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Abstract

RNF43 is an important negative regulator of β-catenin signaling by removing Wnt-receptors

from the membrane. It is often mutated in cancers, leading to aberrant Wnt-dependent

nuclear translocation of β-catenin. RNF43 has also been suggested to regulate β-catenin

signaling directly within the nucleus, among other proposed nuclear functions. Given the

importance of RNF43 in regulating Wnt/β-catenin signaling and its potential therapeutic rele-

vance, a proper understanding of RNF43 biology is required. However, the presumed

nuclear location is mainly based on available antibodies. These same antibodies have also

been used extensively for immunoblotting or immunohistochemical purposes. However, a

proper evaluation of their quality to reliably detect endogenous RNF43 has not been per-

formed. Here, using genome editing we have generated a cell line that entirely misses

RNF43 exons 8 and 9, encoding the epitopes of commonly used RNF43 antibodies. Using

this clone in addition to various other cell line tools, we show that four RNF43 antibodies

only yield non-specific signals when applied in immunoblotting, immunofluorescence and

immunohistochemical experiments. In other words, they cannot reliably detect endogenous

RNF43. Our results suggest that the nuclear staining patterns are an antibody artifact and

that RNF43 is unlikely to localize within the nucleus. More generally, reports using RNF43

antibodies should be interpreted with caution, at least for the RNF43 protein aspects

described in these papers.

Introduction

Aberrant activation of Wnt/β-catenin signaling is observed in a large number of cancers origi-

nating from various tissue types [1]. In normal cells the RNF43 protein, and its homologue

ZNRF3, play an important role as negative regulators of this pathway. They encode for trans-

membrane E3-ubiquitin ligases that remove Wnt receptors from the membrane, thereby limit-

ing the nuclear signaling of β-catenin [2, 3]. RNF43 mutations affecting protein function have

been observed in a variety of cancers among which those of the colon, stomach, pancreas,

endometrium and ovarium [2]. The functional consequence of these mutations is considered

to be a reduced capability to remove Wnt-receptors, making such cancers hypersensitive to
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Wnt-ligand activation. For that reason these RNF43-mutant cancers have gained substantial

therapeutic interest, as they may identify tumors that respond to extracellular Wnt-inhibitors

that have been developed, such as FZD antibodies and Wnt-secretion Porcupine inhibitors

[4].

Besides this well-established role of RNF43, it has also been linked to various other cellular

functions. Loregger et al. suggested that RNF43 tethers TCF7L2 (also known as TCF4) to the

inside of the nuclear membrane, thereby limiting β-catenin signaling directly inside the

nucleus [5]. Other demonstrated nuclear functions are a role in the DNA damage response by

potentially ubiquitinating γH2AX [6], a well-known marker of DNA damage, and suppressing

TP53-dependent induction of P21 and BAX [7]. A direct binding of RNF43 to these nuclear

proteins can only be shown by strong RNF43 overexpression. However, in support of these

findings, nuclear staining patterns are observed using the commercially available HPA008079

and “home-made” 8D6 RNF43 antibodies [5, 6]. These findings may have important therapeu-

tic implications as it may indicate that RNF43 mutations contribute to tumor growth through

other mechanisms than solely affecting the level of Wnt receptors.

These and other antibodies have also been instrumental in immunohistochemical

approaches to evaluate RNF43 protein expression in various tumor types. For example, using

such antibodies RNF43 protein was observed to be over-expressed in liver cancers [8], lost in a

subset of gastric and colorectal tumors [9, 10], and to correlate with gastric and clear cell renal

cancer patient survival [11–13]. They have also been used to evaluate its expression in pancre-

atic lesions in relation to RNF43 mutation status [14–16]. In basically all these examples

nuclear staining patterns were observed, thus supporting a nuclear location of RNF43. These

antibodies have also been used extensively in various reports to detect endogenous RNF43

through immunoblotting or immunofluorescence.

Given the importance of RNF43 in regulating Wnt/β-catenin signaling and its potential

therapeutic relevance, a proper understanding of RNF43 biology is required. Antibodies are

important instrumental tools for this purpose by detecting changes in RNF43 protein levels or

intracellular location in various cell lines or tissue samples. However, a proper evaluation of

their quality to reliably detect endogenous RNF43 has not been performed. Here, using

genome editing we have generated a cell line that entirely misses RNF43 exons 8 and 9, encod-

ing the epitopes of three commonly used RNF43 antibodies. Using this clone in addition to

various other cell line tools, we show that these and one additional RNF43 antibody recogniz-

ing a N-terminal epitope only yield non-specific signals when applied in immunoblotting,

immunofluorescence and immunohistochemical experiments. Our results suggest that the

nuclear staining patterns are an antibody artifact. In addition, reports using RNF43 antibodies

should be interpreted with caution, at least for the RNF43 protein aspects described in these

papers.

