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Resumo

Resumo

O acido valproico (VPA) ¢ um antiepiléptico de uso bem estabelecido que também ¢é
reconhecido como inibidor de deacetilases de histonas (HDAC), induzindo hiperacetilagao de
histonas H3 e H4. Adicionalmente, tem sido sugerido papel do VPA na demetilacio do DNA
em diversos tipos celulares, possivelmente de maneira ativa e independente do processo de
replicagdo. O presente trabalho estudou os efeitos do VPA sobre a abundancia de 5-
metilcitosina (5SmC) e elementos das vias de demetilagdio do DNA em células Hela,
comparado a agdo da droga de conhecida acao demetilante, 5-aza-2’-deoxicitidina (5-aza-
CdR). Foi também investigada a possivel contribuicao da acdo demetiladora do DNA pelo
VPA na remodelagao da cromatina previamente atribuida a inibicdo de HDAC neste tipo
celular, bem como os impactos de possiveis alteragdes induzidas pelo VPA nas marcas de
SmC sobre o perfil espectral do DNA ao infravermelho.

Em células tratadas com VPA e 5-aza-CdR, os niveis de metilagio do DNA foram
avaliados por imunocitoquimica e ELISA. Os derivados da citosina 5-hidroximetilcitosina
(5hmC), S5-carboxilcitosina (5caC) e S-formilcitosina (5fC) foram investigados por
imunocitoquimica. Em paralelo, PCR quantitativo em tempo real foi realizado para acessar
informacodes a respeito dos niveis de expressao génica da DNA metiltransferase 1 (DNMTI) e
de enzimas da familia das ten-eleven-translocation (TET), TET1 e TET2, além de Western
blotting para medir os niveis proteicos de DNMT1 e TET2. Ensaios ao
microespectrofotometo de varredura foram realizados a fim de constatar alteragdes na
supraorganizagao cromatinica de células HelLa tratadas com VPA e perfis espectrais do DNA
foram obtidos por microespectroscopia no infravermelho por transformada de Fourier (FT-
IR).

Foi comprovada a indugdo de hipometilagdo do DNA pelo VPA em células HeLa,
semelhante ao observado em tratamentos com a 5-aza-CdR. A reduc¢do nos niveis de SmC
concomitante a um efeito de descompactacao cromatinica pelo VPA nestas células persistiram
por 24 h na auséncia da droga, porém ndo por 48 h, demonstrando papel da metilagao de
DNA em eventos de remodelagdo da cromatina, com efeitos de longa duragdo. A demetilagao
observada em resposta ao VPA também influenciou os perfis espectrais do DNA no
infravermelho, afetando mais significativamente os picos relacionados a vibragdes de
estiramento simétrico e antissimétrico do grupamento metil da SmC. Tanto os tratamentos
com VPA quanto com a 5-aza-CdR nao alteraram as marcas de ScaC e 5fC mas foram

capazes de aumentar os niveis de ShmC, enquanto as enzimas estudadas (DNMT1, TETI1 e
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TET2) apresentaram resposta diferencial a estas drogas. Foi assim reforcada a influéncia do
VPA e da 5-aza-CdR sobre vias ativas de demetilagdo do DNA e demonstrado que estas
drogas atuam por meio de mecanismos distintos.

Em conjunto, foi possivel obter maiores informagdes a respeito da agdo do VPA sobre
a metilacado de DNA em células HeLa, permitindo comparacdes dos efeitos desta droga sobre
outras linhagens tumorais agressivas. Também foi possivel estabelecer um paralelo entre a
acdo epigenética do VPA com a de outro composto, a 5-aza-CdR, e assim ter maior

conhecimento dos mecanismos de agdo destas drogas amplamente utilizadas.
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Abstract

Valproic acid (VPA) is a well-established antiepileptic drug and also an inhibitor of
histone deacetylases (HDAC), leading to hyperacetylation of histones H3 and H4. Moreover,
VPA has been suggested to induce DNA demethylation in several cell types, possibly through
an active and replication-independent way. In the present work, the effects of VPA over the 5-
methylcytosine (SmC) abundance and active DNA demethylation elements were studied in
HeLa cells, compared to 5-aza-2’-deoxycytidine (5-aza-CdR), a known DNA demethylator.
In addition, the contribution of the VPA-induced DNA demethylation on the chromatin
remodeling, previously attributed to HDAC inhibition, was investigated in this cell type. The
effect of VPA on DNA 5mC marks was also studied analyzing DNA infrared spectral
profiles.

In both VPA- and 5-aza-CdR treated cells, immunocytochemistry and ELISA
techniques were used to evaluate DNA methylation levels. The cytosine derivatives 5-
hydroxymethylcytosine (ShmC), 5-carboxylcytosine (5caC) and 5-formylcytosine (5-fC) were
investigated by immunocytochemistry. The gene expression of DNA methyltransferase 1
(DNMTT1) and of enzymes of the ten-eleven translocation family (TET), TET1 and TET2 was
assessed by quantitative real time PCR, and protein levels of DNMT1 and TET2 were
obtained using Western blotting. Scanning microspectrophotometer assays allowed the
analysis of changes in chromatin supraorganization of HelLa cells treated with VPA and
spectral profiles of DNA were obtained by Fourier-transform infrared (FT-IR)
microspectroscopy.

Induction of DNA hypomethylation was found to be induced by both VPA and 5-aza-
CdR treatments. The reduction of SmC levels concomitant to a chromatin decondensation
status induced by VPA in these cells persisted for 24 h in the absence of the drug, although
not for 48 h, demonstrating a role of DNA methylation on chromatin remodeling events, with
long-standing effects. The demethylation observed in response to VPA also influenced the
DNA infrared spectral profiles, affecting more significantly the peaks related to symmetric
and antisymmetric stretching vibrations of the methyl group from 5SmC. No changes in 5caC
and 5fC were observed in VPA- or 5-aza-CdR treatments, although both drugs increased
ShmC levels and differentially affected the enzymes studied here (DNMT1, TET1 and TET?2).
Thereby, the influence of VPA and 5-aza-CdR on active DNA demethylation pathways was

reinforced and it was demonstrated that these drugs act by different mechanisms.
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Taken these results together, more information regarding the effects of VPA on DNA
methylation in HeLa cells was obtained, allowing further comparisons between the effects of
this drug on other tumor cell lines as aggressive as HeLa cells. Furthermore, a parallel was
established between the epigenetic action of VPA and that of another compound, 5-aza-CdR,
thus contributing with additional and new data on the mechanisms of action of these widely

used drugs.
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Introduciao

1. Epigenética

Até meados da década de 40, estudos no campo da genética assumiam que alteragdes
no genodtipo desencadeariam mudangas correlatas no fenotipo sem, no entanto, se preocupar
com os caminhos que interligam estes dois processos. Neste contexto surgiu pela primeira vez
o termo epigenética, cunhado pelo embriologista e geneticista Conrad Waddington em 1942
para referir-se aos mecanismos pelos quais os genes trazem a tona efeitos fenotipicos
(Waddington, 1942). Conforme a necessidade de se investigar e compreender tais
mecanismos passou a ser reconhecida e evidéncias mostraram que fatores nao genéticos
podem influenciar no produto final de um locus génico, foi definida uma nova area de
conhecimento que segue até os dias atuais em continua ascensao.

Ao longo dos anos, o conceito de epigenética passou por variadas defini¢des até se
atingir um consenso, estabelecido em 2008 no Cold Spring Harbor Laboratory, que afirma:
“Um trago epigenético ¢ um fendtipo herdavel e estavel resultante de mudancas em um
cromossomo sem alteragdes na sequéncia de DNA” (Berger et al., 2009). Se 0 DNA contém a
informacao genética que determina a sequéncia de bases na molécula de RNA e,
consequentemente, dos aminoacidos em uma proteina, a epigenética, a partir da modulagao da
cromatina, dird quando, onde e a que nivel os genes deverdo ser acessados para que essa
informacao seja lida (Wang et al., 2004).

Diversos processos bioldgicos como a inativagdo do cromossomo X em fémeas de
mamiferos, formando o corpusculo de Barr, e o silenciamento dos loci mating-type em
leveduras tem como base eventos epigenéticos (Eccleston et al., 2007). Estes também
desempenham papel fundamental no desenvolvimento embriondrio, além da diferenciagao
celular e tecidual (Cheung & Lau, 2005; Allis et al., 2007).

Atualmente, muito ja& se avangou na investigagao dos mecanismos moleculares pelos
quais a epigenética opera. Entre as principais alteracdes epigenéticas estdo as modificagdes
pos-traducionais (PTMs) de histonas e a metilagdo de DNA. Também desempenham papel
importante os RNAs nao codificantes e as histonas variantes. Todas estas marcas alteram, em

conjunto, a supraorganizacao da cromatina.

A cromatina, palco de atuagdo dos mecanismos epigenéticos
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No interior do nucleo, o0 DNA associa-se a proteinas histonicas e nao-histonicas
formando um complexo denominado cromatina. Uma antiga e vantajosa aquisi¢ao evolutiva,
a interacdo DNA-proteinas desempenha um papel tanto estrutural, importante para o correto
acondicionamento do DNA no interior do nucleo, quanto fisiologico, regulando o acesso de
maquinarias celulares ao material genético e, com isso, controlando processos celulares
fundamentais, como reparo do DNA, transcri¢ao e traducdo (Felsenfeld & Groudine, 2003;
Budhavarapu et al., 2013; Venkatesh & Workman, 2015).

Um dos principais elementos constituintes da cromatina, as histonas sdo proteinas
basicas com alta afinidade de ligacdo ao DNA. Altamente conservadas ao longo da evolugao,
possuem baixo peso molecular e podem ser classificadas de acordo com sua composi¢ao,
sendo a histona H1 rica em lisina, H2 e H3 moderadamente ricas em lisina e H3 e H4 ricas em
arginina. As histonas H2A, H2B, H3 e H4 compartilham um motivo estrutural composto por
3 alfa-hélices conectadas por 2 algas, além de caudas C- e N-terminais, que ndo apresentam
estrutura secundaria e sdo alvo de frequentes modificacdes quimicas (Khorasanizadeh, 2004;
Alberts et al., 2015). A partir de uma interacdo do tipo “aperto de maos”, sdao formados
heterodimeros entre H2A e H2B e entre H3 e H4. Por sua vez, o complexo H3-H4 forma um
tetramero e, junto a dois dimeros H2A-H2B, resulta em um octdmero de histonas, estrutura
crucial para a base da organizagdo do DNA gendmico (Arents et al., 1991).

Ao octamero de histonas ¢ associada uma quantidade definida de DNA formando
unidades repetitivas que constituem o primeiro nivel estrutural da cromatina, os
nucleossomos. Aproximadamente 147 pares de base de DNA dao 1 e % de volta a um
octamero de histonas, formando uma particula do core nucleossomal (NCP). Estes sdo
interligados por um DNA dito espacador (~57 pares de base), ao qual associa-se uma histona
H1 que promove uma maior aproximagao entre as NCPs (Li & Zhu, 2015).

Inicialmente, acreditava-se que, uma vez posicionados, os nucleossomos seriam
estaticos. No entanto, 0 DNA enovelado no cerne de histonas fica inacessivel a maquinarias
de transcrigdo, comprometendo o acesso apropriado a informagdo genética (Kornberg &
Lorch, 1999). Assim, o modelo acima mostrou-se inadequado e foi derrubado a medida em
que estudos cinéticos reportaram a perda de contato temporaria, por 10 a 50 milissegundos,
entre DNA e histonas, e pela descoberta de complexos remodeladores da cromatina
dependentes de ATP, mostrando como a cromatina ¢ um complexo altamente dinamico (Sif,
2004; Cutter & Hayes, 2015). Tal dindmica também ¢ contribuida pela adi¢do de grupamentos
quimicos sobre o DNA e histonas, que influenciam no modo como estes dois elementos se

relacionam entre si e, consequentemente, no padrao de expressao génica da célula.
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Modificag¢oes pos-traducionais de histonas

As histonas podem receber modificagcdes pds-traducionais em sitios especificos
localizados predominantemente em suas caudas N- ou C- terminais €, menos recorrente, nos
seus dominios globulares. Tais modificagdes ocasionam tanto alteragdes na interagdo histona-
DNA quanto a atracao de outras proteinas nucleares aos nucleossomos.

Estudos pioneiros de Allfrey et al. na década de 60 sugeriram pela primeira vez a
relagdo entre uma PTM, a acetilagdo de histonas, e ativagao da expressao génica. A partir da
resolucdo da estrutura do nucleossomo em 1997 e do entendimento de que as caudas de
histonas protudem do core e promovem a interagdao entre nucleossomos adjacentes, o papel
das PTMs na remodelag¢ao da cromatina pdde ser melhor elucidado. Hoje, entende-se que as
modificagdes nas caudas de histonas influenciam as relagdes inter-nucleossomais e podem,
assim, afetar a estrutura cromatinica como um todo (Luger et al., 1997; Bannister &
Kouzarides, 2011).

Até o momento, pelo menos 15 PTMs ja foram identificadas, sendo algumas delas a
metilacao, acetilagdo, fosforilagdo, ubiquitinacdo e glicosilacdo. Sobre as trés primeiras
residem uma ampla gama de estudos, tornando-as as mais bem caracterizadas (Sadakierska-
Chudy & Filip, 2015).

A metilagao de histonas ocorre em residuos de lisina (K) e arginina (R) principalmente
em H3 e¢ H4. E mediada por metiltransferases de histonas que transferem o grupo metil de
uma molécula doadora, a S-adenosil metionina ao sitio alvo. Trata-se de uma modificagao
estavel, mas também reversivel, e de maior complexidade, com mais de um grupamento metil
podendo ser adicionado a um mesmo aminoacido. Lisinas podem ser mono-, di- ou
trimetiladas e argininas podem ser mono- ou di-metiladas simétrica ou assimetricamente,
sendo a localizagdo e o grau de modificacdo determinantes dos efeitos da metilagdo sobre a
atividade génica (Ng et al., 2009; Greer & Shi, 2012).

Diferentemente da metilacao, a acetilacdo e a fosforilagdo sdo modificagcdes mais
transientes. A fosforilagdo acontece em residuos de serinas (S), treoninas (T) e tirosinas (Y) e
a acetilacdo em lisinas das caudas N-terminais, mas sitios disponiveis na regido do core
globular também existem, em ambos os casos. Todas as PTMs sdao moduladas por enzimas
especificas. O grupamento fosfato, na fosforilagdo, ¢ adicionado por quinases a partir de uma
molécula de ATP ao aminoacido alvo e, no sentido inverso, retirado por fosfatases. Ja na

acetilacdo, o grupo acetil ¢ transferido de uma acetil-CoA por acetiltransferases de histonas
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(HATs) e removido por enzimas denominadas deacetilases de histonas (HDACS)
(Sadakierska-Chudy & Filip, 2015).

