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Summary

Wnt signaling pathways are a set of signal transduction cascades which are activated through
the interaction of Wnt proteins with so-called Frizzled receptors [1-3]. These pathways are
critically involved in many biological processes such as embryonic development, regeneration,
organogenesis, cell division, cellular and tissue homeostasis, among many others [3, 4]. In
addition, alterations of these signaling pathways have been linked to various types of diseases
such as cancer [5-7], familial tooth agenesis [8], bipolar disease [9], Alzheimer's disease [10],
and cardiac valve formation [11]. Wnt signaling components are accordingly promising drug
targets to treat these diseases. Wnt pathways are probably among the best characterized
receptor-ligand signaling pathways. Wnt proteins are therefore key players in biological
signaling and promising drug targets to treat a plethora of diseases.

Although several proteins involved in Wnt trafficking and secretion have been identified over
the past years, little is known about the contribution of different lipid species into these
processes. The trafficking and secretion of Wnts could be modulated by the type and number
of acyl species covalently linked to Wnt proteins. Currently, the best-described acyl
modification is the palmiteoylation of a serine residue located around amino acids 205-215
mediated by the ER-resident O-acyltransferase Porcupine is responsible for this process. This
lipid modification has been described for Wnt3a, Wnt5, xWnt8, and Wnt1, and it has been
assumed to also take place in other members of the family of Wnt proteins. Despite the
extensive data available, the debate around the lipid-modified amino acids in Wnt proteins has
not yet reached a consensus. Recent results from O. Voloshanenko (M. Boutros group, DKFZ,
Heidelberg, Germany) suggested that there may be other amino acid residues in Wnts that are
lipidated, apart from this canonical serine residue. Furthermore, the specific saturation of the
acylated chain that binds to Wnt remains inconclusive.

In this thesis, | aimed to define other putative acylation types and lipid-modified sites in Wnt
proteins and to determine the role of these alternative lipidations in Wnt secretion and
signaling. Furthermore, | evaluated the impact of Wnt signaling and Wnt secretion on the
lipidome of HEK293T and HCT116 cells. To achieve this, | employed a combination of chemical
biology tools, mutagenesis experiments, and mass spectrometric measurements. In particular,
| focused on Wnt11 as a working model. | studied its acylation using clickable lipids such as
palmitic acid alkyne (cC16:0) and palmitoleic acid alkyne (cC16:1n-7). One of the early
observations was that palmitoylation and secretion of Wnt11l were not wholly abolished in
Porcupine knockout cells or some mutant variants of Wnt11. However, these observations
seem to depend on the type of clickable fatty acid used. Our results suggest a lipid modification
of Wntl11 at serine 215 via the monounsaturated fatty acid cC16:1n-7, consistent with the
previously predicted models. However, lipid modification with the saturated fatty acid cC16:0
showed variations in the experimental replicates, which did not fully resolve whether Wnt11
contains another modification site. Importantly, our experiments stress that unsaturation is a
key feature for Wnt acylation. The relevance of covalent lipid binding for the secretion and
signaling activity of Wnts has also been assessed. It was demonstrated that lipidation is
essential for the signaling activity of Wnt11 but is not strictly necessary for its secretion. In
addition, an impact of Wnt protein expression on the overall cellular lipidome of HEK293T and



HCT116 cells has been tested, yielding preliminary observations on the crosstalk between the
Whnt signaling and the overall cellular lipid homeostasis. This study is expected to contribute to
our understanding of how post-translational lipid modifications influence Wnt cellular
secretion, signaling and, conversely, how proteins of the Wnt signaling pathway affect the lipid
composition of cells.

Zusammenfassung

Wnt-Signalwege sind eine Reihe von Signaltransduktionskaskaden, die durch die Interaktion
von Whnt-Proteinen mit sogenannten Frizzled-Rezeptoren aktiviert werden [1-3]. Diese
Signalwege sind an vielen biologischen Prozessen wie Embryonalentwicklung, Regeneration,
Organogenese, Zellteilung, Zell- und Gewebehomobostase und vielen anderen von
entscheidender Bedeutung [3, 4]. Darlber hinaus wurden Veranderungen dieser Signalwege
mit verschiedenen Krankheiten in Verbindung gebracht, wie z. B. Krebs [5-7], familidrer
Zahnausfall [8], bipolare Erkrankung [9], Alzheimer-Krankheit [10] und Fehler bei der
Ausbildung der Herzklappen [11]. Wnt-Signalkomponenten sind daher vielversprechende
Ansatzpunkte fir die Behandlung dieser Krankheiten. Wnt-Signalwege gehoren wahrscheinlich
zu den am besten charakterisierten Rezeptor-Liganden-Signalwegen. Wnt-Liganden die
Hauptakteure der Wnt-SignallUbertragung sind daher Schlisselproteine der biologischen
Signallbertragung und vielversprechende Zielproteine flir die Behandlung einer Vielzahl von
Krankheiten.

Obwohl in den letzten Jahren mehrere Proteine identifiziert wurden, die am Wnt-Trafficking
und an der Wnt-Sekretion beteiligt sind, ist nur wenig Uber den Beitrag verschiedener
Lipidspezies zu diesen Prozessen bekannt. Der Transport und die Sekretion von Wnt-Proteinen
kdnnte durch die Art und Anzahl der kovalent an Wnt-Proteine gebundenen Acylspezies
moduliert werden. Die derzeit am besten beschriebene Acylmodifikation ist die
Palmiteoylierung eines Serinrests, der sich um die Aminosdauren 205-215 befindet. Die im ER
ansdssige O-Acyltransferase Porcupine ist flr diesen Prozess verantwortlich. Diese
Lipidmodifikation wurde fir Wnt3a, Wnt5, xWnt8 und Wntl beschrieben, und es wurde
angenommen, dass sie auch bei anderen Mitgliedern der Wnt-Proteinfamilie stattfindet. Trotz
der umfangreichen Datenlage ist die Debatte um die lipidmodifizierten Aminosauren in Wnt-
Proteinen noch nicht abgeschlossen. Jiingste Ergebnisse von O. Voloshanenko (Arbeitsgruppe
von M. Boutros, DKFZ, Heidelberg, Deutschland) deuten darauf hin, dass es neben diesem
kanonischen Serinrest auch andere Reste geben kdnnte, die lipidiert sind. Dariber hinaus ist
die spezifische Sattigung der acylierten Kette, die an Wnt bindet, nach wie vor nicht eindeutig
geklart.

In dieser Arbeit habe ich versucht, andere mutmaRliche Acylierungsarten und lipidmodifizierte
Stellen in Wnt-Proteinen zu definieren und die Rolle dieser alternativen Lipidierungen bei der
Wnt-Sekretion und -Signalgebung zu bestimmen. Darlber hinaus habe ich die Auswirkungen
der Wnt-Signalisierung und Wnt-Sekretion auf das Lipidom von HEK293T- und HCT116-Zellen
untersucht. Zu diesem Zweck habe ich eine Kombination aus chemisch-biologischen
Werkzeugen, Mutagenese-Experimenten und massenspektrometrischen  Messungen
eingesetzt. Insbesondere habe ich mich auf Wntll als Arbeitsmodell konzentriert. Ich
untersuchte seine Acylierung mit klickbaren Lipiden wie Palmitinsdurealkin (cC16:0) und



Palmitoleinsdurealkin  (cC16:1n-7). Eine der ersten Beobachtungen war, dass die
Palmitoylierung und die Sekretion von Wntll in Porcupine-Knockout-Zellen oder einigen
mutierten Varianten von Wnt11 nicht vollstandig aufgehoben waren. Diese Beobachtungen
scheinen jedoch von der Art der verwendeten klickbaren Fettsdure abzuhangen. Meine
Ergebnisse deuten auf eine Lipidmodifikation von Wntl1l an Serin 215 (ber die einfach
ungesattigte Fettsdure cC16:1n-7 hin, was mit den zuvor vorhergesagten Modellen
Ubereinstimmt. Die Lipidmodifikation mit der gesattigten Fettsdure cC16:0 zeigte jedoch
Schwankungen in den experimentellen Wiederholungen, so dass nicht vollstandig geklart
werden konnte, ob Wnt11 eine weitere Modifikationsstelle enthalt. Wichtig ist, dass unsere
Experimente zeigen, dass eine einfach ungesattige Fettsdure eine Schlisselfunktion fir die
Wnt-Acylierung darstellt. Die Bedeutung der kovalenten Lipidbindung fiir die Sekretions- und
Signalaktivitat von Wnts wurde ebenfalls untersucht. Es wurde gezeigt, dass die Lipidierung fur
die Funktion von Wnt11 wesentlich ist, aber nicht unbedingt flr seine Sekretion. Dartber
hinaus wurde der Einfluss ein Wnt- Protein-Uberexpression auf das am gesamten zelluldren
Lipidom von HEK293T- und HCT116-Zellen untersucht, was zu ersten Erkenntnissen Uber die
Wechselwirkungen zwischen der Wnt-Signalgebung und der zelluldren Lipidhomdostase
flhrte. Diese Studie soll zu unserem Verstandnis darlber beitragen, wie posttranslationale
Lipidmodifikationen die zellulare Wnt-Sekretion und -Signalgebung beeinflussen und wie
umgekehrt einige Proteine des Wnt-Signalwegs die Lipidzusammensetzung von Zellen
beeinflussen.
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1 Introduction

Cells detect external stimuli and transfer that information to the cell interior through complex
signaling pathways. In such pathways, a machinery of biomolecules orchestrates to efficiently
and selectively transduce external signals into chemical and physical events. One of the most
common mechanisms of signal transduction is the activation of receptors by the binding of
specific ligands. The activation of receptors triggers chemical and conformational changes of
primary effectors (usually proteins). In turn, in a cascade of events, the primary effectors
transduce the signal downstream, activating or inhibiting either proteins or second
messengers. The final target in such signal transduction pathways are proteins that regulate
the transcription of genes (transcription factors) or a specific metabolic process.

Among the most known receptor-ligand signaling pathways are the Wnt pathways. The Wnt
signaling pathways are a set of signal transduction cascades activated through the interaction
of Wnt proteins with so-called Frizzled receptors [1-3]. Such cascades are involved in many
biological processes such as embryonic development, regeneration, organogenesis, cell
division, cellular and tissue homeostasis, among others [3, 4]. Malfunction of these signal
pathways has been linked to various types of cancer [5-7] such as colorectal cancer, familial
adenomatous polyposis (FAP), hepatocellular carcinoma, medulloblastoma, ovarian
endometrial adenocarcinomas, esophageal squamous cell carcinoma, pancreatic tumors,
prostate cancer and breast cancer. Also, they have been linked to other diseases such as
familial tooth agenesis [8], bipolar disease [9], Alzheimer disease [10], and cardiac valve
formation [11]. Wnt signaling components are accordingly promising drug targets to treat
these diseases. In consequence, understanding the mechanism of functions of Wnt proteins
and Wnt signaling is a central question in biology, and carries a plethora of applications in
medicine.

1.1 Wnt protein structure

For 40 years, the family of Wnt proteins has been intensively studied. These are probably one
of the most ever investigated signaling proteins. Wnts have been found in all phyla of the
animal kingdom, from placozoans, poriferans, and cnidarians to chordates [12]. In mammals,
including humans, 19 highly-conserved Wnt proteins have been identified. Wnts are proteins
of approximately 40 kDa in mass and 350-400 amino acids in length. They are highly
hydrophobic, and rich in cysteine residues [3, 4, 13] (Figure 1.1). The structure of four different
Whnts was elucidated by either X-ray crystallography or cryogenic electron microscopy (Cryo-
EM) [14-17]. Janda and co-workers resolved the structure for Xenopus Wnt8 [14], Mihara et
al. determined the structure for human Wnt3 [18], Chu et al. obtained the structure for a
truncated version of WntD [15], and Nygaard et al. revealed the structure for human Wnt8
[17]. Based on this structural information, Wnt proteins have been described to adopt a semi-
close hand that extends the “thumb” and “index” fingers from a central “palm” domain [14-
17] (Figure 1.1A-C). The structure of human Wnt3, human Wnt8, and the Xenopus Wnt8
(Figure 1.1A-C) comprise an N-terminal a-helical domain (NTD), from residue 1 until
approximately residue 250, containing seven a-helices (a1l-a.7) and a C-terminal cysteine-rich
region (CTD) ranging from residue 260 until approximately residue 350 (Figure 1.1D). The NTD
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contains two large inter-helical loops. One of these loops precisely corresponds to the
“thumb”, in which a serine was identified to be lipid-modified (as it is described in more detail

in section 1.3). The CTD features a long 40 amino acid B-strand hairpin that is also stabilized by
an extensive network of disulfide bonds.
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QD — ravnz—() @ )
P04628 WNT1_HUMAN 162 ONIDEGRLEFGRE] RELMNL TTVE )E] RLPTLRAVGDVERDRFDGASRVLYGNRGSNR 265
P09544 WNT2_HUMAN 146 DNIDYGIKFAR, DAKERKGKD-------ARALMNL 'LKQES [LAMADFRKTGDYEWRKYNGAIQVVMNQDGTG- 252
093097 WNT2E_HUMAN 177 DNTHYGVRFAKABVDAKEKRLKD- LMNLANNRCGRTAVRRFLKLE| ALSDERRTGDYERRRYDGAVQUMATQDGAN- 283
P56703 WNT3_HUMAN 150 'VLVSREEADARENRI TTILDHMHLKS IAQPDFRAIGDFEKDKYDSASEMVVEKHRESR 253
P56704 WNT3A HUMAN 147 I DARENRPD: )ATASHMHLKI SQPDFRAIGDFEKDKYDSASEMVVEKHRESR 250
P56705 WNT4_AUMAN 147 SGESDNIAYGVAFSQ LMNL 1 LTHMRVE| [RAVPPE DGAT 253
P41221 WNTSA_HUMAN 172 (GDNIDYGYRFAKEEVDARERERTHAKGS YESARTLMNL TVYNLADVA! QLADFRKVGDAEKEKYDSAAAMRLNSRGK-— 283
Q9H1J7 WNT5B_HUMAN 151 GDNVEYCYRFAKE K YKMADVA! KEKYDSAAAMRVTRKGR-- 262
QIY6F9 WNT6_HUMAN 156 )DVDEGDEKSRL SHTRT! LERFHGASRVMGTNDGKA- 268
000755 WNT7A_HUMAN 142 ) IRYCIGFAKV] I LEENMKLE] KDKYNEAVHVEPVRASRNK 247
P56706 WNT7B_HUMAN 142 DVRYGIDFSRRI LEDRMOLE KEKYNAAVQVEVVRASRLR 247
Q9H1J5 WNTSA HUMAN 123 DNVEEGERISKL AVRATMKRT! KAKYDOALKITEMDKRQLRA 227
093098 WNT8B_HUMAN 123 DNVGEGEAISKQEVDALETGO! KGTMKRT KEKYHAALKVDLLQ---GA 224
014904 WNTSA HUMAN 160 GDNLKY S SKFVKEHLGR-RSSKD-— INLVEVKVIKAGVETT| KEKYETALKVGSTTNEAAG 262
014905 WNT9B_HUMAN 154 QAW GDNLKYSTKFLSN] ; DAHNTHVE IKAVKSGLRIT] KLRYDSAVKVSSATNEALG 257
Q9GZT5 WN1OA HUMAN 198 LPTASPGLQL DMGEGERFSKDELDSREPHRD: THARMRI VTPEERTVGALERSRFHRATLIRPENRNGGQ 309
000744 WN1OB HUMAN 183 GSSPSPGPQDTWE FSRDELDSREA] QVVTENLKRK! AAPEFRAVGAAERERLGRAIFIDTENRNSGA 294
096014 WNT11 HUMAN 149 = DNLSYGLL TGSQANKLMRL DALRASLEMK GLOELODVAADEKTRYLSATKVVHRPMGTRK 256
QOUBV4 WNT16 HUMAN 158 D DVQYGMWEFSRKELDFPIGN--~TTGKENKVLLAMNL AVAKLMSVD| TMSSEEKIGHLEKDKYENSIQISDKTKRKMR 268
Hairpin 3
P04628 WNT1 HUMAN 266 ASRAELLRLEPEDP: AHKPPSPHDEVY FEKSBNE| LD IRGHRTRTQR! L
P09544 WNT2_HUMAN 253 - —FTVANI INLTSRGMD:! RGYDTSH! QDELEALDVHTEKAPKNADWTTAT -
093097 WNT2B_HUMAN 284 KTSKGTL RGYDTTRVIRVTO! DVHTCKAPKKAEWLDQT—
P56703 WNT3_HUMAN 254 NVTSHGIDG-----| RGENTRTEKRKE! OE
P56704 WNT3A_HUMAN 251 NVSSHGIDG-———| b
P56705 WNT4_HUMAN 254 NKTSKATDX RGFHTAQVELAER R
P41221 WNT5A_HUMAN 284 DQFKTVQTE
Q9H1J7 WNTSB_HUMAN 263 RGYNQFKSVO KK
Q9Y6F9 WNT6_AUMAN 269 RGHRQESVOI
000755 WNT7A_HUMAN 248 RGYNTHQYARVH
P56706 WNT7B_HUMAN 248 RGYNTHQY TKVW
Q9H1J5 WNTSA HUMAN 228 LQVEERKTEVI D¢ 35
093098 WNT8B_HUMAN 225 i T EQURRRVTKY HKPGRKP 351
014904 WNT9A HUMAN 263 RGENTQSRVVTRP ROUTQREEVYT 365
014905 WNT9B_HUMAN 258 RGYDTQSRLVAFSE QOCVOEELVY: 357
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096014 WNT11 HUMAN 257 DIRPVKDSE: RGYNPYTDRVVE RREERTVERY 354
Q9UBV4 WNT16_HUMAN 269 RKIPIEKDD; VEDKKLGIPEIQC] RGYNTH HTEK---—- 365

Figure 1.1: The sequence and structure of Wnt proteins.

A-C. 3D structure of human Wnt3 (A, hWnt3; PDB id. 6AHY, [16]), Xenopus Wnt8 (B, xWnt8; PDB id. 4F0A, [14]),
and human Wnt8 (C, hWnt8; PDB id. 7KC4, [17]) are shown in cartoon representation. The serine residue (purple
sphere) bound to the palmitoleic acid (PAM) moiety (red sticks) is indicated. The three structures also feature a



conserved disulfide bond between the cysteine residue highlighted as green spheres. D. Multiple sequence
alignment of the 19 humans Wnts was obtained from Uniprot. Helices are drawn as cylinders and labeled a1 to
o7. Green lines indicate the disulfide bonds. Three hairpins (1-3) are indicated as red lines. Conserved residues
are colored in gray scale. The predicted serine residue bound to palmitoleic acid is highlighted with a red star.

1.2 Wnt signaling pathways

The Wnt signaling pathways are a set of signal transduction cascades activated through the
interaction of Wnt ligands with cell surface-localized Frizzled receptors[1-3]. These cascades
are grouped in canonical or non-canonical pathways, depending on whether the protein B-
catenin is involved as an effector of the pathway or not [3, 4].

Wnt proteins grouped into the canonical pathway are Wntl, Wnt2, Wnt 2b, Wnt3, Wnt3a,
Wnt8a, Wnt8b, Wntl10a and Wnt10b, and Wnt proteins of the non-canonical pathways are
Wnt4, Wnt5a, Wnt5b, Wnt7a, Wnt7b and Wnt11 [19].

1.2.1 B-catenin-dependent/canonical WNT signaling

The canonical pathway remains inactive when there is no extracellular stimulus triggered by
Whnt (Figure 1.2). Under this condition, cytoplasmic B-catenin is targeted for proteolysis by the
destruction complex. The destruction complex is a multiprotein assembly composed of the
scaffolding protein Axin, the adenomatous polyposis coli protein (APC), the Ser/Thr kinases
glycogen synthase kinase 3 (GSK-3), casein kinase 1 (CK1), and the E3-ubiquitin ligase B-TrCP.
In the absence of Wnt stimulus, B-catenin binds to Axin, APC, CK1, and GSK-3 [4, 20]. This
induces the phosphorylation of B-catenin and its binding to B-TrCP. Subsequently,
ubiquitination and degradation of B-catenin occurs via the proteasome [4, 20]. In the presence
of Wnt, signal transduction is activated when Wnt binds to Frizzled and the co-receptor LRP5/6
on the extracellular side of the plasma membrane, thereby forming a heteromeric complex
that induces a conformational change in both membrane proteins. On the cytosolic side, the
tail of LRP5/6 is phosphorylated by several kinases, including Gsk3 and CK1. This leads to the
binding of Dishevelled (Dvl) and Axin to the intracellular domains of FZD and LRP5/6 [3, 4, 6,
21]. The translocation of Dvl and Axin to the signaling complex inhibits the phosphorylation
and subsequent proteasomal degradation of B-catenin. The rise of B-catenin levels promotes
its translocation to the nucleus, where it binds the T-cell factor/lymphoid enhancer factor
(TCF/LEF) transcription factors and induces the expression of the Wnt-responsive genes [3, 4,
6, 21].
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Figure 1.2: Canonical Wnt/p catenin pathway.

In the inactive state of the Wnt/pB catenin pathway (left side of the figure), the cytosolic transcription factor B-
catenin is phosphorylated by GSK3 and CK1 with the help of the scaffold protein Axin and APC. The phosphorylated
residues in B-catenin are recognized by the B-TrCP E3 ubiquitin—ligase complex. B-TrCP polyubiquitinates B-
catenin and targets it such that it is degraded in the proteasome. In an active state (right side of the figure), Wnt
proteins bind to the Frizzled and LRP5/6 receptors on the cellular surface, triggering the signal transduction. On
the cytosolic side, the tail of LRP5/6 is phosphorylated by several kinases, including Gsk3 and CK1, and leads to
the binding of Dishevelled (Dvl) and Axin to the intracellular domains of FZD and LRP5/6 [3, 4, 6, 21]. The
translocation of Dvl and Axin to the FZD/LRP receptor complex inhibits the phosphorylation of B-catenin,
stabilizing it in the cytosol. The rise of B-catenin levels promotes its translocation to the nucleus, where it binds
TCF/LEF transcription factors and serves as a coactivator for the expression of the Wnt-responsive genes.

1.2.2 Non-canonical Wnt signaling
In the non-canonical pathway, there have been primarily two cascades studied, namely, WNT-
FZD/PCP and Wnt/Ca?* (Figure 1.3).

1.2.3 Wnt-FZD/PCP pathway

In the Wnt-FZD/PCP signal pathway, the protein Ras homolog family member A (RhoA) and c-
Jun N-terminal kinase (JNK) act as downstream effectors [6, 22, 23]. The pathway is active when
Wnt ligands bind to the ROR-Frizzled receptor complex, which subsequently binds and
activates Dvl and DAAM. At the same time, Dvl associates with the small GTPase RhoA and Racl
and they together activate the Rho-associated protein kinase ROCK. ROCK mediates
cytoskeleton rearrangement by actin polymerization [6, 22-24]. Besides, Rac can also activate
the JNK signaling cascade to regulate gene expression [6, 22-24].

1.2.4 Wnt/Ca?* pathway

The Wnt/Ca2+ signaling pathway is activated when Wnt binds to the Frizzled receptor and
either ROR1, ROR2 or RYK receptors [6, 25, 26]. This induces the activation of phospholipase C
(PLC), a lipase which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-
triphosphate (IP3) and 1,2-diacylglycerols (DAG) [6, 25, 26]. DAG remains in the plasma
membrane, while IP3 is released into the cytosol and binds to calcium channels at the ER
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membrane, thereby triggering the release of Ca%" into the cytosol [6, 25, 26]. Calcium ions
together with calmodulin activate the Ca?* /calmodulin-dependent protein kinase Il (CaMKIl).
Meanwhile, DAG together with calcium ions activate protein kinase C (PKC), and thereby
induces CDC42-mediated actin rearrangements [6, 25-28). Several transcription factors are
activated by this signaling pathway, such as NFkB, NFAT and NLK [6, 25-28].
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Figure 1.3: Non-canonical WNT signaling. The signal pathway is activated when non-canonical Wnts, such as
Wnt11 or Wnt5A, binds to Frizzled receptor and the co-receptors ROR1, ROR2 or RYK receptors [6, 25, 26]. It can
then take two pathways, the Wnt/Ca?* signaling pathway (Left) which is induced by the activation of
phospholipase C (PLC) [6, 25, 26], or the Wnt/PCP pathway (Right), which is induced by the activation of Dvl and
DAAM in the cytosol [6, 22-24]. This graph was adapted from [25].

1.3 Lipid modifications of Wnt proteins

Lipid-protein interactions and protein lipidations are emerging concepts in understanding
membrane-associated protein functions at a molecular level [29, 30]. For many years the
cellular functions have been attributed mainly to proteins but nowadays it is becoming clearer
that lipids also play a key role modulating biological processes. These processes include cell
signaling, regulation of protein-membrane interactions, membrane trafficking, protein
stability, enzymatic activities and even protein-protein interactions [29, 30]. Post-translational
lipid modification of proteins can occur by adding e.g. fatty acyl or polyisoprenyl groups to side
chains of cysteine, serine, threonine, and lysine residues, or to the N-termini of proteins [29,
30].

Wnt trafficking, secretion and signaling is tightly regulated by post-translational modifications
[31-36]. In particular, lipidation has emerged as a key regulatory mechanism to control the
signaling ability of Wnts [32, 34, 36-41]. Nevertheless, there still exists a debate on where
within the amino acid sequence Wnt proteins are lipidated and, ultimately, on the functional
implications of such specific lipidation.
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Many attempts to characterize Wnt proteins in the active state have been hampered by their
high degree of insolubility. The first work in which a lipidated Wnt protein was successfully
isolated was published by Willert and Nusse in 2003 [42]. In the process of biochemical
purification of murine Wnt3a, the authors observed that Wnt3a was highly hydrophobic. The
high degree of hydrophobicity was contradictory to the fact that the Wnt3a protein sequence
itself does not show particularly high hydrophobic regions. This led to the suggestion that post-
translational lipid modifications, increasing the overall hydrophobicity of Wnt3a, must be in
place. This hypothesis was confirmed with the binding of radiolabeled palmitic acid (C16:0) to
Wnt3a [42].

1.3.1 Do lipids bind to a cysteine or a serine residue?

As Wnt proteins are lipidated, the question arises as to which amino acid side chains of the
protein the lipid moieties are bound. The same study of Willert and Nusse identified by mass
spectrometry cysteine 77 in murine Wnt3a and cysteine 51 in Drosophila Wnt8 as the lipid
attachment sites. Mutation of cysteine 77 in murine Wnt3a, and highly conserved across all
members of the Wnt family [13], made the protein water-soluble [42] (Figure 1.1).

Years later, Takada and co-workers identified another putative acylation site in murine Wnt3a
[43]. Through metabolic radiolabeling in the presence of disulfide reducing agents which
targets S-palmitoylation on cysteines, they still observed lipidation of Wnt3a. [43]. These
results suggested an oxyester linkage bond instead of a thioester bond between palmitic acid
and a cysteine residue of Wnt3a. The oxyester linkage bond could be associated with lipid
modification on a serine, threonine or tyrosine instead of a cysteine. The same results were
observed for Wnt5a expressed from L-cells (cells located in the intestine, which function is to
secrete glucagon-like peptide-1 or 2, incretin, or oxyntomodulin) [43]. Metabolic radiolabeling
of truncated and point mutated versions of Wnt3a, together with liquid chromatography and
mass spectrometry, revealed that serine 209 was the residue responsible for the lipidation of
Wnt3a [43]. Furthermore, mass spectrometry showed that the protein is modified with the
monounsaturated palmitoleic acid (C16:1) instead of its saturated counterpart palmitic acid
(C16:0) [43].

The results from Willert [42] and Takada [43] opened a debate about which amino acid residues
are lipidated in Wnts and which implications such specific lipidation sites have for Wnt
functions. A wealth of experimental evidence supported lipidation of both the cysteine and the
serine residues of Wnts. In line with the studies from Willert, mouse Wnt5a was found to be
palmitoylated at cysteine 104 with palmitic acid (a residue that is equivalent to cysteine77 in
Wnt3a) [31]. Other studies with Wntl showed that mutations in serine 224 (equivalent to
serine 209 in Wnt3a) resulted in the expression of a non-acylated form of Wnt1 [32]. This result
was interpreted as whether serine 224 was lipidated but also required for another lipid
modification at the cysteine 93 [32]. Mutations of serine 224 and cysteine 93 also affected the
functional activity of Wnt1 on the Wnt/B-catenin pathway [40, 44].

The structure of Xenopus Wnt8 (xWnt8) in complex with the cysteine-rich domain (CRD) of
mouse Frizzled 8 (mFZD8) was determined by X-ray crystallography [14] (Figure 1.1B). This
structure revealed that the serine 187 in xWnt8, which is positioned at the interface of xWnt8
with mFZD8 CRD and equivalent to serine209 on Wnt3a, is lipidated [14]. Moreover, it was
observed that the cysteine 55 in xWnt8 was not palmitoylated due to its engagement in a
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disulfide bond [14]. The structure of xXWnt8 thus supported the hypothesis that a serine, rather
than a cysteine, is the main fatty acyl acceptor in Wnts, as originally proposed by Takada et al.
[17]. Analogously, MacDonald et al. reported that cysteine 77 is disulfide bonded, stressing the
relevance of such cysteine-mediated disulfide bonds for Wnt folding, activity, and secretion
[13]. Subsequent work on Wnt3a and Wntl mutant variants, using radiolabelling [45, 46] or
nonradioactive fatty acid labeling with palmitic acid alkyne (cC16:0), in combination with click
chemistry, also supported the idea that serine 209 (in Wnt3a) or their homolog residue in other
Whnts is the unique lipidation site in Wnts[47-51].

Recent work by Divya Dhasmana et al. investigated for Wnt3 distinct functional role of cysteine
and serine residues implicated in disulfide formation and lipid modification, respectively, using
different microscopy and fluorescence correlation spectroscopy (FCS) techniques [52].
Removal of either the key cysteine 80 or the serine 212, by mutagenesis, did not affect
secretion and membrane localization of Wnt3, but instead affected the Wnt signaling [52].
Furthermore, removal of the two residues at the same time impaired Wnt localization and
secretion [52]. Also, only serine 212 seemed to be indispensable for the interaction with the
Frizzled receptor [52]. Altogether, these results suggested that lipidation of cysteine 80 and
serine 212 residues in Wnt3 play different functional roles in Zebrafish [52]. Azbazdar et al. also
observed that mutations on serine 212 neither affect the interaction with Fz8 nor the secretion
of Wnt3 in Zebrafish [53]. However, serine 212 was relevant for the binding to specific plasma
membrane domains and for activation of the Wnt canonical pathway [53].

Until 2017, when this project started, five Wnt proteins were described to be modified by
lipidation, namely, Wnt1, Wnt3a, Wnt5a, xWnt8, and Wnt11 [14, 32, 35, 36, 39, 40, 42-45, 51,
54]. During the course of this work, other studies brought to light the lipidation in other Wnt
proteins [16, 17, 21, 55]. In 2019, the crystal structure of human Wnt3 in complex with the
murine Frizzled 8 (Fz8) Cys-rich domain (CRD) showed to be almost identical conformation to
the one observed for xWnt8 [14, 16]. This study [16] displayed the lipid moiety bound to serine
212 of Wnt3 (equivalent to the serine 209 in Wnt3a), extending through a hydrophobic groove
to facilitate the interaction with the Fz8 CRD domain. Even more, the electron density was
compatible with a bend of the fatty acid at the C9-C10 position, corresponding to a cis-A9
unsaturation of palmitoleic acid (C16:1n-7) [16]. Moreover, Nygaard et al. revealed for the first
time the cryogenic electron microscopy (Cryo-EM) structure of the carrier protein Evi
(Evenness interrupted) in complex with human Wnt8a [17]. Evi is a conserved multipass
transmembrane protein required for the transport of Wnt proteins from the ER to the
extracellular media, this has been observed for Wg, Wnt1, Wnt3a and Wnt5a [56, 57]. In this
structure, the palmitoleic acid bound to Wnt8a extends deep into a conserved hydrophobic
cavity in the transmembrane domain of Evi [17].

