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Abstract

A local Wnt niche sustained by the hepatic central vein shape the transcriptional 

program of pericentral hepatocytes. The Wnt pathway additionally orchestrates liver 

regeneration following injury. In the recent years, protocols for the growth of two types 

of hepatic organoids (bile duct(BD)-derived and primary hepatocyte (PH)-derived 

organoids) have been developed. However, these in vitro systems do not capture 

aspects of metabolic zonation in a continuous and thereby fail to fully replicate the 

organ biology. In this thesis, I aimed to make significant advances in the development 

of a zonated liver in vitro system by developing the molecular tools to recreate the Wnt 

microenvironment of the hepatic central vein in vitro and assessing the cellular 

responses of the current hepatic organoid systems to Wnt activation. Using covalently 

immobilized Wnt and Rspo ligands, the local presentation of Rspo3 and addition of 

soluble Wnt9b was found an attractive strategy to recreate the central vein 

microenvironment in vitro. Activation of the Wnt pathway in PH organoids resulted in

an increased expression of Wnt-driven metabolic pericentral genes. By contrast, 

activation of the Wnt pathway in BD organoids resulted in an enhanced expression of 

hepatocyte progenitor cell markers rather than pericentral metabolic genes. Using bile 

BD organoids in combination with different genetic mouse models, we uncovered a 

potential role for the Wnt pathway in BEC plasticity. Together, this study suggests that 

PH organoids but not BD organoids mirror the behaviour of homeostatic hepatocytes

and thereby may serve as cellular platform to recapitulate the biology of the resting 

liver. The adaptation and controlled presentation of biological and physicochemical 

cues in hepatocyte culture systems may help us to better understand the mechanisms 

that govern zonation and develop therapies for pathological conditions where zonation 

is perturbed.
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Chapter 1. INTRODUCTION
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1.1 Significance of this research 
With an estimated development cost of $2.6 billion per drug that reaches the clinic, 

there is a strong desire in the pharmacological industry to the decrease the 

dependence on animal models, speed up the time to market and reduce the high 

attrition rate of candidate drugs [1]. The detoxification of xenobiotics is mainly carried 

out by the hepatocytes in the liver. Hence, the development of in vitro models that 

better recapitulate the toxicology response of this organ is an attractive strategy to 

cover these needs.

Liver in vitro systems have been traditionally limited by the difficulty of expanding and 

maintaining functional adult hepatocytes in culture [2]. Recent advances in the liver 

organoid technology claim, however, to have improved both these aspects [3,4].  Now, 

a second great challenge in the extracorporeal recapitulation of liver function derives 

from the fact that the metabolic functions of this organ are distributed amongst different 

pools of hepatocytes. To date, no available liver in vitro system retains hepatocyte 

cellular heterogeneity and thereby this second challenge persists unsolved.

The ability to control the hepatocellular heterogeneity in vitro will not only have a great

impact in the drug development pipeline and the pharma industry but also, in gaining

understanding in the regulatory mechanisms that govern hepatocyte functional 

specification and spatial separation of physiological tasks amongst cells of the same 

apparent cell type. Furthermore, bioartificial liver devices have additionally other 

potential applications including the stabilization of patients undergoing acute liver 

failure, the support of liver functions to aid organ restoration alone or in combination 

with cell-based therapies and/or as ‘bridge’ treatment strategy during organ 

transplantation. 

1.2 Adult mammalian liver architecture
The mammalian liver is organized into polygonal structural units, the hepatic lobules, 

that resembles the structure of a filter. Each hepatic lobule is centered on a branch of 

the hepatic vein (central vein, CV) and surrounded by multiple peripheral structures, 

portal triads, which are composed by bile ducts, the hepatic artery and the portal vein 

(Figure1.1). In the portal fields, blood rich in nutrients from the intestine transported by 
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the portal vein mixes with oxygenated blood transported by the hepatic artery and

flows through a network of heavily fenestrated liver sinusoidal endothelial cells 

(LSECs) that line up the hepatocytes, until it reaches the draining CV. Between the 

sinusoidal endothelial cells and the hepatocytes, a space (space of Disse), that 

contains components of the extracellular matrix (ECM), is created to host many other 

Figure1.1	Structure	of	the	zonated	 liver	 lobule.	The	 liver	 is	organized	in	polygonal	 lobules.	Blood	
flows	from	the	portal	venuole	and	hepatic	arteriole	through	sinusoids	to	the	central	vein	(CV).	14	to	
25	hepatocytes	escorted	by	liver	sinusoidal	endothelial	cells	(LSECs)	are	arranged	in	branching	cords.	
Between	the	sinusoidal	endothelial	cells	and	the	hepatocytes,	a	space	(space	of	Disse)	host	other	
specialized	 cell	 types	 including	 phagocytic	 cells	 (Kupffer	 cells),	 stellate	 cells	 and	 occasionally,	
myofibroblasts.	Bile	produced	by	the	hepatocytes	is	secreted	into	bile	canaliculi	and	transported	to	
bile	 ducts	 formed	 by	 BECs.	 Green	 and	 red	 arrows	 indicate	 the	 direction	 of	 the	 bile	 and	 blood,	
respectively.	 Hepatocytes	 have	 traditionally	 been	 described	 as	 having	 three	 different	 metabolic	
zones	(zone1-3).
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specialized cell types including phagocytic cells (Kupffer cells), stellate cells and 

occasionally, myofibroblasts. 

The liver harbors two epithelial cell types that share a common developmental 

progenitor (the hepatoblast): the hepatocytes and the bile duct epithelial cells (BECs)

[5]. BECs are columnar epithelial cells that constitute the bile ducts and are polarized 

presenting one apical and one basal domain [6]. The apical domain faces the lumen 

of the bile duct and is covered by microvilli whereas the basal domain is in contact with 

the stroma and basal membrane and extracellular matrix. 

The hepatocytes constitute around 60% of the cells of the liver and carry on most part 

of the metabolic functions of the organ [7]. The hepatocytes are epithelial cells 

‘atypically’ polarized as they harbor more than one apical and basal domain [6]. The 

basal domains of the hepatocytes are ‘smooth’ cell surfaces that face the Space of 

Disse. By contrast, the apical surfaces of the hepatocytes are covered by cell microvilli 

and form an intricate network known as bile canaliculi, that collect the bile salts as well 

as other waste products that result from the metabolism of the hepatocytes. The 

diameter of the bile canaliculi is enlarged towards the portal fields and connect to the 

bile ducts through the canals of Hering, which are thought to be composed by cells 

with hybrid features between hepatocytes and BECs [8,9]. These ‘hybrid’ cells have 

been hypothesized to act as facultative hepatic progenitor cells (HPCs) in response to 

different injury stimuli (see section 1.8) [9,10]. The bile ducts connect with the 

gallbladder, where the bile stored for further release in the duodenum to assist in the 

digestion of lipids. Thus, the bile produced by the hepatocytes is drained out of the 

liver in the opposite direction to the blood. 

1.3 Homeostatic turnover and regeneration of epithelial cells in the adult 
liver

The liver is an organ with extraordinary regenerative capacity. Upon surgical resection, 

it can grow and compensate for the loss of up to 70% of its mass [11]. In the adult 

organ, the homeostatic renewal of both hepatocytes and BECs is sustained by 

independent pools of epithelial cells. 
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Slow-dividing hepatocytes account for the cellular turnover of the hepatocellular 

compartment [12] [13]. Results from fate mapping of the hepatocyte population lining 

the central, described as positive for Axin2 expression, have suggested that 

pericentral (‘high-Wnt’) hepatocytes self-renew to replace more distally-located 

hepatocytes [12]. Axin2 positive hepatocytes, however, only replaced up to 30% of the 

liver parenchyma following a ‘chase’ period of 365 days, suggesting the presence of 

other hepatocyte pools accountable for the maintenance of the 70% of the remaining 

liver [12,14]. This is consistent with previous studies that showed slow-dividing 

hepatocytes positive for the expression of ki67 or PCNA are not restricted to 

pericentral hepatocytes but rather distributed along the lobule parenchyma with no 

preferential location [13,15]. Studies conducted by Lin et al. (2018) have also 

demonstrated that hepatocyte pools outside of the pericentral domain that express

high levels of telomerase (Tert-CreERT2; R26-LSL-tdTom) also have the ability to self-

renew and replace hepatocytes with lower levels of telomerase expression [13]. These 

observations, therefore, support the hypothesis that several pools of hepatocytes 

distributed along the parenchyma contribute to the homeostatic turnover of the 

hepatocellular compartment.

The biliary epithelium is renewed by cells committed to the BEC lineage (CK19 and 

HNF1b positive cells) [16,17]. Several studies have proposed the existence of a 

quiescent BEC progenitor population with inherent regenerative properties expressing

genes such as Prom1, Foxj1, Sox9 and St14 [18-21]. Whilst recent studies conducted 

by Pepe-Mooney et al. (2019) using high-throughput single-cell RNAseq (scRNAseq) 

have failed to identify homeostatic BEC subpopulations enriched for traditional HPCs 

genes, Pepe-Mooney and colleagues have instead identified YAP signalling as the 

main driver of the transcriptional heterogeneity of amongst the different BECs 

subpopulations [22]. It remains currently unknown whether a defined pool of cells or 

all BECs account for the homeostatic turnover of the biliary epithelium.

Upon injury, the repair strategy of both epithelial cell types greatly depends on the type 

and extent of the damage. When the damage does not affect the proliferative capacity 

of BECs such as is the case following partial hepatectomy (the consequences of the 

different liver injuries strategies is explained in section 1.8), regeneration of the biliary 
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epithelium is fuelled by CK19-positive BECs. Similarly, self-replication of healthy or 

non-severely injured hepatocytes drives the regeneration of the hepatocellular 

compartment following administration of CCl4, methionine and choline-deficient 

(MCD)/ choline-deficient, ethionine-supplemented

(CDE) diet, thioacetamide (TAA) or short-term exposure to 3, 5-diethoxycarbonyl-1,4-

dihydrocollidine (DDC) (see section 1.8) [16,17,23,24].

By contrast, hepatocytes and BECs are able to transdifferentiate into each other’s 

lineages to aid hepatobiliary repair when damage is prolonged or when the 

proliferation of the initial cell type is compromised. Hepatocyte-to-BEC 

transdifferentation has been described to occur following either bile duct ligation (BDL) 

or 18-week exposure to DDC, two injury regimes that induce damage of the biliary 

epithelium (see section 1.8) [25]. BEC-to-hepatocyte transdifferentation is has been 

exclusively reported when the proliferation of the pre-existing hepatocytes is impaired

[17,23,24]. In mouse, there are at least three liver injuries strategies in which BECs 

escape their ductal committed state to give rise to mature and fully-functional 

hepatocytes: (1) administration of DDC diet for over 24 weeks, (2) depletion of b1-

Integrin in the hepatocellular compartment in combination with DDC, MCD or TAA

injury regime, (3) overexpression of p21 in the hepatocytes in combination with 2 

weeks of CDE, MCD or DDC diet [17,23]. These mouse models will be explained in 

more detail in section 1.8.

Hepatocyte-to-BEC transdifferentation, and vice versa, is a liver regeneration strategy 

that may be of particular clinical relevance following long-term and repeated liver injury 

such as occurs during alcohol abuse, in response to an unbalanced diet or following 

virus infection. Progression of chronic liver disease, both in human and liver injury 

mouse models, is characterised by the formation of histologically defined ductal

reactions (DR) [26-28]. DR are heterogeneous cellular systems originated in the 

vicinities of the portal triad tracks (canal of Hering, see section 1.2), which are 

composed by reactive HPCs, hyper-proliferative BECs, small hepatocytes with 

intermediate features as well as activated stellate cells and macrophages that infiltrate 

into the parenchyma. Although the dynamics of DR initiation are still unclear, it has 

been hypothesised that they act as HPCs amplifying niche. It remains also unclear 
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whether all BECs or only a subpopulation of BECs with HPC features can drive BEC-

to-hepatocyte transdifferentation. It is also unknown whether these hypothetical BECs 

with HPC features reside in the vicinities of the canal of Hering.

1.4 The complexity of liver metabolic zonation
The liver is a secretory organ that carries out over 500 physiological tasks, including

processes with biosynthetic and catabolic antagonistic roles such as 

gluconeogenesis/glycolysis or lipogenesis/fatty acid b-oxidation [7,14]. The fine-

coupling of these processes is critical for the maintenance of the overall homeostasis 

of the body and is accomplished by the distribution of the liver labour in different 

subsets of hepatocytes. Thereby, the hepatocytes, rather than being a homogenous 

cell type, display a remarkable functional heterogeneity. In the current section, the 

complexity of such hepatocellular heterogeneity is reviewed.  Later sections will 

discuss the physiological importance of this spatial division of liver’s task in the 

metabolism of xenobiotics (section 1.6) and liver pathological states (section 1.7).

Hepatocyte functional heterogeneity is closely linked to the architecture of the liver. 

Based on their relative position in the porto/venous axis of the hepatic lobule,

hepatocytes have been traditionally clustered in three metabolic groups (zone1 to 3)

(Figure1.1) [29-31]. This first zonal classification was based on the patterns of 

expression of a defined set of markers (<10) using techniques such as 

immunohistochemistry or in situ hybridization (ISH) [29,31]. More recently, studies 

performed by Brosch et al. (2018), using RNAseq coupled to laser capture 

microdissection (LCM) to characterise the transcriptome landscape of pericentral, mid-

lobular and periportal hepatocytes, have extended the panel of genes that are 

differentially expressed by periportal and perivenous hepatocytes to a total of 805 

genes [32]. The authors of this study additionally concluded that mid-lobule 

hepatocytes constitute a ‘transition zone’ between periportal and pericentral 

hepatocytes rather than a zone with its own identity (Figure1.2) [32]. 

The studies conducted by Brosch and colleagues had a zonal resolution restricted by 

the number of areas dissected with LCM. To identify spatial patterns of gene 

expression with a higher resolution, Bahar Halpern et al. (2017) used a panel of 6 well-
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characterized ‘landmark’ zonated genes characterised by FISH to infer the zonal 

Figure1.2. The complexity of liver zonation (A) Laser capture microdissection (LCM) allowed 
the molecular profiling of small liver tissue areas from pericentral, mid-lobular and perivenous 
areas that aimed to exclude portal triad, connective tissue and central vein cells {Brosch:2018bi}. 
(B) Single cell RNAseq Spatial (scRNAseq) Reconstruction approach of Bahar Halpern et al. 
(2017) {Halpern:2017fm}. A panel of 6 landmark genes (Glul, Cyp2e1, Ass1, Asl, Alb and Cyp2f2) 
with differential zonal mRNA expression validated by smFISH was used to infer the location of 
individual hepatocytes in 9-zones in the lobule. (C) Spatial Sorting strategy from Ben-Moshe et 
al. (2019) based on the differential surface expression of two landmark proteins (periportal E-
cadherin and pericentral CD73) for the 8-way zonal separation of hepatocytes by FACS
{BenMoshe:2019ee}. (D) Gene expression patterns identified by Bahar Halpern et al (2017). On 
the bottom, representative examples of genes following such patters obtained by plotting Bahar 
Halpern et al (2017) data {Halpern:2017fm}.
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location of individually-isolated hepatocytes which had been subjected to scRNAseq

(Figure1.2) [33]. Using this technique, termed scRNAseq spatial reconstruction, Bahar 

Halpern and colleagues generated a map of transcript abundance across the liver 

lobule with a near single-cell resolution (layers 1-9). According to this study, half of the 

genes expressed by the hepatocytes (~3500 out of 7000 genes) are not 

homogenously expressed across the liver lobule and these also include genes not 

directly involved in the cell metabolism such are E-cadherin. With this approach, Bahar 

Halpern and colleagues also identified a subset of genes that are specifically enriched 

in mid-lobular hepatocytes, arguing against the view that this region is a mere 

‘transition zone’ (Figure1.2) [7,32,33].

A later study by Ben-Moshe et al. (2019) have also uncovered a transcriptomic and 

proteomic hepatocellular map using a technical approach termed ‘spatial sorting’. 

Spatial sorting uses the surface expression of perivenous (CD73) and periportal 

markers (E-cadherin) to separate and isolate of hepatocytes into 8 spatially 

overlapping compartments by flow-cytometry (Figure1.2) [34]. Furthermore, it should 

be added that the phenomenon of asymmetric gene expression patterning in the liver 

is not restricted to hepatocytes but also present in LSEC, which can be clustered in at 

least two functional classes (pericentral and periportal) [35-37].

Taken together, the mammalian hepatocytes display complex gene expression 

patterns across the liver lobule. However, and for simplicity, a binary ‘periportal’ and 

‘pericentral’ nomenclature will be generally used in this thesis when describing 

hepatocyte transcriptome and functional heterogeneity. Importantly, the term of ‘liver 

zonation’ in this thesis will be reserved to refer to the phenomenon of ‘hepatocyte 

zonal specification’. 

 

1.5 Establishment of zonation in the developing liver
Data about the onset of zonation in the developing liver remain limited to a few studies. 

Notenboom et al (1997) and Burke et al (2018) described expression of CPS1 and GS 

in hepatocytes as early as ~E15 and ~E13, respectively, although clear spatial 

segregation of hepatocytes expressing these markers into the periportal (CPS1) and 

pericentral (GS) areas did occur until ~E.18.5 [38] [39]. Burke et al (2018) further 
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reported that expression of both CPS1 and GS was highly increased after birth and 

that some CPS1 and GS double-positive cells were detectable in the 2-3 layers of 

hepatocytes surrounding the central vein form day P1 to P5. These results thereby 

suggest that, despite that segregation of these metabolic markers beings in the 

embryonic liver, maturation into the CPS1/GS mutually exclusive pattern observed in 

the juvenile (P15) and adult (> P30) liver occurs postnatally. 

The onset and developmental pattern of expression for two zonated non-metabolic 

markers, E-cadherin and Claudin-2, have been also described. Ma et al (2020) 

reported that while E-cadherin protein is virtually present in all the hepatocytes of the 

foetal (E18.5) and new-born (P2) livers, expression of this protein is restricted to 

periportal hepatocytes in the juvenile liver (P15) [40]. In the same study, using a Cldn2-

eGFP transgenic mouse model where presence of eGFP protein is used as a proxy 

for Claudin-2 expression, Claudin-2 expression was completely absent in the foetal 

liver (E18.5E) and ubiquitously expressed amongst new-born hepatocytes (P2) with 

no-zonal preference. Expression of Cldn2-eGFP was however found restricted to 

pericentral cells at P15, indicating that zonation of Claudin-2 is completely initiated 

postnatally. Furthermore, Ma et al (2020) further described that periportal and 

pericentral expression of E-cadherin and Claudin-2, respectively, was further 

accentuated from the juvenile (P15) to the adult (P30) liver, suggesting that complete 

zonal specification for these non-metabolic markers occurs during adulthood.  

Taken together, it seems that while some zonation features are acquired prenatally, 

the full acquisition of a hepatocyte functional identity occurs after birth.

1.6 Molecular determinants of hepatocyte functional specification
The fact that hepatocyte functional specification is not fully-established prior to birth

suggests that important molecular determinants of zonation enter in association with 

the hepatocytes postnatally. Some of these factors might be linked to the changes in 

the circulation and blood flow that occur in the neonate just after birth. During 

gestation, mammalian foetuses receive nutrients and oxygen necessary for their

development through the umbilical vein that connects with the placenta. Around two-

thirds of the blood supplied by the umbilical vein meets the embryo vascular system 

through the hepatic portal vein and one-third bypass the liver and reaches circulation 
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through a shunt (the ductus venosus) that connects the umbilical vein with the foetus 

inferior vena cava (IVC). After birth, the umbilical cordon is clamped and the ductus 

venosus closes (normally within the first week after birth), establishing the blood 

circulation through the liver as it will be maintained throughout adulthood. 

Jungermann and Katz in 1989 introduced for the first time the idea that factors carried 

by the blood might be key for the maintenance of zonation in adulthood. They 

observed that the architecture of the liver lobule gives rise to polarized blood flow and 

proposed that depletion of morphogens together with the secretion of biological cues 

into the bloodstream generate complex microenvironments that might shape the 

transcriptional program of the hepatocytes (Figure1.3, A) [41]. This model was termed 

the ‘upstream-downstream’ hypothesis as the metabolism of periportal hepatocytes 

would affect the behaviour of pericentral hepatocytes.

In the adult liver, the oxygen tension drops ~30 mmHg (~42 µmol/L) from the periportal 

to the pericentral sinusoids and thereby this morphogen has been traditionally view as

a key determinant of zonation [42]. According to this notion, transcriptome profiling 

studies have recently revealed that the transcriptome of the hepatocytes of the 

hepatocytes matches the patterns of availability of oxygen as periportal hepatocytes 

are overall more invested in energetically-demanding tasks such as synthesis of 

albumin, gluconeogenesis or ureagenesis [7] [33]. Mitochondria content and 

morphology have also been shown to variate along the porto/venous axis [7,43]. 

Furthermore, electron microscopy studies have also shown that periportal hepatocytes 

contain increased numbers of free lysosomes and autophagosomes when compared 

to their pericentral counterparts [43]. Direct evidence that oxygen modulates 

hepatocyte gene expression comes from in vitro studies that showed that oxygen 

levels in primary hepatocytes cultured in conventional monolayers or in a bioreactor 

influences the expression levels of pericentral markers members of the cytochrome 
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P450 family [44,45]. Despite this, none of the three-mammalian hypoxia-inducible 

Figure1.3 Complex microenvironments are created along the CV-PT axis. (A) The 
upstream-downstream hypothesis sustains that polarization of liver metabolic functions arise 
as a consequence of the polarized bloodstream. According to this hypothesis, the metabolic 
activity of periportal (upstream) hepatocytes influences the genetic patterning of pericentral 
(downstream) hepatocytes. (B) The expression of enzymes ‘production line pattern’ of the 
bile argues against the unidirectionality of the original ‘downstream-upstream’ hypothesis as 
pericentral hepatocytes might also affect the microenvironment of periportal hepatocytes by 
controlling the production of rate limiting metabolites that are transported through the bile. 
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transcription factors (HIF1a, HIF2a, HIF3a) that commonly mediate oxygen responses

are found transcriptionally zonated in the murine liver [33]. A direct for oxygen as a 

determinant morphogen in the establishment of zonation is yet to be determined in 

vivo.

Diverse hormones including glucagon, insulin, glucocorticoids, growth factors or 

thyroid hormones have also been proposed to control the expression patterns of 

enzymes involved in the biosynthesis of bile acids and cholesterol, ketogenesis, fatty 

acid b-oxidation and lipogenesis among others [46,47]. 9% (298 genes out of 3,496 

genes) of all zonated genes appeared to be modulated by Ras-dependent 

mechanisms and expression of EGF receptor (Egfr) highly increases towards the 

portal region [33,48]. Accordingly, periportal hepatocytes cultured in vitro respond to 

lower concentrations of EGF than pericentral hepatocytes [49]. While no genetic 

model has yet proven that manipulations in Egfr expression affects the gene 

expression patterns of the hepatocellular compartment, the organoid protocol of Peng

et al. (2018) showed that an EGF-based medium induces the mRNA levels of 

periportal genes in primary hepatocyte-derived organoids, implying an active role of 

this mitogen in the modulation of the gene signature of periportal hepatocytes [3].

The ‘upstream-downstream’ hypothesis is also extended to the establishment of 

metabolite gradients as the metabolic activity of the hepatocytes will impact the 

concentration of these in the blood stream upon consumption/production [47]. 

Interestingly, in a recent review, Ben-Moshe have pointed out to the presence of 

potential metabolite ‘production line patterns’ which are sustained by the sequential 

expression in adjacent hepatocyte layers of enzymes involved in the same metabolic 

pathway [7]. The ‘production line pattern’ hypothesis argues that intermediate

metabolites are transferred from layer to layer of hepatocytes (Figure1.3, B). This is 

the case of the enzymes involved in the bioconversion of cholesterol to bile acids: 

pericentral hepatocytes highly express Cyp7a1 and Hsd3B7, which convert

cholesterol to the first two bile acid metabolites intermediate (7a-hydroxylcholesterol

and 7a-hydroxy-4 cholesten-3-one) [50]. These metabolites are then transferred to 

mid-lobular and periportal hepatocytes which are enriched for the expression of the 

enzymes (Cyp8b1, Cyp27a1 and Baat) that catalyse later reactions of the bile 
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synthesis pathway (Figure1.3, B). Importantly, the bile acid production line pattern is 

not only an illustration of the fine coupling of liver metabolic processes but also an 

example of how the metabolism of pericentral hepatocytes may also shape the 

microenvironment of periportal cells as the bile flows from pericentral to periportal 

hepatocytes. This particular ‘line production pattern’ argues therefore against the 

unidirectionality of the original ‘downstream-upstream’ hypothesis which only 

considered the transport of morphogens through the bloodstream and gives a flavour 

of the complexity of the hepatocyte-to-hepatocyte cell communication events that 

contribute to the establishment of zonation.

Other molecular determinants of liver zonation that are not initiated as a direct 

consequence of the bloodstream include a pericentral Wnt activation gradient that 

spreads out from the central vein to the mid-lobule and it is estimated that ~30 % of 

the zonated genes are under the transcriptional control of b-catenin, the main 

downstream effector of the canonical pathway [14] [33,51]. As the molecular 

mechanisms underpinning Wnt-driven zonation are of special interest in this thesis, a 

detailed introduction to the Wnt signalling pathway and its role in modulation of 

hepatocyte functional specification both in the developing liver and in adulthood will 

be elaborated in more detail in section 1.10 and 1.15.

1.7 Implications of liver zonation in the metabolism of xenobiotics 
The clearance of xenobiotics in the liver can occur in three different phases. First, 

reactive groups are introduced into the xenobiotics by phase I reactions, which include 

chemical reactions such as oxidation, reduction, hydrolysis and acetylation [52]. In 

occasions, these reactions may lead to the biotransformation of inactive compounds

to a pharmacologically active form. Enzymes involved in the catalysis of phase I 

reactions include members of the cytochrome P450 oxidase family and their 

expression is generally enriched in pericentral hepatocytes, although some members 

can also been found preferentially expressed in periportal hepatocytes or mid-lobule 

hepatocytes [52]. Drugs that are metabolized by phase I reactions are steroids, 

paracetamol and phenothiazines amongst others.
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Phase II reactions involve the chemical conjugation of polar or ‘activated’ xenobiotics

to other polar molecules including gluthathione (GSH), glucuronide, sulfate and amino 

acids such as glycine [52]. The resulting product of these reactions is generally a more 

hydrophilic compound that can be either further modified, recycled or excreted into the 

bile by efflux pumps by the cell. Enzymes involved in the catalysis of phase II reactions 

include transferase enzymes such as glutathione S-transferase (GSTs proteins), 

methyltransferases, sulfotransferases, N-acetyltransferases and amino acid N-

transferases (acetylation), XM-ligase and glycine N-acyltransferase (two step 

conjugation of glycine) or UPD-glucuronosyltransferases [52]. The expression of 

Phase II enzymes is generally enriched in, but not restricted to, periportal hepatocytes.

Importantly, not all Phase II conjugates are ‘activated’ products derived from Phase I 

reactions. Instead, some xenobiotics containing polar groups may be direct substrates 

for these reactions. Phase II reactions may also lead to the pharmacological activation 

and increase toxicity of certain metabolites.

Figure1.4 Gene expression patterns of efflux basolateral transporters and Phase I and
Phase II enzymes across the liver lobule obtained from Bahar Halpern et al (2017) scRNAseq 
data. Green and read arrows indicate the direction of the bile and blood flow, respectively.



16

After phase II reactions, certain compounds may be further processed by phase III 

enzymes. Phase III reactions generally introduce modifications that facilitates the 

excretion of the metabolized compounds through a member of the multidrug 

resistance protein (MRP) family [52]. 

The expression of Phase I, Phase II and Phase III enzymes is zonated, meaning that 

coupling of these reactions may be subjected to the directionality of the blood/bile flow

and/or transmission of metabolites between adjacent hepatocytes [34] (Figure 1.4). 

This, together with the fact that the catalysis of xenobiotics by Phase I and II reactions 

may result in the formation of activated metabolites with enhanced toxicity and thereby

causing the zone-specific necrosis of the hepatocytes that metabolized them, makes 

the study of liver zonation necessary for a better prediction of potential drug-drug 

interactions and understanding of the putative mechanisms of toxicity as well as the

overall impact of these in liver pathophysiology. 

1.8 Metabolic zonation in liver pathological states
The boundaries of the liver metabolic zones are dynamic and subjected to changes in 

the hepatocellular microenvironment.  As an example, mice deficient for glucagon 

expression, a peptide hormone that modulates the body energy metabolism by 

increasing the systemic levels of glucose and fatty acids and thereby with opposing 

effects to insulin, from developmental stages (Gcg-/-) have altered protein and gene 

expression patterns in the liver lobule as they present enlargement of the areas 

covered by pericentral GS protein [48]. 

As result of this plasticity amongst the metabolic zones, disturbances in the liver 

zonation patterning are common in a plethora of liver pathologies, including fatty liver 

disease, cirrhosis, hepatitis and hepatocellular carcinoma. As a particular example,

the expression of the pericentral enzyme phosphatidylethanolamine N-

methyltransferase (PEMT) becomes progressively pan-lobular in patients undergoing

simple steatosis and non-alcoholic steatohepatitis (NASH) [53]. Hence, the 

understanding of the basic principles of homeostatic liver zonation is therefore also at 

the heart of the understanding of the changes underlying different liver pathological 

states and is necessary for the development of potential therapies that alleviate their 

symptoms. Furthermore, the fact that the boundaries of zonation are dynamic



17

implicate that to accurately predict drug-liver induced toxicity in hepatocyte cultures, 

in vitro systems must permit hepatocyte-to-hepatocyte communication and the 

maintenance of hepatocyte cellular heterogeneity in a continuous. 

1.9 Animal models/liver injury strategies to study hepatic regeneration
Upon injury, the repair strategy of the liver greatly depends on the type and extent of 

the damage. In the current section a brief summary of the most widely used liver injury 

strategies for the study hepatobiliary regeneration in animal models is provided.

1.9.1 Partial hepatectomy
Partial hepatectomy involves the surgical removal of a proportion of the adult liver. 

Normally a whole liver lobule is resected and, depending on the size of this lobule it is 

considered that either 30 or 70% of the liver mass has been removed. The remaining 

liver grows back and compensate for the loss of organ function by increasing the 

number of cells and/or hepatocyte size [54]. Regeneration in this model is driven by 

healthy cells. 

1.9.2 Chemical injury
This type of injury strategy involves the administration of a toxic compound 

intraperitoneally, intravenously or by oral administration. Among the most common 

used compounds are TAA, 2-acetylaminofluorene (2-AAF), CCl4 and DDC. Chemical 

agents can also be administrated in combination with partial hepatectomy.

TAA

Hepatocytes from zone 1 and zone 3 metabolize TAA into hepatotoxic TAA sulfine, 

causing an increase of reactive oxygen species (ROS). Exposure to TAA promotes 

necrosis of the hepatocytes leading to fibrosis. Long-term exposure to TAA induces

cirrhosis and can lead to cholangiocarcinoma and HCC [55].

2-AAF

Administration of 2-AAF alone does not induce itself expansion of HPCs, however, 

this chemical injury in combination with partial hepatectomy induces prominent HPC 

regenerative response as early as 3-days after the surgery [56]. Prolonged exposure 

to 2-AAF causes malignant transformation in the liver, kidney and bladder.    
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CCl4
CCl4 administration is metabolised by Cyp2e1, an enzyme expressed by pericentral 

hepatocytes, leading to the production of unstable metabolites (trichloromethyl, CCl*3, 

and trichloromethyl per-oxyl, CCl3OO*) with free radicals. This leads to ROS-mediated 

cellular stress and finally cell apoptosis. Administration of CCl4 induces prominent 

necrosis of pericentral hepatocytes, causes fibrosis and a modest HPC response [55]. 

DDC

DDC is a chemical compound that when is metabolized by enzymes members of the 

Cyp3a P450 cytochrome subfamily leads to the accumulation of protoporphyrin within 

the biliary epithelium [57]. Protophorphyrin accumulation leads to cholangitis, BEC 

proliferation, biliary fibrosis and leads to a decrease in bile flow and, therefore, DDC 

diet is used as a model for cholestatic liver disease [58] [59]. This type of injury regime 

is characterized for the formation of a prominent ductular reaction in the portal tract 

region and composed of HPCs with bipotent properties. Prolonged exposure to DDC 

ends causing additional damage in the hepatocytes, and has been previously used to 

model chronic human biliary disorders where hepatocellular necrosis is common.

1.9.3 Dietary interventions
Dietary interventions can vary from changes to diets with high content of fat such as 

high fat diet use to model non-alcoholic fatty liver disease or DDC or MCD injury 

regime.  The most commonly used are the MCD and CDE diets. 

CDE

Choline is a precursor of cell membrane phospholipids (phosphatidylcholine and 

sphingomyelin) and is required for the assembly and release of very low-density 

lipoproteins. Ethionine is a non-proteinogenic amino acid that structurally resembles 

the essential amino acid methionine, therefore acting as methionine antagonist and 

thereby preventing the incorporation of this amino acid into proteins. CDE diet leads 

to steatosis, hepatocellular hyper-proliferation, inflammation and fibrosis [59].  When 

administrated for long periods, CDE injury regime can lead to hepatocellular 

carcinoma (HCC) [60]. This injury regime also leads to the formation of DR although 
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these are less pronounced than in other injury regimes such as DDC [59]. When 

administrated for long periods, CDE injury regime can lead to HCC.

MCD

The MCD injury regime consists of methionine and choline-deficient diet. Methionine 

is an essential amino acid required for the synthesis of S-adenosylmethionine (SAM) 

and GSH whereas choline is a precursor of cell membrane phospholipids 

(phosphatidylcholine and sphingomyelin) and is required for the release of 

triglycerides. The MCD diet leads to lipid accumulation in the hepatocytes, 

hepatocellular hyper-proliferation, inflammation and fibrosis and, similarly to the CDE 

injury regime, is used as a model for NAFLD and NASH [55,61] [62]. Prolonged 

administration of MCD diet can result in the development of HCC in mouse [61]. 

1.9.4 Strategies for the impairment of hepatocyte proliferation
Depletion of b1-Integrin

b1-Integrin is expressed in various liver cell types including hepatocytes, BECs, 

hepatic stellate cells and sinusoidal cells. Loss of b1-Integrin in the hepatocytes results 

in inhibition of hepatocyte growth signaling and thereby impairing hepatocyte 

proliferation during liver regeneration [17]. Specific deletion of b1-Integrin in the 

hepatocytes can be achieved by the tail injection of AAV8 adenoviral particles carrying 

the sequence for Cre recombinase (AAV8.Cre) in animals in which IgtbI, the gene 

coding for b1-Integrin is flanked by two loxP sites (b1-Integrinfl/fl). b1-Integrin deletion 

in combination with DDC, MCD or TAA injury regime has been shown to promote 

repopulation of the hepatocellular compartment with cells derived from the biliary 

epithelium [17].

Overexpression of p21

Senescence a state of permanent cell cycle arrest state initiates by various stress-

inducing factors such as DNA damage, shortening of the telomers, autophagy, 

oxidative stress, etc. The senescence program can be initiated through p53-mediated 

activation of p21, which causes the inhibition of cyclin-dependent kinase2 (CDK2) [63]. 

In the absence of CDK2, Rb remains hypophosphorilated and promotes cell cycle exit. 

Overexpression of p21 in the hepatocytes by the tail injection delivery of AAV8 
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adenoviral particles containing p21 coding sequence (AAV8.p21) has been shown to 

be sufficient to inhibit hepatocyte proliferation in response to CCl4 acute liver injury 

[17]. Raven et al (2017) showed that overexpression of p21 in the hepatocytes in 

combination with MCD or DDC injury regime promotes BEC-to-hepatocyte 

transdifferentation [17].

1.10 The Wnt signalling pathway
The Wnt pathway plays a central role in the development, homeostasis and 

regeneration of the liver (see section 1.10 to 1.14). This pathway is activated through 

the binding of Wnt-secreted proteins to membrane receptors of the Frizzled (Fzd) 

family, which triggers an intracellular signalling that breaks in three major cascades: 

(1) the canonical or Wnt/b-catenin pathway, (2) the Wnt/Planar Cell Polarity (PCP) 

pathway and (3) the Wnt/Ca2+ pathway [64]. The Wnt intracellular cascades (2) and 

(3) are independent on b-catenin transcriptional activity and thereby, are also 

commonly referred as non-canonical Wnt cascades. In this section, the main branches 

of the Wnt signalling cascade together with the different Wnt ligands and their cognate 

receptors will be discussed (Figure 1.5).

1.10.1 The Wnt/bb-catenin signalling cascade

Activation of the Wnt/b-catenin, also known as ‘canonical Wnt signalling’, requires the 

presence of at least two types of receptors: a receptor from the Fzd family and a 

receptor from the low-density Lipoprotein Receptor-Related Protein (Lrp5 or Lrp6)

family [65]. Among the receptors Lrp5 and Lrp6, the member Lrp6 has been more 

studied in more detail. In the absence of Wnt proteins, b-catenin protein is actively 

targeted for b-Trcp mediated degradation by a complex comprising the Axin1, APC, 

PP2A, GSK3 and CK1g proteins [66]. Lrp5 and 6 have five PPPSPxS motifs 

susceptible to phosphorylation [66]. Binding of Wnt proteins to Fzd and Lrp receptors 

induces the recruitment of Dishevelled scaffold protein (Dvl), which polymerizes 

though its DIX domain and enables the association of various Wnt ligand-receptor 

units known as the ‘Wnt signalosome’ at the cell surface [67]. Recruitment of Dvl, 

causes the binding of GSK3, which phosphorylates the intracellular PPPSPxS motif of 

Lrp6 priming the receptor for a second phosphorylation by CK1g. Axin also engage 

and is incorporated in the Wnt signalosome through DIX-DIX interactions established 
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with Dvl. Upon formation, the signalosome is internalized via a Clathrin- or Caveolin-

dependent mechanism [68]. These molecular events lead to the sequestration of other 

members of the recruitment of the b-catenin destruction complex (APC) and culminate 

with b-catenin protein stabilization and translocation to the cell nucleus where this 

protein modulates gene expression.

Figure1.5 The Wnt signaling pathway. The Wnt signaling pathway brakes in three major 
cascades: (1) the canonical or Wnt/b-catenin pathway, (2) the Wnt/Planar Cell Polarity 
(PCP) pathway and (3) the Wnt/Ca2+ pathway.
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b-catenin (coded by the gene Ctnnb1) is a transcription factor co-activator as it does 

not contain itself a DNA binding domain. To regulate gene expression, b-catenin

associates primarily with members of the T-Cell Factors (TCF)/ Lymphoid Enhancing 

Factors (LEF) family. DNA binding sites for TCF/LEF factors are found in the Wnt 

responsive element (WRE) sequences that regulate the expression of many canonical 

Wnt target genes. Generally, TCF/LEF factors are bond to WRE sequences prior to 

the arrival of b-catenin and may act as transcriptional repressors by associating with 

other proteins such as Groucho. When b-catenin is absent, however, DNA bound 

TCF/LEF factors are unable to drive gene expression and may act as transcriptional 

repressors. Thus, expression of a reporter gene such as firefly luciferase or eGFP 

under the control of several TCF/LEF binding motifs is commonly used as a proxy for 

Wnt pathway activation. Importantly, the genetic program elicited by b-catenin is cell-

context dependent, Axin2 being one of the few common target genes amongst the 

different b-catenin-driven genetic programs.

To date, there is a growing body of the literature that recognises the importance of cell 

membrane scission and internalization of the Wnt signalosome for the activation of the 

Wnt/b-catenin signalling cascade. Importantly, the intracellular assembly of the Wnt 

Figure1.6 The canonical Wnt 
pathway
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signalosome, which is driven by the polymerization of Axin and Dvl and that causes 

the stable sequestration of the proteins of the b-catenin destruction complex and 

activation of the Wnt signalling cascade, should be distinguished from its subsequent 

internalization and the cellular process of endocytosis.

1.10.2 The Wnt/PCP and the Wnt/Ca2+ signalling cascades
In vertebrates, the Wnt/PCP and the Wnt/Ca2+ considerably overlap. As previously 

mentioned, both the Wnt/PCP and the Wnt/Ca2+ pathways are initiated with the binding 

of Wnt ligands to a Fzd receptor, which triggers the recruitment of Dvl at the cell 

surface [69].

The Wnt/Ca2+ pathway causes the activation of heterotrimeric G proteins, which 

mediate the activation phospholipase C (PLC) [69]. PCL catalyses then the hydrolysis 

of phosphatidylinositol 4,5-biphosphate (PIP2), producing two secondary messengers, 

diacylglycerol (DAG) and 1,4,5-triphosphate (PIP3). The hydrophobic DAG diffuses 

through the plasma membrane where, in the presence of Ca2+, activates protein 

kinase C (PKC) whereas the soluble PIP3 diffuses in the cytoplasm and binds to its 

receptor (InsP3R), which is a ER-bound Ca2+ channel that leads to the release of Ca2+

[70]. The increase of Ca2+ cytoplasmic levels then activates the Ca2+-responsive 

kinases PKC and CamKII as well as the phosphatase calcineurin, which modulate 

NFkB nuclear translocation. PKC additionally controls the nuclear shuttle of CREB 

whereas calcineurin and CamKII modulate the activity of the transcription factor NFAT 

[70].

In the Wnt/PCP (also referred as Wnt/JNK signalling cascade), recruitment of Dvl 

results in the activation of the small GTPases Rac1, Cdc42 and RhoA. This results in 

the activation of JUN N-terminal kinase (JNK) and Rho kinase (Rock) [71]. Activation 

of Rac1 is also mediated by PI3-kinase. These molecular events elicit remodelling of 

the cytoskeleton, changes in cell polarity and mobility. Activation of JNK can result in 

the activation of various transcription factors including c-Jun, ATF2, Sp1 and c-Myc 

(Figure1.5) [72].

1.10.3 Other Wnt/Lrp6-dependent signalling cascades
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In addition to the Wnt/b-catenin cascade, phosphorylation of Lrp6 can activate a 

number of cellular processes independently b-catenin transcriptional activity. For 

instance, Lrp6 modulates the cellular localization of Axin1, APC and Dvl, proteins that 

also associate with the cytoskeleton and centrosome and participate in cell division, 

cell migration and cellular polarity [73]. Furthermore, Lrp6 modulate the activity of 

GSK3, which in turn regulates many other intracellular cascades including regulation 

of mTOR complex 1 (mTORC1) activity [73,74]. Lrp6 phosphorylation also mediates 

a recently described Wnt cascade known as the Wnt/STOP pathway that regulates 

cellular protein levels and cell size (Figure1.5) [75].

1.10.4 Non-transcriptional roles of bb-catenin 

In addition to its role as a transcription factor, b-catenin is also a structural component 

of adherens junctions (AJs) and mediates the association of cadherins (E-cadherin)

with other catenins (a-catenin) thereby connecting the cell cytoskeleton to AJs. 

Adequate b-catenin/E-cadherin associations are required for the maintenance of cell 

polarity and adhesion and are often altered in pathologies such as cancer disease.

1.10.5 Receptors of the Wnt signalling pathway 
The Fzd receptors are a family of seven transmembrane receptors composed by 10 

members (Fzd1-10) [65]. The Fzd receptors participate in the signal transduction of 

both canonical and non-canonical cascades. These receptors display a high degree 

of homology and differences in their sequence are mostly related with modifications in 

their Cysteine Rich Domains (CRDs), which corresponds to the extracellular domain

of the protein that binds to Wnt proteins. The CRD domain of each Fzd receptor have

distinct predicted affinities for each ligand of the Wnt protein family. Thus, research 

efforts are currently being paid to link specific Wnt-Fzd interactions with the 

preferential activation of one or another branch of the signalling cascade. 

Wnt proteins also bind to other Wnt co-receptors that are involved in the signal 

transduction of b-catenin dependent (Lrp5/6, Reck, Grpc124) and independent 

(Ror1/2, Vangl1/2, Ryk, PTK7, MUSK) branches of the Wnt signalling pathway

[69,76,77].



25

1.10.6 Wnt ligands
In humans and mice, the family of Wnt proteins comprise 19 members that regulate a 

plethora of cellular processes based on the receptors and co-receptors they bind at 

the cell surface together with the intracellular state [78]. The Wnt proteins are secreted 

Cys-rich ligands highly conserved thorough evolution. For their secretion, Wnt ligands 

need to be palmitoleated in the endoplasmic reticulum (ER) by the acetyltransferase 

Porcupine. This modification of Wnt proteins is necessary for their transport through 

the Golgi and subsequent secretion. Thereby, inhibitors for Porcupine activity such as 

LGK974 are used to pharmacologically block Wnt secretion. Genetically, secretion of 

Wnt proteins can be disrupted by the deletion of Evi (the mammalian homologue of 

Wls in Drosophila), a carrier protein necessary for the transport of Wnt ligands from 

the ER/Golgi to the plasma membrane [79].

Wnt proteins contain hydrophobic modifications and therefore they usually work as 

short-range secreted signals. How long-range Wnt patternings are maintained in

different tissues is a current topic of investigation. In the mammalian intestine, Wnt 

morphogen gradients have been proposed to arise as a result of the transmission of 

membrane-bound Wnt proteins following cell division [80]. Transport of membrane-

bound Wnt ligands may occur by the association of Wnt proteins to cell surface heparin 

sulphate proteoglycans (HSPGs) such as Dally and Dlp (Drosophila glypican 

homologues for the mammalian GPCs) [81]. Wnt proteins may alternatively travel 

extracellularly accompanied by protein chaperones such as secreted Fzd-related 

proteins (sFRP) that hide their hydrophobic sequences or bound to exosomes.

Historically, Wnt proteins have been divided into canonical and non-canonical Wnt 

ligands based on their ability to activate the Wnt/b-catenin signalling cascade. 

However, such classification has come to question in the recent years as many of the 

Wnt proteins have been shown to be able to activate both branches of the Wnt 

cascade depending on the cellular context and array of Wnt receptors and co-

receptors available at the time of the signalling [78]. Thence, it seems currently more 

adequate to refer as Wnt ligands that preferentially activate the canonical Wnt 

signalling pathway (eg. Wnt1, Wnt3a and Wnt8) or the non-canonical Wnt cascade 

(eg. Wnt5a, Wnt11, Wnt7b and Wnt7a).
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1.10.7 Wnt agonists and antagonists
The Wnt signalling pathway is also modulated at the receptor level by the presence of 

agonists, such as R-spondin (Rspo) proteins. There are four members (Rspo1 to 4) in 

the Rspo family. Rspo proteins interact with seven-transmembrane Lgr4/5/6 receptors. 

This causes the inhibition of the Zinc and Ring Finger 3 (Znrf3) and Ring Finger 43 

(Rnf43) E3-ubiquitin ligases which otherwise would degrade the Wnt receptors

[77,82]. Out of the four members of the Rspo family, Rspo2 and Rspo3 have the ability 

of binding directly to Znrf3 and Rnf43 E3-ubiquitin ligases and therefore, do not require 

of the presence of Lgr receptors to potentiate Wnt signalling. Other proteins with Wnt 

agonistic activity include Norrin [69,82].

The Wnt signalling pathway is additionally modulated by proteins with antagonistic 

activity, such as members of the protein families of Dickkopf (Dkk1-3), secreted Fzd-

related proteins (sFRP1-5, WIF1 and Cerberus) and Sclerostin (and its homologue 

Wise). Dkk proteins bind to Lrp receptors and compete for the same binding sites than 

Wnt proteins [69]. By contrast, sFRP proteins contain an extracellular domain 

structurally similar to the Fzd CRD and sequester and therefore prevents activation of 

the pathway by sequestering Wnt proteins [65]. 

1.11 Wnt signalling in BEC and hepatocyte lineage specification
The Wnt signalling pathway plays a pivotal role during liver foetal development. Firstly, 

Wnt and BMP signals orchestrate gastrulation in mammals. Then, inhibition of Wnt 

signalling in the foregut endoderm through the secretion of sFRP factors is required to 

permit the expression of Hhex, a transcription factor that promotes hepatic 

specification [8,83]. After foregut specification (~E9.5), initiation of the liver but is

directed by TGF-b and Notch signals. The liver bud is comprised of bi-potent 

hepatoblasts, common developmental progenitors of both BEC and hepatocytes, that 

express markers such as Tbx3, Cebpa, Hnf4a, Albumin, Sox9, Hnf6, Hnf1b, Prox1

and a-fetoprotein (AFP). After initiation of the liver bud, the Wnt/b-catenin pathway is 

reactivated and, together with HGF, BMP and FGF factors, promotes hepatoblast 

proliferation and survival. A subpopulation of the hepatoblast pool (~2% of the bulk)

placed at the apex of the bi-potent hierarchy, is positive for the expression of the b-
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catenin target gene Lgr5, which is also the receptor mediating potentiation of Wnt 

signalling by Rspo ligands [84]. Stabilization of b-catenin by APC deletion in

hepatoblasts promotes biliary fate specification [85]. Upon BEC maturation, the Wnt/b-

catenin signalling pathway is, however, inhibited by Sox17 [83]. b-catenin seems also 

necessary for the commitment of hepatocytes as deletion of this in the mouse embryos 

also resulted in defects in hepatocyte maturation [83].

Altogether, tight spatiotemporal control of the Wnt/b-catenin pathway is required for 

hepatic development and adequate BEC/hepatocyte lineage specification and 

maturation. 

1.12 Wnt signalling during homeostatic hepatocyte turnover and regeneration
In the adult liver, the Wnt/b-catenin pathway orchestrates hepatocyte homeostatic 

turnover as stabilization or loss of the transcription factor β-catenin increases or 

reduces, respectively, the rate of hepatocyte proliferation [86] [15,87,88]. There is also 

strong evidence that the canonical pathway modulates hepatocyte-driven 

regeneration. First, regenerative hepatocytes respond to Wnt injury cues as they 

upregulate Axin2 in response to CCl4 liver damage [89]. Second, hepatocyte 

proliferation hepatectomy is delayed following partial hepatectomy when Wnt 

secretion is impaired in cells of the myeloid lineage (Lyz2-Cre+/-; Wlsfl/fl), including 

Kupffer cells, or in liver endothelial cells (Lyve1-Cre+/-; Wlsfl/fl), indicating that various 

cellular sources supply hepatocellular regenerative Wnt cues [90,91]. And lastly, a

similar delay in hepatocyte proliferation occurs after partial hepatectomy in 

hepatocytes deficient for b-catenin, Wnt receptors (Lrp5/6) or Rspo receptors (Lgr4/5)

from developmental stages [90,92].

1.13 Wnt in homeostatic BEC turnover and regeneration
To date, no study has assessed the effects in the proliferation baseline levels of the 

biliary epithelium upon genetic manipulation of the Wnt signalling pathway in vivo and 

the relative importance of the Wnt signaling pathway in BEC regeneration following 

injury is a subject of current debate. 
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Studies conducted by Huch et al. (2013) using an Lgr5-ires-CreERT2:R26LacZ 

reporter mouse model concluded that BECs activated the canonical branch of the Wnt 

cascade in response to acute liver damage caused by CCl4, DDC or MCD injury 

regimes [89]. These observations however contrast with the latest studies of Planas-

Paz et al. (2019) and Pepe-Mooney et al. (2019) who, when using scRNAseq to study 

single cell responses failed to identify a population of BECs positive for the expression 

of Lgr5 or Axin2 following DDC injury [22,93]. Studies from Planas-Paz et al. (2019) 

showed additionally that Rspo injury signals do not modulate the regenerative program 

of BECs following injury as genetic loss of the Rspo receptors Lgr4 and Lgr5 in the 

biliary epithelium in developmental stages using a Lgr4/5fl/fl Alb-Cre mouse model did 

not decrease the number of proliferative BECs nor affected the total number of BECs 

upon 2 weeks DDC administration [93]. 

More recently, Wilson et al. (2020) confirmed that the canonical branch of the pathway 

is not activated in this injury regime as the levels of Axin2 mRNA in BECs were not 

significantly altered following 2 weeks DDC administration [94]. However, in the same 

study, Wilson and colleagues also showed that, following TAA (12 weeks) or DDC (2 

weeks) injury regime, BECs responded to non-canonical Wnt injury cues and provided 

evidence that loss of Vangl2 receptor in the biliary epithelium promoted resolution of 

the DR and decreased fibrotic scarring, suggesting a role for the Wnt/PCP pathway in 

chronic liver disease.

1.14 Wnt in HPC mediated regeneration
The Wnt pathway has additionally been proposed to modulate the biology of transient 

amplifying HPCs. Experiments conducted by Hu et al. (2007) reported that murine 

HPC that were positive for A6 expression responded to Wnt activating injury cues as 

they presented nuclear β-catenin and activated the TOPGAL Wnt reporter (TCF/LEF-

LacZ) in response to 3-week DDC treatment [95]. Huch et al. (2013) also concluded 

that quiescent HPC activated canonical Wnt signaling in response to liver damage 

using an Axin2-LacZ reporter mouse model [89]. In the same study, it was also shown 

that these HPC-Wnt responsive cells labelled as Lgr5 positive cells can be isolated 

and expanded in vitro in the form of organoids when cultured in the presence of Rspo 

signals [89]. 
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Additional in vivo experiments showing that Wnt signaling modulates HPC injury 

response came from the studies conducted by Apte et al. (2007) that showed that 

depletion of β-catenin (Ctnnb1fl/fl Alb-Cre) caused a significant reduction in the number 

of A6-positive ductal structures formed in response to a DDC diet [96]. Similarly, 

activation of Wnt pathway via pharmacological inhibition of GSK3β (SB216763), 

increased the number of HPC positive for A6 expression in livers of rats exposed to 

2AA in combination with 70% partial hepatectomy [97]. All these studies, however, 

contrast with the recent observations of Okabe et al. (2016), who has showed that loss 

of the canonical Lrp5/6 receptors in the biliary epithelium (Lrp5/6fl/fl:Alb-Cre mouse 

model) did not have a detrimental effect in the formation of A6-positive ductular 

structures in response to BDL, a model of cholestasis and BEC hyper-proliferation

[98]. It is therefore yet to be determined whether discrepancies between these studies 

are product of the different strategies used to genetically manipulate Wnt activation 

levels in HPCs and or a consequence of the different liver injury regime or 

experimental conditions used.

1.15 bb-catenin modulates hepatocyte zonal specification in the adult liver
Experiments conducted by Benhamouche et al (2006) showed for the first time that, 

in the hepatic lobule, a gradient of Wnt/b-catenin pathway activation spreads out from 

the CV to the mid-lobule [87]. Prior to this, Cadoret et al. (2002) and Ovejero et al.

(2004) had provided evidence that a panel of pericentral genes (Glul, Glt1, Oat and 

Lect2) were under the control of b-catenin as aberrant activation of b-catenin in the 

liver parenchyma was sufficient to cause ectopic expression of these in periportal 

areas of the lobule [99,100].

To further investigate the extent at which b-catenin defined hepatocyte zonal 

specification, Gougelet et al. (2014) combined ChIP-seq and RNAseq experiments in 

murine livers deficient for b-catenin or APC, a negative regulator of canonical Wnt 

signalling. In this study, a total of 7898 and 477 binding peaks were identified for TCF4 

and b-catenin, respectively, in the hepatocytes upon loss of APC [51]. Many of these 

peaks were located in putative promoters of pericentrally expressed genes including

Axin2, Glul and Cyp1a2. Additionally, loss of b-catenin caused a significant decline in 

the expression of 180 genes involved in functions associated with pericentral 
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hepatocytes including drug metabolism (Cyp2e1, Cyp1a2 and AhR), aminoacid 

metabolism (Slc1a2 and Glul), liver mass (Socs3 and Tgfa) and bile acid 

synthesis/cholesterol degradation (Cyp27a1) [51].

Interestingly, in the studies conducted by Gougelet and colleages, hepatocyte-specific 

deletion of the downstream Wnt negative regulator APC (TTR-CreERT2; APCfl/fl) did 

not cause the immediate ectopic expression of pericentral markers in periportal areas. 

Instead, histological spreading of pericentral markers (Axin2, GS, Rnase4, RhBg, Glt1 

and Lect2) occurred in a step-wise manner across the lobule from the CV to the portal 

triad, which suggest that hepatocytes are not simply poised to respond to instructive 

Wnt signals but are instead subjected to spatial-temporal inhibitory mechanisms that 

actively repress Wnt propagation [87]. A range of potential Wnt inhibitors and 

pathways have been implicated in dampening Wnt signalling. Most directly, it has been 

shown that Wnt pathway inhibitors such as DKK3 and sFRP5 are expressed 

periportally [14] [33]. 

b-catenin also controls the biology and microenvironment to which periportal 

hepatocytes are exposed. For instance, it has been shown that loss of b-catenin (Alb-

Cre Ctnnb1fl/fl) reduces the number of microvilli in the apical domain of hepatocytes 

and promotes the enlargement of the bile canaliculi villi, which in turn causes a 

reduction of the bile flow rate by 50% [101]. b-catenin additionally modulates the 

composition of the bile as depletion of b-catenin lowered the levels of glutathione, bile 

duct acids, cholesterol, phospholipids, which are the major 4 components of the bile

[101].

