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RESUMO

SANTOS JUNIOR, Gilson Costa dos. Estudo da cromatina nos sitios de fixacdo a
matriz nuclear no dominio do gene TP53 e das modificacdes epigenéticas e no
modelo de progresséo tumoral mamaria 21T. 2014. 137 f. Tese (Doutorado em
Biociéncias) — Instituto de Biologia Roberto Alcantara Gomes, Universidade do Estado
do Rio de Janeiro, Rio de Janeiro, 2014.

Dentre os diversos tipos de cancer agressivos, o cancer de mama é o mais
comum em mulheres. Mutacbes hereditarias e adquiridas, assim como alteracdes
epigenéticas atuam em sinergia na carcinogénese mamaria e na progressao tumoral. A
proteina P53 € uma supressora de tumor e possui uma atuacdo fundamental na
integridade gendmica. Apesar do vasto conhecimento sobre o controle da P53 a nivel de
proteina, ainda pouco se sabe sobre o controle transcricional do gene TP53. A série
21T, uma série de 4 linhagens celulares originadas da mama da mesma paciente,
representando diferentes estagios de progressdo tumoral maméaria, € um eficiente
modelo para investigacao das alteracbes epigenéticas e suas influéncias na expressao
génica ao longo da progressdo do cancer de mama. Nés analisamos a organizacao do
dominio do gene TP53 através da técnica de arranjo de DNA, em diversas linhagens
celulares de cancer de mama e linhagens controle, e realizamos uma tentativa de
caracterizar estes elementos de DNA nas linhagens controle ndo-tumorais HB2 e
MCF10A e nas tumorais MCF-7, MDA-MB-231, T47D, através dos marcadores
epigenéticos de eucromatina, H4Ac, e heterocromatina, H3K9me3. Ainda analisamos a
ligagdo de proteinas a regido associada a matriz nuclear (MAR), denominada MAR 2, e
a possivel ligacdo da proteina ligante a matriz nuclear (MARBP), PARP-1, através de
ensaios de gel shift (EMSA). Detectamos que na linhagem controle epitelial mamaria,
HB2, o gene TP53 esta posicionado num dominio de DNA relativamente pequeno,
aproximadamente 50 kb, delimitado por dois sitios de fixagdo a matriz nuclear.
Interessantemente, esta estrutura de dominio se apresentou radicalmente diferente nas
linhagens de cancer de mama estudadas, MCF7, T47D, MDA-MB-231 e BT474, nos
quais o tamanho do dominio estudado estava aumentado e a transcricao do TP53
diminuida. Os enriquecimentos com os marcadores epigenéticos de cromatina H4Ac e
H3K9me3 estdo diferentemente distribuidos nas MARs nas linhagens celulares.
Surpreendentemente, a MAR 2 apresentou uma ligagdo altamente especifica, o que
poderia representar a atuagédo de fatores transcricionais envolvidos na organizacdo da
cromatina. Através de programas de bioinformatica, detectamos putativos sitios para
interessantes fatores de transcrigdo, tais como o c/EBP-beta e c-myb, que poderiam
atuar em cis regulando a expressdo do gene TP53 e outros flanqueadores. NOs
propusemos um modelo para a organizacao da cromatina na regido de dominio do gene
TP53 com o0s genes flanqueadores. Através da série 21T, detectamos uma
hipometilagédo global genémica, nas células cancerosas 21INT e 21MT1. Uma importante
diminuicdo da expressao global do marcador H4Ac nas células metastaticas 21MT1, foi
detectada em relagéo as outras linhagens. Os niveis de RNAm das principais enzimas
relacionadas as modificacdes epigenéticas sdo consistentes com as observadas
hipometilagdo gendmica e hipoacetilacdo. Através de microscopia confocal, verificamos
que o marcador H4Ac esta localizado, na maior parte na periferia e o marcador
H3K9me3, pericéntrico nos ndcleos tumorais. Por fim, verificamos que o promotor P1 do
gene TP53 apresenta um estado de cromatina aberta, e a expressdo do gene TP53 é
similar em todas as células da série 21T.

Palavras- chave: Cancer de mama. Cromatina. Loop. MAR. Epigenética. TP53.



ABSTRACT

SANTOS JUNIOR, Gilson Costa dos. MARs chromatin study on TP53 gene
domain and epigenetic modifications in a breast cancer progression model.
2014. 137 1. 2014. 137 f. Tese (Doutorado em Biociéncias) — Instituto de Biologia
Roberto Alcantara Gomes, Universidade do Estado do Rio de Janeiro, Rio de
Janeiro, 2014.

Breast cancer is the most common aggressive cancer type in women.
Inherited and acquired mutations as well as epigenetic alterations act together in
breast carcinogenesis and tumor progression. P53 is a tumor suppressor protein
critical for genome integrity. Although its control at the protein level is well known, the
transcriptional regulation of the TP53 gene is still unclear. The 21T series, a series of
4 breast cell lines originating from the same patient and representative of the breast
tumor progression stages, is a suitable model to investigate epigenetic alterations
and their influences upon gene expression during breast tumor progression. We have
analyzed the organization of the TP53 gene domain using DNA arrays in several
breast cancer and control cell lines and we made an attempt to characterize these
DNA elements in breast non-cancerous cell lines HB2 and MCF-10, and cancerous
MCF-7, MDA-MB-231 and T47D, through the determination of epigenetic markers of
euchromatin, H4Ac, and heterochromatin, H3K9me3. We further analyzed the matrix
attachment region (MAR), named MAR 2, protein binding, and possible MAR 2
binding of the important MAR binding protein (MARBP), PARP-1, by Electrophoretic
mobility Shift Assay (EMSA). We have found that in the control breast epithelial cell
line, HB2, the TP53 gene is positioned within a relatively small DNA domain,
encompassing 50 kb, delimited by two nuclear matrix attachment sites. Interestingly,
this domain structure was found to be radically different in the studied breast cancer
cell lines, MCF7, T47D, MDA-MB-231 and BT474, in which the domain size was
increased and TP53 transcription was decreased. H4Ac and H3K9me3, chromatin
epigenetic markers enrichment are differentially distributed through MARs in cell
lines. Surprinsingly, MAR 2 presented a defined band-shift, which could represent
trans-acting factor(s), involved in chromatin organization. By bioinformatics software,
we found interesting transcription factors putative binding sites, such as for c/EBP-
beta and c-myb, which could be cis-acting elements regulating TP53 and neighboring
genes expression. We propose a model for the chromatin organization of the TP53
gene domain with neighboring genes. Through 21T cell line series, we detected a
global genomic hypomethylation profile in the cancerous 21INT and 21MT1. An
important global decrease of the active chromatin mark H4Ac in the metastatic
21MT1 relative to other cell lines was detected. mMRNA levels of key enzymes linked
to epigenetic modifications are consistent with the observed genomic
hypomethylation and hypoacetylation. By confocal immunofluorescent assay we
observed that H4Ac is mostly located at periphery, and the repressive mark
H3K9Me3 located pericentric, in tumorigenic cells nuclei. TP53 P1 promoter in 21T
series was found to be in an open state and TP53 transcription level was found to be
similar in all 21T cell lines.

Keywords: Breast cancer. Chromatin. Loop. MAR. Epigenetics. TP53.
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INTRODUCAO

Dentre os diversos tipos de cancer agressivos, o cancer de mama € o mais
comum em mulheres. Muta¢Bes hereditarias e adquiridas, assim como alterac6es
epigenéticas atuam em sinergia na carcinogénese mamdaria e na progressao
tumoral. A proteina P53 é uma supressora de tumor e possui uma atuacao
fundamental na integridade gendmica. Apesar do vasto conhecimento sobre o
controle da P53 a nivel de proteina, ainda pouco se sabe sobre o controle
transcricional do gene TP53. A série 21T, uma série de 4 linhagens celulares
originadas da mama da mesma paciente, representando diferentes estagios de
progressdo tumoral mamaria, € um eficiente modelo para investigacdo das
alteracbes epigenéticas e suas influéncias na expressdo génica ao longo da
progressédo do cancer de mama. NOs analisamos a organizacdo do dominio do gene
TP53 através da técnica de arranjo de DNA, em diversas linhagens celulares de
cancer de mama e linhagens controle, e realizamos uma tentativa de caracterizar
estes elementos de DNA nas linhagens controle ndo-tumorais HB2 e MCF10A e nas
tumorais MCF-7, MDA-MB-231, T47D, através dos marcadores epigenéticos de
eucromatina, H4Ac, e heterocromatina, H3K9me3. Ainda analisamos a ligacao de
proteinas a regido associada a matriz nuclear (MAR), denominada MAR 2, e a
possivel ligacdo da proteina ligante a matriz nuclear (MARBP), PARP-1, através de
ensaios de gel shift (EMSA).
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1 A CROMATINA

Um dos aspectos mais intrigantes do ndcleo de uma célula eucaridtica € a
sua capacidade de empacotamento do DNA formando uma estrutura altamente
organizada, complexa e que pode se encaixar perfeitamente dentro de um espaco
muito limitado, de aproximadamente 10 um. Esta estrutura é denominada cromatina
e é constituida principalmente por DNA e proteinas (1).

Os nucleossomos formam a unidade béasica organizacional da cromatina, e
sdo constituidos pelas histonas H2A, H2B, H3, H4 e H1, 145 pb do DNA que vai
circundar o core nucleossémico (dimeros das histonas H2A, H2B, H3 e H4), e a
regido do DNA ligadora (DNA linker), de aproximadamente 10-80 pb e associada a
histona H1 (2).

O complexo DNA-nucleossomo forma uma fibra de 10 nm de diametro se
assemelhando a um colar de pérolas (beads on a string) (3,4), conforme mostra a
Figura 1. A fibra de 10 nm possui a capacidade in vitro de formar uma fibra helicoidal
ainda mais complexa de 30 nm de diametro, contendo de 6 a 11 nucleossomos por
cada volta, que possui a capacidade de formar uma fibra ainda mais complexa de
200-300 nm na interfase, chamada cromonema (5-7).

Na fase de metafase da mitose, o complexo se encontra no seu estado
maximo de empacotamento chegando a 1400 nm de diametro e foi neste alto nivel
de ordem da cromatina que este complexo, visualizado por microscopia Otica
densamente corado, recebeu o nome de cromossomo (derivado da palavra grega
utilizada para “corpo colorido”). Entretanto, o termo cromossomo também se refere a
molécula de &cido nucléico que armazena a informacdo genética nos mais diversos
organismos (2,8,9).

Durante décadas, a cromatina foi subdividida em dois tipos classicos:
eucromatina (forma mais relaxada de cromatina e mais permissiva a maquinaria de
transcricdo) e heterocromatina (forma mais compacta e menos acessivel a
maquinaria de transcricdo), através da marcacdo clara e escura observadas na
microscopia eletrénica, respectivamente (10). Porém, nos ultimos anos, foram
classificados 5 diferentes tipos de cromatina baseados no enriguecimento de

proteinas ndo-histénicas em células de Drosophila Kc167 (11) e 51 diferentes tipos
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de cromatina baseados no enriquecimento de modificacdes epigenéticas especificas
nas histonas em células T humanas CD4+ (12).

As regides de heterocromatina estdo geralmente localizadas nos dominios de
associacdo ao nucléolo (NADs- Nucleolus-Associated Domains) (13) e nos dominios
de associacdo a lamina (LADs- Lamina-Associated Domains) (14), sendo esta
localizada principalmente na periferia interna do nacleo onde existe uma quantidade
baixa de genes. Entretanto, as regides de eucromatina estdo localizadas na maior
parte, no centro do nucleo e sdo regides que possuem uma quantidade maior de
genes (15,16).

1.1 Sitios de fixagdo a matriz nuclear

Além de apresentar diferentes niveis de empacotamento, a fibra de cromatina
pode ser organizada em dominios de loops com tamanhos entre 4 e 200 kb que séo
delimitados por sequéncias de DNA, com tamanho entre 100 e 1000 pb,
denominadas S/MARs (Scaffold or Matrix Attachment Regions), que se ligam a
proteinas da matriz nuclear (17-20), conforme mostra a Figura 1.

