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Summary

SUMMARY

The vertebrate endocrine pancreas has the cruamatibn of maintaining blood sugar
homeostasis. This role is dependent upon the dewsot and maintenance of pancreatic
islets comprising appropriate ratios of hormonedping cells.

Pax6 is a well-conserved transcription factor t@itains two DNA-binding domains, and
plays a key role in the development of eye, braid pancreas in vertebrates. Within the
endocrine progenitor pool, a variety of transcadptifactors influence cell fate decisions.
Here we show that in zebrafish, in absence of patt@re is a loss of insulin-producing
cells, a decrease of somatostatin-expressing eetigcrease of glucagon-expressing cells
and a strong increase of ghrelin-expressing célkspropose a model where, in absence of
pax6b, cells that should become insulin-positiveoloee ghrelin-expressing cells.

In the second part of the work we describe the ge¢iom and characterization of zebrafish
transgenic lines responsive to CREB signaling. €Hiees could represent useful tools for

studying specific human pathologies.

SOMMARIO

Il pancreas endocrino nei vertebrati svolge la iatecfunzione di mantenere 'omeostasi
della glicemia. Questo ruolo dipende dallo svilugpdal mantenimento di isole endocrine
comprendenti appropriate proporzioni tra celluleone-producenti.

Pax6 e un fattore di trascrizione molto conservedmtenente due domini leganti il DNA,
che gioca un ruolo chiave nello sviluppo di ocelmicefalo e pancreas nei vertebrati.
Nellambito del serbatoio dei progenitori endocrinna serie di fattori di trascrizione
influenza le decisioni sul destino cellulare.

In questa tesi dimostriamo che in zebrafish, ireasa di pax6b, vi & una perdita di cellule
insulina-producenti, una riduzione di cellule esmnti somatostatina, una riduzione di
cellule esprimenti glucagone e un forte aumenteetlule grelina-positive. Proponiamo un
modello dove, in assenza di pax6b, cellule dedtinati essere insulina-producenti
diventano invece cellule esprimenti grelina.

Nella seconda parte di questa tesi, descrivianppdduzione e la caratterizzazione di linee
transgeniche di zebrafish rispondenti alla via efjrmle CREB. Queste linee potrebbero
rappresentare degli utili strumenti per lo studisgkcifiche patologie umane.
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Introduction

INTRODUCTION

1. Pancreas

11. Pancreasstructure
The pancreas is a mixed exocrine and endocrinedgthat controls many

homeostatic functions. The exocrine pancreas pexland secretes digestive enzymes,
whereas the endocrine compartment consists ofdfstenct hormone-producing cell types.
The cell types are-, B-, -, €- and pancreatic polypeptide (PP) celiells (red) secrete
glucagon and compose 15-20% of the endocrine pancfreedls (green) secretmsulin
and compose 60—-80% of the endocrine pancéeedls (yellow) secretesomatostatin and
compose 5-10% of the endocrine pancreas, whdPPasells (blue) secrete PP and
compose less than 2% of the endocrine pancreagoizpells, a recently discovered cell

type, secretghrelin.

Bile duct

Main pancreatic duct

Duodenum Head of pancreas

Qo-cals ) 5-cels
Op-cels QPP cells

Fig. 1. Schematic representation of the mouse pancreas. a The mature pancreas is
adjacent to the duodenum the most anterior pattie@tmall intestined The function of
the exocrine pancreas is to supply the gut witlestige enzymes; these are produced and
secreted by acinar cells and subsequently trarespad the intestine via the pancreatic
ductal system.

¢ The endocrine pancreas consists of four hormoneyging cell types (Edlund, 2002).
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Introduction

The exocrine pancreas is a lobulated gland composed of acinar cells anth®
pancreatic ductal tissue (Fig. 1). The acinar getessent a morphology characteristic of
secretory cells: pyramidal shaped with basal nueaieveloped Golgi apparatus, regular
arrays of rough endoplasmic reticulum and numemusogen granules containing the

digestive enzymes (Slack, 1995) (Fig. 2).

Body of pancreas

Main pancraatic duct
Common bile duct

Accassory -
pancreatic duct

Hepatopancreatic
ampulla

Major duodenal
papila

Pancreatic
Isltat
q

Jejunum

Head of pancreas

O )
*
h u f2U0Lh

Pancreatic acinus

Fig. 22 Anatomy of the human adult pancreas. A drawing of the adult pancreas showing
the organ’s location in the gut and connectionh® $mall intestine via the common bile
duct, shared with the liver and gallbladder. A htawglin and eosin-stained paraffin

section through the adult pancreas, below, showsslah of Langerhans, its associated
vasculature, and surrounding acinar tissue.

The acinar cells synthesize and release in the etuod at least 22 digestive
enzymes, notably amylases, proteases, lipasesumtelses. These enzymes compose the
so-called pancreatic juice, which comprises also-e&mzymatic components, such as the
bicarbonate. These components are secreted byubwidal centroacinar cells located at
the junction between the acini and the ducts (Rg. The highly branched ductal
epithelium, also belonging to the exocrine compartinconveys the pancreatic juice to
the duodenum where the pancreatic digestive enzyriet produced as inactive
precursors, are activated.
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Theendocrine pancreas represents only 1-2% of the pancreatic mass (Figt s
composed of the highly innervated and vascularisetyerhans islets, compact spheroidal
cell clusters embedded in the exocrine tissue @ign vertebrates, there are five different
pancreatic endocrine cell types, each of them miodua specific hormone. These
hormones are mainly involved in the glucose hona=mist Thep-cells are the most
abundant (around 70% of the islet cell populati@m) produced insulin. The, 3-, ¢- and
PP-cells respectively produce glucagon, somatostaghrelin and the pancreatic
polypeptide. In mouse and zebrafish, the core efiglets is mainly composed picells,
the other cell types surrounding them; while ldsarg, this segregation is also present in
humans (Kumar & Melton, 2003).

1.2.  Organogenenesis of the pancreas
During the last fifteen years, the zebrafish hasnbased along the mouse to

decipher vertebrate development. A few laboratoiesuding ours, have initially
characterized the zebrafish pancreas during iteldpment (Argenton et al, 1999; Biemar
et al, 2001; Pack et al, 1996). Preliminary dataualpancreatic gene expression and
function have suggested an evolutionary consenvatiothe developmental mechanisms
for pancreas specification and differentiation,idating the zebrafish as a relevant model
for pancreas development studies. The zebrafisicrpas displays an organization
comparable to Mammals, with its endocrine tissuebesided in the exocrine tissue
(marked bycarboxypeptidasexpression in Fig.3) and composed of a core3-atlls
surrounded byu- and 6-cells type (Fig. 1). The existence ofcells in zebrafish was
demonstrated in our laboratory (Pauls et al, 20@#)ile the presence of the PP protein
was previously mentioned (Biemar et al, 2001)desection byin situ hybridization has

not yet been published.
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Fig. 3: Morphology of the exocrine and endocrine pancreasin the zebrafish larva.

(C-F) Confocal images of pancreatic islet tissueowshg whole-mount
immunofluorescence staining performed on (C) 5¥%-ald, (D) 4-day-old, and (E, F) 3-
day-old embryos with a combination of (C) anti-catpeptidase A and anti-insulin; (D)
anti-insulin and anti-somatostatin; (E) anti-ineuind anti-glucagon; (F) anti-somatostatin
and anti-glucagon antisera. Adapted from (Biema,2001).

1.2.1.  Origin of the pancreatic tissue

The vertebrate pancreas is shaped by the uniomrsildand ventral buds arising
from the endoderm (Andrew, 1976; Fontaine & Le Doyal977; Percival & Slack,
1999). In mice like in zebrafish, there are two $ua dorsal one arising first followed by a
ventral and more anterior bud.

Mouse pancreas development begins with the emedjitige dorsal pancreatic bud
from the posterior foregut endoderm, at E9, atterdlosure of the anterior endoderm: the
ventral bud arises one day later and they fusel@atdo form the definitive pancreas (Fig.
4) (Slack, 1995)

16
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Fig. 40 The pancreas develops as evaginations of the primitive gut epithelium.

Schematic representation of the pancreas at emiorgaly E9, E10 and E12 of a mouse

embryo. Adapted from (Edlund, 2002).

In zebrafish, the pancreas also forms from twoirdistbuds: the dorsal bud

protrudes at 24 hpf, at the level of the third genshowed at 34 hpf in Fig. 5., labeled by
the arrowhead). At 40 hpf, a second bud appeardrally to the gut and more anterior
compared to the dorsal bud (Fig. 5, labeled byatinew). Between 24 hpf and 48 hpf, the
dorsal bud relocates on the right side of the gdtthe two buds fuse at 52 hpf to form the

mature pancreas, the exocrine tissue surroundmgldocrine islet (Fig. 5) (Field et al,

2003). While the appearance of the dorsal bud dtd4s the first morphological sign of

the zebrafish pancreas development, it is impottanbte that cells expressing pancreatic

markers can be observed at earlier stages. Thergaditc markerpdx1 (Pancreatic and

Duodenal homeobox gene 1§ expressed in a bilateral domain as soon as Qksothites

stage (14 hpf), andhsulin expression is observable at the 12-somites sta§ehfi)
(Biemar et al, 2001).
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34hpf 40hpf 44hpf 52hpf

34hpf 40hpf 44hpf - 52hpf- f6hpf

A p N - 2 A / & 'I: N
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Fig. 5: Pancreas mor phogenesisin zebrafish. A. ventral view of the pancreatic region of
a zebrafish transgenic embryo gut-GFP. B Schemagpicesentation of the model. Arrow
heads show the dorsal bud and arrows show theabdntd. L: Liver, gb: gall bladder, S:
swim bladder. Adapted from (Field et al, 2003).

While this morphogenesis is similar to what is olbed in mice, the zebrafish
development presents an exciting particularity:lev/im mice the two buds give rise to both
endocrine and exocrine cells, the zebrafish ddyedl generates only endocrine cells and

the ventral bud mostly exocrine cells (Field e2aiQ3).

1.2.2.  Specification factors of the pancreas

In amniotes, the gut endoderm gives rise to diffecggans, such as pharynx, liver,
the pancreas and intestine. The first step of thrgianogenesis is the regionalization of the
gut endoderm in different territories. Each temjitbas specific competences that permit
them to go through the following differentiationdaarganogenesis. Budding of the dorsal
and ventral pancreas is then induced in the préispguancreatic territory, followed by the
growth of the pancreatic buds and their merginge Plancreas ontogenesis is thus a
stepwise process, which was shown to be influefigedoluble factors, produced by the

contiguous structures (Wells & Melton, 2000).
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1.2.2.1. Regionalization of the endoderm

1.2.2.1.1. Retinoic acid (RA)
The retinoic acid (RA) is a factor patterning theesio-posterior axis in the three

germ layers (endoderm, mesoderm and ectoderm). flutdce with an impaired
expression ofRaldh2 Retinaldehyde dehydrogenase 2, the enzyme synimgpsiA),
present a dorsal pancreas agenesis (Martin ed@h; Molotkov et al, 2005). Similarly, the
necklessmutant zebrafish, with an impairedldh2 expression (Begemann et al, 2001),
lacks expression of pancreatic and hepatic markevsrsely, ectopic RA treatments lead
to a severe anterior shift of all pancreatic magkdrimed treatments with a pan-RA
receptor inhibitor indicate that RA signaling isjuegred between 9 hpf and 12 hpf, at the
end of gastrulation (Stafford & Prince, 2002). Bksmdemonstrated that the RA signaling is
a direct signal from the mesoderm to the endodémndeed, whileraldh2 is expressed in
the whole mesendoderm, transplantation experinmteats determined that the RA derived
from the anterior paraxial mesoderm is sufficiemiriduce pancreas development in the
endoderm. Moreover, the pancreas development esgexpression of the RA receptors
only in the endoderm (Stafford et al, 2006). Up tibw, RA is synthesized in an
anteroposterior (AP) region of the mesoderm comaldg larger than the pre-pancreatic
domain. In conclusion, the RA signal from the mesadparticipates in the regionalization
of the endoderm and in the specification of thegaecreatic domain at the end of the

gastrulation.

