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The Wnt signaling is of paramount pathophysiological importance. Despite showing promising
anticancer activities in pre-clinical studies, current Wnt pathway inhibitors face complications in
clinical trials resulting from on-target toxicity. Hence, the targeting of pathway component(s) that are
essential for cancer but dispensable for normal physiology is key to the development of a safe Wnt
signaling inhibitor. Frizzled7 (FZD7) is a Wnt pathway receptor that is redundant in healthy tissues but
crucial in various cancers. FZD7 modulates diverse aspects of carcinogenesis, including cancer growth,
metastasis, maintenance of cancer stem cells, and chemoresistance. In this review, we describe state-of-
the-art knowledge of the functions of FZD7 in carcinogenesis and adult tissue homeostasis. Next, we
overview the development of small molecules and biomolecules that target FZD7. Finally, we discuss
challenges and possibilities in developing FZD7-selective antagonists.

Introduction
Cancer remains a major health burden worldwide, with 19
million new cases and nearly 10 million deaths in 2020 accord-

ing to the WHO global cancer observatory (https://gco.iarc.fr/
).1 Since the first anticancer therapy in the 1940s, research and
development for oncology indications has been the most pro-
ductive area of pharmaceutical industry. Between 2015 and
2020 alone, 69 new anticancer drugs were approved by the
FDA, accounting for 29% of new approvals.2

From its discovery nearly 40 years ago,3 the Wnt signaling
pathway has been shown to contribute to carcinogenesis because
the genes that encode pathway components are either mutated
or undergo epigenetic dysregulation of their expression levels
in cancer. Historically, the Wnt pathway was associated with
b-catenin-dependent signal transduction, but currently, the
pathway has been expanded to include several b-catenin-
independent branches and broadly to encompass the entire

spectrum of signaling events initiated by the Wnt and FZD pro-
teins. The major role of aberrant Wnt signaling in cancer resulted
in the first generation of drug candidates that inhibit the path-
way. However, although the Wnt pathway is a validated target
in cancer, it also plays critical roles in adult physiology by regu-
lating tissue renewal, stem cell proliferation, cell migration, cell
differentiation, and other functions.4–5 More than 100 protein
components of the Wnt pathway have been identified, the
majority of which function throughout all tissues, whereas a
small subset is more tissue specific (Fig. 1). As a result, the first
generation of Wnt pathway inhibitors are hampered by on-
target side effects, which result from their non-selective inhibi-
tion of the Wnt pathway.6 Therefore, the next generation of
Wnt pathway inhibitors should target Wnt pathway compo-
nents that are involved in tumors while sparing physiological
processes.

A unique feature of the Wnt pathway is the component
redundancy at multiple levels of the pathway, especially at the
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plasma membrane and the nuclear levels, which could be
exploited to provide selective inhibition of the Wnt pathway
in the disease context.6 At the plasma membrane, Frizzled
(FZD) family proteins serve as the principal receptors for Wnt.
Ten FZDs are encoded in mammalian genomes, and among
these, FZD7 has been highlighted in recent years because of its
particular contributions to tumor development.7–8 FZD7 plays
an essential role in carcinogenesis by regulating tumor prolifera-
tion and metastasis, maintenance of cancer stem cells, and
chemoresistance.7–8 In this review, we update the current knowl-
edge of the involvement of FZD7 in various cancers, as well as in
healthy tissue homeostasis. This knowledge serves as the ratio-
nale for the development of FZD7-selective antagonists as anti-
cancer therapeutics. We elaborate on the current state of
development of FZD7 antagonists, both small molecules and
biomolecules.

FZDs: The key to selective inhibition of the Wnt
pathway?
The first Wnt protein was identified in the 1980s as a putative
mammary oncogene in mice.3 In humans, 19 distinct Wnts that

contain a conserved pattern of 23–24 cysteine residues have been
characterized.9 Upon expression but prior to secretion, Wnts are
posttranslationally acylated by the Porcupine enzyme, a modifi-
cation that is essential for Wnt functions.9 A Wnt binds to a FZD
on the plasma membrane, additionally engaging a coreceptor,
such as low-density lipoprotein receptor-related protein 5/6
(LRP5/6), a Tyr kinase-like orphan receptor (ROR1 and ROR2),
a receptor Tyr kinase (RYK), or a syndecan.10

There are ten FZDs in humans (FZD1–10), which have
sequences of 500–700 amino acids that show 20–40% identity.11

FZDs can be categorized into four subfamilies on the basis of
their sequence: FZD1/2/7, FZD4/9/10, FZD5/8, and FZD3/6. There
are three domains within FZD proteins: i) a highly conserved
extracellular cysteine-rich domain (CRD); ii) the transmembrane
domain (TMD); and iii) the intracellular C-domain. The CRD is
the Wnt-binding domain, comprising 120–125 amino acids with
10 conserved cysteines.12 Several studies have proven that the
FZD protein family is part of G-protein coupled receptor (GPCR)
class F, as is the Smoothened (SMO) 7-TM protein.13

Resolving the structure of Wnt and FZD has proven challeng-
ing because of difficulties in isolating the active proteins. Never-
theless, the Wnt–FZD interactions have been elucidated
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FIGURE 1
Expression levels (RNA-seq v2, GTex project) of the Wnt and FZD genes (left panel) and the genes encoding downstream components of the
pathway (i.e. Axin, b-catenin, and T-cell factor (TCF) homologs; right panel) in various healthy tissues. The almost uniformly ‘read’ appearance of the
right panel highlights the fact that the downstream Wnt signaling components are expressed ubiquitously across the tissues. It is expected, therefore, that
the pharmacological targeting of any such pathway component in cancer will inevitably produce adverse on-target effects in healthy tissues. By contrast, the
‘salt-and-pepper’ pattern of the left panel highlights the differential expression of Wnts and FZDs across tissues, revealing these upper-level pathway
components as potential drug targets with fewer anticipated adverse side effects. RPKM, reads per kilobase of transcript per million reads mapped.
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progressively over the past several years. The first resolved struc-
ture of an interaction was that of Xenopus Wnt-8 (XWnt-8) and
the CRD of human FZD8, which displayed a topology resembling
a ‘grasping-hand’.14 There are two binding sites in the interac-
tion between XWnt-8 and FZD8-CRD: (i) a palmitoleic acid lipid
group on Ser187 at the tip of the ’thumb’ of XWnt-8 that projects
into a deep groove in the FZD8-CRD; and (ii) the conserved tip of
the index finger’ of XWnt-8 that forms hydrophobic amino acid
contacts with a depression on the opposite side of the FZD8-
CRD.14 Another study has recently found that the acyl group
of Wnt facilitates the formation of dimers of the CRD of
FZD7,

15 although such dimerization remains to be proven for
the full-length receptors. Moreover, FZDs might respond to
Wnt binding in a polar manner. For example, FZD6 forms
homodimers via its transmembrane (TM)4 and TM5 domains,
and Wnt stimulation induces FZD6 dimer dissociation followed
by re-association.16

The interaction between Wnt, FZD, and co-receptors activates
several downstream Wnt pathways. The best-studied branch of
Wnt signaling is the b-catenin-dependent pathway, which cul-
minates at b-catenin-induced gene expression. In the absence
of Wnt, the newly synthesized b-catenin is continuously phos-
phorylated by the so-called destruction complex, a multiprotein
complex consisting of Axin, adenomatous polyposis coli (APC),
glycogen synthase kinase 3 beta (GSK3b), and casein kinase 1
alpha (CK1a).17 Phosphorylation of b-catenin leads to its ubiqui-
tination and proteasomal degradation, and sustains the low level
of cytoplasmic b-catenin. Wnt binding to FZD and LRP5/6 initi-
ates b-catenin-dependent signaling by disintegrating the destruc-
tion complex, leading to cytoplasmic accumulation of b-catenin.
b-catenin then translocates into the nucleus where it interacts
with transcription factors of the T-cell factor/lymphoid enhancer
factor (TCF/LEF) family to induce the transcription of target
genes, such as c-Myc and cyclin D1. Several Wnts are known to
bind to FZD7 to activate the b-catenin-dependent pathway,
including Wnt-2b, Wnt-3, Wnt-3a, Wnt-7a, Wnt-7b, Wnt-8b,
and Wnt-9b (Fig. 2).8,18–19

Wnt–FZD might also activate b-catenin-independent path-
ways, such as the planar cell polarity (PCP) pathway. The PCP
pathway drives cell polarization by controlling cytoskeleton rear-
rangements.20 Within the PCP pathway, Ryk, receptor tyrosine
kinase-like orphan receptor-1 and -2 (ROR1/2), or syndecan,
instead of LRP5/6, serve as the Wnt co-receptor.10 Downstream
of theWnt–FZD–co-receptor complex, several components trans-
duce the PCP signaling, including small GTPases of the Rho sub-
family (Rho, Rac, and Cdc42), the Rho-associated kinase (ROCK),
and the JNK-type mitogen-activated protein kinase (MAPK).21

Multiple Wnts have been shown to activate the PCP pathway
through binding to FZD7, including Wnt-5a, Wnt-5b, Wnt-7a,
Wnt-8b, Wnt-10b and Wnt-11 (Fig. 2).8,22–23

Even though the majority of Wnt pathway signaling branches
involve co-receptors, some downstream pathways can be acti-
vated exclusively through the interaction of Wnt and FZD. An
example is the activation of heterotrimeric G protein and its
downstream effectors. Using co-immunoprecipitation and vari-
ous bioluminescence resonance energy transfer (BRET) assay sys-
tems, FZD7 has been shown to interact with Gas, an isoform of
Ga subunit of heterotrimeric G proteins.24–27 Multiple Wnts acti-

vate the FZD7–Gas signaling cascade, including Wnt-5a and
Wnt-7a.24–25 In the skeletal muscle, the Wnt-7a–FZD7–Gas axis
activates the Akt–mTOR anabolic growth pathway and is essen-
tial for the repair of skeletal muscles.24

As discussed above, 11 out of 19 Wnts are known to interact
with FZD7. However, these Wnts also interact with several differ-
ent FZD homologs, creating complex and functionally redun-
dant Wnt–FZD interactions. Furthermore, the co-receptors are
also not specific for any FZD. As a consequence, at the initiation
of the Wnt-pathway, a single FZD homolog might serve as the
key target for the selective inhibition of a specific Wnt sub-
pathway.

The role of FZDs in normal tissue homeostasis
FZD homologs are expressed in different tissues and organs
throughout the mammalian body, especially in the nervous, car-
diovascular, bone, and gastrointestinal systems. Here, we focus
on elaborating the function of FZDs in maintaining physiologi-
cal conditions postnatally. The essential role of FZDs in organism
development has been reviewed elsewhere.28

FZD1 and FZD3 are the main FZD proteins expressed in the
nervous system. FZD1 is enriched in the central nervous system
and exhibits neuroprotective roles.29–31 Loss of FZD3 from the
spinal cord leads to a defect in the transmission of sensory infor-
mation between limbs and the brain.32

FZD4 is essential in the vasculature and cardiovascular sys-
tems. A FZD4 mutation has been linked to familial exudative vit-
reoretinopathy, a retinal vasculature disease.33 A FZD4 knockout
led to the abnormal development of retinal vasculature in
mice.34 By using antibodies to downregulate FZD4 in adult mice,
Paes et al.35 demonstrated that FZD4 is required to maintain the
integrity of the blood–retina barrier. FZD4 deletion also impairs
the formation of small arteries and capillaries in peripheral
organs.36

Bone fractures are one of the major side effects caused by the
first generation of Wnt pathway inhibitors. Multiple FZDs regu-
late bone homeostasis: FZD1, FZD4, FZD8, and FZD9.

37–41 In gen-
eral, bone homeostasis is regulated by two processes: bone
formation by osteoblasts and bone resorption by osteoclasts.
FZD1 plays an important role in osteoblast differentiation and
mineralization.37–38 Loss of FZD8 increased osteoclastogenesis
without affecting bone formation.39 By contrast, FZD9 loss
impaired bone formation without any effect on bone resorp-
tion.40 However, both FZD8 and FZD9 loss resulted in osteopenia
and risk of osteoporosis.39–40 A recent study reported that FZD4 is
expressed in osteoblasts and is essential for normal bone acquisi-
tion.41 FZD4 loss is compensated by upregulation of FZD8, and
these two FZDs might function redundantly in osteoblasts.41

Gastrointestinal (GI) homeostasis is regulated by Wnt signal-
ing, mainly through FZD5 and FZD7.

19,42–43 FZD5 is expressed
in the Paneth cells of intestinal crypts, which are highly special-
ized epithelial cells that secrete antimicrobial peptides and
immunomodulating proteins to regulate the intestinal flora.42

FZD5 is essential for the maturation of Paneth cells and directs
the positioning of these cells within the intestinal crypt tissue
network.42 FZD7 is expressed in both stomach and intestine.19,43

In the intestine, FZD7 is enriched in the leucine-rich repeat-
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containing G-protein coupled receptor 5+ (Lgr5+) crypt stem
cells.19 Conditional deletion of FZD7 from Lgr5+ crypt stem cells
is deleterious to these cells and triggers the repopulation of the
intestinal epithelium with non-recombined FZD7-proficient stem
cells. These data, taken together with the failure of FZD7

–/–

intestinal organoids to regenerate upon passage, indicate the crit-
ical importance of FZD7 in maintaining intestinal homeostasis.
An injury challenge to the intestine of FZD7-knockout mice
showed that tissue regeneration in these mice is impaired com-
pared to that in wild-type mice.19 The intestine of wild-type mice
regenerates within 70 hours of the induction of injury, whereas it
takes 120 hours for the intestine of FZD7-knockout mice to regen-
erate. Altogether, these results indicate that FZD7 is important for
the homeostasis and robust regeneration of intestinal epithe-
lium.19 In the stomach epithelium, FZD7 is expressed at drasti-
cally higher levels in the antrum compared to the corpus.43

Conditional deletion of FZD7 in the antral gastric epithelium
resulted in a phenomenon similar to that observed in the intes-
tine: conditional FZD7 deletion from the gastric epithelium was
deleterious but triggered rapid repopulation of epithelium with
FZD7-proficient cells.

43 However, in the gastric antral epithelium
(in contrast to the intestinal epithelium), FZD7 is not required for
the activity of Lgr5+ stem cells.44–45 Hence, FZD7 is needed to
maintain at least one population of stem cells in the gastric
antrum, but this population has yet to be identified.

