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REsSumMO

Estima-se que 50% dos genes codificadores de proteinas possuem oscilacdo ritmica em
diferentes tecidos de mamiferos. Curiosamente, metade das proteinas desses genes possuem
seus RNAmM correspondentes com expressdo constitutiva (arritmica), ressaltando a relevancia
de eventos pds-transcricionais para a oscilacdo de proteinas. Os “High throughput Assays”
(HTA) circadianos sdo extremamente importantes, pois fornecem informagfes acerca da
expressdo de milhares de transcritos e de proteinas, uma rica cole¢do cronobioldgica que pode
ajudar na resolucdo de diferentes problemas cientificos, ndo apenas os abordados nas pesquisas
originais. Embora altamente reprodutivos e informativos, ensaios de biologia molecular
circadiana apresentam algumas divergéncias em seus resultados, ressaltando a necessidade do
aprimoramento de métodos de normalizacdo e analise dos diferentes ensaios de expressao. Até
0 momento, ndo se conhecem os impactos da normalizacdo do RNA em ensaios de expresséo
de pequenos RNAs, como miRNAs. Este estudo objetivou: (1) analisar a co-expressdo de
miRNAs e RNAm e proteinas de genes alvos; (2) identificar e validar miRNAs candidatos ao
sistema molecular circadiano; (3) analisar o impacto da normalizacdo do RNA total em estudos
circadianos de miRNAs. Através da sistematizacdo de diferentes dados circadianos de HTA
(RNA-seq, small RNA-seq, Chip-seq e proteoma), de bioinformatica e de interacfes
MiRNA:RNAm validadas, identificamos uma lista de 152 microRNAs (miRNAs) candidatos
ao controle pés-transcricional dos ritmos moleculares. Desses, os dois mais relevantes, miR-
29b-3p e miR-23b-3p, foram experimentalmente validados como importantes para a
manutencdo do periodo dos ritmos das células U20S PER2:LUC. Anélises de HTA também
permitiram a identificacdo de diferengas nas fases de expressao de miRNAs 3p e 5p, com genes
alvos divergentes. Interessantemente, a identificacdo de padrdes de expressdo de RNAm e
proteinas de genes alvos de miRNAs, permite sugerir um mecanismo de ajuste das amplitudes
dos ritmos das proteinas dependente da fase do RNAm. Por fim, através do controle de etapas
experimentais, demonstramos oscilagdo circadiana na concentragdo do RNA total de diferentes
regides de cérebros de camundongos. A normalizacéo desse ritmo, durante a sintese de CDNA,
afeta o perfil de expressdo de transcritos, incluindo os dos genes relégio Perl-2 e Bmall.
Ademais, através de analises com RNA exogeno, ou spike-ins, demonstramos que 0 ajuste da
concentracdo do RNA compromete a analise de miRNAs, possivelmente por interferéncias nos
rendimentos de extracdo e nas reacdes de sintese de cDNA. Este estudo apresenta dois novos
miRNAs importantes para a manutencdo da ritmicidade circadiana e uma nova estratégia de
analise de gPCR para estudos cronobioldgicos de miRNAs.

Palavras-chave: Ritmos circadianos, bioinforméatica, miRNAs, genes rel6gio, genes de
referéncia.
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1. INTRODUCAO GERAL

Aspectos gerais de ritmos bioldgicos

A cronobiologia é definida como a ciéncia que estuda as caracteristicas temporais da
matéria viva, em seus diferentes niveis de organizacdo (molecular, celular, etc). Os ritmos
bioldgicos sdo o cerne do estudo cronobiologico. A saber, um “ritmo” ¢ definido como qualquer
evento que se repete regularmente. Por sua vez, o “ritmo bioldgico” é conceituado como um
evento, ou fenébmeno de ordem bioldgica, com repeticdo regular. Alguns estudiosos, ou
cronobidlogos, defendem o uso do termo (ritmos biolégicos) aos ritmos gerados por
mecanismos inerentes aos seres vivos, ou seja, ritmos nao induzidos por fatores dos ambientes
(como luz e temperatura) (Nelson Marques; Luiz Menna-Barreto., 2003; Sehgal, 2003).

A associacdo entre “tempo € os eventos naturais” ja era relatada na biblia, ou mesmo
por grandes filésofos, como Hipdcrates e Aristoteles. Embora os ritmos biologicos sejam
observados em sociedades antigas, a Cronobiologia, como disciplina e ciéncia, € recente. Nao
é dificil acreditar que mesmo sociedades primitivas, com pouca tecnologia, tenham notado
processos bioldgicos que variam em um dado tempo (horas, dias ou anos). Em verdade, hoje
sabemos que os ritmos bioldgicos sdo fundamentais a vida, dada a associagdo com processos
indispensaveis a mesma, incluindo sua evolugdo. De fato, a vida surgiu em um ambiente
instavel, ou “ciclico”, cujos diferentes eventos repetem em um dado intervalo de tempo. O
“ciclo” é definido como o intervalo de tempo em que a sequéncia, ou a repeticdo de eventos (o
ritmo) ocorre. Tais variagcdes decorrem da organizagdo do sistema solar, especialmente, das
interacOes existentes entre o Sol, a Terra e a Lua, que resultam em ciclos ambientais, como dia
e a noite, estacBes do ano, fases da lua e as marés (Nelson Marques; Luiz Menna-Barreto., 2003;
Sehgal, 2003).

A depender do periodo de ocorréncia, a cronobiologia moderna classifica os ritmos
bioldgicos em trés categorias principais: circadianos, ultradianos e infradianos. Entende-se
“periodo” como a duragdo de um evento, mais precisamente a duragdo de um ciclo. Os ritmos
circadianos sdo aqueles com periodo de 24 + 4h (h: horas). Os ritmos ultradianos e infradianos
possuem periodo de ocorréncia menor que 20h e maior que 28h, respectivamente. Como
exemplos de ritmos circadianos, temos o estado de repouso e alerta de animis ou ciclo vigilia e
sono de humanos, além de variacdes na pressdo sanguinea e na temperatura corporal. A
hibernacdo e o batimento cardiaco sdo exemplos de ritmos infradianos e ultradianos (Nelson
Marques; Luiz Menna-Barreto., 2003; Sehgal, 2003).
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Os ritmos biol6gicos podem ser gerados pelas células dos diferentes organismos e
sincronizados/ou induzidos por diversos fatores ambientais ciclicos (como a luz, marés, etc).
Para os cronobiologistas, as variaveis do ambiente que alteram os ritmos biol6gicos sdo
caracterizadas como “‘agentes arrastadores”, pois promovem mudangas nos ritmos bioldgicos
dos diferentes seres vivos. O termo alemé&o Zeitgeber é empregado para os agentes arrastadores.
Zeitgeber literalmente significa “doador de tempo”. Os Zeitgebers estdo presentes no ambiente
ao qual o organismo se encontra e impactam na fisiologia e no comportamento dos individuos,
como horéarios para despertar, dormir ou predar. O entendimento dos Zeitgebers é importante
ndo apenas para o estudo da adaptacdo dos seres vivos aos ritmos do seu ecossistema, mas
também para a identificagdo do “cardter endogeno” dos ritmos bioldgicos.

Entende-se “cardter endogeno” a capacidade intrinseca do organismo de génese dos
seus ritmos bioldgicos, mesmo quando alocados em condic¢des laboratoriais (experimentais)
controladas (constantes), ou seja, sem Zeitgebers. Tal condicdo (sem Zeitgebers) é conhecida
como “livre-curso” (no inglés: free-running), em que séo eliminadas oscilagdes externas, por
exemplo, como ocorre quando camundongos sdo mantidos em laboratorio com temperatura e
escuro constantes durante os dias de estudo. No ambiente natural, variacGes de temperatura e
de luz ao longo do dia e da noite poderiam ajustar o periodo, a fase e/ou amplitude dos ritmos
bioldgicos do camundongo. Por essa razdo, para estudar o carater enddgenos dos ritmos
bioldgicos, como a identificagdo de 6rgdos associados com sua génese, faz-se necessario o
estudo em livre-curso. E importante diferenciar “Circadian Time” (CT) e “Zeitgebers Time”
(ZT). O CT refere-se a ““hora circadiana”, que ¢ a fase de um ritmo circadiano em condigéo de
livre-curso. Ja o ZT indica a fase do ritmo circadiano quando na presenca de um “agente
arrastador” (ou um Zeitgeber) (Nelson Marques; Luiz Menna-Barreto., 2003; Sehgal, 2003).

O periodo, a fase e a amplitude sdo caracteristicas importantes para os ritmos bioldgicos
e geralmente sdo obtidos através da andlise de dados bioldgicos coletados em diferentes
momentos do dia ou do ano. O “periodo” é definido como a duracdo de um evento, ou de um
ciclo. A “fase” conceituada como um momento do ciclo, podendo se referir a um intervalo do
ciclo (por exemplo, a fase clara do dia) ou a um momento especifico, como o horario em que a
varidvel em estudo apresenta seu valor maximo. O momento, ou fase, em que é maior a
probabilidade de se encontrar o valor mais elevado da variavel ¢ chamado de “acrofase”. Por
fim, a “amplitude” é definida como a diferenca entre os valores maximos (ou minimos) e o
valor médio (chamado “mesor”) dos dados do ritmo em estudo (Nelson Marques; Luiz Menna-

Barreto., 2003; Sehgal, 2003). A figura 1 ilustra as diferencas entre as trés principais
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classificagBes dos ritmos bioldgicos, bem como das caracteristicas importantes em seu estudo,
como periodo e amplitude.

Os ritmos circadianos estdo dentre os mais estudados, dado o impacto nas atividades
diérias dos seres humanos e sua associacdo com diferentes patologias (Nelson Marques; Luiz
Menna-Barreto., 2003; Sehgal, 2003). Os ritmos circadianos sdo inerentes aos diversos
organismos (desde bactérias ao homem) ajustando-os as condigdes ambientais importantes a
sobrevivéncia, como luz, temperatura, disponibilidade de alimentos, outros (Nelson Marques;
Luiz Menna-Barreto., 2003). A descoberta do mecanismo molecular dos ritmos circadianos em
Drosofila, em meados dos anos 80, rendeu o Ultimo Prémio Nobel de Fisiologia e Medicina (em
2017), ressaltando sua importancia para as diferentes areas das ciéncias da vida, incluindo a
medicina. Ap6s 38 anos de estudos, a cronobiologia tornou-se uma area promissora ao
demonstrar o aspecto temporal dos diferentes processos vivos. Atualmente, 0 PUBMED possui
73865 artigos relacionados com o termo “circadian rhythm” (a busca no PUBMED foi realizada
em agosto de 2018). Importantemente, muitos trabalhos foram publicados em revistas de alto
impacto (como Nature, Cell e PNAS) e em diferentes linhas de pesquisa, como ciéncia basica
ou estudos que associam alteragdes em ritmos biologicos com doencas.

Como em outros campos da ciéncia, 0s avangos tecnologicos permitiram a melhor
compreensdo das estruturas associadas com a génese da ritmicidade biologica. Hoje, sabemos
que os ritmos circadianos estdo presentes em diferentes tecidos de mamiferos, sendo
sincronizados pelos neurdnios dos nucleos supraquiasmaticos (NSQ). Conhecidos como marca-
passo circadiano, os NSQ sincronizam sua atividade elétrica a variacdo diaria de luminosidade
ambiental, gerando um sinal que modula os ritmos dos tecidos periféricos (figado, rins,
intestino, outros) (Figura 2) (Hastings, Maywood e Brancaccio, 2018; Pilorz, Helfrich-Forster
e Oster, 2018).

Entretanto, os NSQ néo séo fundamentais para gerar os ritmos desses diferentes 6rgéos,
apenas atuam ajustando-os ao ambiente (Husse et al., 2014; Izumo et al., 2014). Como nos
NSQ, as células dos diferentes tecidos possuem um ritmo auténomo, mantendo a oscilacdo
circadiana mesmo quando isoladas em cultura, ou seja, sem pistas temporais ambientais ou
sistémicas (Moore et al., 2014; Ruan et al., 2008; Welsh, Takahashi e Kay, 2010). A autonomia
celular dos NSQ e dos tecidos periféricos € o resultado da acdo de um mecanismo genético
comum, o relogio molecular, que ¢ composto por um conjunto de genes chamados “genes

relogio” (Figura 3) (Schibler et al., 2016).
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Figure 1. llustracdo das diferentes classificagdes dos ritmos biolégicos e dos principais parametros analisados em ensaios cronobioldgicos. [A] Representagdo do periodo,
fases, acrofase, amplitude e mesor. [B] llustracdo de dois ciclos consecutivos do ritmo bioldgico de uma varidvel hipotética. [C] Representacdo dos trés diferentes ritmos:
circadiano, ultradiano e infradiano [Figura do préprio autor, 2018].
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Figura 2. Organizagéo circadiana de mamiferos. O marca-passo circadiano, NSQ, é localizado no cérebro de
mamiferos, mais precisamente na base do hipotdlamo. Os NSQ recebem inervacfes da retina via TRH. As retinas
captam as variagOes diarias da luminosidade ambiental. Um sinal é gerado, sendo transmitido aos NSQ via TRH.
Ao receber o sinal, os neurénios dos NSQ ajustam sua atividade elétrica ao ritmo ambiental (variacdes diarias dos
de luminosidade). Por sua vez, os NSQ, ajustados ao ambiente, transmitem sinais para os diferentes relogios
localizados em outras regides do cérebro ou mesmo em Grgdos periféricos (como coracdo, figado, rins, e muitos
outros). Assim, os NSQ atuam como um “maestro”, “orquestrando” ou ajustando, os diferentes ritmos do
organismo (como sono, estado de alerta, humor, pressdo sanguinea, outros). Os NSQ podem interferir nas fases,
periodos ou amplitudes desses ritmos. Entretanto, é importante destacar que a génese dos ritmos das diferentes
estruturas € independente dos NSQ, ou que as células dos 6rgaos possuem a capacidade de gerar seus ritmos
circadianos, mesmo quando isoladas em condi¢des laboratoriais constantes. Essa figura destaca a acdo de um
Zeitgeber (a luz) nos diferentes ritmos circadianos de mamiferos; o importante papel dos NSQ na adaptagdo do
organismo aos ritmos ambientais; e a existéncia de diferentes reldgios biol6gicos no cérebro e em drgéaos
periféricos. Fonte da figura: Hastings et al. 2018. [Figura adaptada pelo autor da tese].
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Figura 3- Alga de retroalimentacéo circadiana e a génese da oscilacao temporal do transcriptoma.
[A] Alcas de retroalimentacdo em modelo simplificado, ressaltando os principais genes do sistema (Clock, Bmal1,
Perl, Per2, Per3, Cryl e Cry2). Os heterodimeros de proteinas CLOCK-BMALL e PER-CRY ativam e reprimem
a RNAPII, respectivamente. [B] Adaptacdo dos dados de Chip-seq obtidos em Koike et al. 2012. Em [B]
apresentamos a ligacdo ritmica dos fatores de transcricdo circadianos (CLOCK-BMALL e PER-CRY) nas
sequéncias regulatérias dos promotores dos proprios genes reldgio (Per’s: Média de Perl, Per2 e Per3; Cry’s:
Média de Cryl e Cry2; Rorc e Rev-erb’s: Média de Rev-erbo e Rev-erbf). Esses dados demonstram a auto-
regulacio do sistema, ou a alca de retroalimentacdo. E importante observar que CLOCK-BMAL1 (ativador) e
PER-CRY (repressor) possuem niveis de ligagdo ao DNA em fases opostas. [C] Atividade ritmica da RNAPII em
promotores dos genes reldgio. Adaptacdo dos dados de Chip-seq obtidos em Koike et al. 2012. [D] Importancia
do sistema em alga de retroalimentacdo na génese dos ritmos circadianos de mamiferos. Inducédo de varios ritmos
via controle de CCG. Nota: CT (Circadian Time): tempo quando na auséncia de fatores ambientais que alteram
ritmos bioldgicos, como a luz. Geralmente os animais sdo mantidos durante dias em escuro e temperatura
constantes, condi¢do conhecida como livre-curso ou free-running. Para animais noturnos, como camundongos, o
CT12 refere-se a0 momento de inicio de atividade, geralmente inferido pela movimentacéo do animal [Figura do
préprio autor, 2018].

Ativadores ou repressores transcricionais, 0s genes relogio estdo no cerne da génese da
oscilacdo circadiana do transcriptoma (Chaix, Zarrinpar e Panda, 2016; Koike et al., 2012)
(Figura 3). As proteinas dos genes relogio Clock e Bmall formam o heterodimero CLOCK-
BMALL que ocupa, de maneira ritmica, varias regides, ou sequéncias E-box (enhancer box)
dos promotores de varios genes, ativando sua transcricdo (Chaix, Zarrinpar e Panda, 2016;
Koike et al., 2012) (Figura 3). Perl, Per2, Per3, Cryl e Cry2 sdo genes rel6gio com transcricdo
ritmica induzida por CLOCK-BMAL1 (Figura 3A-B). As proteinas desses genes também se
ligam e formam o complexo PER-CRY que inibe a acdo do seu préprio ativador transcricional,
0 heterodimero CLOCK-BMALL (Chaix, Zarrinpar e Panda, 2016; Koike et al., 2012) (Figura
3A-B). Milhares de genes, conhecidos como genes controlados pelo relogio (ou CCG, do inglés:
Clock-controlled genes), tém seus ritmos gerados através da oscilacao da atividade (ligacdo ao
DNA) dos elementos das vias de ativacao eferentes (CLOCK-BMALZ1) e inibicdo (PER-CRY)
circadiana (Chaix, Zarrinpar e Panda, 2016; Koike et al., 2012) (Figura 3C).

Embora com genes diferentes, eucariontes e procariontes possuem ritmos induzidos por
um sistema em alca de retroalimentacdo de semelhante acdo (Chaix, Zarrinpar e Panda, 2016;
Mendoza-Viveros et al., 2017). Interessantemente, a propria RNA polimerase 11 (RNAPII),
enzima fundamental ao processo de transcricdo, possui atividade circadiana, com ritmicidade
em seu recrutamento e atividade transcricional nos promotores de varios genes (Koike et al.,
2012), incluindo dos genes relogio (Figura 3D).

Modelo experimental usado em pesquisas cronobioldgicas

O conhecimento da autonomia celular de génese circadiana, em conjunto com 0S
avangos em biotecnologia, permitiram o deselvolvimento de modelos celulares voltados ao
estudo de ritmos circadianos, que permitem analisar, em condi¢Bes controladas, o ritmo

endogeno de um determinado tecido, ou mesmo de uma unica célula (Guenthner et al., 2014;
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Hamada et al., 2016; Moore et al., 2014; Saini et al., 2013). Dentre esses modelos, as células
imortalizadas de osteossarcoma humano (células U20S), knock-in para o gene lucifesase
(LUC), sdo amplamente usadas para a analise, em tempo real, de ritmos circadianos humanos
(Zhang et al., 2009). Luciferases sdo enzimas que transformam energia quimica em energia
luminosa, quando na presenca do seu substrato (luciferina). O gene da proteina Luciferase
(LUC) é predominante em organismos marinhos, podendo ser encontrado em insetos terrestre,
como vagalumes (Kaskova, Tsarkova e Yampolsky, 2016).

Como demonstrado na figura 4, através de engenharia genética, em células U20S, a
sequéncia codificante do gene LUC foi inserida antes do cddon de terminacdo (stop cédon) e
da sequéncia 3’ nao traduzida (do inglés: 3’UTR, ou 3' untransleted region) do gene Per2
(Figura 4)(Zhang et al., 2009). Dessa forma, o RNAmM e a proteina de Luciferase sdo
ritmicamente produzidos, ja que luciferase passa a ser transcricionalmente controlada pelo
promotor do gene Per2 (como demonstrado na figura 4). Na presenca do substrato luciferina,
mantido em concentragGes constantes no meio de cultura celular, a luciferase produz
luminescéncia no mesmo padréo de oscilacdo circadiana da proteina do gene Per2. Esse modelo
de estudo circadiano é conhecido como U20S PER2:LUC (Zhang et al., 2009). As células
U20S PER2:LUC séo cultivadas em equipamentos (como Lumicycle) que além de permitir o
cultivo das células, também é capaz de detectar, em tempo real, os dados do o ritmo de
luminescéncia de luciferase em minutos e durante dias consecutivos. Importantemente, a
combinacdo de U20S PER2:LUC e Lumicycle permite analisar ritmos circadianos endégenos
e em nivel molecular na auséncia de zeitgebers como temperatura, luminosidade, variacao de

nutrientes, outros (Figura 4).
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Figura 4. Modelo celular comumente usado em estudos circadiano. [A] Representacdo simplificada da
sequéncia do gene relégio Per2, cujos produtos (RNAm e proteina) apresentam oscilagdo circadiana em seus
niveis. [B] Representacdo simplificada da sequéncia do gene Luciferase, responsavel pela producéo de enzima
LUCIFESASE (LUC) capaz de transformar energia quimica em luminosidade. [C] Representagdo do modelo
knock-in U20S PER2:LUC. [D] Inserida dentro da sequéncia do gene relégio Per2, a sequéncia codificante da
proteina LUC permite a produgdo de bioluminescéncia no mesmo padréo ritmico da proteina PER2. Isso é possivel,
uma vez que 0 RNAm de LUC passa a ser ritmicamente produzido, dada a agdo do promotor do gene Per2 e dos
fatores de transcrigdo circadianos (como CLOCK e BMALL). [E] Foto do equipamento Lumicycle, que permite,
simultaneamente, a cultura das células U20S e a detecgdo do ritmo da bioluminescéncia. As células podem ser
mantidas no equipamento durante dias, ou semanas [Figura do préprio autor, 2018].

A relevancia de miRNAs para a modulacgéao de ritmos circadianos

Estudos circadianos de larga escala (RNA-seq e proteoma) tém apresentado ritmos
moleculares independentes dos genes reldgio (Mauvoisin et al., 2014; Robles, Cox e Mann,
2014). Em figado, metade das proteinas com oscilacdo circadiana possuem RNAmM arritmico,
demonstrando que os ritmos podem ser induzidos independentemente da transcricdo
(Mauvaoisin et al., 2014). Além disso, em relacdo ao RNAm, muitas proteinas possuem um
atraso de 6h de suas acrofases, ou seja, um ajuste da fase em nivel traducional (Mauvoisin et
al., 2014; Robles, Cox e Mann, 2014).

miRNAs sdo pequenos transcritos (20-22 pares de base, pb), ndo codificantes, que
controlam a expressdo génica ao induzir degradacdo do RNAm e/ou inibir a traducdo em
proteinas (Chen, Alessandro e Lee, 2013; Du et al., 2014)(Figura 5). miRNAs possuem genes
conservados em diferentes espécies (Ha e Kim, 2014). Esses pequenos RNAs sdo inicialmente
transcritos em moléculas primarias de RNA (os pri-miRNAS) através da acdo da RNAPII (Ha
e Kim, 2014) (Figura 5). O pri-miRNA ¢é longo (tipicamente acima de 1 kb) e contém uma
estrutura em forma de alca, ou stem—loop, na qual as sequéncias de miRNAs maduras
(funcionais) sdo incorporadas (Ha e Kim, 2014) (Figura 5). Ainda no nucleo celular, os pri-
miRNAs sdo modificados através de clivagens de suas extremidades, pela acdo da enzima
DROSHA, gerando o0 miRNA precursor (pre-miRNA) (Ha e Kim, 2014) (Figura 5).

