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Abstract

Abstract

Whnt-11 is highly expressed in metastatic prostate cancer, where it is known to promote
neuroendocrine-like differentiation, survival, and migration by activating [-catenin-
independent signals, in part via AP-1/ATF family transcription factors. To characterize the
effects of selectively blocking Wnt-11 signaling, two monoclonal anti-Wnt-11 antibodies
generated in house to human Wnt-11 peptides were tested, named E8 and F10. Both antibodies
recognize the same epitope in a region of Wnt-11 that is located outside known Wnt receptor

binding sites.

The antibodies recognize Wnt-11 in multiple assays, including in a cellular context, reduce
prostate cancer cell sphere formation, inhibit cancer cell migration and invasion, and inhibit
migration in cells cultured under hypoxic conditions, where Wnt-11 expression is found to be
upregulated. Magnetic nanoparticle (MNP) conjugates of E8 and F10 were generated as
potential therapeutic agents and tested in parallel with a control rat 1IgG conjugate. Anti-Wnt-
11 MNP conjugates reduced prostate cancer cell migration without affecting viability. Both
naked E8 antibody and MNP-E8 nanoformulation reduced PC3 cell tumor growth in the chick
chorioallantoic membrane (CAM) in vivo model, and this was accompanied by a reduction in
the intensity of the proliferation marker Ki67 in the tumors. An antibody epitope deletion
mutant (AE) of Wnt-11 was generated to characterize the impact of this region on Wnt-11
signaling and function. Targeting this hotspot, in an antibody-mediated manner or by deletion
mutation, reduces the phosphorylation level of the Wnt effector DVL. It also interferes with
ATF2-dependent transcription and blocks the ability of Wnt-11 to inhibit Wnt-3a activation of
B-catenin/TCF-dependent transcription. Immunoprecipitation and immunofluorescence co-
localization assays demonstrated that the epitope mutation resulted in a reduced interaction of
Whnt-11 with the Wnt coreceptor LRP6. Furthermore, the antibody epitope mutation
compromised Wnt-11 inhibition on LRP6-induced B-catenin/TCF-dependent transcription and
Whnt-11/FZD8 activation of ATF2-dependent transcription.

Together, these results highlight Wnt-11 as a therapeutic target and anti-Wnt-11 antibodies
and their nanoformulations as potential therapeutic agents to treat patients with advanced

prostate cancer.
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Resumen

Resumen

Whnt-11 es una proteina que se encuentra altamente expresada en el cancer de prostata
metastatico, donde favorece la diferenciacion neuroendocrina, la supervivencia y migracion
celular activando sefiales a través de la familia de factores de transcripcion AP-1/ATF,
independientes de B-catenina. Para caracterizar los efectos de inhibicion selectiva de Wnt-11,
se generaron dos anticuerpos monoclonales anti-Wnt-11, E8 y F10. Ambos anticuerpos

reconocen el mismo epitopo en Wnt-11 en una region con funcién desconocida.

Los anticuerpos reconocen Wnt-11 en multiples ensayos, incluyendo en contexto celular,
reducen la proliferacion en esferas de células de cancer de prdstata, inhiben la migracion e
invasion celular y la migracion de células en hipoxia, donde la expresion de Wnt-11 se ve
aumentada. La conjugacion de E8 y F10 a nanoparticulas magnéticas (MNP) fue llevada a cabo
para Su uso como potenciales agentes terapéuticos. Las nanoformulaciones anti-Wnt-11
reducen la migracion celular sin afectar a la viabilidad. Tanto E8 como la nanoformulacién
MNP-E8 reducen el crecimiento tumoral de células PC3 en el modelo in vivo de la membrana
corioalantoidea de pollo (CAM), provocando una disminucion en la intensidad del marcador
de proliferacion Ki67. Un mutante de Wnt-11 en el que se ha delecionado parte del epitopo fue
generado para caracterizar el impacto que tiene esta region en la funcién y sefializacion por
Whnt-11, llamado AE. La inhibicién del epitopo tanto por los anticuerpos como por delecién
reduce la fosforilacion del efector de Wnt, Dishevelled (DVL). También interfiere con la
activacion de transcripcion dependiente de ATF2 y bloquea la capacidad de Wnt-11 de inhibir
la sefializacion por Wnt-3a/p-catenina/TCF. Ensayos de inmunoprecipitacion y co-localizacion
por inmunofluorescencia indican que la mutacion de delecion de epitopo produce una
reduccién significativa en la interaccién de Wnt-11 con el correceptor de Wnt LRP6. Ademas,
esta mutacion impide la capacidad de Wnt-11 de inhibir la transcripcion inducida por LRP6/f-

catenina/TCF y la capacidad de LRP6 de potenciar la transcripcion dependiente de ATF2.

En conjunto, los resultados indican que Wnt-11 puede ser una diana terapéutica adecuada
en el cancer de préstata metastatico y que los anticuerpos anti-Wnt-11 y sus nanoformulaciones

podrian tener uso como potenciales agentes terapéuticos en su tratamiento.

17



Resumen

18



Introduction

19



Introduction

20



Introduction

1. Cancer

Cancer is a disease characterized by aberrant and uncontrolled cell growth that has the
potential to invade healthy tissues and disrupt their function. It is also referred to as a
malignancy, tumor or neoplasm and can originate from any body tissue. A neoplasm will
naturally tend to invade adjacent or distant healthy tissues (a process known as metastasis),
propagating through the organism until its burden becomes incompatible with life. It is now
well recognized the “many diseases” nature of cancer as a result of not only the heterogeneity
of cancer types but also the heterogeneity among the cells found within a tumor (American
cancer society, 2021; NIH National Cancer Institute, 2021; World Health Organization, 2021).

According to the tissue origin, cancer can be classified as hematologic (e.g., leukemia,
lymphoma, myeloma) and solid tumors. The latter can be subclassified into carcinomas, for
tumors with an epithelial origin, and sarcomas, which originate from connective tissues. More
than 90% of diagnosed tumors are carcinomas, with the main subtype being adenocarcinomas.
This subtype affects tissues with secretory function, like most (but not all, as it depends on the

specific tissue of origin) prostate, breast, lung, and colorectal cancers.

Cancer has been known for over 5 000 years, with the earliest recorded description in the
Edwin Smith Papyrus, where it was reported as an untreatable disease (Hajdu, 2004). Since
then, cancer therapy has come a long way always in hand with surgical advancements, with
surgery continuing to be its main treatment. It was not until the late 19" century when Marie
Curie discovered what later came to be the first non-surgical anti-cancer therapy, radiation
(Gianfaldoni et al., 2017). In the 1970s, chemotherapy first showed its potential as treatment
of acute childhood leukemia and advanced Hodgkin’s disease (DeVita & Chu, 2008). Now,
chemotherapy refers mainly to the use of chemical agents that impact all dividing cells in the
organism without tumor specificity, therefore its use carries important adverse effects.

It was noticed early that cancer is a disease involving mutations in the genome and studies
focused on those that activated oncogenes or that abolished the function of tumor suppressor
genes. In 1996 the first targeted therapy came to be, with Imatinib, a BCR-ABL1 tyrosine
kinase inhibitor used in the treatment of chronic myelocytic leukemia. The sequencing of the
human genome in the early 2000s accelerated cancer research greatly (Craig Venter etal., 2001;
Lander et al., 2001).
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In addition, the publication of the seminal Hallmarks of cancer paper by Hanahan &
Weinberg (2000) provided a theorical framework by rationalizing the diversity of neoplastic
diseases. They predicted that the cancer field would evolve into a logical science, where the
complexities of the disease could become “understandable in terms of a small number of
underlying principles”. Not exempted from criticism, they provided the six hallmarks of cancer,
a sort of multistep rules governing the transformation of normal cells into malignant cancers.
These compiled the cancer-associated properties into six categories, namely: self-sufficiency
in growth signals, insensitivity to growth-inhibitory (antigrowth) signals, evasion of
programmed cell death (apoptosis), limitless replicative potential, sustained angiogenesis, and
tissue invasion and metastasis. Hanahan & Weinberg revisited this work in 2011 (Hanahan &
Weinberg, 2011), adding two emerging hallmarks: deregulating cellular energetics and evading
immune destruction. Furthermore, they included the enabling characteristics that allow the
arising of the other hallmarks: genomic instability and mutations and the tumor promoting
inflammation. Here, the contribution of the tumor microenvironment for the development of
the disease was also highlighted. This work has been very influential and continues to constitute
the theoretical framework for cancer research. A graphic summary of the hallmarks of cancer

and a depiction of the tumor microenvironment is provided in Figure 1.

Figure 1. The hallmarks of cancer (a) and tumor microenvironment (b). A) The hallmarks of cancer adapted
from (Hanahan & Weinberg, 2011), with the original and emerging hallmarks in the top two rows and the
enabling factors at the bottom. B) Representation of the tumor microenvironment, with vessels, blood and
immune cells, cancer associated stroma and cancer cells. The process of intravasation and extravasation of
cancer cells from blood vessels is also depicted. CTC — circulating tumor cell.
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1.1. Hypoxia in cancer

Hypoxia refers to a status of oxygen deprivation. This condition has evolved as a normal
response to certain physiological stimuli, but it is also a common event in the biology of solid
tumors. Tumor growth is accompanied by the establishment of a tumor microenvironment that
supports the expanding nature of the malignancy, but this does not always happen in a balanced
way. Some tumor regions can be left with limited access to the bloodstream and therefore are
deprived of oxygen and nutrients, which induces cellular adaptations to hypoxia. The restricted
access to the bloodstream is also relevant for therapeutic agents, as these may be unable to
reach hypoxic regions in tumors. Hypoxia has been associated with tumor progression and poor
prognosis in patients (Brahimi-Horn, Chiche, & Pouysségur, 2007).

The hypoxia response activates hypoxia-inducible factors (HIF)-induced transcription. HIFs
are heterodimers composed of an inducible a-subunit (HIF-1a, HIF-20 or HIF-3a) and a
constitutively-expressed B-subunit (HIF-1B) (P. Lee, Chandel, & Simon, 2020). In normoxia,
HIFa subunits are poly-ubiquitinated and targeted for degradation by the VVon Hippel-Lindau
(VHL) complex. This interaction is dependent on hydroxylation of two proline residues of
HIFa by prolyl hydroxylases (PHD), a reaction that is coupled to the oxidative decarboxylation
of a-ketoglutarate (Figure 2). PHDs have low affinity for oxygen making them particularly
sensitive to changes in the intracellular oxygen concentration. Therefore, under hypoxia, PHDs
are inhibited by lack of substrate (O2) and turn off HIFa hydroxylation, resulting in its
stabilization and nuclear translocation. HIFa together with HIF-1p activate their target genes
by binding to HRE (hypoxia response elements). There is an additional level of regulation of
HIF transcriptional activity by the factor inhibiting HIF-1a (FIH-1). FIH-1 is an o-
ketoglutarate-dependent dioxygenase that hydroxylates an asparagine residue in a
transactivating domain of HIFs under normoxia, preventing the recruitment of the
transcriptional cofactors p300 and CBP, thereby inhibiting HIF transcriptional output (Figure
2). Dimethyloxalylglycine (DMOG) is a synthetic analogue of a-ketoglutarate that acts as a
PHD and FIH inhibitor, allowing HIF-1a stabilization in a Oz-independent manner. It is
frequently used to increase HIF stabilization and signaling; however, care must be taken as
PHDs have been shown to control multiple biological processes independently of HIFs
(Nguyen & Duran, 2016).

Hypoxia induces many responses in context-dependent conditions that are tightly balanced

and can eventually lead to the induction or repression of the same cellular processes. In a first
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stage, HIF activation can induce proliferation, survival, and angiogenesis, however when
prolonged, the same mechanism can promote necrosis and apoptosis (Greijer & Van Der Wall,
2004). Hypoxia can promote tumor cell migration and invasion, which is often associated with
a metastatic-promoting phenotype and can induce active tumor microenvironment remodeling
(Petrova, Annicchiarico-Petruzzelli, Melino, & Amelio, 2018). Therefore, several groups have
studied hypoxic gene signatures, as these may be useful for cancer prognosis (Buffa, Harris,
West, & Miller, 2010).

Normoxia  0: Hypoxia
PHDs
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Figure 2. Transcription regulation induced by hypoxia. Under normoxia HIFa is targeted for degradation. In
contrast in hypoxic situation HIFa is stabilized and can activate its nuclear target genes. Abbreviations: HIF —
hypoxia-inducible factor, VHL - von Hippel- Lindau tumor suppressor protein, FIH-1 - Factor inhibiting HIF-1a,
HRE - hypoxia response elements, TCA - Tricarboxylic acid cycle, ROS — Reactive oxygen species, L-2HG - |-2-
hydroxyglutarate, Fe2+ - iron, O2 — oxygen, CO:z - carbon dioxide, OH - hydroxide. DMOG — Dimethyloxalylglycine.
Adapted from (P. Lee et al., 2020).
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2. Therapeutic antibodies

Antibodies (Ab), also known as immunoglobulins (lg), are specialized secreted
glycoproteins that aid the immune system in the identification of targets that are potentially
pathogenic. They are composed of 4 polypeptides: 2 identical light chains (L) each bound by
disulfide bonds to 2 identical heavy chains (H). The latter are also bound to each other,
conferring the protein a Y-shape with a total molecular mass of about 150 kDa (Figure 3a)
(Moorthy et al., 2015). Abs present a modular structure, with each chain divided into globular
domains that can be variable (V) or constant (C), according to their sequence diversity. Light
chains are composed of one variable and one constant domain (V-C.), and heavy chains have
one variable followed by three constant domains (Vn-Chl-Ch2-Ch3). The variable regions
together with adjacent constant chains, are grouped into the antigen-binding fragment (Fab)
regions (V-CL and Vu-Cnl form one Fab), while the remaining two constant domains in the
heavy chains are referred to as the fragment crystallizable (Fc) region (Cx2-Cn3 from the 2
heavy chains).

N Light chains
N Heavy chains

Figure 3. Generic antibody structure and domains. A) Graphical representation of the domains of a generic IgG
antibody. Light chains in green with indicated domains (V. - variable light chain, CL — constant light chain), heavy
chains (H) in blue with their respective variable and constant domains (V-Cx1-C12-Cu3). Variable domains are
also highlighted with a red dotted line. Fab and Fc regions are indicated by grey squares. B) Crystal structure of
a mouse IgG2a monoclonal antibody depicted in similar colors to the representation of (A). CRD -
complementarity-determining region is highlighted by black dotted square. PBD: 1IGT (L. J. Harris, Larson, Hasel,
& McPherson, 1997).
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These proteins are specialized in binding with high affinity and avidity to peptides (epitopes)
present in their target proteins (antigens). For specific binding, antibodies use their variable
domains. Specifically, the interaction is mediated by three hypervariable regions, the
complementarity-determining regions (CDRs), which contain the few residues directly
involved in the binding to the epitope (Figure 3b).

The Fc are the effector regions of antibodies, which are composed by heavy chains that can
be of diverse types: a, v, 8, € and p which confers the antibodies their isotype or class: IgA,
IgG, IgD, IgE, IgM, respectively (Moorthy et al., 2015). Different isotypes mediate different
biological properties and bind to Fc receptors (FcR) in immune cells. Abs exert their function
through the Fab-fragments, which can block and agglutinate (neutralize) pathogens, and via
the Fc region, that can enhance phagocytosis (opsonization) and can induce cytotoxic responses

via complement activation among others (Mix, Goertsches, & Zett, 2006).

Ab production is a type of adaptive immunity that occurs in vertebrate B cells. Ab variety
is created during B cell maturation in peripheral lymphatic tissues by isotype class switching
and somatic hypermutation with each B cell producing only one type of antibody (Mix et al.,
2006). Abs have many applications and can be generated to specific desired targets by

immunizing research mammal animals to produce polyclonal antibodies.

In 1975, hybridomas were first described as a powerful tool to produce antibodies. The
method requires plasma Ab-producing cells to be fused to myeloma immortalized cells,
forming hybridoma cells. Each hybridoma clone will produce Abs with the same sequence, this
is monoclonal antibodies (mAb), which can be retrieved and purified. Phage display is another
method for antibody production in vitro. The approach is based on the fusion of peptides to the
phage envelope proteins, which allows phenotypic selection of the phage particle of interest
(Frenzel, Schirrmann, & Hust, 2016).

Abs generated by these technologies are of utility for research purposes, but their properties
made them also interesting from a clinical point of view. For their application as a therapy in
humans, antibodies need to undergo a process to make them less immunogenic (R. M. Lu et
al., 2020). This process creates chimeric antibodies, obtained by combining the variable regions
with human-specific constant regions, and humanized antibodies, completely human
antibodies except for the CDR regions. ‘Humanized’ mice can also be used to generate fully

human antibodies, by replacing the entire 1gG repertoire of the mouse with the human one,
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although these have their own disadvantages, such as the inability to use a toxic immunogen
or a immunogen that has a striking similarity to its mouse ortholog (Sneha et al., 2017). In
1986, the first therapeutic antibody was approved, Orthoclone OKTS3, for the prevention of
kidney transplant rejection (Ecker, Jones, & Levine, 2015; Gordon et al., 1988). In December
2019, there were 79 therapeutic mAbs approved by the Food and Drug Administration (FDA)
and in 2021 the 100th monoclonal antibody product has been granted FDA-approval (R. M. Lu
et al., 2020; Mullard, 2021).

The target molecule of the therapeutic antibody needs to be readily accessible, preferably
located on the cell surface or extracellular compartment; however intracellular proteins can
also be targeted (Redman, Hill, AlDeghaither, & Weiner, 2015; Trenevska, Li, & Banham,
2017). The interaction of the Fab region with the epitope can neutralize the target protein, by
steric and/or allosteric means, which may result in its function being impaired. This is one of
the mechanisms of action of function-blocking or neutralizing Abs. Additionally, the Fc-
mediated interaction with immune effector cells can play additional roles in anti-tumor activity
by the induction of antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC). This is dependent on the Ab isotype, for example, human IgG2
activates only ADCC, human 1gG4 does not activate ADCC nor CDC, and human IgG1 can
activate both (Redman et al., 2015).

One example of a therapeutic antibody in cancer is trastuzumab (Herceptin), a humanized
IgG1 antibody that recognizes HER2 receptor tyrosine-kinase, which is overexpressed in 20-
25% of breast cancers worldwide (Jiani Wang & Xu, 2019). To exert its effect, trastuzumab
induces receptor dimerization, promoting its internalization and endocytic destruction; and it
can also activate ADCC (Redman et al., 2015). A successful therapeutic antibody against a
secreted protein ligand is adalimumab (Humira), which targets tumor necrosis factor (TNF)

and is used for the treatment of rheumatoid arthritis (Frenzel et al., 2016).

However, the clinical use of antibody-based therapies has some disadvantages: they show
limited membrane permeability and poor gastrointestinal stability and therefore they cannot be
delivered orally (Castelli, McGonigle, & Hornby, 2019). Most approved therapeutic antibodies
require intravenous (IV) administration of large doses by slow infusions, increasing costs (L.
Liu, 2018). In contrast, compared to small molecules, antibodies have an exceptionally long

half-life in circulation, estimated to be of 21 days for IgG1 (Sousa et al., 2017).
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3. Nanoparticles

Nanoparticles (NPs) are 10-100 nm particles that can be made of lipids, polymers, and
metals, which have been used in biomedical applications for decades due to their attractive
physical and chemical properties (Farzin, Etesami, Quint, Memic, & Tamayol, 2020). Magnetic
nanoparticles (MNPs) are one class of NPs, the core of which can be formed by pure or mixed
metals (Fe, Co, Ni, and others), their alloys, and oxides (Figure 4). Iron oxide nanoparticles
can be conveniently coated with various compounds, such as polymers (e.g., polyethylene
glycol (PEG), chitosan) and dendrimers, and they can also be encapsulated in silane or gold
shells (Wilczewska, Niemirowicz, Markiewicz, & Car, 2012). This is in order to improve the
properties of the nanomaterials, such as their stability, interaction with biological molecules,

and bioconjugation capabilities.
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Figure 4. Representation of magnetic nanoparticles (MNP). A) Scheme showing the components of
MNPs/SPIONs: core of 5-15 nm radius and shell, with hydrodynamic radius of about 20-150 nm. Indication of
potential functionalization agents (antibodies, peptides, and drugs). B) Electron microscopy images of thin
sections of MDA-MB-231 cells incubated with MNP-antiCD44 SPIONs. The insets show MNPs interacting with
plasmatic membrane (left) or incorporated into vesicles (right). Adapted from (Aires et al., 2016).

MNPs have gained immense attention for their potential for cancer diagnosis and therapy,
i.e., theranostic applications (Mukherjee, Liang, & Veiseh, 2020). In cancer, MNPs can be used
for inducing tumor hyperthermia, controlled drug delivery and release, magnetic resonance
imaging (MRI), and other applications (Farzin et al., 2020). Among MNPs, superparamagnetic
iron oxide nanoparticles (SPIONs) show good biocompatibility, low toxicity and have an easy

single step synthesis (Wilczewska et al., 2012).
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Specific tumor targeting by the MNPs can be achieved by passive or active mechanisms.
The enhanced permeability and retention (EPR) effect is a controversial concept that has been
proposed to allow passive tumor targeting for MNPs. The EPR effect was first described in
1986 (Matsumura & Maeda, 1986) and it is based on the notion that solid tumors have a faulty
vascular architecture, different from that of healthy tissue, that permits enhanced extravasation
of macromolecules into the tumor tissue interstitium. This effect can theoretically be exploited
for MNP delivery because they possess the appropriate size: higher than 50 nm to evade the
liver and renal clearance and less than 200 nm (Farzin et al., 2020). However, the EPR effect
displays a large heterogeneity between patients and cancer types and may not be present in all

types of human tumors (Wolfram et al., 2015).

MNPs are suitable platforms for functionalization and conjugation of cell-specific targeting
ligands, such as antibodies, which may increase tumor selectivity (Trabulo, Aires, Aicher,
Heeschen, & Cortajarena, 2017). Moreover, MNPs allow multi-functionalization of several
bioactive molecules, such as antibodies with different targets or cytotoxic drugs. Also, the
conjugation linker can be engineered based on the desired stability, and some can be cleaved

by lysosomal proteases for intracellular delivery of drugs.

The use of NPs as a delivery system for antibodies helps increase their stability, tumor
selectivity and can lead to reduced dosing in patients (Sousa et al., 2017). In general, antibody
functionalization of SPIONs does not diminish their targeting properties in a significant way
(Dulinska-Litewka et al., 2019). With appropriate functionalization, SPIONs can show
enhanced accumulation in tumor tissues by passive or active targeting mechanisms, while
significantly reducing nonspecific accumulation in the liver and spleen (L. Zhu, Zhou, Mao, &
Yang, 2017).
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4. The human prostate and prostate cancer

The prostate is a male specific gland that surrounds the urethra at the base of the bladder
that produces important components of the seminal fluid (Prostate cancer foundation, 2021, pp.
12-13; Shen & Abate-Shen, 2010). Prostate-specific antigen (PSA) is a kallikrein-related
serine protease that is produced in normal prostate secretions and in a healthy situation, only
small quantities are released into the bloodstream. The prostate displays a lobular structure that
can be classified into four anatomical zones: the central zone, that surrounds the ejaculatory
ducts; the peripheral zone, which is located in the posterior and lateral parts of the gland and is
where most prostate tumors originate (~60%-75%); the transition zone, that partially surrounds
the proximal prostatic urethra; and the anterior fibromuscular stroma, that forms the anterior
external surface and lacks glandular tissues (Dehm & Tindall, 2019, p. 63; G. Wang, Zhao,
Spring, & Depinho, 2018). Androgen hormones (testosterone and dihydrotestosterone, or
DHT) are essential for the prostate function and crucial for the development of secondary genre
characteristics and prostate growth during adolescence.

As of 2020, prostate cancer was the second most diagnosed cancer in the male population
worldwide, with more than 1.4 million new cases. Prostate cancer incidence rates are variable
worldwide, age-standardized rate (ASR) annual incidence are higher in developed countries
accounting for over 60 cases per 100 000 in Europe (Global Cancer Observatory (GCO) IARC,
2021; Rawla, 2019). The mortality rate of prostate cancer is also variable worldwide, with an
average mortality rate of 7 per 100 000 people and accounting for more than 300 000 total
deaths per year. The main risk factor for the development of prostate cancer is age, but other
important risk factors include race, lifestyle, and diet. Multiple genetic studies have
demonstrated a strong genetic component in the etiology of prostate cancer, which is among
the most heritable cancers (G. Wang et al., 2018).

4.1. Diagnosis and grading

Screening nowadays, and since it was approved in 1994 by the FDA, involves PSA
determination in blood (Prostate cancer foundation, 2021, pp. 10-11; Rawla, 2019). An
increased PSA presence in the bloodstream is an indicator of prostate malfunction, that can be
due to prostate cancer or to other non-malignant lesions of the prostate, such as benign prostate
hyperplasia or a urinary tract infection. This, and the fact that prostate tumors are in many cases

slow-growing and confined to the gland at the time a diagnosis, has prompted a debate over
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the risks and benefits of PSA screening in the healthy adult population, with concerns of over-
vigilance and over-treatment (Attard et al., 2016; Rawla, 2019). Most prostate cancers initiate
in the peripheral zone, which is exploited in the diagnosis based on digital rectal exam, a test
that usually accompanies a positive PSA result.

However, for a prostate cancer diagnosis, a histopathological examination of a biopsy is
needed. This enables grading the tumor, an indication of the aggressiveness and prognosis of
the cancer, which in prostate cancer is called the Gleason score (Gleason, 1992). By this
system, a tumor can be graded from <6 (low) to 9-10 (very high), where this number refers to
the sum of the two most frequent histological patterns found in the tumor, e.g., Gleason score
3+4 or 7 (Figure 5).
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Figure 5. The Gleason grading system of prostate cancer. Standardized drawing for grading system of prostatic
adenocarcinoma (histologic patterns) described in (Gleason, 1992), with representative histological images,
adapted from (Harnden, Shelley, Coles, Staffurth, & Mason, 2007) and a brief description of each score.
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Additional to the Gleason score, a prostate tumor can be classified by the TNM (tumor,
lymph nodes, metastasis) stage (Schroder et al., 1992). In 2020, the FDA approved the
Radiolabeled prostate-specific membrane antigen (PSMA) ligand Glu-NH-CO-NH-Lys-
(Ahx)-[68Ga (HBED-CC)], also known as 68Ga-PSMA-11 as a radiotracer for positron
emission tomography (PET) scanning to help in the detection of metastatic lesions (Kurash,
Gill, Khairulin, Harbosh, & Keidar, 2020; Prostate cancer foundation, 2021, pp. 62-63).

4.2. Prostate cancer progression and treatment

The malignant transformation towards prostate cancer is thought to follow a multistep
process, initiating as prostatic intraepithelial neoplasia (PIN). PIN is characterized at the
histological level by the appearance of luminal epithelial hyperplasia and, although PIN is not
considered malignant, is regarded as a precursor of prostate cancer (Shen & Abate-Shen, 2010).
PIN may progress to localized prostate cancer, which in most cases are acinar adenocarcinomas
that express androgen receptor (AR). Although primary tumors that are classified as
neuroendocrine prostate cancer represent less than 2% of prostate cancers, they are considered
highly aggressive (Shen & Abate-Shen, 2010). Prostate cancers can be in a latent state or

progress to be a clinically detectable disease (Figure 6, upper panel).

Upon a prostate cancer diagnosis, active surveillance constitutes the standard of care for
low-grade (Gleason score < 6) localized prostate cancers (Attard et al., 2016; Prostate cancer
foundation, 2021, p. 35). For men with intermediate or high-risk cancer that has not spread,
surgical removal of the prostate and seminal vesicles, referred to as radical prostatectomy, is
usually performed. This may be accompanied by adjuvant radiation therapy and hormone
therapy for cases where lymph nodes are found affected. When the cancer cells invade other

tissues and organs, a metastatic disease is present.

In advanced disease, hormone therapy is the most used, also known as castration therapy,
androgen deprivation therapy or ADT (Prostate cancer foundation, 2021, p 67). Meanwhile
androgens are important for the normal function of the prostate, they usually also drive the
growth of prostate tumors. ADT therapy can consist of orchiectomy (surgical castration) or in
the blockade of testosterone production by pharmacological means using Gonadotropin-
releasing hormone (GnRH) agonists (e.g., leuprolide) and antagonists (e.g., degarelix,
relugolix). These may be used in combination with anti-androgens e.g., bicalutamide,
flutamide, and nilutamide, that block the action of the hormone in recipient cells. For advanced
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prostate cancer second-generation hormone therapy, referred to as androgen-directed therapies,
can be employed, including drugs such as androgen receptor antagonists apalutamide and
enzalutamide; and abiraterone, a potent CYP17A1 inhibitor that blocks androgenic steroid
synthesis (Attard et al., 2016).
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Figure 6. Prostate cancer progression and treatment. Stages of prostate cancer progression are shown, together
with a gland depiction of histological features (upper panel). Molecular processes and genes/pathways
considered to be significant at each stage is provided in the bottom panel. Abbreviations: EMT — Epithelial to
mesenchymal transition, PCa — prostate cancer. Adapted from (Arap, Pasqualini, & Costello, 2020; Shen & Abate-
Shen, 2010).

Although most prostate tumors initially respond well to ADT, treatment-induced selective
pressure promotes the acquisition of resistance with the disease progressing to castration
resistant prostate cancer (CRPC) (G. Wang et al., 2018). However, most cancers remain being
hormone-driven despite castration resistance and second generation androgen-directed
therapies can be used for CRPC treatment (Attard et al., 2016). Among those, darolutamide
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was approved in 2019 for the treatment of non-metastatic CRPC (Fizazi et al., 2019). Non-
hormonal treatment options for metastatic CRPC include the use of taxane and platinum-based
chemotherapies (G. Wang et al., 2018). Pembrolizumab, an anti-PD-1 therapeutic antibody was
FDA-approved in 2017 for multiple solid tumors, including prostate tumors with high tumor
mutational burden and has been proposed to be beneficial for a broaden subset of metastatic
CRPC (Antonarakis et al., 2020; Prostate cancer foundation, 2021, p. 74). In 2020 the FDA
approved the PARP inhibitors olaparib and rucaparib for metastatic CRPC carrying
inactivating mutations in DNA damage repair genes, which may comprise up to 20% of patients
(Prostate cancer foundation, 2021, p. 75; Ratta et al., 2020).

In some cases CRPC can transdifferentiate to a neuroendocrine phenotype (CRPC-NE),
which represents a major clinical challenge for which experimental models are lacking
(Faugeroux et al., 2020). It has been proposed that selective pressure induced by ADT can
induce neuroendocrine differentiation (NED) and that NED is associated with increased
aggressiveness (Beltran et al., 2016; D. Lin et al., 2014). This highlights that CRPC is a
complex and heterogeneous disease in which patients could benefit from stratification for the

use of targeted therapies.

4 .3. Prostate cancer recurrent mutations

The most prevalent and recurrent mutations in prostate cancer have been thoroughly
investigated (Armenia et al., 2018; Shen & Abate-Shen, 2010). Main early events in prostate
cancer progression are thought to involve downregulation of the NKX3.1 homeobox gene and
the upregulation of the MYC oncogene (Figure 6, bottom panel). In addition, there are
chromosomal rearrangements that lead to aberrant expression of several members of the ETS
family of transcription factors (ERG, ETV1, and ETV4), which is acommon event across many
cancer types (Sizemore, Pitarresi, Balakrishnan, & Ostrowski, 2017). Approximately 50% of
localized prostate cancers display the TMPRSS2-ERG fusion which results in the expression
of a truncated ERG protein under the control of the androgen-responsive promoter of
TMPRSS2 (Tomlins et al., 2007, 2008; G. Wang et al., 2018).

Tumor suppressor phosphatase and tensin homolog (PTEN) reduction or loss is another
common event in the progression of prostate cancer (Shen & Abate-Shen, 2010). This leads to
activation of AKT1, also known as protein kinase B (PKB), which promotes mechanistic target
of rapamycin (mMTOR)/AKT signaling. In addition, ERK (p42/44) MAP Kinase signaling is
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also frequently activated in prostate cancer. Together, these events promote tumor progression
and development of CRPC. Upregulation of EZH2, a histone lysine methyltransferase, and
subsequently of its target genes, is associated specifically with metastasis. Other studies have
shown that mutations in genes involved in DNA repair, PI3K signaling, cell cycle and
Wnt/CTNNB1 pathways are specifically found enriched in metastatic samples (Armenia et al.,
2018; Robinson et al., 2015).

The reactivation of developmental signaling pathways is also important in prostate cancer
progression, particularly the reactivation of the Wnt signaling pathway has been associated
with metastatic disease (Pomerantz et al., 2020). This has been suggested to be driven by the
activation of developmental epigenomic programs. In addition, recently it has been reported
that lesions displaying hypoxia show correlation with biochemical relapse and metastasis rate
and are often associated with disease progression factors, such as genomic instability and loss
of PTEN (C. Q. Yao et al., 2019).
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5. Wnt proteins

Whnts are a family of signaling proteins that coordinate complex cellular processes during
embryonal development, such as neural patterning, organogenesis, cell polarity, migration,
self-renewal, and cell survival. Wnt expression, localization, and activity are tightly regulated
and an imbalance in Wnt signaling activity can result in embryonal defects and cancer (Anastas
& Moon, 2013; van Amerongen & Berns, 2006).

Whnt proteins are present in all metazoan species (Loh, van Amerongen, & Nusse, 2016). In
humans, the Wnt family comprises 19 different WNT genes (Willert & Nusse, 2012): 1, 2, 3,
3A, 4, 5A, 5B, 6, 7A, 7B, 8A, 8B, 9A, 9B, 10A, 10B, 11, 16 (MacDonald, Tamai, & He, 2009;
Wiese, Nusse, & van Amerongen, 2018; Willert & Nusse, 2012). The first reported Wnt was
mouse Wnt1 (then designated Int1), which was found to be aberrantly overexpressed as a result
of the insertion of the mouse mammary tumor virus (MMTV) at its locus producing
spontaneous mammary tumors (Nusse & Varmus, 1982). Sequence analysis later showed this
was the ortholog of the Drosophila segment polarity gene Wingless (Wg) (R. P. Sharma &
Chopra, 1976). The term Wnt is an amalgam of Wg and Int-1 (Nusse & Varmus, 2012, 1992).

5.1. Wnt modification and secretion

Whnt proteins carry a signal peptide of approximately 20 hydrophobic amino acids in the
amino-terminal region, which targets them for secretion and is cleaved upon processing.
However, Wnts have shown to be less soluble than sequence alone predicts. This is in part due
to heavy post-translational modifications, which include lipidation and glycosylation (R.
Takada et al., 2006; Willert & Nusse, 2012). These modifications occur in the endoplasmic
reticulum and Golgi and have been shown to be important for the secretion and function of
most Wnts, although their strict requirement for some Wnts is still a matter of debate (e.g.,
Wnt-4) (Rao et al., 2019).

Whnt glycosylation is mediated by the oligosaccharyltransferase complex that modifies
certain asparagine residues, the locations of which vary among Wnts (Coudreuse &
Korswagen, 2007; Hideki Yamamoto et al., 2013). Wnt lipidation consists of the addition of a
palmitoleic acid (PAM) to a conserved serine residue by porcupine, a membrane-tethered O-
acetyltransferase. Later, cargo proteins are responsible for the transport of Whnits to the Golgi

and then to the plasma membrane for their release. Among those, Wntless (WLS), a sorting
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receptor, plays a prominent role. Recently, a cryogenic electron microscopy (cryo-EM)-solved
structure has been reported for the Wnt-3a/WLS complex, showing multiple interfaces for their
interaction, with the lipid moiety on Wnt-3a traversing a hydrophobic tunnel of the WLS
transmembrane domain (Zhong et al., 2021).

Once on the cell surface, Wnts can be retained attached to the cell matrix, solubilized or
incorporated into lipoprotein complexes or extracellular vesicles (S. Takada, Fujimori,
Shinozuka, Takada, & Mii, 2017). Because lipid-modified Wnts are poorly soluble, long-range
spreading by diffusion is unlikely (Janda, Waghray, Levin, Thomas, & Garcia, 2012;
Stanganello & Scholpp, 2016). They may travel on signaling filopodia, also known as
cytonemes, which are membrane protrusions of approximately 1 pm that allow cell-cell transfer
of Wnt proteins (Moti, Yu, Boncompain, Perez, & Virshup, 2019; Stanganello & Scholpp,
2016). Other transport mechanisms have been reported that would enable Wnts to signal long-
distance, e.g., by their lipid moiety being shielded by Glypican, a heparan sulfate proteoglycan
(McGough et al., 2020).

5.2. Wnt structure

Whnt proteins are about 350-400 amino acids in length and share a core of 22 cysteine
residues forming disulfide bridges that maintain their structure (Coudreuse & Korswagen,
2007; Willert & Nusse, 2012). Wnt orthologs are highly conserved. For example, in vertebrate
species, mouse and human Wnt-11 proteins share a 97% sequence identity and those of human
and Xenopus share a 79%. Sequence identity among different Wnt family members is lower
(27-83%) but still allows a similar protein folding. For instance, human Wnt-3 shares a 33%
sequence identity with Xenopus Wnt-8 but has been reported to have a very similar structure
(Hirai, Matoba, Mihara, Arimori, & Takagi, 2019; Janda et al., 2012).