Given the importance of different FZD proteins in maintain-
ing GI homeostasis, the effect of the specific inhibition of a sin-
gle receptor has been evaluated in GI organoid models. Nile
et al.46 engineered a FZD1/2/7-selective peptide (dFz7-21) and eval-
uated it activity in organoid cultures established from adult
mouse intestinal epithelium. The peptide was found to disrupt
the functional intestinal stem cells within the organoids.
Another study developed genetically engineered antibody-
mimetic proteins, named designed repeat protein binders
(DRPBs), that targeted different FZD subtypes and tested these
DRPBs on intestinal organoids as well as in vivo.47 DRPB_Fz4
(which binds to FZD4) and DRPB_Fz7 (which binds to FZD1/2/7)
did not affect the intestinal organoids, whereas DRPB_Fz8
(which binds to FZD5/8) inhibited intestinal organoid growth in
the 0.1–1 nM range.47 In vivo, adenoviruses expressing DRPB_Fz8
induced rapid loss of duodenal crypts and villi, resulting in
lethality within 7 days.47 On the other hand, DRPB_Fz4 and
DRPB_Fz7 were not detrimental to the intestine in vivo.47

Another recent study used engineered Wnt surrogates consisting
of the FZD and LRP binding domains, which can selectively bind
to and activate different FZD subtypes.48 By using only the FZD-
binding arms, the surrogates were turned into FZD-subtype-
selective antagonists.48 When these subtype-specific pharmaco-
logical tools were used, either FZD5/8 or FZD1/2/7 agonists were
able to support the regeneration of intestinal organoids follow-
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FIGURE 2
FZD7 activates at least two branches of the Wnt pathway, the b-catenin-dependent Wnt pathway and the planar cell polarity (PCP) pathway. In the
b-catenin-dependent pathway, FZD7 and the co-receptor LRP5/6 can bind to several Wnt proteins to activate downstream signaling, thereby inducing the b-
catenin-dependent gene expression. In the PCP pathway, FZD7 together with one of several other co-receptors can bind to several Wnts to activate
downstream signaling, culminating in cytoskeleton rearrangements. APC, adenomatous polyposis coli; b-cat, b-catenin; CK1a, casein kinase 1 a; DVL,
Dishevelled; FZD7, Frizzled7; GSK3b, Glycogen synthase kinase 3 b; Jnk, c-Jun N-terminal kinases; LRP5/6, Low-density lipoprotein receptor-related protein 5/6;
MAPK, mitogen-activated protein kinase; Rock, Rho-associated kinase; ROR1/2, receptor tyrosine kinase-like orphan receptor-1 and -2; TCF/LEF, T-cell
factor/lymphoid enhancer factor.
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ing pan-Wnt inhibition using a porcupine inhibitor; only inhibi-
tion of both FZD subtypes resulted in organoid loss.48

Altogether, these studies show that specific FZD homologs
function in the maintenance of different organs, mostly in a
redundant manner. This conclusion is of paramount importance
for the concept of FZD-selective anticancer therapy.

Prospects for developing FZD7 antagonists as cancer
therapeutics
In various cancers, the Wnt pathway regulates nearly all aspects
of tumorigenesis. The branches of the Wnt pathway demonstrate
a certain degree of specialization in driving particular events: the
b-catenin-dependent Wnt pathway is more frequently involved
in cancer initiation, progression, dormancy, and stem cell main-
tenance, whereas Wnt–PCP signaling has often been shown to
contribute to cancer cell migration and invasiveness, hence pro-
moting tumor metastasis.49–50 In this review, we elaborate the
vital role of FZD7 in various cancers. FZD7 can activate both
the b-catenin-dependent and the b-catenin-independent path-
way, and thus can influence cancer proliferation, differentiation,
chemoresistance, and metastasis. Importantly, FZD7 is upregu-
lated and performs a crucial function in various cancers, making
the inhibition of FZD7 a promising strategy to fight cancer, with
multiple potential oncology indications. A number of reports
described below have directly addressed the role of FZD7 in can-
cers, and their main findings are summarized in the Table 1.8

Triple negative breast cancer
Breast cancer (BC) is the most frequent cancer in women and was
known to be responsible for 684,996 deaths worldwide in 2020.1

Between 15% and 20% of BC cases are triple-negative BC (TNBC),
which behaves more aggressively than other types of BC and
results in a poorer short-term prognosis. TNBC has the worst out-
come with a five-year overall survival rate of 78.5%, compared to
90% for other BC types.51 The lack of effective targeted treat-
ments and the high risk of relapse following surgery contribute
to the increased mortality from TNBC. To date, no general
biomarkers have been identified for TNBC, probably due to the
heterogenicity of TNBC subtypes. Although novel therapies have
been approved in the past three years, cytotoxic chemotherapy
remains the only available systemic treatment.51 In recent years,
the Wnt pathway has arisen as a prospective target in TNBC.52

FZD7 is the only member of the FZD family that is signifi-
cantly overexpressed in TNBC tissues.53 FZD7 plays an important
role in TNBC tumor transformation, promoting the proliferation
and invasion of TNBC cell lines in vitro and in vivo.53–55 Multiple
studies have concluded that FZD7 signals through the b-catenin-
dependent Wnt pathway in TNBC.53,56 However, a recent study
pointed out that FZD7 might also transmit the b-catenin-
independent Wnt pathway, as bioinformatic and co-
immunoprecipitation analyses have revealed that Wnt-5a and
Wnt-5b (the Wnts known to initiate mainly b-catenin-
independent signaling) bound FZD7 in MDA-MB-231 and
Hs578T TNBC cell lines.23 Consequently, FZD7 regulates several
intracellular oncogenic molecules, including phosphorylated
Stat3, Smad3, and Yes-associated protein 1, driving tumorigene-
sis, metastasis, and stemness in TNBC.23 Further, downregulation

of FZD7 inhibited both TNBC tumor progression and metastasis
in vitro and in vivo.23,53

FZD7 promoted the activity of mammary stem cells.56 An iso-
form of transformation-related protein 63 (DNp63) regulated
FZD7 expression, and DNp63 overexpression induced luminal
cells to enter a stem-like state.56 Bioinformatic studies have iden-
tified a positive correlation between DNp63 and FZD7 in TNBC
tissues.56 A study in vivo using a patient-derived-xenograft
(PDX) model revealed that the DNp63–FZD7–Wnt signaling axis
regulates the tumorsphere-forming ability, highlighting the
importance of FZD7 in tumor-initiating cells.56

The TNBC cell line IOWA-1 T shares many features of cancer
stem cells57 and aggressively forms a tumor upon xenotransplan-
tation into immune-compromised mice.58 Our analysis of the
FZD1–10 expression profile in these TNBC stem cells highlights
FZD7 as the primary overexpressed receptor, with its expression
exceeding that of other FZD members by one or two orders of
magnitude (Fig. 3).

Collectively, these data pinpoint FZD7 as the main Wnt recep-
tor in TNBC, especially in the cancer stem cells that are known to
mediate tumor relapse and chemoresistance.59

Colorectal cancer
Colorectal cancer (CRC) is the second most common cancer
worldwide, with 935,173 known deaths in 2020.1 Although
there are multiple targeted treatments, there is no universal treat-
ment regimen for CRC. The emergence of drug resistance has
been unavoidable and most of the targeted therapies are associ-
ated with adverse effects. The registered worldwide incidence of
CRC is expected to increase to 2.5 million cases in 2035 as the
result of improved diagnostic screening in developing countries,
as well as lifestyle and environmental factors.60

Within the Wnt pathway, mutations of APC and CTNNB1
(the gene encoding b-catenin) are the major tumorigenesis dri-
vers in CRC.61 Interestingly, a study reported that FZD7 is
involved in the activation of the b-catenin-dependent Wnt path-
way in colon cancer cells, despite the presence of the APC or
CTNNB1 mutations downstream in the pathway, at least
in vitro.62 FZD7 knockdown suppressed CRC proliferation and
metastasis.62–63 Besides its role in the b-catenin-dependent Wnt
pathway, FZD7 might also transmit signals via b-catenin-
independent pathways in CRC. FZD7 knockdown decreased c-
Jun, p-JNK, and p-c-Jun protein levels and RhoA activation,
which are indicators of the Wnt–PCP pathway.63 Another study
has showed that R-spondin 2 (RSPO2) suppresses CRC metastasis
by antagonizing the Wnt-5a–FZD7 b-catenin-independent
pathway.64

The role of FZD7 in CRC metastasis is peculiar because, within
the b-catenin-dependent pathway, FZD7 promotes tumor growth
by invoking more epithelial (rather than mesenchymal) charac-
teristics, therefore reducing the potential of cells to disperse.65

This phenomenon causes CRC cells to remain cohesive, and thus
advances local tumor growth. Using an in vitro model of CRC
morphogenesis that spontaneously undergoes cyclic transitions
between two-dimensional monolayer (migratory, mesenchymal)
and three-dimensional sphere (carcinoid, epithelial) states, Vin-
can et al.66 have reported that FZD7 regulates either the CRC
migratory or epithelialization events, depending on the context.
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FZD7 knockdown using RNAi impaired cell migration. The same
study also revealed that FZD7 is essential for the mesenchymal–
epithelial transition (EMT) of metastatic cells, which is an impor-
tant step in initiating tumor growth at the metastasis sites.

Despite these interesting findings, in vivo treatment with van-
tictumab (an antibody targeting FZD1/2/5/7/8) suppressed colorec-
tal tumor growth only in the tumor subset that had wild-type
APC and b-catenin, but was inactive against the majority of col-
orectal tumors bearing mutations in APC and CTNNB1.67 Hence,
the downstream mutations, which are a characteristic feature of
CRC, appear to counteract FZD-targeting and thus future FZD7-
selective inhibitors efficiently. The potential use of FZD7-
selective inhibitors in this type of cancer will therefore have to
be studied in the context of specific tumor subtypes and poten-
tially in combination with other Wnt-targeting agents, with
the possibility of using these agents at lower doses than are used
in monotherapy.

Gastric cancer
Gastric cancer is the fifth most diagnosed cancer worldwide, with
768,793 deaths reported in 2020.1 As the result of late diagnosis

and lack of targeted treatments for gastric cancer, patient progno-
sis is poor, with a five-year survival rate of just 23–36%; advanced
gastric cancer has a median survival of less than one year.68–69

The role of FZD7 in gastric cancer has been appreciated in
recent years. FZD7 has been observed to be upregulated in gastric
cancer tissues when compared to adjacent non-cancerous gastric
tissues.70–71 FZD7 expression in gastric cancer tissues also corre-
lates with poor patient survival.71–72 Helicobacter pylori infection
decreased the expression of microRNA-27b (miR-27b), which
negatively regulates FZD7 expression.73 A decrease in miR-27b
resulted in FZD7 upregulation, promoting the proliferation of
gastric cancer cells in H. pylori infection-induced cells via the b-
catenin-dependent Wnt pathway.73 Another known regulator
of FZD7 expression in gastric cancer is YTH domain family mem-
ber 1 (YTHDF1), a protein that regulates FZD7 mRNA stability
and translation via N-methyladenosine (m6A) modification.74

FZD7 contributes to the growth and metastasis of gastric
cancers.71,74 FZD7 drives cancer growth in both APC-wild type
and APC-mutant gastric adenoma through the b-catenin-
dependent Wnt pathway.44,71,74 Gastric cancer stem cells (CSCs)
play a critical role in chemoresistance and the recurrence of

TABLE 1

Roles of FZD7 in various types of cancer based on studies assessing its direct involvement in tumorigenesis.

Cancer type Role of FZD7 in tumorigenesis Branch of Wnt pathway activated Reference
(s)

Triple negative
breast cancer

� Cell invasion, motility and clonogenicity in vitro
� Tumor growth in vivo

b-catenin-dependent 53–55

� Tumorsphere formation in vivo b-catenin-dependent 56

� Mesenchymal phenotype
� Breast cancer cell stemness

b-catenin-independent 23

Colorectal cancer � Tumor proliferation and invasion b-catenin-dependent and -independent (JNK/c-jun,
RhoA, and PKC/ERK pathways)

62–64

� Tumor growth
� Mesenchymal-epithelial transition of metastatic cells

b-catenin-dependent and -independent pathways 65–66

Gastric cancer � Tumor proliferation in Helicobacter pylori infection-
induced cells

� Cancer cell growth, migration, invasion and stem-cell-
like properties

b-catenin-dependent pathway 44,71,73–74

� Cancer stemness and chemoresistance toward cisplatin Not determined 70

Hepatocellular
carcinoma

� Cell proliferation and motility b-catenin-dependent 77–79,81

� Cell invasion and anchorage-independent growth in
non-transformed hepatic cells

b-catenin-dependent 80

� Chemoresistance toward 5-fluorouracil b-catenin-dependent 82

Ovarian cancer � Cell proliferation, cell cycle progression, and cell–cell
adhesion

b-catenin-independent (Wnt–PCP pathway) 84

� Cancer stemness and chemoresistance toward cisplatin b-catenin-dependent 85

Melanoma � Cell growth and viability in both naive and BRAF inhibi-
tor-resistant melanoma cells

b-catenin-independent (PI3K–AKT pathway) 87

� Melanoma tumor initiation and metastasis in vivo b-catenin-independent (Wnt11–FZD7–DAAM1–RhoA–
ROCK1/2)

88

� Metastasis formation of melanoma cell lines b-catenin-independent (JNK pathway) 89

Pancreatic cancer � Cancer stemness and chemoresistance toward
gemcitabine

b-catenin-dependent 18,92

Kidney cancer � Clonogenicity and proliferation of Wilms’ tumor cells b-catenin-dependent 93

� Renal cancer cell proliferation b-catenin-dependent 94

Cervical cancer � Cervical cancer cell migration and invasion b-catenin-independent (JNK/c-jun pathway) 95

Glioma � Glioma cell proliferation in vitro and in vivo b-catenin-dependent 96

Esophageal cancer � Esophageal cancer cell growth, migration and invasion
� Chemoresistance toward cisplatin

b-catenin-dependent 98

Leukemia � Chronic myeloid leukemia (CML) proliferation
� Chemoresistance toward imatinib

b-catenin-dependent 99
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gastric cancer. FZD7 knockdown decreases the expression of
stemness markers and the ability of gastric cancer cells to form
spheroids, suggesting that FZD7 is essential for gastric CSCs.70

Furthermore, both FZD7 knockdown and treatment with vantic-
tumab were able to overcome the chemoresistance of gastric can-
cer cells toward cisplatin.44,70

