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USP42 protects ZNRF3/RNF43 from
R-spondin-dependent clearance and inhibits
Wnt signalling
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Abstract

The tumour suppressors RNF43 and ZNRF3 play a central role in
development and tissue homeostasis by promoting the turnover of
the Wnt receptors LRP6 and Frizzled (FZD). The stem cell growth
factor R-spondin induces auto-ubiquitination and membrane clear-
ance of ZNRF3/RNF43 to promote Wnt signalling. However, the
deubiquitinase stabilising ZNRF3/RNF43 at the plasma membrane
remains unknown. Here, we show that the USP42 antagonises R-
spondin by protecting ZNRF3/RNF43 from ubiquitin-dependent
clearance. USP42 binds to the Dishevelled interacting region (DIR)
of ZNRF3 and stalls the R-spondin-LGR4-ZNRF3 ternary complex by
deubiquitinating ZNRF3. Accordingly, USP42 increases the turnover
of LRP6 and Frizzled (FZD) receptors and inhibits Wnt signalling.
Furthermore, we show that USP42 functions as a roadblock for
paracrine Wnt signalling in colon cancer cells and mouse small
intestinal organoids. We provide new mechanistic insights into the
regulation R-spondin and conclude that USP42 is crucial for
ZNRF3/RNF43 stabilisation at the cell surface.
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Introduction

The Wnt/b-catenin signalling pathway plays essential roles in

embryonic development and tissue homeostasis (Niehrs, 2010;

Clevers et al, 2014). In particular, Wnt/b-catenin signalling governs

stem cell maintenance in many tissues, and its misregulation is a

common cause of tumour initiation, most notably in colorectal

cancer (Nusse & Clevers, 2017; Bugter et al, 2020).

The stability of the Wnt receptors LRP6 and Frizzled (FZD) has

emerged as the main mechanism modulating Wnt/b-catenin signal-

ling in adult stem cells (de Lau et al, 2014; Leung et al, 2018;

Fenderico et al, 2019). The RING-type E3 ubiquitin-ligases ZNRF3

and RNF43 bind Dishevelled (DVL) and induce endocytosis and

degradation of the Wnt receptors (Hao et al, 2012; Koo et al, 2012;

Jiang et al, 2015). The R-spondin family of secreted proteins (RSPO1–

4) form a ternary complex with LGR4/5/6 and RNF43/ZNRF3

(Kazanskaya et al, 2004; Kazanskaya et al, 2008; Carmon et al, 2011;

de Lau et al, 2011; Glinka et al, 2011; Zebisch & Jones, 2015), which

induces RNF43/ZNRF3 auto-ubiquitination and clearance from the

plasma membrane (Hao et al, 2012; Koo et al, 2012; Hao et al, 2016).

Hence, R-spondin promotes the stabilisation of LRP6 and FZD at the

cell surface, boosting the responsiveness to Wnt ligands (Kazanskaya

et al, 2004; de Lau et al, 2011; Glinka et al, 2011; Koo et al, 2012).

During development, ZNRF3/RNF43 are required for embryonic

patterning, sex determination, as well as limb morphogenesis

(Harris et al, 2018; Szenker-Ravi et al, 2018; Chang et al, 2020; Lee

et al, 2020). In adults, activation of Wnt signalling induces the

expression of ZNRF3/RNF43 in stem cells, which form a negative

feedback loop that prevents their unscheduled proliferation (Koo

et al, 2012; Koo et al, 2015). This mechanism has been proved to be

critical for the homeostasis of the intestinal tract and the adrenal

gland (Koo et al, 2012; Basham et al, 2019), as well as for the

growth and metabolic zonation of the liver (Planas-Paz et al, 2016).

Loss of ZNRF3/RNF43 function is prevalent across different types

of cancer (Hao et al, 2016; Bugter et al, 2020). For instance, truncat-

ing mutations in ZNRF3/RNF43 and activating translocations of R-

spondin occur in 20% and 10% of colorectal tumours, respectively

(Seshagiri et al, 2012; Giannakis et al, 2014; Bond et al, 2016). Loss

of ZNRF3/RNF43 activity leads to extensive cellular proliferation

and metaplasia (Koo et al, 2012; Koo et al, 2015) and has been
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associated with epithelial-to-mesenchymal transition (EMT) in vari-

ous Wnt-associated tumours (Hao et al, 2016; Murillo-Garzon &

Kypta, 2017), including in colorectal cancer (Gujral et al, 2014;

Wang et al, 2016). In contrast to previously reported mutations in

downstream Wnt regulators such as b-catenin or APC, alterations in

the R-spondin/LGR/RNF43/ZNRF3 axis render tumour dependency

on Wnt ligands (Jiang et al, 2013; Koo et al, 2015; Han et al, 2017).

This growth factor addiction is currently being exploited in clinical

trials by using small molecule inhibitors against Porcupine (PORCN)

(Jung & Park, 2020), which is required for Wnt secretion (Jiang

et al, 2013; Koo et al, 2015).

Protein ubiquitination is a dynamic post-translational modifi-

cation that results from a tug-of-war between matching pairs of E3

ligases and deubiquitinating enzymes (DUBs) (Fraile et al, 2012;

MacGurn et al, 2012). In transmembrane proteins, ubiquitination

directs quality control, trafficking and removal from the plasma

membrane (MacGurn et al, 2012). In particular, the E3 ligases

ZNRF3/RNF43 catalyse their ubiquitination and plasma membrane

clearance upon interaction with R-spondin and LGR4–6 (Hao et al,

2012), but the deubiquitinase stabilising ZNRF3/RNF43 at the

plasma membrane remains unidentified.

Here, we show that USP42 protects ZNRF3/RNF43 from R-

spondin- and ubiquitin-dependent clearance at the plasma membrane.

Mechanistically, USP42 interacts with the Dishevelled interacting region

(DIR) of ZNRF3 and stalls the ZNRF3/LGR/RSPO complex. Accordingly,

USP42 promotes the turnover of the Wnt receptors LRP6 and FZD and

inhibits Wnt/b-catenin signalling. Furthermore, we show that USP42

functions as a roadblock for cell proliferation, survival and EMT in colon

cancer cells by inhibiting paracrine Wnt signalling. Finally, we report

that genetic ablation of Usp42 confers Wnt hypersensitivity to mouse

small intestinal organoids. Our work reveals how ZNRF3 and RNF43

are stabilised at the plasma membrane and provides mechanistical

insights on the modulation of the stem cell factors LGR4 and R-spondin.

Results

USP42 inhibits Wnt signalling by deubiquitinating ZNRF3

R-spondin proteins promote the auto-ubiquitination and membrane

clearance of the E3 ligase ZNRF3/RNF43 (Hao et al, 2012; MacGurn

et al, 2012), which is a key event for Wnt signalling modulation

(Hao et al, 2012; Koo et al, 2012; Koo et al, 2015; Zebisch & Jones,

2015). However, the DUB responsible for ZNRF3/RNF43 deubiquiti-

nation and membrane stabilisation remains unknown (Fig 1A).

To identify a potential DUB regulating ZNRF3/RNF43, we

performed a DUB small interfering RNA (siRNA) screen in HEK293T

cells using the Wnt reporter assay (TOPflash) as a readout and iden-

tified USP42 among the candidates (Fig 1B and [Extended version]

EV1A). USP42 encodes a protein of 145 kDa with no clear structural

features except its deubiquitinase (USP) domain, and a predicted

monopartite nuclear localisation signal (NLS) (Fig 1C). USP42 loca-

lises to the cytoplasm, plasma membrane and nucleus (Fig 1D).

Nuclear USP42 has been shown to deubiquitinate and stabilise H2B,

as well as p53 in response to genotoxic stress (Hock et al, 2011;

Hock et al, 2014).

