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Background and Purpose: Wnt binding to Frizzleds (FZD) is a crucial step that leads

to the initiation of signalling cascades governing multiple processes during embryonic

development, stem cell regulation and adult tissue homeostasis. Recent efforts have

enabled us to shed light on Wnt–FZD pharmacology using overexpressed HEK293

cells. However, assessing ligand binding at endogenous receptor expression levels is

important due to differential binding behaviour in a native environment. Here, we

study FZD paralogue, FZD7, and analyse its interactions with Wnt-3a in live CRISPR-

Cas9-edited SW480 cells typifying colorectal cancer.

Experimental Approach: SW480 cells were CRISPR-Cas9-edited to insert a HiBiT tag

on the N-terminus of FZD7, preserving the native signal peptide. These cells were

used to study eGFP-Wnt-3a association with endogenous and overexpressed HiBiT-

FZD7 using NanoBiT/bioluminescence resonance energy transfer (BRET) and Nano-

BiT to measure ligand binding and receptor internalization.

Key Results: With this new assay the binding of eGFP-Wnt-3a to endogenous

HiBiT-FZD7 was compared with overexpressed receptors. Receptor overexpression

results in increased membrane dynamics, leading to an apparent decrease in binding

on-rate and consequently in higher, up to 10 times, calculated Kd. Thus, measure-

ments of binding affinities to FZD7 obtained in overexpressed cells are suboptimal

compared with the measurements from endogenously expressing cells.

Conclusions and Implications: Binding affinity measurements in the overexpressing

cells fail to replicate ligand binding affinities assessed in a (patho)physiologically relevant

context where receptor expression is lower. Therefore, future studies on Wnt–FZD7

binding should be performed using receptors expressed under endogenous promotion.
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1 | INTRODUCTION

The 10 Frizzleds (FZD1–10) and smoothened (SMO) are G protein-

coupled receptors (GPCRs), which form Class F of the GPCR super-

family (Foord et al., 2005; Schulte, 2010). While endogenous sterols

bind SMO, the 19 different Wingless/Int-1 (Wnt) lipoglycoproteins

are the main macromolecular ligands of FZDs (Deshpande et al., 2019;

Schulte, 2010). Wnt–FZD interactions, which are the sole focus of

this work, occur between the protein ligand and the extracellular

cysteine-rich domain (CRD) of the receptor (Dijksterhuis et al., 2015;

Janda et al., 2012; Schulte & Kozielewicz, 2019; Willert &

Nusse, 2012). In addition to FZDs, Wnts also associate with other

Wnt receptors, for example, from the lipoprotein-receptor-related-

protein family (LRPs) (Davidson, 2021). The binding of Wnts to

receptors initiates β-catenin-dependent or β-catenin-independent sig-
nalling, which regulates multiple processes during embryonic develop-

ment, stem cell regulation and adult tissue homeostasis (Gordon &

Nusse, 2006; Kozielewicz, Turku, & Schulte, 2020). Furthermore,

aberrant Wnt signalling is associated with tumorigenesis and other

pathologies (Burgy & Konigshoff, 2018; Jung & Park, 2020). Along

these lines, the last 30 years of research have provided substantial

knowledge about Wnt-induced signalling in healthy and pathophysio-

logical conditions, but we have only recently started to understand

the mechanistic and pharmacological details of Wnt–FZD interactions

(Bhanot et al., 1996; Jung & Park, 2020; Kozielewicz et al., 2021;

Kozielewicz, Turku, & Schulte, 2020; Nusse & Clevers, 2017;

Schulte & Wright, 2018; Wesslowski et al., 2020). As such, Wnt–FZD

binding has been studied using in silico calculations, biochemical and

biophysical assays (Agostino et al., 2017; Agostino & Pohl, 2019;

Dijksterhuis et al., 2015; Hsieh et al., 1999; Kozielewicz et al., 2021;

Sato et al., 2010; Swain et al., 2005; Wesslowski et al., 2020; Wu &

Nusse, 2002). Moreover, other studies have provided insight into

Wnt-induced CRD dynamics (Kowalski-Jahn et al., 2021) and Wnt-

induced conformational changes in the receptor core (Kozielewicz,

Turku, Bowin, et al., 2020; Schihada et al., 2020; Wright et al., 2018),

using fluorescence-, fluorescence resonance energy transfer (FRET)-

and bioluminescence resonance energy transfer (BRET)-based assays

applied to live HEK293 cells. These analyses, however, were based on

overexpressed receptors in HEK293 cells, an approach that may fail

to accurately simulate physiologically relevant conditions (Gibson

et al., 2013; Mori et al., 2020). Indeed, recent work on low-density

lipoprotein receptor-related protein 6 (LRP6) has demonstrated that

the association of Dickkopf-1 (DKK1) to LRP6 shows a higher affinity

for endogenous receptor levels than for overexpressed receptors

(Eckert et al., 2020). As it stands, there have been no studies on Wnt

binding to an endogenously expressed mammalian, full-length FZD

with paralogue resolution and in a pharmacologically sound manner.

To overcome the limitations of overexpression, endogenous pro-

teins can be tagged using genome editing with CRISPR-Cas9 (Hsu

et al., 2014). This technology has been employed with success in a

number of studies designed to understand the biology of GPCRs

(Soave et al., 2021) and on the co-receptor for Wnt/β-catenin signal-

ling, LRP6 (Eckert et al., 2020). Moreover, several studies have

reported on NanoBRET ligand binding to endogenous Class A GPCRs,

mostly in HEK293 cells (Goulding et al., 2021; Soave et al., 2020;

White et al., 2017; White et al., 2019; White et al., 2020; White

et al., 2021). Here, as a continuation of our NanoBRET studies on

ligand binding to Class F GPCRs (Kozielewicz et al., 2021; Kozielewicz,

Bowin, Turku, & Schulte, 2020; Wesslowski et al., 2020), we assessed

the binding of functionally validated, fluorescent Wnt—eGFP-tagged

mouse Wnt-3a (Takada et al., 2018; Wesslowski et al., 2020) to

endogenous FZD7 in SW480 cells typifying human colorectal cancer,

aiming to utilize a more relevant cell model. Similar to our recent study

on overexpressed FZDs in HEK293 cells (Kozielewicz et al., 2021), we

have employed BRET binding assays based on the NanoBiT system

(NanoBiT/BRET binding). Here, receptors are N-terminally tagged

with the 11-amino-acid HiBiT peptide and only the subsequent addi-

tion of an 18-kDa complementary and cell-impermeable LgBiT protein

allows the formation of a catalytically active luciferase (Dixon

et al., 2016). In the presence of a fluorescent ligand, this setup enables

selective analysis of ligand binding to cell surface receptors in living

cells. As such, this assay can be viewed as an optimal tool to study the

association between FZDs and their macromolecular ligands, Wnts.

Here, we establish pharmacological parameters of Wnt binding to

full-length FZD expressed under control of its endogenous promotor.

We focus on 1 of 10 FZD paralogues, FZD7. We have selected FZD7

as a model receptor because of its (patho)physiological relevance as

recently implied by structural studies (Xu et al., 2021) and drug

What is already known?

• eGFP-Wnt-3a binding to overexpressed FZD7 in HEK293

cells was previously studied with NanoBiT/BRET binding.

• FZD7 is a proposed target for cancer treatment.

What does this study add?

• The defined affinity of eGFP-Wnt-3a to endogenously

expressed FZD7 in the low nanomolar range.

• HiBiT-FZD7 overexpression leads up to 10-fold decrease

in binding on-rates compared with endogenously

expressed receptors.

What is the clinical significance?

• This study contributes to a better understanding of Wnt-

3a–FZD7 binding kinetics.

• NanoBiT/BRET assay using endogenously receptors is

the future for drug discovery involving Class F GPCRs.
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development campaigns to identify anti-cancer treatments (Do

et al., 2022). Among several cancers in which FZD7 plays a role, its link

to the growth and invasion of colorectal cancer cells has gained con-

siderable attention in the literature (Flanagan et al., 2019; Tran

et al., 2021; Ueno et al., 2008; Vincan et al., 2005). In previous studies,

FZD7 biology was investigated using primary cells and patient-derived

immortalized cell lines, such as the SW480 colorectal cell model,

which were also used in this study (Ueno et al., 2008; Vincan

et al., 2007).

