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Zusammenfassung

ZUSAMMENFASSUNG

Leberkrebs ist die viert haufigste krebsbedingte Todesursache, wobei das Hepatozellulare Karzinom (HCC)
der haufigste Subtyp ist, dessen Inzidenz stetig zunimmt. Er entsteht durch eine chronische
Leberschadigung. Im physiologischen Kontext regulieren die Endothelzellen, insbesondere durch ihre
angiokrine Wnt-Sekretion, die metabolische Zonierung der Leber. Im pathologischen Kontext tragen
Endothelzellen wesentlich zum Fortschreiten der Krankheit bei. Interessanterweise wurde fiir andere
Tumorarten berichtet, dass Wnt-Signale aus der Tumormikroumgebung (TME) sowohl férdernd als auch
hemmend auf den Tumor wirken konnen. Obwohl die Rolle des angiokrinen Wnt-Signalwegs in der Leber
im physiologischen Kontext ausgiebig untersucht wurde, ist seine Rolle im pathologischen Kontext des

HCC nach wie vor unklar.

Daher habe ich in diesem Projekt die Rolle des angiokrinen Wnt-Signalwegs bei der Entstehung von HCC
untersucht. Um diese Frage zu klaren, war es von grundlegender Bedeutung, zunachst in vivo Modelle zu
etablieren, die es ermdglichten, die Hepatokarzinogenese in einer zonenunabhdngigen Weise zu
rekapitulieren, wobei der TME erhalten bleibt. Zu diesem Zweck entwickelte ich ein fokales
Elektroporationsmodell, welches auf der Einflihrung von genetischem Material in Form von Plasmiden in
Zellen der Leber basiert. Das eingeflihrte Genmaterial kodiert einige der hdufigsten mutierten Gene in
HCC. Dieses Modell wurde durch ein multifokales (gentechnisch veranderte Maus) GEM-Modell ergénzt,
das auf der Expression des SV40 TAg basiert. Darliber hinaus wurden aus beiden in vivo Modellen
tumorabgeleitete Organoide hergestellt. Aufgrund ihrer wichtigen Rolle in der physiologischen
Leberzonierung wurden der Wnt-Enhancer Rspo3 und der Wnt-Ligandensecretion faktor Evi/WIs als
Kandidatengene fir diese Studie ausgewahlt. Beide Gene waren in (Tumor-Endothelzellen) TEC im
Vergleich zu gesunden Leber-ECs in den ausgewahlten in vivo Modellen herunterreguliert. Diese
unterschiedliche Expression war im Fall von Rspo3 statistisch signifikant und wurde auch beim Menschen
bestitigt. In Ubereinstimmung damit fiihrte die endotheliale Deletion von Rspo3 allein oder in
Kombination mit Evi/WIs zu einer frilheren Tumorbildung. Die Deletion der endothelialen Evi/WIs
Sekretion resultierte hingegen in beiden Tumormodellen zu keinen Veranderungen oder zu einer
Verzogerung der Tumorentwicklung. Dies deutet darauf hin, dass Rspo3 und in geringerem MaRe auch
die Evi/WiIs-vermittelte Sekretion als Wachter des gesunden Leberendothels fungieren und die Deletion

ein pro-tumorale TME schafft. Interessanterweise fihrte die Deletion von Rspo3 und/oder Evi/WIs auf
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Zusammenfassung

autokriner Ebene zu einer Regression und Reifung der Gefdalle in HCC. Wenn man sich auf die direkte
Interaktion zwischen Tumorzellen und (Tumor-)ECs konzentriert, so induzieren vom Tumor stammende
Faktoren die verringerte Expression von Rspo3 und Evi/WIs, wie sie zwischen gesunden und Tumor-ECs
festgestellt wurde. Dies deutet auf eine positive Riickkopplungsschleife zwischen dem Tumor und den
Tumor-ECs hin, die darauf abzielt, die Expression von Wnt-Signalen in der TME zu verringern, um die
Tumorentstehung zu fordern. Insbesondere die in vitro Deletion von Rspo3 in Leber-ECs forderte die
Proliferation von Tumorzellen. Folglich reduzierte die Zugabe von Rspo3 in das Medium der Hepal.6
murinen HCC-Zelllinie und der aus dem Tumor stammenden Organoiden die Proliferation der
Tumorzellen, was darauf hindeutet, dass Rspo3 ein potenzieller Kandidat fiir eine antitumorale Wirkung

bei HCC ist.
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Abstract

ABSTRACT

Liver cancer is a global health problem. Hepatocellular carcinoma (HCC) is the most common subtype, and
its incidence is increasing. It arises from chronic liver damage. Endothelial cells (ECs) regulate liver
metabolic zonation in physiological conditions. Endothelial secretion, so called angiocrine effect, in
particular Wnt signaling, mediates this phenomenon. ECs also play a major role in liver disease, including
cancer. Interestingly, in other tumor entities, Wnt signaling derived from the tumor microenvironment
(TME) has been reported to have both, pro- and anti-tumorigenic effects. In the liver, despite being
extensively investigated in the physiological context, the role of angiocrine Wnt signaling in HCC remains

elusive.

This thesis aimed to study the role of angiocrine Wnt signaling in HCC initiation. To answer this question,
it was crucial to first establish in vivo models that would accurately recapitulate hepatocarcinogenesis.
Therefore, | established a focal electroporation model based on the introduction of plasmids to target
hepatocytes. The introduced genetic material encoded some of the most commonly mutated genes found
in HCC. This model was complemented by a multifocal (genetically engineered mouse) GEM model based
on SV40 TAg expression. In addition, tumor-derived organoids were generated from both in vivo models.
Thereafter, the Wnt enhancer Rspo3 and the Wnt secretion factor Evi/WIis were the candidate genes
selected for this study, based on their role in the physiological liver. Expression of both was decreased in
tumor endothelial cells (TEC) in comparison to the healthy liver ECs in both in vivo models. This differential
expression was statistically significant in the case of Rspo3, and also validated in humans. Consistent with
this finding, endothelial deletion of Rspo3, either alone or in combination with Evi/WIs, resulted in earlier
tumor formation. Deletion of Evi/WIs endothelial secretion induced no changes, or the opposite, in either
model. These data indicated that Rspo3, and to a lesser extent, Evi/W!Is secretion, acted as gatekeepers
of the healthy liver endothelium and deletion of both created a protumorigenic TME. Interestingly, at the
autocrine level, deletion of Rspo3 and/or Evi/WIs induced vessel regression and maturation in HCC
tumors. Focusing on the direct interactions between tumor cells and (tumor) ECs, tumor-derived factors
induced the decreased expression of Rspo3 and Evi/WIs as described in tumor ECs compared to healthy
liver ECs. This indicated the existence of a positive feedback loop between tumor and tumor ECs aiming
to reduce Wnt signaling expression in the TME to support tumorigenesis. In particular, deletion of Rspo3

in vitro from liver ECs enhanced proliferation of tumor cells. Consequently, supplementation of Rspo3 in
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the medium of murine HCC cell line and tumor derived organoids reduced tumor cell proliferation. In

conclusion, these data suggested Rspo3 as a potential antitumorigenic candidate in HCC.
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Introduction

1. INTRODUCTION

1.1. The unique features of the liver

1.1.1. Liver anatomy and physiology

The liver is a distinctive organ involved in multiple biological functions in health and disease. It serves as
a reservoir of nutrients and regulates nutrient release into the bloodstream as required. The liver further
contributes to maintain the overall homeostasis of the body by: synthesing of bile for digestion, the
maintenance of glucose levels in the blood by storing and metabolizing glycogen, the regulation of lipid
and cholesterol homeostasis, the metabolism of proteins and xenobiotics (1, 2), iron homeostasis, several

endocrine functions (3) and defense against certain pathogens (4).

Hepatocytes, representing 60% of the liver cell count and 80% of the liver mass (5), execute most of the
liver functions. The rest of the non-parenchymal cells (NPCs) including liver sinusoidal endothelial cells
(LSECs), biliary epithelial cells called cholangiocytes, hepatic stellate cells (HSCs), liver-resident
macrophages designated as Kupffer cells and other immune cells (1, 2, 4, 5) further contribute to liver

homeostasis.

The functional unit of the liver is the lobule (Fig. 1) (1, 2). It is hexagonal in shape, and hepatocytes are
organized in concentric circles from the central vein. The portal triad is located at the corners of the lobule.
It consists of the hepatic artery, the portal vein and the bile duct. The lobule axis is delineated by the
sinusoids, formed by LSECs, and the bile duct, formed by cholangiocytes. HSCs are located in the space of
Disse, which is the perisinusoidal space between hepatocytes and LSECs. This space allows free nutrient

exchange (1, 6). The remaining non-parenchymal cells are embedded along the porto-central axes (7).

1.1.1.1. Liver vascular system

The liver has a unique blood supply system. It contains a dual and interconnected vascular bed: the hepatic
artery provides oxygen rich blood (30%) and nutrient rich blood (70%) is derived from the portal vein. The
blood converges in the portal triad and flows towards the central vein, which defines the hepatic blood
flow. This blood eventually drains into the hepatic veins (left, middle and right) that lead to the inferior
vena cava (Fig. 1) (8, 9). Establishing blood flow in the liver is crucial, since the initial blood perfusion and

mechanotransduction regulate organ growth and maintenance (10).
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The bile canaliculi collect the bile acids secreted by the hepatocytes and direct them into the bile duct to

the portal triad, in the opposite direction of the blood flow. Bile acids are transported to the intestine (1).
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Figure 1. Liver architecture

The liver is a unique organ that regulates metabolic homeostasis of the body. It is organized in functional units designated as
lobule. Hepatocytes are the predominant cell type, accompanied by non-parenchymal cells (NPCs). The central vein (CV) is
located in the center of the lobule and the portal triad on the corners. The portal triad is formed by the bile duct (BD), portal
vein (PV) and hepatic artery (HA). The longitudinal liver axis is delineated by LSECs (forming the sinusoid) cholangiocytes
(forming the bile duct). The interface between the hepatocytes and LSECs is termed the space of Disse. This is where hepatic
stellate cells (HSCs) are located, while the Kupffer cells (KC) are located within the sinusoids. An oxygen gradient is established
due to the hepatic architecture.

1.1.2. The liver organotypic vasculature

1.1.2.1. Organotypicity of endothelial cells

Blood flows from the liver into the vena cava and enters the systemic circulation, eventually reaching the
heart. Blood vessels transport blood throughout the body and are considered as the largest interface in
animals. They facilitate the transport of oxygen, nutrients, waste products, hormones and particles
between different tissues. The inner layer consists of endothelial cells (ECs). Traditionally, ECs have been
described to exert a passive functions acting as the building blocks of blood vessels. However, recently,
ECs have been identified as a dynamic gatekeeper of the microenvironment, secreting the so-called

angiocrine factors. Both active and passive functions of ECs are involved in physiological and pathological
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conditions such as development, tissue and metabolic homeostasis, inflammation, regeneration or cancer

(6).

Endothelial cells and, hence, the vasculature are functionally and molecularly distinct in different organs,
a phenomenon known as organotypic vasculature. Other cell types such as pericytes exert important
functions in establishing and maintaining the organotypic vasculature during physiological and

pathological conditions (6).

Capillaries are formed by a single layer of ECs, and can be further classified into three main types based
on the organotypicity: continuous, fenestrated and sinusoidal. The brain and retina are prototypes of a
continuous vasculature, in which ECs are firmly connected by tight junctions. This forms a barrier that
selectively allows the diffusion of water and small solutes, but prevents the transport of larger molecules.
Fenestrated ECs, which contain intracellular pores and are covered with a diaphragm, are characteristic
of endocrine glands, as well as some parts of the intestine, kidneys, and nervous system. They are capable
of trafficking small solutes as well as larger molecules such as peptides. The liver, spleen, bone marrow
and several endocrine organs exhibit a sinusoidal capillary. These ECs are flattened, separated by gaps,
and embedded in a thinner and discontinuous basal lamina allowing the transport of bigger molecules by

endocytosis or transcytosis (6).

1.1.2.2. Liver sinusoidal endothelial cells

Liver sinusoidal endothelial cells (LSECs) are a highly specialized endothelial cell type delineating the liver
sinusoids. Overall, they account for 15-20% of the total liver cells and 3% of the liver mass (8, 9). Similar
to other organotypic sinusoidal ECs, they are discontinuous, and lack a complete basement membrane
(Fig. 2). Unlike other sinusoidal ECs, LSECs have fenestrations. LSECs fenestrae, ranging 50-150nm in

diameter, are organized into clusters named sieve plates (6, 8, 9).

LSECs are involved in several functions that contribute to liver homeostasis (9). For instance, LSECs
regulate hepatic blood flow by maintaining the vascular tone, despite fluctuations of pressure due to
circadian rhythms and food intake. LSECs express KLF2 and secrete in an autocrine manner NO, CO,
thromboxane A2, prostacyclin to regulate shear stress. They are also able to respond to mechanical
stretch and trigger HSCs to mediate their vasoconstriction and vasodilation (8, 9). Other liver cell types
such as Kupffer cells or smooth muscle cells can further regulate hepatic blood flow (9). In addition, LSECs
regulate coagulation and prevent thrombosis locally and systemically, by expressing Factor VIII, ERG, KLF2,

TLR-2 or vWF (9, 11).
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LSECs form a selective barrier due to their location within the sinusoid, morphology, fenestrae and
scavenger functions. They face the space of Disse on the abluminal side, where HSCs and hepatocytes are
located. On the other side, they face the interior of the sinusoid, where mixed oxygenated blood flows
(9). This creates a bidirectional transport facilitated by their lack of basement membrane, the discontinuity
between them and the abundance of fenestrae. In fact, LSECs are the most permeable cells in the
mammalian body. Passive diffusion is possible for gases, small and large molecules (e.g. metabolites,
plasma proteins, lipoproteins and small chylomicrons, drugs and viruses). These solutes can diffuse into
the space of Disse and be metabolized by hepatocytes and HSCs. Larger solutes can also be transported
through bidirectional transcytosis between the sinusoid and the space of Disse which is mediated by the
high endocytic activity of LSECs. In addition, LSECs have high endocytic potential and vigorous lysosomal
activity, allowing them to actively clear the blood of soluble macromolecules, small particles, immune

complexes and lipopolysaccharides (8, 9).

LSECs actively regulate both, the innate and the adaptive immune systems. They remove pathogens that
may enter via the portal vein to prevent their spread into the systemic circulation. Their scavenger
potential allows them to clear antigens and viral particles detected in the blood. Additionally, LSECs can
also present antigens that induce the differentiation of certain T cell subtypes. Besides, LSECs enhance
liver immune functions including lymphocyte recruitment through low blood pressure and shear stress
(4). They may induce cytotoxic T cell arrest within the liver sinusoid triggering hepatocyte death in an

antigen-dependent manner (12).

Overall, LSECs are involved in a wide range of functions. The specific repertoire of receptors expressed by

LSECs, and their subsequent activation, mediate all of these functions (8).
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Figure 2. Morphological characteristics of LSECs determine their functions

Liver sinusoidal endothelial cells (LSECs) are a particular type of sinusoidal capillary ECs that reside in the liver. They are
discontinuous, lack a complete basement membrane and have fenestrations. LSECs maintain the vascular tone and respond
to shear stress by interacting with HSCs. They form a selective barrier allowing the transport of molecules of different sizes
due to passive diffusion, their high endocytic activity and transcytosis. LSECs can also act in the immune system due to their
scavenger capability and their functions, presenting antigens and filtering T cells.
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LSECs undergo molecular and morphological changes during pathological conditions. Transdifferentiation
via capillarization is a common occurrence during chronic liver injury, such as liver fibrosis or HCC. LSECs
also undergo capillarization and other molecular changes during aging (9). During liver regeneration, LSECs

acts as a dynamic rheostat, mediating both hepatocyte and LSEC proliferation (13).

1.1.3. Liver metabolic zonation

The liver has a unique vascular system, with the hepatic artery located at one end of the liver sinusoid,
and the central vein at the other. This results in an oxygen gradient. Interestingly, this also induces a
gradient of metabolites and other substances present in the liver. Indeed, this gradually changes the
molecular signatures and hence specific functions of hepatocytes, LSECs and other NPCs along the
sinusoid. This phenomenon has been extensively investigated and is known as liver metabolic zonation
(Fig. 3). It was first described at the beginning of the 20™ century (14) and has recently been further

characterized using single-cell sequencing techniques (1, 15-17).

Liver endothelial cells are susceptible to this oxygen gradient. LSECs exhibit a zonation pattern in both the
morphological and molecular level. Morphologically, the degree of fenestrations varies between the
portal and the central regions. Periportal LSECs show larger but fewer fenestrations in compared to
pericentral LSECs (18). Molecularly, the initial characterization of LSEC zonation was challenging due to
the relatively small number of cells (8, 9) and low mRNA content. Halpern and colleagues took an
intriguing approach and performed partial liver digestion, which leads to doublets of hepatocytes and
LSECs. This allows hepatocyte-LSEC paired-cell sequencing, and then, reconstitution of their spatial
information based on hepatocyte zonation signatures (19). LSEC zonation is characterized by high Wnt
signaling in the pericentral region (19-21). In fact, deletion of Rspo3 completely disrupted this molecular
organization, indicating that Rspo3 expression mediates liver metabolic zonation (22). Additionally, LSECs
orchestrate the zonation of resident immune cells to sustain optimal host defense. Immune cells are more
abundant towards the portal node, where the liver receives the intestinal circulation. The microbiome
interacts with the LSECs to establish a chemokine gradient that induces this more efficient immune

zonation (23).

However, hepatocytes are the most extensively studied cell type regarding liver zonation due to their high
abundance and functionality. It is described that around 50% of hepatocyte genes are zonated (16).
Energetically demanding tasks (e.g. protein secretion and gluconeogenesis) show a zonation pattern

towards the portal side, where high oxygen concentrations facilitate the high demand for ATP production.
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On the other hand, xenobiotic metabolism and glycolysis, which are indepednent of oxygen
concentration, are enriched in the pericentral region. Major endocrine liver functions (e.g. iron regulation,
insulin growth factors secretion) are presented in the midlobular zone (1). In addition, certain liver tasks
are not limited to certain zones but rather compartmentalized hierarchically along the lobule. For
instance, enzymes for the neutral bile acid pathway are located sequentially in subsequent lobule layers
from the central vein towards the portal side, where the bile acid is secreted (16). The liver can carry out
opposing metabolic functions. In these cases, the main enzymes are located in such a way that the waste
product from one pathway can be used as a metabolite for the opposite pathway. For example, periportal
hepatocytes use glutamine and ammonia to produce glutamate and urea, while pericentral hepatocytes
metabolized glutamate back to glutamine. The gradient of different metabolites and substances induces
a zonation of the transporters. The transporters vary in affinity and turnover based on the ligand
concentration. For instance, the periportal side, which has high ligand concentrations, is enriched in low
affinity and high turnover transporters. On the contrary, the pericentral zone, which has relatively low

ligand concentrations, shows receptors with high affinity and low turnover (1).

The unique capacity of the liver for self-renewal was also investigated in terms of hepatocyte zonation. A
diploid population, expressing liver progenitor markers and located near the central vein, was initially
described to control hepatocyte homeostatic renewal (24). However, two recent back-to-back papers
have shown that the midlobular zone mediates hepatocyte repopulation in liver homeostasis and repair
after injury (25, 26). It was also described that hepatocyte repopulation was carried by midlobular and
periportal hepatocytes. How NPCs contribute to liver regeneration was also further studied using single
cell RNA sequencing techniques. However, this investigation was performed in a liver regeneration model

following APAP intoxication that damages specifically pericentral hepatocytes (27).

Liver metabolic zonation has been described for other NPCs. HSC zonation has been uncovered using
single-cell RNA sequencing. HSCs were classified into two subpopulations: portal vein-associated HSCs
(PaHSCs) and central vein-associated HSCs (CaHSCs), which differ in their location and function. CaHSCs
were found to be the main source of collagen during fibrosis, when HSCs become activated. (28). The
changes that HSCs undergo during fibrosis were characterized at the transcriptomic level.
Transdifferentiation of HSC or portal fibroblast into myofibroblast depends on the etiology. In general,
HSCs are more prone to adapt to fibrosis, but in the case of early cholestasis portal fibroblasts would be

the ones undergoing transdifferentiation. (29).
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Liver metabolic zonation has been mostly studied in rodents. There are limited reports in humans due to
the restricted access to healthy human tissues and the high variability between samples, even in
physiological conditions (e.g., genetics, sex, adiposity, metabolic states) (1). The available evidence

indicates both similarities and differences between mice and humans (30).

Bile acid secretion Bile acid production

V . ; - Xenobiotic metabolism
Protein secretion Endocrine functions: iron Glycolysis

Gluconeogenesis regulators, insuline growth Trygliceride synthesis
Beta oxidation factors

SPACE OF DISSE

Wnt2, Wnt9b

Figure 3. Liver metabolic zonation

Liver metabolic zonation is originated by the presence of the hepatic artery (HA), on the portal triad, and the central vein (CV)
in the opposite side leading to a gradient of oxygen. This creates, subsequently, a gradient and compartmentalization of
metabolites and functions along the liver axis. Liver zonation is described for almost all liver cell types. LSECs vary
morphologically (i.e. number and extent of fenestrations) and also functionally. High levels of Wnt expression are expressed
in central LSECs. Actually, Rspo3 secretion from the CV maintains hepatocyte liver zonation. Hepatocytes located in the
periportal area are specialized in protein secretion, gluconeogenesis and beta oxidation, where the oxygen concentration is
high. On the contrary, central hepatocytes perform functions related to xenobiotic metabolism, glycolysis and triglyceride
synthesis. The midlobular zone plays a crucial endocrine role. Certain functions are compartmentalized, such as bile acid
production occur towards the central vein which is eventually secreted in the bile duct (BD) at the portal side. This creates a
gradient of metabolites that induce a zonation patter in the transporters.

The liver metabolic zonation is altered during pathological conditions. This alterations occur preferentially
in certain regions within the central-portal axis, depending on the pathology. For instance, certain drugs
and compounds are metabolized around the central region where the cytochrome is expressed. In this
way, APAP or ethanol induce damage preferentially in this region. Similarly, fatty liver disease is
predominantly located around the central area. On the contrary, the preferential metabolization of other

xenobiotics and compounds such as doxorubicin, can lead to cellular damage around the portal area. This
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is the case of autoimmune hepatitis or primary biliary cirrhosis. However, it is still unknown whether and

which zonation is initially altered in the case of liver cancer and HCC (1).

1.2. Hepatocellular carcinoma

1.2.1. Hallmarks of hepatocellular carcinoma

Liver cancer is a major health issue worldwide, ranking as the sixth most common type of cancer. Its
incidence has been increasing over the last decades, and current estimations suggest this trend will
continue (31-33). Primary liver cancer (PLV) has several subtypes including hepatocellular carcinoma
(HCC), intrahepatic cholangiocarcinoma (ICC), hepatoblastoma and combined HCC and ICC (34).
Hepatocellular carcinoma (HCC) is the most common subtype of liver cancer, accounting for almost 90%

of all cases. It is caused by chronic liver damage (31-33).

The major risk factors for HCC are virus infections such as Hepatitis B and C virus (HBV and HCV), excessive
alcohol consumption, and non-alcoholic steatohepatitis (NASH) or non-alcoholic fatty liver diseases
(NAFLD) associated with diabetes or obesity. Other less common risk factors include primary biliary
cholangitis, hemochromatosis and al- antitrypsin deficiency (31, 32). These risk factors have different
distributions based on age, gender and geography. For instance, HBV is more common in Asia and Africa,
while HCV is more prevalent in North America, Europe and Japan. Excessive alcohol consumption accounts
for up to one third of all cases of HCC; with Europe, East Asia and South America being the most affected
regions. The risk increases when coexisting with other etiologies. NASH incidence, along with obesity, is

increasing, particularly in Western countries (31, 32).

