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Abstract

In mammals, runt-related family of transcription factors is encoded by the three distinct
genes, RUNX1, RUNX2 and RUNX3 that share an evolutionarily conserved 128 amino acid
Runt domain, which is responsible for the dual function of DNA binding and hetero-
dimerization with the co-factor CBFB. Gene ablation and gain of function experiments
established all three proteins as key regulators of lineage-specific gene expression in major
developmental pathways. Mutations in RUNX genes have been frequently associated with
human diseases. Despite many studies to unveil mechanisms of RUNX3 action, available data
is insufficient to fully understand its physiological role, particularly the importance of each
isoform. We cloned for the first time a variety of transcript variants for both zebrafish runx3
and cbfB genes, identified their temporal expression by gPCR and localized runx3 sites of
expression by in situ hybridization in adult tissues and during early embryonic development.
As runx3-P1 and runx3-P2 transcripts were found to be differentially expressed, we used a
promoter in silico comparative approach for both P1 and P2 runx3 gene promoter regions
and in vitro and in vivo promoter analysis to identify regulatory regions and conserved
transcription factor binding sites, allowing us to select, from an extensive list of putative
transcription binding sites, the best candidates to regulate runx3 promoter regions.
Furthermore, through in vitro analysis, we have examined the possible cross- and auto-
regulation of runx3 promoters by Runx2 and Runx3 isoforms, respectively. In conclusion, we
have used computational and molecular approaches to improve our understanding of the
complexity of Runx and CbfB variants and their implication for function, using zebrafish as a
model. Altogether, our structural and functional data provide further support to the
assumption that the expression of runx3 variants is tightly regulated, leading to a highly

specific spatial-temporal expression pattern.

Keywords: Runx3, alternative promoters, splicing variants, Cbff, transcriptional promoter

analysis, expression pattern, zebrafish.
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Resumo

O termo CBF (“core binding factor”) corresponde a um complexo heterodimérico de factores
de transcricdo, composto por duas subunidades, designadas de subunidade a e B. A
subunidade a é caracterizada por possuir uma regido de 128 aminodcidos no seu N-terminal,
designada de dominio Runt, que se manteve bastante conservada ao longo da evolucdo. O
dominio Runt possui uma dupla funcdo, sendo essencial ndo sé para a ligacdo da subunidade
o ao ADN, que reconhece a sequéncia especifica PyGPyGGT (sendo Py uma pirimidina), mas
também para a heterodimerizacdo com a subunidade B. A subunidade B ndo possui
capacidade de ligacdo ao ADN, mas actua como um co-factor que se liga a subunidade aq,
sendo essencial para aumentar a sua afinidade na ligacdo as regides promotoras dos genes
alvo, e também para a regulacdo do seu “turnover”, protegendo o complexo da degradacao

mediada por proteossomas via proteinas ubiquitinadas.

A subunidade a do complex CBF pode ser qualquer uma das trés proteinas da familia RUNX.
Os genes RUNX surgiram muito cedo na evolucdo e mantiveram um elevado grau de
semelhanca nos vertebrados. Os metazoarios primitivos, tais como o ourico-do-mar e C.
elegans parecem conter apenas um gene da familia RUNX, enquanto que, até a data, foram
ja descritos trés genes RUNX em mamiferos, quatro em insectos, no fugu e no peixe zebra,
embora neste Ultimo caso seja por possuir dois genes runx2, runx2a e runx2b, para além do
runx1 e runx3. Os diversos genes runx sugerem a necessidade de uma rigorosa e elaborada
regulacdo da actividade das proteinas RUNX ao especificar eventos complexos de
desenvolvimento em organismos superiores. No entanto, a subunidade (3, designada CBFp,
parece ser codificada apenas por um gene, excepto no caso dos insectos, em que até a data
foram descritos dois genes. Os factores de transcricado RUNX tém sido comprovados por
varios estudos como sendo determinantes na regulacdo de varios processos bioldgicos, de
modo a orquestrar a correcta diferenciacao celular durante o desenvolvimento embrionario,

e sao ainda responsaveis por uma diversidade de patologias.

Todos os membros da familia RUNX possuem semelhangas estruturais, no entanto tém sido
implicados em actividades bioldgicas distintas. A existéncia de uma variedade de transcritos
para todos os membros da familia RUNX foi anteriormente descrita. Esta diversidade de

transcritos deve-se em parte ao facto dos genes Runx serem transcritos através de dois
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promotores alternativos (P1 e P2), que se encontram separados por varios milhares de pares
de bases (pb), mas sendo essa diversidade aumentada pelo grande numero de “splicing”
alternativo verificado nesses transcritos, assim como a presenca de locais de poliadenilacao
alternativos. Cada gene Runx codifica para duas isoformas proteicas principais, que diferem
na sua sequéncia N-terminal, dependendo se sdo codificadas a partir de transcritos
derivados do promotor P1 ou do promotor P2. As proteinas que sdo geradas a partir de
transcritos derivados do promotor P2 contém uma sequéncia de cinco aminodcidos
especificos no seu N-terminal — o pentapeptideo M(R/H)IPV. Por sua vez, as proteinas que
sdo geradas a partir de transcritos derivados do promotor P1 contém uma sequéncia de 19
aminoacidos especificos no seu N-terminal, originados por “splicing” alternativo do exdo 1
para um local the “splicing” conservado no exdo 2, localizado 16 pb a montante do coddo de
iniciacdo (ATG) do transcrito P2. Estas duas isoformas sdo geralmente designadas como
isoforma RUNX3-MA(S/D)NS e isoforma RUNX3-M(R/H)IPV, dependendo se sdo traduzidas
de transcritos derivados do promotor P1 ou P2, respectivamente. Em termos de estrutura
proteica, todos os membros da familia RUNX possuem os mesmos dominios e motivos
caracteristicos: dominio Runt (RD), dominio de transactivacdao (TAD), dominio de inibicdo
(ID), sinal de localizacdo nuclear (NLS), motivo PY (ou PPxY) e o motivo VWRPY, que
corresponde aos ultimos cinco aminodacidos do C-terminal. A proteina RUNX2 apresenta
ainda um dominio extra, apenas observado neste membro da familia, o dominio QA, que é

composto por um fragmento de residuos Q e A.

Embora as proteinas RUNX sejam tradicionalmente descritas como sendo factores de
transcricdo, que podem actuar como homodimeros ou heterodimeros na ligagdo ao
promotor dos genes alvo, foram reconhecidas mais recentemente como sendo moléculas
multifacetadas que se podem associar com uma extensa variedade de proteinas,
dependente do contexto celular. O resultado final da regulacdo da transcricio de
determinado gene alvo parece ser afectado pela interagdao entre as proteinas RUNX e co-
factores especificos de cada ambiente celular, dependendo da aproximacao do local de
ligacdo entre os factores ou da sua disponibilidade no nucleo. E evidente que cada uma das
trés proteinas RUNX tem fungdes diferentes, mas o facto de por vezes serem co-expressas
no mesmo tecido indica que algumas dessas fun¢des poderao actuar sinergisticamente ou

corresponder a funcdes complementares que actuam em diferentes etapas temporais.
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Enquanto o RUNX1 tem sido repetidamente comprovado como sendo um dos alvos mais
frequentes de alteracdes genéticas associadas a leucemia, o RUNX2 é descrito como
indispensavel na formagdo normal do osso e na diferenciagdo de osteoblastos, sendo
fundamental no desenvolvimento do esqueleto em mamiferos. O RUNX3, por sua vez, é
essencial para a regulacdo de um tipo celular especifico de neurdnios proprioceptivos TrkC*
nos ganglios das raizes nervosas dorsais (“dorsal root ganglia”, DRGs) e para a maturagao
dos condrécitos durante a esqueletogénese. Estd ainda envolvido na regulacdo da
proliferacdo e da sobrevivéncia de vdérios tipos celulares, incluindo células epiteliais gastricas,
desenvolvimento das células T e diferenciacdo de células imunes, incluindo as células

“natural killer”, células dendriticas e células B.

Dos trés genes que pertencem a familia dos factores de transcricio RUNX, o RUNX3 é o mais
pequeno em termos de sequéncia nucleotidica e o que apresenta menor nimero de exdes.
No entando, a proteina apresenta todos os dominios caracteristicos dos membros desta
familia. Estudos filogenéticos usando sequéncias dos varios Runxs de uma diversidade de
espécies indicam que a evolucdo destes genes foi possivelmente originada a partir de um
gene runx3 em invertebrados progredindo para a existéncia de multiplos genes em espécies
superiores. Embora o RUNX3 esteja predominantemente localizado no nucleo, onde exerce
a sua funcdo como factor de transcricdo, a sua localizacdo foi também observada no
citoplasma em diferentes células cancerigenas, evidenciando a importancia da localizagdo
celular das proteinas RUNX no exercicio da sua fungdao. O RUNX3 é expresso numa variedade
de tecidos, incluindo tecidos moles e cartilagineos. A andlise da expressdao em termos de
cada variante mostrou que diferentes transcritos do RUNX3 sdo expressos de modo distinto
nos varios tecidos; os mesmos autores mostraram ainda que os transcritos do RUNX3 sdo co-
expressos em alguns tecidos, juntamente com os transcritos dos outros membros da familia
RUNX. Apesar de nos ultimos anos ter sido publicado um grande niumero de artigos focando
o estudo do RUNX3 em diferentes aspectos da sua func¢do, a informacao recolhida continua
a nado ser suficiente para descrever exactamente quais 0s seus mecanismos de ac¢ao e qual a
sua importancia para o desenvolvimento, nomeadamente no que diz respeito a funcao de

cada uma das multiplas isoformas existentes para todas as proteinas desta familia.

VII



O peixe zebra foi escolhido como modelo de estudo para a realizacdo deste projecto.
Considera-se que os peixes teledsteos, grupo ao qual pertence o peixe zebra, tenham sido o
primeiro grupo a desenvolver um esqueleto dsseo e, simultaneamente, toda a maquinaria
necessaria para a sua formacdo e manutencdo. A combinacdo da genética e da embriologia
estabeleceu o peixe zebra como sendo um organismo modelo importante para andlises de
desenvolvimento, fisiologia e comportamento em vertebrados. O desenvolvimento de
técnicas especiais de clonagem, mutagénese e transgénese permitiu a identificacdo de um
numero importante de mutantes nesta espécie. A compreensdo da inter-relacdo entre os
genomas do peixe zebra e humano podera ajudar na identificacdo da funcdo de genes
humanos a partir de mutacdes existentes nos genes correspondentes (ortdlogos) do peixe
zebra, tornando-o um bom modelo de estudo para certas doencas bem como para testes
gue resultem na identificacdo de novos agentes terapéuticos. Outras das vantagens da
utilizacdo deste modelo sdo, por exemplo, o seu desenvolvimento externo, a possibilidade
de analise in vivo do desenvolvimento devido a transparéncia dos embriGes, uma prole
numerosa (200-300 ovos por fémea) e um desenvolvimento rapido (em 48 a 72 horas evolui
do estado de zigdtico para larva e torna-se adulto aos 3 meses de vida) sdo atributos que

favorecem a utilizacdo deste modelo na investigacdao de inumeras doengas humanas.

Para melhor conhecer e caracterizar as fun¢des do gene runx3, a primeira etapa deste
trabalho foi a clonagem, em peixe zebra, dos diferentes transcritos derivados de cada um
dos promotores, P1 e P2, e a utilizacdo dessas sequéncias para a realizacdao de uma andlise
gendmica comparativa. O resultado do alinhamento multiplo entre as proteinas RUNX3 de
varias espécies revelou que o dominio Runt, constituido por 128 aminoacidos, descrito como
essencial para a dupla fungao de ligacdo ao ADN nas regides reguladoras dos genes alvo e de
heterodimerizacdo com o co-factor CBFf, evidencia um elevado grau de conservagao ao
longo da evolugao das espécies. Verificou-se também que os restantes dominios da proteina

sdo igualmente conservados entre as vdrias espécies analisadas.

Durante a clonagem dos diferentes transcritos, derivados do promotor P1 e do promotor P2
do gene runx3, foram obtidas dez novas variantes, aqui descritas pela primeira vez, estando

de acordo com o previamente descrito para os outros genes desta familia, para os quais
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diversas variantes foram também identificadas, algumas com um papel fundamental na sua

regulacao.

O padrdo de expressdo do gene runx3 foi determinado pela andlise da expressao temporal
especifica dos transcritos derivados dos promotores P1 e P2, por hibridacdo in situ e por PCR
guantitativo (gPCR), ao longo dos estadios de desenvolvimento embriondrio e larvar e em
tecidos do animal adulto. Os resultados da andlise de qPCR demonstram que, embora os
transcritos do runx3 derivados dos promotores P1 e P2 sejam expressos numa variedade de
tecidos, incluindo tecidos moles e tecidos mineralizados, e também nos diversos estadios
embriondrios e larvares testados, estes apresentam um padrdo de expressdo diferente.
Enquanto os transcritos derivados do promotor P2 foram detectados em todos os tecidos
estudados, no caso dos transcritos derivados do promotor P1 ndo se detectou expressdo, ou
a expressdo relativa foi muito baixa em alguns tecidos ndo cartilagineos. No entanto, para
ambos os transcritos, os valores relativos de expressdo foram mais acentuados nos tecidos
cartilagineos. E Interessante notar que os transcritos derivados do promotor P1 sdo
expressos em estadios anteriores ao inicio da expressao zigdtica, indicando a sua herancga
maternal, contrariamente aos derivados do promotor P2 que ndo foram detectados nestes
estadios. Pela analise dos resultados da hibridacdo in situ usando uma sonda de ARN que
reconhece uma regido comum a ambos os transcritos, a expressdo do runx3 foi determinada
nos ganglios trigerminais, neurdnios sensoriais designados “Rohon-Beards” e em tecidos
cartilagineos craniofaciais. Usando uma sonda especifica para os transcriptos do promotor
P2, observou-se que a expressao coincide com a expressao observada quando uma sonda
que detecta a regido comum do runx3 foi utilizada. No entanto, utilizando uma sonda
especifica para os transcritos derivados do promotor P1 nao foi possivel identificar qualquer

sinal especifico, provavelmente devido a sensibilidade do método utilizado.

As regides reguladoras P1 e P2 do runx3 permanecem até ao momento pouco estudadas, e
portanto a regulacdo deste gene constitui ainda um tema de estudo em aberto e de
importante significado. Fragmentos das regides promotoras P1 e P2 do runx3 de peixe zebra
foram identificados e clonados, sendo depois sujeitos a uma analise comparativa in silico
para identificacdo de possiveis motivos de ligacdao a factores de transcricao reguladores.

Ambos os fragmentos dos promotores P1 e P2 analisados foram capazes de mediar a
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transcricdo da luciferase, usada como gene reporter, tanto in vitro em linhas celulares ésseas
e ndo-6sseas, como in vivo em embrides de peixe zebra, verificando-se que ambos os
promotores sdo activos nas condicbes testadas. Posteriormente, delec¢des de ambos os
fragmentos foram testadas nas diferentes linhas celulares, permitindo a identificacdo de
regioes reguladoras positivas e negativas em ambos os promotores do runx3, assim como a
identificacdo de potenciais motivos de ligacdo a factores de transcricdo reguladores nessas

regioes, anteriormente determinados na nossa analise in silico.

Sabendo que o CBFB é um co-factor que se liga ao dominio Runt de todos os membros da
familia RUNX, formando um heterodimero com maior afinidade de ligagdo ao ADN,
decidimos amplificar o transcrito que codifica para esta proteina, para posteriormente
introduzir num vector de expressdo, de modo a testar a sua actividade em ensaios de
transfeccdo. No decorrer dessa tarefa, 10 novas variantes, geradas por “splicing” alternativo,
foram obtidas e analisadas em termos da sequéncia por comparacdo com variantes do CBFj
descritas noutras espécies. Apds a andlise de todas as variantes, quatro destas isoformas
(isoformas 1-4) foram escolhidas como potencialmente interessantes para a analise da sua
actividade in vitro. As isoformas 1 e 3 possuem uma regido C-terminal distinta enquanto as
isoformas 2 e 4 correspondem a variantes das isoformas 1 e 3, respectivamente. Para testar
a capacidade de ligacdo e inducdo de cada uma dessas isoformas, foi usado um fragmento
do ColXal previamente descrito como sendo regulado pela isoforma MASN-Runx2. Os
resultados obtidos mostram que as isoformas 1 e 2 do Cbff possuem uma maior capacidade
de indugdo do promotor do ColXal pela isoforma MASN-Runx2, comparado com o efeito

observado pelas isoformas 3 e 4.

Foi ainda testada a hipdtese do runx3 ser regulado pelo Runx2 ou por si préprio (auto-
regulacao). Para isso, analisou-ses o efeito das isoformas do Runx2 e do Runx3, na presenca
ou auséncia do CBFpB, na regulacdo dos promotores P1 e P2 do gene runx3. Os resultados
preliminares obtidos indicam a existéncia de um efeito na regulacdao dos promotores do
runx3 pelas isoformas do Runx2 e do Runx3, na presenca e na auséncia da isoforma do Cbff3
testada, dependendo do promotor e das isoformas co-transfectadas. No entanto estes

resultados precisam ainda de ser confirmados.



Por fim, foi testada a capacidade de cada um dos fragmentos dos promotores P1 e P2 do
runx3 reproduzir a expressdao enddgena em linhas trangénicas de peixe zebra. Para isso,
foram construidos dois plasmideos (Runx3-P1:GFP e Runx3-P2:GFP) contendo a sequéncia
gue codifica para a GFP (“green fluorescent protein”) sob o controlo de cada um dos
fragmentos do promotor do runx3 a analisar. Estas construcdes foram injectadas em
embrides de peixe zebra no estadio embrionario de 1 célula e a expressao da GFP analisada
in vivo durante os estadios iniciais do desenvolvimento. Embora apenas se tenham analisado
estes resultados transientemente, uma vez que no decorrer deste trabalho ndo se chegou a
identificar nenhum portador do transgene, observou-se que nos peixes injectados com a
contrucdo Runx3-P1:GFP a expressdao da GFP foi muito reduzida, em contraste com a
expressao observada nos embrides injectados com a contrucao Runx3-P2:GFP, em que parte

da expressdo enddgena do runx3 obtida por analise de hibridacado in situ foi reproduzida.

Com este trabalho pretendeu-se estudar a regulacdo do gene runx3 de peixe zebra e a
importancia das suas diferentes isoformas para a respectiva funcdo. Foram determinados
padres de expressdo das isoformas do runx3 tanto nos estadios iniciais de
desenvolvimento, como em varios tecidos adultos, observando-se que as isoformas sdo
diferencialmente expressas dependendo se derivam do promotor P1 ou promotor P2. Foi
ainda realizada uma extensa analise das regidoes reguladores dos promotores P1 e P2 do
runx3, in silico, in vitro and in vivo, permitindo a identificacdo das regiGes reponsaveis pela
sua actividade basal, assim como a identificagdo de potenciais regides reguladoras deste
gene, tanto positivas como negativas, e a identificagdo de potenciais motivos de ligacdo de

factores de transcricdo que possam ser responsaveis pela regulacao dessas regides.

Palavras-chave: Runx3, promotores alternativos, andlise da regulacdo de promotores,

“splicing” alternativo, CbfB, padrdes de expressao, peixe zebra.
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Abreviations & Acronyms

aa amino acid

AML acute myeloid leukemia
bp base pair

Co-IP Co-immunoprecipitation

CBFa core binding factor alpha
cDNA complementary DNA

DBA DNA block aligner

DMEM  Dulbecco’s modified eagle’s medium
DNA deoxyribonucleic acid

dNTP deoxyribonucleotide triphosphate
dpf days post-fertilization

DRG dorsal root ganglion

EDTA ethylenediaminotetracetate

FBS fetal bovine serum

hpf hours post-fertilization

ISH in situ hybridization

kb kilobase pairs

kDa kilodaltons

MRNA messenger RNA

MW molecular weight

ORF open reading frame

OSF2 osteoblast-specific factor 2

PBS phosphate buffered saline

PCR polymerase chain reaction

PEBP polyomavirus enhancer-binding protein

PWM position weight matrices
gPCR quantitative real-time PCR

RNA ribonucleic acid

RUNX runt homology domain transcription factor
Taq Thermus aquaticus DNA polymerase

TFBS transcription factor binding site

TFs transcription factors

TSS transcription start site

UATG upstream ATG
uORF upstream ORF
UTR untranslated region
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1.1 Transcription in Eukaryotes - the first step in gene expression

The completion of “The Human Genome Project” in 2003 has revealed that the human
genome encodes between 20.000 and 25.000 protein-coding genes, a number much lower
than the initially predicted. The protein-coding sequences correspond to just 1.5% of the

human genome, so all the remaining 98.5% correspond to non-coding DNA sequences.

One fundamental point in Biology is to understand how the different cell types are specified
in @ multicellular organism. In order to our bodies to be formed from a unique cell and
develop into a broad range of very diverse cell types, sharing the same genetic information,
there has to be a complex mechanism for controlling gene expression in a very precise way.
In some cells, certain genes are “turned off’ while in other cells they are “turned on” in order
to be transcribed and translated into proteins. Eukaryotes have developed diverse chemical
and physical mechanisms including chromatin condensation, DNA methylation,
transcriptional initiation, alternative splicing of RNA and mRNA stability to control gene
expression. Failure to do so can lead to dire consequences, so a tight controlled gene
expression is essential to insure that the right gene is activated in the right cell at the right

time during the development (Lodish et al, 2000).

One of the most important and highly regulated gene expression processes is the
transcription of the DNA template to generate a RNA molecule. There are different elements
in the transcription-control regions of the gene that regulate the transcription. In
eukaryotes, transcription is carried out by three nuclear RNA polymerases (Patikoglou and
Burley, 1997), RNA Polymerase |, Il, and lll, that transcribe different classes of genes. RNA
polymerase | transcribes rRNA (ribosomal RNA), RNA polymerase Il transcribes mRNA
(messenger RNA), microRNAs and most snRNAs (small nuclear RNAs), and RNA polymerase
Il transcribes tRNA (transfer RNA), rRNA 5S and other small RNAs (Carter and Drouin, 2009).
The vast majority of the genes in eukaryotic genomes encode functional proteins and
contain a promoter region upstream from the gene, with certain specific motifs (nucleotide
sequences) that recruit RNA Polymerase Il (Zwan et al, 2003). The promoter region usually
contains a highly conserved sequence called the TATA box (frequently at =25-35 base pairs
upstream from the transcription start site) or an alternative promoter element called

initiator that, unlike the TATA box, has an extremely degenerated consensus sequence
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(Lodish et al, 2000). However, in some cases, genes do not contain a TATA box or an initiator
but may contain a GC-rich sequence (20-50 nucleotides within =100 base pairs upstream of
the transcription start site). The TATA-binding protein (TBP) initiates the formation of the
basal transcription complex along with multiple TBP-associated proteins and multiple
additional general transcription factors. Thus, TBP together with its TBP-associated proteins
was originally identified as a fraction called TFIID and this group of proteins is required to
build a basal transcription complex from TATA-containing or TATA-less promoters (Pugh and
Tjian, 1991). The transcription by RNA polymerase Il can be regulated by activators or
repressors, called transcription factors (TFs) that bind to promoter elements and enhancers.
These functional regulatory elements are generally found within several hundred bases of
the transcription start site of the gene to which they are linked, but they can occasionally be
located tens of kilobases upstream or downstream from a promoter, within an intron, or
downstream from the final exon of a gene (Lodish et al, 2000; Fickett and Wasserman,
2000). The fundamental logic of transcriptional regulation in eukaryotes is that it is
combinatorial: each gene has a particular combination of regulatory elements, where the
nature, number, and spatial arrangement of which determine the gene unique pattern of
expression. These promoter or enhancer elements control in which cell types the gene is
expressed, the times during development in which it is expressed, and the level at which it is

expressed in adults (Collingwood et al, 1999).

1.2 Transcription Factors

In eukaryotes, genes are usually in a default "off" state, so TFs serve mainly to turn gene
expression "on". The TFs can bind alone or attract other TFs creating a complex that can
either facilitate or repress the binding by RNA polymerase Il to specific target genes, thus
beginning or shutting the process of transcription (Roeder, 1996; Lee and Young, 2000;
Levine and Tjian, 2003) (Figure 1.1). Because TFs are crucial to the regulation of gene
expression, understanding their action of mechanisms is a major area of ongoing research in

cell and molecular biology.
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Upstream
enhancer

Proximal promoter +1
elements Core promoter

Figure 1.1 Complex metazoan transcriptional control modules. A complex arrangement of
multiple clustered enhancer modules interspersed with silencer and insulator elements
which can be located 10-50 kilobases (kb) either upstream or downstream of a composite
core promoter containing TATA box (TATA), Initiator sequences (INR), and downstream
promoter elements (DPE). Figure adapted from Levine and Tjian, 2003.

The control of gene expression in mammalian cells requires interactions among many
combinations of transcription regulatory proteins (reviewed in Levine and Tjian, 2003).
These interactions must be both versatile to enable individual TFs to interact with a variety
of structurally unrelated proteins, as well as selective to enable different members of the
same transcription factor family to have differential effects on gene expression (Hu et al,

2002).

1.3 The core binding factor (CBF) transcription complex

The core binding factor (CBF) is a heterodimeric transcription factor composed by two
subunits, an a-subunit and a B-subunit. The a-subunit is characterized by containing a
heterodimerization domain, responsible for the binding to the DNA as well as binding to the
B-subunit (Kanno et al, 1998). The B-subunit does not bind the DNA itself, but acts as a co-
factor, increasing the affinity of the a-subunit to the DNA of the target genes (Hart and
Foroni, 2002).
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1.4 The B-subunit of the CBF complex — CBF protein

CBFpB is the non-DNA binding subunit of the heterodimeric core binding factor (CBF). It is
able to dimerize with its DNA-binding subunit, the product of each of the three identified
RUNX genes, mediating a variety of biological responses according to the RUNX protein (1, 2
or 3) associated into the complex (Lund and van Lohuizen, 2002). One model for CBFB
function is that this protein helps to stabilize a conformation of the runt domain that has the
highest affinity for DNA. CBF3 may have developmental and clinical significance beyond its
association with the runt domain. Furthermore, the CBFB protein is more widely distributed
than either the mammalian runt domain proteins that have been identified (Ogawa et al,
1993; Wang et al, 1993). This suggests that CBFB may participate in a wide variety of
developmental pathways, possibly by interacting with other types of DNA-binding proteins
(Kagoshima et al, 1993).

1.5 The a-subunit of the CBF complex - runx transcription factors

The a-subunit of the CBF complex corresponds to the runt-related transcription factors
(RUNX) that comprise a small family of transcription factors identified by their highly
conserved DNA binding domain, designated the runt domain. The first characterized
member of this family was the Drosophila regulatory gene runt, discovered in a genetic
screen (Nusslein-Volhard and Wieschaus, 1980) and named for its mutant phenotype, which
reflects its role as a “primary pair rule” gene in establishing the pattern of segments in the
embryo (Gergen and Butler, 1988). Subsequently, the gene was found to have additional
genetic functions in Drosophila, being implicated in sex determination and neurogenesis
(Duffy and Gergen, 1991; Duffy et al, 1991). Due to its localization in the nucleus, it was
predicted that the RUNX protein product could act as a transcription factor regulating the
transcription of other genes (Kania et al, 1990). Some years later, a second Drosophila runt-
related gene, lozenge, was identified, and shown to be required in cell patterning in the eye
and developing antenna, as well as in cell fate specification during hematopoiesis (Gupta and
Rodrigues, 1995; Daga et al, 1996; Flores et al, 1998; Canon and Banerjee, 2000; Bataillé et

al, 2005). More recently, a Drosophila genome project revealed two additional runt-related
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genes, CG42267 and CG34145 (Rennert et al, 2003; Bao and Friedrich, 2008), being

described so far four runx genes in Drosophila.

Given the importance of RUNX genes, which play vital roles in the development of various
species and human diseases, in the last years a large number of groups have focus their
research in characterizing orthologues of RUNX genes from phylogenetically diverse species,
trying to achieve a better understanding of their origin and functions. The evolution of RUNX
genes begins with one more similar to runx3 in invertebrates and then progress to multiple
RUNX genes in higher species (Cohen, 2009). While primitive metazoans such as sea urchin
and C. elegans appear to possess a single RUNX family member, so far, three have been
described in mammals and four in insects, zebrafish and fugu. This can indicate (i)
evolutionary conserved roles in metazoans and (ii) the necessity for a tight regulation of
RUNX activity in specifying complex developmental events in higher organisms (Chuang et al,

2013).

RUNX proteins are crucial transcription factors that regulate a wide range of biological
processes to orchestrate proper cell fate determination during the development of
metazoans (Coffman, 2003). Traditionally described as a DNA-binding protein, RUNX is now
viewed as a multifaceted protein that associates with diverse proteins to direct biological
outcomes in a context-dependent manner (Figure 1.2) (Blyth et al, 2005; Chuang et al,

2013).
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Figure 1.2 RUNX/CBFB complexes in the determination of cell fate. This diagram illustrates
the central role of RUNX/CBFB complexes in the orchestration of cell fate in response to
exogenous factors and environmental signals (circles in the left side). A subset of the known
RUNX target genes is depicted (grey boxes), and these targets have been selected for their
potential relevance to cancer. Figure adapted from Blyth et al, 2005.

1.6 Runx Aliases - Nomenclature for runt-related (RUNX) proteins

Since the first runt-related gene has been cloned and studied in Drosophila, there was an
explosion in the number of independent laboratories focusing their studies in this family of
transcription factors. So, in the literature, a diversity of family names can be found for these

genes (Table 1.1 and 1.2) depending on the context of their study (van Wijnen et al, 2004).
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Table 1.1 - Aliases for the runt-domain class of transcription factors.

Abbreviation Gene Name Specie described
Runt Runt Drosophila
Lz Lozenge Drosophila
AML Acute myelogenous leukemia Human
PEBP2alpha Polyomavirus enhancer-binding protein 2 Mouse
alpha subunit
CBFalpha Enhancer core-binding factor a of murine Mouse
leukemia viruses (i.e SL3-3, AKV and
Moloney MLV)
PEA2 Polyoma enhancer A-binding factor 2 Mouse
SEF1 SL3-3 enhancer factor 1 Mouse
S/A-CBF SL3-3 and AKV core-binding factor Mouse
NF-deltaE3A Nuclear factor delta E3A Human
MyNF1 Myeloid nuclear factor 1 Mouse
NMP2 Nuclear matrix protein 2 Rat
OBSC Osteoblast-specific complex Rat
OSF2 Osteoblast-specific factor 2 Mouse
til-1 T-cell tumor integration locus 1 protein Mouse
run Runt domain-encoding gene Caenorhabditis elegans

Table adapted from (van Wijnen et al, 2004).

Table 1.2 - Common synonyms for each Runx protein.

Runt-Related
Transcription Factor

1

RUNX1; AML1; CBFa2; CBFA2; PEBP2aB; PEBP2A2; PEA2aB,;
SL3-3 enhancer factor 1aB subunit; Oncogene AML1; SL3/AKV
core binding factor aB subunit; AML1-EVI-1; AMLCR1; EVI-1

Runt-Related
Transcription Factor

2

RUNX2; AML3; CBFal; CBFA1; PEBP2aA; PEBP2A1; PEA2aA;
SL3-3 Enhancer Factor 1aA Subunit; Oncogene AML3; SL3/AKV
core-binding factor aA Subunit; Osteoblast-specific
transcription factor 2 (OSF-2); CCD

Runt-Related
Transcription Factor

3

Core-Binding Factor aC Subunit

RUNX3; AML2; CBFa3; CBFA3; PEBP2aC; PEBP2A3; PEA2aC;
SL3-3 Enhancer Factor 1aC Subunit; Oncogene AML2; SL3/AKV

Table adapted from (http://www.genecards.org/)

Due to the existence of a wild diversity of names for the runt-related family of transcription

factors, it was difficult to find in the literature all the references existing for this subject. So,

in 1999, the Nomenclature Committee of the Human Genome Organization (HUGO) adopted
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the use of the term ‘RUNX’ to refer to genes encoding the runt-related proteins. It was
agreed by the investigators of this field, that any designations can be used to refer to the
runt-related proteins, but they should be referred as RUNX proteins at least once in the

Abstract and/or Title of new manuscripts submitted for publication (van Wijnen et al, 2004).

1.7 RUNX gene and protein structures

There are three RUNX genes described in mammals and all RUNX gene products share many
structural similarities, but have distinct biological activities. A variety of transcripts have
been described for all RUNX members, originated from the regulation of transcription from
two alternative and distantly located promoters (P1 and P2), due to a high number of
alternative splicing events and the presence of alternative polyadenylation (Miyoshi et al,
1995; Ahn et al, 1996; Levanon et al, 1996; Geoffroy et al, 1998). The RUNX gene structure is
well conserved among all vertebrate species analysed (Figure 1.3) (Levanon and Groner,
2004).

P1 and P2

P2 i}}

g ¢ P1 and P2

Drosophlla “ Human (3) Mouse (3)

P1 and P2

Zebrdflsh (4)
Arthropods

Fugu (4)
P2
Vertebrates z
Chordates 3
C. Elegans(l)
Deuterostomes Ciona (1)

Protostomes

Pseudoco€lomates
Coelomates P2

Se Urchi (1)
Figure 1.3 Phylogenetic illustration of RUNX genes showing the gene number and promoter
usage in different species. The three lower non-designated branches in the phylogenetic tree
represent the animal groups (from bottom up) sponges, cnidarians (e.g. jellyfish) and

acoelomates (e.g. flatworms). The more primitive animals contain one gene regulated by the
P2 promoter. Figure adapted from Levanon and Groner, 2004.
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There are two major protein isoforms for each RUNX gene, with a different N-terminal
sequence depending if it is encoded from the P1-derived or from the P2-derived transcript.

The gene structure of the three human RUNX genes is represented in Figure 1.4.

RUNX1
H Chr 21

RUNX2
HChr 6

RUNX3
HChr1

Figure 1.4 Genomic organization of the human RUNX genes. The two promoters P1 and P2
and initiator codons (ATG) are indicated. The Pl1-derived and P2-derived 5 UTRs are
indicated in light and dark grey, respectively, common coding exons are shown in similar
color and 3’ UTRs are represented in blue. Figure adapted from Levanon and Groner, 2004.

The RUNX proteins that originate from the P2-derived transcripts contain a specific
N-terminal region of five amino acids — the penta-peptide MRIPV. On the other hand, the
RUNX isoforms that originate from the P1-derived transcripts contain a specific N-terminal
region of 19 amino acids, originated by an alternative splicing from exon 1 onto the coding
region of P2-derived transcript through a conserved in-exon splicing site located 16 bp
downstream of the P2-ATG codon. This 19 amino acids long specific N-terminal is conserved
in all P1-derived RUNX proteins, with the highest sequence similarity found between RUNX1
and RUNX3 (Bangsow et al, 2001). The isoforms are usually designated as isoform
RUNX3-MA(S/D)NS and RUNX3-M(R/H)IPV, depending if they are encoded from the

P1-derived or P2-derived transcripts, respectively.
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1.8 Functional domains of RUNX proteins

Ito (2004) and, more recently, another report from the same group (Chuang et al, 2013),
have described the common structure of the RUNX proteins by comparison of the amino
acid sequences from the three RUNX proteins. They confirmed that all RUNX proteins share
the same characteristic domains and motifs: runt domain (RD), transactivation domain
(TAD), inhibitory domain (ID), nuclear localization signal (NLS), PY (or PPxY) motif and the
VWRPY motif that corresponds to the last five amino acids of the RUNX proteins (Figure 1.5).
RUNX2 possesses a unique QA domain composed of a stretch of Q and A residues (lto and
Miyazono, 2003). The N-terminal part of the molecules comprises the RD, a 128 amino acids
long domain that is highly conserved between species and has an S-type immunoglobulin
fold (Warren et al, 2000). The C-terminal part of the RUNX molecule contains the other
domains (TAD and ID) that play a role in transcription regulation (reviewed in Downing,
1999; Ito, 1999), and a conserved PY motif, consisting of is a proline-rich peptide, that
interacts with proteins harbouring the WW domain (Chuang et al, 2013) and a VWRPY motif
at the end of the C-terminus of RUNX proteins, which mediate the interaction with the co-

repressor Groucho/TLE (Liu et al, 2006; reviewed in Cohen, 2009) (Figure 1.5).

Runt: CBFB, MDM2, SAV1, Jabl,

TCF4, Pim-1, p300, STATS, E1A aa 241-321: Ku70 C-term: P300, p53
PY: YAP1,
aa 1-187: a-tubulin 209-232 aa: Pinl SMURF1, CagA VWRPY: TLE
aa 1-325:
RUNX3 SMAD3
1 54 181 235 325 415
Runt ] I TAD
NLS PY motif VWRPY

Figure 1.5 Schematic representation of functional domains of RUNX3 protein and examples
of its interacting proteins. The domains represented are conserved among all RUNX proteins.
The numbers indicate amino acid positions. TAD, ID, C-term and NLS refer to transactivation
domain, inhibitory domain, C-terminus and nuclear localization signal, respectively. Figure
adapted from Chuang et al, 2013.

Traditionally described as a DNA-binding protein that can act as a homodimer or
heterodimer (with its partner CBFB) to bind to the promoter of the target genes, RUNX is

now viewed as a multifaceted protein that associates with a wide variety of proteins to
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direct biological outcomes in a context-dependent manner. Those proteins can either be
co-activators or repressors. Examples of some co-factors previously described to interact
with RUNX proteins (Blyth et al, 2005; Chuang et al, 2013) are represented in Figures 1.5 and
1.6.

Repression

Groucho-TLE
HDACs
mSin3A
nCoR

PyGPyGGTP

N

Target
gene

Activation
CBFB

p300
C/EBP
ETS
MYB
SMADs

PyGPyGGT
/RO

Figure 1.6 Schematic representation of the RUNX factors as organizers of transcription.
RUNX factors bind to their consensus sequence (PyGPyGGTPy) in the promoter region of the
target genes as a heterodimer with their binding partner CBFB. A complex including other
co-factors is generally formed, determining the outcome of the RUNX regulation on
transcription of the target genes. CBFPB, core-binding factor-B; C/EBP, CCAAT/enhancer-
binding protein; HDACs, histone deacytylases; nCoR, nuclear receptor corepressor; TLE,
transducin-like enhancer of split. Figure adapted from Blyth et al, 2005.

Target
gene

The factors affecting the outcome of this interaction on transcription of the target gene
seem to involve promoter-specific features such as the proximity of binding sites for

co-activators or repressors as well as the availability of such cofactors in the nucleus.

1.9 Runt domain characteristics

All RUNX proteins have the characteristic runt domain that is known to have the dual
function to bind to the promoter of target genes and also to bind to CBFB protein forming
the CBFa/B complex. This complex increases allosterically the DNA-binding affinity (Ogawa

et al, 1993; Miller et al, 2002) and regulates the RUNX proteins turnover by protecting them
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from ubiquitin-proteasome-mediated degradation (Huang et al, 2001). All RUNX proteins
heterodimerize with CBFB and all bind to the same consensus recognition sequence
(5'-PyGPYyGGT-3') (Py is any pyrimidine) found in a number of enhancers and promoters. The
biological activity of the CBF complex is specified by the a-subunit according to the RUNX
protein (1, 2 or 3) associated into the complex (Tahirov et al, 2001; Backstrom et al, 2002;
Lund and van Lohuizen, 2002; Horsfield et al, 2007). The degree of homology between
invertebrate and vertebrate runt domains is quite high, and this may reflect the

conservation of dual functions within that domain, as described above.

There are two types of heterodimeric factors either (i) both subunits bind to specific DNA
sequences (e.g. Jun/Fos and Myc/Max) or (ii) one subunit binds to DNA and one does not
(e.g. RUNX/CBFB). The molecular mechanisms of the DNA binding for the first type of
heterodimeric factors was already described (Glover and Harrison, 1995), but for the second
type it is still not well understood how non-DNA binding subunit contribute to DNA binding
and whether the mechanism by which a non DNA binding subunit stimulates DNA binding is

shared with different transcription factors (Tahirov et al, 2001).

Due to the important function of the heterodimeric RUNX/CBFB complex in different
developmental processes, regulating different promoters and enhancers of a variety of
genes in a cell specific manner, different groups have used X-ray crystallography and nuclear
magnetic resonance (NMR) to determine the tertiary structures of the runt domain and the
runt/CBFB heterodimeric complex, and the molecular mechanisms of their interaction
(Nagata et al, 1999; Tahirov et al, 2001; Bravo et al, 2001; Backstrom et al, 2002). These
studies revealed that the runt domain adopts the immunoglobulin (Ig)-like fold B-sandwich,
which is homologous to other DNA-binding domains such as those found in p53, nuclear
factor-kappa B (NF-kB), nuclear factor of activated T cells (NFAT) and other proteins (Nomura
et al, 2013).

Determination of the tertiary structures together with mutational analysis was crucial to the
identification of regions that are essential to the binding affinity between the runt domain
and the DNA consensus recognition sequence. One example was the recent identification of
the three guanines in the DNA consensus recognition sequence (5'-PyGPyGGT-3'), which are

directly recognized by three arginine residues of the runt domain, as being important for the
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efficient binding between the runt domain and the recognition element in the DNA (Nomura

et al, 2013).