The first Wnt structure was solved in 2012 (Janda et al., 2012). It showed Xenopus Wnt-8
(XWnt-8) in complex with mouse Frizzled-8 cysteine-rich domain (Fz-8-CRD) (Figure 7a). In
this work the Wnt was described to resemble a hand with a “palm” as the core region from
which the “thumb” and “index finger” were extended to interact with the Fz-8-CRD at two
distinct binding sites. One is located in the tip of the “thumb”, where the lipid modification
(PAM) inserts into a deep groove in the Fz-8-CRD. In the second binding site, the Wnt “index
finger” forms hydrophobic patches with a depression on the opposite side of the Fz-8-CRD.
XWnt-8 can be divided into an N-terminal a-helical domain (NTD) comprising residues ~1—

250 (including the thumb) and a C-terminal cysteine-rich region (CTD) formed by residues
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261-338. The structure shows two asparagine-linked glycosylation sites on XWnt-8. A
potential coreceptor binding site was also identified as a solvent-exposed conserved patch

located at the opposing end of XWnt-8/Fz-8 binding region.

Recently, the structure of human Wnt-3 in complex with mouse Fz-8-CRD was solved,
showing an almost identical structure to the one described for XWnt-8 (Hirai et al., 2019)
(Figure 7b, c). A putative low-density lipoprotein receptor-related protein 6 (LRP6) interacting
region was proposed, based on surface plasmon resonance (SPR) studies, to be in the “linker”
region, located close but different to the previously predicted one by Janda et al., 2012 (Figure
7b, ¢). Nonetheless this “linker” region had been proposed before as an LRP6 binding site by

structure-based mutational analysis (Chu et al., 2013).
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Figure 7. Wnt structure. A) X\Wnt-8 structure reported in Janda et al., 2012 with surface representation of X\Wnt-
8/Fz-8-CRD complex structure, location of “palm”, “thumb”, “index finger” and PAM shown in red. B) Crystal
structure of hWnt-3/mFz-8-CRD complex in ribbon representation reported in Hirai et al., 2019 with each
domain color coded as in (C). C) Schematic diagram color-coded of the primary structure of human Wnt-3,
highlighting signal peptide (SP), deleted N-terminal segment (AN), S-S subdomain, N-terminal domain (NTD),
interface motif, linker region and C-terminal domain (CTD). PAM - Palmitoleic acid, CRD — Cysteine-rich domain.
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5.3. Wnt signaling

One of the first milestones in Wnt research was achieved when p-catenin was established as
a mediator of the pathway (Munemitsu, Albert, Souza, Rubinfeld, & Polakis, 1995; Yost et al.,
1996). However, soon enough it was realized that some Wnt transduction pathways take place
independently of B-catenin activation (Moon et al., 1993). This prompted the division of Wnt
signaling into canonical and noncanonical, respectively. This simple separation has been
challenged repeatedly, with the appearance of additional novel Wnt signaling branches and the
discovery of intricate crosstalk (Chien, Conrad, & Moon, 2009), and it has been proposed that
Whnt signaling should be better considered as a network rather than as individual pathways
(Kestler & Kunhl, 2008). In particular, the classification of Wnt ligands as being canonical or
noncanonical has proven to be problematic. For instance, the prototypical canonical Wnt-3a
can activate pB-catenin-independent signaling (Bengoa-Vergniory, Gorrofio-Etxebarria,
Gonzélez-Salazar, & Kypta, 2014; Qiu, Chen, & Kassem, 2011; Siman-Tov et al., 2021) and
vice versa, Wnt-5a has been found to activate B-catenin-dependent signaling (Cha, Tadjuidje,
Tao, Wylie, & Heasman, 2008). In addition, it has long been accepted that Wnt signal
transduction pathways are highly cell-context dependent (Mikels & Nusse, 2006).

Whnt signaling initiates with the engaging of a Wnt ligand with its receptors and coreceptors
at the cell surface. Frizzleds (FZD) are the main class of Wnt receptors and low-density
lipoprotein receptor-related proteins 5 and 6 (LRP5/LRP6) are prominent coreceptors. In the
absence of Wnt signals (Wnt off, Figure 8), the cytoplasmic pool of B-catenin is tightly
controlled by several associated proteins that form the “destruction complex”, which targets -
catenin for proteasomal degradation. These include the scaffolding protein Axin, casein kinase
1 (CK1), glycogen synthase kinase 3 (GSK3) and the adenomatous polyposis coli gene product
(APC) (MacDonald et al., 2009). Kinases in the destruction complex phosphorylate B-catenin
at certain serine/threonine residues, promoting its ubiquitination and subsequent degradation
(Stamos & Weis, 2013). Certain Wnt signals (Wnt on, Figure 8) lead to sequestration of some
of the destruction complex proteins to the plasma membrane (e.g., Axin, GSK3), disrupting the
function of the destruction complex and allowing B-catenin cytoplasmic stabilization and

accumulation, which is followed by its translocation to the nucleus.

In the nucleus, B-catenin associates with transcription factors to induce the expression of so-
called Whnt target genes (Valenta, Hausmann, & Basler, 2012). T-cell factor (TCF)/lymphoid
enhancer-binding factor (LEF) family of transcription factors are the main nuclear partners of
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B-catenin. These, together with cofactors, such as cCAMP response element binding protein
(CREB) binding-protein (CBP)/p300 and B-cell CLL/lymphoma 9 (BCL9) and B Cell
CLL/Lymphoma 9-Like (BCLIL), allow PB-catenin-mediated regulation of gene expression
(Valenta et al., 2012). There is now a great number of known [-catenin target genes, in human
cells these include c-MYC, AXIN2, LEF1, NKD1, DKK1, RNF43 and ZNRF3, among others,
which show differential tissue-specific expression patterns (Doumpas et al., 2019; Nakamura,
De Paiva Alves, Veenstra, & Hoppler, 2016; Nusse Lab, 2021). These genes are often involved
in cell proliferation, cell survival and stem cell maintenance (Valenta et al., 2012). Importantly,
many target genes act as negative feedback regulators of B-catenin signaling, permitting both

a potent and transient signal.
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Figure 8. Wnt/B-catenin signaling. Wnt off state (left): the destruction complex formed by Axin, CK1, GSK3 and
APC targets B-catenin for proteasomal degradation. Wnt on state (right): Wnt mediated signaling disrupts the
function of the destruction complex and allows B-catenin stabilization and nuclearization to promote target gene
expression. Abbreviations: FZD — Frizzled, LRP5 /LRP6 - low-density lipoprotein receptor-related proteins 5 and
6, DVL — Dishevelled, CK1 — casein kinase 1, GSK3 - glycogen synthase kinase 3, APC - adenomatous polyposis
coli gene product, TCF - T-cell factor (TCF)/Lymphoid enhancer-binding factor (Lef), P - phosphate group, Ub —
Ubiquitin.
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Wnt signals that occur without the activation of f-catenin have been termed noncanonical
(Veeman, Axelrod, & Moon, 2003) (Figure 9). These signaling pathways are many and less
well understood than B-catenin-dependent Wnt signaling. The two best established, are the
planar cell polarity (PCP) and the Calcium (Ca?*) pathways. For these, Wnt ligands need to
engage with FZD receptors and/or coreceptors, such as inactive tyrosine-protein kinase
transmembrane receptor 1 and 2 (ROR1/2). This interaction also leads to the intracellular
recruitment of Dishevelled (DVL), which acts as hub for Wnt signaling controlling both
canonical and noncanonical signaling (Boutros & Mlodzik, 1999; Gao & Chen, 2010; M.
Sharma, Castro-Piedras, Simmons, & Pruitt, 2018).
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Figure 9. B-catenin-independent Wnt signaling. Selected noncanonical Wnt pathways from left to right:
Wnt/STOP, ROR, PCP, Ca?* and YAP/TAZ signaling. Wnts initiate signaling binding to receptors and coreceptors
and intracellular signal mediators induce cytoplasm responses, such as protein stabilization and cytoskeleton
remodeling and/or nuclear responses, with transcription factors and cofactors activating specific transcription
programs. Abbreviations grouped by location in the pathway. Receptors/coreceptors: FZD — Frizzled, LRP5/LRP6
- Low-density lipoprotein receptor-related proteins 5 and 6, ROR1/2- inactive tyrosine-protein kinase
transmembrane receptor 1 and 2. Intracellular mediators: DVL — Dishevelled, GSK3 - Glycogen synthase kinase
3, TK = Tyrosine kinase, JNK - Jun-N-terminal kinase, ROCK — Rho-associated protein kinase, PLC - Phospholipase
C, PKC - Protein kinase C, Ca’* - calcium ion. LATS1/2 - Large tumor suppressor kinase 1/2, CaMKIl -
Calcium/Calmodulin-dependent kinase 2. Nuclear factors: Jun — Transcription factor AP-1, NFAT - Nuclear factor
of activated T-cells, YAP - Yes-associated protein 1; TAZ - WW domain containing transcription regulator 1, TEAD
- TEA domain.
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In the PCP pathway, DVL activates the small guanosine triphosphate hydrolase (GTPase)
Rho and Rho-associated kinase (ROCK) to induce actin cytoskeleton remodeling. In parallel,
there may be activation of the GTPase Rac, which activates Jun-N-terminal kinase (JNK),
which in turn phosphorylates and activates members of the activator protein-1 (AP-1) family
of transcription factors. AP-1 is a heterodimer composed of proteins from the Fos, Jun and
activating transcription factor (ATF) families (Murillo-Garzén & Kypta, 2017; van
Amerongen, 2012; Veeman et al., 2003).

In contrast, in the Wnt/Ca?* pathway, DVL transduces signaling to phospholipase C (PLC),
which promotes calcium mobilization and activation of the calcium-sensitive protein kinase C
(PKC) and Calcium/Calmodulin-dependent kinase 2 (CaMKII). Subsequently, the nuclear
factor of activated T-cells (NFAT) family transcription factors can be activated to promote

processes such as growth, survival, invasion and angiogenesis (van Amerongen, 2012).

Nonetheless, there are additional noncanonical Wnt pathways, like those mediated by other
protein tyrosine kinases. Fyn, a non-receptor tyrosine-protein kinase, has been shown to
directly associate with Wnt-5a/b and FZD2 complex to induce signal transducer and activator
of transcription 3 (STAT3)-mediated epithelial to mesenchymal transition (EMT). This
pathway is known as the Fyn/STAT pathway and has been shown to be important in the
progression of some malignancies (Gujral etal., 2014). RYK and ROR family receptor tyrosine
kinases can function as stand-alone Wnt receptors, or as coreceptors in combination with FZDs
to promote noncanonical Wnt signaling activating actin remodeling and AP-1 transcription
factors (Green, Nusse, & van Amerongen, 2014). It is widely appreciated that Wnt-5a can be a
ligand for ROR2, and this interaction has been shown to activate JNK and AP-1-mediated
signaling (Nishita et al., 2010). Many of these noncanonical pathways have the ability to inhibit
B-catenin-mediated signaling through different mechanisms, such as via receptor competition
(Maye, Zheng, Li, & Wu, 2004; van Amerongen, 2012).

The crosstalk between Wnt and other pathways has been extensively studied, especially with
the Hippo pathway (Azzolin et al., 2014; N. Li, Lu, & Xie, 2019; H. Liu et al., 2018). Inhibition
of the Hippo tumor-suppressor pathway leads to the activation and nuclear entry of yes-
associated protein 1 (YAP1) and its close paralog WW domain containing transcription
regulator 1 (TAZ) to bind TEA domain (TEAD) family transcription factors, promoting
tumorigenesis. It has been reported that the Hippo pathway antagonizes Wnt/B-catenin
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signaling by interfering with the destruction complex (Azzolin et al., 2014). But not only that,
a direct Wnt stimulus activating FZD/ROR receptors can induce Rho-mediated inhibition of
large tumor suppressor kinase 1/2 (LATS1/2) which in turn induces YAP/TAZ/TEAD-
mediated transcription (Hyun Woo et al., 2015). This occurs in a 3-catenin independent manner
and has been reported to promote cell migration and to antagonize Wnt/B-catenin signaling.
Recently, LRP6 was reported to bind Merlin, a tumor suppressor that mediates signaling
through the Hippo pathway, with LRP6 acting as a nutrient sensor to regulate Hippo signaling
(Jeong et al., 2020).

In the Wnt/STOP pathway, LRP6-mediated Wnt signaling can initiate [-catenin-
independent responses that promote protein stabilization, in a Cyclin-Y-dependent fashion,
thereby inducing growth and promotion of cell cycle progression (Acebron & Niehrs, 2016).
Recently, Wnt-10b-GSK3p—-dependent Wnt/STOP has been shown to play an important role
during mitosis, ensuring karyotype stability in human somatic cells (Y. C. Lin et al., 2021).

5.3.1. Wntsignaling regulators: antagonists and agonists

Given their potency as signaling molecules, the availability of active Wnts in the
extracellular region is tightly controlled by activator and inhibitor proteins that associate with
Whnts, Wnt receptors, coreceptors or other regulators of Wnt signaling. Wnt-binding regulators
include secreted frizzled-related proteins (SFRP), WIF-1 and Cerberus (Malinauskas & Jones,
2014; Murillo-Garzén & Kypta, 2017).

Dickkopf-related proteins (DKK) and sclerostin (SOST) can associate with the LRP family
coreceptors, antagonizing Wnt binding and signaling (Holdsworth et al., 2012; Kawano &
Kypta, 2003; Malinauskas & Jones, 2014). Adenomatosis polyposis down-regulated 1
(APCDD1), a membrane-bound glycoprotein, can inhibit Wnt signaling by binding both Wnt
and LRP5; it is found mutated in hereditary hypotrichosis simplex, a condition characterized
by hair follicle miniaturization (Shimomura et al., 2010).

The availability of FZD receptors and coreceptors is regulated by endocytosis and by
ubiquitination-mediated targeting for degradation, through the E3 ubiquitin ligases ZNRF3 and
RNF43 (Hao et al., 2012; Koo et al., 2012). R-spondins (RSPO1-RSPO4), can bind ZNRF3
and RNF43 and leucine-rich repeat-containing G protein-coupled receptors (LGR4-LGR®6) to
enhance Wnt signaling by inducing membrane clearance of ZNRF3 and RNF43, enabling FZD
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receptor stabilization, albeit the precise molecular mechanisms involved are still under

investigation (Tsukiyama, Koo, & Hatakeyama, 2021).

Norrin (Norrie Disease Protein), can activate the Wnt/p-catenin pathway by binding to
FZD4 (Chang et al., 2015). Although Norrin does not bear any sequence similarity to Wnt
proteins, it does show structural similarity, mimicking Wnt for site 2 binding surfaces on FZD

(see Wt structure, page 38).

5.3.2. Luciferase-based Wnt gene reporters

Whnt signaling gene reporters have been of paramount importance in the development of the
Whnt field. The TOP-Flash luciferase gene reporter assay has provided a robust and reliable
way to measure activation of TCF/LEF-dependent transcription induced by [-catenin
activation for many years. Its use is usually accompanied by a control reporter, FOP-Flash, that
has mutations in the TCF/LEF binding sites (Korinek et al., 1997; Molenaar et al., 1996). There
are several versions of this reporter, with different numbers of TCF/LEF binding sites.
Analogous reporters of noncanonical Wnt signaling have been more difficult to obtain (van
Amerongen, 2012).

Noncanonical Wnt signaling generally involves cytoskeletal and morphological changes
that then lead to transcriptional responses involving molecular mediators that are not exclusive
to Wnt signaling (e.g., small Rho GTPases, INK/AP-1, NFAT). However, luciferase reporters
for AP-1 and NFAT exist and are at least partially inducible by Wnt, FZDs and/or DVL (van
Amerongen, 2012). Additionally, there is a luciferase reporter containing ATF2 response
elements that, in Xenopus embryos, has been shown to provide a measure of noncanonical Wnt
signaling in response to both gain and loss-of-function Wnt signaling components, including
Wnt, FZD, ROR2, DVL, Racl, and JNK (Ohkawara & Niehrs, 2011). Its use in Xenopus
embryos has been further confirmed (Vitorino et al., 2015) and it was shown to be useful in
monitoring Wnt-11 and Wnt-5a noncanonical signaling in chicks, which occurs in a DVL-
dependent manner (Geetha-Loganathan, Nimmagadda, Fu, & Richman, 2014). However, it has
been a matter of debate whether this reporter can be used reliably for monitoring noncanonical
Whnt responses in mammalian cells. Nonetheless, this reporter has been used in human HEK
293 cells, where XWnt-5a activates it only in a short-range, autocrine manner, and this was
further shown to be dependent on receptor complex internalization (Veronika et al., 2014).
Also in HEK 293 cells, this ATF2-luc reporter has aided in the identification of noncanonical
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Whnt receptors in Wnt-3a-induced neural differentiation (Bengoa-Vergniory et al., 2017). It has
also been reported to be useful in measuring Wnt-11-mediated activation in colorectal and
prostate cancer cells (Gorrofio-Etxebarria et al., 2019; Murillo-Garzén et al., 2018). Moreover,
similar ATF2-based constructs have been used to monitor other noncanonical Wnt signals
(Boitard et al., 2015; C. Chen et al., 2018). In addition, as noncanonical Wnt activation often
results in inhibition of Wnt/B-catenin signaling, inhibition of the TOP-Flash reporter has been

useful as a readout for noncanonical Wnt signaling activity (van Amerongen, 2012).

5.4. Wnt receptors, coreceptors and DVL

Whnt receptors and coreceptors are key proteins that mediate the initiation of Wnt signaling.
These are thought to consist of heterodimeric complexes, where Wnt can simultaneously bind
both receptors and coreceptors, a well-studied case is the Wnt/FZD/LRP5/6 complex (Nusse
& Clevers, 2017). The ability of DVL and Axin to multimerize and bind Wnt receptors and
coreceptors makes them ideal to support the formation of these complexes. The availability of
the receptors and coreceptors at the cell surface is tightly controlled by internalization,
degradation and turn-over, and these events are important for controlling Wnt signal

transduction. The domain organizations of FZD, LRP and DVL are depicted in Figure 10.

Figure 10. Domain organization of FZD, LRP and DVL. A) FZD (Frizzled) domains: CRD — Cysteine rich domain,
linker, 7TM — 7-pass transmembrane, intracellular 8" domain. B) LRP (Lipoprotein receptor-related proteins)
domains: EGF - Epidermal growth factor, LDLR-A - Low-density lipoprotein receptor class A, PPPSPxS - P, proline;
S, serine or threonine, x, a variable residue. C) DVL DIX, PDZ and DEP domains. Adapted from (MacDonald & He,
2012). C-ter — C-terminal, N-ter — N-terminal.
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5.4.1. FZD receptors

FZDs are a family of 7-pass transmembrane (7TM) receptors of 500-700 amino acids in
length. The family consists of 10 members in mammals. They are related to G-protein coupled
receptors but are considered an independent family (Schulte & Bryja, 2007). Most members
are codified in a single exon. Their N-terminal region contains a cysteine-rich domain (CRD)
that is extracellular and highly conserved, a linker of variable size to the 7TM connected
through several intracellular and extracellular loops and it has an additional intracellular
domain that contains conserved KTxxxW (lysine-threonine-x-x-x-tryptophan, x - variable
residues) motifs that are crucial for DVL interaction (Figure 10a). Structural studies have
shown that Wnt binds to two distinct sites of the FZD-CRD (see Wnt structure, page 38).

5.4.2. LRP5/6 coreceptors

Mammalian low-density lipoprotein (LDL)-receptor-related proteins 5 and 6 (LRP5/6)
are single-pass transmembrane receptors that were discovered as orthologs of the Drosophila
Arrow. They were early recognized as key mediators of Wnt signaling acting as Wnt receptors
(Pinson, Brennan, Monkley, Avery, & Skarnes, 2000; Tamai et al., 2000; Wehrli et al., 2000).

They are part of the LDLR family, which also includes the LDL receptor, LRP (or LRP1),
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megalin (LRP2), VLDL receptor, apoER2 (LRP8), SorLA/LR11, LRP1b, LRP3 and MEGF7
(LRP4) (Q. Ren, Chen, & Liu, 2021). LRP5 and LRP6 are unique with respect to the number
and arrangement of LDLR repeats and share 71% sequence identity (Joiner, Ke, Zhong, Xu, &
Williams, 2013). They have an extracellular domain containing four tandem -
propeller/epidermal growth factor (EGF) repeats followed by three LDLR type A repeats
(MacDonald & He, 2012; Figure 10b). The C-terminal intracellular tail has 5 PPPSPxS (P,
proline; S, serine or threonine, X, a variable residue) motifs that can be phosphorylated at the
serine/threonine residues creating a binding site for Axin and leading to the recruitment of DVL
and the Axin/GSK3 complex to the plasma membrane (Joiner et al., 2013; Niehrs, 2012).

Although there is multiple evidence of Wnt binding to LRPs, there are no reported
structures for the Wnt/LRP complex. Nevertheless, the Wnt/FZD structures show an extensive
surface between the two separate FZD binding domains on Wnt (see Wnt structure, page 38),
which would easily accommodate coreceptor binding (Nusse & Clevers, 2017). Some studies
have proposed there are two distinct binding sites for Wnts in LRP6, each located in its B-
propellers 1-2 (E1-E2) and B-propellers 3-4 (E3-E4) (Bourhis et al., 2010; Gong et al., 2010;
J. S. Leeetal., 2012).

5.4.3. ROR/RYK coreceptors and others

Receptor tyrosine-protein kinases of the RYK and ROR families are single-pass
transmembrane receptors that were first classified as orphan receptors but are now known to
interact and transduce Wnt signals (Green et al., 2014). The ROR family comprises ROR1 and
ROR2, which are evolutionarily conserved across most species. The extracellular portion of
the receptors contains a CRD domain that bears close homology with that of the FZDs. In the
intracellular region they have tyrosine-kinase-like domains that are most likely pseudokinases
with very low or no catalytic activity (Murillo-Garzén & Kypta, 2017). They can function as
stand-alone Wnt receptors, or as coreceptors in combination with FZDs (Green et al., 2014)
and they likely signal through DVL-dependent mechanisms (Nishita et al., 2010;
Voloshanenko et al., 2018).

Tyrosine-protein kinase RYK receptors are also likely catalytically inactive and believed to
mainly work in complex with FZDs. RYK contains an extracellular domain resembling the
Whnt inhibitory factor (WIF) protein, which differs from the classic CRD domain of FZDs and
RORs (Green et al., 2014; Murillo-Garzon & Kypta, 2017).
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There are other tyrosine kinase-like proteins that can interact and transduce Wnt signals,
such as protein-tyrosine kinase 7 (PTK7) and the ROR-related muscle, skeletal receptor
tyrosine-protein kinase (MuSK). MuSK is, among the protein tyrosine kinase here described,
the only one thought to be catalytically active (Niehrs, 2012).

Recently, the GPl-anchored glycoprotein RECK (reversion-inducing-cysteine-rich protein
with kazal motifs) was reported to be a receptor for Wnt-7a/b, which, in complex with GPR124
(also known as ADGRA2 (adhesion G protein-coupled receptor A2)) recruits DVL to form
Whnt-specific signalosomes for signal transduction (Eubelen et al., 2018).

5.4.4. Dishevelled (DVL)

Dishevelled (DVL/DSH) relays Wnt signals from receptors to downstream effectors in [3-
catenin-dependent and -independent pathways, acting as a hub for Wnt signaling (Boutros &
Mlodzik, 1999; Gao & Chen, 2010). DVL is a scaffold protein that can polymerize and bind to
a multitude of partners. Its activity is modulated dynamically by phosphorylation,

ubiquitination, and degradation.

DVL was originally identified in Drosophila and there are three DVL paralog genes in
humans and mice (DVL1, 2 and 3) that display high sequence identity (Sussman et al., 1994).
DVL isoforms show overlapping expression patterns and display functional redundancy, which

is apparent by phenotypic rescue experiments in knock-out mice (Gao & Chen, 2010).

DVL proteins consist of about 750 amino acids and possess three conserved domains of
about 80-90 amino acids each (Figure 10c). DVL has an N-terminal DIX domain that is also
found in Axin and mediates polymerization with similar domains in a weak and reversible
manner (Gammons, Renko, Johnson, Rutherford, & Bienz, 2016). A central PDZ (postsynaptic
density 95, discs large, zonula occludens-1) domain, which allows DVL interaction with
several proteins, including FZDs and DVL-associated kinases. Finally, it has a C-terminal DEP
(DVL, Egl-10, Pleckstrin) domain, which participates in the interaction with membrane lipids
and is also implicated in the interaction with FZDs (Micka & Bryja, 2021). The DEP domain
has been reported to undergo a conformational switch to trigger DIX-dependent
polymerization, which is key for signalosome assembly (Gammons et al., 2016). DVL proteins

have additionally a basic region with scattered serine/threonine-rich stretches between the DIX
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and PDZ domains, and a proline-rich region and both help mediate protein-protein interactions
(M. Sharma et al., 2018; Wallingford & Habas, 2005).

Several kinases have been reported to phosphorylate DVL, including casein kinase 1 6/ and
casein kinase 2, which are the ones responsible for the phosphorylated DVL electrophoretic
mobility shift observed on SDS polyacrylamide gels. In addition, other kinases have been
reported to phosphorylate DVL such as protein kinase C (PKC) (Velazquez, Castarieda-Patlan,
& Robles-Flores, 2017). DVL phosphorylation dictates its activation, and it can also increase
its stability. In fact, the DVL pool is regulated by proteasomal degradation and has been
reported to be the target of multiple ubiquitin ligases (Gao & Chen, 2010). It has been recently
proposed that DVL phosphorylation might also control a conformational change, where the
PDZ domain binds to the DVL C-terminus resulting in a closed, less active conformation and
that phosphorylation promotes the open, more active, conformation (H. J. Lee, Shi, & Zheng,
2015; Micka & Bryja, 2021).

Furthermore, DVL has been shown to shuttle between the cytoplasm and the nucleus. It
bears both a nuclear export sequence (NES) and an atypical nuclear localization sequence
(NLS) (Gao & Chen, 2010). Disruption of these peptide signals impacts certain Wnt/B-catenin
signals and it has further been proposed that DVL nuclear interactions with Jun, p-catenin,
TCF4 and forkhead box (FOX) transcription factors FOXK1 and FOXK?2 are also important
for the promotion of Wnt/B-catenin signaling (Gan et al., 2008; W. Wang et al., 2015).

5.5. Wnt in development and tissue homeostasis

Whnt proteins play a prominent role both in development and adult tissue homeostasis
(Steinhart & Angers, 2018). In the development of multicellular organisms, Wnts control stem
cell self-renewal, cell fate decisions and coordinate cell migration and tissue organization. For
instance, Wnt/B-catenin activation, in combination with BMP signaling, is key for defining the

dorsoventral and anteroposterior body axes in multiple animal species (Niehrs, 2010).

After development, Wnts remain important for adult homeostasis in certain tissues by
governing the maintenance of stem cell niches, and controlling their capacity for proliferation
and self-renewal (Clevers, Loh, & Nusse, 2014). In adult intestinal epithelium turnover, a Wnt
signaling gradient emanating from the base of the crypts tightly controls cell proliferation and
stem cell renewal. Wnt proteins also play a prominent role in bone, governing osteoblast

differentiation and function (Day, Guo, Garrett-Beal, & Yang, 2005). In skin, Wnts regulate
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hair follicle stem cells (HFSCs) which impacts the hair follicle cycle (Veltri, Lang, & Lien,
2018). Wnt/B-catenin signaling activation has been shown to be important for maintaining the
naive pluripotent state in embryonic stem cells (ESC) by controlling the transition between
naive and primed ESC states (Steinhart & Angers, 2018).

Although the activation of Wnt/B-catenin pathway is the preferred mechanism of Wnt-
mediated control of stem cell responses, in vitro studies have shown that noncanonical Wnt
pathways can also activate stemness properties. For example, both canonical and noncanonical
Whnt signaling have been reported to independently promote stem cell proliferation in
mammosphere cultures, with Wnt-5a/JNK  activation increasing mammosphere formation
(Many & Brown, 2014). Wnt-11 has also been shown to promote sphere formation in
melanoma cells in a ROCK-dependent manner (Rodriguez-Hernandez et al., 2020) and to
stimulate contact-independent growth of IEC6 cells by a B-catenin-independent mechanism
(Ouko, Ziegler, Gu, Eisenberg, & Vincent, 2004).

5.6. Wnt in cancer and prostate cancer

Whnt signaling has been associated with cancer ever since the discovery of Wnt-1
upregulation leading to mammary tumors in mice (Nusse & Varmus, 1982). Since then, Wnt
signaling has been linked to multiple types of tumors in cancer-type-specific and cancer-stage-
specific manners. In particular, aberrant hyperactivation of Wnt signaling can promote tumor
initiation, growth, metastasis and drug resistance in certain malignancies (Anastas & Moon,
2013).

The best characterized example of Wnt signaling activation in cancer is loss of APC function
in colorectal cancer. This leads to the inappropriate stabilization of $-catenin and the formation
of constitutive complexes with TCF4 (Morin et al., 1997). Other Wnt pathway-related
mutations include loss-of-function mutations in Axin in hepatocellular carcinomas, CTNNB1
(gene encoding [-catenin) mutations in a wide variety of solid tumors and inactivating
mutations in the TCF family member LEF-1 in some skin tumors (Clevers & Nusse, 2012).
RNF43 and ZNRF3 Wnt pathway tumor suppressors are found with loss-of-function mutations

in multiple cancers, as well as gene fusions involving RSPO2/3 (Nusse & Clevers, 2017).

Although activating pathway mutations are relatively infrequent in prostate cancer, Wnt

pathway activation has been reported as a key driver of malignant prostate cancer progression
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(Murillo-Garzéon & Kypta, 2017). Nevertheless, genomic alterations in the Wnt/B-catenin
pathway, mainly loss-of-function mutations in APC and missense mutations in CTNNB1, were
found in 10% of prostate tumors in a recent study of 680 primary and 333 metastatic tumors
(Armenia et al., 2018). In this study, mutations in genes involved in Wnt/p-catenin signaling
were found to be particularly enriched in metastatic tumors. In addition, Wnt signaling
mutations appear more frequently in CRPC tumors, with studies reporting APC and CTNNB1
mutations in 18% of samples and RNF43 and ZNRF3 mutations in 6% (Robinson et al., 2015).
Furthermore, Wnt signaling activating mutations have been recently associated with increased
resistance of CRPC to abiraterone acetate/prednisone and abiraterone and enzalutamide
(Isaacson Velho, Wei, Hao, & S. Antonarakis, 2020; L. Wang et al., 2018). In this context, Wnt
pathway activation can induce the expression of stem-like genes and Wnt inhibition has been
proposed to be beneficial for overcoming enzalutamide resistance (Z. Zhang et al., 2018).

However, Wnt pathway involvement in prostate cancer is thought to be maintained mainly
via tissue-specific pathway activators. Thus, alterations in the expression of genes encoding
Whnt-5a, Wnt-7b, Wnt-11, sFRP and DKK have been reported (Murillo-Garzon & Kypta,
2017). The expression of several Wnt ligands is upregulated after ADT (Rajan et al., 2014),
and the oncogenic TMPRSS2—-ERG fusion can drive the expression of some Wnts and FZDs
(Gupta et al., 2010; Wu et al., 2013). Other important factors such as FOXB2 have shown to
induce the expression of the gene WNT7B, which is linked to the promotion of the malignant

transformation in prostate cancer (Moparthi, Pizzolato, & Koch, 2019).

In fact, the implication of noncanonical Wnt signaling in prostate cancer progression has
recently drawn particular attention, with some of its components being proposed as potential
prognostic biomarkers (Fisher, Pleskow, Bedingfield, & Miyamoto, 2020; Murillo-Garzén &
Kypta, 2017). A noncanonical Wnt gene signature, termed NCWP-EMT, related with the role
of Wnt-5/FZD2 in EMT, has been associated with prostate cancer aggressiveness (Sandsmark
et al., 2017). Although, Wnt-5a role in prostate cancer remains ambiguous, it has been shown
to promote aggressiveness in some models (H. Yamamoto et al., 2010), whilst other studies
point to Wnt-5a/ROR2/SIAH2 signaling axis as a mechanism for maintaining prostate cancer
cells dormancy in bone (D. Ren et al., 2018). The role of Wnt-11 in cancer and, particularly, in

prostate cancer, is introduced in an independent chapter (see pages 60 and 62).
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5.7. Wnt-based therapeutics

Because aberrant Wnt pathway activation is often observed to promote pathogenetic
processes, Wnt-based therapies are usually aimed at inhibiting Wnt signaling. These therapies
can be subdivided based on the location of their targets within the Wnt signaling pathway. The

main agents described here are summarized in Figure 11.

5.7.1. Inhibition of Wnt secretion

Inhibitors of porcupine-mediated palmitoylation of Wnts are likely the most studied class
of Wnt-based therapeutics, and their effect is to inhibit secretion and activity of all Wnts. This
category includes IWPs (inhibitors of Wnt production), Wnt-C59, ETC-159 and WNT974, also
known as LGK974 (Ho & Keller, 2015). The latter molecule’s Phase 1 clinical trial has been
active since 2011 for the treatment of selected solid tumors. So far, single-agent WNT974
treatment has been generally well-tolerated, with main adverse events being dysgeusia and
bone-related disorders (Rodon et al., 2021). The study is ongoing for a combination arm with
anti-PD-1 antibodies and is set to be completed by 2023. Other porcupine inhibitors that have
reached clinical development for treatment of solid tumors include XNW7201, RXC004 and
CGX1321. Recently, CGX1321 was proposed to also attenuate cardiac hypertrophy (Jiang et
al., 2018).

5.7.2. B-catenin interaction, stability, and activity modulators

The regulation of the interaction of -catenin with its partners is the mechanism of action of
several therapeutic agents (Krishnamurthy & Kurzrock, 2018). For example, PRI-724 inhibits
the interaction between B-catenin and its transcriptional coactivator CBP and is in clinical trials
for the treatment of solid tumors. ICG-001 is a similar inhibitor that has not reached clinical

development.

There are also strategies that aim to modulate B-catenin stability. CWP23229 is a
peptidomimetic that induces tumor-selective apoptosis by promoting -catenin degradation and
is currently being tested for treatment in hematological cancers (Kuek, Hughes, Kotecha, &
Cheung, 2021). Recently, this inhibitor was shown to block the growth of castration-resistant
prostate cancer by activating the endoplasmic reticulum stress pathway (Pak et al., 2019).
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Tankyrase (TNKS1/2) inhibitors limit Axin proteasomal degradation, stabilizing the
destruction complex and promoting [3-catenin degradation. Tankyrase inhibitors include IWR-
1, which was discovered in the same screen that identified IWPs (B. Chen et al., 2009;
Haikarainen, Krauss, & Lehtio, 2014), and E7449 (also known as 2X-121). The latter has
shown promising results in a Phase 1 trial for solid malignancies (Plummer et al., 2020).
However, it should be noted that E7449 can also act as an inhibitor of PARP1 and PARP2
(Plummer et al., 2020) and other TNKS1/2-specific inhibitors (i.e., GO07-LK) block additional
signaling pathways, such as YAP and PI3BK/AKT (Mygland et al., 2021).

SMO04755 and SM04690 are small-molecules that were identified as Wnt inhibitors through
high-throughput screening and are being developed as a treatment for tendinopathy and
osteoarthritis respectively (Deshmukh et al., 2020; Yazici et al., 2017). Both appear to have
CLKSs (CDC-like kinases) and DYRK1A (dual-specificity tyrosine phosphorylation-regulated
kinase 1A) as their main targets, kinases that are proposed to regulate canonical Wnt signaling

downstream of B-catenin by controlling alternative splicing of Wnt target genes.

5.7.3. Targeting Wnt pathway regulators

Ipafricept (OMP-54F28) is a recombinant fusion protein with the extracellular part of human
FZD8 fused to a human IgG1 Fc fragment that binds Wnt ligands and acts as a decoy receptor
(Jimeno et al., 2017). In patient-derived ovarian cancer xenografts, this compound was shown
to reduce the frequency of stem cells, inhibit tumor formation and promote cell differentiation,
and it also displays synergy with taxane-based therapies (Krishnamurthy & Kurzrock, 2018).

OMP131R10 is an anti-RSPO3 antibody that has been tested in a Phase 1 trial for advanced
tumors, displaying an overall manageable profile. It is also proposed to be beneficial for the

treatment of fibrosis in multiple organs (M. Zhang et al., 2020).

MCLA-158 is a bispecific antibody targeting EGFR and LGR5. The latter molecule is a
receptor associated with Whnt signaling in the intestine. MCLA-158 is in Phase 1 clinical trials

for treatment of metastatic colorectal cancer (Argiles et al., 2021).

An adenovirus expressing DKK3 (also known as REIC), which can indirectly inhibit Wnt
signaling, entered Phase 1/2 clinical trials in patients with localized prostate cancer that have

reported some promising results (Kumon et al., 2016).
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Although DKK1 is an inhibitor of Wnt/B-catenin signaling, it is upregulated in some cancers
and its inhibition has been postulated to have an immuno-modulatory effect (Wall, Klempner,
& Arend, 2020). DKN-01 is a humanized monoclonal antibody targeting DKK1 that is being
tested for treatment of several malignancies, such as advanced liver cancer and gastric cancer.
It has been described to have a safe profile in combination with gemcitabine and cisplatin,
however it has failed to show improved efficacy (Goyal et al., 2020). Currently there is a Phase
1b/2a study of DKN-01 for the treatment of advanced prostate cancer with elevated DKK1
(Wise et al., 2020).

