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Zusammenfassung

Der Wnt/B-catenin Signalweg ist essentiell fir die Erhaltung von Stammzellen und
Gewebehomoostase. Eine Fehlregulierung der Mechanismen kann zu Krankheiten
fihren, zum Beispiel zu verschiedenen Tumorerkrankungen. Zwei der wichtigsten
negativen Wnt-Regulatoren in Stammzellen sind die E3-Ubiquitin-Protein-Ligasen
ZNRF3 (Zinc And Ring Finger 3) und RNF43 (Ring Finger Protein 43). In gesunden
Zellen ubiquitinieren sie die Wnt-Rezeptoren Frizzled und LRP5/6 (LDL receptor
related protein 5/6), wodurch es zu deren Abbau kommt und dadurch der Wnt-
Signalweg inhibiert wird. Da ZNRF3/RNF43 oft in Wnt-assoziierten Tumorzellen
mutiert sind, wuchs das Interesse an der Forschung ihrer Regulationsmechanismen
in den letzten Jahren an. Es ist bereits bekannt, dass die Interaktion mit R-spondin
und LGR4/5/6 (Leucine Rich Repeat Containing G Protein-Coupled Receptor 4/5/6),
der Aktivitat von ZNRF3/RNF43 entgegenwirkt. Diese fuhrt zur Auto-ubiquitinierung
von ZNRF3/RNF43 und zu deren Internalisierung. Jedoch ist noch nicht erforscht, wie
sie an der Plasmamembran stabilisiert werden. Im Rahmen dieses Projekts,
erforschte ich die Rolle der Deubiquitinase USP42 als ein neuer ZNRF3/RNF43-
Regulator, welcher die Auto-ubiquitinierung von ZNRF3/RNF43 wieder aufhebt.
Mithilfe verschiedener Zellkulturtechniken und molekularbiologischer Methoden
untersuchte ich die zugrunde liegenden Wirkmechanismen der Wnt-Inhibierung
durch USP42. Durch meine durchgefiihrten Experimente konnte ich zeigen, dass
USP42 ZNRF3/RNF43 deubiquitiniert und an der Plasmamembran stabilisiert, was
wiederum zu einem erhdhten Frizzled- und LRP5/6-Proteinumsatz fihrt. Vor allem
ist dieser Effekt von USP42 unabhangig von seiner Funktion in der frihen
Stressantwort durch den p53-Signalwegs. Des Weiteren untersuchte ich die Rolle
von USP42 in der Stammzellerneuerung und Tumorentwicklung. Dafiir generierte ich
Usp42 Knockout Diinndarm-Organoide der Maus. Der Verlust von Usp42 verbesserte
die Uberlebensrate der Organoide unter Entzug der Wachstumsfaktoren Wnt und R-

spondinl.
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Zusammen mit meinem Kollegen Anchel und unseren Kollaboratoren an der
Genomics Core Facility (EMBL Heidelberg), konnte ich einen Eindruck dariiber
gewinnen, wie der Mangel an USP42 zu der Entwicklung und dem Fortschreiten von
Tumorerkrangungen beitragt. Zudem generierte ich eine HCT116 USP42 Knockout-
Zelllinie, um die Auswirkungen des Verlusts von USP42 auf den Darmkrebs zu
untersuchen. Zusammengefasst weisen meine Ergebnisse darauf hin, dass USP42
eine Hirde fir die Proliferation und die epitheliale-mesenchymale Transition von
Darmkrebs-Zellen darstellt.

Insgesamt liefert meine Arbeit eine neue Rolle von USP42 als negativer Regulator
des Wnt-Signalwegs durch ZNR3/RNF43, unabhangig von seiner Funktion im p53-

Signalweg.
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Summary

The canonical Wnt signalling pathway is required for stem cell maintenance and
tissue homeostasis, and its misregulation can lead to cancer. Two important negative
regulators of Wnt signalling in stem cells are the E3 ubiquitin-protein ligases ZNRF3
and RNF43, which target the Wnt receptors Frizzled and LRP5/6 to degradation.
Since ZNRF3/RNF43 are often mutated in Wnt-associated cancers, research on how
they are regulated has gained more attention in recent years. It has been shown that
binding to R-spondin and LGR4/5/6 antagonises ZNRF3/RNF43, leading to their auto-
ubiquitination and internalisation. However, how ZNRF3/RNF43 are stabilised at the
plasma membrane remains unknown. In this project, | identified the deubiquitinase
USP42 as a novel negative regulator of Wnt signaling. Using different cell culture
techniques and methods in molecular biology, | showed that USP42 interacts with
and deubiquitinates ZNRF3/RNF43 at the plasma membrane. | also found that USP42
prevents the internalisation of ZNRF3/RNF43 upon binding to R-spondin and LGR,
thereby inducing clearance of the Wnt receptors Frizzled and LRP5/6. Furthermore, |
investigated the USP42 roles in adult stem cells and cancer cells by generating Usp42
knockout mouse intestinal organoids and colorectal cancer cell lines. First, | found
that loss of Usp42 promoted survival upon Wnt and R-spondin withdrawal in mouse
intestinal stem cells, thereby phenocopying RNF43/ZNRF3 double knockout. Second,
together with my colleague Anchel and our collaborators from the Genomics Core
Facility (EMBL Heidelberg), | identified that USP42 functions as a roadblock for
proliferation and epithelial-to-mesenchymal transition in colorectal cancer cells. In
conclusion, my work uncovered a new role for USP42 in Wnt signalling as a regulator

of ZNRF3/RNF43 with relevance in tissue homeostasis and cancer.
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Introduction

1. Introduction

1.1 Wnt signalling pathways

The Wnt/B-catenin signalling pathway is highly conserved pathway which plays an
important role in embryonic development and stem cell homeostasis (Holstein 2012,
Niehrs 2010). Misregulation of this pathway leads to different diseases, including
neurodegenerative diseases such as Alzheimer’s disease and Parkinson, Wnt-
associated cancers (e.g. colorectal cancer) and bone defects (MacDonald 2009,
Inestrosa and Arenas 2010, Nusse and Clevers 2012, Massink 2015, Bond 2016, Zhan
etal. 2017, Matsumoto 2020, Salem 2020).

In the 1980s, the first Wnt ligand was discovered and was thought to induce
mammary tumours (Nusse and Varmus 1982). Currently, there are 19 Wnt proteins
known, which are categorised into 12 subfamilies (Niehrs 2012). Wnt proteins have a
molecular weight of around 40 kDa, are rich in cysteins and are modified with lipids,
such as the mono-unsaturated fatty acid palmitoleic acid, and n-glycosylation
(Tanaka et al. 2002, Willert et al. 2003, Takada et al. 2006). These lipids are
important for Wnt signalling and secretion (Willert et al. 2003). Wnt proteins mature
in the endoplasmic reticulum and are modified by Porcupine, so that they can be
secreted by binding to Evi/WIs (Kadowaki 1996, Bartscherer 2006, Herr et al. 2012).
Because their post-translational modification make them hydrophobic, they are
shuttled as cargo in extracellular vesicles, such as exosomes, or through cytonemes
(Gross et al. 2012, Stanganello 2016). Once they are secreted, they can then bind to
different Wnt receptors: Frizzled (Fzd), low-density lipoprotein receptors (LRP) or the
receptor tyrosine kinase-like orphan receptor (ROR) (Najdi 2012, Niehrs 2012,
Voloshanenko 2017). Depending on which Wnt receptor complex the Wnt ligand is
binding to, it can activate either the canonical Wnt/B-catenin signalling pathway or

the non-canonical planar cell polarity (PCP) and Wnt/Calcium pathway.
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1.1.1 Wnt/B-catenin signalling pathway

The Wnt receptors Frizzled and LRP5/6 form a heterodimeric complex at the cell
surface and bind canonical Wnt ligands, such as Wntl, Wnt3, Wnt3a, Wnt7a/b,
Wnt8a/b and Wnt10a/b (Najdi 2012). Frizzled proteins consist of a 7-transmembrane
domain and have a cysteine-rich domain at its extracellular N-terminal (Bhanot et al.
1996). In the Wnt off state B-catenin binds to the scaffold proteins adenomatous
polyposis coli (APC) and Axis inhibition protein 1 (Axin). There, it is phosphorylated
by the serine/threonine kinases casein kinase 1a (CK1la) and the glycogen synthase
kinase 3B (GSK3B) and ubiquitinated by Skp1-Cullin-F-box protein (SCF) B-TrCP in the
cytoplasm, followed by proteasomal degradation (Winston et al. 1998, Liu et al.
1999).

Binding of Wnt ligands leads to the recruitment of the B-catenin destruction complex
to the membrane and B-catenin ubiquitination is inhibited (Liu et al. 2002). Then, B-
catenin accumulates in the cytoplasm and translocated to the nucleus where it forms
a complex with TCF/LEF to activate transcription of Wnt target genes, for example
LGR5/GPR49, DKK and c-myc (He 1998, Niida et al. 2004, Barker et al. 2007,
Doumpas et al. 2019).

Whnt off LRP5/6 Wnton LRP5/6

Frizzled Frizzled

Proteasome

Groucho
TCF TCF

Whnt target gene Whnt target gene
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Figure 1.1: The canonical Wnt signalling pathway.

In the Wnt off state, B-catenin is phosphorylated by CK1 a and GSK3 B. Then, B-TrCP
detects the phosphorylated B-catenin and ubiquitinates it, so that it will get
degraded by the proteasome. When Wnt ligands bind to the Wnt receptor complex,
the B-catenin destruction complex is bound to them at the membrane. B-catenin is
not ubiquitinated anymore and accumulates in the cytoplasm, until it gets shuttled
to the nucleus, where it activates the transcription of Wnt target genes. (Made with
BioRender.)

1.1.2 B-catenin independent Wnt signalling
Besides the canonical Wnt signalling pathway, there are also two non-canonical Wnt
pathways, which are the Wnt/PCP and the Wnt/Calcium pathway. They do not

require B-catenin for signal transduction.

1.1.2.1 Wnt/PCP signalling

The Wnt/Planar cell polarity pathway is important for embryogenesis, epithelial
polarisation, asymmetric cell division and migration (Humphries 2018). Planar cell
polarity works through the asymmetric distribution of the PCP core group. This group
consists of Frizzled, Vangl, Fmi/Celsr, Dishevelled, Prickle and Diego (Goodrich et al.
2011). They divide into two subgroups and position themselves on the opposite sides
of a cell. Wnt5a is one of the non-canonical Wnt ligands which can active Wnt/PCP
signalling (Gao 2011). Instead of binding to LRP5/6 as in the canonical Wnt signalling
pathway, the Frizzled receptor binds to either ROR2 or inactive tyrosine-protein
kinase 7 (PTK7). Subsequently, Dishevelled is recruited and activates downstream
cascades (Nomachi et al. 2008). Abberant Wnt-PCP signalling increases cell motility
an aggressiveness of metastatic melanoma and gastric cancer (Weeraratna et al.

2002, Kurayoshi 2006).

1.1.2.2 Wnt/Calcium signalling

The Wnt/Calcium is activated by Wnt ligands binding to the G-protein-coupled
receptor Frizzled, together with the coreceptor Rorl/2 (Koval et al. 2011, Ho et al.
2012). This leads to the production of 1,4,5-tri-phosphate (IP3) and 1,2-diacylglycerol
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(DAG) through the enzyme phospholipase C (PLC, De 2011). After forming a complex
with Dishevelled and Axin, GSK3 phosphorylates Ror2 (De 2011). Then, IP3 releases
Calcium?* from the endoplasmic reticulum, which activates DAG (Slusarski et al.
1997, Kiihl et al. 2000). This event leads to protein kinase C (PKC) activation and its
downstream transcription factors NFkB and CREB (Sheldahl 1999).

1.1.3 Wnt signalling and its regulation in tissue homeostasis and disease

1.1.3.1 Whnt signalling in small intestine and tissue homeostasis

The canonical Wnt signalling pathway plays an important role in development and
stem cell homeostasis (Koo et al. 2012). One of tissues depending on Wnt signalling
for stem cell renewal is the intestinal stem cell niche. It is constantly renewed by
stem cells localised in the intestinal crypts, whereas the more differentiated cells
form the villus. The intestine is composed of different types of cells, including Lgr5+
stem cells and Paneth cells in the crypts, a transit amplifying zone and the villus
containing enterocytes, tuft cells which are responsible for the immune reaction and
enteroendocrine cells (Figure 1.2, Spit et al. 2018, Schneider et al. 2019, Beumer et
al. 2020).

The transit amplifying cells originate from intestinal stem cells at the bottom of the
crypt and differentiate to the epithelial cells of the villus (Barker et al. 2007).
Throughout the villus and the intestinal crypt, there are several gradients of active
signalling pathways (Madison et al. 2005, Barker et al. 2007, Shyer et al. 2015). The
strongest Wnt signalling is found at the bottom of the intestinal crypt, together with
BMP antagonists (Haramis et al 2004, Kosinski et al. 2007). The growth factors EGF
and Wnt, as well the BMP antagonists Gremlinl and Noggin, are produced by the
subepithelial mesenchyme cells and inhibit BMP-dependent differentiation (Shyer et
al. 2015). In addition, Paneth cells also secrete Wnt ligands, Notch and EGF (Tian et
al. 2015). Contrary, BMP signalling increases towards the tip of the villi, as well as the
Hedgehog signalling pathway (McCarthy et al. 2020). Together, the crosstalk
between the pathways regulate tissue homeostasis.

The intestinal stem cells niche requires the growth factors Wnt and R-spondins (Park

et al. 2018). R-spondins stabilise the Wnt receptors Frizzled and LRP5/6 by forming a
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complex with LGR4/5/6 together with ZNRF3/RNF43 which are highly expressed at
the bottom of the crypts (Farin et al. 2012, Hao et al. 2012, Chen et al. 2013). ZNRF3
and its paralogue RNF43 are E3 ubiquitin-protein ligases which ubiquitinate the Wnt
receptors Frizzled and LRP5/6 (Figure 1.3). For the interaction with Frizzled
receptors, they are recruited by Dishevelled (Jiang et al. 2015). Upon ubiquitination
through ZNRF3/RNF43, the Wnt receptors get internalised via ubiquitin-mediated
endocytosis and degraded by the lysosome (Hao et al. 2012, Koo et al. 2012). When
ZNRF3/RNF43 bind to R-spondin and LGR4/5/6, they auto-ubiquitinate and get
internalised (Figure 1.4, (Kazanskaya et al. 2004 and 2008, Carmon et al. 2011, de
Lau et al. 2011, Glinka et al. 2011 Xie et al. 2013, Zebisch and Jones 2015).

BMP Hh
- &
» 1]
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3;.‘;‘ rgg( ]
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— } Goblet cell
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EGF,
Notch

Paneth cell

Figure 1.2: Scheme of the intestinal structure.

Indicated are the gradients of active signalling pathways and the different cells of the
intestine. EGF and Notch signalling remain stable throughout the crypts and the
transit amplifying zone. Since Paneth cells and subepithelial mesenchymal cells
secrete Wnt, Wnt signalling peaks at the bottom of intestinal crypts. On the contrary,
BMP signalling gradient is highest at the tip of the intestinal villi. (Made with
BioRender.)
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Figure 1.3: ZNRF3/RNF43 ubiquitinate the Wnt receptors Frizzled and LRP5/6.
ZNRF3/RNF43 are E3 ubiquitin-protein ligases that ubiquitinate the Wnt receptors
Frizzled and LRP5/6. This leads to the internalisation of LRP5/6 and Frizzled, thereby
Whnt signalling is inhibited. (Made with BioRender.)
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Figure 1.4: R-spondin and LGR antagonise ZNRF3/RNF43 in Wnt signalling.

Upon binding to R-spondin and LGR4/5/6, ZNRF3/RNF43 auto-ubiquitinate and get
internalised. Thus, the Wnt receptors Frizzled and LRP5/6 are stabilised and Wnt
signalling is potentiated. (Made with BioRender.)
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1.1.3.2 Canonical Wnt Signalling in Cancer

Aberrant Wnt signalling has been detected in several types of cancer. This is caused
by mutations in genes encoding for proteins of the Wnt signalling pathway, which
may lead to impaired functions, the inactivation or amplification of a protein. Many
cancer types show an increased Wnt/B-catenin activity. This is achieved by
mutations enhancing positive Wnt regulators, such as B-catenin or R-spondin (Morin
et al. 1997, Seshagiri et al. 2012, Han et al. 2017), or down regulating negative Wnt
regulators involved in the B-catenin destruction complex or the regulation at the
receptor level. Negative regulators often mutated in cancer are for example APC and
Axin2 in colorectal cancer (Morin et al. 1997, Liu et al. 2000), Axin1 in hepatocellular
carcinoma (Satoh et al. 2000) and ZNRF3/RNF43 in gastric and colorectal cancer (Koo
et al. 2012, Nanki et al 2018). They promote cell proliferation and survival of the
indicated cancers.

In silico analysis (cBioPortal MSKCC, Nat Med 2017) of Wnt genes mutated across
several cancer types has revealed that colorectal cancer harbours 84% of alterations,
followed by Small Bowel Cancer (45%), Ampullary Cancer (43%) and Adrenocortical
Carcinoma (32%). The genes analysed were APC, AXIN1, AXIN2, DVL2, GSK3B,
CTNNBL1 (B-catenin) and RNF43.

Alteration Frequency

Structural variant data  +
Mutation data  +
CNAdata +
<,
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Figure 1.5: Proteins of the Wnt signalling pathway are mutated in different types of
cancer.

cBioPortal analysis of the genes encoding for APC, Axin1/2, Dishevelled 2, GSK3, B-
catenin and RNF43 in different cancer types.
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1.2 Ubiquitination

Ubiquitin is a small molecule, consisting of 76 amino acids, which acts as a tag in the
reversible post-translational modification of proteins (Schnell and Hicke 2003).
Depending on which type of ubiquitination is marking a protein, the target can either
get degraded by the proteasome or lysosome, change its activity, subcellular
localisation and interaction affinity. The ubiquitin molecule is covalently bound to
the lysine residues of a substrate protein. During this process, there are three
common types of enzymes required. First, the E1 ubiquitin-activating enzyme acts as
a catalyst in binding ubiquitin dependent on ATP (Pickart 2001). Then, the activated
ubiquitin is transferred to the E2 ubiquitin-conjugating enzyme, before it gets ligated
to the substrate by the E3 ubiquitin-protein ligase.

There are different types of ubiquitinations, such as mono- or poly-ubiquitination.
Monoubiquitylation is thought to regulate processes associated with DNA repair,
endocytosis or membrane trafficking (lkeda and Dikic 2008). On the other hand,
polyubiquitination is defined by the formation of ubiquitin chains on the substrate
molecule. These chains usually start with a mono-ubiquitination of the substrate and
are elongated by binding of an ubiquitin molecule to one of the 7 N-terminal lysine
(K) residues K6, K11, K27, K29, K33, K48, K63 or M1 (reviewed in Haglund et al. 2003,
Kim et al. 2007). Hence, K48-ubiquitin chains target proteins for proteasomal
degradation (Finley et al. 1994). Regarding the composition of ubiquitin chains, there
are the homotypic chains formed by linking ubiquitin molecules by the same type of
lysine residue (reviewed in Haglund et al. 2003). Then, there are also mixed chains
with linkages between different lysine residues and generating branching of the
ubiquitin chains. Finally, the ubiquitin chains can also incorporate ubiquitin-like
modifiers, such as SUMO or NEDD8 (Kamitani et al. 1997, van Wijk et al. 2011).

There are three types of E3 ubiquitin ligases, which differ by the mechanism of
ubiquitination. Really interesting new gene (RING) E3 ligases bring their substrate
close to the E2 ligase and can directly transfer the ubiquitin to its substrate (Ozkan et

al. 2005), whereas Homologous to E6AP C-Terminus (HECT) and RING between RING
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(RBR) type E3 ligases take the ubiquitin from the E2 ligase, before tagging its
substrate (Huibregste et al. 1995, Scheffner et al. 1995, Wenzel et al. 2011).