A familia das HATs é muito diversa e se divide em HAT A, encontradas no nucleo, ¢
HAT B, que se localizam no citoplasma. As HATs nucleares sao ainda subdivididas baseadas
nos dominios cataliticos que apresentam, sendo GNAT e MYST as principais subfamilias
(Lee & Workman, 2007; Peserico & Simone, 2011). Em relacdo as HDACs, 18 tipos
diferentes dessa proteina ja foram encontrados em mamiferos, que sao agrupados em 4 classes
de acordo com a similaridade com as HDACs de leveduras, com as quais t€ém grande
homologia. As chamadas HDAC classicas, dependentes de Zn2+, formam as classes I, Il e IV,
enquanto a classe ITI, composta por sete sirtuinas, ¢ dependente de NAD" como cofator para
sua atividade. A classe I, associada a RPD3 de leveduras, contém as HDACs 1, 2, 3 e 8. A
classe II, semelhante a HDAT1 de leveduras, ¢ subdividida em Ila (HDACs 4, 5, 7 ¢ 9) e 1Ib
(HDACs 6 ¢ 10), enquanto a classe IV inclui apenas a HDAC 11 e apresenta similaridades
com as proteinas das classes I e II (Delcuve et al., 2012; Seto & Yoshida, 2014).

As diferentes PTMs podem influenciar na organizagdo cromatinica e expressao génica
por dois mecanismos principais. O primeiro ¢ resultado de uma perturbagao estrutural direta
pela modificacdo, como ocorre na acetilacao e fosforilacdo, marcas que alteram a carga final
da histona. A incorporagdo de radicais acetil, grupamentos carregados negativamente,
neutraliza as cargas positivas da histona e, consequentemente, enfraquece a interagdo com o
DNA nucleossomal. Isto resulta em um estado mais frouxo da cromatina, facilitando o acesso
de maquinarias de transcrigdo aos promotores, estando tal marca relacionada a regides
transcricionalmente ativas. Semelhante a acetilagdo, a fosforilagdo também engloba a adigao
de cargas negativas a histona, mas, contra-intuitivamente ao que se esperaria, esta marca esta
relacionada a compactagao da cromatina e repressao génica (Bannister & Kouzarides, 2011).

Um segundo mecanismo de ac¢do envolve o recrutamento, pelas PTMs, de diversas
proteinas efetoras que apresentam dominios especificos de reconhecimento e ligacdo as
diferentes modificacdes. A metilagao de histonas ¢ uma marca neutra que ndo altera a carga
final da histona, mas que possui mais diversidade de dominios ligantes a ela do que qualquer
outra modificacao. Entre eles estdo os PHD fingers e a familia ‘real’ de dominios Tudor, que
compreendem cromodominios € os dominios Tudor, PWWP e MBT. Lisinas acetiladas sao
reconhecidas por bromodominios e, mais recentemente descoberto, PHD fingers, enquanto
dominios BRCT reconhecem a fosforilagao (Bannister & Kouzarides, 2011; Verdin & Ott,

2015).
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Apesar de descritas e estudadas inicialmente independentes umas das outras, as
modificagdes pods-traducionais de histonas ndo ocorrem isoladas, sendo as caudas de histonas
passiveis de receber diversas modificagdes ao mesmo tempo. Com isso, diferentes interagoes,
ou cross-talk, podem acontecer, como a competicao direta pelo mesmo residuo de aminoécido
(quando este pode receber mais de um tipo de modificag¢ao), a dependéncia de pré-existéncia
de uma marca para outra ocorrer ou at¢ mesmo a inibicao da ligacdo de uma proteina efetora a
um determinado sitio devido a presenga de outra marcagao adjacente (Fischle et al., 2003).

O grande ntimero de PTMs e as possibilidades de cross-talk entre elas levaram a
proposi¢ao por Strahl & Allis, em 2000, da existéncia de um ‘codigo de histonas’. Tal teoria
considera a ideia de que conjuntos caracteristicos de modificacdes de histonas levariam a
efeitos biologicos determinados, a partir da ligacao a eles de complexos de proteinas efetoras.
No entanto, estudos posteriores questionaram a terminologia por considerarem que essa
relagdo ndo atenderia aos pré-requisitos de um codigo verdadeiro. Além disso, a descoberta da
ocorréncia de interacdo entre as modificagdes de histona e a metilacdo de DNA sugeriu que
em vez de apenas histonas, deveria se falar em um ‘codigo epigenético’, sendo necessarias
investigacoes adicionais para esclarecer esta questdo ainda controversa (Schreiber &

Bernstein, 2002; Allis & Jenuwein, 2016).

Metilacado da citosina

Assim como as histonas, o DNA também ¢ passivel de receber diferentes
modificagdes que, por sua vez, ocorrem nas bases nitrogenadas dos nucleotideos. A mais
classica e bem estudada ¢ a metilagdo do carbono 5 da citosina, formando a chamada quinta
base do DNA, a 5-metilcitosina (5SmC). Tal modificagdo se encontra presente tanto em plantas
quanto animais, além de algumas espécies de fungos, protistas ¢ bactérias, mas seus niveis e
padrdes sdao altamente variaveis entre os diferentes grupos de organismos nos quais ocorre
(Breiling & Lyko, 2015).

O genoma de vertebrados ¢ o que contém a maior quantidade de SmC dentre o reino
animal. Em mamiferos, o grupamento metil ¢ adicionado a residuos de citosina que estdo
contidos nos dinucleotideos citosina-fosfato-guanina (CpG). Nas células somaticas, cerca de
70-80% de todos os dinucleotideos CpG encontram-se metilados, sendo estes distribuidos ao
longo do corpo de genes, regides intergénicas, elementos repetitivos e retrotransposons
endogenos (Ehrlich et al., 1982; Rountree et al., 2001; Bird, 2002; Marchal & Miotto, 2015).

Regides de alta concentragdo dos dinucletideos CpG, denominadas ilhas CpG, ocorrem em
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diversos promotores e reguladores génicos e permanecem livre de metilagdo por mecanismos
finamente regulados, embora uma pequena porcentagem possa ser metilada de maneira
tecido-especifica ao longo do desenvolvimento ou diferenciagdo tecidual (Shen et al., 2007;
Portela et al., 2013).

A metilagdo da citosina ¢ feita de forma simétrica, ou seja, ¢ adicionada em ambas as
fitas de DNA, formando sequéncias que podem ser transmitidas ao longo da replicagdo. Sua
manutengdo ao longo das sucessivas divisdes celulares ¢ feita pela enzima DNA
metiltransferase 1 (DNMT1), que possui afinidade por fitas hemimetiladas de DNA e
reproduz a sequéncia de SmC da fita parental na fita recém-sintetizada (Rose & Klose, 2014).
A DNMTI nao atua sozinha, mas interage com proteinas acessorias ligantes da cromatina,
como a UHRF1 (ubiquitin like with PHD and ring finger domains I). Esta possui dominios
SRA (SET- and Ring- associated) que interagem com dinucleotideos CpG hemimetilados e,
uma vez localizada, recruta a DNMT1 para os sitios onde deve atuar para que o processo
ocorra apropriadamente. Paradoxalmente, a UHRF1 também marca a DNMTI para
degradacao mediada por ubiquitinacdo, contribuindo para a regulacdo dos niveis desta
proteina no interior nuclear (Bronner et al., 2013; Mudbhary et al.,, 2014). A DNMT1
apresenta importancia fundamental para a manutencdo da integridade do genoma. Sua
deplecao induzida em modelo de células tumorais resulta em acimulo de diversos defeitos
mitdticos, como quebras e pontes cromossomicas, culminando na ocorréncia de mitoses
catastroficas, um tipo especifico de morte celular que ocorre durante a divisao, induzida por
danos na célula e falhas dos checkpoints do ciclo celular (Castedo et al., 2004; Chen et al.,
2007).

O padrao de metilagdao propagado pela DNMT1 ¢ estabelecido nos estagios iniciais da
embriogénese em um processo denominado metilacdo de novo. Logo apos a fertilizagdo,
diversas sequéncias gé€nicas que encontravam-se metiladas no gameta maduro perdem esta
marcacao, concomitante a aquisi¢ao de pluripoténcia pelo zigoto. J& no estagio de blastocisto,
a metilagdo ¢ entdo reestabelecida por outras duas DNA metiltransferases (DNMTs), as
DNMTs 3A e 3B. Estas nao necessitam de um molde hemimetilado para atuar, podendo entao
converter a citosina em SmC em regides anteriormente nao modificadas (Reik, 2007; Breiling
& Lyko, 2015; Duan et al., 2016). Ao longo do desenvolvimento embrionario, uma segunda
onda de demetilagdo global do genoma ainda ocorre, na maturagao das células germinativas
primordiais, sendo os niveis de SmC reestabelecidos pela DNMT3A e um pardlogo nado

catalitico, a DNMT3-/ike (DNMT3L) (Law & Jacobsen, 2010).
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Os efeitos bioldgicos da metilagdo da citosina estdo intimamente relacionados ao
silenciamento génico, sendo a base de diversos eventos epigenéticos como imprinting
gendmico, inativagdo do cromossomo X e formacao de heterocromatina (Berdasco & Esteller,
2010). Menos frequente, mas também possivel, ¢ a associacdo dessa marca com ativagao
transcricional, descrito para a metilagdo do corpo de genes, onde possivelmente atue
facilitando a elongacdo (Portela & Esteller, 2010). Padrdes aberrantes de metilagdo do DNA
podem também acontecer, levando ao desenvolvimento de patologias. Em células tumorais,
uma demetilacao global ¢ observada, que pode ocasionar reversdo do imprinting sobre alguns
loci, além de instabilidade cromossémica e outras consequéncias resultantes da perda de
metilagao em sequéncias repetitivas. Paralelamente, a hipermetilacao de ilhas CpG associadas
a promotores génicos também ¢ induzida durante a tumorigénese, envolvendo principalmente
genes supressores de tumor, que ficarao inativados (Jones & Baylin, 2002; Robertson, 2005;
Jones & Baylin, 2007; Portela & Esteller, 2010).

Apesar de todo o impacto sobre a fisiologia nuclear e organizagdo da cromatina, as
consequéncias diretas da adi¢do de um grupo metil a estrutura da molécula de DNA em si sdo
variaveis e ndo completamente elucidadas. E reportado que a presenca de SmC possui a
capacidade de reduzir a flexibilidade do DNA, influenciando na sua organizacdo e¢ dinamica
in vivo (Ngo et al., 2016). Além disso, a metilagdo da citosina pode favorecer a alteracao
conformacional do DNA de B- para Z-DNA pela diminui¢ao da diferenca de energia livre
entre estas duas formas, enquanto outros estudos ndo observaram grandes mudangas
estruturais em resposta a essa marca epigenética (Banyay & Grislund, 2002; Temiz et al.,
2012).

Nesse campo, maiores informagdes que ajudem a investigar os efeitos da metilagao
sobre as caracteristicas do DNA podem ser obtidas pela técnica de microespectroscopia no
infravermelho com transformada de Fourier (FT-IR). Esta consiste na incidéncia de um feixe
de luz infravermelha (IR) em todos seus comprimentos de onda sobre a amostra,
atravessando-a e revelando picos especificos de absor¢do, enquanto dados brutos sdo
convertidos em um espectro pela transformada de Fourier, uma fun¢ao matematica (Vidal et
al., 2014). O FT-IR se trata de uma metodologia vantajosa por ser rapida, ndo-destrutiva e
requerer poucas quantidades de amostras. Em relagdo aos estudos do DNA, ¢ capaz de
fornecer informagdes desta molécula como um todo em um tUnico espectro, incluindo
composi¢ao de bases, ocorréncia de fitas simples e também abundancia de SmC, entre muitos

outros elementos (Banyay & Grislund, 2002; Mello & Vidal, 2012; Vidal et al., 2014).
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Derivados oxidativos da 5mC e processos demetilantes

Uma questdo muito investigada a respeito da metilacdo da citosina sempre foi a sua
reversibilidade. Mesmo considerada a principio como uma marca estatica, a ocorréncia de
grandes perdas de metilagdo no desenvolvimento embrionario citadas acima ja indicavam a
ocorréncia de processos demetiladores in vivo (Wu & Zhang, 2010; Piccolo & Fisher, 2014;
Wu & Zhang, 2014). Na auséncia de identificagcdo de uma enzima responsavel pela retirada
do grupamento metil, a primeira forma proposta e observada de perda da metilagdo foi a partir
da inibi¢ao da DNMTs, principalmente a DNMT]1. Sem a sua atuagdo, as novas fitas de DNA
nao recebem o padrao de metilagdo da fita parental, resultando em um mecanismo passivo de
diminui¢do dos niveis de SmC e dependente da replicagdo do DNA (Schuermann et al., 2016).

Em 1999, um grupo de pesquisa publicou a identificagdo de uma proteina com
atividade especifica de demetilase, mas nenhuma confirmac¢do independente por outros
laboratdrios foi obtida até o momento (Bhattacharya et al., 1999; Guo et al., 2011). A
(re)descoberta em 2009 da ocorréncia de 5-hidroximetilcitosina (ShmC) no genoma de
mamiferos e das enzimas da familia ten-eleven translocation (TET) trouxeram novas
perspectivas para o campo da demetilacdo do DNA (Kriaucionis & Heintz, 2009; Tahiliani et
al., 2009).

A familia das TETs apresenta trés membros — TET 1, 2 e 3 — e seu nome vem de uma
rara translocacao que acontece em casos de leucemia mieloide aguda e linfocitica, fundindo o
gene da MLL1 (mixed lineage leukemia protein-1), localizado no cromossomo 10 humano,
com o gene da TET1, presente no cromossomo 11 humano (Lorsbach et al., 2003). As TETs 1
e 2 sdo encontradas em abundancia em células-tronco embriondrias e neuronios de Purkinje,
enquanto alta expressdao génica de TET3 ¢ encontrada nos zigotos, onde ird atuar na
demetilagdo do DNA paternal (Zhang et al., 2014). Por outro lado, essas enzimas sao pouco
expressas em diversos tipos de cancer, sua deplecdo ¢ associada a tumorigenese. A perda de
TET1, por exemplo, correlaciona com a aquisi¢ao de caracteristicas invasivas em tumores €
ocorréncia de metastase, enquanto TET2 encontra-se mutada em 15% das malignidades
mieloides (Hsu et al., 2012; Sun et al., 2013; Neri et al., 2014).

