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SUMMARY

Melanoma arises from the malignant transformatiormelanocytes and is one of the most
aggressive forms of human cancer. In fish of theugé&iphophorus, melanoma development,
although very rarely, happens spontaneously inreatind can be induced by interspecific
crossing. The oncogenic receptor tyrosine kinaserkXis responsible for melanoma formation
in these fishes. SincEiphophorus are live-bearing fishes and therefore not compatibith
embryonic manipulation and transgenesis, the Xmglkanoma model was brought to the medaka
(Oryzias latipes) system.Xnmrk expression under the control of the pigment cedc# mitf
promoter leads to melanoma formation with 100% tranee in medaka. Xmrk is an orthologue
of the human epidermal growth factor receptor (E{RERd activates several downstream
signaling pathways. Examples of these pathwaysteadirect phosphorylation of BRAF and
Statb, as well as the enhanced transcription ofyC-mBRAF is a serine-threonine kinase which is
found mutated at high frequencies in malignant mafaas. Stat5 is a transcription factor known
to be constitutively activated in fish melanar@amyc is a transcription factor that is thought to
regulate the expression of approximately 15% ofhalinan genes and is involved in cancer
progression of a large number of different tumors.

To gain newin vivo information on candidate factors known to be imedl in melanoma
progression, | identified and analysed BRAF, Statlsl C-myc in the laboratory fish model
system medaka. BRAF protein motifs are highly corest among vertebrates and the results of
this work indicate that its function in the MAPKgealing is maintained in medaka. Transgenic
medaka lines carrying a constitutive active verssdbiBRAF (V614E) showed more pigmented
skin when compared to wild type. Also, some trambyeexpressing BRAF V614E fishes showed
a disrupted eye phenotype. In addition, | was &bleentify two Stat5 copies in medaka, named
StatSab/a and Stat5ab/b. Sequence analysis revaal@dher similarity between both Statb
sequences when compared to either human StatS&éatibSThis suggests that the two Stat5
copies in medaka arose by an independent duplicatiocesses. | cloned these two Stat5 present
in medaka, produced constitutive active and dontimagative gene versions and successfully
established transgenic lines carrying each vensiater the control of the MITF promoter. These
lines will help to elucidate questions that ard stimaining in Stat5 biology and its function in
melanoma progression, like the role of Stat5 phospation on tumor invasiveness.

In a third project during my PhD work, | analyse@daka C-myc function and indentified two
copies of this gene in medaka, nansadycl7 andc-myc20, according to the chromosome where
they are located. | produced conditional transgenedaka lines carrying themycl7 gene
coupled to the hormone binding domain of the esinogeceptor to enable specific transgene
activation at a given time point. Comparable to han®-myc, medaka C-mycl17 is able to induce
proliferation and apoptosis vivo after induction. Besides that, C-myc17 long-tectivation led

to liver hyperplasia.

In summary, the medaka models generated in thi& wal be important to bring newn vivo
information on genes involved in cancer developmaAlso, the generated transgenic lines can be
easily crossed to the melanoma developdingk medaka lines, thereby opening up the possibility
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to investigate their function in melanoma progressBesides that, the generated medaka fishes
make it possible to follow the whole development mélanocytes, since the embryos are
transparent and can be used for high throughpuhiciaé screens.
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ZUSAMMENFASSUNG

Melanome entstehen durch die krankhafte Transfoomaton Melanozyten und sind eine der
aggressivsten Krebsarten beim Menschen. In FisdeenGattungXiphophorus kénnen, wenn
auch sehr selten, spontan Melanome entstehen oden dpezielle Artenkreuzungen induziert
werden. Grundlage fur das Entstehen der Melanome diasen Fischen ist die
Rezeptortyrosinkinase Xmrk. Da alle Xiphophorusefirtlebendgebéarend sind und keine
Manipulationen an Embryonen vorgenommen werden édnwurde ein Xmrk Melanommodel
fur Medaka Qryzas latipes) etabliert. Die Expression voXnrk in Pigmentzellen dieser Fischart
resultiert mit 100%iger Penetranz in Melanomen. Bawk ist ein Ortholog des menschlichen
.epidermal growth factor® (EGFR) und aktiviert vensedene nachgeschaltete Signalwege.
Beispiele fur diese Aktivierungen sind die Phosgherung von BRAF, Stat5 und die erhohte
Expression von c-myc. BRAF ist eine Serin-Threominke, welche oft in malignen Melanomen
mutiert ist. Stat5 ist ein Transkriptionsfaktor, lefeer dauerhaft in Fischtumoren aktiviert ist. C-
myc ist ein Transkriptionsfaktor, welcher etwa 158#er menschlichen Gene sowie die
Entstehung vieler menschlicher Tumore reguliert.

Um neue Einsichten in die Funktion der Kanidateegen Prozess der Melanomentstehung
vivo zu erlangen, habe ich Orthologe von BRAF, Stath Gamyc bei Medaka identifiziert und
analysiert. Die Domé&nen des BRAF Proteins sind h&ohserviert in allen Vertebraten.
Weiterhin deuten die Ergebnisse meiner Arbeit &g &eibehaltung der Funktionen im MAPK
Signalweg hin. Transgene Medakalinien, welche emgerhaft aktive Version des BRAF Gens
(V614E) exprimieren, weisen einerseits eine st@rlkégutpigmentierung auf. Weiterhin treten in
diesen Fischen Veranderungen der Augen auf. Imreimeiteren Projekt meiner Arbeit gelang es
mir, zwei Kopien des Stat5 Gens im Medaka zu idieidren, Stat5ab/a und Stat5ab/b.
Sequenzanalysen zeigten eine hohere Ubereinstimmwischen den beiden Genkopien, als
zwischen denen von Medaka und Menschen. Diesedbiiggdeutet darauf hin, dass die beiden
Medaka Gene durch eine unabhangige Duplikationtaarden. In meiner Arbeit habe ich beide
Gene des Medakas kloniert und jeweils eine konstitaktive und eine dominant negative
Version der Gene hergestellt. Weiterhin konnteeidblgreich fiir jede Genversion eine transgene
Medakalinie etablieren, welche die verschiedenemv@eanten unter der Kontrolle des
pigmentzellspezifischen Promoters dai$f Gens exprimieren. Diese Linien werden in Zukunft
helfen, den Einfluss von Stat5 Signalen auf derzéd® der Melanomverbreitung und dessen
Invasivitat zu erklaren.

In einem dritten Projekt meiner Doktorarbeit untetse ich das Vorkommen und die Funktion
der C-myc Gene des Medakas. Ich konnte zwei Gerkaplientifizierengc-mycl7 und c-myc20,
welche auf unterschiedlichen Chromosomen lokatisggnd. Ich konnte induzierbare, stabil
transgene Linien herstellen, welche ein Fusionsprot aus C-mycl7 und der
Hormonbindungsdoméane des Ostrogenrezeptors von kbqusmiert. Diese Linie ermdglichte
eine induzierbare Aktivitat des Transgens. Verglear zum menschlichen MYC ist C-mycl7
fahig, nach Aktivierung Proliferation und Apoptosevivo auszuldsen. Dauerhafte Aktivierung
Uber einen langeren Zeitraum fiihrt in diesen LiraerHyperplasie in Leber.

11



Die verschiedenen Fischmodelle, die wahrend didsleeit generiert wurden, werden essentiell
sein, um neue Einsichten in die Rolle diese Faktavéhrend der Krebsentwicklung vivo zu
erlangen. Weiterhin ermdglichen diese transgenerehidurch einfaches Auskreuzen auf Xmrk
Linien, deren Einfluss auf die Verbreitung von Me&aen zu untersuchen. Letztendlich sind mit
diesen Linien auch Untersuchungen der Entwicklumg Rigmentzellen tUber Zeit moglich, da die
Embryonen transparent sind und sich fur chemiseleefdurchsatz-Screening eignen.
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1. INTRODUCTION
1.1 Melanoma

Skin cancer is the third most common human cam et ,its global incidence is rising every year.
There are an estimated 2-3 million cases of skircemain the world every year and although
melanoma only accounts for 132,000 cases, it {goresble for most skin cancer deaths (World
Health Organization). If melanoma is diagnosedyedrican be cured by surgical procedures.
However, metastatic malignant melanoma often dagsrespond to therapies and has a poor
prognosis (Smalley, 2009).

Melanoma arises from the malignant transformatibmelanocytes, specialized pigment cells
found predominantly in the skin and eyes (White Zad, 2008). Both genetic and environmental
factors are believed to contribute to melanoma gjengray-schopfeet al, 2007). Accounting
for environmental factors, ultraviolet (UV) lighkgosure has a causal role in melanoma initiation
(Maddodi and Setaluri, 2008). In response to UWtlimduced DNA damage in keratinocytes,
melanocytes synthesize melanin, which is a prategiigment. Extreme UV exposure (sunburn)
can lead to massive keratinocyte population ddathmelanocytes survive due to their efficient
DNA damage repair response and therefore havehidngce to accumulate mutations (Gilchmest
al, 1999). However, the underlying mechanisms thaseaa normal melanocyte to become a
malignant melanoma are only partly understood.

Several types of malignant melanoma can be detednifhe most incident is the cutaneous
melanoma which comprises about 91% of all melandiNasscheet al., 2011). Other melanoma
types like uveal (ocular) and mucosal account fmyua 5% and 1,5% of the cases, respectively
(Patricket al, 2007; Triozziet al, 2008).

1.1.1 Melanocytes

Melanocytes are pigment-synthesizing cells of theral-crest lineage that provide skin tone, hair
colour and protection from ultraviolet radiationh@mas and Erickson, 2008). Melanin, the
principal component of the melanocyte, helps totgmofrom high levels of reactive oxygen
species and direct UV radiation that would otheendamage DNA in skin cells (White and Zon,
2008). Melanocytes in mammals and birds produce d¢hvemically distinct types of melanin
pigment: the brown/black eumelanin and the yelleddish pheomelanin (Meredith and Sarna,
2006). Melanin pigments in fishes are essentialipelanic (Ito and Wakamatsu, 2003).

During normal development, a strict program of sgjpent transcription factor activation results
in normal differentiation of melanocytes from ndureest cells (for a complete description see
Hirobi et al, 2011). Factors like the microphthalmia-associdtadscription factor (Mitf), the

paired domain and homeodomain containing transenpfactor Pax3, and the Sry-related
transcription factor Sox10 play key roles in thatskvfrom neural crest to melanocyte genesis.
Loss of any of the three results in failure of melalast development (Thomas and Erickson,
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2008). Although Pax3 and Sox10 are necessary féanobklast specification, it is Mitf that is
referred as the master regulator of melanocyteldpreent (Steingrimssoet al, 2004). Loss of
Mitf function results in almost complete loss of lam@cytes in mice and zebrafish (Listtral,
1999). Mitf regulates the melanocyte lineage byatihg several pigment-producing genes, such
asdct andtyrosinase (Yasumotcet al, 1994).

1.1.2 The genetics of human melanoma

Evidence for an increasing number of genetic factontributing to melanoma genesis was found
in different studies. Linkage-analysis studies amilies with a high incidence of melanoma
identified two susceptibility genes: CDKN2A and CBK(Nobori et al, 1994). Also, a
pigmentation-associated predisposition to skin eahas been indicated by the association of the
melanocortin-1 receptor (MC1R) variation polymorghileading to red hair, fair skin inability to
tan and tendency to freckle with skin cancers (labhal., 2000). The MC1R and its ligand, the
a-melanocyte-stimulating hormoner-MSH), comprise key determinants of the pigmentary
process (Chin, 2003). The result of their signgllaascade activates the protein kinase A (PKA),
which then translocates to the nucleus where isphorylates CREB, a family of transcription
factors that induce the expression of genes cantpi@RE sequences in their promoters, like
mitf.

MITF is considered the master regulator of melat®dyeage and therefore, not surprisingly,
plays also a role in melanoma (Legtyal, 2006). Using primary melanoma tissue microarrays,
MITF was found to be amplified in 10-20% of the esswith a higher incidence in metastatic
melanomas (Garrawag al., 2005). Due to its essential role in melanocytéolgy, MITF protein
levels must be under strict control. Gray-Schopdteal (2007) propose that MITF regulates
distinct functions in melanocytic cells at diffetdrvels of expression. High levels predispose
cells to cell cycle arrest and differentiation, lehlow levels lead to cell cycle arrest and
apoptosis; intermediate levels favour proliferation

The Ras/Raf/MEK/MAPK pathway, also known as MAPKitfgen-activated protein kinase)
pathway, has a key role in the proliferation of trexdid tumours, including melanoma (Fecher
al, 2008). The most commonly mutated component ofMAK pathway is BRAF, which is
mutated in 50 to 70% of all human melanomas (Daatiek, 2002). Another important oncogene
in melanoma, found mutated in 15% to 30% of melaamns NRAS (Gray-Schopfet al, 2007).
BRAF and NRAS mutations are mutually exclusiveythee not both found mutated in the same
cancer (Chiret al, 2006).

Another signalling pathway that is important forlam®ma is the PTEN/PI3K/AKT pathway (Wu

et al, 2003). Activation of the PISK/AKT pathway in malama occurs through either growth
factors or the loss of expression and/or mutationegative pathway regulator (Smalley, 2009).
PTEN encodes a negative regulator of the PISK payhwnd allelic loss or mutation of PTEN

has been described in 5-15% of melanoma specinmehsatastasis (Guldbestgal, 1997).
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Besides these, several studies have implicatedgdieted Notch signalling in patients with
melanoma (Hoelet al., 2004; Liuet al., 2006; Qinet al., 2004). Mutation in Beta-catenin, the
central activator of Wnt signalling, is very ram melanoma (Pollock and Hayward, 2002).
However, overexpression of Wnt5a, a member of trecanonical Wnt pathway, might play an
important role in melanoma invasion and metasté3igner et al., 2000; Dissanayaket al.,
2008). In addition, autocrine activation of HGF/BIET signalling pathway has been shown in
melanoma, stimulating proliferation and motility bbbman melanocytes in culture (et al.,
2001).

In summary, recent investigations identified kegnsis in melanogenesis and melanoma
progression, but the detailed interplay betweerdifierent pathwaysn vivo is still unknown.

1.1.3 Melanoma models in mammals

Exposure to ultraviolet radiation in opossumdofiodelphis domestica) induced melanomas,
leading to a variety of hyperplastic and neoplaskm lesions (Kusewitet al, 1991). Also,
melanomas have been reported in guinea pigs andstbesmafter exposure to chemical
carcinogens. These tumours metastasize and shoilargiegs in histopathology with human
melanoma (Bardeesy al, 2000).

In mice, several melanoma models have been gede(Berkeret al 2010). SV40T antigen
expressed under the control of the tyrosinase pr@mavhich targeted the transgene to
melanocytes led to melanoma formation after UV tligkposure, particularly ocular melanoma
(Bradl et al, 1991). Initiation of melanoma using chemical oagens like 7,12-
dimethylbenz(a)anthracene (Berkelhammekial, 1982) and dimethylbenzanthracene (Kligman
and Elenitsas, 2001) or combination of chemical @Mradiation (Stricklancet al, 2000) have
also been successfully applied.

In addition, several mous®&1(s musculus) models that spontaneously develop melanoma have
been established. For example, mice with activ&&8& and deletion of both INKA4a cooperate
to accelerate melanoma development (Chinal, 1997). Also, mice develop spontaneous
melanoma after RAS activation in a p53 negativekgamund (Bardeeswt al, 2001). Besides
these, BRAF V600E cooperates with the loss of dineour suppressor PTEN to induce metastatic
melanoma Dankorét al, 2009). Another model using BRAF to induce metaadn mice was
generated by Dhomeet al (2009). In this study the inducible expression &A% V600E in
mouse melanocytes stimulates skin hyperpigmentati@appearance of senescent nevi, and the
development of melanoma.

1.1.4 Melanoma models in fish

As mentioned above with focus on melanoma, mammati@dels are widely used in cancer
research due to their evolutionary relatedness Wwitmans, with comparable cell lineage and
differentiation pathways (Cheon and Orsulic, 20IHywever, fish models that mimic human
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diseases and cancer are extensively used in taeti§ici field nowadays (Stoletov and Klemke,
2008). Advantages of fish models, specially tweaedst species — zebrafisBghio rerio) and
medaka Qryzas latipes) - in research include: their high fecundity, th&hort breeding cycles to
produce large numbers of progeny, their technicallgy exposure to carcinogenesis, and the
possibility to follow well-defined stages of thesdasen vivo over time (Pattoret al, 2010).
Furthermore, in terms of genomic, these teleogtadis of a variety of genetic tools including
detailed gene map and genome sequence (Fécek, 2011) and a large variety of mutants
(Amsterdam and Hopkins, 2006; Patton and Zon, 20@t)uding pigmentation mutants (Lynn
Lamoreuxet al, 2005; Parichy, 2006). Also innovative experimémdals, such as morpholinos
(Nasevicius and Ekker, 2000), efficient transgemonal production (Kawakami, 2005; Thermes
et al, 2002), high throughput screening of mutants (Am&m and Hopkins, 2006; Furutani-
Seiki et al., 2004; Patton and Zon, 2001), and screening @fllsmolecules (Zon and Peterson,
2005) are available. Therefore fishes are widelgduas disease models or in cancer research
(Mione and Trede, 2010).

Today, a number of melanoma fish models are auailabowing similar histopathology with
human melanoma (Patta al, 2010). A constantly activated version of the honeacogene
BRAF (BRAF V600E) driven by theitfa promoter drives non tumorigenic ectopic melanacyti
lesions in zebrafish (Pattat al, 2005). However, to develop malignant melanomesehfishes
need to carry an additional inactivating mutatiop53, demonstrating that at least one additional
genetic mutation is required for melanoma formatignoverexpression of BRAF V600E. The
p53 gene is the most frequently mutated gene inamuoancer and p53 from zebrafish shares
strong sequence and functional homology with hufBerghmanst al., 2005). The melanoma
in these fishes appeared by 16 weeks of age, wad/hnvasive and showed genomic instability.

In addition, constitutive activation of NRAS und#dre mitfa promoter in a p53 negative
background also leads to melanoma formation inafedhr (Doveyet al, 2009). Melanomas in
these fishes are variably pigmented and sharerfsatmith human melanoma. Another melanoma
model in zebrafish was driven by constitutive espren of HRAS oncogene without the need for
a second inactivating mutation in tumour suppresséiishes carrying human HRASV12
expressed under thmitfa promoter (Michailidoiet al., 2009) develop melanoma after 16 weeks.
By contrast, expression of HRAS-V12 under the adntsf another pigment cell specific
promoter,kita, leads to early onset and highly penetrant melanafter 4 weeks in zebrafish
(Santoriello et al., 2010). This difference may be due to the higleels of HRASV12
expression driven by theta and/or to different cell specificity of tHeta andmitf promoters. In
contrast to the BRAF V600E and NRAS-Q61K models ASR/12 show ectopic melanocyte
patterns during early embryogenesis that can nafidcome melanoma within a few weeks of
development.

16



1.1.5 TheXmrk melanoma model

In fish of the genuXiphophorus, melanoma development happens spontaneously inenatut
can be induced by interspecific crossing (Meierjoha&t al, 2004). The classical crossing
experiment involvesX. maculates which carries a dominant tumour inducing locds for
tumour) and alru-repressing regulatory locu®)( andX. helleri which lacks both loci (Fig. 1,
Gordon, 1947). As both loci are located on différ@momosomes, it is possible to separate them
through selective breeding. According to Mendeliaheritance, a cross between these two
Xiphophorus species produces heterozygous hybrids. Furthesesosf these hybrids witK.
helleri result in 25% of fishes carrying the tumour gene lhaking the repressor (Meierjohann
and Schartl, 2006). These fishes develop melanoithal@0% of penetrance.

Xiphophorus maculatus Xiphophorus helleri

TulTu ; RIR P \

L
1

Tu/-; RI- -3 -
l |

|
| | | |

Tul-; - Tu/-; Ri- ; ;
Fig. 1. Crossing experiment leading to spontaneouselanoma formation. Adapted from (Meierjohann and
Schartl, 2006)Xiphophorus maculatus bears the tumorigenicT§) and the repressoR) loci, while Xiphophorus
helleri lacks both. An intercross between these two spamieduces a generation of heterozygous hybridsoth b
loci. A second generation (result from a crosshig heterozygous hybrids and the wild tydeHelleri) produces
25% of fishes bearing the Tu locus and lacking tépressor resulting in fishes that develop spomiasly
melanoma.

The receptor tyrosine kinase geXark (Xiphophorus melanoma receptor kinase) was identified
by positional cloning as the oncogenic determiramtoded by th&u locus (Wittbrodtet al,
1989). Disruption of this gene leads to loss ofcfion with respect to melanoma formation
(Schartlet al, 1999). Xmrk is apparently restricted to the geXishophorus (Weis and Schartl,
1998). The Xmrk repressor present in lo®igould not be identified up to now. Xmrk is an
orthologue of the human EGF receptor (Gératead, 2004). While the EGF receptor is inactive in
absence of the respective ligand and signals oftigr aggrowth factor binding, Xmrk is
constitutively active independent of ligand activat (Wittbrodt et al, 1992). The oncogenic
properties of Xmrk derive from two amino acid chasgin the extracellular domain in
comparison to the EGF receptor. These mutationgltres the formation of cysteine bridges
between two receptors monomers, which leads totitwinge activation of Xmrk (Gomeet al,
2001).
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Xiphophorus are live-bearing fishes and, therefore, are notpaiile with embryo manipulation
and transgenesis comparable to other laboratdnysfigcies. Hence, thé@nrk melanoma model
was brought to the medaka system (Schetrthl., 2010). To induce expression ¥hrk in
pigment cells of medaka, a stable transgenic fisé Wwas generated in which the tumorigenic
coding sequence ofmrk is expressed under the control of the medaléa promoter (Fig. 2).
While in Xiphophorus tumorigenic activation oXmrk results only in melanoma formation, in
medaka the expression &fnrk under themitfa promoter results in melanoma as well as in
pigment cell tumours arising from xanthophores argithrophores (Schartét al., 2010).
Conclusively,Xmrk is a powerful and dominant oncogene driving melamdonmation, not only
necessary but also sufficient for tumour formation.

Fig. 2. Mitf:Xmrk transgenic medakas bearing melanoma.(A) Medaka fish bearing exophytic
xanthoerythrophoromas. (B) Medaka fish bearing sixe extracutaneus melanoma. Pictures were takdhdnyred
Schartl.

Interestingly, the genetic background seems to plegle in melanoma formation in medaka. The
Carbio strain developed almost exclusively exophytic kaetythrophoromas, and invasiveness
was only observed at terminal stages (Fig. 2A)thimnHB32C strain, almost all tumours were
invasive extracutaneus melanoma (Fig. 2B). In théa (i-3) genetic background, transgenic
fishes showed hyperpigmentation of xanthophoresrdraly developed into tumours (Schaettl
al., 2010).

1.1.6 Medaka as a model organism

Medaka Qryzias latipes) is a small (2-4 cm long), freshwater teleost figiigiaating from
Southeast Asia. They can be easily maintained aad lnder laboratory conditions. Males and
females can be distinguished due to their distdwsal and anal fins (Wittbrodit al, 2001).
Spawning is under strict control of light, temperat and food availability. Under laboratory
conditions, fish are kept under a light cycle cep@nding to summer conditions (14h light 10h
dark). Water temperatures between 25 to 28°C aralatd under laboratory conditions. Medakas
are fed with synthetic diets and brine shrimp (Shand Mitani, 2004).

Medaka fishes have external fertilization similarzebrafish Danio rerio), but in contrast to
these, their eggs are kept attached to the fenadlle for several hours. Also, medaka fishes have
a large number of offspring per week, as each fertegls between 10-50 eggs per day (Takeda
and Shimada, 2010). Besides that, the laid egg® lavast embryonic development when
compared to mammals. Additionally, embryos havecapiclearance allowing close tracing of
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development (Wittbroddt al., 2001). Early development is synchronous, andtletransparent
embryos are easily staged under the microscoperdingoto a set of morphological criteria
(lwamatsu, 2004). All these features made Medakaadrihe most famous fish model organism
in science nowadays.

1.2 Oncogenic signalling of Xmrk

To be fully tumorigenic, a potential cancer cellshghow uncontrolled cell proliferation, anti-
apoptosis signalling, as well as inhibition of dintiation, the ability to migrate and invade othe
tissues and induce vascularisation (Cree, 2011ymiity, the route to a malignant tumour
involves multiple steps to achieve all the requieats mentioned above. However, the single step
of Xnmrk expression leads to malignant melanoma formatiomedaka fishes (Schart al.,
2010). Downstream signalling &dnrk has been well studiga vitro and explains the reason for
this: Xmrk signalling is involved in many of the tumorigeniweats necessary for cancer
formation and maintenance (Fig. 3, Meierjohann &aldartl, 2006).
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Fig. 3. Schematic representation of th&Xmrk signalling cascade.

As a growth factor receptaXnrk is placed at the top of many signal transductiahwyays (Fig.
3). Like other receptor tyrosine kinases, it posessa carboxy-terminus which contains specific
substrate binding sites (Meierjohaenal, 2004). Certain phosphorylated tyrosine resideeges
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as sites for adapter proteins with src homology IW@ck and Schartl, 1999). The resulting
association of these proteins is followed by théugtion of the RAS-RAF-MAPK (mitogen-
activated protein kinase, section 1.3) pathway, ctvhiaffects proliferation, survival and
differentiation. Accordingly, PSM cells, which argerived from malignantXiphophorus
melanoma, exhibit permanently elevated levels obsphorylated BRAF, MEK and ERK
(Wellbrock and Schartl, 1999). The src kinase fyalso associated with the C-terminus of Xmrk
and enhances the MAPK signalling cascade by inhipMKP-1 (Wellbrocket al, 2002). PI3K is
another protein that binds to phosphorylated tyrosesidues of Xmrk. It becomes activated and
induces anti-apoptotic signals via its downstre#ffiector Akt (Wellbrock and Schartl, 2000).

The transcription factor Stat5 (signal transdugsd activator of transcription 5, section 1.4) is
activated byXnrk (Baudleret al, 1999) and promotes both proliferation (Morciretkal, 2002)
and, in cooperation with the phosphatidylinositekiBase (PI3-K), anti-apoptotic events (Hassel
et al, 2008). While other Stat proteins bind to phosplated tyrosine residues of the intracellular
part of receptor tyrosine kinases, an unusual tyesghosphate-independent type of binding of
Statb to Xmrk was found (Morcinedt al, 2002). After this interaction, phosphorylatedtSta
translocates to the nucleus where it activatesifspéarget genes like the anti-apoptotic protein
bcl-x.

Recent studies have suggested that c-myc (sectinokerexpression correlates with overall
survival in melanomas (Schlagbauer-Watllal., 1999). An unpublished work performed in
Manfred Schartl’s laboratory detected higlanyc expression afteXmrk activation in Melan A
cells (internal communication).