A matriz nuclear (MN) também pode ser chamada de nuclear scaffold ou
esqueleto nuclear, dependendo da técnica utilizada para a sua extracdo. Para a
extracdo da matriz nuclear e estudo das MARSs, realiza-se a extragdo por alta
concentracdo salina (2,0 M NaCl) (21). Entretanto, para a extracdo do nuclear
scaffold ou esqueleto nuclear e estudo das SARs (Scaffold Attachment Regions),
realiza-se a extragdo utilizando Litio 3,5-diiodosalicilato (LIS) (22) ou eletroforese
com encapsulamento das células em agarose sob concentracbes salinas
fisiologicas, possibilitando a extracdo do nucleo e MN intactos (23-25).

A MN é formada pela lamina nuclear e uma extensa rede de fibras protéicas
interconectadas a lamina nuclear e distribuidas por todo o nucleo (26). Longe desta
aparente complexidade estatica, a MN é uma estrutura extremamente dinamica que
funciona como uma grande plataforma organizacional que estabelece dominios
estruturais e funcionais no nucleo (27). Uma boa descricao da MN talvez seja: “Uma
esponja dindmica com compartimentos abertos para a livre difusdo no

nucleoplasma” (28,29).
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Figura 1 - Compactag&o da cromatina em eucariotos

Cromossomo na metafase

Fibra solendide

© 2= 700 nm

”{\\‘S\%’J {:_, (://' {,97 SOEnm

40,

Legenda: Este modelo mostra os diferentes niveis de organizagdo da cromatina. Primeiro o DNA
circunda os octdmeros de histonas, depois a histona H1 estimula a formacgéo da fibra de
cromatina de 30 nm. Os niveis mais complexos sdo até hoje objeto de estudo e ndo séo tao
uniformes como os mostrados aqui. As S/IMARs sdo responséveis pela conexdo entre a
cromatina e a matriz nuclear

Fonte: Adaptado de http://www.genomasur.com/BCH/BCH _libro/capitulo _03.htm) (30).

As MARs estdo co-localizadas com a origem de replicacdo (31,32), sitios de
topoisomerases Il (33,34) e apesar de ndo terem uma sequéncia consenso, as
MARSs séo regides ricas em AT, estdo em regides onde o DNA possui uma curvatura
e torcdo incomum e em regifes que estdo mais propensas ao despareamento das
bases (BURs-Base Unparing Regions) (35). Também apresentam uma
desestabilizacdo no duplex induzida por estresse (SIDD; stress induced duplex
destabilization) e exacerbada flexibilidade (36).

Todas estas caracteristicas anteriores sdo utilizadas por programas como o
MAR-Wiz (http://www.futuresoft.org/) e SMARTest (http://www.genomatix.de/cgi-
bin/smartest_pd/smartest.pl) para a predicdo in-silico de MARs putativas. No

entanto, o uso destas ferramentas de bioinformatica deve ser cauteloso (37).


http://www.genomasur.com/BCH/BCH_libro/capitulo_03.htm
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Os sitios no DNA de fixagdo a matriz nuclear estdo frequentemente co-
localizadas com acentuassomos ou com a periferia dos genes. Quando associadas
aos acentuassomos, MARs podem estimular a expressao dos genes, aumentando a
acessibilidade a cromatina, porém, quando estdo localizadas entre o promotor e 0
acentuassomo, elas podem interferir na interacdo promotor-acentuassomo (38-46).

Além da importancia na regulagdo da expressao génica, algumas MARs séo
extremamente dinamicas e podem fazer com que os loops de DNA se movam de
forma sequencial, como se deslizassem na MN durante a replicacdo (47,48). Os
loops de DNA podem passar a ficar ancorados a MN como condi¢do sine qua non
para a expressdo de alguns genes, atravées do remodelamento da cromatina, e
resultando em uma nova conformacdao, permissiva a transcricédo (49,50).

Diversos modelos foram propostos ao longo dos anos para elucidar a
dindmica de remodelamento da cromatina e o rearranjo dos loops de DNA, conforme
mostra a Figura 2. Os primeiros estudos trouxeram a idéia do conceito de loops de
cromatina intermitentes (Fig. 2A) (51,52). Estudos mais recentes atualizaram este
modelo com a incluséo de loops de diferentes tamanhos, somando-se a observacao
de S/IMARs que séao facultativas (53) e de que nédo s6 pelo fato de uma sequéncia
ser uma potencial S/IMAR, ela sera recrutada pela MN (54) (Fig. 2B).

Mais tardiamente, uma série de estudos mostraram que as origens de
replicacdo tem um potencial para se associarem a matriz nuclear, porém esta
associacdo ndo € constitutiva, sendo recrutada tardiamente na fase G1 e perdida
durante a fase S (Fig. 2C) (55-57). Contudo, é possivel imaginar que o agrupamento
das origens de replicacédo permitiria uma grande economia de energia, uma vez que
a alta concentracao dos diversos fatores recrutados pela maquinaria de replicagao
num mesmo espaco possibilitaria um processamento mais eficiente (58).

Além da dindmica dos loops, as MARs guando existem dentro de um gene,
podem levar ao silenciamento deste. O mesmo ndo acontece nas SARs, pois
guando ocorrem montante a algum gene estimulam a sua expressdo (59). As
S/MARs estdo associadas a regides pobres em genes e regulam a expressao do
conjunto de genes especificos para um determinado tipo celular, incluindo mudancas
no fenaotipo (60).

Ao contrario dos loops de DNA, as S/IMARs sdo em geral regides resistentes
a digestdo por DNase | devido a forte associagdo com a MN (61,62), ainda, podem
ser herdadas por imprinting paterno e sao especificas para cada tecido (63). As
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S/MARs também podem ser utilizadas em vetores epissomais para a restauragcéo de
um gene inativado para o estado selvagem (64).

Figura 2 - Possiveis interacdes entre a replicacdo do DNA e a MN

Legenda:
= DNA & S/MAR Potencial ® Origem Potencial _ = Magquinaria de
Fase - G1/S & S/MAR #  Origem o Replicacdo

Legenda: (A) O DNA é periodicamente fixado a matriz nuclear nas S/MARs formando loops
intercalados. (B) Modelo refinado ilustrando a varia¢c@o no tamanho dos loops incluindo as
S/MARs utilizadas e potenciais. (C) Modelo mostrando a fixagdo a matriz nuclear através
de S/MARs nédo associadas a origem de replicagdo e o recrutamento de regides de origem
de replicagdo concomitantes as S/IMARs na fase G1/S do ciclo celular com impacto no
tamanho do loop. (D) Representacdo dos loops de cromatina mostrando as regides de
origem de replicacdo associadas a maquinaria de replicacdo, sem a representacao da MN.
A estrutura de loops de DNA unidos a MN é chamada de halo.

Fonte: Adaptado de Coverley & Wilson, 2013 (65).

Diversas proteinas podem se ligar as S/IMARs, sendo que algumas delas
fazem parte da MN, como as laminas, matrinas, topoisomerases Il e outras

relacionadas a um tipo celular, a uma sinalizacdo celular especifica, no
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desenvolvimento do cancer e inativagdo do cromossomo X, como a hnRNP-U/SAF-
A, SATB1, SMAR1 e PARP-1 (66,67).

1.2 Modificagdes epigenéticas

A cromatina em seus diferentes niveis de organizacdo, desde a simples
molécula de DNA aos complexos loops de DNA e sitios de fixacdo a matriz nuclear,
pode sofrer uma série de modificacdes sem que haja alteragbes na sequéncia de
DNA, e estas modificacdes sdo denominadas epigenéticas.

A epigenética foi primeiramente descrita em 1942, como o ramo da biologia
que estuda a interacdo causal entre 0s genes e seus produtos, responsaveis pela
formacéo do fendtipo. Entretanto, em 2008, devido as novas descobertas, ela foi
redefinida como o estudo dos fenétipos estaveis herdaveis resultantes de mudancas
cromossOmicas, mas sem quaisquer alteracdes na seqiiéncia de DNA (68,69).

Dentre as modificacBes epigenéticas mais importantes, podemos destacar a
acetilacdo e a metilacdo que ocorrem nas lisinas dos dominios N-terminais das
histonas, e a metilacdo no DNA. Estas diferentes modificacdes podem influenciar
drasticamente no balanceamento entre a eucromatina e heterocromatina, e também
podem estar associadas as regides promotoras e acentuassomos, conforme mostra
a Figura 3.

A acetilagcdo nas histonas é um processo reversivel, esta fortemente
associada a transcricdo, replicagdo, reparo do DNA (70-73) e o processo de
acetilacdo nas lisinas das histonas é ordenado. Dentre muitos, podemos destacar o
processo de acetilacdo que ocorre na histona H4 em mamiferos, pois este comeca
na lisina 16, depois segue uma ordem progressiva acetilando a lisina 8 ou 12, e por
fim a lisina 5. Além do mais, a histona H4 é acetilada no citoplasma e depois é
incorporada junto a cromatina no nucleo (74-77).

A acetilacdo e desacetilacdo das histonas € catalisada pelas histonas acetil-
transferases (HATS) e histonas desacetilases (HDACS), respectivamente. Dentre as

diversas HATs, a HAT1 (KAT1) é a mais importante para a acetilagdo da histona H4
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Figura 3. Modelo de estrutura do epigenoma em células humanas normais
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Este diagrama mostra o estado balanceado da cromatina, o posicionamento dos

nucleossomos e a metilagdo no DNA, que mantém o estado normal de empacotamento do
DNA. Um gene silenciado (indicado por um X vermelho sobre o inicio do sitio de
transcricdo designado por uma seta) no topo da figura, tem a ilha CpG na regido
promotora ocupada por um complexo, denominado Polycomb Group (PcG), indicado na
area sombreada vermelha, associado a trimetilagdo na lisina 27 da histona H3
(H3K27me3), marcador de heterocromatina facultativa. Ndo existe metilacdo na lha CpG
na regido promotora do gene (mostrado pelas bolas azul-claros) e os nucleossomos estéo
posicionados no inicio dos sitios de transcricdo. Sitios montantes ao promotor sdo
intensamente metilados (mostrado pelas bolas vermelhas). O promotor do gene ilustrado
abaixo do gene silenciado possui um estado transcricional totalmente ativo e possui o
marcador de cromatina ativa H3K4me3. O mesmo acontece com a acetilagdo das lisinas
das histonas H3, H4 e o marcador H3K36me3 no corpo do gene para facilitar alongamento
transcricional. A regido de inicio do sitio de transcricdo (indicado por uma seta) nao é
ocupado por nucleossomos. Mais abaixo, um acentuassomo distal € mostrado para o
mesmo gene ativo, com uma configuracdo nucleossdémica caracteristica de ativagao
transcricional e um marcador tipico de acentuassomo, o H3K4mel, estda presente.
Finalmente, na parte inferior da figura, o empacotamento da maior parte do DNA celular
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numa configuracdo de cromatina inativa, com 0s nucleossomos compactados, presenca
dos marcadores de heterocromatina constitutiva H3k9me2, H3K9me3, presenca da
proteina da heterocromatina 1 (HP1 ou CBX5) e extensa metilacdo no DNA.

Fonte: Adaptado de Baylin & Jones, 2011 (78).

e a acetilacdo ocorre através da transferéncia do grupo acetil do cofator acetil-
Coenzima A para as lisinas 5 e 12 da histona H4 (79-81).

Diferente da acetilacdo, a metilagcdo nas histonas pode estar relacionada tanto
a ativacdo quanto a repressdo da transcricdo, conforme mostra a Figura 3. A
metilacdo ocorre através da transferéncia do radical metil da S-adenosil-L-metionina
(SAM), tanto nas histonas como no DNA e é mediada por histonas metil-transferases
(HMTs) e DNA-metil-transferases (DNMTS).

