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— Resumo —

As proteinas E2 promoter binding factor (E2F) estdo presentes em quase todos 0s
organismos eucaridticos e sdo essenciais para o controle de muitos processos
celulares, como a progressao do ciclo celular, divisdo celular, replicacdo do DNA, e
apoptose. A familia E2F compreende dois tipos diferentes de proteinas: os E2F tipicos
e os E2F atipicos, que diferem estruturalmente e possuem funcées especificas. Desde
a descoberta desta familia génica muitos estudos focaram nos seus aspectos
funcionais, porém a historia evolutiva desta familia génica estava fracamente
entendida em plantas. Nossas descobertas sugerem que os E2F tipicos sdo mais
similares a proteina ancestral que os E2F atipicos (DEL). As proteinas E2F surgiram
logo apdés a emergéncia das espécies eucarioticas, enquanto as proteinas DEL
parecem ter surgido antes da separacdo entre fungos, metazoarios e plantas. As
proteinas DEL provavelmente emergiram por uma duplicacdo parcial do gene que
codificava a proteina E2F ancestral. Nossos dados também sugerem que a
divergéncia entre E2Fs ativadores e repressores emergiu duas vezes durante a
evolucao, uma na linhagem embriofita de plantas e outra na linhagem metazoaria. Os
E2Fs tipicos possuem membros que séo reguladores positivos para 0s seus genes
alvo e dados recentes estabeleceram um link entre a resposta a danos ao DNA e
genes E2F especificos em células de mamiferos, porém o envolvimento da familia
genica E2F na sinalizacdo ao reparo de DNA em plantas ainda permanece
desconhecido. N6s estudamos o envolvimento dos genes E2F em resposta a dano
genotéxico em plantas de arroz e Arabidopsis thaliana. Foram conduzidos
experimentos com plantulas de arroz e arabidopsis usando UV-B e MMS (Methyl
Methanesulfonate) como fonte de danos genotoxicos. Em resposta a estes estresses
E2F ativadores especificos aumentaram sua expresséao relativa quando comparados
com plantas em condi¢cbes controle. Os resultados obtidos nos experimentos de
estresse genotdxicos nos levaram a sugerir gue membros especificos da familia E2F

de arroz e arabidopsis estdo envolvidos com as respostas ao dano de DNA.
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— Abstract —

The E2 promoter binding factor (E2F) proteins are present in almost all eukaryotic
organisms and are essential to control several cellular processes, such as the cell cycle
progression, cell division, DNA replication, and apoptosis. The E2F family comprises
two different types of proteins: the typical E2Fs and atypical E2Fs, which differ
structurally and have specific functions. Since the discovery of this gene family several
studies have focused on the functional aspects, but the evolutionary history of this
gene family was poorly understood in plants. Our findings suggest that typical E2F is
more similar to the ancestral protein than atypical E2F (DEL). The E2F proteins arose
early after the emergence of the eukaryotic species, while DEL proteins appear to have
arisen after the separation of fungi, metazoan and plants. The DEL proteins probably
emerged through a partial duplication from the gene that encodes the ancient E2F
protein. Our data also suggest that the divergence of the E2Fs between activators and
repressors emerged twice during evolution, once in the embryophyte lineage and
another in the metazoan lineage. The typical E2Fs has members that are positive
regulators for their target genes and recent data have established a link between
response to DNA damage and specific E2F genes in mammalian cells, but the
involvement of the E2F gene family in the signaling of DNA repair in plants still
unknown. We studied the involvement of E2F genes in response to genotoxic damage
in rice and Arabidopsis thaliana plants. Experiments were conducted with rice and A.
thaliana plantlets using UV-B and MMS (Methyl Methanesulfonate) as genotoxic
damage souce. In response to these stresses specific activator E2F genes increased
their relative expression compared to plants in control condition. The results obtained
in the genotoxic stress experiments lead us to suggest that specific members of the

E2F family of rice and arabidopsis are involved with responses to DNA damage.
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1 As proteinas E2F

A familia de fatores transcricionais E2F foi inicialmente descoberta em células
HelLa como proteinas que se ligam ao promotor viral E2, controlando o estado
transcricional desse promotor. (Kovesdi et al., 1986, 1987). Posteriormente foram
caracterizadas em diversos outros organismos como Drosophila melanogaster
(Dynlacht et al., 1994), Xenopus levis (Philpott e Friend, 1994), Gallus (Pasteau et al.,
1995), 1995) Homo sapiens (Chittenden et al., 1993), Nicotiana tabacum (Sekine et
al., 1999), Triticum monococcum (Ramirez-Parra et al., 1999) e Arabidopsis thaliana
(Mariconti et al., 2002).

Existem dois tipos de proteinas E2F: os E2F tipicos (a partir de agora
chamados somente de E2F) e os E2F atipicos (daqui para frente chamados DEL).
Cada um desses tipos génicos codificam proteinas contendo dominios diferentes.
Para os E2F, os dominios caracteristicos sdo: um dominio de ligacdo ao DNA (DBD),
gue € responsavel pela interacéo da proteina com a sequéncia consenso do promotor
de genes alvo; um dominio de heterodimerizacéo responséavel pela dimerizagdo com
a proteina DP (Dimerization Partner), que sera descrita posteriormente; uma regiao
descrita como “marked Box”, necessaria para interagao proteina-proteina e que
confere especificidade a resposta transcricional; um dominio de transativacao,
responsavel pela capacidade de ativacao transcricional; e um dominio de ligacdo a
proteina do Retinoblastoma (RB). As proteinas DEL possuem uma organizacao
diferente, com apenas dois dominios de ligacdo ao DNA, sem a presenca de nenhum
outro dominio identificado nos E2F (Kosugi e Ohashi, 2002b) (figura 1).

As proteinas E2F possuem duas formas presentes em diferentes organismos.
Em arabidopsis trés proteinas E2F foram identificadas, E2Fa, E2Fb e E2Fc (Mariconti
etal., 2002). As proteinas E2Fa e E2Fb possuem o dominio de transativacdo completo
e foram caracterizadas como ativadores da transcricdo e dos processos nos quais
estas proteinas estédo envolvidas, especialmente ao longo do ciclo celular (De Veylder
et al., 2002; Magyar et al., 2005; Sozzani et al., 2006). Ja a proteina E2Fc ndo possui
o dominio de transativacdo completo e em estudos realizados ela nao foi capaz de
ativar a expressao génica, competindo assim com os E2F ativadores. Quando o E2Fc

esta ligadas aos sitios de ligacdo a E2F isto leva a um bloqueio do ciclo celular,
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reprimindo-o e por isso sendo comumente chamada como uma repressora deste
processo (del Pozo et al., 2002; del Pozo et al., 2006).

As proteinas E2F e as proteinas DP (Dimerization Partner) ndo possuem uma
localizacdo nuclear. Estudos demonstraram que as proteinas E2F interagem com as
proteinas DP, formando complexos heteroméricos, e essa interagdo induz uma
localizagdo nuclear concomitante de uma forma cooperativa (Kosugi e Ohashi, 2002c).
As DP também possuem um dominio de ligacdo ao DNA, além de um dominio de
heterodimerizacao, que tem a fungéo de auxiliar na dimerizagdo com E2F (figura 1).
O modelo de acdo proposto para as proteinas E2F e seus parceiros demonstra que
elas interagem formando heterodimeros com a proteina DP, gerando um complexo
protéico que possui dois dominios de ligacdo ao DNA. Estes dois dominios proximos
possuem a capacidade de se ligar na sequencia consenso no promotor dos genes
alvo promovendo a ativacao da transcricédo, via dominio de transativacdo (Lammens
et al.,, 2009). A sequéncia consenso para ligacdo dos E2F €& nTTssCGssAAnN
(Vandepoele et al., 2005).

Por outro lado, as proteinas DEL sdo competidoras diretas dos E2F/DP e
possuem um efeito antagdnico, uma vez que possuem dois dominios de ligacdo ao
DNA e nao possuem os dominios responsaveis pela ativacdo da transcricdo. Como
estas proteinas ocupam a mesma sequéncia dos genes alvo, ao qual se liga o
heterodimero E2F-DP, elas bloqueiam o efeito desse complexo, produzindo um efeito
repressor por competicdo pela sequéncia consenso de ligacdo, levando a uma
diminuicdo da ativacdo de genes responsivos a E2F (Kosugi e Ohashi, 2002b;
Lammens et al., 2009; Mariconti et al., 2002).

Esta familia génica possui nove membros em Arabidopsis thaliana, sendo trés
E2F (AtE2Fa, AtE2Fb e AtE2Fc), trés DEL (AtDELa, AtDELb e AtDELc) e dois DP
(DPa e DPb) (Mariconti et al.,, 2002). Em humanos existem 10 proteinas E2F
conhecidas, sete das quais se ligam as proteinas DP, formando assim heterodimeros
capazes de ativar a transcricdo génica (E2F1, E2F2 e E2F3a) ou reprimir a expressao
(E2F3b, E2F4, E2F5, E2F6). Estas sete proteinas sdo chamadas de E2F tipicos. As
outras 3 proteinas restantes (E2F7a, E2F7b e E2F8) ndo sdo capazes de se ligar as
proteinas DP e se ligam ao DNA diretamente. Estas sdo caracterizadas como DEL

sendo conhecidas como repressores da transcricao (Calzone et al., 2008).
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Em arroz, foi demonstrada a presenca de quatro E2F (Os E2Fa/bl, E2Fa/b2,
E2Fa/b3, E2Fcl) dois DEL (DELa/b/cl e DELa/b/c2) e trés proteinas DP (DPa, DPb e
DPc) (Guo et al., 2007). Em um estudo realizado com as proteinas E2F de arroz elas
foram capazes de ativar a transcricao de um gene repérter quando em presenca das
proteinas DP de arabidopsis. A sequéncia consenso de ligacdo ao DNA dos E2F
utilizada nesse estudo foi a idéntica aquela identificada em arabidopsis (Kosugi e
Ohashi, 2002a).