Todas as trés TETs sdo dioxigenases dependentes de Fe’ e 2-oxoglutarato e retém a
capacidade de oxidar a 5SmC, gerando modificagdes quimicas distintas da citosina. Estas
compreendem a ShmC, a 5-carboxilcitosina (5caC) e a 5-formilcitosina (5fC) (Ito et al., 2010;
2011; Blaschke et al., 2013). Assim como a citosina, a ShmC, 5caC e 5fC apresentam

pareamento normal com a guanina e suas quantidades variam de acordo com os tipos
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celulares e tecidos onde sdo encontradas. Células tronco embrionarias apresentam niveis
relativamente altos de ShmC, mas os niveis mais altos desta ja encontrados foram no tecido
cerebral. A 5caC e 5fC estdo presentes em quantidades muito menores que a ShmC,
provavelmente porque existem mecanismos enzimaticos para sua remocao direta. As fungdes
biologicas destas marcas, no entanto, ainda ndo se encontram totalmente esclarecidas (Pastor
et al., 2013; Schuermann et al., 2016).

O maior interesse nestas modificagdes estd no fato de que elas representam
intermediarios de um processo de demetilacao ativa do DNA. Mecanismos de reparo do DNA
por excisao de base (BER) foram descritos como capazes de reestabelecer a citosina nao
modificada a partir de duas vias principais, resumidas na Figura 1. A primeira, amplamente
aceita, consiste na retirada de 5caC e 5fC pela enzima thymidine DNA glycosilase (TDQG)
seguida pela adi¢ao de uma citosina no sitio abasico, completando o processo de demetilagao
(He et al., 2011; Maiti & Drohat, 2011). Foi descrito recentemente que a TDG liga-se com
mais afinidade ao mismatch 5caC:G do que ao T:G, seu substrato convencional, em mais
uma demonstracao da grande importancia desta enzima na demetilagdo de DNA (Zhang et al.,
2012). A segunda via ainda apresenta-se controversa e ¢ caracterizada pela deaminacao da
ShmC em 5-hidroxiuracil (ShmU) por enzimas da familia AID (activation-induced
deaminase) e APOBEC (apolipoprotein B mRNA-editing enzyme complex). A ShmU, por sua
vez, ¢ removida pela single-strand-selective monofunctional uracil DNA glycosylase 1
(SMUGT1) ou por TDGs para a incorporacao, em seguida, da citosina. Apesar de descrita em
células HEK 293 e neurdnios de camundongos, confirmag¢des adicionais sao necessarias a
respeito desse mecanismo (Guo et al., 2011; Pastor et al., 2013).

A divisao dos processos de demetilacao em ativo ou passivo ndo exclui que interagcdes
de uma via possam ocorrer sobre a outra. Um exemplo muito interessante ¢ o fato de a
associacdo de UFHR1 ao DNA ser prejudicada pela presenga de ShmC, uma vez que esta
enzima possui afinidade muito menor a sitios hemi-hidroximetilados do que hemi-metilados.
O resultado ¢ uma facilitacdo da demetilagdo passiva em resposta a presenga de ShmC pelo
menor recrutamento de DNMT1 durante a replicacdo. Por outro lado, a capacidade de
desihidroximetilagdo por DNMTs foi reportada in vitro, ocasionando a reversao direta da

ShmC em citosina (Pastor et al., 2013).

2. Modulac¢ao das marcas epigenéticas

As diferentes modificagdes epigenéticas podem ser influenciadas por muitos fatores e
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Figura 1. Vias ativas de demetila¢do do DNA envolvendo reparo por excisdao de base (BER).
A citosina ndo modificada ¢ convertida em S5-metilcitosina (5SmC) por agdo de DNA
metiltransferases (DNMTs). Enzimas da familia fen-eleven-translocation (TET) alteram a
SmC em 5-hidroximetilcitosina (ShmC) e nos derivados 5-carboxilcitosina (5caC) e 5-
formilcitosina (5fC). 5caC e 5fC podem ser removidos pela thymidine DNA glycosilase
(TDG), gerando um sitio abésico onde serd incorporada uma citosina pelo mecanismo de
BER. Uma via alternativa consiste na conversao de ShmC em S5-hidroxiuracil (ShmU) e
posterior remocgao desta por TDG ou SMUGI (single-strand-selective monofunctional uracil
DNA glicosilase 1), seguido reposicao da citosina via BER. Confirmagdes adicionais deste
mecanismo, no entanto, sdo necessarias (linha tracejada).

entre eles estdo diversos compostos quimicos que sao amplamente utilizados como farmacos.
Alguns destes foram especialmente desenvolvidos para cumprir tal fungdo, dado que
alteragdes nos padrdes epigenéticos podem estar envolvidos em uma variedade de doengas,
enquanto outros ja eram amplamente utilizados quando se descobriu que possuiam também
efeito modulador da epigenética (Lotsch et al., 2013).

Dois grandes exemplos da primeiro grupo sao a 5-azacitidina (5-aza-CR) e a 5-aza-2’-
deoxicitidina (5-aza-CdR), em contraposi¢do ao acido valproico (VPA), que se encaixa na
segunda definigdo. Maiores detalhes sobre estas drogas e seus mecanismos de acdo serao

descritos abaixo.

Drogas desenvolvidas para desempenhar fungoes epigenéticas
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Na década de 60, um grupo de pesquisadores da entdo Tchecoslovaquia sintetizaram
pela primeira vez os analogos de citosina 5-aza-CR e 5-aza-CdR (Cihak et al., 1963; Piskala
& Sorm, 1964; Sorm et al., 1964). Pouco tempo depois foi descoberto que no interior celular
estes andlogos poderiam ser ativados em nucleosideos tri-fosfato, o que permitiria sua
incorporagdo a estrutura dos acidos nucleicos. Enquanto a 5-aza-CdR ¢ incorporada apenas ao
DNA, a 5-aza-CR pode ser adicionada também aos diferentes tipos de RNA e, com isso,
interfere na sintese proteica. Ambas podem causar citotoxicidade, sendo o potencial
citotoxico da 5-aza-CdR cerca de 10 vezes maior do que o da 5-aza-CR (Christman et al.,
2002).

Em dosagens suficientemente baixas para ndo causar morte celular, foi observado que
a incorporagdo de 5-aza-CR e 5-aza-CdR ao DNA resultava em reducdo dos niveis de
metilagao deste (Christman et al., 2002). Posteriormente, com avangos no estudo destas
drogas, foi descoberto que a DNMTT liga-se irreversivelmente a estes compostos, perdendo
sua atividade catalitica e podendo ser inclusive direcionada para degradacdao proteossomal
(Ghoshal et al., 2005; Datta et al., 2009). Isso faz da 5-aza-CR e 5-aza-CdR cléssicos agentes
demetilantes passivos do DNA.

Com a descoberta do papel importante que padrdes aberrantes de metilagio podem
desempenhar sobre o cancer, estas drogas — que inicialmente ja haviam sido propostas como
potentes anti-tumorais — ganharam forca novamente nesse ramo de pesquisa, sendo
conduzidas para ensaios clinicos em uma variedade de tipos de cancer. Os resultados mais
bem-sucedidos foram obtidos em resposta ao tratamento de sindromes mielodisplasicas
(MDS). Em pacientes com essa sindrome, a 5-aza-CR e 5-aza-CdR se mostraram capazes de
interferir sobre a metilacdo e, consequentemente, expressdo de genes responsaveis pela
transformagao das MDS em leucemias, barrando este processo (Kim et al., 2016 ).

Atualmente, ambas sdo drogas amplamente utilizadas no tratamento de MDS e outras
leucemias, tendo sido a 5-aza-CR e a 5-aza-CdR aprovadas pelo FDA (Food and Drug
Administration) para uso como terapéuticos nestas patologias, em 2004 e 2006,
respectivamente (Kuendgen et al., 2011; Derissen et al., 2013; Kim et al., 2016). Com grande
surpresa e euforia, a comunidade cientifica vem recebendo evidéncias de atuagdo destes
farmacos em vias de demetilagdo ativa do DNA, além do seu ja estabelecido papel em
mecanismos passivos. Estudos pioneiros conduzidos em carcinoma hepatocelular (HCC)
reportaram o aumento dos niveis de ShmC de forma dependente de TET2 pela 5-aza-CR
(Sajadian et al., 2015). Ja em linhagens primarias de fibroblastos, a perda de metilacdo do

DNA em resposta a tratamentos com esta mesma droga foi acompanhada de aumento dos



Introducéo 27

intermediarios 5caC e 5fC, novamente com participagdo da TET2 neste processo (Manzoni et
al., 2016).

Em relacdo a 5-aza-CdR, sua adi¢do a células de leucemia humana induziu um
aumento considerado paradoxal de 5hmC, 5caC e 5fC. Ao mesmo tempo, ndo foram
identificadas quaisquer alteragdes nos niveis de expressao génica de TET1, 2 ou 3, sendo
sugerido, entdo, que esta droga seria capaz de gerar condigdes para o maior recrutamento de
enzimas TET para o DNA, em vez de influencia-las em abundancia (Chowdhury et al., 2015).
Analisando estes dados em conjunto, observa-se uma tendéncia de que a 5-aza-CR e 5-aza-
CdR exercam influéncias semelhantes sobre os intermediarios da demetilacao ativa do DNA,
mas por mecanismos de agdo diferentes. Novos estudos sdo necessarios para clarificar esta
funcdo recém-descoberta de tais drogas, podendo resultar inclusive em novas aplicagdes

terapéuticas.

Drogas com potencial epigenético ndo descrito originalmente: o dacido valproico

O VPA ¢ um acido graxo simples de cadeia curta que foi produzido e primariamente
introduzido como solvente organico por Burton em 1882. Apesar de ser um anti-epiléptico
bem estabelecido, sua aplicacao terap€utica foi descoberta por acaso, na década de 60, em
estudos que buscavam por anticonvulsivos e usavam o VPA apenas como solvente. Apds
testes clinicos, o VPA foi entdo aprovado para uso em tratamentos de epilepsia na Franca e
Estados Unidos, em 1967 e 1978, respectivamente (Lagace et al., 2004).

Além de seu direcionamento para a epilepsia, o0 VPA também ¢ um terapéutico para
enxaquecas € desordens humorais, como a bipolaridade. As vantagens de sua utilizagdo
comumente referem-se a ocorréncia de efeitos colaterais brandos sobre os pacientes, mas
reacoes mais graves podem ocorrer, principalmente em relacdo a administragdo durante a
gravidez (Chateauvieux et al., 2010). Nesse caso, o VPA estd relacionado a inducdo de
anormalidades  craniofaciais, deficiéncias em membros, esqueleto e coragdo,
comprometimento das funcdes cognitivas, além de um aumento de 1-2% nos casos de
defeitos do tubo neural, como a espinha bifida (Robert & Guibaud, 1982; Clayton-Smith et
al., 1995; Ornoy, 2009).

Com efeitos bioldgicos tao variados e indugao de teratogenicidade, os mecanismos de
acdo desta droga sempre foram alvo de investigacdo. A atividade anti-epiléptica do VPA ¢

atribuida principalmente a modificagdes da atividade do neurotransmissor inibitorio GABA
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(Gamma Amino Butyrate), ¢ bloqueio dos canais de sddio e de célcio do tipo-T (Perucca,
2002; Chateauvieux et al., 2010).

Adicionalmente a esse efeito, dois grupos independentes reportaram o achado de que,
quando administrado nas doses terapéuticas para epilepsia (0,3 — 1,0 mM), o VPA também
atuaria como inibidor de HDACs (HDACi) de classe I, com consequente hiperacetilagdo de
histonas H3 e H4 (Gottlicher et al., 2001, Phiel et al., 2001). Sua acdo como HDACi mostrou-
se intimamente relacionada com a teratogenicidade mas parece ndo impactar a atividade
anticonvulsiva, pois analogos do VPA incapazes de induzir inibicdo de HDAC também nao
apresentaram agao teratogénica, mas mantiveram as propriedades de prote¢ao contra epilepsia
(Phiel et al., 2001; Tung & Winn, 2010). O VPA também tem efeito inibitorio sobre as
HDAC: de classe II, mas nao nas HDACs 6 ¢ 10, o que o diferencia de outros HDACi como a
tricostatina A (TSA) e SAHA (suberoylanilide hydroxamic acid) (Lagace et al., 2004).

A inducdo de hiperacetilacao de histonas pelo VPA foi o primeiro indicio de que esta
droga atua diretamente sobre a transcri¢cao gé€nica, levantando a possibilidade de seu uso como
antitumoral. Outras caracteristicas que colocaram o VPA como possivel agente para o
tratamento do cancer foram suas habilidades de inibir a proliferacdo celular e induzir
diferenciagdo, testados inicialmente em modelos de neuroblastoma e gliomas (Blaheta &
Cinatl, 2002). Neste campo, ha registros do VPA bem como outros HDACis em testes
clinicos de fase I e II individualmente ou em combinagdo com outros compostos (Gurvich et
al., 2004; Miinster et al., 2007; Sharma et al., 2008; Rocca et al., 2009).

O aumento dos niveis de histonas acetiladas em resposta ao VPA foi observado em
diversos outros tipos celulares, como adipodcitos 3T3-L1, células HeLa e NIH 3T3. Nestas
duas ultimas, também foi observada descompactagdo cromatinica em resposta a esta droga,
fendmeno esperado dado que a acetilacdo de histonas ¢ uma marca associada a indugdo de
um estado da cromatina mais aberto e, consequentemente, mais acessivel a fatores de
transcrigao génica (Eyal et al., 2004; Lagace & Nachtigal, 2004; Felisbino et al., 2011; 2014).
Uma questao em aberto, no entanto, seria se a remodelagdao cromatinica observada pelo VPA
em HelLa ndo estaria sendo contribuida também pela demetilagdo de DNA, frente a achados

apresentados na se¢ao seguinte de que HDACis podem influenciar também os niveis de SmC.

