 0030 120 049

Tubes

24 well Cellstar Cell Culture | greiner bio-one 662160
plates

2x GoTaq qPCR Master Mix Promega Co. A6001
5x Green GoTaq Reaction | Promega Co. M791A
buffer

5x RT buffer Promega Co. M531A
60mm CellStar Cell Culture | greiner bio-one 628160
Dishes

6cm petri dish

6well Cellstar Cell Culture | greiner bio-one 657160
plates

75cm2 Cellstar Cell Culture | greiner bio-one 658170
flask

96well Cellstar Cell Culture | greiner bio-one 655180
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Plates

agarose A beads Roche Diagnostics GmbH) 11719408001

agarose G beads Roche Diagnostics GmbH 11719416001

ANTI-FLAG M2 Affinity Gel | Sigma-Aldrich Co. A2220

beads

Bradford solution Sigma Aldrich Co. 36916-500

BSA Bovine Serum Albumin | GE Healthcare K41-001

Fraction V pH7.0

Coelenterazin Renilla Biosynth AG C7000

cOmplete Protease Inhibitor | Roche Diagnostics GmbH 11697498001

Cocktail Tablets

D-Luciferin Firefly Biosynth AG L-8200

DNA EB elution buffer from | QIAGEN 27106

QlAprep Spin Miniprep Kit

(250)

DNA-chips Bioanalyser 2100 | Agilent

DNasel 1U/ul Fermentas ENO521

ECL Western Blotting | Promega Co. W1015

Substrate

electroporation-cuvette VWR International GmbH 71-2010

1Imm

Elisa Reader 96well | greiner bio-one 655101

Microplates

Endoglycosidase H 500U/ul New England BioLabs GmbH | P0702S

FBS Fetal Bovine Serum Sigma Aldrich Co. F7524

Galectin-3 ProSpec-Tany TechneGene | cyt-606
Ltd.

GoTag DNA polymerase | Promega Co. M830B

5U/ul

HEK293T cells DSMZz ACC 635

MgCl, 25mM Promega Co. A351B

MMLV RT Rnase H Point | Promega Co. M170A

Mutant

Neuraminidase New England Biolabs, Inc. P0720S

NeutrAvidin Agarose Resin | Thermo Scientific Inc. 29200

beads

OPTI-MEM Reduced Serum | GIBCO 31985-062

Medium

Page Ruler™ Prestained | Thermo Scientific Inc. 26616

Protein Ladder

PBS Phosphate Buffered | GIBCO 14190-094

Saline

Penicillin/Streptomycin GIBCO 15140-122

(Pen/Strep)

peqGold RNA pure peQlab 30-1010

PEQlab Mini-Prep Kits peQlab 12-6943-02

PLB Passive Lysis Buffer Promega Co. E194A
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PNGaseF 500U/l New England BioLabs GmbH | P0704S
Promofectin Promocell PK-CT-2000-100
Protran BA 85 Nitrocellulose | Whatman 10 401 197
0.45um membrane

PVDF Immobilon-P 0.45um | MerckMillipore Co. IPVHO0010
Transfer Membrane

RiboLock RNase Inhibitor | Fermentas EO0381
40U/ul

RNA nano-chips Bioanalyser | Agilent

2100

Rotiphorese Gel 30 Roth GmbH & Co. KG 3029.1

SBS v3 kits llumina FC-401-3001
Screenfect dilution buffer InCella 15-5277-03/B
ScreenfectA InCella S-3001
Sulfo-NHS-SS-biotin Thermo Scientific Inc. 21331

Trans Blot Turbo 5x Transfer | BIO-RAD 200007676
Buffer

Trizol Life Technologies 15596-026
TruSeq stranded mRNA kit llumina

trypsin-EDTA 0,25% GIBCO 25200-056
Whatman gel blotting paper | Sigma Aldrich Co. 10426994
B1,4 Galactosidase New England Biolabs, Inc. P0730S
B-N-Acetyl glucosaminidase | New England Biolabs, Inc. P0732S
5.2.2 Equipment

Table 3: Description of equipment

Purpose Equipment (Order Number) | Company
Antibody incubation BioLane HTI (5110) intavis

Antibody incubation

SNAP id. 2.0 protein
detection system (5001184)

MerckMillipore Co.