Employing the NanoBiT/BRET binding setup in SW480 cells, we

detect higher affinity binding (low nanomolar range) of eGFP-Wnt-3a

to endogenous HiBiT-FZD7 compared with its binding to overex-

pressed HiBiT-FZD7. As a complement, we demonstrate that mea-

surements of eGFP-Wnt-3a interactions with overexpressed

receptors are confounded by altered receptor internalization and

enhanced membrane turnover. Additionally, using the NanoBiT

approach, we were able to estimate the number of FZD7 molecules

present at the plasma membrane of genome-edited SW480 cells. The

presented ligand binding study therefore expands the current knowl-

edge on Wnt-3a/FZD7 pharmacology and provides a suitable, robust

and sought after assay system for compound screening and validation

during the development of FZD7-targeting drugs.

2 | METHODS

2.1 | Cell culture

HiBiT-FZD7 SW480 (generated in this study), parental SW480 (ATCC)

and ΔFZD1–10 HEK293T cells were cultured in Dulbecco's modified

Eagle's medium (DMEM) supplemented with 10% foetal bovine serum

(FBS), 1% penicillin/streptomycin and 1% L-glutamine in a humidified

CO2 incubator at 37�C. The absence of mycoplasma contamination

was routinely confirmed by polymerase chain reaction (PCR) using 50-

GGCGAATGGGTGAGTAACACG-30 and 50-CGGATAACGCTTGC-

GACTATG-30 primers detecting 16S ribosomal RNA of mycoplasma in

the media after 2–3 days of cell exposure.

2.2 | CRISPR-Cas9 genome editing

SW480 cells expressing genome-edited FZD7 with an N-terminal

HiBiT tag were generated by CRISPR-Cas9-mediated homology-

directed repair (HDR). The sgRNA (5-TCCGTGGTACGGCTGCGCCC-

30; ‘-’ strand. The protospacer adjacent motif [PAM] sequence in bold)

used for Cas9 targeting of the N-terminal region of FZD7 (National

Center for Biotechnology Information [NCBI] Reference Sequence:

NM_003507.2) was designed with Alt-R™ CRISPR HDR Design Tool

and synthesized by Integrated DNA Technologies (IDT). The HDR

template (50-GTGCTGGCGCTGCTGGGCGCACTGTCCGCGGGCGCC

GGGGCGGTGAGCGGCTGGCGGCTGTTCAAGAAGATTAGCCAGCC

GTACCACGGAGAGAAGGGCATCTCCGTGCCGGACC-30) containing

the native FZD7 signal peptide (predicted with https://www.ebi.ac.uk/

Tools/pfa/phobius/) and the HiBiT tag was designed with Alt-R™

CRISPR HDR Design Tool and synthesized by IDT. The addition of

silent mutations was not needed for this design because the HDR

mutation sufficiently disrupts the guide sequence. SW480 cells at

4 � 105 cells�ml�1 were transfected in suspension using Lipofectamine

CRISPRMAX with Plus reagent using the following ratio: [Cas9]:[HDR

template]:[sgRNA] = 10 nM:3.0 nM:10 nM and 1 μM of Alt-R HDR

enhancer V2 and seeded in a total volume of 150 μl per well in a

96-well plate. The cells were cultured for 24 h in antibiotic-free

medium with 10% FBS. Subsequently, two consecutive runs of serial

dilutions were performed to obtain single cell (clonal) cultures in wells

of a 96-well plate. Following a sufficient growth of the cells (approxi-

mately 10 weeks), genomic DNA was isolated using the NaOH/Tris–

HCl method and, independently, mRNA was isolated with an mRNA

Isolation Kit according to the manufacturer's instructions. mRNA was

then used to transcribe cDNA with SuperScript IV reverse transcriptase

and random primers (Thermo Fisher Scientific). To amplify the region

encompassing the genome-edited sequence, the following pair of PCR

primers was used: 50-ACCCAGGCTGACGAGTTTTG-30 and 50-

TAGGGCGCGGTAGGGTAG-30; predicted product size = 829 bp. The

final product size was determined using a Bioanalyzer (Agilent 2100,

DNA 1000 Assay). The specific PCR products were validated with

Sanger sequencing (Eurofins GATC) using the forward primer 50-

ACCCAGGCTGACGAGTTTTG-30. To visually compare FZD7 mRNA

expression in SW480 and HiBiT-FZD7 SW480 cells, cDNA was

obtained as above and subjected to end-point PCR using different

number of cycles (15, 16, 17, 18, 19, 20, 25, 30 and 35). The following

primers were used: 50-TCGACGCTCTTTACCGTTCT-30 and 50-

GGGCACGGCATAGCTCTT-30; predicted product size = 743 bp. Addi-

tionally, the protein expression of a CRISPR-Cas9-edited FZD7 with an

N-terminal HiBiT tag was assessed with immunoblotting and NanoBiT-

emitted luminescence (Figure 1).

2.3 | Preparation of whole-cell lysates

HiBiT-FZD7 SW480 cells were transiently transfected in suspension

using Lipofectamine® 3000 (Thermo Fisher Scientific). A total of

�2 � 106 cells were transfected in 5 ml with 5000 ng of pcDNA3.1

plasmid DNA (endogenous), 500 ng of HiBiT-FZD7 plasmid DNA and

4500 ng of pcDNA3.1 plasmid DNA (overexpression) or 5000 ng of

HiBiT-FZD7 plasmid DNA (high overexpression). The cells (5 ml) were

seeded and grown to confluency in a 25-cm2 cell culture flask.

Twenty-four hours later, the medium was removed and the cells were

washed twice with 5 ml of PBS. The cells were then detached from

the flask using PBS and a cell scraper (VWR). The cell suspension in

5 ml of PBS was transferred to a 15-ml conical tube and centrifuged

once at 400� g for 5 min at room temperature. The supernatant was

aspirated and discarded. Cell pellets were stored at �80�C until

required. For homogenization, the cell pellets were resuspended in

1 ml of complete non-phenol red DMEM (HyClone) supplemented

with 10 mM of N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid

(HEPES) and protease inhibitors. In order to disrupt cell membranes

GRÄTZ ET AL. 3
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and release cellular contents, homogenization was performed on wet

ice by sonication (Sonics Vibra-Cell; 99% power in 3 � 3-s bursts with

3-s pauses). Next, the samples were centrifuged at 400� g for 5 min.

Aliquots of the supernatant that contained lysed cells were used

immediately in experiments.

2.4 | DNA cloning and mutagenesis

To match the CRISPR-Cas9-edited FZD7, we removed the GS linker

adjacent to the HiBiT tag from a previously published HiBiT-FZD7

plasmid construct (Kozielewicz et al., 2021) using GeneArt site-

directed mutagenesis (Thermo Fisher Scientific) and the following

primers: 50-TTCAAGAAGATTAGCCAGCCGTACCACGGA-30 and 50-

TCCGTGGTACGGCTGGCTAATCTTCTTGAA-30. To generate the

platelet-derived growth factor receptor TM domain-anchored

(Petersen et al., 2017) HiBiT-tagged human FZD7 CRD (HiBiT-FZD7-

CRD-TM), the FZD7-CRD sequence (Q33-G200) was amplified from

pFastBac-FZD7 construct (generated in the lab, unpublished) using

the following primers: 50-TCAAGAAGATTAGCGGATCCCAGCCGTAC

CACGGAGAGAA-30 and 30-GCGAATTCTCCGCTGGAACCGCCAT

CTGAGGCCCCCGGGGG-50. HiBiT-TM was linearized from HiBiT-

FZD5-CRD-TM (generated in the lab, unpublished) with primers 50-

GGTTCCAGCGGAGAATTCGC-30 and 30-GGATCCGCTAATCTTCTT-

GAAC-50, and FZD7-CRD was subcloned in frame into the HiBiT-TM

sequence using Gibson cloning. pFastBac backbone was from Thermo

Fisher Scientific (#10359016). The constructs were validated by

sequencing (Eurofins GATC).

