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ESTRUTURACAO DA TESE

Esta tese apresenta-se organizada em uma introducdo geral, objetivos (gerais e
especificos), trés capitulos redigidos no formato de artigo, discussdes, conclusdes
gerais e um item contendo as perspectivas do trabalho. Além disso, a tese apresenta,
como anexo, um artigo de revisdo redigido atrelado ao projeto inicial de doutorado, o
qual foi posteriormente alterado.

A introducdo geral apresenta os principais conceitos associados a RNAs nao
codificantes (ncRNAs), com foco em miRNAs, RNAs longos ndo codificantes,
pseudogenes e RNAs circulares. Além disso, uma sessdo é dedicada ao fendomeno de
competicdo entre RNAs pela ligacdo a miRNAs, que é foco de dois dos artigos desta
tese, e outra contém uma breve revisdo bibliografica sobre células-tronco
embrionarias (CTEs).

O capitulo 1 aborda um estudo de predicdio de funcdo de ncRNAs
superexpressos em células-tronco embrionarias. O estudo utiliza a abordagem do tipo
guilty by association e busca inferir, por meio de redes de interacdo entre ncRNAs e
RNAs traduzidos a partir de genes codificantes para proteinas, o papel biolégico de 15
ncRNAs obsevados em CTEs. O artigo encontra-se em fase de redagdo cientifica e o
periddio ao qual serd submetido ainda ndo foi decidido.

O capitulo 2 apresenta um revisao bibliografica das principais caracteristicas de
RNAs competidores endogenos (ceRNAs), uma listagem de ceRNAs ja

documentados na literatura cientifica dentro do seu contexto biol6gico, bem como



fatores que influenciam a relacdo de competicao entre RNAs. Por fim, uma sessdo
apresenta os conceitos e principais descobertas sobre redes biol6gicas de competicao.
O artigo encontra-se em fase de redacdo cientifica e serd submetido ao periodico
Critical Reviews in Biochemistry and Molecular Biology, cujo fator de impacto atual
é 8,86.

O capitulo 3 aborda um estudo de predicio de RNAs ndo codificantes com
potencial de atuacdo como competidores endogenos em CTEs. O artigo enfoca RNAs
ndo codificantes que, por meio de interagdes de competicdo, contribuam para a
manutencao do estado tronco. O artigo encontra-se em fase de redacdo cientifica e
sera submetido ao periédico Developmental Cell, cujo fator de impacto atual é 9,36.

Os trés capitulos estdo seguidos por uma discussdao geral englobando os
conhecimentos discutidos em cada um deles, pelas conclusdes geradas com o
desenvolvimento deste trabalho de doutorado, bem como pelas perspectivas de
continuacao da pesquisa cientifica.

A tese é finalizada pelo anexo contendo o artigo entitulado Scaffolds for
artificial miRNA expression in animal cells. O artigo versa sobre construcdes de
vetores para a expressao de microRNAs artificiais e foi publicado no ano de 2015, no

periédico Human Gene Therapy Methods, cujo fator de impacto atual é 4,08.
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RESUMO

O genoma humano tem um tamano aproximado de 3,2 Gb e aproximadamente 74%
das suas sequéncias sdo transcritas em RINAs. Destes transcritos, cerca de 33 mil ndo
sdo traduzidos em proteinas, desempenhando seu papel funcional na célula na forma
de RNAs. Dentre os trancritos que ndo codificam proteinas estdo os IncRNAs, os
pseudogenes e os circRNAs. Inicialmente considerados como ruidos transcricionais,
esses RNAs tém chamado cada vez mais a atengdo da comunidade cientifica e tém
sido atribuidos a um série de fungOes celulares. Apesar do crescente nimero de
trabalhos enfocando estes RNAs, pouco se sabe sobre essas moléculas em
células-tronco embriondrias (CTEs) humanas, tanto no que se refere ao conjunto de
moléculas expressas quanto sobre a fungdo por elas desempenhada. Nesse sentido,
este trabalho teve como objetivo identificar os IncRNAs, pseudogenes e circRNAs
expressos em células-tronco embrionarias humanas a partir de dados de RNA-seq
depositados no banco de dados GEO e inferir, através de ferramentas de
bioinformatica, as possiveis funcées desempenhadas por estas moléculas no estado
tronco. As analises revelaram, ao todo 1182 ncRNAs pertencentes as trés classes em
estudo (IncRNA, n=317; pseudogene, n=585; e circRNA, n=280) no conjunto de
dados principal. Quando este foi comparado a outros conjuntos de dados, 87 IncRNAs,
51 pseudogenes e 10 circRNAs foram detectados como transcritos comuns. Dentre os
IncRNAs e os pseudogenes, 15 foram selecionados para inferéncia de funcdo pela

abordagem de guilty by association. Foi possivel associar RNA selecionados a
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processos como splicing, organizacdo de cromatina, mitose, ciclo celular, biogénese
de ribossomos, reparo de DNA e resposta ao dano, apoptose, organizacdo do
citoesqueleto, desenvolvimento embrionario e regulacdo da diferenciacdo celular.
Além disso, alguns dos RNAs em estudo mostraram-se fortes candidatos a atuarem
como competidores endégenos de mMRNAs expressos em CTEs. Andlises de
correlacdo, de forca de ligacdo ao miRNA e do tipo de seed do sitio de ligacdo
apontaram os pares de mRNAs e ncRNAs AHCY-RP11-253E3.3, F2RL1-EEF1A1PS6,
HSPD1-SNHGS5, INO80-RP11-20D14.6, PARP1-RP11-20D14.6 e PRIM2-GASS,
juntamente com o RNA circular circ-HIPK3, como os RNAs com maior potencial
para competirem pelos miRNAs expressos em CTEs. Estes resultados voltam a
atencao da pesquisa basica para uma parte pouco conhecida da biologia das CTEs e
direcionam futuros experimentos visando a elucidacao da fun¢do de ncRNAs nesse
contexto celular. Ensaios de modulacdo da expressao dos ncRNAs e a observagao
concomitante da respostas dos RNAs e proteinas a eles relacionados sdo o préximo
passo para desvendar os mecanismos moleculares através dos quais estes RNAs

desempenham seus papeis em CTEs.
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ABSTRACT

The human genome has an average size of 3.2 Gb and approximately 74% of its
sequences are transcribed into RNAs. From this transcripts, around 33 thousand are
not translated into proteins, performing their cellular roles as RNAs molecules.
Among the non-protein coding transcripts are the IncRNAs, the pseudogenes and the
circRNAs. Inicially thought to be transcription noise, these molecules have been
drawing attention of the scientific comunity and several cellular functions have been
attributed to them. Although the rising number of studies focusing on these RNAs,
little is known about them in human embryonic stem cells (ESCs), includind the set of
expressed non-coding RNAs (ncRNA) and their functions. In this sense, this study
aimed to identify IncRNAs, pseudogenes and circRNAs expressed in human ESCs
from RNA-seq data deposited in GEO public database and infer, through
bioinformatic tools, the possible functions played by these molecules in the stem state.
The analyzis revealed 1182 ncRNAs belonging to the three classes (IncRNA, n=317;
pseudogene, n=585; and circRNA, n=280) studied in the main dataset. When
compared to other datasets, 87 IncRNAs, 51 pseudogenes and 10 circRNAs were
detected as common to all datasets. Among the IncRNAs and the pseudogenes, 15
were selected for function inference through the guilty by association method. It was
possible to associate the selected RNAs to cellular processes as RNA splicing,
chromatin organization, mitosis, cell cycle, ribosome biogenesis, DNA repair and

DNA damage response, apoptosis, cytoskeletton organization, embryonic
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development and regulation of cell differentiation. Moreover, some of the RNAs
showed to be strong candidates to act as endogenous competitors of the
ESCs-expressed mRNAs. Pearson correlation analysis and investigation of the
miRNA seed type and binding strenght indicate the following ncRNA-mRNA pairs
AHCY-RP11-253E3.3, F2RL1-EEF1A1P6, HSPD1-SNHGS5, INO80-RP11-20D14.6,
PARP1-RP11-20D14.6 e PRIM2-GASS5, together with the circular RNA circ-HIPK3,
as the RNAs with major potential to act as competing endogenous RNAs in ESCs.
These results shift the attentions to a poorly known part of ESCs biology and give
directions to future experiments aiming to elucidate the ncRNAs function in this
cellular context. ncRNAs expression modulation assays and the concomitant
observation of the positively correlated mRNAs response to these alterations are the
next step in the unraveling of the specific molecular mechanisms through which

ncRNAs exert their roles in ESCs.
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1. INTRODUCAO GERAL

1.1. RNAs ndo codificantes

Considerando-se todo o DNA transcrito a partir do genoma humano, apenas 2%
origina RNAs que sdo traduzidos em proteinas!. O restante dos transcritos
compreende os RNAs ndo codificantes (ncRNAs). Os ncRNAs podem ser divididos
em duas categorias: os estruturais e os regulatorios®. Dentro desta classificagdo, os
ncRNAs estruturais compreendem os tRNAs, rRNAs, snoRNAs e snRNAs e os
regulatorios incluem os ncRNAs curtos (miRNAs, piRNAs), médios (paRNAs) e os
longos (IncRNAs, pseudogenes)®. A seguir, serdo enfocados os ncRNAs alvos deste

trabalho.

1.1.1. microRNAs

microRNAs sdao RNAs curtos com aproximadamente 22 nucleotideos de
tamanho envolvidos no controle da pés-transcricional da expressdo génica’.
Atualmente ha cerca de 1.881 sequéncias anotadas no banco de dados miRBase
(release 21), mas estudos estimam que existam cerca de 25 mil precursores de
miRNAs no genoma humano*.

Os genes que codificam miRNAs podem aparecer de forma isolada ou

agrupados em clusters®> Além disso, podem estar localizados em regides intergénicas
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ou dentro de sequéncias intronicas pertencentes a genes codificantes de proteinas,
além de éxons e introns de genes nao codificantes®”:

A biogénese e processamento dos miRNAs é dividida em duas etapas,
iniciando-se nucleo e sendo concluida no citoplasmaZ. Inicialmente, os miRNAs sdo
transcritos, majoritariamente pela RNA polimerase II, como uma molécula longa
denominada pri-miRNA, a qual apresenta cap 5’ e cauda poli(A)38. O pri-miRNA é
entdo processado, ainda no ntucleo, pela RNase Drosha, gerando uma molécula de
aproximadamente 60-70 nucleotideos denominada de pré-miRNA®. Apds a sua
geracdo, o pré-miRNA é exportado para o citoplasma por intermédio do receptor de
transporte nuclear Exportina-5'°.

No citoplasma, o pré-miRNA associa-se ao complexo carregador de miRNA
(miRLC, do inglés miRNA-loading complex), formado pelas proteinas Dicer, TRBP e
Ago2!t. Ocorre, entdo, o processamento do pré-miRNA pela enzima Dicer, gerando
um RNA de fita dupla transiente com aproximadamente 22 nucleotideos de

extensdo! 12

. A fita de RNA que apresenta menor estabilidade de pareamento na
extremidade 5’ é mantida associada ao miRLC enquanto a outra é degradada''!'3. Em
seguida, as proteinas Dicer e TRBP sdo liberadas do complexo, permanecendo apenas
Ago?2 associada a fita simples de RNA!!, Essa associacdo remanescente passa entdo a
ser denominada de RNA-induced silencing complex (RISC) e é direcionada aos
mRNAs alvo, promovendo a repressdo da sua tradugdo ou a sua degradagdo'.

A associacdo com o RNA alvo ocorre preferencialmente na extremidade 3’UTR,

mas também ha relatos da presenca de sitos de ligancdo em 5’UTR e na porcao
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codificante de mRNAs*. Além dos RNAs codificantes para proteinas, também sdo

15-17. Ademais,

alvos dos miRNAs os RNAs circulares, os IncRNAs e os pseudogenes
um unico gene pode ser regulado por varios miRNAs e um mesmo miRNA pode
apresentar mais de um alvo'®,

Quanto a sua funcdo bioldgica, os miRNAs tem sido relacionados, desde a sua
descoberta, a uma série de estados e fungoes celulares. Em humanos, miRNAs estdo
associados, por exemplo, ao desenvolvimento de cancer, podendo atuar tanto como
oncogenes (oncomirs) quanto como supressores tumorais, além de outras patologias,
como doencas cardiovasculares, inflamatorias, neurodegenarativas e autoimunes!®-24,
miRNAs também apresentam papel na regulacdo da autorrenovacao e diferenciacao
de células-tronco, podendo, inclusive, ser utilizados na inducdo da reprogramacao
celular®?’, Além disso, foram hipotetizados como participantes de um novo nivel

regulacdo da expressdao génica proposto em 2011, onde RNAs competem entre si pela

sua ligagdo?®.

1.1.2. RNAs longos nao codificantes

A denominacdo de RNAs longos ndo codificantes (IncRNAs) é atribuida a
RNAs ndo traduzidos em proteinas que apresentam tamanho igual ou superior a 200
nucleotideos®-*°, Essa categoria de RNAs é classificada de acordo com o local de
origem no genoma, levando em consideracdo a sua relacdo com o gene codificante de
proteina (GCP) mais proximo. Nesse sentido, os IncRNAs podem ser classificados em
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(i) intergénicos, ou lincRNAs, os quais ndao se sobrepdoem a nenhum GCP; e (ii)
IncRNAs que se sobrepdem a um GCP. Este ultimo grupo inclui IncRNAs que
apresentam sobreposicdo com éxons, os que se originam de introns e os que
apresentam genes codificantes para proteinas dentro de um de seus introns3!.

De modo geral, IncRNAs se caracterizam por apresentar niveis de expressao
mais baixos quando comparados a GCPs, e o seu padrdo de expressao é altamente
tecido-especifico®- Além disso, o processo de transcri¢do dos IncRNAs é similar aos
GCP. Os transcritos sao gerados pela RNA polimerase II e sofrem splicing,
capeamento em 5’ e apresentam cauda poli(A)®?. A maioria dos IncRNAs é composta
por apenas dois exons e o tamanho do transcrito geralmente é menor do que o de
GCPs3!. Assim como para mRNAs, também foi evidenciada a geragdo de transcritos
alternativos em lcnRNAs3!

Quanto a funcdo que desempenham nas células, os IncRNAs podem atuar como
(i) sinalizadores, mediando, por exemplo, o silenciamento transcricional, a apoptose e
0 decaimento de RNAs; (ii) “iscas”, associando-se a proteinas ou miRNAs e
impedindo o desempenho de sua funcdo; (iii) guias, ligando-se a proteinas e
direcionando-as ao seu sitio de atuagdo; e (iv) scaffolds, servindo de plataforma para a

montagem de complexos proteicos?’.
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1.1.3. Pseudogenes

O termo pseudogene foi cunhado por Claude Jacq e colaboradores em 19773,
Estes elementos sdo caracterizados por variados graus de similaridade de sequéncia
com genes funcionais, porém, perderam a sua capacidade de codificacdo original pela
presenca de cddons de parada prematuros ou de alteragdo do quadro de leitura°,
Pseudogenes podem ser classificados como processados ou ndo processados.
Especificamente, o grupo dos ndo processados é composto pelos pseudogenes
unitarios, que originam-se do acimulo de mutacdes em um gene funcional de cépia
Unica, e pelos duplicados, onde o pseudogene origina-se pela duplicacdao de um gene
funcional somada ao actimulo de mutagoes em uma das copias. Nestes dois casos, a
estrutura geral do gene e os elementos regulatorios sdo mantidas3*3.

Os pseudogenes processados, também conhecidos como pseudogenes
retrotranspostos, recebem esta denominacdo por apresentarem as mesmas
caracteristicas de um mRINA processado, como presenca da cauda poli(A) e auséncia
de introns. Além disso, sdo flanqueados por regides repetitivas, que estdao associadas a
sitios de inser¢do de elementos de transposi¢do®. Isto ocorre, pois esta classe de
pseudogenes origina-se da transposicdao de sequéncias originadas da transcricao
reversa mRNAs343¢, Pseudogenes processados podem também apresentar retensdo de
sequéncias intronicas, sendo denominados de “pseudogenes semiprocessados”, ou

ainda, ap6s o processo de geracdo do pseudogene, sofrer um processo de duplicacao,

gerando o que se nomeia de pseudogenes processados duplicados®’.
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Originalmente, os pseudogenes foram considerados como elementos ndo
funcionais do genoma. No entanto, estudos tem revelado um nimero cada vez maior
destas entidades apresentando fun¢des associadas, podendo ser transcritos e, inclusive,
traduzidos®*. Dentre as fungdes ja reportadas para pseudogenes estdo a (i) supressio
da expressdo génica através da geracdo de transcritos antisenso ou RNAis contra o
gene de origem do pseudogene, (ii) a atuagdo como competidores endogenos,
funcionando como alvos alternativos para miRNAs (ver item 1.2 da Introducao), (iii)
ou a codificagcdo pequenos peptideos ou proteinas funcionais3>4°.

Considerando que pseudogenes podem apresentar funcdo no contexto celular,
novas definicdo e nomenclatura para essas entidades foram propostas. Assim,
pseudogenes seriam as sequéncias gendmicas originadas de genes funcionais, mas que
ndo codificariam o mesmo tipo de produto funcional que o gene original*'. Estas

sequéncias, por sua vez, receberiam a denominacdo de “pseudogenes adaptados”, para

diferencia-las dos pseudogenes ndo funcionais*'.

1.1.4. RNAs circulares

Por muito tempo, o senso comum para moléculas de RNA ndo-virais foi de que
estas seriam lineares. No entanto, este conceito foi revisto com a descoberta de RNAs
com estrutura circular (circRNAs) em eucariotos®’. Inicialmente vistos como
acidentes genéticos ou artefatos*, os circRNAs ja tiveram sua expressdo detectada em

humanos, camundongos, peixes (Danio rerio), invertebrados (Caenorhabditis elegans,
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Drosophila melanogaster), fungos (Schizosaccharomyces pombe e Saccharomyces
cerevisiae), plantas (Arabidopsis thaliana), e protistas (Plasmodium falciparum e
Dictyostelium discoideum)**,

A génese dos circRNAs da-se durante o splicing, onde o spliceossoma
aparentemente liga as extremidades 5' e 3' de éxons de um mesmo transcrito®.
Especificamente, moléculas circulares siao formadas quando o splicing ocorre entre
um sitio aceptor de um éxon upstream e um sitio doador de um éxon downstream.
Nesse processo, sitios de splicing candnicos e cripticos podem ser usados®.

A maioria dos circRNAs origina-se de eregiGes exdnicas, ou seja, é transcrita de

genes previamente conhecidos por codificarem mRNAs*4>-

H4, também, um pequeno
numero circRNAs derivados de UTRs, introns e regides ndo anotadas do genoma*:.
Quanto a sua estrutura, os circRNAs podem ser constituidos de um ou mais éxons e
ndo apresentam cauda poli(A)*>#¢. Além disso, pode existir mais de uma isoforma
circular originada de uma mesma sequéncia gendmica*>*.

O perfil de expressdao dos circRNAs caracteriza-se pela especificidade por tipo
celular e estagio de desenvolvimento e, em muitos casos, os niveis de expressao do
circRNA sdo comparaveis ao do transcrito linear candnico originado do mesmo gene“®.
Pelo seu formato circular, os circRNAs sdo mais estaveis dentro da célula que RNAs
lineares e uma das estratégias para confirmar a sua identidade é a resisténcia a
clivagem por RNase R, a qual é capaz de atuar apenas em RNAs lineares***. Além

disso, circRNAs sdo predominantemente citoplasmaticos*>46.
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1.2. RNAs competidores endégenos

A hipétese sobre existéncia de RNAs atuando na modulagdo dos niveis de
outros RNAs por competicdo foi inicialmente postulada em 201128, Denominados de
RNAs competidores enddgenos ou ceRNAs, essas moléculas se caracterizam por
apresentar, em comum com outros RNAs com os quais sao co-expressos, sequéncias
denominadas elementos de resposta a miRNAs (MREs). Desta forma, a atuacdo dos
ceRNAs se daria pela competicdo com outros RNAs pela ligacdo de miRNAs. Em
outras palavras, os ceRNAs funcionariam como “esponjas de miRNAs”,
monopolizando-os e deixando os outros RNAs alvo acessiveis a traducdo ou ao
desempenho de suas fungdes celulares. Esse mecanismo de regulacao sempre
apresentaria, portanto, trés elementos de carater ribonucleico, sendo que a relacao
entre dois deles é mediada por moléculas de miRNA.

Dentre as classes de RNAs que possuem relatos comprovando a atuagdao como
competidores estio mRNAs, IncRNAs, pseudogenes e circRNAs*448, O ceRNA
mais conhecido e bem estudado é PTENPI, pseudogene processado homdlogo ao
gene PTEN. Ambas as sequéncias apresentam sitios comuns de ligacao de miRNAs e
o pseudogene regula positivamente PTEN“®. Demonstrou-se que a superexpressdo de
PTENP1 leva ao consequente aumento de PTEN, assim como a diminuicdo dos niveis
de RNA de PTENPI1 leva a baixa producdo do mRNA e da proteina PTEN*, A

modulacdo dos niveis de PTENP1 em células que ndo expressam Dicer ndo apresenta
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os mesmos efeitos sobre PTEN, indicando que a relacdo entre os dois RNAs é
efetivamente mediada por miRNAs*,

Aproximadamente 60 casos de competicdo entre RNAs ja foram documentados
na literatura, tendo sido associados a varios contextos celulares diferentes. Dentre os
papéis biolégicos desempenhados pela competicdo estdo a promogdo ou a supressao
do desenvolvimento de tumores, a manutencao do estado tronco, a diferenciacdo
celular e associacdo com patologias como diabetes, osteoartrite, fibrose hepatica e

isquemia cerebral*->4,

1.3. Células-tronco embrionarias

As células-tronco (CT) caracterizam-se, basicamente, pela capacidade de
autorrenovacdo e de gerar células mais especializadas por meio da sua diferenciacdo®
Conforme o seu potencial de diferenciacdo e o periodo do desenvolvimento em que
sdo obtidas, recebem diferentes denominacdes. As CT podem ser isoladas de
embrides, fetos e individuos adultos®®-8.

As células originadas a partir do odcito fertilizado até o estagio de blastocisto
sdo consideradas totipotentes, pois possuem o potencial de gerar um organismo
inteiro®. A partir do blastocisto, as células comecam a se especializar e sdo entdo
consideradas pluripotentes, sendo mais conhecidas como células-tronco embrionarias
(CTEs). As CTEs caracterizam-se pela capacidade de diferenciarem-se em células

pertencentes aos trés folhetos embrionarios (endoderme, mesoderme e ectoderme),
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mas ja ndo sdo mais capazes de gerar um individuo®. Além disso, é possivel
manté-las em cultura in vitro por longos periodos de tempo sem que as células percam
suas caracteristicas, devido a sua capacidade de autorrenovacao indefinida®!.

Pela sua ampla capacidade de proliferacio e de diferenciacdo, as CTEs
tornaram-se interessantes do ponto de vista da terapia celular. Apés o seu isolamento
de blastocistos humanos, em 1998, uma série de estudos foram conduzidos com o
objetivo de elucidar os mecanismos moleculares envolvidos na manutengdo do estado

tronco®%52

. Além disso, inimeras metodologias de inducdo de diferenciacao de CTEs
em células de interesse clinico foram desenvolvidas. Entre os tipos celulares
diferenciados gerados a partir de CTEs estdo cardiomidcitos, neurénios, hepatdcitos,
células beta pancredticas, cones fotorreceptores, linhagens hematopoiéticas, entre
outras®*%, Além disso, uma série de testes clinicos tém sido desenvolvidos para
verificar o potencial destas células no tratamento de diversas patologias®®

Por outro lado, o conhecimento dos mecanismos moleculares envolvidos na
manutencao do estado tronco mostrou-se util no desenvolvimento de técnicas de
inducdo do retorno de células diferenciadas ao estado tronco. A inducdo da expressao
de genes superexpressos em CTEs, como KLF4, OCT4, NANOG e c-myc, ou mesmo
miRNAs, como os pertencentes ao cluster mir-302-367, em células diferenciadas
levou a geracdo das chamadas células-tronco pluripotentes induzidas (iPSCs, do

inglés induced Pluripotent Stem Cells), as quais apresentam diversas caracteristicas

em comum com as CTEs®?.

23



1.3.1. RNAs nao codificantes expressos em células-tronco embrionarias

Apesar do grande volume de conhecimento acumulado sobre as CTEs, pouco
ainda se sabe sobre os ncRNAs nesse contexto celular, tanto no que diz respeito aos
tipos de ncRNAs expressos quanto a funcao por eles desempenhada em CTEs. Genes
codificantes para dois fatores de transcricao chaves na manutencdo do estado tronco,
OCT4 e NANOG, tem pseudogenes ja documentados na literatura’-’?. Além disso,
um estudo voltado para a identificacdo de circRNAs em embrides em diferentes
estagios prévios a implantacdo identificou cerca de 252 transcritos circulares no
blastocisto, estdgio em que sdo isoladas as CTEs’3. Outro estudo, por sua vez,
detectou entre 2 mil e mais de 9 mil candidatos a RNAs circulares em CTEs
humanas’. Esses trabalhos indicam que ha possibilidade de expressdo de
pseudogenes e de circRNAs em CTEs. No entanto, ha poucos estudos enfocando na
deteccdo e na determingdo da fungao desses RNA em CTEs.

Os IncRNAs, por sua vez, tém sido alvo de um niimero maior de pesquisas em
CTEs. A maior parte dos estudos em grande escala, no entanto, foi desenvolvida em
CTEs oriundas de camundongos’>’8. Ha apenas dois estudos em larga escala
investigando IncRNAs em CTEs humanas. Baseado em dados de RNA-seq, um dos
trabalhos identificou cerca de 300 lincRNAs, sendo 78 deles expressos
preferencialmente em CTEs”. No entanto, poucos IncRNAs tiveram a sua funcédo
estudada em detalhes nas CTEs humanas. Entre os ja documentados estdo

IncRNA_ES1, IncRNA_ES2 e IncRNA_ES3, os quais sdo alvos dos fatores de
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transcricao Oct4 e Nanog e apresentam papel na manutencdo da pluripoténcia, e
linc-RoR, reportado como competidor endégeno de Oct4, Sox2 e Nanog e apontado
como um potencializador da reprogramacao de células somaticas em iPSCs>*80:8!:

No que diz respeito a ceRNAs em CTEs, ha apenas trés RNAs descritos pela sua
atuacao como competidores em CTEs humanas. Como ja mencionado acima, um dos
ncRNAs descrito como competidor é linc-RoR. Este IncRNA encontra-se
superexpresso no estado indiferenciado e compete com os mRNAs codificantes de
Oct4, Sox2 e Nanog, pela ligacdo de hsa-miR-145%. Desta forma, a expressdo de
linc-ROR permite a expressao proteica de OCT-4, SOX2 e NANOG, tendo, portanto,
papel na conservagdo do estado indiferenciado das ESCs*. Outro ncRNA que atua
como ceRNA nesse contexto celular é FLJ11812, o qual compete com os mRNAs
codificantes de CDC20B e ATG13 pelo miR-4459. Nesse caso, especula-se que o
estado tronco seja favorecido por mecanismos relacionados ao ciclo celular e a
autofagia®. O terceiro ncRNA associado a mecanismos de competicdo entre RNAs
em CTEs é o IncRNA GASS5, o qual compete com o0 mRNA de NODAL pela ligagao
dos miRNAs miR-2467, -3200 e Let-7¢%,

Os miRNAs expressos em CTE humanas, por outro lado, ja estdo bem definidos
na literatura®°!, Ha algumas variacdes entre os miRNAs encontrados em diferentes
linhagens de CTEs estudadas, mas algumas moléculas sdo consideradas consenso na
litaretura, como os miRNAs expressos a partir dos clusters hsa-miR-302/367,
-miR-520 e -miR-371/372/373%. Além disso, os miRNAs como hsa-miR-18b, -25,

-93, -103a-2, -106b e -205 também sdo frequentemente detectados em CTEs!42L,
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2- JUSTIFICATIVA

Aproximadamente 74% do genoma humano é transcrito e mais de 33 mil
RNAs sdo classificados como ndo codificantes, desempenhando seu papel sem serem
traduzidos em proteinas. Estas moléculas, anteriormente consideradas produtos
erroneos da transcricdo, tem se mostrado atuantes em diversos processos biologicos.
Consequentemente, RNAs produzidos a partir da transcricdio de pseudogenes,
IncRNAs e circRNAs estdo entre as moléculas sobre as quais a ciéncia moderna tem
se debrucado. Em adigdo a esse aumento do interesse por ncRNAs, um novo nivel de
regulacdo da expressdo génica, onde moléculas de RNA, incluindo IncRNAs,
pseudogenes e circRNAs, competem com mRNAs pela ligacio a miRNAs, foi
proposto em 2011 e constitui um novo campo de investigacdao da atuacao de ncRNAs.

Desde o isolamento das primeiras CTEs humanas, em 1998, muito
conhecimento acumulou-se sobre a suas caracteristicas moleculares, a excecdo dos
ncRNAs. A atual dimensdo da escassez de informacdes sobre o papel desses RNAs
em CTEs é dada pelo nimero de artigos disponiveis na literatura cientifica. Ha apenas
nove artigos que discutem ncRNAs no contexto de CTEs humanas, sendo que apenas
trés deles investigam processos de competicao entre ncRNAs e mRNAs. Ademais, até
o momento, nenhum estudo enfocando circRNAs em CTEs foi publicado.

A plena compreensdo dos mecanismos moleculares caracteristicos de CTEs,
incluindo aqueles involvendo RNAs ndo codificantes, é importante devido ao seu alto

potencial de diferenciacdo, o que as torna interessantes do ponto de vista da terapia
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celular. Além disso, as descobertas feitas em CTEs podem ser usadas para o
aprimoramento das técnicas de geracdo de iPCs. Dentro deste contexto, dados
oriundos de andlises em larga escala, como o RNA-seq, possibilitam a proposicdo de
interacoes de competicdo envolvidas na manutengdo do estado tronco, bem como a
inferéncia de funcdo de RNAs ou genes pela abordagem de guilty by association. As
relacdes e funcdes hipotetizadas a partir destes dados servem para direcionar
confirmacdes posteriores. Esse estudo, por conseguinte, possui potencial de ampliar o
conhecimento atual sobre os papeis desempenhados por ncRNAs no estado tronco,
além de contribuir para a elucidagdo da complexidade do novo nivel de controle da

expressao génica envolvendo competicdao entre RNAs.

3- OBJETIVOS

3.1. Objetivo geral

Propor a funcdao potencial de RNAs ndo codificantes superexpressos em

células-tronco embrionarias humanas utilizando ferramentas de bioinformatica, com

enfoque especial em relacdes de competicao entre RNAs.
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3.2. Objetivos especificos

- Identificar, a partir de dados de RNA-seq depositados no banco de dados GEO,
IncRNAs, pseudogenes, circRNAs e miRNAs diferencialmente expressos em

células-tronco embrionarias humanas;

- Predizer, por meio da abordagem de guilty by association, empregando redes de
co-expressdao entre IncRNAs, pseudogenes e genes codificantes de proteinas, uma
possivel funcdo de pseudogenes e IncRNAs superexpressos em células-tronco

embrionarias humanas;

- Identificar potenciais sitios de ligacdo de miRNAs caracteristicos do estado tronco
embrionario nos IncRNAs, pseudogenes e circRNAs superexpressos nesse mesmo

contexto celular;

- Identificar os mRNAs superexpressos em células-tronco embrionarias humanas que

sejam alvo de miRNAs caracteristicos deste mesmo contexto celular;

- Propor uma relacdo de competicio envolvendo os IncRNAs, pseudogenes,
circRNAS e mRNAs superexpressos em células-tronco embrionarias humanas e alvo
dos miRNAs caracteristicos deste tipo celular através da analise de correlagdo entre

mRNAs e ncRNAs e anélise dos sitios de ligacdo dos miRNAs nestas moléculas.
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Capitulo I

Evaluating potential functions of ncRNAs upregulated in human
embryonic stem cells

Artigo a ser submetido a um periédico a ser definido
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Evaluating potential functions of ncRNAs upregulated in human

embryonic stem cells

Raquel Calloni and Diego Bonatto

Centro de Biotecnologia da Universidade Federal do Rio Grande do Sul,
Departamento

de Biologia Molecular e Biotecnologia, Universidade Federal do Rio Grande do Sul

Abstract

Among the functional genomic segments are those transcribed in RNAs which are not
translated in proteins, the non-coding RNAs (ncRNAs). These molecules have been
implicated in many biological processes, but little is known about the ncRNAs
expressed in embryonic stem cells (ESCs) and the functions they execute in these
cells. In this study we identified 317 long non-coding RNAs and 585 pseudogenes
upregulated in ESCs. Among the upregulated ncRNAs, 15 molecules had their
function investigated through a guilty by associaton pipeline. Based on the observed
gene ontologies (GOs), the ncRNAs were categorized in 10 major GOs: RNA splicing,
chromatin organization, mitosis, cell cycle, ribosome biogenesis, DNA repair and
response to DNA damage stimulus, apoptosis, cytoskeleton organization, embryonic
development and regulation of cell differentiation. In addition, some of the
investigated IncRNA and pseudogenes presented high potential to bind to splicing

associated proteins.
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1. Introducao

The human genome has an approximated total length of 3.2 gigabases and,
initially, most of its sequences were believed to have no function, being designated as
“junk DNA”!. Nowadays, however, it is consensus that the concept of junk DNA is
not correct as an average of 80.4% of our genome is known to be functional in at least
one cell type?. In addition, about 74% of the sequences are transcribed in coding or
non-coding RNAs? Among all the transcripts produced, around of 33,000 do not code
for proteins and most of them are transcribed from the 9,640 long non-coding RNA
(IncRNAs) genes or from the 863 transcribed pseudogenes?.

The designation of IncRNA is attributed to the non-translated RNAs larger than
200 nucleotides®*. LncRNAs are expressed in low levels when compared to protein
coding genes and their expression pattern is highly tissue specific®. In addition,
IncRNAs act as signaling molecules, protein and miRNAs decoys, protein guides and,
scaffolds complexes assembly®. Pseudogenes, on the other hand, are genomic
sequences very similar to functional genes, but without the protein codification
potential observed on its functional counterpart due to the presence of premature stop
codons or frameshift alterations®. As the IncRNAs, pseudogenes were initially

thought to be non-functional DNA elements. However, researches have shown that
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many known pseudogenes are transcribed and also translated and have important
functions in the cell”8. They play roles in the gene expression silencing, through
antisense transcripts, may act as competing endogenous RNAs and also code for
functional small peptides and proteins®?.

The comprehension of the cellular roles of IncRNAs and pseudogenes are
improving fast. Also, large amount of knowledge has been accumulated on embryonic
stem cells (ESCs). However, little is known about the ncRNAs in this cellular context.
Only few ESC-expressed IncRNAs had their function already documented in the
literature. Among the molecules already described in detail are FLJ11812,
IncRNA_ES1, IncRNA_ES2, IncRNA_ES3, LNCPRESS1 and linc-RoR, which
demonstrated to have roles in the pluripotency maintainment!*** In the case of
pseudogenes, however, no study has been performed in order to elucidate their
function in ESCs, even with the existence of OCT4 and NANOG pseudogenes
reported in the literature!>'6. In addition, solely one large scale study was performed
on ncRNAs in ESCs, but it focused only in long intergenic RNAs (lincRNAs)Y’.

In this context, the aim of this study was to identify IncRNAs and pseudogenes
upregulated in ESCs using different RNA-seq datasets and infer their functions
through a guilty by association approach, using co-expression networks and GO

analysis.
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2. Materials and Methods

2.1. RNA-seq data

Four RNA-seq data were used in this study: (i) RNA-seq data from embryonic
stem cells (RUES2) and cardiomyocytes differentiated from them (GSE64417), (ii)
RNA-seq data from WA-09 embryonic stem cells lineage and prefrontal cortex
neurons differentiated from them (GSES56796), (iii) RNA-seq data from H9
embryonic stem cells lineage and retinal ganglion cells differentiated from them
(GSE84639), and (iv) RNA-seq data from peripheral blood mononuclear cells-derived
iPSCs and macrophages differentiated from them (GSE55536). All the libraries were
generated from total RNA and are paired-end, except for those from the datasets
GSE55536, which was originated from polyA RNA, and GSE56796, which is

single-end.

2.2. Bioinformatics analysis

2.2.2. Reads alignment

Non-trimmed reads were aligned to the human genome (version GRCh38)

using the software STAR (version 2.4.2a)'®. The default parameters suggested by the

developers were used in this step.
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2.2.3. Differential expression analysis

Differential expression analysis was separately performed for each of the data
sets included in this study. Read count files were generated from the alignment BAM
files using the software HTSeq (version 0.6.1)!°. These files were then used as input
to the package DESeq2?° to perform the identification of differentially expressed
genes (DEG). It was considered differentially expressed those genes which presented
llogoFC| = 1 and adjusted p value < 0.05, estimated by the Benjamini-Hochberg

method. Only genes upregulated in ESCs were considered for the analysis.

2.2.4. Network construction and gene ontology analysis

The correlation between ncRNAs and mRNAs was estimated using the web
based tool Co-LncRNA (http://www.bio-bigdata.com/Co-LncRNA)?!., The chosen
co-expression method was Spearman Rank Correlation and p-value and correlation
coefficient parameters were set to > 0.4 and < 0.05, respectively.

It was assumed that all the mRNAs detected in this study are potentially
translated into protein. In this way, the proteins coded by the mRNAs detected as
significantly positively correlated to ncRNAs were used as input in the web base tool

STRING (version 10.0, http://string-db.org)? in order to create a protein interaction
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network. For this step, the active interaction sources parameters chosen in STRING
were experiments, databases, co-expression and co-occurrence. In addition to the
inicial input, new protein nodes were added until the observation of the network
saturation.

A network containing the interactions established by the correlation analysis
and the interactions among the proteins detected with STRING was constructed for
selected ncRNA using the software Cytoscape (version 3.4.0)23. All the networks
were submited to a gene ontology (GO) analysis, performed using the Cytoscape’s
plugin BiNGO?!.  Significant biological processes were identified with
hypergeometric test and Benjamini & Hochberg false discovery rate (FDR) as
multitesting correction. A significance level of 0.05 was applied. A ncRNA was
associated to a given biological process when at least 3 of its direct linked partners

were associated to a common GO.

2.2.5. ncRNA protein binding prediction

The ncRNA potential to bind to proteins was analyzed with the web based tool
catRAPID omics (http://service.tartaglialab.com/page/catrapid_group)®. The selected
parameters for this analysis were set to study interactions to full-length proteins
instead of nucleic acid domains and to include RNA- and DNA-binding proteins and
disordered proteins. As the Star Rating Score ranges from 0 (lowest quality) to 3

(highest quality), the interactions with Star Rating Score > 2 were considered as valid.
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To perform the protein binding analysis it was necessary to determine the
ncRNAs isoforms. This step was conducted using the software Salmon in the
quasi-mapping-based mode, applying the default parameters suggested by the
developers?*. A fasta file containing the transcripts produced by human ncRNAs were
used to build the indexes and perform the Salmon analysis. This file was downloaded

from the Ensembl genome browser, release 79.

3. Results

3.1. Differentially expressed non-coding RNAs

From all differentially expressed genes detected, a total of 6,221 genes was
observed as upregulated in ESCs of the dataset (i) when compared to differentiated
cells. Among these DEGs, it was identified 317 long non-coding RNAS and 585
pseudogenes (Supplemental Material 1).

The ncRNAs observed as upregulated in the dataset (i) were compared to those
observed in the three other datasets. ncRNAs common to all datasets were detected
and included 87 IncRNAs and 51 pseudogenes (Supplemental Material 1). The 10
most upregulated ncRNAs common to all datasets were kept for function prediction
analysis (Figure 1). Additionally, the already reported as ESC-expressed ncRNAs

IncRNA_ES1 (LINCO01108) and IncRNA_ES3 (LINC00458), together with the
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pseudogenes of the transcritption factors Nanog and Oct4, NANOGP1, POU5F1P3

and POUSF1P4, were included in the analysis!®.
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Figure 1: Heatmap showing the 15 ESCs upregulated ncRNAs chosen for function
prediction analysis. Different color shades represent the gene associated log2FC. Blue

line in left above histogram represent the normalized read counts.

3.2. Network construction and ncRNAs function evaluation

A network was constructed for each ncRNA and the nodes were connected
based in the correlations among ncRNAs and mRNAs and interactions established

among the proteins coded by them (Figure 2). Interestingly, many mRNAs presented
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positive correlation with more than one ncRNA and many ncRNA networks were

observed to be connected (Figure 3).
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Figure 2: Some of the ncRNAs networks built from positively correlated genes and

aditional interacting nodes added with STRING. Red ellipsis protein-coding mRNAs

conected to ncRNAs by positive correlation. Orange ellipsis represent proteins added

to the network using STRING. Blue ellipsis represent pseudogenes and pink

rectangles represent IncRNAs.
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Figure 3: Many ncRNAs presented positive correlation with shared groups of mRNAs,
establishing connections between the different ncRNAs networks. Red ellipsis
represent protein-coding mRNAs, pink rectangles represent IncRNAs and blue

rectangles represent pseudogenes.