5.7.4. Wnt/receptor interaction modulators

Targeting the Wnt/receptor complex formation can lead to higher specificity for modulating

Whnt signaling. This class consists mainly, but not only, of therapeutic antibodies.

Vantictumab (OMP-18R5) is a monoclonal antibody that targets FZD1, 2, 5, 7 and 8. Phase
1 clinical trials in metastatic breast cancer showed good tolerability with promising efficacy in
combination with paclitaxel; however, there has also been a high incidence of fractures that
has hindered future clinical development (Diamond et al., 2020).

Cirmtuzumab (UC-961) is a humanized monoclonal antibody that binds the extracellular
domain of ROR1 (M. Y. Choi et al., 2016). It has been tested in clinical trials for blood
malignancies, such as chronic lymphocytic leukemia (CLL). Phase 1b clinical trials in
combination with paclitaxel are ongoing in patients with HER2 negative metastatic/advanced
breast cancer (S. Zhang et al., 2019).

OTSA101-DTPA-90Y is aradiolabeled (Yttrium 90) monoclonal antibody targeting FZD10
that is currently being evaluated in Phase 1 for the treatment of relapsed or refractory synovial

sarcoma (Giraudet et al., 2018).

Bl 905677 is a bi-paratopic antibody that binds to two distinct epitopes of LRP5 or LRP6
and potently blocks Wnt signaling, displaying anti-tumor activity in Wnt-driven cancer models,
such as those with RNF43 mutations or RSPO fusions. A Phase | clinical trial is underway in

patients with advanced solid tumors (Zinzalla et al., 2019).

Foxy-5 is a formylated hexapeptide that functions as a Wnt-5a peptidomimetic that activates
its signaling and has been shown to inhibit breast cancer metastasis (S&fholm et al., 2008). It
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has been proposed to be beneficial for the treatment of prostate cancer with low Wnt-5a and in
a completed Phase 1 clinical trial has demonstrated to have a safe profile (Canesin et al., 2017).
Another clinical trial is ongoing with Foxy-5 as neo-adjuvant therapy in subjects with Wnt-5a

low colon cancer.

In the opposite manner, there are both polyclonal and monoclonal anti-Wnt-5a antibodies
with neutralizing properties that inhibit metastasis of gastric cancer cells in vivo. The
mechanism of action was described to be the inhibition of receptor-mediated endocytosis of
the Wnt-5a receptor, ROR2, without impairing Wnt-5a/ROR2 binding (Hanaki et al., 2012;
Shojima et al., 2015).

There is also an anti-Wnt-1 antibody that has been reported to induce apoptosis in Wnt-1
expressing non-small cell lung cancer, breast cancer, mesothelioma, and sarcoma cells (B. He
et al., 2004; Mikami et al., 2005). However, no Wnt-targeted antibody has yet reached clinical

development.
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Figure 11. Summary of selected Wnt-based therapeutic agents. Porcupine inhibitors target Wnt secretion,
agents highlighted: LGK974, XNW7201, RXC004 and CGX1321. Drugs that target Wnt pathway regulators and
Whnt/receptor modulators can be found in the extracellular region and the following are highlighted: DKN-01
targeting DKK1, DKK3 adenovirus, OMP-54F28 decoy receptor, Vantictumab and OTSA101 for FZDs,
Cirmtuzumab targeting ROR1/2 and OMP-131R10 anti-RSPO antibody. B-catenin interaction, stability, and
activity modulators are located in the intracellular region, acting downstream of Wnt receptors, and are: IWR
and E7449 tankyrase inhibitors, CWP23229 inductor of B-catenin degradation, PRI-724 and ICG-001 modulators
of B-catenin binding partners and SM04755 and SM04690 regulators of alternative splicing of Wnt target genes.
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6. Wnt-11

Whnt-11 is one of the members of the human Wnt family. Molecular cloning and
characterization of human WNT11 was carried out independently in 1998 and 2001, and its
expression was already associated with certain malignancies (Kirikoshi, Sekihara, & Katoh,
2001; Lako et al., 1998). The human WNT11 gene is located at chromosome 11g13.5,
comprising 5 coding exons and with a transcript length of 1 900 bp. This is translated to a
protein of 354 residues, with a predicted 24 amino acid signal peptide and the 22 core cysteine
residues found in all Wnt family members (Uysal-Onganer & Kypta, 2012).

Whnt-11 has been extensively associated with the noncanonical PCP and Ca?* pathways
(Ouko et al., 2004; Railo, Nagy, Kilpeldinen, & Vainio, 2008; Uysal-Onganer & Kypta, 2012).
Nevertheless, one of the two Wnt-11 proteins present in Xenopus, which is not the human
ortholog, but bears high sequence similarity (Hardy et al., 2008), has been identified as the
ligand mediating the activation of LRP6/B-catenin-dependent signaling in dorsal axis induction
in embryos (Kofron et al., 2007; Steinhart & Angers, 2018; Tao et al., 2005). However, in other
contexts Wnt-11 functions as a repressor of Wnt/B-catenin signaling, which has been proposed
to happen through multiple mechanisms, including via competition with other Wnts for
receptor binding (Maye et al., 2004; Railo et al., 2008; Toyama, Lee, Koga, Wands, & Kim,
2010; Uysal-Onganer & Kypta, 2012). In addition, Wnt-11 has also been reported to inhibit
JNK/AP-1 and NF-kB pathways in Chinese hamster ovary (CHO-K1) cells (Railo et al., 2008).

These examples illustrate the cell-context dependency and intricacy of Wnt-11 signaling.

6.1. Wnt-11 in development and adult homeostasis

In zebrafish embryos, Wnt-11 regulates gastrulation by mediating convergence and
extension movements through the PCP pathway (Heisenberg, Tada, & Wilson, 2000). It plays
an important role in cell cohesion and cell-cell contact persistence in a DVL-dependent manner
(Ulrich et al., 2005; Witzel, Zimyanin, Carreira-Barbosa, Tada, & Heisenberg, 2006). Together
with Wnt-5a, Wnt-11 can regulate mammalian anterior-posterior axis elongation, activating
p38 and RhoA (Andre, Song, Kim, Kispert, & Yang, 2015).

Whnt-11 is implicated in kidney development both during embryogenesis and during adult
homeostasis. Wntll null mice have smaller kidneys and bear ureteric branching defects

(Majumdar, Vainio, Kispert, McMahon, & McMahon, 2003). To coordinate ureteric
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branching, Wnt-11 can cooperate with the genes encoding glial cell-derived neurotrophic factor
(Gdnf) and Ret tyrosine kinase receptor, in a positive autoregulatory feedback loop. Recently,
this feedback mechanism has been modeled computationally with a Turing-type model where
the authors further provided experimental confirmation that positive feedback between Wnt-
11 and GDNF facilitates dense packing of ureteric tips (Menshykau et al., 2019). Wnt-11
determines cell polarization and movement in nephron progenitor differentiation in embryonic

mouse kidney, where it may continue to play a role in the adult (O’Brien et al., 2018).

The importance of Wnt-11 in heart development and function has been also extensively
studied (Flaherty, Kamerzell, & Dawn, 2012). Wnt-11 plays a prominent role in differentiation
of bone marrow-derived mesenchymal stem cells (MSCs) into cardiac phenotypes, and it has
been reported to confer protection to ischemic injury by promoting survival, an effect that could
be reversed by Wnt-11 neutralizing antibodies (Zuo et al., 2012). The Wnt-11-induced
responses could be exploited for acute myocardial infarction therapy, as has been proposed by
transplantation of MSCs overexpressing Wnt-11 in combination AKT (B. Chen et al., 2018).
Here, Wnt-11 has been proposed to act via noncanonical Wnt-PKC-JNK pathways (Jingcai
Wang et al., 2020) and through the promotion of vascular endothelial growth factor (VEGF)
release, which helps to preserve mitochondrial membrane integrity and function (H. X. Li, Lin,
Jiang, & Yang, 2020). In this context, Wnt-11 effects may be regulated through Sfrp2, acting
in competition with Wnt-3a (Hsueh, Hodgkinson, Pratt, & Dzau, 2020).

Whnt-11 has also been found to be involved in osteoblast differentiation from MSCs (Boyan,
Olivares-Navarrete, Berger, Hyzy, & Schwartz, 2018). It has the capacity to enhance the
osteogenic potential of bone morphogenetic protein 9 (BMP9) in MSCs, through Smad and
p38 MAPK signaling (J. H. Zhu et al., 2018). However, there are contradictory reports showing
Whnt-11 downregulation leading to an increase in osteoblasts (Yin et al., 2019). In human
umbilical cord-derived mesenchymal stem cells (hucMSCs), Wnt-11 has been reported to
enhance stemness properties by activating Wnt/f-catenin signaling (Shi et al., 2017). Finally,
fibronectin may promote Wnt-11/FZD7 interaction to facilitate self-renewal in rabbit limbal
epithelial stem cells (Zheng, Tian, Fan, & Xu, 2019).

6.2. Wnt-11 in cancer and disease

Early reports using cell lines showed that Wnt-11 can promote malignant transformation of
mouse mammary epithelial cells (Christiansen, Monkley, & Wainwright, 1996). Later, Wnt-

11 was reported to promote proliferation, migration and malignant transformation of intestinal
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cells in a B-catenin independent manner by induction of E-cadherin internalization (Ouko et
al., 2004).

In colorectal cancer (CRC) WNT11 mRNA expression is found higher in tumors compared
to healthy tissue and its high expression is associated with recurrence and death after surgery
(Nishioka et al., 2013). Recently, immunohistochemical analysis of Wnt-11 protein expression
in a cohort of 357 CRC patients found significantly higher levels in tumors compared to paired
benign tissue (Gorrofio-Etxebarria et al., 2019). In this study, reduced invasion of colorectal
cancer cell lines expressing high Wnt-11 is reported upon anti-Wnt-11 antibody-mediated
inhibition, using the antibodies that are the focus of this thesis. Wnt-11 enhanced expression in
CRC has been proposed to be the result of long noncoding RNA (IncRNA) ABHD11-AS1 and
miR-1254-mediated regulation (D. He et al., 2019). In addition, the anterior gradient-2 (AGR2)
effect on the promotion of cell migration and metastasis has been reported to take place through
the induction of Wnt-11 (Tian et al., 2018).

In other cancer models, Wnt-11 expression has also been associated with tumor cell
aggressiveness. For example, Wnt-11 increases breast cancer cell migration, acting
downstream of ERRa and [B-catenin activation (Dwyer et al., 2010). In pancreatic ductal
adenocarcinoma, increased Wnt-11 expression promotes tumor cell invasion (Dart et al., 2019).
In cervical cancer, Wnt-11 expression was found associated with high-risk human papilloma
virus (HR-HPV) E6 oncoprotein, leading to increased cell proliferation and invasion in a JINK-

dependent manner (Wei et al., 2016).

In addition, Wnt-11 signaling has been proposed to display crosstalk with the transforming
growth factor beta (TGF-B) pathway, which is a key regulator of EMT. Wnt-11 promotes
mesenchymal gene expression in renal cells when activated by TGF-$ (P. Zhang, Cai, Soofi,
& Dressler, 2012). In squamous cell lung carcinoma, Wnt-11 has been described to promote
EMT and decrease cell-cell adhesion (Bartis et al., 2013). In small-cell lung cancer, Wnt-11
can regulate not only EMT, but also neuroendocrine differentiation and proliferation acting as
a target of Achaete-scute complex 1 (ASCL1) (Tenjin et al., 2019). Similarly, Wnt-11 has been
reported to induce amoeboid invasion in melanoma through FZD7 and disheveled-associated
activator of morphogenesis 1 (DAAML1) (Rodriguez-Hernandez et al., 2020). This leads to the
activation of Rho-ROCK1/2-Myosin Il and regulates tumor-initiating potential, local invasion,

and distant metastasis formation.
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Whnt-11 has been found to be induced by hypoxia, and is a direct target of HIF-10 in many
cancer types, including breast, glioma and cervical cancers, where it leads to increased cell
migration and invasion (Mori et al., 2016). Wnt-11 can also be a target of the early growth
response 1 (EGR1), acting downstream of tumor necrosis factor-alpha (TNF-a) in breast cancer
cells (Kim et al., 2020).

However, in other settings, Wnt-11 has been found to have opposite effects. In
hepatocellular carcinoma it inhibits cell proliferation and migration (Toyama et al., 2010). In
this context, Wnt-11 promotes PKC and ROCK activation, which counter-acts both the
proliferative effect of B-catenin-dependent signaling and the pro-migratory effect of Racl.
Similarly, in ovarian cancer, Wnt-11 has been reported to inhibit tumorigenesis and metastasis
by altering integrin and cadherin expression in sphere cultures (Azimian-Zavareh, Hossein,
Ebrahimi, & Dehghani-Ghobadi, 2018).

Interestingly, Wnt-11 and Wnt-5a have been studied as potential biomarkers of acute
respiratory distress syndrome for severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) patients (E. Y. Choi et al., 2020). This study found elevated Wnt-11 levels in plasma
from COVID-19 patients and indicated that Wnt-11 might be a good indicator for disease
survival, likely through the regulation of the inflammatory response. In fact, other studies have
pointed to a role of noncanonical Wnt in the function of certain blood cells, with circulating
Whnt ligands secreted by leukocytes promoting erythrocyte survival (Siman-Tov et al., 2021).
Manipulation of the Wnt pathway has been proposed to improve ex vivo storage and transfusion
of red blood cells (RBC) (Terenzi, Verma, & Hess, 2021).

6.2.1. Wnt-11 in prostate cancer

In the context of prostate cancer, Wnt-11 is known to promote neuroendocrine-like
differentiation, survival and migration of prostate cancer cells (Uysal-Onganer et al., 2010).
Whnt-11 has been reported to be elevated in high grade prostate tumors and metastases, and its
expression is also activated upon androgen depletion in prostate cancer cell lines in vitro (H.
Zhu et al., 2004). In patients, WNT11 mRNA expression is also found increased after ADT
(Volante et al., 2016) (Figure 12b). Wnt-11 has been reported to be upregulated by the
transcription factor ERG in prostate tumors bearing TMPRSS2-ERG gene fusions (Wu et al.,
2013), which was also reported before to occur in certain leukemia models that overexpress
ERG (Mochmann et al., 2011). Noncanonical Wnt signaling has been implicated in

antiandrogen resistance following analysis of RNA-Seq data from single prostate circulating
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tumor cells (CTCs) (Miyamoto et al., 2015). In this study it was further shown that exogenous
expression of noncanonical Wnt ligands, including Wnt-5a and Wnt-11, enhanced survival of

LNCaP cells in the presence of enzalutamide.

Wnt-11 has been reported to signal through FZDS8 in prostate cancer, where FZD8
potentiates Wnt-11-mediated activation of ATF2-dependent transcription (Murillo-Garzon et
al., 2018). The expression levels of FZD8 correlate with those of Wnt-11 in prostate cancer
patient samples (Figure 12a shows Wnt-11 increased expression in prostate cancer compared
to benign prostate). This study also found that FZD8 gene silencing reduces prostate cancer
cell migration, invasion, three-dimensional (3D) organotypic cell growth, expression of EMT-
related genes, and TGF-B/Smad-dependent signaling. FZD8 was therefore proposed to
integrate Wnt-11 and TGF- signals to promote EMT, where mechanistically FZD8 forms a
TGF-p-regulated complex with TGF-B receptors 1 and 2. In addition, high WNT11 gene
expression was shown to correlate with biochemical recurrence (Figure 12c¢), which agrees
with an independent database analysis that shows an association with poorer disease-free
survival (Figure 12d). Recently, miR-21 was proposed to act in coordination with Wnt-11 in

the regulation of EMT processes in prostate cancer cells (Arisan et al., 2020).

Taken together, these studies support the case for investigating Wnt-11 as a potential
therapeutic target in advanced prostate cancer and for examining Wnt-11-specific inhibitors

that could be of use in the treatment of this disease as, currently, none are available.
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Figure 12. Wnt-11 in prostate cancer. A) Immunohistochemical staining of Wnt-11 in adjacent sections of
prostate cancer (Gleason 4+ 3) and matched benign prostate (left) and stratification of Wnt-11 expression in
cancer (T) and benign (N) specimens in epithelia (right, **p < 0.001 by Pearson Chi-square test with correction);
adapted from Murillo-Garzén et al., 2018. B) WNT11 mRNA expression levels in prostate cancer tissue from
untreated patients and from patients treated with ADT before prostatectomy (ADT+), adapted from Volante et
al., 2016. C) Biochemical recurrence (BCR) analysis based on WNTI11 expression in the MSKCC dataset,
determined using CamcAPP (by Recursive partitioning); adapted from Murillo-Garzén et al., 2018 (Suppl. Fig.
8b). D) Disease free survival analysis based on WNT11 expression using Gepia webtool survival analysis, in PRAD
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Hypothesis and aims

The hypothesis for conceiving this study was based on previous work carried out in Dr.
Kypta’s laboratory, which indicated that Wnt-11 may be a suitable therapeutic target in
advanced prostate cancer and that anti-Wnt-11 antibodies generated in house could be of use
in blocking aberrant Wnt-11 signaling. In addition, we hypothesized that these Wnt-11
antibodies conjugated to magnetic nanoparticles would retain function-blocking capacity and

improve their characteristics for potential use in therapy.
For these purposes, the following aims were enunciated:

1. Determine the effects of anti-Wnt-11 antibodies and magnetic nanoparticle conjugates in

prostate cancer cell models in vitro and in vivo

2. Explore the mechanism of action by which the anti-Wnt-11 antibodies block Wnt-11

signaling and function
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1. Reagents

1.1. Anti-Wnt antibodies, recombinant proteins, peptides, and drugs

Monoclonal anti-Wnt-11 antibodies E8 and F10 were generated by immunizing rats with a
mixture of peptides derived from human Wnt-11. After preliminary screening, anti-Wnt-11-E8
(E8) and anti-Wnt-11-F10 (F10) antibodies were selected (Figure 13a). The antibodies were
produced in bulk and purified from respective hybridoma cells by Davids Biotechnology
GmbH and provided in PBS at a concentration of 0.7 mg/ml. Isotypes of antibodies were
determined to be 1gG2a for E8 and 1gG2c for F10. As control, purified rat 1gG (Sigma 14131)
in PBS at 0.7 mg/ml concentration was used. Antibodies were tested in vitro at a final
concentration 2-20 pug/ml. Wnt-11 peptides for the immunization, selection and testing of the
anti-Wnt-11 antibodies were purchased from Genescript. Dot blot analysis identified the same
peptide as being the epitope for both antibodies, located within Wnt-11 amino acids L101-
Al12 (LLDLERGTRESA, Figure 13b). E8 recognition of the Wnt-11 epitope in peptide-ELISA

assay is shown in Figure 13c.
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Figure 13. Generation of anti-Wnt-11 antibodies E8 and F10. A) Scheme for the generation of anti-Wnt-11
antibodies E8 and F10 in rat, screened against peptides by ELISA and selected based on recognition of prostate
cancer cells. B) Peptide dot blot showing the recognition by E8 and F10 of Wnt-11 peptide L101-A112, sequence
indicated in figure. C) Peptide ELISA of E8 recognition above background of non-targeting control rat IgG, at the
different concentrations tested. As7;o — Absorbance 370 nm, ELISA — Enzyme Linked ImmunoSorbent Assay. See
Peptide ELISA, page 89 for experimental details.
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Human Wnt recombinant proteins were purchased from R&D systems, Biotechne (Wnt-11:
6179-WN-010, Wnt-3a: 5036-WN-010). Porcupine inhibitor Wnt-C59 was purchased from
Millipore Merck (Porcn Inhibitor 11, Wnt-C59 - CAS 1243243-89-1, Calbiochem) and was
used at 100 nM. Dimethyloxaloylglycine, DMOG (CalbioChem, 400091) was used at 1 mM —
0.2 mM. When applicable carrier controls (i.e., Dimethyl sulfoxide (DMSQO)) were added at

the same dilution in parallel.

MNP functionalization

Magnetic nanoparticles (MNPs) used in this study were superparamagnetic iron oxide
nanoparticles (SPIONs) nanomag®-D-spio with the following surface functionalities COOH
(Micromod, 79-02-201) or (Polyethylene glycol) PEG-COOH (Micromod, 79-56-201).
Functionalization of MNPs was carried out at CIC biomaGUNE assisted by Antonio Aires,

PhD, following two different methods for covalent immobilization.

For the conjugation using the sulfo-SMCC linker (ProteoChem ¢1109), 5 ml of MNPs at 2.5
mg Fe/ml were pre-activated by incubating overnight at 37 °C with 50 umol of cysteamine
hydrochloride per g Fe (previously neutralized by 1 molar equivalent of sodium hydroxide
(NaOH)), 150 umol/g Fe of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 100
umol/g Fe of n-hydroxysuccinimide (NHS). After 16 h, the sample was washed by
centrifugation and redispersion in Milli-Q water 3 times. For the conjugation, 150 ug of anti-
Whnt-11 antibodies E8, F10, and rat 1gG control per ml of MNP were used at 0.7 mg/ml in PBS.
Antibodies were incubated with a 40 molar equivalents solution of Sulfosuccinimidyl-4-(N-
maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC) linker (ProteoChem ¢1109) for
30-40 min at room temperature (RT). After that, the modified antibody was purified by gel
filtration through a desalting resin PD-10 (Sephadex G-25, Sigma). Activated MNPs were
concentrated by centrifugation through 10 kDa cut-off Amicon filters (Merck-Millipore) and
correspondent amounts were incubated with the SMCC modified antibodies at RT overnight.

For the thiol-maleimide immobilization, 5 ml of MNPs at 2.5 mg Fe/ml were pre-activated
by incubating 4 h at 37 °C with 250 umol/g Fe of N-(2-Aminoethyl) maleimide, 500 umol/g
Fe of EDC and 500 umol/g Fe of NHS. Antibodies diluted in HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer pH 8.3 were activated with 50 molar equivalents solution
of 2-Iminothiolane, also known as Traut's reagent, for 2 h at RT. After removal of excess

reactants, activated antibodies and MNPs were incubated together for 2 h at room temperature
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and further incubated overnight at 10°C. Free maleimide groups were blocked with 250 umol/g
Fe of cysteine for 2 h at RT.

After both conjugation procedures, the MNP-antibody conjugates were purified by gel
filtration through a sephacryl S200HR (Sigma) column by elution in PBS. Finally, MNPs were
washed several times with PBS and stored at 4 °C. They were tested within 1-month of
conjugation, which is the estimated time the nanoformulations remain stable. A graphic scheme
of the sulfo-SMCC conjugation is presented in Figure 14.
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Figure 14. Scheme for MNP functionalization of anti-Wnt-11 antibodies E8, F10 and rat IgG control using sulfo-
SMCC. Sulfo-SMCC was used to covalently link antibodies to ECD/NHS-activated SPIONs to obtain the antibody-
MNP conjugates. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC); n-hydroxysuccinimide (NHS);
Sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC). Modified from (Trabulo et
al., 2017).

For estimating the conjugation efficiency the absorbance of consecutive elution fractions
was measured at 280 nm in a NanoDrop ND-1000 spectrophotometer using the extinction
coefficient estimated for the Ab sequence (210 000 M cm™). MNP sterilization was carried
out by filtration through 0.22 um Millex-GP filters (Merck-Millipore) and it was followed by
sonication for 1 min for redispersion. The final concentration of iron as determined by
inductively coupled plasma mass spectrometry (ICP-MS) to be of 2.5 mg Fe/ml in a total of 1-
2 ml with approximately 40 pg Ab per mg Fe. A concentration of 0.15-0.2 mg Fe/ml was used
in functional assays. Hydrodynamic diameter and zeta potential were determined by dynamic
light scattering (DLS) using a Zetasizer Nano-ZS device (Malvern Instruments) from dilute
sample suspensions (0.1 mg Fe per ml) in water at pH 7.4. Throughout the course of this work,
three independent formulations were generated, with different MNP synthesis batches and
slightly different conjugation processes and efficiencies. Their respective characteristics are

summarized in Table 1.
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Table 1. Characteristics of the MNP-Ab conjugation batches generated. Sulfo-SMCC - Sulfosuccinimidyl-4-(N-
maleimidomethyl) cyclohexane-1-carboxylate, SPION - Superparamagnetic iron oxide nanoparticles. PEG -
Polyethylene glycol. Cat. No. — Catalog number.

Conjugation SPIONs
Batch year Antibody concentration (ug Ab/ml) Linker PEG Cat. No.
2018 88 -105 Thiol-maleimide Yes 79-56-201
2020 85-120 Sulfo-SMCC No 79-02-201
2021 119-127 Sulfo-SMCC Yes 79-56-201

2. Cell culture

Cell lines

The following cell lines were purchased from the American Type Culture Collection
(ATCC): PC3, DU145, VCaP and HEK 293 cells. The following cell lines were kindly received
from colleagues: C4-2B from Charlotte Bevan (Imperial College London); PC3M cells from
Scott Fraser and Mustafa Djamgoz (Imperial College London). HEK 293T LRP5/67 knock-
out cells were kindly provided by Benoit Vanhollebeke’s laboratory (Eubelen et al., 2018). L-
Whnt-3a and control parental cells were purchased from ATCC for conditioned media (CM)
production, which was collected according to manufacture’s instructions. CM was then
centrifuged for 5 min at 400 g and subsequently filtered through 0.22 um Millex-GP filters
(Merck-Millipore), then stored at 4 °C for up to 1 month. For stimulation, CM was used in a
1:1 ratio with fresh media. The parental cell line was used for retrieving control CM in a parallel

manner.

Cell lines were cultured from low-passage stocks for up to 6 months, monthly tested for
mycoplasma and authenticated by DNA profiling (Eurofins Genomics, Germany). Culture
conditions were the standard 37 °C, 5% CO2 in corresponding culture media (Table 2)
supplemented with 10% fetal bovine serum (FBS, Gibco) and Pen/Strep antibiotics (100
units/mL penicillin, 100 pg/mL streptomycin, Gibco), this may be referred to as complete
media. For passaging and seeding, cells were detached using Trypsin (0.25% Gibco),
centrifuged (400 g, 5 min) and counted for seeding the pertinent experiments or for stock
maintenance. For experiments, HEK 293 cells were plated on 0.01% poly-L-lysine (Sigma)
coated plates. For some assays the concentration of the FBS was reduced to 0.5%. For
experiments requiring transfection, cells were maintained in OptiMEM (Gibco) for 3-5 h
during transfection and then it was changed to complete media. C4-2B cells overexpressing
Whnt-11 (C4-2B-WNT11) were produced by transfection with Wnt-11 plasmid and control cells

74



Materials and methods

(C4-2B-V) with pcDNA empty plasmid (see Table 4 for plasmids details) and selection with
G418 (Sigma 10131-027), which was kept in culture at 0.4 mg/ml.
Table 2. Cell lines characteristics and culture conditions. Culture media: RPMI (Roswell Park Memorial Institute),

DMEM (Dulbecco's modified Eagle's medium) and DMEM F12 (DMEM mixed 1:1 with Ham's F-12). AR - androgen
receptor, p53 - cellular tumor antigen p53, PTEN - phosphatase and tensin homolog.

Prostate cancer cells characteristics
Cell line Cultgre Mutations AR
media dependency

PC3 RPMI Prostate cancer. AR-; p53 del; PTEN - No

PC3M RPMI Prostate cancer. AR-; p53 del; PTEN - No

DU145 RPMI Prostate cancer. AR-; p53 del; PTEN + No

C4-2B RPMI Prostate cancer. AR+; p53 low; PTEN - No

VCaP DMEM F12 | Prostate cancer. AR+; p53 low; PTEN +; TMPRSS2-ERG fusion + | Yes

HEK 293 |DMEM Embryonic kidney -

Cell transfection

Cells were plated in 6, 12 or 24-well plates in complete media to be 60-80% confluent at the
time of transfection, see Table 3 for cell density and plasmid transfection conditions per
experiment type. Before transfecting, cells were washed in PBS and culture media was changed
to OptiMEM (Gibco). After that, DNA/transfection reagent mixture diluted in OptiMEM were
added on top for the pertinent duration and then changed back to complete media. The

transfection procedures for gene silencing and plasmid transfection are described below.

2.2.1. Gene silencing

Cells were plated to be 60% confluent at the time of transfection, washed in PBS and
changed to OptiMEM (Gibco). RNAIMAX (Invitrogen) was used according to manufacturer’s
instructions. Briefly, both RNAIMAX and siRNA (small interfering RNA), were prediluted in
OptiMEM for the subsequent incubation of 5 min 1:1 siRNA: RNAIMAX. siRNAs for WNT11
silencing (Wnt-11 SMARTpool, Dharmacon L009474-00-0005; sequences 3’-5’:
GCGCUAUGUCUGCAAGUGA, AACAAGACAUCCAACGGAA, UCAAGUGGCUGGCGCUGUC,
CCAAUAAACUGAUGCGUCU) as well as non-targeting siRNA pool control (Dharmacon D-
001810-10-20) were used at a final concentration of 50 nM. The mixture was added to the cells
for 3-5 h and then complete media was added on top in a 1:1 ratio. Next day media were
renewed, and transfected cells were used for experiments. Generally, the extent of silencing

was evaluated 48 h after transfection.
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2.2.2. Plasmid transfection

For plasmid transfection, Lipofectamine LTX with PLUS reagent (LifeTechnologies) were
used following the procedures instructed by the manufacturer. Plasmids were diluted in
OptiMEM and mixed with Plus reagent and left incubating for 10 min, see Table 3 for
quantities used per type of plate and experiment. LTX reagent was diluted in OptiMEM in a
different tube for 5 min. Then, diluted LTX was placed in the Plasmid/Plus tube by mixing in
a 1:1 volume ratio and left to incubate for 15 min. The mixture was then placed on top of
OptiMEM containing wells for 3-5 h. Transfection agents were subsequently removed, and
cells were allowed to recover in complete media for 24-72 h in the case of transient
transfections. For stable transfections, the adequate selection antibiotic was added to culture
media appropriately 2 days post-transfection until death of the non-transfected control cells

and then kept in culture at a lower dose.

Table 3. LTX/Plus plasmid transfection volume and concentrations.

Plate SR e Cell number OptiMEM DNA LTX Plus Vol
(x103/well) (ml/well) (ng/well) (ul/well) (ul/well) — (ul/well)
6-well  Immunoprecipitation 200-300 1 1000 3 1 1000
12-well Gene Reporter 70-100 0.5 500 1.5 0.5 500
24-well Immunofluorescence 40-60 0.25 250 0.75 0.25 250

The plasmids used in this work are summarized in respective tables containing exogenous
expression plasmids (Table 4), table for information on protein tags carried by some exogenous

expression plasmids (Table 5) and plasmids used for gene reporter assays (Table 6).

2.2.3. Plasmid mutagenesis

For generation of the antibody epitope deletion mutant (AE) plasmid of Wnt-11 a
mutagenesis kit (NE Biolabs, E0554S) was used following manufacturer’s instructions. The
mutation generated was a deletion of part of the peptide contained in the antibody epitope,
shown here underlined and with flanking sequences: APNY/LLDLERGT/RESA and the
primers used for the mutation were the following: forward primer 3’-
CGGGAGTCGGCCTTCGTG-5’; reverse primer 3’-ATAGTTGGGGGCGAGCTC-5’. After

mutagenesis, plasmids were purified, and Sanger sequenced (STABVIDA) prior to their use.
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Table 4. Plasmids used for ectopic expression. (h) — human, (m) - mouse. *Tag details are described in Table 5.
**AE — Wnt-11 Antibody Epitope mutant (deletion). (FZD8) CRD — cysteine-rich domain, (LRP6)N - N-terminal

extracellular domain.

# | Plasmid name Backbone Insert

1 |pcDNA3.1 pcDNA -

2 | Wnt-11 pcDNA Wnt-11 (h)

3 | Wnt-3a-PA pcDNA Whnt-3a (h)

4 | Wnt-11-PA pcDNA Wnt-11 (h)

5 | Wnt-11-V5 pcDNA Wnt-11 (h)
Mutated Wnt-11

* % _

6 |AE PcDNA (h) from plasmid 1
Mutated Wnt-11

7 |AE-PA PcDNA (h) from plasmid 2
Mutated Wnt-11

AE-V DNA

8 > pe (h) from plasmid 3

9 |pCS2 pCS2 -

10 | LRP6-VSV-G pCS2 VSV-G

11 | LRP6N-IgG pCS2 LRP6N

12 | pRK5 pRK5 -

13 | mFZD8-CRD-IgG | pRK5 FZD8-CRD (m)

Tag*

PA
V5

VSV-G

Fc

Fc

Source / Reference

(Uysal-Onganer et al., 2010)

Junichi Takagi (Mihara et al., 2016)
Junichi Takagi (Mihara et al., 2016)
Marian Waterman, Addgene #35941
(Najdi et al., 2012)

Homemade, see Plasmid mutagenesis
page 76

Homemade, see Plasmid mutagenesis
page 76

Homemade, see Plasmid mutagenesis
page 76

Xi He, Addgene #27282 (Tamai et al.,
2004)

Xi He, Addgene #27279 (Tamai et al.,
2000)

Xi He, Addgene #16689 (Seménov et al.,
2001)

Table 5. Details of the protein tags carried in some of the exogenous expression plasmids shown in Table 4.
Sequence is provided N-terminal to C-terminal in one-letter notation. kDa — kilodalton.

Tag Protein origin

PA Podoplanin

V5 SV5 paramyxovirus

VSV-G Vesicular Stomatitis Virus (VSV) G

Fc Immunoglobulin constant region of heavy chain

Sequence Location

GVAMPGAEDDVV Wnt-11; N-terminal

GKPIPNPLLGLDST | Wnt-11; C-termina

YTDIEMNRLGK LRP6; N-terminal
LRP6N; C-terminal

25 kD !

> kba mFZD8-CRD; C-terminal

Table 6. Plasmids specific for gene reporter assays. Promoter is provided 5" —3’. 1x refers to a different plasmid
to measure ATF2-dependent transcription that contains 1 copy of the ATF2 promoter instead of the 2 presented
in the ATF2-luc. mt5 — mutant 5; luc — luciferase.

Plasmid Backbone Transcription factors
ATF2-luc/ 1x TATATK-LUC ATF2

mt5-luc TATATK-LUC Mutated ATF2
§;$grp JrOpFIash | PTALUC TCF/LEF; B-catenin
Renilla tk pRL-Tk -

Promoter

ATTGCATCA

ATT---TCA

CCTTTGATC

Source / Reference

Christof Niehrs (Van Der Sanden,
Meems, Houweling, Helms, &
Vaandrager, 2004)

Pierre Fafournoux (Bruhat et al.,
2000)

Randall Moon, Addgene #12456
(Veeman et al., 2003)

Promega
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2.2.4. E. coli transformation for plasmid amplification

For plasmid amplification, 50 ul of DH5a competent cells (Life Technologies, 18265017)
were transformed with 5-50 ng of plasmid DNA (see plasmids in Table 4 and Table 6) by
incubation for 30 min on ice, followed by a heat-shock at 42 °C for 45 sec and subsequent
incubation of 2 min on ice. Cells were recovered by adding 450 ul of S.0.C. medium
(Invitrogen) and shaken at 225 rpm for 1 h at 37 °C. Bacteria suspension (50 ul) was plated on
LB agar plates containing selection antibiotic (e. g., ampicillin at 50 pug/ml) and incubated
overnight at 37 °C. Colonies were picked using a pipette tip, placed into a conical flask with
400 ml LB media with antibiotic and grown overnight at 37 °C, 225 rpm. Plasmid DNA was
purified using a PureLink™ HiPure Plasmid Maxiprep Kit (Invitrogen) according to
manufacturer’s instructions. Final DNA was resuspended in TE buffer (10 mM Tris-Cl, pH 8.0
1 mM EDTA), the concentration was determined using a NanoDrop ND-1000

spectrophotometer, aliquoted and stored frozen at -20 °C.

Lentiviral transduction

For the generation of PC3-GFP (green fluorescent protein) expressing cells, PC3 cells
(referred to as target cells here) were transduced with lentiviral particles produced according
to the following protocol performed in a Biosafety level 2 laboratory (BSL2). A 10 cm plate
with 2 million HEK 293FT packaging cells per condition were transfected overnight using the
calcium phosphate method. Briefly: a premix with 3" generation lentiviral plasmids (Table 7)
diluted with 50 pl of 2.5 M calcium chloride (CaCly) in a final volume of 500 ul of H20, was
mixed with 500 ul of 2X HEPES-buffered solution (HBS; 50 mM HEPES, 280 mM NaCl, 10
mM KCI, 1.5 mM NaxHPO4.2H,0, 12 mM dextrose, pH 7.05). The mixture was incubated for
30 min air-exposed, to favor the formation of the oxygen-dependent calcium phosphate
crystals, before addition to the cells. 16 h later, the medium was changed to that of the target
cells medium. 24 h later, the conditioned media from HEK 293FT cells containing lentiviral
particles was filtered through a 0.45 um filter and added to target cells in a 4:1 ratio with fresh
complete media. Protamine sulfate was added at a final concentration of 1 pg/mL to increase
transduction efficiency. HEK 293FT media were renewed and the next day the same operation
was performed (2 rounds of transduction). Target cells were then cultured for 5-7 days with
daily washing in PBS and passaging when appropriate (for lentiviral particle clearance) before

FACS-sorting cells positive/high for the expression of GFP. Cells were then replated and
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cultured in a BSL2 for a minimum of 1 additional week, before transfer to a Biosafety level 1

laboratory for experiments.

Table 7. Plasmids used for lentiviral transduction. Plasmid amounts are provided for calcium phosphate
transfection of a 10 cm plate of HEK 293FT cells.