3. Evidéncias do VPA e outros HDACis como demetiladores do DNA

A interferéncia sobre a agdo das HDACs pode afetar também outras marcas

epigenéticas além de apenas a acetilagdo de histonas. E conhecido que as HDACs podem
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compor o core catalitico de complexos repressores da cromatina juntamente com diversas
outras proteinas efetoras. Um destes complexos, o NuRD (nucleosome remodeling and
histone deacetylase) apresenta em sua composi¢do tanto as HDACs 1 e 2 quanto proteinas
com dominios de ligacdo em grupos metil (MDBs) como a MBD3 (methy! binding domain
protein 3). O NuRD pode ser recrutado a regides de dinucleotideos CpG metilados por outras
MBDs e ocasionar, adicionalmente a metilacio de DNA j& presente, hipoacetilacdo de
histonas devido a agdo de suas HDACs. Tal evento contribui, dessa forma, para uma
compactagdo ainda maior da cromatina e consequente repressao da expressao génica (Zhang
et al., 1999; Jones & Baylin, 2002; Hake et al., 2004, Crook et al., 2006).

Dada a ocorréncia de uma relacao dinamica entre acetilacao de histonas e metilagao de
DNA, foi sugerido entdo que drogas com acdo inibidora de HDACs pudessem induzir
também a demetilagdo do DNA (Cervoni & Szyf, 2001). De fato, tal propriedade foi
observada para o VPA e outros HDACi, como a TSA. A identificacao de similaridades entre
o perfil de expressao génica de células tratadas com VPA e TSA com o de células expostas a
droga de conhecida agdo demetilante corroboraram a influéncia destes farmacos sobre
processos de demetilagdo do DNA (Gius et al., 2004; Milutinovic et al., 2007). Isso impacta o
modo como os HDAC:s sao utilizados nos testes clinicos, pois antes efeitos sobre a metilagao
de DNA nao eram considerados (Ou et al., 2007).

Evidéncias também foram encontradas de que o mecanismo por trds da influéncia do
VPA tanto quanto o TSA sobre a demetilagio do DNA esteja relacionado a vias ativas.
Estudos envolvendo a transfeccdo transiente de plasmideos metilados no interior celular
demonstraram a independéncia da replicacio de DNA para a demetilagdo observada em
tratamentos com VPA e TSA, uma vez que tais plasmideos nao foram replicados mas tiveram
seus niveis de SmC reduzidos apds tratamento com as drogas (Cervoni & Szyf, 2001; Detich
et al., 2003). Tal achado foi confirmado pela observa¢do de um aumento de 20% da fracdo de
citosinas ndo metiladas apos tratamento com TSA em células T24 cultivadas na presenca do
bloqueador de sintese de DNA hidroxiureia (Ou et al., 2007). Um aumento da expressdo e
nivel proteico de TET1 foi identificado em células epiteliais do cristalino humano tratadas
com VPA (Palsamy et al., 2014). Contudo, pouco ainda ¢ conhecido a respeito da relagao
entre esta droga e as proteinas TETs, além dos intermediarios da demetilagdo do DNA 5hmC,
5caC e 5fC. Por outro lado, interferéncia do VPA em elementos da via passiva de
demetilagdo, por diminui¢ao da expressdo de DNMT1, também foi encontrada em células de
cancer de mama, MCF-7, embora os niveis de metilacio nesse caso nao tenham sido

analisados (Marchion et al., 2005).
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Apesar da pouca elucidacao a respeito de como esse processo ocorre, a indugdo de
hipometilacdo do DNA pelo VPA traria consequéncias mais duradouras para o programa de
regulacao do genoma, em contraste com a alta dinamicidade da acetilagdo de histonas, que €
rapidamente reversivel e apresenta menor estabilidade que outras marcas epigenéticas
(Milutinovic et al., 2007; Lee et al., 2010; Perisic et al., 2010). Com isso, a metilacdo de DNA
também poderia também estar contribuindo para a situagao de descompactagdo cromatinica
observada em cé¢lulas HeLa tratadas com a droga (Felisbino et al., 2011).

No entanto, os relatos ainda sdo contraditorios em relagdo a acdo do VPA sobre a
metilagdo do DNA. Alguns autores afirmam a promocgdo, por esta droga, de demetilagao
global do DNA além de hiperacetilacdo de histonas em células HEK 293, tecido cerebral de
ratos e camundongos e¢ em linfomondcitos de pacientes epiléticos (Detich et al., 2003;
Milutinovic et al., 2007; Dong et al., 2010; Wang et al., 2010; Tremolizzo et al., 2012). Em
contraste, outros reportaram que este fendmeno nao foi observado em linhagens celulares
linfoblastoides FXS nem em embrides de camundongo ou até mesmo a situacdo oposta
ocorreu, como em células de neuroblastoma, nas quais o VPA tendeu a aumentar os niveis
globais de metilagao (Tabolacci et al., 2008; Tung & Winn, 2010; Gu et al., 2012; Asai et al.,
2013). Com isso, estudos adicionais e em diferentes modelos sdo necessarios para

compreender melhor o papel desta droga sobre a metilagdo de DNA.

4. Células HeLa como modelo de estudo

As células Hela constituem a primeira linhagem em cultura estabelecida e
comumente sdo chamadas de “cé¢lulas imortais”. A cultura foi estabelecida em 1951 a partir
de um tumor cervical da paciente Henrietta Lacks, sem, no entanto qualquer registro de
esclarecimento ou consentimento da paciente, nem conhecimento da familia por anos, em
uma historia permeada por polémicas reveladas apenas recentemente (Skloot, 2010).

Sao as células mais usadas nas pesquisas de biologia celular e molecular até os dias de
hoje. Muitos avancos no campo da biologia foram obtidos tendo as células HelLa como base.
Os de maior destaque incluem o desenvolvimento de vacina contra a polio e estabelecimento
da relagdo entre o virus papiloma humano e o cancer cervical, este ultimo laureado com o
prémio Nobel em 2008 (Scherer et al., 1953; Boshart et al., 1984). A identificacdo em células
humanas da telomerase, enzima descoberta pelos trabalhos de E. H. Blackburn, C. W. Greider
e J. W. Szostak, também laureados com o Nobel (2011), foi feita pela primeira vez em células

HeLa e abriu novas perspectivas para o estudo de tumores (Morin, 1989). Ao longo dos anos,
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as aplicagoes destas células ndo foram restritas apenas ao estudo de cancer, mas estenderam-
se para a descoberta de diversos processos biologicos e bioquimicos referentes a células
tumorais ou nao (Masters, 2002).

No entanto, por ser uma linhagem tumoral, diferengas entre células HeLa e células nao
transformadas eram esperadas. Alguns estudos envolvendo métodos citogenéticos ja haviam
reportado alteracdes cromossdmicas nesse tipo celular, mas a maior contribuicdo veio do
primeiro estudo a mapear o genoma e transcriptoma de Hela, a partir da linhagem “Kyoto”.
O resultado mostrou inumeras alteragdes, entre elas diversos rearranjos do cromossomo 11 e
multiplas copias de alguns cromossomos, podendo chegar a at¢ 5 em vez de duas, como
encontrado em uma célula normal (Landry et al., 2013).

A importancia de estudos como este acima reportado reside no fato que, na auséncia
do mapeamento gendmico destas células, muitas pesquisas baseavam seus resultados obtidos
em linhagens de HeLLa com o genoma humano de referéncia (Landry et al., 2013). Com estas
novas evidéncias, o uso da HeLa como modelo bioldgico geral vem sendo repensado.
Contudo, estas células ainda preservam seu potencial para uso no entendimento da biologia de
tumores e resposta a drogas com possivel agcdo antitumoral, uma vez que o sequenciamento de
outros modelos de cancer cervical estdo sendo realizados e permitem a comparagdo com o
obtido para HeLa (Callaway, 2013).

Frente a este contexto, o estudo da capacidade do VPA em induzir demetilacao de
DNA em células HeLa pode contribuir para o melhor entendimento da agdo desta droga, uma
vez que esta vem sendo proposta para o tratamento de alguns tipos de tumores. Comprovada a
acdo demetiladora de DNA pelo VPA, seria importante também que se determinasse o seu
mecanismo de atuagdo, se semelhante ou diferente daquele constatado em outras linhagens
tumorais agressivas, como por exemplo, células MCF-7 (Marchion et al., 2005).

Adicionalmente, a ocorréncia de demetilagdo do VPA, se comprovada em células
HeLa, poderia ampliar conclusdes previamente reportadas sobre o efeito do VPA na
remodelagdo cromatinica, explicados predominantemente pela indu¢dao de acetilacdo nas

histonas H3 e H4 (Felisbino et al., 2011).
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Objetivos

1. Avaliar a atuagdo do VPA num processo de demetilagdo de DNA em células HeLa;

2. Se alterada a metilacdo do DNA por agao do VPA, determinar sua consequéncia sobre
a supraorganizagao global da cromatina;

3. Constatado o efeito de demetilagdo do DNA pelo VPA, determinar o seu mecanismo
de acdo, comparado ao de um tratamento com 5-aza-CdR, para se conhecer se o
mesmo ocorreria de forma passiva, com inatividade ou decréscimo de participagdo de

DNMT1, ou por via ativa, com participacdo das enzimas da familia TET.

Para o cumprimento destes objetivos, foram utilizados métodos citoquimicos e
imunocitoquimicos, analise de imagem, microespectroscopia no infra-vermelho e métodos de
biologia molecular. Os resultados acham-se apresentados na forma de dois artigos que se

seguem.
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Artigo:
DNA methylation changes in valproic acid-treated HeLa cells as assessed by image

analysis, immunofluorescence and vibrational microspectroscopy.
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Abstract

Valproic acid (VPA), a well-known histone deacetylase inhibitor, has been reported to affect
the DNA methylation status in addition to inducing histone hyperacetylation in several cell
types. In Hela cells, VPA promotes histone acetylation and chromatin remodeling. How-
ever, DNA demethylation was not checked in this cell model for standing effects longer than
those provided by histone acetylation, which is a rapid and transient phenomenon. Demon-
stration of VPA-induced DNA demethylation in HeLa cells would contribute to understanding
the effect of VPA on an aggressive tumor cell line. In the present work, DNA demethylation
in VPA-treated Hela cells was assessed by image analysis of chromatin texture, the abun-
dance of 5-methylcytosine (5mC) immunofluorescence signals and Fourier transform-infra-
red (FT-IR) microspectroscopy centered on spectral regions related to the vibration of-CHs
groups. Image analysis indicated that increased chromatin unpacking promoted by a 4-h-
treatment with 1.0 mM VPA persisted for 24 h in the absence of the drug, suggesting the
occurrence of DNA demethylation that was confirmed by decreased 5mC immunofluores-
cence signals. FT-IR spectra of DNA samples from 1 mM or 20 mM VPA-treated cells sub-
jected to a peak fitting analysis of the spectral window for—-CHs stretching vibrations showed
decreased vibrations and energy of these groups as a function of the decreased abundance
of 5mC induced by increased VPA concentrations. Only the 20 mM-VPA treatment caused
an increase in the ratio of -CH3 bending vibrations evaluated at 1375 cm™ in relation to in-
plane vibrations of overall cytosines evaluated at 1492 cm™. CHj stretching vibrations
showed to be more sensitive than—CHz bending vibrations, as detected with FT-IR micro-
spectroscopy, for studies aiming to associate vibrational spectroscopy and changes in DNA
5mC abundance.
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Introduction

Valproic acid (VPA), a potent anti-convulsive drug and a well-known histone deacetylase
inhibitor, has been reported to induce histone hyperacetylation accompanying the decreased
levels of histone deacetylases in several cell systems. Particularly in HeLa cells, an increased
level of acetylation of histones H4 and H3 occurs as a function of the VPA dose or exposure
period and is accompanied by chromatin remodeling [1-3].

However, the consequences of VPA treatment are not limited to changes in histone acetyla-
tion, but may also cause changes in the state of DNA methylation. A dynamic interplay
between the acetylation of histone tails and changes in the abundance of DNA methylation is
promoted by VPA treatment in certain cell lines such as MCF-7 human breast tumor cells,
adenovirus 5 DNA-transformed HEK cells, neuroblastoma cells, lymphomonocytes, rat pri-
mary astrocytes, and lung cancer cells [4-9]. In addition, there are cell types like mouse embry-
onic cells and FXS lymphoblastoid cell lines in which DNA methylation levels are not affected
by VPA treatment [10, 11].

When induction of chromatin unpacking was demonstrated in VPA-treated HeLa cells,
effects due to DNA demethylation were not considered in addition to those concerned with
histone acetylation [3]. In contrast with the relatively rapid and transient process of histone
acetylation, changes in DNA methylation have a longer-standing effect [7, 12, 13]. The detec-
tion of VPA-induced DNA demethylation in HeLa cells would thus contribute to the under-
standing of the effect of VPA on an aggressive tumor cell line and might even inspire further
studies on the mechanisms of DNA demethylation, and possible effects on promoters of
tumor suppressor genes.

In the present study, our goal was to investigate whether a DNA demethylation process
occurs in VPA-treated HeLa cells, as reflected by chromatin remodeling in the absence of the
drug, and changes in the abundance of 5mC and in DNA infrared spectral profiles. Fourier
transform-infrared (FT-IR) microspectroscopy, an analytical method that detects vibration
characteristics of chemical functional groups in a sample, has been used to identify differences
in DNA spectral profiles. DNA base composition and conformation, the abundance of cyto-
sine methylation and histone binding have been associated with specific FT-IR spectral signa-
tures [14-19]. For example, changes in the FT-IR spectral characteristics of DNA from the
liver cells of non-obese diabetic mice reflect the changes in DNA methylation levels that are
associated in these cells with decreased chromatin compactness and increased chromatin
accessibility to MNase digestion [19]. Thus, the FT-IR spectral signature of DNA from HeLa
cells should reflect changes in 5-methylcytosine (5mC) levels, if they were affected by VPA
treatment. Particularly, changes should occur in the infrared spectral regions that identify the
stretching and bending vibrations of-CHj groups [20-24].

Materials and Methods
Cells

HelLa cells at passages 207/277 were incubated in a 5% CO, atmosphere at 37°C and cultured
in Dulbecco’s modified essential medium (DMEM, Sigma™, St. Louis, USA) supplemented
with 10% fetal calf serum (FCS, Cultilab®™, Campinas, Brazil) and 1% penicillin-streptomycin
(Sigma™, 100 ITU/mL and 100 pg/mL final concentrations). The cells were originally provided
by the Institute Adolfo Lutz (Sdo Paulo, Brazil) at passage 126, which had acquired them from
the ATCC CCL-2 (Manassas, USA). Cells were grown in 24-well plates over round glass cover-
slips at a concentration of 5.0 x 10* cells/mL and maintained in complete medium for 24 h. For
image analysis, the cells were treated with VPA (Sigma™) dissolved in DMEM supplemented
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with 1% serum and diluted in PBS to 1 mM for 4 h and then cultivated for 24 h and 48 h in the
absence of the drug. For immunofluorescence, the cells were treated with 1 mM and 20 mM
VPA for 4 h. Cells cultivated in the absence of VPA were used as a control. For DNA extrac-
tion, cells were seeded for 24 h into 6-well plates at a concentration of 1.0 x 10° cells/mL in
complete medium, and subjected to the VPA treatments for 4 h.