Besides these structural studies, Wnt lipid modification has been investigated through
nonradioactive fatty acid labeling with palmitic acid alkyne (cC16:0) and palmitoleic acid alkyne
(cC16:1n-7), in combination with click chemistry [55]. In this study, a highly efficient Wnt lipid
modification using cC16:1n-7 was observed, which was not the case for cC16:0 [55]. These data
unveiled the lipid modification on Fc-tag-tagged Wnt proteins: Wnt1-Fc, Wnt3a-Fc, Wnt5b-F,
Wnt7b-Fc, Wnt9b-Fc, Wnt10a-Fc, and WNt10b-Fc. Altogether, eleven Wnt proteins have thus
been confirmed to be lipidated. For the remaining eight Wnt proteins, namely, Wnt2, Wnt2b,
Wnt4, Wnt7a, Wnt8b, Wnt9a, and Wnt16, an investigation of their lipidation is still missing.
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1.3.2 Preference of Wnt fatty acylation by 16:1n-7 over C16:0

Not only the site in which Wnts are lipidated has been the subject of intense research, but also
the type of fatty acid that binds to them. Identification of the lipid binding of palmitate to
cysteine 77 of Wnt3a, cysteine 51 of Drosophila Wnt8, and cysteine 105 of Wnt5a suggested
that the most likely fatty acid bound to Wnts is the saturated palmitic acid [42, 58].
Computational approaches supported this idea in suggesting that the saturated palmitic acid,
and not the unsaturated one, fits better the conformation of the lipid seen in the crystal
structure of xXWnt8 in complex with Fz8-CRD [53]. However, results from from Takada et al.[43]
Rios-Esteves et al. [45] and Tuladhar et al. [55] showed that the Wnt proteins studied have a
high preference for being lipidated with the monounsaturated palmitoleic acid (C16:1n-7).

Other studies reported Wnt lipidation signals using saturated radioactive palmitic acid [31, 43,
45] and saturated non-radioactive palmitic acid [49-51, 55, 59], but are in line with studies
suggesting that. These results proposed that the cells first converted the saturated fatty acid
(C16:0) is converted to monounsaturated fatty acid (C16:1n-7), by action of the Stearoyl-CoA
desaturase 1 [36, 45, 60, 61], which is then attached to the Wnt proteins by the O-
acyltransferase Porcupine (PORCN).

1.3.3 Porcupine drives Wnt lipidation

The question arises as to which enzyme performs the Wnt lipidation process. Based on the
work supporting a lipid modification of a cysteine residue [31, 42], lipidation should be carried
out by an acyltransferase that generates a thioester bond between an acyl moiety and a
cysteine residue. This process is known as S-palmitoylation and is catalyzed by enzymes of the
family of DHHC acyl transferases [62, 63]. However, there is no evidence linking this family of
proteins to the lipidation of Wnts. Instead, this function was attributed to the protein
Porcupine (PORCN). PORCN was first described as a crucial component in the embryonic
pattern formation and secretion of Wnt ligands [44, 64, 65]. PORCN is a membrane protein
that localizes to the endoplasmic reticulum (ER). PORCN belongs to the Membrane-bound O-
acyltransferase (MBOATSs) family [66]. The main function of this family is the transfer of fatty
acids onto hydroxyl groups of serine or threonine residues, a process also known as O-acylation
[66]. The reaction requires acyl-CoA substrates, which are produced during fatty acid
metabolism [36]. There are about 11 members of the MBOATSs family, but only five of them
have been studied [66]. PORCN has been associated with the lipidation of Drosophila Wg,
Drosophila Wnt1, chicken Wnt1, mouse Wnt1, chicken Wnt3a, mouse Wnt3a, human Wnt3a,
and mouse Wnt5a [43, 44, 46, 48, 50, 67, 68]. It is of note that the O-acyl-transferase activity
of PORCN, which is localized to the ER lumen, supports the idea that lipid modification is carried
out on a serine instead of a cysteine residue.

The structure of PORCN has not been resolved yet, however, the topology of PORCN has ten
predicted transmembrane domains, with both the N and C termini oriented towards the
cytosolic side [67, 69]. The polar residues H341, N306, Y334, and S337 have been identified to
be critical regulators of the catalytic activity of PORCN [44-46, 55, 67, 68]. Concerning the
saturation of the acyl chain, cis-A9 monounsaturated palmitoleoyl-CoA fits better into the bent
cavity of PORCN, and this lipid was strongly preferred as the substrate for Wnt lipidation in an
in vitro assay using substrate peptides based on human Wnt1, human Wnt3a and human
Wnt11 [67]. Once the fatty acid transfer is complete, the kinked shape of the monounsaturated
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fatty acid facilitates the release of Wnt from PORCN [55]. Recently, Jia Yu and coworkers [69]
built a structural homology model of PORCN in complex with hWnt8a, based on previous
results of Wnt [45, 46, 55, 67, 68] and the structure of the O-acyltransferases DGAT1 (PDB
6VPO, [70]). In this model, palmitoleic acid is transferred to Wnt via two tunnels inside PORCN.
The first tunnel faces towards the luminal face of the ER, with the hairpin loop containing the
serine 186 of hWnt8a [71]. The second tunnel points towards the cytosol and contains a kink
in the middle which can only be occupied by palmitoleoyl-CoA [71]. Both tunnels are predicted
to be located in such a way that serine 186 from hWnt8a is positioned near the thioester bond
of the palmitoleoyl-CoA and thus in an optimal distance to allow the acyl transfer from CoA to
this serine residue [71]. Accordingly, this model strongly supports the preferential transfer of
C16:1 onto serine 186 of Wnt8a [55, 67].

1.3.4 Is the lipid modification required for secretion and activation of the Wnt signaling
pathway?

Trafficking of Wnt proteins through the secretory pathway and secretion from cells is a crucial
process which involves several interaction partners (Figure 1.4). The initial step in this transport
route starts with Wnt ligands being co-translationally imported into the lumen of the ER. There,
PORCN carries out the lipid modification [36, 43, 50, 64, 65]. The lipidation allows the binding
of Wnt to the cargo protein Evi, which acts as a chaperone to assist in Wnt secretion [17, 33,
56, 57, 72]. The Wnt-Evi complex is incorporated into Sec22/COP-II vesicles with the help of
Sarl, Sec12, and p24 proteins [73-75], to subsequently transport the complexes from the ER
to Golgi. From the Golgi to the plasma membrane, the Wnt-Evi complex is transported in a
Rab8 dependent mechanism or are released via a multivesicular body pathway on exosomes
to the extracellular space [76, 77]. Once at the plasma membrane, Wnt proteins can be
delivered to other target cells in different ways: either by filopodia; forming multimer
complexes, or interacting with glypicans, lipoproteins, or lipid-binding proteins such as Swim
or Afamin [78, 79].
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Figure 1.4: Wnt secretion. Wnts proteins can be secreted in different ways: either by exosomes, filopodia, by
forming Wnt multimer complexes, or by interacting with glypicans, lipoproteins, or lipid-binding proteins such as
Swim or Afamin [69, 70]. Wnts are lipid-modified by the O-acyl-transferase Porcupine in the endoplasmic
reticulum (ER). Lipidated Wnts bind to the cargo protein Eviand are transported to the plasma membrane through
the Golgi apparatus. After secretion, Evi is re-internalized from the plasma membrane and transported back to
the Golgi assisted by the retromer complex. From the Golgi, Evi is recycled back to the ER by COP-I vesicles.
Adapted from [25].

Over the years, it has been widely accepted that lipid modification of Wnts is a key requirement
for their transport to the extracellular media and the subsequent activation of the signal
pathway. However, recent reports suggest that Wnts could be secreted independently of their
lipid-modification [52, 53, 80-83]. However, these observations have been linked to specific
cellular and tissue contexts. Wnts that have been reported to be secreted independently of
the lipid-modification include Wntl, Wnt2b, Wnt3, Wnt5b and Wntl10b, from human
astrocytes and Wntl, Wnt3, Wnt6, Wnt7a, Wnt10a and Wnt16a from human CD8+ T cells [80];
Wnt3 from zebrafish [52, 53]; Wnt4 from human invasive lobular carcinoma cells (ILC) [82];
Wnt8 from Xenopus [81]; WntD from Drosophila [83], and in a few reports Wnt3a from human
invasive lobular carcinoma cells (ILC) and in HEK293 cells [50, 81, 82]. Both the molecular
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mechanisms and the players involved in Wnt secretion independent of lipidation still remain
unknown.

While most reports suggest that lipidation of serine 209 is indispensable for the exit of Wnt3a
from the ER and its subsequent secretion to extracellular media [17, 32, 43, 57, 72, 84], other
studies have shown that mutation at serine 209 either impaired the secretion but not the
localization of Wnt3a at the cell surface [32], or that secretion of human Wnt3a was reduced
but not fully abolished [50, 81, 82].

Whnt lipidation has also been linked to the activation of the Wnt signaling pathway. Structural
studies have shown that the fatty acid attached to Wnt binds to the hydrophobic groove in the
CRD of Frizzled receptors [14, 16]. Furthermore, the fatty acid mediates Frizzled dimerization
and thereby contributes to initiate the signaling cascade [16, 61, 85]. These results support the
hypothesis that Wnts need to be lipidated in order to activate the signaling cascade.
Nevertheless, Speer and co-workers, working in Xenopus and zebrafish embryos, have shown
that non-acylated mutant variants of xWnt8 and hWnt3a are able to bind to the CRD of xFZD8
and thereby retain some residual ability to activate Wnt signaling [81].

Altogether these results suggest that a population of Wnt can be transported to the plasma
membrane, secreted into the extracellular media, and there activate signaling pathways by an
alternative mechanism that does not involve the lipidation on the conserved, canonical serine
residue of Wnt.

1.3.5 Wntl], an intriguing study case

Wnt11 is a 354 amino acid protein with a molecular mass of around 45 kDa. It is classified into
the non-canonical pathway and accordingly, it shares similar features with the non-canonical
Whnt5a. One of the shared features is an inhibitory impact on the canonical Wnt/B-catenin
pathway [66-70]. Wnt11 is involved in the development of the mammalian heart, liver and
kidney [86-93]. In zebrafish, Wnt11 is part of the PCP (planar cell polarity) pathway and controls
convergent extension of the embryonic axis during gastrulation and cardiac differentiation [94-
96]. Wnt11 has also been reported to be involved in intestinal host defense mechanisms [97].
In mammalian adults, Wnt11 is expressed in heart, liver, skeletal muscle and pancreas [98].

In 2013 Yamamoto et al. [30] used liquid chromatography and mass spectrometry to assess
the lipidation of Wnt11. Purified from conditioned media of polarized L and Madin-Darby
Canine Kidney cells (MDCK cells) Wnt11 was found to be lipidated with palmitoleic acid (C16:1)
at the canonical serine 215 site [30]. Apart from lipidation, the amino acids N40, N90 and N300
were identified to be glycosylated [30]. Specifically, complex/hybrid glycans for N40, high-
mannose sugars for N90 and high-mannose/hybrid glycans for N300 were confirmed by mass
spectrometry [30]. Interestingly, mutagenesis experiments demonstrated that N40, which is
not conserved among Wnts but instead unique to Wnt11, was crucial to the apical secretion
of the protein in MDCK polarized cells [30]. These results indicate that glycosylation of the
amino acid N40, in addition to lipidation of S215, is essential for Wnt11 secretion in polarized
cells.

Recent unpublished data showed that Wnt11 was secreted in HEK293TAPORN and HEK293TAEY
knockout cells, indicating that Wnt11 trafficking occurred independently both of the lipidation
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of serine 215 and of the presence of the carrier protein Evi (Dr. Oksana Voloshanenko in the
group of Prof. Michael Boutros, German Cancer Research Center (DKFZ), Division Signaling and
functional Genomics and Heidelberg University, Heidelberg, Germany). Furthermore, mutation
of serine 215 did not abolish the secretion of Wnt11 in HEK293T cells. In TX114 phase
separation experiments, the mutant Wnt11 S215A was still detected partially in the detergent
phases, suggesting that the proteins retained some hydrophobicity. Together, these results
suggested that in HEK293T cells, Wnt11 is acylated at a site different from serine 215 and that
besides PORCN another acyltransferase is involved in the lipidation of Wnt11. In addition, these
data suggest an alternative secretion mechanism that may not depend on the lipidation of
serine 215 and/or on the presence of the carrier protein Evi. Although lipidation in serine 215
is thought to be essential for the inhibitory function of Wnt11 on the canonical Wnt/B-catenin
pathway [66-70], there is currently no direct evidence to confirm this.

1.4 Lipid composition on HEK cells and HCT116 cells

Wnt trafficking and signaling is intricately linked to membranes, and thus alterations of cellular
lipid homeostasis, a hallmark of a number of metabolic diseases, is likely to impact Wnt
function. Vice versa, signaling pathways activated by Wnt proteins can target lipid metabolism
and thus membrane lipid compositions. So far, only a few studies have investigated the
influence of the Wnt pathways on the lipid composition of cells, tissues or whole organisms.
These studies are framed in specific contexts, such as lipid metabolism of hepatocytes [99],
positioning of the mitotic spindle of dividing epiblast cells [100] or fat metabolism in Drosophila
[101]. In the following, a few examples are briefly described.

The effect of canonical Wnt signaling on the lipid metabolism in hepatocytes after Ras
oncogenic activation has been previously studied [99]. In this study, it was found that a high
level of Wnt activity reduces the accumulation of lipid droplets in human hepatocellular cancer
cells. Also, a Kras-induced lipid accumulation in the liver was significantly compromised in
transgenic Zebrafish characterized by activation of the canonical Wnt pathway in hepatocytes
[99]. Furthermore, lipidomic and transcriptional analyses revealed that Wnt signaling
activation upon Ras oncogenic activity promoted a metabolic shift from triacylglycerol (TAG)
to glycerophospholipids. Moreover, Wnt signaling activation upon Ras oncogenic activity
caused alterations in saturation levels and lengths of fatty acyl moieties of
glycerophospholipids [99]. Another study carried out by Zhang, Ji et al, revealed that
hyperactive Wg (the homologue Wnt in Drosophila) signaling disrupts fat metabolism and
results in fat accumulation in Drosophila mutant larvae [101]. Specifically, they observed an
increase of free fatty acids and a reduction in triacylglycerols. Also, most of the adipocytes
within mutant abdominal fat bodies failed to accumulate fat at the cellular level and remained
small [101]. Overall, these studies [99, 101] show a correlation between the activation of Wnt
signaling pathways and changes in the lipid metabolism under specific cellular and tissue
contexts.

There are other fields in which lipid changes and Wnt signaling have been related to each other,
namely during cell division. The palmitoylation of the Anthrax receptor coordinates the
positioning of the mitotic spindle of dividing epiblast cells [100]. Wnt signaling affected this
process by modulating the activity of serine palmitoyltransferase (SPT) and with this
sphingolipid de novo synthesis, which in turn had an impact on Anthrax receptor palmitoylation
(100].
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Another example that links lipid alterations and Wnt secretion involves the p24 protein, a
machinery component of COP-l and COP-Il dependent vesicular transport, which had also been
shown to be important for Wnt trafficking [73]. Changes in the cellular sphingolipids or ether
lipid concentrations could affect the vesicular transport in the early secretory pathway through
the binding of these lipids to P24 [102, 103] and thus could have a direct impact on Wnt
secretion [73, 74].

Mammalian membranes are composed of different lipid classes, including
glycerophospholipids, sphingolipids, and cholesterol, but also a low amount of glycerolipids.
Figure 1.5 shows the chemical representation of the major mammalian lipid classes, and Figure
1.6 shows the biosynthesis pathways from which etherlipids, sphingolipids and glycerolipids
are they are formed.
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Figure 1.5: Chemical representation of the lipid classes: Phosphatidylcholine (PC), alkyl-Phosphatidylcholine (PC-
0), Lysophosphatidylcholine (LPC), Phosphatidylethanolamine Plasmalogen (PE P-), Phosphatidylethanolamine
(PE), Ether linked Phosphatidylethanolamine (PE O-), Phosphatidylglycerol (PG), Ether linked Phosphatidylglycerol
(PG O-), Phosphatidylserine (PS), Ether linked Phosphatidylserine (PS O-), Phosphatidic acid (PA), Ether linked
Phosphatidic acid (PA O-), Phosphatidylinositol (Pl), Ether linked Phosphatidylinositol (PI O-), Cholesterol (Chol),
Cholesterol Ester (CE), Diacylglycerol (DAG), Triacylglycerol (TAG), Ceramide (Cer), Sphingomyelin (SM),
Hexosylceramide (HexCer) and Dihexosylceramide (Hex2Cer).
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Figure 1.6: Biosynthesis of glycerolipids, ether-linked glycerolipids, and sphingolipids. In pink is the pathway that
follows the biosynthesis of glycerolipids, in yellow is the biosynthesis of ether-linked lipids, and in purple is the
biosynthesis of sphingolipids. A. Acyl-DHAP pathway of ether lipid synthesis. The ether lipid synthesis starts in the
peroxisomes and is subsequently completed in the ER. De novo lipogenesis produces fatty acids from malonyl
CoA by the fatty acid synthase (FAS). The generated fatty acids are transformed to fatty acyl-CoA by the acetyl-
coenzyme A synthetase (ACS). The acyl-CoA can be incorporated into the peroxisomes or can be converted to
fatty alcohol by the fatty acyl-CoA reductases FAR1 or FAR2. Fatty alcohol is also included in the peroxisomes.
Glycerol 3-phosphate (G3P) is internalized in the peroxisomes and transformed to dihydroxyacetone phosphate
(DHAP) by the glycerol 3-phosphate dehydrogenase (G3PDH). Using as substrate Acyl-CoA and the DHAP, the
glycerophosphate O-acyltransferase (GNPAT) produces Acyl-DHAP. The alkylglycerone phosphate synthase
(AGPS) takes the Acyl-DHAP and, together with fatty alcohol, exchanges the acyl chain for an alkyl group into Alkyl-
DHAP, forming the ether bond that gives the name to the ether lipids. An acyl/alkyl DHAP reductase (PexRAP)
generates the ether lipid precursors, 1-O-alkyl-G3P (AGP), or the diacyl phospholipid precursor lysophosphatidic
acid (LPA). B. The glycerolipids synthesis occurs in the ER. Phosphatidic acid (PA) can be generated via LPA by the
lysophosphatidic acid acyltransferase (LPAAT). Then PA can form DAG by the PA phosphatase (PAP), or the PA can
form CDP-DAG by phosphatidate cytidylyltransferase 1 (CDS1). Starting from DAG via the Kennedy pathway the
enzyme carnitine O-palmitoyltransferase 1 (CPT1) can form PC, which subsequently can form LPC catalyzed by
the phospholipid:diacylglycerol acyltransferase 1 (PDAT), the enzyme choline/ethanolaminephosphotransferase
1 (EPT1) can form PE, from PE can be form PS by phosphatidylserine decarboxylase proenzyme 1 (PSD1) [104].
Via the CDP-DAG pathway, the enzyme CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase
(PGS1) catalyzed the production of PGP, which subsequently form PG through phosphatidylglycerophosphatase
A (pgpA) [105]. The Cardiolipin synthase (CLS1) can form cardiolipins CL from PG [105]. Also, by the CDP-DAG
pathway is form PI through CDP-diacylglycerol--inositol 3-phosphatidyltransferase (PIS1)[105]. The Pl can be
converted to PIP; by the kinases Phosphatidylinositol 4-kinase (PI4K) and phosphatidylinositol 4 phosphate -kinase
(PI4P5K) [105]. C. The formation of ether linked glycerolipids is similar to the glycerolipids synthesis just that it
begins with the PA O- which can form CDP-AGG or AGG. Through the CDP-AGG pathway is formed PI O-, PGP O-,
and PG O-. Through the Kennedy pathway is formed PC O-, PE O-, PE P- and PS O-. D. The sphingolipids biosynthesis
starts with the formation of 3-ketosphinganine from palmitoyl-CoA and serine, the enzyme serine
palmitoyltransferase (SPT) catalyzes this reaction. Then 3-ketosphinganine is transformed to dihydrosphinganine
by the 3-ketosphinganine reductase (TSC10). The dihydrosphinganine is transformed to dihydroceramide by the
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ceramide synthase (CerS). Then dihydroceramide is transformed to ceramide by the dihydroceramide desaturase
(DDase). The ceramide can be transformed into sphingosine by neutral ceramidase (CDase), or into sphingomyelin
by the sphingomyelin synthase (SMS), or into hexosylceramides by the Glc-ceramide synthase (GCase).

1.5 Aim of the thesis

1. Despite the extensive data available, the debate around the lipid-modified amino acids in
Wnt proteins has not yet reached a consensus. The recent results from O. Voloshanenko (M.
Boutros group, DKFZ, Heidelberg) suggests that apart from the canonical serine residue there
may be other Wnt residues that are lipidated, apart from the canonical serine residue.
Furthermore, the specific acylation type, either saturated or unsaturated, that binds to Wnts
remains inconclusive. The first goal of my doctoral thesis addresses these two issues. | aim to
define other putative acylation types and lipid-modified sites in Wnt proteins. To achieve this,
| employed a combination of chemical biology tools and mutagenesis experiments, and mass
spectrometry measurements. This combined approach represented a first step towards a
detailed characterization of the types and sites of acyl modifications of Wnt proteins.

2. Unpublished data by O. Voloshanenko (M. Boutros group, DKFZ, Heidelberg) suggest that
Wntl1 is secreted independently of Evi, PORCN, and lipidation of the canonical serine. The
second goal of the thesis aims at testing whether other amino acids or acyltransferases, besides
PORCN, are involved in this process. To this end, a combination of biochemical approaches and
cell biology assays were used.

3. Finally, the third goal of my Ph.D. thesis focuses on exploring a functional link of Wnt
expression and trafficking and cellular lipid homeostasis in HEK293T and HCT116 cells. To this
end, the lipid composition of cells overexpressing Wnt proteins and cells depleted of PORCN
and Evi was determined by mass spectrometry-based lipidomics.

1.6 Organization of the thesis

The thesis is organized as follows. Chapter 2 describes the material and methods. In chapter 3,
the results of this investigation are presented in three sections; the first section focuses on the
lipidation site of Wnt11 and the role of fatty acid saturation on Wnt11 lipidation. This is a link
with the first goal of the thesis. The following section presents other molecular factors that
contribute to the secretion and function of Wnt11. This is a link to the second goal of the thesis.
The last section is focused on the relation of Wnt proteins and the role of PORCN and Evi with
the lipidome composition of cells. This section is linked to the third goal of my thesis. In
chapter 4, is presented the discussion and main concluding remarks of this thesis.
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2 Material and Methods

Materials

The following tables contains the list of chemicals, antibodies, buffer solutions, cell lines and

consumables used in this thesis.

Table 2.1: Chemical reagents

Name CAS Registry Number | Manufacturer Storage
or order number
1,4-Dithio-D,L-threitol 3483-12-3 Gerbu, Heidelberg, Germany | 4 °C
2-Amino-2-(hydroxymethyl)propane-1,3-diol 77-86-1 Roth, Karsruhe, Germany RT
2-Mercaptoethanol 60-24-2 MerckMillipore, Darmstadt, | 4 °C
Germany
3-Morpholinopropanesulfonic acid (MOPS) A1076 AppliChem GmbH RT
5% siRNA Buffer B-002000-UB-100 Horizon Discovery 4°C
ABC99 inhibitor Notum SML2410 Sigma-Aldrich -20°C
Acetic acid 64-19-7 MerckMillipore, Darmstadt, | RT
Germany
Acetonitrile 75-05-8 Sigma-Aldrich RT
Acrylamide-bisacrylamide 79-06-1 Sigma-Aldrich 4°C
Agar A0949,0500 AppliChem GmbH RT
Agarose 9012-36-6 Roth, Karlsruhe, Germany RT
Albumin fraction V 9048-46-8 Roth, Karlsruhe, Germany 4°C
Alkaline Phosphatase, Calf Intestinal (CIP) MO0290L NEB, Ipswich, USA -20°C
Ammonium bicarbonate 1066-33-7 Honeywell Fluka™ 4°C
Ammoniumperoxodisulfat (APS) 7727-54-0 Roth, Karlsruhe, Germany 4°C
Ampicillin sodium salt 69-52-3 SigmaAldrich, Munich, | 4 °C
Germany
AsiS| R0O630S NEB, Ipswich, USA -20°C
Bacto Agar 214010 BD Biosciences, Franklin | RT
Lakes, USA
Bacto Tryptone 211705 BD Biosciences, Franklin | RT
Lakes, USA
Bacto Yeast Extract 212750 BD Biosciences, Franklin | RT
Lakes, USA
BamHI-HF R3136L NEB, Ipswich, USA -20°C
Benzonase® Endonuclease, 250 U/uL 70764 Sigma-Aldrich -20°C
Benzonase® Nuclease, 250 U/uL E1014 Sigma-Aldrich -20°C
Bglll RO144L NEB, Ipswich, USA -20°C
Bicine sc-216087A Santa Cruz Biotechnology RT
BIS-Tris sc-216088A Santa Cruz Biotechnology RT
Bond-Breaker TCEP Solution 77720 Thermo Fisher Scientific 4°C
Bromophenol blue 115-39-9 Waldeck, Muenster, | RT
Germany
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Buffer EB 19086 Qiagen, Hilden, Germany RT
Calcium chloride dihydrate 10035-04-8 SigmaAldrich, Munich, | RT
Germany
Carbenicillin; dinatriumsalz A1491,0010 AppliChem GmbH 4°C
Cell Dissociation Buffer, Enzyme-free, PBS- | 13151-014 Gibco, Waltham, USA RT
based
Chloroform (CHCI3) VWR 31717-44-9 MERK RT
cOmplete™, EDTA-free Protease Inhibitor | 11873580001 Roche, Rotkreuz, | 4 °C
Cocktail Switzerland
cOmplete™, Mini Protease Inhibitor Cocktail 11836153001 Sigma-Aldrich 4°C
Coomassie brilliant blue G-250 6104-59-2 ThermoFisher Scientific RT
Copper(ll) sulfate pentahydrate (CuSO4) 7758-98-7 Sigma-Aldrich RT
Crystal violet H412 Sigma-Aldrich RT
CutSmart B7204S NEB, lpswich, USA -20°C
DAPI 28718-90-3 ThermoFisher Scientific 4°C
Dichloro(1,10-phenanthroline)copper(ll) 14783-09-6 Sigma  Aldrich,  Munich, | RT
Germany
Dimethyl sulfoxide (DMSO) 67-68-5 SigmaAldrich, Munich, | RT
Germany
DNA Polymerase |, Large (Klenow) Fragment M0210S NEB, lpswich, USA -20°C
Dodecylsulfate-Na-salt (in pellets) 151-21-3 Serva, Heidelberg, Germany RT
Dpnl RO176L NEB, lpswich, USA -20°C
DTT BioChemica A2948,0005 AppliChem GmbH 4°C
Dulbecco’s Modified Eagle’s Medium (low | D6046 SigmaAldrich, Munich, | 4°C
glucose) Germany
Dulbecco’s Phosphate Buffered Saline D8537 SigmaAldrich, Munich,
Germany
EcoRI-HF R3101S NEB, lpswich, USA -20°C
EcoRV-HF R3195L NEB, lpswich, USA -20°C
EDTA, Tetrasodium Tetrahydrate Salt sc-204735 Santa Cruz Biotechnology 4°C
Ethanol absolute 20.821.330 VWR™ RT
Fetal bovine serum (FBS), Lot: CBX9154 F7524-500 mL Merck Millipore/Sigma -20°C
Fetal Bovine Serum, charcoal stripped 12676029 Gibco, Waltham, USA -20°C
Fixation reagent for histology (PFA 4 %) 12004 Morphisto RT
FUGENE® HD Transfection Reagent E2312 Promega, Mannheim, | 4 °C
Germany
GelPilot® Loading Dye, 5x 1037650 QIAGEN -20°C
GeneRuler 100 bp DNA ladder SM0243 Thermo Fisher Scientific -20°C
Gibco™ DMEM, high glucose 41965062 Thermo Fisher Scientific 4°C
Gibco™ PBS, pH 7.4 10010056 Thermo Fisher Scientific RT
Gibco™ RPMI-1640, without |-glutamine 31870074 Thermo Fisher Scientific 4°C
Gibco™ Trypsin-EDTA (0.25 %), Phenolred 25200056 Thermo Fisher Scientific -20°C
Glycerol 56-81-5 SigmaAldrich, Munich, | RT
Germany
Glycine 56-40-6 Labochem international RT
HEPES 7365-45-9 Roth, Karsruhe, Germany RT
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Hydrochloric acid 7647-01-0 Honeywell, Morristown, USA | RT

Hydrochloric acid (HCI) H/1200/PC15 Fisher Chemical RT

Immobilon Western Chemiluminescent HRP | WBKLS0100 Merck Millipore 4°C

Substrate

Kanamycin sulfate 60615 SigmaAldrich, Munich, | RT
Germany

PORCN inhibitor LGK974 Custom Wuxi AppTec (Tianjin) 4°C

Lipofectamine RNAIMAX 13778075 Thermo Fisher Scientific 4°C

Magnesium chloride hexahydrate 7791-18-6 MerckMillipore, Darmstadt, | RT
Germany

Manganese(ll)chloride tetrahydrate 13446-34-9 SigmaAldrich, Munich, | RT
Germany

Methanol 67-56-1 VWR Chemicals RT

Mlul-HF R3198S NEB, Ipswich, USA -20°C

N-Ethylmaleimide 128-53-0 SigmaAldrich, Munich, | 4°C
Germany

NEB, Ipswich, USAuffer™ 3.1 B7203S NEB, Ipswich, USA -20°C

Nitric acid, min 65 % 30709-1L Sigma-Aldrich RT

Nonidet P-40 Substitute 11754599001 Roche, Rotkreuz, Switzerland | 4 °C

Notl-HF R3189L NEB, Ipswich, USA -20°C

NuPAGE™ Antioxidant NP0O0O05 Invitrogen, Waltham, USA 4°C

NUuPAGE™ LDS Sample Buffer (4X) NP0OO0S8 Invitrogen, Waltham, USA 4°C

NUuPAGE™ Tris-Acetate SDS Running Buffer | LAO041 Invitrogen, Waltham, USA 4°C

(20X)

One Shot TOP10 Chemically Competent | C404006 Thermo Fisher Scientific -20°C

Escherichia coli

Opti-MEM™ Reduced Serum Medium 31985070 Gibco, Waltham, USA 4°C

PageRuler plus prestained protein ladder, 10to | 26619 Thermo Fisher Scientific -20°C

250 kDa

Palmitic Acid Alkyne 13266 Cayman chemicals -20°C

Palmitic Acid, [9,10-3H(N)]- NET043 PerkinElmer, Waltham, USA -20°C

Palmostatin B, APT1 Inhibitor. 178501 SigmaAldrich -20°C

Paraformaldehyde (PFA) BioChemica A3813,1000 AppliChem GmbH RT

Penicillin-Streptomycin P4333 SigmaAldrich, Munich, | -20°C
Germany

PfuPlus! DNA Polymerase £1118-02 EurX, Gdansk, Poland -20°C

Photosphingosine, D-erythro [3-3H] ART2048 American Radiolabeled | -20 °C
Chemicals, St.Louis, USA