Results

Cell line tools to evaluate quality of RNF43 antibodies

Four commonly used RNF43 antibodies (rabbit polyclonal ab217787, rabbit polyclonal

ab84125, rabbit polyclonal HPA008079 and rat monoclonal 8D6) were evaluated for their reli-

ability to correctly detect RNF43. Their epitope locations are plotted in Fig 1A, showing that

ab217787 maps to residues encoded by exons 2 and 3, and the other three antibodies all map

to residues encoded by exons 8 and 9. For antibody testing we established a panel of cell lines

and clones thereof. As positive controls for full-length RNF43 we used HT-29, and transient

RNF43 transfection of HEK293T cells. DLD-1 and KM12 cells are, respectively, heterozygous

and homozygous for a p.G659fs*41 mutation, which is expected to lead to a truncated protein
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Fig 1. Epitope location and generation of DLD-1 RNF43 ΔEX8-9 clone. A. Schematic representation of RNF43
mRNA and epitope location of RNF43 antibodies. The ab217787 antibody was raised against a N-terminal epitope

encoded by exons 2 and 3, while the other three antibodies were raised against epitopes encoded by exons 8 and 9. A

DLD-1 cell clone was generated that entirely misses these exons leading to a p.(Glu284_Pro769delext*56) deletion on

protein level. B. Confirmation of correct deletion of exons 8 and 9 on DNA level. Left panel shows PCR with primers

flanking the deletion. The expected approximate 900bp fragment is observed in the ΔEX8-9 clone, while the original

4kb fragment is too big to be amplified. Middle and right panels show, respectively, PCRs for exons 8 and 9, leading to

the expected 283 and 914bp fragments in the wild-type cell line, whereas only non-specific bands are observed in the

ΔEX8-9 clone. DNA marker used is the 1kb DNA ladder from Promega (#G5711) C. Confirmation of correct deletion

of exons 8 and 9 on mRNA level. Primers flanking exons 8 and 9 reveal the expected 1904 and 445bp fragments,
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that can be detected by all four antibodies theoretically. As negative controls we used HCT116

cells carrying a homozygous truncation at p.R117fs*41, and RNF43-KO KM12 cells [17].

Lastly, to fully exclude that RNF43 epitopes are generated from currently unknown promoters

or alternative usage of internal ATG start sites, we generated a DLD-1 cell clone completely

lacking exons 8 and 9 (deletion of amino acids 284–769). PCRs on genomic DNA confirmed

the absence of both exons (Fig 1B), while on RNA level the expected shortened cDNA frag-

ment was observed (Fig 1C). Sequencing of the shortened genomic and cDNA PCR products

revealed the expected loss of exons 8 and 9. A quantitative RT-PCR analysis validated the

absence of exons 8 and 9 (Fig 1D). Interestingly, a qPCR for exons 6 and 7 retained in the tran-

script, showed that overall RNF43 RNA levels are decreased about 200-fold. In conclusion, we

have successfully generated a DLD-1 clone that shows strongly reduced overall levels of RNF43
mRNA entirely lacking exons 8 and 9.

Non-specific binding of RNF43 antibodies revealed by immunoblotting

Protein lysates from the cell lines described above, were used for immunoblotting (Fig 2 and

S1 Fig). In all cases bands were identified that could be mistaken for RNF43. However, these

same bands were also observed in the three negative control lines in our panel (HCT116,

DLD-1 ΔEX8-9, and RNF43-KO KM12), clearly showing that the bands identified are not

RNF43. Overexpressed RNF43 can be detected by the HPA008079 and 8D6 antibodies, while

this was not the case for ab84125 and ab217787. Taken together, we conclude that these four

antibodies are not suitable to identify RNF43 expressed at endogenous levels using

immunoblotting.