1.10 Biological roles of RUNX proteins

The proteins from the RUNX family show versatile functions being involved in several
diseases and acting on target genes in a variety of tissues, and exhibiting both transcriptional
activation and repression activities (Otto et al, 2003). These transcription factors are tissue-
restricted and cancer-related, regulating cell proliferation and growth, as well as
differentiation (Coffman, 2003; Miyazono et al, 2004; Stein et al, 2004; Young et al, 20073,
2007b; Kagoshima et al, 2007). It is clear that each of the three RUNX proteins has different
roles (Rennert et al, 2003), but since they were found to be co-expressed in some tissues,
some of their functions may overlap, either synergistically or at different time points (Cohen,

2009).

1.10.1 The runt-related transcription factor 1 (RUNX1)

The human RUNX1 was originally cloned from the breakpoint of chromosome 21 in
t(8;21)(g22;922) by Miyoshi and collaborators (Miyoshi et al, 1991). This translocation is
frequently found in patients with acute myeloid leukemia (AML) with maturation (M2
subtype) (Miyoshi et al, 1991) and has subsequently been shown to be one of the most
frequent targets of leukemic-associated gene aberrations (Reviewed in Okuda et al, 2001).
RUNX1 has been proved to regulate, acting as a context-dependent transcriptional activator
or repressor, a number of target genes, e.g. granulocyte macrophage colony-stimulating
factor (GM-CSF) (Oakford et al, 2010), receptor for macrophage colony-stimulating factor
(CSF-1R) (Sauter et al, 2013), tissue inhibitor of metalloproteinase 1 (TIMP1)
(Bertrand-Philippe et al, 2004), early B-cell factor 1 (Ebfl) (Seo et al, 2012), cyclin D3
(Bernardin-Fried et al, 2004), CD11 integrin (Puig-Kroger et al, 2000), complement receptor
type 1 (CR1) (Kim et al, 1999), insulin-like growth factor-binding protein 3 (IGFBP-3) (lwatsuki

et al, 2005), type B leukemogenic virus (TBLV) enhancer (Mertz et al, 2001), among others.
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RUNX1 is expressed in a number of tissues at specific time windows during embryogenesis.
In the mouse embryo, expression of Runx1 is first detected in definitive hematopoietic stem
cells (HSC) and in endothelial cells at HSC emergence sites (North et al, 1999; Cai et al, 2000;
North et al, 2002) and later, Runx1 is highly expressed in several hematopoietic lineages
including myeloid, B- and T-lymphoid cells (Lorsbach et al, 2004). Runx1 is also highly
expressed in cranial and dorsal root ganglia (DRG), in the small-diameter nociceptive TrkA
neurons (Simeone et al, 1995; Levanon et al, 2001, 2002), in the thymus (Satake et al, 1995;
Komori et al, 1997; Levanon et al, 2001) and in cells of the chondrocyte lineage of the
developing mouse skeleton (Sato el at, 2008). Tissue sections of the fetal liver or on smear
preparations of peripheral blood of mutated mice embryos showed an absence of
hematopoietic elements of definitive origin and analysing the yolk sac the erythropoiesis
was minimally affected. So, this indicates that the gene targets of RUNX1 are essential for
the development of all cell lineages of definitive hematopoiesis, but not required for
erythropoiesis (Okuda et al, 2001). In zebrafish and Xenopus, the expression pattern of runx1
is well conserved compared to the mammalian pattern, and was shown to be expressed in
blood progenitors (Tracey et al, 1998; Kalev-Zylinska et al, 2002; Burns et al, 2005). In these
species, runxl is also expressed in a few scattered cells within craniofacial cartilages
(Kalev-Zylinska et al, 2003; Flores et al, 2006; Park and Saint-Jeannet, 2010) and in Rohon-
Beard sensory neurons, that are a population of specialized neurons with mechanoreceptive
properties only found in fish and amphibians and contribute importantly to the embryonic

nervous system of these species (Rossi et al, 2009).

Knockout studies, using different Runx1 deficient mice lines, show that the lack of functional
Runx1 protein production causes necrosis and haemorrhaging in the central nervous system
and blocks definitive hematopoiesis resulting in death of the mice during the mid-gestational
period (Okuda et al, 1996; Wang et al, 1996a). The importance of the heterodimerization of
CBFB with RUNX1 is supported by analysis of the disruption of CBFB that causes a similar
phenotype as the one obtained for the Runx1 knockout (Wang et al, 1996b). Consistent with
the Runxl knockout mice, the zebrafish mutant embryos show normal primitive
hematopoiesis, but a blockage of the definitive hematopoiesis (Jin et al, 2009). However, the
RUNX1 role in the generation and maintenance of HSCs during adult hematopoiesis remains

poorly understood. Recently, Sood and colleagues (2010) reported that a zebrafish runxi-
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deficient mutant line, carrying a truncated version of runxl, is capable of development of
multilineage adult hematopoiesis (Sood et al, 2010). Apart the numerous reports describing
the involvement of RUNX1 in hematologic malignancies (Taketani et al, 2003; Podgornik et
al, 2007; Dicker et al, 2007), there are studies reporting the importance of RUNX1 in a wide
range of diseases, for example, RUNX1 is involved among others in autoimmune diseases
(Helms et al, 2003; Shen and Tsao, 2004; Chae et al, 2006), and in cancer (Yang et al, 2005;
Sakakura et al, 2005; Moosavi et al, 2009).

1.10.2 The runt-related transcription factor 2 (RUNX2)

RUNX2 has been shown to exert a critical role in normal bone formation and osteoblast
differentiation. It has been extensively studied and shown to be a key regulator in skeletal
development in mammals, regulating the switch from cartilage to bone (Otto et al, 1997;
Inada et al, 1999; Takeda et al, 2001; Ueta et al, 2001). RUNX2 is involved in a variety of
functions such as in osteoblast differentiation (Komori et al, 1997), chondrocyte maturation
(Enomoto et al, 2000; Takeda et al, 2001), bone remodelling (Gao et al, 1998; Liu et al, 2001)
and in the transcriptional regulation of a variety of genes crucial for bone and cartilage
development including osteocalcin (Ducy et al, 1997; Pinto et al, 2005), matrix Gla protein
(Fazenda et al, 2010), collagen type X (Zheng et al, 2003; Simdes et al, 2006), Indian
hedgehog (Yoshida et al, 2004; Hecht et al, 2008), sclerosteosis (Sevetson et al, 2004), and in
its own promoter (Drissi et al, 2000; Yoshida et al, 2002).

This complex genetic regulation seems to be due to a difference in distribution between
MASN-Runx2 and MRIPV-Runx2 isoforms, not only resulting from a spatial-temporal
expression but also due to species specificity (Harada et al, 1999; Li and Xiao, 2007) and to
the existence of co-regulators that interact with Runx2 enhancing or inhibiting its function
(Reviewed in Komori, 2005). Studies at cellular level in mice revealed that both Runx2
isoforms are expressed in osteoblasts and terminal hypertrophic chondrocytes, however,
MRIPV-Runx2 isoform is also expressed in undifferentiated mesenchymal stem cells,
preosteoblasts and chondrocyte precursors (Li and Xiao, 2007). Observations at the tissue

level found that although both isoforms are expressed in bone and lung tissue, MRIPV-Runx2
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is expressed more widely and can be detected in heart, brain, spleen and skeletal muscles

(Xiao et al, 2003; Li and Xiao, 2007).

Komori and colleagues (1997) showed that the ossification is completely blocked in Runx2
mutated mice. Although the development of cartilage was nearly normal, the mutant mice
died just after birth and showed a complete lack of bone formation (Komori et al, 1997).
Diseases associated with RUNX2 include the bone development disorder cleidocranial
dysplasia (CCD) (Golan et al, 2000; Yamachika et al, 2001), osteosarcoma (San Martin et al,
2009; Sadikovic et al, 2010), osteoporosis (Khalid et al, 2008) and cancer (Reviewed in Blyth
et al, 2005).

1.10.3 The runt-related transcription factor 3 (RUNX3)

The mammalian RUNX3 gene was cloned and localized to human and mouse chromosomes
1p36.1 and 4, respectively (Levanon et al, 1994; Avraham et al, 1995; Bae et al, 1995). From
the three mammalian genes belonging to the RUNX family of transcription factors, RUNX3
gene is the smallest and the one with fewest number of exons (6 exons), compared to 11
exons and 8 exons in RUNX1 and RUNX2, respectively (Levanon and Groner, 2004).
Phylogenetic studies of RUNX orthologs from diverse organisms point to RUNX3 as the
evolutionary founder with one runx3 in invertebrates that progressed to multiple RUNX

genes in higher species (Bangsow et al, 2001; Reyes et al, 2004, Cohen, 2009).

RUNX3 has been shown to be a transcriptional regulator, either activating or repressing the
target genes, by binding to their promoters as a homodimer or heterodimer (with its
co-factor partner CBFB). Some examples of described RUNX3 target genes include survivin
(Liu et al, 2014), thrombospondin-1 (Shi et al, 2013), aggrecan (Wigner et al, 2013), Foxp3
(Bruno et al, 2009), Runxl (Brady and Farrell, 2009), osterix (Zheng et al, 2007), Bim
(Yamamura et al, 2006), CD11a and CD49d integrins (Dominguez-Soto et al, 2005), among

others.

Runx3 is the main focus of this report and so it will be described in more detail in the

following sections.
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1.10.3.1 Subcellular distribution of RUNX3 protein

The activity of RUNX is regulated by tissue-specific expression and post-translational
modifications, and is also modulated by subcellular localization (e.g. nuclear localization
signal and nuclear matrix targeting signal domains) (Pockwinse et al, 2006). As observed for
Runx1 and Runx2, Runx3 is predominantly a nuclear protein that is punctately organized
(Pande et al, 2009), however it was also localised in the cytoplasm of gastric cancer cells
showing the importance of the spatial distribution for proper RUNX function (lto et al, 2005).
Pande and co-workers proposed that disruption of Runx3 subnuclear targeting may abrogate
target gene activation and have important pathological implications for the development of
gastric tumours (Pande et al, 2009). However, this dynamic shuttle between the nucleus and

the cytoplasm is still poorly understood.

1.10.3.2 Runx3 expression pattern

Various groups have published in situ hybridization expression patterns of Runx3 in different
species, describing detection of Runx3 transcripts in a broad range of tissues, either alone or
co-expressed with other Runx family members. Levanon and colleagues (2001) showed that,
in mice, Runx3 is the only Runx family member expressed in a small number of large-
diameter neurons and in cranial and dorsal root ganglia (Levanon et al, 2001). These authors
also showed Runx3 to be expressed in hematopoietic precursors in the liver, thymus, eyelid
mesenchyme, superficial cutaneous mesenchyme and mesenchymal element of filiform
papillae of the tongue, where it is co-expressed with Runx1, and in cartilage, where it was
expressed in pre-hypertrophic and hypertrophic chondrocytes, co-localized with Runx2
(Levanon et al, 2001). Runx3 was also shown to be expressed in the ovaries and uteri of mice
(Tsuchiya et al, 2012), in Meckel's cartilage and other craniofacial cartilages, and in the
osteogenic regions and ossified bone (Yamashiro et al, 2002). In the developing tooth, Runx3
expression persisted in odontoblasts and was particularly intense in the dental mesenchyme
in the cervical loop of continuously growing incisor (Yamashiro et al, 2002). Beside
mammals, Runx3 spatial-temporal expression pattern has also been analysed by mRNA in

situ hybridization in other species such as Xenopus (Park and Saint-Jeannet, 2010) and

22



Chapter 1

zebrafish (Kataoka et al, 2000; Kalev-Zylinska et al, 2003, Flores et al, 2006) and by RT-PCR in
a number of other species, for example, in fugu (Ng et al, 2007), elephant shark (Nah et al,
2014a), Japanese lamprey (Nah et al, 2014b), among others. All together, in situ
hybridisation results obtained for both zebrafish and Xenopus showed that runx3 is
expressed in the same cells: hematopoietic lineage, trigeminal ganglia, Rohon-Beard neurons
and cartilaginous tissues in the head (Kataoka et al, 2000; Kalev-Zylinska et al, 2003; Flores et
al, 2006; Park and Saint-Jeannet, 2010). runx3 expression has also been detected in zebrafish
intestinal bulb (Kalev-Zylinska et al, 2003). Although in mouse Runx3 expression has been
detected in a subset of the DRG sensory neurons, so far in zebrafish it is still not clear if
runx3 is expressed in these subset of sensory neurons. However, in zebrafish and Xenopus
the runx3 expression is strongly detected in Rohon-Beard spinal sensory neurons (Kataoka et
al, 2000; Kalev-Zylinska et al, 2003; Park and Saint-Jeannet, 2010), that as described before,
are a unique set of primary sensory neurons located in the dorsal spinal cord only present in
lower vertebrates (Reyes et al, 2004). Rohon-Beard cells are known to derive from the same
neural plate domain that generates neural crest cells (Cornel and Eisen, 2000). During
development, these neurons undergo apoptosis and their death coincide with the
development of the neural crest-derived dorsal root ganglia neurons (Reyes et al, 2004; Park
and Saint-Jeannet, 2010). Taken together, the runx3 expression pattern in fish and in
Xenopus seem to be, at least in neural tissues, different from that of the mammalian Runx3

expression pattern.

1.10.3.2.1 Tissue distribution of Runx3 specific isoforms

Rini and Calabi (2001) performed a systematic survey (summarized in Table 1.3) for all three
Runx loci, and showed that the mouse Runx3 is expressed in a wide range of tissues,
including soft and calcified tissues. In that study, they also showed that each Runx3
promoter-specific transcript is expressed in the different tissues in a different way, and that
the Runx3 transcripts can be co-expressed with other Runx members in some tissues (Table
1.3) (Rini and Calabi, 2001). The expression pattern of the Runx3 P1 and P2 derived

transcripts suggests that RUNX3 has isoform specific functions since its transcript variants
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are differentially expressed in the different tissues, with Runx3-P2 been expressed in a broad

range of tissues and the Runx3-P1 showing a more restricted expression pattern (Table 1.3).

Table 1.3 — Summary of the expression data for Runx transcripts obtained by Rini and Calabi
(2001).

E BM Sp Th Br Ma Gt Ht Kd Lv Lg Sm Ov Ts
Runx1P1l | - ++ ++ ++ - + + + - - + - + -
Runx1P2 | + + + + - + + + - - ++ - + -
Runx2 Pl | + + - - - - - - - - - - + o+
Runx2P2 | + + - - - - - - - - + - + o+
Runx3P1 | - - - + ? - - - - ? - - + -
Runx3P2 | + + + + 7 + + + + ? + + + 4+

E, E12.5 embryo; BM, bone marrow; Sp, spleen; Th, thymus; Br, brain; Ma, breast; Gt, gut;
Ht, heart; Kd, kidney; Lv, liver; Lg, lung; Sm, skeletal muscle; Ov, ovary; Ts, testis.

Groner’s group used a series of overlapping BACs spanning large regions of Runx3 loci to
identify and characterize the long-range regulatory elements mediating tissue and stage
specific expression of Runx3 during development and to address the question of how does
transcription regulation of Runx3 mediate cell-specific expression. Using transgenesis and
deletions within Runx3 reporter BACs, these authors discovered that Runx3 expression in
developing sensory neurons is regulated through concerted action of several long-range
cis-regulatory  elements  located  upstream of the gene  (Figure 1.7)
(http://www.weizmann.ac.il/molgen/Groner/research). However, so far, the expression
pattern of Runx3 isoform-specific transcripts and the function of each RUNX3 isoform are

still poorly studied.
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BACs
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BACs Runx3
BAC-G BAC-E BAC-C BAC-A B,F,D Knock-in

Qutside

DRGs

Tissues
Hair follicles - ++ +/-
Vertebrae - +++ +
Palm - +++ +
Limbs, ribs ++ 4+ +
(El C) +/'
Thymus +/ (A) +
H (Er C) +/'
Liver +/ (A) +
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DRG ++ -
(A) +/-
Trigerminal (E) +++
. ++ -
ganglion (C) ++

Figure 1.7 DRG TrkC neuron-specific enhancers are located hundred kb upstream of the P1
promoter/transcriptional start site. Series of transgenic mouse lines expressing the LacZ
reporter gene under the regulation of the endogenous Runx3 cis-regulatory elements and
the different BAC constructs covering =0.5 megabase (Mb) around the Runx3 gene. Top:
Schematic representation of the mouse Runx3 gene and the BAC constructs used to
generate the transgenic lines and mouse transgenic E14.5 embryos, stained for lacZ, showing
the spatial-temporal expression pattern of Runx3. Bottom: Table of Runx3 expression
pattern obtained by LacZ analysis in the transgenic embryos. (Image from
http://www.weizmann.ac.il/molgen/Groner/research).
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1.10.3.3 Functional studies to access RUNX3 biological functions

During mouse embryogenesis Runx3 is expressed in hematopoietic organs, epidermal
appendages, developing bones, and sensory ganglia (Levanon et al, 2001; Woolf et al, 2003).
Over the last 15 years several authors have analysed the phenotypic effects of Runx3
silencing in the developing mouse embryo by analysis of the two currently available
Runx3-deficient mice strains, obtained by Ito’s and Groner’s groups, and by knockdown
studies using a morpholino targeting Runx3 (Littman’s group). Although some discrepancies
in the analysis of the Runx3 KO phenotype associated with gastric neoplasia have been
observed, probably due to differences in the constructions of the KO mice, all strains show
similar phenotypic features resulting from the Runx3 loss, with severe congenital limb ataxia
as the more predominant phenotype, and high mortality soon after birth (Levanon et al,
2002; Taniuchi et al, 2002; Ito el al, 2003; Levanon and Groner, 2009, among others). Runx3
was disrupted in these KO mice strains by inserting a LacZ-neomycin cassette into a region
that affects both P1- and P2-derived RUNX3 isoforms, so the contribution to the phenotype
of each isoform is still not understood. Based in gain and loss of function studies, Runx3 has
been shown to be crucial for the regulation of the cell type specification of TrkC"
proprioceptive dorsal root ganglion (DRG) neurons (Inoue et al, 2002; 2003; Levanon et al,
2002; Nakamura et al, 2008), to regulate both chondrogenesis and chondrocyte maturation
(Yoshida et al, 2004; Soung et al, 2007) and to be involved in the regulation of the
proliferation and survival of various cells including gastric epithelial cells (Li et al, 2002; Ito el
al, 2008), in T-cell development (Taniuchi et al, 2002; Woolf et al, 2003; Wong et al, 2011)
and in differentiation of immune cells including natural killer cells (Ohno et al, 2008),

dendritic cells (Fainaru et al, 2004) and B cells (Watanabe et al, 2010).

As described above the mice Runx3”" strains available exhibited high mortality in the first
few days after birth, making it difficult to completely understand the effect of Runx3
depletion later on mice development. Zebrafish has been shown to be a powerful model to
study human diseases and despite several hundred million years of evolutionary separation,
the genes responsible for some of the teleost and mammalian developmental systems are
highly conserved (Crosier et al, 2002). So, to overcome some of the difficulties using mouse

and due to several advantages using zebrafish as a model of study, some researchers used
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the latter model to analyse the phenotype of Runx3 depletion (Crosier et al, 2002;
Kalev-Zylinska et al, 2003; Flores et al, 2006). Morpholino knockdown studies showed that
Runx3 is important for hematopoietic development in zebrafish, as abrogation of Runx3
function caused abnormalities in hematopoiesis (Croiser et al, 2002; Kalev-Zylinska et al,
2003). It was observed that morphants preserved development of primitive hematopoietic
progenitors, however later in development a reduction of circulating blood cells was
observed, suggesting that Runx3 is required for the maintenance of early blood cell numbers
and for establishment of definitive hematopoiesis (Crosier et al, 2002; Kalev-Zylinska et al,
2003). The same group also studied the effect of Runx3 depletion in the onset of
chondrogenesis in craniofacial endochondral bones, and observed a severe compromised
craniofacial cartilage formation (Flores et al, 2006). The results obtained for Runx3
knockdown in zebrafish seem to be in agreement with the results observed for mouse
knockout studies. However, so far no functional studies reported the effect of zebrafish
Runx3 depletion in developing DRG sensory neurons, maintaining the role of Runx3 in these
cells unclear. It is important to note that the importance of the different isoforms in
zebrafish is still unknown, since the studies using morpholinos to target Runx3 only affected

the isoforms derived from runx3-P2 and not those derived from the runx3-P1.

1.10.3.4 RUNX3 involvement in disease

RUNXS3, as well as RUNX1, have been shown to be expressed in hematopoietic tissues and
are frequently associated with leukemias, although the basis for the involvement of RUNX3
in hematopoiesis and leukemogenesis is still not fully understood (Crosier et al, 2002; Wang
et al, 2013; 2014). A study published more than a decade ago, where the expression of
RUNX3 was analysed in a diversity of mammalian cell lines, showed that RUNX3 is expressed
predominantly in cells of hematopoietic origin, and non-hematopoietic cell lines that either
do not express or express very low levels of RUNX3 protein (Le et al, 1999). In that report,
the authors also showed that RUNX3 is induced in a human myeloid leukemia cell line
through the retinoic acid signalling pathway, suggesting that RUNX3 may play a role in
hematopoietic cell differentiation (Le et al, 1999). Recently, a Runx3 knockout study

performed in mouse reveal a mild expansion of myeloid cells and hematopoietic stem cells
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when aged (Wang et al, 2013) and a study using Runx1/Runx3 double-knockout mice
showed that disruption of both genes leads to bone marrow failure and leukemia

predisposition due to transcriptional and DNA repair defects (Wang et al, 2014).

In thymopoiesis, RUNX3 is known as an important regulator of T-cell differentiation and has
also been shown to be highly expressed in dendritic cells, where it functions as a component
of the transforming growth factor B (TGF-B) signalling cascade (Fainaru et al, 2004).
Functional studies of Runx3 depletion revealed that the dendritic cells of the Runx3 KO mice
do not respond to TGF-B and that loss of leukocytic cell-autonomous function of Runx3
results in spontaneous development of inflammatory bowel disease (IBD) and gastric lesion
(Brenner et al, 2004). Moreover, RUNX3 and TGF-B are down-regulated in peripheral blood
cells of Crohn’s disease patients, which might suggest involvement of this pathway in the
human pathogenesis of IBD (Weersma et al, 2008). More recently, RUNX3 has been shown
to be implicated in the pathogenesis of ankylosing spondylitis (Zeng et al, 2013) and to be an

additional susceptibility locus for psoriatic arthritis (Apel et al, 2013).

Similar to the other RUNX family members, RUNX3 has also been implicated in a variety of
cancers where it can either function as a tumour suppressor or an oncogene, depending on
the type of cancer (Li et al, 2002; Lund and van Lohuizen, 2002; Reviewed in Subramaniam et
al, 2009). Although for more than a decade different laboratories have been focusing their
research in evidences suggesting that lack of RUNX3 expression is related to the
development of a diversity of cancers, a recent paper that analysed published results based
on whole-genome and whole-exome DNA sequencing studies on thousands of samples from
different cancers, did not find RUNX3 to be a gene significantly mutated in cancer (reviewed
in Lotem et al, 2015). In fact, contradictions about RUNX3 being expressed in gastrointestinal
tract epithelium and functioning as a tumour suppressor have been disputed over a decade
between different groups (Normile, 2011; Ito, 2012; Levanon et al, 2012). At the moment it

is not completely defined how RUNX3 is related to cancer development.
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1.11 Using zebrafish as a model organism to study gene regulation and function

Due to an increasing concern about animal welfare, when using animals in research, it is
important to minimise animal suffering by using the least sentient organism possible to
answer the question at hand and applying the 3R’s rule (replacement, refinement and
reduction; https://www.nc3rs.org.uk/). Zebrafish (Danio rerio) is a small (4-5 cm in length)
tropical fish native from the rivers of northern and eastern India (Engeszer et al, 2007), that
has long been a common feature in home aquariums, and shown in the last years to be an
attractive research tool. Zebrafish has revealed several advantages over other models thus
rapidly becoming an excellent model for biomedical studies, being widely used in research as

an alternative to mammalian species.

A fundamental advantage in the use of zebrafish is that they are vertebrates and therefore
share a considerable amount of genetic identity with mammals, including humans
(Postlethwait et al, 2000). It was also observed that several zebrafish organ systems are
remarkably similar to those in humans (Seth et al, 2013) and orthologues of most human
genes and proteins can be found in zebrafish and show similar patterns of expression and a
high conservation of amino acid residue sequence (Howe et al, 2013), while maintaining
their cell biological and developmental processes conserved. Therefore, studies in fish can
give great insight into human disease processes. The ability to accelerate genetic studies by
gene knockdown or overexpression have led to the widespread use of zebrafish in the
detailed investigation of vertebrate gene function and increasingly, the study of human
genetic diseases (Grunwald and Eisen, 2002). Recently, the development of new
mutagenesis techniques has increased exponentially the number of available zebrafish
models of human genetic diseases. That, together with the recent availability of the
complete zebrafish genome sequence, increased the ability to screen for modifier mutations
(that suppress or enhance the disease phenotype) and allows dissection of the biological

processes underlying the disease.

Other advantages of zebrafish as a model in research, compared to other vertebrate models,
include their easy and relatively low cost maintenance in laboratory, easy breed and large
number of offspring that can be obtained from a single spawning and their develop is ex

utero, allowing easy access to the embryos. Additional advantages are the short generation
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time and the fact that the young fish are small and relatively transparent which enables
researchers to make microscopic observations in the living animal (Westerfield, 2000). The
genetic tractability, the new transgenic and mutagenic tools available and the optical
transparency of zebrafish makes it the vertebrate model system par excellence for in vivo

analysis.

1.12 Main objectives

Although in recent years the number of published papers focusing on the study of RUNX3 in
different aspects of its function has increased substantially, the exact mechanisms of action
of RUNX3 proteins during development is still not completely understood. Even less clear is
the mechanism of how RUNX3 transcription is regulated and the implication for function of

the complex variety of isoforms that are produced by this gene.

To characterise the variety of transcript variants and the encoded protein isoforms of the
runx3 gene and to investigate possible roles in zebrafish development, we propose to: (i)
Identify and clone runx3-P1 and runx3-P2 transcript variants; (ii) Determine the expression
pattern of runx3 variants both during the embryonic development and in adult tissues; (iii)
Analyse both runx3 promoter regions using an in silico, in vitro and in vivo approach; (iv)
Analyse the possibility of cross-regulation of the runx3 promoter regions by Runx2 isoforms,

as well as the auto-regulation by its own isoforms.
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Chapter 2

2.1 Abstract

The Runt domain transcription factor is known as polyomavirus enhancer-binding protein 2
(PEBP2)/core-binding factor (CBF) and is a heterodimer of two different subunits, a and B. In
humans, three distinct genes, RUNX1, RUNX2 and RUNX3, encode the DNA-binding a
subunits while the single CBFB gene encodes the shared non-DNA binding B subunit,
PEBP2B/CBFB. The RUNX proteins share an evolutionarily conserved 128 amino acid region
called the Runt domain which is responsible for DNA binding and hetero-dimerization with
the co-factor CBFB. This subunit enhances the DNA-binding activity of the RUNX
transcription factors and regulates their turnover by protecting them from ubiquitin
proteasome-mediated degradation. All RUNX genes contain two alternative promoters, P1
(distal) and P2 (proximal). RUNX transcription factors are involved in major developmental
processes such as hematopoiesis, osteogenesis and neuropoiesis and mutations in these
genes have been frequently associated with human hereditary diseases and development of

cancer.

To improve our understanding of the structure and function of the Runx3 gene, we adopted
a comparative genomic approach to analyse its domains and degree of conservation. A
multiple alignment of the RUNX3 proteins from different species revealed high homology of
the conserved protein domains. We have cloned and characterized several zebrafish runx3
transcript variants and the corresponding protein isoforms that are derived from alternative
promoter usage (P1 and P2 promoters) and alternative splicing events. We analyzed the
temporal expression pattern of zebrafish P1 and P2 derived transcripts by gqPCR during
zebrafish embryonic development and in a variety of adult tissues. Our results show that the
runx3-P1 and runx3-P2 transcripts are differentially expressed, with the latter showing a
ubiquitous expression in all tissues analysed and expressed from 24 hpf onwards, in contrast
to runx3-P1 transcripts that seem to be expressed in a tissue-specific manner and are
maternally inherited. In addition, mRNA in situ hybridization was performed in whole mount
zebrafish embryos and runx3 expression was detected in neural and cartilaginous tissues.
Altogether our data show that zebrafish can be a valuable vertebrate model to gain insight
about the complex regulation of the runx3 isoforms and to perform functional studies in

order to clarify the importance of each isoform in development.
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2.2 Introduction

The PEBP2/CBF is a small family of heterodimeric transcription factors composed of a and
subunits (lto, 2004). The a-subunit is encoded by the runt domain genes
(PEBP2a/AML/RUNX) that are characterized by containing a highly conserved 128 amino
acid region (the runt domain). The runx genes were first described in Drosophila
melanogaster, and shown to be essential for the formation of segmentation pattern in

embryos (Gergen and Butler, 1988).

The RUNX proteins bind as homodimers to the promoter region of target genes recognizing
the consensus DNA motif TGPyGGTPy (where Py is a pyrimidine) through the runt domain,
and either act as activators or repressors. They can also heterodimerize with the non-DNA
binding B-subunit (PEBP2B/CBFpB), that enhances the DNA-binding activity of the a subunit
and stabilizes their proteins regulating their turnover by protecting them from ubiquitin

proteasome-mediated degradation (Kagoshima et al, 1996).

So far, one a subunit has been identified in Caenorhabditis elegans (rnt-1), three in
mammals (Runx1/AML1/Cbfa2, Runx2/AML3/Cbfal and Runx3/AML2/Cbfa3) (Ito, 2004; van
Wijnen et al, 2004) and four in Drosophila (Runt, Lozenge, CG34145 and CG42267) (Canon
and Banerjee, 2000; Rennert et al, 2003), in zebrafish (runx1, runx2a, runx2b and runx3) and
in Fugu (frRunx1, frRunx2, frRunx3, and frRunt). For the B subunit, one gene has been
described in all species (bro-1 for C. elegans and CBFB8 for mammals and fish), except for

Drosophila, in which two genes were found (Brother and Big-brother) (Golling et al, 1996).

All RUNX genes are regulated from two distinct promoters, P1 and P2, giving rise to two
major protein isoforms differing in the first amino acids of the N-terminal (Tighe and Calabi,
1994; Miyoshi et al, 1995; Geoffroy et al, 1998; Xiao et al, 1998; Levanon et al, 2001; Makita
et al, 2008). The alternative promoter usage, in combination with alternative splicing
contribution from exon skipping and multiple poly(A) tail sites, produce a large variety of
alternatively spliced isoforms, resulting in the complex biological functions of Runx proteins

(Miyoshi et al, 1995; Terry et al, 2004; Ng et al, 2007).

RUNX genes have been functionally characterized in many organisms, and are known to play

essential roles in metazoan development (Coffman, 2003). Even if expression of the Runx
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genes can overlap in some tissues (Le et al, 1999), they have distinct roles in tissue
morphogenesis and homeostasis, controlling critical cell fate decisions in a number of
different cell lineages (reviewed in Chuang et al, 2013 ) and being involved in the
transcriptional control of developmental processes (Wheeler et al, 2000; Taniuchi et al,
2002; Coffman, 2003). Although many studies have been published about Runx genes, their
biological function and regulation is still not completely understood. It was previously shown
that RUNX genes are involved in hematopoiesis, neurogenesis and osteogenesis and are also
implicated in disease and cancer. Runx1 is involved in regulation of hematopoiesis (Ichikawa
et al. 2004; Komori, 2005; Growney et al, 2005), Runx2 is essential for bone and tooth
development (Otto et al, 1997; Komori et al, 1997; D’Souza et al, 1999; Maruyama et al,
2007) and Runx3 is critical for gastric epithelial differentiation, neurogenesis of dorsal root
ganglia and T cell differentiation (Levanon et al, 2002; Brenner et al, 2004; Komori, 2005;
Friedrich et al, 2006; Lee et al, 2011; Reis et al, 2013).

Functional studies in different model organisms showed that alteration in the Runx3
expression levels affect the hematopoietic lineage (Kalev-Zylinska et al, 2003; de Bruijn and
Speck, 2004; Wang et al, 2013), chondrocyte maturation (Yoshida et al, 2004; Hecht et al,
2008; Zhang et al, 2009; reviewed in Komori, 2015), and dorsal root ganglia (DRG)
development (Inoue et al, 2002, 2003; Nakamura et al, 2008). In zebrafish, a runx3
orthologue was previously identified and three splicing transcripts, encoding two protein
isoforms with a different N-terminal, Runx3-MASN and Runx3-MHIPV, were described
(Kataoka et al, 2000; Kalev-Zylinska et al, 2002). These studies characterized the zebrafish
runx3 embryonic expression, confirming a broad expression pattern similar to what was
observed in mammals, and including Rohon-Beard neurons, trigeminal ganglia, craniofacial
cartilage and hematopoietic cells. Some knockdown studies demonstrated that a reduction
in the runx3 transcript levels affect hematopoietic cells, neurons and craniofacial cartilage. It
is still not clear whether the runx3 transcripts are differentially expressed and if the encoded

protein isoforms have different roles in development.

Here we describe the cloning of 12 new zebrafish runx3 splicing transcript variants, derived
from a combination of different promoter usage and alternative splicing. We analysed the

expression pattern of the runx3-P1 and runx3-P2 derived transcripts in both zebrafish adult
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tissues and developmental stages, using quantitative real-time PCR (qPCR) targeting the
transcript-specific 5° UTR sequence, and the results confirm that they are differentially
expressed. The mRNA expression pattern was also analysed by in situ hybridization, using a
riboprobe that recognized the common region of both transcript variants, or a riboprobe
that recognized the 5’ UTR region specific to each transcript. The expression of the runx3-P2
derived transcripts appeared to overlap with that of the riboprobe recognizing the common
region, but no conclusion could be taken about the expression of the runx3-P1 derived

transcripts.

2.3 Material and Methods

2.3.1. Ethics statement

All zebrafish (Danio rerio) studies were conducted using the wild type (AB) strain, both at the
aquarium at the University of Algarve (Faro, Portugal) or at the University of Bath (Bath, UK).
The experiments were conducted following the legislation for animal experimentation and
welfare either in Portugal, in accordance with the Portuguese law (Portaria 1005/02 and
Portaria 1131/97) which transcribes the European Guideline 86/609/EC, and in UK, according
to the Animals (Scientific Procedures) Act 1986 - Scientific Procedures on Living Animals,

under a personal Home Office licence.

2.3.2. Zebrafish maintenance

Embryos were obtained from natural spawning and maintained according to each fish facility
standard procedures. The embryos were collected in embryo medium (Westerfield, 2000),
raised up to 5 days post fertilization (dpf) in an incubator with a constant temperature of
28.5°C and staged according to Kimmel et al (1995) (occasionally, their development was
slowed down or speeded up at 23°C or 33°C, respectively, if needed for a specific
experiment). For some experiments, embryos were treated with 0.003% 1-phenyl-2-thiourea

(PTU; Sigma) to inhibit pigment formation and thus facilitating imaging and staining for
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whole-mount in situ hybridization (ISH). All specimens were deeply anesthetised in Tricane
(3-amino benzoic acid ethyl ester also called ethyl 3-aminobenzoate) (Sigma-Aldrich) before

manipulation as described (Westerfield, 2000).

2.3.3 Sequence alignment and analysis

BLAST facilities at NCBI (National Center for Biotechnology Information,
www.ncbi.nlm.nih.gov) and Ensembl (http://www.ensembl.org/) databases were used to

search for sequences showing similarity with zebrafish runx3 gene and protein.

Alignments for Runx3 sequences were created using ClustalW (Thompson et al, 1994) or
T-Coffee  multiple sequence alignment software (Notredame et al, 2000;
http://www.ebi.ac.uk/Tools/msa/tcoffee/) with parameters set to the default. Sequence
logos were then created by T-Coffee from multiple alignments using WebLogo facilities at

weblogo.berkeley.edu (Schneider and Stephens, 1990).

Percentage protein identity was calculated using the Sequence Manipulation Suite (Stothard,

2000) available at http://www.bioinformatics.org.

2.3.4 RNA preparation

Total RNA was prepared from different adult tissues using the acid guanidium thiocyanate
procedure (Chomczynski and Sacchi, 1987). Due to the low weight of the individual
embryonic and larvae samples RNA was extracted from pools of zebrafish embryos at
different stages of development using the TRIzol Reagent (Sigma-Aldrich) as recommended
in the manufacturer’s protocol. RNA integrity was assessed through 1% (w/v)
agarose/MOPS-formaldehyde gel electrophoresis with ethidium bromide staining (Sambrook
et al, 1989) and RNA quantity was determined through spectrophotometry (NanoDrop 1000;
Thermo Scientific). Total RNA (1 pg) was then treated with RQl RNase-free DNase |

(Promega) for 30 min at 37°C, and reverse-transcribed at 37°C for 1 h using the
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Moloney-murine leukemia virus (MMLV) reverse transcriptase, RNaseOUT (both from

Invitrogen) and oligo(dT)-adapter or a gene specific primer (DrRunx3_R2, Table 2.51).

2.3.5 Construction of cDNA library

Total RNA from a pool of embryos at different developmental stages (2 dpf, 20 dpf, 25 dpf,
40 dpf and adult male) was extracted as described in section 2.3.4. High-quality Poly A* RNA
was purified using the Oligotex mRNA Midi Kit (Qiagen) and used in the construction of a
Marathon cDNA library (Clontech) according to manufacturer’s instructions. Briefly, the
cDNAs were transcribed from 1 pg of purified Poly A* RNA blunt ends were created and the

Marathon adaptors were ligated to both ends of the double-stranded cDNA.

2.3.6. cDNA Cloning

The zebrafish runx3 sequences for P1-derived transcripts (AB043789 and AB043790) and
P2-derived transcript (AB043788) were used as templates to design zebrafish runx3 gene

specific primers. All primer sequences used for cloning are shown in Table 2.51.

2.3.6.1. Rapid amplification of cDNA ends (RACE)

The 5’ ends of zebrafish runx3-P1 and runx3-P2 transcripts were amplified by RACE-PCR
using gene specific reverse primers Runx3_R2 and Runx3_R4 and Marathon AP1 and AP2
adaptor primers (Table 2.S1), respectively in a primary and nested reaction, and the
zebrafish Marathon cDNA library described in section 2.3.5. Amplifications were performed
using the Advantage cDNA polymerase mix (Clontech) as suggested by the supplier. The
resulting cDNA fragments were size-separated by electrophoresis on an agarose gel, purified
using GenelET Gel Extraction Kit (Thermo Scientific), cloned into pCRII-TOPO (Life

technologies) and sequenced on both strands to confirm their identity.
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2.3.6.2. Amplification of full-length cDNA

Amplification of the different zebrafish runx3 transcripts was performed by two steps PCR
with gene specific primers (Table 2.51) and either with the Tag DNA polymerase (Life
technologies) or the KOD Hot Start DNA Polymerase (Novagen), in a GeneAmp 2400
thermocycler (Perkin-Elmer), under conditions suggested by the suppliers. The template
cDNA used was obtained, using the specific reverse primer DrRunx3_R2, from RNA obtained
either from 48 hours post fertilization (hpf) embryos or adult male zebrafish, as described in

section 2.3.4.

runx3 P1-derived isoforms 1 to 5 were amplified using cDNA from 48 hpf zebrafish embryos,
in a primary PCR with primers DrRunx3Il_F2 and DrRunx3_R8, and then used as template in a
semi-nested PCR with the same sense primer and with the antisense primer DrRunx3_R6,

and cloned into pCR-Bluntll-TOPO vector (Life technologies).

runx3 P2-derived isoform 6 and isoforms 9 to 12 were amplified using cDNA from 48 hpf
zebrafish embryos, in a primary PCR with primers DrRunx3|_F5 and DrRunx3_RS8, and then in
a nested PCR with primers DrRunx3|_F4 and DrRunx3_R6, and cloned into pCR-BluntlI-TOPO
vector. runx3 P2-derived isoforms 7 and 8 were amplified using cDNA from an adult male
zebrafish, in a primary PCR with primers DrRunx3l_F2 and DrRunx3_R2, and then a nested
PCR using primers DrRunx3_F5 and DrRunx3_R6, and cloned into pCRII-TOPO vector.

Cloned fragments were identified by restriction digestion and sequenced on both strands to

confirm their identity.

2.3.7 Measurement of relative gene expression by quantitative real-time PCR

Gene expression was performed by gPCR for runx3 isoform specific transcripts using primers
designed from 5’-unique sequences. For Pl-derived transcripts we used the primers
DrRunx311&IIl_F1/DrRunx3II&Ill_R2 and for P2-derived transcripts we used the primers
DrRunx3l_F3/DrRunx3l_R2 (Table 2.51). RNA was prepared as described in section 2.3.4.

gPCR was performed in a StepOnePlus apparatus (Applied Biosystems, Invitrogen). PCR
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reactions, set up in duplicates, were carried out using SsoFast EvaGreen Supermix (Bio-Rad)
according to manufacturer’s instructions. Melting profiles and gel electrophoresis of each
reaction were performed to check for unspecific product amplification. Levels of gene
expression were calculated using the comparative method (AACt) and normalized using gene
expression levels of 18S ribosomal RNA or elongation factor 1-alpha (efla) housekeeping

genes.