39



A GO analysis was performed for each network and a ncRNA was associated
to a given biological process when at least 3 of its direct linked partners were
associated to a common GO (Table 1 and Supplemental Material 2). The GO analysis
permitted to categorize the studied ncRNAs into 10 classes (Figure 4). Many ncRNAs
could be associated with more than one biological process, which imply they may

have function in more than one cellular mechanism.
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Table 1: Main gene ontologies associated with the analyzed ncRNAs.

ncRNA ncRNA-associated biological processes p-value Number of mRNAs*
Cell cycle 1,41.102 13
M phase 6.01.101 10
CTD-2501M5.1 Response to DNA damage stimulus 3.78.102 7
RNA splicing 3.32.104 6
Apoptosis 4.39.10 4
Chromosome segregation 4.91.104 4
Cell cycle 3.57.104 3
Apoptosis 2.33.103 3
ECEL1P1 Embryonic development 1.66.102 3
Chromatin organization 2.01.102 3
Chromosome organization 4.42.102 3
Cell cycle 1.79.10-14 13
M phase 3.74.10-10 7
Chromatin organization 3.70.103 5
HLA-DPB2 Chromosome organization 6.06.104 5
Cytoskeleton organization 1.77.104 5
RNA splicing 5.15.103 3
Spindle organization 3.91.107 3
Cell cycle 1.12.10° 45
LINC00458 RNA? processing . 4.41.10°10 36
Regulation of apoptosis 3.02.102 25
Cytoskeleton organization 4.54.10-3 23
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Response to DNA damage stimulus 7.67.103 19

RNA splicing 6.35.108 18

Regulation of the cell differentiation 1.26.102 17

Chordate embryonic development 1.26.102 15

Ribosome biogenesis 1.80.102 14

Mitosis 3.27.103 14

Histone modification 1.57.102 8

Chromating remodeling 7.90.104 7

Ribosomal small subunit biogenesis 2.50.102 4

Chromatin silencing 2.20.102 3

Spliceosome assembly 7.73.103 3

Cell cycle 4.58.108 20

RNA processing 1.02.103 18

Chromosome organization 1.51.103 10

LINC00678 Chromatin modification 5.23.104 10
M phase 1.37.102 10

Post-Golgi vesicle-mediated transport 1.51.103 3

Ribosomal small subunit biogenesis 4.84.102 3

Cell cycle 9.86.10° 7

M phase 8.52.10-> 6

LINCO1108 Apoptosis 8.49.103 5
Cytoskeleton organization 1.60.103 3

Cell cycle 6.94.108 6

LINC-ROR Regulation of cell differentiation 2.63.1073 6
Apoptosis 1.52.103 4
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Cell cycle 9.58.10”7 18

Regulation of apoptosis 1.04.104 15

Apoptosis 1.75.102 12

Mitosis 1.20.103 9

LNCPRESS1 Ribosome biogenesis 4.46.104 7
Chromosome organization 1.95.103 6

RNA splicing 1.79.1072 6

Chromatin organization 3.76.103 5

Nucleotide-excision repair, DNA gap filling 4.49.102 3

Cell cycle 9.55.103 9

LNCPRESS2 Regulation of apoptosis 2.13.104 5
Chromatin organization 1.25.102 3

Apoptosis 2.16.102 5

NANOGP1 Translation 2.43.103 3
Cell cycle 2.94.10° 12

M phase 1.68.10> 12

Embryonic development 3.38.10~ 12

Chromosome organization 4.78.104 11

Apoptosis 1.63.102 10

POUS5SF1P3 RNA processing 2.84.103 9
RNA splicing 1.45.102 5

Response to DNA damage stimulus 2.26.102 4

Chromatin organization 3.13.102 4

Chromosome segregation 4.66.10-3 3

DNA repair 2.03.102 3
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DNA recombination 1.59.1072 3

Nucleotide excision repair 3.08.103 3

Stem cell maintenance 1.85.103 3

Cell cycle 5.80.10”7 12

Embryonic development 3.25.1072 8

Regulation of cell differentiation 3.80.103 8

Chromosome organization 1.54.1072 6

Negative regulation of cell differentiation 9.04.103 5

POU5F1P4 DNA recombination 2.19.103 4
DNA repair 7.72.10% 4

Regulation of apoptosis 2.41.103 4

Regulation of cytoskeleton organization 3.81.1072 4

RNA processing 1.81.102 4

Response to DNA damage stimulus 7.18.10> 4

Response to DNA damage stimulus 1.34.103 4

Regulation of apoptosis 1.26.102 4

RP11-415G4.1 DNA repair 2.36.103 3
Endocytosis 1.77.102 3

Mitotic cell cycle 3.19.102 3

Cell cycle 2.63.107 31

Chromosome organization 4.96.10-° 30

RNA processing 1.29.10”7 26

RP11-6918.2 Chromatin organization 5.85.107 22
Embryonic development 5.05.10° 22

M phase 9.94.10+4 19
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Cytoskeleton organization 9.44.103 17
Chromatin modification 3.74.10°® 15
Ribosome organization 1.07.102 12
RNA splicing 1.72.106 12
Chromosome segregation 4.47.102 6
Chromosome condensation 2.87.102 4
Histone modification 4.81.10- 4
Ribosome small subunit biogenesis 1.86.10-2 4
Histone methylation 2.53.102 3

RNA export from nucleus 1.51.102 3

Cytoskeleton organization 2.47.104 7

Cell cycle 1.15.104 5

RP11-568A7 4 Endocytosis 8.53.103 4
Mitosis 4.18.104 4

Apoptosis 3.86.1073 3

RNA processing 1.63.102 3

* The values represent the number of protein coding genes directly correlated to the ncRNA and associated to the cited GO.
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Figure 4: Biological processes categories for which the ncRNAs were classified. Yellow rectangles
represent the biological processes categories, pink rectangles represent the IncRNAs and the blue

rectangles represent the pseudogenes. Each RNA is connected with its categories by an edge. The

categories “cell cycle” and “mitosis” were put together in a single node.

In addition, the chromosomal position of the genes coding for the mRNAs was investigated

in order to verify the possibility of existence of cis regulatory sequences shared between the protein
coding gene and the ncRNA gene. In the majority of the cases, however, the protein coding gene
was placed in a chromosome different than the ncRNA gene (Supplemental Material 3). In the cases
where both genes were located in the same chromosome, the distance between them were at least 5

Mb, except for seven cases, where the distance were of 1 Mb or less. These observations reinforces
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that the occurrence of expression positive correlation is due to participation in a common cellular
process not pervasive transcription.

Networks for each of the 10 ontology categories were constructed in order to best elucidate
the role of the IncRNAs and pseudogenes in each biological process (Figure 5 and Supplemental
material 4, Figure S1). In the ribosome biogenesis category, in addition to be correlated with
mRNAs coding for proteins involved in the ribosome biogenesis pathway (Supplemental Material 4,
Figure S2), the ncRNAs were positively correlated to RNAs that code for ribosome proteins, like
RPL7A, RPL11, RPS6, RPS7, RPS16, RPS19 and RSL24D1, most of them part of the small
subunit and upregulated in ESCs (Figure 5A and Figure 6). The ncRNAs associated with this
category also showed positive correlation with some small nucleolar RNAs (Figura 5A), a RNA

class associated with ribosome assembly.
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Figure 5: Networks representing some of the identified ontology categories. A, ribosome biogenesis.

B, DNA repair and response to DNA damage stimulus. C, apoptosis. D, RNA splicing. Red elipses
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represent protein-coding mRNAs, pink rectangles represent IncRNAs, blue rectangles represent

pseudogenes and green rectangles represent snRNAs.
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Figure 6: Proteins integrating the ribosome subunits. mRNAs coding for proteins highlighted in red
are among the RNAs whose expression is positively correlated with the ribosome

biogenesis-associated ncRNAs. Ilustration adapted from the KEGG PATHWAY database.

In the case of DNA repair and response to DNA damage stimulus category (Figure 5B),
mRNAs coding for proteins involved in the base excision repair, nucleotide excision repair,
mismatch repair and homologous recombination pathways were among the RNAs whose expression

is positively correlated with the analyzed ncRNAs (Supplemental material 4, Figures S3, S4, S5 and

S6).
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The apoptosis network includes RNAs coding for proteins directly involved in the p53
signaling pathway, like PMAIP1, CASP3 and CASP8 (Figure 5C and Supplemental material,
Figure S7). Besides, mRNAs coding for proteins associated with negative (n=18) and positive
(n=28) regulation of apoptotic process are also present in the network.

In the RNA splicing category, most of the mRNAs positively correlated to the pseudogenes
and IncRNAs code for spliceosome constituent proteins, like SRSF7, SRSF3, SNRPG, SNRPB,
SNRPE, PRPF6 and DDX23 (Figure 5D and Supplemental Material, Figure S8).

The mitosis and cell cycle networks are very related to each other as many ncRNAs and
correlated mRNAs are common to both categories. Among the mRNAs present in these two
networks are those coding for cell cycle key proteins, as cyclins (CCNA1, CCNB2 and CCNE1),
checkpoint related proteins (CHEK1, MAD1L1 and MAD2L1), transcription factors (E2F1 and
FOXM1), and components of some complexes important for the mitosis progression, like
chromosomal passenger complex (AURKC and INCENP) and the anaphase promoting
complex/cyclosome, ANAPC11 (Supplemental material 4, Figures S9). At least three of the
ncRNAs classified in the mitosis and cell cycle categories (CTD-2501M5.1, POUSF1P3,
RP11-6918.2) are positively correlated to chromosome segregation associated proteins.

Many ncRNAs associated with chromatin organization are related with nucleosome
organization, since they were observed as positively correlated with mRNAs coding for histones
(HIST1H2BL, HIST1H2BN, HIST1H2BA, HIST1H3J, HIST1H2AG, HIST2H2AB, H2AFZ,
H3F3B), histone methyltransferases (SUV39H1, SUV39H2, EHMT1, CARMI1, MEN1 and
SETD1A), a histone deacetylase (HDAC7) and a histone demethylase (KDM4A), (Supplemental

material 4, Figure S1).
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In the cytoskeleton organization category, ncRNAs showed correlation to mRNAs coding for
proteins related to actin (PFN1, MYH9 CCN2, DIAPH3, ACTN4, CAPZB and LIMA1) and
microtubule (SASS6, TUBGCP2, TUBGCP6 and SPC25) cytoskeleton organization (Supplemental
material 4, Figures S10 ).

The regulation of cell differenciation network comprises at least 18 nodes involved in the
negative regulation of differentiation, including NANOG, FGF4, DMNT3D and NODAL. The
network of embryonic development include mRNAs involved in the blastocist development
(NODAL, NASP, FOXD3, BRCA?2) and stem cell population maintenance (NODAL, NOTCHI,

ZNF358, FOXD3, NANOG, FGF2, FGF4) (Supplemental material 4, Figure S1).

3.3. ncRNA protein binding prediction

The ncRNAs classified in the 10 categories were selected for a protein binding prediction
analysis. As the used algorithm applies predictions of secondary structure, hydrogen bonding and
van der Waals’ contributions to estimate the binding propensity of RNA molecules, it was
necessary to firstly investigate which isoforms of the selected ncRNAs were expressed in ESCs. It
was observed that, for many IncRNAs and pseudogenes, more than one isoform is expressed in
ESCs. Altogether, 16 of the studied ncRNAs presented more than one isoform and LINC00698 was
the ncRNA with the largest number, with six detected transcripts. (Supplmental material 5).

In the analysis of potential binding of the ncRNAs to proteins, four ncRNAs were observed
to have high protein bind potential: LINC00458, POU5F1P3, CTD-2501M5.1 and LNCPRESS1
Seven proteins were detected as possible targets ncRNAs: SRSF2, SRSF3, SRNPA, SSRP1 and

PCBP1 (Figure 7).
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Figure 7: Proteins putatively bounding the ncRNAs in the study. Green rectangles are proteins, pink

rectangles are IncRNAs and blue rectangles are pseudogenes.

4. Discussion

The human genome contains several segments transcribed into RNAs not translated into
proteins and many of these RNAs have been shown to play important roles in the cells. However, a
larger number of ncRNAs have their cellular functions barely known, even in the widely studied

human ESCs. In this sense, the expression and potential function of IncRNAs and pseudogenes was
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investigated in these cells and, to the best of our knowledge, this is the first large scale study on
ncRNAs expressed in ESCs that includes pseudogenes.

Considering the ncRNAs expressed in ESCs, a total of 317 IncRNAS and 585 pseudogenes
were identified as upregulated in these cells (main dataset). In addition, all IncRNAs previously
detected in ESCs were observed in this study, except for FLLJ11812 and IncRNA_ES2. A similar
number of IncRNAs (n=300) was detected in a previous study, where 78 were reported as biasedly
expressed in human ESCs!”. These authors, however, investigated only intergenic IncRNAs
(lincRNAs). On the other hand, we detected 87 IncRNAs that can be classified as ESC-associated
IncRNAs, from which only 25 were among those observed on the previous study as ESC-specific.
In addition, we also observed other classes of IncRNAs aside from lincRNAs. This differences may
be due to the type of RNA-seq datasets applied by these authors, which have low replicates number
and single end reads. Our data, on the other hand, have high number of replicates and paired end
reads, which can confer higher confidence to the results. Regarding to pseudogenes, two RNAs
previously reported as non-expressed in ESCs, NANOGP1 and NANOGPS8, were detected in our
analysis®®.

Many of the detected ncRNAs presented expression levels compared to those observed for
important genes in the ESC context, like NANOG, which codes for a major ESC transcription
factor. Considering this, is tempting to propose that these highly expressed ncRNAs may have an
important function in these cells. In fact, the evaluation of potential function of selected ncRNAs
revealed that some of these RNAs seem to be related to ESC-important processes whereas others
may be associated to more basic and general cell functions.

At least four ncRNAs seems to be related to cell differentiation regulation. The pseudogenes

POUSF1P3 and POU5SF1P4 and the IncRNAs LINC00458 and LINC-ROR were observed to be
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positively correlated to mRNAs coding for negative regulators of cell differentiation. The
observation of LINC00458 and LINC-ROR as associated to this ontology is in agreement with
previous studies that reported these two IncRNAs as acting in the embryonic stem state

maintenance!1?

. This result may indicate our method of function evaluation is effective in
detecting the cell processes the ncRNAs are associated with. This presumption is also corroborated
by the fact that many gene ontologies observed here, like mitosis, cell cycle, embryonic
development and ribosome biogenesis, were also detected by Tang et al. (2013), in their study on
ESCs lincRNAs'.

Considering the biological characteristics of the ESCs, we supose some ncRNAs may be
associated to ESCs-particular processes. ESCs proliferate intensively in culture and present
particular cell cycle characteristics, like an abbreviated cycle due to a G1 phase shorter than the
observed in differentiated cells*”*®. Moreover, these cells present low frequency of mutations and
elevated DNA repair capacity compared with their differentiated couterparts®*3°, Levels of base
excision and mismatch repair related mRNAs are higher in ESCs compared to differentiated cells,
even when ESCs are not challenged with damage inducers?>3!. In the case of nucleotide excision
repair, there is not differential expression, but repair kinetics of ESCs is significantly faster?. In
addition, homologous recombination is prevalent over non-homologous end joining in this cell
type32. Considering the apoptotic process, ESCs seem to be primed to this mechanism. These cells
present constitutively activated Bax in their cytoplasm, even when no programmed cell death
stimulus is present®®. However, activated Bax is not free, but stucked at the Golgi complex and the

translocation to the mitochondria only occurs by the action of p5323. Moreover, the mitocondrias

from these cells are also highly primed towards apoptosis when compared to differentiated cells®*.
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In our guilty by association analysis, ncRNAs were observed associated to mRNAs coding
for G1/S, S and M cyclins and proteins of complexes important for the mitosis progression. In the
case of DNA repair-associated ncRNAs, there is positive correlation with proteins part of
homologous recombination, mismatch repair, nucleotide and base excision repair, the exactly DNA
repair pathways upregulated in ESCs. Regarding to ncRNAs related to apoptosis, they are
correlated with mRNAs coding both pro- and anti-apoptitic proteins, in line with the apoptose
primed condition of ESCs. Considering that, the ncRNAs associated to cell cycle, mitosis, DNA
repair, DNA damage response and apoptosis are possibly associated to mechanisms particular to the
ESCs.

In addition to these mechanisms, ncRNAs were also associated to basic cell processes, like
ribosome biogenesis, RNA splicing, chromatin organization and cytoskeleton organization.
However, as it is known that some genes have ESC-specific transcribed isoforms and the ESCs
chromatin is enriched in bivalent promoters, i.e. silent, but poised to expression when the cells
differentiate, it is not discarded that these ncRNAs may also play roles in ESC-especific
mechanisms related to splicing and chromatin organization3>-3%

Regarding to splicing associated ncRNAs, LINC00458 called our attention due to some
characteristics similar to the IncRNA MALAT]1, that was previously reported to act both in splicing
and cell cycle. This IncRNA is enriched in cell nucleus, specifically in the nuclear speckles,
subnuclear domains enriched in splicing factors, mainly due to its interaction with the proteins
PRP6 and SON3%, Moreover, MALAT1 physically interacts with splicing factors like SRSF1,
SRSF2 and SRSF3 and modulate its localization to nuclear speckles*. In adition to its function in
RNA splicing, MALAT1 is involved with cell cycle progression, specifically the G1/S transition

and mitosis entering*'. The role of MALATT1 in the cell cycle seems to be due to its regulation on
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the transcription factor B-MYB alternative splicing, since depletion of MALAT1 resulted in
alteration in the B-MYB mRNA and protein levels and aberrant splicing, together with reduction of
FOXM1 transcript levels*:. B-MYB, in turn, was previously reported to be important for the
recruitment of FOXM!1 to the promoter of mitotic genes*.

In the case of LINC00458, this IncRNA is transcribed in four different isoforms and all of
them potentially bind to at least one of the spliceosome associated proteins SRSF2, SSRP1 and
SNRPA. LINCO00458 was also associated to cell cycle and positively correlated to important
transcription factors, like E2F1 and FOXM1, and the nuclear speckle-associated protein PRP6. In
addition, previous studies in ESCs reported LINC00458 as predominantly located at the cell
nucleus!!. Therefore, considering the similarities of LINC00458 with MALAT1 and its previous
reported role in stemness maintenance, we propose LINC00458 as an interesting target of further
studies on ESC-specific splicing mechanisms and as starter point of studies to elucidate the roles

played by ncRNAs em ESCs.

5. Conclusions

ESCs presents a large number of upregulated IncRNAs and pseudogenes in comparison to
differentiated cells. The bioinfomatics analysis of a subgroup of these molecules revealed their
putative association with biological processes like mitosis, cell cycle, embryo development,
ribosome biogenesis,RNA splicing, chromatin organization, DNA repair and response to DNA
damage stimulus, apoptosis, cytoskeleton organization and regulation of cell. In adition, some of the
investigated RNAs presented high potential to bind to proteins associated with RNA splicing,

apoptosis and DNA damage response.
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The observations of this study shifts the attention to a poorly known part of the ESCs biology
and provides directions to future experiments to elucidate the function of ncRNAs in this cellular
context. ncRNAs expression modulation assays and the concomitant observation of the positively
correlated mRINAs response to these alterations are the next step in the unraveling of the specific

molecular mechanisms through which ncRNAs exert their roles in ESCs.
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Supplemental Material 1 (Adapted from the original Excel sheets)

Table 1: 50 most upregulated IncRNAs in embryonic stem cells from the main dataset.

Ensembl Gene ID Gene Name Gene Type log>FC p value adjusted p value
ENSG00000232301 LNCPRESS1 antisense 9.66992288162666  3.66004666171958e-27  1.92723502013333e-26
ENSG00000225937 PCA3 antisense 3.26291243025736  0.000249657421655156  0.000506638541447119
ENSG00000234380 LINCO01426 antisense 2.60935988414355  0.0166671376279974 0.0260514781153361
ENSG00000228962 HCG23 antisense 2.12838191311767  0.0237483732061736 0.035897962220637
ENSG00000248008 NRAV antisense 1.30346435944361  2.59445565078132e-12  8.88454807648786e-12
ENSG00000233384 RP11-100E13.1 bidirec;oclzl\gomoter 3.28428316511004  0.00317353017233328 0.00559242847358338
ENSG00000249152 LNCPRESS?2 lincRNA 9.32757604765559  2.06868887786274e-19  8.99904466293286e-19
ENSG00000254934 LINCO00678 lincRNA 8.98002898156571  1.6115487870555e-80 1.96637858725471e-79
ENSG00000280707 RP11-568A7.4 lincRNA 8.59488779574113  7.1249646207954e-28 3.81697038225121e-27
ENSG00000236673 RP11-6918.2 lincRNA 8.52608710440864  1.43149417315855e-34  8.87433980291872e-34
ENSG00000253507 CTD-2501M5.1 lincRNA 8.23164610036708  4.48971394010088e-19  1.93171879789398e-18
ENSG00000258609 LINC-ROR lincRNA 8.18003204809258  2.99924275887274e-15  1.14983297596234e-14
ENSG00000274090 RP11-415G4.1 lincRNA 7.38060314436838  3.64181663295141e-15  1.3917672834635%-14
ENSG00000234787 LINCO00458 lincRNA 7.32870792592889  9.20594365453137e-42  6.47828603896031e-41
ENSG00000234261 RP11-14612.1 lincRNA 7.30004497926441  8.3733339927582e-15 3.15857326168601e-14
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ENSG00000253230 LINCO00599 lincRNA 7.02403603187471  4.39431470757041e-23  2.10478456552133e-22
ENSG00000248131 LINCO01194 lincRNA 6.96079775576223  1.46506648419699%-32  8.69928184069831e-32
ENSG00000237923 XXbac-BPG27H4.8 lincRNA 6.69601662532708  2.06834553533478e-12  7.10452539656545e-12
ENSG00000274652 RP11-457D13.4 lincRNA 6.64237075223624  3.56531904567749e-12  1.21455187771999%-11
ENSG00000227640 SOX21-AS1 lincRNA 6.56875484972313  3.00215882732538e-10  9.35010397079628e-10
ENSG00000226673 LINCO01108 lincRNA 6.50466115793817  9.82550296443354e-20  4.32258586357699e-19
ENSG00000244342 LINCO00698 lincRNA 6.29513391964392  1.19631519202551e-30  6.80287071578145e-30
ENSG00000231698 AP002856.5 lincRNA 6.2770930677899  7.65030799993716e-11  2.45284619809454e-10
ENSG00000241168 RP11-10022.1 lincRNA 6.13316609191821  1.87682325107712e-17  7.68330401130519e-17
ENSG00000226506 AC007463.2 lincRNA 6.13264567655256  4.38526032816843e-09  1.28626949546672e-08
ENSG00000231566 RP5-1158E12.3 lincRNA 6.13094714751483  2.37686003444561e-10  7.43739663102234e-10
ENSG00000281383 CH507-513H4.5 lincRNA 6.1023509967848  1.28799740078705e-05 2.9905205952143e-05
ENSG00000269877 CTD-3022G6.1 lincRNA 5.82237494145826  2.67579651502381e-08  7.52541841589643e-08
ENSG00000229271 AC091493.2 lincRNA 5.77622312886619  3.45353193928336e-08  9.65534077245315e-08
ENSG00000233393 AP000688.29 lincRNA 5.70401155698609  5.5433639216066e-09 1.61811119943053e-08
ENSG00000249790 RP11-20D14.6 lincRNA 5.63505429702534 2.79354965377037e-138  6.13416162037055e-137
ENSG00000253252 RP11-10A14.6 lincRNA 5.62278089581703  8.30199879969647e-08  2.26255625413312e-07
ENSG00000225783 MIAT lincRNA 5.60565675819002 3.06898006948017e-214  1.20587650094665e-212
ENSG00000227838 RP1-213J1P B.1 lincRNA 5.60332060805428 1.47938194744114e-11  4.90702756479561e-11
ENSG00000258649  CTD-2142D14.1 lincRNA 5.59256199075941  1.15620401748337e-08 3.3156836095966e-08
ENSG00000197462 AC005276.1 lincRNA 5.53386497139634  1.41803313860994e-07  3.80519543408052e-07
ENSG00000203635 AC144450.2 lincRNA 5.48881711374466  2.35705563451102e-08  6.65018409902825e-08
ENSG00000255666 RP11-867G2.6 lincRNA 5.4581080313201  2.82701207277417e-08  7.93975556513178e-08

63



ENSG00000248605 CTD-2306M5.1 lincRNA 5.44548027746923  7.8313774747783e-20 3.45367554438764e-19
ENSG00000228592 D21S2088E lincRNA 5.43969255086136  5.3372596676314e-08 1.47376069909091e-07
ENSG00000262370 RP11-473M20.9 lincRNA 5.392479057566 2.72342432621498e-07  7.17602090861616e-07
ENSG00000267530 LINCO01836 lincRNA 5.2793669456642  5.32587255093406e-07  1.37546777294233e-06
ENSG00000225077 LINCO00337 lincRNA 5.24077072291107  8.62845621801421e-13  3.00839671575654e-12
ENSG00000261786 RP4-555D20.2 lincRNA 5.2291014211142  6.70190446748385e-07  1.71901480496687e-06
ENSG00000250993 RP11-404J23.1 lincRNA 5.20500735656894  7.42190254474316e-07 1.8969860030603e-06
ENSG00000273209 RP11-107N15.1 lincRNA 5.18811921805742  1.67003114050442e-07  4.46344084470413e-07
ENSG00000261757 AC005592.3 lincRNA 5.1509735342722  1.22796915536194e-17  5.05492295270779e-17
ENSG00000278041 RP5-984P4.6 lincRNA 5.1236985243595  1.24409515863112e-06  3.13080501885344e-06
ENSG00000235152 RP5-865N13.2 lincRNA 5.11432946671105  2.74801486089081e-07  7.23964670306653e-07
ENSG00000277200 RP11-74E22.8 lincRNA 4.98927148330316  3.19401527412296e-09  9.44579175171297e-09
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Table 2: 50 most upregulated pseudogenes in embryonic stem cells from the main dataset

Ensembl Gene ID Gene Name Gene Type log,FC p value ajusted p value
ENSG00000204121 ECEL1P1 Unprocessed pseudogene  7.86408241161352  3.28814324845047e-14  1.21288356697249e-13
ENSG00000224557 HLA-DPB2 Transcribed unprocessed 7.83112207679643  3.56824681183917e-17  1.44805362789178e-16

pseudogene
ENSG00000232293 PAICSP7 Processed pseudogene 7.19194770209906  4.31796123500801e-12  1.46513634256969e-11
ENSG00000179899 PHC1P1 Processed pseudogene 6.7883990197443  1.24094085731836e-35  7.86627856205766e-35
ENSG00000265735 RN7SL5P miscRNA 6.23014201058318  2.1211433282628e-10 6.65957422638817e-10
ENSG00000237227 RP5-1155K23.4 Processed pseudogene 6.19438664233223  2.96022837369424e-09  8.76949526926731e-09
ENSG00000231001  CCNBI1IP1P3 Processed pseudogene 5.99103861936496 6.72137533169675e-10  2.06129752353304e-09
ENSG00000213612 FAM220CP Processed pseudogene 5.81113956220569  1.10834623862535e-15  4.30830016471369e-15
ENSG00000226539 ACO012512.1 Processed pseudogene 5.80251426361997  1.49733402527702e-22  7.08872706877561e-22
ENSG00000235602 POUSF1P3 Processed pseudogene 5.78387120332948  3.00483226687036e-09  8.89840224722029¢-09
ENSG00000233309 RPS6P12 Processed pseudogene 5.77035687108904  3.19381303813027e-09  9.44579175171297e-09
ENSG00000276170 AC124789.1 Processed transcript 5.76009977297457  3.7354961636718e-09 1.1004278305324e-08
ENSG00000233966 UBE2SP1 Processed pseudogene 5.65777300114222  6.35346628068112e-08  1.74433180019171e-07
ENSG00000224664 RPL36AP53 Processed pseudogene 5.63973478796982  7.70807900253316e-08  2.10596766455286e-07
ENSG00000207220 RNU1-57P snRNA 5.60154526324832  8.6708883638443%-08  2.36052898829621e-07
ENSG00000225366 TDGF1P3 Transcribed processed 5.44253335482373  1.84579723940816e-19 8.0465916503545e-19

pseudogene
ENSG00000270524 QTRT1P1 Processed pseudogene 5.43983160603056  9.11111589838937e-14  3.30588016795433e-13
ENSG00000251947 RN7SKP164 miscRNA 5.43254901619106  2.16516273613455e-07  5.74024794253534e-07
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ENSG00000277103 RP11-520B13.8 Processed pseudogene 5.32969799067417  1.55494816817991e-46  1.17855542217759e-45
ENSG00000225728  RP6-191P20.3 Processed pseudogene 5.29239984394631 4.58201078819272e-07 1.1889995728846e-06
ENSG00000270354 RP11-547M24.1 Processed pseudogene 5.27695109982462  4.83539897058523e-07  1.25256205622808e-06
Transcribed unprocessed
ENSG00000229150 CRYGEP 5.12602208042091  1.27716000606816e-06  3.21153858437718e-06
pseudogene
ENSG00000235001 EIF4A1P2 Processed pseudogene 5.12350174080167  1.23193423904502e-06  3.10187513674414e-06
Transcribed unprocessed
ENSG00000176654 NANOGP1 5.1202326847204  1.36560349403265e-09  4.12409223891546e-09
pseudogene
ENSG00000227097 RPS28P7 Processed pseudogene 5.11345170423073  1.1166937549047e-09 3.38837324460071e-09
ENSG00000225573 RPL35P5 Processed pseudogene 5.08509579346198  1.50816771913459¢-09 4.5453841946818e-09
ENSG00000255192 NANOGPS8 Protein coding 5.08253565328283  2.56895469929503e-17  1.04668715799078e-16
Transcribed unprocessed
ENSG00000244280 ECEL1P2 5.0674578204859  3.89554786502419e-07  1.01611622374796e-06
pseudogene
ENSG00000237158 RP11-472F14.4 Processed pseudogene 5.02569179264134  2.38534192636282e-06  5.87820260978103e-06
ENSG00000233762 AC007969.5 Processed pseudogene 5.01726701128388  2.32581260827961e-09  6.92778993664895e-09
ENSG00000188801 ZNF322P1 Processed pseudogene 4.98556686749698  1.13169339791208e-16 ~ 4.51791818420655e-16
ENSG00000213763 ACTBP2 Processed pseudogene 4.94393313639276  3.6998368723913e-06 8.9860757016461e-06
ENSG00000265260 RN7SL74P miscRNA 4.89412914166562  9.49783846501121e-07 2.41022321877319e-06
ENSGO00000159712  ANKRD18CP Unprocessed pseudogene  4.89137605199483 1.21170582601285e-225  5.19903004349167e-224
Transcribed processed
ENSG00000231345 BEND3P1 4.85782702585277  4.17196265009551e-06  1.00928298474416e-05
pseudogene
ENSG00000242477 CTD-2161E19.1 Processed pseudogene 4.80510577130715  5.36496949716478e-06  1.28645798649794e-05
ENSG00000216802  RP11-390P2.2 Processed pseudogene 4.78184906794015  6.24888172610063e-06  1.49118238778512e-05
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ENSG00000223703 AC027612.4 Unprocessed pseudogene  4.75586676006984  6.91934925430349e-06  1.64444713480979e-05
ENSG00000204959  ARHGEF34P Unprocessed pseudogene  4.75181723222866  2.02468024743675e-08  5.73322863925981e-08
ENSG00000249239 RP11-428L.21.2 Processed pseudogene 4.6963718666409  3.18843561814103e-10  9.91890242030686e-10
ENSG00000268034 AC005795.1 Processed pseudogene 4.68286541367784  1.00208377508326e-05  2.34787883352602e-05
ENSG00000222375 RN7SKP127 miscRNA 4.65901838234247  3.88446600626061e-06  9.41895024776633e-06
ENSG00000227939 RPL3P2 Processed pseudogene 4.65646795018941  1.11968597358888e-05 2.6136678874481e-05
Transcribed processed
ENSG00000214182 PTMAP5S 4.64359520962292  2.76415282147476e-16  1.09228026052032e-15
pseudogene
Transcribed processed
ENSG00000248590 GLDCP1 4.58845838424879  5.73702979857372e-06  1.37356360694167e-05
pseudogene
ENSG00000261963 CCDC92B Unitary pseudogene 4.55536040151256  1.78067524436783e-05  4.08304832016141e-05
ENSG00000256663 RP11-424C20.2 Processed pseudogene 4.54592202359548  1.85576250114971e-05  4.24835989536146e-05
Transcribed unitary
ENSG00000197847 SLC22A20 4.52550720476684  8.4524564669086e-06 1.99184186314593e-05
pseudogene
Transcribed processed
ENSG00000267102 RP11-686D22.7 4.50863898782389  8.53786567591368e-06  2.01109789388208e-05
pseudogene
ENSG00000240327 RN7SL93P miscRNA 4.48881166713518  2.61238084024887e-05  5.89858648750474e-05
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Table 3: 50 most upregulated genes in embryonic stem cells from the main dataset. ncRNAs are highlightes in yellow

Gene ID Associated Gene Name log>FC pvalue padj
ENSG00000240563 L1TD1 9,980616933 0 0
ENSG00000232301 LNCPRESS1 9,669922882 3,66005E-13 1,92724E-12
ENSG00000069482 GAL 9,614651401 1,5907E-06 7,14733E-06
ENSG00000129354 AP1M2 9,614477847 8,10147E-13 4,21964E-12
ENSG00000182866 LCK 9,415840678 9,57692E-06 4,21436E-05
ENSG00000162551 ALPL 9,403778439 1,60172E-11 8,11345E-11
ENSG00000164626 KCNK5 9,392900829 1,18948E-06 5,21398E-05
ENSG00000249152 LNCPRESS2 9,327576048 2,06869E-05 8,99904E-05
ENSG00000171246 NPTX1 9,290827847 2,88501E-05 1,24985E-05
ENSG00000039068 CDH1 9,264121231 6,41545E-81 9,20779E-80
ENSG00000277048 AL353644.10 9,133461799 0,001817052 0,007441411
ENSG00000121570 DPPA4 9,072972656 0 0
ENSG00000130182 ZSCAN10 9,034770028 2,26033E-09 1,09243E-08
ENSG00000164265 SCGB3A2 9,007041565 3,27553E-09 1,57492E-08
ENSG00000254934 LINCO00678 8,980028982 1,61155E-67 1,96638E-65
ENSG00000133980 VRTN 8,966216587 1,55202E-49 1,53658E-48
ENSG00000226792 LINCO00371 8,886388097 0,000981733 0,004053558
ENSG00000265992 ESRG 8,78345927 4,7018E-63 5,44215E-62
ENSG00000111319 SCNN1A 8,687168422 1,63552E-14 8,87533E-14
ENSG00000179059 ZFP42 8,681352072 9,9259E-132 2,3266E-130
ENSG00000280707 RP11-568A7.4 8,594887796 7,12496E-15 3,81697E-13
ENSG00000166105 GLBIL3 8,573354335 7,55554E-07 3,42121E-06
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ENSG00000131203 IDO1 8,543103271 1,61724E-13 8,58635E-13
ENSG00000236673 RP11-6918.2 8,526087104 1,43149E-20 8,87434E-20
ENSG00000167600 CYP2S1 8,525363448 2,50038E-20 1,5448E-19
ENSG00000111704 NANOG 8,514395971 2,75116E-73 3,62806E-72
ENSG00000163735 CXCL5 8,458685705 6,235E-13  3,26415E-12
ENSG00000198286 CARD11 8,333132509 1,29569E-05 5,67727E-05
ENSG00000043355 71C2 8,301176868 7,34987E-12 3,75568E-12
ENSG00000156959 LHFPL4 8,287475518 0,128202144 0,497451742
ENSG00000253507 CTD-2501M5.1 8,2316461 4,48971E-05 0,000193172
ENSG00000179046 TRIML?2 8,187486872 1,49231E-38 1,25133E-37
ENSG00000241186 TDGF1 8,186408192 0 0

ENSG00000258609 LINC-ROR 8,180032048 0,299924276 1,149832976
ENSG00000067840 PDZD4 8,027746656 3,6201E-43 3,29349E-42
ENSG00000088836 SLC4A11 8,022412622 1,001998777 3,766666367
ENSG00000164076 CAMKYV 8,013633384 5,22358E-10 2,56443E-09
ENSG00000230798 FOXD3-AS1 7,985679468 7,89799E-10 3,8594E-09
ENSG00000147676 MAL?2 7,94376526 8,21207E-29 5,86612E-28
ENSG00000148357 HMCN?2 7,8803099 3,02649094 11,18010885
ENSG00000205358 MT1H 7,871593301 0,002288143 0,00934373
ENSG00000204121 ECEL1P1 7,864082412 3,288143248 12,12883567
ENSG00000243004 AC005062.2 7,843155626 9,84467E-28 6,92478E-28
ENSGO00000101194 SLC17A9 7,83777035 4,035257648 14,84443812
ENSG00000224557 HLA-DPB2 7,831122077 0,003568247 0,014480536
ENSG00000279560 AC007326.1 7,782175929 0,662044289 24,16124971
ENSG00000149418 ST14 7,768597673 0,006918156 0,002780547
ENSG00000243709 LEFTY1 7,731011253 9,13906E-64 1,07807E-62
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ENSG00000141738 GRB7 7,722732728 0,011232262 0,004485761
ENSG00000160867 FGFR4 7,612559823 0,036378102 0,14314507
Table 4 : ncRNAs selected for the function evaluation analysis.

Gene ID Gene Name Gene type log,FC
ENSG00000253507 CTD-2501M5.1 lincRNA 8.23164610036708
ENSG00000204121 ECEL1P1 unprocessed pseudogene 7.86408241161352
ENSG00000224557 HLA-DPB2 transcribed unprocessed pseudogene 7.83112207679643
ENSG00000234787 LINCO00458 lincRNA 7.32870792592889
ENSG00000254934 LINCO00678 lincRNA 8.98002898156571
ENSG00000226673 LINCO01108 lincRNA 6.50466115793817
ENSG00000258609 LINC-ROR lincRNA 8.18003204809258
ENSG00000232301 LNCPRESS1 antisense 9.66992288162666
ENSG00000249152 LNCPRESS2 lincRNA 9.32757604765559
ENSG00000176654 NANOGP1 transcribed unprocessed pseudogene 5.1202326847204
ENSG00000235602 POUSF1P3 processed pseudogene 5.78387120332948
ENSG00000237872 POUSF1P4 processed pseudogene 3.33709498816713
ENSG00000274090 RP11-415G4.1 lincRNA 7.38060314436838
ENSG00000280707 RP11-568A7.4 lincRNA 8.59488779574113
ENSG00000236673 RP11-6918.2 lincRNA 8.52608710440864
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Table 5: IncRNAs commonly expressed in the four analyzed datasets. Information on log2FC, p value and adjusted p value are from the main dataset.

