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Frizzled 7 (FZD7), aWnt receptor that activates canonicalWnt/β-catenin signaling,
has been implicated in multiple cancers, including Wilms tumor (WT), the most
common pediatric kidney malignancy. We previously identified FZD7 as a marker
of the WT cancer stem cell population and a potential therapeutic target. To
evaluate this, we generated a panel of monoclonal anti-FZD7 antibodies using
epitope mapping of the receptor and assessed their functional activity in primary
WT cells and xenograft models. Among the panel, clone 288.1 induced significant
cell death in primary Wilms tumor cells and inhibited cell proliferation and
migration. This effect correlated with canonical Wnt signaling inhibition, a
reduction in activated β-catenin and downregulation of Wnt/β-catenin target
genes concomitant with diminishedWilms tumor cancer stem cell (CSC)markers.
In vivo, treatment with anti-FZD7-288.1 significantly inhibited WT xenograft
growth, resulting in reduced tumor volume. These findings demonstrate that
FZD7 is a critical driver of Wilms tumor progression and support antibody-
mediated FZD7 blockade as a promising therapeutic strategy.
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1 Introduction

Wilms tumor (WT) is the most common renal tumor of infants and young children
(Nakata et al., 2020), occurs in 1 of 10,000 children and account for 6% of childhood
cancers; With improved combined therapy, WT survival rates have risen over the last
50 years to 85%–90%; however, for those who experience disease relapse or metastasis, even
intensive regimens result in lower survival rates, approximately 50% (Spreafico et al., 2009;
Geenen et al., 2007). Furthermore, survivors are at greater risk for a broad spectrum of
adverse outcomes caused by chemotherapy and radiation therapy, such as late mortality and
secondary cancers (Geenen et al., 2007; Robison et al., 2005). To minimize the adverse
effects of chemotherapy and reduce relapsing disease, new therapeutic modalities are
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warranted. As previously reported by our work Pode-Shakked et al.
(Pode-Shakked et al., 2013), first-line chemotherapies given within
the IC50 restriction doses do not eradicate WT stem cells or WT-
initiating cells (WT-SC/WT-IC) in vitro, while second-line drugs
used for WT recurrence exert a stronger effect but do not eradicate
all WT-ICs. These findings suggest that a higher dose is needed to
achieve better outcomes. Importantly, Wnt pathway-related
molecules such as FZD7, FZD2, and β-catenin were found to be
overexpressed in our initial global gene expression analysis ofWilms
tumor blastema propagated as human tumor xenografts. This
overexpression was subsequently confirmed in additional WT
samples. (Dekel et al., 2006).

Wnt signaling is a central regulatory pathway involved in
controlling key functions of normal and malignant cells and has
become an important target for cancer drug development in recent
years. This pathway is vital for embryonic development, cell cycle
regulation, inflammation and cancer (Clevers, 2006). Growing
evidence indicates that Frizzled 7 (FZD7) plays a role in the
development, progression, and metastasis of cancers.
Upregulation of FZD7 was found to promote cancer through
canonical activation of Wnt signaling pathway not only in Wilms
tumor (WT), but also hepatocellular carcinoma (HCC), triple
negative breast cancer (TNBC), cervical cancer, melanoma, acute
lymphoblastic leukemia (ALL), renal cell carcinoma (RCC),
colorectal cancer, esophageal cancer and gastric cancer (Tycko
et al., 2007; Bengochea et al., 2008; Kim et al., 2008; Bilir et al.,
2013; Yang et al., 2011; Deng et al., 2015a; Deng et al., 2015b;
Sinnberg et al., 2011; Tiwary and Xu, 2016; Khan et al., 2007; Xu
et al., 2016; Ueno et al., 2009; Tanaka et al., 1998; Kirikoshi et al.,
2001). Furthermore, the inhibition of FZD7 expression and function
in these cancer cells corresponds to the inhibition of Wnt/β-catenin
signaling and suppression of tumor cell migration and growth (Xu
et al., 2016; Ueno et al., 2009; Wei et al., 2011). Hypermethylation
and downregulation of FZD7/Wnt inhibitors, such as secreted
frizzled-related protein (sFLP), DKK (Dickkopf) and Wnt
inhibitory factor 1 (WIF-1), are observed in several cancer types,
further supporting the involvement of the FZD7 receptor in cancer
growth (Suzuki et al., 2004; Willert et al., 2002; Dimitriadis et al.,
2001). Mutations in Wnt signaling components downstream of
FZD7 (such as APC) are observed in various tumors (King et al.,
2012). However, the “Goldilocks model” ofWnt signaling previously
suggested by Albuquerque and Smits et al. explains why FZD7/Wnt
targeting should be explored. According to the model, the
degradation complex is still partially functional even in cells with
mutations; thus, upstream events at the receptor level can also be
targeted to modify Wnt signaling in these cells (Albuquerque et al.,
2002). In this work, we hypothesized that downstream dependence
on receptor activation is required for successful antibody-mediated
tumor eradication.

Moreover, previously we found that a commercial
FZD7 antibody can induce cell death in cell cultures derived
from primary WT (p-WT) cells, further suggesting that it is a
valuable therapeutic target in WT cells (Pode-Shakked et al.,
2011). Since FZD7 is located on the cell surface, it can be
efficiently targeted by using antibodies, free or conjugated to a
drug such as an antibody–drug conjugate (ADC). Vantictumab
(OMP-18R5) was developed with the strategy of targeting a
shared epitope among five of the ten Fzd receptors, including

FZD7 (Gurney et al., 2012). In contrast, we investigated epitopes
that minimally overlap frizzled family members and span varying
areas of the receptor to achieve Frizzled 7 specificity and potentially
enhance the clinical use of these proteins.

Herein, we present the generation of a novel specific anti-FZD7
monoclonal antibody that inhibits the Wnt pathway in Wilms
tumor, reduces WT CSC markers resulting and diminished
WT growth.

2 Results

2.1 Epitope mapping and preparation for
antibody production

To identify potential unique and specific binding sites, we
performed epitope mapping of the FZD7 protein. To ensure the
selection of antibodies specific to the FZD7 receptor, four epitopes
with minimal homology to other class frizzled (class F) G-protein-
coupled receptors, consisting of 10 frizzled receptors (FZD (1–10))
and smoothened (SMO) (Schulte, 2010), were selected spanning
throughout the FZD7 protein (the N-terminal region and
C-terminal region), and peptides were generated accordingly
(Scheme 1). Peptide 1 is a 14-amino acid (aa)-long sequence
directed at a target antigen within the cysteine-rich domain
(CRD) (Saldanha et al., 1998) and located at the N′ terminal
region of the protein (aa76-aa89). Peptide 2, 16 aa long, also
targets an antigen at the N′ terminal region (aa167-aa182).
Peptide 3, 16 aa long, was directed at an antigen in close
proximity to the transmembrane domain of the N′ terminal
region of the protein (aa 195–aa 210). Finally, peptide 4, 16 aa
long, was directed at an antigen located at the C′ terminal,
intracellular region of the protein (aa559–aa574).

These peptides were injected into BALB/C mice (80 µg peptide/
mouse) to generate specific antibodies according to standard
protocols (Yokoyama, 2001). For each specific peptide, several
antibodies were produced. Peptide matching was performed by
ELISA to detect the specific target antigen of each antibody clone.

2.2 Functional screening of monoclonal
antibody clones via the effect of supernatant
on WT cells

To screen for potent monoclonal antibodies (mAbs), the effects
of the supernatants of the hybridoma clones were first verified by
ELISA on FZD7-expressing WT cells. Primary tumor cells obtained
from various primaryWT donors, along with cells derived fromWT
xenografts in immunodeficient mice, were analyzed for
FZD7 expression levels using flow cytometry. FZD7 levels were
monitored in the different tumors and remained steady throughout
the experiments (Figures 1A,B).

Clones were analyzed by applying medium containing the
secreted antibodies from the hybridoma cell culture to the
assayed cells. After a 48-h treatment course, we analyzed the
control and treated cells for viability.

Overall, 4 antibody-producing hybridomas generated from
different immunizing peptides (Supplementary Table S1)
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demonstrated significantly reduced proliferation in WT cells
(Figure 1C; *p < 0.05; **p < 0.01). Surprisingly, clones 288.1,
288.2, and 288.5 generated by immunization with the
intracellular peptide 4 significantly inhibited WT cell
proliferation. Two of those antibodies were chosen for further
analysis: 288.1 and 288.5.

2.3 FZD7 protein–αFZD7 antibody-specific
interaction

Direct protein–antibody interactions were verified by a protein
immunoprecipitation (P-IP) assay in SK-MEL28 cells, a human
melanoma cell line that expresses an average of 15% FZD7
(Supplementary Figure S1). The results showed that P-IP of the
FZD7 protein was successful when using αFZD7-288.1 but not 288.5
(Figure 2A). Since specific direct interactions were observed only for
αFZD7-288.1, these interactions were further tested via functional
in vitro experiments.

To test the specificity of αFZD7-288.1, we compared our
generated αFZD7-288.1 antibody to a commercial anti-FZD7 Ab
(Merck Millipore). Western blot (WB) analysis revealed a similar
pattern for identifying the predicted 64 kDa protein, as well as its
modified forms by phosphorylation, glycosylation, or both
(Supplementary Figure S2). The target antigen of the selected
antibody, αFZD7-288.1, was confirmed to be antigen 4 by
blocking the antibody-receptor interaction following incubation
with the immunizing peptide (Supplementary Figure S3).

Specificity of the combinations of the various concentrations of
αFZD7-288.1 was evaluated in HEK293T cells overexpressing the
full-length FZD7 (Figure 2B) and in WT cells in which FZD7 was
knocked down by shRNA (Figure 2C). We found specific binding to
the FZD7 receptor, as shown in 2B. Flow cytometry analysis of live
WT cells stained for both αFZD7-288.1 and the αFZD7-APC
antibody (R&D) revealed a range of overlapping subpopulations.
Interestingly, variability was noted for both antibodies; however,

cells stained positive for αFZD7-288.1 were mostly observed as a
subpopulation within the cells detected by the commercial
antibody (Figure 2D).

