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ABSTRACT

Pancreatic cancer (PC) represents a significant health challenge with limited early detection methods
and effective treatments. Pancreatic ductal adenocarcinoma accounts for most PC cases and is typically
linked to duct cells due to its morphology and markers found. There is evidence that acinar cells can
acquire ductal features, sparking debates regarding the origin of PC tumours. The identification of pro-
tein-coding genes like NR5A2, highly expressed in the pancreas, has been essential to understand PC
development. Genome-wide association studies have uncovered some variants associated with PC in
non-coding regions nearby NR5A2 gene. Particular attention has been given to cis-regulatory elements
(CREs), specifically enhancers, which interact with gene promoters, increasing their expression. How-
ever, the impact of enhancer disruption on PC remains unclear and poorly explored. In this project,
exocrine pancreas enhancers of NR5A2/nr5a2 using zebrafish were explored, to better understand their
role in PC development. We validated in vivo enhancer activity of a human acinar putative enhancer
sequence (PES) that overlap with a PC SNP rs3790844 (seq44). We found that this sequence has both
pancreatic exocrine and endocrine enhancer activity, suggesting that the disruption of seq44 could have
far-reaching effects on gene regulation within pancreas. Then, ATAC-seq and ChlP-seq data for epige-
netic marks associated with enhancer activity were used to analyse the zebrafish genomic landscape of
nr5a2 in pancreatic acinar cells, identifying two PES: Region 1 and Region 2. Enhancer activity of these
sequences was also tested in vivo and showed that Region 1 has no pancreatic enhancer activity, while
Region 2 has acinar enhancer activity. CRISPR-Cas9-induced genomic deletions targeting those
zebrafish PES were performed, however, we only successfully validated the genomic deletion for Re-
gion 1. Further studies are necessary to evaluate the impact of these sequences of NR5A2/nr5a2 expres-
sion, particularly in the context of the human biology of PC.

Keywords: Pancreatic cancer, nr5a2, pancreas, enhancers, zebrafish
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RESUMO

O cancro pancreético (CP) representa um desafio significativo para a satide, com métodos de detegdo e
tratamentos limitados. O adenocarcinoma ductal pancreético é responsavel pela maioria dos casos de
CP, relacionado com células ductais pela sua morfologia e marcadores moleculares apresentados. Estu-
dos recentes indicam que células pancredticas acinares podem adquirir carateristicas ductais, questio-
nando a origem do CP. A identificacdo de genes codificantes como 0 NR5A2, altamente expresso no
pancreas, tem sido essencial para compreender o desenvolvimento do CP. Estudos de associagao de todo
0 genoma revelaram variantes associadas a CP em regides ndo codificantes proximas do gene NR5A2.
Especial atencdo foi dada aos elementos cis-reguladores, especificamente aos potenciadores, que inte-
ragem com promotores, potenciando a expressao genica. Contudo, o impacto da disrupgéo destes ele-
mentos no CP permanece indefinido. Neste projeto, foram explorados possiveis potenciadores do gene
NR5A2/nr5a2 no pancreas exdcrino utilizando o peixe-zebra, para melhor compreender o seu papel no
desenvolvimento do CP. Validamos in vivo a atividade de uma possivel sequéncia potenciadora con-
tendo um polimorfismo rs3790844 (seg44), associada com CP, na paisagem genémica humana do gene
NR5A2. Verifichmos que esta sequéncia tem atividade potenciadora no pancreas exécrino e endécrino
do peixe-zebra, sugerindo que a sua perturbacao pode afetar amplamente a regulacéo génica pancreatica.
Dados de ATAC-seq e ChlP-seq para marcas epigenéticas associadas a atividade potenciadora foram
utilizados para analisar a paisagem gendémica do gene nr5a2 em células acinares, identificado duas pos-
siveis sequéncias com atividade potenciadora: Regido 1 e Regido 2. Testes in vivo revelaram que a
Regido 1 ndo tem atividade potenciadora, enquanto a Regido 2 demonstrou atividade potenciadora em
células acinares. Validamos com sucesso delecBes gendmicas induzidas por CRISPR-Cas9 visando a
Regido 1. Mais estudos sdo necessarios para avaliar o impacto destas sequéncias na expressdo do gene
NR5A2/nr5a2 no contexto da biologia humana do CP.

Palavas chave: Cancro pancreatico, nrba2, pancreas, potenciador, peixe-zebra
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INTRODUCTION

1.1 Pancreas

The pancreas is a crucial organ located in the abdominal captivity within the digestive system (Anon
2010; Larsen and Grapin-Botton 2017) being responsible for glucose regulation, nutrition, metabolism,
and digestion (Anon 2010; Atkinson et al. 2020; Shih et al. 2013). This retroperitoneal organ is divided
in two major glandular systems: the endocrine and exocrine pancreas (Anon 2010; Atkinson et al. 2020;
Fig.1.1). The endocrine pancreas is composed by five different types of cells: glucagon-producing o-
cells, insulin-producing B-cells, somatostatin-producing &-cells, ghrelin-producing e-cells and pancre-
atic polypeptide-producing PP cells (Atkinson et al. 2020; Bakhti, Bottcher, and Lickert 2019). These
cells are grouped in clusters, called islets of Langerhans, which secrete key hormones into the blood-
stream, playing a crucial role in maintaining glucose homeostasis (Anon 2010; Bakhti et al. 2019; Shih
etal. 2013). The exocrine gland comprises acini, clusters of pancreatic acinar and duct cells (Anon 2010;
Atkinson et al. 2020; Low et al. 2010). Almost 80% of the exocrine pancreas is composed by acinar
cells that secrete digestive enzymes, such as elastase, protease, lipase, and fluid into the duodenum
through a network of ducts (Anon 2010; Atkinson et al. 2020; Low et al. 2010; Pan and Brissova 2014).
These enzymes play a critical role in breaking down proteins, fat and carbohydrates, facilitating diges-
tion (Anon 2010; Atkinson et al. 2020; Shih et al. 2013).
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Figure 1.1 Human pancreas anatomy and structure. Schematic representation of the pancreas’ anatomical localization in
relation to the adjacent organs, including the liver, gall bladder, stomach, spleen and duodenum. View of the exocrine and
endocrine pancreas, with detailed network of ducts connected with acinar cells, and a cluster of endocrine cells (islet of Lang-
erhans) (Adapted from Shih et al. 2013).

1.1.1 Vertebrate Pancreas Development and Transcriptional Network

Pancreas development is a complex process tightly regulated by a network of transcription factors (TFs)
that determine the differentiation of pancreatic progenitor cells into distinct cell types (Edlund 2001).
The evagination of the embryonic endoderm in vertebrates is the beginning of the pancreas organogen-
esis, which forms the ventral and dorsal buds that ultimately fuse to form the pancreas (Arda, et al. 2013;
Bastidas-Ponce et al. 2017; Pan and Brissova 2014; Fig.1.2 — A). Both of them are composed by mul-
tipotent progenitor cells (MPCs) that can develop all pancreatic cell types from tip and trunk cells with
two major fate decisions: acinar and duct cell lineage or endocrine cell lineage (Aimeé Bastidas-Ponce
et al. 2017; Pan and Brissova 2014; Fig.1.2 — B and C).

Pancreas-specific Transcription Factor 1A (PTF1A) promotes the formation of the tip domain, being
responsible for the acinar cell differentiation (Aimeé Bastidas-Ponce et al. 2017; Duque et al. 2022; Shih
et al. 2013). Homeobox protein 6.1 (NKX6.1) on the contrary drives the development of the trunk do-
main, being responsible for the differentiation into duct or endocrine cells (Aimeé Bastidas-Ponce et al.
2017; Duque et al. 2022; Schaffer et al. 2010; Shih et al. 2013). These two TFs are part of a positive



feedback loop of reciprocal inhibition essential for cell fate decisions that form the whole pancreas in
vertebrates, such as humans and mice (Duque et al. 2022; Schaffer et al. 2010; Shih et al. 2013; Figl.2
-0C).
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Figure 1.2. Overview of vertebrate pancreas development and differentiation. A- During the early stages of pancreatic
development, the endoderm is divided into the dorsal and ventral pancreas which undergo evagination into the surrounding
mesenchyme and become encapsulated by the basement membrane. Blood vessels (red) surrounding the epithelial buds with
the microlumen (yellow) situated between them. B- In a later stage of the pancreatic development, a layer of tip cells (green)
forms branching protrusions, while the trunk cells (purple) organize in rosettes around the lumen. C- Pancreatic progenitors
differentiate into either tip or trunk cells, with a positive feedback loop of reciprocal inhibition between Nkx6.1 and Ptfla
driving tip/trunk separation. Tip cells adopt an acinar phenotype maintained through the mutual positive regulation between
Ptfla and Nr5a2. Trunk cells are bipotent cells and therefore can differentiate into duct or endocrine cells. Endocrine precursors
can even differentiate into five distinct endocrine cell types, although only o and f cells are represented in this image (Adapted

from Shih et al. 2013).



This feedback loop is not only responsible for the early commitment of pancreatic progenitors, but also
for maintaining acinar cell identity through the continuous expression of PTF1A, which is supported by
the expression of NR5A2 (nuclear receptor subfamily 5 group A member 2) (Azevedo-Pouly et al. 2023;
Bastidas-Ponce et al. 2017; Hale et al. 2014; Larsen and Grapin-Botton 2017; Sandhu, et al. 2021).

The gene NR5A2, also known as LRH-1 (liver receptor homologue-1), belongs to the hormone family
of orphan nuclear receptors of ligand-activated TFs (Holmstrom et al. 2011; Luo et al. 2017; Sandhu et
al. 2021). In humans, this gene is in chromosome 1g32.1 and is highly expressed in the pancreas, liver,
intestine and ovary, where it contributes to many physiological processes, including pancreatic devel-
opment and homeostasis (Azevedo-Pouly et al. 2023; Larsen and Grapin-Botton 2017; Sandhu et al.
2021). This gene plays an essential role in early pancreatic development as it drives the expansion of
pancreatic progenitors (Hale et al. 2014; Sandhu et al. 2021). As development progresses NR5A2 ex-
pression becomes restricted to pancreatic epithelial cells leading to terminal acinar differentiation and
specialization (Hale et al. 2014; Larsen and Grapin-Botton 2017). In the adult pancreas, it is known that
the expression of this gene continues to be essential to maintain acinar cell identity, being crucial in fetal
organogenesis (Aimeé Bastidas-Ponce et al. 2017; Hale et al. 2014; Sandhu et al. 2021). Many pathol-
ogies, such as gastrointestinal malignancies and chronic pancreatitis, have been associated to Nr5a2
haploinsufficiency, highlighting this gene's significance in preserving healthy cellular homeostasis and
averting illness (Hale et al. 2014; Sandhu et al. 2021).

1.2 Transcriptional Regulation of Gene Expression

In vertebrates, the intricate process of transcription regulation of gene expression is significantly influ-
enced by the dynamic structure of chromatin and the interaction of different genetic elements (Elkon
and Agami 2017; Maston, et al. 2006). The basic structural units of chromatin are nucleosomes. They
are composed of DNA wrapped around histone proteins, and their modifications or positioning on DNA,
play a key role in regulating gene expression (Schones et al. 2008). Chromatin can be found in two
distinct states: condensed (closed) or relaxed (open) which directly affects the access to genetic infor-
mation. In its open state, chromatin allows TFs and RNA polymerase |1 to bind to DNA and regulate
gene transcription, while closed chromatin inhibits this interaction (Gowthaman et al. 2020; Maston et
al. 2006; Shlyueva, Stampfel, and Stark 2014; Fig. 1.3).

These processes involve histones, proteins with N-terminal tails that can suffer post-translational mod-
ifications (PTM), such as acetylation or methylation (Hernandez-Garcia and Finer 2014; Maston et al.

2006). These histone modifications alter the interaction between histones and DNA, influencing how



tight the DNA is wrapped around the histones, therefore regulating the transition between open and
closed chromatin states. By controlling DNA accessibility, these modifications ensure that genes are
expressed in the right place at the right time, which is essential for the proper development and cellular
function (Lodish et al. 2003; Schones et al. 2008).

1.2.1 Cis-Regulatory Elements - Enhancers

Cis-regulatory elements (CRESs) are crucial non-coding DNA sequences responsible for the regulation
of gene expression (Mathelier et al. 2015). The regulatory landscape of a gene is extremely complex,
frequently involving more than one CRES that cooperate to define distinct patterns of gene expression
in both temporal and spatial contexts (Lodish et al. 2003; Maston et al. 2006). CREs include promoters,
enhancers, silencers and insulators, each with distinct roles in gene regulation (Maston et al. 2006;
Mathelier et al. 2015; Riethoven 2010).