Knockdown of USP42 in wt HEK293T cells by three independent

siRNAs increased Wnt3a-induced TOPflash activity by > 2-fold

(Fig 1B and E). Critically, knockdown of USP42 did not upregulate

Wnt reporter activity in ZNRF3/RNF43 double knockout HEK293T

cells (Fig 1F), indicating a requirement of the E3 ligases for USP42

activity in Wnt signalling. To further assess USP42 function in Wnt

signalling, we performed additional epistasis experiments. Knock-

down of USP42 cooperated with the four R-spondin proteins

(RSPO1–4) in Wnt reporter assays (Fig 1G), and boosted signalling

induced by the ligand-receptor complex (Wnt1/LRP6/FZD8), but

not by b-catenin (Fig 1H). Taking together, these data indicate that

USP42 is a novel negative regulator of R-spondin and Wnt/b-catenin
signalling, functioning at the receptor level through RNF43/ZNRF3.

We next examined whether USP42 regulates ZNRF3 and RNF43

ubiquitination. We immunoprecipitated ZNRF3 under denaturing

conditions and found that knockdown of USP42 increased its poly-

ubiquitination (Fig 1I). Conversely, ectopic expression of USP42

erased the ubiquitin chains from ZNRF3 and RNF43 (Figs 1J and

EV1B, IPs) and resulted in the accumulation of non-ubiquitinated

ZNRF3 or RNF43 (Figs 1K and EV1B, inputs). To examine whether

USP42 interacts with ZNRF3/RNF43, we performed co-immunopre-

cipitation (co-IP) experiments. GFP-USP42 co-precipitated ZNRF3,

but not the component of the b-destruction complex AXIN1 (Fig 1K).

On the other hand, the positive control GFP-DVL1 co-precipitated

both ZNRF3 and AXIN1 (Fig 1K), as previously described (Bilic et al,

2007; Jiang et al, 2015). Additional co-IP experiments revealed that

USP42 also interacted with RNF43 (Fig EV1C).

As in the case of ZNRF3, ectopic expression of USP42 in

HEK293T cells inhibited the Wnt reporter signal induced by any of

the four R-spondin proteins (RSPO1–4) (Fig 1L). Importantly,

expression of the catalytically inactive mutant USP42C120A did not

inhibit Wnt reporter activity (Fig 1L). Furthermore, expression of

USP42, but not USP42C120A inhibited Wnt reporter assays induced

by Wnt3a or by components of the LRP6 signalosome (Wnt1/LRP6/

FZD8 and Dvl1), but not by b-catenin (Fig EV1D).

Finally, we generated USP42 KO HEK293T cells (Fig EV1E),

which displayed higher TOPflash activation than the parental cells

upon Wnt3a treatment (Fig 1M). Importantly, USP42 KO-induced

Wnt activity was blocked by ectopic expression of RNF43/ZNRF3 or

USP42, but not by USP42C120A (Fig 1M). Taking these results

together, we conclude that USP42 functions in Wnt signalling by

deubiquitinating ZNRF3 and RNF43.

Cytoplasmic USP42 binds the Dishevelled interacting region
of ZNRF3

We generated various USP42 and ZNRF3 deletion constructs to iden-

tify which domains participate in their functional interaction

(Fig 2A). Deletion of the predicted NLS or the C-terminal domain of

USP42 increased their cytoplasmic distribution compared to wild-

type (wt) USP42 in HEK293T cells (Fig 2B). USP42ΔNLS and

USP42ΔC co-precipitated ZNRF3 (Fig 2C) and inhibited Wnt signal-

ling in reporter assays (Fig 2D) in a similar way as wt USP42.

USP42ΔN and USP42C120A neither co-precipitated ZNRF3 nor

reduced Wnt reporter assay activity (Fig 2C and D). Additional co-

IP experiments with truncated ZNRF3 constructs revealed that

USP42 requires the ZNRF3 Dishevelled interacting region (DIR) for

its functional interaction (Fig 2E). Interestingly, ectopic expression

of USP42 did not affect DVL2 binding to ZNRF3 (Fig 2F), suggesting

that they do not compete for binding within the large ZNRF3 DIR
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region (346–528 aa) (Jiang et al, 2015). We conclude that cytoplas-

mic and catalytically active USP42 interacts with the ZNRF3 DIR

(Fig 2G), which is emerging as a key modulatory domain of the E3

ligase (Jiang et al, 2015; Chang et al, 2020; Spit et al, 2020;

Tsukiyama et al, 2020).

USP42 antagonises R-spondin and promotes Wnt
receptor turnover

ZNRF3/RNF43 auto-ubiquitination promotes its turnover from the

membrane (Hao et al, 2012; Hao et al, 2016). To assess whether USP42

stabilises ZNRF3/RNF43 directly at the plasma membrane, we

performed cell surface protein biotinylation assays (Fig 3A, scheme).

Expression of USP42 reduced the ubiquitination of ZNRF3 and RNF43

at the plasma membrane (Fig 3A, 2nd IP, lanes 3–4 and lanes 7–8,

respectively). Accordingly, USP42 strongly increased ZNRF3 and

RNF43 residence at the plasma membrane (Fig 3A, 1st IP, lanes 3–4

and lanes 7–8, respectively). Next, we investigated whether USP42 also

protects ZNRF3/RNF43 from R-spondin. In the presence of LGR4,

RSPO1 reduced the protein levels of mature ZNRF3 (Fig 3B, input:

lanes 1,3, upper bands). Importantly, RSPO1 stimulated the interaction

between ZNRF3 and USP42DNLS (Fig 3B, IP: lanes 2,4), which rescued

RSPO1-dependent clearance of ZNRF3 (Fig 3B, input: lanes 3,4).

To obtain further mechanistical insights on the ZNRF3 regulation

by USP42, we analysed the formation the ternary complex between

ZNRF3, R-spondin and LGR4. As previously described (Hao et al,

2012), catalytically inactive ZNRF3 (ZNRF3ΔRing) co-precipitated

LGR4, and this interaction was enhanced in the presence of RSPO3

(Fig 3C). Interestingly, USP42 interaction with ZNRF3 increased

ternary complex formation (Fig 3C). These results suggest that

ZNRF3 ubiquitination functions as release signal from R-spondin/

LGR4, which allows USP42 to stall the ternary complex. This is

supported by the fact that full-length ZNRF3, which displays high

levels of auto-ubiquitination, did not form a stable complex with

LGR4 (not shown and (Hao et al, 2012)). Furthermore, our results

showing that USP42 interacts with catalytically inactive ZNRF3

(ZNRF3ΔRing) (Figs 2E and 3C) support the possibility of additional

E3 ligases contributing to ZNRF3 ubiquitination. In that respect,

recent evidence pointed towards b-TrCP as a contributing E3 ligase

for ZNRF3 turnover (Ci et al, 2018).

Taking together, these results indicate that USP42 forms a tug-

of-war with R-spondin and LGR4 to control ZNRF3/RNF43 ubiquiti-

nation and plasma membrane residence (Fig 3D).

Given the prominent role of ZNRF3 and RNF43 at the plasma

membrane promoting Wnt receptor turnover, we next examined

whether USP42 impacts FZD and LRP6 protein levels (Fig 3D).

Ectopic expression of USP42 or ZNRF3 in HEK293T cells increased

FZD5 clearance from the plasma membrane (Fig 3E) and reduced

total FZD5 protein levels (Fig 3F). Furthermore, USP42 cooperated

with ZNRF3 in clearing FZD8 (Fig 3G). Finally, knockdown of USP42

in HEK293T increased endogenous LRP6 protein levels, both in basal

conditions and upon RSPO3 treatment (Fig 3H). We conclude that

USP42 assists ZNRF3/RNF43 to promote Wnt receptor turnover.