Apobs a exportacdo para o citoplasma, através da exportin 5 (EXP5), o pre-miRNA é
clivado pela enzima DICER, préximo da al¢a terminal, liberando um pequeno miRNA-duplex,
composto pelas formas funcionais miRNA-5p e miRNA-3p, oriundas dos bragos 5’ ¢ 3’ do pre-
mMiRNA, respectivamente (Ha e Kim, 2014) (Figura 5). O miRNA-duplex gerado pela DICER é
subsequentemente carregado em uma proteina AGO (Argonauta) para formar o complexo de
silenciamento induzido por RNA, ou RISC (do inglés: RNA-induced silencing complex) (Ha e
Kim, 2014) (Figura 5). As proteinas AGO guiam os miRNAs (miRNA-5p ou miRNA-3p) para
as sequéncias-alvos especificas, através da complementaridade entre os nucleotideos dos
miRNAs ¢ os da regido ndo traduzida 3’UTR (3' untranslated region) do mRNA (Figura 5). A
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juncdo MIRNA-AGO-RISC-3’UTR desencadeia a clivagem do mRNA ou a inibi¢ao da

traducdo, ambas reduzem os niveis das proteinas dos genes alvos (Ha e Kim, 2014) (Figura 5).
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Figura 5. Transcrigdo, maturacdo e fungao de mRNAs. Representacdo esquematica da transcri¢do de
genes de mMiIRNAs em pri-miRNAS e de sua maturagdo em miRNA-3p e miRNA-5p através das enzimas DROSHA
e DICER. Também é apresentada a inibicdo da traducdo via complexo miRNA-AGO-RISC. Os triangulos
vermelhos representam o ponto de clivagem da dupla fita de RNA durante a acdo de DROSHA e DICER. [Figura
do préprio autor, 2018].
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Estima-se que miRNAs controlam a expressdo de mais de 60% de genes humanos
codificadores de proteinas (Friedman et al., 2009). Curiosamente, o atlas circadiano da
expressdo génica de ZHANG, R. et al., 2014 mostra que 43% de todos os genes codificadores
de proteinas possuem transcricdo circadiana em algum tecido de mamifero (Zhang et al., 2014).
miRNAs possuem um papel basal no controle dos ritmos bioldgicos (Chen, Alessandro e Lee,
2013; Du et al., 2014; Umemura et al., 2017;Umemura et al., 2017)(Figura 6).

miRNAs séo importantes para a génese circadiana durante a gestacdo de camundongos
(Umemura et al., 2017)(Figura 6). Estudos com modelos animais com deple¢do do miRnoma
confirmam a relevancia dos miRNAs para o controle da ritmicidade circadiana (Chen,
Alessandro e Lee, 2013; Du et al., 2014; Umemura et al., 2017)(Figura 6). miRNAs ajustam as

fases e amplitudes de 30% dos mRNAs ritmicamente transcritos (Du et al., 2014) e controlam
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a velocidade da traducdo de PER1 e PER2, cuja a alteracdo foi associada com o encurtamento
do periodo (-2h) tanto de ritmos moleculares, quanto do comportamento de atividade e repouso
de camundongos (Chen, Alessandro e Lee, 2013)(Figura 6). Além disso, como demonstrado
em dois estudos de small-RNA-seq, uma por¢do do miRnoma de figado possui ritmicidade
circadiana em sua expressdo (Vollmers et al., 2013; Yoshitane et al., 2014). Embora esses dois
estudos ndo identifiquem alvos para 0s miRNAs, é possivel que a oscilacdo destes miRNAS
module os ritmos de diferentes transcritos e/ou proteinas (Figura 6).

Alguns estudos demonstram que a oscilacédo circadiana de miRNAs pode ser induzida
pelos genes reldgio (Gao, Zhou, Yang, S. Y., et al., 2016; Tan et al., 2012). Como ocorre na
alca de retroalimentagéo circadiana (Figura 3), a0 mesmo tempo, miRNAs podem ajustar 0s
niveis dos RNAm e proteinas dos genes relégio, seus moduladores.

Estudos tém identificado essa relacao entre miRNAs e genes relogio (Gao, Zhou, Yang,
S.,etal., 2016; Tanetal., 2012). GAO et al., 2016 demonstram que miR-17-5p inibe a tradugéo
de CLOCK e que CLOCK ativa a transcricdo do miRNA (Gao, Zhou, Yang, S., et al., 2016).
TAN et al., 2012 identificaram miR-142-3p como regulador, dos niveis do mMRNA e proteina,
do gene Bmall, que ativa a transcri¢do do miR-142-3p (Tan et al., 2012). Embora extremamente
informativos, estes dois estudos realizaram ensaios de ocupacdo dos fatores de transcricdo
CLOCK e BMALL em apenas um momento do dia (Gao, Zhou, Yang, S., et al., 2016; Tan et
al., 2012). Além dessas evidéncias de possivel controle circadiano por CLOCK e BMALL, um
estudo apresenta oscilacdo circadiana na expressdo do RNAm de Dicer em diferentes tecidos,
um gene importante para a maturacdo dos miRNAs (Yan et al., 2013).

Em conjunto, essas informagBes destacam ser possivel que, assim como outros genes
(Koike et al., 2012), miRNA possuem ligacdo ritmica dos fatores de transcri¢do circadianos em
suas sequéncias promotoras. Ademas, miRNAs podem ter ritmos pds-transcricionalmente
modulados pela acdo de enzimas importantes para a sua maturacdo, como a DICER.

Perturbacbes dos ritmos circadianos dos miRNAs poderiam induzir mudancas da
oscilacédo de diferentes genes alvos, desencadeando patologias. De fato, autores tém destacado
a importancia de miRNAs circadianos para 0 campo da medicina (Hansen, Sakamoto e
Obrietan, 2011). Diferentes estudos demonstram relevancia de miRNAs para 0 cancer, uma
patologia sabidamente associada a altera¢6es no ciclo circadiano normal.

Em cancer colorretal, miR-103 inibe a acdo apoptotica do gene relégio Per3 (Hong et
al., 2014). Em jejuno de ratos, miR-16 apresenta um ritmo de expressdao oposto aos das
proteinas ciclinas CCND1, CCND2, CCND3, CCNEL1 e CDK®, indispensaveis a regulacao das
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fases G1/S do ciclo celular (Balakrishnan et al., 2010). O aumento da expressdo do miR-16
reduz os niveis das ciclinas, causando um arrastamento da fase G1 (Balakrishnan et al., 2010).
As exposicdes a habitos de atividades incomuns a espécie humana também tém sido associadas
ao desenvolvimento do cancer (Erren et al., 2010; Samulin Erdem et al., 2017).

Trabalhos por turnos sdo comuns na sociedade moderna, sendo exigidos aos mais
diferentes profissionais. Por exemplo, na saude, enfermeiros e médicos trabalham em regimes
de plantdo noturno e diurno, que muitas vezes se alternam ao longo do més, induzindo constante
mudancas na ritmicidade circadiana do organismo e impedindo sua sincronizacdo a um ritmo
ambiental (Erren et al., 2010; Samulin Erdem et al., 2017). Em 2007 a agéncia internacional de
pesquisa em cancer e a organizacao internacional de saude classificaram os trabalhos por turnos
como disruptores dos ciclos circadianos, ou como cronoperturbadores, sendo o trabalho noturno
destacado como potencialmente carcinogénico (Erren et al., 2010; Samulin Erdem et al., 2017).
Esses diferentes regimes podem induzir alteracBes genéticas importantes (Samulin Erdem et
al., 2017; Shi et al., 2013).

Um estudo demonstrou que enfermeiras norueguesas que trabalhavam durante seis
noites consecutivas por mais de 5 anos apresentam o encurtamento do telémero, aumentando
consideravelmente o risco de cancer de mama (Samulin Erdem et al., 2017). Interessantemente,
Shi et al. 2013 identificaram alteracdes epigenéticas em 31 miRNAs de trabalhadoras noturnas,
também associadas ao maior risco de desenvolvimento de neoplasia de mama (Shi et al., 2013).
Disfuncdes circadianas semelhantes as dos trabalhos em turno também induzem alteracéo na
expressao em nivel de miRnoma (conjunto de miRNAs do organismo) de glandulas mamarias
de ratos (Kochan et al., 2015). Curiosamente, com exce¢do de um miRNA, todos os miRNAs
alterados séo associados com a progressao do cancer (Kochan et al., 2015).

Em suma, os dados apresentados ressaltam a importancia dos miRNAs na génese da
ritmicidade biologica, bem como a conexdo entre miRNAs, ritmos circadianos e patologias.
Acreditamos que o estudo circadiano de miRNAs pode ser promissor para a medicina,
especialmente no entendimento e diagnostico de doencas, como o cancer. Entretanto, sdo
necessarios mais esforcos para a identificacdo de miRNAs relevantes a génese circadiana,
especialmente ao se considerar o nimero elevado de miRNAs de mamiferos (1978 miRNAs
para camundongos e 2656 para humanos; fonte: miRbase.org) e o potencial de um Unico
miRNA controlar diferentes genes alvos. Além disso, poucos estudos demonstram a relevancia
de miRNAs para a manuten¢do da ritmicidade, seja pelo ajuste do periodo ou da amplitude de
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ritmos circadianos (Chen, Alessandro e Lee, 2013; Cheng et al., 2007; Curtis et al., 2015; Gao,
Zhou, Yang, S. Y., et al., 2016; Smith et al., 2016).

Neste estudo, objetivamos analisar os perfis de oscilacdo de miRNAs e de genes alvos
(em nivel de RNAm e proteina), bem como da ocupagdo ritmica de fatores de transcricéo
circadianos (CLOCK-BMAL1, PER-CRY, outros), como forma de identificar o possivel papel
dos miRNAs na modulagédo de ritmos proteicos. Além disso, objetivou-se identificar miRNAs
candidatos ao sistema circadiano através de uma nova abordagem de sistematizacdo de dados
de experimentos circadianos de larga escala (Small-RNA-seq, RNA-seq, Chip-seq e proteoma)
e validacdo experimental em modelo cronobiol6gico humano, PER2:LUC. Por fim, através de
ensaios controlados, objetivamos demonstrar os impactos do ajuste da concentracdo do RNA
total nas analises de expressdo génica circadiana, incluindo de pequenos RNAs, como
microRNAs.

Os ensaios de validacdo funcional foram possiveis mediante colaboragcdo com o grupo
de pesquisa do professor John Hogenesch (Cincinnati, USA). O professor John Hogenesch é
um importante cronobiologista. Foi um dos descobridores do gene relégio Bmall e participou
do desenvolvimento do modelo sinérgico PER2:LUC U20S, usado nessa pesquisa. Os
experimentos com miRNAs foram realizados no Center for Chronobiology, do Cincinnati
Children's Hospital Medical Center, USA, pelos pesquisadores Dra Lauren Francey, Dr. Gang
Wu e Dr. Tiago Gomes de Andrade.

Representacdes gréaficas de dados circadianos

Estudos de ritmos bioldgicos costumam apresentar seus dados em graficos especificos,
que possibilitam melhor analise das séries temporais. Como exemplificado na figura 7, os
graficos em formato polar plot representam as acrofases dos ritmos circadianos. Por sua
vez, ilustragdes em formato radial plot apresentam os dados em suas diferentes fases (ndo
apenas a acrofase) do ritmo, permitindo o estudo do perfil de oscilacdo e das amplitudes
(figura 7).
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Figura 6. Diferentes estudos associam miRNAs e ritmos circadianos. [A-E] Perfil de oscilagdo diaria do gene
Dicer (importante para a maturagdo/producéo de miRNAS) em diferentes tecidos de camundongo. Variagdo do
RNAmde Dicer em [A] NSQ (SCN), [B] retina, [C] células mononucleares da medula éssea (BMNC) e [E] figado.
E em nivel de proteina, Dicer apresenta oscilacdo diaria em células mononucleares da medula 6ssea (BMNC) [D].
Dados/graficos obtidos em Yan, et al. 2013. Para mais informacdes ver o artigo original (YYan, et al. 2013). [E-F]
Expressdo circadiana de varios miRNAs de figado de camundongo representada em mapa-quente, ou Heat map
(Vollmers et al. 2012; Yoshitane et al. 2014). Dados/graficos obtidos nos dois estudos circadianos de small-RNA-
Seq, Vollmers et al. 2012 e Yoshitane et al. 2014. Em [E] foram identificados 84 e em [F] 54 miRNAs maduros
com oscilagdo circadiana de seus niveis. Legenda, ZT (Zeitgeber Timer): referenciacdo de tempo quando na
presenca do fator ambiental luminosidade. A luz age como um Zeitgeber (termo aleméo que significa doador de
tempo. Muito usado por cronobiologistas para referir as variaveis ambientais que ajustam os ritmos bioldgicos dos
organismos). ZTO0: luz ligada. ZT12: luz desligada. J& CT (Circadian Time): referenciacdo de tempo quando na
auséncia do fator ambiental ou Zeitgeber. Geralmente 0s animais sdo mantidos em escuro e temperatura constantes,
condi¢do conhecida como livre-curso ou free-running. Para animais noturnos, como camundongos, o CT12 refere-
se a0 momento de inicio de atividade, geralmente inferido pela movimentacdo do animal. [G] Importancia dos
miRNAs para a os ritmos de RNAm e proteinas. Principais achados de diferentes estudos funcionais [Figura do
préprio autor, 2018].

[A] Representagdo do ritmo em graficos de linhas [B] Representagao do ritmo em Radial Plot
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Figura 7. Radial plot e polar plot, duas representacdes gréaficas tipicas de estudos cronaobiol6gicos. [A]
Representacdo em simples grafico de linhas dos dados de expressdo ritmica circadiana dos genes relégio Arntl e
Per2. Adaptacdo dos dados de RNA-seq de YOSHITANE et. al 2014. Apresentacao dos mesmos dados de [A] nas
formas gréficas de radial plote [B] e radial plot [C]. A ilustracdo em formato radial plot apresenta os dados em
suas diferentes fases (ndo apenas a acrofase) do ritmo, permitindo o estudo do perfil de oscilagéo e das amplitudes.
Em polar plot sdo representadas apenas as acrofases (valor maximo da varidvel) dos ritmos circadianos [Figura do
préprio autor, 2018].
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2. METODOLOGIA

2.1. Metodologia empregada no capitulo 1

Analise da oscilacéo circadiana e do controle transcricional de miRNAs em
figado de camundongo.

Dois estudos circadianos de small RNA-seq de figado de camundongo (YOSHITANE
et al. 2014 e VOLLMERS et al. 2013) foram selecionados com o intuito de analisar o padréo
de oscilagdo do miRnoma e a co-expressdao com os produtos de genes alvos (RNAm e
Proteinas). Os dados de Chip-seq obtidos em KOKE et al. 2012 foram usados para a
investigacdo dos possiveis mecanismos moleculares responsaveis pela génese da ritmicidade
na expressao dos miRNAs. Em KOKE et al. 2012 foram obtidos dados da ligacao ritmica dos
principais fatores de transcricdo circadiano (as proteinas dos genes relogio: Clock, Bmall,
Npas2, Perl, Per2, Cryl e Cry2), bem como da RNAPII, em sequéncias de DNA regulatdrias
de miRNAs. A base de dados miRIAD (intragenic microRNA database) foi empregada para
identificar analisar possiveis diferencas no controle transcricional de miRNAs localilzados em
diferentes regides do genoma. miRIAD permitiu a identificacdo de miRNAs intragénicos
(dentro de outros genes, como genes codificadores de proteinas, chamados host genes) e
intergénicos (entre genes). mMiRNAs intragénicos e intergénicos foram identificados no dado de
expressdo de small RNA-seq de YOSHITANE et al. 2014. Os padrdes das oscilagOes
circadianas dessas duas classes de miRNAs foram comparados para a analise de possiveis
diferencas no controle transcricional de miRNAs genes localizados em diferentes regides do
genoma.

Através de miRIAD também identificamos host genes com expressdo circadiana no
RNA-seq de YOSHITANE et al. 2014. Consideramos host genes como pre-miRNAs (RNAs
precursores de miRNASs). As oscilacdes circadianas de miRNAs maduros e pre-miRNAs
(formas precursoras de miRNAs maduros) foram comparadas com o intuito de investigar
possiveis diferencgas entre vias transcricionais e pds-transcricionais do controle da ritmicidade
de miRNAs. Ademais, com o intuido de investigar possiveis diferencas nos sistemas pos-
transcricionais de maturacdo de miRNAs, comparamos os ritmos das formas maduras miRNA-
3p e miRNA-5p. Para analisar acdo de miRNA-3p e miRNA-5p, usamos a ferramenta de
bioinformatica mirPath v.3. para identificar vias moduladas por esses miRNAs.

Os dados de RNA-seq e de small RNA-seq de YOSHITANE et al. 2014 foram usados
nas analises da expressao circadiana de RNAmM e miRNAs por apresentar melhor amostragem

temporal. YOSHITANE et al. 2014 realizaram ensaios com amostras de figado coletadas de
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animais eutanasiados em oito momentos de coletas, ou horas circadianas (Circadian Time —
CT). O RNA-seq e o small RNA-seq de YOSHITANE et al. 2014 foram feitos a partir das
mesmas amostras/animais, 0 que possibilitou a analise de co-expressdao de RNAmM e miRNAs.

A figura 8 sumariza o pipeline dessa etapa do estudo.

Analise de genes alvos de miRNAs circadianos.

Os dados das bibliotecas de RNA-seq (total de 1126 transcritos) de YOSHITANE et.
al. 2014 e de proteoma (total de 186 proteinas) de ROBLES et. al. 2014 foram empregados na
identificacdo de genes que apresentam oscilagdo circadiana nos niveis de ambos, RNAm e
proteinas. As amplitudes dos ritmos dos RNAmM e das proteinas foram comparadas e 0s genes
separados em dois grupos: (1) genes que reduzem ou (2) que aumentam as amplitudes das
proteinas em relacdo ao seu RNAm. Para identificar miRNAs candidatos ao controle dos ritmos
dos genes dos dois grupos [ (1) e (2) ], selecionamos genes alvos que apresentam maior redugéo
(cutoff: fold de 0.5 - 0.12, em reacdo ao RNAm, com valor de referéncia 1) e maior aumento
(cutoff: fold de 1.5 - 1.8, em reacdo ao RNAmM, com valor de referéncia 1) das amplitudes. A
ferramenta ChemiRs (a web application for microRNAs and chemicals) foi usada para
identificar miRNAs candidatos. ChemiRs identifica interacdes miRNAs-RNAm atraves de 10
diferentes algoritmos (DIANA-microT, miRanda, miRDB, RNAhybrid, pictar(4way),
pictar(5way), PITA, RNA22, TargetScan e miRWalk) e de ensaios experimentais publicados
previamente. O estudo de co-expressdo de miRNAs candidatos e RNAm alvos foi realizado
com o0 objetivo de comparar a relacdo entre as fases dos ritmos dessas duas classes de
transcritos. Para isso, foram usados os dados de small RNA-seq (miRNAs) e RNA-seq (RNAm)
de YOSHITANE et. al. 2014.

Para investigar se os ritmos dos RNAm dos genes dos grupos (1) e (2) sdo modulado
pelos miRNAs candidatos, realizamos analise comparativas de dados de Chip-seq e da
expressdo (RNA-seq) dos RNAm e pre-RNAm (formar precursora do RNAm). Esses dados, de
Chip-seq e RNA-seq, foram obtidos em KOKE et al. 2012. A figura 8 sumariza o pipeline do

estudo.

Calculo das amplitudes, representacéo grafica e analise estatistica.

As amplitudes dos ritmos dos miRNAs, RNAm e das proteinas foram calculadas através
do peak to trough ratio (P/T), ou pela razdo do maximo e minimo valor das variaveis (para
expressdo dos miRNAs, de RNAmM ou proteinas): P/T (amplitude) = maximo valor da expressao
/ menor valor da expressdo. Os valores de acrofases foram obtidos nas anélises originais dos

estudos. Os dados de expressdo (RNA e proteinas) e de Chip-seq foram convertidos para a
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escala Z-score para possibilitar a ilustracdo e analise grafica de ritmos com diferentes
amplitudes. Para cada amostra, o Z-score foi calculado através da equacdo: Z-score = ([valor
davariavel na escala original nocx] — [média de todos 0s dados conjunto dos 8 cTs]) / (desvio padrao
de todos 0s dados conjunto dos 8 cTs). AS representacdes graficas em formato de barras foram
realizadas através do programa Graphpad Prism. O diagrama de Venn foi feito com o auxilio
da ferramenta da web Venny 2.1.0 (http://bioinfogp.cnb.csic.es/tools/venny/). Os graficos em
formato polar plot e radial plot foram gerados com em funcdes do R. O Teste t de Student foi

usado para comparar as acrofases e amplitudes dos diferentes ritmos.

Transcriptoma Circadiano Proteoma Circadiano miRnoma Circadiano
(':RNA-seq) (espectrometria de massa) (Small RNA-seq)
RNAm com oscilactio Proteinas com oscilagdo miRNA com oscilagdo
circadiana em sua ex t;ressé‘o circadiana em sua circadiana
2 expressdo em sua expressdo
ChemiRs (Bioinformaética) mirPath v.3.

Identificagdo de genes alvos de miRNAs

Identificagdo de vias

Ligagdo de proteinas em eXC|USiV3m?nte
sequéncias de DNA (Chip-seq) reguladas por miRNA-3p e
miRNA-5p

Atividade ritmica de fatores de
transcrigdo circadianos em
sequéncias dos genes de miRNAs

Sistematizagao dos dados
de diferentes ensaios

Para a andlise:

1- Das fases dos ritmos dos diferentes miRNAs (pre-miRNAs, miRNAs intragénicos e intergénicos, miRNA-5p e miRNA-3p);
2- Da possivel atividade diferencial de miRNA-3p e miRNA-5p

3- Do controle ritmico transcricional de miRNAs;

4- Predigdo de miRNAs para genes que alteram as amplitudes proteinas, em relagdo ao RNAm;

5- Da co-expressdo de miRNAs e RNAm-alvos;

Figura 8. Resumo do pipeline do estudo. Uso de diferentes dados experimentais de estudos circadianos de larga
escala e de bioinformética para analise de miRNAs [Figura do préprio autor, 2018].
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2.2. Metodologia empregada no capitulo 2

Sistematizacao de dados de estudos circadianos de HTA e identificacdo de
MiRNAS relevantes ao sistema circadiano

Para identificar miRNAs candidatos ao controle dos genes relégio foi realizada a
sistematizacdo dos dados de 3 estudos circadianos de Chip-seq para proteinas dos genes reldgio
(KOIKE et al., 2012; WANG, H. et al., 2016b; YOSHITANE et al., 2014), 4 estudos de RNA-
seq®®> 28, e interagcbes miRNA-RNAm (ligagBes quimicas tipo pontes de hidrogénio entre essas
duas classes de RNAs) experimentalmente suportadas (dados obtidos em: DIANA
TarBase v7.0) e preditas (dados obtidos no estudo de bioinformatica de: FIGUEREDO et al.,
2013). Com a sistematizagéo, foi criado um escore para cada miRNA identificado, que resulta
da soma de: (1) expressdo circadiana confirmada em diferentes estudos, computando o escore
“de valor 1” por estudo e para cada host gene, o pre-miRNA e forma madura de miRNA de um
miRNA gene. (2) modulacéo circadiana pelas proteinas do reldgio (computando por fator de
transcricdo/proteinas do relégio que se ligam em sequéncias regulatérias do miRNA gene.
Computando também o nimero de estudos); (3) nimero de genes relégio que sdo alvos preditos
para 0 miRNA (computando pelo nimero de genes reldgio alvos e nimero de programas de
predicdo); (4) numero de genes reldgio que sdo alvos experimentalmente confirmados para o
miRNA (computando pelo nimero de genes relogio alvos, com maior peso para validacdo
experimental de interag&o direta entre miRNA-RNAm). Além disso, foi considerado um escore
extra para genes relogio alvos de miRNAs que sdo igualmente preditos e validados. Os miRNAs
foram ranqueados com base no escore total (do maior para 0 menor). Esse estudo infere que
guanto maior escore, maior probabilidade do miRNA desempenhar importancia no controle de
ritmos circadianos endogenos. Os miRNAs com maior escore foram selecionados para o estudo

experimental de validag&o funcional.