1.2.2.1.2. Bone mor phogenetic proteins (BMP)
BMP signaling is involved in the dorsoventral agpiatterning of the embryo. In

particular, BMP-4 is a ventralizing factor antagpeal by the dorsalizing effect of chordin.
Comparable results were obtained in zebrafish; diseovery of the dorsalizedwirl
(bmp2 and ventralizeathordino (chordin) zebrafish mutants have confirmed the role of
the BMP signaling in the dorsoventral patterning loas also highlighted its implication in
the AP patterning of the endoderm. Indeed, these rvatants present respectively a

reduced or an expanded pancreas (Tiso et al, 2002)
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1.2.2.1.3. Fibroblast growth factor (FGF)
The Fibroblast Growth Factors (FGFs) were showetinvolved in the patterning

of the endoderm through various studigs.vitro, FGF4 patterns cultured E7.5 mouse
endoderm in a concentration-dependent manner (Velldelton, 2000). Moreoverin
vivo gain- and loss-of-function experiments in chickemdnstrated that FGF signaling
represses posterior and promotes anterior endofdgemLocal application of FGF shifted
anteriorly the expression domainfdix1l(Dessimoz et al, 2006). Interestingly, expression
of the FGF receptors (FGFRs) 1 and 2 was observétkei pancreatic islets, together with
the ligands FGF1, 2, 4, 5, 7 and 10 (Hart et 80020

In zebrafish, a FGF signal sent by the lateralepfaesoderm (LPM) is crucial for
the pancreatic ventral bud specification. In zdabhafthe left and right LPM migrate
asymmetrically toward the left side of the embrgtvieen 26 hpf and 30 hpf. At that point

of the development, LPM contacts only the ventradaglerm and intercommunicate by

between 24 and 30 hpf, leadingftg24, isl1 (islet-1) and meis3expression in the LPM.
Secondly, between 30 and 32 hpf, the pancreatic i¥ucts the endoderm to induce
ptfla expression, thereby specifying the ventral panareand. Finally, from 32 hpf
onwards, FGF signaling from the pancreatic LPM prtes the pancreatic ventral bud
growth (Manfroid et al, 2007).

1.2.2.2. Induction of dorsal and ventral pancreatic buds

1.2.2.2.1. The hedgehog signaling
Shh is an intercellular patterning signal of thedgteehog (Hh) family. In mouse,

whereas largely expressed mouse and chickenSiut,is not expressed in the future
ventral and dorsal pancreatic endoderm (Apelqvistle 1997; Hebrok et al, 1998).
Moreover, its repression is required for pancreavebbpment, as shown by the
transformation of the pancreatic endoderm intositmal tissue following ectopiShh
expression (Apelgvist et al, 1997; Ramalho-Santas, 2000).

The ventral endoderm is first constituted by a hefgmncreatic bipotential

population, and the FGF signal emitted by the e&rdnesoderm activat&hhexpression
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in cells close to it and diverts their default paatic cell fate to a hepatic cell fate
(Deutsch et al, 2001).

Thus, the repression &hhexpression in the dorsal foregut allows the inductof the
dorsal pancreatic bud whereas the inductiorSlolfi expression in the ventral endoderm
diverts the hepatic/pancreatic bipotential cellenfr their default pancreatic fate and
converts them into hepatic cells.

In zebrafish, the role of the Hh signaling in p&as development is somehow
contradictory compared to the role of Hh signalingmice. While Shhover-expression
prevents mice pancreas development, the zebrafisor@as requireshh expression to
develop (Roy et al, 2001). Moreover, an ectgibexpression in duodenum significantly
increases the number of pancreatic endocrine (Rl et al, 2001). Treatments with
cyclopamine (inhibitor of hedgehog signaling patkijvaave demonstrated that Hh signal
is required during gastrulation for proper pandceiatet development.

This apparent species-specific difference has tonb@nced. Firstly, whileéShh over-
expression impairs mouse pancreas developmenteffieet of its knockout on this
development can-not be assessed, Saso mutant mice die early before pancreas
specification (Zhang et al, 2001). Consequentlyis ihot known if the mouse pancreas
development has also an early requirement for hotac Hh signaling. Secondly, the
timing of Shhexpression is different between these species;ewthgé endoderm of the
mouse foregut expressB8hbefore pancreas specification and requires thisesspn to
be repressed in the prospective pancreas domaigetirafish endoderm begins to express
Shhlong after the appearance of the pancreatic marke2d hpf) (Roy et al, 2001).
Transplantation studies demonstrated that in zesbr#fie Shh receptor Smo function is not
required in thep-cells progenitors themselves but rather in theiginboring cells, which
will become exocrine pancreas, intestine or livals(Chung & Stainier, 2008).

So, Hh signaling would play sequential roles in ggaas development: the Hh
signaling sent by the notochord would play an epdsitive role while th&hhexpression
in the endoderm would play a later negative rolensistent with this hypothesis is the
observation that the zebrafighf2 mutants display both &hh over-expression in the

endoderm at 30 hpf and a sevpdxlexpression decrease (Sun & Hopkins, 2001).
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1.23.  Growth and proliferation

1.2.3.1. Notch signaling
In pancreas, repression of a premature differeatiats provided by the lateral
inhibition process, mediated by the Delta-Notchnalang (Fig. 6).

With time, one cell expresses more Delta,

Atfirst, contiguous neural plate cells express develops into a neuroblast, and inhibits the

neurogenin, Deita, and Notdh neighboring cells from following a neural fate
A N\ 2 e )
Delta
J<7> — | Notch

neurogenin

| -

— =ﬂ neurogenin

&

R/

Fig. 6: Notch-mediated lateral inhibition. Left panel: at first, all the progenitor cells
present similar quantity of the Delta and Notcleirmhembrane proteins; the interaction
between them repressign3(neurogenin 3) expression, which activabesta expression.
Right panel: with time, one cell expressing marelta will be able to stimulate more
Notch receptors in its neighbor cells and thus dépress more strongly theMgn3
expression and consequently thBelta expression. This cell will be able to increase its
Ngn3levels. Ngn3 inducesNeuroD expression, allowing the cell to adopt an endocrine
fate.

In mice, the four known Notch genes are expressdlea pancreatic epithelium or
in the surrounding mesenchyme (Lammert et al, 20d@)e genetically altered at several
steps of the Notch signaling (Hes, Delta-like géndRBP-&) present a decrease of the
pancreas size, due to an up-regulation of Mgn3 pro-endocrine gene and to the
consequent depletion of pancreatic progenitors lgvis et al, 1999; Jensen et al, 2000).
Misexpression of constitutively active Notch pretgerboth endocrine and exocrine
differentiation and seems to trap both early anel pgogenitors in an undifferentiated state
(Hald et al, 2003; Murtaugh et al, 2003).

Similar results have been obtained in zebrafiske mimd bomk(mib) mutant lacks
a Delta-ubiquitin ligase, which results in the diadl to release the Delta-mediated Notch
signaling. At 24 hpf, their pancreas presents aregx off3- and é-cells along with a

reduced number af-cells (Zecchin et al, 2007). Differently from mjdéea-cells are the
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last pancreatic endocrine cell type to differemti@n zebrafish; their absence mib
mutants is thus most likely due to a depletionhaf pancreatic progenitor pool caused by
the excessive differentiation @§f ando-cells (Zecchin et al, 2007). Conversely, ectopic
expression of Notch in zebrafish leads to a coreglatk ofinsulin expression (Esni et al,
2004).

1.2.4.  Transcriptionsfactors controlling pancreas development
The diverse signals emitted by mesoderm-derivedctstres induce, during
pancreas development, a network of transcriptiatofa. Many of them belong to the
homeodomain or the basic helix-loop-helix (bHLH)nies. These transcription factors
were identified because of their participationhe regulation ofnsulin and somatostatin
expression, the promoters of these genes possesswveyal homeodomain or bHLH
binding sites. Several knockout studies have detrates the implication of these genes in

pancreas development.

1.2.4.1. Initial pancreatic specification

1.2.4.1.1. Pdx1
Pdx1 is the first factor that was demonstratedcegsired for pancreas development.

At E8.5, this homeobox factor is expressed in thele pancreatic epithelium. Cell lineage
studies demonstrated that all endocrine and ex®gancreatic cells derived from cells
expressing?dx1throughout early embryogenesis (Gu et al, 2002reflar 2000). At later
stagesPdx1 expression becomes restrictedptoand 6-cells, which is coherent with the
fact that Pdx1 was first identified as a transaoipt factor activatinginsulin and
somatostatirexpression (Guz et al, 1995; Leonard et al, 1998eiet al, 1994; Offield et
al, 1996; Ohlsson et al, 1993).

Targeted deletion oPdx1 does not impair the initial induction of the paratre

-/-
fate, earlyglucagon and insulinexpressing cells being observed in thdx1l mice;
however, the subsequent progression of the paircrdédferentiation as well as the

pancreatic morphogenesis are impaired in these yamkand consequently the neonatal

-/-
Pdx1 mice display pancreatic agenesis (Ahlgren et &61Dffield et al, 1996).
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The zebrafish ortholog d?dx1was identified (Milewski et al, 1998) and presents
very similar expression pattern and function. A®rs@as the 10-somite stage, it is
expressed in two bilateral rows of cells adjacerthe midline that then converge to form
the pancreatic primordium. Later, it is also expegsin the duodenum (Biemar et al,
2001). The knockdown gfdxlin zebrafish leads to a severe reduction of endecand

exocrine compartments but not a complete ablattiagg et al, 2001; Yee et al, 2001).

1.2.4.1.2. Hnf6
The One-Cut homeobox (OC-1) factor Hnf-6 is largekpressed in the pancreatic

epithelium at early stages, before becoming resttito acinar and ductal cells (Landry et
al, 1997; Rausa et al, 1997). Hnf-6 fulfils diffete@oles in pancreas development, the first
of them being the control of pancreas specificativa positive regulation ofPdx1
expression. Hnf-6 has been indeed shown to direetylatePdx1 expression antHinf6-
null mice present a delay Bidx1expression onset (Jacquemin et al, 2003).

Up till now, implication of one-cut factor has nbeen demonstrated in the zebrafish

pancreas development.

1.2.4.1.3. Ptfla
The basic helix-loop-helix (bHLH) Ptfla/p48 factos part of the PTF1

complex,(Cockell et al, 1989; Sommer et al, 1991).

ptflais expressed in the pancreas at E9.5 and a cefldsstudy demonstrated that it is in
fact expressed in the progenitors of exocrine, ende and ductal cellsPtfla is also
necessary to the acquisiton of pancreatic fate Mbiye undifferentiated
endoderm(Kawaguchi et al, 2002). The rolePtiflain the whole pancreas development
was also highlighted by analysis of tRéfla hypomorphic mutant mice that display a
Ptfladosage-dependant pancreatic hypoplasia (FukudazsiGs).

Besides, Ptfla is also specifically required fag #@xocrine differentiation. Mice deficient
in p48 expression display a total lack of exocrine celsapp et al, 1996; Krapp et al,
1998).

In zebrafish, thetfla expression is limited to the ventral bud, whichegivise to
exocrine compartments. Its expression in exocrigs cis visible from 32 hpf. Its
implication in the ventral bud differentiation wdsmonstrated by loss-of-function studies
that showed that embryos with an impairnetila expression do not express/psin
anymore, indicating a loss of the exocrine tisstiec¢hin et al, 2004). More recently, it
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was demonstrated that in zebrafish low levelpftfa expression promote endocrine fate
while high levels promotes exocrine fate. This aadies that in addition to its known roles
in pancreas specification and exocrine differemrgt Ptfla could be involved in the

endocrine versus exocrine fate decision (Dong, 2C48).