1.2.1 Ubiquitination regulating protein stability in Wnt signalling

There are numerous ways to regulate signalling pathways by post-translational
modifications. One common mechanism is ubiquitination, which is reversible upon
interacting with the substrate-specific deubiquitinating enzyme (DUB) (Takahashi et
al. 2020). Different ubiquitinating enzymes have been identified to interact and
ubiquitinate Wnt signalling components. Here, interactions between canonical Wnt
proteins and E3 ligases leading to protein destabilisation and degradation will be
listed (Figure 1.6).

Frizzled and LRP: It has been shown that the Wnt receptors LRP5/6 and Frizzled are
ubiquitinated by the RING-type E3 ligases ZNRF3 and RNF43 (Hao et al. 2012, Koo et
al. 2012).

APC: The B-catenin destruction complex component APC is targeted by the E3 ligase
RNF61, which is also known as the Makorin Ring Finger Protein 1 (MKRN1, Lee et al.
2018). Lee et al. 2018 demonstrate that MKRN1 binds to APC’s Armadillo repeats.
Axin: Four E3 ubiquitin ligases have been identified which target Axin for
proteasomal degradation. RNF146 is known to ubiquitinate previously poly-ADP-
ribosylated (PARsylated) Axin (Callow et al. 2011, Zhang et al. 2011). Axin1/2 are
PARsylated by the tankyrases TNKS1/2 (Huang et al. 2009). Also, the Seven in
absentia homolog 1/2 (Siah1/2) ubiquitinate Axin by binding to the VxP motif of the
GSK3-binding domain of Axin. Hence, the interaction between Siah and Axin can be
prevented by the binding of GSK3 to Axin (Huang et al. 2009). These ubiquitination
mechanisms lead to Axin degradation and therefore promote Wnt signalling. Then,
there is the HECT-type ubiquitin ligase Smad ubiquitination regulatory factor 1
(Smurtl1), which does not induce proteolytic degradation of Axin (Fei et al. 2013).
Instead, it negatively regulates Wnt signalling by inhibiting the binding to LRP5/6.
CK1: CKla is bound at its N-terminal and ubiquitinated by CUL4-RBX1-DDB1-CRBN
(CRL4, Kronke et al. 2015).
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Dvl: Several E3 ligases have been reported to target Dishevelled for degradation.
Dishevelled is ubiquitinated by the RING-type E3 ubiquitin ligase membrane-
associated RING-CH2 (March2) in Xenopus, which leads to lysosomal degradation of
Dishevelled (Lee et al. 2018a). RING type E3 ligase Malin ubiquitinates Dishevelled 2
with K48- and K63- linked ubiquitin (Sharma et al. 2012). It is then degraded by the
proteasome and by autophagy. Dishevelled 3 is ubiquitinated by the Cullin 3
ubiquitin ligase complex, together with Kelch-like 12 (KLHL12, Angers et al. 2006).
Then, the HECT-containing NEDD4-like ubiquitin ligase ITCH ubiquitinates previously
phosphorylated Dishevelled 1-3, which leads to the proteasomal degradation of
Dishevelled (Wei et al. 2012). ITCH interacts with the DEP region of Dishevelled.
NEDDA4L also targets Dishevelled 2 for proteasomal degradation by linking ubiquitin
K6, K27 and K29 (Ding et al. 2013).

GSK3: GSK3 has been shown to be ubiquitinated by Tumour Necrosis Factor (TNF)
receptor-associated factor 6 (TRAF6, Ko et al. 2015). Ko et al. 2015 report that the N-
terminal of GSK3 is required for the interaction with TRAF6.

B-catenin: Phosphorylation of B-catenin by CK1 and GSK3 leads to its ubiquitination
and proteasomal degradation by B-TrCP (Liu et al. 1999). It has also been reported
that Siah1 targets B-catenin at its Armadillo repeats for proteasomal degradation,

which can be prevented by transducin beta-like 1 (TBL1, Dimitrova et al. 2010).
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Figure 1.6: E3 ligases targeting canonical Wnt proteins for degradation.

Indicated with the red boxes are the known E3 ubiquitin ligases that target the
components of the Wnt signalling pathway for proteasomal, lysosomal or autophagic
degradation. They tag their substrate with different types of ubiquitin, such as
mono-ubiquitination or the formation of ubiquitin chains. (Made with BioRender.)

1.2.2 ZNRF3 and RNF43

ZNRF3 and its paralogue RNF43 are E3 ubiquitin-protein ligases, which are known to
ubiquitinate the Wnt receptors Frizzled and LRP5/6 and are antagonised by binding
to the R-spondin/LGR complex (Peng et al. 2013, Zebisch et al. 2013). They belong to
the family of RING-finger E3 ligases, containing an enzymatic RING-domain. The
structures of ZNRF3 and RNF43 share similarities. Their genes encode an
extracellular protease associated (PA) domain, a transmembrane domain and a
Dishevelled interacting region (Jiang et al. 2015). They also contain a signal peptide,
which translocates them to the cell membrane. It has been shown that the PA

domain of RNF43 binds to R-spondin/LGR, but is not required for the inhibition of

11
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canonical Wnt signalling in human cells (Radaszkiewicz and Bryja 2020). Also, they
are targeted for degradation by SCF-B-TrCP (Ci et al. 2018).

ZNRF3 and RNF43 have been reported to play an important role in liver zonation by
inhibiting hepatocyte proliferation (Planas-Paz et al. 2016, Annunziato et al. 2022), in
oligodendrocyte maturation (Niu et al. 2021, Sun et al. 2021, reviewed in Annunziato
et al. 2022) and in adrenal homeostasis (Basham et al. 2018). Hao et al. 2012 showed
that loss of ZNRF3 can lead to impaired eye development and body axis duplication.
ZNRF3 is often mutated in adrenal cancers (Assié et al. 2014), liver (Belenguer et al.
2022) and thyroid cancer (Qiu et al. 2016), whereas RNF43 is mutated in colorectal
cancer (Figure 1.7, Koo et al. 2012 and 2015, Giannakis et al. 2014), pancreatic (Jiang
et al. 2013), endometrial (Giannakis et al. 2014), liver (Belenguer et al. 2022) and
stomach cancer (Wang et al. 2014, Neumeyer et al. 2019). RNF43 has been reported
to inhibit non-canonical Wnt5 signalling by ubiquitinating the receptor VANGL2 and
negatively regulates ROR1/2 protein levels at the surface (Radaszkiewicz et al. 2021).
This inhibits invasion of melanoma cells. In addition, RNF43 has been shown to
ubiquitinate phosphorylated E-cadherin, thereby promoting epithelial-mesenchymal-

transition (EMT) in lung adenocarcinoma (Zhang et al. 2019).

ZNRF3 10% WEnN

RNF43 1% uEl
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USP42 6%
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Figure 1.7: The negative Wnt signalling regulators APC, ZNRF3 and RNF43 are highly
mutated in colorectal cancer.

cBioPortal analysis of mutations in the genes encoding for ZNRF3, RNF43, APC, -
catenin and USP42 in colorectal cancer (Genentech, Nature 2012).

1.3 Deubiquitinating enzymes

Deubiquitinating enzymes (DUB) are proteases that can reverse the ubiquitination of
their substrate proteins. They are classified in two subfamilies: A) Cysteine
proteases, B) Metallo-proteases. The first class consists of 7 types of

deubiquitinating enzymes: 1) Ubiquitin-specific proteases (USP), ubiquitin C-terminal

12
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hydrolase (UCH), ovarian tumor protease (OTU), Machado-Joseph disease (MDJ),
MIU-containing novel DUB (MINDY), monocyte chemoattractant protein-induced

protein-1 (MCPIP1) (reviewed in Harrigan et al. 2017).

The different types of deubiquitinating enzymes differ from catalytic and binding
domains, as well as their affinity to cleave different ubiquitination links.
For example, MINDY deubiquitinating enzymes are selective for deubiquitinating

K48-linked polyubiquitin chains (Rehman et al. 2016).

1.3.1 Deubiquitinating enzymes in canonical Wnt signalling

While ubiquitination by E3 ligases often leads to protein degradation,
deubiquitination can reverse this effect and stabilise their substrate protein. Recent
research has identified several deubiquitinating enzymes stabilising canonical Wnt
proteins (Figure 1.8).

Frizzled: Frizzled has been shown to be deubiquitinated by and stabilised upon the
interaction with USP6 and USP8 (Mukai et al. 2010, Madan et al. 2016, Chaugule et
al. 2021). Non-functional deubiquitination of Frizzled by USP8 results in defects in
skeletogenesis, in particular the differentiation from osteoprogenitors to osteoblasts
(Chaugule et al. 2021).

LRP5/6: Ubiquitination of Lysin-1403 of LRP6 has been shown to stabilise and
protect it from degradation in the endoplasmic reticulum (Abrami et al. 2008). By
exiting the endoplasmic reticulum, the deubiquitination of this residue is required.
Perrody et al. 2016 have found that USP19 is the deubiquitinating enzyme involved
in this step.

APC: USP15 associated with the COP9 signalosome has been shown to stabilise APC
(Huang et al. 2009b). They found that the COP9 signalosome recruits the B-catenin
destruction complex, cullin-RING ubiquitin ligases and the proteasome to form a
supercomplex and promote B-catenin degradation.

Axin: USP7 is the deubiquitinase which stabilises Axin, thereby inhibiting Wnt
signalling (Ji et al. 2019). They bind through interaction with the TRAF region of Axin.

13
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Dishevelled: CYLD has been shown to cleave K63 ubiquitin from the DIX domain of
Dishevelled (Tauriello et al. 2010). Also, it has been revealed that USP14
deubiquitinates Dishevelled by interacting with its C-terminal regulatory domain of
ubiquitination (Jung et al. 2013). Another deubiquitinase found to stabilise
Dishevelled is USP4 (Zhou et al. 2016). They found that USP4 removes K63 from
Dishevelled and impairs osteoblast differentiation. Finally, it has also been
discovered that USP9X positively regulates canonical Wnt signalling by
deubiquitinating Dishevelled 2 (Nielsen et al. 2019).

B-catenin: For B-catenin, six deubiquitinases have been found to interact with and to
stabilise it: USP2a (Kim et al. 2018), USP4 (Yun et al. 2015), USP7 (Ma et al. 2014),
USP9X (Yang et al. 2016), USP20 (Wu et al. 2018) and USP47 (Shi et al. 2015).

@

LRP5/6

Frizzled

DNED

USP34
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Figure 1.8: Deubiquitinating enzymes in canonical Wnt signalling

Here, known deubiquitinases stabilising the canonical Wnt components are indicated
in the pink boxes. Deubiquitinating enzymes cleave one or more ubiquitin tags from
their substrate. (Made with BioRender.)
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1.3.2 USP42

Ubiquitin specific peptidase 42 is a deubiquitinating enzyme, which belongs to the
DUB family USP. The protein structure consists of a conserved USP domain ranging
from the residues 111 to 412 for its enzymatic activity, and it also contains predicted
monopartite nuclear localisation signals (NLS) at its C-terminal for the import into
the nucleus (Figure 1.9 and 1.10). Concerning the subcellular localisation, USP42 is
mainly expressed in the nucleus (about 80-90%), whereas its cytosolic protein level is
around 10-20% (Hock et al. 2014). In the human body, high USP42 protein levels are
distributed different tissues

equally throughout

(https://v15.proteinatlas.org/ENSG00000106346-USP42/tissue). In contrast, the RNA

level in the testis is 5 fold higher than in any other tissue as USP42 has been reported

to play an important role in spermatogenesis (Kim et al. 2007).
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Figure 1.9: The USP domain of USP42 is conserved throughout different species.

Multiple sequence alignment of USP42 in the frog species Xenopus laevis and
Xenopus tropicalis, zebrafish (Danio rerio), human and mouse (from top to bottom
line). The sequence encoding the USP domain is marked in green and the level of
conservation is indicated below the lines: An asterisk * shows fully conserved
residues, the colon : shows conservation between groups of high similarity, and the
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period . shows conservation between groups of a weaker similarity according to

Clustal Omega.
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Figure 1.10: The NLS of USP42 is only partially throughout different species.
Multiple sequence alignment of USP42 in frogs (Xenopus laevis and Xenopus
tropicalis), zebrafish (Danio rerio), human and mouse (from top to bottom line). The
predicted human NLS sequences are marked in yellow. The level of conservation is
indicated as followed: An asterisk * shows fully conserved residues, a colon : shows
conservation between groups of high similarity, and a period . shows conservation
between groups of a weaker similarity according to Clustal Omega.

Known functions of USP42 include the deubiquitination and stabilisation of p53 in
the early stress response (Hock et al. 2011), as well as Histone 2B (H2B) in the
nucleus to enhance transcription (Hock et al. 2014). It has recently been reported
that USP42 interacts with the proteins of the spliceosome and drives nuclear speckle
formation in non-small-cell lung cancer (Liu et al. 2021). Regarding the nuclear
speckles, USP42 has been shown to facilitate DNA repair at double strand breaks, by
recruiting BRCA1 and resolving R-loops (DNA-RNA hybrid structures regulating
homologous recombination) together with DHX9 (Matsui et al. 2020). So far, USP42

has been reported to promote cancer progression, such as in gastric cancer and non-
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small-cell lung cancer and acute myeloid leukemia (Paulsson et al. 2006, Ji et al.

2014, Zagaria et al. 2014, Hou et al. 2016, Liu et al. 2021).

1.4 Aims of the PhD project

Wnt signalling is a master regulator of adult stem cell homeostasis, and its
misregulation is associated with many diseases, including colorectal cancer. The
activity of canonical Wnt signalling is primary modulated by ubiquitination. A siRNA
screen using Wnt reporter assays revealed the deubiquitinase USP42 as a negative

regulator of Wnt signalling.

In this project, | aimed to identify the interaction partners of USP42 in canonical Wnt
signalling. | wanted to elucidate the molecular mechanism and functions underlying
the negative regulation of Wnt signalling by USP42, as well as its crosstalk with other

signalling pathways in adult stem cells and colorectal cancer.
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2. Material and Methods

2.1 List of Materials
Cell lines

Material and Methods

Cell line Information Source Number

HEK293T ATCC CRL-3216

HCT116 ATCC CCL-247

H1703 ATCC CRL-5889

L-cells control Parental ATCC CRL-2648

L-cells Wnt3a Stably transfected  ATCC CRL-2647
with Wnt3a

Cell culture

Product Company Product number

DMEM gibco 41966052

RPMI 1640 gibco 11875093

DMEM/F12 gibco 11320033

DPBS gibco 14190169

0.05% Trypsin-EDTA, Thermo 25300054

phenol red

100x Sodium Pyruvate Thermo 11360070

HEPES gibco 15630080

GlutaMAX gibco 35050061

Penicillin/Streptomycin Thermo 15140122

IntestiCult Intestinal Stemcell Technologies 6005

Organoid Growth

Medium

Gentle Cell Dissociation Stemcell Technologies 100-0485

Reagent
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Corning® Matrigel® Corning 356231
Growth Factor Reduced

(GFR) Basement

Membrane Matrix,

Phenol Red-free, LDEV-

free, 10 mL

X-tremeGENE™ 9 DNA Roche/Sigma 6365787001

Transfection Reagent

Opti-MEM Gibco 51985026
DharmaFECT 1 Horizon T-2001-03
Lipofectamine RNAIMAX  Thermo 13778150
5x siRNA buffer Horizon B-002000-UB-100

Organoid media according to Merenda et al. 2017

Advanced DMEM/F12 +++

Advanced DMEM/F12 500 ml
GlutaMAX (100x) 5ml
HEPES 1M (100x) 5 ml

For 20 ml each:

Component WENR + Nic ENR EN + CHIR + Y- EN + CHIR + Y-
276332 276332 + DMSO

Advanced DMEM/F12 +++ 7.2 ml 17.4 ml 19.1 ml 18.9 ml

B27 supplement (50x) 400 pl 400 pl 400 pl 400 pl

N2 supplement (100x) 200 ul 200 ul 200 ul 200 ul

n-Acetylcysteine (500 mM) 50 pul 50 ul 50 ul 50 ul

Mouse EGF (100 pg/ml) 10 pl 10 pl 10 pl 10 pl

Mouse Noggin 20 ul 20 ul 20 ul 20 ul

R-spondin 1 CM 2 ml 2 ml - -

Wnt3a CM (5-fold activity) 10 ml - - -

Nicotinamide (1M) 200 ul - 200 ul 200 ul
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CHIR (10 mM) - - 10 pl 10 pl
Y-276332 (10 mM) - - 20 ul 20 ul
DMSO - - - 250 ul
Animals

Female mouse:

Name: <CD1>BAT-lacZ(1302)
Label #11643

Code: R

Date of birth: 16™ June 2020

Genotype: +/T

Primary Antibodies

Antibody Host species  Dilution Supplier Cat. No.

USP42 Rb IF, IHC 1:200 Sigma HPA006752

FLAG M2 Mo WB 1:5000 Sigma F1804

V5 Mo WB 1:5000 Invitrogen R960-25

a-Tubulin Mo WB 1:5000 Sigma T9026

(clone DM

1A)

B-Catenin Mo IF 1:200 BD 610153 (61054
WB 1:2000 el

HA 3F10 Rt WB 1:5000 Sigma 00000011867423001

Axin 1-3 Rb WB 1:2000 Niehrs lab -

GSK3B Mo WB 1:2000 BD 610202

LRP6 (C5C7) Rb WB 1:1000 Cell Signalling  13113S

HA Mo WB 1:2000 Sigma H3663

GFP (ChIP Rb WB 1:5000 Abcam ab290

Grade)

y- tubulin Mo IF 1:500 Sigma T5326
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FLAG Rb WB 1:500 Invitrogen PA1-984B
Ki67 Rb IHC 1:200 Abcam ab15580
E-cadherin Rb IF 1:200 Abcam ab40772
Lysozym EC Rb IHC 1:200 Dako A0099
3.2.1.17

(anti-human)

Secondary Antibodies

Antibody Host species Dilution Supplier Cat. No.
Mouse AF488 Donkey IF, IHC 1:500 Thermo A21202
Mouse AF594  Donkey IF, IHC 1:500 Thermo A21203
Rabbit AF488 Donkey IF, IHC 1:500 Thermo A21206
Rabbit AF594  Donkey IF, IHC 1:500 Thermo A21207
Mouse IgG Goat WB 1:5000 Millipore AP308P
HRP

Rabbit I1gG Goat WB 1:5000 Millipore AP307P
HRP

Rat IgG HRP Goat WB 1:8000 Millipore AP136P
Enzymes

Enzyme Company Product number
Q5 polymerase NEB M0491S

T4 DNA Ligase NEB M0202S
FastDigest Bpil (Bbsl) Thermo FD1014

T4 DNA PNK NEB M0201L

T7 ligase NEB M0318L
Exonuclease Cambio E3101K

EcoRI-HF NEB R3101S

Bglil NEB R0O144S
Proteomics

Product Supplier Product number
Protein A Agarose beads  Millipore 16-125
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Halt Protease & Thermo 1861284
Phosphatase Inhibitor

Cocktail (100x)

Consumables

Product Supplier Product number
Electroporation Cuvettes BioRad 1652086
48-well organoid plates Sarstedt 83.3923.500
96-well flat bottom white  Greiner 655083
polysterol plate

Nitrocellulose membrane GE Healthcare 10600001
(0.2 um pores)

Superfrost plus Thermo J1800AMNZ
microscope slides

Coverslips (round) Thermo P232.1
Coverslips (rectangular) Roth H878.2
Liquid Blocker Pen Thermo NC9827128
Tissue-Tek OCT Sakura 4583
Compound

Buffers and solutions

Buffer/solution Composition

Blocking solution (IF)

Blocking solution (IHC)

Blocking solution (organoids)

10x Cryo antigen retrieval buffer

Blocking solution (WB)

Freezing medium

2% Horse serum in PBS + 0.1% Triton X-100

2 % Horse serum in PBS 0.1% Triton X-100

10 % Horse serum in PBS 0.1% Triton X-100
Sodium citrate (29.4 g) in 1 | MilliQ water, pH 6
5 % Milk powder in TBST

10 % DMSO in FBS
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10x Laemmli running buffer

NuPAGE MOPS SDS running buffer

10x Transfer buffer (Laemmli)

Transfer buffer (NUPAGE)

20x TBS

TBS-T

Sodium citrate buffer (10x)

PFA
WB lysis buffer (2% NP-40)

1.92 M glycerol
1 % SDS
0.25 M Tris

in11ddH,0, pH 8.3

50 mM MOPS

50 mM Tris base

0.1% SDS

1 mM EDTA

pH 7.7

29.3 g Glycine, 200 mL of 0.5 M EDTA at pH 8.0,
58.2 g Tris Base, up to total of 1 L with ddH»O

200 ml Methanol/l are added to 1x transfer
buffer.

