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Abstract: The differential activation of Wnt pathways (canonical: Wnt/β-catenin; non-canonical:
planar cell polarity (PCP), Wnt/Ca2+) depends on the cell-specific availability and regulation of Wnt
receptors, called Frizzled (FZD). FZDs selectively recruit co-receptors to activate various downstream
effectors. We established a proximity ligation assay (PLA) for the detection of endogenous FZD–co-
receptor interactions and analyzed time-dependent Wnt pathway activation in cultured cells. Prostate
cancer cells (PC-3) stimulated by Wnt ligands (Wnt5A, Wnt10B) were analyzed by Cy3-PLA for the
co-localization of FZD6 and co-receptors (canonical: LRP6, non-canonical: ROR1) at the single-cell
level. Downstream effector activation was assayed by immunocytochemistry. PLA allowed the
specific (siRNA-verified) detection of FZD6–LRP6 and FZD6–ROR1 complexes as highly fluorescent
spots. Incubation with Wnt10B led to increased FZD6–LRP6 interactions after 2 to 4 min and resulted
in nuclear accumulation of β-catenin within 5 min. Wnt5A stimulation resulted in a higher number
of FZD6–ROR1 complexes after 2 min. Elevated levels of phosphorylated myosin phosphatase
target 1 suggested subsequent Wnt/PCP activation in PC-3. This is the first study demonstrating
time-dependent interactions of endogenous Wnt (co-)receptors followed by rapid Wnt/β-catenin
and Wnt/PCP activation in PC-3. In conclusion, the PLA could uncover novel signatures of Wnt
receptor activation in mammalian cells and may provide new insights into involved signaling routes.

Keywords: Wnt signaling; receptors; interaction; proximity ligation assay; PC-3 cells

1. Introduction

Wnt (Wingless and Int1) signaling pathways play essential roles in embryonic develop-
ment as well as in the maintenance of tissue homeostasis in adults by regulating prolifera-
tion, migration, and differentiation. Dysfunction of Wnt signaling is observed in several
human pathologies including cancer [1–3]. Wnt proteins bind to seven-transmembrane
receptors, the so-called Frizzled (FZD) receptors [4]. FZDs can act together with a variety
of co-receptors including low-density lipoprotein receptor (LRP) 5 and LRP6, inactive
tyrosine-protein kinase transmembrane receptor (ROR) 1 and ROR2, and tyrosine-protein
kinase RYK to activate canonical (β-catenin-dependent) and non-canonical (β-catenin-
independent) signaling pathways [3,5]. The canonical Wnt/β-catenin pathway is initiated
by the formation of a complex between Wnt, FZD, and LRP5/6, resulting in subsequent
stabilization and nuclear translocation of the transcriptional regulator β-catenin [6]. In
contrast, mammalian β-catenin-independent Wnt pathways are more diverse but can be
sub-divided into planar cell polarity (PCP) and the Wnt/Ca2+ signaling pathways. The
Wnt/PCP pathway is initiated by interactions of FZDs with ROR co-receptors. Further,
PCP signaling involves the small GTPase Rho, which activates the Rho-associated ki-
nase cascade, and the GTPase Rac, which is associated with signaling via JNK and AP1
transcription factors. Subsequent phosphorylation of myosin light-chain phosphatase
and dynamic cytoskeletal rearrangements, as well as transcriptional changes, regulate cell
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polarity, adhesion, and migration [7]. Activation of non-canonical Wnt/Ca2+ signaling stim-
ulates the mobilization of free intracellular Ca2+ and activates G proteins, protein kinase C,
and calcium/ calmodulin-dependent kinase II, which mediate actin polymerization [7,8].
Although different Wnt signaling pathways have been characterized, the underlying mech-
anisms by which Wnt proteins activate certain signaling routes are poorly understood [9].
There is emerging evidence that distinct FZDs selectively recruit co-receptors in specific
cellular contexts, thereby influencing the signaling outcome [10].

While Wnt proteins are best known for their role during embryonic development,
Wnt signaling has also been linked to different types of cancer, including prostate cancer
(PCa). In this regard, most attention has been focused on the activity of the Wnt/β-catenin
pathway. Many prostate tumors have increased levels of β-catenin in the cytoplasm and/or
nucleus resulting from gene mutations or non-genomic alterations in the expression of Wnt
pathway inhibitors and activators [11]. Only few studies have addressed the significance
of non-canonical Wnt signaling via upregulated Wnt5A in PCa [12,13]. Signal transduction
of Wnt5A and other Wnt ligands largely depends on the cell-specific availability of Wnt re-
ceptors [14]. Several FZDs and ROR1 were shown to be upregulated in human PCa [15–19].
A newly discovered non-canonical Wnt signaling route, via Wnt5A–FZD2 interaction, was
shown to be associated with epithelial-to-mesenchymal transition in PCa [15]. In addition,
Wnt5A promoted tumor cell invasion through FZD2–ROR2 interaction in PCa cell lines [12].
Another study explored the tumorigenic effects of Wnt5A/FZD5 and Wnt5A/RYK signal-
ing in transfected PCa cells [20]. Hence, cultured PCa cells represent an appropriate model
to investigate canonical as well as non-canonical Wnt receptor regulation.

However, no short-term interactions between endogenous FZDs and co-receptors were
studied in situ. In the present report, we established a proximity ligation assay (PLA) to
detect and quantify the co-localization of FZD6 with the major canonical co-receptor LRP6
as an early event of the well-documented Wnt/β-catenin signal transduction after Wnt10B
stimulation in PC-3 prostate cancer cells. In addition, we verified PLA specificity for the
detection of FZD6 receptor complexes by siRNA-mediated FZD6 knockdown. To explore
non-canonical receptor action in PC-3, we additionally analyzed interactions between
FZD6 and ROR1 (exclusively non-canonical action) after Wnt5A treatment. Indications of
subsequent Wnt/PCP activation were studied by immunofluorescence-based detection
of phosphorylated myosin phosphatase target subunit 1 (phospho-MYPT1), a Wnt/PCP
effector downstream of Rho. The results of the Wnt/PCP pathway in PC-3 cells were
comparatively analyzed in HEK293 cells.