In section 1.5 it was introduced the concept developed by Ben-Moshe et al. (2019) of 

‘production line patterns’ in the zonated liver and, to illustrate this concept, an example 

based on cholesterol-to-bile biotransformation was presented [34]. Interestingly, 

experiments performed by Yeh et al. (2010) showed that b-catenin controls the 

expression of Cyp7a1 and Cyp27, the rate limiting enzymes in the classic and 

alternate, respectively, pathways of bile acid synthesis [101]. Thence, it is possible, 

which in turn might affect the gene expression of downstream periportal hepatocytes

[101]. Finally, Wnt signalling appears to also actively antagonize the expansion of the 
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periportal signature as abolition as inhibition of the Wnt/b-catenin pathway by the 

delivery of an adenovirus encoding for DKK1 causes the progressive histological 

expansion or suppression of periportal markers such as Arg1, Cps1 and Glutaminase2

[87].

1.15.1 Angiocrine signals are required for the establishment and maintenance 
of liver zonation

To uncover the cellular source responsible for the asymmetrical Wnt activation 

gradient of in the adult hepatic lobule, different research groups have systematically 

abolished Wnt ligands secretion in different liver resident cell types and evaluated the 

zonal expression of pericentral and periportal genes. 

Deletion of Wls, a membrane protein dedicated to the secretion of Wnt proteins, from 

hepatocytes and cholangiocytes (Alb-Cre; Wlsfl/fl), liver-resident Kupffer (Lyz2-Cre; 

Wlsfl/fl) and stellate cells (Lrat-Cre; Wlsfl/fl) in the developing liver did not alter liver 

zonation [90,102,103]. By contrast, Wnt cues of angiocrine origin were found to be

essential for zonation to occur as depletion of Wls in the endothelial compartment 

during embryogenesis (Lyve1-Cre; Wlsfl/fl and Stab2-Cre; Wlsfl/fl) or adulthood (VE-

Cadherin-CreERT2; Wlsfl/fl) prevents the establishment and maintenance of metabolic 

(RhBg, Cyp2e1, Cyp1a2, and GS) and non-metabolic (E-cadherin, Claudin-2 and 

Axin2) zonation markers [12,35,40,91].. 

 

Endothelial cells in the hepatic lobule include (1) LSECs that line the sinusoids and (2) 

vascular endothelial cells comprising endothelial cells from the CV, the hepatic artery 

and the portal vein (see section 1.2). Of those, the centrolobular location of the central 

vein placed these endothelial cells as the putative source of the Wnt/b-catenin 

pathway activation gradient that spreads out from the centre of the lobule. ISH and 

RT-qPCR experiments confirmed that the endothelial cells of the central vein express 

Wnt2, Wnt9b [12,104].

Experiments conducted by Rocha et al., (2015) showed that CV endothelial cells 

additionally express Rspo3 and that loss of this gene in embryos (from E16.5) or in 

the adult mouse, using a tamoxifen-inducible pan cre- recombinase (cCAG-CreERT2: 



32

Rspo3fl/fl), abolished pericentral GS protein levels without altering Wnt2 and Wnt9b 

gene expression [104]. These data suggest that angiocrine expression of both Wnt 

and Rspo ligands is critical for zonation. Finally, recent studies performed by Ma et al 

(2020) have shown that shown that expression of Wnt9b, Wnt2 and Rspo3 in newborn 

mice (P2) was not restricted to the CV endothelium but also extended to pericentral 

LSECs, thereby the partial contribution the CV and pericentral LSECs is yet to be 

determined. 

1.16 Study of localized Wnt and Rspo signals in vitro
The recreation and control of specialized cellular ‘niche’ in vitro microenvironments is

an attractive strategy to gain insight in the molecular mechanisms that govern cell-fate 

designations during development and/or in established adult tissues. With the aim of 

understanding how spatially localized Wnt signals direct cell fate specification during 

embryogenesis, Habib et al. (2013) recreated for the first time a local Wnt and Rspo 

microenvironment in vitro by covalently immobilizing Wnt3a and Rspo1 ligands onto 

carboxylic acid-coated beads [105]. This was done by following a two-step coupling 

procedure with EDC (1-ethyl-3-(-3-dimethylaminopropyl)) and NHS (N-

hydroxysuccinimide). 

EDC is a carbodiimide broadly used as “zero-length” crosslinker (crosslinking without 

the induction of a spacer molecule) as is soluble in aqueous buffer solutions which are 

generally compatible with organic molecules such as proteins [106]. In the NHS/EDC 

two-step coupling procedure, EDC reacts with the carboxylic acid groups that cover 

the surface of the bead to give place an active O-acylisourea intermediate that reacts 

with primary amine groups present in the protein [106]. Thus, proteins result covalently 

immobilized onto the beads via the N-terminus and/or side chain of lysine residues 

present and accessible in the protein. 

Using this strategy, Habib and colleagues showed that immobilized Wnt3a and Rspo1 

ligands maintain their ability of activate or potentiate, respectively, canonical Wnt 

signalling in vitro [105]. Furthermore, it was shown that spatially localized Wnt3a but 

not Rspo1 signals orientate the plane of the mitotic spindle in mouse embryonic stem 

(mES) cells and that once the cell division is completed, the daughter cell proximal to 

the Wnt3a-bead expressed higher levels of nuclear b-catenin and various pluripotency 
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markers than the distal cell. This study therefore demonstrated that the covalent 

immobilization of upstream components of the Wnt signalling pathway may serve as 

a strategy to recreate local Wnt/Rspo microenvironments in vitro. 

1.17 Bioartificial liver devices and current hepatocellular in vitro sources
Bioartificial livers are devices that aim to recapitulate liver function extracorporeally 

and that may serve as platforms for drug testing, to support liver functions during organ 

transplantation and/or to aid recovery from acute liver failure [107]. These devices are 

bio-reactors that accommodate hepatocyte cultures and, based on the conformation 

of their design, these can be classified in four major categories: (1) hollow fiber 

devices, (2) packed beads, (3) flat plate monolayer systems and (4) encapsulation-

based reactors [108] Of these, most of the bioartificial liver devices currently in clinical 

trials belong to the category of hollow fiber devices, which are based in the grow of 

hepatic cells within inside or outside of the lumen of a porous fiber and where the 

patient’s blood or culture medium is perfused on the other side.

Despite that many bioartificial liver systems have been tested in preclinical studies to 

date, their performance remains rather limited due to inherent disadvantages of adult 

hepatocyte cultures (eg. limited expansion capacity in vitro, see section 1.18) and the 

inability of these devices to accurately replicate the microenvironment of the liver 

lobule [108]. Hepatocyte physiology heavily relies on the establishment of adequate 

cell-cell and cell-ECM interactions and maintenance of cellular polarity and therefore 

research efforts have been made in the development of scaffold biomaterials and 

systems that support co-culture configurations of hepatocytes and non-parenchymal 

cells. Furthermore, for the accurate recapitulation of liver functions, the design of 

devices must integrate features of periportal and pericentral hepatocytes 

simultaneously and, therefore, these devices must enable the establishment oxygen, 

metabolite and hormone gradients. In this end, the liver bioreactors developed in 

recent years have paid special attention to the scale-up adaptations for the controlled 

presentation in this devices of environmental cues such is the oxygen gradient 

established along the porto/venous axis of the liver lobule [109]. Importantly, no

bioartifical device has yet attempted to replicate the Wnt activation gradient that 

spreads for the hepatic CV.
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1.18 Cell systems to predict drug-induced liver toxicity in vitro
The expansion and maintenance of hepatocyte cultures have been an important 

limitation for the evaluation of hepatocellular toxicity in vitro and the bottleneck for the 

use of primary hepatocytes (PH) as cell-base therapy for liver disease. To date, there 

are various cell sources can be used to feed bioartifical liver devices and/or serve as 

an in vitro platform to test drug hepatotoxicity in static conditions. These include PH

cultured in conventional monolayers or embedded in hydrogels as ‘2D collagen 

sandwich cultures’ or PH spheroids, induced pluripotent stem cells (iPSCs)-derived 

hepatocytes and liver organoids. In the current section a brief summary of these in 

vitro cellular platforms with their main limitations and advantages is provided.

PH cultured in 2D monolayers remain as the ‘gold standard’ for the prediction of drug-

liver induced toxicity in the pharmacological industry [110]. However, when removed 

from their physiological environment and plated in 2D, hepatocytes undergo major 

changes in the cell architecture and rapidly losing the expression of hepatocyte-

specific genes. Thereby, their use as a cellular platform to predict the drug 

hepatotoxicity is limited by (1) their short lifespan in culture, (2) their reduced ability to 

be expanded in vitro and subsequent constant dependency on primary tissue and (3)

their high phenotypic instability product of the inter-donor variability. 

The establishment of HCC-derived cell lines such as HepG2, Huh7 or HepRG cells 

overcome the limitation associated with the expansion and experiment-to-experiment 

reproducibility of PH 2D cultures [111,112]. However, the metabolic activity of 

hepatocyte cell lines highly differs from in vivo hepatocytes and therefore their

hepatotoxicity prediction power and their ability to recapitulate hepatocellular function 

is rather limited [112]. 

As mentioned earlier, cell-cell and cell-ECM interactions are critical for the normal 

physiology of the hepatocytes. The culture of PH between two layers of collagen 

(‘collagen sandwich culture’) has been proven to enable the formation of tight junctions 

and functional bile canaliculi between hepatocytes and is a successful strategy to 

delay the loss of hepatocyte-specific functions upon PH culture [113]. Similarly, the 

culture of PH in hydrogels as hepatocyte spheroids enables the acquisition of 

adequate hepatocyte polarity and significantly improved the lifespan and power of 
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prediction of PH cultures [114]. Despite these significant improvements, PH collagen 

sandwich cultures and PH spheroids culture strategies retain the limitations of (1) the 

dependency of primary tissue as the cell expansion is also limited in these two culture 

platforms and (2) they retain high phenotypic instability product of the inter-donor 

variability.

The field of iPSCs have also attempted to solve both the limitations of the expansion 

and maintenance of hepatocyte-function in vitro. While the use of iPSC cultures 

definitively overcome the problem of the expansion of the biological material for an 

indefinite period of time, the currently available differentiation protocols do not yet 

produce cells similar to adult mature hepatocytes [112,115]. Instead, iPSC-derived 

hepatocytes are cells that rather resemble foetal or new-born hepatocytes as they 

retain expression of markers such as AFP [112].

Recent advances in 3D cultures techniques have allowed the development of various 

liver organoid protocols from adult tissue. The first of these protocols was introduced 

in 2013 by Meritxel Huch from the Clever’s laboratory [89]. Huch’s protocol used HPCs

labelled as Lgr5 positive cells derived from the liver’s biliary epithelium as a cell source 

to initiate the system [89]. As described earlier, HPCs are bi-potent cells that arise in 

response to liver damage. When cultured in 3D hydrogels, Huch and colleagues 

showed that Lgr5+ bile duct (BD)-derived cells gave rise to hollow and spherical 

‘organoids’ that could be indefinitely expanded in Rspo1-containing medium and 

differentiated towards hepatocyte fate through the inhibition of Notch and TGFb

pathways [89]. Differentiated BD organoids were shown to express hepatocyte lineage 

markers (Alb and Hnf4a) as well as mature hepatocyte genes involved in lipid and 

cholesterol metabolism (Acox3, Acss2 or Apoa4) as well as members of the 

cytochrome P450 family (Cyp3a11, Cyp2c66 or Cyp4f18).

Fah is a gene coding for fumarylacetoacetate hydrolase (FAH), which is an enzyme 

involved in the metabolism of tyrosine. Genetic loss of Fah leads to the accumulation 

of hepatotoxic fumarylacetoacetate (FAA) unless that 2-(2-nitro-4-trifluoro-

methylbenzoyl)-1,3 cyclohexanedione (NTBC) is administrated [116] [117]. Huch and 

colleagues also showed that Fah+/+ differentiated BD-derived organoids were
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successfully engrafted in Fah-/- mouse upon removal of NTCB in drinking water and 

generated fully functional hepatocytes upon transplantation, showing that these 

structures might serve as a potential therapeutic avenue toward liver regenerative 

therapy [89]. Despite that these structures were also introduced as a possible in vitro

platform for drug testing, to date only a few studies have used differentiated BD-

derived organoids for drug-screen proposes and comparative in vivo and in vitro

studies showing competency of these structures to predict drug hepatotoxicity is

currently lacking [118,119].

By the end of my second year of PhD, two new protocols from different laboratories 

described the generation of liver organoids using PH as the initiating cell type [3,4]. 

Both protocols used a medium composition that allows the long-term expansion (> 6 

months) of the cells, therefore, potentially overcoming the limitation of previous PH 

spheroid culture protocols. Hu et al. (2018) protocol, from Dr Hans Clevers’ laboratory, 

was based in a single medium in which cells are maintained into a highly proliferative 

state [4]. By contrast, Peng et al. (2018) protocol from Dr Roel Nusse’s laboratory 

relied on the sequential culture of hepatocytes in two media compositions: a medium 

that promoted organoid formation and cell expansion and a second differentiation 

medium that enhanced the expression of metabolic enzymes including pericentral 

(Cyp1a2, Cyp3a11 and Fah) and periportal (Cyp2f2, Cps1 and Alb) markers to 

comparable levels to primary tissue [3]. Thereby, the protocol of Hu et al. (2018) was 

argue to resemble hyperproliferative hepatocytes after partial hepatectomy whereas 

Peng et al. (2018) potentially give rise to hepatocytes more close to the resting liver

[3,4]. As yet, the ability of PH-derived organoids as an in vitro model to predict drug 

hepatotoxicity in culture has not been explored.

Altogether, hepatocyte in vitro cultures have been historically limited by deficiencies 

in (1) the expansion of the biological material for an indefinite period of time and (2) 

the maintenance of hepatocyte cell identity and function in culture. Recent advances 

in the organoid technology claim, however, to have improved both these aspects and 

therefore appear, currently, as the most attractive cellular source to feed bioartificial 

liver devices. Full-phenotypic characterization studies of BD- and PH-derived liver 

organoid cultures as well as information of their competency of as an in vitro platform
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for drug testing is currently lacking. For simplicity, BD- and PH-derived organoids will 

be referred in this thesis as ‘BD organoids’ and ‘PH organoids’, respectively.

1.19 Aim and objectives of this thesis
The segregation of processes in different zones and metabolic coupling between 

hepatocytes is critical for the liver to integrate and carry out its diverse functions. 

Therefore, one of the great challenges in the modelling of liver responses in vitro is 

the recapitulation of metabolic zonation in a continuous, for which liver in vitro systems 

should integrate the signals responsible for hepatocyte functional specification. While

previous research has focused in the integration of oxygen and metabolite gradients, 

no-work has yet done in the recreation of the Wnt niche of the hepatic central vein in 

liver in vitro systems. This thesis thereby aimed to make significant advances in the 

development of a Wnt-driven liver zonated in vitro system, for which the following 

specific objectives were established:

First, the establishment of the molecular tools for the recreation of a local Wnt 

microenvironment that resembles the hepatic CV in vitro. The experimental approach 

set to achieve this was the covalent immobilization of the CV ligands Wnt9b and Rspo3

onto beads following the studies of Habib et al. (2013) as a reference (Figure1.8) [105].

Second, the evaluation of the competency of the current hepatic organoid platforms 

(BD and PH organoids) as cell source to study and replicate Wnt-driven liver zonation

in vitro. To achieve this aim, the expression of metabolic pericentral genes in response 

to Wnt activation was studied in these two platforms. As Wnt signalling additionally 

orchestrates the liver regeneration, the possibility that activation of the Wnt signalling 

pathway in these structures might elicit a cellular program related with the renewal of 

liver epithelial cells or BEC/hepatocyte plasticity was also explored. 
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Figure1.8 The work presented in this 
thesis is sustained by the hypothesis 
that the immobilization of Wnt/Rspo 
ligands onto beads may recreate in 
vitro a local Wnt microenvironment 
similar to the CV. 
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Chapter 2. MATERIALS AND METHODS
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2.1 Animal work
2.1.1 Animal Husbandry
Wild type (WT) C57BL/6J mice were supplied by Charles River Laboratory or by the

T2 of Cardiff University. Axin2-CreERT2 mice were a gift from Chambon laboratory

and were crossed with R26-LSL-tdTom mice (The Jackson Laboratory). R26-LSL-

tdTom mice were also crossed with Igtb1fl/fl and Krt19-Cre animals (The Jackson 

laboratory). Tet-O-ΔN89β-catenin animals were generated in house [120]. Animals

were housed at Cardiff University, the Beatson Institute or the MCR Center for

Regenerative Medicine as indicated in a 12h light/dark cycle with free access to

standard chow and water. All animal work was carried out under UK Home Office

project and personal licenses following local ethical approval and in accordance with

local and national guidelines.

2.1.2 Identification and ear clipping
At weaning age (4 weeks aprox.), mice were marked by ear clipping for identification

proposes and the subsequent biopsies were stored at -20°C for further genotyping

processing. Ear clipping services were provided by Cardiff University staff of the T2 

and Heath Park facilities. 

2.1.3 Genotyping
Genotyping of the colonies housed at Cardiff University was performed using a PCR

approach that involved (1) extraction of DNA from ear biopsies, (2) a genotyping PCR 

reaction and (3) visualization of the PCR products by electrophoresis. 

To extract the DNA from the collected ear clip biopsies, samples were defrosted at 

room temperature (RT) and digested overnight (o/n) in a shaking incubator at 37°C 

using a mixture of 250 µl of lysis buffer (Qiagen) and 5 µl of proteinase K (Sigma). 

When digestion was completed, samples were cool down at RT, mixed vigorously with 

100 µl of protein precipitation solution (Qiagen) and centrifuged for 10 min at 13K rpm. 

The DNA present in the resulting aqueous supernatant was then transferred into a 

new tube, mixed with 250 µl of isopropanol and precipitated at 13K rpm for 15 min. 

Once the centrifugation was completed, the supernatant was discarded and the tubes 
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containing the pelleted DNA air-dried at RT for 1-2 h. DNA was then resuspended in 

250 µl of RNase-free water (Thermofisher).

Genotyping PCR reaction was then carried out using GoTaq Hot Polymerase 

(Promega) in a Thermal Cycler T3000 (Biometra) 8-well PCR SnapStrip tubes 

(Anachem). The exact composition of the genotyping reaction, genotyping primers and 

the genotyping PCR programs are specified in Table2.1 and AppendixA Table1.

Volume (µl)

DNA 3

Buffer 5x Promega 10

Mg (25 mM) 5

dNTP(25 mM) 0.4

Primers (100 µM) 0.1

Taq polymerase 0.2

Water 50

Table2.1 Genotyping reaction

The resulting PCR products were 5:6 mixed with 6x DNA loading dye (Promega), 

loaded into 1.5% agarose gels containing SafeView (5:100.000) prepared with TAE 

buffer and run at 80-120 V. Genotyping PCR products were then visualized under UV 

light. Expected genotyping bands are in (Appendix A, Table1). 

Importantly, the Axin2-CreERT2 allele was always maintained in Het due to the

impossibility of distinguishing between the PCR products generated by Hom and Het

animals.

2.1.4 Experimental Procedures
The following experimental procedures were carried out at the MCR Center for 

Regenerative Medicine at Edinburgh by members of Dr Stuart Forbes laboratory [17]. 

To induce recombination of CK19+ BEC cells in vivo, Krt19-Cre R26-LSL-tdTom mice 

were exposed to 3 individual IP injections (20 mg/ml, Sigma) at a dose of 4 mg.  To 

induce liver damage, normal chow was replaced by 0.1% DDC mixed with Rat & 
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Mouse No1 Maintenance diet (Special Diet Services) or MCD diet. AAV8.TBG.Cre 

(CS0644) and AAV8.TBG.null (CS0255) were from Penn vector core. To impair 

hepatocellular proliferation, AAV8 viral particles containing the coding sequence for 

p21 (AAV8.TBG.p21 plasmid) were generated by packing a pGEM p21 plasmid 

(Addgene plasmid # 8443) into a AAV8.TBG.Control plasmid (AV-8-PV0148) [17]. 

Viral particles were reconstituted at 7.5x1013 particles/µl in PBS and delivered by tail 

injection as previously described [17]. To inhibit Wnt secretion in vivo, animals were 

administrated twice per day by oral gavage with either LGK974 or an equivalent 

volume of its solvent (vehicle). 

 

2.1.5 Tissue sampling and processing for histology
Tissue was sampled, processed and sectioned by Niya Aleksieva and Dr Alex Raven 

and Janet Man, members of the Forbes laboratory. Prior to dissection, the liver was 

perfused (see section 2.2.1) with PBS to clear the organ from circulating highly auto-

fluorescent red blood cells.  Samples from intestine, spleen and pancreas were also 

routinely collected. Once dissected, samples were immediately fixed for 8h at RT in 

10% formalin and subsequently dehydrated using increasing concentrations of 

alcohols, xylene and paraffin following the standardized routine protocol of the MCR 

Centre for Regenerative Medicine in Edinburgh. Resulting paraffin blocks were stored 

at RT and cold down to 4°C prior to sectioning. 

2.2 Isolation of PH
PHs were isolated following a classical two-step collagenase perfusion method with 

modifications using two aquarium pumps (EHEIM, Typ 1000.340, Serie 14042) 

connected to a home-made silicone tubing system. 1ml and 5ml syringes were cut and 

used as connectors between the different tubing sections. 1 to 3 filters of 0.22 µm were 

inserted in the circuit with the purpose of (1) regulating the speed of the flow to an 

optimal rate of 5-10 ml/min and (2) providing sterility to the perfused solution 

(Figure2.1).

2.2.1 Starting the aquarium perfusion pump system
Pumps were connected to the silicon tubes (without the 0.22 µm filters), immersed in 

a beaker containing 800 ml of 70% ethanol solution and switched on at full speed. 
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After 30 min, ethanol from the system was removed by transferring the pumps to a 

clean beaker containing milliQ water and washed for other 15 to 20 min.  Each of the 

pumps was then immersed in different beaker containing either perfusion solution I 

and II (Table2.2). Pumps were then switch and bubbles from the system were removed 

by flicking the silicone tubes. Once the flow was stable, silicone tubing section (ii) and 

(iii) were disconnected and 2 filters of 0.22 µm pore size were inserted in between 

(Figure2.1). Once the flow was stabilized, the perfusion rate was determined by timing 

how long takes to fill a 15 ml falcon tube. 22 µm filters were inserted or removed 

between tubing section (ii) and (iii) to achieve an optimal perfusion speed of 5 to 10

ml/min. Once this was achieved, beakers containing the pumps were transferred to a 

40°C water bath. 

Figure2.1 (A) Image from aquarium 
perfusion pump system. (B) 
Aquarium perfusion pump system 
scheme. Four (i-iv) tubing section 
were connected using home-made 
connectors (red) made from 1ml and 
5ml syringes. In blue, the catheter 
inserted in the animal has been 
highlighted in blue.
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SOLUTION COMPONENTS AMOUNT 
(ml)

FINAL 
CONCENTRATION

STORAGE

Solution I 4°C

Gibco EBSS (w/o calcium, 

w/o magnesium, w/o 

phenol red)

494.5

Gibco HEPES 1M solution 5 10 mM

EGTA 0.5M 10 EGTA 0.5 mM

Solution II

DMEM/F12 no phenol red 

(Invitrogen)

495

Gibco HEPES 1M solution 5 10 mM 4°C

Collagenase Type I 0.6-0.8 mg/ml Use 

immediately

Table 2.2 Two-step EGTA/collagenase perfusion buffers. 

2.2.2 Venepuncture and cannulation
Once the perfusion system was set up, mice were euthanized by cervical dislocation 

or CO2 suffocation and immediately processed following a contention-based protocol. 

Firstly, livers were perfused through the portal vein (see section 2.2.3) (Figure2.2). If 

cannulation of the portal vein failed, livers were then perfused through the IVC in 

anterograde (see section 2.2.3) or retrograde (see section 2.2.4) manner (Figure2.2). 

2.2.3 Portal vein cannulation
A media incision was performed from the pelvis to the sternum and then prolonged 

through the rib cage across the diaphragm to expose the heart and the abdominal 

viscera. Using flat square tip forceps, the intestine was gently removed to the left 

exposing the portal vein and a thread was passed carefully underneath it. Two 

additional threads were passed underneath the inferior vena cava (before and after 

the liver) as contention method (section 2.2.4 and 2.2.5) (Figure2.2). A catheter was 

inserted into the portal vein (Figure2.2). In this stage blood black flow in the catheter 

can be used as indicator of successful cannulation although the formation of blood 
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clots might prevent this to occur. The silicone tubing pumping Solution I was then 

connected and the IVC was subsequently cut to reduce the likelihood of catheter 

expulsion due to negative pressure. Acquisition of liver pale appearance and 

immediate loss of liver blood through the served IVC served as indicators of successful 

portal vein cannulation. If successful cannulation was reported, the catheter was 

secured using the thread placed underneath the portal vein. If cannulation resulted 

unsuccessful, perfusion of the liver was continued as indicated in section 2.2.4.

2.2.4 IVC cannulation for anterograde perfusion
If portal vein cannulation failed, a catheter was then inserted through the IVC 

underneath the liver. This was done above the incision previously performed to cut the 

IVC. If cannulation through this method was successful, the catheter was secured 

Figure2.2 Scheme representing 
the cannulations methods 
employed in this project to 
perfuse the murine liver. Three 
different threats were passed 
underneath the portal vein (i) 
and the IVC (ii and iii) after 
exposure of the viscera. Arrows 
indicate the direction of the flow 
during the perfusion. (i) Portal 
vein cannulation, section 2.2.3
(ii) IVC cannulation for 
anterograde perfusion, section 
2.2.4 (iii) IVC cannulation for 
retrograde perfusion, section 
2.2.5
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using the threat placed underneath the IVC (Figure2.2). If cannulation was 

unsuccessful, perfusion of the liver was continued as indicated in section 2.2.4. 

 

2.2.5 IVC cannulation for retrograde perfusion
IVC cannulation for retrograde perfusion was used as an alternative method in case 

of section 2.2.4 failure. While holding the heart with flat forceps, a small incision was 

performed in the right atrium and the catheter lacking the inner needle was carefully 

inserted until the tip was noticeable in the IVC. Once this occurred, the catheter was 

secured using the thread placed underneath the IVC below the heart (Figure2.2). 

 

2.2.6 Liver perfusion and two-step collagenase digestion
Upon successful cannulation of the portal vein or the IVC (see section 2.2.2 to 2.2.4), 

livers were perfused at 5-10 ml/min with Solution I (Table2.2) for 8-15 min. Solution I 

contains EGTA, a chelating agent that scavenges for trace amounts of Ca2+, Mg2+ and 

Fe2+ and is perfused with the aim of (1) removing circulating blood and facilitate the 

penetrance of perfusion Solution II and (2) soften cell-cell tight junctions (Table2.2). 

Once the liver was pale in appearance, the catheter was disconnected from the tubing 

pumping Solution I and subsequently connected to Solution II pumping system and 

the liver was monitored for signs of sufficient digestion (Table2.2). When digestion was 

sufficient, the liver was carefully removed from the animal and transferred to a petri 

dish containing Solution III (Table2.2). 

2.2.7 Purification of hepatocyte cell population
After liver digestion (section 2.2.6) hepatocytes were released by dissociating the liver 

with the help of scissors and forceps and transferred to a 50 ml conical tube by passing 

them first through a 100 µm cell strainer followed by a 70 µm cell strainer. Hepatocytes 

were pelleted by centrifuging for 3 min at 30 g and washed three times (3 min, 30 g) 

with hepatocyte washing media (DMEM/F12 no phenol red (Invitrogen)) supplemented 

with 10mM HEPES (Invitrogen), 1:1000 ITS and 1% Pen/Strep) (Figure2.3). Abrupt or 

aggressive pipetting was avoided at every stage of the isolation as hepatocytes are 

extremely sensitive to shear stress. Supernatant from the washing steps from each 
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fraction was collected and monitored for the presence of non-hepatocyte cells under 

the microscope (Figure2.3). 

Figure2.3 Hepatocytes were purified by slow centrifugation (3 x 30g x 3min). 
Supernatant fractions, enriched for blood cells, non-parenchymal cells and dead 
hepatocytes, were discarded. Cell viability was assessed by LUNA and plated onto 
collagen-coated plates to assess their overall fitness. Dead cells are shown in red 
whereas green cells correspond to alive cells. Selected LUNA image shows a 99.9% cell 
viability.
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2.2.8 Determination of hepatocyte cell viability and concentration by acridine 
orange (AO) and propidium iodide (PI) staining. 

Cell viability of the last hepatocyte enriched fraction was determined by AO/PI staining 

method. AO (green fluorescence) is an intercalating dye that can permeate both live 

and dead cells whereas PI (red fluorescence) can only enter and bind to the DNA of 

cells with compromised membrane integrity. When co-stained with both dyes, all live 

nucleated cells will be labelled by green fluorescence while dead cells will appear 

labelled as red. To determine cell viability, 18 µl of cells in suspension were mixed with 

2 µl of AO/PI dual-staining (Thermofisher). 10 µl of mixture was then loaded onto a 

LUNA cell counting slide and concentration, viability and average size of the cells was 

calculated by fluorescence automated cell counter (LabTech) assuming a 1:20 sample 

dilution. Two readings per sample were performed and only samples with a viability 

higher than 70% were used for downstream proposes (Figure2.3). 

2.2.9 Aquarium pump system cleaning procedure
After the perfusion was completed, pumps were immersed and washed in 70% 

ethanol for 30 min, air dried and stored at RT. 

2.3 Isolation of primary BDs
Isolation of BDs was either (1) coupled after PHs isolation or (2) initiated with whole 

livers as starting material. 

2.3.1 Isolation of BD after two-step EGTA/collagenase liver digestion
After PHs isolation and if liver digestion was complete, the fraction retained on top of 

the 100 µm cell strainer was collected, washed two times with Advanced DMEM/F12 

media (100 g, 5 min), and screened for the presence of BDs. BDs were then hand-

picked under the microscope and further processed for the establishment of organoid 

cultures (section 2.4.4).  If liver digestion was not complete and large tissue pieces 

remained intact, these were chopped using a sterilized steel scalpel in smaller 

fragments (2-5 mm2 aprox.) and subsequently processed as indicated in section 2.3.2. 

BDs isolated from this procedure were exclusively used to generate BD organoids.
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2.3.2 Isolation of BD from whole livers
Mice were culled by cervical dislocation or CO2 suffocation and livers were dissected 

and immediately placed on a petri dish containing ice-cold Advanced DMEM/F12 

media. The diaphragm and gallbladder were removed using sterile scissors and 

forceps under a tissue culture hood and the livers were chopped into approximately 2-

5 mm2 pieces using a sterilized steel scalpel. At this point, liver fragments could be 

frozen in Advanced DMEM/F12 containing 40% FBS and 10% DMSO or immediately 

processed.

2-5 mm2 were transferred into a 15 ml conical tube containing Advanced DMEM/F12 

media and washed two times by letting the fragments to settle and replacing the 

media. After the second wash, media was replaced with 5-10 ml of 

collagenase/dispase digestion media (125 µg/ml collagenase type XI, 125 µg/ml 

dispase, 1:100 GlutaMAX, 1% Pen/Strep, 5%FBS in DMEM) and incubated at 37°C 

in a water bath for 1-3 h. Fragments were agitated in rotary motion every 5-10 min and 

up/down pipetted every 20-30 min. After each up/down pipetting step,

collagenase/dispase digestion media was replaced and supernatants were collected, 

transferred to a petri dish and screened under the microscope for the presence of BDs. 

Upon digestion, BDs were hand-picked and used for gene expression profiling 

purposes or to generate of BD organoids (section 2.4.4). BD were always obtained 

from fresh tissue without any freezing/thaw intermediate cycle. 

2.4 Cell culture
2.4.1 Culture of PHs in 2D monolayers
For PHs monolayer 2D culture, plates were first coated with collagen type I from rat 

tail (Thermofisher) following the indications of thin coating procedure of the 

manufacturer. Briefly, the volume of collagen needed for a final concentration of 50

µg/ml of collagen was calculated using the equation bellow and subsequently diluted 

in 20 mM acetic acid. 

!"#$%&' ") *"##+,&' !- .
/0µ,
%# ") *"##+,&' 1 234'+# !"#$%&5

26'474+# *"'*&'78+74"' ") *"##+,&' 29µ,%# 55
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Plates were incubated with the collagen solution for 1 to 2 h at RT, rinsed three times 

with PBS and air dried. Plates were immediately used or stored at 4°C for further use.

PHs (see section 2.2 for isolation procedure) were seeded onto collagen-coated plates 

and cultured for 4-16 h in hepatocyte attachment media (1:1000 ITS, 5% ES qualified 

FBS, 1% Pen/Strep, 15mM HEPES DMEM/F12). Once cells were attached, dead cells 

were washed one time with pre-warmed (37°C) PBS and media was replaced with 

PHs 2D culture media (1:1000 ITS, 0.5% ES qualified FBS, 1% Pen/Strep, 15 mM 

HEPES DMEM/F12). Media was replaced every day of culture always using 37°C pre-

warmed media. When indicated, PHs 2D culture media was supplemented with 100 

ng/ml Wnt3a, 100 ng/ml of Wnt9b or 50 ng/ml of Rspo3. 

2.4.2 Generation of PHs organoids
PHS organoids were generated as following Peng et al. (2018) protocol with minor 

modifications [3]. Briefly, PHs were resuspended in ice-cold Matrigel at a 

concentration of 50 to 100 cells/µl and distributed in 10-20x 25µl hydrogel drops on 6-

well plates pre-warmed at 37°C. A maximum 1:5 ratio of hepatocyte 

suspension:Matrigel was used. After seeding, plates were incubated to 2-3min at 

37°C, flipped upside/down and incubated for other 10-12 min at 37°C. PHs organoid 

expansion media (PHorg-EM) was subsequently added (Table2.3). Media was 

replaced every 2-3 days. 

2.4.3 Passage and expansion of PHs organoids
After 14 to 20 days, organoids reached an average size of 300-1000 µm and were 

ready for passage. For organoid passage, media was removed from the well and 

Matrigel dissociated and collected using ice-cold PBS. Organoids were pelleted at 300

g for 5 min, re-suspended in TrypLE (Gibco) and incubated in a water bath at 37°C for 

5-10 min. Organoids were gently resuspended using a p200 every 3 min during this 

incubation time and organoid cell dissociation was monitored under the microscope. 

Single cell dissociation was avoided. Upon organoid breakage onto clusters of 5 to 10 

cell clusters, TrypLE digestion was interrupted by adding 10 ml of ice-cold William’s E 

media, organoids pelleted at 300 g, 5 min, and resuspended in Matrigel. Organoids 
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were routinely maintained at a split rate of 1:2. During expansion, organoids were 

cultured in PHorg-EM (Table2.3) and this was replaced every 2-3 days. 

PHs organoid basic medium
William’s E media (no phenol red)

1% GlutaMAX

10nM HEPES

1% Pen/Strep

2% B27 Supplement

1% N2 Supplement

10mM Nicotidamide

1.25mM N-acetylcysteine

10µM Y-27632

1µM A83-01

1% (v/v) Non-Essential Amino Acids

10mM nicotidamide

PHorg-EM
PHs organoid basic medium

3µM CHIR99021

25ng/ml EGF

50ng/ml HGF

100ng/ml of TNFa

*50 ng/ml Noggin

Neutral PHorg-DM
PHs organoid basic medium

3 µM Dexamethasone

EGF/HGF PHorg-DM
PHs organoid basic medium

3 µM Dexamethasone

25ng/ml EGF

50ng/ml HGF

CHIR PHorg-DM
PHs organoid basic medium
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Table 2.3 Composition of PHs organoids culture media used in this study. *Added after the 

second passage for the first 7 days of culture.  

2.4.4 Differentiation of PHs organoids
For differentiation, PHs organoids were split, grown for 7 days in PHorg-EM (Table2.3) 

containing 50 ng/ml Noggin, grown 3 to 7 days in expansion media without Noggin 

and then switched to differentiation media (PHorg-DM). The composition of the three 

main PHorg-DM used in this project is shown in Table2.3. When indicated, CHIR from 

Wnt differentiation media was substituted for 50ng/ml Rspo3, 100ng/ml Wnt9b, 

100ng/ml Wnt3a or a combination of 50ng/ml Rspo3 and 100ng/ml Wnt9b. Only 

organoids from passage P3 onwards were subjected to differentiation.

2.4.5 Cryopreservation of PHs organoids
For long term storage, PHs organoids were harvested with ice-cold PBS, pelleted by 

a 5min 300g centrifugation and resuspended in ice-cold serum-free Bambanker cell 

freezing media (Wako). PHs organoids were then distributed in 1.5-2ml cryovials and 

placed in a Mr. Frosty freezing container (Thermofisher) in a -80°C freezer. Mr. Frosty 

are freezing devices that use a foam layer embedded into 100% isopropanol as 

temperature isolation buffer to achieve a cooling rate of the vials very close to the 

optimal -1°C/min. 

2.4.6 Generation of BD organoids
BD organoids were generated as previously described by Huch et al. (2013) protocol 

with minor modifications [89]. Briefly, BDs were isolated and hand-picked as described 

in section 2.3. When collection was completed, BDs were pelleted at 100 g for 5 min, 

resuspended in ice-cold Matrigel, distributed onto 50 µl Matrigel drops on 6-well plates 

pre-warmed at 37°C. A maximum 1:4 ratio of BD suspension:Matrigel was used. After 

seeding, Matrigel drops were gellified by incubating the plates for 15min at 37°C. BD 

organoid isolation medium (BDorg-IM) (Table2.4) was subsequently added. After 1 

week of culture liver organoids were formed and ready to be passaged.

3 µM Dexamethasone

3µM CHIR99021
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BDorg basic medium
Advanced DMEM/F-12

1% Pen/Strep

1% GlutaMAX

10 mM HEPES 10

1 mM N-acetylcysteine

1% N2 Supplement

2% B27 supplement (without vitamin A)

BDorg-EM
BDorg basic medium

10±2% (v/v) Rspo1-conditioned media (CM) or 300 ng/ml purified 

Rspo1 

10 mM nicotinamide

10 nM recombinant human [Leu15]-gastrin

50ng/ml recombinant mouse EGF

50ng/ml recombinant human HGF

100ng/ml recombinant human FGF-10

BDorg-IM
BDorg-EM

100ng/ml Noggin

10% (v/v) Wnt3a-conditioned media

BDorg-DM
BDorg basic medium

100ng/ml recombinant human FGF-10

50 ng/ml EGF (Peprotech)

100ng/ml FGF10 (Peprotech)

50 nM A-8301 (Prepotech)

10 µM DAPT (Sigma)

*30 µM dexamethasone 

Table2.4 BD organoid medium composition. *Added during the last three days of 

differentiation.
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2.4.7 Passage and expansion of BD organoids
For routine maintenance, organoids cultured in BD organoid expansion medium

(BDorg-EM) (Table2.4) were passaged into 1:3 to 1:6 ratio by mechanical disruption 

every 7 to 10 days and cultured in 50 µl Matrigel drops. When plated for experiment 

(gene expression profiling, FACS analysis, immunostaining or microinjection), 

organoids were dissociated for 5 min at 37°C with TryplE into single cells and seeded 

at a density of 200-400 cells/µl Matrigel.

2.4.8 Differentiation of BD organoids
For differentiation, organoids were expanded for 2 to 4 days, and switched to BD 

organoid differentiation medium (BDorg-DM) (Table2.4) and cultured for 13 days. 

Differentiation media was changed every day. When indicated, differentiated 

organoids were treated with 100 ng/ml Rspo1 in 0.1% bovine serum albumin (BSA)

PBS or Doxycycline (Dox) (0.1 mg/ml or 2 mg/ml in PBS). Organoids differentiated in 

this study were between passage 4 and 15.

2.4.9 Cryopreservation of BD organoids
For long term storage, BD organoids were harvested with ice-cold PBS, pelleted by a 

5 min 300 g centrifugation and resuspended in a mixture of ice-cold 40% FBS, 10%

DMSO and 50% BDorg-EM. BD organoids were then distributed in 1.5-2 ml cryovials 

and placed in a Mr. Frosty freezing container (Thermofisher) in a -80°C freezer. 

2.4.10 BD organoid forming capacity assay
To assess organoid forming capacity, organoids were expanded for 2 to 4 days, and 

differentiated for 11 days. Media was supplemented with 30 µM dexamethasone for 

the last 24 h of culture. On the last day of culture, organoids were treated concurrently 

with 500 nM 4-OHT (Sigma) and 100 ng/ml Rspo1 (Prepotech) for 20 h. 4-OHT and 

Rspo1 were then withdrawn from the media for 4 h to both allow the recovery and 

reduce the levels of delayed Cre recombination. Organoids were subsequently 

collected, incubated for 7 min at 37°C with TriplE and dissociated into single cells and 

re-suspended in AdDMEM/F12 containing 2 mM EDTA for sorting. 1000 cells of either 

tdTom positive or negative cells were isolated by flow cytometry, centrifuged 5 min at 
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300 g, re-suspended in 150 µl of Matrigel (Corning) and distributed into 3 wells in a 

24-well plate format. Cells were cultured in expansion media containing 25 ng/ml 

noggin (Peprotech) and where 10% Rspo1 CM was substituted by 300 ng/ml of 

purified Human Rspondin1 (Peprotech).  10 µM Y27632 (Prepotech) was added for 

the 3 first days of culture. At day 7, images were acquired using a GelCount instrument 

(Oxford Optronix) and organoid diameter was quantified by ImageJ. Structures with a 

diameter >100 µm were considered as organoids for the analysis.

2.4.11 Assessment of Dox effects on the BD organoid viability
To determine whether the addition of Dox affected organoid growth/viability, 200-400 

cells/µl matrigel from WT bile duct organoids were seeded in 96-well plates compatible 

for bioluminescence and/or fluorescence reading. Organoids were cultured in 

expansion media for 2 to 4 days and were differentiated where indicated for 13 days. 

For the last 3 days of culture, differentiation media was supplemented with 30 µM 

dexamethasone and, when indicated, 0.1 mg/ml of Dox. Organoid viability was 

determined by CellTiter-Glo (Promega) and CellTox (Promega) following the 

manufacturer’s instructions. Briefly, for CellTiter-Glo assay 100 µl of CellTiter-Glo 

reagent was added to each well containing the organoids grown in 100 µl of medium. 

Plates were then incubated for 5 min protected from the light on an orbital shaker at 

RT to assist cell lysis. After this, plates were left at RT for another 10min for the 

luminescence signal to stabilize and the signal was subsequently measured in a BMG-

luminometer. For CellTox assays, 100 µl of 2x CellTox reagent was added per well 

containing the organoids and 100 µl of medium and the solution was incubated for 20 

min at RT protected from the light. After incubation, the intensity of resulting green 

signal, which is proportional to the amount of late apoptosis events in culture, was 

measured using a BMG-luminometer. 

2.4.12 mES cells culture
mES cells were a gift from Dr. Anika Offergeld. mES cells were unfrozen in FBS 2i 

medium (Figure2.4) and culture onto 0.1% gelating-coated plates at 37°C for 1h. For

passage, mES cells were grown to 50-70% confluency, harvested using an enzyme-

free cell dissociation buffer (Gibco) and enriched for pluripotent cells by premature 

detachment of the undifferentiated colonies. After the second passage, cells were 
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switch to FBS medium (Figure2.4) and passaged 2 to 3 times in that medium 

composition. For experiment, cells grown in FBS medium were passaged, cultured o/n 

in FBS medium, switched to N2B27 medium (Figure2.4) and cultured for 3 to 5 days 

following Habib et al. (2013) recommendations [105]. When colonies were formed, 

Figure2.4 mES cell culture (A) Scheme representing the mES cells culture steps followed 
in this study. Medium used in each passage has been indicated. (B) Comparative table 
indicating the medium composition used in the culture of mES cells.
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cells were passaged onto black clear bottom 96-well plates or 8-well ibidi µ-Slides 

coated with 0.1% gelatin at 37°C for 1h and cultured using N2B27 medium.

2.4.13 Cryopreservation of mES cells
For the propose of freezing, mES cells were incubated with enzyme-free cell 

dissociation buffer (Gibco) for 3-10min at 37°C, resuspended in a mixture of 40% FBS, 

10% DMSO and 50% of the medium in which the mES cells were cultured at the 

moment of the split.

2.4.14 Culture of HEK293T cells
HEK293T cells were routinely cultured in HEK293T culture media (DMEM High 

Glucose supplemented with 10% FBS and 1%Pen/Strep). For passage cells in 

exponential growth phase at a 50-80% confluency were rinsed with 37°C pre-warmed 

PBS, incubated with 0.025% Trypsin (Gibco) for 2 to 4 min and harvested into 15ml 

conical tubes. Trypsin digestion was quenched with HEK293T culture media. Cells 

were then pelleted at 250 g for 5 min, resuspended in HEK293T culture media and 

seeded at a 1:5 – 1:8 split ratio.

2.4.15 Culture of HEK293T cells in a collagen sandwich platform
The solution for the first (1.5 mg/ml) and second (0.9 mg/ml) layer of rat tail collagen 

type I (Thermofisher) was prepared following the gelling procedure instructions of the 

manufacturer. Briefly, the volume of collagen, 10xPBS, NaOH and water for each of 

the layers was determined using the following equations: 
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The resulting volumes of water, NaOH, 10xPBS and collagen were gently mixed and 

kept on ice as gelling of the mixture rapidly occurs at RT.  

100 µl of collagen layer1 mixture were pipetted per well of an 8-well ibidi chamber slide

and distributed using a p200 tip as indicated in Figure2.5 and plates were incubated 

for 30-45 min at 37°C. After a firm layer1 gel was formed, HEK297T cells were seeded 

on top of it. 12-16h later, dead cells and non-attached cells were washed one time with 

37°C pre-warmed PBS, the second layer of collagen with the beads embedded was 

placed on top of them. Beads were attracted to the bottom of the plates with magnets 

and the collagen was for 30-45min at 37°C.  After the second collagen layer was 

solidified, culture medium was pipetted on top. 

2.4.16 Generation of HEK293T TCF-eGFP cell line
To generate TCF-eGFP reporter cells, HEK293T cells were transduced with p7TGC 

plasmid (Appendix A, Figure1) by exposing HEK293T cells in exponential growth 

phase and at 50% confluency to 25% lentivirus-containing medium (see section)

diluted into DMEM High Glucose medium at 37°C. After o/n incubation, cells were 

rinsed 3 times with PBS, harvested with 0.025% Trypsin, washed two times with 

HEK293T culture media (250 g, 5 min) and resuspended at 1x106 cells/ml in DMEM 

High Glucose supplemented with 2.5 mM EDTA for subsequent FACS sorting. The 

p7TGC plasmid carries a SV40-mCherry reporter cassette (Appendix A, Figure1). 

Figure 2.5 Collagen Sandwich scheme. First layer of collagen was spread with the help of 
a pipette tip. The first layer of collagen forms a very pronounced concave meniscus as the 
adhesive forced between the collagen solution and the culture plate are much higher than 
those between the collagen molecules of the solution. The second layer of collagen is then 
placed, generating a collagen sandwich of uneven thickness.
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Thus, to select successfully p7TGC transduced, cells expressing mCherry while 

lacking expression of GFP were isolated by FACS.

2.4.17 HEK293T TCF-Luc cell line
HEK293T cells stably transduced with the SuperTOPFlash-luciferase reporter 

(HEK293T-Luc cell line) were kindly provided by Prof. Nathan (Johns Hopkins 

University). For routine maintenance, HEK293T cells were cultured in HEK293T 

culture media supplemented with 100 µg/ml of G418 to prevent the silencing of the 

transgene [121]. When plated for experiment, G418 was removed from the media 

composition. 

2.4.18 TCF-Luc reporter assay
To measure the response to soluble and immobilized Wnt/Rspo ligands, 5000

cells/well were plated onto clear-bottom 96-well plates white plates (Thermofisher), 

cultured for two days and then treated for 24 h with different concentrations and

combinations of soluble Wnt/Rspo ligands as indicated. To study the synergistic 

effects of Wnt9b and Rspo3 in absence of endogenous Wnt production, cells were 

exposed for 24h to 500 nM LGK974 24h and then treated with Wnt9b (100 ng/ml) or 

Rspo3 (10 ng/ml) for another 24h.  The porcupine inhibitor was maintained during the 

whole length of the experiment. To measure the response to immobilized ligands, 

Wnt/Rspo beads were washed 3 with PBS, 3 times with HEK293T media (10% FBS 

DMEM High Glucose) and re-suspended HEK293T media supplemented with 10 

ng/ml Rspo3 when indicated. Cell media was then replaced for Wnt/Rspo beads 

containing media and cultured for 24h. The volume of media per well used in all the 

treatments was 100 µl.

After the treatments were completed, media was aspirated, cells washed with 37°C

pre-warmed PBS and a combination of 50 µl PBS and 50 µl Blight-Glo (Promega) was

added per well. Plates were incubated in a shaking incubator at RT for 5min and

luminescence was subsequently measured using a BMG-luminometer.

2.4.19 HEK293T-HA-Rspo1-Fc cell line
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HEK293T-HA-Rspo1-Fc cell line was a gift from Calvin Kuo [122]. This line over-

express Rspo1 protein and was used to produce Rspo1 CM. For routine maintenance 

and to avoid the silencing of the transgene, HEK293T cells were cultured in HEK293T 

culture media supplemented with 300 ng/ml of Zeocin (Invitrogen). 

2.4.20 Production of Rspo1 CM
Zeocin was removed from the HEK293T-HA-Rspo1-Fc culture media composition one 

passage prior to cell seeding for Rspo1 conditioning media production. To produce 

Rspo1 CM, cells in exponential growth rate were seeded at 30% confluency in T75 

tissue culture flasks and grown in HEK293T culture media. After 4 days, supernatant 

was collected and media was replaced for fresh HEK293T culture media. 3 days later, 

a second supernatant fraction was harvested and mixed with the previous one. Cell 

debris from the mixture of both fractions were pelleted at 250g for 5min. Rspo1 CM 

was filtered through a 0.22µm low-protein-binding filter (Millipore), distributed into 10ml 

aliquots and stored at -20°C. The activity of each batch of Rspo1 CM after one 

freezing/thawing cycle was assessed by the TCF-Luc assay and compared to the 

activity of purified Rspo1 ligand (see section 2.3.4.2.1). The concentration of Rspo1 

used for biliary duct liver organoid culture corresponded to the saturating 

concentration of the CM in this assay (usually 10±2%) and was equivalent to the 

activity of 300 ng/ml or purified Rspo1. 

2.4.21 Cryopreservation of HEK293T cells
To freeze HEK293T, cells were harvested, resuspended in 40% FBS, 10% DMSO and 

50% DMEM High Glucose, distributed in cryovials and immediately placed in Mr. 

Frosty freezing containers at -80C.

2.4.22 LWnt3a cells
LWnt3a cells express non-tagged Wnt3a protein under the control of a PGK promoter 

and were used to produce Wnt3a CM [123]. For routine culture, LWnt3a cells were 

cultured in L cells media (DMEM media containing GlutaMAX, 10% FBS, 

1%Pen/Strep) supplemented with 100 µg/ml of G418 to prevent the silencing of the 

transgene.



61

2.4.23 Production of Wnt3a CM
G418 was removed from the media composition one passage prior to cell seeding for 

Wnt3a CM production. To produce Wnt3a CM, cells in exponential growth rate were 

seeded at 30% confluency in T75 tissue culture flasks and grown in L cells media. L 

cell media was harvested at day 4 and 7. Both conditioning media fractions were 

mixed, centrifuged at 250g 5min to pellet possible cell debris and filtered through a 

0.22 µm low-protein-binding filter (Millipore). The resulting Wnt3a CM was distributed 

into 10ml aliquots and stored at -20°C. The activity of each batch of Wnt3a CM was 

tested after one freezing/thawing cycle by the TCF-Luc assay and compared to the 

activity of Wnt3a purified ligand.

2.5 Immobilization of proteins onto magnetic beads
Carrier free recombinant mouse Wnt3a (>95% purity, carrier free), Rspo1, Rspo3 and 

Wnt9b were purchased from R&D systems. Purified GFP was a gift from Dr Harley 

Worthy. GFP, Wnt3a, Wnt9b, Rspo1 or Rspo3 were immobilized onto 0.5 mg of 2.8

µm Dynabeads M-270 Carboxylic acid (Invitrogen) by using a two-step coating 

procedure with EDC and NHS as indicated by the manufacturer (Figure2.6). Briefly, 

beads were washed twice for 10 min with ice cold 25 mM MES buffer (pH 5) at a 

concentration of 10 mg beads/ml. Beads were pulled with a magnet for 4min between 

washes. Immediately before use, EDC and NHS were respectively dissolved at 50

mg/ml in ice cold 25 mM MES buffer (pH 5). Beads were then resuspended in EDC 

and NHS was subsequently added. Note that EDC is stored at -20°C. As this 

compound is highly hydrophilic at low temperatures, to preserve the purity of the 

compound over time is critical that EDC is equilibrated at RT before opening the lid of 

the container. 

Beads were then incubated at RT with slow tilt rotation for 30 min and washed 1x with 

25 mM MES buffer (pH 5). After this step, the beads were activated and open to form 

covalent bounds with the primary amines of the ligand. The lyophilized ligands of 

interest were reconstituted in PBS immediately prior to use and added directly to the 

activated beads. 25 mM MES buffer (pH 5) was added in 4:5 ratio and the protein-

bead mixture was incubated for 1h at RT with slow tilt rotation. To assess the 

immobilization efficiency, the protein supernatant was collected after the incubation 
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and diluted to 100 µg/ml (based on the protein initial concentration) in PBS containing 

a final concentration of 0.1% BSA. The amount of ligand per mass (mg) of beads used 

during the crosslink was optimized in such a way that the remaining supernatant after 

the cross-link would retain at least 10% of its initial activity  (Figure2.6). A table with 

the peptide concentrations and volumes per ligand used is provided (Table2.5). Beads 

containing the immobilised ligands were then washed 3x with PBS and quenched and 

Figure2.6 (A) Two-step chemical crosslink reaction scheme. EDC carbodiimide crosslinker 
reacts with the carboxylic acid groups that cover the surface of the bead to give place an active 
O-acylisourea intermediate able to react with primary amino groups. The addition of NHS 
increases the efficiency of the activation. Once activated, beads are washed in MES buffer and 
subsequently incubated with the protein of interest. As a result, the primary amino groups (-
NH2) present in the side chain of lysines and N-terminus part of the protein form a covalent 
bound with the beads giving rise to a stable conjugated. (B) Scheme summarizing protocol for 
bead immobilization. Red arrows point to the resulting products of the reaction. Pre- and post-
crosslink supernatant were immediately stored at -80C. Immobilized ligands onto beads were 
stored at 4°C in 0.1% BSA.
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stored in 1% BSA PBS. As a control, vehicle-beads that have undergo activation and 

1% BSA quenching were used.

2.6 Flow cytometry analysis of BD organoids
2.6.1 Preparation of single cell suspension
Organoids were harvested with ice cold PBS, pelleted at 300g for 5min and incubated 

for 7 min at 37°C with TriplE and dissociated into single cells by gentle pipetting. Cells 

were washed one time (300 g, 5 min) with AdDMEM/F12, resuspended in 2mM EDTA 

AdDMEM/F12 and filtered through 40 µm FACS tube caps. 

2.6.2 Live cells staining
For live/dead cell discrimination, 0.2 µg/ml DAPI was added to the single cell 

suspension prepared in section 2.6.1.

2.6.3 Fixed cells staining 
Cells prepared as indicated in section 2.6.1 were incubated with 1:500 Zombie NIR 

fixable viability dye (Biolegend) on ice for 15min, washed one time with PBS (300 g, 

5min) and resuspended in 100-200 µl of PBS. 16% of PFA was added at a ratio of 1:4 

and cells were fixed on ice for 30 min. Cells were then permeabilized and stained 

using reagents from Click-iT Edu Flow Cytometry Assay Kit from ThermoFisher 

following the instructions of the manufacturer with modifications. Briefly, cells were 

washed one time with PBS and one time with 1X Click-iT saponin-based 

permeabilization buffer, permeabilized and blocked for 20 min with 1% BSA 1X Click-

iT saponin-based permeabilization buffer at RT, and incubated with primary antibody 

in 1% BSA 1X Click-iT saponin-based permeabilization buffer for 1h. Cells were 

subsequently washed one time with 1X Click-iT saponin-based permeabilization 

buffer, incubated with secondary antibody in 1X Click-iT saponin-based 

permeabilization buffer for 45 min at RT. Cells were subsequently washed one time in 

PBS, incubated with 5 µg/ml DAPI in PBS for 15 min to counterstain the nuclei, washed 

one time in PBS and re-suspended in PBS for FACS analysis.  
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Table2.5 Volume and protein concentrations used per ligand. NA (no applied). * Amount of protein removed to evaluate the activity of the 

supernatant before the crosslink. This volume was immediately mixed with BSA in PBS to a final concentration of 0.1% BSA. 