Aging is a major risk factor, like in other cancers. Its incidence increases drastically after the age of 70.
Additionally, it is more prevalent in men due to the involvement of sex hormones in tumorigenesis and a

biased distribution of the risk factors described above (31, 32).

1.2.1.1. Pathophysiology

Continuous exposure to one or several of these risk factors can lead to chronic liver inflammation, and,
subsequently, cirrhosis. These risk factors induce cirrhosis by different mechanisms. HBV is a DNA virus
that integrates into the genome and induces mutagenesis. In contrast, HCV is a RNA virus, hence, it does
not incorporate into the genome, and only becomes oncogenic when coexisting with preexisting cirrhosis

or chronic liver disease bridging fibrosis. Excessive alcohol consumption can induce the formation of a
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pre-cirrhotic state designated as alcoholic liver disease (31, 32). NAFLD is a spectrum of liver diseases,
characterized by metabolic syndrome, ranging from simple steatosis to NASH. Tumor transformation can
eventually be induced by multiple genetic and environmental factors that create a microenvironment that
predominates an impaired immune system and enhanced inflammatory response, DNA damage, oxidative

stress and autophagy (35).

Environmental factors can interact synergistically or with genetic alterations, to create a damaged
environment that mediates the transition from cirrhosis to HCC, and enhances tumor progression. This
process is complex and multistep (31, 32). For instance, autophagy mediates the transition from fibrosis
to cirrhosis via ductular reaction through YAP/TAZ signaling (36). Wnt signaling has also been implicated
in multiple steps. Overexpression of -catenin leads to tumors harboring GS activation, and sustained
mTORC1 activation (37). B-catenin activation was also reported to enhance cancer stem cell (CSC)

characteristics through PTK2 activation (38).

In the cirrhotic state, some pre-tumorigenic lesions can be designated as low-grade dysplastic nodules
(LGDNSs). These nodules can progress to high-grade dysplastic nodules (HGDNs), which can eventually
develop into HCC. It has also been described that HCC can originate from adenoma rather than cirrhosis.
In such case, tumor transformation occurs through the sequential accumulation of mutations (32). The
progression from early to more advanced stages involves the accumulation of more alterations. Later,
tumor transformation leads to invasion and, eventually, metastasis (31, 32). The more common sites of
HCC metastasis, in descending order of probability, are the lungs, regional lymph nodes, bones, adrenal

glands, brain, and peritoneum/omentum (39).

Although hepatocarcinogenesis is a relatively well understood process, the cell of origin is still
controversial. It is considered to be similar to other solid tumors, either liver progenitor cells or
hepatocytes that undergo transformation due to this chronic damage (31, 32). This damage arises and
evolves in different ways depending on their etiology. For instance, during NASH, lipid accumulation in
hepatocytes induces inflammation leading to HCC (40). Also, glycogen accumulation could lead to

hepatocarcinogenesis (41).

Another well-established explanation for the initiation of tumorigenesis is the existence of a particular
population of tumor cells called cancer stem cells (CSC). This population possesses stem cell features and
a hierarchical organization that induces tumor transformation. CSCs can not only control tumor growth,

but also mediate tumor dormancy, recurrence and resistance to therapy. Liver CSCs are characterized by
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the expression of: CD13, CD24, CD44, CD47, CD90, CD133, ICAM1, EpCAM, LGR5, OV6, 0281, aldehyde
dehydrogenases, CK19. CSCs are located in a specific niche, allowing interactions with the TME. These
interactions include stromal cells (e.g. adipocytes, CAFs, ECs), hepatitis viruses, the ECM and a reduced
nutrient supply. The aim is to maintain the tumorigenic properties of CSCs. Additionally, CSCs and the
immune system engage in a reciprocal interaction, where CSCs induce immune evasion and the immune

system sustains CSCs” stemness capabilities (42).

Hepatocarcinogenesis is a complex process involving numerous mutations. Therefore, Llovet et al. (31)
classified HCC into two subgroups based on the main drivers triggering tumorigenesis, the etiologies of
origin, the immune status, genomic alterations, histological features and clinical outcomes. The subgroups
are designated as proliferation and non-proliferation, each accounting for approximately half of the cases.
The proliferation subclass is characterized by mutations in TP53 and FGF19 or CCND1. It is associated with
HBV etiology and has a worse prognosis. It can be subdivided into two subtypes: the progenitor cell marker
(25-30%) and the Wnt-TGF[ (20%). The non-proliferation subtype which originates from alcohol and HCV
chronic livers, and is associated with better prognosis. It is characterized by CTNNB1 and IFNow mutations.
It is worth mentioning that certain mutations, such as TERT mutations, are shared. Table 1 summarizes
both the proliferation and non-proliferation classes, including other factors such as genetic features,

pathological subclass, immunological status, vascular invasion, and serum AFP levels.
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Table 1. Classification of HCC main subtypes.

Proliferation class Non-proliferation class

Molecular subclass Progenitor cell Wnt-TGFp IENo. CTNNB1
marker
Main etiology HBV Alcohol, HCV, NASH
Pathological subclass Progenitor, Macrotrabecular | Steatohepatic Cholestatic
mixed FLC/HCC massive HCC HCC
Cell differentiation Well to moderate
Poor .
(hepatocyte-like)
Genetic features Chromosomal instability Chromosomal stability
Main signaling pathways TP53. FGF19/CCND1 L ARSTAT fVTVNI»:/Bl
mMTOR, RAS-MAPK ntp-
catenin)
IHC marker 0-RPS6+ CRP+ GS+/ nucI.ear
- catenin
Immunological features . Immune- Immune- Immune-
Immune-active .
exhausted active excluded
Vascular invasion High frequency Low frequency
Serum AFP High Low
Prognosis More aggressive Less aggressive

Information was extracted from (31) and summarized to highlight the main features of interest for this project.

1.2.1.2. Angiogenesis
Angiogenesis is considered one of the hallmarks of HCC. It is defined as the formation of new blood vessels
from the expansion and remodeling of preexisting ones. This process occurs in both physiological and

pathological conditions, including the development and various cancers.

EC proliferation and migration, as well as anastomosis and lumen formation, induce the development of
new sprouts during angiogenesis. The recruitment of smooth muscle and pericytes, the strengthening of
cell-cell junctions and vessel regression are required for the vessel maturation. The sprouts contain two
types of cells: tip cells (i.e. migratory cells that initiate the extension of the sprout and formation of
vascular connections) and stalk cells (i.e. proliferative cells during sprout elongation and involved in lumen

formation) (43).

The newly formed vessels during tumor angiogenesis are structurally and functionally abnormal.
Morphologically, they are irregular (i.e. ranging from wide and tortuous to thin and compressed), poorly
interconnected or multilayered, and have odd vascular branching. Additionally, the basement membrane

is altered in terms of thickness and composition. The new vessel network is dysfunctional and
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incompletely covered by pericytes, making it leaky and facilitating tumor cell intravasation. Additionally,
itis aberrant and inefficient, hindering functional drug delivery and leading to a hypoxic environment. This
microenvironment induces an angiogenic switch due to an imbalance between anti- and pro-angiogenic

signals, which further sustains angiogenesis (44, 45).

The new vessels structure also has the potential to secrete angiocrine factors, which affect tumor
progression. The secretome includes cytokines that recruit inflammatory cells and endothelial progenitor
cells (EPCs). This, along with ECM deposition, creates a vascular niche that supports the expansion of

tumor cells and their progenitors (46).

It was hypothesized that angiogenesis could be used as targeted therapy due to the high relevance of the
tumor vasculature for tumor progression. The aim of this therapy was to block the formation of new
vessels in the tumor, which would induce tumor starvation of oxygen and nutrients, eventually leading to
the eradication of the tumor. However, the therapies developed work by inducing tumor vessel
normalization (7). Current anti-angiogenic therapies aim to induce vascular normalization, with tight
junctions leading to less tissue edema, enhanced perfusion and reduced hypoxia. This promotes a less
pro-tumorigenic environment with enhanced drug delivery (47). However, anti-angiogenic therapies have
not been very successful in the case of HCC. Sorafenib is the only effective treatment that was proven, for
decades, to have a partial anti-angiogenic potential. This is a multikinase inhibitor, with VEGF as one of its

multiple targets (48).

1.2.1.3. Treatments

Several treatment options are available, although their effectiveness is limited. The treatment of choice
depends on the tumor stage determined by the BCLC (Barcelona Clinic Liver Cancer) staging system.

Treatments can be classified into surgical intervention, and locoregional and systemic therapies (32).

Surgical interventions

Surgical interventions, such as resection and liver transplantation, are the first line of treatment for early
stage patients. These interventions have almost 80% effectiveness in 5-year survival. The decision among
them is based on general liver function and tumor characteristics, following the standard transplantation
guidelines for any other solid organ. Resection is the preferred option for patients without cirrhosis, or a
single tumor and good liver function. It may result in intrahepatic micrometastasis or de novo tumor

formation in up to 70% of cases at a 5-year survival rate. In contrast, liver transplantation is the preferred
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treatment for patients with cirrhosis and a certain degree of tumor burden, resulting in better long-term

survival (31).

Locoregional therapies

There are three types of locoregional therapies: ablation, radiotherapy and transarterial therapies such
as TACE. Ablation is a chemical, thermal or electrical injury directly into the tumor, making it an alternative
to surgical interventions. There are several methods: radiofrequency ablation (RFA), microwave ablation
(MWA) or cryoablation (CRA). Radiotherapy (i.e. external beam, photons or protons) is used to treat
patients with different tumor burden and to treat extrahepatic metastasis. Transarterial therapies,
particularly TACE, are the recommended line of treatment for intermediate-stage patients. It mechanically

restricts blood supply into the tumor while delivering chemotherapy locally (31, 32).

Systemic therapies

Systemic therapies are the preferred treatment option for advanced disease or in the event of progression
after surgery or locoregional therapies. This group accounts for 50-60% of patients (49, 50). Sorafenib, a
multikinase inhibitor targeting Raf-1, B-Raf, Ras/Raf/MEK/ERK, c-Kit, FLT-3, VEGFR-2/3, PDGFR-[3 has been
the first line of treatment for the past decade. Mechanistically, it reduces tumor cell proliferation and
angiogenesis, resulting in an increased median survival of up to 5 months. However, Sorafenib may lead
to side effects, including drug resistance (48). Therefore, it was necessary to establish more effective and
precise treatments. Drugs analogous to Sorafenib with a comparable mechanism of action have been
developed, including: Lenvatinib (anti-FGFR1-4, VEGFR, PDGFR, c-Kit, RET), Regorafenib (anti-VEGFR,
PDGFR, B-raf, Tie2), Cabozantinib (anti-MET, VEGFR, RET), Ramucirumab (anti-VEGFR2) (49, 50). Of
particular interest is Donafenib, which has an improved pharmacokinetic profile and is the only one that

has proven to be more effective than Sorafenib as a first-line monotherapy (51).

Recently, in 2020, the IMbrave150 trial demonstrated that the combination of Atezolizumab (anti- PD-L1)
and Bevacizumab (anti-VEGFA) resulted in better overall and progression free survival compared to the
standard care of treatment (52, 53). The exact mechanism of action is currently being investigated to
enable patient stratification. It has been described that preexisting tumor immunity is associated with
better survival. The combination synergizes to target angiogenesis, T-reg proliferation, and myeloid cell
inflammation (54). This is the first time that an anti-angiogenic treatment has been proven effective in
treating HCC. Furthermore, this combination has recently been demonstrated effective in preventing

recurrence after resection or ablation (55).
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IMBrave has also uncovered immunotherapies for HCC systemic treatments. Pembrolizumab (anti PD-1)
has been tested and found effective alone and in combination with Lenvatinib (56, 57). Similarly,
Cabozantinib plus Nivolumab (anti-PD-1) was shown to enhance anti-tumor immunity and facilitate
resection in advance HCC (58). Other combinations of ICls, such as Nivolumab plus Ipilimumab (anti-
CTLA4) have been investigated. This is the first immunotherapy combination approved after first-line
treatment failure. ICls combinations aim to induce an activated immune TME. The effectiveness of the
immunotherapies, whether single, dual or combined with other systemic therapies, is reported to be

related to virus etiology, particularly HBV (49, 51).

Similarly, other combinations are under investigation such as Lenvatinib plus EGFR inhibitor. In this case,
Lenvatinib induces feedback activation of EGFR, which is subsequently blocked by its inhibitor, resulting

in a significant clinical response for patients with high levels of EGFR (59).

Currently, the treatments available for HCC are somewhat limited, hence, there is still much room for
improving the therapeutic landscape. The focus is on immunotherapies, sequential and alternating

treatments, synthetic lethality, adoptive cell therapy and vaccination (51).

1.2.2. Preclinical models of hepatocellular carcinoma

1.2.2.1. In vitro models

Cell lines

Cell lines are commonly used in research, allowing extensive experimentation for mechanistic studies or
high-throughput screening due to their homogeneity and the fact they can propagate almost unlimitedly
(60). Hepal.6 is one of the few murine HCC cell lines available and derives from a spontaneous hepatoma
in a C57/L mouse (61). However, it is important to note that cell lines are typically generated from very
aggressive and/or metastatic tumors, resulting in an underrepresentation of primary tumor that are less
aggressive. In addition, tumor heterogeneity is lost when cells are adapted to in vitro conditions, resulting
in a monoclonal population (60). Furthermore, the cell lines have has even the potential to
transdifferentiate. A study described that liver cancer cell lines had the least correlation to matched tumor

samples compared to other cell lines studied (62).

Organoids

Organoids were defined as 3D structures in which cells spontaneously self-organize into structures that

resemble the in vivo tissue in terms of cellular composition and tissue function. They are derived from
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either pluripotent stem cells (PSCs), neonatal tissue stem cells or adult-derived stem/progenitor cells
(AdSCs) (63). The culture media required is very complex and well-defined. Organoids contain several cell
types and have the capacity to differentiate in vitro by removing certain factors from the media (60, 64),
unlike homogenous cell lines. The first complex 3D self-organized cell organization was a crypt villus like
structure formed in vitro from single Lgr5+ intestinal stem cells (65). Organoids have been established
from multiple organs, either from adult stem cells and tissues or from pluripotent stem cells. These
include: colon and rectum, small intestine, liver, pancreas, lung, stomach, esophagus, kidney, brain,
mammary gland, prostate, pituitary gland, fallopian tube, salivary gland, taste buds, inner ear and retina
(66) and even from blood vessels (67). Liver organoids were initially established from the liver after injury
by enhancing the Wnt-driven regeneration (68). They can now be isolated from duct cells (69) or

hepatocytes (70).

Organoids have become state-of-the-art due to their great potential (71). Tumor biopsies can be
biobanked as organoids to be used for drug screening in CRC (72) or in other gastrointestinal cancers (73),
including the liver (74). Tumor organoids have been established from patient tumor needle biopsies.
These organoids retain the morphology, genetic heterogeneity and markers expression of the original
tumor, which makes them a valuable tool for personalized medicine (75). They can predict therapy
responses in tumors derived from both mice (76) and humans (77). Additionally, healthy liver organoids
can be used as tumor models by introducing tumor mutations to recapitulate HCC tumorigenesis in vitro
(69). Liver organoids have been used as a tool to study how cell to cell contact between ductal and

mesenchymal cells mediates epithelial cell proliferation based on the different cell to cell ratio (78).

Although organoids are more complex than cell lines, they still lack the intricate interactions provided by
the TME (74), which hinders the retention of some of the hallmarks of HCC (79). To address this, co-culture
systems have been established, such as intraepithelial lymphocytes (IELs) with intestinal epithelial
organoids (80) or NSCLC and CRC organoids with peripheral blood lymphocytes (81). Furthermore,
vascularized and functional human organoids (82) have been established from liver iPSCs, MSCs and
HUVECs (83). Additionally, PDOs maintained in an air-liquid interface (AIL) have been shown to retain

immune cells (84). However, it is important to note that this is still a reductionist and simplified system.

1.2.2.2. In vivo murine models

In vitro models have certain limitations, therefore, they need to be complemented with in vivo models.

The mouse is a widely use animal model in research due to their high resemblance genetically and
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molecularly with humans. Additionally, mice are relatively easy to handle, have a high breeding capacity

and a short lifespan (85, 86). The most commonly used murine models in HCC are the following:

Induced models

Induced models aim to recapitulate the liver damage that predisposes to hepatocarcinogenesis. There are
several types of induced models depending on the carcinogenic agent: chemical-, diet- or virus-induced.
Chemically induced models can be classified as genotoxic and non-genotoxic, based on whether they
directly cause DNA damage. Diethylnitrosamine (DEN), 2-acetylaminofluorene (2-AAF) and aflatoxin are
the genotoxic agents utilized in HCC. On the contrary, carbon tetrachloride (CCls), thioacetamide (TAA)
and phenobarbital (PB) are the non-genotoxic compounds used. Overall, DEN and CCl, are the most
commonly used chemicals. A single i.p injection of DEN, based on the body weight, induces DNA alkylation
and creates an inflamed environment that leads to tumorigenesis in 7 to 11 months. In contrast, several
injections of the CCl, are required to induce hepatocyte necrosis and activate Kupffer cells. This leads to
fibrosis, cirrhosis and HCC, in 4-6 weeks. Combinations of both, as well as others, such as TAA or PB, are
frequently used to more faithfully mimic hepatocarcinogenesis. These models are effective in
recapitulating HCC formation and its TME, although they are very time consuming and it is difficult to

identify the genetic background of the tumor (85-87).

Several models have been established to recapitulate the metabolic syndrome that induces tumorigenesis
due to the increase of HCC incidence caused by NAFLD. These models are diets that vary in the abundance
and presence of certain elements such as fat, fructose and other compounds. The most commonly used
diets are: high-fat diet (HFD), high-fat high-cholesterol diet (HFHCD), high-fat high-fructose diet (HFHFD),
Western diet (WD), choline-deficient high-fat diet (CDHFD), methionine and choline-deficient diet (MCD)
and choline-deficient I-amino acid-defined diet (CDAAD). These diets are administered ad libitum, but the
time for tumorigenesis and the incidence is suboptimal. Therefore, they are often combined with other
hepatotoxins, such as DEN or STZ (streptozotocin). There are also models in which alcohol is combined
with other carcinogens to mimic hepatocarcinogenesis resulting from excessive alcohol consumption (85-

87).

Developing virus-induced models is challenging due to the high tropism of HBV and HCV. The models

available are GEM models that mimic the hepatitis induced by either virus (85-87).
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Genetically engineered

The most commonly used genetic method is hydrodynamic tail vein injection (HTVI). It consists on
injecting a large volume of solution (10% of mouse body weight) containing the plasmids expressing the
genes of interest into the lateral tail vein. The high hydrodynamic pressure created by the injection of this
large volume in a short period of time enhances capillarization in the liver endothelium, facilitating the
incorporation of the plasmids into hepatocytes. This technique uses various systems to express the
transgenes including the SB (sleeping beauty) transpose for genome integration, the Cre-loxP or the
CRISPR-Cas9 system. These systems target some of the most commonly mutated genes including,
YAP/TAZ, c-Myc, Met, B-catenin, AKT, NRas, HRas, p53, RBMY or pTen. The same genes can also be
targeted in GEM (genetically engineering mouse) using the same systems Cre-lox-P and SB systems for
deletion and overexpression of target genes, respectively. GEMs allow to investigate the effect of specific
gene mutation or combinations. For instance, the time for tumorigenesis depends on the combination of
tumor suppressor genes and oncogenes and the TME. However, these models have the disadvantage of
requiring extensive time to create a stable mouse line with the correct genotype for subsequent

generations (85-87).

The iAST model deserves special attention since it is one of the actual transgenic mouse lines available to
induce hepatocarcinogenesis via transient viral hepatitis. These mice express the SV40 large T-antigen
flanked by a loxP stop cassette under the albumin promoter in BL6. Upon injection of adenoviral Cre
recombinase via the tail vein, the stop cassette is excised, leading to the expression of the oncogene, and
eventually resulting in multinodular tumors within 5 to 8 weeks (Fig. 4). Besides, this model recapitulates

histological and angiogenic features of human HCC including its response to Sorafenib (88).
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Figure 4. iAST mouse model

The GEM iAST expresses the SV40 large T antigen under the albumin promoter and a loxP-flanked stop cassette. Upon
intravenous injection of AdCre, the flox-Stop cassette is deleted, resulting in the expression of the SV40 large T antigen and a
transient viral hepatitis. Multinodular tumors formed within 5 to 8 weeks.

Engrafted models

In engrafted or transplantation models mouse (allograft) or human (xenograft) cell lines, tumor organoids
or fragments of tumors are implanted into a recipient mouse either subcutaneously or orthotopically. The
latter can be implanted via intrahepatic, intrasplenic or intraportal injection and has the potential to fully
recapitulate the TME. Xenograft models have the advantage that they resemble the histological,
molecular and genetic characteristics of human tumors, making them clinically relevant models. However,
they are slow and complex models. In addition, the mice used as hosts are immunocompromised or
immunodeficient (85-87), which means that the tumor-host interactions are not fully recapitulated due
to the absence of the immune system (60). This is a significant drawback since the role of the immune
system is not considered. This is particularly important given the recent research demonstrating the
importance of the immune system in the progression and as a therapeutic potential (52). To overcome
this limitation, humanized mouse models were generated by transplanting CD34+ hematopoietic stem

cells and human peripheral blood mononuclear cells into sublethally irradiated mice (85).

The type of transplanted material is another point. When using a cell line, it is relatively straightforward.
However, it is important to note that the limitations of the cell lines itself also applies such as the
overrepresentation of aggressive populations due to their high engraftment yield. In addition, it is possible

that only one or a few subclonal populations contribute significantly to the overall tumor volume, which
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hinders the replication of tumor heterogeneity (60). Conversely, the transplantation of patient-derived
material in patient-derived xenografts (PDXs) may result in low engraftment efficiency and prolonged
tumorigenesis (85).

Preclinical models available for HCC are limited in terms of time and efficiency to recapitulate HCC
initiation and progression (Fig. 5). This impedes a successful and more efficient drug discovery process.
Additionally, some of the most commonly mutated genes in HCC, such as TP53, TERT, or CTNNB1, are not
directly druggable (51). Although small molecules targeting the Wnt/B-catenin pathway have been
investigated, nothing on this line has been translated into the clinics (89). Therefore, it is still necessary to

understand the role of Wnt signaling in the initiation and progression of HCC.
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Figure 5. HCC models- in vitro and in vivo - classified based on the time for tumorigenesis, clinical relevance and complexity
Representation of the most commonly used HCC models in vitro and in vivo. They are classified based on the time required
for tumor formation, their clinical relevance, and their complexity. Time and clinical relevance are described on the 2-axis
graph. Complexity is represented by color code, with purple and yellow indicating low and high complexity. In vivo models are
underlined.

1.3. Wnt signaling

1.3.1. Wnt signaling pathway

The Wnt signaling pathway is highly conserved evolutionary. It plays a crucial role in several functions in
physiological and pathological conditions, including embryonic axis formation, organogenesis, tissue

architecture maintenance, stem cell proliferation and cancer (90, 91).

The Wnt family comprises multiple Wnt secretory proteins that can bind to over 15 different receptors

and co-receptors, resulting in the activation of different downstream pathways. Wnts are cysteine
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enriched proteins, have a size of 40 KDa and undergo several posttranslational modifications (91). They
interact with various receptors including Frizzled (1-10), low density lipoprotein receptor-related protein
5-6 (LRP5-6), receptor Tyr kinase-like orphan receptor (ROR), protein Tyr kinase 7 (PTK7), receptor Tyr
kinase (RYK), muscle skeletal receptor Tyr kinase (MUSK), and syndecan and glypican (both belong to the
proteoglycan family) (90). The activation depends on the specific combination of ligand-receptor and the

cellular context (90, 91).