Image analysis

The cells were fixed in a mixture of absolute ethanol-glacial acetic acid (3:1, v/v) for 1 min,
rinsed in 70% ethanol, air dried at room temperature, and subjected to the Feulgen reaction,
specific for DNA [25], with hydrolysis conducted in 4 M HCl for 60 min at 25°C [3]. Images of
the Feulgen-stained cells were obtained with a Carl Zeiss automatic scanning microspectro-
photometer (Oberkochen, Germany) interfaced to a personal computer as previously
described. Briefly, the operating conditions for microspectrophotometry were as follows: Pla-
napo objective 63/0.90, optovar 2.0, measuring diaphragm diameter of 0.25 mm, field dia-
phragm diameter of 0.20 mm, LD-Epiplan 16/0.30 condenser, scanning spot of 0.5 um x

0.5 pm, 100-W/12-V halogen lamp, stabilized electronic power supply, Zeiss light modulator,
A =565 nm obtained with a Schott monochromator filter ruler, R-928 photomultiplier, and a
personal computer. Individual measuring points showing < 0.020 absorbance were automati-
cally removed from the digitized nuclear image. The cutoff point of 0.100 was selected to dis-
criminate areas covered with condensed chromatin in agreement with a previous report for
HelLa cells [3]. A variable number of nuclei, dependent on the experimental conditions, was
chosen at random and measured individually. The image analysis parameters used to predict
the condensation profile of the chromatin were area covered with condensed chromatin rela-
tive to the nuclear area (S¢ %) and the contrast between the average absorbance of the con-
densed chromatin and that of the whole chromatin (AAR, average absorption ratio) [26]. The
AAR is obtained by the formula (Ac/Sc)/A1/St), where Ac = integrated absorbance over a pre-
selected absorbance (cutoff point); At = total integrated absorbance per nucleus; Sc = area

in um? of the absorbing image discriminated after using the cutoff point; Sy = total nuclear
area [26]. When the S¢ % values are plotted against AAR values, the resulting scatter diagram
reveals the position of the points that correspond to specific nuclear images [27]. Decreased Sc
% values accompanied by increased AAR values are associated with nuclear phenotypes char-
acterized by chromatin decondensation [3, 27-30].

5-methylcytosine (5mC) immunofluorescence

Cells were fixed in absolute methanol for 10 min at -20°C, washed in PBS and treated with 2 N
HCl for 1 h at 37°C. The material was then washed twice in borate buffer (100 mM boric acid,
75 mM NaCl and 25 mM sodium tetraborate, pH 8.5) and blocked with 1% BSA in PBS for 1
h. Next, the cells were incubated with mouse anti-5-methylcytosine primary antibody
(Sigma™, 1:100 diluted in 1% BSA) for 1 h at room temperature in the dark, followed by treat-
ment with goat anti-mouse IgG conjugated to FITC (Sigma, 1:50 diluted in 1% BSA) for 1 hin
the dark.

Image capture was performed using an Olympus BX60F5 microscope, QCapture and
Image Pro-Plus software, and the same exposure times. ImageJ (NIH, Bethesda, USA) software
was used for image analysis.

Sample preparation for FT-IR analysis

DNA extraction was performed as previously described [31], with minor modifications. Con-
trol and VPA-treated cells were collected (for each condition, cells were pooled from three
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wells of a 6-well plate), centrifuged and re-suspended in cold cell lysis buffer (0.1% SDS, 10
mM Tris-HCIL, pH 8.0, and 1 mM EDTA, pH 8.0). The samples were treated with proteinase K
(Sigma™, 100 pg/mL) for 3 h at 55°C and DNase-free RNase (Thermo Scientific™, Waltham,
USA, 33 ug/mL) for 1 h at 37°C. Proteins were precipitated by the addition of 4 M sodium ace-
tate solution, followed by centrifugation at the maximum speed for 3 min at 4°C. The superna-
tant was transferred to a microcentrifuge tube containing isopropanol for DNA precipitation.
The solution was centrifuged at maximum speed for 1 min at room temperature, the DNA pel-
let was washed three times in 70% ethanol, air dried and suspended in 0.9% NaCl solution.
Approximately 12 pug of DNA was obtained for each sample, as quantified by the Qubit fluo-
rimeter (Life Technologies*ﬁ’, Carlsbad, USA). The Thermo Scientific Nano-Drop 2000 spec-
trophotometer was used to assess the 260/280 absorbance ratio (~1.8), which indicates the
purity of the extracted DNA. The samples were diluted to a final concentration of 364 ng/uL
and were stored at -20°C until use.

Prior to the analysis of DNA preparations using FT-IR microspectroscopy, 10 uL drops of
the samples dripped on slides were examined using a BX51 Olympus polarizing microscope
(Olympus, Tokyo, Japan) equipped with a differential interference contrast (DIC) system
and Berek’s U-CBE compensator to determine whether the extracted DNA maintained a neg-
ative birefringence and helical double-stranded conformation. This analysis was performed
at the periphery of the drying drop of sample, where pure DNA crystalizes. NaCl crystals are
verified only at the center of the dried drop [32]. The ambient relative humidity at which the
samples were examined for optical anisotropy and FT-IR was less than 75% at 27°C. The
same ambient relative humidity and room temperature were used while examining all of the
DNA samples.

FT-IR equipment/software

The FT-IR spectral acquisition of the DNA samples was performed using the Illuminat IR IT"
microspectroscope (Smiths Detection, Danbury, CT, USA) equipped with a liquid nitrogen-
cooled mercury-cadmium-telluride detector, an Olympus microscope (Olympus America)
and Grams /Al 8.0 spectroscopy software (Thermo Electron Co., Waltham, MA, USA). The
performance validation of the equipment was indicated by a low signal-to-noise ratio of 7929:1
[33].

The measurement site was a square of 25 um per side. Absorbances for samples and back-
ground were obtained using 64 scans for each individual spectral profile. Absorption spectral
signatures in the 3600-800 cm™ wavenumber range were obtained with a resolution of 4 cm™
as per the instructions from the equipment supplier. DNA samples were spread on gold-recov-
ered slides to obtain information on DNA vibrational properties especially in the 3000-2800
cm’! spectral range using an all-reflecting objective (ARO) [18, 19]. Thirteen and nine spectral
profiles were obtained for the DNA from 1 mM and 20 mM VPA-treated cells, respectively,
and six spectral profiles were obtained for the untreated control. Each spectral profile was sub-
jected to baseline and level-plus-zero correction using four fitting points as provided by the
OFF SET.AB application of the Grams/AI software (S1 Fig). Average spectra were then
obtained for DNA from the VPA-treated and untreated control samples, followed by normali-
zation with respect to their highest absorption peak as per the instructions provided by the
Function. AB application of the Grams/AI software. Moreover, as per the Grams/Al software
instructions, peak-fitting using a Gaussian function at a low sensitivity level was applied to the
2992-2850 cm spectral window, the region assigned to v, and v, C-H stretching vibrations
[24].
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Fig 1. Nuclear phenotypes appear to be altered in HeLa cells in response to VPA treatment. Scatter diagrams relating of the condensed

chromatin area (S¢ %) and chromatin

textural contrast (AAR) of Feulgen-stained cells. A decrease in S¢ % values concomitant with an increase in

AAR values occurred in the nuclei of cells treated with 1 mM VPA for 4 h (A, red dots). This event was maintained under conditions in which the cells
were additionally cultivated in the absence of the drug for 24 h (B, blue dots) but not for 48 h (C, green dots). Black dots represent respective
untreated controls. The asterisks indicate differences that are significant at P o5 for comparisons of S¢ % (D) and AAR values (E) between VPA-
treated cells and respective untreated controls using the Mann-Whitney test. Error bars indicate standard deviation. The horizontal black lines of the

bars represent median values. n =50

doi:10.1371/journal.pone.0170740.g001

(A, B); n=30(C).

Results and Discussion

VPA induces chromatin remodeling that lasts beyond the time assigned
to histone acetylation effects

Exposure of HeLa cells to 1.0 mM VPA for 4 h induced chromatin de-condensation as
detected by image analysis. Scatter diagrams relating Sc% and AAR values showed decreased
Sc% values with increasing AAR values in VPA-treated HeLa cells (Fig 1A), similar to a previ-
ous report that associated an increased level of histone acetylation with chromatin remodeling
[3]. This situation persisted for 24 h (Fig 1B) after the cessation of VPA treatment but could
not be sustained after a 48-h period, when chromatin packaging increased (Fig 1C). Statistical
analysis confirmed the descriptive images (Fig 1D and 1E). Considering that histone acetyla-
tion is a transient mark that is rapidly reversed in the absence of a class I HDAC inducing
agent like [7, 12, 13], the maintenance of textural chromatin changes in HeLa cells in the
absence of the drug treatment even for 24 h suggests that another epigenetic factor such as
DNA demethylation may be occurring in these cells. Even DNA demethylation, which has a
longer lasting effect than histone acetylation, has been reported to be reversible in other cell
systems [7], thus supporting our findings.

VPA-induced chromatin remodeling is accompanied by a decreased
abundance of DNA methylation

The immunofluorescence assay for 5mC demonstrated that VPA treatment drastically
decreased the abundance of DNA methylation in HeLa cells (Fig 2A and 2B). In all cases,
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Control 1mM-VPA 4 h 20 mM-VPA 4 h

Fig 2. Immunofluorescence signals for DNA 5mC in VPA-treated HelL a cells. A reduction in the DNA
5mC fluorescence signals occurred with the VPA treatment (A, B). The intensity of the fluorescence signals
was higher in the 20 mM-VPA-treated cells compared with the 1 mM-VPA-treated cells (A, B). Image
fluorescence intensity is also shown using the ImagedJ 3D plugin software (C). Arbitrary units are based on the
8-bit intensity scale (0—255). The bars equal 20 pm.

doi:10.1371/journal.pone.0170740.9g002

photographs were obtained using the same exposure conditions so that comparisons between
samples could be made. The intensity of the signal loss was greater with the higher VPA con-
centration (Fig 2A and 2B), suggesting that VPA elicits a dose-dependent response [4, 7, 34].
Representative images analyzed using the Image] 3D plugin [35] reinforced the progressive
loss of fluorescence intensity for 5mC as the VPA concentration increased compared with the
untreated control (Fig 2B and 2C).

Changes promoted by VPA in the DNA methylation status of HelLa cells
affect their FT-IR spectral profiles

Quality attributes of the DNA samples used for the FT-IR study. The integrity of the
double-stranded DNA studied here using FT-IR analysis was demonstrated by optical aniso-
tropic data (negative birefringence) (Fig 3) and by the presence of an FT-IR spectral band peak
at 1232-1225 cm™ (Fig 4A-4D) and a shoulder at 1707 cm™ (Fig 4A and 4C). The band peak
at 1232-1225 cm™ is not only associated with the DNA PO,™ antisymmetric stretching vibra-
tion (v,) but it is also sensitive to the DNA molecular geometry [Taillandier et al. 1985 —-apud
22] and a mark of the DNA B-form [36, 37]. The absorption shoulder at 1707 cm™* suggests
that the DNA extracted from VPA-treated and untreated cells was not denatured [22, 38]. In
addition, band peaks at 1080 cm™, 1084 cm™ and 1097-1095 cm™ for the untreated control, 1
mM and 20 mM VPA-treated cell samples, respectively, is probably related to PO, symmetric
vibration (vy), although the absorption peak for the DNA from the 20 mM VPA-treated cells
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Fig 3. Optical anisotropy of DNA samples extracted from HeLa cells for FT-IR analysis as observed
using polarization microscopy. Birefringence images of DNA from untreated control (A) and 1 mM VPA- (B)
and 20 mM VPA-treated cells (C). An example of images obtained using a differential interference contrast
(DIC) system is also shown for DNA from 1 mM VPA-treated cells (D). Blue and yellow interference colors
against a red background (D) resulted from the orientation of the DNA fibers in relation to the gamma axis of
Berek’s U-CBE compensator inserted into the microscope. This procedure was used to validate that the
negative sign of the birefringence, typical of double-stranded B-DNA, was achieved. The outer edge of the
DNA drops dried on slides is indicated (0). The bars equal 50 um.

doi:10.1371/journal.pone.0170740.9003

was shifted to a lower frequency (Fig 4B and 4D). This band peak was also always lower than
the peak corresponding to v,, PO, (Fig 4B and 4D), which is in agreement with a v,, PO,/ v
PO, ratio < 1.0 that is expected for pure DNA samples [17, 22].

VPA-induced changes in the DNA methylation status of HeLa cells affect their FT-IR
band peaks associated with-CHj stretching vibrations. In the ~2992-2850 cm™ spectral
region, the peak assigned to the v,s and v; C-H stretching vibrations in 5mC methyl groups
[19] was evident in all cases (Figs 4A and 4C and 5A-5D) but was less elevated in the DNA
spectrum from VPA-treated cells (Fig 5A). When a peak fitting procedure was applied to this
spectral window, the band peak was resolved into different peaks (Fig 5B-5D; Table 1). The
most prominent peak for the DNA from VPA-treated cells appeared slightly shifted to longer
frequencies compared with the untreated control, although practically no difference occurred
as a function of the VPA treatment dose used (Table 1). However, it is evident that the total
area of the band peak, as well as the area of the main fitted peak, decreased with increasing
VPA concentrations (Table 1). The total band area decrease was verified even when non-nor-
malized spectral curves were compared (control, 1.5235 units; 1 mM VPA-treated cells, 1.2453
units; 20 mM VPA-treated cells, 1.1572 units). In IR spectroscopy, a decrease in area under an
absorption band peak has been related to a decrease in absorbed energy [18, 39, 40]. In the
present case, this decrease was probably associated with the lower abundance of cytosine meth-
ylation induced by VPA treatment (Fig 2) similar to data from hyperglycemic non-obese

PLOS ONE | DOI:10.1371/journal.pone.0170740 January 23, 2017 7/13
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Fig 4. FT-IR average spectral profiles for DNA from 1 mM VPA-treated (red line), 20 mM VPA-treated (olive line), and untreated (black
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are spectral details from (A) and (C), respectively. The arrow in (A) indicates ~1707 cm™ wavenumber position. Small A, absorbances.

doi:10.1371/journal.pone.0170740.9004

diabetic mice [19]. Differences in the number of peaks provided by the peak fitting process
suggest that changes in the chemical environment at the level of stretching vibrations of-CHj
groups occurred with changes in DNA methylation levels [19].