De modo semelhante a metilacdo, a desmetilacdo nas histonas é mediada por
histonas demetilases (HDMSs), entretanto no DNA, € um processo mais complexo e
ainda em estudo, mas ja se sabe que é mediado por dois fatores, TET1 (tet metil-
citosina digoxigenase 1) e TDG (timina DNA-glicosidade) (82).

Nas histonas de mamiferos, a metilacdo ocorre em todos os residuos basicos
das histonas (argininas, lisinas e histidinas), sendo que somente os residuos de
lisina das histonas podem ser monometilados (mel) ou dimetilados (me2) ou
trimetilados (me3) (83).

A trimetilacdo é uma das modificacbes mais estudadas e podemos destacar
as 3 mais importantes, que sao, a trimetilacdo na lisina 4 da histona H3 (H3K4me3),
a trimetilacéo na lisina 27 da histona H3 (H3K27me3) e a trimetilacdo na lisina 9 da
histona H3 (H3K9me3). Estes diferentes marcadores epigenéticos executam papéis
cruciais no processo de manutencado da pluripoténcia, diferenciacdo de células
tronco embrionarias em células maduras (84) e equilibrio da
eucromatina/heterocromatina (85).

A modificagdo H3K4me3, associada a ativacdo génica, e a modificacao
H3K27me3, associada a repressdo génica, catalisadas pelo grupo trithorax (TrxG) e
pelo grupo polycomb (PcG), respectivamente, sdo marcadores epigenéticos
essenciais para o desenvolvimento celular (84,86,87).

Regibes promotoras, ricas em ilhas CpGs, de genes fortemente relacionados
ao desenvolvimento em células tronco embrionarias em humanos e camundongos,
apresentam um grande enriquecimento de ambos os marcadores H3K4me3 e
H3K27me3, fazendo com que o dominio destes genes sejam denominados dominios
bivalentes (84,86,87).
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Os genes localizados nestes dominios estdo de maneira geral silenciados em
células pluripotentes, porém ao longo da diferenciacdo celular, este dominio passa a
ser monovalente, contendo somente um dos marcadores. Esta mudanca pode
resultar na ativacao (enriquecimento do promotor com H3K4me3) ou na manutencao
do silenciamento do gene (enriquecimento do promotor com H3K27me3) de forma
especifica para cada linhagem celular e também permite uma maior plasticidade nas
células tronco (84,86,87).

A modificacdo H3K9me3 estd associada a formacdo da heterocromatina
constitutiva, principalmente pericentromeérica, o que a torna um excelente marcador
de cromatina inativa ou silenciada (85). A presenca da trimetilagdo na lisina 9 da
histona H3 permite uma forte interacdo com a proteina da heterocromatina 1 (HP1),
gue vai participar na manutencdo da heterocromatina (88), conforme a ilustracédo na
Figura 3.

Para a formac¢ao do marcador H3K9me3, primeiramente a histona H3 sofre a
modificacdo H3K9mel no citoplasma, através da acdo das HMTs, Prdm3 e Prdm16.
Esta histona pré-metilada é depois incorporada na cromatina através de regifes
satélites no genoma, previamente ligadas aos fatores de transcricdo Pax3 e Pax9, e
sofre a conversdo para H3K9me3 através da acdo da HMT, SUV39H1 (KMT1A).
Somente ap0s o estabelecimento deste marcador na heterocromatina ocorre a
ligacdo da proteina HP1 (89).

Diferentemente das histonas, a metilacdo e desmetilacdo do DNA néo é tao
dindmica. A metilagcdo no DNA ocorre principalmente no carbono 5 de uma citosina
(formando a 5-metil-Citosina; 5mC), levando a formacdo de uma ligacdo carbono-
carbono (C-C) que necessitarAd de uma grande quantidade de energia para sua
quebra. Portanto, isto faz com que a desmetilagdo no DNA, ao contrario das
histonas, seja um processo de maior complexidade (82).

A maior parte dos estudos tém focado na ocorréncia de 5mC em sitios de
DNA ricos em CpGs (dinucleotideos citosina e guanina), chamadas ilhas CpGs
(ICGSs). Estes sitios estdo em mais da metade dos genes, localizados principalmente
em regides promotoras, ausente de nucleossomos, perto do inicio do sitio
transcricional (TSS) em vertebrados e possuem aproximadamente 1 kb (90).

A metilagdo em ICGs em regifes promotoras esta associada ao silenciamento
génico, principalmente quando estes estdo localizados em regibes de

heterocromatina, enriquecidas com o marcador H3K9me3 (Figura 3), onde existe um
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estado repressivo de longo prazo, como o cromossomo X inativo e regides de
imprinting (90).

Também podemos destacar a presenca da 5mC em ICGs nos promotores de
genes gue estdo silenciados somente em células somaticas, e de genes inativos em
tecidos especificos (90).

A ocorréncia da 5mC em sitios pobres em CpGs, como dentro de alguns
genes, ocorre em uma forma tecido-especifica e ndo esta associada a repressao da
transcricdo (91,92). Entretanto, a presenca da 5mC é crucial para o silenciamento
dos elementos de transposic¢éo (93).

A formacdo da 5mC no DNA é catalisada por 3 DNMTs: DNMT1, DNMT3a e
DNMT3b. A DNMT1 é responsavel por metilar as novas fitas de DNA sintetizadas,
copiando o padrdo de metilacdo da fita molde, possui uma preferéncia por DNAs
hemi-metilados como substrato e por isso ela tem a funcdo de manter o padréo de
metilacdo no DNA, gerado apds a implantacdo do embrido, ao longo da divisao
celular (94,95)

A DNMT3a e DNMT3b, sdo responsaveis pela metilacdo denominada de
novo, restaurando o padrdo inicial de metilacdo do inicio do desenvolvimento
embrionario e diferentemente da DNMT1, ndo possuem preferéncia por DNAs hemi-
metilados como substrato (95,96).

Além das duas enzimas DNMT3a/b, existe uma variante denominada
DNMT3-like (DNMT3L), que forma os sub-complexos heterodiméricos
DNMT3a:DNMT3L ou DNMT3b:DNMT3L, aumentando a afinidade pela SAM e uma
maior atividade catalitica (97-99).

A acéo de novo da DNMT3a:DNMT3L e DNMT3b:DNMT3L, em ICGs perto
dos TSS e ausentes de nucleossomos, pode ser reprimida pela presenca da
modificacdo H3K4me3 (associada a regifes de cromatina ativa) nos nucleossomos
flanqueadores (100). Isto pode corroborar a auséncia de metilacdo nestas regioes e
manutencado da expressao génica, conforme mostra a Figura 3.

A presenca da hipermetilacdo e inibicAo da transcricdo génica na
heterocromatina em regides satélites € realizada atravées da acdo da
DNMT3b:DNMT3L e interacdo desta com a HP1 e SUV39H1, responsavel pela
modificacdo H3K9me3 (101,102). Um outro estudo corroborou a interacdo da
DNMT3b:DNMT3L com a SUV39H1 e HP1, e mostrou que a DNMT3a:DNMT3L e a

DNMT1 também interagem com as mesmas (101).
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A presenca da metilagdo no DNA, estimula a interagdo do DNA metilado com
proteinas denominadas MBDs (Methyl Binding Domains). Estas proteinas recrutam
HDACs que vao desacetilar as histonas, tornando-as permissiveis a acdo de HMTs
(103,104). Como exemplo, Hashimshony et al. em 2003, descreveram a presenca da
metilacdo no DNA em regibes com baixo enriqguecimento de H4Ac e um alto
enriquecimento de H3K9me3 (105).

N&o obstante as muitas interacdes entre as modificacdes epigenéticas no
DNA e nas histonas, ainda existe a atuacao sinérgica dos sitios de fixacdo a matriz
nuclear, essenciais nas alteracées da cromatina. Estas alteractes tém sido cada vez

mais estudadas e associadas principalmente ao desenvolvimento do cancer.

1.3 Estado da cromatina e modificagdes epigenéticas no cancer

Dentre as inUmeras mudancas drasticas que ocorrem no nucleo de uma
célula cancerosa, a deformacdo na distribuicdo da heterocromatina periférica,
incluindo a formacao de agregados no centro/pericentro nuclear e perda global da
compactacdo, tem sido destacada através de microscopia, e associada a
carcinomas de alta malignidade e prognéstico ruim (106,107).

Como ja mencionado anteriormente, a heterocromatina pode ser classificada
em constitutiva e facultativa, sendo que cada tipo de heterocromatina é definida
pelas modificagbes H3K9me3 e H3K27me3, respectivamente. Estas modificacdes
podem apresentar diferentes perfis de expressao global, nos diferentes tipos de
cancer e também nos prognésticos.

A alta expressdo global da modificagdo H3K9me3, tem sido associada ao
adenocarcinoma gastrico e baixa sobrevivéncia. Entretanto, a baixa expressao
global da modificagdo H3K27me3, tem sido associada ao cancer de mama, cancer
pancreatico e cancer de ovario, também com baixa sobrevivéncia (83).

Os diferentes perfis de expressdo das histonas € mediado principalmente
pelas HMTs. Sabe-se que a desregulacdo das HMTs tém sido associada a diversos
tipos de doencas, e de aproxidamente 50 lisina e arginina metil-transferases
codificadas pelo genoma humano, pelo menos 22 tém sido associadas com o cancer

e outras doencas (108).
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A HMT SUV39HL1 é responséavel pela manutencédo da heterocromatina e atua
na estabilidade genbémica, porém quando ocorrem danos no DNA em células
cancerosas, sua atividade pode ser comprometida, resultando na perda de suas
funcdes (109). Esta HMT interage fisicamente com as HDACs 1, 2 e 3, em células
de osteosarcoma, sugerindo que a repressao da transcricdo pode ser consequéncia
da interacdo com as HDACs (110).

Ao nivel de RNAm, a expressao da SUV39H1 esta associada a da DNMT1 no
cancer colorretal (111) e a comprovacdo de que a proteina SUV39H1 interage
fisicamente com as DNMTs 1, 3a e 3b, foi realizada em células cancerosas da
linhagem HelLa (101). Estes estudos mostraram que existe uma cooperagao entre a
metilacdo no DNA e na histona H3 para a formacé&o da cromatina repressiva.

A expressdo do marcador H3K9me3 esta mais elevada na maior parte dos
canceres em comparacgdo as células normais e em fibroblastos normais que foram
induzidos a senescéncia através do oncogene mutante H-Rasvl12. Entretanto, o
tratamento dos mesmos fibroblastos com o inibidor de HDAC, &cico valproico,
resulta em grandes perdas dos dominios de heterocromatina e menor expressao do
marcador H3K9me3 (112).

Além da HMT SUV39H1, outra importante enzima catalisadora de
modificagdes nas histonas e relacionada ao cancer € a HATL1. A alta expresséo de
HAT1 esta associada a linfomas malignos (113), porém a baixa expressao ja foi
verificada em algumas linhagens de cancer, principalmente em carcinomas
mamarios, concomitante aos baixos nives de H4Ac (114). Além do mais, a
acetilacdo na histona H4 esta relacionada ao sistema de resposta a danos no DNA e
a perda desta acetilacdo no cancer, pode levar ao mal funcionamento deste sistema
(115).

As modificacbes epigenéticas nas histonas estdo associadas ao
desenvolvimento do cancer assim como a metilacdo no DNA. Tanto a hipometilacao
global genémica, quanto a hipermetilacdo na regido promotora de alguns genes, vao
atuar sinergicamente no desenvolvimento do céancer e também na manutencdo do
estado tumoral.

A hipometilacdo global gendmica, esta fortemente associada a reestruturagao
da cromatina e desorganizacdo do ndcleo em células cancerosas, levando a

instabilidades cromossdmicas. Ja a hipermetilacdo em regides promotoras,
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principalmente de gene supressores de tumor, pode levar a repressao da transcricdo
em células cancerosas (116).