25 mM Bicine

25 mM Bis-Tris (free base)
1 mM EDTA

pH 7.2

48.4 g Tris base

160g NaCl

Dissolve in 900 mL water

pH to 7.6 with HCI and adjust to 1| volume

TBS + 0.1% Tween 20

29.4g Sodium citrate, 1 | MilliQ H20, adjust pH
to 6

4% PFA in PBS

PBS
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Co-IP lysis buffer

4x Laemmli buffer:

Solution B (SDS-PAGE)

Solution C (SDS-PAGE)

Ub lysis buffer

2% NP-40

10 mM B-Mercaptoethanol

2 mM EDTA

1x Protease Inhibitor Cocktail

20 mM Tris-HCI, pH 7.5

150 mM NacCl

1% Triton X-100

1 mM EDTA

1x Protease & Phosphatase Inhibitor Cocktail

12.5 ml Solution C

5 ml Glycerol

1.0 g SDS

2.5 ml B-Merkaptoethanol
0.5 mg Bromphenolblue
up to 25 ml with ddH,0
0.4 % SDS

1.5 M Tris

up to total of 1 | with ddH»O at pH 8.8

0.5 M Tris
0.4 % SDS
up to 11addH,0

pH 6.8 with conc. HCI

50 mM Tris-HCI, pH 7.5
150 mM NacCl

1% Triton X-100

1 mM EDTA
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Wash buffer IF
Permeabilisation buffer IF

50x TAE buffer

P/RlucA (pH 8)

P/RlucB (pH 5)

5x Topflash lysis buffer

2x HBS (pH 7)

1x Protease & Phosphatase Inhibitor Cocktail
0.01% Triton X-100 in PBS
0.02% Triton X-100 in PBS

Tris free base 242 g

Disodium EDTA 18.61¢g
Glacial Acetic Acid 57.1 ml
ddH20 toll
200 mM Tris HCI

15mM MgSQO,4

0,1 mM EDTA

25 mM Na,P,07
10mM NaAc

15 mM EDTA
500 mM Na,SO,
500 mM NacCl
125 mM Tris-phosphate (pH 7.8)
10 mM DTT

10 mM EDTA
50% Glycerol
5% Triton-X-100
50 mM HEPES
10 mM KCl

280 mM NacCl
10 mM Na;HPO,4

0.1% w/v dextrose (D-glucose)

Commercial Kits

Kit

Company Product number

Wizard” SV Gel and PCR
Clean-Up System
Duolink” PLA Starter Kit
Mouse/Rabbit

Promega A9282

DU092102
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SNAP-Surface” 549 NEB $9112S
Clarity Max ECL solution BioRad 1705062
QlAprep Spin Miniprep QIAGEN 27106X4
Kit

Midori Green Advance Nippongenetics MGO04
DNA Stain

GeneRuler 1 kb Plus DNA  Thermo SM1331
Ladder

4x NuPAGE sample buffer novex NP0008
PageRuler Prestained Thermo 26616
Protein Ladder

Mynox Gold 2 Treatments Minerva 10-1001
Technical Equipment

Equipment Manufacturer

Nikon Eclipse Ti2 Nikon

Binocular microscope Nikon

(Smz25)

Cell culture incubator Thermo

Cell culture hood Thermo

Centrifuge cell culture Eppendorf

Centrifuge cooled Heraeus

Centrifuge (Falcon tubes) Beckmann

Centrifuge (main lab) Thermo

Cryostat Thermo

INTAS ECL Chemocam INTAS

Imager

INTAS UV-System INTAS

Thermocycler BioRad

NEPA21 Electroporator NEPA GENE

Tecan Plate reader

Infinite M1000
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Computer Software and tools

Software

Provider

Fiji Image) 2.0.0-rc-67/1.52¢
NIS Elements Microscope
Imaging Software

GraphPad Prism 8

Tecan i-control 1.10.4.0

cBioPortal

BioRender

cNLS mapper (NLS prediction
tool)

Clustal Omega

Protein Atlas

Nikon Instruments

GraphPad Software
Tecan

Colorectal Adenocarcinoma (TCGA, PanCancer

Atlas)

Colorectal Adenocarcinoma (Genentech, Nature
2012)

MSK-IMPACT Clinical Sequencing Cohort
(MSKCC, Nat Med 2017)
https://biorender.com

http://nls-mapper.iab.keio.ac.jp/cgi-

bin/NLS_Mapper form.cgi

https://www.ebi.ac.uk/Tools/msa/clustalo/

https://v15.proteinatlas.org/ENSG00000106346-

USP42/tissue

2.2 Methods

Cell culture

HEK293T cells, L-cells control and stably transfected with Wnt3a (obtained from

ATCC) were cultured in DMEM (Gibco) supplemented with 10% FBS and 1%

Penicillin/Streptomycin, at 37°C with 5% CO,.

HCT116, RKO and H1703 cells (ATCC) were subcultured in RPMI (Gibco) medium, also

supplemented with 10% FBS, 1% Sodium Pyruvate and 1% Penicillin/Streptomycin, at

37°C with 5% CO,. ZNRF3/RNF43 double knockout cells, as well as their parental cell

line were a kind gift from MM Maurice lab (Spit et al. 2020, UMC Utrecht). HEK293T
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sgAPC and sgUSP42_11 were transfected by Oksana Voloshanenko from the Boutros
group (DKFZ, Heidelberg).
Mouse intestinal organoids were kindly provided by the Pereira lab (COS,

Heidelberg).

Passaging of cell lines

The cell lines were passaged thrice a week, in a 1:5 ratio during the week days and
1:10 over the weekend. The adherent cells were cultivated in 10 ml cell culture
medium in T75 cell culture flasks. Before passaging the cells, they were inspected
under the microscope, if they were growing healthily or for potential
contaminations. All cell culture media, PBS and Trypsin-EDTA were warmed to 37 °C
in the water bath. For passaging, the medium was aspirated and the cells were
rinsed with 10 ml DPBS. After taking off the PBS, 5 ml Trypsin-EDTA was added to the
cells without washing the cells away. The Trypsin-EDTA was immediately aspirated
and the cells were incubated at RT until they detached from the bottom of the flask.
Then, the cells were resuspended in 10 ml medium and split 1:5 or 1:10 into a new

flask, together with fresh medium.

Passaging of organoids

The mouse intestinal organoids are split every 7-10 days. Prior to passaging the
organoids, the density and growth stage of the organoids were examined under the
microscope. Usually, the organoids were split in a ratio of 1:3 and the required
amount of Matrigel was thawed on ice. In contrast to the cell culture media, the
intestinal organoid medium was only warmed to RT, instead of the water bath. In
addition, the organoid culture plate was warmed to 37 °C in the incubator for 30
minutes.

For passaging, the organoid medium was carefully taken off with a P1000 pipette
without disrupting the Matrigel dome. Afterwards, 250 pl of Gentle Cell Dissociation
Reagent was added to each well and incubated for 1 minute. Then, the Matrigel
domes were disrupted with a P1000 pipette by pipetting the cell dissociation reagent
up and down for 15-20 times per well. The disrupted Matrigel dome mixtures were

collected in a 15 ml Falcon tube. For rinsing the wells, 500 pl of Gentle Cell
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Dissociation Reagent was added to the first well of the organoid culture plate and
the bottom of the well was washed to collect all the organoids. The whole solution
was then transferred to the next well to repeat the washing process. Finally, the
mixture was added to the other organoids in the 15 ml Falcon tube and incubated
for 5 minutes at RT. After incubation, DPBS was added (up to 12 ml) to the organoids
in the dissociation reagent and the Falcon tube was centrifuged at 300 x g for 3
minutes. The supernatant was carefully discarded first with a 10 ml, then with the
P1000 pipette, without aspirating the cell pellet. For the final wash, the dissociated
organoids were resuspended in 10 ml of pure (advanced) DMEM F12 and centrifuged
at 300 x g for 3 minutes. Again, the supernatant was discarded and the organoid
fragments were resuspended in a 1:2 mix of Matrigel and Advanced DMEM F12
medium. 30 pl of the mixture was seeded as Matrigel domes in the center of each
well. Before adding the IntestiCult Intestinal Organoid Growth Medium, the Matrigel
domes had to solidify for at least 10-15 minutes in the incubator. At last, 250 ul of

IntestiCult Intestinal Organoid Growth Medium was added to the wells.

Freezing and thawing of cell lines and organoids

For freezing the cells and organoids, they were washed and dissociated as described
above. After resuspending the cells in full cell culture medium, they were transferred
into a 15 ml Falcon tube and cetrifuged at 300 x g for 4 minutes. The supernatant
was aspirated and the cell pellet was resuspended in 2 ml freezing medium (FBS
supplemented with 10 % DMSQ). One confluent T75 flask was divided into two
cryotubes containing 1 ml of the cell slurry each. Regarding the organoids, 3-4 wells
were combined in each cryotube with 1 ml freezing medium. The tubes were cooled
in a Mr. Frosty at -70 °C overnight, before getting transferred into the liquid nitrogen

storage.

Plasmids and constructs

PEGFP-FLAG-USP42 WT and pEGFP-FLAG-USP42 C120A plasmids originate from KH
Vousden lab (Hock et al. 2011). Wnt1, hLRP6, mFzd8, xDvI-GFP, Dvl1, xb-catenin,
ZNRF3-HA, V5-hLGR4, hRSPO1-DC-AP (RSPO1), hRSPO2-DC-AP (RSPO2), hRSPO3-DC-
AP (RSPO3), mRSPO4-AP (RSPO4), TOPflash and Renilla plasmids (Glinka et al, 2011;
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Berger et al, 2017; Chang et al, 2020) were gifted to our lab by C Niehrs. BK Koo
kindly provided us with the 2gRNA CRISPR concatemer vector and RNF43-FLAG-HA
constructs (Koo et al, 2012; Merenda et al, 2017). The SNAP-Frizzled5 and Frizzled5-
V5 were given to us by MM Maurice. FLAG-HA-USP39 (#22581), 3xFLAG-DVL2
(#24802) and p53 reporter PG13-luc (#16442), hSpCas9 (#42230), eSpCas9-ATP1A1-
dual-gRNA (#86613) plasmids were ordered from Addgene. | generated the USP42
(together with Ana Garcia del Arco) and ZNRF3 truncation mutants by PCR by
deleting USP42 AN (deletion of N-terminal, A1-111), USP42 AC (excluding the C-
terminal A412-1315), USP42 ANLS (predicted monopartite nuclear localisation
signal, A1160-1246), ZNRF3 ARING (A293-334), ZNRF3 Alinker (D335-345) and
ZNRF3 ADIR (A346-528). Also, | removed the FLAG-tag from the pEGFP-FLAG-USP42,
as well as the HA-tag from RNF43-FLAG-HA plasmids by PCR.

Plasmids were amplified by transformation into chemocompetent cells (XL1-Blue)

and purified with the QlAprep Spin Miniprep Kit.

Generating USP42 and ZNRF3 truncation mutants

The USP42 truncation mutants were generated by PCR using the pEGFP-FLAG-USP42
plasmid as the template: USP42AN (N-terminal, A1-111), USP42AC (C-terminal A412-
1315), USP42ANLS (predicted monopartite nuclear localization signal, A1160-1246).

Table 2.2.1: Primers for generating the USP42 truncation mutants

Construct Forward primer Reverse primer Tm [°C]
AN-terminal CAATACCTGTTTTGCCAATGCAG CTTATCGTCGTCATCCTTGTAATCCAT 65
ANLS TGACTCGAGATCCACCGGAT TCCATTTTCGTGTTCGTGAA 63
AC-terminal TGACTCGAGATCCACCGGAT GGACCTGATATAAAAGAGCACAT 63

ZNRF3 truncation mutants were generated by PCR according to Jiang et. al 2015
using the ZNRF3-HA plasmid as the template: ZNRF3ARING (A293-334), ZNRF3Alinker
(A335-345) and ZNRF3ADIR (A346-528).
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Table 2.2.2: Primers for generating the ZNRF3 truncation mutants

Construct  Forward primer Reverse primer Tm
[°cl
ARING CACAACATCATAGAACAAAAGGGAAACC GTCGGACGTGGAGCTGCTGCT 67
Alinker GCGGTGTGTGTGGAGACC CCGACAGTGGGGGCAGGTGT 70
ADIR TTCAGCTGCTATCACGGCCACC GCTTGGGTTTCCCTTTTGTTCTATGATGT 70

The primers were ordered with a phosphorylation and the stock solutions (100 uM)

were diluted in nuclease-free water to a final concentration of 10 uM.

The following components were mixed together for the PCR reaction mix (25 pl per

sample):

Component 25 pl reaction Final concentration
Q5 Reaction Buffer (5x) 5ul 1x

10 mM dNTPs 0.5 pl 200 uM
Forward primer (10 puM) 1.25 pl 0.5 uM
Reverse primer (10 pM) 1.25 ul 0.5 uM
1-2 ng Template DNA 1l

Q5 High-Fidelity DNA 0.25 ul 0.02 U/ul
Polymerase

Q5 High GC Enhancer (5x) 5 ul 1x
Nuclease-free water to 25 ul

The following settings were used for the PCR reaction in the thermocycler:
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Step Temperature [°C] Time
Initial denaturation 98 30 seconds
35 Cycles 98 10 seconds

indicated Tm of the primers 30 seconds

72 30 seconds/kb + 30 seconds
Final extension 72 2 minutes
Hold 4

Afterwards, the PCR reactions were run on a 1% agarose gel supplemented with
Midori Green Advance in TAE buffer and imaged in an INTAS UV-System. The
respective bands were cut out and transferred into a 1.5 ml Eppendorf tube. Then,
the gel slices were dissolved in an appropriate amount of Membrane Binding
Solution and the PCR products were purified with the Wizard® SV Gel and PCR Clean-

Up System. Finally, the ligation reaction (20 pl) was prepared by mixing the following

components:

Component 20 pl reaction
T4 DNA Ligase Buffer (10x) 2 ul

DNA 50 ng

T4 DNA Ligase 1l
Nuclease-free water to 20 ul

The ligation mix was incubated at 16 °C overnight, followed by a 10 minute heat

inactivation step at 65 °C, before getting transformed into chemocompetent cells
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(XL1-Blue).

Removing the FLAG-tag from pEGFP-FLAG-USP42 and the HA-tag from RNF43-
FLAG-HA

For the ubiquitination assays, the FLAG-tag had to be removed from the pEGFP-
FLAG-USP42 construct, as well as the HA-tag from the RNF43-FLAG-HA construct.
Also, the HA-tag was exchanged from the ZNRF3-HA with a FLAG-tag. The constructs

were generated by PCR as described for the truncation mutants.

Construct  Forward Primer Reverse Primer Tm [°C]
PEGFP- GTACCATG TTCTAGAGGATCCTTCTGTTCGCTCCT 68
USP42

ZNRF3- GATGACGACAAGTAAGATATCCAGCACA GTCTTTGTAGTCGGCTCCCGGGCTGCTGCT 68
FLAG

RNF43- TGATCGAGTCTAGAGGGCCCGTTT CTTGTCATCGTCGTCCTTGTAGTCTGCTCCAGC 69
FLAG

Transfection of plasmids

For the sample preparation of some experiments, such as reporter assays and
western blots, plasmids were transfected into the cells with the transfection reagent
X-tremeGENE 9. Therefore, the total amount of plasmid DNA to be transfected was
calculated and a master mix of X-tremeGENE and Opti-MEM was prepared. In
general, 3 pl X-tremeGENE was used for 1 pg plasmid DNA and it was mixed with
Opti-MEM in a ratio of 1:20. Then, the plasmid DNA was prepared for each sample.
Afterwards, the required volume of X-tremeGENE and Opti-MEM mix was added to
each sample and incubated for 15 minutes at RT. Finally, the transfection solution
was mixed with cell culture medium (e.g. for 96-well: 50 pl/well, or 6-well: 200

ul/well) and the required amount was added to the cells.

Small interfering RNA (siRNA)
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Table 2.2.3: siRNA transfected into the cells

siRNA Company Product number
siRNA Universal negative control Sigma SIC001-10NMOL
siUSP42 Sigma SASI_Hs01_00078970

(CAGUCUACCUCGAACGCAU)

siRNA USP42 siGENOME Human Dharmacon D-006089-02-0002
USP42 (84132) siRNA - Set of 4

siRNA USP42 ON-TARGETplus Set of Dharmacon LU-006089-00-0002 set of
4 upgrade siRNA J-006089-06 4

siTP53 Sigma

SiAPC Sigma

siLRP6 Sigma

siRNA stocks were ordered dry and dissolved in 1x siRNA buffer with nuclease-free

water to a stock of 20 uM.

Transfection of siRNA

For the sample preparation of reporter assays or western blot, siRNA was

transfected into the cells one day prior to transfection with plasmid DNA.

HEK293T cells were transfected with siRNA using the transfection reagent
DharmaFECT 1 on the same day as the seeding of the cells. Here, it was important to
use cell culture medium without antibiotics during the transfection with siRNA. First,
the siRNA was diluted to a 500 nM stock in siRNA buffer and they were transfected
in a final concentration of 50 nM following the DharmaFECT 1 manufacturer’s
protocol. For example, in a 96-well plate 10 ul of 500 nM siRNA solution was mixed

with 0.2 ul DharmaFECT 1 and 20 pl pure DMEM (without antibiotics or FBS) per
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well. The mix is incubated for 15 minutes at RT. Finally, 70 ul per well of cell slurry
containing 15,000 cells/well was added to each well. They were incubated in the
siRNA containing medium overnight. Before transfecting them with plasmid DNA,

the medium was changed to DMEM++ 4 hours before the planned transfection.

For transfecting siRNA into HCT116 cells, the transfection reagent Lipofectamine
RNAIMAX was used according to the manufacturer’s protocol. In contrast to the
transfection with DharmaFECT 1, the siRNA is not diluted to a 500 nM stock and is

used in a final concentration of 75 nM.

Production of Wnt3a conditioned medium

L-cells control and stably transfected with Wnt3a were used to harvest control and
Wnt3a conditioned media. Therefore, they were seeded 1:10 in 10 ml DMEM++
medium onto @10 cm petri dishes. The cells were grown for 4 days until they were
almost confluent. The medium of fraction #1 was collected in 50 ml Falcon tubes and
centrifuged at 300 x g for 4 minutes to sediment the dead cells. Subsequently, the
supernatant was transferred into glass bottles and the Wnt3a activity was tested in a
Wnt reporter assay. The glass bottles were stored at 4 °C. For fraction #2, 10 ml of
fresh DMEM++ medium was added to the cells and they were grown for 3 more

days. The medium was collected and processed as fraction #1.

Production of R-spondin conditioned medium

R-spondin1-4 conditioned media were produced by transiently transfecting HEK293T
cells with 15 pg (per 10 cm dish) of the respective plasmid with calcium phosphate
transfection. Therefore, for each plate 62 ul of a 2 M CaCl, solution was prepared
with 438 pl of ultrapure water together with the plasmid DNA. Then, 2x HBS is slowly
dropped into the tube and incubated for 20 minutes at RT. The transfection solution
was carefully dropped into the plates containing 90% confluent cells in 10 ml of
DMEM++. After 5-7 hours, the medium was exchanged for each plate. 24 hours later,
the media were harvested and centrifuged at 300 x g to get rid of dead cells. Finally,

the media were tested (1:50) in a Wnt reporter assay in combination with Wnt3a
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(1:5) to test the their efficiency to enhance canonical Wnt signalling.

