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Abstract

Ovarian cancer is a fatal malignancy in women with a low survival rate that demands new
therapeutic paradigms. Cancer cells acquire various exclusive alterations to proliferate, invade,
metastasize, and escape cell death, acting independently of growth-inducing or growth-inhibiting
signals. The nature of cellular signaling in tumorigenesis is interwoven. Wnt signaling is an
evolutionarily conserved signaling cascade that has been shown to regulate ovarian cancer
pathogenesis. The molecular mechanism of Wnt signaling underlying the development of ovarian
cancer, drug resistance, and relapse is not completely understood. Extracellularly secreted

Whnt signaling inhibitors are crucial regulators of ovarian cancer tumorigenesis and malignant
properties of cancer stem cells. Wnt inhibitors arbitrated modifications affecting Wnt pathway
proteins on the cell membranes, in the cytoplasm, and in the nucleus have been shown to

span essential contributions in the initiation, progression, and chemoresistance of ovarian cancer.
Although many extrinsic inhibitors developed targeting the downstream components of the Whnt
signaling pathway, investigating the molecular mechanisms of endogenous secreted inhibitors
might substantiate prognostic or therapeutic biomarkers development. Given the importance of
Whnt signaling in ovarian cancer, more systematic studies combined with clinical studies are
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requisite to probe the precise mechanistic interactions of Wnt antagonists in ovarian cancer. This
review outlines the latest progress on the Wnt antagonists and ovarian cancer-specific regulators
such as micro-RNAs, small molecules, and drugs regulating these Wnt antagonists in ovarian
tumourigenesis.
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1 Introduction

Ovarian cancer (OC) with the 5-year survival rate of 20-30% is fatal disease worldwide (Wu
et al., 2018). The most common type of ovarian cancer develops from the surface epithelial
cells trapped as inclusion cysts in the ovary. A growing number of studies say the genesis of
ovarian cancer can be from different ovarian origins, such as the fallopian tube. However, the
proper mechanism behind ovarian localization, ovulation, and migration of tumor-forming
cells into the ovary remains unclear. Within the ovary, repair molecules and post-ovulatory
environment including secretion of chemokines and cytokines can provide tumorigenic
factors that support tumor formation, metastasis, and cell survival. Ovarian follicular fluid
can also act as a mutational initiation by releasing ROS that drives the transformation of
fimbrial epithelial cells (Drake et al., 2003). 70% of the cases are asymptomatic in the

early stage and usually detected only in the later metastatic stages, which makes treatment
difficult, and hence the fatality rate is also reasonably high (Arend et al., 2013). The
standard treatment of epithelial ovarian cancer is a combination of platinum compounds with
taxane compounds, yet, many patients become resistant to these chemotherapies and relapse.
Epidemiological studies have shown that anovulation, the use of oral contraception, or tubal
ligation reduces the risk of ovarian cancer (Luvero et al., 2014). The epithelial ovarian
cancers are divided based on their histologic classification as high grade serous (50-75%)
(Lisio et al., 2019), low grade serous (2-5%), mucinous (2-5%), endometroid (5-25%),

and clear-cell carcinoma (10-25%) (Chen et al., 2003). A plenty of interactive studies have
shown the Wnt/B-catenin pathway activation is fundamental in chemoresistance and target
specific inhibition of ovarian cancer stem cells (CSC) (Nagaraj et al., 2015). It is firmly
accepted that Wnt signaling pathway influence tumourigenesis in ovarian cancer (Arend
etal., 2013); (Nguyen et al., 2019). The fallopian tube of women who had risk-reducing
salpingo-oophorectomy found high involvement of Wnt/B-catenin signaling in the serous
ovarian carcinoma precursor lesions (Novak et al., 2015). Increasing evidence from literature
show that several natural antagonist of Wnt signaling are expressed physiologically in the
ovary. There are reports that show epigenetic silencing of these antagonist during ovarian
cancer progression. Understanding the interaction of these antagonists with Wnt signaling

in the ovarian cancer and their expression will aid in development of specific personalized
therapeutic strategies for Wnt dependent ovarian cancer. In this review, we will summarize
the different Wnt antagonist characterized particularly in the ovary and their interaction with
Wht signaling. In addition, highlight the different strategies currently available to alter the
expression of these Wnt antagonists.
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1.1 Process of Wnt signaling

The Wt signaling pathway controls a diverse set of cell fate decisions in embryonic
development and adult tissue maintenance (Ricken* et al., 2002; Yao et al., 2004). There
are two primary Wnt signaling pathways: the canonical Wnt/g-catenin pathway and the
non-canonical Wnt pathway. The non-canonical pathway operates independently of the
protein B-catenin and is again classified as planar cell polarity pathway and Wnt-CaZ*
pathway. In the canonical Wnt/p-catenin dependent pathway, Wnt proteins bind to the cell
surface frizzled (Fzd) receptors, initiating a signaling cascade that facilitates stabilization
and nuclear translocation of p-catenin. B-catenin then binds to TCF/LEF transcription
factors in the nucleus, leading to transcription and expression of Wnt-responsive genes.
The canonical Wnt signaling results in free p-catenin accumulation. In the presence of Wnt
ligands, upon binding to the Fzd receptor, LRP5, and LRP6 receptor, the Wnt pathway

is turned ‘on’ and, Casein kinase (CK1) and glycogen synthase kinase 3p (GSK3p)
phosphorylate LRP5/6. This recruits Dsh molecules to interact with Fzd receptors. This
complex inactivates GSK3p and blocks the phosphorylation of B-catenin by causing its
dissociation from Axin. The non-phosphorylated B-catenin in the cytoplasm translocates
to the nucleus where it associates with the transcription factor TCF/LEF family by
displacing Groucho and interacting with co-activator such as B-cell lymphoma 9/legless
and Pygopus (pygo) to promote transcriptional induction of target genes such as c-myc,
Cyclin D1, Vascular endothelial growth factor (VEGF), Survivin (BIRC5), and matrix
metalloproteinases (MMPs). Therefore, the presence of B-catenin stimulates transcription
of genes about survival and proliferation (Teeuwssen and Fodde, 2019; Gatcliffe et al.,
2008). When there is no receptor, or no Wnt ligand, or the receptor is blocked; the
canonical pathway is ‘off’. Some Whnt signaling inhibitors are competing with Wnt ligands
to bind the Fzd receptors and hinder the activation of Whnt signaling. In the absence of
Whit ligands, the destruction complex of Axin, APC, and GSK3p degrades p-catenin. p-
catenin is phosphorylated by CK1 and GSK3p, followed by ubiquitination and proteasomal
degradation. Absence or low cytoplasmic p-catenin levels allow Groucho to be recruited to
transcription factor TCF/LEF, which blocks the activation of the p-catenin target genes and
ensures transcriptional repression (Fig. 1b).

The non-canonical pathway mediates cell polarity or facilitates an increase in intracellular
calcium. At the start, the Wnt ligand binds to Fzd receptors and stimulates disheveled

(Dsh) protein recruitment. Some Wnt ligands like Wnt5a, activate the planar cell polarity
(PCP) pathway and Wnt-Ca2+ pathway (Qi et al., 2014). In PCP signaling, the transduction
of Wnt signaling is independent of the LRP5/6 and activates Rac and Rho GTPases to
mediate cytoskeletal changes. Wnt/Fzd/Dsh can activate heterotrimeric G proteins in Wnt-
Ca2+ signaling, which recruit protein kinase C (PKC), phospholipase C calcium-calmodulin
kinase 2 (CamK2), and calcineurin phosphate (Teeuwssen and Fodde, 2019).

1.2 Wnt signaling in ovarian cancer

Several of the Wnt ligands and receptors have been implicated in ovarian cancer. The
importance of the Wnt signaling pathway in the ovary was first studied when Wnt-7a protein
revealed an effect on sex-specific differentiation of reproductive tract in mice model (Parr
and McMahon, 1998). Wnt-4 protein verified a significant function in embryonic female
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germline development (Vainio et al., 1999). Aberrant expression of Wnt ligands (Wnt-2b,
Whnt-5a, Wnt-11) validated in five ovarian surface epithelial cancer cell lines (SKOV-3,
Ca0OV-3, OVCAR-3, SW626, Hey) was the first study to suggest Wnt signaling involvement
in ovarian cancer (Ricken™* et al., 2002). In addition, assessing 45 ovarian endometroid
adenocarcinoma tissues and two cell lines revealed genetic alterations in the Wnt/B-catenin
pathway such as the B-catenin gene (CTNNB1), APC, AXIN genes (Wu et al., 2001).