2.3.8 Probe synthesis and whole mount ISH staining

A fragment of 995 bp of zebrafish runx3 transcript was PCR amplified with primers
DrRunx3_F3/DrRunx3_R2 (Table 2.51), using 2x BioMix (Bioline) solution as recommended
by the manufacturer, and cDNA synthesized from 33 hpf zebrafish (as described in section
2.3.4). Then it was inserted into pGEM-T-easy vector (Promega) by standard TA-cloning.
runx3-P1 and runx3-P2 specific fragments were amplified (178 bp and 589 bp, respectively)
with primers DrRunx3Il_F1/DrRunx3ll&Ill_R1 and DrRunx3l_F2/DrRunx3l_R1 (Table 2.S1)
respectively, using the Tag DNA polymerase as recommended by the manufacturer, and
cDNA synthesized from adult male zebrafish (as described in section 2.3.4), and cloned into
pCRII-TOPO. All fragments were sequenced on both strands to confirm their orientation and
identity. Those constructs were used as templates to each probe synthesis. The plasmids
were linearized using the appropriated enzyme (Table 2.1). Then, digoxigenin (DIG)-labeled
antisense RNA probes were synthesized using either T7 or SP6 RNA polymerases (Table 2.1)
according to the manufacturer’s specifications (Roche). Whole-mount RNA ISH was
performed as previously described (Thisse et al, 1993). After the hybridization, some
embryos were embedded in paraffin, cut into 5 um-thick sections, and imaged in an Eclipse

E800 (Nikon) microscope.
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Table 2.1 Information for ISH probe synthesis.

probe ~ Plasmid Enzyme Polymerase ~ size  Notes
runx3 (+runt) | pCRII-TOPO égg' STP76 a”:;‘:gse 1175 bp
runx3 (-runt) | pGEM-T-Easy i;;ll STP76 an;ci;:se 995 bp
P1-runx3 pCRII-TOPO ;Eg'l STP76 a”:;igse 178 bp
P2-runx3 pCRII-TOPO ;Eg‘l STp76 an:i;igse 589 bp
2.4 Results

2.4.1 Molecular characterization of zebrafish runx3 gene

Kataoka and colleagues (2000) have previously published the cloning of three zebrafish
runx3 transcripts (that they designated runxb) generated by alternative promoter usage and
alternative splicing (Kataoka et al, 2000). In order to amplify the corresponding zebrafish
open reading frames (ORFs) we used the runx3 transcripts (Accession Numbers: AB043788,
AB043789 and AB043790) previously described as templates to design our primers. First we
performed BLAST analysis against the zebrafish genome (Danio rerio strain Tuebingen
chromosome 13, GRCz10) in NCBI database to determine the gene structure and the
transcript variations. The zebrafish runx3 gene was found on chromosome 13 in the reverse
orientation (position 44960717 - 45064151) with a length of approximately 103.4 kb and it is
organized in 7 exons and 6 introns (Figure 2.1), showing a structure slightly different from
the runx3 genomic structures known for other species, where the gene is organized in 6

exons and 5 introns.
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Figure 2.1 Schematic representations of the zebrafish runx3 gene, the cDNA splicing variants
and corresponding protein structure. In gene structure, exons are represented by black
boxes and introns by solid black lines. Exon sizes are indicated inside the boxes and the
intron sizes indicated above the lines. Exons are in scale but the introns are not. The two
alternative promoter regions are also indicated (arrow). In cDNA structure, black represents
the coding sequence and white the 5’ and 3’ untranslated regions. The ATG translation start
and TAA stop codons are also indicated. In the protein structure, the Runx protein
characteristic domains are represented as well as their corresponding region in the cDNA
(dot lines). Box with horizontal and vertical lines indicates specific N-terminal from P1- and
P2-derived isoforms, respectively. RHD — runt homology domain; NLS — nuclear localization
signal; TAD — transactivation domain; ID — inhibition domain; PPPY - short proline-rich motif;
NMTS - nuclear matrix targeting signal; VWRPY — Runx conserved penta-peptide motif.

The sites of exon-intron borders were deduced by comparison of the transcript sequences
with the genomic sequence and it was observed that all exon-intron splicing junctions match
consensus sequences for donor and acceptor sites (result not shown). The runx3 transcripts
are transcribed from two alternative promoters (P1/distal and P2/proximal) and encode two
Runx3 protein isoforms that differ only in their N-terminal sequence (Figure 2.1). The P1-
derived transcripts (AB043789 - type Il and AB043790 - type Ill) generate a 438 amino acids
protein containing a specific N-terminal of 19 amino acids (MASNSIFDTFSSYSPSLLR) present
only in the P1-derived isoforms. The P2-derived transcript (AB043788 - Type I) does not
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contain exon 1, been transcribed from an alternative promoter in intron 1, and so it is
translated from a different ATG codon present in exon 2, generating a 424 amino acids
protein containing a specific N-terminal of five amino acids (MHIPV) present only in the P2-
derived isoforms (Kataoka et al, 2000). Due to their N-terminal sequences, in this work these
isoforms are also referred as Runx3-MASN or Runx3-MHIPV isoform, depending if we are

referring to a P1-derived or P2-derived isoform, respectively.

From the cDNA deduced primary structure and by comparative analysis between all RUNX
proteins, we identified the typical domains present in all Runx proteins characteristic of this
family of proteins: the runt domain (RHD), transcription activation domain (TAD), inhibition
domain (ID), nuclear localization signal (NLS), nuclear matrix target signal (NMTS) and PPPY

and VWRPY domains (Figure 2.1).

2.4.2 in silico analysis of Runx3 protein isoforms

Sequence databases at NCBI (www.ncbi.nlm.nih.gov) and Ensembl (www.ensembl.org) were
searched for annotated RUNX3 sequences. A total of 23 RUNX3 sequences were collected
(Table 2.52). The full collection of sequences represents 18 species, from most classes of
vertebrates (actinopterygii, chondrichthyes, amphibian and mammalia). We have calculated
the pairwise percentage identities with Manipulation Suite facilities among RUNX3 isoform
protein sequences of different species, observing that the amino acid sequence of zebrafish
Runx3 has higher identity to those of grass carp (94%) and fugu (74%) and a sequence

identity of 61-64% compared to mammals (including human) (Figure 2.2).
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Figure 2.2 Pairwise percent identities among RUNX3 (A) Pl-derived (MASN) and (B)
P2-derived (M(H/R)IPV) isoforms. From light grey to black: actinopterygii, chondrichthyes,
amphibia, mammalia. Hsa, Homo sapiens (human); Mmu, Macaca mulata (rhesus macaque);
Bta, Bos Taurus (bovine); Mmus, Mus musculus (mouse); Rno, Rattus norvegicus (rat); Dre,
Danio rerio (zebrafish); Cid, Ctenopharyngodon idella (grass carp); Oni, Oreochromis niloticus
(tilapia); Loc, Lepisosteus oculatus (Spotted gar); Pfo Poecilia formosa (Amazon molly); Xma,
Xiphophorus maculatus (Southern platyfish); Cmi, Callorhinchus milii (elephant shark); Xla,
Xenopus laevis (African clawed frog); Tni, Tetraodon nigroviridis (spotted green pufferfish);
Tru, Tetraodon rubripes (torafugu); Sca, Scyliorhinus canicula (lesser spotted catshark); Laf,
Loxodonta africana (elephant); Pan, Papio anubis (Olive baboon). Diagonal grey values are
sequence lengths.
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As the overall Runx3 protein sequence identity between zebrafish and the mammals was not
very high, we decided to analyse the degree of conservation between the domains of the
RUNX3 proteins. The RUNX3 sequences (Table 2.52) were aligned using T-Coffee and the
result submitted to Weblogo software that generates sequence logos, a graphical
representation of the patterns within a multiple sequence alignment (Figure 2.3). In the
weblogo graph, the amino acid similarity is represented by the height of the each letter

(logos that represent amino acid residues) that is directly proportional to the probability of

the corresponding amino acid, so the conservation can be easily assessed (Figure 2.3).

AT

N0E0R0KR0

1wl LAV

Figure 2.3 Schematic representation of the conservation in RUNX3 protein domains. The
characteristic domains found in all RUNX proteins are indicated to show their relative
positions along the protein. The multiple sequence alignment (using T-Coffee and WebLogo)
using 23 RUNX3 proteins from 18 different species was used to determine the amino acid
conservation in the different protein domains. NLS - nuclear localization signal, TAD -
transactivation domain, ID - inhibitory domain, PY - short proline-rich motif, P -residue
targeted for phosphorylation, VWRPY — Runx conserved penta-peptide motif.

As expected, we could observe a high degree of conservation of the runt domain as well as a
100% conservation of the NLS, PY and VWRPY motifs (Figure 2.3). The TAD and ID domains
showed more variation, however some residues are still 100% conserved, indicating that

they probably have a major contribution to the function of that domain (Figure 2.3).
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2.4.3. Cloning of new zebrafish runx3 transcript variants

In an attempt to amplify the zebrafish transcripts that derived from alternative promoter
usage (P1/Distal or P2/Proximal) that generates different Runx3 isoforms, we hereby
identified and cloned 12 different transcripts (Figure 2.4), 10 of each are new transcript
variants that are described in this study for the first time, and found to have a structure
different from that of any previously reported isoform of zebrafish runx3 cDNAs. Two of the
transcripts are similar to the P1-derived and P2-derived isoforms previously described (runx3
isoform 1 and runx3 isoform 6, respectively), four correspond to splicing variants of
P1-derived transcripts (runx3 isoform 2 to 5) and six correspond to splicing variants of
P2-derived transcripts (runx3 isoforms 7 to 12). These transcripts result from alternative
exon skipping, generating different protein isoforms, depending on the splicing event. The
identity of the runx3 cDNA sequences obtained was confirmed using blast searches against
GenBank (NCBI) database. The nucleotide sequences of these new spliced variants were
deposited in GenBank as runx3 isoforms 1 to 12 (GenBank ID: KP866665, KP866666,
KP866667, KP866668, KP866669, KP866670, KP866671, KP866672, KP866673, KP866674,
KP866675, KP866676, respectively).

The ORF sequence of the runx3 isoform 1 and isoform 6 transcripts are similar to the ORF
sequence of the runx3 transcripts (AB043789 and AB043788, respectively) previously
published in Kataoka et al (2000) (Figure 2.4). Comparison between both sequences shows
that the runx3 isoform 1 and the isoform 6 have nine nucleotides different from the

published sequences, causing an ORF with two amino acid substitutions.
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Figure 2.4 Schematic representation of zebrafish alternatively spliced runx3 cDNA
transcripts. (A) Schematic representation of the runx3 gene structure. The exons are
represented by black boxes, and the lines represent the introns and intergenic sequences.
The exons are scale represented, but the introns are not. (B) Schematic representation of
the alternative spliced runx3 transcripts cloned. Black boxes represent coding exons, grey
boxes represent spliced exons and white boxes represent UTRs. Start and stop codons are
represented. Arrows represent the location of primers used for the amplification of the
ORFs.
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The transcripts of runx3 isoforms 2 to 5 are splicing variants of isoform 1 that have a splicing
event that eliminates one or more exons (Figure 2.4). Isoform 2 is a splicing variant that
loses exon 5, and we predicted that it loses the NLS and part of the TAD domain, but keeps
the coding region for the runt domain intact. On the other hand, transcripts of isoforms 3 to
5 have a splicing event that eliminates multiple exons: isoform 3 has a splicing from
nucleotide 803 in exon 2 to nucleotide 122 in exon 6; isoform 4 has a splicing that eliminates
exons 2 to 4; and isoform 5 has a splicing that eliminates exons 2 to 6a (Figure 2.4). The
transcripts of runx3 isoforms 7 to 12 are splicing variants of isoform 6, and all have multiple
exons eliminated by alternative splicing events (Figure 2.4). The isoform 7 loses its exons 5
and 5a that corresponds to the coding of NLS and part of the TAD domains, but maintains its
runt domain intact, suggesting that can be a functional isoform. The isoforms 8 and 9 have a
splicing from nucleotide 52 of exon 4 to nucleotide 65 of exon 6 (isoform 8) and from
nucleotide 725 of exon 2 to nucleotide 296 of exon 6 (isoform 9), causing a frame shift that
produces a premature stop codon (Figure 2.4). On the other hand, the isoforms 10 to 12
have an extensive splicing event that eliminates the majority of the exons including the start
codon ATG. As a consequence, these runx3 transcripts are likely to result in loss-of-function

mutants.

2.4.4 Molecular structure of zebrafish runx3 5° UTR regions

We employed RACE analyses to map the transcription-start sites (TSSs) downstream the two
promoters, runx3-P1 and runx3-P2. A new putative TSS was mapped by 5'-RACE for the
P1-transcript, and contains 642 bp of 5’-untranslated region from the translation initiation
ATG codon (Figure 2.5). The sequence of this new P1-5" UTR splicing variant, named runx3
isoform 14 (GenBank ID: KP866678) corresponds to the AB043789 transcript described by
Kataoka et al (2000) carrying the 221 bp splicing event (nucleotides -277 to -57) but with
more 182 bp of 5° UTR region (Figure 2.5). Besides this, we also found a new P1-5" UTR
regions splicing variant, named runx3 isoform 13 (GenBank ID: KP866677), obtained from
cDNA of an adult zebrafish speciemen (as described in section 2.3.6.2), that corresponds to
the AB043789 transcript previously described by Kataoka et al (2000) but with more 313 bp

of 5" UTR region (Figure 2.5). Regarding the P2-TSS, we also amplified and sequenced one
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major DNA fragment that placed the major P2-TSS 562 bp upstream of the initiator ATG
codon, matching the sequence available in the NCBI database (AB043788) (Results not
shown).

ATG

-460—| |—-444 -278 -130 56 +1

Exon 1 -642 - +58

Isoform 111 (AB043790)

Isoform |1 (AB043789)

Isoform 13 (KP866677)

Isoform 14 (KP866678)

Figure 2.5 Schematic representations of the splicing events within the runx3 exon 1 affecting
the 5’ UTR of the P1-derived transcripts. (Top) Representation of the runx3 exon 1. White
box represents 5 UTR region, black box represents coding region. ATG codon is also
represented. The A from the ATG codon of the runx3 P1-derived transcripts is represented as
+1. (Bottom) Representation of the different 5° UTRs of the P1-derived transcripts described
and the new transcripts obtained in this work, originated by alternative splicing. The
rectangles represent transcript sequences and lines represent spliced sequences.

The analysis of both 5" UTR regions of runx3 transcripts, revealed several ATG nucleotide
triplets upstream of the ATG codon that is known to initiate Runx3 protein isoforms. Using a
translation program (http://web.expasy.org/translate/), we could predict some putative
upstream open reading frames (UORFs) in both 5" UTR regions, that can vary in size from
very small (just one amino acid long) to longer peptides (70 amino acids long) (Figure 2.51).
The presence of one or more uORFs has been shown to repress the translation of the
downstream ORF and this feature has been associated with tissue-specific gene regulation

and developmental control (van der Velden and Thomas, 1999).
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2.4.5 gPCR analysis of runx3 P1 and P2 transcript variants

The gene expression of runx3-P1 and runx3-P2 derived transcripts has been evaluated in a
variety of adult zebrafish tissues (including calcified and non-calcified soft tissues) by qPCR,
using specific primers and normalized using the efla as housekeeping gene (Figure 2.6). The
expression of P1-derived transcripts was detected mainly in the calcified tissues analysed,
with the highest levels observed in the pectoral fins (=6 fold) and in the branchial arches
(=15-fold), and with a similar relative expression in the brain, heart and skin and its
expression in the liver and muscle is barely detectable (Figure 2.6A). P2-derived transcripts
expression was detected in all tissues analysed, with the highest levels of expression in the
calcified tissues (between =15-fold to =37-fold) compared to the expression in the soft

tissues (between =1.7-fold to =12-fold) (Figure 2.6B).
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Figure 2.6 Levels of runx3-P1 and runx3-P2 derived transcripts in adult zebrafish tissues.
Levels of gene expression were determined by qPCR in adult soft and calcified tissues and
normalized using efla as housekeeping gene. The level in female gonads (Gn) was used as a
reference and set to 1. Gn — female gonads; Br — brain; Ht — heart; Lv — liver; Ms — muscle; Sk
— skin; BA — branchial arches; MO — mandibular operculum; PF — pectoral fins; Ra — rays; Te —
teeth; TV — trunk vertebrae. Values are the mean of at least three replicates with error bars
representing + standard deviation (S.D.).

To analyse the temporal expression of runx3-P1 and runx3-P2 derived transcripts during
zebrafish embryogenesis, mRNAs collected at seven different time points between 1-cell and
13 dpf were analysed by gPCR using specific primers and normalized using the 18S as
housekeeping gene. A different expression pattern was observed for runx3-P1 and runx3-P2

derived transcripts during the initial stages of zebrafish development (Figure 2.7).
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Figure 2.7 Levels of runx3-P1 and runx3-P2 derived transcripts in embryonic zebrafish
development. Levels of gene expression were determined by gqPCR in different embryonic
developmental stages and normalized using 18S as housekeeping gene. S means somites. An
arbitrary unit was used as reference. Values are the mean of two replicates with error bars
representing S.D.

While runx3-P1 derived transcripts are detected already at 1 cell (Figure 2.7A), runx3-P2
transcripts can only be detected from 24 hpf onwards, showing its highest expression at 72
hpf (Figure 2.7B). Interestingly, the expression of runx3-P1 derived transcripts decreases

until 24 hpf and then it increases again until 13 dpf (Figure 2.7A).

2.4.6 Expression patterns of zebrafish runx3 gene expression

To determine the spatial and temporal expression pattern of runx3, whole-mount ISH time
course was performed in wild-type zebrafish embryos. A runx3 specific riboprobe (995 bp),
which is complementary to the 3’ of the runx3 cDNA, including part of the sequence that
codes for the runt domain (common part of all runx3 transcripts) was used. Zebrafish wild
type specimens, from 24 hpf up to 4 dpf were collected, fixed and submitted to whole
mount ISH (Figure 2.8, A-F) and posterior cross-sections at 24 hpf and 36 hpf were also

analysed (Figure 2.8, G-H).
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The results of the ISH confirmed the runx3 expression pattern previously published (Kataoka
et al, 2000; Kalev-Zylinska et al, 2003). We observed runx3 in the first stage analysed, at 18
hpf, in the trigeminal ganglions and in the Rohon-Beard neurons (rb), that are primary
sensory neurons located dorsally in the embryos (Figure 2.8A, A’ to E, E’). The expression in
the rb neurons is still very strong at 24 hpf, but then gradually decreases being the number
of rb expressing cells much lower at 60 hpf and almost non-existent at 4 dpf This is in
agreement with previous studies showing that rb sensory neurons die over a protracted
period of time (Williams et al, 2000; Cole and Ross, 2001; Reyes et al, 2004). Reyes and
colleagues, showed that in zebrafish embryos rb neurons begin to show signs of
programmed cell death as early as 1 dpf and that most rb cells died by 4 dpf (Reyes et al,
2004). At 24 hpf runx3 expression is also detected in the lateral line primordia (llp), that
migrates along the trunk (Figure 2.8B, C, D’). We also observed runx3 expression at the
cranial sensory ganglia from 48 hpf, as well as, in the base of the pectoral fins and in the
cranial cartilages at 4 dpf (Figure 2.8D, E, F). The same expression pattern was observed
using a probe spanning 1175 bp (Table 2.1), containing all sequence that codes for the runt
domain (results not shown). However, we fail to detect runx3 expression in the
hematopoietic tissues, suggesting that maybe our protocol needs to be improved to increase
sensitivity. Posterior cross-sections of the trunk at 24 hpf and 36 hpf confirmed the
expression in the Rohon-Beard neurons (Figure 2.8G, G’, H; arrow) and at 36 hpf we
observed expressing cells that seems to lay outside of the neural tube and that may be part

of the dorsal root ganglia (Figure 2.8H, H’; arrowhead).

To further assess the sites of expression for each runx3-P1 or runx3-P2 transcript variant,
whole-mount ISH was performed using specific riboprobes for the 5" UTR of the P1-derived
and P2-derived transcripts (Table 2.1; Figure 2.81, I, J, K, K’). In the stages analysed we could
not identify any structure expressing the P1-derived transcripts (Figure 2.8l, I’), but when a
specific riboprobe for the P2-derived transcripts was used we could detect expression in
trigeminal ganglions, Rohon-Beard neurons of neural tube, lateral line primordial, base of
the developing pectoral fins, and cranial sensory ganglia (Figure 2.8J, K, K’), the same tissues

that were detected when we used a riboprobe for the common part of runx3 (Figure 2.8A-F).
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Figure 2.8 Analysis of runx3 transcripts localization during early zebrafish developmental stages by ISH. Lateral (A, A’, B, B’,C, C’, D', E, E', F/, |,
I’,J, Kand K’) and dorsal (B”, C””, D and F) views of zebrafish embryos. In all pictures embryos are oriented anterior to the left and dorsal to the
top. Transversal cross-sections of the trunk after whole mount ISH (G, G’, H, H’) showing runx3 expression in Rohon-Beard cells (arrows in G’ G’,
H) and expressing cells that lay outside the neural tube (arrowheads in H, H’). runx3 probe complementary to the common region of the
different runx3 transcripts (A-H’), runx3-P1 transcripts specific probe (I, I’) and runx3-P2 transcripts specific probe (J, K, K’). hpf — hours
post-fertilization; dpf — days post-fertilization. tg - trigeminal ganglions; rb - Rohon-Beard neurons; llp - lateral line primordial; bpf - base of the
developing pectoral fins; csg - cranial sensory ganglia; cc — cranial cartilages.
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2.5 Discussion

Prior to this work, there were three major transcripts described for zebrafish runx3 that are
transcribed from two promoters and give rise to two proteins that differ in their N-terminal
sequence. The runx3 P2-derived transcript (named type | variant) is derived from the
proximal (or P2) promoter and encodes the 424 amino acid P2-Runx3 protein isoform, also
called the Runx3-shorter or Runx3-MHIPV isoform. On the other hand, due to 5’ UTR splicing
events two major transcripts are transcribed from the Distal (or P1) promoter (named runx3
Type Il and Type Il variants) and encoding the 438 amino acid P1-Runx3 protein isoform,
also called the Runx3-longer or Runx3-MASN isoform. The only difference between the two
isoforms is the N-terminal — the first five amino acids of the Runx3-MHIPV isoform and the
first 19 amino acids of the Runx3-MASN isoform are specific to each isoform. After that, both
isoforms have exactly the same amino acid sequence and the alignment of the P1 and P2
full-length isoforms of RUNX3 proteins revealed several highly conserved protein domains.
As expected, the 128 amino acid runt domain that is critical for DNA binding and
heterodimerisation is highly conserved in all RUNX proteins. The NLS, VWRPY and PY motifs
are also highly conserved. Our in silico results comparing the zebrafish Runx3 and vertebrate
orthologs are in agreement with previous reports that have also studied the conservation of
the RUNX3 proteins through evolution (Rini and Calabi, 2001; Ng et al, 2007; Nah et al,
2014).

The RUNX family of transcription factors have been extensively studied over the last years,
due to their involvement in a variety of biological processes and disease, and they have been
shown to be regulated by two alternative promoters that generated different transcript
variants, and those are also subject to alternative splicing events generating a variety of
RUNX protein isoforms (Coffman, 2003; Komori, 2005; Cohen, 2009; Wang et al, 2010;
Chuang et al, 2013; among others). Although they are highly similar in respect to their
genomic organization, DNA sequence and transcriptional regulation, functional studies have
shown that the disruption of each RUNX gene causes different phenotypes, indicating tissue-
specific roles Coffman, 2003; Chuang et al, 2013). The regulation of genes by alternative
promoters and the existence of multiple alternative splicing variants have been associated

with complex regulation of gene expression (Ayoubi and Van De Ven, 1996). RUNX3 is the
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less studied of the RUNX family members. In zebrafish Runx3 has been shown to be required
for hematopoietic development (Kalev-Zylinska et al, 2003) and to be involved in craniofacial
development (Flores et al, 2006), but the importance of each of the P1-Runx3 and P2-Runx3

isoforms is not described.

In this study we investigated the expression pattern of each runx3 isoform in different stages
of zebrafish development and in different adult tissues, in order to identify if the isoforms
are differentially regulated. In an attempt to clone the runx3 ORFs, we identified and cloned
multiple transcript variants. Besides the three different transcripts previously described for
zebrafish runx3 (Kataoka et al, 2000) we cloned 10 additional variants obtained by
alternative splicing. Of the new variants cloned, four are P1-derived (isoforms 2 to 5) and six
are P2-derived (isoforms 7 to 12). Interestingly, in contrast to the other RUNX family
members, relatively few isoforms have been described for RUNX3. Moreover, the zebrafish
runx3 isoform 2 described in this study with a splice of exon 5 has already been described for
human RUNX3 (Puig-Kroger et al, 2010). These alternatively spliced transcript variants that
generate protein isoforms with one or more domains partially or totally absent, suggest that
probably Runx3 splicing isoforms have different functions. In fact, Puig-Kroger and co-
workers have shown that transcriptional activities of the human RUNX3/p33 isoform,
generated by splicing a runt DNA-binding domain-encoding exon, differ from those of the
non-spliced isoform (Puig-Kroger et al, 2010). Although some of these alternative spliced
isoforms may have important modulatory functions in development or in critical cell fate
decisions, others may not be translated due to the process of nonsense-mediated mRNA
decay (NMD) that causes degradation of mRNAs containing premature translation
termination codons. The NMD process was identified and studied also in zebrafish, and was
shown to be essential for zebrafish embryonic development, preventing accumulation of
potentially detrimental truncated proteins (Wittkopp et al, 2009). In this study, isoforms 8 to
12 showed splicing across multiple exons, generating either premature termination codons
or splicing of the initiation codon, and thus may be potential targets for the NMD pathway,

and not likely to be translated into proteins.

The runx3 isoforms 13 and 14 correspond to transcripts with splicing events in the 5" UTR

regions of the runx3-P1 transcript. The isoform 13 is similar to the AB043789 transcript
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previously described (Kataoka et al, 2000) but with more 313 bp of 5" UTR, that seems to
correspond to an intron retention. Interestingly, one isoform similar to this was cloned for
human RUNX1 (type | isoform; Zhang et al, 1997). A new TSS was identified from the
P1-runx3 transcript, isoform 14, that contains an extra 182 bp of the 5" UTR region and
carries the 221 bp splicing event observed in the previously described isoform AB043789
(Kataoka et al, 2000). Analysis of both runx3 5’ UTR regions revealed the presence of several
ATG nucleotide triplets upstream the ATG codon (UATG) that can generate several putative
upstream open reading frames (UORFs) that can vary sizes. uATGs and uORFs are common
features of mRNAs that encode regulatory proteins and have been shown to profoundly
influence translation of the main ORF (Wang and Rothnagel, 2004). Although we did not test
for the existence of these uORFs and their effect in the translation of the Runx3 proteins, it
would be interesting to analyse if the regulation of the runx3 isoforms is affected by their

complex 5" UTR region.

We analysed the expression of runx3-P1 and runx3-P2 transcripts both in zebrafish adult
tissues and during zebrafish embryonic development by gPCR. We observed that the relative
expression of both variants is higher in the calcified tissues compared to the soft tissues.
However, the variants showed a different expression pattern in the adult tissues analysed,
with runx3-P1 showing a relatively similar expression in all tissues analysed, except in the
liver and muscle where the expression was barely detectable, and in the pectoral fins and
branchial arches where it showed the highest expression. In contrast, the runx3-P2 variant
showed a more variable relative expression between the tissues analysed with the brain,
heart and liver presenting the lowest expression values, and the pectoral fins, mandibular
operculum and trunk vertebrae presenting the highest values. These observations are in
agreement with a previously published report, where it was shown by S1 nuclease
protection assay using RNA from mouse tissues that Runx3-P2 is nearly ubiquitously
expressed, although Runx3-P1 is restricted to few lineages/physiological states (Rini and
Calabi, 2001). These differences between the expression patterns of both runx3-P1 and
runx3-P2 transcripts are also observed during the zebrafish embryonic development as the
runx3-P1 variant showed to be expressed maternally as well as zygotically, in contrast to the
runx3-P2 variant where the expression was first detected in the stage 24 hpf. In a previous

report from Kataoka and colleagues, runx3 transcript 1 and transcript 2 were detected
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maternally, as well as zygotically and the expression of runx3 transcript 3 was detected from
the three somite stage (Kataoka et al, 2000). It is important to note that their nomenclature
is somewhat confusing, since transcript 1 derives from the P2 promoter and transcripts 2

and 3 derive from the P1 promoter.

To identify the spatial-temporal expression of the runx3 transcripts we performed ISH at
different zebrafish developmental stages, using RNA specific probes to the common region
of all variants, and to the 5’ UTR specific of each variant. Using a probe that recognizes a
common region of the runx3 transcripts we confirmed the runx3 expression previously
reported (Kataoka et al, 2000; Burns et al, 2002; Kalev-Zylinkska et al, 2003; Flores et al,
2006) in neural and cartilaginous tissues in the developing embryo. Kalev-Zylinkska and co-
workers (2003) have previously shown runx3 to be expressed in hematopoietic tissues,
however we and other authors (Kataoka et al, 2000; Burns et al, 2002) failed to detect this
expression. Using the specific probes to each variant we always obtained a high background
signal, making it very difficult to reach any conclusion. We could observe that the runx3-P2
specific probe reproduces at least partially the expression pattern obtained with the probe
to the common region of the runx3; in contrast using a runx3-P1 specific probe it was not
possible to identify any site of expression, since the background signal was always very
intense. These high background levels of expression can be due to the small size of the
probes (=180 bp and =500 bp, respectively for P1- and P2-derived probes) or due to a low
copy number of the transcripts, so optimization to find the better conditions need to be
done or, alternatively new ISH techniques should be used. For example, to detect alternative
spliced RNA variants that differ only in a short region, the locked nucleic acids (LNAs) probes
that exhibits superior specificity, hybridization kinetics and stability (Darnell et al, 2010), are
probably a better option. For the detection of low-copy number molecules the amplification
of the signal can be essential for its detection, so the use of the recent technique, RNAscope,
that uses a unique probe that enables simultaneous signal amplification and background
suppression (Wang et al, 2012), may be an alternative. This technique has been recently
used to successfully detect multiple RNA molecules in a high resolution and quantitatively
manner in zebrafish whole-mount embryos (Gross-Thebing et al, 2014). Together, our qPCR
and ISH results suggest that the runx3-P2 variants are probably expressed in higher levels

and in a variety of tissues, but on the other hand, the runx3-P1 variants are likely expressed
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in a tissue-specific way and/or in low levels, so that the sensitivity of this technique is not
sufficient to detect that expression. In fact, knockdown analysis in zebrafish embryos using
an antisense morpholino specific to the Runx3-P2 isoform has been reported to affect the
hematopoietic and craniofacial cartilage development (Kalev-Zylinkska et al, 2003; Flores et

al, 2006), but no studies have been reported where the Runx3-P1 isoform has been targeted.

For this reason, we attempted a knockdown analysis in zebrafish embryos, using antisense
morpholinos specific to each Runx3 isoform to analyse if the resulting morphants have
different phenotypes. Levanon and co-workers (2002) reported that Runx3 is expressed in
the dorsal root ganglia (DRG) sensory neurons, specifically in a subset of neurons called the
tyrosine kinase receptor C (TrkC) proprioceptive neurons, and these authors showed that
Runx3-deficient mice develop severe limb ataxia due to disruption of monosynaptic
connectivity between intra spinal afferents and motoneurons (Levanon et al, 2002). Using
translation-blocking morpholinos targeting Runx3-P1 or Runx3-P2 protein isoforms we
explored isoform-specific gene function in DRG development using the generic neuronal
marker anti-Hu. Our preliminary results suggest that targeting the Runx3-P1 protein isoform
resulted in a reduced number of DRG sensory neurons and in the presence of ectopic
neurons in a position directly dorsal to the spinal cord. In contrast, the results targeting the
Runx3-P2 protein isoform, showed no effect in DRGs (Appendix 2.1). However, we are aware
of the increasing reports showing that morpholinos can cause artefacts due to the
non-specific minority of morpholinos efficiently mimic mutant phenotypes (Eisen and Smith,
2008; Kok et al, 2015). So, at the moment our results must be treated as preliminary and
more work has to be developed. Recently, new techniques to generate targeted mutations
in genes of interest have been successfully used in zebrafish, namely transcription activator-
like effector nucleases (TALENs; Cade et al, 2012; Xiao et al, 2013) and clustered regularly
interspaced short palindromic repeats (CRISPR) RNA-guided Cas9 nuclease system (Hwang et
al, 2013a; 2013b; Xiao et al, 2013; Jao et al, 2013; among others). As the latter system has
been shown to be simple, robust and a very efficient reverse genetic tool, we intend to use it
to confirm our preliminary results using morpholinos and to analyse in more detail the effect

of depletion of the Runx3 isoforms in the zebrafish development.
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In conclusion, we cloned for the first time new zebrafish runx3 transcript variants that are
generated by alternative splicing and derived from the alterative P1 and P2 promoters. We
analysed the specific runx3-P1 and runx3-P2 spatial-temporal analysis either by gPCR or by
ISH, and showed that the transcript variants are differentially expressed in zebrafish adult
tissues and also during the development, where the runx3-P1 variant is maternally and
zygotically expressed in contrast to the runx3-P2 variant that is only expressed after the
zygotic transcription started. These results together with our preliminary results of Runx3
knockdown analysis strongly suggest that Runx3 protein isoforms are differently regulated

and play different roles in the developing embryo.
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2.6 Supplementary Tables

Table 2.51 PCR primers used in this chapter.

\ Sense primers Primer sequence (5’ to 3’)"
DrRunx3_F3 GGCAGGAGCGGCAGAGGAAAGA
DrRunx3_F5 TGTGATGCATATTCCCGTAGACCCG
DrRunx3l_F1 CACAACGGACTTTCTGTAGCCT
DrRunx3I_F2 GCGGCGTTCGCGTAGTCG
DrRunx3I_F4 GTATTAACGCTTCTGCATCTGCATTG
DrRunx3I_F5 TGACAGGACGGAAAGTAACTGAATGA
DrRunx3II_F1 TGACCTCGGATACCTCAGACA
DrRunx3II_F2 GCAACCACTTCTGGAGAGAGAGAGAC
DrRunx3II&IlI_F1 AAGACGGTACGACGGCGGAGAGGC
DrRunx3I_F1_Xhol CCGGAGCTCGAGCACAACGGACTTTCTGTAGCCT
DrRunx311&IlI_F1_Xhol CCGGAGCTCGAGGGCTGAAGATGGTACGACGG
DrRunx3_R2 TGCATCATGCGCAACTCTTCTGG
DrRunx3_R4 CGTCTGCTCGTGCTCGGGTCT
DrRunx3_R6 ATCTTAGTACGGCCTCCAGACAGACTC
DrRunx3_R8 ATGCAAGACGTTTCACCTCTTCTCTT
DrRunx3I_R1 CTCGTGCTCGGGTCTACGGGAA
DrRunx3II&lIlI_R1 CGCAGCAAACTGGGCGAGTAG
DrRunx3I_R1_Kpnl CACGCGGTACCCTCGTGCTCGGGTCTACGGGAA
DrRunx3II&Ill_R1_Kpnl CACGCGGTACCCGCAGCAAACTGGGCGAGTAG
qPCR primers Primer sequence (5’ to 3’)
DrRunx3II&III_F1 AAGACGGTACGACGGCGGAGAGGC
DrRunx3II&lll_R2 CGCAGCAAACTGGGCGAGTAGCTAGAGA
DrRunx3I_F3 ACGCATTCATTTGGAAAGAACGCTTGAC
DrRunx3I_R2 CAGCAGGTGTGAGCTGCTCCTGAATATCAGT
DrEfla_F1 ACGCCCTCCTGGCTTTCACCC
DrEfla_R1 TGGGACGAAGGCAACACTGGC
Dr18s_F1 ACCACCCACAGAATCGAGAAA
Dr18s_R1 GCCTGCGGCTTAATTTGACT
Universal primers Primer sequence (5’ to 3’)
Adaptor Primer 1 (AP1) CCATCCTAATACGACTCACTATAGGGC
Adaptor Primer 2 (AP2) ACTCACTATAGGGCTCGAGCGGC
oligo(dT)-adapter primer ACGCGTCGACCTCGAGATCGATGTTTTITTITTTTITT

* indicates the recognition sequence for the restriction enzyme named on the primer.
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Table 2.52 Accession numbers of all Runx3 protein sequences used for the in silico analysis.
Protein

Species . N-Terminal Acession number
isoform
Amazon molly P1-Runx3 MASN ENSPFOT00000030105
Callorhinchus milii P1-Runx3 MASN AHW58145.1
Danio rerio P1-Runx3 MASN BAB17904.1
Homo sapiens P1-Runx3 MASN NP_001026850.1
Lepisosteus oculatus P1-Runx3 MASN ENSLOCTO00000003239
Loxodonta africana P1-Runx3 MASN ENSLAFT00000008382
Mus musculus P1-Runx3 MASN NP_062706.2
Olive baboon P1-Runx3 MASN ENSPANT00000016693
Scyliorhinus canicula P1-Runx3 MASN ABL68117.1
Takifugu rubripes P1-Runx3 MASN AAU14193.1
Tetraodon nigroviridis P1-Runx3 MASN ENSTNITO0000001252
Bos taurus P2-Runx3 MRIPV NP_001180087.1
Ctenopharyngodon idella P2-Runx3 MRIPV AHJ59933.1
Danio rerio P2-Runx3 MHIPV BAB17903.1
Homo sapiens P2-Runx3 MRIPV NP_004341.1
Macaca mulatta P2-Runx3 MRIPV AFH34424.1
Mus musculus P2-Runx3 MRIPV EDL29993.1
Oreochromis niloticus P2-Runx3 MHIPV ENSONIT00000010344
Rattus norvegicus P2-Runx3 MRIPV NP_569109.1
Scyliorhinus canicula P2-Runx3 MRIPV ABL68116.1
Takifugu rubripes P2-Runx3 MHIPV NP_001092121.1
Xenopus laevis P2-Runx3 MLIPV NP_001182313.1
Xiphophorus maculatus P2-Runx3 MHIPV ENSXMAT00000018904

77



Chapter 2

2.7 Supplementary Figures

> AB043788

GCGCGGCGTTCGCGTAGTCGTATGTCTGACTAACACAAACCACTTTTCTCGTTTTAACTCACTTTTACGCATTCATTTGGAAAGAACGCTTGACA
GCTGAAAGGGACTTTGCTGCAGAAACTCTTCTGAAACTGAGGGATTAATTTGTTTGGACTTTATTTTCCGAGACTCTGGATTGACAGGACGGAA
AGTAACTGAATGAAAGTAAAACTGATATTCAGGAGCAGCTCACACCTGCTGTACACGCTCTGGGATGAATTCAGTTTCATAAATAACTCTTAAA
TAGTAGTTGTATATGCTTTGAGAAGCATACAAGACTCAGTTTTTATGCCTTACTTTCATCTATCGTGCAGCACGAGATTGTATGTGCTTGCGTG
TGTGTGTGTGGCTAAAGTCAGTGGGGAACTCGCTCTGTATTAACGCTTCTGCATCTGCATTGCAACACAAAGTAAACGGTCACCGAGGAGTTTT
TTCCACTCTCCAACACAACGGACTTTCTGTAGCCTACTCAACCAACTGGGTTGCCCGAGCTTTTCACGAGGACTCATTTGAAATCTGTTGTG

5'3' Frame 1
ARRSRSRMSDStopHKPLFSFStopLTFTHSFGKNAStopQLKGTLLQKLFStopNStopGINLFGLYFPRLWIDRTESNStopMKVKLIFRSSSHLLYTLWDEFSFI
NNSStopIVVVYALRSIQDSVFMPYFHLSCSTRLYVLACVCVAKVSGELALYStopRFCICIATQSKRSPRSFFHSPTQRTFCSLLNQLGCPSFSRGLIStopNLLSto

p
5'3' Frame 2

RGVRVVVCLTNTNHFSRFNSLLRIHLERTLDSStopKGLCCRNSSETEGLICLDFIFRDSGLTGRKVTEStopKStopNStopYSGAAHTCCTRSGMNSVSStopITL
KStopStopLYMLStop EAYKTQFLCLTFIYRAARDCMCLRVCVWLKSVGNSLCINASASALQHKVNGHR GVFSTLQHNGLSVAYSTNWVARAFHEDSFEICCD

5'3' Frame 3
AAFAStopSYVStopLTQTTFLVLTHFYAFIWKERLTAERDFAAETLLKLRDStopFVWTLFSETLDStop QDGKStopLNESKTDIQEQLTPAVHALGStopIQFH
KStopLLNSSCICFEKHTRLSFYALLSSIVQHEIVCACVCVCGStopSQWGTRSVLTLLHLHCNTKStop TVTEEFFPLSNTTDFLStopPTQPTGLPELFTRTHLKS