2.5 | Preparation of eGFP-Wnt-3a conditioned
media

HEK293F™ suspension cells growing in serum-free Expi293™ expres-

sion medium (60 ml, 2.5 � 106 cells�ml�1) were cotransfected with

10 μg of pCS2+–eGFP-Wnt-3a together with 50 μg of pCMV-His-

Afamin plasmid using ScreenFect® UP-293 (ScreenFect GmbH)

according to the manufacturer's instructions. The corresponding con-

trol conditioned medium was generated from cells transfected with

empty pCS2+ plasmid. Cells were first cleared from the HEK293F™

conditioned medium by centrifugation at 310� g for 10 min and then

at 3400� g for 30 min to remove any remaining cellular debris and

insoluble material. This ‘raw’ conditioned medium then was concen-

trated 5-fold using Vivaspin turbo 15 centrifugal concentrators

(30,000-molecular-weight cut-off, Satorius AG, Göttingen, Germany)

and exchanged to the desired cell culture medium using Sephadex G-

25 PD10 desalting columns (GE Healthcare Bio-Science). The final

concentration and integrity of eGFP-Wnt-3a in the conditioned

medium were determined using both enzyme-linked immunosorbent

assay (ELISA) (GFP ELISA® kit, #ab171581, Abcam) and sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)/western

blot analysis. From the three eGFP-Wnt-3a batches (eGFP-Wnt-3a

Batch 1 final concentration: 21 nM; eGFP-Wnt-3a Batch 2 final con-

centration: 20 nM; and eGFP-Wnt-3a Batch 3 final concentration:

15.3 nM), Batch 1 was used in optimization experiments and Batches

2 and 3 were used in the experiments presented in this study as

described in the figure legends. The eGFP-Wnt-3a concentration was

adjusted to 18 nM (for Batch 2) and 13.6 nM (for Batch 3) following

F IGURE 1 Validation of HiBiT-FZD7

SW480 cells. (a) The scheme depicts the
generation of CRISPR-Cas9 genome-
edited SW480 cells expressing HiBiT-
FZD7. ss, signal sequence (M1-A32).
Generated with BioRender. (b) Validation
of cellular expression of endogenous
HiBiT-FZD7 in parental and CRISPR-Cas9
genome-edited SW480 cells. Cell lysates

were analysed by immunoblotting using
anti-HiBiT antibody and anti-GAPDH
served as a loading control. The predicted
molecular weight of HiBiT-
FZD7 = 62.0 kDa. Western blot
experiments were repeated five times
with similar results. MWM, molecular
weight marker. (c) Surface expression of
HiBiT-FZD7 was quantified by measuring
NanoBiT-emitted luminescence. Raw data
are shown from n = 6 individual
experiments and are presented as mean
± SEM.
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the addition of FBS (to 10% final concentration) and HEPES

(to 10 mM of final concentration). Current Wnt purification methods

allow only limited Wnt concentration to be obtained from a condi-

tioned medium (Willert, 2008). For the validation of the eGFP-Wnt-3a

batches, please see Figure S8.

2.6 | LgBiT/HiBiT calibration curve

One day before the experiment, SW480 cells were seeded at a den-

sity of 4 � 104 cells per well (100 μl) onto a poly-D-lysine-coated

(Thermo Fisher Scientific) black 96-well cell culture plate with a trans-

parent flat bottom (Greiner BioOne). A white adhesive tape (VWR)

was attached to the bottom of the plate before the measurement. On

the day of the experiment, cells were washed once with 200 μl of

Hanks' balanced salt solution (HBSS) and maintained in 80 μl of com-

plete, non-phenol red DMEM supplemented with 10 mM of HEPES.

HiBiT control protein (#N301A, Promega) dilutions were prepared in

the same medium and added (10 μl per well). Next, 10 μl of a mix of

LgBiT (1:20 dilution; #N2421, Promega) and furimazine (1:10 dilution),

prepared in the above-described medium, was added. After an incuba-

tion period of 10 min at 37�C (no CO2), luminescence (460–500 nm,

200 ms of integration time) was recorded using a TECAN Spark micro-

plate reader (TECAN). To estimate the number of FZD7 molecules on

the cell surface, we used the following: the formula from the calibra-

tion curve, the Avogadro constant = 6.02214076 � 1023 mol�1, aver-

age number of cells per well = 72,500 and solution volume in a

well = 100 μl.

2.7 | NanoBiT/BRET binding assay

HiBiT-FZD7 SW480 or SW480 cells were left untransfected or tran-

siently transfected in suspension using Lipofectamine® 2000 (Thermo

Fisher Scientific). For overexpression experiments, a total of

�4 � 105 cells were transfected in 1 ml with 100 ng of HiBiT-FZD7

plasmid DNA and 900 ng of pcDNA3.1 plasmid DNA (overexpression)

or 1000 ng of HiBiT-FZD7 plasmid DNA (high overexpression). For

the HiBiT-FZD7-CRD-TM experiments, a total of �4 � 105 SW480

cells were transfected in 1 ml with 5, 50 or 500 ng of HiBiT-FZD7-

CRD-TM plasmid DNA and 995, 950 or 500 ng of pcDNA3.1 plasmid

DNA, respectively. The cells (100 μl) were seeded onto a poly-D-

lysine-coated black 96-well cell culture plate with a transparent flat

bottom (Greiner BioOne). Before BRET measurements, a white adhe-

sive tape (VWR) was attached to the plate bottom. Twenty-four hours

after transfection, the cells nearly doubled (average total cell number

in a well = 72,500). They were washed once with 200 μl of HBSS

(HyClone). In the kinetic binding experiments, the cells were preincu-

bated with 50 μl of a mix of Nluc substrate endurazine (1:50 dilution;

#N2571, Promega) and LgBiT (1:50 dilution; #N2421, Promega) in a

complete, non-phenol red DMEM supplemented with 10 mM of

HEPES for 90 min at 37�C without CO2. Subsequently, 50 μl of

eGFP-Wnt-3a conditioned medium or control medium supplemented

with 10% FBS and 10 mM of HEPES was added and the BRET signal

was measured every 87 s for 300 min at 37�C. In the saturation bind-

ing experiments with live cells, the cells were incubated with different

concentrations of eGFP-Wnt-3a conditioned medium (90 μl) supple-

mented with 10% FBS and 10 mM of HEPES for 300 min at 37�C

(no CO2). In the saturation binding experiments with whole-cell

lysates, 30.5 μl of the lysates was pipetted to respective wells

followed by addition of 59.5 μl of different concentrations of

eGFP-Wnt-3a conditioned medium. The plate was then incubated for

300 min at 37�C (no CO2). Next, 10 μl of a mix of furimazine (1:10

dilution; #N2421, Promega) and LgBiT (1:20 dilution; #N2421,

Promega) was added. The plates were incubated for another 10 min

at 37�C (no CO2) before starting the BRET measurements. The BRET

ratio was defined as the ratio of light emitted by eGFP-Wnt-3a

(energy acceptor) and light emitted by HiBiT-FZD7 (energy donor).

Net BRET ratio was defined as BRET ratio (ligand-treated wells)–BRET

ratio (vehicle-treated wells). The BRET acceptor (520–560 nm) and

BRET donor (460–500 nm) emission signals were recorded with

200 ms of integration time using a TECAN Spark microplate reader

(TECAN). Cell surface expression of HiBiT-FZD7 was assessed by

measuring luminescence of vehicle-treated wells (no BRET acceptor)

in the NanoBiT/BRET binding assays.

2.8 | Receptor internalization

HiBiT-FZD7 SW480 cells were left untransfected or transiently trans-

fected in suspension using Lipofectamine® 2000 (Thermo Fisher Sci-

entific). A total of �4 � 105 cells were transfected in 1 ml with

100 ng of HiBiT-FZD7 plasmid DNA and 900 ng of pcDNA3.1 plasmid

DNA (overexpression) or 1000 ng of HiBiT-FZD7 plasmid DNA (high

overexpression). The cells (4 � 104 cells in 100 μl) were seeded onto

a poly-D-lysine-coated black 96-well cell culture plate with a transpar-

ent flat bottom (Greiner BioOne). Twenty-four hours later, the cells

were washed once with 200 μl of HBSS (HyClone). Next, 45 μl of a

complete, non-phenol red DMEM supplemented with 10 mM of

HEPES was added to the wells followed by the addition of 45 μl of

18 nM (9 nM of final concentration) of high-purity recombinant

untagged Wnt-3a. The ligand was added every 30 min for 210 min,

keeping the cells at 37�C without CO2. Finally, 10 μl of a mix of furi-

mazine (1:10 dilution; #N2421, Promega) and LgBiT (1:20 dilution;

#N2421, Promega) was added 20 min after the last Wnt-3a addition

and the plate was incubated for 10 min at 37�C without CO2. Before

the luminescence measurements, the white adhesive tape was

attached to the plate bottom. NanoBiT emission (460–500 nm,

200 ms of integration time) was measured using a TECAN Spark

microplate reader (TECAN).