Silencing of Wnt2b downregulated the proliferation, invasion, and angiogenesis of ovarian
cancer cells in vitro. In addition, expression of Wnt2b in OC tissues positively correlated
with metastasis (Yu et al., 2022). Inhibition of Frizzled-7 expression is high in OC

tissues compared to normal tissues and correlated with poor survival. A new antibody-
drug conjugate, septuximab vedotin (F7-ADC), designed against Fzd-7, inhibits the OC
cell growth in vitro and xenograft mice models (Do et al., 2022). Immunohistochemical
expression of Wnt-1, Wnt-5a in normal ovary and ovarian cancer suggested wnt-5a
expression activates non-canonical Wnt pathway that promotes malignant ovarian cancer
(Filho et al., 2009). In ovarian cancer, 23 genes out of 100 target genes were over-expressed
by Whnt signaling mediated transcription. The micro-RNAs have many regulatory functions
that inhibit the translation of mMRNAs which has become an eminent entity in biological
research. Predominantly miR-21 is expressed in many epithelial carcinomas, displaying its
role in ovarian cancer tumor growth, migration, invasion, and escape apoptosis through
Whnt/B-catenin signaling and CD44 biomarker activation (Wang et al., 2019). Usage of
B-catenin inhibitor iCG-001/PRI-724 in OC platinum resistant patient-derived xenografts
(PDX) models, suggested the involvement of Wnt/p-catenin signaling in the platinum
resistance of OC and stem cell like properties of circulating tumor cells (Nagaraj et

al., 2015). Furthermore, cancer cells and tissues with TP52 mutation and corresponding
increased expression of B-catenin show resistance to taxane drugs (Shu et al., 2022).
Activation of focal adhesion kinase (FAK) results in increased active -catenin protein

in ovarian tumorospheres and increased chemoresistance. In accordance, a FAK inhibitor
inhibited chemoresistance and apoptosis by decreasing the B-catenin expression in ovarian
cancer tumorospheres and tumor-carrying mice models treated with platinum drugs (Diaz
Osterman et al., 2019). The long intergenic non-protein coding RNA 1094 (LINC01094)
is highly expressed in OC and up-regulated the tumor proliferation, invasion, and
migration by activating the Wnt/p-catenin pathway (Chen et al., 2021). The Wnt/p-catenin
pathway regulates many critical facets of ovarian cancer development, including cancer
cell proliferation, survival (Arend et al., 2013; Koni et al., 2020), enhancing metastasis
and tumor angiogenesis (Tang et al., 2018), immune suppression (Cannon et al., 2015),
maintaining cancer stem cells (CSCs), and chemoresistance (Nagaraj et al., 2015).

1.3 Wnt signaling in ovarian cancer stem cells

Aberrant Wnt signaling, both canonical and non-canonical is critical for cancer
development. In addition, it has a key role in cancer stem cells (CSCs) survival, invasion,
metastasis, including chemoresistance and relapse reactivation and clonal expansion of
quiescent CSCs. The malignant properties of CSCs necessitate the development of targeted
therapies to inhibit their functionality or sensitize them and thus improve clinical outcomes.
The CSCs are heterogeneous and vigorous and are regulated by interactions with the
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tumor microenvironment (Mufioz-Galvan and Carnero, 2020). Ovarian CSCs (OCSCs) were
recognized by Bapat et al. from the ascites of OC patients (Bapat et al., 2005). Stem
cell-like cells have been spotted in the mice’s ovarian surface epithelium, tubal epithelium,
and coelomic epithelium (Szotek et al., 2008). Reported OCSCs markers expressed in these
cells are CD44, CD133, CD24, CD117, Nestin, Nanog, and Oct3/4 and functional markers
like ALDH1A1 and ABC transporters are the indices of chemoresistance, tumor-causing
potential, spheroid formation capability. Yet, these CSC markers are not indeed expressed
conjointly and may not indicate the whole collection of CSC populations, even as there have
also been anomalous data of stemness property with each of these markers (Bregenzer et
al., 2019; Saha et al., 2021; Srivastava et al., 2021). Furthermore, dual expression of stem
cells fate markers, such as CD133 and ALDH1AL, has been reported to indicate increased
stem-like properties than cells expressing a single CSC marker (Lupia and Cavallaro, 2017).
As discussed earlier, OCSCs undergoing an epithelial-mesenchymal transition in ascites
might enhance ovarian cancer cells’ stemness, metastasis, and chemoresistance (Fig. 1a).
OCSCs also play a unique role in metastasis, which allows them to survive in hon-adherent
conditions within the lymphatic and vascular systems and the ascites fluid within the
peritoneal cavity (Lupia and Cavallaro, 2017). The niche of OCSCs is unknown but inferred
that they could be exploited from the ovarian stem cell niche such as surface epithelium and
tubal epithelium (Flesken-Nikitin et al., 2013). The Wnt/B-catenin pathway is intricate in
cancer development and for maintenance and function of OCSCs (Nguyen et al., 2019).
Side population cells isolated from HGSOC had high expression of ABCG2, CD133,
CD117, and the expression p-catenin target genes AXIN2, DKK1, and anti-apoptotic
factors confirmed by RT-PCR suggests the involvement of canonical Wnt signaling in the
occurrence of OCSCs (Gui et al., 2021). In OCSCs, Wnt 5 protein interacts with tyrosine
kinase-like receptor ROR1, which induces migration, invasion, spheroid formation, and
tumor infusement in immuno-compromised mice. Inhibition of tyrosine kinase receptor
with ROR1-specific monoclonal antibody suppresses these phenotypes, rejecting xenograft
growth and depleting OCSCs (S. Zhang et al., 2019b). Moreover, the OCSC marker

c-KIT is over-expressed in hypoxic tumor microenvironments, which activates p-catenin
and ABC transporters that cause resistance to the chemo-drugs cisplatin/paclitaxel (Chau

et al., 2013). Interestingly, inhibition of c-KIT with imatinib in combination with cisplatin/
paclitaxel suppressed tumor growth in OC cells and in vivo models. Wnt pathway inhibitor
that is currently being tested is ipafricept (OMP-54F28), a fusion protein comprising the
extracellular part of frizzled receptor 8 (Fzd8) fused to an 1gG1 Fc fragment that competes
with frizzled receptors for binding Wnt ligands (Jimeno et al., 2017). The previously

tested chimeric protein shows high efficacy against tumor growth and CSCs, alone or
combined with other agents in preclinical models (Le et al., 2015). Mariya et al. studied the
expression of matrix metalloproteinase-10 (MMP-10), a p-catenin target gene attributed to
chemoresistance, and the maintenance of epithelial ovarian cancer stem cells by activating
Whnt/B-catenin signaling (Mariya et al., 2016). Homolog 2-interacting protein (DAB2IP), a
tumor suppressor inhibited the expression of Wnt 5b, a non-canonical Wnt pathway initiator,
and other stemness-associated genes that might prevent ovarian cancer relapse (Zong et al.,
2020). Theaflavin-3, 3-digallate (TF3), a polyphenol, inhibited the ovarian cancer spheroid
formation by upregulating the expression of caspase 3/7 and inhibiting the Wnt/B-catenin
signaling pathway (Pan et al., 2018). Guo et al. demonstrated the ingestion of organic
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pollutants provoked the development of ovarian cancer. Bisphenol-A induced the formation
of ovarian cancer spheroids developed from OVCAR-3 cells with cancer stem cell-like
properties by upregulating the Wnt signaling pathway (Guo et al., 2020). Over-expression
of STAT3 induced ovarian spheroid development, and DKK1, a Wnt antagonist, suppressed
its activity. The study displayed STAT-miR-92a-DKK1 might regulate cancer stemness and
ovarian cancer progression (Chen et al., 2017). The molecular mechanisms and pathology of
OCSCs and Wnt signaling in the fatal process of metastasis are still unclear. Targeting CSCs
and Whnt pathway is necessary to avoid recurrence and to develop a personalized cancer
treatment.