Ligand Lyophilised 

amount 

protein 

(µg)

Amount 

of 

beads 

(mg)

Concentration 

Beads during 

incubation

(mg/ml)

Volume 

EDC

(µl)

Volume 

NHS

(µl)

Volume PBS 

ligand 

resuspension

(µl)

Volume 

MES 

buffer 

during 

crosslink 

(µl)

[Protein]crosslink

(µg/ml)

Wnt3a 10 1.42 10 73 73 29 *(-3.73µl) 116 67 

Wnt9b 25 2.49 10 125 125 50 200 100

Rspo1 25 10

Rspo3 25 1 10 85 85 34 *(-1 µl) 136 147
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2.7 RNAseq
For RNAseq of data presented in Chapter 6, total RNA from 2,000 to 100,000 tdTom 

positive, tdTom negative or untreated cells from differentiated BD organoids were 

isolated and sorted by flow cytometry as indicated in Appendix C, Figure2. RNA 

concentrations were determined by a Hi-sensitivity Qubic kit. Hi-sensitivity Qubic 

results. Single-end 75bp sequencing was performed with 100 ng of total RNA input. 

Library preparation ad sequencing was performed by Angela M. Marchbank and 

Georgina E. Smethurst on a NextSeq-500 sequencer and involved the pooling of equi-

molar libraries from samples under comparison (Genomic Hub, School of Biosciences, 

Cardiff University, Cardiff, CF10 3AX, UK). Sequences were trimmed with 

Trimmomatic 0.35 and assessed for quality using FastQC 0.11.2, using the default 

parameters [124]. On average, 99% of the total reads were mapped to the mouse 

GRCm38 reference genome using STAR 2.5.1b. and counts were assigned to 

transcripts using featureCounts with the GRCm38.84 Ensembl gene build GTF

[125,126]. Counts per million (CPM) and fragments per kilobase per million (FPKM) 

were calculated for each gene.  Both the reference genome and GTF were 

downloaded from the Ensembl FTP site. Trimming, mapping and CPM and FPKM 

normalizations were performed by Dr Robert Andrews and Dr Sumukh Despande from 

the Data Hub at Cardiff University. Genes with <0.5 average FPKM in all biological 

groups were considered as not expressed and discarded from the analysis (see 

Appendix D). Differential gene expression was performed using DESeq2 R package, 

with default 0.1 false discovery rate (FDR), controlling for biological replicates 

differences [127]. The normalised gene expression values (default DESeq2 scaling-

factor normalisation) of significantly expressed genes were subject to Principal 

Component Analysis (PCA) using in R using prcomp(). Normalized expression mRNA 

values in FPKM as well as padj values that had been assigned per two-by-two 

comparison can be found in Appendix E, Table 1 provided on the associated USB. 

Genes with adjusted P value (padj) £0.01 were considered as differentially expressed. 

Heat map generation and hierarchical clustering with CPM values were performed 

applying one minus Pearson correlation clustering method using the Broad Institute 

online tool Morpheus (https://software.broadinstitute.org/morpheus/). Gene set 

enrichment analysis was either performed using the Gene Ontology online tool AmiGO 
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(http://amigo.geneontology.org/amigo) or the Broad Institute GSEA desktop app using 

the molecular signature data base (MSigDB) v7.0 updated in August 2019. AmiGO 

Go-Term results were represented using the online tool REVIGO (http://revigo.irb.hr/)

combined with R. Ax2pos/Ax2neg gene set enrichment and clustering analysis was 

restricted to differentially expressed genes displaying a 2-fold change (a total of 1341 

genes). 

2.8 RT-qPCR
2.8.1 RNA isolation
Total RNA was isolated from BDs, PHS or organoids following Trizol Reagent (Life 

Technologies) RNA extraction method coupled with RNaesy minElute columns 

(Qiagen). For that propose, samples were homogenized using 0.5 ml Trizol Reagent 

(Life Technologies) and chloroform was added into a 1:4 ratio. The aqueous containing 

RNA was separated by 13000 g, 4°C, 15 min centrifugation, mixed 1:1 with 70% 

ethanol and subsequently loaded into RNaesy minElute columns equilibrated at RT. 

RNA was then purified following the RNesy plus kit manufacturer instructions, which 

involved washing the column with 700 µl of RW1 buffer, followed by a 500 µl wash 

with RPE buffer and a 500 µl wash with 80% ethanol. After the last wash, columns 

were transferred to a clean tube and centrifuged at 15K rpm to further eliminate 

ethanol traces. Columns were then transferred to a clean collection tube and the RNA 

was eluted with 17 µl of RNAse-free water pre-warmed at 55°C to increase the RNA 

recovery yield. 

2.8.2 cDNA synthesis
cDNA was synthetized using 100-500 ng starting RNA using iScript cDNA Synthesis 

Kit from Bio-Rad. For RT-qPCR gene expression analysis, cDNA was subsequently 

1:4 diluted in water and stored at -80°C for further use as indicated in section 2.8.4. 

For the propose of primer in vitro testing (see section 2.8.3), undiluted cDNA was 

stored at -80°C. 

2.8.3 RT-qPCR primer design
Primers sequences were obtained from the primer bank data base, members of Trevor 

Dale laboratory, published papers or designed using the primer design online tool from 
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NCBI (https://www.ncbi.nlm.nih.gov/nuccore). When primers were designed using the 

NCBI online tool the following designing and met two criteria: (i) PCR product with a 

length of 70-200bp and (ii) primer must span an exon-exon junction. In this project, 

amplification of all splicing variants was always desired and the pair of primers with 

the lowest self-complementary score was selected. Primer specificity was validated 

first in silico and then in vitro. 

2.8.3.1 In silico testing
In silico analysis of primer specificity was run using UCSC Genome Browser online 

tool (https://genome.ucsc.edu/). Non-specific primers giving rise to PCR products from 

more than one gene were discarded. 

2.8.3.2 In vitro testing
Primers that successfully passed in silico testing were reconstituted at 100 µM using 

nuclease free water (stock solution) and subjected to in vitro testing. Forward (FW) 

and reverse (RV) primers were 1:5 mixed in water to make a FW/RV mix working 

solution with a final concentration of 10 µM FW and 10 µM RV primer. For each primer 

pair a positive control sample that expressed the gene of interest was selected (usually 

BD organoids or PH) and RNA and cDNA were isolated and synthesised following the 

indications of sections 2.8.1 and section 2.8.2, respectively.  Four 1:10 serial dilutions 

were generated with the resulting cDNA and a quantitative PCR (qPCR) and run as 

independent samples (see section 2.8.4). The qPCR reaction was carried out on a 

LightCycler 480 Real-Time PCR system (Roche). After the run, the relationship 

between the amount of cDNA and the Ct value was calculated by plotting the number 

of the dilution (1 to 4) against its mean Ct value and the R2 linear regression coefficient 

was determined in Excel. qPCR products were also collected and evaluated in a 1.5% 

electrophoresis agarose gel. Primers with more of one melt-curve peak, an R2

coefficient value below 0.9 or with more than one PCR product were discarded. The 

gene-specific primer pairs used in this study are in Appendix A, Table2 and the in silico

testing results of all primers used in this thesis can be found in Appendix A, Figure1 to 

7.

2.8.4 Quantitative PCR
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Primers were reconstituted at 100 uM using nuclease free water to make stock primer 

solution. Three technical replicates were performed per condition. qRT-PCR reaction 

was carried out on a LightCycler 480 Real-Time PCR system (Roche) by mixing 5.5 

µl of ‘Primer mix’ and 4.5 µl of ‘cDNA mix’ (see Table2.6 and 2.7). Quantified 

expression values for individual genes were normalized to B2M. The gene-specific 

primer pairs used in this study are in Appendix A, Table2.

Primer mix
SensiFast Hi-Rox SYBR Green (Roche) 5 µl

milliQ water 0.1 µl

Primer mix (10 µM FW+ 10 µM RV) 0.4 µl

Table2.6 Primer mix 

cDNA mix 
cDNA 0.5 µl

milliQ water 5 µl

Table2.7 cDNA mix 

2.9 Immunofluorescence (IF)
IF buffers used in this thesis are indicated in Table2.8. 

 

3D cultures IF buffer
PBS

0.1% Triton X-100 

0.05% Tween-20

0.1% BSA 

mES IF buffer
PBS 

0.001% Tween-20
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0.1% BSA

PH 2D cultures IF buffer
PBS 

0.05% Tween-20

0.1% BSA

Table2.8 IF buffers used in this study.

2.9.1 Organoid preparation for light-sheet microscopy
Plates containing the organoids were placed on ice and Cell Recovery Solution 

(Corning) was pipetted in each well and incubated for 15 to 20 min, which caused the 

gentle dissociation of the organoids from the Matrigel droplets. Organoids were then 

harvested and transferred on top of a 40 µm pluriStrainer placed in a 6-well plate 

(Figure2.7, A). Alternatively, organoids were collected with cold PBS and placed 

directly on top of the 40 µm pluriStrainer. Once in the pluriStrainer, organoids were

washed 2 times with PBS, fixed for 30 min with 4% PFA at RT and washed 3 times 

with PBS. Organoids were then carefully collected under the microscope with a p200 

pipette and transferred on top of 40 µm FACS tube caps in a 24-well plate, 

permeabilized/blocked for 1h at RT with 10% donkey serum (Abcam) in IF buffer 

(Table2.8). After o/n primary antibody incubation in IF buffer at 4°C, cells were washed 

3 times with IF buffer for 10min, incubated with secondary antibody in IF buffer for 1-

2 h at RT, washed 2 times with IF buffer and counterstained with 4 mg/ml DAPI in PBS 

for 15 min. Stained organoids were hand-picked under the microscope, embedded in 

1% low melting point agarose pre-warmed at 60°C and loaded into glass capillaries 

(Zeiss) (Figure7, B). Samples were imaged in PBS in a commercial Z.1 Zeiss light-

sheet microscope (Figure2.8, C). 

2.9.2 Organoid preparation for confocal microscopy
For confocal imaging, organoids were either cultured in black clear bottom 96-well 

plates or ibidi µ-Slides of 2, 4 or 8 wells, fixed either with 4% PFA for 1h at RT or with 

ice-cold 100% methanol for 30min at -20°C, washed 3 times with PBS for 10min and 
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permeabilized/blocked for 3-5 h at RT with 10% donkey serum (Abcam) in IF buffer 

(Table2.8). Primary antibody incubation was performed o/n at 4°C in IF buffer. 

Thereafter cells were washed 3 times with IF buffer for 10min, incubated with 

Figure2.7 Light-sheet imaging sample preparation (A) Scheme showing the collection 
and transfer of microinjected BD organoids for IF staining. Organoids were dissociated from 
the matrigel. Filters of 40 µm (pluriStrainer or FACS caps) were used to retain the organoids, 
wash and stain them without the need of centrifugation intermediated steps. This was critical 
to prevent the displacement of the beads once the microinjected organoid was fixed. (B) 
Images showing BD organoids microinjected with carboxylic acid beads and embedded into 
1% agarose using Zeiss glass capillaries. (C) Image from Zeiss website showing Z.1 light-
sheet microscope set up. Samples embedded in 1% agarose capillary are loaded into 
chambers filled with PBS.  The objective is placed at 90° from the two illumination sources.
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secondary antibody in IF buffer for 3-5 h at RT, washed 2 times with IF buffer and 

counterstained with 4 mg/ml DAPI in PBS for 15min. Samples were subsequently 

imaged in PBS. 

2.9.3 mES cells immunostaining and validation of Wnt3a beads
After two passages in FBS mES medium, cells were cultured overnight, switched to 

N2B27 supplemented with 100 ng/ml Wnt3a and cultured for 3-5 days until colonies 

were formed and ready to proceed with the immunofluorescence imaging of single 

cells in presence of beads. For that purpose, 5000 mES in N2B27 media were mixed 

with 2.25µg of either Vehicle- or Wnt3a-beads and pleated onto 8-well ibidi chambered 

cover-glass slides previously coated with 10 µg/ml of human fibronectin for 1h at 37°C. 

After 16h, cells were washed with PBS and fixed with 4% PFA for 30min at 4°C. Cells 

were washed one time with PBS and other two times with mES IF buffer. Cells were 

then blocked with mES IF buffer containing 10% donkey serum for 30 min and 

subsequently incubated with primary antibodies in mES IF buffer o/n at 4°C. Samples 

were then washed three times with mES IF buffer and incubated in secondary antibody 

for 2 h. Cell nuclei was stained with 2 mg/ml of DAPI in PBS for 15min, washed one 

time with PBS. Samples cultured in clear bottom 96-well plates were imaged in PBS 

whereas cells grown in ibidi µ-Slides were mounted using Vectashield (Vector 

Laboratories). All washing steps were performed under the microscope to control for 

bead movement. 

2.9.4 Characterization of 2D PH cultures by immunofluorescence
To characterise the dynamics of expression of Wnt pathway receptors upon 2D 

culture, fresh isolated murine PH were cultured onto three different collagen-coated 

black clear bottom 96-well plates, in hepatocyte attachment media (1:1000 ITS, 5% 

ES qualified FBS, 1% Pen/Strep, 15mM HEPES DMEM/F12). 4 h after seeding, plates 

containing the hepatocytes corresponding to a 4 h fixation time point were washed 

with PBS pre-warmed at 37°C, fixed with 4% PFA for 15min, washed 3 times with 

PBS, permeabilized for 15-20 min at RT with 0.1% Triton X-100 (Sigma) PBS and 

blocked for 1h in 10% donkey serum 2D IF buffer (Table2.6). Samples were then 

incubated in primary antibody o/n at 4°C, washed three times with 2D IF buffer and 

incubated in secondary antibody for 2 h. Cell nuclei was stained with 2 mg/ml of DAPI 
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in PBS for 15min, washed one time with PBS. Samples cultured in clear bottom 96-

well plates were imaged in PBS whereas cells grown in ibidi µ-Slides were mounted 

using Vectashield (Vector Laboratories).  

Plates containing hepatocytes corresponding to the fixation points of 16 h and 24 h 

were switched to PH 2D culture media (1:1000 ITS, 0.5% ES qualified FBS, 1% 

Pen/Strep, 15 mM HEPES DMEM/F12) 4 h after plating and cultured for another 12 

and 20 h, respectively. After that time, cells were washed with PBS pre-warmed at 

37°C, fixed with 4% PFA for 15 min and processed for IF as indicated for the 

hepatocytes corresponding to a 4 h fixation time point.

2.10 Lentivirus production
2.10.1 Plasmid preparation
The TCF-eGFP reporter plasmid (p7TGC) was a gift from Dr Roel Nusse (Addgene, 

#24304). The envelop plasmid VSV-G and the packing plasmid psPAX2 for lentivirus

production were a gift from Dr Juan Bautista Menendez-Gonzalez from Neil Rodrigues 

laboratory.

VSV-G and psPAX2 plasmids were supplied as purified plasmids and amplified in One 

Shot Stbl3 Chemically Competent E. coli (Thermofisher) following the instructions of 

the manufacturer. Briefly, 100 ng of plasmid were gently added into a vial of Stbl3, 

incubated on ice for 30 min, transferred into a 42°C water bath for 45 s and incubated 

for 2 min on ice. Transformed bacteria were then mixed with 250 µl of S.O.C. medium, 

incubated at 37°C for 1 h in a shaking incubator and a volume of 50 µl was spread into 

LB broth agar plates supplemented with 100 µg/ml ampicillin. Plates were inverted, 

incubated at 37°C overnight and subsequent colonies hand-picked and used to 

inoculate 5 ml LB broth medium supplemented with 100 µg/ml ampicillin. Cultures 

were grown o/n at 37°C in a shaking incubator. 

The p7TGC plasmid was supplied as transformed bacteria in stab culture format and 

therefore liquid bacterial cultures were generated by direct inoculation of 5 ml LB broth 

supplemented with 100 µg/ml ampicillin. Cultures were grown o/n at 37°C in a shaking 

incubator.



73

2.10.2 Plasmid purification
Plasmids present in bacteria liquid cultures were purified using a Midiprep Kit 

(Invitrogen) following the instructions of the manufacturer and stored at -80C. 

2.10.3 Transfection of HEK293T cells and lentivirus collection
Lentivirus were generated by triple transfection of HEK293T cells with the envelop 

plasmid VSV-G, the packing plasmid psPAX2 and the TCF-eGFP reporter plasmid 

(p7TGC) by calcium-phosphate method. For this aim, 3x106 HEK293T cells were 

seeded into a 10cm dish. 8h post seeding, 3 µg of VSV-G plasmid, 10 µg of pTGC 

plasmid and 6.5 µg of psPAX2 vector were diluted in water (up to 437.5 µl) and 

subsequently mixed with 62.5 µl of 2M CaCl2 solution. 500 µl of 2x HBS solution (16 

g/l NaCl, 10 g/l HEPES, 0.74 g/l KCl, 0.27g/l Na2HPO4 2H2O and 2 g/l dextrose in H2O) 

PHs 7.05-7.1 were transferred into a 15 ml conical tube. The DNA/CaCl2 mixture was 

added in a drop-wise manner to the 2x HBS solution while this was being vortexed 

and incubated for 20 min at RT. Medium from the HEK293T cells was replaced by 

HEK293T media supplemented with 25 µM of chloroquine and the DNA/CaCl2/ 2xHBS 

solution was added in a drop-wise manner onto the cells. After o/n culture, media was 

replaced with conventional HEK293T culture media. Media containing p7TGC 

lentivirus was harvested 12h later, passed through a 45 µm syringe-filter and 

immediately stored at -80C for further use. 

2.10.4 Lentivirus titration
HEK293T cells were seeded (50.000 cells/well) into 24-well plates, cultured for 24 h, 

exposed to different amounts (0, 1, 10, 50, 100 or 200 µl media per well) of lentivirus-

containing medium (section 2.10.3) for 24 h, washed two times with PBS and cultured 

in HEK293T media for other 24 h. Cells were then collected using Trypsin, washed 3 

times with PBS and re-suspended in 2.5 mM EDTA DMEM/High glucose and 

subsequently assessed for mCherry (lentivirus expression) production levels by flow-

cytometry. As expected, number of successfully transduced cells (mCherry positive) 

was proportional to the amount of lentivirus to which cells were exposed (Figure2.8, 

A).
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2.10.5 Transduction of HEK293T cells
To generate TCF-eGFP reporter cells, HEK293T cells were transduced with p7TGC 

plasmid by exposing HEK293T cells in exponential growth phase and at 50% 

confluency to 25% lentivirus-containing media diluted into DMEM High Glucose media 

at 37°C. After O/N incubation, cells were rinsed 3 times with PBS, harvested with 

0.025% Trypsin, washed two times with HEK293T culture media (250g, 5min) and 

resuspended at 1x106 cells/ml in DMEM High Glucose supplemented with 2.5mM 

EDTA for subsequent FACS sorting.

2.10.6 Assessment of the response of TCF-eGFP HEK297T cells to Wnt 
activation by flow cytometry

HEK293T TCF-eGFP reporter cells in exponential growth rate were plated at a 30% 

confluency in 12-well plates, grown for 2 days and exposed for 24 h to different 

concentrations of soluble or immobilized Wnt/Rspo ligands as indicated. When treated 

with immobilized ligands, Wnt/Rspo beads were washed 3 with PBS, 3 times with 

HEK293T media prior to the addition to the cells. After treatment was completed, cells 

were washed with 37°C pre-warmed PBS, harvested with 0.025% Trypsin, washed 

one time with 10% FBS DMEM High Glucose medium and re-suspended in DMEM 

Figure2.8 HEK293T cells were transduced with different amounts of 7pTGC lentivirus. (A) 
Bar graph shows that proportion of successfully transduced cells (mCherry positive) is 
proportional to the amount of lentivirus used. (B) Proportion of eGFP positive cells remained 
constant and close to zero in all the treatments, indicating that the leakiness of the TCF-eGFP 
reporter is close to zero.
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High Glucose medium supplemented with 2.5 mM EDTA. To distinguish between 

live/dead cells, DAPI was added to a final concentration of 0.4 µg/ml. 

2.11 Semi-automatic IF quantifications
2.11.1 Quantification tdTom positive cells lineage tracing experiment in 

differentiated BD organoids (Chapter 6)
To obtain the percentage of tdTom positive cells, the number of tdTom positive cells 

divided by the number of nuclei per image field was quantified in a semi-automatic 

manner using FIJI. For semi-automatic nuclei quantification, nuclear masks were 

obtained using as an input a 10x confocal image were the nuclei has been counter-

stained with DAPI and the different Z-planes have been projected using the maximum 

intensity of each plane (Image>Stack>Z projection> Max Intensity) (Figure2.9). A 

threshold range was then set up manually per picture to distinguish the nuclei apart 

from the background (Image>Adjust>Threshold).  Images were subsequently 

converted into a binary image and nuclei were segmented from overlapping objects 

using a watershed function (Process> Binary> Watershed) (Figure2.9). Nuclei objects 

were counted using a minimum size cut-off criteria of 152 microns (Figure2.9). The 

output image with resulting outlines of counted nuclei was finally compared with the 

input image and thresholding parameters or nuclei size cut-off criteria were adjusted 

when required (Figure2.9). 

2.11.2 Quantification of immunofluorescence images using Harmony Software
Samples stained for tdTom (Rabbit anti-RFP, Rockland), HNF4a (Rabbit anti-HNF4a, 

Santa Cruz), CK19 (Rat anti-CK19, TROMA-III, DSHB) and GS (Mouse anti-GS, 

Sigma) were quantified in a semi-automatic manner using the software Harmony. A 

total of 20 view fields at 20x magnification were quantified per animal and staining. 

View field analysed were from at least two different hepatic lobes. The pipeline of 

analysis and mask used for the quantifications of samples stained for GS can be found 

in Figure2.10. The masks used for the quantifications of samples stained for tdTom 

and HNF4a have been detailed in Figure2.11. Samples stained for tdTom and CK19 

were quantified as indicated in Figure2.12.

2.12 Statistical methods
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GraphPad Prism 7.0 Software was used for all statistical analysis and graphs 

representation. Statistical test used are indicated in each individual figure.

Figure2.9 Screen shoots of image analysis for nuclear segmentation and semi-
automatic quantification using FIJI. (A) 10x input a confocal image where the cell nuclei has 
been counterstained with DAPI and the different Z-planes have been projected using the 
maximum intensity of each plane. (B) Corresponding binary image where threshold has been 
adjusted for the identification of the nuclei (objects of interest) over the image background. 
Watershed separation was applied for the segmentation of overlapping nuclei. (C) Panel with 
FUJI settings employed for the quantification of nuclei particles. (D) Output image were the 
outlines of the counted particles have been highlighted.
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Figure2.10 GS mask analysis (A) 3-planes maximum projection GS immunostaining in 
put image. GS staining appears labelled in the 488 channel. Cell nuclei have been 
counterstained with DAPI. (B) Cells nuclei are detected in the DAPI channel using “Find 
nuclei method A, B or C”. (C) Hepatocytes nuclei mask partially excludes non-parenchymal 
and BECs nuclei based on morphology (roundness and size). (D) GS positive hepatocytes 
(green) are semi-automatically detected in which a filter based on 488 cytoplasmic 
fluorescence intensity (GS staining) has been applied using as an input image C. GS 
negative cells appear surrounded by a red mask. (E) The image is segmented in different 
areas based on 488 fluorescence intensity. (F) Area covered by GS positive hepatocytes 
cells is obtained by excluding auto-fluorescence (based on 488 mean intensity) and small 
regions (<200 μm) using as an input image from panel E.
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Figure2.11 (A) 3-planes maximum projection image used as input image to Harmony 
software. (B) Cells nuclei (all cells) are detected in the DAPI channel using “Find nuclei 
method A, B or M”. (C) Cell nuclei of putative hepatocytes is detected in the 488 channel 
(corresponding to HNF4a staining) using “Find nuclei” function with method of detection A 
or B. (D) Hepatocytes cell nuclei mask in which a filter based on size, roundness and 488 
fluorescence intensity (HNF4a staining) has been applied to remove auto-fluorescence 
false positives. In green, HNF4a positive nuclei considered for downstream analysis in 
image E, G and H. In red, objects identified by 488 nuclei mask shown in image C that do 
not meet the cut-off requirements. (E) The 568 (tdTom) fluorescent intensity of hepatocyte 
cytoplasm is calculated by drawing a thin surrounding region to all HNF4a positive nuclei 
obtained in image D. (F) BEC-derived mask excludes (red) pre-injury hepatocytes with high 
568 (tdTom) cytoplasmic signal and counts the number of objects (green) below the 
established 568 intensity threshold. (G) Pre-injury hepatocytes mask excludes (red) BEC-
derived hepatocytes with low 568 (tdTom) cytoplasmic signal and counts the number of 
objects (green) above the established 568 intensity threshold.
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Figure2.12 (A) 3-planes maximum projection image used as input image (B) Cells nuclei are 
detected in the DAPI channel using “Find nuclei method  C”. (C) 568 (tdTom staining) and 488 
(CK19 staining) cytoplasmic fluorescent intensity is calculated in nuclei surrounding region. (D)  
Hepatocytes nuclei mask partially excludes non-parenchymal and BECs nuclei based on 
morphology (roundness and size). (E) BEC cells (CK19 positive) are highlighted based on 568 
cytoplasmic intensity. (F) Mask highlighting pre-injury hepatocytes based on tdTom fluorescence. 
(G) Mask highlighting BEC-derived hepatocytes (tdTom negative. (H) Mask for CK19 positive cells 
based on 488 intensity. (I) Area covered by CK19+ cells is obtained by excluding auto-fluorescence 
regions.
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Chapter 3. IMMOBILIZATION OF 
WNT/RSPO LIGANDS INTO CARBOXYLIC 

ACID BEADS
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The primary objective of this thesis was to establish the molecular and biological tools 

for the generation of a liver in vitro system in which the local Wnt microenvironment of 

the hepatic CV was artificially recreated. One experimental approach set to achieve 

this was the covalent immobilization of the Wnt and Rspo ligands secreted by the CV

onto beads.

In this chapter, I aimed to generate functionally active Wnt and Rspo beads. As the 

hepatic CV produces Wnt9b and Rspo3, this chapter will pay special attention to the 

biology resulting from the combination of these ligands. CV endothelial cells 

additionally produce Wnt2. However, the response to this ligand wasn’t evaluated as 

Wnt2 was not commercially available during the completion of this project. Kate 

McSweeney, a BSc student summer student working under my supervision, 

contributed to generate the data from the LGK974 experiment presented in Figure3.2, 

J. 

3.1 Introduction
The canonical Wnt pathway culminates with the stabilization and nuclear translocation 

of b-catenin, where this transcriptional coactivator drives the expression of canonical 

target genes in a cell context-dependent manner. In the hepatocytes, b-catenin 

controls the expression of metabolic genes including Glul, Cyp1a2 and Cyp2e1 [51]. 

The transcription of these markers is restricted to pericentral hepatocytes, reflecting 

that b-catenin transcriptional activity is zonated and exhibits its highest levels in the 

hepatocytes surrounding the hepatic CV. 

Several liver resident cell types are source of Wnt ligands and Wnt pathway 

modulators that could potentially support the Wnt/b-catenin activation gradient in the 

hepatic lobule. However, to date, only Wnt signals of angiocrine origin have been 

shown to be essential for the establishment (Lyve1-Cre; Wlsfl/fl and Stab2-Cre; Wlsfl/fl) 

and maintenance (VE-Cadherin-CreERT2; Wlsfl/fl) of Wnt-driven metabolic zonation 

[35,91]. Amongst all liver endothelial cells, the centrolobular location of the CV places 

these cells as the putative source of the Wnt/b-catenin pathway activation gradient. 

CV endothelial cells have been shown to express Wnt9b and Wnt2 as well as the Wnt 
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agonist Rspo3 [12,92,98]. It is currently unknown whether Wnt9b, Wnt2 or both ligands 

are required to drive activation of the canonical Wnt pathway in the hepatocytes [104].  

One of the main objectives of this thesis was to develop the molecular tools for the 

generation of a local Wnt microenvironment that resemble the canonical Wnt niche of 

the hepatic central vein. In 2013, Habib and colleges covalently immobilized Wnt3a 

and Rspo1 onto carboxylic acid beads to dissect the biology resulting from the local 

exposure to these ligands [105]. As Wnt3a and Rspo1 were reported to retain the 

ability to activate canonical Wnt signalling when immobilized, the experimental 

approach set to generate an artificial central vein Wnt niche was the covalent 

immobilization of the Wnt and Rspo ligands secreted by the CV onto beads.

In this chapter, the ability of soluble and immobilized CV ligands to activate the Wnt/b-

catenin pathway will be assessed. Wnt2 was not commercially available during the 

completion of this project. Thus, the first objective of this chapter will be to determine 

whether soluble Wnt9b and Rspo3, in the absence of Wnt2, drive canonical Wnt 

signalling in vitro. To achieve that aim, robust cell-based assays able to report 

canonical activation will be developed using HEK293T cells as cell system. The 

second objective of this chapter will be the covalent immobilization of Wnt9b and 

Rspo3 ligands following the Habib et al. (2013) protocol and the evaluation of the 

canonical Wnt activity of immobilized Wnt/Rspo ligands [105]. In addition to the CV

ligands Wnt9b and Rspo3, Rspo1 and Wnt3a proteins will also be immobilized with 

two proposes: (1) to validate the Wnt/Rspo protein immobilization protocol of Habib et 

al. (2013) protocol and (2) as a contention method in the possible scenario that Wnt9b 

and Rspo3 beads result unable to drive the local activation of canonical Wnt signalling. 

3.2 Results
3.2.1 Characterization of Wnt/Rspo soluble ligands activity
Prior to their immobilization, the ability of Wnt9b, Wnt3a, Rspo1 and Rspo3 to induce 

the canonical Wnt pathway was evaluated using two HEK293T cell lines expressing 

different versions of the TCF/LEF reporter system: a TCF-Luciferase (TCF-Luc) 

reporter line kindly donated by Dr Jeremy Nathans and an in-house generated TCF-

eGFP reporter line (see section 3.2.1) [121]. Both these cell lines stably express a 



83

construct in which a reporter gene (firefly luciferase or eGFP) is under the control of 

seven TCF/LEF binding motifs. b-catenin primarily associates with transcription 

factors of the TCF/LEF family to drive gene expression and, therefore, the expression 

of these reporter genes can be used as a proxy for Wnt pathway activation (Figure3.1). 

The response of the TCF-Luc to soluble Wnt and Rspo ligands will be first 

characterised (see section 3.2.1.1). Section 3.2.1.2 will describe the steps followed for 

the generation of a ‘Wnt super-responder’ TCF-eGFP line. The response of such TCF-

eGFP cell line will be later characterized in section 3.2.1.3.

3.2.1.1 Response of TCF-Luc HEK293T reporter cells to soluble Wnt/Rspo 
ligands

The ability of the HEK293T TCF-Luc cell line to respond Wnt pathway activation was 

first evaluated by exposing the cells to different concentrations of Wnt3a, a canonical 

Figure3.1 TCF/LEF reporter scheme. Upon Wnt pathway activation, b-catenin translocate to 
the nuclei and associates with TCF/LEF family transcription factors. These transcription 
factors recognize and bind to the 7 TCF repeats of the construct, triggering the transcription 
of the reporter gene (eg. Luciferase or eGFP). 
Figure3.1
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Wnt ligand that activates b-catenin transcriptional activity in different cellular contexts 

[128]. Wnt3a induced activation of the TCF luciferase reporter in a dose-dependent 

manner, confirming the validity of this cell line to report activation of the Wnt/b-catenin 

pathway (Figure3.2, A).  However, the sensitivity of this cell line to Wnt3a was rather 

low as the addition of 100 ng/ml of this ligand barely triggered a 2-fold change 

luminescence (Figure3.2, A) [105]. 

Immobilization of Wnt proteins onto beads is expected to induce the TCF/LEF reporter 

in a less efficient manner than soluble ligands for several reasons: (1) the ability of the 

ligands to interact with their receptors will be limited by the area of interaction between 

beads and cells; (2) the ability of the immobilized ligands to activate cell surface 

receptors will be restricted by the efficiency of the crosslink; (3) the orientation in which 

Wnt proteins are presented to the receptors might not be optimal for all the immobilized 

molecules as the covalent crosslink occurs in a randomized manner; and (4) the beads

impede the internalization of the Wnt-signalosome (see Chapter1), which in turn might 

prevent the activation of the pathway to its full capacity. In light of these concerns, it 

was felt to be desirable to develop a more sensitive Wnt assay that was able to report 

the presence of Wnt at lower concentrations (<100 ng /ml) as these are considered to 

be physiologically relevant [105].  

Rspo1 has been reported to augment Wnt signalling by stabilizing Wnt receptors (Fzd 

and Lrp) at the cell surface (see Chapter1). Therefore, I sought to determine whether 

the addition of Rspo1 would increase the sensitivity of the HEK293T TCF-Luc cell line 

to Wnt3a ligands. To assess whether Wnt3a and Rspo1 cooperativity enhance the 

sensitivity of the cell line to Wnt3a activity, HEK293T TCF-Luc cells were exposed for 

24h to different concentrations of Wnt3a alone or in combination with 20 ng/ml or 40 

ng/ml of Rspo1.  The addition of Rspo1 to the system increased the detection window 

to soluble Wnt as Wnt3a was detectable at concentrations as low as 20-50 ng/ml and 

the addition of 100 ng/ml of Wnt3a triggered a fold-change luminescence induction of 

~15 and ~12 in the presence of 20 ng/ml and 40 ng/ml of Rspo1, respectively 

(Figure3.2, B). Wnt3a detection window of assay was maximal in the presence of 20 
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ng/ml of Rspo1 and, therefore, this concentration of Rspo1 will be used later to 

augment the sensitivity to other soluble and immobilized Wnt proteins.



86

The activity of the central vein Wnt9b is a ligand was also evaluated in the HEK293T 

TCF-Luc cell line. By contrast to Wnt3a, Wnt9b did not trigger the activation of the TCF 

reporter at any concentration (Figure3.2, C). Wnt9b, however, did induce TCF-

dependent transcription in the presence of either 10 ng/ml of Rspo3 (Figure3.2, D) or 

20 ng/ml Rspo1 (Figure3.2, E). These results suggest that Wnt9b behaves as 

canonical Wnt ligand when Rspo proteins are present in the system. 

In vivo and in vitro evidence suggest that Wnt9b primarily activates non-canonical Wnt 

signalling. To evaluate whether other non-canonical Wnt ligands switch to canonical 

behaviour in the presence of Rspo proteins, the response of HEK293T TCF-Luc cells

to Wnt5a, a well-known non-canonical Wnt ligand, in the presence and absence of 

Rspo proteins was assessed [129-133]. The addition of Wnt5a alone did not have a 

significant effect in the basal levels of activation of the TCF-reporter (Figure3.2, F). By 

contrast to Wnt9b, the addition of Wnt5a actually caused a decline in the levels of 

Rspo1- and Rspo3-induced TCF activation levels in a dose-dependent manner 

(Figure3.2, G).

As Rspo1 and Rspo3 will also be immobilized onto beads (see section 3.2.2), I next 

evaluated the ability of the HEK293T TCF-Luc cell line to act as a quantitative readout 

for Rspo ligands. The addition of Rspo1 and Rspo3 activated the reporter in a dose-

dependent manner in the absence of exogenous Wnt proteins, indicating that 

Figure3.2 24h response of HEK293TTCF-Luc reporter cells to different combinations of soluble 
Wnt and Rspo ligands. (A) Exposure to the canonical ligand Wnt3a triggers the induction of the 
TCF reporter in a dose dependent manner. (B) Wnt3a response is augmented by the presence 
of either Rspo1 (20 ng/ml) or Rspo3 (10 ng/ml). (C) Wnt9b by itself does not have significant 
effects in the basal activation levels of the TCF reporter. (D and E) Wnt9b switches to canonical 
behaviour and induces the TCF reporter in a dose dependent manner when Rspo3 (10 ng/ml)
or Rspo1 (20 ng/ml) are present at a constant concentration. (F) Wnt5a by itself does not have 
significant effects in the basal activation levels of the TCF reporter. (G) Addition of Wnt5a causes 
a decline in the activation levels of the TCF/LEF reporter when this is induced by either Rspo1 
(20 ng/ml) or Rspo3 (10 ng/ml). (H and I) Rspo3 and Rspo1 activate the TCF reporter in a dose 
dependent manner. (J) Blockage of endogenous Wnt secretion (exposure to 500 nM LGK974) 
depletes Rspo3 (10 ng/ml) mediated activation of the TCF reporter. Addition of Wnt9b (100 
ng/ml) is sufficient to activate the reporter.in the presence of Rspo3. LGK974 was administrated 
24h prior to Wnt9b or Rspo3 exposure and maintained during the whole length of the experiment. 
(K) Wnt9b synergises with Wnt3a (200ng/ml) and Rspo3 (10ng/ml) to activate the TCF reporter. 
All graphs show the results from three technical replicates. All experiments were repeated 
independently at least three times and l graphs are representative of the activation curve seen, 
with the exception of graph K that was only performed one time.
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HEK293T TCF-Luc cell line might produce Wnt ligands (Figure3.2, H and I). The ED50

of Rspo3 (~ 2 ng/ml) was approximately 10 times lower than the ED50 of Rspo1 (~ 20 

ng/ml) (Figure3.2, H and I). 

To assess whether Rspo3 requires the presence of endogenous Wnt ligands to induce 

canonical Wnt signalling, endogenous Wnt production was blocked with a porcupine 

inhibitor (LGK974), a compound that blocks the secretion of Wnts by interfering with 

the acetylation of the ligand.  Exposure to 500 nM of LGK974 24h prior to the addition 

of Rspo3 (10 ng/ml) completely blocked the activation of the TCF reporter by this 

ligand, confirming Rspo3 requires the presence of Wnt proteins to activate the TCF 

reporter (Figure3.2, J). Rspo3 activity was rescued upon addition of exogenous Wnt9b 

(100 ng/ml), although the levels of activation of the reporter were 3.65±1.2 times lower 

than when endogenous Wnt ligands were present (Figure3.2, H). Altogether these 

results suggest that (1) Wnt9b is sufficient (in the presence of Rspo ligands) to induce 

canonical Wnt signalling and (2) Wnt9b might synergise with other Wnt ligands 

produced by HEK293T to drive activation of the TCF reporter. 

To explore the possibility that Wnt9b might synergise with other Wnt ligands, HEK293T 

TCF-Luc cells were exposed to different concentrations of Wnt9b in the presence or 

absence of Wnt3a (200 ng/ml) and/or Rspo3 (10 ng/ml). Wnt3a was selected over 

other Wnt proteins for this experiment as Wnt9b and Wnt3a bind are known to bind 

different domains of the Lrp6 receptor and biochemical assays have shown that both 

proteins can be simultaneously loaded onto the Lrp6 receptor [134]. As previously 

reported, Wnt9b alone did not trigger the activation of the TCF reporter (Figure3.2, K). 

However, 500 ng/ml Wnt9b triggered ~2.5 fold-change luminescence induction when 

Wnt3a was present in the system, indicating that Wnt3a and Wnt9b can synergise in 

certain extend (Figure3.2, K). 500 ng/ml Wnt9b in combination to 10 ng/ml of Rspo3 

caused a ~16 fold-change induction in the activation levels of the reporter when this 

was compared to the presence of Rspo3 alone, indicating that Rspo3 induces Wnt9b 

canonical activity more efficiently than Wnt3a Figure3.2, K).

Taken together, the responses the luciferase reporter data suggest that (1) the 

sensitivity of Wnt3a detection can be greatly improved when Rspo1 is present in the 
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system at a concentration of 20 ng/ml, (2) Wnt9b induces the TCF-Luc activity only 

when HEK293 cells are co-treated with either Rspo1 or Rspo3 and (3) the induction 

of TCF-Luc by Rspo1 and Rspo3 requires the expression of endogenous Wnt ligands 

and can be rescued by exogenous ligands.

3.2.1.2 Generation of a TCF-eGFP ‘Wnt super-responder’ HEK293T reporter 
line

The TCF-Luc assay requires a lysis step to release the firefly luciferase is released 

from the cells, providing information about the overall effect of the treatment in the 

pool (see section 3.2.1.1). To later evaluate the activity of the immobilized ligands at 

a single-cell resolution it was, however, desirable to develop a complementary reporter 

assay that allowed the assessment of the local rather than the global activity of the 

Wnt/Rspo beads. For that aim, a TCF-eGFP monoclonal HEK293T reporter line was 

generated in house in a process that involved (i) lentivirus-mediated delivery of the 

TCF-eGFP construct (p7TGC plasmid), (ii) selection of clones successfully transduced 

and expressing the plasmid, (iii) evaluation of the response of the pool of TCF-eGFP 

expressing cells to soluble Wnt3a, (iv) isolation and expansion of Wnt3a super-

Figure3.3 Generation of a monoclonal ‘Wnt super-responder’ TCF-eGFP line. (A) 
Experimental pipeline used for the generation of Wnt3a HEK293T TCF-eGFP sensitive cell 
line. (B) TCF-eGFP reporter scheme. mCherry function as a selection cassette, being 
expressed in all succesfully transduced cells. Expression of eGFP is under the control of 
7xTCF promoter repeats. Thence, eGFP expression can be used as a proxy for Wnt 
activation levels.
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responder clones from the pool and (v) selection of the best TCF-eGFP Wnt3a super-

responder clone (Figure3.3, A). In this section, the steps followed to generate a 

HEK293T TCF-eGFP monoclonal cell line will be described. The response of such cell 

line to soluble Wnt and Rspo ligands will be later described in section 3.2.1.3. P7TCG 

plasmid preparation and lentivirus production is described in Chapter 2, section 2.7.

The first step in the generation of the TCF-eGFP HEK293T line was the lentivirus-

mediated delivery of the p7TGC plasmid. In this plasmid, eGFP is under the control of 

7xTCF repeats and therefore eGFP expression might be interpreted as a proxy for 

canonical Wnt pathway activation levels (Figure3.3, B). To select cells that effectively 

express the vector and track events of silencing over time in culture, the p7TGC

plasmid additionally carries a SV40-mCherry reporter cassette which labels p7GTC 

expressing cells with mCherry (Figure3.3, B). 

Making use of the mCherry reporter, HEK293T cells successfully transfected with low 

TCF-eGFP background activation levels (eGFP negative) were sorted by flow 

cytometry and further expanded (Figure3.4). After two passages, the response of 

p7TCG expressing cells to soluble Wnt ligands was evaluated. For that aim, 10.000 

Figure3.4 Isolation of HEK293T cells successfully transduced with the TCF-eGFP reporter. 
Flow cytometry histograms show the gating strategy for the isolation of cells expressing the 
TCF-eGFP reporter that lack basal expression of eGFP.
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cells/well were seeded onto 48-well plates, cultured for 2 days and exposed to different 

concentrations of Wnt3a in the presence or absence of 20ng/ml Rspo1. After 24h or 

48h of treatment, eGFP expression levels were analysed by flow cytometry or 

fluorescence microscopy.

As previously reported in the TCF-Luc HEK293T cell line (see section 3.2.1.1), the 

addition of Wnt3a induced the activation of the TCF-eGFP HEK293T reporter in a 

dose-dependent manner (Figure3.5). However, only a small proportion of cells (less 

than 0.1% of the pool) were found to highly express eGFP when exposed to 100 ng/ml 

of Wnt3a (Figure3.5). Wnt3a at 100 ng/ml is a widely-used concentration for the in 

vitro study of Wnt responses with physiological relevance and therefore it was of 

Figure3.5 Response of the pool of HEK293T TCF-eGFP cells to Wnt3a treatment (A) Flow 
cytometry histograms showing 24h response of HEK293T cell stably expressing the p7TGC 
plasmid to Wnt3a. (B) Representative fluorescence images of HEK293T stably expressing 
the p7TGC plasmid exposed for 48h to soluble Wnt3a. 
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interest to increase the sensitivity of the TCF-eGFP HEK293T line to this ligand 

[135,136].

In section 3.2.1.1 it was described that the addition of 20 ng/ml Rspo1 to the cultures 

increased the window of detection to Wnt3a in the TCF-Luc cell line. To assess 

whether the presence of Rspo1 enhance the sensitivity of the TCF-eGFP cell line to 

Wnt3a activity, TCF-eGFP HEK293T cells were exposed to different concentrations of 

Wnt3a in the presence of 20 ng/ml of Rspo1 and the eGFP expression levels in these 

cells were analysed by flow cytometry or fluorescence microscopy. The TCF-eGFP 

reporter was highly activated by Rspo1 in the absence of Wnt3a (Figure3.6). As a 

result, the response to Rspo1 partially masked the dose-dependent response to 

Wnt3a and, therefore, this approach was unviable to enhance the detection window 

for Wnt3a in the TCF-eGFP HEK293T cell line (Figure3.6).

Figure3.6 Response of the pool of HEK293T TCF-eGFP cells to Wnt3a and Rspo1 co-
treatment (A) Flow cytometry histograms showing 24h response of HEK293T cell stably 
expressing the p7TGC plasmid to Wnt3a in the presence of 20 ng/ml or Rspo1. (B) 
Representative fluorescence images of HEK293T stably expressing the p7TGC plasmid 
exposed for 48h to soluble Wnt3a in the presence of 20 ng/ml of Rspo1. 
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As an alternative approach to generate a TCF-eGFP HEK293T reporter line with 

higher sensitivity to Wnt ligands, eGFP positive cells from the pool of cells that 

responded to ‘low’ concentrations of Wnt3a (either 100 ng/ml or 200 ng/ml) were 

individually sorted and expanded (Figure3.7, A). A total of 16 clones were expanded. 

Due to the ability of these cells to respond to ‘low’ Wnt3a concentrations, these clonal 

lines were named as ‘Wnt super-responders’. 
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To evaluate the sensitivity of the TCF-eGFP ‘Wnt super-responders’ cells to canonical 

Wnt activation, these clones were exposed to different concentrations of Wnt3a for 

24h and their eGFP expression levels were assessed by flow cytometry. Out of the 16 

clones, clone number #30 and #47 resulted the most sensitive to Wnt3a treatment 

(Figure3.7, B-D). Of note, eGFP positive cells were detectable at Wnt3a 

concentrations as low as 10 ng/ml in both clones #30 and #47 (Figure3.7, C). Between 

clone #30 and #47, clone #47 resulted the one with the highest induction / eGFP 

background ratio and therefore was selected as a TCF-eGFP reporter line in the 

experiments of this thesis (Figure3.7, D). For simplicity, clone #47 HEK293T TCF-

eGFP reporter line will be further referred as TCF-eGFP reporter line. 

3.2.1.3 Response of TCF-eGFP reporter cells to Wnt/Rspo soluble ligands
The TCF-eGFP line was generated to evaluate the local activity of immobilized Wnt3a, 

Wnt9b, Rspo1 and Rspo3 ligands. To determine whether this line was a suitable 

platform for that aim, the ability of soluble Wnt3a, Wnt9b, Rspo1 and Rspo3 to induce 

the TCF-eGFP reporter was evaluated by flow cytometry.

TCF-eGFP cells were highly sensitive to the addition of Wnt3a alone as this ligand 

triggered a shift in the eGFP expression levels at a concentration of 10 ng/ml, implying 

that immobilized Wnt3a molecules may be tested in this system in absence of Rspo1 

(Figure3.8 A). Mirroring the results obtained in the TCF-Luc line, Rspo1 and Rspo3 

increased the expression of eGFP in a dose-dependent manner (Figure3.8 B and C), 

Figure3.7 The response of 16 “Wnt3a Super-responder” clones to soluble Wnt3a after 24h 
treatment was analysed by flow cytometry. (A) Scheme deciphering experimental strategy 
for the obeisance of a Wnt3a supersensitive cell line. (B)  Bar graph shows number of eGFP 
positive cells upon 100 ng/ml Wnt3a treatment for 24h. Clones #30 and #47 stand out as 
the most sensitive Wnt3a Super-responders as higher proportion of cells turned eGFP 
positive upon treatment. Note that most of the clones exhibit an improved sensitivity to 
Wnt3a when compared to the TCF-eGFP pool.  (C) Bar graph shows eGFP median intensity 
of “Wnt3a Super-responders” upon 24h exposure to 100 ng/ml of Wnt3a. Clones #30 and 
#47 showed the highest swift in eGFP intensity upon treatment. Most of the clones also 
showed enhanced responsiveness to purified Wnt3a when compared to the initial pool of 
successfully transduced cells.  (D) Flow cytometry histogram showing responsiveness of the 
pool of successfully transduced 7pTGC cells, clone #30 and clone #47 to different 
concentrations of Wnt3a. Both clone #30 and #47 expressed high levels of eGFP upon 100
ng/ml treatment. Clone #47 showed the lowest eGFP basal expression and therefore was 
selected for further experiments.
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which suggest that the activity of Rspo1- and Rspo3- can potentially be assessed in 

this line in the absence of exogenous Wnt ligands. Confirming the previous 

observations in the TCF-Luc line, Wnt9b alone did not cause activation of the TCF-

eGFP reporter at any given concentration (Figure3.8 D).

Wnt9b in combination to Rspo ligands induced activation of the TCF reporter in the 

TCF-Luc HEK293T cell line (see section 3.2.1). To test whether this was also the case 

in the TCF-eGFP line, cells were co-treated with Wnt9b in the presence of Rspo1.  The 

exposure of the pool of TCF-eGFP HEK293T cells to 20 ng/ml of Rspo1 induced high 

levels of eGFP. With the aim to find a “sweet spot” in which cells were primed by Rspo1 

treatment but remained eGFP negative, the activity of Wnt9b was tested in 

combination with lower concentrations of Rspo1 (1, 2 and 5 ng/ml). Addition of Rspo1 

at 1 ng/ml and 2ng/ml caused a slight shift in eGFP levels detected although such 

eGFP levels were far from the saturating conditions (Figure3.8 D). At these two 

concentrations of Rspo1, addition of Wnt9b caused a clear dose-dependent increase 

in eGFP expression (Figure3.8 D). Wnt9b dose-dependent response was also 

noticeable in the presence of 5 ng/ml although the exposure to Rspo1 at this 

concentration increased the eGFP background levels of the system, partially masking 

Wnt9b-driven activation of the TCF-eGFP reporter (Figure3.8 D).  

Taken together, these results suggest that Wnt9b requires Rspo to induce canonical 

Wnt signalling and that the validation of Wnt9b beads by flow cytometry might be 

challenging as the assay window offered by Rspo1 is quite narrow as activity of Wnt9b 

can only be detected clearly when Rspo1 is present at a concentration between 1 and 

5 ng/ml. 

3.2.2 Generation of Wnt/Rspo beads
Prior to the immobilization of the ligands following Habib et al (2013) 

recommendations, there are some general considerations that need to be made about 

the chemistry of the crosslink between peptides and beads. In the NHS/EDC two-step 

coupling procedure, the bond between the carboxylic acid-coated beads and the 

ligands occur via the free amine groups of the protein (see Chapter1, section1.14). 

Based on this, the number of possible crosslink sites per protein was calculated and 

is displayed in Table3.1. 
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Ligand Putative crosslink 
sites

Wnt3a 15

Wnt9b 19

Rspo1 22

Rspo3 30

GFP 21

Table3.1 Table showing number of putative crosslink sites per in murine Wnt3a, Wnt9b, Rspo1 and 

Rspo3 proteins. Putative crosslink sites exist at the N-termini (alpha amine) and the side chain of lysine 

residues (epsilon amine). Wnt3a, Rspo1 and Rspo3 putative crosslink sites were obtained using the 

protein precursor sequences. Wnt9b putative crosslink sites were obtained using the secreted protein 

sequence. 

The likelihood by which the protein free amines will be crosslinked will depend on the 

distribution and accessibility of such groups in the tertiary protein conformation and 

cannot be controlled by this immobilization strategy. Therefore, it’s important to 

consider that the activity of the beads will be restricted by (1) the efficiency by which 

the chemical reaction of the crosslink takes place and (2) the resulting orientation of 

the protein in the bead, which might not be optimal for the binding to its cognate 

receptor and subsequent activation of the pathway. 

When evaluating the capacity of the beads to activate canonical Wnt signalling, 

another factor to consider is that beads have a diameter of 2.8 µm, meaning that they 

will likely remain attached to the cell surface and, perhaps, this will prevent the 

formation of the Wnt signalosome (see Chapter1). The degree by which this will impact 

the levels of activation of the pathway is yet to be determined.  
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Due to all those considerations, it will be important to validate that (1) the ligands have 

been successfully attached to the bead surface and (2) that the beads are biologically 

active.

Figure3.8 Flow	cytometry	plots	showing	24h	dose	response	of	HEK293T	TCF-eGFP	cells	
(clone	#47)	to	soluble	Rspo	and	Wnt	ligands.	(A)	Addition	of	Wnt3a	triggers	the	activation	
of	the	TCF-eGFP	reporter	in	a	dose	dependent	manner.	(B	and	C)	HEK293T	TCF-eGFP	cells	
are	responsive	to	Rspo1	(B)	and	Rspo3	(C)	ligands	in	absence	of	exogenous	Wnt	ligands.	(D)	
In	the	absence	of	Rspo1,	soluble	Wnt9b does	not	induce	eGFP	expression	at	any	given	
concentration.	When	Rspo1	is	present	in	the	system	at	1	ng/ml	or	2	ng/ml,	Wnt9b	induces	
the	appearance	of	eGFP	positive	cells.	The	presence	of	Rspo1	at	5	ng/ml	mask	the	effects	
of	Wnt9b	in	the	TCF-eGFP	line.
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3.2.2.1 Validation of chemical immobilization of peptides onto carboxylic 
acid beads

Prior to Wnt and Rspo immobilization, the successful crosslink of peptides onto 

carboxylic beads following the ECD/NHS crosslinking protocol was validated. For that 

aim, GFP was immobilized onto beads and the green fluorescence levels of the 

resulting beads were evaluated by fluorescence microscopy and FACS. As a control, 

vehicle beads that have undergo activation and 1% BSA quenching were used. In both 

assays, GFP beads showed higher green fluorescence intensity than vehicle beads 

indicating that the reagents and protocol of immobilization worked satisfactorily for this 

protein (Figure3.9). 

3.2.2.2 Determination of Wnt-/Rspo- biological activity in HEK293T TCF-Luc 
reporter cells

Figure3.9 Immobilization of 
GFP onto carboxylic acid beads 
(A) Representative 
immunofluorescence in the 488 
channel images showing 
successful immobilization of 
GFP onto beads. Carboxylic 
acid beads activated with 
EDC/NHS and quenched in 
0.1% BSA PBS were used as a 
vehicle beads. Images were 
taken on a Spinning Disc 
Olympus IX71 confocal 
microscope at 800ms exposure 
using a 488nm laser. (B) Flow 
cytometry histogram showing 
green fluorescence (FITC) 
intensity of vehicle (beads 
activated with EDC/NHS and 
quenched in 0.1% BSA PBS) or 
GFP beads.
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To determine the canonical Wnt activity of immobilized Wnt3a, Rspo1, Rspo3 and 

Wnt9b onto beads using HEK293T TCF-Luc cells, TCF-Luc reporter cells were 

exposed to different concentrations of beads for 24h and the activity of luciferase was 

evaluated (Figure3.11 A). The activity of Wnt3a beads was assessed in the presence 

of 20 ng/ml of Rspo1, as this increased the sensitivity of the assay (see section 

3.2.1.1). Wnt3a-beads induced the TCF-Luc reporter in a dose-dependent manner, 

confirming that immobilized Wnt3a retained the ability to activate the Wnt/b-catenin 

pathway (Figure3.10 B). 

TCF-Luc cells were source of endogenous Wnt ligands and, therefore, the activity of 

Rspo1 and Rspo3 beads was evaluated in the absence of exogenous Wnt ligands 

(see section 3.2.1.1). Rspo1- and Rspo3- beads activated the TCF-Luc reporter in a 

dose-dependent manner, confirming that both Rspo1 and Rspo3 ligands were 

biologically active when immobilized (Figure3.10 C and D).

Finally, the activity of Wnt9b beads was evaluated in the presence of 10 ng/ml of 

Rspo3. Increased exposure to immobilized Wnt9b caused a gradual increase in 

luciferase activity, indicating that Wnt9b were also biologically active (Figure3.10 E).

Altogether, from this set of experiments it could be concluded that immobilized Wnt9b, 

Wnt3a, Rspo1 and Rspo3 were active and induced the TCF-Luc HEK293T reporter 

cells.  

3.2.2.3 Determination of Wnt-/Rspo- biological activity in HEK293T TCF-
eGFP reporter cells

The canonical activity of immobilized Wnt3a, Rspo1, Rspo3 and Wnt9b onto beads 

was also evaluated in the HEK293T TCF-eGFP cell line. For that aim, TCF-eGFP 

reporter cells were exposed to different concentrations of beads for 24h and subjected 

to flow cytometry analysis. Wnt3a-, Rspo1- and Rspo3-beads caused activation of the 

TCF-eGFP reporter in a dose-dependent manner, further confirming that these ligands 

retained the ability to induce the Wnt/b-catenin pathway when immobilized

(Figure3.10, F). The activity of Wnt9b beads was not evaluated in this system as the 
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window of detection for Wnt9b activity in the TCF-eGFP line was quite narrow (see 

Figure3.10 (A) Representative images showing the ratio of HEK293T cell/beads at the 
different concentrations of beads used in the experiments of this thesis. Beads are 2.8µm 
and can be used as scale. (B-E) Response of HEK293T TCF-Luc reporter cells to the 
exposure of immobilized Wnt and Rspo ligands for 24h. Wnt3a, Rspo1, Rspo3 and Wnt9b 
beads but not vehicle beads triggers the activation of the TCF-Luc reporter in a dose 
dependent manner. Carboxylic acid beads activated with EDC/NHS and quenched in 
0.1% BSA PBS were used as a vehicle beads in all the experiments. (F) Flow cytometry 
histograms showing eGFP fluorescence levels in HEK293T TCF-eGFP reporter cells 
after the exposure to Wnt/Rspo immobilized ligands. Wnt3a, Rspo1 and Rspo3 beads 
induce the expression of eGFP in a dose dependent manner whereas the TCF-eGFP 
reporter remains unaffected by the presence of vehicle beads (beads activated with 
EDC/NHS and quenched in 0.1% BSA PBS).
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section3.2.1.3) (Figure3.10, F). 