Pierce™ High Capacity NeutrAvidin™ Agarose 29202 ThermoScientific, Waltham, | 4 °C
USA

Pierce™ Western Blot Signal Enhancer 21050 Thermo Fisher Scientific RT

Pmel RO560S NEB, Ipswich, USA -20°C

Poly D-lysine A-003-E Millipore 4°C

Polyethylenimine, Linear, MW 25000 9002-98-6 Polysciences, Warrington, | RT
USA

Ponceau S solution P7170-1L Sigma-Aldrich RT

Potassium acetate 127-08-2 SigmaAldrich, Munich, | RT
Germany
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Potassium chloride (KCl) P-9541 Sigma-Aldrich RT

Powdered milk T145.2 Roth, Karlsruhe, Germany RT

Precision Plus Protein™ All Blue Prestained | 1610373 Bio-Rad, Hercules, USA -20°C

Protein Standards

Propan-2-ol 33539 Honeywell Research Che- | RT
micals

Q5°® High-Fidelity DNA Polymerase MO491A NEB, Ipswich, USA -20°C

Q5® Reaction Buffer B9027S NEB, Ipswich, USA -20°C

Restore™ Plus Western Blot Stripping-Buffer 46430 Thermo Fisher Scientific RT

Roche, Rotkreuz, Switzerland X-treme Gene | 6366244001 Roche, Rotkreuz, Switzerland | 4 °C

HP

Rubidium chloride 7791-11-9 AlfaAesar, Karlsruhe, | RT
Germany

Seeblue plus2 standard LC5925 Thermofisher -20°C

S.0.C. Medium 15544034 Thermo Fisher Scientific 4°C

Sodium chloride 7647-14-5 Fisher Chemicals, | RT
Loughborough, UK

Sodium Deoxycholate 302-95-4 SigmaAldrich, Munich, | RT
Germany

Sodium dodecyl sulfate (SDS) 75746-250G Sigma-Aldrich RT

Sodium hydroxide 1310-73-2 SigmaAldrich, Munich, | RT
Germany

Sodium phosphate dibasic dihydrate 10028-24-7 Honeywell, Morristown, USA | RT

Spectinomycin Dihydrochloride 22189-32-8 Fisher Bioreagents, Schwerte, | 4 °C
Germany

Standardized Fetal Bovine Serum S0615 Biochrom, Berlin, Germany -20°C

SuperSignal West Femto Maximum Sensitivity | 34095 Thermo Fisher Scientific 4°C

Substrate

T4 DNA ligase M0202S NEB, lpswich, USA -20°C

T4 DNA Ligase Reaction Buffer B0202S NEB, lpswich, USA -20°C

Tag DNA Polymerase 22466 Axon, Kaiserslautern, | -20 °C
Germany

TransIT-LT1 transfection reagent, 10 mL 731-0029 VWR™ 4°C

Triton X100 9036-19-5 MerckMillipore, Darmstadt, | RT
Germany

Trizma® base (Tris) T1503-1KG Sigma-Aldrich RT

Trypsin-EDTA solution T3924 Sigma  Aldrich,  Munich, | 4°C
Germany

Tryptone 8952 Carl Roth GmbH + Co. KG RT

Tween-20 127.1 Roth, Karlsruhe, Germany RT

Ultima Gold™ Universal LSC-Cocktail USA 6013329 PerkinElmer, Waltham RT

Urea 57-13-6 SigmaAldrich, Munich, | RT
Germany
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Table 2.2: Antibodies

Working Target protein or
Antibody Reference Company Source
dilution epitope
Western blot
Genetex, (Alton
Wnt11 GTX105971 1:1000 Rabbit Human Wnt11
Pkwy Irvine, USA)
SantaCruz,
HSC70 (B-6) sc-7298 1:1000 (Heidelberg, Mouse Human HSC70
Germany)
Abcam Mouse and human
Wnt3a/ Wnt3 ab28472 1:1000 Rabbit
(Cambridge, UK) Wnt3a
Genetex  (Alton
Wnt3a GTX128101 1:1000 Rabbit Human Wnt3a
Pkwy Irvine, USA)
SantaCruz
Gizzard Actin of
B-actin-HRP sc-47778 1:10000 (Heidelberg, Mouse
chicken origin
Germany)
Cell Signaling
(Beverly,
Wnt5a/b (C27E8) (C27E8) #2530 1:1000 Rabbit Human Wnt5a/b
Massachusetts,
United States)
BioLegend  (San Human  Whntless
Evi 1:1000 Mouse
65590 Diego, CA, USA) protein
Peroxidase
Jackson/Dianova,
AffiniPure Goat
115-035-003 1:10000 (Cambridgeshire, | Goat Mouse IgG
Anti-Mouse lgG
United Kingdom)
(H+L)
Peroxidase
Jackson/Dianova,
AffiniPure Goat
111-035-003 1:10000 (Cambridgeshire, | Goat Rabbit 1gG
Anti-Rabbit IgG
United Kingdom)
(H+L)
Rockland
Anti-Rabbit DyLight
680-18-4416-32 | 1:10000 (Pennsylvania, Mouse Rabbit IgG

680 conjugated

USA)
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Rockland
Anti_rabbit IgG
611-131-002 1:10000 (Pennsylvania, Goat ;
IRDye 800CW Rabbit IgG
USA)
Rockland
Streptomyces
Streptavidin-HRP S000-03 1:10000 (Pennsylvania, Anti-Biotin
avidinii
USA)
IRDye 800CW LI-COR (Nebraska,
925-32230 1:5000 Anti-Biotin
Streptavidin USA)
Immunoprecipitation
Wntl1 GTX105971 1:700 Genetex Rabbit Human Wnt11
Wnt3 GTX128100 1:700 Genetex Rabbit Human Wnt3
Table 2.3: Beads for protein purification
Name Specificity Type of beads Reference Supplier
Dynabeads Protein G Immunoglobulin Fc- | Magnetic beads | 10004D Thermo Fisher Scientific
region
BLUE SE-PHAROSE 6 | General protein pu- | Sepharose 17-0948-01 | GE Healthcare
Fast Flow rification from su-
pernatant
Table 2.4: Buffer solutions
Name Composition

Blocking solution (IF staining)

1 % goat serum, 3 % FCS, 0.1 % Triton X100, all volume fraction in PBS

Blocking solution (Western blot)

5 % skim milk/TBST (mass fraction)

Wash buffer

50 mM Tris-HCl, pH 7.5; 150 mM KCl; volume fraction of 1 % Triton X100 in
ddH20

Lysis buffer with EDTA

20 mM Tris-HCl, pH 7.4; 130 mM NaCl; 2 mM EDTA,; supplemented before use
with a volume fraction of 1 % of Triton X100, 1 complete™, mini—Protease
Inhibitor Cocktail tablet per 10 mL buffer.

Lysis buffer without EDTA
(For Wnt Immunoprecipitation
and click reaction)

20 mM Tris-HCl, pH 7.4; supplemented before use with a volume fraction of 1
% of Triton X100, 1 complete™, mini Protease Inhibitor Cocktail tablet per 10
mL buffer, 50 uM APT1 Inhibitor- Palmostatin B (MW: 376.53 g/mol), 10uM
ABC99 inhibitor Notum (MW: 456.88 g/mol)

Fixation solution

4 % PFA/PBS (mass fraction)

HRP inactivation so-lution

5 % acetic acid/H20 (volume fraction)

Laemmli buffer (5x)

312.5 mM Tris-HCl, pH 6.8; 0.5 M DTT; mass fraction of 10 % SDS, and 0.1 %
bromphenol blue; volume fraction of 10 % TCEP, and 50 % glycerol

Laemmli buffer (5x) without DTT

312.5 mM Tris-HCl, pH 6.8; mass fraction of 10 % SDS, and 0.1 % bromphenol
blue; volume fraction of 10 % TCEP, and 50 % glycerol

LB medium liquid

1 % Tryptone, 1 % NaCl, 0.5 % yeast ex-tract in ddH20 (all mass fraction), pH
7.0

LB medium solid (for agar plates)

11 LB medium liquid, 15 g Agar, antibiotics as needed

MOPS SDS running buffer (20x)

1 M MOPS, 1 M Tris-Base, 20 mM EDTA, 69.3 mM SDS in ddH20
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NuPAGE transfer buffer (20x)

frac-tion methanol before use)

500 mM Bicine, 500 mM Bis-Tris, 20 mM EDTA (supplement with 10 % volume

PBS (1x)

1.0588236 mM KH2PO4, 155.17241 mM NaCl, 2.966418 mM Na2HPO4-7H20
(Thermo Fisher Scientific, 10010056)

Stock solution TRIS-HCL pH=7,4

buffer, 500 mL.

4,97 g, NaCl (130 mM)
Water until 500 mL

10 mL of TRIS-HCL pH=7,4 (20 mM)

TBS

50 mM Tris-HCl, pH 7.4 and 150 mM NacCl in ddH20

TBST (10x)

1,37 M NaCl, 200 mM Tris-HCI, pH 7.6, and 1 % Tween-20 (volume fraction)

Table 2.5: Cell lines

Cell line Specification Source Culture medium
HEK293T Embryonic kidney ATCC® CRL 11268™ | DMEM, 10 % FBS
HEK293TAPORCN 2 PORCN KO_clone_2 giitzros 8rOUP: | bMEM, 10 % FBS
HEK293T48" Evi KO giitzros 8roub: 1 pmEM, 10 % FBS
HEK293T Wnt11 Constitutive expression of Wnt11 g‘;ﬁtzros 8rOUP: | bMEM, 10 % FBS
PORCN KO _clone_2 with constitutive | Boutros group
APORCN_1_Wnt11 — — | DMEM, 10 % FBS
HEK293T expression of Wnt11 DKFZ ,10%
HCT116 Colon cancer cells ATCC® CCL-247™ McCoy’s, 10% FBS
HCT116%8-21 Evi KO clone 2.1 g‘;ﬁtzros 8rOUP: | Mccoy’s, 10% FBS
HCT11608422 Evi KO clone 2.2 giitzros 8rOUP | Mccoy’s, 10% FBS
HCT11623 Evi KO clone 2.3 giitzros 8rOUP | \ccoy’s, 10% FBS
RPMI7951 Malignant melanoma ATCC® HTB-66™ DMEM, 10 % FBS
Pool of cells treated with sgRNA without clonal selection
Human embryonic kidney cells treated with | Boutros group
APORCN_sgRNA_192 ’ DMEM 10 % FBS
HEK293T sgRNA 192 targeting PORCN DKFZ ,10%
Human embryonic kidney cells treated with | Boutros group
APORCN_sgRNA_11 | DMEM, 10 % FBS
HEK293T sgRNA 11 targeting PORCN DKFZ ,10%
Human embryonic kidney cells treated with | Boutros group
APORCN_sgRNA_35 ’ o
HEK293T sgRNA 35 targeting PORCN DKFZ DMEM, 10 % FB5
Table 2.6: Consumables
Consumables Name Reference Supplier
Amersham Hyperfilm ECL 28906836 Cytiva/GE Healthcare
Amersham Protran 0.45 nitrocellulose membranes 10600002 Cytiva/GE Healthcare
Autoklavierband Rolle 27005 neolab Migge GmbH
Bad Stabil® 16095 neolab Migge GmbH
Beschriftungsklebeband Rainbow-Pack 817-0027 VWR™
Bolt 4-12 % Bis-Tris plus gels, 10-well NW04120BOX Thermo Fisher Scientific
Bolt 4-12 % Bis-Tris plus gels, 12-well NW04122BOX Thermo Fisher Scientific
Bolt 4-12 % Bis-Tris plus gels, 15-well NW04125BOX Thermo Fisher Scientific
Cell Culture Multiwell Plate, 12 Well, 665180 Greiner Bio-One
CELLSTAR® International GmbH
Cell Culture Multiwell Plate, 24 Well, 662160 Greiner Bio-One
CELLSTAR® International GmbH

32




Cell Culture Multiwell Plate, 6 Well, 657160 Greiner Bio-One

CELLSTAR® International GmbH

Cell scraper 99002 TPP®

Cover slip, round, 12 mm 9161064 Gerhard Menzel

Disposable scalpel 200140021 Feather®

Falcon® 100 mm TC-treated Cell Culture Dish 353003 Corning, Inc.

Falcon® 14 mL Round-Bottom Tube 352059 Corning, Inc.

Falcon® 25cm? Rectangular Canted Neck Cell Culture Flask with | 353108 Corning, Inc.

Vented Cap

Falcon® 75cm? Rectangular Canted Neck Cell Culture Flask with | 353136 Corning, Inc.

Vented Cap

Falcon® 96-well Clear Flat Bottom TC-treated Culture | 353072 Corning, Inc.

Microplate, with Lid

Falcon® Serological Pipet 1 mL 357521 Corning, Inc.

Falcon® Serological Pipet 10 mL 357551 Corning, Inc.

Falcon® Serological Pipet 2 mL 357507 Corning, Inc.

Falcon® Serological Pipet 25 mL 357525 Corning, Inc.

Falcon® Serological Pipet 5 mL 357543 Corning, Inc.

Falcon® Serological Pipet 50 mL 357550 Corning, Inc.

Filter tip PP, premium surface, 0.1-10 pl 07-612-8300 nerbe plus GmbH & Co. KG

Filter tip PP, premium surface, 0-20 pl 07-622-8300 nerbe plus GmbH & Co. KG

Filter tip PP, premium surface, 0-200 pl 07-662-8300 nerbe plus GmbH & Co. KG

Filter tip PP, premium surface, 100-1000 pl 07-693-8300 nerbe plus GmbH & Co. KG

Finn tip™ pipette tips 613-2597 VWR™

Folded Filters 4.303.090 MUNKTELL & FILTRAK GmbH

Gel Saver Il Tip 1-200ul, protein gel loading tip) 11022-0600 STARLAB International GmbH

Grade 3 mm Chr Cellulose, Chromatography Papers 3030-917 Cytiva/GE Healthcare

Hand towel zigzag fold 66424 Essity Hygiene and Health

Injekt-F Tuberculin (1 mL) 9166017V BRAUN Melsungen AG

LEITZ 4020, flush fold, Sichthtllen 1079554 Lyreco

Lid for microplate, low profile 656191 Greiner Bio-One
International GmbH

LightCycler® 480 Sealing Foil 4729757001 Roche

Medoject 25Gx1" CH25100 Chirana T. Injecta, a.s.

Microplate, 96 well, clear, F-bottom 655101 Greiner Bio-One
International GmbH

Millex-GP Syringe Filter Unit, 0.22 um SLGPO33RS Merck Millipore

Millbeutel Blau 100 L 400.350 DKFZ Lager

Nalgene™ General Long-Term Storage Cryogenic Tubes, 1.2 mL | 11740573 Thermo Fisher Scientific

PARAFILM® M PM996 Merck Millipore

PCR 384-Well TW-MT-Plate, white, for RT-qPCR 712456X Biozym Scientific GmbH

PCR tubes 12er SoftStrips 711068 Biozym Scientific GmbH

Petri dish, 94 x 16 mm, without vent 632180 Greiner Bio-One

International GmbH

Safe-Lock microcentrifuge tubes 1.5 mL

0030 120.086

Eppendorf AG

Safe-Lock microcentrifuge tubes 2 mL

0030 120.094

Eppendorf AG

Spezial Vernichtungsbeutel/ disposal bags 646201 Greiner Bio-One
International GmbH

Super Frost Plus™, Adhesion slides J1800AMNZ Thermo Fisher Scientific

Syringe, 20 mL, with BD Luer-Lok™ Tip BDAM302830 VWR™

TipOne® Tip, 10 ul Graduated, Refill (non-sterile) S$1111-3700 STARLAB International GmbH

TipOne® Tips, 1000 ul Blue Graduated, Refill (non-sterile) S1111-6701 STARLAB International GmbH

TipOne® Tips, 200 ul Yellow, Refill (non-sterile) S1111-0706 STARLAB International GmbH

TUBE, 15 mL, Centrifuge Tube, CELLSTAR® 188271 Greiner Bio-One

International GmbH
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TUBE, 50 mL, Centrifuge Tube, CELLSTAR® 227261 Greiner Bio-One
International GmbH

Vernichtungsbeutel, 200X300; 09-302-0020 nerbe plus GmbH & Co. KG
autoclavable bags
XCEED® Nitrile Gloves, L XC-INT-L STARLAB International GmbH

Methods

2.1 Celllines, culture media, and cell handling

Human embryonic kidney (HEK293) cells, human colon cancer cells (HCT116 cell line), and
RPMI-7951 melanoma cells were used throughout this thesis. These cells were considered
either in their wild-type form or with the proteins PORCN and Evi knocked out (see a summary
of all cell lines in Table 2.5). Cells were kindly provided by Dr. Oksana Voloshanenko and Dr.
Lucie Wolf (M. Boutros group, DKFZ, Heidelberg).

All HEK293T cell lines and RPMI-7951 were cultured in Dulbecco's MEM high glucose, while
colon cancer HCT116 cells in McCoy’s medium (GIBCO, Life Technologies GmbH, Darmstadt)
supplemented with 10% fetal bovine serum (Biochrom GmbH, Berlin, Germany), with
100 U/mL penicillin and 0.1 mg/mL streptomycin (P/S) antibiotics.

For cell maintenance and experiments, cells were cultured as monolayers in 75 cm? flask or
10 cm plates with the respective medium at 37 °C and 5% CO>, in incubators (Forma SteriCycle
CO2 incubator, ThermoFisher, Waltham, USA) with humidified atmosphere. Cells were
subculture when reached 80 % to 90% confluency. For this, cells were washed with phosphate
buffered saline (PBS) and were then trypsinized with 3 mL Trypsin-EDTA solution, until the cell
layer was dispersed at 37 °C (usually for 5 min). Then, 7 mL of complete growth medium was
added and cells were aspirated by gentle pipetting. 1/10 or 1/20 of resuspended cells were re-
seeded into a new 75 cm? flask or 10 cm plate with 10 mL of complete medium.

To cryopreserve cells, 1 x 10° cells in 1 mL of the respective medium with 20% FBS and 10%
dimethyl sulfoxide (DMSO, volume fraction) was frozen at -80 °C using cryotubes with the help
of Freezing Containers for slow freezing. For long term storage, cells were kept immersed in a
liquid nitrogen tank. To defrost the samples, the cryotubes were thawed in a water bath at
37 °C for 2 min, followed by resuspension of the cells in culture medium. Next, the cell
suspension was centrifuged at 200 x g for 5 min to remove the medium containing DMSO. The
pellet was resuspended with 10 mL of new culture medium and added into a new 75 cm? flask
or a 10 cm plate.

2.2 Treatments with the PORCN inhibitor LGK974

HEK293T and HCT116 cells were seeded in 10 cm plates at a density of 1 x 10° cells/plate.
Twenty-four hours after seeding, cells were treated with 5 pM or 20 uM of the chemical
LGK974 to inhibit PORCN activity. For this purpose, LGK974 (stock solution: 10 mM in DMSO)
was diluted in the respective culture medium (see Table 2.5) to reach the specific working
concentration. Twenty-four hours later, the medium was carefully removed and exchanged for
a new medium with LGK974 and incubated for another 24 hours to reach 48 hours of
incubation with LGK974.
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2.3 Site-directed mutagenesis

To generate different mutants of Wnt3a and Wntll a QuikChange® |l Site-Directed
Mutagenesis Kit from Agilent (catalog #200523) was used. The procedure was performed
according to the manufacturer’s instructions. The primers were designed using the primer
design program of Agilent (Table 2.7). The polymerase chain reaction (PCR) method was
employed. To carry out PCR, a master mix was prepared using 5 ul of 10x reaction buffer, 50 ng
of dsDNA template (pcDNA Wnt3a and pcDNA Wnt11 plasmids), 2 pl (120 ng) of forward and
reverse oligonucleotide primers, 1 ul of DNTPs mix, ddH;0 to a final volume of 50 ul and 1 ul
of PfuUltra High-Fidelity DNA Polymerase (2.5 U/ul).

Table 2.7: Primer sequences for site point mutation of Wnt3a and Wnt11

Wnt3a

Mutation [Nucleotides to|Primer Sequence (5' to 3') -

type change Forward Reverse

C155A t463g g464c 5'-ggaagtggggtggcgctagegaggacateg-3' 5'-cgatgtcctegctagegecaccecacttee-3' 78.30°C
S300A a898g g899¢ 5'-cgatgcegtgcgaggegacgttgeaggtge-3' 5'-gcacctgcaacgtcgectegcacggeateg-3' 79.67 °C
S301A t901g 5'-tcgatgcegtgegegetgacgttgcag-3' 5'-ctgcaacgtcagcgegcacggcatcga-3' 78.61°C
S338A al012g g1013¢c  [5'-tgcactcctggeaggegacgtageageace-3' 5'-ggtgctgctacgtcgectgecaggagtgca-3' 78.30°C
T343A al027g 5'-cgtagacgcgegegeactectggea-3' 5'-tgccaggagtgcgegegegtctacg-3' 78.38 °C
Wntl1l

Mutation |Nucleotides to|Primer Sequence (5' to 3') -

type change Forward Reverse

C157A t469g g470c 5'-gttgtccgeagetectecccageggttece-3' 5'-gggaaccgctggggaggagetgcggacaac-3' 79.67 °C
S217A t649g 5'-ggatggagcaggcgecagacaccec-3' 5'-ggggtgtctggegectgctecatee-3' 78.38 °C
S219A t655¢g 5'-caggtgcggatggcgeaggagecagac-3' 5'-gtctggctectgegecateegcacctg-3' 80.13 °C
K332A a994g a995¢ 5'-gagcggtgccactgtgegtaccactggtgctg-3'  |5'-cagcaccagtggtacgeacagtggcaccgete-3' 78.50 °C
T340A al018g 5'-cacctgcggcaggegacgtageageac-3' 5'-gtgctgctacgtegectgecgeaggtg-3' 80.13 °C
E345A al034c 5'-tccacggtacgcgcacacctgegge-3' 5'-gccgeaggtgtgegegtaccgtgga-3' 78.38 °C

The PCR was performed with the following the cycles indicated in Table 2.7.

Table 2.7: Setting PCR site-directed mutagenesis

Number of cycles | Temperature (°C) Time Step

1 95 1 min Denaturation and activation
95 30s Denaturation

23 55 1 min Annealing
68 10 min extension

1 4 o pause

After the PCR, 1 ul of the Dpn1 restriction enzyme (10 U/ul) was added to the amplification
product and the sample was mixed thoroughly. The mixture was spun down in a
microcentrifuge for 1 min and immediately incubated at 37 °C for 1 hour to digest the parental
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supercoiled dsDNA. Then the DNA was precipitated by adding 20 ul of sodium acetate and
150 pl 95% ethanol and was incubated at -20 °C overnight. The sample was centrifuged at
14000 x g for 30 min at 4 °C, the supernatant was discarded carefully and the pellet was dried
for 1 hour at room temperature. The pellet was then dissolved in 10 pl of ddH,0. The plasmids
were transformed in XL1-Blue Supercompetent Cells as is indicated in Section 2.4. The pcDNA
plasmids containing the DNA coding for Wnt3a S209A, Wnt11 C80A, Wntl11 S215A and the
double mutant Wnt11 C80A/S215A were provided by the lab of M. Boutros (DKFZ, Heidelberg).

2.4 Bacterial transformation

Competent bacteria were thawed in ice and carefully mixed with 100 pg of the plasmid of
interest. After 30 min incubation in ice, heat-shock was performed by placing cells at 42 °C for
30 s followed by an incubation of 5 min inice. Then, 1 mL of prewarmed (37 °C) super optimal
broth with catabolite repression (S.0.C) medium was added to cells and samples were
incubated for 1 h at 37 °C while shaking at 300 rpm in a thermoblock (Eppendorf). Two hundred
microliters of this pre-culture were plated on selective LB agar plates using glass beads or hassa
and incubated at 37 °C overnight. The next day, single bacteria colonies were picked to
inoculate 5 mL of liquid LB medium with the respective antibiotic for selection and cells were
incubated for 12 hours in a shaker incubator at 180 rpm and 37 °C.

2.5 Plasmid DNA amplification

Following bacterial transformation, the bacterial culture was centrifuged, and the bacterial
pellet was used to isolate plasmid DNA using a QIAGEN Plasmid Mini kit (Minipreps). For
maxipreps, 500 mL of LB media were inoculated with 5 mL of the pre-cultuture at 37°C with
the respective antibiotic for selection. After 8-12 hours culturing, the bacterial culture was
centrifuged and the pellet was used to isolate plasmid DNA using the QIAGEN Plasmid Maxi kit.
The plasmid DNA was eluted with ddH,0 and concentration and purity were measured using a
NanoDrop ND-1 000 spectrophotometer. Plasmid DNA was stored at -20 °C. The list of plasmids
is indicated in Table 2.10.

2.6 DNA sequencing

DNA sequencing was outsourced to Eurofins Genomics using SupremeRun Tube Sanger
Sequencing (formerly GATC) or Microsynth using Economy Run Sanger Sequencing. Primers for
sequencing were provided directly by Eurofins Genomics or generated in silico using
SerialCloner, Primer3web tool, or Sequencing Primer Design Tool. The sequences obtained
were analyzed with SnapGene.

2.7 Plasmid transfection

Plasmid transfection was performed using TransIT-LT1 or FUGENE HD transfection reagent. A
mixture of transfection reagent, transfection medium and amount of plasmid was prepared
according to the table 2.9. The mixture was incubated for 15 minutes to allow the transfection
reagent to interact with the plasmids. Then, the mixture was carefully added to the cells. In the
case of RPMI-7951 cells, only FUGENE HD was used as transfection reagent.
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Table 2.9: Mix for plasmid transfection

TransIT-LT1 FuGENE HD

Type of Plate 24 well 6 well 10 cm 24 well 6 well 10 cm

RPMI medium 100 pl 250 ul 500 ul

OptiMEM 25 ul 450 ul 900 ul

medium

Plasmid DNA 200 ng 750 ng 2250 ng 250 ng 1000 ng 3000 ng

Transfection reagent 2 ul 7.5 pl 20 ul 2.5 ul 10 pl 30 ul
Table 2.10: List of plasmids

Short name Name Source

px459 pSpCas9(BB)-2A-Puro (PX459) Addgene #48139

pcDNA pcDNA 3.1 Addgene V790-20

Wnt3a pcDNA3 Wnt3a Addgene Plasmid #35908

Wnt3a C155A pcDNA3 Wnt3a C155A Brugger lab

Wnt3a S209A pcDNA3 Wnt3a S209A Brugger lab

Wnt3a S300A pcDNA3 Wnt3a S300A Brugger lab

Wnt3a S301A pcDNA3 Wnt3a S301A Brugger lab

Wnt3a S338A pcDNA3 Wnt3a S338A Brugger lab

Wnt3a T343A pcDNA3 Wnt3a T343A Brugger lab

Wnt3 pcDNA3 Wnt3 Addgene Plasmid #35909

wnt3 8- wnt11 pcDNA3 Wnt318-wnt11 Boutros lab

Wnt11 pcDNA Wnt11 Addgene #35922

Wnt11 N40Q pcDNA Wnt11 N40Q Boutros lab

Wnt11 T42P pcDNA Wnt11 T42P Boutros lab

Wnt11 C80A pcDNA Wnt11 C80A Boutros lab

Wnt11 C157A pcDNA Wnt11 C157A Brugger lab

Wnt11 S215A pcDNA Wnt11 S215A Boutros lab

Wnt11 S217A pcDNA Wnt11 S217A Brugger lab

Wnt11 S219A pcDNA Wnt11 S219A Brugger lab

Wnt11 K332A pcDNA Wnt11 K332A Brugger lab

Wnt11 T340A pcDNA Wnt11 T340A Brugger lab

Wnt11 S215A/C80A pcDNA Wnt11 S215A/C80A Boutros lab

Wnt11¥48-wnt3 pcDNA3 Wnt11148-wnt3 Boutros lab

Wnt5a pcDNA Wnt5a Addgene # 35911

Wnt5b pcDNA Wnt5b Addgene # 35912

TCF4/Wnt luciferase reporter

6xKD; pGL4.26 6xTcf-Firefly luciferase

K. Demir (Boutros lab)

Renilla reporter

pAct-RL (Renilla luciferase)

D. Nickles (Boutros lab)

2.8 Silencing of the acyltransferases ZDHHC5, ZDHHC6 and CPT1A by siRNA

HEK293T cells were seeded in 6 well plates (5 x 10° cells/well) and transfected in parallel with
siRNAs (siRNA reverse transfection) to silence the ZDHHC5, ZDHHC6 and CPT1A genes. For this
purpose, Dharmacon siGENOME Human siRNAs were used Table 2. 11. The siRNAs targeting
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ZDHHCS5 (catalog ID: MQ-026577-01-0002), ZDHHC6 (catalog ID: MQ-014101-01-0002), CPT1A
(catalog ID: MQ-009749-02-0002), UBC (positive silencing control, catalog ID: MU-019408-01-
0002), and untargeted control siRNAs (catalog ID: D-001210-01-05) were diluted to obtain a
20 uM stock solution using 1x Dharmacon siRNA Buffer. In a new vial, the siRNAs were diluted
1/8 with ddH,0, resulting in a working solution with a concentration of 2500 nM.

Table 2.11: List of siRNAs

Target gene Supplier Reference
SIGENOME siRNA Human ZDHHC5 Dharmacon™ Catalog ID:
MQ-026577-01-0002
SIGENOME siRNA Human ZDHHC6 Dharmacon™ Catalog ID:
MQ-014101-01-0002
SIGENOME siRNA Human CPT1A Dharmacon™ Catalog ID:
MQ-009749-02-0002
SIGENOME siRNA Human UBC Dharmacon™ Catalog ID:
MU-019408-01-0002
SIGENOME siRNA Human Non targeting | Dharmacon™ Catalog ID:
SiIRNA #1 D-001210-01-05

2 ul of Lipofectamine RNAIMAX transfection reagent was diluted in 250 ul of RPMI medium for
each well to be transfected. To the diluted RNAIMAX/RPMI mixture, 2 ul of the respective
siRNA working solution was added to achieve a final concentration of 20nM siRNA in the mix.
The new RNAIMAX/RPMI/siRNA mixture was added to each well of a 6 well plate and incubated
for 20-30 min. After incubation, HEK293T cells were seeded onto the RNAIMAX/RPMI/siRNA
mixture in the 6 well plate at a density of 3x 10° cells/well. The cells were incubated for 72
hours.

In experiments requiring Wnt11 overexpression, plasmid transfection was performed 24 hours
after seeding (see section 2.7).

2.9 Confirmation of silencing of acyltransferases candidates by RT-qPCR

To validate the silencing of acyltransferase candidates involved in Wnt11 secretion, RT-qPCR
was used.

2.9.1 RNA extraction

RNA extraction was performed 72 hours after HEK293T cells were treated with siRNA (in the
same manner as in section 2.8). The cell culture medium was removed, and the cells were
washed carefully with PBS. The cells were then lysate and treated for RNA extraction as it is
described in the QIAGEN RNeasy Mini Kit with on-column DNase digestion kit together with
the QIAGEN RNase-Free DNase Set to reduce DNA contamination (both procedures according
to the manufacturer's instructions, HB-0435-005, HB-0456-004, cat. no. 74004, cat. no.
79254). After RNA extraction the RNA concentration was measured with Nanodrop.

2.9.2 Synthesis of complementary DNA (cDNA)

The cDNA synthesis was performed with the RevertAid H minus first-strand cDNA synthesis kit
(Fermentas Thermo Scientific). The following components were added to a 1.5 mL nuclease-
free tube: 1 ug of total RNA, 1 ul of oligo(dT)20 (10 uM) and RNase-free water up to 12 pl.
Samples were placed at 70 °C for 5 min in a thermocycler, then cooled to 4 °C. A transcriptase
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mix was prepared using 4 ul of RT buffer, 1 ul of RiboLock, 2 ul of dNTP, and 1 pul of M-MulLV
for each sample. Next, 8 ul of transcriptase mix was added to the RNA +oligo(dt) samples. The
sample was mixed by gently pipetting up and down and then centrifuged. Next, the mixture
was then incubated at 37 °C for 5 min, followed by incubation at 42 °C for 60 min. The reaction
was inactivated by heating at 70 °C for 10 min.