2.4 αFZD7-288.1 inhibits Wnt signaling
in WT cells

Since αFZD7-288.1 was designed to target FZD7, a receptor for
Wnt signaling, we aimed to examine its effect on this pathway to
determine the underlying mechanism.WT cells were treated for 48 h
with 5 μg/mL αFZD7-288.1, after which the protein levels of active
β-catenin were measured via protein analysis. Active β-catenin and
FZD7 protein levels were decreased in the cell lysates of treated
WT cells (Figures 3A,B), suggesting that the whole signaling
pathway is indeed downregulated following treatment with
αFZD7-288.1. To further investigate the changes in β-catenin
translocation following treatment, immunofluorescence staining
of treated and untreated WT cells was performed. β-catenin is a
key mediator of the canonicalWnt signaling pathway. In response to
a Wnt stimulus or specific gene mutations, β-catenin is stabilized
and translocated from the cytoplasm to the nucleus, where it binds
to TCF/LEF-1 transcription factors to transactivate genes that drive
tumor formation (Jamieson et al., 2014). Immunofluorescence
staining demonstrated strong nuclear localization of β-catenin
and weak cytoplasmic staining in the untreated cells, whereas the
cytoplasmic localization of β-catenin was mostly observed in the
treated WT cells (Figure 3C). These results suggest that αFZD7-
288.1 treatment leads to inhibition of the Wnt/β-catenin pathway.

To explore the mechanistic impact of αFZD7-288.1-induced
inhibition of Wnt signaling, we performed gene expression analysis
of canonical Wnt pathway-related genes via real-time PCR. Our
results demonstrate a decrease in the mRNA expression levels of
CTNNB1 (encodes β-catenin) and FZD7. Additionally, C-MYC, a
known oncogene (He et al., 1998) and AXIN2, known to mediate
tumor cell dedifferentiation and tissue-invasive activity (Yook et al.,

SCHEME 1
Schematic representation of the FZD7 protein structure and its localization within the cell membrane. Four peptides were selected for antibody
generation; clones 288.1, 288.2, and 288.5 derived from peptide 4 were subsequently chosen for detailed analysis. Figure created with BioRender.com.
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2006) were also expressed at lower levels following the inhibition of
Wnt signaling. Furthermore, Cyclin D1 (CCND1), a Wnt target gene
that was previously reported to be linked to cell cycle arrest, were
correspondingly expressed at lower levels. This fact further links
Wnt inhibition to tumor proliferation arrest (Tetsu and
McCormick, 1999). Finally, the Wnt pathway inhibitors DKK1
(Chamorro et al., 2005) and SFRP1 were also significantly
decreased in WT cells (Figures 3D–F). As a control for specificity

within the Wnt signaling pathway, αFZD7-288.5, which does not
specifically interact with FZD7 (Figure 2A), was utilized. The mRNA
levels of Wnt pathway-related genes remained unaffected by
αFZD7-288.5 (Supplementary Figure S5).

2.5 Treatment with αFZD7-288.1 inhibits
WT cell proliferation and induces cell death

We further examined whether Wnt inhibition affects WT cell
viability. Since the Wnt pathway is known to regulate cell
proliferation and survival in various cancer types (Bilir et al.,
2013; Sinnberg et al., 2011; King et al., 2012) and because of
the highly proliferative nature of FZD7-expressing cells (Pode-
Shakked et al., 2011), we first tested whether Wnt pathway
inhibition via αFZD7-288.1 could lead to changes in cell
proliferation. To evaluate proliferation, we calculated the cell
growth rate (defined as the number of cell divisions per time
unit). Doubling time was determined using a verified online
calculator (R.V., 2006) based on measurements of cell numbers
at 4 different time points (Figure 4A). Compared with untreated
cells, αFZD7-288.1-treated WT cells had a significantly longer
doubling time (approximately 49 h), which typically demonstrated
a doubling time of 28 h and the significantly lower growth rate
(defined as the number of cell divisions per day (Figure 4B).
Reduced proliferation in cells treated with αFZD7-288.1 was
also observed by MTS assay as shown in (Figure 4C). Further
analysis of WT cell proliferation by immunofluorescence staining
for Ki67 revealed reduced proliferation in treated cells, with only
13% Ki67-positive cells compared to 29% in control-treated cells
(Figure 4D), consistent with their relatively decreased growth rate.
Since Ab-mediated blockade of FZD7 was shown to induce cell
death, we next examined whether treatment with our novel
antibody, αFZD7-288.1, could result in cancer cell death. Flow
cytometry analysis via annexin V staining of cancer cells treated
with 5 μg/mL αFZD7-288.1 increased the percentage of
preapoptotic and apoptotic cells (Figure 4E). Accordingly, using
the trypan blue cell viability assay, we found that the percentage of
cell death was significantly greater in the WT cells than in the
controls (Figure 4F).

2.6 Treatment with αFZD7-288.1 inhibits
WT cell migration

A common property of most cancers is their ability to migrate
(Wirtz et al., 2011). Therefore, we assessed whether canonical Wnt
pathway inhibition affects the migration potential of treated cells.
We tested changes in the ability of WT cells to migrate through a
scrape made in the cell monolayer in the serum-free medium to
minimize proliferation and isolate migration effects. Inhibition of
canonical Wnt signaling resulted in a reduced migratory capacity of
the αFZD7-288.1-treated cells compared to the untreated cells
(Figure 5A). An additional defining property of cancer stem cells
(CSCs) is their ability to form cell spheres (Wang et al., 2018). Since
FZD7 was previously shown to be a potential cancer stem cell
marker in WT plants, we next asked whether treatment with
αFZD7-288.1 affects this function. A sphere formation assay

FIGURE 1
Binding of FZD7 antibody to Wilms tumor cells, expression
analysis of different WT donors and effect on cell proliferation. (A)
Percentage of Frizzle 7 (FZD7)-expressing cells in culture. A
representative flow cytometry analysis is shown for primary
Wilms tumor (WT)-derived cells (upper) and WT-xenograft derived
cells (lower). (B) A summarizing bar graph of FZD7 expression in
WT cells from different donors used for in vitro experiments. (C) Effect
of secreted antibodies on WT cells: Relative percentage of viable cells
following 48 h of treatment with the different clones. The spent
medium served as a control. The numbers indicate the hybridoma
clone from which the spent medium was derived; *p < 0.05, **p <
0.01. The results are shown as the mean ± SEM of at least three
different experiments for each antibody.
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FIGURE 2
Binding characterization of FZD7 -288.1 in Immune Precipitation assays, Western blot analysis, FACS and Immunohistochemistry. (A) αFZD7-
288.1 but not 288.5 immunoprecipitated the Frizzled 7 (FZD7) protein. A protein immunoprecipitation (IP) assay was used to validate the antibody-specific
interaction with the FZD7 receptor. SK-MEL28 total cell lysates (FZD7 Input) and FZD7-bound fractions (FZD7 IP) were assayed via Western blot analysis.
For detection, a commercial anti-FZD7 antibody (Millipore) was used. Nonspecific antibody andmouse IgG served as negative controls, and β-actin
was used as a loading control. A representative blot of three separate experiments is shown. (B) Specific binding to the FZD7 receptor was examined in
HEK293T cells overexpressing full-length FZD7. The cell extracts were probedwith different concentrations of αFZD7-288.1. Specific binding of the Ab to
FZD7-expressing cells was observed. (C) Probing of cell lysates from sh-FZD7-Wilms tumor (WT) cells with αFZD7-288.1 revealed the downregulation of
FZD7, similar to the effect of a commercial αFZD7 antibody, demonstrating its specificity. β-Actin was used as a loading control. (D) Representative flow
cytometry analysis of FZD7 expression in cultured WT cells stained with both αFZD7-288.1 and a rat anti-FZD7 APC-conjugated antibody. Cells stained
positive for αFZD7-288.1 were mostly observed as a subpopulation within the cells detected by RαFZD7-APC. The data are presented in a dot plot graph
showing FZD7 staining in red and isotype control staining (negative control) in gray.
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showed that a significantly lower number of spheres formed from
treated cells than from control cells. Furthermore, the spheres that
formed from the treated cells were smaller and less
condensed (Figure 5B).

2.7 αFZD7-288.1 strongly co-localizes with
NCAM1 in WT, and treatment with αFZD7-
288.1 reduces WT CSC markers

To determine the cellular compartment to which αFZD7-
288.1 localizes, immunofluorescence (IF) staining was
performed with antibodies against FZD7 and NCAM1, a WT
CSC membrane-associated marker (Shukrun et al., 2014a). Cells
were co-stained with fluorophore-conjugated antibodies against

FZD7 (red) and NCAM1 (green), and merged images showed
prominent yellow signals, indicating spatial membrane proximity
(Figure 6A). Further, to evaluate the functional impact of
FZD7 targeting, WT cells were treated with αFZD7-288.1 for
48 h. In line with previous reports identifying ALDH1+ and
NCAM1+ cells as tumor-propagating populations with Wnt/β-
catenin pathway activity and poor prognosis (Shukrun et al.,
2014b; Raved et al., 2019), αFZD7-288.1 treatment led to
significant downregulation of key CSC markers, including
NCAM1, SIX2, CITED1, and ALDH1, as measured by qRT-
PCR (Figure 6B). Notably, these markers overlap with
populations resembling fetal nephron progenitors
(SIX2+CITED1+) known to promote WT progression via
ITGβ1–FAK–ERK signaling (Petrosyan et al., 2023). Together,
these findings indicate that αFZD7-288.1 disrupts the stem-like

FIGURE 3
The αFZD7-288.1 antibody inhibits β-catenin translocating Wnt signaling in Wilms tumor cells. (A) Western blot (WB) analysis demonstrating the
inhibition of active β-catenin and decreased levels of Fizzled 7 (FZD7). (B) following treatment with 5 μg/mL αFZD7-288.1 for 48 h in Wilms tumor (WT)
cells. A nonspecific Abwas used as a negative control; β-actin was used as a loading control. (C) β-catenin immunofluorescence staining of untreatedWT
and αFZD7-288.1-treated cells: Double-staining with DAPI and cytokeratin (first panel) and with cytokeratin and β-catenin (second panel). β-catenin
staining revealed strong expression and a greater percentage of cells with nuclear localization of β-catenin in the control untreated cells (scale bar
represents 50 µM) X70 magnification of representative cells (indicated by arrows) from each group (third panel) and double-staining with DAPI and β-
catenin (forth panel). (D–F) Real-time PCR gene expression analysis of WT cells: The expression of Wnt transducers [(D); FZD7, β-catenin], Wnt pathway
target genes [(E); AXIN2, CCND1, MYC-C], and Wnt pathway inhibitors [(F); DKK1, sFRP1] was also measured. The results showed reduced mRNA
expression of Wnt pathway-related genes. The data are shown as the mean ± S.E.M. of 5 separate experiments; *p < 0.05; **p < 0.01.
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compartment in WT, supporting a role for FZD7 in sustaining
CSC properties. This underscores the embryonic plasticity of WT
CSCs and highlights FZD7 as a potential therapeutic target to
overcome resistance and limit tumor propagation.