The local activity of Wnt3a and Rspo3 beads in this cell line was also evaluated by live 

fluorescence microscopy. Both Wnt3a and Rspo3 induced local activation of the TCF-

eGFP reporter (Figure3.11 and Figure3.12, A). However, such response was 

characterised by a high degree of heterogeneity as not all the cells in direct contact 

Figure3.11 Validation Rspo3 beads in TCF-eGFP HEK293T cells. Representative 10x 
images show the response of HEK293T TCF-Luc cells cultured in monolayers to Vehicle 
and Rspo3 beads in the presence of 200 ng/ml of Wnt9b. Exposure to Rspo3 beads 
causes a dramatic increase in eGFP expression. Image was acquired on a Spinning Disc 
Olympus IX71 confocal microscope. Beads of 2.8 µm can be used as scale bar.
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with the beads were labelled with green fluorescence. A possible explanation for such 

Figure3.12 Validation Wnt3a beads in TCF-eGFP HEK293T cells. (A) Representative 40x 
images of HEK293T TCF-Luc cells treated for 24h with vehicle or Wnt3a beads show the 
appearance of eGFP positive cells upon Wnt3a exposure. Note that not all the cells in 
contact with Wnt3a beads become eGFP positive. Beads of 2.8 µm can be used as scale 
bar. (B) Representative 40x images of HEK293T TCF-Luc cells treated for 24h with soluble 
Wnt3a (100 ng/ml) show heterogeneity in the response of the TCF-eGFP line. Level of 
expression of the TCF-eGFP construct correlate with mCherry expression (magenta). Note 
that levels of eGFP (green) do not overlap with the level of expression of the TCF-eGFP 
construct (magenta). (A) and (B) images were acquired on a Spinning Disc Olympus IX71 
confocal microscope on the same day, with the same time of exposure and the same laser 
intensity.  Furthermore, (A) and (B) images were subjected to the same background 
removal/signal enhancement and therefore fluorescence intensities are comparable. 
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heterogeneity is that the beads shift with respect to the cells by the time of imaging. 

A second possible explanation is that such heterogeneity comes from the intrinsic 

ability of the cell to respond to or report Wnt activation. To evaluate whether cell 

intrinsic factors are a contributing element for the variegated response of the line to 

immobilized ligands, HEK293T TCF-eGFP cells were exposed to 100 ng/ml of soluble 

Wnt3a and the eGFP expression levels per cell were evaluated by live fluorescence 

imaging. Cells exposed to the same concentration of soluble Wnt3a exhibited 

differences in their eGFP expression levels (Figure3.12, B), indicating that cell intrinsic 

factors are a contributing element for the variegated response. 

The TCF-eGFP HEK293T line was generated by the clonal expansion and therefore 

differences in the degree of response between cells cannot be explained by integration 

of the construct in different genomic regions. However, individual cells within the line 

could be subjected to stochastic silencing events. As previously mentioned, the 

p7TGC plasmid integrated in the TCF-eGFP reporter line contains a mCherry reporter 

cassette that allows to track silencing events upon culture. To assess whether the 

variegation in the cell response was related to cell-cell differences in the expression 

levels of the TCF-eGFP reporter, the level of expression in eGFP expressing and non-

expressing cells was evaluated by live fluorescence imaging. No correlation was 

observed between eGFP and mCherry expression levels (Figure13, B), indicating that 

cell intrinsic factors other than the silencing of the TCF-eGFP vector are a contributing 

element for the variegated response. 

Altogether, from this set of experiments it could be concluded that Wnt3a and Rspo3 

beads locally activate the TCF-eGFP reporter.   

3.3 Discussion
3.3.1 Comparison between TCF-Luc and TCF-eGFP HEK293T reporter cell 

lines 
In the current chapter two different TCF/LEF HEK293T reporter cell lines were used 

to evaluate the canonical Wnt activity of soluble and immobilized Wnt/Rspo ligands: a 

TCF-Luc cell line kindly donated by Dr Jeremy Nathans (Johns Hopkins University) 

and a TCF-eGFP Wnt3a super responder developed in-house.  In both cell lines, 
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exposure to a well-characterized canonical ligand, Wnt3a, activated the TCF/LEF 

reporter in a dose-dependent manner, indicating that in the HEK293T cell system 

activation of the TCF/LEF reporter can be used as a proxy of canonical Wnt activation. 

In Chapter 6 it will be discussed that this is not the case in all cellular contexts and/or 

TCF/LEF based reporters.

Both cell lines offered the possibility of measuring Wnt activation levels in a 

quantitative manner via the reading of luminescence levels (TCF-Luc) or by measuring 

eGFP levels by flow cytometry (TCF-eGFP). The TCF-Luc cell line reported global 

Wnt activation levels whereas the TCF-eGFP line could be used to dissect the levels 

of canonical Wnt signalling activation with a single-cell resolution. Cell preparation and 

quantitative analysis of Wnt activation levels using the TCF-Luc line is less time 

consuming and therefore this line was preferred for rapid characterization of the 

activity of putative Wnt agonist/antagonists.

One of the key observations of this chapter and that will be further discussed in 

Chapter 5 was that Wnt9b requires the presence of Rspo proteins to signal 

canonically. Both cell lines were sensitive to soluble Rspo1, Rspo3, Wnt9b and Wnt3a 

although the response of the TCF-eGFP line to the sole addition of Rspo proteins 

partially masked the response to Wnt9b. As a result, the TCF-eGFP cannot be used 

to accurately report the level of activity of Wnt9b. 

The range of detection for the different Wnt/Rspo ligands tested was not the same in 

both cell lines. The TCF-eGFP line was overall more sensitive to Wnt and Rspo ligands 

although this was more obvious in the case of Wnt3a as this line did not require the 

addition of Rspo to report relatively low concentrations of this ligand. Differences in 

the range of detection between both lines are likely caused by differences in the 

integration site of the reporter. Nonetheless, strong conclusions about the exact range 

of detection in each of the lines must not be drawn based on the graphs presented 

here as they correspond to technical replicates. Despite the fact that the overall trends 

were preserved among biological replicates, a small variation in the curve of response 

to the different ligands was reported between biological replicates. Differences 

between biological replicates could be attributed to (1) differences in the activity of the 

ligands as a result of either batch-to-batch differences or due to different number of 
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freeze/thaw cycles of the ligands, (2) differences in the state of the cells, (3) variation 

introduced by the calibration of the instrument (FACS Aria II or luminometer) used for 

the measurement of the signal. In Table3.2 the approximate range of detection to the 

different ligands can be found. 

TCF-Luc reporter cells TCF-eGFP reporter cells

Time cell preparation and 
quantitative analysis

~20min ~2-3h (flow cytometry)

~3-10h (fluorescence microscopy)

Wnt activity resolution at the 
cellular level

Pool of cells response Single cell response

Cell population based on 
lentivirus integration

Monoclonal Monoclonal

Range of response to soluble 
ligands (ng/ml)

Wnt3a 20-?* 10-200

Wnt9b 20-?* Depends on Rspo concentration

Wnt5a 20-?* Not tested

Rspo1 5-200? 5-200

Rspo3 1-20 1-20

Table3.2 Comparative table showing the differences between TCF-eGFP and TCF-Luc HEK293T 
cell lines used in this project. Note that saturating concentration for Wnt3a, Wnt9b and Rspo1 was 
not reached for the TCF-Luc line and therefore an approximate value has been added instead. *In 
the presence of 20 ng/ml Rspo1. Question marks indicate that saturating concentration of the 
ligand was not reached. 

Despite the clonal homogeneity of the TCF-eGFP cell line, cells expressed different 

eGFP levels when exposed to soluble Wnt3a and such heterogeneity in cell response 

could not solely be explained by differences in the level of expression of the reporter. 

Lrp6 phosphorylation, Axin2 or cytoplasmic b-catenin levels have been reported to 

oscillate with the cell cycle, peaking at G2/M phase [75,137,138]. Similarly, 

experiments performed by Ding et al. (2014) using a Venus/YFP biosensor that 

allowed live visualization of b-catenin interactions with TCF3 showed that interactions 

between these factors also fluctuates with cell cycle, peaking in S and G2 phases 

[139]. As components of the canonical Wnt pathway are under the control of the cell 

cycle, it is possible that the ability of a cell to respond to an external stimulus also 

change between phases. While it is not possible to determine the exact nature of the 
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source of the TCF-eGFP variegated Wnt response with the data presented here, it is 

important to consider that factors other than bead activity heterogeneity or reporter 

silencing may underlay differences in eGFP expression levels between cells when 

exposed to immobilized Wnt/Rspo ligands. 

3.3.2 Biology of soluble Wnt and Rspo ligands 
Data presented in the current chapter showed that Rspo3 is more potent than Rspo1, 

mirroring the previous observations of Kim et al. (2008) [140]. A key difference 

between Rspo1 and Rspo3 lies in the furin-like cysteine-rich domains (FU1 and FU2), 

which are responsible for the binding of the protein to their cognate receptors 

Rnf43/ZnrF3 and Lgr4/5/6, respectively. Studies from Lebensohn et al. (2018) showed 

that the FU1 domain of Rspo3 but not Rspo1 can directly engage with the E3 ubiquitin 

ligases ZNRF3/RNF43, which enables Rspo3 to potentiate Wnt/b-catenin signalling in 

the absence of Lgr4/5 and 6 receptors [141]. Consistent with a furin domain-

determinant mode of signalling, Kim et al. (2008) showed that expression of Rspo3 

furin domains caused higher activation of the TCF-Luc reporter than the Rspo1 furin 

domains when expressed in HEK293T [140]. Therefore, the reported differences

between the activity of Rspo1 and Rspo3 ligands might be primarily attributed to the 

mode of signalling of each protein rather than to technical aspects of the protein 

purification process such as the isolation procedure, purity of the batch or stability of 

the protein in both lyophilized and soluble form.

Rspo proteins synergise with Wnt ligands by mediating the stabilization of Fzd and 

Lrp6 receptors [82]. In agreement with previous studies, Rspo1 and Rspo3 potentiated 

Wnt3a canonical signalling. Data presented in the current chapter also showed that 

HEK293T cells produce Wnt ligands that, in the presence of Rspo1 and Rspo3, drive 

activation of the Wnt/b-catenin pathway.

Wnt5a caused a decline in the levels of Rspo1- and Rspo3-induced TCF activation 

levels in a dose-dependent manner. These results are consistent with the literature as 

Wnt5a has been shown to antagonize the Wnt/b-catenin signalling pathway in many 

cellular contexts, including hematopoietic stem cells and cardiac progenitors 

[142,143]. The exact molecular mechanism by which Wnt5a opposes canonical 
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signalling remains unclear. Topol and colleagues proposed that Wnt5a controls b-

catenin protein stability by modulating the mRNA expression levels of Siah2, a E3-

ubiquitin ligase that was shown to promote b-catenin degradation by a GSK3-

independent pathway in HEK293 cells [144]. However, Wnt5a-mediated expression of 

Siah2 could not be replicated years later by studies conducted by Sato et al. (2010) in 

both HEK293T and HeLa cells and, therefore, it has been questioned whether Wnt5a-

mediated Siah2 expression is truly the underlying molecular mechanism behind the 

antagonistic canonical Wnt activity of Wnt5a [145] [146]. In the context of alveolar 

epithelial cells (A549 and MLE12 cell lines), Baarsma et al. (2017) reported that Wnt5a 

decreased the phosphorylation levels of Lrp6 upon Wnt3a stimulation, suggesting that 

inhibition of canonical signalling may occur at the receptor level [147]. Inhibition of Lrp6 

phosphorylation by Wnt5a in cells treated with Wnt3a has also been reported in 

HeLaS3, NIH3T3, L, and C3H10T1/2 cells [145].	Experiments carried out by Bryja and 

colleges showed that Lrp6 physically interacts with Wnt5a [148]. Wnt5a however, bind 

to a different binding pocket to Wnt3a in vitro, implying that Wnt5a is not a direct 

competitor of Wnt3a (Figure3.13)	 [134]. Further studies involving the generation of 

mutants for Wnt5a binding pocket in Lrp6 receptor (region E1-E2) are required to 

evaluate whether Wnt5a binding to Lrp6 disrupts Wnt3a binding to Lrp6 or interferes 

with the engagement of the ‘canonical’ Fzd to the already formed Wnt3a-Lrp6 

complex.

Figure3.13 Scheme 
representing Lrp6 
structure and 
extracellular binding 
sites reported for Wnt3a 
and Wnt5a.
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Experiments performed in this chapter failed to report Wnt9b canonical activity at any 

given protein concentration when this ligand was added alone to HEK293T cultures. 

These results are consistent with the observations of Alok et al. (2017), who also failed 

to detect activation of the TCF-Luc reporter in HEK293 cells cultures transfected with 

a plasmid containing Wnt9b coding region [149]. However, activation of the TCF-Luc 

reporter upon transient expression of Wnt9b plasmid in HEK293T cells and M15 cells

has been reported by other research groups [150-152]. Wnt9b-driven activation of the 

TCF-Luc reporter in these studies was, however, very modest and therefore

discrepancies between these in vitro studies might be explained by differences in the

window of detection of Wnt9b canonical activity in the different cell-based assays. 

Furthermore, it should be mentioned that in this thesis the activity of Wnt9b was 

evaluated using the purified protein rather than overexpressing Wnt9b in the cultures. 

Thence, it should be also considered that steps in the purification process of Wnt9b 

might have slightly affected the native conformation of the protein, abrogating its 

already modest ability to activate the TCF-Luc reporter. 

Data presented in this chapter showed that Wnt9b activated the TCF-Luc reporter at 

a concentration of 20 ng/ml when Rspo3 (10 ng/ml) or Rspo1 (20 ng/ml) were present 

in the system suggesting that, despite of the possible decrease in Wnt9b activity during 

the purification process (1) the ligand supplied by R&D systems retained the ability to 

induce of the Wnt/b-catenin pathway in vitro and (2) Wnt9b canonical activity is highly 

dependent on the presence of Rspo ligands. The possible mechanisms underpinning 

Wnt9b canonical behaviour in the presence of Rspo ligands will be later addressed in 

the discussion of Chapter 5.

Another interesting finding of the current chapter was that Wnt9b and Wnt3a proteins 

synergise to induce activation of the TCF-Luc reporter. Activation of the canonical 

branch of the Wnt signalling pathway requires the binding of Wnt ligands to a receptor 
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from the Fzd family and a receptor of the Lrp family (primarily Lrp5 and Lrp6) (see 

Chapter 1). The Lrp6 receptor contains two extracellular Wnt binding domains (E1-E2 

and E3-E4) [134]. Studies conducted by Bourhis et al. (2010) showed that Wnt3a binds 

to E3-E4 whereas Wnt9b binds to E1-E2, and that both ligands can be simultaneously 

Figure3.14 Scheme representing the possible mechanisms behind Wnt3a and Wnt9b 
synergy. (A) Wnt9b alone is not sufficient to activate canonical Wnt signalling. A possible 
explanation for this might be that Wnt9b bridge the Fzd and the Lrp6 receptor in an 
orientation not optimal for the GSK3 and CK1 phosphorylation. (B) Wnt3a alone activates 
canonical Wnt signalling. (C) Allosteric Wnt3a-Wnt9b synergistic model. The binding of 
Wnt9b to Lrp6 potentiates Wnt3a signalling. (D) Fzd-Lrp-Fzd complex formation model. 
The binding of Wnt3a together with Wnt9b permits the assembly of Dsh/Axin complex more 
stable than Wnt3a alone. As a consequence, the signal is potentiated. 
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loaded in the same Lrp6 receptor (Figure3.13) [134]. Thence, a possible explanation

for these results is that Wnt9b behaves as an allosteric activator for Wnt3a canonical 

activity (Figure3.14, C). 

Alternatively, it can be postulated that the simultaneous binding of Wnt9b and Wnt3a 

proteins to Lrp6 and their surrogate Fzd receptors may lead to the formation of a bigger

Fzd-Lrp6-Fzd protein complex (Figure3.14, D). Gong et al. (2010) showed that a 

bivalent antibody targeting the E1-E2 Lrp6 domain potentiated Wnt3a-mediated 

activation of canonical Wnt signalling [153]. As the ability to potentiate canonical 

Wnt3a signalling by this antibody was lost with the monovalent recombinant one-

armed version of the same antibody, Gong and colleagues concluded that 

dimerization of Lrp6 receptors at the level of the cell surface was the mechanism 

behind of the agonistic activity of the anti- E1-E2 Lrp6 domain antibody	[153]. It could 

be therefore conceivably hypothesised that the simultaneous binding of Wnt3a and 

Wnt9b to a single Lrp6 receptor might enable the engagement of two Fzd receptors 

and subsequent formation of an Fzd-Lrp6-Fzd protein complex, which might recruit 

downstream effectors of the Wnt/Lrp signalling cascade more efficiently than a Fzd-

Lrp6 complex (Figure3.14, D). Further work is required to evaluate whether any of 

these Wnt3a-Wnt9b synergistic models proposed takes place. 

3.3.3 Biology of Wnt and Rspo immobilized ligands 
One of the key results of the current chapter was the successful immobilization and 

validation of the activity of Wnt3a, Wnt9b, Rspo1 and Rspo3 beads. The fact that 

immobilized ligands can drive the activation of the TCF reporter partially challenges 

the idea that the formation and scission of the Wnt signalosome is essential for 

canonical Wnt signalling to occur (see Chapter1). Habib et al. (2013) reported that 

Wnt3a beads triggered the temporal recruitment of components of the Wnt/b-catenin 

pathway (b-catenin and APC) towards the bead at the level of the cell surface [105].

Thence, it is possible that, when Wnt ligands are immobilized onto 2.8 µm beads, cells 

bypass the requirement for the formation of the Wnt signalosome by the recruitment 

of Wnt/Lrp downstream components at the level of the cell surface. Alternatively, it is 

also possible to hypothesise that, when exposed to immobilized Wnt ligands, cells 

manage to cleave-off the Wnt proteins from the bead surface. Further experiments 
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need to evaluate the requirement or contribution of internalization events to the level 

of activation of Wnt pathway or clarify whether Wnt ligands are cleaved-off from the 

bead surface and/or whether the need of the signalosome is bypassed by the 

recruitment of downstream effector proteins at the level of the membrane.  

3.3.4 Summary
The current chapter aimed (1) to characterise the canonical Wnt activity of the central 

vein ligands Wnt9b and Rspo3 and (2) to generate functional Wnt and Rspo beads 

able to induce canonical activation of Wnt pathway in a localized manner. Wnt9b 

purified protein was found to require Rspo proteins to activate canonical Wnt 

signalling. Conversely, Rspo3 required the presence of Wnt ligands to activate 

canonical Wnt signalling. Wnt3a, Wnt9b, Rspo1 and Rspo3 beads were successfully 

immobilized onto beads as their biological activity was validated in HEK293T cells 

stably expressing the TCF/LEF reporter. 
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Chapter 4. RESPONSE OF PRIMARY
HEPATOCYTES TO CENTRAL VEIN

LIGANS
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Having in Chapter 3 characterised the activity of soluble and immobilized Wnt and 

Rspo central vein ligands using HEK293T cell lines, the next objective was to evaluate 

whether PH cultured in conventional 2D monolayers respond to these cues in vitro.

Experiments presented from Figure4.2 to 4.5 were carried out at the Beatson Institute 

during my visit to Dr Tom Bird’s laboratory in 2018. The images presented in Figure 

4.2 were acquired together with Dr Joel Johansson, a postdoc in Dr Owen Samson’s 

laboratory, who also provided me with the antibodies and reagents for the experiment.  

4.1 Introduction
The CV is source of Wnt9b and Wnt2, however, it is currently unknown whether both 

ligands are required to drive activation of the canonical Wnt pathway in the

hepatocytes in vivo (see Chapter 1).  

In Chapter 3 it was shown that purified Wnt9b protein, in the presence of Rspo 

proteins, activated canonical Wnt signalling in HEK293T cells. As HEK293T cells is a 

cell line derived from kidney embryonic cells, it needs to be evaluated whether Wnt9b 

can exert canonical activity in other cellular context including the liver. 

The current chapter aims to determine whether (1) soluble and immobilized Wnt9b 

and Rspo3 ligands trigger activation of canonical Wnt pathway in hepatocyte cultures 

and (2) whether Wnt pathway activation in hepatocytes cultures induced the 

expression of pericentral metabolic genes. PHs cultured in conventional 2D 

monolayers are the gold standard for the in vitro evaluation of hepatocellular 

responses and therefore this culture system was used as a model of study this 

chapter.

4.2 Results
4.2.1 Characterization of 2D PHs cultures
In this chapter, the biology of the central vein ligands Wnt9b and Rspo3 in the cellular 

context of the hepatocytes was characterised using PHs cultured in conventional 2D

monolayers as a cell system. Prior to this, I established a PH isolation and a 2D culture 

protocol.
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PHs were isolated using a standard two-step perfusion method, which involves the 

perfusion of the liver with (1) a solution that contains a calcium chelating agent, such 

as EGTA, that will clear the circulating blood and assist with the disruption of cell tight 

Figure4.1 (A) Representative images of PH cultured for 4h, 1day or 3days on collagen-
coated plates. Arrow heads point to cells presenting a polarized morphology typical of motile 
cells. (B) Volcano plot shows relative gene expression levels of PH cultured for 3 days when 
compared with fresh isolated PH (time 0h). Genes that appear significantly downregulated 
and upregulated after 3days in culture appear highlighted in green and red, respectively. Top 
panel indicates experimental design and culture conditions and arrows indicate the time 
points in which the media was changed. Volcano plot and statistical analysis was performed 
using ThermoFisher online tool for RT-qPCR gene expression analysis. (n=4).
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junctions; followed by (2) a collagenase-containing solution that will digest and release 

the parenchymal and non-parenchymal cells that constitute the liver mass. Generally, 

perfusion at a constant rate of the organ would be achieved using variable speed 

peristaltic pumps. However, peristaltic pumps were not available in our laboratory at 

the time of completion of this project and therefore, I opted to develop a home-made 

perfusion system using aquarium pumps. Details of the perfusion system are 

described in Chapter 2. 

Following this procedure, 10-20 million of cells with 70-99% viability were consistently 

isolated per mouse (data not shown). After isolation, PHs were immediately plated for 

2D culture. However, PHs in suspension were found to not rapidly attach to tissue 

culture plates, even if they were coated with extracellular matrix (ECM) proteins such 

as collagen. To facilitate the adhesion of the cells to the 2D surface, the hepatocyte 

culture medium was supplemented with FBS and, depending on the quality of the 

isolation, cell attachment took between 4 to 16h. After cell adhesion, the concentration 

of FBS in the culture medium was reduced to 0.5 % as it has been reported FBS at a 

concentration higher than 1% speeds up the loss of hepatocyte markers in culture 

[154]. 

In accordance with previous studies, PHs cultured in conventional 2D monolayers lost 

their characteristic cuboidal morphology within 3 days of culture [110]. Cells with a 

‘motile’ morphology started to appear after 16 to 24h of culture (Figure4.1, A). To better 

understand the impact that 2D culture adaptation has in the overall state of the cells,

the expression of various hepatocyte genes corresponding to periportal (Cps1, Ass1, 

Alb and E-cadherin) and pericentral zones (Glul, Cyp1a2 and Fah) was analysed in 3-

day cultured PHs and compared to fresh isolated PHs [33]. Furthermore, the 

expression of genes involved in cell proliferation (ki67 and CyclinD1) and survival 

(Sox9, c-myc and Spp1) as well as b-catenin target genes (Lgr5 and Axin2) that are 

upregulated in the hepatocytes in response to liver damage was additionally evaluated 

[12,155-158].

All the liver zonated genes assessed, with the exemption of E-cadherin, were 

dramatically downregulated upon 2D culture regardless of their zonal expression 
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pattern the liver lobule, indicating that hepatocytes overall lose expression of 

hepatocyte-specific functions upon 2D culture (Figure4.1, B). Lgr5 and Axin2 mRNA 

levels declined upon culture, indicating that the Wnt/b-catenin signalling pathway is 

downregulated during the 2D culture adaptation process. By contrast, the expression 

of ki67 and CyclinD1 was significantly upregulated, suggesting that when removed 

from their physiological environment and plated in 2D cells enter into a proliferative 

state. Finally, Sox9, c-myc and Spp1 mRNA levels were significantly increased upon 

2D culture, suggesting that certain hepatocyte injury-related genes might also be 

activated as a response to hepatocyte-to-2D culture adaptation. 

I next evaluated whether the changes in the cell architecture were accompanied by 

alterations to in Wnt receptors localisation, that could in turn impact Wnt ligand 

responsiveness. For that aim, the cellular localisation of the Wnt receptor FZD7 and 

the canonical Wnt co-receptor LRP6 was assessed in PHs at different culture times 

by IF (Figure4.2). After 4h of culture, LRP6 protein was detected in clusters near cell-

cell junctions whilst it was barely detectable in the cytoplasm. LRP6 protein clusters 

did not co-localize with FZD7 staining. However, by 16h of culture, cytoplasmic LRP6 

levels were strongly increased and LRP6 protein was detected around the nucleus 

and at the cell surface. Of note, LRP6 protein was not present inside the cell nuclei. 

At the same time point, FZD7 protein was mostly localized at the cell surface although 

there were significant inter-cell differences in expression. 24h after cell adhesion, cell 

surface protein levels of both LRP6 and FZD7 were significantly reduced. At this time 

point, LRP6 protein was also detected inside the nuclei.   

Together, the results from this section provide further evidence of the profound 

structural and functional changes that hepatocytes undergo in their adaptation to 2D 

culture. 

4.2.2 Response of 2D-cultured PHs to soluble Wnt/Rspo ligands
Data obtained in Chapter 3 suggest that Wnt9b can activate the canonical branch of 

Wnt pathway in kidney cell systems. To assess whether Wnt9b activates a b-catenin 

transcriptional response in the hepatocellular context, PHs from an Axin2CreERT2 
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reporter transgenic mouse model were derived and their response to the CV ligands 

Wnt9b and Rspo3 evaluated.  

Figure4.2 Representative immunofluorescence images shows Lrp6 (green) and Fzd7* 
(magenta) expression in primary hepatocytes cultured for 4, 16 and 24h onto collagen-coated 
plates. Cell nuclei has been counterstained in with DAPI (blue). Top panel indicates 
experimental design and culture conditions. *Fzd7 antibody cross-react with other members 
of the Fzd family. Images correspond to representative images of 3 technical replicates from 
one biological experiment.
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In the Axin2CreERT2 reporter mouse transgenic line (Axin2CreERT2 R26-

LSLtdTom), the Cre recombinase has been fused to a mutated estrogen receptor 

(ERT2). This confers temporal control of the Cre activity as the CreERT2 protein is 

retained in the cytosol by heat shock proteins but shuttles to the nuclei in the presence 

of an estrogen analogues such as 4-hydroxy tamoxifen (4-OHT). The CreERT2 

construct has also been knocked-in in the Axin2 allele, replaces, in the heterozygous 

state, one endogenous Axin2 allele and places CreERT2 under the transcriptional 

control of endogenous regulatory elements of Axin2 (Figure4.3). Axin2 is a well 

characterised target of b-catenin in many systems and CreERT2 expression can 

therefore be taken as a proxy for canonical Wnt/b-catenin activation [12]. Once in the 

nucleus, the CreERT2 recombinase efficiently recognizes loxP sites and excises the 

DNA segment flanked by two of these sequences. Cells derived from this mouse line 

also contain the two loxP a stop cassette (flox-Stop) inserted between a strong 

synthetic promoter (CAG) and a region coding for the expression of a red fluorescence 

protein known as tdTomato (tdTom). The CAG-flox-Stop-flox-tdTom construct has 

been knocked-in in a region of the genome (Rosa26 locus) that is ubiquitous 

expressed among tissues and that is not susceptible to genetic silencing (Figure4.3). 

As the flox-Stop sequence prevents that prevents the constitutive expression of 

tdTom, once the CreERT2 is activated, all CreERT2 expressing cells and their progeny 

will remain labelled by tdTom. In summary, PHs with high Wnt activation levels (Axin2 

positive), together with their subsequent progeny, will be permanently labelled with 

tdTom upon 4-OHT administration (Figure4.3).

Using PHs derived from the Axin2CreERT2 reporter mouse model, and with a few 

exceptions, non-positive Axin2 cells were found after three days of culture (Figure4.4). 

Treatment with 100, 200 or 500 ng/ml of Wnt9b for the three days of culture did not 

cause an increase in the number of Axin2 positive cells (Figure4.4, B). Exposure to 

50, 100 or 200 ng/ml of Rspo3 did not cause either an increase in the proportion of 

Axin2 positive cells in culture (Figure4.4, C).  However, when cells were concomitantly 

treated with a combination of Rspo3 (50 ng/ml) and Wnt9b (100 or 200 ng/ml), a 

significant increase in the number of Axin2 positive PH was found, indicating that both 

ligands synergise to activate canonical signalling in PHs under these conditions 

(Figure4.4, D). As a positive control for Wnt activation, cells were also exposed to a 
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“high Wnt” medium containing 100 ng/ml Rspo1 and 5% Wnt3a CM (Figure4.4, E). Of 

note, nearly all the hepatocytes became Axin2 positive upon exposure to “high Wnt” 

medium. This was a much larger proportion when compared with the combinational 

treatment of Rspo3 and Wnt9b (compare Figure4.4 D and E). 

Taken together, these data suggest that Wnt9b, in the presence of Rspo3, can trigger 

b-catenin activation in the primary hepatocytes. 

4.2.3 Response of 2D-cultured PHs to immobilized Wnt/Rspo ligands
Wnt9b- and Rspo3-beads activated Wnt/b-catenin signalling in HEK293T cells, as 

shown by the increase in the activation levels of the TCF-Luc reporter (see Chapter 

3). To assess whether immobilized Wnt9b and Rspo3 ligands activate the canonical 

branch of the Wnt pathway, PHs derived from the Axin2CreERT2 reporter mouse 

model were exposed for 2 days to Wnt9b and Rspo3 ligands in soluble and/or 

immobilized state and the number of Axin2 positive cells (tdTom positive) were 

quantified using a high-content microscope system. Vehicle (BSA-coupled) beads 

were used as controls.

Confirming the results from section 4.2.2, the concomitant addition of Wnt9b and 

Rspo3 in soluble state induced the appearance of Axin2 positive cells, being 

Figure4.3 Scheme representing the Axin2CreERT2 and R26-LSL-tdTomtransgenes 
present in the Axin2CreERT2 R26-LSL-tdTom mouse model.CreERT2 recombinase is 
under the control of the Axin2 promoter. Temporal activation of the Cre recombinase is 
obtained by the exposure to estrogen analogs (4-OHT). A gene coding for a red 
fluorescence protein (tdTom) is inserted in the Rosa26 locus and its constitutive expression 
is prevented by a stop cassette flanked by two loxP sites. When 4-OHT is administrated, 
the stop cassette preventing tdTom expression is exiced and the cell become permanently 
labelled with red fluorescence.
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approximately 3 to 5 % of the total cells labelled with tdTom (Figure4.5). Similarly, cells 

positive for tdTom expression were also detected when Rspo3 beads were added in 

Figure4.4 Response of PH derived from an Axin2CreERT2 R26-LSL-tdTom mouse 
model cultured in 2D to soluble Wnt9b and Rspo3. (A) Scheme deciphering the 
experimental set up. Arrows indicate time points where medium was refreshed. (B-E) 
Axin2Cre-ERT2PH cultured onto collagen-coated plates were exposed to different 
concentrations of Wnt9b (B), Rspo3 (C) or a combination of both ligands (D). As a positive 
control for Wnt induction, PH were exposed to 5% Wnt3a conditined medium (CM) 
combined with 100 ng/ml Rspo1 (”high Wnt” medium conditions). Representative images 
of n=3 technical replicates. Note that a proportion of the hepatocytes in the image that 
appear labelled in blue are not longer alive. Dead cells can be distinguished by the nuclei 
morphology.
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combination with soluble Wnt9b and, in this case, 2 to 3% of the total cells were scored 

as Axin2 positive (Figure4.5). By contrast, Wnt9b beads in combination with soluble 

Rspo3 did not induce the appearance of Axin2 positive cells in culture (Figure4.5).

Non-positive cells for Axin2 expression were detected upon the exposure to vehicle 

beads in combination with either soluble Wnt9b or Rspo3. 

From this set of experiments it can be therefore concluded that (1) immobilized Rspo3 

in combination with Wnt9b elicits a canonical response in PH and (2) under the current 

experimental settings, Wnt9b beads in combination with soluble Rspo3 do not activate 

b-catenin at sufficient levels to induce CreERT2 mediated recombination in PH. 

4.2.4 Effects of Wnt9b and Rspo3 in the expression of pericentral metabolic 
genes 

Figure4.5 Response of PH 
derived from an Axin2CreERT2 
R26-LSL-tdTom mouse model to 
soluble and immobilized Wnt9b 
and Rspo3. Top panel indicated 
treatment time line and arrows 
indicate time points where 
medium was refreshed. Bottom 
graph shows quantifications of 
immunofluorescence images 
acquired in an Opera Phenix 
system at the Beatson Institute. 
Experiment was performed onto a 
96-well plate and three technical 
replicates were performed per 
condition. The concentration of 
soluble Rspo3 and Wnt9b was 50 
ng/ml and 100 ng/ml, respectively. 
Beads were added at a 
concentration of 21.2 ug/well. 
Semi-automatic quantifications 
were performed using Colombus 
software.



121

Pericentral hepatocytes express b-catenin target genes including Axin2, Glul, Cyp1a2 

and Cyp2e1 (see Chapter1). Results from section 4.2.3 show that soluble Wnt9b and 

Rspo3 synergise to activate the Axin2CreERT2 reporter in PHs cultured in 

conventional monolayers for 3 days. To determine whether hepatocyte-specific 

zonated genes were similarly induced, the expression of Axin2, Glul, Cyp1a2 and 

Cyp2e1 was compared under the same experimental conditions. 

Confirming the results from the Axin2CreERT2 reporter (see section 4.2.3), a 

significant increase in Axin2 mRNA levels occurred upon concomitant exposure to 

Wnt9b and Rspo3 but not when the ligands were individually added (Figure4.6). 

Following a similar trend to Axin2, Wnt9b or Rspo3 alone did not induce Cyp2a1 

expression but combination of both ligands caused an increase in the expression of

Figure4.6 Response of WT PH 
cultured in 2D and exposed for 3 
days to soluble Wnt9b and 
Rspo3 ligands. (A) Scheme 
deciphering the experimental 
set up. Arrows indicate time 
points where medium was 
refreshed. (B) RT-qPCR gene 
expression analysis showing the 
levels of expression direct 
targets of β-catenin in 
hepatocytes. Wnt9b and Rspo3 
were used at a concentration of 
100 ng/ml and 50 ng/ml, 
respectively. As a reference, 
levels of expression in fresh
isolated hepatocytes (Hep) were 
included. Relative significance 
of each treatment when 
compared to untreated cells 
(NT) has been indicated. 
Statistical significance was 
determined using Mann-
Whitney t-test. (n=4 animals). p-
value *< 0.06; n.s.= non-
significant.
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this gene (Figure4.6). By contrast, no significant increases Glul and Cyp2e1 

expression were found when Wnt9b and Rspo3 were added individually or in 

combination (Figure4.6). Of note, the expression levels of the hepatocyte-specific 

target genes in the PH cultures was many fold lower than that observed in freshly 

isolated hepatocytes.

Taken together, these data indicate that under the current 2D culture conditions Wnt9b 

and Rspo3 synergise to drive the expression of some but not all the pericentral genes 

tested. 

4.3 Discussion
4.3.1 Hepatocyte-to-2D culture adaptation
One of the main limitations of the use of PHs 2D cultures is the rapid adaptation of the 

hepatocytes to the in vitro conditions (see Chapter 1). Accordingly, data presented 

here showed that when removed from their physiological environment and plated in 

2D, hepatocytes undergo major changes in the cell architecture and gene expression. 

Downregulated expression was observed from liver-specific genes involved in 

functions such as ammonia detoxification (Cps1 and Glul) or the metabolism of 

xenobiotics (Cyp1a2) and included markers of both periportal (Cps1, Ass1 and Alb) 

and pericentral (Cyp1a2, Glul and Fah) hepatocytes, suggesting that tissue culture 

adaptation affects the overall state and identity of the cells [7,33,159].

The process of hepatocyte tissue culture adaptation is commonly described as 

hepatocyte ‘dedifferentiation’. Dedifferentiation, however, is a term that not only refers 

to the loss of the original cell identity but also implies the acquisition of a new global 

gene expression profile and/or gain of a different cell identity that can either resemble 

to an existing cell/tissue type found in vivo or be just an artificial in vitro construct. To 

identify whether hepatocytes in culture adopted a known cell signature using an 

unbiased approach, Godoy et al. (2016) performed global genome-wide studies in 

which the transcriptomes of 2D-cultured hepatocytes were compared with gene 

expression profiles of specific cell-type gene regulatory networks previously described 

by Cahan et al (2014) [160,161]. Using this approach, the authors of the study found 

that, upon culture, hepatocytes upregulate clusters of genes classified as regulators 

of inflammation and RNA processing (Myc, Klf6, Sox4 and Atf4) and cell cycle and 
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migration (Sox9, Smad4 and E2F) [160]. Consistent with these observations, data 

presented in the current chapter showed that hepatocytes cultured in monolayers for 

3 days significantly increased the expression levels of Sox9, c-myc and Spp1 as well 

as additional genes involved in cell proliferation (ki67 and CyclinD1).

The unbiased cell identity analysis of the approach of Godoy et al. (2016) determined 

that although the closest cell identity type to PHs adapted to monolayer growth still 

was ‘hepatocytes’, these cells gained expression of genes associated with a 

‘fibroblast’ signature. Godoy and colleagues argued that the gain of a ‘fibroblast’ 

signature was a reflection that the hepatocytes undergo epithelial-to-mesenchymal 

transition (EMT) following in vitro culture adaptation. Hepatocyte 2D culture adaptation 

has also been described as an EMT process by other authors [45,162]. For instance, 

Guo et al. (2017) reported that PHs cultured in monolayers increase the expression of 

mesenchymal markers such as N-cadherin, FN, Vimentin, a-SMA, Collagen1a1, Snail 

or Slug between day 1 and 5 of culture [45].

EMT is a tightly regulated and complex process that involves the reprogramming of 

epithelial cells and results in the loss of cell adhesion and acquisition of invasive and 

motility properties. A critical step in EMT progression is the repression of adhesion 

molecules such as E-cadherin [163]. Results from the current chapter showed, 

however, that PHs increased E-cadherin mRNA levels when cultured in monolayers 

for 3 days, an outcome that is contrary to the hypothesis that hepatocytes undergo 

EMT during 2D culture adaptation. A possible explanation for these apparent 

discrepancies between Guo et al. (2017) findings and mine might be that the increase 

in EMT markers reported by Guo and colleagues occurred when comparing 

hepatocytes cultured between 1 and 5 days whereas the increase in E-cadherin levels

reported in the experiments presented here occurred using freshly isolated 

hepatocytes as a reference state [45]. Is therefore possible that in their adaptation to 

2D culture conditions, hepatocytes first undergo upregulation of genes that enable 

their adhesion to tissue culture plates and once they are attached, an increase in EMT 

markers might occur between day 1 to 5 of culture. This model would fit with the 

observation that PHs required long time (between 4 and 16h) to initially attach to the 

culture plates and that cells with a polarized morphology characteristic of motile cells 
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were not observed until 16 to 24h post attachment. Further work needs to be carried 

out to establish whether hepatocyte tissue culture adaptation or certain stages of this 

process meet the characteristic of a true EMT process.  

Another interesting observation from the 2D characterization experiments was the 

subcellular localization dynamics followed by LRP6 receptor protein. 16h post-

attachment, LRP6 was highly expressed and, at this time, the protein was absent from 

cell nuclei. However, 24h post-seeding LRP6 protein was detected at high levels inside 

the cell nuclei. A functional role for nuclear LRP6 was recently described as LRP6 

intracellular domain has been shown to be shuttled to the cell nuclei and repress 

transcription of the TCF/LEF-1 reporter as well as to control the splicing of mRNAs 

through its interaction with components of the core splicesome [164,165]. Further 

research is required to determine whether nuclear LRP6 is having a functional role in 

the process of hepatocyte-to-2D culture adaptation. A note of caution is due here 

since, due to the length of my visit at the Beatson, the presented images correspond 

to representative images from three technical replicates of a single PHs isolation. 

Thereby, the reproducibility of the described Lrp6 cytoplasmic-nucleo shuttling should 

be validated. 

Taken together, results from these characterization experiments provide important 

insights in how hepatocytes adapt to grow in conventional 2D monolayers and 

highlight that this process involves a cascade of dynamic events (cell adhesion, 

migration, proliferation, survival, etc.). Thus, when using PHs cultured in 2D as a 

system of study a cautious interpretation of the results should be done as the response 

of the cells might be impacted by the state of adaptation they are in.  

4.3.2 Response of Axin2CreERT2 PHs cultured in 2D to soluble Wnt9b and 
Rspo3

A combination of soluble Wnt9b and Rspo3, but not individual ligands, activated the 

Axin2CreERT2 reporter in PH 2D cultures. These results corroborate the previous 

findings of Chapter 3, where it was shown that Wnt9b requires the presence of Rspo 

ligands to activate canonical Wnt signalling in the context of HEK293T cells. 

Interestingly, Wnt9b/Rspo3-mediated activation of the Axin2CreERT2 reporter 

occurred only in a small proportion of hepatocytes in culture. A possible explanation 
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for these results is that not all the hepatocytes express the Wnt/Rspo receptors that 

mediate the synergy between Wnt9b and Rspo3 (Figure4.7, A). In support of this 

model, the expression of certain Wnt and Rspo receptors across the liver is zonated. 

For instance, pericentral hepatocytes are enriched for Fzd8 expression whereas Lrg5 

is not only pericentrally expressed but its expression is also restricted to the 

hepatocytes lining the CV [14]. As upstream components of the Wnt/b-catenin 

cascade appear zonated, it is possible that cell-intrinsic factors will determine the 

ability of periportal/pericentral cells to respond to the treatment. Therefore, further 

research should be undertaken to investigate whether both periportal and pericentral 

hepatocytes are responsive to Wnt9b/Rspo3 treatment in vitro.   

Results from this chapter also showed that nearly all the hepatocytes became Axin2 

positive upon exposure to ‘high Wnt’ medium. These results debate the idea that only 

a few hepatocytes in culture can respond to Wnt activating cues and argue for a 

CreERT2 recombination model in which Wnt activation levels should be taken into 

account. The Axin2CreERT2 reporter is an On-/Off-state reporter system in which 

expression of tdTom only occurs in cells that produce CreERT2 at levels above certain 

recombination threshold (Figure4.7, B). Therefore, another possible explanation for 

the Wnt9b/Rspo3 variegated cell response might be that the concomitant exposure to 

these ligands is inducing Wnt activation at levels close to, but not exceeding, such 

recombination threshold, causing the activation of the reporter only in a few cells from 

the pool (Figure4.7, B). Following this reasoning, exposure to a ‘high Wnt’ medium

would cause a further increase the expression of CreERT2 recombinase, exceeding 

the recombination threshold and causing the activation of the reporter in nearly all the 

cells in culture (Figure4.7, B).  These considerations in the mode of activation of the 

Axin2CreERT2 reporter will also be important when interpreting the data from biliary-

derived organoids in Chapter 5. The possible mechanisms that might underpin 

Wnt9b/Rspo cooperativity in regulating canonical Wnt/b-catenin signalling will be also 

addressed in Chapter 5.
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As mentioned earlier, exposure to Rspo3 alone did not activate the Axin2CreERT2 

Figure4.7 Axin2CreERT2 reporter activation models. The Axin2CreERT2 reporter is an On-
/Off-state reporter system in which recombination upon 4-OHT exposure only occur in cells 
that produce CreERT2 at levels above certain threshold. Each sphere represent a cell. The 
position of the sphere in the Y axis indicates the production levels of CreERT2 recombinase 
(Wnt activation levels) of that particular cell. (A) Cell intrinsic recombination model. Green 
cells contain the appropriate Wnt/Rspo receptors for Wnt9b and Rspo3 synergy to occur. 
Black cells do not express the appropriate upstream signalling components and therefore 
they are not responsive to the treatment. Cells above the dash line recombine the reporter 
and are permanently labelled with tdTom. (B) Wnt activation levels are reflected by the 
Axin2CreERT2 reporter. This model assumes all cells are responsive to the treatment ta 
certain extent. When CreERT2 expression levels are above the magenta dash line, enough 
CreERT2 protein is produced to drive recombination of the reporter upon tamoxifen 
induction. When CreERT2 expression levels are below the blue dash line, there is not 
enough CreERT2 protein available to drive the recombination of the reporter. Cells 
expressing CreERT2 at levels between the magenta and blue dash lines are within the 
recombination threshold and therefore can undergo or not recombination. Recombination 
within the “recombination threshold” is subjected to other cell intrinsic and extrinsic factors 
such as 4-OHT cell uptake or accessibility of the loxP sites in a given time. (1) In a Wnt-off 
state all cells do not express sufficient levels of CreERT2 recombinase for recombination to 
occur. (2) Wnt9b/Rspo3 treatment induce similar levels of Wnt activation in the pool of cells 
however only some of them reach expression levels within the recombination threshold. (3) 
Exposure to “high Wnt” medium (5% Wnt3a, 100 ng/ml Rspo1) causes a similar increase in 
Wnt activation levels in all cells. Most of the cells express CreERT2 recombinase at levels 
above the magenta dash line and only a few within the recombination threshold.
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reporter at any concentration in PH 2D cultures. This contrast with the results 

presented in Chapter 3, which showed that Rspo3 was sufficient to activate the TCF-

Luc and the TCF-eGFP reporter in HEK293T cells. Unlike the binary Axin2CreERT2 

reporter, the TCF-eGFP is a continuous reporter system. Thus, it is possible that 

Rspo3, in combination with Wnt proteins endogenously produced by PH cultured in 

monolayers, caused the activation of the Wnt/b-catenin but not at sufficient levels to 

drive recombination and activation of the Axin2CreERT2 reporter. 

Such an explanation does not, however, rest easily with the failure to see an Rspo3-

dependent increase in Axin2 mRNA levels by RT-qPCR analysis. At least three

additional alternative explanations for the discrepancies in Rspo3 activity between 

culture systems can be offered. First, it is possible that PHs cultured in conventional

monolayers do not secrete Wnt ligands with canonical activity. Freshly isolated murine 

hepatocytes have been shown to express various Wnt ligands (Wnt2, Wnt4, Wnt5a, 

Wnt5b, Wnt9a, Wnt9b and Wnt11) of non-canonical activity [33]. Of those, at least 

Wnt9b in combination with Wnt4 or Wnt2 have been shown to activate Wnt/b-catenin

signalling in HEK293 cells [149]. Further experiments are required to determine 

whether expression of Wnt ligands in hepatocytes persist upon conventional 2D 

culture and/or whether the combinatorial array of these activate the canonical branch 

of the Wnt signalling pathway.

Second, hepatocytes might not be equipped with the appropriate receptors to respond 

to Wnt ligands of hepatocellular source. In support of this, experiments conducted by 

Yang and colleagues using an Alb-Cre Wlsfl/fl transgenic mouse model showed that 

Wnt proteins of hepatocellular do substantially contribute to zonation (see Chapter 1), 

suggesting that Wnt ligands secreted by the hepatocytes are not involved in 

hepatocyte-to-hepatocyte Wnt/b-catenin signalling [90].

Third, hepatocytes might loss the expression of Wnts upon 2D culture. In future 

investigations, it might be possible to address whether these are valid explanations.

4.3.3 RT-qPCR gene expression analysis of pericentral metabolic genes
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One of the main objectives of this chapter was to assess whether Wnt pathway 

activation was sufficient to induce the expression of pericentral metabolic genes in 

PHs 2D cultures. Out of the four b-catenin pericentral genes tested (Axin2, Cyp1a2, 

Glul and Cyp2e1), none of them was differentially expressed upon exposure to Wnt9b 

or Rspo3 alone and only Axin2 and Cyp1a2 were significantly increased upon 

concomitant exposure to Wnt9b and Rspo3. The fact that Glul and Cyp2e1 expression 

levels remained unaffected upon Wnt9b and Rspo3 co-treatment might be for several 

reasons. For instance, it is possible that a combination of Wnt9b and Rspo3 are not 

sufficient to drive the expression of these genes and/or other factors besides Wnt 

activation are essential for the expression of these genes. Alternatively, it has also 

been discussed earlier that PHs cultured in conventional 2D monolayers undergo a 

series of tissue culture adaptations that involve the rearrangement of protein 

subcellular localization and changes in the overall transcriptome of the cells. 

Therefore, another factor to consider is that the current 2D culture conditions might 

not be permissive for the biological responses that resemble the in vivo situation.  As 

these genes will be also included in the gene expression panel for the characterization 

of the Wnt response of BD and PH organoids in Chapter 5, a consideration to the 

possible co-regulatory mechanisms driving the expression of these genes together 

with and/or importance of the physiological states of the cultures to obtain a biological 

response that resemble the in vivo situation will be provided later in this thesis.  

4.3.4 Response to immobilized Wnt9b and Rspo3
Results from Chapter 3 showed that both Wnt9b and Rspo3 beads induced canonical 

Wnt signalling in HEK293T cells expressing the TCF-Luc reporter. However, in the 

current chapter, only the Rspo3 beads were shown to activate the Axin2CreERT2 

reporter in PH 2D cultures. As discussed earlier (see section 4.3.2), this inconsistency 

in Wnt9b-beads activity across culture systems could be attributed to the differences 

in the mode of activation between the Axin2CreERT2 (On/Off state reporter) and the 

TCF-Luc system (continuous reporter). Regardless whether this is the underlying 

cause, the most important implication of these results is that Wnt9b beads may not be 

the most optimal strategy to induce local activation of the Wnt/b-catenin pathway in 

hepatocyte culture systems and thereby, the use of Rspo3 beads in combination with 

soluble Wnt9b is recommended. 
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4.3.5 Summary 
The current chapter aimed to characterise PH 2D cultures and determine whether 

Wnt9b and Rspo3 activate canonical signalling in this in vitro system. In agreement 

with previous reports, PH cultured in 2D monolayers were found to be a dynamic 

system of study in which cells undergo major structural and gene expression changes 

in a short period of time. In this in vitro system, a combination of soluble Wnt9b and 

Rspo3, but not the individual ligands, induced activation of Wnt/b-catenin signalling as 

shown by activation of the Axin2CreERT2 reporter in PH as well as an increase in the 

gene expression levels of Axin2 and Cyp1a2. Immobilized Rspo3 in combination with 

soluble Wnt9b triggered the activation of the Axin2CreERT2 reporter. The canonical 

activity of Wnt9b beads in combination with soluble Rspo3 could not be validated in

this system. 

In summary, the results of this chapter indicate that Wnt9b in the presence of Rspo3 

ligand can exert canonical activity in cellular context of the hepatocytes and that Rspo3 

beads in combination with soluble Wnt9b might be a valid strategy to induce local 

activation of b-catenin in hepatocyte cultures. 
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Chapter 5. CHARACTERIZATION OF LIVER 
ORGANOIDS SYSTEMS AND EVALUATION OF 

THEIR SUTABILITY AS MODELS FOR 
ZONATION
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The second main objective of this thesis was to evaluate the suitability of the currently 

available liver organoid platforms (BD and PH organoids) as cell source to model Wnt-

driven liver zonation (see Chapter1). This chapter will describe the establishment and 

characterization of the two-homeostatic liver organoid platforms available during the 

completion of this thesis and dissect their responses to Wnt activation. 

Carmen Velasco Martinez and Michael Dawes, a visiting BSc student and a MRes 

student, respectively, working under my supervision significantly contributed to the 

generation of some of the data presented in this chapter and will be acknowledged 

where appropriate. 

5.1 Introduction
As introduced in Chapter 1, organoid technology attempts to satisfy two historical 

needs in liver in vitro modelling (1) the expansion of the biological material for an 

indefinite period of time and (2) the maintenance of hepatocyte cell identity, polarity

and function in culture. 

Currently, two different strategies have been developed for the generation of liver 

organoids using adult biological material. BD organoids introduced by Huch and 

colleagues in 2013 uses HPCs derived from the liver’s biliary epithelium as a cell 

source to initiate the system [89]. HPCs are bi-potent epithelial cells that arise in 

response to liver damage and have been postulated to give rise to both hepatocytes 

and BECs in vivo (see Chapter1) [89].  When cultured in 3D hydrogels, these biliary-

derived cells grow in organoids that can be indefinitely expanded over the long-term 

and differentiated towards hepatocyte fate [89]. 

More recently, two protocols (Hu et al. (2018) protocol and Peng et al. (2018) protocol) 

from different laboratories described the generation of liver organoids using PHs as 

organoid initiating cell type [3,4]. Both protocols used a medium composition that allow 

the long-term expansion (> 6 months), therefore, overcoming a previously described 

limitation reported by other groups that have attempted to generate 3D PH cultures. 

However, only the Peng et al. (2018) provides a second ‘differentiation’ medium 

composition that was argued to bring the cells to the non-proliferative ‘resting’ state of 

the hepatocytes in the homeostatic liver (see Chapter1). For this reason, the Peng et 
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al. (2018) was felt to be more attractive for the aim of recapitulating homeostatic Wnt-

driven zonation in vitro and will be later discussed in this chapter. 

In the adult liver, Wnt activation drives two hepatocellular responses. In the 

homeostatic organ, Wnt pathway activation is restricted to pericentral hepatocytes and 

drives the expression of metabolic genes [166]. Upon liver damage, however, Wnt 

signalling orchestrates hepatocyte proliferation and regeneration of the liver 

parenchyma.  Despite of the increasing popularity of the hepatic organoids, little is 

known about organoid responses to Wnt activation.  

In this chapter, I aimed to determine whether liver organoids can serve as a cell 

platform to recapitulate Wnt-driven zonation in vitro. As two promising protocols were 

available during the completion of this project, the response of both BD and PH 

organoids to the central vein ligands Wnt9b and Rspo3 was evaluated. This chapter 

will therefore begin with a description of the characterization of both hepatic organoid 

systems and an evaluation of their responses to Wnt activation. In addition, data from 

a comparative gene expression analysis between hepatic organoids and primary 

tissues will be described. 

5.2 Results
5.2.1 Establishment of PH organoid cultures
PH organoid cultures were established from murine PHs isolated using a two-step 

perfusion method (see Chapter 4, section 4.2.1) and cultured following the two-step 

protocol previously published by Peng et al. (2018) (Figure5.1, A) [3]. In this protocol,

PH organoids are first generated and expanded in a TNFa-containing medium (PHorg 

expansion medium or PHorg-EM) that mimics the pro-inflammatory microenvironment 

of the regenerative liver and maintains the cells into a hyperproliferative state. 

Established PH organoids are then exposed to one of the two distinct differentiation 

medium formulations
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that promotes maturation into ‘pericentral-like’ or ‘periportal-like’ organoids. The 

pericentral differentiation medium is a ‘Wnt-activating’ medium that contains

CHIR99021 (CHIR PHorg-DM), a GSK-3 inhibitor. By contrast, the periportal 

differentiation medium is a ‘Ras-pathway activating’ medium which contains EGF and 

HGF (EGF/HGF PHorg-DM). Both periportal and pericentral differentiation conditions

differ from the expansion formulation in that they contain dexamethasone, a 

glucocorticoid widely used in the liver field to enhance the metabolic activity of 

hepatocyte cultures (Figure5.1, A) [167-169]. Furthermore, pro-inflammatory cues 

(TNFa) present in expansion are withdrawn in during differentiation. In addition to the 

pericentral and periportal differentiation conditions of Peng et al. (2018), PH organoids 

in this thesis were also differentiated in a third medium composition, referred as 

“Neutral PHorg-DM”, that contained the common ingredients of both periportal and 

pericentral PHorg-DMs, but lacked the zonal-specific inducers (CHIR and EGF/HGF,

respectively) (Figure5.1, A). A table with the detailed composition of PHorg-EM and 

each of the PHorg-DM used in this thesis can be found in Chapter2.

PH organoid cultures in PHorg-EM and PHorg-DM conditions were first established 

and characterised both morphologically and by RT-qPCR [3]. During the first three 

days of culture following seeding of PH in matrigel, some cells migrated to the bottom 

of the plate, where they attached and adopted a fibroblast-like morphology 

characteristic of PH 2D cultures (see Chapter2) (Appendix B, Figure1, A). PHs that 

remained embedded in matrigel lost their characteristic post-seeding round 

Figure5.1 (A) Scheme representing the process of establishment and culture of PH 
organoids. PH organoids are originated from PH cultured in Matrigel and can be expanded 
in culture in “expansion medium” containing TNFa. According to Peng et al (2018), upon 
removal of TNFa and addition of 3 µM of dexamethasone (Dexa) PH can be differentiated 
towards hepatocyte pericentral fate (CHIR containing medium) or periportal fate (EGF/HGF 
containing medium). Additionally, PH organoids in this thesis were also differentiated using 
a “Neutral” differentiation medium in which TNFa has been depleted and 3 µM of 
dexamethasone added but that does not contain either of the zonal inducers (CHIR, EGF 
nor HGF). (B) Representative images showing 3D culture adaptation of PH. Black 
arrowheads point to cell-cell junctions form between adjunct hepatocytes. White arrowhead 
point to cells acquiring bunch of grapes-like invasive phenotype. (C) Representative images 
of PH organoids adapted to 3D culture and expanded above two passages. Organoids in 
expansion medium show bunch of grape morphology. Four days differentiated organoids 
display a round and compact morphology. Scale bar 100 µm. These particular images were 
taken by Michael Dawes.  