2.9.3 RT-gPCR

RT-gPCR was performed in 384-well plates in a Roche LightCycler 480 Instrument Il with
Universal Probelibrary dual hybridization probes (Table 2.12). The cDNAs were diluted to
5 ng/ul. Subsequently, 5.5 ul of cDNA per well was added to the LC 384 plate (25 ng/well). Then,
5.5 ul of the following master mix was added to each well:

Table 2.12: Master mix qPCR

Components mastermix: Final concentration Amount per well
LC-480 Mix (2x) 1x 5 ul
for/rev-primer mix 0.6 UM (each primer) 0.33 ul

(each primer: 20 uM)

Universal library probe (10 uM) 0.15 uM 0.17 ul

Table 2.12: Primers and probes for RT-gPCR

Target Name primers for . Probe
Pri S 'to 3 T GC Prob
mMRNA qPCR imers equence 5' to m | % obe T —
CPT1A#29_for Forward cctcegtagetgacteggta 56 60
#29 4687612001
CPTIA CPT1A#29 rev Reverse cggagtgaccgtgaactga 53 58
CPT1A#55_for Forward cagtgggagcggatgttta 51 53
= eleecagceedle #55 4688520001
CPT1A#55_rev Reverse tctcatgtgcetggatggtgt 52 50
ZDHHC6#40_for Forward aaaaagcagataagagagtcagaagt 55 37
= e°38 £96367c36336'6 #40 4687990001
ZDHHCE ZDHHC6#40_rev Reverse gaaggttttgattcctttattcagag 53 35
ZDHHC6#74 _for Forward aaagcagataagagagtcagaagtgtt 55 37
= ecae £9836C9386 #74 4688970001
ZDHHC6#74_rev Reverse gaagaaggttttgattcctttattca 52 31
ZDHHC5#46_for Forward gacgcacaaccaatgaacag 52 50
#46 4688066001
ZDHHCS ZDHHC5#46_rev Reverse tgcagagaacacggctga 50 56
ZDHHC5#73_for Forward catggacccagggattttc 51 53
#73 4688961001
ZDHHC5#73_rev Reverse gggagctcggaaatcatctt 52 50
UBC_#11_rev Forward ctgatcagcagaggttgatcttt 53 43
UBC #11 4685105001
UBC_#11_for Reverse tgttgtagtcagacagggtacga 55 48

The gPCR was run under the following settings:

Table 2.13: settings qPCR

Cycle Time Temperature
1 10min 95°C
10s 95°C
45 20s 55°C
1s 72°C
1 10s 40°C

Threshold or quantification cycles (Cq) were calculated using the LightCycler 480 software.
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2.10 Short-guide (sg) RNA design, cloning and generation of knockout cells

All the pools of cells treated with sgRNAs or knockout cell lines were generated by O.
Voloshanenko (M. Boutros group, DKFZ, Heidelberg) according to [55, 106]. The sgRNAs were
designed using the E-CRISP tool (http://www.e-crisp.org/E-CRISP, Table 2.13) [107].
Oligonucleotides were purchased from Eurofins (Ebersberg, Germany), annealed, and cloned
into px459 vector (Addgene #48139) as it is described in [106]. The vectors px459 with the
respective sgRNAs were transfected in HEK293T and HCT116 as described in the section 2.7.
As a control of transfection efficiency, in a separate well, cells were transfected with sgRNA
targeting the UBC gene, knockout of this gene induces cell lethality. Forty-eight hours after,
transient transfection selection was performed with 1 pg/mL of puromycin for 48-72 hrs. As a
control of the efficacy of antibiotic selection, the death of untransfected cells was checked.
After antibiotic selection, cells were cultured with fresh medium without antibiotics until 80%
confluence was reached. The cells were then split for selection of single-cell clones*, whereby
the cells were diluted to a concentration of 500 cells/ml and seeded in 220 pl of medium per
well in a 96-well plate following four serial dilution steps (1:10). Single clones were checked by
microscope and expanded. In the case of HCT1162® clones were expanded in the presence of
recombinant mouse Wnt3a (50 ng/mL, Peprotech, Hamburg, Germany) or 20% filtrated
medium of wild type HCT116 cells. Knockout clones were validated using mutation analysis by
indel-nested PCR as described [108].

*Note: For lipidomic experiments, some samples came from pools of cells treated with sgRNAs
without single-cell cloning selection. In this case the cell pool was cultured only one week after
the end of antibiotic selection and submitted directly to lipidomic analysis.

Table 2.13: sequence sgRNAs

guide RNA sequence

sg_Evil TGGACGTTTCCCTGGCTTAC
sg_Evi2 AATCAGTTAAGTGTACTCTC
sgPORCN_11 TGACATGGCACAAGATGCG
sgPORCN_35 GTGCTTGCATGCTTCAGGT
sgPORCN_192 GGAGCAGCCAGATCTGGTCA

2.11 Cell lysate and determination of protein concentration

Cells were washed carefully once with prewarmed PBS at 37 °C, and the plates were placed on
ice. Cells were detached using cold PBS and pipetting up and down. The resuspended cells were
transferred into a 2 mL or a 15 mL Falcon tube (depending on the experiment) and centrifuged
at 300 x g for 10 min and at 4 °C. The supernatant was discarded and the cell pellet was
resuspended in the respective lysis buffer (lysis buffer depends on the type of experiment, see
Table 2.4) 150 ul per well for 6-well plates or 450 ul for 10 cm plates. The suspension was
transferred into a 1.5 mL tube, and incubated on the rotor wheel for 1 h at 4 °C. The cell lysate
was centrifuged at 16000 x g, 4 °C for 30 min, and the supernatant was divided into a new
1.5 mL tube *. The cell lysate was snap frozen or used directly. The protein concentration of
the cell lysate was measured with the PierceTM bicinchoninic acid (BCA) protein assay kit
according to the manufacturer's instructions (96-well plate).

*Note: For SDS-PAGE or immunoprecipitation experiments, the cell lysate was divided into 3
vials, 50 pL as input for western blot, 20 pL for protein quantification with BCA and the rest for
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immunoprecipitation. After protein quantification, the required sample volume was calculated
taking into account that the amount of protein for immunoprecipitation or SDS-PAGE were the
same for all treatments.

2.12 Immunoprecipitation

A premix to coat magnetic Protein G Dynabeads (Thermo Fisher) with respective antibodies
was prepared at least 2 hours prior to immunoprecipitation of Wnt proteins. For this purpose,
the total amount of magnetic beads and antibody needed for pulldown was calculated by
multiplying the volume needed for 1 sample by the total number of samples (30 ul of magnetic
beads and 1 pul of Wnt antibody per sample). To prepare the premix, using a magnetic rack, the
beads were washed four times with wash buffer (see Table 2.4). The wash buffer was then
discarded and the beads were resuspended in 100 ul of lysis buffer per sample. The calculated
total amount of Wnt antibody was then added to the beads. The premix was incubated in
rotation at 4 °C for at least 2 h before addition to the cell lysate.

100 ul of the bead plus antibody premix was added to new vials. The cell lysate was then added,
taking into account the volume previously calculated by BCA to have equal amounts of protein
(section 2.11). The mixture of cell lysate, antibody, and magnetic beads was incubated in
rotation at 4 °C overnight.

After overnight incubation, the beads were separated from the cell lysate using a magnetic
rack. An aliquot of the lysate was taken as a control of the material that did not bind to the
beads. The lysate was then discarded, and the beads were washed three times with wash
buffer three times. Finally, the protein was eluted from the beads with Laemmli buffer.

2.12.1 Wnt-Evi interaction by co-immunopercipitation

HEK293T cells were seeded in 10 cm plates at a density of 1 x 10° cells/plate. 24 h later, cells
were transfected with constructs for overexpression of either Wnt11 wild type, the chimera
Wnt3148-Wnt11, the Wnt11 N40Q or Wnt11 T42P. Immunoprecipitations were performed by
pull down of Wnt11 as described above. The samples were run by western blot, and the
membranes were probed for the presence of Evi and Wnt11 using the respective antibodies
from table 2.2.

2.13 SDS-PAGE and Western Blot

2.13.1 Electrophoresis

Protein samples were run on precast NUPAGE 4-12% BisTris gels from Life Technologies GmbH
on XCell SurelLock Mini-Cell XCell electrophoresis system. The system was assembled as
described in [109]. Briefly, the gel was removed from the plastic bag and washed with water.
The comb was slowly removed, and the gel was stripped at the base. The gel was mounted in
the cassette and electrophoretic chamber. 1x MOPS buffer (stock 20x MOPS buffer: 1 M MOPS,
1 M Tris-Base, 20 mM EDTA, 69.3 mM SDS in ddH20) was added to the center of the cassette
until it filled the cassette, spilled over, and covered the base of the chamber. The wells were
carefully washed with MOPS using a syringe.

For 12-well gels, 10 pl of standard molecular marker or 6 pl of fluorescent molecular marker
(depending on the detection system to be used*) was loaded. In the case of the
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immunoprecipitation eluate, 20 ul of sample per well was loaded. For the input samples or cell
lysate, the volume to be loaded was calculated respecting the protein concentration in such a
way to have the same amount of proteins per well. After loading the samples, the
electrophoretic chamber was closed and operated for 20 min at 80V to allow the samples to
enter the stacking gel. The voltage was then changed to 120V for 90 min or more until the
loading dye exited the gel.

* Note: When the signal of the membranes was detected with films and developer machine,
10 ul of Seeblue plus2 standard was used as standard molecular marker. When the signal was
detected in the Lycor system, 6 ul of Precision plus protein standards, BIO-RAD was used as
fluorescent molecular marker.

2.13.2 Incubation with antibodies and membrane developing

After blotting, the membranes were blocked with 5% milk or 5% BSA in TBST for 1 hour. The
membranes were then washed with TBST three times for 5 min on a shaker. These were then
incubated with the primary antibody overnight at 4 °C or for 2 hours at room temperature (see
Table 2.2, typically 5 mL total volume in a 50 mL Falcon tube), incubation in Roller Falcon Tube
Mixer. The membranes were then washed with TBST five times for 5 min on a shaker.

The membranes were incubated for one hour with horseradish peroxidase (HRP)-coupled
secondary antibodies at room temperature to detect proteins by chemiluminescent system.
The membranes were then washed 5 times for 5 min on a shaker and incubated with enhanced
chemiluminescence (ECL) substrates. HRP induced light emission, which was captured with
Amersham Hyperfilm ECL and made visible with the COMPACT 2 X-ray film processor. When
signal amplification was required, the membranes were incubated with the highly sensitive
substrate SuperSignal West Femto Table 2.1.

To detect proteins using the fluorescence system, the membranes were incubated for two
hours at room temperature with secondary antibodies coupled to fluorescent dyes emitting at
680 nm or 800 nm table 2.2. The membranes were then washed 5 times for 5 min on a shaker
and then scanned on the Odyssey ClLx-1014 LI-COR fluorescence imaging system controlled
with ImageStudio Ver 5.0.

To detect biotin by a chemiluminescent detection system, HRP-conjugated streptavidin
(Rockland; S000-03) was used at a 1:10000 dilution in BSA by incubating the membranes for
one hour. To detect biotin using a fluorescent imaging system, IRDye 800CW streptavidin (LI-
COR; 925-32230) was used at a 1:5000 dilution in BSA by incubating the membranes for two
hours.

2.14 Detection of covalent lipid modification of Wnt1l or Wntll mutants by
immunoprecipitation and alkyne-azide-cycloaddition click reaction

Click chemistry refers to a group of reactions that allow the union of two modified
biomolecules containing a specific functional group. One of these reactions is the alkyne-azide-
cycloaddition click reaction, which links a molecule containing an azide group to another
molecule that has an alkyne group [110]. Here, this reaction was employed to label chemically
modified lipids that contain an alkyne group to a biotin molecule with an azide group (I used
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the term click labeling to refer to the lipid-alkyne biotin-azide click reaction, Figure 2.1). The
modified lipids used were palmitic acid alkyne (cC16:0) and palmitoleic acid alkyne (cC16:1n-
7) fatty acids. For the detection of lipidation of Wnt proteins, click labeling approach in
conjunction with protein immunoprecipitation was used (Figure 2.1). The detection of Wnt
lipidation through click labeling was established based on the articles [49, 51, 59, 110, 111].
The procedure has eight general steps, which are: seeding of cells, transfection for Wnt protein
expression (depending on the cell type if transfection is required), lipid incubation of cells with
cC16:0 or cC16: 1n-7 alkyl fatty acids, cell lysis and measurement of protein concentration, the
capture of Wnt proteins by immunoprecipitation using antibodies and magnetic beads, alkyne-
biotin-cycloaddition click reaction on beads, elution of proteins from beads, and Western blot
of eluted samples (Figure 2.2).

2.14.1 Seeding and incubation of cells with cC16:0 or cC16:1n-7 alkyne fatty acids

HEK293T, HEK293TAPORCN cells or stable cells lines HEK293T Wntll  HEK293TAPORCN_1-Wntll \yare
seeded with complete DMEM in six-well plates, 3x10°cells per well or in 10 cm plates 1x10°
cells per plate. 24 h after seeding, a mixture of lipid-labeling medium containing DMEM
medium, 10% charcoal-depleted FBS, 0.5% DMSO, 100 uM cC16:0 or cC16:1n-7 alkyl fatty acids
(depending on treatment) was prepared. The mixture was sonicated for 15 min to allow better
homogenization of the lipids in the medium. After sonication, the lipid-labeling media mixture
was heated for 10 min at 37 °Cin a water bath.

Medium of cells was discarded and a first dose of warm lipid-labeling medium were added,
2 ml for 6 well plate (0.2 umol/well of clickable fatty acid) or 10 ml for 10 cm plate (1
umol/plate of clickable fatty acid). A second dose was carefully added on top of the cell
medium 24 hours after the first dose. For the second dose, the lipid-labeling media mixture
was again prepared using the same amount of DMSO, cC16:0 or cC16:1n-7 as the first dose,
but in a smaller volume, 500 ul per well or 1 mL per plate, of DMEM, 10% charcoal-depleted
FBS. After adding the second dose, the cells were incubated for another 12 hours, making a
total of 36 hours of incubation with the lipid-labeling media mixture.

2.14.2 Transient transfection of Wnt3a, Wnt11 or the mutants

After 24 hours of seeding cells, and immediately after adding the first dose of lipid-labeling
media mix, HEK293T or HEK293TAPORN cells were transfected, with one of the following
plasmids: pcDNA Wnt11, pcDNA Wnt11l N40Q, pcDNA Wnt11l T42P, pcDNA Wntl1l C80A,
pcDNA Wntl11l C157A, pcDNA Wnt11l S215A, pcDNA Wntl11 S217A, pcDNA Wntl11l S219A,
PcDNA Wnt11 K332A, pcDNA Wnt11 T340A or pcDNA Wnt11 C80A/S215A. A mix per well was
prepared for the transfection and added to the cells as it is described in section 2.7 and Table
2.9. The transfection was skipped for the stable cell lines HEK293T Wnt11 HEK293TAPORCN._ 1 wntll
which have the constitutive expression of Wnt11.

Thirty-six hours after the incubation with the lipid-labeling media mix, the cells were lysed as
described in section 2.11. The pulldown of the protein was made as it is described in the section
2.12 by immunoprecipitation. After the immunoprecipitation click labelling was performed.

2.14.3 Click labeling

After overnight incubation of lysed cells with antibody coated beads, supernatant was
separated from beads using a magnetic rack. Supernatant was snap frozen and stored for WB
analysis. The magnetic beads were washed with PBS + 1% Triton X100 for 15 min in cold room.

43



Stock solutions of CuS0O4, TBTA, and TCEP were prepared in 2mL tubes to get 50 mM CuSO4
dissolved in water, 50 mM TCEP (tris(2-carboxyethyl)phosphine) dissolved in water, 5mM TBTA
(Tris[(1-benzyl-1H-1,2,3-triazol-4-yl) methyl] amine, Sigma-Aldrich) dissolved in DMSO, and 10
mM Picolyl-Azide-PEG4-Biotin (Jena Bioscience) dissolved in DMSO. A master mix containing
200 uM CuS04, 200 uM TCEP, 20uM TBTA, 10 mM Picolyl-Azide-PEG4-Biotin in water was
prepared, first it was added CuSO4, TCEP, and Picolyl-Azide-PEG4-Biotin, briefly vortexed, and
after 2 min it was added the TBTA. The master mix was split into new vials, 100 ul per sample.
Next, 100 ul of the mix of beads with the immunoprecipitated protein was added to 100 ul of
click mix and incubated for 2 hours at 37 °C without light, shaking at 850 rpm. After 2 hours,
the beads were washed two times with 1 mL of PBS + 1% Triton x100, using magnetic rack.
Finally, the protein was eluted with 50 pl of 2X Laemmli buffer without DTT with 1% beta-
mercaptoethanol, incubating at 65 °C, 850 rpm shaking for 15 min. The eluate was spun down
and, with the help of a magnetic rack, transferred to new vials and used for western blot.
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Figure 2.1: Click labeling reaction between cC16:0 or cC16:1n-7 and biotin azide.

A. General scheme of alkyne-azide cycloaddition click chemistry reaction. A complex between Copper (Il) and
TBTA is reduced with TCEP to form Copper (I), catalyzing the click reaction. B. Click reaction with palmitic acid
alkyne (cC16:0) and biotin azide react to form an adduct through a triazole ring link. C. Click reaction with
palmitoleic acid alkyne (cC16:1n-7) and biotin azide.

44



Alkyne-Azide Cycloaddition c Pull down protein
click chemistry reaction

Ly

Cell > **Y ~<
Cu (I NS Lysate y <x M -
—_ TCEP \ / LA YA B
= N-=N+= N—* TBTA ) = v
._ ' .

beads

n O.N.
Fatty aC(:;%?()Ikyne Triazole ring links O
c or : Biotin azide the fatty acid
ith bioti
cC16:1n-7 Wit biofin
B
. WT
« PORCN_KO ’
: Click on
b3 the beads
N
N4
w
T

Seedcells Transfection
Wnt11 n=N,
o Addition of "
Atglg%" of cC16:0 or cC16:1n-7
c 0 or Biotin
cC16:1n-7 Cells

E Elution
Samples
Streptavidin

. HRP
WB %EWHUO"ES:;M
dye
Figure 2.2: Detection of lipid modification on Wnt proteins.

A. Principle of the alkyne-azide click chemical reaction (click labeling). Here palmitic acid alkyne (cC16:0) or
palmitoleic acid alkyne (cC16:1n-7) and biotin azide react to form a covalent bond between the fatty acid and
biotin via a triazole ring bond. A complex between Copper(ll) and TBTA is reduced with TCEP to form Copper(l),
catalyzing the click reaction. B. Scheme of the protocol for metabolic incubation of cells with palmitic acid alkyne
(cC16:0) or palmitoleic acid alkyne (cC16:1n-7). HEK293T cells were seeded in 6-well plates or 10 cm plates as
indicated in section 2.14.1. One day later, 100 pM of cC16:0 or cC16:1n-7 was added to the cells. On the same
day, cells were transfected with plasmids to overexpress wild-type Wnt11 or Wnt11 mutants. On the following
day (day 2), a second dose of cC16:0 or cC16:1n-7 was added to the cells and incubated for a total of 36 hours of
incubation with the clicked fatty acids. On day 3, cells were collected for immunoprecipitation and click labeling.
C. Pull down of Wnt11 protein from the cell lysate was performed by immunoprecipitation with magnetic beads
and specific antibodies for Wnt11 (see section 2.11 and 2.12). Next, click labeling was performed on the beads
(see section 2.14.3). Samples eluted from the beads were then analyzed by western blot to identify the Wnt11
protein and its lipid modification. The protein was detected using specific antibodies for Wnt11 and its lipid
modification was detected using streptavidin conjugated to HRP or to a fluorescent dye.

2.15 Deglycosylation assay

The assay uses a cocktail of deglycosylation enzymes to remove almost all N-linked or O-linked
oligosaccharides, which are post-translationally bound to proteins. The assay readout assesses
the molecular weight difference, corresponding to the loss of glycans, and is detected by signal
band mobility shifts in immunoblots corresponding to proteins with and without glycans. For
the assay, 1x10° HEK293T cells were seeded in 10 cm plates. Twenty-four hours after the
seeding, cells were transfected, as indicated in section 2.3, with the respective plasmids for
Wnt3 or the chimera protein Wnt11'48-Wnt3 expression. The procedure continues depending
on whether it is on secreted proteins to cell culture media or proteins of the cell lysate.

2.15.1 Procedure to assess glycosylation in proteins from cell lysates
After removal of the culture medium, the cells were carefully washed with PBS, detached from
the plate with cold PBS and scraper, and transferred to a 15 mL falcon tube. The cells were
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then pelleted by centrifuging at 300 x g for 5 min at 4 °C. To each pellet, 200 uL of lysis buffer
(with 1% Triton X100 and phosphatase inhibitors) was added and mixed up and down with a
pipette. Samples were incubated with rotation for 1 hr at 4 °C, and then centrifuged at 14000
rpm for 30 min at 4 °C. The supernatant (cell lysate) was transferred to a new 2 mL tube.

Then, 50 uL of cell lysate was transferred to a new tube and the deglycosylation was
performed. 5 ul of deglycosylation Mix buffer 2 was added and samples were incubated at
75°C for 10 min. The samples were cooled to room temperature, and 5 ul of protein
deglycosylation Mix Il was added and mixed gently. The reaction was incubated at 25 °C for
30 min, shaking in a ThermoMiixer at 650 rpm. The reaction temperature was then increased
to 37 °Cand samples were further incubated for 2 hours, shaking in the thermoMixer 650 rpm.
25 ul of 5x Laemmli buffer was added to the cell lysate and incubated at 75 °C for 15 min with
shaking on the ThermoMixer 650 rpm. Samples were then centrifuged and analyzed by SDS-
PAGE and immunoblot as explained in section 2.14. Blots were probed with antibodies against
Wntll, Wnt3 and HSC70.

2.15.2 Procedure to assess glycosylation in proteins from extracellular medium

Forty-eight hours after transfection,10 mL of culture medium was collected in a 15 mL falcon
tube. To remove debris, the medium was centrifuged at 300 x g 4 °C for 10 min, and then the
medium was transferred to a new falcon tube, and the pellet was discarded. 50 ul of the
medium was taken as input sample for the immunoblot. Next, 150 ul of pre-washed blue
sepharose beads were added to the culture medium. Triton X100 was added to the medium
to get a final concentration of 1%. The mixture of medium with beads was incubated rotating
overnight at 4 °C. The next day, the blue sepharose beads were centrifuged at 100 x g for 5 min
at 4 °C and the supernatant was discarded. The beads were washed 4 times with PBS + 1%
Triton X100 for 5 min at 4 °C each time. The beads were centrifuged at 100 x g for 5 min at 4 °C
and the remaining wash buffer was discarded. The following steps were performed according
to the Protein Deglycosylation Mix Il protocol [112]. The beads were resuspended in 50 ul of
lysis buffer. Then, 5 pl of deglycosylation buffer 2 was added and incubated at 75 °C for 10 min.
The samples were cooled to room temperature, and 5 pl of Protein deglycosylation Mix Il was
added and mixed gently. The reaction was incubated at 25 °C (room temperature) for 30 min,
shaking in the ThermoMiixer at 650 rpm. The reaction temperature was then increased to 37
°C and set for 2 hours*, stirring in the thermoMixer at 650 rpm. 25 pl of 5x Laemmli buffer was
added to the beads and incubated at 75 °C for 15 min by shaking on the thermoMixer 650 rpm.
The beads were then centrifuged, and the eluted sample was transferred to new tubes.
Samples were analyzed by SDS-PAGE and immunoblot, as explained in section 2.13. Blots were
probed with antibodies against Wnt11, Wnt3, and HSC70.

2.16 Wnt secretion assay with Blue Sepharose beads

To qualitatively assess the amount of Wnt secreted into the extracellular medium, Wnt
proteins were enriched from cell culture supernatants using Blue Sepharose 6 Fast Flow beads
and analyzed by Western blotting as described in [113]. HEK293T cells were seeded in 6-well
plates, 2 mL of medium per well and 2 wells per condition at a seeding density of 3x10°
cells/well were used. Medium was collected from 6-well and transferred to 15 mL Falcon tubes,
4 mL per condition. The debris in the extracellular medium were pelleted and discarded by
centrifugation at 300 x g 4 °C for 10 min. The supernatant was transferred to new 2 mL vial
tubes or 15 mL Falcon tubes. 30ul of Blue Sepharose beads were used per 2 mL of medium.
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Blue Sepharose beads were washed 4 times in PBS before use. The beads were centrifuged
and the remaining PBS was removed. The beads were resuspended again in 30ul of PBS per
condition and added to the extracellular medium. Triton X100 was added to the medium to
give a final concentration of 1%. The mixture of beads + media was incubated overnight at 4 °C
with rotation. The Blue Sepharose beads were then washed once with PBS + 1% Triton X100
for 10 min and the proteins were eluted with 1X Laemmli buffer with DTT at 65 °C for 15 min
by shaking on the thermoMixer 650 rpm. Eluted samples were analyzed by SDS-PAGE and
Western Blot.

2.17 Analysis of lipidation sites on Wnt3a and Wnt11 by mass spectrometry

For an independent approach towards studying Wnt acylation, our group teamed up with the
group of Prof. Carsten Hopf (Center for Mass Spectrometry and Optical Spectroscopy-CeMOS,
Mannheim) to establish a mass spectrometric analysis of commercially available purified Wnt
proteins and determine possible lipid modification sites on Wnts. The results were obtained by
Dr. Diego Yepes in the CeMOS group.

5 ug of commercially purified recombinant Human Wnt3a and recombinant Human Wnt11
proteins (from CHO cells, R&D system Catalog#: 5036-WN-010/CF and Catalog#: 6179-WN-
010/CF) were run by SDS page in 16% Tricine-Glycine gels. Bands were cut out from gel and in-
gel digestion was performed. First, a deglycosylation step was performed using
PNGaseF 1000 U + 0.1% RapiGest in 100 mM ammonium bicarbonate in 97% H>*80, incubated
at 37 °C for 24 h. Then reduction and alkylation of the samples were made, by adding
10 mM TCEP in 97% H2'80 followed by the addition of 100 mM iodoacetamide (IAA) in 97%
H,80. For trypsin digestion, 1 pg trypsin (50 mM in 97% H,'80) was added to the gel pieces
and incubated at 37 °C for 18 h. Then, the peptides were extracted from gel adding first 5%
acetonitrile (ACN) in 97% H,*0; 0,1% formic acid (FA), then adding 60% ACN in 97% H,*0 (x2);
0,1% FA, and finally adding 90% ACN in 97% H,*20.

Samples were analyzed by LC-MS/MS. The liquid chromatography (LC) was run on an Agilent
1260 Infinity CapLC instrument with the following settings: Column: ZORBAX SB-C18, gradient:
from 3-60% in 70 min (A: 0,1% FA; B: ACN with 0,1% FA). The column temperature was set up
at 40 °C with a flow rate of 12 pL/min (+/-). 120 ng of the sample were loaded. The mass
spectrometry measures were made using a Q-Tof Impactll Bruker system. The samples were
run in the positive mode under the following conditions: AutoMSMS Top10 Method. Capillary
4500 V Nebulizer: 0.7 bar. Dry gas 6 I/min. Dry temperature: 150 °C. Mass range 150-2200 m/z
Spectra rate: 5 Hz.

The data analysis of the mass spectra was made with the software PEAKS [114]. The search
settings to find post-translational modifications were: Parent Mass Errors Tolerance: 10 ppm
Fragment. Mass Error Tolerance: 0,05 Da. FDR: 1%. Precursor Mass Search Type: monoisotopic.
Enzyme: Trypsin (Semi). Max. Missed Cleavages: 3. Digesting Mode: Semi-specific. Fixed
Modification: Carbamidomethyl (C) (+57,021) Variable Modifications; Palmitoylation (N)
(+238,23); Oxidation (M) (+15,99); 180 Deamidation (N) (+2,99); 180 Labeling (C-term)
(+2,00); Max. Variable PTM per Peptide: 3.
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2.18 Incorporation of cC16:0 and cC16:1n-7 into lipid species

2.18.1 Thin Layer Chromatography assays (TLC)

This assay was used to track fatty acid metabolism by click chemistry. Employing thin layer
chromatography (TLC), lipid extracts were separated on a silica glass plate support. The
protocol was adopted from Thiele et al [110].

5x10° HEK293T cells were seeded in 6 well plates and incubated with 100 uM of ¢C16:0 or
cC16:1n-7 for 36 h, maintaining the same incubation conditions used to detect lipidation at
Wntl1l (Figure 2.2B). After incubation time, cells were washed twice with PBS at room
temperature. Around 1x10° cells were collected to 1.5 mL vials using scraper and 1 mL of PBS.
The cells were pelleted at 300 x g for 5 min and the PBS was removed. The pellet was
resuspended in 330 ul of ddH20. 600 pul MeOH was added to the resuspended pellet and
vortexed for 10 seconds. Next, 150 ul of CHCI3 were added and vortexed for 10 seconds. The
vortexed extract was cleaned by centrifugation (14000 rpm for 5 min), the supernatant was
transferred to 2 mL vials and the pellet was discarded. Next, 300 pL of CHCI3 were added to
the supernatant and vortexed for 10 sec. Next, 600 pL of 0.1% acetic acid in H20 (v/v) was
added and vortexed for 10 seconds. The mixture was centrifuged at 14,000 rpm for 5 min. The
upper phase was discarded and the lower phase was carefully transferred to a new vial tube.
The solvent was removed in speed vac for 20 min at 30 °C.

Lipid extracts were subjected to a click reaction with 3-Azido-7-hydroxycoumarin and thin layer
chromatography analysis was performed comparing the samples with standards of different
lipid classes. 0.5 nmol of each standard was used (pacFA-18:1 PC, Avanti 900408, pacFA
Ceramide; Avanti 900404, pacFA Glucosylceramide, Avanti 900405, and clickable SM
(synthesized in house)). For the click reaction, a click master mix was prepared with 2.5 ulL of
3-azido-7 hydroxycoumarin (44.5 mM), 250 uL of [MeCN]4CuBF4 (10 mM) and 1 mL of EtOH
(100%). %). The extracted lipids were dissolved in 7 ul CHCI3 and 30 pL of the master mix was
added. The reaction was carried out in speed-vac at 45 °C for 20 min. The lipids were then
redissolved in 30 pL of MeOH and applied with CAMAG Linomat 5 on an HPTLC plate (105641
- HPTLC Silica gel 60 (Merck 1.05641.0001)).

The plate was developed in CHCI3/MeQOH/H,0/AcOH 65/25/4/1 to 60% of the plate height. It
was dried for 5 min and re-developed with 1:1 ethyl acetate/hexane to 100% of the plate
height. The plate was sprayed with 4% (v/v) N,N-diisopropyl ethylamine in hexane for sensitive
detection of deprotonated coumarin. It was then dried again in the hood for 1 min to evaporate
excess solvent. Fluorescent imaging of the plate was performed on an AmershamTM imager
600 (GE Healthcare) with excitation at 460nm and emission at 488nm. For sulfuric acid staining,
the plate was soaked with 20% sulfuric acid in water and incubated for 10 to 20 min at 125
degrees until charred lipids appeared on the plate. The plate was then immediately scanned.