M

> AB043789
GATACCGCGGGAGCTGTGACCTCGGATACCTCAGACATGCGACTGACAGGCCTTTACCACGGTGATCACCACTGTAAGAGCGTCAGACACCTGAC
ATTTCAACTCTCTGACTGAAGGCACGTAGACTCTACAGCAACCACTTCTGGAGAGAGAGAGACGCACAGAAGTGTCCATCAACAAAGGCTGAAG
ATGGTACGACGGCGGAGAGGCCAGCTCTTTTCCCTTCAGAGCGGGACAC

5'3' Frame 1
DTAGAVTSDTSDMRLTGLYHGDHHCKSVRHLTFQLSDStopRHVDSTATTSGERETHRSVHQQRLKMVRRRRGQLFSLQSGTH

5'3' Frame 2
IPRELStopPRIPQTCDStopQAFTTVITTVRASDTStopHFNSLTEGTStopTLQQPLLERERRTEVSINKGStopRWYDGGEASSFPFRAGH

5'3' Frame 3
YRGSCDLGYLRHATDRPLPRStopSPLStopERQTPDISTLStopLKARRLYSNHFWRERDAQKCPSTKAEDGTTAERPALFPSERDT

>AB043790
AAACCCCAAATTCTTGGTTGCAGGCTGTCTATGTAGTTTCTGTATTTCTCTTTCTCCGACTGTCATTCTCTCAGGCTGAAGATGGTACGACGGCG
GAGAGGCCAGCTCTTTTCCCTTCAGAGCGGGACAC

5'3'Frame 1
KPQILGCRLSMStopFLYFSFSDCHSLRLKMVRRRRGQLFSLQSGTH

5'3'Frame 2
NPKFLVAGCLCSFCISLSPTVILSGStopRWYD GGEASSFPFRAGHM

5'3'Frame 3
TPNSWLQAVYVVSVFLFLRLSFSQAEDGTTAERPALFPSERDT

>Runx3_isol13
TGACCTCGGATACCTCAGACATGCGACTGACAGGCCTTTACCACGGTGATCACCACTGTAAGAGCGTCAGACACCTGACATTTCAACTCTCTGAC
TGAAGGCACGTAGACTCTACAGCAACCACTTCTGGAGAGAGAGAGACGCACAGAAGTGTCCATCTACAAAGGTGAGTCCATTTCTATGAGACTT
AGTGCTGTCCTCACTTTGTCTTTCAGTCTTTCTCTCTTTCTCTCTTACTCTCGCTCGCTCTCACCACACGGCACATATGCTGTTCTGTTAGTCGGC
TTGTGGCGAAAGATTCCTGTGGCACTCTCAAACCCCAAATTCTTGGTTGCAGGCTGTCTATGTAGTTTCTGTATTTCTCTTTCTCCGACTGTCAT
TCTCTCAGGCTGAAGACGGTACGACGGCGGAGAGGCCAGCTCTTTTCCCTTCAGAGCGGGACAC

5'3'Frame 1
StopPRIPQTCDStopQAFTTVITTVRASDTStopHFNSLTEGTStopTLQQPLLERERRTEVSIYKGESISMRLSAVLTLSFSLSLFLSYSRSLSPHGTYAVLLVGLW

RKIPVALSNPKFLVAGCLCSFCISLSPTVILSGStopRRYD GGEASSFPFRAGHM

5'3'Frame 2
DLGYLRHATDRPLPRStopSPLStopERQTPDISTLStop LKARRLYSNHFWRERDAQKCPSTKVSPFLStopDLVLSSLCLSVFLSFSLTLARSHHTAHMLEFCSto

PSACGERFLWHSQTPNSWLQAVYVVSVFLFLRLSFSQAEDGTTAERPALFPSERDT
5'3'Frame 3

TSDTSDMRLTGLYHGDHHCKSVRHLTFQLSDStopRHVDSTATTSGERETHRSVHLQRStopVHFYETStopCCPHFVFQSFSLSLLLSLALTTRHICCSVSRLVA
KDSCGTLKPQILGCRLSMStopFLYFSFSDCHSLRLKTVRRRRGQLFSLQSGTH
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>Runx3_iso14
CTCTTCAAGAAGGTCCCATCATCTTCTGGGAAACTCTTCAAACACCAGCCATGGGCCAATCAGATGAGTGAGAAAGGCACTGGGAAGAAAAGGA
GAACTTGAATGCATGCAAGCGAGGGAGAGAGAGAACGTCATGTGACTGGAGTTCCACCTATCAGATCATGGGATTGGCGAGCAGCAGTGATACC
GCGGGAGCTGTGACCTCGGATACCTCAGACATGCGACTGACAGGCCTTTACCACGGTGATCACCACTGTAAGAGCGTCAGACACCTGACATTTCA
ACTCTCTGACTGAAGGCACGTAGACTCTACAGCAACCACTTCTGGAGAGAGAGAGACGCACAGAAGTGTCCATCAACAAAGGCTGAAGATGGTA
CGACGGCGGAGAGGCCAGCTCTTTTCCCTTCAGAGCGGGACACEYYE

5'3'Frame 1
LFKKVPSSSGKLFKHQPWANQMSEKGTGKKRRTStopMHASEGERERHVTGVPPIRSWDWRAAVIPRELStopPRIPQTCDStopQAFTTVITTVRASDTStop
HFNSLTEGTStopTLQQPLLERERRTEVSINKGStopRWYDGGEASSFPFRAGH

5'3'Frame 2
SSRRSHHLLGNSSNTSHGPIRStopVRKALGRKGELECMQARERENVMStopLEFHLSDHGIGEQQStopYRGSCDLGYLRHATDRPLPRStopSPLStopERQTP
DISTLStopLKARRLYSNHFWRERDAQKCPSTKAEDGTTAERPALFPSERDT

5'3'Frame 3
LQEGPIIFWETLQTPAMGQSDEStopERHWEEKENLNACKRGRERTSCDWSSTYQIMGLASSSDTAGAVTSDTSDMRLTGLYHGDHHCKSVRHLTFQLSDSto
PRHVDSTATTSGERETHRSVHQQRLKMVRRRRGQLFSLQSGTH

> AB043788

CGCGGCGTTCGCGTAGTCGTATGTCTGACTAACACAAACCACTTTTCTCGTTTTAACTCACTTTTACGCATTCATTTGGAAAGAACGCTTGACAG
CTGAAAGGGACTTTGCTGCAGAAACTCTTCTGAAACTGAGGGATTAATTTGTTTGGACTTTATTTTCCGAGACTCTGGATTGACAGGACGGAAA
GTAACTGAATGAAAGTAAAACTGATATTCAGGAGCAGCTCACACCTGCTGTACACGCTCTGGGATGAATTCAGTTTCATAAATAACTCTTAAAT
AGTAGTTGTATATGCTTTGAGAAGCATACAAGACTCAGTTTTTATGCCTTACTTTCATCTATCGTGCAGCACGAGATTGTATGTGCTTGCGTGT
GTGTGTGTGGCTAAAGTCAGTGGGGAACTCGCTCTGTATTAACGCTTCTGCATCTGCATTGCAACACAAAGTAAACGGTCACCGAGGAGTTTTT
TCCACTCTCCAACACAACGGACTTTCTGTAGCCTACTCAACCAACTGGGTTGCCCGAGCTTTTCACGAGGACTCATTTGAAATCTGTTGTG

5'3'Frame 1

RGVRVVVCLTNTNHFSRFNSLLRIHLERTLD SStopKGLCCRNSSETEGLICLDFIFRDSGLTGRKVT
E Stop K Stop N StopYSGAAHTCCTRSGMN SV SStop I TLK Stop Stop LYMLStop EAYKTQFLCLTFIYRAARDCMCLRVCV
WLKSVGNSLCINASASALQHKVNGHRGVFSTLQHNGLSVAYSTNWVARAFHEDSFEICCD

5'3' Frame 2

AAFAStopSYVStop LTQTTFLVLTHFYAFIWKERLTAERDFAAETLLKLRDStopFVWTLFSETLD StopQD GKStop LN
ESKTDIQEQLTPAVHALGStoplQFHKStop LLNSSCICFEKHTRLSFYALLSSIVQHEIVCACVCVCGStopSQWGTRSV
LTLLHLHCNTKStopTVTEEFFPLSNTTDFLStopPTQPTGLPELFTRTHLKSVVE

5'3'F 3
RRSRSRMSDStopHKPLFSFStop LTFTHSFGKNAStopQLKGTLLQKLFStopNStop GINLFGLYFPRLWIDRTES
NStop MKVKLIFRSSSHLLYTLWDEFSFINNSStoplVVVYALRSIQDSVFMPYFHLSCSTRLYVLACVCVAKVSGELA
LYStopRFCICIATQSKRSPRSFFHSPTQRTFCSLLNQLGCPSFSRGLI StopN LL Stop

Figure 2.S1 Both runx3-P1 and runx3-P2 5’ UTR regions show the presence of multiple ATG
nucleotide triplets upstream the ATG codon that initiates translation of the Runx3 proteins.
The described ATG codon and respective Methionine is highlighted in black and the
upstream ATG nucleotide triplets and respective putative uORFs are highlighted in grey.
Putative uORFs were predicted using the Translate tool available in the ExPASy Portal
(http://web.expasy.org/translate/).
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Appendix 1 - Knockdown zebrafish Runx3 protein function to investigate effect on DRG

sensory neurons

Methods

Zebrafish Runx3 protein function knockdown by morpholinos

Antisense morpholinos complementary to the 5" UTR near the ATG translation start codon of
each Runx3 isoform and to the exon 3-intron 3 splice junction were designed and
synthesised by Gene Tools LLC (www.gene-tools.com/). Runx3 morpholino sequences were
as follows: Mo-L, 5’- AGATGCTGTTTGAAGCCATGTGTCC-3’; Mo-S, 5’
CACAACAGATTTCAAATGAGTCCTC-3’; Mo-Sp, 5- TGTTTAGATGTGGCACCTCTGCCGC-3';
Mo-M, 5’- AGATCCTCTTTCAAGCGATGTCTCC3’ (mismatched bases are underlined).

EGFP fusion constructs

(Runx3-MASNS):EGFP and (Runx3-MHIPV):EGFP constructs were generated by PCR
amplification using as template 24 hpf cDNA, prepared as described in section 2.3.4, in a
primary reaction with sense primers (DrRunx3lI&Ill_F1 and DrRunx3l_F1, respectively) and
the same antisense primer (DrRunx3_R4). Then, a nested PCR was performed, using the
amplified primary PCR as template, and the sense primers (Runx3lI&Ill_F1_Xhol and
Runx3I_F1_Xhol) and the antisense primers (Runxll&Ill_R1_Kpnl and Runx3l_R1_Kpnl) for
isoforms Runx3-MASN and Runx3-MHIPV, respectively. All primer sequences are described
in Table 2.51 DNA fragments were digested with Xhol and Kpnl restriction enzymes and
cloned into pEGFP-N1 vector (Clontech) previously digested with the same enzymes.
Constructs were verified by double stranded DNA sequence analysis and prepared for

injection using the GFX™ Micro Plasmid Prep kit (GE Healthcare).

Zebrafish microinjection
Injected DNA or morpholinos were diluted to the desired concentration (100 ng/ul and 5
ug/ul, respectively) in 1X Danieau solution (Westerfield, 2000) with 0.025% phenol red to

help visualization. Morpholinos solution was heated at 652C prior to use to reduce
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secondary structure and to dissolve any precipitation. Very thin needles were created by
melting 31/2” Drummond glass capillaries (Drummond Scientific Co., Broomall, PA) in a
Narishige, PC-10 64 needle puller (heater 1 at 63, all weights on) and 1-cell stage zebrafish
embryos were injected using a Drummond Nanoject Il injector apparatus (Drummond
Scientific Co.). The embryos and larvae were examined and imaged using an Eclipse ES800

(Nikon) microscope.

Immunohistochemistry in whole mount zebrafish embryos

Whole-mount immunohistochemistry was performed as previously described (Ungos et al,
2003). The mouse monoclonal antibody [16A11] to Hu protein was used (1-700, Abcam,
Cat#ab14370) and for fluorescent detection was used the AlexaFluor 488 goat anti-mouse
IgG (1:700, Molecular Probes, Cat# A31619). Embryos were kept and imaged in 70% glycerol,

in an Eclipse E800 (Nikon) microscope.

Results

Morpholino test using a tagged protein construct

Based in the analysis of all runx3 transcripts, four morpholino were designed. Two
translation morpholinos — Mo-L morpholino, that blocks the translation of Runx3-P1 derived
isoform (Longer-isoform), Mo-S morpholino, specific to block the translation of Runx3-P2
derived isoform (Shorter-Isoform); one splicing morpholino — Mo-Sp morpholino that blocks
the splicing of intron 3; and one control morpholino — Mo-M morpholino with five bases

mismatch compared to Mo-L (Figure 2.A1A).

To test the efficiency of both translation morpholinos, Mo-L and Mo-S, two tagged protein
constructs were made for both Runx3 isoforms, as GFP fusion proteins in pEGFP-N1 vector,
and then microinjected into zebrafish 1-cell stage embryos in the presence or absence of the

testing morpholinos (Figure 2.A1B).
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Figure 2.A1 Qualitative evaluation of the knockdown efficiency of translation Runx3
Morpholinos in zebrafish embryos using a Mo-target:GFP fusion assay. (A) Representation of
the runx3 gene structure with localization of the morpholinos target sequences and
schematic representation of the runx3-GFP fusion constructs used in the assay. The runx3
sequence placed upstream of the EGFP gene is indicated by the dotted lines. (B) Part of the
nucleotide sequences of the zebrafish runx3 region used in the fusion constructs. The Mo-L
and Mo-S target sequences are indicated by the boxes and the start codons are also
indicated in red. (C) Qualitative observation of the inhibition levels caused by the
microinjection of Runx3-MOs using fluorescence microscopy.

We observed that the embryos injected with the tagged cDNA:GFP construct (100
pg/embryo) in the absence of morpholinos have high expression of GFP driven by the CMV
promoter, in contract to the embryos co-injected with the tagged cDNA:GFP construct and
the testing morpholinos (11.5 ng/embryo), that showed an almost complete blocking of the
GFP expression (Figure 2.A1C). These results, confirm the inhibitory effect of the Runx3
morpholinos on the translation of the corresponding mRNA, whereas the control

morpholinos with five nucleotides substitution (MoM) did not have a significant affect (data

not shown).
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Morpholino-mediated knockdown of specific zebrafish runx3 isoforms to assess the

function

We used three different runx3 morpholinos to protein knockdown studies. Zebrafish injected
with runx3 testing morpholinos were compared with zebrafish at the same embryonic stage
injected with the Danieau’s solution and the negative control Mo-M, and the effects of both
morpholinos on DRG development were observed at 5 dpf. As the morpholinos can have
different efficiencies, a range of dilutions between =2 to 23 ng/embryo were tested to

optimize the best concentration of each morpholino to use.

After injection, the embryos were raise as described previously and the embryos that were
apparently normal were selected and fixed at 5 dpf for further analysis of the morpholinos
effect in sensory neurons, analysed by immunohistochemistry using the neural marker

Anti-Hu (Figure 2.A2).

(@Y (B)
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Control  115ngMo-M  20ngMo-S  11.5ngMo-L 11.5ngMo-Sp SngMo-S +
5ngMo-L
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% of embryos with missing

Control ~ 11.5ng 20ngMo-S 11.5ng  11.5ng 5SngMo-S +
(D) Mo-M Mo-L Mo-Sp  5ngMo-L

m[0-2]
| [3-6]
27
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Control 11.5ngMo- 20ngMo-S 11.5ng Mo- 11.5ng Mo- 5ng Mo-S +
M L Sp 5ngMo-L

Figure 2.A2 Knockdown of runx3 Longer-isoform causes a decrease in DGR number. (A)
Lateral views of part of the trunk of 5 dpf embryos, showing staining for neurons with Hu
specific antibody. (B, C, D) Quantitative measurement of Hu® DRG sensory neurons and
ectopic Hu+ cells in control and morphant zebrafish embryos (* P<0.05, Student’s t-test).
Arrowheads represent DRG sensory neurons; asterisks represent missing DRG sensory
neurons; arrows represent ectopic neurons. Mo-S — Translation morpholino specific to block
Runx3 Shorter-isoform (Runx3-P2); Mo-L — Translation morpholino specific to block
Longer-isoform (Runx3-P1); Mo-Sp — Splicing morpholino; Mo-M — Mismatch morpholino (5-
base mismatch).
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Our preliminary results show that knockdown of Runx3-P2 isoform, using a morpholino
specific to this isoform (Mo-S), does not affect the total number of DRG sensory neurons
(Figure 2.A2A-C), obtaining a total number of DRG sensory neurons similar to the number
observed in control embryos (Danieu’s and Mo-M; Figure 2.A2A-C). On the other hand,
knockdown of Runx3-P1 isoform, using the specific morpholino Mo-L, resulted in a
significant decrease in total number of DRG sensory neurons (Figure 2.A2A-C) and in the
appearance of extra ectopic neuronal cells in a position directly dorsal to the spinal cord
(Figure 2.A2A, D). The same phenotype was observed when a splicing morpholino (Mo-Sp)
was used (Figure 2.A2A-D).
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Identification of cis-regulatory elements in the upstream
regions of zebrafish runx3 gene through an in silico analysis:
implications for function

This chapter is based on a published research paper:

Brigite Simdes, Natércia Concei¢ao, Robert Kelsh and M Leonor Cancela

Journal of Applied Ichthyology, 30 (2014), 661-670

Author’s contribution:

Most of the experimental work and writing of the paper was performed by B Simoes, but N
Concei¢do helped significantly with the analysis of the results and writing the paper. The
research concept and design was performed by B Simdes and N Concei¢ao. N Concei¢ao, ML
Cancela and RN Kelsh were responsible for the critical revision and final approval of the

manuscript.
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3.1 Abstract

RUNX3 encodes a member of the runt domain family of transcription factors. In mammals
this family includes three genes (RUNX1-3) and their protein products function as
context-dependent transcription factors, either transcriptional activators or repressors,
during developmental processes such as hematopoiesis, neurogenesis, and osteogenesis; all
are proto-oncogenes or tumour suppressors. All three genes were shown to be transcribed
from two promoters, giving rise to protein products bearing either the P1 or the P2
N-termini, translated respectively from transcripts originating from the distal (P1)- or the
proximal (P2)-promoters. Understanding their differential regulation and interaction may
help explain how RUNX factors contribute to such different and often opposing biological
processes. In this study we have identified putative molecular players affecting zebrafish
runx3 gene transcription by using a computational approach to search for cis-regulatory
transcription factor binding sites (TFBSs) in the promoter regions of the runx3 gene from
zebrafish (Danio rerio) and fugu (Takifugu rubripes). From the data obtained it was possible
to identify the sites most likely involved in regulating expression of runx3 in zebrafish. Our
comparative approach reduced substantially the number of putative TFBSs in the runx3
promoter regions; reassuringly, published TFs identified as transcriptional regulators of
Runx3 are confirmed by our in silico analysis. Our data now provides the basis for focused in
vitro and/or in vivo experimental tests of the transcriptional regulatory activities of strong

candidate regulators of zebrafish runx3.
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3.2 Introduction

RUNX3 encodes a member of the runt domain family of transcription factors which also
include RUNX1 and RUNX2. RUNX proteins can bind DNA as a monomer to the core
sequence 5'-PyGPyGGT-3' found in a number of enhancers and promoters, but their affinity
for DNA is enhanced when the RUNX protein forms a heterodimer with its non-DNA binding
partner CBFB (Ogawa et al, 1993; Bae et al, 1994). The RUNX proteins also interact with
other transcription factors, thus modulating their activity. Despite the recognized
importance of this family in gene transcription, little is known about the factors regulating
transcription of the RUNX3 gene itself. Like the other two RUNX genes, RUNX3 was shown to
be transcribed from two promoters (Ghozi et al, 1996; Xiao et al, 1998; Rini and Calabi,
2001), giving rise to Runx3 protein products bearing either the P1 or the P2 N-termini,
resulting from transcripts derived from the distal (P1) or the proximal (P2) promoters
respectively (Bangsow et al, 2001; Rini and Calabi, 2001). The identification of several RUNX
binding sites in the RUNX promoter regions (Ghozi et al, 1996; Levanon et al, 2001; Bangsow
et al, 2001) led to the demonstration that auto- and cross-regulation of RUNX expression by
RUNX proteins was likely to contribute to their regulation (Drissi et al, 2000; Spender et al,
2005). However, little work has addressed the regulatory processes that determine when
RUNX proteins bind to the promoters of the genes of the other two family members to
inhibit their expression in a kind of intrafamilial competition, nor when each RUNX protein
acts mainly on its own promoter either promoting or inhibiting its own transcription, for
example, to stabilise its levels of expression. Spender et al (2005) have shown that in human
B lymphoid cell lines, RUNX3 represses RUNX1 expression, thus contributing to their
mutually exclusive expression in those cells. In this case, RUNX3 represses the RUNX1 P1
promoter by binding specifically to the conserved RUNX sites located near the transcription
start site of that promoter, thus confirming that cross-regulation between different RUNX
family members is a means of controlling RUNX expression (Spender et al, 2005). The
demonstration that RUNX transcription factors can be regulated by other members of the
RUNX family may help explain their diverse functions and has important implications for the
interpretation of pathologies associated with RUNX gene knockout or amplification. RUNX
family proteins can function as context-dependent transcription factors during diverse

developmental processes such as hematopoiesis (de Bruijn and Speck, 2004), neurogenesis
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(Li et al, 2002; Fainaru et al, 2004), and osteogenesis (Karsenty, 2000; Komori, 2005). RUNX2
and RUNX3 have also been shown to regulate chondrocyte differentiation and maturation
(Yoshida et al, 2004). In zebrafish, was shown that loss of function of runx3 leads to severe
reduction of head cartilage at 4 dpf (Flores et al, 2006; Dalcq et al, 2012). Furthermore, it
was shown that a regulatory cascade formed by Runx3-Egrl-Sox9b controls late
chondrogenesis by reducing expression of Follistatin A, a BMP inhibitor (Dalcq et al, 2012).
This down-regulation allows the correct activation of BMP signalling required for expression
of runx2b in developing chondrocytes (Dalcq et al, 2012). These observations were further
investigated by Larbuisson et al (2013) using loss of function studies observed cartilage
defects in Fgfrla or Fgfr2 morphants that could be rescued by expression of exogenous
Runx3 or Egrl. Recently, it was also shown using RNA-sequencing of Atlantic salmon
notochord during segmentation that runx3 was one of the genes expressed during and
implicated in tissue mineralisation, alongside other genes such as the chondroblast-specific

sox6, sox5 and sox9 (Wang et al, 2014).

Recently, we have cloned the full-length cDNA sequences of the zebrafish runx3, observed
the tissue distribution pattern and analyzed their bioinformatic features. With the aim to
characterize the genomic structure and to analyze the promoter activities, we have cloned
the 5'-flanking regions of the runx3 (P1 and P2) (Chapter 4). In this study we have analysed
the promoter activities of the 5'-flanking regions of the zebrafish runx3 (P1 and P2) and
identified putative transcriptional regulators of zebrafish runx3 by using a computational
approach to search for cis-regulatory transcription factor binding sites (TFBSs) in the
promoter regions (P1 and P2) of the runx3 gene from zebrafish (Danio rerio) and fugu
(Takifugu rubripes). Our in silico strategy provides a quick way to identify the most promising
candidates among the large number of TFs that might potentially regulate zebrafish runx3 in
vivo. Testing the functionality of these sites in vitro and in vivo will then be the priority for

future studies.
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3.3 Materials and Methods
3.3.1 Cell culture, transient transfection and luciferase assay

C6 cells (rat glioma cell line) were maintained in F-12K Nutrient Mixture Medium
supplemented with 2.5% fetal bovine serum, 15% horse serum and 1%
penicillin/streptomycin. U20S cells (human osteosarcoma cell line) were maintained in
Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum,
2mM L-Glutamine and 1% penicillin/streptomycin. For both cell lines, incubation was carried
out at 37 °C in a humidified atmosphere containing 5% CO2. The media, FBS, antibiotics and
glutamine were obtained from Invitrogen. For all transfections, the C6 and the U20S cells
were seeded into 24-well plates at the density of 5 x 10* cells/well and 3 x 10* cells/well,
respectively. Following 16 h of incubation, when the cells were about 70-80% confluent,
transient transfection of the plasmids was carried out using Lipofectamine® LTX with Plus™
Reagent (Invitrogen) for C6 cells and X-tremeGENE HP DNA Transfection Reagent (Roche) for
U20S cells. To normalize the transfection efficiency, the pRL-null vector (Promega) encoding
Renilla luciferase was co-transfected at the ratio of 1:10 relative to pGL3-basic vector. After
incubation for 48 h, cells were harvested. The luciferase activities were measured by the
Dual-luciferase Reporter Assay System (Promega). The data were normalized by calculating

the ratio of the specific activity of firefly luciferase to that of Renilla luciferase.

3.3.2 Sequence collection

Sequence databases at GenBank (www.ncbi.nlm.nih.gov) and Ensembl (release v72;
www.ensembl.org) were searched for annotated Runx3 sequences derived from zebrafish
and fugu. The promoter sequences from these two genes were extracted for analysis by
selecting 5000 base pairs (bp) upstream of the known translation start sites giving rise to
both isoforms, P1 and P2. This length of sequence provided a reasonable assurance of
containing the target gene’s TFBSs. The promoter sequences were masked for repetitive

elements by the program RepeatMasker (www.repeatmasker.org) with the default mode.
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3.3.3 Comparative promoter TFBSs analysis

For each zebrafish-fugu orthologous promoter pair, the DNA Block Aligner (DBA) software
(www.ebi.ac.uk/Tools/psa/promoterwise/) was used to extract blocks of aligned sequence
using the default parameter settings based on the postulation that conserved regulatory
blocks may be regions important for regulation of the gene. DBA alignments between
orthologous promoters vary substantially, in many cases having no significant alignment, but
others having several large sections of aligning sequences. This also clearly shows that many
genes have multiple aligning blocks, sometimes spaced quite widely apart in the 5 kb region.
With this software it is possible to obtain four different types of conserved blocks of a
certain degree of similarity: type A, 60-70%,; type B, 70-80%; type C, 80%-90%; and type D,
90-100%.

The promoter sequences (P1 and P2) of the zebrafish runx3 genes were then assessed for
TFBSs by running MatInspector (http://www.genomatix.de/) against TF binding site position
weight matrices (PWM). For this study we used the default settings for the core similarity

0.75 and for matrix similarity 0.80.

For the multiple alignment plus prediction of TFBSs in the set of identified conserved blocks
present within the promoters, we used the DiAlignTF software (http://www.genomatix.de/).
We retained the same settings as used for the TFBSs prediction in the promoters (score
similarity 0.75 and matrix similarity 0.8) and all the common TFBS matches located in aligned
regions were determined. Then we used Matlnspector for quantification of TFBSs common
to all input sequences. The percentage of retention of putative TFBSs was calculated
comparing the number of a given TFBS in the promoter to that from the conserved blocks in

both zebrafish and fugu promoters.
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3.4 Results

3.4.1 Promoter activity analysis and prediction of transcription factor binding sites in

zebrafish runx3

To investigate the promoter activity of the promoter regions (P1 and P2) of the zebrafish
runx3 gene, we performed luciferase assays following the transient transfection of the
human osteosarcoma U20S cells and rat C6 glioma cells (Figure 3.1). The U20S cell line was
shown to express low levels of RUNX3 (Lai and Mager, 2012) and it was previously reported
that RUNX3 expression is significantly decreased in human glioma (Mei et al., 2011). We
have used P1 (from -5094 to -17 of the translation start site starting as MASN) and P2
(from -3930 to -474 of the translation start site starting as MHIPV) reporter constructs
generated by inserting PCR fragments into the pGL3-basic vector (Chapter 5). Both the
constructs exhibited higher luciferase activities than negative control of the pGL3-basic
vector (Figure 3.1). The P2 promoter construct showed about 36-fold and 26-fold higher
luciferase activities than pGL-3-basic in U20S and C6 cells respectively, while the P1
promoter construct showed about 7-fold and 5-fold higher activity than the empty vector in
U20S and C6 cells respectively. Therefore, we expect that differences in the sequences of

each promoter could affect their ability to function as a promoter.
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Figure 3.1 Relative transcriptional activity of zebrafish runx3 promoter constructs in U20S

and C6 cell lines. The results represent the ratio between firefly and Renilla luciferase
determined. The mean and the SD for at least three independent transfections are shown.

In order to verify the relationship between sequence variation and promoter activity, we

analyzed transcription factor binding sites (TFBSs) in the zebrafish runx3 promoter regions by
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using TRANSFAC® Public 6.0. We observed a huge number of putative TFBSs in both
promoters, some of which were identified in both P1 and P2, while others were specifically
found either in P1 or P2 promoter regions. To identify from this list of TFBSs which ones are
more likely to be involved in the regulation of each promoter we decided to perform a

comparative promoter analysis.

3.4.2 Zebrafish and fugu runx3 promoter regions comparison

To identify the likely regulatory regions, we analyzed the conservation of the promoter
regions of the zebrafish and fugu runx3 genes using the DBA (DNA Block Aligner) web server.
The output of DBA not only identifies discrete conserved blocks but also classifies them into
four levels of conservation (A-D category, A showing lowest (60-70%) and D showing highest
(90-100%) conservation). Among the 5 kb promoter sequences upstream of the translation
start sites, an average of ten per cent of the total length of the P1 promoter region from
zebrafish and fugu could be aligned by DBA; 0.7%, 3.2%, 1.9%, and 3.9% being of the A-D
category, respectively. For the P2 promoter region only 3.3% was aligned by DBA; 0.5%, 0.9%
and 1.9% being of the B-D categories, respectively. We plotted the sequence conservation as
a function of the distance from the zebrafish runx3 translation start sites (Figure 3.2).
Sequence conservation in the first 1000 bp was distinctly higher (Figure 3.2C), a finding fully
consistent with the typical pattern for protein coding genes (Conceicdao et al, 2009).
Furthermore, in addition to being more abundant, conserved blocks in the first 1000 bp
tended to be more conserved (i.e. Type D, with 90-100% sequence identity) in both
promoters (Figure 3.2). Interestingly, we observed that the P1 promoter region shows more
conserved blocks (23 blocks) than the P2 promoter (eight blocks) (Table 3.1), suggesting that
the P1 promoter sequence is more conserved compared with P2 and that there are more

conserved cis-acting regulatory elements in the P1 than in the P2 promoter region.
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Figure 3.2 Distribution of percentage of base-pairs located in block A, B, C, or D located in
zebrafish and fugu promoters, for each of five 1000 bp segments spanning up to -5000 bp
upstream of translation start signal (TSS) in (a) P1, (b) P2 and (c) P1 and P2 runx3 promoter
regions.
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3.4.3 Analysis of regulatory elements using Matinspector

To analyze the conservation of the cis elements between the zebrafish and fugu 5 kb runx3
promoter regions, the zebrafish promoter sequences and the set of identified conserved
blocks presented within the zebrafish and fugu promoters were compared for TFBSs. Our
comparison reveals the conservation of multiple potential cis elements between fugu and
zebrafish promoters (Figure 3.51). Although TFBSs are abundant in all sequences assessed,
relatively few show conservation between zebrafish and fugu. Thus, for zebrafish, this
criterion reduces the 3478 TFBSs in the P1 promoter sequence to only 142 in the conserved
blocks, and the 8544 TFBSs in the P2 promoter sequence to only 104 in the conserved
blocks. Thus, by identifying and analysing only conserved blocks, an average of 96% and 99%
of all TFBSs in, respectively, the P1 and P2 promoter regions were eliminated (Figure 3.3).
Likewise, this approach also substantially reduces the number of TF families implicated in
runx3 regulation, (from 170 to 66 (a reduction of 61 %) and from 175 to 49 (a reduction of 72

%), in P1 and P2 promoters, respectively).

To determine whether our comparative screening of TFBSs was likely to have identified TFs
(Table 3.1) with roles in runx3 regulation, we searched our lists for the presence of TFs
previously characterized as regulating RUNX3. Key roles have been shown for signal
transducer and activator of transcription STAT (Park et al, 2010), Sp1l transcription factor
/TEA domain family member 2 (Sp1/ETF) (Bangsow et al, 2001), T helper transcription factor
(Th-POK) (Egawa et al, 2009), CBF1/Suppressor of Hairless/Lagl (CSL) (Fu et al, 2011),
interferon regulatory factor 4 (IRF4) (Cao et al, 2010), E-twenty-six (Etsl) (Zamisch et al,
2009), cAMP-response element-binding protein (Creb) (Lim et al, 2011), microphthalmia-
associated transcription factor (Mitf) (Hoek et al, 2008), Twist subfamily of class B bHLH
transcription factors (Scl/Tall) (Landry et al, 2008), Brn POU domain factor (Brn3a) (Dykes et
al, 2010; 2011), recombination signal binding protein-J kappa (Rbpj) (Fu et al, 2011) and
runt-related transcription factors (Runx) (Drissi et al, 2000) in regulation of mammalian
RUNX3. Of these eight TFs, Ets1, Stat, Creb, Mitf, Scl, Brn3a, Rbpj and Runx show conserved
binding sites in the conserved sequence blocks in the runx3 promoter sequences analysed

here, consistent with them having a functional role in the regulation of runx3 in fish.
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These TFs are then prime candidates for future functional studies assessing their ability to bind to and regulate activity of runx3 in vivo.
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Figure 3.3 Retention of putative TFBSs after comparative analysis. For each TF listed along the x-axis, corresponding bars represent the

percentage (y-axis) of putative TFBSs originally identified by Matlnspector that also survived after DiAlignTF comparative analysis. The dashed

line indicates the minimum percent chosen to consider TFBSs as most frequent.
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Table 3.1 Transcription factor families conserved in each block obtained from the alignment
of P1 and P2 runx3 promoter regions between zebrafish and fugu.

Block Block Type
Pr Block Position Conserved TF Families
Number A|B|C|D
Dr: -3636 to -3620
1 Fr: -3044 to -3060 (-) X V$OCT1; 05PTBP
Dr: -3557 to -3545
2 Fr 127110 -1259 X VSZF35; VSRUSH
Dr: -3512 to -3494
3 Fr. 4874 to 4894 (] X VSRU49; V$ZFO3; VSHASF
Dr:-3202 to -3194
4 Fr: -3149 to -3157 () X No common TF matches found
Dr: -3084 to -3071
VSRUSH; VSSMAD
5 Fr: -3776 to -3789 (-) X SRUSH; V35
Dr: -3042 to -3032
VSTCFF
6 Fr: -1084 to -1094 (-) X STC
Dr: -2979 to -2967
7 Fr- 4396 to 4384 X No common TF matches found
Dr: -2957 to -2895 VSCSEN; OSINRE; VSPAX6E; VSAP1R; VSHAND;
8 X VSMYOD; VSSORY; VSNKXH; VSBRNS; VHOXF;
Fr: -1688 to -1626 VSYY1F; VSBRNF; VSABDB; VSSF1F; VSLTFM; VSRBP2
9 Dr:-1532t0 1503 X VSFKHD; VSNFAT; VSABDB; VSBRNF; VSCDXF;
Fr: 1274 to0 -1247 VS$ZF35; VSARID; OSVTBP; VSSATB
Dr:-1189to-1171
L B; VSZFHX; V$ZFOS; L2
10 Fr: 3275 to -3293 () X VSHAML; VSNFKB; VSZFHX; VSZF08; VSSA
Dr:-1110 to -1100
11 Fr: -1494 to -1504 () X No common TF matches found
12 Dr:-1073 to -1036 X VSCEBP; VSOCT1; VSPAX6; VSBRAC; VSHASF;
Fr: -4416 to -4379 VSRUSH
P1 Dr:-1021 to -1006 .
13 Fr: 3085 to -3100 (1) X VSCIZF; VSCHRF
Dr: -852 to -803 VSBRNS5; VSSORY; VSBRNF; VSCLOX; VSGATA;
14 X VSHAND; VSHOMF; VSEBOX; VSHIFF; VSMYOD;
VSHESF; VSMITF; VSNKXH; VSSREB; VSCAAT;
Fr: -1037 to -1086 (-) VSNEUR; VSKLFS; OSINRE; VSCARE; VS$SAL2; VSMIZ1
Dr:-778 to -763
15 Fr. 499 to 516 (] X VSHAML; V$ZF35; VSBPTF; VSZFHX; VSCABL
Dr: -701 to -684
16 Fri 1249 t0 1267 ) X VSRUSH; VSCIZF; VSCABL
17 Dr:-625 to -604 X VSSTAT; VSXBBF; VSCEBP; VSRBPF; VSIKRS; VSMZF1;
Er: -3027 to -3006 VSMYT1; VSZF03; VSZFHX
Dr: -510 to -484
18 Fr: -544 to -518 X VSTCFF
Dr: -472 to -463
19 Fr- 3549 to -3540 X No common TF matches found
Dr: -454 to -443
20 Fr: -1597 to -1608 (-) X V$SMAD
Dr:-202 to -188
21 Fr: -3392 to -3378 X VSMZFL
VSHASF; VSHAML; VSZFO8; VSGFI1; VSCLOX; VSETSF;
22 Dr:-162t0-98 X VSGATA; VSGUCE; VSEBOX; VSIKRS; VSKLFS;
VSAP2F; VSHOMF; VSBRNF; VSSORY; VSSTAT;
Fr:-179to -118 V$PAX6, VSXBBF
Dr:-80to-61
23 Fr. 5053 t0 5074 () X VSTALE; VSCSEN; VSTCFF
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Pr Nz:(l:)ker Block Position A Blgck T\::pe Conserved TF Families
. Dr: -5505 to -5479 . OSVTBP; VSCDXF; VSPARF; VSFKHD;
Fr: -294 to -320 () VSBRNF; VSHOMEF; VSPAXH; VSRUSH
Dr: -4930 to -4913
2 T VSRUSH; O$VTBP; VSPAXH; VSCHRF
Dr: -4466 to -4446
3 Fr:-3630 to -3650 (-) X VSARID
Dr: -3926 to -3908
4 8080 239 VSMYBL; VSXBBF; VSOSRF
Dr: -3900 to -3873 VSCSEN; VSKLFS; VSTALE; VSAP2F;
5 X VSHAND; VSMYOD; VSEBOX; VSHESF;
Fr:-2773t0-2745 VSE2FF; VSZFSF; O$TF2B
P2 VSCART; VSCREB; VSEBOX; VSHIFF;
Dr: -3862 to -3838 VSLHXF; VSARID; VSNKXH; VSPAX3;
VSSIX3; VSHOBX; VSHOMF; VSHOXF;
6 VSPAX6; VSSATB; VSBCDF; VSBRNF;
OS$VTBP; VSDLXF; VSPIT1; VSNKX6;
Fr:-2713 10 -2689 VS$PAXH; VSHOXC; VSABDB; V$OCT1;
V$ZF35; O$INRE; VSTCFF
; Dr: -2982 to -2964 VSBRNF; VSFKHD; OSVTBP; VSSATB;
Fr:-2517 to -2535 (-) V$SALL
, VSCART; VSHOMF; VSMEF2; VSABDB;
o Dr:-974 to -950 VSLHXF; OSPTBP; VSBRNF; VSCHRF;

Fr: -2322 to -2347 (-)

VSCLOX; VSFKHD; VSHOXC; OSVTBP;
VSSTAB
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>P1_Block_8
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Dr: -2957 GTGTCATTTTCCCTGGGCTGCCGGCTGAC-CAACACACAAGTGCTCATT
B GTGTCATTT C GCTGCCG CT AC CAAC CAA TGCTCATT
) o -1688 GTGTCATTTAGGCCATGCTGCCGCCTAACTCAACGG-CAACTGCTCATT
Dr: -2909 TTCATGGCACTGTGG -2895
B T CA GGCA TG GG
Fr: -1640 TACAGGGCAGTGCGG -1626
(b)

l05INRE[vsPAXs [V AP1R|VSHAND |VSMYODIVSSORVIVSNKXHIVSBRN|VSHOXF

VSSF1F|VSLTFM|VSREP2)

alignment 11 21 31
pogition 1o v oereme e Tl aa e v a0 s
G| T[c[T[ClA[T[T[T|T| EEEEENER
SR NCIT ([T [c[A[T(T(T [A@c[c[clc|A[r[clclTicHclclalelclT{AlA
alignment
position 815 5 3 v sy u 61
or 50 WEAWEEEACE EWEE
Fr 50 QEAEEEENEH GEEE
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Figure 3.4 Representation of a DBA block obtained from the alignment of P1 (a) and P2 (a’)
runx3 promoter regions between zebrafish and fugu and overview of TFBS families detected
by DiAlignTF on the conserved blocks analysed for P1 (b) and P2 (b’) promoters. (a, a’)
Example of an alighment of one of the 23 blocks obtained for P1 and 8 blocks obtained for
P2 using the DBA software. The block position in the respective promoter sequence is
shown, considering the A of the translation initiation codon as +1. The block type is also
represented as a bold letter next to the consensus sequence identified between the two
blocks. (b, b’) Overview of the TFBS conserved in the block showed as (a) or (3’), respectively
for P1 or P2, detected by Matlnspector using DiAlignTF program. Only upper-case letters are
considered to be aligned. The colour code for each specific TFBS is shown above the

alignment.
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3.5 Discussion

In the present study we provide evidence for the transcriptional activity of zebrafish runx3
promoters in two different cell lines, using in vitro transient transfection experiments. These
findings support an earlier report from our laboratory. To gain insight into the regulatory
mechanism of the runx3 gene, the sequences of the genomic fragments (named P1 and P2)
were analyzed in silico for potential recognition sites to transcription factors. Our analysis
identified numerous putative cis regulatory elements that may serve as targets for

sequence-specific enhancer/silencer transcription factors.