USP42 is a roadblock for paracrine Wnt signalling in colorectal
cancer cells

We noticed that USP42 mRNA is often overexpressed in colorectal

cancer (Fig 4A) (Cancer Genome Atlas, 2012). Furthermore, USP42

protein levels are elevated in several colon cancer cell lines, includ-

ing HCT116 and RKO (The Protein Expression Atlas). Interestingly,

colon cancer cells rely on paracrine Wnt signalling for their mainte-

nance, even in the presence of downstream mutations in APC and

b-catenin (Voloshanenko et al, 2013). Hence, we decided to explore

whether USP42 control of the Wnt receptors modulates paracrine

Wnt signalling in colon cancer cells.

First, we analysed whether USP42 regulates the Wnt receptors in

HCT116 cells. Knockdown of USP42 in HCT116 cells increased the

surface levels of endogenous LRP6, including upon R-spondin treat-

ment (Fig 4B and C). Accordingly, knockdown of USP42 in HCT116

cells promoted paracrine Wnt signalling activity in TOPflash

reporter assays (Figs 4D and EV2A) and boosted Wnt3a-

◀ Figure 1. USP42 deubiquitinates ZNRF3 and inhibits Wnt/b-catenin signalling.

A Scheme of the R-spondin complex with ZNRF3 and LGR, which promotes auto-ubiquitination and clearance of ZNRF3. The deubiquitinase (DUB) that stabilises
ZNRF3 remains unknown.

B Example of a TOPflash reporter assay used to screen for DUBs regulating Wnt signalling. Cells were transfected in triplicates with the single siRNAs against the
indicated DUBs or the positive control ZNRF3 and stimulated with control or Wnt3a conditioned media.

C Scheme showing the predicted protein organisation of USP42, including the catalytic cysteine of the ubiquitin-specific protease (USP) domain, and the predicted
monopartite nuclear localisation signals (NLS) as displayed by NLS mapper (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi).

D Representative immunofluorescence microscopy images showing endogenous USP42 (green) in HEK293T cells transfected with the indicated siRNAs from n = 3
independent experiments. Scale bar = 10 lm.

E–H TOPflash reporter assays in HEK293T cells stimulated with either control, Wnt3a, Wnt3a and RSPO1–4 conditioned media, or by transfection with the indicated
constructs. Where indicated, cells were co-transfected with the indicated siRNAs. In (E), 3 independent siRNAs or a siRNA pool against USP42 were used. In (F),
Parental wt HEK293T and ZNRF3-/-/RNF43-/- HEK293T cells were used.

I, J Ubiquitination of ZNRF3 in HEK293T cells transfected with ubiquitin-HA (Ub-HA). Cells were co-transfected with siUSP42 (I) or GFP-USP42 (J). Cells were treated for
6 h with 10 lM MG132 and 5 nM Bafilomycin A1 to prevent ZNRF3-Ub degradation. Ubiquitinated ZNRF3 was isolated by immunoprecipitation (IP) under
denaturing conditions and analysed in Western blots with anti-HA antibodies.

K Representative co-immunoprecipitation experiments in HEK293T cells that were transfected with GFP-USP42 or the indicated GFP-tagged control, together with
the stated Wnt signalling component (N = 3 independent experiments). IgG heavy chain is indicated with an asterisk. Dvl1 functions as a positive control that
binds both ZNRF3 and Axin1.

L, M TOPflash reporter assays in HEK293T cells stimulated with either control, Wnt3a, Wnt3a and RSPO1–4 conditioned media, or by transfection with the indicated
constructs. HEK293T, Parental HEK293T and USP42-/- HEK293T cells were transfected with wt USP42, the catalytically inactive mutant USP42C120A, ZNRF3 or
ZNRF3/RNF43.

Data information: Data are displayed as mean � SD and show one representative of n ≥ 3 independent experiments with three biological replicates. Statistical
significance was calculated by one-way ANOVA analyses with Tukey correction and defined as *P < 0.05, **P < 0.01, ***P < 0.001, or n.s.: not significant.
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dependent activation of the pathway (Fig 4D). Furthermore,

siUSP42 upregulated the expression of the stem cell Wnt target gene

LGR5 in HCT116 cells (Fig 4E) and cooperated with Wnt3a to upreg-

ulate classical Wnt target AXIN2 (Fig 4F).

USP42 has been shown to regulate p53 response upon genotoxic

stress in colorectal cancer cells (Hock et al, 2011). Importantly,

knockdown of p53 did not impact Wnt reporter assays in HCT116

cells (Fig EV2B). However, both siUSP42 and siTP53 inhibited p53-

reporter assays (Fig EV2C) and prevented cell cycle arrest at G1/S

upon genotoxic stress in HCT116 cells (Fig EV2D), as described

previously (Hock et al, 2011). We conclude that USP42 inhibits Wnt

signalling in HCT116 cells by destabilising the Wnt receptors, inde-

pendently of its roles in p53 response to genotoxic stress.

Loss of RNF43/ZNRF3 activity is associated with cancer cell

proliferation, survival and EMT through the activation of paracrine

Wnt signalling (Fig 5A) (Koo et al, 2012; Gujral et al, 2014; Koo et al,

2015; Hao et al, 2016; Wang et al, 2016; Murillo-Garzon & Kypta,

2017). To investigate whether USP42 is also involved in these cellu-

lar processes, we first performed bulk-RNA sequencing of HCT116

cells upon siUSP42 (Dataset EV1A-B). Gene Ontology (GO) cluster

analysis of the differentially upregulated genes upon USP42 silencing

revealed enrichment of factors regulating cell cycle progression, Wnt

signalling, protein ubiquitination and DNA replication (Fig EV3A–C

and Dataset EV1C-E). Notably, knockdown of USP42 upregulated

most of the 45 genes included in the intestinal stem cell proliferation

signature (Merlos-Suarez et al, 2011) (Fig 5B and Dataset EV1F). In

addition, knockdown of USP42 downregulated epithelial genes and

upregulated mesenchymal genes from the EMT gene signature in

cancer (N = 171 genes) (Rokavec et al, 2017) (Fig 5C and Dataset

EV1G). Hence, we explored whether USP42 regulates cell prolifera-

tion, survival and EMT via paracrine Wnt signalling.

In agreement with our RNA-sequencing results (Fig 5C), knock-

down of USP42 induced morphological changes in HCT116 cells,

including a shift from cobblestone-like to elongated phenotype and

loss of cell–cell contact (Fig 5D), which are characteristics of EMT

(Thiery & Sleeman, 2006; Roger et al, 2010; Nieto et al, 2016). A key

event for EMT is the downregulation of the cell–cell adhesion

protein E-cadherin (Cano et al, 2000; Thiery & Sleeman, 2006).

HCT116 cells presented high levels of E-cadherin at their plasma

membranes, which were erased upon USP42 knockdown with four

A

D E F G

B C

Figure 2. Cytoplasmic USP42 functionally interacts with the Dishevelled interacting region of ZNRF3.

A Scheme showing the GFP-USP42 and ZNRF3-HA constructs generated for this study. Note that ZNRF3DC did not express properly, possibly due to misfolding
at the ER.

B Immunofluorescence microscopy showing HEK293T cells transfected with USP42 constructs from (A). Note that depletion of the putative NLS or the whole C-
terminal domain containing the NLS leads to increased cytoplasmic expression of USP42. Representative images are shown. Scale bar = 10 lm.

C Co-immunoprecipitation experiments in HEK293T cells transfected with the constructs shown in (A). Representative blots of n ≥ 3 independent experiments are
shown.

D TOPflash reporter assay in HEK293T cells upon overexpression of the USP42 constructs shown in (A) or an empty vector. Cells were stimulated with control or
Wnt3a and RSPO3 conditioned medium. Data are displayed as mean � SD and show one representative of n = 3 independent experiments with three biological
replicates. Statistical significance was calculated by one-way ANOVA analyses with Tukey correction and defined as **P < 0.01, ***P < 0.001, or n.s.: not significant.