1.2.4.2. Endocrine differentiation

1.2.4.2.1. Ngn3
Ngn3 is a bHLH transcription factor. It is the kimgtor of the endocrine pancreas,

being expressed in all endocrine progenitor ceild @quired for their differentiation. Its
pancreatic expression is transient; it begins at fié@ches a peak at E15.5 and then
decreasesNgn3 being no more expressed in pancreas at birth (Astleet al, 1999;
Jensen et al, 2000; Schwitzgebel et al, 2000; Soretred, 1996)Nng3is not expressed in

hormone-expressing cells, yet permanent tracing1e)Ngn3+-ceIIs has shown that their
progeny comprises all endocrine cell types (Gul,e2@02). In other words, all endocrine
progenitor cells transiently expredgn3during their differentiation process.

Different loss- or gain-of-functions studies havenfirmed these results. Mice
presenting a homozygote null mutation Nfn3 die perinatally due to absence of
pancreatic endocrine tissue and the resulting teabi@&radwohl et al, 2000). Conversely,
ectopic expression Mign3in the Pdxl-expressing domain leads to a precocious endocrine
differentiation, depleting the progenitor pool ardulting in a reduced endocrine pancreas
(Apelgvist et al, 1999; Schwitzgebel et al, 200@preover, ectopidNgn3 expression in
the non-pancreatic gut endoderm is sufficient to tinese cells into endocrine cells that
migrate in the mesenchyme where they form islepsessingglucagonandsomatostatin

In zebrafish, a functional ortholog for the moldgn3 islet cell fate decisions, has
not been yet characterized, although a zebrafigtBgene has been found to be transiently
expressed in the pancreatic ventral bud, at aratthdhours post-fertilization (N. Tiso,

personal communications).
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1.2.4.2.2. NeuroD
Initially isolated as a transcriptional activatofr iosulin expression, the bHLH

NeuroD1factor is a direct target ddgn3 (Gradwohl et al, 2000; Huang et al, 2000; Naya
et al, 1997; Naya et al, 1995; Schwitzgebel e2@Q0). Its expression is first detected in
the pancreatic domain at E9.5 and is then obsezxeldisively in the endocrine pancreas,
in all endocrine cell typedNeuroDdeficient mice die perinatally due to severe diabge
the number of their endocrine cells is markedlyucsdi and the few cells left fail to form
proper islets (Naya et al, 1997). Conversely, actbieuroD1lexpression (as well d&¢gn3
ectopic expression), driven bydxl promoter, leads to a premature endocrine
differentiation (Schwitzgebel et al, 2000). Thesesults indicate thatNeuroD1 is
specifically involved in pancreas endocrine develept after the initiation of the
endocrine program, in the maintenance and/or ralifon of endocrine cells.
It is worthy to note that another NeuroD geNeuroD2 was detected in the pancreas. Its
expression peaks between E12.5 and E17.5 and ihssée be a direct target of
Neurogenin3lt is able to activatenh vitro endocrine cell lineage. Yet, NeuroD2 null mice
present normal islet differentiation, suggestingtttother bHLH genes (especially
NeuroDJ) could be redundant and exert compensatory r@asd et al, 2008).

In zebrafishneuroD1has been first identified by Korzh and co-workensl avas

shown to be expressed in the pancreas (Korzh £988; Mavropoulos et al, 2005).

12423 Idet 1
The Isletl (Isl1) transcription factor belongshe LIM homeodomain subfamily. It

was first identified as a transcription factor bimglto thelnsulin promoter (Karlsson et al,
1990) but is expressed in all adult islet cellspre@fter they have left the cell cycle
(Ahlgren et al, 1997). Impairment &fl1 expression leads to a complete loss of pancreatic

endocrine cells and to impaired dorsal bud exocdek differentiation. This effect on

-/-
exocrine differentiation could be due to the faattinlsll mutant mice, the organization

of the dorsal mesenchyme (that normally expretséy is impaired (Thor et al, 1991).

-/-
Indeed,in vitro recombination of Isl1 dorsal bud with wild-type dorsal mesenchyme is
able to restore exocrine differentiation. Isl1 ferefore required for endocrine cells

differentiation and normal dorsal mesenchyme deuraeknt, indicating an implication of

26



Introduction

the dorsal mesenchyme in the development of therpatic dorsal bud (Ahlgren et al,
1997).

In zebrafishjsl1l expression is detected in the pancreatic anlagadg as the 12-
somite stage and persists until at least 24 hghigsistage, its expression is restricted to the
endocrine dorsal bud (Biemar et al, 2001). Fromh@8 isl1 starts to be expressed in the
lateral plate mesoderm (LPM), which is required tbe ventral bud development
(Manfroid et al, 2007). Consistently, knockdownigifl expression results in a partial loss

of the exocrine tissue.

1.2.4.3. Endocrine cell type specification

1.2.4.3.1. Arx and Pax4
Arx and Pax4 are two key factors in the establigitnoga- or -cell fate, fulfilling

antagonist roles. The homeobox Arx factor is exggdsin the pancreas epithelium from
E9.5 and is later found in matuxe andd-cells (Collombat et al, 2003\rx-deficient mice
present a loss of matusecells concomitant with an increase in the numbigi-cells and

an even more marked increased indkeell number. As the total endocrine cell number is
unaffected, it is assumed that there is a replaneofehe maturer-cells byp- andé-cells
(Collombat et al, 2005).

ConcerningPax4 it is transiently expressed in the endocrine peas; with a peak
of expression between E13.5 and E15.5 correspontdinthe peak of endocrine cell
genesis (Dohrmann et al, 2000; Sosa-Pineda et9&l7)1Pax4 ectopic expression in
pancreas progenitors or in matureells forces them to adoptpacell fate (Collombat et
al, 2009). Moreover, thBax4" mutant mice reveal a complete lackpefands-cells and a
proportional increase of the-cells number, suggesting that, in absence of Pgeoglls
precursors adopt ancell fate (Sosa-Pineda et al, 1997; Wang et @420

Arx and Pax4 have therefore opposite functions imdoerine pancreas
development, the former promotingcell fate while the latter promotgscell fate. Their
antagonisms reinforced by the fact that the two factors esgreach other expression.
Moreover, mice carrying deficiencies in both gepessent a loss of botr andp-cells,

with a proportional increase of thhecell number (Collombat et al, 2005).
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1.2.4.3.2. Sox4
The involvment of the sox4 factor in pancreas dmwelent was in fact first

demonstrated in zebrafish. Due to ancient dupbecatihe zebrafish genome possesses two
sox4 genes, but ongox4bis expressed in the pancreas. Expressi@gordibis detected in
endodermal cells in the prospective pancreaticoregs soon as the 5-somite stagx4b
transcripts are detected in the dorsal bud unigadt 40 hpf; the gene is not expressed in
the ventral bud (Mavropoulos et al, 2005). At tlf8esbmite stagesox4bis perfectly co-
expressed withneuroD which indicates that it is expressed in the pnitge of all
endocrine cell lineages (Soyer et al, 2010). Yist,knockdown leads only to a severe
decrease of the-cells, the other cell types being not affected {Maoulos et al, 2005).

In mouse Sox4expression was also identified in pancreas. It€a@tic expression

-/-
peaks between E12.5 and E14.5 and is still obskrwaladult pancreas. Tt&ox4 mutant
mice present a decreasefetells (Wilson et al, 2005). This contrasts witk tibservations
made in zebrafish.

1.2.4.3.3. Nkx2.2
At E9.5, Nkx2.2 is expressed in the pancreatic epithelium; latsr,expression

becomes restricted to dtcells, and to mosi- and PP-cells, but is excluded &fande-
cells. WhenNkx2.2 expression is disrupted in mice, tlfiecells can-not reach their
differentiation; there is also a decrease ofcthand PP-cell number (Sussel et al, 1998). In
contrast, the pancreaskx2.2deficient mice displays a large increase-gtlls (Prado et
al, 2004).The Nkx2.2 factor possesses both activatd repressor activities, and it has
been demonstrated that its repressor activityfifecant to rescue the lack efcells in the
Nkx2.2deficient mice, but not the terminal differentaatiof -cells (Doyle et al, 2007).

In zebrafishnkx2.2ais also largely expressed in the pancreas, arekpigession is
required fora- andp-cell differentiation; moreover, it is expressedtire intrapancreatic

duct and is necessary for its morphogenesis (Bienal, 2001; Pauls et al, 2007).
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1.2.4.3.4. Nkx6
Studies orka6.1_/_, ka6.2+ and ka6.1_/_;ka6.2+ mutant mice revealed that both

-/-
factors share similar functions in the differen@atof a- andp-cells.Nkx6.1 mice show a

markedly reduced number @fcells (Sander et al, 2000), whereas the pancrnepsasas

-/-
normal inNkx6.2 mice (Henseleit et al, 2005).
In zebrafishnkx6.1andnkx6.2are expressed in the dorsal pancreatic bud at 2kx6.1

and nkx6.2 share similar functiomsa-cell differentiation (Binot et al, 2010).

1.2.4.3.5. Pax6
The transcription factor Pax6 is well conserved agnonetazoa. The protein

contains two different DNA-binding domains, a pdirdomain (PD) and a paired-like
homeodomain (HD), and the C-terminal proline-, re&fj and threonine-rich (PST) region,
which is acting as a transcriptional activation éom

This factor plays important roles in the developtmandifferent organs, including
the eye, brain, pituitary, and pancreas (Choi ,e2@08; Quiring et al, 1994). Its pancreatic
expressiorbegins at E9 in a few cells (Fig. 7) and then eggan all endocrine cell types,
in which it is still expressed in newborn mice (3tge et al, 1997).
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Chil, 2002 [ Pax6 Eg

Fig. 7. The transcription factor Pax6 is well conservatbag metazoan for its structure
and expression pattern (Biemar et al, 2001; St-Gnhgd, 1997).

S
Studies of thePax6 functions rely on the study of thieax6 ey(Small eye) and

Sey-N
Pax6 ~ mutant mice that display pancreatic phenotypeslargimilar to that of the

Pax6knockout mice (Heller et al, 2004; Sander et a7t 5t-Onge et al, 1997). Analysis

of these mice revealed that tRax6inactivation leads to a large decreas@-ainds-cells
+ -
as well as to an almost total lossoetells, and an increase ghrelin glucagon e-cells

NEU
was observed in Sey mice (Heller et al, 2005). Finally, Pax6 functioasvshown to be
required for maintaining norm@tcells functions after birth (Ashery-Padan et 802).
Because of its genome duplication, the zebrafigsgsses two pax6 genes but qdy6b

IS expressed in endocrine pancreas.
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24hpf pax6a
"\
. T
24hpf pax6b

Fig. 8: Expression pattern of the two pax6 in zebrafish. Embryos at 24 hpf. The upper
panel represents the expression of pax6a, whidtetsctable in the eyes and nervous
system. The lower panel represents pax6b, whielxpsessed also in the pancreassitu
hybridizations adapted from (Thisse et al, 2004s3d & Thisse, 2005).

Both are active in ocular and brain structures, only one, pax6h is expressed in
pancreatic endocrine cells because of sequencegdivee within the pancreatic cis-
regulatory regions.

As in mice, it is expressed in all endocrine cgles (Delporte et al, 2008; Kleinjan et al,
2008).

1.2.4.3.6. Hb9
Hb9 is a homeodomain protein; only one hb9 gerertavn in mammals but two

related genes hb9 and mnr2 were identified in @nckrhey both belong to the mnx
protein family. Hb9 in vertebrates has conserugtitfion in motoneuron differentiation
and pancreas development (Wendik et al, 2004)ll ireetebrates the expression pattern of
Hb9 genes is conserved in motoneurons, the panceratoderm, differentiating beta-cells
and in different mesodermal structures including plosterior notochord (Harrison et al,
1999; Thaler et al, 1999; Wendik et al, 2004).