(a) E2F tipicos
AE2Fa | I T s
wezro [T ] Tl ] 4o

AtE2Fc - _-_ . 396 aa

AtDPa 292 aa

AtDPb 1 N 387 aa

E2F atipicos

ADELY N 404 aa
ADEL? (T W o

*

NDELS T ] s

[ Dominiodeligagdo ao DNA D Dominio de dimerizagéo
[J Dominiodetransativacdo B Dpominiode Ligacdo ao RB
. Marked Box I Potencial Sitio de ligagdo a CDK-CycA

* Potencial sitio de fosforilagdo CDK-ciclina
Figura 1 Representacdo dos motivos conservados presentes em E2F tipicos,
proteinas DP e E2F atipicos. Dominios caracterizados para Arabidopsis thaliana.
Figura modificada (Shen, 2002).
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A atividade transcricional dos E2F/DP e DEL pode ser regulada por outras
proteinas. Esse controle € mediado pela proteina retinoblastoma (RB). Experimentos
in vitro demonstraram alta afinidade entre a proteina RB e o complexo E2F/DP. A
proteina RB se liga ao heterodimero E2F/DP em um local correspondente ao dominio
de transativacdo C-terminal. Esta ligacdo promove o bloqueio deste dominio com
consequente inibicdo da transcricdo. Para o desligamento da proteina RB do
complexo E2F/DP, a proteina RB deve ser fosforilada por quinases dependentes de
ciclinas (CDK) especificas, fazendo com que esta perca sua afinidade pelo complexo
e o libere para ativar a transcricdo dos genes alvo. Este sistema é bastante
conservado e estd presente na maioria dos eucariotos, inclusive em plantas
superiores (Shen, 2002).

A evolucdo das proteinas E2F foi estudada apenas por um grupo de
pesquisadores no ano de 2010 (Cao et al., 2010). Este estudo utilizou varias
sequencias para inferir os principais caminhos evolutivos desta familia, focando em
metazoarios. Os principais resultados deste estudo demonstram que a familia génica
dos E2F apareceu inicialmente ap0s o surgimento dos organismos eucarioticos. Aléem
disso, foi estabelecido que os genes que codificam essas proteinas sofreram uma
duplicacdo antes da separacéo entre placozoarios e bilatéria, dando origem assim aos
E2F ativadores e repressores (Cao et al., 2010). Para plantas, esses autores utilizaram
apenas os dois modelos Arabiodpsis thaliana e Oryza sativa. Isso abriu a questéo
sobre como ocorreu a evolucdo desses genes em plantas e algas, visto que estes
também possuem ativadores e repressores, além de terem sofrido eventos de
poliploidizacéo levando assim, a um aumento do nimero de genes.

A familia génica desses fatores transcricionais do ponto de vista funcional tem
sido extensivamente estudada em diversos organismos, abrangendo desde humanos
e plantas até organismos unicelulares. Esta familia génica foi bem caracterizada em
relacdo a sua funcao no avanco do ciclo celular. Ao longo do ciclo celular as proteinas
E2F tem a habilidade de regular a transicdo da fase G1 para a fase S. Na entrada para
fase S a familia génica E2F regula a expresséo de ciclinas e quinases dependentes

de ciclina especificas de entrada da fase S (Dimova e Dyson, 2005).

Em Drosophila melanogaster as células do foliculo, durante a oogenese,
sofrem a entrada em endociclo, ou seja, duplicam o DNA sem sofrer divisao celular.

No final desta fase essa maquinaria € deslocada para uma regido especifica e isto
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leva a uma amplificag@o de um locus especifico. As proteinas ORC2, CDC45L e ORC5
regulam este reposicionamento da maquinaria de sintese. Em moscas mutantes
knockout para os genes E2F2, as proteinas que regulam a replicacdo do DNA, ORC2,
CDC45L e ORCS estéo distribuidas em todo o nucleo e ndo apenas no locus aonde
ocorreria a duplicacdo génica, permitindo endoreplicacdo de maneira inespecifica.
Além disso, nestes organismos mutantes a proteina ORC5 possui duas vezes a
guantidade de transcritos quando comparadas com moscas selvagens. Isto sugere
gue a rota E2F/Rb pode controlar tanto o desligamento da sintese de DNA quanto o
funcionamento da origem de replicacdo nessas células, reprimindo componentes
especificos da maquinaria de replicacdo (Cayirlioglu et al., 2001). Além disso, a
proteina DEL também foi caracterizada como sendo repressora da entrada do
endociclo em plantas (Lammens et al., 2008; Vlieghe et al., 2005).

Outros processos celulares foram posteriormente descobertos como sendo
regulados pelas proteinas E2F. A expressao de E2F1 em células de mamiferos sob a
acao de estresses genotdxicos levou a uma alteragcdo na expressao de genes
especificos envolvidos na apoptose enquanto que o mutante knockout para E2F1 néo
possui a capacidade de elevar a expressao de genes pro-apoptoticos (Carnevale et
al., 2012; Pediconi et al.,, 2003). Estes dois resultados mostram uma possivel

regulacao deste processo mediada por E2F1.

Em plantas dois estudos foram realizados visando identificar proteinas
reguladas pela familia de fatores transcricionais E2F. No primeiro foram encontrados
genes envolvidos na replicacdo do DNA, dinamica da cromatina, ciclo celular e reparo
de DNA. Todos caracterizados como potenciais alvos para as proteinas E2F
(Vandepoele et al., 2005). Um segundo estudo visou buscar apenas genes regulados
pelas proteinas E2F por ligacdo da proteina ao promotor, sendo que foram
identificados genes envolvidos em processos como ciclo celular, replicacdo do DNA,
reparo ao DNA, e genes relacionados com a recombinacao e controle de checkpoint

do ciclo celular (Ramirez-Parra et al., 2003).

As proteinas E2F também ja foram apontadas como possiveis reguladores de
alguns genes de resposta ao dano de DNA. Majoritariamente essas respostas foram
encontradas em células de mamiferos. Ja foi relatado que o gene E2F1 de humanos

pode ser estimulado pelo citomegalovirus humano e levar a uma ativagdo de genes
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de resposta ao dano de DNA focada na ativacdo mediada por proteinas quinase ATM
(Pickering et al., 2011). Outro estudo demonstrou que E2F1 é fosforilado pela quinase
ATM durante o dano envolvendo quebra de fita dupla do DNA. Esta fosforilacdo ocorre
em um sitio amino terminal da proteina E2F1 e promove sua realoca¢cdo durante este
estresse para possivelmente promover uma resposta transcricional envolvendo a
apoptose e genes de reparo de dano ao DNA (Lin et al., 2001). Além disso, E2F1foi
capaz de ativar as rotas de reparo mediadas por ATM em um modelo de células
exposto a radiagdo UV demonstrando assim o envolvimento de E2F1 com reparo do
DNA ap0s lesédo por luz UV (Carcagno et al., 2012).

Além destes genes, ainda em mamiferos, foi caracterizado um novo papel
para E2F7 e E2F8 durante a resposta a danos no DNA. Estes genes correspondem a
E2Fs atipicos em humanos. Observou-se que ambos 0s genes sdo induzidos em
células tratadas com agentes que produzem danos ao DNA. E2F7 e E2F8 também
tém a capacidade de regular a expressao de genes da prépria familia dos E2F sendo
essencial para as alteracbes que ocorrem no ciclo celular em decorréncia do dano.
Juntos, estes resultados indicam que ambos E2F7 e E2F8 estdo intimamente
envolvidos com a resposta celular ao dano no DNA (Zalmas et al., 2008).

No contexto das respostas ao dano de DNA em plantas um estudo apontou
gue alguns genes envolvidos com o reparo de DNA sado alvos diretos de E2F
(Ramirez-Parra et al., 2003). Um estudo de transcriptoma mostrou que varios genes
envolvidos em vias de reparo de DNA estavam modulados quando E2Fa e DPb
estavam superexpressos (Vandepoele et al., 2005). Ainda foi demonstrada a atividade
regulatoria exercida pelas proteinas E2F sobre a proteina MSH6, um componente da
rota de reparo de bases mal pareadas. O estudo mostrou que MSH6 possui um nivel
aumentado dos transcritos quando os ativadores E2Fa e E2Fb sdo superexpressos
individualmente (Lario et al., 2011). A proteina codificada pelo gene MSH6 possui trés
sitios de ligacdo a E2F. Juntos estes resultados sugerem que fatores de transcricao
E2F regulam a expressdo de MSH6 e, consequentemente, a atividade MMR
(mismatch repair) durante a progressao do ciclo celular.

Andlises genéticas e bioquimicas tém permitido um avanco no entendimento
dos mecanismos de percepcao e da sinalizacdo de estresses genotoxicos (Lario et
al., 2011; Lidon e Ramalho, 2011; Sakamoto et al., 2009; Tuteja et al., 2009).

Entretanto, os componentes especificos de sinalizacdo que séo ativados nas plantas
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em resposta a esses estresses sdo ainda pouco conhecidos. A comparacao entre 0s
diferentes modelos eucaridticos e a integracdo entre analises moleculares,
bioguimicas e fisiologicas fornecerda uma visdo mais abrangente a respeito das

respostas geradas pelas plantas ao dano no DNA.

2 Os estresses genotoxicos

Os organismos vivos estdo expostos a agentes que podem, direta ou
indiretamente, causar danos ao seu DNA. Esses agentes sdo conhecidos como
agentes genotdxicos e podem ser quimicos ou fisicos. Ambos tém a capacidade de
interagir com 0 DNA e induzir mutagdes, as quais podem culminar com o bloqueio de
diversos processos celulares. Os mutagénicos quimicos podem ser classificados em
funcdo do seu modo de acdo como: analogos de bases, os compostos quimicos que
alteram a estrutura e modificam propriedades das bases nitrogenadas, 0os agentes
intercalantes e os agentes que alteram a estrutura do DNA. Ja entre os fatores fisicos
podemos citar as radiacbes, sendo estas compostas por comprimentos de onda

ionizantes e ndo-ionizantes (Mielecki e Grzesiuk, 2014).