Generating USP42 knockout cell lines

The gRNA for the human USP42 knockout cell lines were designed with the following
site: http://www.e-crisp.org/E-CRISP/

gRNA Top/bottom oligo Sequence 5’ - 3’

hUSP42 #1 Top CACCGAATCAGCCTGGCAGCTCCG
Bottom AAACCGGAGCTGCCAGGCTGATTC

hUSP42 #2 Top CACCGATGCAGGTTCTGCCAGCTG
Bottom AAACCAGCTGGCAGAACCTGCATC

These gRNA were cloned into the eSpCas9(1.1) No FLAG_ATP1A1_G3 Dual_sgRNA
vector (Addgene #86613). First, the oligo stocks were dissolved in nuclease-free
water to a final concentration of 100 uM. 2 ul of 1 M Tris pH 8 was added to the
oligos to a final concentration of 20 mM. Then, the oligos are annealed at 95 °C for 5
minutes and slowly cooled down to RT over a duration of 1 hour. In parallel, 1 pg
vector DNA is digested with Bbs1 and purified with the Wizard PCR Clean-Up System.
Then, the annealed oligos are diluted 1:100 (1 mM) in ultrapure water. 2 ul of diluted
oligos are ligated with 1 pl purified cut plasmid in a 10 ul ligation reaction. After
ligation, 7 ul of the ligation mix is transformed into chemocompetent bacteria. The
plasmid DNA was isolated from the growing colonies, amplified and sequenced (by

Eurofins Genomics).

Prior to electroporation, the cells were detached and resuspended in Opti-MEM.
Ideally, 1-5 x 10° cells per cuvette are optimal. The required amount of cells were
concentrated in 50 pl Opti-MEM per electroporation and added to the prepared
plasmid DNA in an Eppendorf tube (105 pl in total). Before electroporation, the

impedance value was measured, which should be between 0.03 and 0.55 kQ. The
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value was adjusted by adding either Opti-MEM or more cell slurry to the cuvette.
Together with the ATP1A1 template, 5 pg of each of the positive gRNA plasmids

were then electroporated into HEK293T cells and HCT116 cells with the following

settings:
Poring Pulse
Voltage [V] Length [ms] Interval [ms] No. D. Rate [%] Polarity
150 5 50 2 10 +
Transfer Pulse
Voltage [V] Length[ms] Interval [ms] No. D. Rate [%] Polarity
20 50 50 5 40 +/-

Subsequently, the cells were rescued with full growth medium and seeded onto a
@10 cm cell culture dish. Three days after electroporation, the cells were treated

with 0.5 uM ouabain for selecting positive clones.

Regarding the HEK293T cells, a positive clone was used for the experiments. On the
contrary, the HCT116 USP42 knockout cells were used in bulk because of their

genetic variance, as recommended by Prof. Boutros.

In addition, Oksana Voloshanenko cloned the same gRNA into the pX459 plasmid
and transfected them into HEK293T cells for 48 hours. The cells were selected with
puromycin for 1-2 days, until all control cells were dead. Finally, the cells were

allowed to recover for 3-4 days.

Generating Usp42 knockout mouse intestinal organoids

As for the USP42 knockout cell lines, the gRNA for Usp42 was designed with the
http://www.e-crisp.org/E-CRISP/ site.
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gRNA Top/bottom oligo Sequence 5’ - 3’

mUsp42 #1 Top CACCGGGACACAGGCTCTGCCAGCTGGT
Bottom TAAAACCAGCTGGCAGAGCCTGTGTCCC

mUsp42 #2 Top ACCGGGAGACCGCCTCACAACTGCCG
Bottom AAAACGGCAGTTGTGAGGCGGTCTCC

They were cloned into the 2 gRNA CRISPR-concatemer following the protocol from

Merenda et al. 2017.

Therefore, the oligos were phosphorylated and annealed by the following reaction:

Component Volume

Top oligo (10 uM) 1 ul per gRNA
Bottom oligo (10 uM) 1 ul per gRNA
T4 DNA ligase buffer (10x) 2 ul

T4 DNA PNK 1l
Nuclease-free water to 20 pl

The reaction was run in a thermocycler at 37 °C for 30 minutes, then 95 °C for 5

minutes and finally slowly ramped down to 25 °C at 0.3 °C/minute. After the

annealing was done, the reaction was held at 4 °C.

For the Bbsl shuffling reaction, the following reaction was assembled on ice:
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Component Amount
2 gRNA CRISPR-concatemer vector 100 ng
Annealed oligo mix 10 ul
FastDigest Buffer (10x) 1l

DTT (10 mM) 1l
ATP (10 mM) 1 pl
Bbsl 1l

T7 ligase 1l
Nuclease-free water To 20 ul

The Bbsl shuffling reaction was run with the following program in a thermocycler:

Cycles Temperature [°C] Time [min]
25 37 5

25 21 5

Hold 37 15

Hold 4 forever

To remove the remaining linear DNA, the ligation reaction was treated with DNA
exonuclease at 37 °C for 30 minutes, followed by a heat inactivation step at 70 °C for

30 minutes. Then, 2 ul of the mix was transformed into chemocompetent bacteria.

Component Amount
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Ligation mix 11 pl
Exonuclease buffer (10x) 1.5 ul
ATP (10 mM) 1.5 ul
DNA exonuclease 1l
Nuclease-free water To 15 pl

After the single colonies were grown in LB medium, the plasmid DNA was isolated
and positive clones were determined with restriction digestions. First, the presence
of the concatemers are confirmed by a digestion with 10 U EcoRl and 5 U Bglll in a 10
ul reaction for 3 hours at 37 °C. The digested 2 gRNA-concatemer is supposed to give
a band at 800 bp on a 1% agarose gel. The second restriction digestion is run with 5
U Bbsl at 37 °C for 3 hours. The positive plasmids should not be cut by the restriction

enzyme, as the cassette containing the cutting site was replaced by the gRNA.

Positive clones were confirmed by sequencing.

Before electroporation, the mouse intestinal organoids had to be prepared. On day 0
the organoids were split in a high density (1:2 ratio) and grown in the WENR + Nic
medium. For each sample, 6 wells were used for an electroporation. The control
organoids were transfected with the hSpCas9 and the empty CRIPR-concatemer
vector. Also, a sample electroporated with GFP is included to observe the efficiency
of the electroporation. On day 2 (48 hours before electroporation) the medium was
exchanged to the EN + CHIR + Y-276332 without antibiotics. Then, on day 3, the
medium was changed to the EN + CHIR + Y-276332 + DMSO medium.

On the day of electroporation (day 4), the Matrigel domes were broken by pipetting
up and down with a P1000 pipette. The organoids were transferred to a 15 ml Falcon
tube and mechanically disrupted by using a P200 pipette. After centrifugation at 600
x g for 5 minutes, the supernatant was discarded and the organoid fragments were

treated with Trypsin-EDTA at 37 °C for 5 minutes. The dissociation was closely
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monitored, until the fragments had a size of 8-10 cells. This reaction was terminated
by adding full growth medium. The cells were centrifuged at 500 x g for 3 minutes
and resuspended in 1 ml Opti-MEM to determine the amount of cells. For each
electroporation, 1-5 x 10° were used and concentrated in 50 pl of Opti-MEM. The 2
gRNA CRISPR-concatemer was mixed with the same amount of hSpCas9 plasmid and
diluted to a volume of 55 pl. The organoid fragments were mixed with the DNA in
the electroporation cuvette and the resistance was measured as for the knockout

cell lines. Then, the electroporation was performed with the following settings:

Poring Pulse
Voltage [V] Length [ms] Interval [ms] No. D. Rate [%] Polarity
175 5 50 2 10 +

Transfer Pulse

Voltage [V] Length[ms] Interval [ms] No. D. Rate [%] Polarity

20 50 50 5 40 +/-

Subsequently, 400 ul of Opti-MEM + Y-27632 were added to the cuvette and the
whole mix was transferred to a 1.5 ml Eppendorf tube to let the cells recover for 30
minutes at RT. Then, the tubes were centrifuged at 400 x g for 3 minutes and the
cells were resuspended in a mix of Matrigel and Advanced DMEM F12 medium. 20 ul
Matrigel domes were seeded into each well. After the Matrigel domes were
solidified, the domes were covered with EN + CHIR + Y-27632 + DMSO medium. On
the following day, the medium was exchanged to EN + CHIR + Y-27632 medium and
the transfection efficiency was examined by GFP expression under the fluorescent
microscope. Every 2 days the medium is exchanged until day 9, where the medium
changes to WENR + Nic + Y-27632. The ROCK inhibitor Y-27632 can be removed on
day 19. The knockout organoids were selected for 2 passages by a reduction of

Wnt3a and R-spondin conditioned medium, as described for other negative Wnt
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regulators (Merenda et al. 2017).

Reporter assays

Topflash dual-luciferase reporter assay (Wnt reporter assay)

10,000 HEK293T cells per well (of a 96-well plate) were seeded on day 0, if indicated
also with siRNA as described above. 24 hours after seeding the cells, they were
transfected with 50 ng in total of plasmid DNA, using the X-tremeGENE 9

transfection protocol.

Plasmid Amount per well [ng]
Firefly luciferase 5

Renilla luciferase 3

PCS2+ (empty vector) 42 (up to 50 ng/well)
GFP-USP42 5

UsP39 5

ZNRF3-HA 0.5

RNF43-FLAG-HA 1

hLRP6 3

Whntl 5

mFzd8 1

Dvi1 20

XB-catenin 1

24 hours later, the cells were treated with either control conditioned medium (1:5),
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Wnt3a conditioned medium (1:5) or a combination of Wnt3a and R-spondin
conditioned medium (1:5 and 1:50) overnight. For harvesting the cells, the medium
was removed and the cells were lysed in 60 pl of TF lysis buffer. They were incubated
for 15-20 minutes on the shaker at 4 °C. Afterwards, the plate could be stored at -20
°C or analysed with the Tecan plate reader. Therefore, 30 ul of the cell lysates were
transferred to a white flat bottom 96-well plate, without creating bubbles. Then, 50
ul of the P/RlucA (pH 8) solution was added to the wells and the chemoluminescence

was measured using these settings:

Step Settings

Shaking (Linear) Duration: 2 s

Amplitude: 2 mm

Waiting time 2 min

Shaking (Linear) Duration: 3 s

Amplitude: 2 mm

Firefly luminescence Integration time: 100 ms

Add Renilla substrate (P/RlucB, pH 5)

Shaking (Linear) Duration: 2 s

Amplitude: 2 mm

Renilla luminescence Integration time: 200 ms

p53 reporter assay

For p53 reporter assays, HEK293T cells were seeded on a 96-well plate with the
indicated siRNA. On the next day, the medium was changed and the cells were

transfected with the following plasmids:

38



Material and Methods

Plasmid Amount per well [ng]
PG13-luc 10

Renilla 5

PCS2+ 35

p53 signalling was induced by treating the cells with 10 nM Actinomycin D overnight,

before being harvested.

FGF reporter assay

For the FGF reporter assay, HEK293T cells were seeded on a 96-well plate and

transfected with these plasmids:

Plasmid Amount per well [ng]
Gal-luc 10

Gal-ELK 2

Renilla 5

PCS2+ 33

The next day, they were treated with 10 ng/ml bFGF overnight.

TGFP reporter assay

For the TGFB reporter assay, HEK293T cells were seeded on a 96-well plate and
transfected with the indicated plasmids. 24 hours later, they were treated with 2

ng/ml TGFPB overnight.
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Plasmid Amount per well [ng]
ARE-luc 10

Fast1 1

Renilla 8

PCS2+ 31

NuPAGE Bis-Tris gel electrophoresis and Western Blot

Western blot samples were harvested in PBS on ice using a cell scraper. Per sample,
the cells of 3 wells were collected in an Eppendorf tube and centrifuged at 2000 rpm
for 3 minutes. The supernatant was carefully discarded and the cell pellet was
resuspended in 100 pl 2% NP-40 lysis buffer. The cells were lysed on ice for 10
minutes and centrifuged again at 2000 rpm for 3 minutes. 75 pl of the supernatant
was transferred into a new Eppendorf tube and mixed with 25 ul of 4x NuPAGE
sample buffer supplemented with 20 mM DTT. Then, the samples were incubated in
the heat block at 65-70°C for 5-10 minutes, depending on the protein size. The larger
the protein, the longer the sample was the incubated at a higher temperature (e.g.
LRP6 at 180 kDa). After boiling the samples, they were cooled to RT before loading
the gels.

For the NUPAGE gel electrophoresis, the following gels were cast (4 gels). For large

proteins, such as LRP6, a 12% separating gel was cast, instead of an 8% gel.

Component Separating gel (8%) Stacking gel (4%)
40% Bis-acrylamide 4 ml 1 ml
1.25 M Bis-Tris pH 6.8 5.714 ml 2.858 ml
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ddH,0 10.286 ml 6.142 ml
TEMED 20 ul 10 ul
10% APS 200 pl 100 pl
Final volume 20 ml 10 ml

After loading the samples into the pockets, the electrophoresis was run at 120 V for
1 hour. Then, the proteins were transferred onto a nitrocellulose membrane by a
semi-dry blot, at a current of 100 mA per gel for 30 minutes and a limited voltage of
25 V. The membranes were blocked with 5% milk powder in TBS-T for 30 minutes
and incubated with the primary antibodies diluted in blocking solution overnight at 4

°C on a shaker.

On the next day, the primary antibody solution was removed and the membranes
were washed three times with TBS-T for 10 minutes. The HRP-conjugated secondary
antibody solution was added to the membranes and they were incubated for at least
1 hour at RT on the horizontal oscillator. Finally, the membranes were washed again
three times with TBS-T, before the luminescence was measured with the INTAS ECL
Chemocam Imager. Therefore, the solutions 1 and 2 of the Clarity Max ECL substrate
kit were mixed in the same volumes in an Eppendorf tube. One membrane at the
time was incubated in the ECL solution. For the measurement, the membrane was

transferred onto a transparent plastic sheet.

Co-immunoprecitation

For co-immunoprecipitations, 500,000 HEK293T cells per well were seeded on a 6-
well plate, using 3 wells per sample. Once the cells have adhered to the bottom of
the wells, 300 ng of the indicated plasmids were transfected per well. After 24-48
hours, the cells were harvested on ice in cold PBS by using a cell scraper. The cells
were transferred into Eppendorf tubes and centrifuged at 2000 x g for 3 minutes at 4

°C. The supernatant was discarded and the cells were lysed in 500 pul of lysis buffer
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for 10 minutes on ice. In parallel, the protein A agarose beads (for rabbit antibodies)
or protein G agarose beads (for mouse antibodies) were prepared. For each sample,
20 wl of a 50% slurry was needed for the clearing and 30 ul was used for the
immunoprecipitation. First, the beads were washed three times with the lysis buffer
and centrifuged at 500 rpm for 2 minutes, at 4 °C. To avoid clogging of the tips and
bead loss, the pipette tips were cut and the bead pellet was disturbed by adding the

lysis buffer directly on top, without resuspending with the pipette.

After the cells were lysed, 20 pl of the bead slurry was added to the lysates and
incubated for 5-10 minutes on ice to clear the lysates from unspecific binding
proteins. Then, the lysates were centrifuged at 13,000 rpm for 5 minutes at 4 °C and
the supernatants were transferred into new Eppendorf tubes (2 for each sample:
input and IP). 30 ul of each supernatant were used for the inputs which were not
incubated with antibodies. The inputs were mixed with the same volume of 4x
Laemmli Buffer. The rest of the supernatants were incubated with 0.5 pg of antibody
per sample. The samples were incubated for 1 hour at 4 °C in rotation. Then, 30 ul of
the bead slurry was added to each sample and incubated for another 2 hours.
Afterwards, the samples were centrifuged at 500 rpm for 2 minutes and washed
three times with the lysis buffer. Finally, the proteins are eluted in 60 ul of a 1:2 mix
of Laemmli buffer with lysis buffer and boiled at 95 °C for 5-10 minutes. The samples

should be analysed by SDS-PAGE on the same day. Therefore, gels were casted as

followed:

Component Separating gel (8%) Stacking gel (4%)
Water dest. 11 ml 6.5 ml

40% Bis-acrylamide 4 ml 1ml

Solution B 5 ml -

Solution C - 2.5ml

TEMED 10 pl 6 pl
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10% APS 200 pl 120 pl

Final volume 20 ml 10 ml

The gel electrophoresis was run in Laemmli running buffer at 120 V for 90 minutes
and transferred by a semi-dry western blot with methanol transfer buffer for 90

minutes at 100 mA per gel (voltage limited to 25 V).

Ubiquitination assay

For the ubiquitination assays, HEK293T cells were seeded on a 6-well plate as for the
co-immunoprecipitations. Here, also 3 wells were used per sample. If control siRNA
and siUSP42 were transfected, the double amount of cells were seeded. Next day,
the media were changed and the cells were transfected with 2 pug of ZNRF3-FLAG
together with 1 pug of HA-Ubiquitin and if needed 2 pg GFP-USP42. 24 hours after
transfection, the cells were treated for 6 hours with 20 pM MG132 and 20 nM
Bafilomycin A to avoid degradation of ZNRF3. Then, the cells were harvested with
PBS and lysed in 60 pl of Ub lysis buffer for 10 minutes on ice. The cells were
centrifuged at maximum speed for 10 minutes at 4 °C. 50 pl of the supernatants
were then transferred to a new Eppendorf tube. Extra 15 ul of the lysates were
saved for the inputs and were mixed with 15 ul 4x NuPAGE + DTT. 5 ul of 10% SDS
were added to the 50 pl lysates and incubated at 95 °C for 5 minutes for
denaturation. After the lysates cooled down to room temperature, they were mixed
with 450 pl lysis buffer and incubated for 15 minutes on ice for quenching. A master
mix of antibody and beads was prepared in lysis buffer. In total, 2.5 ul of Rb-anti-
FLAG antibody, as well as 25 ul of washed protein A agarose beads were added to
each sample and incubated overnight in rotation. The next morning, the samples
were washed three times with lysis buffer. At last, the samples were eluted with 50

pl of a 1:2 Lysis and 4x NUPAGE + DTT mix and incubated at 70 °C for 10 minutes.

43



Material and Methods

Surface biotinylation assay

These experiments were performed by Marlene Tietje and Vanesa Fernandez-Saiz
(TUM). HEK293T cells were seeded on @ 15 cm plates and transfected with ZNRF3-
FLAG or RNF43-FLAG, HA-Ubiquitin and pEGFP-USP42 plasmids with CaCl,
transfection as described above. Before the biotinylation, the cells were washed with
ice-cold PBS to remove any contaminants. The proteins at the cell surface were
marked with biotinylation with approximately 80 pl of a 10 mM EZ-Link Sulfo-NHS-
SS-Biotin solution (per ml) at 4 °C 30 minutes according to the product manual
(Pierce Cell Surface Protein Isolation Kit, Thermo Cat. No. 89881) followed by a pull-
down with NeutrAvidin Agarose beads after cell lysis. The cell surface proteins were
eluted in Strep-Tactin Elution Buffer (IBA Lifesciences Cat. No. 2-1206-002). Then, the
samples were diluted up to 1 ml of co-immunoprecipitation lysis buffer and a co-IP
was performed against the substrates ZNRF3-FLAG or RNF43-FLAG, using the M2
affinity gel (Sigma, Cat. No. A2220). Finally, the proteins were eluted with Laemmli
buffer and analysed by SDS-PAGE and western blot.

Immunofluorescent stainings

When preparing HEK293T cells for immunofluorescent stainings, the coverslips were
previously coated with poly-L-lysine. Therefore, the coverslips were place into 12-
well plates and 100 pl of a 10% poly-L-lysine solution (in water) was added on top of
the coverslips. They were incubated for 5-10 minutes at RT and washed three times
with water, before seeding the cells. All other cell lines strongly adhered to the

coverslips, so no coating was required for them.

In general, for the different experiments the cells were either transfected with
siUSP42 on the day of seeding the cells (day 0: 120,000 cells per well), or transfected
with the indicated plasmids on the next day (day 1) and harvested the following day
after treatment with conditioned media (day 2). In contrast, the USP42 shuttling
experiment required an overnight treatment with the indicated reagents and

conditioned media.
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Treatment Concentration
Control CM 1:5
Wnt3a CM 1:5
Wnhnt3a + R-spondin 3 CM 1:5+ 1:50
BIO 1 uM
DKK1 1:5

EGF 100 ng/ml
FGF 50 ng/ml
TGFB 2 ng/ml
BMP4 50 ng/ml
KT5720 (PKA inhibitor) 1 puM
Akti-1/2 (PKB inhibitor) 10 uM
Sotrastaurin (PKC inhibitor) 10 uM
MEK inhibitor 1 uM
Y-27632 (ROCK inhibitor) 10 uM
Rapamycin 25 nM

The cells were washed with PBS and fixed in 2% PFA in PBS for 10 minutes. Only the

centrosome co-localisation experiment required a methanol fixation, by fixing the

cells for 2 minutes with 3% PFA followed by a methanol fixation for another 3

minutes on ice.