2.18.2 Lipidomic analysis of incorporated cC16:0 and cC16:1n-7

Lipid extraction was done by lIris Leibrecht, Christian Lichtenborg and Timo Sachsenheimer.
The samples were measured with a high-resolution mass spectrometer by Timo
Sachsenheimer. Lipidome data was analyzed and provided by Christian Lichtenborg and Timo
Sachsenheimer (Brligger lab).
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HEK293T cells were seeded in 6 well plates (3x10°cells per well) and incubated with 100uM of
cC16:0 or cC16:1n-7, keeping the same incubation conditions used to detect lipidation on
Wntl1 (see section 2.14.1 and Figure 2.2B). After the incubation, the cells were washed twice
with room temperature PBS. Then the cells were scraped in PBS and transferred to 1.5 mL
Eppendorf vials. For each sample, approximately 1 x 10° cells were collected from cell cultures
Cells were pelleted at 300 x g for 5 min, and the PBS was removed. Then the pellet was
resuspended in 100 ul of ammonium bicarbonate ((NH4)HCO3, 155 mM) methanol 1:1 (v/v).
Then the samples were subjected to acidic Bligh and Dyer lipid extraction (SBD-extraction) as
is described in [115, 116]. A mix of the lipid standards PC di 17:0, PC di 18:3, and PE di 17:0 was
included (all of them from Avanti Polar Lipids). Then the lipid extracts were resuspended in 60
ul of a buffer solution of 7.5 mM ammonium-formate in Isopropanol/MeOH/CHCI3 (4:2:1). 5
ul of the resuspended sample was transferred into Eppendorf twin tec 96-well plates followed
by the addition of 15 ul of buffer solution (5 mM ammonium-formate in
Isopropanol/MeOH/CHCI3 (4:2:1)) to get a dilution of 1:3. The resuspended extracts were
submitted to high-resolution mass spectrometry analysis.

Mass spectrometric measurements were performed with negative ion mode on a Q Exactive
mass spectrometer equipped with chip-based (HD-D ESI Chip, Advion Biosciences) nano-
electrospray infusion and ionization (TriVersa NanoMate, Advion Biosciences). The samples
were measured first in a survey full scan MSin an m/z range from 650 to 950. Then the targeted
MS? with m/z corresponding to PC and PE ions for fragmentation was measured.
Phosphatidylcholine (PC) lipid species were measured as formiate adducts [M+HCOO-]- and
phosphatidylethanolamine lipid species were measured as deprotonated ions [M-H]-. Then it
was performed targeted selected ion monitoring mass spectrometry (SIM) with 20 Da windows
with an acquisition time of 20 to 30 min. The acquired data were preprocessed with the
software PeakStrainer to exclude signals which were not present in 70% of the cases during
the repetition of the scans. After the preprocessing of the spectra with PeakStrainer, the
preprocessed data was imported and analyzed with the software lipidXplorer 1.2.8 to obtain
the MS and MS? precursor and fragment data, followed by the selection of intensities for PC
and PE lipid species from the targeted SIM and targeted MS? [117, 118]. The mol percentage
for each PC and PE lipid species was calculated based on the concentration and the intensities
of the lipid standards.

2.19 Lipidomics analysis of HEK293T and HCT116 cells

Lipidomics uses mass spectrometry methods to quantitatively analyze cellular lipidomes from
different biological sources [119]. Here we used lipidomics to analyze the lipid composition of
HEK293T and HCT116 cells either overexpressing Wnt proteins, or that lack of PORCN or Evi by
knockout, or were inhibited from PORCN activity by a small molecule inhibitor. The process
consists of three steps, the first is the extraction of lipids, the second is the measurement by
mass spectrometry and the third is the data analysis by software. Lipidomics analyses were
performed together with Iris Leibrecht, Timo Sachsenheimer and Christian Lichtenborg from
the CellNetworks Lipidomics Platform Heidelberg (B. Brugger lab, BZH, Heidelberg University).

For each sample, approximately 1 x 10° cells were collected from cell cultures of the stable cell

lines HEK293T, HEK293T APORCN ' HEK293T ARV HTC116, HTC1162EY cells; or from HEK293T and
HCT116 cells treated either with LGK974 as described in section 2.2; or HEK293T cells treated
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either with sgRNAs to induce depletion of Porcupine as described in section 2.10, or
transfected with plasmids to overexpress Wnt3a, Wnt5a, Wnt5b or Wntl1 as described in
section 2.7. Cells were pelleted at 300 x g for 5 min at 4 °C.

2.19.1 Lipid extraction

The pellet was resuspended in 100 pl ammonium bicarbonate ((NH2)HCOs, 155 mM). Then,
100 ul of methanol was added. A 1:20 dilution was made in the same buffer
bicarbonate/methanol 1:1. Samples were subjected to Bligh and Dyer acid lipid extraction (SBD
extraction) or neutral extraction as described by Ozbalci et al [115, 116]. SBD extraction was
performed in the presence of an internal lipid standard mixture containing 50 pmol
phosphatidylcholine (PC, 13:0/13:0, 14:0/14:0, 20:0/20:0; 21:0/21:0, Avanti Polar Lipids), 50
pmol sphingomyelin (SM, d18:1 with N-acylated 13:0, 17:0, 25: 0, semi-synthesized77), 100
pmol deuterated cholesterol (D6 cholesterol or D7 cholesterol, Cambridge Isotope
Laboratory), 30 pmol phosphatidylinositol (PI, 17:0/20: 4, Avanti Polar Lipids), 25 pmol
phosphatidylethanolamine (PE, 14:1/14:1, 20:1/20:1, 22:1/22:1, semi-synthesized77), 25 pmol
phosphatidylserine (PS, 14:1/14:1, 20:1/20:1, 22:1/22:1, semi-synthesized77), 25 pmol
diacylglycerol (DAG, 17:0/17:0, Larodan), 25 pmol cholesterol ester (CE, 9: 0, 19:0, 24:1,
Sigma), 24 pmol triacylglycerol (TAG, LM-6000/D5-17:0,17:1,17:1, Avanti Polar Lipids), 5 pmol
ceramide (Cer, d18:1 with N-acylated 14:0, 17:0, 25: 0, semi-synthesized77 or Cer d18:1/18:0-
D3, Matreya), 5 pmol Glucosylceramide (HexCer, d18:1 with N-acylated 14:0, 19:0, 27:0, semi-
synthesized or GlcCer d18: 1/17:0, Avanti Polar Lipids), 5 pmol lactosylceramide (Hex2Cer,
d18:1 with N-acylated C17 fatty acid), 10 pmol phosphatidic acid (PA, 17:0/20: 4, Avanti Polar
Lipids), 10 pmol phosphatidylglycerol (PG, 14:1/14:1, 20:1/20:1, 22:1/22:1, semi-
synthesized77), and 5 pmol lysophosphatidylcholine (LPC, 17:1, Avanti Polar Lipids). Neutral
extraction was performed in the presence of an internal lipid standard mixture containing
phosphatidylethanolamine-plasmalogen (PE P-) standard mix was spiked with 16. 5 pmol PE P-
mix 1 (16:0p/15:0, 16:0p/19:0, 16:0p/ 25:0), 23.25 pmol PE P-mix 2 (18:0p/15:0, 18:0p/19:0,
18:0p/25:0), and 32.25 pmol PE P-mix 3 (18:1p/15:0, 18:1p/19:0, 18:1p/25:0).

2.19.2 Mass spectrometry measurements

The lipid extracts were resuspended in 50 pl of ammonium acetate 10 mM in methanol, diluted
1:10, and transferred into Eppendorf twin-tec 96-well plates. Mass spectrometric
measurements were performed in positive ion mode on an AB SCIEX QTRAP 6500+ mass
spectrometer equipped with chip-based (HD-D ESI Chip, Advion Biosciences) nano-
electrospray infusion and ionization (TriVersa NanoMate, Advion Biosciences) as described
Ozbalci et al. [115, 116). The following precursor ion scanning (PREC) and neutral loss scanning
(NL) modes were used for the measurement of the various lipid classes:

Table 2.14: List of scanning modes for each lipid class

Lipid class Polarity Scan type m/z (Da) Mass range
PA Positive Neutral loss 115 600-900
PC Positive Precursor 184 644-880
LPC Positive Precursor 184 644-880
PE Positive Neutral loss 141 620-860
PE P- Positive Precursor 364.2, 390.3, 392.3 650-850
PS Positive Neutral loss 185 670-910
PG Positive Neutral loss 189 670-910
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P Positive Neutral loss 277 800-950
SM Positive Precursor 184 644-880
Cer Positive Precursor 264.3 500-670
HexCer Positive Precursor 264.3 670-860
Hex2Cer Positive Precursor 264.3 830-1020
Cholesterol Positive Precursor 369 500-800
CE Positive Precursor 369 500-800
DAG Positive Neutral loss 217.3-345.3 500-750
TAG Positive Neutral loss 217.3-345.3 750-1000

Mass spectrometry settings: resolution: unit, low mass configuration; data accumulation: 400
MCA; curtain gas: 20; Interface heater temperature: 60; CAD: medium.

Data evaluation was done using LipidView (Sciex) and ShinyLipids, a software developed in
house.

2.20 Canonical and non-canonical TCF4/Wnt-reporter activity assay

For the canonical TCF4/Wnt-reporter activity assay (implemented in the group of M. Boutros
at DKFZ, [120, 121], Figure 2.3), HEK293T cells were seeded into a 384-well format using white
flat-bottom polystyrene plates, the final volume per well 50 ul at a concentration 5x10*
cells/ml. After 24 h cells were transfected with 20ng TCF4/Wnt firefly luciferase reporter, 10ng
actin-Renilla luciferase reporter, 10ng of pcDNA Wnt3a, or their respective mutants, see Table
2.10 and Figure2.3A. Forty-eight hours post-transfection, the canonical pathway activity was
measured by the luminescence of luciferase with a Mithras plate reader. TCF4/Wnt-luciferase
signals are normalized to the actin-Renilla luciferase reporter.

For the non-canonical TCF4/Wnt-reporter activity assay (implemented in the group of M.
Boutros at DKFZ, [120, 121], Figure 2.3), HEK293T cells were seeded into a 384-well format
using white flat-bottom polystyrene plates, the final volume per well 50 ul at a concentration
5x10% cells/ml. After 24 h cells were transfected with 20 ng TCF4/Wnt firefly luciferase
reporter, 10 ng actin-Renilla luciferase reporter, 10 ng of pcDNA Wnt11 (inhibitory effect on
the Wnt pathway, Figure2.3B), or their respective mutants, see Table 2.10. Forty-eight hours
post-transfection, the luminescence was measured with a Mithras plate reader. Paracrine
induction of Wnt signaling was performed adding recombinant mouse Wnt3a (PeproTech,
Hamburg, Germany), 16 h prior to the luciferase read out. Luminescence was measured with
a Mithras plate reader. TCF4/Wnt-luciferase signals are normalized to the actin-Renilla
luciferase reporter.
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A. Canonical TCF4/Wnt-reporter activity assay
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Figure 2.3: Set-up of canonical and non-canonical TCF4/Wnt reporter activity assay

A. Activation of canonical Wnt pathway after overexpression of Wnt3a in HEK293T cells. B. The paracrine
activation of the canonical Wnt pathway with recombinant Wnt3a is inhibited after Wnt11 overexpression in
HEK293T cells. The readout measures the luminescence emitted by firefly-luciferase expressed under the control
of the TCF4 transcription factor. The signal is normalized with respect to the Actin-Renilla-luciferase reporter.

2.21 Gelatin degradation assay

The gelatin degradation assay was performed in collaboration with L. Wolf (M. Boutros group,
DKFZ, Heidelberg). The steps were followed as it is described in [25]. The assay mimics in vitro
the process of remodeling the extracellular matrix during the invasion and metastasis of
melanoma cells. For the assay, gelatin-coated slides were prepared using the QCM™ Gelatin
Invadopodia Assay (Green) following the manufacturer’s instructions (ECM670, Merck
Milipore). RPMI-7951 melanoma cells (1.5x10° cells) were transfected with plasmids that
codified either for Wntl1, the mutant Wntl11 S215A, or Wnt5a, as is indicated in section 2.3.
72 hrs later, cells were dissociated from the plate and seeded on gelatin-coated coverslips
(3x10* cells per 12 mm coverslip per condition). Gelatin coated slides were prepared using the
QCM™ Gelatin Invadopodia Assay (Green) following the manufacturer’s instructions (ECM670,
Merck Milipore). Additionally, Wnt protein expression in the lysate and supernatant was
checked. Twenty-four hours after seeding on gelatin slides, cells were fixed using 4 %
paraformaldehyde for 10 min at room temperature. For immunofluorescence staining of
coverslips, cells were permeabilized using 0.2% Triton X100/ PBS (v/v, T8787, Sigma-Aldrich)
for 10 min and then blocked with blocking solution (3% FCS (v/v), 1% goat serum (v/v), 0.1%
Triton X100 (v/v) in PBS) for 30 min. Staining of the actin cytoskeleton was performed using
Phalloidin-TRITC (dilution 1/500, provided with QCM™ Gelatin Invadopodia Assay (Green)) for
1 hour followed by three washes in PBS. Coverslips were mounted using ProLong® Diamond
Antifade Mountant with DAPI (P36962, Life Technologies GmbH).

Cells were imaged using a wide field Zeiss Cell Observer with a 20x objective. Eight randomly
chosen fields of view with a minimum of 100 cells per condition were analyzed. Cell numbers
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were counted based on DAPI and actin staining. Gelatin degradation quantification analysis
was performed using Fiji (Imagel) software. The area of gelatin degradation was assessed after
thresholding, and the ratio between this area and the cell number was calculated. The “gelatin
degradation capacity per cell” of each condition was then normalized to its control treatment
per replicate (values close to 1 indicate a small difference between treatment and control). At
least six biological replicates were performed per condition. The resulting values were tested
against 1 using the Wilcoxon signed-rank test and software R, version 3.6.0, and R Studio.
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3 Results

A. Alternative acylation sites and types of fatty acid
modification of Wnt11

3.1 Role of serine 215, cysteine 80 and Porcupine in Wnt11 palmitoylation

Serine 215 and cysteine 80

Wnt11 is a non-canonical Wnt protein, which is key for the development of mammalian heart,
liver, and kidney [86-93]. In polarized cells, its apical and basolateral secretion and subsequent
function has been linked to the acylation of the residue serine 215 [35]. However, the recent
experiments of O. Voloshanenko (M. Boutros group, DKFZ, Heidelberg) revealed that mutation
of serine 215 in Wntl1, impeding its acylation, does not abolish its secretion. In turn, the
protein partially keeps its hydrophobic character (section 1.3.5). These findings suggest that
besides the earlier-proposed regulation mechanism [35], other putative acylation types and
lipid-modified amino acids could be at place.

Firstly, | addressed the question whether lipidation of Wnt11 occurred at serine 215 and/or
cysteine 80, as it has been pointed out before [42, 43]. To this end, HEK293T cells were
incubated with palmitic acid alkyne (cC16:0) and transfected with wild type Wnt11 plasmid or
with the Wnt11 S215A and C80A mutants (Figure 3.1A). The cC16:0 acyl chain attached to
Wntl1l was then detected using Wnt11 pull-down assays in combination with click chemistry
reactions targeting the alkyne fatty acid (see methods of Figure 2.1, 2.2).

Lipidation with the c16:0 fatty acid was observed for the Wnt11 wild type protein for nine out
of ten experimental replicates (Figure 3.1 and Appendix Figure 5.1). Strikingly, lipidation was
also observed for the mutants C80A and S215A, with the latter one lacking the canonical Wnt
lipidation site (Figure 3.1B-C). In the case of Wnt11 S215A, four out of five replicates showed
lipidation, while for C80A, three out of four experiments displayed lipidation (Figure 3.1E and
Appendix Figure 5.1). A double mutant C80A/S215A, with both acylation sites removed,
showed a signal of lipidation in one out of three cases (Figure 3.1D). The results indicate that
there is an alternative lipidation site when either C80 and S215 are removed.

Porcupine

Porcupine was identified as the acyltransferase catalyzing the O-acylation of Wnt proteins [33,
43-45]. To test for the role of Porcupine in lipidation of Wnt11, HEK293T Porcupine knockout
cells (HEK293TAPORCN) were incubated with cC16:0 and transfected with wild type Wnt11
plasmid. Lipid modification was observed for Wnt11 expressed in the HEK293T4PORN cells in
half of the replicates (5 out of 10 experiments, Figure 3.1 and Appendix Figure 5.1). These
results suggest that, besides PORCN, another acyltransferase could be involved in Wnt11
lipidation.

Due to the variability between replicates the results obtained for both Wnt11 S215A/C80A and

HEK293TAPORN cells did not allow to make a definite statement on acylation of Wnt 11. | thus
next attempted to identify the factors responsible for the low experimental reproducibility.
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One parameter that may contribute to varying results is the metabolic conversion of palmitic
acid alkyne cC16:0 to palmitoleic acid alkyne cC16:1n-7, which might take place before the
fatty acid is transferred to the Wnt protein. In fact, several reports have suggested a preference
of Wnts for the monounsaturated palmitoleic acid C16:1n-7 instead of the saturated palmitic
acid C16:0 [36, 43, 45, 55, 60]. Accordingly, the use of cC16:0 in the assay may have affected
the labeling efficiency and thereby may have rendered an unspecific lipidation pattern. Next,
the relevance of the saturation of the fatty acid for Wnt11 lipidation was also investigated (see
section 3.2 below).

A B 3 C
o 5
3 H
1 EEEEE
[ . §3883
282 % $533 s
AR I I IITZI E
330 © —51
I T T T 51 S
s 2
HO. 2 3 . [
\n/\/\/\/\/\/\/\\ 5 . - 30 2 P
N <1 — 3 P
o E s s 51| Wit Number of replicates indicating
T g mee@E|_, lipidation of Wnt11 with cC16:0
= —39 =
]
100uM cC16:0 - + + + 100uM  cC16:0 + o+ +
ONAWR! 5 = = - Empty vector pcDNA3.A  + - - -
PcDNAWnt11G80A - - - + PONAWNIT -+ o+ 4 -
pcONAWnt1S215A - - - - 4
HEK293T 9 10
g 5 3
3 2 3
g 3 g
D g § § Hek293T2P0ReN.2 5 10
EE EBEEEEE i EEEEEEE
g3 LI b bbb bb 82883
g8 838 2333838 288838
5 33553 g gL 3333833 HEK293T
I T IL I L T 2 0 3298 B9 I T LTI LT
c 51 2222222 —5
s 5 Wl 5""':" Wnt11 4 5
] S " s
g —30 5 ! s g o S215A
- o El 1P, 5 o HEK293T
— 51 | Wttt Wht11 — VN
= - = —51 = Wnt11 3 4
(| ooy (| aaelee £
g - — s £ L £ . C80A
] S =
100uM cC16:0 + - + + + + + 100uM cC160 + - + + + + + 100UM G160 4 - 4 + 4 4 + HEK293T ; s
Empty vector pcDNA31 4 - - - - - - Empty vector pcDNA3.1 4+ - - - - - _ Emply veclor poDNAS.1 4 - - - - - - Wnt11
pDNAWNHT - - 4+ 4 - - - PCONAWNHT - 4+ 4 + - - - pcDNAWRHT - 4 4 4+ - - - C80A/ S215A
pcDNAWnt11 C80A - - - - - + - pcONAWnt11 C80A - - - - - + - pcDNA Wnt11 C80A - - - - - + -
pcDNA Wnt11 8215A = - - - + - - pcDNAWnt118215A - - - - + - - PCcDNA Wnt11 S215A - - -y - -
pcDNA Wnt11 CBOA/ S215A = - - = - - + pcDNA Wnt11 C80A/S215A = - - - - - + DcONAWnt1 CBOA/S215A - - - - - - +

Figure 3.1: Detection of lipid modification of Wnt11 and Wnt11 mutants with cC16:0

HEK293T and HEK293TAPOREN.2 cells were seeded in 10 cm plates as indicated in section 2.14.1. 24 h later, 100 uM
of cC16:0 was added to the cells. On the same day, the cells were transfected with the indicated overexpression
constructs for either Wnt11 wild type or Wnt11 mutants. On the following day, a second dose of cC16:0 was
added to the cells and incubated to reach a total of 36 hours of incubation with the clickable fatty acid. On day 3,
cells were collected for immunoprecipitation and click labeling as outlined in sections 2.11, 2.12, and 2.14.3.
Samples were eluted from the beads and analyzed by western blot. Antibodies specific for Wnt11 were used for
protein detection and its lipid modification was detected using HRP-conjugated streptavidin. The blots were
analyzed by a chemiluminescent system using ECL substrates and a COMPACT 2 X-ray film processor.

A Chemical structure of palmitic acid alkyne cC16:0. B-C. Detection of the lipid modification of Wnt11 using cC16:0
in HEK293T and HEK293TAPORN cells. The lipid modification was also detected in the mutants Wnt11 C80A B (see
the lane four), Wnt11 S215A C (see the lane five), but was not clearly observed in the double mutant Wnt11
C80A/S215A D (see the lane seven). D Variation of experimental replicates with respect to lipidation of Wnt11 in
HEK293TAPORN cells or Wntl11l mutants in HEK293T cells. E Summary of the number of replicas with a positive
signal, indicating lipidation relative to the total number of replicas. B-D: a.: indicates the protein to which the
primary antibody is directed. 1.P.: Immunoprecipitated protein.
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3.2 Click metabolic labeling with cC16:1n-7 fatty acid: Wnt11 lipidation occurs
at the serine 215 residue and is critically mediated by porcupine

The works from Takada et al. [43], Rios-Esteves et al. [45] and Tuladhar et al. [55] demonstrated
that Wnts are lipidated with the monounsaturated palmitoleic acid (C16:1n-7). Therefore, as
an alternative to overcome poor labeling efficiency and subsequent low reproducibility of our
assays, | conducted experiments with C16:1n-7 instead of cC16:0. A clickable monounsaturated
cC16:1n-7 alkynylated palmitoleic acid was synthesized, following the procedures established
by Tuladhar, Lum, et al. [55, 59] (kindly provided by B. Pokrandt, member of the group of Prof.
Britta Brligger, BZH, Heidelberg, Germany) kindly produced the fatty acid and shared them with
us for our experiments. With this monosaturated lipid at hand, | checked distinct putative
lipidation sites and the role of porcupine for lipidation of Wnt11.

3.2.1 Lipidation of serine 215 of Wnt11 with cC16:1n-7

| investigated whether the metabolic labeling improved with the synthesized palmitoleic acid
alkyne cC16:1n-7 in a way that the lipidation of serine 215 could be clearly detected. To this
end, HEK293T cells were incubated with cC16:1n-7 and treated to overexpress Wntl1, either
in its wild type form or with the residues S215 mutated to alanine (Figure 3.2B). A strong lipid
modification signal was observed for Wnt11 in HEK293T cells (Figure 3.2B). A similar result was
observed using stable cell lines with constitutive expression of Wnt11 (compare Figure 3.2B
with HEK293T Wt Figure 3.2C). Remarkably, in contrast to our previous results using palmitic
acid alkyne cC16:0 (Figure 3.1), the mutant Wnt11 S215A did not display any lipidation with
the cC16:1n-7 fatty acid (in n= 7 replicates; Figure 3.2B). These data suggest that serine 215 of
Wntl1 is specifically acylated by the monounsaturated fatty acid 16:1n-7, consistently as
previously reported Yamamoto et al. [35]. Our results also highlight the strict role lipid
unsaturation plays in the acylation process of Wnt11.

3.2.2 cC16:1n-7 lipidation mediated by Porcupine

| also checked the role of Porcupine in the lipidation of Wnt11 with cC16:1n-7. Contrary to the
data obtained with cC16:0 fatty acid (Figure 3.1), lipidation of Wnt11 in HEK293TAPORN cells by
cC16:1n-7 was completely absent (n = 2 replicates; Figure 3.2B). Similar results were observed
using Porcupine knockout cells constitutively expressing Wnt11 (HEK293TAPORCN_1-Wntll 'y = 5
replicates Figure 3.2C). These results suggest that the lipidation of Wntll with the
monounsaturated cC16:1n-7 fatty acid is critically dependent on Porcupine, which is consistent
with previous reports [33, 43, 44, 46, 55, 67].
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Figure 3.2: Mutation of serine 215 of Wnt11 or knockout of PORCN impairs Wnt11 lipidation with cC16:1n.7
A. Chemical structure of palmitoleic acid alkyne cC16:1n-7. B-C. HEK293T, HEK293T, HEK293T Wil and
HEK293TAPORCN1-Wntll ca|s were seeded in 10 cm plates as indicated in section 2.14.1. 24 h later, 100 uM of
cC16:1n- 7 was added to the cells. On the same day, HEK293T and HEK293TAPORN.2 ce||s were transfected with
the indicated overexpression constructs for either Wnt11 wild type or Wnt11 S215A mutant. On the following
day, a second dose of cC16:1n-7 was added to the cells and incubated to reach a total of 36 hours of incubation
with the clickable fatty acid. On day 3, cells were collected for immunoprecipitation and click labeling as outlined
in sections 2.11, 2.12, and 2.14.3. Samples were eluted from the beads and analyzed by western blot. Antibodies
specific for Wnt11 were used for protein detection and its lipid modification was detected using HRP-conjugated
streptavidin. The blots were analyzed by a chemiluminescent system using ECL substrates and a COMPACT 2 X-
ray film processor. HSC70 was used as loading control. a: indicates the protein to which the primary antibody is
directed. |.P.. Immunoprecipitated protein. Western blots are representative of three independent experiments.
B. Lipidation with palmitoleic acid alkyne cC16:1n-7 was observed in HEK293T cells transfected with a pcDNA
plasmid coding for Wntl11 (see the lane five). In contrast, either PORCN knockout cells or HEK293T cells
transfected with a pcDNA plasmid coding for the mutant Wnt11 S215A did not display lipidation (see lanes six and
nine). C. In HEK293T Wt gnd HEK293TAPORCN1-Wntll co||s with constitutive expression of Wnt11, lipid modification
with palmitoleic acid alkyne cC16:1n-7 was observed in HEK293T W' byt not in HEK293TAPORCN_1-Wntll cq|g,

3.2.3 Only mutation of serine 215 impairs cC16:1n-7 dependent lipidation of Wnt11

To test for lipidation additional amino acid residues of Wnt11 sites (some of which had been
predicted by mass spectrometry, see section 3.3), a set of Wnt variants was generated by
substituting the amino acid of interest with alanine (indicated with stars in Table 3.1). The lipid
modification of these mutants was tested using cC16:1n-7 in click labeling assays. Among all
studied Wnt11 variants only Wnt11 S215A impaired the lipidation with cC16:1n-7 (Figure 3.3).
All other mutants, including Wnt11 C80A, were lipidated with this fatty acid (Figure 3.3). These
results imply that serine 215 is the only site lipidated with the cC16:1n-7 fatty acid and removal
of the other selected amino acids did not affect the lipidation of serine 215. A similar result
was observed for Wnt3a, i.e. only mutation of the canonical serine residue (S209A) abolished
lipidation with cC16:1n-7 (Appendix Figure 5.2), a finding consistent with previous reports [35,
43, 55].
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Figure 3.3: Serine 215, and not other mutated residues, impairs lipidation of Wnt11 by cC16:1n-7.

Lipid modification of overexpressed Wnt11 wild type or Wnt11 mutants in HEK293T cells. HEK293T cells were
seeded in 10 cm plates as indicated in section 2.14.1. 24 h later, 100 uM of cC16:1n-7 was added to the cells. On
the same day, cells were transfected with the indicated overexpression constructs for either Wnt11 wild type or
the mutants Wnt11 C80A, Wnt11 C157A, Wnt11 S215A, Wnt11 S217A, Wnt11 S219A, Wnt11 K332A, and Wnt11
T340A. On the following day, a second dose of cC16:1n-7 was added to the cells and incubated to reach a total of
36 hours of incubation with the clickable fatty acid. On day 3, cells were collected for immunoprecipitation and
click labeling as outlined in sections 2.11, 2.12, and 2.14.3. Samples were eluted from the beads and analyzed by
western blot. Antibodies specific for Wnt11 were used for protein detection and its lipid modification was
detected using IRDye 800CW streptavidin. The blots were analyzed using Odyssey CLx-1014 LI-COR fluorescence
imaging system controlled with ImageStudio Ver 5.0. HSC70 was used as loading control. a.: indicates the protein
to which the primary antibody is directed. |.P.: Inmunoprecipitated protein. Western blot is representative of two
independent experiments.

3.3 Additional lipid modifications of Wnt11 beyond the canonical acylation site

3.3.1 Towards mass spectrometric identification of additional acylation sites in Wnt11

| also initiated to identify additional lipid modification sites of Wnts beyond the canonical serine
residue using a mass spectrometric approach. To this end, our group teamed up with the group
of Prof. Carsten Hopf (Center for Mass Spectrometry and Optical Spectroscopy-CeMOS,
Mannheim). Experiments were carried out with commercially available Wnt11 (R&D system,
catalog #: 6179-WN-010/CF) and in addition with Wnt3a (R&D system, catalog#: 5036-WN-
010/CF), both of them purified from CHO cells. Samples were analyzed by LC-MS/MS (see
methods, section 2.17). The analysis of tryptic peptides suggested the presence of several
other acylation sites in addition to the ones already reported (Serine 209 in Wnt3a [43] and
S215in Wnt11 [35], Table 3.1). Most of the residues seemed to be selective to either 16:0 or
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16:1n-7 (such as C157, C211, S217, S219, K332 for 16:0, and S162, C218, T222 for 16:1n-7),
while few others sites were non-selectively labelled with both fatty acids (e.g. S215 and T340).

Although the analysis of tryptic peptides showed multiple possible modification sites, analyses
of the intact mass of the protein suggested only one acylation per molecule (data not shown).
Nonetheless, by alanine mutagenesis, | evaluated the role of some of these residues in Wnt
lipidation with cC16:1n-7 (section 3.2) and in Wnt secretion and signaling activity (section 3.6
and 3.7).

Putative Wnt lipidation sites identified by mass spectrometry

Wnt3a
C16:0 C16:0
Residue | Ascore Residue | Ascore
S197 Low * C157 Low
C203 Low C211 Low
C205 Low * S215 Low
S211 Low * S217 Low
C212 Low * S219 Low
K215 Low * K332 High
S220 Low * T340 High
* S300 High C16:1n-7
* S301 High * S215 Low
* S338 High C218 Low
* T343 High T222 Low
C16:1n-7 S162 High
S64 Low-Medium T322 High
* S209 Low-Medium * T340 High
S211 Low-Medium
T296 Low-Medium
S338 Low-Medium
C342 Low
T343 Low-Medium

Table 3.1. Putative Wnt lipidation sites identified by mass spectrometry.

List of amino acids of Wnt3a and Wnt11 predicted to be lipidated with either palmitic acid C16:0 or palmitoleic
acid C16:1, as detected by mass spectrometry. Results were obtained by Dr. Diego Yepes in the Center for Mass
Spectrometry and Optical Spectroscopy-CeMOS, Mannheim, from commercially purified recombinant Human
Wnt3a and recombinant Human Wnt11 proteins (from CHO cells, R&D system Catalog#: 5036-WN-010/CF and
Catalog#: 6179-WN-010/CF). The mass spectrometry measures were made using a Q-Tof Impactll Bruker system.
The prediction of lipid modification is classified based on the Ascore [122, 123]; Ascore calculates an ambiguity
score as -10 x log10 P. The p value indicates the likelihood that the peptide is matched by chance, (Low, Ascore <
20; Low-Medium, 20 < Ascore < 40; Medium, 40 < Ascore < 100, and High, Ascore > 100). Stars indicate the
residues selected for further mutagenesis experiments.