Balance

AB265-S/FACT

Mettler Toledo

Biosafety Clean Bench CleanAir Clean Air Techniek B.V.
Cell Culture Incubator C150 Binder

Confocal Microscope SPE Leica
DNA/RNA/protein nanodrop ND-1000 | peQlab
measurements Spectrophotometer

Electroporation of E. coli Micro Pulser (411BR6062) BIO-RAD

Elisa Reader

ELX-808IU Absorbance
Microplate Reader

BioTek Instruments

Luciferase Assay Victor Light Iuminescence | PerkinElmer
counter 1420
PCR peQSTAR 2x Gradient peQlab
gPCR StepOnePlus Real-Time PCR | AB Applied Biosystems

System

RNAseq Assessment of the

CASAVA v1.8.1

Illumina
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quality of reads

RNAseq Cluster detection

and base calling

RTAv1.13

RNAseq Differential Gene

Expression

R package DESeq 2

RNAseq Gene Expression

HTSeq version 0.5.3p3 2

RNAseq Mapping against
human genome

tophat version 2.0.11 1

RNAseq Paired End Reads Hiseq1500 illumina

SDS-PA gel electrophoresis MINI-PROTEAN Tetra | BIO-RAD
Systems gel running unit
(552BR071005)

SDS-PA gel electrophoresis | PowerPac basic (041BR 585 | BIO-RAD

power supply 14)

Semi-Dry Western Blotting TransBlot SD cell | BIO-RAD
(221BR40878)

TransBlotTurbo Western | TransBlotTurbo transfer | BIO-RAD

Blotting system (690BR008176)

X-ray film development X-OMAT 2000 Processor Kodak

5.2.3 Buffers and Premixed Solutions

Table 4: Description of Buffers and Premixed Solutions

1% TBS (0.3M salt)

1,576g Tris-HCI, 3,5064g NaCl pH 7.4, 1 protease inhibitor
(Roche), fill to 200ml with ddH,0

1% triton lysis buffer

Triton X-100 1%, 0.15M NaCl, 50mM Tris-HCI pH7.4, 5mM
NasVO4, 25mM NaF, 0,2% NP-40, 1mM EDTA pH8.0, 1M
EGTA, 0.3%Na-deoxychoate, add protease inhibitor from
Roche,adjust pH to 7.0.

10x LB medium for bacteria

10g tryptone, 5g yeast extract, 10g NaCl, fill to 11 with ddH,0

10x  SDS-PAGE  running
buffer

Glycin 144g, Tris 30,3g, 10g SDS for 1liter

20x TBS and TBS-T

Tris base 120g, NaCl 320g, KCI 8g for 2liter, adjust pH to 7.6.
For TBS-T add 0.1% Tween-20 to 1xTBS

4x Laemmli Western Blot
sample buffer

For 10ml: 2.6ml ddH,O, 1ml B-mercaptoethanol, 0.01%
bromphenol blue, 4ml Glycerol (86%), 0.8g SDS, 2.4ml 1M Tris
pH6.8.

Coelenterazine buffer

0.4M K,;HPO,4, 0.4M KH,PO,4, 0.5M NaCl, 1ImM EDTA, adjust
pHto 7.6

Glycylglycine buffer

glycylglycine 25mM, MgS0,4 15mM, EGTA 4mM, adjust pH to
7.8

guenching buffer

50mM glycine (0,1877g) in 50ml PBS/CaCl,/MgCl, pH7.4

SDS-Page solution B

1.5M Tris-HCI, 0.4% SDS (pH 8.8)

SDS-Page solution C

0.5M Tris-HCl, 0.4% SDS (pH 6.8)
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Semi Dry Western Blotting

25 mM Tris base (5.8g), 192 mM glycine pH 8.3 (2.9g), 0,037%

Buffer SDS (0.37g), 20% Methanol (200 ml), make up to 1 liter with
ddH,0

SOB medium and SOC | SOB medium: 2% Bactotryptone, 0.5% yeast extract, 10mM

medium NaCl, 2,5mM KCI, 10mM MgCl, 10mM MgS0O,. For SOC

medium add 20mM glucose

Tris-HCI-MgCl, solution

25nM Tris-HCI, 2mM MgCl,

5.2.4 siRNA

Table 5: Description of siRNAs

Name siRNA Target Sequence Company Catalog No.
SiIGENOME Non- | AUG UAU UGG CCU | Dharmacon, GE | D-001210-03-20
Targeting siRNA #3 GUAUUAG Healthcare
siGlo Red Dharmacon, GE | D-001630-02-05