1.3.  Endocrine pancreas function and dysfunction

1.3.1.  Glucose homeostasis
The endocrine pancreas main function is the reigmatf the glucose homeostasis;

the two principal hormones involved in this process insulin and glucagon, which

possess opposite actiof®od intake increases the blood glucose levelespanse to this
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increase, the pancreafiecells secrete insulin that will lessen the glycaeby inhibiting
hepatic gluconeogenesis and glycogenolysis anduksttmg glucose intake by the liver,
the skeletal muscles and the fat cells (Fig. 9kidRes these punctual releases due to food
intake, small insulin quantities are continuousieased in the plasma, tfecells having

an intrinsic pacemaker that generates an insulease every ~15 min (Chou et al, 1992;
Kahn et al, 2009).
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Fig. 9: Insulin is secreted from th&cells of the pancreas in response to elevations in
plasma glucose. The hormone decreases glucosecpimdérom the liver, and increases
glucose uptake, utilization and storage in fat amascle. The fat cell is important in
metabolic regulation, releasing Free fatty acidEA$) that reduce glucose uptake in
muscle, insulin secretion from tifiecell, and increase glucose production from therliv
The fat cell can also secrete hormones such as,l@gtiponectin and TNF, which regulate
food intake, energy expenditure and insulin sensgiti Adapted from (Saltiel & Kahn,
2001).

Contrary to insulin, glucagosecretion is stimulated by low blood glucose levels
This hormone promotes gluconeogenesis and glycdgg@aand its release leads thus to
an elevation of the blood sugar.
The three other pancreatic hormones have indiféette on the regulation of the blood
glucose levels. Somatostaiimhibits secretions of both endocrine and exocpaacreas.
The pancreatigoolypeptide inhibits the enzymatic secretion of the pancreasini
produced by the gastric mucosa, ghrdlas been recently found to be also expressed by

the e-cells of the pancreas (Kageyama et al, 2005; Peadd, 2004); it is an orexigenic
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(i.e. that increases the appetite) hormone, the &mbwn hormone that powerfully
increases the food intake (Tschop et al, 2000). eldhoer, ghrelin decreases insulin

secretion (Cummings et al, 2007).

1.3.2. Diabetes

The diabetes mellitus, commonly referred as diahete a group of pancreatic
disorders characterized by a hyperglycaemia dueapaired insulin secretion or impaired
insulin sensitivity. Moreover, this disease is fregtly associated with various kinds of
micro- (nephro-, neuro- and retinophathy) and madomronary artery diseases and
peripheral vascular diseases) vascular complication
Mainly because of environmental factors (sedentiiigstyle and overfeeding), the
prevalence of diabetes in the western societies reashed epidemic proportions,
especially the type 2 diabetes: in 2014, almostnblions of European (7.9% of the
population) lived with diabetes and the number iabdtic patients in the world will rise
from 287 to 492 million between 2014 and 2035. Mesx, 1 person died every 7 seconds
from diabetes in 2014 and this number is expeatedauble by 2035 (statistics from

Internal Diabetes Federation, www.idf.prthe Juvenile Diabetes Research Foundation

International, www.jdrf.org and the World Health Organization,

www.who.int/topics/diabetes mellitus)en

There are different forms of diabetes, the mostroom forms being the typel and type 2
diabetes. Along these, a form of the disease dua single gene mutation called the
MODY also exists.
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2. Cyclic AMP (cAMP) signaling
Induction of cAMP second messenger pathway prom@tesll growth and
survival by GLP-1 receptor activation (Hui et a8003). CAMP stimulates the expression of
severql target genes via PKA-mediated phosphooylatf CREB and its paralogs ATF-
and CREM (Gonzalez & Montminy, 1989) Glucose andP&Glconverge on CREB, via
calcium and cAMP to regulafecell gene expression. The Montminy lab demondirate
requirement for CREB function in glucose homeostaand islet-cell survival, using

transgenic mice that were deficient in CREB agfiuitp-cells (Jhala et al, 2003).

2.1. Cyclic adenosine 3',5’-monophosphate (CAMP)
Cyclic adenosine’®-monophosphate (CAMP) was the first “second mes=&rng

be identified and plays fundamental roles in calulesponses to many hormones and
neurotransmitters (Sutherland & Rall, 1958).

The intracellular levels of CAMP are regulated bg balance between the activities of two
enzymes (Fig. 10): adenylyl cyclase (AC) and cyalicleotide phosphodiesterase (PDE).
Different isoforms of these enzymes are encoded layge number of genes, which differ

in their expression patterns and mechanisms oflaggn, generating cell-type and

stimulus-specific responses (McKnight, 1991).
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Fig. 10: Regulation of PKA adapted from (Fimia & Sassorasi; 2001)

2.2. cAMP Signaling activation
Most ACs (soluble bicarbonate-regulated ACs are dReeption) are activated

downstream of G-protein-coupled receptors (GPCRgh sas the adrenoceptor by
interactions with the, subunit of the Gprotein ). os is released from heterotrime@y
G-protein complexes following binding of agonigidnds to GPCRs (e.g., epinephrine in
the case of3 adrenoceptors) and binds to and activates AC. fiyhsubunits can also
stimulate some AC isoforms. cCAMP generated as aeamurence of AC activation can
activate several effectors, the most well studiédvbich is cAMP-dependent protein
kinase (PKA; Fig. 10) (Pierce et al, 2002).

2.3. CcAMP Signaling termination
Otherwise, AC activity can be inhibited by ligarttiat stimulate GPCRs coupled to

Gi and/or cAMP can be degraded by PDEs. Indeed bdlk and PDEs are regulated
positively and negatively by numerous other sigrgpathways (Fig. 11), such as calcium

signaling (through calmodulin [CaM], and calcineufalso known as PP2B]), subunits of
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other G proteins (e.ga;, 0o, andog proteins, and th@y subunits in some cases), inositol
lipids (by PKC), and receptor tyrosine kinasesdtigh the ERK MAP kinase and PKB)
(Bruce et al, 2003; Goraya & Cooper, 2005; Yoshenetsal, 1987). Crosstalk with other
pathways provides further modulation of the sigsteéngth and cell-type specificity, and
feedforward signaling by PKA itself stimulates PDE4
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Fig. 11: the cAMP/PKA pathway adapted from(Fimia & SassQuesi, 2001).

24. cAMP signaling effectors

There are three main effectors of CAMP: PKA, thargne-nucleotide-exchange
factor (GEF) EPAC (exchange proteins activated AilE) and cyclic-nucleotide-gated
ion channels. Protein kinase (PKA), the best-undedstarget, is a symmetrical complex
of two regulatory (R) subunits and two catalytig €bunits (there are several isoforms of
both subunits). It is activated by the binding &MP to two sites on each of the R
subunits, which causes their dissociation from @heubunits (Taylor et al, 1992).The

catalytic activity of the C subunit is decreasedabgrotein kinase inhibitor (PKI), which
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can also act as a chaperone and promote nuclearte@p the C subunit, thereby
decreasing nuclear functions of PKA. PKA-anchoripgoteins (AKAPS) provide
specificity in cAMP signal transduction by placiiRiKA close to specific effectors and
substrates. They can also target it to particul@csllular locations and anchor it to ACs
(for immediate local activation of PKA) or PDEs (treate local negative feedback loops
for signal termination (Wong & Scott, 2004).

A large number of cytosolic and nuclear proteingehlaeen identified as substrates
for PKA (Tasken et al, 1997). PKA phosphorylatesmetous metabolic enzymes,
including glycogen synthase and phosphorylase &inakich inhibits glycogen synthesis
and promotes glycogen breakdown, respectively, aoetyl CoA carboxylase, which
inhibits lipid synthesis. PKA also regulates ottsggnaling pathways. For example, it
phosphorylates and thereby inactivates phosph@i@aéPLC)B2. In contrast, it activates
MAP kinases; in this case, PKA promotes phosphtioflaand dissociation of an
inhibitory tyrosine phosphatase (PTP). PKA alsorel@ses the activities of Raf and Rho
and modulates ion channel permeability. In addjtignregulates the expression and
activity of various ACs and PDEs.

In addition to the negative regulation by signalsattinhibit AC or stimulate PDE activity,
the action of PKA is counterbalanced by specifiot@in phosphatases, including PP1 and
PP2A. PKA in turn can negatively regulate phosp®tactivity by phosphorylating and
activating specific PP1 inhibitors, such as DARPH3RA-promoted phosphorylation can
also increase the activity of PP2A as part of aatieg feedback mechanism.

Another important effector for cAMP is EPAC, a GHfat promotes activation of
certain small GTPases (e.g., Rapl). A major functibRap1l is to increase cell adhesion

via integrin receptors (how this occurs is uncléBgs, 2003).

25. cAMP signaling transcription factors

Regulation of transcription by PKA is mainly acheehby direct phosphorylation of
the transcription factors cAMP-response elementibop protein (CREB), cAMP-
responsive modulator (CREM), and ATF1. Phosphanais a crucial event because it
allows these proteins to interact with the trangmnal coactivators CREB-binding protein
(CBP) and p300 when bound to cAMP-response elenf&RES) in target genes (Mayr &

Montminy, 2001). TheCREM gene also encodes the powerful repressor ICERghwhi
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negatively feeds back on cAMP-induced transcripti@assone-Corsi, 1995). Note,
however, that the picture is more complex, bec&iR&B, CREM, and ATF1 can all be
phosphorylated by many different kinases, and PEA a@so influence the activity of other

transcription factors, including some nuclear récep

2.6. cAMP modulatesion channels

Finally, cAMP can bind to and modulate the functioh a family of cyclic-
nucleotide-gated ion channels. These are relativelgselective cation channels that
conduct calcium. Calcium stimulates CaM and CaMedelent kinases and, in turn,
modulates cAMP production by regulating the agfivif ACs and PDEs (Zaccolo &
Pozzan, 2003). The channels are also permeabtalions and potassium, which can alter

the membrane potential in electrically active cells
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AIM OF THE WORK

In this work, we are studying zebrafish developmdihis animal model is really
interesting in development studies. Taking advamtaf its external development and
translucide embryos, we can use it to charactetfize involvement of genes during
developmental life. Moreover, its development istéa compared to mammals, and the
key regulators in development process are consepedeen mice and zebrafish. So

zebrafish is the perfect model to study organogenes

In our laboratory, we are interested to study thecpeas development. Indeed the
pancreas, composed by two tissues, the exocrinetten@ndocrine components, is an
organ affected by several pathologies, includingcea and diabetes. The cancer is more
associated with the exocrine pancreas. The dialsetaainly caused by a dysregulation in
endocrine pancreas and, more preciself3-aells. Given the importance of diabetes in the
world, it is indispensable to understand {weells differentiation process, in order to
develop news therapeutics agents. So the goalopthject is to determine the process of

pancreatic differentiation.

Previously, several studies have shown that PagGb key regulator in pancreas
development an@-cell differentiation in mice and zebrafish (Helkdral, 2004; Sander et
al, 1997; St-Onge et al, 1997; Verbruggen et all020By taking advantage of this
knowledge, we aim to determine all the cascadesadictg this transcription factor and
therefore pancreas development. In this regarderaéwstudies have also shown the
involvement of CREB signalling ii-cell differentiation in mice and humans. Thusthis
thesis we also aim to generate CREB reporter teamegebrafish lines that can be helpful
in the dissection of molecular interactions insidle pancreatic tissue and at the whole-

animal level.
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Materials & Methods
MATERIALS& METHODS

1. Embryos

Zebrafish Danio rerio) were raised and cared for according to standestbgols. Wild-
type embryos of the Giotto Leo and Umbria strairesevused and staged according to
Kimmel (Kimmel et al, 1995). Homozygous mutants eveobtained by mating

heterozygous fish for theax6b mutarit®®from the Sanger Institute.

2. Whole-mount in situ hybridizations (WISHS)
Single and doublé situ hybridizations were performed as described (Haaptm
and Gerster, 1994; Mavropoulos et al., 2005). Astise RNA probes were prepared by
transcribing linearized cDNA clones with SP6, T7T@& polymerases using digoxigenin

labeling mix (Roche) or DNP-11-UTP (Tg\,& Plus system, Perkin Elmer). They were
subsequently purified on NucAway spin columns (Aomdiand ethanol-precipitated. The
riboprobes used weraeuroD (Korzh et al, 1998ylucagon (Argenton et al, 1999 sulin
(Milewski et al, 1998)somatostatin (Argenton et al, 199¢ghrelin (Pauls et al, 2007)
sox4(Mavropoulos et al, 2005)dx1 (Milewski et al, 1998pax6b(Nornes et al, 1998)
isl1 (Korzh et al, 1993)The NBT/BCIP staining was carefully monitoredoirder to avoid
an over-staining which would have prevented us frasualizing the individual cell

boundaries.