Analise da funcéo dos dois miRNAs mais relevantes em modelo celular U20S
PER2:LUC

Cultura de U20S PER2:LUC

O modelo U20S PER2:LUC usado nesse estudo foi disponibilizado pelo colaborador
Dr. John B. Hogenesch, importante pesquisador de ritmos circadianos e um dos principais
descobridores do genes reldgio Bmall. Os ensaios funcionais de U20S PER2:LUC foram
realizados no laboratorio do Dr. John B. Hogenesch, localizado no Children's Hospital
Medical Center, em Cincinnati, nos Estados Unidos da América. As células foram cultivadas
em meio DMEM (Gibco 11995-065), 1x L-Glutamine, 1x NEAA, 0.25% Trypsin e
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enriquecido com 10% de soro bovino fetal e 0 antibidtico dexametasona (em concentragdo

0.1 uM). O crescimento celular ocorreu em estufa com temperatura de 37°C e 5% do CO2

(didxido de carbono). No equipamento Lumicycle, as células foram mantidas em placas de

cultura com didmetro de 35 milimetros e a luminescéncia de Lucicerase recordada com o

auxilio de d-Luciferin (em concentracdo de 0.1mM) (Promega).

Nesse estudo, a combinagdo do modelo U20S PER2:LUC e sistema Mimic (Invitrogen,
USA) foi empregada para a avaliacdo da funcdo dos miR-29b-3p e miR-23b-3p. O sistema
mirVana™ Mimic system (Invitrogen, USA) possibilitou o aumento dos niveis celulares dos
miRNAs. 15 nM (nanomolar) mirVana™ Mimic de miR-29b-3p e miR-23b-3p foram
Como controles dos ensaios funcionais, selecionamos um Scramble, o0 miR-450b-5p,

miR-132-3p e miR-219a-1-3p. Essas quatro moléculas também tiveram seus niveis aumentados
com o sistema Mimic na mesma concentracdo que miR-29b-3p e miR-23b-3p, 15 nM. O
Scramble € uma molécula com sequéncia semelhante as dos miRNAs (em tamanho e
constituicdo quimica), sendo desenhada e testada para ndo induzir alteracGes na expressdo de
genes humanos. miR-450b-5p foi 0 miRNA identificado nas andlises de sistematizacdo desse
estudo, com pior posicdo e menor escore (valor: 0). O Scramble e 0 miR-450b-5p foram
selecionados como controles negativos das transfeccGes e do método de identificacdo de
miRNAs candidatos, respectivamente. miR-132-3p e miR-219a-1-3p s&o os dois miRNAs com
maior citacdo na literatura circadiana. Estudos funcionais in vivo (em camundongos) confirmam
a funcdo de miR-219a-1-3p no ajusto do periodo do ritmo circadiano da atividade locomotora
dos animais e de miR-132-3p na sincronizagdo desse ritmo via estimulos luminosos. Aqui, miR-
132-3p e miR-219a-1-3p foram selecionados como controles positivos dos ensaios com
Mimics. Apos as transfeccdes dos Mimics as células U20S PER2:LUC foram incubadas por

24h antes da coleta do ritmo de luminescéncia.

PCR quantitativa em tempo real (QPCR)

Ensaios de gPCR foram realizados para a analisar o possivel papel de miR-29b-3p na
modulacdo expressao de outros genes reldgio (Perl, Per2, Per3, Cryl, Cry2, Arntl, Arntl2, Tef,
Rora, Bhlhe40 e Nrld1) e de um gene de referéncia (usado para normalizar os dados de gPCR),
0 Gapdh. As células U20S foram transfectadas com 15nM de Mimics de miR-29b-3p e apds
24h o RNA total (com todos as classes de RNA da célula) foi extraido com Direct-zol RNA Kit
(Zymo research) em apenas um momento do ciclo circadiano. Em seguida, a concentracéo do
RNA total foi quantificada em equipamento NanoDrop (ThermoFisher). 250ng RNA total

foram usados para a conversdo de RNA em cDNA (DNA complementar). Os cDNA foram
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sintetizados em reacOes de transcri¢do reversa (realizadas com o kit gScript cDNA MasterMix,
Quantabio) que converteram RNA em cDNA. Ao final das reac6es, 20uL de cDNA foram
diluidos (1:10) e usados nas reacOes de gPCR para a quantificacdo dos RNAm dos 11 genes
reldgio e de Gapdh. As reacdes de gPCR foram realizadas através do sistema de sondas TagMan
(Thermo Fisher) e em equipamento QuantStudio Real-Time PCR (Thermo Fisher). As reac6es
de gPCR foram feitas em triplicatas, ou seja, trés grupos de células, para os grupos scramble e
trés para Mimic miR-29b-3p. Os dados brutos de Cicle Threshold (Ct) obtidos no equipamento
QuantStudio Real-Time PCR foram normalizados (com Gapdh) e apresentados em 244, O
grupo controle (Scramble), foi usado como calibrador (referéncia) na equagdo 224, Assim,

nas representacGes graficas Scramble possui valor médio setado para 1.

Identificac@o de genes alvos, de vias e analises de redes de interacdo miRNA-
genes alvos

Analises de bioinformatica, em conjunto com buscas de informagdes experimentais,
foram empregadas para identificar genes relégio que possuem sequéncias com sitios alvos de
miR-29b-3p. Os sitios alvos de miRNAs sdo sequéncias nucleotidicas que possuem
complementaridade (ligag&o tipo ponte de hidrogénio) com a cadeia de nucleotideos de miR-
29b-3p. A ferramenta ChemiRs foi usada para predicdes de sequéncias alvo de miR-29b-3p nas
3°’UTRs dos 11 genes reldgio. Dados de analises de bioinformdtica também foram obtidos em
publicacdo de nosso grupo pesquisa (FIGUEREDO et. al. 2013). J& indicios experimentais de
interacBes miR-29b-3p:RNAmM (de genes reldgio) foram obtidas na base de dados DIANA
TOOLS - TarBase v7.0, em ChemiRs e em publicacdes que associam miR-29b-3p com genes
relogio. A ferramenta da web miRNet foi usada para analise o compartilhamento de miRNAs
por genes reldgio e o numero de miRNAs exclusivos por gene. Por fim, a ferramenta Metascape
foi usada para a identificacio de vias celulares moduladas por miR-29b-3p. E importante
ressaltar que as analises em miRNet e Metascape foram feitas com genes alvos identificados

com informacdes experimentais de interacbes miR-29b-3p:RNAM.

Analise estatistica e representacao grafica

O Graphpad Prism foi usado para gerar as ilustracGes em barras dos dados de gPCR da
expressdo dos genes reldgio e graficos em linhas do ritmo de U20S PER2:LUC. Os resultados
das analises em miRNet sdo apresentados em uma figura de redes de interagdes (em inglés:
network) gerada pelo préprio programa miRNet. Da mesma forma, as figuras relacionadas com
os dados obtidos em Metascape resultam do proprio programa. O diagrama de Venn foi obtido

com o auxilio da ferramenta da web Venny 2.1.0 (http://bioinfogp.cnb.csic.es/tools/venny/). Os
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graficos em formato radial plot foram gerados em func@es do R. A figura que ilustra a hipotese,
ou idéia final do trabalho, foi criada pelo préprio autor, no corel draw x7. O Teste t de Student
foi usado para comparar os periodos e as amplitudes dos diferentes ritmos (p<0.05).

2.3. Metodologia empregada no capitulo 3

Animais e coleta de tecidos

Camundongos C57BL/6 (total: 24), machos e com idade de 8-12 semanas, foram
inicialmente adaptados (em laborat6rio) ao regime de 12 h de luz e 12 h de escuro. Entretanto,
para a andlise do ritmo enddgeno dos animais, foi necessaria a exclusdo dos Zeitgebers. Por
essa razdo, apos essa adaptacdo inicial, os camundongos foram transferidos para as condi¢fes
ambientais de escuro e temperatura constantes durante dois dias. Apds esse periodo, 0s animais
foram eutanasiados e o estriado e o tronco cerebral foram coletados nos CTs: CT00, CT04,
CT08, CT12, CT16 e CT20. Em outro grupo de animais, o estriado e o cortex pré-frontal foram
isolados quando na presenca de Zeitgebers. Nesse segundo grupo os animais foram mantidos
no regime de 12 h de luz e 12 h de escuro, simulando as varia¢6es diarias de luminosidade. Os
tecidos foram isolados em seis Zeitgebers Times: ZT02, ZT06, ZT10, ZT14, ZT20 e ZT22.
Esse Gltimo grupo teve o intuito de estudar o ritmo do RNA total na presenca de pistas
ambientais. Ressaltamos que os animais foram eutanasiados através de método aprovado pelo
comité de ética da UFAL (Protocolo de aprovacdo: CEUA56/2015).

Normalizacéo de tecidos, isolamento e analise da concentracéo do RNA total

As diferentes etapas experimentais foram equalizadas para ajustar a quantidade de
tecido usada para extracdo de RNA de tecidos coletados em diferentes fases (CTs ou ZTs) do
ciclo circadiano. Tal ajuste foi realizado como tentativa de manter a ritmicidade do RNA total
de cada tecido estudado. Os tecidos foram isolados pelo mesmo pesquisador para evitar
possiveis variacBes metodologicas. Antes da disseccdo dos tecidos, tubos de 1.5mL contendo
1,5 mL de Trizol LS Reagent (Thermofisher, USA) foram pesados em balanca analitica de
precisdo. Em seguida, os pesos de cada tubo (com 1,5 mL de Trizol) foram setados (na balanca)
para 0 antes da adi¢do dos tecidos. Em seguida, os tecidos foram pesados diretamente nos tubos
de 1,5mL e a concentracdo (em ng/uL) das amostras foram calculadas. Os tecidos foram
dissolvidos no Trizol com o auxilio de seringa estéril de 5mL. Subsequentemente, as amostras
foram ajustadas (diluidas com Trizol) para a concentragcdo de menor valor. Um volume fixo de
Trizol (com a mesma concentracdo de RNA) foi usado nas demais etapas da extragdo. Ainda
na tentativa de manter o ritmo endégeno do RNA, o protocolo original do Trizol LS Reagent

(Thermofisher, USA) foi adaptado para garantir homogeneidade na extracdo do RNA das
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diferentes amostras: (1) uso do mesmo volume de cloroférmio, de glicogénio (20 ng/uL),
Isopropanol e etanol 75%; (2) transferir o mesmo volume de fase aquosa (com RNA) para um
novo tubo; (3) diluir o RNA no mesmo volume de agua livre de nuclease (50 uL). Nas extracoes
do RNA de tronco cerebral dois RNAs exdgenos (Spike-ins) foram adicionados ao Trizol, em
mesma concentragdo (0,26 fmol) e antes do isolamento do RNA total. Os Spike-ins sdo dois
MiRNAs de Caenorhabditis elegans, Cel-miR-39 e Cel-miR-54, comprados da Qiagen
(Alemanha). Esses pequenos transcritos ndo possuem homologia em mamiferos e podem ser
facilmente detectados no método de qPCR. Spike-ins foram usados tanto como estratégia para
a analise da eficiéncia do isolamento de miRNAs em amostras com diferentes concentracdes
de RNA, como possiveis normalizadores dos dados da gPCR. A concentragcdo do RNA total foi
quantificada em triplicatas (por amostra) em equipamento de espectrofotdmetro BioPhotometer
plus (Eppendorf, USA). A figura 10 representa as etapas e os diferentes ajustes realizados

durantes dos procedimentos de extragédo do RNA.

——

N\;_\\,}\ by 1. Dissecgdo de tronco cerebral e analise do preso do tecido em balanga de precisdo.
{ I -":’\;"_‘j::r"/ 2
.11 2. Analises do pesos dos tubos de 1.5mL + 750ul de Trizol.
o 3. Homogeneizacdo dos tecidos em 750ul de Trizol.
3 3
\ 4. Calculo das concentragdes dos tecidos (ng de tecido por volume de Trizol).
5. Analises do pesos dos tecidos homogeneizados em Trizol.
6. Normalizagdo da concentracdo do tecido (ng/ulL) em relagdo a amostra de menor concentragdo.
As concentracdes foram normalizadas pela diluigdo com novos volumes de Trizol.
+4 6. Uso de um mesmo volume de Tecido normalizado em Trizol nas demais etapas do protocolo de
extragdo. Agora as amostras possuem a mesma concentracdo de tecido, emng/ul.
S 7. Adaptacdo do protocolo original de Trizol para igualar todas as condigdes, evitando variagdes
experimentais.
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Figura 9. Ajustes realizados durante a etapa de extracao do RNA como tentativa de minimizar variagdes decorrentes
de procedimentos e de manter o ritmo bioldgico do RNA. A figura destaca a extracdo de tronco cerebral, o tecido usado
nas analises de expressdo génica. Entretanto, 0 método foi empregado para a extracao dos demais tecidos. O RNA resultante
foi usado para as andlises do ritmo do RNA total (mensurado em espectrofotdmetro) [Figura do préprio autor, 2018].
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Sintese de cDNA

Duas abordagens foram usadas para a sintese dos cDNAs. No Grupo 1 (G1) os cDNAs
foram sintetizados a partir do mesmo volume de RNA total (2.75uL), mantendo os ritmos
enddgenos dos RNAs. Ja no grupo 2 (G2), sem considerar o ritmo enddgeno, ajustamos 0 RNA
total para a mesma concentracdo, 500 ng/amostra. As reacGes de sintese de cDNA foram
realizadas através do kit miScript Reverse Transcription Kit (Qiagen, Alemanha), com volume
final de 20uL. Seguindo orientagdes do fabricante, foram adicionados, em cada reagdo 4uL do
miScrip Hiflex Buffer, 2uL de 10x miScrip Nucleics Mix e 2 uL de miScript Reverse
Transcriptase Mix nas duas condicdes (G1 e G2). As reagdes foram inicialmente incubadas em
37°C/60 minutos para a conversdo de RNA em cDNA pela acdo da de miScript Reverse
Transcriptase. Em seguida, a enzima foi inativada em 95°C por 5 minutos. Antes das reagoes
de gPCR o cDNA foi diluido na razéo de 1:10.

PCR em tempo Real quantitativa (QPCR)

ReacOes de qPCR foram realizadas para analisar a expressdo dos RNAm dos genes Actb,
Gapdh, Ppib, Hprtl, Rplpl, e Eif2a, Bmall, Clock, Perl e Per2. Os genes Actb, Gapdh, Ppib,
Hprtl, Rplpl e Eif2a sdo geralmente usados como normalizadores (ou housekeeping genes,
HKG) de dados de reacGes de qPCR. Esses genes geralmente compdem vias basais as células
e acredita-se que por essa razdo apresentam estabilidade (sem variacdo da expressdo) nas
diferentes condicBes experimentais. Entretanto, para confirmar a estabilidade de HKG faz-se
necessario o estudo dos genes nas diferentes condicGes, ou grupos experimentais. Nesse estudo,
0s 6 HKG foram selecionados a anélise da estabilidade ao longo de um ciclo circadiano. Os
genes relogio, Bmall, Clock, Perl e Per2, com expressao circadiana confirmada em diferentes
tecidos e espécies, foram selecionados para a analise da normalizacdo com diferentes HKG e
Spike-ins, além do estudo das possiveis alteracdes nos ritmos de genes individuais em
decorréncia do ajuste da concentracdo do RNA total na etapa de sintese de cDNA dos grupos
G2. As reagdes de gPCR foram realizadas no equipamento StepOne Plus (Applied Biosystems,
USA), com 0.35uL (3.5uM) de cada primer (forward e reverse), 5 uL de Sybr Select Master
Mix (Thermofisher, USA), 2.15uL de agua livre de nuclease (Amresco, USA) e 2.5 uL de
cDNA (de G1 ou G2). O modo fast de ciclagem de temperatura do equipamento StepOne Plus
foi usado. Todas as reacdes de qPCR foram realizadas em duplicatas, como réplicas técnicas.
Apenas reacdes com réplicas técnicas com desvio padrdo de Ct (Cycle Threshold) < 0.5 foram
consideradas. As eficiéncias dos primers foram checadas através de cinco dilui¢fes seriadas do

cDNA (em proporgdo 1:2). Foram considerados no estudo apenas os primers com eficiéncia
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entre 90-110% e com apenas uma curva de melting. Os primers foram desenhados pelos
proprios autores, ou obtidos em outros estudos (Ver tabela 1 do artigo). Para a analise dos niveis
dos spike-ins, fi usado o sistema miScript PCR (Qiagen, Alemanha). As reacdes foram feitas
com 2uL do miScript Primer Assays, 10uL do 2x Quantitec SYBR green PCR Master Mix, 2uL
do 10x miScript universal primer, e 4uL de agua livre de RNAse. Nas reacdes de qPCR de
spike-ins foram consideradas as condi¢Ges de ciclagem 95°C/15 minutos (Ativagdo da enzima
HotStartTag DNA polimerase), 94°C/15 segundos para a desnaturacdo do DNA, 55°C/30
segundos para o0 anelamentos dos primers e 70°C/30 segundos para a extensdo. Foram usados

40 ciclos.

Analise dos dados

Os métodos de Cosinor e Fourier, que ajustam a série temporal de dados a cujas cosseno,
sdo comumente usados em estudos de ritmos bioldgicos (Refinetti et al., 2007), sendo também
empregados em nossas analises. No estudo de expressdo génica consideramos ambos, o Ct
(Cycle threshold) convertido em valor absoluto (10%°) x 27t (or 2°Y), como previamente
destacado (Kamphuis et al., 2005) e o dado normalizado com HKG (ou spike-ins) na equacgéo
do delta Ct comparativo (2 24¢*; AACt: {Ct[do Gene de interesse] - Ct [HKG]Amostra-A} - {Ct
[do Gene de interesse] - Ct [HKG]Amostra referéncia ou calibrador}). Para comparar variacdes
nas amplitudes dos ritmos dos diferentes genes os dados de expressao foram convertidos em
fold change em relacéo ao nadir (hora circadiana, Circadian Time [CT] com menor expresséo,
com valor de referéncia ajustado para 1). Nas analises comparativas de dados em escalas
diferentes (como concentragdo do RNA total e niveis dos Spike-ins) os dados foram convertidos
em Z-score, 0 que possibilitou a plotagem desses diferentes ritmos em um mesmo grafico. Os
métodos estatisticos One way ANOVA (com correcao de Bonferroni) e o t-test (com corregédo
de Sidak Bonferroni) foram empregados para a comparacdo dos dados. Em conjunto com o0s
métodos de Cosinor e Fourier, o programa geNorm foi usado para a analise da estabilidade dos
HKG. Nessas analises foram usados os dados de 27, Os graficos e calculos estatisticos foram
realizados nos programas GraphPad Prism 6, IBM SPSS 20, Cosinor
(http://www.circadian.org/softwar.html) e CircWave V14
(http://www.euclock.org/results/item/circ-wave.html). Os pardmetros ritmicos de robustez,
amplitude e acrofase foram calculados no método cosinor, com periodo ajustado para 24h. O
teste de correlacdo cruzada foi usado para comparar as fases de expressdo dos genes nas
diferentes condi¢bes (G1 e G2). O programa IBM SPSS 20 foi usado para calcular o teste de

correlacdo cruzada. O peak-to-trough ratio (P/T), ou a razdo entre os valores maximo e o
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minimo de expressdo foi empregada como um método de analise complementar da amplitude

dos ritmos dos genes.

3. RESULTADOS E DISCUSSAO

ARTIGO 1: Systematization of circadian high throughput assays: differences in miRNAs
3p/5p forms and potential miRNA-adjustment of protein amplitude dependent of mMRNA-
phase.

Abstract

Circadian rhythms are fundamental properties of organisms in which clock genes control
different cellular pathways by modulating the transcriptome. High throughput assays
(HTA)(RNA-seq, Chip-seq and proteome) have helped to understand the circadian cellular
mechanisms, demonstrate large differences between mRNAs and protein rhythms, and
emphasize the importance of post-transcriptional pathways (such as miRNAS) in circadian
control. In this study, we aimed to analyze the relationship between circadian transcription
factors (CTF) and rhythm oscillation of miRNAs, the circadian differences of 3p and 5p
miRNAs, as well as to identify miRNA that targeted genes that present alterations in protein
rhythms (in relation to mMRNA), and to show the possible role of mMiRNAs in gene translation.
For this, we perform the systematization analysis of different circadian HTA studies. When
crossing the results of two circadian small RNA-seq, we identified that 6.4% of miRNAs have
circadian expression in mouse liver, with elevated levels during the phase of subjective day and
less dispersion than those observed for mRNAs. The miRNA-genes sequences possess
rhythmic occupancy of CTF and RNA polymerase Il (RNAPII), suggesting a rhythmic
transcriptional control of pri-miRNAs. Interestingly, the mature forms of the miRNAs (-3p and
-5p) have different phases and exclusive target genes. These two classes of mature miRNAs
have distincts maturation pathways, and it is possible that the differences observed in the phases
result of miRNA post-transcriptional adjustments. In addition, only 6 genes oscillate in both
miRNAs (3p and 5p), indicating a circadian selectivity for the functional form of miRNAs. In
conjunction with differences in acrophases, the existence of genes that are exclusively target
show a differential role of 3p and 5p forms. Curiously, the clock mMRNAs are preferentially
targeted by miRNA-3p forms, highlighting these elements are more impacting to the clock.
miRNAs were also identified for targeting genes that alter their protein amplitudes relative to
mRNA. miRNAs that exclusively modulate genes that reduce or that increase protein
amplitudes have the similar expression phases. However, these miRNAs have different phase
relationships with mRNA-targets. Proteins that reduce amplitude have mRNA in anti-phase
with the miRNAs. For those who increase its amplitude, closer phases are observed. The
similarities in pre-mRNAs e mMRNAs indicates that phase differences at the mRNA level result
from transcriptional regulation, non by mRNA degradation induced by miRNA. In this study,
we demonstrated for the first time the circadian divergences of miRNA-3p and miRNA-5p
matures forms. And that, the adjustment of the amplitudes of proteins rhythms by miRNAs can
be mRNA-phase dependent. Future studies are needed to validate and better understand these
results.

Key words: amplitude, miRNA, protein, mRNA, 3p, 5p, circadian
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Introduction

In recent years the number of circadian HTA have expanded exponentially, with
approximately 120 publications registered in 2015 and in 2016 . These studies made available
a circadian "big data", a rich chronobiological collection that can be used for different purposes,
not just those of the original publications. In fact, studies have used data free-available from
HTA circadian assays to identify genes or pathways important to the clock 22, Using the
systematization from publicly-available data, Bhargava et al. 2015 identified 11 novel robust
candidate clock genes 2. The web portals "CircadiOmics" and "CircaDB" integrate data from
circadian HTA studies, that allows quick and easy identification of genes circadian expression
in different tissues and organisms *°. These different authors show that systematization of
previous HTA studies is promising, and can help different chronobiology research groups.
Unfortunately, methods such as RNA-seq and Chip-seq are still costly, having little
accessibility in some countries, especially in chronobiological studies that require large
sampling (collections at intervals of 2h for 48h, for example). The data systematization can
answer different questions, reducing the need for funding, study time, and euthanized animals.

In liver, HT A circadian studies (RNA-seq and proteome) have shown that many rhythms
are independent of CTF or that posttranscriptional/translational events impact in phases of
proteins with mRNA transcribed by the CTF . It has been demonstrated that half of the cyclic
proteins have corresponding arrhythmic mRNA ©. And many cyclic proteins have a delay in
acrophases of 6 hours in relation to the rhythm of mRNA 5.

miRNAs control the levels of gene expression by inducing mRNA degradation and/or
inhibiting of protein translation &°. It is estimated that more than 60% of human protein-coding
genes are modulated by miRNAs °. Interestingly, in a circadian gene expression atlas ZHANG,
R. et al., 2014 show that 43% of all protein coding genes showed circadian rhythms in mRNA
in some mammalian tissue . Together these data reinforce the importance of miRNAs in the
circadian control of protein rhythms.