We have then used the DBA algorithm to obtain comparative alignment between zebrafish
and fugu runx3 promoter regions in order to detect conserved sequence blocks and then
used Matinspector to determine putative TFBSs in those blocks, so as to enrich for likely
functionally relevant TFBSs. Our in silico analysis of zebrafish runx3 P1 and P2 promoter
regions provides important clues as to factors likely to be involved in regulation of runx3
expression. Although Matlnspector can find most true positive TFBS matches in a promoter
region (Cartharius et al, 2005), not all sites found are necessarily functional in a particular
biological context. A first step in examining functionality is a comparative promoter analysis.
The alignment obtained with DBA was then assessed for conserved TFBSs by DiAlignTF, a
combination of MatInspector with the multiple alignment program DiAlign (Morgenstern et
al, 1998). DiAlignTF displays TFBSs located at the same position within the alignment and
then it can be used to reduce the list of potential TFBSs to the most likely functional
matches. From the data obtained it was possible to identify the sites most likely involved in
regulating expression of runx3 in zebrafish. While a number of pathways regulating RUNX
activity have been delineated, transcription factors binding to RUNX promoters are only
beginning to be identified. From the list of 86 putative TFBSs families retained after the
comparative analysis, CREB (family VSCREB) (Lim et al, 2011), Mitf (family VSMITF) (Hoek et
al, 2008), Brn3a (family VSBRNF) (Dykes et al, 2010; 2011), Rbp-j (family VSRBPF) (Fu et al,
2011), Scl/Tall (family VSHAND) (Landry et al, 2008), Ets1 (family VSETSF) (Zamisch et al,
2009), Stat (family VSSTAT) (Park et al, 2010) and Runx (family VSHAML) (Drissi et al, 2000;
Spender et al, 2005) are described in the literature as regulating the RUNX3 gene. In addition

to these data indicating likely conservation of a regulatory function for these TFs between
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mammals and fish, our in silico analysis identified a number of novel potential regulatory TFs
for the zebrafish runx3 promoters (Figure 3.3). As described in Materials and Methods,
several TFs were found to be retained within the conserved blocks (between zebrafish and
fugu promoters) analysed (Figure 3.4). By focusing only on those, we selected a set having a
retained score of 15 % or higher (Figure 3.3), which included Brn-5 POU domain factors
(family VSBRNS5), Cas interacting zinc finger (family VSCIZF), Runx or Human acute
myelogenous leukemia factors (family VSHAML), PAX-4/PAX-6 paired domain binding sites
(family VSPAX6), Spalt-like transcription factor 2 (family VSSAL2) and Sterol regulatory
element binding proteins (family VSSREB) for P1 promoter and TFIIB or RNA polymerase |l
transcription factor Il B (family OSTF2B) for P2 promoter. Interestingly, available data links
some of these with either skeletal or neuronal development. In the context of the P1
promoter, five of these TFs have a function in neurogenesis and two in skeletogenesis. Brn-5
POU domain factors (Brn-5) is expressed in many central nervous system (CNS) neuron
populations and may function as a transcriptional regulator involved in specifying the
mature phenotype of CNS neurons (Cui and Bulleit, 1998). Spalt-like transcription factor 2
(Sall2) also plays a role in neuronal development (Pincheira et al, 2009) and is the only
member of the family suggested to act as a tumor suppressor (Li et al, 2001; Ma et al, 2001).
Sterol regulatory element binding protein 2 (Srebp2) was shown to interact with the
acetoacetyl-CoA synthetase (AACS) promoter and knockdown experiments showed that
SREBP-2 regulates AACS expression during neurite outgrowth in the neuroblastoma Neuro-
2a cell line (Hasegawa et al, 2012). Paired box 6 (Pax6) also is expressed during neurogenesis
(Gan et al, 2013), and it functions as a transcription factor with a major role in eye and brain
development from Drosophila to humans (Callaerts et al, 1999; van Heyningen and
Williamson, 2002). Lleras-Forero et al (2013) showed CNS Pax6b expression in zebrafish. The
human acute myelogenous leukemia factors (Haml; also known as a runt-related Runx/AML
protein) function as context-dependent transcription factors during developmental
processes such as hematopoiesis, neurogenesis, and osteogenesis (Westendorf and Hiebert,
1999). Runx expression was shown in subtypes of dorsal root ganglion (DRG) neurons,
suggesting their involvement in lamina-specific afferent differentiation and maturation
(Inoue et al, 2003) and Runx2 and Runx3 have also been shown to regulate chondrocyte
differentiation and maturation (Yoshida et al, 2004; Komori, 2005). In zebrafish, we have

shown that Runx2 was able to transactivate the promoter of osteocalcin, an osteoblastic
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marker gene (Pinto et al, 2005), as well as the promoter of collagen Xal, a chondrocyte
marker gene (Simdes et al, 2006). Zebrafish runx3 expression was observed in neuronal
tissues including the trigeminal ganglia and Rohon-Beard neurons (Kalev-Zylinska et al, 2003)
and also in the craniofacial region (Flores et al, 2006). Cas-interacting zinc finger protein (CIZ)
is one of the suppressors of BMP signaling in osteoblastic differentiation (Shen et al, 2002).
Besides these last two highly conserved TFBSs, our data shows the occurrence in the
conserved sequences of binding sites for many more TFs that are described as having a role
in skeletogenesis. These factors include NF-kB (Wu et al, 2011), NF-YB (Chen et al, 2009),
NFATc1 (Lambertini et al, 2008), Ets-1 (Wenke et al, 2006), and Sox5 and Sox9 (Yang et al,
2011). Curiously, all these TFBSs are only detected in the P1 promoter and not in the P2

promoter.

Of the two putative TFBSs more conserved in the P2 promoter, that for the odd-skipped
related (Osr) zinc finger transcription factor is notable since it has suggested to be involved
in bone formation (Kawai et al, 2007). The other relates to TFIIB, a component of the basal
transcription complex. Several other TFs identified in our analysis for the P2 promoter are
known to play critical roles in zebrafish development, e.g. dix (distal-less homeodomain;
family VSDLXF) genes play a key role in the patterning of the forebrain, in peripheral
structures of the head, and in the fins (Akimenko et al, 1994); mef2 (myocyte enhancer
factor 2; family VSMEF2) genes are essential for heart development (Hinits et al, 2012) and
in cranial neural crest for proper head skeletal patterning (Miller et al, 2007); CREB (cAMP
response element-binding protein; family VSCREB) have a role in neural development
(Dworkin et al, 2007); Nkx6 (NK6 homeobox; family VSNKX6) proteins specify one zebrafish
primary motoneuron subtype (Hutchinson et al, 2007); Pax3 (paired box 3; family VSPAX3) is
induced early during neural development in progenitors of the dorsal spinal cord (Moore et
al, 2013), and Six3 (sine oculis homeobox homolog 3; family VSSIX3) are involved in the

left-right brain patterning (Inbal et al, 2007).

Since it is known that all Runx protein family members bind to the same DNA core sequence,
their temporal and/or spatial expression has to be tightly regulated. Other investigators have
reported that the two promoter regions, P1 and P2, regulate Runx3 expression in a cell

type-specific manner (Bangsow et al, 2001; Egawa, 2009). Soung et al (2007) showed that
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both Runx3 isoforms in mice are expressed and regulated during chondrocyte
differentiation, while Yoshida et al (2004) showed that Runx3 mRNA was detected in both
mouse CD8+ and CD4+ T cells, but only the CD8+ population expressed the P1 transcript

isoform and detectable levels of RUNX3 protein.

Comparison of the zebrafish runx2b proximal promoter sequence that we identified and
cloned previously (Pinto et al, 2005) with both those of zebrafish runx3 showed some
common consensus binding motifs, namely for NFAT, CREB, Runx, and CBF1. They are thus
possible candidates for regulating expression of runx3. Of interest are the two putative
RUNX-binding sites present at the beginning of the 5’'UTR of the P1 promoter of all three
RUNX genes perfectly conserved in mammals. These RUNX-binding sites were previously
been shown by independent studies to have an effect on the transcriptional regulation of
Runx genes, either positively or negatively, through the binding of RUNX proteins (Levanon
et al, 1998; Ducy et al, 1999; Drissi et al, 2000; Bangsow et al, 2001; Levanon and Groner,
2004; Spender et al, 2005). In our present analysis we also found two Runx-binding sites in
the runx3 P1 promoter that are conserved between zebrafish and fugu. Taken together this

may indicate important regulatory roles such as cross-regulation and/or auto-regulation.

In conclusion, our comparative in silico analysis of zebrafish runx3 gene promoter regions,
using the DBA and DiAlignTF softwares, predicts strong candidates TFBS likely to contribute
to regulation of runx3 transcription. These TFBSs include binding sites for TFs already known
from work in mammals as transcriptional regulators of Runx3, but also include novel TFs.
Thus, our data likely provide a powerful tool to guide future dissection of runx3

transcriptional regulation in vitro and/or in vivo.
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3.6 Supplementary Figures

(a) Promoter P1

>P1_Block_1
Dr: -3636 AATCTAATTTATATCTG -3620
C AATCTAAT ATAT TG
Fr: -3044 AATCTAATAAATATGTG -3060
O$PTBP
alignment position 1. . . . . . . .. 11. .. ..
Dr 1A
Fr 1 A G
>P1_Block_2
Dr: -3557 CCAGAAAATAAAA -3545
D CCAGAAAATAAAA
Fr: -1271 CCAGAAAATAAAA -1259
VSRUSH
alignment position 1. . . . . . . . . 11.
Dr 1
Fr 1
>P1_Block_3
Dr: -3512 CATTTCAGTACACA--TTTCA -3494
D CATT CAGTACACA TTTCA
Fr: -4874 CATTGCAGTACACACATTTCA -4894
VSRU49
alignment position 1. . . . . . . . . 11. . ... ... 21
Dr 1 CATTT | A
Fr 1 catre[ll clalclalcalr{r{r{che
>P1_Block_4
Dr: -3202 TATCCTGTT -3194
D TATCCTGTT
Fr: -3149 TATCCTGTT -3157

No common TF matches found.

alignment position 1. . . . . . . .

Dr 1 TATCCTGTT
Fr 1 TATCCTGTT

111


http://www.genomatix.de/cgi-bin/matinspector_prof/matrix_help.pl?s=77efb8df2c29c8822a64c8bb3b25da1a;ML=90;NAME=FAM_V%24OCT1
http://www.genomatix.de/cgi-bin/matinspector_prof/matrix_help.pl?s=77efb8df2c29c8822a64c8bb3b25da1a;ML=90;NAME=FAM_O%24PTBP
http://www.genomatix.de/cgi-bin/matinspector_prof/matrix_help.pl?s=77efb8df2c29c8822a64c8bb3b25da1a;ML=90;NAME=FAM_V%24ZF35
http://www.genomatix.de/cgi-bin/matinspector_prof/matrix_help.pl?s=77efb8df2c29c8822a64c8bb3b25da1a;ML=90;NAME=FAM_V%24RUSH
http://www.genomatix.de/cgi-bin/matinspector_prof/matrix_help.pl?s=77efb8df2c29c8822a64c8bb3b25da1a;ML=90;NAME=FAM_V%24RU49
http://www.genomatix.de/cgi-bin/matinspector_prof/matrix_help.pl?s=77efb8df2c29c8822a64c8bb3b25da1a;ML=90;NAME=FAM_V%24ZF03
http://www.genomatix.de/cgi-bin/matinspector_prof/matrix_help.pl?s=77efb8df2c29c8822a64c8bb3b25da1a;ML=90;NAME=FAM_V%24HASF

Chapter 3

>P1_Block_5
Dr: -3084 TGTGTGTATGTGTG -3071
D TGTGTGT TGTGTG
Fr: -3776 TGTGTGTCTGTGTG -3789
V$SMAD
alignment position 1. . . . . . . . . 11. .
Dr 1 T AENENANE NENG
Fr 1 T ENEANNE QENc
>P1_Block_6
Dr: -3042 GAAGTCATTCT -3032
D GAAGTCATTCT
Fr: -1084 GAAGTCATTCT -1094
VSTCFE
alignment position 1. . . . . . . .. 11
Dr 1 caa[JEAGHA T
Fr 1 cAANEAGHE T
>P1_Block_7
Dr: -2979 CACACACACATAG 2967
D CACACACACATAG
Fr: -4396 CACACACACATAG -4384
No TF matches found.
alignmentposition 1. . . .. .. .. 11.
Dr 1 CACACACACA TAG
Fr 1 CACACACACA TAG
>P1_Block_8
Dr: -2957 GTGTCATTTTCCCTGGGCTGCCGGCTGAC-CAACACACAAGTGCTCATT -2910
B GTGTCATTT C GCTGCCG CT AC CAAC CAA TGCTCATT
Fr: -1688 GTGTCATTTAGGCCATGCTGCCGCCTAACTCAACGG-CAACTGCTCATT -1641
Dr: -2909 TTCATGGCACTGTGG -2895
B T CA GGCA TG GG
Fr: -1640 TACAGGGCAGTGCGG -1626
[0SINRE[vSPAx6 [vsap1R|vsHAND| VSNKXH] VSHOXF VSBRNF
VSABDB VSRBP?|
alignment - = = 11. . ... ... 21. ... 31 S T
position
or 1 DAENSAGNON alc|-Bclalalclalcla| clafafclr|clclr|c]afr{r|r |
R e {clrcla|r{r{r]a| clclclcicrlalalcligiclalalclelel-|c|
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Chapter 3

alignment
position

Dr 50
Fr 50

S51...... .. 61. .

>P1_Block_9

Dr: -1532 AAACCAGCAAATAAACAAGCTAGCTAAAAC -1503
C AA CCAG AAATAAA AAG T GC AAAAC

Fr: -1274 AACCCAGAAAATAAAAAAG-T-GCAAAAAC -1247

-- ---
alignmentposition 1. . . .. . ... 11. .. ... .. 21. .. .. ...
Dr N o lcelalclcl ll HAAAC
Fr (i Yalclclclalclalala@alrlalalalalalalcle§- | lalclalalala EXS

>P1_Block_10
Dr: -1189 ACTATAGAAACCACCCAGA -1171
C ACT T GAAACCAC CAGA
Fr: -3275 ACTGTGGAAACCACACAGA -3293
VSHAML V$SAL2
alignmentposition 1. . . . . . ... 11. .. .. ..
Dr 1 ACT clc|alclclc|a|c
Fr 1 AcC clclalclalclalcl
>P1_Block_11
Dr: -1110 AAACTGCTTCA -1100
D AAACTGCTTCA
Fr: -1494 AAACTGCTTCA -1504

No common TF matches found.

alignment position 1. . . . . .. .. 11

Dr 1 AAACTGCTTC A

Fr 1 AAACTGCTTC A

>P1_Block_12

Dr: -1073 TACACATATATGCACACCTAAATACACATATAGATAGT
A TA ACA ATGCACA T A ACACA ATAG TA T

Fr: -4416 TAGACACCAATGCACAGATGCACACACACATAGGTAAT
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Chapter 3

vspaxe|vsBRAC]vsHASF|VSRUSH
1

alignmentposition 1. . . .. . . .. 11........ 21........ 31......
Dr 1 TACACA rlclclalclale alr{aleld
Fr 1 TAGACA alr|AE%

>P1_Block_13

Dr: -1021 ATTTGTTTTTAACCAG -1006
C ATT GTTTTTAAC AG

Fr: -3085 ATTAGTTTTTAACGAG -3100

VSCIZF|VSCHRF

alignmentposition 1. . . . . . . .. 11.. ..

Dr 1 AfBE

Fr (Yl rlalc] rirrir{r]

>P1_Block_14

Dr: -852 TTTTAATGAGGCTAACATCGAGATAATATCAAGTGGTGAGTGAGGGTGGA -803
B TT TAAT AG CTA AT GATA TATCAAGTGGT AGTGAGGGTGGA

Fr: -1037 TTCTAATAAGACTATGATTATGATACTATCAAGTGGTAAGTGAGGGTGGA -1086

VSNKXH|VSSREB [VSCAAT |[VSNEUR|VSKLES JOSINRE |VSCARE |V$SAL2 |VSMIZ1

alignment

- 1. ... .. ... 11. ... .. .. 21. .. ... 31. ... ... 41. ... ...

position

Dr

Fr

>P1_Block_15

Dr: -778 CCAC-CA-AAACACACTC -763
D CCAC CA AAACACACTC

Fr: -499 CCACACAGAAACACACTC -516

[VSHAML VSBPTE] [VSCABL

alignmentposition 1. . ... ... . 11. .. ...

Dr 1 cfil ! HAMAAR

Fr 1 ccall [ HAAR

>P1_Block_16

Dr: =701 TTTTGTACTTTTTT-TTTT -684
D TTTTG ACTTTTTT TTTT

Fr: -1249 TTTTGCACTTTTTTATTTT -1267
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Chapter 3

V$RUSH |VSCIZE|v$CABL
alignment position 1
Dr
Fr
>P1_Block_17
Dr: -625 ATCATCTTCTGGGAAACTCTTC -604
C ATCA CT TGGGAAACT TTC
Fr: -3027 ATCACCTCATGGGAAACTTTTC -3006
VS$STAT VSCEBP|vsRBPF|VSIKRS vsmyT1|vszFo3
alignmentposition 1. .. . .. . .. 11........ 21
Dr afr|clafr]c|r]
Fr tllalrlcfalc|clr|
>P1_Block_18
Dr: -510 CATGTGAC-TGGAGTTCCACCTA-TCAGA -484
D CATGTGAC TGG GTTC ACC A TCAGA
Fr: -544 CATGTGACGTGG-GTTCGACC-ACTCAGA -518
VSTCFF
alignment position 1. . . . . . Lo o110 21. .. ..
Dr 1 cARELGEAETG GAGTTCCACC TATCAGA
Fr 1 cARELEAEGT GGGTTCGACC ACTCAGA
>P1_Block_19
Dr: -472 GCGAGCAGCA -463
D GCGAGCAGCA
Fr: -3549 GCGAGCAGCA -3540

No common TF matches found.

alignment position 1. . . .

Dr 1 GCGAGCAGCA

Fr 1 GCGAGCAGCA

>P1_Block_20

Dr: -454 GCGGGAGCTGTG -443
D GCGGGAGCTGTG

Fr: -1597  GCGGGAGCTGTG -1608
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Chapter 3

V$SMAD
alignment position 1. . . . . . . . . 11
Dr 1 cBEEENEENE
Fr 1l clclclclalclclrld]
>P1_Block_21
Dr: -202 CTCGCTCTCACCACA -188
D CTCGCTC CACCACA
Fr: -3392 CTCGCTCCCACCACA -3378
V$MZF1
alignment position 1. . . e
Dr 1 CTCE
Fr 1 cEEH
>P1_Block_22
Dr: -162 GGCTTGTGGCGAAAGATTCCTGTGGCACTCTCAAACCCCAAATTCTTGG -114
B GGCTTGTGGC GATTCCTGTGG TC CAAACC A TICT GG
Fr: -179 GGCTTGTGGCTCTGGATTCCTGTGGTGGTCACAAACCG-A--TTCTCGG -134
Dr: -113 TTGCAGGCTGTCTATG -98
B TTGC GC TCT TG
Fr: -133 TTGCGCGCCATCTCTG -118
VSHASE |vsHAmL vscLox|vsersk fvscatalvscucelvsesox|
vsHOME[VSBRNE | WSSTAT]vspAXol
alignment
position 1. ... ... .. 11...... .. 21. ... ...
Dr 1 Glelclclalalalcla|r{r]c]
Fr 1 gfrfclclc|
alignment 51 61
posiion DLt S
Dr W r|c|clalclc[c|r{c|rlc|r|a|r[d
Fr Ll TlclclolclolclclalrliclriclT{s
>P1_Block_23
Dr: -80 TTTC-TCC-GACTGTCATTCTC -6l
D TTTC TCC GA TGTCATTCTC
Fr: -5053 TTTCCTCCAGAATGTCATTCTC -5074

VSTALEJVSCSEN]VSTCFF

alignment position 1. 11...... .. 21
Dr - TT TEEEIE
Fr terTeciil
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Chapter 3

(b) Promoter P2

>P2_Block_1
Dr: -5505 TCATTTAAAAAAATAATTCCAAAGTTA -5479
B TC TTTAAAAAAA AA T AAA TTA
Fr: -294 TCTTTTAAAAAAAAAAATTTAAAATTA -320
0SVTBP|VSCDXE [VSBRNE|vsHoME| VSRUSH|
alignmentposition 1. . . . . . . . PR O 21. . ...
Dr 1 ANAERT A
Fr 1
>P2_Block_2
Dr: -4930 AATAAAT-ATTTTAAAATA -4913
D AATAAAT ATTTTAAAATA
Fr: -2187 AATAAATGATTTTAAAATA -2205

vsrUSH|osvBP|vspaxH|VSCHRE

alignment position 1. . . . . P s
br WAl a[afr{- (ol
Fr lAfalralalalrfefal]
>P2_Block_3
Dr: -4466 TTTTTTTTTCCTTCTGTAAAT -4446
C TTTTTTTTT TTCTGT AAT
Fr: -3630 TTTTTTTTTTTTTCTGTGAAT -3650
VSARID |
alignmentposition 1. . . . . . . . . 11 L 21
Dr 1 r[rlclrlc|r|afala]
Fr 1 rlclrlcrlclala]
>P2_Block_4
Dr: -3926 CTGTAACCGTAGAAACTGC -3908
D CTG AACCGTAGAAACTGC
Fr: 2808 CTGAAACCGTAGAAACTGC -2790
VSMYBL V$OSRF
alignment position 1. . . . . ... . 11. . ... ..
Dr 1 rlalalc|clc|rlfalclalalald
Fr 1 alalalclclc|rlialclalalald
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>P2_Block_5
Dr: -3900 GTCTGAATTTGACAGGCGCGCGGAG-TCA -3873
C GTCT AAT TGACAGGCGC C GAG TCA
Fr: -27173 GTCTAAATGTGACAGGCGCCCAGAGCTCA -2745
VSCSEN|VSKLFS VSAP2F|VSHAND JVSMYODJVSEBOX]|VS$HESF O$TF2B
alignmentposition 1. .. . . . . .. 11........ 21.......
Dr 1GTCT A
Fr 1 GTCT Elica
>P2_Block_6
Dr: -3682 GTGCGGTCACGTATTAATAATGAAC -3838
D GTG GGTCACGTATTAATAATGAAC
Fr: -2713 GTGTGGTCACGTATTAATAATGAAC -2689

vsEBOX|vsHiFE |vsLHXF [VSARID [VSNKXH
\% B

V$SIX3 |VSHBOX|V$SHOMEF|VSHOXFE

vspaxevssatelvsecor [vsBRNE|osvTEP|VSDLXE]vsPiT1 JVSNKX6!

OSINRE JVSTCFFE

algnment position 1. . . . . . . . . 11. ... .. ..

Dr 1 1|

Fr 1 T}

>P2_Block_7

Dr: -2982 TTAAAATAAA-TAAATAAAT -2964
D TTAAAATAAA TAA TAAAT

Fr: -2517 TTAAAATAAAATAA-TAAAT -2535

osvrp|ussaTalussaLil

alignment position 1. . . . . . . . . 11.......

Dr 1

Fr 1

>P2_Block_8

Dr: -974 ATAACTAT-TTTAAATAGATTATTTA
D ATAA TAT TTTAAATAGA TATTTA

Fr: -2322 ATAAATATATTTAAATAGAATATTTA

-950

-2347

VSHOME vsABDBIVSLHXF|0sPTBP|VSBRNE|VSCHRE|VSCLOX] 0sv1EP)

alignment position 1. . . . . . . .. 11........ R
Dr sQlalr|alalc[r{afr] |
Fr W a[rlalalalrallal] rlafr{r{rf

Figure 3.S1 TFBS families detected by DiAlignTF that are common in all conserved blocks
obtained from the alignment of runx3 P1 (a) and P2 (b) promoter regions between zebrafish
and fugu. In each block is represented the alignment obtained by DBA software (upper
alignment) and the DiAlignTF output (lower alignment) showing the TFBSs conserved in each

block. The colour code for each specific TFBS is shown above the alignment.
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Chapter 4

4.1 Abstract

The CBFB gene encodes a transcription factor that, in combination with CBFa (also called
Runx, runt-related transcription factor) regulates expression of several target genes. CBFp
interacts with all Runx family members, such as RUNX2, a master-regulator of bone-related
gene transcription that contains a conserved DNA-binding domain (Runt domain). CBFp
stimulates DNA binding of the Runt domain, and is essential for most of the known functions

of RUNX2.

A comparative analysis of the zebrafish cbf8 gene and protein, and of its orthologous
identified homologous proteins in different species indicates a highly conserved function.
We cloned eleven transcripts of the zebrafish cbfB8 gene, one resulting in the known Cbf3
protein (with 187 amino-acids (aa)), and three additional variants resulting from skipping
exon 5a (resulting in a protein with 174 aa) or exon 5b resulting in a protein with 201 aa),
both observed for the first time in zebrafish, and a completely novel isoform containing both
exon 5a and 5b (and resulting in a protein with 188 aa). Functional analysis of these isoforms
provides insight into their role in regulating gene transcription. From the other seven
variants two correspond to premature early termination of Cbff forms, while the others
show in-frame exon-skipping causing changes in the CbfB domain that may affect its

function.

4.2 Introduction

Chondrocytes, osteoblasts, and osteoclasts are the major cell types that contribute to the
development and maintenance of the skeleton (Erlebacher et al, 1995). Vertebrate skeletons
are constructed by the formation of bone and cartilage structures that can occur via two
distinct mechanisms: intramembranous and endochondral ossification. During
intramembranous (or dermal) ossification, mesenchymal cells condense and differentiate
into osteoblasts, the bone-forming cells. In contrast, during chondral ossification,
mesenchymal cells condense and differentiate into chondrocytes to form a cartilage
template. Subsequently, this template is either replaced by bone (endochondral ossification)
or it becomes surrounded by bone (perichondral ossification) (Spoorendonk et al, 2010).
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The importance of runt-related transcription factor 2 (RUNX2), in skeletal development was
first suggested by studies of the autosomal dominant disease cleidocranial dysplasia (CCD)
(Mundlos et al, 1995; reviewed in Martin et al, 2011). RUNX2 is a known master
transcription factor for bone and hypertrophic cartilage formation expressed very early in
bone development and continues to be present through the later phases of development
(Ducy et al, 1997). It is essential for osteoblast differentiation as well as a critical regulator
for chondrocyte maturation (Komori et al, 1997; Kishimoto et al, 1997; Otto et al, 1997; Kim
et al, 1999; Inada et al, 1999; Takeda et al, 2001; Hinoi et al, 2006). RUNX2 belongs to the
Runt-related transcription factor (RUNX) family of genes which are also called core binding
factor-a (CBFa). The other two members identified are RUNX1 (AML1/CBFa2/PEBP2aB) and
RUNX3 (AML2/CBFa3/PEBP2aC). The RUNX proteins can bind DNA as a monomer in vitro,
but their affinity for DNA is enhanced when binding to the DNA as a CBFa: heterodimers
(Ogawa et al, 1993; Wang et al, 1993). Unlike CBFa, the CBFB subunit does not contact DNA
directly, but rather stabilizes and enhances in vitro DNA binding of the runt domain of the a
subunit (Ogawa et al, 1993; Wang et al, 1993), which is a DNA binding domain conserved
amongst the Runx family (Ogawa et al, 1993). Earlier studies have indicated that CBFP and
RUNX2 can cooperatively activate transcription (Harada et al, 1999; Zhang et al, 2000).
Kundu et al (2002) carried out a series of experiments to determine whether CBFB and
Runx2 could interact physically and function in a cooperative manner, and have shown that

the addition of CBFp strongly induced the DNA binding of Runx2 (Kundu et al, 2002).

Runx2 initiates and mediates the entire process of hypertrophic differentiation of
chondrocytes (Stricker et al, 2002; Smith et al, 2005) by regulating the transcription of genes
important for this process, e.g. collagen type X gene (Co/10a1) (Enomoto et al, 2000; Zheng
et al, 2003; Higashikawa et al, 2009). RUNX2 regulation of cell-specific Co/l10a1 expression
may impact the process of chondrocyte maturation and represent the major mechanistic
basis of multiple skeletal pathologies, such as CCD, fracture healing, and osteoarthritis
(Higashikawa et al, 2009; Zheng et al, 2005; Kamekura et al, 2006; Tu et al, 2007). Zheng et al
(2005) have previously reported abnormal endochondral ossification in a fetal case of CCD,
possibly due to altered RUNX2 regulation of chondrocyte hypertrophy and down-regulation
of its target genes, including type X collagen. The above observations clearly demonstrate

that both Runx2 and Col10al genes play important roles upon chondrocyte maturation
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during endochondral bone formation. The interaction between Runx2 and the Col10al
proximal or core promoters in different species has previously been described extensively

(Dourado and LuValle, 1998; Zheng et al, 2003; Simdes et al, 2006; Higashikawa et al, 2009).

Most studies in the areas of osteogenesis and mineral research have been performed in
mice and chicken, or using in vitro cell culture systems. Although it has been shown that
there are some characteristics in teleost bones that differ from mammals (Witten and
Huysseune, 2009), the origin of cells that contribute to the various bone elements and the
key regulators of bone formation are highly conserved between mammals and teleosts.
Furthermore, the corresponding orthologs share significant sequence similarities and an
overlap in expression patterns (Flores et al, 2004; Yan et al, 2005; Li et al, 2009) when
compared to mammals. As a result of this finding, in the last few years zebrafish was
demonstrated to be a powerful model especially in forward genetics to identify novel gene
functions and to study their role in numerous processes including osteogenesis. Accordingly,
zebrafish can be used as a tool to complement genetic and embryological studies in mice
and chicken in order to clarify the molecular mechanisms underlying bone development and
disease. In addition, zebrafish and medaka are ideally suited and currently the only model

systems available to allow visualization of chondrocytes and osteoblasts in vivo over time.

Thus far, different CBFB isoforms have been described in mammals, but just one zebrafish
Cbf protein has been reported. Here we report the cloning and characterization of ten
novel zebrafish isoforms, which are generated by alternative splicing. A structural
conservation during evolution from fish to mammals was confirmed, by a comparative
analysis between zebrafish cbfB gene and protein and its orthologs in different species.
Previously, we have shown that zebrafish col10al expression is up-regulated by Runx2
(SimGes et al, 2006) through its binding to specific motifs within the col10al promoter
region. So, we tested the ability of some of these newly identified Cbfp isoforms to enhance
Runx2-dependent up-regulation of col/l10al promoter. The transcriptional activity
determined by luciferase reporter assays was enhanced by transfection of Runx2-MASN
isoform and increased even more potently by the co-transfection of both Runx2-MASN and
the co-activator CbfB (isoforms 1 and 2) as compared with the control. Furthermore, this

indicates that Cbff exon 5a is not required for interaction with Runx2-MASN and
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transcription activation. Moreover, we analysed the expression pattern of the Cbf isoforms

1-4 in various adult tissues and at different embryonic developmental stages.

4.3 Material and Methods

4.3.1 Zebrafish RNA extraction and RNA reverse transcription

Total RNA was extracted from ZFB1 cell line as described by Vijayakumar et al (2013) and
from pools of zebrafish embryos at different stages of development and from a variety of
adult zebrafish tissueswith TRIzol (Sigma Aldrich) as recommended in the manufacturer’s
protocol. RNA integrity was assessed through 1% (w/v) agarose/formaldehyde gel
electrophoresis and RNA quantity was determined through spectrophotometry (NanoDrop
1000; Thermo Scientific). Total RNA (1 pg) was then treated with RQ1 RNase-free DNase |
(Promega) for 30 min at 379C, and reverse-transcribed at 37°C for 1 h using the Moloney-
murine leukemia virus (MMLV) reverse transcriptase, RNaseOUT (both from Invitrogen) and

oligo(dT)-adapter primer (Table 4.1).

Table 4.1 Oligonucleotides used for PCR amplification.

Name Sequence
ZfCBFbFw1 GAGCGTCTGTTGTCAGCAGTCGGA
ZfCBFbFw2 CGTTCAAGATGCCTCGGGTGGTCC
ZfCBFbFw3 GAGGACTCGTGATTTCGAGGACAG
ZfCBFbFw4 GGAGCAGATGCCGATGGCACAGCT
ZfCBFbRev1 CCCCAAAACTCCCCCAGCGGTGTG
ZfCBFbRev2 CTGCCCACTTTGGTGAATGCCGCT
ZfCBFbRev3 GTGATCATCAGTGTTGCCCATGTT
ZfCBFbRev5 GTCCTTGAAGGCCATCAGTCCCAGA
Gapdh_F GTGGAGTCTACTGGTGTCTTC
Gapdh_R GTGCAGGAGGCATTGCTTACA

Oligo(dt) primer ACGCGTCGACCTCGAGATCGATG(T)13
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4.3.2 Zebrafish cbf6 cDNA cloning using RT-PCR

The primer sequences used for cloning are shown in Table 4.1 and were synthesized and
purchased from Sigma-Aldrich. Specific primers (zfCBFbFw1, zfCBFbFw2, zfCBFbRev1 and
zfCBFbRev2) were designed to amplify zebrafish cbf8 complete cDNA coding region,
according to its cDNA sequence available in the NCBI database (GenBank NM_199209.1).
Amplification was performed by two steps PCR with zfCBFbFw1 and zfCBFbRev1 primers (0.3
UM each), and either with the Tag DNA polymerase (Invitrogen) or the KOD Hot Start DNA
Polymerase (Novagen), in a GeneAmp 2400 thermocycler (Perkin-Elmer), under conditions
suggested by the suppliers and using as template cDNA from either ZFB1 cell line or 24 hpf
zebrafish. The amplified product was used for the second step PCR. For this step, the
reaction mix and PCR conditions were similar to the first step except in that the primer pairs
zfCBFbFw2 and zfCBFbRev2 or the zfCBFbFw2 and zfCBFbRevl (0.3 uM each) were used
instead. Amplified fragments were cloned into pCRII-TOPO vector (Invitrogen) by standard
TA-cloning or into pletl.2 vector (Fermentas, Thermo Scientific) by standard blunt-cloning.
Cloned fragments were identified by restriction digestion and by sequencing at CCMAR
sequencing facilities (University of Algarve, Faro, Portugal). All sequence alignments were
performed with ClustalW (Thompson et al, 1994) or using AlignX, from Vector NTI Advance’
11.5 (Invitrogen).

4.3.3 Sequence alignment and analysis

GenBank and Ensembl databases were searched for CBFP sequences. Amino acid sequence
alignments were created using AlignX, from Vector NTI Advance” 11.5 (Invitrogen) or Clustal
Omega (http://www.ebi.ac.uk/). Final adjustments to the alignments were made manually
to obtain highly accurate consensus sequences. Percentage protein identity was calculated
using the Sequence Manipulation Suite  (Stothard, 2000) available at
http://www.bioinformatics.org. The alternative splicing events in both human and zebrafish,
as also for the other species, whose genomic sequence was available, were revealed by
aligning the cDNAs against the genomic sequences, using the mRNA alignment tool Spidey

(ncbi.nlm.nih.gov/spidey/spideyweb.cgi).
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4.3.4 Genomic structure of zebrafish and human CBF8 gene

Exon-intron architecture of zebrafish cbfB8 gene was determined through mRNA-to-genomic
alignment using Zv9 zebrafish genome assembly and transcript sequences determined within
the scope of this work. Similarly, human gene structure was determined using GRCh37
genome assembly, mRNA and expressed sequence tag (EST) sequences retrieved from NCBI

(on 2014-04-13).

4.3.5 Assessment of conserved synteny

To examine patterns of conserved synteny, chromosomal loci of CBFB genes in human, and
zebrafish were compared by identifying all neighbour genes of CBF8. The position of each of

these genes was searched in both species using the Ensembl database search function.

4.3.6 Isoform expression profile

To determine the presence of the CbfB alternative transcripts (isoforms 1-4) during various
zebrafish developmental stages and in a broad number of adult tissues, primers were
designed in order to amplify all the four splice variants. A first RT-PCR amplification was
performed with the primers CBFB_F3 and CBFB_R3 (Table 4.1). Then, 1 ul of the first
amplification product was used to perform a second amplification with the CBFB isoforms 1
and 2 specific primers (CBFB_F3 and CBFB_R5; Table 4.1) and the CBFp isoforms 1 and 3
specific primers (CBFB_F4 and CBFB_R3; Table 4.1). The zebrafish gadph was used as control
(Gapdh_F and Gapdh_R; Table 4.1). The RT-PCR amplification was performed with the

DreamTaq PCR Master Mix (Thermo Scientific) in a 25 ul reaction for 40 cycles.
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4.3.7 Plasmid construction

The zebrafish collagen Xal luciferase reporter plasmid [4x(-822/-794)TATALuC] and zfrunx2
P1-MASN (til-10RF-pCMX-PL1) were previously described (SimGes et al, 2006). The
expression vectors of the full length and splicing variants of zebrafish cbf8 (cbf8 isoform 1-4)
were obtained by cloning all the corresponding open reading frames into the pCMX-PL2

expression vector (kindly provided by Dr. R. Schiile laboratory).

The zebrafish HA-tagged c¢bf8 and and Flag-tagged runx2 expression constructs
(pcDNA3.1-HA-cbf8 isoform 1-4 and pcDNA3.1-Flag-runx2 P1-MASN) were generated by
subcloning PCR-amplified full-length cbf6 isoform 1 to 4 and runx2 P1-MASN cDNAs into the
BamH| and Xbal sites of a pcDNA3.1 expression vector containing at the N-terminal portion

of the proteins.

All constructs were verified by DNA sequencing. Plasmids used for transfection studies were

prepared using the plasmid GFX™ Micro Plasmid Prep kit (GE Healthcare).

4.3.8 Cell transfection and luciferase assays

Human embryonic kidney (HEK) 293 cell line (ATCC number CRL-1573) was cultured in
Dulbecco’s modified eagle medium (DMEM) supplemented with 1% (v/v)
penicillin/streptomycin, 2 mM L-glutamine and 10% (v/v) fetal bovine serum at 37°C in a 5%
CO2 humidified atmosphere. Cells were seeded at approximately 40% of confluence in
24-well plates (5x10* cells/well) and transient transfection assays were carried out using the
X-TREME reagent (Roche). Typically, 125 ng, 25 ng and 2.5 ng of (i) promoter-reporter
construct, (ii) transcriptional regulator expression vector and (iii) pRL-null internal control
vector (Promega) were used, per well. The amount of transfected DNA was kept constant in
both positive and negative control cells, by transfecting them with the same amount of DNA:
125 ng of pGL3-control vector or pGL3-basic vector (both from Promega), respectively; 25 ng
of pCMX-PL2 expression vector; and 2.5 ng of pRL-null internal control vector. Luciferase
activity was assayed 48 h after transfection using the standard protocol provided with the

Dual-luciferase reporter assay system (Promega) in a Synergy 4 microplate reader (Biotek).
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Luciferase activity assays were performed in duplicate and are the mean of at least three

separate experiments.

4.3.9 Co-immunoprecipitation (Co-IP) Assay

For co-immunoprecipitation assays, =0.1-0.2 mg of whole cell extracts from HEK293T cells
transfected with expression vectors for the four HA-CBFpB isoforms alone or together with
FLAG-Runx2, were prepared in buffer containing 50 mM Tris pH7.5, 150 mM NaCl, 1%
Triton-X100, and Complete protease inhibitors (Roche), and incubated with M2 Flag-resin
(Sigma) overnight at 4°C. The resin was washed five times with wash buffer (20mM Tris pH
7.5, 100mM NaCl, 0.1mM EDTA, 0.05% Tween-20) and the bound material was eluted with
200 pg/ml solution of flag peptide (Sigma), for 30 minutes at 4°C. Samples were subjected to

western blot analysis.

4.3.10 Western Blot Assay

For western blot assays, protein extracts were subjected to 12% SDS-PAGE, and thereafter
transferred onto a PVDF membrane (GE Healthcare) with a semi-dry blot system (BioRad).
Mouse monoclonal 16B12 antibody against HA epitope (Covance) was used at 1:2000
dilution and anti-flagM2 (Sigma) antibody was used at 1:5000 dilution. Blotted proteins were
visualized using horseradish peroxidase-conjugated goat anti-mouse (Southern Biotech), the

chemiluminescence blotting substrate detection system from Roche and X-ray films.