3. Immunohistochemistry
Fluorescent immunochemistry was performed on ensbfyed for two hours in
PFA 2%, using chicken anti-GFP (Life Technologias) primary antibody (1/100) and
Alexa-488 anti-chicken (1/100) (Molecular Probes) seecondary antibody. The washes
were performed in PBS/Triton 0.3% and the antibtrlgtion in PBS/Triton 0.3%/BSA

4%. Yolks were roughly removed following fixation.
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4. Generation of Tg(6XCRE:GFP) and Tg(6XCRE:nIlsmCherry) lines
A cassette containing six multimerized CREB respoglements (- 5 TGACGTCA 3’ -)
(Montminy et al 1986, Short et al 1986, Comb €1986) were placed upstream of a rabbit
beta-globulin minimal promoter (Fortin et al., 2009he original plasmid, containing
6XCRE-Luc, was kindly provided from the laboratai/Alan S. Kopin. These repeated
elements (6XCRE) were then cloned in a 5-entrytmecfollowing the manufacturer's
guidelines (Invitrogen Multisite Gateway System, )CAhe resulting Gateway 5’ entry
vector was recombined with a middle entry vectartaming a reporter gene (EGFP, nls-
mCherry), pMEvector (pME-EGFP,pME-nlsmCherry), @@ entry vector containing the
SV40-polyA sequence (p3E-polyA) (Kwan et al, 2004950 pg of the obtained Tol2
vector, containing the CREB- responsive transgems, co-injected together with 25 pg of
in vitro synthesized Tol2 Transposase mMRNA into one-calyestwild-type embryos.
Mosaic transgenic fish were selected at approxipma2é h post-fertilization (hpf) for
fluorescent expression and raised to the aduledtagscreening.
Positive founders were selected for the fluoresedeuel of their offspring in areas of
suspected CREB activity, and by checking respongis® of reporter expression to CREB
signaling modulators (8-Br-cAMP, 8-CI-cAMP and ndranaline).

5. Morpholino micro-injection

Morpholino oligos (MO) were synthesized by Gene [§d&orvalis, OR). Each MO was
resuspended in Danieau’s solution at the stock extnation of 1 mM or 2 mM. For
injection, this stock solution was diluted as sfiediin Danieau’s solution. Rhodamine
dextran was added at 0.5% to the samples, to @lmeking the injection efficiency.
Micro-injections of MO targetingcreb3|2 were carried out by injecting morpholinos
previously tested by Melvillet al (2011). MOereb3l2targeting intron3-exon4 boundary:
5-CAGACCTGGACAACAGCATGACACT-3'. Three ng of MQreb3l2 were injected
into one- to two-cell stage embryos. A standardtrodrMO (MO cont) has also been
designed by Gene Tools in a way that it should lmevearget and no significant biological

activity.
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6. Chemical treatments
The following drugs were used to modify CREB sigmgl

8-CI-cAMP (SIC, Italy): cAMP agonist; stock soluti@5 mM; final concentration 250 uM
diluted in water (Weissinger et al, 2004).

8-Br-cAMP (Sigma Aldrich): cAMP antagonist; stoakdgtion 25 mM; final concentration
250 uM diluted in water (Gjertsen et al, 1995).

Noradrelanine (Sigma Aldrich): cAMP agonist; statifution 100 mM; final concentration
100 puM diluted in water.

All substances have been solubilized in water. @h&s have been diluted in zebrafish
embryo medium containing 2 mM 1-phenyl-2-thiourBd()), to prevent pigmentation.

The larvae were treated for 48 hpf, starting frodp8 and analyzed at 5 dpf.

7. Confocal microscopy analysis and co-localization measur ements
Fluorescence was visualized using a Leica M165F3edting microscope, and then
acquired using a Nikon C2H600L confocal microscdpm.in vivo analyses, embryos and
larvae were anesthetized with tricaine and mouimed.8% low melting agarose gel.
EGFP and mCherry fluorescence were visualized bggud88 and 561 nm lasers,
respectively, through 20x and 40x immersion obyedti (Nikon). All images were
analyzed with Nikon software.

8. Western blot analysis
The embryos were lysed in lysis buffer and heategb&C for 10 min. Equal amounts of
protein were resolved by 12% SDS-PAGE and trarsfieto polyvinylidene fluoride
(PVDF) membranes according to the manufactureidsopol. The blots were blocked for
1 h at room temperature with 5% BSA in Tris-buftersaline with 0.1% Tween 20 and
probed overnight at 4°C with 1/1000 rabbit anti-ERECell Signaling). After three
washes with Tris-buffered saline containing 0.1%e&w 20, the appropriate secondary

antibody at a 1/3000 dilution was added for 1 homm temperature. The bands were
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visualized by enhanced chemiluminescence with ah EC(Pierce). Quantification was

performed with ImageJ software.
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RESULTS

PART |: ROLE OF PAX6b IN PANCREAS DEVELOPMENT

1. Study of therole of the transcription factor Pax6b on pancreas

differentiation in zebrafish

The developmental dynamics of zebrafish pancreasiarilar to mammals: the organ
arises from two buds, a ventral and a dorsal omgdFet al, 2003), and the endocrine
compartment produces all the different hormonesulin, ghrelin, glucagon, somatostatin
and pancreatic polypeptide (Argenton et al, 199@nBr et al, 2001). Notably, during
vertebrate evolution, the signalling pathways legdio pancreas development have been
highly conserved. Most of the regulatory genesntified in human and genetically
characterized in mouse, are also involved in zedirgfancreas development with little or
no modification in their genetic interactions. Téfere, the zebrafish is a good model to
efficiently study signalling pathways involved iancreas development.

In the first part of my work, performed in the Moldar Biology and Genetic
Engineering Lab (Liege), | have been interestedtlo@ role of pax6b in pancreas
development ifDanio rerio

By injecting splicing morpholino targetingax6bin zebrafish embryos, Verbruggen
showed the crucial involvement of this gene in enith@ pancreas development. Indeed, in
morphant embryos they observe a loss of insulits,cetduction of somatostatin cells and
an increase of ghrelin cells (Verbruggen et al,@01n order to confirm this peculiar

pancreatic phenotype, we decided to pse6bmutants.

1.1. Pancr eatic phenotype of the pax6b mutant
The pax6b mutant, considered in this thesis, was identifiedha Zebrafish Mutant

Resource (available on the World Wide Web). Itelallca008§ harbors a C to A
substitution changing codon 109 (Tyr) to a pren&siop codon. Consequently, this allele
encodes a Pax6b protein possessing a truncateedpaomain and lacking the whole
homeodomain plus the transactivation C-terminal @ion{Fig. 12 A, B). Based on the
pax6 allelic mutant series described in mammals an®rosophilg the pax6b sa0086

allele is predicted to correspond to a null mutatio
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Fig.12: Pancreatic endocrine differentiation is perturbed in sa0086 pax6b-/- zebrafish
mutants. A, B: schematic drawing of Pax6 structureswild type andsa0086mutant.C—

L, phenotype comparison of wild-tygkeft column) andsa0086mutant (right column) 3
dpf larvae.C—L, expression of pancreatic hormonesrbgitu hybridization. Ventral views
of the pancreatic area are shown with the anteside to the left.iins, insulin; gcg
glucagon;sst somatostatinghr, ghrelin. The number of insulin and somatostatin cells is
significantly reduced in thenutants, whereas ghrelin cells increase dramaticAllhigh
variability is observed for glucagon expression aghmutants.

The pancreatic phenotype of the homozygoears6bsa0086nutants was similar to the
morphants with almost an absence of beta cellsaastdong increase of ghrelin cells in all
homozygous mutants (Fig. 12, C—F). A clear redacbd somatostatin expressing cells
was also detected, as in morphants, but the leflvekduction varied between mutant
embryos, one mutant displaying a complete lackettadcells, nine mutants containing 1-5
delta cells, and three possessing 6-10 delta @ets 12, G-I). With regards to glucagon-
expressing alpha cells, some mutants were pregentith an almost normal level or a
slight decrease of alpha cells, while other mutdigplayed a severe reduction (Fig. 12, J—

L). Thus, the analysis of thpax6bsaO086mutant strengthens the knockdown data,
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confirming the crucial role of Pax6b in the diffetiation of endocrine cells in the

zebrafish pancreas.

1.2. Establishment of the pax6b mutant x pax6: GFP transgenic line
To see if the transcription factor pax6b has amragulatory loop, we checked if the

pax6:GFP transgene is affected in gax6bsa0086 mutant. For this purpose, we crossed

the pax6b mutant line with a pax6:GFP line and egkéd at the progeny.

A

WT  MutSA0086

24hpf W]

P

Mut SA0086

Mut SA0086 Mut SA0086

Fig. 13: Expression of the pax6:GFP transgene in the pax6b mutant. Pax6:GFP
expression in WT embryos apax6bmutants at 24 hpf (A,B), 30 hpf (C,D), 52 hpf (E,F
80 hpf (G,H). p: pancreas, eec: enteroendocrilie. ce
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As we can see in Figure 13, the GFP is still exg@esn the pax6 mutant. From 1 day
to almost 80 hpf the fluorescence is not affect®d.can still see also the enteroendocrine
cells. Thus, there is no autoregulation of the paalscription factor on itself.

1.3. Expression analysis of different pancreatic transcription factorsin
the pax6b mutant

Given the strong pancreatic phenotypgax6bmutants, we wonderedplax6bcontrols
the expression of transcription factors known tenwelved in pancreatic endocrine cell
differentiation. Thus, we analyzed their expressiothepax6bmutants. We performead
situ hybridization on fixed embryos at 25 and 48 hging different probegp@x1, hb9,
isl1, neuroD, sox4b, pd, nkx2.3.
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Fig. 14: Pancreatic transcription factor expression in pax6b mutants. Transcription
factor expression in the pancreatic region of wyide embryos (A,C, E, G, |, K, M) and
pax6bmutants (B, D, F, H, J, L, N) at 25 hpf (A-L) a#8 hpf (M-N). Expression cfox4b
(A, B), neuroD(C, D),isl1 (E, F),hb9 (G, H),pdx1(l, J),nkx2.2(K, L), pax4(M, N). A-F
and I-N are ventral views, G-H are lateral viewswath anterior to the left. p: pancreas,
mn: motor neurons.
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We observed a slight increase of the expressioal lef’ NeuroD and isll in the
mutants. Thesox4bexpression is not affected. We observed alsogatstiecrease qidx1
We observed a strong decrease of the expressidib®in the pancreas, whereas its

expression remains the same in motor neuropsuaddbmutant and WT embryos.