Hepatocellular carcinoma
Hepatocellular carcinoma (HCC) represents 90% of cases of liver
cancer, and is the sixth most common cancer and the third most
prevalent cause of cancer death with 830,180 known deaths in
2020.1 Despite improvement in the early detection of HCC that
allows liver transplantation, surgery, or radiation therapy, HCC
is often diagnosed at late stages. The prognosis for HCC remains
poor, with a median overall survival of 11 months for advanced
HCC resulting from the lack of an effective biomarker and the
low rate of response to the available targeted therapies.75–76

Upregulation of the b-catenin-dependent Wnt pathway con-
tributes to both immune evasion and resistance to immunother-
apy in HCC.75

FZD7 is overexpressed in HCC tumors compared to peritu-
moral areas, and this overexpression is associated with the intra-
cellular accumulation of b-catenin.77–78 In addition to FZD7,
Wnt-3a is also upregulated in HCC tumors compared to non-
cancerous liver tissues.79 The Wnt-3a–FZD7 interaction activates
the b-catenin-dependent Wnt pathway in HCC cell lines.79–80

Furthermore, overexpression of Wnt-3a and FZD7 activates the
Wnt pathway and promotes proliferation in non-transformed
hepatic cells.80

Wnt-3a–FZD7 signaling also promotes cell migration, cell
invasion, and anchorage-independent growth, which might be
associated with the EMT.80 Dominant-negative mutant con-

structs that encoded a C-terminally truncated FZD7 protein
reduced HCC cell motility, confirming the role of FZD7 in the
migration of HCC cells.78 In addition, FZD7 knockdown pro-
moted apoptosis in HepG2 and Huh-7 HCC cell lines.81

FZD7 is also involved in HCC chemoresistance. The expres-
sion of FZD7 and multidrug resistance protein 1 (MDR1) are
higher in 5-fluorouracil (5-FU)-resistant HCC cells than in the
parental cells.82 FZD7 siRNA decreased the expression of MDR1
in 5-FU-resistant HCC cells and sensitized these cells to
chemotherapy by inducing apoptosis.82

Ovarian cancer
Ovarian cancer was linked to 207,252 deaths in 2020.1 Avastin
(an antibody against vascular endothelial growth factor (VEGF))
and poly adenosine diphosphate-ribose polymerase (PARP) inhi-
bitors are the standard of care, have significantly reduced cancer
progression and are used as maintenance therapy further to sur-
gery and chemotherapy.83

Ovarian cancer is classified, on the basis of gene expression
patterns, into five subtypes: epithelial-A (Epi-A), Epi-B, Mes,
Stem-A, and Stem-B. FZD7 expression has been found to be
enriched in Mes and Stem-A molecular subtypes.84 In vitro,
FZD7 expression is enriched in SKOV3 cell spheroids and in
PA1 ovarian teratocarcinoma cells, a cell line that harbors
pluripotency and stem cell characteristics.84 A recent study con-
firmed the involvement of FZD7 in ovarian CSCs. It found that
FZD7 is upregulated in platinum-tolerant (Pt-T) ovarian cancer
cells, which exhibit stemness properties.85 Furthermore, FZD7

knockdown decreased the expression of stemness-associated
transcription factors.85 Altogether, these results suggest that
FZD7 plays an essential role in driving stem cell properties in
ovarian cancer.

FZD7 knockdown suppressed the proliferation of ovarian can-
cer cells, and also inhibited spheroid formation.84–85 In vivo,
knockdown of FZD7 in OVCAR5 cells delayed tumor initiation
and decreased tumor size.85 Interestingly, FZD7 knockdown
inhibited cell proliferation by modulating cell cycle progression,
but it showed no effect on apoptosis.84 FZD7 also regulates rear-
rangements of the actin cytoskeleton, as well as cell migration
and motility, via phospho-myosin light chain (pMLC) and Rho
GTPases, which are downstream effectors of the Wnt–PCP
pathway.84

Prolonged exposure to platinum chemotherapeutic agents
upregulates FZD7 expression, at both mRNA and protein levels.85

FZD7 knockdown sensitized ovarian cancer cells to platinum.
FZD7 also marks a cell population that is enriched in glutathione
metabolism-related genes that are highly susceptible to ferropto-
sis, a type of programmed cell death that is dependent on iron
and characterized by the accumulation of lipid peroxides.85

Melanoma
On the basis of the molecular characteristics of advanced mela-
noma (staging from III to IV according to the American Joint
Committee in Cancer), the standard of care treatments for mela-
noma are anti-PD-1 immunotherapy or a combination of anti-
PD-1 with BRAF and MEK inhibition. These therapies have
reduced the risk of recurrence to 30–50% but are associated with
treatment-related toxicity.86

Drug Discovery Today

FIGURE 3
qPCR analysis of FZD1–10 mRNA expression in the triple-negative breast
cancer (TNBC) stem cell line IOWA-1 T. Levels of expression are presented
as a percentage of those of the ribosomal protein S23 (RPS23) and are the
means from a triplicated experiment. Color-coding highlights the FZD
homologs with the strongest expression levels.
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In melanoma cells, it has been shown that FZD7 signals
mainly through b-catenin-independent Wnt pathways, includ-
ing the DAAM1–RhoA–ROCK1/2 axis, the JNK pathway, and a
crosstalk with AKT.87–89 Chronic treatment of melanoma cells
with the BRAF inhibitor PLX4720 elevated Wnt-5a expression.87

In addition, Wnt-5a activated AKT signaling in melanoma cells
via the receptors FZD7 and RYK, leading to increased growth
and chemoresistance.87 Knockdown of Wnt-5a, FZD7, and RYK
inhibited tumor growth and sensitized melanoma cells to BRAF
inhibitor.87

Another study reported that FZD7 is essential for the initiation
of melanoma cell tumors in vivo.89 FZD7 is required for the prolif-
eration of melanoma cells during metastatic growth; neverthe-
less, the effects of FZD7 on cell proliferation are not intrinsic to
the cancer cells but depend on the microenvironment in vivo.89

The role of FZD7 in the formation of metastatic melanoma is
independent of BRAF mutation status or sensitivity to BRAF
inhibitors.

Further, FZD7 and Wnt-5a promote melanoma metastasis via
crosstalk with the JNK pathway.89 A recent study highlighted
that FZD7 supports melanoma spheroid (melanosphere) forma-
tion and amoeboid melanoma cell invasion.88 Mechanistically,
the Wnt-11–FZD7–DAAM1 axis activates Rho-ROCK1/2–Myosin
II and regulates the tumor-initiating potential, local invasion,
and distant metastasis formation of melanoma.88

Pancreatic cancer
Pancreatic cancer is a deadly disease that caused 466,003 known
deaths in 2020, with a very low five-year survival rate of 9%. This
poor prognosis results from late-stage diagnosis and a lack of effi-
cacious treatments.1,90 One of the areas of research into possible
new treatments targets CSCs. Among the potential targets, Wnt/
b-catenin is thought to play a role in the development of pancre-
atic CSCs that are responsible for tumor initiation, progression,
and metastasis, as well as chemotherapy resistance.90

A recent study documented the role of FZD7 in chemoresis-
tance in pancreatic cancer. ATP-binding cassette superfamily G
member 2 (ABCG2) is one of the xenobiotic transporters
involved in multi-drug resistance to chemotherapeutic agents.91

ABCG2 is overexpressed in human pancreatic cancer tissues
when compared to adjacent tissues, and this overexpression cor-
relates with a lower probability of survival.92 An in vitro study has
demonstrated that Wnt-5a upregulates ABCG2 expression
through FZD7 in Capan-2 pancreatic cancer cells. The overex-
pression of Wnt-5a and FZD7 drives gemcitabine resistance in
Capan-2 cells.92 In addition toWnt-5a, Wnt-7b has also been val-
idated as a binding partner for FZD7, which also regulated the
expression of ABCG2, in pancreatic cancer.18 FZD7 knockdown
sensitized cancer cells to gemcitabine, highlighting the role of
FZD7 in chemoresistance in pancreatic cancer.18,92 Furthermore,
FZD7 knockdown decreased the stemness phenotypes of pancre-
atic CSCs.18

Other types of cancer
The role of FZD7 has been documented in other types of cancer,
such as kidney cancer, cervical cancer, glioma, esophageal can-
cer, and leukemia.

The role of FZD7 in kidney cancer was first appreciated in
Wilms’ tumors, a type of kidney cancer that mainly affects young
children. A subset of Wilms’ tumors express FZD7 (FZD7

+ cells),
but it was difficult to isolate this subset of cells.93 An anti-FZD7

antibody that was intended to isolate Wilms’ tumor cells turned
out to induce apoptosis in these cells.93 This indicated the essen-
tial role of FZD7 in the survival of at least a subset of Wilms’
tumor cells. Further exploration demonstrated that FZD7

+ cells
in Wilms’ tumors are highly clonogenic and proliferative when
compared with FZD7

– cells.93 FZD7 is upregulated in another type
of kidney cancer, clear cell renal cell carcinoma (ccRCC), as com-
pared to peritumor tissues.94 Wnt-3a activated FZD7 in RCC cells
and promoted the proliferation of these cells.94

In cervical cancer, FZD7 is involved in cancer metastasis. FZD7

knockdown inhibited the expression and activities of matrix-
metalloproteinase 2 (MMP2) and MMP9, proteins that are neces-
sary to break down the extracellular matrix during cancer metas-
tasis.95 In addition, FZD7 knockdown increased the expression of
epithelial markers and decreased mesenchymal markers in HeLa
and SiHa cells, suggesting that FZD7 plays an important role in
the EMT.95 Phenotypically, FZD7 knockdown suppressed the
migration and invasion capacities of HeLa and SiHa cervical can-
cer cells. The effect of FZD7 on cervical cancer motility seems to
be mediated by a b-catenin-independent Wnt pathway, espe-
cially by JNK/c-jun signaling.95

In glioma, FZD7 overexpression correlates positively with
advanced tumor stages,96 but negatively with the median sur-
vival of glioma patients.97 FZD7 promotes glioma cell prolifera-
tion in vitro and in vivo. In a recent study, the transcriptional
co-activator TAZ was found to be a target gene of the b-
catenin-dependent Wnt pathway.96 FZD7 promotes the prolifer-
ation of glioma cells though upregulation of TAZ.96

Esophageal cancer is also regulated by FZD7. FZD7 affects the
growth, migration, and invasion of esophageal cancer cells.98

Furthermore, the overexpression of FZD7 upregulates MDR1
expression, leading to chemoresistance in esophageal cancer;
FZD7 knockdown sensitized esophageal cancer cells to
cisplatin.98

FZD7 has also been found to regulate cancer cell proliferation
and chemoresistance in chronic myeloid leukemia (CML).99

FZD7 inhibition sensitized CML cells to imatinib, the first-line
therapy for CML.99

FZD7 antagonists in current development
The identification of specific FZD7 inhibitors has proven to be
challenging. The Wnt–FZD pathway is initiated by Wnt proteins,
promiscuous ligands that each can engage multiple FZDs. In
addition, Wnt binds to the CRD, a highly conserved extracellular
region of FZD proteins. Therefore, the lack of an in vitro assay that
would distinguish any one individual FZD from the other nine
family members has hampered classical high-throughput screen-
ing (HTS) approaches for the discovery of selective FZD antago-
nists. As regards structure-based approaches, molecular
understanding of the FZD protein family has improved in the
past decade, but to-date, the whole receptor has not been crystal-
ized. The available structures for FZD7 are limited to the CRD in
its apo form (PDB ID: 5 T44), in complex with a fatty acid (PDB

K
EY

N
O
TE

(G
R
EEN

)

KEYNOTE (GREEN) Drug Discovery Today d Volume xx, Number xx d xxx 2021

8 www.drugdiscoverytoday.com

Please cite this article in press as: Y. Larasati et al., Drug Discovery Today (2021), https://doi.org/10.1016/j.drudis.2021.12.008

https://doi.org/10.1016/j.drudis.2021.12.008


ID: 5URV) or in complex with the peptide dFz7-21 (PDB ID:
5WBS).100 Despite these challenges, several approaches have
led to the identification of FZD7 inhibitors. Here, we elaborate
on some agents that target FZD7, including small molecules
and biomolecules such as peptides, proteins, and antibodies
(Tables 2 and 3). Below, we focus on exploring molecules that
physically bind FZD7 and antagonize the downstream Wnt path-
way, without restricting our review to the context of cancer.

Small molecules
To-date, no FZD7-selective small-molecule inhibitors have been
identified through HTS. Instead, structure-based drug discovery
has been the driving force in the identification of compounds
that interact with the FZD7 (Table 2).

The GPCR class F family is composed of SMO and FZDs. SMO
has a high sequence similarity to the FZD proteins: the TMD of
FZD7 and SMO share 28% identical and 47% homologous resi-
dues. Zhang et al.101 developed a homology model for FZD7

TMD based on the crystal structure of SMO interacting with a
SMO antagonist LY2440680 (Taladegib). This homology model
then was used for the structure-based virtual screening of
500,000 diverse small molecules and then 5000 analogs of the
top-scored compounds. This in silico screening resulted in the
identification of six hits that inhibited Wnt/b-catenin signaling
in vitro in Wnt-3a-expressing HEK293 cells. SRI37892, the best
hit (IC50: 0.66 mM), inhibited the proliferation and suppressed
the colony formation of several TNBC cell lines, with an IC50

value corresponding that seen for Wnt pathway inhibition.101

Treatment with SRI37892 also decreased LRP6 phosphorylation,
a molecular event close to the Wnt–FZD interaction. Although
the authors did not assess the selectivity of SRI37892 for FZDs,
these findings suggest possible on-target activity of SRI37892
on FZDs. Further analysis of the putative binding site in the
FZD7 TMD in the model identified that the common phenyl ben-
zimidazole unit of these inhibitors binds a hydrophobic pocket
via multiple Pi–Pi interactions, while the other end of the com-
pounds occupies a second hydrophobic pocket.101 The sequence
similarity of the binding pocket within the FZD family suggests
that SRI37892 and its analogs might also act on multiple
FZDs.101

With no available structure solved for Wnt-3, Wnt-3a, or full-
length FZD7, Pinto et al.102 generated 100 homology models

using the pdb4f0a template (41% sequence identity) for Wnt-3,
Wnt-3a and three crystals of the FZD7 CRD domain. Ranking
of the homology models and further assessment of their quality
resulted in the selection of the best homology model for each
protein.102 Pinto et al.102 searched the ZINC database for com-
mercial analogs of palmitoleic acid (PAM) because of the role of
this compound in activating the Wnt pathway and identified
29 compounds with 99% similarity. Docking into the homology
model identified four fatty acids (illustrated by ZINC05972969 in
Table 2) that had a calculated binding energy similar or better
than that of PAM.102 In vitro studies are now required to assess
and validate the effects of these ligands on the Wnt pathway
and to evaluate their selectivity among FZDs.