Enhancers have proven to be especially important in transcriptional regulation (Hernandez-Garcia and
Finer 2014; Mathelier et al. 2015). These specific elements are sequences with 200-500 base pairs (bp)
characterised by their ability to control the expression of one or more genes, independently from the
distance or orientation relative to the particular gene promoter (Cho 2012; Garcia-Gonzalez et al. 2016;
Natoli and Andrau 2012). Active enhancers are found in open chromatin regions, where DNA is free of
nucleosomes and accessible for TFs to bind. This availability allows TFs to form DNA loops, bringing
enhancers and core promoters of the target gene into close proximity facilitating and increasing tran-
scription initiation (Maston et al. 2006; Natoli and Andrau 2012; Shlyueva et al. 2014; Fig. 1.3). His-
tones modifications act as markers for the different chromatin states, which can be detected using tech-
niques that can help to predict and identify sequences with enhancer activity (Gowthaman et al. 2020).
Specific histone marks are associated with enhancers activity (Shlyueva et al. 2014). Discovering the
enhancers that regulate the transcription of specific target genes is essential for understanding their role

in the mechanisms behind human development and disease (Shlyueva et al. 2014).
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Figure 1.3. Mechanisms of gene regulation and chromatin accessibility. Chromatin can present itself in a condensed
(closed) or relaxed (open) form, which directly influences the accessibility for transcription factors (TFs) and RNA polymerase
to bind to DNA and consequently regulate gene transcription. The transition between chromatin states is often regulated by
histone modifications. Cis-regulatory elements (CRESs), such as enhancers, located in non-coding regions, play a crucial role
in increasing gene transcription. This process occurs through the formation of DNA loops, facilitated by TFs, that bring en-

hancers into close proximity with their target promoters (Created with ©2024 BioRender).

1.2.2 Genome-Wide Assays to Identify and Predict Enhancer Regions

The identification and prediction of enhancers remains complex, however, advances in molecular and
computational biology have improved the ability to detect them (Pennacchio et al. 2013; Wang et al.
2013). Genome-wide tools that profile epigenetic marks have become highly effective for the detection
of candidate enhancers. Since the activity of CREs is regulated by DNA-binding proteins and histone
modifications, methodologies that identify DNA accessibility and specific histone marks can provide a
comprehensive overview of the regulatory landscapes across the genome, facilitating the identification

and prediction of enhancers (Elkon and Agami 2017).



1.2.2.1 Chromatin Epigenetic Marks associated to Enhancers

Histone modifications can be useful markers to identify and predict enhancers. Histone H3 lysine 4
mono-methylation (H3K4mel) and the histone H3 lysine 27 acetylation (H3K27ac) marks together are
typically associated with active enhancers (Shlyueva et al. 2014). Conversely, Histone H3 lysine 27 tri-
methylation (H3K27me3) mark is associated with poised enhancers , and Histone H3 lysine 4 tri-meth-
ylation (H3K4me3) marks gene promoter regions (Shlyueva et al. 2014). The presence and combination
of these histone modifications offer important information about the functional identity of CREs (Elkon
and Agami 2017; Shlyueva et al. 2014).

Chromatin immunoprecipitation followed by sequencing (ChlP-seq) is one of the most used methods to
identify and predict enhancers because it allows us to predict the localization of histone modifications
associated with enhancer activity (Elkon and Agami 2017; Mundade et al. 2014; Shlyueva et al. 2014).
ChlIP-seq is a powerful tool to detect the binding of a specific TF to the DNA sequence, by using anti-
bodies that target specific proteins or histone modifications of interest, such as H3K27ac, H3K4mel,
H3K4me3, and H3K27me3 (Elkon and Agami 2017). After immunoprecipitation of the DNA-protein
complexes obtained, they are sequenced, enabling genome-wide identification of enhancer activity
(Elkon and Agami 2017; Mundade et al. 2014). With a low rate of false negatives, ChlP-seq has proven
to be a robust method to predict and identify enhancer regions (Shlyueva et al. 2014).

1.2.2.2 Assays for Chromatin Accessibility

Active enhancers are usually localised in regions of open chromatin, which allows DNA to be accessible
for TFs to bind (Shlyueva et al. 2014). Several genome-wide techniques have been developed to identify
chromatin accessibility, with the Assay for Transposable Accessible Chromatin using Sequencing
(ATAC-seq) standing out as a powerful method for locating active regulatory areas of open chromatin
(Grandi et al. 2022). This approach uses the hyperactive Tn5 transposase that cuts DNA in zones of
open chromatin, inserts adapters into these cut sites and the resulting DNA fragments are amplified and
sequenced. Data analysis of the sequenced reads provides a comprehensive view of the chromatin ac-
cessibility profile, enabling the identification and prediction of enhancers (Buenrostro et al. 2013; Elkon
and Agami 2017; Grandi et al. 2022; Shashikant and Ettensohn 2019).

1.2.3 Pancreatic Cancer and Cis-Regulation

More than 10% of people worldwide are thought to suffer from pancreatic diseases, with pancreatic

ductal adenocarcinomas (PDAC) accounting for more than 90% of all cases (Arda et al. 2018; Grant et



al. 2016; Hawksworth et al. 2019). For this reason, throughout this thesis, PDAC will be referred to as

pancreatic cancer (PC).

The origin of the PC has been a matter of discussion (Backx et al. 2022; Strobel et al. 2007). Historically,
PC was thought to arise from duct cells based on the morphology of the tumour and molecular markers
found (Backx et al. 2022; Grant et al. 2016). However, some studies have shown that PC can also orig-
inate from acinar cells through acinar-to-ductal metaplasia (ADM), a process in which acinar cells de-
differentiate into cells with duct-like features (Baldan et al. 2024; Marstrand-Daucé et al. 2023; Storz
2017). This transformation often results in pancreatic intraepithelial neoplasia (PanIN), the most com-
mon precursor lesions of PC (Marstrand-Daucé et al. 2023; Pinho et al. 2011; Storz 2017). This incon-
clusiveness regarding the specific PC origin suggests that multiple pathways can be involved and that
both duct and acinar cells can contribute to the development of this disease.

Due to its aggressive nature, PC is considered a high-lethal malignancy (Grant et al. 2016; Zhao and Liu
2020). Some advances have been made in the last few years, however, the 5-year survival rate for this
specific type of cancer remains lower than 5% (Grant et al. 2016; Pinho et al. 2011; Vincent et al. 2011).
This high mortality rate is largely due to PC resistance to chemotherapy and its tendency to late-stage
diagnosis, as it often remains asymptomatic until it has grown to advanced stages (Aguirre and Collisson
2017; Zhao and Liu 2020). In light of these challenges, it is important to understand the molecular and

genetic pathways underlying this disease.

Although recent studies have focused in understanding the impact of modifications in protein-coding
genes related to PC, such as those found in the KRAS gene, these discoveries have not yet translated into
effective therapies or tools for diagnosis (Aguirre and Collisson 2017; Venkat, et al. 2021; Vincent et
al. 2011). This lack of understanding emphasises how important is to seek for other genetic factors,
especially those present in DNA non-coding regions. Genome-wide association studies (GWAS) have
been highlighting the importance of non-coding regions, revealing a significant number of single nucle-
otide polymorphisms (SNPs) associated with PC in these regions. A notable case is the landscape of
NR5A2 gene, where several SNPs have been detected in non-coding regions (Petersen et al. 2010). Ac-
cording to these findings, the transcription regulation of NR5A2 is not only crucial for pancreatic devel-

opment but can be also important for tumorigenesis (Chen et al. 2018).

Transcription regulation can be disturbed by alterations in CREs, including SNPs (Cho 2012). This
genetic variation is the most common one, occurring almost once in every 1000 bp in the human genome,
mostly in non-coding regions (Elkon and Agami 2017; Maston et al. 2006). While coding SNPs can

directly impact protein function and structure, SNPs localised in non-coding regions can influence gene



expression by affecting CREs (Elkon and Agami 2017). Disruption of these elements can lead to dysreg-
ulation of key genes, such as NR5A2, involved in pancreatic function which could result in disease
development(Chen et al. 2018; Zhang et al. 2014)

Although NR5A2 is considered a tumour suppressor gene, its role in PC it is not fully understood yet
(Sandhu et al. 2021). The downregulation of this specific gene leads to acinar cell instability and subse-
quently to ADM and PanlIN lesions, both commonly associated with pancreatic inflammation (pancre-
atitis), causing irreversible damage to acinar cells, potentially contributing to the development of PC (
Marstrand-Daucé et al. 2023; Sandhu et al. 2021; Cobo et al. 2018). Controversially, the overexpression
of NR5A2 is linked to tumour growth and poor prognosis in the later stages of PC (Luo et al. 2017;
Sandhu et al. 2021). According to some studies using mice, heterozygous deletion of Nr5a2 increases
the susceptibility to pancreatic damage and the likelihood of developing Kras-driven tumours (Flandez
et al. 2014).

As evidenced by the lack of information regarding the role of NR5A2 in the development of PC and the
doubts concerning the specific origin of this pathology, a more in-depth study of the NR5A2 gene tran-

scription regulation in the context of PC is essential.

So far, little has been done to explore the impact of the disruption of CRES regulating the expression of
NR5A2 in pancreatic acinar cells, probably due to the scarcity of acinar cell lines. This underscores the
importance of identifying enhancers that control NR5A2 gene expression, specifically in acinar cells,

using alternative research models, such as zebrafish.

1.3 Zebrafish as a Model to Study Pancreatic Cancer

In the study of PC, animal models have become essential because they enable the investigation of tu-
mour genetics in terms of development, progression and response to therapies in a whole organism

context (Lorberbaum et al. 2020).

Zebrafish (Danio rerio) emerged as a powerful animal model in biomedicine and development biology
(Choi et al. 2021). The use of these fish offers many advantages over traditional rodent models due to
their rapid development (~3 months to adulthood) and high fecundity, which facilitate high-throughput
genomic screenings (Alestrom, et al. 2006; Hwang and Goessling 2016). Their embryos are transparent
and develop outside the mother allowing the manipulation and detailed observation of development

processes and tumour formation in vivo (Howe et al. 2013; Tehrani and Lin 2011).



These small tropical fish have a partially duplicated genome with 25 chromosomes and 26 206 protein-
coding genes (Howe et al. 2013; Kwiatkowska et al. 2022; Tiso et al. 2009). Sharing high genetic ho-
mology with humans, approximately 70% of human genes have at least one ortholog in the zebrafish
genome (Kwiatkowska et al. 2022). Genomic similarity makes zebrafish useful for studying the con-
served pathways and histone modifications involved in vertebrate development and disease mecha-
nisms, including PC (Mudbhary and Sadler 2011; Park and Leach 2018; Tiso et al. 2009).

1.3.1 Zebrafish Pancreas Organization and Development

The zebrafish pancreas resembles the mammalian pancreas in many morphological and functional as-
pects (Chen et al. 2007; Tehrani and Lin 2011). Such as the human pancreas, the zebrafish pancreas is
divided in two compartments. The exocrine pancreas, that comprises acinar cells and duct cells which
form a network capable of conducting digestive enzymes to the gut. The endocrine pancreas that is also
composed by islets of a, B, & and PP cells that secrete hormones into the bloodstream (Kimmel and
Meyer 2010; c et al. 2024; Tiso et al. 2009; Van De Venter et al. 2021; Fig.1.4).

ela:mCherry

B "
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Figure 1.4 Structural comparison between the human and zebrafish adult pancreas. A- Zebrafish adult male from the
transgenic line tg(ins:GFP; ela:mCherry). GFP (Green Fluorescent Protein) highlights B-cells (green) under the control of the
insulin promoter, while mCherry labels acinar cells (red) driven by the elastase promoter. Notable anatomical marks within
the zebrafish pancreas include the secondary (SI) and principal islets (PI). Surrounding the pancreas is also noticeable the
intestine (IN), the liver right lobe (LRL), the left testis (LT) and the swim bladder (SB). B- Histological cross-sections of the
pancreas showcasing the islet of Langerhans (black dashed lines) surrounded by the exocrine tissue in both zebrafish (left) and

human (right) samples. Scale bar: Imm. Abbreviations: ela, elastase; ins, insulin (Adapted from Bordeira-Carrico et al. 2022).

Contrary to what happens in the development of the human pancreas, in the zebrafish, the dorsal bud
gives rise only to the endocrine pancreas, while the ventral bud generates both endocrine and exocrine
pancreas (Duque et al. 2022; Tehrani and Lin 2011). At 24 hours post-fertilization (hpf) the principle
endocrine islet begins to develop and is almost totally developed at 48 hpf (Tehrani and Lin 2011). The
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whole pancreas is only fully developed at 11-12 days post-fertilization (dpf) (Van De Venter et al. 2021).
The genetic regulation of these development processes involves many genes and signalling pathways,
such as ptfla, nkx6.1 and nr5a2, that are conserved between vertebrates (Duque et al. 2022; Mi et al.
2024; Yee, Lorent, and Pack 2005).

The conservation of the pancreatic anatomy, physiology and molecular pathways allows the use of this
specific animal as a model to better understand pancreatic tumorigenesis.

1.4 Genetic Tools to Study CREs in vivo

1.4.1 Reporter Assays to Study Enhancer Activity

To better understand the role of CREs in human disease development using animal models, it is essential
to find sequences that are functional equivalents. Conservation of the sequence alone does not indicate
functional equivalency, which means that functional equivalent sequences could not share high se-
quence similarity (Bordeira-Carrico et al. 2022). This challenge can be mitigated using markers associ-
ated with CREs activity alongside enhancer reporter assays, one of the most effective methods to access
enhancer activity in vivo (Bordeira-Carrico et al. 2022; Eufrasio et al. 2020; Narlikar and Ovcharenko
2009).