E, F Co-immunoprecipitation experiments in HEK293T cells transfected with the constructs shown in (A). In (F), cells were co-transfected with DVL2 as indicated.
Unspecific bands resulting from antibody cross-reaction are marked with asterisks. Representative blots of n ≥ 3 independent experiments are shown.

G Scheme showing the proposed interacting regions of USP42 and ZNRF3.
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Figure 3. USP42 antagonises R-spondin/LGR and promotes FZD and LRP6 protein turnover.

A Cell surface biotinylation assay performed in HEK293T cells transfected as indicated and treated with 10 lM MG132 to prevent proteasomal degradation.
Consecutive immunoprecipitations were carried out as indicated in the scheme. The avidin pulldown was carried under denaturing conditions (1st IP). The
unrelated receptor CD147 was used as loading control for the avidin pulldown, and CUL1 for the total input of cell lysate.

B, C Co-immunoprecipitation experiments in HEK293T cells transfected with the indicated constructs and treated for 6 h with Bafilomycin A1. Cells were co-treated
with RSPO1 (B) or RSPO3 (C) conditioned medium. In (B), co-immunoprecipitated cytoplasmic USP42 (USP42DNLS) protein levels were quantified relative to
immunoprecipitated ZNRF3. ZNRF3 levels in the input were quantified relative to tubulin. In (C), co-precipitated LGR4 protein levels were quantified relative to
immunoprecipitated ZNRF3DRing. Representative blots of n = 3 independent experiments are shown.

D Scheme showing the proposed function for USP42 towards ZNRF3.
E Immunofluorescence microscopy of HEK293T cells transfected with SNAP-FZD5 and the indicated constructs. Cells were incubated with SNAP-surface-549 for

15 min and chased for another 10 minutes prior fixation. Representative images from one out of two independent experiments are shown. The white arrows show
SNAP-FZD5 undergoing plasma membrane clearance. Scale bar = 20 lm.

F, G Western blots of lysates from HEK293T cells transfected with the indicated constructs. The asterisk marks an unspecific band. Representative blots from at least
three independent experiments are shown.

H Western blots of lysates from HEK293T cells transfected with the indicated siRNAs. Where indicated, cells were treated for 6 h with RSPO3 conditioned medium.
Representative blots from n = 4 independent experiments are shown.
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different siRNAs (Figs 5E and F, and EV4A; wt HCT116 cells). In

line with the requirement of paracrine Wnt signalling for USP42

activity, genetic ablation of Wnt Ligand Secretion Mediator (WLS

(Evi)), as well as ectopic expression of ZNRF3, rescued siUSP42 and

restored E-cadherin protein levels (Figs 5E and F, and EV4B).

Furthermore, as previously shown (Roger et al, 2010), knockdown

of p53 did not reduce E-cadherin levels in HCT116 cells (Fig EV4C).

We next examined HCT116 cells upon genetic ablation of USP42

using CRISPR/Cas9, which resulted in loss of E-cadherin protein

levels (Fig 5G and H), thereby phenocopying siUSP42 (Fig 5E and

F). We conclude that USP42 prevents EMT in HCT116 cells by

inhibiting paracrine Wnt signalling.

Next, we analysed whether USP42 impacts cell survival and

clonogenic capacity by performing colony formation experiments.

As previously shown (Voloshanenko et al, 2013), inhibition of Wnt

secretion reduced the colony-forming efficiency of HCT116 cells

(Fig EV4D). Conversely, knockdown of USP42 increased colony

formation in HCT116 cells (Fig EV4D and E). As in the case of

spheroid growth, treatment with PORCN inhibitors, genetic ablation

of WLS (Evi), as well as by ectopic expression of ZNRF3 (Fig EV4D

and E) rescued clonogenic capacity induced by USP42 knockdown.

To investigate whether USP42 inhibits Wnt-driven cell prolifera-

tion, we performed spheroid assays, which are more representative

for the in vivo growth conditions than 2D cultures, as they recapitu-

late tumour cell clusters (Timmins et al, 2004). We cultured

HCT116 cells in hanging drops for up to 6 days, which resulted in

spheroids of ~ 0.3 mm2 (Fig 5I and J). Knockdown of USP42 by

four independent siRNAs strongly promoted spheroid growth and

branching (Figs 5I and J, and EV4F). Importantly, this effect relied

on Wnt secretion: First, siUSP42-induced spheroid growth was

blocked by the genetic ablation of WLS (Evi) (Fig 5I and J), as well

as by the PORCN inhibitors IWP-2 and LGK-974 (Figs 5K and

EV4F). Second, ectopic expression of ZNRF3 also rescued spheroid

growth upon siUSP42 (Fig EV4G). Furthermore, genetic ablation of

A

D E F

B C

Figure 4. USP42 inhibits paracrine Wnt signalling in colorectal cancer cells.

A USP42 alterations in colorectal adenocarcinoma (Cancer Genome Atlas, 2012) (n = 524). Information was retrieved from the cBioPortal in 2017, and updated as
displayed in 03/2020.

B FACS analyses of cell surface LRP6 protein levels in HCT116 cells upon knockdown of USP42. Cells were untreated (left panel) or treated with RSPO3 for 12 h (right
panel). The grey dotted line in both panels shows background signal upon staining with control IgGs. Representative panels from one out of n = 4 independent
experiments are shown.

C Western blots of lysates from HCT116 cells transfected with the indicated siRNAs. Where indicated, cells were treated for 6 h with RSPO3 conditioned medium.
Representative blots from n = 3 independent experiments are shown.

D TOPflash reporter assays in HCT116 cells upon knockdown of the indicated genes using single siRNAs. Cells were stimulated with control or Wnt3a conditioned
medium. Data are displayed as mean � SD and show one representative of n = 3 independent experiments with three biological replicates.

E, F qPCR analysis of USP42, LGR5 and AXIN2 expression levels in HCT116 cells. Data are displayed as mean � SD and show n = 4 (E) or n = 3 (F) independent
experiments.

Data information: Statistical significance was calculated by one-way ANOVA analyses with Tukey correction and defined as **P < 0.01, ***P < 0.001, or n.s.: not
significant.
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Figure 5. Loss of USP42 leads to Wnt-dependent proliferation and EMT.

A Scheme showing the proposed functions of ZNRF3/RNF43 and USP42 in colorectal cancer cells. Auto- and paracrine Wnt secretion is promoted by Evi (WLS) and
PORCN.

B, C Volcano plots representing the genes that conform the Intestinal Stem Cell (ISC) signature (Merlos-Suarez et al, 2011) (B, n = 45 genes, Dataset EV1F), and the EMT
signature in cancer cells (Rokavec et al, 2017) (C, n = 171 genes, Dataset EV1G) upon USP42 knockdown in HCT116 cells. Significance was capped at –Log10P = 24.

D Bright field images of HCT116 cells upon USP42 knockdown. Scale bar = 500 lm.
E, H Immunofluorescence microscopy showing endogenous E-cadherin levels in wt and WLS (Evi) KO HCT116 cells upon transfection with siUSP42 (E), or

electroporation with eSpCas9 empty plasmid (non-edited) or eSpCas9-USP42 gRNAs(G). Scale bar = 20 lm. In (F, G), quantification of the fluorescent signal (Alexa-
488) in n ≥ 4 biological replicates with n ≥ 15 cells per replicate are shown.

I–L Spheroid formation experiments with HCT116 cells upon transfection with siUSP42 (I-K) or electroporation with eSpCas9 empty plasmid (non-edited) or eSpCas9-
USP42 gRNAs (L). Scale bar = 500 lm. Where indicated, cells were treated with 5 lM IWP-2 or 20 lM LGK-974 (PORCN inhibitors). The median size was quantified
for n ≥ 13 spheroids from a representative experiment repeated independently n ≥ 3 is shown.