Biomolecules
Biomolecules that mimic or antagonize FZD7 have been used to
study the role of FZD7 in the Wnt pathway. Besides being used
as a molecular tool, some of those molecules exhibit anticancer
properties (Table 3).

Peptides
Several peptides that target FZD7 have been developed to antag-
onize theWnt pathway. From a phage peptide library, Nile et al.46

identified peptides that bound specifically to an Fc-tagged hFZD7

CRD but not to an Fc-tagged hFZD8 CRD. Five peptides were syn-
thesized and the most potent peptide, Fz7-21, both inhibited the
Wnt-3a-induced Wnt-b–catenin pathway in HEK293 (IC50:
100 nM) and blocked the Wnt-3a-mediated stabilization of b-
catenin in L-cells (IC50: 50 nM).46 The Cys10 residue of the pep-
tide appeared to be key for the interaction as its replacement with
a serine or with an unnatural stereoisomer reduced by 30-fold or
completely abolished the inhibitory activity.46 Fluorescence size-
exclusion chromatography (FSEC) using a fluorescein-labeled
version of Fz7-21 confirmed the peptide’s subtype selectivity
for the FZD1/2/7 isoforms. The authors were able to solve the
structure of a construct consisting of the N-terminus of Fz7-21
fused to the C-terminus of the hFZD7 CRD (PDB ID: 5WBS).46

This crystal structure showed that the peptide dimerizes through
a disulfide bond made by Cys10, interacts with residues at a new
site proximal to the lipid-binding groove of the hFZD7 CRD, and
traps the FZD7 dimer in an open and inactive state.46 This result
was validated by a shotgun alanine scan that confirmed the key

TABLE 2

Small molecules targeting FZD7 identified by computational docking.

Molecule
name

Structure Putative
binding site

Biological activities Reference

SRI37892 FZD7

transmembrane
domain (TMD)

Inhibited cell proliferation and b-
catenin-dependent Wnt pathway
in triple-negative breast cancer
(TNBC) cells in vitro

101

ZINC05972969 FZD7 cysteine-
rich domain
(CRD)

Not determined 102
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interactions, by the 40-fold potency improvement of a dimeric
form dFz7-21, and by the concentration-dependent induced
dimerization of hFZD7 CRD. Interestingly, the dFz7-21 peptide
does not compete with Wnt-3a for binding to FZD7 but disrupts
the formation of the Wnt-3a–FZD7–LRP6 ternary complex.46

Further peptide optimization, driven by inhibition of the
Clostridium difficile toxin B interaction with FZD7, resulted in a
significant potency improvement.103 The new peptide inhibited
the Wnt-3a-induced b-catenin-dependent pathway with an IC50

in the low-digit nanomolar range.103 The unique mode of action
of these peptides offers a viable approach for the treatment of
multiple diseases associated with FZD7, including cancer. Eventu-
ally, the subtype selectivity of these peptides will help us to fur-
ther understand the role of FZD1/2/7 in physiological processes
and diseases.

Engineered proteins and antibodies
Ankyrin-repeat proteins are genetically engineered antibody-
mimetic proteins that typically exhibit highly specific and
high-affinity binding to target proteins. Dang et al.47 used
ankyrin-repeat proteins, which they called designed repeat pro-
tein binders (DRPBs), to develop FZD subtype-specific inhibitors.
They utilized computational design to target a defined and large
surface region in the CRD of each FZD subtype, then generated
subtype-specific variants by exploiting contacts at subtype-
specific positions within this broadly conserved buried inter-
face.47 First, they developed DRPB_Fz8, which binds FZD5 and
FZD8. The crystal structure of the DRPB_Fz8 –FZD8 CRD complex
reveals a binding mode identical to the ‘grasping-hand’ model,

which prevents the binding of Wnts to the FZD lipid-binding
groove. Dang et al.47 then redesigned DRPB_Fz8 for two other
FZD subtypes, FZD4 (DRPB_Fz4) and FZD7 (DRPB_Fz7 binding
to the CRD of FZD1/2/7), as well as for DRPB binding to both
FZD7 and FZD8 subtypes (DRPB_Fz7/8).47 Some of the key resi-
dues that define FZD subtype specificity were solved from the
crystal structure. One example is the Ala111Asp mutation from
DRPB_Fz8 to DRPB_Fz7/8, which enables the formation of a
hydrogen bond and a salt bridge with a corresponding Lys of
FZD7, which is a Glu in the FZD8 subtype.47 However, epitopes
of CRD outside the lipid binding groove can also serve to inhibit
FZD. A set of small molecule antagonists bind the FZD8 CRD at
residues Leu97, Met149, Asp150 (corresponding to Ile117,
Val161 and Gly162 of FZD7) at micromolar concentrations, cor-
responding to similar IC50 Wnt pathway inhibition in the cellu-
lar assay104 and thus providing a proof of principle for this
mechanism of receptor targeting.

Antibodies against FZD7 comprise a large portion of the bio-
logical molecules that target FZD7 in cancer. Initially used as a
tool to isolate FZD7

+ Wilms’ tumors (WTs), a commercial human
anti-FZD7 antibody (Anti-FZD7 Ab) induced extensive cell death
of FZD7

+ WT.93,105 Anti-FZD7 Ab treatment depleted the stem cell
properties of FZD7-sensitive WT.93 Furthermore, Anti-FZD7 Ab
reduced the proliferation and survival of FZD7-sensitive WT cells
grafted to chick embryos.93 Another anti-human FZD7-specific
antibody was developed to block the b-catenin-dependent Wnt
pathway in various cancer cell lines, including TNBC and ovarian
cancer cells.106 This antibody also inhibited the migration of
TNBC cells and ovarian cancer cells.106

TABLE 3

Biomolecules targeting FZD7.

Molecule name Binding site Biological activities Reference
(s)

Peptide
Fz7-21 FZD7 cysteine-rich domain

(CRD)
� Inhibited Wnt3a-induced Wnt/b-catenin pathway in HEK293 cells
� Disrupted the formation of the Wnt3a–FZD7–LRP6 ternary complex
� Inhibited Clostridium difficile interaction with FZD7

46,103

Engineered protein and antibodies
DRPB_Fz7 FZD1/2/7 CRD � Bound to FZD1/2/7 (subtype specific)

� DRPB_Fz7 moderately downregulated the expression of Wnt target genes in
the liver in vivo

47

Antibody anti-human
FZD7

FZD7 CRD � Depleted stem cell properties in FZD7-sensitive Wilms’ tumor
� Reduced the survival of FZD7-sensitive Wilms’ tumor cells

93,105

Antibody anti-human
FZD7

FZD7 CRD � Blocked the b-catenin-dependent Wnt pathway in various cancer cell lines
� Inhibited cell migration in triple-negative breast cancer (TNBC) and ovarian
cancer cells

� Suppressed glioblastoma cell clonogenicity

106

FZD7 scFv FZD7 CRD � Inhibited cell growth and increased cell apoptosis in TNBC cells
� Decreased the expression of Wnt target genes

107–108

FZD7-NS FZD7 CRD � Inhibited the Wnt/b-catenin-dependent pathway
� Decreased TNBC cell viability and migration in vitro

109

FZD7-Fab FZD7 � Bound selectively to FZD7

� Inhibited the Wnt-3a induced b-catenin-dependent Wnt pathway

110

F2 scFv FZD1/2/7 CRD � Bound to FZD1/2/7 (subtype specific)
� Combination with F3 (FZD5/8 antagonist) was detrimental to intestinal
organoid

48

Vantictumab (OMP-
18R5)

FZD1/2/5/7/8 CRD � Bound to FZD1/2/5/7/8

� Inhibited the b-catenin-dependent Wnt pathway
� Inhibited the growth of several types of tumors
� Synergist with several standard-of-care chemotherapeutics

67,112
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Other antibodies that have been developed against FZDs
include single-chain fragment variable (scFv) antibodies against
the extracellular domain of FZD7.

107–108 These scFv antibodies
bind specifically to FZD7. Anticancer assays demonstrated that
the scFv antibodies inhibited the growth of BC cells and
increased their apoptosis.107–108 Several studies have explored
the use of nanoparticles to improve the target affinity of the
FZD7 antibody. Riley et al.109 utilized nanoshells composed of sil-
ica cores and thick gold shells, then coated these nanoshells with
the FZD7 antibody to form a FZD7 antibody–nanoshell complex
(FZD7–NS). FZD7–NS selectively bound TNBC cells overexpress-
ing FZD7 and antagonized the b-catenin-dependent Wnt path-
way, with higher efficacy than that of free FZD7 antibodies.109

FZD7-specific fragment antigen binding (Fab) protein has
been reported to recognize only FZD7 among all FZDs.110 Using
flow cytometry, FZD7–Fab can be used to enrich human embry-
onic stem cells (hESCs) expressing high FZD7. A prolonged
FZD7–Fab treatment reduced the expression of pluripotency
markers in hESCs and disrupted the Wnt-3a-induced Wnt path-
way in these cells.110 Interestingly, the FZD7–Fab treatment did
not directly counteract the interaction between Wnt-3a and
FZD7, but led to FZD7 degradation, which then disabled the
receptor that binds Wnt-3a and transduces the Wnt pathway.110

Fernandez et al.110 speculate that FZD7–Fab induced the internal-
ization of FZD7, hence quenching Wnt pathway activation by
Wnt-3a/FZD7.

110 FZD7 internalization has also been observed

upon treatment of Wilm’s tumor with different anti-FZD7 Ab,

leading to signal shutdown and growth inhibition.93 Thus, these
studies report another potentially attractive mechanism: FZD7

signaling shutdown through receptor internalization. Mechanis-
tically, a very important and potentially targetable step in this
process is mediated by the E3 ubiquitin ligases Rnf43 and Znrf3,
which have been reported to regulate Wnt signaling negatively
by promoting the degradation of FZD–LRP complexes.111

Lately, the development of surrogate Wnt molecules has been
seen as a highly active approach to trigger the Wnt pathway arti-
ficially. Wnt proteins are difficult to produce and to purify
because they have multiple post-translational modifications
and because of the resulting hydrophobicity. Consequently,
researchers have attempted to develop soluble Wnt surrogates.
Chen et al.48 developed a soluble Wnt surrogate by linking two
scFv antibodies to a FZD CRD (FZD binder) and LRP6 (LRP bin-
der). By adapting the FZD-binder scFv for each FZD subtype (ter-
med as F2 for FZD1/2/7 and F3 for FZD5/8), researchers achieved
selective Wnt activation upon treatment with the surrogate.48

Interestingly, by using the FZD binding arms alone, the surro-
gates could be turned into FZD subtype-selective antagonists.48

The most advanced antibody against FZD7 is vantictumab
(OMP-18R5), a fully humanized monoclonal antibody that binds
FZD1/2/5/7/8.

67 Vantictumab interacts with the discontinuous epi-
tope that spans a ‘cleft’ region that is apparent in the reported
crystal structure of mouse FZD8.

67 In a cell-based assay, vantic-
tumab blocked most b-catenin signaling in response to Wnt-
3a.67 In vivo, vantictumab exhibited an anticancer effect against
BC, CRC, lung cancer, pancreatic cancer, and gastric cancer.44,67

Vantictumab also demonstrated synergistic anticancer effects
upon combination with several standard chemotherapeutic

agents, such as taxol in non-small cell lung cancer and BC mod-
els, irinotecan in colon cancer models, and gemcitabine in pan-
creatic cancer models.67,112 Vantictumab also suppressed tumor
recurrence following treatment with high-dose chemotherapies.
Despite these impressive pre-clinical profiles, the development
of vantictumab has been halted in clinical trial phase 1b due to
bone toxicity.113–114

Discussion
The need for selective Wnt pathway inhibition in cancer
Despite significant progress in oncology, there is still a large
unmet need for novel anticancer therapies. Better understanding
of the disease at the molecular level has shifted drug discovery
from cytotoxic drugs towards targeted treatments and
immunotherapies. Despite these advances, cancer is still a major
health burden, and drug resistance that plagues current therapies
urges the development of novel therapeutic options.49 The Wnt
pathway is an example of a therapeutic opportunity waiting to
be fully unlocked as a cancer target.

The first generation of Wnt pathway inhibitors confirmed the
importance of this pathway in cancer, but showed that non-
selective inhibition of the pathway is linked to on-target side
effects.6 Such first-generation drugs include porcupine inhibi-
tors, which are pan-Wnt pathway inhibitors that prevent the
secretion of functional Wnt proteins. Porcupine inhibitors pro-
duce dose-dependent adverse effects, such as loss of bone volume
and density, within four weeks of exposure in mice treated with
two structurally distinct inhibitors, LGK974 and ETC-159.115

Administration of alendronate overcame the bone toxicity of
ETC-159 in mice, although success of this strategy remains to
be confirmed further in clinical studies.115 Another example of
the toxicity of Wnt pathway inhibitors involves tankyrase
(TNKS) inhibitors. TNKS regulates the stability and turnover of
Axin, a component of the b-catenin destruction complex.
Despite showing promising anticancer activity in pre-clinical
studies, the current TNKS inhibitors exhibit multiorgan toxicity,
particularly GI tract toxicity.116–117 Hence, the next generation of
Wnt pathway inhibitors must tackle the challenge of targeting
cancer-relevant Wnt signaling sub-pathways while sparing phys-
iologically important sub-systems. Potential targets to fulfill this
profile are the FZD proteins. FZDs have a defined tissue-specific
profile (Fig. 1) and are key to the initiation of multiple Wnt sig-
naling branches.