Plasmid Function (genes) LS Source
(Hg)
REE Packaging (Gag and 3 James D. Sutherland, Addgene #12251 (Dull et al.,
P Pol) 1998)
DRSV-Rev eeing nav 4 Jlagngqg)s D. Sutherland, Addgene #12253 (Dull et al.,
VSV-G Envelope 2 James D. Sutherland, Addgene #1733
pCLX-UBI-GFP Transfer plasmid 4 Patrick Salmon, Addgene #27245

Proliferation assay

For proliferation assays, cells were seeded in quadruplicate in 24-well plates at 1 000-5 000
cells/well and cultured for 5-7 days, feeding every 2-3 days with treatments where relevant.
Antibodies tested (see page 71) were used at 5-20 pg/ml and MNP conjugates at 0.2 mg Fe/ml.
At endpoint, cells were washed in PBS and fixed/stained for 10-20 min with crystal violet
solution (PBS containing 0.1% methyl violet 10B (Sigma C6158), 20% methanol, 0.36%
paraformaldehyde (PFA)). Then, cells were washed repeatedly in PBS until the solutions were
running clear. Plates were dried at room temperature overnight. Crystal violet stain was
solubilized using 10% acetic acid for 10-30 min. 50-100 pl of the solution was then transferred
to a 96-well transparent plate for absorbance measurement at 595 nm. Absorbance values are

presented relative to the internal control condition.

Sphere assay

Cells were detached using TrypLE (1x, Gibco) and then seeded in either ultra-low
attachment 24-well (Corning) in quadruplicate at 500 — 1 000 cells/well for sphere counting
assays or on poly (2-hydroxyethyl methacrylate) (pPHEMA)-coated (Sigma) T75 flasks
(Corning) at 10 000 cells/ml for protein and RNA analyses. Sphere medium consisted of serum-
free DMEM: F12 supplemented with B27 (Invitrogen), 20 ng/mL EGF (Epithelial Growth
Factor, Life Technologies), 20 ng/mL bFGF (basic fibroblast growth factor, BD Biosciences)
and 1% Pen/Strep (100 units/mL penicillin, 100 pg/mL streptomycin, Invitrogen, UK).
Antibodies tested (see page 71) were used at 20 pg/ml. Cells were cultured undisturbed for 5-

7 days. At endpoint spheres were either retrieved for protein and RNA extractions or counted
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manually under a microscope using a 10X magnification lens and sphere numbers are presented

relative to the control condition.

Transwell cell migration and invasion

Cells were detached with TrypLE (1x, Gibco) and resuspended in corresponding growth
media containing 0.5% FBS. 10 000-50 000 cells were seeded in a volume of 500 ul/well in
the upper chamber of an insert with an 8 um pore polycarbonate membrane (Falcon Corning
353097) for migration assays and a Matrigel-coated membrane for invasion assays (Corning
354480). Antibodies tested (see page 71) were used at 2-20 pg/ml and added to the upper
chamber, only considering its volume. Inserts were placed each into a well of a 24-well plate
filled with 600 pl of 20% FBS containing media (bottom chamber) for producing an FBS
gradient for cells to migrate or invade toward. A proliferation control was seeded in parallel
with the suspension of cells prepared for the upper chamber in triplicate in 24-well plates.
Migration and invasion assays were carried out in triplicate and left to migrate or invade for 24

or 48 h, respectively.

At endpoint, inserts were processed for counting the migrating/invading cells located at the
bottom of the inserts. Non-migrating/invading cells on top of the filters were removed by
rubbing with a cotton swab. After PBS washes, inserts were placed in crystal violet containing
vessels to fix and stain remaining cells. After repeated PBS washes, migrating/invading cells
were imaged under a microscope using a 10X magnification lens by taking 5 pictures in
predetermined fields for manual or automated cell counting. The control plate was processed
at the same time following the proliferation assay protocol described in page 79. Cell counts
per well were then averaged for each replicate and relative numbers to the control condition
are presented. Migrating/invading cell numbers were normalized for proliferation or presented
with the proliferation control numbers in a parallel graph. For automated counting ImageJ was
used, see page 97 for details.

For migration assays of cells in hypoxic condition, a similar protocol to that described in
Mori et al.,, 2016 was used. Cells were pretreated for 24 h with 0.2 mM DMOG
(dimethyloxaloylglycine), then detached and plated in migration inserts with media containing
the tested antibodies (see page 71) at 2-20 pg/ml. The plate was then transferred to a humidified
hypoxia workstation (InvivO2 400, Ruskin) at 1% O and 5% CO,, balanced with nitrogen, and

the cells were then allowed to migrate for 16 h.
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Wound healing assay (Cell migration)

Cells were plated in 6-well plates at high-density in complete media. Once attached, >80%
confluent cells were partially starved overnight in medium containing 2-5% FBS. Confluent
cells were then scratched twice per well using a 200 ul pipette tip and media were subsequently
renewed with 2-5% FBS media containing treatments where relevant, antibodies at 10 pg/ml
and MNP conjugates at 0.2 mg Fe/ml (see page 71). For gene silencing experiments, cells were
transfected with siRNA 48 h prior to scratching. Wounds were imaged at time O h in 6
predetermined marked locations and then allowed to migrate to close the wound, which was
surveyed for 8-30 h. When appropriate (mid- or endpoint), wounds were imaged in the same
predetermined locations. Images were processed using ImageJ for determination of wound
closure (see page 97 for ImageJ method). Data are presented relative to the control condition

or relative to complete closure.

Gene reporter assay

Cells were plated in 12-well plates in triplicate and subjected to transfection (see page 75
for method), generally using 250 ng luciferase containing plasmid, 100 ng overexpression
plasmids and 10 ng of renilla plasmid (see Table 6). When using various exogenous expression
plasmids, they were added in equivalent ratios (adding up to 100 ng), unless stated otherwise.
For the experiments presented in Figure 56, page 158) the amounts of plasmids transfected per
well was the following: 10 ng renilla, 50 ng ATF2-luc, 100 ng FZD8 (1D4, full length), 100
ng LRP6 (VSV-G, full length), 200 ng of Wnt-11 or AE (untag). Treatments, where pertinent,
were added 3-5 h post-transfection at the time of the change to complete media. For Wnt-3a
stimulation, the conditioned media (CM) collected from L-Wnt-3a cells and control parental
cells (see page 74 for details) were added 3-5 h post-transfection at the time of the media

change, in a 1:1 dilution with fresh complete media.

Gene reporter experiments were analyzed 24 h post transfection. Cells were washed in PBS
and lysed using 130 ul/well of Passive Lysis Buffer (Promega). Plates were shaken for 10 min
at RT followed by incubation at -80 °C for a minimum of 20 min for improved lysis. Lysates
were collected in Eppendorf tubes and centrifuged 5 min at 15 000 g. The Dual Glo Luciferase
Assay System (Promega) was used for weak luciferase signal, and the Luciferase Assay Kit
(PJK, Germany) was used when higher signal was expected; both kits were used according to
manufacturer’s instructions. Briefly, for Dual Glo assays, 50 ul/well of lysate was transferred
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to white luminometer plates (PerkinElmer), mixed with 50 ul/well of luciferase reagent and
incubated for 10 min prior to light measurement (luciferase signal) using a Veritas microplate
luminometer (Turner biosystems). Measurements were saved and 50 ul/well of renilla substrate
diluted 1:100 in corresponding buffer was added on top and left to incubate for 10 min before
re-measuring light (renilla signal). Similarly, for the PJK kit, 30ul of lysate was mixed with 80
ul of PJK luciferase reagent and, independently, 25 ul of lysate was mixed with 25 ul of 1:50
diluted renilla substrate; plates were incubated at RT for 10 min and light intensity measured.
In both cases, gene reporter activities were calculated as the luciferase:renilla ratio, triplicates
were averaged and normalized to the internal control condition. Data correspond to at least 3

independent experiments.
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3. mRNA analysis

RNA extraction

For analysis of gene expression, messenger RNA (mRNA) was evaluated 48 h post-
treatment unless stated otherwise. Total RNA purification from 6-well or 12-well plated cells
was performed using the NucleoSpin RNA (Macherey-Nagel GmbH, 740955-250) following
the manufacturer’s instructions. Briefly, cells were lysed in RA-1 buffer containing 1% B-
mercapthoethanol (Sigma). Lysates were pass through a column to reduce viscosity, the flow-
through was mixed 1:1 with EtOH 70% and transferred to RNA purification columns. On
column DNAse treatment was performed for degradation of interfering genomic DNA. Several
washes with EtOH-containing buffers were performed prior to the final elution of RNA from
the column with 25-35 pl RNAse free H20. Samples were thereafter maintained on ice. RNA
concentration and quality parameters were measured using a NanoDrop ND-1000
spectrophotometer, by absorbance determination at 230/260/280nm. Purified RNA samples

were immediately stored at -80 °C or subjected to retro-transcription reaction.

Retro-transcription reaction

Equal amounts of total RNA from experimental samples (generally 2 pg), were retro-
transcribed into complementary DNA (cDNA) using the reagents and concentrations shown in
Table 8. The retro-transcription reaction was then carried out in a thermocycler for 1 h at 37
°C followed by 5 min at 95 °C for inactivation of the enzyme. cDNA was then immediately
used for Real-Time Quantitative PCR (RT-PCR) or stored at -20 °C.
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Table 8. Volumes and concentrations of reagents for retro-transcription reactions. A mix was prepared for each
RNA sample to be retro-transcribed with the reagents indicated.

| Concentration |

Reagent Company Stock Final Volume (ul)
Random Primers Life Technologies 100 ng/ul 5ng/ul 2

dNTP mix Bioline ZSCT)M (2.5mM 2;’:;' (0.25 mM 4

5X First strand buffer Invitrogen 5X 1X 8

DTT Invitrogen 100 mM 5mM 2

M-MLV Life Technologies 200 U/ul 5u/ul 1
RNAseOUT Life Technologies 400 U/ul 1U/ul 1

RNA (diluted in H20) - 2ug 22

Total 40

Real-Time quantitative PCR (RT-PCR)

Real time (RT) quantitative, polymerase chain reaction (PCR) was performed using a
mixture of PerfeCTa SYBR® Green Supermix, Low Rox (Quanta, Spain), primers (Table 9
for sequences and concentrations) and the corresponding cDNA (1 pl/well) in experimental
triplicates in 384-well RT-PCR plates (LifeTechnologies, 4309849) in a total volume of 6
pl/well. RT-PCR reactions were carried out in a Viia7 Real-Time PCR System (Applied
Biosystems, Madrid, Spain) with the following protocol: 95 °C for 3 min (Tag polymerase
activation), 40 cycles of 95 °C for 15 sec (denaturation cDNA) and 62 °C for 1 min (annealing
of primers and extension); with standard melting curve step added at the end. Amplification
curves were visualized using Viia7 software to verify the quality of the data (the absence of
primer dimers and/or genomic DNA contamination) and data were exported for analysis.
Relative levels of mMRNA were determined using the AACT quantification method (Livak &
Schmittgen, 2001), relative to the expression of 36B4 (a housekeeping gene).

Primer design and sequences

The design of forward and reverse primers for RT-PCR was performed with the help of the
Primer-BLAST tool (https://www.ncbi.nIm.nih.gov/tools/primer-blast/). For obtaining highly
efficient RT-PCR primers for each gene, the search parameters were set as follows: length of
80-150 base-pairs (bp), when possible primers located in different exons (to avoid genomic
DNA amplification), melting temperature of 60-63 °C (with the lowest possible difference in
between forward and reverse primers), Guanine-cytosine content (GC) of 30-55% and
minimum self-complementarity. Obtained primers were ordered from Life Technologies and

subjected to optimization for the determination of the appropriate concentration to be used for
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RT-PCR (300, 600 or 900 nM final concentration) with a serial-diluted set of cDNA samples.

The list of primer sequences and concentrations is provided in Table 9.

Table 9. Details of primers used for RT-PCR. F - forward primer, R - reverse primer; concentration refers to final
in the RT-PCR reaction mix. Note: for WNT11 no-CDS (located in the non-coding sequence) primers were used
for detection of endogenous WNT11 and CDS (located in the coding sequence) primers for detection of both
endogenous and exogenous WNT11.

Gene F/R Sequence Concentration Amplicon size
36B4 F GTGTTCGACAATGGCAGCAT 300 103
36B4 R AGACACTGGCAACATTGCGGA 300

LRP6 F TGAGGGTCTGCGTGAAATCC 300 120
LRP6 R TGGGAACAACCCCCATTGTC 300

FZD8 F GCTCTACAACCGCGTCAAGA 900 70
FZD8 R GCTGAAAAAGGGGTTGTGGC 900

WNT11 CDS F TGAAGGACTCGGAACTCGTC 600 119
WNT11 CDS R GTCGCTTCCGTTGGATGTCT 600

WNT11 no-CDS F CTCCTCCTGGGTGTGACC 600 175
WNT11 no-CDS R CAGTGTTGCGTCTGGTTCAG 600

AXIN2 F AAGTGCAAACTTTCGCCAAC 300 o
AXIN2 R ACAGGATCGCTCCTCTTGAA 300

NKD1 F ACTTCCAGCCGAAAGTCGT 900 90
NKD1 R CACCATAGGCCGAAGCAC 900

LEF1 F AGCACGGAAAGAAAGACAGC 300 92
LEF1 R TCGTTTTCCACCTGATGCAGA 300

DKK1 F ATGCGTCACGCTATGTGCT 900 147
DKK1 R TCTGGAATACCCATCCAAGG 900

ATF2 F GATGTGGGCTGTGCAGTTTG 300 72
ATF2 R AGTCCTTTACCTCACCCAGAGT 300

HIF2A F GTCACCAGAACTTGTGC 600 249
HIF2A R CAAAGATGCTGTTCATGG 900

DVL2 F GCCCACTTTCTCCTACCAATACC 600 129
DvL2 R CTCCGGCTGCCCTCACT 600

S0X2 F TGCTGCGAGTAGGACATGCTGTAGG 900 207
SOX2 R GCACATGAACGGCTGGAGCAACG 900
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4. Fluorescence activated cell sorting (FACS)

For experiments involving protein analysis after FACS sorting, HEK 293 cells were
transfected with Wnt-11 and antibody epitope mutant (AE) plasmids. 24 h later, cells were
detached with TrypLE (1x, Gibco) and pipetted onto 96-well V-shaped bottom plates for in-
well staining. Cells were fixed in PBS/4% PFA (Santa Cruz) for 15 min, washed in PBS and
permeabilized for 10 min at room temperature in 0.3% saponin (Sigma, 57900-25G). After 3
PBS washes, cells were blocked in 40% FBS in PBS for 30 min. Cells were then incubated
with primary antibodies (E8 and rat anti-Wnt-11 (R&D MAB3746), see Table 11) diluted in
1% bovine serum albumin (BSA, Sigma)/PBS for 30 min at 4 °C. After 3 PBS washes, cells
were incubated for 30 min in the dark with secondary antibodies diluted 1:5 000 in 1%
BSA/PBS (anti-rat AlexaFluor647, Life Technologies). Cells were washed 3 times in PBS and
transferred to 5 ml tubes prior to FACS sorting in a FACSAria cytometer with FACSDiva
software. Gates for the top and bottom 10-20% staining intensities were set and those cells
presenting high and low (+/-) staining were collected. Approximately 100 000-200 000 cells
were retrieved for each condition and were then processed for protein analysis by western blot
by directly lysing in preheated Laemmli buffer followed by incubation at 95 °C for 5 min (see
page 87). Bulk, unsorted cells were also retrieved and processed in parallel as control for the
transient overexpression. A scheme of the experiment is presented in Figure 15.
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Figure 15. Scheme of protein analysis of FACS sorted cells. HEK 293 cells transfected for the expression of Wnt-
11 (or AE, mutant) were stained for E8 (and R&D rat anti-Wnt-11) and sorted for high (+) and low (-) intensity
signal. Cells were then lysed, and total protein was analyzed by western blot (WB) to evaluate Wnt-11 expression
levels. OE -Overexpression, FACS - Fluorescence activated cell sorting.
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5. Protein analysis

Protein extraction

Total cell extracts were retrieved using the following procedure. Cell lysis was performed
on ice for 10-15 min using RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.25%
deoxycholic acid, 1% NP-40, 1 mM Ethylenediaminetetraacetic acid (EDTA, Millipore))
supplemented with 0.1% sodium dodecyl sulfate (SDS) (Life Technologies), 1x cOmplete™
Mini EDTA-free Protease Inhibitor Cocktail (Roche) and 1x PhosSTOP Phosphatase Inhibitor
Cocktail Tablets (Roche). Lysates were transferred to chilled Eppendorf tubes for
centrifugation at 15 000 g for 10-15 min at 4 °C. Pellets were discarded and supernatants
collected for storage at -80 °C or directly mixed 1:1 with 2x Laemmli buffer (Sigma). Laemmli
containing protein extracts were incubated at 95 °C for 5-10 min in a Thermomixer compact
(Eppendorf) and loaded on SDS-polyacrylamide gels for western blots. For experiments

involving protein analysis, extracts were generally obtained 2-48 h post-treatment.

For recombinant protein western blot, 200 ng of protein per lane was added diluted in PBS
and mixed directly with 2x Laemmli. Mixtures were incubated at 95 °C for 3 min and loaded

on SDS-polyacrylamide gels.

Western blot (WB)

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) was performed by
loading the protein extracts onto homemade SDS-polyacrylamide gels, using 6% or 8%
resolving solution topped with a 5% stacking solution (Table 10). 6% polyacrylamide gels were
specifically used for DVL shift assays. In a parallel lane, protein marker (PageRulerTM Plus
Prestained Protein Ladder, Thermo Scientific, 250-10 kDa) was loaded and gels were run using
a Mini Protean System (BioRad) at 15 mA/gel for 1.5-2 h. In some cases, the protein content
of the polyacrylamide gel was stained using Coomassie Brilliant blue G 250 (Sigma) 0.25%
(w/v) diluted in 50% EtOH and 10% acetic acid for 1 h at RT, followed by destaining in 30%
EtOH, 10% acetic acid, 60% H>0 until protein bands were clear.
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Table 10. SDS-polyacrylamide gel information. Numbers indicate the volume (ml) needed for a 1 mm thickness
gel. ddH20 — double distilled water. Tris — Tris (hydro methyl) aminomethane.

Volume for 1 mm polyacrylamide gel (ml)

Reagent Company Resolving 8% Resolving 6%  Stacking 5%
ddH20 Gibco 2.3 2.6 1.7
30% Acrylamide Bisacrylamide Sigma 1.3 1 0.42
1.5M Tris HCI (pH 8.8) Homemade 1.3 1.3

1.5M Tris HCI (pH 6.8) Homemade 0.32
Sodium dodecyl sulfate (SDS) 10% Gibco 0.05 0.05 0.02
Ammonium persulfate (APS) 10% Sigma 0.05 0.05 0.01
Tetramethylethylenediamine (TEMED) Sigma 0.003 0.004 0.003

The protein content of the polyacrylamide gels was then transferred to 0.22 um pore
nitrocellulose membranes (Millipore) using a Semi-Dry Transfer Cell (10 V for 30-40 min) or
a Trans-Blot® Turbo™ Transfer System (Bio-Rad, Turbo or High Molecular weight setting:
1.3 A constant, up to 25 V per gel during 7-10 min) with Bio-Rad transfer buffer containing
20% EtOH. If pertinent, protein loading was confirmed by Ponceau-S staining (0.01%
Ponceau-S Sigma P3504; 0.1% acetic acid) of the membranes for 2 min followed by repeated
washings in TBS-T (Tris (hydro methyl) aminomethane-buffered saline 0.05% Tween20) until

the membrane was cleared.

Membranes were blocked for 30-60 min in TBS-T containing 3% BSA (Bovine serum
albumin, Sigma) buffer. For blotting, membranes were incubated overnight at 4 °C with
primary antibodies diluted in blocking buffer (see Table 11). After 5 washes of 5-10 min in
TBS-T, membranes were incubated with HRP-conjugated secondary antibodies diluted in
blocking buffer (1:20 000; Jackson ImmunoResearch: a-rat 712-035-153, a-rabbit 711-036-
152, a-mouse 715-035-151, a-goat 705-035-147). Membranes were washed 5 times for 5-10
min in TBS-T, before developing using Immobilon Forte (Millipore WBLUF0100) in a
developer (AGFA, Curix 60) or imaged using an iBright™ FL1500 Imaging System (Thermo).

Primary antibodies

For protein analysis assays the following antibodies were used at the concentrations
indicated for each type of assay (Table 11). HSP60, GAPDH or Vinculin were used as protein
loading controls.
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Table 11. List of primary antibodies and experimental details. Working final dilutions are provided for each
assay: WB — western blot; IF — Immunofluorescence; FACS - Fluorescence activated cell sorting; IHC —
Immunohistochemistry. *Fc - detection of Fc-tagged proteins was done by direct incubation with a secondary
anti-human antibody.

Working dilutions
Antibody Company Reference  Species WB IF FACS IHC
DVL2 Santa Cruz SC-13974 Rabbit 1:1000
DVL3 Santa Cruz SC-8027 Mouse 1:500
* i
Fc* (secondary anti GenScript A00166 Goat 1:10000
human)
GAPDH Santa Cruz SC-47724 Mouse 1:5000
HIF-1at Novus NB100-479 Rabbit | 1:1000
Biological
HIF-2a novus NB100-122 Rabbit | 1:1000
Biological
HSP60 Santa Cruz sc-13966 Rabbit 1:1000
. GenomeMe
Ki67 (GeneAb™) IHCO67 Mouse 1:100
LRP6 Santa Cruz SC-25317 Mouse 1:1000 1:50
PA (tag) novus NBP-03952 Rat 1:1000
Biological
V5 (tag) Invitrogen R960-25 Mouse 1:1000 1:50
Vinculin Cell Signaling 13901 Rabbit 1:2000
Bi | (Bethyl
VSV-G (tag) fomol (Bethyl 155 131a  Rabbit 1:1000
Laboratories)
Wnt-11 R&D systems AF2647 Goat 1:1000 1:100 1:100
Wnt-11 R&D systems MAB3746 Rat 1:500 1:50
Rat-Igg (non-targeting) Sigma 14131 Rat 1:1000
E8 (Wnt-11) Homemade Rat 1:1000 1:30 1:30
F10 (Wnt-11) Homemade Rat 1:1000

Peptide ELISA

Clear polystyrene enzyme linked immunosorbent assay (ELISA) microplates (R&D
systems, DY990) were coated with Wnt-11 peptides at 1 pg/ml (see Anti-Wnt antibodies,
recombinant proteins, peptides, and drugs; page 71) by overnight incubation at 4 °C. Next day,
several TBS washes were performed, and the plate was blocked overnight with TBS containing
0.1% Tween 1% BSA. Antibodies (E8 and rat IgG control) were tested by serial dilution (1
ug/ml, starting dilution 1:1 000 to 1:50 0000) and incubated for 1.5-2 h at RT. Plates were
washed twice with TBS containing 0.1% Tween 1% BSA. Anti-rat HRP-conjugated secondary
antibody (1: 2 000; Jackson ImmunoResearch) was incubated for 1 h at RT. Plates were washed
three times with TBS containing 0.1% Tween 1% BSA. Signal was developed with 3,3',5,5'-
Tetramethylbenzidine (TMB) ELISA high sensitivity kit (Abcam ab171523), and absorbance

measured at 370 nm. Data regarding this section is presented in Figure 13, page 71.
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Dot blot

5.5.1. Peptide dot blot

1 pg of peptide was dot blotted on nitrocellulose membranes and left to dry. The membranes
were blocked in TBS-T containing 3% BSA. The subsequent steps were as for western blotting,
starting from the blocking step (see page 87) and incubation was done with E8 and F10
antibodies from hybridoma cells conditioned media (see Anti-Wnt antibodies, recombinant
proteins, peptides, and drugs; page 71). Data regarding this section is presented in Figure 13,
page 71.

5.5.2. Cell supernatant dot blot

HEK 293 cells were transfected and cultured in 5% FBS containing media for 48 h prior to
cell supernatant or conditioned media (CM) collection. CM was centrifuged at 500 g for 10
min to remove any cell debris. From a total of 1 ml cleared CM, 100 ul was blotted on a
nitrocellulose 0.22 um membrane using a concentrator manifold system (Minifold™). After
complete drying of the membrane (1-2 h), the nitrocellulose was blocked in TBS-T buffer
containing 3% BSA and analyzed by western blotting starting from the blocking step (see page
87).

Immunoprecipitation (IP) and pull-down

For immunoprecipitation (IP) and pull-down assays, PC3 or HEK 293 cells were plated in
6-well plates and transfected with a total of 1 pg of plasmids (when co-transfected with multiple
plasmids, equal amounts of each were used unless stated otherwise) by following the procedure
described on page 75. After 24-48 h, plates were placed on ice and cells washed in PBS and
lysed for 5-10 min in 1 mL IP buffer (50 mM Tris-HCI, pH 8, 150 mM NacCl, 1% Triton X-
100, 1 mM EDTA, supplemented with 1x cOmplete™ EDTA-free Protease Inhibitor Cocktail
and 1x PhosSTOP Phosphatase Inhibitor Cocktail Tablets). Samples were then centrifuged at
15 000 g for 12 min at 4 °C, pellets were discarded, and supernatants collected. Part of the
supernatant was immediately processed for western blotting by mixing 40-50 ul of total protein
extract 1:1 with 2x Laemmli Buffer (Sigma) in order to have an expression control (input).

Inputs were stored on ice during the immunoprecipitation procedure.

For immunoprecipitation (for direct fc tag pull-down this step was skipped), the remaining

lysates were incubated on ice for 90 min with 1 pug of immunoprecipitating primary antibody
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(PA or VSV-G see Table 11 for antibodies details and Figure 16 for IP/pull-down scheme).
Immunoprecipitating antibodies or fc-tagged proteins were pulled down with 15-20 ul of
Protein A/G PLUS-Agarose beads (Santa Cruz) by incubation for 30-60 min at 4 °C on a
rotating wheel. Agarose beads were pelleted by gentle centrifugation for 30 sec at 500 g.
Supernatants were removed (containing non-interacting proteins) and agarose pellets washed
in IP buffer and centrifuged again. The washing procedure by centrifugation rounds was
performed 3-5 times. An additional final wash in ice-cold TBS (Tris-buffered saline) buffer
was performed prior to resuspension of the agarose pellet in 15-20 pl 2x Laemmli Buffer
(Sigma). Immunoprecipitated samples (IPs) and inputs (non-immunoprecipitated, total cell
extracts) were incubated at 95 °C in a Thermomixer compact (Eppendorf) for 5 min. After that,

the samples were subjected to SDS-PAGE electrophoresis for western blotting.
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Figure 16. Experimental designs for PA-tagged Wnt-11 (W11) or antibody epitope mutant (AE)
immunoprecipitation (IP) or pull-down with VSV-G or Fc tagged LRP6. IP of VSV-G tagged LRP6 is presented in
the left and pull-down of fc-tagged LRP6N is depicted in the right. PA, VSV-G and fc tags are highlighted in grey
squares, details are provided in Table 5, page 77. Lines indicate putative interaction detected in the experiments
(dashed lines denote a weaker interaction). LRP6N — extracellular domain only or ectodomain of LRP6.
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Immunofluorescence (IF)

Cells were plated on 12 mm sterile coverslips (VWR, 0111250) in 24-well or 12-well plates.
If appropriate, cells were transfected by following the procedure described on page 75. For
immunofluorescence (IF) staining, cells were washed in PBS and fixed at RT in PBS containing
4% PFA (Santa Cruz) for 15 min followed by 3 washes in PBS. Permeabilization was done for
10 min at RT in PBS containing 0.1% Triton X-100 (this step was skipped for cell surface
staining of antigens). Samples were blocked for 30-60 min in 2% BSA, 50 mM glycine, 0.01%
NaNszin PBS (IF blocking buffer). After that, coverslips were incubated overnight at 4 °C with
primary antibodies diluted in IF blocking buffer (see Table 11 for dilutions). Coverslips were
then washed 3 times in PBS and incubated with secondary antibodies diluted 1:500 in IF
blocking buffer for 40 min at RT (AlexaFluor488, AlexaFluor594, AlexaFluor647, Life
Technologies). Coverslips were washed in PBS for 3-5 times before a final wash in ddH20.
Mounting the coverslips onto slides (Thermo 20 mm frosted) was performed by placing them
cell-side down on a drop of 5-10 pl Vectashield mounting medium with DAPI (Vector Labs),
leaving them to dry for 1 h and then stored at 4 °C. Immunofluorescence was visualized using
an upright fluorescent microscope (Axioimager D1) and a confocal microscope (Leica TCS
SP8) with a 20x objective and a 63x oil immersion objective. Co-localization analyses of LRP6
and Wnt-11/AE were performed using Fiji (see page 97) from the indicated numbers of cells

corresponding to 2 independent experiments.

Immunohistochemistry (IHC)

Formalin/EtOH fixed specimens were paraffin-embedded and 5 pum sections were cut,
placed onto slides and dried at least overnight. Histo-Clear Il (National Diagnosis, USA) was
used for de-paraffinization, followed by four changes of 100%, 96%, 70% EtOH and HO.
Antigen retrieval was conducted for 30 min in a vapor cooker filled with Tris EDTA buffer at
pH 9.0 for Ki67 staining and with citrate buffer pH 6.0 for Wnt-11 staining. Endogenous
peroxidase activity was quenched by incubation for 10 min in 3% H20,. Then, avidin/biotin
were blocked for 15 min each (avidin/biotin blocking kit (Vector Labs)). After PBS washes,
specimens were blocked in 5% horse serum for 30 min at RT. Primary antibody (see Table 11)
to Ki67 (R&D, 1:100) was incubated 1 h RT and additionally overnight at 4 °C and primary
antibody to Wnt-11 (R&D, Goat, 1:100) was incubated overnight at 4 °C. After PBS washes,
sections were incubated for 30 min with biotinylated secondary antibodiy (anti-
mouse/rabbit/goat IgG Antibody (H+L), Universal Pan-Specific biotinylated BA-1300, Vector
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Labs) followed by Vectastain® Elite ABC reagent (Vector Labs) for 30 min. Liquid 3,3’-
diaminobenzidine (DAB) (DAKO) was used as a chromogenic agent for 1-2 min and sections
were counterstained with Mayer's hematoxylin. Samples were then dehydrated through
ascending alcohols to xylene and mounted with dibutylphthalate polystyrene xylene (DPX)
mounting media (Sigma). Specimens were imaged on an Axiolmager D1 light microscope.
QuPath software was used for quantitation of intensity of nuclear Ki67 (see page 97 for
method). For hematoxylin/eosin (H&E) staining, specimens were only deparaffinized and
rehydrated, then stained with consecutive Mayer's hematoxylin and eosin solutions followed

by dehydration and DPX-mounting.

5.8.1. Prussian blue

Prussian blue histochemical reaction for the demonstration of iron was performed using a
kit (Polyscience, 24199) and according to manufacturer’s instructions. Samples were incubated
with a 1:1 mixture of 4% potassium ferrocyanide and 4% hydrochloric acid (Prussian blue
staining solution) for 20 min at RT, renewing the Prussian blue staining solution once after the
first 10 min. They were then washed with PBS three times. Counterstaining was done with
Nuclear Fast Red for 2 min at RT to stain the cytoplasm, followed by washing thoroughly in
PBS. After that, samples were mounted accordingly and imaged using an Axiolmager D1 light
microscope. IHC tumor tissue specimens were processed for Prussian Blue staining after the
fixed specimens had been paraffin-embedded, sectioned, placed onto slides and de-paraffinized
as described in the section above. After Prussian blue reaction, specimens were dehydrated
through ascending alcohols to xylene and mounted with DPX mounting media (Sigma). For
the MNP cell-staining assays, a modified IF protocol was followed. Briefly, cells were seeded
on coverslips placed into 24-well plates. MNP conjugates were incubated at 0.2 mg Fe/ml for
2-4 h at 37 °C or at 4 °C (control). Cells were then washed twice with PBS and fixed with 4%
PFA for 10 min at RT. Cells were then washed again twice with PBS and subjected to the
Prussian Blue histochemical reaction described above. Samples were mounted with
Vectashield without DAPI (Vector Labs).
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6. Chick chorioallantoic membrane (CAM) model

The chick chorioallantoic membrane (CAM) assay is a unique in vivo model that allows the
xenografting of cells on the highly vascularized CAM, facilitating the study of tumor growth
and metastasis in the short time frame of days (Crespo & Casar, 2016). It has been utilized in
cancer research for more than 30 years and has recently received renewed interest (J. J. Harris,
1958; Hu, Ishihara, Chin, & Wu, 2019; Kobayashia et al., 1998; Ribatti, 2016). It has the
potential to deliver reliable results in a rapid and cost-effective manner. It is viewed as a
promising alternative to help reduce experimentation in rodents and other animal models. Also,

CAM assays are exempt from ethical approval.

For experiments, fertilized chicken eggs were purchased from Gibert (Tarragona). Upon
arrival, the surfaces of the eggs were cleaned superficially with 70% ethanol. Eggs were then
placed into a wine refrigerator and maintained at 12 °C usually for 2 days, but up to 1 week,
depending on the timeline of the experiment. A scheme of the CAM assay is presented in Figure
17. At embryo development day (EDD) 0 the eggs were placed with the pointed end facing
down in the rotary incubator set at 37 °C, 60% humidity and with rotation of 100 degrees every
20 min. On EDD 4 a hole was made with the help of a Dremel tool and a syringe (Braun
Sterican) in the pointed end of the eggs to induce the dropping of the developing CAM and its
separation from the outer shell (referred to as dropped CAM). Holes were covered with tape
and eggs placed in a stationary incubator (37 °C, humidity 60-80%). On EDD 7, holes were
enlarged with the help of forceps to a ~ 1 cm diameter window to expose the CAM. Plastic
rings cut from plastic Pasteur pipettes of 5-6 mm diameter were placed on the CAMs. For the
implantation of cells, they were detached with TrypLE (1x, Gibco), counted, and resuspended
at a density of 500 000 PC3 cells/egg in a volume of 12.5 pl/egg of media 0% FBS and 1%
Pen/Strep antibiotics (Gibco). Treatments were added where pertinent, and the suspension was
mixed 1:1 (12.5 pl/egg) with Matrigel matrix growth factor reduced (BD Biosciences, 356230).
Then, the 25 pl/egg of the cell: Matrigel mixture was implanted by placing it drop-wise into

the plastic ring. Tumors were allowed to form and grow for 5-7 days.

Antibodies were added to the cell: Matrigel implantation mixture at 3 pg/egg and then
tumors received topical reminder doses every 2-3 days with 3 pug antibody/egg. MNP conjugate
treatments of the tumors at the day of implantation was performed by either adding 2 pl/egg of
MNPs to the cell:Matrigel implantation mixture (MNP final concentration of 0.1 mg Fe/ml,
corresponding to approximately 0.2-0.3 ug Ab/egg) or by addition of 18-20 pl/egg of MNPs
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topically 4 h after the cell implantation (at a final concentration of 1 mg Fe/ml in PBS,
corresponding to approximately 2-3 ug Ab /egg). MNP treatments were then renewed topically

every 2 days at the same dose (18-20 pl/egg).

On endpoint (EDD 12-14), holes were enlarged for imaging tumors in ovo and excised for
weight determination in a precision balance (Sartorius TE1245). Tumor area was established
as a ratio of tumor area to ring using in ImageJ (see page 97). When tumor specimens were
processed for IHC (see page 92), they were fixed overnight in 10% formalin solution (Merck,
HT5012) and subsequently changed to EtOH 50% for up to two weeks. Specimens were then
paraffin embedded and the procedure described in page 92 was followed for IHC analysis. 5-
10 eggs were used per condition in each experiment and data were normalized to the 1gG-

treated condition for combining at least 3 independent experiments.
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d
EDD O EDD 4 EDD 7 EDD 12-14
Shell Cell Tumor
perforation implantation resection
Treatments

37 °C; 60-80% Humidity
EDD 0 — 4: Rotary incubator
EDD 4 — 14: Stationary incubator

b

Tumor size Tumor weight Tumor IHC

Figure 17. Scheme of chick chorioallantoic membrane (CAM) assay of tumor growth. A) /n ovo process for CAM
assay: opening and dropping of the CAM on EDD 4 with the help of a Dremel tool, tumor cell implantation on
EDD 7 and tumor resection at day 5-7 post-implantation, corresponding to EDD 12 - 14. Treatments were added
every 2-3 days topically, on top of the tumors in the course of the assay. Fertilized eggs were kept in a 37 °C
incubator at 60-80% humidity with (EDD O - 4) and without (EDD 4 - 14) rotation. B) Harvesting process at
endpoint: imaging of tumors for measurement of tumor size/area compared to plastic rings, weight
determination of the resected tumors and processing for IHC analysis. EDD — Embryo development day, IHC —
Immunohistochemistry.
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7. Bioinformatics resources

Databases

Protein sequences were retrieved from the Uniprot database (Bateman et al., 2021),
alignments were performed using MUSCLE (Edgar, 2004) with default parameters and
visualized with Jalview (Waterhouse, Procter, Martin, Clamp, & Barton, 2009). The
conservation score provided in the alignment is given as a numerical index reflecting the
conservation of physico-chemical properties and is visualized as a histogram giving the score
for each column. Conserved columns (score of 11 with default amino acid property grouping)
are indicated by *', and columns with mutations where all properties are conserved are marked
with a '+' (score of 10). Protein structures were retrieved from the RCSB Protein Data Bank
(PDB; http://www.rcsb.org/pdb/; PBD IDs: 6AHY, 4F0A, 4QCI, 11GT) and analysis and
molecular graphics were done using UCSF Chimera (Pettersen et al., 2004). Biorender webtool
(biorender.com) was used to make some of the illustrations. Tools used to evaluate the gene
expression, co-expression and its correlation with patient survival in prostate cancer datasets
included CANCERTOOL (Cortazar et al., 2018) and GEPIA (Tang et al., 2017).