A hipermetilacdo local no cancer, ocorre principalmente em ICGs, e pode
resultar numa maior incidéncia de desaminacdo da 5mC em timina e da transicao de
CpG para TpG. Esta mutacéo € detectada em regiées promotoras de alguns genes
supressores de tumor (117-119).

Em 2011, Daniel et al., listaram 10 genes supressores de tumor (p15, pl6,
RASSF1, MLH1, MGMT, FHIT, DAP-K, APC, Caderina e RAR) que sofrem
hipermetilagdo na regido promotora nos carcinomas, de cavidade oral, hepéticos,
salivares, de cabeca e pescoco, colorretais, renais, de pulméao, nasofaringeais, de
bexiga e pancreaticos (120).

Os efeitos da hipometilacao global genémica observada em diversos tipos de
cancer ainda nao foram totalmente compreendidos. Alguns autores sugeriram que a
hipometilagdo pode induzir a re-expressdo de genes antes silenciados, como 0s
oncogenes. Genes reativados pela hipometilagdo global incluem: genes imprintados,
genes localizados no cromossomo X inativo, retrovirus endoégenos, elementos de
transposicdo e genes relacionados a resisténcia as drogas (121-123).

As enzimas catalisadoras da metilacdo no DNA, DNMT1 e DNMTs 3a/3b,
possuem funcbes de manutencdo e metilacdo de novo em células normais,
respectivamente, entretanto na carcinogénese, ambas podem assumir as duas
funcdes (124). Estas DNMTs apresentam elevados niveis de expressdo, tanto a
nivel de RNAm quanto a nivel de proteina, na grande maioria dos tecidos e
linhagens celulares tumorais (120).

As alteracbes na cromatina associadas ao céancer, também ocorrem nas
S/MARSs, loops de DNA e na expressao das proteinas associadas a estas regides.
Como exemplo, a alta expresséo das proteinas associadas a matriz nuclear PARP,
Ku, HMGBs (1/Y), NMP e SAF-A/B é observada na transformag&o maligna e marca a
transformacao do fenétipo cancerigeno avancado para metastase (66).

Ao longo da progressao tumoral acompanhada da diminuicdo da
diferenciacdo celular, os loops de cromatina também podem sofrer um intenso
alongamento junto a diminuigdo dos sitios de fixagdo a matriz (125), conforme

mostra a Figura 4.
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Figura 4 - O organizacao dos loops de DNA nas células de cancer de préstata LNCa

e PPC3
Desdiferenciagao
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Células mais diferenciadas (LNCaP) Células menos diferenciadas (PC3)
Baixa agressividade Alta agressividade

Legenda: Modelo esquematico da inter-relacé@o entre os loops de DNA e a matriz nuclear
(NM) na desdiferenciacdo de células de céncer de prostata. Nas células mais
diferenciadas (LNCaP) a NM estd mais bem organizada com muitas proteinas (em
colorido) se ligando as MARs. Nas células PC3, onde desaparecem algumas
regularidades estruturais da NM, um pequeno nimero de proteinas esta ancorado a NM,
resultando em loops mais largos.

Fonte: Adaptado de Barboro et al. 2012 (125).

Conforme mostrado anteriormente, todos os tipos de cancer estdo associados
a drasticas alteracbes na cromatina e na matriz nuclear. Entretanto, vale a pena
ressaltar a importancia destas associagdes especificamente com o cancer de mama,

pois é um dos mais estudados e o segundo tipo mais frequiente no mundo (126).

1.3.1 Estado da cromatina e modificacdes epigenéticas no cancer de mama

A hipometilacdo global genémica pode estar associada ao concomitante
maior enriquecimento no genoma dos marcadores de heterocromatina H3K9me3 e
H3K27me3 no carcinoma ductal infiltrante, grau Ill, formando um complexo
epigenoma caracteristico de carcinomas mamarios (127).

Esteller e Stefansson em 2013, listaram 10 genes que sofrem hipermetilagéo
na ICG no promotor, BRCA1, CDH1, RARB2, CDKN2A, PTEN, RASSF1, RUNX3,
ESR1, PITX2 e GSTP1, no cancer de mama (128). Outros grupos identificaram
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perfis distintos de metilagdo no DNA associados com diferentes tipos de cancer,
diferente tecidos e subtipos de carcinomas mamarios (129,130).

A presenca do fenotipo de hipermetilacgdo no DNA em ICGs no cancer de
mama, denominado B-CIMP (Breast CpG Island Methylator Phenotype), esta
fortemente associada ao baixo risco de metastase e sobrevivéncia, enquanto a
auséncia do B-CIMP, esté associada ao elevado risco de metastase e morte (131).

Os carcinomas mamarios do subtipo luminal B, que apresentam os receptores
de estrogénio, progesterona e HER-2 (Human Epidermal Growth Factor Receptor 2)
positivos (RE +, RP + e HER-2 +) apresentam o fenétipo de hipermetilacdo no DNA,
enquanto os carcinomas do subtipo basal, também denominado triplo negativo (RE -
, RP -, HER-2 -), apresentam uma hipometilacdo no DNA (132). Os subtipos
moleculares no cancer de mama serdo mais bem discutidos adiante.

Concomitante a hipometilacdo global no DNA, algumas modificacdes
epigenéticas nas histonas, como a hipoacetilacdo global na histona H4 tem sido
observada na maior parte dos tumores de mamarios. Esta hipoacetilagdo também
tem sido fortemente associada a progressao tumoral maméaria, desde o tecido
normal, passando pelo carcinoma ductal in-situ, até o carcinoma invasivo (133). Em
contrapartida, os altos niveis de acetilacdo e metilacdo globais nas histonas H4 e
H3, estdo associados com um diagnoéstico favoravel e ocorrem quase
exclusivamente nos carcinomas do subtipo basal (134).

Estudos associando a expressdao do marcador de heterocromatina H3K9me3
e da HMT SUV39H1 em carcinomas mamarios ainda sdo muito escassos.
Entretanto, sabe-se que tumores mamarios invasivos apresentam um baixo
enriguecimento de H3K9me3 na heterocromatina pericentromérica no cromossomo
5, acarretando no aumento de instabilidades cromossémicas, quando comparados
ao tecido normal mamario adjacente (135).

A perda da heterocromatina no cromossomo X, manifestada principalmente
pela perda do corpusculo de barr, é frequentemente detectada no cancer de mama e
estd associada a baixa sobrevida (136,137). A perda da heterocromatina é também
observada na periferia nuclear de células provenientes de tecido normal mamario,
quando comparadas as células tumorais (106).

Ao longo da progressdo tumoral mamaria, as proteinas da MN se ligam
diferentemente ao DNA e s&o expressas de forma altamente heterogénea de acordo

com cada estagio de progressao tumoral (138). Diversas proteinas associadas a
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cromatina que reconhecem especificamente as regides em que ocorrem O
despareamento de bases, denominadas BURs, apresentam elevados niveis de
expressao no cancer de mama maligno (139).

Dentre as proteinas que se ligam as MARs, podemos destacar a pll4 que
apresenta elevados niveis de expressdo e ancoragem as MARs exclusivamente em
carcinomas mamarios malignos (140), e a SATB1, também muito expressa em
carcinomas mamarios malignos, onde atua no remodelamento dos loops de
cromatina e reprogramacao da expressdo génica associada ao estado tumoral
mamario agressivo (141). Além do mais, a expressdo elevada de ambas as
proteinas podem ser indicadores apropriados para um prognaostico ruim.

Apesar dos inumeros estudos realizados associando as MARs com o0s
diferentes tipos de céancer, conforme mostrado anteriormente, estudos com o
mapeamento das MARs e sua associagdo com o céancer de mama ainda s&o
insuficientes. Em 2011, em estudo realizado pelo nosso grupo, foi mostrado que
existem MARs exclusivas de células normais mamarias que podem favorecer o
ancoramento de fatores transcricionais, levando ao aumento da expressao de genes
flanqueadores localizados nos loops de cromatina (Artigo 1;142)

Contudo, estudos associando as diferentes interagdes entre as modificacdes
epigenéticas e os sitios de fixacdo a matriz nuclear no desenvolvimento do cancer
de mama, ainda sdo raros, ratificando a importancia de mais estudos para a

elucidacao do processo de progressao tumoral e metastase.
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2 O CANCER DE MAMA E O GENE SUPRESSOR DE TUMOR TP53

O cancer de mama € o tipo de cancer que mais acomete as mulheres no
mundo todo. No Brasil, foram estimados para o ano de 2012 mais de 52 mil novos
casos (126). Conforme mencionado anteriormente, o cancer de mama pode ser
classificado em diversos subtipos moleculares de acordo com a expressao dos
receptores de estrogénio, progesterona e do oncogene HER-2. Estas classificacdes
também devem ser levadas em consideracdo na utilizacdo de linhagens celulares
provenientes de tecido mamario, e elas sdo: Luminal A (RE+/RP+/HER-2-), luminal
B (RE+/RP+/HER-2+), subtipo HER-2 (RE-/RP-/HER-2+) e basal ou triplo negativo
(RE-/RP-/HER-2-) (143).

Existem diversos fatores de risco associados ao desenvolvimento do cancer
de mama, como por exemplo, aqueles relacionados a vida reprodutiva da mulher e a
alta densidade do tecido maméario (144). Entretanto, dentre todos os fatores
associados ao desenvolvimento de céncer de mama, devemos ressaltar a
importancia das alteracdes no gene supressor de tumor TP53.

A presenca de mutacdo no gene TP53, é a caracteristica mais comum nos
diversos tipos de cancer (145) e no cancer de mama, esta mutacdo ocorre em
aproximadamente 30-40% dos casos (146—148). A presenca destas mutacdes pode
inibir algumas das funcbes crucias exercidas pelo produto do gene TP53,
favorecendo o desenvolvimento do céancer, tais como, regulagcdo da apoptose,
parada do ciclo celular, senescéncia, sensor de danos no DNA, resposta imune e
estabilidade genémica (149,150).

Apesar de tudo o que j4 se sabe sobre o papel das diferentes mutagdes no
gene TP53 e, suas conseqUéncias na proteina P53 no organismo, é ainda
importante ressaltar que o gene TP53 possui 19.200 pb, contém 11 exons e
apresenta dois promotores, P1 e P2, que permitem a sintese de 9 isoformas de
RNAmM e 12 isoformas de proteinas (151,152).

Contudo, ainda pouco se sabe sobre a regulacdo da transcricdo do gene
TP53 e sua relagdo com a organizacao da cromatina e as modificacdes epigenéticas

em seu dominio génico.
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3 OBJETIVOS

Para compreender melhor a organizacdo da cromatina, através das MARs e
das principais modificagcbes epigenéticas no genoma e nas histonas, e suas
implicacdes na transcricdo do gene TP53 nos diferentes niveis de progressédo do

cancer de mama, foram designados 0s seguintes objetivos especificos:

(a) Mapear os possiveis sitios de fixacdo a matriz nuclear (MARS), na regido
de dominio do gene TP53, em linhagens provenientes de tecidos
mamarios normais e tumorais.

(b) Verificar a expressdo do gene TP53 e dos genes flanqueadores nas
mesmas linhagens;

(c) Analisar o estado da cromatina nas MARs, através dos marcadores H4Ac
(cromatina aberta) e H3K9me3 (cromatina fechada), incluindo a regiéo
promotora P1 do gene TP53, e a especificidade e intensidade da ligacéo
de complexos protéicos nas MARs, nas mesmas linhagens.