3.4 Differences between cC16:0 and cC16:1n-7 with respect to acylation and
metabolic labeling

3.4.1 cC16:0 versus cC16:1n-7 acylation

| further analyzed the difference in the lipid labeling efficiency between the two fatty acids,
cC16:0 and cC16:1n-7. HEK293T cells were transfected to overexpress Wnt11 and were later
treated with either cC16:0 or cC16:1n-7 (Figure 3.4A). Wnt11 lipidation with both cC16:0 and
cC16:1n-7 was observed (lanes 5 and 7 in Figure 3.4A). However, the band corresponding to
cC16:1n-7 was more intense than that to cC16:0. When the mutant S215A was overexpressed,
instead of wild type Wnt11, lipidation was not detected, neither with cC16:0 nor with cC16:1n-
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7 (lanes 4-8, Figure 3.4B). Consistently, lipidation was not observed in knockout HEK293TAPORCN
cells transfected to overexpress Wntl1l wild type or mutant S215A (Figure 3.4A,B). These
results reinforce the idea of a variable and nonspecific labeling efficiency with the saturated
cC16:0 fatty acid (as already pointed out in Figure 3.1). Moreover, the data indicate that
cC16:1n-7 is more efficient in lipidating Wnt11 than cC16:0.

In addition, Wnt acylation was investigated using stable cell lines that constitutively express
Wntl1l (HEK293T Wntll gnd HEK293TAPORCN-WNtlL ce||s  Figure 3.4C-D). In HEK293T Wil cells,
cC16:1n-7 labeling was observed to be significantly stronger than cC16:0 labeling (lanes 5 and
8 in Figure 3.4C). Lipidation with cC16:1n-7 was observed in HEK293T Wntll but not in
HEK293TAPORCN-WNtLL calls (lanes 8-9 in Figure 3.4C). On the contrary, for cC16:0 Wntl1
lipidation was observed both in HEK293T Wntll (lane 5, Figure 3.4C) and faintly in
HEK293TAPORCN-WtLL co||s (lane 6, Figure 3.4C). For cC16:0, it is thus unclear whether there was
also lipidation in Porcupine knockout cells. In an attempt to improve the signal detection of
cC16:0 the exposure time during the detection was increased in a separate gel (using ECL and
chemiluminescent detection system, Figure 3.4D). Under these conditions, a labeling with
cC16:0 in HEK293T Wt gnd HEK293TAPORCN-WNtIL ca||s was observed (lanes 5-6, Figure 3.4D).

Taken together, these results suggest a preference of Wntll for palmitoleic acid alkyne
cC16:1n-7 over palmitic acid alkyne cC16:0. Moreover, serine 215 appears to be the site in
Wntll where cC16:1n-7 attaches. These results corroborate reports regarding labeling
efficiency and lipid modification of Wnt11 [14, 35, 36, 43, 46, 55, 59-61]. This explains the
variability of the lipidation pattern among the replicates observed for cC16:0.
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Figure 3.4: Comparison of Wnt acylation using cC16:0 or cC16:1n-7.

HEK293T, HEK293TAPORCN.2  HEK293T Wntll  and HEK29Q3TAPORCNL- Wntll col|ls were seeded in 10 cm plates as
indicated in section 2.14.1. 24 h later, 100 uM of either cC16:0 or cC16:1n-7 was added to the cells. On the same
day, HEK293T and HEK293TAPORN.2 ce|ls were transfected with the indicated overexpression constructs for either
Wnt11 wild type or Wnt11 S215A mutant. On the following day, a second dose of cC16:1n-7 was added to the
cells and incubated to reach a total of 36 hours of incubation with the clickable fatty acid. On day 3, cells were
collected for immunoprecipitation and click labeling as outlined in sections 2.11, 2.12, and 2.14.3. Samples were
eluted from the beads and analyzed by western blot. Antibodies specific for Wnt11 were used for protein
detection and its lipid modification was detected using HRP-conjugated streptavidin. The blots were analyzed by
a chemiluminescent system using ECL substrates and a COMPACT 2 X-ray film processor. HSC70 was used as
loading control. a: indicates the protein to which the primary antibody is directed. 1.P.: Immunoprecipitated
protein. A-B. HEK293T wild type and PORCN knockout cells were transfected to overexpress either Wnt11 or
Wnt11 S215A. Western blots are representative of two independent experiments. A. Lipidation of Wnt11 with
cC16:0 in HEK293T or HEK293TAPORN cells (lanes five and six). Lipidation of Wnt11 with cC16:1n-7 in HEK293T
cells (lane seven). B. No lipid modification was detected in Wnt11 S215A (lanes four to eight). C-D Lipid labeling
with either cC16:0 or cC16:1n-7 in stable cell lines with constitutive expression of Wnt11. C. Lipidation of Wnt11
with cC16:0 in HEK293T Wt gr HEK293TAPORCN1-Wntll ca||s (lanes five and six). Lipidation of Wnt11 with cC16:1n-
7in HEK293T Wntll cells (lane eight). Western blot is representative of three independent experiments. D. Samples
from cells incubated with cC16:0 (from C) run in a separate gel.
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3.4.2 ¢C16:0 and cC16:1n-7 are metabolically incorporated into distinct lipid classes

| next asked if the difference in the lipidation efficiency for c¢C16:0 and cC16:1n-7 was
correlated with the metabolic conversion of cC16:0 into cC16:1n-7. To this end, in a first
attempt, the incorporation into HEK293T cells of c¢C16:0 and cC16:1n-7 fatty acids was
measured by using alkyne-azide cycloaddition click chemistry combined with precursor ion
scanning mass spectrometry (a technique previously established in the group) [116, 119, 124].
However, it was not possible to detect neither palmitic acid alkyne cC16:0 nor the conversion
of cC16:0 to cC16:1n-7 (see Figure 5.3 in the Appendix).

Next, | checked if metabolism of cC16:0 and cC16:1n-7 would lead to a differential channeling
into different lipid classes. To test this, lipids were extracted from HEK293T cells incubated for
36 h with 100uM of cC16:0 or cC16:1n-7, similar to the experimental conditions used to detect
lipidation of Wnt11 (Figure 2.2B). The lipid extracts were submitted for click reaction with 3-
Azido-7-hydroxycoumarin. This was followed by thin layer chromatography (TLC) which was
performed in the presence of lipid standards. cC16:0 incorporated mainly into the lipid classes
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and triacylglycerol (TAG) (Figure
3.5, upper panel). In the case of cC16:1n-7, the overall staining intensity was lower when
compared to the results obtained for cC16:0. However, the incorporation of cC16:1n-7 into PC,
PE, and TAG lipid classes could still be observed (Figure 3.5, upper panel). The observed
differences were not due to the amount of sample loaded onto the TLC plate, as a similar
amount of total lipids was detected for HEK293T cells, either untreated, treated with 100uM
cC16:0 or with 100uM cC16:1n-7 (see sulfuric acid stain in Figure 3.5, in the lower panel).
Altogether these results indicate that under the labeling condition used for the detection of
lipidation of Wnt11 (Figure 2.2B), cC16:0 and cC16:1n-7 were metabolized into complex lipid
classes such as PC, PE and TAG. Furthermore, due to the differences in the signal band
intensities between the cC16:0 and cC16:1n-7 samples suggest that cellular uptake of cC16:0
and/or its further metabolization into lipid classes occurs more efficiently than for cC16:1n-7.

The lipid species into which the fatty acids cC16:0 and cC16:1n-7 were incorporated, were
studied in detail following the same procedure as before (Figure 2.2B). Lipid extracts were
submitted to MS/MS analysis using a high resolution Q Exactive Plus mass spectrometer to
measure PC and PE lipid species (Figure 1.5). The alkyne group gave rise to two degrees of
unsaturation, i.e. two unsaturations for the fatty acids cC16:0 and three unsaturations for
cC16:1n-7. This degree should be reflected in the detected lipid species. Consequently, |
grouped the lipid species according to the grades of unsaturation, focusing on the most
abundant phosphatidylcholine (PC) and phosphatidylethanolamine (PE) lipid classes, namely
those of a length of 16 or 18 carbons (Figure 3.6).

For PC the percentage of lipid species containing the saturated fatty acid C16:0 was lower in
cells labeled with the clickable fatty acid cC16:0 than in unlabeled cells (Figure 3.6A, PC C16:0).
The percentage of PC species that contain a C16:1 fatty acid was lower in cells incubated with
cC16:0 and cC16:1n-7 compared to unlabeled cells (Figure 3.6A, PC C16:1). As expected, PC
species with C16:2 fatty acids were observed at a higher level in cells labeled with cC16:0 than
in unlabeled cells (Figure 3.6A, PC C16:2). Furthermore, the percentage of PC species that
contain a C16:3 fatty acid increased in cells labeled with cC16:1 compared to unlabeled cells
(Figure 3.6A, PC C16:3). Comparing the lipid species containing C16:2 fatty acids in cells
incubated with cC16:0 and C16:3 fatty acids in cells incubated with cC16:1, it was observed
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that the amount of PC species containing a C16:2 fatty acid was higher than the amount of PC
species containing a C16:3 fatty acid (Figure 3.6A, PC C16:2 in blue and PC C16:3 in yellow).
This points to a higher efficiency of cC16:0, compared to cC16:1n-7, to be incorporated into PC
species of 16 carbons.

Regarding the PC species that contain fatty acids with 18 carbons, we did not observe
significant changes in the PC species that include saturated fatty acids (Figure 3.6A, PC C18:0).
However, there was a decrease in the percentage of PC species with unsaturated C18:1 fatty
acid when cells were treated with cC16:0 or cC16:1n-7 compared to unlabeled cells (Figure
3.6A, PC C18:1). Similar, to the 16 carbon fatty acid containing PC species, an increased amount
of PC species with C18:2 in cells incubated with cC16:0 and an increased of the lipid species
with C18:3 in cells incubated with cC16:1n-7 was observed (Figure 3.6A, PC C18:2, PC C18:3).
However, here the amount of PC species containing C18:2 lipid species (in cells incubated with
cC16:0) was found to be similar to the amount of PC species containing C18:3 species (in cells
incubated with cC16:1n-7). Consequently, the results here suggest that cC16:0 and cC16:1n-7
can be elongated to 18 carbon fatty acids and incorporated into PC.

For phosphatidylethanolamine (PE), a similar behavior was observed as that of PC. The PE
species containing fatty acid C16:0 and C16:1 were less common in cells incubated with the
clickable fatty acid cC16:0 and cC16:1n-7 than in unlabeled cells (Figure 3.6B, PE C16:0 and
C16:1). On the contrary, PE species with a C16:2 fatty acid content increased in cells labeled
with cC16:0 compared to unlabeled cells (Figure 3.6B, PE C16:2). The PE species that contained
C16:3 fatty acid also increased in cC16:1-labeled cells (Figure 3.6B, PC C16:3). In contrast to
the PC species, PE species displayed a similar amount of species containing C16:2 and C16:3
(Figure 3.6B, PE C16:2 and PE C16:3).

Regarding the PE species containing 18 carbons fatty acids, saturated PE species containing
C18:0, from cells incubated with both clickable fatty acids cC16:0 and cC16:1n-7, were
predominantly observed (Figure 3.6B, PE C18:0). However, there was a decrease in the
percentage of C18:1 species from cells treated with cC16:0 and cC16:1n-7 compared to
untreated cells (Figure 3.6B, PE C18:1). The opposite was observed for C18:2 species, i.e. an
increase of PE C18:2 lipid species from cells incubated with cC16:0 was observed (Figure 3.6B,
PE C18:2). Interestingly, for the PE species containing C18:3 species, an increase in signal was
observed for cells incubated with cC16:0 and cC16:1n-7 (Figure 3.6B, PE 18:3). These results
suggest the clickable fatty acids cC16:0 and cC16:1n-7 lead to an increase of PE species
containing saturated C18:0, unsaturated C18:2, or C18:3 fatty acids. Comparing PE with PC
(Figure 3.6A-B), the data suggest a preference for PE species containing C18 fatty acids rather
than those with 16 carbons, contrary to what was observed for PC.
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Figure 3.5: Metabolic incorporation of cC16:0 or cC16:1n-7 in HEK293T cells.

HEK293T cells were incubated with 100 pM of ¢C16:0 or cC16:1n-7 for 36 h. After incubation, 1x10°® HEK293T cells
were collected and submitted to lipid extraction. Lipid extracts were subjected to a click reaction with 3-Azido-7-
hydroxycoumarin. 30 plL of lipid extract were applied on an HPTLC plate and separated by thin-layer
chromatography. The plate was sprayed with 4% (v/v) N,N-diisopropyl ethylamine in hexane for sensitive
detection of protonated coumarin. Fluorescent imaging of the plate was performed with excitation at 460nm and
emission at 488nm. For detection of the total lipids on the plate, sulfuric acid staining was performed. Analysis of
the TLC was performed comparing the samples with clickable lipid standards of different lipid classes. The upper
panel shows a fluorescence image of clicked lipids. The lower panel displays a sulfuric acid stain. The detail
procedure is described in section 2.18. Image is representative of three independent experiments.

64



60
*
[ClHEK293T
50 [ HEK?293T + cC16:0
. [CJHEK293T + cC16:1n-7
b
wn 40
2
(4]
(1]
Q.
(7]
O 30
o *
©
£
3 20
* %k * *
* %k *
10
o | )
C16:0 C16:1 C16:2 C16:3 c18:0 C18:1 C18:2 C18:3
B 5 "
40
* *
(/]
2
§3o . ¥
()
w
o
©
E2[) * x
PYS * *
* * *
10
. .
c16:0 Ci16:1 C16:2 C16:3 c18:0 cC18:1 C18:2 C18:3

Figure 3.6: Incorporation of cC16:0 and cC16:1n-7 into PC and PE lipid species.

HEK293T cells were seeded in 6 well plates (3x10°cells/ well) and treated with either 100uM of cC16:0 (blue bars)
or cC16:1n-7 (orange bars), keeping the same incubation conditions used to detect lipidation on Wntl1 (see
section 2.14.1 and Figure 2.2B). Untreated HEK293T cells (gray bars) were used as control. After incubation,
approximately 1 x 10° cells were collected from cell cultures and pelleted by centrifugation. Then the pellet was
resuspended in ammonium bicarbonate ((NH4)HCO3, 155 mM) methanol 1:1 (v/v) and the samples were
subjected to acidic Bligh and Dyer lipid extraction (SBD-extraction) as is described in [115, 116]. Mass
spectrometric measurements were performed on a Q Exactive mass spectrometer equipped with chip-based (HD-
D ESI Chip, Advion Biosciences) nano-electrospray infusion and ionization (TriVersa NanoMate, Advion
Biosciences). Mass spectra was processed with the software PeakStrainer and lipidXplorer 1.2.8 to [117, 118]. The
mol percentage for each PC and PE lipid species was calculated based on the concentration and the intensities of
the lipid standards. Three independent experimental replicates were carried out. Data are presented as
mean + SE. Statistic analyses were performed using 2-way ANOVA and Dunnet multiple comparison test were
used. The Ctrl inside each group was considered as reference for the statistical test. Statistical significance of the
changes indicated (*: p-value < 0.05). Lipid extractions were done by Iris Leibrecht, Christian Lichtenborg and
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Timo Sachsenheimer. Lipidome data was analyzed and provided by Christian Lichtenborg and Timo
Sachsenheimer (Brigger lab), for details in the procedure see section 2.18.2. A. Left, phosphatidylcholine (PC)
species distribution displaying species with fatty acids of 16 carbons length, being either saturated (PC C16:0),
containing one (PC C16:1), two (PC C16:2) or three (PC C16:3) unsaturations. In the right side of the plot: % mol
of phosphatidylcholine species with fatty acids of 18 carbons, saturated (PC C18:0), containing one (PC C18:1),
two (PC C18:2) or three (PC C18:3) unsaturations. B. In the left side of the plot: % mol of
phosphatidylethanolamine (PE) species with fatty acids of 16 carbons, saturated (PE C16:0), with one unsaturation
(PE C16:1), two unsaturations (PE C16:2) and three unsaturations (PE C16:3). In the right side of the plot: % mol
of phosphatidylethanolamine species with fatty acids of 18 carbons, saturated (PE C18:0), with one unsaturation
(PE C18:1), two unsaturations (PE C18:2) and three unsaturations (PE C18:3).

3.5 Summary of the part A: alternative acylation sites and and types of fatty acid
modification of Wntl1l

In this part, chemical biology tools and mass spectrometry were used to characterize the
lipidation of Wntl11l. Unexpectedly, using the palmitic acid alkyne cC16:0, lipidation was
detected for Wntl11 variants with the canonical lipidation site S215 removed [35] and in cells
that lacked the acyltransferase Porcupine. These results would indicate that, besides serine
215 and Porcupine, there could be another amino acid and another acyltransferase involved
in Wnt11 lipidation. However, the experiments could not be fully reproduced across multiple
replicas.

In fact, detection of lipidation drastically improved when the monounsaturated lipid cC16:1n-
7 was used instead. By using palmitoleic acid alkyne cC16:1n-7, the central role of serine 215
and the importance of the protein partner Porcupine could be recapitulated. These data are
consistent with the literature [33, 35, 43, 44, 46, 55, 67] and highlights the importance of a
monounsaturated acyl chain for the lipidation of Wnt11.

Why cC16:0 and cC16:1n-7 displayed such a difference in Wntll acylation was also
investigated. By using a TLC readout, it was observed that both fatty acids were metabolized
into distinct lipid classes such as PC, PE, and TAG. My results suggest that cC16:0 is either more
efficiently taken by cells or metabolized into other lipid classes than cC16:1n-7. The lipidomics
data shows a higher probability for cC16:0 to be incorporated into 16 carbon PC species than
cC16:1n-7, although both of them can be elongated to 18 carbon PC fatty acids. cC16:0 and
cC16:1n-7 were also incorporated into PE species of 16 carbons, saturated C18:0, unsaturated
C18:2, or C18:3 fatty acids. In general, the clickable fatty acids were preferentially elongated
resulting in PE C18 species but remained mainly as C16 species in PC.

In summary, our results confirm that the monounsaturated cC16:1n-7 is used for acylation of
serine 215 of Wnt11 and that Porcupine is essential for this lipidation process. Wnt11 lipidation
with the saturated cC16:0 at another site besides serine 215 and without the assistance of
Porcupine, although initially observed, it could not be fully reproduced.
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B. Molecular factors that contribute to Wntl1l
secretion and function

Wnt11 activity has been linked to the acylation of serine 215 residue by PORCN [35]. However,
recent experiments of O. Voloshanenko (unpublished data, M. Boutros group, DKFZ,
Heidelberg) revealed that mutation of serine 215 or depletion of PORCN and Evi proteins did
not abolish Wnt11 secretion. Based on this, we asked whether other uncharacterized amino
acids of Wnts, or other acyltransferases involved in their lipidation, could affect the secretion
and functions of Wnts. | selected Wntl11l and Wnt3a to study this. First, by mutagenesis |
investigated whether other amino acids affect secretion and function of these two proteins.
Second, in a contribution to the project of O. Voloshanenko, we investigated whether the
secretion of Wntll depend on a specific domain or particular amino acids of Wntl11l by
modulating its post-translational modification and interaction with the carrier protein Evi.
Third, we explored which other acyltransferases could be involved in the secretion of Wnt11.

3.6 Secretion of Wnt variants

A set of putative lipidation sites was predicted by mass spectrometry (section 3.3). Here, |
investigated whether these sites were important for the secretion of Wntl11l and Wnt3a. To
this end, the amount of protein that was secreted into the extracellular media was measured
qualitatively, using blue sepharose pulldown and western blot assays (see methods
section 2.16), using Wnts with the amino acids of interest being replaced by alanine
(Figure 3.7A). In these experiments the secretion of the wild type protein was taken as
reference. The residual secretion observed for Wntl11l S215A would be consistent with the
preliminary data of O. Voloshanenko (M. Boutros group, DKFZ, Heidelberg) in which Wnt11
was secreted independently of the presence of serine 215 (unpublished data, M. Boutros
group, DKFZ, Heidelberg).

For Wntll the mutants S219A, K332A, and T340A did not affect secretion (Figure 3.7B). |
observed a slight reduction for the mutants C157A and S217A and 215A, with the latter
displaying the most appreciable decrease (Figure 3.7B). Because neither of the studied
mutations fully abolished Wnt11 secretion, these residues seem to be dispensable for Wnt11
secretion.

In the case of Wnt3a, a drastic reduction in the secretion was observed for the mutant S209A
(Figure 3.8B). These results are in line with previous experiments [46, 55, 60]. Together with
these results, our data strongly suggest that serine 209, and more likely its lipidation, is
essential for Wnt3a secretion. All other mutants preserved a qualitatively similar secretion
level as the wild type protein, thus implying the targeted amino acids were not relevant for the
secretion process (Figure 3.8B).
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3.7 Amino acids involved in the activation (Wnt3a) or inhibition (Wnt11) of Wnt/
B-catenin canonical pathway

Wntl1 is associated with the inhibition of the Wnt/B-catenin canonical pathway [125-127].
Next, | tested whether any of the Wnt variants tested for acylation would be important for Wnt
activity (table 3.2), i.e. participating in the pathway's inhibition. For this purpose, a non-
canonical TCF4 reporter assay (implemented in the group of M. Boutros, at DKFZ, see section
2.20) was used.

Using this assay, | found that the Wnt11 mutants S215A and C157A were less efficient in
inhibiting the activation of the Wnt/B-catenin pathway when compared to Wnt11 wild type
(Figure 3.7C). These results indicate serine 215 is necessary for the inhibitory function of
Wntll on the canonical pathway, either by directly undergoing acylation [35] or by
contributing to acylation at other sites. Cysteine 157 is engaged in a disulfide bond with
cysteine 140 (as predicted from Uniprot, UniProtkB - 096014 WNT11_HUMAN, Figure 3.7A).
Hence, removal of this bond by the introduced mutation in C157, may have altered the protein
conformation, and thereby the inhibition of the canonical pathway (Figure 3.7C).

Wnt3a, in turn, has been related to the activation of the Wnt/ B -catenin canonical [32, 43, 44,
55]. | followed a similar approach as for Wnt11, to discern important sites in Wnt3a related to
the activation process (see section 2.20). Consequently, the mutants S209A and C155A were
observed to compromise the activation of the Wnt/B-catenin canonical pathway (Figure 3.8C).
These results suggest that serine 209, and more specifically its lipid modification, is linked to
the activation of the canonical pathway in question, as already reported [32, 43, 44, 55]. The
residue cysteine 155 forms a disulfide bond with cysteine 138 (according to Uniprot, UniProtkB
- P56704 WNT3A HUMAN, Figure 3.8A), suggesting a similar mechanism as described for
Wnt11 when replacing this residue by alanine.
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Figure 3.7: Secretion and functional assays of Wnt11 wild type and variants. A. 3D structure of Wnt11 (cartoon)
showing the residues that have been selected for alanine mutagenesis screen (sphere). The cysteine 157 forms a
disulfide bond with cysteine 140 (UniProtKB - 096014) B. Western blot shows the secretion of Wnt11 wild type
or alanine-mutants into the extracellular medium. HEK293T cells were seeded in 6-well plates, 2 wells per
condition at a seeding density of 3x10° cells/well. Twenty-four hours later, HEK293T cells were transfected with
either Wnt11 wild type or one of the mutants C157A, S215A, S217A, S219A, K332A and T340A plasmids. 48 hrs
later extracellular medium and lysates of cells were collected. Wnts were precipitated from the extracellular
medium with the help of blue sepharose beads (B.S.). Samples from blue sepharose pull down and cell lysate were
run by SDS-PAGE and western blot. HSC70 served as the loading control for lysate and extracellular medium.
Western blots are shown as representatives of 3 independent experiments. C. Percentage of induction of
TCF4/Wnt reporter activity is presented for Wnt11 and the mutants with the indicated residue substituted by
alanine. HEK293T cells were seeded into 384-well plates, the final volume per well was 50 pl at a concentration
5x10% cells/ml. After 24 h cells were transfected with 20ng TCF4/Whnt firefly luciferase reporter, 10ng actin-Renilla
luciferase reporter, 10ng of pcDNA Wnt11 wild type or the Wnt11 mutants C157A, S215A, S217A, S219A, K332A
and T340A plasmids. 16 hrs before the read-out recombinant mouse Wnt3a was added for activation of B-catenin-
dependent signalling in three different concentrations: Ong/ml (dark gray shade bar), 50ng/ml (light gray shade
bar) and 100ng/ml (white shade bar). The read-out was performed 48 h after plasmid transfection. HEK293T cells
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transfected with empty vector (pcDNA) was considered as control (Ctrl). A reduction in the percentage of
induction is indicative of the ability of the studied proteins to inhibit B-catenin-dependent Wnt signalling. Three
independent experimental replicates were carried out. Mean of each replicate is shown with colored squares.
Individual measurements are depicted with colored dots. Data are presented as mean + SE. Statistical significance
of the changes indicated (*: p-value < 0.05, **: p-value < 0.01, ***: p-value 0.001, and ns: non-significant).
Statistics with 2-way ANOVA and Dunnet multiple comparison test was used. The Ctrl set was considered as
reference for the statistical test.
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Figure 3.8: Secretion and functional assays of Wnt3a mutant variants. A 3D structure of Wnt3a (cartoon) showing
the residues that have been selected for alanine mutagenesis screen (sphere). The cysteine 155 forms a disulfide
bond with cysteine 138 (UniProtKB - P56704). B. Secretion of Wnt3a wild type or alanine-mutants into the
extracellular medium. HEK293T cells were seeded in 6-well plates, 2 wells per condition at a seeding density of
3x10° cells/well. Twenty-four hours later, HEK293T cells were transfected with either Wnt3a wild type or one of
the mutants C155A, S209A, S300A, S301A, S338A, T343A and T340A plasmids. 48 hrs later extracellular medium
and lysates of cells were collected. Wnts were precipitated from the extracellular medium with the help of blue
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sepharose beads (B.S.). Samples from blue sepharose pull down and cell lysate were run by SDS-PAGE and western
blot. HSC70 served as the loading control for lysate and extracellular medium. Western blots are shown as
representatives of 3 independent experiments. C. Percentage of induction of TCF4/Wnt reporter activity is
presented for Wnt3a and the mutants with the indicated residue substituted by alanine. HEK293T cells were
seeded into 384-well plates, the final volume per well was 50 pl at a concentration 5x10* cells/ml. After 24 h cells
were transfected with 20 ng TCF4/Whnt firefly luciferase reporter, 10 ng actin-Renilla luciferase reporter, 10 ng of
pcDNA Wnt3a wild type or the Wnt3a mutants C155A, S209A, S300A, S301A, S338A, T343A and T340A plasmids.
The read-out was performed 48 h after plasmid transfection. HEK293T cells transfected with empty vector
(pcDNA) was considered as control (Ctrl). Five independent experimental replicates were carried out. Mean of
each replicate is shown with colored squares. Individual measurements are depicted with colored dots. Data are
presented as mean + SE. Statistical significance of the changes is indicated (*: p-value < 0.05, **: p-value < 0.01,
***. p-value 0.001, and ns: non-significant). Statistics with 2-way ANOVA and Dunnet multiple comparison test
was used. The Ctrl set was considered as reference for the statistical test.

To investigate if cellular functions are strictly related to the serine 215 in Wnt11, a gelatin
degradation assay implemented by L. Wolf (M. Boutros group, DKFZ, Heidelberg), see methods
section 2.21. Unfortunately, due to technical problems, these experiments did not show a clear
trend that could indicate functional differences between different Wnt variants. The results of
these experiments are shown in the appendix Figure 5.6.

3.8 Dissecting the region in Wnt that regulates Evi-independent Wnt secretion

In parallel to the study of lipidation of Wnts, | have contributed to the project of O.
Voloshanenko (M. Boutros group, DKFZ, Heidelberg) that aimed at investigating if the secretion
of Wnt11 could proceed independently of the carrier protein Evi. Evi has been demonstrated
to facilitate secretion of Wnt3a and Wnt3 [17, 56, 57, 128]. Contrary to that, previous
experiments of O. Voloshanenko showed that Wnt11 was still being secreted in Evi knockout
cells, suggesting this protein is secreted without the assistance of Evi. Comparing the
sequences of Wntl1 and Wnt3, they share 35% of identity. However, the similarity of the first
48 N-terminal amino acids is only 17%. O. Voloshanenko hence formulated the hypothesis that
the different secretion behavior between Wnt11 and Wnt3 is related to the distinct N-terminal
sequences. To test this hypothesis, O. Voloshanenko designed chimera proteins of Wnt11 and
Wnt3 with their first 48 N-terminal residues swapped: one chimera protein contained the first
48 amino acids of Wnt11 and the rest from Wnt3 (construct called Wnt11*48-Wnt3), while the
other chimera protein consisted of the 48 N-terminal amino acids of Wnt3 and the rest from
Wntl1 (construct called Wnt3¥*-Wnt11) (Figure 3.9A). The expression of these chimera
proteins was assessed in experiments with cells lacking Evi (HEK293TA&).

First, focusing on the N-terminal region of Wnt11, the presence in the extracellular media of
the chimera Wnt11*8-Wnt3 was investigated and compared with that of Wnt11 and Wnt3 in
HEK293T and HEK293TAE cells (Figure 3.9B). In HEK293T wild type cells, Wnt1148-Wnt3,
Wntl11, and Wnt3 were detected either in the cell lysate or in the extracellular medium (Figure
3.9B). In the cell lysate of HEK293T28v cells, the three proteins were detected. In the
extracellular media, there was no evidence of secretion of Wnt3. However, Wntll and the
chimera Wnt11**-Wnt3 were still secreted (Figure 3.9B). In contrast to Wnt3, the chimeric
Wnt114-Wnt3 protein was secreted in the absence of Evi. Therefore, my results suggest that
the N-terminal region of Wnt11 confers to Wnt3 protein the property to be secreted into the
extracellular medium independently of the carrier protein Evi.
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A surprising finding was that Wnt11*8-Wnt3 and Wnt3 expressed in HEK293T cells showed a
different running behavior in SDS-PAGE gels (Figure 3.9B), with the Wnt11'8-Wnt3 chimera
displaying a significantly higher apparent molecular weight than Wnt3. | checked if this band
shift was associated with another post-translational modification. One possibility is that the
chimera protein featured a different glycosylation pattern. To test this, a kit containing a
cocktail of endoglycosydases was used for protein deglycosylation. After treatment with this
deglycosylation mix, both proteins Wnt1148-Wnt3 and Wnt3 displayed the same molecular
weight, (Figure 3.9C). This result suggests that the N-termini of Wnt11l and Wnt3 have a
different glycosylation patterns, causing the observed shift in the size of the bands in SDS-PAGE
analysis.

Second, with regard to the N-terminal region of Wnt3, previous work has reported a
glycosylation site at asparagine 40 [35]. To test whether this residue is involved in Evi-
dependent secretion of Wntl11, O. Voloshanenko designed mutants with asparagine 40 and
threonine 42 being replaced by glutamine and proline, respectively, as these amino acids are
part of the consensus sequence (Asn-X-Ser/Thr) required for glycosylation [129]. The secretion
of these mutants was evaluated in cells lacking Evi (HEK293T2%", see method in section 2.16).
In contrast to the mutant Wntll T42P, the mutant Wnt11l N40Q was not secreted in the
extracellular medium (data from O. Voloshanenko, not shown here). These results suggested
that asparagine 40 is relevant for the secretion of Wnt11 in HEK293T2 cells.