1.4. hb9 expression isinitiated but not maintained in Pax6b” mutants

We noted that the expression lab9 is strongly affected in the pancreas patx6b
mutants, so we wondered from when and until whenettpression dfb9is affected. To
do this we performedn situ hybridization with thehb9 RNA probe at different
developmental stages of pancreas development:h8esstage, 25 hpf, 30 hpf, 35 hpf.

| 18 hpf | 25 hpf || 30 hpf || 35 hpf |
1 A B B c C'mn D ml
o . N i e :
. B p " - P b
] G H n

mn

F = G m

FE]. 15: hb9 expression isinitiated but not maintained in Pax6b deficient embryos.

hb9 expression in wild type embryos (A-D) apdx6bmutants (E-H) at 18 hpf (A, E),

25 hpf (B, F), 30 hpf (C, G) and 35 hpf (D, H). Bdahathb9 expression in pancreas
(arrow) decreases during development in mutantsy@ds expression in motor neurons
(big black arrowhead) is not affected. Embryos j&/®,H are shown in lateral view with

anterior to the left, and embryos in B, F, E, G\astral views. B, F, C, G are focused on
the pancreas; B’, F’, C’, G’ are focused on theanoieurons.
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The pax6b mutants showed a reduced number of hix@®ssing pancreatic cells, and
the expression levels per cell appear much weakereaealed by comparing staining
intensities in the spinal cord and pancreas of ntatand wild type embryos (Fig. 15). At
18 hpf, hb9 expression in pax6b mutants is simdawild type embryos (Fig. 15 A, E),
whereas between 25 hpf and 30 hpf absence of Raadb to the progressive reduction of
hb9 expression in the pancreas (Fig. 15 B, C, FAG35 hpf no hb9 expression could be
detected in the endocrine pancreas (Fig. 15 D,Imdportantly, at all analyzed stages,
motor neuron hb@xpression in pax6b mutants was not affected (Fig. 15 A-H), revealing

the specific role for Pax6b in regulating hb9 ie #ndocrine pancreas.
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1.5. Establishment of the pax6b mutant x hb9: GFP transgenic line
We had previously observed a decrease of the esipresf the Hb9 mRNA in the

pancreas of thpax6bzebrafish mutants. We thought that it could bergggng to follow

in vivo the expression of the transcription factor HbSirdy embryogenesis and larval
growth. To achieve this goal, we crosgek6bmutant heterozygous fish with transgenic
fish hb9:GFP. After genotyping and cross of tipax6B” transgenic line, we followed at
the microscope the expression of the transgenemolygous transgenic embryos (Fig
16). Surprisingly, in contrast with the endogenexpression ohb9, we did not observe
difference between WT andig6b mutants in the pancreas. At 25 Ini&GFP expression
in pax6b mutants is similar to that in wild type embryodg(F16 A, B). At 48 hpf
hb9GFP expression ipax6bmutants is also similar to that in wild type enydw (Fig. 16
C, D). At 72 hpthb9GFP expression in pax6b mutants clearly decreasdse pancreas,
but it is still present (Fig. 16 E, F).
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Mut SA0086

HB9:GFP 25hpf HB9:GFP 25hpf
C WT D Mut SA0086

HB9:GFP 48hpf  HB9:GFP 48hpf
E WT F o Mut SA0086

N

o

HB9:GFP 72hpf  HB9:GFP

Fig. 16: hb9:GFP expression is maintained in Pax6b deficient embryos. hb9:GFP
expression in wild type embryos (A, C, E) gmak6bmutants (B, D, F) at 25 hpf (A, B),
48 hpf (C, D) and 72 hpf (E, F). Note thdi9 expression in pancreas (p) slowly decreases
during development in mutants, whereas expressidimei spinal cord (sc) is not affected.

The difference of the GFP protein amo© mRNA expression levels in the pancreas
of 24 hpfpax6bmutants could be due to the fact that the GFPvisra stable protein that
remains in the cells even when mRNA expressionst@sped. To test this, we performed
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in situ hybridization with a GFP RNA probe at differentvdlopmental stages of pancreas
development: 18-somite stage, 25 hpf, 30 hpf anth@#5n pax6b mutant embryos (Fig.
17).

At 18 hpf,hb9expression in pax6b mutants is similar to that il wype embryos (Fig. 17
A, D), whereas between 25 hpf and 30 hpf absencRagbb leads to the progressive
reduction ofhb9 expression in the pancreas (Fig. 17 B, C, E, Bjably, at all considered
stages, motor neurdmb9 expression in pax6b mutants was not affected (Fig. 17 A-F),
revealing a similar expression dh9 mMRNA and GFP mRNA from thénhbQGFP

transgenic line.

| 18 hpf || 25 hpf | 30 hpf

Wild type

Pax6b -/-

Fig. 17 GFP mRNA expression is initiated but not maintained in Pax6b deficient
embryos. GFP mRNAexpression in wild type embryos (A-C) apax6bmutants (D-F) at
18 hpf (A, D), 25 hpf (B, E), and 30 hpf (C, F).| Adteral views, with anterior to the left.
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1.6. Beta cell fate progenitorstake on an epsilon fate in absence of
pax6b

Due to the fact that the GFP is a very stable prdteat remains in the cells even
when mRNA expression has stopped, we tested thetlggis that the absence of pax6b
causes progenitors cells that are fated to becoet@ ¢ells to instead differentiate as
epsilon cells. To enable recognition of cells twauld normally differentiate as beta cells
we used the hb9:GFP x pax6b mutant line. At 30th@fendogenous hb9 gene is no longer
expressed ipax6bdeficient embryos but the GFP b9 GFP is still detectable ipax6
deficient embryos. Hb9 at 24 hpf and 48 hpf is esiclely expressed in insulin-expressing
cells (Arkipova et al 2012). Thus, we used the Gé&Rrack cells that should be insulin-
producing cells ippax6bmutants.

We performed am situ hybridization/immunostaining against the GFP (Ri§.A-R) and
different hormones: glucagon (A-F), somatostatinL{(sghrelin (M-R).
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| I Wild type I

Wild type

Pax6b -/-

Pax6b -/-

Wild type

Pax6b -/-

Fig. 18: Beta cell fated progenitorstake on an epsilon fate in absence of Pax6b.
Confocal images of 30 hpb9GFP embryos WT (A, B, C, G, H, I, M, N, O) apdx6b
mutants (D, E, F, J, K, L, P, Q, R). Whole mouninonolabeling for GFP (green) aimd
situ hybridization for the hormones (red): glucagonKFA-somatostatin (G-L), ghrelin (M-
R).
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Analysis of the GFP positive cells in WT confirmit these cells do not express
glucagon (Fig 18 A-C), do not express somatostéfig 18 G-I), and do not express
ghrelin (Fig 18 M-0O). By contrast, in pax6 mutatiie ghrelin probe co-localizes with the
GFP. This suggests a cell fate change where bédttgprezursors give rise to ghrelin-

expressing cells.
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PART I1: CHARACTERISATION OF A CREB SIGNALING
REPORTER

1. Generation of a cCAMP-CREB pathway reporter transgenic

line.

We have generated a transgenic fish line expressingvo fluorescent reporter
proteins under the control of CREB signaling pathwesponsive elements.
To achieve this goal, we took advantageaof hoc transgenesis methods. The Tol2
technology has revolutionized the transgenesiscaapes for aquatic vertebrates, such as
zebrafish. This method relies on the microinjectioto fertilized eggs of a transposon-
donor plasmid named Tol2, and a synthetic mMRNA dimgpthe transposase, to catalyze
DNA excision and recombination within the targegghome. To generate the transgene,
we used a multimerized CREB responsive element{@>GACGTCA-3'). We generated
a 5’-entry vectors, containing a multimerized cAM#3ponse element (6XCRE: 6X cAMP
Responsive Elements, -5 TGACGTCA 3’-), ligated tpam of the rabbit beta-globin
minimal promoter. The first plasmid, containing 6XE-Luc, was kindly provided from
the laboratory of Alan S. Kopin (Fortin et al, 200%hese repeated elements (6XCRE)
were then cloned upstream ofyoplasmic GFP or anuclear mCherry coding sequence
in the pTol2-Destination vector.

The transgenic reporter line is responsive thraihghtranscription factor-mediated
activation of the regulatory elements located wastr to the coding sequences of the
reporter protein. The major goal of this secondt mdrmy PhD thesis has been the

validation and the characterization of these CAMBEB transgenic zebrafish lines.
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2. Analysis of the CREB reporter lines

The first step for the validation of the CRE reporiine is the spatiotemporal
characterization of the expression pattern of #p®rter protein.

The CREB response element (CRE) is activated maternally

Being CREB signaling highly involved in many devaioental events, including
gametogenesis processes, we verified if this patheculd be maternally activated in
zebrafish. In our animal model, the zygotic traigmn begins at the mid-blastula
transition (4hpf). Before that stage, embryonicms$@ipts and proteins are maternally
provided. So, in order to determine whether the BRfansgene is translated before the
beginning of the zygotic transcription, we crossatke female carrier of the CREB
transgene with one wild type male. As shown iruFégl9, we can observe that both GFP
and mCherry CREB reporter proteins are already esged at 3 hpf, before zygotic
transcription. So the CREB response element (CREaternally activated in the

zebrafish.

Fig. 19: Maternal expression of the CRE transgenes. CRE:GFP (A) and CRE:nls-
mCherry (B) embryos at blastula stage (3dpf). Th&brgos come from an outcross
between a CRE carrier female and a WT male. btddasm, y: yolk.
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1.1. CRE reporter expression in zebrafish embryos
Next, we analyzed the expression pattern of the ERESponse element at 24 hpf,

stage where main orgaorimordia are formed. At 24 hpf the embryo autonomously
transcribes its genome. As shown in Figure 20, GIRE reporters GFP and mCherry

proteins are expressed in muscles, anal regiore yesl

Fig. 20: Reporter expression in the anal region and in the eye. CRE:GFP (B, D) and
CRE:nIs-mCherry (A, C) embryos at 24 hpf. Lateraws. m: muscles, a: anus, I: lens, r:
retina.

In the eyes, the reporter proteins are expressdaeitens (particularly in the lens

epithelium) and, more strongly, in the retinal s¢Figure 20).

In the muscles, the expression is not homogendwasghout the entire myotome.
Figure 21 shows the muscular region of a 9 dpfdatwnk (fig 21 A), where the red
reporter (mCherry) nuclear expression is compargd the green fluorescence of a Shh

reporter (GFP), labeling the adaxial part of theotoyne (source of Shh-dependent slow
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fibers). Observing a transverse section of the sagen (Fig 21 B), we can note that the
CRE reporter expression appears located in thelpal part of the myotome, suggesting
that these cells may correspond to the externblagadr (ECL) of the myotome, a thin cell

sheet giving rise to myogenic progenitors and mgsisl Comparison of the CREB

reporter with ECL markers such pax3or pax7could prove or exclude this hypothesis.

Fig. 21: Muscle expression of CRE:GFP and ShhRE:mCherry in a zebrafish larva at
9 dpf. A: lateral view of the trunk, B: transverse sewtof the trunk.

Then, we investigated the CREB reporter exprespattern at 48 hpf. First, we
analyzed the expression of the reporter proteithen whole head of the embryos. As
shown in Figure 22A, the CRE-nls-mCherry is higelypressed in olfactory pits (op),
epiphysis (e) and nervous system (ns). As the sgithelium (s) expresses highly the
reporter (Fig. 4A), we decided to analyze the esgion profile in one z-plan of the
embryo (Fig. 22B). As shown in Figure 22B, we ctao appreciate that CRE-nls mCherry
is also expressed in pharyngeal arches (pa) atiteiheart (h). As shown in Figure 22A,
we observe also an expression in the skin, olfggbats, epiphysis and nervous system
(Figure 22B).
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Fig. 22: Expression of the CRE:mCherry reporter at 48 hpf in the head region. A:
Lateral view of a 48 hpf embryo, Z stack picture.LBRteral view of a 48 hpf embryo, Z
plane picture C: Dorsal view of a 48 hpf embryostack picture. s: skin epithelium, ns:
nervous system, e: epiphysis, op: olfactory pigs,gharyngeal arches, h: heart.

Next, we analyzed the CRE reporter expression npaitethe trunk of the embryo
(Figure 23). In this region, the CRE reporterlsoaexpressed in the skin (s). Moreover, it
is expressed in neural tube (nt), in somitic mus¢ia), in the hypocord (h), in the floor
plate (fp) and cloacal region (cr). Moreover, thRECreporter is also weakly expressed in
the blood vessels at 48 hpf (Figure 23 A-C). We @ao observe that the CRE reporter is

not expressed in the notochord (n) (Figure 23 B)

Fig. 23:. Expression of the CRE:mCherry reporter at 48 hpf. A: lateral view of the
trunk, muscle region, B: lateral view of the trumiatochord region, C lateral view of the
anal region. s: skin epithelium, nt: neural tube, floor plate, m: muscles, bv: blood
vessels, h: hypocord, cr: cloacal region, n: nodbodh

In order to validate the two reporter lines (CREEG&Nd CRE:nls mCherry), we
compared their profiles between each other. Ad, dadth transgenic lines are CRE
reporters but one has cytoplasmic expression (CRE)®vhile the other one is expressed
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in cell nuclei (CRE:nls-mcherry). As observed inEERIs-mCherry embryos at 48 hpf, the
GFP reporter protein is also expressed in the apide muscles, pharyngeal arches, floor
plate, blood vessels and pronephric duct (Figur@-24).