1.4 Drug resistance in OC and OCSC

Epithelial ovarian cancer is related to high mortality because of the difficulty of early
screening, advance stage present, and high recurrence rates of the disease (Freimund et

al., 2018). Recurrence refers to the time interval between the last drug administered and

the occurrence of relapse. Many theories tried to explain the development of resistance

to chemotherapy, but cancer stem cells are significant contributing factors to resistance

and recurrence (Soliman et al., 2021). Nearly 75% of patients, who are highly responsive
to initial anti-cancer treatment, recur during two years and fail to respond to available
chemotherapeutic compounds due to acquired resistance (Banno et al., 2014; Stronach et
al., 2015). Surgery is the first line of treatment for subjects with relapse in OC—however,
the development of chemoresistance leads to treatment failure with a fatality rate of 90%.
Earlier, platinum drugs causing DNA damage were suitable for anti-tumor treatment for OC
patients. However, recent research has found that it can inhibit cell growth and cytotoxicity
via nuclear, mitochondrial, and cytoplasmic coordinated integration. Drug resistance and
relapse are thus attributed to multiple factors such as metabolic reprogramming (Norouzi-
Barough et al., 2018), achievement of metastatic ability, altered apoptotic & autophagy
pathways, chemotherapy drug response (Shen et al., 2021), oxidative stress, dysregulation of
glucose metabolism (Park et al., 2022), lipid metabolism (Lu et al., 2022), DNA repair
(Royfman et al., 2021), epigenetics (Watson et al., 2019), micro-RNAs (Zhao et al.,

2022), and non-coding RNAs (Liu et al., 2022). Hence, recognizing novel drug targets

and designing potent chemotherapeutic agents to control drug resistance in OC is essential.
Among the various altered metabolic and signaling pathways in cancer cells, dysregulation
of several drug-metabolizing enzymes (DMES) such as cytochrome P450 (CYP; critical
players in the phase I-dependent metabolism) system, glutathione-S-transferase (GST),

and uridine diphosphate-glucuronosyltransferase (UGT) superfamilies plays a critical role
in acquiring drug resistance. Also, another challenge is reduced cellular accumulation,

that is; decreased influx or increased efflux of anti-cancer drugs via different membrane
transporters, to name a few ATP-binding cassette (ABC) transporters, solute carriers (SLC)
transporters (Norouzi-Barough et al., 2018). Persistent up-regulation of the Nrf2 pathway
causes oxidative stress in cancer cells over-express genes involved in drug metabolism and
causes resistance to chemotherapeutic agents, including cisplatin, doxorubicin and etoposide
(Norouzi-Barough et al., 2018). It is speculated that OCSCs contribute to primary tumor
growth, metastasis, relapse, and acquired chemoresistance (Lupia and Cavallaro, 2017).
CSCs maintain a state of quiescence, remaining in GO for a prolonged period (Giornelli and
Mandd, 2017). Recent most treatments administer therapeutics that target actively dividing
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cells into the S or M phases but not the cells in the GO phase. Thus, CSC quiescence
contributes to the acquisition of chemo-resistance in OC. As the proportion of OCSCs
increases at relapse, a challenge for novel therapeutics is determining the efficacy of the
drug in both adult stem cells and CSCs in the quiescent state (Giornelli and Mandd, 2017;
Zhan et al., 2013). The association between CSCs and OC progression reveals the potential
to improve targeted therapies for OC patients. However, further biological characterization
of CSCs, particularly the underlying mechanisms regulating their function, is required. The
development of novel CSC treatments requires a thorough understanding of the complex
genomic profile of OCs since their heterogeneity dictates the differential responses to
treatment, particularly the specificity and efficacy of drugs (Pieterse et al., 2019; Zhan et
al., 2013).

Of interest, the Wnt signaling has been reported to mediate the cancer cells undergoing
EMT to acquire stem-like properties that enable them to become drug-resistant, arbitrating
dissemination and metastasis. Dysregulation of the Wnt pathway has been associated with
increased drug resistance and poor survival of patients (Barghout et al., 2015). Wnt/p-
catenin inhibitor CG-001/PRI-724 is in phase | of clinical trials shown to sensitize the
platinum drugs in HGOC and OCSCs (Nagaraj et al., 2015). Wnt antagonists, namely,
vantictumab (anti-FZD) and ipafricept (FZD8-Fc), when administered in combination with
taxane drugs, exhibited anti-tumor efficiency as well as sensitizes OCSC by inducing mitotic
cell death (Fischer et al., 2017). Several endogeneous antagonists have also been shown

to chemosensitize the OCSCs. Endogenous Wnt antagonist secreted frizzled-related protein
4 (SFRP4) has pro-apoptotic factors that chemo-sensitize the OC cells (Deshmukh et al.,
2017; Nagaraj et al., 2021; Saran et al., 2012). Epigenetic suppression of SFRP5 inhibited
epithelial-mesenchymal transitions and exhibited resistance to taxane drugs in OC (Su et al.,
2010). The role of other Wnt antagonist in OCSCs function is yet to be explored.

2 Wnt antagonists

Wht signaling activity is controlled at different levels by a wide range of evolutionarily
conserved modulators. These modulators can either act extracellularly by affecting receptor-
ligand interactions or intracellular by interfering with the various components of Wnt
signaling cascade. Alterations in these modulators may be responsible for the aberrent Wnt
signaling seen in most cancer tissue.

Whnt antagonists are groups of secreted and transmembrane proteins. They inhibit Wnt
signaling in two ways: blocking ligand-receptor interactions or Wnt receptor maturation
(Fig. 2). The discovered secreted Wnt antagonists are the Dickkopf proteins (DKKS),
secreted Frizzled-related proteins (SFRPs), Wnt-inhibitory factor 1 (WIF-1), Wise/SOST,
Cerberus, insulin-like growth factor binding protein 4 (IGFBP-4), Shisa, Wnt-activated
inhibitory factor 1 (Waif1/5T4), adenomatosis polyposis coli down-regulated 1 (APCDD1),
and Tikil (Belo et al., 2009; Bhuvanalakshmi et al., 2019; Bovolenta et al., 2008; Jones and
Jomary, 2002; Kawano and Kypta, 2003; Niehrs, 2006).
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2.1 Dickkopf proteins

Dickkopfs (DKKSs) belong to an evolutionarily conserved secreted glycoproteins family
(Glinka et al., 1998) consisting of four members, DKK1, DKK2, DKK3, and DKK4.

These DKKs comprise 255-350 amino acids and contribute to two conserved cysteine-rich
domains (CRDs). The carboxy-terminal CRD shares homology with the colipase fold, and
DKK_N is unique to the DKKs. Apart from the two CRDs, a soggy (sgy) domain is present
only in DKK3 (Niehrs, 2006). A far related DKK family member also called Dickkopf-like
protein 1, shares sequence homology with the sgy domain of DKK3 (Krupnik et al., 1999).
DKK1, -2, and -4 in humans located on the same chromosome 4/5/8/10 paralogy group.
These genes are duplicated early in vertebrate evolution, whereas DKK3 is not a part of this
group (Glinka et al., 1998; Luke et al., 2003; Pollard and Holland, 2000). DKKSs proteins
with conserved cysteine domains specifically inhibit the Wnt/B-catenin signaling cascade by
blocking low-density lipoprotein receptor-related protein (LRP5/6) from complexing with
Frizzled (Luke et al., 2003; Mao et al., 2001; Seménov et al., 2001) (Fig. 2). All DKKs have
reported anti-tumor and/or chemosensitization function in ovarian cancer.

2.1.1 DKK1—DKK1 is a secreted Wnt inhibitor of LRP6. DKKZ1 inhibits the cell’s
response to the Wnt ligands by binding LRP6 and Kremen (co-receptor) which removes
LRP6 protein from the cell surface by endocytosis (Mao et al., 2002). Loss of DKK1 makes
LRP6 free from inhibition, thereby enhancing the Wnt signaling. Evidence of Wnt signaling
suppression by DKK1 is extensive. Yet, its molecular mechanism in ovarian physiology
and tumorigenesis remains elusive. Studies have shown the DKK1 expression in both sexes
during gonadal development in mice models (Combes et al., 2011; Manuylov et al., 2008)
and have a dual functional role in gonadal development. Aberrant expression of DKK1 with
higher progesterone levels might impair the implantation rates in the endometrium (Liu et
al., 2010). While investigating the role of the Chromebox homolog 2 (CBX2) and CBX2
regulating genes in follicular development of ovary by genome-wide association study;,
DKK1 was one of the genes up-regulated in granulosa cells (Bouazzi et al., 2019). Genetic
mutation in DKK1 is implicated in polycystic ovarian syndrome (PCOS) with metabolic
dysfunction and hyperandrogenism (Jones et al., 2011). Elevated levels of DKK1 expression
in 178 ovarian serous papillary adenocarcinoma tumor biopsies could initiate tumor cell
invasion and cancer progression (Wang and Zhang, 2011). Also, DKK1 expression was
high in ovarian carcinoma compared to ovarian cystadenoma and normal ovarian tissues
(Shizhuo et al., 2009). The DKK1 was shown to be up-regulated and inhibits the process

of epithelial-mesenchymal transition (EMT) by abnormal expression of TET1 proteins

in epithelial ovarian carcinoma cell lines (SKOV-3 & OVCAR-3) (Duan et al., 2017).