1.3 BRAF

1.3.1 RAF kinase family

BRAF (also known as proto-oncogene B-Raf or v-Rafime sarcoma viral oncogene homolog
B1l) is a serine-threonine kinase, and together WiRAF and CRAF, forms the RAF kinase
family in mammals (reviewed in Chong al, 2003). The RAF proteins participate in the
ERK/MAPK signalling cascade, which connects extitataa signals to transcription regulation,
mediating cell growth, survival and differentiatiRobinson and Cobb, 1997).

RAF proteins share three conserved regions: CRicfwbears a RAS-binding domain (RBD)
and a Cystein-rich domain (CRD)) and CR2 are betjulatory and present in the N-terminus.
Also, CR3 is present in the C-terminus and encosgmthe kinase domain. CR3 contains two
regions important for RAF activation: the activaticsegment and the negatively charged
regulatory region (N-region, Fig. 4).
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Fig. 4. Schematic representation of the human BRAProtein domains. Indicatedamino acids represent important
sites for BRAF activation, regulation and functi@R1, CR2 and CR3 = Conserved region 1, 2 andspergively;
RDB = Ras binding domain; CRD = cysteine rich damai

RAF proteins carry out non-redundant functions @velopment as knockout mice for either
ARAF (Pritchardet al, 1996), BRAF (Wojnowsket al, 1997) and CRAF (Mikulat al., 2001)
die during embryonic development or shortly aftérthb However, these knockout studies
revealed both overlapping and unique function fokFRisoforms. For example, in CRAF
knockout mice, BRAF can compensate CRAF loss in dabtivation of the MAPK pathway
(Mikula et al., 2001). Besides that, biochemical differencesewadso found in RAF isoforms.
ARAF is a much weaker activator of MAPK than théest members of the RAF family. Also,
ARAF can only activate MEK1, while BRAF and CRAFcactivate MEK1 and MEK2 (Wet

al, 1996).

1.3.2 Regulation of BRAF kinase activity

Binding of extracellular ligands such as growth tdas, cytokines and hormones to the
corresponding cell surface receptor may lead tvattdn of RAS and subsequent initiation of
BRAF activation. RAS proteins are small GTPased thadiate signalling by binding and
hydrolyzing GTP and subsequent phosphorylationosirdstream signalling factors (reviewed in
Wellbrock et al., 2004). The active, GTP-bound form of RAS bindBRAF through its RAS
binding domain (RBD) and cysteine rich domain (CRDgsent on CR1, leading to BRAF
recruitment to the membrane characterizing theaingvent in BRAF activation (Chong al.,
2003). Once activated, BRAF protein phosphorylatied activates MEK1 and 2, which in turn
phosphorylate ERK1 and 2 (MAPKs, Wellbroek al, 2004). Other substrates have been
proposed for CRAF and ARAF, but only MEK1 and MEK&ve been identified as substrates for
BRAF (Kolch, 2000).

Phosphorylation is an important mechanism by wiB&AF activity is regulated. Activation of

BRAF by RAS requires phosphorylation of T599 and&@Michaloglou, 2008). Also, another
serine, S446, which is necessary for the activabbrother RAF members, is constitutively
phosphorylated in BRAF, while the correspondingreein ARAF and CRAF is not. Besides
that, the S446 is located adjacent to two aspadids (D448, D449) instead of two tyrosines
which are present in ARAF and CRAF (Masenhal., 1999). These aspartic acids mimic
phosphorylated tyrosines. As a result, BRAF hadranger basal activity and requires fewer
phosphorylation steps to be active.
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1.3.3 BRAF mutations in melanoma

BRAF is the only RAF protein to be frequently methin cancer. Among human cancers, BRAF
mutations are most common in melanoma (Michalogkfi8). Also, mutations in BRAF are
found in thyroid cancer in about 45% of sporadipilbary thyroid cancers (Xing, 2005) and in
colorectal cancer (Sharma and Gulley, 2010). SprfarARAF mutations have been related to
cancer (Leet al., 2005). CRAF mutations are rarely found in huroancers (Emusa al, 2005).

The highest incidence of BRAF mutations is detegtedpproximately 66% of all malignant
melanoma (Daviest al., 2002). The prevalence of BRAF mutations is y@@éamong different
types of melanoma. They are most common in cutamemlanoma, are rare in mucosal, acral,
conjunctival melanoma and are not present in uveddnoma (reviewed in Michaloglou, 2008).

Also, BRAF mutations were identified in papillarigytoid cancer (Fukushimat al., 2003),
colorectal cancer (Sharma and Gulley, 2010) andiavacancer (Estept al, 2007) in lower
frequencies (reviewed in Garnett and Marais, 20@)er 40 different missense mutations in
BRAF, involving 24 different sites, have been idieed (COSMIC web site:
www.sanger.ac.uk/genetics/CGP/cosmic/). Howevethyenidine to adenosine transversion at
nucleotide 1796, leading to a valine to glutamicl aonversion (BRAF V600E), predominates in
most cancer lesions (Daviesal., 2002). This specific mutation accounts for 0®@% of BRAF
mutations in melanoma (Thomas, 2006) and thyromtea(Fukushimat al., 2003). In addition,
clinical data of a specific BRAF V600E inhibitordicated a significant effect of BRAF function
on melanoma progression (Bollagal, 2010). These patients show regressing melanotea af
BRAF V600E inhibition, but melanomas acquire resise by RTK or NRAS upregulation
(Nazarianet al, 2010).

The mutant amino acid V600 is situated between T&8@ S602, whose phosphorylation is
responsible and sufficient for BRAF activity. ThesQOE mutation is thought to mimic the
phosphorylation in these sites, giving to BRAF astautive activity (Michaloglou, 2008). BRAF
V600E activity is independent of the presence afegative charge in the N-region (S446)
normally required for wild type BRAF activation (@nmeret al., 2006). Besides that, cell lines
expressing BRAF V600E are capable to signal indépenof RAS activation (Daviea al.,
2002).

1.3.4 BRAF V600E model organisms

Several BRAF V600E mouse models have been geneidigdted BRAF under the control of a
thyroid follicular cell specific promoter (thyrodlalin promoter) develops papillary thyroid
carcinoma (PTC) (Knaudt al., 2005). Also, a knock in mutant mouse expres8R@F V600E
only after Cre-mediated recombination during depelent resulted in embryonic lethality
(Mercer et al., 2005). Additionally, expression of this mutanRAF in somatic tissues only
induced proliferation in liver and spleen. Furtherey these mice developed non-lymphoid
neoplasia and died after 4 weeks due to bone mdaibwve. In a second Cre-recombinase knock

22



in mouse, in which the expression of cre recoml@nass driven exclusively in the lung
epithelium, BRAF V600E mice developed multiple luagenomas (Dankost al., 2007). A
melanoma mouse model was generated with the imfudi BRAF V600E combined with the
PTEN tumour suppressor silencing (Dankort, 2008).adldition, the inducible expression of
BRAF in mouse melanocytes led to skin hyperpignmesria appearance of nevi harbouring
senescent melanocyte and melanoma development @tebra, 2009).

Fishes have also been used to study the role of BRBOOE in living organisms. Zebrafish
expressing mutated human BRAF under the contrahefzebrafish mitfa promoter developed
focal sites of melanocytes hyper proliferation, evhdid not progress to malignancy (Patébal,
2005). However, in a p53 negative background, BRAOOE fishes developed malignant
melanoma (Pattoda al, 2005). These transgenic zebrafish embryos foramuBRAF V600 under
the control of the mitfa promoter and lacking p%&é been used in another study to identify the
initiating transcriptional events that occur oniaion of human BRAF V600E in the neural
crest lineage by performing a chemical geneticesttte identify small molecules suppressors of
the neural crest lineage. (Whigt al, 2011) One class of compound, DHODH, led to almost
complete abrogation of neural crest developmentemVaised alone or in combination with a
specific inhibitor of the BRAF V600E, DHODH led tiecrease in melanoma growthvivo as
well as in mouse xenograft studies (Whataal, 2011). The same zebrafish model has been used
to test the ability of genes to cooperate with BRAGDOE to accelerate melanoma (Ceb#l,
2011). In this study, SETDB1, an enzyme that metieg histone H3 on lysine 9 (H3K9), was
found to accelerate melanoma formation signifigamtizebrafish. So far, no fish utilizing a fish
specific braf or a medaka model bearing BRAF V6@@lEation have been generated.

1.4 Stat5

1.4.1 Stat family

Signal transducers and activators of transcripfitats), as the name indicates, comprise a family
of genes that play a role as cytoplasmatic sigmaliroteins and as nuclear transcription factors,
that activate a diverse set of genes, includingesomplied in cancer progression (Lim and Cao,
2006). Seven members of the Stat family have bedentified in mammals: Statl, Stat2, Stat3,
Stat4, Stat5a, Statbb and Stat6 (Santos and Cestard? 2011).

In general, Stats proteins contain between 7508&@damino acids and share 6 structurally and
functionally divergent domains (Fig. 5, reviewed Raukku and Silvennoinen, 2004). The N-
terminal domain (N-term) is important for dimerimat or tetramerization of Stat monomers as
well as for nuclear translocation and protein-grotmteractions. The coiled-coil domain is
involved in the interaction with other proteinskeithe silencing mediator for retinoic acid
receptor and thyroid hormone receptor, leadingawrdregulation of Stat5 activity (Nakajinea

al, 2001). Also present is a DNA binding domain (DBmhich is able to bind DNA in an
activated STAT dimer and is involved in nucleansiacation. In close proximity to the DBD lies
the linker domain (LD), which is involved in tramgational activation. The most well conserved
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domain in the structure of Stats is the SH2 domaimch is necessary for receptor association
and tyrosine phosphodimer formation. The C-termime®rporates the transactivation domain
(TAD), which is poorly conserved among Stats angulates unique transcriptional responses
(Lim and Cao, 2006).

Y S

\
N-term |Coiled coil DBD LD SH2 TAD

Fig. 5. Schematic representation of the humarstats protein domains. Marked tyrosine (Y) and serine (S)
residues represent the two amino acids importarStat5 activation. In human Stat5a and StatSkptisition of this
tyrosine is 694 and 699 respectively. The seringomant for Stat5 activation lays on position 78human Stat5a
and 731 in StatSb. N-term = N-terminal domain; DBIDNA binding domain; LD = linker domain; SH2 = SH2
domain; TAD = transactivation domain.

Stat proteins have central roles in cell differatidin and cell growth (Paukku and Silvennoinen,
2004). In addition to their central role in norneall signalling, recent studies have demonstrated
that diverse oncoproteins can activate specifictsStapecially Stat3 and Stat5) and that
constitutively activated Stat signalling directlgrntributes to oncogenesis (Bowmetral, 2000).
TGF-3 and PI3K/PTEN are controlled by Stat5 action (Egrb and Moriggl, 2011).

The two Stat5 genes present in mammals, StatS5&&tb, are very closely related. They share
over 90% identity and diverge only at their C-temos (Paukku and Silvennoinen, 2004). Statb
(Stat5a) was first identified as a prolactin-indliceammary gland factor (Gouillew al, 1994).
Soon after, another closely related gene (StatBis)identified in mice (Liwt al, 1995). Stat5a is
the predominant form in mammary gland, while Statblnore prominently expressed in liver
(Paukku and Silvennoinen, 2004). Stat5a knockogerfail to develop mammary glands due to
loss of prolactin responsiveness (Léti al., 1997). By contrast, Statbb knockout mice have
sexually dimorphic growth retardation (Udtlyal., 1997).

Two Stat5 homologues have been identified in zédrdby Lewis and Ward in 2004, named
Stat5.1 and Stat5.2. These authors suggest thaartbestral Stat5 gene has undergone two
independent gene duplication events to generat&at.3 paralogue in zebrafish and a Statba
paralogue in mammals. However, no functional amslysgas done in this work and no study
focusing on medaka Stat5 genes has been perfororfed. s

1.4.2 Stat5 activation

Stat5 proteins, like all Stat members, are actovatedifferent cytokines, including interferon and
interleukin, as well as growth factors and hormofBsemberg, 2001). Binding of growth factors
and cytokines to their receptors results in thevatbn of intrinsic receptor-tyrosine-kinases ér o
receptor-associated kinases, such as the JanusekidAK) or the SRC tyrosine kinase. These
kinases subsequently phosphorylate the cytoplagmait of the receptor, which recruits
monomeric Stat proteins to the receptor. Recruidis themselves become subsequently
activated by phosphorylation, dimerize and trareti®do the nucleus, where they can directly
regulate gene expression (Yu and Jove, 2004).
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Two constitutively activated versions of mouse Sthave been identified. The first mutation
identified was a Stat5a version bearing two amicid aubstitutions: H299R located in the DNA
binding domain and S711F present in the transadativalomain (Onisheét al, 1998). This mutant
protein is constitutively phosphorylated at itsogine residues and is transcriptionally active even
in the absence of stimulation. The same mutationStat5b have similar effects (Onigdtial,
1998). In addition, a single point mutation in t&#2 domain, N642H, gives rise to a
constitutively active Stat5a and Stat5b (Ariyoshal., 2000). On the contrary, a deletion of the
carboxyl-terminal transactivation domain of mousat®™ confers the gene a dominant negative
phenotype (Moriggét al., 1996). These protein versions sustain the DNAlibig activity but fail

in activation, thus leading to a dominant negaptenotype. In zebrafish, a constitutively active
form of Stat5.1 was generated based on these pidyiadentified murine Stat5. Expression of
zebrafish Stat5.1 N646H and H298R/N714F mutantsddabematological perturbations (Lewis
et al, 2006). So far, no animal model has been geneta¢adng any Stat5 constitutive active
version.

1.4.3 Stat5 in cancer

Whereas Stat5 activation is tightly regulated innmal cells, the constitutive activation of tyrosine
kinases in cancer causes continuous activationtath Sleading to permanent changes in the
expression of genes that control fundamental @ellgrocesses (Yu and Jove, 2004). It is
conceivable that multiples factors, such as epigerdanges, regulation by miRNA, altered
proteolytic pathways, gene amplification and abdrrgrowth factor signalling contribute to
activation of Stat5 proteins in human cancers (@arland Moriggl, 2011). Stat5 activation has
been correlated with initiation and/or progressudroreast cancer (Wagner and Rui, 2008) and
prostate cancer (Tan and Nevalainen, 2008). Alstb$athway is frequently activated in lung,
head and neck cancers (Lai and Johnson, 2010).

Correlations of Stat5 with melanoma have been eksem the fishXiphophorus, where the
signalling of oncogenic receptor tyrosine kinaseyk, leads to activation of Stats (Wellbroek

al, 1998). Also, Stat5 phosphorylation in malignanelamoma is important for survival
(Mirmohammadsadegé al., 2006) and contributes to anti-apoptosis in naiaa (Hassedt al,
2008). Besides that, in almost all melanoma ceddj an abundant level of activated Stat5 protein
was found (Morcinelet al., 2002). A dominant-negative form of Stat5 leadsapoptosis and
inhibits melanoma cell growtim vitro (Hassekt al., 2005)

1.5 C-myc

1.5.1 Myc family

The humarmyc gene family, comprising-myc, mycN andmycL, contains a basic  helix-loop-
helix leucine zipper (BHLH/LZ) domain (Fig. 6). Mygrotein through its BHLH domain can
bind to DNA while the LZ allows the dimerization twiits partner Max, another BHLH
transcription factor (Eilers and Eisenman, 2008)e basic region motif is the region involved in
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determining sequence-specific DNA binding (Ryan Birdie, 1996). Sub cellular localization to
the nucleus is encoded primarily by the nucleaaliaation region (Meyer and Penn, 2008). The
transactivation domain acts as a transcriptiorvatir (Ryan and Birnie, 1996).

Transactivation Nuclear Basic Leucine
domain Localization Region Ziper

Fig. 6. representation of the humarC-myc protein domains.

Genes of thenyc family are considered to be proto-oncogenes duaised activity in a variety

of human cancers following alterations in theiusture or changes in expression. One example is
Burkitt lymphoma, where the t(8;14)(q24;32) tramsitton placesmyc in juxtaposition with
regulatory elements of the immunoglobulin heavylight chain genes (Klapproth and Wirth,
2010). Deregulated expressionminyc has also been detected in a large variety of dtharan
cancers, like breast and colon cancer, small galy lcarcinoma and neuroblastoma (reviewed in
Nesbitet al, 1999).c-myc overexpression (Ross and Wilson, 1998) and ineckaspy number
(Kraehnet al., 2001) have been also described in human melamomdecating that C-myc plays
arole in this disease.

1.5.2 c-myc regulation

c-myc expression is strictly controlled, at transcripiband also at translational level (Meyer and
Penn, 2008). In non tumorigenic cellsmyc levels are low and dependent on mitogen signalling
(Grandoriet al, 2000). In most solid human tumoursmgc expression is deregulated and is
thought to promote tumour progression (Yoketal, 1986). C-myc deregulation can be caused
either by retrovirus integration, insertional muwgagsis, chromosomal translocation, gene
amplification, increase in-myc mRNA levels or decrease of C-myc protein stabifor review
see Meyer and Penn, 2008). Although oncogenic atativ of c-myc alone causes uncontrolled
cell proliferationin vitro, cellular transformation requires additional oneaig lesions, like Ras
activation (Jacobst al., 1999), interaction with the anti-apoptotic aittivof Bcl2 and Bcl-x
(Strasseet al, 1990) or loss of the tumour suppressor p53 (Biyal, 1995).

C-myc stability is linked to its phosphorylationatts. Ras controls C-myc stability by
phosphorylating two myc residues, T58 and S62 (etiral.,, 2000). Also, C-myc is
phosphorylated at S71 by a Rho-dependent kinasen(kVet at, 2003). Besides that, Myc
function is controlled post translationally by $ysine residues that are direct substrates for p300
mediated acetylation (Zhangt al, 2005) and by ubiquitination stimulating proteosdm
degradation of the protein (Sears, 2004).

1.5.3 C-myc function

The general function of C-myis to act as a global transcriptional regulatortagiing normal
cell proliferation, growth, survival and differeation (Meyer and Penn, 2008). Its main function
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is the activation of gene transcription, which hagp through the formation of a heterodimeric
complex with Max through its C-terminal region whex basic helix-loop-helix and a leucine-
zipper are present (Luscher and Larsson, 1999).-Migx heterodimers bind to genomic E-box
sequences (CACGTG) with high affinity (Blackwood danEisenman, 1991). This
heterodimerization is essential for Myc transfonoat(Amati et al., 1993). After forming a
complex with Max, C-myc also recruits cofactors amdmotes cell cycle progression (Luscher,
2001). Transactivation by C-myc is antagonized bgdMproteins, which heterodimerize with
Max and bind to the same DNA complexes but reamjiressor complexes to the promoter
(Wanzelet al, 2003).

Also, C-myc/Max complexes regulate gene activatimough chromatin remodelling (Amadi

al, 2001). C-myc associates with the co-activator ARR a component that bears
acetyltrasferases (McMahaat al, 1998). After binding to cyclin D2 (CCND2), C-myecruits
TRRAP and induces the acetylation of histone H4clvalters the chromatin structure, allowing
the access and binding of the C-myc/Max completatget DNA sequences (Bouchasdal.,
2001). Besides that, the induction of gene expoessi several other C-myc target genes has
been correlated with histone H4 acetylation (Fretrdt, 2001).

In contrast to its activational role, Myc can alsgpress gene transcription by different
mechanisms. First, C-myc is able to repress trgytgmm indirectly by activating the synthesis of
transcriptional repressor proteins (Waneehl, 2003). Also, Myc-Max complex is recruited to
core promoters through protein-protein interactianth transcription activators that are bound
directly to DNA, including the nuclear factor Y, MKlzumi et al., 2001), SP1 (Garte# al.,
2001) and the Myc-interacting zinc finger 1, MIZPefkertet al., 1997). These protein
complexes are thought to displace co-activatorsraaaiit co-repressors (Wanztlal, 2003).

1.5.3.1 C-myc promotes cell proliferation

In quiescent cellg vitro, c-myc expression is virtually undetectable, but aftetogenic or serum
stimulation its mMRNA expression and protein productare rapidly induced, and cells enter G1
phase of the cell cycle (Pelengadsal, 2002). Myc promotes cell division by activation o
repression of genes that are involved in cell cyrlegression. C-myc induces cyclin-E-CDK2
activity early in the G1 phase of the cell cyclde{Ber et al., 1995) by activating CCND2
(Bouchardet al., 1999) and CDK4 (Hermekingt al., 2000) and repressing genes which are
involved in cell cycle arrest like p15 (Stalkgral., 2001) and p21 (Perez-Rogtial, 1999). Myc

is thought to contribute to tumorigenesis througinestrained cellular growth and proliferation
(reviewed in Arvanitis and Felsher, 2006).

1.5.3.2 C-myc induces apoptosis

Two major pathways by which C-myc induces apoptdsve been uncovered. First, C-myc
induces expression of the tumour suppressor pratenArf, which activates p53, which in turn
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activates proapoptotic genes includbax andpuma as well as mediators of cell cycle arrest such
asp21CIP1 (Larsson and Henriksson, 2010). Also, C-myc regge®xpression of anti-apoptotic
members of thdocl-2 family including bcl-x and bcl-2 (Eischenet al, 2001). Apoptosis is an
important cellular mechanism against cancer foromatirhus, the loss of pro-apoptotic genes,
such asp53, Arf and Bax, or overexpression of anti-apoptotic genes, suchck® and bcl-x,
cooperate witlt-myc to accelerate tumorigenesis (Eischatral, 1999 and 2001).

1.5.4 c-myc model organisms

To better understand C-myenction, model organisms, like transgenic micerengeneratedC-
myc null mice fail to develop normally and die at endomic day 9.5 — 10.5 with abnormalities of
the heart, neural tube and pericardium, therebystgpthe crucial requirement of C-myc for
embryonic survival and its role in organ developtn@avis et al, 1993). A conditional e¢ayc
knockout mouse, using the Q@< technology, provided extra knowledge abaunyc role
during cell cycle control, organ and body size oanfTrumppet al., 2001).

Different mouse models that enable temporal contlC-myc activation after tamoxifen
treatment were developed by fusing tthveyc gene to a mutated form of the ligand binding
domain of the estrogen receptor (ER, Eileral, 1989). This mutated ER does not bind to beta
estradiol, its natural ligand, but instead bindsatmoxifen (Feilet al., 1996). In the absence of
tamoxifen, the protein fused to ER is bound to lleat shock protein 90 (Hsp90, Tiahal.,
2006) and is located at the cytoplasm, hence wac®n administration of tamoxifen, Hsp90 is
displaced leaving the transcription factor freetranslocate to the nucleus and activate target
genes.

C-mycER activation in the suprabasal epidermis utige control of the involucrin promoter is
sufficient to induce cell cycle entry of post-mitokeratinocytes and to block differentiation
(Pelengariset al, 1999). In this study, sustained C-myc activation 21 days resulted in
epidermal hyperplasia and induction of angiogenesig no C-myc induced apoptosis was
observed. Interestingly, C-mycER activation in paatic islet3-cells under the insulin promoter
results predominantly in apoptosis (Pelengatisal, 2002). Another ER model was used to
investigate the effect of timed C-myc activationtire basal layer of the epidermis under the
keratin 14 promoter (Arnold and Watt, 2001). Instmodel, C-myc forces cells out of the stem
cell niches stimulating epidermal proliferation.

In addition to genetically engineered myc mouse @mdzebrafish C-myc models have been
generated. A T-cell acute lymphoblastic leukemigA(DL) model was generated using a human
C-myc version under the control of the lymphoidl sglecific rag2 promoter (Langenast al.,
2003). This model was later improved by conditignirmyc expression using Cre/lox (Langenau
et al, 2005) and heat shock promoter systems (feeiafj 2007). Recently this zebrafish T-ALL
model has been extended for a tamoxifen inducibtsign of myc under the control of thag2
promoter (Gutierrezt al, 2011). Although very important for understandidgnyc functionin
vivo, these zebrafish models have been generated ttengiouse or human gene instead of
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utilizing the species-specific orthologue, therefagnoring possible species-specific functions of
C-myc. So far, no investigation of meda&anyc genes has been performed and facilitate the
possibilities to investigate evolutionary and gah&unctional aspects of Myc.

1.6 Aims

As discussed above, melanoma is one of the mosggedauns forms of cancer. Consequently, it is
essential to investigate the function of genetatdes known to be involved in this malignancy in
more detail. The first aim of this work was to istigate known downstream signals of Xmrk
contributing to the tumour phenotypa vivo in the medaka system. To accomplish this, |
identified, cloned and produced different medakaggenic lines expressing oncogenic factors in
pigment cells under the control of timétf promoter.

The first target was to identify the complete med&@KAF gene and to clone it. Subsequent
sequence modifications should result in a constaattivated BRAFversion, similar to BRAF
V600E in humans. BRAF is found mutated in high diecice in human tumours like malignant
melanoma and thyroid cancer (Davetsal., 2002). | also wanted to produce transgenic Jines
bearing both medaka BRAF versions under the coofrtie MITF promoter. These lines should
bring new insights on how BRAF functions modulaignpent cellsn vivo, since for the first time

a fish BRAF would be analysed.

A second target for investigation was medaka Statih StatSb. Stat5 is essential for Xmrk
induced invasive progression of melanoma (Screirtéil., 2010). Identification, cloning and
production of transgenic medaka lines utilizinghobtedaka orthologues of these two genes
should be helpful to understand how Stat5 functiamgscorrelated to melanoma invasiveness
vivo and how both versions diverge between each othesidBs that, for the first time a living
organism carrying constitutive active and dominaegative versions of these genes would be
produced. These lines will additionally help tongrinew insights on how activation or lack of
Stat5 affects the physiology of a living organisikor example, these fish would allow
investigation of angiogenesis processes in canbahware not possible in cell culture.

The integration of medaka genetics with the lammst available to study cancer will provide a
wider understanding on cancer formation in genérat.example, medaka fishes are suitable for
high-throughput chemical screens. In addition,lthes generated here will constitute promising
models to test new genes as a cancer therapy aecst, medaka fishes can be easily crossed
with cancer developing lines, like the melanomaettgmng Xmrk fishes. Also, medaka fishes can
be used in genetic screens to detect new tumoyrasgors or genetic modifiers in melanoma
development.

A third aim of this work was to investigate vivo c-myc, a well known regulator of cell cycle
progression and potential oncogene. C-myc expnessimmduced by activation of Xmrik vitro
(Svenja Meierjohann, personal communication) andy niak Xmrk induced melanoma
progression and cell cycle regulation. Due to m®wn harmful developmental effedts vivo
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after activation, | wanted to create a medaka madiiking a genetically modified species
specific C-myc version with strictly controllabletavation. Detailed analyses on proliferation and
apoptosis potentials in individuals of these limék result in insights into cell fate decisionsdan
potential tumour initiation after C-myc deregulatio
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2. MATERIALS

2.1 Chemicals and reagents

Basic chemicals were purchased from MERCK, Sign@riéh and Roth. Specific chemicals are

listed in the table above.