This technique is based on the insertion of PES in a vector, upstream of a reporter gene (Narlikar and
Ovcharenko 2009). Green fluorescent protein (GFP), which enables the visualization and quantification
of gene expression, is typically used as the reporter gene (Narlikar and Ovcharenko 2009; Soboleski, et
al. 2005).

The vector also contains the TOL2 transposon flanking the PES. Its microinjection in zebrafish embryos
is done alongside with messenger RNA (mRNA) encoding the TOL?2 transposase that is in charge of
the excision of the transposon and its random insertion in the zebrafish genome (Kemmler et al. 2023;
Suster et al. 2009). This TOL2 transposon-based transgenic system guarantees the integration of
transgenes into the zebrafish genome with more than 50% of efficiency (Chan et al. 2019; Kwan et al.
2007; Taminato et al. 2016). The flexibility of this system can be increased by the Gateway technology,
which allows the easy recombination of DNA fragments between transgenic constructs in order to test

multiple putative enhancers with minimal efforts (Chen, et al. 2016; Kwan et al. 2007).

Minimal promoters, such as the zebrafish gata2a promoter, are used in these type assays to provide a

neutral background for the enhancer activity test, ensuring that the reporter gene expression is caused
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by enhancer activity and not by the position effect or the genomic context in which the construct is
inserted (Bessa et al. 2009; Kemmler et al. 2023).

1.4.2 Loss of Function Assays using CRISPR-Cas9

In the context of enhancer study, CRISPR-Cas9 system, derived from bacterial adaptative immune sys-
tem, has been used as a loss of function assay with the capacity to target enhancer sequences (Choi et
al. 2021; Gagnon et al. 2014). With high efficacy mutagenesis, this system can target almost any se-
guence in the genome, which makes it ideal for targeted mutagenesis in zebrafish (Albadri et al. 2017;
Amorim et al. 2020; Li et al. 2016).

This revolutionary genome editing tool utilises single-guide RNAs (SgRNA) complementary to the tar-
get DNA sequence that direct Cas9 nuclease to make double-strand brakes (DSB) at this region. This
breaks in the genome are repaired by a process called non-homologous end joining (NHEJ), which in-
troduces small insertions or deletions disrupting the sequence and its function (Albadri et al. 2017; Gag-
non et al. 2014). This approach not only provides insights into the role of these CREs in the regulation
of gene expression but also enables the generation of stable transgenic zebrafish lines with the specific

enhancer mutations facilitating the study over multiple generations (Auer et al. 2014; Li et al. 2016).

1.5 Main Objectives

The main goal of this master thesis is to validate and explore exocrine pancreas enhancers of
NR5A2/nr5a2 gene using an animal model to better understand the role of this gene in PC development.

In order to achieve this goal, the project is divided into three main tasks:

1. Selection of pancreatic exocrine putative enhancers located in the human and zebrafish
NR5A2/nr5a2 genomic landscapes based on specific epigenetic marks and chromatin accessi-
bility;

2. Perform enhancer reporter assays to validate the enhancer activity of the selected sequences;

3. Determine if the disruption of nr5a2 putative enhancers results in PC.

These findings will deepen our understanding in how non-coding regions affect NR5A2 transcription

regulation, which is important to better understand early PC development and its genetic susceptibility.
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MATERIALS AND METHODS

2.1 Zebrafish Stocks, Husbandry, Breeding, and Embryo Culture

The i3S animal facility and the project are licensed by the Direc¢do Geral de Alimentagéo e Veterinaria
(DGAV). All experimental protocols were approved by the i3S Animal Welfare and Ethics Review
Body and were conducted by me, following completion of the Introductory Course in Laboratory Ani-
mal Science. This course was focused on Functions A and D of the European Directive 2010/63/EU,
with specialisation in zebrafish, equivalent to FELASA Course Category B.

2.1.1 Zebrafish Husbandry

Adult zebrafish (Danio rerio) from AB WT and transgenic line strains were maintained in the i3S main
facility with a light cycle of 14 hours (hrs) of light and 10 hrs of darkness, as well as daily monitoring
of behaviour, clinical signs and feeding. Optimal water parameters were maintained at a temperature of
around 27°C, pH (potential of hydrogen) of 7, and conductivity of 700 pS (picosiemens). All the tanks
were connected by a recirculating water system with mechanical filters for solid residuals, biological
filters for ammonia nitrogen removal, and chemical filters with activated carbon for organic substances.
Additionally, there's a life support system including a recirculating pump, heaters, reverse osmosis, and

UV (ultraviolet) sterilizer to eliminate harmful microorganisms.
2.1.2 Breeding and Egg Collection

The breeding method used was natural fertilization and a static tank strategy. In this method, sex iden-
tification is carried out in the late afternoon, at least 12 hrs before mating, and the fish are then moved
to a breeding tank with a male:female ratio of 2:3, with a partition to separate the genders. In the next

morning, the partition was removed, and the tank was tilted to create a less-deep zone over a photo of
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gravel substrate. The eggs were moved to a labelled petri dish in E3 medium (NaCl, KCI, CaCl2.2H,0,
MgCIl.6H;O and methylene blue; Applichem) or E3 supplemented with PTU (1-phenyl-2-thiourea,
Sigma-Aldrich) and then incubated at 28°C.

Before getting into the nursery, the embryos were disinfected 10-28 hpf by bleaching with Sodium hy-
pochlorite (Sigma-Aldrich). This technique consists in soaking the eggs in 5 containers for 5 minutes
(min) each: 2 bleach solutions (0.0036% of Sodium hypochlorite in system water) and 3 tap water so-

lutions.

2.1.3 Microinjection in 1-cell-stage Zebrafish Embryos

All microinjections were performed in 1-cell stage zebrafish embryos, which means that the eggs were
collected within the first 20 min following fertilization, as described above. The glass microneedles
(0.58x1.00x100mm; GB100F-10, SCIENCE PRODUCTS GmbH) used to do the injection were made
by glass capillaries using Narishige PN-31 Horizontal Needle Puller (Tritech Research). Each embryo
was injected with around 2-5 nanolitres (nL) of solution in the yolk or the cell using a Narishige injector
(IM 300; Tritech Research) and a Leica SE6 stereomicroscope (KL300 LED, Motic SMZ-171, Leica
microsystems). After, the eggs are kept in E3 medium or E3 with PTU 1x, at 28°C. The PTU is used to
avoid the formation of pigmentation, which allows the selection of positive transgenic embryos (Anti-
nucci and Hindges 2016).

2.2 DNA Extraction from Zebrafish Embryos

Zebrafish genomic DNA (gDNA) was extracted from 3 batches of 8 whole embryos 24 hpf, in a mixture
of 70 pL of 5% Chelex100 sodium form resin (Sigma-Aldrich) diluted in TE buffer (Tris base, Nzytech;
EDTA, Sigma-Aldrich), and 5 pL of Proteinase K (10mg/mL, ThermoFisher Scientific). Subsequently
was incubated for 3 hrs at 56°C, followed by 10 min at 95°C. The gDNA was stored at -20°C and before

being used was briefly centrifuged.
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2.3 SNPs and Putative Enhancers Sequences Selection

In the human NR5A2 regulatory landscape of pancreatic acinar and duct cell types, sequence 44 (con-
taining the non-risk variant of the SNP; seq44) was previously selected for other studies in the lab taking
into consideration the position of the PC risk SNP rs3790844 and the epigenetic profile of H3K27Ac,
H3K4mel and H3K4me3 ChlP-seq data (Arda et al. 2018; Petersen et al. 2010).

In the zebrafish genome, two PES were selected in the non-coding regions of the nr5a2 genomic land-
scape, taking into consideration the simultaneous signal of ATAC-seq data from acinar cells and
H3K27Ac ChlP-seq data from whole pancreatic tissue (unpublished data from the lab, not obtained in
this thesis). The H3K4me3 HiChlP-seq from whole pancreas (unpublished data from the lab, not ob-
tained in this thesis) was also used to predict the putative promoter region interaction with the putative

pancreatic enhancers.

Both human (GRCh38/hg38) and zebrafish (GRCz10/danRer10) genomic landscapes were analysed us-

ing the UCSC Genome Browser (https://genome.ucsc.edu/).

2.4 Generation of Plasmids with the Selected Sequences

2.4.1 Primers Design and PCR Amplification

Primers for each PES were designed with Primer3web (version 4.1.0; https://primer3.ut.ee/) (Table 2.1).
The Oligonucleotide Properties Calculator (Oligo Calc; version 3.27) was used to check primers self-

complementary and each primer melting temperature.

PCR amplifications from zebrafish gDNA were performed using the proof-reading I-MAX [I™ DNA
Polymerase (iNtRON Biotechnology) in a final volume of 20 pL. The reaction was composed by 2 pL
of 10X PCR respective buffer, 0.75 pL of Forward (Fw) and Reverse (Rev) primers (10ng/uL), 2 pL of
dNTPs (10mM of each NTP; iNtRON Biotechnology), 13 pL of H.0 HyPure (HyCloneTM Water), 0.50
pL of DNA Polymerase and 1 pL of zebrafish gDNA. In a thermocycler, first a 3 min cycle was per-
formed at 94°C and then 35 cycles at 94°C for 30 seconds (sec), a range of temperatures (depending on
melting temperature of each pair of primers, Table 2.1.) for 40 sec, 72°C for 1 min and 30 sec, and a
final extension time of 10 min at 72°C. The PCR product was then confirmed in a 1% agarose gel stained
with SYBR Safe (NZYtech) and the bands were excised and purified with the NZYGelpure kit

(NZYTech) following the manufacturer’s instructions.
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Table 2.1 Primers designed to amplify the PES selected in the zebrafish nr5a2 regulatory landscape (Region 1 and

Region 2).
Sequence Primer ) Sequence
) ] Primer Sequence Tm (°C) )
Name Orientation Size
) Fw TCACACAACTGCCCAAACTT 58
Region 1 470 bp
Rev TGACTCCGCGCCAATTAAAA 58
) Fw ACCATATTGCCCAACACCAA 57.6
Region 2 798 bp
Rev CCTTAGGGCTCATATGATTG 57

The PCR amplification of seq44 from human gDNA was previously done in the lab using the primers
described in Table 2.2. The I-MAX II™ DNA Polymerase was also used to amplify this sequence fol-

lowing the manufacturer’s protocol instructions and the corresponding primer conditions.

Table 2.2 Primers designed to amplify the PES selected in the human NR5A2 regulatory landscape (Seq44).

Sequence Primer ) Sequence
) ) Primer Sequence Tm (°C) )
Name Orientation Size
Fw GCTTGTCTCACTAGGTCAGCC 61
Seq44 1697 bp
Rev GGCTCAGGCTCCAGTCCC 61

2.4.2 Cloning of Fragments into pCR8™/GW/TOPO® Vector and Chemi-

cally Competent Bacteria Transformation

PCR products from Region 1 and Region 2 were cloned individually into the entry vector
pCR8™/GW/TOPO® (Invitrogen, ThermoFisher Scientific) that is Gateway-adapted providing the re-
combination of the insert into any Gateway® destination vector (Fig. 2.1). The ligation reaction was
done with 4 pL of insert, 1 uL of salt solution and 1 uL of pCR8™/GW/TOPO® vector diluted in 1/4

of dilution buffer that was then incubated at room temperature overnight (O.N).
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Figure 2.1 Graphical representation of pCR8™/GW/TOPO® vector (2817 bp) with the PES flanked by two attL and
two Gateway® recombination sites. Those are both necessary for cloning and recombination with a destination vector, re-
spectively. The vector also includes EcoRI enzyme restriction sites and spectinomycin resistance gene (Created with ©2024
BioRender).

Standard bacterial transformation was performed using 5 pL of the reaction in 50 puL of MultiShotTM
FlexPLate Machl T1R competent bacteria (Invitrogen, ThermoFisher Scientific) and incubated on ice
for 30 min. The cells were subjected to heat shock at 42°C for 30 sec and were incubated again on ice
for only 2 min. Afterwards, 800 uL of Lysogeny Broth (LB) liquid medium was added, and competent
cells were incubated at 37°C for 60 min in a shaking incubator. Transformed cells were finally plated
into LB agar plates with 100 pg/ml Spectomycin (Sigma-Aldich) and grown at 37°C O.N. Then, colonies
from each plate were pitched and inoculated in 3 ml of LB liquid medium with 100 pg/ml of the respec-
tive antibiotic and grown at 37°C shaking O.N. To extract plasmid DNA from each colony, an
NZYMiniprep kit (NZYTech) was used following the manufacturer’s instructions, and samples were

then stored at -20°C.

The insertion of each sequence in the plasmid was confirmed using the EcoRI restriction enzyme (Anza,
Invitrogen, ThermoFisher Scientific) in a 2 hrs reaction at 37°C: 3 L of the miniprep product, 0.30 uL
of enzyme, 2 uL of the respective buffer, and H-0 HyPure until a final volume of 20 pL. The digestion
product was analysed in a 1% agarose gel to analyse the insertion of the sequence. Sanger Sequencing
was used to confirm the correct nucleotide sequence, and all results were aligned and analysed using

Benchling platform (https://www.benchling.com/).
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2.4.3 Z48 based Vector Recombination of the Selected Sequences

Each PES was inserted in the pCR8™/GW/TOPQ® vector and then recombined into the destination
vector Z48 through the Gateway® system, in order to test the enhancer activity (Bessa et al. 2009 ; Fig.
2.2).