Many cancers reported the DKK1 dysregulation and epigenetic modification by promoter
hypermethylation. Many studies have reported the abnormal expression of miRNAs in
tumorigenesis and metastasis. In a recent study, STAT3 silences DKK1 by miRNA-92a

in epithelial ovarian cancer. The miRNA-92a promoted Wnt/B-catenin signaling regulating
stem cell properties in ovarian spheroids by interfering with Wnt antagonist DKK1. The
miRNA-92a targets the 3" UTR sequence of DKK 1 and inhibits its expression (Chen et al.,
2017) (Chen et al., 2017) (Table 1) (Fig. 3). In another study, the expression of miR-372
was linked to DKK1 expression. The over-expressed miR-372 suppressed the proliferation
of ovarian cancer cells (OVCAR-3 & A2780) by down-regulating the DKK1 protein (Guan
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etal., 2017) (Table 1) (Fig. 3). DKK1 is one of the proteins (categorized as type 1 signatures
as long-term relapse-free survivors) identified through SOMAscan affinity proteomics to be
expressed in the peritoneal ascites of OC patients with no relapse at 24 months after the first
line of surgical treatment (Finkernagel et al., 2019). In addition, the basal level expression
of DKK1 was lower in A2780 ovarian cancer cells than in A2780-cis resistant cells. sSIRNA
silenced DKK1 sensitized A2780 cells to cisplatin but sensitizing A2780-cis resistant cells
was complex (Salim et al., 2015) implicating DKK1 role in drug sensitization. The above
studies suggest that DKK1 to be a critical player in the development of ovarian tumor cells.

2.1.2 DKK2—Like DKK1, DKK2 also suppresses the Wnt/B-catenin signaling by
binding the LRP6 receptor (Mao et al., 2001; Mao and Niehrs, 2003). An in vitro study
reported epigenetic suppression DKK2 in 78 ovarian carcinoma tissues with normal ovarian
tissues and ovarian cancer (SKOV-3 & ES-2) cell lines. DKK2 is epigenetically silenced

by methylation and downregulated as the ovarian cancer grade progresses compared with
normal ovarian tissues. When DKK2 is over-expressed in ovarian cancer cell lines, it
reduces the expression of Wnt/p-catenin target genes involved in cell growth, cell migration,
and cell invasion (Zhu et al., 2012). Patients with higher expression of DKK2 and G
protein-coupled receptor as showed better survival (Fraungruber et al., 2021).

2.1.3 DKK3—lIn-silico analysis revealed that higher DKK3 expression associated with
the relapse-free survival rate of ovarian cancer patients (Chen and Zheng, 2018; Wang et
al., 2016). Higher promoter hypermethylation of DKK3 in ovarian granulosa tumor tissues
compared with normal control tissues was observed (Xu et al., 2016). An in-silico and

in vitro analysis displayed low DKK3 protein and mMRNA expression in ovarian epithelial
tumors compared with normal ovarian tissues (You et al., 2011). DKK3 expression was high
in ovarian cancer cells and had proapoptotic and tumor suppressor properties in mucinous
and clear cell ovarian carcinoma (Takata et al., 2015). miR-126-5p competitively regulate
DKKa3 in epithelial ovarian cancer progression & promotes platinum resistance (Wu et al.,
2019).

2.1.4 DKK4—DKK4 antagonizes the p-catenin pathway in some cancers (Cai et al.,
2018). Like other homologs, DKK4 binds LRP5/6/kremen receptors to mediate LRP6
endocytosis, thereby interfering with B-catenin mediated signal transduction (Fatima et al.,
2012). DKK4 mRNA and protein were elevated in 33 epithelial ovarian cancer (EOC)
tissues compared with those in 33 benign ovarian tumors (Wang et al., 2017). The mutation-
specific ectopic promoter methylation of DKK4 has been studied in colorectal cancer and
thyroid carcinoma (Baehs et al., 2009; Mancikova et al., 2017). While DKK4 has been
studied in pathological conditions, very little work has been carried out to understand its role
in ovarian cancer.

2.2 Secreted Frizzled Related Proteins (SFRPs)

The SFRP1-5 is the most prominent family of extracellularly secreted Wnt inhibitors

that competes for binding the CRD domain of the Frizzled receptors. Based on sequence
homology and phylogenetic analysis, SFRP.Z, — 2, and -5 form a subgroup that diverges
from the one developed by SFRP3and - 4 (Jones and Jomary, 2002). The CRDs of SFRPs
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show 30-50% sequence similarity with those of Fz receptors and contain ten conserved
cysteine residues, and the carboxy-terminal part of SFRPs contains a Netrin-related motif
(NTR) and amino acids ranging between 295 and 346. The promotor regions of SFRPs are
hypermethylated, inducing transcriptional silencing (Schiefer et al., 2014). SFRPs modulate
the Wnt signaling pathway by binding directly with Wnt ligands or competing with Wnt
ligands to bind Frizzled receptors to intercept the interaction between the Wnt proteins and
Frizzled receptors (Bafico et al., 1999). The precise mechanism of how SFRPs regulate

the Wnt pathway remains unclear. The promoters of different isoforms of SFRPs have also
been found to undergo epigenetic alterations in various human cancers, including SFRP2
in gastric cancer, SFRP3 in hepatocellular carcinoma, SFRP4 in mesothelioma, and SFRP5
in breast cancer (Cheng et al., 2007; Deshmukh et al., 2019; Lin et al., 2014; Veeck

et al., 2008). An alternative mechanism of SFRPs reports that they translocate into the
nucleus and bind with B-catenin. Although SFRPs regulates Wnt signaling by binding to
Whnt proteins or Frizzled receptors (Bafico et al., 1999), they may also undergo endocytosis
by forming complexes with Wnt receptors to import themselves into the cytosol. Other
observations suggest that SFRPs bind with p-catenin, which functions as a carrier for
nuclear translocation. However, experimental evidence for this is currently unavailable.
The study also shows that the exosomes take up secreted extracellular SFRPs and the
immunofluorescence data demonstrated that SFRP1-5 co-localized with -catenin in both
the cytoplasm and nucleus. The silenced p-catenin can block the p-catenin dependent
nuclear translocation of SFRPs and interrupt the p-catenin-TCF/LEF complex interaction.
SFRPs suppress the interaction of TCF4 with p-catenin, which suggests that nuclear
SFRPs act as p-catenin-interacting proteins that regulate the Wnt signaling pathway by
modulating the association between TCF4 and B-catenin. Therefore, the regulation of the
Wht signaling pathway by SFRPs is achieved by the intracellular modulation of SFRPs and
their extracellular functions (Liang et al., 2019). The past studies show SFRPs regulate the
Whit signaling pathway by associating with p-catenin in the nucleus where SFRP1, SFRP2,
and SFRP5 suppressed the interaction of p-catenin and TCF4 complex, while SFRP3 and
SFRP4 facilitated the association of p-catenin with TCF4. This intracellular interaction of
SFRPs revises the Wnt signaling transcriptional activity and may alter the CSC properties of
cancer cells.

2.2.1 SFRP1—Among the SFRPs family, there are extensive reports on SFRP1 which
has a reported biphasic role. At decreased concentrations, SFRP1 increases Wnt activity;
however, reduces Wnt activity under high concentrations of SFRP1 (Uren et al., 2000).