Healthcare
SiIGENOME Human | CAG AUG AAC UGG | Dharmacon, GE | D-003845-02
LRP6 (4040), Set of 4, | AUU GUU A Healthcare
#1
SiIGENOME Human | GAA CUA UGA UUC | Dharmacon, GE | D-003845-05
LRP6 (4040), Set of 4, | AGA ACCU Healthcare
#2
SiGENOME Human | CCA GGA AUG UCU | Dharmacon, GE | D-003845-21
LRP6 (4040), Set of 4, | CGA GGU A Healthcare
#3
SiIGENOME Human | GCA GAU AUC AGA | Dharmacon, GE | D-003845-22
LRP6 (4040), Set of 4, | CGA AUU U Healthcare
#4
SIGENOME Human | GAC GAU GCC UUU | Dharmacon, GE | D-031757-04
B3GNT8, SMARTpool | GUA CACA Healthcare
#1
SiIGENOME Human | GCU GUU GGC CGU | Dharmacon, GE | D-031757-03
B3GNTS8, SMARTpool | CAA GUC A Healthcare
#2
SiGENOME Human | GCA UUC GGC UCU | Dharmacon, GE | D-031757-02
B3GNTS8, SMARTpool | GGA AACA Healthcare
#3
SiGENOME Human | GGA GAG CCG UCG | Dharmacon, GE | D-031757-01
B3GNT8, SMARTpool | CUA CAG U Healthcare

#4
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5.2.5 Antibodies

Table 6: Description of primary antibodies

Antibody Clone/Batch/Comment Isotype Company Catalog | Dilution
Name No.
o-Axinl C76H11 Rabbit Cell #2087 1:5000
Signaling
0-B3GNT8 | YLLLAVKSEPGRFAERQAVR, Rabbit Custom - 1:500
rabbit2 made
o-EGFR - Rabbit Merck 06-847 1:5000
Millipore
o-Flag M2 Mouse Sigma #F1804 | 1:5000
a-Flag M2 Affinity Gel Sigma- A2220
Aldrich
o-GFP - - - 1:10000
o-LRP6 Wnt dependent Rabbit Cell #2568 | 1:5000
Sp1490-CS Signaling
o-LRP6 del Rabbit Custom Davidson | 1:5000
T1479 made et al.,
2005
a-Myc 9E10 Mouse - - 1:20000
a-PCNA PC10 mouse Santa Cruz sc-56 1:20000
a- - mouse Invitrogen | #136800 | 1:20000
Transferrin
receptor
a-Tubulin TU-02 Mouse Santa Cruz | #sc8035 | 1:5000
a-V5 V5-10 Mouse Sigma- #Vv8012 1:5000
Aldrich
a-Wnt3a - Rabbit abcam ab28472 | 1:3000
Table 7: Description of secondary antibodies
Antibody Name Isotype Company | Catalog | Dilution
No.
Polyclonal Anti-Mouse Goat Dako P0447 | 1:2000
Immunoglobulins/HRP Denmark
A/S
Polyclonal Anti-Rabbit Goat Dako P0448 | 1:2000
Immunoglobulins/HRP Denmark
A/S
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5.2.6 RNAseq - target genes of different pathways

Table 8: Description of target genes from different pathways

Whnt signaling: TGF-B signaling:

HGNC HGNC
Ensembl identifier: | name: Ensembl identifier: | name:
ENSG00000168646 | AXIN2 ENSG00000142208 | AKT1
ENSG00000110092 | CCND1 ENSG00000130429 | ARPC1B
ENSG00000039068 | CDH1 ENSG00000198668 | CALM3
ENSG00000125931 | CITED1 ENSG00000070831 | CDC42
ENSG00000163347 | CLDN1 ENSG00000187498 | COL4A1
ENSG00000176102 | CSTF3 ENSG00000134871 | COL4A2
ENSG00000125266 | EFNB2 ENSG00000204262 | COL5A2
ENSG00000134531 | EMP1 ENSG00000072803 | FBXW11
ENSG00000142227 | EMP3 ENSG00000115414 | FN1
ENSG00000171617 | ENC1 ENSG00000150907 | FOXO1
ENSG00000133216 | EPHB2 ENSG00000172380 | GNG12
ENSG00000115414 | FN1 ENSG00000082701 | GSK3B
ENSG00000115738 | ID2 ENSG00000104812 | GYS1
ENSG00000117318 | ID3 ENSG00000185950 | IRS2
ENSG00000101384 | JAG1 ENSG00000091136 | LAMB1
ENSG00000213626 | LBH ENSG00000172037 | LAMB2
ENSG00000139292 | LGR5 ENSG00000106683 | LIMK1
ENSG00000157227 | MMP14 ENSG00000197442 | MAP3K5
ENSG00000087245 | MMP2 ENSG00000142733 | MAP3K6
ENSG00000120149 | MSX2 ENSG00000147065 | MSN
ENSG00000136997 | MYC ENSG00000120149 | MSX2
ENSG00000007171 | NOS2 ENSG00000136997 | MYC
ENSG00000124813 | RUNX2 ENSG00000119630 | PGF
ENSG00000135587 | SMPD2 ENSG00000077157 | PPP1R12B
ENSG00000019549 | SNAI2 ENSG00000113575 | PPP2CA
ENSG00000041982 | TNC ENSG00000106617 | PRKAG2
ENSG00000122691 | TWIST1 ENSG00000188191 | PRKAR1B
ENSG00000038427 | VCAN ENSG00000183943 | PRKX
ENSG00000085563 | ABCB1 ENSG00000136238 | RAC1
ENSG00000089685 | BIRC5 ENSG00000155903 | RASA2
ENSG00000166167 | BTRC ENSG00000117676 | RPS6KA1
ENSG00000142871 | CYR61 ENSG00000177189 | RPS6KA3
ENSG00000090776 | EFNB1 ENSG00000141968 | VAV1
ENSG00000136960 | ENPP2 ENSG00000132142 | ACACA
ENSG00000182580 | EPHB3 ENSG00000135503 | ACVR1B
ENSG00000102678 | FGF9 ENSG00000117020 | AKT3
ENSG00000177606 | JUN ENSG00000129675 | ARHGEF6
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ENSG00000072071 | LPHN1 ENSG00000115966 | ATF2
ENSG00000196628 | TCF4 ENSG00000058404 | CAMK2B
ENSG00000065717 | TLE2 ENSG00000148660 | CAMK2G
ENSG00000106829 | TLE4 ENSG00000055130 | CUL1
ENSG00000127863 | TNFRSF19 ENSG00000159023 | EPB41
ENSG00000173511 | VEGFB ENSG00000006607 | FARP2
ENSG00000153487 | ING1 ENSG00000120063 | GNA13
ENSG00000140443 | IGF1R
ENSG00000140575 | IQGAP1
ENSG00000077943 | ITGAS8
ENSG00000144668 | ITGA9
ENSG00000177606 | JUN
ENSG00000061676 | NCKAP1
ENSG00000139174 | PRICKLE1
ENSG00000166501 | PRKCB
ENSG00000100504 | PYGL
ENSG00000141564 | RPTOR
ENSG00000148737 | TCF7L2
ENSG00000165699 | TSC1
MAPK sigaling: p53 signaling:
HGNC HGNC
Ensembl identifier: | name: Ensembl identifier: | name:
ENSG00000125845 | BMP2 ENSG00000181026 | AEN
ENSG00000163347 | CLDN1 ENSG00000029534 | ANK1
ENSG00000176971 | FIBIN ENSG00000100852 | ARHGAPS
ENSG00000197892 | KIF13B ENSG00000162772 | ATF3
ENSG00000119138 | KLF9 ENSG00000173575 | CHD2
ENSG00000186868 | MAPT ENSG00000147257 | GPC3
ENSG00000099953 | MMP11 ENSG00000150457 | LATS2
ENSG00000168743 | NPNT ENSG00000049323 | LTBP1
ENSG00000143878 | RHOB ENSG00000198625 | MDM4
ENSG00000144136 | SLC20A1 ENSG00000168288 | MMADHC
ENSG00000157514 | TSC22D3 ENSG00000138386 | NAB1
ENSG00000187955 | COL14A1 ENSG00000148200 | NR6A1
ENSG00000175197 | DDIT3 ENSG00000110048 | OSBP
ENSG00000134769 | DTNA ENSG00000106443 | PHF14
ENSG00000125968 | ID1 ENSG00000080839 | RBL1
ENSG00000115461 | IGFBP5 ENSG00000138771 | SHROOM3
ENSG00000130522 | JUND ENSG00000008294 | SPAGY
ENSG00000131437 | KIF3A ENSG00000026025 | VIM
ENSG00000157227 | MMP14 ENSG00000170425 | ADORA2B
ENSG00000135919 | SERPINE2 ENSG00000141376 | BCAS3
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ENSG00000069702 | TGFBR3