135

morphology and aggregated with the neighbouring cells to generate small compact 

organoid like-structures which continued growing, likely through cell division, in the 

subsequent days (Figure5.1, B Day0). Some of the 3D organoid structures formed 

contained cells with large cytosolic inclusions (Figure5.1, B Day3). At day 13-15, cells 

within some the organoids acquired an ‘invasive’ phenotype and commenced to grow 

towards the matrigel, which caused the transition from a ‘compact-round shape’ to a 

‘bunch-of-grapes’ organoid morphology (Figure5.1, B Day13). 

After the second passage, the organoid cells lost the cytosolic inclusions and most of 

the PH organoids grown in PHorg-EM had acquired a ‘bunch-of-grapes’ morphology. 

On very rare occasions, PH organoids developed into a morphology that resemble 

duct-like structures (Appendix B, Figure1, B) (Figure5.4, C). Consistent with previous 

observations, PH organoids were routinely passaged at 1:2 ratio every ~2 weeks [3]. 

Exposure to any of the three PHorg-DM conditions tested (CHIR, EGF/HGF or 

Neutral), caused a notable change in morphology in which most of the organoids 

acquired again a compact-round morphology (Figure5.1, C). Furthermore, upon 

differentiation, PH organoids became optically dense and in some instances cells 

developed large cytosolic inclusions (Figure5.1, C).  

RT-qPCR gene expression analysis revealed that PH organoid differentiation was

accompanied by a gain in expression of genes associated with mature hepatocyte 

function (Figure5.2, B). Confirming the observations of Peng et al. (2018), PH 

organoids cultured in EGF/HGF PHorg-DM expressed higher levels of periportal 

genes (Ass1, Cyp2f2 and Alb) than organoids maintained in EM for the same length 

of culture (Figure5.2, B) [3]. Similarly, CHIR PHorg-DM organoids expressed, with the 

exception of Glul, higher mRNA levels of pericentral genes (Cyp1a2, Cyp2e1 and Fah) 

when compared to PHorg-EM organoids 
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(Figure5.2, B).  However similar periportal and pericentral gene expression induction 

was also achieved when organoids were cultured in Neutral PHorg-DM, suggesting 

that withdrawal of TNFa and the addition of dexamethasone were responsible for most 

of the transcriptional changes reported (Figure5.2, B). When comparing the ability of 

EGF/HGF and CHIR PHorg-DMs to specifically drive pericentral or periportal 

signatures, EGF/HGF treatment caused an overall trend of increased periportal gene 

expression although, out of the three periportal genes tested only Alb was induced in 

a statistically significant manner. Similarly, CHIR treatment, caused an overall 

increase in the expression of pericentral genes although only induction of Fah was

statistically significant (Appendix B, Figure2).

Peng et al. (2018) PHorg-EM conditions were proposed to mimic the pro-inflammatory 

microenvironment of the regenerative liver [3]. During liver regeneration, 

hyperproliferative hepatocytes transiently downregulate the expression of hepatocyte 

lineage genes [170,171]. Therefore, I next questioned whether differentiation of PH 

organoids caused an increase in the expression of hepatocyte lineage whilst 

decreasing the levels of genes involved in cell proliferation. As expected, the three 

PHorg-DM formulations tested significantly increased the expression of the 

hepatocyte lineage markers Hnf4a, Cebpa and Prox1 (Figure5.2, C). Furthermore, 

exposure to neutral, CHIR or EGF/HGF PHorg-DMs significantly decreased the 

expression of the proliferation markers CyclinD1 and ki67 (Figure5.2, D).

Under certain injury conditions, regenerative hepatocytes ectopically express HPC 

markers. Therefore, to further characterise the PH organoid system, the gene 

expression of the HPCs related genes Tert, Tacstd2, Cd44 and Sox9 was evaluated.

Whilst non-significant differences were found in the expression of Tert and Tacstd2 

upon differentiation with any of the PHorg-DM formulations tested (Figure5.2, E), the 

Figure5.2 (A) PH organoids differentiation time line scheme. (B) RT-qPCR gene 
expression analysis of mature functional hepatocyte markers in PH organoids (n=5). (C) 
RT-qPCR gene expression analysis of hepatocyte lineage markers in PH organoids (n=5). 
(D) RT-qPCR gene expression analysis of HPCs markers in PH organoids upon 
differentiation. (n=5).  Statistical significance was determined using Mann-Whitney t-test.  
p-value n.s.>0.05 ; p-value *< 0.05; p-value **< 0.01; p-value ***< 0.001; p-value ****< 
0.0001. RT-qPCR experiments were run by Michael Dawes although data analysis, 
presentation and interpretation was performed by myself.
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three PHorg-DMs caused a significant decline in the expression levels of Cd44

(Figure5.2, E). A decline in Sox9 expression was also observed in the three PHorg-

DM mediums tested although this was only significant in CHIR PHorg-DM conditions 

(Figure5.2, E).

Taken together these results suggest that the protocol of Peng et al. (2018) for the 

expansion and differentiation of PH organoids was successfully implemented and that 

the structures observed resembled those previously published [3].

5.2.2 Establishment of BD organoid cultures

BD organoid cultures were established from hand-picked ductal ‘tree’ structures. 

Consistent with previous observations, BD embedded in matrigel rapidly enlarged to 

form cystic organoid-like structures and could be consistently passaged when cultured 

in in expansion medium (BDorg-EM) at a 1:5 or 1:8 by mechanical disruption 

(Figure5.3) [89].

Figure5.3 (A) Scheme 
deciphering the structure of 
the mammalian lobule where 
the central vein (purple cells), 
the hepatocytes (white cells), 
the hepatic vein (HV, blue 
cells), the hepatic artery (red 
cells) and the cholangiocytes 
(green cells) have been 
highlighted. According to Huch 
et al. (2013), bile duct-resident 
HPSCs (red circle) are the cell 
of origin of bile duct-derived 
organoids. HPSCs are positive 
for the expression of Sox9 and 
Lgr5. (B) Scheme deciphering 
BD-establishment procedure 
with representative images of 
cells in each of the steps. EM, 
Expansion medium. DM, 
differentiation medium.
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In order to determine whether the BD organoids used in this thesis resembled those

of Huch et al. (2013), BD organoid cultures were characterised and compared to the 

previously published data [89]. BDorg-EM is a Rspo1-containing medium that 

maintains the cells into a HPC-like state [89]. Withdrawal of Wnt-activating signals 

from the media together with inhibition of TGFb and Notch pathway was shown to 

induce the differentiation of the BM organoids towards a hepatocyte fate [89].

Figure5.4 (A) BD organoids differentiation time line scheme. (B) RT-qPCR gene 
expression analysis of HPCs markers in BD bile duct organoids upon differentiation. (n=9) 
(C) RT-qPCR gene expression analysis of hepatocyte lineage markers in BD organoids 
(n=9). (D) RT-qPCR gene expression analysis of mature functional hepatocyte markers in 
BD organoids (n=6). Expansion medium (EM); differentiation medium day 10 (DM 10d); 
differentiation medium day 13 (DM 13d). Statistical significance was determined using 
multiple t-test.  p-value n.s.>0.05 ; p-value *< 0.05; p-value **< 0.01; p-value ***< 0.001; p-
value ****< 0.0001.
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Accordingly, differentiated BD organoids  showed lower expression of HPCs markers 

(Tert, Cd44, Tacstd2 and Lgr5) and higher expression of hepatocyte lineage markers 

(Cebpa, Hnf4a and Prox1) than BD organoids in expansion conditions (Figure 5.4, B 

and C) [89].  Exposure to differentiation conditions also caused an increase in mRNA 
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levels of various pericentral (Glul, Cyp1a2, Cyp2e1 and Fah) and periportal (Ass1, 

Cyp2f2 and Alb) metabolic genes characteristic of mature hepatocytes (Figure 5.4, D).

Differentiated BD organoids were previously described to contain bi-nucleated cells, a 

hallmark of differentiated hepatocytes. To assess whether this was the case, BD 

organoids were analysed by IF using DAPI to counterstain the cell nuclei and either 

phalloidin (cell cytoskeleton) or b-catenin staining to distinguish cell-cell boundaries. 

Whilst bi-nucleated cells were present in differentiated BD organoids, these were also 

present in organoid cultured in expansion conditions. Quantifications about the 

frequency in which bi-nucleated cells appear in both BDorg-EM and –DM were not 

performed (Figure 5.5, A and B). BD organoids in differentiation conditions were also 

found highly heterogeneous in terms of size and morphology (Figure 5.5, C). IF 

analysis revealed a large variation in b-catenin membrane levels amongst

differentiated BD organoids that was not previously reported (Figure5.5, C). 

As previously reported by Huch and colleagues, BD organoids cultured in both BDorg-

EM and DM conditions were hollow structures composed of a single layer of cells [89]. 

In BDorg-DM conditions, some organoids presented budding-like protrusions and on 

rare occasions, such protrusions grew to the point of causing the division of the 

Figure5.5 (A) Light-sheet immunofluorescence image shows that BD organoids cultured 
in EM for 15-day harbours both (1) bi-nucleated and (2) mono-nucleated cells. β-catenin 
(red) staining labels cell-cell boundaries and DAPI (blue) stains cell nuclei. Green staining 
corresponds to Sox9, a transcription factor that is associated both with stem cell function 
and the ductal lineage. The sides of each of the squares of the grid correspond to 100 
μm. (B) Light-sheet immunofluorescence image of a BD organoid differentiated for 13 
days contain both (1) bi-nucleated and (2) mon-onucleated cells.  β-catenin (red) staining 
labels cell-cell boundaries and DAPI (blue) stains cell nuclei. Green staining corresponds 
to Sox9, a transcription factor that is associated both with stem cell function and the 
ductal lineage. The sides of each of the squares of the grid correspond to 50 μm. (C) BD 
organoids differentiated for 13 days display different morphologies. Arrow head points to 
an example of a BD organoid presenting high-levels of membrane-bound β-catenin, 
enlarged cell nuclei and flat morphology. Asterisk points to an example of a budding-like 
BD organoid that additionally has low level of membrane-bound β-catenin and is 
composed by cells with small nuclei. Note that a correlation between these parameters 
(budding/flat phenotype, β-catenin intensity and nuclei size) was not found a priori 
although quantifications were not performed. Image was acquired in a commercial Z.1 
Zeiss light-sheet microscope. The sides of each of the squares of the grid correspond to 
100 μm. (D) Immunofluorescence confocal image shows an BD organoid that was 
differentiated for 13 days. In this extreme case of budding, the protrusions developed to 
the degree of dividing the organoid into small hollow cameras. Phalloidin (red) and DAPI 
(blue) counterstain the cell cytoskeleton and nuclei, respectively.
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organoid into small hollow compartments (Figure5.5, C and D). BD organoid budding 

was a phenomenon previously described by Huch et al. (2015) [172]. When monitoring 

organoid growth by DIC, BD organoid “budding” was found to be associated with the 

process of differentiation and became especially apparent during the last three days 

of culture (data not shown).  

Taken together these results indicated that the protocol for expansion and 

differentiation of BD organoids could successfully be implemented and that the 

structures that had been grown resembled those previously published by Huch et al.

(2013) [89].  

5.2.3 Response of PH organoids to Wnt activation
Having established the culture PH organoids, the next step was to evaluate the 

response of this structures to Wnt9b and Rspo3. For this aim, PH organoids were 

generated from the Axin2CreERT2 reporter transgenic mouse model, in which Axin2 

positive cells can be lineage traced upon 4-OHT exposure (see Chapter4). Using 

these PH organoids, Axin2 expressing cells (tdTom positive) were labelled and 

quantified at different times of culture when organoids were differentiated in the 

presence or absence of Wnt9b and Rspo3, alone or in combination. The timelines of 

these treatments and the 24h 4-OHT induction are shown in Figure5.6, A.

Confocal analysis revealed that at Day 1 of differentiation ~2-5% of the cells per 

organoid were scored as Axin2 expressing cells (tdTom positive) in all the 

differentiation conditions tested (Figure 5.6, B). From Day 1 to Day 4, organoids that 

had been differentiated in the presence of Wnt9b and Rspo3 in combination showed 

an increase in the percentage of tdTom positive cells per organoid when compared to 

PH organoids grown in Neutral conditions. By contrast, the percentage of tdTom 

positive cells in the rest of the PHorg-DM conditions tested decreased upon 

differentiation (Figure5.6, B). At Day 4 of differentiation, ~12% of the Wnt9b and 

Rspo3-treated organoid cells were labelled. No tdTom positive cells were detected in 
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any of the other treatments, suggesting that Wnt9b and Rspo3 synergise in PH 

organoids to drive canonical Wnt pathway (Figure5.6, B and C). 

Figure5.6 (A) Axin2 lineage tracing strategy of PH organoids derived from the Axin2CreER 
R26-LSL-tdTom reporter mouse model. Axin2 expressing cells and their progeny are 
permanently labelled with red fluorescence (tdTom) upon 4OHT exposure.  (B) 
Quantifications from Axin2 lineage tracing experiments in Axin2CreER R26-LSL-tdTom 
differentiated organoids shows a gradual increase in the proportion of tdTom positive cells 
only in Wnt9b and Rspo3 treated organoids. Statistical significance was determined using 
multiple t-test.  p-value n.s.>0.05 ; p-value *< 0.05; p-value **< 0.01; p-value ***< 0.001; p-
value ****< 0.0001 (C) Representative IF images from PH organoids differentiated for 4 
days in the presence of Wnt9b/Rspo3 ligands. Organoids were exposed to 500nM 4-OHT 
during the last 24h of differentiation. Cell nuclei was counterstained with DAPI (blue). Axin2 
expressing cells are labelled with red fluorescence (tdTom). Images show the presence of 
Axin2 expressing cells only in organoids concomitantly exposed to Wnt9b and Rspo3. 
Culture and treatment of organoids used for all experiments presented in this figure were 
done by Michael Dawes. Imaging and quantifications of data presented here were also 
performed by Michael Dawes. Experimental design and data presentation was performed 
by myself. 
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Having validated the ability of the CV ligands Wnt9b and Rspo3 to activate canonical 

Wnt signalling in PH organoids, I next questioned whether the expression of 

pericentral metabolic genes was induced upon exposure to these ligands. For that 

aim, PH organoids were differentiated for 4 days in the presence/absence of Wnt9b 

and Rspo3 and subjected to RT-qPCR analysis. In addition, PH organoids 

differentiated using the original pericentral CHIR differentiation conditions of Peng et 

al. (2018) [3].

CHIR differentiation caused a significant increase in Cyp1a2 levels but surprisingly did 

not increase the expression of any of the other pericentral genes tested including 

Axin2, a well conserved Wnt/b-catenin target gene across tissues (Figure5.7). Whilst 

Figure5.7 (A) PH organoids differentiation time line scheme. (B) RT-qPCR 
gene expression analysis of pericentral metabolic genes in differentiated PH 
organoids (n=5). Statistical significance was determined using Mann-Whitney t-
test.  p-value n.s.>0.05 ; p-value *< 0.05; p-value **< 0.01; p-value ***< 0.001; 
p-value ****< 0.0001. RT-qPCR experiments were run by Michael Dawes 
although data analysis, presentation and interpretation was performed by 
myself.
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non-significant differences were either detected in the level of expression of Axin2, 

Cyp1a2, Cyp2e1 and Tbx3 when PH organoids were differentiated in the presence of 

Wnt9b or Rspo3 alone, a combination of Wnt9b and Rspo3 significantly increased the 

expression of these genes, indicating that Wnt9b and Rspo3 synergise to activate Wnt 

pathway targets and elicit a metabolic Wnt-driven response in PH organoids 

(Figure5.7). Interestingly, levels of expression of the pericentral genes, Glul and Fah 

remained largely unaffected when Wnt9b and Rspo3 were added alone or in 

combination during the differentiation process (Figure5.7). 

The fact that some of the pericentral genes tested were induced upon exposure to the 

CV ligands Wnt9b and Rspo3 while others remained largely unaffected, prompted me 

to investigate whether these genes followed different expression patterns across the 

liver lobule. In 2017, Bahar Halpern and colleges used scRNAseq spatial 

Figure5.8 Gene expression distribution of pericentral metabolic genes in the central vein 
(CV)- portal triad (PT) axis reveal that pericentral metabolic genes can be clustered in (1) 
genes that show a gradual decline in expression levels across the CV-PT axis of the liver 
(Axin2, Cyp1a2, Cyp2e1 and Tbx3) and (2) genes that follow an expression patter other 
than a gradual decline (Glul and Fah). Data with hepatocyte scRNAseq transcriptomic 
profiles was obtained from Bahar Halpern et al (2017) {Halpern:2017fm}. 
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reconstruction to generate a 9-zone transcriptomic map of murine hepatocytes (see 

Chapter1) [33]. Using data from this study, I generated the zonal expression graphs 

presented in Figure5.8. This analysis confirmed that genes analysed were 

preferentially expressed by pericentral hepatocytes and revealed the potential 

clustering of the genes evaluated by RT-qPCR in two subgroups: (1) genes whose 

expression gradually decline across the CV-PT axis of the lobule (Axin2, Cyp1a2, 

Cyp2e1 and Tbx3) and (2) pericentral genes that follow an expression pattern other 

than a gradual decline (Glul and Fah) (Figure5.8). How these patterns might relate to 

differences in Wnt9b/Rspo3 treatment sensitivity will be discussed later.

Taken together, these results indicate that treatment of PH organoids with 

Wnt9b/Rspo3 recapitulated aspects of Wnt-driven metabolic zonation in vitro, but that 

expression of every Wnt-driven pericentral gene (most notably Glul, encoding GS) was 

not achieved with the current experimental conditions. 

5.2.4 Response of BD organoid cultures to Wnt activation
Having successfully implemented the protocol for the expansion and differentiation of 

BD organoids from Huch et al. (2013) in section 5.3.2, the next step was to evaluate 

whether activation of Wnt pathway in BD organoids elicited a metabolic Wnt-driven 

response [89]. In section 5.3.3 the suitability of PH organoids as in vitro system to

recapitulate Wnt-driven liver zonation was assessed by differentiating the organoids 

in the presence of Wnt9b and Rspo3. However, this approach could not be 

implemented in the case of BD organoids as withdrawal of Wnt-potentiating signals 

(Rspo1) from the medium is necessary to direct the cells towards a hepatocyte fate 

[173]. For that reason, to evaluate the suitability of BD organoids as in vitro system for 

modelling Wnt-driven liver zonation, BD organoids were first differentiated for 10 days 

in the absence of Wnt activating signals and then exposed for three days to Wnt9b 

and Rspo3 alone or in combination (Figure5.9). 

All the treatments containing Rspo3, significantly increased Axin2 mRNA levels. 

However, no significant changes in the level of Glul, Cyp1a2, Cyp2e1 and Fah 

expression were detected with Rspo3 alone, or in combination with Wnt9b, indicating 

that whilst Rspo3 itself is sufficient to activate canonical Wnt signalling in BD 

organoids, this ligand does not elicit a pericentral metabolic program (Figure5.9).
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Activation of the Wnt/b pathway in hepatocytes has been shown to antagonize the 

expression of periportal hepatocyte genes. Therefore, I next evaluated whether 

Wnt9b/Rspo3 treatment in BD organoids caused a decline in the expression of 

periportal genes (Ass1, Cyp2f2 and Alb). Non-significant change in the expression 

levels of these genes was observed upon exposure to Wnt9b and Rspo3, alone or in 

combination (Figure5.9). 

With the exception of Axin2, none of the other periportal or pericentral genes was 

significantly altered upon treatment of Wnt9b and/or Rspo3 in BD organoids, 

suggesting that activation of Wnt pathway in these structures did not elicit a pericentral 

metabolic program (see Chapter4). Differentiated BD organoids are a dynamic in vitro

system in which hepatocytes features are acquired for a period of 10 to 13 days. 

Thence, a possible explanation for the lack of a Wnt-induced metabolic response is 

that at the time of exposure to Wnt9b and Rspo3 (differentiation day 10) BD organoids 

did not display yet the mature hepatocyte Wnt/Rspo receptors that mediate the 

canonical synergy between Wnt9b and Rspo3. To explore this possibility, a BD 

organoid line from a Tet-O-ΔN89β-catenin mouse model was generated [120]. In the 

Figure5.9 Heat map showing RT-qPCR gene expression analysis of mature hepatocyte 
zonation markers in WT BD organoids upon exposure to Wnt9b (100 ng/ml) and or Rspo3 
(50 ng/ml). All Rspo3 containing treatments trigger the expression of Axin2. (n=5)
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Tet-O-ΔN89β-catenin organoid line expression of a constitutively active mutant β-

catenin (ΔN89β-catenin; an N-terminal deletion of β-catenin including the destruction 

box) is induced upon doxycycline exposure. This allows the activation of the canonical 

branch of the pathway downstream of the receptors (Appendix B, Figure3, A). 

The expression of the ΔN89β-catenin transgene was first confirmed to be induced in 

a doxycycline dose-dependent manner (Appendix B, Figure 3, B). As a robust increase 

the expression of ΔN89β-catenin transgene was detected following treatment for 3 

days with 0.1 µg/ml doxycycline with no evidence of toxicity as shown by CellTox green 

and CellTiter-Glo 3D viability assays, this doxycycline concentration was subsequently 

used to assess the effects of β-catenin transcriptional activation in BD Tet-O-ΔN89β-

catenin organoids (Appendix B, Figure 3, B to D).  

 

Exposure of differentiated BD Tet-O-ΔN89β-catenin organoids to 0.1 µg/ml 

doxycycline for 3 days triggered a 100-fold increase of Axin2 mRNA levels 

(Figure5.10, B). Despite this robust increase in canonical Wnt signalling, none of the 

pericentral genes was significantly induced (Figure5.10, B). Furthermore, and with the 

exception of Alb that was significantly decreased, the expression of periportal genes 

remained also largely unaffected upon exposure to doxycycline when compared to the 

untreated controls (Figure5.10, B). 

Canonical Wnt signalling elicits different cellular programs depending on the context, 

being Axin2 one of the few β-catenin target genes conserved across tissues. The fact 

that none of the pericentral hepatocyte-specific direct targets of β-catenin (Glul, 

Cyp1a2, Cyp2e1 and Fah) was induced upon robust activation of canonical Wnt 

signalling prompted me to investigate whether the increase in Axin2 levels in BD 

organoids was associated with a cellular program other than zonation. 

In the regenerative liver, Wnt orchestrates hepatocyte proliferation and Wnt-activating 

signals (Rspo1) have been argued to maintain BD organoids in a proliferative state 

close to that of HPCs [89]. Thence, the expression of various proliferation and HPC 

markers after 3-day exposure to 0.1 µg/ml doxycycline in differentiated BD Tet-O-

ΔN89β-catenin organoids was next evaluated. RT-qPCR analysis showed that various 
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HPC (Sox9, Spp1, Cd44 and Lgr5) were induced upon β-catenin activation in 

differentiated BD organoids under these conditions (Figure5.10, C). Although an 

increasing trend in the levels of the proliferation markers cyclin D1 and ki67 was 

reported upon activation of the Wnt/β-catenin pathway, none of these genes were 

increased at significant levels upon exposure to 0.1 µg/ml doxycycline (Figure5.10, C).

Figure5.10 (A) Treatment time line for Tet-ODN89bcat BD organoids. Mutant 
activated b-catenin is expressed upon exposure to 0.1 mg/ml doxycycline (Dox) 
during the last three days of differentiation. (D) RT-qPCR gene expression analysis 
of mature hepatocyte zonation markers in ODN89bcat BD organoids upon activation 
of mutant b-catenin (0.1 mg/ml Dox). (n=9). (E) RT-qPCR gene expression analysis 
of stem cell markers in ODN89bcat BD organoids upon activation of mutant b-catenin 
(0.1 mg/ml Dox). (n=9). Statistical significance was determined using multiple t-test.  
p-value n.s.>0.05 ; p-value *< 0.05; p-value **< 0.01; p-value ***< 0.001; p-value ****< 
0.0001. RT-qPCR experiments were run by Carmen Velasco. Data analysis, 
presentation and interpretation was performed by myself.
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In order to compare whether a HPCs and/or proliferation program was elicited upon 

canonical Wnt activation in other hepatocellular in vitro systems, a combination of 

Wnt9b and Rspo3 was used to activate β-catenin in PH 2D and PH organoid cultures 

and the expression of HPCs and proliferation markers was analysed by RT-qPCR. 

With the exception of Lgr5, none of the HPCs and proliferation markers evaluated 

were induced upon activation of canonical Wnt signalling in PH 2D cultures or PH 

organoids (Appendix B, Figure 4), suggesting that activation of the HPCs program by 

β-catenin is cell context-dependent and characteristic of BD differentiated organoids. 

Taken together, these results indicate that BD organoids, under the current 

experimental conditions, cannot be used cellular platform to recapitulate Wnt-driven 

metabolic zonation in vitro.

5.2.5 Comparison of primary hepatocyte- and bile duct-derived organoids
with primary tissue

To better understand the cell context that PH and BD organoids represent and why 

they behave differently to Wnt activation in vitro, differentiated PH and BD organoids 

were subjected to RT-qPCR gene expression analysis and compared with primary 

samples from the two epithelial lineages of the liver: fresh isolated PHs and primary 

BD trees. A panel of BECs (Hnf1b, Krt19, Krt7 and Epcam) and hepatocyte (Cebpa, 

Hnf4a and Prox1) lineage markers that could be used to validate the purity of the 

purified cell populations was first used to characterise the primary samples (Appendix 

B, Figure 5, A). 

Upon differentiation, PH organoids increased the expression of the hepatocyte lineage 

markers, Cebpa, Hnf4a and Prox1 close to the levels expressed by PHs (Figure5.11, 

A). PH organoids both in expansion and differentiation conditions showed minimal 

expression of the BEC markers Krt19, Krt7 and Epcam (Figure5.11, A). The

expression of the BEC lineage marker Hnf1b was however increased upon PH 

organoid differentiation, reaching similar levels to those present within hand-picked 

primary BD. These results suggest that differentiated PH organoids remain closer to 
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the hepatocyte lineage than the BEC lineage although the differentiation conditions 

might be permissive for the acquisition of certain features of BECs.



152

Canonical Wnt pathway activation in differentiated BD organoids did not trigger the 

expression of zonation markers (see section 5.3.3.2) and therefore it was expected 

that their hepatocyte gene expression levels would be significantly different from 

homeostatic PHs. Differentiated BD organoids showed higher expression of the 

hepatocyte lineage markers Cebpa and Hnf4a in BDorg-DM than in BDorg-EM, 

although the expression of these genes did not reach the levels of PHs. Differentiated 

BD organoids were found to express higher levels of BECs lineage markers (Hnf1b, 

Krt19 and Krt7), probably reflecting that primary hand-picked primary BD preparations 

were contaminated with occasional hepatocytes or non-parenchymal cells other than 

BECs (Figure5.11, B) (Appendix B, Figure 5, B). Expression of the hepatocyte marker 

Hnf4a and the BEC markers Sox9 and CK19 (gene Krt19) at the protein level in 

differentiated BD organoids was further confirmed by IF (Figure5.11, C and D). These 

results suggest that, in addition to hepatocyte lineage markers, BD organoids strongly 

express markers of the BEC lineage.

Results from section 5.3.1 showed that BD organoids significantly increased the 

expression of various pericentral (Glul, Cyp1a2, Cyp2e1 and Fah) and periportal 

(Ass1, Cyp2f2 and Alb) metabolic genes characteristic of mature hepatocytes upon 

differentiation. However, data from Figure5.11 B argues that differentiated BD 

organoids are culture systems that remain close to the BEC lineage. Therefore, the 

next step was to investigate whether the reported increase in the level of expression 

of pericentral and periportal markers occurred on comparable levels with PHs. Data 

from Figure5.11 E shows that differentiated BD organoids express pericentral (Glul, 

Figure5.11 (A) Heat maps showing relative RT-qPCR gene expression of BEC and 
hepatocyte lineage markers in primary hand-picked bile ducts (Primary BD) (n=3), 
primary hepatocytes (PH) (n=3) as well as in WT PH organoids in EM, EGF/HGF DM or 
Wnt9b/Rspo3 DM (n=5). RT-qPCR experiments performed with PH organoid samples 
were run by Michael Dawes. (B) Heat maps showing relative RT-qPCR gene expression 
of BEC and hepatocyte lineage markers in primary hand-picked bile ducts (Primary BD) 
(n=3), primary hepatocytes (PH) (n=3) as well as in WT BD organoids in EM or DM (B). 
(C) Representative IF images show that BD organoids express the bile duct markers 
CK19 (magenta) and Sox9 (green) at day 11 of differentiation. Cell nuclei was 
counterstained with DAPI (blue). (D) Representative IF images show that BD organoids 
express the bile duct markers CK19 (magenta) and HNF4a (green) at day 11 of 
differentiation. Cell nuclei was counterstained with DAPI (blue). (E) Heat maps showing 
relative RT-qPCR gene expression of BEC and hepatocyte lineage markers in primary 
hand-picked bile ducts (Primary BD) (n=3), primary hepatocytes (PH) (n=3) as well as in 
WT BD organoids in EM or DM. 



153

Cyp1a2, Cyp2e1 and Fah) and periportal (Ass1, Cyp2f2 and Alb) metabolic genes at 

comparable levels to primary BD but not PH. Altogether, these results suggest that 

differentiated BD organoids remain closer to the BEC lineage than the hepatocyte 

lineage although the current differentiation conditions might be permissive for the 

acquisition of hepatocyte-like features.

5.3 Discussion
5.3.1 Differentiated BD organoids as a hepatocellular model 
In 2013, differentiated BD organoids presented as a possible therapeutic avenue 

toward regenerative therapy of the liver and a possible in vitro platform for drug testing. 

Since then, this culture system has been used to uncover potential treatments for 

hepatic lipidosis and research efforts have been dedicated to enable the large-scale 

production of these structures [118,119]. However, data presented in the current 

chapter debates (1) the acquisition of definitive hepatocyte identity upon differentiation 

of these structures and (2) the applicability of differentiated BD organoids as a 

hepatocellular homeostatic in vitro system. 

The ability of BD organoids to give rise to hepatocyte-like cells was previously 

determined by various assays, including the increase LDL uptake and glycogen 

storage upon differentiation [89]. However, an increase in what a priori seem liver-

specific bio-functions in vitro is not a definitive proof of the commitment of the cells in 

culture toward a hepatocyte fate. LDL is a lipoprotein that binds to hydrophobic 

molecules such as cholesterol and transport them throughout the blood system for the 

use by different cell types. As systemic LDL is mostly metabolized by hepatocytes, 

LDL uptake is widely used as a readout for hepatocyte maturation in vitro. However, 

uptake of LDL in vitro is also observed in cell lines of non-hepatocyte origin such as 

HEK293T or L929 cells, which are often used as cell systems to study LDL intracellular 

cascades [174]. Similarly, glycogen in the body is preferentially, but not exclusively, 

stored by hepatocytes [175]. Therefore, an increase in LDL uptake and glycogen 

storage upon differentiation does not necessarily indicate acquisition of a hepatocyte 

phenotype as it could be alternatively associated with a change in the metabolic state 

of cultures independent of their cell identity. 
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Huch et al. (2013) also reported that differentiated BD organoids show higher Cyp3a 

(cytochrome P450, family 3, subfamily A) activity when compared to organoids 

maintained in BDorg-EM [89]. As mentioned in Chapter 1, hepatocytes highly express 

enzymes of the cytochrome P450 superfamily, which are involved in the 

biotransformation and detoxification of xenobiotics. However, members of the Cyp3a 

subfamily are also expressed by cells other than hepatocytes, including intestinal 

enterocytes and BECs, and therefore, an increase in the activity of Cyp3a activity does 

not necessarily indicate acquisition of hepatocyte-like features [176,177].

Furthermore, it should be noted that the highest expression of Cyp-related genes in 

this study occurred upon dexamethasone addition. To induce BD organoid 

differentiation, dexamethasone was added following Huch et al. (2013) 

recommendations using a final concentration of 30 µM [89,172]. It should be noted 

that dexamethasone at a lower concentration (10 µM) is used to challenge primary 

hepatocytes and HepG2 cells cultured in conventional monolayers as this induces 

Cyp3a4 activity as a part of a pregnane X receptor (PXR)-mediated cytotoxic response 

[178] [109]. Therefore, it is possible that the reported increase in the expression of Cyp 

activity in BD organoids occurs as result of the activation of a non-hepatocyte specific 

cellular program to clear xenobiotics rather than to the acquisition of hepatocyte fate

in culture. 

BD organoids also showed increased expression of Albumin mRNA upon 

differentiation [89]. Albumin mRNA is detected in liver precursor cells as early as 9.5 

days of embryo development and experiments performed using the Alb-Cre mouse 

model have shown that this allele recombines foxed sequences in both developing 

hepatocytes and BECs, indicating that the expression of this gene is not restricted to 

cells that are definitively committed to the hepatocyte lineage [179,180]. Furthermore, 

when comparing levels of albumin and mature hepatocyte gene expression (including 

Cyp1a2, Cyp2a1, Fah, Ass1 and Cyp2f2) in differentiated BD organoids and primary 

samples, these did not reach the levels of PH and remained below the level of 

expression of adult hand-picked BD. These data indicate that the expression profile of 

differentiated BD organoids does not resemble that of mature and terminally 

differentiated hepatocytes.
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Bi-nucleation and polyploidization are characteristics of postnatal mature hepatocytes 

[181]. Huch et al. (2013) pointed to the presence of bi-nucleated cells in differentiated 

BD organoids as indicative of hepatocyte fate specification. However, data presented 

here showed that small bi-nucleated cells expressing were also present in BDorg-EM 

conditions prior to differentiation [89]. A potential explanation for the presence of bi-

nucleated cells in BDorg-EM conditions could be that, in expansion conditions, a few 

proportion of cells within the organoids escaped their lineage-committed state and 

acquired hepatocyte features. In vivo, failed events of cytokinesis may result in cell bi-

nucleation. Hence, the presence of bi-nucleated cells could alternatively be associated 

to an abnormal mitotic exit, resulting in incomplete separation of daughter cells 

following cell division. As the number of bi-nucleated cells in BDorg-EM and –DM 

conditions was not scored and, therefore, I cannot comment whether the proportion of 

these increase or not following differentiation. Further work is thus required to establish 

whether (1) the presence of bi-nucleated cells is increased upon BDorg-DM exposure 

and (2) the current expansion/differentiation culture conditions are interfering with cell 

cytokinesis.

Perhaps, a more definitive indication that the cells in culture are acquiring features of 

the hepatocyte lineage provided by Huch et al. (2013) is the enhanced expression of 

Hnf4a upon BD organoid differentiation [89]. This also accords with data presented in 

the current chapter, which shows that HNF4a protein was detectable by IF in 

differentiated BD organoids and that these 3D cultures increase the expression of 

hepatocyte lineage markers (Cebpa, Hnf4a and Prox1) upon differentiation. 

Additionally, data presented here showed differentiated BD organoids expressed

higher levels of Hnf4a and Cebpa than primary hand-picked BD, further indicating the 

acquisition of hepatocyte-like features upon culture in BDorg-DM conditions. 

Huch and colleges also showed by IF that both human and murine BD differentiated 

organoids contain clusters of CK19 positive cells although this was attributed to the 

persistence of a BEC population upon differentiation rather than the acquisition of 

these markers as product of the current differentiation conditions [89]. However, in this 

chapter it was shown that the expression of BEC lineage markers (Hnf1b, Krt7 and 

Krt19) in BD organoids was increased following differentiation. Furthermore, levels of 

Krt7 and Krt19 expression in BD organoids were significantly higher than those of 
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primary BD, a result that could be explained by the fact that hand-picked BD do not 

represent a pure population as contamination from hepatocytes and non-parenchymal 

cells is expected. An increase in Krt19 mRNA levels upon differentiation was also 

reported in human BD organoids by Huch et al. (2015) although the authors of the 

paper did not comment on these observations [172]. Taken together, these results 

suggest that the current differentiation conditions are not only permissive for the gain 

of hepatocyte markers but also for the increased of BEC lineage differentiation.

Huch et al. (2015) reported that the presence of CK19 and albumin protein in human 

BD organoids was mutually exclusive by IF and therefore the authors of this study 

concluded that cells in differentiated BD organoids show either features of BEC or 

hepatocyte lineage [89,172]. Personally, I could not find any differentiated BD 

organoid that contained patches of cells that clearly lacked CK19 expression. By 

contrast, all differentiated BD organoids screened in this study were CK19 positive 

and simultaneously expressed HNF4a. Nonetheless, and due to the described 

organoid-to-organoid heterogeneity of the cultures, the existence of a small proportion 

of organoids in which cells have completely lost the expression of CK19 cannot be 

absolutely discarded. As RT-qPCR analysis showed that both BEC and hepatocyte 

lineage markers increased upon differentiation, further work involving experiments 

with single-cell resolution will be required to determine whether gain of hepatocyte 

markers is indeed accompanied by a decline in the expression of BEC markers.

Hepatoblast liver progenitor cells with bi-potent properties in the foetal liver have been 

detected based on the dual expression of hepatocyte (Hnf4a) and BEC (Epcam, Krt19 

and Sox9) lineage markers. In the adult liver, dual expression of hepatocyte and BEC 

markers has been observed following chronic and severe liver injury. For example, 

ectopic expression of HNF4a in histologically defined ducts has been described in 

clinical cases in which massive hepatic necrosis is associated with end-stage HCV 

disease [182]. Conversely, histological analysis of patients diagnosed with late-stage 

cirrhosis and chronic biliary obstruction reveal that chronically injured hepatocytes are 

positive for the expression of the BEC marker HNF3b [182] It has been hypothesised 

that dual expression of BEC and hepatocyte markers in chronically injured human 

livers is an indicator of cell plasticity in both liver epithelial cell lineages. In support of 

this, experiments performed in various mouse models have shown that adult BECs 
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and hepatocytes transdifferentiate into each others’ lineages when the liver damage 

is prolonged and when proliferation of the one cell type is compromised 

[16,17,23,25,183].

IF data presented in this chapter showed that differentiated BD organoids derived from 

adult tissues expressed BEC (Sox9 and CK19) and hepatocyte (HNF4a) markers. 

Thus, it is possible that differentiated BD organoids resemble adult BECs that are

undergoing BEC-to-hepatocyte transdifferentation. In support of this potential, BECs 

expanded as organoids and differentiated via the Huch et al. (2013) protocol were

shown to transdifferentiate at low frequency into fully mature hepatocytes upon 

transplantation [89]. Importantly, successful engraftment of differentiated BD 

organoids (expressing Fah) in Fah deficient animals was achieved upon withdrawal of 

NTBC in the drinking water. It is therefore possible that these particular experimental 

conditions in vivo generated a microenvironment that supported BD organoid cell-to-

hepatocyte transdifferentation. This possibility is discussed further in Chapter 8.

5.3.2 Response of differentiated BD organoids to Wnt activation
Data presented in this chapter showed that activation of canonical Wnt pathway in 

differentiated BD organoids does not elicit a metabolic Wnt-driven response. Instead, 

stabilization of an active form of β-catenin, drove the expression of HPC markers 

(Sox9, Spp1, Cd44 and Lgr5).

Wnt orchestrates hepatocellular proliferation in homeostasis and after partial 

hepatectomy (PHx) (see Chapter1) and therefore, an increase in HPC markers upon 

β-catenin stabilization could be expected if BD organoids were recapitulating the 

cellular context of regenerative hepatocytes [15,86,87,90]. However, and as 

discussed previously, data presented here suggests that differentiated BD organoids 

are closer to BECs than the hepatocyte lineage. Hence, the necessary following 

question: does Wnt pathway modulate the regeneration of the biliary epithelium?

Some evidence for a role for the Wnt pathway in BEC regeneration comes from the 

studies of Huch et al. (2013) in which Lgr5 was initially described as novel HPC marker 

[89,172]. Using a Lgr5-ires-CreERT2 mouse model carrying a R26-LSL-LacZ 

transgenic allele, in this study Huch and colleagues concluded that Rspo injury cues 
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activate quiescent bi-potent HPCs that reside in the biliary epithelium, which upon 

activation of the Wnt signalling pathway enter into a proliferative state to aid 

hepatobiliary repair [89]. Studies performed by Lin and colleagues have subsequently 

shown that intraperitoneal injection of Rspo1 increases the number of Lgr5 expressing 

BECs upon injury, attenuates liver fibrosis and accelerates the recovery of the animals 

after CCl4 liver damage [184]. This data also accords with earlier observations of 

Okabe et al. (2016), who showed that Wls depletion from liver epithelial cells 

significantly reduced BEC proliferation following DDC injury [98].

These studies are, however, contrasted by the recent observations of Planas-Paz et 

al. (2019), who using an Alb-Cre Lgr4fl/fl Lgr5fl/fl mouse model in which Lgr4 and Lgr5 

were concomitantly deleted from the biliary epithelium, have failed to identify a 

decrease in ki67 staining in CK19+ cells upon long-term (14 days and 6 weeks)

exposure to DDC [93]. Furthermore, scRNAseq experiments from Pepe-Mooney et al.

(2019) have recently revealed that Axin2 and Lgr5 mRNA transcripts were virtually 

absent in DDC-injured BECs, suggesting that the canonical Wnt/β-catenin pathway is 

not activated in BECs in response to damage [22]. 

Due to these discrepancies amongst studies, the reported HPC gene signature that 

arise upon stabilization of β-catenin in differentiated BD organoids raise a number of 

interesting questions concerning the biology of the canonical Wnt signalling pathway 

in the regeneration of the biliary epithelium and/or in BEC/hepatocyte cell plasticity. In 

Chapter 6, the possible biological implications of the activation of the Wnt/β-catenin

signalling pathway in differentiated BD organoids will be further investigated.

5.3.3 Differentiated PH organoids as a hepatocellular model 
To generate PH organoids that resemble the homeostatic hepatocellular compartment 

of the liver, Peng et al. (2018) developed a two-step protocol in which periportal or

pericentral zonal metabolic maturation was induced in a EGF/HGF- or CHIR-

containing medium, respectively, that lacked TNFa and contained dexamethasone [3]. 

In this study, Peng and colleges implied that CHIR PHorg-DM promoted the 

expression of pericentral genes whereas EGF/HGF PHorg-DM induced periportal 

genes, although a direct comparison between the ability of the zonal inducers CHIR 
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and EGF/HGF to specifically drive pericentral or periportal signature was not provided. 

Data presented in the current chapter showed however that most of the transcriptional 

changes reported upon differentiation were associated with the withdrawal of TNFa

and/or addition of dexamethasone rather than being specific to the presence of the 

zonal inducers (CHIR and EGF/HGF). Furthermore, when comparing the gene 

expression levels of zonated metabolic genes between CHIR and EGF/HGF PHorg-

DM conditions, only the periportal Fah and Alb were differentially expressed in a 

statistically significant manner. Hence, there is abundant room for the refinement of 

the composition of both periportal and pericentral mediums, including the replacement 

of CHIR with Wnt9b and Rspo3 as it will be discussed later.   

Peng et al. (2018) reported that organoids grown in the absence of TNFa present 

intracellular lipid droplets as shown by LipidTOX staining and related the presence of 

such intracellular incursions with enhanced cell stress [3]. Work presented in this 

chapter showed that some PH organoids cultured in the presence of TNFa during the 

first passage also presented large cytosolic inclusions which morphologically 

resembled those previously described by Peng et al. (2018) [3]. Conclusions about 

the lipid content of such inclusions cannot, however, be drawn as the appropriated test 

were not run [3]. 

The cytosolic inclusions reported here disappeared upon cell 3D culture adaptation, 

being absent in most of the PH organoids after the second passage and thereby it is 

likely that the observed inclusions were linked to cell stress, although further

experiments are required to evaluate whether this is the case. 

Withdrawal of TNFa from the PH organoids cultures together with addition of 

dexamethasone caused dramatic morphological changes that may be associated with 

cell stress. 

Peng et al (2018) related some of these phenotypical changes to the presence or 

absence of TNFa in the medium composition and proposed that activation of NF-KB 

signalling by TNFa was critical for the long-term maintenance of the cultures. Another 

factor to consider is that PH organoid differentiation is achieved by adding 3 µM of 
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dexamethasone. This contrast with the concentration of dexamethasone used for 

iPSC-to-hepatocyte differentiation (~1-10nM) or for the maintenance of PH grown in 

conventional 2D monolayers (~10-100 nM), as 2D collagen sandwich cultures (100 

nM) as 3D spheroids (~100nM), which is 30 to 3000 times lower [113,169,185-187]. 

Dexamethasone at a concentration of 10 µM is widely used to induce a Cyp-mediated 

cytotoxic response in PHs 2D cultures [109]. Therefore, further work in which the 

concentration of dexamethasone is decreased and optimized would be recommended. 

Further studies will also be required to determine the individual contributions of 

dexamethasone and TNFa to the reported morphological changes. Furthermore, to 

develop a better picture of what morphological changes represent and their 

relationship with the physiological states, additional characterization and cell viability 

experiments will be needed.  

Constitutive activation of Notch signalling in the hepatocellular compartment using a 

AAV8-TBG-Cre R26-LSL-NICD mouse model causes hepatocyte-to-BEC 

transdifferentation [188]. Such transdifferentation is accompanied by the gain in 

expression of biliary fate markers, including Sox9, Spp1 and Hnf1b [188]. Data 

presented in this chapter showed that PH organoids upregulate the expression of 

Hnf1b upon differentiation. It is therefore possible that the current PH organoids 

differentiation conditions are permissive for the commitment of the cells to the BEC 

lineage. Alternatively, it has been shown that Hnf1b plays a role in liver steatosis and 

regulates lipid metabolism in hepatocytes. Experiments performed by Long et al 

(2017) have shown that animals fed with high fat diet as well as db/db mice, a 

hyperphagic obesity mouse model that spontaneously steatosis, have increased 

expression of Hnf1b [189]. Interestingly, overexpression of Hnf1b in these mouse 

models caused a reduction in the degree of steatosis, suggesting that upregulation of 

Hnf1b in the hepatocytes might occur as a response to cope with the drastic increase 

of intracellular lipid accumulation. It has been previously discussed that upon 

differentiation PH organoids showed signs of cellular stress, including the presence of 

cytosolic inclusions that resemble the intracellular lipid droplets described by Peng et 

al (2018) [3]. Hence, upregulation of hnf1b in PH organoids upon differentiation could 

be associated with the formation of lipid droplets rather than to the acquisition of BEC 

identity in culture.  
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Finally, an array of different PH organoid morphologies in both expansion and 

differentiation were reported during the completion of this study. In future 

investigations, it would be interesting to explore whether the different PH organoid 

morphologies are a reflection of different organoid growth/development stages, an 

indication of deterioration/physiological state of the cultures or a sub-product of the 

spontaneous acquisition of different cellular identities in culture. 

5.3.4 Response of differentiated PH organoids to Wnt activation
The current chapter showed that a combination of soluble Wnt9b and Rspo3, but not 

individual ligands, drives activation of the Axin2CreERT2 reporter in differentiated PH 

organoid cultures. The possible mechanisms that might underpin Wnt9b/Rspo 

cooperativity in regulating canonical Wnt/b-catenin signalling will be later addressed 

in section 5.3.5.

Activation of the Axin2CreERT2 reporter in PH organoids was mosaic and the number 

of Axin2 positive cells per organoid increased with the time of differentiation. As 

discussed in Chapter 4, the Axin2CreERT2 is an On-/Off-state reporter system and 

therefore a variegated response in this model might potentially be explained by the 

presence of a CreERT2 expression recombination threshold in combination with cell-

intrinsic factors such as cell-to-cell differences in the level of expression of Wnt/Rspo 

receptors. Further work will be required to establish the cellular heterogeneity of 

differentiated PH organoids and whether such heterogeneity relates to the ability of 

each individual cell to respond to Wnt9b/Rspo3 treatment. 

In addition to the increase in Axin2 expression, activation of Wnt signalling by a 

combination of Wnt9b and Rspo3 was accompanied by a significant increase in the 

level of expression of pericentral metabolic genes (Cyp1a2, Cyp2e1 and Tbx3), 

suggesting that these ligands elicit a metabolic Wnt-driven response in PH organoids. 

When analysing the patters of gene expression across the liver lobule using Bahar 

Halpern et al. (2017) data, I found that the pericentral genes analysed by RT-qPCR 

could be clustered in (1) genes that show a gradual decline in expression levels across 

the CV-PT axis of the liver and (2) pericentral genes that follow an expression pattern 
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other than a gradual decline. Interestingly, all genes significantly induced by the 

combination of Wnt9b and Rspo3 belonged to the category of ‘CV-PT axis gradual 

decline’, probably indicating that the distance to the central vein/diffusion of Rspo3 

and Wnt9b ligands/β-catenin levels are the main determinants in the transcriptional 

regulation of those genes in vivo and in vitro. 

By contrast, a combination of Wnt9b and Rspo3 was not sufficient to induce the 

expression of pericentral genes that follow a ‘CV-PT expression pattern other than a 

gradual decline’ such as Glul and Fah. In addition to Wnt signalling, other physical and 

biological cues derived from the circulation of the blood across the lobule have been 

suggested to regulate zonation. For instance, systemic glucagon represses the 

expression of Glul [48]. Pericentral hepatocytes are also exposed to lower 

concentration than periportal hepatocytes. Murine PH and hepatocyte-like cells 

derived from human ESCs cultured in hypoxic (5% O2) conditions express significantly 

higher levels of pericentral Cyp1a2 and Glul, respectively than their counterparts 

cultured in normoxic (21% O2) conditions, suggesting that the oxygen tension is also 

a determinant factor in the expression of pericentral genes [109,190]. As the 

expression of pericentral genes in vivo is controlled by other factors besides Wnt, 

future studies which take more physicochemical and biological variables into account 

will need to be undertaken to fully model Wnt driven zonation in vitro. 

Among the pericentral genes evaluated, the CV-PT expression patterns of Glul and 

the absence of response of this gene upon Wnt stimulation needs a special 

consideration due to its widespread use as a readout for Wnt pathway activation in 

vivo. In Chapter 3 it was shown that β-catenin and TCF4 bind to potential promoter 

regions of Glul and various reporter mouse models have shown that increased or 

decreased β-catenin transcriptional activity caused the expansion or retraction of Glul

protein (GS) histologically positive tissue areas (see Chapter1). Data presented in this 

thesis shows however that the expression of Glul remains largely unaffected upon Wnt 

activation in both PH cultured in conventional monolayers and differentiated PH 

organoids. This together with the fact that in the liver lobule the expression of this gene 

is restricted to the layer of hepatocytes lining the central vein, suggest that either very 

high Wnt activation levels are required for this gene to become transcriptionally 

activated or, as discussed earlier, that other factors in addition to Wnt are required for 
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its expression. When evaluating small fluctuations of canonical Wnt activation in vivo

or in vitro, it might be therefore advisable to evaluate the expression levels of other 

genes that become activated at a lower Wnt levels. Thence, GS staining might not be 

the best readout to report localized activation of canonical Wnt signalling under the 

current PHorg-DM culture conditions. 

Another interesting finding of this chapter was that CHIR treatment did not drive the 

activation of the Axin2CreERT2 reporter or caused an increase in Axin2 mRNA levels 

in differentiated PH organoid cultures. In fact, the only pericentral gene that was 

significantly induced upon CHIR exposure was Cyp1a2. A recent study from Ahn et al 

(2019) has shown that 9 µM CHIR robustly induce (~20-fold change induction) the 

expression of Cyp1a2 in HepaRG cells, a well-established hepatocellular cell line 

derived from human liver progenitor cells, cultured in 3D. In the same study, 9 µM 

CHIR triggered a significant increase in Axin2 and Cyp2e1 expression, although with 

a much lower fold induction (~5-fold change) [191]. Thus, a potential explanation for 

the lack of significant induction of Axin2 and Cyp2e1 response in CHIR-treated PH 

organoids is that the window of assay to detect these genes was lost at the 

concentration of CHIR used. Furthermore, the fact that CHIR induces more efficiently 

Cyp1a2 than Axin2 raises the question whether induction of Cyp1a2 partially occurs 

in a β-catenin-independent manner. In this regard, is also worth noticing that Cyp1a2 

is also a gene also implicated in the metabolism of drugs and thereby it is possible 

that CHIR-driven expression of Cyp1a2 occurred partially as part of a metabolic 

response. Further research should be undertaken to investigate whether this is the 

case.

Finally, increased expression in Cyp2e1, Cyp1a2 and Tbx3 mRNA levels do not 

necessarily mean that the whole pericentral metabolic program was elicited upon 

Wnt9b and Rspo3 treatment. To assess whether a combination of the central vein 

ligands triggers such response, RNAseq experiments in which the transcriptome 

landscape of the organoids in different DM conditions is analysed in more detail would 

be recommended. Data presented here suggest that CHIR does not robustly activate 

canonical Wnt signalling in PH organoids. RNAseq and β-catenin localisation 
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experiments would also clarify whether CHIR treatment is activating or not Wnt 

pathway in these structures. 

In conclusion, results from the evaluation of Wnt response in PH organoids indicate 

that these structures might serve as in vitro platform to recapitulate Wnt-driven liver 

zonation. In Chapter 8, I will give recommendations about how Wnt/Rspo beads might 

be incorporated in this system to cause local activation of Wnt signalling pathway.

5.3.5 A combination of Wnt9b and Rspo3 activate canonical Wnt signalling
Upon the arrival of a Wnt stimulus, the Wnt pathway breaks into different branches 

(see Chapter 1).  Which of these will be activated and at which intensity is determined 

by (1) the identity of the Wnt protein and (2) the array of the Wnt receptors available 

at the cell surface, which, in the case of the canonical Wnt cascade, requires at least 

the presence of a receptor from the Fzd family and a receptor of the Lrp family.

Work presented in this thesis showed that Wnt9b induced the Wnt/b-catenin cascade 

in HEK293T cells, (Chapter 3), hepatocytes cultured in monolayers (Chapter 4) and 

PH organoids (current chapter), thus providing evidence that Wnt9b is a Wnt protein 

with the ‘right identity’ to elicit a canonical response. The ability of Wnt9b to activate 

the Wnt/b-catenin cascade was, however, highly dependent on the presence of Rspo 

proteins. Rspo proteins are ligands that bind to Lgr4/5/6 receptors and augment Wnt 

signalling by inactivating the E3 ubiquitin ligases Rnf43/Znrf3 that would otherwise

degrade the Wnt receptors present at the cell surface (see Chapter 1) [82]. The mode 

of action of Rspo proteins, therefore, provides ground for the hypothesis that Rspo 

ligands enable Wnt9b-mediated canonical signalling by modifying the array of 

receptors available at the cell surface prior to the arrival of the Wnt stimulus. Based 

on this hypothesis, at least three models may be provided to explain Wnt9b and Rspo3 

co-cooperativity. 

First, there are 10 members in the Fzd family of Wnt receptors (Fzd1-10) and it has 

been proposed that the panel of these that are expressed may dictate the intracellular

cascade elicited by the Wnt ligand [192]. The Rspo-Znrf3/Rnf43 modules control the 

protein stability of FZD receptors, thus it is possible that Rspo licenses the cell for 

Wnt9b canonical signalling through the stabilization of the specific Fzd members 
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mediating such response (Figure5.12, A). This hypothesis has been previously 

explored by Dickinson et al (2019), who observed that Wnt9b in combination with 

Rspo3, but not alone, caused activation of the TCF-Luc reporter in M15 cells (a murine 

mesonephric cell line) [152]. M15 cells expressed Fzd1, Fzd2, Fzd3, Fzd4, Fzd5 and 

Fzd6 receptors [152]. Of those, ectopic expression of Fzd5 in M15 cells, augmented 

Wnt9b-Rspo3 canonical signalling cooperativity and therefore the authors concluded 

that FZD5 stabilization might be a limiting receptor for Wnt9b canonical activity [152]. 

Dickinson et al. (2019), however, did not assessed whether the Rspo3 treatment in 

M15 cells specifically increased the stability of Fzd5 nor performed Fzd5 knock-down 

experiments to determine whether in the absence of Fzd5 other members of the Fzd 

family mediate Wnt9b-canonical activity [152]. Thence, it remains possible that other 

members of the Fzd family besides Fzd5 contribute to Wnt9b-mediated activation of 

canonical Wnt signalling. According to the scRNAseq spatial reconstruction public 

data of Bahar Halpern et al. (2017), murine hepatocytes expressed Fzd1, Fzd4, Fzd5, 

Fzd6, Fzd7 and Fzd8. Of those, hepatocytes adjacent to Wnt9b-producing central vein 

were particularly enriched for Fzd1 expression (Appendix B, Figure 6) [14,33]. 