Loss of CRD in SFRP1 resulted in reversal of Wnt3a inhibition and modifying the amino
acids present in the NLD domain in SFRP1 upregulated canonical Wnt signaling (Bhat et
al., 2007). In fish embryos, isolated NLD inhibited Wnt mirroring SFRP1 whole protein
while CRD does not produce any inhibitory effect (Lopez-Rios et al., 2008). Ovarian
stimulation protocols for in vitro fertilization reported altered gene expression of Wnt
inhibitors with up-regulation of SFRP1 in endometrium (Wu et al., 2020). SFRP1 expression
is upregulated by cir-ANKHDZ1, a circular RNA and SFRP1 repressed by miR-27a-3p which
indicates that cirrANKHD1/SFRP1/miR-27-3p association might have a role in granulosa
cell proliferation and apoptosis (Li et al., 2021). Abnormal expression and hypermethylation
status of SFRP1 was reported across 60 clinical epithelial ovarian cancer samples and cell
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lines (OVCAR-4, SKOV-3, COV-644, TOV-21-G). SFRP1 mutation has been shown to
initiate the proliferation, migration, and invasion abilities of epithelial ovarian cancer cells
by activating Wnt/B-catenin pathway (H. Zhang et al., 2019a) and is positively associated
with progression free survial (Flanagan et al., 2013). The SFRP1 methylation status is

high in high-grade serous ovarian carcinoma, and unmethylated in low-grade serous ovarian
carcinoma, and normal ovarian tissues (Al-Shabanah, 2014; Kardum et al., 2017). The
over-expressed miR-1207 target and suppress SFRP1 inhibitor to promote Wnt/p-catenin
mediated ovarian tumorigenesis progression and increased the cancer stem cell-like property
(Wu et al., 2015) (Table 1) (Fig. 3). The miR-1180 detected in conditioned media of

bone marrow derived mesenchymal stem cells target SFRP1 to induce ovarian cancer cell
(SKOV-3 & COC1) growth and cisplatin resistance by activating Wnt/p-catenin pathway
(Gu et al., 2019) (Table 1) (Fig. 3). A high expression of SFRP1 promotes resistance to
topotecan, a drug used as a second line treatment for OC induces disease progression and
drug resistance by altering immune microenvironment (Menyhart et al., 2019).

2.2.2 SFRP2—Various studies in animal models and human tissue samples reported
the expression and methylation of SFRP2, a Wnt inhibitor in granulosa cells and ovarian
tumors (Chermuta et al., 2019). In addition, increased methylation of SFRP2 in ovarian
tumors is correlated with cancer recurrence (Su et al., 2009). In ovarian cancer cell lines
(SKOV-3 & OVCAR-3), TET1 (Ten-eleven translocation methylcytosine dioxygenase 1)
protein demethylated and upregulated Wnt antagonist SFRP2 along with DKK2 to inhibit
Whnt/B-catenin signaling and prevent epithelial-mesenchymal transition (EMT) and cancer
cell metastasis (Duan et al., 2017). SFRP2 inhibited Wnt7a-Fzd 5 mediated Wnt/p-catenin
signaling in ovarian cancer (SKOV-3) cell line (Yoshioka et al., 2012). Using a protein-
protein interaction network, SFRP2 was identified as part of the differentially expressed
genes regulating ovarian cancer stem cells (Zhang et al., 2020). In aglandular caruncular
areas of the endometrium, the expression of SFRP2 can inhibit the WNT signaling
pathway and prevent endometrial adenogenesis in the inter-caruncular areas of the uterus.
Additionally, Estrogen-induced adenogenesis inhibition can be conciliated by aberrant
induction of SFRP2 and loss of several critical Wnts, leading to Wnt signaling (Hayashi
and Spencer, 2006), and another study recorded SFRP2 methylation in the endometrium
(Marichereda et al., 2018). RNA-sequencing results identified increased SFRP2 protein
differentially expressed in high-grade serous ovarian tumor samples correlated with bowel
metastasis (Mariani et al., 2019). As SFRP2 expression and methylation are associated with
poor survival and recurrence in ovarian cancer patients, SFRP2 can be used as an early
screening biomarker.

2.2.3 SFRP3—SFRP1-4 have been shown to bind to Wnt3a with affinities in the
nanomolar range, SFRP1 and — 2, but not SFRP3 and - 4, attached to Wnt5a. Studies

have shown Secreted frizzled-related protein Family (SFRP3) complexes with Wnt1 and
XWhnt8 to block canonical Wnt signaling in Xenopus embryos (Leyns et al., 1997; Lin et al.,
1997; Wang et al., 1997). The crystal structures of the CRDs from mouse Fz8 and mouse
SFRP3 have been determined and revealed the potential for the CRDs to dimerize (Dann et
al., 2001). These results indicate that SFRPs form complexes with frizzled receptors through
CRD domain binding, inhibiting the access to the Wnts and blocking the Wnt signaling
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(Lin et al., 1997). An immunohistochemistry analysis displays a high expression of SFRP3
in the intrauterine placenta of humans and minimal expression in trophoblastic tumors,
which are expected to have associations with intrauterine placental dysfunction trophoblastic
tumor development (Partl et al., 2014). Though the expression of SFRP3 and its promoter
methylation have been studied in various disease models (Kristensen et al., 2014) and other
cancers (Schlensog et al., 2018), it is yet to be explored in ovarian physiology and/ovarian
cancer.

2.2.4 SFRP4—The Wnt antagonist, Secreted frizzled-related protein 4 (SFRP4), is
involved in cell proliferation and differentiation and plays a crucial role in carcinogenesis.
As the SFRP family’s most prominent member, SFRP4 has a length of 346 amino acids
with a molecular weight of 39.9 kDa. This SFRP4 protein has a C-terminal and N-terminal
domain. The C-terminal part has a conserved region of six cysteine residues followed by
the Netrin-like domain (NLD). A past study analyzed the SFRP4 function and apoptosis

in the ovaries of Wistar rats. There was an increase in the mRNA expression levels of
SFRP4 in the thecal layers of follicles in treated rats. Though the precise mechanism

of SFRP4 in ovulation is unfamiliar, its function as a modulator of apoptosis in the

ovary proposed its role as a local initiator of apoptosis (Wu et al., 2020). Also, a
synergistic effect of SFRP4 and Wnt/Ca2 + pathway activation intercepting Wnt/p-catenin
signaling in cell proliferation and metastasis of cancer cells (Muley et al., 2010). The
pro-apoptotic property of SFRP4 is studied in 153 serous carcinomas and found to decrease
the levels of pB-catenin (Drake et al., 2009). A study validated that SFRP4 expression
negatively associated with p-catenin expression in 84% of serous ovarian carcinoma samples
using immunohistochemistry on tissue microarrays. Another study expressed that reduced
expression of SFRP4 in chemosensitive ovarian cancer cell line A2780 marked increased
resistance to chemotherapeutics. Transfection of chemo-resistant cell lines with SFRP4
increased their sensitivity to chemotherapy. The role of SFRP4 as an anti-proliferative,
pro-apoptotic factor in the chemo-response of ovarian tumors is established (Saran et

al., 2012). Research on SFRP4 loss supported the role of SFRP4 as a potential tumor
suppressor gene in ovarian cancer by intercepting the Wnt/B-catenin signaling pathway.
SFRP4 was expressed on the protein level in 721 ovarian cancer histotypes using RT-gPCR,
western blot, and immunohistochemistry. Studies have shown increased levels of SFRP4
expression in the tubular epithelium of the ovary but a significant decrease in the ovarian
malignancies (Jacob et al., 2012). SFRP4 disrupted the cancer growth when administered
in mouse xenograft model of ovarian cancer. This data indicates SFRP4 as a therapeutic
agent in control of angiogenesis. In in vitro assays, SFRP4 inhibited endothelial cell
migration, and the in vivo assays demonstrated decreased vascularity in mouse models.
Also, the protein-induced the ROS levels in endothelial cells, thus facilitating endothelial
cell apoptosis. In addition to many apoptosis-related genes identified in the ovary, SFRP4
appears to inhibit the cell proliferation process (Muley et al., 2010). The over-expression
of miR-181a increased Wnt/p-catenin signaling by inhibiting the Wnt antagonist SFRP4
in ovarian cancer. The miR-181a/SFRP4 mediated activation of Wnt signaling promoted
chemoresistance and stemness (Nagaraj et al., 2021) (Table 1) (Fig. 3). These outcomes
illustrated that SFRP4 is a predictive marker of chemo-sensitivity and therapeutic agent in
ovarian cancer.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2024 December 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Krithicaa Narayanaa et al. Page 13