1.3.1.1. Canonical and non-canonical pathways

Traditionally, Wnt signaling was described as -catenin, dependent and independent, also known as
canonical and non-canonical, respectively (Fig. 6). However, recently, different sub-branches have been
described based on the cellular context (90, 91). Canonical signaling is inactive by default, and the binding
of the ligands activates it. In the inactive state, B-catenin is phosphorylated and hijacked in the
“destruction complex”. The proteins involved in this process are: proteasome, Disheveled (Dvl),
adenomatosis polyposis coli (APC), Axin, the constitutively active kinases CKla (casein kinase la) and GSK3
(glycogen synthase kinase 3), and the E3-ubiquitin ligase, B-TrCP. B-catenin is sequentially phosphorylated
by CK1 and GSK3, when not activated, leading to its ubiquitination and degradation by the proteasome in
the “destruction complex”. Upon ligand binding, the receptor dimerizes and transitions into the activated
state. The destruction complex is then recruited into the Wnt-receptor multiplex via Axin, which acts as a
scaffold protein, and is inactivated. Upon inactivation, the destruction complex is degraded, leading to -
catenin stabilization and accumulation in the cytoplasm. Subsequently, B-catenin is translocated into the
nucleus. In parallel, some co-receptors may sustain pathway activation, such as, LRP which can directly
inhibit GSK3. Once in the nucleus, B-catenin interacts with transcription factors such as T cell factor (TCF)
and lymphoid enhancer-binding factor (LEF), regulating the transcription of different target genes. In its

inactivated state, TCF is also retained by its interactions with the repressor Groucho (90, 91).

The non-canonical signaling pathway is classified into two sub-branches: planar cell polarity (PCP) and
Wnt-Ca?*. The PCP is initiated by the activation of the Frizzled receptor, which then stimulates the small
GTPases RHOA and RAC1, via Dvl. This induces activation of RHO kinase (ROCK) and JUN-N-terminal kinase
(JNK), respectively, resulting in actin polymerization and JUN transcription factor activation. The PCP
pathway regulates cell polarity, cell motility and morphogenetic movements. The Wnt-Ca?* is specifically
activated by Wnts acting on heterotrimeric G proteins. This leads to the activation of phospholipase C

(PLC), which metabolites phosphatidylinositol-4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and
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inositol-1,4,5-trisphosphate (InsP3). Both DAG and InsP3 trigger the release of Ca?* into the cytoplasm,
which in turn activates calmodulin-dependent kinase Il (CAMKII), protein kinase C (PKC) and calcineurin.
Each of these proteins leads to the activation of different branches of the pathway. Calcineurin stimulates
nuclear factor of activated T (NFAT), which translocates into the nucleus to regulate cell fate and
migration. PKC activates cell division cycle 42 (CDC42), leading to actin polymerization. Both PKC and
CAMKII induction block -catenin nuclear activation. Similarly, PCP signaling antagonizes canonical Wnt

signaling (90).
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Figure 6. Wnt signaling pathway

The Wnt pathway is a highly conserved signaling pathway that is divided into two branches: canonical (B-catenin dependent)
and non-canonical (B-catenin independent). In the canonical pathway, -catenin exists in an inactive and active state. It is
phosphorylated, in the inactive state, and hijacked in the destruction complex, later ubiquitinized, and destroyed by the
proteasome. Upon ligand binding, the pathway is activated, leading to the dephosphorization of the 3-catenin. This results in
its release from the destruction complex and subsequent translocation into the nucleus, where it binds to several transcription
factors. The non-canonical pathway can be divided into two sub-branches: planar cell polarity (PCP) and Ca2*. In the PCP
pathway, Frizzled receptor activation stimulates RHOA and RAC1, which in turn activate actin polymerization and transcription
factors, via ROCK and JNK. This pathway regulates cell polarity, cell motility and morphogenetic movements. The CaZ* pathway
is activated by heterotrimeric G protein activation. This induces subsequent PLC activation producing DAG and InsP3, which
trigger Ca2+ release into the cytoplasm. This, in turn, activates actin polymerization and transcription factors that mediate cell
fate and migration.
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1.3.1.2. Pathway regulation

Whnt signaling is widely expressed and involved in many functions and organs. Therefore, it requires a
finely-tuned regulation. A key regulatory mechanism is the specific interaction between the Wnt receptors
and their ligands. Frizzled receptors are ubiquitous in all Wnt signaling, so specificity is determined by the
co-receptor they interact with. For instance, when combined with LRP5 and 6, they activate B-catenin
dependent pathway. When combined with ROR or PTK7, they activate the PCP signaling and with RYK,
both canonical and non-canonical. The other receptors also exhibit pathway specificity activation: MUSK
and syndecan for PCP, and glypican for B-catenin and PCP (90). Moreover, the expression of certain ligands
is restricted to specific locations, and their interaction is further specified by the receptor they bind to.
For instance, Wnt7 is expressed in the brain and its interaction with Gpr/Reck results in specific activation

(92).

Pathway regulation can occur through different agonists or antagonists extracellularly. Wnt agonists such
as Rspondins and norrin have been identified. Rspondins1-4 have a similar structure, consisting of two N-
terminal furin domains and one thrombospondin type | domain, which enhance B-catenin and PCP
signaling, respectively. Rspondins can interact with three classes of transmembrane proteins: syndecans,
Leu-rich repeat-containing G protein-coupled receptors (LGRs 4-6) and transmembrane E3 ubiquitin
ligases (RNF43/ZNRF3). In the presence of Rspondins, they bind with high affinity to the LGR4-6 receptors
via the furin ectodomain, together with ZNRF3, and leading to activation of canonical pathway. Rspo2-3
may signaling independently of Lgr4/6, by binding to heparan sulfate proteoglycans (HSPGs) via the
thrombospondin domain (93). Similarly, syndecan can induce PCP signaling by binding to the LGRs through
the thrombospondin domain (90, 91). Additionally, Norrin is a cysteine-knot protein that activates

canonical Wnt by binding to Frizzled-4 and LRP5/6 (91).

Several antagonists have also been described such as Cerberus, Notum, Dickopf-related protein 1 (DKK1),
secreted Frizzled-related protein (sFRP), WNT inhibitory factor (WIF), Sclerostin, and its homologue Wise
(90, 91). They have different mechanisms of action. In the case of DKK and Sclerostin, they prevent the
formation of the receptor complex. sFRP and WIF bind directly to Wnt, blocking their action in the
receptors. Notum is a carboxylase that inactivates Wnts by removing the palmitate acid, thereby inhibiting

canonical signaling (91).

Other regulatory mechanisms occur mostly at the intracellular level. The first occurs during their synthesis,

since Wnts require posttranscriptional modifications. Acylation, specifically the incorporation of
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palmitoleic acid into a conserved serine residue, is common to all Wnts. It is mediated by Porcupine, a
palmitoyltransferase. This is necessary for the intracellular trafficking and is fully activated upon secretion.
Later refinement steps include incorporation into Evi/WIs, which is a transmembrane protein that
transports Wnts to the plasma membrane. There, they are secreted and act in a paracrine manner (90).
In addition, receptors are also regulated based on their structure and accessibility in the membrane. They
can undergo either phosphorylation (Frizzled, LRP6, RYK) or ubiquitinization, which induces receptor
inactivation and/or internalization. They can also undergo proteolytic cleavage of the cytoplasmatic
domain, or the extracellular portion at the lipid anchor level. These modifications apply mostly to the

receptors, but also to other cytoplasmatic proteins that are intermediates in the pathway (90).

Another regulatory mechanism is internalization after the ligand has bound to the receptor. In this case,
the ligand-receptor complex is endocytosed, sustaining or even enhancing the signaling. Caveolin
mediates this type of endocytosis in canonical signaling and, clathrin in PCP pathway. Conversely, ZNRF3
and RNF43 mediate FZD multiubiquitinization, leading to receptor internalization and signaling

downregulation (90).

1.3.2. Wnt signaling in physiological conditions

1.3.2.1. Embryo formation and vascular development

The high level of conservation of Wnt signaling during evolution highlights its relevance in physiological
conditions, particularly during embryo development (29, 43, 90, 91, 94, 95). Wnt signaling plays a crucial
role during the blastula stage, after several divisions of the fertilized egg. A Wnt signaling gradient,
decreasing from the posterior to the anterior end, breaks the embryonic symmetry. The posterior end is
enriched in Wnt ligands, while the anterior end is enriched in Wnt antagonists. Differential expression of
Whnt, together with BMP and FGF components, induces the formation of the blastopore in the posterior
end. This initiates nodal-mediated gastrulation leading to the three layers of the embryonic stage:
ectoderm, endoderm and mesoderm. Each layer is committed to one specific fate. Mesoderm contains
progenitor cells organized in the blood islands. Hemangioblasts, one of the precursor cell types,
differentiate into ECs. They are involved in establishing the vascular bed that connects the yolk sac and
the aortic primordia of the embryo proper. This process is mediated by vasculogenesis, in which these ECs
proliferate, migrate and coalesce to form the primitive vascular network (96). Canonical Wnt signaling, in
particular Wnt2, 3a and 5a, has been shown to mediate embryonic precursors” differentiation into ECs

(97-99). Additionally, the Wnt enhancer Rspo3 has also been reported to mediate EC differentiation (100,
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101). Rspo3 is indispensable for development since its deletion induces embryonic lethality due to vessel

remodeling defects (102).

Angiogenesis mediates the posterior development of the immature plexus into the complex branching of
the mature vascular system. Sprout formation is regulated by canonical Wnt signaling, which is
differentially expressed between stalk and tip cells. Stalk cells have high expression, while in tip cells is
relatively low (43). Mechanistically, non-canonical Wnt signaling has been reported to play a role in ECs
proliferation. Endothelial expression of Wnt5a activates non-canonical Wnt signaling, which in turn
induces conventional angiogenic signaling such as Ang-Tie, leading to the proliferation and survival of ECs

(103, 104).

Whnt is also involved in the final specification of the new blood vessels into the different vascular beds (43,
98). Different Wnt expression profiles influence the organotypicity of ECs (6, 43). For instance, the blood
brain barrier (BBB) is one of the most specialized vascular beds in the mammalian body. Canonical Wnt
signaling induced by Wnt7a and 7b, has been shown to induce EC differentiation in the CNS, contributing

to the establishment of this elaborate and permeable network (43).

Vessel formation terminates postnatally in certain vascular beds. In this regard, the eye is the most
commonly studied organ, where Wnts are also involved. Pericytes secrete Ang2, which induces the
expression of Wnt7b in macrophages. This macrophage-derived Wnt7b binds to Lrp and Frizzled receptors
in vascular ECs that regulate cell cycle entry and cell death, via myc and CDKN1a, respectively (105). ERG
drives B-catenin stabilization via VE-cadherin and Frizzled 4, leading to vascular stability in postnatal
retinal development and tumor angiogenesis (106). Furthermore, during postnatal arterial and arteriolar
formation, Frizzled receptor 4 regulates EC proliferation and migration through non-canonical Wnt/PCP

signaling, particularly in ischemia (107).

During vascular development and under physiological conditions, ECs are exposed to shear stress, which
is regulated through Wnt signaling. Non-canonical Wnt ligands stabilize blood flow and induce EC
polarization, making ECs responsive to shear stress. This process is particularly important in the primitive

plexus during vascular network formation (108).

1.3.2.2. Liver development

Analogously to the mesoderm development, the endoderm is committed to hepatic differentiation due

to reduced Wnt signaling and antagonist secretion from the anterior end of the endoderm. This allows
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expression of HHEX, synergistically with other pathways. In parallel, the posterior end exhibits high Wnts,
which prevents hepatic differentiation. Later, Wnt signaling increases in the anterior part of the endoderm
leading to the formation of the liver bud. The bipotent hepatoblasts residing in the liver bud, proliferate
rapidly in an undifferentiated state, inducing liver bud expansion. The hepatic fate commitment in
hepatoblasts is determined by the expression of albumin and AFP. Later, B-catenin is involved in the
proliferation of hepatoblasts and is responsible for both hepatocyte and cholangiocyte cell fate
commitment. Mechanistically, the expression of HNF4a, C/EBPa, oncostatin M and HGF induces cells into
hepatocyte fate, while HNF-1B, HNF-6 and the Notch—Jagged signaling commits the cell to cholangiocytes
(95).

1.3.3. Wnt signaling in pathological conditions: the hallmarks of cancer

The description and subsequent updates of the “hallmarks of cancer” aimed to rationalize the complexity
of cancer (109-111). Almost every hallmark is directly or indirectly mediated by Wnt signaling (112). Wnts
are known to play an intrinsic role in tumorigenesis as oncogenic drivers of several cancers, including
sustained proliferation, evading growth suppressors and cell death, replicative immortality, altered
metabolism and genome instability. Besides, certain cancers such as CRC [113] or HCC [114] show Wnt

alterations more often.

Furthermore, the importance of the TME in tumor progression has been highlighted by the “next
generations” and “new dimensions” of the hallmarks of cancer. These include inducing angiogenesis,
invasion and metastasis, tumor promoting inflammation and immune evasion (110, 111). The role of Wnt

signaling in the TME has also been widely described (112). However, it remains somewhat controversial.

Angiogenesis is regulated through Wnt signaling in both physiological and pathological conditions. ECs
mainly express non-canonical Wnt ligands, which are mediated via the Wnt ligand secretion factor
Evi/WIs. These ligands act in an autocrine manner, upregulating Tek and downregulating Cdkn1a, Bax, and
Stat2. This shifts the cell cycle into proliferation instead of apoptosis and has been described in both
developmental retina and tumor angiogenesis (113). Similarly, Rspo3 is mainly secreted by ECs and its
endothelial-specific KO phenocopies the one previously described for Evi ECKO. Analysis of commonly
differentially expressed genes revealed that non-canonical vessel regression is mediated via Rnf213,

Usp18 and Trim30a, which alters NFAT protein levels, regulating Wnt/Ca?"/NFAT pathway (102).

Vascular developmental factors were repurposed to treat neurological disorders, such as glioblastoma

and stroke. To ensure specificity and avoid side effects, Wnt7 agonists were genetically engineered to
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bind Gprl124/Reck complex, resulting in BBB repair and vascular normalization, improving disease

progression (114).

Furthermore, tumor invasion and metastasis are also mediated via Wnt signaling. In glioma, invasion is
regulated mechanistically by Olig2 expression. Olig2-positive cells invade via vessel co-option, whereas
negative-expressing cells do so via angiogenesis. Vessel co-option is regulated by Wnt7 from glioma
oligodendrocyte-like cells (OPCL), and blocking its expression improves survival with standard glioma
treatment (115). Similarly, in breast cancer cells, secretion of Rspo2 activates canonical Wnt signaling in
an autocrine or paracrine manner, leading to the secretion of Dkk1 inhibitor. This, in turn, acts on

osteoclasts precursor cells, recruiting them and preparing the niche for bone metastasis (116).

Tumor immune invasion is a hallmark with great therapeutic potential. The role of Wnt signaling has
recently been investigated in this context. The canonical pathway in NSCLCs with high tumor mutation
burden has been shown to impair anti-tumor immunity, resulting in reduced immune cell infiltration in
the TME. Inhibiting Wnt B-catenin improves tumor T cell infiltration, both alone and in combination with
PD1 blockade (117). In melanoma and pancreatic cancer, Rspo3 from ECs and cancer-associated
fibroblasts (CAFs) activates Wnt signaling, which generates effective adaptive anti-tumor immunity via NK
and subsequently T and dendritic cells. The expression of Rspo3 can be impaired by several factors of the
TME. Supplementation of Rspo3 induces activation of cytotoxic effector cells, alone and in combination

with anti-PD1 therapy (118).

Further elements of the TME mediate tumor progression via Wnt signaling, activating several hallmarks.
In cutaneous squamous cell carcinoma (cSCC), higher levels of Wnt and porcupine activity were reported
compared to the healthy tissue. Blocking this activity impairs CSC and their differentiation, indicating a
Whnt-dependent role in sustaining the CSC niche (119). Rspo3 expression was also crucial for sustaining

proliferation and tumorigenicity in a gestational tumor, choriocarcinoma (120).

Two Wnt interactive subpopulations have been identified in lung adenocarcinoma. A porcupine+ve
population constitutes the niche for the Wnt responsive population. The former provides Wnt5a, Wnt7a
and Wnt7b that bind to Frizzled receptors in the second subpopulation, activating canonical Wnt signaling.
This signaling is reinforced by the secretion of Rspol and 3 from the niche cells, which act on Lgr 4 and 5
receptors in the Wnt responsive population. The outcome is the induction of CSC properties and impaired

survival (121).
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Similarly, although colorectal cancer harbors APC or 3-catenin mutations, they do not always display high
Whnt activity. This is sustained by myofibroblasts that secrete factors such as HGF, inducing stemness
capability (122). In a physiological context, secretion of Wnt ligand influences the number of intestinal
stem cells (ISC). Reducing its secretion led to a decrease in the number of cells, but an increase in the
fixation of APC mutations, thereby increasing the probability of forming adenomas (123). In contrast, it
was reported that supplementation of Rspol in CRC with Apc mutation, leads to less aggressive tumors

and more prolonged survival, by altering Wnt and TGFf signaling (124).

Whnt signaling has been extensively described in various tumor types and affects multiple hallmarks of
cancer. It has been considered to be druggable (112, 125, 126). However, the safe and optimal manner to
address this is still far from reality. Further investigation is required to determine whether the Wnt
mechanism of activation changes for different tumor types and whether it has a pro or anti-tumorigenic

effect.
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2. AIMS OF THE STUDY

The consequence of angiocrine Wnt signaling in shaping liver homeostasis is a well-established concept.
Despite the fact that the angiocrine Wnt factors serve as crucial regulators of liver function, their role
during the pathophysiological condition, notably cancer, remains controversial. For instance, Wnt
secretion derived from the TME has been reported to act both pro- and anti-tumorigenic in several tumor

entities. Here, | investigated the function of angiocrine Wnt signaling during liver tumor progression.

| first aimed to establish a clinically relevant hepatocarcinogenesis model in order to mimic tumor
initiation and progression. | developed various in vivo methods for inducing HCC that meet the following
criteria: tumorigenesis (1) does not occur preferentially in one specific liver region, (2) exhibits different
tumor growth patterns (i.e. focal and multifocal), and (3) recapitulates the TME. The focus was on the
endothelium, and specifically on its Wnt secretion. The genes of interest for this study were the main
drivers of angiocrine Wnts. These are: the Wnt enhancer-Rspo3 that regulates liver metabolic zonation in
physiological conditions, and the Wnt secretion factor-Evi/WIs that mediates the secretion of fully

functionally produced Wnt ligands.

Secondly, | explored the impact of Wnt signaling on HCC development, focusing on the angiocrine effect
during tumor initiation and the autocrine effect during angiogenesis. Additionally, | investigated the

crosstalk between tumor cells and (tumor) endothelial cells.

’“/@ Lratoerine

i @ o
\/{,

Tumor derived

Figure 7. Schematic representation of the aims of the study

This project aimed to investigate the impact of endothelial-derived Wnt signaling on HCC initiation. To address this question,
various in vivo murine models were established. Rspo3 and Evi/WIs expression was investigated in healthy and tumor ECs, in
both murine and human samples. The effect of angiocrine Wnt secretion in HCC initiation was studied by deleting endothelial
Rspo3 and Evi/WIs secretion prior to tumor induction and analyzing the tumor cells and the TME at the morphological and
transcriptomic level. The study focused on the crosstalk between tumor cells and tumor ECs analyzing the autocrine,
angiocrine and tumor derived effect.
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3. RESULTS

3.1. Establishment of advanced in vivo and in vitro murine models for
HCC induction

3.1.1. Establishment of a local electroporation HCC model

Most HCC models induce tumorigenesis preferentially in a specific liver zone and fail to fully recapitulate
human hepatocarcinogenesis (85-87). It was, therefore, essential to circumvent these limitations, in order
to address the main question of this project. Consequently, a local electroporation model was established
based on the transformation of some of the most commonly mutated genes in HCC: deletion of p53 and
overexpression of cMyc and KRas (31). All of these mutations were introduced under the albumin
promoter to ensure their specific transduction in hepatocytes. Deletion of p53 was induced via the
CRISPR/Cas9 system and overexpression via the sleeping beauty transpose, SB13. Several combinations
of these transgene and oncogenes were assessed: p53 alone, in combination with cMyc or KRas and the
combination of all three (Fig. 8A), by electroporating 25ug of each plasmid in the left liver lobe of 8 weeks
old mice. Tumor incidence after 13 weeks and time for tumor initiation and progression were the main
readouts used to determine the most relevant plasmid combinations. No tumor was detected with the
electroporation of p53 plasmid alone or in combination with KRas. In parallel, tumors were detected
already at two weeks post electroporation with a 100% tumor incidence using the combination of p53,
cMyc and Kras (Fig. 8B). Given that the triple mixture of p53, cMyc and Kras robustly developed aggressive
tumors, | focused on the combinations of cMyc together with p53 or KRas. The cMyc-p53 pair induced
tumors between 6 weeks and 13 weeks with an incidence of 50%, whereas KRas and cMyc initiated tumor
development at 7 weeks in 40% of the mice. In both combinations, the incidence was higher in males
compared to females (75 and 25%; 50 and 25%) (Fig. 8B) mimicking the clinical setting (31). Therefore, |
decided to perform electroporation of p53 deletion and cMyc overexpression on male mice as the most

representative electroporation-based HCC model based on the efficacy and time for tumorigenesis.
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Figure 8. Description of the focal electroporation HCC model

A) Schematic representation of the model showing the different plasmids: pAlb-SB13, pT3_EFla_Cmyc, pT3_EFla_KRasG12V
and pRP-Alb-CRISPR-Cas9-p53. B) Table showing the different plasmid combinations electroporated in the left liver lobe, the
time for tumor formation until mice reached endpoint criteria up to 13 weeks and the incidence (n=4 in each group). C)
Representative picture of a tumor bearing mice from p53 deletion and cMyc overexpression 7 weeks after electroporation
(left liver lobe) “B”. D) MRI scan of the same tumor as shown in C.

The model combining p53 deletion and cMyc overexpression was advanced first by introducing luciferase
expression to measure tumor volume. This was transduced by another plasmid that works with the same
sleeping beauty transposase (SB13) system as for cMyc. Mice expressing luciferase in the tumors
metabolize luciferin upon luciferin injection and generate bioluminescence that is measured by In vivo
Imaging System (IVIS). The intensity of bioluminescence is directly proportional to the tumor volume (Fig.
9A). Next, | further reduced the plasmid concentration up to 8 ug of each plasmid for better efficacy of
the electroporation without translating this in changes in tumor incidence. Two independent pathologists
characterized and confirmed the model as HCC. Hematoxilin-Eosin staining showed undifferentiated
tumors (Fig. 9B) occasionally with the typical HCC vasculature (Fig. 9C). Moreover, Hepar positive (marker

of HCC tumors) (Fig. 9D) with a barely negative CKPan (a marker of epithelial tumors) (Fig. 9E), led to
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categorize the tumors as undifferentiated HCC. Besides, glutamine synthetase expression was
dramatically reduced (Fig. 7F). This model was then described as a non-proliferative HCC subtype,
according to the classification described by Llovet et al. (31). This focal HCC model is from now referred

to as EPO.

Figure 9. Refinement and characterization of the plasmid combination of p53 deletion and cMyc overexpression

A) Representative images of tumor bearing mice under IVIS measurement, expressing luciferase at different intensities due to
different tumor volume. B) Representative images of H&E staining of an EPO tumor. C) Representative Hepar staining of an
EPO tumor, scale bar 500uM. D) Representative CK-Pan staining of an EPO tumor, scale bar 500uM. E) Representative
immunofluorescence staining of an EPO tumor showing in green glutamine synthetase and E-cadherin in red, scale bar 500puM.

3.1.2. Establishment of tumor-derived organoids from local and multifocal HCC

models

Tumor-derived organoids were established from both HCC murine models from EPO and iAST. Tumor-
derived organoids are much more complex than conventional cell line system, thereby making them a
powerful tool for screening and mechanistic experiments. Organoids are cultured in a complex and
elaborated medium that prevents positive selection and transdifferentiation. This avoids the formation of
a monoclonal culture and maintains its stemness properties.