In fact, models with depletion of mRnome show alterations in the rhythm of gene
expression °. miRNAs adjust the phases and amplitudes of 30% mRNAs rhythmically
transcribed ° and the speed of PER1 and PER?2 translation, associated with the shortening of the
period (~2 hours) observed in molecular rhythm from cells and in the rest-activity behavior of
mice 8. In addition, miRNAs are importantly associated with the genesis of circadian rhythms

at the molecular level during gestation*? and with changes in rhythms during the aging process
43
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To date, only two small RNA-seq studies show the circadian oscillation of several
miRNAs 1213, 84 circadian miRNAs were identified in YOSHITANE et al., 2014 e 53 em
VOLLMERS et al., 2013, with high levels predominantly during the subjective day (interval
between CTO and CT12, CT= circadian time), which is equivalent to the resting phase of the
animals 1213,

These small RNA-seq studies do not demonstrate why miRNAs exhibit clustered
oscillation during the day. Based on chromatin immunoprecipitation sequencing (ChlP-Seq) at
asingle CT, VOLLMERS et al., 2013 suggest a key role of CLOCK-BMAL1 in the biogenesis
of miRNAs 2. In a more complete study, KOIKE et al., 2012 presents details of the
transcriptional architecture of the core circadian clock in mammals . The authors performed
Chip-seq (for CTF: BMALL, CLOCK, NPAS2, PER1, PER2, CRY1 and CRY2) from mice
livers collected in six different CT *. The inspection of the data generated by Koike
(supplemental material of Chip-seq) allows to identify that several classes of transcripts are
rhythmically modulated by CTF, including miRNA genes (see supplemental material of
KOIKE et al., 2012). However, the authors do not highlight the transcriptional control of
miRNAs in the article 4. KOIKE et al., 2012 also performed two different RNA-seq for rhythms
detection of pre-mRNA (intron RNA-seq) and mRNA (exon RNA-seq). Many miRNAs are
intragenic, and the analysis of the miRNAs host genes (from RNA-seq intron) could be used to
infer the miRNA nascent oscillation.

YOSHITANE et al., 2014 and VOLLMERS et al., 2013 did not analyze the phase
relation of the miRNAs and different cyclic targets (at mMRNA and proteins levels), or if there
are differential expression by miRNA class (miRNA-3p and miRNA-5p, or intragenic and
intergenic mMiRNAS).

By microarray hybridization, Na et al. 2009 analyzed the microRNA-mRNA co-
expression rhythm in mouse liver for 48h, and demonstrate that the clock genes of positive
(Clock and Bmall) and negative (Per and Cry) transcriptional regulation have different phase
relationship with their predicted miRNAs. *°. To our knowledge, this is the only study that
analyses the circadian co-expression of miRNAs and target genes. However, Na et al. 2009
focused their study on just some target genes, and at RNA level *°. In comparison to
VOLLMERS et al., 2013, YOSHITANE et al.,, 2014 have small RNA-seq experiment
performed in better temporal resolution (8 CT groups, sampled at 3 CT intervals). In addition,
MRNA data (from RNA-seq) has the same resolution as the small RNA-seq. Therefore it is
possible to use the YOSHITANE et al., 2014 data to better compare the oscillation of mMiRNAS
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and mRNA-targets. Assays of circadian proteomes have grown in recent years and may add the
proteins analysis of in co-expression analyses ®’. By mass spectrometry Robles et al. 2014
identified 186 proteins that showed rhythmic profiles in mouse liver from free-running
condition 7.

The circadian studies commonly use prediction algorithms for identification of miRNA-
target genes 6. Methods that combine large-scale sequencing and immunoprecipitation of
Argonaute (Ago) to isolate native Ago-miRNA-mRNA complexes in living cells, such as
HITS-CLIP  (High throughput sequencing of RNA isolated by crosslinking
immunoprecipitation), have been applied in identification of experimental mMiIRNA:mMRNA
interaction *"~1°. However, to our knowledge, to date, HITS-CLIP, or similar methods, have not
been used to identify miRNAs interacting with circadian genes.

By the systematization analysis of important circadian HTA studies, the present study
aimed to analyze the circadian transcriptional control of miRNAs and the differential expression
of the different classes of mature miRNAs (3p and 5p). In addition, by identification of
experimental MiIRNA:MRNA interaction and expression data from circadian HTA studies, we
aimed to study the co-expression of miRNAs and mRNA/proteins from target genes that have
different alterations in your translations. Based on these analyzes we propose different circadian
functions for 3p and 5p miRNAs, and an miRNA-adjustment of protein amplitude dependent
of MRNA phase.

Materials and methods

HTA circadian data

For a general analysis of miRNAs oscillations, we used the data from two circadian
studies of small RNA-seq 123, For the identification and analysis of target gene with circadian
oscillation in both mRNA and proteins, we used Poly (A)-tailed RNA-seq data from
YOSHITANE et al., 2014 and mass spectrometry from ROBLES; COX; MANN, 2014 "3, For
co-expression analysis we selected mRNA and miRNA data from YOSHITANE et al., 2014
because they correspond to the same biological sample (allowing better comparison) and have
good sampling (8 samples collected every 3 CTs). KOIKE et al., 2012 RNA-seq data were
considered in pre-mRNA and mRNA analyzes, and also in the study of the occupation of CTF
and RNA polymerase 11 (RNAPII) in sequences of target genes and miRNAs . Cyclic miRNAs
were classified into intragenic and intergenic by the use of the miRAD tool (an intragenic
microRNA database)?°. Cyclic host genes for intragenic miRNAs (also identified in miRAD)

were obtained in Yoshitane’s RNA-seq. The oscillation of the mRNA hoste gene was
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considered to be the precursor-miRNAs (pre-miRNA). All selected studies performed analyzes
on samples in free-running condition and in C57BL/6 mouse liver "1%14 We consider the
original circadian statistical analyzes of the studies. In the proteome study, proteins with
expression profile adjusted to cosine waves and false discovery rate (g-value) q<0.33 were
considered rhythmic ’. In Yoshitane et al. 2014, the mRNAs e miRNAs were defined as
rhythmically expressed if it maximal and minimal expression values were significantly different
(9<0.1), and its expression profile was fitted with cosine curves (P<0.01)*3. In Vollmers’s small
RNA-seq, to determinations of miRNAs oscillations was calculated the pMMC-beta in
COSOPT algorithm *2, In Koike et al 2012 the pre-mRNA and mRNA cycling were assessed
by COSOPT, JTK cycle and ARSER programs 4. A cycling gene was considered if two out of
three programs detected cycling with threshold of p<0.05*4. For ChIP-seq analysis, cycling was
analyzed with ARSER (p<0.05)*.

Target genes identification.

We use the web application ChemiRs (http://omics.biol.ntnu.edu.tw/ChemiRs/)? to
identify miRNAs that modulate genes with variations in protein amplitudes. ChemiRs
simultaneously identifies target genes through 10 prediction algorithms, as well as
experimentally supported miRNA:mRNA interactions #. We considered only targets with
miRNA-mRNA interaction reported in the literature. The pathway analysis were performed
with DIANA-miRPath v3.0 from a list of -3p and -5p miRNAs 22, In this DIANA-miRPath v3.0
analyses we searched targets that present experimentally validated miRNA:mRNA interactions
from DIANA-TarBase v7.0, the first database that indexing more than half a million
experimentally supported miRNA:mRNA interactions 2%,

Statistical analysis and graphical representations

The t-test were used to compare the different groups, with p <0.05. Graphpad Prism was
used to generate bar illustrations. Polar plot and radial graphs were generated in R functions.
The Venn diagram was made in  the Venny 210 web tool

(http://bioinfogp.cnb.csic.es/tools/venny).
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Results and discussion

Oscillation of miRNAs is modulated by the circadian occupation of RNAPII and
CTF

When comparing the results of two small RNA-seq studies in mouse liver 213 we
identified 126 (6.4% from 1978 mature forms described) mature miRNAs with rhythmic
variation (Figure 1A).

These miRNAs can modulate the post-transcriptional levels (MRNA and/or protein) of
clock genes, as well as clock-controlled genes (CCGs), both important for the control of cyclical
events?*, On the other hand, circadian transcription factors (CTF), which are products of the
clock genes, may control the transcription of the miRNA precursors (pre-miRNAs) of
intragenic or intergenic mMiRNASs. This reciprocal interaction would include the miRNAs in the
molecular clock’s feedback loop system. In fact, when analyzing data from Chip-Seq 4, we
identified 104 miRNAs with rhythmic CTF binding in the sequences of their genes, as well as
the recruitment of RNA polymerase Il (RNAPII) (Figure-1B-C ). As shown in KOIKE et al.,
2012 the RNAPII has global circadian oscillation in its recruitment and activity, mediated by
rhythmic changes in the chromatin structure, by binding of CTF and coactivators (p300 and
CBP)!. In KOIKE et al., 2012, two antibodies were used to identify (via Chip-seq) the
recruitment of RNAPII into the pre-initiation complex (8WG16) of transcription and the
initiation of transcription (Ser5P)**. For miRNAs, similar to that described by KOIKE et al.,
2012, in its transcription analysis, CRY1 has cyclic activity in phase with the start of
transcription (Ser5P) (Figure 1B-C), a stage of transcription preparation, wherein the action of
CLOCK / BMALL / NPAS2 / RNAPII is momentarily inhibited by the proximal binding of
CRY1 (Figure 1B-C).

Transcription of the primary miRNA transcripts (pri-miRNAs) would be activated at the
time of maximum binding of CLOCK, BMALL and NPAS2, more precisely in CT9.8, CT6.3
and CT7.7, respectively (Figure 1B-C). The transcription step itself would occur during the
increase of 8WG16 (close to CT12). In fact, WANG et al., 2016 identified 52 pri-miRNAs with
oscillation in mouse liver, with mean in CT12.19 2. Later this transcription is repressed by the
action of PER1-2 / CRY2 (Figure 1B-C). Finally, at the end of the cycle, between the CT16-
20, Ser5P and CRY1 increase their levels by restarting the cycle (Figure 1B-C).

Using the mIiRIAD (microRNA intragenic database, http://bmi.ana.med.uni-
muenchen.de/miriad/), we identified, from the list of the 84 cyclic miRNAs in YOSHITANE
etal., 2014, 36 intragenic miRNAs (and their host genes) and 34 intergenic, with no difference
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in their acrophases (Figure 1D). Possibly the similarities result from the same transcriptional
circadian control of the different types of miRNAs genes.

When analyzing the circadian miRNAs (from YOSHITANE et al., 2014) by the mature
forms, we identified 49 mature miRNAs type -3p and 35 type -5p, originating from the 3 'and
5' ends of the stem loop structure of the pri-miRNA, respectively. Curiously, only 6 miRNAS
genes (from 81 miRNA genes identified YOSHITANE et al., 2014 presented both mature
miRNAs with circadian oscillation (miR-let-7d, miR-193b, miR-21, miR-24-1, miR-26b and
miR-28). We did not identify differences between the amplitudes of oscillation, however, the
acrophases are different, with the mean in CT5.59 for miRNA-3p and CT7.61 for miRNA-5p
(Figure 1E).
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Figure 1. Circadian expression profile and rhythmic control of miRNAs in liver. [A] Circadian profile of the
miRNAs identified in the studies of VOLLMERS et al., 2013 and YOSHITANE et al., 2014 [B] Identification of
circadian transcriptional regulators of miRNAs. [C] Circadian landscape of transcriptional modulators of miRNAs.
The analyzes in [B] and [C] were performed with Chip-seq data obtained from KOIKE et al., 2012. [D]
Comparison of miRNA expression with gene locus within the structure of other genes (intragenic miRNAS) or
between genes (intergenic). The miRNAs were classified (in intragenic and intergenic) from a list obtained in the
database miRIAD (http://bmi.ana.med.uni-muenchen.de/miriad/). [E] Statistical analysis of the phases and
amplitudes of miRNA-3p and miRNA-5p, was considered the T-test p<0.05. The data presented in [D] and [E]
were obtained in YOSHITANE et al., 2014. Data were converted to Z-score to enable the visual comparison of
rhythms of different intensities and amplitudes.

miRNA-3p and miRNA-5p are functional, with similar numbers of target genes .
miRNA-3p and miRNA-5p are matured in different pathways 2’0 and these phase differences
may result from circadian variations in maturation genes (Supplementary Figure 1). miRNA-
5p strand maturation is processed by Drosha, DGCRS, p68, p72, Smads, p53 and Era 2728,
Dicer, TRBP and PACT produce the miRNA-3p 2"?°, The selection of the functional form of
miRNA is highly refined, dependent on the tissue and cell type, or cell stage and pathology 26~
28 It is possible that the frequencies of -5p and -3p rhythmically expressed are tissue-specific,
increasing the complexity of miRNAs function in oscillatory adjustment at the protein level. In
fact, Dicer, the main enzyme related to the maturation of miRNA-3p, exhibits a tissue-specific
daily variations in mice3. In liver, Dicer has peak expression in ZT9 (zeitgeber 9)%L. The
analysis in CircadiOmics (http://circadiomics.ics.uci.edu) shows that 3 genes involved in the
maturation of mMiRNA-5p have daily variations statistically confirmed in liver (Supplementary
Figure 1). Itis possible that the divergence in the rhythms of 3p and 5p maturation genes induces
the different acrophases observed for the two functional groups. However, there are no studies
that confirm this hypothesis, and future studies are necessary.

Through the analysis performed in mirPath v.3 (http://snf-
515788.vm.okeanos.grnet.gr), that is based on validated interactions between miRNAs:
MRNAs, we identified 15 miRNA-3p-enriched pathways (Figure 2A-B) and 11 for miRNA-5b
(Figure 2A-C). Non-alcoholic fatty liver disease (NAFLD) and human T-cell leukemia virus
type 1 (HTLV-1) infection are the most enriched pathways for miRNA-3p and miRNA-5p,
respectively. NAFLD has 66 target mRNAs and 23 cyclic miRNA-3p (Figure 2A-C) and
HTLV-1 presents a higher amount of cyclic targets (n = 115) and only 15 miRNA-5p (Figure
2A-C). These two pathways are associated with progression of different types of cancer 3232
and with alterations in the expression of the miRNAs 3%, NAFLD is also correlated with
circadian disruptions %, which also cause changes in miRnoma *'. It is possible that changes in

the circadian oscillation of specific miRNAs forms may predispose to NAFLD and HTLV-1,
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and its complications, such as the development of cancer. Interestingly, the circadian pathway
rhythm (with 16 target genes) was enriched for miRNA-3p (Figure 2B).

Together, the data demonstrate that liver miRNAs have circadian expression induced by
the action of CTF, as observed for other classes of genes 4. In addition, the phase differences
observed in the two mature forms of miRNA indicate the action of circadian post-transcriptional
mechanisms in their oscillations, since 3p and 5p transcripts have the same precursor molecules
(pri-miRNA and pre-miRNA). Interestingly, 16 genes associated with rhythm control are
preferentially modulated by miRNA-3p types (Figure 2), indicating that these miRNAs may be
of greater relevance to the molecular timing system. Finally, only 6 miRNAs genes have the
two mature cyclic forms, indicating the existence of cycling predominance in only one of the
two functional molecules. As the miRNA-3p and miRNA-5p of a same miRNA-gene may
exhibit different 3'UTR-targets, it is possible that the diferente frequencies of 3p and 5p cyclic
miRNAs may vary in different tissues, increasing the complexity of post-transcriptional time

adjustments by miRNAs.
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Figure 2. Identification of specific KEGG pathways for the different mature forms of circadian miRNAs.
[A] Venn diagram showing the total of unique and shared pathways identified in mirPath v.3. Total target genes
in enriched pathways of [B] miRNAs-3p and [C] miRNAs-5p. In [B] the circadian rhythms pathway is highlighted
in red.

Different from mRNAs, pre-miRNAs and miRNAs are expressed during the
subjective day

As mRNA, mature miRNAs are processed forms of a precursor RNA (pri-miRNAs and
pre-miRNAs)®®. As suggested in the above analysis, rhythmic pri-miRNAs are the result of
nascent circadian transcription, whose oscillation is induced by the circadian system described
in KOIKE et al., 2012. As discussed in KOIKE et al., 2012, by the post-transcriptional pathways
of maturation and degradation, when compared to pre-mRNA, mRNAs have greater variation
in their expression phases . However, in comparison with mRNA, mature miRNAs show less
dispersion of their acrophases, with greater abundance in the subjective day (Figura 3A-B). We
believe that the greater clustering of the miRNAs phases is the result of a smaller number of
post-transcriptional events. In addition, as observed for coding genes that oscillate in both pre-
mRNA and mRNA *, miRNAs and corresponding pri-miRNAs have similar phases, suggesting

that transcriptional cycles primarily modulate mature miRNA rhythms (Figure 3C).
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of acrophases in mature forms, relative to mRNA. Polar plot of acrophases [A] and radial plot of levels in
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different CT [B] of cyclic transcripts (84 miRNAs and 1126 mRNA) identified in Yoshitane et al, 2014. [C]
Comparison of the oscillation profiles of pre-miRNAs and mature miRNAs. The host mRNA cyclic genes
identified in Yoshitane et al, 2014 were considered to be rhythmic pre-miRNAs. The host genes were identified
from a list obtained in the miRIAD database (http://bmi.ana.med.uni-muenchen.de/miriad/). The expression data
were obtained from RNA-seq (RNAm) and Small RNA-seq (miRNAS) assays performed in YOSHITANE et al.,
2014. The data were converted to Z-score to enable visual comparison of different rhythms intensities and
amplitudes.

Genes that increase or decrease the amplitudes of their proteins in relation to the
MRNA have unique miRNAs, with amplitude adjustment mRNA-phase dependente

Studies of circadian proteomics are recent and have led many advances in the knowledge
of oscillation in the different levels of gene expression ’. Using mass spectrometry ROBLES et
al. 2014 quantified 3000 proteins every 3 hours during two circadian cycles 7. Of these, 186
(6%) presented rhythmic expression ’. Comparing with RNA-seq data from YOSHITANE et
al., 2014, we identified a list of 34 genes with variation also present in the protein (Figure 4).
As observed in ROBLES et al. 2014, in relation to the corresponding mRNA, the proteins
present a delay of the phases (Figure 4), which for the 34 genes identified has the average of
4.5h (Figure 4). Only 3 proteins show progress of their acrophases in relation to the mMRNA
(Figure 4C). Interestingly, different from dispersion observed for the total mMRNAs set (Figure
3A and 3B), the transcripts of these 34 genes show predominant expression at some stage of
the cycle, between CT12-16 (Figure 4). As previously described, it is possible that the
differences between mMRNA and its proteins result from post-transcriptional events’.
Interestingly, the expression phase of the 84 miRNAs anticipates those observed for the mRNAs
(Figure 4A), suggesting the possible importance of these small molecules for the rhythms of
the genes, such as the adjustment of the phases or amplitudes of mRNAs and/or proteins.

As shown in figure 5, in relation to their mMRNAs, most proteins show variations in
amplitudes, 21 with reduction and only 13 with increase, with fold variation (relative to mRNASs
amplitude) between 0.12 to 1.86. (Figure 5A-C). We considered, for comparative analysis,
only the following gene groups: (1) with the 10 genes with the greatest reduction in the
amplitude of proteins Mtss1, Acbd5, Dnajal, Pah, Fkbp4, Hsp90abl, Hspa8, Crot, Eif5 and
Hsphl (cutoff 0.5 to 0.12 fold); and (2) 6 genes that have major increase, Amdhdl, Thrap3,
Cgn, Anp32e, Cyp2a5 and Slc7a2 (with cutoff 1.5 to 1.86 fold).
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Figure 4- Differences in mRNA and protein phases of genes that oscillate at both expression levels. [A]
comparison of the oscillation profiles of all 84 cyclic miRNAs, 34 mRNAs, and 34 proteins. [B] Statistical
difference between mRNA and protein acrophases, T-test p <0.05. [C] The acrophase dispersion of mRNA and
protein. The transcript expression data were obtained of RNA-seq (RNAm) and Small RNA-seq (miRNAS) assays
from the same study (YOSHITANE et al., 2014), and the proteins from ROBLES et al. 2014 mass spectrometry
assays. The expression values were converted to Z-score to enable the visual comparison of rhythms of different
intensities and amplitudes.

Interestingly, the mRNAs of proteins that reduce the amplitude have greater amplitude
than the mRNAs of the group of genes with increase in amplitudes (amplitudes of mMRNA (1)
vs MRNA (2), T-test, p =0.0016, figure 5 B-C). Besides that, both mRNAs and proteins possess
expression at opposite phases, with phase advancement for the group that increases the protein
amplitude (Figure D and E). These data demonstrate that for this set of genes post-

transcriptional events adjust the amplitudes of the proteins in relation to the mRNAs.
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Figure 5 - Post-transcriptional changes in protein amplitudes and phases. [A] Set of genes with protein
amplitude reduced or increased, relative to the corresponding mRNA. Fold change calculated relative to mRNA.
The blue line corresponds to the reference value 1 (of the mMRNA). Amplitude = Peak to trough ratio (P / T) or the
ratio between maximum and minimum expression values. Different amplitudes (MRNA vs Protein) of genes that
reduce [B] and increase [C] protein amplitudes. Phase differences between the proteins [D] and mRNA [E] of the
different groups. [F] Number of miRNAs that target each set of genes. miRNAs have miRNA:mRNA interaction
experimentally identified (Supplementary Table 1). In the radial plot the expression values were converted to Z-
score to enable the visual comparison of rhythms of different intensities and amplitudes. The transcript expression
data were obtained of RNA-seq (RNAm) assays from YOSHITANE et al., 2014, and the proteins from ROBLES
et al. 2014 mass spectrometry assays.

In order to analyze the possible role of miRNAs in modulating the amplitudes of these
genes, we used the ChemiRs tool (http://omics.biol.ntnu.edu.tw/) to identify miRNAs with
validated interaction with mRNA of genes that alter amplitudes of their proteins. We identified
190 validated miRNAs for genes that increase amplitudes and 215 miRNAs reduce (Figure 5F
and Supplementary Table 1). Interestingly, most of the identified miRNAs (91.13%) are group-
specific (Figure 5F). From these group-specific miRNAs, 29 have circadian expression in
YOSHITANE et al., 2014. 20 are cyclic miRNAs unique to the genes with reduction in protein
amplitudes and 9 to the increase gene group. These miRNAs have no variation between their
phase of oscillations (Figure 5G) and also no differences between amplitudes (data not shown).

Interestingly, miRNAs have different phase relationships with their mRNAs targets
(Figure 6A), which may impact protein amplitudes (Figure 6B). miRNASs unique to genes with
reduced protein amplitudes are in antiphase with target mRNAs (Figure 6D). The inverse is
observed for the miRNAs of genes with high amplitudes (Figure 6B). The miRNAs and mRNAs
of this group exhibit oscillation at a similar time (Figure 6D). The observed oscillations for
MRNAs may also result from the action of post-transcriptional mechanisms, as the degradation
induced by miRNAs. For this reason, we evaluated the temporal profiles of CTF and RNAPII
activity in the promoters of the genes of both groups, in addition to the nascent transcription of
their pre-mRNA (Figure 7). CTF have very similar DNA binding rates (Figure 7A). CLOCK-
BMALL, Ser5p and 8WG16 present small differences in DNA binding (Figure 7A-B), which
does not explain the large phase divergences observed for pre-mRNAs (Figure 7B).
Interestingly, similar to their mRNAs, the pre-mRNAs of the two groups have opposite
expression phases (Figure 7B), show that the phase differences of mMRNAs of genes that
increase and reduce amplitudes may result from a non-core clock transcriptional modulator
systems.