Vantictumab was initially designed to target FZD7 but later
demonstrated cross-reactivity with four other FZDs. Extensive
pre-clinical studies in various types of cancer allowed vantic-
tumab to enter clinical trials, with potential efficacy shown in
phase 1 clinical studies.113–114 Vantictumab in combination with
nab-paclitaxel and gemcitabine has been evaluated in a phase 1b
clinical trial for untreated metastatic pancreatic cancer, improv-
ing the median overall survival from 8.5 months to
10.2 months.113 Another recent phase 1b clinical trial has stud-
ied a combination of vantictumab and paclitaxel in patients
with locally advanced or metastatic HER2–negative BC.114

Promising clinical activity of the vantictumab– paclitaxel combi-
nation was observed in this trial, in which the overall response
rate of patients who received up to two prior lines of chemother-
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apy was comparable to paclitaxel in the first-line setting. How-
ever, the lack of FZD specificity was the likely cause of the unfor-
tunate failure of vantictumab in phase I clinical studies, in which
an increase in the frequency of bone fractures was attributed to
the treatment.113–114 Indeed, three of the FZDs targeted by van-
tictumab, FZD1, FZD4, and FZD8, are important for bone home-
ostasis. Adjustment of vantictumab dose and supplementation
with zolendronic acid alleviated the bone fragility, but bone tox-
icity remains a significant concern within the overall toxicity
profile of vantictumab.113 This case underlines the importance
of developing a FZD-selective antagonist in order to achieve
selective Wnt pathway inhibition in cancer.

An FZD7-selective inhibitor for selective Wnt pathway inhibition
in cancer
FZD7 serves as a validated target in various types of cancer. FZD7

overexpression has been reported in TNBC, gastric cancer, HCC,
and ovarian cancer.53,70–71,77–78,84 In addition to these cancers,
FZD7 also regulates tumorigenesis in several other cancers, includ-
ing CRC, pancreatic cancer, and melanoma.18,62,66,88–89,92 FZD7

affects cancer growth and metastasis in vitro and in vivo. The
branches of the Wnt pathway that are activated by FZD7 are
cancer-type dependent. For example, FZD7 relays both b-catenin-
dependent and -independentWnt pathways in TNBC, CRC, ovar-
ian cancer, and pancreatic cancer.18,23,52–53,56,62,64,66,84–85,92

Meanwhile, FZD7 initiates mainly the b-catenin-dependent Wnt
pathway in HCC and the b-catenin-independent pathways in
melanoma.87–89 This highlights the diverse role of FZD7 in
carcinogenesis.

Other intertwined aspects of carcinogenesis that are regulated
by FZD7 are cancer stemness and chemoresistance. In normal
development and physiology, FZD7 is required for the mainte-
nance of hESCs and adult intestinal stem cells.19,43,110 Recent
studies report the importance of FZD7 in maintaining cancer
stemness in various cancers, including TNBC, gastric cancer,
ovarian cancer, and esophageal cancer.56,70,84,98 CSCs contribute
to cancer chemoresistance as they are frequently in a quiescent
state with a low proliferation rate, which shields them from con-
ventional cytotoxic chemotherapeutic agents that target highly
proliferative cancer cells.59 Furthermore, CSCs often express
chemoresistance-mediating drug-efflux pumps, such as ABCG2
and MDR1, whose protein expression is regulated by
FZD7.

59,82,92 Studies highlight that FZD7 knockdown decreased
the stemness properties of TNBC, gastric cancer, ovarian cancer,
and esophageal cancer cells, as well as sensitizing those cancer
cells to cytotoxic chemotherapeutic agents.56,70,84,98 Hence, inhi-
bition of FZD7 becomes a viable option for depleting the CSC
niche and overcoming chemoresistance.

Deep sequencing of cancer genomes reveals that 4.2% of all
tumor sequences deposited in the COSMIC database show acti-
vating mutations in GNAS, locus encoding Gas, thereby high-
lighting the oncogenic potency of Gas.118 Accumulating
evidence shows the involvement of Gas in the carcinogenesis
of various cancers, including endocrine tumors, BC, and lung
cancer.119–121 Hence, there is a compelling need to evaluate the
FZD7–Gas signaling axis in various FZD7-related cancers.

As Wnt pathway inhibitors are usually jeopardized by on-
target toxicity, it is valid to ask whether FZD7-selective inhibition

could avoid such toxicity. Using mice as the animal model, a cru-
cial non-redundant role has been established for FZD7 in the
maintenance of intestine and atrial stomach epithelium.19,43

Contrasting these results are the FZD7-knockout mice that are
viable and fertile with no overt intestinal phenotype under basal,
non-challenging conditions. These two seemingly contradictory
results demonstrate that loss of FZD7 in a developing organism is
compensated by other mechanisms, whereas in adults, FZD7 is
indispensable. This unoptimistic perspective is somewhat allevi-
ated by the observation that, following injury, FZD7 downregula-
tion did not prevent, but rather delayed, intestinal
regeneration.19 Recent studies using selective biomolecules that
inhibit different FZD subtypes highlighted the redundant role
of FZD5 and FZD7 in the maintenance of GI survival in vitro
and homeostasis in vivo, with FZD5 inhibition showing a more
detrimental effect on the GI tract.47–48 No significant GI track
toxicity was reported for vantictumab, which targets both FZD5

and FZD7,
67,113–114 although this might be attributed to low

exposure in the GI tract due to the intravenous administration
of the drug. These studies highlight the prospect of the use of
FZD7-selective antagonists to deplete cancer cells, with fewer
adverse events compared to the use of pan-Wnt pathway
inhibitors.

Challenges and perspectives in developing FZD7-selective
inhibitors
Several challenges still hamper the development of FZD7-
selective inhibitors, either small molecules or biomolecules.
The first challenge is the lack of structural information, both
for the full-length FZD7 structure and the ternary complex with
a Wnt and co-receptor(s). The recent first co-crystal structure of
a small molecule, carbamazepine, interacting with FZD8 (PDB
ID: 6TFB) has shed light on the novel binding site for small mole-
cules in the CRD.122 The development of biomolecules such as
antibodies might overcome the insufficiency of FZD7 crystal
structures.

A second challenge is the lack of proximal and/or specific
assays to identify and characterize FZD7 inhibitors. A recent
development adapted BRET and fluorescence resonance energy
transfer (FRET) technologies to FZDs and resulted in the identifi-
cation of SAG1.3, a SMO-targeting molecule that acts as a partial
low-potency agonist of FZD6 and FZD7 but not FZD4, thus open-
ing an interesting prospect of developing this scaffold to target
FZDs.26

It is also necessary to evaluate and distinguish functional FZD
selectivity, and how this translates to Wnt sub-pathway(s) inhi-
bition. Although functional in vitro assays, such as the TopFlash
assay, are key to assessing the inhibition of the Wnt pathway
upon treatment, different cell lines express a different set of
FZDs. Therefore, it is difficult to interpret the outcome of stan-
dard cell-based assays and to judge whether a given inhibitor
exerts its Wnt inhibitory activity by specifically antagonizing
FZD7. A FZD1-10 knockout cell line (FZD1–10

–+– ) has recently been
developed using iterative CRISPR mutagenesis.123 This cell line
is a remarkable starting point for screens to identify FZD7-
selective inhibitors. It is now possible to express individual FZD
proteins (e.g. FZD7) in these FZD1–10

–+– cells and use them to per-
form a functional assay, such as the TopFlash assay, to assess
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the selectivity of the candidate molecules for different FZDs. This
work will pave the way towards the discovery and characteriza-
tion of therapeutics that act as selective inhibitors of FZD7.

Conclusions
FZD7-selective inhibition has emerged as a highly attractive ave-
nue for the second generation of Wnt-inhibitors. Numerous
studies corroborate the importance of FZD7 in the tumorigenesis
of various cancers because of its importance in regulating cancer
growth, metastasis, CSCs, and chemoresistance. In normal phys-
iology, FZD7 plays a role in the regeneration of the GI tract upon
injury, but seems to work in a redundant manner with other
FZDs. Despite the remaining challenges, the recent development
of in vitro assays to evaluate selectivity, paralleled by insights into

the structural details of the FZD family, will be pivotal in identi-
fying FZD7-selective inhibitors. It is a matter of time before we
see novel small molecules or biologics that have with better
FZD7-selectivity profiles. Such FZD7-selective inhibitors have
highly promising therapeutic potential as monotherapies or in
combination with standard of care treatments.

Conflicts of Interest
The authors declare that they have no conflict of interests.

Acknowledgements
This work was supported by Innosuisse–Swiss Innovation

Agency grant 48262.1 and Russian Foundation for Basic Research
grant 19-515-55013 to V.L.K.

References

1. Global Cancer Observatory. https://gco.iarc.fr/ Accessed April 21, 2021.
2. Bhutani P, Joshi G, Raja N, Bachhav N, Rajanna PK, Bhutani H, et al. U.S. FDA

approved drugs from 2015–June 2020: a perspective. J Med Chem 2021; 64:
2339–81. doi: 10.1021/acs.jmedchem.0c01786

3. R. Nusse, H.E. Varmus, Many tumors induced by the mouse mammary tumor
virus contain a provirus integrated in the same region of the host genome, Cell
31 (1982) 99–109, https://doi.org/10.1016/0092-8674(82)90409-3.

4. H. Clevers, Wnt/b-catenin signaling in development and disease, Cell 127
(2006) 469–480, https://doi.org/10.1016/j.cell.2006.10.018.

5. R. Nusse, C. Fuerer, W. Ching, K. Harnish, C. Logan, A. Zeng, et al., Wnt
signaling and stem cell control, Cold Spring Harb Symp Quant Biol 73 (2008)
59–66, https://doi.org/10.1101/sqb.2008.73.035.

6. Shaw HV, Koval A, Katanaev VL. Targeting the Wnt signalling pathway in
cancer: prospects and perils. Swiss Med Inf 2019; 149: w20129. doi: 10.4414/
smw.2019-20129

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

8. T. Phesse, D. Flanagan, E. Vincan, Frizzled7: a promising Achilles’ heel for
targeting the Wnt receptor complex to treat cancer, Cancers 8 (2016) 50,
https://doi.org/10.3390/cancers8050050.

9. H. Clevers, R. Nusse, Wnt/b-catenin signaling and disease, Cell 149 (2012)
1192–1205, https://doi.org/10.1016/j.cell.2012.05.012.

10. C. Niehrs, The complex world of WNT receptor signalling, Nat Rev Mol Cell Biol
13 (2012) 767–779, https://doi.org/10.1038/nrm3470.

11. C.-M. Zeng, Z. Chen, L. Fu, Frizzled receptors as potential therapeutic targets in
human cancers, Int J Mol Sci 19 (2018) 1543, https://doi.org/10.3390/
ijms19051543.

12. C.E. Dann, J.-C. Hsieh, A. Rattner, D. Sharma, J. Nathans, D.J. Leahy, Insights
into Wnt binding and signalling from the structures of two Frizzled cysteine-
rich domains, Nature 412 (2001) 86–90, https://doi.org/10.1038/35083601.

13. V.L. Katanaev, The Wnt/Frizzled GPCR signaling pathway, Biochemistry (Mosc)
75 (2010) 1428–1434, https://doi.org/10.1134/S0006297910120023.

14. C.Y. Janda, D. Waghray, A.M. Levin, C. Thomas, K.C. Garcia, Structural basis of
Wnt recognition by Frizzled, Science 337 (2012) 59, https://doi.org/
10.1126/science.1222879.

15. A.H. Nile, S. Mukund, K. Stanger, W. Wang, R.N. Hannoush, Unsaturated fatty
acyl recognition by Frizzled receptors mediates dimerization upon Wnt ligand
binding, Proc Natl Acad Sci 114 (2017) 4147, https://doi.org/10.1073/
pnas.1618293114.

16. J. Petersen, S.C. Wright, D. Rodríguez, P. Matricon, N. Lahav, A. Vromen, et al.,
Agonist-induced dimer dissociation as a macromolecular step in G protein-
coupled receptor signaling, Nat Commun 8 (2017) 226, https://doi.org/
10.1038/s41467-017-00253-9.

17. R. Nusse, Wnt signaling in disease and in development, Cell Res 15 (2005) 28,
https://doi.org/10.1038/sj.cr.7290260.

18. Z. Zhang, Y. Xu, C. Zhao, Fzd7/Wnt7b signaling contributes to stemness and
chemoresistance in pancreatic cancer, Cancer Med 10 (2021) 3332–3345,
https://doi.org/10.1002/cam4.3819.

19. D.J. Flanagan, T.J. Phesse, N. Barker, R.H.M. Schwab, N. Amin, J. Malaterre,
et al., Frizzled7 functions as a Wnt receptor in intestinal epithelial Lgr5+ stem

cells, Stem Cell Rep 4 (2015) 759–767, https://doi.org/10.1016/j.
stemcr.2015.03.003.

20. A. Koval, V.L. Katanaev, Platforms for high-throughput screening of Wnt/
Frizzled antagonists, Drug Discov Today 17 (2012) 1316–1322, https://doi.org/
10.1016/j.drudis.2012.07.007.

21. Y. Yang, M. Mlodzik, Wnt-Frizzled/planar cell polarity signaling: cellular
orientation by facing the wind (Wnt), Annu Rev Cell Dev Biol 31 (2015) 623–
646, https://doi.org/10.1146/annurev-cellbio-100814-125315.

22. L. Wang, H. Lo, C. Lin, P. Ng, Y. Wu, Y. Lee, et al., SFRP3 negatively regulates
placental extravillous trophoblast cell migration mediated by the GCM1-
WNT10B-FZD7 axis, FASEB J 33 (2019) 314–326, https://doi.org/10.1096/
fj.201800124R.

23. P. Yin, Y. Bai, Z. Wang, Y. Sun, J. Gao, L. Na, et al., Non-canonical Fzd7
signaling contributes to breast cancer mesenchymal-like stemness involving
Col6a1, Cell Commun Signal 18 (2020) 143, https://doi.org/10.1186/s12964-
020-00646-2.

24. J. von Maltzahn, C.F. Bentzinger, M.A. Rudnicki, Wnt7a–Fzd7 signalling
directly activates the Akt/mTOR anabolic growth pathway in skeletal muscle,
Nat Cell Biol 14 (2012) 186–191, https://doi.org/10.1038/ncb2404.

25. S.C. Wright, P. Kozielewicz, M. Kowalski-Jahn, J. Petersen, C. Bowin, G.
Slodkowicz, et al., A conserved molecular switch in Class F receptors regulates
receptor activation and pathway selection, Nat Commun 10 (2019) 667,
https://doi.org/10.1038/s41467-019-08630-2.

26. P. Kozielewicz, A. Turku, C.-F. Bowin, J. Petersen, J. Valnohova, M.C.A. Cañizal,
et al., Structural insight into small molecule action on Frizzleds, Nat Commun
11 (2020) 414, https://doi.org/10.1038/s41467-019-14149-3.