Evaluation of RNF43 antibodies for immunofluorescence approaches

RNF43 immunofluorescence (IF) has been used to demonstrate a nuclear, endoplasmic reticu-

lum (ER) or membranous location of RNF43. We used DLD-1, DLD-1 ΔEX8-9, and HCT116

cells to validate these observations. The HPA008079 antibody showed a prominent non-spe-

cific nuclear staining in all cell lines, including both negative controls (Fig 3 and S2 Fig). Simi-

lar results were obtained for 8D6, which in addition showed a non-specific staining of cellular

protrusions. The ab84125 antibody revealed a weaker non-specific punctate staining of a struc-

ture adjacent to the nucleus, reminiscent of the Golgi or endoplasmic reticulum. Ab217787

detected a non-specific nuclear structure and diffuse cytoplasmic staining. In theory this anti-

body may detect the 17 kDa truncated protein predicted to be present in HCT116 cells. How-

ever, given that it cannot recognize even overexpressed RNF43 by immunoblotting, the

observed signal is highly likely to be non-specific. As for the DLD-1 ΔEX8-9 clone, also in this

case it may detect the predicted 37 kDa truncated band. This clone shows however a more

than 200-fold reduced expression of RNF43, meaning that the expected signal intensity should

be strongly reduced. As this is not the case, we conclude that for this and all three other anti-

bodies, only non-specific IF signals can be obtained.

Next, we tested if overexpressed RNF43 can be detected using these antibodies. To this aim,

HCT116 cells were transiently transfected with HA-tagged RNF43. Staining for the HA-tag

showed a clear cytoplasmic pattern (Fig 4), in line with an ER-location reported previously for

overexpressed RNF43 [17, 18]. Overexpressed RNF43 was also detected by the HPA008079,

respectively, for the wild-type cells and ΔEX8-9 clone. D. A quantitative RT-PCR analysis of RNF43 exons 8–9 shows

undetectable levels in the ΔEX8-9 clone. Interestingly, as shown by a qRT-PCR for exons 6–7, total RNF43 levels are

decreased about 200-fold in this clone. In conclusion, we have successfully generated a DLD-1 clone that shows

strongly reduced levels of RNF43 mRNA entirely lacking exons 8 and 9.

https://doi.org/10.1371/journal.pone.0283894.g001
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ab84125 and 8D6 antibodies, while ab217787 was unable to detect overexpressed RNF43. Taken

together, this shows that three antibodies have some potential to identify RNF43 using IF, but at

endogenous levels they fail to do so in a specific manner. We also wish to stress that this latter

overexpression experiment is not intended to reveal the correct endogenous RNF43 location.

Fig 2. Immunoblot analysis of RNF43 antibodies. The HPA008079, ab84125, 8D6 and ab217787 antibodies cannot specifically recognize

endogenous RNF43 by immunoblotting. No signal is expected in the HCT116, DLD-1 ΔEX8-9, and KM12 RNF43 KO lanes for the exon 8–9

located antibodies, while ab217787 may detected 17 and 37 kDa truncated bands in, respectively, HCT116 and DLD-1 ΔEX8-9. All antibodies may

detect a specific truncated band in the DLD-1 and KM12 WT lanes. However, only non-specific bands are observed. The 8D6 and HPA008079

antibodies are able to detect overexpressed RNF43 (lanes 1). The dashed lines demarcate a non-essential protein marker and/or sample lane that

were removed from the image. The table at the bottom shows the expected protein bands that can be detected for each sample. Protein sizes are

based on transcript ID ENST00000407977.7 and protein ID CCDS11607.1. Overexpressed RNF43 is marked with a red asterisk. Original images can

be found in S1 Fig.

https://doi.org/10.1371/journal.pone.0283894.g002
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Immunohistochemical staining with RNF43 antibodies

The HPA008079, ab84125 and ab217787 antibodies have been commonly used on formalin-

fixed and paraffin embedded (FFPE) tissue sections, among others to show loss or retainment

of RNF43 protein expression in tumor samples. We generated FFPE tissue blocks from the

same cell lines used for IF. As shown in Fig 5, basically identical non-specific staining patterns

were observed as seen in the IF-experiments. Again HPA008079 and 8D6 showed a prominent

non-specific nuclear staining and were able to detect overexpressed RNF43, while ab84125

and ab217787 non-specifically recognized similar structures as observed in IF. Thus, also the

IHC analysis shows that all four antibodies recognize strongly other proteins not being

RNF43.