Compound Supplier

1 kb DNA ladder Fermentas
100 bp DNA ladder Fermentas
4-OHT (4-Hydroxytamoxifen) Sigma-Aldrich
Agarose Roth

Albumin bovine serum PAA
Aprotinin Sigma-Aldrich

Bacto® agar

Bacto® tryptone

Bacto® yeast extract

Bradford reagent

BrdU (5-bromo-2°-deoxyuridine)
Chelex

Chloroform

Choleratoxin

deoxycholate

DIG RNA labeling mix

DMEM

DMSO

DNA oligonucleotides

DNTPs (Deoxynucleotides triphosphate)
Ethidium bromide

EtOH

FCS

FCS gold

Fetal bovine serum

Fitc-dextran

FLU RNA labeling mix

FuGENE HD transfection Reagent
Gel Loading Buffer II”

Glutamine

Heparin

Hoechst

IPTG (isopropyl-R3-thiogalactopyranosid)
Leibovitz 15 medium

Leupeptin

N%VO4

NaOAC (3M)

PageRuler™ prestained protein ladder
peqGOLD TriFast

Phenol

Phenol red

Roti® Histo kit Il

Roti® Histokit I

Rotiphorese® Gel 40 (37.5:1)
RPM1 medium

Sheep serum

A. Hatenstein
A. Hatenstein
A. Hatenstein
Sigma-Aldrich
Sigma-Aldrich
Bio-Rad
Roth
Sigma-Aldrich
Sigma-Aldrich
Roche
Invitrogen
Roth
Sigma-Aldrich
Fermentas
Roth
Sigma-Aldrich
PAA
PAA
PAA
Sigma-Aldrich
Roche
Roche
Ambion
PAA
Sigma-Aldrich
Invitrogen
Roth
Gibco
Sigma-Aldrich
Sigma-Aldrich
Roth
Fermentas
Peqglab
Roth
Sigma-Aldrich
Roth
Roth
Roth
Gibco
Sigma-Aldrich
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Torula-RNA Sigma-Aldrich

TPA PAA
Tricaine Sigma-Aldrich
Triton X-100 Roth
Tween® 20 Roth

X-gal (5-bromo-4-chloro-3-indolyl-beta-Dr Sigma-Aldrich
galactopyranoside)
Xylene Roth

2.2 Antibiotics

Antibiotic | Supplier

Ampicillin Roth
Kanamycin Roth
Streptomycin | Invitrogen

Penicillin Invitrogen

2.3 Enzymes

Enzyme Supplier
Ligase Fermentas
Meganuclease Fermentas
Pfu DNA polymerase Fermentas
Proteinase K Roth
ReproFast polymerase Genaxxon
Restriction endonuclease Invitrogem, NEB, Fermentas
Sp6 Polymerase Roche

T7 Polymerase Roche

2.4 Antibodies

2.4.1 Primary antibodies for western blot (WB) andmmunofluorescence (IF)

Antibody anti- | Species/isotype | Dilution for WB | Diluion for IF | Supplier

ER IgG Rabbit - 1:500 Santa Cruz
B-actin IgG Mouse 1:10000 1:10000 Santa Cruz
BrdU IgG Rat - 1:250 Serotec
phospho MAP IgG Rabbit 1:5000 - Cell signalling

2.4.2 Primary antibodies forin situ hybridization

Antibody anti- | Specieslisotype | Dilution| Supplier
fluorescein Sheep 1:20000 Roche
digoxigenin Sheep 1:2000, Roche

2.4.3 Secondary antibodies
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Antibody anti- | Properties | Dilution for WB | Dilution for IF | Supplier
Mouse IgG Peroxidase-couple 1:3000 - Thermer8ific
Rabbit 1gG Peroxidase-couple 1:10000 - Bio-Rad
Rat IgG Alexa 568-coupled - 1:250 Serotec
Rabbit Alexa 488-coupled - 1:3000 Invitrogen
2.5 Disposables and kits
Products Supplier
TOPO TA cloningKit Invitrogen
GenElute’ Gel Extraction Kit Sigma-

Aldrich
GenEluté’ HP Plasmid Miniprep Kit Sigma-

Aldrich
GenElute’ PCR Clean-Up Kit Sigma-

Aldrich
GenElute’ HP Plasmid Miniprep Kit RevertAid" | Fermentas
First Strand cDNA Synthesis Kit Fermentas
ApopTag Redn Stu Apoptosis Detection Kit Milipore
NucleoSpin RNA Clean up Kit QIAGEN

2.6Laboratory equipments

Device

Model/ Supplier

Microinjection
Microinjector
Micromanipulator
Stereo microscope
Capillary puller
Glass capillaries

Documentation
Microscope

Stereo microscope

Confocal microscope

PCR and Gel electrophoresis

TGradient PCR machine

MyiQ™ Single-color Real-time PCR Detection
system

Gel chambers

Power supply

Thermocycler

Centrifuges
Tabletop

FemtoJet and Microinjector 5242, Epgerf
Leitz
Stemi SV6 and SV11, Zeiss
Kopf vertical pipette puller model 720, Bachhofer
GC100F-10; Harvard Apparatus

Axiophot POL, Zeiss

Fujix hc-2000, Fujifilm

Leica CTR 6000

SMZ1000, Nikon

CC-12 FW Soft imaging system, Olympus
Nikon eclipse Ti, Nikon

Biometra
Bio-Rad

Department’s workshop

EPS 301, Amersham-Pharmacia biotech
TGradient, Biometra (Goettingen) and DNA
Engine Dyad

thermal cycler, Biorad (Hercules, CA)

Centrifuge 5415D and Centrifuge 5415R with rotor
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High-speed

Lab equipment
Incubator

Water bath

pH meter

Balance

Shaker
Spectrophotometer

Thermal block
UV-sterilizer
Vortex

Pipettes

Ultra turrax T5 Fu

2.7 Olinonucleotides

F45-24-11,

Eppendorf

Sorvall RC-5B with rotor GSA and SLA-1500
rotor, DuPont

(Bad Homburg) and MinifugeRF, Heraeus

B5050E, Heraeus
Model 1083, GFL
pH523, WTW
BP, Kern and Sohn
Reax3, Heidolph
BioPhotometer, Eppendorf
UV-visible- Spectrophotometer, Varian
Thermomixer compact, Eppendorf
GS Genelinker, Biorad
Vortex genie, Scientific industries INC.
Pipetman, Gilson
IKA

Oligonucleotides were synthesized and purchased Sigma-Aldrich in HPLC quality.

2.7.1 Olinonucleotides for cloning and screening

Primer

Sequence (5°-3)

Ory_BRAF_ATG_fish_FOR
BRAF_mdka_R1
BRAF_mdka_F2
BRAF_mdka_R2
BRAF_mdka_F3
BRAF vl mdka R
BrafHindlIIIHAFLAGSpelFOR

BrafHindlIIHAFLAGSpeiREV
BRAFV614Efor
BRAFV614Erev

Statbab/a_mdka_left
Statbab/aR1
Statbab/aF1
Statbab/aR2
Statbab/aF2
Statbab/a_mdka_right
StatSab/b_mdka_left
Statbab/bR1
Statbab/bF1
Stat5ab/bR2
Stat5ab/bF2
Statbab/b_mdka_right

GCTCGAGATGGCGGCGTTGAGC
TTGACACGAGCAACAAATCC
TGATGAGGGGACTCATACCC
GGTGACGTTCAGCATCTTCA
CAACGTCAAAGTCCCACAGA
CCCAAGCTTCTTAAATGCAGAAAACTCCCC
AGCTTTCACTTGTCATCGTCGTCCTGTAGTCAGCGTAAT
CTGGAACATCGTATGGGTAG
AGCTCTACCCATACGATGTTCCAGATACGCTGACTACAA
GGACGACGATGACAAGTGAA
GGAGACTTTGGCCTGGCGACCGAAAAGAGCCGCTGGAG
GGCTCC
GGAGCCACTCCAGCGGCTCTTTTCGGTCGCCAGGCCAA
GTCTCC
GCTCGAGATGGCCGTGTGGATCCA
TGACCAATGCCGAGATGATA
AAACGATTTGGCAAAACAGG
TGCGGCTTTAGATGCTTTTT
GCCTTTCCTTGTGCCAGATA
GGAATTCGGGACTGCTGGCCCCC
GCTCGAGATGTCCCTGTGGATCCAGG
CTCACACCAGGACTGCAGAA
CTTACCAGAGAGGCCAGCAC
GCGGCTTCAGATGTTTCTTC
AGTTGGGTTTCCACGTCAAG
GGAATTCGTTGCTGGCTGCTCCACT
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Full length medaka c-myc17 for
Full length medaka c-myc17 rev
MF_eflal-f02

MF_eflal-r02

Full length medaka c-myc for
Full length medaka c-myc rev
Haflag for

Statb5ab/a sibling screen rev
Stat5ab/b sibling screen rev
BRAF sibling screen for

BRAF sibling screen rev

c-myc sibling screen for

c-myc sibling screen rev
MITF_screen_FOR
Statbab/a_N646H_For

Statbab/a_N646H_Rev
StatSab/b_N647H_For
Statbab/b_N647H_Rev
Statbab/a_neg_Rev

Statbab/b_neg_Rev
mdk_cmyc20_gap_for

ATTGCTAAGCTTATGCCACGTGTTATC
TTCGTG GATCCCCATGTABTCCTGAGCTGCT
GCAAGGGCTCCTTCAAGTACGC
CAGCAGCGACAATCAGCACAG
ATTGCTAAGCTTATGCCACCTGTTATC
TTCGTGGATCCCCATGTAAAGTTGAGCTGCT
ATGTACCCATACGATGTTCCAGA
ACCTCGATGGGAAAATGTTG
ATAATGCCGCACCTCTATGG
TACCACCACCTGCACATCAT
TGGGTAGAGCTTCTTAAATGCAG
ATCCTGAGAAAGGCGACAGA
AAGGACAAGGCAGGGCTATT
AGGGGAAGCCTGATGTCTTT
GCAGGTGAGCGAATGGTCTGGCATTTAATGATACACA
ACCAAA
TTTGGTTGTGTATGGCATTAAATGCCAGABTTCGCTCA
CCTGC
CAAGGGGAAAGACTGGTATGGCACTTATTARIGTACACC
ACCAAA
TTTGGTGGTGTACGGTAATAAGTGCCATABGTCTTTCC
CCTTG
TCATGAGGCGCCTTGATCCA
TCACAGGATGTTGTCACCGACC
CCAAGCTGAAGAAGGTGGTC

mdk_cmyc20_gap_rev

2.7.2 Oligonucleotides used for quantitative reaketPCR

TCCTCTTCCTCCTGGTCCTC

Primer Sequence (5-3) ENSEMBL code
Statbab/a_rt_for | AGTGTCGGAAGCAACGAACT ENSORLG00003961
StatSab/a_rt_ rev| CCGGTAGTCGTCAGGATTGT

Stat5ab/b_rt_for | ACGGGAGTCAGGACAACAAC ENSORLG0000@IB35
Statbab/b_rt rev| GCGGCTTCAGATGTTTCTTC

BRAF _rt_for GCCTGGCAACAGTCAAATCT ENSORLG00000009843
BRAF _rt_rev ACAGTCAGCCATCAGCCTCT

CDKN2_rt_for ATGATGATGGGGAACTCCAA Primer from Briglia Wilde
CDKN2_rt_rev GATGTTCACCGAAGCTCCAT

eflal rt for
eflal rt_rev
ODC1 _rt_for
ODC1 rt_rev
CBX3_rt_for
CBX3_rt_rev
CCT5_rt_for
CCT5_rt_rev
EIF3S8_rt for
EIF3S8 rt_rev
METTLL rt_for
METTL1 rt_rev

GCCCCTGGACACAGAGACTTCATCA
AAGGGGGCTCGGTGGAGTCCAT
TGACAATGCCAAACTGGTGT
CCAGCTCCTCACCCATATCA
CGTCTCGTCAATGGGAAAGT
TGTCTCTGGCTCATCTGTGG
GGTAAATCGGGCTGCAGATA
GCTTTTTGGCGATCAGAGTC
GGAGAGGAACGCAGAACAAG
GTGATGGAACTGCTTGCTGA
ACCCAGGGAGTTATGGGAAC
GTGTACACCAAACCCCCAAC

ENSORLGOO@Y 614

ENSORLG00000017758

ENSORLG00000007692

ENSORLG00000007700

ENSORLG000000063

ENSORLG000000151
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2.8 Plasmids

2.8.1 Standard vectors

Vector Properties Promoter Reference/Supplier
pCR® 2.1-TOPO® Amp, Kan T7, T3, Sp6, M13fwd, | Invitrogen

M13rev, Kan
pl-Scel MITF MITF From Isabell Erhard
pCDNA3 Amp Cmv Invitrogen
pCSKA Estrogen receptor unknown From Manfred Gessle

2.8.2 Vectors generated

in this work

Plasmid Cloning strategy/reference
BRAF pCR2.1 Chapter 4.1.1.1
BRAF V614E pCR2.1 Chapter 4.1.1.2
BRAF pl-Scel Chapter 4.1.1.3

BRAF V614E pl-Scel
BRAF pCDNA3

BRAF V614E pCDNA3
StatSab/a pCR2.1
Statbab/a N646H pCR2.1
StatS5ab/a DN pCR2.1
Stat5ab/a pl-Scel
Statbab/a N646H pl-Scel
Stat5ab/a DN pl-Scel
StatS5ab/b pCR2.1
Statbab/b N647H pCR2.1
Stat5ab/b DN pCR2.1
Stat5ab/b pl-Scel
StatS5ab/b N647H pl-Scel
Stat5ab/b DN pl-Scel
c-mycl7-ER pCSKA
c-mycl7-ER pl-Scel

2.9 Bacteria strains

Strain Properties

Chapter 4.1.1.3
Chapter 4.1.1.3
Chapter 4.1.1.3
Chapter 4.2.1.1
Chapter 4.2.1.3
Chapter 4.2.1.3
Chapter 4.2.1.4
Chapter 4.2.1.4
Chapter 4.2.1.4
Chapter 4.2.1.2
Chapter 4.2.1.3
Chapter 4.2.1.3
Chapter 4.2.1.4
Chapter 4.2.1.4
Chapter 4.2.1.4
From Cornelia Schmidt
Chapter 4.3.1

Supplier

XL1- recAl, lac-, endAl, gyrA96, thi, hsdR17 (rk-, mksjpE44, relAl,| NEB

blue A-,

[F',proAB, laclqZz,AM15, Tn10 (tetr)]

DH5a SupE44 AlacU169 (80laxZAM15) hsdR17recAl endAl gyrA96 NEB

thi-1relAl

2.10 Eukaryotic cell lines

Strain | Souce/Reference

Melan A | Bennettt al, 198
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2.11 Hardware

Microsoft system

2.12 Softwares

Word-processing Microsoft Word 2007 (Microsoft)
Ultraedit-32 (IDM Computer Solutions)
Graphics CorelDRAW X4 (Corel)

ImageJ (NCBI)

NIS elements imaging software

Statistics Microsoft Excel 2007 (Microsoft)
Vector database Vector NTI advance 10 (Invitrogen)
Sequence alignment BioEdit and ClustalW
Phylogenetic analysis Mega 5.0

Bibliography Mendeley Desktop (Mendeley Ltd.)

2.13 Internet resources

ENSEMBL http://www.ensembl.org/index.html
NBRP medaka http://www.shigen.nig.ac.jp/medaka/
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3. METHODS
3.1 Animal maintenance

Wild type medaka embryo®(yzas latipes) of the carbio strain (WLC# 2674) were raised as
described by Kirchen and West (1976) under stantidrdratory conditions at 26°C. Embryos
were staged by morphological characteristics adegrdo lwamatsu (2004). All procedures
involving experimental animals were performed imgtiance with local animal welfare laws,
guidelines and policies.

3.2 Microbiological methods

3.2.1 Sterilization

Solution, media and buffers were sterilized by alazing at 121 °C and 138 kPa for 80 min.

3.2.2 Bacterial cultivation and long time storage

For bacteria cultivation, Luria-Bertani (LB) mediunwas used containing appropriate
concentrations of antibiotics (60pg/ml ampicillin ® pg/ml kanamycin) for colony selection
according to vector requirements. Cultivation wasigrmed over night at 37°C with permanent
shaking.

Luria-Bertani-medium (LB)
109/l bacto-tryptone
5g/l bacto-yeast extract
10g/I NaCl
After dilution in dHO, a pH 7.4 was adjusted and the solution wasckawed

For long term storage of bacteria, 80@f a freshly prepared bacteria suspension wepeedni
with 20Qul sterile glycerol in a safe lock vial, frozen igdid nitrogen and stored at -80°C.

3.2.3 Preparation of competdntoli cells

For production of chemically competent bacterigjrale colony from XL1-Blue or DHbgrew
overnight in 1ml LB medium. The next day, this laullture was added into 100 mL of LB
medium and incubated under constant shaking at 38Rt optical density (OD600) reached a
value between 0.3 and 0.5. After 15 min incubabanice, the solution was centrifuged for 10
min at 4°C 600 rpm. The supernatant was discardddlee pellet was resuspended in 20 ml ice-
cold 0.1 M calcium chloride solution. After 30 mimcubation on ice, the bacteria solution was
centrifuged for 10 min at 4°C 600 rpm. Then, th@esnatant was discarded again and the
bacteria pellet was resuspended in 10 ml of icd-cédll M calcium chloride/20% glycerol
solution. The competent bacteria were divided 880 pl aliquots and stored at -80°C.
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3.2.4 Transformation of competent bacteria

For plasmid transformation into chemically competeacteria cells, 100 pl competent bacteria
thawed on ice and 1-10 ng of DNA plasmid were addad After 30 min of incubation on ice, a

heat-shock was performed at 42°C for 90 secontlewied by another step on ice, this time for 2
min. Subsequently, 1 ml LB-medium was added andbteteria were incubated for 1h at 37°C
under constant shaking. For selection, this salutias platted on LB-agar plate containing the
appropriate antibiotic (60pg/ml ampicillin or 50/pd kanamycin). For blue-white selection, 40

pl of 40 mg/ml IPTG and 40 pul 20mg/ml of X-gal wesgread 20 min before use on top of the
plates. Agar plates were incubated ON at 37°C.nHthDNA was isolated using gen Elute

plasmid mini-prep kit (Sigma-Aldrich).

LB agar
15g/liter bacto-agar dissolved in LB medium

After autoclaving and LB agar medium cooled downd@C, | added desired antibiotics (60pg/ml
ampicillin or 50 pg/ml kanamycin). Subsequentlyuli) LB agar was poured into petri dishes and
cooled down to RT to polymerize.

3.3 Cloning

Cloning of full length medaka BRAF, Stat5ab/a andt@ab/b coding sequence (CDS) were
performed with Pfu DNA polymerase (5U/ul, Fermeptasing cDNA pool from different
medaka organs. Before the last amplification s@epyll of dream Taq (5U/ul, Fermentas) was
added to the reaction to add an adenine overhangdoing purpose. Each gene was cloned in
three parts into the plasmid pCR 2.1-TOPO (invierog

Full length CDS medakemyc, of the gene coppresent on chromosome 17, was PCR amplified
and further sub-cloned into the vector pCSKA camtaj the mouse estrogen receptor. This work

was done by Cornelia Schmidt from Manfred Schat#lsoratory, who kindly provided me the
vector to work with.

3.3.1 Sequencing

Each cloned fragment, as well as full length seqesrirom all genes cloned in this work, was
confirmed by DNA sequencing carried out by GATCteah.

3.3.2 Ligation

For ligation reaction, 2 to 5U of T4 DNA Ligase (Feentas) were incubated with corresponding
buffer either at RT for 2 hours or ON at 16°C.
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3.3.3 Enzymatic DNA digestion

For enzymatic digestion of DNA fragments or plassnid to 5U of restriction enzymes from
different companies for uig of DNA were incubated with corresponding buffatsoptimal
temperatures according to manufacturer’s standardsto 10 hours.

3.3.4 Oligo cloning to include HA and Flag tags

Oligos were designed with respective 5’ prime oaedhfor desired restrictions enzymes. Primers
were annealed as follows: 5ul of each primer (100p MdH,O) were heated up to 95°C for 300
sec, and then temperature was slowly decreased2iC (minus 5°C each 30 sec). Plasmids
were cut with corresponding restriction enzymes puedipitated as follows:

15ul of cut plasmid (~1uQ)
1.5ul 3M NaOAC
45ul 100% EtOH

This solution was incubated for 1 hour on ice. AB8 min 14000 rpm (in Centrifuge 5415R with
rotor F45-24-11, Eppendorf) centrifugation, the esmatant was discarded. The next step was to
wash with 70% EtOH, centrifuge 15 min 14000 rpm aitard supernatant. The DNA pellet
was air dried and dissolved in annealed oligonuitles. After that, 5U of ligase (Fermentas) and
1.2 pl of corresponding ligase buffer were adddie $olution was left ON at RT. On the next
day, 2ul or 5 pl of this ligation were transformetb competent bacteria and plated for screening.

3.3.5 Site directed mutagenesis

To be mutagenized, genes were amplified in two P&Rtions, one amplifying from the ATG
Start codon until 21 nucleotides downstream theonotb be mutated, which introduces a
mutation during the first cycle of the reaction doy engineered mis-match. The second PCR was
performed using primers binding 21 nucleotides ngash the codon to be mutated until the stop
codon, also introducing the desired mutation. Beea®CR employs exponential growth, after a
sufficient number of cycles the mutated fragment @ amplified sufficiently to jut from the
original. Both PCR fragments were purified from AETgel using GenEluté Gel Extraction Kit
(Sigma-Aldrich). Both purified PCR fragments coniag the desired mutation were used as
template for a new PCR reaction to amplify fulldém gene containing the desired mutation that
leads to specific amino acid change.
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An example of the first PCR reactions, where theol@hgene is amplified in two different
fragments to add the mutated nucleotide is listan/e:

16.875ul  HO

2.5ul  Buffer (Pfu buffer, Fermentas)
lul MgSQ(25mM)
1pul DNTP (2.5mM)
1ul  Primer forward (10pMOL)
1ul  Primer reverse (10pMOL)
1pl cDNA (1pg/20ul)

0,5ul  DMSO

0.125ul  Pfu Polymerase (5U/ul)

An example of the second PCR reaction, where thiéigui PCR products are used as a template
to amplify the whole gene bearing the mutated raie is listed above.

23.75ul  HO

5ul  Buffer (Pfu buffer, Fermentas)
4ul  MgSQ(25mM)
5ul  Purified PCR product from ATG to mutaigémg primer
5ul  Purified PCR product from mutagenizimgrer to stop codon
2ul Primer forward (10pMol)
2ul - Primer reverse (10pMol)
2ul - DNTP (2.5mM)
1yl DMSO

0.25ul  Pfu Polymerase (5U/ul)

A standard program for the PCR thermo cycler fahlyeactions was:

reaction step temperature time
pre-heating 95°C 5’
denaturation 95°C 30s

primer anealing 50-62°C30s 40x
elongation 72°C 180s

final elongation 72°C 5°

Oligonucleotides were engineered for mutagenesftslisvs. Each primer was comprised of 45
nucleotides corresponding to the codon to be mditael nucleotides corresponding to 7 codons
downstream and 7 codons upstream of the targetébaacid to be mutated. The nucleotides
corresponding to the 5 first and the 5 last amitidsawere 100% conserved to the template. The
nucleotides corresponding to the 5 amino aciddiénniddle of the primer should be as different
as possible without changing the codon sequena&péxor the amino acid to be mutated. The
reason for this is to avoid hybridization of thegoral sequence (without the mutation) in the
second round of PCR to amplify the full length saue.
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3.4 Molecular biology standard methods

3.4.1 Plasmid DNA amplification and isolation

For plasmid DNA amplification, a single colony waslected from agar plates. Overnight
bacterial cultures were set up for mini-preparatising GenEluté HP Plasmid Miniprep Kit
from Sigma-Aldrich according to manufacturer’'s al. Purified DNA was dissolved in 50ul
of deionized water.

3.4.2 DNA purification

For purification from PCR reactions and cleanind®A from solution containing proteins, ion
and other impurities GenElutePCR Clean-Up Kit (Sigma-Aldrich) was used accogdio
manufacturer’s protocol.

3.4.3 DNA extraction

For genomic DNA extraction from 30-50 medaka embrgb a desired age were collected into
eppendorf tubes and homogenized in 150ul homogenibuffer using micropestils. After
solution was looking homogenous, 350ul of lysisféuivas added and solution was incubated at
65° for 15 min. After incubation, 250ul of Phenaida250ul of Chloroform was added and
solution was left under constant rocking for 10 n8olution was centrifuged for 10 min at 4000
RPM in a table top centrifuge and the supernatas tnansferred to a new tube. For precipitation,
350ul of Isopropanol was added and solution was$ k@ hours on ice. Centrifugation at 4000
rom at 4°C for 10 min followed by 45 minutes at @80rpm was conducted for gDNA
precipitation. DNA was washed once with 70% EtOHR KLO). After the DNA pellet was dry,
DNA was resuspended in 50ul of dgQH

3.4.4 RNA extraction

For RNA extraction from medaka embryos 30-50 egfisdesired age were collected into
eppendorf tubes and homogenized with solution Bgusiicropestils. 20 pl of 2M sodium acetate
(pH 4.0) and 200 pl of water saturated phenol a@ 1l Chloroform were added and samples
were vortexed. Samples were incubated on ice fan@0and centrifuged at maximum speed (in
Centrifuge 5415R with rotor F45-24-11, Eppendoof) 10 min. Supernatant was taken to another
eppendorf reaction tube, washed with ethanol assuspended in 25 pl DEPG® About 1ug

of RNA was added in DNAse master mix for treatmeith DNAse for 30 min at 37°C.

Solution D 23.4g guanidine thiocyanate
1.67ml 750 mM sodium citrate
2.5ml 10% sarkosyl
27.8ml  ddH20
add 7.2@/ml Beta-mercaptoethanol just prior to use
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DNAse Master-Mix  10ul DNAse buffer (Fermentas)
Sul DNAse (1 U{d, Fermentas)
2.5u RNAse inhibitor (Fermentas)
add ddHO to 10Qul

For RNA extraction from different tissues, medakshés were anesthetized with tricaine
(100mg/L, MS-222, Sigma) and subsequently killeele&ed organs were homogenized in 100ul
peqGOLD trifast with the Ultra-Turrax and centrieeg10 min 12000 rpm at 4°C. Supernatant
was removed to a new eppendorf tube and 200 phlofaform were added. After 30 sec of
shaking, samples were incubated on ice for 3 mintdbowed by 15 min centrifugation 12000
rom at 4°C. Supernatant was removed to a new eppendbe, precipitated with 500ul
isopropanol and ressuspended in DEROH

3.4.5 DNA and RNA concentration determination

The concentration of nucleic acids was determingdnteasuring the absorption of an aqueous
solution at a wavelength of 260 nm using a spebtragneter. The absorption spectrum was
measured at the range of 240 to 320 nm after hasatigrated the photometer with pure water. The
concentration (c) of the original solution was ci¢dted by the following formula:

DNA ¢ =50 x Asonmx dilution factor pg/ml]
RNA ¢ = 40 x Asonmx dilution factor ig/ml]

3.4.6 Polimerase chain reaction (PCR)

3.4.6.1 Standard PCR procedure

PCR was used for amplification of cDNA, plasmidganomic DNA templates. PCR reactions
were performed using either Dream Taq polymerasen{Entas), PFU polymerase (Fermentas)
or ReproFast polymerase (Genaxxon). Primers use®@R reaction are listed in the section
2.7.1 in materials.
2.5ul buffer (Fermentas)
0.5-1.5ul ethylene glycol or DMSO
0.5-1pl DNTP (each nucleotide at 2.5mM)
0.5-1.5ul MgC} (50mM)
0.75-1ul primer forward (10pMol)
0.75-1pl primer reverse (10pMol)
0.25-1ul cDNA/gDNA
To 25l HBO
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A standard program for the PCR thermo cycler was:

reaction step temperature time

pre-heating 95°C5°

denaturation 95°C 30s

primer anealing 50-62°C30s 30-40x
elongation 72°C 25-300s

final elongation 72°C 5°

A template for PCR reaction is listed above. Theoam of ethylene glycol, DMSO, Mgg&l
primers and DNA used as well as the temperature wetimized for each PCR reaction.