27. A. Turku, H. Schihada, P. Kozielewicz, C.-F. Bowin, G. Schulte, Residue 6.43
defines receptor function in class F GPCRs, Nat Commun 12 (2021) 3919,
https://doi.org/10.1038/s41467-021-24004-z.

28. Y. Wang, H. Chang, A. Rattner, J. Nathans, Frizzled receptors in development
and disease, Curr Top Dev Biol 117 (2016) 113–139, https://doi.org/10.1016/bs.
ctdb.2015.11.028.

29. M.A. Chacón, L. Varela-Nallar, N.C. Inestrosa, Frizzled-1 is involved in the
neuroprotective effect of Wnt3a against Ab oligomers, J Cell Physiol 217 (2008)
215–227, https://doi.org/10.1002/jcp.21497.

30. P. González, C. González-Fernández, Y. Campos-Martín, M. Mollejo, M.
Carballosa-Gautam, A. Marcillo, et al., Frizzled 1 and Wnt1 as new
potential therapeutic targets in the traumatically injured spinal cord, Cell
Mol Life Sci 77 (2020) 4631–4662, https://doi.org/10.1007/s00018-019-
03427-4.

31. M.D. Mardones, G.A. Andaur, M. Varas-Godoy, J.F. Henriquez, F. Salech, M.I.
Behrens, et al., Frizzled-1 receptor regulates adult hippocampal neurogenesis,
Mol Brain 9 (2016) 29, https://doi.org/10.1186/s13041-016-0209-3.

32. Z.L. Hua, S. Jeon, M.J. Caterina, J. Nathans, Frizzled3 is required for the
development of multiple axon tracts in the mouse central nervous system, Proc
Natl Acad Sci U S A 111 (2014) E3005–E3014, https://doi.org/10.1073/
pnas.1406399111.

33. J. Robitaille, M.L.E. MacDonald, A. Kaykas, L.C. Sheldahl, J. Zeisler, M.P. Dubé,
et al., Mutant frizzled-4 disrupts retinal angiogenesis in familial exudative
vitreoretinopathy, Nat Genet 32 (2002) 326–330, https://doi.org/10.1038/
ng957.

K
EY

N
O
TE

(G
R
EE

N
)

Drug Discovery Today d Volume xx, Number xx d xxxx 2021 KEYNOTE (GREEN)

www.drugdiscoverytoday.com 13

Please cite this article in press as: Y. Larasati et al., Drug Discovery Today (2021), https://doi.org/10.1016/j.drudis.2021.12.008

https://doi.org/10.1016/0092-8674(82)90409-3
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1101/sqb.2008.73.035
https://doi.org/10.1016/j.cellsig.2011.12.009
https://doi.org/10.1016/j.cellsig.2011.12.009
https://doi.org/10.3390/cancers8050050
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1038/nrm3470
https://doi.org/10.3390/ijms19051543
https://doi.org/10.3390/ijms19051543
https://doi.org/10.1038/35083601
https://doi.org/10.1134/S0006297910120023
https://doi.org/10.1126/science.1222879
https://doi.org/10.1126/science.1222879
https://doi.org/10.1073/pnas.1618293114
https://doi.org/10.1073/pnas.1618293114
https://doi.org/10.1038/s41467-017-00253-9
https://doi.org/10.1038/s41467-017-00253-9
https://doi.org/10.1038/sj.cr.7290260
https://doi.org/10.1002/cam4.3819
https://doi.org/10.1016/j.stemcr.2015.03.003
https://doi.org/10.1016/j.stemcr.2015.03.003
https://doi.org/10.1016/j.drudis.2012.07.007
https://doi.org/10.1016/j.drudis.2012.07.007
https://doi.org/10.1146/annurev-cellbio-100814-125315
https://doi.org/10.1096/fj.201800124R
https://doi.org/10.1096/fj.201800124R
https://doi.org/10.1186/s12964-020-00646-2
https://doi.org/10.1186/s12964-020-00646-2
https://doi.org/10.1038/ncb2404
https://doi.org/10.1038/s41467-019-08630-2
https://doi.org/10.1038/s41467-019-14149-3
https://doi.org/10.1038/s41467-021-24004-z
https://doi.org/10.1016/bs.ctdb.2015.11.028
https://doi.org/10.1016/bs.ctdb.2015.11.028
https://doi.org/10.1002/jcp.21497
https://doi.org/10.1007/s00018-019-03427-4
https://doi.org/10.1007/s00018-019-03427-4
https://doi.org/10.1186/s13041-016-0209-3
https://doi.org/10.1073/pnas.1406399111
https://doi.org/10.1073/pnas.1406399111
https://doi.org/10.1038/ng957
https://doi.org/10.1038/ng957
https://doi.org/10.1016/j.drudis.2021.12.008


34. Q. Xu, Y. Wang, A. Dabdoub, P.M. Smallwood, J. Williams, C. Woods, et al.,
Vascular development in the retina and inner ear, Cell 116 (2004) 883–895,
https://doi.org/10.1016/S0092-8674(04)00216-8.

35. K.T. Paes, E. Wang, K. Henze, P. Vogel, R. Read, A. Suwanichkul, et al., Frizzled 4
is required for retinal angiogenesis and maintenance of the blood-retina barrier,
Investig Opthalmology Vis Sci 52 (2011) 6452, https://doi.org/10.1167/iovs.10-
7146.

36. B. Descamps, R. Sewduth, N. Ferreira Tojais, B. Jaspard, A. Reynaud, F. Sohet,
et al., Frizzled 4 regulates arterial network organization through noncanonical
Wnt/Planar cell polarity signaling, Circ Res 110 (2012) 47–58, https://doi.org/
10.1161/CIRCRESAHA.111.250936.

37. S. Yu, L.M. Yerges-Armstrong, Y. Chu, J.M. Zmuda, Y. Zhang, AP2 suppresses
osteoblast differentiation and mineralization through down-regulation of
Frizzled-1, Biochem J 465 (2015) 395–404, https://doi.org/10.1042/
BJ20140668.

38. F. Wu, J. Jiao, F. Liu, Y. Yang, S. Zhang, Z. Fang, et al., Hypermethylation of
Frizzled1 is associated with Wnt/b-catenin signaling inactivation in
mesenchymal stem cells of patients with steroid-associated osteonecrosis, Exp
Mol Med 51 (2019) 1–9, https://doi.org/10.1038/s12276-019-0220-8.

39. J. Albers, J. Keller, A. Baranowsky, F.T. Beil, P. Catala-Lehnen, J. Schulze, et al.,
Canonical Wnt signaling inhibits osteoclastogenesis independent of
osteoprotegerin, J Cell Biol 200 (2013) 537–549, https://doi.org/10.1083/
jcb.201207142.

40. J. Albers, J. Schulze, F.T. Beil, M. Gebauer, A. Baranowsky, J. Keller, et al.,
Control of bone formation by the serpentine receptor Frizzled-9, J Cell Biol 192
(2011) 1057–1072, https://doi.org/10.1083/jcb.201008012.

41. P. Kushwaha, S. Kim, G.E. Foxa, M.N. Michalski, B.O. Williams, R.E. Tomlinson,
R.C. Riddle, Frizzled-4 is required for normal bone acquisition despite
compensation by Frizzled-8, J Cell Physiol 235 (2020) 6673–6683, https://doi.
org/10.1002/jcp.29563.

42. J.H. van Es, P. Jay, A. Gregorieff, M.E. van Gijn, S. Jonkheer, P. Hatzis, et al., Wnt
signalling induces maturation of Paneth cells in intestinal crypts, Nat Cell Biol 7
(2005) 381–386, https://doi.org/10.1038/ncb1240.

43. D.J. Flanagan, N. Barker, C. Nowell, H. Clevers, M. Ernst, T.J. Phesse, E. Vincan,
et al., Loss of the Wnt receptor frizzled 7 in the mouse gastric epithelium is
deleterious and triggers rapid repopulation in vivo, Dis Model Mech 10 (2017)
971–980, https://doi.org/10.1242/dmm.029876.

44. D.J. Flanagan, N. Barker, N.S.D. Costanzo, E.A. Mason, A. Gurney, V.S. Menie,
et al., Frizzled-7 is required for Wnt signaling in gastric tumors with and without
Apc mutations, Cancer Res 79 (2019) 970–981, https://doi.org/10.1158/0008-
5472.CAN-18-2095.

45. D. Flanagan, N. Barker, M. Ernst, E. Vincan, T. Phesse, The function of Lgr5+
cells in the gastric antrum does not require Fzd7 or Myc in vivo, Biomedicines 7
(2019) 50, https://doi.org/10.3390/biomedicines7030050.

46. A.H. Nile, E. de Sousa, F. Melo, S. Mukund, R. Piskol, S. Hansen, L. Zhou, et al., A
selective peptide inhibitor of Frizzled 7 receptors disrupts intestinal stem cells,
Nat Chem Biol 14 (2018) 582–590, https://doi.org/10.1038/s41589-018-0035-2.

47. L.T. Dang, Y. Miao, A. Ha, K. Yuki, K. Park, C.Y. Janda, et al., Receptor subtype
discrimination using extensive shape complementary designed interfaces, Nat
Struct Mol Biol 26 (2019) 407–414, https://doi.org/10.1038/s41594-019-0224-z.

48. H. Chen, C. Lu, B. Ouyang, H. Zhang, Z. Huang, D. Bhatia, et al., Development
of potent, selective surrogate WNT molecules and their application in defining
Frizzled requirements, Cell Chem Biol 27 (2020) 598–609.e4, https://doi.org/
10.1016/j.chembiol.2020.02.009.

49. S. Shang, F. Hua, Z.-W. Hu, The regulation of b-catenin activity and function in
cancer: therapeutic opportunities, Oncotarget 8 (2017) 33972–33989, https://
doi.org/10.18632/oncotarget.15687.

50. A.M. Daulat, J.-P. Borg, Wnt/Planar cell polarity signaling: new opportunities
for cancer treatment, Trends Cancer 3 (2017) 113–125, https://doi.org/10.1016/
j.trecan.2017.01.001.

51. Gupta GK, Collier AL, Lee D, Hoefer RA, Zheleva V, Siewertsz van Reesema LL,
et al. Perspectives on triple-negative breast cancer: current treatment strategies,
unmet needs, and potential targets for future therapies. Cancers (Basel) 2020; 12:
2392. doi: 10.3390/cancers12092392

52. S.-G. Pohl, N. Brook, M. Agostino, F. Arfuso, A.P. Kumar, A. Dharmarajan, Wnt
signaling in triple-negative breast cancer, Oncogenesis 6 (2017), https://doi.org/
10.1038/oncsis.2017.14 e310.

53. Yang L, W-u X, Wang Y, Zhang K, Wu J, Yuan Y-C, et al. FZD7 has a critical role
in cell proliferation in triple negative breast cancer. Oncogene 2011; 30: 4437–
46. doi: 10.1038/onc.2011.145

54. G.E. Simmons, S. Pandey, A. Nedeljkovic-Kurepa, M. Saxena, A. Wang, K. Pruitt,
Frizzled 7 expression is positively regulated by SIRT1 and b-catenin in breast

cancer cells, PLoS One 9 (2014), https://doi.org/10.1371/journal.pone.0098861
e98861.

55. Wang K, Li X, Song C, Li M. LncRNA AWPPH promotes the growth of triple-
negative breast cancer by up-regulating frizzled homolog 7 (FZD7). Biosci Rep
2018; 38: BSR20181223. doi: 10.1042/BSR20181223

56. R. Chakrabarti, Y. Wei, J. Hwang, X. Hang, M. Andres Blanco, A. Choudhury,
et al., DNp63 promotes stem cell activity in mammary gland development and
basal-like breast cancer by enhancing Fzd7 expression and Wnt signalling, Nat
Cell Biol 16 (2014) 1004–1015, https://doi.org/10.1038/ncb3040.

57. M.V. Bogachek, J.M. Park, J.P. De Andrade, M.V. Kulak, J.R. White, T. Wu, et al.,
A novel animal model for locally advanced breast cancer, Ann Surg Oncol 22
(2015) 866–873, https://doi.org/10.1245/s10434-014-4174-8.

58. K. Ahmed, A. Koval, J. Xu, A. Bodmer, V.L. Katanaev, Towards the first targeted
therapy for triple-negative breast cancer: repositioning of clofazimine as a
chemotherapy-compatible selective Wnt pathway inhibitor, Cancer Lett 449
(2019) 45–55, https://doi.org/10.1016/j.canlet.2019.02.018.

59. T. Nunes, D. Hamdan, C. Leboeuf, M. El Bouchtaoui, G. Gapihan, T.T. Nguyen,
et al., Targeting cancer stem cells to overcome chemoresistance, Int J Mol Sci 19
(2018) 4036, https://doi.org/10.3390/ijms19124036.

60. Y.-H. Xie, Y.-X. Chen, J.-Y. Fang, Comprehensive review of targeted therapy for
colorectal cancer, Signal Transduct Target Ther 5 (2020) 22, https://doi.org/
10.1038/s41392-020-0116-z.

61. D.C. Chung, The genetic basis of colorectal cancer: insights into critical
pathways of tumorigenesis, Gastroenterology 119 (2000) 854–865, https://doi.
org/10.1053/gast.2000.16507.

62. K. Ueno, M. Hiura, Y. Suehiro, S. Hazama, H. Hirata, M. Oka, et al., Frizzled-7 as
a potential therapeutic target in colorectal cancer, Neoplasia 10 (2008) 697–705,
https://doi.org/10.1593/neo.08320.

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

64. X. Dong, W. Liao, L. Zhang, X. Tu, J. Hu, T. Chen, et al., RSPO2 suppresses
colorectal cancer metastasis by counteracting the Wnt5a/Fzd7-driven
noncanonical Wnt pathway, Cancer Lett 402 (2017) 153–165, https://doi.org/
10.1016/j.canlet.2017.05.024.

65. E. Vincan, P.K. Darcy, M.J. Smyth, E.W. Thompson, R.J.S. Thomas, W.A.
Phillips, R.G. Ramsay, Frizzled-7 receptor ectodomain expression in a colon
cancer cell line induces morphological change and attenuates tumor growth,
Differentiation 73 (2005) 142–153, https://doi.org/10.1111/j.1432-
0436.2005.00015.x.