Tumor tissue was isolated from the focal EPO tumor, or from several nodules in the iAST model. The
tissues were processed as described in section 5.2.4. In brief, tumors were minced and washed several
times to remove large debris. Tumor samples were further digested with Collagenase D and DNase |

solution, washed and finally mixed with Basement Membrane Extract (BME) (Fig. 8A). Tumor-derived
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organoids were successfully maintained in culture for up to 16 passages (Fig. 8B) in a defined medium as
indicated in section 5.2.4. The medium was further supplemented with mNoggin for the first three days
after isolation. Furthermore, supplementation of Wnt ligands in the medium is a standard for different
organoids and tumor-derived organoid cultures. Yet, the supplementation of Wnt ligands is dependent
on the mutational status of the original tumor (i.e. when the tumor has B-catenin mutations, Wnt
supplements are not required in the medium). The reason to test this was also that Wnts were part of the
research question, therefore, addition of unnecessary Wnt supplements to the medium may have
introduced a bias. Therefore, | tested whether the Wnt supplements, Rspol and Wnt3a, were required in
the complete medium. Tumor-derived organoids had better growing efficacy in the absence of both.
Furthermore, biobanking (e.g. freezing at -80°C and later thawing) was successful. In this case, the
organoids were supplemented with mNoggin after thawing. Tumor derived organoids were further
characterized by staining for the general cytoplasmatic and nuclear markers, phalloidin and DAPI, and

Epcam as a HCC marker (Fig. 8C).
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Figure 10. Establishment of tumor-derived organoids from the in vivo murine HCC models

A) Schematic representation of the isolation protocol to establish tumor-derived organoids from EPO and iAST tumor models.
B) Representative images of tumor-derived organoids from both models at passage 6 under a bright field microscope; scale
bar 10001M and 500uM. C) Representative images of confocal microscopy shown as a maximum projection of fluorescence
organoids for both HCC models stained for DAPI in blue, phalloidin in red and EpCAM in green; scale bar 100uM.
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3.2. Angiocrine Wnt signaling affects HCC initiation and progression

3.2.1. Endothelial Wnt signaling is decreased in selected murine HCC models

To study the effect of endothelial-derived Wnt signaling in HCC, | investigated the expression of Rspo3
and Evi/WIs in isolated liver ECs and tumor endothelial cells from the EPO and iAST models. In the EPO
model, tumor transformation occurred locally in the electroporated left lobe. Thus, | could obtain both,
healthy and tumor samples from the same liver (Fig. 11A). In contrast, for the iAST model, non-injected
iAST transgenic mice were used as controls (Fig. 11D). In both models, Rspo3 (Fig. 11B, E) and Evi/WIs
expression (Fig. 11C, F) were decreased in tumor ECs, being this decreased statistical significance in the
case of Rspo3. These findings suggested reduced expression of angiocrine Wnt signaling in HCC compared

to healthy liver endothelium.
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Figure 11. Endothelial expression of Wnt genes of interest is decreased in the murine HCC models compared to healthy
livers

A) Representation of electroporation (EPO) liver showing the healthy and tumor sections. B) Expression of Rspo3 in isolated
ECs from healthy and tumor EPO livers. C) Expression of Evi/WIs in isolated ECs from healthy and EPO-derived tumors. D)
Representation of iAST transgenic model (iAST) showing healthy and iAST-derived tumors. E) Expression of Rspo3 in isolated
ECs from healthy and tumor iAST livers. F) Expression of Evi/WIs in isolated ECs from healthy and tumor iAST livers. Each point
represents one biological replicate. Gene expression was normalized to b-actin. Data are represented as mean * s.d. p-value
by unpaired t-test; ns, not significant; * p<0.05, ** p<0.01.
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3.2.2. Endothelial-specific deletion of Wnt secretion promotes maturation of the

tumor vasculature

Based on the downregulation of Rspo3 and, to a lesser extent, Evi/WIls in tumor ECs, | investigated their
role in HCC initiation by deleting the entire endothelial Wnt secretion machinery prior to tumor initiation.
Five consecutive i.p. injections of tamoxifen induced endothelial-specific deletion of Rspo3 and Evi/W!Is
floxed genes in Rpo3floxed x Evi/WIs floxed x VE-CadCreERT2 mouse line. Cre — mice, without cre, but
containing the floxed alleles were used as a control. Since glutamine synthetase (GS) expression is
controlled by endothelial-derived Rspo3 and Wnt factors, the genetic recombination efficacy can be easily
traced by the loss of GS expression. Therefore, GS expression served as an experimental readout of EC
specific Wnt deletion in all experiments. Tumors were induced by focal electroporation (Fig. 12A). Mice
were euthanized when they had reached the endpoint criteria. Loss of GS expression validated
endothelial specific knock-out (KO) of the candidate genes, Rspo3 and Evi/WIls (Fig. 12C, D). Tumor
formation was determined by luciferase activity (Fig. 12B), showing a slightly delay in tumor initiation in
the Cre + group. Tumor growth was indicated by the slope of the luminescence intensity, showing similar
tumor growth in both groups (Fig. 12B). The tumor vasculature was studied in the resulting tumors to
investigate the role of autocrine Wnt on tumor vasculature. Rspo3 and Evi/WIs deletion showed a slight
decrease tumor vessel area (Fig. 12E, G) as previously reported in single Rspo3 and Evi/WIs deletion (102,

113). The vasculature was more mature as indicated by increased aSMA coverage (Fig. 12E, F).
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Figure 12. Tumor formation of focal electroporation model in Rspo3-Evi-iECKO mice

A) Schematic representation of the experimental design showing tamoxifen injection for ECKO induction, followed by wash -
out period, electroporation for tumor induction and IVIS measurement during tumorigenesis at indicated timepoints. B)
Intensity of luminescence measured via IVIS to determine tumor growth over time in Cre — and Cre + mice from Rspo3-Evi/WIs-
iECKO (Cre-, n=4; Cre +, n=3). C) Quantification of Glutamine Synthetase immunofluorescence staining in livers extracted from
Rspo3-Evi/WIs-iECKO, Cre — and Cre + mice. D) Representative images of Glutamine Synthetase immunofluorescence staining
as quantified in C, scale bar 200um. E) Quantification of CD31 immunofluorescence staining as vessel area relative to tumor
area in percentage in livers extracted from Rspo3-Evi/WIs-iECKO, Cre — and Cre + mice. F) Quantification of aSMA
immunofluorescence within CD31 staining as tumor vessel coverage relative to tumor area livers extracted from Rspo3-
Evi/WIs-iIECKO, Cre — and Cre + mice. G) Representative images of immunofluorescence staining of CD31 and aSMA as
quantified in E and F, scale bar 200um. Data are represented as mean * s.e.m. (B), mean #s.d. (C, E, F) and p-value by unpaired
t-test (C, D, F), each point represents one liver section analyzed (C, E, F); ns, not significant; *** p<0.001, **** p<0.0001.

3.2.3. Deletion of endothelial-specific Wnt secretion increases tumor burden in a

multifocal HCC murine model

Results of in the focal electroporation-based model investigating endothelial deletion of both candidate

genes, Rspo3 and Evi/WIs, were complemented in the iAST model. In this GEM model, the SV40 Tag is
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under the albumin promoter and its expression is prevented by a floxed stop cassette. Intravenous
injection of AdCre induces the deletion of the stop cassette and expression of SV40, leading to multifocal
HCC tumors. This model was further established by crossing the Rspo3-Evi/WIs-iECKO mouse line with the
iAST. First, | characterized this mouse line by validating Rspo3 and Evi/W!Is expression and its functional
consequences. The double KO mice phenotype was characterized by significantly decreased mRNA
expression of Rspo3 and Evi/WIs in isolated ECs (Fig. 13A, B), leading to significantly reduced expression
of the central vein marker, GS (Fig. 13C, D). The iAST phenotype showed HCC nodules starting 5 weeks

after intravenous injection of AdCre (Fig. 13E).

Next, | investigated tumor formation at the same time point in an endothelial Wnt deficient
microenvironment. The genetic recombination was induced by 5 consecutive shots of tamoxifen i.p.
followed by 2 weeks of wash-out period, and later injection of AdCre to activate SV40 expression (Fig.
14A). The genetic recombination efficacy was evaluated based on GS expression, as before (Fig. 14C-D).
Tumor detection by MRI (Fig. 14B) showed that Cre + mice developed tumors at 5 weeks, while it was
delayed up to week 7 in the Cre — group. Tumor burden in terms of number of nodules (Fig. 14E), liver
body/weight ratio (Fig. 14F) and tumor volume (Fig. 14G) was increased in the absence of endothelial Wnt
secretion. It is worth mentioning that Cre + mice have a lower liver body/weight ratio at baseline, so this
may not be a relevant experimental readout as it could mask the differences in tumor burden. Overall,

these data suggested that deletion of angiocrine Wnts accelerates HCC tumor initiation.
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Figure 13. Characterization of Rspo3-Evi/WIs-iECKO-iAST mouse line

A) Relative gene expression of Rspo3 in isolated tumor endothelial cells from Rspo3-Evi/WIs-iAST, Cre — and Cre + mice. B)
Relative gene expression of Evi/WiIs in isolated tumor endothelial cells from Rspo3-Evi/WIs-iAST, Cre — and Cre + mice. C)
Quantification of Glutamine Synthetase immunofluorescence staining in livers extracted from Rspo3-Evi/WIs-iAST, Cre — and
Cre + mice. D) Representative images of Glutamine Synthetase immunofluorescence staining as quantified in C, scale bar
200um. E) Representative images of a tumor bearing liver from the Rspo3-Evi/WIs-iAST mouse line, black arrows indicating
nodules. Gene expression was normalized to b-actin (A, B). Each point represents one biological replicate; data are represented
as mean t s.d. p-value by unpaired t-test; ns, not significant; * p<0.05, *** p<0.001.
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Figure 14. Complete deletion of angiocrine Wnt factors in the GEM iAST accelerated tumor formation

A) Schematic representation of the experimental design showing tamoxifen injection for ECKO induction, followed by wash-
out period, Ad-Cre injection for tumor induction and MRl measurement during tumorigenesis at indicated timepoints. B)
Kaplan-Meier survival representing the percentage of tumor-free mice after tumor induction (Cre-, n=6; Cre +, n=9). C)
Quantification of the number of nodules in the livers at the endpoint of Cre — and Cre + mice. D) Liver/body weight ratio (%)
at the endpoint of Cre — and Cre + mice. E) Quantification of tumor volume in mm3 overtime based on MRI DICOM images by
adding up the area of manually selecting tumor nodules and multiplied by slide thickness. Each point represents one biological
replicate; data are represented as mean * s.d. (C-D) and mean * s.e.m. (E) p-value by Kaplan-Meier survival analysis (B) and
unpaired t-test (C-D) and at each time point (E); * p<0.05, ** p<0.01.

3.2.4. Endothelial Wnt deletion induces a decrease of tumor vessels in the TME

in multifocal HCC murine models

| interrogated how the TME contributed to the establishment of this protumorigenic environment in a

Wnt dependent manner. Several parameters of the tumor itself and the TME were analyzed. First, the
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pathological evaluation revealed no infiltrative growth pattern and no difference in tumor growth pattern
(i.e. pseudoglandular, solid, trabecular) between the groups. Besides, tumor necrosis was only present in
3 out of 17 samples, all from the Cre + group. E-cadherin, a marker of liver tumors (127) and downstream
of Wnt signaling, was not altered between both groups (Fig. 15A, B), indicating an angiocrine effect
independent of this marker. Since it was described that Rspo3 mediates the TME immune status in other
tumor entities (118), CD3 infiltration was evaluated as a parameter of tumor immune activation in the
iAST model. No difference in the number of infiltrated CD3 positive T cells per nodule was detected (Fig.
15C, D). Tumor vascular area was measured as a readout of the Wnt autocrine effect and as performed
previously in the EPO model (Fig. 12E-G). Cre + mice showed a significantly decreased in tumor vessel area
per nodule at different nodule size ranges (Fig. 15E, F). This vessel phenotype did not fully explain the

increased tumor burden described in Fig. 14.

39



Results

A E-cadherin expression
0.3+ c
L] -
< ns re
= - = Cre+
3 0.2
°
<] .
o
£ ‘#‘
2 0.1+ _{
R INGE
] .
"
0.0 : .
Cre- Cre+t
CD3 Infiltration
2500
ns e Cre-
_
2000 ® Cre+
] ns
S —_
T
2 1500 .
2 n
3
s 1000 <l
«
a
© 500+
0_
Small Big Small Big
E Tumor Vessel Area F
0.3
Sk *kxk o & e Cre-

— = = ® Cre+

wine |

0.1

Tumour Vessel Area
(relative to nodule area)
CD31

0.0
)
3 N % K
2 ’ N
o7

Nodule Area (mm2 x10-3)

Figure 15. Deletion of angiocrine Wnts in the multifocal iAST model leads to reduced tumor vessel area and minor changes
in other components of the TME

A) Quantification of E-cadherin immunofluorescence staining in tumor nodules from Rspo3-Evi/WIs-iAST, Cre — and Cre + mice,
scale bar 200um. B) Representative images of E-cadherin immunofluorescence staining in tumor nodules as quantified in A.
C) Quantification of CD3 cells per liver nodule by immunofluorescence staining from Rspo3-Evi/WIs-iAST, Cre —and Cre + mice,
scale bar 200um, threshold between small/big nodules 0.5mm. D) Representative images of CD3 immunofluorescence staining
in tumor nodules as quantified in C. E) Quantification of tumor vessel area by CD31 immunofluorescence staining in tumor
nodules from Rspo3-Evi/WIs-iAST, Cre — and Cre + mice, scale bar 200um. F) Representative images of vessel (CD31)
immunofluorescence staining in tumor nodules as quantified in E. Data are represented as mean * s.d. (A-C) (each point
corresponds to one tissue section) and mean + s.e.m. (E) p-value by unpaired t-test; ns, not significant; *** p<0.001.
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3.2.5. Deletion of angiocrine Wnt signaling induces earlier tumor formation but

does not translate into a difference in survival in a multifocal HCC murine model

| interrogated whether the difference in tumor initiation, and tumor burden, may translate into a
difference in survival. The same experimental setup was used and the mice were kept until they reached
the endpoint criteria (Fig. 16A). ECKO validation was performed based on Rspo3 and Evi/WIs expression
in isolated ECs (Fig. 16D, E). As previously described (Fig. 14), Cre + mice developed tumors earlier (Fig.
16B). However, this did not translate into a difference in survival (Fig. 16C). The systemic liver damage
markers, aspartate aminotransferase (AST) and Alanine transaminase (ALT), were analyzed to follow
disease progression. The time points selected were: “baseline” (when MRI measurements started), right
before tumor detection, when the tumor was first detected and the endpoint. At these time points, no
statistically significant difference were detected in AST and ALT (Fig. 16M, N). | hypothesized that the
observed differences in tumor initiation and tumor vessel area (Fig.12, 14, 15) are due to a local effect,
based on the lack of significant changes in survival and liver enzymes (Fig. 16C, M, N). Therefore, the
expression of Wnt ligand receptors and other members of the Wnt signaling pathway, that are also some
of the most common cancer stem cell (CSC) markers, was analyzed by gPCR. Both tumor endothelial cells
(TEC) and tumor cells (TC) showed no significant difference in the expression of the Wnt enhancer
receptor, Znrf3 (Fig. 16F, G). While Lgr5 was lowly expressed in TEC (Ct value not detected), it showed a
slight decrease in TC (p value=0.0527) (Fig. 16H). Other CSC or proliferation markers such as Ki67, Axin2
or ICAM-1 presented no difference between both groups (Fig. 16J-L). Only CD44, a CSC marker and a
downstream of Wnt signaling, exhibited an increase in the Cre + group (p value=0.0709) (Fig. 16l1). Overall,
the increase in CD44 and decrease in Lgr5 expression did not explain the angiocrine and autocrine
phenotype (Fig. 12, 14-15), but may indicate the presence of a CSC pool independent of Lgr5-Wnt

signaling.
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Figure 16. Deletion of angiocrine Wnt factors in the GEMM is dispensable for tumor progression

A) Schematic representation of the experimental design showing tamoxifen injection for ECKO induction, followed by wash-out
period, Ad-Cre injection for tumor induction and MRI measurement during tumorigenesis at indicated time points. B) Kaplan-
Meier survival represents the percentage of tumor-free mice after tumor induction. C) Kaplan-Meier survival representing the
percentage of alive mice after tumor induction (Cre-, n=8; Cre +, n=10). D) Relative gene expression of Rspo3 and E) Evi/WIs in
isolated tumor endothelial cells from Rspo3-Evi/WIs-iECKO-iAST Cre — and Cre + mice. F) Relative gene expression of the Wnt
receptor Znrf3 in isolated tumor endothelial cells and G) tumor cells from Rspo3-Evi/WIs-iECKO-iAST Cre — and Cre + mice. H)
Relative gene expression of the CSC marker and Wnt receptor Lgr5, 1) CSC marker and Wnt downstream target CD44, J)
proliferation marker ki67, K) Wnt downstream target Axin2, L) CSC marker ICAM-1 in isolated tumor cells from Rspo3-Evi/WIs-
iECKO-IAST Cre — and Cre + mice. M) Levels of the blood liver damage markers AST and N) ALT (U/L) at baseline, right before
tumor detection, first time tumor was detected by MRI and at the endpoint. Gene expression was normalized to b-actin (D-F).
Each point represents one biological replicate; data are represented as mean * s.d. (C-G). p-value by Kaplan-Meier survival
analysis (B, C) and unpaired t-test (C-D) and at each time point (G); ns, not significant; *** p<0.001, **** p<0.0001.

3.2.6. Endothelial Evi/WIs is dispensable in the induction of a local

electroporation based HCC murine model

| investigated whether the TME in HCC showed any specificity by a particular Wnt ligand (from Evi/WIls
derived transport) or enhancer (Rspo3). Based on the differential Rspo3 and Evi/WIs expression between
healthy and tumor ECs (Fig. 11), | hypothesized that Rspo3 may be the main factor driving this phenotype
and Evi/WIs was either dispensable or acted in a synergetic manner (Fig. 12-14-16). First, | focused on
Evi/WIs to exclude a potential contribution of Evi/WIs mediated Wnt secretion. HCC was induced after a
single Evi/WIs deletion (Evi/WIs iECKO) using the same experimental strategy as shown before, in the focal
HCC model (Fig. 17A). The genetic recombination of Evi/WIs ECKO was confirmed based on the
significantly decreased expression of GS (Fig. 17C, D). As expected, deletion of Wnt secretion led to no
major differences in the time of tumor detection nor their growth. This was indicated by the similar growth
curves in the intensity of IVIS luminescence during tumor formation (Fig. 17B). Analysis of the tumor
vasculature revealed no significant differences in both tumor vessel area (Fig. 17E, G) and tumor vessel
coverage (Fig. 17F, G). In short, these data suggested that endothelial Evi/WIs derived factors are

dispensable for earlier tumor formation as shown in Fig. 12-14-16.
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Figure 17. Local tumor formation is not affected by endothelial Evi/WIs deletion

A) Schematic representation of the experimental design showing tamoxifen injection for ECKO induction, followed by wash-
out period, electroporation for tumor induction and IVIS measurement during tumorigenesis at indicated timepoints. B)
Intensity of luminescence measured via IVIS to determine tumor growth overtime in Cre — and Cre + mice from Evi/WIs-iECKO
(Cre-, n=3; Cre +, n=3). C) Quantification of Glutamine Synthetase immunofluorescence staining in livers extracted from
Evi/WIs-iECKO, Cre — and Cre + mice. D) Representative images of Glutamine Synthetase immunofluorescence staining as
quantified in C, scale bar 200um. E) Quantification of CD31 immunofluorescence staining as vessel area relative to tumor area
in percentage in livers extracted from Evi/WIs-iECKO, Cre — and Cre + mice. F) Quantification of aSMA immunofluorescence
within CD31 staining as tumor vessel coverage relative to tumor area livers extracted from Evi/WIs-iECKO, Cre — and Cre +
mice. G) Representative images of immunofluorescence staining of CD31 and aSMA as quantified in E and F, scale bar 200um.
Data are represented as mean * s.e.m. (B), mean * s.d. (C, E, F) and p-value by unpaired t-test (C, E, F), each point represents
one liver section analyzed; ns, not significant; ** p<0.01.