The Z48 vector has a Gata2 minimal promotor that controls a GFP reporter gene. Upstream this promo-
tor is a Z48 enhancer that drives GFP expression in the zebrafish midbrain, functioning as a internal
control of transgenesis. If the sequence present in the cloning site has enhancer activity in a specific
tissue, then GFP expression will also be observed in that particular tissue (Bessa et al. 2009, 2014; De
La Calle-Mustienes et al. 2005; Fig. 2.2).

pCR8/GW/TOPO
expression in the midbrain
attL1 PES attl2
L . ]
TOL2 || GATEWAY CLONING SITE || GATA2 Promoter GFP| 748 |TOL2| —> '

Z48

Figure 2.2 Graphic representation of the recombination of the PES between the pCR8™/GW/TOPO® and the Z48 vec-
tor (7890 bp). This happens through the attL sites within the Gateway® system localized upstream the Gata2a minimal pro-
moter. Z48 enhancer drives GFP expression in zebrafish midbrain as an internal control of transgenesis. The TOL2 transposase
recognition sites, also flanking the PES, make this vector a transposable element (Created with ©2024 BioRender).

The recombination reaction was performed using 0.50 pL of Gateway® LR Clonase® Il Enzyme (Invi-
trogen, ThermoFisher Scientific), along with 1 uL of Z48 empty destination vector (50 ng/uL) and 1 pL
of pCR8™/GW/TOPQO® vector with the insert (50 ng/pL) in a final volume of 2.50 pL. After 30 min of
incubation at 25°C in a thermocycler, 0,25 pl of Proteinase K (10mg/mL) were added, and the mixture

was incubated for 10 min at 37°C.

Standard bacterial transformation was also performed as described above. Positive colony selection was
done with 100 pg/ml of Ampicilin (NZYTech), which is the antibiotic resistance of the Z48 vector.
Plasmids were purified using an NZYMiniprep kit (NZYTech) following the manufacturer’s instruc-
tions, and the recombination was confirmed with the EcoRI restriction enzyme in a reaction similar to

the one described in section 2.4.2. The digestion product was analysed in a 1% agarose gel, and the

18



plasmid content was confirmed by Sanger sequencing using sequence-specific primers. Analysis of se-

guencing results was performed using Benchling (https://www.benchling.com/).
2.4.4 Phenol/Chloroform Purification of the Plasmid for Microinjection

A phenol/chloroform purification protocol was used to purify the final plasmids before microinjection.
First, 100 pL of Phenol:Chloroform:Isoamyl Alcohol (UltraPure™, Invitrogen, ThermoFisher Scien-
tific) was added to the samples diluted with H>0 HyPure (to a final volume of 100 pL). The mixture was
vortexed and centrifuged for 5 min (13000 rpm) for phase separation. The upper aqueous phase was
transferred to an RNAse-free 1,5mL Eppendorf along with 100 pL of chloroform. Following vortexing,
the mixture was centrifuged under previously defined conditions. Then, the agueous phase was trans-
ferred to a new RNAse-free 1.50 mL Eppendorf. To precipitate the sample, 10 pL of sodium acetate
(3M) and 200 L of cold 100% EtOH (ethyl alcohol) were added to each 100 L of agueous phase and
incubated O.N. at -20°C. The mixture was then centrifuged for 15 min at 4°C (13000 rpm), and the
ethanol left was removed. The pellet was diluted in 15 puL of H.0 HyPure and stored at -20 °C. The
concentration of purified plasmid DNA was determined using a spectrophotometer (NanoDrop One,

ThermoFisher Scientific).

2.5 Transgenesis

2.5.1 Microinjection of Plasmids and mRNA into Zebrafish Embryos

The solution injected in this assay was composed by Z48 vector carrying the sequence of interest (50
ng/uL) along with the TOL2 mRNA transposase (50 ng/uL) and 0.05% phenol-red (Sigma-Aldrich) to
obtain a final concentration of 25 ng/nL. These mixtures were microinjected into one-cell stage embryos
according to the conditions described above. Then, the internal control of transgenesis, GFP expression
in the midbrain, allowed selection of microinjected embryos at 48 hpf. To establish stable transgenic
zebrafish lines, those embryos were then disinfected by bleaching (as described in section 2.1.2.) and

grew until adulthood (~ 3 months).
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2.6 Screening for Enhancer Activity

Adult fish injected with the human and zebrafish sequences were outcrossed with the transgenic line
tg(ela:zmCherry), which has an ela (elastase) promoter that drives the expression of the mCherry marker
in acinar cells, to assess the enhancer activity of each sequence in the exocrine pancreas (Bordeira-
Carrico et al. 2022).

The offspring (F1) was screened for the internal control of transgenesis at 48 hpf, GFP expression in the
midbrain, meaning that germline transmission occurred. When the exocrine pancreas is fully developed
in zebrafish larvae, at 11-12 dpf, they were screened for mCherry expression in acinar cells, labelling
the exocrine pancreas and a possible co-localization with GFP expression in the case of an acinar en-

hancer sequence (Wilson and Matsudaira 2004).

Later on, the fish injected with the human sequence (seq44) were also outcrossed with another transgenic
line: tg(sst:mCherry), which has a sst (somatostatin) promoter that drives the expression of the mCherry
marker in 3-cells, to assess endocrine pancreas enhancer activity (Eufrésio et al. 2020). The offspring,
in this case, was only screened at 48 hpf once the endocrine domain is already formed at this timepoint
in the zebrafish (Tiso et al. 2009). In order to analyse the enhancer activity of this sequence in pancreatic
progenitor cells, mouse anti-Nkx6.1 antibody (F55A10; Hybridoma bank) was used in the immuno-

histochemistry as a molecular marker for these cells (Binot et al. 2010).

As a positive control of these enhancer reporter assays, we used a stable zebrafish line that contains a
distal ptfla enhancer (zP.E3) that shows a strong GFP expression in progenitor cells and differentiated
acinar cells (Bordeira-Carrico et al. 2022). The transgenic line tg(zP.E3:EGPF, ela:mCherry) was used
to assess acinar cell enhancer activity at 11-12dpf. The transgenic lines tg(zP.E3:EGFP) and
tg(sst:mCherry) were also crossed, the offspring was screened at 48 hpf for GFP expression, and they

passed through immunohistochemistry with anti-Nkx6.1 to mark the progenitor cells (Binot et al. 2010).

2.6.1 Fixation and DAPI Staining (11-12dpf)

FO carrying each PES were crossed with the line tg(ela:mCherry) to assess enhancer activity in pancre-
atic acinar cells (Bordeira-Carrico et al. 2022). To observe the cell nucleus ahead in fluorescence mi-

croscopy, DAPI staining was performed.

At 11-12 dpf larvae were anaesthetised by adding MS-222 (Tricaine; ethyl 3-aminobenzoate methane-
sulphonate salt, Sigma-Aldrich) into the E3 medium for selection into an RNAse-free 1.5 mL Eppen-

dorf, via mCherry expression in the pancreas. Afterwards, E3 medium was discarded, and larvae were
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fixed in 600 pL of Formaldehyde solution 4% (Sigma-Aldrich) in PBS-1x (Phosphate-buffered Saline;
Gibco™, ThermoFisher Scientific) for 1 hr. Then, formaldehyde was wasted, 500 pL of PBS-1x were
added and larvae were stored at 4°C until staining. This step was followed by a wash with 500 pL of
0.1% Triton X-100 (Sigma-Aldrich) in PBS-1x for 5 min. Permeabilization was performed with 500 pL
of PBS-T (0.5% Triton X-100 in PBS-1x) for at least 30 min, followed by another 5 min wash with 500
pL of PBS-T 0.1%. Then, the mixture was incubated O.N. with PureBlu™ DAPI nuclear staining dye
(1:1000; Bio-Rad) diluted in PBS-T 0.1% at 4°C shaking. The next day, larvae were washed six times
with 600 pL of PBS-T 0.1% for 10 min (last wash of 30 min) and 500 pL of 50% glycerol (VWR
Chemicals) in PBS 1x were added. All incubation times were performed at room temperature with shak-
ing (except the ones that were specified). This step was also performed for the positive control:
tg(zP.E3:EGFP, ela:xmCherry) at 11-12 dpf.

2.6.2 Fixation and Immunohistochemistry (48 hpf)

FO adult fish injected with the Z48 vector carrying the human seq44 were crossed with the transgenic
line tg(sst:mCherry) to evaluate the enhancer activity of these sequences in endocrine pancreatic cells.
Immunohistochemistry was performed using mouse anti-Nkx6.1 antibody (F55A10; Hybridoma bank)

to assess enhancer activity in progenitor cells and with DAPI for nuclear staining.

At 48 hpf, embryos were anaesthetized (as described in section 2.6.1.), selected for GFP expression in
the midbrain, and dechorionated. After being fixed O.N. in 600 pL of Formaldehyde 4% (in PBS-1x) at
4°C shaking, embryos were incubated in 500 puL of PBS-1x at 4°C until the immunostaining was per-
formed. Fixed embryos were washed in 500 pL of PBS-T 0.1% for 5 min, followed by permeabilization
for at least 2 hrs in 500 pL of PBS-T (1% Triton in PBS-1x). Another 5 min wash was done with 500
puL of PBS-T 0.1% and blockage was performed with 200 pL of 5% BSA (bovine serum albumin,
NZYTech) in PBS-T 0.1% for 1 hr. The embryos were incubated O.N. at 4 °C along with 200 pL of
mouse anti-Nkx6.1 (F55A10; Hybridoma bank) primary antibody (1:75) diluted in BSA in PBS-T (5%).
Subsequently, six 10 min washes were performed with 500 pL of PBS-T 0.1% each, and the embryos
were O.N. incubated again, but this time with the goat anti-mouse AlexaFlour 647 (1:1800, Invitrogen,
ThermoFisher Scientific) secondary antibody along with DAPI (1:1000, Bio-Rad), both diluted in PBS-
T 0.1%. To finish, six washes of 10 min each with 600 puL of PBS-T 0.1% (last wash of 30 min) were
performed, and the embryos were imbibed in 500 pL of Glycerol 50% (VWR Chemicals) in PBS 1x.
All incubation times were performed at room temperature with shaking (except the ones that are speci-
fied). This step was also performed for the positive control: tg(zP.E3:EGFP) crossed with
tg(sst:mCherry) at 48 hpf.

21



2.6.3 Leica SP5 Confocal Observation

Either the yolk or the eyes were removed from each embryo/larvae for confocal imaging, depending on

the developmental stage, 48 hpf or 11-12 dpf, respectively.

Slides for microscopy were prepared using 50% glycerol in PBS 1x. Leica TCS SP5II confocal micro-
scope (Leica microsystems) along with the Leica Application Suite Advanced Fluorescence software
(Leica LAS AF software, version 2.6.3.8173) were used to capture the confocal images, which were
then processed using ImageJ software (version 1.54i).

2.7 Mutagenesis using CRISPR-Cas9 System

2.7.1 Cas9 Target Design and sgRNA Synthesis

Single-guide RNAs (sgRNAS) targeting the chosen Region 1 and Region 2, in the zebrafish nr5a2 ge-
nomic landscape were predicted and selected using the Crisprscan programme (https://www.cris-

prscan.org/; Moreno-Mateos et al. 2015; Amorim et al. 2020; Table 2.3).

To anneal the oligonucleotides of each sgRNA, a mix of the following reagents was heated at 95°C for
5 min: 1.5 pL of each oligo 1 and 2 (100 uM, Sigma-Aldrich), 24 uL of the T4 ligase annealing buffer
(ThermoFisher Scientific), and H20 HyPure to make a final volume of 50 pL. The vector used to tran-
scribe the sgRNA was pDR274 (Addgene; Bordeira-Carrico et al. 2022; Fig. 2.3). To clone the annealed
oligonucleotides first the vector was linearized by Bsal digestion (Anza™ 36 Eco31, Invitrogen, Ther-
moFisher Scientific) in a mix of 2uL of restriction enzyme (10 ng/uL), 3 uL of pDR274, 2 pL of the

corresponding restriction buffer (10x) and H.0 HyPure up to 20 pL of final volume.
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Table 2.3 Oligonucleotides designed for each sgRNA upstream and downstream targeting the PES in the zebrafish genome of

nr5a2 gene.
Oligonucleotide
sgRNA ) ) Sequence (5'-3") T™ (°C)
Orientation
oligo 1 TAGGTCACGGGGGCTGAGCGCA 69.5
SgRNA 1
oligo 2 AAACTGCGCTCAGCCCCCGTGA 67.9
oligo 1 TAGGGCAGTCCGTGGAGCCGGT 69.5
SgRNA 2
oligo 2 AAACACCGGCTCCACGGACTGC 67.9
oligo 1 TAGGCTCACGGGGGCTGAGCGC 71.6
SgRNA 3
oligo 2 AAACGCGCTCAGCCCCCGTGAG 69.5
oligo 1 TAGGCAGTCCGTGGAGCCGGT 67.3
SgRNA 4
- oligo 2 AAACACCGGCTCCACGGACTG 65.3
c
o
5 oligo 1 TAGGCACTTTTATAGATGTCCA 56.4
@ SgRNA 5
oligo 2 AAACTGGACATCTATAAAAGTG 54.7
oligo 1 TAGGGCACTGTCCCGGGACATT 65.8
SgRNA 6
oligo 2 AAACAATGTCCCGGGACAGTGC 64.2
oligo 1 TAGGTTTCTTTCTGCGGTGACC 62.1
SgRNA 7
oligo 2 AAACGGTCACCGCAGAAAGAAA 60.1
oligo 1 TAGGATTGATCAGGGAGCCGCT 64.2
SgRNA 8
oligo 2 AAACAGCGGCTCCCTGATCAAT 62.1
oligo 1 TAGGTCCCGGCCGAATCCCCAA 67.9
SgRNA 1
oligo 2 AAACTTGGGGATTCGGCCGGGA 65.8
oligo 1 TAGGTTCTAGATCACAACTGAG 58.4
SgRNA 2
o~ oligo 2 AAACCTCAGTTGTGATCTAGAA 56.4
c
o
D oligo 1 TAGGAGACAGGCTTGTAGAGGC 64.2
@ SgRNA 3
oligo 2 AAACGCCTCTACAAGCCTGTCT 62.1
oligo 1 TAGGCAGGGGTATGAAGCAAT 59.5
sgRNA 4
oligo 2 AAACATTGCTTCATACCCCTG 57.5
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Figure 2.3 Graphical representation of the pDR274 vector (2147 bp) with the scaffold where the sgRNAs were inserted.
The vector has two sites for the Bsal restriction enzyme used to linearize the plasmid before the sgRNA cloning. The primers
M13 Forward and M13 Reverse were used to confirm the cloning (Created with ©2024 BioRender).