2. Results
2.1. Detection of Wnt (Co-)Receptor Interactions

Co-localization of Wnt receptors (FZD) and co-receptors was mentioned to be the first
event in Wnt signal transduction [3,5]. We established a PLA to detect and quantify the co-
localization of FZD6 and co-receptors in PC-3 cells, which indicates an interaction between
these molecules. Quantitative RT-PCR revealed mRNA expression of FZD6, LRP5/6, and
ROR1, with very weak ROR2 expression (Figure 1a,b). Since LRP6 was reported to be the
major co-receptor in Wnt/β-catenin signaling, FZD6 interactions with LRP6 were analyzed
to study the canonical Wnt route. For Wnt/PCP, we determined FZD6–ROR1 interactions
in PC-3 cells. Immunofluorescence staining confirmed the abundance of FZD6, LRP6, and
ROR1 at the protein level in PC-3 cells (Figure 1c–e). Antibodies were previously tested in
positive control tissue (including technical negative controls; Figure S1a) to demonstrate
target specificity in situ. Additionally, antibodies were applied in positive control cells to
show their suitability for immunofluorescence (Figure S1b). The application of primary
antibodies against FZD6 and co-receptors in PLA allowed the visualization of FZD6 co-
localized with LRP6, as well as the detection of FZD6 co-localized with ROR1 receptors.
Representative images of highly fluorescent red dots showing FZD6–LRP6 interaction
complexes are supplied in Figure 1f–h. Negative control staining was performed by
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incubation with control IgG followed by treatment with PLA probes. The controls were
almost free of PLA signals (Figure S2).
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was verified in PC-3 after siRNA-mediated FZD6 knockdown (Figure 2). We used two 
FZD6-specific siRNAs (FZD6_7, FZD6_8) versus non-targeting siRNA (Neg. Co.) for the 
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PLA was performed 48 h after transfection with FZD6_8 siRNA. Signals for FZD6–LRP6 

Figure 1. Wnt (co-)receptor expression and interactions. (a,b) Wnt (co-)receptor expression by
qRT-PCR. (a) Qualitative presentation of the expression; (b) Relative mRNA expression of target
genes was quantified (normalized to h36B4 expression). Quantification revealed high expression
of FZD6, LRP5/6, and ROR1, while ROR2 was almost not expressed (* p ≤ 0.05, Mann–Whitney
Test); mean + SD; n = 3 independent experiments. (c–e) Immunofluorescence staining of FZD6 (c),
LRP6 (d), and ROR1 (e). Receptors (red); nuclei (blue). (f–h) Visualization of the co-localization
between FZD6 and co-receptors by PLA. Prominent fluorescent spots indicate receptor interactions,
exemplarily shown for FZD6–LRP6, (f) Cy3-PLA for FZD6–LRP6; (g,h) merged images of Cy3-PLA,
membrane labeling by Alexa Fluor 488®-coupled wheat-germ agglutinin (WGA) and nuclei staining
with DAPI, (d,e) merged images. FZD6–LRP6 complexes (red); plasma membranes (green); nuclei
(blue). Scale bar: 10 µm.

The specificity of PLA for the detection of FZD6–LRP6 and FZD6–ROR1 complexes
was verified in PC-3 after siRNA-mediated FZD6 knockdown (Figure 2). We used two
FZD6-specific siRNAs (FZD6_7, FZD6_8) versus non-targeting siRNA (Neg. Co.) for
the initial experiments. Quantification of mRNA expression revealed a significant FZD6
knockdown by FZD6_7 and FZD6_8 (79%-82%) after 48 to 72 h of incubation (Figure 2a,b).
PLA was performed 48 h after transfection with FZD6_8 siRNA. Signals for FZD6–LRP6
and FZD6–ROR1 complexes were detected and quantified by particle analyses in WGA-
positive cell areas at the single-cell level. In accordance with the reduced FZD6 mRNA
levels, the amounts of FZD6–LRP6 (71.3% vs. Neg. Co.) and FZD6–ROR1 (82.7% vs.
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Neg. Co.) complexes were significantly decreased (p < 0.0001, Mann–Whitney test) after
siRNA-mediated FZD6 knockdown (Figure 2c–h).
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Figure 2. Verification of PLA specificity for the detection of FZD6 receptor complexes. Analysis of FZD6 receptor complexes
after siRNA-mediated knockdown of FZD6. (a,b) FZD6 expression by qRT-PCR after treatment with specific siRNAs
(FZD6_7, FZD6_8; vs. Neg. Co. siRNA). (b) The relative mRNA expression of FZD6 (normalized to h36B4 expression)
was quantified 48 and 72 h after siRNA treatment. Quantification revealed a significant FZD6 knockdown (75%–80%) by
siRNA targeting FZD6 vs. non-targeting siRNA (Neg. Co.). (c–h) Co-localization of FZD6 with co-receptors LRP6 and ROR1
by PLA after treatment with FZD6_8 siRNA for 48 h. FZD6–LRP6/ROR1 complexes (red); plasma membranes (green);
nuclei (blue). Scale bar: 10 µm. (e,h) The quantification of PLA signal density was performed by particle analyses at the
single-cell level; particles were normalized to the area of cells. The number of FZD6–LRP6 and FZD6–ROR1 complexes was
significantly decreased (70%–80%) after siRNA-mediated FZD6 knockdown (in accordance with mRNA expression after
siRNA). * p ≤ 0.05, Mann–Whitney Test; mean + SD; n = 3 independent experiments.
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2.2. Rapid Activation of the Pathway

Induction of the Wnt/β-catenin pathway was provoked by treatment with Wnt10B,
a Wnt ligand associated with canonical Wnt signaling [21]. Co-localization of FZD6 and
the major canonical co-receptors LRP6 was analyzed by PLA after short-term Wnt10B
incubation (Figure 3). Treatment with Wnt10B led to a rapid increase of PLA signals in
PC-3, indicating enhanced interactions of FZD6 and LRP6 (Figure 3a–f). The number of
FZD6-LRP6 complexes was significantly higher already after 2 min of Wnt10B incubation
(Figure 3c). The significant increase in FZD6–LRP6 complexes continued until 4 min
in Wnt10B-treated PC-3 cells versus controls (Figure 3f). Interestingly, the number of
FZD6-LRP6 complexes was not increased after 10 min of Wnt10B incubation and was
even significantly reduced after 30 min (Figure S3). Based on these results, FZD6 receptor
interactions were analyzed after 2 and 4 min in the present study. In addition, FZD6–LRP6
complexes were mainly observed in the nucleus of PC-3 after 2 and 4 min of treatment
(Figure 3a–d). Moreover, when using the non-canonical ligand Wnt5A for the stimulation,
the number of FZD6–LRP6 interactions was significantly reduced after 2 min of incubation
(Figure S4a).