ENSG00000122786

CALD1

FGF signaling:

ENSG00000124762

CDKN1A

ENSG00000187498

COL4A1

ENSG00000134574

DDB2

ENSG00000168209

DDIT4

ENSG00000050165

DKK3

ENSG00000136048

DRAM1

ENSG00000172071

EIF2AK3

ENSG00000178568

ERBB4

ENSG00000138685

FGF2

ENSG00000120254

FTHFSDC1

ENSG00000048052

HDAC9

ENSG00000049130

KITLG

ENSG00000049759

NEDDA4L

ENSG00000087303

NID2

ENSG00000148400

NOTCH1

ENSG00000132646

PCNA

ENSG00000106617

PRKAG2

ENSG00000132334

PTPRE

ENSG00000151490

PTPRO

ENSG00000185088

RPS27L

ENSG00000048392

RRM2B

ENSG00000089006

SNX5

ENSG00000120889

TNFRSF10B

ENSG00000153560

UBP1

ENSG00000172667

WIG1

ENSG00000154767

XPC

ENSG00000181790

BAIl1

ENSG00000113328

CCNG1

ENSG00000126001

CEP250

ENSG00000115129

TP5313

ENSG00000182165

TP53TG1

SHH signaling:

Ensembl identifier:

HGNC
name:

Ensembl identifier:

ENSG00000006468

ETV1

ENSG00000041982

ENSG00000054598

FOXC1

ENSG00000059804

SLC2A3

ENSG00000064042

LIMCH1

ENSG00000076258

FMO4

ENSG00000068028

RASSF1

ENSG00000102543

CDADC1

ENSG00000099194

SCD

ENSG00000107796

ACTA2

ENSG00000101361

MIR1292

ENSG00000110092

CCND1

ENSG00000101868

POLA1

ENSG00000111087

GLI1
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ENSG00000102760 | RGCC

ENSG00000140350 | ANP32A

ENSG00000109534 | GAR1

ENSG00000180730 | SHISA2

ENSG00000111186 | WNTS5B

ENSG00000185551 | NR2F2

ENSG00000120738 | EGR1

ENSG00000185920 | PTCH1

ENSG00000132623 | ANKEF1

ENSG00000136158 | SPRY2

ENSG00000136960 | ENPP2

ENSG00000148677 | ANKRD1

ENSG00000152078 | TMEM56

ENSG00000161800 | RACGAP1

ENSG00000166033 | HTRA1

ENSG00000171848 | RRM2

ENSG00000180817 | PPA1

5.2.7 qPCR primer

Table 9: Description of gPCR primers

Name Sequence
g-GAPDH-for 5’-CGATTT CTC CTC CGG GTG AT-3’
g-GAPDH-rev 5’-GCC CAA TAC GAC CAA ATC AGA-3’

g-B3GNT8-for

5’-CCCTGA CTT CGC CTC CTA C-3’

0-B3GNT8-rev

5’-GGT CTT TGA GCG TCT GGT TGA-3’

g-LRP6-for 5’-TTT GGA TGG GAC AGA ACG GG-3’
q-LRP6-rev 5’-TCC GGT TAG CAC CTG AGA GA-3’
5.2.8 Plasmids