3.2.7. Endothelial Evi deletion accelerates tumor formation in a multifocal HCC

murine model

Tumor induction after Evi/WIs endothelial deletion was addressed in the multifocal iAST model obtained

by crossing the iAST mouse line together the single Evi/WIs-iECKO. First, this mouse line was characterized
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and endothelial Evi/WIs deletion was verified (Fig. 18B). As expected, the loss of Evi/WIs expression did
not affect Rspo3 expression (Fig. 18A), yet induced a decrease in GS expression (Fig. 18C, D). Tumor
nodules also developed 5 weeks after AdCre injection (Fig. 18E). For the survival experiment, Evi ECKO
was induced via tamoxifen injection, wash-out for 2 weeks and tumor formation was induced via AdCre
injection, and mice were kept until they reached the endpoint criteria (Fig. 19A). The genetic
recombination efficacy was evaluated based on the GS expression (Fig. 18C). Interestingly, Cre + mice
showed attenuated tumor growth (Fig. 19B). The systemic liver damage markers, AST and ALT,
recapitulated this phenotype by showing reduced levels in the Cre + group (Fig. 19C, D). Furthermore, the
reduction of tumor vessel area per nodule was observed (Fig. 19E, G) recapitulating the phenotype
observed in the double ECKO (Fig. 16C, D) and in the proliferating vasculature upon single Evi/WIs and
Rspo3 ECKO (102, 113). Yet, this decreased tumor vessel area per nodule was not accompanied by
significant changes in the aSMA vessel coverage (Fig. 19 F, G). Overall, these results suggested, that
endothelial Wnt factors do not make a major contribution to sustain HCC initiation. However, endothelial-

cell derived Wnt ligands contribute to the decreased tumor vessel area in an autocrine manner.
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Figure 18. Characterization of Evi/WIs-iECKO-iAST mouse line

A) Relative gene expression of Rspo3 in isolated tumor endothelial cells from Evi/WIs-iECKO-iAST, Cre — and Cre + mice. B)
Relative gene expression of Evi/WiIs in isolated tumor endothelial cells from Evi/WIs-iECKO-iAST, Cre — and Cre + mice. Each
point represents one biological replicate. C) Quantification of Glutamine Synthetase immunofluorescence staining in livers
extracted from Evi/WIs-iECKO iAST, Cre — and Cre + mice. Each point represents one tissue section. D) Representative images
of Glutamine Synthetase immunofluorescence staining as quantified in C, scale bar 200um. E) Representative images of a
tumor bearing liver from the Evi/WIsiECKO-iAST mouse line, black arrows indicate nodules. Gene expression was normalized
to b-actin (A, B). Data are represented as mean + s.d. p-value by unpaired t-test; ns, not significant; ** p<0.01,**** p<0.0001.
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Figure 19. Deletion of endothelial Wnt ligand secretion prolongs survival in the GEM iAST model
A) Schematic representation of the experimental design showing tamoxifen injection for ECKO induction, followed by wash-
out period, Ad-Cre injection for tumor induction and MRl measurement during tumorigenesis at indicated timepoints. B)
Kaplan-Meier survival representing the percentage of tumor-free mice after tumor induction (Cre-, n=13; Cre +, n=8). C) Levels
of the blood liver damage markers AST and ALT (U/L) at baseline, right before tumor detection, first time tumor was detected
by MRI and at the endpoint. D) Quantification of CD31 immunofluorescence staining as vessel area relative to nodule area in
percentage in livers extracted from Evi/WIs-iECKO-iAST, Cre — and Cre + mice. E) Quantification of aSMA immunofluorescence
staining as tumor vessel coverage relative to tumor nodule area inside tumor nodules in livers extracted from Evi/WIs-iECKO-
iAST, Cre — and Cre + mice. F) Representative images of immunofluorescence staining of CD31 and aSMA as quantified in G
and H, scale bar 200um. Each point represents one biological replicate (C-D) and one tumor nodule (E, F); data are represented
as mean t s.d. (C-D) and mean + s.e.m. (E) p-value by Kaplan-Meier survival analysis (B) and unpaired t-test (C-D) and at each
time point (E); ns, not significant; * p<0.05.
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3.2.8. Endothelial Rspo3 deletion does not induce HCC formation in a local

electroporation based murine model

Next, | investigated whether Rspo3 was responsible for the phenotype observed in the HCC models from
the double Wnt ECKO: accelerated tumor formation that does not translate in a difference in survival (Fig.
14, 16). Furthermore, | determined whether the autocrine phenotype observed above (Fig. 12, 15, 19)
was independent of endothelial Rspo3. To tackle these questions, HCC was induced after a single
endothelial Rspo3 deletion. Tumors were induced with the focal electroporation model with the same
experimental scheme as before (Fig. 20A). Rspo3 ECKO deletion was validated based on differential GS
expression (Fig. 20C, D). Tumor initiation occurred earlier in the case of the Cre + group as shown by the
higher luminescence intensity at the initial time of tumor measurement (Fig. 20B). No significant changes
were detected in the tumor growth rate shown as bioluminescence intensity overtime (Fig. 20B). Analysis
of the tumor vasculature revealed similar changes as in the double ECKO (Fig.12) but to a lesser extent.
Decreased tumor vessel area (Fig.20 E, G) and increased tumor vessel aSMA coverage were observed
(Fig.20 F, G). This indicates that the differences in tumor initiation were driven mainly by endothelial
secretion of Rspo3 and the changes in the tumor vasculature are dependent endothelial Wnt secretion,

either Evi/W!Is derived or Rspo3.
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Figure 20. Deletion of endothelial Rspo3 enhances tumor formation in a focal electroporation HCC model

A) Schematic representation of the experimental design showing tamoxifen injection for ECKO induction, followed by wash-
out period, electroporation for tumor induction and IVIS measurement during tumorigenesis at indicated timepoints. B)
Intensity of luminescence measured via IVIS to determine tumor growth overtime in Cre — and Cre + mice from Rspo3-iECKO
(Cre-, n=5; Cre +, n=4). C) Quantification of Glutamine synthetase immunofluorescence staining in livers extracted from Rspo3-
iECKO, Cre — and Cre + mice. D) Representative images of Glutamine synthetase immunofluorescence staining as quantified
in C, scale bar 200um. E) Quantification of CD31 immunofluorescence staining as vessel area relative to tumor area in
percentage in livers extracted from Rspo3-iECKO, Cre —and Cre + mice. F) Quantification of aSMA immunofluorescence within
CD31 staining as tumor vessel coverage relative to tumor area livers extracted from Rspo3-iECKO, Cre — and Cre + mice. G)
Representative images of immunofluorescence staining of CD31 and aSMA as quantified in E and F, scale bar 200pum. Data are
represented as mean + s.e.m. (B), mean % s.d. (C, E, F) and p-value by unpaired t-test (C, D, F), each point represents one liver
section analyzed; ns, not significant; ** p<0.01.
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3.2.9. Endothelial Rspo3 deletion results in vessel maturation in a multifocal HCC

murine model

To corroborate the role of angiocrine and autocrine Rspo3 in HCC formation, iAST tumors were induced
after the endothelial deletion of Rspo3. First, the Rspo3-iECKO and iAST mouse lines were crossed and the
new Rspo3-iECKO-iAST mouse line was characterized. The genetic recombination efficacy was confirmed
in terms of Rspo3 deletion (Fig. 21A), corresponding effect in Evi/WIs (Fig. 21B) and GS expression (Fig.
21C, D) and formation of tumor nodules (Fig. 21E). To address the contribution of Rspo3 in HCC initiation
and survival, the iAST model was induced and mice were kept until they reached the endpoint criteria
(Fig. 22A). Endothelial deletion was validated according to GS expression (Fig. 21C). Rspo3 deletion alone
did not show a difference in tumor initiation (Fig. 22B). Similarly, the systemic liver damage markers AST
and ALT were not altered between both groups (Fig. 22C, D). Cre + mice showed increased tumor vessel

area per nodule (Fig. 22E, F) without changes in aSMA coverage (Fig. 22E, G).
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Figure 21. Characterization of Rspo3-iECKO-iAST mouse line

A) Relative gene expression of Rspo3 in isolated tumor endothelial cells from Rspo3-iECKO-iAST, Cre — and Cre + mice. B)
Relative gene expression of Evi/WIs in isolated tumor endothelial cells from Rspo3-iECKO-iAST, Cre — and Cre + mice. Each
point represents one biological replicate. C) Quantification of Glutamine Synthetase immunofluorescence staining in livers
extracted from Rspo3-iECKO-IiAST, Cre — and Cre + mice. Each point represents one tissue section. D) Representative images
of Glutamine Synthetase immunofluorescence staining as quantified in C, scale bar 200um. E) Representative images of a
tumor bearing liver from the Rspo3-iECKO-iAST mouse line, black arrows indicate nodules. Gene expression was normalized
to b-actin (A, B). Data are represented as mean * s.d. p-value by unpaired t-test; ns, not significant; ** p<0.01,**** p<0.0001.
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Figure 22. Deletion of endothelial Wnt enhancer Rspo3 in the GEM iAST induces vessel maturation

A) Schematic representation of the experimental design showing tamoxifen injection for ECKO induction, followed by wash-
out period, Ad-Cre injection for tumor induction and MRI measurement during tumorigenesis at indicated timepoints. B)
Kaplan-Meier survival representing the percentage of tumor-free mice after tumor induction. (Cre-, n=8; Cre +, n=8). C) Levels
of the blood liver damage markers AST and ALT (U/L) at baseline, right before tumor detection, first time tumor was detected
by MRI and at the endpoint. D) Quantification of CD31 immunofluorescence staining as vessel area relative to nodule area in
percentage in livers extracted from Rspo3-iECKO-IiAST, Cre — and Cre + mice. E) Quantification of aSMA immunofluorescence
staining as tumor vessel coverage relative to tumor nodule area inside tumor nodules in livers extracted from Rspo3-iECKO-
iAST, Cre —and Cre + mice. l) Representative images of immunofluorescence staining of CD31 and aSMA as quantified in G and
H, scale bar 500um. Each point represents one biological replicate (C-D) and one tumor nodule (E, F); data are represented as
mean * s.d. (C-D) and mean + s.e.m. (E) p-value by Kaplan-Meier survival analysis (B) and unpaired t-test (C-D) and at each
time point (E); ns, not significant; * p<0.05.
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3.2.10. Wnt signaling is decreased in human liver tumors

| interrogated whether the decrease endothelial Wnt expression of Rspo3 and Evi/WIs reported in murine
HCC models was also found in human HCC. First, | investigated their expression in publicly available
datasets of human HCC tumors compared to healthy tissues. In the GEPIA2 database, expression of Rspo3
was significantly decreased in liver tumor compared to healthy livers, whereas Evi/WIs remained
unchanged. Next, | questioned whether this difference, especially in the case of Rspo3, may translate into
differences in HCC survival. The TCGA data showed no correlation between the whole liver expression of
both candidates and overall survival in liver cancer. However, the contribution of Wnt signaling in HCC
initiation cannot be excluded from these data since the analysis was performed from whole liver
expression and other cell types may contribute to the Wnt signaling pathway. Based on these human data
and the murine data described, | hypothesized that Rspo3 may be the main regulator of the angiocrine
Wnt effect in HCC. To study Rspo3 expression specifically in endothelial cells, | established the view RNA
system in situ hybridization (ISH) expression of Rspo3 and CD34, as a marker of endothelial cells (Fig. 23D).
This was complemented by immunofluorescence staining of DAPI and GS. GS was used as a marker of the
central vein in healthy livers, where Rspo3 is specifically expressed (22). Besides, it was used as a negative
marker of proliferative liver tumors (as the ones used in this study). Figure 23 shows a representative
image of a non-tumor liver, in which Rspo3 is highly expressed around the central vein which is indicated
by the coexpression of CD34 and Rspo3 (Fig. 23D). On the contrary, in a human liver tumor sample from
cirrhosis (Fig. 24) etiology, CD34 expression barely colocalized with Rspo3. This suggested that Rspo3

expression in endothelial cells was decreased in HCC human tumors.
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Figure 23. Expression of Rspo3 in endothelial
cells in human non-tumor liver around the
central vein region

Confocal image of a healthy human liver sample
after maximum projection showing A) GS
immunofluorescence staining delimiting the
central vein; B) CD34 localization by view RNA ISH
as a marker of endothelial cells; C) Rspo3
localization by view RNA ISH; D) co-localization of
Rspo3 and CD34 as shown in B and C to
determine the expression of Rspo3 from
endothelial cells, white arrows indicate co
expression of both; E) merge of A, B and C
channels plus the nucleus immunofluorescence
staining of DAPI; scale bar, 100 uM.
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Figure 24. Expression of Rspo3 in endothelial
cells in human tumor liver from cirrhosis in the
central vein region

Confocal image of a human liver tumor from
cirrhosis patient after maximum projection
showing A) GS immunofluorescence staining
delimiting the central vein; B) CD34 localization
by view RNA ISH as a marker of endothelial cells;
C) Rspo3 localization by view RNA ISH; D) co-
localization of Rspo3 and CD34 as shown in B and
C to determine the expression of Rspo3 from
endothelial cells, white arrows indicate co
expression of both and blue arrows expression of
CD34 alone showing absence or decrease
expression of Rspo3; E) merge of A, B and C
channels plus the nucleus immunofluorescence
staining of DAPI; scale bar, 100 uM.
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Overall, the data suggest that the HCC TME is characterized by decreased endothelial Wnt signaling. This
Whnt-deficient microenvironment induces a more tumorigenic environment, where the vasculature is
decreased but more mature. Theoretically, this tumor vessel normalization is associated with reduced
tumorigenesis, especially therapeutically. However, autocrine effects of Wnt have previously been
described to induce vessel regression in physiological and pathological angiogenesis (102, 113) without
affecting tumor growth. Therefore, | hypothesized that in HCC, the Wnt-dependent endothelial secretome
may induce two independent phenotypes: angiocrine and autocrine. | focused on the role of angiocrine
Whnt during HCC initiation, investigating the interaction between liver endothelial cells and both, healthy

and tumor cells.

3.3. Crosstalk between tumor cells and liver endothelial cells sustain
tumorigenesis

3.3.1. Tumor-derived factors modulate the expression of LSEC landmark genes

| focused, first, on the interaction between tumor cells and (tumor) endothelial cells and questioned
whether the decrease in Wnt ligand secretion in tumor ECs is induced by tumor cells. To address this
question, freshly isolated liver ECs were treated for 48 h with a conditioned medium from a murine HCC
cell line. Fresh serum-free medium was used as a control (Fig. 25A). Expression of landmark endothelial
zonation and capillarization genes, and members of the Wnt signaling pathway were analyzed. Rspo3 and
Evi/WIs expression were decreased after treatment (Fig. 25B, C), resembling the previous findings (Fig.
11). The expression of the CV Wnt ligands, Wnt2 and Wnt9b, was also significantly decreased (Fig. 25D,
E), while, the portal vein marker DI//4 was increased (Fig. 25G). On the contrary, the portal vein marker
Efnb2 (Fig. 25H) and the non-zonated Wnt4 ligand was unchanged (Fig. 25F). Other LSEC, arterial and
sinusoidal markers were further analyzed. Gata4 (Fig. 251), Ly6a, Aplnr and Cd9 (Fig. 25J, K, M) remained
unchanged, while ltga6, Lyvel and Cdh5 (Fig. 25L, N, O) were upregulated. Overall, these data suggest
that tumor-derived factors induced transcriptomic changes in liver ECs, mostly in Wnt signaling, that
recapitulate the Wnt profile previously described in TEC in HCC (Fig. 11). These changes were, in principle,
not dependent on liver metabolic zonation, since central vein markers were decreased, while portal
markers were either unchanged or also increased. The increase of D/l4, Apinr and Cdh5 may be explained

by the capillarization that LSECs undergo during hepatocarcinogenesis (128).
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Figure 25. Tumor-derived factors induce transcriptomic changes in healthy liver ECs

A) Schematic representation of the experimental design showing isolation of primary liver ECs from wild type (Wt) mice,
seeding for 48 hours and posterior treatment with conditioned medium produced from the murine HCC cell line, Hepal.6.
Relative gene expression of B) the Wnt candidate genes Rspo3 and C) Evi/WIs; D) central vein Wnt ligands Wnt2 and E) Wnt9b;
F) non zonated Wnt ligand, Wnt4; G) portal vein markers D/l4 and H) Efnb2; 1) LSEC markers Gata4; J) arterial markers Ly6a, K)
Aplnr, L) Itga6; M) Cd9; N) sinusoid marker LSEC, Lyvel, and O) VE-Cad in primary isolated liver ECs treated for 48 hours with
conditioned medium or fresh serum-free, as control, plus complete medium (60/40). Gene expression was normalized to b-
actin (B-H) and relative to each control. Each point represents one biological replicate; data are represented as mean * s.d. p-
value by unpaired t-test; ns, not significant; * p<0.05,** p<0.01.
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3.3.2. In vitro deletion of Rspo3 enhances proliferation in the murine HCC cell

line, Hepal.6

Tumor-derived factors decreased Wnt signaling in liver ECs. Consequently, | investigated whether a
reduced Rspo3 expression could enhance proliferation in HCC tumor cells. To corroborate the role of
Rspo3 in regulating tumor growth, HCC tumor cells were treated for 48 h with conditioned medium from
freshly isolated liver ECs from Rspo3 ECKO mice which were further treated with hydroxytamoxifen to
induce Rspo3 deletion (Fig. 26A). Endothelial Rspo3 deletion was validated by gqPCR (Fig. 26B) and cell
cycle distribution was assessed by Edu and FxCycle incorporation. Treatment with conditioned medium
from liver ECs with diminished Rspo3 secretion induced an increase in cells in S phase (Fig. 26C). This
suggests that loss of Rspo3 secretion from ECs promotes tumor cells to undergo cell cycle division in an

angiocrine manner.
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Figure 26. Endothelial secretome after Rspo3 deletion induces tumor cells to enter cell cycle division

A) Schematic representation of the experimental design showing isolation of primary liver ECs from Rspo3 ECKO mice (Cre —
and Cre +), seeding for 48 hours, Rspo3 deletion was induced using hydroxytamoxifen in vitro, production of conditioned
medium which was later on used to treat the murine HCC cell line, Hepal.6. B) Relative gene expression of Rspo3 in primary
isolated liver ECs after hydroxytamoxifen treatment for ECKO induction; each point represents one biological replicate. C) Cell
cycle distribution of Hepal.6 after 48 hours of treatment with condition medium derived from Cre —and Cre + mice, relative
to Cre — as a control; each point represents one replicate from different passages. Gene expression was normalized to b-actin
(B). Each point represents one biological replicate; data are represented as mean = s.d. p-value by unpaired t-test; ns, not
significant;**** p<0.0001.
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3.3.3. Treatment of the murine HCC cell line, Hepal.6, with recombinant Rspo3

protein reduces proliferation

| hypothesized whether Rspo3 have a role as an antitumorigenic agent since reduced secretion of Rspo3
induced cell proliferation in tumor cells. To address this question, Hepal.6 was treated with different
concentrations of recombinant Rspo3 protein (0.005, 0.025, 1, 10 ug/mL) 24h after seeding (Fig. 27A).
Proliferation was assessed by EdU and Fx-Cycle incorporation after 48h of treatment. EdU incorporation
showed a dose-dependent decrease, but it was statistical significance at the highest concentration (Fig.
27B). At this concentration, cells in the S phase decreased at the expense of an increase in the G1 phase

(Fig. 27C). In conclusion, Rspo3 supplementation reduced tumor cell proliferation.
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Figure 27. Treatment with murine recombinant Rspo3 protein reduces proliferation in Hepal.6

A) Schematic representation of the experimental design showing treatment with murine recombinant protein Rspo3 for 48
hours after seeding. B) Determination of the amount of proliferating cells as EdU incorporation; and C) cell cycle distribution
as Fx-Cycle and EdU incorporation of Hepal.6 after 48 hours of treatment with different concentrations of murine Rspo3
recombinant protein relative to vehicle treated sample; each point represents one replicate from different passages. Each
point represents one biological replicate; data are represented as mean + s.d. p-value by unpaired t-test; ns, not significant; *
p<0.05, ** p<0.01.
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3.3.4. Treatment of tumor-derived organoids with recombinant Rspo3 protein

reduces proliferation

To validate the effect of Rspo3 reducing proliferation in a more complex in vitro system, | took advantage
of the tumor-derived organoids established from both HCC models. Tumor-derived organoids were
treated after split with recombinant Rspo3 protein (1, 10 ug/mL) for 72 h (Fig. 28A) and proliferation was
assessed by EdU incorporation. In both cases, a decrease in cell proliferation was observed, reaching
statistical significance at the highest concentration. These data validate the previous finding in Hepal.6

cell line indicating Rspo3 had an antiproliferative effect.
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Figure 28. Treatment with murine recombinant Rspo3 protein reduces proliferation in tumor-derived organoids
A) Schematic representation of the experimental design showing treatment with murine recombinant protein Rspo3 for 72
hours right after seeding. B) Determination of the amount of proliferating cells as EdU incorporation of cells from tumor-
derived organoids after 48 hours of treatment with different concentrations of murine Rspo3 recombinant protein relative to
vehicle treated sample; each point represents one replicate from different passages. Each point represents one biological
replicate; data are represented as mean + s.d. p-value by unpaired t-test; ns, not significant; * p<0.05.
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4. DISCUSSION

4.1. Suitable model to study HCC

Liver cancer is a major health issue. HCC is the most common subtype and its incidence has been
increasing during the last decades (31-33). However, the available treatments are limited due to the lack
of HCC models that fully recapitulate hepatocarcinogenesis, while maintaining the TME. This impedes
successful and more efficient drug discovery processes. The most commonly used models for HCC
research are cell line derived (81%), environmentally induced (28%), GEM (25%), and PDX (3%) (129). The
fact that the most commonly used model is based on the injection of an aggressive subclonal population
may explain the low rate of success of the HCC therapeutic landscape. Recently, tumor fragments or
organoids have been used to advance these engraftment models. These partially overcome the limitations
of clonality by introducing a much more heterogeneous population, which recapitulates the complexity
of the tumor (85). However, this type of experimental approach still has two main limitations. In most
cases, when the parental tumor is human, the recipient has to be immunocompromised or even
immunodeficient. (85-87). Therefore, the use of these models hinders not only the contribution of the
immune TME in HCC initiation and progression, but also the establishment of any immunotherapy
treatment. This is of utmost importance, especially in light of the recent IMBRave clinical trial. For the first
time, an immunotherapy treatment (anti-PD-L1) in combination with an antiangiogenic (anti-VEGF) offers
an improved treatment compared to the previous standard care of treatment (52). Another major
limitation of these models is their inability to recapitulate the initial stages of hepatocarcinogenesis. This
is critical in HCC that arises from chronic liver damage. However, these models can serve as useful tools
to specifically investigate colonization or metastatic dissemination, or develop avatar mice for co-clinical

trials (129).

An alternative to address these issues is to use environmentally induced models. These models are highly
suitable to address specific experimental questions as they have the potential to recapitulate the initial
stages of liver transformation. However, it has to be considered that many commonly use carcinogens,
such as DEN or CCls, have the limitation that tumors tend to develop preferably in certain regions of the
liver metabolic zonation axis. This is also the case in HTVI, a tumor model unique for liver. In HTVI and
DEN, hepatocytes located around the central vein region are prone to tumor transformation (85-87).

Therefore, the resulting TME may not resemble the one developing from chronic injury, where most of
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the liver metabolic zonation axis is altered in a more unbiased way. Furthermore, viruses are considered
as a very frequent carcinogen in HCC, although there are very few models which truthfully recapitulate
the tumorigenesis process. The western diet is the most clinically relevant model within this subgroup. It
accurately recapitulates liver transformation resulting from chronic liver damage into HCC, while
maintaining the TME (40). Additionally, this model mimics HCC development from one of the most
common etiologies today, NASH/NAFLD, which is expected to further increase in the upcoming years.
However, it may not be very suitable for certain studies due to the relatively low incidence and extended

time for tumor formation.

There is no doubt that every tumor model is a simplification of the very complex and long-term process
of tumorigenesis. Therefore, selecting an appropriate mouse model should compromise between time,
complexity and clinical relevance. The main aim of this study was to elucidate how the metabolically
zonated angiocrine WNTs affect hepatocarcinogenesis. Using tumor models that preferentially develop in
one particular region would have introduced a bias. In that case, it may be difficult to address whether
central hepatocytes are predisposed to tumorigenesis due to the bias or a Wnt angiocrine gradient effect.
Thus, it was essential to develop a model that fully recapitulates HCC initiation and progression in an
unbiased manner. Additionally, since the study focused on the endothelial comparment of the TME, it was
crucial to maintain the TME at large. Therefore, using a cell line-based model in an immunocompromised
or immunodeficient mice was also ruled out. Another important parameter to consider for model
selection is the feasibility including the time frame for tumor formation, which has to be suitable for the

study.

It was required to choose models for this study that would fulfil all those criteria. For this reason, |
established a local electroporation-based model by introducing some of the commonly mutated genes in
HCC (31). This model also offers potential beyond the scope of this study. Here, p53 deletion and cMyc
overexpression was employed as the tumor transformation element. In principle, any other transgene
and oncogene could be electroporated to recapitulate any particular tumors, allowing to replicate almost
any tumor entity. Furthermore, this model may be a suitable tool to study the importance of the
endothelium and the high rate and lethality of intrahepatic metastasis induced by HCC. By performing
partial hepatectomy in the electroporated left liver lobe bearing the tumor, it is possible to investigate
the development of intrahepatic metastasis under certain circumstances such as adjuvant treatment after

tumor resection. The available models to study such a process are very limited.
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This model also has certain limitations. For instance, tumor induction via electroporation involves surgery,
which is risky and a more time-consuming procedure in comparison to injections, the standard induction
method for most of the cell line and environmentally induced models. Additionally, it requires precise
handling; otherwise, it may result in a decreased yield in tumor induction. Furthermore, the model was
described as undifferentiated HCC. This may be attributed to the presence of p53 deletion as one of the
tumor-inducing factors. Its expression has been extensively reported in hepatocarcinogenesis. It induces
liver inflammation and subsequent expansion of progenitor cells (130) and it is enhanced by increasing
cholesterol esterification (131). Therefore, it is not surprising that mutant p53 was reported to be highly
expressed in primary hepatic undifferentiated carcinomas (132). To improve this model, some points to
consider are increasing tumor induction efficacy, inducing tumors with a more differentiated profile, and
reducing ectopic tumor formation. To overcome these limitations, it was beneficial to have a

complementary model, such as iAST, to substantiate the results.

Due to the complexity of in vivo models, in vitro models, and particularly cell lines, are often used as a
reductionist system to perform complementary and mechanistic studies. However, this may be an
oversimplification. Therefore, organoids have become state of the art, offering a middle ground between
cell lines and in vivo models. On the one hand, they are relatively easy to handle and less time-consuming,
similar to cell lines. On the other hand, tumor-derived organoids offer greater complexity and better
resemble the tissue of origin than cell lines (60, 64). Therefore, tumor-derived organoids were established
in this study to be used for drug screening and validation purposes. The use of cell lines was reduced to

the minimum, only to what is strictly necessary for mechanistic studies.