3.4.6.2 Agarose gel electrophoresis

Electrophoretic separation of RNA and DNA was perfed in 1% up to 2% (w/v) agarose gels.
Samples containing DNA were mixed with 10 x DNA gdenbuffer and loaded into the gel. Gel
run was carried out at 80 to 200 V in an electropbis chamber containing 1x TAE-buffer. RNA
samples were mixed with “Gel Loading Buffer II” (Aion) and denatured at 70°C for 10 min
before loading to gel. After separation, DNA andARNere bathed for 5 to 15 min in EtBr for
visualization on an UV-transilluminator at a wavejéh of 254 nm.

(10x) DNA loading buffer 25mg  bromphenol blue
25mg  xylene cyanol
3ml  glycerol
2ml 0,5M EDTA
Iml  10% SDS
Add ddHO to achieve final concentration of 10ml

(50x) TAE buffer 242g  tris base
57.1ml acetic acid

100ml 0,5M EDTA
Add ddHO to achieve final concentration of 1 litre

3.4.6.3 Gel extraction of DNA fragments
To purify DNA fragments separated by gel electropbis, the desired band was cut out of the

gel and extracted with GenEllteGel Extraction Kit (Sigma-Aldrich). Purified DNA as
dissolved in 10 to 20l ddH0.

3.4.6.4 cDNA synthesis

Single stranded cDNA was synthesized using 1pgNA Rsing RevertAid™ First Strand cDNA
Synthesis Kit (Fermentas) using oligo dT primersoading to supplier’s protocol.
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3.4.6.5 Quantitative Real Time PCR (gPCR)

For qPCR detection primers were developed flankiegfusion point of exon/intron boundaries.
cT values were relatively calculated to the housepikng geneflal (ENSORLG00000007614).
All gPCR experiments were performed in MylQSingle-color Real-time PCR Detection system
(Bio-Rad). Primers used in qPCRs are listed insébation 2.7.2 in materials.

A standard gPCR mix consisted of:

17,75u1 H20
1ul MgCI2 (50mM)

0,7 uI DNTPs (10mM each)
0,75 ul SYBR green (1:2000 in DMSO)
0,25 pl Fitc (1:2000 in DMSO)

2.5 ul 10X PCR buffer (Fermentas)

0,3 pl Dream Tag-Polymerase (Fermentas)
0,75 ul Primer fwd
0,75 ul Primer rev
0,25 ul Template

A standard program for the gPCR thermo cycler was:

95°C 3 min
95°C 10s 40
60°C 30s cycles
with subsequent melting curve analyses

The different amount of target, normalized to thelayenous referencef{al) and relative to a
calibrator, is given by: 2*“". Where:AACt = ACt sample— ACt reference control

3.4.6.6 Genotyping from fin biopsies

To genotype adult fishes, gDNA was extracted fraatisned tail fin tissue. Therefore, fishes
were anesthetized with tricaine (100mg/L, MS-228n& -Aldrich ) and the posterior part of the
pectoral fin was cut using scissors. Tissue wasdiiggl in digestion solution (5% chelex (w/v;
Bio-Rad) in HO; just before use, 10ug/ul proteinase K was addéds were kept for 1h at
55°C, followed by 10 min at 95°C. For PCR reactlprt supernatant of this digested solution was
used as DNA template.

A standard mix for PCR for genotyping consisted of:

2.5ul buffer (Fermentas)

0.5-1.5ul ethylene glycol or DMSO

0.5-1pl DNTP (each nucleotide at 2.5mM)
0.5-1.5ul MgC} (50mM)
0.75-1ul primer forward (10pMol)
0.75-1pl primer reverse (10pMol)
0.25-1pl cDNA/gDNA

To 25l HBO
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3.4.7 Synthesis of labelled RNA probesiiositu hybridization

Plasmids containing the 600 to 900 base pairs pég®f interest were linerized for antisense
probes at 5'end and for control sense probes & tred. After checking of digestion efficiency

on agarose gel, linerized plasmids were extracte@henol-chloroform. DNA was precipitated

with 3M NaOAc and again checked on agarose gel.eRevtranscription was performed as
follows:

2ug template

2ul Dig/Flu RNA labeling mix (Roche)
0.5ul RNAse Inhibitor (Roche)
2ul 10x transcription buffer (Roche)
1pl T7/Sp6 polymerase (5U/ul, Roche)
To 20ul HO

After 2h at 37°C 1ul of DNAse was added and theutsmt was kept for 30 min at 37°C.
Ripobrobes were purified with the NucleoSpin RNA&ast up kit and eluted in 50uL@. After
checking correct RNA synthesis on an agarose gabprobes were filled up to 100ul with
Hybmix and stored at -20°C.

Hybmix  50% (w/v) formamid
5% (w/v) 1x SSC
0,1% (w/v)  Tween 20
5mg/ml Heparin
150pg/ml Torula-RNA

3.4.8 Whole mouniin situ hybridization (ISH)

One color RNAin situ hybridization was performed according to protoc@satibed by
Hauptmann and Gerster (1994) with RNA probes digexin-UTP (DIG-UTP) or fluorerscein-
UTP (FLU-UTP) to visualize gene expression. Embryase fixed at desired time point of
development with 4% paraformaldehyde (PFA) in phasp buffered saline (PBS) solution at
4°C over night. Chorions were removed and PFA weataced by MetOH for long time storage.
Embryos were rehydrated and were digested witheprase K at RT. Hybridization was
performed ON at 65°C. In the next day, washes ¥ Bormamid in 2x SSCT, 2x SSCT and 0,2x
SSCT were performed also at 65°C.

Embryos were incubated 1h in blocking solution, afittrwards, with first AB (sheep anti-
fluorescein or anti-digoxigenin, dilution 1:20000éhe) at 4°C ON. Then, embryos were washed
six times in PBST for 20 min each and two timestaining buffer. For staining, embryos were
incubated in the dark with staining solution ugt&hours.

10x PBS (1 liter) 1M NacCl (58.449)
19.5mM KCI (1.45g)
59mM NaHPQ, (10.59)
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20x SSC (1 liter)

1x SSCT

1x PBST (1 liter)

75%, 50%, 25% Methanol in PBST

50% Formamid in 2x SSCT (100mL)

Proteinase K
4% PFA
1x glycine

blocking solution

staining buffer

staining solution

3.4.9 Cell culture

3.4.9.1 Primary cell culture

175.3g NaCl
88.2¢g sodium citrate

10ml 20x SSC
190ml ddHO
0,1% (w/v) tween 20

100ml 10x PBS
5mL 20% Tween20

10ml 20x SSCT
500ul 20% Tween 20

5ul Proteinase K (10mg/mL) in 1 mPBST
3ml 16% PFA (80g to 500mL 4@) in 9ml PBST
1M glycine in PBST

1:20 dilution of sheep serum (B8#gAldrich ) in
PBST

1ml 5M sodium chloride
2,5ml 1M Magnesium chloride
5ml 1M Tris-Cl pH 9.5
0,1% Tween 20
Add H,O to 50ml

20ul NBT/BCIP (Roche) in 1mLiatag buffer

Anal medaka fins were cut from anesthetized fidhas bothc-mycl7 lines and wild type and
immersed in PBS containing 0.4% Sodium hypochldate80 seconds. Tissues were rinsed three
times in PBS and minced into small fragments. PBS weplaced by Leibovitz L-15 medium
(Invitrogen). Tissues fragments were cultivated aingelatin-coated p-slide 8 well (IBIDI)
containing 300uL of the culture medium. The cultwas incubated at 28°C for five days and

fixed with 2% Formaldehyde.

Leibovitz L-15 medium To 200mL
176mL L-15 medium
2mL glutamin

2mL Pen-Strep (100u/mL-100ug/mL, Invitrogen)
20mL FCS gold (20%, PAA)
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3.4.9.2 Mouse melanocyte cell culture

Melan A cells were originally derived from C57BLJ)6(black a/a) mice, originating from Prof.
Dorothy C. Bennett lab (St, George's Hospital, LamdUK). Melan A cells were cultivated in
DMEM medium. To passage Melan A cell line, cellsevewashed with PBS, treated with trypsin-
EDTA for 3-5 min and splited. Cultures were keptan incubator at 37°C in a humidified
atmosphere with 5% CO Prior to cell harvesting to check constitutivelgtivity of BRAF
V614E cells were cultivated in starving medium 2dnours.

DMEM medium To 500 ml
440,5m| DMEM
50ml FCS (10%)
5 ml 10x Pen/Strep (1x)
2,5 ml TPA from 40 pM stock solution (200nM
2,0 ml Choleratoxin from 25 pg/ml stockud@n (0,1 pg/ml)

Starving medium DMEM
2,5% dialysed FCS

3.4.9.3 Mouse melanocyte cell transfection

Plasmids BRAF pCDNA3 and BRAF V614E pCDNA3 (2ugeaich) were transfected to Melan
A cells using FUGENE HD transfection reagent (R)dhes well plates containing 1xi@ells
according to supplier’s protocol.

3.4.10 Western Blot

Total protein was prepared from hatched medaka ysbor from cell pellets. Embryos were
kept for 2 hours in lysis buffer in ice for lysRBrotein concentration was measured by adding 1ul
of protein lysate in ml of Brafford reagent (Signza)d measured at the spectrophotomer. Before
loading protein samples were kept with 1x Laemnoiifér at 95°C for 10 minutes. A total of
50ug of protein lysate was separated by 10% SDS/PA&Hog 3 to 4 hours at 25mA. After the
run proteins were transferred to a nitrocellulossmirane according to standard western blotting
protocols (Sambroolet al, 1989). For testing constitutively activity of BRAV614E anti-
phospho MAP kinase was used. For checkingnfyc transgenic lines are producing the fused
protein an anti-ER antibody (1:500, santa cruz) wsed. For both experiments, anti-beta-Actin
(1:10000, Santa Cruz) was used as positive conBetoxidase-coupled anti-mouse (1:3000,
Thermo Scientific) and anti-rabbit (1:10000, BioeRRavere used as secondary antibodies.

Nonidet-P40 (NP40) 20mM HEPES pH 7.9
500mM NaCl
5mM MgCl
5mM KCI
1% Nonidet-P40
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Lysis buffer

10x TBS

10% polyacrylamide gel

4% Stacking gel

SDS gel loading buffer (2x)

5x Blotting buffer

5x SDS running buffer

Transfer buffer

5x Laemmli buffer

0,5%
0.1%
10ug/ml
10ug/mi
20QuM
1mM
100mM

100mM
1,5M

4152ul
2125ul
2138l

85ul
42,5l
8,5 ul

1408ul
550ul
220ul
22ul
11pl
2,2ul

100mM
200mM
4%
0,2%
20%

125mM
960mM

250mM
192mM
0,5%

39mM
48mM
0,037%
20%

312,5mM
50%
10%
0.005%
Add H,O to 75ml
25%

(NP40)
deoxycholate
Aprotinin
Leupeptin
N%VO4
PMSF
NaF

TrispH 7.9
NacCl

-8

1,5M TrisHCI pH 8.8
Acrylamid 40 (37,5:1)
10% SDS

10% APS
TEMED

.S
0,5M TrisHCI pH 6.8

Acrylamid 40% (37,5:1)
10% SDS

10% APS

TEMED

Tris-Cl (pH 6.8)
Dithiothereitol
SDS
Bromophenol blue
glycerol

Tris
Glycine

Tris
Glycine
SDS

Glycine
Tris base
SDS
methanol

Tris pH 6.8
Glycerin
SDS
bromophenol blue

3-mercapthoethanol

49



3.4.11 4-OHT treatment for C-myeduction

4-Hydroxytamoxifen (4-OHT; H7904; Sigma-Aldrich) walissolved in ethanol at a final stock
concentration of 10mM and kept in dark at 4°C. hduce the estrogen receptor coupled C-
mycl7 activity, transgenic adult fishes were kepttmuously in tap water (pH 7) containing
1puM of 4-OHT in the dark for forty eight hours. Nalidate the effect of long C-mycl7
activation, fishes were kept for four weeks in watentaining 1uM of 4-OHT, with medium
changes after 3 days. To induegycl? activity in primary cell culture, L-15 medium wasxed
with 1uM of 4-OHT for twenty four hours.

3.4.12 Paraffin embedding

Adult fishes were anesthetized, killed and fixed @N4% PFA. Fixed fishes were kept in
decalcification solution (10% Formic acid, 10% Fatim, 80% HO) for 24 hours followed by 2
times 10 minutes washes with PBS and 1 time 10 tesnat 0,9% NaCl in room temperature. For
dehydration fishes were transferred every 2 hausolutions containing different proportions of
isopropanol (30%, 50%, 70%, 85%, 95% and 100%ayrigpanol in HO, respectively, 2 hours
each) in room temperature. Dehydrated fishes weransterred to a 1:1 (v/v)
isopropanol/chloroform solution followed by chlooom for 2 hours each in room temperature.
The next step was to transfer the fishes to ai/\M) ¢hloroform/paraffin solution at 60°C. The
last step was to transfer fishes to paraffin anditlecool until room temperature. Paraffin
embedded fishes were kept in 4°C until myotomeiaeicty, where 6um thick sections were
produced.

3.4.13 Hematoxylin and eosin (HE) staining

For histological analysis of paraffin sectionshés were stained with haematoxylin and eosin
(HE). Slides were kept for 30 min at 68°C to mk# paraffin. After 2 times 5 min bath in xylene,
slides were transferred to a glass coplin jar goimg 100%, 95%, 80% EtOH inJ@ for 2 min
each, respectively. Slides were stained in haemltofor 2 to 5 min and bathed in warm water
for 10 min. After that, slides were stained withsieofor 3 to 5 min and dehydrated with a fast
rinse in HO, 30%, 50%, 70%, 85%, 95% and 100% of EtOH y®Hespectively. Glass slides
were mounted with Rakl Histokit 11 (Roth). Hematoxylin and eosin solut®rwere kindly
prepared by Robin Wacker, Biozentrum, University\irzburg.

Hematoxylin 50g potassium
19 haematoxylin
0.2g sodium iodate
19 citric acid
To 1000 ddHO

Eosin 10g Eosiny
200ml ddHO
800ml 95% EtOH inkD
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3.4.14 Proliferation and apoptosis assays

For thein vivo analysis of BrdU incorporation and apoptosis detadiver and gills from adult
fishes were fixed for two hours in 10% neutral buéid formalin (RT or 4°C). Fan vivo and
primary cell apoptosis detection TUNEL assay wagopmed using ApopTag Reth Stu
Apoptosis Detection Kit (Milipore) according to madacturer’s protocol. For detection of
proliferating cells, adult fishes were bathed irs@ution of 1g/L BrdU (Sigma-Aldrich) in
aquarium water for five hours before dissectioroajans. BrdU assays were performed using
anti-BrdU antibody (1:250, serotec) and anti-ra 4B6condary antibody (1:250, serotec).

3.4.15 Nuclear translocation assay

Primary cell culture from medaka anal fins weretumgld with 4-OHT (1mM, soluted in L-15

medium) for 2 hours and fixed with 2% formaldehydduclear translocation assays were
performed using anti anti-ER antibody (Santa Crdit)clei were counter-stained with Hoechst
33342 fluorescent stain (Invitrogen). Imaging wasne& with Nikon eclipse Ti confocal

microscope and NIS elements imaging software. Toaafon ratio was calculated by the
following formula: Fhycieus— FlytoplasmFI indicates fluorescence intensity.

3.5 Generation of transgenic lines

To obtain freshly fertilized eggs male and femashds were separated in different tanks the
evening before injection. At the next day, 2 malese put together in tanks containing 3 to 5
females. 30 to 45 min later each female laid egdsch were kept attached to the belly of the
females. Freshly laid eggs were transferred intii Besshes with fresh 0,3x Danieau’s medium.
The injection dish was freshly made from 2% agam$k3x Danieau's medium.

Medaka transgenics were generated using the Melgasec(-Scel) technology (Thermest al,
2002). One-cell-stage eggs were injected with til®wing solution: 10 ng/ul of plasmid, 1x
Tango buffer (Fermentas), 0.35 U/ullegcel (Fermentas). Injection solution was incubated for
30 min at 37°C. Before injection 0.1% phenol redvigualization and 0.2% Fitc-dextran (Sigma-
Aldrich) for screening of positive injected weredad to the solution. Approximately 500p| of
DNA solution was directly injected through the doarinto the cytoplasm of the first cell.

Injected embryos were transferred to a new Pesf avith fresh 0,3x Danieau’s medium and
incubated at 28°C. After injection, embryos weratoalled for positive injection, by fluorescence
of Fitc-dextran. Positive injected embryos weretesbrunder the fluorescent microscope and
raised for further investigations and breeding.udiscontrol of dead or mal-formed embryos was
performed every day. Embryos were raised to semalrity followed by sibling screening for
transgene integration by fin clipping as descriimesection 3.4.6.6.
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1x Danieau's 58 mM sodium chloride
0,7 mM potassium chloride
0,4 mM magnesium sulfate
0.6 mM calcium nitrate
0.5 mM HEPES
0,1% methylen blue

0,3x Danieau's 30% Danieau’s igH

3.6 Phylogenetic methods and alignments

Sequence alignments were generated applying Big¢Bdit, 1999) and ClustalW (Thompseh

al, 1994). Maximum likelihood analysis was performesing Mega 5.0 software according to a
JTT model of amino acid substitutions. Confidentearh node was confirmed by 100 bootstrap
replicates. Analysis of-myc gene synteny was performed utilizing the ENSEMBitattase and
the synteny database (Catcleeal., 2009).
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4. RESULTS
4.1 BRAF

BRAF is a serine threonine kinase found mutatedigh incidence in human tumours like
malignant melanoma and thyroid cancer (GarnettMarhis, 2004). A deeper understanding of
BRAF biology will help to elucidate its function icancer initiation and progression and will
open up the possibility to further investigate BRA§ a possible target for cancer therapy. To
gain new knowledge on BRAF function | have ideetifiand cloned for the first time the medaka
braf gene.

4.1.1braf cloning and sequence analysis

4.1.1.1. Full length Medaka braf cloning

Initial investigations of published database segeemformation showed that Medaka BRAF
sequence in ENSENBL database (ENSORLG00000009843nat complete. Based on
comparison with orthologues of fugakifugus rubripes), zebrafish Danio rerio), tetraodon
(Tetradon nigroviridis) and stickleback Gasterosteus aculeatus), | noticed that the first 156
nucleotides are missing. As the first 20 nucleatiitem these species are 100% conserved, | used
a degenerated forward primer (OrybrafATGfish) feoning full length medaka BRAF based on
their sequences. The newly annotated sequenceesdn in the database is marked in purple in
Figure 7. After cloning of the full length BRAF sesnce, a tandem sequence for Ha (Feek .,
1988) and Flag tags (Thometsal, 1988) were added to the C-terminal region ofgfetein and

are marked in red and green, respectively, in Eigur
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Sequence not present in ENSEMBL database

10 z0 30 50 &0 70
e S S [ [P [, S T R [ [P I
BRAF Ha Flag MAALSSAESPPPVFNGDTAERESGRERGLDGLAAGLDSI 'GGPODEEIWNIRQMIKLTQEHLEAL
E 3 E 2
g0 S0 100 110 1z0 130 140
|- | e sl smmileeas s lsssmilimnme | 5555 leoms b 55 15 5mell I35

BRAF Ha Flag LDKFGGEHNPPSIYLEAYEEVYTSKLDALQQREQOLLEAMGNGGDFCSPSPVPALLEVKHGSLGVGGGVQS

150 160 170 180 150 z0o z1l0
vt | % % wif e [ @ o ] s s 2 | e sailieene | 66w s [ @ s | s ewslfeses |- |
BRAF Ha Flag FSSAFPNSLAVLOTPTDAVRGNPRSPQKPIVRVFLPNKOQRTVVPARCGMTVRDSLKEKALMMRGLIPECCAV

220 230 240 250 260 270 280
JR O T [P IO (DU IR (RPN IO [P IONPUPRD IR ISR IS |
BRAF Ha Flag YRIQDGEKKPIGUDTDISWLTGEELHVEVLENVPLTTHNFVRKTFFTLAFCDFCREKLLFQGFRCQTCGYK

290 300 310 320 330 340 350
casilsssslmenmlesss lamasleescslsssallonmelosss lneenlesssissonllonsslssss |
BRAF Ha Flag FHQRCSTEVPLMCVNYDQLDLLLVSKFFEHHPFSHEEVSSEGTTPVSEVCPHLPLTDSTGSICHPTLSPS

360 370 380 390 400 410 4z0
i | o ] e [ e a8 )| woaved e s e waleen | o s e s e lew s o ] 8 s sslfeewm | & as s )
BRAF Ha Flag KSIPIPPSYRPNEEDHRNOQFGORDRSSSAPNVHINTIEPVNIDDLIRDQGLQRSDGGSTTGLSATPPASL

430 440 450 460 470 430 420

S I R R P R Y R [ [ [P I |

BRAF Ha Flag PGSLTNVRVPORSPCQORERKSSSSSEDRMKMEPLGRRDSSDDUWEIPEGQITLGQRIGSGSFGTVFRGKY

500 510 520 530 540 550 560
cwsilsssslesnelessslanesleossclssssllsnsalosss lnosa losssissnallsasalssss |
BRAF Ha Flag HGDVAVKMLNVTDPTPQQLQAFKNEVGVLRKTRHVNILLFMGYTTKPQLAIVTQWCEGSSLYHHLHIIET

570 580 5390 600 610 620 630
v | 5w w e [ e s s || s e s s el | o5 es Jees les s o ]| s s wslfemes | &)
BRAF Ha Flag KFEMIKLIDIARQTAQGMDYLHAKSIIHRDLKSNNIFLHEDLTVKIGDFGLATVKSRWSGSHQFEQLSGS

640 650 660 670 680 &390 700
T T T T T
BRAF Ha Flag ILWMAPEVIRLODKNPYSFQSDVYAFGIVLYELMSGSLPYSNINNRDQIIFMVGRGYLSPDLSKVRSNCE

710 7z0 730 740 750 760 770
swws lsssallsemm sl sansisesslessnliznmalsesslzmsaslzssislsanvllssssisss sl
BRAF Ha Flag KAMKRLMADCLEKKREERFLFFQILASIELLARSLPKIHRSASEPSLNRAGFQTEDFSLYACASPKTPIQ

780 790 g0o0
e | 5 5 w[lemsas fre o o || oo fevs 2 ] 2
BRAF Ha Flag AGGYGEFSAFKKLYPYDVPDYADYKEDDDDK-

F RS 2 F
BRAF Hatag Flag
last aa
Fig 7. Protein sequence of the translated full leng medaka BRAF coding sequenceMarked in purple is the
sequence lacking in ENSEMBL database but clonetthignwork based on homology to other fish sequenkes
(marked in red) and Flag (marked in green) tagseveetded in the N-terminal region of the proteirerathe last
BRAF amino acid before the stop codon.

The strategy used to clone BRAF was to amplifyfthielength gene in three, partly overlapping
parts and clone these into the pCR2.1 vector (ogén, Fig. 8). The first comprised from the
first ATG until nucleotide 915 (using primers OnRBF ATG fish FOR and BRAF R1), the
second from nucleotide 596 until 1506 (using prerBRAF F2 and BRAF R2) and the third part
comprising nucleotide 1275 until the last nucleetitkfore the stop codon (2343, using primers
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BRAF F3 and BRAF_vl mdka_R). The next step was dmhine each of the overlapping
fragments together to obtain full length BRAF setpee

Part one was cut from the vector using Xbal andl Aaad the vector was further digested in a
way that after purification the only fragment wilierlapping ends to the desired receiving vector
was the BRAF segment (Fig. 8). This way, withowt tieed of gel purification, | was able to fuse
part one and part two, previously cut with the sameymes. After control digestions to confirm
the acquisition of the sequence correspondingeadottginning of BRAF in the vector containing
the middle sequence, part one and two, now togathitie same vector, were cut using Xbal and
BsEl and added in vector containing the C-termpaat in a similar way as described for the first
sub-cloning step. Ha and Flag tags were added eaffuth length gene by oligo cloning as
described in section 3.3.4.

Cry BRAF ATG fish FOR BRAF R1 BRAF F3 BRAF_vi1_mdka_R
—= £— —» <
.« Accl )( X - BspEl
—= —
BRAF F2 BRAF R2
Full length BRAF without stop codon Full length BRAF
Hindlil Ha Flag T
a Flag Tag +
Spel BRAF Hirdll HaFlag Spel FOR Stop godc?n
+ Disrupt — Spel
Hindlll = Spel (-
Braf Hindll HaFlag Spal REWV
pCR 2.1 TOPO pCR 2.1 TOPO

Fig. 8. Schematic representation of full lengttoraf cloning strategy.(A) The braf coding sequence was cloned in
three parts, each with overlapping sequences congarestriction endonuclease sites. Those restnictites were
used for sub-cloning all parts together in the sapwor. (B) After full lengttbraf sequence was generated, Ha and
flag tags were added by oligo cloning.

4.1.1.2 Generation of constitutively activated BRAF

After production of full length BRAF containing thBlA and FLAG tags, | developed a
constitutive active version of BRAF by site dirett®utagenesis as described in section 3.3.5. It
is known that a single point mutation bnaf sequence leading to a valine to glutamic acid
substitution at the position 600 of the correspongdprotein results in a constitutively active
version in humans (Daviest al., 2002; Wellbrock and Hurlstone, 2010). Figure Sifows the
wild type amino acid (big letters) and nucleotidenéll letters) sequence of the region flanking
the corresponding valine in medaka. Figure 9B shibnesamino acid (big letters) and nucleotide
(small letters) sequence of the same region afteagenesis. Figure 9C shows the alignment of
human and medaka BRAF protein sequences confirthaigthe valine in position 600 in human
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is conserved in medaka (present in position 61&fter production of this mutation the region
containing medaka valine 614 was sequenced toroosficcess of mutagenesis (Figure 9D).