2.8 Evaluation of the efficacy of αFZD7-
288.1 in other cancer cells

Having shown the effect of αFZD7-288.1 on primary WT cells,
specifically on CSC population, we explored whether αFZD7-
288.1 has the potential to affect canonical Wnt signaling in other
tumor cells. To achieve this goal, the melanoma SK-MEL28 and
cervical cancer HeLa cell lines, previously linked to Wnt pathway
aberrations (Deng et al., 2015a; Deng et al., 2015b; Tiwary and Xu,
2016; Spr et al., 2015; Anastas et al., 2014), were evaluated for
FZD7 expression and treated with αFZD7-288.1. Treatment with
αFZD7-288.1 inhibited the canonical Wnt pathway in both cell lines
(Supplementary Figures S6, S7, respectively). These results support
our hypothesis that αFZD7-288.1 may be a promising therapeutic
option for a broad range of FZD7 canonical Wnt pathway-
related tumors.

2.9 Inhibition of canonical Wnt signaling by
αFZD7-288.1 inhibits Wilms tumor growth
in vivo

Next, we sought to determine the effect of αFZD7-288.1 on WT
growth via a xenograft model. In our previous study and in several
other studies, treatment with the tubulin inhibitor paclitaxal (PTX)
induced dramatic and favorable responses toward WT growth.
Therefore, we compared the antitumor effect of αFZD7-288.1 to
that of PTX (Markovsky et al., 2017; Ramanathan et al., 2000).

The tumor injection protocol, tumor growth (volume) curves
and body weight changes of each group are shown in Figure 7.
Treatment with 10 mg/kg αFZD7-288.1 significantly inhibited
tumor growth throughout the experiment starting after the
second injection (p < 0.01). (Figure 7D). Three of the treated
tumors were found to have a reduced volume compared to the
initial tumor size (further in the text referred to as group A), while
the other two tumors continued to grow but more slowly than did
the control mice (further in the text referred to as group B) (Figures
7E,F). Like in the αFZD7-288.1-treated group, in the PTX-treated
group, tumor growth was substantially inhibited after the second
dose, followed by a decrease in tumor volume. Although PTX had a

FIGURE 4
The αFZD7-288.1 antibody reduces proliferation in Wilms tumors cells and induces cell death. (A) Inhibition of the Wnt pathway by αFZD7-
288.1 treatment induced changes in cell kinetics, as demonstrated by the longer doubling time of antibody treated Wilms tumor (WT) cells compared to
control treatedWT cells and (B) the significantly lower growth rate (defined as the number of cell divisions per day), *p < 0.05; n = 4. Reduced proliferation
in cells treated with αFZD7-288.1 was also observed by MTS assay in (C) and (D) Quantification of Ki67 staining was performed by counting the
number of Ki67-positive nuclei in five high-power fields (HPF) per condition, using representative regions from each sample. Reduced nuclear
Ki67 expression (red, lower panels) compared to that in control untreated cells (magnification ×40 scale bars = 100 μm; magnification ×20 scale bars =
50 µm). (E) Induction of cell death in WT cells is shown in a representative analysis for annexin V staining, which demonstrated a marked increase in the
percentage of apoptotic and preapoptotic cells. (F) Percentage of dead cells calculated using trypan blue staining of WT cells indicating significantly
greater cell death in treated WT cells than in control cells; *p < 0.05; n = 4.
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stronger and more rapid effect than did αFZD7-288.1 on all the
tumors (n = 3; Figure 7F), the treated mice experienced weight loss,
suggesting strong toxicity, which was not detected with the FZD
antibody. This body weight loss of more than 20% following the fifth
injection compelled us to stop the experiment.

Treatment of tumors larger than 500 mm3 with αFZD7-
288.1 had similar results, with a delayed effect. A decrease in
tumor volume was recorded in the treated tumors after the fifth
injection (Supplementary Figure S8A). As mentioned above, since
significant weight loss and death of three mice was recorded within
the PTX-treated group, the experiment was terminated 10 days after
the first inoculation (Supplementary Figure S8B).

Flow cytometry analysis of the tumors processed from the
single-cell cohort demonstrated a significant decrease (fold
change of 0.445) in the percentage of FZD7-expressing cells in
the αFZD7-288.1-treated tumors compared to that in the control
group (Figure 7G) and Supplementary Figure S8C. The expression
of the canonical Wnt pathway genes of FZD7, β-CATENIN, AXIN2,
CCND1, C-MYC, DKK1, and sFRP1 decreased in the treated
tumors as measured by qRT-PCR (Figure 7H).

To further evaluate changes within the tumors, we performed
immunohistological analysis of the tumors treated with saline, PTX
and αFZD7-288.1. Two separate tumors representing tumors with
reduced volumes (type A) and tumors with growth inhibition (type

FIGURE 5
Themigration and sphere formation ofWilms tumor cells is reduced after treatmentwith αFZD7-288.1 antibody. (A) Scratch assay demonstrating the
effects of αFZD7-288.1 on the ability of cells to migrate through a scrape in the cell monolayer. Wilms tumor (WT)-treated cells demonstrated a lower
migration capacity than control cells, as shown in the representative images. Calculation of the area of migrating cells (on the right) showed that the cells
had a significantly reduced migration capacity following treatment; *p < 0.05; n = 3. (B) A sphere formation assay was performed. The number and
size of the spheres formed by the treated cells were significantly lower than those formed by the untreated cells. The data are presented as the means ±
SEMs of at least three experiments performed in triplicate (*p < 0.05) On the left, representative phase-contrast images of spheres formed by treated and
untreated WT cells showing markedly fewer condensed spheres in the treated cells (scale bars = 100 μm, magnification ×10).
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B) from the αFZD7-288.1-treated group were stained. BlockingWnt
signaling activity with αFZD7-288.1 resulted in reduced cell
proliferation, as indicated by Ki67 staining, and induced cell
death, as shown by extensive Caspase3 staining. Type A tumors
exhibited minimal proliferation according to Ki67 staining and
extensive Caspase3 staining, demonstrating increased apoptosis.
These results coincide with the reduction in tumor volume
observed during the in vivo experiment. Type B IHC staining
revealed lower proliferation levels than did the control groups,
and type B IHC staining was accompanied by lower apoptosis
than was observed in type A tumors. This can account for the
reduced response to αFZD7-288.1 treatment, as indicated by the
inhibition of tumor growth. As expected, a similar effect was
observed for the chemotherapy-treated tumors (Figures 8A,B).

3 Discussion

In this study, we generated a specific anti-Frizzled7 (FZD7)
antibody that targets the Wnt pathway, reduces WT CSC markers
and induces WT cell death. This study is a direct extension of our
previous efforts to characterize WT-CSC/CIC (Dekel et al., 2006;
Pode-Shakked et al., 2011; Pode-Shakked et al., 2009) and to
demonstrate the effects of therapeutic targeting of putative WT-
CSCs molecular markers with varying strategies (Pode-Shakked
et al., 2013).

As a first step, a cohort of antibodies was produced that targeted
different epitopes on the FZD7 receptor and viability/proliferation
assays with WT cells were performed. Next, the specificity of the

αFZD7 mAbs for the FZD7 receptor was tested. This analysis put
forward the Ab termed αFZD7-288.1 generated by immunizing
epitope 4 of the C′ terminus of the receptor, which was then
tested successfully for Ab-receptor interactions via a protein
immunoprecipitation (IP). We showed specific binding of the Ab
to the tested tumor cells, in the context of live viable cells, as
determined by flow cytometry, immuneprecipitation and WB
analysis. We propose several explanations for the observed
differences in the detected band sizes in input and pull-down
fractions. Post-translational modifications (PTMs), such as
phosphorylation or ubiquitination, may alter the protein’s
molecular weight and mobility, with the input capturing
modified/unmodified forms and the IP preferentially binding
specific forms. Second, proteolytic cleavage may generate
fragments seen pull down, with the IP detecting intact proteins
or fragments. Further, antibody specificity may cause differences in
epitope recognition, influenced by protein folding or interactions,
with masking more likely in the input. The protein could also be part
of a larger complex in the input, affecting its mobility, and
dissociating during IP to appear at its expected size. Additionally,
band patterns with the commercial antibody (Supplementary Figure
S2) show similar patterns but varying intensities (e.g., 170, 90,
64 kDa), suggesting differences in IP performance. It is
important to note that the 288.1 FZD7 antibody was selected for
functional activity.

FZD7 was previously implicated as a potential cancer stem cell
marker (Dekel et al., 2006; Pode-Shakked et al., 2011; Pode-Shakked
et al., 2009), and considering that the current understanding
implicates CSCs/CICs as the ones primarily responsible for

FIGURE 6
αFZD7-288.1 strongly co-localizes with NCAM1 in WT, and treatment with αFZD7-288.1 reduces WT CSC markers. (A) Immunofluorescence of
staining of cultured WT cells using αFZD7-288.1 and NCAM1 and co-staining (αFZD7-red, αNCAM1 green and DAPI blue) microscopy revealed
overlapping signals as a merged color (yellow), indicating membrane spatial proximity. Slides were imaged using Olympus IX83 fluorescent microscope
and Olympus DP80 camera. Image processing was done using Olympus OlyVia software. (B) The expression of the Cancer stem cell marker genes
NCAM1, CITED, SIX2 and ALDH1A1 decreased in the antibody αFZD7-288.1 treated WT derived cells (n = 3); *p < 0.05; **p < 0.01.
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tumor initiation and progression (Singh et al., 2003; van der Kooy
and Weiss, 2000), we explored key elements of these characteristics.
Herein, we showed that the application of the αFZD7-288.1 Ab can
reduce cell propagation and induce cell death through targeting the

Wnt pathway concomitant to abrogation of WT CSC markers. Our
results indicate that αFZD7-288.1 prevents the accumulation of the
active unphosphorylated β-catenin protein. Accordingly, we
observed less active β-catenin in the nuclei. In fact, as we further