4.3.11 Statistical analysis

The data was presented as average and standard deviation of measurements taken at least
in three separate experiments. Statistical significance of data was determined wherever
indicated by analysis of variance (ANOVA) followed by a Tukey test for multiple comparisons

within a group. Differences were considered to be significant at p<0.001.
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4.4 Results

4.4.1 Molecular cloning of novel spliced variants of zebrafish cbf8

Using a combination of bioinformatics and RT-PCR approaches, we cloned a cDNA fragment
encoding the zebrafish cbf6 open reading frame (ORF). Sequencing predicts an ORF of 564
bp encoding a 187 aa polypeptide. From the cDNA deduced primary structure, we identified
the typical CBFB domain characteristic of this family of proteins, and sequence comparison
with the available zebrafish cbf6 cDNA (accession number: NM_199209.1) showed 100%
identity. This isoform was named in this work as isoform 4. So far, just one transcript has
been described for the zebrafish cbf68 gene, contrasting with mammals where two major
transcripts have been described for this gene that generate two different protein isoforms

with a different C-terminal sequence.

In the course of amplifying the cDNA for the entire ORF of zebrafish cbf6 using RT-PCR, we
observed multiple amplified products. By cloning and sequencing each one of them we were
able to identify ten novel transcript variants for zebrafish cbf6 that are described here for
the first time. Figure 4.1 shows both the simple and compound deletion events discovered in
this study. These transcripts result from alternative exon skipping, generating different
protein isoforms, depending on the splicing event. The identity of the cbf6 cDNA sequences
obtained was confirmed using blast searches against GenBank (NCBI). The nucleotide
sequences of these new spliced variants were deposited in GenBank as cbfB isoforms 1
through 11 (GenBank ID: KF709194, KF709195, KF709196, KF709197, KF709198, KF709199,
KF709200, KJ704807, KJ704808, KJ704809 and KJ704810, respectively).

The transcript cbf8 isoform 1 corresponds to the longest transcript we cloned and has an
additional 90 nucleotides compared to the cbfB transcript described previously (Figure 4.1).
This extra nucleotide sequence in cbf8 isoform 1 within the 3’ coding region generates a stop
codon located in exon 5b, resulting in a protein isoform with a different C-terminal sequence

from the form described previously (Figure 4.2).
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Figure 4.1 Schematic representation of zebrafish cbf6 transcripts. The different transcripts
originated by alternative splicing are indicated as isoforms 1-11 with the respective
accession numbers. Black boxes indicate coding regions, white boxes represent non coding
regions and grey boxes indicate DNA fragments removed following splicing. * Size of the
cloned cDNA fragments obtained.
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The transcripts of cbfB isoform 2 and 3 are spliced variants generated by skipping exon 5a
(i.e. a 42 bp fragment) or 5b (i.e. a 48 bp fragment), respectively. The resulting protein
products of these alternative splicing variants are similar to cbf8 isoforms 1 and 4,
respectively, in terms of the stop codon used (Figure 4.1). All the cbf8 isoforms 1-4 preserve

the heterodimerization domain intact, suggesting that they produce functional proteins.

Interestingly, we found two predicted isoforms similar to the cbf8 isoform 1 and 2 in the
NCBI database (XM_005159048.1 and XM_005159049.1), supporting together with our

results the existence of these alternative splicing isoforms in zebrafish cbf8.

The transcripts cbfB corresponding to the isoform 5, 6 and 7, are generated by a complex
splicing of multiple sequence fragments from different exons, resulting in truncated
isoforms, lacking an extensive part of the characteristic CBFB heterodimerization domain. As

a consequence, all of these cbfB transcripts are likely to result in loss-of-function mutants.

The transcript cbfB isoform 8 results from an alternative splicing event that involves a partial
deletion of the exon 6 (5 bp). This deletion is in the 3’ UTR and does not affect the coding
region, so the predicted protein isoform is exactly the same as the one produced by cbf6

isoform 1.

The transcript cbf8 isoform 9 is also similar to the cbf8 isoform 1, differing only in a deletion
of three nucleotides in the beginning of exon 5a and expected to result in deletion of one
amino acid (Q166) from the encoded protein. Interestingly, an isoform similar to the cbf8
isoform 9 was recently submitted to the NCBI database as a predicted isoform
(XP_005159104.1), but presenting the splicing of the exon 5b in addition to the 3 nucleotides

deletion we characterized.

The cbfB isoform 10 harbours both the deletion of the 3 nucleotides present in cbf8 isoform
9 as well as the deletion of the 5 nucleotides observed in cbfB isoform 8. This isoform
presents also the complete deletion of exon 2 (Figure 4.1). Since exon 2 codes for part of the
heterodimerization domain, we hypothesize that this change leads to loss of function of this

isoform.
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The new transcript cbf8 isoform 11 has a splice starting at the 3’-end of exon 3 (pA3 51 bp)
and utilizes a splice acceptor site within exon 6 instead of the “native” acceptor site.
Analysing the cDNA sequence obtained for this isoform, we observe that this deletion event
causes an out-of-frame translation and furthermore, introduces a stop codon after the
alternative splicing (in exon 6) that is located 67 nucleotides downstream the annotated stop
codon for the cbfB, thereby introducing a late termination of protein translation, resulting in

a protein isoform with a different C-terminus sequence.

Summarizing, we found in this study simple exon-skipping events that can be categorized as
follows: (a) simple deletions, that is skipping of complete single exons or consecutive exons
(for example, A5a; A5b; A5a,5b; isoforms 2-4, respectively) and (b) partial exon deletions (for
example, pA6 5 bp; pA5a 3 bp; isoforms 8 and 9). In addition to the five simple exon-skipping
events shown in Figure 4.1, five more splicing events were identified that involved multiple
exon-skipping events. In these compound exon-skipping transcripts, several splicing events
were evident from the pre-mRNA processing (Figure 4.1). These compound splicing events
include combinations of the whole exon-skipping and partial exon deletion (pA3 56 bp, pA4
42 bp plus A5a; pAl 39 bp, A2, pA3 85 bp, plus A5a; pAl 39 bp, A2,3, pA4 27 bp, A5, plus
pA5a 18 bp; A2, plus pA5a 3 bp plus pA6 5 bp; pA3 51 bp, A4, 5,5a3,5b plus pA6 69 bp;
isoforms 5-7, 10 and 11). These multiple exon skipping events all involved the entire or
partial deletion of exon 5a, which implies that the skipping of this exon is a common event in

the pre-mRNA processing.

As mentioned previously, we identified in this study alternative splicing events that involve
partial exon deletions instead of the skipping of complete exons. The splice sites used are
shown in Table 4.2. Three of these variants (isoforms 9 and 10, pA5a 3bp and isoforms 8 and
10, pA6 5bp) still keep their original splicing donor site (GT) in the boundary of the exon and
intron but utilize the next possible legitimate splice acceptor site (AG) within the exon in the
immediate vicinity area, instead of the ‘native’ acceptor site. These two partial deletion
events do not cause out-of-frame translation and, furthermore, they use the same stop
codon as the full transcript (isoform 1). The splicing events of the other four variants
(isoforms 5, 6, 7 and 11) are more complex. In the partial deletions pA3-4 (isoform 5) and

pAl-4 (isoform 7) not only are none of the original splice donor/acceptor sites used, but
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those that are used are very atypical (Table 4.2). For the remaining variants pA1-3 (isoform
6) and pA3-6 (isoform 11), do not use a pair of legitimate splice donor site within exon 1
(isoform 6) or exon 3 (isoform 11) but utilize the next possible legitimate splice acceptor site
(AG) within the exon 3 (isoform 6) or exon 6 (isoform 11), instead of the ‘native’ acceptor

site, causing a 211 bp (isoform 6) or a 423 bp (isoform 11) deletion.

Table 4.2 Splice code usages of the partial exon-skipping in cbf8 mRNA.

Transcripts Partial exon- Splice donor sites Splice acceptor sites Deletion caused
skipping by alternative
splicing
Isoform 9 and 10 pA5a TTGGAGgtgagagct catttagcagATGCCGATG 3 bp
Isoform 8 and 10 pA6 GGACCAGGgtctgtctcc cccageccagGCGACAGCAG 5 bp
Isoform 5 pA3,4 TTCATGGGGatcagceggc agtatgtgtgATCTGGAGAG 98 bp
Isoform 6 pAl,3 GTTCGAGaacgagga cgcccacccgagAATATGTGG 211 bp
Isoform 7 pAl,4 GTTCGAGAACGaggagttctt atcctgaacgGAGTATGTGTG 270 bp
Isoform 7 pA5a GCACAGgtacagcaaaat gatggcacagCTCAATCAT 270 bp
Isoform 11 pA3,6 GATCAGCGgcaggcg gcgctagcgGCATTCAC 126 bp

4.4.2 Translation potential of the cbf8 spliced variants

The predicted protein sequences translated from these alternative spliced transcripts are
summarized in Figure 4.2. Two of these variants (isoforms 5 and 6) introduce early
termination codons to the open reading frames after the alternative splicing event(s), which
may produce premature proteins with only short peptides (94 aa and 26 aa, respectively) of

Cbfp.
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Figure 4.2 Alignment analysis of zebrafish Cbfp protein isoform sequences. Cbff amino acid
sequences were analysed using AlignX. Isoforms 5 and 6 show premature stop codons due to
alternative splicing. Isoform 3 lacks exon 5b and isoform 4 lacks exons 5a and 5b, presenting
a different C-terminal (white letters in black) with the occurrence of the stop codon in exon
6. Numbering is according to the first residue of the protein.

4.4.3 Chromosomal localization and structural organization of the zebrafish cbf6 gene and

cDNA

Chromosomal assignment of the zebrafish cbfB gene was performed by BLAST against NCBI

database. The zebrafish major cbf6 transcript cloned (isoform 1) was aligned with the

zebrafish genomic sequence, and sites of exon-intron borders were deduced by comparison.

The zebrafish cbf6 gene was found on chromosome 18 (position 22774824-22852021) with a
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length of approximately 77.200 kb, and based on the data in this study it is organized in 8

exons and 7 introns (Figure 4.3).
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Figure 4.3 Schematic representation of zebrafish cbf68 gene, isoform 1 and protein
structures. In gene structure: exons and introns are represented by boxes and lines,
respectively. Numbers (in bp) above the boxes indicate size of the exons and numbers below
the lines indicate size of introns. In transcript structure: black boxes represent the coding
exons and white boxes the 5° and 3’ untranslated regions; in protein structure: CBFpB
heterodimerization domain is represented by a light grey box.

All splice junctions follow the GT/AG rule (Breathnach and Chambon, 1981). The zebrafish
cbfB isoform 1 contains all eight exons (exons 1-6, including exons 5a and 5b) with the start
codon in exon 1 and the termination codon in exon 5b, and exon 6 contains the 3" UTR. The
protein deduced from this major CbfB isoform is 188 amino acids long. It contains a
heterodimerization domain of 135 amino acids starting with the first methionine, and

spanning sequences from exon 1 through exon 4.

4.4.4 Protein sequence alignment between zebrafish and orthologs

Sequence databases at NCBI (www.ncbi.nlm.nih.gov) were searched for annotated CBFf
sequences. A total of 59 CBFB sequences (containing the complete coding sequence) were
collected. The full collection of sequences represents 29 species, including most classes of
vertebrates (mammalia, sauropsida, amphibia, chondrochthyes and actinopterygii).
Although this analysis was performed using sequences from a large set of organisms with
diverse evolutionary pathways, CBFB alignment revealed a remarkable conservation of

protein primary structure (Figure 4.4), confirming the existence of domains in the protein
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that are highly conserved. Interestingly, we found four different protein isoforms (labelled
A-D) that differ only in the C-terminal region (Figure 4.4) that result from alternative splicing
at the 3"-end. Zebrafish Cbff_A (isoform 4) is highly conserved between all vertebrate
CBFB_A (isoform 187) used in this alignment, containing exons 1-6 (excluding exons 5a and

5b).

Figure 4.4 Protein sequences comparison for CBFB C-terminal. Sequences were aligned using
Clustal Omega. The different C-terminal sequences are grouped and shown in different tons
of grey to black. GenBank and Ensembl accession numbers for CBFB: NP_074036.1 and
NP_001746.1 (human A and B, respectively; Homo sapiens); JAA28496.1 and JAA42562.1
(chimpanzee A and B, respectively; Pan troglodytes); AFE80636.1 and AFH29554.1 (rhesus
macaque A and B, respectively; Macaca mulata); DAA20211.1 and DAA20210.1 (bovine A
and B, respectively; Bos Taurus); JAA74282.1 and JAA74187.1 (pig A and B, respectively; Sus
scrofa); NP_071704.3 and NP_001154930.1 (mouse A and B, respectively, Mus musculus);
AAH40752.2 and AAH81946.1 (rat A and B, respectively; Rattus norvegicus);
XP_007457364.1 and XP_007457365.1 (Yangtze River dolphin A and B, respectively; Lipotes
vexillifer); XP_002937211.2 and XP_004913586.1 (Western clawed frog A and B,
respectively; Xenopus tropicalis); AFH75431.1 (grass carp; Ctenopharyngodon idella);
AAI62159.1 and KF709194 (zebrafish A and C, respectively; Danio rerio); ABA42830.1
(Atlantic salmon; Salmo salar); NP_001087047.1 (African clawed frog; Xenopus laevis);
NP_989901.2 (chicken; Gallus gallus); ENSAMXT00000021049 and XP_007256271.1
(Mexican tetra A and C, respectively; Astyanax mexicanus); ENSORLT00000017254 and
ENSORLT00000017256 (medaka A and C, respectively; Oryzias latipes);
ENSGACT00000018489 (Stickleback; Gasterosteus aculeatus); ENSONIT00000012829,
XP_003447081.1 and XP_005471238.1 (Nile tilapia A, C and D, respectively; Oreochromis
niloticus); XP_007553234.1, XP_007553236.1 and XP_007553235.1 (Amazon molly A, C and
D, respectively; Poecilia formosa), XP_005795843.1 (Southern platyfish; Xiphophorus
maculatus), XP_004569219.1, XP_004569222.1 and XP_004569220.1 (Zebra mbuna A, C and
D, respectively; Maylandia zebra), XP_007902879.1 (Elephant shark; Callorhinchus milii),
XP_006019105.1 and XP_006019106.1 (Chinese alligator A and B, respectively; Alligator
sinensis), XP_005306333.1 and XP_005306334.1 (Western painted turtle A and B,
respectively; Chrysemys picta bellii), XP_006268225.1 and XP_006268226.1 (American
alligator A and B, respectively; Alligator mississippiensis), XP_005490832.1 and
XP_005490833.1 (white-throated sparrow A and B, respectively; Zonotrichia albicollis),
XP_005526382.1 (Tibetan ground-tit; Pseudopodoces humilis), XP_006641568.1 (spotted gar;
Lepisosteus oculatus) and XP_005152308.1 (budgerigar; Melopsittacus undulatus).
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In contrast, the C-terminal of the zebrafish Cbf_C (isoform 2) shows high homology with the
C-terminal of Cbfp from other fish (all neoteleostei: Atlantic salmon, tilapia, Mexican tetra,
zebra mbuna, Southern platyfish, Amazon molly, Atlantic salmon, medaka, Atlantic cod,
turquoise killifish, Burton’s mouthbrooder, red Mwanza and lyretail cichlid (Figure 4.4 and
results not shown). The residues from 166 to 174 in CbfB_C were encoded by exon 5b, that
contains the stop codon. We also observed the presence of a C-terminal that is different
from the named CbfB_A or Cbff_C that we called Cbff_B and was only found in
Sarcopterygii, which is obtained from a long exon 5 (more 31 bp in the 3"-end) that ends in
the exon 6 coding for the seven last amino acids and the stop codon. A fourth variant named
CbfB_D has been identified in fish (all neoteleostei: Amazon molly, Nile tilapia, zebra mbuna,
Burton’s mouthbrooder and red Mwanza) (Figure 4.4 and results not shown), that results
from the occurrence of an alternative splicing from exon 5 to a cryptic site in exon 6. The
transcription of exons 1, 2, 3 and 4 does not undergo any modifications and remains
constant. We have calculated the pair-wise percentage identities among all CBFB protein
sequences used in this study, and we can observe a high identity between all the species
(Table 4.51), even if we take in account the C-terminal differences observed in the

alignment.

4.4.5 Conserved gene synteny of zebrafish cbf8 gene

Synteny-based analysis of zebrafish cbfB8 gene shows strong syntenic conservation between
human chromosome 16 and zebrafish chromosome 18. In both cases, the genes DNAJA2L,
BBS2, GOT2, CCDC79, PDP2, CES2, CES3, B3GNT9, HSF4, PARD6A, TSNAXIP1, NUTF2, EDC4,
PSKH1, NRN1LA, CIRH1A, AARS, TAT, BCAR1, NOC4 and KIAA1049 were found in the region
of CBFB gene, but they appear in a different order (Figure 4.5 and Table 4.52). Interestingly,
from this list of genes only noc4 and kiaa1049 are present downstream side of cbf8 gene in
zebrafish chromosome 18 (Figure 4.5). This syntenic conservation supports the identification

of cbfB as ortholog to human CBF8.
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Figure 4.5 Comparison of genomic environment and gene positional order in zebrafish and
human chromosomes containing CBFB. Comparison of the chromosomal locations of 22
ortholog gene pairs between zebrafish chromosome 18 and human chromosome 16. Lines
between the compared chromosomes connect positions of ortholog gene pairs in the two
species. Distances between markers on a single chromosome are shown to scale, but
compared chromosomes have been scaled to equivalent lengths. Map positions for the
genes were obtained from http://www.ensembl.org/.

4.4.6 Expression profiles of zebrafish cbf68 variants

Expression patterns of cbf6 mRNA variants were analyzed using RT-PCR with gene-specific
primers located on ORF exons and variant-specific primers located on respective
leader/terminal exons (Figure 4.6). To assess the expression of the zebrafish cbf8 transcript
variants, the coding region between exons 5 and 6, comprising the full and the alternatively
splicing exons 5a and 5b were amplified (Figure 4.6A). The cbf6 mRNA was widely

distributed. In a first PCR round the amplification of all four possible splicing variants
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(isoforms 1-4) was tested using the primers CBFB_F3 and CBFB_R3 located in exon 5 and
exon 6, respectively. Two amplicons corresponding to isoform 1 (199 bp) and isoforms 2
and/or 3 (157 bp and 151 bp, respectively) were observed in all samples tested (Figure 4.6B).
A third amplicon corresponding to isoform 4 (109 bp) was observed in all tissue samples and
developmental stages tested, except at 1 cell stage. In order to distinguish the expression of
isoform 2 and 3, a second amplification was performed with isoform specific primers. The
expression of isoform 2 mRNA was analyzed using a forward primer located on the exon 5

and a reverse primer on exon 5b (Figure 4.6A).
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Figure 4.6 Identification of the expression profile of zebrafish cbff splicing variants (isoform
1-4). (A) Schematic representation of partial RNA structure and PCR products resulting from
each amplification. Dotted boxes with white background correspond to spliced exons. The
pair of primers used for amplification and sizing of the resulting products are represented (in
the left and right side of scheme, respectively) (B) Qualitative expression profile of the cbf
isoforms (1-4) investigated by RT-PCR in zebrafish developmental stages and adult tissues.
Zebrafish gapdh was used as control for sample integrity. Sample designations are indicated
above and primer pairs used are indicated in the left side. M corresponds to the marker
(Thermo Scientific GeneRuler 50 bp DNA Ladder).
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This amplification generates two amplicons corresponding to isoform 1 (138 bp), and
isoform 2 (96 bp). It was observed that the isoform 2 is expressed in all the developmental
stages and tissues analysed (Figure 4.6B). The expression of isoform 3 mRNA was analysed
using a forward primer located on the frontier of exons 5/5a and a reverse primer on exon 6,
resulting in two amplicons corresponding to isoform 1 (151 bp) and isoform 3 (103 bp). The
expression of isoform 3 was observed in all the developmental stages and tissues analysed
with the exception at 1 cell stage where the corresponding amplicon was not observed

(Figure 4.6B).

4.4.7 Functional analysis of the different cbf8 splicing variants

Given that CBFB is a transcription co-factor, and is able to bind mammalian CBFa proteins
and enhance their DNA binding affinity (Wang et al, 1993), we wanted to test if the zebrafish
CbfB protein isoforms cloned in this work had a similar function. The newly identified
isoforms 1-3, and also the isoform 4 that corresponds to the one previously characterized
(AF278758) were cloned in an expression vector and used in co-transfection assays with a
fragment of the zebrafish co/10al promoter described previously (Simdes et al, 2006). This
promoter was previously reported to be regulated by the Runx2 transcription factor
(zebrafish isoform MASN-Runx2) (Simdes et al, 2006). To this end, HEK293 cells were
transiently co-transfected with the pTATALuC-4xColX(-822/-794) vector containing four
repeated copies of the Runx2 binding site, in the presence of expression vectors containing
MASN-Runx2 and the zebrafish cbf8 isoforms 1 to 4. Our previous studies showed that in the
Xenopus laevis A6 cell line the transcriptional activity of the pTATALuCColX(-822/-794)
construct is induced by MASN-Runx2 isoform, and a further increase was observed when
four copies of this sequence element were present (Simdes et al, 2006). In the present work
we showed in HEK293 cells that the ability of MASN-Runx2 to transactivate the 4xColX
construct, although smaller than previously seen in A6 cells, was strongly stimulated when
Cbfp isoforms 1 or 2 were co-expressed (Figure 4.7). Furthermore, Cbfp isoforms 3 and 4
seem to have lost the ability to regulate Runx2 (Figure 4.7). All together, these results clearly
indicate that the presence of the different amino acids in the C-terminal of the Cbf3 that are

generated by the presence of the exon 5b, are likely to be essential for protein binding to
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Runx2-MASN isoform and so to enhance Runx2-induced transcription. We also show that
CbfB alone has no effect on 4xColX transcription (Figure 4.7).

*P<0.001
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Figure 4.7 Transcriptional co-activation of collagen type X promoter by Runx2-MASN/Cbfp.
HEK 293 cells were transfected with zebrafish pTATALuC-4xColX(-822/-794) promoter
construct, a reporter plasmid derived from the colXal promoter that contains four copies of
putative Runx-binding site. Cells were cotransfected with the indicated CbfB (isoforms 1-4)
expression plasmids in the presence of zebrafish Runx2-MASN isoform. The graph shows the
fold induction expression of colX promoter construct, alone or co-transfected with Runx2
and/or Cbff. The data indicated is a representative plot that shows the average and
standard deviation (error bars) from at least three independent experiments, each done in
duplicate. Significance was determined by One Way Anova. Asterisk (*) indicates that the
value is statistically different (p<0.001).

4.4.8 Co-immunoprecipitation of Cbfp splicing variants and runx2

To assess the heteromeric assembly of zebrafish Cbfp protein isoforms 1-4 and Runx2 by an
independent biochemical approach, co-immunoprecipitation experiments were performed.
Protein lysates prepared from HEK293 cells expressing HA-tagged Cbff3 isoforms 1-4 alone or
together with Flag-tagged runx2 were immunoprecipitated with an anti-Flag monoclonal
antibody. Immunoprecipitates were subjected to SDS-gel electrophoresis and probed with

anti-HA and anti-FLAG antibodies to visualize HA-CbfB isoforms 1-4 and Flag-Runx2 (Figure
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4.51). Flag-Runx2 was specifically co-immunoprecipitated with HA-tagged Cbff3 isoforms 1, 2
and 4, but not HA-CbfB isoform 3 (Figure 4.S2). These experiments clearly indicated that
CbfB isoforms 1, 2 and 4 are present in protein complexes with Runx2 in HEK293 cells,
suggesting an interaction between these isoforms and Runx2, while the isoform 3 of Cbff3

failed to interact with Runx2 under these conditions.

4.5 Discussion

In this study we describe 11 different spliced variants of zebrafish cbf8 mRNA (including the
one previously known (Blake et al, 2000) corresponding to our isoform 4, A5aA5b). These 10
novel spliced variants greatly expand our knowledge of the isoforms of cbf6 at the level of
mMRNA in zebrafish and provide evidence for a conserved structure and splicing events
between zebrafish and human CBFB genes. Alternative pre-mRNA splicing plays an
important role in regulating gene expression by generating multiple transcripts from a single
gene with specific spatial and temporal patterns, thus contributing to generate proteome
diversity and increasing flexibility for gene expression and regulation (Graveley, 2001; Black,
2003). Nonetheless, much remains to be understood about the mechanisms and functional
significance of this process. The CBFB gene encodes a transcription factor (CBFB) that plays
important roles in hematopoiesis, osteogenesis and leukemia (Liu et al, 1995; Speck et al,
1999; Miller et al, 2002). The biological relevance of CBFB has been demonstrated in a
knock-out mouse model that exhibits embryonic lethality due to defective fetal liver
hematopoiesis and central nervous system bleeding, recapitulating the Runxl null
phenotype (Sasaki et al, 1996; Wang et al, 1996). Conversely, heterozygous be6+/' knock-in
mice survive gestation but die soon after birth with bone developmental defects comparable
to those observed in Runx2” mice although less severe (Kundu et al, 2002). In zebrafish, cbf8
is expressed during embryogenesis in early hematopoietic cells and in the lateral plate
mesoderm at tail bud stage, as well as in Rohon-Beard cells, cranial nerve ganglia, hindbrain,
retina, branchial arches, jaw, and fin buds (Blake et al, 2000). Recently it was shown that
zebrafish cbf8 knockout mutants (cbf6'/') retained primitive hematopoiesis and erythro-
myeloid progenitors but completely lacked all definitive blood lineages (Bresciani et al,

2014), confirming the importance of Cbfp in the onset of definitive hematopoiesis. Our RT-
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PCR analysis in zebrafish developmental stages and adult tissues shows that cbf8 is widely
expressed, been detected in all samples analyzed. This is in agreement with a previous study
(Blake et al, 2000) where they show by Northern blot hybridization that cbf8 expression is
first detected at 3-somite stage and then continued through to at least 48 hpf and also in an
adult sample. Our gene expression profile data demonstrate that at 1 cell stage just the cbf8
isoforms 1 and 2 are detected, but not isoforms 3 and 4 (Figure 4.6B). The fact that isoforms
1 and 2 are detected at 1 cell stage indicates that they are maternally inherited, in contrast
to isoforms 3 and 4 that are not expressed at this time, emphasizing that the biological
function of CbfpB splice variants should be further evaluated throughout development. Blake
and co-workers (2000) also showed that cbfB is expressed in the kidney as they used a
kidney cDNA library to clone the transcript. Our data shows that cbfB expression persists in
adult, as we could detect all four transcript variants (isoforms 1-4) in all the tissues analyzed

(Figure 4.6B).

Translated variants of such an important mRNA species may have important modulatory
functions in development or in critical cell fate decisions, although some of these isoforms
may not be translated due to the process of nonsense-mediated mRNA decay (NMD) that
promotes degradation of mMRNAs containing premature translation termination codons. This
process was identified and studied also in zebrafish, and shown to be essential for zebrafish
embryonic development, preventing accumulation of potentially detrimental truncated
proteins (Wittkopp et al, 2009). Two of the transcript variants described in this report
present premature termination codons (isoforms 5 and 6; Figure 4.1), and thus may be

potential targets for the NMD pathway, and not likely to be translated into protein.

In human and mice, CBF8 resides on chromosomes 16 and 8, respectively, and both species
show two major isoforms resulting from distinct alternative splicing events that produce, in
each case, a frame-shift generating a termination codon so that the two proteins (of 187 and
182 amino acids, respectively) differ in several amino acids at the carboxy terminus (Adya et
al, 2000; Ogawa et al, 1993) (Figure 4.S3). A search of the human dbEST and non-redundant
data bases identified three more exons in the human CBF8 gene (Figure 4.54), giving a gene

structure of nine exons whose alternative splicing creates ten human CBF8 isoforms.
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Multiple alighnments between major CBFp isoforms described in different vertebrates (Figure
4.4 and Figure 4.S5), show that zebrafish Cbfp_A (isoform 4) is highly conserved in all species
analysed (CBFB_A isoform containing 187 aa). In contrast, the C-terminal of the zebrafish
CbfB_C (isoform 2) shows high homology with the C-terminal of Cbff from other fish (e.g.
Atlantic salmon, tilapia, and medaka isoform_C) but differs from the C-terminal of the other
vertebrates CBFB_B (isoform containing 182 aa) used in the alignment. This divergence in
the C-terminal between the different species may indicate that this region has a functional
relevance that could be species specific, possibly mediating interactions with different
proteins from the CBF regulatory complex. Different groups (Wang et al, 1996; Kagoshima et
al, 1996; Zhou et al, 2012; Du et al, 2013) have studied the CBFB binding capacity to Runx co-
factors throughout the heterodimerization domain (N-terminal region), but the exact
function of the C-terminal region of the CBFB isoforms is still unknown at this time.
Interestingly, an association between breast cancer and mutations in the heterodimerization
domain of CBFB were previously reported (Banerji et al, 2012; Taniuchi et al, 2012; Ellis et al,
2012). Accordingly, all these CBFB genetic changes are likely to result in loss-of-function
mutants. Oncogenic rearrangements of CBFB are common in acute myeloid leukemia where
the CBFB—MYH11 translocation produces a protein product that fuses the first 165 aa of
CBFB to the MYH11 resulting in a hybrid molecule believed to have dominant negative

function (Shigesada et al, 2004).

It was previously shown that Cbfp interacts with Runx2 in bone and cartilage and enhances
Runx2-mediated transcription (Kundu et al, 2002; Yoshida et al, 2002; Nakashima and
Crombrugghe, 2003; Kanatani et al, 2006; Han et al, 2010). Higashikawa et al (2009) showed
that human COL10A1 promoter activity, which was enhanced by RUNX2, was further
potentiated by RUNX2 in combination with the co-activator CBFB. The same was observed
with the osteocalcin promoter (Kanatani et al, 2006). According to previous studies, the
C-terminal amino acids that are different between the two major CBFp isoforms are in a
region of the protein that is not required for the heterodimerization with the RUNX partner
(Ogawa et al, 1993; Kagoshima et al, 1996) and so it was suggested that the amino acid
differences in this region are not expected to affect the ability of the a/B subunits to
heterodimerize (Blake et al, 2000). From the spliced variants cloned in this work, four of

them seem to be potentially interesting from a functional point of view: isoforms 1-4 (the
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complete, A5a, A5b and A5aA5b isoforms, respectively), and so their capacity for
transcription transactivation was further analysed. Our co-transfection experiments
demonstrate that zebrafish Cbfp isoforms carrying the exon 5b (isoforms 1 and 2) have a
higher capacity to enhance the induction of ColX promoter by Runx2-MASN isoform,
compared to the isoforms lacking exon 5b (isoforms 3 and 4) (Figure 4.7).
Immunoprecipitation data allowed us to explain the transactivation data by the direct
interaction of Runx2 with Cbff isoforms 1 and 2 and not with Cbff isoform 3. However, an
interaction was also observed between Runx2 and CbfB isoform 4, although this interaction
does not result in a Runx2 stimulated transcription of ColX promoter in the conditions
tested. The differences between these four Cbff isoforms reside in their C-terminal region
(Figure 4.2). Isoforms 1 and 3 have distinct C-terminal sequences, while isoforms 2 and 4
represent spliced variants of isoforms 1 and 3, respectively. These results suggest that
isoforms 1 and 2 have a functional motif that is lacking in isoforms 3 and 4, likely located in
exon 5b. Alternatively, the distinct C-terminal domain found in isoforms 3 and 4, (Figure 4.2)
may be interfering with its binding to the Runx2 protein by either affecting the stabilization
of the heterodimer, enabling the binding of some other co-factor still not identified and
important to the function of the CBF complex, or affecting its translocation to the nucleus,

which is required for acting as a co-factor of Runx2.

Zebrafish Cbfp (isoform 4; A5aA5b) has previously been shown to induce the human CBFa2
(RUNX1-MRIPV isoform) as efficiently as the human CBFp protein (isoform 187) (Blake et al,
2002). In contrast with these findings, our results show no significant enhancement of
runx2-MASN transcriptional activity in the ColXa1 promoter fragment when co-transfected
with the Cbfpf isoform 4 (Figure 4.7). This apparent discrepancy may indicate that the
different CBFa subunits (runxl, 2 and 3) have distinct affinities for the different Cbfp
isoforms. In fact, it was shown that in mammals the CBF (isoform 187) and CBFB (isoform
182) interact with RUNX1 similarly, although CBFp (isoform 187) in conjunction with RUNX1
transactivates SL3-3MLV enhancer more strongly (Zaiman et al, 1995). In addition, and as
suggested previously, CBFP proteins apart from their well-known function as co-factors of
RUNX associated DNA-binding affinity, may have additional functions such as, (i) when
bound to the runt domain, CBFB proteins may induce a conformational change allowing it to

interact with other transcriptional activators or (ii) it can act as an interacting factor between
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RUNX proteins and other protein cofactors (Adya et al, 2000; Li and Gergen, 1999).
Altogether it seems that CBFB isoforms function can be modulated by the RUNX isoform
present and thus also depends on the cell type used in each study (Adya et al, 1998).
Higashikawa et al (2009) showed that the effect of RUNX2 in human COL10A1 promoter
activity observed in human cells were not reproducible in the mouse chondrogenic ATDC5
cells, in which neither RUNX2 alone nor in combination with CBFP affected COL10A1
promoter activity. Indeed, more recently Du et al (2013) showed that when HEK293T cells
were co-transfected with the C-terminal-truncated CBFB constructs and the viral infectivity
factor (Vif) of HIV-1 (Vif-expressing vector) following repression of endogenous expression of
CBFB by an shRNA approach, Vif expression appeared quite variable, depending on the
co-transfected CBFB variant. The authors concluded that different lengths of CBFB are
required for its role in Vif function and for its role in RUNX-mediated gene transcription and
hypothesized that different CBFB domains may be required for regulation of different target
genes (Du et al, 2013). It is also possible that still another co-activator, as yet unidentified,
may be involved in this process of transactivation but further studies are required to clarify

the precise mechanism of this phenomenon.

Overall, in this work we have cloned and described for the first time a variety of zebrafish
cbfB alternative spliced variants. Using a bioinformatic approach we have determined the
structures of both the zebrafish cbf8 gene and predicted protein products and shown a high
degree of sequence identity between zebrafish Cbff and the mammalian CBFB proteins,
indicating conserved functions. Using luciferase assays, we showed that the Runx2-MASN
mediated activation of the Col10al promoter is differentially co-activated by Cbff3 isoforms,
although further work will be needed to clarify the significance of the biological function of

these cbf68 variants.
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4.6 Supplementary Tables

Table 4.S1 Pairwise per cent identities among CBFP sequences. A - From light grey to black: actinopterygii, chondrichthyes, sarcopterygii
(amphibia, sauropsida, mammalia). Hsa, Homo sapiens (human); Ptr, Pan troglodytes (chimpanzee); Mmu, Macaca mulata (rhesus macaque);
Ssc, Sus scrofa (pig); Bta, Bos Taurus (bovine); Mmus, Mus musculus (mouse); Rno, Rattus norvegicus (rat); Lve, Lipotes vexillifer (Yangtze River
dolphin); Xtr, Xenopus tropicalis (Western clawed frog); Dre, Danio rerio (zebrafish); Ola, Oryzias latipes (medaka); Ame, Astyanax mexicanus
(Mexican tetra); Phu Pseudopodoces humilis (Tibetan ground-tit); Mun, Melopsittacus undulatus (budgerigar); Gac, Gasterosteus aculeatus
(three spined stickleback); Cid, Ctenopharyngodon idella (grass carp); Ssa, Salmo salar (Atlantic salmon); Oni, Oreochromis niloticus (Nile
tilapia); Loc, Lepisosteus oculatus (Spotted gar); Mze Maylandia zebra (Zebra Mbuna); Pfo, Poecilia formosa (Amazon molly); Xma Xiphophorus
maculatus (Southern platyfish); Aca, Anolis carolinensis (green anole); Cmi, Callorhinchus milii (elephant shark); Gga, Gallus gallus (chicken);
Xla, Xenopus laevis (African clawed frog); Cpi, Chrysemys picta belli (Western painted turtle); Asi, Alligator sinensis (Chinese alligator); Zal,
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Zonotrichia albicollis (white-throated sparrow); Ami, Alligator mississippiensis (American alligator).
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Table 4.52 Zebrafish-human ortholog gene pairs.
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Locus LG location Human Gene ID Human Chromosome location name
dnajazl 18 5,943,008 ENSG00000069345 16 46,989,299 Dnal (HSP40)homolog, subfamily A, member 2

pdp2 18 6,916,184 ENSG00000172840 16 66,912,492 Pyruvate dehydrogenase phosphatase isoenzyme 2
ccdc79 18 6,919,972 ENSG00000249961 16 66,788,879 Coiled-coil domain containing 79

tat 18 12,640,431 ENSGO00000198650 16 71,599,563 Tyrosine aminotransferase

cirhla 18 14,205,614 ENSG00000141076 16 69,165,194 Cirrhosis, autosomal recessive 1A (cirhin)

ces2 18 17,067,638 ENSG00000172831 16 66,968,347 Carboxylesterase 2

ces3 18 17,077,342 ENSG0O0000172828 16 66,995,140 Carboxylesterase 3

b3gnt9 18 17,171,163 ENSG00000237172 16 67,182,008 UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 9

bbs2 18 17,175,737 ENSG00000125124 16 56,500,748 Barbet-Biedl syndrome 2

aars 18 18,416,984 ENSG00000090861 16 70,286,293 Alanyl-tRNA synthetase

got2 18 20,959,432 ENSGO0000125166 16 58,741,035 Glutamic-oxaloacetic transaminase 2 mitochondrial (aspartate aminotransferase 2)
pskhl 18 21,508,905 ENSGO0000159792 16 67,918,708 Protein serine kinase H1

nmila 18 21,564,830 ENSG00000188038 16 67,918,708 Neuritin 1-like a

edc4 18 21,641,228 ENSG00000038358 16 67,906,926 Enhancer of mRNA decapping 4

nutf2 18 21,694,396 ENSG00000102898 16 67,880,635 Nuclear transport factor 2
tsnaxipl 18 21,712,452 ENSG00000102904 16 67,840,668 Translin-associated factor x interacting protein 1
pard6a 18 21,809,385 ENSG0O0000102981 16 67,694,851 Par-6 partitioning defective 6 homolog alpha

bcarl 18 22,284,911 ENSG0O0000050820 16 75,262,928 Breast cancer anti-estrogen resistance 1

hsf4 18 22,523,979 ENSG00000102878 16 67,197,288 Heat shock transcription factor 4

cbfb 18 22,774,824 ENSG00000067955 16 67,063,019 Core-binding factor, beta subunit

noc4 18 30,444,963 ENSG00000131148 16 85,805,364 ER membrane protein complex subunit 8 (EMC8)
kiaa1049 18 31,005,946 ENSG00000141002 16 89,940,000 TCF25 transcription factor 25 (basic helix-loop-helix)
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4.7 Supplementary Figures
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Figure 4.S1 Preparation of fusion proteins. Whole cell extracts from untransfected HEK293
cells or transiently expressing the indicated proteins were analysed by western blotting.
Each lane was loaded with equivalent amounts of protein extracts (10 pg). (A) Expression of

Runx2 detected with anti-flag antibody and (B) expression of the four isoforms of Cbff
detected with anti-Ha antibody.
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Figure 4.52 Runx2 binds to isofl, isof2 and isof4 but not to isof3 of Cbfp. Whole cell extracts
from HEK293 cells transiently expressing Ha-CbfB isoforms 1-4 (isofl, isof2, isof3 and isof4)
alone or in combination with Flag-Runx2 were immunoprecipitated with an anti-flag
antibody and proteins were detected by western blotting with anti-Ha and anti-flag

antibodies. IP indicates immunoprecipitation and WB indicates western blot. The position of
non-specific proteins (*) is indicated.
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Figure 4.53 Alignment analysis of human CBFB protein isoform sequences. CBF amino acid
sequences were analysed using AlignX. Numbering is according to the first residue of the
protein.
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Figure 4.54 Schematic representation of human CBFB gene and corresponding transcripts.
Curved arrow indicates site of transcription initiation, from exon 1. The gene structure of
nine exons (boxes numbered 1-6) was obtained after assembly of all the identified
transcripts. Numbers below the gene indicate the size of exons (in bp) and numbers in
vertical on the top of the lines indicate the size of the introns (in kb). Ten different
transcripts originated by alternative splicing are indicated below the gene. The
corresponding GenBank or Ensembl accession numbers are indicated to the right of each
transcript. Grey boxes represent coding regions; white boxes represent non coding regions.
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Figure 4.S5 Protein sequence comparison of CBFB from
different species. (For description see legend of Figure 4.4).
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5.1 Abstract

RUNX3 encodes a member of the runt domain-containing family of transcription factors.
RUNX3 forms a heterodimeric complex with CBFbeta subunit and binds to the core DNA
sequence 5'-PYGPYGGT-3' found in a number of enhancers and promoters, and can either
activate or suppress transcription. RUNX3 expression is regulated by two promoter regions,
designated P1 and P2. Although the importance of this transcription factor in the regulation
of many genes is proven, not much is known about the factors that regulate RUNX3
transcription. We showed that both Runx2 and Runx3 interact with CbfB to regulate
zebrafish runx3 promoters. Using a variety of cell lines, a number of upstream regulatory
regions in the zebrafish runx3 gene were identified. Functional analysis of these regions
allowed the identification of four regions in runx3-P1 promoter, including two positive
regulatory regions from -5094 to -1766 and -948 to -786 and two negative regulatory regions
from -1766 to -948 and -662 to -559, and three regions in runx3-P2 promoter, including two
positive regulatory regions from -1232 to -699 and -554 to -474 and one negative regulatory
region from -3930 to -1232. These results were complemented with in silico analysis of the
putative transcription binding sites that are present in each identified region. In addition, in
vivo analysis of zebrafish runx3 gene expression was performed and the tissue-specific
expression of each specific promoter fragment analysed. Taken together, the results of the
functional differences between runx3-P1 and runx3-P2 promoters suggest differences in
overall transcriptional activity. As these differences are probably dependent on regulation by
different transcription factors, the first detailed map of the transcriptional regulatory
elements of the zebrafish runx3-P1 and runx3-P2 promoter regions described in this study
provides an important reference for further functional analysis to identify exactly how each

factor regulates each promoter region.
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5.2 Introduction

Runx (runt-related) family of transcription factors comprises Runx1/AML1/Cbfa2,
Runx2/AML2/Cbfal and Runx3/AML3/Cbfa3 (van Wijnen et al, 2004). RUNX proteins are
crucial transcription factors that regulate a wide range of biological processes to orchestrate
proper cell fate determination during the development of metazoans (Coffman, 2003). Gene
ablation and gain of function experiments established all three proteins as important
regulators of cell fate decisions in early embryonic development and tissue differentiation -
blood, neurons, and bone (Westendorf and Hiebert, 1999; Ito, 2008). Runx2 and Runx3 act
early in development and play fundamental roles in skeletal development by regulating
chondrocyte maturation and proliferation (Komori, 2005; 2015; Soung et al, 2007). Runx3
isoforms have also been shown to affect early neuron development (Chen et al, 2006;
Kramer et al, 2006). Accordingly, deregulation of RUNX proteins is also involved in human

disease (Blyth et al, 2005; Ito, 2008).