For the B-catenin accumulation (in H1703 cells) and overexpression of the different
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USP42 constructs (in HEK293T cells), 125 ng of the indicated plasmids were
transfected per well using the X-tremeGENE 9 transfection reagent. The HEK293T
cells tested for the different siRNA, as well as the overexpression of the different
GFP-tagged USP42 constructs, were only stained with DAPI before the coverslips

were mounted. For the USP42 shuttling experiment, HEK293T cells were seeded

For the B-catenin accumulation, USP42 shuttling, centrosome co-localisation and E-
cadherin stainings the cells were permeabilised with 0.2% Triton X-100 in PBS for 10
minutes on the horizontal oscillator at RT. Then, the cells were incubated in blocking
solution for 20 minutes at RT (also on the horizontal oscillator) to decrease
unspecific binding of the antibodies. In parallel, a sheet of parafilm was laid into the
humidified staining chamber and the primary antibody solutions were prepared in
blocking buffer. 30 pl drops were placed onto the parafilm and a coverslip was put
onto each drop with the cells facing downward. To not dilute the antibody solution,
the remaining drop of blocking buffer was tapped off the coverslip onto a tissue
paper, before placing the coverslips. The cells were incubated for 3 hours at RT or
overnight at 4 °C in the primary antibody solution. The next day, the cells were
washed three times for 5 minutes with 0.1% Triton X-100 in PBS on the horizontal
oscillator at RT. After washing, the coverslips were incubated for at least 1 hour in
the fluorescent-tagged secondary antibody solution supplemented with 5 pg/ml
DAPI. The cells are washed twice for 5 minutes with 0.1% Triton X-100 in PBS and
once with PBS. Finally, the coverslips are rinsed with water before being mounted

with Fluoromount and dried overnight at RT.

All fluorescent stained samples were imaged at the epifluorescence microscope
Nikon Eclipse T;, most of the time with the 60x oil immersion objective. Images were

taken using the NIS Elements program.

Proximity ligation assay

HEK293T cells were seeded on coverslips and transfected with ZNRF3-HA together
with either GFP, GFP-USP42, GFP-USP42 AC or Dishevelled-GFP. If indicated, cells

were treated with 1:50 R-spondin3 CM overnight. After the cells were fixed with 2%
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PFA in PBS, they were permeabilised with 0.2% Triton X-100 for 10 minutes and the
staining was performed following the Duolink PLA Fluorescence Protocol from
Merck. In short, the permeabilised samples were blocked with the Duolink Blocking
Solution for 60 minutes at 37 °C followed by the incubation of the primary antibodies
(diluted in the Duolink Antibody Diluent) as for the immunofluorescent stainings in a
humidified chamber. Then, the PLUS (rabbit) and MINUS (mouse) PLA Probes were
diluted 1:5 and added to the samples after washing them twice with wash buffer A.
The samples were incubated for 1 hour at 37 °C and washed twice with wash buffer
A, before incubating them in 1x Duolink Ligation buffer containing the Ligase. The
ligation step was performed at 37 °C for 30 minutes and washed two times with
wash buffer A. Next, the samples were treated with 1x Amplification buffer
supplemented with the Polymerase for 100 minutes at 37 °C. Finally, the samples
were washed twice with wash buffer B and once with 0.01x wash buffer B prior to
mounting them with the Duolink In Situ Mounting Medium with DAPI. Afterwards,
the samples were stored at -20 °C and analysed at the epifluorescence microscope

Nikon Eclipse T.

SNAP-assay

HEK293T cells were seeded on coverslips coated with poly-L-lysine. The following
day, they were transfected with 100 ng SNAP-Frizzled plasmid together with either
200 ng PCS2+ (empty vector), 100 ng pEGFP-USP42 or 100 ng ZNRF3-HA. After 24
hours, the samples were incubated with 30 pl of 1 uM SNAP-Surface substrate 549
for 15 minutes at RT in a dark humidity chamber (Koo et al. 2012). Then, the cells
were carefully washed twice with DMEM and chased for 10 minutes and fixed with

4% PFA in PBS.

Immunohistochemistry

First, a mouse was sacrificed and dissected. The small intestine and colon were
separately transferred to PBS and carefully freed from fatty tissue without injuring
the intestines. Next, the small intestine and colon were flushed several times with

PBS to remove all remaining feces inside. Then, they were placed into Flacon tubes
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and fixed overnight in 4% PFA in rotation at 4 °C. On the next day, the PFA was
discarded and exchanged with 30% sucrose solution. Here, the intestine and the
colon were flushed a few times with sucrose solution to replace all PFA solution. The
intestines were incubated in sucrose solution in rotation for 48-72 hours at 4 °C.
Before embedding the organs in Tissue-Tek, the were briefly rinsed in Tissue-Tek in a
separate cryosection mold to get rid of the sucrose solution. Otherwise the tissue
would have detached from the frozen Tissue-tek and the cryosectioning would have

been difficult.

For embedding, half a cryosection mold was filled with Tissue-Tek and the small
intestine was cut in three pieces, because it did not completely fit into a small mold.
Then, the colon or an intestinal piece was placed into the mold. With a small forceps,
the tissue was pushed to the bottom, so that it laid flat on the ground without
squishing the tissue. With a pipette tip, bubbles were removed to enable a
homogenous freezing. Finally, the molds were placed on a metal cooling block on dry
ice until the Tissue-Tek was completely frozen. Afterwards, the blocks were stored at

-20 °C, before the cryosectioning.

Cryosections were produced with 8 um thickness and three sections were mounted
onto Thermo Superfrost Plus microscope slides (they would fall of the Thermo
Superfrost slides), using the Thermo cryostat. The tissue sections were allowed to

dry at RT, before storing them at -20 °C.

Prior to performing the stainings, the slides were warmed to room temperature for 5
minutes. The slides were then placed in a holder into a large glass beaker filled with
PBS to wash them for 5 minutes. Meanwhile, 1 litre the 1x cryo antigen retrieval

buffer was prepared from the 10x stock and 500 pl Tween 20 was added fresh.

The holder with the slides is transferred into plastic containers filled with the cryo
antigen retrieval buffer and microwaved for 5 minutes. Here, it was important that
the slides were fully submerged. If some antigen retrieval buffer got lost during
microwaving, it was immediately refilled with fresh buffer. After boiling, the slides in

the microwaving container were cooled on ice for 30 minutes. Then, the slides were
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placed into a glass jar with PBS to wash away the residual detergent. With a liquid
blocker pen, borders were drawn around the tissue sections and they were
incubated with IF blocking buffer at RT for 30 minutes in a humidity chamber.
Afterwards, the blocking buffer is removed and the primary antibodies dissolved in
blocking buffer were added on to the slides and incubated overnight at 4 °C in the
humidified chamber. The following day, the slides were washed three times with PBS
for 5 minutes per wash. The fluorescent-labelled secondary antibodies (1:500)
supplemented with 5 pg/ml DAPI were added to the cryosections and incubated for
at least 1 hour at RT in a dark humidity chamber. After washing three times with PBS,
the slides were briefly rinsed with water and mounted with Fluoromount by adding

the rectangular coverslips on top.

The slides were dried overnight at 37 °C, before imaging them at the Nikon Eclipse T..

Immunofluorescent staining of organoids

For staining organoids, they were grown to day 5 where they developed a lot of
crypts. The medium was removed and the Matrigel domes were disrupted with 250
pl PBS per well, using a P1000 pipette without destroying the organoids. The
organoids were transferred to a Falcon tube and centrifuged at 300 x g for 3
minutes. The supernatant was discarded and the organoids were fixed in 4% PFA for
15-20 minutes at RT. Then, they were washed three times with PBS, transferred to
Eppendorf tubes and permeabilised with 500 pl 10% horse serum blocking buffer in
PBS supplemented with 0.5% Triton X-100 and incubated for 1 hour. The primary
antibodies are diluted in blocking buffer and 100 ul antibody solution was added to
the samples (600 pl total volume). Under rotation, the organoids were incubated at
4 °C with the primary antibodies overnight. On the following day, the samples were
washed three times with PBS supplemented with 0.2% Triton X-100. Shortly after,
they were incubated in the fluorescent-labelled secondary antibodies (1:500) and
DAPI (5 pg/ml) diluted in blocking buffer for 1 hour at RT in rotation. Finally, they

were washed three times with PBS.

For imaging, the organoids were mounted in a drop of PBS and imaged at the Nikon

49



Material and Methods

Imaging Center Heidelberg with the help of Nicolas Dross and Ulrike Engel. The

microscope used was the Nikon A1 laser scanning confocal microscope.

Growth factor withdrawal experiment

For the growth factor withdrawal experiment non-edited and Usp42 KO organoids
were split as described above (at least 3 wells were used per condition) and cultured

in the indicated media for at least 2 passages:

1) Full organoid growth medium: EN medium supplemented with 20 nM Wnt
surrogates and 10% R-Spondin 1 CM

2) EN medium without external Wnt supplemented with 10% R-spondin 1 CM

3) EN medium supplemented with 5% R-spondin 1 CM

4) EN medium supplemented with 2% R-spondin 1 CM

5) EN medium supplemented with 2% R-spondin 1 CM and 5 uM Wnt secretion
inhibitor IWP2

5 days into passage number 2, the organoids were imaged at the Nikon binocular

microscope SMZ25.

Spheroid growth assay

For the spheroid growth assay, 2,000 HCT116 parental and USP42 KO cells were
seeded in 30 ul hanging drops of RPMI medium supplemented with 10% FBS and if
indicated, also with 20 uM of the PORCN inhibitor LGK-974. The spheroids were

grown for 6 days and images were taken at the Nikon SMZ25 binocular microscope.

Afterwards, the images were analysed in Fiji by creating a binary image (Process =
Binary > Make Binary; Figure 2.1). If two spheroids were joined in one image and
were in close proximity, the option ‘Watershed’ (Process - Binary - Watershed)

was used to separate them. Then, the spheroid area was selected with the Wand
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tool and measured (Analyze - Measure). Displayed were the pixel counts which

were then multiplied by the pixel size (1.47 pum).

L] 19.tif (33.3%)
1608x1608 pixels; 8-bit (inverting LUT); 2.5MB

Figure 2.1: Example binary picture of a spheroid analysed in Fiji.

The spheroid growth assays were performed by Anchel de Jaime-Soguero. He seeded
the cells and imaged the spheroids at the Nikon SMZ25 binocular microscope. For

my PhD thesis, | re-analysed the images.

Bulk RNA sequencing sample preparation and analysis

The bulk RNA sequencing experiment was performed by Anchel de Jaime-Soguero
and the members of the Genomics Core Facility (EMBL) Jonathan Landry, Laura
Villacorta and Vladimir Benes. For my PhD thesis, | plotted the genes for epithelial-
to-mesenchymal transition and intestinal stem cell signature genes in volcano plots

(Merlos-Suarez et al. 2011, Rokavec et al. 2017).

For the bulk RNA sequencing samples, HCT116 cells were seeded in 6-well plates. On
the next day, they were transfected with control siRNA or siUSP42. 48 hours later,
they were harvested and the RNA of 3 independent experiments was extracted with

the RNeasy Mini Kit (Qiagen). The assessment of total RNA integrity (RIN value) was
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done with the Agilent 2100 Bioanalyzer machine using an Agilent RNA 6000 Nano
chip, followed by the library preparation using the NEBNext Ultra [l RNA Library Prep
Kit for lllumina. After ensuring the quality of the cDNA libraries, they were pooled
and sequenced. Using the STAR version 2.6.0a (Dobin et al. 2013) with GRCh38.84
human genome as reference, tables of the aligned sequences and counts per gene
were generated. This dataset is accessible at European Nucleotide Archive (ENA)

under the number PRIEB37946.

For the data analysis, the differential expression of genes was analysed according to
Anders and Huber 2010 in R. Significantly up- or downregulated genes were
categorized in signalling pathways and functions in the cells using the model-based
gene set analysis (MGSA) according to Bauer et al. 2010. The analysed datasets were

published in Giebel et al. 2021.

Volcano plots were generated by plotting the negative logig of the p-values against
the log, fold change values of signature genes for Intestinal Stem Cells (ISC) (Merlos-
Suarez et al. 2011) or epithelial-to-mesenchymal transition in cancer cells (Rokavec

etal. 2017).

In silico analysis: Expression of USP42 and mutations in colorectal cancer

In silico analysis of USP42 was performed on the TCGA PanCancer Atlas colorectal
adenocarcinoma dataset with samples collected from 524 patients on cBioPortal for

cancer genomics (Cerami et al. 2012 and Gao et al. 2013).

In silico analysis: Multiple sequence alignment

The aminoacid sequences of USP42 for H. sapiens, D. Rerio, M. musculus, X. laevis
and X. tropicalis were obtained from Uniprot. Using the Clustal Omega website a

Multiple Sequence Alignment was performed.

Statistical analysis

Results of statistical analyses are shown as mean + standard deviation. Statistical

significance was assessed in GraphPad Prism 8 by performing either a Student’s t-
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test for two groups or a one-way ANOVA analysis with Tukey correction for three or
more groups. *P-values < 0.05 were considered significant (**P < 0.01, ***P < 0.001)

and not significant was indicated with ‘n.s.”.
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3. Results

3.1 USP42 negatively regulates Wnt signalling on the Wnt receptor level

The E3 ubiquitin-protein ligases ZNRF3 and RNF43 have been shown to be the main
negative Wnt regulators in adult stem cells, and are also often mutated in Wnt-
associated cancer cells, such as colorectal cancer. They ubiquitinate and destabilise the
Wnt receptors Frizzled and LRP, thereby inhibiting Wnt signalling. Upon binding to R-
spondin and LGR4/5/6 ZNRF3 and RNF43 autoubiquitinate themselves and are then
internalised, rendering active Wnt signalling. To identify a potential candidate
deubiquitinase which can counteract this autoubiquitination, | performed a biased Wnt
reporter assay screening (Figure 3.1.1A). Various deubiquitinases, which have been
shown to be mutated over 5% in colorectal cancer (cBioPortal, Genentech, Nature
2012), were knocked down by siRNA and compared to the effect of ZNRF3 in HEK293T
cells upon Wnt activation. | hypothesised that a deubiquitinase that stabilises ZNRF3
should have a similar negative effect on Wnt signalling. In fact, when ZNRF3, USP42 (3.5-
fold induction) or USP31 were silenced, Wnt signalling increased in those cells upon Wnt
activation in comparison to the control siRNA treated cells. Interestingly, when USP42
was knocked down in HEK293T ZNRF3/RNF43 double knockout cells, Wnt signalling
increased in the parental cells, but not in the double knockout cells (Figure 3.1.1B). This

indicates that USP42 controls Wnt signalling through ZNRF3 and RNF43.
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Figure 3.1.1: Screen in a Wnt reporter assay of deubiquitinating enzymes (DUB) which
could potentially stabilise ZNRF3/RNF43

A) HEK293T cells were transfected with the indicated siDUBs or the controls siLRP6 and
siZNRF3 and treated with either control or Wnt3a conditioned media (CM).

B) Parental or ZNRF37"/RNF437 cells were transfected with siRNA against USP42,
ZNRF3/RNF43 or LRP6, scrambled siRNA served as the control. The cells were treated
with either control or Wnt3a conditioned media.

Displayed are representative images of three independent experiments with three
biological replicates. Statistical significant differences between the means with standard
deviations were calculated with a one-way ANOVA analysis with Tukey correction (*p <
0.05, **p < 0.01, ***p < 0.001, n.s. is not significant).

In the last years, cell signalling crosstalk and interactions have gained a lot of interest.
Since USP42 is known to interact with and deubiquitinate p53 in DNA damage stress
response, | wanted to exclude that the observed effects of USP42 on Wnt signalling are
mediated by p53, instead of ZNRF3/RNF43 (Hock et al. 2011). Therefore, | performed a
Wnt reporter assay, as well as a p53 reporter assay, upon knockdown of USP42 and p53
(TP53) in HEK293T cells (Figure 3.1.2). Knockdown of USP42 was able to activate Wnt
signalling (by 2.7-fold) in HEK293T cells in comparison to the control even without
exogenous Wnt stimulation. Upon Wnt activation, Wnt signalling strongly increased in
siUSP42 treated cells, but not upon siTP53. On the other hand, siUSP42 as well as siTP53
were able to decrease p53 signalling in a p53 reporter assay, showing that both siRNA
are functional. Thus, these data indicate that the increase of Wnt reporter activity upon
USP42 knockdown are independent from p53 signalling, but instead mediated by
ZNRF3/RNF43.
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Figure 3.1.2: The effect of siUSP42 in Wnt signalling is independent of USP42 function
in p53 signalling

A) HEK293T cells were transfected with siRNA against USP42 or p53. To activate Wnt
signalling, the cells were either treated with the indicated media or transfected with
LRP6/Fzd8/Wntl.

B) siRNA against p53 or USP42 were transfected into HEK293T cells in a p53 reporter
assay. To activate p53 signalling, cells were treated with Actinomycin D.

Displayed are representative images of three independent experiments with three
biological replicates. Statistical significant differences between the means with standard
deviations were calculated with a one-way ANOVA analysis with Tukey correction (*p <
0.05, **p < 0.01, ***p < 0.001).

In addition, | wanted to validate the signal specific response of USP42 by checking its
activity through other known signal pathways. | tested the effect of USP42 in a FGF and
TGFB reporter assays by knocking down of USP42 in HEK293T cells (Figure 3.1.3A).
Knockdown of USP42 did not have any effect on FGF signalling, but increased TGFB
signalling in comparison to the control by 1.3-fold. To validate this effect, the TGFB
reporter assay was additionally performed in a USP42 knockout cell line, as well as in an
APC knockout cell line (Figure 3.1.3B). Knockout of USP42 and APC both increased TGFB
signalling in comparison to the control, which means that the effect of USP42 in TGFB

signalling is unspecific to USP42, but rather to increased Wnt signalling.
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Figure 3.1.3: Loss of USP42 and APC function increases TGFf signalling

A) HEK293T cells were transfected with either siControl or siUSP42 and treated with
either Wnt3a conditioned medium (1:5), 50 ng/ml FGF or 2 ng/ml of TGFB in the
respected reporter.

B) Parental HEK293T cells, sgUSP42 or sgAPC knockout cell lines were treated with TGF
in a TGFB reporter assay.

Displayed are representative images of three (A) and two (B) independent experiments
with three biological replicates. Statistical significant differences between the means
with standard deviations were calculated with a one-way ANOVA analysis with Tukey
correction with a two-tailed distribution (*p < 0.05, **p < 0.01, ***p < 0.001).

siRNA validation is an important control when silencing gene expression. Therefore, |
tested several siRNA against USP42 (single siRNA and in pools) in Wnt reporter assays in
HEK293T cells to ensure a proper knockdown of USP42 (Figure 3.1.4A). This assay shows
that siRNA #D3, #D7 and #D12 were able to increase Wnt signalling in HEK293T cells
without (2.5-fold increase) and upon external Wnt activation in comparison to the
control siRNA (1.8- to 2.5-fold). Next, | validated that siRNA against USP42 decreases its
protein levels in HEK293T cells by immunofluorescent stainings (Figure 3.1.4B). In
control conditions, USP42 mainly localises in the nucleus and in a smaller proportion in
the cytoplasm. Transfection with siUSP42 decreases the protein amounts in both cellular

compartments.

58



Results

siControl
2
S 304
3 m Control CM
$ O Wnt3a CM
& 20-
8
‘©
= 10 ’l‘
(0]
>
-—
% -1 - i i
x

DAPI

Figure 3.1.4: Different siUSP42 increase Wnt signalling and reduce USP42 protein

levels in HEK293T cells.

A) Representative (out of 3 independent experiments) TOPflash dual-luciferase reporter
assay, in which HEK293T cells were transfected with different siUSP42 and treated with
either control or Wnt3a conditioned media to test their efficiency to increase Wnt
signalling.