FIGURE 7
The antitumor activity of αFZD7-288.1 as demonstrated in changes in tumor volumes. (A) Flow cytometry histogram evaluating Frizzled 7 (FZD7)
expression in Wilms tumor (WT) tissue for use in vivo. (B) Workflow diagram illustrating the in vivo experimental design. (C) Mouse weights during
treatment. Paclitaxel (PTX)-treated mice suffered from toxic side effects and significant weight loss following treatment; **p < 0.01; ***p < 0.005. (D)
Antitumor activity: Mice were treated intravenously with normal saline, αFZD7-288.1 (10 mg/kg) or paclitaxel (15 mg/kg). Tumor volume, presented
in mm3, was assessed every 2–3 days using an external electronic caliper and calculated by the modified ellipsoid formula V = 0.52 × (length × width2).
Like PTX-treated tumors, tumors treated with αFZD7-288.1 exhibited growth inhibition and even tumor shrinkage, while saline-treated tumors showed
rapid tumor growth; *p < 0.05; **p < 0.01. (E) Representative images on day 10 of the experiment showing mice with large saline-treated tumors (right)
and unnoticeable αFZD7-288.1-treated tumors (left). (F) Waterfall graph showing the changes in the individual tumor volumes with respect to the initial
tumor size. (G) FZD7 expression in tumors treatedwith αFZD7-288.1 was significantly altered by 0.445-fold; *p < 0.05; n = 3 per group. (H) The expression
of the canonical Wnt pathway genes FZD7, β-CATENIN, AXIN2, CCND1, C-MYC, DKK1, and sFRP1 decreased in the treated tumors (n = 4); *p < 0.05; **p <
0.01; ***p < 0.005.
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investigated downstream gene transcription, we found that
inhibition of the Wnt pathway by αFZD7-288.1 resulted in
downregulation of its downstream targets. Notably, CCND1, a β-
catenin target previously connected to cell cycle arrest, was
significantly reduced, further connecting Wnt pathway inhibition
to the reduced proliferation described above. C-MYC, a well-
described oncogene and a target of the FZD7/Wnt pathway, was
also repressed. Moreover, reduced expression of β-catenin, FZD7
and the Wnt inhibitors DKK1 and sFRP1 was observed. This
negative feedback may be the result of FZD7/Wnt pathway
inhibition. Other key features of these FZD7-expressing cells
include the formation of tumor spheres in low-adherence
cultures and the migration of cells (Pode-Shakked et al., 2011).
Focusing on these attributes, we went on to observe decreased
migration capabilities following treatment, as well as impaired
ability of the treated cells to form spheres. Although the
inhibitory effects of the 288.1 antibody on WT cell proliferation
and canonical Wnt signaling in vitro were modest (~20%), even
partial suppression of β-catenin activity can elicit meaningful
biological outcomes—particularly in threshold-sensitive pathways
such as Wnt. In our study, this moderate inhibition was consistently
accompanied by reduced expression of stemness markers and
impaired cell migration, highlighting the functional relevance of
the antibody’s effect. Finally, our in vivo results in low-passage WT-
Xn showed high antitumor activity of αFZD7-288.1, resulting in
significant inhibition of tumor growth and tumor degradation.
Moreover, analysis of the treated tumors revealed a significant
decrease in the number of FZD7-expressing cells compared to
that in the control group. This implies the possible elimination of
FZD7-expressing cells from tumors and can account for the tumor
volume reduction observed in three of the five treated tumors. The
inhibition of the Wnt pathway gene expression module observed in
the extracted tumors indicated that the remaining cells composing
most of the tumor’s bulk were also affected by the treatment. This
observation can be attributed to the inhibition of tumor growth

following the inhibition of Wnt pathway activity, which is known to
regulate cell proliferation (Bilir et al., 2013; Pode-Shakked et al.,
2011; Vincan, 2004; Yang et al., 2011).Since no weight loss was
measured in the αFZD7-288.1-treated mice, we did not reach the
maximum tolerated dose of αFZD7-288.1; therefore, we hypothesize
that the dose of αFZD7-288.1 should be increased further to improve
its activity. We acknowledge the limitation of our in vivo study,
particularly the small sample size and short observation period. To
fully validate the therapeutic potential of the FZD7 antibody in
Wilms tumor, additional in vivo experiments with larger cohorts
and extended follow-up will be necessary. The mode of interaction
of the αFZD7-288.1 Ab with FZD7 can be explained by several ways;
One possibility is that the antibody is being internalized by the cells.
Complex formation with FZD7 that is internalized as previously
shown (Pode-Shakked et al., 2011). Alternatively, cell permeability
or leaky membranes representing stressed cell state in tumor
environments and stem cells or cancer cells, which are more
prone to membrane dynamics, may allow access to intracellular
compartments, even without specific transport mechanisms (Au
et al., 2016). Additional explanation relates to FZD7 characteristics
to undergo constant cycling between the plasma membrane and
endosomes. During this process the cytoplasmic tail is transiently
exposed in endocytic vesicles potentially binding FZD7 during its
intracellular trafficking, affecting its recycling or degradation,
thereby dampening Wnt signaling (Sun et al., 2016). In any
event, rescue experiments that reactivate downstream Wnt
signaling components can assist in directly testing reversal of the
tumor-suppressive effects of αFZD7-288.1.

Since FZD7 is known to be involved in constant cycling between
the membrane and cytoplasm and has a dynamic presence in the cell
membrane (Pode-Shakked et al., 2011), the intracellular domain can
potentially protrude from the membrane, affording attachment to
the αFZD7-288.1 Ab. In this regard, a manuscript by Struewing et al.
(Struewing et al., 2007) has been shown to cleave FZD7 loop 3,
which may explain the instability of the FZD7 receptor. A

FIGURE 8
The antitumor activity of αFZD7-288.1 as demonstrated by proliferative markers in Immunohistochemical staining. (A) Immunohistochemical
staining for Ki67 and Caspase3 in representative tumors from the different experimental groups; saline, paclitaxel (PTX) and αFZD7-288.1 (type A,
representing reduced-volume tumors; and type B, representing tumors with growth inhibition compared to saline-treated tumors). The scale bars
represent 50 μmat a magnification of ×20. Compared with those of saline- or PTX-treated tumors, αFZD7-288.1-treated tumors exhibited reduced
proliferation. An increase in apoptosis was observed in αFZD7-288.1- and PTX-treated tumors (B).
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manuscript published by Yang et al. (Yang et al., 2018) described a
concerted movement in the helix VII and H8 regions of the
FZD4 receptor at the proposed Dishevelled (DVL) binding site as
the receptor cycled between a “closed” and a “bent” conformation
during experiments. Since the αFZD7-288.1 target antigen is located
only one amino acid downstream of the KTXXXW PDZ-binding
motif of DVL, these findings may provide an explanation for the
peptide mode of action. Moreover, a FZD7 peptide that was able to
bind to the FZD7 receptor conventional C-terminal peptide-binding
groove was previously reported (Wong et al., 2003). Regardless of
the mode of interaction, our results suggest that αFZD7-288.1 is a
promising therapeutic agent for treatingWT cells and can be further
implemented for other Wnt pathway-dependent tumors.

Standard chemotherapy drugs like vincristine, dactinomycin,
doxorubicin, and cyclophosphamide remain the cornerstone of
Wilms tumor treatment, especially for those with well-defined
risk factors (Oostveen and Pritchard-Jones, 2019). However,
targeted therapies like anti-FZD7 offer potential advantages in
terms of specificity and reduced toxicity. The choice between
these approaches depends on factors such as tumor stage, patient
health, and the availability of targeted therapies. Combining
traditional chemotherapy with targeted approaches could offer a
synergistic benefit, potentially improving outcomes while
minimizing side effects.

While our data support that αFZD7-288.1 exerts its effects
through inhibition of Wnt signaling, demonstrating specificity is
important next step. However, we recognize that such experiments
would provide further mechanistic insight into the treatment’s
specificity.

4 Conclusions

In summary, an anti-FZD7-288.1 novel antibody that specifically
targets Fzd7 was successfully generated in this study. Monoclonal
anti-FZD7- 288.1 enhanced cell death in primary Wilms tumor cells
and inhibited tumor growth in in vivo xenograft studies.
Mechanistically, we showed that this effect correlated with
canonical Wnt signaling inhibition, a reduction in activated β-
catenin, and downregulation of Wnt/β-catenin target genes. Our
results suggest that the anti-FZD7-288.1 antibody is a possible
therapeutic agent for Wilms tumor and additional Wnt-dependent
tumors. Given that this antibody specifically targets FZD7 receptors,
this specificity affords a beneficial safety profile for clinical use.

5 Experimental procedures

5.1 Antibody production

Monoclonal antibodies are raised against peptides
corresponding to sequences specific to FZD7. Peptides used for
antibody generation were synthesized by Sigma-Aldrich using solid-
phase peptide synthesis (SPPS) with standard Fmoc (9-
fluorenylmethoxycarbonyl) chemistry. Synthesis was performed
on a resin support with stepwise addition of amino acids from
the C-terminus to the N-terminus. Following chain assembly,
peptides were cleaved from the resin and purified by reverse-

phase high-performance liquid chromatography (RP-HPLC) to a
purity of >80%. Peptide identity and purity were verified by
analytical HPLC and mass spectrometry (MS). For
immunization, the peptides were conjugated to KLH and injected
into BALB/C mice (RRID:IMSR_ENV:HSD-162) (80 µg peptide/
mouse) to generate specific antibodies according to standard
protocols (Yokoyama, 2001). Upon clone selection, the clones
were stabilized, produced in a bioreactor, and purified on a
protein A-agarose column using AktaPrime (Pharmacia).

5.2 Primary WT samples

The primary WT sample was obtained from the patient within
1 h of surgery. Informed consent was given by the legal guardians of
the patients according to the Declaration of Helsinki. The tumors
were designated W002-W041, 12 of which were used in this study
(Supplementary Table S3).

5.3 In vivo xenograft formation

Animal experiments were performed in adherence to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals, with institutional Animal Care and Use
Committee approval. In this work, 5- to 8-week-old female
nonobese diabetic severe combined immunodeficient NOD/SCID
(RRID:IMSR_HAR:170) mice were used. WT xenografts (WT-Xn)
were generated from immunodeficient mice as previously described
(Pode-Shakked et al., 2013; Dekel et al., 2006).

5.4 Cell cultures

1. Cell lines: All cell lines were obtained from ATCC and tested
negative for mycoplasma contamination.SK-MEL28 cells
(RRID:CVCL_0526) were cultured in EMEM (Sigma‒
Aldrich), and HEK293 (BCRJ Cat# 0009, RRID:CVCL_
0045) and HeLa (TKG Cat# TKG 0331, RRID:CVCL_0030)
cells were cultured in Dulbecco’s modified Eagle medium
(DMEM; Biological Industries). All media were
supplemented with 10% fetal bovine serum (FBS;
Invitrogen), 1% penicillin streptomycin (Pen-strep) 100 M,
and 1% L-glutamine (both from Biological Industries).