Based on these results, we can consider that th€RE transgenic lines are equivalent in

terms of expression profiles.

Fig. 24: Expression of the CRE:GFP reporter at 48 hpf. A, B, C, D, H are lateral views;
E, F, G are dorsal views. e: epidermis, fp: flolatgy, m: muscles, h: heart, fb: fin bud, pa:
pharyngeal arches, s: skin epithelium, n: neurpdspronephric duct.
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1.2. CRE reporter expression in zebrafish larva
Subsequently, in order to follow the expressiontgoatof CRE reporters during

development, we analyzed its expression in theafisbrlarva (5 dpf). At this stage, we
focused our attention on the head of the larvasi@wn in Figure 25, the CRE reporter
proteins are highly expressed in the orbital musseled craniofacial skeletal muscles (A).

Moreover, we see moderate expression in hearblg)d vessels (bv) and thyroid (t).

Fig. 25: Expression of CRE:GFP and CRE:mCherry in thelarval head. A: dorsal view
of the head of a CRE:GFP larva at 5 dpf. B: dovsalv of the head of a CRE: mCherry
larva at 5 dpf. C: ventral view of the head of aE2RCherry larva at 5 dpf focused on the
thyroid plane. m: muscles, bv: blood vessels, arthé thyroid, pa: pharyngeal arches, bv:
blood vessels, om: orbital muscles.

One of the major goals of the generation of cAMporeer zebrafish lines was the
study of pancreatic and hepatic development. Fiwgt, investigated the CRE:GFP
expression in the liver. For this purpose, we adsbe CRE:GFP reporter with the Lipan
zebrafish line. Lipan (liver-pancreas) transgengh fexpress the GFP in the pancreas
(elastase:GFP) and the DsRed protein in the (ivatty acid binding protein:DsRed). As
shown in Figure 26, in the green channel we cartteediver (L) and the pancreas (P) in
green. The weak green signal is due to the CREdgee. In the red channel we can see
the hepatic transgene of the Lipan line. When wegméhe two channels, we can see co-
localization of the CRE:GFP with the red hepaticrikeg thus proving that the CRE

reporter is indeed expressed in the liver.
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Fig 26: Expression of CRE:GFP in the liver. A. Green channel with the Lipan:GFP
(elastase promoter) in the exocrine pancreas (B)GRE:GFP in the liver (L). B: Red
channel with the hepatic Lipan transgene (fabp:m#2BRC: merge. The displayed larva is
at 6 dpf.

Given that the Lipan line has a green pancreascamot study the CRE:GFP
pancreatic expression by using it. So, in ordemteestigate this issue, we crossed the
CRE:mCherry reporter with an insuline:GFP transgemabrafish line. Unfortunately, we
did not observe any CRE:mCherry expression in leaibcrine and endocrine pancreas
(including B-cells), at least at the considered stage of 48Ikiglure 27). These data have

been confirmed by crossing Lipan zebrafish with GREherry (data not shown).

Fig. 27: The CRE:mCherry reporter is not expressed in the pancreas at 48 hpf. A:
green channel with ins:GFP; B: red channel with @REherry; C: merge. fp: floor plate,
ins: insulin cells, m: muscles.

SOX9, transcription factor highly involved in céatje tissue-specific gene
expression and chondrocyte differentiation, isvatéd by the CREB signaling pathway
(Tsuda et al, 2003). So, we decided to analyzenfGRE:GFP reporter is expressed in the
cartilage. For this purpose, we observed the CIRE:Expression in the zebrafish larva at
7 dpf, when cartilage is already formed. As showrFigure 28B, the reporter GFP is
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indeed detectable in the cartilage of the head.elghr, in Figure 28A, we can appreciate
that at the 7 dpf stage the reporter CRE:GFP Ik attivated in the optics muscles,
pharyngeal arches and thyroid.
Concerning the expression in the thyroid, we cate nibhat the fluorescence is not
homogeneous, but gradually decreasing, followingaatero-posterior gradient (Figure
28C)
The fin muscles (fm) are also highly positive te GRE:GFP reporter in the 7 dpf larva
(Figure 28A, D).

Fish and amphibians are characterized by the preseh the Mauthner cells.
Mauthner cells are a pair of big neurons (one arhdalf of the body) located in the
hindbrain and responsible for a very fast escaflfextenterestingly, these Mauthner cells

show a high CREB reporter activity (Figure 28E).

Fig. 28: Expression of the CRE:GFP reporter in the head of a 7 dpf larva. A: head of a
CRE:GFP larva at 7 dpf, focused on the pharyngefles (pa). B: focus on head cartilage
(c) and muscles (m) C: focus on the thyroid fodgkt). r: retina. D: fin muscles (fm). E:
Mauthner cells (mc). All views are ventral, excéptthe dorsal view in E. Anterior to the
left.
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1.3. CRE reporter expression in the zebrafish adult
One of the goals in generating pathway reportersgganic lines, as the CREB

reporter in our case, is the characterization ef $ignaling pathway in the adulthood,
which represents a very powerful tool to study ¢basequences of the deregulation of a
transduction pathway in different pathologies, unithg cancer formation.

First of all, we wondered if the CREB pathway rdpoiis still activated in adult
zebrafish. To answer this question, we analyzedlevldRE:GFP adult zebrafish (males
and females). As shown in Figure 29 (A-D), the GBRIE? is strongly expressed in fin
joints (fj). We did not observe any difference iRE.GFP expression pattern in males and
females.

In addition, we did not detect CRE:GFP expressmadult eyes nor in the skin, in spite of
being anatomical districts strongly positive to theansgene during embryonic

development.
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Fig. 29: Expression of the CREB reporter in whole adult fishes. A,B: adult male. C,D:
adult female. The reporter is strongly expressedthi@ fin joints (fj) and in other
cartilaginous parts of the body. A,C: green chanBdD: bright field.

Then, we wondered whether the internal organisestiress the CRE:GFP reporter
and therefore if CREB signaling is involved in angamaintenance and function. So, we
euthanized and dissected CRE:GFP adult zebrafidlobserved the GFP expression. As
reported in Figure 30, CRE:GFP is highly expregseitie heart ventricle (A), pharyngeal

region (B), optic muscles (C), brain (D), kidn&),(ovary (F) and testis (G).
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Fig. 30: Expression of the CRE:GFP reporter in adult organs. A: heart ventricle, B:
pharyngeal region, C: eye muscles, D: brain, Enéyd F: ovary, G: testis.

In order to analyze more precisely the GFP expoessi internal organs, we
observed the organs by confocal microscopy. A®rted in Figure 30 A, the cardiac
fibers in the heart express GFP. In the testis,GR® expression is not homogeneous,
being stronger in the spermatogenic cysts (B). @ktession in ovary is very strong in

the egg cells (C). In the kidney, the glomerukistrongly positive for the GFP expression
(D).
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Fig. 30: Confocal view of adult organs of CRE:GFP fish. A: heart myocardium, B:
testis, C: ovary. D: kidney glomerulus.
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2. Functional analysis of CREB reporter zebrafish lines.

2.1. Comparaison of CREB signaling and BMP signaling in the heart.
One of the aims in the generation of these CRé&idnter zebrafish lines is the

analysis of crosstalks among different signalinthpays.

Bone morphogenetic proteins (BMPs), which are membef the TGF-

B superfamily, have been demonstrated to be impocamdidates that regulate expression
of some cardiac-enriched transcription factors sashNkx2.5 or GATA4, and induce
cardiomyocytes differentiation. In Drosophila,hds been demonstrated that expression of
the tinman gene (equivalent to vertebrate Nkx2.5) is restridi@ the dorsal part of the
mesoderm by the ectodermally expressed dpp, wickladed to vertebrate BMP2 or 4
(Evans et al, 1995). Moreover, experiments usingkeim embryos have demonstrated that
expression of BMP2/BMP4 is detected in the ectodarmd endoderm adjacent to the
precardiac mesoderm and that ectopic expressioBMIP2 induces differentiation of
nonprecardiac mesodermal cells into beating cargbmytes (Schultheiss et al, 1997),
suggesting a pivotal role of BMPs in the inductioinvertebrate cardiac development.
Moreover, BMP2 and BMP4 knockout mice present arpaimement of cardiac
development (Winnier et al, 1995; Zhang & Bradl&996).

Given the cardiac expression of our CREB report@rgrder to compare CREB
and BMP signaling in the heart we decided to ctbesCRE:GFP line with a id1:mCherry
BMP reporter line (Collery & Link, 2011). ID1 is taanscription factor induced by the
BMP pathway; ID1 protein responsive elements haenhused as promoter sequences to
drive the BMP-responsive reporter. In the idl:m@heebrafish line the heart shows a

nuclear red fluorescence.

We can see, in Figure 31, that cytoplasmic CREB maunclear BMP reporters are both
expressed in the cardiac ventricle and atrium pélarafish larva at 5 dpf. Interestingly,
the intensity of the BMP reporter is the same intiele and atrium, while the CREB

reporter shows a higher intensity in the ventricempared to the atrium.
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sdof ZPplane 5dpf Zstack

Fig. 31: Heart expression of CRE:GFP and id1:mCherry in a zebrafish larva at 5 dpf
. A: ventral view of the heart, Z stack. B: latler@w, Z plane in the heart. C: lateral view.
Z stack. a: atrium, v: ventricle, bc: blood cells.

3. Pharmacological and genetic validation of CRE: GFP and CRE
mCherry lines
Analysis of theregulation of CREB signaling
Finally, we wanted to determine if we can study ritbgulation of CREB signaling
by using these CRE reporter zebrafish lines. Wed udifferent pharmacological and
genetic approaches to demonstrate the specifitibtyioCREB responsive transgenic lines.

For a genetic validation of the reporter line, véedi an antisense morpholino oligo
against the CREB protein creb3|2 (Melville et all2]) to determine if our reporter is
sensitive to a decrease of CREB protein levelswigtern blotting, we show that the
creb3I2 morpholino reduces CREB protein levels (7@teduction) after 72 h from the
injection (Fig. 32 A and B). Then, by looking aetexpression of the CRE:GFP mRNA
by in situ hybridization, we observed a significant decrealsesporter expression in the
morphant embryo (Fig. 32 D) compared to the cor(ffa 32 C). With this technique, we
demonstrated that a genetic knock-down of CREBri#gtcoherently reduces the CREB

reporter expression levels.
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Fig. 32: The creb3l2 knock-down decreases CREB reporter expression. A: Western
blot showing the decrease of CREB protein in theb82 morphant compared to the
control. B: quantification of the efficiency of tmeorpholino. C: expression of the reporter
GFP mRNA in a control embryo at 3 dpf. D: expressid the reporter GFP mRNA in a
creb3I12 morphant embryo at 3dpf.
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For validation experiments using pharmacologicarapches, both CRE:GFP and
CRE:mCherry lines were tested from 2 to 5 dpf, gsihe agonists 8-Cl-cAMP and
noradrenalin, or the antagonist 8-Br-cAMP. Fig. S®ws the results for the CRE:GFP
line, which demonstrates a coherent response ofdperter to all considered CREB-

specific treatments.

8-Cl-cAMP

noradrenalin

8-Br-cAMP

Fig. 33: The CREB reporter coherently respondsto specific pharmacological
treatments. A, A’: control larva, B B’: 8-CI-cCAMP (agonistye¢ated larva, C C’:
noradrenalin (agonist) treated larva, D D’: 8-BrMR (antagonist) treated larva. All
larvae are at 5 dpf, in lateral view, anteriorhe teft.
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DISCUSSION

In this work we used the zebrafish as animal méatebur experimental setup. The
zebrafish Danio rerig) is an animal model commonly used in developmestatlies
because it offers a lot of advantages: externailitation and embryonic development,
eggs transparency, fast development, short geapréithe (getting a lot of eggs in one
clutch), easy microinjection of fertilized eggs,spibility to realize random mutagenesis,
and transgenesis using transposons. Gene expresaiornbe easily analyzed during
embryonic development by situ hybridization experiments; moreover, gene functian
be easily studied by mutant analysis or by “knoolvil’, consisting in injecting antisense
“morpholinos” specifically blocking the studied fac in injected embryos, called

“morphants”.