The RUNX genes arose early in evolution and maintained extensive structural similarities in
vertebrates. All have two promoters, located 5’ from each of the two ATG-containing exons
and all heterodimerize with CBFB that enhances their affinity to bind to the common DNA
motif TGPyGGTPy (Py is a pyrimidine) (lto, 2004; Westendorf and Hiebert, 1999). Multiple
RUNX putative binding sites have been predicted in both promoters of all RUNX genes, and
the cross-regulation and/or auto-regulation between the RUNX family members has been
reported (Drissi et al, 2000; Otto et al, 2003; Spender et al, 2005; Brady et al, 2009). In
zebrafish, a runx3 orthologue was identified and its embryonic expression described (Burns
et al, 2002; Kataoka et al, 2000; Simdes et al, unpub.). In this study, we performed an in silico
analysis of zebrafish runx3 gene Distal (P1) and Proximal (P2) promoters with MATCH
software that revealed the existence of several putative transcription factors binding sites
(TFBSs) in both regions. We cloned the 5-upstream regions of runx3 gene promoters in a
reporter vector (runx3-P1:LuC and runx3-P2:LuC constructs) and demonstrated that the
putative promoter regions, P1 and P2, are capable of mediating gene transcription both in
cultured cells and in vivo, in zebrafish embryos. We performed an extensive in vitro
functional analysis in different cell lines using several deletion mutant constructs from both
promoter regions allowing us to identify positive and negative regulatory regions in each

promoter and by promoter comparative analysis using DiAlignTF software we were able to
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identify several putative TFBSs conserved in that regions, potentially involved in the
transcriptional regulation of the runx3 gene. As our in silico analysis predicted various
putative TFBSs for the RUNX transcription factors, the possible cross-regulation and/or auto-
regulation of the runx3 gene by Runx2 and by its own isoforms was also tested in vitro by co-
transfection of both runx3 promoter constructs into HEK293 cells, with or without the Runx
co-factor Cbfp, indicating that in fact, runx3 promoters are regulated by Runx2/3 isoforms.
Additionally, using Tol2-mediated technology, runx3-P1 and runx3-P2 promoters fused
upstream of a mutant version of the green fluorescent protein (EGFP) reporter were
analysed in vivo for their capacity to drive EGFP expression. We observed that runx3-
P2:EGFP construct was capable to recapitulate part of the endogenous expression pattern of

runx3 mRNA observed by in situ hybridization.

5.3 Materials and Methods

5.3.1. Ethics statement

All zebrafish (Danio rerio) studies were conducted using the wild type (AB) strain available at
the CCMAR zebrafish facility, University of Algarve (Faro, Portugal) and the experiments
were conducted following the legislation for animal experimentation and welfare in
Portugal, in accordance with the Portuguese law (Portaria 1005/02 and Portaria 1131/97)
which transcribes the European Guideline 86/609/EC.

5.3.2. Zebrafish maintenance

Embryos were obtained from natural spawning, collected in embryo medium (Westerfield,
2000), raised at constant temperature of 28.5°C and staged according to Kimmel and
co-workers (1995) (occasionally, when necessary their development was slowed down or
speeded up by incubation at 23°C or 33°C, respectively). For some experiments, embryos
were treated with 0.003% 1-phenyl-2-thiourea (PTU; Sigma) to inhibit pigment formation for

further imaging improvement. All specimens were deeply anesthetised in Tricane (3-amino
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benzoic acid ethyl ester also called ethyl 3-aminobenzoate, Sigma) before manipulation as

described in the Zebrafish Book (Westerfield, 2000).

5.3.3. In silico sequence analysis

The runx3 P1 and P2 upstream regions were identified using the BLAST tool available at NCBI
database (National Center for Biotechnology Information, www.ncbi.nlm.nih.gov). The
GenBank database was searched for annotated zebrafish runx3 sequences and the promoter
sequences were extracted for analysis by selecting 5000 base pairs (bp) upstream of the
translation start site of each isoform. Core promoter elements and binding sites for
transcription factors were predicted by in silico analysis using the Match™ (public version
1.0) program that uses a library of positional weight matrices from TRANSFAC® Public 6.0,
available at ww.gene-regulation.com/pub/programs. A Cut-off of 0.9 for core and matrix

similarity was used.

5.3.4. Genomic DNA library preparation

The genomic DNA of an adult zebrafish specimen was prepared using the QIAGEN DNeasy
Tissue kit and the DNA quality and quantity was evaluated by measurement of absorbance

at 260 nm, using a NanoDrop 1000 spectrophotometer (Thermo-Fisher).

Two genomic DNA libraries were constructed using the previous genomic DNA, digested with
Stul and EcoRV, and prepared using standard protocols according to the manufacturer’s

instructions for the Universal GenomeWalker ™ Kit (Clontech).

5.3.5 Cloning of the 5’ upstream regions (P1 and P2) of zfrunx3

The zebrafish runx3 sequences for P1-derived transcripts (AB043789 and AB043790) and

P2-derived transcript (AB043788) were aligned against the zebrafish genome (Danio rerio
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strain Tuebingen chromosome 13, GRCz10; Sequence ID: ref[NC_007124.6|) and the 5 kb
region upstream the ATG codon for each isoform was used as template to design the runx3
specific primers, listed in Table 5.51. The 5’ upstream regions (P1 and P2) of zfrunx3 were
obtained using as template either zebrafish genomic DNA or GenomeWalker EcoRV and Stul

libraries, in a nested PCR.

The amplifications using the GenomeWalker EcoRV and Stul libraries as templates were
performed using Advantage Polymerase Mix (Clontech), Adaptor Primer 1 (AP1) and
gene-specific primers. A nested PCR was then performed using a dilution of the primary PCR
product as template, the Adaptor Primer 2 (AP2) and respective gene-specific primers
following the conditions suggested by the supplier. Three different size fragments of the
runx3 P2 (or PP) promoter region, named PP665, PP134 and PP104, were obtained using the
Stul genomic library and the adaptor primers (AP1 and AP2) and the gene-specific antisense
primers (GWZfRunx3_R4 and GWZfRunx3_R3), respectively, in primary and nested PCR
reaction. Similarly, one fragment (PD1200) of the runx3 P1 (or PD) promoter region was
obtained using the Stul genomic library in a primary amplification reaction with AP1 adaptor
and the antisense gene-specific primer (GWZfRunx3_R1) and then this product was used in a
nested PCR with a pair of gene-specific primers (GWZfRunx3_F1 and GWZfRunx3_R5). PCR
products were size-separated by electrophoresis on an agarose gel, purified using GeneJET
Gel Extraction Kit (Thermo Scientific), cloned into the pCRII-TOPO vector using the TOPO TA

cloning kit (Invitrogen) and sequenced on both strands to confirm their identity.

Zebrafish genomic DNA was used to amplify larger fragments of each P1 and P2 5’ upstream
region, using the KOD Hot Start DNA Polymerase (Novagene) and gene-specific primers.
Amplification conditions were those suggested by the supplier. The fragments designated
runx3-PD(5kb) and runx3-PD(4.4kb) from the runx3-P1 promoter region were amplified
using the same sense primer (DrRunx3PD_F2) and the antisense primers (DrRunx311&IIl_R2
and GWZfRunx3_R5, respectively) in a primary PCR and then used as template in a nested
PCR with the sense primer (DrRunx3PD_Kpnl_F5) and the antisense primers
(DrRunx3lI&IIl_R2 and DrRunx3PD_Xhol_R5, respectively). The fragments designated
runx3-P2(3.4kb) and runx3-P2(3.3Kb) from the runx3-P2 promoter region were amplified

using the same specific sense primer (DrRunx3PP_F4) and antisense (DrRunx3_R4 and
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Runx3IntExR1_Xhol, respectively) in a primary PCR reaction and then used as template for a
nested PCR using the sense primer (DrRunx3PPKpnl_F3) and the antisense primers
(GWZfRunx3_R3 and Runx3IntExR1_Xhol, respectively). PCR products were size-separated by
electrophoresis on an agarose gel, purified using GenelJET Gel Extraction Kit (Thermo
Scientific), cloned into the pletl.2 vector using the CloneJET PCR Cloning Kit (Thermo
Scientific) and sequenced on both strands to confirm their identity. All the primers used are

listed in Table 5.51.

5.3.6 Plasmid construction for promoter functional analysis assays

The zebrafish runx3 luciferase reporter plasmid PD(-1766/-559)LuC was obtained by direct
extraction from the respective fragment (PD1200) cloned in pCRII-TOPO vector using Kpnl
and Xhol restriction enzymes, whereas the constructs PD(-5094/-17)LuC and
PP(-5094/-701)LuC were obtained by direct extraction from the respective fragments (PD5Kb
and PD4.4Kb) cloned in pletl.2 vector using Kpnl and Bglll restriction enzymes. The
PD(-1766/-662)LuC, PD(-948/-662)LuC, PD(-786/-662)LuC and PD(-478/-17)LuC constructs
were generated by PCR amplification using as template the construct PD(-1766/-559)LuC
with  sense primers (pGL3_FW2; DrRunx3PD _Kpnl _F1; DrRunx3PD_Kpnl F2 and
DrRunx3PD_Kpnl_F3, respectively) and a common antisense primer (DrRunx3PD_Xhol_R2).
The PD(-1766/-17)LuC, PD(-948/-17)LuC and PD(-786/-17)LuC constructs were generated by
PCR amplification using as template the construct PD1200 cloned in pCRII-TOPO vector with
sense primers (Universal M13Rev; DrRunx3PD_Kpnl_F1; and DrRunx3PD_Kpnl_F2,
respectively) and a common antisense primer (DrRunx3PD_Xhol_R1). DNA fragments were

digested with Kpnl and Xhol restriction enzymes.

The zebrafish runx3 luciferase reporter plasmids PP(-1232/-713)LuC, PP(-1232/-474)LuC and
PP(-699/-474)LuC were obtained by direct extraction using Xhol and Hindlll restriction
enzymes, from the fragments (PP665, PP134 and PP104, respectively) cloned in pCRII-TOPO
vector. The constructs PP(-3930/-474)LuC and PP(-3930/-554)LuC were obtained by direct
extraction using Kpnl and Bglll restriction enzymes, from the respective fragments (PP3.4Kb

and PP3.3Kb) cloned in pletl.2 vector. The PP(-855/-554)LuC construct was generated by
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PCR amplification using as template the construct PP(-1232/-474)LuC with the primers
Runx3_PPF1_Kpnl and Runx3IntExR1_Xhol, while the PP(-855/-18)LuC construct was
generated by PCR amplification using zebrafish genomic DNA as template with the primers
Runx3_PPF1_Kpnl and Runx3PP_R1_Xhol. DNA fragments were digested with Kpnl and Xhol

restriction enzymes.

All the DNA fragments described above were inserted into pGL3-Basic vector previously
digested with the respective restriction enzymes. Constructs were verified by double
stranded DNA sequence analysis. Plasmids used for transfection studies were prepared using
the GFX™ Micro Plasmid Prep kit (GE Healthcare). All the primers used are listed in Table
5.51.

5.3.7 Cell culture and growth conditions

The cell lines used on transient transfection assays were maintained in the appropriate cell
culture medium according to their specific requirements. Human embryonic kidney 293
(HEK293, ATCC CRL-1573), human bone osteosarcoma U20S (ATCC HTB-96) and mouse
neuroblastoma Neuro2a (ATCC CCL-131) cell lines were cultured in Dulbecco’s modified
eagle medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS, Sigma)
and 2mM L-Glutamine, whereas mouse chondrogenic ATDC5 (Sigma 99072806) and rat glial
C6 (ATCC CCL-107) cell lines were maintained in DMEM:F12 (1:1) (Gibco) medium
supplemented with 5% (v/v) FBS and F-12K (Gibco) medium supplemented with 2.5% (v/v)
FBS plus 15% (v/v) horse serum (Gibco), respectively. 1% (v/v) penicillin/streptomycin (P/S)
was added to cell culture media. Cells were allowed to grow in a humidified incubator at
37°C and an atmosphere of 5% CO, and passaged at regular intervals on reaching

approximately 80% confluence.
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5.3.8 Runx3 amplification from cell lines using RT-PCR

Total RNA was extracted from A6 (Xenopus laevis; ATCC#CCL102), HEKL293, Neuro2a and C6
cell lines with TRIzol (Sigma) as recommended by the manufacturer. RNA integrity was
assessed through 1% (w/v) agarose/formaldehyde gel electrophoresis and RNA quantity was
determined through spectrophotometry (NanoDrop). Total RNA (1 pg) was DNase |
(Promega) treated before reverse-transcribed using the Moloney-murine leukemia virus
(MMLV) reverse transcriptase, RNaseOUT (both from Invitrogen) and oligo(dT)-adapter
primer (Table 5.51). Runx3 and control (GAPDH or Actin) genes were amplified from each
cell line cDNA sample by PCR using the SsoFast EvaGreen Supermix (Bio-Rad) and the
respective pair of gene-specific primers (Table 5.52). PCR results were analysed in a 1.8%

agarose gel.

5.3.9 Transient transfection and functional promoter analysis assays

Each cell line was seeded and transfected according to its optimal number of cells per well
and transfection reagent. Cells were seeded at approximately 40%-70% of confluence in
24-well plates (5x10* cells/well for HEK293 cells and 3x10” cells/well for U20S) or in 12-
well-plates (1x10* cells/well for ATDCS cells) and transient transfection assays were carried
out after approximately 16 hours using the X-TREME reagent (Roche). Neuro2a and C6 cells
were seeded in 24-well plates (5x10* cells/well) and transfected with the Lipofectamine LTX
with PLUS reagent (Invitrogen). The cells were transient transfected in the day after seeding
with the promoter luciferase reporter constructs and the Tk Renilla vector (Promega), as an
internal control. The cells were harvested 48 h post-transfection and the luciferase activity
was obtained in a Synergy 4 microplate reader (BioTek) using the Dual-Luciferase reporter
assay system (Promega) according to the manufacturer's instructions. Each transfection was

normalized using the ratio between the firefly luciferase and Renilla luciferase activities.
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5.3.10 Functional promoter analysis in vivo
5.3.10.1 Transient luciferase assays in vivo

Transient luciferase assays in vivo were performed by co-injection of runx3-P1 and runx3-P2
promoter luciferase constructs (=50 pg/embryo) and the internal control Tk Renilla vector
(=5 pg/embryo), into 1-cell stage zebrafish embryos, using a Nanoject Il (Drummond
Scientific Co.) apparatus and incubated at 28.5°C. Embryos were collected for analysis using
the Dual-Luciferase reporter assay system 24 hours post-injection in groups of five embryos
per tube, anesthetized, lysated and luciferase activities (firefly and Renilla) were assessed as

described previously (Section 5.3.8).

5.3.10.2 Generation of transgenic animals

The construct PD(-5094/-17):EGFP was obtained by direct extraction from the construct
PD(-5094/-17)LuC (in pGL-3-Basic vector; Section 5.3.6) using Kpnl and Hindlll restriction
enzymes and the construct PP(-3930/-554):EGFP was obtained by direct extraction from the
construct runx3-P2(3.3Kb) (in pJetl.2 vector; Section 5.3.5) using Kpnl and Bglll restriction
enzymes, and independently cloned into pminiTol plasmid (Balciunas et al, 2006), a modified
Tol2 expression vector that contains the EGFP reporter transgene. The constructs for
injection were verified by double stranded DNA sequence analysis and purified using the
GFX™ Micro Plasmid Prep kit. The Tol2 transposase mRNA was obtained from the template
pCSTZ2.8 plasmid (Kawakami et al, 1998) by in vitro transcription using the SP6 mMessage

mMachine kit (Ambion).

To generate the zebrafish transgenic lines, each expression construct was co-injected with
transposase mRNA into the cytoplasm of single-cell stage wild-type AB strain zebrafish
embryos (=125 pg/embryo each). The injected embryos were screened for GFP expression
and the transgenic founders (FO) were raised to sexual maturity and outcrossed to wild-type,
and their progeny (F1) analysed for GFP expression. GFP positive F1 embryos, carriers of the
transgene, were raised to adulthood to outcross and generate the transgenic stable line. The

embryos were mounted in 1.2% agarose and imaged in a Zeiss LSM710 confocal microscope
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or mounted in 3% methylcellulose (Sigma) and imaged using an Olympus IX81 fluorescence

microscope coupled with an F-view Il camera (Olympus) .

5.3.11 Statistical analysis

For the promoter-reporter assays all samples were tested in duplicates in at least three
independent experiments and the data was presented as mean and standard deviation
(mean = SD) of that measurements. Statistical significance of data was determined by
analysis of variance (ANOVA) with Tukey’s post test using GraphPad Prism version 4.00
(GraphPad Software, www.graphpad.com). A value P<0.05 was assumed to denote a

significant difference.

5.4. Results

5.4.1 In silico identification of transcriptional regulators in runx3 P1 and P2 promoter

regions

Similar to the other two members of the Runx family of transcription factors, the
transcription of runx3 is regulated by two distinct promoter regions (P1/distal and
P2/proximal), located upstream of exons 1 and 2, respectively, generating two major protein
isoforms that differ in their N-terminal sequence (Chapter Il of this thesis). To predict
putative core promoter elements and transcription factor binding sites (TFBSs) in each
region, an in silico analysis on the regions located 1 kb upstream the translating starting
codons of the zebrafish runx3 gene was performed using the Match™ (public version 1.0)
program (Figure 5.1). The results revealed a consensus TATA box and two inverted CCAAT
boxes located at positions -43, -72 and -103, respectively, upstream the runx3-P2 TSS (Figure
5.1B). No consensus TATA box was predicted in the runx3-P1 upstream region, but two
CCAAT boxes were detected at positions -476 and -587 upstream the ATG codon in the

5’UTR region in the proximity of the runx3-P1 TSSs (Figure 5.1A). The in silico analysis failed
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to predict an Sp1 binding site, which is usually associated with TATA-less promoters, in the
runx3-P1 promoter region analysed, but one Spl binding site was predicted in runx3-P2
region located at position -88 upstream the P2 TSS in the proximity of the TATA and CAAT
boxes (Figure 5.1A and B). Several other TFBSs were also predicted in the 1 kb upstream
region of each zebrafish runx3 promoters, such as Apl, lkaros, C-Ets, C/EBP, NF-Y, Runx,

NFAT, Nkx, SRY, FoxD3, MyoD, among others (Figure 5.1 and data not shown).

5.4.2 Characterization of the 5’ regions of the zebrafish runx3 gene

The RUNX3 gene has been extensively studied in different organism models, but although
several authors described the in silico analysis of RUNX3 promoters, little information is
available about the transcriptional regulation of this gene. To date, a few studies in
mammals have shown the functionality of both RUNX3 promoters in vitro, but no
information is still available about the regulation of the zebrafish runx3 promoter regions. To
address this question we have analysed each promoter for the presence of positive and
negative regulatory regions. Various deletion constructs between -5094 and -17 of the
runx3-P1 region and between -3930 and -18 of the runx3-P2 region were sub-cloned into the
pGL3-Basic vector, upstream the luciferase reporter gene. Basal promoter activity was
evaluated for each fragment by transfecting the different promoter constructs into human
embryonic kidney HEK293 cell line (Figure 5.2A and 5.2B). The activity of each promoter
region was also assessed in vivo, by injection of runx3-P1 and runx3-P2 constructs into 1 cell
stage zebrafish embryos and determined 24 hours post-injection by luciferase assay (Figure

5.51).
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Figure 5.1 In silico analysis of 1 kb of runx3 P1 and P2 upstream regions. Identification of core promoter elements and putative transcription
factors binding sites by Match software. The putative TATA box is represented by red letters in a red box, the CAAT box highlighted in grey, the
Sp1 highlighted in green, the Ap1 highlighted in blue, the Ets highlighted in pink, the C/ebp highlighted in yellow, the lkaros in double underline

letters and the Runx in blue circles. The translational start codon is represented highlighted in red.
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Figure 5.2 Relative transcriptional activity of zebrafish (A) runx3-P1 and (B) runx3-P2
promoter constructs. Schematic representation of the deletion constructs transfected into
HEK293 cells and assessed by luciferase assay (left) and respective relative luciferase activity
(right). The runx3-P1 and runx3-P2 regions are represented in the top of each figure A and B,
respectively. Each sample was done in duplicates and at least three times. The promoter-less
pGL3-Basic vector was used to determine the baseline. Significance (*p<0.05) compared to
the baseline was determined by One Way ANOVA followed by Tukey’s test. The TSSs are
represented by a black arrow; the 5" UTR and part of the coding region are represented by
white and black rectangles, respectively; the putative TATA and CAAT boxes are indicated by
a filled triangle and white diamonds, respectively.

5.4.2.1 Identification of regulatory regions in runx3 P1 promoter in HEK293 cell line

The results of the longest P1 construct, comprising 5 kb of 5" flanking region
[PD(-5094/-17)LuC], showed a promoter activity of approximately 12 fold compared to the
control pGL3 empty vector. However this promoter activity was significantly decreased when
the region -5094 to -1766 was deleted in construct PD(-1766/-17)Luc. Further deletion of the
region -1766 to -948 in PD(-948/-17)LuC slightly increased the activity of the promoter,

although without significance, but an additional deletion in PD(-786/-17)LuC further
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decreased significantly the activity of the promoter (Figure 5.2A). These results suggest that
binding sites for positive regulators may be present in both regions -5094 to -1766 and -948
to -786. The runx3-P1 promoter region has been characterized as a TATA-less promoter and
our in silico analysis predicted two putative CAAT boxes, located in the 5'UTR region,
positions -476 and -587 upstream from the ATG codon, as well as various putative TFBSs in
this region (Figure 5.1). This led us to test the PD(-478/-17)LuC construct, detecting
luciferase activity approximately 5 fold compared to the promoter-less pGL3-Basic vector
(Figure 5.2A). This result showed that the region -478 to -17, comprising the 5'UTR, was
capable of driving basal promoter activity. We then tested PD(-5094/-701)LuC, in which the
two putative CAAT boxes and the 5 UTR region were deleted. The promoter activity
dropped to the levels of the promoter-less pGL3-Basic vector (Figure 5.2A), indicating that
the region between -17 to -701 is essential to the basal activity of the runx3-P1 promoter. In
order to identify a more restricted region essential to the basal activity of this promoter, two
3’ deletion constructs were assessed for promoter activity: PD(-1766/-559)LuC, that lacks
one putative CAAT box, and PD(-1766/-662)Luc that lacks both putative CAAT boxes.
PD(-1766/-559)LuC showed an activity similar to that of PD(-1766/-17)LuC, but
PD(-1766/-662)Luc  significantly increased the promoter activity compared to
PD(-1766/-17)LuC (Figure 5.2A), indicating that the two putative CAAT boxes are not
necessary for the basal activity of this promoter. This result also suggests that the
region -662 to -559 may have binding sites for negative regulators, as its deletion
significantly increased the promoter activity. PD(-948/-662)LuC showed the highest
promoter activity (Figure 5.2A), indicating that an extra region containing binding sites for
negative regulators may be present between -1766 to -948 as the deletion of this region
dramatically increased the promoter activity when compared to the activity of the
PD(-1766/-662)LuC. Result obtained with the PD(-786/-662)LuC confirmed those obtained
with the PD(-786/-17)Luc indicative of a positive regulatory region between -948 and -786
(Figure 5.2A).

Together, our results show that the region essential to drive P1 basal activity in HEK293 cells
is comprised between -701 and -17, as the deletion of this region completely abolishes the

promoter activity; suggesting the presence of binding sites for positive elements in the -5094

179



Chapter 5

to -1766 and -948/-786 regions, while binding sites for repressive elements are observed in

the regions -1766 to -948 and -662 to -559 of the zebrafish runx3-P1 promoter (Figure 5.2A).

5.4.2.2 Identification of regulatory regions in runx3 P2 promoter in HEK293 cell line

A strong activity of the runx3-P2 promoter was observed in HEK293 cells (Figure 5.2B). All
constructs were significantly highly expressed in these cells when compared to the activity of
the promotor-less pGL3-Basic vector, with the exception of PP(-1232/-713)Luc, that lacks the
predicted TATA and CAAT boxes and the 5’UTR region (Figure 5.2B). The constructs
PP(-3930/-474)LuC, PP(-1232/-474)LuC and PP(-699/-474)LuC did not show significant
differences in promoter activity among them, despite the fact that the region -3930 to -699
is deleted. However, when the region -3930 to -855 was deleted and the PP(-855/-554)LuC
construct used, a significant increase in promoter activity was observed compared to the
activity of the PP(-3930/-554)LuC (Figure 5.2B), suggesting the presence of negative
regulator in the region between -3930 to -855. Moreover, when the region -554 to -474 was
deleted and the PP(-3930/-554)LuC construct was used we observed a significant decrease in
the promoter activity compared to the activity of the PP(-3930/-474)LuC construct (Figure
5.2B), indicating that the region -554 to -474 may have binding sites for positive regulators.
Taking together, these results show that the region between -855 and -699 may also have
binding sites for positive regulators. The capacity of the 5’UTR region to drive promoter
activity was also assessed by the PP(-855/-18)LuC construct. The result showed that this
construct is capable to drive higher basal promoter expression compared to the activity of
the promoter-less pGL3-Basic vector. Nevertheless, the addition of the 5’UTR region
significantly reduced the basal activity of the promoter compared to the activity of the
PP(-855/-554)LuC construct (Figure 5.2B). This suggests that the region between -474

and -18 may have binding sites for negative regulators.

Together, our results for the activity of runx3-P2 promoter constructs, show that the region
between -713 and -554 is essential to drive runx3-P2 basal activity in HEK293 cells, and

suggest that (i) the regions -3930 to -855 and -474 to -18 might include binding sites for
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repressive elements, while (ii) the regions -855 to -699 and -554 to -474 most possibly

possesses binding sites for positive regulatory elements (Figure 5.2B).

5.4.3 Functional characterization of Runx2/3 and Cbfp interaction to regulate runx3

promoters

To address the possible cross-regulation between Runx2 and Runx3 and the putative auto-
regulation of runx3 promoter gene by its own isoforms, we have transfected HEK293 cells,
that do not express Runx3 (Figure 5.52) or any other RUNX gene (Zheng et al, 2007; Bone et
al, 2010), with zebrafish runx3-P1 promoter construct PD(-5094/-17)LuC and runx3-P2
promoter construct PP(-3930/-554)LuC alone or in combination with zebrafish Runx2 and
Runx3 isoforms (MASN or M(R/H)IPV) in the presence or absence of their transcriptional

partner Cbff (Figure 5.3).

Our results for the co-transfection of runx3-P1 construct PD(-5094/-17)LuC showed a
significant repression effect when this construct was co-transfected with the Runx3-MASN
isoform in the presence of Cbff3 isoform 4, but no significant difference was observed when
this construct was co-transfected with the other Runx2 and Runx3 isoforms in the present or
absence of the Cbff, when the activity was compared to the activity of the control
(promoter construct co-transfected with the empty pCMX vector) (Figure 5.3A). On the
other hand, the results for the runx3-P2 construct PP(-3930/-554)LuC showed a significant
decrease in the activity of the promoter when co-transfected with all Runx2 and Runx3
isoforms and compared to the expression of the control (promoter construct co-transfected
with the empty pCMX vector) (Figure 5.3B). The results also showed that, in general, the
presence of Cbfp appeared to be associated to a more consistent repression of the activity

of the runx isoforms, but this effect was not statistically significant.
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Figure 5.3 The transcriptional regulation of runx3 promoter regions are affected by
co-transfection with Runx2 and Runx3 isoforms. HEK293 cells were transfected with either
zebrafish runx3-P1 [PD(-5094/-17)LuC] or runx3-P2 [PP(-3930/-554)LUC] constructs. Cells
were co-transfected with zebrafish Runx2 or Runx3 isoforms (MASN or M(R/H)IPV) in the
presence or absence of Cbfp expression plasmid. The data indicated is a representative plot
from two experiments that were done in duplicate. Significance was determined by One
Way ANOVA followed by Tukey test. *p<0.05.
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5.4.4 in vitro analysis of runx3 promoters in different cell lines

Because Runx3 is expressed in a variety of cell types, to analyse if runx3 promoter regions
respond differently to different cell micro-environments we characterized their expression in
a number of cell lines (Figure 5.4). The mouse chondrogenic ATDC5, human bone U20S,
mouse neural Neuro2a and rat glial C6 were selected since they are derived from different
cell types and are well documented for in vitro transfection assays. It was previously
reported that ATDC5 (Wigner et al, 2013) and U20S cells (Lai and Mager, 2012) express all
Runx family members. As no information was available about Runx3 expression in Neuro2a
and C6 cell lines, a PCR approach was used to address this question, confirming that both cell
types express runx3 transcripts (Figure 5.52). We first tested the functionality of zebrafish
runx3 promoter regions in the different cellular contexts, by transfecting the larger P1 and
P2 constructs, PD(-5094/-17)LuC and PP(-3930/-474)LuC respectively. The results showed
that the larger P1 construct [PD(-5094/-17)LuC] had variable activity in osseous vs
non-osseous cell lines and that the larger P2 construct [PP(-3930/-474)LuC] showed high
activity in all cell lines tested (Figure 5.S3). Next, runx3-P1 and runx3-P2 deletion mutants
were tested to further investigate their activity in the cells and analyse how they respond to

different cell environmental stimuli (Figure 5.4).

The results showed that in general all constructs from runx3-P2 promoter were active in all
cells tested (Figure 5.4B). In contrast, a high variability in the expression levels of the
runx3-P1 constructs across the different cell lines was observed (Figure 5.4A). Because the
promoter-less pGL3-Basic vector, used to define the baseline, produced variable activity in
the different cell lines, the absolute fold over background values cannot be compared across
the different cell lines; rather, the relative changes in activities among different deletion

constructs within a cell line were examined.
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Figure 5.4 Basal activity of zebrafish (A) runx3-P1 and (B) runx3-P2 promoter regions in
various runx3 expressing cells. Mouse chondrogenic ATDC5, human osteosarcoma U20S,
human neuroblastoma Neuro2a and rat glioma C6 cell lines were transiently transfected
with runx3-P1 and runx3-P2 promoter constructs. The runx3-P1 and runx3-P2 promoter
regions and the schematic representation of the deletion constructs are represented in the
left. The TSSs are represented by a black arrow; the 5’ UTR and part of the coding region are
represented by white and black rectangles, respectively; the putative TATA and CAAT boxes
are indicated by a filled triangle and white diamonds, respectively. The promoter-less
pGL3-Basic vector was used to determine the baseline (dotted line) and samples with
significant higher relative expression compared to the baseline are indicated (*). n>3 (except
n=2 for samples indicated with #). Significance (*p<0.05) was determined by One Way
ANOVA followed by Tukey’s test. ND - not determined.

5.4.4.1. Analysis of runx3-P1 constructs activity in the different cell lines

The results for the expression of runx3-P1 constructs showed that in ATDC5 cells only the
PD(-948/-662)LuC and PD(-786/-662)LuC constructs had an expression significantly higher
than the baseline (Figure 5.4A), while in U20S cells, all constructs, except the
PD(-5094/-17)LuC, have a relative expression activity similar to the baseline (Figure 5.4A). In
Neuro2a cells only the constructs PD(-5097/-17)LuC and PD(-478/-17)LuC show a significant
relative expression, however not all constructs were tested in this cell line and in C6 cells, all
constructs, except the PD(-5094/-701)LuC have an expression higher than the baseline
(Figure 5.4A), showing a relative expression pattern similar to that observed in HEK293 cells
(Figure 5.2A). We compared the relative expression of the deletion constructs in each line
and identified the regulatory regions of the runx3-P1 promoter in each cell context. These
results are summarized in Table 5.1A. Overall, from the results obtained from all the cell
lines tested, it was possible to identify two positive regulatory regions [Al (-5094 to -1766)
and A2 (-948 to -786)] and two negative regulatory regions [R1 (-1766 to -948) and R2 (-662
to -559)] in runx3-P1 promoter (Figure 5.2A and 5.4A and Table 5.1A).

We then analysed which putative TFBSs are conserved in the identified regulatory regions by
our in silico comparative analysis (Section Il of this thesis) (Table 5.2). We found that those
regions are highly conserved and contain multiple putative TFBSs. Interestingly, we observed
that the PD(-5094/-17)LuC construct, that showed high relative expression in all cell lines

tested, with the exception of ATDCS cells, contains the regulatory region Al, with several
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putative TFBSs for known positive regulators (Table 5.2). The same occurs regarding the
PD(-948/-662)LuC construct that showed the higher relative expression in three out of the
five cell lines tested, and includes the identified positive regulatory region A2, containing
some conserved putative TFBSs known to be important for transcription regulation (Table
5.2). Moreover, the regions R1 and R2 identified in our results contain putative TFBSs for
known repressors (Table 5.2). A full description of the putative TFBSs present in these
identified regions is found in Section Il of this thesis, as well as their known role in

skeletogenesis.

5.4.4.2. Analysis of runx3-P2 constructs activity in the different cell lines

The results obtained upon the transfection of the runx3-P2 promoter constructs in different
cell lines show that this promoter is highly active and the expression patterns of the deletion
constructs are similar in all cells tested (Figure 5.2B and 5.4B). We compared the relative
expression of the deletion constructs in each line and identified the regulatory regions of the
runx3-P2 promoter region in each cell context. These results are summarized in Table 5.1B.
Overall, we identified two positive regulatory regions [Al (-1232 to -699) and A2 (-554
to -474)] and one negative regulatory region [R1 (-3930 to -1232) in runx3-P2 promoter
(Figure 5.2B and 5.4B and Table 5.2B), Al appearing to be a positive regulatory region in all
cells tested (Figure 5.2B and 5.4B). The second positive regulatory region, A2, was observed
in all cell lines tested with the exception of Neuro2a cells, but the effect was only significant
in HEK293 and C6 cells (Figure 5.2B and 5.4B and Table 5.1B). On the other hand, the
presence of a negative regulatory region R1 was only observed in the Neuro2a and C6 cells
lines (Figure 5.4B and Table 5.1B). The highest activity of the runx3-P2 promoter was
observed with the construct PP(-3930/-474)LuC in ATDC5 and U20S cells, but no significant
difference was observed compared to the activity of the PP(-1232/-474)LuC construct, and
for the construct PP(-1232/-474)LuC in Neuro2a and C6 cells (Figure 5.4B and Table 5.1B).
When the runx3-P2 promoter regulatory regions identified were analysed for the presence
of conserved putative TFBSs, determined by promoter comparative analysis in Chapter Il of
this thesis, both Al and R1 regions contained various conserved putative TFBSs. However, no

putative TFBSs were detected in the region A2 (Table 5.1B).
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Table 5.1A. Activating and repressing regions identified in runx3-P1 promoter in different cell lines.

Cell line HEK293 ATDC5 U20S Neuro2a (¢3)
Activating regions
(A1) -5094 to -1766 Yes ns Yes Yes Yes
(A2) -948 to -786 Yes Yes ns nd Yes
Repressing regions
(R1) -1766 to -948 Yes Yes ns a Yes
(R2) -662 t0 -559 Yes Yes ns ~1766to 478 Yes

Construct showing
higher activity

PD(-948/-662)LuC

PD(-948/-662)LuC

PD(-5094/-17)LuC

PD(-478/-17)LuC

PD(-948/-662)LuC

? Deletion constructs of the region -1766 to -786 were not determined, so a smaller region could not be determined. ns — not
significant. nd — not determined.

Table 5.1B. Activating and repressing regions identified in runx3-P2 promoter in different cell lines.

Cell line HEK293 ATDC5 U20sS Neuro2a (3]
Activating regions
(A1) -1232 to -699 ns Yes Yes nd Yes
(A2) -554 to -474 Yes ns ns ns Yes
Repressing region
(R1) -3930 to -1232 ns® ns ns Yes Yes

Construct showing
higher activity

PP(-3930/-474)LuC
PP(-1232/-474)LuC
PP(-855/-554)LuC
b

PP(-3930/-474)LuC
PP(-1232/-474)LuC
b

PP(-3930/-474)LuC
PP(-1232/-474)LuC
b

PP(-1232/-474)LuC

PP(-1232/-474)LuC
PP(-855/-554)LuC
b

? not significant for this region, but significant for the region -3930 to -855. ns — not significant. nd — not determined. ® The
activity between the constructs is not statistically different.
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Table 5.2. Identification of the putative TFBSs, obtained by promoter comparative analysis, in the predicted regulatory regions
of runx3-P1 and runx3-P2 promoters.
Activating regulatory regions |

Repressing regulatory regions

runx3-P1 promoter region

-5094 to -1766 (Region A1)

-948 to -786 (Region A2)

-1766 to -948 (Region R1)

-662 to -559 (Region R2)

(Blocks 1 to 8)°
VSOCT1; OSPTBP; VSZF35; VSRUSH;
VSRU49; VSZF03; VSHASF; VSSMAD;
VSTCFF; VSCSEN; OSINRE; VSPAX6;

(Block 14)*
VSBRNS5; VSSORY; VSBRNF;
VSCLOX; VSGATA; VSHAND;
VSHOMF; VSEBOX; VSHIFF;

(Blocks 9 to 13)°
VSFKHD; VSNFAT; VSABDB;
VSBRNF; VSCDXF; VSZF35; VSARID;
OSVTBP; VSSATB; VSHAML;

(Blocks 17 and 18)°
VSSTAT; VSXBBF; VSCEBP; VSRBPF;
VSIKRS; VSMZF1; VSMYT1; VSZF03;

VSZFHX; VSTCFF

VSNFKB; VSZFHX; VSZF08; VSSAL2;
VSCEBP; VSOCT1; VSPAX6;
VSBRAC; VSHASF; VSRUSH; VSCIZF;
VSCHRF

VSMYOD; VSHESF; VSMITF;
VSNKXH; VSSREB; VSCAAT;
VSNEUR; VSKLFS; OSINRE;
VSCARE; VSSAL2; VSMIZ1

VSAP1R; VSHAND; VSMYOD;
VSSORY; VSNKXH; VSBRNS;
VSHOXF; VSYY1F; VSBRNF; VSABDB;
VSSF1F; VSLTFM; VSRBP2

runx3-P2 promoter region
-554 to -474 (Region A2)

-3930 to -1232 (Region R1)
(Blocks 1 to 7)°
OSVTBP; VSCDXF; VSPARF; VSFKHD; VSBRNF; VSHOMF; VSPAXH; VSRUSH;
VSCHRF; VSARID; VSMYBL; VSXBBF; VSOSRF; VSCSEN; VSKLFS; VSTALE;
VSAP2F; VSHAND; VSMYOD; VSEBOX; VSHESF; VSE2FF; VSZF5F; OSTF2B;
VSCART; VSCREB; VSHIFF; VSLHXF; VSNKXH; VSPAX3; VSSIX3; VSHOBX;
VSHOXF; VSPAX6; VSSATB; VSBCDF; VSDLXF; VSPIT1; VSNKX6; VSPAXH;
VSHOXC; VSABDB; VSOCT1; VSZF35; OSINRE; VSTCFF; VSSATB; VSSAL1

? Blocks and TFBSs conserved between zebrafish and fugu runx3 promoters (Described in chapter Il of this thesis). ® TFBSs
identified in zebrafish runx3 promoter by MATCH software from TRANSFAC.