Ensembl Gene ID Gene Name log2FC p value Adjusted p value
ENSG00000232301 = LNCPRESS1 9.66992288162666 3.66004666171958e-27  1.92723502013333e-26
ENSG00000249152  LNCPRESS2 9.32757604765559  2.06868887786274e-19  8.99904466293286e-19
ENSG00000254934 LINCO00678 8.98002898156571  1.6115487870555e-80  1.96637858725471e-79
ENSG00000280707 RP11-568A7.4  8.59488779574113  7.1249646207954e-28  3.81697038225121e-27
ENSG00000236673 RP11-6918.2 8.52608710440864 1.43149417315855e-34  8.87433980291872e-34
ENSG00000253507 CTD-2501M5.1  8.23164610036708 4.48971394010088e-19  1.93171879789398e-18
ENSG00000258609 LINC-ROR 8.18003204809258  2.99924275887274e-15  1.14983297596234e-14
ENSG00000274090 RP11-415G4.1  7.38060314436838 3.64181663295141e-15  1.39176728346359¢-14
ENSG00000234787 LINCO00458 7.32870792592889  9.20594365453137e-42  6.47828603896031e-41
ENSG00000234261  RP11-14612.1 7.30004497926441  8.3733339927582e-15  3.15857326168601e-14
ENSG00000248131 LINCO01194 6.96079775576223  1.46506648419699%-32  8.69928184069831e-32
ENSG00000237923 XXbac-BPG27H4.8 6.69601662532708 2.06834553533478e-12  7.10452539656545e-12
ENSG00000274652 RP11-457D13.4  6.64237075223624 3.56531904567749e-12  1.21455187771999e-11
ENSG00000226673 LINCO01108 6.50466115793817 9.82550296443354e-20  4.32258586357699%€-19
ENSG00000244342 LINCO00698 6.29513391964392  1.19631519202551e-30  6.80287071578145e-30
ENSG00000231698 AP002856.5 6.2770930677899  7.65030799993716e-11  2.45284619809454e-10
ENSG00000241168 RP11-10022.1  6.13316609191821 1.87682325107712e-17  7.68330401130519e-17
ENSG00000226506 AC007463.2 6.13264567655256  4.38526032816843e-09  1.28626949546672e-08
ENSG00000229271 AC091493.2 5.77622312886619 3.45353193928336e-08  9.65534077245315e-08

ENSG00000233393

AP000688.29

5.70401155698609

5.5433639216066e-09

1.61811119943053e-08
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ENSGO00000249790  RP11-20D14.6  5.63505429702534 2.79354965377037e-138 6.13416162037055e-137
ENSGO00000227838 RP1-213J1P__B.1 5.60332060805428 1.47938194744114e-11  4.90702756479561e-11
ENSGO00000258649 CTD-2142D14.1  5.59256199075941 1.15620401748337e-08  3.3156836095966e-08
ENSG00000197462 AC005276.1 5.53386497139634 1.41803313860994e-07  3.80519543408052e-07
ENSG00000203635 AC144450.2 5.48881711374466 2.35705563451102e-08  6.65018409902825e-08
ENSGO00000255666  RP11-867G2.6 5.4581080313201  2.82701207277417e-08  7.93975556513178e-08
ENSG00000248605 CTD-2306M5.1  5.44548027746923  7.8313774747783e-20  3.45367554438764e-19
ENSG00000225077 LINCO00337 5.24077072291107 8.62845621801421e-13  3.00839671575654e-12
ENSGO00000250993 RP11-404J23.1  5.20500735656894  7.42190254474316e-07  1.8969860030603e-06
ENSG00000278041 RP5-984P4.6 5.1236985243595  1.24409515863112e-06  3.13080501885344e-06
ENSGO00000235152  RP5-865N13.2  5.11432946671105 2.74801486089081e-07  7.23964670306653e-07
ENSG00000236714 LINCO01844 4.93640782802276  1.75688211029079%e-53  1.49545658668444e-52
ENSG00000250889 LINCO01336 4.70396454565071  3.10057752942985e-06  7.57161450085585e-06
ENSG00000253686 LINCO01484 4.60251278229943  5.62932559149013e-10  1.73290034140978e-09
ENSG00000236094 LINCO00545 4.59517403225715 1.39771798758928e-05  3.23446404895573e-05
ENSG00000269842  CTC-33909.1 4.55879164757735  1.6807221427673e-05  3.86145084475358e-05
ENSGO00000256969  RP11-320N7.2  4.52585411445475 2.03195742047498e-05  4.63579329886452e-05
ENSG00000260834  RP11-25619.2 4.50702516487852  4.63443460621265e-22  2.16485777914243e-21
ENSGO00000260362 RP11-297M9.1  4.49566762639093 1.65892191837915e-09  4.98592769504014e-09
ENSGO00000257086 RP11-783K16.13 4.31182688844693 2.18560905463858e-05  4.97105787489962e-05
ENSG00000251027 LINCO01950 4.22679624594743  1.0092694003712e-06  2.55601213533859¢e-06
ENSGO00000267055 RP11-486P11.1  4.17049052265183 4.45744157508285e-05  9.82147124027298e-05

ENSG00000250899

RP11-253E3.3

4.11841858513276

7.18495428689475e-106 1.15170902000828e-104
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ENSG00000234273 AC073071.1 4.05077321445091  8.38073827718507e-05  0.000179206199231596
ENSG00000241743 XACT 3.98602130995229 4.18446246406558e-06  1.01223194826396e-05
ENSGO00000230623 RP11-469A15.2  3.92993367075115 8.41944891217926e-23  4.00804557341416e-22
ENSG00000236481 LINCO02195 3.9226466492599  0.000358467651572773  0.00071492094790827
ENSG00000250994 AC005355.1 3.86602362633577  0.00034005357907739  0.000679940567301588
ENSG00000236605 AC023115.4 3.86047278984303 0.000483345604339297  0.000949305303632285
ENSGO00000250519 RP11-680H20.2  3.83608257384845 0.000214872422156536 0.000439049707650514
ENSGO00000250046  RP11-148B6.2  3.78930756200017  1.0152894855842e-16  4.06265101510973e-16
ENSG00000266402 SNHG25 3.69713789953123 0.000674736596338995  0.00130232897934982

ENSGO00000263571  CTC-304I117.5 3.68236936959442  0.000396285193707533  0.00078669164305316
ENSG00000229546 LINCO00428 3.6395005744131  0.000470135958033571  0.000924584671548043
ENSG00000224506 RP1-293L8.2 3.63186059305498  2.42169212444725e-06  5.9641794574937e-06

ENSGO00000229646 RP11-330A16.1 3.61062318947447  0.00113142258907898  0.00212184551741567
ENSG00000215866 LINCO01356 3.57107236881295  4.49187937814619e-10  1.38877800828737e-09
ENSG00000231689 LINCO01090 3.55892721526292  5.40668989987426e-15  2.05421501757848e-14
ENSG00000263082 LINCO02187 3.54491219333261 0.000702965657341104  0.00135489254728184
ENSGO00000258433 RP11-255M2.1  3.46947732075184  0.00181573961165814 0.0033147450408063

ENSGO00000236372  RP5-865N13.1  3.31873802002789  0.00017226510335097  0.000355932427679293
ENSGO00000238062  SPATA3-AS1 3.2669655506461  0.000235721724717378  0.00047934145578077
ENSG00000235532 LINCO00402 3.16969677983312  0.00471947684499018  0.00811270836943727
ENSG00000232650 LINCO01780 3.1681411904716  0.00285641317161219  0.00507026925139882

ENSG00000261175 LINCO02188 3.13892507750009  1.03215058597306e-10  3.29054685932362¢e-10
ENSGO00000250564  RP11-215P8.4  3.13527799801045 0.00337472976246327  0.00592810825284864
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ENSG00000237087 AC068134.6 3.12949516809452  0.0052509774628577 0.00896074611253422
ENSGO00000259203 RP11-209K10.2  3.08568793400865 0.00362001528940345  0.00633613855516183
ENSG00000230923 LINCO00309 3.08422681919391  0.00366324388180823  0.00640768410718393
ENSGO00000253170 RP11-431J17.1  2.87203072345707  0.00852526205858384 0.0140582221472087
ENSG00000280511 RP11-35J1.2 2.81388784430033 3.19998771384283e-08  8.96644630845242¢e-08
ENSG00000228648 RP11-568A7.2 2.7289551334825 0.0114260466680304 0.0184111367846688
ENSG00000267886 CTD-2291D10.4  2.7088826652323  7.58651511626577e-31  4.33143716692271e-30
ENSG00000260066 CTD-2587M23.1 2.62047496979668  0.0222326883047192 0.0337820158465118
ENSGO00000231510 RP11-542C10.1  2.59142850401942  0.0268829135364915 0.040252253532972
ENSGO00000266651  RP11-138I1.3 2.53554808129609  3.05419925511986e-15  1.17021490352234e-14
ENSG00000248927 CTD-2334D19.1  2.46609952821642  0.00016378219196658  0.000339328434777459
ENSG00000256288 RP11-277P12.10 2.41837691631284  0.00871112423130429 0.014345149707512
ENSGO00000272524  RP11-254F7.4  2.38062632950798  0.0108130636906067 0.017498545652262
ENSG00000225218 AP001628.6 2.34449885496519  0.00121766096524519  0.00227545732485468
ENSG00000236989 AC142119.1 2.27284792210048 0.00516064588306705  0.00881950221783237
ENSGO00000235215 RP11-145M4.2  2.04563089418597  0.0332363020971628 0.0488447086180826
ENSG00000281881 SPRY4-IT1 2.02167272231316  0.000390643757918068  0.000776247564723757
ENSGO00000254277 RP11-1144P22.1 10.9181451865458 2.59297076307388e-26  1.33901125029082e-25
ENSGO00000254339  RP11-267L5.1 10.3078417115964  5.0277242164638e-52  4.17723285282382e-51
ENSG00000233056 ERVH48-1 1.49519156520578  1.44590382795934e-30  8.21072205052667e-30
ENSGO00000281566 RP11-485F13.1 1.1894309879669  7.45027219663493e-19  3.18494747007756e-18
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Table 6: Pseudogenes commonly expressed in the four analized datasets. Information on log2FC, p value and adjusted p value are from the main

dataset.

Ensembl Gene ID Gene Name log2FC p value Adjusted p value
ENSG00000204121 ECEL1P1 7.86408241161352 3.28814324845047e-14 1.21288356697249e-13
ENSG00000224557 HLA-DPB2 7.83112207679643 3.56824681183917e-17 1.44805362789178e-16
ENSG00000232293 PAICSP7 7.19194770209906 4.31796123500801e-12 1.46513634256969¢-11
ENSG00000179899 PHC1P1 6.7883990197443 1.24094085731836e-35 7.86627856205766e-35
ENSG00000237227 RP5-1155K23.4 6.19438664233223 2.96022837369424e-09 8.76949526926731e-09
ENSG00000213612 FAM220CP 5.81113956220569 1.10834623862535e-15 4.30830016471369e-15
ENSG00000235602 POUSF1P3 5.78387120332948 3.00483226687036e-09 8.89840224722029e-09
ENSG00000224664 RPL36AP53 5.63973478796982 7.70807900253316e-08 2.10596766455286e-07
ENSG00000225366 TDGF1P3 5.44253335482373 1.84579723940816e-19 8.0465916503545e-19
ENSG00000277103 RP11-520B13.8 5.32969799067417 1.55494816817991e-46 1.17855542217759e-45
ENSG00000270354 RP11-547M24.1 5.27695109982462 4.83539897058523e-07 1.25256205622808e-06
ENSG00000229150 CRYGEP 5.12602208042091 1.27716000606816e-06 3.21153858437718e-06
ENSG00000176654 NANOGP1 5.1202326847204 1.36560349403265e-09 4.12409223891546e-09
ENSG00000255192 NANOGP8 5.08253565328283 2.56895469929503e-17 1.04668715799078e-16
ENSG00000244280 ECEL1P2 5.0674578204859 3.89554786502419e-07 1.01611622374796e-06
ENSG00000159712 ANKRD18CP 4.89137605199483 1.21170582601285e-225  5.19903004349167e-224
ENSG00000204959 ARHGEF34P 4.75181723222866 2.02468024743675e-08 5.73322863925981e-08
ENSG00000197847 SLC22A20 4.52550720476684 8.4524564669086e-06 1.99184186314593e-05
ENSG00000277883 NLRP3P1 4.37850136532689 1.0153598605451e-18 4.3202410954546e-18
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ENSG00000275585 CH17-11806.3 4.34843014623256 1.99487040006802e-05 4.55468207139508e-05
ENSG00000264164 RP11-640N20.6 4.33765105043286 2.04241188681723e-05 4.65866803551214e-05
ENSG00000226361 TERF1P5 4.30746894196695 2.99762074341093e-05 6.72888165226548e-05
ENSG00000228038 VNIR51P 4.24479093508731 7.60744620038334e-07 1.94349685732663e-06
ENSG00000185275 CD24P4 4.1399423576947 1.55668140354089¢-06 3.88955931959116e-06
ENSG00000260459 FTLP14 3.97030177459403 0.000235016518659508 0.000478056277552347
ENSG00000224039 CDYLP1 3.96075671017873 5.3444820327136e-06 1.28182773124845e-05
ENSG00000229670 PKP4P1 3.89406001897807 0.000161132499155186 0.000334220452446648
ENSG00000237398 HLA-DPA3 3.83466676487445 0.000215466462372864 0.000440180875267394
ENSG00000228649 AC005682.5 3.79781096591682 1.73075142625901e-28 9.38745773591515e-28
ENSG00000197744 PTMAP2 3.54042496108463 9.44051056314008e-22 4.3729827054568e-21

ENSG00000229132 EIF4A1P10 3.53911333595371 2.93733360655624e-20 1.30952781159577e-19
ENSG00000257150 PGAMI1P5 3.46476525559411 6.09364451331039e-06 1.45541423925544e-05
ENSG00000260860 RP11-61512.3 3.46393325215828 0.00103346146951156 0.001949508934918797
ENSG00000233834 AC005083.1 3.35076085431944 1.08490067142029e-06 2.74265846416965e-06
ENSG00000237872 POUSF1P4 3.33709498816713 1.07913297413687e-07 2.91929162150099e-07
ENSG00000251271 ALGIL7P 3.27145405360878 0.00191103022682522 0.00347839673149547
ENSG00000262943 ALOX12P2 2.81899300931399 3.13126007360727e-50 2.53262085517524e-49
ENSG00000228519 RP11-298C3.2 2.74917043361241 0.000553967984116206 0.00108092282881334
ENSG00000234232 RP11-353N4.5 2.68265289174379 0.0128336343659133 0.0204961520819664

ENSG00000184844 CYCSP45 2.67579676322105 0.0140992721505561 0.0223599705794336

ENSG00000236253 SLC25A3P1 2.42942783324207 0.0289633955702361 0.0431202257960673

ENSG00000226668 RP11-526D8.7 2.37125178010505 0.030319867621196 0.0449531997260723
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ENSG00000229020

AKR7A2P1

2.34724023773118

2.33287041730447e-09

6.94817886215685e-09

ENSG00000215086

NPM1P24

2.19978062668156

6.4024753951667e-06

1.52671895569257e-05

ENSG00000250071

CTD-2060C23.1

2.05210147552201

0.0127742504838565

0.020406302680963

ENSG00000239218

RPS20P22

1.91830158468737

1.84793941267911e-21

8.51162613948346e-21

ENSG00000215156

RP11-1023L17.2

1.87565645950208

3.32732128470582e-23

1.59934777842212e-22

ENSG00000229259

LRRC37A12P

1.86598083189539

0.0134636875180948

0.0214185785549735

ENSG00000235363

SNRPGP10

1.74430867004134

3.95152510634303e-14

1.45396887280046e-13

ENSGO00000259151

CAP2P1

1.34971477731055

4.22476632969737e-06

1.02145183411535e-05

ENSG00000229298

TUBBSP1

1.31321980100883

0.00359005493372604

0.00628774734195262
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Supplemental material 2

This supplemental material is too large and it was not included in this thesis. Please consult the

original Excel sheets.

Supplemental material 3 (Adapted from the original Excel sheets)

Table 1: Chromosome location evaluation of the genes whose mRNAs are positively correlated with

ncRNAs. Only the genes located in the same chromosome as the ncRNA they correlate with are

shown. Each ncRNA and its respective correlated genes are separated by different color stripes. For

further information, see the original Excel sheets.

Gene ID Gene name Chromosome Gene Start (bp) Gene End (bp)
ENSG00000253507 CTD-2501M5.1 8 131308545 131317632
ENSGO00000077782 FGFR1 8 38411138 38468834
ENSG00000168077 SCARA3 8 27633868 27676776
ENSG00000204121 ECEL1P1 2 232415818 232419816
ENSG00000138031 ADCY3 2 24819169 24919839
ENSG00000187833 C2orf78 2 73784189 73817147
ENSG00000144395 CCDC150 2 196639554 196763490
ENSG00000136720 HS6ST1 2 128236716 128318577
ENSG00000132326 PER2 2 238244038 238290102
ENSG00000206633 SNORAS80OB 2 10446714 10446849
ENSG00000224557 HLA-DPB2 6 33112451 33129084
ENSG00000156508 EEF1A1 6 73515750 73523797
ENSG00000145945 FAM50B 6 3849386 3851317
ENSG00000203908 KHDC3L 6 73362677 73364171
ENSG00000120253 NUP43 6 149724315 149749665
ENSG00000112494 UNC93A 6 167271169 167316019
ENSG00000234787 LINC00458 13 54115783 54132866

No correlated mRINA transcribed in the same chromosome.
ENSG00000254934 LINC00678 11 27617626 27634627
ENSG00000213465 ARL?2 11 65014113 65022184
ENSG00000075388 FGF4 11 69771016 69775403
ENSG00000149328 GLBI1L2 11 134331874 134378341
ENSG00000182208 MOB?2 11 1469457 1501247
ENSG00000182261 NLRP10 11 7959424 7965426
ENSG00000149782 PLCB3 11 64251523 64269150
ENSG00000126432 PRDX5 11 64318088 64321811
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ENSG00000149136 SSRP1 11 57325985 57335877
ENSG00000168439 STIP1 11 64185272 64204543
ENSG00000226673 LINC01108 6 14280127 14285454
ENSG00000137225 CAPNI11 6 44158811 44184402
ENSG00000124713 GNMT 6 42960758 42963880
ENSG00000203908 KHDC3L 6 73362677 73364171
ENSG00000137310 TCF19 6 31158542 31167159
ENSG00000232301 LNCPRESS1 7 101299613 101301270
ENSG00000070669 ASNS 7 97852118 97872542
ENSG00000160862 AZGP1 7 99966720 99976157
ENSG00000122783 C70rf49 7 135092363 135170795
ENSG00000004948 CALCR 7 93424487 93574730
ENSG00000133619 KRBA1 7 149714781 149734575
ENSG00000106399 RPA3 7 7636518 7718607

ENSG00000221740 SNORD93 7 22856613 22856686
ENSG00000196683 TOMMY7 7 22812628 22822852
ENSG00000166925 TSC22D4 7 100463359 100479279
ENSG00000154978 VOPP1 7 55436056 55572988
ENSG00000249152 LNCPRESS2 4 92268767 92277075
ENSG00000145247 OCIAD2 4 48885019 48906937
ENSG00000258609 LINC-ROR 18 57054559 57072119

No correlated mRNA transcribed in the same chromosome.

ENSG00000176654 NANOGP1 12 7890801 7900140

ENSG00000089692 LAG3 12 6772512 6778455

ENSGO00000037897 METTL1 12 57768471 57772793
ENSG00000166886 NAB2 12 57088894 57095476
ENSG00000139405 RITA1 12 113185526 113192368
ENSG00000166863 TAC3 12 57010000 57028883
ENSG00000235602 POU5F1P3 12 8133772 8134849

ENSG00000166535 A2ML1 12 8822472 8887001

ENSG00000123064 DDX54 12 113157174 113185479
ENSG00000126749 EMG1 12 6970893 6979941

ENSG00000139146 FAM60A 12 31280584 31327058
ENSG00000111206 FOXM1 12 2857681 2877155

ENSG00000151948 GLT1D1 12 128853427 128984968
ENSG00000188375 H3F3C 12 31791185 31792241
ENSG00000135486 HNRNPA1 12 54280193 54287088
ENSG00000111602 TIMELESS 12 56416373 56449403
ENSG00000136014 USP44 12 95516560 95551490
ENSG00000237872 POUS5SF1P4 1 155433178 155434262
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ENSG00000125462 Clorf61 1 156404250 156430701
ENSG00000179085 DPM3 1 155139891 155140595
ENSG00000187140 FOXD3 1 63323041 63325126
ENSG00000119285 HEATRI1 1 236549005 236604504
ENSG00000173673 HES3 1 6244192 6245578

ENSG00000187961 KLHL17 1 960587 965715

ENSG00000143815 LBR 1 225401502 225428925
ENSG00000197769 MAPI1LC3C 1 241995490 241999073
ENSG00000008130 NADK 1 1751232 1780457

ENSG00000162631 NTNG1 1 107140007 107483458
ENSGO00000057757 PITHD1 1 23778405 23788232
ENSG00000143106 PSMAS 1 109399031 109426427
ENSG00000155380 SLC16A1 1 112911847 112957013
ENSG00000085491 SLC25A24 1 108134036 108200849
ENSG00000200913 SNORD46 1 44776490 44776593
ENSG00000196182 STK40 1 36339624 36385896
ENSG00000158710 TAGLN2 1 159918107 159925732
ENSG00000179403 VWA1 1 1434861 1442882

ENSG00000163874 ZC3H12A 1 37474552 37484379
ENSG00000084073 ZMPSTE24 1 40258107 40294184
ENSG00000162702 ZNF281 1 200404940 200410056
ENSG00000143067 ZNF697 1 119619422 119647773
ENSG00000274090 RP11-415G4.1 13 55535697 55583524
ENSG00000184564 SLITRK6 13 85792790 85799488
ENSG00000280707 RP11-568A7.4 6 167228300 167237511

No correlated mRNA transcribed in the same chromosome.

ENSG00000236673 RP11-6918.2 6 131901963 131920565
ENSG00000152661 GJA1 6 121435692 121449727
ENSG00000112312 GMNN 6 24774931 24786099
ENSG00000197153 HIST1H3J 6 27890382 27893106
ENSG00000112159 MDN1 6 89642499 89819723
ENSG00000008018 PSMBI1 6 170535117 170553341
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Figure S1: Networks of each ncRNA category. (A) Cell cycle and mitosis network. (B) Chromatin
organization network. (C) Cytoskeleton organization network. (D) Embryonic development
network. (E) Negative regulation of cell differentiation. Red elipses represent protein-coding

mRNAs, pink rectangles represent IncRNAs and blue rectangles represent pseudogenes.
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Figure S2: Ribosome biogenesis in eukaryotes. mRNAs coding for proteins

highlighted in red are

among the RNAs whose expression is positively correlated with the ribosome biogenesis-associated

ncRNAs. Illustration adapted from the KEGG PATHWAY database.
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Figure S3: Base excision repair pathway. mRNAs coding for proteins

highlighted in red are

among the RNAs whose expression is positively correlated with the RNA repair-associated

ncRNAs. Illustration adapted from the KEGG PATHWAY database.
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Figure S4: Nucleotide excision pathway.

the RNAs whose expression is positively correlated with the RNA repair-associated ncRNAs.

mRNAs coding for proteins highlighted in red are among

[lustration adapted from the KEGG PATHWAY database.
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Figure S8: Spliceosome. mRNAs coding for proteins highlighted in red are among the RNAs

whose expression is positively correlated with splicing-associated ncRNAs. Illustration adapted

from the KEGG PATHWAY database.
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Figure S9: Cell cycle. mRNAs coding for proteins highlighted in red are among the RNAs whose
expression is positively correlated with cell cycle-associated ncRNAs. Illustration adapted from the

KEGG PATHWAY database.
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Supplemental material 5 (Adapted from the original Excel sheets)

Table 1: ncRNAs isoforms expressed in human embryonic stem cells

Gene ID Gene name Transcript ID Transcript name Transcript type  Transcript length ~ Strand

CTD-2501M5.1 ENST00000519005 CTD-2501M5.1-003 lincRNA 731 1
ENSG00000253507 CTD-2501M5.1 ENST00000524275 CTD-2501M5.1-001 lincRNA 884 1
CTD-2501M5.1 ENST00000519695 CTD-2501M5.1-002 lincRNA 854 1
ENSG00000204121  ECELIP1  ENST00000373592  ECEL1P1-001 Unprocessed 1742 1

pseudogene
HLA-DPB2 ENST00000435074 HLA-DPB2-002 Process.ed 1188 1

transcript

ENSG00000224557 Transcribed
HLA-DPB2 ENST00000470997 HLA-DPB2-001 unprocessed 776 1

pseudogene
LINCO00458 ENST00000423442 LINCO00458-003 lincRNA 1060 -1
LINCO00458 ENST00000606055 LINCO00458-004 lincRNA 425 -1
ENSG00000234787 LINCO00458 ENST00000427299 LINCO00458-001 lincRNA 1030 -1
LINCO00458 ENST00000607494 LINCO00458-006 lincRNA 849 -1
LINCO00458 ENST00000606706 LINCO00458-005 lincRNA 833 -1
ENSGO00000254934 LINCO00678 ENST00000527083 LINCO00678-001 lincRNA 786 -1
LINCO00678 ENSTO00000534757 LINCO00678-002 lincRNA 798 -1
ENSG00000226673 LINCO01108 ENST00000427276 LINC01108-001 lincRNA 3152 -1
ENSG00000258609 LINC-ROR ENSTO00000553704 LINC-ROR-001 lincRNA 2603 -1
ENSG00000232301  LNCPRESS1  ENST00000429254 LNCPRESS1-001 antisense 756 1
ENSG00000249152 LNCPRESS2  ENST00000502518 LNCPRESS2-001 lincRNA 616 -1
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LNCPRESS2  ENST00000502518 LNCPRESS2-001 lincRNA 616 -1
NANOGP1 ENST00000607111 NANOGP1-002 processedtranscript 1982 1
ENSG00000176654 Transcribed
NANOGP1 ENST00000525030 NANOGP1-001 unprocessed 915 1
pseudogene
Processed
ENSG00000235602 POUSF1P3 ENST00000428824 POU5F1P3-001 1078 -1
pseudogene
Processed
ENSG00000237872 POU5SF1P4 ENST00000413175 POU5F1P4-001 1085 1
pseudogene
ENSG00000274090 RP11-415G4.1 ENST00000617598 RP11-415G4.1-001 lincRNA 809 -1
RP11-568A7.4 ENST00000628362 RP11-568A7.4-001 lincRNA 582 1
ENSG00000280707 RP11-568A7.4 ENST00000625787 RP11-568A7.4-002 lincRNA 674 1
RP11-568A7.4 ENST00000626424 RP11-568A7.4-003 lincRNA 403 1
RP11-6918.2 ENST00000454596 RP11-6918.2-001 lincRNA 2305 1
ENSG00000236673 RP11-6918.2  ENST00000421310 RP11-6918.2-002 lincRNA 601 1
RP11-6918.2 ENST00000419695 RP11-6918.2-003 lincRNA 712 1
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Characteristics of the Competition among RNAs for the Ligation of Shared

miRNAs

Raquel Calloni and Diego Bonatto
Centro de Biotecnologia da Universidade Federal do Rio Grande do Sul, Departamento de Biologia

Molecular e Biotecnologia, Universidade Federal do Rio Grande do Sul

Abstract

Competing endogenous RNAs (ceRNAs) are RNAs that share common miRNA binding sites
and compete with each other for miRNA ligation at these sites. The observation of this phenomenon
in cells changed the status of miRNA target RNAs from molecules that are passively controlled by
miRNAs to molecules that actively modulate miRNA activity. In this review, we build a general
profile of ceRNA characteristics to facilitate ceRNA identification by researchers. The information
summarized here contains a list of previously reported ceRNAs and classes of RNAs that can
participate in this type of interaction, the expression behavior and characteristics of ceRNAs and
miRNAs in the context of competition, the influence of shared MRE/miRNA numbers and miRNA
binding strength on competition, reports on competition between RNAs in different subcellular

localizations and the concept that ceRNAs may form a huge regulatory network in the cell.

Keywords: miRNAs, IncRNA, pseudogene, mRNA, competing endogenous RNAs, competition,

ceRNET's
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1. Introduction

Gene expression is strictly controlled at different levels and by different mechanisms in cells.
One of those mechanisms has as the central molecules microRNAs (miRNAs), which are
~22-nucleotide-long RNAs that are endogenously expressed and involved in post-transcriptional
gene silencing (Lee et al. 2002). miRNAs perform their biological role in association with the
protein Ago2 as part of the RNA-induced silencing complex (RISC), where they act as guides,
localizing the target RNAs through base pairing (Maniataki and Mourelatos 2005). Once paired
with the target, RISC is able to impose two different fates to the bound mRNA: degradation or
translation repression (Eulalio et al. 2008).

For years, the effects of the interaction between miRNAs and their targets were thought to be
unidirectional (miRNA - target). The first evidence that challenged this idea came from plants, in
a phenomenon termed target mimicry (Franco-Zorrilla et al. 2007). It was observed in Arabidopsis
thaliana under phosphate starvation conditions, where both the non-coding RNA Induced by
Phosphate Starvation 1 (IPS1) and miR-399 were expressed. IPS1 was shown to sequester miR-399,
which caused the derepression of the mRNA coding for PHO2, a protein involved in phosphorous
response and whose mRINA is also a target of miR-399 (Franco-Zorrilla et al. 2007).

In this sense, target RNAs are far from being passive substrates of miRNAs. In contrast,
targets also exert an effect on miRNAs, influencing their availability to act on RNAs (Poliseno et al.
2010; Tay et al. 2011). Based on this concept, in 2011, a new layer of gene expression control was
hypothesized (Salmena et al. 2011). The proposed regulatory mechanism relies on the idea that

different targets may compete for ligation to their miRNAs, modulating the miRNA silencing
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activity. Termed competing endogenous RNAs (ceRNAs), those molecules share miRNA response
elements (MREs) with other co-expressed RNAs and act as miRNA sponges, leaving the mRNA
targets free to be translated into proteins (Salmena et al. 2011).

Although many studies have been performed since the ceRNA hypothesis proposition, most
of the information about the characteristics of this mechanism is still sparse in the literature. Also,
many reviews about ceRNAs have been written, but they generally focus on describing types of
molecules acting in the competition and the already-investigated and established ceRNAs (Ebert
and Sharp 2010; Gupta 2014; Kartha and Subramanian 2014; Tay et al. 2014). This review covers
the literature describing these interactions and summarizes some characteristics common to the
ceRNAs already reported. In this way, the aim of this article was to build a general profile of
ceRNA characteristics to facilitate ceRNA identification by researchers. The information
summarized here contains (i) an updated list of ceRNAs already reported for humans and the
classes of RNAs that can participate in this type of interaction, (i) the expression behavior and
characteristics of ceRNAs and miRNAs in the context of competition, (iii) the influence of the
shared MRE/miRNA numbers and miRNA binding strength on the competition, (iv) reports on
competition between RNAs in different subcellular localizations and (v) a discussion on the concept

that ccRNAs may form a huge regulatory network in the cell.

2. RNAs acting as ceRNAs

Since the ceRNA hypothesis proposition in 2011, several RNAs were reported to act as

competing endogenous RNAs (Poliseno et al. 2010; Tay et al. 2011; Karreth et al. 2015; Yan et al.
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2015; Yu et al. 2015a; Wang et al. 2016a). Actually, the competition can occur among any RNAs
that share MREs for the same miRNAs (Tay et al. 2011). Messenger RNAs (mRNAs), circular
RNAs (circRNAs), pseudogenes, long non-coding RNAs (IncRNAs) and natural antisense RNAs
(NATS) can act as ceRNAs (Figure 1) (Poliseno et al. 2010; Tay et al. 2011; Hansen et al. 2013;
Kimura et al. 2015; Wang et al. 2016a). The competition can also occur between spliced isoforms,
as reported for OCT4A and OCT4B, both products of the gene OCT4, or for CDKAL1-v1 and the
full-length CDKAL1, both expressed by the a homonym gene (Zhou et al. 2014a; Li et al. 2015a).
In this case, the involved RNAs have been named as alternative splicing-coupled competing
endogenous RNAs (AS-ceRNAs) (Zhou et al. 2014a). Table 1 summarizes the human ceRNAs
already validated and reported in the scientific literature, together with the biologicial context where

they are important.
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Figure 1: RNAs already reported to act as competing endogenous RNAs.
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Table 1: List of curated human ceRNAs described in the literature.

Cancer promoters

RNA mRNA miRNA Biological context Reference
BARD19' L BARDI1 isoforms mirR-203 and miR-101 cancer cells Pilyugin and Irminger-Finger 2014
BC032469 hTERT miR-1207-5p gastric cancer Li et al. 2015
BRAFP1 BRAF miR-30a, miR -182, miR-876 lymphoma Karreth et al. 2015
CCAT1 HMGAZ? and c-Myc let-7 hepatocellular carcinoma Chen et al. 2016a
miR-211, miR-125a, miR-197,
CYP4z2P CYP4Z11 miR-1226, breast cancer Zheng et al. 2015
and miR-204
H19 FOXM1 miR-342-3p gallbladder cancer Wang et al. 2016b
H19 ZEB1 and ZEB2 miR-138 and miR-200a colorectal cancer Liang et al. 2015
miR-15, miR-16, miR-23b, miR-
26a, miR-34b, miR-130b,
Hﬁ;ﬁf&iﬂd HMGA1 miR-196a2, mnllfi;?%’ miR-432, pituitary tumors Esposito et al. 2015
548¢-3p, miR-570, miR-603 and
let-7a
HOTAIR CCND1 miR-1 esophageal cancer Ren et al. 2016
HOTAIR HER2 miR-331-3p gastric cancer Liu et al. 2014
HOTAIR MAPK1 miR-1, miR-214-3p, and epithelial ovarian cancer Yiwei et al. 2015
miR-330-5p
HOTAIR PIK3R3 miR-214 or miR-217 ovarian cancer Dong and Hui 2016
HULC PRKACB miR-372 liver cancer Wang et al. 2010
KRAS1P KRAS miR-143 and prostate cancer cell line Poliseno et al. 2010

let-7 family
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IncARSR AXL and c-MET miR-34 and miR-449 renal carcinoma Qu et al. 2016
IncRNA-ATB ZEB1 and ZEB2 miR-200a, miR-200b, miR-200c  hepatocellular carcinoma Yuan et al. 2014
Linc00152 ERBB4 miR-193a-3p colon cancer Yue et al. 2016
Malat1 ANXA2 and KRAS miR-206 gallbladder cancer Wang et al. 2016¢
Malat1 MCL-1 miR-363-3p gallbladder cancer Wang et al. 2016a
Malat1 MMP14 and Snail miR-22 malignant melanoma Luan et al. 2016
Malat1 ZEB2 miR-200c kidney carcinoma Xiao et al. 2015
NEATI E2F3 miR-377-3p non-small cell lung Sun et al. 2016
cancer
OCT4B OCT4A miR-335, miR-20a, miR-20b, invasive breast, pros- Li et al. 2015a
miR-106a and miR-106b tate and colon cancer
. hepatocellular
OCT4-pg4 OCT4 miR-145 : Wang et al. 2013
carcinoma
PIK3C2A CD151 miR-124 hepatocellular carcinoma Liu et al. 2016b
SNHG6-003 TAK1 miR-26a and miR-26b hepatocellular carcinoma Cao et al. 2016
SNHG6 ZEB1 miR-101-3p hepatocellular carcinoma Chang et al. 2016
TUG1 POU2F1 miR-9-5p osteosarcoma Xie et al. 2016
UCA1 MMP14. miR-485-5p ovarian cancer Yang et al. 2016
UCA1 SOX4 miR-204 esophageal cancer Jiao et al. 2016
Versican VO and V1 CD34, and miR-133a, miR-19%-3p,
] ] o miR-144, hepatocellular carcinoma Fang et al. 2013
isoforms fibronectin )
and miR-431
Cancer inhibitors
RNA mRNA miRNA Biological context Reference
CASC2 PIAS3 miR-18a colorectal cancer Huang et al. 2016
. . ) ) esophageal squamous cell )
Cir-ITCH ITCH miR-7, miR-17 and miR-214 Li et al. 2015b

carcinoma
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miR-17, miR-19a, miR-19b,
prostate and colorectal cancer

CNOT6L PTEN miR-20a, miR-20b, and ] Tay et al. 2011
. cell lines
miR-106b
CTNNAP1 CTNNA1 miR-141 colorectal cancer Chen et al. 2016b
FER1L4 RB1 miR-106a-5p gastric cancer Xia et al. 2014
FER1L4 PTEN miR-106a-5p gastric cancer Xia et al. 2015
miR-22, miR-136-3p, miR-138,
FOXO3P and miR-149-3p, miR-433, miR-762, .
FOXO3 breast Y tal. 2015
circ-FOXO03 miR-3614-5p and reast carcmoma angeta
miR-3622b-5p
miR-17, miR-93, miR-20a,
IncRNA-BGL3 PTEN miR-20b, miR-106a and chronic myeloid leukemia Guo et al. 2014
miR-106b
Linc-223 IRF4 miR-125-5p acute myeloid leukemia Mangiavacchi et al. 2016
MEG3 Bcl-2 miR-181a gastric cancer Peng et al. 2015
) ) ) prostate cancer cell line and )
PTENP1 PTEN miR-19b, miR-20a and miR-21 ) Poliseno et al. 2010; Gao et al. 2016
oral squamous cell carcinoma
RB1 PTEN 32 shared miRNAs glioblastoma Sumazin et al. 2011
tate and colorectal
SERINC1 PTEN Not mentioned. Prostate and cotorectal cancet Tay et al. 2011
cell lines
miR-17, miR-19a, miR-20a, ate and col al
r n r cancer
VAPA PTEN miR-20b, miR-26b, miR-106a, © o anc COOreCta Tay et al. 2011
. cell lines
and miR-106b
iR-25, miR-92a, miR-181, and
ZEB2 PTEN e, miEoed, m an melanoma Karreth et al. 2011
miR-200b
Other pathologies
RNA mRNA miRNA Biological context Reference
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CDKAL1-v1 CDKAL1 miR-494 type 2 diabetes Zhou et al. 2014a
circRNA-CER MMP13 miR-136 Osteoarthritis Liu et al. 2016a
miR-217, miR-33a, miR-33b,
DKK1 PTEN miR-103a, miR-93, and diabetic cardiomyocytes Ling et al. 2013
miR-106a
GASS p27 miR-222, liver fibrosis Yu et al. 2015a
. intestinal
H19 AQP3 miR-874 ) i Su et al. 2016
barrier function
Malat1 Racl miR-101b liver fibrosis Yu et al. 2015b
cerebral ischemic infarct and
MEG3 12/15-LOX miR-181b in hypoxia-induced Liu et al. 2016c
neuron apoptosis.
MIAT VEGF miR-150-5p diabetic retinopathy Yan et al. 2015
Organs
RNA mRNA miRNA Biological context Reference
ciRS-7 Not mentioned miR-7 brain Hansen et al. 2013
Sry Not mentioned miR-138 testis Hansen et al. 2013
Stem and differentiated cells
RNA mRNA miRNA Biological context Reference
CARL PHB2 miR-539 cardiomyocytes Wang et al. 2014
FLJ11812 ATG13 and CDC20B miR-4459 vascular endothelial and Lu et al. 2015
embryonic stem cells
IFN-aiF?\IS_;(IZI;I—O( and [FN-al miR-1270 Human Namalwa B cells Kimura et al. 2015
H19 B -catenin miR-141 and miR-22 osteoblasts Liang et al. 2016
differentiation
H19 DICER let-7 PA-1 cells Kallen et al. 2013
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linc-MD1 MAML1 and MEF2C miR-133 and miR-135 myoblasts Cesana et al. 2011

Oct4, Sox2, : :
lincRNA-RoR e 00X miR-145 embryonic stem cells Wang et al. 2013
and Nanog
Malat1 SRF mirR-133 myocyte differentiation Han et al. 2015
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3. Characteristics of the Competition Mechanism

3.1. Expression Characteristics of ccRNAs and miRNAs during Competition

The main characteristic that indicates whether two RNAs compete for the same miRNA pool
is the behavior of the levels of one RNA regarding the experimental expression modulation of the
other (Tay et al. 2011; Karreth et al. 2015). Superexpression of one RNA leads to the upregulation
of the other, and its downregulation promotes the partner's downregulation (Karreth et al. 2015).
This phenomenon is observed because when the number of molecules of one competitor increases,
they titrate away the shared miRNAs, leaving the other RNA free to be translated or to execute its
functions (Figure 2). This is not observed, however, when the cell is depleted for DICER or
DROSHA, because of the decreased production of miRNAs shared by the competitors (Sumazin et
al. 2011; Tay et al. 2011; Karreth et al. 2015). In this case, upregulation of one RNA does not
affects the expression of the other (Sumazin et al. 2011; Tay et al. 2011; Karreth et al. 2014). On the
other hand, when silencing the miRNA shared by the competing RNAs, a great improvement in the
expression of both RNAs is observed (Kimura et al. 2015). However, in this case, the experimental
modulation of levels of one RNA leads to very small alterations in the expression of its partner
because the miRNA that mediates the crosstalk between the RNAs is no longer present (Sumazin et
al. 2011; Tay et al. 2011). These last two observations indicate to the researcher that the relationship

between the two RNAs is indeed mediated by miRNAs.
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Figure 2: In the competition between two RNAs, the expression modulation of one RNA

leads to the modification of the expression of the other.

In most cases, the crosstalk is reciprocal, as described above (i.e., alterations in the
expression of one RNA leads to alterations in the expression of its partner competitor and
vice-versa) (Sumazin et al. 2011; Tay et al. 2011). However, there are a few exceptions for to this
rule, where the competition is not reciprocal (Karreth et al. 2011; Figliuzzi et al. 2013; ; Yuan et al.
2015; Zheng et al. 2015). This is the case of the ceRNA pair CYP4Z1-CYP4Z2P. Upregulation of
the CYP4Z2P 3’UTR promotes the expression of CYP4Z1, but superexpression of the CYP4Z1-3’

UTR, however, showed a weaker effect on CYP4Z2P levels (Zheng et al. 2015).
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Modulation of the levels of the ceRNAs can possibly also affect the shared miRNAs levels.
However, there is no consensus in the literature about this issue. Some authors report that alteration
of the expression levels of the ceRNAs does not alter the miRNA levels in the cell and that the
miRNA degradation is not induced after the binding to the ceRNA (Karreth et al. 2011; Deng et al.
2015; Zheng et al. 2015). However, some studies show the upregulation of the miRNA expression
when one of the ceRNAs is downregulated or silenced and upregulation of the ceRNA promoting
reduction in the expression and activity of the miRNA (Wang et al. 2010; Wang et al. 2014; Su et al.
2016).