Os agentes alquilantes podem levar a diferentes lesées no DNA ou RNA, as
guais podem ser citotoxicas, mutagénicas ou neutras. As lesdes citotoxicas podem
ocasionar um bloqueio de processos como replicacao e transcricdo, enquanto que as
mutagénicas podem introduzir erros de pareamento (Mielecki e Grzesiuk, 2014).
Alguns inseticidas comerciais possuem atividade de alquilacdo, como por exemplo o
composto endosulfan. Por esta razéo este tipo de dano pode ocorrer pela acédo desses

agentes dispersos no meio ambiente devido a acdo antropica. (Pérez et al., 2008).

Um exemplo classico de agente alquilante € o MMS (Methyl Methane
Sulfonate). Este composto quimico é utilizado como controle positivo para testes de
genotoxicidade (Rank, 2003). O MMS é um agente modificador de bases do DNA que
geralmente causa mutacdes por substituicdo de bases, gera defeitos no fuso mitético
e possui capacidade de produzir aberracées cromossémicas (Kandasamy et al., 2009;
Rank, 2003).
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As radiagOes ionizantes compreendem comprimentos de onda que podem
interagir com as bases nitrogenadas e gerar uma grande variedade de lesbes no DNA,
incluindo quebras de fita dupla, quebras de fitas simples e oxidagéo de bases (Nikitaki
et al., 2016). As quebras de fita dupla séo considerados os danos mais relevantes
induzidos pela radiacao ionizante (Kuefner et al.,, 2015). O composto quimico
bleomicina possui capacidade de gerar quebras no DNA e é considerado um agente
radiomimético. Este agente possui a capacidade de mimetizar os danos gerados pelas
radiacdes ionizantes (Gill et al., 2015).

J& as radiac6es ndo ionizantes ndo tem a capacidade de gerar tantos danos,
porém elas também podem provocar alteracdes no DNA. A luz ultravioleta € o exemplo
mais importante de radiacdo nao-ionizantes. A radiagéo ultravioleta (UV) que atinge a
superficie da terra tem implicagfes importantes na saude humana, nos ecossistemas
terrestres e aquaticos, nos ciclos biogeoquimicos, na qualidade do ar (McKenzie et
al., 2011).

A luz UV esta dividida em 3 componentes principais, de acordo com o seu
comprimento de onda. A UV-A compreende comprimentos entre 320 nm e 400 nm, a
UV-B entre 280 nm e 320 nm e a UV-C abrange de 100nm a 280 nm (Parihar et al.,
2015). Todos esses comprimentos de onda sdo emitidos pelo sol, porém o mais
energético a atingir a superficie terrestre € o espectro da luz UV-B. A luz UV-C possui
capacidade de gerar muitos danos porém toda ela é filtrada pela camada de
o0zo6nio.(Mpoloka, 2008).

A luz do tipo UV-B interage com o DNA, modificando suas bases ou
provocando a interacdo entre estas, bloqueando, assim, 0S processos nos quais o
DNA encontra-se envolvido (por exemplo replicacdo do DNA). Esta interacdo da luz
UV-B com o DNA pode afetar a integridade do genoma (Mpoloka, 2008). Uma vez que
esta radiacdo é prontamente absorvida, ela pode provocar uma série de efeitos, como
a fotoexcitacdo de um grande numero de biomoléculas (por exemplo acidos nucléicos,
proteinas e lipidios), resultando em mudancas genéticas, bioquimicas e fisioldgicas
dentro das células (Tian e Yu, 2009).

Quando o DNA é danificado, a capacidade de reparo é fundamental para
evitar que uma alteracdo genética se torne permanente. Alguns passos que levam a

deteccdo efetiva deste dano, uma remogéo completa dos nucleotideos danificados e
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a correta substituicao por bases néo danificadas permite a manutencao da integridade
do genoma. Se o0 reparo ndo estiver ativo, este organismo podera perder sua
capacidade de sobrevivéncia em ambientes onde danos genotdxicos sao frequentes
(Gill et al., 2015).

Até o momento ja foram identificadas mais de 50 proteinas que sao recrutadas
para os locais de lesédo ao DNA (Polo e Jackson, 2011). Essas proteinas sdo capazes
de modular as interacdes proteina-proteina e regular finamente a atividade enziméatica
para que o reparo do DNA ocorra corretamente (Polo e Jackson, 2011). Nem todas as
rotas bioquimicas e genéticas envolvidas nesse reparo ao DNA danificado séo
conhecidas ou bem compreendidas.

As plantas terrestres por possuirem carater séssil e dependéncia da luz solar
ndo tém a capacidade de escapar dos estresses genotdxicos existentes no meio
ambiente. Para isso elas devem conseguir lidar com esse estresse. Além disso, &
provavel que as plantas tenham que conviver com os niveis aumentados de UV-B nas
proximas décadas, o que leva a necessidade de pesquisas continuas para melhor
compreensao a respeito das estratégias de resposta aos estresses genotoxicos (Lidon
e Ramalho, 2011).
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— Objetivos —

Objetivo Geral

Visto a escassez de dados a respeito da histdria evolutiva da familia génica
E2F em viridiplantae e visando esclarecer o envolvimento destas proteinas frente aos
estresses genotdxicos em plantas a presente tese de doutorado teve como objetivo o
estudo evolutivo através de uma abordagem filogenética e caracterizacdo do

envolvimento dos E2F com a resposta a danos ao DNA.

Objetivos especificos

1) Através de abordagem filogenética analisar a historia evolutiva
da familia génica E2F em plantas.

2) Verificar a resposta génica dos E2F frente a estresses
genotoxicos.

3) Relacionar os padrdoes de expressdo da familia E2F e seu
envolvimento com os processos celulares de reparo de DNA, ciclo celular e

apoptose durante estresses genotoxicos



Capitulo 1l

— Inferéncias filogenéticas sobre a familia génica E2F em viridiplantae —
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Highlights

The typical E2F proteins arose early after the emergence of the eukaryotic
species.

The atypical E2F proteins (DEL) have arisen after the separation of fungi,
metazoan and plants.

The E2F is more similar to the ancestral gene than DEL.

The DEL proteins probably emerged through a partial duplication of an ancient
E2F protein.

The divergence of the E2Fs between activators and repressors emerged twice
during evolution.
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Supplementary Fig. 1. Phylogenetic tree of the DNA binding domain (DBD) present in E2F, DEL
and DP proteins of all species. The two DBD domains of the DEL proteins were considered two
evolutive units (DEL-DBDa and DEL-DBDDb). (I) Cluster comprising the sequences of DP-

DBD. (ll) Cluster comprising the sequences of E2F-DBD, DEL-DBDa and DEL-DBDb. The genes
names were excluded from the tree.
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Supplementary Fig. 2. Analysis using WGMapping with the genes of E2F and DEL present

in Arabidopsis thaliana, Oryza sativa, Physcomitrella patens, and Glycine max. The red blocks
indicate a block duplication of the region that had this gene. Black blocks indicate that duplication does
not occur in the segment where the gene is present.
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Available at: http://www.sciencedirect.com/science/article/pii/S1055790316300203

Supplementary Table 1. Sequences obtained and used in this paper. Order: name of the order of
the organism.Family: name of the family of the specie. Specie: name of the species present in this
paper. Taxa terminologies: abbreviation of the taxa used in the paper. Name: name of the gene
used. Access: Access code of the sequence of the genes used. Length: Length of the protein (in

aa). EST: presence of EST in databases. DBD (1): Position of the aminoacids present in the first DBD
in the specific sequence of the total 71 aminoacids present entire domain (i.e. 1-71 means the entire
71 aminoacids are present) DBD(2): Position of the aminoacids present in the second DBD (present
only in DEL proteins) in the specific sequence of the total 71 aminoacids present entire domain (i.e. 1-
71 means the entire 71 aminoacids are present in that sequence).
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Capitulo 1l

— A familia de fatores transcricionais E2F e seu envolvimento com o dano de DNA —
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Abstract

The E2F gene family has members participating in several processes such as cell
cycle progression, condensation and segregation of chromosome, DNA replication and
apoptosis. Some studies have established a link between responses to double strand breaks
(DSB) and up regulation of E2F target genes, but the involvement of the E2F gene family in
the signaling of DNA repair in plants is still unknown. Here we described the involvement of
this gene family in the responses to genotoxic damage in rice (Oryza sativa) and Arabidopsis
thaliana. Experiments with UV-B treatment were conducted in rice plantlets and in Arabidopsis
thaliana. Besides, MMS (Methyl Methanesulfonate) treatment effects were analyzed in rice. In
response to UV-B light, in both models, specific activator E2F encoding genes increased their
relative expression. To understand which processes could be regulate by E2F transcription
factor in response to genotoxic stress, we also analyzed the transcript levels of genes known
to be involved with cell cycle, apoptosis and DNA repair pathways. The DNA repair genes were
upregulated, while the cell cycle related genes were down-regulated in response to UV-B light.
Corroborating these results, in the seedlings exposed to MMS, all genes related to cell cycle
were down-regulated. In addition, a specific activator E2F gene responded by increasing its
expression. In silico analysis at the Arabidopsis eFP browser showed that a specific activator
E2F of Arabidopsis has also a similar pattern of expression, with a higher expression in
response to bleomicyn treatment. All together, these results revealed that specific members of
the E2F family of rice and Arabidopsis are involved with responses to DNA damage and that

other members of the E2F gene family could act to repress the cell cycle.

Introduction

Due to their sessile nature and dependence on the light, the plants have to survive
under constant environmental changes. They have to deal with many different factors that can
affect their life cycles. Plants are exposed to environmental mutagenic agents, including UV
light and some alkylating agents (Kimura, Satome 2005). The ultraviolet wave length is divided
into UV-A (320 — 400 nm), UV-B (280 — 320 nm) and UV-C (100 — 280 nm)(Parihar et al.,
2015). The UV-B band corresponds to the most energetic component of the daylight spectrum
that reaches the earth surface, although it represents only 0.5% of the total sunlight energy
(Ballaré et al., 2011; Mpoloka, 2008). The anthropogenic activity led to an increasing quantity
of UV-B light that reaches the earth surface due to the depletion of the ozone layer that
occurred between 1980s and 1990s (Ballaré et al., 2011; McKenzie et al., 2011; Parihar et al.,
2015). The plants will have to deal with higher UV-B levels in the next decades and the

understanding of how the plants respond to this stress is essential.
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The UV-B light acts in the DNA causing crosslinking between adjacent cytosine and
thymine blocking some cellular processes, like DNA replication, and affecting the genome
integrity (Mpoloka, 2008). In order to avoid the blocking of cellular processes and, the lesions
in DNA, plants developed complex mechanisms that allow them to detect and remove this
damage (Manova and Gruszka, 2015; Mpoloka, 2008). Extensive studies are being conducted
in order to understand the mechanism of perception and signaling of the genotoxic stress (Lario
et al., 2011; Lidon and Ramalho, 2011; Sakamoto et al., 2009; Tuteja et al., 2009). Meanwhile
all the specific components of response to stress pathways, especially in plants, were not yet
described.