2.2.5 SFRP5—SFRP5 is downregulated and hypermethylated in disease conditions. In
advanced epithelial ovarian cancer, SFRP5 can be a potential prognostic biomarker. In
ovarian clear cell adenocarcinoma (OCCA), SFRP5 gene promoter methylation plays a vital
role in OCCA development, and it is a potential prognostic marker and acts as a therapeutic
target (Ho et al., 2010). Epigenetic changes in SFRP5 accompany malignant changes and
chemoresistance in ovarian cancer by upregulation of the Wnt signaling pathway and Twist
gene-mediated epithelial-mesenchymal transition and Akt 2 signaling (Su et al., 2010).
RT-PCR studies in human granulosa cells revealed the expression patterns of SFRP5 along
with LH-dependent genes which play a pivotal role in follicular development (Maman et
al., 2011). In ovarian cancer, methylation of SFRP5 may contribute to cell proliferation,

and migration via the canonical Wnt signaling pathway and is also associated with tumour
recurrence (Lin et al., 2018). Through many studies, it is known SFRP5 is methylated, and
SFRP5 demethylation by compound curcumin with 5-aza-2”-deoxycytidine (DAC) activated
SFRP5 which inhibited colony formation and epithelial-mesenchymal transition on ovarian
cancer (Yen et al., 2019).

2.3 IGFBP-4 protein

IGF signaling is an essential pathway in follicular development and tissue repair after
ovulation (Forbes et al., 2012). IGFBP-4 binds the Fzd-8 receptor and LRP5/6 co-

receptor and inhibits canonical Wnt signaling in an IGF-independent fashion to promote
cardiogenesis (Zhu et al., 2008). IGFBP-4 has an anti-estrogenic function that is activated
and involved in the ovarian follicle selection in response to estrogen in the ovary

(Durai et al., 2006). In human granulosa cells, IGFBP-4 has a potent IGF-independent
antigonadotropic effect but more has to be explored to understand the mode of action of
IGFBP-4 in granulosa cells (Wright et al., 2002). Up-regulation of IGFBP-4 in estrogen
receptor-expressing ovarian cancer cells indicates that they are estrogen-regulated, and its
expression with standard marker CA125 attributes to the development of ovarian cancer
(Walker et al., 2007). RNA-sequence transcriptome analysis identified high expression

of IGFBP4 in all stages of epithelial ovarian cancer. In the serum samples of ovarian

cancer patients, IGFBP4 levels are increased and expressed much before cancer antigen
125 (Mosig et al., 2012). Ascites of ovarian cancer patients showed increased expression

of IGFBP-4 which looks like a predictor of ovarian cancer progression (Yunusova et al.,
2016). Cisplatin treated patient-derived ovarian cancer xenografts expressed IGFBP-4 at the
low cis-responsive state and are associated with the epithelial-mesenchymal transition (Ricci
etal., 2017). Increased mRNA expression of IGFBP-4 in serous ovarian cancer attributes

to a low overall survival rate (Zheng et al., 2020) suggestive of its potential as a tumor
progression biomarker.

3 Other Wnt antagonists unexplored in ovarian cancer

In addition to the Wnt antagonists discussed above, there are a few conserved small protein
inhibitors that have not been characterized yet in ovarian physiology and cancer. These
include WIF, Wise/SOST, Cerberus, Shisa, Waifl, APCDDL1, and Tikil. Their common
feature is to antagonize Wnt signaling by preventing ligand-receptor interactions or Wnt
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receptor maturation. These Whnt antagonist functions have been studied to a little extent in
other clinical conditions, but elaborate studies have not been done in any cancers to date.

3.1 Wntinhibitory factor — 1 (WIF-1)

The expression of WIF-1 has been primarily observed in the human retina and is abundant
in the brain, lung, and cartilage (Hsieh et al., 1999; Hu et al., 2008; Hunter et al., 2004;
Surmann-Schmitt et al., 2009). In Drosophila, WIF-1 blocks the activity of Fz2 by blocking
XWnt8 and Wingless (Hsieh et al., 1999). WIF-1 inhibits the functions of both canonical
and non-canonical Wnts such as Wnt3a, Wnt5a, Wnt7a, and Wntlla (Surmann-Schmitt et
al., 2009), and these Wnts have a role in ovarian cancer pathogenesis. WIF-1 gene mutation
or loss contributes towards carcinogenesis. Promoter hyper-methylation of WIF-1 was
increased colorectal cancer tissues than adjacent normal tissues (Jalilvand and Soltanpour,
2020). There was a decrease in mRNA levels, and a protein expression level of WIF-1 with
high expression levels of p-catenin indicates tumourigenesis activity of WIF-1 in non-small
cell lung carcinoma (Tang et al., 2017).

3.2 Waifl/5T4

Waif 1a is a single-pass plasma membrane protein. It comprises various leucine-rich repeats
in the extracellular part, and a short carboxyl terminus without conserved motifs embryos
revealed Wnt-activated inhibitory factor 1a as a novel direct Wnt/p-catenin target expressed
in zebrafish, Xenopus, mouse, and mammalian cells. Waif1 interacts with LRP6 and blocks
both Wnt3a- and DKK1-induced LRP6 internalization without changing Wnt3a initiated
phosphorylation of LRP6 (Kagermeier-Schenk et al., 2011). Overexpression of Waif1/5T4 in
human carcinomas corresponds with a poor survival prognosis. This highlights the role of
WAaif1/5T4 in cancer biology.

3.3 APCDD1

In vitro studies revealed that APCDD1 can bind with Wnt3a and the extracellular domain
of LRP5 and inhibits the canonical Wnt signaling pathway, and blocks Fz and Wnt
interaction. Adenomatosis polyposis coli down-regulated 1 (APCDD1) is a membrane-
bound glycoprotein, and it was first identified in SW480 colon cancer cells due to genes
that were down-regulated post APC induction (Jukkola et al., 2004; Takahashi et al., 2002).

3.4 Wise/SOST

Wise, also known as SOSTDC1 (sclerostin domain-containing) Ectodin, and USAG-1
(uterine sensitization-associated gene-1), form a cystine knot and integrates with SOST

to the CAN subfamily of cystine knot-containing BMP antagonists (Avsian-Kretchmer and
Hsueh, 2004; Ellies et al., 2006; Itasaki et al., 2003; Lintern et al., 2009). In Xenopus,
different assays revealed that Wise might either inhibit or activate Wnt signaling (Itasaki et
al., 2003).

Wise inhibits Wnt1, Wnt3a, and Wnt8 activities in cell culture reporter assays (Blish et al.,
2008; Itasaki et al., 2003; Yanagita et al., 2004). Sclerostin (SOST) inhibits Wnt signaling
via LRP5 and LRP6 by interacting with the first two YWTD-EGF repeat domains (Li et
al., 2005; Seménov et al., 2005). Similar to DKK1, SOST has the potential to inhibit the
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3.5 Shisa

formation of the Wntl-induced Fz8-LRP6 complex (Seménov et al., 2005). Wise and SOST
block BMP signaling in cell culture models. However, their physiological role behind the
blockade of Wnt signaling via Wise/SOST is still unclear (Avsian-Kretchmer and Hsueh,
2004; Laurikkala et al., 2003).

The Shisa Protein Family comprises nine subfamilies (Furushima et al., 2007; Pei and
Grishin, 2012). This protein has a CRD peptide in the amino-terminal, a transmembrane
region, and a proline-rich car-boxy-terminal (Pei and Grishin, 2012). In Xenopus embryos,
Shisa, along with BMP inhibitors, helps to expand anterior neural structures and initiates
the secondary head. It acts as Wnt and fibroblast growth factor (FGF) signaling antagonist
during head formation by trapping Fz and the FGF receptor in the endoplasmic reticulum
and inhibiting their maturation (Yamamoto et al., 2005). In mice, mShias expressions
have been observed in anterior visceral endoderm, anterior mesendoderm, anterior
neuroectoderm, and somitic mesoderm. Upregulation of Shisa blocks Wnt signaling in
mammalian cells. Knockdown of mShisa in mice has no phenotype in them. This suggests
that other Wnt antagonists like DKK, SFRP may have compensated for these mShisa
(Furushima et al., 2007).