The vector linearization was confirmed in a 1% agarose gel stained with SYBR Safe (NZYtech) along
with NZYDNA Loading Dye (NZYtech). Using the NZY GelPure gel extraction kit (NZYTech) fol-

lowing the manufacturer’s instructions, the linearized plasmid DNA was extracted for the gel bands.

Next, to join the annealed oligos to the linearised plasmid, a 10 pL ligation mix was prepared with: 2.50
ML of linearised vector, 1 pL of T4 ligase annealing buffer (ThermoFisher Scientific), 0.50 pyL of T4
ligase enzyme (ThermoFisher Scientific), and 1.50 pL of annealed oligos (100 ng/pL). Moreover, incu-

bated at room temperature for 3 hr.

MultiShotTM FlexPLate Machl T1R competent bacteria (Invitrogen, ThermoFisher Scientific) were
used to do a transformation and insert each sgRNA oligo into the pDR274 plasmid. Vector selection
was performed using 50 pg/ml kanamycin A (NZYTech) in the LB culture medium. DNA from each
colony was purified using an NZYMiniprep kit (NZYTech) following the manufacturer’s instructions

and was confirmed by Sanger sequencing using sequence-specific primers (Table 2.1.).

To select bacterial colonies containing the plasmid with the cloned sgRNA oligos, colony PCR was
performed using 0.25 pL of M13 Forward and sgRNA oligol as primers, 5 uL of NZYTaq Il 2x Green
Master Mix (NZYtech), and H,0 HyPure up to 10 pL of final volume. Finally, the following amplifica-
tion protocol was used: 95°C for 3 min, 94°C for 20 sec, 30 sec at melting temperature, 72°C for 20 sec,
and finally 5 min at 72°C. The PCR products were loaded onto a 2% agarose gel with SYBR Safe
(NZYtech) to confirm the insertion of each sgRNA into the plasmid.
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At least two positive colonies from each were inoculated in 3 mL of LB medium along with kanamycin
A (50 pg/mL) and incubated at 37°C O.N shaking. The DNA of each colony was extracted using an
NZY Miniprep kit (NZYTech), and the cloning was confirmed using Sanger sequencing. The plasmid
containing each sgRNA oligo was linearised using the restriction enzyme Hindlll (Anza™ 16, Invitro-
gen, ThermoFisher Scientific), and the product was purified by Phenol/Chloroform (as described in
section 2.4.4.).

To synthetise the SgRNAS, an in vitro RNA transcription reaction was performed in a mix of 15 pL of
H20 HyPure, 10 pL of Transcription buffer 5x (ThermoFisher Scientific), 5 uL of DTT (dithiothreitol,
50mM, Invitrogen, ThermoFisher Scientific) and 5 pL of NTP mix (10 mM of each: A, U, C, G; New
England Biolabs), incubated for 5 min at 37°C. Then 12 pL of the DNA was added, incubated at 37°C
for 1 min, 1 pL of RNase inhibitor (NZYTech) was again incubated at 37°C for 1 min, and then 2 pL of
T7 RNA polymerase (20 units/pL, ThermoFisher Scientific) were added, and the mix was incubated for
1 hr. Next, 1 more pL of polymerase was added, and the mix was incubated for another hr. Before 1 pL
of DNase | (ThermoFisher Scientific) and finally incubated for 30 min at 37°C. Then, the RNA product

was Phenol/Chloroform purified again and stored at -80°C.
2.7.2 Microinjection of sgRNAs into Zebrafish Embryos

The solution injected for the loss of function assays was composed by the sgRNAs pair (100 ng/pL
each) designed for the two selected zebrafish sequences (Region 1 and Region 2) along with cas9 mRNA
(600 ng/uL; PNA Bio, Inc) and 0.05% phenol-red (Sigma-Aldrich). As negative controls, a batch of
embryos were injected with Cas9 protein only (600 ng/uL) to control any possible toxicity and another

batch of not-injected embryos was used to control embryo viability.

To evaluate the efficacy of the sgRNAs deleting each sequence, each combination of the sgRNAs de-
signed was tested by microinjection in one-cell stage embryos, followed by DNA extraction (section
2.2.) and conforming by PCR (section 2.7.3.).

To establish a stable transgenic line, the effective sgRNAs pairs were injected in embryos from
tg(zP.E3:EGFP, elazmCherry). This transgenic line express mCherry in pancreatic acinar cells, labelling

the exocrine domain.
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2.7.3 Genotyping

In order to confirm the genomic deletions a PCR amplification was done with DNA extracted from the

injected embryos (as described in 2.2.) and primers flanking the Region 1 and Region 2 (Table 2.1.).

The following components were present in the solution: 1 pL of DNA, 0.25 pL of each Fw and Rev
primer, 5 puL of NZYTaq Il 2x Green Master Mix (NZYtech) and H>0 HyPure to a final volume of 10
pL. PCR conditions were as follows: 3 min denaturation step at 95°C, 30 cycles of 30 sec at 94°C, 30
sec at 55°C-60°C (primer specific melting temperature) and 1 min at 72°C, followed by a 5 min final
step at 72°C for extension. Next, the PCR amplification was confirmed in a 2% agarose gel stained with
SYBR Safe (NZYtech) by electrophoresis. NZY Gelpure kit (NYZtech) was used to remove the DNA

from the desired bands and purify them.

To confirm the presence of the genomic deletions caused by the designed sgRNA pairs, the genotyping
PCR bands were all confirmed by Sanger Sequencing using specific primers and the results were ana-

lysed in Benchling (https://www.benchling.com/).

2.8 Predicting Putative TFBS — JASPAR Analysis

The JASPAR software (https://jaspar.elixir.no/) utilizes a set of frequently updated annotated position

weight matrices to predict putative TF binding sites (TFBS) in DNA sequences. This software is based
on the homology with the DNA-binding domains of vertebrate TFs that have already been characterized
(Rauluseviciute et al. 2024). These predictions are based on a relative score, a more accurate metric than
the total score, since it is calculated using the formula: (score - min_score) / (max_score - min_score).
The relative score ranges between 0 and 1, providing a threshold to evaluate the likelihood of a TF
binding to a specific site. Sequences with a higher relative score indicate stronger potential for TF bind-
ing (Sandelin et al. 2004).
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RESULTS AND DISCUSSION

3.1 Prediction of CRES

3.1.1 Human NR5A2 Regulatory Landscape Analysis and Selection of Puta-

tive Enhancer Sequences Overlapping with SNPs

In previous studies conducted in the lab (unpublished data), a PES located in the human NR5A2 regula-
tory landscape, denominated seq44, was selected as a putative human pancreatic enhancer. This region
overlaps with a PC SNP (rs3790844) and with the enriched signal of H3K27ac (active enhancers) and
H3K4mel (active enhancers) ChlP-seq data from human pancreatic acinar and duct cells, the most com-

mon source of pancreatic adenocarcinomas (Backx et al. 2022; Petersen et al. 2010; Fig. 3.1).

Luciferase reporter assays were previously performed in the lab in a human pancreatic duct cell line
(hTERT-HPNE) to test the enhancer activity of this sequence. The results showed significant luciferase
activity in this seq44 compared with the control sequence, demonstrating that this sequence is a pancre-
atic duct enhancer in this pancreatic cell line (unpublished data, and not performed in this thesis). There-
fore, our objective is to investigate whether this sequence can also have enhancer activity in pancreatic
acinar cells. However, human pancreatic acinar cell lines are scarce. Therefore, we decided to test the
acinar enhancer activity of human seq44 using zebrafish as animal model, which offers many ad-
vantages, such as the conservation of pancreatic anatomy, physiology and molecular pathways that al-
low us to better understand transcription regulation and pancreatic tumorigenesis (Bordeira-Carrico et
al. 2022; Kimmel and Meyer 2010; Kwiatkowska et al. 2022; Mi et al. 2024).
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Figure 3.1 The human NR5A2 genomic landscape (hg38) containing a PES that overlaps with the PC SNP and epigenetic
marks for enhancer activity. The epigenetic profile of HK27Ac (active enhancers), H3K4mel (active enhancers) and
H3K4me3 (active promoters) ChlP-seq data from pancreatic acinar (dark blue) and duct cells (purple) can be observed in the
regulatory landscape. In orange are labelled the PES selected to test for enhancer activity (seq44) and the PC risk SNP that
overlap this sequence is rs3790844 (Unpublished data from the lab).

3.1.2 Zebrafish nr5a2 Regulatory Landscape Analysis and Selection of Pu-

tative Enhancer Sequences

In order to find a functional equivalent pancreatic enhancer of human seg44 in the zebrafish nr5a2
genomic landscape, we combined information from accessible chromatin, ATAC-seq datasets from
zebrafish pancreatic acinar cell lines and whole pancreas, with H3K27ac (active enhancers) ChlIP-seq
data from zebrafish whole pancreas (Unpublished data from the lab). From this analysis, we selected
two PES, Region 1 and Region 2, based on the overlap with ATAC-seq signal enrichment with the

epigenetic mark for enhancer activity (Fig. 3.2).
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Figure 3.2 The zebrafish nr5a2 genomic landscape (danRer10) containing two PES that overlap with regions of acces-
sible chromatin and epigenetic marks for enhancer activity. ATAC-seq data shows elevated signal in both zebrafish pan-
creatic acinar cells (dark blue) and whole pancreas (light blue), indicating that the chromatin is putatively accessible in those
regions. H3K27ac ChlP-seq data indicative of active enhancers is also represented in light blue. In orange are labelled the two
selected regions to test for enhancer activity (Region 1 and Region 2) (Unpublished data from the lab).

3.2 PCR Amplification of the Putative Enhancer Sequences

To amplify PES, a PCR reaction was conducted using genomic DNA (gDNA) extracted from zebrafish
embryos, specific primers for Region 1 (470 bp) and Region 2 (798 bp) (Table 2.1), and a high-fidelity
DNA polymerase, as detailed in section 2.4.1. The PCR products were confirmed on a 1% agarose gel
(Fig.3.3).
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Figure 3.3 PCR amplification products of Region 1 (470 bp) and Region 2 (798 bp) from zebrafish gDNA. Ladder Gene

Ruler 1kb (ThermoFisher Scientific).
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3.3 Cloning of the PCR Products into pCR8™/GW/TOPQO® Vector

Cloning of each PES into the pCR8™/GW/TOPO® vector was performed using chemically competent
bacteria and following the protocols outlined in section 2.4.2. After DNA purification from some se-
lected colonies, the positive colonies, containing the PES, was confirmed by a digestion with the EcoRl
restriction enzyme, and the products were run on a 1% agarose gel. ECoRI restriction enzyme has only
two restriction sites within the pCR8™/GW/TOPO® vector that flank the cloning site, meaning that only
two bands were expected, in case of a positive colony, the vector backbone (2817 bp) and a second band
corresponding to the PES (Fig. 3.4).
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Figure 3.4 Analysis of pCR8™/GW/TOPO® vector digestion by EcoRIl enzyme. A- Graphical representation of
pCR8™/GW/TOPO® vector indicating the EcoRI restriction sites (black lines) (Created with ©2024 BioRender). B- Gel elec-
trophoresis showing the EcoRI digestion product of pPCR8™/GW/TOPO® vector containing the cloned PES. The upper band
corresponds to the vector backbone (2617 bp) and the lowest band corresponds to the PES. (Region 1- 470 bp; Region 2- 798
bp). Ladder Gene Ruler 1kb (ThermoFisher Scientific).