As expected from the analysis of DNA FT-IR spectral profiles using the ARO objective [18,
19], the most elevated band peaks in the 3600-800 cm ™ spectral range were verified at the
3425-3395 cm™! wavenumber region for VPA-treated and untreated cells (Fig 4A and 4C).
This region has been assigned to -NH and-NH, group stretching vibrations and hydrogen
bonding [21, 23, 24, 41].

Although the PO,” symmetric vibration at the 1080 cm™' wavenumber is important to dif-
ferentiate stem cells in human intestinal crypts of tissue preparations, assuming an association
with DNA conformational changes and chromatin remodeling [42], extrapolation of this
report to interpretation of the present spectra obtained for isolated DNA preparations from
HeLa cells could not be currently established.

IR spectral regions corresponding to overall cytosine in-plane vibrations and-CH3
bending vibrations are less sensitive at reflecting DNA methylation changes in HeLa
cells. In the fingerprint spectral region, peak absorbances were observed at 1492 cm™ and
1375 cm™* frequencies (Fig 6), which may be due to the contribution of overall cytosine in-
plane vibrations [22, 37, 43, 44] and -CHj; bending vibrations [24], respectively. However, the
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Fig 5. Details of the IR spectral window in the 2990-2850 cm™ wavenumber range. The band peak in (A) is shown as originally obtained
from normalized spectra for DNA from 1 mM VPA-treated (red line), 20 mM VPA-treated (olive line) and untreated (black line) cells. The same
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doi:10.1371/journal.pone.0170740.9005

intensity of these peaks appears increased in the DNA spectra from VPA-treated cells even
after normalization of the spectral curves (Fig 6). On the other hand, if a ratio is calculated for
absorbances at 1375 cm’! in relation to the absorbances obtained at 1492 cm™, its value is
higher for 20 mM VPA-treated cells (1.3799) than for the 1 mM VPA-treated cells (1.2034)
and the untreated control cells (1.3224). Moreover, these data were compatible with the
decreased abundance of 5-methylcytosine revealed in the immunofluorescent images (Fig 2).
However, this rationale did not apply to the comparison of ratios between the 1 mM VPA-

Table 1. Statistics for the FT-IR band peak related to—CHj stretching vibrations.

Cell treatments

Number of peaks Main peak frequency (cm™) Main peak area units Total area units

Untreated control 11 2935 0.8255 4.8044
1mMVPA 8 2944 0.4880 1.9798
20 mM VPA 6 2942 0.3623 1.1720

Peak fitting provided by Grams/Al 8.0 software (function: Gaussian; sensitivity: low).
Wavenumber edges: 2992 and 2850 cm™

doi:10.1371/journal.pone.0170740.t1001
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doi:10.1371/journal.pone.0170740.9006

treated cells and the untreated cells. Considering that at this spectral region absorptions of dif-
ferent chemical groups and bending vibrational motion types may overlap [24], it is not rec-
ommended for the association of DNA 5mC abundance and VPA demethylation effects at
least in HeLa cells.

A band peak at 1662-1661 cm™", which has been attributed to the contribution of thymine
and adenine bases [18, 22, 37], was evident and similar among all of the spectra we compared
(Fig 4A and 4C)

Conclusions

1. Changes in the DNA methylation status of HeLa cells induced by VPA were suggested by
the results of image analysis of chromatin texture and confirmed by decreased 5mC immu-
nofluorescence signals. These changes also affected the FT-IR spectral profiles of the DNA.
In particular, the intensities and frequencies corresponding to v,s and v, -CHj stretching
vibrations decreased as the concentration of VPA increased, in agreement with a decrease
in abundance of 5mC. The FT-IR results are supported by previously reported changes in
FT-IR spectra for non-obese diabetic mice displaying decreased levels of DNA methylation
under hyperglycemic conditions [19].

2. Based on the calculation of a ratio of absorbances at 1492 cm™/1375 cm™ (-CHj group
bending vibrations in relation to the contribution of overall cytosine in-plane vibrations),
the increased value for the 20 mM VPA-treated sample-DNA agreed with the decreased
abundance of methylated cytosine. However, this association did not apply to the DNA
obtained from cells treated with 1 mM VPA, possibly because of the interference of the
vibrational effects of other functional groups at this spectral region.

3. For further studies that aim to associate vibrational spectroscopy and changes in DNA 5mC
abundance, analysis of the IR spectral region concerned with the frequency of -CHj stretch-
ing vibrations is more indicated than that assigned to-CHj bending and cytosine in-plane
vibrations.

PLOS ONE | DOI:10.1371/journal.pone.0170740 January 23, 2017 10/13
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Supporting Information

S1 Fig. Baseline-corrected raw FT-IR spectral profiles for DNA from untreated (A), 1 mM
VPA-treated (B) and 20 mM VPA-treated (C) HeLa cells. X axis, absorbances (A); Y axis,
wavenumbers in cm™.
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Abstract

Valproic acid (VPA), a histone deacetylase inhibitor, and 5-aza-2’-deoxycytidine (5-
aza-CdR), a DNA methyltransferase 1 (DNMTT1) inhibitor, have been recently described to
promote active DNA demethylation in several cell types. Decrease in 5-metylcytosine (5SmC)
levels was detected in VPA-treated HeLa cells, influencing its chromatin remodeling. In this
work, we investigated the extensions of epigenetic changes induced by VPA on this cell type
and whether or not VPA and 5-aza-CdR treatments would affect key components of the active
DNA demethylation in it. Analysis of 5SmC and histone H3 acetylation (H3Ac) abundance
revealed that, after VPA withdrawal, the DNA hypomethylation caused by this drug persisted
for a longer time period than that required for H3 hyperacetylation before it became fully
reversed. Increase in 5-hydroxymethylcytosine (ShmC) marks was found in both VPA and 5-
aza-CdR treated cells concomitant to SmC decrease, although no changes were detected in
other cytosine derivatives like 5-carboxylcytosine (5caC) and S-formylcytosine (5fC).
Additionally, profound changes were detected in the gene expression and protein levels of
DNMT]1 and the ten-eleven-translocation proteins (TET) 1 and 2 although not in a similar
way. TET2 seems to play an important role in VPA-induced ShmC increase, while 5-aza-CdR
treatment led to down-regulation of this protein. Mitotic catastrophe evaluation was also
performed to corroborate the results on effects of these drugs upon DNMT 1. Present findings
demonstrated that VPA may elicit long-standing epigenetic effects in HeLa cells and trigger
changes upon 5SmC and ShmC levels similarly to 5-aza-CdR, although by influencing

divergent pathways.

Introduction

The methylation of cytosine on its carbon 5, forming the 5" DNA base, 5-
methylcytosine (5SmC), is among the most studied epigenetic modifications (Widschwendter,
2007; Kulis & Esteller, 2010). In mammalians, this process is mediated by the maintenance
DNA methyltransferase 1 (DNMT1) and de novo DNMTs 3A and 3B. DNA methylation
displays an important role in diverse processes such as genomic imprinting, chromosome X
inactivation and heterochromatin formation (Law & Jacobsen, 2010; Rountree & Selker,
2010). It is also deeply altered in human cancers, where, among possible changes, aberrant
hypermethylation of some tumor suppressor gene promoters may be triggered, leading to

these genes’ silencing (Jones & Baylin, 2002; 2007).
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For a long period of time, DNA methylation was considered an epigenetic mark of
high stability (Piccolo & Fisher, 2014). Changes on its levels were mainly explained by
passive process dependent on DNA replication, due to inhibition of DNMTs. However, events
that could not be explained by this model, such as waves of global 5SmC loss during the early
stages of embryonic development, already suggested that additional demethylating
mechanisms might exist (Wu & Zhang, 2010; 2014).

The discovery of the 5-hydroxymethylcytosine (ShmC) in mammalian genomes and
the ten-eleven-translocation (TET) enzymes opened a new chapter in DNA methylation
history (Kriaucionis & Heintz, 2009; Tahiliani et al., 2009; Guo et al., 2011). The TET
family, which comprises TET1, TET2 and TET3, has the ability of oxidizing SmC into the
cytosine derivatives 5-carboxylcytosine (5caC) and 5-formylcytosine (5fC), besides ShmC
(Ito et al., 2010; 2011). DNA-repair machineries can act upon these derivatives, restoring the
unmodified cytosine and completing the so-called process of active DNA demethylation
(Pastor et al., 2013; Schuermann et al., 2016).

There are drugs with the ability to directly or indirectly inducing DNA demethylation.
The cytosine analogs 5-azacytidine (5-aza-CR) and 5-aza-2’-deoxycytidine (5-aza-CdR) are
classical inductors of passive DNA demethylation that act by inhibiting DNMTT activity and
reducing its protein levels (Ghoshal et al., 2005; Datta et al., 2009). Due to their epigenetic
action, 5-aza-CR and 5-aza-CdR are FDA-approved drugs for the treatment of
myelodysplastic syndroms (MDS) in humans and show potential to be used therapeutically in
several leukemias but not in solid tumors (Ghoshal & Bai, 2007).

Other components found capable to influence DNA methylation are histone
deacetylase inhibitors (HDACi), including valproic acid (VPA). VPA is a short chain fatty
acid primarily used as organic solvent and later on as a well-established antiepileptic drug
(Burton, 1882; Perucca, 2002; Chateauvieux et al., 2010). In therapeutic dosages indicated for
epilepsy (0.3 — 0.7 mM), VPA also acts as inhibitor of class I histone deacetylases (HDACsS)
(Gottlicher et al., 2001; Lagace & Nachtigal, 2004; Felisbino et al., 2011, 2014). In some cell
types it promotes DNA demethylation (Detich et al., 2003; Dong et al., 2010; Tabolacci et al.,
2008; Tung & Winn, 2010; Veronezi et al., 2017).

The great novelty regarding functions of both HDAC and DNMT inhibitors was the
discovery that, besides their consolidated mechanisms of action, these drugs may also act
upon active DNA demethylation pathways. Identification of changes in cytosine derivatives
levels in response to 5-aza-CR and 5-aza-CdR have already been described, while for VPA

and for another HDAC:I, trichostatin A (TSA), studies were focused on the DNA replication-



Capitulo II 51

independence of the drug-induced DNA demethylation (Cervoni & Szyf, 2001; Detich et al.,
2003; Ou et al., 2007; Chowdhury et al., 2015; Sajadian et al., 2015; Manzoni et al., 2016).

In HeLa cells, in which VPA effects have been extensively studied by our research
group, occurrence of DNA demethylation in response to VPA treatment has been identified,
and shown to contribute to the chromatin remodeling previously reported (Felisbino et al.,
2011; Veronezi et al., 2017). Moreover, besides alterations in DNA methylation are
reversible, they are more stable than histone acetylation effects, and long-term consequences
to the cellular programs could be induced by VPA exposure (Milutinovic et al., 2007).

In this study, the amplitude of VPA-induced epigenetic changes, as well as the
influence of VPA and 5-aza-CdR treatments on active DNA demethylation elements were
investigated in HeLa cells. Our objective was to obtain a better understanding on how these
drugs may elicit alterations in the dynamic and intricate DNA methylation regulatory

pathways of this aggressive tumor cell line.

Results

In addition to short-termed histone hyperacetylation, VPA induces long-standing

epigenetic alterations involving DNA methylation

The exposure of HeLa cells to I mM and 20 mM VPA concentrations for a period of 4
h promoted a progressive and drastic increase in histone H3 acetylation in comparison to the
untreated control (Fig 1A, B). Concomitantly, a reduction in global DNA methylation was
observed in amounts comparable to those promoted by 5-aza-CdR (Fig 1C).

Aiming to investigate the durability of the VPA-induced alterations, cells treated with
the lower drug concentration were returned to a culture medium without VPA and analyzed
for the same parameters as the 4 h-treated cells. Interestingly, the abundance of the H3Ac
marks was totally reversed in the first 24 h under this treatment, while the SmC levels still
remained decreased. In turn, a 48-h-period in the absence of the drug was enough to bring

methylation to levels similar to those of the untreated control (Fig 1B, C).

Increase in abundance of the active DNA demethylation intermediate ShmC occurred

after VPA or 5-aza-CdR treatment

Given that the above-mentioned 5SmC loss was induced by VPA in a short time
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Figure 1. Histone H3 acetylation and DNA methylation in HeLa cells. Increase in H3Ac
abundance was induced by 4 h-VPA treatments compared to control and rapidly reversed
after drug withdraw, as revealed by Western blotting analysis (A, B). Histone acetylation
values were normalized in relation to GAPDH (endogenous control). Global SmC levels were
reduced after 4 h-VPA and 28 h-5-aza-CdR exposures (C). Decrease in SmC amounts after
treatment with 1 mM VPA for 4 h was maintained after another 24-h-treatment in the absence
of the drug but not after 48 h, when it became similar to the 52-h-untreated control (C).
Student’s t-test indicated significant difference at P < 0.05 (* or ¢#) and at P < 0.01 (** or ¢+)

for treatments compared to 4 h (*) or 28 h (*) controls.

period (4 h), it was next investigated whether this drug could affect the ShmC global levels,
which are related to active demethylation pathways, in parallel to the 5-aza-CdR action. Using
confocal microscopy, signals revealing this mark appeared as a grainy distribution all over the
cell nucleus, except in the nucleolar regions (Fig 2A, B). A higher coverage of the nuclear
area by ShmC signals and increase on its fluorescence intensity were detected after 4 h-VPA
and 28 h-5-aza-CdR treatments, compared to their respective controls (Fig 2A, B). Image
capture was performed under the same exposure conditions for all treatments, allowing a
better comparison between them. 3D graphs from representative images were plotted using

the Image J software to demonstrate the changes seen in the ShmC profile (Fig 2A, B).

Drug exposure did not elicit visually detectable changes on S5caC and 5fC abundance or

distribution.