Indeed, the expression levels of the shared miRNAs and the ceRNAs that compete for them
are important for the competition to happen. It was hypothesized that the there is minimal
competition when the total number of targets largely exceeds the number of miRNA molecules. The
competition would be also be hampered when the miRNA molecules are much more abundant than
ceRNAs (Ala et al. 2013). Moreover, it was shown that the optimal crosstalk between the two
ceRNAs occurs in a near equimolar state of miRNA and ceRNAs (Ala et al. 2013). In agreement
with this observation, it was revealed that miRNA:target ratios may influence the competition.
Competition seems to occur only for ceRNAs with low total miRNA :target ratios. Targets of highly
expressed miRNAs and with high miRNA:target ratios are likely not susceptible to derepression by
ceRNA competition. The absence of competition is probably due to the buffering capacity provided
by the high miRNA concentrations (Bosson et al. 2014).

Although the optimal crosstalk happens when the ceRNAs and miRNAs numbers of
molecules are approximately equal, some reports show that the levels of each RNA of a ceRNA pair

do not need to be the same. VAPA, one of the RNAs that competes with PTEN, is expressed at
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higher levels than PTEN in several cell lines (Ala et al. 2013). Apparently, some ncRNAs can act as
competitors even when they are less expressed than their RNA pair. That is the case of the
pseudogene BRAFP1, which acts as the ceRNA of BRAF (Karreth et al. 2015). The same occurrs
with CYP4Z1 and CYP4Z2P, where the pseudogene is less expressed than CYP4Z1 (Zheng et al.
2015). In addition, both RNAs also compete with CDK3 and are also less expressed than this gene
(Zheng et al. 2016). FOXO3 shares MREs with FOXO3P and circ-FOXO3. Both ncRNAs
effectively compete with FOXO3 for miRNAs binding. FOXO3, however, is much more highly
expressed than the two ncRNAs (Yang et al. 2015). Although the competition happens in the
situations above, the effect of loss of one partner is greater when both RNAs are present in similar
quantities (Ala et al. 2013).

Moreover, the expression of both RNAs is generally observed to be positively correlated
(Table 2), and this characteristic has been used as one of the criteria for predicting putative ceRNAs
(Paci et al. 2014; Xia et al. 2014; Welch et al. 2015). The number of shared miRNAs seems to have
influence on the correlation, as the co-expression increases with the number of shared miRNAs (Xu
et al. 2015). Moreover, a significant negative correlation between miRNAs and ceRNAs was
reported (Liu et al. 2014; Huang et al. 2016; Su et al. 2016; Sun et al. 2016). Some articles use the
negative correlation of RNA pairs with their respective miRNAs as a filtering criterion in the
ceRNA prediction methodology (Zhou et al. 2014b). However, the ceRNA expression is not always
negatively correlated with the miRINA expression. In some cases, the negative correlation is low or

even not significant (Sumazin et al. 2011; Wang et al. 2013; Wang et al. 2016a).
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Table 2: RNAs that compete with each other for miRNA binding are generally positively correlated.

ceRNAs Cell type r value p value Reference

diffuse large B cell

BRAF and BRAFP1? ) 0.42 0.017 Karreth et al. 2015
lymphoma primary tumors
diffuse 1 B cell
BRAF and BRAFP1? 1Hiuse farge B ce 0.57  0.0029 Karreth et al. 2015
lymphoma cell lines
CTNNA1 and CTNNAP1® colorectal cancer 0.631 <0.001 Chen et al. 2016b
HER2 and HOTAIR® gastric cancer 0.861  Not supplied Liu et al. 2014

HMGA1 and HMGA1P6¢  growth hormone tumors  0.859 <0.0001 Esposito et al. 2015

HMGA1 and HMGA1P7¢ growth hormone tumors  0.677 <0.0001 Esposito et al. 2015

KRAS and KRAS1P¢ prostate cancer 0.486 0.0408 Poliseno et al. 2010

OCT4 and OCT4-pg4*  hepatocellular carcinoma  0.839 0.0001 Wang et al. 2013
PIAS3 and CASC2b colorectal cancer 0.662 <0.01 Huang et al. 2016
PTEN and PTENP1¢ prostate cancer 0.754 <0.0001 Poliseno et al. 2010
ZEB2 and MALATI1® renal cancer 0.622 <0.0001 Xiao et al. 2015

3 Pearson correlation. ® Logistic regression analysis. © Bivariate correlation analysis through a

method not specified.

3.2. miRNAs Shared by the ceRNAs

3.2.1. Influence of the Number of Shared miRNAS and MREs

The crosstalk between ceRNAs is mediated by miRNAs, specifically by the miRNA response
elements (MREs). The number of shared miRNAs between ceRNAs is variable: BRAFP1 and
BRAF bind at least three miRNAs, whereas the competition between PTEN and RB1 is mediated
by 32 miRNAs (Sumazin et al. 2011; Karreth et al. 2015). However, the effect of a ceRNA
expression modulation on its partner depends on how many common miRNAs the two RNAs share.

In an in silico simulation, an increase of a ceRNA expression had major effects on RNAs whose
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number of common binding miRNAs was high when compared with RNAs with low numbers of
shared molecules. In this last case, the alteration of the ceRNA partner expression was mild, closer
to the effect on RNAs with no miRNAs in common (Ala et al. 2013). Therefore, the competition is
more pronounced among RNAs that share a large number of miRNAs (Ala et al. 2013).

Moreover, when the number of shared miRNAs is large, the effect of expression modulation
of one miRNA on its target can be negligible. In other words, the targets regulation is unlikely to be
significantly affected when only one miRNA has its expression altered (Sumazin et al. 2011).

In addition, the number of MREs of the shared miRNA can be variable in each RNA of the
pair. This means that one ceRNA can have more MREs for a given shared miRNA than its partner,
and this difference may influence the derepression levels by one ceRNA over another. The
derepression occurs even when the competitor has less MREs than its partner. However, both the
competition and the derepression are improved with the addition of MREs in the competitor

sequence (Yuan et al. 2015).

3.2.2. Influence of miRNA Binding Characteristics

The ceRNA regulation efficiency is not only determined by the number of shared miRNAs or

MREs; the binding strength between mRNA and miRNA also has an influence on the competition

(Yuan et al. 2015). Evidence of this fact includes a study on ceRNAs applying synthetic gene

circuits, which showed that the higher the MRE-miRNA binding affinity, the stronger was the

ceRNA effect (Yuan et al. 2015). Moreover, the level of complementarity proved to also be

important. When miRNAs incompletely bind to the MREs of the ceRNA pair, increasing the
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expression of one of the RNAs caused improvement in the expression of its partner RNA. However,
when one of the ceRNAs has MREs that bind perfectly to the miRNAs, modulations on its
expression did not influence the expression of its pair (Yuan et al. 2015). In this case, a
nonreciprocal competition was observed (Yuan et al. 2015).

In addition, there is an hierarchy of the miRNA binding to the MREs on the targets. miRNAs
bind preferentially to the hight affinity 8- and 7-mer seed sites (Bosson et al. 2014). This miRNA
behavior leads to the occurrence of two different target binding situations: (i) when the miRNA
expression is lower than the target sites pool, these molecules will bind to 8- and 7-mer sites first;
however, (ii) when the miRNA expression is increased, the interactions also spread to the 6-mer
seed sites (Bosson et al. 2014). This characteristic influences the size of the competitors pool. In the
case of low miRNA expression, the competitors pool is small and it is restricted to the high-affinity
sites. However, when the miRNA levels are high, the pool is larger since the miRNAs will also bind
to the low-affinity sites. In this last case, the target pool may become too large to be influenced by
alterations in the expression of one ceRNA (Bosson et al. 2014).

Another miRNA binding characteristic is the interaction position on the RNA. In mRNAs,
the majority of miRNAs binds to the 3' UTR sequence. Nevertheless, this is not necessarily true for
ncRNAs, where the MREs can be located in the middle of the molecule (Wang et al. 2013).
Moreover, different levels of miRNA interaction could occur among different sites for the same
miRNA in a target. The IncRNA CCAT1 has three sites for miR-155, however, only one of the sites
seems to have an strong interaction with the miRNA (Chen et al. 2016a). In addition, some authors
observed that the predicted AG of the miRNA-IncRNA ligation was lower than the AG of the

miRNA-mRNAs ligation (Cesana et al. 2011).
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3.4. Subcellular Localization

The elements that participate in the competition (mMRNAs, IncRNAs, pseudogenes, circRNAs
and miRNAs) can naturally be found in different subcellular localizations (Liao et al. 2010; Cabili
et al. 2015; Veng et al. 2015; Yan et al. 2015). However, for the competition to occur, both ceRNAs
and miRNAs must share the same compartmental location in the cell. Many authors indeed support
the opinion that there must be an overlap in the cellular localization of the miRNAs and ceRNAs
involved in a given competition relationship (Salmena et al. 2011; de Giorgio et al. 2013; Tay et al.
2014; Qu et al. 2016). Thus, the knowledge of this cellular distribution information is very
important when one proceeds with a ceRNA crosstalk prediction.

Nevertheless, evidences show that RNAs that do not share the same subcellular compartment
but do share miRNAs target sites are not impeded to compete between each other. The competition
may happen when the shared miRNAs are found in both ceRNAs' places. The IncRNA MALAT1 is
found in the cytoplasm, but it is predominantly located in the nucleous. Its location, however, does
not impairs its ceRNA activity on its partner, ZEB2, which is cytoplasmatic. In addition, miR-200c,
a miRNA whose binding site is shared by both RNAs, is found in the cytoplasm and the nucleous of
the cell (Xiao et al. 2015). The same is observed for MIAT and IncRNA-BGL3. MIAT is a nuclear
IncRNA which that acts as a ceRNA of VEGF. The miRNA shared by both RNAs is found in the
cytoplasm and cell nucleous, and it associates to MIAT in the nucleous (Yan et al. 2015).
LncRNA-BGL3, in turn, acts as a ceRNA of PTEN, and it is found in both the nucleous and

cytoplasm (Guo et al. 2014).
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4. ceRNAs Networks: the ceRrNET's

Most of the articles describing ceRNAs report this type of interaction between only two
molecules (Liu et al. 2014; Peng et al. 2015; Yu et al. 2015b; Wang et al. 2016a; Sun et al. 2016).
However, in the real cell context, the competition is certainly not restricted to only two RNAs. In
contrast, it probably occurs among several RNAs, forming a network, named the as ceRNET
(Salmena et al. 2011; Sumazin et al. 2011; Kimura et al. 2015; Zheng et al. 2016). The complexity
that a ceRrNET can achieve is evidenced by the work of Sumazin et al., (2011), which predicted
that, in glioblastoma cells, approximately 248,000 pairwise RNA-RNA interactions are mediated by
shared miRNAs, and with a highly conservative false discovery rate (Sumazin et al. 2011). Indeed,
it has been speculated that the ceRNA layer of regulation may be as large as transcriptional
regulation in terms of size (Sumazin et al. 2011).

Although most ceRNAs are investigated in pairs, some competition networks are starting to
be unraveled. One of the ceRNETS that has continuously received new nodes is the PTEN network,
indicating that this protein may be strongly regulated by ceRNAs. This fact is illustrated by a
ceRNET constructed based on glioblastoma data, where PTEN showed a total of 534 interactions.
Among the genes that may modulate PTEN levels are ABDHD13, CTBP2, HIAT1, HIF1A, KLF6,
NRAS, RB1, TAF5 and TNKS2, aside from the known drivers of glioma tumorigenesis and
glioblastoma subtypes PDGFRA, RUNX1, STAT3 and VEGFA (Sumazin et al. 2011). Other PTEN
ceRNAs already described can be accessed in Table 1.

There is also a crosstalk among ceRNETs and transcription factors (TF). One of these

competition networks includes CYP4Z1, its pseudogene CYP4Z2P and CDK3. CYP4Z1 and
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CYP4Z2P compete with each other for the ligation of hsa-miR-125a-3p, regulating ERa activity
(Zheng et al. 2015; Zheng et al. 2016). This regulation, however, is not direct. CYP4Z1 and
CYP4Z2P also act as ceRNAs of CDK3, which phosphorylates ERa, promoting its transcriptional
activity. As as result of this interaction network, Era target genes, as c-Myc, Cyclin D1 and TFF1,
are upregulated (Zheng et al. 2016). The IncRNA HULC also integrates a small ceRNET that
involves a TF. HULK competes with the PRKACB mRNA for the ligation of miR-372. PRKACB
protein, in its turn, promotes the phosphorylation of CREB, which binds the HULK promoter and
induces its transcription (Wang et al. 2010).

Beyond the small networks reported above, large-scale ccRNETSs have also been constructed
and analyzed, together with the proposition of computational methods to build them (Nitzan et al.
2014; Paci et al. 2014; Zhou et al. 2014b; Xu et al. 2015). These ceRNETs may be useful to
understand the crosstalk among ceRNAs in the whole cell context. In fact, experiments showed that
the modulation of one ceRNET element can cause a propagated perturbation effect on the network
(Nitzan et al. 2014). The introduction of a synthetic target for one of the network miRNAs (named
here as X) promoted an elevation of the endogenous targets levels. This observation is an expected
result, as the synthetic target probably acted as a ceRNA. Interestingly, levels of mRNAs which that
are not targets of X, but share other miRNA target sites with X-targeted mRNAs, had their levels
also increased (Nitzan et al. 2014). This is a clear evidence of crosstalk between distant ceRNAs in
the network.

In addition, research studies aiming to find new drug therapy targets and predictive or
prognostic cancer markers may also be benefitted from the construction of large-scale ceRNETS.

Comparison of ceRNETs from normal and cancerous cells showed that the miRNA-mediated
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interactions change completely from one condition to another (Paci et al. 2014). ceRNETs for 20
cancer types revealed that cancers originating from similar tissues share common ceRNAs. In
addition, ceRNA interactions common to the 20 cancer types studied were also detected (Xu et al.
2015). Moreover, supporting the usefulness of ceRNETSs in cancer research, the analysis of one
breast-cancer-specific ceRNA network encountered 12 hub genes with strong metastasis prediction
potential (Zhou et al. 2014b).

The network characteristics of mRNAs ceRNETs have also been studied. An experimentally
determined network, including the miRNAs and the mRNAs that compete for them, showed a
scale-free topology, which is a characteristic of most biological networks, and its nodes are highly
interconnected (Nitzan et al. 2014).

The studies described above clearly show a movement of the ceRNA research towards to
large-scale investigations. However, the large-scale networks already reported were constructed
with only mRNAs or mRNAs and IncRNAs. A more realistic ceRNET should also include other

RNAs that also act as competitors, such as pseudogenes , and circRNAs.

5. Conclusions

The study of competing endogenous RNAs is a young research area, and the knowledge
about this mechanism is still sparse in the literature. However, analyzing all of the reported ceRNA
cases permitted some conclusions about characteristics that may be universal for this type of
RNA-mediated miRNA regulation. The general reciprocal crosstalk between the ceRNAs, their

possible influence on the involved miRNA levels, the impact on competition occurrence and
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strength of factors such as ceRNA and miRNA levels, their subcellular localizations, the number of
shared miRNAs or MREs, and the characteristics of the miRNA target site, such as seed length,
miRNA binding strength and level of complementarity in the miRNA-MRE base pairing, can be
highlighted.

Although most of the ceRNA interactions described up to now involve only two competing
RNAs, progress in this field indicates that the competition mechanism is organized into networks.
The ceRNA field is still in its infancy, but it is clear that a movement towards large-scale
investigations will contribute to our understanding of the real dimension and importance of this new
level of gene expression regulation. In this sense, the advance in the research areas for ncRNAs,
unraveling unknown nodes and connections, and on methods of competitors network construction

and analysis will probably reveal important biological information on the role of ceRNAs in cells.
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Non-coding RNAs putatively acting as ceRNAs in human embryonic stem
cells
Raquel Calloni and Diego Bonatto
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Molecular e Biotecnologia, Universidade Federal do Rio Grande do Sul

Abstract

RNAs competing with each other for the binding of miRNAs have been proposed as a new
level of gene expression control. Several examples concerning RNA competition have been
reported in the literature, but few cases were identified in embryonic stem cells (ESCs). Here, we
investigated available ESCs-associated RNA-seq datasets in order to propose RNAs that putatively
act as competing endogenous RNAs (ceRNAs). Data analyses using different criteria for ceRNAs
identification, including Pearson correlation and the investigation of the miRNA seed type and
binding strength, showed that the mRNA-ncRNA pairs AHCY-RP11-253E3.3, F2RL1-EEF1A1PS6,
HSPD1-SNHG5, INO80-RP11-20D14.6, PARP1-RP11-20D14.6 and PRIM2-GASS5, together with
the circular RNA circ-HIPK3, have the major potential to compete for miRNAs expressed in ESCs.
In addition, these mRNA-ncRNA pairs are proposed as investigation starter point to elucidate the

ESCs ceRNAs network.

Keyworks: ceRNAs, miRNA, IncRNA, pseudogene, circRNA, competition
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1. Introduction

Approximately 80% of the human genome has an associated biochemical function, and 75%
is transcribed into coding or non-coding RNAs!. The coding part of the genome is not, however, all
transcribed at the same time. The expression pattern of these genome areas is specific for each cell
type and is strictly controlled. This control is exerted at different levels and, in 2011, a new layer of
gene expression regulation was proposed?.

This new mechanism involves microRNAs (miRNAs) and coding and non-coding RNAs and
is based on the premise that different RNAs can compete for the ligation of miRNAs, modulating
the miRNA silencing activity?. Thus, some RNAs share miRNA response elements (MREs) with
other co-expressed RNAs, acting as “sponges” of the shared miRNAs and allowing the other targets
to escape from degradation and exert their cellular functions?. Due to their competition behavior,
these ribonucleic acids were named as competing endogenous RNAs (ceRNAs)?. Among the RNA
classes that can act as ceRNAs are mRNAs, long non-coding RNAs (IncRNAs), pseudogenes and
circular RNAs (circRNAs)>*°. The most known and studied ceRNA is PTENP1, a processed
pseudogene of PTEN“. Upregulation of PTENP1 results in the consequent rise in PTEN expression;
conversely, PTENP1 downregulation leads to the diminishment of mRNA and protein levels of
PTEN“. The expression modulation operated by PTENP1 is not observed, however, in cells lacking
Dicer, implying that miRNAs must be involved in the process*.

The competition mechanism seems to be present in several cell types, including
cardiomyocytes, adipocytes, osteoblasts, neurons, cancer cells, and embryonic stem cells (ESCs)®1.
ESCs, in turn, are largely studied and known by their long-term self-renewing and their capacity to

differentiate into cells from the three primary germ layers'?. This characteristic makes ESCs
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interesting for application in cell therapy and studies on human development!34. Additionally, the
knowledge of the molecular mechanisms involved in the stemness maintenance in ESCs may be
useful to improve the technology of induced pluripotent stem cell (iPSC) generation.

The research field on ESCs has been improving since they were first isolated, and the same
trend has occurred with the understanding of the competition between RNAs. It has been postulated
that this competition occurs among several RNAs, forming a network named ceRNET. However,
this mechanism has been poorly explored regarding its role in ESCs, and only a few nodes of the
ESC ceRNET were elucidated: until now, only three IncRNAs were reported to act as competitors
in ESCs, all of them being implicated in stemness maintenance!%!>16,

Thus, the aim of this study was to search for, using in silico tools, ncRNAs that may act as
ceRNAs in the context of ESCs. The proposed ceRNAs were investigated regarding their

involvement in stemness maintenance and were proposed as start points for in vivo studies to

elucidate the ESC ceRNET.

2. Materials and Methods

2.1. RNA-seq data

Four RNA-seq data were used in this study: (i) RNA-seq data from embryonic stem cells
(RUES2) and cardiomyocytes differentiated from them (GSE64417), (ii) RNA-seq data from
WA-09 embryonic stem cells lineage and prefrontal cortex neurons differentiated from them

(GSE56796), (iii) RNA-seq data from H9 embryonic stem cells lineage and retinal ganglion cells
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differentiated from them (GSE84639), and (iv) RNA-seq data from peripheral blood mononuclear
cells-derived iPSCs and macrophages differentiated from them (GSE55536). All the libraries were
generated from total RNA and are paired-end, except for those from the datasets GSE55536, which

was originated from polyA RNA, and GSE56796, which is single-end.

2.2. Bioinformatics analysis

2.2.1. Reads alignment

Non-trimmed reads were aligned to the human genome (version GRCh38) using the software

STAR, version 2.4.2a, following the default parameters suggested by the developers'”.

2.2.2. Differential expression analysis

Count files were generated from the alignment BAM files using the software HTSeq (version
0.6.1)'. These files were then used as input to the R package DESeq2' to perform the identification
of differentially expressed genes (DEGs). It was considered differentially expressed those genes
which presented [log>FC| = 1 and adjusted p value < 0.05, estimated by the Benjamini-Hochberg
method.

Among all of the DEGs detected, those upregulated in ESCs and also coding for miRNAs, as
well as mRNAs, pseudogenes or IncRNAs predicted or validated as targets of those miRNAs, were

considered for further analysis.
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2.2.3. Circular RNA identification

The identification of circRNAs expressed in ESCs was performed through the alignment of
the reads using the software MapSplice2?°. The parameters --min-fusion-distance, set to 200, and

--gene-gtf, required for the circRNA detection, were included in the default command line.

2.2.4. miRNA target identification

The pseudogenes and IncRNAs targeted by the miRNAs were identified using two
approaches. Predicted targets were prospected using the miRcode database (version 11, released in
2012). As the list of upregulated ncRNAs was large, only the 50 most upregulated IncRNAs and
pseudogenes were investigated for their binding to miRNAs. Validated targets were obtained from
starBase (version 2.0, released in 2013). In this case, all ncRNAs targeted by a given miRNA were
downloaded, and this list was compared to the pseudogenes and IncRNAs upregulated in ESCs.

In the case of mRNAs, the predicted and validated target mRNAs were identified using the
databases TargetScanHuman (release 6.2, from 2012) and starBase (version 2,0, released in 2013),
respectively. In the case of targets obtained from TargetScanHuman, only the targets with aggregate
PCT (probability of conserved targeting) > 0.5 were considered.

Regarding circRNAs, the sequences of the detected molecules were screened to identify

putative miRNA binding sites using the web-based tool miRmap (http://mirmap.ezlab.org/app/)*'.
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2.2.5. Gene location investigation

The chromosomal gene location investigation was performed using the search mechanism

available at the Ensembl genome browser, release 87, and human genome version GRCh38.

2.2.6. Transcription factor binding site identification

Transcription factor (TF) binding sites present in the sequence located at 1 kb from each side
of the transcription start site (TSS) of the investigated genes were predicted using the Jaspar
database??, applying human TF matrix models. From the identified TFs, only those that were also

observed as upregulated in ESCs [dataset (i)] were considered for further analysis.

2.2.7. Gene Ontology analysis

Gene ontology analysis was performed using the package Goseq, following the developer’s
instructions®. The probability weighting function (PWF) was estimated from the data
distinguishing differentially and non-differentially expressed genes between ESCs and
differentiated cells. The Wallenius approximation was calculated only for the differentially
expressed genes of interest. All of the ontologies with false discovery rate (FDR) < 0.05 were

considered significant.
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2.2.8. Isoform identification

The detection of the ESC-expressed isoforms of the genes of interest was performed using
the software Salmon in the quasi-mapping-based mode, applying the default parameters suggested
by the developers?®.

Two fasta files, one containing the transcripts produced by coding genes and the other with
ncRNAs transcripts, were used to build the indexes and perform the Salmon analysis. Both files

were downloaded from the Ensembl genome browser, release 79.

2.2.9. Number of binding sites and miRNA binding strength detected isoforms

To investigate the presence and the number of relevant miRNA binding sites in the isoforms
expressed in ESCs, the sequence of each isoform was screened using the web-based tool miRmap
(http://mirmap.ezlab.org/app/)*..

In addition, information about the seed type and the strength of the miRNA ligation to the

putative site, measured by the parameters seed length and AG binding, was also recorded.
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2.3. Statistical analysis

2.3.1 Pearson correlation

The coefficient and the associated p value of the correlation between mRNAs and
pseudogenes or IncRNAs targeted by a common miRNA were estimated using the function rcorr of
the R package Hmisc.

The numeric data used to estimate the correlation was the number of read counts for each
gene that was normalized using the DESeq2 function varianceStabilizingTransformation. Only

genes presenting transformed read counts with normal distribution were used in the analysis.

2.3.2 Partial correlation and estimation of the sensitivity correlation (S)

The partial correlation between mRNAs and pseudogenes or IncRNAs controlling for the TFs
shared by them was estimated using the function pcor of the R package ggm. Because of the large
number of shared TFs between mRNAs and ncRNAs, only the five most expressed ones were
chosen for this analysis.

The sensitivity correlation (S) parameter was estimated by the difference between the
Pearson and partial correlation coefficients, as defined by Paci et al., (2014)*

S = corr(mRNA,ncRNA) — corr(mRNA,ncRNA|5TFs).
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When the Pearson correlation is equal to the partial correlation (S=0), the correlation between
the mRNA and the ncRNA is considered direct, and there is no influence of shared TFs on the
correlation coefficient. When the partial correlation is lower than the Pearson correlation (S>0), it
indicates that the correlation between the mRNA and ncRNA is not direct and could be mediated by
the TFs. In the case of a null partial correlation, the correlation between the mRNA and the ncRNA
is spurious and also possibly due to the shared TFs?. Considering that, putative ceRNA pairs with S

> 0.2 were discarded from the subsequent analysis.

3. Results

3.1. Differentially expressed genes

From all differentially expressed genes detected, a total of 6,221 genes were observed to be

upregulated in ESCs compared with differentiated cells in the dataset (i) (Figure 1). Among these

DEGs, 317 IncRNAs, 585 pseudogenes and 31 miRNAs were identified (Figure 2; Supplemental

Material 1, Tables S1 to S3).
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Figure 1: Volcano plot representing the differentially expressed genes detected by comparing ESCs

with differentiated cells from the main dataset.
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Figure 2: Heatmaps for the most upregulated pseudogenes (A), IncRNAs (B), and miRNAs (C)

detected in ESCs.

miRNAs characteristically expressed by ESCs are well defined in the literature, and our
analysis succeeded in detecting some of these miRNAs?¢-34, In this sense, only the miRNAs that
were already reported in the literature as expressed in ESCs were chosen for further analysis.
Therefore, the search for ESC ceRNAs was proceeded with the miRNAs hsa-miR-18b, -25, -93,

-103a2, -106b, -205, -302acd, -363 and 367 (Supplemental Material 1, Table S4).
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To identify the RNAs that are truly associated with the stem cell state, we compared the main
dataset with three other RNNA-seq datasets. The expression data was generated from two ESCs
datasets (data from ESCs compared with prefrontal cortex neurons or retinal ganglion cells
differentiated from them3>3¢) and IPSCs (data from IPSCs compared to macrophages differentiated
from them?”). Accordingly to the data comparison, only differentially expressed mRNAs, IncRNAs
and pseudogenes detected concomitantly in the main dataset and at least one of the additional

datasets were kept for further analyses.

3.2. ceRNAs prediction

3.2.1. Construction of the predicted ceRNA network

The first step toward predicting the potential ceRNAs in ESCs was to identify which of the
ESC-upregulated RNAs are targeted by the miRNAs hsa-miR-18b, -25, -93, -103a2, -106b, -205,
-302adc, -363 and/or -367.

The list of validated targets was composed of a total of 15 IncRNAs, 20 pseudogenes and 563
mRNAs. In the case of the predicted targets, 20 IncRNAs, 15 pseudogenes and 227 mRNAs were
recovered (Supplemental Material 2). Using these lists, two networks of predicted and validated
targets expressed in ESCs were constructed. The network resulting from the merge of these two
(Figure 3) was used to perform a gene ontology (GO) analysis. Among the significant GOs detected

are those related to the cell cycle, stem cell population maintenance, negative regulation of
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differentiation, telomere maintenance and signaling pathways previously reported as being

important to stem cell maintenance (Table 1 and Supplemental Material 3)38-41,

Table 1: Significant ESC-related gene ontologies (FDR< 0.05) observed in the merged network of

the chosen miRNAs targets.

Gene ontology ID Biological process
GO0O:0007346 regulation of mitotic cell cycle
G0:0045787 positive regulation of cell cycle
G0:0051781 positive regulation of cell division
G0:0008284 positive regulation of cell proliferation
G0:0019827 stem cell population maintenance
GO0:0017145 stem cell division
G0:0045595 regulation of cell differentiation
G0:0045596 negative regulation of cell differentiation
G0:0045599 negative regulation of fat cell differentiation
G0:0045665 negative regulation of neuron differentiation
GO0:0010771 negative regulation of cell morphogenesis involved in differentiation
G0:0000723 telomere maintenance
GO0:0010833 telomere maintenance via telomere lengthening
G0:0032201 telomere maintenance via semi-conservative replication
G0:0032200 telomere organization
G0:0038092 nodal signaling pathway
G0:0043410 positive regulation of MAPK cascade
G0:0070374 positive regulation of ERK1 and ERK2 cascade
G0:0043406 positive regulation of MAP kinase activity
G0:0043408 regulation of MAPK cascade
G0:0000186 activation of MAPKK activity
GO0:0007179 transforming growth factor beta receptor signaling pathway
G0:0051092 positive regulation of NF-kappaB transcription factor activity
GO0:0043123 positive regulation of I-kappaB kinase/NF-kappaB signaling
GO0:0071456 cellular response to hypoxia
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G0:0051896 regulation of AKT signaling cascade
G0:0038127 ERBB signaling pathway
G0:0043551 regulation of phosphatidylinositol 3-kinase activity

G0:0043552 positive regulation of phosphatidylinositol 3-kinase activity

G0:0008543 fibroblast growth factor receptor signaling pathway

G0:0044344 cellular response to fibroblast growth factor stimulus"

GO:0071774 response to fibroblast growth factor

B miR-18b miR-302a
BmiR25  WmR-302
B@miR-93 miR-302d
miR-103a2 [@miR-363
B miR-106b miR-367
miR-205  (targets

Figure 3: Network resulting from the merge of predicted and validated miRNAs targets networks.
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3.2.2. Search for ncRNA-mRNA pairs with significant positive correlation

Using the data gathered in the previous analysis, all the pairs of mRNA-IncRNA or
mRNA-pseudogene that share ESC-expressed miRNAs were evaluated using Pearson statistics in
order to identify pairs with a significant positive correlation. A data frame containing the
normalized read counts for each of the targets (mRNAs, pseudogenes and IncRNAs) was
constructed, and, for each miRNA, the correlation among target mRNAs and target
pseudogenes/IncRNAs was estimated. RNA pairs with a correlation coefficient equal to or greater
than 0.6 (p <0.05) were selected. (Supplemental Material 4).

The results indicated 50 IncRNA-mRNA pairs and 13 pseudogene-mRNA pairs from the
validated miRNA targets and 9 IncRNA-mRNA pairs and 3 pseudogene-mRNA pairs from
predicted miRNA targets. It should be noted that those pairs that were also significantly positively

correlated in differentiated cells were not included in further analysis.

3.2.3. The positive correlation between mRNAs and ncRNAs is not due to divergent

transcription

To investigate whether the positive correlation between ncRNAs and mRNAs observed in
this work is due to shared regulatory sequencies, we examined the chromosomal location of the
ncRNAs and of the correlated mRNAs. Among the IncRNAs and pseudogenes selected as putative
ceRNAs, only two were located at the same chromosome as their mRNA pair (Figure 4). However,

the distance between those ncRNAs and their respective mRNAs (~45 Mbp) was considered to be
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too large to permit the sharing of regulatory elements. Therefore, the significant positive correlation
observed in the IncRNA-mRNA pairs of this study is probably not due to common regulatory

elements between the RNAs of each pair.
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Figure 4: Chromosomal position of the RNAs from the putative ceRNA pairs. Blue lines indicate

that each RNA of the pair is located in different chromosomes. Red lines indicate RNAs that are
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located on the same chromosome. The data are divided into predicted (A and B) and validated

miRNA targets (C and D). A and C: IncRNA-mRNA pairs; B and D: pseudogene-mRNA pairs.

3.2.4 The positive correlation between mRNAs and ncRNAs is not due to the

regulation by the same transcription factors

The localization of the RNAs from the putative ceRNA pairs in different chromosomes is not
impeditive of the regulation by the same TFs. Therefore, we analyzed the TFs that may putatively
regulate the RNAs from each ceRNA pair. A sequence of 2 kb, 1 kb at each side of the TSS, was
screened for TFs binding sites. The TFs not expressed in ESCs were excluded from the analysis.
Surprisingly, all of the RNAs composing the ceRNA pairs shared an average of 55 common TFs
binding sites in the region investigated (Supplemental Material 5). Therefore, we investigated the
influence of the common TF binding sites on the correlation observed between mRNAs and
ncRNAs estimating the factor S (see Material and Methods section). Among the most expressed
TFs shared by the ncRNA-mRNA pairs and used in the estimation of S were VENTX, ETV4,
SOX21, TFAP2C, INSM1, OTX2, FOXH1, SIPB and TEADA4.

As result of the analysis, only three ceRNA pairs presented S values superior to the
established threshold of 0.2 (Figure 5) and were eliminated from subsequent analysis. These results
indicate that the analyzed TFs may not be the responsible for the significant positive correlation

observed between the RNAs that comprise the putative ceRNA pairs.

144



o2
© | o
(]
~
L]
LU T
(]
o (]
o
o]
o] o
°5 o o o
249 o @ o o = OOCOO Bl &
- " ®o o %% ©o o P P o
o o a &z o O a0 o e}
o ) O (o] o
e o2
ooQ w 5% o
5 © o 2
o]
-
o™ o
S -

R AR R AR R RN AR AR AR AR AR R AR RARE
1 4 7 11 15 19 23 27 31 35 39 43 47 51 55 59 63 67 71 75

ceRNA pairs

Figure 5: S values for the analyzed putative ceRNA pairs. Each number on the x axis corresponds to

a ceRNA pair. 1-52: IncRNA-mRNA pairs from validated targets; 53-65: pseudogene-mRNA pairs

from validated targets; 66-74: ncRNA-mRNA pairs from predicted targets; 75-77:
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3.2.5. Selection of putative ceRNA pairs associated with ESCs maintenance

To select those putative ceRNA pairs that could have a role in the ESCs pluripotency

maintenance and proliferation, we performed a GO analysis for those pairs that remained from the
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filtering presented in the item above (Table 2 and Supplemental Material 6). ceRNA pairs whose
mRNA had an associated ESCs -related ontology were chosen for further analysis (Table 3 and
Supplemental Material 7).

In addition, all of the RNAs integrating the pairs are validated miRNA targets (Supplemental
Material 2), except for POU5SF1P3, which is a predicted target. Moreover, the chosen ceRNA pairs
were only significantly positively correlated in ESCs. In other words, the correlation between the
RNA pairs only exists in the cells that are expressing the miRNAs they compete for, the ESCs. In
differentiated cells, where these miRNAs are not expressed or are downregulated, the correlation
does not exist (Figure 6 and Supplemental Material 9, Figure S1). This observation could be

considered a strong evidence that the chosen pairs may be real ceRNAs.

Table 2: Embryonic stem cell-related ontologies observed in the filtered list of putative ceRNAs.

Gene ontology ID Biological process
GO0O:0007346 regulation of mitotic cell cycle
G0:0045787 positive regulation of cell cycle
G0:0090068 positive regulation of cell cycle process
G0:0051302 regulation of cell division
GO0:0019827 stem cell population maintenance
GO0O:0017145 stem cell division
GO0:0042659 regulation of cell fate specification
G0:0010453 regulation of cell fate commitment
G0:0000723 telomere maintenance
G0:0032200 telomere organization
G0:0043410 positive regulation of MAPK cascade
G0:0070374 positive regulation of ERK1 and ERK2 cascade
G0:0008543 fibroblast growth factor receptor signaling pathway
GO0:0044344 cellular response to fibroblast growth factor stimulus”
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GO:0071774 response to fibroblast growth factor

G0:0038127 ERBB signaling pathway

G0:0014068 positive regulation of phosphatidylinositol 3-kinase signaling
GO0:0014066 regulation of phosphatidylinositol 3-kinase signaling
GO0:0070371 ERK1 and ERK?2 cascade

G0:0014065 phosphatidylinositol 3-kinase signaling

G0:0001666 response to hypoxia
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Table 3: Putative ceRNA pairs possibly related to the ESCs proliferation and pluripotency maintenance.

mRNA ncRNA miRNAs Related ontology
AHCY RP11-253E3.3 hsa-miR-106b response to hypoxia

positive regulation of MAPK cascade
positive regulation of ERK1 and ERK2 cascade
ERBB3 RP11-6918.2 hsa-miR-106b fibroblast growth factor receptor signaling pathway
ERBB signaling pathway

positive regulation of phosphatidylinositol 3-kinase signaling

positive regulation of MAPK cascade
F2RL1 EEF1A1P6 and RP11-69L.16.5 hsa-miR-103a2 positive regulation of ERK1 and ERK2 cascade

positive regulation of phosphatidylinositol 3-kinase signaling

stem cell population maintenance

RP11-69L16.5, POU5SF1P3 regulation of cell fate specification
FGF2 hsa-miR-103a2 and -205

and GAS5 regulation of cell fate commitment

regulation of cell division

positive regulation of cell cycle
positive regulation of MAPK cascade
FGFR2 RP11-20D14.6 hsa-miR-103a2 positive regulation of ERK1 and ERK2 cascade
fibroblast growth factor receptor signaling pathway
ERBB signaling pathway
HSPD1 SNHG5 hsa-miR-25, -363, -367 and -302ad response to hypoxia
INO80 RP11-253E3.3 hsa-miR-93 and -106b regulation of mitotic cell cycle
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hsa-miR-25 and -302acd

positive regulation of cell cycle

hsa-miR-103a2 and -302acd

telomere maintenance

telomere organization

has-miR-18b

telomere maintenance

telomere organization

hsa-miR-103a2

stem cell population maintenance

hsa-miR-205

regulation of cell fate specification

regulation of cell fate commitment
stem cell division

regulation of cell fate specification

regulation of cell division

NPM1 RP11-20D14.6
PARP1 RP11-20D14.6
PRIM?2 GASS
SALL4 RP11-20D14.6
SFRP2 RP11-20D14.6
TCF7L1 RP11-6918.2

hsa-miR-93

stem cell population maintenance
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Figure 6: Correlation analysis between RNAs from the chosen ceRNA pairs in ESCs compared with

differentiated cells.
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3.2.6. Competition at the isoform level

The ceRNA pairs selected based on the GO analysis were further investigated at the isoform
level. Both ncRNAs and mRNAs of each pair presented more than one isoform expressed in ESCs,
with a few exceptions. In addition, some protein-coding genes were also transcribed into
non-coding isoforms.

All isoforms had their sequences screened for binding sites of the investigated miRNAs. In
addition, the strength of the miRNA binding, the seed type and the expression levels of each
detected isoform were also estimated (Supplemental Material 8).

The ncRNAs of the pairs AHCY-RP11-253E3.3, FGFR2-RP11-20D14.6,
F2RL1-EEF1A1P6-RP11-691.16.5, HSPD1-SNHGS5, INO80-RP11-20D14.6,
NPM1-RP11-20D14.6, PARP1-RP11-20D14.6, PRIM2-GAS5, SALL4-RP11-20D14.6 and
SRFP2-RP11-20D14.6 presented shared miRNA sites with AG values similar or higher than those
estimated for the sites on mRNAs (Figure 7 and Supplemental Material 9, Figure S2). In other
words, the miRNA theoretically binds with approximately the same strength and stability to the

MREs on the ncRNA and on the mRNA.
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Figure 7: Schematic representation of the interaction between RNAs from the ceRNA pairs and

miRNAs. The node sizes are proportional to the isoform’s expression in transcripts per million
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(TPM), except for miRNAs, whose expression is not exhibited. The connector width is proportional
to the miRNA binding AG values (kJ.mol"). Red circles: mRNAs. Gray circles: non-coding RNAs
isoforms expressed by a coding gene. Pink octagons: IncRNAs. Blue octagons: pseudogenes.

Yellow hexagons: miRNAs.

For these pairs, the type of miRNA seed binding was further investigated and, classified as
8-mer, 7-mer or 6-mer, and the miRNA binding strength values were plotted against the seed types
(Figure 8 and Supplemental Material 9, Figure S3 ).