(d) Verificar o estado da metilacdo global gendmica, expressédo global e
distribuicdo nuclear, dos principais marcadores epigenéticos de histonas,
H4Ac, H3K9me3 e H3K27me3, no desenvolvimento tumoral, através do
modelo celular de progressdo tumoral mamaria, contendo 4 linhagens
provenientes do mesmo paciente, denominado série 21T (H16N2, 21PT,
21INT e 21MT1);

(e) Verificar a expressdo dos genes responsaveis pela modificacdes
epigenéticas, citadas acima, no DNA e nas histonas na série 21T;

(f) Verificar a expressao do importante gene supressor de tumor TP53 e o
enriqguecimento com os marcadores H4Ac e H3K9me3 em sua regido

promotora P1 na série 21T.
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4 METODOLOGIA

Nesta secdo, optamos somente por descrever as linhagens celulares
utilizadas em nosso trabalho. Entretanto, as metodologias empregadas nos demais
experimentos realizados estdo descritas detalhadamente nos Artigos I, 1l e Il

Para o estudo das MARs foram utilizadas as linhagens mamarias normais
MCF-10A e HB2, e as linhagens tumorais mamarias BT474, T47D, MCF7 e MDA-
MB-231, doadas gentiimente pelo Dr. David Cappellen. Para o estudo das
modificagbes epigenéticas na progressdo tumoral mamaria, foram utilizadas as
linhagens da série de progressdo tumoral 21T. A tabela 1, mostra as principais
caracteristicas de todas as linhagens utilizadas, incluindo as mutacdes descritas no
importante gene supressor de tumor TP53.

A série 21T € um conjunto de 5 linhagens (H16N2, 21PT, 21INT, 21MT1 e
21MT2) derivadas e estabelecidas a partir do mesmo paciente em diferentes
estagios de progressdo tumoral mamaria. A H16N2 é proveniente de tecido normal
mamario adjacente ao tumor, a 21PT € proveniente de um carcinoma infiltrante, a
21NT é proveniente de carcinoma intraductal ou Ductal In-Situ (CDIS) e as linhagens
21MT1 e 21MT2 sédo provenientes de uma efusao pleural, estabelecida um ano ap6s
a mastectomia que originou as linhagens 21PT e 21NT, sendo as Unicas linhagens
gue possuem potencial metastatico (153,154).

As células da série 21T mimetizam o0s estagios especificos da progressao
tumoral mamaria quando séo injetadas e crescem na camada adiposa mamaria de
camundongos nus: 21PT- Hiperplasia Ductal Atipica (HDA), 21NT- CDIS e 21MT1-
Carcinoma Metastatico Invasivo (CMI). Além disto, as linhagens expressam as
citoqueratinas 8, 18 e 19, assim como a proteina HMFG-2, identificando-as como
pertencentes ao tecido epitelial de origem mamaria (154,155).

A linhagem H16N2 foi gentilmente cedida pela Dr® Vimla Band (Departamento
de Genética, Biologia Celular e Anatomia, Instituto Médico da Universidade de
Nebraska) e as demais linhagens 21PT, 21NT, 21MT1 e 21MT2, foram cedidas pelo
Dr. Pierre Hainaut (Agéncia Internacional de Pesquisa e Prevengdo ao Cancer-
IARC, Lyon, Franca).
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Vale a pena ressaltar que todas as linhagens da série 21T foram submetidas
a teste de genotipagem no laboratorio do Prof. Dr. Franklin Rumjanek no Instituto de
Bioquimica Médica da UFRJ.

Tabela 1 - Caracteristicas das linhagens celulares utilizadas neste trabalho
(145,152-154 e ATCC®)

Subtipo de
Linhagem carcinoma Estado do
celular RE' RP? mamario Origem TP53
Tecido normal mamério de
MCF-10A - - paciente com doenca fibrocistica Selvagem

e imortalizada espontaneamente
Linhagem obtida através de
subclonagem e imortalizacao,
com virus SV-40, da linhagem

HB2 i i MTSV-1.7, proveniente de células Selvagem
do ducto normal mamario, a partir
do leite (157,158)
BT474 ) *) Carcm(_)ma Ductal Ducto glandular mamario c.853G>A
Infiltrante

T47D GO G Carcllrr]\fci}:psniuctal Sitio metastatico/Efuséo pleural ¢.580C>T
MCF7 (+) (#) Adenocarcinoma Sitio metastatico/Efuséo pleural Selvagem
MDA-MB-231  (-) ()  Adenocarcinoma Sitio metastatico/Efuséo pleural €.839G>A
HelLa - Adenocarcinoma Cervix Selvagem

Linhagem obtida através de
H16N2 i i transfecgao com HPV—16_ E6/E7 Selvagem
em uma linhagem proveniente de

tecido normal (159)

21PT ) ) HDA® Carcinoma intraductal €.96_97insl
21INT ) ) CcDIS® Carcinoma infiltrante €.96_97insl
21MT1 ) ) V1K Sitio metastatico/Efusao pleural €.96 97insl
21MT2 () () CMI® Sitio metastatico/Efusao pleural €.96 97insl

Legenda: 1-Receptor de estrogénio;2-Receptor de progesterona;3-Subtipos de carcinomas mamarios
mimetizados pela série 21T quando crescem em camundongos nudes.
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5 RESULTADOS

Os resultados obtidos estdo compreendidos em 3 artigos, compondo cada um
uma secao secundaria, conforme serd mostrado posteriormente. O primeiro artigo
publicado em 2011 na revista Journal of Cellular Biochemistry, intitulado “Loop
domain organization of the p53 locus in normal and breast cancer cells correlates
with the transcriptional status of the TP53 and the neighboring genes”, descreve os
sitios de fixacdo a matriz nuclear na regido de dominio do gene TP53 e sua possivel
influéncia, tanto na regulacdo da expressao do gene TP53 como nos seus genes
flanqueadores, em linhagens celulares de cancer de mama.

O segundo artigo, ainda ndo publicado (ainda em processo de escrita), e
intitulado “MARs and TP53 gene domain in breast cells”, descreve o estado da
cromatina nos sitios de fixacdo a matriz nuclear, descritos no primeiro artigo. Além
disto, este artigo também mostra a ligacdo de complexos de proteinas, de forma
altamente especifica, no sitio de fixacdo a matriz nuclear, detectado somente nas
linhagens normais MCF-10A e HB2, no Artigo |.

O terceiro artigo, encontra-se em analise na revista Molecular Cancer, sob o
namero: 1497872969115980, e ¢ intitulado “Epigenetic modifications and chromatin
distribution in breast cancer progression”, descreve importantes modificagcoes
epigenéticas no modelo de progressdo tumoral denominado de série 21T. Além
disto, descreve a manutencgdo do estado da cromatina na regido promotora do gene
TP53 nesta série de linhagens, e sugere que esta manutencdo pode ser um
importante fator na manutencdo da expressdo génica ao longo da progressao
tumoral mamaria.

Todos os resultados néo inseridos nos artigos, estdo na seg¢ao “Apéndice”.
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5.1 Artigo I: Loop domain organization of the p53 locus in normal and breast
cancer cells correlates with the transcriptional status of the TP53

and the neighboring genes

A proteina P53, apresenta uma papel critico na supressdo de tumor e
integridade do genoma. Apesar do vasto conhecimento sobre o controle da proteina
P53, pouco se sabe sobre a regulacéo transcricional do importante gene supressor
de tumor TP53.

Neste artigo, foi analisada a organizacdo do dominio do gene TP53, utilizando
a técnica de arranjos de DNA em diversas linhagens de cancer de mama e
linhagens controles. Foi detectado que na linhagem controle HB2, o gene TP53 esta
posicionado num dominio de DNA relativamente pequeno, de 50kb, delimitado por
dois sitios de fixacdo a matriz nuclear, MAR2 e MAR3.

Minha participacédo neste artigo, foi a confirmacéo do sitio de fixacdo a matriz
nuclear, MAR2, por PCR em tempo real (qPCR) na linhagem HB2 e na linhagem né&o
cancerosa MCF10A. Ainda, realizei as anadlises in silico, na busca de putativas
MARs, que corroboraram os resultados obtidos pelo arranjo de DNA.

Foi interessante a descoberta de que esta estrutura de dominio de DNA é
radicalmente diferente nas linhagens de carcinoma mamario, MCF-7, T47D, MDA-
MB-231 e BT-474, nos quais o tamanho do dominio € aumentado e a expressao do
gene TP53 € diminuido. Por fim, foi proposto um modelo correlacionando a
organizacdo do dominio do gene TP53 e a transcricdo deste gene com 0S genes

flanqueadores.
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ABSTRACT

P53 is a tumor suppressor protein critical for genome integrity. Although its control at the protein level is well known, the transcriptional

regulation of the TP53 gene is still unclear. We have analyzed the organization of the TP53 gene domain using DNA arrays in several breast

cancer and control cell lines. We have found that in the control breast epithelial cell line, HB2, the TP53 gene is positioned within a relatively

small DNA domain, encompassing 50 kb, delimited by two nuclear matrix attachment sites. Interestingly, this domain structure was found to
be radically different in the studied breast cancer cell lines, MCF7, T47D, MDA-MB-231, and BT474, in which the domain size was increased
and TP53 transcription was decreased. We propose a model in which the organization of the TP53 gene domain correlates with the

transcriptional status of TP53 and neighboring genes. J. Cell. Biochem. 112: 2072-2081, 2011.

2011 Wiley-Liss, Inc.
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S everal levels of DNA compaction exist in the eukaryotic
nucleus. The DNA is packed into nucleosomes, and the
resulting chromatin is further compacted into 30 nm fibers and
chromatin loop domains which are anchored to a proteinaceous
nucleoskeleton, also called nuclear matrix or scaffold [Paulson and
Laemmli, 1977; Hancock and Boulikas, 1982]. Chromatin loop
domain size varies from 20 to 200 kb with many genes and clusters
of functionally related genes being organized into distinct loops
which are attached to the nuclear matrix via the nuclear scaffold or
matrix attachment regions (MARs) [reviewed in Vassetzky et al.,
2000a; Razin et al., 2007]. These in vivo MARs are identified by
analysis of DNA composition of high salt-extracted nuclear matrix

and may include topoisomerase II binding sites [Razin et al., 1991;
Eivazova et al., 2009] as well as other sequence motifs. Changes
observed in the organization of chromatin loop domains may be
involved in the establishment of stable programs of transcription
during development and may contribute to the determination of
stable cell lineages. Rearrangement of DNA loops occurs during
development when the loop size increases in somatic cells
[Buongiorno-Nardelli et al, 1982; Vassetzky et al, 2000a].
Conversely, the average loop size decreases in transformed cells
[Linskens et al., 1987] and in several human cancer cell lines in
which it was found to be smaller than in their non-transformed
counterparts [Oberhammer et al., 1993]. This may reflect a reversal
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in the differentiated state of the normal cells. Hence, a study of the
chromatin loop domain organization may provide important data
on the large-scale mechanisms involved in oncogenic transforma-
tion. The TP53 gene is a well-known tumor suppressor gene, critical
for the maintenance of genome integrity [Vogelstein et al., 2000;
Levine and Oren, 2009]. At the genomic level, the TP53 gene is
located at the 17p13.1 locus and contains 11 exons, spanning 19 kb.
Three promoters have been described and recent data support the
idea that a complex pattern of RNA transcription produces different
p53 isoforms [Bourdon, 2007; Hollstein and Hainaut, 2010].
However, the mechanisms of promoter choice and the functions
of the different isoforms remain to be clarified. Hence, despite all the
accumulated knowledge on TP53 mutations and functions, little is
known about its large-scale chromatin organization and transcrip-
tional control.

Breast cancer is one of the most important types of cancer
affecting women worldwide. Several studies have demonstrated that
p53 alterations are associated with breast cancer development.
Besides, TP53 deleterious mutations as well as losses of hetero-
zygosity (LOH) at the TP53 locus have been shown to be associated
with poor prognosis in breast cancer patients [Simdo et al., 2002;
Olivier et al., 2006; Olivier et al., 2009]. Therefore, mechanisms
which contribute to impair p53 transcription are anticipated to be
involved in breast epithelial cell transformation.