Image analysis

Basic image analysis was carried out using ImageJ’s (NIH, Bethesda, MD, USA) Fiji
distribution (Schindelin et al., 2012). Homemade macros were used for automated cell number
quantification (Table 12 and Figure 18), area determination and fluorescence image mounting.

Densitometries of western blot images were performed after background subtraction using
the default commands for gel analysis: select lanes and plot lanes, followed by the area
measurements corresponding to the intensity values of the bands. Densitometry values were
normalized to those of the loading control and then to the internal control condition. For the
semi-quantification of the turbidity produced by the MNP aggregation, the Find Maxima
command was used with a threshold set at 10. Prussian Blue cell staining blue color
deconvolution was performed using Fiji’s Color deconvolution command for Brilliant Blue.
The deconvoluted blue signal intensity was measured in the images for each replicate and the

average value is presented.
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Wound healing analysis was done using the MRI Wound Healing Tool
(https://github.com/MontpellierRessourcesimagerie/imagej _macros_and_scripts/wiki/Wound
-Healing-Tool). Area measurements at endpoint were made relative to the same area at time 0
h (x) and was recalculated relative to closure (1-x). Relative closure values of the six replicates
were then averaged and relativized to the internal control. Co-localization tests were done using
the coloc2 plugin (https://imagej.net/Coloc2).

Table 12. Example Image) macro used for automated cell counting of migrating cells. In Figure 18 example
images before and after processing with the Image) macro are shown.

run("8-bit");

run("Subtract Background...", "rolling=30 light");

setThreshold(0, 240);

setOption("BlackBackground", false);

run("Convert to Mask");

run("Watershed");

run("Analyze Particles...", "size=60-Infinity show=0utlines display summarize add");
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Figure 18. Example images obtained for automated cell counting of migrating cells using the ImageJ) macro
shown in Table 12. Representative images of transwell chambers (upper panel) and macro-output (lower panel)
with numbers obtained indicated at the bottom right. Scale bar 100 um.

Qupath software (Bankhead et al., 2017) was used for the analysis of IHC images. For Ki67
nuclear intensity quantification the following method was used. Briefly: images were imported
to a Qupath project and tumor area was selected, automated cell segmentation tool based on
hematoxylin staining was used with manual supervision and DAB mean intensity was obtained
for each of the segmented nuclei. Data of the nuclei from each picture were averaged and

statistically analyzed as independent as described below.
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8. Statistical analysis

Data presented are the result of 3 independent experiments, unless stated otherwise and are
represented as the mean = standard error of the mean (SEM) indicated by error bars. For most
experiments data are presented as the fold-change relative to the internal control. Data were
handled on Microsoft Office Excel spreadsheets, aided by the use of GraphPad Prism 5.0
(GraphPad, La Jolla, CA, USA) and PlotssOfData webtool (Postma & Goedhart, 2019)
(https://huygens.science.uva.nl/PlotsOfData/). Using the latter tool, data are presented as
boxplots and tables containing the statistical associated information are presented indicating:
95ClI, 95% confidence interval; IQR, interquartile range; MAD, median absolute deviation;

Q1, quartile 1; Q3, quartile 3; SD, standard deviation; SEM, standard error of the mean.

For determination of statistically significant differences, pairwise comparisons were
analyzed using two-tailed Student's t tests. For normalized data unequal variances were
assumed, and heteroscedastic t-tests were calculated; for paired observations, paired t tests
were performed. Large group comparisons (>6) were analyzed using one-way analysis of
variance (ANOVA) and p-values were then obtained as post-hoc Tukey corrected p-values. A
p-value<0.05 was considered statistically significant: * is indicative of p<0.05; ** of p<0.01,
*** of p<0.001; and n.s. notation was used to indicate non-significant differences; sometimes

specific p-values are noted on the graph or in the figure legend.

99



Materials and methods

100



Results

101



Results

102



Results

Chapter I: Characterization of anti-Wnt-11 antibodies and

functionalized nanoparticles

I.L1. Characterization of anti-Wnt-11 antibodies’ recognition of Wnt-11

The importance of Wnt-11 in advanced prostate cancer progression has been studied
extensively in Dr. Kypta’s lab (Murillo-Garzon et al., 2018; Uysal-Onganer et al., 2010; Uysal-
Onganer & Kypta, 2012; H. Zhu et al., 2004). Increased expression of Wnt-11 is found in
prostate tumors and in metastatic lesions. Moreover, high WNT11 mRNA expression correlates

with poor prognosis in patients (see Figure 12, page 64).

With the aim of selectively blocking Wnt-11 function, rat anti-Wnt-11 antibodies were
generated in house to human Wnt-11 peptides (see Figure 13, page 71). Two antibodies, named
E8 and F10, were selected for studies. Dot blot analysis identified the same peptide as being
recognized by both antibodies, comprising Wnt-11 amino acids 101-112 (LLDLERGTRESA),
constituting the antibodies epitope. E8 further recognized this Wnt-11 peptide by ELISA and

the recognition of Wnt-11 full length protein was confirmed as follows.

As cellular models, the next prostate cancer cell lines were used: VCaP, androgen dependent
cells that express moderate to high levels of WNT11 mRNA; PC3, androgen independent cells
that also express moderate to high levels of WNT11 mRNA; DU145, androgen independent
cells that express moderate levels of WNT11 mRNA; and C4-2B, androgen independent cells
derived as a bone metastatic subline from LNCaP (Lymph Node Carcinoma of the Prostate)
cells, which express low levels of WNT11 mRNA. In Table 13 WNT11 mRNA levels and
androgen dependency for each cell line are presented and further information of their
characteristics can be found in Table 2 (page 75).
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Table 13. WNT11 mRNA expression in the prostate cancer cell lines used. The levels of mMRNA were determined
using the AACT method, relative to the expression of 36B4 housekeeping gene (Livak & Schmittgen, 2001).
Relative values are calculated to those of VCaP cells. Primers no-CDS (located in the non-coding sequence) for
detecion of endogenous WNT11 and primers CDS (coding sequence) for detection of both endogenous and
ectopic WNT11. For DU145 cells only relative values (for primers no-CDS) are presented because data
corresponds to an independent set of experiments.

WNT11 mRNA
WNT11 mRNA Prostate cancer cell line AACT Relative Androgen dependency

VCaP 11.055 1.000 Yes

PC3 10.835 1.165 No

Primers CDS DU145 - - No
C4-2B-V 14.488 0.093 No

C4-2B-WNT11 3.419 199.020 No

VCaP 11.743 1.000 Yes

PC3 11.752 0.993 No

Primers no-CDS | DU145 - 0.564 No
C4-2B-V 15.031 0.102 No

C4-2B-WNT11 15.628 0.068 No

First, Wnt-3a and Wnt-11 recombinant proteins were used to demonstrate that ES8
specifically recognized Wnt-11 by western blot but not Wnt-3a, which only contains the latest
part of the antibodies epitope sequence (TRESA). As controls, commercial goat-a-Wnt-11 and
rat-o-Wnt-3a antibodies were used to confirm the presence of each protein. Additionally,
Coomassie staining of the gel was carried out, which revealed the presence of comparable
amounts of the BSA used as carrier for these recombinant proteins as an indicator of loading.
E8 recognized Wnt-11 recombinant protein, as did the commercial anti-Wnt-11 antibody, and
did not show cross-reaction with Wnt-3a (Figure 19a).

An important requirement for function-blocking antibodies is the ability to recognize its
antigen in a cellular context. For that, C4-2B prostate cancer cells that express low levels of
Whnt-11 were used for stable overexpression of either empty vector (pcDNA) as control (C4-
2B-V cells) or pcDNA-Wnt-11 (C4-2B-WNT11 cells). The overexpression of ectopic WNT11
was confirmed by RT-PCR (Table 13). Also, by western blot, a much-enhanced expression of
Whnt-11 in the latter cells was detected (Figure 19b). Immunofluorescence signal intensity was
low for both E8 and commercial goat-R&D-Wnt-11 antibodies in C4-2B-V control cells.
Meanwhile, the staining intensity was high in C4-2B-WNT11 cells for both antibodies and they
showed relatively optimal co-localization in Wnt-11 high-expressing cells (Figure 19c).
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Figure 19. Detection of recombinant Wnt-11 protein and ectopic Wnt-11 in C4-2B cells with E8 antibody. A)
200 ng of recombinant protein for Wnt-11 (W11) and Wnt-3a (W3A) were blotted with E8 and control antibodies
goat-a-Wnt-11 and rat-a-Wnt-3a; as loading control, the BSA used as carrier for the recombinant proteins, was
analyzed by Coomassie staining of the polyacrylamide gel. Recombinant proteins were loaded in duplicate. B)
Western blot showing Wnt-11 overexpression in C4-2B-WNT11 cells compared to C4-2B-V control cells. C)
Immunofluorescence of the C4-2B-V/WNT11 cells using E8 a-Wnt-11 (green), goat-a-Wnt-11 (red) and DAPI
(blue, nuclei) and a merge of the 3 channels.
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To further prove E8 recognition in a cellular context, HEK 293 cells transfected for the
transient expression of Wnt-11 were used. The cells were stained with E8 and the populations
showing high (+) and low (-) intensity for the staining were sorted by Fluorescence-activated
cell sorting (FACS, see Figure 15 in page 86 for the experiment scheme). Sorted cells were
then processed for protein extraction and probed for Wnt-11 by western blot with a commercial
anti-Wnt-11 antibody. First, E8 stained cells showed higher signal intensity compared to
controls of unstained and only secondary a-rat-stained cells (AlexaFluor-647, APC) (Figure
20a). The western blot results indicated that the E8 high/positive sorted cells were enriched for
Whnt-11 protein expression (Figure 20b), with the confirmation of Wnt-11 overexpression in
total protein extracts compared to vector-transfected cells (Figure 20c). A pilot experiment
carried out in parallel using a commercial (R&D) rat anti-Wnt-11 antibody found that cells
sorted using this antibody were not enriched for Wnt-11 expression (Figure 20d), suggesting
E8 was able to recognize native Wnt-11 on the cell surface, in contrast to R&D rat anti-Wnt-
11 antibody.

a
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Figure 20. Detection of Wnt-11 protein levels of FACS-sorted HEK 293 cells overexpressing Wnt-11 transiently.
A) Example FACS plots of Wnt-11 expressing HEK 293 cells unstained, stained for only secondary a-rat-AF647
and E8 stained, showing the gates for E8 high (+) and E8 low (-) populations for FACS-sorting. B) Western blots
of E8+ and E8- sorted cells for detection of Wnt-11 and loading control (HSP60, GAPDH). 3 independent
experiments shown. C) Western blots showing Wnt-11 protein expression of bulk/unsorted HEK 293 cells
transfected for the transient expression of Wnt-11 with a Wnt-11 plasmid compared to vector (V, pcDNA)-
transfected cells. 3 independent experiments carried out in parallel to the sorted cell extracts presented in (B)
are shown. D) Western blots of R&D rat-anti-Wnt-11+ and R&D rat-anti-Wnt-11- sorted Wnt-11 expressing HEK
293 cells for detection of Wnt-11 and loading control (GAPDH); n=1, pilot experiment. For detection of Wnt-11

expression by western blot a commercial antibody (R&D goat) was used. AF647-AlexaFluor-647 secondary
antibody was detected with the APC (Allophycocyanin) filter by FACS.
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These results together with previous findings reported in Dr. Kypta’s lab, indicated that the
in house generated anti-Wnt-11 antibodies were able to recognize Wnt-11 in different assays.
Next, the hypothesis that these antibodies might function as function-blocking antibodies for
Whnt-11 in prostate cancer models was studied. For testing this, in vitro and in vivo functional

assays were carried out using these antibodies, which are presented in the following chapters.

[.2.  Functionalization of MNPs with anti-Wnt-11 antibodies

To improve the properties of the anti-Wnt-11 antibodies in the context of in vivo delivery
and imaging, functionalization of superparamagnetic iron oxide nanoparticles (SPIONSs), here
referred to as magnetic nanoparticles (MNPSs), was carried out with the anti-Wnt-11 antibodies.
The conjugation was performed following previously described methods (see page 72 and
Figure 14).

Anti-Wnt-11 antibodies conjugates (MNP-E8 and MNP-F10) were produced, as well as two
control nanoformulations, unconjugated nanoparticles (MNP-C) and antibody control rat-1gG
conjugated MNPs (MNP-1gG). After functionalization, a characterization of a sample from
each conjugate was carried out using dynamic light scattering (DLS). Table 14 shows
representative DLS measurements corresponding to the MNP batch of 2020 (see Table 1, page
74). The antibody conjugation produced a slight increase in size compared to activated MNPs
(MNP-SH). Charge was also found altered, as activated MNPs showed a decrease in the
negative charge compared to the unmodified MNPs (COOH, from -12.3 to -6.6 mV) and the

conjugation of antibodies increased back the negative charge (to approximately -10 mV).
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Table 14. Dynamic light scattering (DLS) measurements of the MNP nanoformulations, 2020 batch. MNP-
COOH corresponds to MNP-C unconjugated nanoparticles; MNP-SH corresponds to activated MNP, an
intermediate compound of the conjugation process; MNP-IgG, E8 and F10 correspond to the rat antibodies
conjugates; and IgG antibody alone is also presented that was used as a reference. PDI - Polydispersity index.

Sample Hydrodynamic diameter (nm) Zeta potential (mV) PDI
MNP-COOH 69.2+£5.0 -123+2.0 0.21
MNP-SH 59.0+£0.8 -6.6+1.6 0.15
MNP-IgG 62.2+0.6 -103+1.1 0.18
MNP-E8 76.4+1.2 9.6+ 0.6 0.21
MNP-F10 61.2+0.6 -9.9+0.8 0.19
IgG antibody - -10.6 £ 0.5 --

Although the MNP-Ab conjugates were soluble in PBS, for their use in in vitro assays their
dilution in cell culture media RPMI and DMEM F12 was required. In media containing low
levels of fetal bovine serum (FBS), the aggregation of MNP-Ab nanoformulations was noted.
This was dependent on the concentration of FBS, with MNP precipitates observed in the media
at below 5% FBS (Figure 21). These conditions were not adequate for the exposure of the
antibodies’ paratopes and therefore low serum conditions were not used for functional assays.
Also, experiments involving MNPs were thoroughly surveyed for MNP aggregation and those

in which they were visibly aggregating were not considered.

(RPMI) % FBS 10 5 2 1 0,5

MNP
aggregation

Figure 21. MNP aggregation under low fetal bovine serum (FBS) conditions in RPMI media. Pictures (in black
and white) of RPMI containing 10, 5, 2, 1, 0.5% FBS with MNP at 0.2 mg Fe/ml showing visible precipitates at
conditions below 5% FBS. MNP aggregation semi-quantification score based on granularity of the picture, as
estimated using Imagel. The images correspond to a representative example of MNP-Ab conjugates. Scale bar
500 pm.

1.2.1. Recognition of prostate cancer cells by anti-Wnt-11-functionalized MNPs

The anti-Wnt-11-MNP conjugates were tested for their capacity to recognize Wnt-11 in a
cellular context, using the prostate cancer cell line VCaP which expresses high levels of
endogenous WNT11 (see Table 13) and Prussian Blue staining for the detection of the iron
containing nanoparticles. Incubation of the MNPs for 2 h at 37 °C showed certain MNPs
attached to the surface of VCaP cells (representative pictures and quantification of surface
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binding is shown in Figure 22a). The MNP-cell interactions were abolished when the MNPs
were incubated at 4 °C (Figure 22b), indicating the specificity of the recognition. MNP-E8
showed enhanced membrane staining, compatible with Wnt-11 binding on the cell surface
compared to MNP-IgG and MNP-C controls. However, in the case of MNP-F10 conjugates
Prussian blue staining intensity was not stronger than that of the MNP-1gG control. This
preliminary characterization allowed the testing of the nanoformulations in a parallel setting to
the naked anti-Wnt-11 antibodies.
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Figure 22. Prussian Blue staining of VCaP cells incubated with MNP conjugates for 2 h at 37 °C and 4 °C. MNP
unconjugated (MNP-C, control) and conjugated with rat antibodies (MNP-IgG for rat-lgG, MNP-E8 and MNP-F10
for anti-Wnt-11 antibodies) were incubated at 37 °C (A) and 4 °C (B) with VCaP cells for 2 h and then fixed and
subjected to Prussian Blue staining for the detection of the iron contained in the MNPs (blue precipitate). Right
panel shows deconvoluted blue color from pictures for improved visualization and semi-quantitation of the blue
color intensity. Scale bar 50 um.
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Chapter IlI: Effects of anti-Wnt-11 monoclonal antibodies and MNP

conjugates on prostate cancer cells in vitro

[I.L1. Anti-Wnt-11 monoclonal antibodies inhibit proliferation and sphere

formation of prostate cancer cells

Whnt-11 has been reported to play a role in cancer cell proliferation and survival (Mori et al.,
2016; Ouko et al., 2004; Tenjin et al., 2019), including in the context of prostate cancer (Uysal-
Onganer et al., 2010). However it has also been reported that Wnt-11 can have the opposite

effect (Toyama et al., 2010) and its role appears to be context dependent.

In order to characterize the effect of anti-Wnt-11 antibodies, E8 and F10, on prostate cancer
cells, proliferation of adherent cells (2D) cultured for 7 days was determined. A significant
concentration-dependent reduction in PC3 cell proliferation using both antibodies, E8 and F10,
was detected at the highest dose tested (20 pg/ml), but not at a lower dose (5 pg/ml; Figure
23a). In DU145 cells, this was significant only for E8 (Figure 23b), although a trend for a
reduction could be observed also for the F10 antibody. However, the effects of both antibodies
on proliferation at lower concentrations and at earlier timepoints were generally small (see
Figure 27, page 116).
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Figure 23. Proliferation assays of PC3 (a) and DU145 (b) cells treated with E8 and F10. Cells were treated for 7
days with renewal of media and antibodies every 2-3 days. Plots represent the effect of the antibodies at a high
dose (20 pg/ml) and a low dose (5 pg/ml) normalized to the rat IgG controls. Statistical differences are calculated
comparing to the IgG-treated control condition.
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Whnts, particularly those mediating B-catenin activation, are proteins with prominent roles
in stemness and differentiation processes (Katoh, 2017; Many & Brown, 2014). Here, the role
of Wnt-11 in prostate cancer stem cell-like features was studied using sphere formation assays.
For this, cells were cultured in defined media in adherence-independent conditions, which was

termed as “3D” condition.

In this assays, RNA and protein extracts from 3D spheres was compared to cells cultured
attached in normal growth media, 2D condition. In PC3 cells, WNT11 mRNA level was found
upregulated in spheres (Figure 24b) and even more markedly so at the protein level (Figure
24a). In C4-2B-WNT11 (C4-2B cells stably overexpressing Wnt-11) spheres compared to
control C4-2B-V spheres, increased levels of SOX2 mRNA were detected, a well-known factor
of stemness (Takahashi et al., 2007) (Figure 24c). This evidence pointed to a correlation of
WNT11 with SOX2 expression levels and suggested Wnt-11 might be playing a role in prostate

cancer cell stemness.
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Figure 24. Potential role of Wnt-11 in prostate cancer cell stemness. A) Western blot of 3D and 2D cultured PC3
cells showing a Wnt-11 upregulation in 3D at the protein level, low (upper) and high (bottom) exposures shown.
B) RT-PCR of 3D and 2D cultured PC3 cells showing a WNT11 mRNA upregulation in 3D. C) RT-PCR of Wnt-11
overexpressing C4-2B-WNT11 cells compared to control vector (V) cells cultured as spheres (3D), showing higher
expression of SOX2 mRNA levels in C4-2B-WNT11 cells.

Therefore, the effects of the anti-Wnt-11 antibodies on prostate cancer cell sphere formation
were determined. Treatment with the anti-Wnt-11 antibodies reduced the number of spheres
formed by PC3 (Figure 25a) and DU145 (Figure 25b) cells, without impairing sphere
morphology (Figure 25c, d; respectively). These results indicate that antibody-mediated
inhibition of Wnt-11 partially disrupts the ability of prostate cancer cells to grow as spheres,

possibly interfering with their stem cell-like properties.
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Figure 25. Sphere formation assays for PC3 and DU145 cells treated with E8 and F10. Top panels show counts
of number of spheres for PC3 (A) and DU145 (B), respectively, normalized to 1gG control. Bottom panels show
representative images of PC3 (C) and DU145 (D) spheres, respectively, for total spheres and zoom for a more
detailed view of morphology. Counts were obtained from 4 independent experiments for each cell line. Sphere
formation assays were performed using 20 ug/ml of antibody. Statistical differences are calculated comparing
to the IgG-treated control condition.

In conclusion, the anti-Wnt-11 antibodies elicited a modest reduction in 2D proliferation of
prostate cancer cells and had an enhanced impact on cells in sphere 3D cultures, in which Wnt-
11 expression was found to be upregulated and correlating with SOX2 mRNA expression.
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[1.2. Anti-Wnt-11 monoclonal antibodies inhibit prostate cancer cell migration

and invasion

Previous studies report that Wnt-11 has an important role in cell cohesion and migration
(Mori et al., 2016; Ouko et al., 2004; Ulrich et al., 2005; Witzel et al., 2006) and also in the

context of prostate cancer (Uysal-Onganer et al., 2010).

To confirm previous observations in the PC3 cell system, the effects of WNT11 gene
silencing were determined using wound healing assays. The results showed that WNT11 gene
silencing reduced PC3 cell migration measured by the relative closure of the wound to control
SiRNA transfected cells (Figure 26a, c). The WNT11 mRNA expression was confirmed to be
effectively reduced upon WNT11 gene silencing by RT-PCR at the experiment endpoint
(Figure 26b). In parallel, treatments with E8 and F10 were found to reduce PC3 cell migration
into the wounded area compared to 1gG-treated cells (Figure 26d, €). Anti-Wnt-11 antibodies
reduced PC3 wound closure to a similar extent to that of the WNT11 gene silencing.

The reduction in migration of PC3 cells upon antibody treatment was confirmed using
transwell migration assays. Here, anti-Wnt-11 antibodies showed a similar effect to the
described above, reducing migration (Figure 27a, c). These treatments did not affect
proliferation during the course of the assays (24 h), which was measured as a control (Figure
27Db).

These effects were validated in other cell model, using DU145 cells, in which E8 treatment
elicited a comparable reduction in migration, without affecting proliferation (Figure 27d, e, f).

However, F10 antibody treatment only showed a non-significant trend for reduction.
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Figure 26. Wound healing assays for WNT11 gene silencing and anti-Wnt-11 antibody treatment in PC3 cells.
A) Plot showing the relative effect on wound closure of WNT11 gene silencing (si-WNT11) compared to control
SiRNA (si-C) transfected PC3 cells, performed in 2% FBS RPMI. B) RT-PCR of WNT11 gene silenced (si-WNT11)
PC3 cells compared to control (si-C) showing WNT11 mRNA downregulation. C) Representative images of the si-
C (53% closure) and si-WNT11 (39% closure) cells in the wounded area at start and endpoint of the experiment.
D) Plot showing relative effect on wound closure of treatments with E8 and F10 antibodies, relative to control
1gG in PC3 cells, performed in 5% FBS RPMI, n=4. E) Representative images of the wounded area for E8 (38%
closure) and F10 (36% closure) and IgG control (47% closure) treatments at start and endpoint of the experiment.
Statistical differences are calculated comparing to the IgG-treated control condition. Wound healing assays were
performed overnight or for 24 h, using 10 pg/ml of antibody.
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Figure 27. Transwell migration assays for prostate cancer cells treated with E8 and F10. A, D) Plots showing
relative number of migrating cells treated with E8 and F10 relative to the IgG control for PC3 and DU145 cells,
respectively. B, E) Plots showing effect of the treatments on proliferation as control for the migration, measured
in parallel to the migration assay for PC3 and DU145 cells, respectively. C, F) Representative pictures of the
membrane of the inserts with number of migrated cells for each treatment for PC3 and DU145 cells, respectively.
Migration assays were performed for 24 h using 10 pug/ml of antibody. Statistical differences are calculated
comparing to the IgG-treated control condition.
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In addition, Matrigel-coated transwell invasion assays were carried out with C4-2B-WNT11

Whnt-11 overexpressing cells. Wnt-11 high expressing cells, when compared to control (C4-

2B-V), showed a greater invasion capacity (Figure 28). Moreover, this Wnt-11-driven increase

in invasion, could be abolished upon E8 and F10 treatments.

a
Normalized invasion C4-2B
1,2
1 —
c * *
§ 0,8
2 e
o 0.6
=
E +
204
0,2
0
IgG IgG ES F10
C4-2B-V C4-2B-WNT11

C4-2B-V
IgG

C4-2B-WNT11
IgG

C4-2B-WNT11
E8

C4-2B-WNT11
F10

28

152

25

100 um 18

Figure 28. Transwell invasion assays of C4-2B-V and C4-2B-WNT11 cells treated with E8 and F10. A) Plot
showing number of invading C4-2B-V and C4-2B-WNT11 cells treated with E8 and F10 relative to the IgG-treated
cells and normalized to the proliferation control. B) Representative pictures of the invasion inserts with number
of invading cells for each treatment. Invasion assays were performed for 48 h using 10 pg/ml of antibody.
Statistical differences are calculated comparing to the C4-2B-WNT11 IgG-treated control condition.
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[1.3. Anti-Wnt-11 monoclonal antibodies inhibit hypoxia-induced migration of

prostate cancer cells

Based on previous reports of Wnt-11 expression being upregulated in cells cultured under
hypoxic conditions and that this drives migration in several cancer cell types (Mori et al., 2016),
the investigation into the role of Wnt-11 in hypoxia-conditioned PC3 cells was pertinent. First,
a marked Wnt-11 upregulation at the protein level was detected upon treatment with the
hypoxia mimetic DMOG (dimethyloxaloylglycine) both at the standard dose of 1 mM and at
the lower dose of 0.2 mM (Figure 29a). As controls, the expression levels of known hypoxia-
related genes (HIF-1a, HIF-2a) were determined and found to be similarly upregulated (Figure
29b). To prove the specificity of Wnt-11 induction, gene silencing of WNT11 in DMOG treated
cells was performed and abolished Wnt-11 upregulation, as expected (Figure 29c). Notably,

silencing prior to DMOG treatment was important for Wnt-11 levels to be reduced effectively.
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Figure 29. Analysis of Wnt-11 protein expression upon treatment with the hypoxia mimetic DMOG. A)
Representative western blot of PC3 cells treated with DMOG at 1 mM and 0.2 mM final concentrations, control
(DMSO) and untreated (UT) probed with a goat anti-Wnt-11 antibody and loading control HSP60. B) Western
blot for HIF-1a (indicated by black arrowhead), HIF-2a and loading control HSP60 in same protein extracts of
PC3 cells shown in (A). C) Western blot of PC3 cells silenced for WNT11 (si-WNT11) or control (si-C) treated with
DMOG at 0.2 mM or vehicle control (DMSO) at the indicated times probed with a rat anti-Wnt-11 antibody and
loading control HSP60. DMOG and siRNA were added at the times indicated in the figure relative to harvesting
(the 0 h timepoint). DMOG - dimethyloxaloylglycine.
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In a further inquiry, the expression levels of other noncanonical Wnt signaling components
were measured by RT-PCR in DMOG-treated PC3 cells (Figure 30a). In accordance with the
protein levels being increased, WNT11 mRNA was upregulated upon DMOG treatment. FZDS8,
which has been identified as a major receptor for Wnt-11 in prostate cancer (Murillo-Garzén
et al., 2018), was found to be also upregulated,. Although not statistically significant, ATF2
expression, a component and target of Wnt-11/ATF2 signaling, showed a trend for a modest
upregulation. HIF2A mRNA also showed a trend for upregulation, but this was not statistically
significant.

For a wider view into the status of overall Wnt signaling, expression of a selected gene set
of canonical Wnt signaling components and target genes was also determined (Figure 30b, c).
Here, some genes showed a clear upregulation (AXIN2), while others trended down (LEF1,
DKK1, NKD1, LRP6). However, the latter effects were not always significant nor dose
dependent. Overall, these results suggested that Wnt/p-catenin signaling is not generally
altered, whereas Wnt-11/FZD8/ATF2 signaling could be elevated, being Wnt-11 and its
pathway partners the main players among Wnt signaling components under hypoxia
conditions. This analysis highlights the complexity and intricacy of Wnt signaling in the

prostate cancer hypoxic response.

Given that hypoxia-induced Wnt-11 has been reported to impact cell migration in other
cancer cell models (Mori et al., 2016), transwell migration assays were carried out to determine
its role in hypoxic PC3 cells. First, culture of PC3 cells under hypoxic conditions enhanced cell
migration compared to migration in normoxia (Figure 31a; cells were pretreated with DMOG
0.2 mM for 24 h and transwell migration was performed overnight at 1% O3, see page 80 for
further information). The activity of the anti-Wnt-11 antibody E8 was tested in this context.
Treatment of hypoxia-conditioned PC3 cells with E8 partially reversed hypoxia-induced
migration, resulting in a fold change of inhibition greater than that observed in migration assays
carried out in normoxia (Figure 31a, b, e; see Figure 27a-c, page 116). The dose of E8 treatment
was increased to 20 ug/ml to take into account the increased levels of Wnt-11 expression. A
limited number of experiments were carried out at lower doses, which showed a trend for dose-
dependency: at 10 pg/ml of antibody the treatment elicited an inhibition similar to that of 20
ug/ml and at 2 ug/ml there was no clear effect (n=2, Figure 31c). Proliferation controls of cells
cultured under the same conditions of hypoxia and antibody treatment found no significant
effects (Figure 31b, d).
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Figure 30. mRNA expression analysis of selected Wnt signaling components upon treatment with the hypoxia
mimetic DMOG. A) mRNA expression in PC3 cells treated with DMOG at 1 mM and 0.2 mM relative to DMSO-
treated cells of noncanonical Wnt components: WNT11 (no-CDS primers used for RT-PCR), FZD8 and ATF2,
together with hypoxia target gene HIF2A. B) mRNA expression in PC3 cells treated with DMOG at 1 mM and 0.2
mM relative to DMSO-treated cells of canonical Wnt components: AXIN2, LEF1, DKK1, NKD1 and LRP6. C)
Heatmap showing LOG: of fold change values presented in (A) and (B) with noncanonical and canonical
components combined and relative to vehicle control, DMSO-treated cells. mMRNA was analyzed by RT-PCR 48 h
post-treatments and statistical differences are calculated compared to DMSO-treated cells. DMOG -
dimethyloxaloylglycine.
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Figure 31. Transwell migration assays of PC3 cells carried out under hypoxic conditions with E8 antibody
treatment. A, C) Plots showing number of migrating PC3 cells treated as indicated and relative to IgG-treated
hypoxic cells, n=3 (A) and n=2 (C). B, D) Plots showing the proliferation effect of the treatments measured in
parallel to the migration assay as control, n=3 (B) and n=2 (D). E) Representative pictures of the insert
membranes with migrating cells treated as indicated, corresponding to the graph shown in (A). Statistical
differences are calculated compared to normoxia IgG-treated cells only for n=3 experiments.
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[1.4. Anti-Wnt-11 functionalized magnetic nanoparticles inhibit migration of

prostate cancer cells

In a parallel testing to that of the anti-Wnt-11 antibodies, the anti-Wnt-11 MNP conjugates
were characterized for their effects on PC3 cell proliferation and migration. A limited number
of experiments were carried out owing to the relatively short half-life of the nanoformulations
and batch variability (see page 72 and Table 1 for further information). Conjugation, even when
efficient, resulted in the dilution of the active antibodies. This was accounted for by increasing
the concentration of the conjugated-antibody treatments for the assays, without exceeding the
maximum tolerated dose of iron of 0.2 mg Fe/ml (Aires, Cadenas, Guantes, & Cortajarena,
2017; Aires et al., 2016), which was the concentration used for experiments (corresponding to

approximately 7 ug/ml of antibody).

As previously reported for other cell models (Aires et al., 2016; Trabulo et al., 2017), the
iron oxide nanoparticles alone (MNP-C) did not have an effect on PC3 cell proliferation in 5-
7 day assays (Figure 32a). This was also the case for 1gG, E8 and F10 conjugates in accordance
with previous results using naked antibodies, where proliferation was only affected at high

doses (20 pg/ml, see Figure 23, page 111).

To measure the effects of the antibody conjugates in migration assays, experiments were
carried out in media containing 5% FBS to avoid the aggregation of the nanoparticles observed
in low serum conditions (see page 108, Figure 21). Because these conditions could be
incompatible with migration and invasion assays, which are performed in media containing
0.5% FBS, wound healing assays were carried out instead. A range of timepoints (24 h, 48 h)
were used with the first batch of MNPs (2018), but only a pilot experiment could be performed
(Figure 32b, n=1). Later, a short timepoint (8 h) was decided as optimal for testing the latest
MNP batch (2021) to avoid confounding variables (e.g., possible reduced cell proliferation). A
consistent reduction in the migration of cells treated with MNP-E8 compared to MNP-IgG
control was determined (Figure 32b, c, d). In addition, MNP-F10 conjugates showed a non-

significant trend for a similar inhibitory effect.
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Figure 32. Proliferation and wound healing assays of PC3 cells treated with MNP nanoformulations. A)
Proliferation assay in PC3 cells untreated and treated with the MNPs relative to MNP-IgG. B) Wound healing
assay performed for 24 and 48 h, n=1 pilot experiment, error bars indicate SEM of the six technical replicates
used in the assay. C) Wound healing assay performed during 8 h, error bars indicate SEM of the 5 independent
experiments. D) Representative pictures of the wounded area at 0 h and 8 h, corresponding to data presented
in (C). UT — untreated; MNP conjugates are the following: MNP-C unconjugated; MNP-IgG, -E8 and -F10
conjugates for each of the rat antibodies. MNPs were used at 0.2 mg Fe/ml. Statistical differences are calculated
comparing to the MNP-IgG control condition.

123



Results

124



Results

Chapter Illl: Effects of anti-Wnt-11 monoclonal antibodies and MNP-

antibody conjugates on prostate cancer cells in vivo

[1I.1. Anti-Wnt-11 antibody E8 inhibits PC3 cell tumor growth in CAM assays

To explore the effect of antibody treatment in tumor growth in an in vivo model, the CAM
(chick chorioallantoic membrane) system was used. For preliminary characterization, the
tumors formed on the CAM upon PC3 cell engraftment, from now on called PC3 CAM tumors,
were analyzed by IHC hematoxylin-eosin (H&E) staining. PC3 CAM tumors were found to be

distinguishable from the CAM tissue, e.g., bigger nuclei, compacted cells (Figure 33a).

The expression of Wnt-11 in PC3 CAM tumors was also apparent by immunohistochemistry
(IHC) staining (Figure 33b). It should be noted here that the WNT11 gene in chick (Gallus
gallus) shows a high sequence identity to human WNT11 (>80%), and by IHC some chick
CAM cells showed WNT11 positive staining, likely corresponding to the endogenous WNT11
expressed by those cells. This observation prompted the delivery of the treatment of E8
antibody locally, in a topical manner on the PC3 tumors, to minimize the quenching of the
antibody by the chick WNT11.

A series of five independent experiments using a total of 26 and 25 eggs for IgG and E8
treatments, respectively, were carried out. The results indicated that, compared to treatment
with 1gG, E8 significantly reduced PC3 tumor growth on the CAM, as measured by tumor
weight (Figure 34a) and tumor area (Figure 34b). In ovo images of the tumors from a
representative experiment are shown in Figure 34c. Statistical analysis is shown independently

for tumor weight (Table 15) and for tumor area (Table 16).

No significant change in the viability of the chick embryos was detected upon IgG or E8
treatments. For F10 treatments, an insufficient number of experiments were carried out to draw
consistent conclusions. In general, F10 treatments showed a weaker effect in in vitro assays,

S0 in vivo experiments were focused on determining the effect elicited by the E8 antibodly.
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Figure 33. Histology and Wnt-11 immunohistochemistry of PC3 CAM tumors. A) Hematoxylin-eosin (H&E)
staining of PC3 cell CAM engrafted tumors (right) compared to only CAM tissue (left). B) IHC staining for Wnt-11
detection (DAB + Hematoxylin) in PC3 tumors treated with IgG (middle) and E8 (right) performed with a
commercial goat-anti-Wnt-11 antibody, including negative (only secondary antibody) control (left). DAB — 3,3'-
Diaminobenzidine developing reagent (brown staining). H — Hematoxylin (blue/purple staining).
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Figure 34. Effect of E8 and IgG control antibodies in PC3 tumor growth on the CAM. A) Relative normalized PC3
tumor weight boxplots for E8 treatment relative to 1gG, p<.05 for the combined data, further statistical
information is provided in Table 15. B) Relative PC3 tumor area boxplots for E8 treatment relative to IgG, p<.05
for the combined data, further statistical information is provided in Table 16. C) In ovo PC3 CAM tumor pictures
at end timepoint (highlighted by a dotted line) enclosed in a plastic ring (dashed line) of approximately 6 mm
diameter, from one representative CAM experiment.
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Table 15. Statistical analysis of PC3 CAM tumor weight upon treatment with E8 and IgG control antibodies.
Associated with Figure 34a. 95Cl, 95% confidence interval; IQR, interquartile range; MAD, median absolute
deviation; Q1, quartile 1; Q3, quartile 3; SD, standard deviation; SEM, standard error of the mean.