A
GDFGLATVKSRWSGS

GGA GAC TITT GGC CTGGCA ACA GTC AAA TCT CGC TGG AGT GGC TCC

GDFGLATEKSRWSGS

GGA GAC TIT GGC CTG GCG ACC GAA AAG AGC CGC TGG AGT GGA TCC

C D

Human V600

B

human BERAF FELARVEIRWS BERAF full lEﬂgth DFLATVIRGRWS
medaka BRAF FGLAPVESRWS BRAF Vel4E I TR

Fig. 9. Mutagenized BRAF sequence in medakdA) Wild type BRAF amino acid (big letters) andateotide
(small letters) sequence. In red is the amino &xite mutagenized. (B) Mutagenized BRAF amino &id letters)
and nucleotide (small letters) sequence. In rettiésamino acid that was mutagenized. (C) Alignmsaguence of
human and medaka BRAF showing conservation in bp#ties of human V600. (D) Alignment of cloned nieda
wild type and mutagenized BRAF sequences showiagticcessful mutagenesis of a valine to glutanié: ac

BRAF sequence was amplified in two parts with prsnanserting desired mutation
(Ory_BRAF_ATG fish FOR and mdkaV614Erev for thestfiPCR and mdkaV614Efor and
BRAF_vl1l _mdka_R for the second PCR) as describddgare 10A. After gel purification (Fig.
10B), both fragments were used as a template fueva PCR reaction to amplify the sequence
containing the mutation (Fig. 10C).
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A PCR amplification adding desired mutation

Va4

TEMPLATE
Ory BRAF ATG fish FOR mdkaVE14 Erev
X — e
mickaVE14Eray BRAF_vi_mdka_R
—- - Y

B  Gel purification of amplified fragments

containing the desired mutation
A B

C PCR amplification of the full length sequence
bearing desired mutation

Ory BRAF ATG fish FOR BRAF v1_mdka_R PURIRED
B < _ PCRFRAGMENTS
Y ASTEMPLATE

VEE

Fig. 10. Schematic representation of site directethutagenesis (A) Medaka BRAF was PCR amplified in two
parts using primers including desired mutation. B®th PCR products were gel purified (C) PurifiedRPproducts
were used as a template for a new PCR that anpfifiiélength gene bearing the desired mutation.

4.1.1.3 Sub-cloning of BRAF gene sequences into expression plasmids

Full length BRAF and BRAF V600E bearing Ha and Riags in the C-terminal sequence, were
sub-cloned into I-Scel MITF - polyA plasmid (reced/from Isabell Erhard) using Xbal and Spel
restriction enzymes. This plasmid contains the gigincell specific medakantf promoter
(Schartlet al., 2010), a SV40 poly A site and two meganucleds®&cél) sites flanking the
construct. The plasmids containing the desired ngpdiequences were used for microinjection
into one-cell stage medaka embryos to producedeams lines (Grabher and Wittbrodt, 2007).

Full length BRAF and BRAF V600E bearing Ha and Hags in the C-terminal sequence were
also sub-cloned into the mammalian expression pthp@DNA3 (Invitrogen) using Xbal and
Hindlll restriction endonucleases. This plasmid tegms the ubiquitously expressditactin
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promoter and a SV40 poly A site. This plasmid wssdufor transfecting Melan A cells (Bennett
et al, 1987) to test BRAF constitutive activity (chapted.3). Correct construct assembly was
controlled by restriction endonuclease digestiot segquencing.

4.1.2 BRAF evolution

By comparing the full length amino acid sequencksnedaka, fugu, tetraodon, stickleback,
zebrafish, xenopus<énopus tropicalis), mouse and human, | observed a high degree dfsity

in the known BRAF domains CR1, which contains thesdRinding domain (RBD) and the
cystein-rich domain (CRD), CR2 and CR3, which soadknown as the kinase domain (Fig. 11).
The CR1 domain from medaka is 99% identical to hunidne CR2 domain is 100% identical
between these two species, while the kinase doim&6% similar.
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Fig 11. Protein alignment of full length BRAF from medaka, fugu, tetraodon, stickleback, zebrafish, xepus,
mouse and humanConserved domains are marked in purple base onrhsetguence. RBD = Ras-binding domain;
CRD = cystein-rich domain; RBD and CRD together stitute the conserved region 1, CR1; CR2 = conskrve
region 2; the kinase domain is the conserved regi(dR3).

Although human and medaka BRAF protein sequencesvary conserved, synteny analysis
comparing human BRAF locus on chromosome 7 andctireesponding medaka locus on
chromosome 23 revealed no conservation betweea fpexies (Table 1).
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Human BRAF Medaka BRAF Human BRAF Medaka BRAF
up genes up genes down. genes down. genes
C7orf5 PIK3CG BRAF BRAF
LUC7L2 HBP1 (2 of 2) CCT4P1 LARGE
KLRG2 PTPRZ1 (1 of 3) MRPS33 BICD1 (2 of 2)
CLEC2L ARNTL2 (2 of 2) AGK TMPO (2 of 2)
HIPK2 STK38L KIAA1147 STRAP
TBXAS1 MED21 WEE2 SLC25A3
PARP12 FGFR10P2 SSBP1 LDHB (1 of 2)
JHDM1D TM7SF3 TAS2R3 CNTN1 (2 of 2)
RAB19 GAS2L3 TAS2R4 CNTNL1 (2 of 2)
SLC37A3 ARID?2 TAS2R5 THAP5S
MKRN1 SLC38A4 MGAM PNPLAS (2 of 2)
DENND2A FAMS55C (3 of 3) OR9A4 DNAJB9
ADCK?2 FAMS55C (2 of 3) CLEC5A AKR1B1*
BRAF BRAF TAS2R38 AKR1E2*

Table 1. Analysis of human and medakdraf gene syntenyFirst column shows genes present upstream human
braf, second column shows genes present upstream médafkahird column shows genes present downstream
humanbraf gene and fourth column shows genes present upstneasakabraf. No gene present on the human
chromosome in the region whebeaf is present was found in the surround region of rkedeaf. Genes marked
with one asterisk (*) are not annotated gene vassal medaka.

4.1.3 Functionality of BRAF constructs

In order to test the wild type and mutagenibeaf coding sequences for their ability to produce
functional proteins, | transfected mouse Melan Asosith either full length medakiaraf or with

the constitutively activated medakeafVV614E in the plasmid pCDNA3 under the control of the
B-actin promoter. As shown in Figure 12B, both pirideare produced, as they could be detected
by Western Blot with an antibody targeting the harB&RAF protein. Preliminary experiments to
detect Braf proteins via their Ha or Flag tag weoé successful. | also tested, whether BRAF
V614E is constructively active. Therefore, | cudtigd transfected cells in starving medium in
order to lose the external stimulation on BRAF. Nstimulated BRAF is not able to activate
MEK, which in turn is not able to phosphorylate M&kihase (reviewed in Michaloglou, 2008,
Fig. 12A). BRAF V614E does not need stimulation de active and therefore is able to
phosphorylate MAP kinase even in starving mediuig. (E2B). This enabled me to conclude that
the constitutively activated version of BRAF wods expected.
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A without stimulation B
@ full length BRAF

BRAF vector BRAF VB14E
BRAH V614E

P MAP
1 \ |
MEK MEK
1 \
MAP-K MAP-K BRAF & - -
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(¢:9) T ® Actin ' i
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Fig. 12. Test of BRAF constructs functionality.(A) Wild type BRAF needs external signalizationbgcome active
and phosphorylate MEK. In a starving medium, ncemdl signal is present, so BRAF is not activecdmtrast,
BRAF V614E is constitutively active, and therefiris expected that even without stimulus, it pHospylates MEK.
(B) Western Blot showing the presence of BRAF inldieA cells transfected with full length BRAF andRBF
V614E but only low amounts in cells transfectednvempty vector. In starving medium, only BRAF V61iéEable
to phosphorylate MAP.

4.1.4 BRAF expression pattern

Using whole mount RNAnN situ hybridization, | analysed BRAF expression during @arly
stages of development. RNA expression of BRAF wagdetected at medaka development stage
20 (Fig. 13A) byin situ hybridization. At stage 28 (Fig. 13B) and 32 (FI8C), a ubiquitous
expression obraf was observed with raised expression in the otiécleegot), mesencephalon
(me) and prosencephalon (pe). As other tissuessalee weaker staining, ubiquitous expression
is possible. No expression or light blue backgroooldration was detected in the negative sense
control (Fig. 13D-F).

Fig. 13. In situ hybridization of medaka embryos using BRAF probes.(A-C) braf expression. (D-F) sense
control. In stage 28 (B) and 32 (C), expressionlmambserved in the lens (l), otic vesicle (ot)semeephalon (me)
and prosencephalon (pe).

anti-sense

sense control
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Braf expression was detected by Real Time PCR (qPCRyiloh type fishes in skin, brain,
kidney, liver, testis and muscle. In brain the legthexpression level was observed, it was 4 fold
higher compared to skin (Fig. 14). No expression feand in eyes and gills.

4.50
4.00
3.50
)
> 3.00
c
2.50

©
e

© 200

S B BRAF
(@)

¥

1.50
1.00 -
0.50 -
0.00 -

Fig. 14.braf expression in different organs from adult medakdishes. braf expression was normalized against
skin. The results shown here were calculated byrtbéan value of a triplicate assay. The expresdionenlakaeflal
was used as internal cDNA control and standardinati

4.1.5 Generation of BRAF transgenic lines

One of the goals of my thesis was to investigate effects of deregulated BRA# vivo.
Therefore | generated transgenic medaka lines iogrthe medaka BRAF full length sequence
and a constitutively activated BRAF version under tontrol of the pigment cell specific MITF
promoter. These constructs were used to inject ik stage medaka embryos to produce
transgenic lines. Successfully injected fishes warged, and progeny of sibling crossings were
screened for transmission of transgene via genogypiCR (section 3.4.6.6). Foitf:braf, four
different lines transmitted the transgene to the generation (hamed BRAF line 1, 2, 3 and 4),
for mitf:braf V614E, three lines were screened positive (naniRAMBV614 line A, B and C). An
example of PCR result from generation 1 genotypargbe seen in Figure 15.

100 bp
Ladder 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 neg pos

Fig. 15. FO screen for transgene transmission toldings. After crossing injected fishes, gDNA of the siblingas
extracted. From 1-8, each line corresponds to & gbatchlings from fishes injected with wild tyBRAF. 8-16
correspond to siblings of fishes injected with BR¥®614E construct. 3, 5 and 11 are positive. Negatewnegative
control; pos = plasmid positive control



4.1.6 Analysis of BRAF transgenic lines

Phenotypic investigations of the established lirmsealed that all BRAF V614E lines show a
more pigmented skin when compared to lines bedttidength BRAF (Fig. 16). BRAF line 3
bearing the full BRAF sequence was used as coffrgl 16 A-D). Higher pigmentation could be
observed in all three BRAF V614E lines producethia work (Fig. 16 E-P). Constitutive activity
of BRAF leads to a stronger pigmentation in thens#ithe trunk as well as in the fins, probably
due to higher number of melanocytes.

trunk fin

Fig. 16. Phenotypic comparison between BRAF V614knks show differences in pigmentationPictures of trunk
(first and second column) and fin (third and fouctilumn) from adult medakas from BRAF or BRAF V61EE
lines showing different pigment patterns.

In transiently expressing Braf V614E FO fishes frone A, a disrupted eye development was
observed. To investigate this phenotype, histolmgyaraffin section was done. In Figure 17 one
can easily observe the bigger right lens (indicatétl red arrows in Fig. 17A and B) compared
to the normal left lens in a Braf V614E specimehisTphenotype is also indicated by a red arrow
in the adult fish (Fig. 17C). In another fish a amh containing tumour like structure was
observed (indicated with red arrows in Fig. 17D &nand in the adult fish in 17F). The structure

was observed only in the right eye. No disrupted plgenotype was observed in the wild type
control (Fig. 17G-I).
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BRAF V614E BRAF V614E

Wild type

-l A e |\ =F {
Fig. 17. Disrupted eye phenotype observed lraf V614E transient expressing fisheddE staining oforaf V614E
(A-B) and fish (C) showing phenotype at the lend &E staining ofboraf V614E (D-E) and fish (F) showing a
tumour like lesion in the eye. HE staining of wilghe (G-H) and wild fish (I) were used as contféd arrows point
to abnormal lens (A and B) and pigmented tumouwr $ilcucture (C and D) observed in the transgesies.

In summary, | was able to identify and clone medadad and produce transgenic lines bearing
either wild type or a constitutively active BRAFder the control of the pigment cell specifintf
promoter. My results also indicate that constititactivation of BRAF leads to a disrupted eye
development and to hyperpigmented skin.

4.2 StatS

The signal transducer and activator of transcnipbo(Stat5) is constitutively activated in many
human cancers affecting gene expression, contgodiéhl proliferation and cell survival (Ferbeyre
and Moriggl, 2011)Understanding Stat5 function in more detail andats during tumorigenesis
will bring new insights into the biology of canasglls. To gain new knowledge on Stat5 function
invivo, | have identified and cloned for the first timetlbonedake&at5 genes. As Stat5 ab/a and
Statbab/b are not homologues of human StatS5A aatbBbt(see section 4.2.2), they were so
named to avoid false correlation with human copies.
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4.2.1 Stat5 cloning

4.2.1.1 Medaka full length Stat5ab/a

MedakaSatbab/a sequence was cloned from cDNA pool from differergans of adult fishes.
Protein sequence of full length Stat5ab/a is showhigure 18 in comparison with the protein
sequence available in ENSEMBL database (ENSORLRIEBM®M50). As mentioned below, the
sequence cloned in this work lacks 5 amino acideesponding to positions 693 to 697 (orange
box in Figure 18) of the sequence available indagbase. The 2421 nucleotides from Stat5ab/a
gene were amplified from the initial ATG with prim8tatSab/a _mdka_left that includes an Xhol
site and primer Stat5ab/a R1 to nucleotide 985. Sdwond part, from nucleotide 851 till 1763,
was amplified using primers StatSab/a F1 and Sté#5R2. The third part was amplified from
nucleotide 1482 until the stop codon with primetatSab/a F2 and Statab/a _mdka_right that
includes an EcoRI site.
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cloned StatSab/a  IADPILDAEGDFDLDDTMDVARHVEELLRRPVESO
ENSEMBL StatSab/a IADPILDAEGDFDLDDTMDVARHVEELLRRPVESQUGGQQ

Fig 18. Protein sequence alignment of full length edaka Stat5ab/a gendda (marked in red) and flag (marked in
green) tags were added in the C-terminal regiothefprotein. Orange square marks the differencevdmi the
sequence present in ENSEMBL database and the ssmakmed from cDNA clones.

To validate that the cloned cDNA really lack theseleotides, | aligned 4 independently cloned
sequences and noticed that all of them lacked audieotide sequence that was present in
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ENSEMBL database (ENSORLGO00000003961) in betweetentides 2074 and 2090 (Fig. 19).
The sequence used in this work for all analyseshaaed on the initially cloned Stat5ab/a gene.

2120 2130 2140 2150 21lalb 2170
StatSab/a ENEEMEL TTACACCCCGCZCACTTTGTGAGTTTGCACAGGCCALAGCAGTCEZACGETTACG
StatSabsa clone 3 |- --- - - B e e e e e e e e e e e
StatSah;’la clone 4 s s s e s s mmrE e S e e s e e e e s
ﬂta_tﬁa_hfa clone B f s e s e i e a e e e i mar i mE o rEE o
StatSabhia clong B |- - e o e e e e e e e

Fig. 19. Sequence alignment of different Stat5ab/elones with ENSEMBL database All 4 sequenced clones
lacked 15 nucleotides corresponding to nucleotRiE&! to 2090 of the ENSEMBL database Stat5a gehe.raw
data was used to build this graphic. Sequenceti@rits due to sequencing error. Every variatiors whecked, and
two picks in the Abi file were detected, alwaysresponding to amino.

For full length Satbab/a cloning as schematized in Fig. 20, part one wais fram the
corresponding pCRII vector using Xbal and Nsil #mel vector was further digested in a way that
after purification the only fragment with overlappiends to the desired receiving vector was the
Sat5 segment. This way, without the need of gel purifag | was able to sub-clone part one
into part two previously cut with the same enzym&fter control digestions to confirm the
acquisition of the sequence corresponding to tlginbeng of Statbab/a in the vector containing
the middle sequence, part one and two, now togathitle same vector, were cut using Xbal and
Sacll and added in vector containing the C-termpaat in a similar way as described for the first
sub-cloning step (Fig. 20). Ha and Flag tags wedded at the full length gene by oligo cloning as
described in section 3.3.4. Famat5ab/a constitutive active form, oligos XbalHAFLAGXholFOR
and XbalHAFLAGXhoIREV were designed with respectisgrime overhang for Xbal and
Xhol. Correct construct assembly was controlled rbgtriction endonuclease digestion and
sequencing.

A

StatSab/a_ UTR_For StatSab/a R1 StatSab/a F2 Statbab/a UTR_Rev
— <« — -
- Nsil X X Sacll
- <
Stat5ab/a F1 StatS5abl/a R2
Full length Stat5ab/a without HA and Flag tags Full length Stat5abla

XbalHAFLAGXholFor

+'i —

XbalHAFLAGXholRev

Fig. 20. Schematic representation of Stat5ab/a clowg strategy. (A) Medakastatbab/a coding sequence was
cloned in three parts, each with overlapping sege®rtontaining restriction endonuclease sites. & mestriction
sites were used for sub-cloning all parts togethehe same vector. (B) After full length StatSakfguence was
generated, Ha and flag tags were added by oligurado

68



4.2.1.2 Medaka full length Sat5ab/b cloning

Corresponding to thetatSab/a cloning strategy, the 2358 nucleotides from med8iat5ab/b
sequence (ENSORLG00000014335) were cloned from cpdi#\ from different organs of adult
fishes as described in section 3.3. Protein seguehtull length Stat5ab/b is shown in Figure 21
in comparison with the protein sequence availabla ENSEMBL database
(ENSORLP00000004950). As shown in closer detaligh 22, the sequence cloned in this work
has 4 amino acids that are not present in the seguavailable in the database between 635 and
636. Also the arginine residue present in ENSEMBé&guence in position 636 was not found in
our cDNA clones, which have instead a glycine (bbeoe in Fig. 21). In addition, the cloned
Stat5ab/b sequence lacked 6 amino acids corregppt@wlamino acids 688 to 693 of the available
Stat5ab/b sequence online (Fig. 21, purple box).
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Fig 21. Protein sequence of full length medaka Staéb/b geneHa (marked in red) and flag (marked in green) tags
were added in the C-terminal region of the prot&iue and purple squares mark the difference betwtbe
sequence present in ENSEMBL database and the sexjakmed from my cDNA clones.

To validate the changes in the sequences, | alifriedependently sequenced cloneStat5ab/b
and noticed that all of them included 12 nuclectibetween nucleotides 1909 and 1910 which
are not present in the sequence in ENSEMBL'’s dawlfjgig. 22A). Also, all sequenced clones

70



lacked the 12 nucleotide sequence that was present ENSEMBL database
(ENSORLG00000003961) in between nucleotides 20412890 (Fig. 22B). The sequence used
in this work for all analyses was based on cloned58b/a gene.

A 2440 2450 2460 2470 2430 2490
StatSab/bh ENSEMBL CGCCTGGGTGGCGGAAAAT CeGEAAAGACTGGTTTGGAATCTG

StatSab/b clone 2 |cccccevcsscscncccas CCCARCARDMCHNG, . d ool pise s uisiaia o o alate s s
StatS5ab/b clone 5 [tccccctecencncnncns . AL R

StatS5ab/b clone 6 [+ ccsccenvccncncnans
Statd ab/b Clonne B Jaies s e ais o asis o ain o e e !

Staths ab/ b clone 9 Jesssssisaninsssssasn CCC:—M--ACAHM—..—AC.-L:-‘.G .......................

B 2610 2620 2630 2640 2650 2660
StatS5ab/bh ENSEMBL TACTACACGCCCCCATGTGTTTGTGTTGCAGCALAAAGCGETGGATGGATACGTGA
StatSab/b clone 2 |+cecccccccccnns B et e T e S s S R R U OO
StatS5ab/b clone 5 |cceccsvcnssacns e = e e e et sl atalleiate e R Nt u el o lte
StatS5ab/b clone 6 |ccceccccencccas el e e e ol e e S S ) T e A O O Gl
StatS5ab/b clone 8 J|-ccoccciccencaces R R b T i e N R e W B W e e
StatSab/b clone 92 |-ccsccccacccnns (65 -~ S TR ST G 00 0 300 GO0 S0 0o 010 O a O

Fig. 22. Sequence alignment of different Statbab/tones with ENSEMBL database sequencéA) All 5 clones
sequenced bore 12 nucleotides between nucleotidfe8 2@nd 2459 of the ENSEMBL database StatSb seqaenc
Besides that, all five clones had a guanine attiposR460 instead of a cytosine present in the EMBE database
sequence. This modification is responsible for gheine present in position 661 which differs frahe arginine
present at the same position in the ENSEMBL dat® Is&quence. (B) Also, cloned Stat5ab/b lackedutzotides
corresponding to nucleotides 2624 and 2628 to ZB88EMBL database Stat5ab/b coding sequence.

Sat5ab/b was amplified from the initial ATG with primer $8ab/b_mdka_left that includes an
Xhol site and primer Stat5ab/bR1 to nucleotide 8%Be second part was amplified from
nucleotide 646 until 1765 using primers StatSab/l@t StatSab/bR2. The third part was
amplified from nucleotide 1364 until the stop codamth primers StatS5ab/bF2 and
Stat5ab/b_mdka_right that includes an EcoRI site.

For full lengthSat5ab/b cloning, the first part was cut from the vectomgsKbal and EcoNI, and
the vector was further digested in a way that giteification the only fragment with overlapping
ends to the desired receiving vector was3iaébab/b segment. This way, without the need of gel
purification, | was able to sub-clone part one ip&wt two previously cut with the same enzymes.
After control digestions to confirm the acquisitiohthe sequence corresponding to the beginning
of Sat5ab/b in the vector containing the middle sequence, paet and two, now together in the
same vector, were cut using Xbal and Hindlll andeatiin vector containing the C-terminal part
in a similar way as described for the first subrohg step. Ha and Flag tags were added at the full
length gene by oligo cloning as described in sact3.4 (Fig. 23). FoSat5ab/b, oligos
XholHAFLAGNdelfor and XholHAFLAGNdelrev were desigd with respective 5’prime
overhang for Xhol and Ndel. Correct construct asdgmwas controlled by restriction
endonuclease digestion and sequencing.
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Stat5ab/b_UTR_For Stat5ab/b R1 Stat5ab/b F2 Statsab/b_UTR_Rev
—> " < —> . €—
- Econt X X - inan
= i A =
Stat5ab/b F1 Statbab/b R2
Full length Stat5ab/b without HA and Flag tags Full length Stat5ab/b
XbalHAFLAGXholFor jy

+ —— =

XbalHAFLAGXho!|Rev

Fig. 23. Schematic representation of Stat5ab/b clarmg strategy. (A) StatS5ab/b coding sequence was cloned in
three parts, each with overlapping sequences congarestriction endonuclease sites. Those reistnictites were
used for sub-cloning all parts together in the sagwtor. (B) After full length StatSab/b sequencasvgenerated, Ha
and flag tags were added by oligo cloning.

4.2.1.3 Generation of constitutively activated and dominant negative Sat5ab/a and Stat5ab/b

After full length StatS5ab/a and Stat5ab/b with Hal &lag tags were generated, a constitutive
active version of each was produced as describedation 3.3.5. It is known that a single point
mutation in the SH2 domain of human Stat5A (Ariyiogthal., 2000), leading to an aspargine to
histidine substitution at the position 642, is ddnsvely activated. As aspargine in position 642
in human is conserved in medaka (present in post#t in Statbab/a and 647 in Stat5ab/b), |
produced the same mutation by site directed mutsieIiFig. 24). Site directed mutagenesis was
performed as described in section 4.1.1.2 \bithf gene. For StatSab/a StatSab/a_N646H_For
and Statbab/a N646H_Rev primers were used. Foral#at StatSab/b N646H_For and
StatSab/b_N646H_Rev primers were used.

Figure 24A shows the wild type amino acid (bigdet) and nucleotide sequences (small letters)
of the region flanking this aspargine in med&atbab/a. Figure 24B shows the amino acid (big
letters) and nucleotide (small letters) sequencia®fsame region after mutagenesis. Figure 24C
shows the wild type amino acid (big letters) andleotide (small letters) of the region flanking
this aspargine in medal@at5ab/b. Figure 24D shows the amino acid (big letters) mndeotide
(small letters) sequence of the same region aftelagenesis. Also, an alignment of human
Stat5A and Stat5B with both medaka Stat5 sequetgs24E) confirms that the aspargine 642
in humans is conserved in both medaka sequenceseshlt of the sequencing after mutagenesis
of Sat5ab/a (Fig. 24F) andSat5 ab/b (Fig. 24G) confirms that the mutagenesis succégsfu
added the desired mutation in medaka sequences.
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Mutagenesis Statbab/a N646H
AGERMVWNLMPYTTK

GCA GGT GAG CGA ATG GTT TGG AAC CTC ATG CCA TAC ACA ACC AAA

®AGERMVWHLMPYTTK

GCA GGT GAG CGA ATG GTC TGG CAT TTA ATG CCA TAC ACA ACC AAA

A

Mutagenesis Stat5ab/b N647H

C
KGERLVWNLLPVTTK

CAA GGG GAA AGA CTG GTT TGG AAT CTGCTGCCG TAC ACC ACC AAA

° KGERLVWHLLPVTTK

CAA GGG GAA AGA CTG GTA TGG CAC TTA TTA CCG TAC ACC ACC AAA

human Statia -EBERNLWHLEPFTTRDFETIRELADER

human S9tatibB T L R O L

medaka S9tatS5ah/sa B L R s

medaka StatS5zk/k B I T R O T

NE42

medaka StatSabfa ITIAWMYAENENRASERMYWHLMEY TTEDEF 2 IR LADE.
medaka StatSabh/a MNEdEAH |- - - - - o o o oo H.................
medaka StatSabh/h ITTAWYTAENPE-ERLYIWNLLEYTTEDFET RS LADR,
medaka StatSab/ /b NEA4ATH |0 oo v v

Fig. 24. Comparison of mutagenizedtat5ab/a and stat5ab/b sequences(A) Wild type Stat5ab/a or (B) Stat5ab/b
amino acid (big letters) and nucleotide (smalleies} sequence. In red is the amino acid that wilifutagenized. (C)
Sequence alignment of human and medaka Stat5ali/Statbab/b genes showing conservation of humar2 N64
both species. (D) Alignment of cloned medaka wjde and mutagenized Stat5ab/a and (E) StatSakylesees
showing the successful mutagenesis of an aspataimstidine.