Both criteria, that is, seed type and miRNA-target binding strength, were used to further
investigate the possibility that the RNAs of the pairs were indeed in a competition with each other.
For the pair AHCY-RP11-253E3.3, RP11-253E3.3-001 binds to the miRNA more stably and
presents a seed type with higher preference in the binding hierarchy. For the F2RL1-EEF1A1P6
pair, the seed types of both RNAs remain at the same preference level in the hierarchy, and the
binding strength is very similar. The isoform RP11-69L16.5-001 also presents the same seed type
as the mRNA, but with a lower binding strength; and therefore, it was discarded as a competitor. In
the case of the HSPD1-SNHGS5 pair, the isoforms of SNHGS5 presented seed types with higher
binding preference or a higher miRNA binding strength. In the pair INO80-RP11-20D14.6, the
ncRNA presented highter miRNA binding strength, but the same seed type as the mRNA. For
PARP1-RP11-20D14.6, the seeds types of the ncRNA were the same or had a higher binding
preference than the mRNAs seeds. The same trend was observed for the binding AG. In the case of
the PRIM2-GASS5 pair, GAS5 presents 8-mer seed types and a higher binding strength (Figure 8).

In all of the other pairs, the ncRNAs presented seed types with a lower preference in the binding
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hierarchy or a miRNA binding strength that was lower than the that observed in for the mRNA.

These pairs were disconsidered.
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of the genes composing the ceRNA pair. Red circles: mRNAs. Gray circles: non-coding isoforms
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overlapping circles, one of them is represented in a shorter diameter. For this case, identifications
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above or bellow the circle corresponds to the larger one, and identifications on each side or both

sides corresponds to the smaller circle.

Interestingly, some non-coding isoforms expressed by the coding genes were targeted by one
or more miRNAs and were detected as upregulated in ESCs with AG values and seed types that
were similar to or higher than those observed in their coding counterparts. This observation opens
the possibility that these RNAs may also act as ceRNAs of their coding isoforms. This is the case
for AHCY-001 from the pair AHCY-RP11-253E3.3, the isoforms INO80-002 and -201 in the pair

INO80-RP11-20D14.6 and PARP1-002 and -007 in the case of the pair PARP1-RP11-20D14.6.

3.3. circRNAs that putatively act as ceRNAs in ESCs

A total of 280 different circRNAs were identified in the ESC replicates of the main dataset
after the analysis with Mapsplice2. However, most of them were not detected in all of the samples.
Therefore, we chose 10 circRNAs that were detected in most of the replicates. The circRNAs in
case were derived from the backsplicing of some exons from the following genes: FAT1, FAT3,
HIPK3, SPECC1, SETD3, SKIL, TNFRSF21, UGP2, XPO1 and ZNF124 (Table 4). Therefore we
named these circRNAs by adding the prefix “circ” in front of the gene name. Besides, two further
RNA-seq datasets, 2 and 3 (see Materials and Methods), were analyzed in order to confirm that
those circRNAs were really expressed in ESCs. All of the circRNAs were detected, but only in the

dataset 3.
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In addition, we compared our circRNAs to those reported in a previous publication** All
circRNAs detected in our ESCs samples were also observed by those authors. The only exception
was the circRNA derived from the gene coding for ZNF124, which presented three exons in our
analysis and only two in the comparison report.

A comparison between the circRNAs detected in ESCs and those detected in differentiated
cells were not conducted because there is no reliable tool to perform circRNA differential
expression with RNA-seq data. In addition, most of them were also detected in differentiated cells.
In this way, no inference about the role of detected circRNAs in ESC maintenance can be made.
This fact, however, does not preclude a putative ceRNA behavior of these RNAs in stem cells.

Then, a screening of the circRNAs sequences was performed to identify putative miRNAs
sites, their binding strength and seed type. Eight of the ten circRNAs presented binding sites for the
investigated miRNAs (Table 4). Most of the AG values of the miRNA binding sites on circRNAs (~
-7 to -16 kJ.mol ') were lower than the lowest value tested by Yuan and coworkers*, indicating that
they possibly do not act as strong ceRNAs (Figure 8 and Supplemental Material 10). However, the
miR-25 and miR-103a2 sites from circ-FAT1 (AG ~ -17 kJ.mol?), miR-103a2 from circ-HIPK3
(AG ~ -20 kJ.mol?) and miR18b from circ-TNFRSF21 (AG ~ -17 kJ.mol') may contribute to a
putative ceRNA role of these circRNAs (Figure 9 and Supplemental Material 9, Ffigure S4).

The seed types for these sites also corroborate the idea that they may act as putative ceRNAs.
In the case of circ-FATI1, the seed types are 7-mer and 6-mer for the miR-103a2 and -25 binding
sites, respectively. The seed for the miR-103a2 site on circ-HIPK3 is 8-mer, and that for the 18b site

on circ-TNFRSF21 is 7-mer.
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Table 4: circRNAs detected in embryonic stem cells

Chromosome  Number of exons Exons Gene name Binding miRNAs
4 1 ENSE00001271254 FAT1 hsa-miR18b, -25, -103a2, -205, -302acd, -363 and 367
11 1 ENSE00001709176 FAT3 hsa-miR-18b, -93, -103a2, -106b and -205
11 1 ENSE00001479558 HIPK3 hsa-miR-25, -93, -103a2, -106b, -363 and -367
ENSE00003479105
ENSE00003524073
14 5 ENSE00001326746 SETD3 hsa-miR-103a2
ENSE00003574060
ENSE00003480744
3 1 ENSE00001594946 SKIL hsa-miR-205 and -302acd
17 1 ENSE00001314252 SPECC1 hsa-miR-25, -103a2, -205, -363 and -367
6 . ENSE00000973751 TNFRSE21 hsa-miR-18b, -25, -93, -103a2,-205, -302acd, -363
ENSE00001139134 and -367
) . ENSE00003665935 e None
ENSE00003645549
ENSE00003511604
2 3 ENSE00001273429 XPO1 None
ENSE00003787921
ENSE00003545914
1 3 ENSE00003609686 ZNF124 hsa-miR-18b and -302acd.
ENSE00002230988
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Figure 9: Schematic representation of the interaction among the detected circRNAs and the
miRNAs upregulated in ESCs. The highestr and lowest miRNA binding AG values (kJ.mol™) are
represented bellow each network, and the connector width is proportional to the AG values. The

highest binding strengths observed are represented by red connectors.

4. Discussion

Competing endogenous RNAs have already been described in several cellular contexts, and
there are more than 60 ceRNA pairs already described in the literature. However, only a few studies
have been published concerning the role of ceRNAs in the stemness maintenance!'-!>16, The first
ncRINA reported to have a role in ESCs through competition was linc-ROR. This IncRNA helps to
maintain the undifferentiated state of the stem cells through titrating away the miR-145, whose
targets are Oct4, Sox2 and Nanog, the major transcription factors responsible for the characteristics
of a ESCs. Another ncRNA that acts as a ceRNA in ESCs is FLLJ11812, which establishes a
competition crosstalk with CDC20B and ATG13 for the miRNA-4459. The stemness maintenance,
in this case, was especulated to result from mechanisms related to the cell cycle and autophagy'®. In

addition, in 2016, a third IncRNA was reported to maintain ESCs pluripotency and self-renewal
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through a competition mechanism. GAS5 competes with NODAL for the binding of miR-2467,
-3200 and Let-7e!.

None of the previously reported competition cases were, however, observed in this study.
LINC-ROR was detected in our samples among the most expressed IncRNAs, but we could not
identify the previously described competing crosstalk involving this IncRNA, mainly because the
miRNA that intermediated the competition was not detected in our samples. Actually, miR-145 is
not a miRNA characteristic of ESCs and it is expressed at low levels in these cells*. On the other
hand, its expression is observed to rise when the stem cells initiate their differentiation®. In addition,
no ceRNA pair containing this IncRNA was identified considering our ceRNA filtering criteria. We
also failed to detect the crosstalk between FLJ11812 and the mRNAs CDC20B and ATG13 because
neither FLLJ11812 nor miRNA-4459 were detected as upregulated in any of the data sets analyzed.
In the case of GAS5, we detected both Nodal and GAS5 RNAs, but we did not indentify any
crosstalk between these two molecules because the miRNAs that mediate the competition were not
detected in our datasets and are not reported as ESC-recognized miRNAs, the criterion adopted to
select the miRNAs in our study. The fact that the miRNAs mediating the competition between
GASS and NODAL improve their expression during ESCs differentiation may be an indicative that
these small RNAs are not characteristic of ESCs and may explain why we did not observed them in
our datasets'®.

Based on all the criteria applied in this work, we selected the pairs AHCY-RP11-253E3.3,
F2RL1-EEF1A1P6, HSPDI1-SNHG5, INO80-RP11-20D14.6, PARP1-RP11-20D14.6 and
PRIM2-GASS as those with the major potential to truly compete for the shared miRNAs in the

context of ESCs. However, none of the RNAs in our ceRNA pairs were previously reported to act
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as miRNAs sponges, with the exception of GAS5. Beyond already reported role as a ceRNA in the
ESCs, it was reported to act as a tumor suppressor by promoting the expression of PTEN through
the sponging of miR-21 and miR-103 in breast and endometrial cancer cells, respectively**.

Although the mRNAs of the chosen pairs were not reported in competition crosstalks
previously, they are associated with processes that are important for ESCs, like the response to
hypoxia (AHCY and HSPD1), regulation of the mitotic cell cycle (INO80), telomere maintenance
(PARP1 and PRIM?2) and positive regulation of ESCs -related signaling pathways (F2RL1). This
fact makes their coded proteins possibly important for the ESCs biology.

The human embryo develops in an oxygen-poor environment at the beginning of the
gestation, and it has been demonstrated that hypoxic ESCs culture conditions prevents the
espontaneous differentiation®4’. In addition, hypoxia-inducible factors seems to regulate ESCs
pluripotency and proliferation. OCT4, SOX2 and NANOG were downregulated and the ESCs
number and colony size were significantly reduced when HIF2A and HIF3A, genes coding for
factors related to the cellular hypoxia response, were silenced*®. Moreover, the protein coded by
HIF2A was observed to bind to the Oct-4 promoter and induce its expression*>. AHCY and HSPD1
have never been investigated in ESCs previously. However, their association with hypoxia, even in
the case of AHCY, whose hypoxia hypoxia-related ontology was inferred from electronic
annotation, indicated that the proteins coded by these genes may be important in the stemness
maintenance, which is reinforced by the possibility of their expression being maintained by

competition. HSPD1 is an essential gene for early embryonic development because homozygous

Hspd1 mutant mouse embryos die shortly after implantation®. In addition, HSPD1 is constitutively
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expressed in murine embryonic carcinoma stem cells and had its protein expression downregulated
when these cells were induced to differentiate®!.

INO80 codes for a chromatin remodeling ATPase part of the INO80 complex, which
functions as a chromatin remodeler. Despite its associated ontology in mitotic cell cycle regulation,
Ino80 was also reported to co-occupy pluripotency gene promoters with the master ESC
transcription factors, helping to open the chromatin and recruit proteins to promote the gene
expression®’., The knockdown of INO8O leads to decreased expression of the transcription factors
Oct4, Nanog, Sox2, Klf4, and Esirb, which are important for the stemness maintenance, increased
expression of differentiation markers and loss of ESC typical morphology. In addition, Ino80
interacts physically with Oct-4, that, together with WDR5, promote the recruiting of Ino80 to its
target promoters®?.

One of the categories of transcripts enriched in ESCs is composed by of genes involved in
signaling pathways*. Key components of the MAPK/ERK and PI3K/AKT pathways are
downregulated during the ESCs differentiation*'. In addition, the inhibition of these pathways with
chemicals leads to ESCs differentiation together with a decrease in the expression of the ESCs
markers, such as NANOG, OCT4, SOX2 and SSEA444, F2RL1 encodes for a cell surface receptor
member of the G-protein coupled receptor 1 family of proteins, known as PAR-2. PAR-2 has been
shown to activate the PI3K/AKT pathway in cancer cells, as the introduction of a PAR-2 agonist in
the cell culture leads to an increase in the PI3K and AKT phosphorylation®®. Additionally,
C-terminal PAR-2 mutants lead to a decrease in ERK1/2 phosphorylation®*. No study has reported
on the role of F2RL1/PAR-2 in ESCs, but its relationship with pathways that are important for these

cells makes it an interesting target of ceRNA research.
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One of the remarkable ESCs characteristics is the high telomerase activity together with the
hight expression of hTERT, the catalytic reverse transcriptase subunit of the telomerase complex®.
The homonymous protein enconded by the gene PARP-1 belongs to athe poly(ADP-ribose)
polymerase (PARP) family that performs poly ADP-ribosylation on target proteins and has been
associated with the telomere maintanance®. This association was confirmed by the cellular effects
of PARP-1 silencing: reduced telomerase activity, inhibition of poly(ADP-ribosyl)ation of hTERT
and reduction of TEP1/TP1, a telomerase- associated protein®’, together with telomere shortening®®.
Moreover, PARP-1 was observed to be downregulated during the murine ESC (mESCs)
differentiation, and mESCs deficient in PARP-1 present a reduction in the expression of important
ESC transcription factors such as Oct-4, Sox2 and Nanog®®. Additionally, these cells differentiate
more rapidly into cells from the three germ layers, indicating that PARP-1 may play a role in the
ESC maintenance®®.

Also associated to with processes related to telomere maintenance, PRIM2 codes for one of
the DNA primase subunits, and its protein was shown to interact with CTC1, which is part of a
protein complex that is associated with telomere replication®. In addition, the mRNA for PRIM?2 is
important for the DNA replication®, especially in cells that activelly divide, such as ESCs.
However, there are few publications on the protein coded by PRIM2 and no report on ESCs. Even
so, considering the characteristics of the pair PRIM2-GASS5, the importance of the PRIM2-coded
protein and the fact that GAS5 was previously reported to act as a ceRNA, an eventual competition
between GAS5 and PRIM2 for miR-18b may be important.

Besides the visible importance of the mRNAs from chosen pairs in ESCs, there are several

indications of the possible occurrence of a competition crosstalk between RNAs constituent of these
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pairs. Firstly, they share binding sites for miRNAs that are highly expressed in ESCs. Also, they
present positively correlated expression, that is not caused by shared regulatory elements. Moreover,
although they share common TFs bindindg sites, this seems not to be the cause of the correlation
either. Furthermore, it was proposed that stronger ceRNA crosstalk happens at higher
miRNA-target binding AG and that available miRNA molecules distribute hierarchically on the
target pool, where they bind preferentially to 8-mer sites, followed by 7-mer and 6-mer sites2,
The ncRNAs that integrate the selected pairs are bound by the shared miRNAs with AG values
equal to higher than the AG values of the mRNAs and present seed types with equal or higher
preference in the binding hierarchy. These observations, together with the fact that the correlation
between the RNAs is not observed in differentiated cells, where their shared miRNAs are not
expressed, point to these pairs as strong candidates of to being ceRNAs.

In addition to the competition between ncRNAs and mRNAs, we also investigated the
expression and putative action as ceRNAs of circRNAs in ESCs. circRNAs originate from a
non-canonical splicing process called backsplicing®®. In this process, a downstream splice donor is
joined to an upstream splice acceptor, generating circular RNA molecules®. circRNAs seem to be
regular RNA molecules expressed in cells and were also reported to act as ceRNAs in different cells
types %54%7_ These molecules were detected in ESCs previously, but no study has reported them as
ceRNAs in this cell type*?. Here, we detected 280 different putative circRNAs in ESCs and, for the
first time, proposed that three of them putatively act as ceRNAs in these cells. The circRNAs
circ-FAT1, -HIPK3 and -TNFRSF21 were detected previously in ESCs** and were proposed here as
putative ceRNAs because they have binding sites for miRNAs characteristic of these cells. An

investigation of the AG binding values and the seed types revealed that their interaction with their
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respective miRNA is indicative of a possible strong ceRNA effect, and their seed types favours their
association with miRNAs in the binding hierarchy. All of these characteristics make these
circRNAs interesting targets for an investigation about circRNAs acting as ceRNAs in the ESCs
context, especially the circ-HIPK3, which presents the most stable binding to hsa-miR-103a2 and a
seed type with a preference in the miRNA binding hierarchy (8-mer).

As the evidences gathered in this study indicates that the ncRNA-mRNA and circRNAs
highlighted here may act as ceRNAs, they are proposed as preferential targets for in vivo testing

aiming to broaden the knowledge about the RNAs competitions in ESCs.

5. Conclusions

Most of the ceRNAs crosstalks that have already been described have involved only pairs of
RNAs. However, if the competition among RNAs for miRNA is a real new layer of gene expression
control, it is more likely that the interactions are organized into networks and not in binary
interactions. To the best of our knowledge, this is the first large-scale study of ceRNAs in ESCs,
and the data presented here have the potential to support the existence and the importance of
ceRNAs in ESCs. Additionally, it may help to start elucidating the complexity of this new level of
expression control. In this sense, the pairs selected in this work, together with the detected
circRNAs, are strong candidates to be the starting point of in vivo studies to disentangle the cecRNA

network characteristic of ESCs.
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Supplemental Material 1

Table S1: The 50 most expressed IncRNAs in human embryonic stem cells detected in DESeq2 analysis of the main dataset.

Gene ID Gene Name log:FC p Value Adjusted p value
ENSG00000232301 LNCPRESS1 9.66992288162666 3.66004666171958e-27 1.92723502013333e-26
ENSG00000249152 LNCPRESS2 9.32757604765559 2.06868887786274e-19 8.99904466293286e-19
ENSG00000254934 LINCO00678 8.98002898156571 1.6115487870555e-80 1.96637858725471e-79
ENSG00000265992 ESRG 8.78345927029637 4.7017993192677e-76 5.4421535403307e-75
ENSG00000280707 RP11-568A7.4 8.59488779574113 7.1249646207954e-28 3.81697038225121e-27
ENSG00000236673 RP11-6918.2 8.52608710440864 1.43149417315855e-34 8.87433980291872e-34
ENSG00000253507 CTD-2501M5.1 8.23164610036708 4.48971394010088e-19 1.93171879789398e-18
ENSG00000258609 LINC-ROR 8.18003204809258 2.99924275887274e-15 1.14983297596234e-14
ENSG00000274090 RP11-415G4.1 7.38060314436838 3.64181663295141e-15 1.39176728346359¢-14
ENSG00000234787 LINCO00458 7.32870792592889 9.20594365453137e-42 6.47828603896031e-41
ENSG00000234261 RP11-14612.1 7.30004497926441 8.3733339927582e-15 3.15857326168601e-14
ENSG00000253230 LINCO00599 7.02403603187471 4.39431470757041e-23 2.10478456552133e-22
ENSG00000248131 LINCO01194 6.96079775576223 1.46506648419699%¢-32 8.69928184069831e-32
ENSG00000237923 XXbac-BPG27H4.8 6.69601662532708 2.06834553533478e-12 7.10452539656545e-12
ENSGO00000274652 RP11-457D13.4 6.64237075223624 3.56531904567749e-12 1.21455187771999%e-11
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ENSG00000227640 SOX21-AS1 6.56875484972313 3.00215882732538e-10 9.35010397079628e-10
ENSG00000226673 LINCO01108 6.50466115793817 9.82550296443354e-20 4.32258586357699e-19
ENSG00000244342 LINCO00698 6.29513391964392 1.19631519202551e-30 6.80287071578145e-30
ENSG00000231698 AP002856.5 6.2770930677899 7.65030799993716e-11 2.45284619809454e-10
ENSG00000241168 RP11-10022.1 6.13316609191821 1.87682325107712e-17 7.68330401130519e-17
ENSG00000226506 AC007463.2 6.13264567655256 4.38526032816843e-09 1.28626949546672e-08
ENSG00000231566 RP5-1158E12.3 6.13094714751483 2.37686003444561e-10 7.43739663102234e-10
ENSG00000281383 CH507-513H4.5 6.1023509967848 1.28799740078705e-05 2.9905205952143e-05
ENSG00000269877 CTD-3022G6.1 5.82237494145826 2.67579651502381e-08 7.52541841589643e-08
ENSG00000229271 AC091493.2 5.77622312886619 3.45353193928336e-08 9.65534077245315e-08
ENSG00000233393 AP000688.29 5.70401155698609 5.5433639216066e-09 1.61811119943053e-08
ENSG00000249790 RP11-20D14.6 5.63505429702534 2.79354965377037e-138 6.13416162037055e-137
ENSG00000253252 RP11-10A14.6 5.62278089581703 8.30199879969647e-08 2.26255625413312e-07
ENSG00000225783 MIAT 5.60565675819002 3.06898006948017e-214 1.20587650094665e-212
ENSG00000227838 RP1-213J1P B.1 5.60332060805428 1.47938194744114e-11 4.90702756479561e-11
ENSG00000258649 CTD-2142D14.1 5.59256199075941 1.15620401748337e-08 3.3156836095966e-08
ENSG00000197462 AC005276.1 5.53386497139634 1.41803313860994e-07 3.80519543408052e-07
ENSG00000203635 AC144450.2 5.48881711374466 2.35705563451102e-08 6.65018409902825e-08
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ENSG00000255666 RP11-867G2.6 5.4581080313201 2.82701207277417e-08 7.93975556513178e-08
ENSG00000248605 CTD-2306M5.1 5.44548027746923 7.8313774747783e-20 3.45367554438764e-19
ENSG00000228592 D21S2088E 5.43969255086136 5.3372596676314e-08 1.47376069909091e-07
ENSG00000262370 RP11-473M20.9 5.392479057566 2.72342432621498e-07 7.17602090861616e-07
ENSG00000267530 LINCO01836 5.2793669456642 5.32587255093406e-07 1.37546777294233e-06
ENSG00000225077 LINCO00337 5.24077072291107 8.62845621801421e-13 3.00839671575654e-12
ENSG00000261786 RP4-555D20.2 5.2291014211142 6.70190446748385e-07 1.71901480496687e-06
ENSG00000250993 RP11-404J23.1 5.20500735656894 7.42190254474316e-07 1.8969860030603e-06
ENSG00000273209 RP11-107N15.1 5.18811921805742 1.67003114050442e-07 4.46344084470413e-07
ENSG00000261757 AC005592.3 5.1509735342722 1.22796915536194e-17 5.05492295270779e-17
ENSG00000278041 RP5-984P4.6 5.1236985243595 1.24409515863112e-06 3.13080501885344e-06
ENSG00000235152 RP5-865N13.2 5.11432946671105 2.74801486089081e-07 7.23964670306653e-07
ENSG00000277200 RP11-74E22.8 4.98927148330316 3.19401527412296e-09 9.44579175171297e-09
ENSG00000276529 AP001505.10 4.95631483136439 6.7447000369127e-07 1.72917670858412e-06
ENSG00000236714 LINCO01844 4.93640782802276 1.75688211029079e-53 1.49545658668444e-52
ENSG00000197182 MIRLET7BHG 4.91913062057142 3.00044091027693e-06 7.33530971865547e-06
ENSG00000251598 RP11-789C2.1 4.82991039376195 5.05220181378315e-06 1.21377745290006e-05
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Table S2: The 50 most expressed pseudogenes in human embryonic stem cells detected in DESeq?2 analysis of the main dataset.

Gene ID Gene Name log:FC p Value Adjusted p value
ENSG00000204121 ECEL1P1 7.86408241161352 3.28814324845047e-14 1.21288356697249e-13
ENSG00000224557 HLA-DPB2 7.83112207679643 3.56824681183917e-17 1.44805362789178e-16
ENSG00000232293 PAICSP7 7.19194770209906 4.31796123500801e-12 1.46513634256969¢-11
ENSG00000179899 PHC1P1 6.7883990197443 1.24094085731836e-35 7.86627856205766e-35
ENSG00000265735 RN7SL5P 6.23014201058318 2.1211433282628e-10 6.65957422638817e-10
ENSG00000237227 RP5-1155K23.4 6.19438664233223 2.96022837369424e-09 8.76949526926731e-09
ENSG00000231001 CCNBI1IP1P3 5.99103861936496 6.72137533169675e-10 2.06129752353304e-09
ENSG00000213612 FAM220CP 5.81113956220569 1.10834623862535e-15 4.30830016471369e-15
ENSG00000226539 AC012512.1 5.80251426361997 1.49733402527702e-22 7.08872706877561e-22
ENSG00000235602 POUSF1P3 5.78387120332948 3.00483226687036e-09 8.89840224722029e-09
ENSG00000233309 RPS6P12 5.77035687108904 3.19381303813027e-09 9.44579175171297e-09
ENSG00000276170 AC124789.1 5.76009977297457 3.7354961636718e-09 1.1004278305324e-08
ENSG00000233966 UBE2SP1 5.65777300114222 6.35346628068112e-08 1.74433180019171e-07
ENSG00000224664 RPL36AP53 5.63973478796982 7.70807900253316e-08 2.10596766455286e-07

178



ENSG00000207220 RNU1-57P 5.60154526324832 8.67088836384439e-08 2.36052898829621e-07
ENSG00000225366 TDGF1P3 5.44253335482373 1.84579723940816e-19 8.0465916503545e-19

ENSG00000270524 QTRT1P1 5.43983160603056 9.11111589838937e-14 3.30588016795433e-13
ENSG00000251947 RN7SKP164 5.43254901619106 2.16516273613455e-07 5.74024794253534e-07
ENSG00000277103 RP11-520B13.8 5.32969799067417 1.55494816817991e-46 1.17855542217759e-45
ENSG00000225728 RP6-191P20.3 5.29239984394631 4.58201078819272e-07 1.1889995728846e-06

ENSG00000270354 RP11-547M24.1 5.27695109982462 4.83539897058523e-07 1.25256205622808e-06
ENSG00000229150 CRYGEP 5.12602208042091 1.27716000606816e-06 3.21153858437718e-06
ENSG00000235001 EIF4A1P2 5.12350174080167 1.23193423904502e-06 3.10187513674414e-06
ENSGO00000176654 NANOGP1 5.1202326847204 1.36560349403265e-09 4.12409223891546e-09
ENSG00000227097 RPS28P7 5.11345170423073 1.1166937549047e-09 3.38837324460071e-09
ENSG00000225573 RPL35P5 5.08509579346198 1.50816771913459¢e-09 4.5453841946818e-09

ENSG00000255192 NANOGPS8 5.08253565328283 2.56895469929503e-17 1.04668715799078e-16
ENSG00000244280 ECEL1P2 5.0674578204859 3.89554786502419e-07 1.01611622374796e-06
ENSG00000237158 RP11-472F14.4 5.02569179264134 2.38534192636282e-06 5.87820260978103e-06
ENSG00000233762 AC007969.5 5.01726701128388 2.32581260827961e-09 6.92778993664895e-09
ENSG00000188801 ZNF322P1 4.98556686749698 1.13169339791208e-16 4.51791818420655e-16
ENSG00000213763 ACTBP2 4.94393313639276 3.6998368723913e-06 8.9860757016461e-06
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ENSG00000265260 RN7SL74P 4.89412914166562 9.49783846501121e-07 2.41022321877319e-06
ENSGO00000159712 ANKRD18CP 4.89137605199483 1.21170582601285e-225 5.19903004349167e-224
ENSG00000231345 BEND3P1 4.85782702585277 4.17196265009551e-06 1.00928298474416e-05
ENSG00000242477 CTD-2161E19.1 4.80510577130715 5.36496949716478e-06 1.28645798649794e-05
ENSG00000216802 RP11-390P2.2 4.78184906794015 6.24888172610063e-06 1.49118238778512e-05
ENSG00000223703 AC027612.4 4.75586676006984 6.91934925430349e-06 1.64444713480979e-05
ENSG00000204959 ARHGEF34P 4.75181723222866 2.02468024743675e-08 5.73322863925981e-08
ENSG00000249239 RP11-428L21.2 4.6963718666409 3.18843561814103e-10 9.91890242030686e-10
ENSG00000268034 AC005795.1 4.68286541367784 1.00208377508326e-05 2.34787883352602e-05
ENSG00000222375 RN7SKP127 4.65901838234247 3.88446600626061e-06 9.41895024776633e-06
ENSG00000227939 RPL3P2 4.65646795018941 1.11968597358888e-05 2.6136678874481e-05

ENSG00000214182 PTMAPS 4.64359520962292 2.76415282147476e-16 1.09228026052032e-15
ENSG00000248590 GLDCP1 4.58845838424879 5.73702979857372e-06 1.37356360694167e-05
ENSG00000261963 CCDC92B 4.55536040151256 1.78067524436783e-05 4.08304832016141e-05
ENSG00000256663 RP11-424C20.2 4.54592202359548 1.85576250114971e-05 4.24835989536146e-05
ENSG00000197847 SLC22A20 4.52550720476684 8.4524564669086e-06 1.99184186314593e-05
ENSG00000267102 RP11-686D22.7 4.50863898782389 8.53786567591368e-06 2.01109789388208e-05
ENSG00000240327 RN7SL93P 4.48881166713518 2.61238084024887e-05 5.89858648750474e-05
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Table S3: miRNAs detected as differentially expressed in human embryonic stem cells by DESeq?2 analysisof the main dataset.

Gene ID Gene Name log,FC p Value Adjusted p value
ENSG00000207927 MIR302A 6.90048267115899 3.39279013151305e-13 1.20414916962411e-12
ENSG00000199102 MIR302C 6.33244213278602 9.77622949318177e-15 3.67630364403284e-14
ENSG00000207547 MIR25 4.98957157708772 2.76799252611148e-06 6.78634118956239e-06
ENSG00000207572 MIR363 4.48866264597365 2.53629758435981e-05 5.73432964440636e-05
ENSG00000199145 MIR302D 4.23551461457288 2.09195931666935e-08 5.91912093655873e-08
ENSG00000221771 MIR1205 3.97790483112655 0.000226535673323146 0.000461552652274265
ENSG00000221479 MIR1251 3.63106894342312 0.00100834558556303 0.00190370049492941
ENSG00000265806 MIR4292 3.45294949875045 0.00194953433645063 0.00354137386112856
ENSG00000239594 MIR18B 3.38981322507278 5.6038731620216e-08 1.54489755560899e-07
ENSG00000266235 MIR3176 3.31509865200913 0.00284789583932388 0.00505775520697067
ENSG00000265462 MIR3680-1 3.28997959680575 0.00227620331995399 0.00409987813344758
ENSG00000276404 MIR6835 3.16144489875363 0.00444638980330084 0.00767517021872379
ENSG00000207870 MIR221 3.13133952671024 0.00523088660544535 0.00893066193155564
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ENSG00000221176 MIR1207 3.05535853760441 0.00823834023162377 0.0136132735446852
ENSG00000199024 MIR103A2 3.04879363849264 0.00629420788106062 0.0105824059400627
ENSG00000265660 MIR4664 2.9608594581941 0.00816234145738173 0.0134986210122786
ENSG00000265641 MIR3929 2.92976083226772 0.0101258783772607 0.0164968656209119
ENSG00000207973 MIR589 2.86043497913945 0.0166664580609437 0.0260514781153361
ENSG00000264572 MIR4296 2.70912137940815 0.0136876367464436 0.0217504727975898
ENSG00000264069 MIR3943 2.6936138595426 0.0210434169689983 0.0321492159717051
ENSG00000265565 MIR3143 2.58670275198245 0.0200340757577287 0.030859167923453
ENSG00000216031 MIR298 2.53116291844986 0.0215543776709191 0.0328445743751564
ENSG00000276335 MIR205 2.52676673667293 0.0340786927667634 0.0499570112758858
ENSG00000263642 MIR4802 2.4786927149464 0.031134410626263 0.0460396166735536
ENSG00000207757 MIRS3 2.36639533539877 0.0106125587529758 0.0172090419349507
ENSG00000207652 MIR621 2.36245506018985 1.32090195650505e-09 3.99278751007248e-09
ENSG00000208036 MIR106B 2.28407707342218 0.0149970203135522 0.0236687470287643
ENSG00000207951 MIR561 2.27847662945195 0.000186861032352044 0.000384436168379998
ENSG00000276712 MIR7111 1.70471156934545 0.00688103274253322 0.0115119885796585
ENSG00000265112 MIR3153 1.58536562351453 0.00651472357584445 0.0109261979790967
ENSG00000199169 MIR367 1.48569131951868 0.03259883316195 0.0479834603256544
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Table S4: miRNAs chosen for the ceRNAs investigation already reported as expressed in embryonic stem cells in other studies.

This study* Suh(2004) Bar(2008) Laurent (2008) Morin(2008) Li (2009) Ren(2009) Parsons (2012) Asikainen(2015)
hsa-miR-18b hsa-miR-18b hsa-miR-18b hsa-miR-18b-5p
hsa-miR-25 hsa-miR-25 hsa-miR-25 hsa-miR-25 hsa-miR-25-5p
hsa-miR-93 hsa-miR-93 hsa-miR-93 hsa-miR-93-3p and 5p
hsa-miR-103  hsa-miR-103-3p hsa-miR-103 hsa-miR-103
hsa-miR-106
hsa-miR-106b hsa-miR-106b hsa-miR-106b mll) hsa-miR-106b-5p
. . . . hsa-miR-205-3p and
hsa-miR-205 hsa-miR-205 hsa-miR-205 hsa-miR-205 5p
hsa-miR-221 hsa-miR-221 hsa-miR-221  hsa-miR-221 hsa-miR-221
hsa-miR-302a- hsa-miR-302 hsa-miR-302a-3 d
hsa-miR-302a o0 MiR-302a3 oy hiR-302a hsa-miR-302a hsa-miR-302a Sar hsa-miR-302a o o camban
p and 5p a Sp
) hsa-miR-302c-3 ) ) ) hsa-miR-302 ) hsa-miR-302c-3p and
hsa-miR-302c hsa-miR-302c hsa-miR-302c  hsa-miR-302c hsa-miR-302c
p and 5p C Sp
hsa-miR-302d-3 hsa-miR-302 hsa-miR-302d-3 d
hsa-miR-302d o hsa-miR-302d hsa-miR-302d > m(lj hsa-miR-302d o . pan
P P
. . . . ) hsa-miR-363-3p and
hsa-miR-363 hsa-miR-363 hsa-miR-363 hsa-miR-363 hsa-miR-363 5p
. . . ) hsa-miR-367-3p and
hsa-miR-367  hsa-miR-367-3p hsa-miR-367 hsa-miR-367 c
P

hsa-miR-1251

hsa-miR-1251-5

p
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Supplemental material 2 (Adapted from the original Excel sheets)

Tabl1 1: IncRNAs targeted by the ESC-expressed miRNAs detected with miRcode.

hsa-miR-18b hsa-miR-25/363/367 hsa-miR-93 hsa-miR-103a2 hsa-miR-106b hsa-miR-205 hsa-miR-302acd
ENSG00000215866 ENSG00000226673 ENSG00000225077 ENSG00000215866 ENSG00000225077 ENSG00000225783 ENSG00000225077
ENSG00000225077 ENSG00000226792 ENSG00000225783 ENSG00000225783 ENSG00000225783 ENSG00000226673 ENSG00000225783
ENSG00000225783 ENSG00000238266 ENSG00000244342 ENSGO00000225937 ENSG00000244342 ENSG00000226792 ENSG00000244342
ENSG00000231817 ENSG00000244342 ENSG00000248131 ENSGO00000226673 ENSG00000248131 ENSG00000234787 ENSG00000248131
ENSG00000253230 ENSG00000248131 ENSG00000249859 ENSG00000226792 ENSG00000249859 ENSG00000235884 ENSG00000249859
ENSG00000253686 ENSG00000253230 ENSG00000253686 ENSG00000234787 ENSG00000253686 ENSG00000237767 ENSG00000253686
ENSG00000255794 ENSG00000254934 ENSGO00000255794 ENSGO00000235884 ENSG00000255794 ENSG00000238266 ENSG00000258609
ENSG00000258609 ENSG00000255794 ENSG00000258609 ENSG00000238266 ENSG00000244342
ENSG00000244342 ENSG00000248131
ENSG00000248131 ENSG00000249859
ENSG00000250889 ENSG00000255794
ENSG00000253230 ENSG00000258609
ENSG00000255794
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Table 2: Pseudogenes targeted by the ESC-expressed miRNAs detected with miRcode.

hsa-miR-18b hsa-miR-25/363/367 hsa-miR-93 hsa-miR-103a2 hsa-miR-106b hsa-miR-205 hsa-mir302acd
ENSG00000159712 ENSG00000204959 ENSGO00000176654 ENSG00000188801 ENSG00000176654 ENSG00000159712 ENSG00000176654
ENSG00000204959 ENSG00000214077 ENSG00000204959 ENSG00000204121 ENSG00000232293 ENSG00000204959 ENSG00000204959

ENSG00000233309 ENSG00000232293 ENSG00000213763 ENSG00000207220

ENSG00000224664 ENSG00000214077

ENSG00000235602 ENSG00000226361

ENSG00000237624

ENSG00000248590

185



Table 3: mRNAs targeted by the ESC-expressed miRNAs detected with TargetScanHuman.

hsa-miR-18b hsa-miR-25/363/367 hsa-miR-93/106b hsa-miR-103a2 hsa-miR-205 hsa-miR-302a,c,d
ENSG00000178409 ENSG00000183186 ENSG00000146830 ENSG00000151208 ENSG00000113645 ENSG00000146830
ENSG00000160973 ENSGO00000196557 ENSGO00000175161 ENSG00000104967 ENSG00000065361 ENSGO00000175161
ENSG00000146830 ENSG00000100346 ENSG00000147119 ENSG00000168824 ENSGO00000153395 ENSG00000214575
ENSGO00000131153 ENSGO00000175161 ENSG00000100433 ENSG00000110400 ENSG00000198010
ENSGO00000135116 ENSG00000183166 ENSG00000137642 ENSG00000176749 ENSG00000104413
ENSG00000160877 ENSG00000149798 ENSG00000124766 ENSG00000164134 ENSG00000184408
ENSG00000164649 ENSG00000181026 ENSG00000196876 ENSGO00000177551

ENSG00000100604 ENSG00000154065 ENSG00000160460 ENSG00000155096

ENSG00000147119 ENSG00000186716 ENSG00000143858 ENSGO00000083067

ENSG00000214575 ENSG00000165118 ENSG00000035403 ENSG00000165118

ENSG00000176490 ENSG00000134508 ENSG00000143126 ENSG00000167670

ENSG00000151208 ENSG00000122786 ENSG00000139146 ENSG00000158050

ENSG00000198010 ENSG00000163888 ENSG00000137942 ENSG00000167106

ENSG00000091073 ENSG00000103326 ENSG00000155980 ENSG00000104059

ENSG00000163508 ENSG00000170160 ENSGO00000177511 ENSG00000154783

ENSG00000070886 ENSG00000143126 ENSG00000206557 ENSG00000183770

ENSG00000104413 ENSG00000167670 ENSG00000198963 ENSG00000083307

ENSG00000111432 ENSG00000116254 ENSG00000103449 ENSG00000162522

ENSG00000172020 ENSG00000158050 ENSG00000029534 ENSG00000182481

ENSG00000131459 ENSG00000196411 ENSG00000164076 ENSG00000106852

ENSG00000152208 ENSG00000167106 ENSGO00000105173 ENSGO00000157193

ENSG00000103044 ENSG00000135842 ENSG00000174950 ENSGO00000099875
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ENSG00000099822 ENSG00000159784 ENSG00000094804 ENSG00000134323
ENSG00000002746 ENSG00000104059 ENSG00000184731 ENSG00000177614
ENSG00000141401 ENSG00000139146 ENSG00000128610 ENSG00000113356
ENSG00000008083 ENSG00000133477 ENSG00000138685 ENSG00000135378
ENSG00000184408 ENSG00000154783 ENSG00000053108 ENSG00000198915
ENSG00000131914 ENSG00000137942 ENSG00000130222 ENSG00000182175
ENSG00000065911 ENSG00000171956 ENSG00000137309 ENSG00000121871
ENSG00000104722 ENSG00000183770 ENSG00000118513 ENSGO00000177511
ENSG00000177551 ENSG00000136928 ENSG00000089250 ENSG00000078900
ENSG00000179846 ENSG00000152661 ENSG00000104147 ENSG00000206557
ENSG00000104967 ENSG00000083307 ENSG00000103335 ENSG00000121297
ENSG00000123572 ENSG00000029993 ENSGO00000175175 ENSG00000157851
ENSG00000168824 ENSG00000169427 ENSG00000168411 ENSG00000102755
ENSG00000156453 ENSG00000162522 ENSG00000101695 ENSG00000053747
ENSGO00000099715 ENSG00000155980 ENSG00000144285 ENSG00000108352
ENSG00000124225 ENSG00000182481 ENSG00000107295 ENSG00000198963
ENSGO00000111110 ENSG00000106852 ENSG00000118160 ENSG00000165449
ENSG00000110400 ENSG00000157193 ENSG00000178235 ENSG00000143067
ENSG00000163694 ENSG00000135525 ENSG00000116649 ENSG00000144285
ENSG00000176406 ENSG00000099875 ENSG00000134207 ENSG00000198720
ENSG00000188322 ENSG00000125966 ENSGO00000115112 ENSG00000164045
ENSG00000091490 ENSG00000134323 ENSG00000147202 ENSG00000114346
ENSG00000151012 ENSG00000181163 ENSG00000165521 ENSG00000139132
ENSG00000063176 ENSG00000177614 ENSG00000027869 ENSG00000162344
ENSG00000107742 ENSG00000051341 ENSG00000138771 ENSG00000132470
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ENSGO00000067715 ENSG00000113356 ENSG00000112246 ENSG00000158445
ENSG00000177426 ENSG00000135378 ENSG00000102172 ENSG00000243709
ENSG00000113645 ENSGO00000059915 ENSG00000166860 ENSG00000143768
ENSG00000042286 ENSG00000165186 ENSG00000183742
ENSG00000155096 ENSG00000131242 ENSG00000184613
ENSG00000135083 ENSG00000198915 ENSG00000115884
ENSG00000176749 ENSG00000113319 ENSG00000082497
ENSG00000145920 ENSG00000182175 ENSG00000145087
ENSG00000147459 ENSG00000143365 ENSG00000143469
ENSG00000134317 ENSG00000117676 ENSG00000090447
ENSG00000145703 ENSG00000171848 ENSG00000103460
ENSG00000100433 ENSG00000256463 ENSG00000072657
ENSG00000164134 ENSG00000162105 ENSG00000143816
ENSG00000146083 ENSG00000155886 ENSG00000147874
ENSG00000196876 ENSG00000196517 ENSG00000182601
ENSG00000137642 ENSG00000121871 ENSG00000183873
ENSG00000124766 ENSG00000147481 ENSG00000198846
ENSG00000160460 ENSG00000164651 ENSG00000204366
ENSG00000143858 ENSG00000187678
ENSG00000083067 ENSG00000177511
ENSG00000035403 ENSG00000120659
ENSG00000074657 ENSG00000149115