The analysis of the liver proteome under light-dark conditions also identifies proteins
that in relation to the mRNA reduce the amplitudes *. This study demonstrates that only half

of the cyclic proteins have rhythmic mRNA 3. These proteins have phase delay in more than
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6 hours in relation to the corresponding transcript *. In a free-running condition, Robles et al.
2014 demonstrates that 1/5 of the liver proteins are without rhythm in the mRNA and more than
half are also delayed by more than 6h in relation to the mRNA 7. Analysis of the distribution of
proteins throughout the circadian cycle shows that 2/3 of the rhythm liver proteins present phase
in subjective night (CT12 to CT24) and 1/3 on subjective day (CTO to CT12) ’. These
divergences in the rhythms of mMRNAs and proteins are also observed in other tissues, including
SCN “0. These findings show that several proteins are circadianally adjusted by post-
transcriptional mechanisms.

By disruption of miRNA biogenesis, DU et al., 2014 identified that 30% of the
transcriptome has phases and amplitudes adjusted by miRNAs °. Interestingly, in liver explants
from Dicer knockout, the PER2:LUC gene reporter exhibit an a trend in elongation of the period
in 41 minutes °. Chen et al. 2013 highlight miRNAs as an essential mechanism to generate time
delay 8. In contrast to observed by DU et al., 2014, in CHEN et al 2013, miRNA-deficient
animals and cells dramatically shortened the period (by approximately 2 hs)®. In miRNA
suppressed cells this period change is caused by the rapid translation of PER1-2 proteins 8.

A recent study, Yoo et al. 2017 associates miRNAs with the control of proteins
amplitude by translation inhibition #*. The study demonstrates that in different mammal tissues
the absence of the 3'UTR (miRNA target sequence) enhanced amplitude (in 3x fold) and
baseline level of PER2:LUC bioluminescence rhythms #*. The absence of 3'UTR also affects
the proteins of the feedback loop (BMAL1 and CRY1) increasing its amplitudes 1. Importantly,
animals without 3'UTR from Per2 present an elongation of the freerunning periods and present
different responses to environmental stimuli (temperature and luminosity)*!. Yoo et al. 2017
also identify miR-24 as an important modulator of the PER2 protein amplitude **. Interestingly,
increasing levels of miR-24 (through mimic assays) reduces the amplitude of PER2 “.
Conversely, the decrease in miRNAs (by the inhibitor method) increases the amplitude of the
PER2 clock gene #*. The authors do not report which mature miR-24 (3p or 5p) target-3'UTR
Per2. Here, we identified miR-24-3p with binding sites in mMRNA of Per2 (ChemiRs results:
predicted in 7 of 10 algorithms and with experimental information in PubMed: 19748357).
Analyzing RNA-seq and small RNA-seq data from Yoshitane et al. 2014, we identified that the
MRNA of Per2 and miR-24-3p presented circadian expression in mouse liver (Figure 8). Like
the genes that reduce the amplitude in relation to their mRNAs (Figure 6A), the Per2 transcript
and miR-24-3p oscillate in opposite phases (Figure 8).
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The findings of Yoo et al. 2017 corroborate our hypothesis of reducing protein
amplitude by miRNAs that present phase opposite to target mMRNAs (Figure 8). Interestingly,
our analyzes demonstrate that the different adjustments (increase or decrease) on proteins
amplitudes are dependent to the mRNAs oscillations. To our knowledge, this is the first analysis
on the circadian function of miRNAs dependent on the transcription phase of the target gene
and may help to better understand the role of miRNAs in circadian adjustment. However,

further studies should be performed to validate these findings.
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Figure 6- Different phase relations between miRNAs and mRNAs. [A-B] Set of miRNAs identified as
modulators of genes with increase or reduction of protein amplitudes. Comparison between the expression phases
of the miRNAs and target mRNAs of groups of genes that reduce [A] and amplify amplitudes [B]. The transcript
expression data were obtained of RNA-seq (RNAm) and Small RNA-seq (miRNAS) assays from the same study
(YOSHITANE et al., 2014).
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Figure 7- Genes with differences in protein amplitudes have similar transcriptional control and
corresponding phases between their pre-mRNA and mRNA. [A-B] Circadian activity of CTF and RNAPII.
[C] Rhythmic oscillation of pre-mRNAs and mRNAs. The oscillation profiles are shown in both radial and line
graphics. Both rhythm occupancy data of FTC and oscillation of pre-mRNAs were obtained in 4. The mRNA
expression data were obtained from Seq RNA assays of YOSHITANE et al., 2014. Data were converted to Z-score

to enable visual comparison of rhythms of different intensities and amplitudes.
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Figure 8 - As miRNAs that interact with mRNAs of genes that reduced protein amplitude, the miR-24
validated in Yoo, et al. 2017 also presents opposite phase to Per2 mRNA. The data were converted to Z-score
to enable the visual comparison of rhythms of different intensities and amplitudes. The transcript expression data
were obtained of RNA-seq (MRNA) and Small RNA-seq (miRNAs) assays from the same study (YOSHITANE

et al., 2014).
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ARTIGO 2: miR 29b modulates the circadian period in human cells.

Abstract

The inactivation of miRNA biogenesis confirmed the importance of miRNAs in the post
transcriptional and translational control of circadian rhythms. However, only 11 miRNAs were
validated as important for the amplitude or period adjustment. For this reason, the development
of a method that efficiently identifies specific clock miRNAs is critical. In this study, we aimed
to identify candidates miRNAs for the circadian timekeeper system through the systematization
of data from circadian high-throughput experiments assay (HTA), miRNAs predicted targets
and experimentally validated miRNA:mRNA interactions. In this study, we present 152
MiRNAs to the clock system ranked through by score created by sum of different experimental
evidences obtained from systematization of data. miR-29b-3p and miR-23b-3p are the most
relevant miRNAs from list, with equal score (value: 22), and with circadian function confirmed
in rhythm of human U20S PER2:Luciferase (PER2:LUC) cells. Here, we demonstrate at first
time that these two miRNAs importantly modulate the amplitude and period of endogenous
rhythm. Increased levels of miR-29b-3p and miR-23b-3p by mimic approach reduce the
amplitude of gene reporter PER2:LUC. miR-23b-3p lengthen the circadian period by 2.20h, a
more significant effect than the two most famous miRNAs (miR-219a-1-3p and miR-132-3p),
used herein as positive circadian controls. miR-29b-3p has an effect in period not seen before,
a reduction of -2.93 h. Interestingly, this miRNA also induces changes in cellular morphology.
miR-29b-3p and miR-23b-3p also reduce the amplitude of the PER2:LUC rhythm. The gPCR
experiment show that miR-29b-3p alter the expression of 8 clock genes and Tef, an important
clock-controlled transcription factor associated with output of the rhythmic signal. Of the 6
genes identified as miR-29b-3p targets (Ter, Perl, Per2, Per3, Rora and Bhlhe40), only
Bhlhe40 did not change their levels. The core clock genes with more significant effects are the
paralogues genes Perl, Per2 and Per3. Perl-3 genes reduce expression by less than half (-0.51
+ 0.03, mean £ SD). The Tef gene was the most affected target, with the lowest expression
reduction (-0.71). These gPCR results suggest that the circadian period shortening may result
from the simultaneous reduction of the three Pers genes. And that Tef modulating by miR-29b-
3p can affect the clock output. Furthermore, miR-29b-3p possesses exclusive targets that
control important pathways for the global control of expression (chromatin organization and
regulation of transcription by RNAPII) and pathways associated with cellular morphology
(extracellular matrix and cell differentiation control). In this study, we present a promising
strategy for the identification of clock miRNAs and show that the two top-candidate miRNAs
(miR-29b-3p and miR-23b-3p) are relevant for the maintenance of the endogenous circadian
period. In addition, we present new information about the miR-219a-1-3p and miR-132-3p, that
also regulated the period of molecular rhythm.

Key words: Circadian, Clock genes, U20S, Luciferase, miRNA, Amplitude, Period.
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Introduction

In mammals, circadian rhythms are present in different tissues 2 and are adjusted by a
small group of neurons from suprachiasmatic nucleus (SCN)'2. SCN adjust their activity to the
environment light, generating a signal that orchestrates the rhythms of the other regions of the
body 2. However, the NSQ is not fundamental to generate the rhythms of the clocks in
peripheral tissues, only adjust them in relation to the environmental cues 3% As SCN the
different tissues present an autonomous rhythm, even when kept in cell culture, without
systemic and environmental cues >~'. The autonomies of SCN and peripheral tissues result of
the action of a common genetic system, the molecular clock, composed of a set of genes called
clock genes®. The clock genes generates circadian rhythms in transcriptional level ° and are
present different organisms °. In mammals it has been demonstrated the clock genes possess
robust circadian oscillation that in vivo and in different tissues 2. The proteins from clock
gene act as negative or positive circadian transcription factors (CTF) that interact in a feedback
loop system and induces oscillation in the transcription of several genes, called clock-controlled
genes (CCG)*®3. Although different genes are involded, this feedback loop system is common
in different species and is important for the maintenance of cellular physiology because CCGs
are associated with the rhythmic control of various biological processes?3.

Interestingly, studies have shown that many mRNA and protein oscillations are
independent of CTF and that post-transcriptional/and translational regulation adjust rhythms in
these genes'**®. Two Dicer Knockout confirm the importance of miRNAs in post-
transcriptional and translational control of the rhythmic expression, including clock genes®’.
Because miRNAs affect 60% of the coding genes 18, it is possible that the Dicer Knockout
model compromises basal cell pathways impacting the analyzes over a long time. In fact, Chen
et al. 2013 reports that the mice die 1-5 weeks after Dicer Knockout ', It is possible that assays
for the validation of individual miRNAs are also very informative. To date, few studies have
identified miRNAs that modulate the period and amplitude of circadian rhythms /1923 miR-
219, miR-142, miR-494 lengthens the circadian clock period, while miR-17, miR-24, miR-29a,
miR-30a, MiR-192, miR-194 and miR-155 reduce the period circadian "1%23, miRbase
presents 1978 mature miRNAs for mouse miRNA. However, the aforementioned circadian
studies present only 11 (0.55% of 1978) miRNAs validated as important for the clock. The
identification of clock miRNAs (miRNAs important for period adjustment, amplitude or
maintenance of circadian rhythmicity) is critical for understanding the molecular timing

machinery. For this, new studies are needed. A key point in the study of miRNAs is to identify
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which of these small transcripts to test. Generally, the studies start from a list of target genes to
identify candidate miRNAs by algorithm predictions 2. Through bioinformatics, we have
previously identified 69 clock candidates miRs equally predicted in 3 programs to control clock
genes 24,

With a new approach, the present study aimed to identify miRNAs important for the
clock by systematization of bioinformatics results (from FIGUEREDO et al., 2013), HTA and
interactions miRNA: mRNA experimentally verified (from DIANA-TarBase v7.0). In this
article we present a list of clock miRNAs candidates, with the two most relevant miRNAs
validated in an important circadian study model (U20S PER2:LUC).

Materials and methods

The systematization analysis of HTA experiments and identification of clock
MiRNAs

For the identification of candidate miRNAs, we performed the systematization analysis
from 3 circadian studies of Chip-seq (KOIKE et al., 2012; WANG, H. et al., 2016b;
YOSHITANE et al., 2014), 4 of RNA-seq 228, experimentally supported miRNA:mRNA
interactions (from DIANA-TarBase v7.0)(VLACHOS et al., 2015), and a study of
bioinformatics (FIGUEREDO et al., 2013). We generated a score for each identified miRNA,
which results from the sum of: (1) confirmed circadian expression in different studies of RNA-
seq, computing by study, for the host gene, pre-miRNA, or mature miRNA,; (2) circadian
modulation by different CTF (computing by transcription factor and per study); (3) number of
predicted clock genes (computing the number of programs, in a total of 3 and also total of target
genes); (4) total of validated clock genes (with extra punctuation for experimental information
of direct interaction between miRNA: mRNA). In addition, we considered an extra score for
clock genes equally predicted (in FIGUEREDO et al., 2013) and validated (in DIANA-TarBase
v7.0). As targets, we selected 14 clock genes, which are: Bhlhe40 Bhlhe41, Bmall, Clock, Cry1,
Cry2, Csnkld, Csnkle, Nrldl, Nrld2, Perl, Per2, Rora, and Rorb. The identified miRNAs
were ranked based on the total score. For us, the top list miRNAs were considered with greater
relevance to the circadian system, and the two best candidates were selected for validation in
U20S cells.

U20S PER2:LUC reporter

The U20S Per2:Luciferase (Per2:Luc) reporter cell lines used in the study was
developed by ZHANG et al., 2009 (ZHANG et al., 2009). The mirVana ™ miRNA Mimics

system (Invitrogen, USA) was selected to increase the miRNAs cellular levels. mirVana ™
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miRNA Mimics are small modified double stranded RNA molecules, designed to enable the
functional analysis of miRNAs of interest after increasing their levels and activity. MirVana ™
miRNA Mimic Negative Control (or scramble) is a molecule chemically similar to mimic,
however, with no known effects on different cell lines and human tissues. Scrambles are used
as a negative control of transfection. U20S cells were cultured in DMEM medium (Dulbecco's
modified Eagle's medium) supplemented with 10% fetal bovine serum and the antibiotic
dexamethasone (0.1uM, Sigma). Initially, 500 pl Opti-MEM and 3.75 pl mimics miRNA (15
nM) were mixed. An OPTI-MEM: Lipofectamine RNAIMAX solution was prepared in 15 mL
conical tubes in the 500 ul: 7.5uL ratio, after mixing 4 mL of OPTI-MEM + 60 uL of
Lipofectamine RNAIMAX. Invitrogen Lipofectamine RNAIMAX Transfection Reagent
(Invitrogen) is a reagent that efficiently releases mimics in intracellular medium. Opti-MEM,
on the other hand, allows the cells to be maintained under reduced serum conditions, which
affect the efficiency of the lipofectamine transfection procedure. Better buffered than DMEM,
Opti-MEM possesses a greater amount of HEPES and sodium bicarbonate, increasing the
viability of the cells during transfection procedures. With the aid of a multi-channel pipette,
500 uL of the OPTI-MEM: Lipofectamine RNAIMAX blend were dispensed into the wells with
diluted mimics (500 uL Opti-MEM). Opti-MEM allows cells to be maintained under reduced
serum conditions, which affect the efficiency of the lipofectamine transfection procedure.
Better buffered than DMEM, Opti-MEM possesses a greater amount of HEPES and sodium
bicarbonate, increasing the viability of the cells during transfection procedures. With the multi-
channel pipette, 500 uL of the OPTI-MEM: Lipofectamine RNAIMAX blend were dispensed
into the wells with diluted mimics (500 uL. Opti-MEM). In cell culture hood, the plates were
incubated at room temperature for 20 minutes. Prior to their addition, the U20S cells were
washed in PBS and trypsinised. Thereafter, resuspended in 5 mL of DMEM (1X). 10 pL of
cellsin DMEM (1X) were used for counting the cells in hemocytometer, later diluted at 200,000
cells / mL. 750ul of the diluted cell solution were mixed to 500 pL of OPTI-MEM:
Lipofectamine RNAIMAX: mimic. Finally, in 96-well plates, 250uL of the final solution
(OPTI-MEM / Lipofectamine RNAIMAX / mimics / U20S cells) were dispensed and incubated
at 37 ° C / 24 hours. During this period cells were inspected and viability checked. One day
after transfection, without disturbing the cells, the medium was vacuum aspirated. To detect the
luminescence data from each well, 250ul of the U20S Lumicycle medium (U20SLM),
formulated after mixing of 50mL Lumicycle media, 50ul of Forskolin and 100ul Luciferin,

were added. The plates were sealed with optical adhesive, inserted into Lumicycle equipment
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(Actimetrics, USA). The analysis of the activity rhythm of the Per2: Luc reporter gene in U20S
cells was performed with waveclock, an R function that reconstructs the modal frequencies of
the luminescence data through a wavelet decomposition, which allows the calculation of the
period and amplitude of oscillation (http://sgdp.iop.kcl.ac.uk/tprice/software.html).

Real-time PCR (qPCR)

Cells transfected with mimic and scramble were isolated using vacuum manifold and
RNA extracted with Direct-zol RNA kit (Zymo research) follow manufacturer's protocol. RNA
concentration was measured in NanoDrop (ThermoFisher) and 250 ng RNA were used for
cDNA synthesis with qScript cDNA MasterMix (Quantabio). The cDNA was diluted (1:10) to
the gPCR reactions. 11 clock genes (Gapdh, Perl, Per2, Per3, Cryl, Cry2, Arntl, Arntl2, Tef,
Rora, Rorc, Bhlhe40 e Nrld1l) were evaluated using the TagMan system (Thermo Fisher) in
QuantStudio Real-Time PCR (Thermo Fisher). The analyzes were done in triplicates (3 groups
of cells / per mimic and scramble group) and in 2-4ACicle Threshold peyverse transcription reactions
for cDNA synthesis were performed via miRscript RT Il (Qiagen, catalog 218161).
Concentrations of 531ng /uL, 524ng /uL, 371ng/uL, 361ng/uL and 773ng / uL were obtained
for the samples 04hs, 10hs, 16hs and 22hs, respectively. With an average purity of 1.55 at
260nm/280nm.

Target genes identification, pathways and networks analysis.

We use the web application ChemiRs (http://omics.biol.ntnu.edu.tw/ChemiRs/)? to
identify target genes to miRNAs tested in the functional assay (miR-29b-3p, miR-23b-3p, miR-
132-3p and miR-219a-1-3p). In ChemiRs we considered only targets with miRNA-mRNA
interaction reported in the literature (mostly non-circadian studies). The pathway analysis were
performed with Metascape (metascape.org) (from a list of unique miR-29b-3p target genes).
The network analyzes were performed on miRNet (network-based visual analysis of miRNAs
and targets)*® or in Metascape.

Statistical analyzes and graphical representations

The t-test was used to compare the mean of different groups, with p <0.05. Graphpad
Prism was used to generate graphs of gPCR expression data and U20S PER2:LUC rhythm.
Polar plot and radial graphs were generated in R functions. The Clock-miRNAs network

illustration was made in miRNet and downloaded directly from the web portal.
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Results and discussion

Identification of candidate miRNAs for control of mammalian clock genes

Considering the high numbers of mammalian miRNAs and their potential to regulate
different targets, the identification of miRNAs modulators of clock genes (Clock microRNAS)
may help to understand the complexity of the system and associated diseases.

miRNet networks analysis is based on miRNAs and targets with experimentally
identified physical interaction (FAN et al., 2016). Using miRNet, we identified a network of
different miRNAs and 12 clock genes (Figure 1). Interestingly, clock genes present clusters of
unique miRNAs, with few shared miRNAs, suggesting synergistic (various miRNAs) and
specific regulation (Figure 1). Cry2, Perl and Rora are highlighted by the high number of
miRNA-interactions (Figure 1). It is possible that the combined binding of different miRNAs
inthe 3'UTR clock gene may differently adjust the oscillation of the clock mMRNAs and proteins.

-
tn ':E"f:
.- .-.:-’{ﬁ NRIDZ. I$-=
i".".".".'-f %
- o el
5'::- . --::
If-. .emusao .Pﬁﬂ‘:.
uhn” =
--.==.- ‘ E.f-- : am N:lDZ
mgn = - =
b'-: -' CSNKIE - = 8
g ® R ..
& -1
o . l.:-': N Em

=i == = :‘.-.:.- > RORB ..E
Femn -
EE)

Figure 1 - Clock-miRNAs network. Each blue square corresponds to a miRNA experimentally identified
in miRNet (www.mirnet.ca) and circles in oranges to the target clock genes. The lines at different points
correspond to the miRNA-target interactions. Large circles have larger numbers of miRNAs-interactions.
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In conjunction with prediction algorithms, validated miRNA:mRNA interaction
potentiate the identification of genes important to the circadian system. Here, we systematized
data from 3 circadian studies of Chip-seq %2627, 4 of RNA-seq 2%, a bioinformatics study 2*
and interaction data obtained in DIANA Tarbase V.73 For each identified miRNA was created
a score that is the sum of circadian evidence (or experimental data): (1) confirmed circadian
expression in different studies of RNA-seq, computing by study, for the host gene, pre-miRNA,
or mature miRNA; (2) circadian modulation by different CTF (computing by transcription
factor and per study); (3) number of predicted clock genes (computing the number of programs,
in a total of 3 and also total the number of target genes); (4) total validated clock genes (with
greater weight for experimental information of direct interaction between miRNA: mRNA). In
addition, we considered an extra score for clock genes equally predicted and validated. As
targets, we selected 14 clock genes, which are: Bhlhe40 Bhlhe41, Bmall, Clock, Cryl, Cry2,
Csnkld, Csnkle, Nrldl, Nrld2, Perl, Per2, Rora and Rorb.

With the result, we identified a list of 152 candidate miRNAs, with scores that ranged
from 22 to 1 (Supplementary Table 1). The genes miR-23b, miR-29b-1, miR-340, miR-122,
miR-27b, miR-26b, miR-101a, miR-30e, miR-181a-2, miR-30c, miR-24-1, miR-17, miR-30d,
miR-29a, miR-let-7a-1, miR-30a, miR-21a, miR-103-2, miR-25 and miR-22 are the 20
miRNAs with the highest score (Supplementary Table 1). Of these, only 7 have any previous
association with circadian rhythms. miR-23b and miR-29b-1 occupy the first position in the
list, with the same score of 22 (Supplementary Table 1). miR-450b is the last one on the list,
with a score of 0 (Supplementary Table 1). miR-23b and miR-29b-1 can be controlled by
circadian system feedback loops, containing the same score of 15 for the Seq-Chip data
(Supplementary Table 1). miR-23b oscillates in 4 studies of RNA-seq and miR-29b-1 in 2
(Supplementary Table 1). For miR-29b-1, the mature form miR-29b-3p has the 3'UTR of Clock,
Perl and Rora as targets validated in Tarbase V.7, and Perl also predicted in 2 of the 3
algorithms used in Figueredo Dde S et al. 2013%*(Supplementary Table 1). On the other hand,
the form 5p, miR-29b-1-5p, presents only 2 targets (Clock and Nrld2) with interaction
identified in DIANA Tarbase V.7 (Supplementary Table 1). For miR-23b, only miR-23b-3p
exhibits binding sites in clock genes, more precisely in Bhlhe41 and Rora (Supplementary Table
1). The latter is also predicted target, however in only one program (Supplementary Table 1).

The primary transcripts pri-mir-23b-27b-24-1 and pri-mir-29a-1-29b have circadian
oscillation in mouse liver . In assays performed at only one time in the circadian cycle and in

human A549 lung carcinoma cells, Zhao et al. 2014 demonstrated that miR-29b-3p inhibits the
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expression of the Perl gene at the level of mMRNA and protein®. In pancreatic cells of mice
miR-29b-3p presents daily variation in their expression 4. miR-29b-3p binds directly to 3UTR
of Per3, reducing gene levels %,

Although miR-29b-3p has previous association with circadian rhythms, functional
mimic assays have been performed in only one moment 3334 and do not demonstrate the impact
of miRNA on rhythm control circadian. Zhang et al. 2009 demonstrated that the in vitro model
of human osteosarcoma (U20S) cells, knock-in for the Luciferase (LUC) reporter gene in the
terminal region of Per2 gene (PER2: LUC), enables detailed analysis of the effect caused by
the change of the expression of candidate genes in molecular biological clock system *°.
Importantly, U20S PER2:LUC maintains the circadian rhythm for several days, allows the
control of cyclical environmental cues and data collection with a greater frequency (shorter time
interval), which makes it possible to analyze the periods and amplitudes of the rhythms®. Thus,
in order to evaluate the relevance of the miRNAs to the circadian system, we tested miR-23b-
3p and miR-29b-3p in the same model used in Zhang et al 2009. As a method of functional
interference, we used the mimic system, which when transfected with U20S PER2:LUC cells
increases MiIRNA levels, which enhances its function. To test the efficiency of our miRNA
selection strategy, we also evaluated miR-450b-5p, which ranks last on our list, with a score of
0. As circadian positive controls, we selected miR-219a-1-3p and miR- 132-3p %. miR-219a-
1-3p and miR-132-3p adjust, in vivo, the period and entrainment of circadian rhythms,
respectively 23, These miRNAs also exhibit circadian expression in suprachiasmatic nuclei of
mice in their pre-miRNAs and mature miRNAs 23,

As expected, miR-450b-5p does not present differences in its rhythm parameters, with
a period of 23.25 + 0.47h, very similar to the controls (Figure 2). On the other hand, miR-219a-
1-3p and miR-132-3p alter the oscillation of reporter PER2:LUC (Figure 3). As observed in the
analysis on rhythm of mice rest activity 2%, at the molecular level, miR-219a-1-3p also changes
the circadian period (increase of + 1.75h, mean/standard deviation of: 26.45 + 0.17 h) (Figure
3A-B). However, in vivo assays Cheng et al 2007 use antagomirs, a method opposite to that
employed in our study 23. On the contrary of mimics, antagomirs reduce the levels of miRNAs.
However, both reduce the periods of the different rhythms. It is possible that these effects result
from the different cell types and models evaluated, mouse NSQ 2 and U20S PER2:LUC
(Figure 3), and/or the tested rhythm, behavioral?® and molecular (Figure 3). In fact, results
obtained in different study models (in vivo x in vitro) have been discussed *. Although at a

lower magnitude than miR-219a-1-3p, miR-132-3p also lengthens the endogenous cell period
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(+ 1.06h, 25.76 = 0.05h) (Figure 3A-B). Before, at behavioral level, miR-132-3p does not
change the rest activity period 2. Here, we present the first evidence of the adjustment of the
molecular period by miR-132-3p.