To gain insight on how asparagine 40 is involved in the secretion of Wnt11, we studied the
binding of Wntll to Evi, by performing co-immunoprecipitation experiments. In this
experiment, the chimera protein Wnt3'*-Wnt11 and the mutant Wnt11 N40Q interacted
more strongly with Evi than Wnt11 did (Figure 3.9D). Replacement of the glycosylation site, i.e.
asparagine 40, therefore has an impact on the interaction of Wnt11 with Evi. By weakening its
interaction with Evi, glycosylation of asparagine 40 may favor Wnt11 to explore other secretion
routes rather than the one regulated by Evi.

Moreover, it was observed that Wnt11 T42P was co-immunoprecipitated in similar amounts
as Wntl11 but less than the mutant variant Wnt11 N40Q (Figure 3.9E). The fact that the mutant
variant Wnt11 T42P does not increase the interaction with Evi as Wnt11 N40Q did, but on the
contrary at a similar amount as the wild type protein is still puzzling and requires further
analysis.

Using click labeling assays with cC16:1n-7, | tested whether the mutation on the asparagine 40
or the threonine 42 affects lipidation of Wntll. | observed lipidation of mutants to a
comparable extent as for the Wnt11 wild type protein (Figure 3.9F). These results suggest that
neither asparagine 40 nor threonine 42 affect the lipidation of Wnt11 by the monounsaturated
cC16:1n-7 fatty acid.
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Figure 3.9: Evi-independent Wnt11 secretion is related to N terminus region 1-48.

A. Scheme of Wnt3, Wnt11, and the chimera proteins Wnt118-wWnt3 and Wnt3*-Wnt11. B-C. HEK293T cells
were seeded in 6-well plates at a seeding density of 3 x 10° cells/well. Twenty-four hours later, HEK293T cells
were transfected with constructs that overexpress wild-type Wnt11, wild-type Wnt3 or the Wnt1118-Wnt3
chimera protein. 48 hours later, extracellular medium and cell lysates were collected. Wnts were precipitated
from the extracellular medium with the help of blue sepharose beads (B.S.). Samples from blue sepharose pull
down and cell lysate were analyzed directly by SDS-PAGE and western blot (as in B, see section 2.16) or subjected
first to deglycosylation assay and then to SDS-PAGE and western blot (as in C, see section 2.15). The blots were
analyzed by a chemiluminescent system using ECL substrates and a COMPACT 2 X-ray film processor. HSC70
served as loading control for lysate and extracellular medium, and B actin served as loading control for lysate.
Western blots are shown as representatives of 3 independent experiments. B. The N terminus region 1-48 of
Wnt11 allows the secretion of Wnt3 independently of Evi. Here the chimera protein Wnt118-Wnt3 is secreted
in the extracellular media in Evi kockout cells. C. N terminus region 1-48 of Wnt11 confers a different glycosylation
pattern to the chimera Wnt111#8-Wnt3. Here the chimera Wnt11148-Wnt3 shifts its migration pattern compared
to Wnt3 in Western blot (see lanes two and four). Deglycosylation assay equals the migration pattern between
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Wnt11¥8-wnt3 and Wnt3 (see lanes three and five). D-E. Interaction of Evi with either Wnt11 wild type, the
chimera Wnt3#8-Wnt11, or the mutants Wnt11 N40Q or Wnt11 T42P was detected by co-immunoprecipitation.
HEK293T cells were seeded in 10 cm plates at a density of 1 x 10° cells/plate. 24 h later, cells were transfected
with constructs for overexpression of either Wnt11 wild type, the chimera Wnt348-Wnt11, or the mutants Wnt11
N40Q or Wnt11 T42P. Immunoprecipitations were performed by pull down of Wnt11 as described in section 2.12.
The samples were run by western blot, and the membranes were probed for the presence of Eviand Wnt11 using
the respective antibodies from table 2.2. The blots were analyzed by a chemiluminescent system using ECL
substrates and a COMPACT 2 X-ray film processor. HSC70 served as loading control. D. N-terminus 1-48 region of
Wnt3 or mutation in asparagine 40 confer enhanced interaction with Evi to the Wnt11¥*8-Wnt3 chimera and the
Wnt11 N40Q mutant rather than to Wnt11 wild-type. E. Mutation in asparagine 40 but not in threonine 42 confers
enhanced interaction of Wnt11 with Evi. F. Lipid modification is not affected in the mutant variants Wnt11 N40Q
or Wntl11 T42P. The mutant Wnt11 S215A was used as negative control of lipidation. Here, HEK293T cells were
seeded in 10 cm plates as indicated in section 2.14.1, and treated with 100 uM of cC16:1n- 7 as is described in
section 2.14.1. Cells were were transfected with the indicated overexpression constructs for either Wnt11 wild
type or the mutants N40Q, T42P, or S215A. After incubation with the respective treatments, cells were collected
for immunoprecipitation and click labeling as outlined in sections 2.11, 2.12, and 2.14.3. Samples were eluted
from the beads and analyzed by western blot. Antibodies specific for Wnt11 were used for protein detection and
its lipid modification was detected using IRDye 800CW streptavidin. The blots were analyzed using Odyssey CLx-
1014 LI-COR fluorescence imaging system controlled with ImageStudio Ver 5.0. HSC70 was used as loading
control. a: indicates the protein to which the primary antibody is directed. |.P.: Immunoprecipitated protein.
Western blot is representative of two independent experiments.

3.9 Evaluation of other candidate acyltransferases possibly involved in Wnt11
secretion

O. Voloshanenko (M. Boutros group, DKFZ, Heidelberg) identified potential acyltransferases
that could be involved in the secretion and activity of Wnt11 or even more that may interact
directly with this protein (unpublished data). Among them, three acyltransferases, namely,
ZDHHC5, ZDHHC6, and CPT1A are promising candidates for further analysis. ZDHHCS localizes
to the plasma membrane, ZDHHC6 to the ER, and CPT1A to the mitochondria. To test their
effect on secretion of Wntl11, these proteins were knocked down using in HEK293T cells and
the amount of Wnt11 protein secreted in the extracellular medium was monitored by blue
sepharose and western blot assays.

At first glance, knockdown of ZDHHC5 in HEK293T cells led to decreased secretion of Wnt11
into the extracellular medium for three of the four siRNAs used (i.e. siRNA#1, siRNA#2 and
siRNA#3, but not for siRNA#4, Figure 3.10A). However, when a semi-quantitative analysis of
the bands was performed by normalizing first the intensity of the bands with respect to their
loading control and then calculating the fold change of each treatment with respect to the
internal control (Ctrl), only the siRNA#3 showed a reproducible inhibitory effect on Wnt11
secretion (Figure 3.10B). Furthermore, the siRNA#4 enhanced the amount of Wntl1 in the
extracellular medium and in the cell lysate (Figure 3.10B). A similar effect was observed in
HEK293TAPORCN cells (Figure 3.10A), in this case the blots give the perception that there is a
decrease in the amount of Wntl11 in the extracellular medium for cells treated with siRNA#1,
siRNA#2, and siRNA#3 but not for siRNA#4. However, with the semi-quantitative analysis was
observed that only siRNA#3 showed a reproducible inhibitory effect on Wnt11 secretion, and
the siRNA#4 enhanced the amount of Wnt11 in the extracellular medium and in the cell lysate
(Figure 3.10B). In addition to the above, when comparing the HEK293T and HEK293TAPORCN
cells, it gave the appearance that the amount of Wnt11 secreted was lower in HEK293TAPORCN
cells than in HEK293T cells (Figure 3.10A). To verify the knockdown efficiency of ZDHHC5S using
these siRNAs, the amount of mRNA of ZDHHCS5 present in the cells was measured by RT-gPCR.
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SiRNA#1, siRNA#3, and to a lesser extent siRNA#4, but not siRNA#2, displayed a reduction in
the mRNA of ZDHHC5 (Figure 3.10C). Together these results suggest that ZDHHC5 could be
involved in the secretion of Wnt11. However, due to the high variation in the results, and the
opposite effect between siRNAs #3 and #4 further experiments are needed to confirm and
understand how ZDHH5 impacts Wnt secretion. Furthermore, because ZDHHC5 was described
to mainly localizes to the plasma membrane [130], it may not directly be involved in Wnt11
transport through the early secretory pathway. Instead, it could be involved in the sorting of
Wnt11 into a specific secretion route at the plasma membrane; for example, via incorporation
of Wntl11 into exosomes.

When ZDHHC6 was knocked down in HEK293T cells with three different siRNAs, a slight
reduction of Wntl1 secretion into the medium was observed (Figure 3.10D). With the semi-
quantitative analysis was also observed a trend towards inhibition (Figure 3.10E), however, in
all cases the standard error was quite high. In HEK293TAPORCN cells, there was no apparent
reduction with any of the three siRNAs and a high variability was observed between the
experimental replicates (Figure 3.10D,E). Using RT-gPCR, a reduction in the mRNA levels of
ZDHHC6 with all three siRNAs was confirmed (Figure 3.10F). Together these data suggest that
ZDHHC6 may play a role in Wnt11 secretion. However, due to the high variation in the results
further experiments are needed to confirm and understand how ZDHH6 impacts Wnt secretion

When CPT1A was knocked down using four different siRNAs, | could not observe a reduction
in Wnt11l in the extracellular media of HEK293T cells (Figure 3.10G,H). In HEK293TAPORCN cells,
| observed a slight reduction of secreted Wnt11 with siRNAs#1, #2 and #4 (Figure 3.10G).
However, with the semi-quantitative analysis none of the siRNAs showed a clear signal of
reduction and between the replicates there was a high variation. CPT1A mRNA knockdown
was observed with all four siRNAs (Figure 3.10l). These results suggest that CPT1A is not
involved in Wnt11 secretion.

Taking together, these results suggest that ZDHHC5 and ZDHHC6 are candidates to further
explore its function in Wnt secretion and signaling. However, further analysis with other
approaches such as using sgRNA, inhibitors and rescue experiments with overexpressed
ZDHHC5 and ZDHHC6 would be required to validate the initial results.
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Figure 3.10: Knockdown effect of ZDHHC5, ZDHHC6, and CPT1A on Wnt11 secretion.

HEK293T cells were seeded in 6 well plates (5 x 10° cells/well) and transfected in parallel with siRNAs (siRNA
reverse transfection) to silence the ZDHHC5, ZDHHC6, and CPT1A genes. For this purpose, Dharmacon siGENOME
Human siRNAs were used (Table 2.11), and transfection with the siRNAs was performed as described in section
2.8. The next day the cells were transfected with a construct to overexpress Wnt11 (see section 2.7). 48 hours
later, the extracellular media and lysates of cells were collected. Wnt11 was precipitated from extracellular
medium with the help of blue sepharose beads. Samples from blue sepharose pull down and cell lysate were run
by SDS-PAGE and western blot. The blots were analyzed by a chemiluminescent system using ECL substrates and
a COMPACT 2 X-ray film processor. A, D, G. Representative images of western blots showing Wnt11 protein levels
in cell lysates and blue sepharose pull downs of extracellular media from siRNA-treated cells targeting ZDHHCS (n
= 3), ZDHHC6 (n = 3), and CPT1A (n = 2). HSC70 served as loading control for lysate and extracellular medium. a.:
indicates the protein to which the primary antibody is directed. B, E, H. Semi-quantitative analysis of the bands
was performed by normalizing first the intensity of the bands with respect to their loading control (HSC70) and
then calculating the fold change of each treatment with respect to the internal control (Ctrl). The intensity of the
bands was measured using Fiji software. C, F, I. Validation of knockdown through RT-gPCR analysis of the
acyltransferases ZDHHCS, ZDHHC6, and CPT1A transcripts. Validation by RT-qPCR was performed as described in
section 2.9.
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3.10 Summary of part B: Molecular factors that contribute to Wnt11 secretion
and function

In this part, biochemical and functional assays were used to investigate molecular factors that
might affect the secretion and function of Wnt11 and Wnt3a. | could show that the amino acid
serine 209 in Wnt3a is essential for its secretion to the extracellular media and for activating
the canonical Wnt/B-catenin pathway; this was consistent with previously published works [32,
43, 44, 55]. | also observed that the amino acid serine 215 in Wnt11 is essential for inhibiting
the canonical Wnt/B-catenin pathway. Nevertheless, the mutation in serine 215 only partially
affects the secretion of Wntll, suggesting that this amino acid is relevant but not
indispensable for its secretion. We also investigated whether other domains of Wnt11 could
be determinants for its secretion. Contributing to the project of O. Voloshanenko (M. Boutros
group, DKFZ, Heidelberg), experiments with chimeric Wnt11 and Wnt3 variants were carried
out. In those experiments, we found that the first 48 amino acids in the N-terminal region of
Wnt11 and specifically the asparagine 40 control the secretion of Wnt11, possibly through its
glycosylation and the interaction with Evi.

Besides that, | also investigated the effect of knocking down ZDHHC5, ZDHHC6, and CPT1A on
Wnt11 secretion following a knockdown approach. | observed that the knockdown of ZDHHC5
and ZDHHC6 affects the secretion of Wnt11, suggesting that ZDHHC5 and ZDHHC6 may be
involved in the secretion of Wnt11.

C. Lipidomic analysis of HEK293T and HCT116 cells

Besides studying acylation and trafficking of Wntl11, | was interested in investigating the
correlation between Wnt signaling and lipidome changes. A growing number of reports has
shown that Wnt signaling also impacts lipid homeostasis, with aberrations leading for example
to steatosis or lipid droplet accumulation in cellular assays [99-101, 131].

To test for a functional link between Wnt signaling and cellular lipid homeostasis | addressed
the following questions:

Does overexpression of Wnts in HEK293T cells affect the cellular lipidome?
Does the presence or activity of PORCN or Evi, proteins acting early in Wnt trafficking, impact
the cellular lipid composition of cells?

To address these questions, | made use of the cellular systems already investigated in this
thesis, including overexpression of Wnt proteins, PORCN or Evi knockout cells, as well as
inhibition of PORCN activity using a small molecule inhibitor. Besides the well-established
HEK293T cells | included colon cancer derived HCT116 cells as a second model system.
Lipidomics analyses were performed together with Iris Leibrecht, Timo Sachsenheimer and
Christian Lichtenborg from the CellNetworks Lipidomics Platform Heidelberg.
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3.11 Lipid profile in HEK293T cells overexpressing Wnts

To evaluate if the overexpression of Wnts affects the lipid composition of HEK293T cells,
HEK293T cells transfected with plasmids that overexpressed Wnt3a, Wnt5a, Wnt5b or Wnt11
were used. Lipidomics analysis for each one of the conditions was performed. 22 different lipid
classes were evaluated, mainly belonging to glycerophospholipids, glycerolipids, sphingolipids,
and cholesterol (Figure 1.5).

In general, | did not observe statistically significant difference in the lipid classes under Wnt
overexpression compared to control cells (Figure 3.11). Nevertheless, | observed slight
differences in the lipid composition between cells that overexpress either the canonical or the
non-canonical Wnt proteins, however, due to a high variability these changes were not
statistically significant. Overexpression of Wnt3a induced a slight increase in the amount of PC
and PC O- and a decrease in PE, PI, PS, PS O-, PG O-, CE, and Hex2Cer (Figure 3.11B). These
slight changes were not observed for the non-canonical Wnts (Figure 3.11B). In contrast,
overexpression of non-canonical Wnts (Wnt5a, Wnt5b, and Wnt11) slightly increased the
amount of PA, PG, PE P-, and the ether lipids Pl O-, PA O- and PS O- (Figure 3.11B). | also
observed that some lipid classes were affected independently of which type of Wnts were
overexpressed. For example, SM slightly increased in canonical (Wnt3a) and non-canonical
Whnts (Wnt1l and Wnt5a but not Wnt5b) (Figure 3.11B). The TAG lipid class decreased in all
overexpressed Wnts (Figure 3.11B). Alternatively, the LPC lipid class increased only in cells
overexpressing Wnt5a and Wnt5b, and the amount of PE O- increased only under
overexpression of Wnt11 (Figure 3.11B). Taken together, none of these alterations was of
statistical significance, both when comparing different Wnt proteins and in comparison to
control cells in the absence of Wnt overexpression. Here a significant increase of sample
replicates would be important to clarify whether overexpression of Wnt proteins in HEK293T
cells impacts the cellular lipidome.
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Figure 3.11: Lipid profile of HEK293T cells overexpressing Wnts recovered by mass spectrometry.

HEK293T cells were seeded in 10 cm plates (1 x 10%cells/ well) and transfected with plasmids to overexpress
Wnt3a, Wnt5a, Wnt5b or Wntl1 as described in section 2.7. 48 h post-transfection, cells were collected from
cell cultures, counted and divided into two fractions. One fraction, approximately 2 x 10° cells were used as an
overexpression control and analyzed by western blots (A), whereas a second fraction of 1 x 10° cells was used for
lipidomics analysis (B). A. Western blots of cell lysate as control of overexpression of Wnt3a, Wnt5a, Wnt5b and
Wnt11. B. For lipidomics, the 1 x 10° cells collected from cell cultures were pelleted by centrifugation. Then the
pellet was resuspended in ammonium bicarbonate ((NH4)HCO3, 155 mM) methanol 1:1 (v/v) and the samples
were subjected to acidic Bligh and Dyer lipid extraction (SBD-extraction) as is described in [115, 116] and section
2.19. Mass spectrometric measurements were performed in positive ion mode on an AB SCIEX QTRAP 6500+ mass
spectrometer equipped with chip-based (HD-D ESI Chip, Advion Biosciences) nano-electrospray infusion and
ionization (TriVersa NanoMate, Advion Biosciences) as described in [115, 116]. Data evaluation was done using
LipidView (Sciex) and ShinyLipids. Comparison of the contribution of each lipid class to the cellular lipidome
(expressed as mol% of all lipids measured) of HEK293T cells overexpressing Wnt3a (purple), Wnt5a (green),
Wnt5b (orange), Wnt11 (blue) and in mock-transfected control cells (grey). Data are presented as mean + S.E.,
n=4. Lipid extraction was done by Iris Leibrecht, Christian Lichtenborg and Timo Sachsenheimer. Lipidome data
was analyzed and provided by Christian Lichtenborg and Timo Sachsenheimer (Briigger lab). C. Scheme of the
biosynthesis pathways of glycerolipids, ether-linked glycerolipids, and sphingolipids, illustrating the slight changes
observed in the lipid classes (red arrow, increase; blue arrow, decrease) of the HEK293T lipidomes in the presence
of overexpressed canonical Wnt3a, or non-canonical Wnt5a, Wnt5b, or Wnt11. Please note that the illustrated

changes are not statistically significant.
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3.12 Lipid profile of HEK293T cells after inhibition of PORCN, knockout of PORCN
and knockout of Evi

To test whether inhibition or depletion of PORCN and Evi affects the lipid composition of
HEK293T cells, HEK293T cells were treated with LGK974 at 5uM and 20uM for 48 h (to inhibit
PORCN, see section 2.2), and the lipid composition of HEK293TA8 and HEK293TAPORCN cells was
measured. Statistically significant reduction in the levels of some lipid classes was observed
after treated with LGK974; this is the case of HexCer, Chol, and the ether lipids Pl O- (Figure
3.12). In contrast, a statistically significant increase in PC, PE and SM was observed after
treating cells with LGK974, and also for SM in HEK293TAPORN cells (Figure 3.12). A slightly
decreasing trend was observed for the Hex2Cer, TAG, PC O-, PE O-, PG O-, PS O-, PA O- and CE
lipid classes (Figure 3.12). As for HEK293T2 " cells, a slight but not statistically significant trend
of anincrease in PE, PG, PS, Pl, HexCer, Hex2Cer, PG O- and PS O- lipid classes were observed,
whereas there was a decrease in PC O-, Pl O-, Cer and TAG levels. (Figure 3.12). This result
suggests that the absence of Evi does not affect the lipid composition of HEK293T cells.
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Figure 3.12: Lipid profile of HEK293T cells after inhibition or depletion of PORCN and Evi.

1 x 10° cells were collected from cell cultures of the stable cell lines HEK293T, HEK293T APORCN ' HEK293T ABVi: or
HEK293T cells treated either with LGK974 as described in section 2.2. Cells were pelleted by centrifugation. Then
the pellet was resuspended in ammonium bicarbonate ((NH4)HCO3, 155 mM) methanol 1:1 (v/v) and the samples
were subjected to acidic Bligh and Dyer lipid extraction (SBD-extraction) as is described in [115, 116] and section
2.19. Mass spectrometric measurements were performed in positive ion mode on an AB SCIEX QTRAP 6500+ mass
spectrometer equipped with chip-based (HD-D ESI Chip, Advion Biosciences) nano-electrospray infusion and
ionization (TriVersa NanoMate, Advion Biosciences) as described in [115, 116]. Data evaluation was done using
LipidView (Sciex) and ShinyLipids. A. Amount in Mol% of each one of the lipid classes from HEK293T cells after
inhibition of PORCN by 5uM LGK974 (purple), 20uM LGK974 (light blue), knockout of PORCN (dark blue) and
knockout of Evi (yellow). Four independent experimental replicates were carried out. Data are presented as
mean + SE. Statistical significance of the changes indicated (*: p-value < 0.05). Statistics with 2-way ANOVA and
Dunnet multiple comparison test were used. The untreated cells were considered as reference for the statistical
test. Lipid extraction was done by Iris Leibrecht, Christian Lichtenborg and Timo Sachsenheimer. Lipidome data
was analyzed and provided by Christian Lichtenborg and Timo Sachsenheimer (Briigger lab). B. Scheme of the
biosynthesis pathways of glycerolipids, ether-linked glycerolipids, and sphingolipids. It illustrated the increase (red
arrow) or decreases (blue arrow) in the lipid classes when HEK293T cells were depleted of Porcupine by inhibition
with LGK974 or by knockout (upper panel), and when Evi was depleted by knockout (lower panel). Please note
that the changes illustrated may not reflect only statistically significant changes, but also some lipid classes with
a slight trend of change.

To test whether the slight but not significant effect of PORCN on ether PC observed in the first
set of lipidome studies could be confirmed, | repeated these analyses now including different
sgRNAs targeting PORCN. Nonetheless, to obtain the results quickly, | proceeded to evaluate
the PC and PC O- lipid composition of the pool of cells treated with three different sgRNAs
without going through the single cell cloning selection. Using LGK974 inhibitor, the PC O- levels
diminished compared to the control (Figure 3.13). Also, in HEK293TAPORNN cells, there was a
significant reduction in the PC O- levels (Figure 3.13). However, there were no changes for the
pools of cells treated with the different sgRNAs compared to the control (Figure 3.13). This
variation between the results with inhibitor and sgRNAs suggests that the changes in the lipid
composition of ether lipids could be indirectly affected by the inhibitor LGK974, and in the case
of HEK293TAPORCN stable cell line could be a clonal effect instead of a specific effect due to
PORCN, which should be verified in further experiments.
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Figure 3.13: Amount of PC and PC-O lipids under different knockout conditions and LGK974 treatments

1 x 10° cells were collected from cell cultures of the stable cell lines HEK293T, HEK293T 4PORN HEK293T 28 and
HEK293T cells treated either with LGK974 as described in section 2.2 or with sgRNAs to induce depletion of
Porcupine as described in section 2.10. Cells were pelleted by centrifugation. Then the pellet was resuspended in
ammonium bicarbonate ((NH4)HCO3, 155 mM) methanol 1:1 (v/v) and the samples were subjected to acidic Bligh
and Dyer lipid extraction (SBD-extraction) as is described in [115, 116] and section 2.19. Mass spectrometric
measurements were performed in positive ion mode on an AB SCIEX QTRAP 6500+ mass spectrometer equipped
with chip-based (HD-D ESI Chip, Advion Biosciences) nano-electrospray infusion and ionization (TriVersa
NanoMate, Advion Biosciences) as described in [115, 116]. Data evaluation was done using LipidView (Sciex) and
ShinyLipids. HEK293T cells either lacking PORCN (APORCN, dark blue) or under LGK974 treatment (purple and
light blue) increase PC content (left) and reduce PC O- content (right). HEK293T cells treated with different sgRNAs
targeting PORCN did not change the levels of PC or PC O- (green colors). Four independent experimental replicates
were carried out. Data are presented as mean * SE. Statistical significance of the changes indicated (*: p-value <
0.05). Statistics with 2-way ANOVA and Dunnet multiple comparison test were used. The untreated cells were
considered as reference for the statistical test. Lipid extraction was done by lIris Leibrecht, Christian Lichtenborg

and Timo Sachsenheimer. Lipidome data was analyzed and provided by Christian Lichtenborg and Timo
Sachsenheimer (Brigger lab).

Interestingly, ether PC (PC O-) and SM have recently been shown to be important for p24-
dependent cargo transport in the early secretory pathway [73, 102, 103], which is used by Wnt
proteins[73, 74]. These results suggest a functional link between PORCN activity, Wnt transport
and cellular lipids which should be explored in further experiments.
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3.13 Lipid profile of HTC116 cells after LGK974 inhibition of PORCN and knockout
of Evi

In addition to HEK293T cells, | tested whether inhibition of PORCN activity or absence of Evi
had an impact on the cell lipidome of HCT116 cancer cells, which endogenously express Wnts.
For this purpose, lipidomic analysis was performed from HCT116 cells treated with 5uM and
20uM LGK974, to inhibit PORCN, or from three monoclonal cell lines lacking Evi (HCT1162-21,
HCT116%%-22 and HCT116%-?3, see Table 2.5 and section 2.1, these cells were provided by O.
Voloshanenko (M. Boutros group, DKFZ, Heidelberg).

Wnt5a and Wnt16 are two Wnt proteins that are predominantly expressed in HCT116 cells
[132, 133] and seems to be dependent on PORCN and Evi (private communication, M. Boutros
lab, DKFZ). Therefore, as a control to verify the effect of PORCN inhibition with LGK974 and
lack of Evi in HCT116 cells, the secretion of Wnt5a and Wnt16 was assessed. To check this, the
proteins were pulled down with blue sepharose beads from extracellular media coming from
the same HCT116 cells used in the lipidomic analysis. Then the enriched proteins were analyzed
by Western blot (for details on the method, see section 2.16). Reduced secretion of both
Wnt5a and Wnt16 was observed in LGK974-treated HCT116 cells and in HCT116 cells lacking
Evi (Figure 3.14A).

In LGK974-treated cells, a statistically significant decrease in Cer, HexCer and Pl lipid classes
was observed (Figure 3.14). In addition, a slight decrease of LPC, PE P-, PA, PA O-, Hex2Cer,
TAG was observed, although it was not statistically significant. This decrease in the levels of the
different lipid classes appeared to be dose-dependent. A statistically significant increase in
Chol was also observed in cells treated with LGK974 (Figure 3.14). When | compared these
results with those of HEK293T cells, | observed that HexCer, Hex2Cer, TAG, PA O- tend to
decrease in both cell types; however, in HCT116 cells, most ether lipids are not reduced,
suggesting that the inhibition of PORCN by LGK974 affects the lipid composition of HCT116
cells differently than in HEK293T cells.

In Evi knockouts, a slight decrease in PC O- and TAG lipid levels was observed, although it was
not statistically significant. Overall, there were variations among the three different HCT116%E
clones (AEvi_2.1, AEvi_2.2 and AEvi_2.3). Forinstance, a decrease in the levels of one lipid class
was observed in one of the clones but not in the others, as in PC, PC O-, PI, TAG for
HCT116%%-21 or PG O-, PS, PS O-, SM, Chol for HCT116%%-22 (Figure 3.14). In other cases, an
increase in lipid class was observed in one of the clones but not in the others, such as PA, PA
O- and HexCer for HCT116%8V-21 or LPC, PI O- for HCT116%V-23 (Figure 3.14). This variation
indicates an unclear pattern in the lipid profile of Evi-depleted HCT116 cells, and the
observable changes are likely due to an individual clonal effect rather than a common effect of
Evi knockout. In conclusion, these results suggest that Evi has no apparent effect on the lipid
composition of HCT116 cells.
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Figure 3.14: Lipid profile of HTC116 cells after inhibition of PORCN by LGK974 and knockout of Evi, recovered by
mass spectrometry. Extracellular media and cells were collected from cultures of the stable cell lines HTC116,
HTC116%% cells (clones HCT116%8-21 HCT116%5-22 HCT116%1-23) or HCT116 cells treated with either 5 uM or
20 UM of LGK974 as described in section 2.2. The extracellular media was used to pull down secreted Wnt
proteins, whereas cells were used for lipidomic analysis. A Wnt5a and Wnt16 proteins were pulled down with
blue sepharose beads from extracellular media and tested by Western blot as described in section 2.16. The
amount of Wnt5a and Wnt16 secreted in extracellular media were used as a control to verify the effect of PORCN
inhibition with LGK974 and lack of function of Evi in the HTC1164% cells. B. Amount in Mol% of each one of the
lipid classes from HTC1162 cells (clones HCT116%-21 HCT116%8-22 HCT116%8-23) or HTC116 cells treated with
LGK974. Sample processing was performed as follows: 1 x 10° cells from the different conditions were pelleted
by centrifugation. Then the pellet was resuspended in ammonium bicarbonate ((NH4)HCO3, 155 mM) methanol
1:1 (v/v) and the samples were subjected to acidic Bligh and Dyer lipid extraction (SBD-extraction) as is described
in [115, 116] and section 2.19. Mass spectrometric measurements were performed in positive ion mode on an AB
SCIEX QTRAP 6500+ mass spectrometer equipped with chip-based (HD-D ESI Chip, Advion Biosciences) nano-
electrospray infusion and ionization (TriVersa NanoMate, Advion Biosciences) as described in [115, 116]. Data
evaluation was done using LipidView (Sciex) and ShinyLipids. Four independent experimental replicates were
carried out. Data are presented as mean + SE. Statistical significance of the changes indicated (*: p-value < 0.05).
Statistics with 2-way ANOVA and Dunnet multiple comparison test was used. Cells treated with DMSO were
considered as reference for the statistical test. Lipid extraction was done by Iris Leibrecht, Christian Lichtenborg
and Timo Sachsenheimer. Lipidome data was analyzed and provided by Christian Lichtenborg and Timo
Sachsenheimer (Brigger lab). C. Scheme of the biosynthesis pathways of glycerolipids, ether-linked glycerolipids,
and sphingolipids. It illustrated the increase (red arrow) or decreases (blue arrow) in the lipid classes when HCT116
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cells were depleted of Porcupine by inhibition with LGK974 (upper panel), and when Evi was depleted by knockout
(lower panel). Please note that the changes illustrated may not reflect only the statistically significant changes,
but also some lipid classes with a slight trend of change.

3.14 Summary of the part C: Lipidomic analysis in HEK293T and HCT116 cells

In this part, the effect on the lipid composition of HEK293T and HCT116 cells was investigated
when components of the Wnt signaling or Wnt secretion were either overexpressed or
depleted. Through lipidomics analysis, changes were analyzed in 22 lipid classes. In general, |
did not observe a statistically significant difference in lipid composition of membranes under
Wnt overexpression compared to control cells. However, | observed small changes in the lipid
composition that could be associated with canonical or non-canonical Wnt proteins: For
example, overexpression of non-canonical Wnts (Wnt5a, Wnt5b, and Wnt11) slightly increased
the amount of PA, PG, PE P-, and the ether lipids PI O-, PA O- and PS O-. However, these changes
were not observed for the canonical Wnt3a. Other changes seem to only depend on the
overexpression of specific Wnts, no matter if it was a canonical or a non-canonical Wnt. Here
a significant increase of sample replicates would be important to clarify whether
overexpression of Wnt proteins in HEK293T cells impacts the cellular lipidome.