Furthermore, Fzd8 was restricted to pericentral hepatocytes (Appendix B, Figure 6)

[14,33]. Further experiments are therefore required to establish whether Wnt9b-

mediated activation of the Wnt/b-catenin in the hepatocellular compartment requires 

Rspo-mediated stabilization of Fzd5, Fzd1, Fzd8 or any other of the Fzd receptors 

expressed by murine hepatocytes.

Second, in addition to an Fzd receptor, activation of the canonical branch of the Wnt 

signalling cascade additionally requires a receptor from the Lrp family (primarily Lrp5 

and/or Lrp6) (see Chapter 1). Rspo proteins also modulate LRP6 protein availability 

at the cell surface (Figure5.12, B) [193]. Dickinson et al. (2019) showed that M15 cells 

expressed Lrp6 but not Lrp5 [152]. Lrp6 knock-down in M15 cells impaired Wnt9b-

Rspo3 canonical signalling cooperativity, an effect that could not be rescued by the 

ectopic expression of Lrp5 [152]. Based on these results, Dickinson and colleagues 

concluded that Lrp6 but not Lrp5 is required for Wnt9b-mediated activation the Wnt/b-

catenin signalling cascade. Hence, it is possible that Wnt9b canonical signalling relies 

on Rspo-mediated stabilization of LRP6 protein levels (Figure5.12, B). Lrp6, however, 

is the receptor mediating the signalling for other canonical Wnt ligands. This model 
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would therefore not immediately explain why other canonical Wnt proteins such as 

Figure5.12 Wnt9b and Rspo3 co-operation models for the activation of canonical Wnt 
signalling (A) Model I is based on the Rspo-mediated stabilization of Fzd receptors at the 
cell surface level. In the absence of Rspo proteins, the E3-ubiquitin ligases Rnf3/Znrf43 
target the Fzd receptors that mediate Wnt9b canonical signalling for degradation. In the 
presence of Rspo ligands, Rnf3/Znrf43 proteins are sequestered in a complex formed by 
Rspo and Lgr4/5 or 6. This leads to the stabilization of Fzd receptors for Wnt9b, that now are 
able to form a complex with Wnt9b and Lrp6, leading to the initiation of Lrp-mediated 
signalling. (B) Model II is sustained on Rspo-mediated stabilization. Rspo proteins, in 
combination with Lgr4/5 or 6 receptors, sequester and inhibit the E3-ubiquitin ligases 
Rnf3/Znrf43 that otherwise would degrade Lrp6 receptor. This leads to the stabilization of 
Lrp6 protein levels at the cell surface and, therefore, to the formation of a Fzd-Wnt-Lrp6 
complex competent for the induction of canonical Wnt signalling. (C) Model III is based on 
the assumption that the formation of a Fzd-Wnt-Lrp6 complex is not sufficient to activate the 
Wnt/b-catenin pathway. In this model, activation of the Wnt/b-catenin model is only achieved 
upon Rspo-mediated stabilization of a third hypothetical receptor (Receptor X).
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Wnt3a do not require the presence of Rspo proteins to activate the canonical branch 

of the pathway. 

Third, Wnt7a and Wnt7b are two members of the Wnt family that, in addition to Fzd 

and Lrp receptors, require the co-expression of other two receptors (Reck and 

Gpc124) to mediate b-catenin protein stabilization [76,194-196]. Similarly, Wnt9a 

canonical activity in both zebrafish and HEK293 cells relied on the expression of a 

third receptor, Egfr, which formed a complex with Wnt9a and Fzd9b to promote Wnt/b-

catenin signalling via receptor internalization and formation of the Wnt signalosome

[197].  Thence, it could be conceivably hypothesised that besides an Fzd and an Lrp 

receptor, Wnt9b might require an additional Wnt co-receptor, the stability of which 

would be modulated by Rspo proteins, to mediate canonical Wnt intracellular 

signalling transduction (Figure5.12, C). 

5.3.6 Summary
The current chapter aimed to characterise BD and PH organoids and determine 

whether these structures can serve as a cell platform to recapitulate Wnt-driven 

zonation in vitro. PH organoids were found to be structures closer to the hepatocyte 

(Cebpahigh, Hnf4aHigh and Prox1High) lineage than the BEC lineage (Krt19Low, Krt7Low, 

EpcamLow, Hnf1bHigh) whereas BD organoids were found to be structures closer to the 

BEC lineage (Krt19High, Krt7High, EpcamHigh, Hnf1bHigh) than the hepatocyte lineage 

(CebpaMedium, Hnf4aMedium and Prox1Low). A combination of Wnt9b and Rspo3, but not 

the individual ligands, induced activation of Wnt/b-catenin signalling in PH organoids, 

which was accompanied by an increase in the expression of the pericentral genes 

Cyp1a2 and Cyp2e1. By contrast, the addition of Rspo3 was sufficient to activate Wnt 

signalling in BD organoids and stabilization of b-catenin in differentiated BD organoids 

triggered the expression of HPCs related genes rather than zonation markers. The 

possible biological implications of the b-catenin-driven HPC signature in differentiated 

BD organoids will be further investigated in Chapter 6. Altogether these results indicate 

that PH organoids but not BD may be used as a cell platform to recapitulate Wnt-

driven zonation in vitro
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Chapter 6. CHARACTERIZATION OF THE 
RESPONSE OF BILE DUCT-DERIVED 
ORGANOIDS TO WNT ACTIVATION
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One of the objectives of this thesis was to characterise the cellular responses of the 

current hepatic organoid systems to Wnt activation. In Chapter 5 it was described how 

stabilization of β-catenin in BD organoids leads to the expression of HPC genes rather 

than zonation markers. The current chapter further investigates the molecular 

mechanisms underpinning these observations with a special focus in the Wnt biology 

driven by Rspo1, a ligand that has been linked with liver regeneration.

Carmen Velasco Martinez also contributed to generate some gene expression data 

presented in this chapter. Library preparation and RNAseq experiments presented 

here were carried out by Dr Angela M. Marchbank and Georgina E. Smethurst, 

members of the Genomic Hub at Cardiff University. Dr Robert Andrews and Dr

Sumukh Despande from the Data Hub (Cardiff University) partially contributed to the 

bioinformatic analysis of the RNAseq data presented in this chapter (see Appendix D). 

All contributing scientists are acknowledged where appropriated. 

6.1 Introduction
The liver is composed of two epithelial cell populations: the hepatocytes and BECs.

While it is well accepted that the canonical branch of the Wnt signalling pathway 

orchestrates hepatocyte division during liver damage, the relative importance of β-

catenin in BEC regeneration is a subject of current debate. 

Recent studies performed by Planas-Paz et al. (2019) and Pepe-Mooney et al. (2019) 

have failed to identify Axin2 or Lgr5 expression by scRNAseq in DDC-injured BECs, 

suggesting that BECs do not respond to Wnt/Rspo cues during biliary epithelium 

damage [22,93]. Accordingly, concomitant loss of Lgr4 and Lgr5 (using Lgr4/5fl/fl:Alb-

Cre) did not cause a decline in the number of proliferative BECs in DDC-injured livers 

[93].  Okabe et al. (2016) additionally showed that loss of the canonical Lrp5/6 

receptors in the biliary epithelium (Lrp5/6fl/fl: Alb-Cre) did not have a detrimental effect 

in the formation of A6-positive ductular structures in response to DDC injury regime 

[98]. 

In support for a role of the canonical branch of the Wnt signalling pathway in BEC stem 

cell biology and/or response to injury, using a Lgr5-ires-CreERT2:R26LacZ reporter 

mouse model Huch et al. (2013) showed that the Wnt/β-catenin pathway is activated 
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in the biliary epithelium in response to acute liver damage caused by CCl4, DDC or 

MCDE injury regime (see Chapter1)	[89]. Experiments by Lin et al. (2017) also showed 

that intraperitoneal injection of Rspo1 in CCl4 chronically damaged livers increased

the number of Lgr5(+) expressing BECs that can give rise to BD organoids, further 

supporting that BECs respond to Rspo1 cues during injury [184] Finally, studies 

carried out by Apte et al. (2007) concluded that β-catenin modulates BEC proliferation 

as depletion of β-catenin in the biliary epithelium (β-cateninfl/fl Alb-Cre) caused a 

significant reduction in the number of A6-positive ductal structures formed in response 

to a DDC diet [198].

There are four members in the Rspo family (Rspo1-4) [82]. In Chapter 5 was shown 

that exposure of differentiated BD organoids to Rspo3 was sufficient to activate 

canonical Wnt signalling in these structures (see Chapter 5). The response of 

differentiated BD organoids to other members of the Rspo family, including Rspo1, is 

yet to be determined.

Differentiated BD organoids are structures that express high and low levels of BEC 

and hepatocyte lineage markers, respectively, and therefore, they might be 

recapitulating the cellular context of BECs undergoing transdifferentation to 

hepatocyte fate (see Chapter 5). Stabilization of β-catenin in differentiated BD 

organoids triggered the expression of several HPC related genes (Sox9, Spp1, Cd44 

and Lgr5) (see Chapter 5), suggesting a potential role for the Wnt/β-catenin signalling 

pathway in the biliary epithelium regeneration and/or in BEC cell plasticity.

In this chapter, I aimed to investigate the possible biological implications of this β-

catenin-driven HPC gene signature in differentiated BD organoids. As Lin et al. (2017) 

showed that regenerative BECs respond to environmental Rspo1 cues, the first 

objective was to characterise the response of differentiated BD organoids to this ligand 

[184]. Secondly, this chapter will explore whether the Wnt/Rspo-dependent increase 

of HPC-related genes could have a functional role in BEC stem cell biology using BD 

organoids as an in vitro model of study. To achieve this second aim, BD organoids 

derived from Wnt reporter (TCF/Lef:H2B-GFP and Axin2CreERT2) and cell cycle 

reporter (Fucci) mouse lines were established [199]. Finally, differentiated BD 

organoids will be used to address the possible effects of Wnt activation in BEC and/or 
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hepatocyte lineage specification. Caveats associated with the use of differentiated BD 

organoids as an in vitro system to study the biology of in vivo Wnt activation in the 

biliary epithelium will be discussed in Chapter 7. 

 
6.2 Results
6.2.1 Rspo1 activation of canonical Wnt signalling in differentiated BD 

organoids mirrors the effects β-catenin stabilization
In Chapter 5 the activation of canonical Wnt/HPC genes in Tet-O-ΔN89β-catenin BD 

organoids was described. However, the activation of the canonical Wnt pathway in the 

Tet-O-ΔN89β-catenin line was artificial and involved the Dox-induced expression of a 

mutant stable form of β-catenin rather than the ligands that are expressed in vivo. 

Out of the four members of the Rspo family, Rspo1 has been suggested to play a role 

in Lgr5(+) HPSC-driven regeneration. Hence, I explored whether exposure of 

differentiated BD organoids to Rspo1 caused similar transcriptional changes to that 

induced by stabilization of β-catenin. For that aim, the ability of Rspo1 (3 days 

treatment) to activate canonical Wnt signalling was first evaluated by RT-qPCR in

differentiated (13 days) BD organoids derived from WT animals and then in organoids 

derived from the Tet-O-ΔN89β-catenin BD organoids. The effects of Rspo1 in 

Figure6.1 RT-qPCR gene expression analysis shows that exposure to 100 ng/ml Rspo1 
or 50 ng/ml of Rspo3 drives the expression of Axin2 in differentiated WT organoids. Left 
panel indicates organoid differentiation and treatment time line. (n=5, corresponding to 
organoids derived from two C57BL/6J and three WT BALB/cJ animals). Statistical 
significance was determined using Mann-Whitney t-test.  p-value n.s.>0.05 ; p-value *< 
0.05; p-value **< 0.01; p-value ***< 0.001; p-value ****< 0.0001. 
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differentiated Tet-O-ΔN89β-catenin BD organoids were also compared to the 

transcriptional changes elicited by stabilization of β-catenin for the same length of time 

with Dox.  

Figure6.2 Rspo1 drives the expression of HPC related genes. (A) Treatment time line for 
Tet-ODN89bcat BD organoids. Wnt pathway is activated either by treatment with Rspo1 
(100 ng/ml) or by stabilization of mutant activated b-catenin upon exposure to 0.1 mg/ml 
Dox during the last three days of differentiation. (B and C) RT-qPCR gene expression 
analysis of HSPCs (B) or proliferation (C) markers in ODN89bcat BD organoids. (n=9, 
corresponding to organoids in 3 different passages isolated from the same animal). 
Statistical significance was determined using Mann-Whitney t-test.  p-value n.s.>0.05 ; p-
value *< 0.05; p-value **< 0.01; p-value ***< 0.001; p-value ****< 0.0001. (D) Scheme 
deciphering the strategy followed for Wnt pathway activation in Tet-ODN89bcat BD 
organoids. Rspo1 leads to the stabilization of Wnt receptors at the level of the membrane, 
enhancing the activation of the pathway when Wnt ligands are present in the system. 
Addition of Dox in this organoid line leads to the expression of a non-degradable form of b-
catenin that accumulates in the cell nuclei. 
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Exposure to Rspo1 (100 ng/ml) caused an increase in Axin2 mRNA in WT organoids, 

suggesting that it was sufficient to activate canonical Wnt signalling (Figure6.1). 

Similarly, Axin2 expression levels were also increased in differentiated Tet-O-ΔN89β-

catenin BD organoids upon Rspo1 (100 ng/ml) or Dox (0.1 µg/ml) exposure. Treatment 

with Rspo1 (100 ng/ml) and Dox (0.1 µg/ml) in differentiated Tet-O-ΔN89β-catenin BD 

organoids triggered an increase in the expression of the HPC markers Sox9, Spp1, 

Cd44 and Lgr5 at comparable levels (Figure6.2, B). Rspo1 treatment additionally 

caused a significant increase in the level of expression of the HPC markers Cd24 and 

Tert and the cell cycle genes Cyclin D1 and ki67 (Figure6.2, B and C). The expression 

of zonated genes (pericentral and periportal) remained largely unaffected by both 

treatments, further suggesting that activation of the Wnt pathway in differentiated BD 

organoids did not induce the Wnt-driven metabolic response expected from 

hepatocytes (Appendix C, Figure1).  

Altogether these results indicate that exposure to Rspo1 (1) is sufficient to activate the 

Wnt/β-catenin signalling in differentiated organoids and that (2) this leads to the 

expression of HPC/proliferation genes rather than zonation markers. Rspo1 will be 

therefore used in the rest of this chapter as Wnt-activating molecule to characterise 

the Wnt-driven HPC response seeing in BD organoids.  

6.2.2 Rspo1-driven HPC signature in differentiated BD organoids is 
dependent of endogenous Wnt production

Treatment of differentiated BD organoids with Rspo1 alone caused the expression of 

several HPC related genes, including Axin2, Sox9, Lgr5, Cd44 and Spp1 (see section 

6.2.1). Rspo proteins synergise with Wnt ligands by mediating the stabilization of Fzd 

and Lrp6 receptors. Thence, these results suggest that differentiated BD organoids 

are source of Wnt ligands with canonical activity. To assess whether endogenous Wnt 

ligands are required for Rspo1-driven HPC signature, Wnt production in differentiated 

BD organoids was blocked with LGK974 (see Chapter 3), a porcupine inhibitor that 

interferes with the secretion of Wnt proteins [200]. For that aim, LGK974 was added 

to differentiated organoids 24h prior to Rspo1 exposure and maintained upon addition 

of Rspo1.  This set of experiments were carried out in WT organoids derived from 

animals with different genetic backgrounds (BALBC/cJ and C57BL/6).
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Confirming the previous findings in the Tet-O-ΔN89β-catenin organoid line, exposure 

to Rspo1 for 3 days induced the expression of Axin2, Sox9, Lgr5, Cd44 and Spp1 in 

WT organoids. The Rspo1-driven HPC signature was lost in the presence of LGK974, 

an effect that was attenuated by the addition of exogenous Wnt3a to the medium, 

suggesting that the Rspo1-driven stem cell signature required the presence of 

endogenous Wnt ligands (Figure6.3). 

6.2.3 Establishment and characterization of Wnt reporter organoid lines
Exposure of differentiated BD organoids to Rspo1 treatment activated canonical Wnt 

signalling and leaded to expression of HPCs/proliferation genes (see section 6.2.1).

To further characterise this response, BD organoids were derived from animals 

harbouring the TCF/Lef:H2B-GFP and/or the Axin2CreERT2 reporters, which are two 

Wnt reporters that allow the study of Wnt activation pathway with single-cell resolution. 

Figure6.3 LGK974 is a porcupine inhibitor that interferes with the acetylation of Wnt 
ligands, blocking their secretion. RT-qPCR gene expression analysis of wild type 
organoids shows that exposure to LGK974 (500nM) blocks Rspo1 (100ng/ml) induction 
of stem cell genes. LGK974 effects were partially rescued by the addition of exogenous 
Wnt3a (100ng/ml). As LGK974 was reconstituted in DMSO, organoids from this set of 
experiments that were not treated with LGK974 were exposed to the equivalent DMSO 
concentration. Treatment time line strategy is detailed in the left bottom of the panel. 
Statistics correspond to Mann-Whitney T-test. p-value * < 0.05, ** < 0.01 *** < 0.001, **** 
< 0.0001.
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Figure6.4 Axin2CreERT2 BD organoids report the presence of Axin2 expressing cells when 
cultured in the presence of Wnt activating cues. (A) Treatment time line for experiment 
presented in panel B. (B) Representative IF images showing that Axin2 levels in BDorg-EM 
(EM) (see panel A) are sufficient to induce activation of the Axin2CreERT2 reporter upon 4-
OHT administration. In red, endogenous tdTom labels Axin2 expressing cells. In blue, cell 
nuclei were labelled with DAPI. No positive cells were detected in vehicle conditions (EtOH). 
Scale bar 100 µm. (C) Differentiation and Rspo1 treatment time line of Axin2CreERT2 BD 
organoids for panels D to F. (D) Representative IF images of control and Rspo1 treated BD 
organoids cultured in BDorg-DM (DM) (see panel C). In red, endogenous tdTom labels Axin2 
expressing cells subpopulation. Cell nuclei counterstained with DAPI (blue). Scale bar 100 
µm. (E) Flow cytometry dot plots show the presence of tdTom(+) cells in BDorg-DM 
organoids treated with Rspo1 but not in untreated (control) conditions (see panel C for 
treatment time line). (F) Bar graph shows flow cytometry quantifications for the percentage 
of tdTom(+) cells in differentiated BD organoids (see panel C) following 24h 4-OHT Rspo1 
treatment (n=7).
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The TCF/Lef:H2B-GFP reporter is a continuous reporter system based on the 

observation that nuclear b-catenin primarily associates with transcription factors of the 

TCF/LEF family to drive gene expression (see Chapter1 and 3). Transgenic mice 

harbouring the TCF/Lef:H2B-GFP construct express H2B-eGFP fusion protein under 

the transcriptional control of six TCF/LEF binding motifs. H2B-eGFP expression, 

whose ‘persistence’ will be determined by the stability of the H2B-eGFP protein, 

serves therefore as a proxy for b-catenin transcriptional activity. By contrast, the 

Axin2CreERT2 reporter transgenic mouse model is an On-/Off-state reporter system 

where Axin2 expressing cells (‘high-Wnt’) can be lineage-traced as tdTom positive 

cells following exposure to 4-OHT (see Chapter 4). 

The Axin2CreERT2 transgenic mouse model, it was first evaluated in BDorg-EM 

because (1) this is a high Wnt containing medium in which organoids express robustly 

express Axin2 and (2) characterization of the reporter can be done within 4 to 5 days. 

Exposure of organoids cultured in BDorg-EM to 4-OHT (500 nM) caused the 

appearance of tdTom positive cells, implying that BD organoid cells in these conditions 

express Axin2 at sufficient levels to drive activation of the reporter (Figure6.4, A). 

The presence of tdTom positive cells was then evaluated in differentiated BD 

organoids in the presence or absence of Rspo1.  For that aim, BD organoids were 

differentiated (11 days), exposed to 4-O-HT alone or in combination with Rspo1 (100 

ng/ml) during the last 24h of differentiation and the presence of tdTom positive cells 

was assessed by IF and flow-cytometry. Flow cytometry gating strategy is shown in 

(Appendix C, Figure2). tdTom positive cells were rarely found (<0.4%) in differentiated 

control organoids both by flow cytometry and IF (Figure6.4, B-E). 24h concurrent 

exposure to Rspo1 and 4-OTH triggered the appearance of tdTom positive population 

that constituted 4-10% of the total cells, indicating that differentiated BD organoids 

only expressed Axin2 was expressed at sufficient levels to drive activation of the 

reporter in the presence of Rspo1 ligand (Figure6.4, B-E). tdTom positive cells in 

Rspo1-treated organoids were preferentially located in the organoid budding 

protrusions (Figure6.4, B).  
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The TCF/Lef:H2B-GFP reporter organoid line was also first characterized in BDorg-

Figure6.5 Characterization of the TCF/Lef H2B:GFP organoid line. (A) Flow cytometry 
dot plots show the presence of GFP positive (GFPpos) cells in TCF/Lef H2B:GFP 
organoids cultured for 5 days in BDorg-EM. GFPpos cells were gated using WT 
organoids as non-fluorescence control. (B) Representative image of TCF/Lef H2B:GFP 
organoids cultured for 7 days in BDorg-EM shows the presence of H2B-GFP positive cell 
nuclei  (green). Cell nuclei was counterstained with DAPI (grey), the cytoskeleton with 
phalloidin 647 (magenta) and endogenous GFP is shown in green. Scale bar 50 µm. (C) 
Experimental design used in panel D and E to evaluate the Wnt response in differentiated 
TCF/LEF H2B:GFP organoids by flow cytometry. (D) Bar graph show flow cytometry 
quantifications of TCF/LEF H2B:GFP differentiated organoids in response to Rspo1 (100 
ng/ml), Wnt3a (100 ng/ml) and CHIR99021 (3 µM). (n=2 biological replicates with 3 
independent technical replicates each). (E) Representative flow cytometry dot plots show 
that the number of GFP positive cells remained unaffected in TCF/Lef H2B:GFP 
differentiated organoids after 24h exposure to Wnt activating cues.
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EM conditions by flow cytometry and IF. Flow cytometry analysis showed that cells 

expressing eGFP were detected in TCF/Lef:H2B-GFP BD organoids but not in WT 

organoids, indicating that a subpopulation of cells in TCF/Lef:H2B-GFP BD organoids 

cultured in BDorg-EM express the reporter (Figure6.5, A). IF confocal analysis of 

TCF/Lef:H2B-GFP BD organoids showed that eGFP signal was restricted to the cell 

nuclei, further confirming that the green fluorescence signal detected by flow 

cytometry was originated by the expression of H2B-GFP (Figure6.5, B). These results 

indicate that the TCF/Lef:H2B-GFP transgene is expressed in BD organoids cultured 

in BDorg-EM.

I next evaluated the ability of the TCF/Lef:H2B-GFP organoid line to report Wnt 

pathway activation in BDorg-DM conditions. For that aim, TCF/Lef:H2B-GFP 

organoids were differentiated (11 days) and exposed for the last 24h of differentiation 

to Rspo1 (100 ng/ml). Flow cytometry analysis revealed that eGFP positive cells were 

detectable in Rspo1-treated and untreated organoids (Figure6.5, C-E). However, non-

significant differences in the proportion of eGFP positive cells were found between 

these two experimental conditions, indicating that the reporter was not being activated 

upon Wnt stimulation (Figure6.5, D and E).

A possible explanation for the lack of detection of eGFP expressing cells in 

differentiated BD organoids was that stimulation of Wnt signalling with 100 ng/ml of 

Rspo1 was not sufficient to drive activation of the reporter at detectable levels. Rspo1 

and Wnt3a synergise to robustly drive the activation of the TCF/Lef reporter in 

HEK293T cells (see Chapter 3). Thus, I next assessed whether exposure of 

differentiated (11 days) TCF/Lef:H2B-GFP BD organoids to a combination Rspo1 (100 

ng/ml) and Wnt3a (100 ng/ml) for 24h caused an increase in the number of eGFP 

expressing cells by flow cytometry. Differentiated TCF/Lef:H2B-GFP BD organoids 

were additionally treated for the same length of time with CHIR, a compound widely 

used to activate canonical Wnt signalling that drives stabilization of b-catenin through 

inhibition of GSK3 activity (see Chapter 1).  By contrast to the results obtained with 

the Axin2CreERT2 organoid line, no significant changes in the proportion of cells 

labelled as eGFP positive were found by flow cytometry in any of the Wnt-inducing 

treatments tested (Figure6.5, C-E). 
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To further investigate the differences between the Axin2CreERT2 and TCF/Lef:H2B-

GFP reporter results, a BD organoid line was derived from a transgenic animal 

harbouring both TCF/Lef:H2B-GFP and Axin2CreERT reporters and was evaluated 

for the presence of H2B-GFP and Axin2 (tdTom positive) expressing cells by IF. IF 

confocal analysis revealed that both TCF/Lef:H2B-GFP and Axin2CreERT reporters 

were activated in BD organoids cultured in BDorg-EM. However, the activation of the 

reporters did not fully overlap, which suggests that the H2B-GFP and tdTom reporters 

labelled different cell populations (Figure6.6).

The levels of Wnt activation at the single-cell level may fluctuate over time even when 

the Wnt activation stimuli is permanently present in a soluble form (see Chapter 3).

One could therefore alternatively argue that it is possible that cells that recombine and 

simultaneously express the H2B-GFP might switch off the H2B-GFP reporter later

(Figure6.7, A). This could potentially explain the presence of tdTom positive H2B-GFP 

negative cells in BD organoids cultured in BDorg-EM. Conversely, cells that are 

positive for H2B-GFP expression but negative for tdTom, might become tdTom

positive later in time, giving rise to the appearance of GFP positive, tdTom negative 

Figure6.6 Characterization of the TCF/Lef H2B:GFP Axin2CreERT2 organoid line in 
BDorg-EM conditions. On the left, experimental treatment time line. On the right, 
representative IF image of an organoid harbouring both TCF/Lef H2B:GFP and 
Axin2CreERT2 reporters cultured in BDorg-EM (EM) and exposed for 24h to 500nM 4-
OHT. Image shows the presence of eGFP positive cells that are Axin2 negative. 
Endogenous tdTom labels Axin2 positive cells (magenta). GFP is shown in green. Cell 
nuclei and cytoskeleton was counterstained with DAPI (blue) and phalloidin (grey), 
respectively. 
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cells (Figure6.7, B). It is also important to consider that tdTom labelling is a binary

event that only occurs when cells express Axin2 at a certain level. Thence, an 

additional possibility is that H2B-GFP positive cells with moderate-high Wnt activation 

levels remain negative for tdTom expression (Figure6.7, C). To compare both 

reporters regardless of their mode of activation, an experimental strategy that takes 

into account these considerations needs to be defined. 

For BD organoids to differentiate, Rspo1 ligands are removed from the medium 

composition, which causes a drastic decline in Axin2 mRNA levels (Appendix C, 

Figure3). As BD organoid differentiation takes 13 days, I hypothesised that, despite of 

the differences in the mode of activation of both reporters and/or Wnt levels 

Figure 6.7 Scheme explaining possible discrepancies between the TCF H2B:GFP and the 
Axin2CreERT R26-LSL-tdTom Wnt reporter strategies. The TCF H2B:GFP is a continuous 
reporter model whereas the Axin2CreERT R26-LSL-tdTom is a binary reporter. Panel (A) 
gives potential explanation for the possible appearance of tdTom(+) GFP (-) cells. Panel 
(B and C) gives potential explanation for the possible appearance of tdTom(-) GFP (+) 
cells. Note that the wavelength and frequency of the Wnt activation waves presented are 
hypothetical. Note that the frequency and wave length of the represented Wnt activation 
oscillations are hypothetical and, therefore, in reality these could be higher/shorter and 
more/less frequent.
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fluctuations at the single cell levels, in this time frame I should observe a decrease in 

the numbers of both tdTom positive and H2B-GFP expressing cells if the activation of 

Figure6.8 Characterization of the 
TCF/Lef H2B:GFP Axin2CreERT2 
organoid line in BDorg-DM conditions. 
(A) Experimental design for the study 
of the study of TCF/Lef H2B:GFP and 
Axin2CreERT2 reporters by flow 
cytometry. (B) Flow cytometry dot 
plots gated for red fluorescence show 
a decrease in the number of tdTom(+) 
cells upon differentiation. 
Quantifications are shown in the left 
panel. (n=3 technical replicates) (C) 
Flow cytometry dot plots show that the 
number of GFP positive cells is lower 
in expansion conditions (EM) than in 
differentiation conditions (DM). Bar 
graph shows (n=3 technical 
replicates) (D) The addition of Rspo1 
induced the appearance of tdTom(+) 
cells in differentiated organoids (n=3 
technical replicates). (E) Number of 
GFP positive cells remained largely 
unaffected after 3days of Rspo1 
exposure. (n=3 technical replicates). 
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the reporters was dependent on Wnt activity levels. As expected, labelling of Axin2 

expressing cells for 24h with 4-OHT showed that differentiated (13 days) BD organoids 

contained lower number of tdTom positive cells than organoids maintained in BDorg-

EM for the same length of culture (Figure6.8, B). By contrast, the same organoids 

harbouring the TCF/Lef:H2B-GFP increased their proportion of H2B-GFP upon 

differentiation, indicating that activation of the TCF/Lef:H2B-GFP reporter in this 

system does not correlate with the Wnt activation levels of the cultures (Figure6.8, C).

Finally, using the TCF/Lef:H2B-GFP Axin2CreERT organoid line, I also examined the 

dynamics of activation of both reporters in differentiated BD organoids upon Rspo1 

stimulation, although in this set of experiments I increased the time of exposure to 

Rspo1 to 3 days. Confirming the previous findings with the Axin2CreERT organoid 

line, labelling of Axin2 expressing cells in the TCF/Lef:H2B-GFP Axin2CreERT 

organoid line 24h prior to flow cytometry analysis showed that tdTom positive cells

were only present in organoids exposed to Rspo1 treatment (Figure6.8, D). However, 

in the same organoids, significant changes in the proportion of GFP expressing cells 

were not detected upon 3 days of Rspo1 stimulation, further indicating that the 

TCF/Lef:H2B-GFP cannot be used as a proxy for Wnt activation in this system 

(Figure6.8, E).

Altogether, experiments from Figure6.8 provides definitive proof that the 

TCF/Lef:H2B-GFP and Axin2CreERT reporter behave differently upon Wnt activation 

in BD organoids and that among these two lines only the Axin2CreERT BD organoids 

might serve as reporter system to study the Wnt biology resulting from Rspo1 

treatment in vitro. 

6.2.4 Establishment and characterization of a Fucci2a cell cycle reporter 
organoid line

Exposure of differentiated organoids to Rspo1 increased the expression of the cell 

cycle genes CyclinD1 and ki67, suggesting a possible role for Rspo1 in BEC 

proliferation or exit of quiescence. In order to explore this possibility, I decided to 

establish an organoid BD line from a Fucci2a cell cycle reporter mouse mode l[199]. 
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This animal model harbours a bicistronic reporter transgene (Fucci2a) that encodes 

for two fusion proteins: mVenus-hGemi and mCherry-hCtd1 [199]. mVenus-
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hGemi protein arises from the fusion of the green fluorescence protein mVenus and 

human Geminin whereas mCherry-hCtd1 protein is created from the fusion of the red 

fluorescence protein mCherry and human Ctd1. Geminin and Ctd1 are proteins with 

antagonistic roles that are dynamically expressed during cell cycle progression. 

Geminin inhibits DNA replication and therefore accumulates during S/G2/M phases. 

By contrast, Ctd1 is absent in G1 and accumulates during G2. Hence, cells harbouring 

the Fucci2a construct appear labelled in green during G2/M phase and in red during 

G1 (Figure6.9, A and B). Cells in S phase typically appear as yellow whereas 

quiescent cells (G0) do not express any fluorescence. Furthermore, the mVenus-

hGemi and mCherry-hCtd1 sequences in the Fucci2a transgene are linked by means 

of 2A self-cleaving peptides sequence. 2A-peptide mediated cleavage occurs after 

protein translation, this cloning strategy has been argued to produce equimolar 

expression of both fusion proteins. 

The Fucci2a construct in this mouse model had been integrated in the Rosa26 locus 

(see Chapter 4) and is preceded of a stop sequence flanked by two loxP sites [199]. 

These animals also harboured an AhCre transgene in which expression of Cre 

recombinase is under the transcriptional control of the Cyp1a1, enabling the activation 

of the Fucci2a reporter upon exposure of lipophilic xenobiotics such as b-naftoflavene

(b-NF) (Figure6.9, A). 

Figure6.9 Fucci2a BD organoid line characterization. (A) Scheme representing the 
AhCre and Fucci2a transgenes present in the Fucci2a organoid line. Cre recombinase is 
under the control of the Cyp1a1 promoter. Expression of Cre is induced by the exposure 
to lipophilic xenobiotics (β-naftoflavene). Fucci2a construct was inserted in the Rosa26 
locus and its constitutive expression is prevented by a stop cassette flanked by two loxP 
sites. When β-naftoflavene is administrated, the stop cassette preventing Fucci2a 
expression is exiced and the construct is activated. (B) Activation of Fucci2a construct 
allows real-time visualization of cell cycle progression. Red mCherry fluorescence 
corresponds to cells in G1, cells in G2/M appear as Venus-green whereas yellow labels 
cells in S phase. Quiescent cells do not express any fluorescent protein. (C) Flow 
cytometry plots show the appearance of mCherry positive cells upon β-naftoflavene 
administration whereas no cells in S or G2/M phase were detected. Recombined 
mCherry positive cells were sorted, expanded and their fluorescence reevaluated by flow 
cytometry. No cells in S phase or G2/M were detected organoids originated from sorted 
mCherry positive cells. (D) Ki67 staining reveal that only a small proportion of cells (<1%) 
are arrested in G0.



185

Exposure of organoids in BDorg-EM (4 days) to b-NF caused the appearance of 

mCherry positive cells but not mVenus positive cells (Figure6.9, C). To confirm that 

the lack of mVenus signal was not due to defective activation of the Fucci2a construct,

successfully recombined cells positive for mCherry expression were sorted, expanded 

in culture and their fluorescence levels re-evaluated. No mVenus positive cells were 

detected and only 10-15% of the cells were labelled by mCherry (G1 phase), 

suggesting that the system was failing to report cells in G2 phase (Figure6.9, C). Flow 

cytometry analysis of ki67 staining in WT BD organoids revealed that less than 1% of 

the cells cultured in BDorg-EM are arrested in G0, indicating that the high prevalence 

(85-90% of the cells) of mCherry mVenus double negative cells was not explained by 

the high presence of quiescent cells and further indicates that Fucci2a BD reporter 

organoids failed to report the presence of cells in S/G2/M phase (Figure6.9, D-E). Flow 

cytometry single colour staining controls are shown in Appendix C, Figure4.

Altogether these results indicate that the different cell cycles phases could not be 

distinguished in established Fucci2a BD organoids cultures. As a consequence, and 

with the exception of G1 phase labelling, the use of the Fucci2a organoid BD line does 

not provide any other advantage than a regular WT line. For that reason, this organoid 

line was not further used to characterise the effects of Rspo1 treatment in cell 

proliferation. 

6.2.5 Functional characterization of a ‘high Wnt’ (tdTom positive) cell 
population in BD organoids

Results from the characterization of Axin2CreERT2 reporter BD organoids showed 

that only a small population (~4-10% of the total) of cells within the organoids express 

high levels of Axin2 upon Rspo1 treatment at the time of 4-OHT induction (see section 

6.2.3). Exposure of differentiated organoids to Rspo1 increased the expression of 

various HPC and/or stem cell related genes, including Axin2 (see section 6.2.1 and 

6.2.2).  I therefore hypothesised that the tdTom positive population might constitute a 

stem cell population within the organoid. To test this, differentiated (11 days) 

Axin2CreERT2 BD organoids were exposed to Rspo1, tdTom positive and negative

were isolated by FACS and their ability for form secondary organoids, a proxy for 

stemness, was evaluated. tdTom positive cells isolated 1 day after concomitant 
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exposure to Rspo1 and 4-OHT showed higher organoid forming capacity than their 

negative counterparts (Figure6.10, A). However, when organoids were exposed for 3 

days to Rspo1, tdTom positive cells gave rise to comparable number of secondary 

organoids to tdTom negative cells, indicating that cells resulting from short-term but 
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not long-term exposure to Rspo1 have increased organoid forming ability (Figure6.10, 

B and C).  

A defining property of stem cells is their ability to divide and self-renew for long periods. 

Thus, I next lineage traced tdTom positive cells after a single dose of concomitant 4-

OHT and Rspo1 treatment and assessed the ability of these cells to repopulate the 

organoid over a period of 3 and 5 days. As the enhanced capacity of tdTom positive

cells to form secondary organoids was lost upon Rspo1 long-term exposure, Rspo1 

ligand was withdrawn from the medium after labelling of Axin2 expressing cells. The 

ratio of tdTom positive/negative cells increased over time, implying that the 

proliferation rate of tdTom positive cells was higher than tdTom negative cells 

(Figure6.11).

Altogether these results indicate that Rspo1 treatment promotes cell proliferation and 

stemness in BEC 3D cultures. 

6.2.6 RNAseq transcriptome characterization of a ‘high Wnt’ (tdTom positive)
cell population in BD organoids

To explore the molecular mechanisms underlying the enhanced progenitor properties 

of tdTom positive cells, I compared the expression profiles of tdTom positive (~4-10% 

of the total) and tdTom negative (~90-96% of the total) populations of BD organoids 

exposed for 24h to Rspo1 and 4-OHT using RNA sequencing (RNAseq) (Figure6.12). 

Additionally, untreated differentiated BD organoids were cultured in parallel and tdTom 

negative (~100% of the total) sorted cells from these organoids were also sequenced 

Figure6.10 Functional characterization of tdTom(+) cell population (A) Bar graph shows 
organoid forming capacity of tdTom(+) and tdTom(-) sorted cells from Axin2CreERT 
differentiated BD organoids exposed to Rspo1 for 1 day. Right panel indicates experimental 
design. (n= 5 independent experimental sets). (B) Organoid forming capacity quantifications 
of tdTom(+) (n=3) and tdTom(-) (n=2) sorted cells isolated from Axin2CreERT differentiated 
BD organoids exposed to Rspo1 for 3 days. Right panel indicates experimental design. (C) 
Representative images showing organoids formed after 7 days per 333 tdTom(+) and 
tdTom(-) sorted cells isolated from Axin2CreERT differentiated organoids exposed to Rspo1 
for 1 or 3 days prior to isolation. (D) tdTom(+) cells isolated from organoids exposed to Rspo1 
for 1 or 3 days give rise to comparable number of secondary organoids. Statistical 
significance was determined using t-test.  p-value n.s.>0.05 ; p-value *< 0.05; p-value **< 
0.01; p-value ***< 0.001; p-value ****< 0.0001.
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and included in the comparative analysis (Figure6.12). For simplicity, tdTom negative

cells from untreated organoids will be further referred as “untreated” cells. 

Figure6.11 Rspo1 triggers the appearance of an Axin2+ population with stem cell 
properties in differentiated BD organoids (A) tdTom(+) cells were lineage traced following 
a 24h exposure to 500nM 4-OHT and Rspo1 in Axin2CreERT2 differentiated BD 
organoids. Upper panel shows experimental design. Bar graph shows quantifications 
from the experiment (n=5, from 2 independent experiments). Representative images 
show a relative increase in the proportion of tdTom(+) cells (red) in culture over time. Cell 
nuclei is labelled by DAPI (blue).  No positive cells for Axin2 expression were found in 
the vehicle EtOH conditions.



189

Data presented in the following sections contains the results from the differential gene 

expression analysis of samples from Axin2CreERT2 organoids derived from a single

animal at three different passages (P5, P6 and P10), cultured and sorted at non-

overlapping times (see Chapter 6 section). Differential gene expression analysis 

between samples was performed using DESeq2 [127]. Details regarding the 

determination of gene expression cut-off criterion and removal of outliers followed 

before running DESeq2 are in Appendix D. Appendix D additionally gathers detailed 

instructions about how to run DESeq2 together with the Scripts and parameters that I 

used for the analysis of the data presented here. 

6.2.6.1 BD organoids are source of Wnt ligands and express Wnt and Rspo 
receptors 

Data presented in the previous sections showed that Rspo1 caused an increase in the 

expression of HPC related genes and the appearance of a tdTom positive cell 

population, suggesting that these structures are equipped to sense environmental 

Rspo1 cues. As expected, gene expression analysis by RNAseq revealed that the 

Rspo receptors Lgr4 and, in lesser degree, Lgr5 were expressed in all the sequenced 

populations (Figure6.13). The Rspo1 co-receptors Znrf3 and Rnf43 were also 

expressed in the sequenced BD organoids cell populations and, of those, Rnf43 was 

Figure6.12 RNAseq differentiation time line. BD organoids were grown in EM for 2 to 4 
days and differentiated for 11 days. During the last 24 of culture differentiated BD organoids 
were exposed to 500 nM 4-OHT and 100 ng/mlRspo1. tdTom(+) and tdTom(-) cells were 
subsequently separated by FACS. tdTom(-) cells from organoids differentiated for 11 days 
and exposed to 500 nM 4-OHT (untreated) were also sorted. 30 µM dexamethasone was 
added to all the cultures during the last 24h of differentiation.
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significantly in both tdTom positive and negative populations when compared to 

untreated cells (Figure6.13).   

Activation of the canonical Wnt signalling cascade requires at least two types of 

receptors: a receptor from the Fzd family and a receptor of the Lrp family (see 

Chapter1). BD organoids expressed various Wnt receptors of the Fzd family including 

Fzd1, Fzd5, Fzd6, Fzd7 and, in lesser degree, Fzd2, Fzd3, Fz4, Fzd8 and Fz9 

(Figure6.14, A). Of those, Fzd5 was significantly downregulated upon Rspo1 exposure 

in both tdTom negative and positive cells when compared with cells from untreated 

organoids (Figure6.14, A). The canonical Wnt co-receptors Lrp5 and Lrp6 were 

additionally found expressed in differentiated BD organoid cells before and after 

exposure to Rspo1 (Figure6.14, B). BD organoids also expressed various Wnt co-

receptors involved in the transduction of β-catenin-independent intracellular cascades 

(Ryk, Ptk7, Vangl1 and in lesser degree Rora, Ror1, Vangl2, Prickle1, Prickle3 and 

Prickle4) (Figure6.14, B).

Finally, experiments from section 6.2.2 showed that inhibition of porcupine abrogates 

Rspo1-driven HPC signature, suggesting that differentiated BD organoids are source 

of Wnt ligands. Accordingly, BD organoids were found to express several Wnts (Wnt4, 

Wnt7a, Wnt7b and in less amount Wnt5b and Wnt10a). RNAseq failed however to 

detect expression of members of the Rspo family in any of the sequenced populations 

(data not shown). 

Figure6.13 Expression levels 
determined by RNAseq 
analysis of Rspo related 
receptors in tdTom positive, 
tdTom negative and untreated 
cells by RNAseq expressed in 
normalized FPKM values. 
(n=3)
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Figure6.14 Expression 
levels determined by 
RNAseq analysis of (A) 
Wnt pathway receptors 
of the Fzd family, (B) 
canonical Wnt pathway 
co-receptors of the Lrp 
family, (C) Wnt co-
receptors mediating non-
canonical Wnt signalling 
and (D) Wnt ligands in 
tdTom positive, tdTom 
negative and untreated 
cells by RNAseq 
expressed in normalized 
FPKM values. (n+3).
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Altogether these results suggest that differentiated BD organoids are source of Wnt 

ligands and are equipped to respond to both Wnt and Rspo environmental cues. 

6.2.6.2 Rspo1 treatment induces transcriptional changes in both tdTom 
positive and negative populations

The addition of Rspo1 to the culture induced the expression of cell cycle genes (Cdk1) 

and HPC related genes (Axin2, Sox9 and Lgr5) in both tdTom positive and negative

populations when compared to untreated samples, suggesting that tdTom negative 

cells also responded to the presence of Rspo1 at certain extent. Interestingly, Rspo1 

also significantly induced the expression of the pro-inflammatory cytokine Il33 as well 

as the Hedgehog signalling molecule Ihh (Figure6.15, A). By contrast, Bpm2 and 

Bmp6, two factors with liver anti-fibrotic role, were significantly decrease by Rspo1 

treatment (Figure6.15, A). Gene Ontology (GO) analysis revealed that the top 500 

genes introducing more variance in PC1 between tdTom negative and untreated or 

tdTom positive and untreated samples were enriched in GO terms related with cell 

division (Figure6.15, B and C). 

Altogether these results indicate that tdTom negative also respond to Rspo1 at certain 

extent. This implies that tdTom positive and negative cells might be considered as 

‘high Wnt’ and ‘low Wnt’ cell populations. 

‘
6.2.6.3 Transcriptome comparison between ‘high Wnt’ (tdTom positive) and 

‘low Wnt’ (tdTom negative) cell populations 
In total, 5333 genes were differentially expressed between tdTom positive and 

negative cells (padj value £0.01). The HPC-related genes Axin2, Sox9, Cd24a and 

Spp1 were not included among those (Figure6.16, A) (Appendix D, Figure7). Cd44 

and Lgr5 were, however, found significantly upregulated in tdTom positive when 

compared to tdTom negative cells (Figure6.16, A). Various components of the 

telomere elongation machinery were also significantly upregulated in tdTom positive

cells (Appendix D, Figure8). Tert itself also appeared induced in tdTom positive cells 

although with a padj value of 0.025 (Figure6.16, A). tdTom positive cells also showed 

significantly higher expression of cell cycle regulators (c-Myc and FoxM1) and genes 

involved in the G2/M phase of the cell cycle (ki67, Cdk1, Ccnb1, Ccnb2 and Cdc20) 
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(Figure6.16, B and C). Finally, the expression of genes coding for proteins of the AP-

Figure 6.15 Rspo1 treatment induces transcriptional changes in both tdTom(-) and tdTom(+) 
populations (A) Heatmap showing genes differentially expressed between untreated and 
Rspo1 treated (tdTom(+) and tdTom(-)). A total of 1543 genes were differentially expressed 
between tdTom(+) and untreated cells with a padj < 0.01. A total of 2855 genes were 
differentially expressed between tdTom(-) and untreated cells with a padj < 0.01. All 
represented genes had a padj value < 0.01. (B) AmiGO analysis of the top 500 genes 
introducing more variance in PC1 between tdTom(-) and untreated samples. PCA1 explained 
56% of the total variance between tdTom(-) and untreated cells. (C) GO analysis performed 
with amigo of the top 500 genes of tdTom(+) vs untreated pairwise PCA1 comparison. PCA1 
explained 68% of the total variance between tdTom(+) and untreated cells.
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1 complex (Fos, Fosb and Jun) were also significantly upregulated in tdTom positive

Figure 6.16 Rspo1 treatment modulates the expression of HPC markers, cell cycle 
regulators and members of the AP-1 complex. Expression levels determined by RNAseq 
analysis of (A) HPC markers, (B) proliferation genes, (C) cell cycle regulators and (D) 
members of the AP-1 complex in tdTom(+), tdTom(-) and untreated cells by RNAseq 
expressed in normalized FPKM values.
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cells when compared to tdTom negative cells (Figure6.16, D). 

IPA gene enrichment analysis of 2-fold change differentially expressed genes (padj 

value £0.01) between tdTom positive and negative cells (1341 genes) revealed 

upregulation of canonical pathways in tdTom positive cells including “Brca1 DNA 

damage responses”, “Cell cycle and G2/M DNA damage checkpoint”, “mitotic roles of 

Polo-like kinase and DNA double-strand break repair by homologous recombination” 

(Figure6.17, A). Furthermore, tdTom positive cells were enrich-hed in genes involved 

in “Wnt/Ca2+ pathway” and “Cdc42 signalling”. Top upstream regulators of such 

responses were NR1H3, YY1, LDLR and RR1B. IPA analysis also revealed that gene 

networks regulated by ZBTB17 were significantly downregulated in tdTom positive

cells.

~65% of the total variance between tdTom positive and negative populations was 

explained by the first component (PC1) of the analysis (Appendix D, Figure 6, C). 

Gene Ontology (GO) analysis with AmiGO showed that the top 500 of PC1 were 

enriched in GO terms such as “Cell cycle”, “Nuclear division”, “DNA repair” and 

“Protein localization to chromosome” (Figure6.17, B). According with an upregulation 

of genes involved in cell cycle progression in the tdTom positive population, Gene Set 

Enrichment Analysis (GSEA) using differentially expressed genes (padj value £0.01) 

between tdTom positive and negative cells (5333 genes), further showed enrichment 

of E2F target genes in tdTom positive cells (Figure6.17, C). Plots corresponding to the 

rest of the gene sets identified by GSEA are shown in Appendix D, Figure9. 

Altogether, these results indicate that tdTom positive cells primarily differ from tdTom 

negative cells in their level of expression of genes related to cell cycle progression, 

G2/M transition and DNA repair. 
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6.2.6.4 Hippo pathway signature genes remain largely unaffected upon Rspo1 
treatment

Recent studies of Planas-Paz et al. (2019) have placed Hippo-YAP/TAZ signalling as 

a key mediator of the BEC hyperproliferative response seeing during DR formation 

following DDC treatment. I therefore next examined whether Wnt activation had an 

impact on YAP target gene expression considered as Hippo pathway signature genes 

[201]. Interestingly, Rspo1 had a differential effect in YAP-target genes. Cyr61 was 

significantly upregulated upon Rspo1 in both tdTom positive and negative cells. 

Ankrd1 appeared significantly upregulated in tdTom positive but not in tdTom negative

cells when compared with untreated cells. Klf6 was significantly downregulated in both 

in tdTom positive and negative cells when compared to untreated cells while other 

YAP target genes (Ctgf, Areg, Amotl1 and Gadd45b) remained unaffected 

(Figure6.18). 

Altogether these results suggest that, and with the exception of Cyr61 and Klf6, 

activation of Wnt signalling in BD organoids had a minor effect in the Hippo pathway 

signature genes. 

Figure 6.18 Hippo pathway signature genes remain largely unaffected upon Rspo1 
treatment. RNAseq gene expression values of YAP target genes in tdTom(+), tdTom(-) 
and untreated cells. FPKM values were normalized over untreated cells.
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6.2.6.5 Activation of Wnt pathway in differentiated BD organoids promotes 
escape from biliary fate 

In section 6.2.1 was described that activation of the Wnt pathway in differentiated BD 

organoids enhanced the expression of HPC related genes, suggesting that activation 

of the Wnt signalling pathway in these structures promotes scape from their 

BEC/hepatocyte differentiated state. Thence, I next evaluated whether the expression 

of hepatocyte and BEC lineage markers was affected upon Rspo1 treatment. As 

expected, RNAseq gene expression analysis revealed an overall pattern of increase 

in the expression of HPC genes upon Wnt pathway stimulation (Figure6.19). By 

contrast, the expression levels of BEC lineage markers seem to anti-correlate with the 

Wnt activation levels in the sequenced cell populations.  Out of the three hepatocyte 

lineage markers evaluated only Hnf4a showed a clear declining expression trend upon 

Rspo1 exposure (Figure6.19). 

The decrease in the expression levels of Hnf4a, Krt19 and Epcam upon Wnt 

stimulation was additionally validated in the BD Tet-O-ΔN89β-catenin organoid line.

For that aim, differentiated (13 days) BD Tet-O-ΔN89β-catenin organoids were 

Figure6.19 RNAseq CPM gene 
expression values of various 
hepatocyte, HPC and BEC lineage 
markers. Blue asterisk indicates 
differentially expressed (padj £
0.01) between untreated and 
tdTom(-) cells. Green asterisk 
indicates genes differentially 
expressed (padj £ 0.01) between 
tdTom(-) and tdTom(+) cells. 
Magenta asterisk indicates genes 
differentially expressed (padj £
0.01) between untreated and 
tdTom(+) cells. The triangle at the 
bottom indicates the Wnt activation 
levels of the sequenced 
populations according to data 
presented in Figure6.15.
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exposed to either Dox or Rspo1 for the last 3 days of differentiation. Activation of the 

Wnt signalling pathway either through β-catenin stabilization (0.1 µg/ml of Dox) or by 

the exposure to Rspo1 (100 ng/ml) in these cultures caused a significant decrease in 

the expression levels of Hnf4a and Krt19 (Figure6.20). Exposure to Rspo1 caused 

additionally a significant decline in the mRNA levels of Epcam. 

Taken together, the results from the differentiated BD organoid platform suggest that 

while activation of canonical Wnt signalling promotes escape from biliary fate and, 

possibly, impairs hepatocyte fate specification. 

6.3 Discussion
6.3.1 mVenus-hGemi expression could not be detected by flow cytometry in 

Fucci2a organoids
Experiments shown in the current chapter have failed to report the presence of cells 

positive for mVenus expression and therefore the different phases of the cell cycle

could not be distinguished in established Fucci2a BD organoids cultures. 

The Fucci2a mouse model is a 2A-bicistronic reporter, meaning that in this mouse 

model the expression of two reporter proteins is controlled by a single open reading

frame (ORF) [199]. Expression of the Fucci2a transgene give rise to a single mRNA 

Figure6.20 On the left panel, treatment time line for Tet-ODN89bcat BD organoids. Wnt 
pathway was activated either by the treatment with Rspo1 (100 ng/ml) or by stabilization 
of mutant activated b-catenin by the exposure to 0.1 mg/ml Dox during the last three days 
of differentiation. On the right panel, RT-qPCR gene expression shows a significant decline 
in the expression of hepatocyte (Hnf4a) and BEC (Krt19 and Epcam) lineage markers upon 
Wnt activation.
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that comprise both the coding sequence for mCherry-hCdt1 and mVenus-hGemi 

separated by a 2A sequence (Figure6.21). The 2A sequences are sequences of viral 

origin coding for a ~20aa long peptides with a conserved motif that end in proline-

glycine and cause ribosome-pause during translation. This leads to the premature 

translation termination in absence of a stop codon and cleavage of the protein 

sequence at the level of the proline-glycine intersection of the 2A peptide. After the 

pause, the ribosome re-start the translation of the protein placed downstream of the 

2A sequence. This process is known as “ribosome skipping” and as a consequence 

of this event, two proteins (mCherry-hCdt1 and mVenus-hGemi) that are dynamically 

Figure 6.21 Fucci2a Ribosome Skipping. The Fucci2a construct is a bicistronic 
transgene where the expression for mCherry-hCdt1 and mVenus-hGemi is regulated by a 
single promoter (CAG). Upon transcription, a single mRNA containing both mCherry-hCdt1 
and mVenus-hGemi coding sequences linked by a 2A sequence is generated. The 2A 
sequence causes the ribosome to stop during translation triggering three possible 
outcomes: (i) ribosome “stop-and-go”, which would result in the sole translation of the 
protein preceding the 2A peptide sequence, (ii) ribosome “stop-and-carry”, which would 
give rise to a mCherry-hCdt1/mVenus-hGemi fusion protein and (iii) ribosome “skipping”, 
which would cause the production of both mCherry-hCdt1 and mVenus-hGemi proteins in 
equimolar ratio. In case of ribosome skipping, the “cleavage” occurs between the last 
proline and glycine of the 2A sequence. 
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degraded during cell cycle progression are produced, which would cause labelling of 

the cells in red during G1 and in green during G2/M phase (Figure6.21). 

Ribosome skipping in bicistronic transgenes is expected to produce equimolar 

quantities of the proteins placed upstream and downstream of the 2A sequence. 

However, studies performed by Liu et al. (2017) have shown that the order in which 

the genes are placed in polycistronic 2A systems matters during translation and it has 

been estimated that the expression of a gene decreases by ~70% when this is placed 

in the second position [202]. Non-equimolar production of the coding sequences is 

explained by the presence of two alternative resolution mechanisms for the pausing 

of the ribosome during translation: (i) ribosome “stop-and-go”, an event where the 

ribosome fall off and the translation of the second protein is discontinued and (ii) “stop-

and-carry” event, which leads to the production of a fusion protein with the 2A peptide 

as a linker (Figure6.21) [202,203]. As experiments shown in the current chapter have 

failed to report the expression of mVenus-hGemi, further studies are need to 

determine whether the predominant form in which the ribosome-pause induced by the 

2A peptide in this system is resolved by a mechanism other than ribosome “skipping”. 

6.3.2 Activation of the TCF/Lef:H2B-GFP reporter may not be used as a readout 
for Wnt activation levels in BD organoids

The activity of the TCF/Lef:H2B-GFP reporter increased following differentiation, 

indicating that activation of the TCF/Lef:H2B-GFP reporter in this system does not 

correlate with the Wnt activation levels of the cultures. Thence, data presented in the 

current therefore showed that the TCF/Lef:H2B-GFP reporter may not be used to 

assess the Wnt activation levels on BD organoids. 

These results raise two important questions regarding the TCF/Lef:H2B-GFP reporter: 

(1) is the TCF/Lef:H2B-GFP reporter activated in a Wnt independent manner in BD 

organoids and (2) why does the activity of the TCF/Lef:H2B-GFP reporter anti-

correlate with the activation levels of the cultures following differentiation?