2.9 | Immunocytochemistry

SW480 cells or HiBiT-FZD7 SW480 cells were seeded on poly-D-

lysine-coated four-chamber 35-mm dishes (μ-dish 35 mm Quad, Ibidi
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 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16090 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [21/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



#80416). After 1 day, cells were transfected either with 500 ng of

pcDNA plasmid DNA (for SW480 and HiBiT-FZD7 SW480 cells) or

with HiBiT-FZD7 (no GS linker) plasmid DNA (for the

transfected condition) using Lipofectamine 2000 as the transfection

reagent according to the manufacturer's instructions. One day after

the transfection, the cells were washed once with PBS (with Ca2+ and

Mg2+, hereafter referred to as ‘washing buffer’) and fixed using 4%

paraformaldehyde in PBS for 10 min at room temperature. The cells

were washed three times with the washing buffer and permeabi-

lized with PBS containing 0.25% Triton X-100 (Thermo Fisher Sci-

entific #T8787) for 5 min at room temperature. After three washing

steps with washing buffer, samples were blocked using PBTA (PBS

with 1% BSA, 0.05% Triton X-100 and 0.02% sodium azide) for 2 h

at room temperature and incubated overnight with anti-HiBiT anti-

body (1 μg�ml�1, Promega, Clone 30E5) in PBTA at 4�C. On the

next day, the cells were washed four times with washing buffer,

blocked for 30 min at room temperature using PBTA and incubated

with an Alexa Fluor 488-conjugated polyclonal goat anti-mouse sec-

ondary antibody (IgG, 1 μg�ml�1, Invitrogen #A28175; stock was

kept at 4�C), diluted in PBTA, for 2 h at room temperature in the

dark. After four washing steps with washing buffer, nuclei were

stained using Hoechst 33342 (1 μg�ml�1) for 10 min at room tem-

perature in the dark. Cells were washed once with washing buffer,

kept in 0.1% BSA/HBSS and imaged using a Zeiss LSM800

confocal microscope.

2.10 | Immunoblotting

Whole-cell lysates were obtained using Laemmli buffer with 0.5% NP-

40 and 5% β-mercaptoethanol. Lysates were sonicated (Soniprep

150, maximal power in 3 � 3-s bursts with 3-s pauses) and analysed

on 4–20% Mini-PROTEAN TGX precast polyacrylamide gels (Bio-Rad)

together with PageRuler Plus Prestained Protein Ladder (Thermo

Fisher Scientific). Proteins were subsequently transferred to polyvi-

nylidene difluoride (PVDF) membranes using the Trans-Blot Turbo

system (Bio-Rad). After blocking with 5% non-fat dried milk in Tris/

NaCl/Tween20 buffer (TBS-T), membranes were incubated with the

following primary antibodies, diluted in blocking buffer: rabbit,

monoclonal anti-GAPDH (14C10; 1:2500; Cell Signaling Technology

#2118; kept as milk dilution at �20�C and reused tens of times)

and mouse, monoclonal anti-HiBiT (1.0 μg�ml�1; Promega clone

30E5; IgG2c with kappa light chain; stock was aliquoted and each

aliquot used not more than three times; stored at �20�C), over-

night at 4�C. After multiple washing steps with TBS-T, membranes

were incubated with horseradish peroxidase-conjugated secondary

antibodies, diluted in blocking buffer for 1 h at room temperature

(goat anti-rabbit, 1:3000, Invitrogen #31460; or goat anti-mouse,

1:3000, Thermo Fisher Scientific #31430). After multiple washing

steps, membranes were incubated for 2 min with Clarity Western

ECL Blotting Substrate (Bio-Rad) and proteins were visualized on

ChemiDoc (Bio-Rad). The uncropped blots can be found in

Figure S9. The immuno-related procedures used comply with the

recommendations made by the British Journal of Pharmacology

(Alexander et al., 2018).

2.11 | Data and statistical analysis

All data presented in this study come from at least five individual

experiments (biological replicates) with each individual experiment

performed typically in duplicates (technical replicates) for each tested

concentration/condition, unless otherwise specified in a figure leg-

end. One biological replicate is defined as wells with cells seeded

from the same individual cell culture flasks and measured on the

same day. Different biological replicates were transfected using sepa-

rate transfection mixes and treated with separate ligand dilution

series. Technical replicates are defined as individual wells with cells

from the same biological replicate treated with the same ligand con-

centration. Treatment conditions and samples were not randomized

or blinded during the experiments. However, to ensure unbiased

analysis, the data were analysed in GraphPad Prism 8 or GraphPad

Prism 9 using the same built-in equations for a given assay paradigm

and no data points were excluded from the analysis. Data points

on the binding curves represent mean ± SEM. Kinetic binding data

were fit using the association model with two or more hot ligand

concentrations (https://www.graphpad.com/guides/prism/latest/

curve-fitting/reg_association2.htm), one-phase association (https://

www.graphpad.com/guides/prism/8/curve-fitting/REG_Exponential_

association.htm) or rise-and-fall to steady state (S. R. J. Hoare

et al., 2020). Association rate constants kon and dissociation rate con-

stants koff are presented as a best fit kon ± SEM and best fit

koff ± SEM, respectively. Dissociation half-time t1/2 is calculated as

ln2/koff (0.693/koff). Equilibrium dissociation constant values (Kd)

representing ligand binding affinities from kinetic binding studies cal-

culated as koff/kon are presented with errors propagated as described

previously (Gratz et al., 2021). Saturation binding data were fit using

a one-site specific model (https://www.graphpad.com/guides/prism/

latest/curve-fitting/reg_one_site_specific.htm). Equilibrium dissocia-

tion constant values (Kd) representing ligand binding affinities from

saturation binding studies are reported as a best fit Kd with 95% con-

fidence intervals (95% CIs). Wnt-3a-induced HiBiT-FZD7 internaliza-

tion data were normalized to the vehicle-treated wells (100%) and

fitted to a fall to steady state time course (endogenous HiBiT-FZD7

expression) or fall-and-rise to baseline (HiBiT-FZD7 overexpression

and high overexpression) equations (Hoare et al., 2020). HiBiT–LgBiT

calibration data were tested for linearity with the Runs test (P < 0.05)

and analysed using a simple linear regression model (https://www.

graphpad.com/guides/prism/latest/curve-fitting/reg_linearreg.htm)

with luminescence intensities and HiBiT concentrations both

presented on logarithmic scales. Expression data in Figures 5 and

S3B were analysed using the same equations. Statistical analysis, if

deemed required, was performed on data coming from at least n = 5

individual experiments with *P ≤ 0.05 considered significant. Cell sur-

face expression data with more than two datasets in Figures 2b, 6a,c

and S4B are presented as mean ± SEM and were analysed for
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differences with one-way analysis of variance (ANOVA) followed by

the Holm–Šídák post hoc test. Expression data in Figures 6b and S3a

were analysed using repeated measures (RM) one-way ANOVA fol-

lowed by uncorrected Fisher's least significant difference (LSD) post

hoc test. Post hoc tests were conducted only if P < 0.05 in ANOVA.

Expression data with two datasets in Figure 6a are presented as

mean ± SEM and were analysed with a Student’s unpaired t-test.

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2022).

2.12 | Materials

Parental SW480 (ATCC) and ΔFZD1–10 HEK293T cells were a kind

gift from Benoit Vanhollebeke (Universite Libres de Bruxelles,

Belgium). Recombinant untagged high-purity human Wnt-3a (#5036-

WNP-010) and recombinant untagged human DKK1 (#5439-DK)

were purchased from R&D Systems (Minneapolis, MN, USA).