Nuclear translocation of β-catenin was analyzed using immunofluorescence to ex-
amine the subsequent downstream activation of the canonical Wnt/β-catenin pathway.
Wnt10B incubation resulted in an obvious nuclear accumulation of β-catenin in PC-3 cells
(Figure 3g–i). Fluorescence intensity of β-catenin staining was quantified in DAPI-positive
nuclei. Significantly enhanced nuclear β-catenin was already detected within 2 to 5 min of
Wnt10B incubation (Figure 3j). The increase of nuclear β-catenin (normalized to vehicle-
treated controls) followed a significant linear trend until 40 min of Wnt10B treatment
(p < 0.0001, one-way ANOVA, post hoc test for linear trend). There was a decrease in
nuclear β-catenin in Wnt10B-treated cells vs. controls after 60 min (Figure 3k).

2.3. Activation of Non-Canonical Wnt/PCP Signaling

Treatment with Wnt5A has been shown to activate the non-canonical Wnt/PCP path-
way [12,13]. To investigate non-canonical Wnt/PCP signaling in PC-3 cells, we performed
a PLA for FZD6 and its non-canonical co-receptor at 2 and 4 min of Wnt5A incubation
(Figure 4). Since ROR2 was weakly expressed at the mRNA level and Wnt5A stimula-
tion had no effect on the amount of FZD6–ROR2 interaction complexes by PLA (data not
shown), only FZD6–ROR1 interactions were analyzed further. Treatment with Wnt5A
for 2 min resulted in significantly increased levels of FZD6–ROR1 complexes, while there
was no difference after 4 min of Wnt5A incubation (Figure 4c,f). In addition, FZD6–ROR1
complexes were distributed throughout the cell/cytoplasm (Figure 4a,b,d,e). In turn, treat-
ment with the canonical Wnt10B ligand showed no significant effect on FZD6–ROR1 levels
in PC-3 (Figure S4b). Indication of Wnt/PCP downstream activation was analyzed by
determining the cellular levels of the phosphorylated form of MYPT1 (protein phosphatase
1 regulatory subunit 12A, p-MYPT1, Thr696), a Wnt/PCP target protein, using quantita-
tive immunofluorescence (Figure 4g–i). Fluorescence intensity of p-MYPT1 staining was
quantified in WGA-stained cells. Significantly elevated levels of cellular p-MYPT1 were
detected after 5 min but not after 2 min of Wnt5A incubation (Figure 4j). After 5 min, the
level of cellular p-MYPT1 (normalized to vehicle-treated controls) remained constant until
60 min of Wnt5A stimulation (Figure 4k). Since Wnt/PCP was shown to play a major role
during embryonic kidney development in mammals [22], we verified these findings in the
well-established human embryonic kidney cell line HEK293 as a Wnt/PCP-positive control.
The results of this verification are summarized in Supplemental Figure S5. Significantly
higher amounts of FZD6–ROR1 and FZD6–ROR2 complexes were detected after treatment
of HEK293 with Wnt5A (Figure S5a–f). In addition, Wnt5A treatment led to significantly
increased levels of cellular p-MYPT1 after 5, 10, and 20 min (Figure S5g–i).
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Figure 3. Wnt10B-dependent activation of the canonical Wnt/β-catenin pathway following FZD6–LRP6 co-localization.
Co-localization of FZD6 and LRP6 by Wnt10B treatment and subsequent detection of nuclear β-catenin indicates rapid
receptor interaction and early Wnt/β-catenin signaling in PC-3. (a–f) Detection of FZD6–LRP6 interaction complexes by
PLA after 2 and 4 min of Wnt10B incubation (b,e) versus vehicle-treated controls (a,d). FZD6–LRP6 interaction complexes
were frequently observed in the nuclei (circles). FZD6–LRP6 complexes (red); plasma membranes (green); nuclei (blue).
Scale bar: 10 µm. (c,f) Quantification of PLA signal density by particle analyses at the single-cell level. Particles were
normalized to the area of cells (ROIs). The amount of FZD6–LRP6 complexes was significantly higher after both 2 min
(n = 317 vs. n, =; 297; cells, ) and 4 min (n = 264 vs. n = 263 cells, vehicle vs. Wnt10B) of Wnt10B incubation (* p ≤ 0.05,
Mann–Whitney Test); mean + SD; n = 3 independent experiments. (g–k) Well-documented translocation of β-catenin into
the nucleus. (g–i) Immunofluorescence images of β-catenin staining. (g) Membrane association of β-catenin in control cells;
(h,i) nuclear localization of β-catenin after incubation of PC-3 cells for 20 min with Wnt10B; arrows indicate nuclear β-
catenin labeling. β-Catenin (red); nuclei (blue). Scale bar: 10 µm. (j,k) Quantification of β-catenin (FI, fluorescence intensity)
in DAPI-positive nuclei. Significantly increased nuclear β-catenin was detected within 2 to 5 min of Wnt10B incubation
(j) and continued until 60 min of incubation (k); * significance vs. vehicle-treated control (* p ≤ 0.05, Mann–Whitney Test);
(k) nuclear β-catenin (normalized to vehicle-treated control) followed a linear trend until 40 min of Wnt10B incubation
(# p ≤ 0.05, one-way ANOVA, post hoc test for linear trend, R2 = 0.915); mean + SD; n = 3 independent experiments.