4.2. Rspo3 as a potential therapeutic candidate for HCC

The role of angiocrine Wnt signaling has been extensively investigated in the liver, mediating the so-called
liver metabolic zonation (1, 16, 17, 19, 22, 27, 133). However, in pathological conditions, the contribution
of Wnt signaling is controversial, varying from pro- to anti-tumorigenic, depending on the tumor entity
(71, 121, 122, 124). In HCC, where the liver metabolic zonation pattern is completely altered, its
contribution has not been investigated. | aimed to examine the role of angiocrine Wnt signaling in HCC

initiation and progression.

This study shows that endothelial Wnt secretion was reduced in the tumor endothelial cells compared to
the healthy liver endothelium. Rspo3 was downregulated in both the murine models used in this study

and human patient samples. Consistent with this, complete inhibition of endothelial Wnt secretion led to
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earlier tumor formation, while single Rspo3 deletion resulted in minor changes. In the case of endothelial
deletion of Wntless, there were no changes observed in the EPO and a slight delay in tumor formation in
the iAST model. Overall, the data suggest that angiocrine Wnt secretion acted as a gatekeeper of the
endothelial cell status. Endothelial Wnt deletion led to a protumorigenic microenvironment. In both
models, deletion of endothelial Wnt secretion reduced tumor vessel area and increased maturation.
Additionally, tumor-derived factors can induce a decrease in endothelial Wnt secretion in liver ECs,
instructing the endothelium to sustain a protumorigenic TME. This indicated the existence of a feedback
loop between the tumor cells and the (tumor) endothelial cells, and vice versa, aiming to reduce Wnt

secretion (Fig. 29).

. ) — ngiocrine 'eol®)} e
Autocrine &\Ag '\;\\  .,
— & EPO ;o
Tumor derived :; :.‘ i RSl; 03
AST il EVI/W-|S
4 =
Rspo3 ] o , \& S
Evi/Wls ﬂ el S TS
r_‘ 4: ,’ 8 » P

Tumor

Figure 29. Proposed model

An in vivo murine model was established to induce HCC in a non-zonated dependent manner and recapitulate
hepatocarcinogenesis: EPO. This was complemented with a multifocal HCC model: iAST. Tumor-derived organoids were
established from both in vivo models. The expression of Rspo3 and Evi/WIs, which are the Wnt candidate genes for this study,
were decreased in liver tumor endothelial cells compared to healthy endothelium. In the case, of RSPO3 this decreased was
further found in human liver tumor samples. As a result, deletion of endothelial Wnt secretion, mainly Rspo3 alone or
combined with Evi/WIs, led to earlier tumor formation, and vessel regression and maturation. Additionally, tumor-derived
factors induced decrease in Rspo3 and Evi/WIs expression, indicating the existence of a positive feedback loop of low Wnt
secretion between tumor and tumor endothelial cells. Preliminary data suggested Rspo3 may have a potential antitumorigenic
effect.

This is consistent with the idea that the stroma is responsible for Wnt secretion. In the case of the healthy
intestine, Wnt supplementation is necessary to maintain intestinal homeostasis (134). Likewise, in the

context of tumors, myofibroblasts induce Wnt activation to sustain stemness properties in CSCs (122). In
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lung adenocarcinoma, a similar subpopulation of tumor cells is sustained by a niche subpopulation that
secretes Wnt ligands and enhancers (121). In lung metastasis, Wnt secretion from the TME especially from
the endothelium, have an antitumorigenic effect inducing dormancy and preventing metastatic
outgrowth in melanoma and breast cancer (135, 136). The specific Wnt ligand or enhancer that maintains
a pro tumorigenic microenvironment is organ dependent. For example, Rspo2 has been described as the

ligand in pancreatic cancer (137), which is barely detected in the case of liver (133).

In general, liver cancer cells exhibit upregulation of Wnt genes (30). However, the loss of Znrf3 predisposes
to HCC by impairing liver regeneration (138). Its deletion induces HCC formation, and there is an inverse
correlation between metabolism and proliferation (139). Wnt2 expression was also reported to decrease
in severe alcohol-associated hepatitis, while other members of the Wnt signaling pathway were
upregulated (140). This suggests that a specific Wnt secretion pattern could serve as an indicator of a
protumorigenic tumor microenvironment. In addition, | reported that tumor-derived factors caused a
decrease expression of Wnt2 and Wnt9b in endothelial cells, while others, such as Wnt4 or DIl4, remained

unchanged or even increased.

The initial changes in tumor initiation did not result in differences in survival, and no other systemic
changes were observed. Therefore, it is reasonable to hypothesize that changes in endothelial Wnt
secretion are responsible for initiating tumor transformation rather than its progression. To address this
guestion more in depth, endothelial Wnt secretion should be manipulated therapeutically after tumor
induction. Given that angiocrine Wnts regulate liver metabolic zonation, it is reasonable to assume that
they would play a role mainly in the early stages of tumor initiation rather than in disease progression,
when metabolic zonation is already significantly altered. It has been questioned whether HCC formation
has a certain inclination to develop in a specific region within the liver metabolic zonation axis; for
instance, regarding the proliferation capacity. Although, this is broadly expressed by hepatocytes, it is only
the ploidy status that confers an advantage for proliferation after injury (141). Hyperpolyploid regions are
described to be located in the central region, where they are more susceptible to the formation of pre-
neoplastic lesions formation, as observed in a DEN model that is predisposed to developing tumors around

this region (142).

The expression of GS, which is located in the central vein region, was significantly reduced after angiocrine
Whnt deletion. GS is also a differential marker use to distinguish between the proliferative and the non-
proliferative HCC subclass (31). However, its role in tumorigenesis is controversial. In HCC, tumors with -

catenin mutation (i.e. GS + tumors), it has a protective role due to ammonia clearance (143). On the
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contrary, the expression of GS, regardless of its metabolic function, regulates the transition from

metaphase to anaphase in liver and lung cancer cells (144).

At the autocrine level, it was described that decreased expression of both Rspo3 and Evi/WIs, both alone
or in combination, reduced tumor vessel area and increased vessel coverage. This Wnt-dependent effect
mediates vessel regression and leads to a more mature vasculature, as previously described in
physiological angiogenesis and in subcutaneous lung and melanoma tumors (102, 113). This resemblance
is quite notable, considering the uniqueness and versatility of the hepatic vasculature (6). It adapts to the
environment to create a tumorigenic environment that promotes disease progression. Liver endothelial
cells undergo a collective transcriptomic alteration similar to the process that occurs during fetal
formation, which is mediated by PVLAP (145). During metastasis formation, hepatic endothelial cells
regulate their adhesion molecules through Notch signaling, which has a protective role (146). Although
the importance of the liver vasculature in HCC progression is well known, the endothelium was only
recently utilized efficiently in a therapeutic manner. For decades, Sorafenib, a multikinase inhibitor with
VEGFR as one of its downstream targets, was the standard care of treatment. The dual combination of
anti-VEGF and anti-PD-L1 replaced the previous treatment after the IMBRavel50 clinical trial (52). The
exact mechanism of action is still under investigation, but it appears to rely on vessel normalization
synergizing with improved antitumor immunity (54). Therefore, blocking of endothelial-derived Wnt
signaling could be a therapeutic alternative, following the same principles as the Atezolizumab and

Bevacizumab combination.

However, this interpretation may be a bit oversimplified. Firstly, the data indicated that the number of T
cell infiltrations remained unchanged with differential Wnt expression in HCC. It is important to
investigate whether cytotoxicity remains constant and whether the myeloid compartment is affected.
Additionally, recent data has shown that Rspo3 supplementation induces a more active immune system
in melanoma, resulting in decreased tumor growth (118). This suggests an antitumorigenic role of Rspo3.
It also goes in line with the angiocrine effect seen in terms of tumor initiation. Likewise, the data indicated
that tumor-derived factors induced the decreased Wnt expression that characterized tumor ECs. Similarly,
Rspol supplementation was recently described in colorectal cancer to have anti tumorigenic role

mediated by TGFp signaling (124).

Based on the current knowledge and the data described here, | hypothesized that Rspo3 may have

antitumorigenic properties. Treatment with recombinant Rspo3 resulted in decreased tumor cell
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proliferation in a HCC murine cell line and tumor-derived organoids, indicating a potential therapeutic
advantage. Further investigation is needed to assess the contribution of the other members of the TME

and the systemic effects of this treatment.

The focus of this project was on the endothelium as the primary source of liver Wnt secretion and the
tumor cells as the primary mediators of tumor initiation and progression. However, the contribution of
other cell types in the TME (e.g. HSCs, fibroblasts or neutrophils) are affected by Wnt signaling and how
they contribute to HCC progression remain elusive. Recently, two subpopulations of HSCs were described
as having opposite tumorigenic potential. Quiescence HSCs have an antitumorigenic effect. However, they
become protumorigenic once they express type | collagen (147). Secretion from tumor associated
neutrophils (TANs) also sustains CSCs and promotes tumor progression (148). Therefore, it remains
unclear how decreased endothelial Wnt secretion in the tumor context affects HSCs and TANSs, and
whether Rspo3 supplementation would reinforce an antitumorigenic HCC progression. Thus, it is
recommended to conduct in vivo experiments to overexpress Rspo3 in either preventively (right after

tumor induction) or therapeutically (once the tumor has formed).

The potential side effects of Rspo3 supplementation as a treatment for HCC extend beyond the close
interaction within the tumor microenvironment. Indeed, Wnt signaling is broadly expressed throughout
the liver (149) in both physiological and pathological conditions (95), and is also involved in maintaining
stem cells and homeostasis in other organs, such as the intestine. Therefore, it is likely that the side effects
are also considerable. Despite being highly mutated in many cancers, Wnt pathway inhibitors do not have
a high success rate in clinics (91). An alternative may be to find a highly specific target and/or activator.
For example, a very precise Wnt7 agonist was engineered to modulate brain vasculature in pathological

conditions (114).

In summary, in this study, | established a focal electroporation-based model to induce HCC formation
independently of liver zonation, recapitulating hepatocarcinogenesis. The model was complemented with
a multifocal GEM model, and tumor-derived organoids were established from both in vivo models. The
models were used to investigate the angiocrine and autocrine role of Wnt signaling in HCC initiation and
progression. | discovered a decrease in the expression of Rspo3 and Evi/WIs in liver tumor ECs, which was
also validated in human livers in the case of Rspo3. At the autocrine level, decreased Wnt expression
induced vessel regression and maturation. From the angiocrine point of view, this differential Wnt
expression was intended to sustain a protumorigenic liver microenvironment, which in turn induced a

decrease in endothelial Wnt expression, creating a positive feedback loop. This study presented
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angiocrine Wnt factors as gatekeepers of the healthy endothelium. Rspo3 was identified as a potential
antitumorigenic factor that can reduce tumor cell proliferation. These findings require further validation
in larger cohorts and more clinically relevant models, such as the western diet. Additionally, the exact
mechanism of action between liver tumor cells and endothelial-derived Wnts requires further

investigation.
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5. MATERIALS AND METHODS

5.1. Materials

5.1.1. Chemicals

Chemicals were purchased from the following companies:

Table 2. Chemicals

Company Company reference webpage

AppliChem www.applichem.com
B.Braun www.bbraun.de
Carl Roth www.carlroth.com
Gerbu www.gerbu.de
Merck www.merck.de
Qiagen www.giagen.com
Roche www.roche.com
Santa Cruz Biotechnology www.scbt.com
Selleckchem www.selleckchem.com
Sigma-Aldrich www.sigmaaldrich.com
Thermo Fisher Scientific www.thermofisher.com

5.1.2. Enzymes

Table 3. Enzymes

Reagent Company

Collagenase D Merck

Liberase Roche

Proteinase K Qiagen
RNase-free DNase R&D Systems

5.1.3. Growth factors and proteins

Table 4. Growth factors and proteins

Reagent Company

Ampicillin AppliChem
Recombinant mouse EGF Thermo Scientific (Gibco)
Recombinant human Gastrin Sigma Aldrich
Recombinant human FGF10 Peprotech
Recombinant mouse HGF Peprotech




Materials and methods

Forskolin HelloBio
TGFb inhibitor Biozol
Rock inhibitor (Y27632) ATCC
Recombinant mouse Noggin Peprotech
Recombinant mouse Rspol R&D Systems
Recombinant mouse Rspo3 R&D Systems
Recombinant mouse Wnt3a PeproTech

5.1.4. Cells
Table 5. Murine cell lines
Cell | Description
Hepal.6 Murine HCC cell line

Source

Prof. Dr. Kai Breuhahn
(Michaela Bissinger)

Medium

DMEM + 10% FCS + 1%
penicillin/streptomycin

Primary LSECs

Murine primary LSECs
isolated by perfusion

Perfusion based digestion
from BL6 mice as indicated
in section 5.2.5

Complete Endothelial Cell
Medium
(Cell Biologics)

Tumor Primary tumor derived
derived organoids isolated from
organoids HCC tumor bearing mice

Digestion from EPO and
iAST tumors from BL6 mice
as indicated in section
5.24

Advance DMEM with all
supplements as described
in section 5.2.4

5.1.5. Cell culture reagents

Table 6. Cell culture reagents

Reagent Company
B-27™ Supplement Thermo Scientific
Complete Endothelial Cell Medium kit (including Cell Biologics
supplements)
Dimethylsulfoxide (DMSO) AppliChem
Dulbecco’s phosphate buffered saline (PBS) Sigma Aldrich
Dulbecco's Modified Eagle medium - Glutamax (DMEM) Thermo Fisher Scientific
Fetal Calf Serum (FCS, heat-inactivated) Gibco
Glutamax Gibco
HEPES Gibco
Hydroxytamoxifen Sigma Aldrich
N-2 Supplement Thermo Scientific
n-Acetyl-cysteine Sigma Aldrich
Nicotinamide Sigma Aldrich
Penicillin/streptomycin (100x 104U/10mg/ml) Sigma Aldrich
Reduced growth factor BME R&D Systems

Trypan blue

Thermo Fisher Scientific

TrypLE

Thermo Fisher Scientific
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Trypsin-EDTA (10x)

Sigma Aldrich |

5.1.6. Bacteria strains

Table 7. Bacteria strains

Source

Description
E. coli pALB-SB13

DKFZ (Dr. Anja Runge)

E. coli pT3_EFla_Cmyc

DKFZ (Dr. Anja Runge)

E. coli pT_EFla_KRasG12V

DKFZ (Dr. Anja Runge)

E. coli StbI3 pRP[CRISPR]-hCas9-U6>{p536 guide ghAlb>hCas9:BGH pA

Vector Builder

E. coli pSBT-FLuclL272A

DKFZ (Prof. Dr. Ana Banito)

5.1.7. Primers and oligonucleotides

All primers were purchased from Eurofins, except for SV40TAg from Tagman (Applied Biosystems).

Table 8. Primers and oligos

Primer name

Application

Sequence (5°-3")

Actb-Fwd Genotyping: VE-Cad-Cref®™ | CAATGGTAGGCTCACTCTGGGAGATGATA
Actb-Rev Genotyping: VE-Cad-CrefR™ AACACACACTGGCAGGACTGGCTAGG
Cre-Fwd Genotyping: VE-Cad-CrefRT? GCCTGCATTACCGGTCGATGCAACGA
Cre-Rev Genotyping: VE-Cad-CrefR™ GTGGCAGATGGCGCGGCAACACCATT
Evi/WIs-Fwd Genotyping: Evi/WIs floxed AAGGAAACGAGATTGAGATGAGG
Evi/WIs-Rev Genotyping: Evi/WIs floxed GTTTATTTTTCCTCTTACCACTCTG
Rspo3-Fwd Genotyping: Rspo3 floxed ATGCTTTGAGGCTTGTGACC
Rspo3-Rev Genotyping: Rspo3 floxed TACATTCTGGTTTCTCATCTGG
SV40TAg-Fwd Genotyping: SV40TAg TTAGCAATTCTGAAGGAAAGTCCTTG
SVA0TAg-Rev Genotyping: SVA40TAg ACCTGTTTTGCTCAGAAG

MGSO

Mycoplasma detection

TGCACCATCTGTCACTCTGTTAACCTC

GPO

Mycoplasma detection

GGGAGCAAACAGGATTAGATACCCT

5.1.8. TagManTM assays

All TagMan™ asays were purchased from Applied Biosystems.

Table 9. Mouse TagManTM assays

Gene ‘ Ordering number
Actin MmO00607939_s1

Alb Mm00802090_m1
Aplnr MmO00442191_al
Axin2 Mm00443610_m1
Cd44 Mm01277160_m1

Cd9 Mm00514275_g1
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Dll4 Mm00444619_m1
Efnb2 Mm00438670_m1
Emrl Mm00802529_m1

Evi/WIs Mm00509695_m1
Gatad Mm00484689
Hnf4a Mm01247712_m1

ICAM-1 MmO00516023_m1

Itgab MmO00434375_m1

Lgr5 Mm00438890_m1
Ly6a MmO00726565_s1
Lyvel Mm00475056_m1
mKi67 Mm01278617_m1

Pecaml Mm01242584 _m1
Ptprc MmO01293577_m1
Rspo3 Mm01188251_m1
SV40 FAM—MGB based*
Wnt2 MmO00470018_m1
Wnt4 Mm01194003_m1
Wnt9b Mm00457102_m1
Znrf3 Mm01191453_m1

*5’- ATGTTGAGAGTCAGCAGTAGCC-3’

5.1.9. PCR reagents

Table 10. Reagents for RT, PCR and qPCR

Reagent Company

Direct PCR Lysis Reagent Peqglab
DNase/Rnase free H20 Gibco
QuantiTect Reverse Transcription Kit for cDNA Synthesis Qiagen
RedTaq® ReadyMix™ PCR Reaction Mix Sigma-Aldrich
TagMan® Fast Advanced PCR Master Mix Applied Biosystems

5.1.10. Antibodies

Table 11. Primary antibodies

Ordering

Company number Application
cD3 Human, | e obbit | 1:200 Agilent | A04°229- IF
mouse 2
CD31 Mouse Goat 1:100 — AF3628 IF
Systems
Desmin Mouse Rabbit 1:200 Abcam Ab151200— IF
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E-cadherin Mouse Mouse 1:100 - . BP 610181 IF
Bioscience
Glutamine Human 1:1000
! R i ! - A 4987 IF
Synthetase mouse abbit 1:10* bcam aba9873
M
aSMA ouse - 1:200 Cy3 Sigma C6198 IF
CD146 Mouse Flow
- 1:2 PECy7 BiolL 13471
[ME-9F1] 00 ¥ loLegend 3 3 cytometry
M 14-0161- FI
CD16/32 ouse - 1:100 - e Bioscience U ow
86 cytometry
CD31 Mouse BD Flow
- 1:2 APC 1262
[MEC13.3] 00 Bioscience 55126 cytometry
CD31 Mouse BD Flow
- 1:2 E .. 7
[MEC13.3] 00 P Bioscience 233373 cytometry
CD45.2 Mouse BD Flow
- 1:2 FIT
[30-F11] 00 ¢ Bioscience 253080 cytometry

Table 12. Secondary antibodies

Reactivity Species \ Dilution Conjugate Company Ordering number
Goat Donkey 1:400 Alexa Fluor 647 Life Technologies A21447
Goat Donkey 1:400 Alexa Fluor 488 Life Technologies A11055

Mouse Donkey 1:400 Alexa Fluor 647 Life Technologies 10-1223
Rabbit Donkey 1:400 Alexa Fluor 546 Invitrogen A10040
Rabbit Donkey 1:400 Alexa Fluor 647 Life Technologies A31573
Rabbit Goat 1:400 Alexa Fluor 546 Life Technologies A11071
Rabbit Goat 1:400 Alexa Fluor 488 Invitrogen A21206

5.1.11. Staining reagents

Table 13. Staining reagents

Reagent Company

Bovine Serum Albumin

PAA

CD31 MicroBeads, mouse

Miltenyi Biotech

Donkey serum

Thermo Fisher Scientific

Fetal Calf Serum (FCS, heat inact

ivated)

PAA

Fluorescent mounting medium

Dako

FxCycle Violet Thermo Fisher Scientific
Histomount Thermo Fisher Scientific
Hoechst Dye 33258 Merck
Mayers’ Hematoxylin solution Sigma-Aldrich
Normal goat serum ready-to-use Zymed
Tissue-Tek® O.C.T.™ Compound Scigen
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5.1.12. Kits

Table 14. Kits and RNA/DNA extraction

Reagent Company

Arcturus PicoPure RNA Isolation Kit GenElute Thermo Fisher Scientific
Click-iT™ EdU Alexa Fluor Flow Cytometry Kit Thermo Fisher Scientific
EndoFree Plasmid Mega, Giga Kits Qiagen
GenElute Mammalian Total RNA Purification Kit Sigma
PureLinkTM Quick Plasmid Miniprep-Kit Thermo Fisher Scientific
QuantiTect® Reverse Transcription Kit for cDNA Qiagen
Synthesis
RNase-Free Dnase Qiagen

5.1.13. Reagents for animal experimentation

Table 15. Reagents and tool for animal experimentation

Reagent Company

Alcoholic iodine solution WDT
Bepanthen eye cream Roche
Ethicon suture silk 4-0 Johnson & Johnson MEDICAL
Ethicon suture silk 5-0 Johnson & Johnson MEDICAL
Ketamin Pfizer
Liver Digestion Medium Thermo Fisher Scientific
Liver Perfusion Medium Thermo Fisher Scientific
Metamizol/Metapyrin Serumwerk
NaCl solution 0.9% Braun
Peanut oil Sigma Aldrich
Rompun Bayer
RPMI Thermo Fisher Scientific
Surgical tools and equipment Fine Science Tools
Tamoxifen Sigma Aldrich
XenolLight RediJect D-Luciferin Ultra PerkinElmer

5.1.14. Consumables

Table 16. Plastic ware and consumables

Consumable ‘ Company
384 well plates 4titute
96 well plates Steinbrenner Laborsysteme
Blood glass capillary VWR international
Blood lancet Th. Geyer
Cannula (18G, 19G, 27G) BD
Cell culture dishes (6, 12, 24, 48 well plates, 10cm) Sarstedt
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Cell scraper Corning
Cell strainer (100 pm) BD Falcon
Cotton swab Edeka elcos face
Countess™ cell counting chamber slides Invitrogen
Cryotubes Carl Roth
Disposable scalpel (No. 15, 20) Feather
FACS tubes BD Biosciences
FACS tubes with strainer cap Corning
Filter containing pipette tips Sarstedt
Hamilton syringe (27G) Hamilton
Micronfine (29G, 30G) BD

Microscope cover glasses

VWR international

Microscope glass slides

Menzel-Glaser

Microtome blade (N35) PFM medical
MS columns Miltenyi Biotech
Pipette tips Nerbe
Pipette tips - filter Sarstedt
Pipette tips - multichannel Rainin
Reaction tubes (0.2ml, 0.5ml, 1.5ml, 2ml) Eppendorf
Reaction tubes (1.5ml) - DNA LoBind Eppendorf
Reaction tubes (15ml, 50 ml) Greiner
Sealing foil Applied Biosystems
Sterile pipettes Corning
Syringe - Softlect 1ml Thermo Fisher Scientific
Syringes Dispomed
Tissue embedding cassetes Kartell Spa

5.1.15. Devices

Table 17. Devices and equipment

Equipment Company

Aria cell sorting platform

BD Biosciences

Axio ScanZ7.1 slide scanner

Zeiss

Canto Il

BD Biosciences

Cell culture hood

Thermo Fisher Scientific

Cell culture incubator

Thermo Fisher Scientific

Centrifuge Eppendorf
Confocal Leica TCS SP8 Leica
Confocal Zeiss LSM 710 ConfoCor3 Zeiss
Countess automated cell counter Thermo Fisher Scientific
Heating block Eppendorf
HM355S microtome Thermo Fisher Scientific
IVIS Lumina Series llI PerkinElmer
Light cycler 480 Roche
MasterCycler 384-Well Eppendorf
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Microm EC 350-2 (tissue embedding)