The use of TCF reporter systems as a proxy for canonical Wnt activity is based on the 

assumption that factors from the TCF/LEF family lack transcriptional activity in the 
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absence of b-catenin. However, different research groups have suggested that 

activation of the TCF/LEF reporter can also take place in a b-catenin-independent 

manner. For instance, overexpression of TCF4 and LEF1 alone is sufficient to induce 

activation of the TCF/LEF reporter in human chondrocytes [204]. Similarly, 

overexpression of TCF1 and LEF1 in HEK293 cells lead to an increase in TCF/LEF 

reporter activity [205] Importantly, overexpression of a mutant form of TCF1 lacking b-

catenin binding domain in HEK293T also caused an increase in the activity of the 

TCF/LEF reporter, suggesting that TCF1-dependent activation of the reporter occurs, 

at least partially, independently of the presence of b-catenin [205].

In the resting liver, the TCF/Lef:H2B-GFP reporter appears highly activated in BECs 

despite the fact activation of canonical Wnt signalling in the biliary epithelium is 

virtually absent. This suggests that homeostatic BECs in vivo show high b-catenin-

independent TCF activity. As BD organoids are structures with a cell identity close to 

BECs (see Chapter 5), a similar b-catenin independent mechanism for the activation 

of the TCF/Lef:H2B-GFP reporter is likely to take place in BD organoids.

The activation of the TCF/Lef:H2B-GFP reporter by a b-catenin independent 

mechanism may explain the presence of H2B-GFP positive cells in BDorg-DM 

conditions but does not explain itself why the number of these increase upon 

differentiation. To find an explanation for this phenomenon, the recycling and cell 

division dynamics of both GFP-labelled and non-GFP-labelled H2B might also need 

to be taken into consideration. 

Upon division, the histones of a cell are disturbed between the newly formed daughter 

cells. In the case of a cell expressing high levels of H2B-GFP, this would lead to a 

drop in green fluorescence levels as some of the H2B-GFP histones will be substituted 

by non-GFP H2B histones. Thus, a chain of rapid cell divisions is expected to dilute 

the labelling of H2B-GFP in highly proliferative cells (Figure6.22, A). By contrast, an 

increase in the levels of green fluorescence is expected in slow dividing cells as 
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endogenous non-GFP labelled H2B be recycled and replaced by GFP-labelled H2B

(Figure6.22, B). 

Differentiation of BD organoids is accompanied by a decrease in the cell proliferation 

rate. Therefore, an increase in H2B-GFP expressing cells in BD organoids upon 

differentiation might be explained by the differences in the proliferation rate between 

cells cultured in BDorg-EM and BDorg-DM together with the assumption that the 

TCF/Lef:H2B-GFP reporter is expressed at low levels in a b-catenin independent 

manner in BD organoids. 

Finally, in the TCF/Lef:H2B-GFP transgenic mouse model, the TCF/Lef:H2B-GFP 

construct was randomly integrated into the genome and therefore this transgene might 

be susceptible to silencing events upon culture, which might also be taken into account

when interpretingif the presence of tdTom positive GFP negative cells. 

Figure 6.22 TCF H2B reporter model (A) Model for the loss of H2B-GFP signal in highly 
proliferative cells. Top panel represents a rapid dividing cell. Non-GFP labelled are 
incorporated in every cycle of division, which causes the progressive loss of H2B-GFP 
signal in rapid dividing cells. In the bottom panel, quiescent cells do not enter in division 
and therefore retain the H2B-GFP signal. Red numbers indicate the number of divisions 
that the parental cell have undergo. (B) Model for the gain of nuclear H2B-GFP in quiescent 
or slow dividing cells. Quiescent or slow dividing cells express the TCF/Lef:H2B-GFP 
reporter at basal levels. Upon time, non-GFP labelled H2B histones are recycled and 
substituted with H2B-GFP, which accumulates in the nuclei and leads to the increase 
overall increase in GFP fluorescence in the cell over time. 
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6.3.3 Rspo1 induces the expression genes involved in G2/M transition and DNA 
repair in ‘high Wnt’ (tdTom positive) cells

Wnt pathway has been previously related to the modulation of cell proliferation in 

diverse cellular contexts [206]. The canonical branch of the pathway has been shown 

to regulate G1-to-S phase cell cycle progression as β-catenin controls the expression 

of genes (CyclinD1 and c-myc) required for this transition [206]. Accordingly, RNAseq 

data presented in the current chapter showed that BD organoid cells with high Wnt 

activation levels (tdTom positive) have significantly higher expression of c-myc than 

low Wnt cells (tdTom negative and untreated cells). Wnt signalling additionally 

modulate G1-to-S phase transition at the level of GSK3, as many proteins involved in 

the regulation of G1-to-S transition are substrates for GSK3 phosphorylation 

(Figure6.23).

Wnt signalling additionally controls G2-to-M cell cycle progression although this has 

been proposed to occur independently of β-catenin transcriptional activation. For 

instance, the Wnt/STOP pathway (see Chapter1) has been shown to control cell size 

during G2/M phase via GSK3 inhibition and protein stabilization [137] [75]. Various 

components of the Wnt signalling cascade (b-catenin, Axin2, Dvl, APC and GSK-3b) 

additionally participate in centrosome splitting at the end of G2 phase [207] [208,209]. 

Finally, Axin2 and APC have also been shown to localize to the mitotic spindle during 

mitosis and are essential for chromosome segregation [210,211].

Data presented in the current chapter indicates that Wnt activation levels in Rspo1 

treated BD organoids cells correlated with the expression of genes involved in G2/M 

transition (Cdk1, Ccnb1, Ccnb2 and Cdc20) and G2/M checkpoints regulators. These 

findings are consistent with the observations of Feng et al. (2012), who using an 

Axin1fl/fl AhCre mouse model showed that activation of Wnt signalling in the 

hepatocellular compartment by acute loss of Axin1 caused an increase in expression 

of genes involved in the control of the G2/M phase of the cell cycle and, therefore, 

open the possibility that Wnt pathway might additionally modulate G2-to-M cell cycle 

progression by controlling gene expression. [212]. Further studies are required to 

determine whether this is the case. 
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Figure 6.23 Wnt/Lrp signalling modulates G1-to-S cell cycle progression. Activation of 
the canonical Wnt signalling inhibits GSK3, resulting in the stabilization of b-catenin and 
c-myc at the protein level. Both c-myc and b-catenin drive the expression of CyclinD1, 
which enables activation of CyclinE and therefore, promotes G1-to-S cell cycle 
progression. GSK3 additionally tightly regulates the activity of mTOR and p21/p27 via 
phosphorylation, which also feed into G1-to-S cell cycle progression. The Wnt/Lrp 
signalling cascade might additionally modulate the G2-to-M cell cycle via c-myc mediated 
DNA damage/cell stress response and/or by controlling the expression of G2/M 
modulators.  Figure adapted from {Acebron:2012jl}.
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An alternative explanation for the enrichment of genes involved in the G2/M phase of 

the cell cycle is that could be that cells paused or transitioning G2/M are more sensitive 

to Wnt activation rather than Rspo1 treatment/Wnt activation itself is having a direct 

effect in the expression of these target genes. In support of this, the CDK14/PTFK1 

complex phosphorylate Lrp6 Pro-Pro-Pro-Ser-Pro (PPPSP) intracellular domain 

during G2/M, which in turn primes Lrp6 to optimally respond to incoming Wnt cues 

during in G2/M [213]. Further work will be therefore required to determine whether β-

catenin or other branch of Wnt signalling is indeed affecting the expression of the G2/M 

regulators.

Results from this chapter additionally showed that Rspo1 induced a strong DNA repair 

signature in tdTom positive cells when compared to tdTom negative cells. Previous 

studies have also related the activation of Wnt signalling with a DNA damage 

response. For instance, studies performed by Xu et al. (2008) showed that expression 

of a mutant stable form of β-catenin lacking the 87 N-terminal amino acids of the 

protein (ΔN87β-catenin) triggers the appearance of double-strand DNA breaks (DSBs) 

in thymocytes, which results in an increase of gH2AX foci [214]. Similarly, expression 

of Wnt-1 in human mammary epithelial cells also causes an increase in phospho 

H2AX, indicating that activation of Wnt signalling also induces DSBs in the context of 

the mammary gland [215]. BRCA1 is a protein that is recruited to DSBs following 

damage and associates with gH2AX to assist DNA repair [216]. One of the top 

canonical pathways identified by IPA was the “role of BRCA1 in DNA Damage 

Response”, further suggesting the possibility of Wnt pathway activation inducing the 

appearance of DSBs in differentiated BD organoids. To demonstrate that the 

molecular signatures identified by IPA in tdTom positive cells relate to the appearance 

of DSBs in BD organoids upon Wnt signalling stimulation, additional studies will be 

needed in which the proportion of tdTom positive and negative cells positive for the 

presence of gH2AX foci are quantified. 

Rspo1 induced transcriptome changes in both tdTom positive and negative cells.  

When comparing tdTom positive and negative cells with untreated cells, both Rspo1-

treated cell populations were enriched for GO terms related to cell proliferation such 

as “nuclear division” or “mitotic cell cycle process”. However, a “DNA repair”/”cellular 
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response to DNA damage” signature was only detected in tdTom positive cells when 

comparing these either with tdTom negative or untreated cells. Interestingly, tdTom 

positive cells expressed significantly higher levels of c-myc when compared to tdTom 

negative and untreated cells whereas non-significant changes in c-myc levels were 

detected when comparing tdTom negative cells with untreated cells. A direct 

mechanistic link between activation of Wnt and the appearance of DSBs DNA repair 

response has been suggested by the observation that overexpression of c-myc leads 

to DNA replication stress and DSBs in different cellular contexts [217-221]. In future 

investigations it might be, therefore, interesting to address whether c-myc is mediating 

the appearance of a Rspo1-driven DNA repair signature in the tdTom positive cell 

population. 

Finally, an additional difference between tdTom positive and negative cells that arises 

from the technical approach employed for the identification of both cell populations as 

labelling of tdTom positive cells required the expression and activation of the Cre 

recombinase. Experiments performed in mouse embryo fibroblasts lacking LoxP sites 

have shown that activation of Cre recombinase activity can lead to the appearance of 

DSBs [222]. Activation of the Cre recombinase occurred 24h prior to RNAseq gene 

expression analysis. Thus, it is possible that transcriptional changes associated with 

Cre recombinase activation and putative induction of DSBs might also be captured in 

this analysis. 

6.3.4 BD organoids are equipped to respond to Wnt activation
Data presented in the current chapter showed that BD organoids are source of various 

Wnt ligands (Wnt4, Wnt7a, Wnt7b and in less amount Wnt5b and Wnt10a). These 

ligands, in combination with Rspo1, were sufficient to activate canonical Wnt signalling 

in differentiated BD as shown by the increase in activity in the Axin2CreERT reporter 

and enhanced expression of various β-target genes by RT-qPCR, suggesting that (1) 

BD organoids express the receptors for Rspo1 signal transduction, (2) BD organoids

express the receptors that mediate canonical Wnt signalling activation and (3) the Wnt

ligands that are endogenously produced by BD organoids exert canonical Wnt activity. 

In the following section, it will be discussed how the different receptors and co-

receptors expressed by differentiated BD organoids might relate to the ability of these 
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structures to respond to activation of Wnt signalling. Furthermore, a consideration to 

the biology of Wnt ligands expressed by differentiated BD organoids. 

Rspo ligands bind to Lgr4/5/6 receptors, inactivating the E3 ubiquitin ligases

Rnf43/Znrf3 that would otherwise degrade the Wnt receptors Fzd and Lrp present at

the cell surface (Figure6.24). RNAseq analysis revealed that differentiated BD 

organoids expressed both Lgr4 and Lgr5 but not Lgr6. Lgr5 expression occurred, 

however, at very low levels, suggesting Lgr4 as the putative receptor mediating the 

response to Rspo1. Furthermore, the fact that Lgr5 was expressed at a very low levels 

in BD organoids might explain why recent studies from Planas-Paz et al. (2015) and 

Pepe-Mooney et al. (2019) have failed to identify Lgr5 expression in BECs using 10x 

genomics single-cell sequencing, as the depth of sequencing of this technique would 

likely miss genes expressed at such levels [22,93]. Differentiated BD organoids also 

expressed the E3 ubiquitin ligases Znrf3 and Rnf43 and of those, the expression of 

Rnf43 was significantly upregulated upon Rspo1 treatment, probably reflecting the 

presence of a feed-back negative loop to decrease Rspo1-mediated activation of the 

Wnt signalling pathway.

Activation of the canonical Wnt signalling cascade requires at least two types of 

receptors: a receptor from the Fzd family and a receptor of the Lrp family (see 

Chapter1) (Figure6.24). Differentiated BD organoids expressed Lrp5 and, in less 

amount, Lrp6 receptors (see Chapter1) (Figure6.24).  Differentiated BD organoids also 

expressed various Wnt receptors of the Fzd family, being the most abundantly 

expressed Fzd1, Fzd4, Fzd5, Fzd6 and Fzd7. Of those, Fzd1, Fzd4, Fzd5 and Fzd7 

have been shown to mediate activation of Wnt/β-catenin signalling (Figure6.24) 

[146,223-230]. Expression of these receptors is therefore consistent with the 

appearance of a canonical Wnt response in differentiated BD organoids. Further 

studies involving loss of function of Fzd1, Fzd4, Fzd5 and Fzd7 are required to 

evaluate the contribution of each of these receptors to Rspo1-driven activation of the 

canonical Wnt signalling pathway in the BD organoid in vitro platform. 

Blockage of endogenous Wnt secretion with LGK974 abrogated Axin2 expression and 

depleted Rspo1-driven HPC signature, indicating Wnt7a, Wnt7b, Wnt4 or any of the 

other ligands expressed at low levels (Wnt10a and Wnt5b) or a combination of them 
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drives activation of Wnt/β-catenin signalling in differentiated BD organoids. The 

identity of the Wnt proteins determines which branches of the Wnt signalling pathway 

are activated. Hence, further experiments are required to determine whether Wnt7a, 

Wnt7b, Wnt4, Wnt10a or Wnt5b, or a combination of them, is responsible for the 

induction of canonical Wnt signalling in differentiated BD organoids.  

In addition to the canonical Wnt receptors, differentiated BD organoids also expressed 

receptors primarily associated with Wnt Lrp-independent signalling including Ryk, Ptk7 

Figure 6.24 Scheme highlighting the Wnt/Rspo receptors and Wnt ligands primarily 
expressed by differentiated BD organoids according to the RNAseq data. 
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and Vangl1 and, in lower amount Rora, Vangl2, Prickle1, Prickle3 and Prickle4.  

Furthermore, the Fzd receptors expressed by BD organoids have also been implicated 

with the signal transduction of the Wnt/Ca2+ signalling cascade (Fzd4, Fzd5 and 

Fzd6) as well as the Wnt/PCP pathway (Fzd1, Fzd4, Fzd5, Fzd6 and Fzd7). BD 

organoids primarily expressed Wnt4, Wnt7a and Wnt7b. Wnt4 is a ligand that has 

been historically categorised as a non-canonical Wnt protein. Wnt7a and Wnt7b are 

two closely related ligands that share ~77% total-aminoacid-identity and, both of them, 

have been shown to activate the Wnt/PCP pathway and the Wnt/Ca2+ signalling 

pathways [231-234].

The fact that BD organoids express ligands and receptors that mediate Lrp-

independent signalling suggest that, in addition to the Wnt/β-catenin signalling, other 

branches of the Wnt pathway might have been activated in response to Rspo1 

treatment (Figure6.24). In support of this, RNAseq analysis revealed that cells with 

high canonical Wnt signalling (tdTom positive cells) were also enriched for the 

expression of genes involved in the Wnt/Ca2+ signalling when compared to tdTom 

positive cells (Figure6.24). Furthermore, recent studies from Wilson et al. (2020) have 

shown he Wnt/PCP pathway is activated BD organoids cultured in BDorg-EM as loss 

of Vangl2, caused a reduction in the levels of phosphorylated-JNKT183/Y185 and 

phosphorylated-c-JUNS73.

Studies conducted by Wilson et al. (2020) have also showed that deletion of Vangl2 

in the biliary epithelium using a Vangl2fl/fl Krt19-CreRT2 transgenic mouse line 

abrogated phosphorylated-JNKT183/Y185 and phosphorylated-c-JUNS73 expression in 

BECs following DDC injury regime, suggesting that BECs are responsive to respond 

to non-canonical Wnt injury cues during liver regeneration. Loss of Vangl2 in BECs

also alleviated fibrosis in DDC- and TAA-injured livers, an effect that could be mirrored 

by the loss of Wnt5a in myeloid cells (LysMCre, Wnt5afl/fl) and, therefore, the authors 

of this study concluded that secretion of non-canonical Wnt injury cues from myeloid 

origin promotes ductular scarring. Wnt5a expression following DDC injury regime was, 

however, not persistent throughout the treatment, suggesting that other non-canonical 

Wnt ligands might also contribute to tissue scaring when the damage is prolonged. BD 

organoids were source of various Wnt ligands with non-canonical Wnt activity (Wnt4, 
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Wnt7a, Wnt7b, Wnt5b and Wnt10a) that potentially activate the Wnt/PCP pathway in 

these structures. Among these, BECs have been shown to increase the expression of 

Wnt7a, Wnt7b and Wnt10a in response to DDC injury regime [22,93,98]. As the 

relative of contribution of Wnt ligands from BEC origin to fibrotic scaring remains 

largely unexplored, further research should be undertaken to investigate the role of 

Wnt ligands from BEC origin during regeneration of the biliary epithelium and/or 

ductular scarring. 

Altogether, results in the current chapter showed that BD organoids express canonical 

and non-canonical ligands are equipped to respond to the Wnt/β-catenin, Wnt/Ca2+ 

and Wnt/PCP signalling cascades. The possible implications of the activation of the 

Wnt/β-catenin and Wnt/PCP signalling cascades in BD organoids will be discussed in 

the section6.3.7. when dissecting the organoid forming phenotypes of tdTom positive

and negative cells.

6.3.5 Exposure of differentiated BD organoids to Rspo1 leads to a pro-fibrotic 
microenvironment

Exposure to Rspo1 induced the expression of Il33 in differentiated BD organoids. Il33 

is a pro-inflammatory cytokine that promotes hepatic fibrosis through the activation 

and expansion of liver resident innate lymphoid cells (ILC2) and hepatic stellate cells, 

[235]. Rspo1 treatment additionally induced the expression of Ihh, a ligand that 

activates the hedgehog pathway, which also promotes fibrotic scarring by enhancing 

the recruitment of peripheral monocytes into the liver during damage and driving the 

expression of pro-fibrotic genes (Spp1, Timp1 and Col1a1) in hepatic stellate cells 

[236].  By contrast, Rspo1 significantly reduced the expression of Bpm2 and Bmp6, 

two members of the BMPs family with anti-fibrotic role in the liver [237,238]. Thence, 

data from the current chapter suggest that activation of the Wnt pathway in 

differentiated BD organoid cultures generates a microenvironment prone for fibrosis. 

These results are in line with the recent observations of Wilson et al. (2020), who 

showed that de-sensitization of Wnt signalling in the biliary epithelium through the loss 

Vangl2 (Vangl2fl/fl Krt19-CreRT2) reduced Collagen-1 deposition following liver 

damage [94]. Furthermore, in the same study, Wilson and colleagues showed that 

pharmacological inhibition of the Wnt signalling pathway with LGK974 also alleviated 

liver fibrosis following DDC (2 weeks) or TAA (12 weeks) injury regime, opening the 
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possibility of targeting the Wnt signalling pathway as a therapeutic avenue for chronic 

biliary pathologies [94]. Further research should be therefore undertaken to investigate 

whether Rspo injury cues, by modulating activation of Wnt signalling in BECs, promote 

a pro-fibrotic microenvironment during liver damage in vivo. 

6.3.6 Three-day exposure to Rspo1 cancels the organoid forming advantage of 
‘high Wnt’ (tdTom positive) cells

Experiments performed by Huch et al. (2013) using an Lgr5-LacZ mouse model 

showed that only a small population of BECs responded to Wnt activating cues during 

CCl4 acute injury and become positive for Lgr5 expression [89]. These ‘high-Wnt 

responders’ labelled as Lgr5(+) cells presented enhanced organoid forming capacity 

than their negative counterparts and therefore it was hypothesised that they constitute 

a biliary progenitor stem cell population. Accordingly, data presented in the current 

chapter showed that only a small population of cells within differentiated BD organoids 

becomes positive for tdTom expression (a proxy for high-Wnt) upon Rspo1 exposure. 

tdTom positive cells induced by 24h Rspo1 treatment expressed higher Lgr5 mRNA 

levels and presented enhanced organoid forming capacity than their negative 

counterparts. Furthermore, Axin2 lineage tracing experiments additionally showed that 

tdTom positive cells self-renew and repopulate differentiated BD organoids faster than 

their negatives counterparts, further suggesting that tdTom positive cells constitute a 

progenitor population within the organoids. 

When organoids were exposed to Rspo1 for 3days, however, tdTom positive and 

negative cells formed a similar number of secondary organoids. The gain of stem cell 

features by the tdTom positive population suggests that negative cells also respond to 

Rspo1 treatment upon prolonged exposure to the ligand and that cells below the 

Axin2CreERT2 recombination also showed enhanced stemness. As mentioned 

earlier, the Axin2CreERT2 reporter is an On-/Off-state reporter system. Therefore, a 

possible explanation for these results is that prolonged exposure to Rspo1 is triggering 

activation of canonical Wnt signalling in all the cells present in the organoid at levels 

close to the recombination threshold of the reporter. As a result, tdTom positive and 

negative cells would present similar Wnt activation levels independently of their 

recombination state (Figure6.25). Initial differences between the stemness features 
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between tdTom positive and negative cells can also be explained by the fact that 

certain cells within the organoids are primed to respond faster than others 

(Figure6.25). 

This organoid cell response model would imply that all cells within the organoids, 

rather than a small population of them, are responsive to Wnt activating cues. Working 

under the hypothesis that Wnt triggers a regenerative program in the biliary epithelium, 

this would imply that all cells within the organoid may behave as progenitor cells upon 

sensing an injury input. These data thereby fit with the biliary epithelium stochastic 

regeneration model of Kamimoto et al. (2016), that proposed that inherent differences 

between BEC populations do not account for the regenerative potential of BECs when 

an injury input is perceived [18]. Furthermore, the fact that all organoid cells respond 

to Rspo1 upon prolonged exposure, also in the line with the latest results of Pepe-

Mooney et al. (2019), who based on the observation that YAP transcriptional program 

is dynamically activated in BECs both in injury and homeostasis, have proposed a 

Figure 6.25 Model for the response of differentiated Axin2CreERT2 reporter BD organoids 
to Rspo1 exposure. Each red dot represents a cell. The position of the sphere in the Y axis 
indicates the production levels of CreERT2 recombinase (Wnt activation levels) of that 
particular cell. (1) In the absence of Rspo1, Axin2CreERT2 expression levels are below the 
threshold of recombination and therefore none cell results labelled with red fluorescence. 
(2) Upon 24h of Rspo1 exposure “quick” responders respond to the treatment and activate 
Wnt signalling at levels close to the recombination threshold. (3) “Slow” responders also 
have the capacity to respond to Rspo1 treatment although this required a prolonged 
exposure to the ligand. Factors such as state of differentiation, expression of Wnt/Rspo 
receptors, proximity to a high Wnt producing cell or phase of the cell cycle in which a 
particular cell is at a given time might explain differences  between “quick” and “slow” 
responders.
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biliary epithelium regenerative model in which BECs dynamically respond to 

environmental injury cues [22].

6.3.7 Possible molecular mechanisms behind the enhanced organoid forming 
capacity of ‘high Wnt’ (tdTom positive) cells

To prevent telomere shortening and cell cycle arrest upon several cycles of division, 

stem cells are equipped with telomere elongation mechanisms. IPA analysis 

presented in the current chapter revealed that various components of the telomere 

elongation machinery were significantly upregulated in tdTom positive cells. This also 

accords with the results from the functional assays and further supports that exposure 

Figure 6.26 YAP signalling is highly activated in differentiated BD organoids. Thence, 
treatment of differentiated BD organoids with Rspo1 causes the activation of Wnt 
signalling in a “high YAP” cellular context. This scheme represent possible cellular 
responses expected from the co-operation between “high Wnt” and “high YAP” 
signalling in differentiated BD organoids. Figure adapted from Moya et al (2018). 
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to Rspo1 drives the appearance of an tdTom positive population with higher self-

renewal rate and organoid forming capacity than their negative counterparts. 

RNAseq analysis revealed that tdTom positive cells were enriched in cell cycle genes.  

However, Cyclin D1 (Ccnd1), a cell cycle gene that is under the transcriptional control 

of β-catenin and regulates G1-to-S phase transition, was not found differentially 

expressed between tdTom positive and negative cells [206]. Despite the fact that a 

few targets of β-catenin including Cd44 and Lgr5 were found differentially expressed 

between tdTom positive and negative cells, IPA analysis failed to identify Wnt/β-

catenin signalling pathway as one of the pathways enriched in tdTom positive cells. 

Thence, based on the current RNAseq analysis, it remains unclear whether Wnt/β-

catenin or another branch of the Wnt signalling pathway accounts for the Rspo1-driven 

cell cycle signature identified in tdTom positive.  

The most abundant Wnt expressed by differentiated BD organoids was Wnt7b, a 

ligand that has primarily been associated with activation of the Wnt/PCP signalling 

pathway [76,232]. Activation of the Wnt/PCP pathway leads to the phosphorylation 

and activation of c-Jun N-terminal kinases (JNKs), which phosphorylates and activates 

Jun, Fos and Fosb (see Chapter1). Various components of the AP-1 complex (Jun, 

Fos and Fosb) were significantly upregulated in tdTom positive when compared to 

tdTom negative and untreated cells. As specific activation of the Wnt/PCP pathway 

will not be primarily reflected by changes in gene expression, further research 

involving the immunostaining of phosphor c-Jun (c-JUNS73) should be undertaken to 

investigate whether Rspo1 activates the Wnt/PCP/JNK/c-JUN signalling pathway in 

differentiated BD organoids. 

Recent studies from Pepe-Mooney et al. (2019) have highlighted the importance of 

YAP/TAZ signalling in the maintenance of the biliary epithelium homeostasis and 

regeneration [22]. YAP/TAZ are transcriptional co-activators that, in association with 

transcription factors members of the TEAD family (TEAD1-4), control the activation of 

diverse cellular programs including cell migration, EMT, cell cycle entry and cell 

plasticity and/or pluripotency (Figure6.26) [201]. For the regulation of such distinct 

genetic programs, YAP/TAZ/TEAD often rely on the association with other 

transcription factors. In combination with AP-1, YAP/TAZ/TEAD modulate the 
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expression of genes involved in cell migration (RhoA, Cdc42, Rac1 and Cdh2) and 

EMT (Slug, Snail, Zeb1/2 and Vimentin) (Figure6.26) [201]. By contrast, 

YAP/TAZ/TEAD complex in association with Rb/E2F drives the expression of cell 

cycle genes [201].   RNAseq analysis revealed that Rspo1 treatment significantly 

upregulated the expression of various members of the E2F family and that tdTom 

positive cells were enriched for the expression of E2F target genes. Furthermore, 

Rspo1 treatment significantly increased the expression of various members of the AP-

1 complex. Thence, it would be interesting to explore whether activation of Wnt 

signalling in the ‘high-YAP’ context that represent cells of biliary fate is causing the 

activation the aforementioned genetic programs. 

A final consideration should be paid to the fact that Axin2 was not differentially

expressed between tdTom positive and negative cells. This result might be explained 

by the fact that the Axin2CreERT2 reporter is an On-/Off- reporter system together 

with the fact that the levels of Wnt activation at the single-cell level may fluctuate over 

time. To evaluate this hypothesis, further experiments involving labelling of tdTom 

positive cells at different times in combination with detection of Axin2 mRNA transcript 

by RNAscope should be carried out.   

6.3.8 Activation of Wnt signaling in differentiated BD organoids impairs 
hepatocyte and BEC lineage specification

BD organoid differentiation is a dynamic process that lasts 10 to 13 days and requires 

the withdrawal of Rspo1 from the medium composition. Upon differentiation, BD 

organoids decrease the expression levels of HPC related genes (Tert, Cd44, Tacstd2 

and Lgr5) while increasing the expression of BEC (Hnf1b, Krt19 and Krt7) and 

hepatocyte (Cebpa, Hnf4a and Prox1) lineage markers (see Chapter5). Importantly, 

the acquisition of BEC and, especially, hepatocyte lineage markers is more 

pronounced following the addition of dexamethasone to the cultures during the last 

three days of differentiation (see Chapter5).  

Stabilization of a non-degradable form of β-catenin in BD organoids during the last 

three days of differentiation led to an increased expression of various immature HPC 

markers while causing a decrease in the expression levels of BEC (Hnf1b, Krt17 and 

Krt19) and hepatocyte (Hnf4a) lineage markers. Thence, a possible interpretation of 
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these results is that activation Wnt signalling in differentiated BD organoids keeps BD 

organoid cells into an HPC-like state preventing BEC/hepatocyte fate specification. In 

support of this, Touboul et al (2016) showed that, during human ESC differentiation 

into hepatocytes, activation of Wnt/β-catenin signalling is critical for the generation of 

proliferative bipotent hepatoblasts [239].  Conversely, Touboul and colleagues showed 

that treatment of these cells with a Wnt inhibitor (IWR-1) was sufficient to induce the 

expression of BEC (Hnf1b) and hepatocyte (Hnf4a) lineage genes, indicating that 

depletion of Wnt signalling is required for both hepatocyte and BEC fate progression 

[239]. 

 

Organoids cultured in BDorg-DM at day 10 of differentiation express high levels of 

Krt19 and Krt7 and, therefore, they might be closer to the cellular context of precursors 

committed to the BEC lineage or to more differentiated BECs rather than to 

hepatoblasts with fully bipotent properties. Experiments performed by Cordi et al 

(2016) using a Sox9-CreER/β-cateninlox(DEx3) mouse model showed that stabilization 

of β-catenin in BECs precursors during liver development (E14.5 to E18.5) impaired 

BEC maturation, which supports that Wnt/β-catenin pathway also controls the 

differentiation state of biliary precursors after commitment to the BEC lineage [240]. 

Interestingly, Cordi and colleagues observed that stabilization of β-catenin at ~E15.5 

did not only impair BEC maturation but also caused a decrease in the already acquired 

differentiation markers Spp1, Hnf1b and Muc1, indicating that stabilization of β-catenin

pathway at this stage of development did not only block BECs maturation but also 

drove partial de-differentiation of BEC progenitors to a more immature state [240]. 

Such de-differentiation did not cause full escape from biliary fate as cells remained 

negative for Hnf4a expression. Stabilization of β-catenin in differentiated BD organoids 

did not cause either gain in Hnf4a expression. Further studies are therefore required 

to determine whether activation of the Wnt signalling in differentiated BD organoids 

interferes with the maturation state of the BEC 3D cultures, promotes partial escape 

from biliary fate or a combination of both. 

6.3.9 Summary
The current chapter aimed to characterise the response of differentiated BD organoids 

to Wnt pathway activation. 3-day stimulation of Wnt pathway with Rspo1 resulted in 
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increased expression of Axin2 and various HPC (Sox9, Spp1, Cd44, Lgr5 and Cd24) 

and proliferation (CyclinD1 and ki67) markers. Differentiated BD organoids were found 

to express various various Wnt ligands (primarily Wnt4, Wnt7a and Wnt7b) with 

potential canonical and non-canonical activity. Secretion of these ligands was 

necessary for the appearance of the HPC-signature induced upon 3 days Rspo1 

treatment. The gain in HPC markers expression was accompanied by the loss of BEC 

(Hnf1b, Krt17 and Krt19) and hepatocyte (Hnf4a) lineage markers, suggesting that 

activation of the Wnt signalling in differentiated BD organoids interferes with the 

maturation state of the BEC 3D cultures and/or promotes partial escape from biliary 

fate.

Rspo1 (24h exposure) induced the appearance of an tdTom positive population with 

enhanced stem cell features in Axin2CreERT2 differentiated BD organoids. tdTom 

positive cells were enriched for the expression of genes involved in cell cycle 

progression, DNA repair and telomere elongation machinery. IPA RNAseq analysis 

failed to identify activation of canonical Wnt signalling as one of the pathways driving 

the transcriptome landscape differences between tdTom positive and negative cells, 

suggesting that activation of Wnt/β-catenin might not be the primary pathway driving 

the phenotypical differences between tdTom positive and negative populations. By 

contrast, RNAseq analysis revealed that tdTom positive cells were enriched for the 

expression of genes involved in the Wnt/Ca2+ signalling when compared to tdTom 

negative cells. This suggests that, in addition to the canonical signalling cascade, 

Rspo1 treatment activated other branches of the Wnt signalling pathway. 

Differentiated BD organoids expressed Wnt receptors and co-receptors of the non-

canonical branches of the Wnt signalling pathway. Thence, further research should be 

undertaken to evaluate the potential contributions of the different branches of the Wnt 

pathway to the enhanced stem cell features of the tdTom positive population. 

Furthermore, data from the current chapter showed that Wnt signalling modulates the 

expression of signalling molecules involved in ductal scarring remodelling, and as a 

result, treatment of differentiated BD organoid cultures with Rspo1 generated a 

microenvironment potentially pro-fibrotic. Further work is required to establish whether 

Rspo injury cues, by modulating the expression of paracrine signalling molecules in 

BECs, promote a pro-fibrotic microenvironment during liver damage in vivo. 
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Finally, data presented in the current chapter showed that activation of the Wnt 

signalling in differentiated BD organoids interferes with the maturation state of the BEC 

3D cultures, suggesting that depletion of Wnt signalling in cells with HPC features is 

required for both hepatocyte and BEC fate progression.

Altogether, results of the current chapter using differentiated BD organoids as an in 

vitro platform suggest a potential role for Wnt signalling in BEC proliferation and/or 

cellular plasticity. The potential role of Wnt signalling in BEC-driven regeneration will 

be further evaluated in an in vivo setting in Chapter7. The possible caveats of using 

differentiated BD organoids as in vitro model to study BEC behaviour will be also 

further discussed in Chapter7. 
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Chapter 7. STUDY OF WNT PATHWAY 
DYNAMICS IN VIVO DURING BEC-DRIVEN 

REGENERATION 
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In Chapter 6 it was described that activation of the Wnt signalling in differentiated BD 

organoids interferes with the maturation state of the BEC 3D cultures, induces cell 

proliferation and increases the ability of these structures to forming secondary BD 

organoids, suggesting a role for the Wnt/β-catenin signalling pathway in biliary 

epithelium regeneration and/or in BEC cell plasticity. These results prompted me to 

contact Dr Stuart Forbes, whose laboratory has developed a series of mouse models 

in which BEC-to-hepatocyte transdifferentation takes place. The current chapter will 

further evaluate whether activation of Wnt signalling modulates BEC plasticity using 

diverse mouse models from the Forbes’ laboratory.  

Dr Alex Raven, a former PhD student at Forbes’ research group, carried out the DDC 

b1-integrin KO liver injury animal work. Niya Aleksieva, also a former PhD student at 

Forbes’ laboratory, performed the MCD p21 liver injury mouse model animal work, 

sample preparation, BEC flow-cytometry isolations and gene expression RT-qPCR 

analysis. Niya Aleksieva additionally performed the IF stainings of the samples 

presented here. Imaging of all samples, quantification and interpretation of the results 

were performed by myself at Cardiff University. 

7.1 Introduction
Exposure of differentiated BD organoids to Rspo1 drives an HPC/cell proliferation 

transcriptional program (see Chapter 6, section 6.2.1). Recent studies from Planas-

Paz et al. (2019) have, however, concluded that Rspo injury signals do not modulate 

the regenerative program of BECs following injury as loss of the Rspo receptors Lgr4 

and Lgr5 from the biliary epithelium using an Lgr4fl/fl / Lgr5fl/fl Alb Cre mouse model did 

not decrease the number of proliferative BECs positive for ki67 expression nor affected 

the total number of BECs upon DDC administration, an injury regime that triggers BEC 

proliferation[93]. 

Differentiated BD organoids highly expressed BECs markers (Krt7, Krt19 and Hnf1b) 

and, at a lower level, markers of the hepatocyte lineage (Cebpa, Hnf4a and Prox1) 

(see Chapter 5). This provides ground for the hypothesis that differentiated BD 

organoids might resemble adult BECs that are undergoing BEC-to-hepatocyte 

transdifferentation (see Chapter 5, section 5.3.2). Several studies have shown that the 
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injury regime employed in Planas-Paz et al. (2019) studies drives BEC hyper-

proliferation but not BEC-to-hepatocyte transdifferentation [16,17,23]. Hence, 

discrepancies between Planas-Paz et al. (2019) and the data from the differentiated 

BD organoid in vitro platform might be attributed to differences in the cellular context 

in which the Rspo stimulus is applied.

To date, there are three liver injury regimes in which BEC-to-hepatocyte 

transdifferentation takes place: (1) administration of DDC diet for over 24 weeks, (2) 

depletion of b1-Integrin in the hepatocellular compartment in combination with 7 days 

of a DDC diet and (3) overexpression of p21 in the hepatocytes in combination with 2 

weeks of an MCD diet [17,23].

The relative contribution of the Wnt/β-catenin pathway in BEC-to-hepatocyte 

transdifferentation remains largely unexplored. Hence, the current chapter will explore 

the role of the Wnt signalling pathway in BEC cellular plasticity and proliferation using 

mouse models 2 and 3 above; the DDC/b1-Integrin KO and the MCD/p21 liver injury 

mouse models. First, the Wnt pathway activation dynamics during BEC-driven 

hepatocellular regeneration will be assessed in the MCD/p21 model. Second, the 

effects of pharmacological inhibition of Wnt ligand secretion for both BEC proliferation 

and BEC-to-hepatocyte specification will be evaluated using the DDC/b1-Integrin KO 

injury mouse model.

7.2 Results
7.2.1 Axin2, Lrp6 and Lgr5 are dynamically expressed during BEC-to-

hepatocyte transdifferentation in the MCD p21 mouse model
To investigate whether the Wnt/b-catenin signalling pathway was activated during 

BEC reprogramming, the transcript levels of Axin2 and two upstream components of 

the Wnt signalling cascade (Lrp6 and Lgr5) were analysed in the biliary compartment 

during BEC-to-hepatocyte transdifferentation. Amongst the current liver injury 

strategies to study BEC-to-hepatocyte lineage specification, the MCD/p21 

overexpression injury mouse model was chosen simply because at the time of 

completion of this thesis, Niya Aleksieva of the Forbes laboratory was performing flow 
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cytometry isolations of BECs isolated from this mouse model at different recovery 
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times and, therefore, biological material was available.

The MCD/p21 liver injury strategy was first described by Raven et al. (2017) (see 

Chapter 1) [17]. This liver injury strategy consists in the overexpression of p21 in the 

hepatocytes by the delivery of AAV8 viral particles containing a p21 coding vector 

(AAV8.p21) via tail injection, followed by 10 days of MCD injury regime, which 

stimulate BEC-driven regeneration (Figure7.1) (see Chapter 1). Distinction between 

pre-injury and BEC-derived hepatocytes can be additionally achieved by carrying out 

this injury strategy in animals with a Krt19-CreERT2 R26-LDL-tdTom genetic 

background, which allows the labelling and lineage tracing of BECs with tdTom prior 

to injury by administrating tamoxifen intraperitoneally 2-weeks before delivering the 

AVV8.p21 particles (Figure7.1). In the MCD/p21 liver injury mouse model, BEC-

derived hepatocytes are virtually absent during peak injury and only detectable from 

3-day post MCD diet withdrawal onwards (Figure7.1). Importantly, in the absence of 

p21 hepatocellular expression, the biliary epithelium does not contribute to hepatocyte 

regeneration.

To assess the activation dynamics of Wnt/b-catenin signalling during BEC

reprogramming, the transcript levels of the b-catenin target gene Axin2 as well as the 

Wnt pathway receptors Lrp6 and Lgr5 were analysed by RT-qPCR in BEC-derived 

cells labelled as tdTom(+) and Epcam(+) were collected from MCD/p21 injured livers 

at day 3, 6 and 9 of the recovery period (Figure7.1). The gene expression of these 

cells was compared to tdTom(+) and Epcam(+) cells isolated from MCD-injured 

animals administrated with a control vector (AAV8.null) (non-transdifferentation MCD 

injury regime). MCD injury regimes were additionally compared to tdTom(+) Epcam(+) 

BECs isolated from healthy animal controls that had been injected with tamoxifen to 

Figure7.1 Schematic representation of p21 MCD mouse model. Tamoxifen 
administration causes the labelling of the biliary epithelium of transgenic mice 
harbouring the Krt19-CreERT2 R26-LSL-tdTom is labelled with tdTom. Hepatocyte cell 
cycle arrest is then induced by the intravenous tail delivery of AAV8 viral particles 
containing p21 coding sequences. AAV8.p21 was administrated twice weekly after the 
first injection during the whole length of treatment. MCD injury regime induces BEC 
proliferation and hepatocyte damage. Following removal of the MCD injury regime, 
hyper-proliferative BECs with bi-potent properties give rise to both BEC and 
hepatocytes. Pre-injury hepatocytes (tdTom negative), BEC-derived hepatocytes 
(tdTom positive, Epcam negative) and BECs (tdTom positive, Epcam negative) can be 
distinguished and isolated by flow cytometry for downstream proposes. 
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label the BECs, but that had not been exposed to the MCD diet or the AAV8 viral 

Figure7.2 (A) Top panel represents treatment time for the isolation of BECs (tdTom 
positive, Epcam positive cells) from the p21 MCD mouse model by flow cytometry. (B-G) 
RT-qPCR gene expression analysis for BEC transdifferentation (AAV8.p21, panels B to D) 
and non-transdifferentation (AAV8.null, panels E to G) MCD liver injury strategies for Axin2, 
Lrp6, and Lgr5. Gene expression was normalized over GAPDH and compared to BECs 
(tdTom positive, Epcam positive cells) isolated from uninjured animals (healthy controls).
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particles.

RT-qPCR analysis revealed that Axin2, Lrp6 and Lgr5 in both BEC transdifferentation 

(AAV8.p21) (Figure7.2, B to D) and non-transdifferentation (AAV8.null) (Figure7.2, E 

to G) MCD liver injury animals followed strikingly similar expression patterns although 

the fold change of induction in both injury regimes differed. In the AAV8.p21 MCD liver 

injury regime, Axin2 expression was significantly increased by day 6 of recovery when 

compared to the healthy controls, suggesting that canonical Wnt signalling is only 

activated in the biliary epithelium in the context of BEC-to-hepatocyte 

transdifferentation (Figure7.2, B). In the AAV8.p21 MCD damaged livers, the 

expression of Lrp6 in the biliary compartment gradually decreased upon recovery 

(Figure7.2, C, p-value comparing ‘healthy’ with ‘day 6’ and ‘day 9’ =0.0571). By 

contrast, Lgr5 expression significantly declined on day 3 of recovery when compared 

to the healthy controls and recovered to homeostatic levels by day 9 of recovery 

(Figure7.2, D). Despite the similarity on the gene expression patterns from BECs 

isolated from AVV8.p21 and AVV8.null MCD injured livers, non-significant differences 

in the level of expression of Axin2, Lrp6 or Lgr5 were found at any of the recovery time 

points assessed in the AVV8.null MCD liver injury regime (Figure7.2, E to G).

Altogether, data from this set of experiments suggest that (1) licensing of the biliary 

epithelium to respond to Wnt and Rspo injury cues fluctuates during BEC 

reprograming and (2) the canonical Wnt pathway is dynamically activated during BEC-

to-hepatocyte transdifferentation in the MCD injury regime. Furthermore, these data 

suggest that the expression of upstream compartments of the canonical Wnt signalling 

pathway as well as the activation levels of the Wnt/b-catenin cascade levels remain 

largely in the biliary epithelium when the regeneration of the hepatocellular 

compartment is fuelled by the hepatocytes. 

7.2.2 Pharmacological inhibition of Wnt secretion in the b1-integrin DDC injury 
mouse model

Data from section 7.2.1 suggest that the Wnt/b-catenin cascade is dynamically 

activated in the biliary epithelium when the regeneration of the hepatocellular 

compartment is fuelled by BECs. This raised the question whether activation of the 
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canonical Wnt signalling is having a functional role during BEC reprograming. 

Fortunately, Alex Raven carried out a series of experiments during his PhD that 

Figure7.3 b1 integrin KO DDC liver 
injury mouse model. Itgb1fl/fl animals 
possess loxP sites flanking exon 3 
of the Itgb1 gene coding for b1 
integrin. R26-LSL-tdTom mice 
contain have knocked-in in the 
Rosa26 locus the R26-LSL-tdTom 
transgene in which the constitutive 
expression of the tdTom 
fluorescence protein is prevented by 
a stop cassette flanked by two LoxP 
sites. Viral particles containing 
AAV8.TBG.Cre delivered by tail 
injection target the hepatocytes and 
cause both the loss of b1 integrin 
and the recombination and 
activation of the R26-LSL-tdTom 
reporter in the hepatocellular 
compartment. Exposure to DDC 
triggers the proliferation of BECs 
and formation of histologically 
defined DR. Upon withdrawal of 
DDC, hyperproliferative BECs, 
which have acquired features of bi-
potent transient amplifying HPSC, 
give rise to both hepatocytes and 
homeostatic BECs. BEC-derived 
hepatocytes become apparent from 
day 3 DDC withdrawal onwards.
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involved the administration of LGK974, a compound that abrogates Wnt secretion, in 

the DDC/b1-Integrin KO model during BEC-to-hepatocyte transdifferentation. 

Samples from Raven’s studies stored since his graduation were specifically analysed 

for the propose of this study.

The DDC/b1-Integrin KO injury strategy was also first described by Raven et al. (2017)

[17]. In this model, BEC-driven regeneration is induced by a 7 days DDC treatment 

regime in a context where hepatocellular regeneration is impaired by conditional 

deletion of b1-integrin (Igtb) (see Chapter 1) (Figure7.3). Loss of b1-Integrin prior to 

DDC exposure is achieved by the delivery of AAV8.TBG.Cre viral particles by tail 

injection which leads to the selective deletion of target genes in 99.5% of hepatocytes 

but not of BECs (see Chapter 1) (Figure7.3) [17].

Raven’s LGK974 treatment time line in DDC/b1-Integrin KO injured lives consisted on 

the administration of LGK974 by oral gavage, twice per day, during the 10 day 

‘recovery period’ following DDC diet treatment. Similarly to the MCD/p21 liver injury 

strategy, in this liver injury strategy BEC-derived hepatocytes are virtually absent 

during peak injury and only detectable from 3-day post MCD diet withdrawal onwards 

(Figure7.3). As a control, animals were injected with an equivalent volume of DMSO

(vehicle). A total of three vehicle animals (specimens 62-64) and four LGK974 animals 

(specimens 65-68) were analysed. The sex of the animas of each experimental cohort 

can be found in Table 7.1. 

Animal ID Cohort treatment Sex

62 Vehicle M

63 Vehicle M

64 Vehicle F

65 LGK974 M

66 LGK974 M

67 LGK974 F

68 LGK974 F

Table7.1 Table indicating the sex of the animals of each cohort. 
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To assess whether inhibition of Wnt pathway impaired BEC proliferation during BEC-

driven liver regeneration, LGK974 treated DDC b1-Integrin KO model livers were 

Figure7.4 (A) Scheme representing treatment time line for β1-integrin KO animals injured 
with DDC and recovered in the presence or absence of LGK974. (B) Immunostaining of 
ki67 (red) and CK19 (cyan) on β1-integrin KO animals subjected to DDC injury. 
Administration of LGK974 during the recovery period causes a dramatic decline in the 
number of periportal ki67pos hepatocytes (1). LGK974 also caused a reduction in the 
number of ki67pos cells BECs (2) although this occurred in a less pronounced manner. (C) 
ki67 IF quantifications show that the number of ki67 positive periportal hepatocytes is highly 
declined in all the animals subjected to LGK974 treatment. Blue dash line highlights the 
average of the four vehicle animals. (n=20 to 45 20x view fields per animal) (D) Bar graph 
shows significant decline of ki67 positive hepatocytes upon LGK974 treatment when 
vehicle and LGK974 animals are combined. (n=4). (E) Graph shows high variability in the 
number of ki67 positive BECs in vehicle and LGK974 treated animals. Blue dash line 
highlights the average of the four vehicle animals. (n=20 to 45 20x view fields per animal). 
(F) Bar graph shows quantifications of vehicle and LGK974 animals combined. (n=4). 
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stained for CK19 and ki67. The four animals exposed to LGK974 showed a significant 

decline in the numbers of proliferative hepatocytes (Figure7.4, C and D). Significant 

differences between LGK974 and control treatments in the number of proliferative 

BECs stained as CK19(+) ki67(+) cells were not detected, although a lower trend was 

Figure7.5 (A) Manual quantifications of the number of total of BECs (CK19 positive cells) 
per view field show large variability in the absolute number of BECs per view field. Images 
were acquired in a Zeiss 710 instrument. (n=10) (B) Bar graph shows no differences in the 
absolute number of BECs (CK19 positive cells) between vehicle (n=3) and LGK974 (n=4) 
treated animals. Images were acquired in a Zeiss 710 instrument. (C) Semi-automatic 
quantification using Harmony software of CK19 surface area per view field. (n=20 view 
fields per animal). Images were acquired using an Opera Phenix instrument. Blue dash line 
highlights the average of the three vehicle animals. (D) Non-significant differences were 
found between the area covered by CK19 positive cells per 20x view field between vehicle 
(n=3) and LGK974 (n=4) treated animals. Images acquired in an Opera Phenix system 
were quantified in a semi-automatic manner using the Harmony software.
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apparent in the LGK974 treated animals (Figure7.4, E and F).  In these analyses, the 

total numbers of CK19(+) BECs and the total surface area of CK19(+) positive per field 

of view was similar between LGK974 and vehicle animals (Figure7.5). 

To assess whether LGK974 treatment affected the rate of BEC-to-hepatocyte 

transdifferentation, LGK974 and vehicle-treated DDC b1-Integrin KO injured livers 

were co-stained for tdTom (pre-injury hepatocytes) and HNF4a (all hepatocytes) and

pre-injury hepatocytes and hepatocytes derived from a non-hepatocellular source 

were quantified. In the vehicle animals, ~5% of the hepatocytes were derived from 

non-hepatocyte origin (HNF4a(+), tdTom(-)) (Figure7.6). Animal 65 from the LGK974 

treatment cohort showed a comparable BEC-to-hepatocyte transdifferentation rate to 

vehicle animals (~3.5%) (Figure7.6). By contrast, the LGK974 treated animals 67 and 

68 showed an unusually high proportion of hepatocytes derived from non-

parenchymal rate (~29% and 19%, respectively) (Figure7.6). Unfortunately, due to 

deficient or incomplete liver perfusion and/or problems during sample fixation, animal 

66 showed high levels of auto-fluorescence, which made not possible to distinguish 

between tdTom positive and negative cells and therefore the number of pre-injury and 

newly formed hepatocytes of this animal could not be quantified. As two out of the 

three animals treated with LGK974 show a notoriously high proportion of BEC-derived 

hepatocytes, from this set of results may be concluded that inhibition of Wnt signalling 

during the recovery period promotes BEC-to-hepatocyte transdifferentation.

Figure7.6 (A) Scheme representing treatment time line for β1-integrin KO animals injured 
with DDC and recovered in the presence or absence of LGK974. (B) Images for HNF4a 
(magenta) and tdTom (cyan) immunostaining in β1-integrin KO DDC injured livers 
recovered. Hepatocytes are labelled as HNF4a positive. tdTom labels pre-injury 
hepatocytes whereas BEC-derived hepatocytes appear as tdTom negative.  Exposure to 
LGK974 during the recovering period increases the proportion of BEC-derived 
hepatocytes/total hepatocytes in animals 67 and 68. The absolute number of hepatocytes 
remained largely unaffected. Images were acquired using an Opera Phenix instrument. 
(C) HNF4a staining quantifications show an increase in the proportion of BEC-derived 
hepatocytes (HNF4a positive, tdTom negative) over the total number of hepatocytes in 
animals 67 and 68.  Blue dash line indicates the average of the 3 vehicle animals. Semi-
automatic quantifications were performed using Harmony software. Animal 66 was not 
quantified due to the impossibility to distinguish between tdTom negative and tdTom 
positive cells. (n=20 view fields per animal). (D) Bar graph shows BEC-derived 
hepatocyte/total hepatocytes proportion quantifications of vehicle (n=3) and LGK974 
(n=3) animals combined. Semi-automatic quantifications were performed using Harmony 
software.
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Data from HNF4a tdTom co-staining showed that the rate of BEC-to-hepatocyte 

transdifferentation was quite variable among animals of the LGK974 treatment cohort. 

To assess whether the variation in response between LGK974 treated animals was 

associated with differences in the level inhibition of the Wnt signalling pathway, 

samples were stained for the pericentral b-target gene GS. Out of the four LGK974 

treated animals only animals number 66 and 67 showed significantly lower surface 

area per view field covered by GS positive hepatocytes as well as a decreased number 
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of the hepatocytes stained as positive for GS expression at the time of sample 

Figure7.7 (A) Schematic representation of the β1 integrin KO, DDC injury and 
LGK974 treatment recovery regime. (B) Representative Zeiss 710 confocal IF images 
showing the loss of GS positive cells (red) in the LGK974 treated animals 66 and 67.  
Cell nuclei has been counterstained with DAPI (blue). (C) GS surface area staining 
semi-automatic quantifications performed with the Harmony software shows a 
decline GS surface area in the LGK974 treated animals 66 and 67. Blue dash line 
highlights the average of the three vehicle animals (n=10 view fields per animal). (D) 
Bar graph shows GS staining surface area Harmony semi-automatic quantifications 
of Vehicle (n=3) and LGK974 animals combined (n=4).
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collection (day 10) (Figure7.7 and Appendix E, Figure1). This result contrast with the 

proliferation data presented in Figure7.4, B in which all the LGK974-treated animals 

appeared to show a decline in ki67 staining. The relevance of GS staining as a readout 

for Wnt signalling inhibition under these conditions will be discussed later in this 

chapter.

Taken together, data from this set of experiments indicate that (1) hepatocyte 

proliferation is modulated by Wnt signalling and (2) inhibition of Wnt pathway may 

enhance BEC-to-hepatocyte transdifferentation. However, the variability between 

animals, suggests that further analyses, such as time courses involving greater animal 

cohort sizes, would be required to allow clear conclusions to be drawn regarding the 

role of Wnt signalling in BEC proliferation and transdifferentation.

7.3 Discussion
7.3.1 Blockage of Wnt secretion affects hepatocyte proliferation during DDC 

injury recovery in bb1-integrin deficient mice

All animals exposed to LGK974 during DDC injury recovery in bb1-Integrin deficient 

mice showed a marked decrease in the number of hepatocytes labelled as ki67 

positive, implying that hepatocyte proliferation in these injury settings was dependent 

on Wnt ligands present in the microenvironment. In vivo studies have shown that loss 

of Wls during hepatocyte, cholangiocyte (Alb-Cre; Wlsfl/fl) or Kupffer cell development 

(Lyz2-Cre; Wlsfl/fl) delayed hepatocyte proliferation after partial hepatectomy [90,102].

Experiments performed by Planas-Paz et al. (2019) have additionally shown that 

hepatocyte proliferation during recovery from DDC injury regime is dependent of Wnt 

signalling as concomitant loss of Lgr4/5 (Lgr4fl/fl Lgr5fl/fl Alb-Cre) resulted in a 

decreasing number of proliferative hepatocytes at DDC-injury day recovery 2 [93]. 

Therefore, the results presented in the current chapter are consistent with the literature 

and further support the hypothesis that hepatocyte proliferation during liver 

regeneration is highly dependent on Wnt injury cues.

7.3.2 Discrepancies between proliferation phenotypes driven by Wnt in BECs 
in vivo and in vitro
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Exposure of differentiated BD organoids to Rspo1 caused an increase in the 

expression of genes involved in cell cycle progression (see Chapter 6). This 

observation supported the hypothesis that activation of the Wnt signalling pathway 

might drive BEC proliferation during liver regeneration. However, and although a lower 

trend was apparent in the LGK974 treated animals, significant differences between 

LGK974 and control treatments in the number of proliferative BECs were not detected 

in vivo. There at least four possible explanations to explain these apparent 

discrepancies between the in vivo and in vitro data.

First, Wnt secretion might not have been absolutely abolished during the experiment. 

In support of this, GS staining was not completely lost in all LKG974-treated animals, 

which implicates that abrogation of Wnt secretion was incomplete at least in the 

endothelial compartment of the liver in these animals. BECs have been additionally 

shown to express different members of the multidrug resistance-(MRP) associated 

protein family and the expression of the members MRD1, MRP1 and MRP3 have been 

described to be particularly high in regenerative ducts [241]. This is of special interest 

since the LGK974 drug disposition in the biliary epithelium could dynamically change 

during the experiment timeline. Incomplete inhibition of Wnt secretion could also 

potentially explain why a lower trend was apparent in the number of proliferative BECs 

was apparent in the LGK974 treated animals although this was not significant. Further 

experiments are required to validate that Wnt secretion was effectively abolished in 

the biliary epithelium during the whole length of the treatment.