Lipofectamine CRISPRMAX with Plus reagent, penicillin, streptomy-

cin, L-glutamine and Triton X-100 (#T8787) were purchased from

Thermo Fisher Scientific (Waltham, MA, USA) plus N-2-hydroxyethyl-

piperazine-N0-2-ethanesulfonic acid (HEPES). The following were

obtained from Sigma-Aldrich (St. Louis, MO, USA), Hoechst 33342

(#B2261), foetal bovine serum (FBS), digitonin (#D141), dimethyl sulf-

oxide (DMSO) and Dulbecco's Modified Eagle's medium (DMEM).

Endurazine (#N2571) and LgBiT (#N2421) were obtained from Pro-

mega (Madison, WI, USA) along with HiBiT control protein (#N301A).

Hanks' balanced salt solution (HBSS) was obtained from HyClone

(Logan, UT, USA). All cell culture plastics were from Sarstedt

(Numbrecht, Germany) unless otherwise specified, while mRNA

Isolation Kit (#11741985001) was obtained from Roche (Rotkreuz,

Switzerland). Details of other materials and suppliers are provided in

the specific sections.

Recombinant untagged high-purity human Wnt-3a was dissolved

at 200 μg�ml�1 in sterile 0.1% bovine serum albumin (BSA)/phos-

phate-buffered saline (PBS) and stored at 4�C. Recombinant untagged

human DKK1 was dissolved at 100 μg�ml�1 in sterile 0.1% BSA/PBS

and stored at 4�C. eGFP-Wnt-3a was prepared as described above.

Digitonin was dissolved at 10 mg�ml�1 in DMSO, aliquoted and stored

at �20�C.

2.13 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org and are permanently archived

in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander

et al., 2021).

3 | RESULTS

3.1 | Genome engineering of SW480 cells

We generated a genome-edited SW480 clonal cell line expressing

FZD7 tagged on the N-terminus with the 11-amino-acid HiBiT tag

F IGURE 2 Estimation of HiBiT-FZD7 expression on the cell surface of HiBiT-FZD7 SW480 cells. (a) Concentration-dependent effect of
purified HiBiT on complemented luminescence following incubation with 1:200 LgBiT and 1:100 furimazine. SW480 cells were plated onto a
black transparent-bottom 96-well plate and luminescence was measured in 100 μl of a complete non-phenol red DMEM. Raw data are shown
from n = 5 individual experiments and are presented as mean ± SEM; a.u., an arbitrary unit. (b) Surface expression of HiBiT-FZD7 under
endogenous, overexpressed and highly overexpressed conditions in the CRISPR-Cas9 genome-edited HiBiT-FZD7 SW480 cells was measured by
quantifying NanoBiT-emitted luminescence. The number of membranous receptor molecules estimated using the equation from the panel (a). The
average number of cells (72,500 cells per well) was used in the calculations. Data are shown from n = 5 individual experiments and are presented
as mean ± SEM. Please refer to Figure S4 for the raw luminescence data. *P ≤ 0.05.
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(hereafter referred to as HiBiT-FZD7 SW480 cells; Figure 1a).

Sequencing of the FZD7-specific PCR product amplified from genomic

DNA resulted in one distinct sequence, implying that a homozygous

clonal line was obtained (Figure S1A,B). These results were confirmed

by sequencing of the FZD7-specific PCR product amplified from

cDNA reversely transcribed from total cellular mRNA, which also pre-

sented itself with a single distinct sequence indicating the sole pres-

ence of RNA coding for HiBiT-FZD7 and no untagged FZD7 allele

(Figure S1C,D). In agreement with the sequencing data, we could

detect full-length HiBiT-FZD7 by immunoblotting (Figure 1b). FZD7

presented itself with two specific bands, which were also present in

overexpressed conditions (Figure S2A). Furthermore, we also tested if

CRISPR-Cas9 genome editing had an impact on FZD7 gene expres-

sion. This exploratory analysis with semi-quantitative PCR suggests

that FZD7 mRNA expression is slightly higher in non-modified SW480

cells compared with HiBiT-FZD7 SW480 cells but it is nonetheless

within the same range for the two cell lines (Figure S2B). Additionally,

we were able to detect bioluminescence following incubation of the

live genome-edited SW480 cells with furimazine and the membrane-

impermeable LgBiT, indicative of cell-membrane localization of the

tagged protein (Figure 1c).

3.2 | Quantification of FZD7 expression in HiBiT-
FZD7 SW480 cells

Expression levels of HiBiT-FZD7 molecules at the plasma membrane

of live CRISPR-Cas9-edited SW480 cells were estimated using

NanoBiT-emitted luminescence and a LgBiT–HiBiT calibration curve.

Here, the addition of increasing concentrations of purified HiBiT in

the presence of fixed working dilutions of LgBiT and furimazine led to

a linear increase in luminescence presented on a double-logarithmic

scale (Figure 2a). In our study, we could thereby estimate the number

of HiBiT-FZD7 molecules present on the surface of a single cell

(Figure 2b). According to our calculations, a single HiBiT-FZD7 SW480

cell expresses on average 1373 ± 349 FZD7 proteins on its surface.

Similarly, we applied these calculations to measurements on overex-

pressing and highly overexpressing HiBiT-FZD7 SW480 cells

(Figure 2b), which resulted in average values of 7034 ± 806 and

42,609 ± 2383 membrane receptors per cell, respectively. These esti-

mations show that overexpression results in �5-fold and high overex-

pression results in �31-fold increase of HiBiT-FZD7 number in these

cells. Next, we analysed the total expression of HiBiT-FZD7 and aimed

to assess the fraction of intracellular HiBiT-FZD7 molecules, which are

not accessible for LgBiT at the time of measurement in the live-cell

setup. To this end, we measured NanoBiT-associated luminescence

after treating the cells with 100 μg�ml�1 (0.01%) digitonin for 10 min

(B. L. Hoare et al., 2019). It is important to note that digitonin selec-

tively permeabilizes the plasma membrane but leaves other organelles,

such as endoplasmic reticulum, intact (Plutner et al., 1992). Impor-

tantly, a stronger detergent Triton X-100 could not be used in this

setup as it has been reported to quench Nluc luminescence (Hoare

et al., 2019). First, we could demonstrate that all detectable

endogenous HiBiT-FZD7 proteins are localized at the cell membrane,

when no additional receptors have been introduced by transient

transfection (Figure S3a), as there was no increase in luminescence

upon pre-treatment with digitonin. Second, the fraction of fully

mature receptors not exposed at the cell surface increases with the

increase in plasmid amount used in transfection and can account for

16–35% up to 65% of the cell-membranous pool (for luminescence

counts = approximately 100,000 and 400,000 a.u., respectively;

Figure S3B). The data can be fitted to a simple linear regression model

(R2 = 0.84; not significant deviation from linearity).

3.3 | Kinetic binding of eGFP-Wnt-3a to
endogenous and overexpressed HiBiT-FZD7

HiBiT-FZD7 SW480 cells were used to study the binding kinetics of

eGFP-Wnt-3a to endogenous FZD7 and to FZD7 overexpressed at

two different expression levels. For these experiments, cells were first

incubated with the complementary LgBiT protein and the long-lasting

luciferase substrate endurazine. eGFP-Wnt-3a was added to final con-

centrations of 0.9, 1.8 or 2.7 nM and BRET readings were recorded

over a 5-h period at 37�C (Figure 3). The kinetic analysis showed that

eGFP-Wnt-3a associates to endogenously expressed HiBiT-FZD7 in a

saturable manner, reaching a plateau after approximately 80 min.

However, in the case of receptor overexpression and even more so

for high overexpression, the eGFP-Wnt-3a binding to HiBiT-FZD7

occurred with a substantially slower on-rate (kon) to reach only

nearly saturable levels after the 5 h of experimental duration (Figure 3

and Table 1). On the contrary and as expected, the off-rate koff

(and the corresponding t1/2) did not depend on the receptor

expression levels.