The E2 promoter binding factor (E2F) gene family encodes transcription factors that
possess members acting in various functions such as cell cycle progression, segregation and
condensation of chromosome, DNA replication and apoptosis (Harbour and Dean, 2000;
Lammens et al., 2009; van den Heuvel and Dyson, 2008). This family of proteins was
extensively studied in mammalian due to their involvement in cancer (Tsantoulis and
Gorgoulis, 2005). In plants, the E2F family was first identified in Arabidopsis thaliana. Plants
and mammalian E2F show similarities both at structural and functional levels (Ramirez-Parra
et al., 1999). Two different proteins, the typical E2F and the atypical E2F, compose the E2F
gene family. The typical E2F (from now named as E2F) has only one DNA binding domain and
can act repressing or enhancing the expression of their target genes. The atypical E2F (from
now named as DEL) possess two DNA binding domains and acts like a repressor protein due
to the lack of the transactivation domain that is present in some E2Fs (Kosugi and Ohashi,
2002; Mariconti et al., 2002).

In the DNA damage context, the involvement of the E2F gene family in mammalian
was already described (Lin et al., 2001; Pediconi et al., 2003). The E2F1, E2F7 and E2F8
proteins had their expression altered due to the treatment of cells with genotoxic stressors
(Zalmas et al., 2008). In plants, some evidences established a link between the response to
Double Strand Brake (DSB) and the activation of target genes of E2F (Blais and Dynlacht,
2004; Inze, 2005). The objective of this study was to investigate the relation between the DNA
damage repair pathways and the E2F transcription factor in plants. To achieve this objective,
the expression pattern of E2F genes in response to genotoxic stresses was analyzed in two
model plants, Oryza Sativa and Arabidopsis thaliana. Our results showed that the expression
of specific members of the E2F family correlated with the expression of genes involved with
DNA damage repair after genotoxic stresses. At the same time, the progression of the cell

cycle is arrested.
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Materials and Methods

Sequence identification

All the sequences used in this paper were retrieved from Phytozome v 9.1
(http://www.phytozome.net/) using the BLASTn tool and the default settings. The identification
of rice E2F genes was previously described (Rauber et al., 2016). The analysis to confirm the
presence of the DNA binding domain (DBD) characteristic of the E2F transcription factor family
was made using the PFAM website (Finn et al., 2014).

In silico expression analysis.

The in silico expression data from Arabidopsis were retrieved from the efp-browser
webpage (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi?dataSource=Abiotic_Stress)(Kilian et
al., 2007) using the accession number of the E2F/DEL genes. The experiments used were UV-
B and bleomicyn, in the data on abiotic stress. These data were transformed in graphics using

a tabulation program. The DEL1 gene did not have a probe present in these arrays.

Plant material

Arabidopsis thaliana (Columbia 0) and Oryza sativa (L. ssp. japonica cv. Nipponbare)
seedlings were used in the experiments for the gene expression analysis. The Rice seedlings
were grown in a greenhouse at 28°C and under light regimen of 12h/12h for 2 months in
flooded soil. Arabidopsis plantlets were grown for 1 month in a growth room at 20°C and light

regimen of 12h/12h in soil.

UV-B and MMS stresses

For the treatment of UV-B exposition, two UV-B bulbs (Philips TL 40W/01 RS) were
used as the only source of light during the stress period. The distance between the lamps and
the plants were 30 cm.

Two months old rice plants were separated into two groups. The control group was
maintained in normal conditions of light. The treatment group had the UV-B light as the only
source of light during the time of stress. All the experiments were defined using pilot
experiments aiming the right dose to stress the plants but not to kill them. We used a
pretreatment of 4 hours a week before the stress. After the recovery week, the treatment
consisted of another 4 hours of stress, 20 hours of recovery under control conditions and a
second exposition of UV-B light of 4 hours. Samples were collected at time 0 hours (just after
the treatment), 30 minutes, 2 hours, 6 hours and 24 hours after the exposure (times 30m, 2h,

6h and 24h, respectively).
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Three weeks old Arabidopsis plantlets were also stressed. They were separated into
two groups, control and UV-B -treated. The time of exposure to UV-B light was 30 minutes for
the stressed plants. After the exposure, the following collection times were made: 0 h
(immediately after the stress), 30 minutes, 2 hours, 6 hours, 12 hours and 24 hours after the
stress. All samples (control and stressed) were collected in four biological replicates and each
sample was composed by two different leaves from two different plants.

For the methylmethane sulfonate (MMS) treatment, rice seedlings were grown in
hydroponic conditions using MS media as the source of nutrients. Three weeks old plants were
treated with 2.5 mmol/l MMS added to the nutritive solution and kept 24 hours. The control
plants received only nutritive solution without MMS. After the stress, the nutritive solution was
replaced by a new solution without MMS and the shoot from the treated and non-treated plants
were collected. Samples were collected as biological triplicates, each one containing two
leaves from two different plants (four leaves per biological replicate). The times of collection
was Oh (after the stress), 30 minutes, 2 hours, 6 hours, 12 hours and 24 hours after the stress.
The samples of all experiments were collected and immediately frozen in liquid nitrogen and
stocked at -80°C, until the RNA extraction.

RNA extraction and cDNA synthesis

The total RNA extraction was carried out using TRIZOL reagent (Invitrogen) following
the manufacturing instructions.

The cDNA was synthesized from the total RNA using the M-MLV Reverse
transcriptase (Promega) according to the recommendations of the manufacturer. The quality
of the cDNAs was verified by PCR using primers to the housekeeping gene formaldehyde
dehydrogenase (FDH — GenBank: U77637.1) for rice and polyubiquitin10 (UBQ10 — GenBank:
L05361.1) for Arabidospis thaliana.

Expression analysis by quantitative PCR analysis (RT-gPCR)

The relative expression of the genes was determined by the reverse transcriptase
guantitative polymerase chain reaction (RT-gPCR). The reactions followed the parameters:
first denaturation of 5 min at 94°C followed by 40 cycles of 10s at 94°C, 15s at 60°C and 15s
at 72°C. After the amplification, the samples were kept for 2 min at 40°C to reannealing and
then heated from 55 until 99°C with and increasing rate of 0.4 °C/s to achieve the melting
curve. The reactions were made in a final volume of 20ul, containing 10ul of reverse
transcription product (diluted 100 times in sterile water), 2ul of PCR buffer (Invitrogen), 1.2 pl
of 50 mmol/l MgCI2, 0.4 ul of 5 mmol/l dNTPs, 0.2 ul of 20umol/l primer mix, 3.95 ul ultra-pure
water, 2 ul SYBR green (1:100,000, Molecular probes), and 0.05 ul Platinum Tag DNA
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polymerase (2U/reaction). Housekeeping genes were used as internal control to normalize the
input of RNA in each sample. All results were expressed through relative quantification to a
set of housekeeping genes, using the 2-AACt methodology (Livak and Schmittgen, 2001). All
the experiments were made in technical quadruplicates.

The RT-gPCR reactions were carried out using specific primers for each gene. The
CDS sequences of the genes evaluated in these paper were used to design primers using the
primer 3 site (http://bioinfo.ut.ee/primer3-0.4.0/) (Rozen and Skaletsky, 2000). The primers
were designed to produce 180-250 bp length fragments. All the primers had a TM between
59.5 °C to 60.5°C.

Besides the primers for E2F genes, we have also projected primers to amplify genes
involved in three different cellular processes: DNA repair, Cell cycle and apoptosis. In rice the
UVR3 and PHO acts as a photolyases, RADL1 is involved in the nucleotide excision repair
system, meanwhile the Uracil DNA glycosylase (UGLY) acts in the base excision repair. We
also tested SNM that acts as a regulator of inter strand crosslinks. For the genes involved in
cell cycle we have analyzed ciclin B 1_1 (CYCB1_1) and ciclin dependent kinase B2 (CDKB2),
which are related to the G2/M passage (La et al., 2006; Lee et al., 2003), the genes ciclin D4
and ciclin D6, which are specific for the G1 phase(La et al., 2006), and the gene for histone
H4 (Reichheld et al., 1998). Two marker genes for programed cell death were also used: BAG
(BAG-domain protein 1 / regulator of cell death — NCBI) and MXK3 (cell death C-terminal
domain-containing protein — Phytozome). In the experiments using Arabidopsis we used
primers for MSH2 and MSH6 genes, which are involved in the mismatch repair. In addition
UVR2, UVR3 and UVR7, which are two photolyases and a nucleotide excision repair protein,
respectively were also used (Lario et al., 2013). For the cell cycle genes we have used ciclin
A3 that are specifically involved in G1 phase (Takahashi et al., 2010), the cyclin dependent
kinase B2 that is related to G2/M passage (Takahashi et al., 2010), and also the histone H4
(Rosa et al., 2014).

Results

E2F family in rice

The searches through the rice genome led to the identification of six genes encoding
the E2F transcription factors. Four of them encode E2F, named OsE2Fa/bl, OsE2Fa/b2,
OsE2Fa/b3 e OsE2Fcl, and the two others DEL proteins, named OsDELa/b/cl and
OsDELa/b/c2. All the gene names followed the nomenclature used in our previous work
(Rauber et al., 2016). The number of the sequences encoding E2F found in the rice genome

was the same reported previously by others (Guo et al., 2007).
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Expression of rice E2F genes in response to exposure to genotoxic stresses.