Fig 3. Immunofluorescence analysis of RNF43 antibodies. DLD-1, DLD-1 ΔEX8-9, and HCT116 cells were cultured on glass slides and stained with

HPA008079, ab84125, ab217787and 8D6 antibodies. DLD-1 ΔEX8-9 and HCT116 cells are not expected to reveal any staining, but in all cases signals

are observed comparable with the wild-type control DLD1. DAPI was used to stain the nuclei. For the 8D6 antibody the DAPI-staining is coincidentally

stronger in the DLD-1 ΔEX8-9 cells, giving the potential false impression that the green 8D6 signal is weaker in these cells compared with their wild-

type controls. However, evaluation of multiple independent images shows that non-specific signals are of comparable intensity. Larger images, a higher

intensity image for ab84125, and negative control test are shown in S2 Fig. Scale bar, 25um.

https://doi.org/10.1371/journal.pone.0283894.g003
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Generation and analysis of RNF43-3xFLAG knockin cell lines

Thus far our experiments show that commonly available RNF43 antibodies cannot faithfully

determine the intracellular location of RNF43. This means that our current knowledge

depends on overexpression experiments that are more prone to artifacts. Therefore, to obtain

reliable information on RNF43’s intracellular location, we generated OE19 and Caco-2 cells

with knockin of a 3xFLAG, which is one of the most sensitive tags available with highly specific

antibodies. OE19 and Caco-2 cells were chosen because they are among the highest RNF43
expressing cell lines (https://www.proteinatlas.org/ENSG00000108375-RNF43/cell+line),

which was confirmed using qPCR. Based on DNA and cDNA analysis, we successfully inserted

the 3xFLAG tag preceded by a linker at the C-terminus of RNF43. However, immunoblotting

using the fluorescent Odyssey system failed to detect endogenous FLAG-tagged RNF43 in

both cell lines. This could be accomplished using a highly sensitive ECL Ultra Western HRP

Substrate system (Fig 6A), nevertheless indicating that RNF43 protein expression is likely to be

extremely low.

Immunofluorescence analysis of endogenously tagged RNF43 cells

Next, we aimed at determining RNF43-3xFLAG’s intracellular location using IF. However,

using conventional secondary antibodies we failed to obtain specific signals, despite testing

various fixation methods. As a last resort, we used a tyramide signal amplification method.

Caco-2 RNF43-3xFLAG cells remained negative using this method, while for OE19 we

Fig 4. RNF43 antibodies can detect overexpressed RNF43 using immunofluorescence. HCT116 cells were

transiently transfected with HA-tagged RNF43 and simultaneously stained with each RNF43 antibody and a HA-tag

antibody. DAPI was used to stain the nuclei. Overexpressed RNF43 was present in the cytoplasm and detectable with

all antibodies to some extent, except for the ab217787 antibody. Scale bar, 25um.

https://doi.org/10.1371/journal.pone.0283894.g004
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identified sparse cells showing a diffuse cytoplasmic staining specifically in 3xFLAG knockin

clones (Fig 6B). It should however be noted that at most a handful positive cells were identified

among all the cells present in a chamber of a Lab-Tek II chamber slide. Taken together, these

results suggest that it is extremely difficult to faithfully detect endogenous RNF43 using IF and

other methods. When detected, its location appears to be cytoplasmic, while no clear staining

is observed in the nucleus.

Discussion

Antibodies can be valuable tools for research. However, despite decades of warnings that the

quality of antibodies should be carefully validated, it appears that more than half of the anti-

bodies on the market are not specific to their target [19, 20]. Merely showing a band of the

approximate expected size on a cropped western blot, is no guarantee that the correct target

protein is identified.

Unfortunately, the same appears to be true for RNF43, an important negative regulator of

Wnt signaling. We have evaluated four antibodies for their ability to reliably detect RNF43

Fig 5. Immunohistochemical analysis of RNF43 antibodies. The indicated cell lines were formalin-fixed and embedded in paraffin. HCT116

cells transiently overexpressing RNF43 were also included. All antibodies give the same non-specific staining pattern as observed in the IF-

experiments, showing that they all strongly recognize a non-specific protein not being RNF43. The 8D6 and HPA008079 antibodies can detect

overexpressed RNF43, indicated by arrows, while this is not the case for ab84125 and ab217787. Scale bar, 50um.

https://doi.org/10.1371/journal.pone.0283894.g005
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protein. However, our results show that none of these antibodies is able to correctly detect

endogenous RNF43 when applied in immunoblotting, IF and IHC experiments. Using these

three methods on cell lines that express various lengths of RNF43 or that entirely miss the

exons encoding the RNF43 epitopes, reveals in all cases exclusively non-specific signals for

endogenous RNF43. Which non-specific proteins are recognized is currently unknown.