3.4 | eGFP-Wnt-3a saturation binding to
endogenous and overexpressed HiBiT-FZD7

To define the equilibrium binding affinity (used interchangeably with

Kd throughout) of eGFP-Wnt-3a in saturation binding experiments,

we incubated HiBiT-FZD7 SW480 cells (corresponding receptor

expression presented in Figure 2b) with a full concentration range

(0.027–9.0 nM) of eGFP-Wnt-3a (Figure 4). The net BRET ratio repre-

senting ligand–receptor binding increased in a clear concentration-

dependent manner and reached saturation for HiBiT-FZD7 SW480

cells expressing HiBiT-FZD7 at endogenous and overexpression levels

(Figure 4 top left and top right). On the contrary, eGFP-Wnt-3a bind-

ing to highly overexpressed HiBiT-FZD7 did not saturate at the con-

centrations used and had itself a much lower apparent affinity

(Figure 4 bottom). The apparent affinities of eGFP-Wnt-3a to HiBiT-

FZD7 were determined using a one-site specific non-linear regression

model and the Kd values are shown in Table 1. We have used the data

from individual experiments underlying the results presented in

Figures 2b and 4 to display the correlation between HiBiT-FZD7

expression levels and eGFP-Wnt-3a/FZD7 binding affinities (Figure 5).
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F IGURE 3 eGFP-Wnt-3a binding kinetics. Association kinetics of eGFP-Wnt-3a to HiBiT-FZD7 expressed at the three different expression
levels (endurazine was used as a substrate) were determined using 0.9, 1.8 and 2.7 nM of eGFP-Wnt-3a by detection of NanoBiT/BRET in living
CRISPR-Cas9 genome-edited HiBiT-FZD7 SW480 cells. NanoBiT/BRET was sampled once every 87 s for 300 min. Raw data were fitted to the
‘two or more hot concentrations model’ and are presented as mean ± SEM from n = 5 individual experiments. Kinetic parameters are
summarized in Table 1. eGFP-Wnt-3a Batch 2 was used. *P ≤ 0.05.

TABLE 1 Kinetic binding and saturation binding parameters of eGFP-Wnt-3a binding to HiBiT-FZD7.

Kinetic binding parameters
Saturation binding

Kd ± error (M�9) kon ± SEM (M�1�min�1) koff ± SEM (min�1) t1/2 ± SEM (min) Kd (95% CI) (M�9)

HiBiT-FZD7 endogenous 0.38 ± 0.025 1.17 * 107 ± 0.025 * 107 0.0044 ± 0.0003 157.50 ± 10.05 1.98

(1.33–2.99)

HiBiT-FZD7 overexpressed 2.37 ± 0.170 2.40 * 106 ± 0.11 * 106 0.0057 ± 0.0003 121.58 ± 6.08 4.48

(3.61–5.63)

HiBiT-FZD7 highly overexpressed 3.78 ± 0.094 1.21 * 106 ± 0.024 * 106 0.0046 ± 0.0001 150.65 ± 3.20 20.75

(12.93–41.51)

Note: Values are based on data from n = 5 individual experiments (shown in Figures 3 and 4) and presented as a best fit value ± SEM.

Abbreviations: CI, confidence interval; FZD, Frizzleds.
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These data could be fitted to a simple linear regression model

(R2 = 0.77; not significant deviation from linearity) arguing for a

strong correlation between the measured apparent Kd values and

receptor expression levels.

3.5 | Wnt-3a-induced HiBiT-FZD7 internalization,
total HiBiT-FZD7 expression and their effect on ligand
binding measurements

As eGFP-Wnt-3a is a FZD7 agonist, we aimed to determine the

effects of a potential Wnt-3a-induced HiBiT-FZD7 internalization on

the assessment of ligand affinity by measuring NanoBiT-emitted lumi-

nescence following the stimulation of HiBiT-FZD7 SW480 cells with

Wnt-3a. We used a recombinant untagged, high-purity, human Wnt-

3a at a concentration of 9.0 nM, matching the highest fluorescent

ligand concentration used in the ligand binding assays described

above. For the cells expressing HiBiT-FZD7 at endogenous levels,

incubation with a fixed Wnt-3a concentration led to a time-

F IGURE 4 eGFP-Wnt-3a saturation binding. Saturation binding of the eGFP-Wnt-3a to HiBiT-FZD7 expressed at the three different levels
(presented in Figures 2b and S4B) in living CRISPR-Cas9 genome-edited HiBiT-FZD7 SW480 cells was determined using a full concentrations
range (0.027–9 nM) following 300 min of incubation. Raw data are presented as mean ± SEM from n = 5 individual experiments, fitting a one-
site specific model. The equilibrium dissociation constants (Kd) are also summarized in Table 1. eGFP-Wnt-3a Batch 2 was used.

F IGURE 5 Correlation between eGFP-Wnt-3a apparent binding

affinity measured with NanoBiT/BRET and number of HiBiT-FZD7

molecules. The graphs present a correlation between eGFP-Wnt-3a
Kd in nM (y-axis) and HiBiT-FZD7 expression in molecules per cell
membrane. Data points represent Kd and receptor molecule numbers
come from each of n = 5 individual experiments for each condition
(15 data points in total). The dotted line represents a simple linear
regression fit.
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dependent decrease in luminescence emitted by NanoBiT followed by

a plateau (Figure 6a). On the contrary, for overexpressing and highly

overexpressing cells, Wnt-3a led to a visibly faster but proportionally

less prominent reduction in cell-membrane-associated HiBiT-FZD7

luminescence, which was followed by its rise to baseline (Figure 6a

top). Likewise, NanoBiT/BRET kinetic binding curves with eGFP-Wnt-

3a used at 9.0 nM also showed distinct profiles for endogenous and

overexpressed receptors (Figure 6a bottom). These results point

F IGURE 6 Impact of Wnt-3a-induced
internalization of HiBiT-FZD7 on the NanoBiT/BRET
ligand binding measurements. (a) (the top panel) The
panel shows time courses of recombinant untagged
high-purity human Wnt-3a-induced internalization of
endogenous, overexpressed and highly
overexpressed HiBiT-FZD7 in HiBiT-FZD7 SW480
cells (the expression data are on the left panel).
Luminescence of cell surface complemented HiBiT–
LgBiT (NanoBiT) was measured after 210 min
following additions of 9 nM of Wnt-3a in 30 min of
intervals (the right panel). Normalized data are
presented as mean ± SEM from n = 5 individual
experiments and fitted to a fall to steady state time

course (endogenous HiBiT-FZD7 expression) or fall-
and-rise to baseline (HiBiT-FZD7 overexpression and
high overexpression) equations. (the bottom panel)
Association kinetics of eGFP-Wnt-3a to HiBiT-FZD7

expressed at the two different expression levels were
determined using 9.0 nM of eGFP-Wnt-3a by
detection of NanoBiT/BRET in living HiBiT-FZD7

SW480 cells (endogenous) or SW480 cells
(overexpression). NanoBiT/BRET was sampled once
every 87 s for 180 min. Raw data were fitted to the
one-phase association model (overexpressed) or rise-
and-fall to steady state (endogenous) and are
presented as mean ± SEM from n = 5 individual
experiments. eGFP-Wnt-3a Batch 2 was used. (b)
Saturation binding of the eGFP-Wnt-3a to
endogenous, overexpressed and highly
overexpressed HiBiT-FZD7 (the expression data on
the left panel) in whole-cell lysates of CRISPR-Cas9
genome-edited HiBiT-FZD7 SW480 was determined
using a full concentrations range (0.027–9 nM)
following 300 min of incubation (the right panel).
Raw data are presented as mean ± SEM from n = 5
individual experiments, fitting a one-site specific
model. eGFP-Wnt-3a Batch 3 was used. There is a
significant difference in HiBiT-FZD7 expression
between endogenous and overexpressed conditions
when they are compared with paired t-test
(P = 0.004). (c) Saturation binding of the eGFP-Wnt-
3a to HiBiT-FZD7-CRD-TM overexpressed at three
different levels (the left panel) in SW480 cells was
determined using a full concentrations range (0.027–
9 nM) following 300 min of incubation (the right
panel). Amount of transfected plasmid DNA is
presented as per well of a 96-well plate. Raw data