Deletion of the carboxyl-terminal region of mous&atSA leads to sustained DNA-binding and
dominant negative phenotype (Moriggt al., 1996). Therefore, dominant negative Stat5
constructs were generated by deletion of the catdexminal transactivation domain from
medakaSat5ab/a and Sat5ab/b. The deletion was done by adding a stop codorhénsime
region as done in mouse Stat5a by PCR and subggqutmed into pCR2.1 topo (Fig. 25,
marked with green arrow). Figure 25 shows an aligmnof both mice Stat5 sequences with
cloned full length and dominant negatistat5ab/a (Fig. 25A) andXtat5ab/b (Fig. 25B).
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A .

mouse StatSa MMYERPHEDEVLDODGEFDLDE SMDVARHVEELLRRFPMD ETLDART SPE LFTSARSATLE
nmouse StatSh MM EENEDEVLDTDGDFDLED TMD VA RRVEELLGREMD SCWIEHADS
medaka StatSah/a MM ONTADETILDAECGDEFDLDD TMDUVARHVEELLRRE VE 3O &S00
medaka StatSab/a neg MMYONTIADETIL
B N
mowuse Statha NMYFEFHNFDEYVLDODEFDLDESMDVARHVEELLREPMD ELDARL SEE LFTSARSIILS
mouse StatSh NMYPENEDAVLDTDDFDLEDTHMDVARRVERELLGREPMD SOMTEHA S
medaka StatSakh/h TIYHEVDNILDTDAREFELDY PMDVARHVERELTLRRE A WIS SO0

medaka FtatSak/b neg TIYHEVEDNIL

Fig. 25. Alignment of dominant negative versions ofmedaka Stat5 coding sequences(A) StatS5ab/a and (B)
Stat5ab/b alignment with its respective full lengdguence showing the lack of the N-terminal region

4.2.1.4 Sub-cloning of Stat5 genes sequences into pl-Scel plasmid

To produce stable transgenic medaka fish lined) hdk length SatSab/a and Stat5ab/b bearing
HA and Flag tags in the N-terminal region were sldned into an I-Scel plasmid that has a
medakamitf promoter and a SV40 poly A site using Xbal andISpstriction endonucleases.
(Vector maps can be found in appendix section 7.2)

4.2.2 Stat5 sequence analysis

By comparing amino acids sequences of medaka ®tatmnd StatSab/b, | observed a high
degree of similarities in known conserved Stat5 diom like coiled-coil (83%), DNA binding
(92%) and the SH2 domain (92%). As expected, tmeadio with lower degree of homology is the
transactivation domain. Medaka Stat5ab/a have a&indvels of homology with both human
StatbA and Stat5B sequences (Table 2).

medaka Stat5ab/b human StatbA human Stat5B
medaka Stat5ab/a N-terr 74% 79% 80%
medaka Stat5ab/a CC 83% 80% 80%
medaka Stat5ab/a DBD 92% 95% 97%
medaka Statbab/a LD 78% 74% 76%
medaka Stat5ab/a SH2 92% 75% 72%
medaka Statbab/a TA 51% 60% 59%

Table 2. Comparison of Stat5 conserved domain€onservation of medaka StatSab/a and Stat5ab/thamdn
StatbA and Stat5B protein sequences. N-term inelictite N-terminal domain. CC indicates the coileitl-domain.
DBD indicates the DNA binding domain. LD indicatd®e linker domain. SH2 indicates the SH2 domain. TA
indicates the transactivation domain.

Figure 26 shows a protein alignment between huntatbA and Stat5B and medaka Stat5ab/a
and Stat5ab/b. Their conserved domains are higklighased on the known human sequences.
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Fig. 26. Protein alignment of full length Stat5A ad Stat5B from human and Stat5ab/a and Stat5ab/b frm
medaka.Conserved domains are marked in purple based oamseguence.

The whole protein sequence of medaka StatSab/hogt80% similar to medaka Stat5ab/b, as
well as to both human sequences. Medaka Stat5ahfiesce is approximately 75% similar with
both human sequences. Human Stat5 sequences, oin@ared to each other are 94% conserved
(Table 3).

Medaka StatSab/a Medaka Stat5ab/b Human Stat5A
Medaka Stat5ab/b 79%
Human Stat5A 79% 74%
Human Stat5B 80% 75% 94%

Table 3. Comparison of medaka and human Stat5 fulength protein sequencesConserved amino acids of full
medaka Stat5ab/a and Stat5ab/b and human Stat58tatiB.

To further analyse the evolutionary relationshifstdt5 genes, | created a phylogenetic tree using
medaka Stat5ab/a (ENSORLG00000003961), medaka aBtht5(ENSORLG00000014335),
human Statba (ENSG00000126561), human StatSb (EN@BA73757), mouse StatSa
(ENSMUSGO00000004043), mouse Statsb (ENSMUSGO000I®) zebrafish Stat5.1
(ENSDARGO00000019392), zebrafish Stat5.2 (ENSDARGOOG5588), stickleback Statba
(ENSGACGO00000008634) and stickleback StatSb (ENSGB@00015405) protein sequences
(Fig. 27). This analysis revealed that Statba atatb8 from mammals are more related to each
other than both fish Stat5 proteins. This indicalted the two Stat5 copies arose through different
duplication processes in mammals and in fishes.
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Fig. 27. Phylogenetic tree of vertebrate Stat5 geseAmino acid sequences were aligned by maximum hicsld
method. Human Stat3 sequence was used as out ¢daugbers on nodes are bootstrap values out of te@&ions.
The scale bar indicates evolutionary distance.

To further analyse the possibility that human Statbd StatSb arose from a different duplication
process than medaka Stat5 genes, additional syatedyses of the comprising medaka genome
regions to the human chromosome 17 where both Stgities are present was performed (Table
4). This analysis showed that medaka StatSab/a sbpyes a high number of syntenic genes,

which is not observed in medaka Stat5ab/b.

Human Stat5A Medaka StatSab/a | Medaka Stat5ab/b
up/down. genes up/down. genes up/down. genes
KLHL10 ADAML11 (1 of 2) USH1G (2 of 2)
KLHL11 FKBP10 (1 of 2) C170rf28 (2 of 2)
ACLY NT5C3L (1 of 2) PLAU
CNP KLHL11 (1 of 2) HO ENDOD1
DNAJC7 ACLY* FMNL1 (2 of 2)
NKIRAS?2 CNP SRCIN1 (2 of 2)
ZNF385C DNAJC7 (1 of 2) GRB7
DHX58 NKIRAS?2 MAP3K14 (2 of 2)
KAT2A ZNF385C (1 of 2) GRN (2 of 2)
HSPB9 DHX58 RACGAP1*
RAB5C KAT2A JAKMIP3
KCNH4 RAB5C MTR
HCRT KCNH4 (2 of 2) TFAM
GHDC HCRT IPMK
Stat5B PLCL2* NAGLU
StatbA Statbab/a Stat5ab/b
STAT3 STAT3 PTRF (1 of 2)
PTRF PTRF (2 of 2) ATP6VOAL (1 of 2)
ATP6V0OAL ATP6VOAL (2 of 2) RFNG
HSD17B1P1 STK17B* EXOCS6 (2 of 2)
NAGLU HSD17B1 EXOCS6 (1 of 2)
HSD17B1 COQ10B* CYP26A1*
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COASY L1TD1* REEP3
MLX MYLK* NRBF2
PSMC3IP FzZD2 NHLRC3
FAM134C CCDC43 EGR2*
TUBG1 C1QL1 (1 of 2) ADO
TUBG2 RAMP2 BMS1
PLEKHH3 EZH1 MBTD1
CCR1 CNTNAP1 NME1*
CNTNAP1 MYO16* MRPL27

Table 4. Analysis of human and medak&tat5 gene syntenyHuman Stat5A and Stat5B genes lay adjacent to each
other on the same chromosome. The first column shgemes present upstream and downstream of h&tatn
genes The second column shows genes present downstre@mupstream of medak&at5ab/a gene on
chromosome 8. The third column shows genes pradawhstream and upstream of medakat5ab/b gene on
chromosome 19Genes marked with one asterisk (*) are not anndtgene versions of medaka. Genes marked in
pink represent genes found in the surrounding afd Stat5 genes and medaka Stat5ab/a. The genedhiargreen
was the only found surrounding human Stat5 gendsvaadaka Stat5ab/b. Genes marked in blue are demed in

the surrounding of human Stat5 genes and both rac8t5 genes.

Synteny analysis of the medaka genome region wltbab/a copy is present with the region
from zebrafish containing Stat5.1 gene and theorefjom stickleback, tetraodon and fugu where
Statba is present was performed (Table 5). Thayais showed that medaka StatS5ab/a copy
shares a high number of syntenic genes with ther dikh species analysed.

Medaka Zebrafish Stickleback Tetraodon Fugu
Stat5ab/a Stat5.1 Stat5a Stat5a Stat5a
up/down. genes| up/down. genes| up/down. genes | up/down. genes| up/down. genes
ADAM11 (1 of 2) EFTUD2 TUBG2 FAM134C TUBG2
FKBP10 (1 of 2) EPS8L1 PLEKHH3 TUBG2 PLEKHH3
NT5C3L (1 of 2) KCNJ12 (2 of 2) CNTNAP1 PLEKHH3 CNTNAP1
KLHL11 (1 of 2) MPRIP EZH1 CNTNAP1 EZH1
ACLY SLC6A16 (1 of 2) RAMP2 EZH1 RAMP?2 (2 of 2)
CNP SLC17A7 C1QL1 (1 of 2) C1QL1 (1 of 2) C1QL1 (1 of 2)
DNAJC? (1 of 2) HRAS CCDC43 CCDC43 CCDC43
NKIRAS2 GYSs1 FzD2 FzD2 FzD2
ZNF385C (1 of 2) ASPDH MYLK MYLK MYLK
DHX58 TMEMS86B COQ10A COQ10A COQ10A
KAT2A LRRC3C (2 of 2) HSD17B1P1 HSD17B1P1 HSD17B1P1
RAB5C STK17B STK17B STK17B STK17B
KCNH4 (2 of 2) ATP6VOALA ATPBVOAL (2 of 2) | ATPBVOAL (2 of 2) | ATP6VOAL (2 of 2)
PTRFA PTRF (2 of 2) PTRF (1 of 2) PTRF (1 of 2)
STAT3 STAT3 STAT3 STAT3

Statba/b a Stat5.1 Statba Statba Statba
STAT3
PTRF (2 of 2) KCNH4 (2 of 2)
ATP6VOAL (2 of 2) RAB5C RABS5C (2 of 2) KCNH4 (2 of 2) KCNH4 (2 of 2)
STK17B KAT2A KAT2A RABS5C (1 of 2) RABS5C (1 of 2)
HSD17B1 DHX58 DHX58 KAT2A KAT2A
COQ10B CNP (2 of 2) ZNF385C (1 of 3) DHX58 DHX58
L1TD1 DNAJCY (1 of 2) NKIRAS2 ZNF385C ZNF385C (1 of 2)
MYLK ZNF385C DNAJC7 (1 of 2) STAC2 (2 of 2) NKIRAS2
FzD2 NKIRAS2 CNP FBXL20 DNAJC7 (1 of 2)
CCDC43 DNAJC7 (2 of 2) ACLY (2 of 2) CDK12 CNP
C1QL1 (1 of 2) TTC25 KLHL11 NEUROD?2 ACLY (1 of 2)
RAMP2 CNP (1 of 2) NT5C3L (1 of 2) PPP1R1B KLHL11
EZH1 ACLYA FKBP10 (1 of 2) STARD3 NT5C3L (1 of 2)
CNTNAP1 COQ10A LEPREL4 (1 of 2) MREG FKBP10 (1 of 2)
MYO16 HSD17B1 ADAM11 (2 of 2) TCAP LEPREL4 (1 of 2)

Table 5. Analysis of medaka, zebrafish, sticklebacketraodon and fugu Stat5a gene synteny.The first column
shows genes present upstream and downstream okan8d#bab/a gene The second column shows genes present
downstream and upstream of zebraf§ht5.1 gene. The third column shows genes present dosamstrand
upstream of sticklebac®at5a gene.The fourth column shows genes present downstreahupstream of tetraodon
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Sat5a gene. The fifth column shows genes present dovarstrand upstream of fugitatba gene. Genes marked
with the same colour represent genes found in the@snding of medak&at5ab/a gene that was also found in the
surrounding ofstat5a of the other fish species analysed.

Besides that, synteny analyses of the region auntpithe medak&at5ab/b gene, the region in
zebrafish that contairf®at5.2 gene and from stickleback that conte®at5b gene was performed
(Table 6). This analysis showed that medaka Stét5edipy shares a high number of syntenic
genes with stickleback region where Stat5b is pitelset not with zebrafish region where Stat5.2
is located. The synteny analyses of the regionatoimig Sat5 genes in different fishes will help
to hypothesize whether the different Stat5 copiesgnt in fishes arose from the fish specific
genomic duplication.

Medaka Stat5ab/b Zebrafish Stat5.2 Stickleback Stat5b
up/down. genes up/down. genes up/down. genes
USH1G (2 of 2) GRID1 (1 of 2) EGR2 (1 of 2)

C170rf28 (2 of 2) FAM190B (2 of 2) NHLRC3
PLAU PATL2 NRBF2
ENDOD1 CMN REEP3
FMNL1 (2 of 2) PAQRA4 (2 of 2) JMJID1C
SRCIN1 (2 of 2) PELO CYP26A1
GRB7 PPP1CAB EXOC6
MAP3K14 (2 of 2) IRF9 HHEX
GRN (2 of 2) ATP2A1L TRUB1
RACGAP1 FAM158A LRRC45
JAKMIP3 PSME2 RAC3
MTR LSM5 DCXR
TFAM RNASEN RFNG
IPMK KCNH4 ATP6VOAL (1 of 2)
NAGLU GHDCL PTRF (1 of 2)
Statba/b b Stat5.2 Stat5b
PTRF (1 of 2) OPLAH NAGLU
ATP6VOAL (1 of 2) FOXH1 IPMK
RFNG PPP1R16A UBE2D1 (1 of 2)
EXOCS6 (2 of 2) ADAM11 TFAM
EXOCS6 (1 of 2) DBF4B POLR3D
CYP26A1 FKBP10 -
REEP3 KLHL11
NRBF2 ACLY (2 of 2)
NHLRC3 GPT (2 of 2)
EGR2 KBTBD2
ADO AVL9
BMS1 MTO1 -
MBTD1 BECN1 -
NME1 NEUROD2
MRPL27 PKMYT1

Table 6. Analysis of medaka, zebrafish and sticklerk StatSb gene synteny.The first column shows genes
present upstream and downstream of me@®ab/b gene The second column shows genes present downstream
and upstream of zebrafisBat5.2 gene. The third column shows genes present dosamtrand upstream of
sticklebackStat5b gene until the end of the scaffold. Genes marked thie same colour represent genes found in the
surrounding of medak&at5ab/b gene that was also found in the surroundingdafsb of the other fish species
analysed.

4.2.3 Expression pattern

Using whole mount RNAN situ hybridization, | analyse®at5ab/a and Stat5ab/b expression
during the early stages of medaka embryonic devedmp. RNA expression ditatSab/a was
detected at medaka development stages 20, 28 arfffi®@228 A-C). In all stages analysed,
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Satbab/a expression was detected in the prosencephalon (pe3encephalon (me) and otic

vesicle (ot). No expression was detected usingémse probe as negative control (Fig. 28 D-F).
Sat5ab/b expression was detected in all stages analyséthéexpression was restricted to brain
vesicles and otic vesicles at stages later than(F28 28 G-l). Both genes show a rather

ubiguitous expression pattern at stage 20 (FigA2thd G). No expression was detected using
Sat5ab/b sense probe as negative control (Fig. 28 J-L).

St 20 St 28 St32

Stat5ab/a
anti-sense

Statbab/a

anti-sense sense control

Statbab/b

Stat5ab/b
sense control

Fig. 28. In situ hybridization of medaka embryos using Stat5a/a andtat5a/b probes.All pictures show dorsal
views of the head region. Anterior is orientatedthe left side. Arrows indicate regions of expressin the
prosencephalon (pe), mesencephalon (me) and cticle€ot).

Additionally Statbab/a and Stat5ab/b expression was investigated by qPCR in skin, bladney
and liver of wild type fishes. No expression waseated in eyes, gills, testis and muscle. Both
genes had a raised expression in brain. The expnegattern of both genes was very similar to
each other (Fig. 29).
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Fig. 29. Real time PCR of different organs from adli medaka fishes.Stat5ab/a and Stat5ab/b expressions were
normalized against skin. The results shown hereevemiculated by the mean value of a triplicate yasShe
expression of medaleilal was used as internal control.

4.2.4 Generation of Statbab/a and Stat5ab/b traisgees

To gain new insights on Stat5 function, | generdtadsgenic medaka lines carrying the medaka
Sat5ab/a and Sat5ab/b full length sequence under the control of the mgtrcell specific mitf
promoter (Schartét al, 2010). Also, to investigate the consequencespstitutive activation or
the lack of Stat5 signalling on cancer progressiovivo, | established a constitutively activated
version and a dominant negative version of eacle gexler the control of the same pigment cell
specific promoter. Therefore, after cloning fulh¢gh medak&atSab/a andSat5ab/b, producing
Satbab/a N646H and SatSab/b N647H through site directed mutagenesis and piaduc
Satbab/a dominant negative an@atS5ab/b dominant negative through PCR adding a premature
stop codon, | sub-cloned all sequences into theglXontaining amitf promoter and a poly A.
These constructs were used to inject one cell dtagalaka embryos to produce transgenic lines.
Positive injected fishes were raised and siblingsrewscreened by genotyping PCR for
transmission of transgene; 14 different lines wersitive screened (Table 7).

Gene version Feature Number of lines  Names

Statbab/a Full length 3 Statbab/a 5, 6 and 7
Stat5ab/b Full length 2 Statbab/b 8 and 9
Stat5ab/a N646H Constitutive active 2 Stat5ab/a N646H D and E
Stat5ab/b N647H Constitutive active 2 Stat5ab/b N647H F and G
Stat5ab/a neg Dominant negative 3 Statab/a neg,3 and y
Stat5ab/b neg Dominant negative 2 Statab/b ne@ and ¢

Table 7. Different Stat5 transgenic medaka lines &blished in this work. Gene variant, feature, number of lines
and name of each line are listed.

In summary | was able to identify and clone med&at5ab/a and SatSab/b and produce
transgenic lines bearing either wild type, a caastiely active and a dominant negative version
of each medaka Stat5 gene under the control opitpaent cell specifianitf promoter. These
lines will help to gain new knowledge on Stat5 fume in the normal development and in cancer.
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4.3 c-myc

c-myc expression is deregulated in a wide range of huoaarters and is often associated with
aggressive tumours (Larsson and Henriksson, 2@édtpiled knowledge of C-myc biology is a

key premise to understanding its role in cancdraition, progression and to target it for cancer
therapy. To obtain new information on C-myc funotithe identification and cloning of one of

the medak&-myc genes was performed.

4.3.1 Identification and cloning of a novemyc gene

By searching available medaka databases | idetiiwo c-myc genes, positioned on
chromosomes 17c{mycl7, ENSEMBL database identifier. ENSORLT000000088&a6H on
chromosome 20c{myc20, chromosome location 20:19323350-19324300). Thpiesece ofc-
mycl7 (which was cloned by Cornelia Schmidt) differsnfrahe one found in the ENSEMBL
database. Marked with a green square in Figures 2 iexon, which is present in the database,
but was not found in our cDNA clones. Accordingth® c-myc sequences from tetraodon,
zebrafish, stickleback and fugu present in the sdat@base, these other fish species also lack this
extra sequence. Also, the last amino acids (markered in Figure 30) differ between our
sequence and the database. All the results showmsinvork refer to experiments obtained with
the sequence from our cDNA clones.
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Fig. 30. Protein sequence alignment of full lengtimedaka c-mycl7 gene.Green and red squares mark the
differences between the sequence present in ENSEd4idbase and the cDNA clones sequences.

Medakac-myc20 was not annotated in the ENSEMBL database. Bytibtaghe humarc-myc

gene in NBRP cDNA database (http://www.shigen.migpdmedaka/) two different orthologues
were found. And by blasting this second copy in ENBBL lastetgp database, | found out that it
lays on medaka chromosome 20. After alignment ethyc sequence from different fish species,
| observed that 120 amino acids were missing (nthikepurple in Fig. 31). Using primers
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flanking this gap (mdk_cmyc20_gap_for and mdk_cmdyacfap rev) | was able to obtain full
length c-myc20 sequence (Fig. 31). Newly identified medakamnyal7 and c-myc20 coding
sequences have been submitted to Genebeimkyql7: GeneBank-nr. JN542547%-myc20:
GeneBank-nr. IN634762).
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Fig. 31. Nucleotide alignment of eanyc20 sequencesThe consensus sequences were obtained IRBRP cDNA
database. The sequence missing was obtained kot ddguencing using a PCR product of a reactiomgustimers
flanking the gap. This way the full lengthmyc20 coding sequence was obtained.

Medaka c-mycl7 sequence was PCR amplified from pooled medakano@@aNA using
ReproFast polymerase (Genaxxon) with primers imggHindlIIl restriction site downstream and
BamHI site upstream the gene. To compare homologyng different vertebrates, C-myc protein
sequences from human, mouse, fugu and both medgtescwere aligned (Fig. 32). The DNA
binding domain, the helix-loop-helix domain and thecine-zipper domain share an overall high
rate of conservation throughout all investigatedel@ates (purple lines in Fig. 32).
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Fig. 32 Alignment of C-myc protein sequencedduman, mouse and fugu C-myc protein sequences aligneed
with medaka C-myc17 and medaka C-myc20. Black bdigdslight conserved amino acid residues (more b
conservation in all sequences). Yellow arrows iatidknown amino acid sites for posttranslationatlifications in
the human Myc protein, e.g. phosphoserine and N@ylgsine modifications, as stated in the UniRtatabase.
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Table 8A lists the degree of similarity betweenhbobtedaka C-myc protein sequences and
human, fugu and the three zebrafish protein se@seriduman C-myc basic-helix-loop-helix
(BHLH) domain is 78% similar to C-myc20 and 55% #amto C-mycl7 (Table 8B). The DNA
binding domain is 100% equal to C-myc20 and 92%lamC-mycl7. Interestingly, the leucine-
zipper, which is responsible for the interactiothWiMAX, is only 50% similar to C-myc20 but
68% similar to C-mycl7.

A B
c-mycl7 c-myc20 c-mycl7 c-myc20

c-mycl7 47% Human c-myc HLH 55% 78%
Human c-myc 46% 55% Human DBD 92% 100%
Fugu c-myc 51% 84% Human LZ 68% 50%
Zebrafish c-myca 49% 70% c-mycl7 HLH 68%
Zebrafish c-mycb 48% 69% c-mycl7 LZ 61%
Zebrafish c-mych 31% 43% c-mycl7 DBD 93%

Table 8. Comparison of medaka C-myc sequence@) Conserved amino acids of full human, fugu aetirafish
C-myc sequences in comparison with medaka C-myei& 20. (B) Conservation of C-mycl7 and 20 motifs
compared between themselves and with human secuerdtel indicates helix-loop-helix domain; DBD indies
DNA binding domain; LZ indicates Leucine-zipper daim

Furthermore the alignment in Figure 32 shows tmetwkn C-myc phosphorylation sites for the
human protein (Adhikary and Eilers, 2005), like T¥#¥geted by glycogen synthase GSK3, and
S62, targeted by MAP kinase, are conserved in batlaka orthologues. Apparently differences
between the two medaka Myc proteins could be detexin S71, targeted by Rho-dependent
kinase and related with transcriptional repres&ipmMyc, is only conserved in C-mycl7 but not
in C-myc20. Apart from the phosphorylation sitdgere are six lysine residues on human C-Myc
that are direct substrates for acetylation by p@@nget al., 2005). Two of these are conserved
in both medaka-myc genes: K143 within Myc homology box 1 and K323haitthe nuclear
localization signal. Three lysine modification sitare only present in C-myc20: K157 located
next to the Myc homology box 2, K275 not linkedftmctionally important Myc domains and
K371 within the BHLH domain. One site is not presenboth medaka copies K317 next to the
nuclear localization signal. These results indidht essential functional domains and amino
acid residues of C-Myc have been conserved in Iédaka genes, but some changes in
posttranslational regulatory amino acid motifs,ezsglly those of N-6 acetyllysine modification
sites in C-myc17, may have resulted in functionaéjence of these orthologues.

4.3.2 Syntenic and phylogenetic analysis-ofiyc orthologues in medaka

To further analyse the relation between both medakayc orthologues and the human C-myc, |
performed syntenic analyses of C-myc correspondemme regions on medaka chromosome 17
and 20 and the human chromosome 8 (Tables 9 andVvi3t of the genes present upstream
human C-myc are present either on medaka chromosdimer 16. Homologues of genes
downstream human C-myc are present either on clsome 11, 16 or 17. Interestingly, no
homologue present on medaka chromosome 20 was {Gaidk 9).
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human myc medaka human myc medaka
up. genes chromosome  down. genes chromosome

POUSF1B 12 GSDMC not present
FAM84B 11 and 16 FAM49B 17
TRIB1 11 ASAP1 not present
NSMCE?2 not present ADCY8 17
TMEMG65 11 and 16 EFR3A not present
NDUFB9 11 0OC90 not present
KLHL38 11 and 16 HHLA1 not present
FAM91Al 11 KCNQ3 17
MTSS1 11 and 16 LRRC6 17
TRMT12 10 TMEM71 not present
RNF139 not present NDRG1 11 and 16
TATDN1 not present PHF20L1 not present
ZNF572 not present ZFAT 16
SQLE 16 KHDRBS3 11
KIAAO0196 16 COL22A1 11
FER1L6 21 KCNK9 11
WDR67 16 PTK2 16
C8orf76 16 SLC45A4 16
ZHX1 11 CHRAC1 11
ATAD2 16 TRAPPC9 11

Table 9. Analysis ofc-myc gene synteny between human and medaka genomEsst column shows genes present
upstream human c-myc locus, while the second colinghicates the position of the corresponding getleotogue
on the medaka chromosomes. Third column shows gaeeent downstream of the human c-myc and foutiiman
the chromosome in which they are found in medaka.

The synteny analysis of medaka chromosome 17 and @@mparison with human C-myc locus
(Fig. 33) confirms that more genes are conservéddsn human chromosome 8 and medaka
chromosome 17 than 20 (blue lines, Fig. 33A). Feg8BB shows a magnified picture illustrating
the corresponding chromosome regions around humdnreedaka c-myc. Medaka C-myc20 is
not present in the analysis because it is not atedtn the used databases.
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Fig. 33. Synteny analysis of the medaka cmyc in cqarison to human. Analysis ofc-myc gene synteny was
performed utilizing the ENSEMBL database and that&yy database. (A) Blue lines show conservedbetiveen
human chromosome 8 and medaka chromosome 17. feddhow conserved loci between human chromosome 8
and medaka chromosome 20. The asterisk (*) indiced@®yc genes on human and medaka chromosomes. The
human cmyc locus, 10MB around the huntamyc gene, is indicated. (B) shows on the x-axis theglete human
chromosome 8, while the y-axis represents all meddkomosomes. Red dots indicate syntenic regiehsden
species. Blue rings mark the position of huntamyc at 8q24 and potential regions ofmyc homologues in the
medaka. The magnified picture illustrates the @poeding chromosome regions, containing neighbguganes on

the human and the medaka loci. Medaka c-myc20tipmsent in the analysis because it is not anedtatthe used

databases.