Thermo Fisher Scientific

Mixer mill MM200 Retsch
Mr. Frosty Freezing Container Thermo Fisher Scientific
BioSpec Bruker 3/9.4Tesla Bruker
Multichannel pipete Rainin
Multistep pipete Eppendorf
Nanophotometer N60 Intas
NEPA Super Electroporator NEPAGENE
Olympus IX 71 Olympus
Peristaltic pump Ismatec
Pipetes Eppendorf
Power supply BioRad
QlAxcel Advanced System Qiagen
QuadroMACS multistand Miltenyi Biotech
Scale Ohaus
Shaver Moser

Special accuracy weighing device

Metler Toledo

Spin tissue processor STP120

Thermo Fisher Scientific

StepOnePlus Real-Time PCR System

Thermo Fisher Scientific

Table centrifuge (5417R) Eppendorf
Thermocycler Thermo Fisher Scientific
Vortex Neolab
Water bath Julabo
Warm pad Thermolux

5.1.16. Softwares

Table 18. Software

Software Company

Cell P® software Olympus
FACSDivaTM BD
Fiji Imagel
FlowlJo Miltenyi Biotec
Graph Pad Prism (v6.0, v8.0) Graph Pad
Leica LAS X (v3.7.6) Leica
Light Cycler 480 software Roche
Living Image Software version 4.5.5 PerkinElmer
RadiAnt DICOM Viewer RadiAnt
StepOne™ Software v2.1 Applied Biosystems
ZEN black Zeiss
ZEN blue Zeiss
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5.1.17. Solutions

Table 19. Solutions and buffers

Buffer Formulation
4% (m/v) Paraformaldehyde in VE water
~1/400 NaOH (until dissolve)
4% Paraformaldehyde (PFA) adjust pH7.2-7.4
1/10 10x PBS
adjust pH7.4
150mM NH4CI
Ammonium chloride potassium 10M KHCO3
buffer (ACK buffer) 100 mM Na,EDTA
Adjust pH 7.2-7.4
Blocking buffer (organoids 0.3% Triton X-100
staining) in 10% Normal Goat serum ready to use
10% Fetal calf serum
Blocking buffer (tissue staining) 3% Bovine serum albumin
in PBS
FACS buffer 5% (v/v) Fetal calf serum in PBS
12 gr. Tryptone enzymatic digest from casein
Sgr. Yeast exctract
LB Medium Sgr. Sodium chloride
1gr. D-(+)-glucose
1L VE water
1/1000 Autoclaved and add amplicilin
134 M NacCl
27 mM KCl
Phosphate buffered saline (PBS) 200 mM Na;HPO,
4.7 mM KH;HPO,
Adjust pH 7.4
0.1 mM EDTA
I 10 mM Tris-HCI pH 8.0
Tris-Buffered Saline Tween-20 10mM Tris/HCl, pH 7.5
(TBS-T) 100 mM NaCl
0.1% Tween-20
1% Fetal calf serum
Wash Buffer (organoids isolation) 1%

penicillin/streptomycin
in DMEM
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5.2. Methods

5.2.1. Animal studies

5.2.1.1. Animal husbandry

C57BL/6J (wildtype) mice were purchased from Janvier. Transgenic mouse lines for endothelial-Wnt
deletion (B6 Evi/WIs™/ x Cdh5-Cre®™, B6 Rspo3"/f-x Cdh5-Cref ™, B6 Rspo3”/™ x Evi/WIs"/ x Cdh5-
Cref™) and the iAST transgenic model (88, 102, 113), were used for the study and to generate three
additional mouse lines. Each of the Wnt-iECKO were bred with the iAST to induce the iAST model in the
background of endothelial deleted Wnt signaling. All mice were homozygous for the floxed allele; either
heterozygous or negative for the Cre allele, representing Cre + or control Cre — mice. All mice were housed
in specific pathogen-free animal facilities and in a temperature-controlled 12h light/dark cycle with ad
libitum access to food and drinking water. All animal experiments were performed under the guidelines
of the governmental animal Care and Use Committees and approved by the regional council Karlsruhe

(DKFZ370, EP-Z111102, G-291/15, G-107/18 and G-36/22).

5.2.1.2. Tamoxifen administration

Cre deletion was induced in 8 to 12 weeks old mice by intraperitoneal administration during five
consecutive days with 50 uL of a 40mg/mL of Tamoxifen (Sigma Aldrich), followed up by two weeks
washout period. Tamoxifen was dissolved in 100% ethanol (1/500 ml/mg) and subsequently in peanut oil

(8% vol/vol).

5.2.1.3. Tumor models

Tumors were induced in both models in mice between 8 to 12 weeks old. If applied, tamoxifen

administration started at this aged, and tumors were induced after the washout period.

Focal electroporation-liver tumor model

Mice were anesthetized with a solution of Ketamin (120mg/kg) and Xylazin (16mg/kg) diluted in 0.9% NaCl
injected i.p. After fixation on a heat mat, eyes were prevented to drying with Bepanthen cream. The
abdominal area below the breastbone was sterilized with 70% ethanol and an incision was made in the
linea alba in the skin and peritoneum. The left lobe was exposed with a Bowman and two sterile
applicators. Plasmid solution was injected with a Hamilton syringe in the left liver lobe under the liver
subcapsule towards the edge. Subsequently immediately after injection, electrodes were placed covering

the site of injection to electroporate with transfer pulse settings as follows: voltage (35.0 V), pulse length
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(35.0 msec), pulse interval (500.0 msec), n° of pulses (4), decay rate (0%) and polarity (+/-). Afterwards,
mouse cavity was washed with 10mL pre-warm 0.9% NaCl solution to ensure complete removal of
potential left over plasmid solution. Lastly, both the peritoneum and the skin were sutured with 5 and 4
suture silk, respectively. Mice were monitored to ensure recovery from the intervention, and thereafter,

to determine when the defined endpoint criteria was reached while measuring tumor growth.

AdCre injection in AST model

Deletion of the stop cassette in the iAST transgenic mice was induced by tail vein injection of adenovirus
expressing Cre recombinase (Vector Biolabs/SignaGen). Stock virus solution was diluted prior injection in
0.9% NaCl solution up to 1x10° PFU in 100 pL per mouse. Injection was performed under a laminar flood

hood, where mice were fixed with a mouse restrainer and tail vein was dilated using a red light.

5.2.1.4. Tumor detection

Mice were regularly checked for general health status. Tumor growth was monitored via MRI or IVIS,

depending on the tumor model and as indicated for each experiment.

Magnetic resonance imaging (MRI)

MRI was carried out in the small animal imaging core facility in DKFZ using a Bruker BioSpec 3/9.4Tesla
(Ettlingen, Germany) with ParaVision software 360 V1.1. For the imaging, mice were anesthetized with
3.5% sevoflurane in air. For lesion detection, with 3 Tesla MRI, T2 weighted imaging were performed using
a T2_TurboRARE sequence: TE = 48 ms, TR = 2200 ms, FOV 35x35 mm, slice thickness 1,3mm, averages =
6, Scan Time 5mil6s, echo spacing 12 ms, rare factor 8, slices 17, image size 192x192, resolution
0,182mm.” For lesion detection, with 9.4 Tesla, T2 weighted imaging were performed using a
T2_TurboRARE sequence: TE = 25 ms, TR = 2200 ms, FOV 35x35 mm, slice thickness 1 mm, averages = 3,
Scan Time 3m31s, echo spacing 6.4 ms, rare factor 8, slices 20, image size 256x256. Tumor volume was
calculated measuring nodule area by Image J software exports from RADIANT DICOM Viewer and
multiplying by slide thickness (based on MRI raw data). Single nodules were selected manually in each

slide from RADIANT DICOM exports.

Ivis

IVIS Lumina Series Il with the XFOV-24 lens attached and the Software Living Image 4.5.5 were used to
measure tumor luminescence in mice expressing luciferase. Mice were anesthetized with isofluorane 2.1%
vol./vol. at a flow rate of 4-5L/min. Subsequently, mice were i.p. injected with IVISbrite D-Luciferin Ultra,

Redilect (PerkinElmer) based on body weight (30mg/mL at 150 mg/kg body weight) and incubated for 10
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minutes. During this time, mice were shaved on the abdomen, eyes were covered with Bepanthen cream,
and transferred to the imaging chamber in supine position with a isoflurane flow rate of 1.5L/min. Imaging
was performed with the following settings: exposure time (7 min), binning (8), f/stop (1,2), excitation filter
blocked and emission filter opened. Mice were defined using the “Subject” tool and ROIls over the
abdominal region where the liver is located. Tumor growth was followed over time based on the “Total

flux” parameter given as raw data.

5.2.1.5. Blood withdrawal

Blood sampling was taken consistently by cheek bleed using a lancet at similar times of the day. Blood
was collected with a blood glass capillary and centrifuged at 13,000G for 10 min. at 4°C. Supernatant was

kept at -20°C and send for serum analysis.

5.2.2. Large scale plasmid production

Glycerol stock for each plasmid was prepared and kept at -80°C. Plasmids were cultured and purified
according to manufacter instructions Endofree Plasmid Giga Kit (Qiagen) with certain modifications.
Plasmids were first recovered in 5 mL of autoclaved LB medium containing glucose, and 0.1mg/mL of
ampicillin for plasmid selection; and incubated overnight at 37°C with vigorous shaking. Initial culture was
diluted 1/125 and transfer into 250 mL of fresh LB medium supplemented with glucose and ampicillin as
before, and incubated for 10-12h in the same conditions. Subsequently, it was transferred to 3 to 5 liters
of the same medium in a 1/100 dilution and incubated for at least 12-16h in the above-mentioned
conditions. Bacteria was harvest by several rounds of centrifugation at 5525G for 17 minutes at 4°C. Pellet
was resuspended and collected in 250 mL of provided Buffer P1 (containing RNase A and Lyse Blue
reagent). Equal volume of Buffer P2 was mixed by vigorously inverting until whole solution turned blue,
and incubated at RT for 5 min. Afterwards, same volume of 4°C-temperature Buffer P3 was added and
mixed until blue traces were gone. Resulting solution was centrifuged at 5525G for 30 min at 4°C and the
mid-layer solution was transferred to the QIAfilter Mega-Giga Cartridge provided, filtered through by
vacuum force and collected. Consequently, 50mL of buffer FWB2 were added to the filter and the
obtained lysate was incubated with 30mL of buffer ER on ice for 30 minutes. The solution was applied
onto a pre-equilibrated QIAGEN-tip 1000 (by loading 75 mL of buffer QBT) and let it empty by gravity flow.
The column was washed with 600 mL of buffer QC and DNA was eluted with 100 mL of buffer QN. DNA
was precipitated by mixing lysate with 0.7 volume of RT isopropanol and centrifuging at 15,000G for 30

min at 4°C and further washed with 10 mL of provided 70% ethanol. After centrifugation in the same
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conditions for 10 minutes, the pellet was air-dried until there were no traces of alcohol. DNA was finally
resuspended in the desired volume of buffer TE and concentration was quantified with Nanodrop at 260

nm. DNA was stored at -20°C at the adequate concentration for in vivo application.

5.2.3. Isolation of liver (tumor) endothelial cells

Mice were euthanized by cervical dislocation and livers were extracted. Whole liver or tumor tissue (i.e.
from the left lobe in electroporated mice or from the nodules in the iAST mice) were finely chopped with
curved scissors and digested in RPMI-1640 (Life Technologies) supplemented with 20ug/mL Liberase
(Roche) and 2% DNase | (Roche) for 20 mins. at 37°C with agitation. After resuspension with a 18G syringe,
solutions were incubated for further 10 minutes in the same conditions. Digestion was resuspended with
a 19G syringe and filtered through 100uM cell strainer into a 50 mL tube filled up with FACS buffer.
Centrifugation at 50G for 3 minutes led to the separation of hepatocytes in the pellet and NPCs in the
supernatant. Supernatant was resuspended at 300G for 10 minutes and the derived pellet incubated in
ACK Lysis buffer for 2 minutes at RT to lysis red blood cells. Reaction was stopped adding 10mL of FACS
buffer (PBS with 5% FCS) and centrifuging at 480G for 5 minutes. Pellet was resuspended in Fc-block (BD
Bioscience), diluted 1:100 in FACS buffer and incubated on ice for 20 minutes. If CD146 preselection was
performed, solution included 20uL of CD146-MicroBeads (Miltenyi Biotec) and incubated with rotation.
In this case, after washing with 1mL of FACS buffer and centrifugation at 300G for 5 minutes at 4°C, the
pellet was resuspended in 1mL of buffer and load through a filter into LS columns (Miltenyi Biotec), pre-
equilibrated with 4mL FACS buffer. Following 3 washes of the columns with 3 mL FACS buffer, the
magnetically attached cells were eluted by separation of the column from the magnetic rack (Miltenyi
Biotec) and elution in 2mL of FACS buffer with the plug provided. The pellet obtained after centrifugation
at 400G for 5 minutes, after Fc block incubation or LS columns, was incubated with flow cytometry
antibodies in FACS buffer: CD31-APC/PE, CD146-PECy7 and CD45.2-FITC at a dilution 1:200 for 20 minutes
on ice in the dark. After washing, cell suspensions were resuspended in ImL FACS buffer and filtered into
FACS tubes. Before FACS sorting, samples were resuspended with Fxcycle Violet Stained (Invitrogen)

1:1000.

5.2.4. Isolation of tumor-derived organoids

Tumor dissection was performed under sterile conditions in a tissue culture hood. Tumor tissue was
isolated from tumor bearing mice of either one of the models described in the above “Tumor models”
section. Tissue of approximately 0.5cm® was chopped with curved scissors and diluted in “wash buffer”

(i.e. DMEM supplemented with 1% FCS (Gibco) and 1% penicillin/streptomycin (Sigma)) in a 15 mL tube.
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Suspension was let to pellet by gravity, supernatant was removed and filled it up again with wash solution.
This procedure was repeated up to 4 times until the supernatant was cleared. Pellet was resuspended in
5 mL of wash buffer containing 2.5mg/mL of Collagenase D (Sigma) and 0.1 mg/mL DNase | (Roche) for
digestion at 37°C with vigorous shaking for 1 hour. To ensure efficient digestion, tube was vortex in
between digestion, and later on resuspended with 18G and 19G syringe. Solution was filtered through a
100 uM cell strainer and collected in a 50mL tube, and top up with wash solution. After centrifugation at
300G for 5 minutes at 4°C, pellet was resuspended in 5 mL wash solution, transferred to a 15mL tube and
further diluted up to 15 mL in wash solution. This wash was repeated for up to 3 times and one additional
time to be resupended in 15 mL of basal organoids media: AADMEM (Gibco) supplemented with 1% HEPES
(Gibco), 1% Glutamax (Gibco) and 1% penicillin/streptomycin (Sigma). Pellet obtained after additional
centrifugation was resuspended in Cultrex Reduced Growth Factor Basement Membrane Extract, Type 2,
Pathclear (R&D Systems), hereafter designated as BME. This was plated into a pre-warm 24-well plate in
20uL drops and incubated at 37°C for 30 minutes to solidify the BME. Finally, to each well it was added
complete organoids media. This included basal organoids media supplemented with B-27™ Supplement
(Thermo Scientific), N-2 Supplement (Thermo Scientific), 500mM n-Acetyl-cysteine (Sigma), 50 ug/mL
murine EGF (Gibco), 62.5 uM human Gastrin (Sigma), 50 pug/mL human FGF10 (Peprotech), 50 ug/mL
murine HGF (Peprotech), 1 M Nicotinamide (Sigma), 1 mM Forskolin (HelloBio), 5mM TGFJ inhibitor
(Biozol), 1mM Rock inhibitor (Y27632) (ATCC) and 100 ug/mL murine Noggin (Peprotech). Additionally,
recombinant murine 25 ng/mL Rspol (R&D Systems) and 10ug/mL Wnt3a (Peprotech) were
supplemented for testing purposes. Medium was changed every 3 days into fresh complete organoids

media.

5.2.5. Isolation of primary liver sinusoidal endothelial cells for in vitro culture

Mice were euthanized by cervical dislocation and subsequent steps were performed in sterile conditions
in a tissue culture hood. An incision all along the linea alba up to the xiphoid process was made to expose
the visceral organs in the abdominal cavity and the vena cava. It was perfused with a needle connected
to a peristaltic pump (Ismatec). Once the liver infusion was successful, portal vein was cut. The livers were
initially perfused with pre-warm Liver Perfusion Medium (Life Technologies) for 2 minutes at a flow rate
of 5mL/min and later on, digested with pre-warm Liver Digestion Medium (Life Technologies) containing
40ug/mL of Liberase TM (Roche). Digested livers were explanted into Petri dishes with pre-warm RPMI
(Gibco). After gallbladder removal, the cell suspension encapsulated in the liver capsule was dissolved in

the media and transferred to a 50 mL tube through a 100uM filter. The solution was filled up to 50mL and
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centrifuged twice at 50G for 5 minutes at 4°C to pellet hepatocytes. Supernatant was transferred again
into a 50mL tube and centrifuge at 300G for 10 minutes at 4°C to precipitate NPCs. Isolation of LSECs from
NPCs pellet was performed as previously described for flow cytometry including CD146 microbeads
enrichment. After elution from the column, cells were centrifuged at 300G for 5 minutes at 4°C and
resuspended in Endothelial Cell Medium (Cell Biologics) with all the supplements provided (i.e. 0.5 mL
VEGF, 0.5 mL ECGS, 0.5 mL heparin, 0.5 mL EGF, 0.5 mL hydrocortisone, 5mL antibiotic-antimycotic and
25 mL FBS). Cells were seeded into 6-well plates based on cell pellet after final centrifugation. LSECs were
allowed to seed for 2 days and identity was confirmed based on fenestrated morphology under the

microscope. The cells were then ready to use for the corresponding experiment.

5.2.6. Flow cytometry and cell sorting

NPCs from healthy and tumor livers were digested as previously described in the section 5.2.3. Cell
suspension stained was sorted using a BD FACS Aria cell sorter platform (BD Bioscience). Firstly, FSC-A and
SSC-A were used to exclude cell debris, either SSC-A and SSC-B or FSC-A and FSC-W to select for single
cells, FxCycle Violet stained to exclude for dead cells and eventually CD45 negative and CD31 and CD146
for EC (i.e. CD45-CD31+CD146+) and tumor cells (i.e. CD45-CD31-CD146-), respectively.

5.2.7. Immunofluorescence staining

5.2.7.1. Preparation of paraffin blocks and sections

Extracted tumors were fixed overnight in 4%PFA at 4°C in slight agitation. After two washes in VE-water,
sections were processed in a spin tissue processor STP120. This included serial incubations with agitation
in increasing concentrations of ethanol (70-85-96%), isopropanol, xylol and paraffin. Afterwards, samples

were embedded in paraffin blocks and cut 5uM thick using a rotary microtome HM355S.

5.2.7.2. Preparation of cryoblocks and cryosections

Excised livers and tumors were fixed in 4% PFA overnight, and afterwards transferred to 30% sucrose
solution for dehydration. The day after, samples were embedded in TissueTek O.C.T compound (Sakura)
and let it solidify on dry ice. Sections were stored at -80°C and cut using cryomicrotome Hyrax C50 (Zeiss)

at 5uM thickness.

5.2.7.3. Immunofluorescence staining of tissue sections

Paraffin or cryosections were used for immunofluorescence staining. Paraffin sections were dewaxed by

incubating twice in Histo-clear for 5 minutes and graded ethanol solutions (99-99-80-70%) for 2 minutes
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each. Cryosections were incubated for 20 minutes at RT and wash with PBS to remove OCT. Antigen
retrieval was performed with Citrate Buffer pH6.0 (DAKO) incubated at 99°C for 20 minutes in a water
bath and after cooling down for 15 minutes at RT, sections were washed twice in PBS for 2 minutes.
Alternatively, Protein K was incubated 1:20 in buffer TE at 37°C for 10 minutes followed by wash in
PBS/0.1% Tween for 5 mins. Subsequently, sections were incubated in blocking buffer for 1 hour at RT.
Choice of antigen retrieval methods and blocking buffer was based on primary antibody and embedding
method as indicated in Table 20. Antigen retrieval method. Primary antibodies were incubated for 2 hours
at RT or overnight at 4°C in blocking buffer [CD31 anti-goat (R&D Systems), Desmin anti-rabbit (Abcam),
Collagen IV anti-rabbit (Abcam), Glutamine Synthetase anti-rabbit (Abcam), E-cadherin anti-mouse (BD
Bioscience), CD3 anti-rabbit (Agilent)]. After three washes on TBST for 5 minutes with agitation, samples
were incubated for 45 minutes at RT in Hoechst33342 (Sigma Aldrich) staining (1:2000) plus the respective
secondary antibodies [anti-goat Alexa 488, anti-rabbit Alexa 488, anti-rabbit Alexa 546, anti-rabbit Alexa
647, anti-goat Alexa 647, anti-mouse Alexa 647, (LifeTechnologies), anti-mouse aSMA-Cy3 (Sigma)].
Lastly, samples were washed three times and mounted with DAKO mounting medium (Agilent). Images

were acquired with Zeiss Axio Scan and images analyzed with Fiji.

Table 20. Antigen retrieval method

Staining Embedding  Antigen Retrieval Blocking Buffer
CD31/Desmin/aSMA Paraffin Protein K 10% FCS 3%BSA in PBS
Glutamine Synt_hetase/E— Paraffin Protein K 10% NGS ready to use (Agilent)
cadherin
CD31/Collagen IV Paraffin Citrate Buffer 10% FCS 3%BSA in PBS
CD31/Desmin/aSMA OoCT Citrate Buffer 10% FCS 3%BSA in PBS
CD3 OoCT Citrate Buffer 10% NGS 3%BSA in PBS

5.2.7.4. Histological evaluation

Paraffin blocks were cut into 5 uM thick sections using a rotary microtome HM355S. Sections were
deparaffinized as previously described and incubated in freshly filtered Hematoxylin solution for 4
minutes. After washed sections for 10 minutes with tap water, slides were incubated with 1% ethanoic
eosin solution for 2 minutes. Following three washes with VE-water, sections were incubated in increased
graded ethanol solutions (70-80-99-99%), isopropanol and xylol. Sections were eventually mounted with

Histomount.
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5.2.7.5. Immunofluorescence staining of tumor-derived organoids

Tumor-derived organoids were detached by removing the medium and washing with PBS. BME was
disrupted mechanically in PBS supplemented with 1% FCS. Tips and tubes were coated in cold PBS-1%BSA
and the plate was also rinsed afterwards several times with this solution. Following centrifugation at 300G
for 5 minutes, pellet was resuspended in 10mL cold PBS and centrifuge at 70G for 3 minutes. Pellet
containing organoids was fixed in 1mL 4%PFA for 1 hour at 4°C shaking, and 10 more minutes with 10mL
of PBS/1%FCS. Samples were washed twice with PBS/1%BSA and centrifuged at 200G for 3 minutes.
Blocking and permeabilization was performed by incubation with blocking buffer (10% NGS supplemented
with 0.3% Triton X-100) for 1 hour at RT shaking. Incubation with primary antibodies [anti-mouse EpCAM-
FITC (eBioscience), anti-mouse Phalloidin-Alexa 546 (Thermo Fischer Scientific) and Hoechst33342;
diluted 1:200, 1:100 and 1:1000, respectively] was performed at 4°C overnight on an orbital shaker. After
washing twice, pellets were resuspended in fructose-glycerol solution (60% vol./vol. Glycerol in 2.5M

fructose) for imaging. Images were taken with a confocal microscope LSM710.

5.2.8. Human patient samples

Paraffin-embedded liver sections from HCC and non-liver tumor patients were kindly provided by Prof.

Carolin Mogler at the Institute for Pathology, Technich University Munich, Germany.