Data information: Data are displayed as mean � SD (F,H) or median (J-L) of the indicated biological replicates and show one representative of n ≥ 3 independent
experiments.
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USP42 in HCT116 cells using CRISPR/Cas9 also increased spheroid

growth, which was inhibited by LGK-974 (Fig 5K and L).

A role of USP42 in halting Wnt-dependent colorectal cancer cell

maintenance was also observed in RKO cells. As in the case of

HCT116 cells, knockdown of USP42 in RKO promoted spheroid

growth and colony formation, which was blocked by PORCN inhibi-

tors (Fig EV5A–C). Unlike HCT116 cells, RKO cells do not express

E-cadherin and already display a mesenchymal phenotype (Hur

et al, 2013), independently of USP42 knockdown (Fig EV5D).

Taken together, our data suggest that USP42 functions as a road-

block for proliferation and EMT in colon cancer cells by keeping

paracrine Wnt signalling in check (Fig 5A).

USP42 KO mouse organoids survive R-spondin withdrawal

RNF43/ZNRF3 and R-spondin are best known for their roles in

intestine homeostasis (Hao et al, 2012; Koo et al, 2012; Koo et al,

2015), which can be examined using organoids. For instance, Znrf3/

Rnf43 double KO mouse small intestinal organoids grow in the

absence of R-spondin, fully relying on paracrine Wnt secretion (Koo

et al, 2012). We generated Usp42 KO intestinal organoids by electro-

poration of a CRISPR-concatemer vector containing two indepen-

dent Usp42 gRNAs, followed by positive selection upon RSPO1

withdrawal (Andersson-Rolf et al, 2016; Merenda et al, 2017), see

methods). In the presence of exogenous RSPO1 and Wnt surrogates

(Janda et al, 2017), both wt and Usp42 KO organoids grew and

formed cyst-like structures (Fig 6A and B), which are caused by the

expansion of undifferentiated cells (Mustata et al, 2013; Merenda

et al, 2020). Removal of exogenous Wnt led to a swift from cystic to

the typical branched structure in the wt organoids (Fig 6A and B)

(Koo et al, 2012; Merenda et al, 2017). Consistent with the role of

USP42 in RNF43/ZNRF3 regulation, Usp42 KO organoids still

formed cyst-like structures upon exogenous Wnt withdrawal

(Fig 6A and B). Importantly, R-spondin withdrawal compromised

A

B C

Figure 6. Genetic ablation of Usp42 renders mouse intestinal organoids Wnt hypersensitive.

A Representative images of mouse small intestinal organoids generated with empty (Non-edited) or USP42gRNA containing CRISPR-concatemers and cultured for
3 days in matrigel with the indicated growth factors, or the Wnt secretion inhibitor IWP-2. EN, EGF and noggin. Note that knockout of Usp42 (Usp42 gRNAs) rendered
the organoids insensitive to RSPO1 withdrawal. Scale bar = 1 mm.

B Quantification of the number and subtype of organoids from (A).
C qPCR analysis of Lgr5 and Axin2 expression levels in first passage mouse intestinal organoids cultured in EN + 5% RSPO1.

Data information: Data are displayed as mean � SD of n ≥ 4 wells and show one representative of n = 3 independent experiments.
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the viability of wt organoids, but not of the Usp42 KO organoids

(Fig 6A and B), indicating that loss of Usp42 confers hypersensitiv-

ity to paracrine Wnt signalling. Accordingly, i) inhibition of Wnt

secretion by IWP-2 led to apoptosis in both Usp42 KO and wt orga-

noids (Fig 6A and B) and ii) Usp42 KO organoids displayed higher

expression of Wnt target genes Lgr5 and Axin2 compared to wt

organoids (Fig 6C). Taken together we concluded that Usp42 inhi-

bits paracrine Wnt signalling in mouse small intestinal organoids.

Discussion

Here, we show that USP42 stabilises ZNRF3 and RNF43 at the

plasma membrane. We found that USP42 blocks ubiquitination and

clearance of ZNRF3/RNF43 by R-spondin. As a consequence,

ZNRF3/RNF43 promote turnover of the Wnt receptors LRP6 and

FZD, leading to Wnt signalling inhibition. Furthermore, our study

demonstrates that USP42 antagonises Wnt-dependent proliferation,

survival and EMT in colon cancer cells and contributes to niche

factor dependency in mouse intestinal organoids.

Our data suggest that catalytic activity of USP42 stalls the LGR/

ZNRF3 complex at the plasma membrane by preventing RSPO- and

ubiquitin-dependent internalisation of ZNRF3. This is also supported

by the fact that ZNRF3ΔRing, which lacks auto-ubiquitination activ-

ity, has a higher residence at the plasma membrane and shows

increased interaction with LGR and R-spondin compared to wt

ZNRF3 (Hao et al, 2012). We also found that USP42 interacts with

the Dishevelled interacting region (DIR) of ZNRF3. This supports

recent evidence pointing to the relevance of this region in modulat-

ing ZNRF3/RNF43 activity. For instance, Dishevelled binding at the

DIR is required for ZNRF3/RNF43 function towards the Wnt recep-

tors (Jiang et al, 2015). Furthermore, the analysis of tumour relevant

truncations in the RNF43 intracellular domain (ICD), including the

DIR, identified alternative roles of the b-catenin destruction complex

(AXIN1 and CK1a) in regulating oncogenic RNF43 activity (Spit

et al, 2020; Tsukiyama et al, 2020). CK1a and b-TrCP have also been

proposed to mediate proteasomal degradation of ZNRF3 via a phos-

pho-degron at the DIR (Ci et al, 2018). However, it is still unclear

whether this function is linked to R-spondin. Finally, PTPRK, which

is often fused to RSPO3 in colorectal cancer (Seshagiri et al, 2012),

has been recently found to dephosphorylate tyrosine residues at the

ZNRF3 DIR to promote its internalisation (Chang et al, 2020). Future

structural data and additional testing might help to resolve how the

ZNRF3/RNF43 DIR integrates different signals to control the func-

tions of these E3 ligases (Bugter et al, 2020).

ZNRF3 and RNF43 sit at the top of canonical and non-canonical

Wnt receptors. As such, it would be interesting to explore whether

USP42 also contributes to other Wnt functions including stabilisa-

tion of proteins (Wnt/STOP) (Taelman et al, 2010; Acebron et al,

2014), activation of macropinocytosis (Tejeda-Munoz et al, 2019)

and modulation of Wnt/Jun and Wnt/Ca+2 (Tsukiyama et al, 2015).

Our results indicate that USP42 provides a barrier against para-

crine Wnt signalling in colorectal cancer cells and intestinal orga-

noids. First, we confirmed that paracrine Wnt signalling promotes

colorectal cancer cell survival and proliferation (Voloshanenko et al,

2013; Koo et al, 2015). Second, we found that this paracrine Wnt

activity in colon cancer cells was highly underestimated due to a

roadblock established by USP42/ZNRF3/RNF43 (Figs 4 and 5).

Third, we identified that paracrine Wnt signalling can promote EMT

in colon cancer cells in the absence of USP42 (Fig 5), which further

supports a recently proposed role of ZNRF3/RNF43 in blocking

EMT (Gujral et al, 2014; Hao et al, 2016; Wang et al, 2016;

Murillo-Garzon & Kypta, 2017). Of note, expression of FZD2 is asso-

ciated with EMT in colorectal cancer cells (Gujral et al, 2014), while

FZD7 promotes differentiation and mesenchymal-to-epithelial transi-

tion (MET) (Vincan et al, 2007). Thus, differential Frizzled expres-

sion may provide a context-dependent role for paracrine Wnt,

RNF43/ZNRF3 and USP42 in EMT. Fourth, we demonstrated that

depletion of Usp42 renders mouse intestinal organoids hypersensi-

tive to secreted Wnt, suggesting that USP42 could play a role in

intestine homeostasis, which remains uncharacterised.