Table 10: Description of plasmids used in this study

Name: Reference:
ATF2-luciferase
Axin1B-HA Davidson et al., 2005

B3GNT2-ol-pCMV-Sport6.1

see: medaka cDNA library clone

B3GNT7-ol-pCMV-Sport6.1

see: medaka cDNA library clone

B3GNT8::FLAG-ol-pCS2+

cloned in this project

B3GNT8::tGFP-hs-pCMV6-AC-
GFP

OriGene Technologies

B3GNT8-ol-pCMV-Sport6.1

see: medaka cDNA library clone

CK1y2-xt-pRKW?2

Davidson et al., 2005

Dvl1-hs-pCS2+

Davidson et al., 2005

Frizzled5-V5

GSK3B-myc-pCS2+ Zeng et al., 2005
LacZ-pCMV2 Davidson et al., 2005
LRP5-myc Mao et al., 2002
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LRP6AE1-4-hs-FLAG-pCS2+

Davidson et al., 2005

LRP6::6myc-hs-pCS2+

Davidson et al., 2005

LRP6::mcherry-hs-pCS2+

Dorlich et al., 2015

LRP6AC-myc-hs-pCS2+

MESD2-mm-pCMV-Sport6.1

Davidson et al., 2005

PEGFP-N1

pmTurquoise2-N1-golgi

Gift from Steffen Scholpp

pThymidin-Kinase-Renilla

Promega

Rabl1l

see: medaka cDNA library clone

Rab4 see: medaka cDNA library clone
Rab5 see: medaka cDNA library clone
TOPFLASH Davidson et al., 2005

transmembrane-GSK3v2-hs

V5-DKK3x1-xt-pCS

Wnt3a-V5

Wnt5a

B-catenin-xt

Davidson et al., 2005

medaka cDNA library clone

Chen et al., 2014
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Appendix:

Mean
Yield Quality
Sample ID |Sample Ref |Index (Mbases) % PF # Reads Score (PF)
11 Human ATCACG 2.790 95,26 57.439.096 (37,9
12 Human TTAGGC 4.865 95,15 100.255.042 | 37,94
13 Human ACTTGA 3.688 95,23 75.929.558 |37,95
31 Human GATCAG 2.939 95,52 60.319.302 |37,94
32 Human TAGCTT 2.343 95,44 48.131.594 |37,99
33 Human GGCTAC 3.758 95,53 77.127.878 |37,98

Supplementary Table 1: Quality of raw reads after base calling.
Quality of raw reads has been assessed with RTAv1.13 (lllumina). Statistics for both reads are indicated. PF: cluster passing Illumina chastity
filter.
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Supplementary Figure 1: Principal Component Analysis.
Principal Component Analysis of biological triplicates of Control siRNA treated HEK 293T cells versus B3GNT8 siRNA treated HEK293T cells.
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Supplementary Table 2: Differentially regulated genes in B3GNTS silenced HEK293 cells

The genes of this table reacted to B3GNTS silencing with differential regulation. Genes were selected with p-values lower than 0.05 and
differential regulation either more than 2.5fold or less than 0.4 fold. Upregulated genes are colored green, downregulated genes are
colored red.

Ensembl identifier | Wiki Gene Name fold change |adjusted p-value
ENSG00000256304 no name 5,70E-33
ENSG00000156096 UGT2B4 5,61E-20
ENSG00000119411 BSPRY 8,34E-31
ENSG00000126562 WNK4 4,79E-36
ENSG00000185070| LOC100506718 5,86E-11
ENSG00000204086 RPA4 3,69E-08
ENSG00000230002 ALMS1-IT1 1,06E-15
ENSG00000250091 no name 6,58E-10
ENSG00000188282 RUFY4 2,75E-06
ENSG00000224080 no name 3,12E-11
ENSG00000117595 IRF6 1,14E-07
ENSG00000166349 RAG1 3,04E-10
ENSG00000099399 MAGEB2 1,90E-14
ENSG00000248971 no name 1,72E-11
ENSG00000160588 MPZL3 1,50E-45
ENSG00000068028 RASSF1 3,85E-38
ENSG00000232630 no name 1,21E-18
ENSG00000267655 no name 1,58E-05
ENSG00000272373 no name 1,87E-11
ENSG00000260787 no name 2,22E-05
ENSG00000248498 no name 1,12E-07
ENSG00000213693 SEC14L1P1 3,74E-13
ENSG00000076554 TPD52 6,16E-52
ENSG00000104388 RAB2A 3,43E-63
ENSG00000228672 PROB1 5,17E-06
ENSG00000154479 CCDC173 9,78E-09
ENSG00000176933 TOB2P1 8,38E-10
ENSG00000112599 GUCA1B 1,41E-05
ENSG00000140835 CHST4 9,91E-05
ENSG00000204387 C6orfa8 3,71E-52
ENSG00000154237 LRRK1 3,03E-15
ENSG00000025434 NR1H3 1,23E-27
ENSG00000180287 PLD5 5,24E-05
ENSG00000230069 no name 3,67E-09
ENSG00000137474 MYO7A 0,000158264
ENSG00000227184 EPPK1 6,50E-08
ENSG00000230873 STMND1 1,41E-05
ENSG00000188467 SLC24A5 2,30E-08
ENSG00000142675 CNKSR1 1,59E-12
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Ensembl identifier