2. Wilms tumors: Single-cell suspensions from primary WT
(p-WT) or WT-Xn tissues were grown as adherent cultures
for in vitro assays. The cells were cultured in IMDM (Biological
Industries) supplemented with 10% FBS and the following
growth factors: 50 ng/mL basic fibroblast growth factor
(bFGF), 50 ng/mL epidermal growth factor (EGF) and 5 ng/
mL stem cell factor (SCF; R&D Systems) in 300,000 cells on a
10 cm plate on conventional tissue culture plastic or according
to specific assay demands on surface area and cell density.

3. For sphere formation, cells were plated on poly (2-
hydroxyethylmethacrylate) (poly-HEMA; Sigma‒Aldrich)-
precoated 6-well plates (Corning Life Sciences, Wilkes Barre,
PA, United States) at a density of 20,000 cells/well in serum-
free DMEM-F12 (Invitrogen) supplemented with 10 ng/mL
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bFGF and 20 ng/mL EGF (R&D Systems). The medium was
changed twice a week. After 7 days, the number of spheres and
sphere sizes were determined using Nikon Eclipse TS100 and
Nikon Digital Sight cameras, and the means were calculated.

4. To assess cell growth, 4,000 cells were plated in triplicate and
grown in 96-well plates. Cell proliferation was measured by
using a CellTiter 96 Aqueous One Solution Cell Proliferation
Assay (Promega) according to the manufacturer’s instructions,
and the absorbance at 492 nmwas determined using an Infinite
F50 microplate reader (Tecan).

5. For the determination of the doubling time and growth rate,
100,000 cells were seeded in 6-well plates. The following day
and every day thereafter, the cells were trypsinized and counted
using a hemocytometer. Calculation of the doubling time and
growth rate (defined as the number of cell divisions per time
unit) was carried out using a verified online calculator (R.V.,
2006), which quantifies the doubling time of cells based on
measurements of cell numbers at least three time points.

6. To assess cell death, 300,000 cells were seeded on a 10 cm plate.
Annexin V staining was carried out using an annexin V–APC
apoptosis detection kit (eBioscience) according to the
manufacturer’s instructions. In addition, the cells were stained
for 7AAD. The cells were subsequently analyzed with a
FACSCalibur (BD Pharmingen). The results were analyzed
using FlowJo analysis software. The trypan blue exclusion assay,
based on the principle that live cells possess intact cell membranes
and therefore exclude trypan blue dye, was also used to assess the
number of viable cells in a cell suspension (Strober, 2001).

7. Quantification of Ki67 staining was based on the quantification
of the number of positively stained nuclei in high-power fields
(HPFs) from different areas of the sample (mean ± SD).

8. For assessment of cell viability after treatment, 4,000 cells were
seeded in triplicate and grown in 96-well plates overnight. The
following day, the medium was changed and supplemented
with control or antibody.Cell viability was measured using the
CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, United States) according to the
manufacturer’s instructions. The absorbance at 492 nm was
determined using an Infinite F50 microplate reader (Tecan).
Each experiment was performed in triplicate, and three
independent experiments were carried out.

9. For the migration assay, cells were seeded into tissue culture
dish at a density sufficient to reach full confluency within
18–24 h and incubated at 37 °C with 5% CO2. Once a uniform
monolayer formed, a straight scratch was made across the
center of each well using a sterile 200 µL pipette tip, applying
consistent pressure and angle. Detached cells were removed by
washing 2–3 times with PBS. The medium was then replaced
with serum-free medium to minimize proliferation and isolate
migration effects. Treated and control cells were photographed
immediately after the scratch was made and 24 h later using a
Nikon Eclipse TS-100 microscope.

5.5 Cell treatments

1. For preliminary experiments, cells were cultured on 96-well
plates at 4,000 cells/well. Twenty-four hours after seeding, the

cells were treated for an additional 48 h with spent medium
from the different hybridoma clones containing the secreted
antibodies.

2. The optimal concentration of αFZD7-288.1 was determined by
culturing 4,000 cells/well in 96-well plates. After 24 h, the cells
were treated for 48 h with different concentrations of the Ab.
The following concentrations of Ab were used: 0–50 μg/mL for
the WT cells or 0–20 μg/mL for the SK-MEL28 cells
(Supplementary Figure S4).

3. αFZD7-288.1 treatment: Unless otherwise stated, cells were
seeded on a 10 cm plate at 300,000 cells/plate. Twenty-four
hours after seeding, the cells were treated by supplementing the
growth media with 5 μg/mL αFZD7-288.1 for an additional
48 h of incubation. The cells were subsequently harvested and
evaluated for the effect of αFZD7-288.1.

5.6 Flow cytometry analysis of
FZD7 expression

105 cells were suspended in FACS buffer supplemented with
0.5% BSA (Sigma‒Aldrich) and 2 mM EDTA in Dulbecco’s
phosphate-buffered saline (PBS) (both from Biological
Industries). The cells were then blocked with a mixture of FcR
blocking reagent (Miltenyi Biotec) and human serum (1:1). The cells
were stained with an isotype control (R and D Systems Cat# IC006A,
RRID:AB_357254) or a primary antibody against FZD7 (R and D
Systems Cat# FAB1981A, RRID:AB_2232278). Cell viability was
tested using 7AAD viability staining solution (eBioscience). Cell
labeling was detected using a FACSCalibur (RRID:SCR_000401).
FACS results were analyzed using FlowJo (RRID:SCR_008520)
analysis software. Viable cells were defined by their forward
scatter/side scatter (FSC/SSC) profiles and lack of 7AAD staining.
For analysis of p-WT and WT-Xn, freshly removed tumors were
dissociated into single-cell suspensions as previously described and
immediately analyzed. Cultured cells were detached using
nonenzymatic cell dissociation solution (Sigma‒Aldrich)
before staining.

5.7 Protein analysis

1. Protein isolation Cultured cells were treated as described
above. Total protein was extracted using lysis buffer (1%
Triton-X100, 20 mM Tris-HCl, 120 mM NaCl) and a tablet
of protease inhibitor (Complete Mini Protease Inhibitor
Cocktail; Roche). The mixture was incubated for 1 h on ice
and centrifuged at 16,100 × g for 20 min.

2. Western blot: Protein concentrations were determined using
the BCA-200 Protein Assay Kit (Pierce, Rockford, IL). Proteins
were separated by SDS‒polyacrylamide gel electrophoresis
(PAGE), transferred to nitrocellulose membranes and
incubated with primary antibodies overnight at 4 °C.
Secondary peroxidase-conjugated antibodies (Jackson
ImmunoResearch, West Grove, PA; Supplementary Table
S4) were used. Peroxidase activity was detected by exposing
the membrane to (RRID) RRID:AB_2565817. and exposing it
to medical X-ray film (Fuji).
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3. Immunoprecipitation assay: SK-MEL28 cells (1 × 107) were
harvested in 1% NP-40 lysis buffer. Total cell lysates were
incubated overnight at 4 °C with agitation with 5 µg of the
tested antibodies, mouse anti-IgG, or nonspecific Abs as
negative controls. The mixture was incubated in the
presence of Protein A beads (Millipore), and the resulting
complexes were washed, denatured and eluted according to the
manufacturer’s instructions.

4. The peptide block αFZD7-288.1 was first incubated with
peptide four at 4 °C with agitation for 4 hours. HEK293T
(DSMZ Cat# ACC-635, RRID:CVCL_0063) cells
overexpressing FZD7 and WT cells with only endogenous
FZD7 expression were harvested and lysed as previously
described. WB analysis of FZD7-knockdown cells was
performed with the αFZD7-288.1 complex blocked by
peptide four.

5.8 FZD7 RNA knockdown by short hairpin
RNA (shRNA)

A sequence verification Sigma Mission viral vector (pLKO.1-
puro)-based short hairpin RNA library (five clones targeting
different sequences in the coding regions of the FZD7 gene,
denoted as sh8343, sh8344, sh8345, sh8346, and sh8347;
Supplementary Table S5) against FZD7 (FZD7-shRNA) was
purchased from Sigma‒Aldrich. For transfections, the calcium
phosphate protocol was used on HEK293 (BCRJ Cat# 0009,
RRID:CVCL_0045) cells. 1 × 106 cells were co-transfected with
10 µg of shRNA plasmid DNA vector, 5 µg of the packaging
vector psPAX2 (RRID:Addgene_12260), and 2.5 µg of the
envelope vector pMD2.G (RRID:Addgene_12259). The
transfection efficiency of this procedure was determined by
qPCR and reached 60%–70% at 72 h. Viral supernatants were
collected 72 h post-transfection, filtered through a 0.45 μm PES
filter, and concentrated by ultracentrifugation at 25,000 rpm for
2 h at 4 °C or using PEG-it Virus Precipitation Solution (System
Biosciences), according to the manufacturer’s instructions. Viral
pellets were resuspended in PBS and stored at −80 °C until use.
Lentiviral titers were determined by qPCR-based titration (Lenti-
X qRT-PCR Titration Kit, Takara Bio) following the
manufacturer’s protocol, and the multiplicity of infection
(MOI) was calculated based on these titers. For infections,
target cells were seeded at ~50% confluence and infected in
the presence of 8 μg/mL polybrene (Sigma-Aldrich). Infections
were performed at an MOI of 5. Transduced cells were selected
with 2 μg/mL puromycin for 5 days starting 48 h post-infection.
As a negative control, cells were infected with a MISSION non-
targeting pLKO.1-puro lentiviral control vector (RRID:
Addgene_8453).

5.9 qPCR analysis of gene expression

Total RNA was isolated using TRIzol reagent (Life
Technologies) according to the manufacturer’s instructions.
cDNA was synthesized using a High Capacity cDNA reverse
transcription kit (Applied Biosystems, ABI). qPCR was

performed using the StepOnePlus Real-Time PCR System (ABI)
and the specific TaqMan Gene Expression assays for the relevant
genes in the presence of TaqMan Fast Universal PCR Master Mix
(both from ABI). hHPRT1 and hGAPDH were used as endogenous
controls (Supplementary Table S6). The results were analyzed using
StepOnePlus Real-time Software in the ΔΔCT method, which
determines the fold change in gene expression relative to a
comparator sample. Statistical analysis was performed using a
non-paired two-tailed t-test. A p value < 0.05 was considered to
indicate statistical significance. (Livak and Schmittgen, 2001;
Schmittgen and Livak, 2008).