B) Test of different siUSP42 of their efficiency to reduce USP42 protein levels in HEK293T
cells (green = USP42, blue = DAPI, scale bar = 10 um).

To further validate USP42 as a negative Wnt regulator, | analysed the effect of USP42 on
B-catenin accumulation (Figure 3.1.5). Since H1703 cells show clear PB-catenin
accumulation in immunofluorescent stainings, H1703 cells were transfected with either
GFP or GFP-USP42 and treated with control or Wnt3a conditioned media.
Overexpression of USP42 decreased the amount of nuclear B-catenin, which indicates

that overexpression of USP42 decreases Wnt signalling in H1703 cells.
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Figure 3.1.5: USP42 inhibits Wnt signalling in H1703 cells.

A) Immunofluorescent staining of endogenous B-catenin upon USP42 overexpression
(green = GFP or GFP-USP42, red = B-catenin, blue = DAPI, yellow arrows indicate
transfected cells, scale bar = 10 um).

B) Quantification of nuclear B-catenin positive cells upon USP42 overexpression with or
without Wnt activation (n = 50 cells per condition).

ZNRF3 and RNF43 can be antagonised by R-spondin and LGR4/5/6. To further determine
USP42 as a potential candidate to regulate Wnt signalling via ZNRF3/RNF43, | analysed
the effect of USP42 on the Wnt receptor level in Wnt reporter assays upon treatment
with the four R-spondin proteins (Figure 3.1.6). HEK293T cells were treated with either
control or a combination of Wnt and the indicated R-spondin conditioned media and
Whnt signalling was monitored by Wnt reporter assays. Knockdown of USP42 increased
Whnt signalling upon R-spondin treatments in comparison to the control (RSPO1 and 4: 3-

fold, RSPO2: 2.43-fold and RSPO3: 1.57-fold), while R-spondin 3AC (lacking the C-

60



Results

terminal) increased Wnt signalling the strongest in treated cells. On the other hand,
overexpression of USP42 or ZNRF3 successfully decreased Wnt signalling upon
treatment with the different R-spondins (RSPO1, 2 and 4: reduction of 2/3, RSPO3: %).
Moreover, the catalytically inactive mutant USP42 C120A was not able to decrease Wnt
signalling upon R-spondin treatment, indicating that the catalytically active centre of

USP42 is required for the inhibition of Wnt signalling at the Wnt receptor level.
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Figure 3.1.6: USP42 negatively regulates Wnt signalling on the R-spondin/LGR level

A) TOPflash reporter assay in HEK293T cells upon siUSP42 treated with different R-
spondin conditioned media together with Wnt3a CM.

B) Wnt reporter assay in HEK293T cells upon overexpression of USP42, the catalytically
inactive mutant USP42 C120A or ZNRF3, treated with the different R-spondin
conditioned media together with Wnt3a.

These are representative experiments out of three independent experiment, with three
biological replicates. Signals were normalised to the siControl or empty vector (PCS)
sample treated with control conditioned medium. Statistical significant differences
between the means with standard deviations were calculated with a one-way ANOVA
analysis with Tukey correction with a two-tailed distribution (*p < 0.05, **p < 0.01, ***p
<0.001).

Additionally, | performed an epistasis experiment with either knockdown or
overexpression of USP42 in Wnt reporter assays (Figure 3.1.7 and 3.1.8). HEK293T cells
were transfected with the indicated siRNA and plasmids, or were treated with either
control, Wnt3a or a combination of Wnt3a and R-spondin 3AC conditioned media, to
activate Wnt signalling on different levels of the signalling cascade. Knockdown of USP42

or APC increased Wnt signalling by about 2-fold (siUSP42) in comparison to the controls.
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The strongest effect of USP42 could be observed on the Wnt receptor level, narrowing
down the interaction partners for USP42 in Wnt signalling. Also, knockdown of USP42

did not have any effect on the B-catenin level, indicating that USP42 works upstream of

B-catenin.
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Figure 3.1.7: Knockdown of USP42 increases Wnt signalling on the Wnt receptor level
HEK293T cells were transfected with the indicated siRNA. Wnt signalling was activated
on different levels of the Wnt signalling pathway by overexpression of the indicated
plasmids or treatment with Wnt3a or Wnt3a + R-Spondin3 conditioned media.
Representative epistasis experiment in a TOPflash reporter assay (out of three
independent experiments, each condition in triplicates).

Displayed are representative images of three independent experiments with three
biological replicates. Statistical significant differences between the means with standard
deviations were calculated with a one-way ANOVA analysis with Tukey correction with a
two-tailed distribution (*p < 0.05, **p < 0.01, ***p < 0.001).

Then, overexpression of USP42 decreased Wnt signalling upstream of B-catenin by half
of the control signal (PCS), whereas the catalytically inactive mutant USP42 C120A, as
well as the control deubiquitinating enzyme USP39 did not have any effect on Wnt

signalling.
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Figure 3.1.8: USP42 inhibits Wnt signalling upstream of B-catenin

HEK293T cells were transfected with either USP42, catalytically inactive USP42, the
control deubiquitinating enzyme USP39 or the control empty vector (PCS2+). To activate
Whnt signalling, the indicated plasmids were overexpressed or the cells were treated with
Wnt3a or Wnt3a + R-Spondin 3 conditioned media. Representative experiment out of
three independent experiments.

Finally, | demonstrated that the loss of USP42 in Wnt signalling can be rescued by
overexpression of USP42 or ZNRF3/RNF43 (Figure 3.1.9). Therefore, | transfected USP42
knockout cells and the parental cells with either USP42, the catalytically inactive mutant
C120A or ZNRF3/RNF43 and treated them with either control or Wnt3a conditioned
media. Wnt signalling is increased in USP42 knockout cells even under control
conditions. When transfected with USP42 or ZNRF3, Wnt signalling is clearly decreased

in comparison to a transfection with the C120A mutant or the empty plasmid.
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Figure 3.1.9: Functional USP42 overexpression rescues inhibition of Wnt signalling in
USP427" HEK293T cells.

Comparison of parental and USP427 HEK293T cells in a TOPflash reporter assay, upon
overexpression of USP42, catalytically inactive mutant USP42 C120A or ZNRF3/RNF43.
Whnt signalling was activated by adding Wnt3a to the cells. Firefly luciferase signals were
normalised to the control conditioned medium. This is a representative experiment out
of two independent experiments with three biological replicates. Statistical significant
differences between the means with standard deviations were calculated with a one-
way ANOVA analysis with Tukey correction with a two-tailed distribution (*p < 0.05, **p
<0.01, ***p < 0.001).

Taking these results together, | concluded that USP42 functions as a negative Wnt

regulator which acts at the Wnt receptor level via ZNRF3/RNF43 and not p53.

3.2 USP42 deubiquitinates and stabilises ZNRF3/RNF43 at the plasma
membrane

To test whether USP42 and ZNRF3 are direct interaction partners, | performed a
proximity ligation assay (PLA, Figure 3.2.1). Therefore, HEK293T cells were transfected
with plasmids encoding either pEGFP-USP42, pEGFP-USP42 AC, EGFP-N1 (as negative
control) or xDVL-GFP (as positive control) together with ZNRF3-HA. The primary
antibodies used in the PLA bind to the HA-tag, or the GFP-tag respectively. These are

detected by secondary antibodies tagged with oligonucleotides, which can be ligated to
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a circular DNA, if the interacting proteins are in close proximity. After amplification,
fluorescent-labelled oligonucleotides hybridise to the complementary sequence and the
localisation of the interaction is revealed as tiny dots. In this proximity ligation assay, |
was able to detect signals of the interaction, especially in the cytoplasm of cells
overexpressing ZNRF3 together with USP42 AC and Dishevelled. Interestingly, PLA
signals could also be detected in the nucleus in cells overexpressing USP42 together with
ZNRF3. | hypothesised that treatment with R-spondin 3 could increase the interactions,
since R-spondin 3 and Lgr4d/5/6 antagonise ZNRF3/RNF43. Cells transfected with ZNRF3
and USP42 with additional R-spondin 3 treatment showed similar interaction levels as
without the treatment. | concluded, that there probably was not enough endogenous
Lgrd/5/6 present in the cells to increase the amount of interactions. Indeed,
overexpression is necessary for an increase in interactions between ZNRF3 and USP42

(Figure 3.2.9).

ZNRF3-HA +

GFP-USP42
GFP GFP-USP42 + RSPO3 GFP-USP42AC  DvI-GFP

+ DAPI

GFP

Figure 3.2.1: USP42 interacts with ZNRF3 in the cytoplasm

Representative proximity ligation assay upon overexpression of ZNRF3 together with
GFP-USP42, cytoplasmic GFP-USP42 AC or the controls GFP (negative control) or
Dishevelled (positive control). PLA signal indicates the amount of interaction between
ZNRF3 and the overexpressed constructs (green = GFP construct, orange = PLA signal,
blue = DAPI, scale bar =10 um).
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Quantifying the PLA interaction signal, | noticed that the amount of interactions with the
negative control GFP correlates with the amount of overexpressed GFP in the cells and
results in unspecific interactions. Due to high amounts of expressed GFP, close proximity
with overexpressed ZNRF3 was inevitable, which resulted in positive PLA signal. For this
reason | quantified the interactions only in the GFP cells with similar green intensity as
USP42 overexpressing cells (Figure 3.2.2). PLA signal dots were counted and divided into
five groups, with grade 5 having the highest counted interactions and grade 1 having

none.
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Figure 3.2.2: Cytoplasmic USP42 strongly interacts with ZNRF3.

Quantification of the proximity ligation assay shown in Figure 3.2.1. Counted were the
PLA signal dots and the quantity was assigned to a group. For each condition except GFP
(n = 14), at least 30 cells were analysed. Grade 5 = highest interactions, grade 1 = no
interaction.

Next, | verified this interaction between USP42 and ZNRF3 by a co-immunoprecipitation
(Figure 3.2.3). HEK293T cells were transfected with either pEGFP-FLAG-USP42, xDvI-GFP
or EGFP-N1 plasmids, together with the negative Wnt regulators ZNRF3-HA or Axinl. The
immunoprecipitation was performed against GFP. GFP was able to co-precipitate neither
Axinl nor ZNRF3 (lane 7 and 8), whereas Dishevelled co-precipitated both (lane 11 and
12). USP42 co-precipitated ZNRF3 (lane 10), but not Axinl (lane 9), which confirms the
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direct interaction between USP42 and ZNRF3. Also, | analysed by co-
immunoprecipitation if USP42 could bind other negative Wnt regulators, such as GSK3
or CKla (Figure 3.2.4). However, USP42 did not co-precipitate GSK3 or CK1a. This shows

that the interaction between USP42 and ZNRF3 is specific.
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Figure 3.2.3: USP42 co-precipitates ZNRF3, but not Axin.

Representative (out of 3 independent experiments) a-GFP co-immunoprecipitation upon
overexpression of ZNRF3 or Axinl together with either GFP (negative control),
Dishevelled (positive control) or USP42.
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Figure 3.2.4: USP42 does not co-precipitate GSK3B or CK1a.

Co-immunoprecipitation against GFP upon overexpression of either GSK3 or CK1
together with GFP (negative control), Axin (positive control) or USP42. Representative IP
out of 2 independent experiments.

Then, the question arose whether the interaction between USP42 and ZNRF3 has a
functional impact. Since USP42 is a deubiquitinase and | wanted to investigate a
mechanism which counteracts the auto-ubiquitination of ZNRF3 and RNF43, | performed
an ubiquitination assay upon overexpression and knockdown of USP42 (Figure 3.2.5,
3.2.6 and 3.2.7). HEK293T cells were transfected with either ZNRF3-FLAG or RNF43-
FLAG, together with the ubiquitin-HA WT plasmid and the pEGFP-USP42 plasmid. In
addition, the cells were treated with the proteasome inhibitor MG132 and the vacuolar-
type H'-ATPase (V-ATPase) inhibitor, which blocks lysosomal acidification. The
ubiquitination assay shows that overexpression of USP42 not only decreased the
amount of ubiquitinated ZNRF3 and RNF43, but also increased the amount of ZNRF3 in
comparison to the control siRNA (Figure 3.2.5 and 3.2.6, lane 4). Contrary, the amount of
ubiquitinated ZNRF3 increases upon knockdown of USP42 compared to the control
siRNA (Figure 3.2.7, lane 4-6). Here, ZNRF3 was overexpressed together with siRNA
against USP42 and ubiquitin WT, K48 ubiquitin or K63 ubiquitin.

68



Results

Ubiquitin-HA - + + +
ZNRF3-FLAG - - + .
GFP-USP42 - - - +
180 = ‘
S| 130 — ZNRF3-(Ub)n
é (a-HA)
S
g e -|l~,n L o A

130 =B Lm ZNRF3-FLAG

180 = S| GFP-USP42
130 — i '. ‘
5
a ZNRF3-FLAG
| 93 = -
55— DA c-t.buin
kDa 1 2 3 4

Figure 3.2.5: USP42 stabilises ZNRF3 and decreases the amount of ubiquitinated
ZNRF3.

HEK293T cells were transfected with Ubiquitin-HA and ZNRF3-FLAG with or without
USP42. The pulldown was performed against the substrate ZNRF3-FLAG. Representative
image (out of 3 independent experiments) of an ubiquitination assay upon
overexpression of USP42.
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Figure 3.2.6: USP42 stabilises RNF43 by deubiquitination.

HEK293T cells were transfected with Ubiquitin-HA and RNF43-FLAG together with or
without USP42. The pulldown was performed against the substrate RNF43-FLAG
Representative ubiquitination assay of RNF43 upon USP42 overexpression (out of 3
independent experiments).
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Figure 3.2.7: Loss of USP42 increases the amount of ubiquitinated ZNRF3.

HEK293T cells transfected with control siRNA or siUSP42 overexpressed ZNRF3- FLAG
and Ubiquitin-HA WT, K48 or K63. The IP was performed against ZNRF3-FLAG.
Representative experiment of three independent ubiquitination assays upon knockdown
of USP42.

Furthermore, our collaborator Vanesa Fernandez-Saiz (TranslaTUM, TUM, Munich,
Germany) performed a surface biotinylation assay (Figure 3.2.8). First, the proteins at
the cell membrane are marked by Biotin-Avidin binding and immunoprecipitated against
Biotin/Avidin. The second immunoprecipitation targets the substrate, in this case ZNRF3
and RNF43. CUL1 served as the loading control. Similar to my results from the co-
immunoprecipitation, overexpression of USP42 was able to stabilise ZNRF3 (lane 4) and

RNF43 (lane 8) at the cell membrane and decreased the amount of ubiquitinated ZNRF3

and RNF43.
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Figure 3.2.8: USP42 deubiquitinates ZNRF3/RNF43 at the membrane.

Cell surface biotinylation assay upon USP42 overexpression. The first IP was performed
against Biotin/Avidin, the second IP was against the substrate ZNRF3 (left) or RNF43
(right, a-FLAG). CUL1 served as the loading control.
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Finally, Sergio performed a co-immunoprecipitation to analyse the effect of R-spondin
and LGR binding on the interaction between USP42 and ZNRF3 (Figure 3.2.9). USP42
ANLS co-precipitated more ZNRF3 when R-spondin and LGR4 were actively binding (lane

4), in comparison to the control without R-spondin (lane 2).
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Figure 3.2.9: USP42 binds better to ZNRF3 upon binding to R-spondin and LGR4.
HEK293T cells were transfected with LGR4 and ZNRF3-HA, together with or without
USP42 ANLS and upon R-Spondin 1 treatment. The co-IP was performed against ZNRF3-
HA. Representative co-IP of overexpressed USP42 ANLS forming a complex with ZNRF3,
R-spondin and LGRA4.

3.3 USP42 and ZNRF3 interact through the Dishevelled interacting region (DIR)
of ZNRF3

Now that the functional interaction between USP42 and ZNRF3/RNF43 was confirmed, |
wanted to determine the protein domains required for this interaction. Therefore, |
generated truncation mutants for ZNRF3 and USP42 by PCR with the help of Ana Garcia
del Arco and Anchel de Jaime-Soguero (Figure 3.3.1). The USP42 truncations were

lacking either the predicted nuclear localisation signal, the C- or N-terminal, whereas the
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ZNRF3 truncations lacked the RING domain, the Dishevelled interaction region or the

linker between those two domains.
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Figure 3.3.1: USP42 and ZNRF3 truncation mutants

Left: USP42 truncation mutants, USP = ubiquitin specific protease domain, NLS = nuclear
localisation signal, C120A = catalytically inactive USP42 mutant

Right: ZNRF3 truncation mutants, SP =signal peptide, TM = transmembrane domain,
RING = RING finger domain, DIR = Dishevelled interacting region.

Dotted lines indicate the excluded region.

| overexpressed the GFP-tagged USP42 truncation mutants and the catalytically inactive
mutant C120A in HEK293T cells and analysed them by fluorescent microscopy to see if
the truncation mutations change the subcellular localisation of USP42 (Figure 3.3.2).
Indeed, USP42 wild type (WT) and the C120A mutant were mainly localised in the
nucleus, while the AN mutant was ubiquitously expressed. Interestingly, the ANLS and

AC mutants were only present in the cytoplasm.

USP42 WT USP42 C120A

. 4

*

Figure 3.3.2: Deletion of the C-terminal and NLS of USP42 leads to a change of
localisation into the cytoplasm.

HEK293T cells overexpressing the different constructs of GFP-tagged USP42 (green, blue
= DAPI, scale bar =5 um).
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To investigate the impact of the USP42 deletion constructs | performed a Wnt reporter
assay. If overexpressed in HEK293T cells and analysed for their functionality in a Wnt
reporter assay, USP42 WT, ANLS and AC were able to inhibit Wnt signalling significantly
in comparison to the control, whereas USP42 C120A and USP42 AN did not have any
effect on Wnt signalling (Figure 3.3.3). USP42 AC also seems to have the highest negative
effect on Wnt signalling. In addition, | tested the different ZNRF3 truncation mutants in a
Wnt reporter assay upon Wnt activation with Wnt3a and R-spondin3 conditioned media
(Figure 3.3.4). Besides the ZNRF3 ARING mutant, the ZNRF3 constructs inhibited Wnt

signalling upon Wnt activation.
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Figure 3.3.3: Cytoplasmic USP42 AC and ANLS efficiently inhibit Wnt signalling.
TOPflash reporter assay in HEK293T cells overexpressing the different USP42 constructs
and treated with either control or Wnt3a with R-spondin3 conditioned media. This is a
representative image out of at least three independent experiments with biological
replicates (in triplicates).
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Figure 3.3.4: The activity of the RING domain is important for ZNRF3 to inhibit in Wnt
signalling.

Wnt reporter assay in HEK293T cells overexpressing the different ZNRF3 constructs and
treated with either control or Wnt3a with R-spondin3 conditioned media.
Representative of two independent experiments with three biological replicates.

Afterwards, | performed a co-immunoprecipitation of the USP42 constructs together
with ZNRF3 WT to examine which domains are required for the interaction between

USP42 and ZNRF3 (Figure 3.3.5).
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Figure 3.3.5: The N-terminal and the catalytical activity of USP42 are required for the
interaction between USP42 and ZNRF3.

Co-immunoprecipitation in HEK293T cells overexpressing the USP42 constructs together
with ZNRF3 WT. Representative co-IP out of three independent experiments.

In parallel, Sergio Acebrdén co-immunoprecipitated the ZNRF3 constructs together with
USP42 WT (Figure 3.3.6). USP42 WT, as well as the ANLS and AC mutants, co-
precipitated ZNRF3 WT. In contrast, USP42 C120A and USP42 AN did not co-precipitate
ZNRF3. ZNRF3 ARING and ALinker mutants co-precipitated USP42 WT similar to ZNRF3
WT, whereas ZNRF3 ADIR did not.

This suggests that the N-terminal of USP42 and the Dishevelled interacting region of
ZNRF3 are required for the interaction between these two proteins. In summary, | could
show that USP42 ANLS and AC localised in the cytoplasm in contrast to the USP42 WT,
which was mainly nuclear. In the Wnt reporter assay, USP42 AC was the strongest
inhibitor among the USP42 constructs and co-precipitated similar levels of ZNRF3 as the
WT USP42. USP42 ANLS had a similar Wnt inhibitory effect as WT USP42, but co-
precipitated more ZNRF3 than USP42 WT or AC.
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Figure 3.3.6: The Dishevelled interacting region of ZNRF3 is important for the
interaction between USP42 and ZNRF3.