In the present work, we have selected the breast cancer cell lines
MCF7, T47D, MDA-MB-231, and BT474 and the control non-
transformed mammary epithelial cell line HB2 in order to analyze
MARs distribution in a region of 167 kb at 17p13.1, where TP53 and
at least seven other genes are located. Surprisingly, we have found
that in the control mammary epithelial cell line the p53 chromatin
loop domain is smaller than in breast cancer cell lines and that the
size of this domain correlated with the transcriptional status of p53
and neighboring genes.

CELL CULTURES

All the cell lines were obtained from David Cappellen and Nancy
Hynes (Friedrich Miescher Institute for BioMedical Research,
Novartis Research Foundation, Basel, Switzerland). The human
mammary carcinoma cell lines MDA-MB-231, T47D, and the HeLa
cervix carcinoma cell line were cultured in DMEM medium
supplemented with 10% horse serum, 0.5% penicillin/streptomycin,
and 1% glutamine. The human mammary carcinoma cell lines MCF7
and BT474 were cultured in RPMI medium supplemented with 10%
horse serum, 0.5% penicillin/streptomycin, and 1% glutamine. The
control normal epithelial cell lines MCF10A and HB2 were cultured
in DMEM medium supplemented with 10% horse serum, 0.5 pg/ml
hydrocortisone, 10 wg/ml insulin, 0.5% penicillin/streptomycin, and
1% glutamine.

PURIFICATION OF NUCLEI AND NUCLEAR MATRIX

Nuclei were purified from cell cultures grown as described earlier
[Gasser and Vassetzky, 1998]. Nuclear matrices were prepared by
treatment of the isolated nuclei with DNase I followed by extraction
with 2 M NaCl as previously described [Gasser and Vassetzky, 1998].
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Briefly, cells were harvested and washed twice with phosphate
buffered saline (PBS) solution. The pellet was washed twice in 2 ml of
buffer 1 (5mM Tris-HCl pH 7.4, 125pM spermidine, 50 M
spermine, 20mM KCl, 100 .M PMSF in ethanol, 1 mM EDTA pH
8.0, 0.25 M sucrose) by centrifugation at 800g for 5min at 4°C. The
pellet was resuspended in 2 ml buffer 1 supplemented with 0.4%
NP40 and the cells were incubated at 4°C for 30 min, followed by
centrifugation at 1,000g for 5min at 4°C. The pellet was washed
twice in 1 ml buffer 1 by centrifugation at 1,000¢g for 5min at 4°C.
The final pellet was resuspended in 1 ml buffer 2 (10 mM Tris-HCI pH
7.4, 250 pM spermidine, 100 M spermine, 40 mM KCI, 100 uM
PMSF in ethanol, 1mM CaCl,, 10 mM MgCl,) and the recovered
nuclei were digested with 100 pg/ml DNase I for 2h at 4°C. The
nuclear matrix was stabilized with 1 ml of 1 mM CuCl,; for 10 min at
4°C. The nuclear matrix was extracted with the addition of 1ml
buffer 3 (4 M NaCl, 20 mM Tris-HCl pH 8.0, 20 mM EDTA pH 8.0) and
incubation for 20 min at 4°C. The suspension was centrifuged at
2,500¢ for 5 min at 4°C. The pellet was washed twice in buffer 4 (2M
NaCl, 20 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0) by centrifuga-
tion at 2,500¢ for 5 min at 4°C. The final pellet was resuspended in
360 ul TE and 5pl 0.5M EDTA pH 8.0 and digested with 20 pl
proteinase K (0.4 mg/ml) for 1 h at 60°C and at 37°C overnight. The
matrix DNA was extracted with phenol/chloroform followed by
ethanol/sodium acetate precipitation. The DNA was recovered in
200 wl TE and treated with 5 pl RNase (10 mg/ml) for 30 min at 37°C.
Again, the DNA was extracted with phenol/chloroform followed by
ethanol/sodium acetate precipitation and the final matrix-asso-
ciated DNA was recovered in 50 pl TE.

The obtained nuclear matrix-associated DNA was labeled with
digoxygenin (DIG) using DIG-High Prime Kit (Roche Applied
Science, Indianapolis, IN) and used as a probe for hybridization with
the DNA array covering the 167 kb of the 17p13.1 region, including
TP53 and neighboring genes, as shown in Figure 1. Nuclear matrices
obtained from three independent experiments were used for
hybridizations.

DNA ARRAY

The in vivo MAR mapping, using DNA arrays, was carried out as
described elsewhere [loudinkova et al., 2005; Petrov et al., 2006].
The DNA array consisted of 35-45-mer oligonucleotides spaced
approximately 1 kb apart (Supplementary Table 1), covering 167 kb
encompassing the TP53 gene within the 17p13.1 chromosomal
region. They were designed after sequence analysis using the
WebGene software (http://www.itb.cnr.it/webgene/), in order to
avoid repetitive sequences. All oligonucleotides had a similar
melting temperature (Tm). The oligonucleotides were dot-blotted
onto Hybond N+ filters (Amersham/GE Healthcare Europe GmbH,
Orsay, France) and hybridized with the corresponding probes at
40.5°C overnight. The membrane was incubated with the anti-DIG
antibodies (Roche) and revealed using the ECL+ kit (Amersham/GE
Healthcare Europe GmbH). The films were scanned and quantified
using the Image Gauge 4.0 software (Fuji Photo Film Co., Tokyo,
Japan). The experiments were carried out in triplicate. Only the
hybridization signals consistently found in at least three indepen-
dent experiments were considered as in vivo MARs.
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Fig. 1. Mapping of nuclear matrix attachment sites at the TP53 gene locus and neighboring genes by DNA array hybridization. (A) Organization of the genomic locus,
nucleotide counts (in kilobase pairs, kb), position of genes, and transcription orientation (arrows) are indicated. DNA remaining attached to the nuclear matrix was extracted
from cells nuclei and hybridized to a DNA array covering the 167 kb genomic domain at the 17p13.1 chromosomal region. At least eight genes were contained in this region:
FXR2, SAT2, SHBG, ATP1B2, TP53, WRAP53, EFNB3, and DNAH2. (B) Bar graphs represent, for each tested cell line (HB2, MCF7, T47D, MDA-MB-231, BT474, Hela), relative
hybridization signals for each of the 95 probes spanning the 167 kb genomic region, encompassing the TP53 gene. Probe positions (in kb) are indicated below each graph and
hybridization values are expressed, for each cell line, as a percentage of the strongest signal on the array. The results displayed are the mean (+ s.e.m.) from three independent
experiments, each hybridized onto DNA arrays in triplicates. The positions of the principal in vivo nuclear matrix-attachment sites (called MARs), found in that region, are
indicated by large arrows and numbered from 1 (left) to 4 (right), with base counts in kb indicating their positions relatively to position 0 (small arrow), which corresponds to the
major transcription start site (P1) of TP53. The bers of the corresponding oligonucleotide probes are indicated below the positions of each MAR. (C) Representative examples
of DNA array hybridization profiles of nuclear matrix attached DNA. Grids indicate positions of each probe. For each of the tested cell lines, hybridization signals are circled in
red. As a control for array quality and hybridization efficiency, hybridization of total genomic DNA to a similar array shows that all probes give comparable signals. Only the
hybridization signals consistently found in at least three independent experiments were considered as in vivo MARs.
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Fig. 1. (Continued)

QUANTITATIVE PCR AND RT-PCR

Quantitative PCR (qPCR) was carried out in order to validate the
matrix-attached sites for the breast cancer cell lines MDA-MB-231
and BT474, the cervix cancer cell line HeLa, and the control normal
epithelial breast cell lines HB2 and MCF10A. The extracted matrix-
bound DNAs were used as templates to amplify the sequences of the

array-hybridized oligonucleotidic probes as well as the immediately
upstream and downstream regions. For each primer pair, 50 ng of
total genomic DNA was amplified as a positive control. PCR
reactions were performed using the SYBR Green I dye on the ABI
PRISM 7000 Detection System (Applied Biosystems, Foster City, CA)
in a total volume of 25 pl containing 12.5 ul of SYBR Green PCR



master mix (Euromedex, Souffelweyersheim, France), 10.5pl of
sterile H,0, 1.0 pl of 12.5 pM forward and reverse primers mix and
1.0 pl of matrix-attached DNA or total genomic DNA (for primers
sequences, see Supplementary Table 2). All PCR reactions were
performed in duplicate in 96-well optical reaction plates (Applied
Biosystems). Cycling conditions consisted of a single step at 50°C for
2 min, subsequent 10 min polymerase activation at 95°C, followed
by 40 cycles of 95°C for 15s and 60°C for 1 min. To quantify gene
transcription, quantitative RT-PCR (qRT-PCR) was performed. In
brief, total RNA was isolated from cell lines (1 x 10°-2 x 10° cells)
using RNeasy mini spin column kit (Qiagen, Courtaboeuf, France)
and reverse-transcribed with ImProm-II reverse transcription
system (Promega Corporation, Madison, WI). The PCR reaction
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was carried out in the same conditions described above for genomic
and matrix-bound DNA, using two-fold diluted first-strand cDNA as
template (for primers sequences, see Supplementary Table 3). Gene
expression was normalized for RNA concentration with the
endogenous EFla (EEF1Al, eukaryotic translation elongation
factor 1 alpha 1) gene. The relative mRNA expression level was
calculated using the comparative expression level formula as
previously described [Simon, 2003].

IN SILICO ANALYSIS
To detect potential in vivo MARs within the studied DNA sequence,
an Internet tool (MAR-WIZ; http://genomecluster.secs.oakland.edu/
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Fig. 2. Validation of nuclear matrix binding DNA segments for TP53 locus by quantitative PCR. Matrix-bound DNA and total genomic DNA from Hela (cervix carcinoma cell
line), MDA-MB-231 and BT474 (breast carcinoma cell lines) and HB2 and MCF10A (control mammary epithelial cell lines) were independently amplified by real-time

quantitative polymerase chain reaction (qPCR). Primer pairs used were flanki

g the oli

idic probes constituting the TP53 locus array and are numbered accordingly. The

sequences of the array-hybridized probes and the upstream and downstream flanking regions were amplified for each cell line. The region in which the probe 7 is located was
amplified as a negative control for all cell lines. For each genomic position, the amount of nuclear matrix bound DNA was determined relatively to that of total genomic DNA.

Mean ratios + SEM from three independent measurements are shown.



marwiz/) developed by Singh et al., 1997, was used. MAR-WIZ
assesses a list of a variety of sequence patterns with known
properties of MAR sites and a mathematical potential value, the
MAR-Potential, is assigned to a sequence region. The MAR motifs
are characteristic for origins of replication, TG-rich sequences,
curved DNA, kinked DNA, topoisomerase II sites, and AT-rich
sequences. The analysis was run with the default settings. To confirm
the potential MARs, another Internet tool (SMARtest; http://
www.genomatix.de/cgi-bin/smartest_pd/smartest.pl) developed by
Frisch et al. [2002] was used. The SMARtest is based on a density
analysis of S/MAR-associated patterns represented by a weight
matrix library. The analysis was run with the default settings.
Because of the software limitations we could only analyze the first
135,781 base pairs of the 167 kb TP53 domain sequence.

LARGE-SCALE CHROMATIN ORGANIZATION AT THE TP53

GENE LOCUS

Although the TP53 gene has been intensively studied over the past
30 years, surprisingly little is known about its large-scale
organization and transcription control in human cells.