3.6 Cerberus protein

3.7 Tikil

Primarily Cerberus was identified and isolated from Xenopus. Upregulation of Cerberus in
Xenopus induces ectopic head formation (Bouwmeester et al., 1996). Studies have shown
that Cerberus obtained from Xenopus binds to Nodal, BMP, and Wnt proteins through
independent sites and blocks all three signaling pathways, simultaneously leads to the
formation of the head and inhibiting truck formation. (Piccolo et al., 1999).

In Xenopus, Tikil is identified as an organizer-specific gene via function cDNA screening
technique, and it is necessary for neural development. Tikil is an evolutionary conserved
transmembrane metalloprotease that removes eight amino-terminal residues from Wnt and
forms oxidized Wnt oligomers. These oligomers compromised receptor-binding ability.
Thus, it blocks Wnt signaling (Zhang et al., 2012). In humans, Tikil and Tiki2 genes are
misregulated in human cancer and other pathological conditions.

4 Drugs & small compounds targeting Wnt antagonists

Many Wnt antagonists have been shown to play a crucial role in inhibiting ovarian

cancer progression, proliferation, survival, chemoresistance, and migration. Targeting Wnt
antagonist may potentially inhibit the Wnt signaling pathway, ovarian cell proliferation, and
metastasis, ultimately leading to the apoptosis of cancer cells. Researchers have developed
several small inhibitors and vaccines to target these Wnt antagonists to test whether they
are suitable for treating ovarian cancer. We have tabulated (Table 2) (Fig. 3) various drugs
that have been previously used or are currently under clinical trial-specific to the activation
of wnt antagonists in ovarian cancer. DKN-01 is a humanized monoclonal antibody, which
binds to Dickkopf-1 (Dkk1) and promotes a Wnt signaling cascade. Studies performed in
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EOC cell lines and the ID8 ovarian cancer model showed that DKN-01 does not affect
tumor growth in OC (Betella et al., 2020). Apart from this in ovarian cancer cell lines
(SKOV-3 & OVCAR-3), cordycepin increases DKK1 levels and inhibits canonical Wnt
signaling (Jang et al., 2019). 2-microglobulin has been shown to activate cell growth by
suppressing DKK-3-induced apoptosis (Kim et al., 2015). In both EOC tissues and benign
ovarian tumors, siRNA-mediated knockdown of DKK4 has promoted the phosphorylation
of c-JUN and JNK, inhibited invasive cell ability, and inhibited the formation of actin
filaments (Wang et al., 2017). In patients with primary ovarian tumor, 17 beta-estradiol
(E(2)), propyl pyrazole triol, and letrozole were shown to up-regulate the levels of IGFBP-4
(Walker et al., 2007). PAPP-A transfection in HRA ovarian cancer cell line has been

shown to downregulate PAPP-A while increasing IGFBP-4 levels (Tanaka et al., 2004). A
natural compound, diferuloylmethane (curcumin), derived from Curcuma longa, reduced the
SKOV-3 ovarian cell line proliferation. And combined treatment by 5-aza-2”-deoxycytidine
(DAC) and curcumin in SKOV3 cells have shown to reverse the methylation status of SFRP5
by hindering the expression of DNA methyltransferase DNMT3a protein, colony formation,
and EMT. The inhibitory effect of combination treatment on SKOV3 cell growth was higher
than the effects of the individual treatments (Yen et al., 2019).

To date, researchers have developed small inhibitors, antibodies, and siRNAs to target

the DKK family of proteins, IGFBP-4, Waif1/5T4, and SFRP5, to inhibit Wnt signaling
pathways in ovarian cancer. Apart from ovarian cancer, many studies have been explored
with Wnt antagonists in various other pathophysiological conditions including bones (Kalam
et al., 2017); colorectal and prostate cancer (Amato and Stepankiw, 2012); osteoporosis
(Table 3). In addition, there are novel small molecule mimics and inhibitors listed in
Pubchem and Drug Bank databases (Table 3). The role of these in ovarian cancer is yet

to be explored. For example, MVVA-5T4 is a cancer vaccine that targets an oncofetal antigen
5TA (Waif1/5T4, a cell surface Wnt antagonist) which is also highly expressed in breast

and ovarian cancer. MVVA-5TA is safe and highly immunogenic. A phase Il clinical trial
(NCT01556841) of MVVA-5T4 in ovarian cancer, fallopian tube cancer, and peritoneal cancer
was completed, but its results are yet to be posted. Taken together, the evidence currently
available suggests that targeting other Wnt antagonists may enhance the overall survival

rate of the patients. Recent developments in computational aided drug designing tools have
facilitated the development of newer drugs and drug repurposing. Further research in the
field may unravel the role of all the Wnt antagonists in ovarian cancer and help develop
novel therapeutic approaches.

5 Conclusions and future perspectives

Whnt/B-catenin signaling and its components are associated with cancer progression.

Most of the current research targets p-catenin and its destruction complexes to prevent
tumorigenesis. Wnt signaling inhibitors and negative regulators are also equally critical

in OC. Fewer investigations delineate the roles of Wnt signaling antagonists in OC
tumorigenesis, chemoresistance, and cancer relapse. The overactivation of the Wnt/p-catenin
pathway in the tumorigenesis of EOC opens up the idea that targeted inhibition of this
pathway with endogenous antagonists will have strong therapeutic potentials by probing
strictly at what explicit mechanisms and proteins are involved in building OC cells drug-
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resistant. Recent studies have identified the expression of several Wnt signaling regulators
in cancer cells. Challenging research anticipates the importance of antagonists and negative
regulators of Wnt signaling in ovarian carcinogenesis. The expression of every inhibitor
varies in different cancer and even stages. To identify the best possible markers and prove
their prognostic and diagnostic value large cohort of patients has to be included and perform
prospective studies. Tissue-based screening has made its way into the clinic; however,

the conditions are diagnosed in the later stage only. Early detection demands tests on

liquid biopsies such as blood, serum, and plasma. Genetic and epigenetic alteration of Wnt
antagonists and negative regulators can be used as early detection biomarkers and other
standard markers to allow rapid detection of OC progression in early stages. Epigenetic
modifications of Wnt antagonists in particular DKK and SFRP lead to chemoresistance in
ovarian cancer. The studies which reported the outcome of small-molecule inhibitors against
these Wnt antagonists in ovarian cancer models strengthen their role in ovarian cancer
development and progression. There is yet unexplored Wnt antagonist in ovarian physiology
and pathophysiology.

More research into the mechanism of Wnt antagonists alone or in combination with other
ovarian biomarkers, could prove clinically useful for a better understanding of the pathology
of OC and improving early detection and treatment. OC displays intrinsic resistance to

the platinum and taxane group of drugs, and the platinum/taxane refractory phenotype
typically develops during the treatment course. Therefore, identification of molecular
determinants which could drive platinum/ taxane refractory phenotype could be used as
biomarkers or as sensitizing targets for platinum/taxane compounds in ovarian cancer.
Added investigations demand characterization of Wnt antagonists and their interactome to
reveal how they sensitize ovarian cancer to chemotherapy by using in vitro and in vivo
patient-derived xenografts and organoid models. These might pave the way to individualized
diagnosis or therapies in the future. Advanced imaging techniques and analytical methods
must identify important structural information on atomic structures of protein complexes,
discrete domains, and protein interaction interfaces. Additional small molecular inhibitors
or activators with specific targets against Wnt antagonists and their mechanism of action
would direct therapeutics. A stronger perception of these antagonists will be the up-shot

of loss-of-function studies and the availability of purified Wnt proteins or receptor proteins
to help determine each antagonist’s binding affinities and specificities. Few other studies
reveal the opposite roles of every Wnt antagonist in different in vitro / in vivo models. Extra
insights seek domain characterization and its interaction with signaling compounds to assess
cells” inhibitory or activating properties. Employing progressive analytical technologies

to inspect the mechanistic signal transduction events in vivo would give insight into the
biological aspects of Wnt signaling in a spatiotemporal fashion. Since some antagonist

has biphasic functions, such analysis would be essential in the development of these as
prognostic/diagnostic markers and/ therapeutic targets.