This has important implications, especially for its supposed nuclear location, an observation

based largely on these antibodies. We consider a nuclear location unlikely for the following

Fig 6. Immunoblot analysis and IF of 3xFLAG RNF43 knockin clones. A. Immunoblot analysis of Caco-2 and OE19 clones with a 3xFLAG knockin

at the C-terminus of RNF43. A sensitive ECL Ultra Western HRP Substrate system was required to reveal the bands. A 30x diluted sample of

RNF43-FLAG transfected HEK293T cells is added as control. B. Using a Tyramide SuperBoost system a small number of 3xFLAG positive OE19 cells

could be identified. No positive cells were observed in the parental OE19 cell line. The staining pattern resembles that of overexpressed RNF43 showing

a cytoplasmic and perinuclear pattern, the latter reminiscent of an ER location. However, given the low number of positive cells in only one cell line, we

cannot draw a reliable generalized conclusion about RNF43’s intracellular location. Scale bar, 25um.

https://doi.org/10.1371/journal.pone.0283894.g006
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reasons. First, all overexpression studies yield cytoplasmic staining patterns, and show exten-

sive overlap with markers of the ER [5, 7, 17, 18, 21, 22]. Some research groups have inter-

preted this as RNF43 also being present at the inside of the nuclear rim [5, 7, 21]. However, the

ER is tightly associated with the nuclear membrane in a continuous fashion [23], meaning that

an ER-staining pattern can be easily mistaken for a location on the inside of the nuclear mem-

brane. Second, cellular fractionation of overexpressed RNF43 has also been used to support a

nuclear location [5, 7, 21], but given the tight association between the ER and the nuclear

membrane, it is technically challenging to prevent ER contamination in nuclear fractions [23].

In fact, the fractionation experiments reported by Loregger et al. show that the Calnexin-posi-

tive ER fraction is completely isolated along with the nuclear fraction [5], thus not allowing a

proper conclusion about nuclear vs ER location. Proteomic analyses dedicated to the nuclear

envelope of three tissues identified over 5200 unique proteins, however, RNF43 was not

observed (Dr. Eric Schirmer, personal communication) [24], further making a nuclear location

less likely. Third, overexpression studies and staining of endogenous RNF43 provide strongly

conflicting staining patterns. The HPA008079 and 8D6 antibodies yield a more or less homog-

enous nuclear staining pattern, while overexpressed RNF43 is negative inside the nucleus and

shows at most staining of the nuclear border. Finally, epitope tagging endogenous RNF43

mostly fails to show its endogenous location. Tsukiyama et al. used a C-terminal HA-epitope

in HEK293 cells, but failed to obtain a specific signal using IF [7]. Likewise, we were unable to

detect 3xFLAG-tagged RNF43 in Caco-2 cells and can only identify a small number of

3xFLAG-positive OE19 cells. These latter cells show a cytoplasmic staining and no obvious sig-

nal in the nucleus, but given the low number of positive cells in only one cell line, we cannot

draw a reliable generalized conclusion about RNF43’s intracellular location. Nevertheless, the

difficulty to obtain signals with sensitive tags is in stark contrast to the readily obtained nuclear

staining patterns observed with two commonly used RNF43 antibodies. As we show here that

these antibodies are non-specific, we feel that currently no good evidence exists to support a

nuclear location of RNF43.

Our results do not exclude that RNF43 indirectly affects nuclear functions. RNF43 was also

shown to regulate non-canonical Wnt signaling by removing ROR1/2 from the membrane,

and in concerted action with RSPO2/3 to affect BMPR1A receptor levels and BMP signaling

[25–27]. Thus, besides regulating nuclear Wnt/β-catenin signaling, RNF43 can possibly also

affect nuclear functions through these alternative routes, while not having to be located in the

nucleus itself.

RNF43 antibodies have also been used to evaluate protein levels in tumor samples. Various

conclusions were raised, such as RNF43 being overexpressed in liver cancers [8], to correlate

with gastric and clear cell renal cancer patient survival [11–13], or to be lost in a subset of gas-

tric and colorectal cancers [9, 10]. Jo et al. showed data in which RNF43 staining appeared to

correlate with mutation status, as tumors with N-terminal truncating RNF43 mutations

showed a negative staining [10]. However, in a more recent report, Omori et al. failed to find a

good correlation between RNF43 mutation status in pancreatic lesions and IHC using

HPA008079 [14], which can be readily explained by the lack of antibody specificity that we

observe. Based on our results, these and other reports in which RNF43 antibodies were used,

should be interpreted cautiously, at least for the RNF43 protein aspects described in these

papers.