Condition n mean SD SEM 95CI mean median MAD IQR Q1 Q3 95CI median
IgG 26 1.06 0.34 0.07 0.92-1.19 1 0.22 039 084 1.23 0.96-1.12
ES 27 0.78 0.32 0.06 0.65-0.91 0.75 0.16 0.31 0.59 090 0.59-0.87

Table 16. Statistical analysis of PC3 CAM tumor area upon treatment with E8 and IgG control antibodies.
Associated with Figure 34b. 95CI, 95% confidence interval; IQR, interquartile range; MAD, median absolute
deviation; Q1, quartile 1; Q3, quartile 3; SD, standard deviation; SEM, standard error of the mean. n=25 for IgG
is presented (compared to tumor weight n=26) due having lost one tumor image for technical reasons.

Condition n mean SD SEM 95CI mean median MAD IQR Q1 Q3 95CI median
IgG 25 1.16 0.58 0.12 0.91-1.40 1 0.23 0.39 0.88 1.27 0.90-1.18
E8 27 0.86 0.47 0.09 0.67-1.05 0.67 0.18 0.52 0.56 1.08 0.57-0.89

To further validate the reduction in PC3 CAM tumor growth upon E8 treatment, tumors
were resected from the CAM and IHC-stained for detection of the proliferation marker Ki67.
After imaging of the stained specimens, an automated measurement of nuclear Ki67 intensities
were performed using Qupath (Figure 35a shows representative images). Measurements of 42-
55 sections from 7-8 tumors for IgG and E8 treatments, respectively, from 2 independent CAM
experiments were analyzed. E8-treated tumors were found to have reduced nuclear Ki67
intensity score, compared to control 1gG-treated tumors (Figure 35b). Statistical analysis is

shown independently (Table 17).
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Figure 35. Proliferation marker Ki67 IHC staining of PC3 CAM tumors treated with E8 and IgG control
antibodies. A) Example images of Ki67 stained specimens of PC3 CAM tumors treated with E8 or IgG. B) Boxplots
showing Qupath automated quantification of nuclear Ki67-DAB intensities using 42-55 sections from 7-8 tumors
from 2 independent experiments, for IgG and E8 respectively. Further statistical information is provided in Table
17.

Table 17. Statistical analysis of Ki67 IHC staining of PC3 CAM tumors treated with E8 and IgG control.
Associated with Figure 35. Qupath automated quantification of nuclear Ki67-DAB intensities using 42-55 sections
from 7-8 tumors from 2 independent experiments, for IgG and E8 respectively. 95CI, 95% confidence interval;
IQR, interquartile range; MAD, median absolute deviation; Q1, quartile 1; Q3, quartile 3; SD, standard deviation;
SEM, standard error of the mean.

Condition n mean SD SEM  95Cl mean median MAD IQR Q1 Q3 95CI median
1gG 55 0.399 0.033 0.005 0.390-0.408 0.401 0.018 0.035 0.382 0.417 0.392-0.409
E8 42 0.349 0.047 0.007 0.334-0.364 0.361 0.019 0.037 0.338 0.375 0.349-0.371
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[11.2. Anti-Wnt-11 functionalized magnetic nanoparticles partially inhibit PC3

cell tumor growth in CAM assays

To test the activity of the anti-Wnt-11 magnetic nanoparticle (MNP) formulations in vivo,
CAM experiments were also performed. For these experiments, with the aim of visualizing
tumors more effectively, PC3-GFP expressing cells were generated and used. Tumors were

imaged for GFP at the endpoint of the assay.

MNP treatments were performed as similarly as possible to those of the naked antibodies.
However, the use of lower equivalent amounts of conjugated antibodies compared to naked
antibodies was required (see page 94). No difference in the viability of the chick embryos was
detected upon treatment with either nanoformulation, indicating they were not toxic at the

doses used.

Combining 3 independent CAM experiments (one experiment with the 2020 MNP batch,
two experiments with the 2021 MNP batch, see Table 1 page 74), PC3-GFP CAM tumor weight
and size were examined upon treatment with the nanoformulations. There were no significant
differences in between tumor growth of the controls used for the assay, with tumors treated
with MNP-C and MNP-1gG being similar to each other and similar to the untreated tumors
(Figure 36, statistical analyses on Table 18 and Table 19). For the anti-Wnt-11 antibody
nanoformulations, MNP-E8 and MNP-F10, there was a trend for a reduction in tumor growth,
with a stronger effect of MNP-E8. Pairwise comparisons determined the only significant
difference was between MNP-IgG and MNP-E8 on tumor area (p=.03) and only when MNP-
E8-treated tumors were compared to untreated tumors, a strong significant reduction was

achieved for both tumor weight and tumor area (p<.01).

Figure 36. Effect of MNP nanoformulations on PC3-GFP tumor growth on the CAM. A) PC3-GFP tumor area
boxplots for MNP treatments relative to untreated (UT), statistical information is provided in Table 18. B) PC3-
GFP tumor weight boxplots for MNP treatments relative to untreated (UT), statistical information is provided in
Table 19. C) In ovo images from a representative CAM experiment showing MNP treated PC3-GFP tumors at end
timepoint. MNP conjugates are the following: MNP-C unconjugated; MNP-IgG, -E8 and -F10 conjugates for each
of the antibodies. See page 94 for details on the MNP treatments.
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Table 18. Statistical analysis of PC3-GFP CAM tumor area upon treatments with MNP nanoformulations.
Associated with Figure 36a. 95Cl, 95% confidence interval; IQR, interquartile range; MAD, median absolute
deviation; Q1, quartile 1; Q3, quartile 3; SD, standard deviation; SEM, standard error of the mean. UT —
untreated. The slightly different number of eggs presented per condition compared to tumor weight (Table 19)
is due to having lost some tumor images for technical reasons.

Condition n mean SD SEM 95CImean median MAD IQR Q1 Q3 95CI median
) 17 1.18 0.51 0.13 0.91-145 1 0.12 042 088 1.3 0.88-1.3
MNP-C 17 0.92 0.37 0.09 0.73-1.12 0.92 0.33 0.58 0.67 1.24 0.67-1.24
MNP-IlgG 17 093 0.45 0.11 0.69-1.17 0.92 0.34 0.77 0.6 1.37 0.60-1.37
MNP-E8 16 0.64 0.31 0.08 0.47-0.81 0.63 0.21 0.38 0.43 0.82 0.42-0.8
MNP-F10 16 0.82 0.40 0.10 0.60-1.04 0.70 0.30 0.64 0.50 1.13 0.49-1.12

Table 19. Statistical analysis of PC3-GFP CAM tumor weight upon treatments with MNP nanoformulations.
Associated with Figure 36b. 95CI, 95% confidence interval; IQR, interquartile range; MAD, median absolute
deviation; Q1, quartile 1; Q3, quartile 3; SD, standard deviation; SEM, standard error of the mean. UT —
untreated.

Condition n mean SD SEM 95CImean median MAD IQR Q1 Q3 95CI median
uT 18 1 0.29 0.07 0.86-1.15 1 0.15 0.27 0.89 1.16 0.91-1.13
MNP-C 19 098 0.36 0.08 0.80-1.15 1.02 0.24 043 0.71 1.14 0.78-1.11
MNP-IgG 17 1.07 049 0.12 0.80-1.33 0.89 0.17 0.34 0.76 1.1 0.76-1.10
MNP-E8 17 0.78 0.3 0.08 0.62-0.94 0.80 0.27 0.51 0.50 1.01 0.51-1.01
MNP-F10 18 0.90 0.37 0.09 0.71-1.09 0.80 0.24 0.44 0.62 1.07 0.67-1.04

In a preliminary IHC analysis with a limited number of MNP-treated tumor sections, a
significant trend was observed for a reduction in nuclear Ki67 staining in MNP-E8-treated
tumors compared to MNP-1gG-treated (Figure 37b, c), validating the previous results on tumor
growth (Figure 36). The MNPs were partially visible as a light brown stain in non-DAB-stained
sections, due to their iron content, and this could be also distinguished in Ki67 (DAB) stained
sections (Figure 37a, b). However, to demonstrate the presence of the MNPs in the tumors
more clearly, Prussian Blue staining was carried out. This analysis showed accumulation of the
MNPs at the site of the tumors apparently not in contact with the CAM tissue. This is likely
because the MNPs were applied topically and corresponds to the apical side of the tumors.
Nevertheless, some penetration of the nanoformulations further into the bulk of the PC3 tumors
could also be observed (Figure 37d).
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Figure 37. IHC of Ki67 and Prussian Blue stainings in PC3-GFP CAM tumors treated with MNP-IgG and MNP-
E8. A) Example images of Ki67 stained MNP-treated PC3-GFP CAM tumor sections and negative (only secondary)
control, which shows weak brown staining owing to the presence of MNPs highlighted by *. B) Plot showing
Qupath automated quantification of nuclear Ki67 intensity from 4 sections corresponding to 2 tumors from one
CAM experiment. C) Images at low (left) and high magnification (right) of Ki67 stained specimens of PC3-GFP
CAM tumors treated with MNP-IgG control (top two rows) or MNP-E8 (bottom two rows), MNPs are highlighted
by *. D) Prussian Blue histochemical staining to detect iron contained in the MNPs in the PC3-GFP CAM tumors
treated with MNP-IgG control (upper two rows) or MNP-E8 (bottom two rows).
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Chapter IV: Mechanism of action of anti-Wnt-11 monoclonal

antibodies

IV.1. Anti-Wnt-11 antibodies interfere with Wnt-11 signaling through DVL and
ATF2

Given the inhibitory effects the anti-Wnt-11 antibody treatments had on prostate cancer cell
sphere formation, migration, invasion, and CAM tumor growth, it was pertinent to investigate

the impact of antibody treatment on Wnt-11 signaling.

To this end, western blotting was used to examine the phosphorylation status of DVL.
Phosphorylation of DVL is regarded as an indication of Wnt signaling activation, for canonical
and noncanonical pathways (Gonzalez-Sancho, Brennan, Castelo-Soccio, & Brown, 2004).
When DVL is phosphorylated, it migrates as a doublet in SDS-PAGE, in which the upper or
shifted band, that presents reduced mobility is predicted to correspond to the phosphorylated
form (p-DVL).

Treatment of PC3 cells with anti-Wnt-11 monoclonal antibodies significantly reduced the
levels of the upper bands of DVL2 and DVL3, compared to the 1gG-treated control (Figure 38
a, b, d). PC3 cells treated with Wnt-C59, which blocks Wnt secretion and signaling, abolished
the DVL shift, suggesting that the basal level of shifted DVL was the result of endogenous Wnt
signaling activity (Figure 38c). Given that WNT11 knock-down has been reported to alter DVL2
MRNA levels (Nagy et al., 2016), DVL2 mRNA expression was measured upon WNT11 gene
silencing and E8 antibody treatment in PC3 cells. This was not altered by either condition
(Figure 38 e, f). These results suggest that the effect of Wnt-11 antibodies is not mediated
through changes in DVL2 mRNA, with the regulation rather taking place at the protein level.
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Figure 38. DVL status upon anti-Wnt-11 antibodies treatment in PC3 cells. A) Western blots for DVL2 mobility
shift in antibody treated PC3 protein extracts, 3 independent experiments shown. B) Representative western
blot for DVL3 mobility shift in antibody treated PC3 protein extracts. C) Representative western blot for DVL2
mobility shift in Wnt-C59 treated PC3 cell protein extracts. D) Densitometry values from DVL2 western blots
shown in (A) for upper and lower DVL bands, statistical differences are calculated comparing to IgG-treated
control. E) mRNA analysis of DVL2 upon WNT11 gene silencing (si-WNT11) for 48 h compared to control siRNA
(si-C) transfected PC3 cells. F) mRNA analysis of DVL2 upon E8 treatment for 24 h compared to IgG-treated PC3
cells. Antibody treatments were performed overnight at 10 pg/ml and Wnt-C59 treatment was done overnight
at 100 nM. Black arrowheads indicate lower DVL bands, predicted to correspond to the non-phosphorylated-
DVL and white arrowheads indicate upper DVL bands, predicted to correspond to the phosphorylated-DVL.
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To asses downstream signaling, an ATF2-dependent luciferase (ATF2-luc) reporter was
used (Ohkawara & Niehrs, 2011) (see Luciferase-based Wnt gene reporters, page 45). A similar
ATF2-based reporter (1x), which contains only one copy of the ATF2 responsive sequences
(vs. ATF2-luc which contains 2), was also used to allow for the correction of the signal using

a control reporter containing mutations in the ATF2 binding site (mt5) (Bruhat et al., 2000).

Whnt-11 overexpression in PC3 cells induced an increase in ATF2-luc activity (1x/mt5;
Figure 39a). However, the reduction of the basal activity of the reporter in these cells upon
antibody-mediated inhibition of Wnt-11 was more difficult to achieve, with E8 only reducing

slightly this activity (Figure 39Db).
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Figure 39. Effect of Wnt-11 ectopic expression and E8 treatment on ATF2-luc reporter activity in PC3 cells. A)
1x/mt5 reporter activity (corrected ATF2-luc signal) in Wnt-11 (W11) transfected PC3 cells relative to vector (V)
transfected cells measured 24 h post-transfection. B) ATF2-luc reporter activity in PC3 cells after 16 h of E8
treatment (10 pg/ml) relative to IgG-treated control, 14 independent experiments combined.
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IV.2. The antibody epitope is required for Wnt-11 mediated migration and

signaling

IV.2.1. Molecular characterization of the antibody epitope deletion mutant

Taken together, the results so far indicate that blocking Wnt-11 using the antibodies E8 and
F10 had an impact on Wnt-11 function and signaling. Because both antibodies target the same
known epitope in Wnt-11, it was pertinent to assess the role of this region in its function. To
this end, site-directed mutagenesis of the WNT11 gene encoded in the plasmids used for ectopic
expression (see Table 4, page 77) was carried out to partially delete the antibody epitope region,
thus generating the antibody epitope deletion mutant Wnt-11A L101-T108 (referred to as AE

from now on).

Locating the epitope in a protein sequence alignment of human Whnts, revealed that it laid
in a region with relatively low sequence similarity among the Wnt family members (Figure
40a). Based on sequence conservation, the epitope may be divided into two parts, a first part
less conserved (Figure 40a, red colored, LLDLERT) and a second part that is more similar in

all Wnts (Figure 40a, orange colored, RES2).

The alignment also facilitated locating the epitope in a structural context, based on the
alignment to human Wnt-3, for which there is a crystal structure (Hirai et al., 2019). The epitope
is in the apical region of the “palm” of the Wnt, far from FZD interacting domains (Figure 40Db,
“thumb” and “index finger” regions, see also Figure 7 on page 39). The second more conserved
region was engaged in secondary helix structure in the equivalent region of Wnt-3. Therefore,
deletion of only the first, non-conserved region was carried out to try not to alter protein
stability (Figure 40b, c, red colored sequence was mutated). V5, and PA-tagged WNT11
containing plasmids were also mutated, which enabled some of the studies described hereafter
(Figure 40d).
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Figure 40. Antibody epitope location in Wnt sequence and structure. A) Alignment of human Wnt protein
sequences showed as a partial view centered in the antibody epitope region (red, mutated; orange, not mutated
in the AE). Conservation scores are provided with the alignment, showing the conservation of physico-chemical
properties: conserved columns are indicated by '*' and columns with property conserving mutations are marked
with a '+', see page 97. B) Location of the antibody epitope is highlighted in the equivalent region of Wnt-3
structure (beige Wnt; red, mutated; orange, not mutated), with the thumb, palm, apical region and index fingers
indicated. C) Sequence of the antibody epitope deletion mutant (11_AE) compared to wild-type Wnt-11 (11_wt)
and aligned to Wnt-3 (W3) for modeling of the structure shown in (B). D) Depiction of Wnt-11 protein with PA
and V5 tags location. Structure retrieved from PDB: 6HAY (Hirai et al., 2019). AE - antibody epitope deletion
mutant, N-ter — N-terminal, C-ter — C-terminal.
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In a first molecular characterization of the Wnt-11 mutant AE, the expression at the protein
level of the untagged, V5 and PA-tagged constructs was analyzed, showing a comparable
expression to that of the wild-type (Figure 41a, b, ¢). The presence of PA-tagged Wnt-11 and
AE in the conditioned media (CM) of transiently transfected HEK 293 cells was confirmed,
showing similar levels of secreted protein (Figure 41d). To exclude the possibility of
contaminating cells in the CM, this was also analyzed after filtration through a 0.2 um

membrane prior to being blotted.
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Figure 41. Antibody epitope mutant (AE) expression and secretion. A) Western blot of protein extracts from
HEK 293 cells transfected with plasmids expressing untagged Wnt-11 (W11) and AE. B) Western blot of protein
extracts from HEK 293 cells transfected with plasmids expressing V5-tagged Wnt-11 and AE. C) Western blot for
overexpression in HEK 293 cells of PA-tagged Wnt-11 and AE. D) Dot blot of CM collected from HEK 293 cells
transfected with plasmids expressing PA-tagged Wnt-11 and AE, unfiltered (upper dot blot) and filtered through
a 0.2 um membrane (lower dot blot) indicated with an illustration on the right. Dot blot of 100 ul of concentrated
conditioned media. See page 90 for more details.

By cell surface immunofluorescence staining of HEK 293 cells transfected with plasmids
expressing VV5-tagged Wnt-11 and AE, the AE protein was observed to reach the surface of the
cells, in a similar manner to wild-type Wnt-11. This indicated that the transport and localization

of the AE to the cell membrane was not grossly altered (Figure 42).
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Figure 42. Cell surface immunofluorescence staining of Wnt-11 and antibody epitope mutant (AE). HEK 293
cells transfected with plasmids expressing V5-tagged Wnt-11 and AE subjected to unpermeabilized
immunofluorescence staining with an anti-V5 antibody. Images show independent channels for DAPI (blue) and
V5 (red) and merge.

The evidence of the AE being comparably expressed, secreted and detectable on the surface
of HEK 293 cells transfected with the respective ectopic expression plasmids, indicated that
the AE mutation was likely not impairing Wnt-11 overall folding, transport and release. Hence,
the Wnt-11 mutant AE was used as a tool for investigating the importance of the antibody
epitope for Wnt-11 signaling and function, aiding in the study of the mechanism of action of

the antibodies.
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To test whether the partial deletion of the epitope in the AE was sufficient to hamper
recognition by E8, similar FACS experiments to those described in Figure 20 (page 106) were
carried out. By these means, FACS sorting for high vs low E8 (+/-) stained populations of HEK
293 cells expressing the AE, did not produce protein cell extracts enriched for Wnt-11 protein
in the E8+ sorted cells, in clear contrast with the cells expressing wild-type Wnt-11. This
indicated that E8 recognition of Wnt-11 was likely impaired after deletion of this part of the

epitope (Figure 43).
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Figure 43. Detection of Wnt-11 protein levels of FACS-sorted HEK 293 cells transfected with plasmids for Wnt-
11 and antibody epitope mutant (AE) expression. A) Example FACS plot for E8 staining and sorting gates of E8
high (+) and E8 low (-) cell populations for subsequent protein analysis. B) Western blots for detection of Wnt-
11 protein levels in E8+ and E8- sorted HEK 293 cells expressing Wnt-11, a representative experiment shown on
the left, or AE, two independent experiments shown on the right. C) Western blots of bulk/unsorted Wnt-11 or
AE expressing HEK 293 cells compared to vector (V) transfected cells, corresponding to the cells of the
experiments shown in (B). Western blot detection of Wnt-11 was carried out using a commercial (R&D goat)
antibody and loading control corresponds to either HSP60 or GAPDH. APC (Allophycocyanin) filter was used in
the FACS for the detection of E8-AlexaFluor-647. See Figure 20 (page 106) for the Wnt-11 experiment replicates.
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Iv.2.2. Functional role of the antibody epitope for Wnt-11-mediated prostate cancer
cell migration
To analyze the functional impact of the antibody epitope mutation, PC3M cell migration
assays were carried out. In concordance with previous results, showing antibody treatment
reduced cell migration (see Figure 27), overexpression of Wnt-11 was found to significantly
enhance PC3M cell migration (Figure 44a). In contrast, the antibody epitope deletion mutant
(AE), lacking part of the region mediating the antibody interaction, did not affect migration
compared to vector (V)-transfected cells. Neither overexpression of Wnt-11 nor AE
significantly changed the proliferation controls carried out in parallel to the migration assay
(Figure 44b). Protein extracts tested in parallel to these assays confirmed similar expression
levels of Wnt-11 and AE (Figure 44c).
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Figure 44. Transwell migration assays of PC3M cells transfected for the expression of Wnt-11 (W11) and
antibody epitope mutant (AE). Migration of PC3M cells transfected with the indicated plasmids relative to
vector (V) transfected cells and normalized for the proliferation controls, n=4. B) Plot showing proliferation data
used to normalize migration shown in (A). C) Representative western blot for the detection of Wnt-11 and AE
protein expression in extracts from cells transfected in parallel and analyzed at the experiment endpoint.
Statistical differences are calculated comparing to the V-transfected condition.
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IV.2.3. The potential role of the antibody epitope in Wnt-11-mediated signaling

Because the antibody epitope mutant (AE) showed a distinct phenotype from that of Wnt-
11 in its capacity to induce PC3M cell migration, it was important to determine if Wnt-11
signaling was impaired by the antibody epitope mutation. This was first tested by examining
the phosphorylation of DVL by mobility shift assay, which was previously found to be
inhibited by anti-Wnt-11 antibody treatment (Figure 38, page 136).

Exogenous expression of Wnt-11 in HEK 293 cells increased the intensity of the DVL3
upper band, predicted to be the phosphorylated form (Figure 45a, c). In contrast, the AE was
unable to induce a comparable DVL3 shift. To corroborate the Wnt-11-mediated induction of
shifted DVL3, treatment of Wnt-11 transfected cells with porcupine inhibitor Wnt-C59 was
carried out in combination, blocking Wnt secretion, and the shifted DVL3 was found to be

abolished (Figure 45b).
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Figure 45. Effect of Wnt-11 (W11) and antibody epitope mutant (AE) ectopic expression on DVL status. A)
Representative western blot for DVL3 mobility shift in HEK 293 cells transfected with plasmids for the ectopic
expression of Wnt-11 (W11) and AE. B) Western blot for DVL3 mobility shift in HEK 293 transfected cells as
indicated in combination with Wnt-C59 treatment. C) Densitometry values combining 4 independent
experiments in PC3 and HEK 293 cells expressing Wnt-11 and AE, showing the ratio of upper to lower DVL3
bands. Protein was harvested 24 h post-transfection and Wnt-C59 treatment was performed overnight at 100
nM. Black arrowheads indicate lower DVL bands, predicted to correspond to the non-phosphorylated-DVL and
white arrowheads indicate upper DVL bands, predicted to correspond to the phosphorylated-DVL. Statistical
differences are calculated comparing to the V-transfected control condition.
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To investigate further the role of the antibody epitope in Wnt-11 signaling, gene reporter
assays were carried out. In these, the repression mediated by Wnt-11 and antibody epitope
mutant (AE) of Wnt/B-catenin TCF-dependent activity was assessed. Wnt-11 expression in
HEK 293 cells significantly inhibited Wnt-3a conditioned media (CM) stimulation of -
catenin/TCF-dependent gene reporter (TOP-luc, Figure 46a). In contrast, the expression of the
AE was unable to repress Wnt-3a CM-induced B-catenin/TCF-dependent signaling, indicating
it lacked the capacity previously shown for wild-type Wnt-11. Protein expression analysis
carried out in parallel to the gene reporters showed that both Wnt-11 and AE were similarly

expressed (Figure 46b).
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Figure 46. Effect of Wnt-11 (W11) and antibody epitope mutant (AE) ectopic expression on TOP-luc reporter
activity stimulated with Wnt-3a conditioned media (CM). A) HEK 293 cells were simultaneously transfected
with gene reporter plasmids, Wnt-11 (W11) and AE and 4 h later media was changed to control or Wnt-3a CM.
Reporter activity was measured 24 h later. B) Western blot for Wnt-11 (W11) and AE expression analyzed in
parallel to the gene reporter assays, for the Wnt-3a CM stimulated condition. Statistical differences are
calculated comparing to the V-transfected +Wnt-3a CM condition as indicated, if not shown the comparison is
n.s.
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IV.3. The role of the antibody epitope in Wnt receptor and coreceptor binding

IV.3.1. Structural context

Given that the antibody epitope region is located outside of known Wnt receptor binding
sites and has not been implicated in mediating Wnt function (see pages 38 and 46), it was

pertinent to further analyze the potential implications of the epitope mutation in this context.

For this, the location of the epitope in structural context regarding Wnt receptor and
coreceptor binding was studied. To this end, the human Wnt-3 protein sequence was aligned
with Wnt-11 and the equivalent regions of interest were highlighted in the sequences (Figure
47a) and in the structure (Figure 47b). The epitope appears to be far from the FZD interacting
regions (FZD highlighted in pale pink, interacting regions in Wnt indicated in brown),
localizing to the apical region of the Wnt, which has been proposed to be involved in Wnt

ternary interactions with coreceptors (Janda et al., 2012).

To extend this analysis, the predicted location of the Wnt coreceptor LRP6 interacting
region is also highlighted in the structure (dark blue for linker regions, light blue for interface
motifs), which several studies have proposed binds to the apical part of the Wnt (Chu et al.,
2013; Hirai et al., 2019), proximal to the antibody epitope. However, there is presently no

solved protein structure for a Wnt-LRP6 complex.
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Figure 47. Structure of Wnt-3 in complex with FZD8-CRD highlighting the Wnt-11 antibody epitope region. A)
Protein sequence alighment of human Wnt-11 and Wnt-3 with the antibody epitope region highlighted in red
(mutated in AE) and orange (not mutated), FZD interacting regions in brown and putative LRP6 interacting region
in blue (light blue for interface motifs and dark blue for linker region). Conservation scores are provided with
the alignment, showing the conservation of physico-chemical properties: conserved columns are indicated by
"*"and columns with property conserving mutations are marked with a '+', see page 97. B) Structure of Wnt-3
(beige) in complex with Fz8-CRD (pale pink) with the features described above highlighted. Upper panel, ribbon;
bottom, surface filling structures. Structure retrieved from PDB: 6HAY (Hirai et al., 2019).
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To visualize the scale and sizes of an antibody’s Fab to the Wnt, a model was generated
(Figure 48). For this model, the Fab was retrieved from the structure of the anti-platelet-derived
growth factor (PDGF)-B monoclonal antibody (MOR8457; PDB: 4QCl, Kuai et al., 2015). The
putative location and size of the antibody Fab relative to the antibody epitope in Wnt shows
that the interaction might sterically hinder binding of Wnt-11 to LRPG, thus providing grounds
for exploring LRP6 implication for the observed effects mediated by the anti-Wnt-11

antibodies.
Fab
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Figure 48. Juxtaposition of Wnt-3 with Fab structures. The region in Wnt-3 equivalent of the Wnt-11 antibody
epitope is highlighted in orange in the Wnt-3 (beige) and the Fab is depicted in red and light blue. Ribbon (left)
and surface filling (right) structures. Structures retrieved from PDB: 4QCI (Kuai et al., 2015) for the Fab of the
anti-platelet-derived growth factor (PDGF)-B monoclonal antibody (MOR8457) and 6HAY (Hirai et al., 2019) for
Wnt-3.

149



Results

IV.3.2. Interaction of Wnt-11 and the antibody epitope mutant with FZD8

Cell-based immunoprecipitation (IP) assays were used to study the possible involvement of
the antibody epitope region in Wnt-11 interaction with receptors and coreceptors. The
interaction with FZD8, a known Wnt-11 receptor in prostate cancer (Murillo-Garzon et al.,

2018) was assessed.

First, as expected, interaction between the FZD8 cysteine-rich domain (CRD) and Wnt-11
(PA-tagged) was readily detected (Figure 49a). However, there was no significant difference
in binding of the FZD8-CRD to the antibody epitope mutant (AE), indicating that binding was
of a similar magnitude to that of Wnt-11 wild-type (Figure 49b).
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Figure 49. Immunoprecipitation of Wnt-11 (W) and antibody epitope mutant (AE) with FZD8-CRD in PC3 cells.
A) Representative immunoprecipitation experiment for co-expression of Fc-tagged FZD8-CRD and PA-tagged
Whnt-11 or AE, IP or pull-down of Fc; western blot for Fc and PA antibodies in inputs (total protein extracts) and
IPs samples. B) Plot showing relative binding normalized for expression in inputs, as determined by western blot
densitometry using data from 5 independent experiments.
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IV.3.3. Interaction of Wnt-11 and the antibody epitope mutant with LRP6

Based on the proximity of the antibody epitope region to the LRP6 coreceptor putative
interacting region with Wnt (page 148, Figure 47) it was pertinent to analyze its binding to
Whnt-11, although LRP6 is best known for its implication in Wnt/B-catenin signaling (Joiner et
al., 2013).

Immunoprecipitation experiments with an anti-PA antibody in HEK 293 cells co-expressing
VSV-G-tagged full length LRP6 and PA-tagged Wnt-11 or Wnt-3a, showed that Wnt-11 co-
immunoprecipitated with LRP6 (Figure 50a). This interaction was comparable to that of Wnt-
3a. In a separate series of experiments, it was noted that gene silencing of WNT11 in PC3 cells
resulted in a reduction in LRP6 gene expression (Figure 50b). This suggests that WNT11 and

LRP6 might be co-regulated in these prostate cancer cells.

a b
Input
MRNA
LRP6-VSV-G - +
PA(Wnt) V 3A V 3A 11 12 B LRP6 O WNT11
L N
. » 1 )
VSV-G 250 03

IP (PA)

LRP6-VSV-G - +

PA(Wnt) V 3A V 3A 11

] -55
PA . ..

0,2 ’_}‘
VSV-G - . - 250 0

si-C si-WNT11

*

Relative mRNA expression
o
(0)]

Figure 50. Analysis of Wnt-11 and LRP6 interaction and co-expression. A) Representative immunoprecipitation
experiment for co-expression of VSV-G-tagged LRP6 and PA-tagged Wnt-11 (11) or Wnt-3a (3A); IP of PA,
western blot with VSV-G and PA antibodies in extracts from inputs and IPs. B) Relative mRNA expression of LRP6
and WNT11 upon gene silencing of WNT11 (si-WNT11) normalized to control siRNA (si-C) in PC3 cells. V - vector
(pcDNA).
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Similarly, immunoprecipitation experiments were carried out in HEK 293 cells transfected
with plasmids for the expression of full length VSV-G tagged LRP6 in combination with PA-
tagged Wnt-11 or AE. In reciprocal IP experiments to the described above,
immunoprecipitation of LRP6 using an anti-VSV-G antibody also showed Wnt-11 binding
(Figure 51a). The AE co-immunoprecipitated also with LRP6, however the interaction
appeared weaker (Figure 51b). The extent of binding of Wnt-11 and AE to LRP6 was
quantitated by densitometry from multiple immunoprecipitation assays and, after
normalization to input controls (total cell extracts), AE/LRP6 interaction was found to be 47-
66% weaker (based on 95CI; Figure 51b).
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Figure 51. Immunoprecipitation of Wnt-11 (W) and the antibody epitope mutant (AE) with VSV-G tagged LRP6
in HEK 293 cells. A) Representative immunoprecipitation experiment for co-expression of VSV-G-tagged LRP6
and PA-tagged Wnt-11 (W, W11) or AE; IP of VSV-G, western blot with VSV-G and PA antibodies in extracts from
inputs and IPs. B) Plot showing relative binding normalized for expression in inputs (total cell extracts), as
determined by western blot densitometry, using data from 3 independent experiments. V - vector (pcDNA).
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Then, given that the Wnt binding domains of LRP6 are in the extracellular region, analogous
experiments were carried out using the Fc-tagged extracellular domain of LRP6 (LRP6N).
There was a similar reduction in binding of the antibody epitope mutant (AE) to LRP6
compared to wild-type Wnt-11 (Figure 52a). These results were confirmed using PC3 prostate

cancer cells with the untagged Wnt-11 and AE proteins (Figure 52b).
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Figure 52. Immunoprecipitation of Wnt-11 (W) and the antibody epitope mutant (AE) with the Fc-tagged
extracellular domain of LRP6 (LRP6N) in HEK 293 and PC3 cells. A) Representative immunoprecipitation
experiment in HEK 293 cells co-expressing Fc-tagged LRP6N and PA-tagged Wnt-11 (W) or AE; pull-down of Fc
(LRP6N), western blot with Fc and PA antibodies in extracts from inputs and IPs. B) Representative
immunoprecipitation experiment in PC3 cells co-expressing Fc-tagged LRP6N and untagged Wnt-11 or AE; pull-
down of Fc (LRP6N), western blot with Fc and Wnt-11 antibodies (using a commercial R&D goat antibody) in
extracts from inputs and IPs. V - vector (pcDNA).

These results were followed up by immunofluorescence staining of PC3 cells transfected
with LRP6 (VSV-G) and untagged Wnt-11 and AE. Co-localization analysis of co-expressing
cells found that Wnt-11 and LRP6 co-localized (Pearson co-localization value of 0.6; Spearman
0.67) and the extent of co-localization was lower for the AE (Pearson 0.4; Spearman 0.46); a

difference that was statistically significant (Figure 53).
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Whnt-11

DAPI Wnt-11 LRP6 Merge

Figure 53. Imunofluorescence co-localization of Wnt-11 and antibody epitope mutant (AE) with VSV-G-tagged
full length LRP6 in PC3 cells. A, B) Representative images of cells showing co-expression of Wnt-11 (A) or AE (B)
(red channel), and LRP6 (green channel). Cells used for the quantification are indicated by white arrowheads
when multiple cells are present in the field. C) Co-localization Pearson and Spearman scores were calculated
from 25 cells co-expressing LRP6/Wnt-11, and 16 cells co-expressing LRP6/AE, from 2 independent experiments.
Calculated using Coloc2 plug-in in Fiji distribution of Imagel. Figure continues in the next page.
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Figure 53. Continuation
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IV.4. Effect of the Wnt-11 antibody epitope mutation on signaling by Wnt

receptors and coreceptors

To measure the impact of the antibody epitope deletion in the context of Wnt-11 signaling
in combination with Wnt co/receptors, gene reporter assays were carried out to measure p3-
catenin/TCF-mediated signaling (TOP-luc/FOP-luc) and noncanonical ATF2-dependent
transcription (ATF2-luc).

First, Wnt-11 repression of p-catenin/TCF-mediated signaling was assessed, as done
previously for Wnt-3a-mediated activation (Figure 46, page 145). In HEK 293 cells LRP6
transfection induced TOP/FOP luciferase reporter activity, and this was inhibited by co-
expression of Wnt-11 (Figure 54). In contrast, the AE co-expression was unable to repress
LRP6-mediated TOP/FOP-luc activation.
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Figure 54. Effects of Wnt-11 (W11) and antibody epitope mutant (AE) on LRP6-mediated activation of B-
catenin/TCF-mediated signaling. HEK 293 cells were co-transfected with plasmids for the expression of Wnt-11
or AE in combination with LRP6 for TOP/FOP-luc gene reporter assays. Plot showing the ratio of TOP-luc over
FOP-luc (mutated control reporter) activity relative to vector (V) transfected cells, data from 3 independent
experiments. V — empty vector (pcDNA for Wnts, pCS2 for LRP6).
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Next, ATF2-luc reporter assays were carried out to investigate the role LRP6 coreceptor has
in transducing Wnt-11/ATF2-mediated signaling in PC3 cells. Ectopic expression of LRP6 by
itself did not result in increased ATF2-dependent gene reporter activity (1x/mt5, corrected
ATF2-luc activity, see page 126), nor did it have an additive effect when co-expressed with
Whnt-11 (Figure 55). However, PC3 cells already express high levels of endogenous LRP6 (21-
22 LRP6 CTs; 15-16 36B4 CTs, housekeeping gene, measured by RT-PCR).
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Figure 55. Effects of Wnt-11 (W11) and LRP6 expression in ATF2-depedent transcription. PC3 cells were co-
transfected with plasmids for the expression of Wnt-11 and LRP6 for ATF2-dependent gene reporter assays
measured by the ratio of 1x/mt5 (see page 137). Plot showing relative ATF2-dependent activity to vector (V)
transfected cells, data from 3 independent experiments. V — empty vector (pcDNA for Wnt-11, pCS2 for LRP6).