Wiki Gene Name

ENSG00000169031 COL4A3
ENSG00000263235 no name
ENSG00000204934| ATP6VOE2-AS1
ENSG00000055732 MCOLN3
ENSG00000162772 ATF3
ENSG00000106404 CLDN15
ENSGO00000073605 GSDMB
ENSG00000261589 no name
ENSG00000184351 KRTAP19-1
ENSG00000102057 KCND1
ENSG00000158815 FGF17
ENSG00000197748 WDR96
ENSG00000228451 no name
ENSG00000213385 no name
ENSG00000184545| LOC101927562
ENSG00000259706 HSPO0B2P
ENSG00000124602 UNC5CL
ENSG00000272003 no name
ENSG00000120675 DNAJC15
ENSG00000113555 PCDH12
ENSG00000128567 PODXL
ENSG00000158806 NPM2
ENSG00000171219 CDC42BPG
ENSG00000185002 RFX6
ENSG00000107829 FBXW4
ENSG00000100156 SLC16A8
ENSG00000117586 TNFSF4
ENSG00000179456 ZBTB18
ENSG00000249641 HOXC-AS5
ENSG00000163377 FAM19A4
ENSG00000185950 IRS2
ENSG00000178381 ZFAND2A
ENSG00000226180 no name
ENSG00000270020 no name
ENSG00000175832 ETV4
ENSGO00000177519 RPRM
ENSG00000231769 no name
ENSG00000112812 PRSS16
ENSG00000231738 TSPAN19
ENSG00000153093 ACOXL
ENSG00000255389| TRAF3IP2-AS1
ENSG00000230524 COL6A4P1