Mechanistic studies on drug resistance are limited to small ovarian cancer cell lines
panels. Further studies are required on the full spectrum of primary cell lines, tissue
samples, organoids (Nanki et al., 2020) as well as in vivo models (Alkema et al., 2016),
considering the high degrees of molecular heterogeneity and distinct subtypes of ovarian
cancer. Although a few synthetic antagonists to Wnt/p-catenin signaling is in clinical trial
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in OC, currently there is no clinical trial with endogenous Whnt antagonists. Due to ovarian
cancer subtypes’ heterogeneity, in-depth learning of Wnt antagonists and their well-defined
molecular functions with complete genotyping and phenotyping profiles in OC tissues is
inadequate. Although different attributes of each component of Wnt antagonist signaling
are beginning to be explored, their definite mechanism in ovarian cancer growth, drug
resistance, cancer stem cells, and relapse is still not completely understood. Fortunately,
the development of new technologies, including DNA microarray, proteomic analysis,
molecular/pathways-targeted therapies, RNA interference (RNAI), and clustered regularly-
interspaced short palindromic repeat-associated nuclease Cas (CRISPR/Cas) screens have
provided new opportunities to assess expression-function relationship of Wnt antagonist
particularly in context of drug response and resistance phenotype (Longley and Johnston,
2005).

There is a demand for high specificity and efficacy in drug resistant OC therapeutics

and diagnostics. Applying the drug combination strategy, especially drugs with different
mechanisms of action or inhibitor compounds/proteins aiding in sensitization of anti-cancer
drugs, can improve diagnostic/treatment efficacy. Studies so far with the Wnt antagonists
have clearly shown that these have capacity to improve drug sensitivity to both OC and
OCSCs. In addition, these Wnt antagonist also show great promise as diagnostic markers
for OC progression. Thus, combined with above mentioned in depth characterization studies,
the exploitation of Wnt antagonists as such or their signaling in therapy and/diagnosis
would be essential in OC. Small molecule or peptide mimics of these Wnt antagonists
could be developed to target OC and OCSCs. Studies so far also suggest that combining

the chemotherapy with these antagonists show better clearance of the disease. These Wnt
antagonist mimics can pose less toxicity, good compatibility, and less immune response
compared to synthetic compounds. Thus, theragnostics based on the Wnt antagonist may
provide a novel approach to treat the aggressive Wnt-driven OC.
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Insulin-like growth factor binding protein 4
c-Jun kinase enzyme
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small interfering RNA
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VEGF Vascular endothelial growth factor
Waifl Wht-activated inhibitory factor 1
WIF Whnt Inhibitory factor
Wwnt Wingless-related integration site
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Fig. 1.

a. gllllustration of tumor formation in the ovary gives rise to all types of cells with

aberrant mutations and stemness characteristics. The tumor-initiating cells detach from

the primary tumor cells and undergo EMT transition. These cancer stem cells (CSC)

spread through invasion, migration, and metastasize to different organs. b.Overview of
Whnt/B-catenin dependent and Wnt/p-catenin independent pathway. Canonical Wnt pathway
is activated by binding Wnt ligand to Frizzled (Fzd) receptor, and LRP5/6 co-receptor leads
to the phosphorylation of CK1a and GSK3, which recruits Disheveled (Dvl) protein.

The activated Dvl protein inactivates the f-catenin destruction complex. It stabilizes p-
catenin accumulation in the cytoplasm, which then translocates into the nucleus leading

to the transcription of various p-catenin target genes. In inhibited state (i.e., absence of

Whnt ligands), GSK3p phosphorylates B-catenin in the cytoplasm and undergoes B-TrCp
mediated ubiquitination and proteasomal degradation. In the absence of nuclear p-catenin,
the transcription of various B-catenin target genes is repressed. In the non-canonical pathway
(Wnt/PCP), Wnt proteins bind the ROR-Fzd receptor and recruit the Dvl protein. Dvl

binds GTPase Rho and activates GTPase Rac1/Rho triggered Rho kinase (ROCK) and

JNK proteins which control transcriptional reactions. Wnt/Ca2+ signaling is stimulated by
G-protein-initiated phospholipase C (PLC) forwarding to intracellular calcium levels and
upregulating Ca2+ dependent cytoskeletal reactions.
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Fig. 2. Schematic representation of endogenously expressed extracellular Wnt antagonist
interfering Wnt signaling pathway.
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Fig. 3. Thevisual presentation gives an overview of miRNAs and small molecules which bind
Wnt antagonist to promote/repressthe Wnt signaling pathway.
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miRNAs targeting Wnt antagonist in ovarian cancer.
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Non-coding RNAs  Cancer type Function Reference
miR-92a-1 Epithelial Increased expression promotes oncogenic activation, & chemoresistance. (Chen et al., 2017)
Ovarian Targets DKK1
Cancer
miR-372 Increased expression downregulates DKK1 activation (Guan et al., 2017)
miR-126-5p Increased expression represses DKK3, & promote platinum resistance (Wu et al., 2019)
miR-1180 Loss of tumour suppressor function, & promotes chemoresistance. Targets (Guetal., 2019)
SFRP1
miR-1207 Promote cancer stem cell like fate & loss of tumour suppressor function. (Wu et al., 2015)
Targets SFRP1
miR-181a Increased chemoresistance and cancer stemness. Targets SFRP4 (Nagaraj et al., 2021)
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Table 2
Drugstargeting Wnt antagonist in Ovarian cancer.

gl Antagonist  Drug Cell line/ Model Mechanism Reference

8 DKK1 DKN-01 EOC cell lines and the ID8 A monoclonal antibody inhibits DKK1 and  (Betella et al.,
'8 ovarian cancer model promotes Whnt signaling (Betella et al., 2020)

st Inhibition does not affect tumor growth

< Cordycepin SKOV3 and OVCARS3 cell Increased Dickkopf-related protein 1 (Jang et al., 2019)
@) lines (DKK1) levels and inhibited p-catenin

Tn signaling

% DKK3 B2-microglobulin SKOV3 carcinoma cells Activates cell growth by suppressing (Kim et al., 2015)
o DKKa3 transfected OVCAR-3 DKK-3-induced apoptosis Controls cell

@ carcinoma cells cycle- and apoptosis-associated proteins

%)

> SKOV3 carcinoma cells Obstructs VEGFR-2/Akt/mTOR signaling

= cascade

—+

C_—; DKK4 siRNA-mediated EOC tissues and benign Inhibited cell invasive ability Promoted (Wang et al.,

= knockdown ovarian tumors the phosphorylation of c-JUN and JNK 2017)

Z Inhibited formation of actin filaments

% IGFBP-4 17beta-estradiol (E2) & Sections from primary tumors Upregulates IGFBP-4 (Walker et al.,

= propyl pyrazole triol & of patients treated with 2007)

b letrozole letrozole

iy
S PAPP-A transfection Human Rectal Downregulation of PAPP-A increases (Tanaka et al.,

7 Adenocarcinoma (HRA) cell IGFBP-4 2004)

lines
SFRP5 Diferuloylmethane SKOV3 cell lines Reduced cell proliferation (Yenetal., 2019)

(curcumin)

Diferuloylmethane
(curcumin) + DAC

By impeding the expression of DNMT3a
protein, reverses the methylation status
of SFRP5, inhibits colony formation, and
EMT
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Table 3
Drugstargeting Wnt antagonist in other pathophysiological conditions.
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Antagonist Model Used Drug Mechansim Phase of Reference
Clinical trial
Status
DKK1 Ovotoxic mice Letrozole Increase DKK1 in - (Kalam et al., 2017)
estrogen deficient mice
in both lumbar and
femur bones
SOST Ovotoxic mice Letrozole increase SOST in - (Kalam et al., 2017)
estrogen deficienct
mice in both lumbar
and femur bones
DrugBank Romosozumab Inhibitor - (Wishart et al.,
2018)
IGFBP-4 DrugBank Mecasermin Carrier - (Wishart et al.,
2018)
5T4 (Waifl/ Colorectal, renal MVA-5T4 Antibody; Vaccine 1115 11 (22409460;  (Amato and
5T4) and prostate cancer 01556841) Stepankiw, 2012)
patients
SFRP1 PubChem 5-(benzenesulfonyl)-N-[3- Inhibitor (Kim et al., 2021)
(dimethylamino) propyl]-2-
ethylbenzenesulfonamide
SFRP4 DrugBank Cyclothiazide Inhibitor - (Wishart et al.,
2018)
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