Taken together, our results show that four tested RNF43 antibodies are not reliable tools to

evaluate the intracellular location of RNF43 by IF and IHC, and also cannot detect endogenous

RNF43 using immunoblotting. It also calls for a re-evaluation of the proposed nuclear func-

tions of RNF43; are they the result of a direct effect of RNF43 protein within the nucleus, or an

indirect consequence of RNF43 affecting one or more signaling routes? More RNF43
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antibodies are commercially available. However, given the difficulty that we observe to detect

endogenous RNF43, we feel that they are unlikely to detect RNF43 correctly. None of them

have undergone the rigorous testing that we have performed here using cell lines in which the

epitope is entirely lacking. Until such an analysis is done, we feel that they should not be used

for research purposes, as this will potentially lead to misleading conclusions. If indeed no good

antibodies are available and tagging endogenous RNF43 does not provide clear answers, it also

means that we currently do not know the exact intracellular location of this important regula-

tory protein, an issue that can hopefully be resolved in the future.

Materials and methods

Cell lines and culture

OE19 and KM12 cells were maintained in RPMI-1640 culture medium containing 10% fetal

bovine serum (FBS) and 1 mM sodium pyruvate. Caco-2, HEK293T, HCT116, DLD-1 and

HT-29 cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented

with 10% FBS. Culture medium was changed every 2–3 days. All the cell lines were cultured in

a humidified incubator maintained at 37˚C with 5% CO2. All cell lines tested negative for

mycoplasma based on the real-time PCR method at Eurofins GATC-Biotech (Konstanz, Ger-

many). Identity of all cell lines and clones thereof, was confirmed by the Erasmus Molecular

Diagnostics Department, using Powerplex-16 STR genotyping (Promega, Leiden, The Nether-

lands). RNF43 mutation status depicted in S1 Table was confirmed in all cell lines by Sanger

sequencing and was consistent with those reported at COSMIC, the Catalog Of Somatic Muta-

tions In Cancer (http://cancer.sanger.ac.uk).

The generation of a RNF43 exon8-9 deletion DLD-1 cell line and

RNF43-KO KM12 cell line

RNF43 exon8-9 deletion DLD-1 cells were generated via CRISPR-Cas9 genome editing. Two

single guide RNAs (sgRNA) which target the introns between either exons 7 and 8 or exons 9

and 10 were designed using the following CRISPR design tool (http://crispor.tefor.net/), and

cloned into pSpCas9 (BB)-2A-GFP (pX458), a gift from Feng Zhang (Addgene plasmid #

48138), using standard procedures [28]. The sgRNA sequences are listed in S2 Table. Cells

were seeded into six-well plates and transfected with 600 ng of both pX458 plasmids, using

Lipofectamine 2000 Transfection Reagent (ThermoFisher) following the manufacturer’s

instructions. After transfection for 48 h, single GFP-positive cells were sorted out and plated

into 96-well culture plates by a fluorescence activated cell sorter (FACS) FACSAria II cell

sorter (BD Biosciences, San Jose, CA, USA). Three weeks later, genomic DNA was extracted

from expanded single cell clones by QuickExtract DNA Extraction Solution (Epicenter,

Madison, WI, USA). To confirm that the correct exon8-9 deletion was obtained, clones were

first screened with primers flanking the deletion (S3 Table). Next, complete absence of exons 8

and 9 was confirmed with exon-specific primers (S3 Table). The generation of RNF43-KO

KM12 cells has been described previously [17].

Quantitative real-time PCR (qRT-PCR) and cDNA PCR

Briefly, total RNA was isolated using the NucleoSpin RNA II kit (Macherey-Nagel), after

which the RNA was reverse transcribed with Primescript RT reagent kit (TaKaRa) according

to the manufacturer’s instruction. Quantitative PCR was performed in the StepOne Real-Time

PCR System (Applied Biosystems). Analyses were performed by using the StepOne version 2.0

software (Applied Biosystems) with the comparative ΔΔCT method and normalized with the
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human housekeeping gene GAPDH. All experiments were performed in triplicate. Primer

sequences are provided in S4 Table.

To confirm the complete absence of exons 8 and 9 in the cDNA of DLD-1 ΔEX8-9 cells, a

PCR was performed with flanking primers (S4 Table). Generated PCR products were run on

gel and sequence-verified.

Generation of cell lines with 3xFLAG-tag knock-in

Using CRISPR-Cas9 genome editing, we generated Caco-2 and OE19 cells with a knockin of

the 3xFLAG-tag preceded by a SGGGSGGGS linker at the C-terminus of RNF43. To this aim, a

sgRNA targeting before the stop codon of RNF43 exon10 was designed using the following

CRISPR design tool (http://crispor.tefor.net/), and cloned into pSpCas9(BB)-2A-Puro (pX459)

(S2 Table). A homology-directed repair (HDR) plasmid was acquired by cloning a PCR-gener-

ated 513bp fragment encompassing the stop codon of RNF43 into pEGFP-C1 (this plasmid

was merely used as a backbone plasmid, not to express GFP). Next, the linker-3xFLAG

sequence was cloned in frame with RNF43 using standard procedures. We noticed that Caco-2

cells harbor an uncommon heterozygous ACACCAT- ACATCAT variation in the 3’UTR. To

avoid preferential targeting of the common allele, we also generated a HDR-plasmid carrying

the ACATCAT variant using Q5 Site-directed Mutagenesis (New England Biolabs).