In order to verify the E2F involvement during genotoxic stresses responses in rice,
two different experiments were made, using two different stressors. The first one was UV-B,
the most powerful UV wavelength that reaches the earth surface (Mpoloka, 2008). The second
stress was the alkylating agent MMS.

Under UV-B treatment, rice plants respond with the up-regulation of OsE2Fa/b3 (6h
after treatment) and OsE2Fc1 (30min after the treatment) when compared to the non-treated
plants (Figure 1). In contrast, the two other E2F genes (OsE2Fa/bl and OsE2Fa/b2) were both
downregulated 2h, 6h and 24h after the stress. After UV-B stress, the gene OsDELa/b/cl
presented a complex response, reducing the expression just after the onset of the treatment
(time Oh), increasing after 30 min, but downregulating again after 6 hours of the treatment. The
other DEL gene (OsDELa/b/c2) presented upregulation up to 6h going back to normal levels
in the time 24h.

The MMS treatment also upregulates two E2F genes meanwhile the other two E2Fs
were downregulated. The OsE2Fa/b2 and OsE2Fcl expression was downregulated up to 2h,
returning to normal levels in the time 6h, but increasing later in the time 12 h. The OsE2Fa/b3
and OsE2Fa/bl showed only downregulation during the stress (times 0 h, 30 min, 2 h and 24
h for OsE2Fa/b3 and 0, 30 min, 2 h, 6 h and 24 h for OsE2Fa/b1). The two OsDEL genes were
upregulated during the MMS stress, at 0 h, 30 min, 2 h, 6 h and 24 h for OsDELa/b/cl and in
the times 0 h and 24 h for the OsDELa/b/c2 (Figure 1).

The DP genes were not upregulated at any time during the UV-B stress, which is
different of the results obtained from the MMS experiment, where OsDPa and OsDPc were
upregulated (Figure 1).

Other genes were also tested, including loci that responds to DNA damaged, genes
linked to cell cycle and involved in apoptosis. For the DNA repair genes, we measured five
genes (Figure 1). Three of them (RAD1, UVR3 and PHO) were upregulated at time 30min in
the UV-B experiment but were later repressed 2h and 6h after treatment. The other two genes
(UGLY and SNM) were downregulated during the experiment. With the MMS stressor, two
genes were not tested. Three genes related to DNA repair showed a complex modulation
during the stress. UVR3 was downregulated 30 minutes and 2 hours after the stress,
upregulates in time 6h and goes back to normal levels 12 hours after the stress. PHO and
SNM presented a downregulation during the first 6 hours of experiment, upregulation in time

12h it upregulates and downregulated again at 24h.
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The cell cycle genes were downregulated in response to the treatment. The genes
related to apoptosis were also downregulated during the UV-B experiment, but the MXK3
genes showed an up-regulation in the time 12h in the MMS experiment.

The Arabidopsis expression array in genotoxic stresses.

In order to verify if the response to genotoxic stress also involves the E2F genes in
other plants we analyzed the array expression data available for Arabidopsis in the eFP
browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi?dataSource=Abiotic_Stress). In order
to compare with the results obtained for rice, the first stress accessed in the efp browser was
the UV-B. The analysis showed that, in response to UV-B in shoot two genes, AtE2Fb and
AtE2Fc, had an increased expression (Figure 2A). The E2Fc and E2Fb genes were
upregulated up to 12 hours of treatment, decreasing later, at time point of 24 hours. The AtDEL
3 gene had a little increase in its expression after 15minutes of stress. The AtE2Fa and AtDEL
2 gene expression did not change in the experiment.

The response to UV-B in root, as accessed via microarray database, was very subtle
compared to the one found in shoot. The E2FB had a slight increase after 30 minutes of stress,
with a maximum of expression in 1 hour after the stress exposure and then it started to
decrease until 6 hours when it presented a relative expression near to 1. The AtDELb and
AtDELc genes had the same response but in different times, having a peak of expression after
30 minutes and after 1 hour of the stress, respectively. The AtE2Fa and AtE2Fc were not
upregulated (Figure 2B).

The other genotoxic stress that was accessed in eFP browser was bleomicyn and
mitomycin treatment. In shoots, AtE2Fb and AtE2Fc were up-regulated with a peak at 6 hours
and 12 hours after the stress, respectively. The AtE2Fa, AtDELb and AtDELc did not change
their expression during the experiment. In roots, the response differs a little, but the AtE2Fb
and AtE2Fc also increased their expression. The AtDELc gene was also up-regulated showing
a peak 1 hour after the stress going to downregulation in the next time, 3h after the stress. The

AtE2Fa and AtDELb expression did not increase during the experiment (figure 2C and 2D).

UV-B experiment in Arabidopsis.

To confirm the results of the array experiment, we have analyzed the expression
profiles of all these genes in UV-B treated Arabidopsis plantlets (Figure 3). As predicted by the
array expression analysis, the AtE2Fa relative expression was not altered by the stress.
Meanwhile the AtE2Fb expression increased 30 minutes after the stress, reaching the
maximum of expression 2 hours after the stress, and then returned to the normal levels. In the

same way, AtDELa expression increased up to 2hrs and returned to normal levels 6 hours
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after the stress. The AtDELb gene expression showed a downregulation in times Oh, 6h, 12h
and 24h. The AtDELc had no alteration in the relative quantity of mRNA in response to UV-B
treatment. AtE2Fc expression was not detected in both samples, treated and control.

All the cell cycle genes tested had reduced levels of expression, but this down-
regulation did not occur at same time but varied from 2 hours for CYCA3_1 up to 24 hour for
H4. Other genes, such as CDKB2, was repressed at the analyzed times. On the other hand,
genes which are involved in the response to DNA damage such as UVR2, UVR3 and UVRY
genes, were up-regulated but with different kinetics. The three genes were upregulated 30
minutes after the stress. UVR2 and UVR7 maintained increased levels of expression up to 2
hours after the stress. Other two genes involved in DNA repair, MSH2 and MSH6, were
downregulated. The BAG gene, which is involved in PCD, had an altered expression just after

the stress (time Oh) and also 2 hours after the stress.

Discussion

The E2F transcription factor family is known for its role in cell cycle control and many
others cellular processes (Carnevale et al., 2012; Harbour and Dean, 2000; Ramirez-Parra et
al., 1999). The involvement of this family in DNA damage was observed in mammalian cells
but how the gene family responds to genotoxic stress in plants is still poorly known. Here we
analyzed the involvement of the E2Fs in response to two genotoxic agents, UV-B and MMS,
in two different model plants, rice and Arabidopsis.

To measure the effectiveness of the stresses, some genes involved in the DNA repair
were tested. The genes that responds positively in rice were RAD1, UVR3 and PHO, in the
UV-B stress. The UVR3 and PHO genes are related to photolyases, which are expected to be
activated in UV stress since these proteins are responsible for the direct repair of base dimers.
The same type of proteins responded to UV-B damage in the Arabidopsis thaliana
experiments. The photolyases that responded in Arabidopsis were UVR2 and UVR3. In both
UV-B experiments, we noticed the activation of genes that belong to the nucleotide excision
repair (NER) pathway, UVR7 in Arabidopsis and RAD1 in rice. The NER pathway is
characterized to be responsive during UV-B damage in mammals because they do not possess
photolyases. We speculate that this pathway was also activate because of the severity of the
stress we submitted the plants. This effect could activated alternative pathways to help
repairing the damage imposed. In the MMS treatment the genes upregulated were UVR3, PHO
and SNM. It was already described that the photolyases are also involved in the damage
generated by alkylating agents (Mielecki and Grzesiuk, 2014).

Using the UV-B as the main source of light in an in vivo experiment, we observed that

the E2F family responded upregulating OsE2Fa/b3 and E2Fcl. Similarly, some members of
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the E2F family also presented gene regulation in response to MMS treatment of rice plantlets.
The gene OsE2Fc1 was modulate in both treatments, UV and MMS, while OsE2Fa/b2 respond
specifically to the MMS treatment. In same way, AtE2Fb and AtE2Fc of Arabidopsis responded
to bleomicyn and UV-B exposures. The expression of a specific gene during a genotoxic stress
was seen in mammalian cells in which the E2F1 responded when genotoxic stress was applied
(Lin et al., 2001). This activation of E2F1 in mammalian cells was regulated by ATM and ATR
genes, which are also responsive to DNA damage. How the genotoxic stress regulates the
E2F in plants was still not answered.

The gene that responds in both experiments corresponds to OsE2Fcl in rice. In
Arabidopsis AtE2Fc, which is the repressor, also responded differentially to UV-B and
bleomicyn exposure. Interesting, The AtE2Fc was negatively regulated in the cell cycle control
process (Berckmans et al., 2011). As previously reported the rice OseE2Fcl and Arabidopsis
AtE2Fc correspond both to repressors. As showed in the literature for other processes, the
repressor E2F can control the activator E2F expression demonstrating that the self-regulation
of this family of genes is important for the cellular processes they control. (Berckmans et al.,
2011; de Jager et al., 2009).

The other genes of rice that responded to the genotoxic stress were OsE2Fa/b3 (in
the UV-B experiment) and OsE2Fa/b2 (for MMS treatment), which are both activators E2Fs
according to our previous work (Rauber et al., 2016). In Arabidopsis thaliana, AtE2Fb, an
activator E2F, responded to both UV-B and MMS treatments. Differently from rice that possess
three activator E2Fs, Arabidopsis possess just two. It was already demonstrated that AtE2Fa
and AtE2Fb have different functions during the control of cell cycle (Magyar et al., 2005;
Sozzani et al., 2006). Our data also pointed out that both activators differ in the expression
pattern and that possibly the E2Fb is one of the gene that controls all the responses to the
genotoxic stress. In rice, OsE2Fa/b3 responds to UV-B stress meanwhile the OsE2Fa/b2
responds to MMS treatment. We could not confirm an orthologue relationship between AtE2Fa
and OsE2Fa/bl (genes that were not responsive to genotoxic stress) or AtE2Fb and
OsEZ2Fa/b2 or OsE2Fa/b3 (genes that responds to the genotoxic stresses). Even a more
deeper study on the evolutionary relationship between E2Fs did not show this relation (Rauber
et al., 2016). At this point, we could just speculate that possibly OsE2Fa/bl and OsE2Fa/b3
maintained the same general function responding to DNA damage, but along the evolutionary
time each of them possibly acquired a specific response to each type of genotoxic stress.