In order to analyze in more detail the putative role of LRP6 in Wnt-11/ATF2 signaling, HEK
293 LRP5/67" knock-out cells were used (Figure 56, statistical analysis is provided also in Table
20). This facilitated the study of ectopic LRP6 expression in a null background model.
Restoration of LRP6 expression in these cells slightly increased ATF2-dependent reporter
activity (ATF2-luc), and this increase was only significant when LRP6 was co-expressed with
FZD8 (V vs. LRP6+FZD8). Combined expression of Wnt-11 or the AE and FZD8 activated
the reporter to a similar extent (V vs. FZD8+W11/AE). However, when LRP6 expression was
restored in combination with Wnt-11/FZD8, the reporter activity was further increased
(FZD8+W11 vs. LRP6+FZD8+W11, p=.03) and this did not occur using the AE/FZD8
(FZD8+AE vs. LRP6+FZD8+AE, n.s.).
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Figure 56. Effects of Wnt-11 (W11) and antibody epitope mutant (AE) in combination with FZD8 and LRP6 in
ATF2-dependent transcription in HEK 293 LRP5/6 /- knock-out cells. Cells were co-transfected with plasmids
for the expression of LRP6, FZD8 and W11 or AE as indicated. Plot showing relative ATF2-luc gene reporter
activity to W11/FzZD8 transfected cells. In these experiments the amount of plasmids transfected was the
following: 10 ng renilla, 50 ng ATF2-luc, 100 ng FZD8 (1D4, full length), 100 ng LRP6 (VSV-G, full length), 200 ng
of Wnt-11 or AE (untag), see Gene reporter assay, page 81 for further method details. Data from 5 independent
experiments. Statistical significance is calculated as post-hoc Tukey corrected p-values and are indicated by lines
with arrowheads pointing towards which condition the pertinent comparisons are calculated. Statistical analysis
is also presented independently in Table 20. V — empty vector (pcDNA for Wnt-11, pCS2 for LRP6, pRKS5 for FZD8).
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Table 20. Statistical analysis of data presented in Figure 56. Post-hoc Tukey corrected p-values are indicated as
* for p<.05; ** for p<.01; *** for p<.001. If not indicated, the difference was not significant (n.s.). The

comparisons referenced in the text are underlined.
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These results point to a putative role of LRP6 in the Wnt-11-mediated regulation of ATF2-

dependent transcription and that the antibody epitope mutation impacts this activity.

Nonetheless, the expression of FZD8 appeared to be important for the signaling in this context,

suggesting it may play a role in receptor-coreceptor complex formation and signal transduction.
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Prostate cancer is the second most diagnosed cancer in the male population worldwide as of
2020. Prostate cancer growth is usually androgen-dependent and therefore, androgen
deprivation therapy (ADT) constitutes a main line of therapy (Attard et al., 2016). Many
patients develop progressive disease after castration, stage known as castration-resistant
prostate cancer (CRPC), which is accompanied by increased aggressiveness and higher
probability of metastatic spread. Therapeutic targets outside the androgen-related pathway are

needed and lacking in the clinic.

The reactivation of developmental signaling pathways has been highlighted to be relevant
for prostate cancer progression (Shen & Abate-Shen, 2010). Although activating Wnt pathway
mutations are not commonly found in prostate cancer, nongenomic alterations in the expression
of tissue-specific pathway activators have been found at different stages of the disease and have
been associated with disease progression (Fisher et al., 2020; Murillo-Garzén & Kypta, 2017;
L. Wang et al., 2018). In addition, Wnt pathway components have been identified altered in
many cancers and have been proposed to constitute therapeutic targets, and because of this,
several drugs that target Wnt signaling are in development (Anastas & Moon, 2013). Some
Wht-targeting therapeutic agents being studied in clinical trials include porcupine inhibitors
(e.g., WNT974), B-catenin modulators (e.g., PRI-724) and monoclonal antibodies targeting

Whnt receptors and coreceptors (e.g., vantictumab, cirmtuzumab and Bl 905677).

Among the Wnt signaling components found altered in prostate cancer, Wnt-11 is found
upregulated in prostate cancer, particularly in metastatic disease, and it has been proposed to
promote malignant progression by increasing neuroendocrine-like differentiation and cancer
cell migration and invasion (Uysal-Onganer et al., 2010; H. Zhu et al., 2004). FZD8 has been
reported as one of the main Wnt-11 receptors in prostate cancer, where it is required for
crosstalk with the TGF-B signaling pathway, activating EMT features that promote the
aggressiveness of the disease (Murillo-Garzén et al., 2018). Furthermore, Wnt-11 and FZD8
high expression is found correlated with poor prognosis in patients. These previous studies
provide a basis for the exploration of Wnt-11 as a therapeutic target in advanced prostate
cancer. Hence, selective inhibitors for Wnt-11 could be of use for the treatment of prostate
cancer and other cancers. Although some studies have reported the use of commercial anti-
Whnt-11 antibodies as neutralizing or function-blocking, none have been explored further as
therapeutic agents (Dwyer et al., 2010; Hsueh et al., 2020; Ouko et al., 2004; Jingcai Wang et
al., 2020; Zuo et al., 2012). In a therapeutic context, the functionalization of antibodies to
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magnetic nanoparticles (MNP) can improve their stability, tumor selectivity delivery and
imaging without affecting the targeting their properties (Dulinska-Litewka et al., 2019; Sousa
et al., 2017). Here, the characterization of putative function-blocking anti-Wnt-11 antibodies
and their conjugates to superparamagnetic iron oxide nanoparticles (SPIONSs) has been carried

out, investigating their effects in prostate cancer cell models.
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Chapter |I: Characterization of anti-Wnt-11 antibodies and
functionalized nanoparticles

Two rat anti-Wnt-11 monoclonal antibodies named E8 and F10 were pre-selected for
studies, with both having the same peptide epitope located within L101-Al12
(LLDLERGTRESA). The recognition of Wnt-11 by E8 and, in some instances, F10, was
determined using a variety of assays, including in a cellular context. Immunofluorescence
staining of C4-2B prostate cancer cells that stably overexpress Wnt-11 (C4-2B-WNT11) using
the E8 antibody, showed increased staining intensity compared to vector transfected cells and
the signal co-localized with that obtained using a commercial anti-Wnt-11 antibody. Moreover,
using an indirect assay, extracts from E8-positive cells collected by FACS were found to be
enriched in Wnt-11 protein expression. Although E8 and F10 only recognized Wnt-11 from
cell extracts and conditioned media poorly by western blotting, they did recognize recombinant
Whnt-11 protein. This facilitated confirmation of their specificity for Wnt-11 as compared to
other Wnt family members, such as Wnt-3a, that share sequence homology in part of the
peptide injected into rats for the antibodies generation. Western blotting of recombinant Wnt-
11 and Wnt-3a showed that the common sequence (TRESZ) is alone insufficient for
recognition, as E8 only recognized Wnt-11 and not Wnt-3a. This result also suggests that the

E8 epitope in Wnt-11 mainly resides in the first part of the peptide (LLDLERG).

Other anti-Wnt antibodies that have been proposed to block function have undergone a
similar characterization for their recognition of the target Wnt protein prior to functional
assays. Polyclonal anti-Wnt-5a antibodies were shown to recognize Wnt-5a-containing CM
without cross-reacting with Wnt-3a (Hanaki et al., 2012). Similar monoclonal anti-Wnt-5a
antibodies were later characterized by ELISA and dot blot (Shojima et al., 2015). Function-
blocking anti-Wnt-1 antibodies were characterized by western blotting and
immunoprecipitation (B. He et al., 2004). Another study has reported the use of commercial
anti-wnt-3a antibodies to block function, but cross-reactivity with other Wnts was not

examined (Pacella et al., 2018).

Many studies have proposed the conjugation of antibodies to MNPs as a way to improve
their stability and delivery in vivo (Dulinska-Litewka et al., 2019; Sousa et al., 2017), which
can be beneficial in the context of cancer therapy (Farzin et al., 2020). MNPs has been

extensively explored also in prostate cancer theranostics, however their current use is mainly
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limited to imaging purposes (Chowdhury et al., 2017). The use of prostate-specific membrane
antigen (PSMA) antibodies conjugated MNP is of particular relevance for the diagnosis of
prostate cancer and this antigen has also served to improve tumor-selective delivery of
docetaxel-loaded MNPs (Nagesh et al., 2016; Tse et al., 2015). In the context of antibodies
interfering with the Wnt pathway, conjugation to nanomaterials has also been employed for
improving potency and delivery. For instance, antibody-nanoshell conjugates (FZD7-NS) have
been reported to be more effective at inhibiting Wnt signaling than naked FZD7 antibodies in
breast cancer cells (Riley & Day, 2017). Additionally, anti-FZD7 antibodies have been used
for targeted delivery of zinc oxide nanoparticles to selectively induce cancer cell apoptosis in
drug-resistant breast cancer cells (Ruenraroengsak et al., 2019). In this thesis,
superparamagnetic iron oxide nanoparticles (SPIONSs) have been used for the bioconjugation
of E8 and F10 antibodies, as these have been successfully employed for targeting CD44 in

breast cancer cells (Aires et al., 2016).

In a first characterization of the conjugated SPIONs, DLS measurements were carried out.
The size and charge changes detected upon the conjugation were in the expected trend and
range. MNP aggregation was observed only in culture media with low FBS (<5%). It is well
established that the interaction of nanoparticles with the proteins contained in cell culture media
can induce the formation of the so-called protein corona, which affects the MNP properties
leading to the collapse or stabilization of colloidal systems (Moore et al., 2015). In this case,
conditions that induced aggregation were avoided by changing the experimental design.
However, the basis of the observed aggregation could not be unraveled, and further studies will
be needed to clarify this.

Prussian Blue staining is commonly employed to demonstrate binding of SPIONSs to cells
(Aires et al., 2016; Trabulo et al., 2017). Prussian Blue staining of VCaP cells incubated with
the E8 functionalized SPIONs (MNP-E8) produced a membrane staining compatible with Wnt-
11 recognition. Nevertheless, these assays presented difficulties, as Prussian Blue staining with
the control rat 1gG-MNP conjugates was more intense than expected and MNP-F10
nanoformulation showed only weak staining. The latter might reflect the fact that F10 showed
lower apparent affinity for Wnt-11 than E8 in other assays (e.g., peptide dot blot). Optimized
binding conditions might be needed to further favor anti-Wnt-11 conjugate-specific binding.
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Chapter II: Effects of anti-Wnt-11 monoclonal antibodies and MNP

conjugates on prostate cancer cells in vitro

The effects of the anti-Wnt-11 antibodies were investigated in functional in vitro assays
using prostate cancer cell lines. Proliferation of PC3 and DU145 cells was only impaired in 7-
day assays at the highest dose tested (20 pg/ml) and not at lower doses or shorter times. This
is consistent with Wnt-11 being more involved in prostate cancer cell survival under stress

conditions than in cell proliferation (Uysal-Onganer et al., 2010).

Next, the role of Wnt-11 in sphere formation assays was studied. Sphere formation assay
are commonly used in cancer research to measure stemness and tumor initiating properties, and
both canonical and noncanonical Wnt pathways have been shown to be implicated (Many &
Brown, 2014). However, the role of Wnt-11 is not well established. Recently, WNT11 gene
silencing in melanoma cells was reported to reduce melanosphere formation (Rodriguez-
Hernandez et al., 2020). In PC3 cells, WNT11 mRNA and protein levels were found
upregulated in spheres when compared to cells grown as a monolayer. Also, SOX2 mRNA was
found increased in spheres of C4-2B-WNT11 cells, compared to vector control C4-2B-V cells;
SOX2 is a stem cell marker associated with cancer progression in several malignancies (Piva
et al.,, 2014; Takahashi et al., 2007). Furthermore, SOX2 has been implicated in
neuroendocrine-like differentiation of C4-2B cells (Metz, Wilder, Dong, Datta, & Rizzino,
2020). These observations suggest that Wnt-11 may play a relevant role in the survival or
proliferation of prostate cancer cells when cultured as spheres, although further studies are
required to provide a full characterization of the role of Wnt-11 in this setting. Consistent with
these results and further supporting a role for Wnt-11 in this context, both E8 and F10
antibodies reduced PC3 and DU145 cell sphere number.

The role of Wnt-11 in cell migration and invasion is better established than its role in
proliferation and has been demonstrated in several models, with functions during tissue
morphogenesis and cancer (Mori et al., 2016; Ouko et al., 2004; Ulrich et al., 2005; Witzel et
al., 2006). In PC3 cells, WNT11 silencing has been reported to reduce cell migration in
transwell assays and, in turn, its overexpression in LNCaP cells increases invasion (Uysal-
Onganer et al., 2010). Here, PC3 cell migration upon WNT11 gene silencing was also found to
be reduced in wound healing assays. Similarly, treatment with anti-Wnt-11 antibodies resulted

in inhibition of cell migration measured by wound healing assays. E8 and F10 also reduced
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PC3 and DU145 cell migration in transwell assays, although the effect was weaker in DU145
cells. One possible reason for this is that DU145 cells express lower WNT11 levels than PC3
cells. C4-2B-WNT11 cells were found to display higher invasion capacity, compared to control
vector-expressing cells, and this increase was abolished by treatment with either E8 or F10.
Nevertheless, a Wnt-11 null model would be needed to confirm the specificity of these effects.
Importantly, a similar assay was already performed with these antibodies in colorectal cancer
cells, where Wnt-11 has been proposed as a prognostic marker and E8 and F10 antibodies
(there called Abl and Ab2, respectively) inhibit colorectal cancer cell invasion (Gorrofio-
Etxebarria et al., 2019). Gorrofio-Etxebarria et al. reported that there were no additive effects
when combining WNT11 gene silencing with E8 or F10 antibody treatment, providing support
for the inhibition of migration and invasion by E8 and F10 being specific.

These Wnt-11 antibodies can be contextualized with other function-blocking anti-Wnt
antibodies that have been proposed for cancer treatment. An anti-Wnt-1 antibody was proposed
to induce apoptosis in a variety of human cancer cell lines with high Wnt-1 levels, including
non-small cell lung cancer, breast cancer, mesothelioma, and sarcoma (B. He et al., 2004;
Mikami et al., 2005). B. He et al. reported achieving similar results with WNT1 gene silencing,
a strategy that was also used in this thesis for Wnt-11 in some experiments. Polyclonal and
monoclonal anti-Wnt-5a antibodies were reported to inhibit migration and invasion of gastric
cancer cell lines (KKLS, MKN-1, MKN-45 and TMK-1) and of HeLaS3 and A549 cells
(Hanaki et al., 2012; Shojima et al., 2015), using similar approaches to those presented here
with prostate cancer cell lines.

Furthermore, Wnt-11 has been shown to be upregulated by hypoxia, as a direct target of
HIF-10, and this upregulation was found responsible for increased migration and invasion in
several cancer cell models (Mori et al., 2016). In PC3 cells treated with the hypoxia mimetic
DMOG, similar results were observed, with a specific upregulation of Wnt-11 protein levels.
Although demonstration of increases in HIF-1a and HIF-2a protein levels upon DMOG
treatment strongly suggest induction of hypoxia, DMOG effects are not restricted to the
hypoxia pathway and it can have direct effects on metabolism and on mitochondrial function
independently of PHD/HIF (Nguyen & Duran, 2016). Some of its effects on Wnt-11 expression
should therefore be verified by culturing cells in a low oxygen environment, as was later
performed for migration assays. PC3 cells pretreated with DMOG and subjected to hypoxia
(1% O») for the duration of the experiment were found to display increased cell migration

compared to cells cultured in normoxia. Importantly, the increase in cell migration driven by
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the hypoxic response could be partially reversed by treatment with the E8 antibody in a dose-
dependent manner. The Mori et al., 2016 study reported that Wnt-11 only affected migration
of MDA-MB-231 breast cancer cells under hypoxia, contradicting other previous reports
(Dwyer et al., 2010). In prostate cancer cells, Wnt-11 was found to be important for cell
migration both under hypoxia and normoxia, albeit the inhibitory effect of E8 was enhanced in

hypoxia suggesting Wnt-11 plays a more prominent role.

In this context, the expression of selected Wnt pathway genes was investigated in hypoxic
PC3 cells. WNT11 mRNA levels were found consistently upregulated in DMOG-treated cells,
as expected, and there was also an upregulation in the mRNA expression of its receptor FZD8.
An analysis of canonical Wnt components and target genes was also carried out. Among them,
only the expression of AXIN2 was significantly increased, while other genes (LEF1, DKK1,
NKD1) showed non-significant or non-consistent reductions in the expression. Downregulation
of the canonical Wnt pathway in response to hypoxia has been previously reported (Oztiirk,
Hobiger, Despot-Slade, Pichler, & Zenobi-Wong, 2017; Scholten et al., 2014). Oztiirk et al.
showed that AXIN2 expression under hypoxia can be either up- or down-regulated in a
microenvironment-dependent manner in chondrocytes cultured in 3D hydrogels. It is also
worth noting that under hypoxia, LRP6 was slightly downregulated. This contrasts with the
increased expression of both WNT11 and FZD8, which suggests that these two genes may be

co-regulated in the context of hypoxia, unlike LRP6.

Hypoxia is relevant to prostate cancer, as the prostate gland itself is often hypoxic and it has
been associated with disease progression and poorer prognosis (Dehm & Tindall, 2019, p 165;
Movsas et al., 1999). Hypoxia in prostate cancers has been found associated with genomic
instability, mutant TP53, allelic loss of PTEN, chromothripsis and shorter telomeres; with these
features correlating with higher probability of metastasis (C. Q. Yao et al., 2019). Given that
high expression of WNT11 also correlates with disease progression (Murillo-Garzén et al.,
2018; Uysal-Onganer et al., 2010; H. Zhu et al., 2004) and that it is upregulated in prostate
cancer cells under hypoxia, it could therefore be interesting to study the correlation of Wnt-11

expression and that of hypoxic markers in prostate tumors.

Hypoxia is only one of the factors driving Wnt-11 expression, as it has also been reported
to be a target of ERRa and B-catenin (Dwyer et al., 2010), contains TCF/LEF sites in its
promoter (Uysal-Onganer & Kypta, 2012) and is negatively regulated by androgens (H. Zhu et
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al., 2004). These may partially explain how Wnt-11 expression is upregulated in prostate
tumors in advanced stages without showing activating mutations or copy number variations.
However, the upstream factors that initiate the aberrant expression of Wnt-11 have not been
further studied here.

Antibody-functionalized MNPs were tested in parallel to the naked antibodies in
proliferation and migration assays. Unconjugated and control (IgG-conjugated) MNPs did not
produce any effects on PC3 cell viability at the dose used for functional assays (0.2 mg Fe/ml),
as has been previously observed in other cell models with this class of MNPs (Aires et al.,
2017, 2016; Singh, Jenkins, Asadi, & Doak, 2010; Tse et al., 2015). Neither MNP-E8 nor
MNP-F10 nanoformulations affected proliferation at the dose employed in these experiments,

which was lower than the doses used for naked antibodies.

For measuring migration, only wound healing assays could be performed, owing to the
limitation of MNP aggregation in media containing low amounts of FBS. No significant effects
on PC3 cell migration were detected among the various control conditions (untreated, MNP-C
and MNP-I1gG). Some studies have reported intrinsic anti-migratory effects of SPIONs, with
serum levels influencing the amount of inhibition (Diana, Bossolasco, Moscatelli, Silani, &
Cova, 2013), while studies in other models have not detected these effects (Matuszak et al.,
2015). MNP-ES8 elicited a reduction in PC3 cell migration, compared to MNP-IgG, and this
was comparable to the effect of naked E8 antibody. MNP-F10 showed a similar trend, but this
was not significant, consistent with the weaker effects of naked F10 antibody. These results
indicate that conjugation of MNPs to anti-Wnt-11 antibodies does not affect their ability to
inhibit PC3 cell migration.

The exclusive use of cell lines as prostate cancer models is a clear limitation of most of this
work and these results need further validation using additional, more physiologically relevant
systems, such as 3D spheroids (Harma et al., 2010), primary cells and/or patient-derived
xenograft (PDX) models. While prostate PDX models have been shown to serve as a useful
tool to better reflect the heterogeneity found in patient tumors, they have only recently become
available (Faugeroux et al., 2020; Hu et al., 2019; Lange et al., 2018). In fact, a prostate PDX

model has been used during this work, but the results have not yet generated conclusive results.
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Chapter lll: Effects of anti-Wnt-11 monoclonal antibodies and MNP-

antibody conjugates on prostate cancer cells in vivo

The CAM model was used to test the effects of the anti-Wnt-11 antibody MNP conjugates
in vivo. This model has been used extensively for the study of PC3 cell tumor growth and
metastasis (Ateeq et al., 2011; Bekes et al., 2011; Chakravarthi et al., 2017; Jefferies et al.,
2017; Murillo-Garzon et al., 2018; Stoletov et al., 2018). Moreover, it has also been used to
determine the effects of therapeutic antibodies, with different modes of administration and a
wide range of concentrations being reported: antibody administration in the cell:Matrigel
implantation mix (Lokman, Elder, Ricciardelli, & Oehler, 2012), topical treatment on tumor
cells (Bekes et al., 2011; Conn et al., 2009), and using filter disks (Yan et al., 2003), with doses
ranging from 0.6 pg/egg to 25 pg/egg. Intravenous delivery of antibodies is also an option, but
requires the use of higher quantities (100 pg/egg) (Zijlstra, Lewis, DeGryse, Stuhlmann, &
Quigley, 2008). This, together with the possibility that embryonic chick WNT11, which shares
the same sequence as human Wnt-11 in the region of the antibody epitope, might affect the
efficacy of the antibodies, prompted treatment delivery in the implantation mixture with the
cells and later topically at a dose of 3 pg/egg. E8 was given priority, as it showed stronger
effects in in vitro assays, and, although F10 was used in some assays, an insufficient number

of experiments were carried out, rendering those results inconclusive.

Tumor growth was determined by measurement of tumor area and by weighing the resected
tumors. Treatment with E8 antibody was found to reduce PC3 cell tumor growth in the CAM
compared to IgG-treated tumors in a consistent and significant manner. Immunohistochemical
analysis of the resected PC3 tumors revealed that these could be clearly distinguished from
CAM tissue and that the expression of Wnt-11 could be readily detected. Because tumor growth
was found to be reduced, staining of the proliferation marker Ki67 was performed, as
previously reported in this system (Swadi et al., 2019). Although measurement of the
percentage of Ki67-positive cells has been traditionally used as the output of these analyses, it
was recently shown that Ki67 is a graded rather than a binary marker of proliferation (Miller
et al., 2018). Therefore, the analysis of Ki67 nuclear intensity instead of the percentage of
positive cells was carried out in an automated manner, using Qupath. This analysis revealed
that E8-treated tumors had a consistent and significant reduction in Ki67 nuclear staining,
compared to IgG-treated tumors.
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Whnt-11 has previously been linked to Ki67 expression in melanoma cells, where both these
proteins colocalized at the invasive front of human primary melanoma specimens (Rodriguez-
Hernandez et al., 2020). As noted in chapter Il, E8 treatment had minimal effects on PC3 cell
proliferation in monolayer cultures but had a stronger effect in sphere cultures. These in vivo
results are more consistent with the latter. They are also consistent with results obtained in
studies with the Wnt-11 receptor FZD8, where FZD8 gene silencing did not affect proliferation
in vitro but was proven to reduce to PC3 tumor growth in the CAM system (Murillo-Garzon et
al., 2018).

The CAM model also allows analysis of capacity for metastasis, with the determination of
the presence of human cells based on the detection of human Alu repeat sequences by
quantitative PCR in the distal CAM being one very sensitive assay that has been used by several
groups (Crespo & Casar, 2016; Rasheed, Efferth, Asangani, & Allgayer, 2010; Zijlstra et al.,
2002). Some experiments have been performed using this approach, but to date not enough
replicates have been analyzed to reach conclusive results. In addition, technical limitations
were encountered using this technique. The most important was the relatively low rate of
spontaneous metastasis of PC3 cells in the CAM model. PC3 cells are metastatic in mouse
xenograft assays, but even then, more metastatic variants are generally used, and the site of
implantation is important (Y. Zhang et al., 2016). Some studies have used the CAM model to
develop more metastatic variants of PC3 cells that exhibit enhanced dissemination capacities
in both chick embryo and mouse spontaneous metastasis models (Conn et al., 2009), which

could be of use for pursuing this aspect.

The use of MNPs in the CAM has also been reported in different cancer models (Predoi et
al., 2020; Vu et al., 2018). Here, administration of the MNPs was done as similarly as possible
to that for naked antibodies, i.e., topical delivery to tumor cells on the CAM. MNP-E8 and
MNP-F10 treatments were analyzed in comparison to multiple controls, (MNP-IgG, MNP-C)
and untreated (UT), which made the analysis more complex but was important to rule out
potential effects unrelated to targeting Wnt-11. A trend in the reduction of PC3 tumor growth
was detected for the anti-Whnt-11 antibody conjugates, but it was only significant for MNP-E8
when compared to MNP-IgG by pairwise comparison (p<.05) and to UT after post-hoc Tukey
HDS correction (p<.01). Additional experiments will be needed to clarify the MNP-F10 results.

Only a limited number of samples of MNP-treated tumors were analyzed for Ki67 intensity,

but the results showed a promising reducing trend in MNP-E8-treated tumors compared to
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MNP-IgG-treated. Prussian blue staining permitted the visualization of the MNPs, which were
readily detected on and around the tumors, with accumulation at what is likely to be the site of
antibody-MNP administration. The use of topical delivery of MNPs to the tumors precluded
analysis of whether Wnt-11 antibody conjugation to MNPs improved delivery to tumor cells.
There was no evident benefit of MNP conjugation for the antibodies, with respect to effects on
tumor growth. However, this is a difficult comparison to make, as less antibody was used when
delivered as MNP-conjugated. Future studies should include intravenous injection of antibody-
conjugated MNPs in order to measure tumor-selective delivery, as has been reported by others
(Vu et al., 2018). Nonetheless, the Ab functionalized MNPs were shown to retain the capacity
of E8 antibody to inhibit PC3 CAM tumor growth. This, combined with their previously shown
capacity to limit PC3 cell migration and their advantageous properties for imaging and
delivery, indicate that MNP functionalization is a promising strategy for the in vivo applications

of these neutralizing Abs in prostate cancer models.

Topically applied drugs to the CAM can reach the systemic circulation, affecting the
development of the chick embryo. Thus, CAM assays have been employed to evaluate the
activity or toxicity of drugs (Ribatti, 2016). Although Wnt-11 is a protein expressed during
development, no reduction in the viability of the chick embryos was detected upon treatment
with the antibody-conjugated MNPs or with the naked antibodies, suggesting low/null toxicity
in the system at the doses used. However, even if no toxicity is observed in the chick embryo,
potential antibody toxicity, as well as antibody treatment efficacy, will also need to be
investigated in adult mammalian models. Wnt-11 expression has been detected by
immunohistochemistry in the smooth muscle of the small intestine and colon (Ouko et al.,
2004), and it is also present in specific regions of adult mouse kidney, where knock-out studies
have suggested it plays a role both in the embryonic and adult kidney (Nagy et al., 2016). Loss
of Wnt-11 leads to a significant reduction in nephron endowment, impacting nephron
progenitor polarity and motile behavior (O’Brien et al., 2018). Wnt-11 has also been reported
to play an important role in cardiomyocyte survival under hypoxia, where it appears to help
preserve mitochondrial membrane integrity and function (H. X. Li et al., 2020). Finally,Wnt-
11-induced responses have been proposed to be beneficial for acute myocardial infarction
therapy (B. Chen et al., 2018). Therefore, these are the sites where possible toxicity of the anti-
Whnt-11 antibodies and MNP conjugates might be anticipated.
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The role of Wnt-11 in prostate cancer may be limited to more advanced stages of the disease
(Uysal-Onganer et al., 2010; Volante et al., 2016). Thus, anti-Wnt-11 targeted therapy would
likely be most beneficial after or in combination with ADT, preferably with stratification of
patients for those with high Wnt-11 expressing tumors or those positive for hypoxic markers.
While there is evidence that high Wnt-11 is indicative of poor prognosis in CRC patients
(Gorrofio-Etxebarria et al., 2019), the prognostic value of Wnt-11 expression levels in patients

with advanced, treatment-resistant prostate cancer requires further investigation.
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Chapter IV: Mechanism of action of anti-Wnt-11 monoclonal

antibodies

It was deemed pertinent to explore the mechanism by which the antibodies block Wnt-11
effects in prostate cancer cells. First, the hypothesis that antibody treatment was able to impair
Whnt-11 signaling was tested by analyzing DVL phosphorylation. This was measured by
detection of DVL reduced mobility in western blots, where the appearance of an upper band is
predicted to correspond to the phosphorylated form of these proteins. The phosphorylation of
DVL is regarded as an indicator of Wnt signaling initiation that is independent of -catenin
activation (Gonzalez-Sancho et al., 2004). DVL is already partially phosphorylated in PC3
cells and treatment with Wnt-C59, which blocks endogenous Wnt secretion, abolishes the
appearance of the upper DVL band, indicating that basal DVL phosphorylation is a result of
endogenous Wnt signaling activity. Treatment of PC3 cells with E8 and F10 antibodies also
produces a significant reduction in the intensity of the upper band of DVL2 and DVL3
consistent with inhibition of Wnt signaling. Nonetheless, DVL2 mRNA expression has been
reported downregulated upon Wnt-11 deficiency in kidney (Nagy et al., 2016). Therefore,
analysis of DVL2 mRNA was also carried out. Neither E8 treatment nor WNT11 gene silencing
in PC3 cells reduced DVL2 mRNA, indicating that the effects of the anti-Wnt-11 antibodies
are not mediated by changes in DVL2 mRNA expression. Although DVL phosphorylation has
been classically assessed as a mobility shift, anti-phosphorylated DVL antibodies are available

that could be useful to corroborate the phosphorylation status directly (K. H. Lee et al., 2012).

As an additional readout of Wnt-11 signaling, gene reporter assays measuring ATF2-
dependent transcriptional activity were used, as these have been reported in the lab in prostate
cancer cells (Murillo-Garzon et al., 2018), as well as by other groups in other cell types (Boitard
et al., 2015; C. Chen et al., 2018; Veronika et al., 2014). Here, a reporter (mt5) (Bruhat et al.,
2000) containing mutations in the ATF2 binding site was also used as a control. While Wnt-11
ectopic expression in PC3 cells elicited an increase in ATF2-dependent gene reporter activity,
E8 treatment resulted only in a limited reduction, that was found statistically significant but so
small that it is unlikely to be physiologically relevant. ATF2 is a transcription factor not
exclusive to Wnt signaling that be activated by diverse stimuli, such as growth factors,
cytokines and stress (e.g., UV radiation) (Watson, Ronai, & Lau, 2017). The results using E8
suggest that most of the basal ATF2-dependent activity measured is not related to activation of
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endogenous noncanonical Wnt signaling. Further investigation of this issue is complicated by
Whnt-11 being mostly insoluble, which hampers the use of recombinant protein or cell-

conditioned media for gene reporter assays.

There is very limited knowledge of Wnt-11 signaling mediators that might contribute to the
effects of Wnt-11 in prostate cancer cells. There is evidence that Wnt-11 affects Jun and JINK
phosphorylation and RhoA activation in other contexts (Andre et al., 2015; Nishioka et al.,
2013; Rodriguez-Hernandez et al., 2020; Witzel et al., 2006). However, it has also been found
to inhibit INK phosphorylation in some cell types (Railo et al., 2008). Similarly, Wnt-11-
dependent transcription factors and target genes relevant to prostate cancer have not been
identified. Perturbation-based high throughput gene expression analyses have been useful in
determining B-catenin-independent target genes in colorectal cancer cells, where noncanonical
responses were found to be regulated via DVL2 and ATF2, among other factors (Voloshanenko
et al., 2018). High throughput screens might be a useful approach in unravelling Wnt-11
mediators and target genes in prostate cancer cells. However, it is possible that Wnt-11 does

not have such a direct effect on gene expression, in contrast to 3-catenin signaling.

To explore the relevance of the region that contains the E8 and F10 antibodies epitope in
Whnt-11, a partial deletion mutant was generated, Wnt-11AL101-T108 (LLDLERT), which was
termed AE. The AE lacks a short peptide sequence that likely constitutes the main part of the
epitope, as the deleted sequence corresponds to the part that does not share identity with Wnt-
3a and E8 does not recognize recombinant Wnt-3a protein. The mutation in AE might be
considered to mimic the state of Wnt-11 when it is bound to E8 antibody. However, it is not
known if the effects of E8 on Wnt-11 activity are a result of direct steric impedance of Wnt-11
binding to protein partners, or if they are due to allosteric effects which the AE mutation would
likely fail to mimic. To clarify this, structural studies will be required, as has been reported for

function-blocking antibodies that target other proteins (Kuai et al., 2015; Sun et al., 2021).

Another limitation is that the deletion mutation may affect Wnt-11 tertiary structure. The
equivalent region for the Wnt-11 epitope in Wnt-3, does not have secondary structure, hence
its absence in Wnt-11 was not expected to blatantly disrupt the tertiary structure. To explore
this further, modeling of the structure of Wnt-11 and of the AE deletion mutant was performed
using AlphaFold (Jumper et al., 2021; Senior et al., 2020). No overt structural differences
between Wnt-11 and AE were observed (Figure 57). However, these predictions are highly
based on the homology between Wnt-11 and Wnt-3, and homology-based modeling is not
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completely accurate in predicting the effects of mutations (AlphaFold Protein Structure
Database, 2021). Interestingly, meanwhile the equivalent region in Wnt-3 does not form
secondary structure (see Figure 40, page 139), in the Wnt-11 modeled structure a short alpha-
helix is predicted. Nonetheless, the AE mutation removes this alpha-helix entirely and no other
major differences in the structures could be observed. Although these results are encouraging,
a more robust strategy will be to generate point mutants in the region of the deleted epitope to
identify those amino acids that are essential for the antibody interaction and for Wnt-11
activity. Nevertheless, several lines of experimental evidence support the conclusion that the
deletion in AE does not grossly alter Wnt-11 folding and structure: the AE protein is expressed,
secreted, and can be readily detected on the surface of expressing cells at levels comparable to
those of wild-type Wnt-11.

Figure 57. Modeled Wnt-11 and antibody epitope mutant (AE) structures using AlphaFold. Ribbon depiction
of predicted structures: Wnt-11 in beige and AE in blue. Epitope is highlighted in red. Left: side view, right: top
view. Note a short alpha-helix is predicted in the epitope. These structures were modeled with the assistance of
Gonzalo Jiménez-Osés (CIC bioGUNE) based on the protein sequences using AlphaFold (Senior et al., 2020).

FACS experiments were carried out to show that the E8 antibody does not recognize the
AE: when cells expressing the AE were FACS-sorted using the E8 antibody, there was no
enrichment for Wnt-11 protein levels, in clear contrast to experiments performed using cells
expressing wild-type Wnt-11. However, this result requires further validation as it was only
performed in duplicate. Ideally, the Wnt-11 and the AE should be expressed and purified and
directly compared for binding to E8 in vitro. However, given the Wnt-11 solubility issues noted

above, this is not a trivial approach.
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The AE was found to recapitulate some effects shown upon E8 antibody treatment. The
Whnt-11 mutant AE was found to have lost the capacity displayed by Wnt-11 to increase PC3M
cell migration upon being exogenously expressed, implicating the epitope as being required for
this function of Wnt-11. The ability of Wnt-11 to increase migration in this context is consistent
with the inhibition of migration observed upon WNT11 gene silencing and when Wnt-11 is
inhibited using antibodies. However, these were the only experiments aimed at determining the
functional implications of the AE mutation and other effects, such as those on tumor cell
survival, stemness and apoptosis remain to be studied. With respect to signaling, exogenous
expression of the AE protein was unable to alter DVL3 mobility, in clear contrast to wild-type
Whnt-11, which increased the DVL3 shift (predicted phosphorylation) in a Wnt-C59-dependent
manner. These results are consistent with the effect of the E8 antibody on reducing DVL shift.

The capacity of Wnt-11 for inhibiting B-catenin/TCF signaling was analyzed by luciferase-
based gene reporter assays (TOP-luc), as has been analyzed in the past (Elizalde et al., 2011,
Hua et al., 2018; Maye et al., 2004; Toyama et al., 2010; van Amerongen, 2012; H. Zhu et al.,
2004). While Wnt-11 expression reduced the TOP-luc activation induced by Wnt-3a CM, AE
expression was unable to do so. There are multiple mechanisms by which Wnt-11 can inhibit
canonical Wnt signaling, among them is by competing for binding to Wnt receptors (Grumolato
etal., 2010; Maye et al., 2004). The effects of Wnt-11 on canonical signaling in PC3 cells were
restricted to when exogenously activated with Wnt-3a CM and E8 antibody treatment of PC3
cells did not appear to increase canonical Wnt activity in basal conditions (data not shown).
This is consistent with the idea that additional Wnt ligand stimuli are required for an effect to
be observed. Hence in cells where mutations in APC or CTNNBL1 constitutively activate
canonical Wnt signaling, anti-Wnt-11 antibody treatment is not expected to further increase
activity, but should inhibit the effects of Wnt-11 induced by canonical signaling, as WNT11
can be a canonical target gene (Uysal-Onganer & Kypta, 2012). However, this aspect requires

further investigation.

The antibody epitope region is outside of known Wnt receptor binding sites identified on
other Wnts. This region of the Wnt-11 protein is highly conserved in evolution but shares little
sequence similarity with the same region in other Wnt family members, consistent with the
observed specificity of the antibodies. In context of receptor and coreceptor binding, the
epitope is located far from the predicted FZD-interacting regions but is adjacent to a region
that has been proposed to be involved in binding of Wnt-3 to LRP6 (Hirai et al., 2019).

Although the antibody epitope per se has not been described as mediating binding, it was
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considered that being adjacent in the structure could affect binding affinity. Furthermore, a
model in which the crystal structure of an antibody Fab fragment is juxtaposed to that of Wnt-
3 was generated and suggested that antibody binding to Wnt-11 at the site of the epitope could
sterically hinder binding of LRP6 to Wnt-11 at the predicted LRP6 binding site.