Increasing levels of our two candidate miRNAs generate stronger period changes than
those observed for miR-132-3p and miR-219a-1-3p (Figure 3A). miR-23b-3p, elongated the
period by almost 27h (+ 2.20h, 26.90 = 0.24h)(Figure 3A-B), a more significant effect than
miR-219a-1-3p and miR-132-3p, with previously confirmed action in vivo . miR-29b-3p
shows the largest change in period, a reduction of almost 3h (-2.93h, 21.77 £ 0.11h)(Figure 3A-
B). In relation to the scramble, miR-29b-3p, miR-23b-3p and miR-219a-1-3p also reduce the
reporter gene amplitude (Figure 3B), especially miR-219a-1-3p, with lower amplitude, 3.24
times less than the amplitude observed in the scramble group (Figure 3C). Interestingly, in
addition to altering the circadian rhythm, miR-29b-3p mimic transfection induces
differentiation of cell morphology from epithelial (polygonal cubes, organized and compressed)
to fibroblast-like cells (elongated and less organized) (data not shown). Many studies already
associate miR-29b-3p with the control of cell differentiation %3, For example, miR-29b-3p
promotes differentiation of embryonic stem cells into neural tube epithelial cells .

Together, the results show the relevance of miR-29b-3p and miR-23b-3p to the circadian
system, corroborating our strategy of gene identification based on systematization of data from
high-throughput experiments (Supplementary Table 1). In addition, our results provide new
information regarding the function of miR-219a-1-3p and miR-132-3, which also adjusts period

and amplitude of human (U20S cells) circadian rhythms at molecular level (Figure 3A).
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Figure 2. The negative controls (Scramble e miR-450b-5p) do not alter the circadian rhythm of Per2:
Luciferase in U20S cells. [A] Per2: Luciferase luminescence oscillation after transfection of miR-450b-5p mimic
and scramble mimic. The values in parentheses are the mean + standard deviation. Analysis of the period [B] and
amplitude [C] calculated in waveclock. (h): hour.
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Figure 3. miR-29b-3p and miR-23b-3p alter the circadian rhythm of Per2: Luciferase in U20S cells. [A]
Per2: Luciferase luminescence oscillation after mimics and scramble transfection. The values in parentheses are
the mean + standard deviation. Analysis of the period [B] and amplitude [C] calculated in waveclock. The values
inside the bars inform the changes of the periods in hours. T-test, ** p <0.001; *** p <0.0001; ns (p> 0.05).

miR-29b-3p alters the clock genes expression

The findings make the observed result for miR-29b-3p even more interesting. For this
reason, in an attempt to understand the rare reduction of the period obtained after increasing
levels of miR-29b-3p, we focused our efforts on the analysis of clock genes and pathways
modulated by this miRNA.

Few miRNAs were validated as amplitudes and circadian period modulators”*-23, And
the number of coding genes that reduce the circadian period (n = 87) is much smaller than those
that increase (n = 203) (see Table S1 of ZHANG, E. E. et al., 2009). Interestingly, Dicer-
deficient cells (no miRNAs) exhibited a shorter period (by ~ 2 hrs). And here, the analysis of a
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single miRNA (miR-29b-3p) reduces dramatically the period by almost 3h (period: 21.77h)
(Figure 3). Periods smaller than 22h were rarely identified in genome-wide RNAI Screen in
U20S cells, even for clock genes and high doses of siRNA®. Only two assay had periods <
21.77h*®. Knockouts of clock genes Per3, Perl and Per2 shorten the circadian period by
approximately 0.5, 1.0 and 1.5 h, respectively®®3%°, Chen et al. 2013 and Nagel et al. 2009
suggest that the shortening period was generated by the action of miRNAs in the modulation of
Period gene family 1%, Three different studies validated miR-29b-3p as a modulator of Per1,
Per2 and Per3 genes, in human, zebrafish and rat, respectively®*344! It is possible that the
alteration of the period caused by miR-29b-3p might result from reduced clock genes, especially
Period gene family. To amplify the miR-29b-3p analyzes, we performed new target study with
10 prediction algorithms (from ChemiRs) to better identify clock genes modulated by miR-29b-
3p and we sum the results of prediction with different experimental information to highlight
more relevant target genes (Figure 4A).

Here, in addition to Perl, Per2 and Per3, validated by Zhao et al. 2014, Hung et al. 2016
and Jacovetti et al. 2017333441 we identified the clock genes, Clock, Arntl, Rora and Bhlhe40
with 3'UTRs targets for miR-29b-3p (Figure 4A). We have also identified the Tef gene as the
target of miR-29b-3p (Figure 4A). Tef is a transcription factor responsible for circadian signal
output by the control of CCGs*®. miR-29b-3p may have greater relevance for the modulation
of the Period family and Rora, target genes with greater evidence of miR-29b-3p control
(Figure 4A). In addition, the Perl and Per3 genes have highly conserved target sequences
(Figure 4B). Thus, these 8 genes can be post-transcriptionally modulated by miR-29b-3p.

To test the effect of miR-29b-3p on modulating the expression of transcripts from set
clock genes (total of 11 genes), we performed gPCR assays on RNA samples isolated from
U20S cells transfected with mimic miR-29b-3p or with the scramble (Figure 5). 7 genes
reduced expression after increasing miRNA (Figure 5A), only two increased their levels (Figure
5C). Bhlhe40 and Arntl remained unchanged (Figure 5B). The fold variation in relation to the
scramble was from 0.29 to 1.29 (Figure 5D). 5 genes (Arntl2, Tef, Per2, Perl, Nrld1 and Per3)
had their levels reduced to half or more than half, and only 2 (Cry1 and Cry2) increased above
1.25 (Figure 5D). Of the affected clock genes, 5 genes act on the inhibition of circadian
transcription (Perl, Per2, Per3, Cryl and Cry2) and two on activation (Arnt2 and Nr1d1). Of
these, 4 are not predicted (Arntl2, Nrld1, Cryl and Cry2) (Figure 4A). The 3'UTRs of the 3
genes Perl, Per2 and Per3 have miR-29b-3p binding sites and are among the genes with the

greatest reduction in expression (Figure 4D). As mentioned previously, Perl, Per2 and Per3
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were validated as targets of miR-29b-3p #3441 1t is possible that the observed effect on the
system (set of affected genes) results from changes in the expression of some targets. Baggs et
al. 2009 demonstrated examples of compensatory mechanisms in which, after the knockdown
of a specific gene, other elements of the clock elevate expression in an attempt to balance the
system, maintaining the function and robustness of the circadian rhythm %2, Here, the 3 paralogs
genes (Perl, Per2 e Per3) have their levels concomitantly reduced and in equal proportion
(Figure 5D). It is possible that the observed increases in Cryl and Cry2, also in the same
proportion (Figure 5D), may correspond to a compensatory event after the action of miR-29b-
3p on the 3'UTRs of the Per1-3 genes *2. In fact, Cry1 and Cry2 showed increase of their levels
after the Per1 knockdown %2, In addition, the reverse seems to be true, since the double reduction
of Cryl and Cry2, in vitro (knockdown) or in vivo (double knockout mice, Cryl”Cry2")
induces increased levels of Perl, Per2 and Per3 #2, Although lacking the expression studied in
this assay, our in silico assays also identify Clock gene 3'UTR-sequences as the target of miR-
29b-3p. The reduction of Clock levels via miR-29b-3p would explain the effects observed on
Nrldl and Arntl2 (Figure 5D), since Clock knockdown triggers the reduction of the expression
of the two genes “2. Finally, the changes detected in the other 2 genes, Tef, an important clock-
controlled transcription factor for circadian signal output by modulation of CCGs *3, and Rora
(member of a secondary loop) may occur both of the action of the miRNA in their mRNAs,

and/or by the propagation of signal after the perturbation caused in Clock, Perl, Per2 and Per3.
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Identification of miR-29b-3p:mRNAs interactions predicted and validated
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different species, for 3'UTR of Perl [B] and [c] Per3. Data obtained in the TargetScanHuman 7.2 algorithm.
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Figure 5. Increased miR-29b-3p levels alter the expression of 9 clock genes. [A] Genes clock with reduced,
[B] unchanged and with [C] increased in expression after miR-29b-3p mimic. T-test, p <0.05. [D] Fold change
relative to scramble (reference, value = 1, red line). Genes sorted by effect on expression, levels of the lowest
transcripts (Arntl2) to the highest (Cryl). The analyzes were done in triplicates (3 groups of cells/per mimic and
scramble group). The gPCR data were normalized with the housekeeping gene GAPDH in 242 calculations.

Exclusive target genes of miR-29b-3p are associated with inhibition of
transcription, chromatin alterations and cell differentiation.

From 10 prediction algorithms and experimental information about miRNA:mMRNA
interaction (from ChemiRs web tool) we identify 313 target genes for miR-23b-3p, 244 for
miR-132b-3p, 225 for miR-29b-3p and 51 for miR- 219a-1-3p (Supplementary Table 1)(Figure
6A). Interestingly, when comparing the targets of the 4 different miRNASs, only 25 are shared,
demonstrating miRNA-specific regulation (Figure 6A). In mouse liver, 40 (18.95%) of the 211
unique targets of miR-29b-3p have circadian oscillation at mMRNA level (from Yoshinate et al
2014). Of these, only 12 genes also present rhythmic pre-mRNA (from Koike et al 2012),
suggesting that 70.3% (n = 28) of miR-29b-3p MRNAs targets have circadian expression

induced by cyclic post-transcriptional mechanisms.
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To understand the results obtained in the functional assays of miR-29b-3p, the 211
unique target genes were used to identify affected pathways. Twenty pathways were identified,
with the organization of the extracellular matrix being the most representative (Figure 6 and 7).
Interestingly, genes associated with the negative regulation pathway of cellular differentiation
(total: 26 genes) are targets of miR-29b-3p (Figure 6 and 7), corroborating with the observation
of alterations in the morphology of U20S cells after addition of miR-29b-3p mimic (data not
shown). We highlight two pathways associated with chromatin organization (28 genes) and
negative regulation of transcription by RNAPII (31 genes) (Figure 6 and 7), with rhythmicity
previously described® and associated with global transcript control. It is possible that the
reduction of PER2:LUC period after miR-29b-3p mimic may result from changes in the
transcriptional structure.

In addition, network study shows interaction between the products of the genes of these
two groups (chromatin organization and regulation of transcription) with elements of
extracellular matrix disassembly (7 genes) and response to oxygen levels (Figure 7). In turn,
genes responding to oxygen levels are associated with cell differentiation genes (Figure 7).
Interestingly, the response to oxygen levels (GO: 0070482) is defined by Gene Ontology
(www.geneontology.org) as any process that results in a change in the state or activity of a cell
or an organism (in terms of movement, secretion, enzyme production, gene expression, etc.) as
a result of a stimulus that reflects the presence, absence or concentration of oxygen. Thus, we
believe that the stimulation, or the increase of miR-19b-3p levels with the mimic system,
induces the alterations of fibroblast-like epithelial cells and the activity (PER2: LUC rhythm)
of U20S cells. The changes may also be potentiated by possible changes in the rhythm of the
chromatin, the RNAPII and 9 altered clock genes (Figure 5).

The results presented in this study demonstrate the analysis of data available in HTA
may help chronobiologists in identifying new clock genes, including clock miRNAs.
Unfortunately, in many countries HTA approaches are still costly, especially in studies that
require the combination of methods (Chip-seq, RNA-seq, Hits-Clip and mass spectrometry, for
example) and many samples/times (as circadian experiments). Liver has a greater number of
HTA studies because is one of the most commonly mouse organs used in chronobiological
science, given its ease collection, good sample yield and rhythmicity. Although the rhythms
possess specific tissue variations, aspects or basic phenomena are maintained in many cells,
such as the system of molecular loops. Our systematization of mouse liver HT A data enabled

the identification of a list of 152 candidate miRNAs, with significant validation two top-two
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candidates in human cells. These two miRNAs had a significant effect on circadian period
adjustment, with a rare reduction presented by miR-29b-3p, that may result from circadian
modulation of basic transcriptional pathways and Period family. miR-29b-3p modulates
expression of clock genes and at the same time can be transcriptionally controlled by
CTF(Figure 8). The miRNA may also adjust the output rhythms by direct control of CCGs
(involved with chromatin, cell differentiation, others) or by modulation of CFTs that induce
transcription of CCGs, such as Tef (Figure 8). Future studies are needed to confirm these

findings and better understand the role of miR-29b-3p in cell and animals timing.
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Usual normalization strategies for gene expression studies impair the detection
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ABSTRACT KEYWORDS

Recent studies have shown that transcriptomes from different tissues present circadian oscilla- Circadian; microRNAs; bias;
tions. Therefore, the endogenous variation of total RNA should be considered as a potential bias ~ spike-in; normalization;
in circadian studies of gene expression. However, normalization strategies generally include the housekeeping genes
equalization of total RNA concentration between samples prior to cDNA synthesis. Moreover,

endogenous housekeeping genes (HKGs) frequently used for data normalization may exhibit

circadian variation and distort experimental results if not detected or considered. In this study,

we controlled experimental conditions from the amount of initial brain tissue samples through

extraction steps, cDNA synthesis, and quantitative real time PCR (qPCR) to demonstrate a

circadian oscillation of total RNA concentration. We also identified that the normalization of

the RNA’s yield affected the rhythmic profiles of different genes, including Per1-2 and Bmall.

Five widely used HKGs (Actb, Eif2a, Gapdh, Hprt1, and B2m) also presented rhythmic variations

not detected by geNorm algorithm. In addition, the analysis of exogenous microRNAs (Cel-miR-

54 and Cel-miR-39) spiked during RNA extraction suggests that the yield was affected by total

RNA concentration, which may impact circadian studies of small RNAs. The results indicate that

the approach of tissue normalization without total RNA equalization prior to cDNA synthesis can

avoid bias from endogenous broad variations in transcript levels. Also, the circadian analysis of

2~Cycle threshold (€Y yata without HKGs, may be an alternative for chronobiological studies under

controlled experimental conditions.

Introduction III (Mange et al.,, 2017), the key enzymes involved
in eukaryotic transcription, were reported with a
circadian activity. Accordingly, different classes of
transcripts, such as mRNA, microRNAs, IncRNAs,
lincRNAs, anti-senseRNAs and precursor 45S
ribosomal RNA (45S rRNA), show oscillating
levels in a global scale (Vollmers et al, 2013;
Yoshitane et al., 2014; Zhang et al., 2014)
Therefore, it is presumable that the total RNA
yield from tissue extracts can be affected by the
endogenous rhythms of different RNA molecules
resulting in concentrations with detectable circa-
dian oscillations. However, the majority of the
protocols used for gene expression analysis recom-
mend the normalization of RNA concentrations
between samples. As previously reported, this

Circadian rhythms are biological processes that
oscillate around a 24-h period. In mammals, they
are present in various tissues under a cellular
autonomous control (Buhr and Takahashi, 2013;
Mohawk et al., 2013). At the molecular level, these
rhythms are regulated by a set of genes, named
clock genes. The clock genes products (RNAs and
proteins) present a circadian expression and/or
activity in different cell types, modulating a variety
of biological processes through the regulation of
clock control genes (Korencic¢ et al., 2014).

RNA polymerases (Pols), Pol-I (Neubert and
Rautenberg, 1976), Pol-II (Koike et al., 2013;
Neubert and Rautenberg, 1976) and recently, Pol-
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strategy does not consider differences in the con-
stitution of total RNA or other transcriptional
variations (Coate and Doyle, 2015; Lovén et al,
2012). rRNAs, for example, have a circadian tran-
scriptional rhythm (Jouffe et al., 2013) and are the
most abundant molecules in total RNA extracts
from eukaryotic cells, representing approximately
80% of all transcripts (Kobayashi, 2011).
Consequently, these molecules contribute signifi-
cantly to the measured concentrations of total
RNA samples. Similarly, rhythmic synthesis of
other transcripts should be considered as potential
bias.

Another standard choice for gene expression
analysis is the use of endogenous HKGs for data
normalization. Taking into account the temporal
variation of the transcriptome in different tissues,
it is possible that genes previously considered con-
stitutive have circadian expression of their tran-
scripts instead. Nevertheless, although extremely
relevant, this type of analysis is barely used in the
chronobiology field, and the choice of a HKG is
generally made without a prior validation. In fact,
the few studies performed to investigate the tem-
poral stability of HKGs reported variation in sev-
eral genes (Cleal et al., 2014; de Siqueira Figueredo
et al,, 2015; Dong et al, 2011; Kamphuis et al,
2005; Kosir et al, 2010; Marcolino-Gomes et al.,
2015; Matsumura et al., 2014), including the
widely used Gapdh and Actb (Kamphuis et al,
2005; Matsumura et al., 2014).

As alternatives, non-circadian studies previously
reported different approaches for the control of
experimental variations, such as the use of the
same amount of cells or tissue for RNA extraction
with control of the experimental procedures
(extraction, c¢DNA  synthesis and qPCR)
(Adamski et al, 2014; Li et al, 2013;
Spiekermann et al., 2015) or the use of exogenous
RNAs (spike-ins) as a substitute of HKGs for data
normalization (Bower et al., 2007; Li et al., 2013).
In this work, we aimed to analyze: (1) the circa-
dian variation in total RNA concentrations
obtained from normalized brain tissue samples;
(2) the expression stability of six commonly used
HKGs (Actb, Gapdh, B2m, Hprtl, Rpll3a, Eif2a)
based on circadian statistical approaches; (3) the
use of spike-ins during extraction steps for data
normalization.

84

Material and methods
Animals

C57BL/6 mice of 8-12 weeks (n = 24) were
initially adapted in 12:12 light dark cycle (LD).
For the analysis of endogenous rhythms, the
animals were submitted to a free-running con-
dition (constant darkness — DD) for two days.
Striatum and brain stem were obtained every
four circadian times (CTs) (four animals per
group). Subsequently, another batch of animals
(n = 24) was maintained in a 12:12 LD condi-
tion in order to collect striatum and mPFC
(medial prefrontal cortex) every four Zeitgeber
times (ZTs) (four animals per group). The
study was approved by the Committee on
Ethics of Federal University of Alagoas
(CEUA56/2015).

Tissue normalization, RNA isolation, and
quantification

The tissues were isolated by the same researcher
to minimize possible methodological differences
using protocols described by Spijker (Ka Wan,
2011). After tissue dissection, 1.5 mlL micro-
tubes containing 750 pL of TRIzol® LS Reagent
(Thermofisher, USA) were tared to zero. Then,
the tissue samples were weighed directly into
1.5 mL micro-tubes containing 750 pL of
TRIzol* LS Reagent (Thermofisher, USA), and
the corresponding concentrations (ng/pL) were
calculated. The samples were dissolved using a
5 mL syringe and, subsequently, normalized
(diluted) to the sample with the lowest concen-
tration value, by compensating Trizol volumes.
For the other extraction steps, a fixed volume of
Trizol with the same tissue concentration was
used. RNA extraction was performed using
equal pipetting volumes thereafter in each step
of the Trizol protocol, which was adapted to
guarantee the homogeneity of the samples
throughout the procedure: (1) using the same
volume of chloroform, glycogen (20 pg/L), iso-
propanol and ethanol, 75%; (2) transferring the
same volume of the aqueous phase to a new
tube; (3) diluting RNA in the same volume of
RNase-free water (50 pL). In brain stem, two
exogenous RNA molecules (RNA spike-ins)



were added in the Trizol reagent at the same
concentration (0.26 fmol) before RNA isolation
procedure. We selected two Caenorhabditis ele-
gans microRNA mimic molecules (Cel-miR-39
and Cel-miR-54) purchased from Qiagen
Company, Germany (IDs: 219610 and 219600).
These small transcripts are commonly used as
spike-ins, which can be easily detected by qPCR
and do not show homology in mammals. Cel-
miR-54-3p was added before tissue homogeniza-
tion, and Cel-miR-39-3p was added right after
this procedure, during tissue normalization. The
total RNA concentration was quantified in tri-
plicates for each sample in BioPhotometer plus
spectrophotometer (Eppendorf, USA).

cDNA synthesis

Two approaches were used for cDNA synthesis:
Group 1 (G1) using the same volume of total
RNA samples (0.75 pL) and Group 2 (G2) nor-
malizing RNA for the same concentration
(500 ng/sample). Reactions were performed
with miScript Reverse Transcription Kit
(Qiagen, Germany) according to manufacturer’s
protocol, in a final volume of 20 uL. All cDNA
samples were diluted (1:10) in RNase free
water.
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Quantitative real-time PCR

We selected six commonly used HKGs (Actb,
Gapdh, Ppib, Hprtl, Rplpl, and Eif2a) and the
circadian genes Bmall, Clock, Perl, and Per2 for
validation. qPCR reactions were performed using
StepOne Plus (Applied Biosystems, USA) with
0.35 pL of each primer (3.5 uM), 5 pL of SYBR®
Select Master Mix (Thermofisher, USA), 2.15 uL of
nuclease-free water (Amresco, USA) and 2.5 pL of
c¢DNA. The cycling conditions were in
StepOnePlus™ Fast Mode. All qPCR reactions
were performed in duplicates as technical repli-
cates. Only reactions with standard deviation
(SD) of 0.5 Ct between replicates were considered
in the study. For efficiency tests of primer pairs,
the pooled cDNA was diluted five times (1:2; 1:4;
1:8; 1:16; and 1:32). The efficiency value was deter-
mined by the StepOne Software v2.3 (Applied
Biosystems, USA). Only primers with PCR effi-
ciency between 90% and 110% and with a single
melting curve were considered for experiments.
The primers were designed based on Gene
Runner 5.0.58 version beta and Oligo Explorer
version 1.4 beta or obtained from previous studies
(Kosir et al., 2010) (Table 1). Sequence alignments
were performed using blast (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) to ascertain the primers specifi-
city. miScript PCR System (Qiagen, Germany) was
used for the analysis of spike-ins levels, with 2 uL

Table 1. Primer sequences, amplicon length, and PCR efficiency values.