In HEK293T cells, when Porcupine activity was depleted through inhibition with LGK974 or in a
HEK293T Porcupine knockout cell line, a slight increase in PC, PE, and SM and a reduction in
the ether lipids was observed. Nevertheless, | did not observe the same effect in treatments
with sgRNAs targeting Porcupine. This result suggests that the changes in the amount of ether
lipids could be indirectly affected by the inhibitor LGK974, or the Porcupine knockout stable
cell line. Further experiments should be done to clarify this aspect. When Porcupine activity
was inhibited using LGK974 in HCT116 cells, | did not observe statistically significant changes
in ether lipids, only slight changes in PG O- and PE O-. Statistically significant changes in the
lipid classes Cer, HexCer, Pl and Chol were observed for HCT116 cells treated with LGK974. This
suggests that the inhibition of Porcupine by LGK974 affects the lipid composition of HCT116
cells differently than in HEK293T cells.

When the effect of the absence of Evi was investigated regarding lipid composition of
HEK293TA cells, none statistically significant changes was observed in the lipid composition.
This result suggests that the absence of Evi does not affect the lipid composition of HEK293T
cells. In HCT116 cells, the lipid composition was evaluated in different clones of Evi knockout
cells. Variation was observed in the lipid composition between the clones of Evi knockout cells,
which indicates there is unclear pattern in the lipid profile of HCT116 cells in the absence of
Evi. These observable changes are probably due to individual clonal effects instead of a
common effect of the knockout of Evi. In conclusion, these results suggest that Evi does not
have an apparent effect on the lipid composition of HCT116 cells.
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4 Discussion

Wnt proteins are essential components of the signaling machinery of cells. All functional
aspects of Wnts, including trafficking, secretion, and signaling are tightly regulated by post-
translational modifications [31, 36, 72, 134]. In particular, lipidation has emerged as a critical
regulatory mechanism to control the signaling ability of Wnts [31, 36, 72, 134]. Currently, the
palmitoylation of a serine around amino acids 205-215 by the ER-resident O-acyltransferase
Porcupine (PORCN) is the best described mechanism of lipidation of Wnts [36, 43, 134, 135].
Nevertheless, there still exists a debate on the exact location where Wnt proteins are lipidated,
and ultimately, the implications of such specific lipidation positions. This thesis addressed this
issue. A combination of chemical biology tools and mass spectrometric approaches were
employed, both on wild type proteins and variants with defined point mutations, to
characterize the bound acyl moieties and new possible sites of lipidation of Wnts. Previous
experiments of O. Voloshanenko (unpublished data, M. Boutros group, DKFZ, Heidelberg)
indicated that Wnt11 is secreted independently of Evi, PORCN, and the predicted lipidated
serine. Even more, Wntll was found soluble in a hydrophobic environment when the
predicted lipidated serine was mutated to alanine. All these observations suggest a new
mechanism by which lipidation regulates Wnt11 function. Wnt11 was thus chosen as a study
model to investigate new sites of acylation and the roles of lipidation in Wnt11 secretion.
Furthermore, employing secretion, biochemical, and functional assays, it was investigated
whether other amino acids, besides the previously-established ones, in Wntll or
acyltransferases candidates besides PORCN are involved in Wnt11 secretion.

The interplay between Wnt proteins and lipids goes beyond the post-translational regulation
of Wnts by lipid moieties. Changes in lipid composition at different biologically-relevant stages
have been linked to the action of Wnt proteins [99-101]. The present thesis also analyzed this
interplay. The impact of Wnt signaling and Wnt secretion on the lipidome of HEK293T and
HCT116 cells was investigated by measuring the lipid composition of cells that overexpressed
Wnt proteins and cells depleted of the Wnt partners PORCN and Evi.

4.1 Alternative acylation site and the role of saturation on Wnt11 lipidation

To understand whether lipidation of Wnt11 was mediated by serine 215 or cysteine 80, as it
has been pointed out before [42, 43], | used click labeling assays with palmitic acid alkyne
cC16:0in HEK293T cells transfected with plasmids coding for wild type Wnt11 or S215A, C80A,
and C80A/S215A mutants (Figure 3.1A). Unexpectedly, lipidation of Wnt11 was detected, not
only for the wild-type protein but also for both mutants S215A, C80A, and the double mutant
C80A/S215A. In addition to the Wnt11l mutants, the role of Porcupine on the lipidation of
Wntll was investigated. HEK293T knockout cells lacking Porcupine also displayed a Wnt11
lipid modification (Figure 3.1). These results are in line with previous observations of O.
Voloshanenko (unpublished data, M. Boutros group, DKFZ, Heidelberg), suggesting alternative
lipidation sites and lipidation by an alternative acyltransferase, besides the one described in
the literature [35, 42, 43]. However, the trend | observed displayed only a low reproducibility,
despite the relative-large number of replicas (Figure 3.1D-E). | attribute this to the low and
most likely unspecific labeling efficiency of the cC16:0 fatty acid. Also, the cellular response to
the overexpression of the Wnt mutants or the removal of Porcupine may have yielded
lipidation on an alternative site that may have not often been lipid-modified and thus not easily
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detectable. Nonetheless, even if this lipidation process is infrequent, the results hint towards
another lipidation site besides the residues C80 and S215 and another acyltransferase apart
from PORCN involved in the lipidation. Nevertheless, further mass spectrometry experiments
on purified Wnt11 protein (either wild type or mutant variants) from either wild type cells or
PORCN depleted cells would be necessary to confirm this observation.

To identify alternative lipidation sites, mass spectrometry analysis from recombinant Wnt11
and Wnt3a proteins was carried out. The analysis by mass spectrometry of the intact Wnt11
protein suggested only one acylation per molecule (data not shown). Nevertheless, several
lipidation sites were identified. Some of them were selective to the acyl chain of either 16:0 or
16:1n-7, while few others were labeled with both fatty acids. We did not expect these results
because there is no report suggesting multiple lipidation sites on Wnt proteins. One possibility
is that the commercial purified proteins were not of sufficient quality and therefore may have
generated false-positive peaks during the mass spectrometry analysis. To validate the obtained
list of lipidation sites, point mutations for some of those residues were performed. It was then
investigated if point mutations on Wnts impact lipidation with cC16:1n-7, Wnt secretion, and
signaling activity. These experiments confirmed that serine 215 in Wntl1 and serine 209 in
Wnt3a play a critical role in the lipidation with cC16:1n-7 and also influence Wnt signaling
activity (see, sections 3.2, 3.6, and 3.7). These data indicate that some of the potential
lipidation sites identified by mass spectrometry could be false positives. As an outlook to clarify
which of those potential residues are indeed real lipidation sites, we suggest to overexpress
and optimize the purification of Wnt11 and other Wnt proteins from HEK293T, HEK293TAPORCN,
HEK293TAH cells.

The detection of lipid modifications drastically improved when using the cC16:1n-7 fatty acid.
Lipid labeling efficiency using cC16:1n-7 was higher than that of cC16:0. This improvement
allowed to confirm that, among the differently-studied point mutations, serine 215 is the only
lipidated site labeled with cC16:1n-7 in Wnt11 (Figure 3.2-3.3). Furthermore, the impaired
lipidation of Wnt11 due to the absence of Porcupine could be recapitulated (Figure 3.2).
Therefore, the results using palmitoleic acid alkyne cC16:1n-7, confirm the central role of S215
and the importance of Porcupine for the lipidation of Wnt11, which is consistent with the
literature [33, 35, 43, 44, 46, 55, 67]. Importantly, these data highlight the importance of the
saturation of the acyl chain on the lipidation of Wnt11.

Regarding the incorporation of the clickable fatty acids cC16:0 and cC16:1n-7 into different
lipid classes, it was observed by TLC that both fatty acids were metabolized into lipid classes
such as PC, PE, and TAG, but cC16:0 in a higher amount than cC16:1n-7 (Figure 3.5).
Accordingly, this data suggest that cells may uptake cC16:0 and metabolize it into lipid classes
more efficiently than cC16:1n-7. This correlates with the fact that the proportion of saturated
lipids is higher than that of monounsaturated lipids in HEK293 cells [131, 136]. As a
consequence, the pool of activated fatty acid as a substrate for PORCN is likely to be lower for
cC16:0 than for cC16:1. Further studies would be necessary to understand the uptake and
incorporation of clickable fatty acids in HEK293 cells and their implications in cellular
metabolism.

With the aim of studying in more detail in which lipid species the clickable fatty acids cC16:0
and cC16:1n-7 is metabolized, lipidomic analysis by mass spectrometry was performed (Figure
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3.6). The data shows that cC16:0 is incorporated into PC species of 16 hydro-carbon chains in
higher amounts than the cC16:1n-7 fatty acid did. For longer fatty acids of 18 carbons, on the
contrary, both cC16:0 and cC16:1n-7 are incorporated in similar amounts into PC species. | also
observed that similar incorporation of cC16:0 and cC16:1n-7 into PE species of 16 carbons and,
by elongation, into species of 18 hydro-carbon chains, with either saturated 18:0, unsaturated
18:2, or 18:3 fatty acids. The cells thus accumulated PE lipid species with a fatty acid length of
18 carbons rather than 16 carbons, contrary to what was observed for the PC class. Similar to
our results, Greaves and co-workers observed that the C16:0-azide was elongated to C18:0-
azide, which was subsequently desaturated to C18:1-azide [136]. Altogether, our results
indicate that cC16:0 has a higher efficiency than cC16:1n-7 to be incorporated into PC species
of 16 carbons. PE species showed a prevalence of longer hydrocarbon chains of 18 carbons,
but their incorporation was independent of the saturation of the cC16 chain (either cC16:0 or
cC16:1n-7). The importance of the lipid classes (either PC or PE) and the acyl-chain length (16
or 18) on the lipidation and function of Wnt proteins remains to be elucidated in future studies.

In conclusion, our results highlight that the saturation state of the clickable fatty acids has a
strong effect on the lipidation of Wnt11. With the saturated cC16:0, Wnt11 may be lipidated
in another site besides serine 215 and PORCN activity seems not to be required. However, this
model needs further validation as the low efficiency of lipidation with this lipid resulted in a low
reproducibility of the experiments. Contrary to cC16:0, with the monounsaturated cC16:1n-7
fatty acid, the lipidation of Wnt11 drastically improved, and this accordingly enhanced the
reproducibility of the experiments. It was then possible to demonstrate that cC16:1n-7 binds
at the canonical serine 215 of Wntll and that PORCN mediates this lipidation process,
consistent with the previously-proposed model of lipidation for Wnts [33, 35, 43, 44, 46, 55,
67]. Finally, these results show that the saturation state of the clickable fatty acids has a strong
effect on the incorporation of these fatty acids into the lipid classes PC and PE.

4.2 Molecular factors that contribute to Wnt11 secretion and function

Wnt11 secretion and function in polarized cells have been linked to the acylation of serine 215
[35]. However, recent experiments of O. Voloshanenko (M. Boutros group, DKFZ, Heidelberg)
revealed that mutation in serine 215, or depletion of PORCN and Evi proteins by knockout,
does not abolish the secretion of Wnt11. We asked whether other uncharacterized amino acids
of the Wnt proteins, or other acyltransferases involved in their lipidation, could affect the
secretion and other functions of Wnt11 and Wnt3a. To this end, first, the impact site-directed
mutagenesis has in the secretion and function of these two proteins was investigated (section
3.3). Second, in a contribution to the project of O. Voloshanenko, it was investigated whether
inside the amino acid sequence of Wnt11 there is a specific region or amino acid in Wnt11 that
affects Evi-independent secretion, the post-translational modification of Wntl11, or the
interaction with Evi. Third, we investigated if there are other acyltransferases that could be
involved in the secretion of Wnt11, apart from PORCN.

Concerning Wnt signaling function, the results confirm that serine 209 is an essential residue
of Wnt3a for the activation of the canonical Wnt/ B -catenin pathway, mediated by this protein
(Figure 3.8). This is consistent with the studies of Wnt3a from Rios-Esteves et al. [46],
Doubravska et al. [32], and Galli et al. [40]. Regarding Wnt11, our results reveal that serine 215,
more specifically its lipidation state, is relevant for the inhibitory function that Wnt11 has on
the canonical Wnt/B-catenin pathway (Figure 3.7). This is an interesting observation that was
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not reported in the literature before and emphasizes the importance of lipidation for the
correct function of Wnt11.

Focusing on Wnt secretion, mutation of serine 209 drastically reduced the secretion of Wnt3a
(Figure 3.8). This is consistent with the most accepted model, which established that this
residue is indispensable for the exit of Wnt3a from the ER and its subsequent secretion to
extracellular media [17, 32, 43, 57, 72, 84]. For the case of Wntl11, nevertheless, a reduction
but not a total suppression of the secretion of Wntl1l was observed when serine 215 was
mutated to alanine, in HEK293T cells (Figure 3.7). This suggests that a portion of Wntl11l
proteins may be secreted independently of serine 215 and possibly independently of the
lipidation state on this residue. However, our results differ from the observation by Yamamoto
et al. where mutation of serine 215 abolishes Wnt11 secretion in L-cells [35]. This difference
could be linked to a distinct mechanism between HEK293T and L cells, and thus intrinsic to
each cell type. It remains to be clarified what role the residually-secreted Wnt11 protein,
lacking a lipid attached to S215A, plays for HEK293T cells.

We also investigated whether there is a specific region within Wnt11 that affects Evi-
independent secretion. It was found that the first 48 amino acids in the N-terminal region of
Wntl1 regulate the secretion of Wntl11, reducing its interaction with Evi (Figure 3.9 A-D).
Furthermore, asparagine 40 was identified as a critical factor that reduces the binding to Evi
and facilitates Wnt11 secretion by an alternative route besides the one regulated by Evi (Figure
3.9 D-E). Similar to our results, Yamamoto et al. described that Evi is not required for the
secretion of Wntl1 to the apical side of polarized MDCK cells, and even more, mutation of
asparagine 40 to glutamine impaired the secretion of Wnt11 in L-cells [35]. However, the
components and the exact mechanism of how Wnt11 can be secreted independently of Evi
remain unknown. Besides that, the mutant variant Wntl1l T42P, which also disrupts
glycosylation on asparagine 40, does not increase the interaction with Evi at similar levels as it
was observed for Wnt11 N40Q (Figure 3.9 E). This indicates that glycosylation may not be
involved in the interaction with Evi, and perhaps another post-translational modification of
asparagine 40 regulates the binding to Evi. This is still puzzling and requires further analysis. |
also tested whether the mutation on asparagine 40 or threonine 42 could affect the lipidation
of Wntl1l and observed that neither mutations in asparagine 40 nor threonine 42 affect the
lipidation of Wnt11 with cC16:1n-7 (Figure 3.9F).

In addition, we analyzed, several acyltransferases that could possibly be involved in Wnt11
secretion. The acyltransferase ZDHHCS is suggested to also participate in Wntl1 secretion
(Figure 3.10). Because ZDHHC5 localizes to the plasma membrane, it may not directly be
involved in the early secretory pathway. We hence speculate that ZDHHC5 might be engaged
in Wntl11 sorting into a specific secretion route at the plasma membrane, for example, by
incorporating Wntl1l into exosomes. ZDHHC5 has been associated with multiple cellular
processes such as endocytosis, cell adhesion, cardiac function, and pathogen-host interaction
[137]. Therefore, ZDHHCS5 could indirectly affect Wnt secretion by altering e.g. the retromer
complex and subsequently affecting the recycling of Evi from endosomes to the trans-Golgi
network [138, 139]. Also, ZDHHC5 may have implications on Wnt signaling by interfering with
the localization of LRP6 into detergent-resistant membrane fractions through the
palmitoylation of cytoskeleton-associated protein 4 (CKAP4) [140]. ZDHHCS5 palmitoylates
Protocadherin-7 (PCDH7) during cell division, targeting it to the cell cortex and cleavage furrow
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during cytokinesis. Depleting ZDHHCS or PCDH7 leads to cytokinesis defects, which could affect
the partitioning of Notch and Wnt signaling during asymmetric cell division indirectly [141,
142]. These are some examples for roles of ZDHHCS in the regulation of Wnt signaling or
secretion. Further experiments are required to define the exact mechanism that links ZDHHC5
with the secretion of Wnt11.

So far, there is no direct relationship between ZDHHC6 acyltransferase and Wnt11 protein
secretion. However, the E3 ubiquitin ligase GP78 (also known as AMFR) is known to be a
substrate of ZDHHC6 [143]. GP78 is part of the ER-associated degradation complex (ERAD),
which has been implicated in the degradation or stability of components of Wnt secretion such
as the carrier protein Evi in the ER [144, 145]. | do not exclude the possibility that GP78
regulates components involved in Wntl1 secretion. However, this is a question for further
investigation. In addition to this, it has previously been shown that GP78 is not the main E3
ubiquitin ligase involved in Evi degradation, but rather the E3 ubiquitin ligase CGRRF1 [144,
145]. Interestingly, both GP78 and the ubiquitin ligase CGRRF1 share by homology 6 cysteines
within a RING finger motif that are essential for their ubiquitin ligase function. In the case of
GP78, these cysteines within this RING finger motif are palmitoylated by ZDHHC6 [143]
(sequence alignment in Uniprot). So far, it is not known whether CGRRF1 is lipid-modified,
however, given that CGRRF1 shares by homology with GP78 some of those cysteines in its RING
finger motif, it is possible that CGRRF1 may also be a substrate of ZDHHC6. Experiments to
detect lipidation in CGRRF1 would be necessary to test this hypothesis and to validate whether
ZDHHC6 would be implicated in Wnt11 secretion indirectly by regulating CGRRF1 or GP78
activity.

In conclusion, our results highlight that serine 209 is indispensable for activating the canonical
Wnt/ B -catenin pathway and secretion of Wnt3a. The equivalent serine in Wnt11, namely,
serine 215, and more specifically its lipidation state, are suggested to be crucial for the
inhibitory role Wnt11 has on the canonical Wnt/B-catenin pathway. Concerning Wnt secretion,
our results suggest that a portion of Wntl1 proteins can be secreted independently of serine
215 and possibly independently of the lipidation on this residue. Moreover, our mutagenesis
experiments suggest that asparagine 40 reduces the binding to Evi and is involved in Wnt11
secretion by an alternative route that may not require Evi. Finally, the acyltransferases ZDHHC5
and ZDHHC6 were identified as potential candidates linked to Wnt11 secretion besides PORCN.

4.3 Lipidomics analysis in HEK293T and HCT116 cells

In this final section, by lipidomics analysis, the effect on the lipid composition of HEK293T and
HCT116 cells was investigated when components of the Wnt signaling or Wnt secretion
pathways were overexpressed or depleted. Changes of 22 lipid classes were evaluated. Only
small changes were observed in the lipid composition associated with the canonical or non-
canonical Wnt proteins (Figure 3.11). For example, overexpression of non-canonical Wnts
(Wnt5a, Wnt5b, Wnt11) slightly increased the amount of glycerophospholipids PA, PG, PE P-,
and the ether lipids Pl O-, PA O- and PS O-. These changes were not observed for the canonical
Wnt3a, which rather displayed a slight increase in PC and PC O- and a decrease of PI, PS, PE,
PG O- and PS O-, when being over-expressed (Figure 3.11). Note, however, that the difference
in lipid classes of cells overexpressing Wnts compared to control cells was not statistically
significant (section 3.14). Therefore, a larger number of replicates is required to test whether
some of the trends observed in our results become statistically significant. In addition, to our
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knowledge, there is no evidence to support these lipid changes between canonical and
noncanonical Wnt proteins. Further studies, such as transcriptomic and functional analysis, are
therefore required to identify the enzymes involved in these changes and their connection with
Whnt signaling or Wnt activity.

In HEK293T cells, Porcupine activity was abolished through the inhibition with the small
molecule inhibitor LGK974 or knockout of Porcupine. A slight increase in PC, PE, and SM was
observed, as well as a reduction of all ether lipids. These results suggest that the acylation of
Wnt proteins or an unknown substrate of Porcupine might impact the lipid homeostasis by a
yet unknown mechanism. In order to clarify this aspect, other experiments should be
performed to identify possible substrate candidates for PORCN. Besides that, the changes in
the lipid composition of sphingolipids and ether lipids could affect the vesicular transport in
the early secretory pathway [102, 103]. This could occur by interaction of these lipids with p24,
a protein involved in COP-I/Il mediated vesicular transport in the early secretory pathway [102,
103], which could directly affect Wnt secretion [73, 74]. To validate the effect of PORCN
regarding changes in ether lipids, we used different sgRNAs targeting PORCN and focused on
the lipid classes PC and PC O-. Nevertheless, with the sgRNAs, we did not observe the same
changes in the lipid composition. Thus, ether lipids could be indirectly affected by the inhibitor
LGK974 or due to a clonal effect in the Porcupine knockout stable cell line.

In HEK293T cells, the absence of Evi induces a slight but not statistically significant increase in
PE, PG, PS, PI, PG O-, PS O-, HexCer and Hex2Cer levels, compensated by a decrease in PC O-,
Pl O-, Cer and TAG levels. With the exception of the lipid classes PC, PE, PC O- and Pl O-, it
appears that Evi and PORCN have a different effect on lipid composition. However, because
these results were not statistically significant, it is only possible to state that the absence of Evi
does not affect the lipid composition of HEK293T cells. A larger number of replicates is required
to test whether some of the trends observed in our results become statistically significant.

One interesting change observed in HEK293T cells was in the ether lipid class Pl O-. The Pl O-
was slightly reduced in the absence of PORCN or Evi; while, this lipid class was slightly increased
under overexpression of the non-canonical Wnts. These changes are interesting, because the
ether lipid PI O- could form glycosylphosphatidylinositol anchors (GPI- anchors) [146, 147]. The
proteins Oto in mice and the glypicans Dlp in Drosophila or Gpc3, Gpcd in humans are
covalently attached to GPI-anchors. These proteins are involved in Wnt secretion [148-156].
Therefore, | hypothesize that the changes in the lipid class Pl O- in HEK293T cells could be a
response of the cells to regulate the secretion of Wnt proteins in the absence of PORCN, Evi,
or under overexpression of Wnts. More data is required to confirm this hypothesis and to
elucidate the mechanisms involved.

When Porcupine activity was impaired with LGK974 in HCT116 cells, | did not observe changes
in the ether lipids. Instead, | observed changes in Pl, Cer and HexCer lipid classes. This suggests
that the inhibition of Porcupine by LGK974 affects the lipid composition of HCT116 cells in a
different way than in HEK293T cells. In HCT116 cells, the lipid composition was analyzed in
different knockout clones of Evi. Variations in the lipid composition between the knockout
clones of Evi were observed, indicating there is no pattern in the lipid profile of HCT116 cells
in the absence of Evi. The observable changes are probably due to individual clonal effects
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instead of a common effect of the knockout of Evi. Together, these results suggest that Evi
does not have an apparent impact on the lipid composition of HCT116 cells.

In conclusion, the lipidomics data highlight that the depletion or inhibition of PORCN increases
sphingomyelin and reduces the ether lipids Pl O- and PC O- in HEK293T cells, which could affect
the vesicular transport in the early secretory pathway by binding these lipids to the P24
complex [102, 103]. Besides that, a potential lipid class for possible further investigation is Pl
O-, which could be linked to the secretion of Wnt proteins through the regulation of GPI-
anchors. Lastly and apart from that, Evi depletion does not seem to have an apparent
significant effect on the lipidome of HCT116 cells, however, a larger number of replicates
would be required to test whether some of the trends observed in our results become
statistically significant.

In summary, this thesis was aimed at investigating the molecular interplay between lipids and
Wnt proteins. By a combination of biochemical approaches and mass spectrometry
measurements, alternative lipidation mechanisms of Wnt proteins were studied, emphasizing
the importance of the desaturation of fatty acids involved in Wnt lipidation. The relevance of
Whnt lipidation for the secretion and signaling activity of Wnts has also been assessed,
demonstrating that lipidation is essential for the functioning of Wntl11 but is not strictly
necessary for its secretion. In addition, the impact of Wnts and proteins involved in Wnt
lipidation and trafficking on the overall cellular lipidome of HEK293T and HCT116 cells has been
tested. This study is expected to contribute to our understanding of how post-translational
lipid modifications influence Wnt cellular secretion, signaling and, conversely, how some
components of the Wnt signal pathway affect the lipid composition of cells.
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5.1.1 Non detectable conversion of free cC16:0 into cC16:1n-7 in Hek293T cells

| wonder if was possible to detect the conversion of the palmitic acid alkyne cC16:0 to
palmitoleic acid alkyne cC16:1n-7. To test this, it was used an approach previously establish by
Dr. Katharina Beckenbauer and co-workers in Britta Brugger’s lab, which uses alkyne-azide
cycloaddition click chemistry and precursor ion scanning mass spectrometry [116, 119, 124].
This approach takes as an advantage the labeling of alkyne fatty acids with biotin azide. The
adduct formed between alkyne fatty acids with biotin azide can be fragmented during the
collision-induced dissociation in MS/MS analysis, generating a specific fragment of 270 m/z
[116, 119, 124] (Figure 5.3A). Using the mass of 270 m/z as precursor ion, it is possible to scan
the intact masses of fatty acids that can generate that type of fragment. The intact mass
scanning was made in a range from 800 to 900 m/z. In the mass spectra, peaks at 868 m/z or
866 m/z would correspond to the intact mass of the adducts cC16:0 + biotin-azide or cC16:1n-
7 + biotin-azide, respectively (Figure 2.1). With this in mind it was compared the spectrum of
HEK293T cells treated with or without 100uM of cC16:0 and check for peaks at 868 m/z or 866
m/z. Unfortunately, in the results (Figure 5.3 red frame) there was not detection of peak at 868
m/z or 866 m/z that correspond to the masses of the free fatty acids cC16:0 or cC16:1n-7. From
this experiment, | only can affirm that under this labeling condition (Figure 2.2B) was not
possible to detect neither palmitic acid alkyne cC16:0 nor the conversion of cC16:0to cC16:1n-
7.
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Precursor ion scanning of lipid extracts containing the lipid compound
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Figure 5.3: Scanning of free cC16:0 or cC16:1n-7 fatty acids. A. Strategy for alkyne fatty acids analysis
based on click chemistry and precursor ion scanning mass spectrometry. In the first mass analyzer molecules are
scanned according to their intact mass m/z (MS1, left panel). Then molecules are fragmented in the collision cell,
in a process known as collision-induced dissociation (CID, middle panel). In the second mass analyzer (MS2, right
panel), only fragment ions with a specific mass can pass to the detector, in our case the fragment filtered in the
MS2 has a mass of 270 m/z. B. Scanning of free cC16:0 or cC16:1n-7 from lipid extracts of HEK293T cells incubated
for 36h with cC16:0: Mass spectra from HEK293T cells without (blue) and after incubation with 100uM cC16:0
(green) was obtained by mass spectrometry. Both samples were submitted to click labeling with biotin azide and
detected by MS/MS precursor 270 ion scanning in positive ion mode. The intact mass/charge for the adducts
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Figure 5.4 Incorporation of cC16:0 and cC16:1n-7 into phosphatidylcholine species: HEK293T cells
were treated with either 100uM of cC16:0 (blue bars) or 100uM of cC16:1n-7 (orange bars). Untreated HEK293T
cells (gray bars) were used as control. A. % mol of phosphatidylcholine (PC) species with fatty acids of 16 carbons,
saturated (PC 16:0). B. % mol of phosphatidylcholine (PC) species with fatty acids of 16 carbons, with two
unsaturations (PC 16:2). C. % mol of phosphatidylcholine (PC) species with fatty acids of 16 carbons, with one
unsaturation (PC 16:1). D. % mol of phosphatidylcholine (PC) species with fatty acids of 16 carbons, with three
unsaturations (PC 16:3). E. % mol of phosphatidylcholine species with fatty acids of 18 carbons, saturated (PC
18:0). F. % mol of phosphatidylcholine species with fatty acids of 18 carbons, with two unsaturations (PC 18:2).
G. % mol of phosphatidylcholine species with fatty acids of 18 carbons, with one unsaturation (PC 18:1). H. % mol
of phosphatidylcholine species with fatty acids of 18 carbons, with three unsaturations (PC 18:3). Three
independent experimental replicates were carried out. Standard error of all data points is highlighted with the
black bar. Lipid extraction was done by Iris Leibrecht, Christian Lichtenborg and Timo Sachsenheimer. Lipidome
data was analyzed and provided by Christian Lichtenborg and Timo Sachsenheimer (Brigger lab).
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Figure 5.5 Incorporation of cC16:0 and cC16:1n-7 into phosphatidylethanolamine species:
HEK293T cells were treated with either 100uM of cC16:0 (blue bars) or 100uM of cC16:1n-7 (orange bars).
Untreated HEK293T cells (gray bars) were used as control. A. % mol of phosphatidylethanolamine (PE) species
with fatty acids of 16 carbons, saturated (PE 16:0). B. % mol of phosphatidylethanolamine (PE) species with fatty
acids of 16 carbons, with two unsaturations (PE 16:2). C. % mol of phosphatidylethanolamine (PE) species with
fatty acids of 16 carbons, with one unsaturation (PE 16:1). D. % mol of phosphatidylethanolamine (PE) species
with fatty acids of 16 carbons, with three unsaturations (PE 16:3). E. % mol of phosphatidylethanolamine (PE)
species with fatty acids of 18 carbons, saturated (PE 18:0). F. % mol of phosphatidylethanolamine (PE) species
with fatty acids of 18 carbons, with two unsaturations (PE 18:2). G. % mol of phosphatidylethanolamine (PE)
species with fatty acids of 18 carbons, with one unsaturation (PE 18:1). H. % mol of phosphatidylethanolamine
(PE) species with fatty acids of 18 carbons, with three unsaturations (PE 18:3). Three independent experimental
replicates were carried out. Standard error of all data points is highlighted with the black bar. Lipid extraction was
done by Iris Leibrecht, Christian Lichtenborg and Timo Sachsenheimer. Lipidome data was analyzed and provided
by Christian Lichtenborg and Timo Sachsenheimer (Brigger lab).

5.1.2 Gelatin degradation assay

To investigate another possible cellular function affected by mutation at serine 215 in Wnt11,
it was used a gelatin degradation assay implemented by L. Wolf (M. Boutros group, DKFZ,
Heidelberg). The assay mimics in vitro the process of remodeling the extracellular matrix during
the invasion and metastasis of melanoma cells. L. Wolf previously used this assay to test the
function of some Wnt ligands in RPMI7951 melanoma cells [25]. Interestingly, she found that
knockdown of Wntll leads to an increase in gelatin degradation;, meanwhile, the
overexpression reduces the gelation degradation [25]. In the case of Wnt5a, another non-
canonical Wnt, it was the opposite; the knockdown of Wnt5a leads to a decrease in gelatin
degradation; meanwhile, the overexpression leads to similar levels the control [25].

Considering these results, it was evaluated the behavior of RPMI7951 cells overexpressing
Wnt11 wild type (as positive control), the mutant variant Wnt11 S215A and Wnt5a (Figure 5.6).
Unfortunately, to our surprise, we got different results on the gelatin degradation in the
positive control when it was used two different batches of the same pcDNA Wnt11 plasmid.
With one of the batches (pcDNA Wnt11 #1) similar levels of gelatin degradation in comparison
to negative control (pcDNA, Figure 5.6B) were observed. Meanwhile in the other case (pcDNA
Wntl1l #2) | observed a reduction in gelatin degradation, resembling to the results of L. Wolf.
There is no difference in terms of sequence between the plasmids and until now, | can not
explain the cause in the difference of behavior. Therefore, | can not give a clear conclusion
about this experiment. Nevertheless, regarding Wnt11 S215A and Wnt5a, | observed similar
levels of gelatin degradation in comparison to negative control (Figure 5.6C).
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of melanoma cells and the fluorescent gelatin. B Gelatin degradation for the different studied constructs is
presented in fold units relative to the control “Ctrl”. C Western blots show the presence of Wnt11, Wnt11 S215A,
and Wnt5a in the extracellular media after being pulled down with blue sepharose beads. This experiment was
performed with the collaboration of Lucie Wolf (M. Boutros group, DKFZ, Heidelberg).
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