5.10 Immunohistochemistry and
immunofluorescence staining of paraffin-
embedded tissues

The samples were formalin-fixed and paraffin-embedded.
Sections were pretreated using OmniPrep solution (Zytomed
Systems) and blocked using Cas-Block solution (Invitrogen)
according to the manufacturer’s protocol. After 1 h of incubation
at room temperature (RT), the sections were incubated with primary
antibodies (Supplementary Table S7). The samples were then
washed and incubated with secondary antibodies.

1. For immunohistochemistry (IHC), sections were incubated
with HRP-conjugated goat anti-mouse (Vector Laboratories
Cat# MP-7452, RRID:AB_2744550) and goat anti-rabbit
(Vector Laboratories Cat# MP-7451, RRID:AB_2631198)
antibodies for 30 min at RT. Staining was detected using an
ImmPACT DAB kit (Vector) according to the manufacturer’s
protocol. Hematoxylin was used for counterstaining.

2. Immunofluorescence (IF) staining of tissues was performed
with donkey anti-mouse Alexa555 or donkey anti-rabbit
Alexa488 (Life Technologies) for 1 h (Supplementary
Table S7). Mounting with DAPI was performed using a
DAPI Fluoromount-G (Southern Biotech). Images were
obtained using an Olympus BX51TF fluorescence
microscope with an Olympus DP72 camera and cellSens
standard software.

3. Hematoxylin and eosin staining: 5 μm sections of paraffin-
embedded Xn tissues were mounted on super frost/plus glass
and incubated at 60 °C for 40 min. After deparaffinization, the
slides were incubated inMayer’s hematoxylin solution (Sigma‒
Aldrich) and 1% hydrochloric acid in 70% ethanol for 1 min.
The slides were then incubated for 10 s in eosin (Sigma‒
Aldrich). Images were produced using an Olympus BX51TF
fluorescence microscope with an Olympus DP72 camera and
cellSens standard software.

4. IF staining of cells: Cells were fixed with 4% PFA and
permeabilized with 0.1% Triton X-100 in PBS at RT prior
to blocking with Cas-Block solution (Invitrogen). The
following steps were performed as described above. Slides
were imaged using Olymus IX83 fluorescent microscope
and Olympus DP80 camera. Image processing was done
using Olympus OlyVia (RRID:SCR_016167) software.

5. Giemsa staining: Cells were washed with PBS and then fixed
with 1 mL/well 100%methanol for 5 min. The wells were left to
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dry for 2 h and then stained with Giemsa for 5 min. The wells
were washed with running distilled water for 3 min and left
overnight at RT for complete drying before images were
obtained (Olympus BX51TF).

5.11 In vivo treatment of WT with
αFZD7-288.1

5.11.1 Generation of WT xenografts from Xn-
derived cells

For this purpose, a single-cell suspension from WT-Xn tissue
was obtained by mincing the samples in Iscove’s Modification of
Dulbecco’s Medium (IMDM) supplemented with antibiotics
(penicillin and streptomycin), followed by treatment with
collagenase IV for 1 h at 37 °C. Enzymatically treated tissue was
triturated using IMDM at twice the volume of the collagenase
solution, after which the suspension was filtered (100 μm
followed by 70 μm cell strainer) and washed twice with IMDM
containing antibiotics. Erythrocytes were removed with RBC lysis
buffer (Sigma‒Aldrich). WT-Xn-derived cells generated in this
manner were used for in vivo experiments. Approximately 0.75 ×
106 cells were injected in 100 μL of 1:1 serum-free medium/Matrigel
(BD Biosciences) subcutaneously into the lower left flank of 6- to 8-
week-old NOD/SCID female mice.

5.11.2 Treatment of WT xenografts with αFZD7-
288.1 or paclitaxel

Approximately 4 weeks after cell injection, when palpable
tumors reached a volume no greater than 450 nm3, the mice
were randomized into three groups: saline-treated, paclitaxel
(PTX)-treated (15 mg/kg), and αFZD7-288.1 (10 mg/kg)
groups. The study was conducted in a blinded manner where
mice were randomly assigned to treatment groups, and drug
formulations were prepared and coded by an independent
investigator. Each mouse bearing a palpable tumor received five
injections via the tail vein every other day. Tumor size was
calculated according to measurements obtained by an external
caliper using the modified ellipsoid formula V = 0.52 × (length ×
width2). Tumor dimensions and mouse weights were measured
every other day beginning 1 day before the first injection. All
enrolled participants finished the study, i.e., there was no attrition.
Inclusion criteria for mice patient-derived xenograft (PDX)
models treated with the drug included successful engraftment of
tumor tissue, stable tumor growth, and adequate health status for
treatment. Exclusion criteria included signs of severe distress or
illness and death, and any pre-existing conditions that could
interfere with drug efficacy evaluation. The experiment was
terminated following 20% weight loss in the PTX-treated group
according to the Helsinki protocol guidelines. Following resection,
the tumors were divided into three pieces. One piece was fixed
overnight in 4% buffered PFA and embedded in paraffin for
histological staining to determine the recapitulation of the
parental tumor and changes in tumor characteristics following
treatment. Another piece was snap frozen and kept in liquid
nitrogen for RNA extraction. The third piece was dissociated,
and the cell suspension was immediately analyzed by flow
cytometry for FZD7 expression.

5.12 Statistical analysis

The results are expressed as the mean values ± SEMs, unless
otherwise indicated. Significant differences in xenograft size, cell
viability (MTS assay), gene expression (qPCR) and surface marker
expression (flow cytometry) were evaluated using a non-paired two-
tailed t-test. In vivo experiment was a pilot study; a formal power
calculation was not applied. Statistical differences in the in vivo
experiments were determined using Student’s t-test in Excel
software assuming unequal variances. For all the statistical
analyses, the level of significance was set as *p < 0.05 and **p < 0.01.

5.13 Summary

The anti-Frizzled 7 288.1 antibody shows promise by inducing
cell death, inhibiting proliferation, and suppressing Wnt signaling,
demonstrating efficacy in Wilms tumor xenograft studies.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The studies involving humans were approved by the
Institutional Review Board of Sheba Medical Center, the State of
Israel, Ministry of Health (Helsinki protocol #4429:
Characterization and growth of cancer stem cells from Wilms
tumors and other malignant tumors for discovering new
treatments). The studies were conducted in accordance with local
legislation and institutional requirements. Written informed
consent for participation was obtained from the participants’
legal guardians or next of kin.

All animal procedures were performed in compliance with the
guidelines of Tel Aviv University and Sheba Medical Center and
were approved by the Institutional Animal Care and Use
Committees (IACUC; protocol number M-13-031). The animal
study was conducted in accordance with local legislation and
institutional requirements.

Author contributions

EV: Validation, Conceptualization, Visualization, Data curation,
Formal Analysis, Writing – review and editing, Writing – original
draft. RC: Formal Analysis, Data curation, Writing – original draft.
RS: Data curation, Writing – original draft. NP: Writing – original
draft, Validation, Conceptualization, Data curation. OP:
Writing – original draft, Data curation. HG: Conceptualization,
Writing – original draft. MN: Writing – review and editing,
Visualization. MM: Supervision, Conceptualization,
Writing – original draft. EM: Data curation, Writing – original
draft. DB: Data curation, Writing – original draft. IB:

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Vax et al. 10.3389/fbioe.2025.1641137

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1641137


Writing – original draft, Investigation. RS: Supervision,
Writing – original draft. OH: Writing – original draft, Data
curation. SG: Conceptualization, Investigation, Supervision,
Writing – review and editing, Validation, Data curation,
Writing – original draft, Formal Analysis, Visualization. BD:
Writing – original draft, Funding acquisition, Data curation,
Methodology, Conceptualization.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Israel Cancer Association (grant no. 20150916), the Israel
Cancer Research Fund (ICRF; project grant no. PG14112), and the
“KAMIN” Ministry of Industry and Infrastructure (grant no.
48448). This publication contains results that are part of the PhD
thesis of EV.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1641137/
full#supplementary-material

References

Albuquerque, C., Breukel, C., van der Luijt, R., Fidalgo, P., Lage, P., Slors, F. J., et al.
(2002). The ‘just-right’ signaling model: APC somatic mutations are selected based on a
specific level of activation of the beta-catenin signaling cascade. Hum. Mol. Genet. 11
(13), 1549–1560. doi:10.1093/hmg/11.13.1549

Anastas, J. N., Kulikauskas, R. M., Tamir, T., Rizos, H., Long, G. V., von Euw, E. M.,
et al. (2014). WNT5A enhances resistance of melanoma cells to targeted BRAF
inhibitors. J. Clin. Invest 124 (7), 2877–2890. doi:10.1172/jci70156

Au, J. L., Yeung, B. Z., Wientjes, M. G., Lu, Z., andWientjes, M. G. (2016). Delivery of
cancer therapeutics to extracellular and intracellular targets: determinants, barriers,
challenges and opportunities. Adv. Drug Deliv. Rev. 97, 280–301. doi:10.1016/j.addr.
2015.12.002

Bengochea, A., de Souza, M. M., Lefrançois, L., Le Roux, E., Galy, O., Chemin, I.,
et al. (2008). Common dysregulation of Wnt/frizzled receptor elements in human
hepatocellular carcinoma. Br. J. Cancer 99 (1), 143–150. doi:10.1038/sj.bjc.
6604422

Bilir, B., Kucuk, O., and Moreno, C. S. (2013). Wnt signaling blockage inhibits cell
proliferation and migration, and induces apoptosis in triple-negative breast cancer cells.
J. Transl. Med. 11, 280. doi:10.1186/1479-5876-11-280

Chamorro, M. N., Schwartz, D. R., Vonica, A., Brivanlou, A. H., Cho, K. R., and
Varmus, H. E. (2005). FGF-20 and DKK1 are transcriptional targets of beta-catenin and
FGF-20 is implicated in cancer and development. Embo J. 24 (1), 73–84. doi:10.1038/sj.
emboj.7600460

Clevers, H. (2006). Wnt/β-Catenin signaling in development and disease. Cell 127 (3),
469–480. doi:10.1016/j.cell.2006.10.018

Dekel, B., Metsuyanim, S., Schmidt-Ott, K. M., Fridman, E., Jacob-Hirsch, J., Simon,
A., et al. (2006). Multiple imprinted and stemness genes provide a link between normal
and tumor progenitor cells of the developing human kidney. Cancer Res. 66 (12),
6040–6049. doi:10.1158/0008-5472.can-05-4528