3.4 Recombination of the Putative Enhancer Sequences into Z48 vector for
Enhancer Reporter Assays

Each PES was cloned into the Z48 vector via the Gateway recombination system from the

pCR8™/GW/TOPO® vector. To determine whether sequence insertion within the destination vector

correctly occurred, a digestion reaction was performed using the EcoRlI restriction enzyme. The digested

product was confirmed using a 1% agarose gel. The enzyme used has three restriction binding sites
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within the Z48 vector, which means that in case of a successfully recombination three bands are ex-
pected: two from the plasmid backbone with 4279 bp and 1835 bp and another with the PES (Fig.3.5).
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Figure 3.5 Analysis of Z48 vector digestion by EcoRI enzyme. A- Graphical representation of Z48 vector indicating the
EcoRI restriction sites (black lines) (Created with ©2024 BioRender). B- Gel electrophoresis showing the EcoRI enzyme di-
gestion product of the Z48 vector (7890 bp) containing the cloned PES. In each lane, three bands can be visualized. Two of
them correspond to the digested vector backbone with approximate sizes of 4279 bp and 1835 bp. The third lowest band
corresponds to the size of the PES. (Region 1- 470 bp; Region 2- 798 bp) Ladder Gene Ruler 1kb (ThermoFisher Scientific).

3.5 Invivo Transgenesis Reporter Assays

3.5.1 Assessment of Pancreatic Domains

To perform proper enhancer reporter assays, it is essential to include a validated positive control se-
guence to confirm accurate enhancer signal and also define the proper domains for analysis. With this
purpose, a transgenic line tg(zP.E3:EGFP), containing a strong distal enhancer of the ptfla gene (zP.E3),
was used as a positive control. This line was selected because the zP.E3 enhancer drives expression in
both progenitor and exocrine pancreatic cells, specifically in differentiated acinar cells (Bordeira-Car-
rico et al. 2022).

Since one of the main objectives of this thesis is to test the enhancer activity in vivo of zebrafish PES
specifically in pancreatic acinar cells, it was important to use a marker of these type of cells to outline
the exocrine domain of the zebrafish pancreas. In order to proper localise the zebrafish pancreatic acinar
cells, a transgenic line tg(ela:mCherry) was also used. This zebrafish reporter line drives mCherry ex-

pression in acinar cells, the producers of elastase (Bordeira-Carrico et al. 2022).
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Therefore, the transgenic line tg(zP.E3:EGPF, ela:mCherry) was crossed and the progeny grew until
11-12 dpf, timepoint where the zebrafish pancreas is already fully differentiated (Van De Venter et al.
2021). As described in the bibliography the distal enhancer showed strong GFP expression in differen-
tiated pancreatic acinar cells co-localising with mCherry maker (n=16), confirming that this sequence
is a good positive control for enhancer reporter assays in pancreatic acinar cells (Bordeira-Carrico et al.
2022; Fig. 3.6).
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Figure 3.6 Representative images of zebrafish tg(zP.E3:EGPF, elazmCherry) larvae at 11-12 dpf, tested to be used as
positive control in enhancer reporter assays and to define the pancreatic acinar domain. A- Brightfield and epifluores-
cence representative full-body image of zebrafish larvae, side oriented, anterior right, dorsal top, showing GFP (green) expres-
sion in the exocrine pancreas. Images were captured with Leica M205 Fluorescence microscope; Zoom 3,00 x. Scale bar:
500um. B- Representative confocal image of the zebrafish larvae (n=16) showing expression of GFP (green) in the pancreatic
exocrine domain (yellow dashed line). Elastase promoter is driving mCherry expression in acinar cells (red) and the nuclei are
labelled in blue. Images were captured with Leica confocal SP5I1; Magnification 40x. Scale bar: 50um. Abbreviations: ela,
elastase.

Although the main objective is to evaluate the enhancer activity of PES in acinar cells, we also examined
the pancreatic progenitor and endocrine domains to investigate whether these sequences can act as en-
hancers in other pancreatic developmental time and in other pancreatic cell types. Thus, to define the
pancreatic endocrine domain, the zebrafish reporter line tg(sst:mCherry) was used since the somatostatin
(sst) promoter drives mCherry expression in 8-cells, one of the pancreatic cell types present in the en-
docrine pancreas. The pancreatic progenitor's domain, on the other hand, was accessed by immunohisto-
chemistry using an anti-Nkx6.1 antibody. The embryos were analysed at 48 hpf, the timepoint where

endocrine and progenitor cells are already formed (Fig. 3.7). Then, the tg(zP.E3:EGFP) line was crossed
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with tg(sst:mCherry) line, followed by immunohistochemistry using an anti-Nkx6.1 antibody to deter-

mine whether the positive control exhibits enhancer activity in progenitor and endocrine domains.

As outlined in the literature, embryos at 48hpf, showed co-localisation of GFP expression with Nkx6.1
staining in the progenitor domain but not in endocrine domain (n=11), confirming that this sequence is
a good positive control for enhancer reporter assays for pancreatic progenitor cells but not for endocrine
cells (Fig. 3.7).

S-cells Progenitor cells
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Figure 3.7 Representative images of the zebrafish tg(zP.E3:EGFP, sst:mCherry) embryos 48hpf tested to be used as
positive control in enhancer reporter assays and to define the pancreatic progenitor and endocrine domain. A- Repre-
sentative full-body brightfield and epifluorescence image of a side-oriented, anterior right, dorsal top zebrafish embryo demon-
strating GFP expression (green arrow) in the pancreatic progenitor domain and mCherry expression in endocrine domain.
Images were captured with Leica M205 Fluorescence microscope; Zoom 3,00 x. Scale bar: 500um. B- Representative confocal
image of the zebrafish embryo (n=11) showing expression of GFP (green) in the progenitor domain labelled with Nkx6.1
(white). The yellow dashed line delineates the progenitor domain, while the nuclei are stained with DAPI (blue) Images were
captured with Leica confocal SP5I1; Zoom 2,10 x; Magnification 40x. Scale bar: 20um. Abbreviations: ela, elastase; sst, so-

matostatin.

3.5.2 Test Enhancer Activity of a Human NR5A2 Putative Enhancer Se-

guence in Pancreatic Domains

To test the enhancer activity of the human sequence that overlaps with the PC risk SNP rs3790844, the
ZA8 vector containing seq44 was injected into one-cell stage embryos along with TOL2 mRNA. At 48
hpf, the zebrafish embryos injected were selected by the internal control, the GFP expression in the
midbrain. When the twenty-five fish reached sexual maturity (~3 months), they were outcrossed with
the tg(ela:mCherry) line to access pancreatic enhancer activity specifically in acinar cells (Bordeira-
Carrigo et al. 2022).
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The offspring (F1) was also screened at 48 hpf for the internal control of transgenesis to confirm
transgenesis and germline transmission of seq44 (Fig. 3.8), revealing that only eight out of the twenty-
five (8/25) injected fish were classified as founders. Over time, only four out of the eight founders

survived throughout the screening period when maintained in individual breeding tanks.

48hpf

~ Midbrain

133 48hpf

Figure 3.8 Representative images of a F1 zebrafish embryo midbrain at 48 hpf. A- Zebrafish embryo full-body brightfield
and epifluorescence representative image, side-oriented, anterior right, dorsal top, showing Z48-mediated GFP expression
(green arrow) in the midbrain as a positive control of transgenesis and germline transmission of seq44. Images were captured
with Leica M205 Fluorescence microscope; Zoom 3,00 x. Scale bar: 500um. B- Representative confocal image of the zebrafish
embryo showing GFP expression (green) with more detail in the midbrain. The nuclei are stained with DAPI (blue). Images

were captured with Leica confocal SP511; Zoom 2,10 x; Magnification 40x. Scale bar: 50um.

Founders I (n=8) and Il (n=12) did not drive GFP expression in the exocrine pancreas of the analysed
larvae (Fig.3.9 - I and II). Founder Il (n=5) did not exhibit GFP expression in the exocrine do-
main. However, Founder 111 unexpectedly showed GFP expression in some pancreatic endocrine cells
of 40% (2/5) of the larvae, even without a marker of the pancreatic endocrine domain (Fig.3.9). For
Founder IV (n=6), in contrast, 33% (2/6) of the analysed larvae appeared to express GFP in acinar cells
(Fig.3.9 - IV).

These results suggest that different genomic integration sites may have influenced enhancer activity,
leading to distinct expression patterns in different pancreatic tissues (Cho 2012; Ishibashi et al. 2013).
Since nr5a2 gene is known to be broadly expressed in pancreatic acinar cells, the same injected sequence
was expected to drive constant expression in the exocrine pancreas across all progeny of the founders
(Bordeira-Carrico et al. 2022; Gou et al. 2020; Larsen and Grapin-Botton 2017; Sandhu et al. 2021).
However, we observed a variable and mild GFP expression in the zebrafish pancreas, indicating multiple

insertion events due to the use of TOL2 transposase for transgenesis (Ishibashi et al. 2013). Additionally,
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we unexpectedly observed GFP expression in the endocrine domain, indicating that this sequence could
have some activity in the pancreatic domain, probably in a different timepoint of pancreatic development
(Bordeira-Carrico et al. 2022; Galang et al. 2020; Uttley et al. 2023).

11-12dpf
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Figure 3.9 Representative confocal images of the enhancer reporter assay for human seq44 in zebrafish larvae at 11-12
dpf. Founder I (n=8) and Il (n=12) showed no GFP expression (green) in zebrafish exocrine pancreas (yellow dashed line).
Founder III (n= 5) also didn’t show GFP expression in the exocrine domain, but even without endocrine pancreas markers
some GFP-positive cells can be observed in the endocrine domain (white arrows). Founder 1V (n=6) is the only one showing
GFP expression co-localizing with pancreatic acinar cells (red). The yellow dashed line delineates the pancreatic exocrine
domain, while the nuclei are stained with DAPI (blue). Images were captured with Leica confocal SP511 microscope; Magni-

fication 40x. Scale bar: 50pum. Abbreviations: ela, elastase.
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As discussed above, the fact that seq44 can drive a mild and variable GFP expression in exocrine and
endocrine pancreas, points towards the possibility that this enhancer may have the ability to act in other
pancreatic cell types or in a different pancreatic development stage. This hypothesis will be explored in
the following results, where the same founders were crossed with the tg(sst:mCherry) transgenic line to
access pancreatic enhancer activity specifically in endocrine 3-cells, a specific cell type of the endocrine
pancreas (Eufrasio et al. 2020) . Additionally, to analyse if this sequence can have an earlier enhancer
activity, the progeny of the described outcross, was immunoassayed with anti-Nkx6.1 at 48 hpf, to ob-
serve the pancreatic progenitor cells (Binot et al. 2010).

In Founder | (n=15), GFP expression was observed in the endocrine domain of 53% (8/15) of the em-
bryos. Surprisingly, only 12.5% (1/8) of the embryos showed GFP expression co-localising with the
endocrine d-cells (red) (Fig.3.10 - 1.1). In the remaining 87.5% (7/8) of the embryos, GFP expression
was detected in the endocrine domain but did not overlap with either Nkx6.1 staining or mCherry ex-
pression. (Fig.3.10 - 1.2). Founders Il (n=13) and IV (n=10), remained consistent with the previous re-
sults, showing no GFP expression in the endocrine and neither in progenitor domains (Fig.3.10 - Il and
IV). Founder Il (n=7), as previously described, showed GFP expression in the endocrine domain in
43% (3/7) of the embryos, however, this GFP expression did not resemble either endocrine -cells (red)
or progenitor domains (Fig.3.10 - I1I). These results are in line with the results from Founder I, both

suggest enhancer activity of seq44 in other endocrine cell types.

Although seqg44 is not able to drive expression in the progenitor domain, its unexpected ability to drive
GFP expression in the endocrine pancreas supports the hypothesis that the seq44 may have a broader
regulatory role within the pancreas than previously though. This is also indicated by the Islet Regulome
Browser (Mularoni et al. 2017) data, which shows that the NR5A2 gene, although in low levels, is also
expressed in pancreatic endocrine cells. These facts raise the possibility that seq44 could regulate NR5A2
expression in both endocrine and exocrine tissues, acting as a dual-function enhancer (Halfon 2020;
Ishibashi et al. 2013).

This dual functionality coupled with the PC SNP rs3790844 located within this sequence can imply that
the disruption of seq44 would affect multiple pancreatic cell types, beyond just pancreatic acinar cells.
This would increase the complexity of how this SNP might influence nr5a2 gene expression in pancreas
and thereby contribute to developmental anomalies or protection (Cho 2012; Elkon and Agami 2017;
Eufrésio et al. 2020; Kleinjan and Coutinho 2009; Lettice et al. 2003; Roman et al. 2017). This highlights
the importance of finding which specific endocrine cell type is regulated by seq44, which could be

achieved by using other endocrine cell type-specific markers.

Even with these varying patterns, all observed expression was still confined to the pancreas, indicating
that the human seq44 maintains some degree of pancreas specificity, which underscores the potential

regulatory significance of the sequence within this organ.
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Figure 3.10 Representative confocal images of the enhancer reporter assays for human seq44 in zebrafish embryos at
48hpf. The yellow dashed line delineates the progenitor domain, stained by Nkx6.1 (white) while the nuclei are stained with
DAPI (blue). Additionally, Somatostatin-producing cells (5-cells) express mCherry (red). Founder I (n=15) has two different
patterns of expression where some embryos show GFP expression (green) co-localising with the 3-cells (Founder 1.1) and
others show GFP expression but not co-localizing either with the progenitor domain and 3-cells (Founder 1.2). In Founder 111
(n=7) the same can be observed, although GFP positive cells can be observed they don’t co-localize either progenitor domain
or -cells. Founders Il (n=13) and IV (n=10) on the other hand, showed no GFP expression in the analysed embryos. Images
were captured with Leica confocal SP511; Zoom 2,10 x; Magnification 40x. Scale bar: 20um. Abbreviations: ela, elastase; sst,

somatostatin.