Representative co-immunoprecipitation in HEK293T cells overexpressing the ZNRF3
constructs together with USP42 WT.

3.4 USP42 regulates Wnt receptor turnover via ZNRF3/RNF43

ZNRF3 and RNF43 are E3 protein-ubiquitin ligases which ubiquitinate and destabilise the
Wnt receptors Frizzled and LRP. As | showed that USP42 stabilises ZNRF3 and RNF43
(Figure 3.2.5-8), | next looked into the effect of USP42 on Wnt receptor internalisation.
For this purpose, | transfected HEK293T cells with a SNAP-Frizzled5 construct together
with pEGFP-USP42 and ZNRF3-HA (Figure 3.4.1). After incubating the cells in the SNAP
substrate, the cells were chased for 10 minutes to allow internalisation of the Frizzled
receptors. The Frizzled proteins which got internalised appeared as small punctae at the
cell membrane in ZNRF3 overexpressing cells. Similarly, USP42 overexpression also
increased Frizzled internalisation in comparison to the control. Moreover, the cells
overexpressing both USP42 and ZNRF3, showed more internalised Frizzled proteins,

indicating a synergistic effect.
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Figure 3.4.1: USP42 promotes internalisation of the Wnt receptor Frizzled, similar to
ZNRF3.

The SNAP-Frizzled5 construct was transfected together with either the empty vector
PCS, USP42, ZNRF3 or USP42 and ZNRF3 combined into HEK293T cells. After incubating
the cells with the SNAP-substrate, the cells were chased for 10 minutes prior to fixation.
SNAP-Frizzled is labelled in orange, internalised SNAP-Frizzled is indicated by the white
arrows. Scale bar = 10 um.

| further validated this data by analysing Frizzled5-V5 protein levels upon USP42
overexpression using western blot analysis (Figure 3.4.2). USP42 overexpression clearly
reduced Frizzled protein levels in HEK293T cells (lane 3), while ZNRF3 overexpression
completely abrogated Frizzled protein levels (lane 2). Interestingly, when LGR4 and R-
spondin were overexpressed, there seemed to be even less Frizzled5-V5 in USP42

overexpressing cells (lane 7).
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Figure 3.4.2: USP42 and ZNRF3 overexpression reduce Frizzled5-V5 levels in HEK293T
cells.

Western blot analysis of Frizzled5-V5 protein levels upon USP42 and ZNRF3
overexpression. In addition, the cells were co-transfected with LGR4 and treated with R-
spondin3 conditioned medium. Representative of at least 2 independent experiments.

Likewise, | analysed LRP6 protein levels in HEK293T cells upon USP42 knockdown (Figure
3.4.3). Ablation of USP42 increased endogenous LRP6 protein levels already without Wnt
induction in comparison to the control (lane 3 and 4).

Taken together, USP42 regulates Wnt receptor turnover via ZNRF3 preventing Wnt

stimulation at the plasma membrane.
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Figure 3.4.3: Knockdown of USP42 increases LRP6 protein levels in HEK293T cells.
Western blot analysis of endogenous LRP6 protein levels upon knockdown of USP42 or
LRP6 in HEK293T cells. The cells were also treated with R-spondin3 conditioned medium.

3.5 The role of USP42 in adult stem cells

Since ZNRF3 and RNF43 are the two main Wnt regulators in adult stem cells (i.e.
intestinal stem cells, hepatocyte zonation, limb regeneration) and they are often
mutated in Wnt-associated cancers, | wanted to analyse if USP42 also participates in the
regulation of Wnt signalling in adult stem cells. First, | performed immunohistochemical
stainings of the Paneth cell marker lysozyme, the proliferation marker Ki67 and
endogenous Usp42 in tissue sections of the small intestine and the colon derived from a
wild type mouse (Figure 3.5.1 - 3.5.3). In 2D cell culture (HEK293T cells), USP42 was
mainly localised in the nucleus (Figure 3.3.2), with only a small amount being in the
cytoplasm. The immunohistochemical staining revealed that endogenous Usp42 is
differently expressed throughout the tissue. Ki67 is expressed in the intestinal and colon
crypts and mark proliferating cells. The Paneth cells in the intestinal crypts were
lysozyme positive. Surprisingly, in the villi nuclear Usp42 is prominent, whereas more
cytoplasmic Usp42 is found in the crypts. Similar results were obtained from the colon
tissue sections (Figure 3.5.3). Since the colon does not have strongly pronounced villi as

the small intestine, it was difficult to distinguish the different zones. In general, nuclear
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Usp42 was absent from the crypts, where it was expressed more in the cytoplasm. Also,
it seems there is a larger gap between Ki67 positive cells and cells harbouring nuclear
Usp42. To confirm this, additional stainings of Usp42 together with markers against

different types of intestinal and colon cells are required.

Overview (20x)

Villus

Crypt

Figure 3.5.1: Nuclear Usp42 is present in the villus, but not in the mouse intestinal
crypts.

Overview of the mouse small intestinal tissue with staining against endogenous Usp42
(green) and DAPI (blue), 20 x magnification.
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Lysozyme DAPI Ki67 DAPI B-catenin Usp42 DAPI B-catenin

Figure 3.5.2: Usp42 has nuclear localisation in the villus and is cytoplasmic in the
mouse intestinal crypts.

Close-up of the mouse intestinal tissue stained with antibodies against either the Paneth
cell marker lysozyme, the proliferation marker Ki67 or Usp42 (green), B-catenin
(magenta) and DAPI (blue), scale bar = 100 um.
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Ki67 DAPI B-catenin Usp42 DAPI

Figure 3.5.3: In the colon, nuclear Usp42 is mainly present in the villus rather than in
the crypts.

Immunohistochemical stainings of endogenous Ki67 and Usp42 (green), B-catenin
(magenta) and DAPI (blue).

Previously, it has been published that double knockout of Znrf3 and Rnf43 render mouse
intestinal organoids hypersensitive to Wnt ligands (Merenda et al. 2017, Spit et al.
2020). If USP42 regulates Wnt signalling in adult stem cells via ZNRF3/RNF43, |
hypothesised that knockout of USP42 had a similar effect in intestinal organoids. Thus, |
generated Usp42 knockout mouse intestinal organoids by CRISPR/Cas9 genome editing
with the 2 gRNA concatemer (Merenda et al. 2017). To check the efficiency of the
knockout, | compared endogenous Usp42 staining in control versus the Usp42 knockout
organoids (Figure 3.5.4). Endogenous Usp42 was completely absent from the knockout
organoids. In control organoids, nuclear Usp42 staining was again absent from the crypts
(yellow arrows), but present in the villi (white arrows). A close-up of an intestinal crypt
reveals that there are two distinct signals of Usp42 stainings (Figure 3.5.5). On the one
hand, there are single cells containing high amounts of Usp42, emitting a bright signal
overall. On the other hand, there are cells in which Usp42 appears to be concentrated in
small foci. This indicates that localisation of Usp42 changes with the differentiation

status of the cell and probably also its function in those cells.
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Control organoid Usp42 KO organoid

Figure 3.5.4: Nuclear Usp42 staining is absent from the crypts of mouse intestinal
organoids.

Usp42 (green) and DAPI (blue) staining in mouse WT intestinal organoids (left) and
Usp42 knockout organoids (right). Yellow arrows indicate the crypts, white arrows the
more differentiated cells outside the crypts. Scale bar = 200 um.

Control organoid Close-up to the crypts

Figure 3.5.5: Usp42 subcellular localisation in the intestinal crypts comes in two
distinct patterns.

Endogenous Usp42 (green) staining in control organoids with a close-up to the crypts.
Yellow arrows mark cells with high Usp42 levels throughout the cell, pink arrows mark
cells with cytoplasmic Usp42 punctae.
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Next, | performed a growth factor withdrawal experiment to see whether Usp42
knockout organoids can survive the absence of exogenously added Wnt3a and R-
spondinl in the organoid medium, similar to ZNRF3/RNF43 double knockout organoids
(Figure 3.5.6). In the full organoid medium containing Wnt3a and R-spondinl, control
and Usp42 knockout organoids grew in undifferentiated spheres (Figure 3.5.6, from left
to right). When Wnt3a conditioned medium was removed from the organoid medium,
the control organoids formed crypts, giving them the characteristic shape of intestinal
organoids. However, the Usp42 knockout organoids remained as undifferentiated
spheres. Further reduction of exogenous Wnt activity by depleting the medium from R-
spondinl lead to apoptosis of control organoids, whereas Usp42 knockout organoids
differentiated and survived under these conditions. Only when Wnt secretion was
blocked by adding the Wnt secretion inhibitor IWP2, both organoid cultures died. To
sum up, Usp42 knockout help mouse intestinal organoids to survive growth factor

withdrawal, similar to ZNRF3/RNF43 double knockout organoids.

5 days of passage #2

EN organoid medium

10% RSPO1 o o o 2% RSPO1
+ 20 nM Wnt surrogate 10% RSPO1 5% RSPO1 2% RSPO1 + 5 pM IWP2

non-edited

Usp42 KO

Figure 3.5.6: Usp42 knockout renders mouse intestinal organoids hypersensitive to
Wnt ligands.

Representative growth factor withdrawal experiment with non-edited (empty CRISPR-
concatemer vector + hSpCas9) or Usp42 knockout organoids. The organoids were grown
for 2 passages in the indicated media. The pictures represent the organoids after 5 days
into passage 2. Displayed on the left are the organoids growing in full organoid growth

85



Discussion

medium, including Wnt and R-spondinl. Wnt is then depleted from the medium and R-
spondin concentrations are reduced. On the right are the organoids treated with the
Wnt secretion inhibitor IWP2. Scale bar =1 mm.

Based on my observation that Usp42 is differentially expressed in the mouse intestine
and that cytoplasmic USP42 efficiently inhibits Wnt signalling (Figure 3.3.3), | wanted to
know which signals lead to shuttling of USP42 between the nucleus and cytoplasm.
Proteins containing a nuclear localisation signal are often shuttled between the nucleus
and cytoplasm by importins (Nakielny and Dreyfuss 1999, Fontes et al. 2003, Harremann
et al. 2004). Their affinity to importins can be modified by phosphorylation adjacent or
within the nuclear localisation signal (Kaffman et al. 1999, Jans et al. 2000). Hence, |
performed a screening in HCT116 cells by activating different signalling pathways or
inhibiting specific kinases (Figure 3.5.7). | then analysed the cells by fluorescent
microscopy and determined the ratio of cytoplasmic to nuclear USP42 signal upon the
different treatments. Besides R-spondin3, treatment with the mTOR inhibitor Rapamycin
(which leads to the inhibition of the serine/threonine kinase S6K) increased the amount

of cytoplasmic USP42.
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Figure 3.5.7: Rapamycin treatment leads to USP42 export from the nucleus.

A) Representative images of a screening for nuclear export inducers in HCT116 cells
Yellow arrows indicate where the nucleus is located, green = endogenous USP42, scale
bar =5 um.

B) Quantification of the screening based on the ratio of cytoplasmic/nuclear USP42
signal intensity (n = 120 cells/condition).

While staining the HCT116 cells, | noticed that USP42 signal also concentrates at a small
structure near the nucleus. After consulting with my colleagues, we hypothesised that
USP42 might localise to the centrosome. To test this hypothesis, | stained endogenous
USP42 and the centrosomal marker y-tubulin in HCT116 cells and analysed co-localising
signals throughout the cell cycle (Figure 3.5.8). USP42 does not necessarily co-localise

with y-tubulin, especially when there are two foci for y-tubulin at the transition from
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interphase to metaphase, but it localises adjacent to y-tubulin in the interphase and to

at least one of the duplicated centrosomes in early mitosis. In meta- and anaphase

USP42 is homogeneously distributed in the cell undergoing mitosis.
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Figure 3.5.8: USP42 localises adjacent to the centrosomes in early mitosis.

A) Representative images of USP42 (green) and y-tubulin (red) staining in HCT116 cells.

The centrosomes are indicated by the white arrows. Scale bar =5 um. Preliminary data.

B) Quantification of USP42 signal in close proximity to the centrosomes. The signal of

cytoplasmic USP42 was subtracted from the USP42 signal near the centrosomes. If there

were duplicated centrosome visible: C1 = Centrosome 1, C2 = Centrosome 2.
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Taken together, Usp42 shows a differential expression pattern throughout the small
intestine and colon tissue, where nuclear Usp42 is present in the villi, but has a
cytoplasmic localisation in the crypts. This could be confirmed by stainings in mouse
intestinal organoids. Loss of Usp42 help mouse intestinal organoid survive growth factor
withdrawal (without external Wnt activation) and keep the organoids less differentiated.
Treatment with the mTOR inhibitor Rapamycin and to a milder degree R-spondin 3
change the subcellular localisation of USP42 in HEK293T cells, which indicated that
USP42 localisation could be regulated by the serine/threonine kinase S6K activity (a
downstream target of mTOR). Finally, USP42 might have a function in early mitosis, as it

localises near the centrosomes.

3.6 Loss of USP42 promotes proliferation and epithelial-to-mesenchymal
transition in HCT116 cells

ZNRF3 and RNF43 are often mutated in Wnt-associated cancer cells, such as colorectal
cancer (Bond et al. 2016, Hao et al. 2016). Loss of ZNRF3/RNF43 leads to increased
proliferation and EMT of cancer cells. In silico analysis (TCGA, PanCancer Atlas) revealed
that USP42 is also mutated in colorectal cancer, specifically in mucinous
adenocarcinoma, and USP42 mRNA is upregulated in rectal and colon adenocarcinoma
Further in silico analysis show an overlap of high mRNA expression with missense
mutations of TP53, APC and KRAS, as well as a few cases of truncation mutants of RNF43

(Figure 3.6.1).

89



Discussion

25%-

u Mutations
20%4 . Amplification
15%- mRNA low

Multiple alterations
10%

Alteration Frequency

5%

i 1. CRC
Structural variant data + + + 1: Rectal Adenocarcinoma
Mutationdata + + +
CNAdata + + + 2: Colon Adenocarcinoma
mRNAdata + + + . .
3: Mucinous Adenocarcinoma
CRC 1 2 3

of the Colon and Rectum

Figure 3.6.1: USP42 is often mutated in mucinous adenocarcinoma of the colon and
rectum.

cBioPortal analysis of USP42 alterations in colorectal adenocarcinoma (TCGA, PanCancer
Atlas).

Although these mutations remain uncharacterised, | wanted to investigate how loss of
USP42 activity contributes to cancer development. Therefore, | first tested the effect of
USP42 overexpression on Wnt signalling in HCT116 and H1703 with a Wnt reporter assay
to assess whether USP42 has an effect on Wnt signalling in these two cancer cell lines
(Figure 3.6.2 and Figure 3.6.3). USP42 successfully inhibited Wnt signalling back to
control levels in the colorectal cancer cell line HCT116 and the lung squamous cell
carcinoma cell line H1703 in comparison to the control. One observation | made was
that Wnt activation in HCT116 cells did not change much in fold induction compared to
the Wnt reporter assay in HEK293T cells which might indicate that HCT116 cells have

higher Wnt signalling in basal levels as they lack RNF43 (e.g. in Figure 3.1.8).
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Figure 3.6.2: USP42 inhibits Wnt signalling upstream of Dishevelled in HCT116 cells.
HCT116 cells were transfected with either empty vector (PCS), USP42 or the control
deubiquitinating enzyme USP39. Activation of the Wnt signalling pathway was induced
by overexpression of the indicated plasmids or treatment with Wnt3a and Wnt3a + R-
Spondin 3 conditioned media. Representative epistasis experiment (out of 4
independent experiments) of a TOPflash reporter assay in HCT116 cells upon USP42.
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Figure 3.6.3: USP42 inhibits Wnt signalling on the Wnt receptor level in H1703 cells.
H1703 cells overexpressing PCS, USP42, the catalytically inactive mutant USP42 C120A
or USP39 were treated with control, Wnt3a or Wnt3a + R-Spondin 3 conditioned media,
or transfected with LRP6/Fzd8/Wnt1 to activate Wnt signalling. Representative TOPflash
reporter assay (out of four independent experiments)

Accordingly, | also tested the effect of USP42 knockdown in HCT116, HCT116 Evi
knockout, H1703 and an additional colorectal cancer cell line, namely RKO cells (Figure
3.6.4 and 3.6.5). | wanted to compare the effect of USP42 knockdown in two different
colorectal cancer cell lines (HCT116 and RKO) to increase the significance. Since the
organoid data showed that the effect of loss of Usp42 is dependent on paracrine Wnt
signalling, | used HCT116 Evi KO cells to investigate, if Evi KO could rescue loss of USP42.
Knockdown of USP42 increased Wnt signalling in HCT116 and RKO cells, but not in
H1703 cells, in comparison to the controls. Evi knockout reversed this effect in HCT116
cells. Regarding the H1703 cells, this is in contrast to the overexpression of USP42 in
H1703 cells, where USP42 efficiently inhibited Wnt signalling. At first | hypothesised that
the siRNA was not transfected efficiently into the cells, but knockdown of APC was able
to strongly increase Wnt signalling in H1703 cells. This could mean, that H1703 cells (as a
lung squamous cell carcinoma) does not have high levels of ZNRF3/RNF43, so that a
destabilisation of these would not affect Wnt signalling similar to the HEK293T
ZNRF3/RNF43 DKO cells.
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Figure 3.6.4: Loss of USP42 increases Wnt signalling in HCT116 cells and is rescued by
Evi knockout.

HCT116 WT or Evi KO cells were treated with control siRNA, siUSP42 or siAPC, as well as
control, Wnt3a or Wnt3a + R-Spondin conditioned media. Representative TOPflash
reporter assays in HCT116 and Evi knockout cells (four independent experiments each).
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Figure 3.6.5: Loss of USP42 increases Wnt signalling in RKO, but not H1703 cells.

The colorectal cancer cells (RKO) and lung cancer cells (H1703) were transfected with
the control siRNA or siUSP42, as well as siAPC (knockdown of a negative Wnt regulator)
and siLRP6 (knockdown of a positive Wnt regulator) in H1703. Then, the cells were
treated with either control, Wnt3a or Wnt3a + R-Spondin 3 conditioned media to
activate Wnt signalling. Representative Wnt reporter assays upon knockdown of USP42
in RKO (A) or H1703 (B) cells (four independent experiments each).

Transcriptomic analysis of USP42 depleted colorectal cancer cells could give us a hint on
the biological functions of this Wnt regulator in the disease. Therefore, we performed a
bulk RNAseq analysis in HCT116 cells upon loss of USP42, in collaboration with the
Vladimir Benes group (Genomics Core Facility, EMBL, Heidelberg, Germany, data shown
in Giebel et al. 2021). Based on my observations in the immunohistochemical stainings
of the mouse small intestinal tissue, | hypothesised a role for USP42 in the proliferation
of intestinal stem cells. Therefore, | analysed the expression of ISC proliferation markers
upon loss of USP42 (Figure 3.6.6, Merlos-Suarez et al. 2011). Loss of USP42 increased the
expression of the ISC proliferation signature genes. The genes upregulated the most
were MCM3, EXO1, FANCB, CLSPN and CENPI. This suggests a function of the

cytoplasmic USP42 as a proliferation inhibitor in the intestinal crypts. It has been shown

93



Discussion

that loss of RNF43 has a increasing effect on epithelial-to-mesenchymal transition (EMT)
(Wang et al. 2016), which is a hallmark for invasive cancer types. Thus, | wanted to
elucidate whether USP42 is associated with EMT, too. Interestingly, loss of USP42
increased expression of mesenchymal markers (upregulated the most: TTL, CFL2, STX2,
SGCB, AP1S2, TTC7B and GNG11) and decreased the expression of epithelial markers
(downregulated the most: PROM2, TMC4, ELMO3,, PRR15L), such as E-cadherin (Figure
3.6.6, Rokavec et al. 2017). This indicates that loss of USP42 could lead to increased

mesenchymal transition in colorectal cancer and contribute to its aggressiveness.
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Figure 3.6.6: Loss of USP42 promotes ISC proliferation (left) and epithelial-to-
mesenchymal transition (right).
A RNAseq analysis was performed on USP42 was knocked down in HCT116 cells
compared to the control siRNA transfected cells. Volcano plots of Intestinal Stem Cell
proliferation markers and EMT signature genes in cancer according to Merlos-Suarez et
al. 2011 and Rokavec et al. 2017.