Gene *Primer sequence (5" - 3') Amplicon length (bp) PCR efficiency (%)

Actb F: CTTCCTCCCTGGAGAAGAGC 124 94.0
R: ATGCCACAGGATTCCATACC

Gapdh F: CCAATGTGTCCGTCGTGGATCT 239 924
R: GTTGAAGTCGCAGGAGACAACC

Hprt1 F: TCCTCCTCAGACCGCTTTT 90 943
R: CCTGGTTCATCATCGCTAATC

Ppib F: GGAGATGGCACAGGAGGAAA 73 90.6
R: CCGTAGTGCTTCAGTTTGAAGTTCT

Eif2a F: CAACGTGGCAGCCTTACA 74 110.0
R: TTTCATGTCATAAAGTTGTAGGTTAGG

Rplp1 F: GCATCTACTCCGCCCTCA 58 95.8
R: ATCTTATCCTCCGTGACCGT

Bmal1 F: CCACAGGATAAGAGGGTCATCG 65 97.3
R: GCGTACTTGTGATGTTCAGCG

Clock F: AGGAGGGAAAGTGCTCTGTTGTAG 106 108.9
R: GCCACCACAGCAGTTCTTACAG

Per1 F: CTTGATGTGACGGCGTGTG 92 96.4
R: CCCAATCCATCCAGTTCTGAG

Per2 F: CATATCTTCTACCGTCTCTAGCTCG 71 95.1
R: GCTACAGCAGCACCATCGTG

*Primers sequences for Actb, Gapdh, Hprti, Ppib, Eif2a (19), and Rpip1 (25) were obtained from previous studies. Primers for clock genes were

designed herein.
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of miScript Primer Assays (ID: 218300), 10 uL of
2x QuantiTect SYBR Green PCR Master Mix, 2 pL
of 10x miScript Universal primer, and 4 pL of
RNase-free water. The cycling conditions were
95°C/15 min for initial activation of HotStartTaq
DNA Polymerase, 94°C/15 sec for denaturation,
55°C/30 sec for annealing, and 70°C/30 sec for
extension in a total of 40 cycles.

Data analysis

Cosinor and Fourier, two specific methods for bio-
logical rhythms analysis (Refinetti et al., 2007), were
used to investigate oscillatory patterns in gene
expression. We considered both Ct (Cycle thresh-
old) data converted into absolute values (10'%)x 27
(or 27", as previously reported (Kamphuis et al,,
2005) and normalized data (27%¢Y AACt {Ct
[Gene of interest] - Ct [HKG]symple-a} - {Ct [Gene
of intereSt] - Ct [HKG]Reference sample or calibrator})
with different HKGs. In the intra-group analyzes, to
evidence alterations in the amplitudes and temporal
profiles, both 27C and 2722t data were converted
to fold change in relation to the nadir (circadian
time group with the lowest expression set to the
reference value = 1). This calculation enables the
adjustment of scales and the comparison between
the data from G1 and G2 or different HKGs nor-
malization. In both 27" and 2722, the CT group
with the lowest expression value was used as cali-
brator sample. To analyze the effect of normaliza-
tion with Ppib in G1 (vs 27", the fold change was
calculated in relation to the CTO00 (calibrator,
also set to 1), allowing comparison of the CT16
data from two conditions (in this case, 2" and
~AACH [normalized with Ppibly 1) ¢6me analyzes, the
data were converted to Z-score in order to allow
phase relationship comparisons between gene
expression or spike-in levels data (both 27" scale)
and total RNA oscillation data (which present
another measurement scale: ng/uL). For this, the
individual expression data (X) were converted to
Z-score (Z) based on the values of the standard
deviation (SD) and the mean (M) of all data:
Z = (X - M)/SD. One way ANOVA (with the
Bonferroni’s correction) and t-test (Sidak-
Bonferroni’s correction) were used to compare dif-
ferent time points and analysis. geNorm was used as
a complementary analysis for the study of HKGs.
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This program was designed to identify the most
stable control genes based on the expression pattern
of a gene group (Vandesompele et al., 2002).

The graphics and calculations were performed
using the GraphPad Prism 6, IBM SPSS 20,
Cosinor  (http://www.circadian.org/softwar.html)
and CircWave V1.4 (http://www.euclock.org/
results/item/circ-wave.html) software. In the
Cosinor program, rhythm parameters (robustness,
amplitudes, and acrophases) were calculated using
the cosinor regression method adjusted for a fixed
24-h period. The Cosinor program generates
unique rhythm’s parameters values for the
adjusted waveform obtained from the means of
animal groups data (n = 4/CTs). The acrophase
calculation and the cross-correlation test were
used to analyze the phase relationships of the
genes under different conditions. The IBM SPSS
20 program was used to calculate the cross corre-
lation test, with p < 0.05. In the same way, the
peak-to-trough ratio (P/T) was performed as a
complement to the amplitude analysis. The P/T
was calculated by: [peak]/[trough]. Peak = Mean
of CT or ZT group with highest expression, or
total RNA concentration. Trough = Mean of CT
or ZT group with lower expression, or total RNA
concentration. The fitted cosine waves presented
in all figures were generated in the Circwave pro-
gram (from Fourier analyses also), adjusted to a
fixed 24 h period.

Results

Total RNA extracted from normalized tissue
samples presents rhythmic variation

We evaluated the concentration of RNA samples
collected from brain tissues across six different
circadian times (CT) or zeitgeber times (ZT).
Tissue samples concentrations were normalized
before RNA extraction. Initially, striatum and
brain stem were obtained from animals in free-
running. Both structures presented circadian var-
iation in total RNA concentrations, with acro-
phases occurring at CT16 and CT17, respectively
(Figure 1). Afterward, we measured RNA concen-
trations from striatum and mPFC obtained from
animals under 12:12 LD. Striatum also presented
daily variation in total RNA concentration in this
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Figure 1. Circadian and daily variation of total RNA concentration in different brain tissues. Analyses performed with three statistical
methods are shown: Cosinor and Fourier for rhythm detection; ANOVA with Bonferroni’'s multiple comparison test for analysis of
differences between groups (circadian times-CTs or Zeitgeber Times-ZTs). Dark lines represent the fitted curves (from CircWave
program). The data are presented in mean + SD. Each group (ZT or CT) consists of a total of four biological replicates (mice).

condition, whose acrophase occurs at ZT11
(Figure 1). Although mPFC data did not fit to a
cosine-wave (Fourier and Cosinor, p > 0.05), a
significantly lower RNA concentration was identi-
fied at CT02 (ANOVA, p = 0.0001) (Figure 1).

Normalization of total RNA concentrations
affects the circadian expression of clock genes

We performed gene expression analyses from
brain stem samples collected at six different
times. Brain stem was selected because it pre-
sented both circadian rhythm and a higher yield
in total RNA concentration, allowing different

normalization approaches. To investigate the
bias concerning the RNA normalization in circa-
dian experiments, we compared the expression of
four clock genes (Clock, Bmall, and PerI-2) in
two groups: Group-1 (G1) ¢cDNA synthesis from
a fixed volume (0.75 ul) of total RNA of each
sample; Group-2 (G2) ¢cDNA synthesis from the
same total RNA concentration (500 ng/sample).
In Gl, Cosinor and Fourier analyses of 27°* data
showed a circadian variation of Perl, Per2, and
Bmall (Table 2). In G2, only Per2 and Bmall
presented rhythmic expression (Table 2). In
both groups (Gl and G2), Clock mRNA showed
a constitutive expression (Table 2).

Table 2. Summary of the circadian analysis with 2=, Ppib normalization and the best geNorm combination.

Without HKG HKG with variation in a single CT Best HKGs combination
2 Ppib Eif2a/Actb Rplpi/Hprt1
G1 G2 G1 G2 G1 G2
Acrophase Acrophase Acrophase Acrophase Acrophase Acrophase
(amplitude) (amplitude) (amplitude) (amplitude) (amplitude) (amplitude)
Clock genes
Clock n/s n/s n/s n/s 00.84 (0.354) n/s
Bmall 03.90 (0.411) 02.77 (0.673) 02.88 (0.276) 02.61 (0.622) 01.81 (0.761) 02.32 (1.112)
Perl 14.06 (1.700) n/s 14.92 (1.677) n/s 15.40 (1.314) n/s
Per2 15.21 (1.215) 13.75 (0.511) 16.02 (1.728) 15.27 (0.598) 16.58 (1.288) n/s
HKGs
Gapdh 12.50 (0.440) 11.67 (0.453) 4 n/s n/s n/s
Actb 10.93 (0.275) 11.00 (0.492) 4 n/s n/s
Eif2a 10.71 (0.323) 10.49 (0.364) 4 n/s n/s
Hprtl1 13.16 (0.743) 11.62 (0.541) 4 13.51 (0.363) 15.24 (0.480)
Rplp1 12.89 (0.188) n/s 4 n/s n/s
Ppib n/s n/s 4 — 00.83 (0.338) 02.13 (0.305)
Total cyclic genes 8 6 8 3 6 2

G1 - cDNA from the same RNA volume; G2 - cDNA from the same RNA concentration. n/s — p > 0,05 in Fourier and Cosinor.
Amplitudes and acrophases were calculated from fold change normalized data. Nadir = calibrator.



6 (&) D.D.S.FIGUEREDO ET AL.

The normalization of total RNA concentration
altered the amplitudes and P/T of clock genes
expression, and differentially affected genes that
were in phase or anti-phase, relative to total
RNA rhythm (Figure 2 and Supplementary
Figure S1). As shown, Bmall and Perl-2 are in
anti-phase and in-phase in relation to total RNA,
respectively (Figure 2A and Supplementary
Figure S1). The use of a fixed RNA concentra-
tion increases the amplitude calculated by
Cosinor method and P/T of Bmall (P/T = 1.76
in G1, P/T = 3.05 in G2) expression, decreases P/
T of Perl (P/T = 4.42 in G1; P/T = 3.5 in G2)
and both amplitude and P/T of Per2 (P/T = 3.39
in G1; P/T 2.15 in G2) (Figure 2B and 2C). The
differences in fold change are close to that
observed for the RNA concentration (P/
T = 1.2). Perl and Per2 presented a reduction
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(G1-G2 fold difference) in P/T of 0.92 and 1.14,
respectively. Bmall presented an increase (G2-Gl
fold difference) of 1.29 after total RNA normal-
ization. In addition, the robustness of the rhythm
was reduced in G2, in particular for Per2 (a
decrease of 46.5%) (Figure 2C). The impact of
RNA normalization is more evident, however,
for Perl in which it becomes arrhythmic, without
a detectable oscillation in the Cosinor or Fourier
methods. Furthermore, similar to Per2, Perl
levels were reduced after RNA normalization
(Figure 2B). The descriptive analysis of the acro-
phases for Bmall and Per2 revealed small differ-
ences after adjustment of RNA concentration, 1.1
to Bmall, and 1.5 to Per2 (Figure 2C). However,
the cross-correlation analysis did not detect sta-
tistical differences in the clock genes phases
(Supplementary Figure S2).
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Figure 2. Comparative analysis of Per1-2 and Bmall expression profiles using two normalization strategies (G1 and G2). (A) The
rhythm of total brain stem RNA (fitted curve), clock genes acrophases (black circles), and normalization to the same concentration
strategy (dotted line and arrows) used in cDNA synthesis. (B) Intra-group analysis. ANOVA with Bonferroni’s correction was used to
compare all CTs. T-test was used for the study of only two groups: The CTs corresponding to peak and trough (P/T). The horizontal
lines with asterisks show the t-test results and P/T value. Data are presented in mean + SD, and the black bars are the group with

the lowest expression (nadir) used as the fold change calibrator (in 2

~CY). Each group (Circadian Time) consists of a total of four

biological replicates (mice). (C) Comparative analysis of clock genes expression profiles that are rhythmic in G1 and G2 according to
Cosinor regression methods. The lines show the fitted cosine wave of 27% (from G1). The waves were obtained from the same animal
group data presented in Figure B and were double-plotted to facilitate the visualization. Wave data are presented as the fold change
in log scale. The table shows the cosine wave parameters for the two conditions. The rhythm robustness was computed as the
percentage of variance accounted for by the rhythm and is displayed as a percentage. Per-1 lost its rhythmicity after RNA
normalization and for this reason was not included in the wave analysis. p < 0.05 was considered significant for all statistical
tests. PCR reactions were performed with two technical replicates.



Circadian analysis identified temporal variation
of candidate HKGs

The commonly used statistical methods for circa-
dian rhythms Cosinor and Fourier were selected to
analyze the expression profile of candidate HKGs.
In G1, all HKGs exhibited circadian expression in
27" data, except Ppib that demonstrated no sig-
nificant circadian variation (Table 2). A comple-
mentary  analysis with t-test revealed a
downregulation of Ppib in CT20 compared to
CT00, with a 146 P/T (Supplementary
Figure S3). In G2, in addition to Ppib, no varia-
tions were detected in Rplpl expression (Table 2).
In this group, the t-test showed a downregulation
of Rplp1 in CT04 (CT04 vs CT08, p = 0.038; CT04
vs CT12, p = 0.039). As observed for clock genes,
the expression profiles of HKGs were affected after
normalization of RNA concentration (Table 2).
The acrophases of the four HKGs reveal small
phase shift values after RNA adjustment
(Table 2). However, similar to that observed for
the clock genes, the cross-correlation analysis did
not detect statistical differences in phases
(Supplementary Figure S4).

We also evaluated the expression stability of
candidate HKGs according to geNorm program,
the main algorithm used for this purpose. In G1,
HKGs presented expression stability with M values
varying between 0.61 (Hprtl) and 0.36 (Eif2a and
Actb) (Supplementary Figure S5A). According to
these analyses, Eif2a and Actb were the most stable
genes and Hprtl the most unstable considering the
G1 group (Supplementary Figure S5A). In G2, the
M values varied between 0.44 (Ppib) and 0.00
(Rplpl and Hprtl) (Supplementary Figure S5B).
In this group, Rplpl and Hprtl were the most
stable genes and Ppib the most unstable
(Supplementary Figure S5B). In all cases, the
geNorm program calculated acceptable stability
index (below the 1.5 cut-off), indicating oscillating
transcripts as stable HKGs (Supplementary
Figure S5).

Inconsistencies in qPCR results from
normalization with HKGs and spike-ins

Table 2 summarizes the results from normaliza-
tions with the best geNorm combinations. For
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comparison purposes, the 27" data are also pre-
sented (Table 2). In general, the equalization of
RNA concentrations reduces the detection of cir-
cadian variation in gene expression normalized to
HKGs (Table 2). The normalization with Ppib
presented (in G1) more genes with circadian var-
iation (Table 2). Interestingly, 27" analyses in G1
resulted in a wider detection of circadian varia-
tions (8 genes), including the clock genes Peri-2
and Bmall (Table 2). However, when the best
HKGs combination (from G1) suggested by the
geNorm ranking (Eif2a/Actb) was considered, it
was observed that only six genes presented circa-
dian variation, including Clock (Table 2). The
combination Rplp1/Hprtl (from G2) detects oscil-
lation in only two genes, Bmall and Ppib
(Table 2). Using Rplp1/Hprtl as normalizer, circa-
dian variations were not detected in the clock
genes Perl and Per2 (Table 2).

In G2, Bmall presented circadian variation in
all normalizations (individual HKGs and geNorm
combinations). However, in G2 Perl had no oscil-
lation detected in all different normalizations, and
Per2 presented rhythmic expression only when
normalized with Ppib. For this reason, we used
the data obtained in Gl for the comparison of
the expression profiles after different normaliza-
tions. Data for Ppib and the best geNorm combi-
nation are shown in Table 2 (normalization data
for other single HKGs are not shown herein).

Figure 3A shows different profiles for Perl-2
and Bmall depending on the analytical strategy
used in G1. In comparison to the non-normalized
data (27, clock genes presented alterations in the
circadian oscillation profile (Figure 3A) with var-
iations in their amplitudes and P/T (Figure 3B).
Also for acrophases, a larger dispersion was
observed: 14.42 to 17.34 CT for Perl; 15.94 to
17.68 CTs for Per2; and 0.60 to 3.20 CT for
Bmall (Figure 3B), with phase shifts larger than
3 CTs (Figure 3B). However, the cross-correlation
analysis detected phase variation (of time lag 1)
only in Per2 after normalization with Cel-miR-54
(Supplementary Figure S6).

In 27, Hprtl (acrophase: CT13.16) presented a
phase closer to Perl-2. When Perl-2 is normalized
with Hprtl, they do not show circadian variation
in their expression (Supplementary Figure S7).
Although Ppib did not present a profile adjustable
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Figure 3. Comparative analysis of the expression profile of Per1-2 and Bmal1 after normalization with oscillating HKGs and spike-ins.
Expression data were obtained with cDNA from the same volume of RNA sample (G1). Eif2a/Actb was considered (by geNorm) the
best combination for G1. (A) Comparison of the cosine expression profile (from CircWave program). The lines show the fitted cosine
wave. The waves were double-plotted to facilitate the analysis. Wave data (from 2722C with different HKG normalizations or 2°Y) are
presented as the fold change in log scale. The sample (CT group) with the lowest expression was used as calibrator. In the Bmal1
plot, the normalization with Cel-miR-39 is absent because no rhythmic variation was detected. The same occurs for normalizations
with Hprt1 in Perl and Per2 graphs. (B) Analysis of the phases, amplitudes, and P/T of expression after the different normalizations.
The waves, acrophases, and amplitude were obtained with the cosine method from group analysis (4 animals for each CT). The
phase shift and amplitude (fold) were calculated in relation to 27" method. p < 0.05 was considered significant for statistical test.
PCR reactions were performed with two technical replicates. AC: Acrophase; AM: Amplitude; P/T: peak-to-trough ratio.

to a cosine wave, t-test analysis revealed a reduced
level of Ppib in CT20 (Supplementary Figure S3).

To analyze the effects of expression instability
on a single CT (the CT20), we compared the
oscillation profile of genes that showed circadian
variation in G1, and in both 27" and 272" (nor-
malized with Ppib) (Figure 4). After normalization
with Ppib, the genes Gapdh, Actb and Hprtl
showed increased levels in CT20 (Figure 4).

Ppib had similar expression levels between
CT16 and CT20 (Supplementary Figure S3). As
observed in CT20, after normalization, Bmall pre-
sented higher levels in CT16 (Figure 4). These
differences resulted in small phase changes in
gene expression of 0.8 to 2.4 CTs, such as the
phase-delay observed for Perl, Per2, Eif2a,
Gapdh, Actb, Rplpl, and Hprtl and phase-advance

for Bmall (Figure 4). These differences, however,
were not confirmed in cross-correlation test
(Supplementary Figure S8).

We also selected two small exogenous RNAs
(Cel-miR-39 and Cel-miR-54) as an alternative to
HKGs for the normalization of expression data in
circadian studies. Initially, we used 2" data from
GI1 to analyze the stability of spike-ins. Curiously,
spike-ins presented differences in their levels that
were fitted to cosine-waves (Supplementary
Figure S9). Cel-miR-54 showed an acrophase in
CT10.2 and Cel-miR-39 in CT6.8, both in anti-
phase to the total RNA rhythm (Supplementary
Figure S9). Cel-miR-39 amplitude (0.84) is slightly
lower than that of Cel-miR-54 (amplitude; 0.96).
As demonstrated in Figure 3, in G1 the use of
spike-ins altered the circadian profile of clock
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Figure 4. Comparative analysis of gene expression profiles after normalization with Ppib. T-test with Sidak-Bonferroni’s correction

was used to comparison of CT groups from 2724 and 27,
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genes, particularly Bmall, which loss its rhythm
after normalization with Cel-miR-39 and Per2,
which changes its phase in 1 CT after Cel-miR-
54 normalization (detected in the in cross-correla-
tion analysis; cross-correlation Function = 0.84;
time lag in CI = 1) (Figure 3A and
Supplementary figure S6).

In addition, when Bmall was normalized with
Cel-miR-54 in Gl, it presented higher amplitude
(3.1 times higher than in 27°Y and P/T ratio (P/
T = 441; 25 times higher than in 27
(Figure 3B). On the other hand, PerI-2 showed
higher increases in their amplitudes and P/T after
normalization with Cel-miR-39 (Figure 3B). The
adjustment of RNA concentration (in G2) also
affected the results after spike-ins normalizations
(Supplementary Table 3). In G1, eight rhythmic
genes were detected after Cel-miR-39 normaliza-
tions (Clock, Perl-2, Actb, Gapdh, Hprt, Eif2a, and
RplpI) and seven after Cel-miR-54 normalizations
(Clock, Perl-2, Gapdh, Hprtl, Ppib, and Bmall)
(Supplementary Table 3). After normalization

with Cel-miR-54, only Bmall shows oscillation
under both conditions (Gl and G2), but with a
reduction of robustness (31.2% to 19.6%) and a
small alteration of acrophase (in 0.5 CT), not
detected by cross-correlation test (Supplementary
Figure S10 and Supplementary Table 3).

Discussion

Total RNA normalization and the use of HKGs are
the gold standard strategies used to minimize
experimental variations in gene expression analy-
sis. However, these traditional approaches are
based on the assumption that control and experi-
mental cells have a similar amount of total RNA
and thus must be normalized to input RNA
(Bustin et al., 2010). This leads to erroneous con-
clusions, where RNA concentrations differ
between experimental and control cells (Li et al.,
2013; Lovén et al., 2012; Rahl et al., 2011) or when
candidate HKGs expression are affected by the
condition being investigated (Kosir et al., 2010).
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For these reasons, distinct studies emphasize the
need for caution in interpreting genome-wide
expression data, particularly in experiments invol-
ving global changes in transcription (Coate and
Doyle, 2015; Li et al., 2013; Lovén et al,, 2012),
which include temporal variations in the composi-
tion and amount of RNA at different tissues
(Zhang et al., 2014). Indeed, as demonstrated in
our results and discussed herein, the combination
of the aforementioned strategies impaired the
rhythm detection of the majority of the genes
analyzed.

Alternatives for gene expression normalization,
such as adjusting the amount of biological material
used for RNA extraction, were previously pro-
posed (Adamski et al., 2014; Li et al, 2013;
Lovén et al., 2012). In this work, we demonstrated
a circadian rhythm and daily variations of total
RNA concentrations in brain extracts normalized
by the amount of input tissue. As observed for
other rhythms, the phases shift depending on the
light-dark condition, as shown for striatum.
Usually, the RNA concentrations from different
dissection times are normalized prior to conver-
sion into ¢cDNA. As the rhythmic variation is
biological, we hypothesized that the normalization
of RNA concentrations may introduces bias, such
as: (1) amplitude reduction, if the gene of interest
is in phase with the rhythm of total RNA concen-
tration; (2) amplitude increase if the gene of inter-
est is in anti-phase to the total RNA concentration
rhythm; (3) induction of a rhythm if the gene of
interest is constitutive. (4) rhythm loss for genes
with low amplitudes.

As expected, the results demonstrate that RNA
normalization affects the cyclic gene expression
pattern in a phase-dependent manner. Perl and
Per2 have acrophases closer to the rhythm of total
RNA concentration and presented a reduction in
P/T of 0.92 and 1.14, respectively. However, the
anti-phase gene Bmall showed an increased fold
difference of 1.29. As expected, the variations in
these three genes were close to the P/T of 1.2 (of
total RNA in G1), which suggests that the magni-
tude of this interference is related to the fold
change in total RNA. In our analysis, the highest
P/T observed for RNA concentration was 2.37 for
striatum. For genes with intermediate phases
between nadir and acrophase, the fold change
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would not reproduce the exact ratio for total
RNA normalization, since the effect for each time
point would be different. Therefore, the relative
increment and reduction in each time point will
depend on the rhythmic profile of the target gene
compared to total RNA.

Although the visual inspection of the data sug-
gests small changes in the phases of some genes,
the cross-correlation analysis did not confirm the
differences observed. We believe that the 4-h sam-
pling could have limited the precise analysis of
phases by the cross-correlation test or the acro-
phase estimation by Cosinor method.