Additional syntenic analyses of the comprising nk@dgenome regions to another fish species,
the fugu, showed that-mycl7 and c-myc20 lie in regions of high evolutionary conservation
(Table 10), hinting to a common origin by the fighecific genome duplication.
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c-mycl7 up./ c-myc20 up./ fugu c-myc orthologue in

down. genes down. genes up./down genes medaka chr.
trimm3 5* ankh ankh 20
crh* vps41 faml05b 20
q9w7rl mrpll5 orf36c7 20
adhfel oprkl** poutf2 20
cd3e chmp5 ** vpsd 1 20
tel9 c7orf36 escol 20
sle39a6 fastkd3 soxl7 20
cd3e myom | mplll notpresent
pla2g2a Ipin2** soxl7 20
keng 3 poubf2 mrpl15 20
lprc6 smchd 1 rgs20 17/20
ifi57 emilin2** opkl 20
murc* escol chmp5 17/20
proc mettl4 fastkd3 20
vepip 1 faml b myoml 20
dnaje5b sox17 Ipin2 17/20
sleda2* lyplal emilin2 20
tmubl ras20** adcyapl 17/20
afg3l2 yes 1 yesl 17/20
adcey8 ensof1 enosf1 20
sleoSal* myoml ** tyms 20
c-mycl7 c-myc20 —— fugu c-myc o
cap7bl smarcd3 fam49b 17
wdr33 chpf2 gtbp2 1/15
sft2d3 abef? notpresent
mfnl slcda ** nfxl not present
faml 32b nrp2 smarcd3 20
pex51 puf60 abcf2 20
armel * scrib chpf2 20
smg7 cdv3 slcda? 17/10
rasal? lztfl1 - -
dhx9 topbpl - -
nmnat2 dnajcl3 - -
phb2 gli3 - -
bfsp2 prpfb = =
opné c6orfl45 - -
tmx3* ——————  tmx3** - -
cl6orf80 dsel - -
c7orfll cdhl9 - -
atgl0 cdh7 ** - -
tmem 70 impal** - -
cyplal fbxl7 - -
impal* rala - -
cdh7* ralyl** - -

Table 10. Analysis of medaka-mycl7 and c-myc20 gene syntenyFirst column shows genes present upstream and
downstreant-mycl?7, second column shows genes present upstream awstieamc-myc20, third column shows
genes present upstream and downstream €ugyic gene and fourth column shows in which chromosorenfr
medaka the orthologue in fugu is present. Geneskeadawith one asterisk (*) are genes present on kseda
chromosome 17 that are duplicate in the medaka rgenand where its corresponding copy is present on
chromosome 20. Genes marked with two asterisks 8 genes present on medaka chromosome 20 that are
duplicated in the medaka genome and where its sporeling copy is present on chromosome 17. Blavdsli
indicate corresponding gene orthologues betweediffegzent genomic regions.
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To assess the evolutionary relation of theyc genes of medaka in more detail, phylogenetic
comparison of human, mouse, xenopus, tetraodak]eddiack, fugu and zebrafishyc genes with
both medaka sequences was performed (Fig. 34).

fugu cmyc

Fig. 34. Unrooted phylogenetic tree of myc family gnes. Amino acid sequences were aligned by maximum
likelihood method. Numbers on nodes are bootstedipes out of 100 iterations.

These analyses revealed that the medakgc genescluster together with the vertebrate C-myc
family and not with mycN or mycL (Fig. 34). Moreavihe phylogenetic tree revealed that the
copy present on medaka chromosome 20 clusterslchlogtd sequences from other vertebrates,
while the copy on medaka chromosome 17 seems tmio@e as it branches off relatively early
(black box in Figure 34). This unexpected resutticates that c-mycl7 of medaka is a highly
divergent or an aberrant gene version.

In summary, these results strongly suggest thabkezmycl? is an evolutionary modifiechyc
gene version apart of all vertebratawc genes, harbouring possible different functions.
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4.3.3 Production of transgenic lines and expresgaitern

To exclude that-mycl7 is a non functional, not expressed pseudogenegssipn studies of
both medaka-myc genes were performed by RT-PCR (Fig. 35). Expoesef both genes was
detected in all analysed developmental stages1@,021, 24, 30, 34 and 38; Fig. 35A). In adult
tissues (Fig. 35B), expression of both medekayc genes was detected in all analysed tissues.
Expression was lower in gills and liver when congplato brain, eyes, muscle, skin and testis.
This result shows that the noyc copy present on medaka chromosome 17 had a similar
expression pattern mmyc20 during development.

A

Stages 10 18 21 24 30 34 38 ctrl

c-myc20
c-mycl7

eflal

Organs  brain eyes gills liver muscle skin testis ctrl

c-mycl7

c-myc20

eflat

Fig. 35. Reverse transcript PCR of botlc-myc copies present in MedakgA) in different developmental stages
and (B) in different adult organs. PCR reaction wagormed using as template cDNA from differendadea stages
of development.

To analyse in detail functions of this noweinycl7 gene and to compare these to the hu@an
myc gene, | established a novel induciblesivo model in medaka. The coding regioncafycl?
lacking the stop codon wdissed to the hormone-binding domain of the mous®@gsn receptor
(from vector pWZLneoG525R, a gift from Martin Edeand performed by Cornelia Schmidt),
which enables induction of the transcription factdr a chosen time point by addition of
tamoxifen. For ubiquitous expression of the cortdfrilhe cytoskeletal-actin promoter Xénopus
borealis was utilized (Lakiret al., 1993). Thee-mycl7-ER construct was then sub-cloned into the
pl-Scel vector, containing the cytoskeletal-actmorpoter and a SV40-poly A, and named
mycl7-ER I-Scel plasmid. This construct was injecteciine cell stage medaka embryos.
Integration of the construct into the genome resbih two independent transgenic lines, named
c-myc line 1 and 2.

Transgene expression in both lines was determinedRCR. The transgenic medaka line 1
showed a 7 fold higher expression of the transgee in the gills when compared to the other
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organs examined (Fig. 36A). In line 2, brain, eyeks and muscle have at least 6 fold increased
expression when normalized to liver. Direct comgami of both lines indicates that line 2 has an
overall higherc-myc RNA expression than line 1. To additionally tedtether the protein is
produced in both lines, western blot analyses wereducted. In both lines the fusion protein
could be detected by using an antibody directethagthe mouse ER (Fig. 36B).

A B

18
16
i4

12 T
10
- Hline 1

line 2

line 1 line 2 WT ctrl

ER

e b

liver brain eyes gills muscle

Fig. 36. Expression of c-mycER transgene in establied medaka transgenic linegA) Real time PCR analysis of
c-mycER transgene from liver, brain, eyes, gillsl anuscle from adult fishes. Levels from the tramsgevere
normalized agains¢flal in each tissue. Histograms with T-bars indicate thean standard deviation based on
triplicate assays. (B) Western blot analysis ofdfraycER protein fusion. Protein samples extraétech wild type
(WT) and two transgenic fishes immuno-stained withi-ER antibody. Protein extract containing hunsamycER
was used as control (crtl).

actin

relative fold change

=R R -]

4.3.41n vitro induction of emyc in medaka primary cells

To test whether the induciblemycl7ER system works in the established transgenic naedak
lines, dissociated fibroblast cells from tail fimgere cultured for five days followed by 24h
treatment with 4-hydroxytamoxifen (4-OHT). Immunaiflescence of these cells using an anti-
ER antibody shows nuclear translocation only in fgiresence of 4-OHT, confirming the
functionality of the inducible-mycER system in medaka (Fig. 37A). Differences of eaclto
cytoplasm fluorescence intensity enabled me to tifyanuclear translocation (Fig. 37B) and
demonstrate that in line 1 a 10 fold higher ratenoflear myc-ER was detected after 4-OHT
treatment, while in line 2 the ratio was only ¥dfincreased.
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Fig. 37. Functionality tests of c-mycER transgenitines. (A) Immunofluorescence of c-mycER line 2 in medaka
fin primary cell culture in the presence or absenicé-OHT using anti-ER antibody and nuclear corstgning with
Hoechst. Scale bar: 10uM. (B) Quantification of méatensity differences (n=7 cells per treatmeBgch cell was
measured at two independent regions in the nudedsthe cytoplasm. Mean values were subtractedltulate
cytoplasmic to nuclear difference. (C) Direct c-migrget gene expression, ODC1, CBX3, CCT5, EIF368 a
MTLL1, in different organs via gPCR analysis a#l@HT treatment. Relative fold change levels farthegene were
normalized agains¢flal in each tissue separately. Histograms with T-lbadicate the mean standard deviation
based on duplicate assays.

In addition, | was able to quantify the expressudrfive target genes that are up-regulated by
humanc-myc (Dang et al., 2006; Maoet al., 2003; Wagneset al, 1993; Zelleret al, 2003):
ornithine decarboxylase 1(ODC1), chromobox homd@Ad@BX3), chaperonin containing TCP1,
subunit 5 (CCT5), translation initiation factorstibunit 8 (EIF3S8) and methyltransferase-like 1
(METLL1). Expression of the Medaka orthologues gemeas determined in different adult
tissues fronc-mycl7ER lines after 4-OHT treatment. This analysis reveahehliced expression
in almost all investigated tissues compared torobsamples (Fig. 37C). Differences between the
two established lines are obvious, as tissue sampfeline 2 always show a stronger
transcriptional induction of all five genes comghte line 1. Nuclear translocation of the C-
mycl7ER and induction of target gene expressiogr @OHT treatment show functionality of

the transgene.

4.3.5 Function of noveC-mycl7

By initially investigating the medaka-royc gene copy present on chromosome 17, | could
observe that this less conserved copy is exprés$gd35 and 36) and that it is able to translocate
to the nucleus (Fig. 37 A and B). In addition, bltbnotice that this protein is also able to induce

92



expression of known C-myc target genes (Fig. 37K®).further understand its function, |
performed proliferation and apoptosis assays aokkld for its possible role in cancer initiation.

4.35.1 Proliferation

| investigated whether ectopic expressioncafiycl7ER leads to increased cell proliferation
vivo, one hallmark function of human C-myc. Distinagleer BrdU incorporation was detected in
4-OHT treated individuals of both transgenic linescomparison to EtOH treated control fish
(Fig. 38A). Quantification of BrdU incorporationtaf C-myc17 induction (Fig. 38B) revealed
that line 1, which has a lower transgene expresi&oel, has a higher rate of proliferation than
line 2. For example in liver, line 1 has 3.1% ofiBrpositive cells when treated with tamoxifen
and 0.49% in the EtOH control. 4-OHT treated lineas 2.04% of proliferative cells while EtOH
treated cells have 0.58%. In gills, tamoxifen teeafishes present 6.55% (line 1) and 4.07% (line
2) of BrdU positive cells. Control of line 1 anchdi 2 show 3.13% and 2.88% of proliferating
cells.
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Fig. 38. Cell proliferation after c-myc activationin vivo. (A) BrdU staining on sections of liver (upper pareatyd
gills (lower panel) in the presence or absence-OHT. Scale bar: 10 uM. (B) Quantification of Brgiidsitive cells
in liver (left graphic) and gills (right graphich iboth c-mycER lines. Histograms with T-bars inthcthe mean
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percentage of BrdU positive cells of two indeperdeperiments with their corresponding standardaton. C N
indicates average cell number counted from 5 diffesections.

4.3.5.2 Apoptosis

In contrast to the proliferational potential, liRéhad a highem vitro apoptosis rate after 4-OHT
treatment when compared to line 1 in primary c@tlg. 39A and B) andh vivo in liver and gills
(Fig. 40 A and B). In primary cell culture from nada fins, 4-OHT and EtOH treated cells from
line 1 showed 7.27% and 2.61% apoptosis rate, c&sply. Line 2 presented11.49% and 1.8%,
respectively, in treated versus non treated cells.

A TUNEL Hoechst merge B
12%
+ 4-OHT .
o ” 10%
I.‘UJ —
> 8 8%
€ o
T
© 2
- 4-OHT 6% -
o
o
= a9
o 4%
4
2
+ 4-OHT = 2% -
o
2 I I
2 J
=} line 1 ne 1 line 2 line 2 wt fish
3 + = 4-0HT
-4-OHT 110 115 148 11 174 168 CN

Fig. 39. Effects of C-myc activation on cell deatlin vitro. (A) Detection of apoptosis in primary cell culture
(arrows indicate TUNEL positive cells). Cells wereated for five hours with 4-OHT before fixatidduclei were
counterstained with Hoechst. Scale bar: 100 pM.@Bantification of apoptotic cells in primary cuks derived of
both C-mycER lines and wild type fishes in preseaca&bsence of 4-OHT in the media. C N indicateal toell
number for each assay.

A similar observation was made when looking at atlssues from transgenic fishes (Fig. 40).
For example, livers from fishes from line 2 had@ll® TUNEL positive cells after treatment
with tamoxifen, while EtOH treated control fish haaly 2.52%. In gills, the amount of apoptotic
cells was 21.39% of 4-OHT treated cells. In confrdme amount of TUNEL positive cells in non
treated gills was 1.58%. In summary, our functioegberiments show that in both transgenic
lines C-mycl7 can induce proliferation and apotoadditionally, |1 could confirm differences
in potency of both lines to induce these effectaell shows a higher rate of proliferative cells,
while line 2 is more potent to drive cells into ppusis.
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Fig. 40. Induction of apoptosis after C-myc activabn in vivo. (A) Detection of apoptosis by TUNEL assays in
liver and gills sections from adult fishes. Fishere treated for 24 hours with 4-OHT to induce yeti§ function..
DNA fragmentation is visible as red spots colodgatizwith nuclei, which are stained with Hoechstal®dar: 10uM.
(B) Quantification of apoptotic cells in liver (tepanel) and gills (right panebf both C-mycER lines fishes in
presence or absence of 4-OHT. C N indicates teththamber for each assay.

4.3.5.3 Hyperplasia

| conducted long time C-myc activation experimesftseveral individuals of both c-mycl17 lines
to investigate potential pathological changes. Fagutl A and B show liver histology from both
transgenic lines after 4 weeks of treatment witmaaifen. | observed hyperplasia, a raised
number of cells, in the liver from c-myc line 1da when compared to either wild type fishes
treated or non treated with 4-OHT (Fig. 41 C andI@ounted an average of 890 and 794 cells
per section in C-mycER fishes after 4-OHT treatm@¥itd type fishes had an average of 354 and
397 cells per section in fishes treated and natecewith tamoxifen (Fig. 41 E). Cell nuclei of C-
mycER fishes after 4-OHT treatment were smalleeage 2 pm) when compared to cell nucleus
of treated and non treated wild type fishes (avera@ pm). All visible cells on a picture were
counted. Three not overlapping tissue parts, edttham area of approximately 87410fiwere
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used for counting. This result indicates that I¢inge activation of Cmycl7 does lead to tissue
hyperplasian vivo. Interestingly, no differences in both lines wdetectable.

Cell number

C-mycER line 1 C-mycER line 2 wt wt line
A-OHT

+ + +

Fig. 41. Constant c-myc activation triggers liver ell hyperplasiain vivo. Images show haematoxylin and eosin
stained sections of liver from adult transgenibédis from line 1 (A), line 2 (B) and wild type (Geated for four
weeks with tamoxifen or non treated wild type (Btale bar: 20uM. (E) Cell number per section irhli@tmycER

lines and in wild type fishes treated or not trdatéth tamoxifen.

In summary, | generated a tamoxifen inducilnleivo model for the medakermyc gene present
on chromosome 17. Using this model | showed thaty€17 leads, when activated, to increased
proliferation and to apoptosis in a dose dependemtner, similar to human Myc. It also triggers

hyperplasia in adult liver after long-term actiati
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5. DISCUSSION
5.1 BRAF

5.1.1 Identification and sequence analysis of mad&RAF hint to evolutionary conservation

BRAF is a serine threonine kinase found mutatedhigh incidence in human tumours like
malignant melanoma, thyroid cancer, colorectal inaroa and ovarian cancer, and in low
incidence in tumours like colon cancer, lung adancoooma, breast cancer and lymphoma
(Garnett and Marais, 2004). Analysis of the medakaf gene is expected to bring new
information on BRAF structure and conserved domaad can reflect its different or similar
function between different organisms. In this wdrkave identified and cloned the medddkaf
gene for the first time. To analyse the similastieetween different fish species, including
medaka and other higher vertebrates, | alignecathimo acid sequences of the medaka BRAF,
cloned in this work, and the ones from fugu, tedag stickleback, zebrafish, xenopus, mouse
and human, which are available in online databdBepire 11). BRAF protein domains are
highly conserved among vertebrates. The high siityilaetween all BRAF domains suggests the
maintenance of function between different organisihough human and medaka BRAF
protein sequences are highly conserved, syntenlysamgTable 1) comparing human BRAF
locus on chromosome 7 and the corresponding meldakis on chromosome 23 revealed no
syntenic conservation between these species. Qrlatiewmary reason for this observation might
be a regional translocation in the correspondingaka region where, during evolution, BRAF
jumped out from the chromosome region where ititigdal and was inserted in a totally new area.

5.1.2 Medaka BRAF has similar expression pattemmasse

Analysis of murinebraf mRNA expression by RT-PCR in different organs réseaa high
expression obraf in brain and testis and a low expression in eyelaed (Barnieret al, 1995).

In the same work, no expression was observed inekidThis result is in accordance with the
high braf expression in medaka brain found in this work inlatissues by qPCR (Fig. 14). | also
observed expression in the mesencephalon and pesgion byin situ hybridization during
larval development (Fig. 13). Through these expenis, | also detected expression in the eye
and liver in adult fishes (Fig. 14). However, | fmba moderate expression in kidney, which
disagrees with the results from Barngral. The mousebraf gene encodes multiple protein
isoforms with tissue specific expression (Barmeal, 1995). So far, no study to identify different
BRAF isoforms in medaka has been performed.

5.1.3 Medaka transgenic lines support known BRAtefions
BRAF phosphorylates and thereby activates MEK, whsubsequently phosphorylates and

activates MAPK, which in turn phosphorylates selvergtoplasmatic and nuclear targets
(Wellbrock et al, 2004). BRAF mutations were found in approximat&é§% of human
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melanomas, and the most common is a T-A transvelsiading to a valine to glutamic acid
substitution, BRAF V600E (Michaloglou, 2008). Thizutation results in a constitutive active
BRAF and therefore induces constitutive MEK/MAPKgrslling, resulting in enhanced
proliferation (Fechemrt al., 2008). To obtain more information of BRAF fumctiin vivo in
medaka and to take advantage of laboratory fishetsawd answer some of the remaining open
guestions of BRAF function, | established a medaiiasgenic model carrying the meddkaf
gene. To accomplish this, | produced transgeneslicarrying the wild type medaka gene and a
constitutive active form. The constitutive activesaka BRAF showed to be able to transduce the
MAPK signalling, since | was able to detect phosglated MAPK even without stimulus. This
experiment also proved that medaka BRAF has thee danttion as mammalian BRAF in the
propagation of signals through the MAPK pathway.rébwer, this experiment showed that the
BRAF carrying the valine to glutamic acid mutationthe fish homologue of the human V600E
(position 614, in medaka) is constitutively actifdese results show that the medaka homologue
of braf is able to fulfil similar functions to mammaliangpeins, and that a fish specific mutation
V614E can resemble a known human property.

5.1.4 BRAF plays a role in skin pigmentation

| observed disrupted pigmentation phenotype insganic BRAF V614E medaka fishes, as
individuals of these lines show darker body pigragah (Fig. 16). This phenotype was expected
since a role of BRAF in pigmentation has been dhted in zebrafish, where constitutively
activated BRAF also plays a role in melanocyte traent (Pattoret al, 2005). In this work,
transgenic zebrafishes showed focal sites of meldagroliferation, and BRAF activation was
sufficient to promote nevus formation. Howeverhaiigh dramatic changes in zebrafish pigment
pattern were observed, no tissue invasion was appain conclusion, expression of BRAF
V600E can cause the expansion of melanocytes, 8diti@hal mutations are required for
melanoma formation. In accordance to this study,turoour formation was observed in my
BRAF V614E medaka fishes. In the same study, Pattoml (2005) observed that in a
background without the function of the tumour s@sgsor p53, activated BRAF can lead to
melanoma formation. In medaka, a p53 negative backg or the loss of another tumour
suppressor likedkn2 would probably also lead to melanoma formatiort, this remains to be
elucidated. Although results from fish models may mecessarily be directly extrapolated to the
human situation, they will still be very informatito determine the effect of BRAF V600E in
melanocytes also in the context of other cancedippesing lesions. In addition, medaka fishes
have the advantage to enable close visualizationpigmentation during every stage of
development and the possibility to screen for cleaihmtompounds. It is important to notice that
no correlation betweeraf overexpression and skin pigmentation in mammaldkas drawn so
far, which could constitute a specific fish BRAm@tion. In addition, it is known that BRAF not
only stimulates melanocyte proliferation but aleduces senescence in human melanoaytes
vitro (Michaloglouet al, 2005) and in mice melanocyitevivo (Dhomenet al, 2009). It remains
to be elucidated whether the hyperpigentation spogsent in medaka BRAF V614E lines are
made up of senescent melanocytes.
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5.1.5 Role of BRAF in the eye development?

Tissue specifian vivo manipulationof gene expression from a new species that wasrneve
analysed before will bring new insights into thenggs function. Unexpectedly, | observed a
disrupted eye development in some fishes trangieetlpressing the constitutively active
brafV614E gene under the control of thatf promoter (Fig. 17). The vertebrate eye is formed b
cells of the ectoderm origin, which gives rise lte tetina, the epithelium of the iris and the lens
(Chow and Lang, 2001). A number of genes that plagle in retina and lens development have
been identified (reviewed in Cvekl and Mitton, 2D1Among these, the pigment cell master
regulator MITF is known to play a role in retinawlopment (Hallssoet al., 2004). Also, Pax6
function is essential for normal eye developmensh@y-Padan and Gruss, 2001) and it is
phosphorylated by MAPK, enhancing its transcripgioactivity (Lang, 2004; Mikkolaet al,
1999). Additionally, MAPK induces degradation of tMiprotein and thereby represses
differentiation (Delfgaauw, 2003). As BRAF phospylates MEK, which in turn phosphorylates
MAPK, | hypothesize that through constant activatad this pathway by BRAF V600E normal
eye development is deregulated. Further studidscaiilfirm or reject this theory by investigating
pax6 phosphorylation and mitf stability. Besideattbraf mutations were observed in 14-40% of
conjunctiva melanoma (Geat al, 2004), showing a relation of BRAF with ocular amema.
However braf mutations are absent in uveal melanoma (Rimtlél., 2003).

5.1.6 Importance of BRAF animal models

Temporal and spatial control on BRAF expression actdvity, in particular uncontrolled levels
of oncogene expression and function, promote diffeeffects in cell behaviour, like quiescence,
proliferation or senescence (Woodsal., 1997; Zhuet al, 1998). BRAF regulates not only
melanoma initiation and progression, but also gdrtemour progression (Hoefliclt al., 2006),
which favours BRAF as a therapeutic target fortthatment of melanoma. Both proto-oncogenes
activation and tumour-suppressor inactivation amplied in cellular transformation and tumour
progression in melanoma (Polsky and Cordon-Car@03R Inhibitors of MEK in a background
expressing mutant BRAF, like U0126 (Caligehl., 2003) or Cl 1040 (Soldt al., 2006), reduce
phosphorylated MAPK and inhibit proliferation andcogenic transformation, which can be
easily explained since BRAF V600E signal via MEKdaMAPK. Another BRAF inhibitor,
sorafenib, inhibits BRAF and BRAF V600E as well @ber protein kinases and retards the
growth of human melanoma cells and complete inhiliIEK phosphorylation (Karasaridetsal.,
2004). However sorafenib is not efficient in pretveg lung metastasis in a mouse model
(Sharmeet al, 2006). Recently a new drug, which is still inwgated by a clinical trial, has been
developed. PLX-4032, an inhibitor designed to targpecifically BRAF V600E, is highly
selective for this mutated form, demonstrating afdl@ greater potency for the mutated BRAF
than for the wild type in kinase assays and maae tt00 fold in cell proliferation assays (Tshi
al., 2008). In several tumour xerograph models of BRA0OE expressing melanoma, PLX-
4032 treatment caused partial or complete tumagression in a dose dependent manner (Yang
et al, 2010). Phase 1 clinical study in melanoma patishbwed that PLX-4032 treatment led to
tumour regression in cancer patients. However, tume-growth occurs in many of the patients
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and the cancer is then resistant to PLX-4032 treatr{Bollaget al, 2010). Clearly, inhibition of
BRAF has a prominent role in melanoma therapy. Mmieedaka BRAF V614E model generated in
this work could be very helpful for drug selectiand new BRAF target genes search, due to the
fact that fish can be more easily screened whenpaosd to mouse models. Also, the medaka
model established here can be used to investigatenelanoma resistance (Nazargaal, 2010)
after treatment with PLX-4032.

To further understand BRAF function, other BRAF 0&0 models have been generated in
different species. The BRAF V600E zebrafish modRelt{onet al, 2005) was the first described
model organism used to study constitutive BRAFvatibn. Although this group worked with a
fish species, transgenic zebrafishes were cartyinchuman BRAF gene. Besides the zebrafish
models, several BRAF V600E models have been gexteratother species. A transgenic mouse
expressing BRAF V600E under the control of the hevihyroglobulin promoter, which drives
the expression of the transgene in thyroid cellws increased MAPK signalling and an
enlarged thyroid as well as poorly differentiatetcinomas (Knaukt al., 2005). This result
indicates that BRAF V614E can serve as a tumouiator and promote progression to
carcinomas.