Pax6 has been shown to be involved in pancredferetiation in mice. St Onge
demonstrated that Pax6 mutant mice have a stroorgaee of insulin- and PP-expressing
cells, an increase of ghrelin-expressing cells, ahdost a total loss of glucagon-
expressing cells (Heller et al, 2004; Sander €139,7; St-Onge et al, 1997).

Verbruggen and colleagues showed by morpholino-atedi experiments that pax6b is
involved in pancreas differentiation in zebrafidliney noted a loss of insulin-expressing
cells, a drastic decrease of somatostatin-expigssatls and an increase of ghrelin-
expressing cells in pax6b morphants. Thus, the mhefiency phenotype appears not
conserved in vertebrates, at the insulin and glocdgvel. In fish we have a loss of insulin
cells whereas in mouse a loss of glucagon cellschiexk if the role of pax6 is species-
specific or methodology-dependent, we decided tk lat the pancreatic phenotype in
zebrafishpax6b stable mutants, instead of transient morphants.o¥ained the sa0086
mutant allele from the Sanger Institute. In thésx@b mutant we confirmed the morphant
phenotype. The only difference we noted betwpar6b-sa0086mutants andpax6b
morphants is a reduction of glucagon-expressintg,celhich was observed in 40% of
mutants, whereas alpha cells were not significaatfgcted after morpholino injection.
This slight divergence might be due to a smalldesi expression of Pax6b in morphants
that could be sufficient to drive alpha cell diatiation. On the other hand, the fact that
cell differentiation is not strongly affected inal 60% ofpax6b-sa0086nutants suggests

that a Pax6b-independent pathway may also be osgeherate glucagon cells.
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The expression of the progenitor markex4bdoes not change in pax6 mutants compared

to WT siblings. That means that the progenitorscate not affected.

We looked at the expression of thiex2.2factor in pax6 mutants because the knock
down of nkx2.2in zebrafish (Pauls et al, 2007) is associateth @it increase of ghrelin
cells. So we wondered if nkx2.2 was acting dowmstreor in parallel with pax6 in the
pancreas. No significant difference was found, kx2r? is likely acting upstream or in

parallel with pax6 in pancreas development.

We found that the expression leveligifl is slightly increased, but not the number
of the cells. That means that the total numbemaberine cells remains the samepax6b

deficient embryos compared to WT.

We showed byn situ hybridization thahb9 mRNA is expressed at the 18-somite
stage in the pancreas pax6bdeficient embryos. While in the pancreas thera srong
decrease ohb9 mMRNA expression at 25 hpf, at 30 hpf and later this factor is still
expressed in the motoneurons. We conclude thatbpas6required to maintain the
expression ohb9in the pancreas, but not to turn on its expression
By crossing thénb9GFP line with thepax6bmutant we saw that from 1 dpf to 3 dpf the
GFP is still detectable in the pancreas, whereasetidogenous hb9 disappears in the
pancreas at 1 dpf. This can be due to the halbfihe GFP. To confirm this, we looked at
the expression pattern of the mRNA of the GFP & b9 GFP transgene ipax6b
deficient embryos. This experiment confirmed tha GFP persistence was due to the
stability of the protein.

All of the above mentioned data indicate that inGiadeficient embryos we have a loss of
insulin-expressing cells, a decrease of glucagosh somatostatin, and an increase of
ghrelin-expressing cells. The total number of emideccells does not change. Thus, we
hypothesized that cells that should become inqiisitive become ghrelin-positive in
absence of pax6b. We used the stability of the @BEein in thenb9.GFP line to mark the
insulin precursor cells in pax6 deficient embrydken, we looked at the expression of
glucagon, somatostatin and ghrelin. Arkipova etshlowed that the GFP perfectly co-
localizes with the insulin immuno-responsive ceMge saw that there is no co-localization
between the GFP and somatostatin, ghrelin or glutag WT embryos. In pax6 deficient
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embryos we didn’'t see co-localization with GFP awanatostatin or glucagon. On the
contrary, we saw co-localization with ghrelin-exgsiag cells, but not with all ghrelin-
expressing cells. This led us to propose a mogeesented in Fig. 34. Ipax6bdeficient
embryos, precursor cells that are normally destitwedifferentiate as beta cells instead
take on an epsilon cell fate. In summary, our figdi suggest thgtax6b functions to

promote beta and suppress epsilon cell fate daebgafish pancreatic development.

N

HB9 pax6b
Endocrine precursors B cells precursors

B cells

In;::::::......!‘
of pax6b

Fig. 34: Mode showing that, in pax6b deficient embryos, precursor cells that are
normally destined to differentiate as beta cellsinstead take on an epsilon cell fate.

The results obtained in the first part of this wehow a primary role of Pax6b in
endocrine cells differentiation and endocrine &&ié. In particular, the absence of Pax6b
leads to the formation of ghrelin-producing celishee expenses of insulin-producing cells.
Our preliminary results suggest that this effecgtmibe due to a trans-fate of beta cell
precursors. However, to further support this hypsib, cell death and cell proliferation
analyses would be required to demonstrate thatttaiss-fate occurs without total cell
number modification. The molecular mechanism bychHPax6b regulates endocrine cell
differentiation has not yet been identified. Thowgr future goal will be to determine the
effects of Pax6 ablation on different signallingttpeays known to be active in the

pancreatic region, such as Bmp, Shh, or Notch.

Given that CREB signalling is highly involved in nmaeas development, we
decided to generate a CAMP reporter zebrafish geamis line. Indeed, a study published in
2003 showed that induction of CREB signalling patkivwromotes i-cell growth and
survival by GLP-1 receptor activation (Hui et a03). Moreover, cCAMP stimulates the

expression of several genes via PKA-mediated plargfation of CREB and its paralogs
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ATF- and CREM (Gonzalez & Montminy, 1989; Gonzakifzal, 1989). Another study
shows that glucose and GLP1 inducegell gene expression by activating calcium and
CREB signalling (Jhala et al, 2003).

So, we decided to generate CREB signalling repadrafish lines by injecting
the transgene 6X cAMP Responsive Element (5° TGACAB’) CRE:GFP (or mCherry)
into zebrafish eggs. As a first result, we notkdt tthe CREB reporter is maternally
activated. This observation suggests that CREBasiig plays a key role during early
development.

Then, we characterized the CRE transgenic lineg®llywing the expression of the
fluorescent proteins during development and indifferent organs. In the embryos, we
observed that CREB signaling is activated in the @dgns and retina), skin, nervous
system, epiphysis, olfactory pits, pharyngeal ascheart, floor plate, muscles and fin bud.

On the contrary, CAMP is not activated in the natod.

In the larva, CREB reporters were activated intatbnuscles, heart, blood vessels,
thyroid and liver. These results suggest that CRIERaling is involved in the growth of
many different organs. At larval stage, CREB sigmphctivation starts to decrease in the

ocular region.

Unfortunately, in our CREB lines the reporter does seem to be activated in the
pancreas. This result is surprising given the ingrare of CREB signaling in pancreas
development and endocrine cells differentiatiordeled, induction of CREB signaling
promotes beta-cell growth and survival (Hui et28l03). Moreover, glucose, by activating
CREB signaling, induces beta-cell gene expressibalé et al, 2003). However, it must be
said that these data were collected from humansnause models. To date, in the
zebrafish, there are no studies showing a roleRER signaling in pancreas development,
differentiation or growth.

To explain the divergent results, we postulate shypotheses: i: the role of CREB
signaling in pancreatic development is speciesiBpgedi: the lack of CRE:GFP or
CRE:mCherry expression in pancreas is due to ttstipw of the transgene insertion
inside the genome,; iii: the expression levels ef porters in the pancreas are below the
instrumentation sensitivity; iv: the analysis haeb focused only on the Brockmann body,

the first endocrine islet appearing in fish. Teadiminate which hypothesis is correct, it
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could be interesting to analysis pancreas develapnmezebrafish after specific CAMP
signaling activation or inhibition. Moreover, theadysis should be extended to later
developmental stages (eg: from 5 dpf onwards), wdemondary endocrine islets start to

appear in the exocrine pancreatic mass.

We noted that in the larva the CREB reporters &e activated in the cartilage .
This result is really interesting. Indeed, mutasiam the gene encoding CBP were found to
cause the Rubinstein-Taiby syndrome (Petrij eL885). The CBP +/- mice exhibited the
clinical features of Rubinstein-Taiby syndrome Juniing skeletal abnormalities (Yao et al,
1998). Moreover, Sox9, a transcription factor idfeed as a key molecule in chondrocyte
differentiation, interacts with CBP in vitro and wivo. By interacting with Sox9, CBP
regulates its transcriptional activity (Tsuda et2003). So the phenotype of Rubinstein-
Taybi syndrome could be, at least in part, explhibg the role of CBP in transcriptional
activity of Sox9. The determination of the moleculanction of CBP with Sox9 will be
helpful for our understanding of skeletal developtrend has the potential to identify new

therapeutic approaches.

One of the goals in generating pathway reportengeaic lines is the
characterization of the signaling pathway in theilgmod, which represents a very
powerful tool to study the consequences of theeatydation of a transduction pathway in
different pathologies, including cancer formatidnterestingly, we found that CREB
signalling is still activated in numerous organstlie adult fish, including heart, brain,
genital organs, kidney, pharyngeal region and @mtg. This indicates that in adult
zebrafish CREB signaling is still involved in orgaraintenance and/or function. Notably,
CREB signalling is not anymore activated in thens&f adult fish, differently from the
embryonic stages. These results suggest that CRifRalng plays a major role during
skin formation rather than in its maintenance. t@is regard, it could be interesting to
analyse if CREB signalling is activated in studdéskin injury and regeneration.

In addition, it is known that melanocortin-1 reaaptMC1R), a G-protein coupled
receptor (GPCR), plays a crucial role in melanocg&elopment, proliferation and
differentiation. Activation of the MC1R by the-melanocyte stimulating hormonel{
MSH) leads to the activation of the CREB signallipgthway that is mainly associated
with differentiation and hormone production. Somaymorphisms of MC1R impair
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CREB signalling and pigmentary phenotypes such ems head colour and fair skin
phenotype that is usually associated with highsk for melanoma development. Despite
its importance in melanocyte biology, the role &EB signalling on cutaneous melanoma
is not yet understood. Melanoma is primary dritegrmutations in components of MAPK
pathway. Now, increasing evidences suggest thatBC8t@nalling plays also a important
part in melanoma formation (Rodriguez & Setalufil2). So, by taking advantage of our
CRE reporter lines, combined with zebrafish mod@isnelanoma, we could determine at
which stage of melanoma development and progress@¥MP signalling might be

involved.

Another major goal in generating pathway reporteaanggenic lines is the
determination of crosstalk between different siginglpathways. In this work we were
interested on the potential crosstalk between CREMBBMP signaling. BMPs have been
demonstrated to be important candidates that regakgpression of some cardiac-enriched
transcription factors including Nkx2.5 or GATA4, daninduce cardiomyocyte
differentiation (Monzen et al, 1999). Moreover, BRMBnd BMP4 knockout mice present
an impairment of cardiac development (Winnier et1#95; Zhang & Bradley, 1996).
Given the cardiac expression of our CREB reportarg] the finding of concomitant
activation of CREB and BMP pathways in the cardvantricle, we plan to study a
possible crosstalk between this two signalling patys. To this purpose, we will study the
effect of the activation or inhibition of the CRE#thway on BMP signalling andce

versa

Moreover, we will use the same strategy to deteentire molecular link between
Sox9 and CREB signaling in chondrocyte developmeémally, in order to determine at
which stage the CREB pathway could play a role @amoma formation, we will compare

its activation in relation to the MAPK signalingscade.
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