ENSG00000078900

ENSG00000206557

ENSG00000121297
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ENSG00000168234

ENSG00000143494

ENSG00000177076

ENSG00000105993

ENSG00000157851

ENSG00000065361

ENSG00000117525

ENSG00000121104

ENSG00000102302

ENSG00000102755

ENSG00000145907

ENSG00000112218

ENSG00000053747

ENSG00000144749

ENSG00000120539

ENSG00000065320

ENSG00000163002

ENSG00000108352

ENSG00000198963

ENSG00000103449

ENSG00000163935

ENSG00000144040

ENSG00000138606

ENSG00000165449

ENSG00000151718
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ENSG00000206579

ENSG00000176105

ENSG00000166261

ENSG00000143067

Table 4: IncRNAs targeted by the ESC-expressed miRNAs detected with StarBase.

hsa-miR-93

hsa-miR-103a2

hsa-miR-106b

hsa-miR-205

hsa-miR-302acd

hsa-miR-363

hsa-miR367

ENSG00000175701

ENSG00000222041

ENSG00000175701

ENSG00000203875

ENSG00000263731

ENSG00000203875

ENSG00000203875

ENSG00000206337

ENSG00000238266

ENSG00000206337

ENSG00000234741

ENSG00000249790

ENSG00000249790

ENSG00000236673

ENSG00000248538

ENSG00000236673

ENSG00000238266

ENSG00000249859

ENSG00000249790

ENSG00000249859

ENSG00000249790

ENSG00000250899

ENSG00000250312

ENSG00000261121

ENSG00000250899

ENSG00000261121
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Table 5 :Pseudogenes targeted by the ESC-expressed miRNAs detected with StarBase.

hsa-miR-25 hsa-miR-93 hsa-miR-103a2 hsa-miR-106b hsa-miR-205 hsa-mir-302acd hsa-miR-363 hsa-miR-367

ENSG00000215835 ENSG00000233426 ENSG00000228502 ENSG00000233426 ENSG00000234176 ENSG00000228502 ENSG00000215835 ENSG00000215835

ENSG00000157152 ENSG00000234964 ENSG00000249264 ENSG00000234964 ENSG00000256356 ENSG00000249264 ENSG00000213430 ENSG00000213430

ENSG00000213430 ENSG00000256356 ENSG00000241293 ENSG00000256356 ENSG00000224773 ENSG00000233426

ENSG00000242445 ENSG00000220472 ENSG00000242445 ENSG00000213442 ENSG00000234964

ENSG00000188933 ENSG00000236552 ENSG00000188933 ENSG00000181524 ENSG00000249353

ENSG00000183199 ENSG00000233476 ENSG00000183199 ENSG00000243680 ENSG00000225159

ENSG00000218426 ENSG00000231940 ENSG00000213881
ENSG00000214185 ENSG00000213740 ENSG00000234825
ENSG00000228205 ENSG00000127589 ENSG00000233476
ENSG00000214199 ENSG00000249565 ENSG00000214199
ENSG00000213430 ENSG00000239246 ENSG00000183199
ENSG00000215154 ENSG00000139239 ENSG00000250182
ENSG00000250182
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Table 6: mRNAs targeted by the ESC-expressed miRNAs detected with Starbase .

hsa-mir103a2 hsa-miR106b hsa-mir-205

hsa-mir-302a

hsa-miR-302c

hsa-miR-302d

hsa-miR-363

hsa-miR-367

ENSG00000029993 ENSG00000035403 ENSG00000076604

ENSG00000051341

ENSG00000051341

ENSG00000051341

ENSG00000035403

ENSG00000035403

ENSG00000035403 ENSG00000053747 ENSG00000096063

ENSG00000053747

ENSG00000053747

ENSG00000053747

ENSG00000065150

ENSG00000065150

ENSG00000053108 ENSG00000065150 ENSG00000101003

ENSG00000065361

ENSG00000065361

ENSG00000065361

ENSG00000065911

ENSG00000065911

ENSG00000065150 ENSG00000065320 ENSG00000105974

ENSG00000074657

ENSG00000074657

ENSG00000076604

ENSG00000074657

ENSG00000074657

ENSG00000103449 ENSG00000065361 ENSG00000106105

ENSG00000076604

ENSG00000076604

ENSGO00000077942

ENSG00000101191

ENSG00000101191

ENSG00000104147 ENSG00000065911 ENSG00000117724

ENSGO00000077942

ENSGO00000077942

ENSG00000096063

ENSG00000111962

ENSG00000111231

ENSG00000111231 ENSG00000073008 ENSG00000119335

ENSG00000097021

ENSG00000088035

ENSG00000099875

ENSG00000113368

ENSG00000111962

ENSG00000119335 ENSG00000074657 ENSG00000134508

ENSGO00000099875

ENSG00000099875

ENSG00000100749

ENSG00000119866

ENSG00000113368

ENSG00000119866 ENSG00000075131 ENSG00000136830

ENSG00000099954

ENSG00000100749

ENSG00000101003

ENSG00000120756

ENSG00000119866

ENSG00000120254 ENSG00000081913 ENSG00000137942

ENSG00000100749

ENSG00000101003

ENSG00000102755

ENSG00000122786

ENSG00000120254

ENSG00000122786 ENSG00000088035 ENSG00000139146

ENSG00000101003

ENSG00000102755

ENSG00000104059

ENSG00000124532

ENSG00000122786

ENSG00000123609 ENSG00000096063 ENSG00000139800

ENSG00000102755

ENSG00000104059

ENSG00000105974

ENSG00000124766

ENSG00000123609

ENSG00000133119 ENSG00000100749 ENSG00000141682

ENSG00000104059

ENSG00000105974

ENSG00000105993

ENSG00000129351

ENSG00000124532

ENSG00000134057 ENSG00000101191 ENSG00000145555

ENSG00000105974

ENSG00000105993

ENSG00000106852

ENSG00000135842

ENSG00000124766

ENSG00000134323 ENSG00000102302 ENSG00000145703

ENSG00000105993

ENSG00000106852

ENSG00000108352

ENSG00000136231

ENSG00000129351

ENSG00000135525 ENSG00000102755 ENSG00000147676

ENSG00000106852

ENSG00000108352

ENSG00000111231

ENSG00000136603

ENSG00000135842

ENSG00000136244 ENSG00000103449 ENSG00000155096

ENSG00000108352

ENSG00000111231

ENSG00000112118

ENSG00000137642

ENSG00000136231

ENSG00000137265 ENSG00000105993 ENSG00000155561

ENSG00000111231

ENSG00000112118

ENSG00000113356

ENSG00000139132

ENSG00000136603

ENSG00000137713 ENSG00000108352 ENSG00000174469

ENSG00000111962

ENSG00000113356

ENSG00000113368

ENSG00000143476

ENSG00000137642

ENSG00000137942 ENSG00000111231 ENSG00000176105

ENSG00000112118

ENSG00000113368

ENSG00000115339

ENSG00000143494

ENSG00000139132

ENSG00000139146 ENSG00000111962 ENSG00000187514

ENSG00000113356

ENSG00000115339

ENSG00000119866

ENSG00000145703

ENSG00000143476

ENSG00000139800 ENSG00000112218 ENSG00000088538

ENSG00000113368

ENSG00000119866

ENSG00000120539

ENSG00000150594

ENSG00000143494
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ENSG00000141682 ENSG00000112365 ENSG00000095203

ENSG00000115339

ENSG00000120539

ENSG00000121104

ENSG00000151718

ENSG00000144730

ENSG00000143126 ENSG00000113368 ENSG00000108064

ENSG00000119866

ENSG00000121104

ENSG00000122644

ENSG00000155096

ENSG00000144749

ENSG00000143799 ENSG00000117525 ENSG00000113013

ENSG00000120539

ENSG00000122644

ENSG00000122786

ENSG00000155561

ENSG00000145703

ENSG00000146477 ENSG00000119335 ENSG00000116133

ENSG00000121104

ENSG00000122786

ENSG00000124486

ENSG00000157193

ENSG00000151718

ENSG00000146757 ENSG00000120254 ENSG00000123737

ENSG00000121297

ENSG00000124532

ENSG00000124532

ENSG00000165449

ENSG00000155096

ENSG00000151304 ENSG00000120539 ENSG00000132341

ENSG00000122644

ENSG00000124766

ENSG00000124766

ENSG00000166986

ENSG00000157193

ENSG00000154065 ENSG00000120756 ENSG00000138685

ENSG00000122786

ENSG00000124875

ENSG00000124875

ENSG00000171246

ENSG00000163814

ENSG00000155096 ENSG00000121104 ENSG00000138771

ENSG00000124532

ENSG00000125966

ENSG00000125966

ENSG00000176749

ENSG00000165449

ENSG00000155760 ENSG00000122786 ENSG00000146670

ENSG00000124766

ENSG00000126953

ENSG00000126953

ENSG00000181026

ENSG00000166986

ENSG00000155980 ENSG00000124532 ENSG00000148484

ENSG00000124875

ENSG00000130119

ENSG00000130119

ENSG00000181163

ENSG00000167106

ENSG00000164045 ENSG00000124766 ENSG00000150051

ENSG00000125966

ENSG00000132274

ENSG00000132274

ENSG00000181544

ENSG00000171241

ENSG00000165449 ENSG00000125733 ENSG00000166526

ENSG00000126953

ENSG00000133101

ENSG00000133101

ENSG00000187772

ENSG00000171246

ENSG00000166900 ENSG00000126953 ENSG00000175063

ENSG00000130119

ENSG00000134323

ENSG00000133119

ENSG00000204516

ENSG00000176749

ENSG00000170779 ENSG00000128050 ENSG00000196781

ENSG00000132274

ENSG00000135378

ENSG00000134323

ENSG00000008083

ENSG00000187772

ENSG00000171241 ENSG00000129351 ENSG00000113407

ENSG00000133101

ENSG00000135842

ENSG00000135378

ENSG00000010278

ENSG00000008083

ENSG00000176749 ENSG00000130119 ENSG00000136014

ENSG00000134323

ENSG00000136425

ENSG00000135842

ENSG00000091490

ENSG00000010278

ENSG00000177156 ENSG00000130787 ENSG00000163694

ENSG00000135378

ENSG00000136603

ENSG00000136425

ENSG00000095203

ENSG00000091490

ENSG00000187772 ENSG00000132031 ENSG00000005100

ENSG00000136425

ENSG00000137713

ENSG00000136603

ENSG00000105750

ENSG00000095203

ENSG00000196411 ENSG00000135521 ENSG00000043355

ENSG00000136603

ENSG00000139132

ENSG00000137713

ENSG00000111432

ENSG00000105750

ENSG00000197971 ENSG00000135842 ENSG00000050344

ENSG00000137713

ENSG00000143067

ENSG00000137942

ENSG00000111799

ENSG00000109854

ENSG00000204516 ENSG00000136231 ENSG00000095002

ENSG00000137942

ENSG00000143799

ENSG00000139132

ENSG00000118513

ENSG00000111432

ENSG00000008083 ENSG00000136603 ENSG00000104611

ENSG00000139132

ENSG00000144730

ENSG00000143799

ENSG00000118515

ENSG00000111799

ENSG00000010165 ENSG00000137642 ENSG00000104635

ENSG00000143067

ENSG00000145103

ENSG00000145103

ENSG00000121057

ENSG00000118513

ENSG00000010278 ENSG00000137713 ENSG00000114346

ENSG00000143799

ENSG00000146477

ENSG00000146477

ENSG00000138685

ENSG00000118515

ENSG00000011009 ENSG00000138032 ENSG00000121211

ENSG00000145103

ENSG00000146757

ENSG00000146830

ENSG00000149798

ENSG00000121057
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ENSG00000027869 ENSG00000139132 ENSG00000128059

ENSG00000146477

ENSG00000146830

ENSG00000151690

ENSG00000151208

ENSG00000138685

ENSG00000035499 ENSG00000139835 ENSG00000128567

ENSG00000146757

ENSG00000151690

ENSG00000152284

ENSG00000157214

ENSG00000149798

ENSG00000066468 ENSG00000140015 ENSG00000130713

ENSG00000146830

ENSG00000152284

ENSG00000152455

ENSG00000164134

ENSG00000151208

ENSG00000070371 ENSG00000143067 ENSG00000132003

ENSG00000151690

ENSG00000152455

ENSG00000154065

ENSG00000164136

ENSG00000157214

ENSG00000070669 ENSG00000143476 ENSG00000133706

ENSG00000152284

ENSG00000154065

ENSG00000155096

ENSG00000165591

ENSG00000164134

ENSG00000071564 ENSG00000143494 ENSG00000134317

ENSG00000152455

ENSG00000155096

ENSG00000155561

ENSG00000166526

ENSG00000164136

ENSG00000076248 ENSG00000143799 ENSG00000135248

ENSG00000154065

ENSG00000155561

ENSG00000156876

ENSG00000168280

ENSG00000165591

ENSG00000081181 ENSG00000144040 ENSG00000141480

ENSG00000155096

ENSG00000156876

ENSG00000157193

ENSG00000170340

ENSG00000166526

ENSG00000088205 ENSG00000144730 ENSG00000145423

ENSG00000155561

ENSG00000157193

ENSG00000158050

ENSG00000182010

ENSG00000168280

ENSG00000088538 ENSG00000144749 ENSG00000146038

ENSG00000155886

ENSG00000158050

ENSG00000159247

ENSG00000184731

ENSG00000182010

ENSG00000091490 ENSG00000145703 ENSG00000148459

ENSG00000156876

ENSG00000159247

ENSG00000162522

ENSG00000196247
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Supplemental Material 3 (Adapted from the original Excel sheets)

Table 1: Gene ontologies with FDR<= 0.05. Only the relevant biological processes.

GOID Description
GO0:0030154 cell differentiation
GO0:0000904 cell morphogenesis involved in differentiation
GO0:0045595 regulation of cell differentiation
GO0O:0007346 regulation of mitotic cell cycle
GO0:0043408 regulation of MAPK cascade
G0:0000165 MAPK cascade
GO0:0008284 positive regulation of cell proliferation
G0:0051093 negative regulation of developmental process
GO0:0045596 negative regulation of cell differentiation
GO0:0043410 positive regulation of MAPK cascade
GO0:0045664 regulation of neuron differentiation
GO0:0045597 positive regulation of cell differentiation
GO0:0008543 fibroblast growth factor receptor signaling pathway
G0:0038127 ERBB signaling pathway
G0:0044344 cellular response to fibroblast growth factor stimulus
GO:0071774 response to fibroblast growth factor
GO0:0045787 positive regulation of cell cycle
GO0:0019827 stem cell population maintenance
G0:0071560 cellular response to transforming growth factor beta stimulus
G0:0000186 activation of MAPKK activity
GO:0071559 response to transforming growth factor beta
GO0:0007179 transforming growth factor beta receptor signaling pathway
G0:0070372 regulation of ERK1 and ERK2 cascade
GO0:0010833 telomere maintenance via telomere lengthening
GO0:0070371 ERK1 and ERK2 cascade
G0:0000723 telomere maintenance
G0:0032200 telomere organization
G0:0032201 telomere maintenance via semi-conservative replication
GO0:0035019 somatic stem cell population maintenance
G0:0043122 regulation of I-kappaB kinase/NF-kappaB signaling
GO0:0051896 regulation of protein kinase B signaling
G0:0043406 positive regulation of MAP kinase activity
GO0:0010771 negative regulation of cell morphogenesis involved in differentiation
G0:0007249 I-kappaB kinase/NF-kappaB signaling
GO0:0048863 stem cell differentiation
G0:0045598 regulation of fat cell differentiation
GO0:0030178 negative regulation of Wnt signaling pathway
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GO0:0045931 positive regulation of mitotic cell cycle
G0:0051092 positive regulation of NF-kappaB transcription factor activity
G0:0038092 nodal signaling pathway

GO0:0043552 positive regulation of phosphatidylinositol 3-kinaseactivity
GO0:0043123 positive regulation of I-kappaB kinase/NF-kappaB signaling
GO0O:0045665 negative regulation of neuron differentiation
G0:0010769 Term: regulation of cell morphogenesis involved in differentiation
G0:0000187 activation of MAPK activity

GO0:0045599 negative regulation of fat cell differentiation
GO0:0071456 cellular response to hypoxia

G0:1901992 positive regulation of mitotic cell cycle phase transition
GO0:0017145 stem cell division

GO0:0043551 regulation of phosphatidylinositol 3-kinase activity
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Supplemental material 4 (Adapted from the original Excel sheets)

RNA pairs with correlation coefficient equal or above 0.6 (p <0,05)

Table 1: mRNAs positively correlates with IncRNAs.

Predicted targets
miRNA mRNA IncRNA
hsa-mir-25, -302a,c,d AZIN1 LINC01194
hsa-miR-302a,c,d CDC25A PVT1
hsa-mir-103a2 HMGA1 RP11-20D14.6
hsa-mir-25 MTHFD2 LINC01194
hsa-mir-93 and -106b NUP35 LINCO01194
hsa-mir-93 and -106b SFMBT1 LINC00337
hsa-mir-103a2 SH3GL2 RP11-20D14.6
hsa-mir-25 SLC7A11 LINC01194
hsa-miR-302a,c,d TOX3 LINC-ROR
Validated targets
miRNA mRNA IncRNA
hsa-mir-106b AHCY RP11-253E3.3
hsa-mir-103a2 ARL?2 RP11-20D14.6
hsa-mir-18b AZIN1 GASS
hsa-mir-103a2 CCT5 RP11-20D14.6
hsa-mir-93 CDC25A RP11-253E3.3
hsa-miR-302a,c,d CHAF1A RP11-20D14.6
hsa-mir-106b CLSPN RP11-253E3.3
hsa-mir-93 and -106b DIDO1 RP11-253E3.3
hsa-mir-103a2 EPHB4 RP11-20D14.6
hsa-mir-106b ERBB3 RP11-6918.2
hsa-mir-205 ETF1 GAS5
hsa-miR-302a,c,d FAM102A RP11-20D14.6
hsa-mir-205 FGF2 GAS5
hsa-mir-103a2 FGFR2 RP11-20D14.6
hsa-mir-106b GFPT2 RP11-253E3.3
hsa-mir-103a2 HMGA1 RP11-20D14.6
hsa-mir-25 HNRNPA1 RP11-20D14.6
hsa-mir-103a2 and -205 HSPA9 RP11-20D14.6

hsa-mir-25, -302a,d, -363 and -367

HSPD1

SNHG5

hsa-mir-93 and -106b

INO80
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hsa-mir-18b I[PO5 GAS5
hsa-mir-103a2 and -302c KIF1A RP11-20D14.6
hsa-mir-205 MAD2L1 GAS5
hsa-mir-205 MAL2 GAS5
hsa-mir-25 MET RP11-20D14.6
hsa-mir-93 NASP RP11-6918.2
hsa-mir-25 and -302a,c,d NPM1 RP11-20D14.6
hsa-mir-103a2 and -302a,c,d PARP1 RP11-20D14.6
hsa-mir-103a2 PCNX?2 RP11-20D14.6
hsa-mir-205 PODXL RP11-20D14.6
hsa-mir-18b PRIM2 GAS5
hsa-mir-18b PSAT1 GAS5
hsa-miR-302a,c,d RAD51AP1 SNHG5
hsa-mir-205 RAN SNHG5
hsa-mir-103a2 RPL39L RP11-20D14.6
hsa-mir-103a2 SALL4 RP11-20D14.6
hsa-mir-93 and -106b SASS6 RP11-6918.2
hsa-mir-103a2 SEMAGA RP11-20D14.6
hsa-mir-205 SET GAS5
hsa-mir-205 SFRP2 RP11-20D14.6
hsa-mir-103a2 SH3GL2 RP11-20D14.6
hsa-mir-205 SLC39A14 GAS5
hsa-mir-205 SLC39A14 SNHG5
hsa-mir-93 and -106b SORL1 RP11-253E3.3
hsa-mir-93 TCF7L1 RP11-6918.2
hsa-mir-103a2 THY1 RP11-20D14.6
hsa-miR-302a,c,d ZNF462 RP11-20D14.6
hsa-mir-25 and -302c ZNF532 RP11-20D14.6
hsa-mir-205 ZSWIM4 RP11-20D14.6
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Table 2: mRNASs positively correlates with pseudogenes.

Predicted targets

miRNA mRNA Pseudogene
hsa-miR-103a2 FGF2 POUSF1P3
hsa'n_l;RO'sz’zb and LAMA3 NANOGP1
hsa-miR-25 RIMS?2 ARHGEF34P
Validated targets
miRNA mRNA pseudogene
hsa-miR-302a,c,d AZIN1 NPM1P6
hsa-miR-103a2 F2RL1 RP11-69L16.5
hsa-miR-103a2 F2RL1 EEF1A1P6
hsa-miR-103a2 FGF2 RP11-69L16.5
hsa-miR-302a,d FNBP1L NPM1P27
hsa-miR-103a2 FNBP1L RP11-69L16.5
hsa-miR-25, -363 and -367 HCN2 HSPD1P1
hsa-miR-302a,c,d INPPSF EEF1A1P6
hsa-miR-103a2 KIAA0101 RP11-69L16.5
hsa-miR-103a2 MAP7 EEF1A1P12
hsa-miR-106b PCDH11X FABP5P7
hsa-miR-93 and -106b POUS5F1B HSPS0AB3P
hsa-miR-25 SLC22A3 RP11-9L.18.2
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Supplemental material 5 (Adapted from the original Excel sheets)

Table 1: Transcription factors (TFs) with binding sites present at promoters of both mNRA and
ncRNA. Highlighted in yellow are the 5 most expressed TFs used in the S parameter estimation.
The pairs presented here are those selected as strong putative competition crosstalk at the end of the
study. For further studied pairs, consult the original Supplemental material 5 file.

AHCY x F2RL1 x HSPD1 x INO80 x PARP1 x PRIM?2 x
RP11-253E3.3 EEF1A1P6 SNHG5 RP11-253E3.3 RP11-20D14.6 GASS
AR AR AR AR AR AR
ATF4 ATF4 BARX1 ATF4 BARX1 ATF4
BARX1 BARX1 CEBPA BARX1 CEBPA BARX1
CEBPA CEBPA CEBPB CEBPA CEBPB CEBPA
CEBPB CEBPB CEBPG CEBPB E2F1 CEBPB
CTCF E2F1 DBP E2F1 E2F4 E2F1
E2F1 E2F4 E2F1 E2F4 ELK1 E2F4
E2F4 ELK1 E2F4 ELF3 EMX1 ELK1
EGR2 EMX1 EGR2 ELK1 ESRRA EMX1
ELF3 EOMES ELK1 EMX1 ETS1 EOMES
ELK1 ESRRA EMX1 EOMES ETV4 ERF
EMX1 ETS1 EOMES ERF FLI1 ETS1
EOMES ETV4 ETS1 ETS1 FOXB1 ETV4
ETS1 FLI1 ETV4 ETV4 FOXH1 FLI1
ETV4 FOSL1 ETV5 FLI1 FOX0O4 FOSL1
FLI1 FOXB1 FLI1 FOSL1 HESX1 FOXB1
FOSL1 FOXH1 FOSL1 FOXH1 HIC2 FOXH1
FOXH1 FOXO4 FOXB1 FOX0O4 INSM1 FOXO4
FOX0O4 GMEB2 FOXH1 GMEB2 IRF7 GMEB2
GMEB2 HESX1 FOXO3 HESX1 ISL2 GRHL1
HESX1 HIC2 FOX0O4 HIC2 KLF16 HESX1
HIC2 HNF4G HESX1 HNF4G KLF5 HIC2
HNF4G INSM1 HIC2 INSM1 LHX6 HNF4G
INSM1 ISL2 HNF4G ISL2 LMX1B INSM1
ISL2 KLF16 IRF7 JDP2 MAFF ISL2
JDP2 KLF5 ISL2 KLF16 MAFK JDP2
KLF16 LHX6 KLF16 KLF5 MEIS3 KLF16
KLF5 LMX1B KLF5 LHX6 MNT KLF5
LHX6 MAFF LHX6 LMX1B NFKB?2 LHX6

LMX1B MAFK LMX1B MAFK NOTO LMX1B
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MAFK MEIS3 MAFF MEIS3 OoTX2 MAFF
MEIS3 MLXIPL MAFK MNT SP2 MAFK
MLX MNT MEIS3 MSC SP8 MEIS3
MLXIPL NFKB?2 MGA NFKB?2 SPIB MLXIPL
MNT NOTO MLXIPL NOTO SREBF1 MNT
MSC OLIG3 MNT OLIG3 TCF3 MSC
NFKB?2 0TX2 MSC 0TX2 TEAD3 NOTO
NOTO POU2F2 MYBL1 POU2F2 TEAD4 OLIG3
OLIG3 POUSF1B NFYA POU3F4 TFAP2C 0TX2
O0TX2 SP2 NOTO POUSF1B TEAP4 POU2F2
POU2F2 SP8 OLIG3 SP2 TFE3 POU3F1
POU3F4 SPIB ONECUT2 SP8 USF1 POU3F4
POUSF1B SREBF1 0TX2 SPIB VENTX POUSF1B
SP2 TCF3 POU2F1 TCF3 ZBTB7A SP8
SP8 TEAD3 POU2F2 TEAD3 ZBTB7B SPIB
SPIB TEAD4 POU3F1 TEAD4 ZNF263 SPIB
SRF TFAP2C POU3F4 TFAP2C SREBF1
TCF3 TEFAP4 POU2F2 TEFAP4 SRF
TEAD3 TFE3 POU3F1 TFE3 TCF3
TEAD4 USF1 POU3F4 USF1 TEAD3
TFAP2C VENTX POUSF1B VENTX TEAD4
TEFAP4 ZBTB7B POUG6F1 ZBTB7B TFAP2C
TFE3 ZNF263 RFX5 ZNF263 TEAP4
USF1 SP2 TFE3
VENTX SP8 TGIF1
ZNF263 SPIB USF1
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Supplemental material 6 (Adapted from the original Excel sheets)

Table 1: Relevant gene ontologies used to select putative ceRNA pairs that could play a role in the
ESC pluripotency maintenance and proliferation

GOID Description

G0:0010453 regulation of cell fate commitment
G0:0051302 regulation of cell division
G0:0043410 positive regulation of MAPK cascade
GO0:0019827 stem cell population maintenance
GO0:0042659 regulation of cell fate specification
GO0O:0017145 stem cell division
GO0:0090068 positive regulation of cell cycle process
GO0:0007346 regulation of mitotic cell cycle
G0:0000723 telomere maintenance

G0:0032200 telomere organization

GO0:0014066 regulation of phosphatidylinositol 3-kinase signaling
G0:0014068 positive regulation of phosphatidylinositol 3-kinasesignaling
GO0:0008543 fibroblast growth factor receptor signaling pathway
GO0:0070371 ERK1 and ERK2 cascade
G0:0044344 cellular response to fibroblast growth factor stimulus
GO0:0014065 phosphatidylinositol 3-kinase signaling
GO:0071774 response to fibroblast growth factor

Supplemental material 7 (Adapted from the original Excel sheets)
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Table 1: mRNAs associated to stem cell related ontologies.

GOID: G0O:0019827

stem cell population maintenance

ENSG00000101115 SALL4
ENSG00000138685 FGF2
ENSG00000152284 TCF7L1
GOID: G0O:0042659 regulation of cell fate specification
ENSG00000138685 FGF2
ENSG00000145423 SFRP2
GOID: GO:0010453 regulation of cell fate commitment
ENSG00000066468 FGFR2
ENSG00000138685 FGF2
ENSG00000145423 SFRP2
GOID: GO:0017145 stem cell division
ENSG00000066468 FGFR2
ENSG00000145423 SFRP2
GOID: GO:0000723 telomere maintenance
ENSG00000143799 PARP1
ENSG00000146143 PRIM?2
GOID: GO:0032200 telomere organization
ENSG00000143799 PARP1
ENSG00000146143 PRIM?2
G0:0001666 response to hypoxia
ENSG00000101444 AHCY
ENSG00000144381 HSPD1
ENSG00000152455 SUV39H2

Table 1: mRNA associated to cell cycle related ontologies.

GOID: GO:0007346

regulation of mitotic cell cycle

ENSG00000066468 FGFR2
ENSG00000092853 CLSPN
ENSG00000128908 INO80
ENSG00000164109 MAD2L1
GO0:0045787 positive regulation of cell cycle
ENSG00000066468 FGFR2
ENSG00000128908 INO80
ENSG00000164109 MAD2L1
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ENSG00000181163 NPM1

GO0O:0090068 positive regulation of cell cycle process
ENSG00000128908 INO80
ENSG00000164109 MAD2L1
ENSG00000181163 NPM1

G0:0051302 regulation of cell division
ENSG00000138685 FGF2
ENSG00000066468 FGFR2
ENSG00000164109 MAD2L1
ENSG00000145423 SFRP2

Table 3: mRNA associated to signaling pathways related ontologies.

GO0:0043410 positive regulation of MAPK cascade
ENSG00000065361 ERBB3
ENSG00000164251 F2RL1
ENSG00000138685 FGF2
ENSG00000066468 FGFR2
ENSG00000105976 MET

GO0:0070374 positive regulation of ERK1 and ERK2 cascade
ENSG00000164251 F2RL1
ENSG00000138685 FGF2
ENSG00000066468 FGFR2

GO0:0070371 ERK1 and ERK2 cascade
ENSG00000164251 F2RL1
ENSG00000138685 FGF2
ENSG00000066468 FGFR2

G0:0008543 fibroblast growth factor receptor signaling pathway
ENSG00000065361 ERBB3
ENSG00000138685 FGF2
ENSG00000066468 FGFR2

G0:0044344 cellular response to fibroblast growth factor stimulus
ENSG00000065361 ERBB3
ENSG00000138685 FGF2
ENSG00000066468 FGFR2

GO:0071774 response to fibroblast growth factor
ENSG00000065361 ERBB3
ENSG00000138685 FGF2
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ENSG00000066468 FGFR2

G0:0038127 ERBB signaling pathway
ENSG00000065361 ERBB3
ENSG00000138685 FGF2
ENSG00000066468 FGFR2
ENSG00000107295 SH3GL2

G0:0014068 positive regulation of phosphatidylinositol 3-kinasesignaling
ENSG00000065361 ERBB3
ENSG00000164251 F2RL1

G0:0014066 regulation of phosphatidylinositol 3-kinase signaling
ENSG00000065361 ERBB3
ENSG00000164251 F2RL1

GO0:0014065 phosphatidylinositol 3-kinase signaling
ENSG00000065361 ERBB3
ENSG00000164251 F2RL1

Supplemental material 8 (Adapted from the original Excel sheets)
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Table 1: Binding energy of miRNAs in the mRNA and ncRNAs isoforms.

AHCY x RP11-253E3.3

miRNA Gene AG binding TPM
miR-106b AHCY-001 -10.2441047434 291.259
miR-106b AHCY-001 -11.0038044512 291.259
miR-106b AHCY-001 -14.4638682616 291.259
miR-106b AHCY-001 -20.9106337881 291.259
miR-106b AHCY-002 -10.2441047434 218.545
miR-106b AHCY-002 -11.0038044512 218.545
miR-106b AHCY-002 -14.4638682616 218.545
miR-106b AHCY-002 -14.7167000484 218.545
miR-106b  RP11-253E3.3-001 -19.2822340123 232.288

ERBB3 x RP11-6918.2

miRNA Gene AG binding TPM
miR-106b ERBB3-001 -5.72107018934 234.437
miR-106b ERBB3-001 -6.49854477436 234.437
miR-106b ERBB3-001 -14.5977836985 234.437
miR-106b ERBB3-001 -14.9946355003 234.437
miR-106b ERBB3-001 -18.3805313484 234.437
miR-106b ERBB3-001 -21.1766022291 234.437
miR-106b ERBB3-004 -5.72107018934 475.976
miR-106b ERBB3-004 -6.49854477436 475.976
miR-106b ERBB3-004 -14.5977836985 475.976
miR-106b ERBB3-004 -14.9946355003 475.976
miR-106b ERBB3-004 -21.1766022291 475.976
miR-106b ERBB3-005 -6.49854477436 273.354
miR-106b ERBB3-005 -9.93382611106 273.354
miR-106b ERBB3-005 -13.4323350958 273.354
miR-106b ERBB3-005 -14.9946355003 273.354
miR-106b ERBB3-005 -21.1766022291 273.354
miR-106b ERBB3-006 -16.8224603695 349.214
miR-106b ERBB3-009 -6.49854477436 0.270993
miR-106b ERBB3-009 -14.9946355003 0.270993
miR-106b ERBB3-009 -18.3805313484 0.270993
miR-106b ERBB3-009 -21.1766022291 0.270993
miR-106b ERBB3-016 -18.3805313484 420.984
miR-106b ERBB3-018 -6.49854477436 51.625
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miR-106b ERBB3-024 -6.49854477436 646.543
miR-106b ERBB3-024 -14.9946355003 646.543
miR-106b ERBB3-024 -18.3805313484 646.543
miR-106b RP11-6918.2-001 -11.7163325168 483.825
FGF2 x GAS5
miRNA Gene AG binding TPM
miR-103a2 FGF2-001 -12.3944196025 795.448
miR-103a2 FGF2-001 -12.8918865715 795.448
miR-205 FGF2-001 -14.030627294 795.448
miR-205 FGF2-001 -15.0980635566 795.448
miR-103a2 FGF2-001 -15.4705353869 795.448
miR-103a2 FGF2-001 -16.2583350131 795.448
miR-103a2 FGF2-001 -20.7629450665 795.448
miR-205 FGF2-002 -14.030627294 304.978
miR-103a2 FGF2-002 -15.4705353869 304.978
miR-103a2 FGF2-002 -20.7629450665 304.978
miR-103a2 FGF2-201 -12.3944196025 577.929
miR-103a2 FGF2-201 -12.8918865715 577.929
miR-205 FGF2-201 -14.030627294 577.929
miR-205 FGF2-201 -15.0980635566 577.929
miR-103a2 FGF2-201 -15.4705353869 577.929
miR-103a2 FGF2-201 -16.2583350131 577.929
miR-103a2 FGF2-201 -20.7629450665 577.929
miR-205 GAS5-002 -8.92381694167 448.894
miR-205 GAS5-006 -11.2166729071 537.467
miR-205 GAS5-007 -11.2166729071 101.823
miR-205 GAS5-011 -11.2166729071 101.925
miR-205 GAS5-017 -8.92381694167 0.199703
miR-205 GAS5-018 -8.92381694167 486.852
miR-205 GAS5-021 -8.92381694167 752.765
miR-205 GAS5-022 -8.92381694167 532.745
miR-205 GAS5-023 -8.92381694167 368.193
miR-103a2 POUS5F1P3-001 -16.7331726531 132.804
miR-103a2 RP11-69L16.5-001 -15.3888396107 0.266265
FGFR2 x RP11-20D14.6
miRNA Gene AG binding TPM
miR-103a2 FGFR2-001 -12.2151831887 309.672
miR-103a2 FGFR2-001 -15.6214687065 309.672




miR-103a2 FGFR2-001 -16.694950574 309.672
miR-103a2 FGFR2-004 -12.2151831887 243.988
miR-103a2 FGFR2-005 -12.2151831887 0.185035
miR-103a2 FGFR2-005 -15.6214687065 0.185035
miR-103a2 FGFR2-006 -12.2151831887 128.249
miR-103a2 FGFR2-007 -12.2151831887 438.914
miR-103a2 FGFR2-008 -12.537390057 787.668
miR-103a2 FGFR2-008 -15.6214687065 787.668
miR-103a2 FGFR2-008 -16.694950574 787.668
miR-103a2 FGFR2-008 -18.474441035 787.668
miR-103a2 FGFR2-009 -12.2151831887 22.098
miR-103a2 FGFR2-013 -18.8242696625 227.564
miR-103a2 FGFR2-015 -12.2151831887 0.455911
miR-103a2 FGFR2-016 -12.2151831887 302.614
miR-103a2 FGFR2-022 -14.7946258086 149.613
miR-103a2 FGFR2-022 -16.119509286 149.613
miR-103a2 FGFR2-022 -16.4727101319 149.613
miR-103a2 FGFR2-024 -12.2151831887 0.0573969
miR-103a2 FGFR2-024 -15.6214687065 0.0573969
miR-103a2 FGFR2-026 -14.7946258086 571.539
miR-103a2 FGFR2-026 -16.119509286 571.539
miR-103a2 FGFR2-026 -16.4727101319 571.539
miR-103a2 FGFR2-201 -12.2151831887 0.12051
miR-103a2 FGFR2-202 -12.2151831887 417.877
miR-103a2 FGFR2-202 -15.6214687065 417.877
miR-103a2 FGFR2-202 -16.694950574 417.877
miR-103a2 FGFR2-203 -12.2151831887 581.006
miR-103a2 FGFR2-203 -15.6214687065 581.006
miR-103a2 FGFR2-203 -16.694950574 581.006
miR-103a2 FGFR2-204 -12.2151831887 3,08E+00
miR-103a2 FGFR2-204 -15.6214687065 3,08E+00
miR-103a2 FGFR2-204 -16.694950574 3,08E+00
miR-103a2 RP11-20D14.6-001 -16.5061016083 148.532
miR-103a2 RP11-20D14.6-002 -16.5061016083 417.286
miR-103a2 RP11-20D14.6-003  -16.5061016083 83.339
F2RL1 x RP11-69L.16.5 and EEF1A1P6
miRNA Gene AG binding TPM
miR-103a2 F2RL1-001 -14.5660569221 229.963
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miR-103a2 F2RL1-001 -19.574608691 229.963
miR-103a2 RP11-69L.16.5-001 -15.3888396107 0.266265
miR-103a2 EEF1A1P6-001 -19.2866512574 137.153
miR-103a2 EEF1A1P6-001 -20.7439292432 137.153
HSPD1 x SNHG5
miRNA Gene AG binding TPM
miR-363 HSPD1-001 -8.02735295901 962.607
miR-367 HSPD1-001 -8.20963476342 962.607
miR-363 HSPD1-001 -9.00790026962 962.607
miR-25 HSPD1-001 -9.69470838183 962.607
miR-25 HSPD1-001 -11.1619145211 962.607
miR-367 HSPD1-001 -12.3142764769 962.607
miR-302a HSPD1-001 -12.3429701239 962.607
miR-363 HSPD1-001 -12.7791898108 962.607
miR-363 HSPD1-001 -13.7491373298 962.607
miR-367 HSPD1-001 -14.6915542846 962.607
miR-25 HSPD1-001 -15.0138912212 962.607
miR-367 HSPD1-001 -16.6302898312 962.607
miR-302d HSPD1-001 -17.3038365027 962.607
miR-25 HSPD1-001 -22.3152772437 962.607
miR-302a HSPD1-003 -10.139772588 453.373
miR-363 HSPD1-003 -12.7791898108 453.373
miR-302d HSPD1-003 -13.9365769335 453.373
miR-25 HSPD1-003 -15.0138912212 453.373
miR-367 HSPD1-003 -16.6302898312 453.373
miR-302a HSPD1-004 -10.6279198808 46.883
miR-302a HSPD1-004 -10.6279198808 46.883
miR-363 HSPD1-004 -11.0234339487 46.883
miR-25 HSPD1-004 -11.3908606103 46.883
miR-302d HSPD1-004 -15.1181857526 46.883
miR-302d HSPD1-004 -15.1181857526 46.883
miR-367 HSPD1-004 -15.6719720146 46.883
miR-367 HSPD1-004 -15.6719720146 46.883
miR-363 HSPD1-005 -8.02735295901 103.173
miR-25 HSPD1-005 -9.69470838183 103.173
miR-367 HSPD1-005 -12.3142764769 103.173
miR-363 HSPD1-006 -8.02735295901 98.395
miR-25 HSPD1-006 -9.69470838183 98.395
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miR-367 HSPD1-006 -12.3142764769 98.395
miR-363 HSPD1-007 -8.02735295901 128.978
miR-25 HSPD1-007 -9.69470838183 128.978
miR-367 HSPD1-007 -12.3142764769 128.978
miR-363 HSPD1-013 -8.02735295901 379.946
miR-25 HSPD1-013 -9.69470838183 379.946
miR-367 HSPD1-013 -12.3142764769 379.946
miR-363 HSPD1-201 -8.02735295901 883.958
miR-367 HSPD1-201 -8.20963476342 883.958
miR-363 HSPD1-201 -9.00790026962 883.958
miR-25 HSPD1-201 -9.69470838183 883.958
miR-25 HSPD1-201 -11.1619145211 883.958
miR-367 HSPD1-201 -12.3142764769 883.958
miR-302a HSPD1-201 -12.3429701239 883.958
miR-363 HSPD1-201 -12.7791898108 883.958
miR-363 HSPD1-201 -13.7491373298 883.958
miR-367 HSPD1-201 -14.6915542846 883.958
miR-25 HSPD1-201 -15.0138912212 883.958
miR-367 HSPD1-201 -16.6302898312 883.958
miR-302d HSPD1-201 -17.3038365027 883.958
miR-25 HSPD1-201 -22.3152772437 883.958
miR-363 SNHG5-001 -14.4607316613 376.568
miR-25 SNHG5-001 -14.8321091674 376.568
miR-367 SNHG5-001 -16.6153133685 376.568
miR-363 SNHG5-003 -14.4607316613 108.915
miR-25 SNHG5-003 -14.8321091674 108.915
miR-367 SNHG5-003 -16.6153133685 108.915
miR-363 SNHG5-004 -14.4607316613 122.067
miR-25 SNHG5-004 -14.8321091674 122.067
miR-367 SNHG5-004 -16.6153133685 122.067
miR-302a SNHG5-005 -7.64671511184 121.642
miR-302d SNHG5-005 -7.88575758935 121.642
miR-302a SNHG5-005 -9.81007350898 121.642
miR-302d SNHG5-005 -12.1755260663 121.642
miR-363 SNHG5-005 -12.448759984 121.642
miR-25 SNHG5-005 -15.7674060929 121.642
miR-367 SNHG5-005 -15.7726647407 121.642
miR-302a SNHG5-008 -7.64671511184 207.388
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miR-302d SNHG5-008 -7.88575758935 207.388
miR-302a SNHG5-008 -9.81007350898 207.388
miR-302d SNHG5-008 -12.1755260663 207.388
miR-302a SNHG5-009 -7.64671511184 189.434
miR-302d SNHG5-009 -7.88575758935 189.434
miR-302a SNHG5-009 -9.81007350898 189.434
miR-302d SNHG5-009 -12.1755260663 189.434
miR-363 SNHG5-009 -12.448759984 189.434