Considering that these effects may alter the
expression of distinct transcripts, it is possible
that the number and the profile of oscillating
genes could be significantly divergent than that
presented until now. In fact, several disparities
were observed between circadian studies
(Doherty and Kay, 2010; Yoshitane et al., 2014).
The comparison of the results from five studies
using Drosophila head revealed few overlaps in the
specific transcripts identified, in which only seven
genes (1%) were cyclical in all studies (Boothroyd
and Young, 2008; Doherty and Kay, 2010). In
mouse liver transcriptome, Yoshitane et al. identi-
fied that only 268 genes (23.8%) of 1126 tran-
scripts were also circadianly transcribed in two
other studies (Yoshitane et al., 2014). These studies
followed the manufacturer’s recommendations for
normalization of RNA samples used in RNA-Seq
libraries (Koike et al., 2013; Menet et al., 2012;
Yoshitane et al., 2014).

HKGs are supposedly constitutively expressed
genes (Vandesompele et al., 2002) across distinct
conditions, allowing data normalization for poten-
tial experimental variations during extraction and
amplification procedures. In chronobiological stu-
dies, these genes should not vary in time.
However, to the best of our knowledge, there are
few studies concerning temporal variation in the
expression of HKGs (Cleal et al., 2014; de Siqueira
Figueredo et al., 2015; Dong et al., 2011; Kamphuis
et al., 2005; Kosir et al., 2010; Marcolino-Gomes
et al, 2015; Matsumura et al., 2014), despite the
evidences in the literature showing that this ana-
lysis may be critical for obtaining consistent
results: circadian rhythms control a variety of
basic cellular process in which these HKGs are



involved (Chaix et al, 2016), and some widely
used HKGs have been shown to present a circa-
dian variation in gene expression (Kamphuis et al.,
2005; Matsumura et al., 2014). Generally, genes are
chosen as HKGs without prior analysis of their
circadian profile.

Herein, we investigated the expression stability
of six candidate HKGs in mouse brain stem using
specific methods for the analysis of circadian var-
iations and compared the results obtained with
geNorm approach. Kamphuis et al. used ANOVA
analysis of 2! data to investigate the circadian
stability of candidate HKGs (Kamphuis et al,
2005). Dong et al. (2011) used Fourier analysis
and gene expression time-series across Hella cell
cycle to predict HKGs (Dong et al, 2011).
Similarly, we applied Cosinor and Fourier analyses
of 27" data to identify rhythms in the expression
of these genes. The results demonstrate that only
Ppib does not have a circadian oscillation profile
fitted to a cosine wave. However, Ppib presented a
decrease in its expression in CT20, and this varia-
tion was detectable only in a point-to-point analy-
sis. Also, Ppib is circadianly expressed in mouse
liver and distal colon according to CircaDB data-
base (http://circadb.hogeneschlab.org) (Pizarro
et al,, 2013), indicating that this gene cannot be
used as universal HKG for circadian studies. As
expected, the use of HKGs that exhibit circadian
oscillations impacted the rhythmic profile of the
target genes, even if the variation of the HKG is
evidenced only in one CT.

Interestingly, these temporal variations in
HKGs were not detected by geNorm, a widely
used method aiming to help in accurate normal-
ization of qPCR data, including some circadian
studies (Cleal et al., 2014; de Siqueira Figueredo
et al, 2015; Kamphuis et al., 2005; Kosir et al.,
2010; Marcolino-Gomes et al., 2015). geNorm pro-
posers considered that the ratio of two ideal HKGs
is identical in all samples and experimental condi-
tions (Vandesompele et al., 2002). For each HKG,
the pair wise variation with all genes is deter-
mined, and the expression stability index (or M
index) is defined as the average of pairwise varia-
tion of a gene with all HKGs (Vandesompele et al.,
2002). Then, geNorm excludes genes with higher
M values, recalculating new indices for the
remaining HKGs (Vandesompele et al., 2002). At

93

CHRONOBIOLOGY INTERNATIONAL @ 1

the end, the program ranks the candidate HKGs
according to an acceptable stability index
(M < 1.5). However, geNorm was not developed
specifically to investigate circadian variation in
gene expression. In fact, by the pairwise variation
principle, it is possible that two genes could be
considered highly stable if their temporal expres-
sion pattern is similar. Equivalently, in the finfish,
following 4 weeks of nutritional fasting, geNorm
software erroneously suggested efl-a, rpl8, and
ubq as the most stable HKGs, whereas these
genes simply exhibit similar patterns in response
to fasting condition (de Santis et al., 2011).
Furthermore, the circadian variation in gene
expression is tissue specific (Korenci¢ et al,
2014), and hence, a certain stable HKG in one
particular tissue could oscillate its transcript levels
in others. Thus, the stability analysis should be
done for different tissues and experimental condi-
tions, which is expensive and time consuming,
making the study of HKGs virtually impracticable.
Indeed, it was reported that qQPCR can be used
without endogenous controls if the technical pro-
cedure is performed under controlled conditions
(Adamski et al., 2014; Spiekermann et al., 2015).
The insertion of exogenous RNA molecules
(spike-ins) during the extraction steps has been
described as an alternative used to replace HKGs
(Bower et al., 2007; Coate and Doyle, 2015). Spike-
ins allow the identification of variations in the
quantity and RNA composition, which would not
be possible with HKGs or in normalized input
RNA (Li et al., 2013; van de Peppel et al., 2003).
In this work, during the RNA isolation proce-
dure, we used the same amount of brain tissue and
an equal concentration of spike-ins as surrogates
for the control of experimental variations in circa-
dian studies. We demonstrated, however, that
spike-ins were not a good alternative for the nor-
malization of expression data in both G1 and G2.
For example, Clock gene (constitutive in Z_C‘t) pre-
sented a rhythmic expression in G1 after spike-in
normalization. In G2, they reduced the number of
cyclic genes to only Bmall. Interestingly, these
spike-ins exhibited oscillations at their levels and
in opposite phases to the total RNA rhythm.
Previous reports have shown that microRNA
recovery is influenced by the amount of RNA
input (El-Khoury et al., 2016). In this case, it is
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possible that the rhythm of total RNA interfered in
the isolation efficiency of spike-ins, generating an
oscillatory profile. Considering this potential inter-
ference, researchers should be cautious in inter-
preting circadian variations of small RNAs
depending on the experimental procedures
adopted.

We used Trizol method for total RNA extrac-
tion, which may have introduced bias in the spike-
in (microRNA) analysis (El-Khoury et al., 2016).
Although it is the most widely used method for
RNA isolation (Duy et al., 2015; Mraz et al., 2009),
Trizol presents lower RNA yield and purity, in
comparison to microRNA isolation kits, which
may have also affected qPCR efficiency (El-
Khoury et al., 2016). However, potential variances
in cDNA synthesis and qPCR efficiencies due to
variations in total RNA were not evaluated in this
study. Additionally, we did not explore distinct
RNA fractions to evaluate potential rhythmicity
or experimental interference. Other extraction
procedures could be considered in future studies.

Soft tissues such as brain are easier to homo-
genize compared to other solid tissues, which may
have facilitated the normalization procedure pro-
posed herein. Hence, the strategy must be evalu-
ated in other conditions. For delicate tissues or cell
suspensions, however, normalizing the initial
amount of biological material should be preferable
in circadian studies, according to our findings.

The samples were prepared in conditions that
would allow the detection of the natural rhythm of
brain transcriptome. In fact, we identified oscilla-
tions in the total RNA concentrations, as well as in
target genes. However, we did not control other
inherent issues such as circadian variation in cell
volume, which is partially a result from the
increased number of transcripts and other mole-
cules, but also a potential bias of this study.

In a recent and elegant study, Sinturel et al.
demonstrated diurnal oscillations in liver cell size
accompanied by changes in RNA and protein
levels (Sinturel et al., 2017). These findings sup-
port the idea of new methodological approaches
that consider the natural temporal variation in
biological samples, such as cellular volumes and
transcriptome oscillations, two rhythms that may
be interconnected, according to the evidences
reported by Sinturel et al. (Sinturel et al., 2017).
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These efforts are necessary and can minimize the
divergences observed between studies.

Our study presents a possible strategy for the
analysis of circadian data based on the normal-
ization of tissue sample input, the control of
RNA extraction conditions, and the use of statis-
tical methods for rhythmic phenomena.
Normalization of total RNA extracts introduces
bias that can have a critical impact in the inter-
pretation of circadian rhythms, especially for genes
with low amplitude. Besides, under controlled
conditions, 2°“' data and Cosinor/Fourier or
other rhythmic analysis are options to the lack of
consistent HKGs for circadian researches.

Based on the results, it is recommended that the
natural temporal variation in the transcriptome
should be accounted in the experimental designs
aiming to investigate circadian changes in gene
expression since the isolation of the starting bio-
logical material and throughout the whole experi-
mental protocols. Further replicating studies
performed in other tissues and conditions would
be valuable to consolidate this approach.
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Supplementary Figure S2. Relative expression of Ppib across a circadian cycle. Bars correspond to the relative

expression data (mean fold change and SD). The 00h sample was used as calibrator in fold change (2—Ct). p < 0.05 was considered
significant for statistical test.
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show the fitted cosine wave of spike-ins and total RNA rhythm (from CircWave program). Waves were double-plotted to facilitate
the analysis. For spike-ins, the 2—Ct data were converted into z-score. p < 0.05 was considered significant for statistical test.
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4. CONSIDERAGOES FINAIS

Tendo como base os resultados encontrados nos diferentes artigos da tese, considera-se
que:

Os miRNAs possuem transcricdo induzida pela atividade ritmica das proteinas dos
genes reldgio e da RNAPII;

Os miRNAs possuem menor variagdo de fase que os RNAm, possivelmente em
decorréncia da acdo de diferentes vias de maturacao;

Os diferentes formas de maduras de miRNAs (-3p e -5p) possuem expressao diferencial,
sugerindo diferengas em seus mecanismos pés-transcricionais de maturagao;

MiRNAs 3p e 5p possuem muitos alvos exclusivos, sendo 0s genes associados com 0
controle de ritmos circadianos preferencialmente modulados por miRNA-3p;

Que apenas 6 MiRNAs dentre o conjunto analisado oscilam em ambos, miRNA-3p e
miRNA-5p, indicando um mecanismo circadiano que seleciona uma das formas maduras;

Que os dois grupos de miRNAs que modulam genes que reduzem ou que aumentam a
amplitude de suas proteinas (em relacdo ao RNAmM) possuem a mesma fase de oscilacao;

Que o ajuste das amplitudes das proteinas por miRNAs é dependente da fase do RNAm
alvo;

Que a nossa analise de mineracdo de dados identificou 152 miRNAs candidatos ao
controle do sistema molecular circadiano;

Que, dos 152 miRNAs, os dois de maior relevancia, ou maior escore, miR-23b-3p e
miR-29b-3p, possuem importante papel na manutencdo da amplitude e do periodo dos
ritmos circadianos;

Que 0 miR-29b-3p possui um efeito incomum para analises funcionais em um Gnico
gene, com reducdo do periodo de aproximadamente 3 horas;

Que o fendtipo observado pode resultar da acdo inibitoria do miR-29b-3p na expresséo
dos trés genes relogio Perl, Per2 e Per3 e de genes associados com o controle global da
transcricdo (controle da RNAPII e alteracOes na estrutura de cromatina);

Que o ajuste da quantidade inicial de tecidos e o controle de condicBes experimentais,
possibilitou demonstrar oscilagdo circadiana na concentracdo do RNA total de diferentes
tecidos;

Que o ajuste do RNA para uma mesma concentracdo, durante a etapa de sintese de
cDNA, afeta a expressao circadiana de diferentes genes, incluindo Perl, Per2 e Bmall;
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Que o programa geNom ndo detectou variacdo na expressdo de 5 HKGs (Actb, Eif2a,
Gapdh, Hprtl e B2m), indicando que o programa pode nao ser adequado para a analise de
genes com ritmicidade;

Que os ensaios com spike-ins demonstram que o ajuste da concentracdo do RNA total
compromete a analise de miRNAs;

Que o0 as analises com 2t podem ser uma alternativa para estudos cronobiol6gicos

realizados em condicBes controladas.

5. REFERENCIAS DA INTRODUGAO GERAL

GUENTHNER, C. J,; LUITJE, M. E,; PYLE, L. A;; MOLYNEUX, P.C.; YU, J. K;; LI, A. S;;
LEISE, T. L.; HARRINGTON, M. E. Circadian rhythms of PER2::LUC in individual
primary mouse hepatocytes and cultures. PLoS ONE, v. 9, n. 2, 2014.

HAMADA, T.; SUTHERLAND, K.; ISHIKAWA, M.; MIYAMOTO, N.; HONMA, S,
SHIRATO, H.; HONMA, K. 1. In vivo imaging of clock gene expression in multiple tissues
of freely moving mice. Nature Communications, v. 7, n. May 2015, p. 1-13, 2016.

KASKOVA, Z. M.; TSARKOVA, A. S.; YAMPOLSKY, I. V. 1001 lights: Luciferins,
luciferases, their mechanisms of action and applications in chemical analysis, biology and
medicine. Chemical Society Reviews, v. 45, n. 21, p. 6048-6077, 2016.

MOORE, S. R.; PRUSZKA, J.; VALLANCE, J.; AIHARA, E.; MATSUURA, T
MONTROSE, M. H.; SHROYER, N. F.; HONG, C. I. Robust circadian rhythms in
organoid cultures from PERIOD2::LUCIFERASE mouse small intestine. Disease Models
& Mechanisms, v. 7, n. 9, p. 1123-1130, 2014.

NELSON MARQUES; LUIZ MENNA-BARRETO. Cronobiologia: Principios e Aplicaces.
3.ed. ed. Sao Paulo: Edusp, 2003.

SAINI, C.; LIANI, A.; CURIE, T.; GOS, P.; KREPPEL, F., EMMENEGGER, Y.;
BONACINA, L.; WOLF, J. P.; POGET, Y. A.; FRANKEN, P.; SCHIBLER, U. Real-time
recording of circadian liver gene expression in freely moving mice reveals the phase-
setting behavior of hepatocyte clocks. Genes and Development, v. 27, n. 13, p. 1526—
1536, 2013.

SEHGAL, A. Molecular biology of circadian rhythms. United States of America: [s.n.].

ZHANG, E. E. et al. A Genome-wide RNAI Screen for Modifiers of the Circadian Clock in
Human Cells. Cell, v. 139, n. 1, p. 199-210, 2009.

BALAKRISHNAN, A.; STEARNS, A. T.; PARK, P. J.; DREYFUSS, J. M.; ASHLEY, S. W.;
RHOADS, D. B.; TAVAKKOLIZADEH, A. MicroRNA mir-16 is anti-proliferative in
enterocytes and exhibits diurnal rhythmicity in intestinal crypts. Experimental Cell
Research, v. 316, n. 20, p. 3512-3521, 2010.

CHAIX, A.; ZARRINPAR, A.; PANDA, S. The circadian coordination of cell biology. Journal
of Cell Biology, v. 215, n. 1, p. 15-25, 2016.

CHEN, R.; ALESSANDRO, M. D.; LEE, C. Article miRNAs Are Required for Generating a
Time Delay Critical for the Circadian Oscillator. Current Biology, v. 23, n. 20, p. 1959—
1968, 2013.

CHENG, H. Y. M.; PAPP, J. W.; VARLAMOVA, O.; DZIEMA, H.; RUSSELL, B,
CURFMAN, J. P.; NAKAZAWA, T.; SHIMIZU, K.; OKAMURA, H.; IMPEY, S;;
OBRIETAN, K. microRNA Modulation of Circadian-Clock Period and Entrainment.
Neuron, v. 54, n. 5, p. 813-829, 2007.



102

CURTIS, A. M. et al. Circadian control of innate immunity in macrophages by miR-155
targeting Bmall. Proceedings of the National Academy of Sciences, v. 112, n. 23, p.
7231-7236, 2015.

DU, N.; ARPAT, A. B.; MATOS, M. DE; GATFIELD, D. MicroRNAs shape circadian hepatic
gene expression on a transcriptome-wide scale. p. 1-29, 2014.

ERREN, T. C.; FALATURI, P.; MORFELD, P.; KNAUTH, P.; REITER, R. J.; PIEKARSKI,
C. Shift Work and Cancer. Deutsches Aerzteblatt Online, p. 657-662, 2010.

FRIEDMAN, R. C.; FARH, K. K. H.; BURGE, C. B.; BARTEL, D. P. Most mammalian
MRNAs are conserved targets of microRNAs. Genome Research, v. 19, n. 1, p. 92-105,
2009.

GAO, Q.; ZHOU, L.; YANG, S.; CAO, J. OPEN A novel role of microRNA 17-5p in the
modulation of circadian rhythm. Nature Publishing Group, n. July, p. 1-12, 2016.

GAO, Q.; ZHOU, L.; YANG, S. Y.; CAO, J. M. A novel role of microRNA 17-5p in the
modulation of circadian rhythm. Scientific Reports, v. 6, n. July, p. 1-12, 2016.

HA, M.; KIM, V. N. Regulation of microRNA biogenesis. Nature Reviews Molecular Cell
Biology, v. 15, n. 8, p. 509-524, 2014.

HANSEN, K. F.; SAKAMOTO, K.; OBRIETAN, K. MicroRNAs: A potential interface
between the circadian clock and human health. Genome Medicine, v. 3, n. 2, p. 1-8, 2011.

HASTINGS, M. H.; MAYWOOD, E. S.; BRANCACCIO, M. Generation of circadian rhythms
in the suprachiasmatic nucleus. Nature Reviews Neuroscience, p. 1, 2018.

HONG, Z.; FENG, Z.; SAI, Z.; TAO, S. PER3, a novel target of miR-103, plays a suppressive
role in colorectal cancer In vitro. BMB Reports, v. 47, n. 9, p. 500-505, 2014.

HUSSE, J.; LELIAVSKI, A.; TSANG, A. H.; OSTER, H.; EICHELE, G. The light-dark cycle
controls peripheral rhythmicity in mice with a genetically ablated suprachiasmatic nucleus
clock. FASEB Journal, v. 28, n. 11, p. 4950-4960, 2014.

IZUMO, M.; PEJCHAL, M.; SCHOOK, A. C.; LANGE, R. P.; WALISSER, J. A,; SATO, T.
R.; WANG, X.; BRADFIELD, C. A.; TAKAHASHI, J. S. Differential effects of light and
feeding on circadian organization of peripheral clocks in a forebrain Bmall mutant. eL.ife,
v. 3, p. 1-27, 2014.

KOCHAN, D. Z.; ILNYTSKYY, Y.; GOLUBOV, A, DEIBEL, S. H.; MCDONALD, J;
KOVALCHUK, O. Circadian disruption-induced microRNAome deregulation in rat
mammary gland tissues. v. 2, n. 4, 2015.

KOIKE, N.; YOO, S. H.; HUANG, H. C.; KUMAR, V.; LEE, C.; KIM, T. K.; TAKAHASHI,
J. S. Transcriptional architecture and chromatin landscape of the core circadian clock in
mammals. Science, v. 338, n. 6105, p. 349-354, 2012.

MAUVOISIN, D.; WANG, J.; JOUFFE, C.; MARTIN, E.; ATGER, F.; WARIDEL, P
QUADRONI, M.; GACHON, F.; NAEF, F. Circadian clock-dependent and -independent
rhythmic proteomes implement distinct diurnal functions in mouse liver. Proceedings of
the National Academy of Sciences, v. 111, n. 1, p. 167-172, 2014.

MENDOZA-VIVEROS, L.; BOUCHARD-CANNON, P.; HEGAZI, S.; CHENG, A. H,;
PASTORE, S.; CHENG, H. Y. M. Molecular modulators of the circadian clock: lessons
from flies and mice. Cellular and Molecular Life Sciences, v. 74, n. 6, p. 1035-1059,
2017.

MOORE, S. R.; PRUSZKA, J.; VALLANCE, J.; AIHARA, E.; MATSUURA, T;
MONTROSE, M. H.; SHROYER, N. F.; HONG, C. I. Robust circadian rhythms in
organoid cultures from PERIOD2::LUCIFERASE mouse small intestine. Disease Models
& Mechanisms, v. 7, n. 9, p. 1123-1130, 2014.

PILORZ, V.; HELFRICH-FORSTER, C.; OSTER, H. The role of the circadian clock system
in physiology. Pflugers Archiv European Journal of Physiology, v. 470, n. 2, p. 227—
239, 2018.



103

ROBLES, M. S.; COX, J.; MANN, M. In-Vivo Quantitative Proteomics Reveals a Key
Contribution of Post-Transcriptional Mechanisms to the Circadian Regulation of Liver
Metabolism. PLoS Genetics, v. 10, n. 1, 2014.

RUAN, G. X.; ALLEN, G. C.; YAMAZAK]I, S.; MCMAHON, D. G. An autonomous circadian
clock in the inner mouse retina regulated by dopamine and GABA. PLoS Biology, v. 6, n.
10, p. 2248-2265, 2008.

SAMULIN ERDEM, J.; NOT@, H. @.; SKARE, @.; LIE, J. A. S.; PETERSEN-@VERLEIR,
M.; RESZKA, E.; PEPLONSKA, B.; ZIENOLDDINY, S. Mechanisms of breast cancer
risk in shift workers: Association of telomere shortening with the duration and intensity of
night work. Cancer Medicine, 2017.

SCHIBLER, U. et al. Clock-Talk: Interactions between central and peripheral circadian
oscillators in mammals. Cold Spring Harbor Symposia on Quantitative Biology, v. 80,
p. 223-232, 2016.

SHI, F.; CHEN, X.; FU, A.; HANSEN, J.; STEVENS, R.; TIONNELAND, A.; VOGEL, U.
B.; ZHENG, T.; ZHU, Y. Aberrant DNA methylation of miR-219 promoter in long-term
night shiftworkers. Environmental and molecular mutagenesis, v. 54, n. 6, p. 40613,
jul. 2013.

SMITH, S. S.; DOLE, N. S.; FRANCESCHETTI, T.; HRDLICKA, H. C.; DELANY, A. M.
MicroRNA-433 dampens glucocorticoid receptor signaling, impacting circadian rhythm
and osteoblastic gene expression. Journal of Biological Chemistry, v. 291, n. 41, p.
21717-21728, 2016.

TAN, X.; ZHANG, P.; ZHOU, L.; YIN, B.; PAN, H.; PENG, X. Clock-controlled mir-142-3p
can target its. BMC Molecular Biology, v. 13, n. 1, p. 1, 2012.

UMEMURA, Y.; KOIKE, N.; OHASHI, M.; TSUCHIYA, Y.; MENG, Q. J.; MINAMI, Y;
HARA, M.; HISATOMI, M.; YAGITA, K. Involvement of posttranscriptional regulation
of Clock in the emergence of circadian clock oscillation during mouse development.
Proceedings of the National Academy of Sciences, p. 201703170, 2017.

VOLLMERS, C.; SCHMITZ, R. J.; NATHANSON, J.; YEO, G.; JOSEPH, R. NIH Public
Access. v. 16, n. 6, p. 833-845, 2013.

WELSH, D. K.; TAKAHASHI, J. S.; KAY, S. A. Suprachiasmatic Nucleus: Cell Autonomy
and Network Properties. Annual Review of Physiology, v. 72, n. 1, p. 551-577, 2010.

YAN, Y.; SALAZAR, T. E.; I, J. M. D.; NGUYEN, D. V; CALZI, S. L.; BHATWADEKAR,
A.D.; Ql, X.; BUSIK, J. V; BOULTON, M. E.; GRANT, M. B. Dicer Expression Exhibits
a Tissue-Specific Diurnal Pattern That Is Lost during Aging and in Diabetes. v. 8, n. 11, p.
1-11, 2013.

YOSHITANE, H. et al. CLOCK-Controlled Polyphonic Regulation of Circadian Rhythms
through Canonical and Noncanonical E-Boxes. Molecular and Cellular Biology, v. 34,
n. 10, p. 1776-1787, 2014.

ZHANG, R.; LAHENS, N. F.; BALLANCE, H. I.; HUGHES, M. E.; HOGENESCH, J. B. A
circadian gene expression atlas in mammals: Implications for biology and medicine.
Proceedings of the National Academy of Sciences, v. 111, n. 45, p. 16219-16224, 2014.