USP42 also promotes p53-dependent genotoxic response (Hock

et al, 2011) (Fig EV2). Together with our data, this highlights USP42

as a potential keystone that sits at the interface between p53 and

Wnt signalling. Thus, a standing question is whether USP42 deregu-

lation could bypass the requirement for the sequential misregulation

of Wnt and p53 during tumour progression (Vogelstein et al, 2013).

Interestingly, somatic uncharacterised mutations in USP42 are

present in 2–6% of colorectal cancer samples (Cancer Genome

Atlas, 2012; Seshagiri et al, 2012), reaching up to 11% in the muci-

nous adenocarcinoma of colon and rectum subtype (Cancer Genome

Atlas, 2012), which remain uncharacterised. Furthermore, 23% of

squamous cell carcinoma samples harbour uncharacterised muta-

tions in USP42, compared with 28% in APC and 10% in RNF43

(Pickering et al, 2014). In addition, USP42 is also recurrently fused

to the tumour suppressor RUNX1 in acute myeloid leukaemia

(AML) (Paulsson et al, 2006; Foster et al, 2010; Zagaria et al, 2014),

which is a tumour fuelled by Wnt signalling (Wang et al, 2010).

This opens the possibility that not only alterations in RUNX1, but

also in USP42, could contribute to AML progression. Our data indi-

cate that USP42 deregulation can be tackled by blocking Wnt secre-

tion with clinically available PORCN inhibitors. Thus, exploring the

roles of USP42 in these cancer types could open new avenues for

therapeutical intervention.

The functions of USP42 in vivo remain largely unknown. To our

knowledge, no Usp42 KO mouse model has been yet characterised.

Interestingly, gene trapping of both Usp42 alleles leads to changes

in mouse body size and behaviour, vision impairment, defects in

the immune and endocrine systems, and infertility (Adissu et al,

2014). However, it remains unclear whether this mouse model is a

hypomorph or a null, as well as the molecular mechanisms underly-

ing those phenotypes. Given the wide range of functions of ZNRF3/

RNF43 in embryogenesis (Chang et al, 2020; Lee et al, 2020), limb

development (Szenker-Ravi et al, 2018), liver zonation (Planas-Paz

et al, 2016), intestinal tract and adrenal gland homeostasis (Koo

et al, 2012; Basham et al, 2019) and sex determination (Harris et al,

2018), it would be important to explore whether USP42 also contri-

butes to these biological functions.

Materials and Methods

Cell culture

HEK293T cells (ATCC) were cultured in DMEM (Gibco), and

HCT116 and RKO cells (ATCC) were maintained in RPMI (Gibco)

10 of 16 EMBO reports 22: e51415 | 2021 ª 2021 The Authors

EMBO reports Nicole Giebel et al



media supplemented with 1% penicillin/streptomycin and 10%

FBS at 37°C and 5% CO2. Parental and ZNRF3/RNF43 double KO

HEK293T cells were kindly provided by M.M. Maurice (Spit et al,

2020). The WLS (Evi) KO HCT116 cell line was kindly provided

by M. Boutros (Voloshanenko et al, 2013). Mouse small intestinal

organoids were maintained in growth factor reduced Matrigel

(Corning) with IntestiCult Intestinal Organoid Growth Medium

(Mouse, Stemcell Technologies) and incubated at 37°C and 5%

CO2. Mycoplasma tests showed that the cell lines were myco-

plasma negative.

Wnt3a and control conditioned media were obtained from stably

transfected L-cells. R-spondin conditioned media were produced by

transiently transfecting HEK293T cells with the indicated R-spondin

plasmids (15 µg per 10 cm dish) using calcium phosphate. The

media were harvested 24 h after transfection.

Where indicated, cells were treated with 20 nM Bafilomycin A

(Sigma), 10 µM MG132 (Sigma), 20 µM LGK-974 (as tested in (Liu

et al, 2013)), or 5 µM IWP2.

Small interfering RNA (siRNA)

Scrambled (siControl) and siRNAs against human LRP5, LRP6,

USP42 #1 (CAGUCUACCUCGAACGCAU), TP53, and APC were

obtained from SIGMA. USP42 siRNA #2–4 are single siRNAs from

sets of four from Dharmacon. USP42 siRNAs were validated by

qPCR and immunofluorescence. HEK293T cells were transfected

with 50 nM siRNA using Dharmafect1 transfection reagent (Horizon

Discovery) following the manufacturer guidelines. HCT116 cells

were transfected with 75 nM siRNA using RNAiMAX (Thermo

Fisher) according to the supplier’s protocol.

Expression constructs/plasmids

pEGFP-FLAG-USP42 wt and pEGFP-FLAG-USP42C120A plasmids

were a kind gift from K.H Vousden (Hock et al, 2011). Wnt1,

hLRP6, mFzd8, xDvl-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 were

kindly provided by C. Niehrs and were described previously (Glinka

et al, 2011; Berger et al, 2017; Chang et al, 2020). The two gRNA

CRISPR-concatemer, RNF43-FLAG-HA and FZD8-V5 plasmids were

kind gifts from B.K. Koo and M. Boutros, respectively (Koo et al,

2012; Merenda et al, 2017; Voloshanenko et al, 2017). The V5- and

SNAP-FZD5 plasmids were kindly provided by M.M. Maurice.

FLAG-HA-USP39 (#22581), 3xFLAG-DVL2 (#24802) and PG13-luc

(#16442), hSpCas9 (#42230), eSpCas9-ATP1A1-dual-gRNA (#86613)

plasmids were obtained from Addgene. Truncation mutants were

generated by PCR: USP42DN (N-terminal, D1–111), USP42DC (C-

terminal D412–1315), USP42DNLS (Predicted nuclear localisation

signal, D1160–1246), ZNRF3DRING (D293–334), ZNRF3Dlinker
(D335–345) and ZNRF3DDIR (D346–528). The GFP-USP42 and

RNF43-FLAG plasmids for the ubiquitination experiments were

generated by PCR by removing the FLAG and HA tag from the

pEGFP-FLAG-USP42 (Hock et al, 2011) and RNF43-FLAG-HA plas-

mids, respectively (Tables 1 and 2).

CRISPR/Cas9 genome editing

USP42 KO HEK293T and HCT116 cells were created using

CRISPR/Cas9 followed by co-selection strategy with ATP1A1, as

previously described (Agudelo et al, 2017). Briefly, 3 days after

the electroporation of the guide RNA (gRNA) and eSpCas9

containing plasmid together with the ATP1A1 template, cells were

treated with 0.5 µM of ouabain for 6 days. Parental and USP42

KO HEK293T single clones were picked from the surviving colo-

nies, grown individually and proved for the lack of USP42

protein expression by immunofluorescence (See Fig EV1B). Edited

HCT116 cells were used in bulk for the phenotypic experiments in

Fig 5 to avoid possible clonal artefacts arisen during the selection

of cancer cells.

The Usp42 KO organoids were generated as described previously

(Merenda et al, 2017). Briefly, mouse intestinal organoids were elec-

troporated with hSpCas9 and a CRISPR-concatemer vector contain-

ing two sgRNAs against Usp42 (Table 3) or empty (Non-edited).

Electroporated organoids were expanded for 20 days. Organoids

electroporated with USP42 gRNAs were subjected to RSPO1 with-

drawal for selection, as previously done for other negative regula-

tors of the Wnt pathway (Merenda et al, 2017).