are presented as mean ± SEM from n = 5 individual
experiments, fitting a one-site specific model. eGFP-
Wnt-3a Batch 3 was used. There is a significant
difference in HiBiT-FZD7-CRD-TM expression
between endogenous and overexpressed conditions
when they are compared with Student’s unpaired t-
test (P = 0.024). *P ≤ 0.05.
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towards differences in HiBiT-FZD7 turnover in cell membranes for

various expression levels in live SW480 cells. Next, we measured the

impact of the cell-membranous receptor internalization and turnover

on the ligand binding affinity measurements. To this end, we used

HiBiT-FZD7 SW480 cell lysates where cell membrane integrity is com-

promised, intracellular components are released and the aforemen-

tioned internalization and turnover are not feasible. We incubated the

lysates with increasing concentrations of eGFP-Wnt-3a. We

employed the same setup as in the saturation binding experiments on

live cells. As opposed to the live-cell setup, we detected a

concentration-dependent saturable binding of eGFP-Wnt-3a to

HiBiT-FZD7 for all three expression levels (Figure 6b). The ligand bind-

ing presented itself with non-significantly different Kd (95% CI) values

of 1.23 nM (0.78–1.96 nM), 1.49 nM (1.15–1.95 nM) and 1.88 nM

(1.17–3.12 nM) for endogenous, overexpressed and highly overex-

pressed conditions, respectively. In a set of complementary experi-

ments to further address the impact of internalization on the ligand

binding, we employed a membrane-anchored FZD7 CRD (HiBiT-

FZD7-CRD-TM) and analysed eGFP-Wnt-3a binding to this isolated

and less dynamic representation of the Wnt-3a binding site. We could

show that eGFP-Wnt-3a bound the CRD with the same Kd irrespec-

tive of the number of binding sites present at the cell surface (Kd

[95% CI] 1.43 nM [0.83–2.50 nM], 2.57 nM [1.47–4.69 nM] and

3.06 nM [2.05–4.71 nM] for the 0.5 ng [3316 ± 986 binding sites],

5.0 ng [25,919 ± 8161 binding sites] and 50 ng [126,606 ± 34,491

binding sites] of HiBiT-FZD7-CRD-TM plasmid DNA per well, respec-

tively; Figure 6c).

4 | DISCUSSION AND CONCLUSIONS

Here, we have developed a NanoBiT/BRET system to analyse eGFP-

Wnt-3a binding to HiBiT-FZD7 expressed from its endogenous pro-

motor in SW480 cells typifying colorectal cancer. Additionally, we

have used our newly generated cells to estimate the number of FZD7

molecules on the surface of these cells and assessed Wnt-3a-induced

internalization and turnover of HiBiT-FZD7 by measuring NanoBiT-

emitted luminescence at endogenous levels and upon receptor over-

expression. Importantly, this is the first study to quantify Wnt binding

to a tagged, full-length FZD expressed from its endogenous promoter.

Moreover, it has to be noted that there have only been two studies

on Wnt–FZD BRET binding so far (Kozielewicz et al., 2021;

Wesslowski et al., 2020) and, thus, we are mostly limited to discussing

our previous findings or linking our results to the data from Class A

GPCRs (White et al., 2020).

We performed the experiments in a SW480 colorectal cancer

model to provide a more relevant system to study Wnt–FZD biology

than the commonly used HEK293 cells, which also provided an oppor-

tunity to compare Wnt binding to overexpressed FZDs with binding

to FZDs expressed at lower, endogenous numbers (Kozielewicz

et al., 2021). A recent study demonstrated that reducing the expres-

sion of the Wnt co-receptor LRP6 to endogenous levels resulted in an

increase in ligand binding affinity of their ligands, DKK proteins

(Eckert et al., 2020). Here, we used CRISPR-Cas9 genome editing in

SW480 cells to insert an 11-amino-acid HiBiT tag to the 50 end of the

endogenous FZD7 locus. We have previously demonstrated that the

addition of a HiBiT tag does not compromise the receptor's functions,

as recombinant overexpressed human HiBiT-FZD7 was capable of

binding eGFP-Wnt-3a and mediating Wnt-3a-induced β-catenin-

dependent signalling (Kozielewicz et al., 2021). It has to be noted that

the addition of the tag was the only genome edition of the FZD7 gene

we performed here as we have kept the native FZD7 signal peptide

and we have not introduced any silent mutations or restriction sites.

Here, it should be mentioned that SW480 cells are defined as hyperdi-

ploid (Kleivi et al., 2004). As such, non-diploid cells have posed difficul-

ties in establishing homozygous clones following genome editing with

CRISPR-Cas9 (White et al., 2019). Hence, to analyse the efficiency of

CRISPR-Cas9 tagging and to prove the homozygotic status of the

clones, we performed Sanger sequencing. Sequencing of the FZD7-

specific PCR product amplified from genomic DNA resulted in a single

distinct peak, indicating that we indeed generated a homozygous

clonal line. These results were then further supported by sequencing

of an 829-bp product from the mRNA template where again only a

single sequencing signal was visible indicative of translation of one

FZD7 variant—HiBiT-FZD7. Finally, the correct size and proper cell-

surface trafficking of this membrane receptor have been confirmed

with immunoblotting using anti-HiBiT antibody and NanoBiT-emitted

luminescence, respectively. In summary, our analysis validated the

generation of the engineered homozygous SW480 cell system.

Next, we have used our CRISPR-Cas9-edited cells to estimate the

number of FZD7 molecules on the cell surface using NanoBiT-emitted

luminescence and HiBiT–LgBiT calibration curve. A similar approach

has been presented previously to quantify expression of

CXCL12-HiBiT in genome-edited HEK293 cells. Here, we assume that

LgBiT has comparable affinity to the N-terminally HiBiT-tagged apo

FZD7 and to the purified HiBiT, as it has been shown that alterations

in HiBiT–LgBiT complementation affinity could exist due to conforma-

tional changes in the tagged protein (White et al., 2020). Second, it

should be noted that estimation of receptor numbers is based on the

assumption that receptors are evenly expressed among the cells,

which leads to underestimation of the total membrane-associated

receptors number on a cell in the overexpressing paradigms

(Figure S4A). We have performed assays in three experimental setups

in the HiBiT-FZD7 SW480 cells, using, (1) untransfected, (2) FZD7-

overexpressing or (3), FZD7-highly overexpressing cells. The number

of HiBiT-FZD7 expressed on the cell surface of the live cells used in

the saturation binding assays has increased �5-fold following trans-

fection of the cells with HiBiT-FZD7 plasmid (10 ng of receptor plas-

mid DNA in a well). In the case of the high overexpression setup

(100 ng of receptor plasmid DNA in a well), the number of FZD7 was

even boosted as much as 31 times. Importantly, overexpression of

HiBiT-FZD7 led to a significant proportion of receptors being

expressed intracellularly in addition to the cell membrane pool, as

demonstrated by the data with digitonin permeabilization (Figure S3).

For the endogenous system, however, we observed that all mature

FZD7 molecules are indeed cell membrane bound.
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Subsequently, we measured eGFP-Wnt-3a binding to HiBiT-

FZD7. First, we performed NanoBiT/BRET binding in a kinetic format.

We monitored the association of the fluorescently tagged Wnt to

HiBiT-tagged FZD7 over a 5-h time period sampling BRET. We have

detected clear receptor expression-dependent changes in the associa-

tion rate constant kon. To this end, eGFP-Wnt-3a binding to endoge-

nous HiBiT-FZD7 saturated after approximately 80 min of incubation

for two of three employed ligand concentrations. On the contrary, the

association to the overexpressed and highly overexpressed receptors

presented itself with curves, which did not reach full saturation during

the experiment time. Thus, we observed changes in the kinetic bind-

ing parameters with particularly dramatic differences in the associa-

tion rate constants (kon) leading to differences in kinetic Kd values. At

the same time, the dissociation rate constants (koff) were not corre-

lated to receptor expression levels and generally slow for the three

conditions arguing for an equally long action of the FZD7 ligand. Wnt

proteins are highly lipophilic and we hypothesize that the slow off-

rate could be explained by the fact that Wnts are not readily dis-

persed in an aqueous solution. Likewise, slow off-rates have been

reported previously for Wnt-3a binding to a soluble FZD7 CRD

(Dijksterhuis et al., 2015). It has to be appreciated that even though

the luminescence values for endogenously expressing cells were close

to the lower detection limit of the plate reader (Figure S4B) and not

detectable by fluorescent staining with confocal microscopy

(Figure S4A), we were still able to detect eGFP-Wnt-3a binding to

HiBiT-FZD7 in a robust manner. We also performed saturation binding

studies, in which we incubated the HiBiT-FZD7 cells with the fluores-

cent ligand. Here, we incubated eGFP-Wnt-3a with the cells for 5 h

to subsequently report apparent binding affinities that are likely

underestimates of true binding affinities reported in the kinetic bind-

ing study. With this caveat, the data still support the notion that

higher receptor expression levels of HiBiT-FZD7 lead to a lower

apparent measured binding affinity (higher apparent Kd in nM) of

eGFP-Wnt-3a. Importantly, the apparent measured binding affinities

of eGFP-Wnt-3a to highly overexpressed HiBiT-FZD7 in SW480 cells

were comparable with those we have obtained in HEK293A cells

under similar experimental conditions (Kozielewicz et al., 2021).