5.2.8.1. View RNA ISH plus fluorescence staining

Expression of Rspo3 in endothelial cells was detected by RNA in situ hybridization of RSPO3 and CD34
performed with ViewRNA™ Tissue Assay (Thermo Scientific), according to the manufacturer instruction.
In short, paraffin sections were baked at 60°C for 1 hour in HybEZ oven, and deparaffinized washing the
slides 3 times in xylene with frequent agitation for 5 minutes and twice with ethanol 100%. After air-
drying, samples were incubated in pretreatment solution at 95°C for 20 minutes, and wash 3 times in VE-
water and once in PBS for 2 minutes with frequent agitation. Following protease digestion at 40°C for 20
minutes, samples were washed twice in PBS with frequent agitation for 2 minutes, fixed in 4%PFA for 5
minutes at RT and washed twice again in PBS. Probe hybridization (RSPO3 Type 1 Tissue Probe and CD34
Type 6 Tissue Probe) was performed incubating the probes (1:40) in pre-warm Probe Set Diluent for 2
hours at 40°C. Subsequent of 3 washes for 3 minutes in constant and vigorous agitation in Wash buffer,
samples were incubated for 25 minutes at 40°C in pre-warm Pre-Amplifier Mix. Later, sections were
incubated with Amplifier Mix for 15 minutes and washed, in the same conditions. Samples were incubated
at 40°C for 15 minutes with Label Probe 6-AP, diluted 1:1000 in pre-warm Label Probe, and washed 4

times in Wash buffer in constant and vigorous agitation. Afterwards sections were incubated with freshly
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prepared Fast Blue Substrate for 30 minutes in the dark at RT. Reaction was stopped with subsequent
washes, incubation with Reaction Stop Solution for 30 minutes at RT in the dark and washing twice for 2
minutes in PBS. Treatment with Label Probel-AP for 15 minutes at 40°C, followed by incubation with AP
Enhancer Solution for 5 minutes, and Fast Red Substrate for 1 hour, were performed as previously
indicated. After wash twice with PBS for 2 minutes, immunofluorescence staining for GS and DAPI, was

executed as previously described. Images were taken with confocal microscope Leica TCS SP8.

5.2.9. Cell culture

All in vitro procedures here described were performed under sterile conditions in a tissue culture hood.

5.2.9.1. Cell maintenance

Hepal-6 cell line was cultured in high glucose DMEM (Gibco) supplemented with 10% FCS and 1%
penicillin/streptomycin. Cells were maintained in culture by passing at above 80% confluence. After
medium removal, cells were washed with PBS and detached by incubating with Trypsin-EDTA (Life
Technologies) at 37°C for 3 min. Reaction was stopped by adding culture medium, and centrifuging at
200G for 3 min. Pellet was resuspended in culture medium and plate at 1/10-1/15 split ratio. Cells were

maintained at 37°C under 5% CO..

5.2.9.2. Cryopreservation of cells

Murine HCC cell line was cryopreserved following a similar procedure as for cell maintenance. After
centrifugation, pellet was resuspended in the adequate split ratio in culture medium supplemented with
10% FCS and 10% DMSO (Applichem). Cell suspension was aliquoted in cryovials (1 mL each) and kept in
isopropanol containing freezing box (Mr. Frosty Freezing Container, Thermo Scientific), to be 24 h later
transferred into liquid nitrogen tank for long-term storage. On the contrary, cell thawing was performed
by incubating cryovials at 37°C in a water bath and resuspending cell suspension in culture media. After,

centrifugation at 200G for 3 min, pellet was resuspended in culture media and plated as usual.

5.2.9.3. Tumor-derived organoids maintenance

Tumor-derived organoids were maintained in culture by passaging when they reached confluence,
normally every 2-3 days. Medium was removed and cold basal media was added to resuspend BME drops
containing organoids using mechanical disruption and scratching. Pull of up to 3 wells was collected in a
15 mL tube, top up to 15 mL basal media and centrifuge at 300G for 5 minutes at 4°C. Supernatant was

discarded and pellet resuspended multiple times to break tumor organoids into aggregates of few cells
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and single cells. Subsequently, pellet was resuspended in 5 mL pre-warm basal organoids media, top up
to 10 mL and centrifugate at 150G for 5 minutes. Pellet was resuspended in BME, plated in 20uL drop
onto a pre-warm plate and incubated for 30 minutes at 37°C to solidify. Afterwards, complete media was
added on top in the same way as described after first isolation but without mNoggin. After 2-3 days,
tumor-derived organoids were split, if confluence was reached, otherwise, media was changed into

complete media.

5.2.9.4. Cryoperservation of tumor de organoids

Cryopreservation of tumor derived organoids was performed following a similar as for the HCC cell line.
After resuspending tumor-derived organoids in cold media and centrifuged twice, the final pellet was
resuspended in organoids freezing media consisting of 40% basal organoid media, 50% FCS and 10%
DMSO. Approximately, 50 pL of confluent BME was resuspended in 1mL organoids freezing media and
aliquoted in one cryovial. Cryovials were frozen and stored in the same way as for the cell line. Likewise,
in order to thaw tumor organoids, cryovials were incubate at 37°C and cell suspension was transferred
into a 15mL tube containing basal organoids media. Cell suspension was centrifuged at 150G for 5
minutes, and the pellet was resuspended in BME, plated on a pre-warm plate in 20uL drops and incubated

at 37°C for 30 minutes. Complete media, including mNoggin, was added afterwards.

5.2.10. Cellular assays culture

5.2.10.1. In vitro treatment with hydroxytamoxifen
Primary isolated LSECs were treated with hydroxytamoxifen 48 hours after isolation in order to induce
endothelial KO. Hydroxytamoxifen was prepared in a stock solution of 10 mM and further diluted in fresh

culture media up to 2uM. Treatment lasted two consecutive days changing the media every 24 hours.

5.2.10.2. Production of conditioned medium

Two types of condition medium were produced: from the secretome of the murine HCC cell line and from
freshly isolated LSECs in which ECKO was induced in vitro as previously described. In both cases after
seeding, and hydroxytamoxifen treatment in the second case, cells were washed with PBS and starvation
Endothelial Cell Medium was added to both cells. To ensure maximum concentration of secreted factors,
half of the volume respective to the cell culture dish area was added and incubated for 48 hours at 37°C.
Lastly, all medium was collected and centrifuged at 200G for 3 minutes. Conditioned medium
corresponded to supernatant that was combined with 40% of complete Endothelial Cell Medium for

treatment. For treatment of freshly isolated LSECs with tumor-derived conditioned medium, control
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media corresponded to 60% starvation media. For liver endothelial cell conditioned media, media from
LSECs isolated from Cre- and Cre+ mice were used as control and treatment, respectively, and further

corroborated by qPCR. Both treatments lasted 48 hours.

5.2.10.3. Treatment with recombinant mRspo3

Hepal.6 and tumor-derived organoids were treated with murine recombinant Rspo3 protein (R&D
Systems). Lyophilized protein was dissolved in PBS at 200ug/mL. Stock was further diluted at different
treatment concentrations (0, 5ng/mL, 25ng/mL, 1ug/mL, 10ug/mL) in cell line culture media, 24h after
seeding, and in organoids culture media, after BME solidification. Treatment was terminated when

confluence was reached, 48h and 72h after recombinant protein was added, respectively.

5.2.10.4. EdU cell proliferation assay

Proliferation assays of HCC cell line in different conditions and tumor-derived organoids were assessed
using Click-iT® EdU Alexa Fluor® 647 Flow Cytometry Assay Kit (Life Technologies). Proliferation was
determined in HCC cell line after treatment with LSECs conditioned media, and after recombinant Rspo3
treatment, in both the cell line and tumor derived organoids, as previously described. Hepal.6 was
incubated with EdU (10uM) for 3 and 4.5 hours after mRspo3 and conditioned media treatment,
respectively, and tumor derived organoids for 6 hours. HCC cell line was harvest as usual. Tumor-derived
organoids were detached as described for its immunostaining, then they incubated in 500uL of TrypLE
(Life Technologies) at 37°C in a water bath for 5-8 minutes to be digested into a single cell solution.
Reaction was stopped adding 1mL of basal organoids media and further diluting it up to 10mL. After
centrifugation at 150G for 5 minutes, the pellet was washed once with 1mL PBS-1% BSA solution. For both
cell line and tumor-derived organoids, medium and PBS from harvesting were collected. Furthermore,
after harvest, plates were washed twice with FACS buffer and collected solution was centrifuged at 300G
for 5 minutes. Pellet was resuspended in Cytofix/Cytoperm and incubated in the dark at 4°C for 20
minutes. Subsequently, it was resuspended in 1mL 1x Click-iT saponin-based permeabilization reagent
(diluted in PBS) and centrifuged at 300G for 5 minutes. After 2 washes, samples were resuspended in
100mL of Click-iT master mix (CuSO,4 1:50, Alexa Fluor 647 azide 1:200, 1x Click-iT EdU buffer additive in
PBS) and incubated for 30 minutes at RT in the dark. After one wash in PBS, samples were diluted in PBS,
and 1:1000 FxCycle Violet Stained (Invitrogen) when cell cycle distribution was examinated. EdU and
FxCycle Violet Stained incorporation was analyzed BD FACSCanto Il flow cytometer and FlowJoTM

software.
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5.2.11. Molecular biology

5.2.11.1. Genotyping PCR

Ear punches were digested in 100uL of Direct PCR Lysis Reagent (Viagen) supplemented with 10mg

Proteinase K at 55°C overnight. Reaction was stopped by heating at 95°C for 20 minutes. Debris was

removed by centrifugation and lysate was kept at 4°C or -20°C, for short- or long-term storage. Genotyping

was carried out using a REDTaq polymerase kit (Merck) as indicated in Tables 20-23 for each gene in an

Applied Biosystems thermocycler. Results were analyzed with a Qlaxcel Advanced System according to

the manufacter’s instructions.

Table 21. Cdh5 Cre-ERT2 Genotyping

PCR mix (REDTaq ReadyMix)

qPCR Programme

Temperature Time
ddH,O 7 pL 1 95°C 2 min
REDTaq ReadyMix 10 pL 2 95°C 30 sec
Cre-Fwd 1uL 3 58°C 45 sec
Cre-Rev 1pul 4 72°C 2 min
Actb-Fwd 1uL Go to step 2: x 35
Actb -Rev 1l 5 72°C 2 min
DNA 1l 6 4°C oo
Transgene: 400 bp; internal control: 300 bp
Table 22. Evi/WIs-floxed genotyping
. . qPCR Program
PCR mix (REDTaq ReadyMix) Step Temperature Time
ddH,0 9 uL 1 95°C 5 min
REDTaq ReadyMix 10 pL 2 95°C 30 sec
Evi/WIls-Fwd 1pL 3 50°C 30 sec
Evi/WIs -Rev 1uL 4 72°C 1 min
DNA 1ul Go to step 2: x 44
5 72°C 10 min
6 4°C oo

Floxed allele: 210 bp; wildtype allele: 340 bp
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Table 23. Rspo3-floxed genotyping

PCR mix (REDTaq ReadyMix)

PCR Program

Temperature Time
ddH,0 9 uL 1 95°C 2 min
REDTaq ReadyMix 10 pL 2 95°C 15 sec
Rspo3-Fwd 1pl 3 55°C 30 sec
Rspo3 -Rev 1l 4 72°C 30 sec
DNA 1pul Go to step 2: x 34
5 72°C 10 min
6 4°C oo
Floxed allele: 410 bp; wildtype allele: 340 bp
Table 24. AST genotyping
PCR mix qPCR Program :
Step Temperature Time
ddH,0 7.72 uL 1 95°C 5 min
10x buffer (+KCl, -MgCl,) 1ul 2 95°C 40 sec
MgCl; (25 mM) 0.4 uL 3 60°C 30 sec
dNTPs (2.5 mM each) 0.2 uL 4 72°C 1 min
AST-Fwd (10 uM) 0.2 uL Go to step 2: x 32
AST-Rev (10 uM) 0.2 uL 5 72°C 10 min
DNA 1pul 6 4°C oo
Tag-polymerase LC (1U/uL) 0.08 uL
Transgene: 500 bp; internal control: 300 bp

5.2.11.2. Mycoplasma PCR

Mycoplasma was detected by removing 1 mL of cell culture and centrifuging to remove cell debris. 2 pL
of supernatant were used for PCR according to Table 24 using the Taq polymerase kit (Qiagen) in an

Applied Biosystems thermocycler. Results were analyzed with the QlAxcel Advanced System according to

the manufacter’s instructions.

Table 25.Mycoplasma detection

PCR mix (Qiagen)

Step

qPCR Program

Temperature Time

ddH,0 6.8 uL 1 95°C 5 min
Q-solution 2.6 pL 2 95°C 40 sec
Buffer 10x 1.25ul 3 60°C 30 sec
MgCl, 0.5 pL 4 72°C 1 min
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dNTPs (2.5 mM) 0.25 pL Go to step 2: x 32
MGSO (10 uM) 0.25 L 5 72°C 10 min
GPO (10 pM) 0.25 pL 6 4°C oo
Taq (5 U/uL) 0.1 uL
DNA 2 pL
Mycoplasma contamination: 270 bp

5.2.11.3. RNA extraction

RNA extraction from cell culture lysates was performed with the GenElute Mammalian Total RNA
Purification kit (Sigma). At the end of the treatment, culture medium was removed, cells were washed
with PBS and resuspended in 350uL of RNA Lysis Buffer. After proceeding according to the manufacter’s

instructions, RNA was eluted in 30ulL of nuclease free water.

RNA Extraction from cell populations from in vivo cell isolation was carried out with Arcturus™ PicoPure™
RNA Isolation kit according to the manufacturer’s instructions. Cell pellets after centrifugation at 3000G
for 10 minutes were resuspended in 50-100pL of Extraction buffer, according to cell number, and kept at
-80°C prior to RNA extraction. RNA was eluted in 15-30uL of Elution Buffer according as well to cell

number. In both cases, RNA was quantified using the NanoPhotometer N60 and stored at -80°C.

5.2.11.4. cDNA synthesis

RNA was used for retrotranscription into cDNA using the QuantiTect Reverse Transcription kit (Qiagen)
according to the manufacturer’s instructions. Up to 1ug of RNA or maximum available normalized to the
less concentrated samples was used. Resulting cDNA was further diluted in nuclease free water based on

initial concentration and storage at -20°C.

5.2.11.5. Quantitative PCR

Gene expression analysis was performed by qPCR using the synthetized cDNA and the TagMan system
consisting of TagMan Fast Advance Mastermix (Life Technologies), TagMan probes (Applied Biosciences)
and a StepOnePlus Real-Time PCR System (Thermo Fischer Scientific). Reaction was performed in
duplicates or triplicates as indicated in Table 26. Reaction set up for qPCR. Gene expression was
determined using the Ct values, averaged, normalized to the house keeping gene B-actin (ACt) and

calculating the relative fold change (2"2%).
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Table 26. Reaction set up for gPCR

dPCR reaction mix qPCR Program

1 reaction Step Temperature Time

cDNA 4 uL 1. Pre-denaturalization 95°C 30 sec

TagMan Fast Advance Master Mix 5uL 2. Denaturalization 95°C 2 sec

TagMan Gene expression assay 0.5 pL 3. Amplification 60°C 20 sec
Nuclease-free H,O 0.5uL | Gotostep 2: x40

5.2.12. Statistical analysis

GraphPad Prism v6/v8 was used for statistical analysis and plotting. Data are represented as mean with
error bars indicating standard deviation or standard error of the mean. Each point corresponds to one
replicate for in vitro experiments and one mouse in the case of in vivo, unless otherwise indicated. Paired
and unpaired two-tailed Student’s t-tests, and Log-rank Mantel Cox test were used for statistical analysis
of two groups’ comparison and survival analysis of a Kaplan-Meier representation, respectively. A p-value
of less than 0.05 was considered significant as follows: *p<0.05, **p<0.01, ***p<0.001. Further details on

statistical analysis can be found in each figure legend.
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ABBREVIATIONS
2-AAF 2-acetylaminofluorene
ACK Ammonium—chloride—potassium
AdDMEM Advance Dulbecco's Modified Eagle Medium
AdSC Adult derived stem/progenitor cells
AFP a-fetoprotein
AlL Air-liquid interface
AKT/PKB RAC(Rho family)-alpha serine/threonine-protein kinase
Ang Angiopoietin
APAP Acetaminophen
APC Adenomatosis polyposis coli
AST Aspartate aminotransferase
Bax BCL2 Associated X 2
BBB Blood brain barriere
BCLC Barcelona Clinic Liver Cancer
BME Basement membrane extract
BMP Bone morphogenetic protein
BSA Bovine Serum Albumin
C/EBPa. CCAAT/enhancer binding protein-a
CAF Cancer-associated fibroblasts
CaHSCs Central vein-associated HSCs
CAMKII Calmodulin-dependent kinase I
CCly Carbon tetrachloride
CD13 Cluster differentiation 13
CD133 Cluster differentiation 133
CD24 Cluster differentiation 24
CD34 Cluster of Differentiation 34
Cbh44 Cluster differentiation 44
CD47 Cluster differentiation 47
CD90 Cluster differentiation 90
CDAAD Choline-deficient I-amino acid-defined diet
CDC42 Cell division cycle 42
Cdh5 Cadherin-5
CDHFD Choline-deficient high-fat diet
CDKN1A Cyclin-dependent kinase inhibitor 1A
CK19 Cytokeratin 19
c-Kit Tyrosine-protein kinase KIT/ CD117 (cluster of differentiation 117)
CKla Casein kinase la
CNS Central nervous system
co Carbon monoxide
CO; Carbon dioxide
CRA Cryoablation
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CRC
CRISPR
CSC
CTLA4
DAG
DEN
DKK1
DMEM
DMSO
DNA
Dvl
ECGS
ECKO
ECM
ECs
EDTA
EGF
EGFR
EPC
EpCAM
ERG
ERK
ERT2
Evi/WIs
FACS
FCS/FBS
FGF

fl.

FLC

FLT

G

G (=RCF)
GEM(M)
Gprl24
GSK3

h

HBV
HCC
HCV
HEPES
HFD
HFHCD
HFHFD
HGDNs
HGF
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Colorectal cancer

Clustered Regularly Interspaced Short Palindromic Repeats

Cancer stem cells

Cytotoxic T-lymphocyte associated protein 4
Diacylglycerol

Diethylnitrosamine

Dickopf-related protein 1
Dulbecco's Modified Eagle Medium
Dimethyl sulfoxide
Deoxyribonucleic acid

Disheveled

Endothelial cell growth supplement
Endothelial knockout

Extracellular matrix

Endothelial cells
Ethylenediaminetetraacetic acid
Epidermal growth factor

Epidermal Growth Factor Receptor
Endothelial progenitor cells
Epithelial cell adhesion molecule
ETS-related gene

Extracellular signal-regulated kinase
Estrogen Receptor T2

Whnt Ligand Secretion Mediator
Fluorescence-activated cell sorting
Fetal calf/bovine serum

Fibroblasts growth factor

Floxed

Fibrolamelar carcinoma

Fms Related Receptor Tyrosine Kinase
Gauge

Relative centrifugal force
Genetically engineered mouse models
G- protein couple receptor 124
glycogen synthase kinase 3

hours

Hepatitis B virus

Hepatocellular carcinoma

Hepatitis C virus
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
High-fat diet

High-fat high-cholesterol diet
High-fat high-fructose diet
High-grade dysplastic nodules
Hepatocyte growth factor
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HHEX Hepatic specification factor haematopoietically expressed homeobox
HNF-1B Hepatocyte nuclear factor 1 3

HNF4a Hepatocyte nuclear factor 4 a

HNF-6 Hepatocyte nuclear factor 6

HSCs Hepatic stellate cells

HSPGs Heparan sulfate proteoglycans

HTVI Hydrodynamic tail vein injection

HUVEC Human umbilical vein endothelial cells

i.p. Intraperitoneal

iAST Inducible albumin SV40 T-antigen transgenic mice
ICAM1 Intercellular Adhesion Molecule 1

ICC Intrahepatic cholangiocarcinoma

ICls Immune checkpoint inhibitors

iECKO Inducible endothelial knockout

IELs Intraepithelial lymphocytes

InsP3 Inositol-1,4,5-trisphosphate

iPSC Induced pluripotent stem cells

ISH In situ hybridization

IVIS In vivo imaging system

JNK JUN-N-terminal kinase

JUN Jun proto-oncogene

kDa Kilo daltons

KLF2 Transcription factor Kruppel-like factor 2

KO knockout

LEF Lymphoid enhancer factor

LGDNs Low-grade dysplastic nodules

LGRs Leu-rich repeat-containing G protein-coupled receptors
LRP5-6 Low density lipoprotein receptor-related protein 5-6
LSECs Liver sinusoidal endothelial cells

MCD Methionine and choline-deficient diet

MEK Mitogen-activated protein kinase kinase

MET Mesenchymal-epithelial transition factor

min minutes

mM Milimolar

MRI Magnetic resonance imaging

MSCs Mesenchymal stem cells

msec Miliseconds

mTORC1 mechanistic/mammalian target of rapamycin complex 1
MUSK Muscle skeletal receptor Tyr kinase

MWA Microwave ablation

myc Myelocytomatosis oncogene

NAFLD Non-alcoholic fatty liver diseases

NASH Nonalcoholic steatohepatitis

NFAT Nuclear factor of activated T cells

ng Nanogram
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NGS Normal Goat Serum

NK Natural killer

NO Nitric oxide

NPC Non-parenchymal cells

ns Non-significant

NSCLC Non-small cell lung cancer

0.C.T./OoCT Optimal Cutting Temperature

Olig2 Oligodendrocyte transcription factor 2
ove Oval Cell marker

PaHSCs Portal vein-associated HSCs

PB Phenobarbital

PBS Phosphate-buffered saline

PCP Planar cell polarity

PCR Polymerase Chain Reaction

PD1 Program cell death protein 1

PDGFR Platelet Derived Growth Factor Receptor
PD-L1 Programmed death-ligand 1

PDO Patient derived organoids

PDX Patient derived xenografts

PFA Paraformaldehyde

PIP2 Phosphatidylinositol-4,5-bisphosphate
PKC Protein kinase C

PLC Phospholipase C

PLV Primary liver cancer

pTen Phosphatase and tensin homolog
PTK2 Protein tyrosine kinase 2

PTK7 Protein Tyr kinase 7

gPCR Quantitative olymerase Chain Reaction
RAC1 Ras-related C3 botulinum toxin substrate 1
Raf Rapidly accelerated fibrosarcoma

Ras Rat sarcoma virus

RBMY RNA Binding Motif Protein Y-Linked
RBMY RNA-binding motif gene on Y

RET Ret Proto-Oncogene

RFA Radiofrequency ablation

RHOA Ras Homolog Family Member A

RNA Ribonucleic acid

RNF43 Ring finger protein 43

ROCK RHO kinase

ROR Receptor Tyr kinase-like orphan receptor
Rspo R-spondin

RT Reverse transcription

RT Room temperature

RYK Receptor Tyr kinase

s.d. Standard deviation
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Abbreviations

s.e.m. Standard error of the mean

SB Sleeping beauty

sec seconds

sFRP secreted Frizzled-related protein

Stat2 Signal Transducer And Activator Of Transcription
STZ Streptozotocin

T Tesla

TAA Thioacetamide

TACE Transarterial chemoembolization

TANs Tumor associated neutrophils

TC Tumor cells

TCF T-cell factor

TEC Tumor endothelial cells

TGFB Transforming growth factor beta
Tie2/TEK Endothelial Tyrosine Kinase

TLR-2 Toll-like receptor 2

TME Tumor microenvironment

\Y Voltage

VEGF Vascular endothelial growth factor

vWF von Willebrand factor

wD Western diet

WIF WNT inhibitory factor

Wnt Wingless-related integration site

Wit Wild type

YAP/TAZ Yes-associated protein/ transcriptional coactivator with PDZ-binding motif
ZNRF3 Zinc and ring finger 3

0261 Voltage-dependent calcium channel subunit alpha-2/delta-1
B-TrCP B transducin repeats-containing proteins
ug Microgram

pL microliters

um Micrometer

um Micromolar
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