Table 1. ZNRF3 truncation mutants were generated with the following primers

Construct Forward primer Reverse primer Tm [°C]

DC-terminal TAAGATATCCAGCACAGTGGCGG GATTTTGACAAGGAGGATGAGGCAG 69

DRING domain CACAACATCATAGAACAAAAGGGAAACC GTCGGACGTGGAGCTGCTGCT 67

Dlinker GCGGTGTGTGTGGAGACC CCGACAGTGGGGGCAGGTGT 70

DDIR TTCAGCTGCTATCACGGCCACC GCTTGGGTTTCCCTTTTGTTCTATGATGT 70

Table 2. USP42 truncation mutants were generated using the following primers

Construct Forward primer Reverse primer Tm [°C]

DN-terminal CAATACCTGTTTTGCCAATGCAG CTTATCGTCGTCATCCTTGTAATCCAT 65

DNLS TGACTCGAGATCCACCGGAT
(same as DC)

TCCATTTTCGTGTTCGTGAA 63

DC-terminal TGACTCGAGATCCACCGGAT GGACCTGATATAAAAGAGCACAT 63
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Antibodies

The following antibodies were used: mouse anti-alpha-Tubulin

(T9026), mouse anti-FLAG M2 (F1804), rabbit anti-USP42 (HPA006752,

IF), mouse anti-HA (H3663), rat anti-HA 3F10 (118674230010),

chicken anti-GFP from Sigma; mouse anti-b-catenin (610153) and

conjugated anti-BrdU-FITC from BD Biosciences; rabbit anti-AXIN

(345900, Thermo Fisher); rabbit anti-LRP6 C5C7 (2560S) and

rabbit anti-GSK3b (D5C5Z) from Cell Signaling; rabbit anti-GFP

(ab290) and rabbit anti-E-cadherin (ab40772) from Abcam; mouse

conjugated anti-LRP6-APC (FAV1505A, R&D Systems); mouse

anti-V5 (R960-25, Invitrogen; mouse anti-CD147 8D6 (Santa Cruz

sc-21746).

Reporter assays

For the Wnt reporter (TOPflash) assays, HEK293T or HCT116 cells

were seeded on a 96-well plate and transfected with 50 ng DNA per

well, including 5 ng Firefly luciferase and 3 ng Renilla luciferase,

filled up with empty vector (pCS2+). The transfection was

performed using X-tremeGENE nine transfection reagent (Roche)

following the supplier’s protocol. For epistasis experiments, cells

were co-transfected with 5 ng GFP-USP42, 5 ng USP39, 0.5 ng

ZNRF3-HA, 1 ng RNF43-FLAG-HA, 3 ng hLRP6, 5 ng Wnt1, 1 ng

mFzd8, 20 ng Dvl1 or 1 ng xb-catenin. Where indicated, siRNA-

mediated knockdown of the indicated genes was performed 24 h

prior to DNA transfection. Cells were stimulated for 24 h with

control (1:5) or Wnt3a (1:5) conditioned media, with or without R-

spondin3-DC (1:50) conditioned medium. For p53 reporter assays,

HCT116 cells were seeded on a 96-well plate and transfected with

50 ng DNA per well, including 10 ng PG13-luc, 5 ng Renilla and

filled with empty vector (pCS2+) using X-tremeGene-9 transfection

reagent (Roche) following the supplier’s protocol.

Western Blots

Cells were harvested in PBS and lysed in lysis buffer (PBS supple-

mented with 2% NP-40, 2 mM EDTA, 10 mM b-mercaptoethanol,

Proteinase inhibitors (Roche)). Cleared lysates were mixed with

either NuPAGE or Laemmli buffer under reducing conditions, and

analysed by SDS–PAGE or NuPAGE Bis-Tris gel electrophoresis,

followed by Western blotting.

For co-immunoprecipitation experiments, cells seeded in 6-well

plates and transfected with 300 ng per well of the indicated

constructs. 24–48 h after transfection, cells were harvested in PBS

and three wells were combined per IP. Cells were lysed in co-IP lysis

buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 1% Triton X-100

and 1 mM EDTA supplemented with phosphatase protease inhibi-

tors (Roche)) for 10 min on ice. The proteins were immunoprecipi-

tated by incubating the cleared lysates using the indicated

antibodies in co-IP lysis buffer and protein A/G agarose (Merck

Millipore). Samples were eluted in 2× Laemmli or NUPAGE buffer

and analysed as indicated above.

For the ubiquitination experiments (Fig 1G and H), cells were

grown in 6-well plates. Per IP, four wells were transfected with 5 µg

ZNRF3-FLAG, 5 µg GFP-USP42 and 2 µg HA-Ubiquitin wt using

calcium phosphate. The medium was changed 5–7 h after transfec-

tion. Cells were treated with Bafilomycin A and MG132 for 6 h and

harvested 24 h after transfection. Cells were lysed for 10 min on ice

in 150 mM NaCl, 1% Triton X-100, 1 mM EDTA and 50 mM Tris–

HCl pH 7,5 lysis buffer. Cleared lysates were supplemented with 1%

SDS and boiled for 10 min at 95 �C. After reaching room tempera-

ture, lysates were diluted 10-times to quench the SDS, and proteins

were precipitated by rabbit anti-FLAG antibodies and protein A

agarose, eluted in 2× NUPAGE buffer and analysed by SDS–PAGE

and Western blots.

Expression and mutation data analysis

Gene alterations in colorectal adenocarcinoma from TCGA (Cancer

Genome Atlas, 2012) for Fig 4 (n = 524) were retrieved from the

cBioPortal in 2017 and updated as displayed in 03/2020. Differences

between adjacent healthy tissue and tumour samples are shown.

We analysed and displayed all available alterations which included

copy-number variations, mutations and aberrant mRNA expression

with the suggested Z-score threshold � 2.

Flow cytometry

For FACS analyses of surface LRP6, HCT116 cells were plated on 6-

well plates, transfected with siRNA after 24 h and treated with

RSPO3 conditioned medium for 12 h. Cells were harvested in

Hank’s buffer (HBSS) supplemented with 1 mM EDTA. After

centrifugation, cells were resuspended in 200 µl of 1% BSA in PBS

supplemented with 0.1% sodium azide and incubated for 30 min at

4°C, followed by a 4 h incubation with anti-LRP6-APC conjugated

antibody. After washing, cells were resuspended in blocking solu-

tion containing DAPI and transferred to FACS tubes.

For the BrdU experiments, siRNA transfected HCT116 cells were

incubated with 10 lM BrdU for 6 h before harvesting. Cells were

fixed by resuspending the pellet in 70% cold ethanol. Subsequently,

cells were treated with 2N HCl including 0.5% Triton X-100 and

incubated 30 min at room temperature. Following centrifugation,

cells were resuspended in 0.1 M sodium borate pH 8 for 2 min to

counter the pH. Cells were washed twice with 2% horse serum in

PBS, resuspended in staining solution (PBS, 2% horse serum, 0.5%

Tween, anti-BrdU-FITC conjugated antibody) and incubated for 2 h.

Finally, cells were centrifuged, resuspended in PBS containing

10 lg/ml RNase A and 5 lg/ml propidium iodide (PI) and incu-

bated 30 min in the dark. The fluorescence was analysed in the

FACS sorter Canto II (BD Biosciences). Where indicated, cells were

synchronised with a double-thymidine block using 500 µM

Table 3. gRNAs used in this study

gRNA Sequence 5’ – 3’

hUSP42#1 Top CACCGAATCAGCCTGGCAGCTCCG

Bottom AAACCGGAGCTGCCAGGCTGATTC

hUSP42#2 Top CACCGATGCAGGTTCTGCCAGCTG

Bottom AAACCAGCTGGCAGAACCTGCATC

mUsp42#1 Top CACCGGGACACAGGCTCTGCCAGCTGGT

Bottom TAAAACCAGCTGGCAGAGCCTGTGTCCC

mUsp42#2 Top ACCGGGAGACCGCCTCACAACTGCCG

Bottom AAAACGGCAGTTGTGAGGCGGTCTCC
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thymidine (Acebron et al, 2014). During the second thymidine

block, cells were co-treated with BrdU for 6 h before harvesting.