The 5SmC derivatives ScaC and 5fC were also investigated using immunofluorescence
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Figure 2. ShmC signals for HeLa cells after VPA and 5-aza-CdR treatments. Both 4-h-
VPA and 28-h-5-aza-CdR treatments induced increased ShmC abundance in HeLa nuclei
compared to 4-h and 28-h untreated controls, respectively (A, B). Absence of ShmC marks
was observed in nucleolar regions (arrows). 3D graphs plotted from the respective
representative images revealed fluorescence intensity based on an 8-bit intensity scale (0—

255). Scale bars correspond to 20 pm.

approaches. Since ShmC was found altered after VPA and 5-aza-CdR exposure, it was
suspected that S5caC and 5fC marks could be affected as well. In both control and treated cells,
5caC and 5fC signals were found homogeneously distributed all over the nuclei (Fig 3A, B).
Regarding fluorescence intensity, no differences in relation to the untreated control were
observed upon drug treatments, when comparable representative images (captured under the

same parameters, independent on each modification) were 3D-analysed (Fig 3A, B).
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Figure 3. ScaC and 5fC abundance in HeLa cells treated with VPA and 5-aza-CdR. No
change in the abundance of the cytosine derivatives ScaC and 5fC were noticed for VPA- and
5-aza-CdR-treated cells in comparison to respective control. For each representative image, a
3D graph was plotted representing fluorescence intensity, with values according to an 8-bit

intensity scale (0-255). Scale bars equal 20 pm.

The gene expression of key proteins from the cytosine methylation and demethylation
pathways was affected by VPA and 5-aza-CdR

The results presented so far pointed out a role for the HDAC inhibitor VPA and the
classic passive demethylator 5-aza-CdR on inducing active DNA demethylation processes in

HeLa cells. Supporting this assumption, these drugs were found to modulate the gene
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expression of three enzymes directly involved in cytosine derivatives dynamics, DNMTI,
TET1 and TET2.

The mRNA expression of the protein DNMT 1, which is involved in DNA methylation
maintenance, was significantly reduced after lower and higher VPA dosages of 4-h-treatments
but not by 5-aza-CdR, compared to control (Fig 4A). All the analyzed treatments led to a
significant decrease in TET1 mRNA levels in comparison to untreated cells (Fig 4B). This
finding was unexpected since TET1 gene is already very low expressed in tumor cells (Yang
et al., 2013). On the other hand, it was found a clear increase in TET2 gene expression after a
20 mM 4-h-VPA treatment, in contrast to an also significant decrease of the mRNA levels of
this enzyme induced by 5-aza-CdR, relative to their respective controls (Fig 4C). Considering
the results for the cells treated with 1 mM VPA for 4 h, the TET2 mRNA expression
remained unchanged (Fig 4C).

0 0
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Figure 4. Gene expression of DNMT1, TET1 and TET2 in HeLa cells after drug
exposures. DNMT1 gene expression in comparison with the respective control decreased
after 4 h-VPA treatments but was not affected by 5-aza-CdR (A), while TET1 gene was
downregulated in response to both VPA and 5-aza-CdR treatments (B). Regarding TET 2,
gene expression was unaltered after a | mM-VPA treatment for 4 h, but highly increased after
a 20 mM-VPA treatment for the same time period and decreased in response to 5-aza-CdR,
compared to the untreated controls (C). Data were obtained from RT-PCR analysis and
normalized to H3F3A endogenous control. Differences significant at P < 0.01 (** or ¢+) for

treatments in comparison to 4 h (*) or 28 h (*) controls were assessed by Student’s t-test.
VPA and 5-aza-CdR differentially impacted the protein levels of DNMT1 and TET?2
Determination of the DNMTI1 and TET2 abundance was carried out by Western

blotting to complement their gene expression analysis. 5-aza-CdR treatment significantly

reduced the amounts of DNMT1 protein in relation to the untreated control (Fig 5A, C). No
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significant changes, however, were found for DNMTI1 protein abundance after 4 h-VPA
exposures compared to the untreated cell condition (Fig 5A), thus contrasting with the gene
expression data obtained for this enzyme (Fig 4A). Moreover, in cells treated for 4 h with the
20 mM VPA dosage, a tendency of DNMT1 amounts to be even increased in comparison to
the control was shown, although not supported statistically at Py o5 level (Fig 5A).

Concerning TET2 enzyme, despite no statistical significance was obtained for
comparison of any of the analyzed conditions, a strong tendency of its protein levels to be
progressively increased after 4 h-VPA treatments and decreased upon 5-aza-CdR exposure
was observed (Fig 5B, D). This finding is in agreement with mRNA expression pattern

described in the previous section.

An increase in mitotic catastrophe rate occurred in 5-aza-CdR- but not in VPA-treated

cells.

Because mitotic catastrophe is intimately related to depletion of DNMT1 in tumor
cells (Chen et al., 2007), this phenomenon was evaluated in both treated and untreated cells.
5-aza-CdR exposure led to a higher frequency of mitotic catastrophe than its respective
control. However, the same was not observed after the 4 h-VPA treatments, when the mitotic
catastrophe indices remained very similar to those observed for untreated cells (Fig SE).

Additional mitotic figures were also analyzed (Fig S1). Mitotic ratio and abnormalities
were not affected by any of the drugs treatments. Compared to control cells, apoptotic ratios
and the nuclear instability ratio (NIR), which was considered as the summation of apoptosis,
mitotic catastrophe, giant nuclei and abnormal mitosis, were found significantly increased

only in 1 mM 4 h-VPA treatment and 5-aza-CdR treatment, respectively (Fig S1, S2).

Discussion

Several studies have proposed that VPA could affect DNA methylation in addition to
its well-established HDACi action (Detich et al., 2003; Milutinovic et al., 2007; Dong et al.,
2010; Wang et al., 2010; Tremolizzo et al., 2012). In HeLa cells, global DNA demethylation
in response to VPA has already been identified, influencing the DNA FT-IR spectral signature
and contributing to chromatin remodeling processes (Felisbino et al., 2011; Veronezi et al.,
2017). The present work extended these data by demonstrating that the SmC loss induced by

VPA is maintained for a longer period of time than that required for histone H3
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Figure 5. DNMT1 and TET2 protein abundance and mitotic catastrophe ratio in VPA-
and 5-aza-CdR-treated HeLa cells. Western blot analysis showed DNMT1 protein levels
altered only by 5-aza-CdR treatment, which decreased in comparison to untreated control (A,
C). No significant differences were observed for TET2 protein levels in any of the treatments,
although a strong tendency to increase was showed in response to a 4 h-VPA exposure at 1
mM and 20 mM concentrations (B, D). GAPDH was used as the loading control. Mitotic
catastrophe ratio was found significantly increased after 5-aza-CdR treatment but unaltered
after VPA treatment when compared to untreated controls (E). Differences significant at P <
0.05 (* or #) and P <0.01 (** or #+) for treatments in relation to 4 h (*) or 28 h (*) controls
were detected. Student’s t test was performed for Western blotting analysis and Anova was

used for comparison of mitotic ratio.

hyperacetylation and persisted for at least 24 h in the absence of the drug. This is in
accordance with the prediction that the influence of VPA over DNA methylation could bring
about long-term consequences to the gene expression program besides those initially and

transiently induced by changes in histone acetylation profile (Milutinovic et al., 2007).
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Regarding the DNA demethylation phenomenon, it is of great interest to investigate
the mechanisms by which this process occurs. The major mechanisms currently understood
are divided into passive or active pathways, which are dependent or not to the DNA-
replication, respectively (Piccolo & Fisher, 2014). A role on active DNA demethylation has
been suggested for HDACis such as VPA and TSA (Cervoni & Szyf, 2001; Detich et al.,
2003; Ou et al., 2007), although little is known about the relation between these drugs and
cytosine derivatives (ShmC, 5caC, 5fC) or TET enzymes. Although the nucleoside analogs 5-
aza-CR and 5-aza-CdR are classical passive demethylating agents, they have also been newly
reported to participate on active DNA demethylation processes. Increase in the cytosine
derivative ShmC concomitant to DNA hypomethylation was detected in hepatocellular cancer
cells (HCC) in response to 5-aza-CR treatment and in human leukemia cells exposed to 5-aza-
CdR (Chowdhury et al., 2015; Sajadian et al., 2015).

The increased ShmC levels detected here in HeLa cells are supported by Chowdhury
et al.’s findings (2015) regarding 5-aza-CdR treatment and represent a novelty for VPA
action, corroborating its influence on active DNA demethylation pathways. In relation to the
other cytosine derivatives analyzed, the fact that global levels of S5caC and 5fC were not found
altered after these drugs treatment does not mean that they cannot be affected. Given the
naturally low abundance of these marks, more sensitive techniques to detect alterations in-
between them may be required (Pastor et al., 2013; Thomson et al., 2013).

The effects of 5-aza-CdR over DNMT1 enzyme are widely studied and understood.
The lack of influence of this drug on DNMT1 expression but consequent diminishment of its
protein levels as observed here is consistent with the established mechanism of action of this
drug. 5-aza-CdR promotes passive DNA demethylation not by reducing DNMTI1 gene
expression but by irreversibly binding to the DNMTI1 protein itself and directing it to
proteasome degradation (Datta et al., 2009; Ramos et al., 2015). The increase in mitotic
catastrophe ratio with 5-aza-CdR treatment as seen in this study corroborated the DNMTI1
protein abundance findings, once it is a phenomenon related to DNMT1 depletion (Chen et
al., 2007).

Regarding 4 h-VPA treatments, the fact that mitotic catastrophe was found unchanged
in HeLa cells suggests that the DNMTT1 protein abundance is indeed maintained similarly to
the level detected for the untreated control, despite the decrease on DNMT1 gene expression.
The effects of VPA on DNMTTI are very contradictory. In human lens epithelial cells, where
VPA-dependent DNA demethylation has also been demonstrated, DNMT1 presented increase

in gene expression but decrease in protein amounts (Palsamy et al., 2014). In breast cancer
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cells, a depletion of DNMT1 was observed in response to VPA in both mRNA and protein
levels (Marchion et al., 2005). All these studies, however, refer to much longer drug
treatments, varying from 2 to 3 days long. Perhaps a 4-h treatment was not sufficient to reflect
DNMT1 protein alterations or current results are a particular feature of HeLa cells in response
to VPA.

TET proteins, as well as ShmC, are present at very low levels within human tumor
cells, with TET1 usually appearing more down-regulated than TET2 and 3 (Yang et al.,
2013). Given this information and the fact that ShmC levels were found here to be increased
in treated-HeLa cells, the decrease in TET1 gene expression in response to both VPA and 5-
aza-CdR was a completely unexpected finding. However, in a recent study where TETI
depletion was induced in colorectal cancer cells, any significant changes in ShmC abundance
has been reported (Kai et al.,, 2016). This suggests that non-elucidated compensation
mechanisms may be acting in these cases.

On the other hand, our data suggest that TET2 may play an important role in VPA-
induced S5ShmC increase due to the remarkable up-regulation of the TET2 gene expression
after a higher VPA concentration (20 mM) for 4 h. This suggestion was also supported by a
strong tendency of protein levels to increase in both 1 mM and 20 mM VPA treatments for 4
h, besides the absence of significant statistical difference. Additional repetitions of Western
blotting analysis for TET2 are required to confirm this finding. Up-regulation of TET2 and
increase in abundance of cytosine derivatives have also been found in HCC and human skin
fibroblasts in response to 5-aza-CR (Sajadian et al., 2015; Manzoni et al., 2016). Interestingly,
despite 5-aza-CR sharing many structural and functional similarities with 5-aza-CdR, the
latter led to an opposite effect over TET2, which was decreased in terms of gene expression
and unaltered in terms of protein levels.

Although the down-regulation of both TET1 and TET2 by 5-aza-CdR concomitant to
increase in ShmC abundance in HeLa cells seems controversial, it may be explained by the
recently proposed model that TETs may have higher affinity to hemi-methylated CpG
dinucleotides. Thus, by generating hemi-methylated DNA strands due to inhibition of
DNMT1, 5-aza-CdR would lead to a higher recruitment of TET enzymes to DNA, allowing it
to alter ShmC, 5caC and 5fC amounts despite any changes in TET protein or mRNA levels
(Chowdhury et al, 2015).

In conclusion, this work demonstrated the ability of VPA and 5-aza-CdR to influence
active DNA demethylation processes in HeLa cells. Besides both drugs induce increased

ShmC levels, each one seems to trigger it by different mechanisms, which may include
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elements of passive DNA demethylation as well. Additional investigations are required to
better elucidate the TET2 response to VPA and the effects of these drugs upon 5fC and 5caC,
but no doubt remains about the high dynamicity of VPA and 5-aza-CdR actions.

Material and methods

Cell culture

HelLa cells acquired at passage 126 from the Instituto Adolfo Lutz (Sao Paulo, Brazil),
which originally purchased them from ATCC CCL-2 (Manassas, USA), were used in
passages 205-230. They were kept at 37°C in a 5% CO; atmosphere and grown in Dulbecco’s
modified essential medium (DMEM) (Sigma®, St Louis, USA), with addition of 10% bovine
calf serum (FCS) (Nutricell®, Campinas, Brazil) and penicillin/streptomycin (Sigma®) (100
Ul and 100 pg/mL, respectively).

For mitotic analysis and immunofluorescence, cells were seeded in 24-well plates over
round coverslips at the concentration of 5 x 10* cells/mL. For protein, DNA and RNA
extraction, the cells were cultured at a concentration of 1.5 x 10> cells/mL in 6-well plates.
After a 24-h cultivation in complete medium (10% FCS), treatments were performed in 1%
FCS medium. The cells were treated with valproic acid (VPA) (Sigma®) at the concentrations
of 1 mM or 20 mM for 4 h, and 5-aza-CdR (Millipore® Billerica, USA) at 5 uM for 28 h. For
assessment of SmC and H3Ac levels, replacement of the medium after ImM-VPA treatment
for a medium without the drug, and maintenance of the cells under this condition for another
24 h (4 h+24h)and 48 h (4 h + 48 h) were undertaken. The same processes were performed

for controls in the absence of the drugs.

Western blotting

Total protein extraction was performed for cells using RIPA buffer (50 mM Tris-HCI
pH 8.0; 150 mM NaCl; 1% Triton X-100; 0.5% sodium deoxycholate; 0.1% SDS; 1 mM
EDTA; 0.5 mM EGTA and 1 mM PMSF) for at least 30 min on ice. The protein amounts of
the samples were quantified using the Nanodrop equipment. An amount corresponding to 40
ug of protein was loaded into SDS-PAGE of different percentages, each one for separation of
a specific protein of interest (17% for H3Ac, 8% for DNMT1 and a gradient 4 — 10% for
TET2), and next transferred to nitrocellulose membrane (Applied Biosystem®). The
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membranes were blocked for 2 h and then incubated, separatedly, with the corresponding
primary antibody: anti-H3Ac (Millipore®) (1:1000), anti-DNMTI1 (Cell Signaling
Technology®, Danvers, USA) (1:1000) and TET2 (Cell signaling®) (1:1000), in blocking
solution at 4°C, overnight. After extensive washes, the membranes were incubated with the
secondary anibody anti-rabbit conjugated to peroxidase (Chemicon®, Billerica, USA)
(1:5000) in blocking solution for 2 h, followed by several washes.