The DEL genes were also upregulated in response to both genotoxic stresses in both
plants showing that an additional negative control in the E2F pathway is active, besides of the
regulation imposed by the AtE2Fc. As already showed in the literature, the atypical E2Fs, E2F7

and E2F8, regulates the E2F1 response during DNA damage stresses in humans (Zalmas et
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al., 2008). The same maybe occurring in our experiments, where the DEL could be regulating
the E2Fs, downregulating them, and possibly blocking the advance of the cell cycle. This is
supported by the negative regulation of cell cycle genes in both, rice and Arabidopsis plants
exposed to genotoxic stress. The E2F and DEL proteins controls the cell cycle with synergistic
response of the entire family of proteins and, as showed here, this is also seen in the response
to genotoxic stresses (Lammens et al., 2009).

During the stresses tested in our experiments, the genes involved in apoptosis were
upregulated at specific times. The involvement of E2F proteins in the regulation of apoptosis
during DNA damage was shown in human cell lines model where E2F1 regulated apoptosis
genes when exposed to genotoxic stresses (Pediconi et al., 2003). We conclude that the
regulation of both processes by E2F was also maintained in plant species.

Our analysis on the array expression data also indicated that even in roots the E2F
genes can modulate their expression during the exposure to UV-B. The response was not as
higher as in the shoot, but a differential expression can be observed. The current literature
shows that the damage imposed by UV-B could also impact roots even they are not directly
exposed to the stress (Yokawa et al., 2015). The regulation of genes in roots during UV-B
exposure was also described in the literature indicating that even without direct exposure the
roots maintain the ability to respond to this stress (Leasure et al., 2011).

The E2F gene family is present in almost all eukaryotic organisms. The involvement
of E2F family in the cell cycle control from metazoan to plantae was very well established. Here
we showed that their involvement in genotoxic stress regulating DNA repair was also kept, in
plants, like in mammals which is reported in the literature. The DNA repair is an essential
process to the surviving of the organism as they prevent the accumulation of deleterious
mutations and promote the genome stability (Gill et al., 2015). The regulation of E2F and DNA
repair genes is observed in plants, as showed here, and in mammals, as described in the
literature (Carcagno et al., 2012; E et al., 2011). The E2F/DEL proteins helps to regulate the
repair of DNA damage and in the same time makes the link with cell cycle. When the DNA
damage is present, the E2F family blocks the cell cycle, downregulating genes responsible for
the progression of the cycle. In the same time helps to promote and activate genes responsible

for the repair of the DNA. In some cases, they can even activate the apoptosis pathway.

Conclusion

The results described here lead us to propose a model of action for E2F proteins in
response to the genotoxic stress (Figure 4). The repressor E2F/DP or DEL genes are
upregulated so their proteins can bind in the promoter of the genes that controls the cell cycle

progression, repressing them and arresting the cell division. At the same time, one specific
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activator E2F is upregulated and bonds to the promoter of DNA repair responsive genes,
activating them and the mechanism of DNA repair, responsible for correcting the damage
produced by the genotoxic stress. This prevents the cell to duplicate in the presence of
damaged DNA. This mechanism is maintained in the two models plants, rice and Arabidopsis,
indicating that this response could be general for plants.
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to the scale shows the fold changes between treated and non-treated plantlets based on the
RTQPCR reactions presented in the Supplementary table 1 and 2. The gray boxes show the

genes that were not analyzed. All the experiments have at least three separated biologic

samples with three technical replicates each.
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Figure 2 Expression of the E2F/DEL genes in Arabidopsis thaliana arrays. The data is
available at Arabidopsis eFP browser. The gene expression was calculated comparing the
expression in treated samples X control samples. All measurements were taken in duplicate.
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Figure 3 In vivo experiments performed using plantlets of arabidopsis exposed to UV-
B. The scale shows the comparison between treated and non-treated samples. The number
below to the scale shows the fold changes between treated and non-treated plantlets based
on the RTQPCR reactions presented in the Supplementary table 3. The gray boxes shows
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Figure 4 Model of action of the E2F/DEL genes during a genotoxic stress. The light
blue E2F is the activator E2F downregulated in the experiments that possibly controls the cell
cycle progression. The dark blue E2F is the repressor E2F and the green E2F is the specific
activator E2F that is upregulated in the experiments.



Supplementary figures

Rice UV-B
E2F}_[§)I§II_ DP oh 30 min 2h 6h 24h
E2Fa/bl 1(0.15) 1(0.16) 0.48(0.09)** | 0.47(0.09)* | 0.5(0.17)*
E2Fa/b2 0.97(0.15) 0.84(0.13) | 0.54(0.11)** | 0.55(0.14)* | 0.33(0.12)**
E2Fa/b3 0.88(0.12) 1.31(0.19) 1.4(0.32) | 4.13(0.65)* | 1.57(0.43)
E2Fc1 1.32(0.26) | 2.91(0.4)** 1(0.2) 0.57(0.14)* | 1.27(0.33)
DELa/b/cl 0.5(0.08)** 1.73(0.25)* 1.11(0.33) | 0.26(0.07)** | 0.78(0.32)
DELa/b/c2 3.11(0.66)* | 2.52(0.55)* | 2.13(0.44)* | 3.7(0.63)** 1.56(0.43)
DPa 0.51(0.06)** | 1.2(0.25) 0.47(0.1)** | 0.57(0.14)* | 1.33(0.44)
DPb 0.45(0.06)** 1.05(0.18) | 0.28(0.05)** | 0.42(0.06)** | 1.21(0.32)
DPc 0.48(0.08)** 0.95(0.17) | 0.33(0.08)** | 0.42(0.1)** | 0.43(0.19)**
DNA repair loci
UGLY 0.63(0.08)** | 0.73(0.09)* 0.98(0.18) 1.08(0.18) 0.69(0.18)
RAD1 0.69(0.09)* 1.93(0.29)* | 0.65(0.12)* | 0.08(0.01)** | 1.35(0.48)
UVR3 1.34(0.17) | 2.53(0.44)* | 0.39(0.12)** | 0.45(0.13)** | 0.83(0.31)
PHO 1.33(0.17) 1.90(0.3)* 0.7(0.12)* | 0.64(0.09)** | 0.78(0.25)
SNM 0.25(0.03)** | 0.59(0.1)** | 0.23(0.06)** | 0.23(0.04)** | 0.42(0.16)**
Cell cycle loci
CYCB1_1 0.96(0.17) 0.84(0.13) 0.41(0.08)** | 0.42(0.13)** | 0.42(0.18)**
CDKB2 0.38(0.06)** 1.39(0.22) | 0.46(0.09)** | 0.13(0.03)** | 0.68(0.28)
CYC D4 0.78(0.15) 0.97(0.15) | 0.54(0.11)** | 0.31(0.08)** 0.8(0.35)
CYC D6 0.98(0.18) 1.02(0.13) | 0.56(0.11)** | 0.41(0.14)** | 0.39(0.17)*
H4 0.16(0.02)** 0.84(0.11) | 0.38(0.07)** | 0.13(0.02)** | 0.49(0.16)**
Apoptosis loci
BAG 0.52(0.08)** 1.61(0.26) | 0.58(0.13)** | 0.44(0.12)** | 0.54(0.22)*
MXK3 0.59(0.08)** | 0.62(0.08)** | 0.37(0.06)** | 0.44(0.07)** | 0.44(0.13)**

Supplementary figure 1: Expression data from the rice UV-B experiment. The numbers are expressed
relative to the control. In parentesis the standard error from the samples. *p<0.05 **p<0.01
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Rice MMS
Loci E2F/DEL/DP | Oh 30min 2h 6h 12h 24h
E2Fa/bl 0.43(0.09)** 0.41 (0.1)** | 0.43(0.11)* | 0.42 (0.1)** 5.28(2.25) 0.53(0.08)**
E2Fa/b2 1.38(0.47) 0.09(0.01)** | 0.17(0.07)** | 0.56(0.13) 2.73(0.71)* 0.43(0.07)**
E2Fa/b3 0.13(0.03)** | 0.13(0.02)** | 0.16(0.04)* | 1.18(0.31) 2.86(1.35) 0.16(0.02)**
E2Fcl 0.27(0.06)** 0.64(0.12)* | 0.41(0.07)** 1.18(0.3) 2.3(0.49)* 1.23(0.25)
DELa/b/c1 26.04(9.60)* | 34.77(6.01)** | 6.24(1.77)* | 14.5(3.89)* | 15.69(9.36) | 17.21(2.78)**
DELa/b/c2 8.62(3.1)* 0.77(0.15) 1.12(0.27) 0.96(0.27) 4.02(2.43) 4.72(1.08)*
DPa 1.69(0.66) 0.59(0.08)** 0.89(0.24) 2.19(0.53)* 2.28(0.94) 1.07(0.117)
DPb 0.55(0.11)** | 0.41(0.06)** | 0.35(0.08)** | 0.42(0.11)** 1.65(0.58) 0.59(0.09)**
DPc 0.01(0.01)** | 0.05(0.01)** | 0.05(0.01)** | 0.05(0.02)** 9.43(2.5)* 0.03(0.01)*
DNA repair loci
UGLY nt nt nt nt nt nt
RAD1 nt nt nt nt nt nt
UVR3 0.16(0.04)* 0.22(0.03)** | 0.25(0.04)** | 2.98(.073)* 0.65(0.17) 1.35(0.21)
PHO 0.05(0.01)** | 0.04(0.14)** | 0.09(0.01)** | 0.41(0.09)** | 2.43(0.34)* 0.05(0.01)**
SNM 0.05(0.01)** | 0.08(0.01)** | 0.15(0.02)** | 0.17(0.04)* | 3.54(0.64)* 0.14(0.02)**
Cell cycle loci
CYCB1_1 nt nt nt nt nt nt
CDKB2 0.16(0.04)** | 0.33(0.07)** | 0.27(0.09)** | 0.4(0.11)* 2.03(0.55) 0.3(0.05)**
CYC D4 1.07(0.53) 0.01(0.01)** | 0.05(0.02)** | 0.22(0.11)** 2.28(0.62) 0.05(0.01)**
CYC D6 nt nt nt nt nt nt
H4 0.28(0.07)** 0.1(0.02)** 0.1(0.03)** | 0.29(0.06)** 1.9(0.58) 0.55(0.08)**
Apoptosis loci
BAG nt nt nt nt nt nt
MXK3 0.18(0.04)** | 0.07(0.01)** | 0.08(0.09)** | 0.21(0.05)** | 11.15(3.01)** | 0.1(0.02)**