66. E. Vincan, P.K. Darcy, C.A. Farrelly, M.C. Faux, T. Brabletz, R.G. Ramsay,
Frizzled-7 dictates three-dimensional organization of colorectal cancer cell
carcinoids, Oncogene 26 (2007) 2340–2352, https://doi.org/10.1038/sj.
onc.1210026.

67. A. Gurney, F. Axelrod, C.J. Bond, J. Cain, C. Chartier, L. Donigan, et al., 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
(2012) 11717–11722, https://doi.org/10.1073/pnas.1120068109.

68. E.C. Smyth, M. Nilsson, H.I. Grabsch, N.C. van Grieken, F. Lordick, Gastric
cancer, Lancet 396 (2020) 635–648, https://doi.org/10.1016/S0140-6736(20)
31288-5.

69. J. Machlowska, J. Baj, M. Sitarz, R. Maciejewski, R. Sitarz, Gastric cancer:
epidemiology, risk factors, classification, genomic characteristics and
treatment strategies, Int J Mol Sci 21 (2020) 4012, https://doi.org/10.3390/
ijms21114012.

70. Y. Cheng, L. Li, S. Pan, H. Jiang, H. Jin, Targeting Frizzled-7 decreases stemness
and chemotherapeutic resistance in gastric cancer cells by suppressing Myc
expression, Med Sci Monit 25 (2019) 8637–8644, https://doi.org/10.12659/
MSM.918504.

71. G. Li, Q. Su, H. Liu, D. Wang, W. Zhang, Z. Lu, et al., Frizzled7 promotes
epithelial-to-mesenchymal transition and stemness via activating canonical
Wnt/b-catenin pathway in gastric cancer, Int J Biol Sci 14 (2018) 280–293,
https://doi.org/10.7150/ijbs.23756.

72. R. Schmuck, V. Warneke, H.-M. Behrens, E. Simon, W. Weichert, C. Röcken,
Genotypic and phenotypic characterization of side population of gastric cancer
cell lines, Am J Pathol 178 (2011) 1792–1804, https://doi.org/10.1016/j.
ajpath.2010.12.043.

73. Y. Geng, X. Lu, X. Wu, L. Xue, X. Wang, J. Xu, MicroRNA-27b suppresses
Helicobacter pylori-induced gastric tumorigenesis through negatively regulating
Frizzled7, Oncol Rep 35 (2016) 2441–2450, https://doi.org/10.3892/
or.2016.4572.

K
EY

N
O
TE

(G
R
EEN

)

KEYNOTE (GREEN) Drug Discovery Today d Volume xx, Number xx d xxx 2021

14 www.drugdiscoverytoday.com

Please cite this article in press as: Y. Larasati et al., Drug Discovery Today (2021), https://doi.org/10.1016/j.drudis.2021.12.008

https://doi.org/10.1016/S0092-8674(04)00216-8
https://doi.org/10.1167/iovs.10-7146
https://doi.org/10.1167/iovs.10-7146
https://doi.org/10.1161/CIRCRESAHA.111.250936
https://doi.org/10.1161/CIRCRESAHA.111.250936
https://doi.org/10.1042/BJ20140668
https://doi.org/10.1042/BJ20140668
https://doi.org/10.1038/s12276-019-0220-8
https://doi.org/10.1083/jcb.201207142
https://doi.org/10.1083/jcb.201207142
https://doi.org/10.1083/jcb.201008012
https://doi.org/10.1002/jcp.29563
https://doi.org/10.1002/jcp.29563
https://doi.org/10.1038/ncb1240
https://doi.org/10.1242/dmm.029876
https://doi.org/10.1158/0008-5472.CAN-18-2095
https://doi.org/10.1158/0008-5472.CAN-18-2095
https://doi.org/10.3390/biomedicines7030050
https://doi.org/10.1038/s41589-018-0035-2
https://doi.org/10.1038/s41594-019-0224-z
https://doi.org/10.1016/j.chembiol.2020.02.009
https://doi.org/10.1016/j.chembiol.2020.02.009
https://doi.org/10.18632/oncotarget.15687
https://doi.org/10.18632/oncotarget.15687
https://doi.org/10.1016/j.trecan.2017.01.001
https://doi.org/10.1016/j.trecan.2017.01.001
https://doi.org/10.1038/oncsis.2017.14
https://doi.org/10.1038/oncsis.2017.14
https://doi.org/10.1371/journal.pone.0098861
https://doi.org/10.1038/ncb3040
https://doi.org/10.1245/s10434-014-4174-8
https://doi.org/10.1016/j.canlet.2019.02.018
https://doi.org/10.3390/ijms19124036
https://doi.org/10.1038/s41392-020-0116-z
https://doi.org/10.1038/s41392-020-0116-z
https://doi.org/10.1053/gast.2000.16507
https://doi.org/10.1053/gast.2000.16507
https://doi.org/10.1593/neo.08320
https://doi.org/10.1038/sj.bjc.6605307
https://doi.org/10.1016/j.canlet.2017.05.024
https://doi.org/10.1016/j.canlet.2017.05.024
https://doi.org/10.1111/j.1432-0436.2005.00015.x
https://doi.org/10.1111/j.1432-0436.2005.00015.x
https://doi.org/10.1038/sj.onc.1210026
https://doi.org/10.1038/sj.onc.1210026
https://doi.org/10.1073/pnas.1120068109
https://doi.org/10.1016/S0140-6736(20)31288-5
https://doi.org/10.1016/S0140-6736(20)31288-5
https://doi.org/10.3390/ijms21114012
https://doi.org/10.3390/ijms21114012
https://doi.org/10.12659/MSM.918504
https://doi.org/10.12659/MSM.918504
https://doi.org/10.7150/ijbs.23756
https://doi.org/10.1016/j.ajpath.2010.12.043
https://doi.org/10.1016/j.ajpath.2010.12.043
https://doi.org/10.3892/or.2016.4572
https://doi.org/10.3892/or.2016.4572
https://doi.org/10.1016/j.drudis.2021.12.008


74. J. Pi, W. Wang, M. Ji, X. Wang, X. Wei, J. Jin, et al., YTHDF1 promotes gastric
carcinogenesis by controlling translation of FZD7, Cancer Res 81 (2021) 2651–
2665, https://doi.org/10.1158/0008-5472.CAN-20-0066.

75. D.M. Girardi, J.P.M. Pacífico, F.P.L. Guedes de Amorim, Fernandes G. Dos
Santos, M.C. Teixeira, A.A.L. Pereira, Immunotherapy and targeted therapy for
hepatocellular carcinoma: a literature review and treatment perspectives,
Pharmaceuticals (Basel) 14 (2020) 28, https://doi.org/10.3390/ph14010028.

76. J. Gong, J. Chuang, M. Cho, K. Toomey, A. Hendifar, D. Li, Molecular targets,
pathways, and therapeutic implications for hepatocellular carcinoma, Int J Mol
Sci 21 (2020) 5232, https://doi.org/10.3390/ijms21155232.

77. P. Merle, M. Kim, M. Herrmann, A. Gupte, L. Lefrançois, S. Califano, et al.,
Oncogenic role of the frizzled-7/b-catenin pathway in hepatocellular
carcinoma, J Hepatol 43 (2005) 854–862, https://doi.org/10.1016/j.
jhep.2005.05.018.

78. P. Merle, S. de la Monte, M. Kim, M. Herrmann, S. Tanaka, A. Von Dem Bussche,
et al., Functional consequences of frizzled-7 receptor overexpression in human
hepatocellular carcinoma, Gastroenterology 127 (2004) 1110–1122, https://doi.
org/10.1053/j.gastro.2004.07.009.

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

80. S.B. Nambotin, Y. Tomimaru, P. Merle, J.R. Wands, M. Kim, Functional
consequences of WNT3/Frizzled7-mediated signaling in non-transformed
hepatic cells, Oncogenesis 1 (2012), https://doi.org/10.1038/oncsis.2012.31 e31.

81. Y. Xue, C. Chen, W. Xu, H. Xu, J. Zheng, Y. Gu, Downregulation of Frizzled-7
induces the apoptosis of hepatocellular carcinoma cells through inhibition of
NF-jB, Oncol Lett 15 (2018) 7693–7701, https://doi.org/10.3892/ol.2018.8292.

82. Z. Chen, T. Ma, C. Huang, L. Zhang, X. Lv, T. Xu, et al., MiR-27a modulates the
MDR1/P-glycoprotein expression by inhibiting FZD7/b-catenin pathway in
hepatocellular carcinoma cells, Cell Signal 25 (2013) 2693–2701, https://doi.
org/10.1016/j.cellsig.2013.08.032.

83. C. Nero, F. Ciccarone, A. Pietragalla, et al., Ovarian cancer treatments strategy:
focus on PARP inhibitors and immune check point inhibitors, Cancers 13
(2021) 1298, https://doi.org/10.3390/cancers13061298.

84. M. Asad, M.K. Wong, T.Z. Tan, M. Choolani, J. Low, S. Mori, et al., FZD7 drives
in vitro aggressiveness in Stem-A subtype of ovarian cancer via regulation of
non-canonical Wnt/PCP pathway, Cell Death Dis 5 (2014), https://doi.org/
10.1038/cddis.2014.302 e1346.

85. Y. Wang, G. Zhao, S. Condello, H. Huang, H. Cardenas, E.J. Tanner, et al.,
Frizzled-7 identifies platinum tolerant ovarian cancer cells susceptible to
ferroptosis, Cancer Res 81 (2021) 384–399, https://doi.org/10.1158/0008-
5472.CAN-20-1488.

86. A.A.E. Testori, S. Chiellino, A.C.J. van Akkooi, Adjuvant therapy for melanoma:
past, current, and future developments, Cancers (Basel) 12 (2020) 1994, https://
doi.org/10.3390/cancers12071994.

87. J.N. Anastas, R.M. Kulikauskas, T. Tamir, H. Rizos, G.V. Long, E.M. von Euw,
et al., WNT5A enhances resistance of melanoma cells to targeted BRAF
inhibitors, J Clin Invest 124 (2014) 2877–2890, https://doi.org/10.1172/
JCI70156.

88. I. Rodriguez-Hernandez, O. Maiques, L. Kohlhammer, G. Cantelli, A. Perdrix-
Rosell, J. Monger, et al., WNT11-FZD7-DAAM1 signalling supports tumour
initiating abilities and melanoma amoeboid invasion, Nat Commun 11 (2020)
5315, https://doi.org/10.1038/s41467-020-18951-2.

89. S. Tiwary, L. Xu, FRIZZLED7 is required for tumor initiation and metastatic
growth of melanoma cells, PLoS One 11 (2016), https://doi.org/10.1371/
journal.pone.0147638 e0147638.

90. X. Liu, Z. Li, Y. Wang, Advances in targeted therapy and immunotherapy for
pancreatic cancer, Adv Biol 5 (2021), https://doi.org/10.1002/adbi.201900236
e1900236.

91. D. Westover, F. Li, New trends for overcoming ABCG2/BCRP-mediated
resistance to cancer therapies, J Exp Clin Cancer Res 34 (2015) 159, https://
doi.org/10.1186/s13046-015-0275-x.

92. Z. Zhang, S. Gao, Y. Xu, C. Zhao, Regulation of ABCG2 expression by Wnt5a
through FZD7 in human pancreatic cancer cells, Mol Med Rep 23 (2020) 52,
https://doi.org/10.3892/mmr.2020.11690.

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

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

95. B. Deng, S. Zhang, Y. Miao, Y. Zhang, F. Wen, K. Guo, Down-regulation of
Frizzled-7 expression inhibits migration, invasion, and epithelial–mesenchymal
transition of cervical cancer cell lines, Med Oncol 32 (2015) 102, https://doi.
org/10.1007/s12032-015-0552-8.

96. X. Qiu, J. Jiao, Y. Li, T. Tian, Overexpression of FZD7 promotes glioma cell
proliferation by upregulating TAZ, Oncotarget 7 (2016) 85987–85999, https://
doi.org/10.18632/oncotarget.13292.

97. J.P. Dijksterhuis, E. Arthofer, V.D. Marinescu, S. Nelander, M. Uhlén, F. Pontén,
et al., High levels of WNT-5A in human glioma correlate with increased
presence of tumor-associated microglia/monocytes, Exp Cell Res 339 (2015)
280–288, https://doi.org/10.1016/j.yexcr.2015.10.022.

98. X. Liu, Y. Yan, W. Ma, S. Wu, Knockdown of frizzled-7 inhibits cell growth and
metastasis and promotes chemosensitivity of esophageal squamous cell
carcinoma cells by inhibiting Wnt signaling, Biochem Biophys Res Commun
490 (2017) 1112–1118, https://doi.org/10.1016/j.bbrc.2017.06.185.

99. N. Liu, S. Zang, Y. Liu, Y. Wang, W. Li, Q. Liu, et al., FZD7 regulates BMSCs-
mediated protection of CML cells, Oncotarget 7 (2016) 6175–6187, https://doi.
org/10.18632/oncotarget.6742.

100. X. Zhang, S. Dong, F. Xu, Structural and druggability landscape of Frizzled G
protein-coupled receptors, Trends Biochem Sci 43 (2018) 1033–1046, https://
doi.org/10.1016/j.tibs.2018.09.002.

101. W. Zhang, W. Lu, S. Ananthan, M.J. Suto, Y. Li, Discovery of novel frizzled-7
inhibitors by targeting the receptor’s transmembrane domain, Oncotarget 8
(2017) 91459–91470, https://doi.org/10.18632/oncotarget.20665.

102. I. Alves Pinto, N.J. Freitas Da Silveira, In silico identification of potential
inhibitors of the Wnt signaling pathway in human breast cancer, J Comput Biol
J Comput Mol Cell Biol 27 (2020) 999–1010, https://doi.org/10.1089/
cmb.2019.0311.

103. S. Hansen, A.H. Nile, S.C. Mehta, J. Fuhrmann, R.N. Hannoush, Lead
optimization yields high affinity Frizzled 7-targeting peptides that modulate
Clostridium difficile toxin B pathogenicity in epithelial cells, J Med Chem 62
(2019) 7739–7750, https://doi.org/10.1021/acs.jmedchem.9b00500.

104. H.-J. Lee, J. Bao, A. Miller, C. Zhang, J. Wu, Y.C. Baday, et al., Structure-based
discovery of novel small molecule Wnt signaling inhibitors by targeting the
cysteine-rich domain of Frizzled, J Biol Chem 290 (2015) 30596–30606, https://
doi.org/10.1074/jbc.M115.673202.