Isolation of nuclear matrix has allowed the identification and
mapping of the DNA regions that structurally define the bases of the
chromatin loop domains, the matrix attachment sites [Mirkovitch
et al., 1984; Gasser and Laemmli, 1986]. Extensive treatment of the
isolated nuclei with DNase I, under the conditions similar to those
used for in vivo footprinting, leads to the digestion of non-protein-
associated DNA. Subsequent extraction of the nuclei in a high-salt
buffer removes histones and other highly soluble proteins with
associated DNA. The remaining nucleoskeleton contains the nuclear
MARSs. The extracted MARs showed to range between 100bp and

MAR Potentlal
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1kb (Supplementary Figure 1). This DNA fraction, called here MAR,
was purified, labeled, and used as a probe to examine the in vivo
chromatin loop organization of the human TP53 gene domain and
surroundings. Formation of loops in DNA is an important feature
which is responsible for gene domains organization. These loops are
delimited by MARs. Therefore, to determine the organization of in
vivo MARs within the 167kb region containing the TP53 and
neighbouring genes, we have employed a DNA array approach
(DNA array technique). Figure 1A shows the map of the studied
genomic region with genes position and transcription orientation.
Figure 1B presents the in vivo MARs mapping of the different cells
lines and in 1C the DNA array hybridization results. As described
elsewhere [loudinkova et al., 2005; Petrov et al., 2006], the sequence
of the genomic domain was previously analysed for the presence of
DNA repeats and the oligonucleotidic probes were designed to
avoid repetitive sequences. We have next shown that total human
DNA hybridizes almost equally to all chosen probes in the studied
genomic region (Fig. 1C), excluding the presence of repetitive
sequences in the array.

The hybridization pattern observed with the nuclear matrix DNA
was quite different among the breast cell lines. As presented in
Figure 1B, we identified four principal in vivo MARs in the 167 kb
analyzed genomic region. They were arbitrarily numbered from 1 to
4 for comprehensive description and the localization in kilobase
pairs (kb) was designated as positive or negative relative to the main
TP53 transcription start site, at P1. Interestingly, MAR 2, at position
+25 kb, was found only in HB2, the control mammary epithelial cell
line. This control cell line also presented MAR 3, at position —25 kb.
Breast cancer cells exhibited different MAR patterns. MDA-MB-231
cells showed only MAR 1, at position +60kb. BT474 cells showed
only MAR 3, at position —25kb. T47D cells also showed MAR 3,
together with MAR 4, at position —26kb. Finally, MCF7 cells
presented a more complex pattern of MARs distribution, with MARs

1 1 7

Fig. 3. In silico analysis for putative MAR:s sites at the TP53 gene domain by MAR-WIZ. The y-axis represents MAR-potential at MAR-WIZ test. The blue blocks represent
putative S/MARs regions consistent between the in silico test and the in vivo detection of MARs. The arrows indicate the position of the oligonucleotidic probes. The first

q
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9



1 and 4, at positions +-60 kb and —26 kb, respectively, and two other
MARs, located at positions +87kb and —27 kb.

In order to analyze if the observed MARs were specific for the
tested normal control cells and cancerous breast epithelial cells, we
have also performed MARs extraction and DNA array analysis for
HeLa cervix carcinomas cells. Similar to MDA-MB-231 cells, HeLa
cells were found to exhibit a single MAR (MAR 1) in the tested
167 kb region, at position +60kb. Altogether, these data strongly
suggest that a chromatin loop of approximately 50 kb, delimitated
by MARs 2 (at + 25kb) and 3 (at —25kb) and enclosing the TP53,
WRAP53, and EFNB3 genes, is formed in control cells. A different
MARs pattern and loop formation was observed in the studied breast
cancer cell lines that all share the loss of MAR 2 at position +25kb,
and can present, in addition, the appearance of different novel
MARSs, such as MARs 1 and 4 at positions +60kb and —26Kkb,
respectively (Fig. 1B).

In order to validate the observed in vivo MARs, we performed a
quantitative PCR (qPCR) assay to determine the presence, in the
matrix-bound fraction, of the major array-hybridized DNA
sequences, as well as the sequences located immediately upstream
and downstream. We amplified the matrix-bound DNA obtained
from the carcinoma cells MDA-MB-231 and HeLa (the regions of the
probes 7, 21, 22, and 23), BT474 (the regions of the probes 7, 62, 63,
and 64), and the control breast epithelial cells HB2 and MCF10A (the
regions of the probes 7, 42, 43, 62, 63, and 64) (see Figure 1 for
probes localization). The results are shown in Figure 2. As expected,
the sequence corresponding to probe 22 was highly represented in
matrix-bound DNA from HeLa and MDA-MB-231 cells, while the
sequence enclosing probe 63 was the major amplicon in matrix-
bound DNA from BT474 cells. The qPCR analysis also confirmed the
two in vivo MARs observed in HB2 cells. A very prominent peak
corresponding to probe 42 was observed, while the sequence
encompassing probe 63, although less represented, was also clearly
present. Interestingly, a similar profile was observed with MCF10A
cells, with an amplicon corresponding to probe 42 strongly
represented and a second sequence, corresponding to probe 64,
positioned 1.0kb downstream of the probe 63, is also well
represented (Fig. 2). Therefore, the results obtained with qPCR
analysis of the nuclear matrix-bound DNA showed to be very similar
among the control breast epithelial cells. These observations are
consistent with the occurrence of a chromatin loop of approximately
50 kb in normal cells, with a specific in vivo MAR, situated at probe
42 (MAR2) (see Fig. 1B).

As a complementary investigation of MARs in the 167 kb region,
we performed in silico tests. As shown in Figure 3, the obtained in
vivo MAR profile is similar to that predicted by the in silico analysis
(MAR-WIZ test). The highest peak presented by MAR-WIZ test
corresponds to the position of MAR 2, namely probe 42, and the
hypothetical loop would be formed by MARs 2 and 3, the latter being
located at probe 63 region. A peak located between MARs 2 and 3
was also anticipated by in silico analysis (Fig. 3), but we did not
detect it in our experiments. The in silico SMARtest detected an
overall content of 1.5% of S/MARs in this region, and 3 of 4
predicted MARs were coincident with the in vivo observed MARs
(probes 42, 63, and 65) as well as with the higher peaks indicated by
MAR-WIZ test.

EXPRESSION PROFILE OF THE TP53 AND THE NEIGHBORING GENES
IN THE CONTROL AND BREAST CANCER CELL LINES

To assess the transcriptional level of TP53 and neighboring genes in
non-transformed and cancerous epithelial cell lines and analyze
whether it was associated with MARs organization, we performed
quantitative reverse transcription-polymerase chain reaction (q-RT-
PCR). Expression levels of the genes of interest were normalized for
RNA concentration using the endogenous EFla transcripts as a
reference. We analyzed transcript levels of all genes located within
the 167 kb DNA region (see Fig. 1A) in the HB2 breast epithelial cells
and breast (MCF7, T47D, MDA-MB-231, BT474) as well as cervix
(HeLa) carcinoma cell lines. Figure 4 shows the transcript levels of
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Fig. 4. Analysis of TP53 and neighboring genes transcript levels in non-
transformed mammary epithelial cells and carcinoma cell lines. Gene expres-
sion levels were determined using quantitative reverse transcription-polymer-
ase chain reaction (q-RT-PCR) for the genes located between matrix
attachment regions (MARs) 2 and 3. TP53 (A), WRAP53 (B), and EFNB3 (C)
messenger RNA (mRNA) levels were normalized by those of EFic. Data are
presented for each cell line as ratios relative to the levels in the HB2 mammary
epithelial cell line.
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the TP53, WRAP53, and EFNB3 genes, located between MARs 2 and
3, within the chromatin loop, in the HB2 breast epithelial cells, and
breast and cervix carcinoma cells. TP53, WRAP53, and EFNB3
transcript levels are displayed as normalized ratios relatively to

those in HB2 cells that were arbitrarily set up as 1. Relative transcript
levels of neighboring genes located outside the loop are presented in
supplementary data. Overall, the absolute expression levels were
quite different among the genes, SHBG and TP53 being the most
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Fig. 5. Models of dynamic changes of MARs and loop conformation at the TP53 gene domain in control breast epithelial cells and carcinoma cell lines. Distribution of matrix
attachment regions (MARs) and modeled spatial configurations of the TP53 gene domain are summarized. Base count in kb shows positions of MARs, indicated with numbers 1-
4, relatively to position 0, which corresponds to the major transcription start site (P1) of TP53. In the control breast epithelial cells HB2, MARs 2 and 3 delimitate a 50 kb loop

encompassing the TP53, WRAP53, and EFNB3 genes. In breast cancer cells MCF7, MARs 1 and 4 delimitate a larger 86 kb loop. In breast cancer cells MDA-MB-231, T47D, and
BT474 and in cervix carcinoma Hela cells, MARs bers 1 and 3 deli

itate large open loops.



highly transcribed, and EFNB3 and ATPI1B2 the most weakly
transcribed genes (see Supplementary Figure 2). However, when
comparing the relative expression of each gene, we found that, as
compared to the carcinoma cell lines, the HB2 breast epithelial cells
consistently showed the highest transcript levels. The SAT2 gene,
which presented higher expression levels in BT474 breast cancer
cells, was the only exception (see Supplementary Figure 2).

Analysis of MARs continues to reveal a multitude of roles in
development and the pathogenesis of diseases and their implication
in cancer has been proposed. For example, sites of chromosomal
breakpoints preferentially localize to MARs [Schoenlein et al., 1999]
and aberrant binding of DNA to the nuclear matrix may destabilize
the expression of a host of genes that maintain cells in a non-
cancerous state [Linnemann and Krawetz, 2009a]. In the present
study, we investigated for the first time the role of MARs in the
regulation of transcription of the TP53 gene domain in breast cells.
Our experiments showed an interesting in vivo distribution of MARs
among the studied breast cell lines. In HB2 breast epithelial cells, we
demonstrated the existence of a relatively small loop, of 50kb,
delimitated by two MARs, including a specific MAR (MAR 2) located
25kb downstream of the major TP53 transcription start at P1. The
non-transformed breast epithelial cell line MCF10A also exhibited a
similar in vivo MAR profile, including the specific MAR 2
characteristic of HB2 cells. This MAR 2 anchorage site is missing
in all studied breast carcinoma cells, resulting in the formation of
larger chromatin loops in these cell lines. In Figure 5, we propose a
model of chromatin organization of the studied 167 kb genomic
region containing p53 and neighboring genes. Our results are quite
surprising, since the average loop size is believed to be smaller in
cancer cells as compared to that in normal controls [Linskens et al.,
1987; Oberhammer et al., 1993]. Considering the importance of the
TP53 tumor suppressor, it is possible that the studied region is
contextually dependent on the state of the cell. This could explain
the fact that, in the case of normal cells, this genomic region is
organized in a functional and relatively small 50kb loop. It was
previously shown that the association of MARs with the
nucleoskeleton may change during development [Vassetzky et al.,
2000b] and such changes are also expected during the carcinogenic
process. The 50kb loop flanked by MARs 2 and 3 described in
HB2 cells comprises entirely TP53, WRAP53, and EFBN3 genes,
suggesting a functional arrangement for all three genes. Interest-
ingly, each breast cancer cell line presented a different MARs
pattern. This is not totally surprising since breast cancers display a
characteristic large variability of phenotypes, which is also observed
in the derived cell lines [Neve et al., 2006].

The small number of attachment sites observed in the studied
167 kb region comprising the TP53 gene locus is in agreement with
the previous study of Linnemann and Krawetz [2009b]. They have
shown, by screening human chromosomes 14-18, a correlation
between high gene density and low number of MARs. Interestingly,
the 17p13.1 region presents the highest gene density of the
chromosome 17.
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Next we have analyzed the mRNA levels of TP53 as well as of the
neighboring genes in order to investigate whether TP53 transcrip-
tion could be affected by flanking MARs and loop formation; we
found that transcript levels inversely correlate with the size of the
chromatin loop and that TP53 and neighboring genes were more
highly expressed in HB2 breast epithelial cells than in carcinoma
cells. Interestingly, the transcription start site of the major TP53
promoter, P1, here arbitrarily considered as nucleotide position zero,
is located in the exact middle of the loop, being flanked by MAR 2, at
+25kb, and MAR 3, at —25kb. This arrangement could indicate that
the promoter is conveniently located and exposed to be easily
accessible for the RNA polymerase II machinery. Indeed, loop
formation has recently been shown to favor transcription in yeast
[Tan-Wong et al., 2009; Lainé et al., 2009].