Deng, B., Zhang, S., Miao, Y., Zhang, Y., Wen, F., and Guo, K. (2015a). Down-
regulation of Frizzled-7 expression inhibits migration, invasion, and epithelial-
mesenchymal transition of cervical cancer cell lines. Med. Oncol. 32 (4), 102. doi:10.
1007/s12032-015-0552-8

Deng, B., Zhang, Y., Zhang, S., Wen, F., Miao, Y., and Guo, K. (2015b). MicroRNA-
142-3p inhibits cell proliferation and invasion of cervical cancer cells by targeting FZD7.
Tumour Biol. 36 (10), 8065–8073. doi:10.1007/s13277-015-3483-2

Dimitriadis, A., Vincan, E., Mohammed, I. M., Roczo, N., Phillips, W. A., and
Baindur-Hudson, S. (2001). Expression of Wnt genes in human colon cancers. Cancer
Lett. 166 (2), 185–191. doi:10.1016/s0304-3835(01)00428-1

Geenen, M. M., Cardous-Ubbink, M. C., Kremer, L. C. M., van den Bos, C., van der
Pal, H. J. H., Heinen, R. C., et al. (2007). Medical assessment of adverse health outcomes
in long-term survivors of childhood cancer. JAMA 297 (24), 2705–2715. doi:10.1001/
jama.297.24.2705

Gurney, A., Axelrod, F., Bond, C. J., Cain, J., Chartier, C., Donigan, L., et al. (2012).
Wnt pathway inhibition via the targeting of Frizzled receptors results in decreased
growth and tumorigenicity of human tumors. Proc. Natl. Acad. Sci. U. S. A. 109 (29),
11717–11722. doi:10.1073/pnas.1120068109

He, T. C., Sparks, A. B., Rago, C., Hermeking, H., Zawel, L., da Costa, L. T., et al.
(1998). Identification of c-MYC as a target of the APC pathway. Science 281 (5382),
1509–1512. doi:10.1126/science.281.5382.1509

Jamieson, C., Sharma, M., and Henderson, B. R. (2014). Targeting the beta-catenin
nuclear transport pathway in cancer. Semin. Cancer Biol. 27, 20–29. doi:10.1016/j.
semcancer.2014.04.012

Khan, N. I., Bradstock, K. F., and Bendall, L. J. (2007). Activation of Wnt/β-catenin
pathway mediates growth and survival in B-cell progenitor acute lymphoblastic
leukaemia. Br. J. Haematol. 138 (3), 338–348. doi:10.1111/j.1365-2141.2007.06667.x

Kim, M., Lee, H. C., Tsedensodnom, O., Hartley, R., Lim, Y. S., Yu, E., et al. (2008).
Functional interaction between Wnt3 and Frizzled-7 leads to activation of the Wnt/β-
catenin signaling pathway in hepatocellular carcinoma cells. J. Hepatol. 48 (5), 780–791.
doi:10.1016/j.jhep.2007.12.020

King, T. D., Zhang, W., Suto, M. J., and Li, Y. (2012). Frizzled7 as an emerging target
for cancer therapy. Cell Signal 24 (4), 846–851. doi:10.1016/j.cellsig.2011.12.009

Kirikoshi, H., Sekihara, H., and Katoh, M. (2001). Up-regulation of Frizzled-7 (FZD7)
in human gastric cancer. Int. J. Oncol. 19 (1), 111–115. doi:10.3892/ijo.19.1.111

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2−ΔΔCT method. Methods 25 (4), 402–408.
doi:10.1006/meth.2001.1262

Markovsky, E., Vax, E., Ben-Shushan, D., Eldar-Boock, A., Shukrun, R., Yeini, E., et al.
(2017). Wilms tumor NCAM-expressing cancer stem cells as potential therapeutic
target for polymeric nanomedicine.Mol. Cancer Ther. 16 (11), 2462–2472. doi:10.1158/
1535-7163.mct-17-0184

Nakata, K., Colombet, M., Stiller, C. A., Pritchard-Jones, K., and Steliarova-Foucher,
E. (2020). Incidence of childhood renal tumours: an international population-based
study. Int. J. Cancer 147 (12), 3313–3327. doi:10.1002/ijc.33147

Oostveen, R. M., and Pritchard-Jones, K. (2019). Pharmacotherapeutic management
of Wilms tumor: an update. Paediatr. Drugs 21 (1), 1–13. doi:10.1007/s40272-018-
0323-z

Frontiers in Bioengineering and Biotechnology frontiersin.org16

Vax et al. 10.3389/fbioe.2025.1641137

https://www.frontiersin.org/articles/10.3389/fbioe.2025.1641137/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1641137/full#supplementary-material
https://doi.org/10.1093/hmg/11.13.1549
https://doi.org/10.1172/jci70156
https://doi.org/10.1016/j.addr.2015.12.002
https://doi.org/10.1016/j.addr.2015.12.002
https://doi.org/10.1038/sj.bjc.6604422
https://doi.org/10.1038/sj.bjc.6604422
https://doi.org/10.1186/1479-5876-11-280
https://doi.org/10.1038/sj.emboj.7600460
https://doi.org/10.1038/sj.emboj.7600460
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1158/0008-5472.can-05-4528
https://doi.org/10.1007/s12032-015-0552-8
https://doi.org/10.1007/s12032-015-0552-8
https://doi.org/10.1007/s13277-015-3483-2
https://doi.org/10.1016/s0304-3835(01)00428-1
https://doi.org/10.1001/jama.297.24.2705
https://doi.org/10.1001/jama.297.24.2705
https://doi.org/10.1073/pnas.1120068109
https://doi.org/10.1126/science.281.5382.1509
https://doi.org/10.1016/j.semcancer.2014.04.012
https://doi.org/10.1016/j.semcancer.2014.04.012
https://doi.org/10.1111/j.1365-2141.2007.06667.x
https://doi.org/10.1016/j.jhep.2007.12.020
https://doi.org/10.1016/j.cellsig.2011.12.009
https://doi.org/10.3892/ijo.19.1.111
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1158/1535-7163.mct-17-0184
https://doi.org/10.1158/1535-7163.mct-17-0184
https://doi.org/10.1002/ijc.33147
https://doi.org/10.1007/s40272-018-0323-z
https://doi.org/10.1007/s40272-018-0323-z
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1641137


Petrosyan, A., Villani, V., Aguiari, P., Thornton, M. E., Wang, Y., Rajewski, A., et al.
(2023). Identification and characterization of the Wilms tumor cancer stem cell. Adv.
Sci. (Weinh) 10 (20), e2206787. doi:10.1002/advs.202206787

Pode-Shakked, N., Metsuyanim, S., Rom-Gross, E., Mor, Y., Fridman, E., Goldstein, I.,
et al. (2009). Developmental tumourigenesis: NCAM as a putative marker for the
malignant renal stem/progenitor cell population. J. Cell Mol. Med. 13 (8B), 1792–1808.
doi:10.1111/j.1582-4934.2008.00607.x

Pode-Shakked, N., Harari-Steinberg, O., Haberman-Ziv, Y., Rom-Gross, E., Bahar, S.,
Omer, D., et al. (2011). Resistance or sensitivity of Wilms tumor to anti-FZD7 antibody
highlights the Wnt pathway as a possible therapeutic target. Oncogene 30 (14),
1664–1680. doi:10.1038/onc.2010.549

Pode-Shakked, N., Shukrun, R., Mark-Danieli, M., Tsvetkov, P., Bahar, S., Pri-Chen,
S., et al. (2013). The isolation and characterization of renal cancer initiating cells from
human Wilms tumour xenografts unveils new therapeutic targets. EMBO Mol. Med. 5
(1), 18–37. doi:10.1002/emmm.201201516

Ramanathan, R. K., Rubin, J. T., Ohori, N. P., and Belani, C. P. (2000). Dramatic
response of adult Wilms tumor to paclitaxel and cisplatin. Med. Pediatr. Oncol. 34 (4),
296–298. doi:10.1002/(sici)1096-911x(200004)34:4<296::aid-mpo20>3.0.co;2-p
Raved, D., Tokatly-Latzer, I., Anafi, L., Harari-Steinberg, O., Barshack, I., Dekel, B.,

et al. (2019). Blastemal NCAM(+)ALDH1(+) Wilms tumor cancer stem cells correlate
with disease progression and poor clinical outcome: a pilot study. Pathol. Res. Pract. 215
(8), 152491. doi:10.1016/j.prp.2019.152491

Robison, L. L., Green, D. M., Hudson, M., Meadows, A. T., Mertens, A. C., Packer, R.
J., et al. (2005). Long-term outcomes of adult survivors of childhood cancer. Cancer 104
(11 Suppl. l), 2557–2564. doi:10.1002/cncr.21249

R.V. (2006). Available online at: http://www.doubling-time.com.

Saldanha, J., Singh, J., and Mahadevan, D. (1998). Identification of a Frizzled-like
cysteine rich domain in the extracellular region of developmental receptor tyrosine
kinases. Protein Sci. 7 (7), 1632–1635. doi:10.1002/pro.5560070718

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the
comparative C(T) method. Nat. Protoc. 3 (6), 1101–1108. doi:10.1038/nprot.2008.73

Schulte, G. (2010). International union of basic and clinical pharmacology. LXXX. The
class frizzled receptors. Pharmacol. Rev. 62 (4), 632–667. doi:10.1124/pr.110.002931

Shukrun, R., Pode-Shakked, N., Pleniceanu, O., Omer, D., Vax, E., Peer, E., et al.
(2014a). Wilms tumor blastemal stem cells dedifferentiate to propagate the tumor bulk.
Stem Cell Rep. 3 (1), 24–33. doi:10.1016/j.stemcr.2014.05.013

Shukrun, R., Pode Shakked, N., and Dekel, B. (2014b). Targeted therapy aimed at
cancer stem cells: wilms tumor as an example. Pediatr. Nephrol. 29 (5), 815–823. doi:10.
1007/s00467-013-2501-0

Singh, S. K., Clarke, I. D., Terasaki, M., Bonn, V. E., Hawkins, C., Squire, J., et al. (2003).
Identification of a cancer stem cell in human brain tumors.Cancer Res. 63 (18), 5821–5828.