The following observations also prompted further study of LRP6. First, WNT11 gene
silencing reduced LRP6 mRNA levels in PC3 cells, suggesting they might be co-regulated.
Second, IP experiments demonstrated that Wnt-11 interacted with LRP6 in a comparable
manner to Wnt-3a. Accordingly, LRP6 interaction with the AE protein was found to be
reduced, compared to binding to wild type Wnt-11, and this contrasted with the binding
detected with FZD8, which showed to be equal for both Wnt-11 and AE in IP assays. Reduced
interaction of the AE was observed with full length LRP6 and with the LRP6 extracellular
region (ectodomain), using different tagged constructs (VSV-G, Fc) and in different cell
models (PC3, HEK 293). The reduced LRP6/AE interaction was further confirmed by co-
localization immunofluorescence assays of LRP6 and Wnt-11 or AE in co-expressing PC3
cells. However, an important question is whether the Wnt-11 antibodies are able to directly
inhibit the interaction between Wnt-11 and LRP6. Unfortunately, this could not be addressed
for technical reasons related to the difficulties carrying out immunoprecipitation assays in the
presence of both blocking antibody and immunoprecipitating antibody, and the difficulties in

the assessment of the Wnt-11/LRP6 interaction in an extracellular environment.

Therefore, given the alteration in binding of the AE to LRP6, the implications of LRP6 in
Whnt-11 signaling and vice versa were examined by comparing wild-type Wnt-11 and the AE
in gene reporter assays. LRP6 is a potent activator of B-catenin/TCF signaling (Cong,
Schweizer, & Varmus, 2004) and Wnt-11 was able to inhibit LRP6-induced activation of TOP-
luc in gene reporter assays, as was also observed for stimulation with Wnt-3a CM. In contrast,
AE expression was not able to repress LRP6-induced activity. As LRP6 overexpression alone
activated canonical Wnt signaling further experiments are required to determine if the Wnt-11

effects involves Wnt receptor competition or other mechanisms in this matter.

The role of LRP6 was also examined in the context of Wnt-11/ATF2 signaling. In PC3 cells,
transfection of LRP6 did not increase ATF2-dependent reporter activity and did not potentiate
the activation by Wnt-11. However, PC3 cells express high levels of endogenous LRP6, with

a AACT of 6, which is about 16-fold higher than for WNT11 (see Table 13, page 104).
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Therefore, the role of LRP6 was further analyzed using HEK 293 LRP5/67" mutant cells
(Eubelen et al., 2018). As FZD8 is a known Wnt-11 receptor, the effects of LRP6 were
examined in combination with both Wnt-11/AE and FZD8. Co-expression of LRP6 and FZD8
increased ATF2-dependent activity to a greater extent than either alone, and when co-expressed
with Wnt-11, there was a further increase in ATF2-dependent transcription. Comparing Wnt-
11 and AE, both elicited a comparable activation by themselves and when co-expressed with
FZD8 (in the absence of LRP6), suggesting that FZD8/AE interaction is not impaired and is
able to activate an ATF2-dependent signal. However, in this context, the restoration of LRP6
led to a further increase in ATF2-dependent activity for wild-type Wnt-11 and not for the Wnt-
11 mutant AE. These results suggest that the difference in ATF2-dependent transcription
observed between Wnt-11 and the AE in this setting results from differential interactions with
LRP6.

However, several limitations are acknowledged regarding the use of ATF2-luc gene reporter
assays. First, HEK 293 cells are known to express adenovirus early region 1A protein that
directly binds and regulates ATF2 (X.-Y. Li & Green, 1996), which likely drives the high basal
ATF2-dependent transcriptional activity these cells show, rendering the effects of
FZD8/LRP6/Wnt-11 on gene reporter activity modest. Another, is that ATF2 is not a
transcription factor dedicated to noncanonical Wnt signaling activity, as acknowledged above
(van Amerongen, 2012). Finally, the transfection of multiple plasmids for expression required
the use of lower quantities of each, rendering lower expression levels and the possibility that
not all cells received all expression plasmids and reporters.

Nonetheless, LRP6 is far from being an obvious coreceptor for Wnt-11. Although Wnt-11
and Wnt-5a have been found to activate some of the same noncanonical signals, they show
differences in many instances. For example, fusion receptors of Wnt to LRP6 or ROR1/2 have
been useful in the study of Wnt-3a and Wnt-5a signaling, but for Wnt-11, this strategy was
found unable to trigger a response (Grumolato et al., 2010). LRP6 is a well-known component
of B-catenin-dependent Wnt signaling (Pinson et al., 2000; Tamai et al., 2000; Wehrli et al.,
2000). Oligomerization of FZD and LRP5/6 is regarded as an early event leading to
intracellular B-catenin-dependent signaling, and this can also happen Wnt-independently (Cong
etal., 2004; Huaet al., 2018). Moreover, LRP6 has been shown to interact with several different
Whnts, and with multiple binding sites. Specifically, two distinct binding sites have been

proposed for Wnts in LRP6, one comprising the extracellular domains E1-E2, which can bind
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Whnt-1 and Wnt-9, and the other E3-E4, which binds Wnt-3/Wnt-3a (Bourhis et al., 2010; S.
Chenetal., 2011; Gong et al., 2010). It remains unclear which domains of LRP6 bind Wnt-11.

The role of LRP6 in noncanonical Wnt signaling is controversial. LRP6 has been reported
to bind to Wnt-5a, but this interaction leads to repression of noncanonical signaling in Xenopus
and mouse embryos (Bryja et al., 2009). It has also been reported that mutations linked to
neural tube defects in humans lead to increased PCP pathway signaling during mouse embryo
development, suggesting LRP6 acts as an inhibitor, rather than an activator of noncanonical
Whnt signaling (Allache et al., 2013). In contrast to the model of oligomerization of FZD with
LRP5/6 being an initiator of canonical Wnt signaling, it has been proposed that this interaction
in a basal state represses both canonical and noncanonical pathways (D. N. Ren et al., 2015).
Consistent with this, the same group reported that soluble recombinant LRP6 ectodomain
inhibits mouse and human breast cancer cell migration and metastasis by inhibiting FZD-
dependent noncanonical signaling. Another LRP6 construct comprising only a part of the
extracellular domain (E1, E2) has also been reported to inhibit not only canonical Wnt
signaling, but also EMT, and its expression was shown to induce apoptosis in lung cancer cells
(J. S. Leeetal., 2012).

However, there are some instances in which LRP6 has been found to interact with
noncanonical Wnt ligands and/or potentiate noncanonical Wnt signaling. LRP6 has been
reported to enhance noncanonical Wnt signaling through RhoA-dependent mechanisms by
association with disheveled-associated activator of morphogenesis 1 (DAAML1); and Wnt-5a
stimulation of RhoA activity was found to be impaired in LRP6-null mouse embryonic
fibroblast cells (Gray et al., 2013). LRP6 can associate with one of the two WNT11 paralogs
present in Xenopus oocytes to mediate 3-catenin-dependent signaling. However, although both
paralogs display high sequence similarity, xWntl11 is not the human WNT11 ortholog, which is
rather x\Wnt11b (Hardy et al., 2008; Kofron et al., 2007). LRP6 was recently reported to interact
indirectly with Wnt-11, impacting cardiac fibrosis (X. Wang et al., 2021). The interaction was
described to take place intracellularly and resulted in degradation of Wnt-11 and Wnt-5a
through cathepsin D (CTSD) protease.

The methods used here for detection of the interaction LRP6/Wnt-11, i.e., co-
immunoprecipitation and immunofluorescence can also report indirect interactions, and the use

of direct binding assays, such as surface plasmon resonance, could be explored. The status of
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LRP6 phosphorylation in the context of Wnt-11 activation/inhibition was explored by
stimulation with Wnt-11 in combination with Wnt-C59 treatment, as well as with E8 and F10
antibody treatment, but the results were inconclusive. Therefore, although LRP6 appears to be
important for the effects of the antibody epitope deletion, the exact role of LRP6 in Wnt-11
signaling remains to be explored, and further studies will be required to determine which of the

cellular responses to Wnt-11 in prostate cancer involve LRP®6.

As for LRP6 role in cancer, it has been described to be important in colorectal, liver, breast
and pancreatic cancers (Raisch, Coté-Biron, & Rivard, 2019; Roslan, Muhamad, Selvaratnam,
& Ab-Rahim, 2019). LRP6 can promote invasion and metastasis of colorectal cancer, inducing
microtubule dynamics and actin remodeling, probably through regulation of RhoA and Racl,
which are hallmarks of noncanonical Wnt signaling (Q. Yao etal., 2017). Wnt-11 is also known
to play a role in colorectal cancer (Gorrofio-Etxebarria et al., 2019). LRP6 has been found
upregulated in a subpopulation of human breast cancers where it promotes cell proliferation
and tumor growth (C. C. Liu, Prior, Piwnica-Worms, & Bu, 2010). LRP6 was also found to
promote migration and invasion of triple negative breast cancer cells through [B-catenin
signaling-mediated regulation of S100A4 (Ma, Lu, Chen, Xu, & Li, 2017). LRP6 has also been
implicated in prostate cancer: LRP6 induced-degradation by the antihelminthic drug
niclosamide and by the antibiotic salinomycin has been reported to reduce prostate cancer cell
growth and to promote apoptosis (W. Lu & Li, 2014; W. Lu et al., 2011). Similarly, another
drug, silibinin, the major active constituent of silymarin, a standardized extract of milk thistle,
reduces prostate cancer cell growth by reducing LRP6 levels (W. Lu et al., 2012). However,
these effects might not be specific to LRP6. MESD, a specialized chaperone for LRP5 and
LRP6, can also act as their inhibitor, and was shown to inhibit the growth of prostate tumors
in xenograft assays (C. Lin etal., 2011; W. Lu, Liu, Thottassery, Bu, & Li, 2010).

Multiple studies have been focused on developing specific LRP6 inhibitors, some using
neutralizing antibodies (N. K. Lee et al., 2018) and single-domain antibody fragments (VHH)
against a specific region of LRP6, which strongly inhibits Wnt-3a-induced B-catenin-mediated
transcription (Fenderico et al., 2019). Importantly there is a Phase | clinical trial with a bi-
paratopic anti-LRP6 antibody, Bl 905677, which is being investigated for therapy in Wnt-
driven tumors (Zinzalla et al., 2019).

It is also important to highlight that the predicted LRP6 binding site on Wnt-3 has been
shown to mediate binding to other coreceptors on other Wnts, for example, RECK (reversion
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inducing cysteine-rich protein with kazal motifs) (Eubelen et al., 2018). While RECK binding
appears to be unique to Wnt-7a/b, the possibility that Wnt-11 binds RECK or the associated
receptor GPR124 has not been tested. Alternatively, a Wnt-11-specific partner may bind this
region in Wnt-11. In the context of prostate cancer, RORL1 is also a good candidate co-receptor,
since it has been linked to prostate cancer progression (Murillo-Garzén et al., 2018; S. Zhang
et al., 2012). In addition to understanding which receptors are involved, it will be important to
explore the potential implications of the equivalent region of the Wnt-11 antibody epitope in
the function of other Wnts.

Together, the results in this thesis suggest that antibodies targeting amino acids within the
sequence L101-Al112 in Wnt-11 impair its ability to signal and function. The anti-Wnt-11
antibodies inhibit prostate cancer cell sphere proliferation, invasion, and migration. E8
antibody and its nanoformulation (MNP-E8) reduce PC3 tumor growth in the CAM, which is
accompanied by a reduction in the intensity of the Ki67 proliferation marker. The region
containing the antibody epitope has been shown to be important in mediating DVL activation
and Wnt-11/FZD8-induced ATF2-dependent transcription, which could be the result of
reduced binding of Wnt-11 to LRP6. These observations, which are summarized in a model
(Figure 58), lend support for further investigation of Wnt-11 as a therapeutic target in prostate
cancer. Also, these antibodies and their nanoformulations provide the means to block Wnt-11

function, which may be beneficial for treatment of patients in the future.
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Figure 58. Working model of anti-Wnt-11 antibodies and MNP nanoformulations strategy in the treatment of
advanced prostate cancer. In advanced prostate cancer ADT, TMPRSS2-ERG fusion and hypoxia among other
factors increase Wnt-11 expression levels (upper panel). Wnt-11 (represented by yellow spheres) then signals
via increased phosphorylation of DVL and activation of FZD8/LRP6/ATF2-dependent signaling (Wnt-11 on,
bottom left panel). These effectors of Wnt-11, and possibly others that remain to be identified, result in the
promotion of prostate cancer cell migration, invasion, tumor growth and stemness. Delivery of anti-Wnt-11
antibodies and their MNP nanoformulations to prostate tumors impairs Wnt-11 signaling by diminishing DVL
phosphorylation, reducing Wnt-11/LRP6 coreceptor binding, and limiting FZD8/LRP6/ATF2-dependent signaling
(Wnt-11 inhibition, bottom right panel). This results in reduced migration, invasion, tumor growth and stemness.
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The results obtained in this thesis lead to the following conclusions:

1.

Two rat monoclonal antibodies, E8 and F10, bind to the same unique Wnt-11 peptide
and inhibit Wnt-11 mediated processes, namely DVL phosphorylation, prostate
cancer cell sphere formation, cell migration under normoxia and hypoxia, and cell

invasion.

Iron oxide magnetic nanoparticles functionalized with anti-Wnt-11 neutralizing

antibodies inhibit prostate cancer cell migration without affecting viability.

Antibody E8 and MNP-E8 nanoconjugates reduce PC3 cell tumor growth in vivo in

the chick chorioallantoic membrane (CAM) model.

The Wnt-11 antibody epitope is required for Wnt-11 induction of DVL
phosphorylation and of PC3M cell migration.

The Wnt-11 antibody epitope deletion reduces binding of Wnt-11 to the Wnt
coreceptor LRP6 and limits Wnt-11 inhibition of B-catenin/TCF-dependent
transcription and potentiation of FZD8/LRP6/ATF2 signaling.

Whnt-11 neutralizing antibodies and nanoconjugates have the potential to be further

explored as therapeutic agents to treat patients with advanced prostate cancer.
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Introduccion

El cancer de prostata es el segundo cancer mas diagnosticado en la poblacién masculina a
nivel mundial, afectando en 2020 a més de 1.4 millones de personas y causando la muerte de
aproximadamente 300 000 hombres (Rawla, 2019). La mayor parte de los tumores de préstata
son adenocarcinomas de tipo acinar. EI cancer de prostata se detecta de forma precoz gracias
al analisis de los niveles sanguineos de antigeno especifico de préstata (PSA) e inicialmente se
considera un cancer poco agresivo. El crecimiento del tumor suele ser dependiente de
andrdgenos, lo que hace de la deprivacion androgénica (ADT) una de las principales lineas
terapéuticas para su tratamiento. No obstante, el cancer puede desarrollar mecanismos de
resistencia a la terapia, convirtiéndose en cancer de prostata resistente a la castracion (CRPC),
lo cual va acompafiado de un incremento en su agresividad y capacidad de metastatizar (Attard
etal., 2016).

En estadio CRPC son necesarias dianas terapéuticas independientes de las relacionadas con
la sefializacion por andrégenos. Uno de los mecanismos de resistencia es la reactivacion de
cascadas de sefalizacion del desarrollo (Shen & Abate-Shen, 2010). En este contexto,
alteraciones en la ruta de sefializacion por Wnt ha mostrado ser importante para la progresion
del céancer de prostata y su activacion aberrante ocurre mediante factores especificos de tejido
(Murillo-Garzon & Kypta, 2017). Entre ellos, la expresion de Wnt-11 se encuentra aumentada
en cancer de préstata, especialmente en estadios avanzados, y se ha demostrado que promueve
la progresion tumoral activando la diferenciacion neuroendocrina, la migracion e invasion
celular (Uysal-Onganer et al., 2010; H. Zhu et al., 2004). FZD8 ha sido descrito como uno de
sus receptores en cancer de prostata y, ademas, media la cooperacion con la ruta de sefializacion
por TGF-B, activando la transicion epitelio mesénquima (EMT) y promoviendo la agresividad

de la enfermedad (Murillo-Garzon et al., 2018).

Alteraciones en la ruta de sefializacion por Wnt se encuentran de forma frecuente en

multiples canceres (Anastas & Moon, 2013). Por ello, se han desarrollado madaltiples
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mecanismos para la inhibicion de esta sefializacion a distintos niveles como posibles terapias,
aunque ninguna se encuentra en uso clinico. Entre estos destacan los inhibidores de secrecion
de Wnt, los moduladores de la actividad de B-catenina y los anticuerpos terapéuticos contra
receptores y coreceptores de Wnt, como son Vantictumab y Cirmtuzumab. No obstante, debido
a laimplicacion de Wnt-11 en la progresion del cancer de prostata, inhibidores selectivos serian

de interés para su tratamiento.

Algunos estudios han descrito el uso de anticuerpos comerciales anti-Wnt-11 para su
inhibicion pero ninguno ha sido explorado como agente terapéutico (Dwyer et al., 2010; Hsueh
et al., 2020; Ouko et al., 2004; Jingcai Wang et al., 2020; Zuo et al., 2012). En contexto de
aplicacion en la clinica, es atractiva la conjugacion de los potenciales anticuerpos terapéuticos
con nanoparticulas magnéticas (MNP), ya que se ha descrito que la funcionalizacion mejora su
estabilidad y capacidad de ser distribuido de forma selectiva al tumor sin afectar a las
propiedades de neutralizacion de antigeno (Dulinska-Litewka et al., 2019; Sousa et al., 2017).

Hipotesis y objetivos

Este trabajo se basa en los antecedentes que indican a Wnt-11 como una posible diana
terapéutica en el cancer de préstata avanzado y en la viabilidad de los anticuerpos anti-Wnt-11
generados en el laboratorio del Dr. Kypta como agentes capaces de bloquear su sefializacion y
funcion aberrante. Adicionalmente, se hipotetiza que su conjugacion a nanoparticulas
magnéticas puede mejorar sus potenciales propiedades terapéuticas. Asi, se proponen los

siguientes objetivos:

1. Determinar los efectos de los anticuerpos anti-Wnt-11 y los conjugados con

nanoparticulas magnéticas en modelos de cancer de préstata in vitro e in vivo.

2. Explorar el mecanismo de accion de los anticuerpos en el bloqueo de funcion y

sefializacion por Wnt-11.

Materiales y métodos

Para este estudio se han empleado diversos métodos y técnicas de biologia celular y
molecular. Se ha llevado a cabo el cultivo de lineas celulares de cancer de préstata en los que
se ha analizado el efecto de la transfeccion de plasmidos, del silenciamiento génico y del
tratamiento con los anticuerpos anti-Wnt-11 y sus nanoformulaciones en ensayos de

proliferacion, migracion e invasion celular. También se han empleado analisis RNA por PCR
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en tiempo real cuantitativa (RT-PCR) y de proteina por western blot, asi como ensayos de
inmunoprecipitacion (IP), inmunofluorescencia (IF), inmunohistoquimica (IHC), de
clasificacion de células activadas por fluorescencia (FACS) y de gen reportero, entre otros. Se
ha empleado el modelo in vivo de membrana corioalantoidea de pollo (CAM) para estudios de

formacion de tumor.

Resultados

Capitulo I: Caracterizacion de anticuerpos anti-Wnt-11 y sus conjugados con

nanoparticulas magnéticas (MNP)

Se lleva a cabo la caracterizacion en contexto celular del reconocimiento por parte de los
anticuerpos anti-Wnt-11 E8 y F10, que reconocen el mismo epitopo de Wnt-11. Se demuestra
por western blot de proteina recombinante, que el anticuerpo anti-Wnt-11 E8 es especifico para
Wnt-11 al no detectar la proteina homologa Wnt-3a. E8 también detecta por
inmunofluorescencia las células que expresan Wnt-11 en el modelo de sobreexpresion estable
en células de prostata C4-2B (C4-2B-WNT11), mostrando co-localizacion con un anticuerpo
comercial anti-Wnt-11. La interaccion en contexto celular también se analiza por un método
indirecto basado en FACS. Para esto, células HEK 293 que expresan Wnt-11 son tefiidas con
E8 para su clasificacion por FACS en base a niveles de tincion alto/bajo. Estas dos poblaciones
se procesan para el analisis por western blot y se demuestra que las células que presentan una

alta intensidad de tincion de E8 expresan mayores niveles de la proteina diana Wnt-11.

Por otro lado, se realiza una caracterizaciéon preliminar de las nanoparticulas magnéticas
(MNP) conjugadas con los anticuerpos anti-Wnt-11. Para ello se emplean células de cancer de
prostata VCaP, que presentan altos niveles de expresion de Wnt-11 enddgeno, se incuban con
las MNP funcionalizadas y se realiza una tincion de Prussian Blue para la deteccion del hierro
presente en las MNP. Asi, las células incubadas con las MNP-E8 muestran una tincion de MNP
en membrana, compatible con la deteccion de Wnt-11, la cual es superior en intensidad a la

obtenida usando las MNP no funcionalizadas o funcionalizadas con IgG como control.
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Capitulo Il: Efectos de los anticuerpos anti-Wnt-11y sus conjugados con MNP en

células de cancer de préstata in vitro

Se procede a analizar los efectos de los anticuerpos y nanoparticulas funcionalizadas en
ensayos in vitro que, se ha visto en otros estudios, pueden estar mediados por Wnt-11. Asi, se
detecta una inhibicion limitada en el crecimiento en adherencia de células de cancer de prostata
PC3y DU145 en ensayos a 7 dias, solo a dosis altas de los anticuerpos. Por otro lado, se observa
que células PC3 cultivadas en condiciones para el estudio de células madre en ensayos de
formacion de esferas, aumentan la expresion de la proteina y del mRNA de Wnt-11. Ademas,
el mMRNA de Wnt-11 mantiene una correlacion con el marcador de células madre SOX2 lo que
sugiere una implicacion de Wnt-11 en este contexto. Por ello, se estudia el efecto de los
anticuerpos ant-Wnt-11 en ensayos de formacién de esferas y se determina que son capaces de
inhibir la formacion de esferas de PC3 y DU145 de forma superior a la capacidad de estos de

inhibir la proliferacion en adherencia.

Whnt-11 es conocido por tener un papel importante en la migracién e invasion celular (Uysal-
Onganer et al., 2010). Se observa que el silenciamiento génico de WNT11 reduce la migracion
de células PC3 medida por ensayos de cicatrizacion de herida (wound healing) y se determina
que los anticuerpos anti-Wnt-11 producen una inhibicion similar en este contexto. Se confirma
por ensayos de migracion celular en transwell la reduccion en la migracion de células PC3 'y
DU145 tratadas con los anticuerpos anti-Wnt-11. En células C4-2B-WNT11, que
sobreexpresan Wnt-11, se observa que éste induce la invasion celular y se determina que el
tratamiento con los anticuerpos anti-Wnt-11 revierte este fenotipo, reduciendo la invasion

celular.

Ademas, Wnt-11 ha demostrado tener un papel relevante en la respuesta a la hipoxia celular,
donde sus niveles se ven aumentados en hipoxia y promueve la migracién e invasion celular
(Mori et al., 2016). Se estudia por tanto su papel en células PC3 tratadas con el hipoximimético
DMOG vy se detecta un aumento en la expresion de Wnt-11 y un incremento en la migracion
celular. ElI empleo de los anticuerpos anti-Wnt-11 en este contexto es capaz de revertir
parcialmente el incremento en la migracion celular en células PC3 sometidas a hipoxia. Se
realiza un estudio por RT-PCR de la expresion de otros componentes de la ruta Wnt en
condiciones de hipoxia y se determina que también se incrementan la expresion mRNA del
receptor de Wnt-11, FZD8 (Murillo-Garzén et al., 2018).
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Se estudian de forma paralela los efectos de las MNP conjugadas con los anticuerpos anti-
Whnt-11. Se observa que ninguno de los conjugados MNP reducen la viabilidad de células PC3.
También se demuestra que las nanoparticulas magnéticas conjugadas con E8 (MNP-E8)
producen una reduccion en la migracion de células PC3 medida por ensayos de cicatrizacion

de herida, y, que las MNP-F10 muestran una tendencia no significativa de reduccion.

Capitulo lll: Efectos de los anticuerpos anti-Wnt-11 y sus conjugados con MNP

en células de cancer de prdstata in vivo

Los efectos del anticuerpo E8 y de las nanoparticulas son estudiados en el modelo in vivo
de la membrana corioalantoidea de pollo CAM en ensayos de formacion de tumor con células
PC3. El tratamiento con E8 de los tumores de PC3 en la CAM produce una disminucion
significativa tanto en el area del tumor y como en el peso del tumor cuando se compara con los
tumores tratados con el control de 1gG. Adicionalmente, se determina por inmunohistoquimica
que los niveles nucleares de expresion del marcador de proliferacién Ki67 se encuentran
reducidos en los tumores tratados con E8 lo cual apoya corrobora los resultados en la reduccion

del crecimiento tumoral.

Los conjugados con nanoparticulas magnéticas, especialmente MNP-E8, también son
capaces de reducir la formacién de tumor de PC3 en la CAM, aunque de forma més modesta
que E8 sin conjugar, lo cual puede ser debido a la menor dosis empleada en comparacion. De
forma preliminar también se observa una reduccion en la intensidad de la expresién de Ki67
nuclear en los tumores tratados con MNP-E8 comparado con los tratados con MNP-IgG v,
ademas, se emplea la tincién por Prussian Blue para demostrar la presencia y localizacion de

las MNP en los tumores.

Capitulo IV: Mecanismo de accion de los anticuerpos anti-Wnt-11

Por ultimo, se explora el mecanismo de accion de los anticuerpos anti-Wnt-11. Primero, se
detecta mediante ensayos de cambio en la movilidad electroforética, que en células PC3
tratadas con E8 y F10 los niveles de fosforilacion del mediador de Wnt, Dishevelled (DVL) se
encuentran reducidos con respecto al tratamiento con 1gG control. También se demuestra en
base uso del inhibidor de secrecion de Wnt, Wnt-C59, que la fosforilacion de DVL en células
PC3 es dependiente de Wnt; y, que la regulacion de DVL mediada por los anticuerpos anti-
Whnt-11 ocurre a nivel de proteina y no de mRNA.
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Para el estudio del potencial papel de la region epitopo en Wnt-11, se genera un mutante
(AE, Epitopo del Anticuerpo delecionado) delecionando parte del epitopo de los anticuerpos
AL101-T108 (LLDLERT). Para no afectar a la estabilidad de la proteina se estudia que la region
no forme estructura secundaria y ademas se conjetura que es esta secuencia la que media la
mayor parte del reconocimiento de los anticuerpos. Para apoyar esto, se confirma que el
mutante AE se expresa, secreta y se encuentra en la membrana de forma similar a la proteina
Whnt-11 nativa. Ademas, por ensayos de FACS se determina que la union de E8 a este mutante

es minima comparandose con la uniéon a Wnt-11 nativo.

La expresion exdgena de Wnt-11 aumenta la migracion de células PC3M, en cambio cuando
se expresa el mutante AE la migracion no aumenta, sugiriendo que su funcién esta impedida y
que el epitopo es esencial para la actividad mediada por Wnt-11. A nivel de sefalizacién se
demuestra que la expresion exdgena de Wnt-11 aumenta la fosforilacion de DVL de manera
dependiente de tratamiento con el inhibidor Wnt-C59, mientras que el mutante AE es incapaz
de promover una fosforilacion similar. Ademas, se observa que, mientras la expresion exdgena
de Wnt-11 reduce la activacion de la transcripcion dependiente de B-catenina/TCF activada por
Whnt-3a en ensayos de gen reportero, el mutante AE es incapaz de mediar la inhibicion. Estos
resultados sugieren que la sefializacion por Wnt-11 se encuentra impedida.

La visualizacion del epitopo en la regién homéloga de la estructura resuelta para otros Wnts,
mediante alineamiento de sus secuencias proteicas, demuestra que éste se encuentra lejos de
las regiones de interaccion con FZD y relativamente cerca de la zona que ha sido propuesta
para la interaccion con el correceptor LRP6 (Hirai et al., 2019). En base a esto se estudia la
interaccion por inmunoprecipitacion, primero de Wnt-11 con FZD8 y, se observa que la unién
del mutante AE no se encuentra impedida. Se analiza la interaccion de Wnt-11 con LRP6 y se
detecta que se unen y ademas que la interaccion con el mutante AE se encuentra reducida. Esto
se demuestra con la proteina LRP6 completa, con la regién exclusivamente extracelular o
ectodominio (LRP6N) y en células PC3 y HEK 293. Se confirma este hallazgo por ensayos de
co-localizacion por inmunofluorescencia, en los que se observa una menor co-localizacion del

mutante AE respecto a Wnt-11 nativo.

A nivel de sefializacion mediada por receptores y coreceptores de Wnt, se observa que Wnt-
11 inhibe la activacion mediada por LRP6 de la transcripcion dependiente de B-catenina/TCF;
mientras que el mutante AE no es capaz de inhibir esta activacion. Se explora el posible papel
de LRP6 en la transduccion de la ruta dependiente de ATF2 en la que Wnt-11 se ha descrito
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como mediador de su activacion (Murillo-Garzon et al., 2018). Se observa que la expresion de

LRP6 no activa la transcripcion dependiente de ATF2, ni tiene una actividad aditiva con Wnt-
11 en células PC3. En cambio, en un modelo de HEK 293 con LRP5 y LRP6 inactivados
genicamente (LRP5/67), se demuestra que LRP6 es capaz de cooperar en la sefializacion

dependiente de ATF2 inducida por la expresion exdgena de Wnt-11/FZD8, mientras que no

coopera en la actividad inducida por AE/FZD8. Asi, se propone que el LRP6 enddgeno es el

principal factor causante de las diferencias descritas cuando se emplea el mutante AE y que la

region epitopo esta implicada en la interaccion y sefializacion mediada por el coreceptor LRP6.

Conclusiones

Los resultados obtenidos en esta tesis permiten concluir lo siguiente:

1.

Dos anticuerpos monoclonales, E8 y F10, se unen al mismo epitopo en Wnt-11 e
inhiben procesos mediados por Wnt-11 como son la fosforilacién de DVL, la
formacion de esferas de células de cancer de prostata, la migracion celular en

normoxia e hipoxia y la invasion celular.

Nanoparticulas magnéticas de 6xido de hierro (MNP) funcionalizadas con los
anticuerpos neutralizantes anti-Wnt-11 inhiben la migracion de células de cancer

de prostata sin afectar a la viabilidad.

El anticuerpo E8 y su nanoformulaciéon MNP-E8 reducen el crecimiento de tumor
de células de céancer de préstata PC3 in vivo en el modelo de la membrana

corioalantoidea de pollo (CAM).

La region epitopo de los anticuerpos anti-Wnt-11 es necesaria para la induccion de

la fosforilacién de DVL y la migracién de células de cancer de prdstata PC3M.

La delecion de la region epitopo de los anticuerpos anti-Wnt-11 reduce su
interaccion con el correceptor de Wnt LRP6 y limita la capacidad de Wnt-11 de
inhibir la actividad transcripcional B-catenina/TCF y de potenciar la actividad
transcripcional FZD8/LRP6/ATF2.

Los anticuerpos neutralizantes de Wnt-11 y sus nanoformulaciones tienen el
potencial para ser explorados como agentes terapéuticos en el tratamiento de

pacientes con cancer de prostata avanzado.

217



	Table of contents
	List of figures
	List of tables
	Abbreviations
	Abstract
	Resumen
	Introduction
	1. Cancer
	1.1.  Hypoxia in cancer

	2. Therapeutic antibodies
	3. Nanoparticles
	4. The human prostate and prostate cancer
	4.1.  Diagnosis and grading
	4.2.  Prostate cancer progression and treatment
	4.3.  Prostate cancer recurrent mutations

	5. Wnt proteins
	5.1.  Wnt modification and secretion
	5.2.  Wnt structure
	5.3.  Wnt signaling
	5.3.1. Wnt signaling regulators: antagonists and agonists
	5.3.2. Luciferase-based Wnt gene reporters

	5.4.  Wnt receptors, coreceptors and DVL
	5.4.1. FZD receptors
	5.4.2. LRP5/6 coreceptors
	5.4.3. ROR/RYK coreceptors and others
	5.4.4. Dishevelled (DVL)

	5.5.  Wnt in development and tissue homeostasis
	5.6.  Wnt in cancer and prostate cancer
	5.7.  Wnt-based therapeutics
	5.7.1. Inhibition of Wnt secretion
	5.7.2. β-catenin interaction, stability, and activity modulators
	5.7.3. Targeting Wnt pathway regulators
	5.7.4. Wnt/receptor interaction modulators


	6. Wnt-11
	6.1.  Wnt-11 in development and adult homeostasis
	6.2.  Wnt-11 in cancer and disease
	6.2.1. Wnt-11 in prostate cancer



	Hypothesis and aims
	Materials and methods
	1. Reagents
	1.1.  Anti-Wnt antibodies, recombinant proteins, peptides, and drugs
	1.2.  MNP functionalization

	2. Cell culture
	2.1.  Cell lines
	2.2.  Cell transfection
	2.2.1. Gene silencing
	2.2.2. Plasmid transfection
	2.2.3. Plasmid mutagenesis
	2.2.4. E. coli transformation for plasmid amplification

	2.3.  Lentiviral transduction
	2.4.  Proliferation assay
	2.5.  Sphere assay
	2.6.  Transwell cell migration and invasion
	2.7.  Wound healing assay (Cell migration)
	2.8.  Gene reporter assay

	3. mRNA analysis
	3.1.  RNA extraction
	3.2.  Retro-transcription reaction
	3.3.  Real-Time quantitative PCR (RT-PCR)
	3.4.  Primer design and sequences

	4. Fluorescence activated cell sorting (FACS)
	5. Protein analysis
	5.1.  Protein extraction
	5.2.  Western blot (WB)
	5.3.  Primary antibodies
	5.4.  Peptide ELISA
	5.5.  Dot blot
	5.5.1. Peptide dot blot
	5.5.2. Cell supernatant dot blot

	5.6.  Immunoprecipitation (IP) and pull-down
	5.7.  Immunofluorescence (IF)
	5.8.  Immunohistochemistry (IHC)
	5.8.1. Prussian blue


	6. Chick chorioallantoic membrane (CAM) model
	7. Bioinformatics resources
	7.1.  Databases
	7.2.  Image analysis

	8. Statistical analysis

	Results
	Chapter I: Characterization of anti-Wnt-11 antibodies and functionalized nanoparticles
	I.1. Characterization of anti-Wnt-11 antibodies’ recognition of Wnt-11
	I.2. Functionalization of MNPs with anti-Wnt-11 antibodies
	I.2.1. Recognition of prostate cancer cells by anti-Wnt-11-functionalized MNPs


	Chapter II: Effects of anti-Wnt-11 monoclonal antibodies and MNP conjugates on prostate cancer cells in vitro
	II.
	II.1. Anti-Wnt-11 monoclonal antibodies inhibit proliferation and sphere formation of prostate cancer cells
	II.2. Anti-Wnt-11 monoclonal antibodies inhibit prostate cancer cell migration and invasion
	II.3. Anti-Wnt-11 monoclonal antibodies inhibit hypoxia-induced migration of prostate cancer cells
	II.4. Anti-Wnt-11 functionalized magnetic nanoparticles inhibit migration of prostate cancer cells

	Chapter III: Effects of anti-Wnt-11 monoclonal antibodies and MNP-antibody conjugates on prostate cancer cells in vivo
	III.
	III.1. Anti-Wnt-11 antibody E8 inhibits PC3 cell tumor growth in CAM assays
	III.2. Anti-Wnt-11 functionalized magnetic nanoparticles partially inhibit PC3 cell tumor growth in CAM assays

	Chapter IV: Mechanism of action of anti-Wnt-11 monoclonal antibodies
	IV.
	IV.1. Anti-Wnt-11 antibodies interfere with Wnt-11 signaling through DVL and ATF2
	IV.2. The antibody epitope is required for Wnt-11 mediated migration and signaling
	IV.2.1. Molecular characterization of the antibody epitope deletion mutant
	IV.2.2. Functional role of the antibody epitope for Wnt-11-mediated prostate cancer cell migration
	IV.2.3. The potential role of the antibody epitope in Wnt-11-mediated signaling

	IV.3. The role of the antibody epitope in Wnt receptor and coreceptor binding
	IV.3.1. Structural context
	IV.3.2. Interaction of Wnt-11 and the antibody epitope mutant with FZD8
	IV.3.3. Interaction of Wnt-11 and the antibody epitope mutant with LRP6

	IV.4. Effect of the Wnt-11 antibody epitope mutation on signaling by Wnt receptors and coreceptors


	Discussion
	Chapter I: Characterization of anti-Wnt-11 antibodies and functionalized nanoparticles
	Chapter II: Effects of anti-Wnt-11 monoclonal antibodies and MNP conjugates on prostate cancer cells in vitro
	Chapter III: Effects of anti-Wnt-11 monoclonal antibodies and MNP-antibody conjugates on prostate cancer cells in vivo
	Chapter IV: Mechanism of action of anti-Wnt-11 monoclonal antibodies

	Conclusions
	References
	Resumen extendido
	Introducción
	Hipótesis y objetivos
	Materiales y métodos
	Resultados
	Capítulo I: Caracterización de anticuerpos anti-Wnt-11 y sus conjugados con nanopartículas magnéticas (MNP)
	Capítulo II: Efectos de los anticuerpos anti-Wnt-11 y sus conjugados con MNP en células de cáncer de próstata in vitro
	Capítulo III: Efectos de los anticuerpos anti-Wnt-11 y sus conjugados con MNP en células de cáncer de próstata in vivo
	Capítulo IV: Mecanismo de acción de los anticuerpos anti-Wnt-11

	Conclusiones