miR-25 SNHG5-009 -15.7674060929 189.434
miR-367 SNHG5-009 -15.7726647407 189.434
miR-302a SNHG5-010 -7.64671511184 254.896
miR-302d SNHG5-010 -7.88575758935 254.896
miR-302a SNHG5-010 -9.81007350898 254.896
miR-302d SNHG5-010 -12.1755260663 254.896
miR-363 SNHG5-010 -14.4607316613 254.896

miR-25 SNHG5-010 -14.8321091674 254.896
miR-367 SNHG5-010 -16.6153133685 254.896
miR-363 SNHG5-011 -14.4607316613 0.38651

miR-25 SNHG5-011 -14.8321091674 0.38651
miR-367 SNHG5-011 -16.6153133685 0.38651
miR-363 SNHG5-013 -14.4607316613 457.202

miR-25 SNHG5-013 -14.8321091674 457.202
miR-367 SNHG5-013 -16.6153133685 457.202
miR-363 SNHG5-014 -14.4607316613 297.849

miR-25 SNHG5-014 -14.8321091674 297.849
miR-367 SNHG5-014 -16.6153133685 297.849
miR-363 SNHG5-015 -14.4607316613 137.701

miR-25 SNHG5-015 -14.8321091674 137.701
miR-367 SNHG5-015 -16.6153133685 137.701
miR-367 SNHG5-019 -10.6915250756 597.173
miR-302d SNHG5-019 -11.8684933017 597.173
miR-302a SNHG5-019 -12.2636004249 597.173

miR-25 SNHG5-019 -13.3169931975 597.173
miR-363 SNHG5-019 -13.5969527918 597.173
miR-367 SNHG5-021 -10.6915250756 269.631
miR-302d SNHG5-021 -11.8684933017 269.631
miR-302a SNHG5-021 -12.2636004249 269.631

miR-25 SNHG5-021 -13.3169931975 269.631
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miR-363 SNHG5-021 -13.5969527918 269.631
miR-363 SNHG5-021 -14.4607316613 269.631
miR-25 SNHG5-021 -14.8321091674 269.631
miR-367 SNHG5-021 -16.6153133685 269.631
miR-367 SNHG5-022 -10.6915250756 0.481713
miR-302d SNHG5-022 -11.8684933017 0.481713
miR-302a SNHG5-022 -12.2636004249 0.481713
miR-25 SNHG5-022 -13.3169931975 0.481713
miR-363 SNHG5-022 -13.5969527918 0.481713
INO80 x RP11-253E3.3
miRNA Gene AG binding TPM
miR-93 INO80-001 -15.495178496 105.246
miR-106b INO80-001 -17.443628019 105.246
miR-93 INO80-002 -15.495178496  0.000410983
miR-106b INO80-002 -17.443628019  0.000410983
miR-93 INO80-010 -15.495178496 0.747679
miR-106b INO80-010 -17.443628019 0.747679
miR-93 INO80-201 -15.495178496 916.993
miR-93 INO80-201 -17.443628019 916.993
miR-93 INO80-201 -25.1578926853 916.993
miR-106b  RP11-253E3.3-001 -19.2822340123 232.288
NPM1 x RP11-20D14.6
miRNA Gene AG binding TPM
mir-302a NPM1-001 -10.986646934 296.943
mir-302c NPM1-001 -11.3648948 296.943
mir-302d NPM1-001 -12.1489791258 296.943
mir-302c NPM1-001 -14.6168023029 296.943
mir-302a NPM1-001 -15.574530946 296.943
mir-302d NPM1-001 -17.4736645263 296.943
mir-302c NPM1-002 -14.6168023029 473.459
mir-302a NPM1-002 -15.574530946 473.459
mir-302d NPM1-002 -17.4736645263 473.459
mir-302a NPM1-003 -10.7926743754 260.887
mir-302c NPM1-003 -10.8447741395 260.887
mir-302d NPM1-003 -11.7603566549 260.887
miR-25 NPM1-003 -12.6067226502 260.887
mir-302c NPM1-003 -14.6168023029 260.887
mir-302a NPM1-003 -15.574530946 260.887
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miR-25 NPM1-003 -16.8061286843 260.887
mir-302d NPM1-003 -17.4736645263 260.887
mir-302c NPM1-004 -14.6168023029 2429.43
mir-302a NPM1-004 -15.574530946 2429.43
mir-302d NPM1-004 -17.4736645263 2429.43
mir-302c NPM1-005 -14.6168023029 363.852
mir-302a NPM1-005 -15.574530946 363.852
mir-302d NPM1-005 -17.4736645263 363.852
miR-302c NPM1-008 -14.6168023029 16.984
miR-302a NPM1-008 -15.574530946 16.984
miR-302d NPM1-008 -17.4736645263 16.984
miR-302c NPM1-009 -11.2835634772 206.671
miR-302a NPM1-009 -14.0846806934 206.671
miR-302d NPM1-009 -14.8560119101 206.671

miR-25 RP11-20D14.6-001 -6.45714394927 148.532
mir-302c  RP11-20D14.6-001 -10.0751148996 148.532
mir-302d  RP11-20D14.6-001 -10.2030306068 148.532
mir-302a RP11-20D14.6-001 -10.6511439631 148.532

miR-25 RP11-20D14.6-002 -6.45714394927 417.286

miR-25 RP11-20D14.6-003  -6.45714394927 83.339

miR-25 RP11-20D14.6-003  -6.45714394927 83.339
mir-302c  RP11-20D14.6-003  -10.0751148996 83.339
mir-302d ~ RP11-20D14.6-003  -10.2030306068 83.339
mir-302a RP11-20D14.6-003  -10.6511439631 83.339
mir-302a RP11-20D14.6-003 -13.873880139 83.339
mir-302a RP11-20D14.6-003  -14.6051267786 83.339
mir-302c  RP11-20D14.6-003  -14.6893145623 83.339
mir-302c  RP11-20D14.6-003  -15.4002129662 83.339
mir-302d  RP11-20D14.6-003  -17.7538593655 83.339
mir-302d  RP11-20D14.6-003  -18.2945132969 83.339

PARP1 x RP11-20D14.6

miRNA Gene AG binding TPM
mir-302c PARP1-001 -8.36376892029 291.653
mir-302a PARP1-001 -8.39772667846 291.653
mir-302d PARP1-001 -9.49765759231 291.653
mir-302c PARP1-001 -10.3786738304 291.653
mir-302a PARP1-001 -10.4204422931 291.653
mir-302a PARP1-001 -11.1003492748 291.653
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mir-302d PARP1-001 -11.360059412 291.653
mir-302a PARP1-001 -11.3749689501 291.653
mir-302c PARP1-001 -11.3751601311 291.653
mir-302d PARP1-001 -11.4369603084 291.653
mir-302d PARP1-001 -12.0414895119 291.653
mir-302c PARP1-001 -12.7877430559 291.653
mir-302c PARP1-001 -12.8492084309 291.653
mir-302a PARP1-001 -14.414998462 291.653
mir-302d PARP1-001 -14.4585104909 291.653
miR-103a2 PARP1-001 -16.7797536611 291.653
miR-302a PARP1-002 -11.749153754 153.451
miR-302c PARP1-002 -12.5338031181 153.451
miR-302c PARP1-002 -12.7877430559 153.451
miR-302d PARP1-002 -12.918326092 153.451
miR-302a PARP1-002 -14.414998462 153.451
miR-302d PARP1-002 -14.4585104909 153.451
miR-103a2 PARP1-002 -20.777661923 153.451
miR-103a2 PARP1-002 -22.5565711333 153.451
miR-302a PARP1-007 -12.7800795932 363.799
miR-302c PARP1-007 -12.7877430559 363.799
miR-302d PARP1-007 -14.0231666253 363.799
miR-302c PARP1-007 -14.0418952506 363.799
miR-302a PARP1-007 -14.414998462 363.799
miR-302d PARP1-007 -14.4585104909 363.799
miR-103a2 PARP1-008 -13.4957533693 492.294
mir-302c ~ RP11-20D14.6-001 -10.0751148996 148.532
mir-302d ~ RP11-20D14.6-001 -10.2030306068 148.532
mir-302a  RP11-20D14.6-001 -10.6511439631 148.532
miR-103a2 RP11-20D14.6-001 -16.5061016083 148.532
miR-103a2 RP11-20D14.6-002 -16.5061016083 417.286
mir-302c ~ RP11-20D14.6-003 -10.0751148996 83.339
mir-302d ~ RP11-20D14.6-003 -10.2030306068 83.339
mir-302a  RP11-20D14.6-003 -10.6511439631 83.339
mir-302a  RP11-20D14.6-003 -13.873880139 83.339
mir-302a  RP11-20D14.6-003 -14.6051267786 83.339
mir-302c ~ RP11-20D14.6-003 -14.6893145623 83.339
mir-302c ~ RP11-20D14.6-003 -15.4002129662 83.339
miR-103a2 RP11-20D14.6-003 -16.5061016083 83.339
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mir-302d  RP11-20D14.6-003  -17.7538593655 83.339
mir-302d  RP11-20D14.6-003  -18.2945132969 83.339
PRIM2 x GAS5

miRNA Gene AG binding TPM

miR-18b PRIM2-001 -8.64488355002 441.426
miR-18b PRIM2-001 -10.6738630379 441.426
miR-18b PRIM2-001 -11.4192804769 441.426
miR-18b PRIM2-002 -13.0654368658 637.289
miR-18b PRIM2-003 -8.64488355002 0.862382
miR-18b PRIM2-004 -11.4192804769 164.296
miR-18b PRIM2-005 -11.4192804769 0.241685
miR-18b PRIM2-007 -10.1594345305 494.225
miR-18b PRIM2-008 -8.64488355002 52.936

miR-18b GAS5-001 -22.863007121 178.919
miR-18b GAS5-002 -11.8815517925 448.894
miR-18b GAS5-002 -22.863007121 448.894
miR-18b GAS5-003 -22.863007121 514.209
miR-18b GAS5-004 -22.863007121 162.967
miR-18b GAS5-005 -22.863007121 160.841
miR-18b GAS5-006 -22.863007121 537.467
miR-18b GAS5-007 -22.863007121 101.823
miR-18b GAS5-008 -22.863007121 309.777
miR-18b GAS5-009 -22.863007121 0.276915
miR-18b GAS5-010 -22.863007121 0.248645
miR-18b GAS5-011 -22.863007121 101.925
miR-18b GAS5-012 -22.863007121 624.254
miR-18b GAS5-013 -22.863007121 0.372827
miR-18b GAS5-014 -22.863007121 300.312
miR-18b GAS5-015 -22.863007121 122.078
miR-18b GAS5-016 -22.863007121 256.267
miR-18b GAS5-017 -11.8815517925 0.199703
miR-18b GAS5-017 -22.863007121 0.199703
miR-18b GAS5-018 -22.863007121 486.852
miR-18b GAS5-019 -22.863007121 419.861
miR-18b GAS5-020 -22.863007121 265.986
miR-18b GAS5-021 -11.8815517925 752.765
miR-18b GAS5-021 -22.863007121 752.765
miR-18b GAS5-022 -11.8815517925 532.745
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miR-18b GAS5-022 -22.863007121 532.745
miR-18b GAS5-023 -11.8815517925 368.193
miR-18b GAS5-027 -22.863007121 0.990705
miR-18b GAS5-029 -22.863007121 848.227
SALL4 x RP11-20D14.6
miRNA Gene AG binding TPM
miR-103a2 SALL4-001 -15,38 189.469
miR-103a2 SALL4-001 -16,99 189.469
miR-103a2 SALL4-001 -17,25 189.469
miR-103a2 SALL4-001 -17,26 189.469
miR-103a2 SALL4-001 -17,45 189.469
miR-103a2 SALL4-002 -15,38 498.935
miR-103a2 SALL4-003 -14,43 272.329
miR-103a2 SALL4-003 -15,38 272.329
miR-103a2 SALL4-003 -21,03 272.329
miR-103a2 SALL4-004 -12,73 280.627
miR-103a2 SALL4-004 -15,38 280.627
miR-103a2 SALL4-201 -16,99 128.322
miR-103a2 RP11-20D14.6-001 -16,51 148.532
miR-103a2 RP11-20D14.6-002 -16,51 417.286
miR-103a2 RP11-20D14.6-003 -16,51 83.339
SFRP2 x RP11-20D14.6
miRNA Gene AG binding TPM
miR-205 SFRP2-001 -11.6914148891 741.881
miR-205 SFRP2-001 -14.5777814832 741.881
miR-205 SFRP2-001 -20.3761862454 741.881
miR-205  RP11-20D14.6-001 -10.8963454571 148.532
miR-205  RP11-20D14.6-003  -10.8963454571 83.339
miR-205  RP11-20D14.6-003  -11.4145610525 83.339
miR-205  RP11-20D14.6-003  -17.2280733842 83.339
TCF7L1 x RP11-6918.2
miRNA Gene AG binding TPM
miR-93 TCF7L1-001 -6.38588688659 863.116
miR-93 TCF7L1-001 -13.1400308878 863.116
miR-93 TCF7L1-001 -20.1260231633 863.116
miR-93 TCF7L1-003 -10.6058932525 109.477
miR-93 RP11-6918.2-001 -15.5044619143 483.825
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Figure S1: Correlation analysis between RNAs from the chosen ceRNA pairs in ESCs in

comparison to differentiated cells.
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Figure S2: Schematic representation of the interaction between RNAs from the ceRNA pairs and
miRNAs. Node sizes are proportional to the isoforms expression in transcripts per million (TPM),
except for miRNAs, whose expression is not exibited. Conectors width is proportional to the
miRNA binding AG values (kJ.mol!). Red circles: mRNAs. Grey circles: non-coding RNAs
isoforms expressed by a coding gene. Pink octagons: IncRNAs. Blue octagons: pseudogenes.

Yellow pentagons: miRNAs.

FGFR2 {mif-103a2) SALLA {mifi-103a2) SFRPZ [miR-205)

Humber o ssed bound nuclentces Number of seed bound rucleoides Nurber of seed bound huciectides

Figure S3: miRNA binding strength combined with seed type for each MRE detected on the

isoforms of the genes composing the ceRNA pair. Red circles: mRNAs. Gray circles: non-coding

isoforms expressed by a coding gene. Pink circles: IncRNAs. Blue circles: pseudogenes. In the case

of overlapping circles, one of them is represented in a shorter diameter. For this case, identifications

above or bellow the circle corresponds to the larger one and identifications in each or both sides

corresponds to the small circle.
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- 1547 933 e 1174

Figure S4: Schematic representation of the interaction among the detected circRNAs the miRNA
upregulated in ESCs. The higher and lowest miRNA binding AG values (kJ.mol™) are represented

bellow each network and the conector width is proportional to the AG values.
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5. DISCUSSAO GERAL

5.1. IncRNAs, pseudogenes e circRNAs expressos em CTEs humanas

As células tronco embrionarias humanas foram isoladas pela primeira vez em 1998 e, desde
entdo, o conhecimento molecular sobre estas células evoluiu a ponto de possibilitar a criagao
artificial de células pluripotentes a partir de células ja diferenciadas®®’’. No que diz respeito
especificamente aos RNAs sem potencial codificante, no entanto, somente a classe dos miRNAs
apresenta um conjunto bem estabelecido e caracteristico do estado tronco 8486839, Qutros ncRNAs,
por sua vez, permanecem ainda bastante negligenciados nos estudos envolvendo CTEs.
Considerando-se apenas os IncRNAs, ha mais de trés mil loci identificados como transcritos neste
tipo celular, porém, somente sete destes RNAs ja tiveram sua expressao e fungdo investigadas em
CTEs®. Além disso, pouco se conhece sobre quais pseudogenes estdo expressos e a funcdo que
desempenham nessas células e nenhum estudo enfocando a fungdo dos circRNAs no estado tronco
foi realizado até o momento.

Desta forma, o presente trabalho é o primeiro a estudar ncRNAs em CTEs incluindo, além
dos IncRNAs, os pseudogenes e os RNAs circulares. Ao todo, foram identificados 1182 ncRNAs
pertencentes a estas trés classes (IncRNA, n=317; pseudogene, n=585; e circRNA, n=280) no
conjunto de dados principal. Quando este foi comparado a outros conjuntos de dados, 148 ncRNAS
(87 IncRNAs, 51 pseudogenes e 10 circRNA) foram detectados como transcritos comuns. Além
disso, muitos destes IncRNAs e pseudogenes encontram-se entre os genes com maior difrerenca de

expressao entre CTEs e células diferenciadas.
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Com relagdo aos IncRNAs, Tang et al. (2013) detectaram um numero similar ao observado
no presente estudo (n=300) e apontaram 78 deles como exclusivamente expressos em CTEs”®. No
entanto, os IncRNAs reportados por estes autores incluiam apenas os intergenicamente codificados
(lincRNAs), diferentemente do observado aqui, onde, além dos lincRNAs (n=303), foram
detectados também IncRNAs classificados como antisenso, senso intronico, senso sobreposto,
transcrito processado e IncRNA de promotor bidirecional. Além disso, somente 36 dos IncRNAs
apontados por Tang et al. (2013) como exclusivos de CTEs foram detectados como superexpressos
em nosso estudo. Uma possivel explicacdo para as diferencas observadas pode estar no tipo de
dados empregado por Tang et al. (2013). Estes autores utilizaram dados de RNA-seq com poucas
replicatas bioldgicas, sendo mais da metade deles com reads do tipo single. Os nossos dados, por
outro lado, apresentam um numero alto de replicatas e reads do tipo paired, o que confere mais
confiabilidade aos resultados gerados.

Além disso, a verificagdo de que as andlises empregadas neste trabalho foram efetivas na
detecdo de ncRNAs verdadeiramente expressos em CTEs da-se pela detecao de todos os IncRNAs
previamente observados neste tipo de célula, a excecdo de FL.J11812 and IncRNA_ES2. Este ultimo,
no entanto, possivelmente ndo foi detectado por ndo estar oficialmente anotado na plataforma
Ensembl, cujas anotagdes génicas foram utilizadas para a identificacdo dos genes nos dados de
RNA-seq.

No que diz respeito aos pseudogenes, pela primeira vez tem-se um panorama deste tipo de
RNA em CTEs. Grande parte dos pseudogenes observados como superexpressos apresenta-se pelo
menos oito vezes mais transcrito em CTEs do que em células diferenciadas, o que pode indicar uma

possivel funcdo associada ao estado tronco. Dentre os pseudogenes com maior diferenca de
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expressao estdo ECEL1P1, HLA-DPB2 e PAICSP7, nenhum deles previamente estudado em
detalhe. Além disso, foram detectados também pseudogenes dos genes codificantes dos fatores de
transcricdo Oct-4 (POUS5SF1), POUSF1P3 e POUSF1P4, e de Nanog, NANOGP1 e NANOGPS,
estes dois ultimos previamente reportados como ndo expressos em CTEs**%. No entanto, a detec¢do
destes dois pseudogenes em pelo menos quatro conjuntos diferentes de dados reforca a hipotese de
que, ao contrario do observado nos estudos prévios, eles sejam transcritos nesse tipo celular.

Os circRNAs expressos em CTEs, por sua vez, ja foram alvo de um estudo anterior que
identificou pelo menos 1061 dessas moléculas na linhagem embrionaria H974. Este estudo, no
entanto, ndo investiga a possivel funcdo desempenhada por estes RNAs no estado tronco,
analisando apenas elementos de sequéncia que favorecem a circularizacdio de RNAs durante o
splicing’4. Pelo menos 256 genes detectados como geradores de circRNAs por esses autores
também tiveram transcritos circulares observados no presente trabalho’*. No entanto, uma vez que
nem todos os circRNAs detectados foram observados em todas as replicatas, apenas dez foram
selecionados para avaliagdes posteriores. Destes, 9 foram identificados nas andlises de Zhang et al.
(2014)74. Essas informagoes indicam que o método de detecdo de circRNAs foi eficiente, embora
ndo tenha identificado o mesmo nimero de RNAs circulares observado no estudo prévio. Além
disso, pode-se considerar que os circRNAs utilizados nas analises do potencial de competicao sao
verdadeiramente expressos em CTEs, uma vez que as mesmas moléculas foram detectadas por dois
métodos diferentes.

Considerando-se os resultados do desenvolvimento deste trabalho, pode-se propor os 138
IncRNAs e pseudogenes detectados como superexpressos em CTEs em quatro diferentes conjuntos

de dados como caracteristicos do estado tronco. Esta lista, no entanto, pode ser maior uma vez que
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alguns ncRNAs podem ter deixado de ser detectados em mais de um conjunto de dados pois alguns
deles apresentaram um numero total de genes superexpressos bem menor do que o dataset principal.
Por outro lado, os dez circRNAs selecionados para analises funcionais ainda ndo podem ser
propostos como caracteristicos de CTEs pois a sua expressao diferencial nessas células ndo pode ser
confirmada devido a auséncia de ferramentas de bioinformatica confidveis para tal analise. Pode-se

concluir apenas que estes RNA estdo expressos em CTEs.

O presente estudo amplia consideravelmente o conhecimento no que diz repeito a ncRNAs
em CTEs. O passo seguinte consiste na confirmac¢do da expressao destas moléculas por PCR em
tempo real, o que permitira tanto propor o conjunto de circRNAs com viés de expressao em CTEs
quanto verificar se os 138 ncRNAs propostos como caracteristicos do estado tronco embrionario
realmente se enquadram nesta designacdo. Além disso, a expansdao dos estudos no sentido de
investigar outros tipos de RNAs ndo codificantes, como piRNAs, parRNAs e eRNAs também é um

caminho interessante.

5.2. Potenciais papeis desempenhados por IncRNAs, pseudogenes e circRNAs expressos

em CTEs humanas

RNAs circulares, IncRNAs ou aqueles oriundos da transcricio de pseudogenes foram
considerados por muito tempo como ruido transcricional e inicialmente negligenciados nas

pesquisas biolégicas. Esse quadro tem se alterado com as continuas descobertas atribuindo fungdes
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celulares a essas moléculas, o que se reflete no nimero de publicagdes abordando esta tematica. No
caso dos IncRNAs, o ntimero de artigos publicados subiu de 240 em 2011 para quase dois mil em

2016, enquanto que mais de 500 artigos foram publicados sobre circRNAs neste mesmo ano.

Dentro deste contexto, ncRNAs tém sido associados a uma série de processos celulares tais
como apoptose, splicing, reparo de DNA, organizacao de cromatina, ciclo celular, manutencao do
estado tronco, diferenciacdo e reprogramacdao celular bem como relacionados a processos

tumora1553’54’81’96‘101

. Esses RNAs podem atuar, entre outros mecanismos, como competidores
endogenos; repressores transcricionais; guias no direcionando proteinas ao seu sitio de atuagdo;
€ . D . . . ~ .

iscas” que retem proteinas de ligacdo acidos nucleicos, impedindo sua fungdo; plataformas para a

montagem de complexos proteicos e como fontes de transcritos antisenso?%102-106,

Apesar de haver estudos prévios em larga escala enfocando a deteccao de IncRNAs e
circRNAs em CTEs, a elucidacdo da funcdo dessas moléculas nestas células, bem como o papel
desempenhado pelos pseudogenes, tem recebido pouca atencdo’*’%. Nessse sentido, o presente
estudo investigou, através da abordagem de guilty by association, a funcdao de 15 dos ncRNAs
propostos no item anterior desta discusssdo como caracteristicos do estado tronco. Além disso,
devido a presencga de relatos prévios de IncRNAs atuando como competidores endégenos em CTEs,

também buscou-se predizer relacdes de competicdo nesse contexto celular.

A andlise de guilty by association permitiu associar os RNAs estudados a pelo menos 11
processos celulares. A observacao de correlagdo positiva entre pseudogenes ou IncRNAs e mRNAs
traduzidos em proteinas envolvidas na regulacdo da diferenciacdao celular, no ciclo celular, no

processo de mitose, no reparo de DNA e na apoptose aponta que alguns destes ncRNAs podem
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estar envolvidos em processos-chave nas CTEs, uma vez que essas células proliferam ativamente e,
em comparacdo a células diferenciadas, apresentam uma maior capacidade de reparo e, quando o

reparo ndo é possivel, sdo mais propensas a desencadear processos apoptoticos®107-109,

Por outro lado, outros ncRNAs parecem estar associados a processos celulares basicos
importantes, mas que ndo estdo diretamente ligados ao estado tronco, como biogénese de

ribossomos, splicing, regulacdo do citoesqueleto e organizacdo da cromatina.

Inferéncias especificas sobre como esses ncRNAs atuam nestes processos sdao dificultadas
pois grande parte dos IncRNAs e pseudogenes analisados ndo possui qualquer outro estudo prévio
de sua funcdo em células humanas. No entanto, no que diz respeito aos ncRNAs LINC00458,
POUS5F1P3, CTD-2501M5.1 e LNCPRESS]1, a atuacdo em CTEs pode se dar via associagdo fisica a
proteinas, uma vez que estes RNAs apresentaram um alto potencial de ligacdo a fatores envolvidos

no processo de splicing.

Por outro lado, recentemente propd-se que IncRNAs e pseudogenes podem regular a
expressao de mRNAs competindo pelos miRNAs que ligam-se a essas moléculas. Desta forma as
analises de predicdo de funcdo do presente trabalho voltaram-se para RNAs que eventualmente
poderiam competir pela ligacdo dos miRNAs superexpressos no estado tronco. Nesse sentido,
enquanto as relacdes de competicdo propostas anteriormente estdo centradas em miRNAs
envolvidos com a diferenciacdo e que estdo pouco expressos em CTEs, as relacées de competi¢ao
enfocadas neste trabalho atuariam protegendo moléculas importantes no estado tronco da acao de

miRNAs expressos nesse mesmo contexto celular>*82110,
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Considerando-se que a competicdo entre RNAs seja, como tem sido hipotetizado, um novo
nivel de regulacdo de expressdo, todos RNAs que compartilham sitios para os mesmos miRNAs em
um dado tipo celular potencialmente competem pela ligacao desses pequenos RNAs. Nesse sentido,
as relacoes de competicdo na célula formariam uma rede entre RNAs. De fato, trabalhos prévios
tem demonstrado que ha um grande nimero de RNAs que compartilham sitios de miRNAs dentro
de uma mesma célula. Nitzan et al. (2014), analizaram os mRNAs alvos de 379 miRNAs na
linhagem HEK293 e geraram uma rede com 6.299 nos, cujas conexoes, que representavam miRNAs
em comum, ultrapassaram o valor de um milhdo!!!. Paci et al. (2014), por sua vez, observaram 1738

n6s correspondendo a IncRNAs e mRNAs e apresentando mais de 32 mil conexdes!!?,

Nesse sentido, uma rede de competicdo possivelmente existe também em CTEs. De fato, o
levantamento de alvos preditos e validados dos 11 miRNAs investigados neste estudo revelou 753
RNAs, entre mRNAs, IncRNAs e pseudogenes, que, a julgar pelos sitios compartilhados de
miRNAs, estabeleceriam mais de 248.067 conexdes. A andlise de ontologia das proteinas
codificadas pelos mRINAs revelou alvos associados a processos como ciclo celular, manutencdo do
estado tronco, regulacdo negativa da diferenciacdao, manutencao de teldmeros e vias de sinalizacao

caracteristicas do estado tronco.

Sendo assim, pela primeira vez se reporta uma rede de potenciais competidores em CTEs, a
qual aparentemente estad associada a processos essenciais a este tipo celular. A rede, no entanto,
pode possuir mais elementos do que os apresentados neste trabalho, uma vez que foram inclusos
todos os RNAs-alvo validados e mRNAs-alvo preditos, mas a investigacdo de pseudogenes e
IncRNAs-alvo preditos limitou-se ao 50 mais expressos.
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Por outro lado, a proposicdo desta rede de competicdo é tedrica e necessita de validacdo
experimental. Desta forma, propde-se os pares de RNAs AHCY-RP11-253E3.3, F2RL1-EEF1A1PS,
HSPD1-SNHG5, INO80-RP11-20D14.6, PARP1-RP11-20D14.6 e PRIM2-GAS5 como alvos
inicias de validacdo pelo fato de reunirem caracteristicas que os tornam interessantes no contexto
tronco. Primeiramente, os mRNAs das duplas propostas codificam proteinas associadas a processos
importantes em CTEs, como resposta a hipéxia, regulagdo do ciclo celular e manutencdo de
telomeros. Além disso, os ncRNAs que integram as duplas ligam-se aos miRNAs compartilhados
com valores de AG iguais ou maiores que os mRNAs e apresentam seeds com preferencia igual ou
superior na hierarquia de ligacdo dos miRNAs. Isso leva a crer que os ncRNAs poderiam estar
competindo com estes mRNAs de modo a manter os seus niveis ideais em CTEs e, por isso,

contribuindo para a manutengao do estado tronco.

No entanto, é necessario considerar que outros RNAs possivelmente competem com 0s
mRNAs das duplas propostas. Isso inclui outros mRNAs e alguns dos circRNAs detectados e que
contem sitios para os miRNAs selecionados, como circ-HIPK3, circ-FAT1 e circ-TNFRSF21, que
apresentaram maior potencial de atuacdo como competidores. Além disso, os IncRNAs e
pseudogenes também podem competir com outros RNAs da rede apresentada. O IncRNA
RP11-20D14.6, por exemplo, compartilha sitios de miRNAs com pelo menos outros 24 mRNAs. As
duplas propostas, no entanto servem como um bom ponto de partida para iniciar a elucidacao da

rede de competicdo como um todo.
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6. CONCLUSOES GERAIS

Considerando-se os resultados obtidos e observacoes realizadas durante o desenvolvimento
deste trabalho, conclui-se que:
- obteve-se sucesso em detectar miRNAs previamente reportados como caracteristicos do estado
tronco;
- um grande numero de pseudogenes e IncRNAs apresenta-se superexpresso no estado tronco
embrionario humano quando comparado a células diferenciadas;
- um grande ntimero de circRNAs também foi detectado neste tipo celular. No entanto, conclusoes
sobre quais deles estdo superexpressos em CTEs sé poderdo ser emitidas apés analises por PCR em
tempo real;
- pelo menos 137 ncRNAs detectados neste estudo sdao potencialmente caracteristicos do estado
tronco embrionario humano, uma vez que apresentam-se superexpressos em CTEs quando estas sao
comparadas a pelo menos quatro diferentes tipos de células diferenciadas;
- 0 subgrupo de ncRNAs cuja fungdo foi predita utlizando-se a abordagem de guilty by association
mostrou-se associado a processsos biolégicos caracteristicos do estado tronco embrionario, como os
envolvidos na mitose, ciclo celular, reparo de DNA e resposta a dano, apoptose e regulacdo da
diferenciacdo celular, ou processos celulares mais basicos, como biogénese de ribossomos, splicing,
organizacao de cromatina e organizacdo do citoesqueleto ;
- pelo menos quatros destes ncRNAs potencialmente se ligam a proteinas associadas ao mecanismo

de splicing;
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- ncRNAs e mRNAs superexpressos em CTEs humanas apresentam sitios de ligacdo para os
miRNAs caracteristicos desse tipo celular, podendo, por isso apresentar comportamento de
competidores endégenos;

- a andlise de ontologia da rede total de potenciais ceRNAs revelou a presenca de processos
relacionados ao ciclo celular, manutencdo da populagdo de células tronco, regulacao negativa da
diferenciacdo, manutencdo de teldomeros e vias de sinalizacdo previamente apontadas como
importantes na manutencdo do estado tronco. Esses fatos indicam que os mecanismos de
competicdo que potencialmente ocorrem em CTEs podem estar associados a manuten¢do do estado
indifenciado destas células;

- 0s RNAs que potencialmente competem entre si pela ligacdo dos miRNAs identificados neste
trabalho apresentam correlagdo positiva e descarta-se a ocorréncia desta observacdo por
compartilhamento de sequéncias regulatérias em cis ou devido a regulacao pelos mesmos fatores de
transcricao;

- analises em nivel de isoformas da forca de ligacdo do miRNA e do tipo seed presente no RNA
alvo apontou as duplas de mRNAs e ncRNAs AHCY-RP11-253E3.3, F2RL1-EEF1A1P6,
HSPD1-SNHG5, INO80-RP11-20D14.6, PARP1-RP11-20D14.6 como as de maior potencial de
competicdo entre seus membros;

- 0os IncRNAs e pseudogenes identificados neste trabalho como potenciais ceRNAs podem
possivelmente ter a sua atuacao como competidores associada a manutencdo do estado tronco
embrionario em CTEs humanas;

- dentre os 10 circRNAs estudados, os circRNAs circ-FAT1, -HIPK3 e -TNFRSF21 apresentam

grande potencial de atuagdo como competidores em CTEs.
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7. PERSPECTIVAS

A conclusao deste trabalho deixa como perspectivas:

- confirmacdo da expressdo dos pseudogenes, IncRNAs e circRNAs detectados neste trabalho por
PCR em tempo real;

- identificacdo, também por PCR em tempo real, dos circRNAs superexpressos em CTEs quando
comparadas a células diferenciadas;

- confirmacdo experimental de que a lista de 137 nRNAs é de fato caracteristica do estado tronco
embrionario humano;

- realizacdo de ensaios de superexpressdo e silenciamento para investigar as possiveis fungdes
desempenhadas pelos circRNAs detectados neste estudo;

- testar experimentalmente a ocorréncia de competicdo entre as duplas de mRNAs e ncRNAs, bem
como circRNAs apontados como tendo grande potencial de atuacao como ceRNAs;

- realizacdo de ensaios de imunoprecipitacao a fim de investigar e confirmar as possiveis interagdes
de pseudogenes e IncRNAs com proteinas expressas em CTEs humanas;

- avaliar por meio da abordagem de guilty by association, os possiveis processos celulares
associados aos demais ncRNAs detectados neste estudo;

- expandir os estudos sobre RNAs que atuem como competidores em CTEs de modo a gerar uma
possivel rede de competicdo presente neste tipo celular;

- avaliar o potencial de atuacdao como competidoras enddégenas das isoformas ndo codificantes

transcritas a partir do genes codificantes de proteinas em CTEs;
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- identificar os elementos constituientes da rede de competicdo entre RNAs a nivel de isoformas em

CTES;

- estudar a expressdo e a funcao de outros RNAs ndo codificantes, como eRNAs, paRNAs e

piRNAs.
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REVIEW

Scaffolds for Artificial miRNA Expression in Animal Cells

Raquel Calloni and Diego Bonatto™

Centro de Biotecnologia da Universidade Federal do Rio Grande do Sul, and Departamento de Biologia Molecular e Biotecnologia,
Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil.

Artificial miRNAs (amiRNAs) are molecules that have been developed to promote gene silencing in a
similar manner to naturally occurring miRNAs. amiRNAs are generally constructed by replacing the
mature miRNA sequence in the pre-miRNA stem—loop with a sequence targeting a gene of interest. These
molecules offer an interesting alternative to silencing approaches that are based on shRNAs and siRNAs
because they present the same efficiency as these options and are less cytotoxic. amiRNAs have mostly
been applied to gene knockdown in plants; they have been examined to a lesser extent in animal cells.
Therefore, this article reviews the amiRNAs that have been developed for animal cells and focuses on the
miRNA scaffolds that can already be applied to construct the artificial counterparts, as well as on the
different approaches that have been described to promote amiRNA expression and silencing efficiency.
Furthermore, the availability of amiRNA libraries and other tools that can be used to design and construct
these molecules is briefly discussed, along with an overview of the therapeutic applications for which

amiRNAs have already been evaluated.

INTRODUCTION
RNa INTERFERENCE (RNAIi) is a biological process
based on double-stranded RNA (dsRNA) that pro-
motes posttranscriptional gene silencing. RNAi has
become useful for determining gene function, as an
alternative to the knockout strategy, and has the
potential to become a therapeutic application.??
Small interfering RNA (siRNA) and short hairpin
RNA (shRNA) are the most common RNAi ap-
proaches that are applied to mammalian cells.'*
However, as an alternative to using these synthetic
molecules, gene silencing can also be achieved using
molecules that are designed based on microRNAs.5¢
miRNAs are ~22-nucleotide (nt)-long endoge-
nous RNA molecules that are involved in the post-
transcriptional control of gene expression.” miRNA
biogenesis begins in the cell nucleus, where the pri-
miRNA is processed by Drosha to generate the
stem—loop named pre-miRNA.”® pre-miRNA is then
exported to the cytoplasm, where it is processed by
Dicer to generate a 22-nt-long dsRNA molecule.”°
One of the strands becomes associated with the
Ago2 protein to form the RNA-induced silencing

complex (RISC); the other is degraded.®!* As part of
RISC, miRNA acts as a guide, localizing to the tar-
get mRNAs and loading them into the complex via
base pairing.'? Once paired, RISC is able to promote
either the degradation of the mRNA target or the
repression of its translation.'3

Gene silencing using synthetic molecules that
mimic miRNAs was first described in animal
cells'*1® and has recently been applied to vegetal
cells.'® The basic principle of this approach is to re-
place, in the pre-miRNA stem-loop, the sequence of
the mature miRNA with a sequence targeting the
gene of interest®®!"!® (Fig. 1). Such a design permits
the artificial hairpin to be processed by the same
pathway as natural miRNAs.'® Therefore, the
structural features of the hairpin precursor are
critical to its correct and efficient processing. For this
reason, the original structural characteristics of the
miRNA, such as the hairpin loop and the bulges and
mispairing in the stem, must be maintained.?®%!

This technique has received several denomina-
tions in the literature, such as “second generation
hairpin,”®?? “shRNA-miR,” “synthetic miRNA,”
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@ The sequence of original mature microRNA is removed.

@ An artificial sequence replaces the orginal mature microRNA.
Original structure is maintained.

@ New hairpin, which will produce the artificial microRNA.