Int. J. Mol. Sci. 2021, 22, 12057 7 of 13Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 4. Wnt5A-dependent activation of the non-canonical Wnt/PCP pathway by Wnt5A following 
short-term co-localization of FZD6–ROR1. Co-localization of FZD6 and ROR1 by Wnt5A treatment 
and subsequent detection of cytoplasmatic p-MYPT1 suggests a rapid receptor interaction and early 
Wnt/PCP signaling in PC-3. (a–h) FZD6–ROR1 interaction complexes in PC-3 cells after 2 and 4 min 
of Wnt5A incubation (b,e) versus vehicle-treated controls (a,d). FZD6–ROR1 complexes (red); 
plasma membranes (green); nuclei (blue). Scale bar: 10 µm. (c,f) Quantification of PLA signal den-
sities by particle analyses at the single-cell level. Particles were normalized to the area of cells (ROIs). 
The amounts of FZD6–ROR1 complexes was higher after 2 min (n = 306 vs. n = 304 cells) of incuba-
tion with Wnt5A, while there was no difference after 4 min (n = 264 vs. n = 263 cells, vehicle vs. 
Wnt5A; * p ≤ 0.05, Mann–Whitney Test); mean + SD; n = 3 independent experiments. (g–k) Increase 
of p-MYPT1 (Thr696) in the cytoplasm. (g–i) Immunofluorescence images of p-MYPT1 staining. (g) 
Low levels of p-MYPT1 in control cells; (h,i) increased levels of p-MYPT1 after incubation of PC-3 
cells for 5 min with Wnt5A. p-MYPT1 (red); nuclei (blue). Scale bar: 10 µm. (j,k) Quantification of 
p-MYPT1 (FI, fluorescence intensity) in the cytoplasm. Significantly increased cellular p-MYPT1 
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Figure 4. Wnt5A-dependent activation of the non-canonical Wnt/PCP pathway by Wnt5A following short-term co-
localization of FZD6–ROR1. Co-localization of FZD6 and ROR1 by Wnt5A treatment and subsequent detection of cytoplas-
matic p-MYPT1 suggests a rapid receptor interaction and early Wnt/PCP signaling in PC-3. (a–h) FZD6–ROR1 interaction
complexes in PC-3 cells after 2 and 4 min of Wnt5A incubation (b,e) versus vehicle-treated controls (a,d). FZD6–ROR1
complexes (red); plasma membranes (green); nuclei (blue). Scale bar: 10 µm. (c,f) Quantification of PLA signal densities by
particle analyses at the single-cell level. Particles were normalized to the area of cells (ROIs). The amounts of FZD6–ROR1
complexes was higher after 2 min (n = 306 vs. n = 304 cells) of incubation with Wnt5A, while there was no difference
after 4 min (n = 264 vs. n = 263 cells, vehicle vs. Wnt5A; * p ≤ 0.05, Mann–Whitney Test); mean + SD; n = 3 independent
experiments. (g–k) Increase of p-MYPT1 (Thr696) in the cytoplasm. (g–i) Immunofluorescence images of p-MYPT1 staining.
(g) Low levels of p-MYPT1 in control cells; (h,i) increased levels of p-MYPT1 after incubation of PC-3 cells for 5 min with
Wnt5A. p-MYPT1 (red); nuclei (blue). Scale bar: 10 µm. (j,k) Quantification of p-MYPT1 (FI, fluorescence intensity) in
the cytoplasm. Significantly increased cellular p-MYPT1 was detected after 5 min and up to 60 min of Wnt5A incubation;
* significance vs. vehicle-treated control (* p ≤ 0.05, Mann–Whitney Test); (k) cellular p-MYPT1 levels (normalized to
vehicle-treated control) remained constant until 60 min of Wnt5A treatment. (ns = not significant, p ≤ 0.05, one-way
ANOVA, post hoc test for linear trend, R2 = 0.109); mean + SD; n = 3 independent experiments.
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3. Discussion

Wnt signaling is categorized into canonical, β-catenin-dependent and non-canonical,
β-catenin-independent pathways [1]. The categorization is not absolute, as Wnt signaling
is a dynamic and complex regulatory pathway and signaling routes show some cross
talks [14]. Wnt pathway activity can be positively or negatively regulated by various
protein–protein interactions in response to the dynamic cellular environment [23]. In this
context, the coupling selectivity of activated FZDs to downstream signaling pathways
via selective recruitment and participation of co-receptors can influence the signaling
outcome. However, the specificity of FZD–co-receptor interactions remains unresolved [10].
In the present study, we addressed three issues regarding Wnt signaling in mammalian
cells: (i) whether we are able to detect and quantify endogenous interactions of FZDs and
co-receptors after Wnt ligand treatment, (ii) whether we can subsequently observe time-
dependent activation of downstream effectors, and (iii) whether unknown Wnt signaling
routes exist in the used cell model.

Wnt signaling is recognized as an important contributor to PCa progression [11], and
activation of Wnt signaling by multiple Wnt ligands has been shown in several in vitro
studies using PCa cell lines [12,24,25]. Thus, PC-3 prostate cancer cells were used for the
experiments. Using the novel proximity ligation assay (PLA), we here investigated the
co-localization of FZD6 and the co-receptors LRP6 and ROR1, as an early event of Wnt
signal transduction after treatment with Wnt ligands. FZD6 was found to be upregulated in
human PCa samples, while the effect on Wnt signaling is unknown [18]. In PC-3 cells, FZD6
showed solid abundance as determined by quantitative RT-PCR and immunofluorescence
before performing the PLA experiments. PLA signals representing FZD6 interactions with
LRP6 and ROR1 were visible as fluorescent red dots (Figure 1) and could be detected by
particle analysis at the single-cell level. Increased FZD6 interaction complexes with LRP6,
the major candidate of the canonical co-receptors, already after 2 min demonstrated imme-
diate release of canonical Wnt/β-catenin signaling in PC-3 cells by Wnt10B stimulation.
After 10 and 30 min, the number of FZD6–LRP6 complexes was not significantly increased
by Wnt10B (Figure S3). Our results suggest that the interactions with Wnt (co-)receptors
are short-term events leading to rapid downstream activation. This is similar to what
found by another study showing that Dishevelled (DVL; cytoplasmic phosphoproteins
downstream of FZDs) formed membrane-bound oligomers during Wnt pathway activation
within 5 min of Wnt3A treatment. DVL complex formation gradually declined over time
and was followed by a measurable increase in cytosolic β-catenin after 30 min [26]. In the
present study, co-localization of FZD6 and LRP6 was not provoked by the non-canonical
ligand Wnt5A (Figure S4), indicating that our approach can be used to study the selective
recruitment of FZDs and co-receptors by specific Wnt ligands. Interestingly, FZD6–LRP6
complexes were mainly observed in the nucleus of PC-3 (Figure 3). It has been shown
that the soluble intracellular domains of surface receptors, such as FZDs and LRP6, can
translocate to the cytoplasm and nucleus, where they could affect gene transcription in a
β-catenin-dependent or -independent manner [27,28]. Consistent with the early detection
of FZD6–LRP interactions, nuclear translocation of the downstream effector β-catenin
was determined even within 5 min and increased linearly until 40 min (Figure 3). Other
studies analyzed nuclear β-catenin translocation not earlier than after 20 to 30 min [25,29].
Our results for the first time demonstrated Wnt pathway activation at the FZD/LRP level,
followed by rapid β-catenin signaling and give new insights into the dynamics of an
otherwise well-described Wnt signaling route in PC-3 cells.