-1232 to -699 (Region Al)
(Block 8)°
VSCART; VSHOMF; VSMEF2;
VSABDB; VSLHXF; OSPTBP; VSBRNF;
VSCHRF; VSCLOX; VSFKHD; VSHOXC;
OSVTBP; VSSTAB

No conserved Blocks in this
region®

VSCAAT; VSTATA; VSSP1;
VSAP1; VSCEBP
b
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5.4.5 Tools for in vivo temporal and spatial analysis of zebrafish runx3 gene expression

Although in vitro assays using cultured cell lines are powerful tools for promoter analysis and
identification of regulatory regions, these systems have the disadvantage of poorly
replicating the complex in vivo micro-environment. For this reason, we attempted to analyse
the expression of runx3-P1 and -P2 promoters in vivo, by co-injecting into 1-cell stage
zebrafish embryos the runx3-P1 [PD(-5094/-17):EGFP] and runx3-P2 [PP(-3930/-554):EGFP]
constructs together with the transposase mRNA. The transposase enzyme is essential for
successful delivery of the transposon transgene into the host genome after DNA-mRNA
co-microinjection (Kawakami, 2007) and GFP expression reveals the expression pattern

associated with each specific promoter fragment (Figure 5.5).

Although the PO generation will be transgenic chimaeras, we expected to observe the
tissue-specific expression of GFP. As shown in Figure 5.5, transient runx3-P2 transgenic
embryos show GFP expression in a variety of tissues. At 1 dpf, we could detect GFP
expression driven by runx3-P2 promoter in retinal neuroepithelial cells in the eye, otic
epithelium (ot), cranial ganglia (cg) as well as migrating cranial neural crest (arrow in B), in
cells within the heart (ht) (Figure 5.5A and 5.5B) and in the trunk, with GFP expression being
detected in migratory neural crest cells (MNCCs) (Figure 5.5C). At 2 dpf the embryos showed
GFP expression in a small fraction of retinal neuroepithelial cells in the eye, cells within the
heart (ht) and non-neural cells in the brain (Figure 5.5D and 5.5E), in the Rohon-Beard cell
(arrow), Schwann cells of the spinal nerves (arrowhead) and of the dorsal branch of the
posterior lateral line nerve (plin), and expression in the muscle cells (Figure 5.5F). At 3 dpf
GFP expression could still be detected in cells within the heart (Figure 5.5G), in the
trigeminal ganglion (arrowhead) and in the optic vesicle (arrow) (Figure 5.5H), in growth
cone of the nearby Rohon-Beard neuron (arrow) (Figure 5.51), and in interneurons (Figure
5.5) and 5.5K). The same pattern of expression was observed when another runx3-P2

construct [PP(-1232/-474):EGFP] was injected (data not shown).

Even after several attempts injecting different concentrations of the runx3-P1 construct and
MRNA transposase, the transient transgenic embryos just occasionally showed some green
positive cells (Figure 5.5L-P). Since this is a transient analysis we would not expect to see all

runx3-P1 derived positive cells labelled, however the few green positive cells detected were
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not consistent comparing the multiple transient embryos, so we asked if this construct was
working. To verify its functionality, we transfected A6 cell line with the runx3-P1 construct,
and the runx3-P2 construct and the pEGFP-N1 vector as controls, and observed GFP
expression 24 hours after transfection. We could detect GFP expressing cells in all three

samples tested, confirming that the constructs are driving GFP expression (Figure 5.54).

The results of the transient transgenesis indicate that the tool works (at least for the
runx3-P2 construct), but stable transgenic lines are needed to have unambiguous results and
to be able to analyse in detail the GFP expression pattern under control of the runx3
promoter during development. In order to make stable transgenic lines from each runx3-P1
and runx3-P2 promoter constructs, the injected embryos (FO) were screen for GFP positive
expressing cells and raised to sexual maturity. As few GFP positive cells were observed in the
embryos injected with runx3-P1 construct, we raised all embryos injected that at 5 dpf were
phenotypically normal. Then they were outcrossed with WT fish and the progeny (F1)
screened for GFP expression. Despite the fact that the Tol2 system has been extensively
used to create transgenic zebrafish lines and is reported to result in an integration ratio of
50-70%, unfortunately we failed to find F1 transgenic fish expressing GFP driven by the runx3
promoter fragments in a pattern similar to that of the endogenous runx3 gene. In total, from
118 FO embryos of runx3-P1 and 84 FO embryos of runx3-P2 that were raised just 61 and 47,
respectively, survived to adulthood. Up to the time of submission of this thesis, it was just
possible to test 25 runx3-P1 and 18 runx3-P2 founders for the transgene integration.
Analysing the progeny (F1) from the 25 runx3-P1, we found no embryos expressing GFP. On
the other end, from the 18 runx3-P2 founders we found 3 that expressed GFP, but the
expression pattern did not correspond to the expression of the endogenous runx3, as it was

expressing GFP ubiquitously (data not shown).
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Figure 5.5 Transient injected embryos express GFP under control of runx3
PP(-3930/-554):EGFP promoter construct. Brightfield and fluorescent images of living
zebrafish embryos directed by (L-P) runx3 PD(-5094/-17):EGFP and (A-K) runx3 PP(-
3930/-554):EGFP promoter constructs. (A-C, L) 1 dpf embryos; (D-F, M-N) 2 dpf embryos; (G-
K, O-P) 3 dpf embryos. (A, B) confocal projection of the head of a 1 dpf embryo showing GFP
expression in retinal neuroepithelial cells in the eye, otic epithelium (ot), cranial ganglia (cg)
as well as migrating cranial neural crest (arrow in B) and in cells within the heart (ht). (C)
confocal projection of the anterior trunk of a 1 dpf embryo showing GFP expression in
migratory neural crest cells (mNCCs). (D, E) image of the head of a 2 dpf embryo showing
GFP expression in a small fraction of retinal neuroepithelial cells in the eye, cells within the
heart (ht) and cells in the brain. (F) confocal projection of the trunk of a 2 dpf embryo
showing GFP expression in the Rohon-Beard cell (arrow), Schwann cells of the spinal nerves
(arrowhead) and of the dorsal branch of the posterior lateral line nerve (plln), and
expression in the muscle cells. At 3 dpf GFP expression can still be detected in (G) the cells
within the heart, (H) in the trigeminal ganglion (arrowhead) and optic vesicle (arrow), (I) in
growth cone of the nearby Rohon-Beard neuron (arrow), and (J, K) in interneurons. (L-P) The
runx3-P1 transgenic embryos generally showed little or no GFP fluorescence. Note that
signals in N and P are auto-reflection of iridophores. All are ventral images, dorsal is up and
anterior is to the left. All panels contain fluorescent images from live embryos, overlaid on
DIC images in (A’-F’, G’, I’-K’, P’) to show embryonic context for (A-F, G, I-K, P). Images were
obtained using a Zeiss LSM710 confocal microscope and an Olympus IX81 fluorescence
microscope coupled with a F-view Il camera (Olympus). dpf - days post-fertilization.

5.4 Discussion

RUNX3 belongs to the family of Runt domain transcription factors, that also includes RUNX1
and RUNX2 and, as the name indicates, all three members share a conserved region of 128
amino acid termed the Runt domain, also conserved throughout evolution (Levanon and
Groner, 2004). This region has been shown to associate with a broad range of proteins that
can either be co-activators or repressors to direct biological outcomes in a context-
dependent manner (reviewed in Downing, 1999). Although all three RUNX proteins bind and
recognize the same DNA sequence, and even if in some tissues its expression overlaps, they
have been shown to have a tissue-specific expression pattern, indicating a tight regulation as
they are involved in different biological functions. RUNX3 is the less studied of the three
member of the RUNX family, and although in the last years it was extensively investigated
for its capacity to regulate transcription of a variety of target genes, data related to
transcriptional regulation of RUNX3 itself are scarce. However, the little information

available shows that RUNX3 promoter activity is regulated by its family RUNX members
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(Drissi et al., 2000; Spender et al., 2005). Similar to what is described for other species, in
zebrafish three splice variants of runx3 were identified, derived from two alternative
promoters, and encoding two protein isoforms, Runx3-MASN and Runx3-MHIPV (Kataoka et
al, 2000). But since there are few functional studies, it is still unclear how each isoform is
regulated and the relative importance of the different isoforms remains unknown. We
combined in silico, in vitro and in vivo analysis to gain insights into the regulation of the

zebrafish runx3 gene 5’ flanking regions.

Since the primary regulatory elements of many genes are encoded in proximal sequences
upstream of the transcriptional start site and in the 5’ UTR region, our first analysis focused
on the regulatory regions located 1 kb upstream the translating starting codons of the
zebrafish runx3 gene. The in silico analysis using the MATCH software, that uses a library of
positional weight matrices from TRANSFAC® Public 6.0, predicted in each promoter several
cis-elements described as important for transcriptional activity. Both promoters contain two
CAAT boxes in the proximity of the TSSs located in runx3-P1 at positions -476 and -587 bp
and in runx3-P2 at positions -634 and -665 bp upstream the translation start codon (Figure
5.1A and 5.1B), in agreement to what has been described for other species, where no TATA
box was detected, but a consensus CAAT box was predicted (Bangsow et al, 2001; Ng et al,
2007; Nah et al, 2014). However, in the zebrafish runx3-P2 promoter region a TATA box was
predicted at a consensus distance from the P2-TSS (position -43 bp), and it would be
interesting to see if this TATA box is functional, which could indicate a divergence in the
regulation of this gene. It has been shown that 65% of the human genes contain TATA-less
promoters and only the remaining 35% contain a minimal canonical TATA box (3.6%), or
have a TATA box with one or two mismatch (4.7% and 27%, respectively) (Moshonov et al,
2008). Promoters that lack a TATA box can still direct transcription initiation from a specific
nucleotide, but this feature has been associated with genes with multiple transcription
initiation start sites (Moshonov et al., 2008), a characteristic of all Runx genes, including the
zebrafish runx3. Two TSSs were reported for zebrafish runx3-P1 transcripts located at
positions -130 and -460 bp (Kataoka et al, 2000) and we identified one more located at
position -641 (chapter Il of this thesis) from the start codon (Figure 5.1A). Furthermore,
genes with TATA-less promoters that are regulated by CAAT boxes are usually housekeeping

genes (Dynan and Tjian, 1985; Roy and Lee, 1995). Our in silico analysis failed to predict an
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Spl binding site, which is usually associated with TATA-less promoters, in the runx3-P1
promoter analysed, but one Spl binding site was predicted in runx3-P2 region located at
position -88 upstream the P2 TSS, in the proximity of the TATA and CAAT boxes (Figure 5.1A
and 5.1B). Several other TFBSs were predicted in the 1 kb upstream region of each zebrafish
runx3 promoter, such as Ap1, lkaros, C-Ets, C/ebp, Nf-y, Runx, Nfat, Nkx, Sry, FoxD3, MyoD,

among others (Figure 5.1 and data not shown).

One interesting feature of the Runx3 promoter regions is the identification of two very well
conserved putative RUNX binding sites in the proximal region of the P1 promoter that are
present in all Runx genes. This conservation has been seen not only among the different
Runx genes, but also through evolution (Drissi et al, 2000; Bangsow et al, 2001; Nah et al,
2014). Our in silico analysis (Figure 5.1A) indicate initially the presence of five putative Runx
binding sites in the runx3-P1 proximal promoter region, but from those, only two were still
detected after our comparative analysis with the fugu runx3-P1 region (Table 3.1, in the
chapter Il of this thesis). Although zebrafish and fugu runx3-P1 proximal upstream regions
still retain two conserved putative Runx binding sites, that feature is slightly different to
what has been seen in mammals, where these sequences are located in tandem separated
only by three nucleotides. However, a comparative analysis between 1 kb of the zebrafish
and human runx3-P1 upstream regions show that at least one putative RUNX binding site is
still conserved between the two species (Figure 5.S5), suggesting a similar regulation by

Runx transcription factors as observed for the other species.

To the best of our knowledge, so far there have been no studies in the transcriptional
regulation of zebrafish runx3 isoforms. In this study, we cloned 5 kb and 4 kb from the
translation start codon of 5 upstream regions of the zebrafish Runx3-MASN and
Runx3-MHIPV isoforms, respectively, and performed in vitro analysis by transfection into
different cell lines and in vivo analysis by microinjection into zebrafish embryos, to test if
these putative promoter regions are transcriptionally functional. We confirmed that both
fragments are active both in vitro (Figure 5.2, 5.4 and Figure 5.53) and in vivo (Figure 5.51).
So, in order to identify regulatory regions in both promoters, we performed functional in
vitro analysis by transfection of different cell lines from different origins with various

deletion promoter constructs (Figure 5.2 and 5.4). This analysis confirmed that both
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promoter constructs are functional in all cells tested, with P2-promoter constructs being
more highly expressed than the P1- constructs when compared to the promoter-less control
vector (Figure 5.2 and 5.4). Combining the transfection results from all cell lines tested, it
was possible to identify multiple regulatory regions in runx3-P1 and runx3-P2 promoters
(Figure 5.2 and 5.4 and Table 5.1). In the 5 kb region of runx3-P1 promoter region tested, we
identified four regions, two potential activating regions [(A1) from -5094 to -1766 and (A2)
from -948 to -786] and two potential repressing regions [(R1) from -1766 to -948 and (R2)
from -662 to -559] (Figure 5.2A and 5.4A and Table 5.1A). It was also observed that the
PD(-948/-662)LuC construct, that comprises the potential activating region A2 of runx3-P1
promoter, gave the highest relative expression in all cells tested, except in the U20S cell line
(this construct was not tested in Neuro2a cell line; Figure 5.2A and 5.4A and Table 5.1A).
Various putative TFBSs described as important regulators of transcriptional activity of
promoters are detected in this regions (e.g. CAAT-box (VSCAAT), E-box (VSEBOX), Inre
(OSINRE), Sal2 (VSSAL2), Mizl (VSMIZ1); Table 5.2). In the 4 kb region of runx3-P2 promoter
tested, two activating regulatory regions [(Al) from -1232 to -699 and (A2) from -554
to -474] and one repressing regulatory region [(R1) from -3693 to -1232] were observed
(Figure 5.2B and 5.4B and Table 5.1B). We observed that, besides these regions, none of the
constructs used showed significant differences of relative expression between each other in
all the cell lines tested, with the exception of the construct PP(-1232/-713)LuC that showed
low activity in all cells tested (Figure 5.2B and 5.4B and Table 5.1B). Interestingly, those
potential activating/repressing regions identified in our study both in runx3-P1 and P2
promoters contain putative TFBSs, such as Creb (family VSCREB), Mitf ((family VSMITF),
Brn3a (family VSBRNF), Rbp-j (family VSRBPF), Scl/Tall (family VSHAND), Stat (family
VSSTAT) and Runx (family VSHAML; Table 5.2), described in the literature as regulating the

RUNX3 gene and also identified by us in our in silico analysis (Chapter Il of these thesis).

Our in vitro analysis also allowed us to identify the essential regions for the runx3 promoter
basal activity. For the runx3-P1 promoter, the essential region to drive basal activity is
between -701 and -17, as the deletion of this region in PD(-5094/-701)LuC construct
completely abolished the expression of luciferase to the level of the promoter-less control
vector (Figure 5.2A and 5.4A). Although, our in silico analysis predicted two putative CAAT

box in this region, our in vitro assays indicated that probably these CAAT boxes are not
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essential to drive the runx3-P1 promoter activity, since deletion of both CAAT boxes in the
construct PD(-786/-662)LuC did not prevent activation of luciferase expression at levels
significantly higher than the promoter-less vector (Figure 5.2A and 5.4A). This hypothesis
was confirmed in the cathepsin L gene by Jean and co-workers (2006) that have
demonstrated that the CCAAT motif and GC boxes were not directly involved in the
regulation of the high promoter activity observed in melanoma cells (Jean et al, 2006). More
experiments will be needed to define exactly the region responsible for the basal activity of
this promoter. Regarding the runx3-P2 promoter, we observed that the region from -713
to -554 is essential to drive basal activity, as deletion of that region in the construct
PP(-1232/-713)LuC abolished the promoter activity (Figure 5.2B and 5.4B). Although our
comparative analysis did not detect any conserved blocks between zebrafish and fugu in the
-950 bp region upstream the start codon, our in silico analysis on the zebrafish runx3-P2
promoter region predicted various putative TFBSs known as important regulators of
transcription in this region (e.g. TATA box, CAAT boxes, Sp1, Ap1 and C/ebp) (Figure 5.1B). It
would be interesting to further analyse if the identified TATA box is responsible for the basal
activity of this promoter as, so far, no TATA box has been identified in runx3 promoters in
other species. Overall, these results indicate that the identified regions contain transcription
factors or enhancer binding sites important for runx3 transcription, confirming the identity
of the regions of runx3-P1 and P2 promoters important for basal transcription and providing
a first basis to correlate expression of distinct Runx3 variants with specific transcription

factors affecting P1 or P2 promoter activity.

As described above, all runx genes have two conserved Runx binding sites in its P1 promoter
region, a feature also observed in zebrafish runx3-P1 promoter region (Figure 5.1 and Table
5.2). Furthermore, it has been confirmed in mammals that RUNX promoters are indeed
cross-regulated by RUNX proteins (Brady el al, 2009; Levanon and Groner, 2004; Spender et
al, 2005). In addition, both P1 and P2 promoters of RUNX genes have been shown to contain
several dispersed putative RUNX binding sites (Ghozi et al, 1996; Ducy et al, 1999; Drissi et
al, 2000; Bangsow et al, 2001; Otto et al, 2003). Based on those studies and on our in silico
analysis of zebrafish runx3 promoter regions, (Figure 5.1, Table 5.1 and Chapter Il of this
thesis), we have evaluated both (i) the possible cross-regulation of zebrafish runx3

promoters by Runx2 isoforms; (ii) the putative auto-regulation of runx3 promoter by its own
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isoforms; and (iii) if the Cbfp co-regulator positively enhances that regulation, as shown for a
variety of Runx target genes (Miller et al, 2002). The co-transfection analyses were
performed in HEK293 cells, as these cells do not express any of the RUNX family members
(zheng et al, 2007; Bone et al, 2010), so the interference by endogenous RUNX proteins is
eliminated. Our co-transfection results indicate that both zebrafish runx3-P1 and -P2
promoter fragments tested are regulated by at least one of the Runx2/3 isoforms (Figure
5.3). For runx3-P1 promoter only the Runx3-MASN isoform, in the presence of Cbff3, induced
a significant repression of the promoter activity, providing evidence that at least one of the
Runx putative TFBSs is functional (Figure 5.3A). For runx3-P2 promoter a significant effect
was observed following co-transfection with all Runx2 and Runx3 isoforms in the presence of
the CbfB co-activator partner (except with the Runx3-MHIPV isoform, where an effect was
observed only in the absence of Cbf) (Figure 5.3B) also indicating the functionality of at
least one Runx binding site. However, further experiments are needed since these results
represent only two independent experiments. Also, these experiments needs to be
optimized as the co-transfection of runx3-P1 with the empty pCMX vector showed a

significant decrease in the promoter activity (Figure 5.3A).

Finally, we have evaluated in vivo the expression pattern of each zebrafish runx3 promoter.
We have microinjected into zebrafish embryos the runx3-P1 construct PD(-5094/-17):EGFP
and the runx3-P2 construct PP(-3930/-554):EGFP and evaluated their expression pattern by
analysing the EGFP expression in transient transgenics (Figure 5.5). The transient in vivo
analysis showed that the runx3-P2 fragment used to drive the EGFP expression reproduce, in
part, the expression pattern observed for the endogenous runx3 by RNA in situ hybridization

(chapter Il of this thesis; Kataoka et al, 2000; Kalev-zylinska et al, 2003).

Although the analysis of the transient embryos should be done in more detail to identify the
exact cells expressing the EGFP, we tried to identify these cells by its location and
morphology. The runx3-P2 promoter fragment induces EFGP expression in retinal
neuroepithelial cells in the eye, otic epithelium, cranial ganglia, Rohon-Beard cells, Schwann
cells of the spinal nerves and of the dorsal branch of the posterior lateral line nerve (plin),
and migratory Neural Crest cells (Figure 5.5), a profile of expression similar to the

endogenous runx3 expression pattern (chapter Il of this thesis). The expression in cells
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within the heart and in muscle, need further confirmation. Our in vitro analysis showed that
runx3-P2 is highly active in all cells tested, suggesting the presence of an enhancer region
promoting expression in a variety of tissues. Accordingly, we have previously shown by runx3
isoform-specific qPCR that runx3-P2 transcripts are expressed in all zebrafish tissues tested

(chapter Il of this thesis).

Regarding the transient in vivo analysis in embryos injected with the runx3-P1 construct, few
or no cells were detected expressing GFP (Figure 5.5). This may indicate that (i) this
construct possible lacks an important enhancer to be able to drive its expression up to
detectable levels of EGFP in vivo, or (ii) this promoter fragment is driving EGFP expression in
a very strict tissue-specific way, and the method used to visualise the GFP expression was

not sensitive enough to detect positive cells.

In conclusion, we performed an extensive analysis of the runx3-P1 and runx3-P2 upstream
regions, identifying for each runx3 promoter the region responsible for its basal activity.
Furthermore, we identified different putative positive and negative regulatory regions for
this gene and a variety of putative TFBSs that can be responsible for the regulation of those
regulatory regions. We showed that the Runx2 and Runx3 isoforms are involved in the
regulation of both runx3 promoter regions and that this regulation can be enhanced by their
co-operation with Cbfp, although these results need to be confirmed. We also confirmed
that the runx3-P2 major fragment is functionally active in vivo, and drives expression of
EGFP, recapitulating at least partially, the endogenous runx3 expression pattern. On the
other hand, we did not detect EGFP expression using the runx3-P1 major fragment.
Nonetheless, we cannot exclude the possibility that this fragment drives EGFP in a
tissue-specific way in a very small subset of cells that were not detected in our transient
analysis, which is usually mosaic. This result is in agreement with (i) our in vitro assays,
where this promoter region showed, in general, a low activity, (ii) our mRNA in situ
hybridization studies where we could not detect any signal when a riboprobe specific for P1-
derived transcripts was used (chapter Il of this thesis). For this reason, the generation of
stable zebrafish transgenic lines is an essential tool to clearly identify sites of expression. This

experiment is ongoing.
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Figure 5.S1 Both runx3-P1 and runx3-P2 luciferase promoter constructs are functional in
vivo. Relative luciferase activity obtained by microinjection of runx3 promoter constructs
into 1-cell stage zebrafish embryos. Firefly and renilla luciferase activities were measured 24
hours post injection. n24.
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Figure 5.52 Qualitative analysis of Runx3 amplification by RT-PCR in different cell lines shows
that Runx3 is expressed in all cells tested, except in HEK293 cell line. Xenopus Actin and
mouse, rat and human GAPDH were used as control (Ct) for sample integrity. Rx3 means
Runx3. The right side of the gel corresponds to the negative controls (no cDNA). M
corresponds to the marker (Thermo Scientific GeneRuler 100bp Plus DNA Ladder). XI —
Xenopus laevis; Rn — Rattus norvegicus; Mm — Mus musculus.
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Figure 5.S3 Basal activity of zebrafish runx3-P1 and runx3-P2 promoter regions in various
runx3 expressing cells. Mouse chondrogenic ATDC5, human osteosarcoma U20S, human
neuroblastoma Neuro2a and rat glioma C6 cell lines were transiently transfected with
runx3-P1 [PD(-5094/-17)] and runx3-P2 [PP(-3930/-474)] promoter constructs. The
promoter-less pGL3-Basic vector was used as control and significance (*) compared to the
baseline was determined by One Way ANOVA followed by Tukey’s test. All samples were
tested in duplicates at least three times. *P<0.05; **P<0.01; ***P<0.001.
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Figure 5.54 Transfection of runx3-P1 and runx3-P2 promoter constructs driving EGFP results
is GFP expressing cells. A6 cells were transfected with runx3-P1 [PD(-5094/-17):EGFP] and
runx3-P2 [PP(-3930/-554):EGFP] promoter constructs and analysed for GFP expression 24
hours post-transfection under an inverted fluorescence microscope (Olympus IX81
fluorescence microscope coupled with an F-view Il camera). Arrows indicates cells
expressing GFP.
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human CCACCCTG C catctaatga t cact - - - -
Kok Kk K Kk K K K Kk kK Kk Kk K Kk Kk K K K * K K K K K * * * *
zebrafish cgtcagacac ctgacatttc aactctctga ctgaaggcac gtagactoct a
human B T T T T T T TR
zebrafish gagacgc acagaagtgt ccatctacaa
human - I S T T
Kok ok ko Kk koK Kk Kk K K Kk Kk Kk Kk Kk Kk Kk x x  *
zebrafish aggtgagtcc atttctatga gacttagtgec tgtcctcact ttgnnnnnnn
human B T T L
zebrafish nnnnnnNnnNnnNnnNnn nnnNnnNnnnnnNnnNnn nnnnnnngct cgctctcacc acacggecaca
human B T T L

zebrafish tatgctgttctgtt_

human e e e e e e e e e e e e e e e e e e e .
KXok K K Kk kK Kk kX X K X X K K Kk K kK K K K * *

zebrafish AA TTCTTGGTTG C tct atgt agiiltt
human AA TTCTTGGGTA C aaa cttactttec
ok K ok Kk K x K K K K x K x K * x xox
zebrafish aagacgg tacgacggecg
human tttcc ttttttcttHt
Kok Kk K Kk ok K Kk K K Kk K K K K k Kk Kk K K Kk K K Kk x K * K K * *
zebrafish gagaggccag ctcttttcc - - - - - - - - - - - - - - - oo oo oo oo
human ttcgta ag caggggggnn nAnnnNnnNnnNnnNnnNnNN NNNANNNANANANN ANNNNANANNANDAINRAN
zebrafish R e T
human nnnnngcaac acccccccct tttattttca aaagtagcta gaggaaaaaa
zebrafish B T
human aaataaaaca acagccaacc aagtgaatcc caacccaacc ccctgaaggyg
zebrafish T TT A c tg
human ctgaaaattc tcg TT At - -
Kok Kk kK K K K K x k x K Kk *

Figure 5.S5. TFBS families detected by DiAlignTF software that are conserved in the
alignment of the runx3-P1 promoter regions between zebrafish and human. The list of the
TFBSs obtained by DiAlignTF and the alighment showing the TFBSs conserved is represented.
The colour code for each specific TFBS is shown above the alignment.
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5.6 Supplementary Tables

Table 5.51 PCR primers used to amplify the zebrafish runx3 promoter regions.

\ Sense primers Primer sequence (5’ to 3’)*
GWZfRunx3_F1 ATCCATCCATTCATTCACCCATCCATCC
DrRunx3PD_F2 TGGCTGTCCAGGGGAGAGGGCTCTGAGC
DrRunx3PP_F4 TTTCAGGGCTTCTCATTGGCCACGT
DrRunx3PD_Kpnl_F1 CCGGAGGGTACCATAGGCCGGCCGCAACCATGTCAAAC
DrRunx3PD_Kpnl_F2 CCGGAGGGTACCCCCCAAAACCACCAAAACACACTCG
DrRunx3PD_KpnlI_F3 CCGGAGGGTACCGGATTGGCGAGCAGCAGTGATACCG
DrRunx3PD_Kpnl_F5 AGGGTACCTTTGGAAAAAGTCAGAAAAGTGGGGGTG
Runx3_PPF1_Kpnl CCGGAGGGTACCTATTTTGTCTGTGGTTTTAAAGGTT
DrRunx3PPKpnlI_F3 AGGGTACCGCGACTGTAACCGTAGAAACTGCG
Antisense primers Primer sequence (5’ to 3’)*
GWZfRunx3_R1 GCGGTATCACTGCTGCTCGCCAATCCCA
GWZfRunx3_R3 GTCAAGCGTTCTTTCCAAATGAATGCGTAA
GWZfRunx3_R4 GCGAGTTCCCCACTGACTTTAGCCACACAC
GWZfRunx3_R5 CCCAGTGCCTTTCTCACTCATCTGATTG
DrRunx3I1&IlI_R2 CGCAGCAAACTGGGCGAGTAGCTAGAGA
DrRunx3_R4 CGTCTGCTCGTGCTCGGGTCT
DrRunx3PD_Xhol_R1 CACGCCTCGAGGGAAAAGAGCTGGCCTCTCCGC
DrRunx3PD_Xhol_R2 CACGCCTCGAGGCTCATACACAAACTCTTGAGTAAA
DrRunx3PD_Xhol_R5 GCCTCGAGATGAAGGATAGCTGAGGATTATTAGGGA
Runx3IntExR1_Xhol CACGCCTCGAGCGCGAACGCCGCGCTCTGCACTCT
Runx3PP_R1_Xhol CACGCCTCGAGGAGTCCTCGTGAAAAGCTCGGGCA
Adaptor Primer 1 (AP1) GTAATACGACTCACTATAGGGC
Adaptor Primer 2 (AP2) ACTATAGGGCACGCGTGGT
pGL3_FW2 TAGCAAAATAGGCTGTCCCC
oligo(dT)-adapter primer ACGCGTCGACCTCGAGATCGATGTTTTTTTTTITITT

*indicates the recognition sequence for the restriction enzyme named on the primer.
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Table 5.52 Genes and respective set of primers used for the RT-PCR performed in the cell lines.

‘ Cell line

A6

HEK293

Neuro2a

C6

Specie

Xenopus
laevis

Homo
sapiens

Mus
musculus

Rattus
norvegicus

Gene

Runx3

Actin

Runx3

GAPDH

Runx3

GAPDH

Runx3

GAPDH

Chapter 5

Primers
XIRunx3_F
XIRunx3_R

xAct_F
xAct_R
MmRunx3_F
MmRunx3_R
Hs_GAPDH_F
Hs_GAPDH_R
MmRunx3_F
MmRunx3_R
MmGAPDH_F
MmGAPDH_R
MmRunx3_F
MmRunx3_R
RnGAPDH_F

RnGAPDH_R

Primer sequence (5’ to 3’)
CTGCGGAAAGATGGGAGAGAACAACG
TGGGACGGCAGAACTGAGCACAA
ATGCTCCCCGTGCTGTTTTCCCATCTAT
TTCTGGTGCCACTCGCAGTTCATTGTAG
QACAATCACQGTG'I'I'CACCAACCC'I_'A”
GGCCTTGGTCTG GTC'I_'I'CIAICTI'CTGC#
TCAACGGATTTGGTCGTATTGGGCG
CTCGCTCCTGGAAGATGGTGATGGG
CACAATCACCGTGTTCACCAACCCTA
GGCCTTGGTCTGGTCTTCTATCTTCTGC
CCTTCCGTGTTCCTACCCCCAATGT
AGTGTAGCCCAAGATGCCCTTCAGT
CACAATCACCGTGTTCACCAACCCTA*
GGCCTTGGTCTG GTCITCTATCTTCTGC”
CGGCAAGTTCAACGGCACAGTCAAG
GAAGACGCCAGTAGACTCCACGACAT

# The mouse primers were used as the sequences are very similar. The different nucleotides are
underlined. GAPDH - glyceraldehydes-3-phosphate dehydrogenase.
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6.1 General conclusions and future perspectives

The RUNX family of transcription factors has been extensively studied over the last years,
due to the involvement of its members in a variety of biological processes and diseases, and
each have been shown to be regulated by two alternative promoters (P1 and P2) that
generate different transcript variants; these are also subject to alternative splicing events
generating multiple RUNX protein isoforms (Coffman, 2003; Komori, 2005; Cohen, 2009;
Wang et al, 2010; Chuang et al, 2013; among others).

In an attempt to clone the runx3 open reading frames (ORFs), we identified and cloned
multiple transcript variants. Besides the three different transcripts previously described for
zebrafish runx3 (Kataoka et al, 2000), we have cloned 10 additional variants obtained by
alternative splicing. From the new variants cloned, four are P1-derived (isoforms 2 to 5) and
six are P2-derived (isoforms 7 to 12). Although this study focused only on the analysis of the
two major Runx3 variants, it would be interesting to further analyse if the different protein
isoforms generated by the splicing variants are functional, since some isoforms lack certain
domains but contain others. This may suggest that these isoforms have additional functions
different from those previously described, such as dominant negative or constitutively active
proteins. This hypothesis is supported by the findings of Runx1 C-terminal deletion mutants
in mouse and grass carp, which lack one or more domains, and have been shown to have
different transactivation potentials and different roles in biological processes (Tanaka et al,
1995; Kawazu et al, 2005; Yao et al, 2014). For example, in mouse, one variant that lacks the
TAD acts as a natural negative isoform repressing the function of the non-mutated form of
Runx1 (Tanaka et al, 1995). The existence of several alternatively spliced isoforms has been
shown to increase cellular and functional complexity in many species, due to the different
functions of the splicing variants (Reviewed in Kelemen et al, 2013). We also observed two
alternatively spliced runx3-P1 5’ UTR variants (isoforms 13 and 14). Both runx3-P1 and
runx3-P2 5 UTR regions contain multiple upstream ATG triplets that may generate several
putative upstream ORFs (UORFs) that vary drastically in size. These features highlight the
complexity of both the molecular structure and the regulatory mechanism of the runx3
gene. The functional significance of runx3 regulatory regions has not been elucidated, but

different authors have tested the functionality of the uORFs and have shown that their

210



Chapter 6

presence is implicated in the regulation of the translation of the main ORF (van der Velden
and Thomas, 1999; Wang and Rothnagel, 2004) and that the size of these uORFs can affect
differently the translation of the protein, with longer uORFs having a stronger effect in

preventing ribosome reinitiation (Kozak, 2001).

We then investigated the expression patterns of the runx3-P1 and runx3-P2 derived variants
by qPCR in different stages of zebrafish development and in different adult tissues,
concluding that both variants are differentially expressed. The runx3-P2 variant seems to be
ubiquitously expressed and zygotically specific, in contrast to the runx3-P1 variant that is
maternally expressed and continues to be expressed zygotically, but its expression seem to

be tissue-specific.

To identify the spatial-temporal expression of the runx3 transcripts we performed ISH at
different zebrafish embryonic developmental stages, using RNA specific probes that detect i)
the common region of all variants, and ii) specifically the 5 UTR of each variant. Our results
with a probe targeting the common 3’ region of the transcripts confirmed the runx3
expression pattern in neural and cartilaginous tissues as previously reported (Kataoka et al,
2000; Burns et al, 2002; Kalev-Zylinkska et al, 2003; Flores et al, 2006), although we could
not detect expression in hematopoietic tissues as observed in a previous report (Kalev-
Zylinkska et al, 2003). The zebrafish runx3 expression patterns seem to be conserved
thoughout evolution, since the expression of Runx3 in hematopoietic, neural and
cartilagineous tissues was also observed in other lower vertebrates, such as the xenopus
(Park and Saint-Jeannet, 2010), and in higher vertebrates, such as the mouse (Levanon et al,
2001). However, our ISH results using isoform specific probes were not conclusive about the
isoform specific expression patterns and their sensitivity needs to be improved, using for
example more powerful tools that would allow us to amplify the hybridisation signal and
decrease the background. For this, multiple transcript detection by RNAscope technology, a
new ISH technique recently optimized for zebrafish (Wang et al, 2012), could be a great tool

to help us determine the exact cells where each variant is expressed.

Our preliminary results of the functional analysis targeting the Runx3 isoforms using
translational morpholinos, together with results published by other groups, strongly suggest

that each isoform has a different function that is cell-type specific. Morpholinos have been
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extensively used in zebrafish to study the effects of the knockdown of a gene, but recently
some authors have shown that sometimes morpholinos results do not completely reproduce
the knockout results (Eisen and Smith, 2008; Kok et al, 2015). This, plus the unexpected
nature of some of the defects we have observed, raised clear questions over the validity of
the preliminary morpholino data we obtained. Since we performed those experiments, a
new knockout technique was developed (the CRISPR-Cas9 system) and shown to be a simple
and highly efficient method to mutate a gene of interest (Hwang et al, 2013a; 2013b; Xiao et
al, 2013; Jao et al, 2013; among others). The CRISPR-Cas9 system requires the co-expression
of a target-specific RNA (CRISPR-guide RNA) to recognize the endogenous target and a Cas9
protein that unwinds the DNA duplex and cleaves both strands. Thus, this novel technique
provides a method that could be readily applied to target the endogenous runx3 locus and

test our morpholino results to determine the resulting phenotype of each isoform knockout.

All three RUNX proteins bind and recognize the same DNA sequence, and while in some
tissues their expression overlaps, they have all been shown to have distinct tissue-specific
expression patterns, indicating that their regulation must be tightly controlled. RUNX3 has
been extensively investigated in the last years for its capacity to regulate transcription of a
variety of target genes, however, data related to transcriptional regulation of RUNX3 itself
remains scarce. To gain insight into the regulatory mechanism of the runx3 gene, an in silico
comparative analyses of the runx3-P1 and runx3-P2 promoter regions was performed,
identifying numerous regions in each promoter that contain putative TFBSs that may serve
as targets for sequence-specific enhancer/silencer transcription factors likely to contribute
to regulation of the runx3 transcription. Our in silico analysis successfully predicted binding
sites for TFs already known from work in mammals as transcriptional regulators of Runx3,
but also predicted novel TFs potentially with a role in runx3 regulation. We then cloned
these promoter regions and tested their transcriptional activity, confirming that both regions
are functionally active in vitro and in vivo. Together, those results allowed us to define
positive and negative regulatory regions in both runx3 promoters, and identify the putative
TFBSs in those regions predicted by our in silico analysis, providing a powerful tool to guide

future dissection of runx3 transcriptional regulation in vitro and/or in vivo.

One interesting feature of the RUNX3 promoter regions is the identification of two

evolutionarily conserved putative Runx binding sites in the proximal region of the P1
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promoter that are present in all Runx genes (Drissi et al, 2000; Bangsow et al, 2001; Nah et
al, 2014). CBFB is known to heterodimerize with all Runx family members and enhance their
transcriptional regulatory effect upon target genes. In this study, we cloned and
characterized 10 novel zebrafish cbf8 isoforms, which are generated by alternative splicing,
and structural conservation during evolution from fish to mammals was confirmed by a
comparative analysis between zebrafish cbf8 gene and protein and its orthologs in different
species. The expression of four of the cbf8 splicing variants (isoforms 1 to 4) was analysed by
RT-PCR in different zebrafish developmental stages and in adult tissues showing that cbf8 is
widely expressed, being detected in all samples analysed. However, our data demonstrate
that cbfB isoforms 1 and 2 are maternally expressed, but not isoforms 3 and 4, suggesting
variances in the biological function of CbfpB splice variants. The transcriptional activity of
these four cbfB splicing isoforms that differ in the presence or absence of the exons 5a and
5b, was evaluated by luciferase reporter assay, using a fragment of the zebrafish collagen
type Xal promoter previously shown to be regulated by Runx2-MASN isoform (Simoes et al,
2006). The results showed that zebrafish Cbf isoforms carrying the exon 5b (isoforms 1 and
2) have a higher capacity to promoteinduction of ColX promoter by Runx2-MASN isoform,
compared to the isoforms lacking exon 5b (isoforms 3 and 4). Although we confirmed by
immunoprecipitation the direct interaction of Runx2 with Cbff isoforms, further
experiments are needed to clarify the biological importance of these findings. For example,
mass spectrometry (MS) can be used for each evaluated isoform (1-4) in order to conclude if
these different amino acids in the C-terminal region can be interacting with different
co-activators involved in the transcription complex. For this, specific oligos are tagged,
anneled and incubated with cell nuclear extracts. Then, the binding mixture is coupled to
magnetic beads to alow for efficient affinity pull-down of the putative binding proteins. After
purification, the sample containing the DNA binding proteins from the cell nuclear extract is
digested, usually with trypsin, and the resulting product is analysed by MS for protein

identification.

Our comparative in silico analysis predicted putative RUNX binding sites in both runx3-P1
and runx3-P2 promoter regions and in vitro co-transfection analysis with Runx2 and Runx3
isoforms showed that both runx3 promoter regions tested are regulated by at least one of

the Runx2/3 isoforms. Furthermore, this regulation is further enhanced by the presence of
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the co-factor Cbfp. These results showed that zebrafish runx3 promoter regions are cross-
and auto-regulated by Runx2 and Runx3 isoforms, respectively, and indicate the
functionality of at least one Runx TFBS predicted in both regions. Further work should be
done, for example using deletion mutants of the promoters regions, to identify the region
responsible for the Runx binding. Then by site-directed mutagenesis, it would be possible to
mutate the Runx binding site and confirm the exact location responsible of the binding.
Chromatin immunoprecipitation (ChIP) assays could also be used to investigate the

interaction between the Runx2/3 and runx3 promoter regions in the cell.

In conclusion, in this work we developed new molecular tools and described new findings
that contribute to better understand the complex regulation and function of the zebrafish
runx3 gene. Although more work needs to be performed to clarify the specific function and
contribution of each Runx3 isoform to the embryonic development, important progress has

been made.
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