105

adjusted p-value

2,34E-06

1,09E-10

8,74E-31

4,90E-55

4,53E-49

2,15E-34

3,06E-26

6,52E-16

0,000304951

2,47E-06

0,000567185

6,64E-08

8,44E-06

0,000255645

1,10E-11

0,000522812

1,57E-07

9,52E-06

3,62E-05

0,000226773

2,77E-41

0,001436297

6,04E-09

8,27E-06

1,09E-27

0,001071234

8,16E-06

2,25E-45

2,43E-05

0,000622485

3,09E-18

7,32E-20

2,74E-08

0,000366311

8,68E-05

1,50E-07

3,62E-05

1,93E-17

0,000863201

0,000285579

7,37E-08

5,02E-07




Ensembl identifier | Wiki Gene Name fold change |adjusted p-value
ENSG00000137261 KIAA0319 2,50 1,07E-07
ENSG00000123124 WWP1 0,40 6,50E-38
ENSG00000109063 MYH3 0,40 4,30E-15
ENSG00000139292 LGRS 0,40 4,13E-06
ENSG00000119922 IFIT2 0,40 0,002569915
ENSG00000259511 UBE2Q2L 0,40 5,22E-05
ENSG00000100526 CDKN3 0,40 1,68E-33
ENSG00000263004 no name 0,39 3,02E-07
ENSG00000113658 SMAD5 0,39 2,55E-43
ENSG00000113356 POLR3G 0,39 2,51E-40
ENSG00000004139 SARM1 0,39 1,15E-09
ENSG00000188158 NHS 0,39 1,80E-14
ENSG00000110092 CCND1 0,38 9,29E-43
ENSG00000126016 AMOT 0,38 8,60E-44
ENSG00000134049 [ER3IP1 0,38 2,02E-24
ENSG00000249395 CASC9 0,38 2,66E-07
ENSG00000134376 CRB1 0,38 0,000156232
ENSG00000125931 CITED1 0,38 7,71E-12
ENSG00000087116 ADAMTS2 0,38 1,65E-16
ENSG00000184985 SORCS2 0,38 0,000444268
ENSG00000149212 SESN3 0,37 2,82E-43
ENSG00000170396 ZNF804A 0,37 7,18E-12
ENSG00000130649 CYP2E1 0,37 6,47E-08
ENSG00000178343 SHISA3 0,37 1,46E-09
ENSG00000115252 PDE1A 0,37 1,78E-06
ENSG00000134531 EMP1 0,37 5,35E-05
ENSG00000179902 Clorf194 0,37 0,000589306
ENSG00000171522 PTGER4 0,37 0,000228211
ENSG00000236871 no name 0,37 3,20E-09
ENSG00000249992 TMEM158 0,36 1,58E-11
ENSG00000127870 RNF6 0,36 2,90E-26
ENSG00000253123 no name 0,36 1,18E-09
ENSG00000143320 CRABP2 0,36 1,26E-37
ENSG00000196104 SPOCK3 0,35 1,44E-10
ENSG00000261770 no name 0,35 4,63E-05
ENSG00000160801 PTH1R 0,35 0,000184165
ENSG00000011028 MRC2 0,35 5,04E-28
ENSG00000164466 SFXN1 0,35 1,32E-72
ENSG00000095713 CRTAC1 0,35 1,78E-06
ENSG00000130635 COL5A1 0,34 4,23E-27
ENSG00000138801 PAPSS1 0,34 1,25E-46
ENSG00000104490 NCALD 0,34 2,97E-11
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Ensembl identifier | Wiki Gene Name fold change | adjusted p-value
ENSG00000143494 VASH2 0,34 3,88E-32
ENSG00000110422 HIPK3 0,33 1,85E-49
ENSG00000174460 ZCCHC12 0,33 6,76E-45
ENSG00000253669 no name 0,32 9,80E-08
ENSG00000168621 GDNF 0,32 1,25E-09
ENSG00000087245 MMP2 0,32 1,52E-23
ENSG00000170961 HAS2 0,32 1,35E-07
ENSG00000140450 ARRDC4 0,32 2,97E-73
ENSG00000161681 SHANK1 0,31 9,53E-08
ENSG00000249328 RP11-26J3.1 0,31 1,71E-10
ENSG00000100292 HMOX1 0,30 1,79E-39
ENSG00000197467 COL13A1 0,30 1,27E-17
ENSG00000171388 APLN 0,30 2,10E-14
ENSG00000254290 no name 0,30 4,57E-19
ENSG00000102393 GLA 0,30 7,00E-55
ENSG00000198252 STYX 0,29 3,71E-53
ENSG00000184185| LOC100996843 0,29 5,53E-33
ENSG00000146070 PLA2G7 0,29 1,55E-09
ENSG00000155011 DKK2 0,29 8,73E-06
ENSG00000229404 LINC00858 0,28 9,51E-18
ENSG00000177469 PTRF 0,28 1,49E-56
ENSG00000115461 IGFBP5 0,28 6,63E-32
ENSG00000146250 PRSS35 0,27 4,00E-24
ENSG00000042493 CAPG 0,27 2,19E-14
ENSG00000273237 no name 0,27 9,05E-20
ENSG00000183691 NOG 0,26 2,10E-06
ENSG00000253414 no name 0,26 5,95E-27
ENSG00000104953 TLE6 0,25 3,24E-07
ENSG00000050030 KIAA2022 0,25 7,57E-19
ENSG00000203504 no name 0,24 6,69E-12
ENSG00000168542 COL3A1 0,23 2,33E-25
ENSG00000260837 no name 0,22 1,11E-08
ENSG00000166033 HTRA1 0,22 1,85E-50
ENSG00000188729 OSTN 0,21 2,61E-11
ENSG00000135046 ANXA1 0,17 7,73E-34
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