Sinnberg, T., Menzel, M., Ewerth, D., Sauer, B., Schwarz, M., Schaller,M., et al. (2011). β-
catenin signaling increases during melanoma progression and promotes tumor cell
survival and chemoresistance. PLoS One 6 (8), e23429. doi:10.1371/journal.pone.0023429

Spranger, S., Bao, R., and Gajewski, T. F. (2015). Melanoma-intrinsic beta-catenin
signalling prevents anti-tumour immunity. Nature 523 (7559), 231–235. doi:10.1038/
nature14404

Spreafico, F., Pritchard Jones, K., Malogolowkin, M. H., Bergeron, C., Hale, J., de
Kraker, J., et al. (2009). Treatment of relapsed Wilms tumors: lessons learned. Expert
Rev. Anticancer Ther. 9 (12), 1807–1815. doi:10.1586/era.09.159

Strober, W. (2001). Trypan blue exclusion test of cell viability. Curr. Protoc. Immunol.
21, Appendix 3B. doi:10.1002/0471142735.ima03bs21

Struewing, I. T., Barnett, C. D., Zhang, W., Yadav, S., and Mao, C. D. (2007). Frizzled-
7 turnover at the plasma membrane is regulated by cell density and the Ca(2+)
-dependent protease calpain-1. Exp. Cell Res. 313 (16), 3526–3541. doi:10.1016/j.
yexcr.2007.07.012

Sun, L., Hu, X., Chen, W., He, W., Zhang, Z., and Wang, T. (2016). Sorting nexin
27 interacts with Fzd7 and mediates Wnt signalling. Biosci. Rep. 36 (1), e00296. doi:10.
1042/bsr20150205

Suzuki, H., Watkins, D. N., Jair, K. W., Schuebel, K. E., Markowitz, S. D., Dong Chen,
W., et al. (2004). Epigenetic inactivation of SFRP genes allows constitutive WNT
signaling in colorectal cancer. Nat. Genet. 36 (4), 417–422. doi:10.1038/ng1330

Tanaka, S., Akiyoshi, T., Mori, M., Wands, J. R., and Sugimachi, K. (1998). A novel
frizzled gene identified in human esophageal carcinoma mediates APC/β-catenin
signals. Proc. Natl. Acad. Sci. U. S. A. 95 (17), 10164–10169. doi:10.1073/pnas.95.17.
10164

Tetsu, O., and McCormick, F. (1999). β-Catenin regulates expression of cyclin D1 in
colon carcinoma cells. Nature 398 (6726), 422–426. doi:10.1038/18884

Tiwary, S., and Xu, L. (2016). FRIZZLED7 is required for tumor inititation and
metastatic growth of Melanoma cells. PLoS One 11 (1), e0147638. doi:10.1371/journal.
pone.0147638

Tycko, B., Li, C. M., and Buttyan, R. (2007). TheWnt/beta-catenin pathway in Wilms
tumors and prostate cancers. Curr. Mol. Med. 7 (5), 479–489. doi:10.2174/
156652407781387118

Ueno, K., Hazama, S., Mitomori, S., Nishioka, M., Suehiro, Y., Hirata, H., et al. (2009).
Down-regulation of frizzled-7 expression decreases survival, invasion and metastatic
capabilities of colon cancer cells. Br. J. Cancer 101 (8), 1374–1381. doi:10.1038/sj.bjc.
6605307

van der Kooy, D., and Weiss, S. (2000). Why stem cells? Science 287 (5457),
1439–1441. doi:10.1126/science.287.5457.1439

Vincan, E. (2004). Frizzled/WNT signalling: the insidious promoter of tumour
growth and progression. Front. Biosci. 9, 1023–1034. doi:10.2741/1311

Wang, H., Paczulla, A. M., Konantz, M., and Lengerke, C. (2018). In vitro tumorigenic
assay: the tumor spheres assay. Methods Mol. Biol. 1692, 77–87. doi:10.1007/978-1-
4939-7401-6_7

Wei, W., Chua, M. S., Grepper, S., and So, S. K. (2011). Soluble Frizzled-7 receptor
inhibits Wnt signaling and sensitizes hepatocellular carcinoma cells towards
doxorubicin. Mol. Cancer 10, 16. doi:10.1186/1476-4598-10-16

Willert, J., Epping, M., Pollack, J. R., Brown, P. O., and Nusse, R. (2002). A
transcriptional response to Wnt protein in human embryonic carcinoma cells. BMC
Dev. Biol. 2, 8. doi:10.1186/1471-213x-2-8

Wirtz, D., Konstantopoulos, K., and Searson, P. C. (2011). The physics of cancer: the
role of physical interactions and mechanical forces in metastasis. Nat. Rev. Cancer 11
(7), 512–522. doi:10.1038/nrc3080

Wong, H. C., Bourdelas, A., Krauss, A., Lee, H. J., Shao, Y., Wu, D., et al. (2003). Direct
binding of the PDZ domain of dishevelled to a conserved internal sequence in the
C-terminal region of Frizzled.Mol. Cell 12 (5), 1251–1260. doi:10.1016/s1097-2765(03)
00427-1

Xu, R., Zeng, S., Xie, W., Sun, C., Chen, Y. L., Chen, M. J., et al. (2016). The expression
and function of Frizzled-7 in human renal cell carcinoma. Clin. Transl. Oncol. 18 (3),
269–276. doi:10.1007/s12094-015-1362-3

Yang, L., Wu, X., Wang, Y., Zhang, K., Wu, J., Yuan, Y. C., et al. (2011). FZD7 has a
critical role in cell proliferation in triple negative breast cancer. Oncogene 30 (43),
4437–4446. doi:10.1038/onc.2011.145

Yang, S., Wu, Y., Xu, T. H., de Waal, P. W., He, Y., Pu, M., et al. (2018). Crystal
structure of the Frizzled 4 receptor in a ligand-free state. Nature 560 (7720), 666–670.
doi:10.1038/s41586-018-0447-x

Yokoyama, W. M. (2001). Production of monoclonal antibodies. Curr. Protoc. Cell
Biol. 3, Unit 16.1. doi:10.1002/0471143030.cb1601s03

Yook, J. I., Li, X. Y., Ota, I., Hu, C., Kim, H. S., Kim, N. H., et al. (2006). A
Wnt–Axin2–GSK3β cascade regulates Snail1 activity in breast cancer cells. Nat. Cell
Biol. 8 (12), 1398–1406. doi:10.1038/ncb1508

Frontiers in Bioengineering and Biotechnology frontiersin.org17

Vax et al. 10.3389/fbioe.2025.1641137

https://doi.org/10.1002/advs.202206787
https://doi.org/10.1111/j.1582-4934.2008.00607.x
https://doi.org/10.1038/onc.2010.549
https://doi.org/10.1002/emmm.201201516
https://doi.org/10.1002/(sici)1096-911x(200004)34:4<296::aid-mpo20>3.0.co;2-p
https://doi.org/10.1016/j.prp.2019.152491
https://doi.org/10.1002/cncr.21249
http://www.doubling-time.com
https://doi.org/10.1002/pro.5560070718
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1124/pr.110.002931
https://doi.org/10.1016/j.stemcr.2014.05.013
https://doi.org/10.1007/s00467-013-2501-0
https://doi.org/10.1007/s00467-013-2501-0
https://doi.org/10.1371/journal.pone.0023429
https://doi.org/10.1038/nature14404
https://doi.org/10.1038/nature14404
https://doi.org/10.1586/era.09.159
https://doi.org/10.1002/0471142735.ima03bs21
https://doi.org/10.1016/j.yexcr.2007.07.012
https://doi.org/10.1016/j.yexcr.2007.07.012
https://doi.org/10.1042/bsr20150205
https://doi.org/10.1042/bsr20150205
https://doi.org/10.1038/ng1330
https://doi.org/10.1073/pnas.95.17.10164
https://doi.org/10.1073/pnas.95.17.10164
https://doi.org/10.1038/18884
https://doi.org/10.1371/journal.pone.0147638
https://doi.org/10.1371/journal.pone.0147638
https://doi.org/10.2174/156652407781387118
https://doi.org/10.2174/156652407781387118
https://doi.org/10.1038/sj.bjc.6605307
https://doi.org/10.1038/sj.bjc.6605307
https://doi.org/10.1126/science.287.5457.1439
https://doi.org/10.2741/1311
https://doi.org/10.1007/978-1-4939-7401-6_7
https://doi.org/10.1007/978-1-4939-7401-6_7
https://doi.org/10.1186/1476-4598-10-16
https://doi.org/10.1186/1471-213x-2-8
https://doi.org/10.1038/nrc3080
https://doi.org/10.1016/s1097-2765(03)00427-1
https://doi.org/10.1016/s1097-2765(03)00427-1
https://doi.org/10.1007/s12094-015-1362-3
https://doi.org/10.1038/onc.2011.145
https://doi.org/10.1038/s41586-018-0447-x
https://doi.org/10.1002/0471143030.cb1601s03
https://doi.org/10.1038/ncb1508
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1641137


Glossary
ADC Antibody–drug conjugate

ALL Acute lymphoblastic leukemia

APC Adenomatous polyposis coli

bFGF basic fibroblast growth factor

CCND1 Cyclin D1

CIC Cancer-initiating cell

CRD Cysteine-rich domain

CSCs Cancer stem cells

CTNNB1 Catenin (cadherin-associated protein) beta 1/β-catenin

DKK Dickkopf

DMEM Dulbecco’s Modified Eagle Medium

DVL Disheveled

EGF Epidermal growth factor

FZD Frizzled

FZD7 Frizzled7

HCC Hepatocellular carcinoma

ICC Immunocytochemistry

IF Immunofluorescence

IHC Immunohistochemistry

IMDM Iscove’s Modified Dulbecco’s Medium

LEF1 Lymphoid enhancer binding factor-1

mAb Monoclonal antibody

NCAM Neural cell adhesion molecule

NOD/
SCID

nonobese diabetic severe combined immunodeficient

P Passage of cells either in culture or in mice

PDZ Amalgam of Postsynaptic density protein 95, Disc-large tumor
suppressor and Zonula occludens

Pen-strep Penicillin Streptomycin

P-IP Protein immunoprecipitation

PTX Paclitaxel

p-WT Primary WT

qRT‒PCR Quantitative reverse transcription PCR

RCC Renal cell carcinoma

sFRP Secreted Frizzled-Related Protein

shRNA Short hairpin RNA

SMO Smoothhened

TCF4 T-cell factor-4

TNBC Triple-negative breast cancer

WIF-1 Wnt Inhibitory Factor 1

Wnt Wnt ligands

WT Wilms tumor

WT1 Wilms tumor1 protein

WT-IC Wilms tumor-initiating cells

WT-SC Wilms tumor stem cells

WT-Xn Wilms tumor xenografts

Xn Xenograft
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