Although FZD6 has been shown to regulate both canonical and non-canonical Wnt
pathways, most reports indicate a prevalent role in non-canonical Wnt signaling [30,31].
In PC-3 cells, activation of Wnt/Ca2+ signaling via G proteins has been well documented
as a major pathway of the non-canonical signaling to regulate cell motility in PCa [25,32].
However, an emerging theme is the activation of other non-canonical pathways by specific
Wnt5A/FZD–co-receptor complexes in PCa. For instance, increased activation of non-
canonical Wnt pathways through Wnt5A–FZD2 has been detected as a novel mode of Wnt
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activation in PCa tissue [15]. Yamamoto et al. suggested that Wnt5A promotes migration
and invasion through FZD2 and ROR2 in cultured PC-3 cells [12]. However, we observed
low ROR2 expression in PC-3 compared to ROR1 (Figure 1). This is in accordance with
other studies showing rare ROR2 expression in PCa cell lines [20] but upregulated ROR1
expression in PCa tissue [33]. Increased formation of FZD6 interaction complexes with
ROR1 suggested short-term release of non-canonical Wnt signaling in PC-3 cells after 2 min
of Wnt5A stimulation (Figure 4). Wnt5A–ROR interactions have been shown to induce PCP
signaling in developing tissues [3]. In order to show the suitability of the detection method,
Wnt/PCP-positive embryonic kidney cells were used for a comparative characterization
of FZD6–ROR interactions by PLA in the present study. In this regard, HEK293 showed a
higher co-localization of FZD6 and ROR1 and FZD6 and ROR2, followed by an increase of
p-MYPT1 (Figure S5). As p-MYPT1 regulates the interaction between actin and myosin
downstream of Rho during cytoskeletal changes, p-MYPT1 is considered to be an effector
of the PCP pathway [34]. Whether the PCP pathway also plays a major role in oncogenic
transformation is still a matter of discussion. However, although we could not detect
significant higher amounts of FZD6–ROR1 after 4 min of Wnt5A in PC-3, the levels of
cellular p-MYPT1 were significantly increased after 5 min of Wnt5A stimulation (Figure 4).
To the best knowledge of the authors, this is the first study suggesting active Wnt/PCP
signaling in cultured PCa cells. In recent studies, it has been shown that several core
components of the PCP pathway are differently expressed in tumors, contributing to cell
migration and metastasis formation. In particular, FZD6 is supposed to play a key role
in mediating Wnt/PCP signaling in malignancies [35]. A connection between FZD6 and
Wnt/PCP has not been described previously in PCa.

Our results support the view that Wnt signaling is a fast, highly dynamic regulatory
pathway whose activation is mediated by various protein–protein interactions. We were
able to visualize and quantify the co-localization of FZDs and co-receptors indicating inter-
action and activation of these molecules after treatment with selectively acting Wnt ligands.
Taken together, the PLA enables time-dependent analyses of such endogenous interactions
in mammalian cells and could bridge the gap between stimulation and downstream effect.
Novel signatures of receptor interaction complexes can give new insights into involved
signaling routes and may be linked to various diseases including cancer.

4. Materials and Methods
4.1. Cell Culture

PC-3 prostate cancer cells (ACC-465) and human embryonic kidney cells HEK293
(ACC-305) were obtained from the Leibniz Institute—German collection of microorgan-
isms and cell cultures (DSMZ, Braunschweig, Germany). PC-3 cells were cultured in
RPMI-1640/Ham’s F12 mixture (Thermo Fisher Scientific, Dreieich, Germany) supple-
mented with 10% fetal calf serum (FCS; Biochrom, Berlin, Germany). HEK293 cells were
maintained in 90% Dulbecco’s MEM (with 25 mM HEPES) supplemented with 10% FCS.
Prior to treatment, cells were cultured on collagen-A-coated (PC-3) or poly-L-lysine-coated
(HEK293) 13 mm coverslips for 24 h. The coating solutions were purchased from Biochrom
(Berlin, Germany).

4.2. Cell Transfection

FZD6 knockdown was performed to verify PLA detection of FZD6 receptor complexes.
siRNAs were purchased from Qiagen (Hilden, Germany). For transfection, PC-3 cells were
seeded at a density of 10,000 cells/cm2. After overnight incubation, cells were treated using
Allstars Negative Control siRNA (Neg. Co., #SI03650318) and specific FlexiTube siRNAs
targeting FZD6 (FZD6_7, #SI02757657; FZD6_8, #SI02757664). Transfection was conducted
using INTERFERin™ (Polyplus, Illkirch, France) according to the manufacturer´s recom-
mendation. FZD6 knockdown was analyzed after 48 and 72 h.
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4.3. RNA Extraction and qRT-PCR

For analyzing mRNA expression of Wnt (co-)receptors in PC-3, total RNA was isolated
with the RNeasy Plus Micro Kit (Qiagen, Hilden, Germany) according to the manufac-
turer´s manual. Quantitative PCR was done on a Mastercycler ep Realplex II (Eppendorf,
Hamburg, Germany) using SYBR-Green quantitative PCR Mastermix (Thermo Fisher Sci-
entific, Dreieich, Germany) and custom primers (MWG-Biotech, Ebersberg, Germany)
(Table 1). The constantly expressed human acidic ribosomal phosphoprotein p0 (h36B4)
served as a reference gene. Comparable efficiencies of primers used for target and house-
keeping gene amplification were determined by analyzing serial cDNA dilutions.

Table 1. List of primers for the detection of Wnt (co-)receptors by qRT-PCR. Acc.-No., Accession number; bp, base pairs.

Marker Gene Acc.-No. Sequence (5′–3′) Binding Site Product
Size (bp)

Frizzled class
receptor 6 FZD6 NM_003506.4 f-CGAATTGGAGTCTTCAGCGG

r-TTCCAACCCAGAAGACAGCA
Exon 3
Exon 4 241

LDL
receptor-related

protein 5
LRP5 NM_002335.4 F-TCAGCCCTGGACTTTGATGT

R-CCAGTAGAGGTTCTTGCCCA
Exon 9
Exon 10 171

LDL
receptor-related

protein 6
LRP6 NM_002336.3 f-AGAGTCCCAGTTCCAGTGTG

r-GCTTTCCAATGCACTGACCA
Exon 18
Exon 19 158

Receptor tyrosine
kinase-like orphan

receptor 1
ROR1 NM_005012.4 F-AATGATGCTCCTGTGGTCCA

R-TATCCTGGACTTGCAGTGGG
Exon 3
Exon 4 200

Receptor tyrosine
kinase-like orphan

receptor 1
ROR2 NM_004560.4 F-GCAGCAAGATGGGGATTCTG

R-AGCTCCTCCATGAACCTCAC
Exon 8
Exon 9 241

4.4. Wnt Ligand Treatment

Recombinant Wnt5A and Wnt10B peptides were purchased from R&D Systems (Min-
neapolis, MN, USA). Wnt peptide stock solutions (100 µg/mL) were prepared in PBS
containing 0.1% bovine serum albumin (PBS/0.1% BSA). Cells were treated with Wnt5A
or Wnt10B (500 ng/mL in culture medium) for the indicated time periods at 37 ◦C and
assayed for Wnt pathway activation. Co-localization of Wnt (co-) receptors was analyzed
after 2 and 4 min of incubation. Downstream effectors of Wnt were assayed after 2 to
60 min. Samples treated with PBS/0.1% BSA diluted in culture medium were used as
vehicle-treated controls.