To further confirm our findings, | generated a bulk HCT116 USP42 knockout cell line and
analysed the E-cadherin levels, which is the best known epithelial marker (Figure 3.6.7).
The HCT116 cells were electroporated with the gRNA plasmids and selected for positive
cells with ouabain. But instead of picking single colonies, all the cells in the plate were
combined, because of their genetic variance within the HCT116 cell line. Together with
Anchel de Jaime-Soguero, | performed stainings against E-cadherin in HCT116 parental
and bulk USP42 KO cells. Knockout of USP42 in HCT116 strongly decreased E-cadherin

protein levels in comparison to the parental cells.
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HCT116 bulk parental HCT116 bulk USP42 KO

E-cadherin

Figure 3.6.7: Genetic ablation of USP42 abolishes E-cadherin protein levels.
Representative immunofluorescent stainings against E-cadherin in HCT116 bulk parental
(left) and USP42 knockout cells (right). Green = E-cadherin, blue = DAPI, scale bar = 10
pum.

A hallmark of cancer is increased proliferation. Thus, we wanted to evaluate if loss of
USP42 is also associated with increased cell proliferation. Besides, we noticed that loss
of USP42 increased proliferation in HCT116 cells as well as highlighted the proliferative
signature in the RNAseq. To quantify these observations, Anchel de Jaime-Soguero
performed a spheroid formation assay with the USP42 knockout and parental cells
(Figure 3.6.8). Additionally, the cells were treated with the Wnt secretion inhibitor LGK-
974. Genetic ablation of USP42 increased the spheroid size in comparison to the control.
This effect was reversed to control spheroid size by the addition of LGK-974. These
results show that the effect of loss of USP42 on proliferation in colorectal cancer cells is

Wnt-dependent.
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Figure 3.6.8: Loss of USP42 promotes proliferation in HCT116 cells.

HCT116 bulk parental or USP42 knockout cells were grown into spheroids for 6 days
upon LGK-974 or control conditions. Images were taken at the Nikon binocular
microscope to analyse the size of the spheroids. Representative images of the spheroids
grown in each condition (left, scale bar = 500 um). Spheroid area of bulk parental and
USP42 knockout spheroids, treated with or without LGK-974, were calculated by
generating a binary image of each spheroid and multiplying the pixel counts with the

pixel size (right).

Lastly, we contacted the National Center for Tumor Diseases Heidelberg (NCT
Heidelberg) and asked them to perform a tissue microarray of colorectal carcinoma
tissue grade 1, 2 and 3, as well as adenoma and healthy tissue derived from anonymised
patients (Figure 3.6.9 and Figure 3.6.10). They performed the stainings against USP42,
the proliferation marker Ki67 and the Wnt signalling marker B-catenin. Then, | analysed
if there were any correlations between the protein levels of the three proteins. Overall,
it seems that Ki67 protein levels do not change much between the tissues. Comparing
the healthy tissue with the grade 3 colorectal carcinoma tissue, it is obvious that the
nuclear Ki-67 mainly localises in the nuclei of proliferating cells which can be found in
the crypts. In grade 3 carcinoma tissue, the proliferation zone seems to be expanded.

Also, the colon epithelium seems to be thicker in comparison to healthy tissue.
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Concerning B-catenin protein levels, it seems that cytoplasmic B-catenin is increased in
grade 1 and 3 colorectal carcinoma tissue compared to healthy tissue, while the -
catenin levels in grade 2 carcinoma tissue seem to be on the same level as the healthy
tissue (Figure 3.6.9). Regarding the USP42 protein levels, | quantified the cytoplasmic
and nuclear signal of USP42 (Figure 3.6.10). The biggest difference in
cytoplasmic/nuclear ratio of USP42 is found between healthy tissue and grade 3
carcinoma tissue. Grade 3 carcinoma tissue show a higher ratio of cytoplasmic/nuclear
USP42. This might indicate a biological relevance in disease, even though it is not clear if

the increased ratio concerns healthy or mutated USP42.

Ki67 B-catenin

USP42

Figure 3.6.9: The ratio of cytoplasmic/nuclear USP42 is increased in grade 1 and 3
colorectal carcinoma in comparison to healthy tissue.

Overview of the tissue microarray of healthy, adenoma or colorectal carcinoma grade 1,
2 and 3 tissue samples stained for endogenous B-catenin, Ki67 or USP42. The tissue
sections displayed here were chosen according to representative Ki67 protein levels.
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Cytoplasmic/nuclear USP42 signal

USP42 staining

Figure 3.6.10: Cytoplasmic USP42 is enriched in colorectal carcinoma in comparison to
the healthy and adenoma tissue.

Close-up of the tissue section of healthy (left) and colorectal carcinoma grade 3 (middle).
The cytoplasmic and nuclear USP42 signal was measured of at least 160 cells per
condition and the cytoplasmic/nuclear ratio was calculated.

To sum up, | could show that USP42 is a negative Wnt regulator which stabilises
ZNRF3/RNF43 at the cell membrane by deubiquitinating them. This interaction is
mediated through the N-terminal domain of USP42 and the DIR of ZNRF3. By stabilising
ZNRF3/RNF43, USP42 promotes Wnt receptor turnover. Here, | could also show that
Usp42 is differentially expressed throughout the mouse intestine and depletion of Usp42
help mouse intestinal organoids to survive growth factor withdrawal. Finally, grade 3
colorectal carcinoma seem to have an increased amount of cytoplasmic USP42, and loss
of USP42 leads to epithelial-to-mesenchymal transition and Wnt-dependent

proliferation in the colorectal cancer cell line HCT116.
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4. Discussion

In recent years, research on ZNRF3 and RNF43 has received increased attention, due
to their importance in regulating canonical Wnt signalling in adult stem cells. In stem
cells, they promote the turnover of the Wnt receptors Frizzled and LRP5/6, thereby
inhibiting Wnt signalling (Hao et al. 2012, Koo et al. 2012). ZNRF3/RNF43 are often
mutated in Wnt-associated cancers (Bond et al. 2016), which makes it a crucial task
to elucidate the mechanisms of ZNRF3/RNF43 regulation. For instance, it has been
shown that binding to R-spondin and LGR4/5/6 antagonises ZNRF3/RNF43 activity,
inducing their auto-ubiquitination and clearance from the cell membrane (de Lau et
al 2011, Hao et al. 2012). On the other hand, Dishevelled - a scaffold protein of the
B-catenin destruction complex — recruits ZNRF3/RNF43 to the Wnt receptors, leading
to the destabilisation of Frizzled and LRP5/6 (Jiang et al. 2012). Regarding post-
translational modifications of ZNRF3/RNF43, studies have shown that
phosphorylation plays an important role in regulating their activity. ZNRF3/RNF43 is
phosphorylated by casein kinase 1 (CK1), while their dephosphorylation is promoted
by PTPRK (Chang et al. 2020, Spit et al. 2020, Tsukiyama et al. 2020).

In this work, | could show that USP42 is a novel interaction partner and regulator of
ZNRF3 and RNF43. | demonstrated that USP42 deubiquitinates and stabilises
ZNRF3/RNF43 at the cell membrane, thereby promoting Frizzled and LRP6 receptor
turnover, leading to the inhibition of canonical Wnt signalling (Figure 4.1). By
generating the truncation mutants, | could show that the Dishevelled interacting
region of ZNRF3/RNF43 and the C-terminal of USP42 are important for this
interaction. In mouse intestine and colon tissue, USP42 proteins are heterogenously
expressed in the villus and in the crypts. Also, USP42 changes its subcellular
localisation upon treatment with Rapamycin. Loss of USP42 leads to increased Wnt-
dependent proliferation and EMT in colorectal cancer cells and also increases

survival of mouse intestinal organoids in Wnt depleted medium.
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Figure 4.1: USP42 stabilises ZNRF3/RNF43 at the plasmamembrane and inhibits
Wnt signalling.

The current working model describes how USP42 inhibits Wnt signalling. R-Spondin
and LGR4/5/6 antagonise ZNRF3/RNF43 which leads to their auto-ubiquitination and
internalisation. This is where USP42 interferes by deubiquitinating ZNRF3/RNF3 at
the plasma membrane. ZNRF3/RNF43 are stabilised and ubiquitinate the Wnt
receptors Frizzles and LRP6, which results in Wnt inhibition. (Made with BioRender.)

USP42 in colorectal cancer

Colorectal cancer cells harbour different mutations in Wnt-proteins (such as APC,
ZNRF3/RNF43, B-catenin), which makes colorectal cancer a Wnt-associated cancer
(cBioPortal analysis). USP42 is also mutated in 6% of colorectal cancer, peaking at a
mutation rate of 11% in mucinous adenocarcinoma of the colon and rectum, but the
mutations remain uncharacterised (TCGA, PanCancer Atlas and Genentech, Nature
2012). Also, USP42 mRNA is upregulated in rectal and colon adenocarcinoma. In
silico analysis showed that there is an overlap of high mRNA expression with
missense mutations of mainly TP53, APC and KRAS (which are often mutated in left-
sided colorectal cancer), but also with truncated RNF43. These data suggest a

different role of USP42 in right and left sided colorectal cancer, meaning it might act

100



References

as a rescue mechanism to activate p53 signalling in left-sided colorectal cancer, but
stabilises truncated RNF43 in right-sided colorectal cancer.

In this project, | generated Usp42 knockout mouse intestinal organoids to test, how
Usp42 contributes to cancer development. It has been previously shown, that
ZNRF3/RNF43 double knockout increases the proliferation zone of intestinal stem
cells and renders DKO mouse intestinal organoids hypersensitive to Wnt ligands (Koo
et al. 2012 and 2015, Spit et al. 2020). Usp42 knockout organoids were able to
phenocopy loss of ZNRF3/RNF43 in mouse intestinal organoids.

Analysing the tissue microarray obtained from the NCT Heidelberg, there seems to
be an increase in the cytoplasmic-to-nuclear ratio of USP42 protein levels in grade 3
colorectal carcinoma compared to healthy tissue. This might indicate a higher
deubiquitinating activity in the cytoplasm, if USP42 is not mutated in these tissue
samples itself. Nevertheless, other occurring mutations or tumour characteristics in
these tissue samples are unknown. For example, studies have shown that specific
sets of mutations occur in right-sided versus left-sided colorectal cancer (Matsumoto
et al. 2020, Salem et al. 2020). Right-sided colorectal carcinoma include mutations in
BRAF, KRAS, RNF43, ARIDIA, KMT2D, PIK3CA, PTEN, MLH1, MSH2, BRAF whereas left-
sided colorectal carcinoma tissue harbours mutations in TP53, APC and KRAS. In
healthy cells, USP42 stabilises p53 and inhibits Wnt signalling, but loss of function
would lead to the inactivation of p53 signalling and an increase in Wnt signalling.
Even though USP42 might not affect basal levels of p53 and is only required for the
rapid activation of early stress response, small changes of Usp42/p53 interaction
may lead to more drastic consequences (Hock et al. 2011). Given the role of USP42
as a regulator of p53 and Wnt signalling, this suggests that USP42 acts as a molecular
switch between p53 and Wnt signalling. However, depending on the types of
mutations in colorectal cancer, | can only speculate how USP42 contributes to
colorectal cancer development and progression, for example by stabilising oncogenic
RNF43 or p53, contributing to cancer development and progression without

necessarily being mutated itself.

How are USP42 localisation and function regulated?

Previous research has shown that USP42 localises mainly to the nucleus, where it
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deubiquitinates H2B to regulate transcription, deubiquitinates p53 in early stress
response and also localises to nuclear speckles to promote homologous recombinant
repair and drive phase separation (Hock et al. 2011, Hock et al. 2014, Matsui et al.
2020, Liu et al. 2021). Here, | revealed a function of cytoplasmic USP42 (Giebel et al.
2021). Then again, | observed that USP42 is differentially expressed in the small
intestine, where the differentiated cells in the villus have mainly nuclear USP42 and
the cells of the crypts cytoplasmic USP42. Taking a closer look to the intestinal
crypts, there are also two different localisation patterns visible. Single cells have high
levels of cytoplasmic USP42, whereas the others concentrate USP42 in small foci in
the cytoplasm. Now the question arises, how USP42 distribution within the cell is
determined.

In my work | could show that the NLS sequence of USP42 determines its subcellular
localisation. When USP42 lacks the NLS, it localises to the cytoplasm and is excluded
from the nucleus. Proteins which have an NLS are commonly imported to the
nucleus via importins (reviewed in Lu et al. 2021). Phosphorylation within or
adjacent to the NLS change the binding affinity to the importins, thereby altering
nuclear import. In silico analysis has predicted several phosphorylation sites in this
region (phosphosite.org). This raises the question, which signals induce nuclear
USP42 export and recruitment to the cytoplasm, or more specific to the cell
membrane. During my experiments, | noticed that USP42 is not immediately shuttled
between the cytoplasm and the nucleus, when treated with different reagents.
Preliminary experiments included testing the different reagents (e.g. Importazole,
Rapamycin, R-spondin3) for 1 — 4 hours of treatment to observe changes in protein
distribution and to avoid effects on the transcriptional level. Because no changes
could be detected, | increased the duration of the treatments to 6, 9 and 16-20
(overnight) hours. Only in the overnight treatments | could observe the changes,
which implies that USP42 is quite stable and is not actively transported out of the
nucleus. Hence, | hypothesise that USP42 distribution changes after cell division. My
data also shows that the mTOR inhibitor Rapamycin clearly increases the cytoplasmic
USP42 protein level. One potential candidate for the phosphorylation could be the
S6K, but the mechanism remains to be elucidated. There was also a milder increase

in cytoplasmic USP42 upon R-spondin3 treatment. This could be explained as a
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feedback loop due to the fact that the Wnt agonist R-spondin3, together with LGR,
bind ZNRF3/RNF43 and induce their auto-ubiquitination. In this case, the factor
recruiting USP42 to the cell membrane would be the availability of ubiquitinated
ZNRF3/RNF43.

Taken together, USP42 seems to not only have different functions depending on its

subcellular localisation, but also in different cell types.

USP42 in mammalian physiology

ZNRF3/RNF43 play important roles in animal physiology and development, for
example in adrenal gland homeostasis (Basham et al. 2019), liver zonation (Planaz-
Paz et al. 2016), limb development (Szenker-Ravi et al. 2018), lense development
(Hao et al. 2016), embryogenesis (Harris et al. 2018, Chang 2020, Lee 2020) and
intestinal stem cell homeostasis (Koo et al. 2012).

The bulk RNAseq data and the stainings in mouse intestine and colon tissue provide
first insights of a physiological role of USP42. Loss of USP42 upregulates target genes
related to cell cycle progression, ubiquitination, DNA replication and Wnt, NFkB and
TNF-mediated signalling, as well as intestinal stem cell proliferation genes (Merlos-
Suarez et al. 2011, Giebel et al. 2020). In addition, | observed that USP42 might
recruit to the centrosomes during Interphase and centrosome duplication. Of course,
this gives an interesting opportunity to study the role of USP42 in cell cycle
regulation, especially mitosis. There is already evidence, that p53 localises to the
centrosomes (Chen et al. 2017, Contadini et al. 2019), which could be a potential
interaction partner during mitosis.

In mouse intestinal villi, Usp42 is mainly found in the nucleus, whereas the crypts
show more cytoplasmic USP42 either as single punctae or in a great amount. It is of
great interest to identify the cells and their USP42 expression pattern. From the
preliminary data | obtained, | hypothesise according to the large cell size that the
highly expressing cells could be secreting cells, such as paneth cells, and the slimmer
bell shaped cells could be tuft cells that are responsible for the immune response in
the intestine, or even intestinal stem cells. To correctly identify the cells, | suggest to
perform co-stainings with different markers of intestinal cells, such as stem cells

(LGRS5, LRIG1, OLFM4), paneth cells (lysozyme), goblet cells (MUC2), enteroendocrine
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(CHGA, synaptophysin) and tuft cells (DCAMKL1) (Qin et al. 2020). In contrast to the
mouse tissue sections, the NCT scans of healthy, adenoma and colorectal carcinoma
tissue sections show that nuclear USP42 is also found in the cells of the crypts. To
clarify this, | first suggest to further optimise the staining in mouse tissue, by trying
different fixation methods. Nevertheless, the subcellular localisation of human and
mouse USP42 could vary between the two species due to its function as a negative
regulator of Wnt signalling. As previously described, ZNRF3/RNF43 are important
negative Wnt regulators in the small intestinal crypt (Koo et al. 2012). A double
knockout resulted in an elongated proliferation zone, as well as longer villi (Koo et al.
2012). The regulation of homeostasis in the intestinal crypt is dependent on the
interplay between different signalling pathways, creating inhibitory and overlapping
gradients along the villus and crypt. Considering the fact that mice are smaller than
humans, the intestinal villi are shorter and might require a tighter spatial and
temporal regulation of proliferating cells in the small intestine. This is where Usp42
may be required for the fast inhibition of Wnt signalling by stabilising the two strong
negative regulators ZNRF3 and RNF43. Thus, further proliferation is prevented. The
elevated levels of cytosolic Usp42 may provide a higher availability for interaction at
the cell membrane or for being secreted and might explain the difference in mouse
crypts compared to human cells.

Furthermore, we are currently generating a Usp42 knockout mouse model to study
the role of Usp42 in development and disease. In addition to the Usp42 knockout
intestinal organoids, staining cryosections (e.g. with the proliferation marker Ki-67,
or p53) of the knockout mouse tissues can provide better understanding of how loss
of Usp42 can alter tissue composition in the intestine, liver and adrenal gland,
compared to ZNRF3/RNF43 double knockout tissue. Also, it would be interesting to
observe differences and similarities of an inducible Usp42 knockout mouse
compared to its wild type, since the impact of Usp42 might be limited to a specific
time frame, as suggested in p53 signalling (Hock et al. 2011). Even though Usp42 KO
in mouse intestinal organoids could mimic ZNRF3/RFN43 DKO, the tissue of the
mouse model might give milder phenotypes, because USP42 is a regulator of
ZNRF3/RNF43 (similar to the Wnt reporter assays). It is also possible, that there are

other deubiquitinating enzymes stabilising ZNRF3/RNF43 which have not been
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discovered yet. They could possibly compensate the loss of Usp42 in the mouse
model. In addition, loss of Usp42 in the mouse could have Wnt-independent effects,
because USP42 has other functions, such as regulating transcription, p53 and the
spliceosome.

There has been one study attempting to characterise Usp42 in mouse
embryogenesis and spermatogenesis, which shows that Usp42 is expressed in all
tissues, but especially strong in the testis, brain, lungs and thymus. Regarding
spermatogenesis, they report that Usp42 expression increases from the round-
spermatid stage 2 weeks after birth and decreases from the round-spermatid stage
(Kim et al. 2006). Also, they performed in situ hybridisation on mouse embryos (E9.5
— 12.5), by which they detected Usp42 expression in the mid- and forebrain, optic
vesicles and eyes at day E10.5, which increases to day E12.5. Interestingly, Usp42
expression was not detected in the limbs, gut and liver. In regards to the intestine, it
has been shown that Wnt5a and PCP signalling are responsible for early gut
development in the E9.5-14.5 stage (Spence 2011, Shyer 2015). Thus, | suggest to
also compare Usp42 mRNA and protein levels in later stages, when the villi form. As
a study has shown, p53 mRNA is strongly expressed in the intestine from day 14.5
p.c. on, also describing the formation of the intestinal villi (Schmid et al. 1991). They
state that cells in the intestinal crypts had a stronger p53 expression compared to
the cells of the villus. Together with our data, it could be of interest to investigate

the differential roles of Usp42 in Wnt signalling and in p53 signalling.

In conclusion, taking all the data together, USP42 acts as an inhibitor for Wnt
signalling, cell cycle and EMT, as opposed to its role in stabilising p53. Comparing the
phenotypes of Usp42 depleted tissues with ZNRF3'/'/RNF43’/’, as well as p53
depleted tissue and organoids, will provide a better insight of the physiological role

of USP42 in animal physiology and cancer development.
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