Second, loss of b-catenin (b-cateninfl/fl Alb-Cre) or Lrp5/6 receptors (Lrp5fl/fl Lrp6fl/fl Alb-

Cre) during partial hepatectomy delays but does not block hepatocyte proliferation, 

suggesting that the hepatocytes bypass the requirement of Wnt pathway activation 

during regeneration [15,90]. In the experiments presented in the current chapter, 

LGK974 was administrated for a total of 10 days. It is, therefore, possible that BECs 

also bypass the need for mitogenic Wnt cues during such length of treatment. To 

assess whether this is the case, future experiments involving the quantification of 

proliferative BECs at shorter time points of the LGK974 treatment will be required. 
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Third, the panel of Wnt ligands expressed are slightly different between BD organoids 

and injured BECs. Wnt ligands expressed by differentiated BD organoids include 

Wnt4, Wnt7a, Wnt7b and to a lesser degree Wnt5b and Wnt10a (see Chapter 6). 

However, RT-qPCR and single-cell RNAseq experiments carried out by independent 

research groups have only shown expression of Wnt2 in the homeostatic epithelium 

and Wnt7a, Wnt7b and Wnt10a in both homeostatic and DDC-injured BECs 

[22,93,98]. The identity of the Wnt proteins is thought to determine which branch of 

the Wnt signalling pathway and the cellular program that is subsequently activated. As 

the panel of Wnt ligands expressed between differentiated BD organoids and BECs 

do not fully overlap, possible discrepancies between in vivo and in vitro data could be 

attributed to differences in the panel of Wnt ligands expressed/available.

Fourth, Rspo1-driven proliferation signature might be an in vitro artefact. The 

RNAscope experiments of Planas-Paz et al. (2019) showed the presence of Rspo3 

mRNA transcripts in sinusoidal endothelial cells adjacent to CK19 expressing BECs 

in DDC-injured livers [93]. However, there is no evidence that BECs enter in contact 

or respond to Rspo3 from this source during liver regeneration. Furthermore, it is 

possible that the Rspo1 concentration used in vitro is not physiologically relevant. 

7.3.3 The canonical Wnt pathway is activated in the biliary epithelium during 
BEC reprograming

The expression of Axin2 in the biliary epithelium remained largely constant when 

regeneration was fuelled by the hepatocytes (AAV8.null MCD-injured livers). These 

results are therefore consistent with the recent observations of Wilson et al (2020), 

who recently reported that that the transcript levels of Axin2 in BECs as assessed by 

RNAscope were not increased following a liver injury strategy (based on DDC or TAA 

administration) where BEC-to-hepatocyte transdifferentation does not take place [94]. 
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By contrast, the Wnt/b-catenin pathway was dynamically activated in BECs isolated 

from AAV8.p21 MCD injured livers, suggesting that activation of canonical Wnt 

signalling is an event associated with BEC reprogramming. 

Out of the three recovery time points analysed in AAV8.p21 MCD injured livers, Axin2 

expression was only significantly upregulated in the biliary epithelium at day recovery 

6 (Figure7.8). Interestingly, experiments performed by Russell et al. (2019) have 

Figure7.8 Scheme integrating the dynamics of BEC-to-hepatocyte transdifferentation 
and the expression patterns of Axin2, Lrp6 and Lgr5 obtained by RT-qPCR analysis of 
BECs (tdTom positive, Epcam positive) isolated at different time points during the 
recovery period of the p21 MCD mouse model. In the p21 MCD injury regime, BEC-to-
hepatocyte transdifferentation occurs predominantly between day 3 and day 7 of the 
recovery period. Lrp6 gene expression (blue line) gradually declines between day 3 
and day 9. By contrast, Lgr5 gene expression (green line) gradually increases between 
day 3 and day 9 of the recovery period. Expression of the Wnt/b-catenin target gene 
Axin2 (magenta line) is significantly increased at day 6 of recovery. Sections 
represented with dash lines represent predicted gene expression levels. 
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shown that BEC-to-hepatocyte transdifferentation in β-catenin KO MCD-injured livers 

primarily occurs between day 3 and day 7 recovery, which implies that activation of 

the Wnt/b-catenin in the biliary epithelium lied within the time window where the 

number of transitioning cells towards hepatocyte fate is expected to be maximal 

(Figure7.8) [24]. This observation may, therefore, support the hypothesis that 

activation of the Wnt signalling pathway in BECs promotes escape from their ductal-

committed state and acquisition of HPC bi-potent cells features. Such hypothesis also 

accords with the results presented in Chapter 6, section 6.2.6.5, which showed that 

activation of the canonical Wnt pathway in differentiated BD organoids by exposure to 

Rspo1 or stabilization of a non-degradable form of β-catenin caused a significant 

decrease in the level of expression of BEC lineage markers while leading to an 

enhanced expression of various immature HPC-related genes (see discussion section 

6.3.8). 

Another interesting observation from data presented in the current chapter was that 

the reduction in the expression of the Wnt and Rspo receptors Lrp6 and Lgr5 was 

more pronounced in AAV8.p21 than in AAV8.null MCD-injured livers, suggesting that 

de-sensitization to microenvironmental Wnt/Rspo signals and/or inhibition of the 

canonical branch of the Wnt signalling cascade might be required for the progress of

cells in an HPC-like ‘bi-potent’ state toward hepatocyte fate (Figure7.8). In support of 

this, the withdrawal of Rspo1 ligand from the BD organoid medium composition was 

necessary for the organoids to gain expression of Hnf4a (see Chapter 5). Similarly, 

studies conducted by Touboul and colleagues showed that treatment of hESC-derived 

‘definitive endoderm’ cells with a Wnt inhibitor (IWR-1) was sufficient to induce the 

expression of BEC (Hnf1b) and hepatocyte (Hnf4a) lineage genes, indicating that 

depletion of Wnt signalling is required for both hepatocyte and BEC fate progression

[239]. Finally, results from the β1-integrin KO DDC injury mouse model showed that 

in two out of the three LGK974-treated animals, the proportion of BEC-derived 

hepatocytes was dramatically increased upon pharmacological inhibition of Wnt 

secretion suggesting that global inhibition of Wnt secretion might promote progression 

from a HPC-like state towards hepatocyte fate.
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The fact that pharmacological inhibition of Wnt secretion promoted BEC-to-hepatocyte 

transdifferentation, however, implies that depletion of environmental Wnt did not block 

exit from biliary fate and, therefore, questions the relative contribution of the Wnt/β-

catenin pathway in the acquisition of a transient bi-potent HPC-like state. As discussed 

earlier (see section 7.3.2), it is possible that the abolition of Wnt secretion upon 

LGK974 treatment was not complete by the time in which biliary epithelium-derived 

cells acquired bi-potent cell properties and/or that BECs bypass the requirement of 

Wnt signals to acquire under the LGK974 β1-integrin KO DDC injury settings. 

Alternatively, it’s possible that the canonical Wnt signalling pathway is not the primary 

driver of the escape of biliary fate and or the acquisition of the bi-potent state during 

BEC-driven regeneration. To determine whether the acquisition of an HPC-like bi-

potent state is dependent on canonical Wnt signalling, further work involving the 

specific deletion of β-catenin in the biliary epithelium (β-cateninfl/fl R26-LSL-tdTom 

Krt19-CreERT2) in p21 MCD-injured livers would be required. Alternatively, 

experiments involving the temporal activation of Wnt/b-catenin pathway in the biliary 

epithelium at different stages of the recovery period using a Krt19-Cre LSL-Tet-O-

ΔN89β-catenin transgenic mouse are recommended.  Furthermore, as histological 

analysis of previous studies has shown that the injury microenvironment of DDC and 

MCD injury regimes is markedly different, further experiments are required in the β1-

integrin KO DDC mouse model are required to confirm that the decrease in Lgr5 and 

Lrp6 expression is linked to the process of BEC-to-hepatocyte transdifferentation and 

not a peculiarity of the p21 MCD injury regime.

Finally, a note of caution is, however, due in the interpretations of these correlational 

observations as an increase in Axin2 expression could alternatively be related with the 

presence of cells that have acquired hepatocyte identity but retain expression of the 

surface biliary marker (Epcam). It has been previously discussed that hepatocytes are 

responsive to Wnt activating injury cues. It is, therefore, possible that upon acquisition 

of hepatocyte fate, cells become more responsive to environmental canonical Wnt 

activating cues. To evaluate whether expression of Axin2 correlates with the stage of 

hepatocellular differentiation of the cells, single-cell RNAseq transcriptome analysis of 

Epcam positive cells would be required.
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7.3.4 Pharmacological inhibition of the Wnt signalling pathway enhances BEC-
to-hepatocyte transdifferentation

Two out of the three LGK974-treated animals that were quantified showed a 

significantly higher proportion of BEC-derived hepatocytes when compared to animals 

from the vehicle cohort, which I have interpreted as if the levels of BEC-to-

transdifferentation in LGK974-treated animals are lower than in vehicle animals. 

Based on this interpretation, these results suggest that global inhibition of Wnt 

secretion promotes BEC-to-hepatocyte transdifferentation. 

The preceding discussion has coined the hypothesis that inhibition of the Wnt/β-

catenin pathway in transient bi-potent cells promotes progression towards hepatocyte 

fate and therefore, provides an explanation for these results based on the direct effects 

of LGK974 on the biliary epithelium-derived cells. However, LGK974 is a compound 

whose inhibitory effects are not restricted to the biliary epithelium and, therefore, 

additional hypothesis considering the effects of depleting Wnt secretion globally in the 

liver need to be considered. 

Studies conducted by Russel et al. (2019) reported that depletion of β-catenin in the 

hepatocellular compartment (β-cateninfl/fl, tail injection of AAV8-Cre) severely impaired

the regenerative capacity of the hepatocytes in response to CDE injury regime as 

shown by the drastic reduction of proliferative hepatocytes, enhanced steatohepatitis

and elevated systemic levels of the liver injury markers ALT and AST when compared 

to CDE-injured WT livers [24]. Most importantly, by labelling the hepatocytes prior to 

injury using animals with a LSL-R26-tdTom genetic background, Russel and 

colleagues showed that exposure to β-catenin deficient livers showed prominent

repopulation of the liver parenchyma in response to CDE diet, implying that abolition 

of Wnt/β-catenin signalling in the hepatocytes in combination with a liver injury agent 

is sufficient to drive BEC-to-hepatocyte transdifferentation [24]. 

In the β1-integrin KO DDC mouse model, hepatocellular proliferation was

compromised by the loss of β1-integrin. The number of proliferative hepatocytes in β1-

integrin KO DDC-injured livers was, however, significantly reduced in LGK974 treated 

animals when compared to vehicle animals, suggesting that hepatocellular 

regeneration in this mouse model was further impaired by the global inhibition of Wnt 



241

secretion. Thus, it is possible to hypothesise that the increased proportion of BEC-

derived hepatocytes in LGK974-treated livers in the β1-integrin KO DDC mouse model 

may be a consequence of the detrimental effects that the LGK974 treatment has in 

the hepatocytes rather than a direct effect in the biliary epithelium. Thence, further 

work is required to establish whether inhibition of Wnt signalling in BEC-derived HPC 

promotes BEC-to-hepatocyte specification. Experiments involving the evaluation of 

BEC-to-hepatocyte transdifferentation rate in p21 MCD injured livers upon loss of 

Lrp5/6 (Lrp5fl/fl Lrp6fl/fl R26-LSL-tdTom Krt19-CreERT2) or Lgr4/5 (Lgr4fl/fl Lgr5fl/fl R26-

LSL-tdTom Krt19-CreERT2) receptors in the biliary compartment are recommended.

An important final note of caution is due in the enhanced BEC-to-hepatocyte 

transdifferentation phenotype due to the small sample size of the LGK974 cohort (3 

animals). Further studies, with increased sample size and time points, would need to 

be undertaken to further validate these results.

7.3.5 Discrepancies between ki67, GS and BEC-to-hepatocyte 
transdifferentation readouts

Animal 65 showed a significantly lower number of proliferative hepatocytes than the 

vehicle animals, suggesting that the LGK974 treatment was effective. However, 

animal 65 showed a comparable BEC-to-hepatocyte transdifferentation rate to vehicle 

animals (~3%). BEC-to-hepatocyte transdifferentation predominantly occurs between 

day 3 and day 7. Thence, it is possible that if LGK974 is not properly administrated 

during the first 7 days of recovery drug disposition in the biliary epithelium is low during 

that time frame, it might no longer cause an effect in the BEC-to-hepatocyte 

transdifferentation rate. The lack of BEC-to-hepatocyte transdifferentation phenotype 

but successful inhibition of hepatocyte proliferation in animal 65 might, therefore, be 

explained by the inefficacy of the treatment during the first days of recovery followed 

by a successful inhibition of Wnt secretion. 

In the hepatocytes, GS is a direct target of β-catenin and blockage of Wnt secretion 

with LGK974 in mice undergoing DDC injury regime has been shown to abolish GS 

expression in pericentral hepatocytes [94]. However, only two animals (animal 66 and 

67) out of the four animals exposed to LGK974 treatment, showed a significant decline 
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in GS expression levels. By contrast, all LGK974-treated animals showed a significant 

decrease in the number of proliferative hepatocytes. Hepatocyte proliferation is highly 

sensitive to abolition of canonical Wnt signalling. It is possible therefore that the 

administrated dose of LGK974 was sufficient to inhibit hepatocyte proliferation but not 

GS expression in this injury context. The fact that GS expression was not completely 

abolished in all animals also opens the possibility that inhibition of Wnt secretion in the 

experiments presented in this thesis was incomplete. In future studies, it might be 

recommendable to increase the dose or change the administration route of LGK974.

7.3.6 Summary
The current chapter aimed to determine whether the Wnt signalling pathway 

orchestrated BEC-driven liver regeneration when hepatocyte proliferation was

compromised. Abrogation of Wnt ligand secretion in the DDC b1-Integrin KO injured 

livers had minor effects the proliferation of the biliary compartment during BEC-to-

hepatocyte transdifferentation. By contrast, the proliferation of the hepatocytes was 

highly dependent on the presence of Wnt environmental signals. The Wnt/b-catenin 

pathway was dynamically activated in BECs isolated from AAV8.p21 but not from 

AAV8.null MCD injured livers, suggesting that activation of canonical Wnt signalling is 

an event associated with BEC reprogramming. Licensing of the biliary epithelium to 

respond to canonical Wnt signals, however, decreased during BEC-to-hepatocyte 

transdifferentation. These data, together with the observation that pharmacological 

inhibition of global Wnt secretion caused a prominent BEC-to-hepatocyte 

transdifferentation response, support the hypothesis that while activation of the Wnt/β-

catenin pathway in BECs promotes escape from their ductal-committed state, 

inhibition of the canonical Wnt cascade might be required for progression of transient 

bi-potent cells towards hepatocyte fate. Further work is required to determine whether 

inhibition of Wnt signalling in the biliary compartment is required for BEC-to-

hepatocyte transdifferentation or whether the observed phenotype from the LGK974 

experiment occurs as sub-product of the inhibition of Wnt signalling pathway in other 

liver cell type. 
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Chapter 8. CONCLUSIONS AND FUTURE 
PERSPECTIVES
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The first objective of this thesis was to develop the molecular tools that allow the 

recreation of a local Wnt microenvironment in vitro. To this end, I have established 

protocols for the immobilization of Wnt3a and Rspo1 proteins as well as the CV Wnt9b 

and Rspo3 onto carboxylic acid beads. The biological activity of Wnt3a, Rspo1, Wnt9b 

and Rspo3 beads was validated in two different HEK293T Wnt reporter cell lines. The 

biological activity of Rspo3 beads was additionally validated in PH cultured in 

conventional monolayers. Finally, two important observations can be extracted from 

the characterization of the biological activity Wnt and Rspo ligands: 

(1) Purified Wnt9b protein required the presence of Rspo ligands (Rspo1 or Rspo3) to 

activate canonical Wnt signaling. Based on the mode of action or Rspo proteins 

three models were proposed explain Wnt9b and Rspo cooperativity (see Chapter 

5). Model I, Rspo stabilizes a receptor of the Fzd family that mediates Wnt9b signal 

transduction. Model II, Rspo stabilizes Lrp5/6. Model III, Rspo stabilized an novel 

unknown receptor required for Wnt9b signal transduction.

(2) The CV ligands Wnt9b and Rspo3 were sufficient to activate the canonical Wnt 

pathway. This observation is of special importance as suggest that the presence 

of these two ligands may be sufficient to artificially recreate the Wnt 

microenvironment of the CV in vitro. 

The second objective of this thesis was to evaluate the suitability of the currently 

available liver organoid platforms (BD and PH organoids) as cell source to model Wnt-

liver zonation. The characterization of the PH organoid model to the CV ligands Wnt9b 

and Rspo3 confirmed that these structures resemble the response of primary 

hepatocytes cultured in 2D, indicating that PH organoids are a suitable cellular source 

to model Wnt-liver zonation. By contrast, activation of Wnt pathway in BD organoids 

did not drive an increase in expression of pericentral metabolic genes. Importantly, 

further characterization of the BD organoid system revealed these structures are 
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closer to the BEC than to the hepatocyte lineage. This work demonstrates for the first 

time that differentiated BD organoids may not be used as a hepatocellular in vitro

platform. This is of special interest as research groups in the pharma industry are 

currently using these cells as a hepatocellular model for drug testing. 

I have further characterised the response of differentiated BD organoids to Wnt 

pathway activation and, particularly, to the exposure of Rspo1, a ligand that has been 

recently linked to liver regeneration. My work points to the role of Wnt/Rspo1 signalling 

in the regulation of cell cycle and possibly in the induction of a DNA damage repair 

response. Furthermore, exposure to Rspo1 induced the expression of various HPC-

like genes and induced the appearance of a ‘high Wnt’ (tdTom positive) population 

with enhanced stem cell features and characterized by the expression of genes 

involved in cell cycle progression. The readouts for Wnt activation used in this thesis 

did not allow the activation of canonical and non-canonical Wnt signalling in the BD 

organoids to be distinguished and therefore, further studies will be required to evaluate 

the  potential contributions of the different branches of the Wnt pathway to the 

enhanced stem cell features/ proliferative capacity of the tdTom positive population.

The preceding observations in the BD organoid platform prompted me to further 

investigate whether Wnt pathway has a role in BEC-driven regeneration. I interpreted 

the expression of Hnf4a, Cebpa and other hepatocyte markers in differentiated BD 

organoids as sign that these structures resemble a cellular context of BECs that are 

acquiring features of the hepatocyte lineage. Thus, together with members of the 

Forbe’s laboratory, I investigated the role of Wnt pathway during BEC-to-hepatocyte 

transdifferentation, for which the dynamics of canonical Wnt pathway activation during 

BEC-to-hepatocyte transdifferentation as well as the effects of global Wnt secretion 

inhibition during liver recovery were studied. Global inhibition of Wnt signalling 

mirrored the effects of β-catenin depletion from the hepatocellular compartment 

described by Russell et al (2019) highlighting that hepatocellular regeneration heavily 

relies in environmental Wnt injury cues [24]. Intriguingly, inhibition of Wnt secretion 

with LGK974 had minor effects in the proliferation rate of BECs while robustly 

promoting BEC-to-hepatocyte transdifferentation in two out of the three animals 

studied. It is possible to interpret these results as evidence that inhibition of the Wnt 

pathway during recovery from liver injury  promotes BEC-to-hepatocyte 
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transdifferentation, although strong conclusions should not be drawn due to the small 

number of animals analysed in this study.

There are still many answered questions regarding how Wnt signalling controls BEC 

biology during regeneration: does activation of the Wnt signalling pathway promote 

the acquisition of an HPC bipotent-like state? Does inhibition of the Wnt signalling 

pathway promotes exit from such an HPC bipotent-like state? To which extent does 

the canonical or the non-canonical branch of the Wnt signalling pathway coordinate 

BEC-driven regeneration? What is the cellular source of Wnt/Rspo regenerative 

ligands in vivo?

Ultimately this work is one of the first descriptions of the effects of therapeutically 

targeting the Wnt pathway in a murine severe liver damage mouse model and 

therefore offers insights about the possibility of molecularly intervening in this pathway 

as therapeutic avenue in chronic liver pathologies. Further work should be undertaken 

to understand the mechanisms governing BEC-hepatocyte plasticity, and in particular, 

the exact role of Wnt pathway in this process. This work has not persuaded the pool 

of hepatocytes transdifferentiating into BECs. 

Modelling Wnt driven zonation in vitro: future perspectives
My work points out that (1) Wnt9b in the presence of Rspo3 ligand can exert canonical 

activity in cellular context of the hepatocytes, (2) Rspo3 beads in combination with 

soluble Wnt9b might be a valid strategy to induce local activation of b-catenin in 

hepatocyte cultures and (3) PH organoids are a suitable source to model Wnt-driven 

zonation in vitro. The next logic step would be to assess whether Rspo3 beads in 

combination with soluble Wnt9b induces local activation of the Wnt signalling pathway 

in differentiated PH organoids. For this, I suggest the extraction of differentiated PH 

organoids from the Matrigel and culture of these structures in a collagen or Matrigel 

sandwich culture platform (Figure 8.1, A). This culture strategy would be preferred 

over conventional 2D monolayers as, in principle, the placement of a second layer of 

collagen over the cells would enable the establishment of adequate cell-cell junctions 

and cell polarization. Rspo3 beads could be introduced in the system during the 

solidification of the upper layer of hydrogel. The carboxylic acid coated beads used in 



247

this study for the immobilization of Wnt and Rspo ligands are made of iron and thereby, 

Rspo3 could be potentially attracted in big clusters that resemble the CV using 

magnets. As a proof-of-concept for this approach, I performed a series of pilot 

experiments using the HEK293T TCF-eGFP cell line (Figure8.1, A). Figure 8.1 B

shows the successful clustering of Rspo3 beads in HEK293T collagen sandwich 

cultures using magnets. Figure 8.1 C shows that Rspo3 beads in combination of 

soluble Wnt9b induces local activation of the TCF-eGFP reporter in HEK293T collagen 

sandwich cultures.

Finally, bioartifical livers remain highly limited by the inability of these devices to 

accurately replicate the microenvironment of the liver lobule. In this thesis, I have 

established a set of molecular tools that may be used to recreate the local Wnt 

microenvironment of the hepatic CV in hepatocyte culture systems. The adaptation 

and controlled presentation of biological and physicochemical cues in hepatocyte 

culture systems may help us to better understand the regulatory mechanisms that 

govern hepatocyte functional specification. Such understanding is required for the 

development of therapies that alleviate the symptoms of liver pathological conditions 

where zonation is perturbed. 
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Figure 8.1 Future perspectives: 
recreating the CV Wnt niche in vitro. (A) 
Collagen sandwich culture strategy 
diagram. (B) Image shows the 
successful clustering of Rspo3 beads in 
HEK293T collagen sandwich cultures 
using magnets. Yellow dash line 
highlights the presence of bead 
clusters. (C) HEK293T TCF-eGFP cells 
cultured in a collagen sandwich platform 
were exposed to Rspo3 beads and 
soluble Wnt9b for 24h. Beads were 
artificially coloured in purple.
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Appendix	A	Table1	Genotyping	primers

PCR Primer	Sequences

(5'	to	3')

PCR	Program Expected	

Products

CRE FW TGA CCG TAC ACC AAA ATT TG
RV ATT GCC CCT GTT TCA CTA TC

95°C,	3min	(95°C,	30s;	

62°C,	30s;	72°C	1min)	35		

72°C,	10min,	4C	

1000bp

GFP FW ACAACAAGCGCTCGACCATCAC
RV AGTCGATGCCCTTCAGCTCGAT

94°C,	2min	(94°C,	20s;	

65°C,	30s	;	72°C	1min)	35		

72°C,	2min,	4C

530bp

R26-tdTom 1 CTCTGCTGCCTCCTGGCTTCT
2 CGAGGCGGATCACAAGCAATA
3 TCAATGGGCGGGGGTCGTT

95°C,	3min	(95°C,	30s;	

61°C,	30s;	72°C	1min)	35		

72°C,	10min,	4C

WT	330bp
Mutant	250bp
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Appendix A, Table2 RT-qPCR primer list

Gene Secuence 5-3 Source
b2m_RV CTTTCTGGTGCTTGTCTCACTG Anika
b2m_FW AGCA TTTGGA TTTCAA TGTGAG Anika
Axin2_FW GCA GCT CAG CAA AAA GGG AAA T Alan Clark lab
Axin2_RV TAC ATG GGG AGC ACT GTC TCG T Alan Clark lab
B-catenin AGT CCT TTA TGA ATG GGA GCA A Alan Clark lab
B-catenin TCT GAG CCC TAG TCA TTG CAT A Alan Clark lab
E-cadherin CAG ATG ATG ATA CCC GGG ACA A Alan Clark lab
E-cadherin GGA GCC ACA TCA TTT CGA GTC A Alan Clark lab
Axin1 CTCCAAGCAGAGGACAAAATCA Anika
Axin1 GGATGGGTTCCCCACAGAAATA

Anika
SOX9_FV AGTACCCGCATCTGCACAAC Semir
SOX9_RV ACGAAGGGTCTCTTCTCGCT Semir
LGR5_FV CCTACTCGAAGACTTACCCAGT Semir
LGR5_RV GCATTGGGGTGAATGATAGCA Semir
c-myc_FW CCTTTGGGCGTTGGAAACC Anika
c-myc_RV TCCTCGTCGCAGATGAAATAGG Anika
Epcam_FV TGAAAAGGCACCCGAGTTCTCC Anika
Epcam_RV AACCAGGACAACAATCCCCG Anika
GAPDH_FW CATGGCCTTCCGTGTTCCTA
GAPDH_RV CCTGCTTCACCACCTTCTTGAT
Alb_FW TGCTTTTTCCAGGGGTGTGTT
Alb_RV TTACTTCCTGCACTAATTTGGCA
krt19_FW CCTCCCGAGATTACAACCACTA Anika
krt19_RV AATCTTGGAGTTGTCAATGGTG Anika
Cyp2e1_FW CATCAACCTCGTCCCTTCCA Eider
Cyp2e1_RV TACAACTGTACCCTTGGGGATG Eider
Cyp1a2_FW AGCACTACCAAGACTTCAACA Eider
Cyp1a2_RV TGTCAAAGCCAGCTCCAAAGA Eider
PROM1_FW CCAGCCGAATGACTTCCCTC Sonia
PROM1_RV AGAGGGCAATCTCCTTGGAA Sonia
FAH_FW TCATAACAGGTCACTGCCAGG Sonia
FAH_RV TGTCTTGTGACTTCCGGAGC Sonia
Ki67_FW ACCGCTCCTTTAGGTATGAAGA Ken
ki67_RV CTTTGGTATCTTGACCTTCCCCATC
GS_FW CAGAGACCAACTTGAGGCACA
GS_RV CTCCATTCCAAACCAGGGGT
CPS1_FW ACATGGTGACCAAGATTCCTCG PrimerBank(26324620a1)
CPS1_RV TTCCTCAAAGGTGCGACCAAT
Cyp2f2_FW GGACCCAAACCTCTCCCAATC PrimerBank(6681111a1)
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Cyp2f2_RV CCGTGAACACCGACCCATAC
Ass1_FW CACGGGAAAGGGGAATGACC Eider
Ass1_RV TCATCCATACTCCAGGGGCT
TBP_FW ACCGTGAATCTTGGCTGTAAAC PrimerBank(172073170c3)
TBP_RV GCAGCAAATCGCTTGGGATTA
OPN_FW AGCAAGAAACTCTTCCAAGCAA PrimerBank(6678113a1)
OPN_RV GTGAGATTCGTCAGATTCATCCG
PDX1_FW GTGGGCAGGAGGTGCTTACA Eider
PDX1_RV GTTCAACATCACTGCCAGCTC

HNF4a_FW agaggttctgtcccagcagatc
HNF4a_RV cgtctgtgatgttggcaatc Guo et al (2017) 

Tert_Pair2_FW ATCTGCAGGATTCAGATGCC
Shengda Lin (2018) 
Nature

Tert_Pair2_RV GCAGGAAGTGCAGGAAGAAG
Shengda Lin (2018) 
Nature

CD24_FW TTCTGGCACTGCTCCTACC Carmen Velasco
CD24_RV GCGTTACTTGGATTTGGGGAA Carmen Velasco
CD44_FW CACCATTGCCTCAACTGTGC Beyaz (2016) Nature
CD44_RV TTGTGGGCTCCTGAGTCTGA Beyaz (2016) Nature

AFP_FW CTTCCCTCATCCTCCTGCTAC
Primer Bank 
(31982513a1)

AFP_RV ACAAACTGGGTAAAGGTGATGG
Primer Bank 
(31982513a1)

TBX3_FW AGCGGGGTACAGAGATGGTC Primer Bank (38327622c1)
TBX3_RV TTGGCCTTTTTATCCAGTCCAG Primer Bank (38327622c1)

TROP2_FW GTGGCTGAGAGTAAATGTGGG
Primer Bank 
(11875203a1)

TROP2_RV TTGGTGGAATACTTGTCCGCT
Primer Bank 
(11875203a1)

HNF1b_FW AGGGAGGTGGTCGATGTCA Primer Bank (6678243a1)
HNF1b_RV TCTGGACTGTCTGGTTGAACT Primer Bank (6678243a1)

CK7_FW GATGACCTCCGCAACACC
Oikawa (2008) 
Gastroenterology

CK7_RV TCCAGCAGCTTGCGGTAG
Hhex_FW CGGACGGTGAACGACTACAC PrimerBank (6680219a1)
Hhex_RV CGTTGGAGAACCTCACTTGAC PrimerBank (6680219a1)
HNF6_Pair2_FW GGCAACGTGAGCGGTAGTTT
HNF6_Pair2_RV TTGCTGGGAGTTGTGAATGCT
Cebpa_FW aaacaacgcaacgtggaga Seth (2014) Development
Cebpa_RV gcggtcattgtcactggtc 
Prox1_Pair1_FW ACAAAGCAAATGACTTTGAGGTTC Eider
Prox1_Pair1_RV GGATCAACATCTTTGCCCGC
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PROX1_Pair2_F
W AGAAGGGTTGACATTGGAGTGA Primer Bank (6679483a1)
PROX1_Pair2_RV TGCGTGTTGCACCACAGAATA Primer Bank (6679483a1)
TBX3_Pair2_FW gaacctacctgttcccggaaa Seth (2014) Development
TBX3_Pair2_RV agtgtctcgaaaaccctttgc 

Lrp6_FW_P2 TTGTTGCTTTATGCAAACAGACG
Primer Bank ID: 
6678718a1

Lrp6_RV_P2 GTTCGTTTAATGGCTTCTTCGC



254

Appendix A, Figure1 p7TGC plasmid from Addgene contains the sequence coding for eGFP
expression under the control of 7x TCF repeats. eGFP expression can therefore be used as
a proxy for canonical Wnt activation levels. mCherry is under the control of the SV40 promoter
and therefore it’s expression reports successful integration and expression of the plasmid.  
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A)

B)

C)

Appendix A, Figure2. Primer test results for Axin2, Axin1 and B2m 
primers (A) RT-qPCR amplicon bands in agarose gel (B) Linear 
relationship between the Ct value and the cDNA dilution number. (C) RT-
qPCR melt curve.
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A)

B)

C)

Appendix A, Figure3. Primer test results for ß-catenin, Lgr5, E-cadherin, 
Sox9 and Epcam primers (A) RT-qPCR amplicon bands in agarose gel 
(B) Linear relationship between the Ct value and the cDNA dilution 
number. (C) RT-qPCR melt curve.
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A)

B)

C)

Appendix A, Figure4. Primer test results for Tbp, Spp1 (Opn), Glul (GS), 
Cyp2f2, Ass1 and Cps1 primers (A) RT-qPCR amplicon bands in agarose 
gel (B) Linear relationship between the Ct value and the cDNA dilution 
number. (C) RT-qPCR melt curve.
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Appendix A, Figure5. Primer test results for Cd44, Tert and Cd24 
primers. Top panels show linear relationships between the Ct value and 
the cDNA dilution number. Bottom panels show RT-qPCR melt curve.
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A)

B)

C)

Appendix A, Figure6. Primer test results for Trop2, Afp, Foxa2 and 
Sox17 primers (A) RT-qPCR amplicon bands in agarose gel (B) Linear 
relationship between the Ct value and the cDNA dilution number. (C) RT-
qPCR melt curve.
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A)

B)

C)

Appendix A, Figure7. Primer test results for Lrp6, Lrp8, Ror1, Cebpa, 
Fosb, Fos, Jun and Brca1 primers (A) RT-qPCR amplicon bands in 
agarose gel (B) Linear relationship between the Ct value and the cDNA 
dilution number. (C) RT-qPCR melt curve.
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A)

B)

C)

Appendix A, Figure8. Primer test results for Alb, Gapdh, Cyp1a2, Fah 
and Cyp2e1 primers (A) RT-qPCR amplicon bands in agarose gel (B) 
Linear relationship between the Ct value and the cDNA dilution number. 
(C) RT-qPCR melt curve.



262

APPENDIX B
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The current appendix contains supplementary information associated with Chapter 5.
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Appendix B, Figure1 PH organoids characterization (A) 10x image of PH that were seeded 
in Matrigel but migrated to the bottom of the plate acquiring the typical fibroblast-like 
morphology of PH cultured in 2D conventional monolayers. (B) 10x image of a PH organoid 
displaying an atypical duct-like morphology. (C) PH organoids adapted to 3D culture display 
a variety of morphologies. (i) Example of an organoid displaying a bunch-of-grapes 
morphology with “invasive” phenotype. Cells within the organoid appear to growth in cords 
that brunch with cells growing towards the Matrigel. (ii) Bunch of grapes-of-grapes type of 
organoid, displaying a non-invasive phenotype and composed of large cells. (ii) Bunch of 
grapes-of-grapes type of organoid, displaying a non-invasive phenotype and composed of 
small and tightly-packed cells. (iv) PH organoid displaying a compact “smooth” surface-type 
of morphology. The frequency of the presence of each morphology was variable among 
cultures being morphologies (i), (ii) and (iii) consistently the most frequently found.  
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Appendix B, Figure2 (A) RT-qPCR gene expression analysis of zonated genes in PH 

organoids that have been differentiated for 4 days in the presence of CHIR or EGF/HGF. 

(n=5). (C) RT-qPCR gene expression analysis of hepatocyte lineage markers in PH organoids

(n=5). (D) RT-qPCR gene expression analysis of HPCs markers in PH organoids upon 

differentiation. (n=5).  Statistical significance was determined using Mann-Whitney t-test.  p-

value n.s.>0.05 ; p-value *< 0.05; p-value **< 0.01; p-value ***< 0.001; p-value ****< 0.0001. 

RT-qPCR experiments were run by Michael Dawes although data analysis, presentation and 

interpretation was performed by myself.
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Appendix B, Figure3 (A) Schematic representation of ODN89b-catenin and M2-rtTA 
transgenes present in ODN89b-catenin organoids. Presence of doxycyclin (Dox) triggers the 
transcription of activated (DN89) mutant b-catenin. (B) RT-qPCR shows expression of 
ODN89b-catenin upon doxycycline treatment. (C) Cell GreenTox viability assay of WT 
differentiated organoids shows non-significant differences in late apoptosis events in the 
cultures after 3days of exposure to doxycycline (n=5 technical replicates). (D) CellTiter-Glo 
Viability of WT differentiated organoids shows non-significant metabolic defects caused by the 
exposure to doxycycline after 3days of treatment (n=5 technical replicates).
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Appendix B, Figure4 (A) RT-qPCR gene expression analysis in PH conventional 2D cultures 
upon concomitant exposure to 50 ng/ml Rspo3 and 100 ng/ml Wnt9b (n=4). (B) RT-qPCR 
gene expression analysis in PH organoids upon concomitant exposure to 50 ng/ml Rspo3 and 
100 ng/ml Wnt9b (n=5). RT-qPCR experiments performed with PH organoid samples were 
run by Michael Dawes. Data analysis, presentation and interpretation was performed by 
myself. Note that Lgr5 levels in untreated PH organoids (no ligand conditions) were so low 
that the RT-qPCR failed to assign. A Ct value in 3 of the 5 samples. These samples were 
included in the analysis presented by assigning them a Ct value of 40, which corresponds to 
the number of cycles run. Statistical significance was determined using Mann-Whitney t-test. 
p-value n.s.>0.05 ; p-value *< 0.05; p-value **< 0.01; p-value ***< 0.001; p-value ****< 0.0001.



268

Appendix B, Figure5 (A) Heat map showing RT-qPCR relative gene expression analysis of 
lineage genes in primary hand-picked BD and PH (n=3 animals). (B) RT-qPCR gene 
expression analysis in differentiated WT BD organoids (n=5) and primary hand-picked bile 
ducts (n=3). Statistical significance was determined using Mann-Whitney t-test.  p-value 
n.s.>0.05 ; p-value *< 0.05; p-value **< 0.01; p-value ***< 0.001; p-value ****< 0.0001.
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The current appendix contains supplementary information associated with Chapter 6.

Appendix C Figure1 RT-qPCR gene expression analysis shows that mature hepatocyte 
zonated genes remain largely unaffected upon activation of Wnt Tet-O∆N89βcat in 
differentiated organoids by exposure to Rspo1 (100 ng/ml) or Dox (0.1ug/ml).  (n=9, 
corresponding to organoids in 3 different passages isolated from the same animal). Statistical 
significance was determined using Mann-Whitney t-test.  p-value n.s.>0.05 ; p-value *< 0.05; 
p-value **< 0.01; p-value ***< 0.001; p-value ****< 0.0001
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Appendix C Figure2 (A) FACS gating strategy for the quantification of the percentage of 
Axin2 live cells in DM organoids presented in Figure6.4, D. (B) FACS gating strategy for the 
isolation of tdTom positive and negative cells for RNAseq and organoid-forming capacity 
functional assays presented Figure6.4 and Figure6.7, respectively. 
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Appendix C Figure3 RT-qPCT analysis show a decline of Axin2 mRNA levels upon 
differentiation of WT BD organoids. Data has been normalized over gene expression levels of 
differentiated organoids at day 13. Bottom panel indicates differentiation time line. (n=10, 
corresponding to organoids from 5 different animals at different passage numbers). Statistical 
significance was determined using paired parametric t-test. p-value n.s.>0.05 ; p-value *< 
0.05; p-value **< 0.01; p-value ***< 0.001; p-value ****< 0.0001
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Appendix C Figure4 Single staining controls used to adjust the intensity during FACS.
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To explore the molecular mechanisms underlying the enhanced stemness of tdTom 

positive cells, the expression profiles of tdTom positive, tdTom negative and untreated 

were compared (see Chapter 6, section6.2.6). Sequenced samples were from 

Axin2CreERT2 organoids derived from a single animal at four different passages (P5, 

P6, P8 and P10), cultured and sorted at non-overlapping times. 

The current appendix contains information regarding the data curation process ((I) 

determination of gene expression cut-off criteria and (II) removal of outliers) performed

prior to the gene expression differential analysis between samples with DESeq2. This 

appendix additionally gathers (III) detailed instructions about how to run DESeq2 

together with the Scripts and parameters that I used for the analysis of the data 

presented in this thesis. Finally, this appendix additionally contains (IV) supporting 

evidence from the GSEA and IPA analysis. For better clarity, the information of this 

appendix has been organized into four sections.

I. Defining a pre-filtering gene expression criterion
RNAseq is a technique that allows the quantitative transcriptional profiling of a cell 

population without requiring previous knowledge of the sequences. In this technique, 

RNA is converted into cDNA. cDNA is then coupled to adapter sequences that allow 

the amplification and sequencing of the sample (Appendix D, Figure1).  Raw data 

(FASTQ files) obtained from the sequencing contains both the reads for the sequences 

of the cDNA and the adapters and requires a set of bioinformatic processing steps 

prior to differential expression analysis (Appendix D, Figure2). Firstly, the adaptor 

sequences are removed (trimmed) and the cDNA reads are mapped back to the 

genome of reference. The raw read counts are then normalized based on the total 

RNA sequenced and expressed in counts per million (CPM) values. By probability, 

long gene sequences are expected to produce more reads than short gene sequences 

and therefore, to be able to compare the expression levels across different genes the 

CPM values need to be further normalized based on the gene length. This gives rise 

to a value known as FPKM (fragments per kilobase of exon model per million reads 

mapped) that reflects the normalized abundance of each gene. 

After raw counts are calculated, differential gene expression analysis between 

samples can be performed using different bioinformatic tools. For the comparative an
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Appendix D, Figure1 RNAseq wet lab workflow. RNA is extracted from the samples and 
subjected to quality check (QC). RNA samples that satisfactory pass the QC are processed 
for cDNA library preparation and sequencing. During cDNA library preparation, mRNA from 
the sample is pulldown using magnetic beads coated with poly-T sequences, fragmented 
and converted into cDNA. Adapter sequences are subsequently ligated to each cDNA 
fragment. The coupling of the adapters allows the amplification and sequencing of the cDNA 
fragments. The resulting raw data (FASTQ files) contain information about the frequency in 
which cDNA fragment sequences (reads) are represented in each sample.  
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alysis presented in this thesis, I used DESeq2. DESeq2 is a method for differential 

Appendix D, Figure2 RNAseq bioinformatic processing workflow. (1) The sequences from the 
adaptors used to sequence the samples are removed from the FASTQ files, which are 
subsequently subjected to QC analysis. (2) Trimmed FASTQ files are subsequently mapped 
to the genome of reference and raw read counts per gene calculated. (3) Raw counts are then 
normalized per sample based on the total amount of RNA sequenced in each of them and 
counts per million (CPM) calculated. Long genes have a higher probability than shorter genes 
to appear represented in the sequencing. For that reason, CPM values are then normalized 
based on the length of each gene. The resulting normalized values are expressed in fragments 
per kilobase per million (FKPM). (4) Differential expression analysis is run with the 
Bioconductor R package Deseq2. The input for Deseq2 is the raw counts of the expressed 
genes. This implies that raw read counts resulting from the alignment analysis should be 
subjected to filtering prior to feeding the Deseq2 package. FPKM and raw read count 
thresholds can be used as expression filtering criteria. Dr Robert Andrews and Dr Sumukh 
Despande carried out the pre-processing, alignment and abundance analysis. Differential 
expression analysis, as well as gene ontology/pathway enrichment analysis, were done by 
myself. 
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expression analysis available in R/Bioconductor package [127]. For DESeq2’s 

statistical model to hold, the input for analysis should be the raw counts of the 

expressed genes, which implies that before feeding DESeq2 pipeline the non-

expressed genes should be removed from the input list. Hence, to perform DESeq2 

differential expression analysis of tdTom positive, tdTom negative and untreated 

samples, the first thing I did was to determine which genes were or were not express 

in my data by setting up different gene expression pre-filtering cut-offs.

To define expressed and non-expressed genes are two parameters that can be used 

as cut-offs: the raw counts and the FPKM values. Genes with less than 5-15 raw 

counts are usually considered as non-expressed. However, and as explained earlier, 

by probability long genes will generate more reads than short genes, therefore non-

expressed long genes might not be adequately removed using this criterion. 

Alternatively, non-expressed genes can be removed based on FPKM values, being 

those with an FPKM value lower than 0.2-1 usually considered as non-expressed. 

Raw counts and FPKM values assigned per gene will depend on experimental factors 

such are the amount of RNA used as an input or the depth of the sequencing. For that 

reason, it is recommendable to adjust the gene expression pre-filtering cut-offs based 

on each RNAseq experimental data set, rather than using defined set values. 

In a cell, gene expression frequency follows a normal distribution. This means that 

genes with extremely high or low expression levels are rarely found whereas most of 

the genes show a medium level of expression. Proper adjustment of gene expression 

thresholds can be therefore determined by whether the CPM values of the expressed 

genes appear represented with a frequency that follows a normal distribution. Hence, 

to determine in an unbiased manner which cut-offs parameters suited best my 

experimental data, I applied different raw counts and FPKM expression thresholds and 

evaluated the CPM values distribution of the resulting expressed genes. As four 

samples were sequenced for each of the experimental conditions (tdTom positive, 

tdTom negative and untreated), instead of the individual CPM, in this analysis I used 

the CPM average of the four replicates. Furthermore, I represented the average log2

(CPM) instead of the average CPM for visualization proposes. 
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Appendix D, Figure3 shows that before applying any pre-filtering criteria (“No pre-

Appendix D, Figure3 Histogram showing the average log2 CPM histograms of untreated, 
tdTom positive (Axin2pos) and tdTom negative (Axin2neg) samples. Four replicates were 
sequenced and averaged for each biological group. 



280

filtering”), the distribution of the average log2 (CPM) of untreated, tdTom negative and 

tdTom positive sequenced samples do not follow a normal distribution as genes with 

very low CPM values appear highly represented. Removal of genes with raw counts 

lower than 10 corrects this distribution although a better adjustment to a Gaussian 

distribution is achieved when an expression pre-filtering criterion of 0.5 FPKM alone 

or in combination with 10 raw counts is applied (Appendix D, Figure3). I heuristically 

determined that the best cut-off to define expressed genes was 0.5 FPKM and 

therefore, DESeq2 differential expression analysis was restricted in all samples to 

genes with an FPKM higher than 0.5. 

II. Removal of outliers: hierarchical sample clustering and principal component 
analysis (PCA)

After determining and applying the gene expression pre-filtering criteria that best 

suited the dataset of this thesis (0.5 FPKM), I next ran DESeq2 and examined how 

similar was the transcriptome of tdTom positive, tdTom negative and untreated cells 

by calculating sample-to-sample distances and subjecting all of them to principal 

component analysis (PCA). Assessment of the overall similarity between samples by 

these two methods is an important quality control (QC) check. This type of analysis 

reveals how well cluster the replicates from the data set and therefore can be used for 

the identification of replicates from treatments with abnormal expression (outliers) 

and/or identification of another source of variation within the dataset. 

tdTom positive, tdTom negative and untreated sequenced samples were from 

Axin2CreERT2 organoids derived from a single animal at four different passages (P5, 

P6, P8 and P10), cultured and sorted at non-overlapping times (see Chapter 6 

section). Hierarchical clustering of samples is performed by calculating the correlation 

of gene expression (based on normalized gene expression values) for all pairwise 

combinations of the samples in the dataset. Results from hierarchical clustering are 

represented in binary colour coding heatmaps that display the samples distances 

where replicates from the same biological group are expected to cluster together as a 

block. Hierarchical clustering of the samples based on sample distances revealed that 

the replicates clustered by treatments, with exception of tdTom negative replicate 3, 

which clustered with samples from the tdTom positive group, suggesting that this 

sample suffered from an experimental abnormality (Appendix D, Figure4, A).
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The relationship between samples was also evaluated by PCA, which allow the 

identification of strong patterns in a complex biological dataset. In this type of analysis, 

the information of a multivariate dataset is reduced into a few variables called principal 

Appendix D, Figure4 Sample clustering of the four sequenced replicates using 0.5FPKM 
as the pre-filtering criterion. (A) Hierarchical clustering showing sample distance of the three 
biological replicates in a 2-dimension representation (n=4). Samples distances were 
calculated with R. Hierarchical clustering (one minus Pearson correlation) and sample 
distance representation was performed using the online bioinformatics tool Morpheus. (B) 
Scree plot display variance introduced by each of the eigenvectors of the PCA using the four 
experimental replicates as an input. The eigenvectors have been ordered based on the 
variation that they explain in the data set. (n=4). (C) Two-dimensional PCA plot of the first 
two components of the analysis for the total transcriptional landscape of tdTom positive
(Axin2pos), tdTom negative (Axin2neg) and untreated cells (n=4). The red circle highlights 
Axin2neg sample from the experimental replicate 3, which clusters with samples from the 
biological group of tdTom positive (Axin2pos) cells. Black circles highlight the clustering of 
the biological groups. (D) The bar graph shows the organoid forming capacity of tdTom 
positive (Axin2pos) and tdTom negative (Axin2neg) sorted cells from RNAseq Rep3 sample 
derived from Axin2CreERT differentiated BD organoids exposed to Rspo1 for 1 day. (n=3 
wells independently quantified). Statistical significance was determined using unpaired 
parametric t-test. P-value n.s.>0.05. 
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components (PCs) that capture the variance in the original samples. How much 

variation is introduced by each of these components (calculated eigenvalues) can be 

plotted and visualized in a scree plot. Most of the variation in the dataset is usually 

Appendix D, Figure5 Sample clustering after removal of the experimental replicate 3 using 
0.5FPKM as pre-filtering criterion. (A) Heatmap showing hierarchical clustering of tdTom 
positive (Axin2pos), tdTom negative (Axin2neg) and untreated cells based on sample 
distances. Samples distances were calculated with R. Hierarchical clustering (one minus 
Pearson correlation) and sample distance representation was performed using the online 
bioinformatics tool Morpheus. (n=3). (B) Scree plot showing the eigenvalues for each of the 
dimensions of the PCA. (n=3) (C) Plot showing the two first dimensions of the PCA. Red circles 
highlight the clustering of the replicates. (n=3). 
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explained by the first two of these two components (PC1 and PC2) and therefore two-

dimensional representations of PC1 and PC2 are used to visualize the similarity 

between samples in this type of analysis. 

PCA analysis revealed that ~72% of the total variance between samples could be 

explained by the first (PCA1) and the second (PCA2) component of the analysis 

(Appendix D, Figure4, B). Plotting of the first two principal components also showed 

that tdTom negative sample from replicate 3 preferentially clustered with tdTom 

Appendix D, Figure6 Two-dimensional PCA plot of the first two components of the analysis 
for the total transcriptional landscape as well as hierarchical clustering showing sample 
distance of the biological replicates in a 2-dimension representation of (A) tdTom negative 
(Axin2neg) cells vs untreated cells, (B) tdTom positive (Axin2pos) cells vs untreated cells 
and (C) tdTom positive (Axin2pos) cells vs tdTom negative (Axin2neg) cells. (n=3).
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positive biological group, further indicating that the transcriptome of this sample was 

more similar to tdTom positive cells than to tdTom negative cells (Appendix D, Figure4, 

C). 

The organoid-forming capacity of the sequenced tdTom positive and negative samples 

was assessed in parallel to the RNAseq experiment. Interestingly, tdTom negative

sample from replicate 3 formed a similar proportion of organoids than tdTom positive

cells isolated in the same experiment, indicating that this sample suffered from an 

experimental abnormality (Appendix D, Figure4, D). For that reason, tdTom negative 

replicate 3 sample was not included in the subsequent differential expression analysis. 

As statistical significance in DESeq2 was determined using a paired sample test, 

tdTom positive and untreated samples from replicate 3 were also removed from the

downstream analysis. 

After removal of replicate 3 from the RNAseq experimental set, the sample distances 

were re-evaluated. Hierarchical clustering of experimental replicate1, 2 and 4 showed 

now separation of the samples based on treatments with no exceptions (Appendix D, 

Figure5, A). Similarly, PCA component analysis showed clear sample clustering by 

treatment groups based on PCA1 and PCA2, further indicating similarity among the 

replicates of each biological group (Appendix D, Figure5, B and C). 

PCA and hierarchical clustering showed in Appendix D, Figure5 were performed by 

loading the three sets of samples into the DESeq2 pipeline. However, to determine 

the statistical significance of differentially expressed genes between tdTom positive, 

tdTom negative and untreated cells, I opted to perform pairwise comparisons. 

Hierarchical clustering, scree and PCA plots for each of the pairwise comparisons 

performed show clustering of the replicates with their respective biological groups and 

are shown in Appendix D, Figure6. 

Altogether, results from this sample-level QC analysis section show that tdTom 

negative replicate 3 suffered from an experimental abnormality and therefore is 

advisable to remove all samples from the experimental set 3 prior to differential gene 

expression analysis.  Gene expression analysis of data presented in Chapter 6 section 
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was therefore generated by pairwise comparisons (Appendix D, Figure6) after removal 

of replicate 3 from the dataset.

III. Instructions to run DSEq2 and R Scripts
Detailed instructions about how to run DESeq2 together with the Scripts and 

parameters that I used for the analysis of the data presented here are as follow:

Names in green should be changed according to your data/files. Scripts are in grey. 

Remove # to run the lines of the script lines. To perform pairwise differentially 

expression analysis with DESeq2, I have followed up the Bioconductor Deseq2 

guidelines that can be found: 

http://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html

The packages that need to be installed from Bioconductor are as follow:

```{r}

#if (!requireNamespace("BiocManager", quietly = TRUE))
# install.packages("BiocManager")

#BiocManager::install("DESeq2")
#BiocManager::install("biomaRt")
#BiocManager::install("apeglm")
#BiocManager::install("IHW")
#BiocManager::install("pcaExplorer")
#BiocManager::install("vsn")
```

CRAN packages that need to be installed are as follow:

```{r}

#install.packages("ggplot2")
#install.packages("dplyr")
#install.packages("VennDiagram")
#install.packages("ggfortify")
#install.packages ("lfda")
```

Prior to analysis, load the installed packages:

```{r}

library(DESeq2)
library(biomaRt)
library(ggplot2)
library(dplyr)
library(VennDiagram)
library (apeglm)
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library(IHW)
library(ggfortify)
library(pcaExplorer)
library(vsn)
library (lfda)
```

Set your working directory:

```{r}

setwd("~/Desktop/Deseq2 4 replicates")

```

Read in sample descriptions from the targets.txt file. Prior to this I have (1) obtained 

the average of the Raw counts and FPKM of each biological group and (2) filtered 

out the non expressed genes. In the particular dataset of this thesis a cut-off of 0.5 

FPKM was employed as criterion for gene expression. 

To pre-filter the data, the following lines for R can be used:

Prefiltering1 <-means1 %>% filter (fpkm.Ax2pos.average>0.5 | 

fpkm.Ax2neg.average>0.5 | fpkm.Untreated.average>0.5)

At least two input files are required to run DESeq2 with the following information:

• Raw data counts table of “expressed genes” after applying the pre-filtering 

criterion.

• Identification table or ‘coldata’ table with the samples ordered in the same 

manner as in the “Raw data counts” table. To perform pairwise comparison 

based on experimental replicates, the category “replicate” was included in this 

file

Additional sample information can also be also integrated into the matrix of DESeq2. 

This extra features table is optional: 

• Extra features table with the name of the gene to visualize them later in the 

MAplot.

The following lines contain the scripts to read the aforementioned tables:

```{r}
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#rawData <- read.table("Ax2pos_Ax2neg_10raw 05fpkm cutoff copy.txt", 
header=TRUE, sep="\t")
#featureData <- read.table("featuredata.txt", header=TRUE, sep="\t")
#coldata <- read.table("coldata.txt", header=TRUE, sep="\t")
```

Preparation Raw Data Table for Deseq2 compatible format:

rownames(rawData) <- rawData$ensemblGeneID
rawData$ensemblGeneID <- NULL

Association of Raw data counts and identification table:

all(rownames (coldata)==colnames(rawData))

Deseq2 library loading, building Deseq2 matrix, adding extra features table and 

assigning the contrast condition. To perform pairwise comparison based on 

experimental replicates, such criterion was included in the design of the matrix.

library("DESeq2")
dds <- DESeqDataSetFromMatrix(countData = rawData,

colData = coldata,
design = ~ condition + replicate)

dds

featureData <- data.frame(gene=rownames(rawData))
mcols(dds) <- DataFrame(mcols(dds), featureData)
mcols(dds)
dds$condition <- relevel(dds$condition, ref = "Ax2neg")

Run Deseq2 with default 0.1 FDR

dds <- DESeq(dds)
res <- results(dds, name="condition_Ax2pos_vs_Ax2neg")
res <- results(dds, contrast=c("condition", "Ax2pos", "Ax2neg"))
res

######This is the part in which we can play with the FDR. Change alpha for the 

number you want. If you print “res” you will get the reults with the 0.1 FDR. If you 

print “res05” you will get the results with a FDR of 0.05.

res05 <- results(dds, alpha=0.05)
summary(res05)
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In the website Bioconductor they explain you about many informative plots of your 

data (inclusing PCA and clustering). If you only want the results with the significance, 

print them using:

write.csv(as.data.frame(res), 
file="condition_Ax2pos_Ax2neg_01FDR.csv")

IV. Supporting RNAseq results figures
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Appendix D, Figure7 Heatmaps showing the CPM of differentially expressed genes with a 
padj value £ 0.01 (A) or a padj value £ 0.01 ad a 2-fold change induction (B) between tdTom 
positive (Axin2pos) and tdTom negative (Axin2neg) cells. 
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Appendix D, Figure9 GSEA analysis. GSEA analysis using MSigDB C2 comprising Curated 
Gene Sets from online pathway databases publications in Pubmed and knowledge of domain 
experts. Analysis was performed in genes differentially expressed genes between tdTom 
positive (Axin2pos) and tdTom negative (Axin2neg) with a padj <= 0.01. A total of 5333 genes 
where found differentially expressed. Of those 5047 had a human ortholog and therefore could 
be analysed using GSEA.
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APPENDIX E
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The current appendix contains supplementary information associated with Chapter 7.

AppendixE Figure1 (A) Harmony semi-automatic quantification of GS staining intensity per 
GS positive area. View fields with non-GS positive areas were given a score of zero. Blue 
dash line highlight the average of the three vehicle animals. (n=10 view fields per animal). (B) 
Bar graph shows GS staining intensity per GS positive area quantifications (Harmony 
software) of Vehicle (n=3) and LGK974 animals combined (n=4). View fields with non-GS 
positive areas were given a score of zero. (C) GS staining IF quantifications (Harmony) shows 
a decline in the number of GS positive hepatocytes per view field in animal 66 and 67. Blue 
dash line highlight the average of the three vehicle animals. (n=10 view fields per animal). (D) 
Bar graph shows number of GS positive hepatocytes when Vehicle (n=3) and LGK974 animals 
combined. Quantifications were performed using the Harmony software. (n=4).
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