4.5. Immunofluorescence

Cells were fixed with ice-cold methanol and permeabilized using a DMSO/Triton-
X-100 mixture. Primary antibodies (Table 2) were incubated overnight at 4 ◦C. Alexa
Fluor 555®-coupled secondary antibodies (Thermo Fisher Scientific, Dreieich, Germany)
diluted in TBS (1 h, room temperature) were used for indirect immunofluorescence of tar-
get proteins. Cells were visualized by membrane staining with Alexa Fluor 488®-coupled
wheat-germ agglutinin (WGA, Cat.-No.: W11261, Thermo Fisher Scientific, Dreieich, Ger-
many). Nuclei were labeled with 4´,6-diamidine-2´-phenylindole dihydrochloride (DAPI,
Cat.-No.: D9542, Sigma-Aldrich, Munich, Germany). Samples were analyzed by confocal
laser scanning microscopy (LSM 800, Carl Zeiss, Jena, Germany). Fluorescence intensity
(553 nm excitation/568 nm emission) of the images was quantified using Fiji, including
ImageJ version 1.53 [36].
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Table 2. Overview of the antibodies used for the detection of FZD6–co-receptor interactions and Wnt downstream effectors.
Rb, rabbit; Go, goat.

Pathway Name Specificity Host Source Dilution

Wnt pathway FZD6 Frizzled-6 receptor;
associated with PCa Rb

Life Span
Biosciences,
Seattle, WA

1:200

Canonical
Wnt/b-Catenin

pathway (receptor)
LRP6

Co-receptor function in
Wnt/b-Catenin

signaling (major)
Go Novus Biologicals,

Abingdon, UK 1:100

Non-canonical
Wnt pathway

(receptor)
ROR1

Tyrosine kinase receptor
associated with co-receptor

function in
Wnt/PCP signaling

Go Abcam,
Cambridge, UK 1:100

Canonical
Wnt/b-Catenin

pathway (effector)
β-Catenin

Total β-Catenin; key
downstream activator of
canonical Wnt signaling

Rb

Cell Signaling
Technology,

Frankfurt/Main,
Germany

1:100

Non-canonical
Wnt pathway

(effector)
p-MYPT1

Phospho-Myosin phosphatase
target subunit 1; regulates
actin–myosin interactions

Go Acris Antibodies,
Herford, Germany 1:200

4.6. In Situ PLA

PLA was used to detect endogenous interactions of FZD6 with the Wnt co-receptors
LRP6 and ROR1. Cells were fixed with 3.7% formaldehyde for 30 min at 4 ◦C. Permeabi-
lization and primary antibody treatment were performed as described above. PLA was
performed according to the manufacturer´s instructions. Duolink™ In Situ PLA probes
(Anti-Rabbit PLUS, Cat.-No.: DUO92002; Anti-Mouse MINUS, Cat.-No.: DUO92004; Anti-
Goat MINUS, Cat.-No.: DUO92006; Sigma-Aldrich, Munich, Germany) were applied to
the coverslips for 1 h at 37 ◦C. Following several wash steps, the samples were incubated
with the ligation mix for 30 min at 37 ◦C and with the Cy3 amplification mix (Duolink™ In
Situ Detection Reagents Orange, Cat.-No.: DUO92007, Sigma-Aldrich, Munich, Germany)
for 100 min at 37 ◦C. Technical negative control staining was performed by incubation
with only one primary antibody, followed by treatment with PLA probe mixture and PLA
detection reagents. Alexa Fluor® 488-labeled WGA was used for the visualization of cells,
and nuclei were stained with DAPI contained in the Duolink™ In Situ Mounting Medium
(Cat.-No.: DUO82040, Sigma-Aldrich, Munich, Germany). A schematic representation of
the PLA-based fluorescence staining is given in Supplemental Figure S6. Samples were
analyzed with laser scanning microscopy using an LSM 800 (Carl Zeiss, Jena, Germany).
Quantification of PLA signals was done by particle analysis using a self-written ImageJ
Macro. WGA-positive cells served to define the regions of interest (ROI). An overview of
the workflow of particle analysis is given in Figure S7. Approximately 260 to 300 single
cells were analyzed per PLA staining and treatment condition. The amounts of particles
were normalized to ROI sizes.

4.7. Statistical Analysis

Statistical analyses were performed using Prism 8.0 statistical software (GraphPad
Software Inc., La Jolla, CA, USA). Bar diagrams present the means + standard deviation
from three independent experiments. The Gaussian distribution of values was tested by
the D´Agostino–Pearson omnibus normality test. Statistical differences were analyzed by
the Mann–Whitney test. Linear trends were analyzed by one-way ANOVA and post hoc
test; p ≤ 0.05 was considered statistically significant.



Int. J. Mol. Sci. 2021, 22, 12057 12 of 13

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222112057/s1.

Author Contributions: Conceptualization, J.N. and M.B.-P.; methodology, M.B.-P. and A.W.; software,
J.N.; data curation, M.B.-P.; writing—original draft preparation, M.B.-P.; writing—review and editing,
J.N.; funding acquisition, M.B.-P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by a research fellowship of the Forum Urodynamicum e.V. to
M.B.-P. The APC was funded by Leipzig University for Open Access Publishing.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Logan, C.Y.; Nusse, R. The Wnt signaling pathway in development and disease. Annu. Rev. Cell Dev. Biol. 2004, 20, 781–810.

[CrossRef]
2. Klaus, A.; Birchmeier, W. Wnt signaling and its impact on development and cancer. Nat. Rev. Cancer 2008, 8, 387–398. [CrossRef]

[PubMed]
3. Song, J.L.; Nigam, P.; Tektas, S.S.; Selva, E. microRNA regulation of Wnt signaling pathways in development and disease. Cell.