Caco-2 and OE19 cells were seeded in 10cm culture dishes and transfected with 3μg of

pX459 and 12μg of HDR plasmid (6μg of each Caco-2 variant) using Lipofectamine 2000 Trans-

fection Reagent. After transfection for 20h, cells were trypsinized and separated in the ratio of

1/7, 2/7 and 4/7. Cells of each ratio were equally seeded in three 10cm culture dishes. The next

day, transfected cells were selected with 4μg/ml Puromycin for 3 days. Three weeks later, single

clones were picked and seeded in a 96-well plate. Following Quickextract DNA isolation, cor-

rectly targeted clones were identified by PCR using primers in S5 Table. Subsequently, genomic

DNA and cDNA of potential correct clones was verified using Sanger sequencing.

Immunoblotting analysis

Immunoblotting was carried out using standard methods. Cells were lysed in 2× Laemmli

sample buffer with 0.1 M dithiothreitol (DTT) and heated for 10 min at 95˚C. Proteins were

separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Proteins were then transferred to Immobilon-P PVDF membranes (Millipore, Bedford, MA,

USA). Membranes were blocked 1 h with Odyssey blocking buffer (LI-COR-Biosciences, Lin-

coln, NE, USA) at room temperature and incubated overnight with primary antibodies at 4˚C.

After washing with TBS/0.05% Tween20 (TBST) buffer 10 min three times, the membranes

were incubated for 1h with IRDye 680 goat anti-mouse (1:10.000, LI 926–68070), IRDye 800

goat anti-rabbit (1:5.000, LI 926–32211), or IRDye 680RD goat anti-rat (1:10.000, LI 926–

68076) secondary antibodies (LI-COR-Biosciences), and then washed with TBST 10 min three

times. The membranes were then scanned on the Odyssey Infrared Imaging System (LI-COR-

Biosciences). Primary antibodies used were mouse anti-FLAG (1:1000, cat.# F1804, Sigma-

Aldrich, St. Louis, MO, USA), rabbit anti-RNF43 HPA008079 (1:500, Lot 000005723, Sig-

maAldrich), rabbit anti-RNF43 ab84125 (1:500, Lot GR3296254, Abcam), rabbit anti-RNF43

ab217787 (1:1000, Lot 1015173–8, Abcam), and rat anti-RNF43 clone 8D6 (1:1000, a kind gift

from Dr. Markus Gerhard, Technische Universität München, Munich, Germany). Mouse

anti-β-actin (1:1000, cat.# sc-47778, Santa Cruz, CA, USA), and rabbit polyclonal to alpha

Tubulin (1:2000, cat.# ab4074, Abcam) were used as loading controls.

For enhanced chemiluminescence (ECL)-based detection, Immobilon Block-CH (Chemilu-

minescent Blocker) blocking buffer was used (cat.# WBAVDCH01, Millipore). The primary
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antibodies were diluted in this blocking buffer. Membranes were washed with TBS containing

0.05% Tween 20 (TBST). The following secondary antibodies were used: Goat anti-mouse/

HRP (1:10.000, cat.# A16078, ThermoFisher), goat anti-rabbit/HRP (1:10.000, cat.# P0448,

DAKO), or rabbit anti-rat/HRP (1:10.000, cat.# P0450, DAKO). Membranes were then incu-

bated with Immobilon ECL Ultra Western HRP Substrate (Millipore) and visualized by using

Amersham Imager 600 (GE Healthcare).

RNF43 immunofluorescence analysis

For RNF43 immunofluorescence we basically followed the procedure described by Neumeyer

et al. [29]. In short, DLD-1, DLD-1 ΔEX8-9, and HCT116 cells were grown on cover slips in

12-well plates in DMEM/10%FCS without phenol red. In addition, we cultured HCT116 cells

transfected with a C-terminal HA-tagged RNF43 expression plasmid (a kind gift from Dr.

Markus Gerhard, Technische Universität München, Munich, Germany). Cells were washed

with PBS, fixed in ice-cold methanol/acetone (1:1) for 15 min, followed by 3 washes in PBS.