Clonogenicity assays

HCT116 cells were plated and transfected with siRNA the next day.

24 h after transfection, HCT116 cells were trypsinised, counted and

seeded in 6-well plates (200 cells/well). After one week, cells were

washed twice with cold PBS and fixed/stained using a solution of

75% H2O, 24% methanol and 1% crystal violet for 5 min at room

temperature. Wells were washed five times with PBS and dried at

room temperature. Pictures were taken with a Nikon SMZ25 micro-

scope.

Surface biotinylation

Cells were seeded on 15-cm plates and transfected at 60% conflu-

ency with ZNRF3-FLAG or RNF43-FLAG, HA-Ubiquitin and GFP-

USP42 plasmids using CaCl2 transfection reagent. Surface proteins

were biotinylated with EZ-Link Sulfo-NHS-SS-Biotin at 4°C for

30 min. following manufacturer´s instructions (Pierce Cell Surface

Protein Isolation Kit Cat. Nr. 89881, Thermo Scientific) and pulled

down with Neutravidin beads. Cell surface proteins were eluted

with Strep-Tactin� Elution Buffer (IBA Lifesciences Cat. Nr. 2-1206-

002), diluted up to 1 ml of immunoprecipitation buffer (20 mM

Tris–HCl pH 7.5; 150 mM NaCl; 1% Triton X-100, and 1 mM EDTA)

and FLAG-tagged ZNRF3/RNF43 were immunoprecipitated with M2

affinity gel (SIGMA, Cat. Nr. A2220). Proteins were eluted with

Laemmli buffer under reducing conditions and analysed by SDS–

PAGE followed by Western blotting.

Imaging experiments

For USP42 expression experiments, HEK293T cells were seeded on

coverslips in 12-well plates. The following day, 125 ng per well of

either pEGFP-FLAG-USP42 wt, C120A, DN, DNLS or DC plasmid

was transfected using X-tremeGENE nine transfection reagent. Cells

were harvested 24 h after transfection, fixed in 2% paraformalde-

hyde in PBS and stained with DAPI.

Endogenous USP42 was analysed in HEK293T cells transfected

with either scrambled siRNA or siRNA against USP42 using Dhar-

maFECT1. 48 h after transfection, cells were fixed in 2%

paraformaldehyde in PBS. Cells were stained with rabbit anti-USP42

and anti-rabbit AF488 supplemented with DAPI.

For SNAP labelling, HEK293T cells were seeded on Poly-Lysine

coated coverslips in 12-well plates and transfected with 200 ng

empty vector, 100 ng SNAP-tagged Frizzled, 100 ng GFP-USP42 and

100 ng of ZNRF3-HA plasmids. 24 h after transfection, cells were

incubated in 1 µM SNAP-Surface 549 reagent (NEB) for 15 min at

room temperature in the dark as previously described (Koo et al,

2012). Cells were washed twice, chased for 10 min and fixed with

4% paraformaldehyde in PBS. Coverslips were imaged with the

Eclipse Ti with NIS Elements using a 60× magnification objective

with oil immersion.

For HCT116 and RKO spheroids, 2,000 cells were seeded one day

after siRNA transfection in 30 µL hanging drops containing RPMI

(Gibco), supplemented with 5% FBS. Treatments were applied

during seeding as indicated. Spheroid growth was measured 6 days

after seeding using a Nikon SMZ25 microscope. Afterwards, single

spheroid area was measured with Fiji.

For the organoid imaging experiments, mouse intestinal orga-

noids edited with hSpCas9 as indicated above, were culture as previ-

ously described (Merenda et al, 2017). Briefly, organoids were

seeded in matrigel and grown for 5 days in basal medium contain-

ing 50 ng/mL mouse EGF and 100 ng/mL mouse Noggin together

with i) 20 nM Wnt surrogates (Janda et al, 2017) and 10% RSPO1

conditioned medium (CM), ii) 10% RSPO1 CM, iii) 5% RSPO1 CM,

iv) 2% RSPO1 CM or v) 2% RSPO1 CM supplemented with 5 lM
IWP-2. The organoids were imaged in a Nikon SMZ25 microscope.

Real-time PCR

RNA was extracted by using the RNeasy Mini Kit (QIAGEN). The

cDNA was synthesised from 1 µg of total RNA by using the Bioline

SensiFAST cDNA Synthesis Kit. Quantitative PCR was performed

with the SensiFAST SYBR Hi-ROX Kit (Bioline) using a StepOnePlus

96-well plate reader (Applied Biosystems). For RT–PCR data analy-

sis, normalisation of gene expression was carried out to the house-

keeping gene GAPDH (human) or Gapdh (mouse). Where indicated,

cells were harvested 48 h after siRNA transfection.

RNA-sequencing preparation and analysis

HCT116 cells were seeded in 6-well plates, transfected with siRNA

24 h later and harvested 48 h after transfection (N = 3 biological

independent experiments). RNA was extracted by using the

RNeasy Mini Kit (QIAGEN). RNA integrity (RIN value) of all

samples was assessed in an Agilent 2100 Bioanalyzer machine

using an Agilent RNA 6000 Nano chip. After, library preparation

of the RNA samples was performed using a NEBNext Ultra II RNA

Library Prep Kit for Illumina. cDNA library quality and concentra-

tion were measured in an Agilent 2100 Bioanalyzer machine using

an Agilent High Sensitivity DNA chip. After, libraries from all

barcoded samples were pooled and sequenced. Sequencing reads

were quality controlled using FastQC (http://www.bioinformatic

s.babraham.ac.uk/projects/fastqc/) tool (version 0.11.5). Read

alignments, as well as count tables of mapped read per gene,

were obtained by using STAR version 2.6.0a (Dobin et al, 2013)

with GRCh38 human reference genome an its gene model

(GRCh38.84). The dataset was uploaded to ENA with the acces-

sion number PRJEB37946.

Differentially expressed genes were identified with DESeq2

version 2_1.20 (Anders & Huber, 2010) in R (See Dataset EV1A,B).

The significant up- and downregulated genes (FDR < 0.1) were used

for pathway and gene ontology (GO) (The Gene Ontology Consor-

tium, 2019) enrichment analysis using the MGSA package (Bauer

et al, 2010) (see Dataset EV1C,D). In order to create the Functional

Annotated Clustering of the GO terms, we selected the ID of the top

3,000 differentially upregulated genes from the Dataset EV1A and

generated a list in DAVID Bioinformatics Database (da Huang

et al, 2009). We selected Gene_Ontology_BP_direct database and

combined view for selected annotation. The results appear in

Dataset EV1E. Gene Set Enrichment Analysis plots (Fig EV3) were

generated using the R package fgsea (version 1.6.0, Sergushichev,

bioRxiv https://doi.org/10.1101/060012) with hallmark gene sets

(human_H_v5p2) and GO gene sets (human_c5_v5p2).
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Image data processing

Raw images were imported to Fiji (ImageJ, v2.0) prior to their

export to Photoshop 2020 for figure arrangement. Linear changes in

contrast or brightness were equally applied to all controls and

across the entire images. The models and schemes were created

with Biorender.com.

Statistical analyses

Data are shown as mean with standard error of the mean (SEM or

SD), as indicated in the figure legends; except for Figs 5J–L, EV4F

and G, and EV5B where median values are represented. Where indi-

cated, Student’s t-tests (two groups) or one-way ANOVA analyses

with Tukey correction (three or more groups) were calculated using

Prism v8. Significance is indicated as: *P < 0.05, **P < 0.01,

***P < 0.001, or n.s.: not significant.

Data availability

RNA-seq data generated in this study is available on the European

Nucleotide Archive (ENA) with the accession number PRJEB37946

(https://www.ebi.ac.uk/ena/browser/view/PRJEB37946).

Expanded View for this article is available online.
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