Signal. 2015, 27, 1380–1391. [CrossRef]
4. Schulte, G. International Union of Basic and Clinical Pharmacology. LXXX. The Class Frizzled Receptors. Pharmacol. Rev. 2010, 62,

632–667. [CrossRef] [PubMed]
5. Niehrs, C. The complex world of WNT receptor signalling. Nat. Rev. Mol. Cell Biol. 2012, 13, 767–779. [CrossRef] [PubMed]
6. Macdonald, B.T.; Semenov, M.V.; He, X. SnapShot: Wnt/beta-catenin signaling. Cell 2007, 131, 1204. [CrossRef]
7. Semenov, M.V.; Habas, R.; Macdonald, B.T.; He, X. SnapShot: Noncanonical Wnt Signaling Pathways. Cell 2007, 131, 1378.e1–

1378.e2. [CrossRef]
8. Kühl, M.; Sheldahl, L.; Park, M.; Miller, J.R.; Moon, R.T. The Wnt/Ca2+ pathway: A new vertebrate Wnt signaling pathway takes

shape. Trends Genet. 2000, 16, 279–283. [CrossRef]
9. Dijksterhuis, J.; Baljinnyam, B.; Stanger, K.; Sercan, H.O.; Ji, Y.; Andres, O.; Rubin, J.S.; Hannoush, R.N.; Schulte, G. Systematic

Mapping of WNT-FZD Protein Interactions Reveals Functional Selectivity by Distinct WNT-FZD Pairs. J. Biol. Chem. 2015, 290,
6789–6798. [CrossRef]

10. van Amerongen, R.; Mikels, A.; Nusse, R. Alternative Wnt Signaling Is Initiated by Distinct Receptors. Sci. Signal. 2008, 1, 9.
[CrossRef]

11. Kypta, R.; Waxman, J. Wnt/β-catenin signalling in prostate cancer. Nat. Rev. Urol. 2012, 9, 418–428. [CrossRef]
12. Yamamoto, H.; Oue, N.; Sato, A.; Hasegawa, Y.; Matsubara, A.; Yasui, W.; Kikuchi, A. Wnt5a signaling is involved in the

aggressiveness of prostate cancer and expression of metalloproteinase. Oncogene 2010, 29, 2036–2046. [CrossRef]
13. Thiele, S.; Göbel, A.; Rachner, T.D.; Fuessel, S.; Froehner, M.; Muders, M.H.; Baretton, G.B.; Bernhardt, R.; Jakob, F.;

Glüer, C.C.; et al. WNT5A Has Anti-Prostate Cancer Effects In Vitro and Reduces Tumor Growth in the Skeleton In Vivo. J. Bone
Miner. Res. 2015, 30, 471–480. [CrossRef]

14. Mikels, A.J.; Nusse, R. Purified Wnt5a protein activates or inhibits beta-catenin-TCF signaling depending on receptor context.
PLoS Biol. 2006, 4, e115. [CrossRef] [PubMed]

15. Sandsmark, E.; Hansen, A.F.; Selnæs, K.M.; Bertilsson, H.; Bofin, A.M.; Wright, A.J.; Viset, T.; Richardsen, E.; Drabløs, F.;
Bathen, T.F.; et al. A novel non-canonical Wnt signature for prostate cancer aggressiveness. Oncotarget 2016, 8, 9572–9586.
[CrossRef]

16. Gupta, S.; Iljin, K.; Sara, H.; Mpindi, J.P.; Mirtti, T.; Vainio, P.; Rantala, J.; Alanen, K.; Nees, M.; Kallioniemi, O. FZD4 as a Mediator
of ERG Oncogene–Induced WNT Signaling and Epithelial-to-Mesenchymal Transition in Human Prostate Cancer Cells. Cancer
Res. 2010, 70, 6735–6745. [CrossRef] [PubMed]

17. Thiele, S.; Rauner, M.; Goettsch, C.; Rachner, T.D.; Benad, P.; Fuessel, S.; Erdmann, K.; Hamann, C.; Baretton, G.B.; Wirth, M.P.; et al.
Expression profile of WNT molecules in prostate cancer and its regulation by aminobisphosphonates. J. Cell. Biochem. 2011, 112,
1593–1600. [CrossRef]

18. Wissmann, C.; Wild, P.J.; Kaiser, S.; Roepcke, S.; Stoehr, R.; Woenckhaus, M.; Kristiansen, G.; Hsieh, J.-C.; Hofstaedter, F.;
Hartmann, A.; et al. WIF1, a component of the Wnt pathway, is down-regulated in prostate, breast, lung, and bladder cancer.
J. Pathol. 2003, 201, 204–212. [CrossRef] [PubMed]

19. Pascal, L.E.; Vêncio, R.Z.; Page, L.S.; Liebeskind, E.S.; Shadle, C.P.; Troisch, P.; Marzolf, B.; True, L.D.; Hood, L.E.; Liu, A.Y. Gene
expression relationship between prostate cancer cells of Gleason 3, 4 and normal epithelial cells as revealed by cell type-specific
transcriptomes. BMC Cancer 2009, 9, 452. [CrossRef]

20. Thiele, S.; Zimmer, A.; Gobel, A.; Rachner, T.D.; Rother, S.; Fuessel, S.; Froehner, M.; Wirth, M.P.; Muders, M.H.; Baretton, G.B.;
et al. Role of WNT5A receptors FZD5 and RYK in prostate cancer cells. Oncotarget 2018, 9, 27293–27304. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms222112057/s1
https://www.mdpi.com/article/10.3390/ijms222112057/s1
http://doi.org/10.1146/annurev.cellbio.20.010403.113126
http://doi.org/10.1038/nrc2389
http://www.ncbi.nlm.nih.gov/pubmed/18432252
http://doi.org/10.1016/j.cellsig.2015.03.018
http://doi.org/10.1124/pr.110.002931
http://www.ncbi.nlm.nih.gov/pubmed/21079039
http://doi.org/10.1038/nrm3470
http://www.ncbi.nlm.nih.gov/pubmed/23151663
http://doi.org/10.1016/j.cell.2007.11.036
http://doi.org/10.1016/j.cell.2007.12.011
http://doi.org/10.1016/S0168-9525(00)02028-X
http://doi.org/10.1074/jbc.M114.612648
http://doi.org/10.1126/scisignal.135re9
http://doi.org/10.1038/nrurol.2012.116
http://doi.org/10.1038/onc.2009.496
http://doi.org/10.1002/jbmr.2362
http://doi.org/10.1371/journal.pbio.0040115
http://www.ncbi.nlm.nih.gov/pubmed/16602827
http://doi.org/10.18632/oncotarget.14161
http://doi.org/10.1158/0008-5472.CAN-10-0244
http://www.ncbi.nlm.nih.gov/pubmed/20713528
http://doi.org/10.1002/jcb.23070
http://doi.org/10.1002/path.1449
http://www.ncbi.nlm.nih.gov/pubmed/14517837
http://doi.org/10.1186/1471-2407-9-452
http://doi.org/10.18632/oncotarget.25551
http://www.ncbi.nlm.nih.gov/pubmed/29930766