In classical radioligand binding assays using cell membranes or

whole-cell lysates, an increase in receptor expression could lead to

ligand depletion due to the receptor binding, partition of the tracer

into cell membranes and other non-specific interactions (C. A.

Flanagan, 2016). To prevent this, the receptor concentration should

generally not exceed a 10th of the Kd value of the used tracer mole-

cule (Hulme & Trevethick, 2010). As such, selective targeting of mem-

brane receptors in the NanoBiT/BRET setup greatly limits any impact

of non-specific interactions and compartmentalization that cannot

interfere with the BRET readout due to the far distance from the

NanoBiT-tagged receptor at which they occur. We also followed

effective equilibration times for high affinity ligands (Hoare, 2021)

and our data were initially also not explainable by ligand depletion

(Figure S5). In these calculations, we used the data from the saturation

binding experiments, where the receptor concentrations ± SEM were

equal to 1.65 ± 0.42, 8.47 ± 0.97 and 51.30 ± 2.87 pM for the

endogenous, overexpressed and highly overexpressed conditions,

respectively (data from Figure 2). However, we show that HiBiT-FZD7

overexpression leads to a significant fraction of the receptors present

in other compartments than the cell membrane alone. Moreover,

Wnt-3a-induced HiBiT-FZD7 internalization displays different kinetics

profiles between endogenous and overexpressed/highly overex-

pressed receptors. In these experiments, a decrease in luminescence

was indicative of a reduction in the number of the membrane-

localized receptors. To this end, the membranous pool of overex-

pressed and highly overexpressed HiBiT-FZD7 was replenished

already within 3.5 h of the ligand internalization experiment. On the

contrary, for the endogenous receptors, we observed a slower and

gradual decrease in the luminescence signal that reached a plateau

without returning to the baseline. These results suggest that overex-

pressed FZD7 presents with a more dynamic membrane expression

profile in comparison with endogenously expressed receptors. Our

observations are supported by published data from reports on traf-

ficking and signalling of this FZD paralogue, internalization studies

with FZD7-specific antibody fragment in human embryonic stem cell

and analyses performed in Wilms' tumour (Egea-Jimenez et al., 2016;

Fernandez et al., 2014; Pode-Shakked et al., 2011). Similarly, impact

of agonist-induced receptor endocytosis on NanoBRET ligand binding

has been noted for neurotensin receptor type 1 (NTS1) receptor,

angiotensin II type 1 (AT1) receptor and vascular endothelial growth

factor 2 receptor 2 (VEGFR-2) (Gratz et al., 2022; Kilpatrick

et al., 2017; Peach et al., 2019). Thus, it is likely that discrepancies

between measured ligand affinities in our systems are due to the com-

bined effects of altered ligand–receptor internalization and substantial

membrane turnover of HiBiT-FZD7 in overexpressed and highly over-

expressed conditions. We suspect that, for the transiently transfected

systems, there would be a decrease in true ligand concentration after

5 h in comparison with the initial concentration, with the average

number of cell-membranous receptors being similar to the initial num-

ber due to their recycling. Moreover, this receptor recycling is likely

also the reason for the slow observed kon in the kinetic binding studies

with overexpressed and highly overexpressed receptors where a

steady replenishment of cell surface receptors would prevent ligand

binding saturation. Our hypotheses are further strengthened by the

data from the saturation binding experiments with whole-cell lysates

and with the membrane-anchored HiBiT-FZD7 CRD (Figure 6). In

these assays, we reported no significant differences in Kd values

between the three receptor expression levels and the three different

binding site expression levels. Lastly, it has to be noted that the afore-

mentioned calculations (Hoare, 2021) do not take this receptors

dynamics, specifically trafficking, in live cells into account.

Finally, we attempted to assess if eGFP-Wnt-3a binding to HiBiT-

FZD7 can be modified by other biological processes. As such, modula-

tion of DKK1–eGFP binding affinity to Wnt receptor LRP6 has been

linked to a potential role of receptor–receptor interactions that

become more prevalent following receptor overexpression (Eckert

et al., 2020). To this end, differences in ligand binding affinities to

monomeric and dimeric target proteins have been reported in the lit-

erature (Bessman et al., 2014; Boni-Schnetzler & Pilch, 1987). Along
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these lines, FZD7 can form homodimers upon overexpression (Felce

et al., 2017). Here, we mathematically tested for any contribution of

FZD7 dimerization to ligand binding affinity and investigated the pos-

sibility of a more complex ligand binding scenario involving receptor

dimers (C. White & Bridge, 2019). We noted that the dimerized

receptors model fits the data and the one-site fit model for all

three conditions. Thus, receptor dimerization at least provides a

plausible alternative model for Wnt-3a/FZD7 binding, in addition to

the one-site model. Of note, the pre-dimerized model predicted a

negative equilibrium cooperativity; that is, the ligand has lower

affinity for the second protomer when the first protomer is bound

by the ligand (Figure S6). Next, we assessed the contribution of

eGFP-Wnt-3a interaction with LRP5/6 to the observed ligand affin-

ity for HiBiT-FZD7 as Wnt-3a binds both FZD7 and LRP6 to initiate

β-catenin-dependent signalling (Nile et al., 2018). We used the sat-

uration binding setup to measure eGFP-Wnt-3a association with

endogenous HiBiT-FZD7 in the presence of 11.6 nM (300 ng�ml�1)

of unlabelled recombinant human DKK1 (Figure S7), which blocks

the Wnt-3a binding sites on LRP5/6 (https://www.rndsystems.com/

products/recombinant-human-dkk-1-protein_5439-dk). In this way,

we created conditions where available HiBiT-FZD7 binding sites for

eGFP-Wnt-3a likely outnumbered available LRP5/6 binding sites.

However, in these saturation binding experiments, we did not

detect a difference in the Kd of eGFP-Wnt-3a to endogenous

HiBiT-FZD7 in the presence of DKK1 compared with the results

presented in Table 1 (Kd with DKK1 [95% CI] = 2.42 nM [1.91–

3.09 nM]). These data indicate that LRP5/6 binding does not

contribute to the Wnt affinity to HiBiT-FZD7 expressed in a native

cell context.

In summary, we report on the development of a novel NanoBiT/

BRET binding assay that allows analysis of ligand binding to endoge-

nous FZD7. Our results suggest that studying eGFP-Wnt-3a binding

to HiBiT-FZD7 using endogenously expressed receptors is superior to

employing overexpressed conditions. When overexpressed at differ-

ent levels, HiBiT-FZD7 has a very dynamic membrane profile that

leads to seemingly incorrect measurements of ligand–receptor inter-

actions. Thus, this study, applicable so far only to Wnt-3a and FZD7,

provides a plausible explanation for the requirement of high concen-

trations of Wnt-3a for the FZD7-cpGFP conformation sensor readout

in the HEK293 overexpression system (Schihada et al., 2020). With

the development of other fluorescent Wnts, FZD-binding small mole-

cules and the generation of relevant cell lines expressing low levels of

other FZD paralogues, our concepts and tools can be used to more

accurately compare and profile Wnt–FZD binding selectivity and opti-

mize drug development campaigns to establish FZD-targeting anti-

cancer drugs.
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