105. N. Pode-Shakked, S. Metsuyanim, E. Rom-Gross, Y. Mor, E. Fridman, I.
Goldstein, et al., Developmental tumourigenesis: NCAM as a putative
marker for the malignant renal stem/progenitor cell population, J Cell
Mol Med 13 (2009) 1792–1808, https://doi.org/10.1111/j.1582-4934.2008.
00607.x.

106. Karl W, Carson D. FZD7 specific antibodies and vaccines to treat cancer and
control stem cell function. https://patentscope.wipo.int/search/en/detail.
jsf?docId=WO2016205551. Published December 22, 2016. Accessed April 21,
2021.

107. H. Nickho, V. Younesi, L. Aghebati-Maleki, M. Motallebnezhad, J. Majidi
Zolbanin, A. Movassagh Pour, M. Yousefi, Developing and characterization of
single chain variable fragment (scFv) antibody against frizzled 7 (Fzd7) receptor,
Bioengineered 8 (2017) 501–510, https://doi.org/10.1080/21655979.2016.
1255383.

108. N. Zarei, M. Fazeli, M. Mohammadi, F. Nejatollahi, Cell growth inhibition and
apoptosis in breast cancer cells induced by anti-FZD7 scFvs: involvement of
bioinformatics-based design of novel epitopes, Breast Cancer Res Treat 169
(2018) 427–436, https://doi.org/10.1007/s10549-017-4641-6.

109. R.S. Riley, E.S. Day, Frizzled7 antibody-functionalized nanoshells enable
multivalent binding for Wnt signaling inhibition in triple negative breast
cancer cells, Small 13 (2017) 1700544, https://doi.org/10.1002/
smll.201700544.

110. A. Fernandez, I.J. Huggins, L. Perna, D. Brafman, D. Lu, S. Yao, et al., The WNT
receptor FZD7 is required for maintenance of the pluripotent state in human
embryonic stem cells, Proc Natl Acad Sci U S A 111 (2014) 1409–1414, https://
doi.org/10.1073/pnas.1323697111.

111. B.-K. Koo, M. Spit, I. Jordens, T.Y. Low, D.E. Stange, M. van de Wetering, et al.,
Tumour suppressor RNF43 is a stem-cell E3 ligase that induces endocytosis of
Wnt receptors, Nature 488 (2012) 665–669, https://doi.org/
10.1038/nature11308.

112. M.M. Fischer, B. Cancilla, V.P. Yeung, F. Cattaruzza, C. Chartier, C.L. Murrie,
et al., WNT antagonists exhibit unique combinatorial antitumor activity with
taxanes by potentiating mitotic cell death, Sci Adv 3 (2017), https://doi.org/
10.1126/sciadv.1700090 e1700090.

113. S.L. Davis, D.B. Cardin, S. Shahda, H.J. Lenz, E. Dotan, B.H. O'Neil, et al., A
phase 1b dose escalation study of Wnt pathway inhibitor vantictumab in
combination with nab-paclitaxel and gemcitabine in patients with previously

K
EY

N
O
TE

(G
R
EE

N
)

Drug Discovery Today d Volume xx, Number xx d xxxx 2021 KEYNOTE (GREEN)

www.drugdiscoverytoday.com 15

Please cite this article in press as: Y. Larasati et al., Drug Discovery Today (2021), https://doi.org/10.1016/j.drudis.2021.12.008

https://doi.org/10.1158/0008-5472.CAN-20-0066
https://doi.org/10.3390/ph14010028
https://doi.org/10.3390/ijms21155232
https://doi.org/10.1016/j.jhep.2005.05.018
https://doi.org/10.1016/j.jhep.2005.05.018
https://doi.org/10.1053/j.gastro.2004.07.009
https://doi.org/10.1053/j.gastro.2004.07.009
https://doi.org/10.1016/j.jhep.2007.12.020
https://doi.org/10.1038/oncsis.2012.31
https://doi.org/10.3892/ol.2018.8292
https://doi.org/10.1016/j.cellsig.2013.08.032
https://doi.org/10.1016/j.cellsig.2013.08.032
https://doi.org/10.3390/cancers13061298
https://doi.org/10.1038/cddis.2014.302
https://doi.org/10.1038/cddis.2014.302
https://doi.org/10.1158/0008-5472.CAN-20-1488
https://doi.org/10.1158/0008-5472.CAN-20-1488
https://doi.org/10.3390/cancers12071994
https://doi.org/10.3390/cancers12071994
https://doi.org/10.1172/JCI70156
https://doi.org/10.1172/JCI70156
https://doi.org/10.1038/s41467-020-18951-2
https://doi.org/10.1371/journal.pone.0147638
https://doi.org/10.1371/journal.pone.0147638
https://doi.org/10.1002/adbi.201900236
https://doi.org/10.1186/s13046-015-0275-x
https://doi.org/10.1186/s13046-015-0275-x
https://doi.org/10.3892/mmr.2020.11690
https://doi.org/10.1038/onc.2010.549
https://doi.org/10.1007/s12094-015-1362-3
https://doi.org/10.1007/s12032-015-0552-8
https://doi.org/10.1007/s12032-015-0552-8
https://doi.org/10.18632/oncotarget.13292
https://doi.org/10.18632/oncotarget.13292
https://doi.org/10.1016/j.yexcr.2015.10.022
https://doi.org/10.1016/j.bbrc.2017.06.185
https://doi.org/10.18632/oncotarget.6742
https://doi.org/10.18632/oncotarget.6742
https://doi.org/10.1016/j.tibs.2018.09.002
https://doi.org/10.1016/j.tibs.2018.09.002
https://doi.org/10.18632/oncotarget.20665
https://doi.org/10.1089/cmb.2019.0311
https://doi.org/10.1089/cmb.2019.0311
https://doi.org/10.1021/acs.jmedchem.9b00500
https://doi.org/10.1074/jbc.M115.673202
https://doi.org/10.1074/jbc.M115.673202
https://doi.org/10.1111/j.1582-4934.2008.00607.x
https://doi.org/10.1111/j.1582-4934.2008.00607.x
https://doi.org/10.1080/21655979.2016.1255383
https://doi.org/10.1080/21655979.2016.1255383
https://doi.org/10.1007/s10549-017-4641-6
https://doi.org/10.1002/smll.201700544
https://doi.org/10.1002/smll.201700544
https://doi.org/10.1073/pnas.1323697111
https://doi.org/10.1073/pnas.1323697111
https://doi.org/10.1038/nature11308
https://doi.org/10.1038/nature11308
https://doi.org/10.1126/sciadv.1700090
https://doi.org/10.1126/sciadv.1700090
https://doi.org/10.1016/j.drudis.2021.12.008


untreated metastatic pancreatic cancer, Invest New Drugs 38 (2020) 821–830,
https://doi.org/10.1007/s10637-019-00824-1.

114. J.R. Diamond, C. Becerra, D. Richards, A. Mita, C. Osborne, J. O'Shaughnessy,
et al., Phase Ib clinical trial of the anti-frizzled antibody vantictumab (OMP-
18R5) plus paclitaxel in patients with locally advanced or metastatic HER2-
negative breast cancer, Breast Cancer Res Treat 184 (2020) 53–62, https://doi.
org/10.1007/s10549-020-05817-w.

115. B. Madan, M.J. McDonald, G.E. Foxa, C.R. Diegel, B.O. Williams, D.M. Virshup,
Bone loss from Wnt inhibition mitigated by concurrent alendronate therapy,
Bone Res 6 (2018) 17, https://doi.org/10.1038/s41413-018-0017-8.

116. Y. Zhong, P. Katavolos, T. Nguyen, T. Lau, J. Boggs, A. Sambrone, et al.,
Tankyrase inhibition causes reversible intestinal toxicity in mice with a
therapeutic index < 1, Toxicol Pathol 44 (2016) 267–278, https://doi.org/
10.1177/0192623315621192.

117. D. Qin, X. Lin, Z. Liu, Y. Chen, Z. Zhang, C. Wu, et al., Discovery of orally
bioavailable ligand efficient quinazolindiones as potent and selective
tankyrases inhibitors, ACS Med Chem Lett 12 (2021) 1005–1010, https://doi.
org/10.1021/acsmedchemlett.1c00160.

118. M. O’Hayre, J. Vázquez-Prado, I. Kufareva, E.W. Stawiski, T.M. Handel, S.
Seshagiri, J.S. Gutkind, The emerging mutational landscape of G proteins and
G-protein-coupled receptors in cancer, Nat Rev Cancer 13 (2013) 412–424,
https://doi.org/10.1038/nrc3521.

119. G. Innamorati, M.T. Valenti, L. Giacomello, L. Dalle Carbonare, C. Bassi, GNAS
mutations: drivers or co-pilots? Yet, promising diagnostic biomarkers, Trends
Cancer 2 (2016) 282–285, https://doi.org/10.1016/j.trecan.2016.05.005.

120. I. Garcia-Murillas, R. Sharpe, A. Pearson, J. Campbell, R. Natrajan, A. Ashworth,
N.C. Turner, An siRNA screen identifies the GNAS locus as a driver in 20q
amplified breast cancer, Oncogene 33 (2014) 2478–2486, https://doi.org/
10.1038/onc.2013.202.

121. Coles GL, Cristea S, Webber JT, Levin RS, Moss SM, He A, et al. Unbiased
proteomic profiling uncovers a targetable GNAS/PKA/PP2A axis in small cell
lung cancer stem cells. Cancer Cell 2020; 38: 129–43.e7. doi: 10.1016/j.
ccell.2020.05.003

122. Y. Zhao, J. Ren, J. Hillier, W. Lu, E.Y. Jones, Antiepileptic drug carbamazepine
binds to a novel pocket on the Wnt receptor Frizzled-8, J Med Chem 63 (2020)
3252–3260, https://doi.org/10.1021/acs.jmedchem.9b02020.

123. M. Eubelen, N. Bostaille, P. Cabochette, A. Gauquier, P. Tebabi, A.C. Dumitru,
et al., A molecular mechanism for Wnt ligand-specific signaling, Science 361
(2018) eaat1178, https://doi.org/10.1126/science.aat1178.

Yonika Larasati obtained a Bachelor of Pharmacy degree from
Universitas Gadjah Mada, Indonesia, and a Master of Biological
Sciences degree from Nara Institute of Science and Technology,
Japan. Her work has explored natural products for their potential
in cancer chemoprevention. Currently, Yonika is pursuing a PhD
in biomedical science in the laboratory of Prof. Vladimir Kata-
naev at the University of Geneva, Switzerland. Her research is
part of a translational drug discovery and development project
targeting the Wnt pathway in cancer. It involves high-
throughput screening of small molecules and validating their
pre-clinical anticancer properties.

Cédric Boudou obtained his PhD in organic chemistry from the
University of Caen, France, in 2004. Cédric started his career as a
medicinal chemist at Janssen-Cilag and Idealp Pharma. He then
worked for five years at Addex Therapeutics and for four years at
AC Immune. During this period, he was involved as a medicinal
chemist and project leader in several small molecule drug dis-
covery programs for neurodegenerative diseases. Cédric cur-
rently holds a Junior Lecturer position in the group of Prof.
Vladimir Katanaev at the University of Geneva, where he leads
medicinal chemistry activities in the development of anticancer
drugs.

Alexey Koval graduated from the biochemistry and biotech-
nology program of M.V. Lomonosov's Moscow Academy of Fine
Chemical Technology. He started his PhD thesis in 2008 in
Konstanz, Germany and completed it in 2012 at the University of
Lausanne, Switzerland, working on analysis of the G-protein
coupled receptor (GPCR) properties of mammalian Frizzled
receptors. As a postdoctoral researcher at the University of
Lausanne, Alexey expanded this project into a search for com-
pounds that target Wnt signaling. Alexey’s current work, as a
senior scientist in the laboratory of Prof. Katanaev at the
University of Geneva, guides the biology aspects of translational
research on anti-Wnt anti-cancer agents.

Vladimir Katanaev studied biochemistry at Krasnoyarsk State
University, Russia. He obtained his PhD in 2000 at the University
of Fribourg, Switzerland, working on leukocyte chemotaxis. As a
postdoc at Columbia University, New York, he then studied Wnt
signaling in Drosophila. From 2005 to 2011, he led a research
group at the University of Konstanz, Germany, that investigated
Wnt signaling in animal development and carcinogenesis. In
2011, he joined the University of Lausanne as an associate
professor. Vladimir combined his interests in fundamental and
translational research when he joined the Faculty of Medicine at
the University of Geneva, as full professor and chair in transla-
tional oncology, in 2018.

K
EY

N
O
TE

(G
R
EEN

)

KEYNOTE (GREEN) Drug Discovery Today d Volume xx, Number xx d xxx 2021

16 www.drugdiscoverytoday.com

Please cite this article in press as: Y. Larasati et al., Drug Discovery Today (2021), https://doi.org/10.1016/j.drudis.2021.12.008

https://doi.org/10.1007/s10637-019-00824-1
https://doi.org/10.1007/s10549-020-05817-w
https://doi.org/10.1007/s10549-020-05817-w
https://doi.org/10.1038/s41413-018-0017-8
https://doi.org/10.1177/0192623315621192
https://doi.org/10.1177/0192623315621192
https://doi.org/10.1021/acsmedchemlett.1c00160
https://doi.org/10.1021/acsmedchemlett.1c00160
https://doi.org/10.1038/nrc3521
https://doi.org/10.1016/j.trecan.2016.05.005
https://doi.org/10.1038/onc.2013.202
https://doi.org/10.1038/onc.2013.202
https://doi.org/10.1021/acs.jmedchem.9b02020
https://doi.org/10.1126/science.aat1178
https://doi.org/10.1016/j.drudis.2021.12.008

	atl1
	Introduction
	FZDs: The key to selective inhibition of the Wnt pathway?
	The role of FZDs in normal tissue homeostasis
	Prospects for developing FZD7 antagonists as cancer therapeutics
	Triple negative breast cancer
	Colorectal cancer
	Gastric cancer
	Hepatocellular carcinoma
	Ovarian cancer
	Melanoma
	Pancreatic cancer
	Other types of cancer

	FZD7 antagonists in current development
	Small molecules
	Biomolecules
	Peptides
	Engineered proteins and antibodies

	Discussion
	The need for selective Wnt pathway inhibition in cancer
	An FZD7-selective inhibitor for selective Wnt pathway inhibition in cancer
	Challenges and perspectives in developing FZD7-selective inhibitors

	Conclusions
	Conflicts of Interest
	Acknowledgements
	References