Next, cells were incubated at RT for 30 min with blocking/washing solution (3% bovine serum

albumin (BSA), 1% saponin in PBS). Cells were then stained with either ab84125, ab217787,

HPA-008079 or 8D6 antibody, all at 1:400 dilution, overnight at 4˚C. RNF43-HA transfected

HCT116 cells were co-stained with RNF43 antibodies and HA-Tag (6E2) Mouse mAb (#2367,

Cell Signaling Technology) at a 1:400 dilution. After 3 washes with blocking/washing solution,

the following secondary reagents were used: Donkey anti-Rabbit-Alexa 488 (cat.# A-21206),

Goat anti-Rat-Alexa 594 (cat.# A-11007), Goat anti-Mouse-Alexa 488 (cat.# A-32723), Donkey

anti-Mouse-Alexa 594 (cat.# A-21203); all from Thermo Fisher Scientific, at 1:400 dilution at

RT for 1 h. Following 3 times washing with PBS containing 1% saponin, and one PBS wash,

slides were mounted with Vectashield antifade mounting medium with DAPI (cat.# H-1200,

Vector Laboratories, Burlingame, CA, USA). Images were captured by a Zeiss LSM510 Meta

confocal laser scanning microscope using ZEN 2009 software with constant parameter setting.

Using Tyramide SuperBoost to detect RNF43-3xFLAG-tag

RNF43-3xFLAG Caco2 cells, RNF43-3xFLAG OE19 cells, Caco2 cells and OE19 cells were

grown on 8-well Lab-Tek II chamber sides (Thermo Scientific). After 48h cells were fixed in

ice-cold methanol/acetone (1:1) for 15 min, followed by 3 washes in PBS and stained using

Tyramide SuperBoost Kits (Alexa Fluor 488 Tyramide SuperBoost Kit, goat anti-mouse IgG,

ThermoFisher) according to the manufacturers’ protocol. The optional step to block endoge-

nous peroxidases was applied. Cells were stained with anti-FLAG antibody (1:500, cat.# F1804,

Sigma-Aldrich) overnight at 4˚C. Slides mounting and generation of images were performed

as described above.

Preparation of paraffin blocks from cell lines

The generation of formalin-fixed paraffin-embedded cell lines was basically performed as

described previously [30]. In short, cells were grown in three 150cm2 plates until near-con-

fluency. Next, the cells were scraped, washed with PBS, fixed in PBS-buffered 10% formalin and

mixed with 1% agarose, prior to embedment in paraffin according to routine protocols. HCT116

cells transiently transfected with a FLAG-tagged RNF43 expression plasmid were also included.

Immunohistochemistry

Immunohistochemical analyses for the RNF43 antibodies (all 1:200 diluted, except for

ab217787 which was diluted 1:300) were performed in an automated stainer (Benchmark-
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Ultra, Ventana Medical Systems, Tucson, AZ). Sections were deparaffinized and pretreated

with standard cell conditioning 1 solution (CC1) at 100˚C for 64 min, followed by incubation

with the specified antibodies at 37◦C for 60 min. The antibodies were visualized with the Opti-

View IHC DAB Detection Kit.

Supporting information

S1 Fig. Original immunoblot images of RNF43 antibodies. Pages 1–4 show the original blots

corresponding to Fig 2. Page 5 shows an 8D6 immunoblot developed with the ECL-based sec-

ondary detection system not shown in Fig 2. Page 6 shows a FLAG-tag immunoblot to indicate

the RNF43-FLAG protein transiently transfected in HEK293T cells. Page 7 shows the original

immunoblot corresponding to Fig 6.

(PDF)

S2 Fig. Larger images of the immunofluorescence analysis of RNF43 antibodies on DLD-1,

DLD-1 ΔEX8-9, and HCT116 cells, shown in Fig 2. At the bottom of page 2 a higher intensity

image is shown for ab84125 antibody, to better reveal the intracellular structures recognized

non-specifically. Page 3 shows negative-control stainings with the secondary anti-rat and anti-

rabbit antibodies. Scale bar, 25um.

(PDF)

S1 Table. Cell lines used in this study. RNF43 mutation status is depicted. homo., homozy-

gous; het., heterozygous.

(DOCX)

S2 Table. The sgRNA sequences used for CRISPR-Cas9 genome editing.
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S3 Table. Primers used to identify DLD-1 clones with exon 8–9 deletion.
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S4 Table. Primers for qRT-PCR and for confirming exon 8–9 deletion in cDNA.
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S5 Table. RNF43-3xFLAG-tag clones screening primers.
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