37



3.5.3 Test Enhancer Activity of Zebrafish nr5a2 Putative enhancers Se-

guences in Pancreatic Acinar Cells

To test the enhancer activity of the zebrafish Region 1 and Region 2, the Z48 vectors carrying each PES
were microinjected, along with TOL2 transposase mMRNA, in one-cell stage WT zebrafish embryos. The
injected fish were screened for GFP expression in the midbrain at 48 hpf to confirm genome integration
of the sequence in the zebrafish genome. Three months later, those fish were outcrossed with the trans-
genic line tg(ela:mCherry) to test enhancer sequence activity in pancreatic acinar cells (Bordeira-Carrico
et al. 2022). At 11-12 dpf, F1 larvae were also screened for the internal control of transgenesis in the
midbrain and mCherry expression in the exocrine pancreas, marking acinar-producing cells (Fig.3.11).
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Figure 3.11 Representative images of F1 zebrafish larvae at 11-12 dpf. A- Full-body representative brightfield and epiflu-
orescence image of a side-oriented, anterior right, dorsal top zebrafish embryo demonstrating GFP expression in the midbrain
(green arrow) and mCherry expression in elastase-producing cells (acinar cells, red arrow). Images were captured with Leica
M205 Fluorescence microscope; Zoom 3,00 x. Scale bar: 500pum. B- Representative confocal image of the zebrafish embryo
showing GFP (green) expression in the midbrain as a positive control of transgenesis and germline transmission of zebrafish
PES. The nuclei are stained with DAPI (blue). Images were captured with Leica confocal SP511; Magnification 40x. Scale bar:

50um.

Regarding the analysis of Region 1, the screening of the F1 progeny for GFP expression in the midbrain

revealed that from the twenty-five injected fish (FO) only two (8%) can be classified as founders.

However, neither of them (Founder | — n=6; Founder Il — n=12) showed GFP expression in the exocrine
pancreas (Fig.3.12). Additionally, although no endocrine marker was used in this screening, no GFP
expression was detected in the endocrine domain either, suggesting that Region 1 sequences do not
exhibit enhancer activity either in pancreatic acinar or endocrine cells at this specific development stage

of zebrafish.
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Figure 3.12 Representative images of the enhancer reporter assays for Region 1 in 11-12 dpf zebrafish larvae after
outcrossing with tg(ela:mCherry). Showing no GFP expression (green). The marker of the exocrine domain (yellow dashed
line) is mCherry expression (red). All samples were stained with DAPI (blue). Images captured with Leica confocal SP5II;

Zoom 2,10 x; Magnification 40x. Scale bar: 50um. Abbreviations: ela, elastase.

The lack of detectable enhancer activity when we tested this PES can be explained by the position effect
of the transgene, caused by the use of a transient reporter assay as Z48 vector (Bessa et al. 2009;
Kemmler et al. 2023). Region 1 is randomly inserted in the zebrafish genome, which means that the
genomic context in which this sequence is inserted can include other CREs that can modulate its en-
hancer activity (Bessa et al. 2009; Kemmler et al. 2023). Silencers, for example, can recruit TFs or
structural proteins that can repress gene expression, impairing the activity of this PES (Maston et al.
2006; Riethoven 2010). Or even, insulators, elements that block communication between the PES and
its target gene by disrupting the enhancer-promoter interaction or inhibiting chromatin looping, prevent-

ing enhancer activation in this context (Ali, et al. 2016; Maston et al. 2006; Riethoven 2010).

On the other hand, despite the absence of enhancer activity for this sequence at the specific timepoint
analysed, this result does not exclude the possibility that this PES could be active at an earlier develop-
mental stage. Given that enhancers often exhibit transient activity during development, it is possible that
Region 1 was active during a different developmental window, but its activity was not detected at the
selected timepoint (Ishibashi et al. 2013).

HiChlIP (highly integrative chromatin immunoprecipitation) data for H3K4me3 from zebrafish whole
pancreas was analysed in order to identify putative chromatin interactions between a PES and a specific
promoter. Notably, an interaction was observed between Region 1 and the promoter of nr5a2 gene (Bor-
deira-Carrico et al. 2022; Fig. 3.13). This observation could be an indication that Region 1 could be a

functional enhancer that regulates nr5a2 expression in one or more pancreatic cell types in zebrafish.
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Figure 3.13 The H3K4me3 HiChlIP data from adult whole pancreas (red bar) shows chromatin putative interactions
between Region 1 (orange) and the nr5a2 promoter in the zebrafish genomic landscape (danRer10). ATAC-seq (dark
blue) data and H3K27ac ChlIP-seq (light blue) data from adult whole pancreas shows an overlap between signal enrichment

and the analysed sequence (Bordeira-Carrigo et al. 2022).

However, we must consider the possibility that Region 1 may not possess enhancer activity in pancreatic
acinar cells (Bordeira-Carrico et al. 2022). It is important to emphasise that the presence of epigenetic
marks associated with enhancer activity and the chromatin accessibility observed in this region (section
3.1.2.), which made us choose Region 1 as a PES, are only predictions rather than definitive proof of

enhancer function (Eufrasio et al. 2020).

For Region 2, the screening of the F1 larvae revealed that out of twenty-two injected fish only three
(14%) can be classified as founders. Two of them, Founder | (n=44) and Il (n=9), showed GFP expres-
sion in pancreatic acinar cells, co-localising with pancreatic acinar cells, in 30% (13/44) and 56% (5/9)
of the larvae analysed, respectively (Fig. 3.14 — and Il). This co-localisation between GFP and mCherry
expression is a strong indication of acinar-specific enhancer activity, as elastase is a well-established
marker of exocrine tissue (Wan et al. 2006). In contrast, the other founder (11l — n=5) lacked GFP ex-
pression in the exocrine pancreas (Fig. 3.14 - 111), which may reflect variability in enhancer activity,

potentially due to more than one insertion events (Ishibashi et al. 2013).

These findings strongly suggest that this sequence acts as an enhancer in pancreatic acinar cells, imply-
ing that Region 2 plays a role in regulating gene expression in the exocrine pancreas. However, this is
not enough to prove that Region 2 is directly regulating nr5a2 gene expression. Interestingly, when we
analysed H3K4me3 HiChlIP data from adult zebrafish whole pancreas, a technique that allows to identity
all the putative interactions with putative active promoters, we observed a putative interaction between
Region 2 and nr5a2 gene promoter, indicating that maybe this enhancer sequence has a role in the reg-

ulation in the expression of this gene (Bordeira-Carrico et al. 2022; Fig. 3.15).
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Figure 3.14 Representative confocal images of the enhancer reporter assays for Region 2 in zebrafish larvae at 11-12
dpf after outcrossing with tg(ela:mCherry). The yellow dashed line delineates the exocrine domain, where elastase promoter
is driving mCherry expression in acinar cells (red) The nuclei are stained with DAPI (blue). Founders I and Il show GFP
expression (green) in the pancreatic exocrine domain (yellow dashed line). Founder I11 shows no GFP expression in the exo-
crine pancreas. Images were captured with Leica confocal SP511; Zoom 2,10 x; Magnification 40x. Scale bar: 50um. Abbrevi-

ations: ela, elastase.
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Figure 3.15 The H3K4me3 HiChIP data from adult whole pancreas (red bar) shows chromatin putative interactions
between Region 2 (orange) and the nr5a2 promoter in the zebrafish genomic landscape (danRer10). ATAC-seq (dark
blue) data and ChlP-seq H3K27ac mark (light blue) from adult whole pancreas showing signal enrichment overlapping with

the selected sequence (Region 2) (Bordeira-Carrico et al. 2022).
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To further understand the regulatory function of Region 2, the JASPAR software (http://jaspar.gene-

reg.net) (Rauluseviciute et al. 2024) was used to predict the TFs that have the ability to bind to this
sequence (as described in section 2.8). By identifying the specific TFs that interact with this region

provides a clearer understanding of which TFs are most likely to influence its enhancer activity.

Using JASPAR with a relative profile score threshold of 80%, 9607 putative vertebrate TFBS were
predicted to bind to Region 2. However, as JASPAR includes multiple matrices for each TF, we identi-

fied a total of 718 different TFs that have the ability to bind to the analysed sequence.

Since Region 2 showed enhancer activity in pancreatic acinar cells, we decided to overlap this list of
JASPAR predicted TFs with a list of TFs known to be associated with exocrine functions (Sox9, Hnflb,
Hnf6, Gata6, Gata4, Ptfla, Nr5A2, Rpbj, Mistl, ERRgamma) (Bordeira-Carrico et al. 2022). We iden-
tified 3 exocrine TFs (Ptfla, Gata4, Nr5A2) that overlapped with our predicted list of TFs. As previously
described in section 1.1.1, Ptfla and Nr5a2 TFs are key drivers of acinar cell differentiation and stability,
such as Gata4/6 factors that are essential for proper formation of the exocrine pancreatic tissue
(Azevedo-Pouly et al. 2023; Aimeé Bastidas-Ponce et al. 2017; Duque et al. 2022; Hale et al. 2014;
Larsen and Grapin-Botton 2017; Sandhu et al. 2021). The binding of these TFs to Region 2 suggests
that this enhancer may influence pancreatic exocrine development processes and help maintain acinar

cell identity.

Although there was no evidences of Region 2 endocrine expression at the timepoint analysed, we de-
cided to also overlap our list of JASPAR predicted TFs with a list of TFs known to be associated with
endocrine functions (Pax4, MafA, MafB, Nkx2.2, Nkx6.1, Isl1, NeuroD1, Pax6, Hb9, Pdx1, Npas4,
Acll, FoxA2, Ngn3, PGR) (Bordeira-Carrico et al. 2022), in order to analyse if the sequence might have
endocrine activity at another timepoint not analysed. In the endocrine lineage, Pdx1 and Foxa2 point to
potential roles in early pancreatic development and B-cell differentiation (Azevedo-Pouly et al. 2023;
Aimée Bastidas-Ponce et al. 2017; Tarifefio-Saldivia et al. 2017). These findings suggest that Region 2

could have endocrine enhancer activity possibly in an earlier development stage.

The relatively small overlap observed between the predicted TFs that bind in our sequence and those
associated with pancreatic function, may be due to the reduced number of TFs present in our exocrine
and endocrine lists. Yet, we were able to identify important TFs with relevant functions in pancreatic

acinar cells.

JASPAR software contains an extensive vertebrate TFBS database, however, TFs specific to the
zebrafish genome are poorly annotated (Rauluseviciute et al. 2024). This limitation could be contrib-

uting to the lack of enrichment observed in this analysis.
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Furthermore, after ranking our list of predicted TFs from the highest relative score to the lowest, we
obtained a top five of TFs (Table 3.1 and Fig. 3.16). These are the ones that, according to JASPAR, are
most likely to bind to Region 2, providing insights into their regulatory potential and exploring their
role on pancreatic biology could be relevant to better understand their potential impact in PC develop-

ment.

Table 3.1 JASPAR analysis of the top 5 vertebrate TFs predicted in bind to Region 2. The relative score is filtered from

the highest score, which is 1, to the lowest, which is 0.

Name Score Relative score | Start End Strand Predicted se-
quence
FOS::JUN 10.663977 1.000000015 669 675 - tgactca
Ahr::Arnt 8.844031 1.000000014 446 450 + gcotg
Ahr::Arnt 8.844031 1.000000014 501 505 - gcgtg
ISL2 10.031854 1.000000013 269 274 - cactta
ISL2 10.031854 1.000000013 688 693 - cactta
SOX13 12.543894 1.000000012 71 77 + acaatgg
Msx3 11.105006 1.000000011 33 38 - caatta
Msx3 SOX13 ISL2 Ahr::Arnt FOX::JUN ISL2

REGION 2 - 798 bp

Figure 3.16 Vertebrate TFBS predicted by the JASPAR software within Region 2 (798 bp). The TFBS represented are
the top five more prone vertebrate TF to bind to this specific sequence. Msx3 TFBS is represented in red. SOX13 TFBS is
represented in pink. ISL2 TFBS is represented in blue. Ahr::Arnt complex TFBS is represented in green. FOX::JUN complex

TFBS is represented in yellow.

This TFs predicted to interact with Region 2 suggest that this sequence may have regulatory roles in
acinar cell function and PC development. The first identified TF complex, FOS::JUN, part of the AP-1
(activator protein-1) family, is involved in inflammatory responses, indicating that Region 2 may medi-
ate pro-inflammatory pathways in pancreatic acinar cells, increasing susceptibility to damage and con-
tributing to PC development (Baldan et al. 2024; Cobo et al. 2018; Grabinski et al. 2023; Kubra et al.
2022).