Figure 1. Simplified amiRNA construction scheme. Color images available
online at www.liebertpub.com/hgtb

“miR-shRNA,”182% “artificial miRNAs,”?*27 and
“sShRNAmiR.”?® In this article, we chose to use
“artificial miRNAs” (amiRNAs) as the terminology
because it is the most common nomenclature found
in the literature.

amiRNAs present several advantages over tra-
ditional silencing approaches. It is possible to co-
express them with a reporter gene, such as GFP or
DsRed, and the expression levels of the reporter
gene frequently miRror the amiRNA expression
levels.?52° The constructs are generally under the
control of RNA polymerase (RNAP) II responsive
promoters, which enables their expression to be
regulated using inducers or cell-specific promot-
ers.?>3% Moreover, several layouts are possible
when designing the constructs: (1) amiRNAs can be
placed inside introns, mimicking the miRtrons ex-
pression,'”3! (2) they can be co-expressed with a
nonmarker gene, such as p53,2 and (3) they can be
grouped to form clusters.?”* For a comparison of
the silencing efficiency of different amiRNA con-
struct layouts, see ref.'®

In addition to the above advantages, amiRNAs
also seem to be a safer silencing approach. For ex-
ample, although shRNAs are effective at reducing
target gene mRNA and protein levels, these mole-
cules cause side effects to cells.?>** shRNAs dis-
rupt the endogenous miRNA pathway, impairing
miRNA biogenesis and reducing cell viability both
in vivo and in vitro.?>33 Furthermore, shRNAs may
trigger cellular immune responses, specifically the
interferon response, which leads to an increase in
apoptosis.?? amiRNAs are as efficient as shRNAs at
silencing genes, but they do not affect miRNA
processing, even at a 10-fold higher vector dose,
and do not elicit an interferon response.?2%:33

Although gene knockdown using amiRNAs was
first described in animal cells, this procedure is not
commonly used for gene expression studies in
metazoan models and has thus been most largely
applied to plant cells.>* Therefore, in this article we
compiled all of the publicly available information
that we could find about applying amiRNAs to
animal cells. Specifically, we describe different
miRNA scaffolds that are already being used to
promote amiRNA-based gene silencing, along with
construction details of the vectors and the silencing
efficiency associated with each. Moreover, both
therapeutic application and further information
about amiRNA libraries and the tools used to de-
sign these molecules are also described.

AMIRNA BACKBONES FOR ANIMAL CELLS
hsa-miR-26a

The miR-26a miRNA has already been identified
in human, mouse, and zebrafish cells,3® and it is the
first miRNA whose scaffold was applied to induce
amiRNA-based gene knockdown.'* The miR-26a-
based amiRNA effectively silenced the target when
the loop was positioned at the 5" end of the artificial
antisense sequence, and a 2-nt-long stem bulge was
placed at the 5 end of the artificial sense se-
quence.’ The amiRNA was placed under the con-
trol of the H1 promoter and was located upstream
of the RNAP III termination sequence. When
compared to an equivalent siRNA, the miR-26a
amiRNA was shown to be slightly less effective at
gene knockdown.*

hsa-miR-30

miR-30 is an miRNA family that has been docu-
mented to exist in humans, mice, and zebrafish.3¢-3°
It is composed of miR-30a, miR-30b, miR-30c, miR-
30d, and miR-30e, which share high homology and
the same seed sequence.?’ From this family, the
human miR-30a stem—loop (generally reported just
as miR-30) is the most widely utilized scaffold for
the construction of amiRNA vectors.®?° Indeed, one
of the first reports of the development of an amiRNA
for animal cells used the miR-30 backbone; the se-
quence for the original mature miRNA in the stem—
loop was replaced by a sequence based on the Dro-
sophila nxt gene to generate what was later named
miR-30-nxt.'® miR-30-nxt was expressed as part of a
long mRNA transcript and targeted an artificial
construct that contained part of the nxt sequence.
The mature amiRNA was produced by both the 5
and 3" arms of the hairpin, and a 7-fold reduction of
the target mRNA levels was observed, which was
similar to results obtained using a synthetic
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shRNA.'® Assays that inhibited the production of
endogenous polypyrimidin tract binding protein
(PTB) in 293T cells also revealed the production of
the amiRNA by both the 5" and 3’ arms of the hair-
pin and reported a 70—-80% reduction of protein and
mRNA."

Following the publication of the Zeng et al.’s
article,’® several reports have been released de-
scribing different approaches that can be employed
to promote silencing using miR-30-derived amiR-
NAs.>61823.29 yariations of the human miR-30
scaffold structure were tested to check their
knockdown potential. Those with major structural
similarity to the original miR-30 hairpin were the
most effective in silencing and had the highest ex-
pression levels.® The addition of 100 bp to each side
of the pre-miRNA did not change the efficiency of
the silencing.® Alternatively, the structures lack-
ing the bulges distal to the loop in the original miR-
30 had the least effective silencing.®
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Moreover, different promoters for regulating
amiRNA expression, and constructs mimicking
natural miRNA clusters and miRNA expression
from introns have been tested and described.?®
With regard to promoters, amiRNA expression has
been primarily controlled by RNAP II responsive
sequences.("’zg’31 However, promoters that are rec-
ognized by RNAP III, such as H1, U6, and tRNA-
val, have also been tested.>>° The pSM2 vector
(Fig. 2A) is controlled by the U6 promoter. In this
case, the original miR-30 stem—loop was replaced
with Xhol and EcoRI restriction sites to facilitate
the insertion of the amiRNA. This construct was
able to produce 12 times more small RNA than a
previous shRNA that was reported by the same
authors.?*°

Vectors permitting the regulated expression of
amiRNAs have also been developed. The pPRIME
(potent RNA interference using microRNA expres-
sion; Fig. 2B) vector permits the co-transcription of
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Acdl: actin intron 4.

Ac5l: actin intron 5.

BC: barcoding sequence.

Cmr: chloramphenicol resistance gene.

CMV:cytomegalovirus promoter.

GFP: green fluorescent protein.

HR2: homology region.

Neo: neomycin.

PGK-Puro: puromycin resistance gene driven by the PGK promoter.
rtTA3: reverse Tet transactivator (third-generation).

Rgl: rabbit globin derived intron.

TET: minimal CMV promoter containing seven upstream Tet-operator sites.
TRE: Tet response element.

tTs: tetracycline controlled transcriptional silencer.

UbC: ubiquitin C promoter.

Ubl: ubiquitin C intron.

UbNCE: ubiquitin C non coding exon.

U6:U6 small nucleolar RNA promoter.

\EGLS:UG snRNA leader sequence. _/

Figure 2. Schematic representation of different constructions to promote amiRNAs expression. Color images available online at www.liebertpub.com/hgth
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the reporter GFP with the amiRNA, and the
expression is regulated by a tetracycline (Tet)-
responsive promoter.?’ A total of three different Tet
responsive promoters were evaluated in the con-
struct: (1) TREX (Invitrogen, Carlsbad, EUA), a Tet-
responsive promoter with two TET-repressor binding
sites downstream of the CMV TATA box; (2) the TET-
ON system, composed of a CMV promoter containing
seven upstream Tet-operator sites; and (3) the TET-
OFTF system, in which the amiRNA is expressed only
in the absence of doxicyclin (dox).?® The highest de-
gree of knockdown was observed using the construct
regulated by TET-OFF, and the amount of GFP that
was expressed was positively correlated to the degree
of silencing.?® Moreover, other reporter genes can be
used instead of GFP, such as dsRed, Neo, and/or
LNGFR (lacking the cytoplasmic signaling do-
main).?? One drawback for the use of these constructs
is the necessity of generating cells that stably express
a Tet repressor in the case of TREX, or a reverse Tet-
controlled transcriptional activator (rtTA) in the case
of the TET-ON and TET-OFF systems.?®

The pSLIK (single lentivector for inducible
knockdown; Fig. 2C) vector is also based on a Tet-
regulated promoter; however, unlike pPRIME,
pSLIK expresses all of the required components for
Tet-regulated promoter expression.?® This con-
struct is composed of an amiRNA controlled by a
Tet-responsive promoter, followed by an UbC pro-
moter to control the expression of rtTA3 and the
marker gene. The rtTA3 sequence is separated from
the marker gene (Venus or a neomycin resistance
gene) by an IRES sequence.?® Both TET-ON and
TET-OFF were tested in the context of this con-
struct and TET-ON produced more potent gene si-
lencing. Knockdown assays in MEF cells revealed a
90% reduction in target gene expression levels after
2 days of dox treatment.?® As an alternative design
strategy, it is possible to locate the marker gene
before the amiRNA sequence. The construct that
included the GFP open reading frame between the
Tet-responsive promoter and the amiRNA targeting
the G52 gene was effective in silencing, whereas the
depletion was accompanied by increased expression
of GFP.?® As with pSLIK, the UbC-TRE-mSOD2-
tTS-IRES-EGFP construct (Fig. 2D) also contained
all of the components necessary for the expression of
the Tet-regulated promoter.®! However, the amiR-
NA is expressed from an intron in this case.?! The
construct is regulated by the UbC promoter, fol-
lowed by the first ubiquitin exon, the first ubiquitin
intron, the ¢7'S ORF, an IRES sequence, the EGFP
coding sequence, and the poly (A) addition signal.3!
The first ubiquitin exon in this construct contained
two tetracycline-responsive elements (TREs) and

the first ubiquitin intron contained the amiRNA
sequence.

Many miRNAs are grouped to form clusters in
the genome.**2 In this case, the generation of ma-
ture miRNAs is achieved through the production of
a single transcript from which all other miRNAs can
be processed.” Inspired by this naturally occurring
process, an miR-30-based polycistronic approach
was proposed. Generally, amiRNAs are either con-
catenated to improve the knockdown of a single
target or designed to silence either two or three
different mRNAs. In the case of a single target, the
inclusion of a second amiRNA led to a large increase
in small RNA levels and a consistent reduction in
target protein levels.*> An improvement was also
observed when three amiRNAs were clustered, but
the gain was not as great as with the addition of the
second amiRNA.*® Interestingly, the gene knock-
down was improved even when one of the hairpins
was composed of an irrelevant sequence, indicating
that the cluster approach could be more efficient at
gene silencing.*® Nevertheless, these observations
are not a consensus. Two amiRNAs targeting the
human SOD1 gene that were placed in tandem
under the control of the CMV promoter were not
able to enhance the production of small RNA, and a
decrease in the efficacy of RNAi was observed.®

The multi-hairpin design can also be applied to
target two or three different mRNAs (Fig. 2E). In
this case, the silencing efficiency can be equal to or
higher than that observed for the single-hairpin
vector and the order of the amiRNAs does not seem
to affect the silencing rates.'®*3 Again, there is not
yet a consensus regarding the efficiency of the
clustering. In the case of using pSLIK to target two
different mRNAs, the silencing potential was re-
ported as slightly lower than that observed in the
single amiRNA system.?

In addition to the above-discussed constructs, an
alternative multi-hairpin approach, where each
amiRNA is expressed from a different intron, has
been described. The tetracycline-responsive con-
struct controlled by the UbC promoter contains
three introns: the first ubiquitin intron and the
fourth and fifth introns of the human actin gene. In
this case, each amiRNA is placed within a different
intron®! (Fig. 2F).

Using an intron to express amiRNA has also
been proposed for constructs containing only one
amiRNA. For example, the construct composed of
the UbC promoter and UbC first intron (Fig. 2G)
proposed by Zhou et al.® An ORF encoding EGFP
was added downstream of the intron to provide a
convenient method of monitoring amiRNA ex-
pression because both sequences are controlled by
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the same promoter.® Thus, the levels of EGFP could
be correlated to the silencing efficiency. Silencing
efficiency and construct expression were similar to
the values obtained with the original miR-30.°

hsa-miRR-31

has-miRR-31 was first described in 2001, being
detected in human cells, where it is located on
chromosome 9, but absent in mouse-, zebrafish-,
Xenopus-, and Drosophila-derived cells.?® For miR-
31-based amiRNA construction, guide and comple-
mentary strands were replaced by sequences of
interest, maintaining the structure of the original
miRNA.** In addition, the amiRNA was flanked by
51nt from the original miR-31 sequence each side
and placed under the control of a U6 promoter or
inserted within an exonic sequence of cytomegalo-
virus immediate-early promoter enhancer expres-
sion cassete.**

Constructions containing both RNAP II and
RNAP III responsive promoters presented silencing
rates reaching 95-98%, indicating that both systems
are applicable for RNAi. Regarding to the amiRNA
processing, both constructions lead to extra mature
sequences with 20 and 22 nt together with the ex-
pected 21 nt fragment, evidencing an heterogeneous
processing of the guide strand.** Moreover, the
amiRNA processing was more effective in tran-
scripts generated from the CMV promoter since
larger-molecular-weight intermediates were de-
tected only on the Northern blot analysis of the
construction under the control of the U6 promoter.**

In addition, no activation of a type 1 interferon
response and no endogenous miRNA pathway al-
teration were observed in cells expressing the miR-
31-based amiRNA.**

hsa-miR-122

Conserved from mammalian species to fish, the
miR-122 sequence is derived from the liver-specific
noncoding RNA encoded by the Acr gene.*® amiRNA
construction based on this miRNA followed the
same characteristics described for the miR-31-based
amiRNA (see section hsa-miR-31). Similar to miR-
31 construction, more efficient processing was
observed in transcripts generated from the CMV
promoter; however, no extra mature sequences
other than the 21 nt were observed.** In addition, no
activation of type 1 interferon response and no en-
dogenous miRNA pathway alteration were observed
in cells expressing the miR-122-based amiRNA.**

gga-miR-126
gga-miR-126 is an intron-expressed microRNA
that has been detected in adult and embryonic

chicken tissues.*® Mature miRNAs are produced by
both the 5" and 3’ arms of the stem—loop and they
are conserved in mice, humans, zebrafish, rats, fugu
(Fugu rubripes), and pufferfish (Tetraodon ni-
groviridis).*® The constructs that included the miR-
126 backbone were composed of the stem—loop
sequence plus an additional 200bp flanking se-
quence on either side. The mature antisense se-
quence of gga-miR-126 was replaced with the
sequence of interest and the final stem—loop struc-
ture mimicked the original gga-miR-126 struc-
ture.?” The inhibition rate was measured via a
luciferase assay and reached 95% with a transiently
transfected vector and 85% with a stably integrated
vector, each expressing only one miRNA.?’

By clustering the constructs it becomes possible
to express one to three different amiRNAs from the
same vector.?” In this case, the inhibition rate was
measured at 80-90% with both the transiently
transfected and the stably integrated vector.?’
Furthermore, the construct containing amiRNAs
against three viral sequences was able to inhibit
influenza virus production by 10-fold when com-
pared with the control.?”

Moreover, the constructs were shown to work
well with promoters responsive to both RNAP II
and III. The resulting amiRNAs were able to in-
hibit their targets in a variety of cell types, in-
cluding chicken fibroblasts (DF-1), the mammalian
epithelial 293T cells, Madin—Darby canine kidney
(MDCK) cells, mouse embryonic fibroblasts (MEF),
and African green monkey kidney (Vero) cells.?”

mmu-miR-155

The coding sequence for mmu-miR-155 is found
within the sequence of BIC,*”*® a noncoding RNA
that has been already described in humans, mice, and
chickens.**%° Gene silencing via the miR-155 back-
bone was induced by using constructs that mimic
intron-encoded miRNAs. Additionally, the expres-
sion of the amiRNA could be detected by the con-
comitant expression of marker genes, such as GFP/
EGFP or the puromycin resistance gene.!”?* In the
case of EGFP/GFP, the fluorescence can be directly
correlated with the amiRNA expression levels.!”?*

There is another miR-155-based approach that
consists of an artificial cassette inserted inside of
an intron.!” The synthetic inhibitory BIC-derived
RNA (SIBR) cassette includes the region of the BIC
sequence that spans from nt 134 to 283, which
contains the pri-miR-155. In this fragment, the
miR-155 precursor stem-loop sequence was re-
placed with two inverted Bbsl restriction sites,
permitting the insertion of a 64-nt-long DNA du-
plex coding for the amiRNA of interest.'” Synthetic
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miRNAs were constructed by replacing the original
mature miR-155 sequence with another 22-nt-long
sequence and modifying the complementary strand
to maintain the hairpin structure.!”

The SIBR cassette was then inserted into an
intron in two different types of construct. The one-
intron model (Fig. 2H) consisted of the human UbC
promoter, the first noncoding UbC exon and the
first intron, followed by an exon encoding either
GFP or the puromycin resistance protein.'” The
inhibition levels for the one-intron SIBR cassette
ranged from 5- to 30-fold compared with the con-
trol. Moreover, the construct silenced the target as
effectively as shRNA under the control of the
RNAP IIT promoter. Additionally, more than one
SIBR cassette could be inserted in tandem inside of
the intron (Fig. 2I). Constructs were made to in-
clude from two to eight copies of an SIBR cassette
that contained the same amiRNA, and upon testing
they were found to produce successful inhibition.
In this case of several equal cassettes, the inhibi-
tion levels were proportional to the SIBR copy
number.”

The two-intron construction (Fig. 2J) comprised
the UbC promoter, followed by a short noncoding
exon, the first UbC intron, a second noncoding
exon, a second intron derived from rabbit globin,
and a third exon containing the coding sequence for
either GFP or the puromycin resistance gene. In
this case, the SIBR cassette was inserted into the
second intron'” and an enhanced inhibition was
observed when compared to the construct con-
taining only one intron. Additionally, in the two-
intron model, the multimerization of the SIBR
cassette improved the silencing of the target.!”

Another report also demonstrated gene silencing
following amiRNA expression from a one-intron
construct. In this case, the artificial gene consisted
of a portion of the CMV promoter, a synthetic exon,
and a chimeric intron composed of the 5" donor site
from the first intron of the human f-globin gene and
the branch and 3" acceptor site from the intron of
an immunoglobulin gene heavy chain variable
region.?* This construct was inserted into a pEGFP-
N1 vector (Addgene, Cambridge, EUA); the EGFP
coding sequence was placed in the exon following
the artificial intron. The miR-155 backbone was
placed into the artificial intron, and the original
miR-155 stem—loop was replaced by two inverted
BsmBI restriction sites where synthetic hairpins
could be inserted.?*

In addition to the concurrent expression of a re-
porter gene together with the amiRNA, constructs
that included the miR-155 backbone were developed
to co-cistronically express with an endogenous gene.

In this case, three different amiRNAs targeting p21
were placed upstream of the p53 open reading frame
and under the control of a CMV promoter (for more
detail, see “Potential Therapeutic Use of amiRNAs”).?

hsa-miR-221

hsa-miR-221 is one of a collection of highly ex-
pressed miRNAs in hepatocellular carcinoma
(HCC). For this reason, amiRNAs based on this
miRNA were developed to induce gene silencing in
corresponding cell lines. The inhibition potential of
the miR-221-based amiRNA was tested in two HCC
lineages using a luciferase reporter system. The
miR-221-based amiRNA designed to target lucif-
erase was expressed under the control of the CMV
promoter and efficiently processed. The knock-
down rates observed in the HCC cell lines were
64.04% and 80.48% compared with the controls.?!

hsa-miR-223

hsa-miR-223 is highly expressed in myelomo-
nocytic cells and barely detected in other cell
types.’® In addition to its high expression, hsa-
miR-223 has a low passenger strand activity and,
for this reason, it is a good alternative as an
amiRNA scaffold.??

Two effective amiRNAs layouts were placed into
the human immunodeficiency virus-1 intron under
the control of a hybrid Tet-operator long-term re-
peat. In addition, the amiRNA expression was
transcriptionally coupled to the ALNGFR (trun-
cated human low-affinity nerve growth factor re-
ceptor) reporter and the whole construction was
placed in a lentiviral platform (LV.miR). Alter-
natively, to the promoter controlled by doxicyclin,
the miR-223 backbone can be placed downstream
to an EF1a and-CMV promoter.

The first approach replaced the hsa-miR-223
stem—loop by the stem-loop of other miRNAs
(hsa-miR-194, hsa-miR-155, hsa-miR-146, and hsa-
miR-30), keeping unmodified miR-223 flanking se-
quences.? All the chimeric constructions, except for
the one containing miR-146, were able to repress
GFP expression similarly to miR-223 construction.
The second approach replaced the upper miR-223
stem by a perfectly base-paired 21 bp siRNA against
a gene of interest, maintaining the miR-223 flank-
ing and loop sequences. This construction showed
good results in gene silencing, reaching a 5- to 10-
fold reduction in the protein levels compared with
the control.>> Moreover, this construction presented
a strong strand-specific expression, with no un-
wanted passenger strand RISC loading.??

The second approach also showed to be an ef-
fective tool to induce gene silencing in primary
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cells, which are the cell types where gene function
studies and gene therapy are most relevant. Pri-
mary CD4" CD25P"8" T_cells were transduced with
the vector carrying an amiRNA against FOXP3 and
a significant gene target downregulation was ob-
served.”® The silencing also induced significant
biological effects in T-cells, which are commonly
able to suppress CD4" cells proliferation. When
exposed to T-cells transduced with the amiRNA
against FOXP3, CD4" cells presented reduced
proliferation suppression.””

In addition to single amiRNA constructions, a
lentiviral vector containing two amiRNAs against
the same target was also developed. However, to
avoid recombination between sequences during
reverse transcription, one siRNA was inserted in
the miR-223 scaffold, which was placed in tandem
with an siRNA inserted in the miR-155 scaffold. An
additive effect in target downregulation was ob-
served when this silencing approach was applied.*?

bmo-miR-2764 and bmo-miR-279

miR-2764 and miR-279 are endogenous silk-
worm (Bombyx mori) miRNAs and are unique in-
sect miRNAs whose use has already been reported
for the construction of amiRNAs.?® Two constructs
are available to promote gene knockdown using
miR-2764 and miR-279 as scaffolds. Both have the
DsRed reporter gene upstream of the amiRNA
hairpin and can either be induced or constitutively
expressed.”®

Constitutive expression is promoted by the Orgyia
pseudotsugata multicapsid nucleopolyhedrovirus
OpIE2 promoter. Only transient transfection is
possible for this construct as stable transfection of
the construct was unsuccessful, probably because
of an oversaturation of the miRNA pathway.?
The inhibition rates observed in the luciferase assay
used to test the construct were 80-93%. However,
when it was tested against lef-11, a gene from
Bombyx mori nucleopolyhedrovirus (BmNPV),
the mRNA levels were reduced by approximately
50%.%

miR-279-based amiRNA was also placed under
the control of the baculovirus-induced homologous
region 3 (hr3)-39K fusion promoter. This allowed
the induced construct to only be expressed in cells
infected with BmNPV, a silkworm pathogen. Si-
lencing efficiency reached 50% as measured by lu-
ciferase assay.>

Additionally, the amiRNA cassettes were shown
to be effective in other insect cell lines, such as BmN4
and BmE-SWU1 (B. mori), Sf9 (Spodoptera frugi-
perda), High Five (Trichoplusia ni), Spli221 (Spo-
doptera litura), and S2 (Drosophila melanogaster).®®

hsa-miR-17-92 cluster

The cluster miR-17-92 is composed of six se-
quences arranged in tandem (miR-17, miR-18, miR-
19a, miR-20, miR-19b, and miR-92), which code for
seven mature miRNAs: miR-17-5p, miR-17-3p, miR-
18, miR-19a, miR-20, miR-19b-1, and miR-92-1.5*
Although this cluster is mainly studied for its
oncogenic characteristics, being the first oncomiR
described, miR-17-92 also has the potential to be
used as a tool for amiRNA-based viral inhibition.?*~>¢

Related to the above, part of the original con-
formation of miR-17-92 was used as a backbone to
create clustered amiRNAs.?® Sequences from five
miRNAs (hsa-miR-17, hsa-miR-18, hsa-miR-19a,
hsa-miR-20, and hsa-miR-19b) were amplified by
PCR and the original mature miRNA of each
hairpin was replaced with sequences targeting
different viral mRNAs, whereas the rest of original
stem—loop plus 40nt on each side of the hairpin
were maintained.?®

The best viral inhibition results were observed
when a 19 nt antiviral sequence was inserted into
the hairpin. Constructions based on the miR-20
and miR-19b backbones demonstrated individual
inhibition efficiencies similar to what is observed
when shRNAs are employed for silencing. How-
ever, constructs based on miR-18 were not able to
silence their targets.’® Moreover, amiRNA clus-
tering seemed to improve the silencing activity.
Northern blot analysis showed that, for the con-
structs based on the miR-17, miR-19a, and miR-
19b backbones, the production of mature amiRNAs
was improved when the hairpin was inside of a
cluster. The position of the hairpin within the
polycistronic construct did not affect the silencing
potential.®®

hsa-miR-106b cluster

The miR-106 cluster is located inside the 13th
intron of the MCM7 gene and it was originally
composed of three miRNAs: miR-106b, miR-93, and
miR-25, respectively.*! The amiRNA construct
that was engineered based on this cluster began
with the introduction of restriction sites in the se-
quences flanking the original pre-miRNAs, per-
mitting the insertion of amiRNAs in place of the
naturally occurring hairpins. In cases where the
basic pri-miRNA sequence was not maintained, a
fully paired 23 bp stem replaced the original ma-
ture miRNA and the loop was substituted with a 5-
base-long artificial one.? However, the second
amiRNA of the cluster exactly mimics the structure
of miR-93. This conformation was shown to avoid
the off-target effects mediated by passenger strand
incorporation into RISC. Additionally, the third
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cluster element was substituted with an miR-93-
based scaffold as the silencing promoted by the
miR-25-based amiRNA was poor.%°

It would appear that each amiRNA unit is pro-
cessed independently and that the sequences that
flank the original pre-miRNA are important for
amiRNA expression. The removal of these fragments
from the construct abolishes the amiRNA silencing
capacity. Moreover, mimicking the original expres-
sion of the intron is beneficial to the functionality of
the artificial cluster. The inclusion of original exon
sequence fragments flanking the cluster (100 nt each
side) also enhances the expression of the amiRNAs;
when the exon—intron boundaries were removed, the
silencing efficiency was reduced.?°

POTENTIAL THERAPEUTIC USE OF amIRNAs
Using gene silencing to study gene function is the
primary application of amiRNAs and other RNAi
molecules. However, RNAi may also potentially
translate into a therapy that can be used to treat a
variety disorders. Studies applying amiRNAs for
use as a potential alternative therapy have been
conducted, for instance, in the context of both cancer
and antiviral therapy, and positive results have
been observed.?®*? The most common amiRNA
construct that has been investigated is based on the
murine miR-155 backbone, which was inserted into
a pcDNA6.2-GW/EmGFP-miR-based miRNA ex-
pressive plasmid (Invitrogen).’>%? We summarize
several therapeutic applications of amiRNAs below.

Drug abuse

The use of amiRNAs to combat drug abuse is a very
interesting therapeutic application for these mole-
cules. After mice were injected in the brain with len-
tiviral constructs containing an amiRNA targeting
NKI1R (neurokinin-1 receptor), a protein associated
with alcohol abuse,®® their voluntary alcohol con-
sumption rates decreased compared with controls.
The suppression of NK 1R was localized to the hip-
pocampus and reached 40—-50% of expression.%°

Hepatic fibrogenesis

In this case, rno-miR-30a-based amiRNAs were
designed to specifically express in activated HSCs,
which are responsible for promoting liver fibrosis.>°
The specificity of expression was imparted by the
SM-a actin promoter, which is active in HSCs but
not in other hepatocyte-derived cell lines.?° The
amiRNA was expressed from an intron and targeted
TGF-f1, a protein that is likely involved in fi-
brogenesis,®* leading to an inhibition rate above
70%. As a consequence, the levels of collagen I, a

marker of liver fibrogenesis,®® were downregulated.
Moreover, decreases in «-SMA and desmin, known
HSC markers,®® were also observed.

Hyperalgesia induced by muscle inflammation

Hyperalgesia is a state of increased pain sensi-
tivity, and acid-sensing ion channels 3 (ASIC3)
seems to be involved in this pathology. amiRNA-
based reduction of ASIC3 in primary afferent fibers
innervating muscle was shown to prevent the de-
velopment of hyperalgesia in vivo.®”

Cancer treatment

Interesting results have been observed in several
different tumor-derived cell lines, such as those
originating from melanoma, HCC, breast cancer,
gastric cancer, and colorectal cancer.3%57:59-616268
Among the already explored targets are CXCR4,
Snail, PLR-3, p21, PLP2, heparanase, osteopontin,
and FAK mRNAg 32°7:59.61.62.6869 Ky ckdown of
these targets led to a reduction in the adhesion,
proliferation, migration, and invasion capacity of the
cells in vitro, compared with the controls.57-59-6168.69
Moreover, a significant decrease in the growth of the
tumor and the inhibition of its metastatic capacity
were observed in vivo.?>%5%69 Additional studies
revealed that amiRNAs are not as toxic to the liver as
shRNAs when used to block tumor progression.®® In
these studies, the reduction of target mRNA levels
ranged from 80% for PRL-3 in gastric tumor cells to
almost 100% for CXCR4 in breast tumor cells.?”™

Combining amiRNAs to target a gene encoding
an antitumoral protein also showed to be an effec-
tive approach. Three amiRNAs targeting p21 were
co-cistronically expressed within the p53 open
reading frame.?” This combination increased the
population of malignant cells that underwent ap-
optosis. Furthermore, mice injected with tumoral
cells and treated with viral particles containing the
p53-p21 amiRNA construct presented with lower
tumoral volumes compared with the controls.32

Viral replication inhibition

The use of amiRNAs offers an attractive alter-
native to combating viral infection. In general, re-
ports investigating this approach showed both a
decrease in viral replication and in infection effi-
ciency (by ~90%) for select constructs.?0-27:39:53,55,58
Additionally, amiRNAs appeared to more potently
inhibit viral replication than shRNAs.>? Indeed,
amiRNAs have already been tested for their ability
to inhibit the replication of hepatitis B, B. mori
nucleopolyhedrovirus (BmNPV), HIV-1, and chick-
en influenza A.20274044525457 11y thig sense, the
constructs applied in viral replication inhibition
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are usually based on human miR-30, miR-31, and
miR-122, mouse miR-155, or silkworm miR-279 and
—2764 scaffolds.?*°*°® Additionaly, targeting more
than one viral RNA is a way to circumvent the
evolution of resistant viral strains. Therefore, clus-
tered amiRNAs, such as those based on miR-17-92
and miR-106, have been developed to promote viral
inhibition.?®%% In the case of the miR-106b-based
amiRNA construct, the efficiency of inhibition was
greatly improved when a nucleolar localizing RNA
TAR decoy (U16TAR) was placed downstream of the
cluster and transcribed in the opposite orientation
of the siRNAs.?° Pol, gag, tat, and rev are among the
viral genes that were targeted by these two ap-
proaches.?’?® In addition, it is possible to induce
amiRNA expression only when the cell suffers viral
invasion. This is achieved by using promoters that
are only active in infected cells, which provide an
attractive alternative to avoid the disadvantages of
constitutive amiRNA expression.*

Another possible approach to inhibit viral infec-
tion is to target RNAs that encode the cell surface
proteins used by viruses to enter the cell (vs.
targeting viral RNA directly). CCR5, one of the
co-receptors used by HIV, was efficiently silenced
using amiRNAs constructed with the mmu-miR-155
backbone.” Future directions of this work include
evaluating the potential of the CCR5-targeted con-
struct to inhibit the cellular entry of HIV.

Although most amiRNAs developed to inhibit
viral replication were tested uniquely in vitro, the
amiRNAs targeting hepatitis B virus proteins
(based on hsa-miR-31 and hsa-miR-122) were also
tested in vivo.** amiRNAs were delivered in in-
fected mice by an hydrodynamic tail vein injection,
and a significant reduction in the serum viral an-
tigen concentration and in the number of circulat-
ing viral particles was observed.** Moreover, viral
DNA was not detected in the liver of the animals
that received amiRNAs injection.**

Sickle cells disease and p-thalassemia

Sickle cells disease (SCD) and -thalassemia are
hemoglobinopathies characterized, respectively,
by S genes mutated to ° type and decrease/absence
of § globin production.” Clinical severity of both
illnesses can be ameliorated by the increased
expression of fetal hemoglobin (HbF),”® whose
expression is regulated by the BCL11A protein.”
BCL11A is a potential target for SCD and
p-thalassemia therapeutics as reduction of its
expression in primary adult erythroid cells results
in an elevated HbF expression.”

An amiRNA silencing approach was tested as a
tool to promote BCLI1A knockdown and conse-

quently to promote HbF expression in G-CSF-
mobilized peripheral blood CD34" hematopoietic
stem and progenitor cells.”® For some of the tested
constructions, observed BCLIIA expression re-
duction was similar to the shRNA approach to-
gether with a significant increase in the HbF
transcription.’® Moreover, amiRNAs did not lead to
any deleterious effect on erythroid differentiation,
in contrast to shRNAs, which caused a mild delay
in the expression of later differentiation markers.”

AMIRNAs DESIGN AND CONSTRUCTION

Researchers aiming to use amiRNAs to promote
gene silencing have two options for obtaining these
molecules: (1) design the sequence and outsource its
synthesis to a supplier, or (2) in-house production of a
construct of interest. To address the first option, a
guide to designing miR-30-based amiRNAs has been
developed, which includes tips on bulges and loop
localization in addition to instructions regarding the
insertion of appropriate restriction sites.”® Software
for designing amiRNAs is also available. AmiRzyn is
atool based on the PERL programming language and
NET framework. This tool analyzes user input of the
target DNA sequence to predict possible siRNAs se-
quences; an off-target verification is then performed
through a BLAST facility. Following this step, the
miRNA backbone and restriction sites can be chosen
among five options. The AmiRzyn output includes the
amiRNA sequence organized in the following order
(5'=3"): sense restriction site, sense miRNA backbone,
sense siRNA, loop, antisense siRNA, antisense miR-
NA backbone, and antisense restriction site.””

As an alternative to commercial synthesis, a
method to construct miR-155-based amiRNAs us-
ing a one-step PCR has been developed. In this
case, amiRNA is generated in a reaction that in-
cludes four primer sequences.?® The first two act
in the first set of PCR cycles and are the primers
that specifically generate the amiRNA sequence
that will act in gene silencing. The oligonucleo-
tides partially anneal to each other through a
short 19bp complementary region, which corre-
sponds to the hairpin loop. After annealing, the
sequence is extended by a KOD polymerase. The
resulting double-stranded fragment is then am-
plified by two universal primers, 155-5 and 155-3,
which add the 5" and 3’ ends of the original miR-
155 to the construct.?® The generated amiRNA
cassettes are then flanked on each side with a 40-
nt-long region of the original pri-miRNA. Restric-
tion sites on both sides of the amiRNA enable it to be
inserted into any vector and preserve its ability to
form clusters. The above-described method also
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worked for other backbones, such as miR-16, miR-
206, and miR-331.%°

Careful amiRNA design is important to improve
the knockdown efficiency. It was shown that little
differences in the sequences of mature guide strand
generated by Drosha and Dicer cleavage may be
the reason of amiRNA silencing efficiency lower
than that observed for shRNAs.” For miR-223-
based scaffolds, guide strand adjusting by the de-
letion of 4 bases in 5" end and the addition of GCGC
at the 3’ end resulted in higher target knockdown
compared with nonmodified sequences.”®

AMIRNAs LIBRARIES

Validated amiRNAs covering known and pre-
dicted human and mouse genes are available in two
different libraries, both based on the miR-30
backbone.?® The first generation library amiRNAs
are based on the pre-miRNA scaffold, whereas the
second generation molecules are based on the pri-

miRNA backbone. The expression of the amiRNAs
is controlled by the U6 promoter and a 60 nt bar-
code sequence facilitates the identification of each
different hairpin.?® In the case of the second-
generation molecules, it is possible to swap the
region that encodes the miR-30 cassette, barcode,
and microbial selection marker into recipient
plasmids. Furthermore, this library includes six
different amiRNA constructs that can target each
known and predicted gene that is contained in ei-
ther the mouse or human genome. For more details
about these constructs, see ref.?®

AMIRNAs EXPRESSION
AND OFF-TARGET EFFECTS

Mature miRNAs can be generated exclusively
from one of the pre-miRna arms or from both 5p and
3p arms.”® The construction of an amiRNA must be
carefully done in order to reproduce the natural ex-
pression of the original miRNA,?® as the generation

Table 1. Natural miRNAs and amiRNAs expression along with amiRNAs off-target effects evaluation

Expression characteristics

amiRNA
scaffold Natural miRNA? amiRNA Off-target effects Reference
hsa-mir-26a Preferentially expressed from the 5p arm  Not evaluated Not evaluated 14
hsa-mir-30 Expressed from both 5p and 3p arms Expressed from both 5p and 3p arms Not evaluated 15
hsa-mir-31 Preferentially expressed from the 5p arm  Expression from 5p arm detected amiRNA expression does not alter the silencing 44
Expression from 3p arm not checked activity of endogenous miRNAs.
hsa-mir-122 Preferentially expressed from the 5p arm  Expression from 5p arm detected amiRNA expression does not alter the silencing
Expression from 3p arm not checked activity of endogenous miRNAs.
gga-mir-126 Expressed from both 5p and 3p arms Not evaluated Not evaluated 27
mmu-miR-155  Preferentially expressed from the 5p arm  Preferentially expressed from the 5p arm  amiRNA expression does not affect nontarget genes 17
expression (tested with endogenous genes).
hsa-mir-221 Preferentially expressed from the 3p arm  Not evaluated Not evaluated 21
hsa-mir-223 Preferentially expressed from the 3p arm  Preferentially expressed from the 3p arm  amiRNA expression does not alter the expression and 52
the silencing activity of endogenous miRNAs.
Strand-specific RISC loading.
bmo-mir-279  Information not available Not evaluated Not evaluated 53
bmo-mir-2764  Expressed from the 3p arm Not evaluated Not evaluated
hsa-mir-17-92 cluster
hsa-mir-17 Preferentially expressed from the 5p arm  Not evaluated amiRNA expression does not affect nontarget genes 55
expression (tested with renilla reporter).
hsa-mir-18 Preferentially expressed from the 5p arm ~ No mature amiRNA is produced. amiRNA expression does not affect nontarget genes
expression (tested with renilla reporter).
hsa-mir-19a Preferentially expressed from the 3p arm  Higher silencing effectiveness when amiRNA expression does not affect nontarget genes
expressed from the 5p arm expression (tested with renilla reporter).
hsa-mir-20 Preferentially expressed from the 5p arm  Higher silencing effectiveness when amiRNA expression does not affect non-target genes
expressed from the 5p arm expression (tested with renilla reporter).
hsa-mir-19b Preferentially expressed from the 3p arm.  Higher silencing effectiveness when amiRNA expression does not affect nontarget genes
expressed from the 3p arm. expression (tested with renilla reporter).
hsa-mir-106b
hsa-mir-106b  Preferentially expressed from the 5p arm  Negligible and marginal passenger Not evaluated 20
strand activity
hsa-mir-25 Preferentially expressed from the 3p arm  Negligible and marginal passenger Not evaluated
strand activity
hsa-mir-93 Preferentially expressed from the 5p arm  Negligible and marginal passenger Not evaluated

strand activity

Information obtained from miRBase.
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of a wrong mature sequence might lead to gene si-
lencing of genes other than the interest gene. In
addition, the expression of amiRNA might interfere
in the expression of endogenous miRNAs. However,
the majority of studies describing amiRNA back-
bones poorly evaluated the type of mature sequences
expressed or the existence of off-target effects caused
by the amiRNA expression.’1415-21,22,.27.53

The ideal procedure is to check which mature se-
quences are being produced, the existence of wrong
targets silencing, and alteration of endogenous
miRNAs activity.'”°%?® Off-target effects can be
evaluated by measuring the expression of nontarget
genes or by using a vector expressing luciferase or
renilla reporters to verify any alteration in RNA
expression.”? Alteration of miRNAs pathway can
be tested introducing a (1) vector coding for a miR-
NA, (2) a second vector containing the miRNA tar-
get, and (3) a third vector with the desired amiRNA
in the cell studied. The transfection is followed by an
analysis of the miRNA silencing rate in cells with
and without amiRNA.** Another simpler approach
is quantifying the expression of an endogenous
miRNA and check its capacity to silence reporter
genes containing its target sequence.’’ Table 1
summarizes how amiRNAs described in this review
are expressed compared with their correspondent
original miRNAs (from 5p, 3p, or both arms) along
with RNAs off-target effects information.

CONCLUSIONS

amiRNAs are not employed to promote gene
silencing in animal cells as often as shRNAs, the most

commonly used knockdown method. However, sev-
eral constructs designed to express amiRNAs have
been developed and were shown to be efficient in a
variety of cell types, from mammals to insects, in both
basic research and therapeutic tests. Promoters can
be chosen (including those that respond to RNAP II or
III, in addition to other constitutive and inducible
promoters) to express the amiRNA alone or as part of a
cluster that includes additional amiRNAs, either de-
rived from an intron or together with a marker gene.
Moreover, tools and protocols are already available to
aid in the design and production of amiRNAs, together
with libraries of amiRNAs capable of targeting all
known mouse and human genes. Because of the wide
range of available options that can be used to control
the expression of these molecules, the fact that they
are safer than and as effective as shRNAs, and the
promising results that have been observed in pre-
clinical studies, the use of amiRNAs provides an at-
tractive option for gene silencing endeavors.
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