In addition, two Cre recombinase inducible BRAF WgGknock in mice have been generated. In
one model, the constitutive activation of BRAF dgriembryonic development resulted in
embryonic lethality due to bone marrow failure (Rkret al., 2005). This model indicated that in
some primary mouse cells, constitutive activatibBRAF is able to induce several hallmarks of
transformation, like morphologic transformationpbyproliferation and loss of contact inhibition,
without the involvement of a second cooperatingogrene. However, for the development of
cancerin vivo, the situation is more complex, since BRAF V600E ations are frequently found
in nevi which remain senescent and do not progiessmour formation (Pollockt al., 2003).
Although BRAF is the most prominent oncogene in anema and the acquisition of an
activation mutation in BRAF creates an advantagethien proliferation of melanocytes, the
constant signalling from BRAF itself is not suféait to fully transform normal melanocytes. In
the second model, BRAF V600E is expressed in thg &pithelium and leads to lung adenomas
(Dankortet al., 2007). In that work, lesions appear to be depehdn MEK/MAPK signalling,
since pharmacological inhibition of MEK prevents eadma formation. But without
pharmacological inhibition, adenomas grow rapidly dbout 8 weeks followed by a reduction in
proliferative activity and senescence. In this m@dkenomas rarely progress to adenocarcinomas
unless either p53 or CDKNZ2 is deleted. The moda tkestablished now opens up the possibility
to resolve the cell fate decision bfaf overexpressing cells by investigation of pigmeel c
development over the full life time of an individdesh. In addition, the medaka mitf:BRAF can
be crossed to the melanoma developfmgk line to understand in details the role of BRAF in
melanoma initiation and progression. Also, BRAF ¥Elfishes can be used in screens for
melanoma-suppressing or enhancing genes as well gesting novel melanoma therapeutics.
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5.2 Stats
5.2.1 Evolution of Stat5 genes

The signal transducer and activator of transcnipboworks as a cytoplasmatic signal transducer
and a nuclear transcription factor. It has beekelihwith myeloid cell transformation, breast,
prostate, lung, neck, head and liver cancers anthnoma (Ferbeyre and Moriggl, 2011).
Understanding of Stat5 biology in detail helps tocelate its function in cancer initiation and
progression and comprises the possibility of itagesas a target for cancer therapy. To further
investigate Stat5 function in vertebrates | havenidied and cloned the medaka Stat5ab/a
(ENSORLG00000003961) and StatSab/b (ENSORLGOOOGREHEMgenes. It has been proposed
that all members from the Stat5 family have ariem a series of gene duplications, the most
recent of which generated the two Stat5 genes (@ogest al., 1995). The human StatSA
(ENST00000345506) and Stat5B (ENST00000293328)gyshew high sequence identity (Fig.
26 and Table 3) and lie adjacent to each otherlasecproximity to Stat3 gene (position:
17:40350565-40540000) on chromosome 17. The twakee8tat5 proteins showed higher rates
of homology to each other than to human Stat5A 8tat5B, suggesting that they do not
represent human Stat5A and Stat5B equivalents aué larisen independently. The same is
observed with the two Stat5 genes from zebrafisew{t and Ward, 2004) and stickleback
(ENSEMBL database) indicating that this representish specific duplication. However, other
fish species like fugu (Lewis and Ward, 2004) agidabdon (Sungt al., 2003) only have one
Stat5 copy. Synteny analysis of the comprising rkadgenome regions to the human
chromosome 17 where both Stat5 copies are prefahle(4) revealed that StatS5ab/a copy shares
a high number of syntenic genes with human, whichat observed in medaka Stat5ab/b. This
also suggests that the second copy from medak& §eate arose from a different duplication
process than the human. Also, further syntenicyarsabf Stat5 genes from different fish species
(Tables 5 and 6) suggests that the second copyedéka Stat5 gene arises from the fish specific
duplication event due to the high number of symtegpenes between zebrafish, stickleback,
tetraodon, fugu and medaka Stat5 genes.

5.2.2 Conservation of functional motifs of medakat genes

To further analyse medaka Stat5 genes and thesilpescorrelation with human Stat5 function, |
analysed the level of similarities between knowat®iconserved domains. The Stat5 family of
proteins contains six conserved domains: the Nitaimdomain, a transactivation domain, a
DNA binding domain, a linker domain, a Src homolagy(SH2) domain and the coiled-coil
domain (Lim and Cao, 2006). Stat5 proteins showutmary conservation frordrosophila to
mammals (Miyoshet al., 2001). Comparison of amino acid sequences oflake&tatSab/a and
Stat5ab/b revealed a high degree of similarity eetwthe two medaka Stat5 in the DNA binding
domain and in the SH2 domain. Also, the N-termidainain, the coiled-coil domain and the
linker domain showed moderate levels of similafitgble 2). Since the transactivation domain is
known to be the least conserved domain of the evistat5 family (Paukku and Silvennoinen,
2004), it was no surprise that this domain wasléast conserved among both medaka Stat5
genes sharing only 51% of equal amino acid. Comeparof medaka StatSab/a and Stat5ab/b
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protein sequences with human Stat5A (Figure 26Taaide 3) revealed highest homology in the
DNA binding domain: 95% and 90% respectively. Besidhe ability to bind to DNA, this
domain is also involved in nuclear translocatiom{land Cao, 2006). Further work remains to be
performed to test whether both medaka Stat5 pretmi@ able to translocate to the nucleus and act
as a transcription factor, but the high similaiitgicates that this is the case. As expected, the
transactivation domain from both medaka proteirslss the least conserved in their amino acid
sequences when compared to human Stat5A. MedatzaBta and Stat5ab/b are 60% and 51%
similar to the human Stat5A protein sequence, KEifedy.

5.2.3 Medak&at5 genes have similar expression pattern to othéebeates

Additional characterization of gene expression élsogs new information that can be useful for
understanding the function of a given gene. Statih StatSb were found at similar levels in 6
week old mice by reverse transcription PCR in hdadlhey, liver, lung, ovary and spleen (lsu

al., 1995). In the same study, only Stat5b was fdonge expressed in brain and muscle. During
my work, | observed similar expression patternsboth medakaSat5 genes in all tissues
analysed, including brain and muscle (Fig. 29). fdason for this can be the different origins of
mammal and medaka Stat5 genes. Both medaka Stawfs gsould have arisen from the
duplication of one of the human/mouse Stat5, winolild explain the similar expression pattern
observed among both Stat5 copies in medaka. Theessipn of the single Stat5 gene found in
Tetraodon fluviatilis was detected in all analysed organs includings ghleart, liver, intestine,
kidney and testis by reverse transcription PCR ¢Sairal., 2003).In situ hybridization of the
single Sat5 gene found inXenopus laevis revealedSat5 expression in the evaginating eye
(Pascalkt al, 2001). In the same stud$tats expression was observed on the ventral part of the
embryo at Xenopus stage 28. The expression patteserved by these authors in Xenopus
greatly differs from the expression pattern | olsedrin medaka embryos Iy situ hybridization

(Fig. 28) where expression was detected in thevasicle, prosencephalon and mesencephalon.
However, the developmental stages in medaka andntke in xenopus are too different to make a
clear statement about the differences.

5.2.4 Stat5 function during melanoma development

Xmrk signalling leads td3at5 activation inXiphophorus melanoma (Wellbroclet al., 1998).
Melanoma developing medaka fishes carrying Mrark under themitf promoter show a
correlation ofSat5 activation and MITF and BCL-X levels with more agsgsive stages of the
malignancy(Schartlet al., 2010). Stat5 has been shown to contribute teagaiptosis signalling
through up-regulation of BCL-X and to trigger pfefiation also in human melanoma cell lines
(Morcinek et al., 2002). All investigations studying phosphorythtStat5 were based on the
phosphorylation on Tyr694 of the human protein, clihis conserved between both human and
medaka Stat5 proteins. This means that no differ&etween different copies of Stat5 was found
in this study. To obtain more information on Stathctionin vivo in medaka and to investigate
the different roles of each gene copy, | establismedaka lines carrying the full length medaka
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Satbab/a and Sat5ab/b gene (Table 7). In addition to these lines, linasrying constitutive
active and dominant negative versions of each geare generated. The established lines in this
work will be important to test whether both med&kat5 copies play a role in melanoma and to
investigate different function of each gene in alglorganism.

5.2.5 Importance of Stat5 animal models

Statba was first identified as a prolactin-inducegimmary gland factor (Gouillewst al., 1994).
Subsequent studies identified a closely relatec g8tatSb that shares more than 90% similarity,
diverging only in their carboxy-terminal region @&m et al., 1995). To further decipher their
functionsin vivo, Stat5a and Stat5b single knockout mice were géeer StatS5a knockout mice
are normal in appearance, size, weight and fertbiit they have impaired mammary gland
development and females fail to lactate due to édgsrolactin responsiveness (Latial., 1997).
StatS5b knockout mice revealed that this proteimeguired to maintain sexual dimorphism of
body growth rates and liver gene expression duwketects in growth hormone signalling (Udy
al., 1997). A study on combined Stat5a -/- and Statbimice during fetal development revealed
that embryos were severely anemic (Socolowksl, 1999). Also, double knockouts for both
Statb genes have severe alterations in differemé lnoarrow progenitor populations (Snefnal.,
2003).

Due to the severe defects observed in the estadlishouse models, investigations of Stat5
function during processes like canaewnivo are still elusive. In this work, Stat5 transgenghés
were generated for the first time. The differenhgated medaka Stat5 lines will help in the
future to determine if any specific functional diain of medaka Stat5 proteins has occurred. The
constitutively active Statbab/a and Stat5ab/b dtutstthe first animal models to bear gain of
developmental function of Stat5 proteins. Also, doeninant negative lines of both medaka Stat5
genes will help to gain new insight on fish Staithdtion as well as serve for comparison with
higher vertebrate models.

5.2.6 Stat5: possible target for gene therapy?

To be an ideal target for cancer therapy, a trgosan factor needs to fulfil four main criteria.
First, it must be overactive in a large percentafeells in different tumour types. Second, this
activity should determine gene expression pattdrasnot only promote cancer cell survival and
proliferation, but also promote other malignant gaxies such as tumour angiogenesis and
immune evasion. Third, good therapeutic targetstralss be susceptible to specific inhibition by
small molecule drugs. And fourth, tumour cells dddue more dependent on activity of the target
than normal cells (Yu and Jove, 2004). Stat5 ham bmorrelatedn vitro with all of these
categories. However, no studies involving a livorganism have been reported. The Stat5 lines
generated here constitute a nice model to tesd &b cancer therapy agent since medaka fishes
can be easily crossed with cancer developing lilesthe melanoma developingrk fishes, to
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produce a double transgenic bearing the differ¢att5Ssersions. A double mutant for both stat5
versions in one individual would be useful to sttidg role of Stat5 in cancer progression.

5.3 C-myc
5.3.1 Evolution of c-myc genes in medaka

In my PhD work, | have identified two medaka C-ngenes, named C-mycl7 (Fig. 30) and C-
myc20 (Fig. 31). In addition, | have further clonadd characterized themycl7 gene. The
amino acid sequence alignments indicated thattbertedaka-myc genes are orthologues of the
human C-myc (Fig. 32). Analyses of the availablgussced teleost genomes revealed that just
the zebrafish genome has kept teroyc copies besides medaka (Schreiber-Agiisal,1993).
Their evolutionary origin from the fish specificrgeme duplication (Meyer and Schartl, 1999)
was clearly established from synteny analysis comgaC-mycl7 and 20 with the humamyc
locus at chromosome 8g24 and the corresponding laaus, which revealed a high degree of
conservation between these species (Table 9). Mlegenetic analysis revealed also that both
medakac-myc genes are bona-fide members of ¢hayc gene family (Fig. 34). Howevet;myl7
differs significantly from other vertebratenayc genes as it branches off very basal in the
phylogenetic tree (box in Fig. 34), while both zdish genes come out closely together within
the teleost branch. This indicated a high degrediadrsification of this gene copy. Unless the
presence of an extra gene product is advantageeoigienes with identical functions are unlikely
to be stably maintained in the genome (Nowa&l, 1997). Duplicated genes can be maintained
when they differ in some aspects of their functjomgich can, for example, occur by
subfunctionalization. During this process, eachegeopy adopts parts of the functions of their
parental genes (Zhang, 2003). Another (non-exa)gpossibility is that one of the two versions
adopts a novel function. Our studies of C-myclicatt that after the duplication process of the
locus, the structure, and to a minor extent theresgion of the medakayc genes, changed.
However, the essential Myc functions even aftenificant structural and amino acid changes are
maintained. Further experiments will reveal whetltbe two medakac-myc genes have
compensating or overlapping functions or mightedifin more subtle aspects of their overall
function.

5.3.2 Conservation of functional motifs of medakan§c genes

By comparing amino acid sequences of the human Dbk#aing domain with C-mycl17 and C-
myc20, | observed 92% and 100% similarities, suyggdshat both copies retained the ability to
bind to DNA. Moreover, the leucine-zipper, whichrésponsible for interaction with Max, is only
50% similar to C-myc20 and 68% similar to C-mycTalfle 8B). Since medaka has two Max
copies (ENSORLG00000019517 and ENSORLGO00000016&1i8)Jikely that each medaka C-
myc copy binds to a specific Max for activationgane transcription. This hypothesis remains to
be elucidated. In addition, C-myc function in inthgc gene transcription has been shown to be
conserved in medaka C-mycl7 (Fig. 37C). As in husnamedaka homologues oficl, cbx3,
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ccts, eif3s8 and metlll, were up regulated after C-myc activation by 4-Otidatment in the
established C-mycERL17 fishes. Thereby, these seshitiw transcriptional activity of C-myc17.

Additionally, the protein alignment indicated thas$ or change of essential residues in Cmycl17
responsible for posttranslational regulation of €enfunction and stability (indicated as yellow
arrows in Fig. 32). These changes did not ablaedrdmscriptional function of C-mycl vivo,

but may result in altered potential of Myc functidaring cell transformation by influencing
Myc’s life time (Spencer and Groudine, 1991). Inrfain cancers, stabilized versions of Myc act
as main reasons for malignant transformation amderaprogression (Junttila and Westermarck,
2008). Phosphorylation (Westermarck, 2010) and witigation (Gregory and Hann, 2000) are
key regulators of Myc turnover. Besides these nicatlibns, acetylation of Myc by histone
acetyltransferases, like p300/CBP, Tip60 and GN&r{oortset al, 2003; Patekt al, 2004) is
critical for protein stabilization. My analysis igdtes that C-mycl7 lost a number of these
conserved modification sites hinting to a reductdistability by reduced acetylation and a faster
turnover rate. Interestingly, C-myc20 displays ghler rate of residue conservation, pointing to
differences in posttranscriptional regulation andbsequent different protein stability rates
between the two medaka orthologues.

A correlation to known tumour related human SNPnges in MYC indicated that a number of
conserved residues, for example P57 and P59 residoend mutated in Burkitt Lymphoma
(Bhatia, 1993) are unchanged in medaka. Other husgnatory residues are not conserved, like
E39 and N86, in both versions of C-myc in medakadional consequences of these changed
residues in fish are not observed, but can be tigaged by future mutational analyses.

5.3.3 C-mycl7 plays a role in apoptosis and pnatfen

It is known from higher vertebrates that activatadrC-myc leads to cell proliferation through its
ability to activate expression of genes involveatéftl cycle progression (Steinetral., 1995), in
repression of CDK inhibitors (Stallet al., 2001) and also in chromatin remodelling (Aneiti
al., 2001). Deregulated C-myc activation may alsal léa cell growth arrest and subsequent
apoptosis under certain conditions (Ewial., 1992). To test the ability of C-mycl17 to perform
established C-myc functions, | generated two trangg medaka lines expressing a mouse
estrogen receptor coupled version of the gene utiterubiquitously expressebeta-actin
promoter. In the absence of a ligand, C-mycER fugimtein is bound to the heat-shock protein
Hsp90 and therefore located in the cytoplasm, hemaetive. 4OHT has higher affinity to the
estrogen receptor than Hsp90, and therefore afteadministration, 40HT binds to ER instead
(Tian et al, 2006). C-myc ER is then free to translocate ®ribcleus and act as a transcription
factor. The two C-myc lines generated in this wshiowed to be efficiently activable on 40HT
administration since C-myc nuclear translocatiomy.(B7A and B) and activation of known C-
myc target genes (Fig. 37C) were only observea 4#@HT treatment.

Interestingly, the two independently generated rkadmes displayed differences in the amount
of transgene expression (Fig. 36A) and showed lglestinguishable functional differences after
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activation. Line 1, which had a lowerngycl7ER transgene expression, showed a raised
proliferative rate when compared to line 2 (Fig).38ice versa, line 2 had a higher transgene
expression level and appeared to induce highertapisprates than line 1 (Fig. 39 and 40). A
comparable observation was obtained by Murgtsl (2008) in mice, where the activation of C-
myc under the weak Rosa26 promoter triggered jralifon, while the more powerful rat insulin
promoter, when driving C-myc expression, led to @psis. This indicated that cellular fate
decisions are obviously taken depending on diffetineshold levels of C-myc. My work
supports this view since the ability to induce liglproliferation or higher apoptosis rates was
related to the differences in the level of tranggerpression in the two medaka lines, which were
otherwise genetically identical. What is not cléarhow different levels of Myc trigger such
different biological outputs. Murphgt al suggest two possibilities. First, it is possibiiattMyc
induced proliferation and apoptosis are mediate@ loystinct set of target genes. Low and high
levels of Myc might engage proliferative and progfotic target genes, respectively. This might
be due to changed affinity to promoter elements.v8th low levels of Myc, only proliferation
target genes achieve the threshold that leaddltproéferation. On the other hand, high levels of
Myc would make the target genes involved in apaptososs the threshold and trigger cell death.
A second explanation would be that proliferatiord apoptosis themselves have a different
threshold. Low levels of Myc would lead to low lévef both sets of target genes (proliferative
and pro apoptotic), which would achieve only thelifgration execution threshold. By contrast,
high levels of Myc regulate the same genes butgreater extend, achieving the higher apoptosis
execution threshold. It seems that the level of vBquired to trigger apoptosis is not fixed, but
depends on each cell’'s microenvironment. The twoye-lines established in my PhD work will
be helpful in further studies aiming to understamuv the mechanisms of Myc triggering
proliferation and/or apoptosis work.

5.3.4 A possible role for C-mycl7 in tumorigenesis

Although a link between C-myc and cancer is wellaleéshed, the molecular and cellular
mechanisms of C-myc mediated transformation areyabfully understood (Wangt al, 2011).
C-myc is thought to contribute to tumorigenesisdeyegulating gene expression and abrogating
cell cycle checkpoints, thereby driving uncontrdlleellular growth and promoting cell
proliferation. Additional effects on cellular adi@s angiogenesis, metabolism and genomic
instability have been described and are key elesnehtumour progression (Lu& al, 2002).
Nevertheless, Myc induced cellular alterations dead to apoptosis and senescence as a
mechanism to protect the organism from proliferatid damaged and abnormal cells that could
be progenitors of cancer cells (Evenal., 1992). In an oncogenic background, with addélon
mutations that activate anti-apoptotic signals, Myn lead to neoplasms and subsequently to
malignant transformation (Nilsson and ClevelandD30 To give one example, C-myc was
shown to collaborate with loss of p53 (Blyhal., 2000) or Arf (Jacobst al., 1999) in mouse
lymphoma genesis.

To further decipher Myc functions and cell fate idemns, genetic models utilizing inducible
protein versions have been established in higheelvates and recently in zebrafish. Two
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examples from transgenic mice are an activable €Cweysion in mouse epidermis (Pelengatis
al., 1999) and in adult mouse pancreatic 3-cellsefRglriset al., 2002). Both mouse models
greatly differ in the potential of inducing apoptsproliferation and their dependence on
additional mutations. Although laboratory fish st offer several experimental advantages in
comparison to mice, such as the possibility to quenf large scale screens amd vivo
visualization of tumour progression, a similar indhile myc-ER system, like the one presented in
this work, has been established only recentlyyordhomas (Gutierreat al., 2011). Prior to this
study, mouse or human C-myc was used in zebrafsinduce T-cell acute lymphoblastic
leukemia (T-ALL, Langena@t al., 2003). The examination of molecular pathwaysvatdd in
response to C-myc overexpression closely resemtiiedmost common subclass of human
leukemia and thereby indicates great overlap irutigerlying signals between humans and fishes
(Langenauet al., 2004). Lymphoid malignancy in zebrafish alsouiegs additional events of
transformation, such dall andIlmo2 deregulation. Gutierreat al. (2011) show that ablation of
Myc activation results in regressions of T-ALL atumour regression depending on Akt/Pten
singling. In contrast to these published zebrafishdels, my work presents a more general
tumorgenesis model to induce Myc function in otleegans than blood in an evolutionary
divergent laboratory fish species by using a spespecificc-myc orthologue.

As a first indication of cellular transformationused by C-myc activation, hyperplasia, but not
tumour formation, was observed in liversmifnycl7-ER transgenic medaka individuals after 4-
OHT treatment. Interestingly, no difference in ttegree of liver hyperplasia between line 1 and
line 2 was observed. Based on the studies mentiabede, | can hypothesize that Cmyc17 would
need an additional anti-apoptotic event to funcsm viable tumour model. In accordance with
our findings in medaka, sustained overexpressiotirayc in the liver of transgenic mice led to
cancer only after 12 months (Santoni-Rugtual., 1996). In zebrafish, constantly expressed
oncogenic Kras, an upstream factor of C-myc inNfap-kinase-signalling pathway (Gupta and
Davis, 1994; Jiret al, 2004), was sufficient to drive liver tumorigeree$Nguyenet al., 2011).
These fishes exhibit a similar histological phepetas observed in our C-myc medaka.

Data from animal models support the idea that iker lis more susceptible to neoplastic
transformation during stages of liver growth angergeration (Heindrycket al, 2009). Using a
tetracycline regulated conditional mouse modelaswpostulated that C-myc’s ability to induce
mitotic division and tumorigenesis in the liverdsvelopmentally regulated (Begiral., 2004). In
an embryonic or neonatal liver, in which hepatosydee actively undergoing cellular divisian,
myc overexpression further increases mitosis and teguliver tumorigenesis. In contrast, when
c-myc is overexpressed in adult murine hepatocytes, leelgrowth but no tumour formation was
observed.

In summary, the medaka model established hergingla teleost-myc, opens up the possibility
to decipher transition from hyperplasia to livemcar. Medaka can be easily manipulated to
produce double transgenic individuals lacking amptotic factors, for example p53 mutants
(Taniguchiet al., 2006) to induce tumor growth. Additionally, thisodel is suitable for large
scale genetic and chemical compound screens tersemicancer agents. It also facilitates the
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investigation of cell fate decision and their cansences during early steps of tumorigenesis and
development in closer detail.
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7. APPENDIX
7.1 Abbreviation

Terms

4-OHT
BrduU
ddH,O
DN
DNA
DNTPs
Fig.

IF
IPTG
I-Scel
NaCl
ON
PFA
RNA
rpm
RT
SDS
uv
WB
X-gal

Units

°C
bp
h
kb

I

M

i

m
min
mi
mM
rpm

vol

4-Hydroxytamoxifen
5-bromo-2°-deoxyuridine

Deionized water

Dominant negative

Deoxyribonucleic acid
Deoxynucleotides triphosphate

Figure

Immunefluorescence
Isopropylp-D-1-thiogalactopyranoside
meganuclease

sodium chloride

overnight

paraformaldehyde

Ribonucleic acid

Rotations per min

Room temperature

sodium dodecyl sulfate

ultraviolet

Western blot
5-bromo-4-chloro-3-indolyl-beta-D-galactopgicside

degrees Celscius
base pairs

hour

kilobase

liter

molar

micro

mili

min

mililiters
milimolar
revolutions per minute
seconds

unit

volume
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7.2 Vectors

7.2.1 BRAF pCR2.1 vector map

This vector contains full length medaka braf clobgdhe strategy described in section 4.1.1.1

M13 reverse primer
lac repressor binding site Spel (1)

lac promoter "ﬁlﬁ last aa

pUC origin

BspEL(971)

BRAF

BRAF pCR2.1-TOPO

Amp(R
PR) 6310 bp

. Accl{1779)

atg
oPO binding site

’ 3'-T overhang
T7 promoter

Kan promoter Xhal (2468)

Kan(R)

T7 primer
M13 (-20) forward primer
M13 (40) forward primer
f1 origin
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7.2.2 BRAF pScel MITF vector map

This vector contains full length medaka braf sutimeld by the strategy described in section
4.1.1.3

AmpR promoter f1 origin
Ampicillin lacZ a
| é : M13 pUC fwd primer
M13 forward20 primer
T7 promoter

mitf-b Medaka promoter

pBR322 origin

BRAF pScel MITF

M43 pUC rev primer
&35 bp

lac promoter

Xbal{1727)

M13 reverse primar
T3 promoter

sv40 polyAl tT prom
Spel(4164)

pBluescriptSK pﬂmﬂ% \

BRAF
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7.2.3 BRAF pCDNAS3 vector map

This vector contains full length medaka braf sutmeld by the strategy described in section
4.1.1.3

bla promoter CMV promoter

Amp(R) CMV forward primer
T7 primer

T7 promoter

N&m (918)

atg

pUC origin

BRAF pCDNA3
7836 bp

,_-—-”"" BRAF

SV40 pA

Neo(R) Iast aa
/ haﬂag
SV40 early promoter Hmdﬂl (3384)

f1 origin BGH reverse primer
BGH pA
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7.2.4 StatSab/a pCR2.1 vector map

This vector contains full length medaka StatS5abldaed by the strategy described in section

42.1.1
Nl (6355)
SP6 primer
M13 reverse primer Spel (1)
lac repressor binding site\“ F_/stop
lac promoter | Sacll (Boo)
pUC erigin
StatSabla
Amp(R) Stat5ab/a pCR2.1-TOPO
- 6381 bp
NIl (204680
Hhol(z437)
Kan(R) Ha Flag
@ T7 promoter
Kan promoter Xbal (2407

f1 origin
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7.2.5 Statbab/a pScel MITF vector map

This vector contains full length medaka StatS5abladoned by the strategy described in section
4.2.1.4

AmpR promoter f1 origin

Ampicillin Cé lacZ a
M13 pUC fwd primer
‘ M13 forward20 primer
T7 promoter

mitf-b Medaka promoter

pBR322 origin

M13 pUC rev primer StatSab[a pSCEII MITF HKhal(1727)

lac promoter i eo9 bp haflag
M13 reverse primer
T3 promoter /)\
svd0 polyAl t7 prom //

pBluescriptSK primer

Speliq1od)
StatSabla
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7.2.6 StatSab/b pCR2.1 vector map

This vector contains full length medaka StatS5abldaed by the strategy described in section
4.2.1.2

TOPO binding site
Spel (6349)
Kprl(6335)

Hirdlll (6325)

M13 reverse pm

lac repressor binding site

3'-T overhang
HindIIl (7700

lac promoter

pUC origin

Stat5ab/b pCR2.1-TOPO
AmP{R}___Q / 65?84 b

Kan(R) :’:‘

Kan promoter

— Stat5abib

EcolI {1644

Ndel(2305)

OPO binding site

3'-T overhang

T7 promoter

Xhol(z404)

Hhal (=2506)

TT primer

M13 (-20) forward primer
M13 (40) foerward primer

f1 origin
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7.2.7 Statbab/b pScel MITF vector map

This vector contains full length medaka StatS5aldaed by the strategy described in section
4.2.1.4

AmpR promaoter f1 origin

Ampicillin lacZ a
M13 pUC fwd primer
’ M13 forward20 primer
T7 promoter

mitf-b Medaka promoter
pBR322 origin% e
Stat5ab/b pSceil MITF
M13 pUC rev primer HKhal (1727

G733 bp
lac promoter haflag
M13 reverse primer

T3 promoter
sv40 polyAl t7 prom /
pBluescriptSK primer/
Spel(4200) \

StatSabl/b
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