Supplementary figure 2: Expression data from the rice MMS experiment. The numbers are expressed
relative to the control. In parentesis the standard error from the samples. *p<0.05 **p<0.01
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Iécz):i/DEL /o oh 30min 2h 6h 12h 24h
E2Fa 0.88(0.03) 1.41(0.18) 1.33(0.14) | 0.8(0.11) 0.87(0.07) | 0.93(0.09)
E2Fb 0.93(0.06) 1.48(0.08)** | 2.26(0.08)** | 1.06(0.17) 0.83(0.15) | 0.96(0.04)
E2Fc NT NT NT NT NT NT

DELa 1.37(0.04)** | 1.42(0.14)* | 1.56(0.08)* | 0.58(0.09) | 0.74(0.1) | 0.77(0.1)
DELb 0.59(0.06)* | 0.88(0.09) 1.49(0.18) 0.58(0.07)* | 0.62(0.07)* | 0.64(0.06)**
DELc 0.96(0.03) 0.98(0.05) 0.91(0.07) 1.23(0.14) 1.36(0.08) | 1.08(0.07)
DNA repair loci

MSH2 0.58(0.08)** | 0.89(0.06) 0.66(0.05)** | 0.55(0.07)* | 0.85(0.08) | 0.68(0.07)**
MSH6 0.84(0.08) 1.02(0.05) 0.75(0.07)* | 0.65(0.09) 0.81(0.05)* | 0.85(0.08)
UVR2 0.93(0.08) 2.19(0.4)* 4.64(0.36)** | 0.7(0.12) 0.92(0.1) 0.82(0.4)
UVR3 0.93(0.09) 2.19(0.3)** | 1.18(0.11) 0.41(0.06)** | 0.79(0.08) | 0.74(0.15)
UVR7? 0.83(0.09) 1.35(0.1)* 1.94(0.27)* | 1.53(0.31) 1.12(0.09) | 1.05(0.05)
Cell cycle loci

CYCA3_1 1.14(0.06) 1.08(0.08) 0.76(0.06)** | 0.95(0.11) 0.96(0.07) | 0.91(0.08)
CDKB2 1.14(0.05) 1.22(0.09) 0.61(0.04)** | 0.41(0.08)* | 0.7(0.1)* 0.61(0.09)*
H4 0.85(0.06) 0.99(0.07) 0.65(0.04)** | 0.9(0.06) 1.09(0.09) | 0.82(0.03)**
Apoptosis loci

BAG 1.37(0.05)** | 1.24(0.09) 1.48(0.11)* | 1.04(0.12) 1(0.05) 1.17(0.04)

Supplementary figure 3: Expression data from the arabidopsis UV-B experiment. The numbers are
expressed relative to the control. In parentesis the standard error from the samples. *p<0.05 **p<0.01
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A familia génica E2F codifica fatores transcricionais presentes em grande
parte dos organismos eucariéticos e sdo responsaveis por controlar o ciclo celular,
uma importante funcao relacionada com a sobrevivéncia dos individuos (Harashima
et al., 2013). Essa familia possui membros capazes de permitir o avanco ou bloqueio
do ciclo celular, controlando assim a taxa de crescimento celular. Além disso, eles
também tém a capacidade de regular a morte celular programada. Essas duas fun¢cdes
juntas podem definir como o0 organismo cresce e se desenvolve.

Visto que essa familia génica possui tamanha importancia funcional, sua
histéria evolutiva tem grande relevancia, pois ela estd presente em organismos
bastante diversos. Os caminhos evolutivos seguidos por essas familias em fungos,
animais e plantas podem ser completamente diferentes, visto que estes organismos
possuem capacidades, necessidades e modos de vida distintos. Em metazoarios o
estudo de Cao et al, em 2010, mostrou alguns dados interessantes a respeito da
evolucdo dos E2F. Inicialmente, através de buscas por bancos de dados. Os autores
demonstraram a presenca de E2Fs em metazoarios, plantas, algas e organismos
unicelulares. Esses estudos focaram majoritariamente em metazoarios, tendo como
um dos principais resultados a descricdo da separacdo das proteinas E2F em
ativadoras e repressoras como tendo ocorrido antes da divergéncia entre placozoa e
bilateria. Além disso, foi demonstrado que as proteinas E2F repressoras podem ser
as mais relacionadas com o ancestral proteico de E2F do que as ativadoras (Cao et
al.,, 2010). Em plantas ja foi descrita a existéncia de proteinas E2F ativadoras e
repressoras. Isto nos abriu a questdo de como ou quando essas proteinas ativadoras
e repressoras teriam surgido ao longo da evolucéo das plantas visto que o surgimento
em metazoarios foi caracterizado como acontecendo durante a evolucdo do grupo e
nao antes da separacao entre animais e plantas. Outro ponto que nos levou a estudar
a evolucédo de uma familia de controladores de ciclo celular € que a forma como os
metazoarios e as plantas crescem sao completamente diferentes, além de que as
plantas possuem a capacidade de gerar organismos poliploides férteis (Cui et al.,
2006). Esta poliploidizacédo poderia levar a um possivel aumento da quantidade de
genes responsaveis pelo controle do ciclo celular.

Um dos primeiros resultados de nosso estudo descrito no capitulo Il foi a
presenca de diversas duplicacdes extras que ndo foram relatadas em metazoarios. O

namero maximo de proteinas DEL encontradas até hoje em metazoarios foi duas e
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em plantas foram encontradas até quatro paralogos em uma mesma espécie sendo
gue a maioria das plantas possui trés copias. As proteinas DP também possuem um
ndamero menor de copias em metazoarios comparados com plantas. Em metazoa a
média de copias € de duas proteinas DP sendo que em plantas ocorre média de trés
proteinas podendo chegar até a cinco em algumas espécies (Sorghum bicolor). Como
j& é sabido essa capacidade de lidar com duplicacdes € comum em plantas visto que
algumas possuem genomas poliploides (Cui et al., 2006). Apesar disso ser visto em
proteinas DEL e DP, as nossas analises nao revelaram um aumento no niamero de
proteinas E2F em plantas, como DEL e DP. Em humanos as proteinas E2F sdo em
seis, enquanto o numero maximo de sequencias E2F em uma Unica espécie foi 7 em
Linum usitatissimum.

Através de buscas de sequencias génicas em diferentes bancos de dados e
analises bayesianas robustas, conforme descrito em detalhes no capitulo Il desta tese,
construimos arvores filogenéticas e elucidamos os caminhos evolutivos desses genes,
em especial em plantas. Essas andlises revelaram que o surgimento do ancestral de
E2F e DEL aconteceu antes da separacdo entre animais e plantas e que os fungos
acabaram perdendo essa familia génica (Figura 2, capitulo I1). A analise filogenética
ainda mostrou que as proteinas DEL divergiram antes da separacéo entre animais e
plantas mas em um ponto posterior ao surgimento dos E2F, visto que as proteinas
DEL néo foram encontradas em organismos unicelulares mais basais. Em fungos
foram encontradas proteinas E2F porém nao foram encontrados membros dos DEL
resultado de uma possivel perda génica. Os Unicos fungos que exibiram a presenca
desta familia génica, E2Fs e DPs, sdo parasitas intracelulares obrigatorios. Ja foi
especulado na literatura que a perda de repressores do ciclo celular poderia permitir
gue estes organismos possam infectar e se proliferar mais rapidamente em seus
hospedeiros (Cuomo et al., 2012). Isto corrobora com os nossos dados que indicam a
perda das proteinas DEL e a existéncia de apenas uma proteina E2F em fungos.
Entretanto, nossas analises ndo permitiram relacionar as proteinas E2F de fungos
como ativadores ou repressores do ciclo celular. O controle fino do ciclo celular é
importante para organismos multicelulares visto que um crescimento desordenado
pode resultar em anomalias celulares, porém para fungos uma perda da repressao do

ciclo celular parece ser vantajoso devido ao seu modo de vida (Cuomo et al., 2012).
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Duas outras analises envolvendo exclusivamente sequéncias de E2F e DEL
de plantas e algas foram realizadas. Essas andlises permitiram avaliar os caminhos
evolutivos especificos destes subgrupos proteicos em plantas. Durante a evolucéo
das proteinas E2F, ocorreram diversas divisdes. A primeira delas foi a divisdo entre
E2F ativadores e repressores. Estes dois subtipos de E2F surgiram em metazoarios,
conforme ja havia sido descrito por Cao (2010), antes da divisdo entre placozoa e
bilateria. Com os resultados da filogenia agregando sequencias de metazoarios e
plantas dois grupos foram formados, os E2F de metazoarios e os E2F de plantas.
Dentro de cada grupo, dois subgrupos foram formados, um de ativadores e outro de
repressores, sugerindo que o surgimento de E2F ativadores e repressores aconteceu
em dois momentos ao longo da historia evolutiva de E2F, um antes da divisédo entre
placozoa e bilatéria em metazoarios e outro apds o0 surgimento do grupo das
embridfitas. Apds o0 surgimento de ativadores e repressores, os dois ainda se
duplicaram mais uma vez apdés 0 surgimento entre monocotiledbneas e
eudicotiledbneas. As proteinas DEL também seguiram o0 mesmo caminho, se
duplicando duas vezes depois do surgimento das embriofitas, porém isso néo foi
relacionado com nenhuma caracteristica especifica portanto essa divisdo ainda pode
ser explorada em trabalhos futuros de caracterizagéo funcional das proteinas DEL.