Int. J. Mol. Sci. 2021, 22, 12057 13 of 13

21. Wend, P.; Wend, K.; Krum, S.A.; Miranda-Carboni, G.A. The role of WNT10B in physiology and disease. Acta Physiol. 2011, 204,
34–51. [CrossRef]

22. Rocque, B.; Torban, E. Planar Cell Polarity Pathway in Kidney Development and Function. Adv. Nephrol. 2015, 2015, 1–15.
[CrossRef]

23. van Amerongen, R.; Fuerer, C.; Mizutani, M.; Nusse, R. Wnt5a can both activate and repress Wnt/β-catenin signaling during
mouse embryonic development. Dev. Biol. 2012, 369, 101–114. [CrossRef] [PubMed]

24. Murillo-Garzón, V.; Gorroño-Etxebarria, I.; Akerfelt, M.; Puustinen, M.C.; Sistonen, L.; Nees, M.; Carton, J.; Waxman, J.;
Kypta, R.M. Frizzled-8 integrates Wnt-11 and transforming growth factor-β signaling in prostate cancer. Nat. Commun. 2018, 9,
1747. [CrossRef]

25. Thrasivoulou, C.; Millar, M.; Ahmed, A. Activation of intracellular calcium by multiple Wnt ligands and translocation of
β-catenin into the nucleus: A convergent model of Wnt/Ca2+ and Wnt/β-catenin pathways. J. Biol. Chem. 2013, 288, 35651–35659.
[CrossRef]

26. Ma, W.; Chen, M.; Kang, H.; Steinhart, Z.; Angers, S.; He, X.; Kirschner, M.W. Single-molecule dynamics of Dishevelled at the
plasma membrane and Wnt pathway activation. Proc. Natl. Acad. Sci. USA 2020, 117, 16690–16701. [CrossRef] [PubMed]

27. Beagle, B.; Johnson, G.V.W. Differential Modulation of TCF/LEF-1 Activity by the Soluble LRP6-ICD. PLoS ONE 2010, 5, e11821.
[CrossRef] [PubMed]

28. Yuan, T.; Wang, S.; Hu, C.; Wu, Y.; Liang, D.; Li, L.; Liu, Y.; Li, J.; Chen, Y.-H. Low-density lipoprotein receptor-related protein 6
regulates alternative pre-mRNA splicing. J. Cell. Mol. Med. 2018, 22, 4653–4663. [CrossRef]

29. Di Liddo, R.; Bertalot, T.; Schuster, A.; Schrenk, S.; Tasso, A.; Zanusso, I.; Conconi, M.T.; Schäfer, K.H. Anti-inflammatory activity
of Wnt signaling in enteric nervous system: In vitro preliminary evidences in rat primary cultures. J. Neuroinflamm. 2015, 12, 1–19.
[CrossRef] [PubMed]

30. Kolben, T.; Peröbner, I.; Fernsebner, K.; Lechner, F.; Geissler, C.; Ruiz-Heinrich, L.; Capovilla, S.; Jochum, M.; Neth, P. Dissecting
the impact of Frizzled receptors in Wnt/β-catenin signaling of human mesenchymal stem cells. Biol. Chem. 2012, 393, 1433–1447.
[CrossRef]

31. Wang, Y.; Chang, H.; Rattner, A.; Nathans, J. Frizzled Receptors in Development and Disease. Curr. Top. Dev. Biol. 2016, 117,
113–139. [CrossRef] [PubMed]

32. Wang, Q.; Symes, A.J.; Kane, C.A.; Freeman, A.; Nariculam, J.; Munson, P.; Thrasivoulou, C.; Masters, J.R.W.; Ahmed, A. A Novel
Role for Wnt/Ca2+ Signaling in Actin Cytoskeleton Remodeling and Cell Motility in Prostate Cancer. PLoS ONE 2010, 5, e10456.
[CrossRef]

33. Zhang, S.; Chen, L.; Wang-Rodriguez, J.; Zhang, L.; Cui, B.; Frankel, W.; Wu, R.; Kipps, T.J. The Onco-Embryonic Antigen ROR1 Is
Expressed by a Variety of Human Cancers. Am. J. Pathol. 2012, 181, 1903–1910. [CrossRef] [PubMed]

34. Amano, M.; Nakayama, M.; Kaibuchi, K. Rho-kinase/ROCK: A key regulator of the cytoskeleton and cell polarity. Cytoskeleton
2010, 67, 545–554. [CrossRef]

35. Corda, G.; Sala, A. Non-canonical WNT/PCP signalling in cancer: Fzd6 takes centre stage. Oncogenesis 2017, 6, e364. [CrossRef]
[PubMed]

36. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.;
Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

http://doi.org/10.1111/j.1748-1716.2011.02296.x
http://doi.org/10.1155/2015/764682
http://doi.org/10.1016/j.ydbio.2012.06.020
http://www.ncbi.nlm.nih.gov/pubmed/22771246
http://doi.org/10.1038/s41467-018-04042-w
http://doi.org/10.1074/jbc.M112.437913
http://doi.org/10.1073/pnas.1910547117
http://www.ncbi.nlm.nih.gov/pubmed/32601235
http://doi.org/10.1371/journal.pone.0011821
http://www.ncbi.nlm.nih.gov/pubmed/20676368
http://doi.org/10.1111/jcmm.13682
http://doi.org/10.1186/s12974-015-0248-1
http://www.ncbi.nlm.nih.gov/pubmed/25644719
http://doi.org/10.1515/hsz-2012-0186
http://doi.org/10.1016/bs.ctdb.2015.11.028
http://www.ncbi.nlm.nih.gov/pubmed/26969975
http://doi.org/10.1371/journal.pone.0010456
http://doi.org/10.1016/j.ajpath.2012.08.024
http://www.ncbi.nlm.nih.gov/pubmed/23041612
http://doi.org/10.1002/cm.20472
http://doi.org/10.1038/oncsis.2017.69
http://www.ncbi.nlm.nih.gov/pubmed/28737757
http://doi.org/10.1038/nmeth.2019

	Introduction 
	Results 
	Detection of Wnt (Co-)Receptor Interactions 
	Rapid Activation of the Pathway 
	Activation of Non-Canonical Wnt/PCP Signaling 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Cell Transfection 
	RNA Extraction and qRT-PCR 
	Wnt Ligand Treatment 
	Immunofluorescence 
	In Situ PLA 
	Statistical Analysis 

	References