Protein blots were detected using the ECL Western blotting detection system
(Amersham®, Pittsburgh, USA) at the Obesity and Comorbidities Research Center,
University of Campinas (Brazil). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as loading control. The ratios between H3Ac, DNMTI1, TET2 and GAPDH were

obtained using the Imagel software.

5-methylcytosine (SmC) quantification

Genomic DNA was extracted from cells using the QIAamp DNA mini kit (Qiagen®,
Hilden, Germany) and quantified using the Nanodrop 2000 equipment (Thermo Scientific®,
Carlsbad, USA). Concomitant to the concentration analysis, a 260/280 nm ratio of
approximately 1.8 was found for the samples, indicating extraction purity, according to the
manufacturer.

Equal amounts of the extracted DNA (100 ng) were used per sample into the 5-
Methylcytosine DNA ELISA Kit (Zymo®, Irvine, USA). The quantification of 5SmC amounts

was performed according to the manufacturer’s instructions.

Immunofluorescence assays

Cells adherent to round glass coverslips were fixed in absolute methanol at -20°C for
10 min, rinsed in phosphate saline buffer (PBS) and subjected to a 30 min-acid hydrolysis
treatment in 2 M HCI solution at 37°C. After two washes in borate buffer (100 mM boric acid,
75 mM NaCl and 25 mM sodium tetraborate, pH 8.5) the preparations were blocked with 1%
bovine serum albumin (BSA) in PBS for another 30 min. Next, the cells were incubated with
primary antibodies anti-5-hmC (Active Motif®, Carlsbad, USA) (1:2000), anti-ScaC
(Diagenode®, Liege, Belgium) (1:500) or anti-5fC (Active Motif®) (1:500) in blocking
solution for 1 h, at room temperature and protected from light, followed by extensive PBS

washes and incubation with secondary antibody goat anti-rabbit Alexa 488-conjugated (Life
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Technologies® Carlsbad, USA) (1:1000) in the dark. For 5caC and 5fC analysis, nuclei were
counterstained with DAPI (Sigma®), while in preparations for ShmC TOPRO-3 (Life
Technologies®) was used.

ShmC samples were analyzed in a Leica TCS SP5 II confocal microscope (Wetzlar,
Germany), at the Central Laboratory of High Performance Technologies (LaCTAD) of the
University of Campinas (Brazil). For 5caC and 5fC analysis, an Olympus BX60F5
fluorescence microscope (Tokyo, Japan) and QCapture and Image Pro-Plus softwares were
used. Images were captured for each condition under identical parameters and analyzed using

the Interactive 3D surface plot plugin from ImageJ software (NIH, Bethesda, USA).

Quantitative real-time RT-PCR

For gene expression analysis, the cells were subjected to total RNA isolation using the
RNeasy mini kit (Qiagen®) followed by cDNA production using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems®, Carlsbad, USA). Nanodrop equipment
assessed the quality of the isolated RNA. The RT-PCR reaction plates were prepared using
the TagMan Universal PCR Master Mix (Applied Biosystems®), the produced cDNA and
TagMan Gene Expression Assays (Applied Biosystems®) for DNMT1 (Hs00945875 m1),
TET1 (Hs00286756 ml), TET2 (Hs00325999 m1l) and H3 Histone Family Member 3A,
H3F3A, (Hs02598544 ¢gl1) as endogenous control. The PCR reaction was conducted on the
Applied Biosystems 7500 Real Time PCR (Applied Biosystems®) and the cycle threshold
(Ct) values were calculated based on experiments done in triplicate and normalized with

respect to the endogenous control gene H3F3A.

Analysis of mitotic parameters

Mitotic catastrophe indices as well as the frequency of apoptosis, giant nuclei, mitotic
ratio and chromosome abnormalities (tripolar spindle, chromosome bridging, lagging
chromosomes) were assessed in samples subjected to the Feulgen reaction and counter-
stained with acid fast green. The Feulgen reaction was performed as previously described for
HeLa cells fixed in an absolute ethanol-glacial acetic acid (3:1, v/v) solution for 1 min
followed by three washes in 70% ethanol and air-dried (Felisbino et al., 2011). Acid
hydrolysis was performed with 4 M HCI for 1 h at 25°C (Mello, 1997). Counterstaining was

performed in 3% fast green acetic acid solution, followed by a 3% acetic acid rinsing and air-
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drying. The preparations were mounted in Canada balsam. Nearly 2000 cells were analyzed

for each sample, in triplicate.

Supporting information

A RN

Figure S1. Light microscopy images of cell death, micronucleation and mitotic
abnormalities in HeLa cells. Apoptosis (A, B), mitotic catastrophe (C), micronucleus (D —
arrow), lagging chromosome (E — arrow), chromosomal bridges (F, H) and tripolar spindles

(G, H). The bars equal 10 pm.
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Figure S2. Apoptotic ratio, nuclear instability (NIR), mitotic ratio and abnormal mitosis
indices in HeLa cells. Apoptosis was increased only in the 4-h-1 mM-VPA treatment in
comparison to control (A). A higher NIR was observed after 5-aza-CdR exposure but
remained unaltered for VPA treatments in comparison to untreated controls (B). No changes
were observed in mitotic ratio or abnormal mitosis in any of the treatments. Anova test

showed difference significant at P < 0.05 (* or ¢) compared to 4-h (*) or 28-h (*) controls.
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Discussio geral

Os resultados obtidos no presente trabalho possibilitaram um aprofundamento dos
conhecimentos sobre a agcdo epigenética do VPA em células HeLa, com foco na demetilagao
de DNA, bem como dos efeitos que mudangas nos niveis de SmC induzidas pelo VPA podem
acarretar no perfil espectral do DNA no infravermelho. Foi efetuada também uma
comparagao entre os mecanismos de agao do VPA com os da 5-aza-CdR, droga de potencial
demetilador amplamente conhecido.

Foram tidos como ponto de partida estudos prévios conduzidos em células HelLa por
nosso grupo de pesquisa, que reportaram remodelacdo da cromatina pelo VPA, atribuida
principalmente a hiperacetilacdo de histonas resultante da inibicdo de HDAC por esta droga
(Felisbino et al., 2011). Aqui, dados de analise de imagem para células HelLa tratadas com
VPA foram expandidos e demonstraram que o estado de descompactacdo cromatinica
induzido pelo VPA ¢ mantido por 24 h apds retirada da droga, mas se reverte a situagao
semelhante ao controle em 48 h pos-tratamento.

Para maiores esclarecimentos dos mecanismos por tras deste fendmeno, investigacdes
dos niveis de H3Ac e 5SmC foram conduzidas nos mesmos tempos de tratamento em que
foram realizadas as analises de imagem. Répida reversao da hiperacetilagdo de histonas H3
foi entdo observada por ensaios de Western blotting. Andlises de metilagdo do DNA
demonstraram redu¢do da abundancia de SmC, que se estendeu por tempo mais longo (24 h)
que o tratamento com VPA. Tais dados foram consistentes com o reportado na literatura de
ser a acetilacdo de histonas uma marca transiente (Lee et al., 2010) e demonstraram a
participacdo da demetilacdo de DNA na remodelacao cromatinica promovida pelo VPA em
cé¢lulas HelLa, podendo ocasionar efeitos mais duradouros para os programas de expressao
génica das células, como sugerido por Milutinovic et al. (2007). Foi, assim, reportado pela
primeira vez papel do VPA sobre a demetilagdo do DNA em células HelLa, em similaridade
ao observado para tratamentos com esta droga em diferentes tipos celulares como HEK 293,
linfomondcitos e outros (Detich et al., 2003; Milutinovic et al., 2007; Dong et al., 2010; Wang
et al., 2010; Tremolizzo et al., 2012).

A adi¢ao ou remog¢ao de grupamentos metil sobre a molécula de DNA pode alterar
suas propriedades fisico-quimicas. De fato, mudancas no perfil espectral do DNA no
infravermelho em resposta a demetilagdo do DNA ja foram reportadas em hepatocitos de
camundongos diabéticos nao obesos (Vidal et al., 2014). Em concordancia com estes

resultados, a redugdo nos niveis de SmC induzida pelo VPA resultou em alteracdes no perfil
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espectral do DNA de células HeLa por microespectroscopia no FT-IR. Neste caso, maior
sensibilidade para explicar alteragdes nos niveis de SmC foi obtida nos picos associados a
vibragdes de estiramento do grupamento —CHj; presente na citosina metilada, com tais
resultados publicados no artigo que compde o capitulo I desta dissertagao.

Como segunda etapa do trabalho buscou-se desvendar os mecanismos pelos quais o
VPA influencia as marcas de SmC, em comparacao a 5-aza-CdR. Uma vez que a atuagdo
destas duas drogas tem sido proposta em mecanismos ativos da demetilagdo do DNA (Detich
et al., 2003; Chowdhury et al., 2015), a abundancia dos derivados da citosina ShmC, 5caC e
5fC foi analisada em conjunto com o padrao de expressao génica e de niveis proteicos de
enzimas envolvidas nos processos de metilagdo/demetilacio (DNMT1, TET1 e TET2).

Tanto o VPA quanto a 5-aza-CdR ocasionaram aumento das marcas de ShmC no
nucleo de células HelLa mas ndo impactaram os demais intermediarios ScaC e 5fC. O VPA se
mostrou capaz de reduzir significativamente a expressdao génica de DNMTI1, no entanto nao
impactou os niveis proteicos desta enzima. Em relagcdo as TETs, houve decréscimo dos niveis
de mRNA de TETI e aumento significativo da expressio de TET2 no tratamento com
concentracdo mais drastica da droga (20 mM por 4 h). Embora ndo confirmado
estatisticamente, tanto na menor quanto na maior concentracdo de VPA (1 mM e 20 mM por
4 h), os niveis proteicos de TET2 tenderam a aumentar. Estes achados representam uma
novidade para o VPA, pois at¢ o momento nao ha registros de estudos reportando efeitos
desta droga sobre a ShmC, e TET2 aparece como potencial componente da via de demetilagao
de DNA a ser modulado pelo VPA.

Em relagdao a 5-aza-CdR, os niveis d¢ mRNA de DNMT1 permaneceram inalterados
ap6s o tratamento com 5-aza-CdR, acompanhados de decréscimo dos niveis proteicos desta
enzima, consistentes com o mecanismo de agdo ja estabelecido para esta droga sobre
processos de demetilagdo passiva do DNA (Datta et al., 2009; Ramos et al., 2015).
Adicionalmente, houve diminui¢do da expressdo génica de TET1 e TET2 e tendéncia a
diminui¢do do nivel proteico de TET2, apesar de ndo suportado estatisticamente. Estes
resultados, somados ao aumento de 5ShmC provocado pela 5-aza-CdR em células Hela,
podem ser comparados aos de Chowdhury et al. (2015) e se encaixam na proposi¢do de que a
inducdo de S5hmC pela 5-aza-CdR seja resultado de aumento da quantidade de TETs
associadas a molécula de DNA, nao envolvendo modulagdo da expressao ou da abundancia
total destas enzimas (Chowdhury et al., 2015).

Comparando-se os achados para o VPA e 5-aza-CdR, ambas as drogas mostraram

interferir em elementos da demetilagao ativa de DNA em células HeLa, induzindo aumento de
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ShmC em paralelo a diminuicao de SmC neste tipo celular. O fato encontrado de que o VPA ¢
a 5-aza-CdR podem influenciar diferencialmente as enzimas DNMT1, TET1 e TET2 indica
que estas drogas possam ter uma atuacao mais versatil do que se postulava, sendo tais achados
potenciais contribuicdes as aplicabilidades terapéuticas destas duas drogas. Investigacdes
futuras poderdo ser conduzidas no sentido de analisar quais genes estariam sendo afetados
pelo tratamento com VPA ou 5-aza-CdR em células HeLa, além de extensdo dos tratamentos
com estas drogas para outros tipos de tumores agressivos, gerando dados que possam
contribuir para se compreender melhor os efeitos antitumorais sugeridos para o VPA e a 5-

aza-CdR.
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Conclusoes gerais

I. O VPA induz demetilagdo de DNA em células HelLa, em niveis semelhantes aos
obtidos para o tratamento com 5-aza-CdR, droga de conhecida agdo demetilante.

2. A demetilacio do DNA em resposta ao tratamento com VPA contribui para a
remodelagdo cromatinica observada em células HelLa tratadas com esta droga, uma
vez que a hipometilagdo de DNA persiste por 24 h apos retirada da exposicao das
células ao VPA, acompanhada de descompactacio da cromatina, enquanto a
hiperacetilagdo de histonas ¢ revertida no mesmo periodo de tempo, se assemelhando
ao controle ndo tratado. Assim, o VPA também ¢ capaz de promover alteracdes de
longa duragdo para os programas celulares.

3. Mudancas nos niveis de SmC em apos tratamento com VPA afetam o perfil espectral
do DNA ao FT-IR, tanto em relagdo as vibragdes de estiramento simétricas e
antissimétricas do grupamento —CH; da citosina metilada quanto em relagdo as
vibragdes de dobradura do —CH; comparadas as vibragdes “no plano” do total das
citosinas. O primeiro parametro, no entanto, ¢ mais sensivel a refletir a diminui¢ao da
metilagado do DNA promovida pelo VPA do que o segundo, em células HeLa.

4. Concomitante a reducao dos niveis de SmC, a exposi¢ao de células HeLa ao VPA e a
5-aza-CdR resulta em um aumento da abundancia de ShmC, o que corrobora o papel
destas drogas na demetilagdo do DNA de forma ativa.

5. Embora impactem de forma semelhante os niveis de SmC e ShmC, o VPA e a 5-aza-
CdR diferem entre si na modulacao de elementos da via de demetilacao ativa do DNA.
Foi sugerido que o VPA atue pela modulacao da expressao gé€nica e niveis proteicos
da enzima TET2. J& a 5-aza-CdR parece se encaixar no modelo proposto por
Chowdhury et al. (2015), de que esta droga possa agir gerando condigdes para o maior
recrutamento das TETs ao DNA, sem necessariamente interferir nos niveis proteicos

ou génicos destas enzimas.
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Campinas, 13 de janeiro de 2017
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