The binding of Ahr::Arnt (Aryl hydrocarbon receptor :: AHR nuclear translocator) complex, known for
responding to environmental factors and to be elevated in PC (Masoudi et al. 2019; Ren et al. 2020;
Sondermann et al. 2023). This suggests that Region 2 could be influenced by external factors, which
could potentially lead to acinar cell dysfunction, a key factor in the early stages of PC development
(Fletterick 2017; Storz 2017).
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Isl2 (ISL LIM homeobox 2a) TFs, linked to exocrine pancreas development, binding may support Re-
gion 2 in the regulation of nr5a2 expression during acinar differentiation (Azevedo-Pouly et al. 2023;
Larsen and Grapin-Botton 2017; Li et al. 2007; Sandhu et al. 2021; Wilfinger, Arkhipova, and Meyer
2013).

SOX13 (SRY-box TF 13) has been shown to be upregulated in PC, where it can promote invasion and
colony formation in cancer cells (Nelson et al. 2020). The interaction of this TF with Region 2 could
indicate a role in tumorigenesis, particularly in acinar cells. Given the emerging evidences that NR5A2
plays a protective role against PC, the interaction between SOX13 and this sequence could be relevant
in understanding how the dysregulation of this enhancer can contribute to PC development (Sandhu et
al. 2021).

Finally, Msx3 (muscle segment homeobox 3) TFs, known for transcription repression, may regulate
chromatin accessibility, affecting how Region 2 controls acinar cell-specific gene expression (Liu et al.
2004).

These interactions collectively support the hypothesis that Region 2 acts as an enhancer in pancreatic
acinar cells, playing a role in regulating acinar cell identity and pancreatic homeostasis, key functions
associated with nr5a2 gene (Hale et al. 2014; Larsen and Grapin-Botton 2017; Sandhu et al. 2021).

Therefore, suggesting that Region 2 controls the expression of this gene specifically.

3.6 Invivo Mutagenesis Assays

To further investigate the potential regulatory functions of Region 1 and Region 2 sequences in control-
ling the expression of the nr5a2 gene in pancreatic acinar cells, in vivo mutagenesis of these sequences
was performed using the CRISPR-Cas9 system (as described in section 2.7.; Amorim et al. 2020). These
loss-of-function assays aimed to delete part of the sequences to assess their impact on nr5a2 gene ex-

pression.

Several sgRNA pairs were designed to target different parts of Region 1 and Region 2 in the zebrafish
genome. Each sgRNA combination was tested within the pDR274 vector by microinjecting in one-cell
stage WT embryos. As control for the Cas9-mRNA toxicity, embryos were injected only with cas9
protein. At 48 hpf, DNA was extracted from the injected embryos in order to assess if the SRNA com-
binations successfully deleted the sequence fragments. A PCR reaction was performed with the specific
primers of each sequence and the PCR product was run in a 2% agarose gel. DNA extracted from non-

injected embryos was used as negative controls to ensure deletion specificity of the assay.

For Region 1 (470 bp), after testing multiple sgRNA combinations (Table 2.3 and Fig.3.17) in zebrafish

WT embryos, two effective sgRNA pairs were confirmed via PCR amplification and sequencing.
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Figure 3.17 Design of sgRNAs targeting the Region 1. The total length of the sequence is 470 bp and in red are labelled the
SgRNAs selected to test.

The first sgRNA pair (SgRNA 1 and sgRNA 2) covers 420 bp of the sequence. After performing the
mutagenesis assay and a PCR with specific primers, the PCR product showed a band with 265 bp, con-
firming the successful deletion of part of Region 1 (Fig. 3.18 — A). The second sgRNA pair (SgRNA 1
and sgRNA 8) covers 211 bp, and the PCR product ran in the agarose gel showed a 259 bp band, con-
firming the successful deletion (Fig. 3.18 — B). Injected animals are mosaics for the deletion, so the PCR
products ran in the agarose gel, showed two bands, one corresponding to the full sequence of Region 1
and another band with a lower size corresponding to the deleted sequence (Fig. 3.18).

Then, these genomic deletions were confirmed by Sanger sequencing, each sgRNA pair was injected
into the transgenic zebrafish line tg(zP.E3:EGFP, ela:mCherry) contains an enhancer sequence that
drives GFP expression in acinar cells (Bordeira-Carrigo et al. 2022). The use of this zebrafish transgenic
line will further help understanding the upcoming phenotypes in pancreatic acinar cells that may appear

in response to the genomic deletions.

1500
1200 =

500

200 ¢

Negative Control Region 1 DELETION

SgRNA 1 - sgRNA 2 Negative Control Region 1 DELETION

sgRNA1-sgRNAS

Figure 3.18 Confirmation of the efficacy of two sgRNA pairs targeting Region 1 using the CRISPR-Cas9 system. A-
PCR result of Region 1 deletion using sgRNA 1 and sgRNA 2. The negative control shows the full-length of the sequence
(470 bp) which is replicated in our results. The successful deletion results is confirmed by a reduced band with 265 bp, indi-
cating the excision of 240 bp. B- PCR result of Region 1 deletion using sgRNA 1 and sgRNA 8. The negative control also
shows the full-length of the sequence (470 bp) which is replicated in our results. The successful deletion results in a reduced
band with 259 bp, confirming the excision of 211 bp. Ladder 1V Gene Ruler 50-1500 bp (NZY Tech).

The mosaicism observed in FO embryos presents challenges for direct phenotype analysis, as injected
animals consist in a mixture of mutant and WT cells. This mixture may dilute any observed effects of

the mutation, which highlights the importance of establishing stable mutant lines (Amorim et al. 2020;
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Maston et al. 2006). After crossing FO fish with WT adults, mutations can be isolated in the F1 genera-
tion and phenotypes can only be directly evaluated in the F2 embryos that are homozygous for the
deletion. This process is crucial because it could be possible to access to the functional impact of Region

1 and Region 2 in nr5a2 gene expression.

Until now, with the enhancer reporter assays performed, it was not possible to show that the Region 1
is an enhancer in zebrafish pancreatic acinar cells, since other timepoints can be tested and analysed.
However, depending on the genomic context or proximity to other regulatory elements in which this
region is inserted, it could influence nr5a2 expression (Bordeira-Carrico et al. 2022; Kemmler et al.
2023). Therefore, the loss-of-function assay can still yield informative results about this sequence reg-
ulatory functions.

The designing of sgRNAs targeting Region 2 (798 bp) proved to be particularly challenging due to the
presence of repetitive elements flanking the sequence, which also complicated the design of specific
primers for the screening (Fig. 3.19). Despite the test of several sgRNA combinations (Table 2.3 and
Fig. 3.20), none of them was effective in creating genomic deletions at the target sequence. This can be
explained by the genomic complexity of Region 2 (Luo et al. 2024).

Region 2

* chr22 1kb} { danRer10

nria2 Gene

Repeating Llements --_— _ -

ATAC-seq

ACINAR

0 n sl om om m

ATAC-seq

WHOLE PANCREAS

H3K27Ac

Figure 3.19 Zebrafish nr5a2 genomic landscape (danRer10) containing the Region 2 (orange), flanked by repeating
elements (grey bars). This sequence overlaps with the signal enrichment of H3K27Ac ChlP-seq from adult whole pancreas

(dark blue) and the ATAC-seq data from both pancreatic acinar cells (light blue) and adult whole pancreas.

REGION 2798 bp sgRNA 1 sgRNA 3 seRNA4  sgRNA2

> | | | <

Figure 3.20 Design of sgRNAs targeting the Region 2. The total length of the sequence is 798 bp and in red are labelled the
SgRNAs selected to test.
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CONCLUSIONS AND FUTURE PERSPECTIVES

In this work, we wanted to explore the acinar enhancer activity of a human PES that overlaps with a PC
SNP rs3790844 (also termed as seq44) using zebrafish as a model to access its role in the regulation of
the nr5a2 gene. Through enhancer reporter assays in pancreatic exocrine, endocrine and progenitor do-
mains, we were able to demonstrate that seq44 exhibits mild and variable enhancer activity in the
zebrafish pancreas, with a surprising dual role in both pancreatic endocrine and exocrine tissues (section
3.5.2.). These findings suggest that the disruption of this sequence could have widespread effects on
gene regulation in the pancreas. However, the impact of this sequence on nr5a2 gene expression in
pancreatic acinar cells remains unclear. In future research, we could perform reporter assays in various
timepoints in pancreatic acinar cells to determine whether this sequence functions as an acinar-specific
enhancer (Bordeira-Carrico et al. 2022). Then, if we identify a specific timepoint at which the sequence
is active, we could then delete it in this specific cell type and assess its impact on nr5a2 expression
through qPCR analysis (Bordeira-Carrigo et al. 2022; Eufrasio et al. 2020).

While the zebrafish model has provided valuable insights into the seq44 activity, additional studies in
human pancreatic cells are necessary to comprehensively assess the functional role of this sequence as
an enhancer in its physiological context. To investigate this further, we could conduct in vitro enhancer
reporter assays using human acinar cell lines (Bordeira-Carrico et al. 2022; Ferreira et al. 2023). Given
the limited availability of human acinar cell lines, pancreatic acinar organoids could be established as a

model system to perform these enhancer assays (Huang et al. 2021).

Regarding the zebrafish nr5a2 genomic landscape, two PES, Region 1 and Region 2, were selected
(section 3.2.) to test their acinar enhancer activity and to further investigate their potential roles in reg-
ulating nr5a2 gene transcription and further impact in the development of PC. Findings from the en-
hancer reporter assays indicate that these two zebrafish sequences function differently, however, both

appear to have significant roles in the regulation of pancreatic cell function.
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Region 1 showed no pancreatic acinar enhancer activity under the tested conditions (section 3.5.3.). This
result could be explained by the fact that enhancers could be active in different timepoints (Cho 2012).
This hypothesis could be explored by testing if this sequence is active in earlier stages of pancreatic
development, by performing immunoassays with other cell-specific markers, such as Nkx6.1, a marker
of the pancreatic progenitor cells (Binot et al. 2010). Other zebrafish transgenic lines could also be used
to access enhancer activity in other pancreatic cell types (Eufrésio et al. 2020).

If any enhancer activity is detected in early zebrafish pancreatic development, the genomic deletions
generated by the two effective sgRNA pairs, designed and validated in this thesis using CRISPR-Cas9
assays (section 3.6), can be useful to investigate the impact of these PES on nr5a2 expression through
gPCR (Bordeira-Carrigo et al. 2022; Eufrasio et al. 2020). As this gene is known to play an important
role in the development of the pancreas (Hale et al. 2014; Larsen and Grapin-Botton 2017; Sandhu et
al. 2021), would be relevant to understand if Region 1 influences pancreatic development and contrib-
utes to the onset of an inflammatory state, a known factor in the progression of PC (Flandez et al. 2014).

Region 2 showed a clear enhancer activity in pancreatic acinar cells. The predicted results of H3K4me3
HiChlIP from adult zebrafish pancreas (section 3.5.3.) indicate a putative interaction between this region
and the nr5a2 promoter. Addicionally, JASPAR analysis (section 3.5.3) suggests that key pancreatic
transcription factors may bind to this particular sequence. Based on these findings we can speculate that
this sequence could play an important role in the transcription regulation of the nr5a2 gene. However,
in order to refine these regulatory predictions, further research should be made in order to expand the

list of endocrine and exocrine TFs and to improve the existing zebrafish-specific TF matrices.

The loss-of-function assays performed for Region 2 encountered significant technical difficulties be-
cause of repeating elements flaking this sequence complicating the design of sgRNAs and primers (sec-
tion 3.6.). Some efforts must be made to overcome these technical issues. A possible solution could be
the redesign of sgRNAs avoiding the repetitive elements followed by the optimization of the CRISPR-
Cas9 mutagenesis assay (Amorim et al. 2020; Gagnon et al. 2014; Luo et al. 2024).

Once mutagenesis is optimized with efficient sgRNA pairs, the impact of this acinar enhancer sequence
specifically on nr5a2 expression could be accessed through qPCR (Bordeira-Carri¢o et al. 2022;
Eufrasio et al. 2020). If the gPCR showed a clear negative impact in the transcription of this gene, stable
mutant lines carrying Region 2 genomic deletions could be developed in a genomic background more
sensitive to tumour formation, such as those with oncogenic Kras mutations (Flandez et al. 2014). Pre-
vious studies have shown that pancreatic-specific partial loss of Nr5a2 gene alone in mice is enough to
trigger pancreatic inflammation, leading to pancreatitis, but is not sufficient to cause tumours (Cobo et
al. 2018; Flandez et al. 2014). However, Nr5a2 mutations in combination with oncogenic Kras muta-

tions can drive the progression of PC (Flandez et al. 2014). Additionally, using an acinar cell marker to
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track cell-specific behaviour and organisation within pancreatic tissue, would be useful to evaluate tu-

morigenesis progression.

Overall, this work shed light on the regulatory roles of specific PES located in the landscape of
NR5A2/nr5a2 gene, particularly in pancreatic acinar cells. Despite considerable advances in elucidating
the transcriptional regulation of this gene, translating these discoveries into human biology represents
the next important challenge, particularly in the context PC. By exploring these future research avenues,
we will improve our understanding of how nr5a2 enhancer activity can contribute PC progression,
bringing us one step closer to potential therapeutic interventions targeting gene regulation at an enhancer
level.
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