As proteinas DEL fazem parte da familia de proteinas E2F porém possuem
uma estrutura proteica diferente, possuindo dois dominios de ligacdo ao DNA
enquanto os E2F e DP possuem apenas um (Lammens et al., 2009). Quando um E2F
esta dimerizado com a proteina DP a estrutura final deste complexo também possui
dois dominios de ligacdo ao DNA. Ambos, o complexo E2F/DP e as proteinas DEL,
se ligam em uma mesma sequéncia consenso na regido promotora do gene a ser
regulado gerando assim uma competicdo pelo sitio (Vandepoele et al., 2005). Uma
analise filogenética envolvendo esses dominios mostrou que um dos dominios de
ligacdo ao DNA (DBD) das proteinas DEL é mais semelhante ao DBD de E2F
indicando que este dominio pode ser mais semelhante a proteina ancestral, enquanto
0 segundo DBD teve uma divergéncia maior. Este fato, em conjunto com os dados de
coletas de sequencias que mostraram que 0S organismos mais basais ndo possuem
proteinas DEL e a comparacéo de aminoacidos indicam que as proteinas DEL devem
ter surgido de uma possivel duplicacdo da proteina E2F ancestral. As diferentes forcas

evolutivas que atuaram sobre estes dois dominios de ligacdo ao DNA permitiram uma
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evolucado independente do segundo DBD. A inclusdo dos DBD das proteinas DP na
analise demonstraram que estes sao 0s que mais se diferenciaram. Este resultado
indica que as proteinas DP devem ter surgido de uma duplicacdo de uma proteina
ancestral comum a familia. Entretanto, com esses dados, nédo foi possivel determinar
se esta proteina ancestral € mais relacionada as proteinas DP ou as proteinas E2F.
Anadlises mais robustas utilizando a predicdo de proteinas ancestrais poderiam
responder de maneira definitiva a esta pergunta.

As proteinas da familia génica E2F participam no controle de diversos
processos celulares, como por exemplo o avango do ciclo celular, a entrada em
endociclo, a apoptose e replicacao (Carnevale et al., 2012; de Jager et al., 2001; E et
al., 2011). As analises evolutivas descritas no capitulo Il desta tese aponta para uma
divergéncia funcional dessas proteinas, divergéncia essa que ainda ndo foi
sistematicamente explorada. Em mamiferos o envolvimento de E2F nas respostas aos
estresses genotoxicos foi caracterizado em alguns trabalhos, sendo que o principal
envolvimento relatado foi com o E2F1 de humanos (Lin et al., 2001; Pediconi et al.,
2003). Este E2F especifico pode ser controlado por duas proteinas DEL, nomeadas
em humanos como E2F7 e E2F8 (Zalmas et al., 2008). Apesar de ser caracterizado
em humanos pouco foi publicado a respeito do envolvimento destes fatores
transcricionais na resposta ao dano de DNA em plantas.

Para avaliar o envolvimento dos membros da familia E2F nas respostas ao
dano genotoxico foram realizados experimentos com duas diferentes fontes de dano
de DNA em duas plantas modelos, o arroz e a Arabidopsis thaliana. Outros dados
foram obtidos utilizando bancos publicos de acesso a experimentos de microarranjo
disponiveis para Arabidopsis no site eFP browser (disponivel em
http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Os danos genotdxicos aos quais as
plantas foram expostas sédo luz UV-B e Metil-metano sulfonato. Com relacdo as
analises in silico dos experimentos de microarranjo, 0s estressores acessados foram
bleomicina e luz UV-B. As medidas de expressao génica mostraram que a familia
génica E2F responde ao dano aumentando a expressao de alguns membros de sua
familia especificamente. Esta mesma resposta foi encontrada na literatura para os
genes de animais, sendo especifica a um gene, E2F1, em todos os tipos de dano
testados. Em plantas duas respostas diferentes foram observadas, conforme o modelo

estudado. Para Arabidopsis o gene E2Fb responde ao estresse, independente do
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estressor testado, jA em arroz, MMS induz uma resposta especifica do gene E2Fa/b2
e para luz UV-B o gene que respondeu foi E2Fa/b3. Todos estes genes destacados
aqui, animais e plantas, sdo genes considerados ativadores da expressao (Sozzani et
al., 2006). Além deles também foi observado o aumento de expressao dos genes E2F
repressores (de Jager et al., 2009). As andlises filogenéticas (Capitulos Il e 11) foram
fundamentais para a caracterizacao de ativadores e repressores, 0 que nos permitiu
entender o efeito potencial das respostas observadas nesses experimentos utilizando
estressores genotoxicos. Além dos genes E2F tipicos, os genes codificadores de DEL
e DP também responderam ao dano aumentando sua expressao.

Além de analisar a expressdo dos genes E2F, foi também analisada a
expressao de genes sabidamente envolvidos em diferentes mecanismos de reparo ao
DNA. Majoritariamente os genes que responderam foram genes com funcdo de
fotoliase além de genes envolvidos com mecanismos de reparo por excisdo de
nucleotideos. Ambos os mecanismos sao relatados como efetivos para a eliminagao
de dimeros de pirimidina, no caso dos danos gerados por luz UV-B, e para a remocéo
dos tipos de lesbBes geradas por um agente alquilante, o MMS (Gill et al., 2015;
Mielecki e Grzesiuk, 2014). Esta resposta positiva relatando aumento da expressao
desses genes mostra que as rotas de reparo foram ativadas, porém nao foi possivel
estabelecer uma ligacao direta entre o aumento de E2F e o aumento destes genes
nos tempos coletados. Assim, os dados obtidos indicam que alguns membros da
familia E2F tém participacdo nas respostas a estresses genotoxicos, porém € possivel
gue os genes ativados para o reparo nao sejam ativados diretamente pelos E2F, visto
gue os tempos de ativacdo dos E2F e dos genes de reparo divergiram.

Os genes relacionados com apoptose também foram analisados e se
mostraram possivelmente regulados pela familia génica E2F. Este fato ja foi relatado
na literatura, onde o controle de expressao mediada por E2F levou a alteracdes na
expressdo de genes envolvidos com a apoptose (Lin et al., 2001; Pediconi et al.,
2003). Varios genes envolvidos com o ciclo celular também foram analisados visando
avaliar uma das funcdes mais caracterizadas para a familia E2F. Durante todos os
experimentos nenhum gene envolvido com o ciclo celular teve a quantidade de seu
MRNA aumentada, sendo que na maioria dos tempos ocorreu uma forte repressao de

todos estes genes. Este dado correlaciona com a repressao de alguns genes E2F.
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O conjunto desses resultados nos levou a propor um modelo (Figura 4,
capitulo 1ll) de acdo dos genes E2F durante o dano ao DNA. Alguns membros da
familia génica, como os E2F ativadores, tiveram um aumento na sua expressao sendo
relacionados direta ou indiretamente com 0 aumento da expressdo de genes
envolvidos no reparo e possivelmente na apoptose. No caso dos genes que estao
envolvidos com a apoptose e cuja expressao foi induzida, pode indicar que o
tratamento aplicado resultou em um estresse, capaz de ativar a morte celular
programada devido a severidade. Os repressores da rota, tais como E2F repressores
e proteinas DEL, estdo ativados possivelmente para reprimir as outras funcfes dessa
familia génica, como o avanco do ciclo celular, bloqueando diretamente os genes ou
regulando os préprios membros da familia, conforme ja foi descrito em mamiferos
(Lammens et al., 2009). Os outros E2F ativadores estavam reprimidos ao longo de
todos experimentos o que corrobora com a hipotese de autoregulacédo da familia.
Como resultado da acdo desse conjunto de genes da familia E2F, o organismo para
de dividir as suas células, ativa os mecanismos de reparo, para voltar a se dividir apés
correcao do defeito, ou os mecanismos de apoptose levem as células lesadas para a
morte.

Demonstramos nesta tese que a evolucéo da familia de fatores transcricionais
E2F das plantas segue um padrdo um pouco distinto do seguido pelos metazoarios,
mostrando algumas duplicacfes extras ao longo da histéria evolutiva. Além disso
nosso estudo evolutivo mostrou que em plantas um segundo ponto de surgimento das
proteinas E2F ativadores e repressoras, sendo caracterizado como surgindo durante
a linhagem das embriofitas. As proteinas DEL, em nossas analises, surgiram de um
ancestral comum mais semelhante a E2F e isto pode ter acontecido por uma
duplicacdo da regido codificadora da proteina, levando as proteinas DEL a terem uma
estrutura de dois dominios protéicos. JA4 as proteinas DP podem ter surgido
concomitante as proteinas E2F sendo que ndo conseguimos decifrar qual das duas é
a mais antiga. Ja para as andlises funcionais mostramos que a familia dos E2F esta
envolvida nas respostas ao dano de DNA em plantas. As respostas foram especificas
para cada modelo utilizado e, em arroz, proteinas especificas responderam para cada
agente estressor diferente. O modelo proposto mostra que as proteinas E2F
controlariam o ciclo celular, a apoptose e o reparo ao DNA simultaneamente, freando

o ciclo celular, ativando as rotas de reparo e, caso necessario, ativando as rotas de
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apoptose. Cada proteina da familia E2F possui uma resposta especifica que ajuda a
controlar esse panorama geral e a todos 0s genes necessarios para essas tarefas.
Apesar dos esforgos algumas perguntas ainda permanecem néo respondidas.
A resposta ao dano de DNA sera defeituosa na auséncia dessas proteinas E2F
ativadoras? Como as plantas nocautes para esses genes responderiam ao longo de
um estresse genotoxico? Outras fungBes da planta seriam afetadas? Recentemente
obtivemos plantas de Arabidopsis thaliana mutantes knockout para o gene E2F
ativador (E2Fb), o qual teve sua expressdo aumentada em resposta a todos 0s
estresses mostrados no capitulo Ill. Estes mutantes, em conjunto com outros
mutantes para genes da familia E2F, serdo submetidos a estresses genotoxicos e
posteriormente a diferentes testes de sensibilidade ao dano para tentar responder as
guestdes abertas. Aléem disso perfis de expressdo podem ser avaliados a fim de
verificar as possiveis respostas da familia génica frente a falta de uma proteina

especifica e possivelmente a autoregulacéo da propria familia génica.
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