MARs may be found to be related to different chromatin active
specific sites such as enhancers, insulators, and replication origins
[Petrov et al., 2008; Yochum et al., 2010]. The MAR 2 that we have
identified in the 167 kb studied region may have some transcription
enhancing activity as it is detected in HB2 cells that express higher
levels of genes located in that region. In our model, MAR 2 may act
by opening the local chromatin and facilitating the expression of the
anti-sense strand genes from this domain (Fig. 5). This effect is
reflected through the higher expression levels observed for the
TP53, SAT2, and FXR2 genes (Supplementary Figure 2). Therefore,
it is plausible to expect that p53 transcripts should be produced and
available, mainly in response to stress conditions, in part as a
consequence of an appropriate chromatin conformation due to
specific MARs.
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SupplementaryFigure 1

Sapplemeatary Fig. 1: Agarose gel elecirophoresis of the exiracied matrix-hossd DNA from HE2 celis.
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Supplementary Table 1: Oligonucleotide sequences for the DNA array.

Oligo name
TP53-589

TP53-2096

TP53-3666

TP53-4981

TP53-7118

TP53-8811

TP53-10390
TP53-11679
TP53-13016
TP53-14347
TP53-16325
TP53-18729
TP53-19811
TP53-21038
TP53-23043
TP53-24712
TP53-27749
TP53-29757
TP53-31024
TP53-34597
TP53-35689
TP53-37118
TP53-39155
TP53-42977
TP53-44337
TP53-45989
TP53-47097
TP53- 48198
TP53-50458
TP53-52461
TP53-53834
TP53-57602
TP53-60468
TP53-61713
TP53-62792
TP53-64871
TP53-66284
TP53-67373
TP53-68470
TP53-70623
TP53-72489
TP53-73864
TP53-76030
TP53-77897

Sequence
TACCTGAGCTAATAGATGAAGAATTGTATCTCGAA
TTTTACAGGACAAAATGTTACAATCCCTAGAAATTTATTC
CTTTGCATAACTTAAATAAGGAAAACTGTGTGATATTAAT
AAAATAAACTAAGTTGAGTGTTCAAAATCACTACATTAGG
TAGAATAGTATAATACCAACGAAAGGGAATCTGACAATTA
CTAAAAGAAATTTGAAAATAATTGCACTATACCATGATAG
CAATAAAGTCCTCTTGACAAATAAATATAAGCACATTTAAG
GAGAATAAACCTAAAGAAAAGTAGAGAATCAAAGAGATAT
CTGGATTTTAGATGTTGTTACCATAAATGGAAGGCAAATC
ATTGAATCTAGAATGACACTGATAATTTATAAAGGATAATAA
AATTTAATGTATAATGACAGAAGATTGGTAGTTGATGGAG
TTCATTTGGGAGAGTACAACTTAAAGAATAAAATACATTA
CATCATATCTTGATCTTGGACTCAACTTAAGAATCACTTT
TAGAAAATAGATTCAGAGCAGATAAGGAAGGTGGTATTATA
TTTAAGAATCTGTAACTCTCTACTGTAGTAGATTTAACAG
CATAGGAGATAAAGGTTTAGAAAATAAGGTGATGAATTTA
AAAATTGAAAAAGAAAAAGAGACATCAAGAAGTGGTAATA
TTTTCTTTATTCTCCCTTTAAAAAGCCATTAGCCTAAATA
TATTAAGTTTCCTAGTTTATACTCTTTTATCTTCTGCATTA
TCCCTTCCATGTACTGTAGATGAAATAGTATATCCCATAG
TGCTTTTTAAATTGACATATGCAGTGATAACCTGCTTTAG
TTCTTAATATTCACTGAATCATACACACAGACAATACCTT
CTGATTTCTACATCCCCGTATCTTATCTCTGTCAC
CAAGACTCCTAATTTCTTACAAGAATCTTTTCACCAGTAA
AACTTTCATTCAATTAACATGTATTGGCTGCTGATACATT
TTCTTATTAATCTCACACAGTTCCTGACATATTAGTTCTC
CTTCTCTTATTTTCTTTTTCTTTCTTTCCTTCCCTTCCTT
TTTCAGAAGTCTTCTCTTTCCTTGTTCTTGTCTTT
CTTGAGTTTGAAGAAAGTATAAATAGTCTAAGATAAAGGC
CAATCTCTTGCTGTATTCATCTTGTCTTTGCTCATTAAAG
TCATTATCTCCACCTCTTTTAATCTTTCTTCAAATCTTGC
AGATAATGATTCTTAACATGTGGTATGTAGAGCAAGTGTA
TTAGGTCTTTCATTTCAGGAACTGTGTTCAAAGTT
TATTACGAACAGCCAGATAATGGAGTCCTCAACTA
CTTCCTATTCAACCCTTAATCATGTATCTCTTCTTTCTTG
TTTTAGCAAGTTATCAACTAATCACTAACTCCTTCCTTTT
CAATATGAACTATAAGATCCTAATTTTGTGGAAAGTAAAC
CATTGTTCCTATCTATTGTTTGTCTCTTGACTTTGTAGTA
CAAATATATCTAATGTGTTCCAATTAAATTGAAATGCTAAT
CTACTTATCTGCCTTACTAAATTCTGTTAATTCCATAATAT
CTCTTGACCTTAATTGAAATTATCTTAATGTTTAACTTATTAG
AATAGAACATATTGATTTAAGGTTGTGAATTACAAGTTTA
GGCAGCAAAGTTTTATTGTAAAATAAGAGATCGATATAAA
AACTCTGGCTGTATTCAGTATTACACAATTATTAG

Size
(bp)
35
40
40
40
40
40
41
40
40
42
40
40
40
41
40
40
40
40
41
40
40
40
35
40
40
40
40
35
40
40
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40
40
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TP53-80958

TP53-83443

TP53-85072

TP53-86461

TP53-87529

TP53-94577

TP53-97460

TP53-99755

TP53-101554
TP53-102863
TP53-104208
TP53-106018
TP53-107918
TP53-109662
TP53-111088
TP53-114385
TP53-116496
TP53-118406
TP53-120483
TP53-122123
TP53-123272
TP53-124382
TP53-126644
TP53-128269
TP53-130103
TP53-131601
TP53-133456
TP53-134536
TP53-135737
TP53-136842
TP53-138133
TP53-140149
TP53-141444
TP53-142497
TP53-143801
TP53-144944
TP53-146320
TP53-147436
TP53-149706
TP53-150951
TP53-152550
TP53-154008
TP53-155356
TP53-157099
TP53-158581
TP53-160702

TATATATTATGGTATAAGTTGGTGTTCTGAAGTTAGTTAG
AGGAGTCAGAGATCACACATTAAGTGGGTAAACTATAAAA
CTTCTTTAATCTCATCTCTTAACAACCACTCCCTC
CTTTATGCCAAATTTGTCATCAGATTTGCTAAGAAACATG
TGTCTTTATCTCTCAAATCTTCAGTAGCAACTAAAATCTC
CTCTAAAATATACAGCTATGAGTTCTCAATGTTTCGAGAT
CTGAAGTTATTTAGAGAGAGGTTTCCCCTTTCTTTAATTA
TTTTAAAACAGAAGAGTGAATGGTTTATGGGTGGG
TAAATAAGTTTTTGATGAAGCTGAATAAATTGTCATGGTA
TTAAATAGATAAAATTTGTATAGGTCAGAAAATTGGGGAA
GACTCAGAGATTTTTATGGGAATTAGCAGATAGAGATAAG
GAGGGATGTATATGATATAATACCATTACTGTTAAGTCTA
AGGTATTATTATTTGTTTCTTCCTCTCTAAGTGTTTATAA
CTAGAAAATTGTTGATAAAGCTGATTCCGTTTTCCTGTAG
GATATAAAAAGGTTTTTATGATACTAGAGTCTTCGTGTCT
GTAAGGTGTTTGAATGTATTATGTGCTCATTAAAGGAGAG
TGGAAACCAAATGAGGAAAAGACTCAATTAGAACTAATTA
TAATTTGTCTTGTTCTTTCCTTTCCATATCCCAGTATAAT
AAATACACACACATATTCCTAGAGTAACAACTGCAACAAA
AATGGTTGACATCATATCTGGAATTTTAATTAGAATGAAA
ACTTTAATATCATTTCATTAAGTCAGCAAGTTCAGAGAAG
AAGAAAATGTCATAAATTTCGCTCCTCATGGAAATGTAAT
CTTGATAGATCTTTTCCTGATTATCTTATGTTCTCATACC
ATAGTAGCTTGTGAAATAGAATCCCCTTCTAAAATTAAAG
GACTCCTATATCTTTACTTGTAAGTTGCATCAGAG
GAAGATATTGTCCTAATTGGATACTAATTTCTAAGACATG

CCTGTCTATATGTATTATAGGAAAGATTTTAGATCACTATTA

TATTACTCTTAGAGGCAAGAAATCTTATTTTTCTGTTTCT
TTTAGATAGATAACTATTTCAACAGTGTGGAGAATACATTA
GAACTTGAGAGGGTGTAATAAAATCTTAGTAAAGAGAAAG
CATCTTGGCTAAGCTACTCAATTGTAGGAAAAATTAATTC
ATATGTAGCAGTCAGAACTTTAAGGAATTTTATATTTAAT
CTTCAACTTAGACTTGGAAATTTCTAAAAGCACAT
AGAGAGACATCAAGTTAACCAATAAATATACATCAAGTAC
AATTTGATATGATGTGACAGGCTGATTATGTTAGT
CAGAGGATCTGTGGTTGAAAAGGTAGTGAAGATTG
AAATTCTATTATGTATGAATCTGCTCCTAGAACTTAGATG
GAACTTGCTGGAGATTGAGGACATCTTTCATAAAA
AAAGACAGCACAAAGAAACAACAGAAAAACATTGTTTTAA
TTACAACTTATCTTAAAACACAACAAAACAAAACAATGAT
ATTGTATTCAAATAACAGGATTTCCTTAAACACTAATGAT
GTACTATACATATTGTTCTATATATTCCAAGTGCTTTCAAA
ATTGTTTTCCAGAGAGATGTTATAGGATACTTTACATTTT
ATAATACGTTTATGCTACTAGAAATGTTTCTGTATCTATT
TCAATATTCTTTCCAAATAACATTTCAGCAGTATTTAGAA
TAGGTGTCTGAATTTCTGAACTTTGCTTTAGCATATTAAA

40
40
35
40
40
40
40
35
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40
40
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TP53-162054
TP53-163369
TP53-164872
TP53-165988
TP53-167253

TATCAAGAAACCGCGATCACAAAGATACAAATCTCTTAAG 40 91
CACTTAAGATGAAGGCTTCATATGCAATTTAAAATTGCCT 40 92
CTTCAAGATGCTATTTTATTCCTTCTTTTTCTCTTATCTG 40 93
TCTAGAATCTAGACTAGTGGTCTAGAAATGTTCACATTTC 40 94
ATTGCATCTTATTTGTCAGTTTCCCTTAATTCCTAAACTT 40 95
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Supplementary Table 2: Sequences of quantitative RT-PCR primers for validation of
matrix-attached sites.

Localization | Primers sequence
Oligo 7 F: CTGTAGGAGTCAGGAGCAATA
R: TGCCTGAATTTCACATAAGCC
Oligo 21 F: GACAGCTGGATCTTGTGACTG
R: GCTGAGGGTCTTAAGGCTTAC
Oligo 22 F: GAGTGGGTGATTTCTACTGCT
R: AACTCCTCCCCCAGTCTTTTC
Oligo 23 F: CAAATGCTCAGAGGGGAGTCA
R: TGTTTGTCCAGCCAGGAATCC
Oligo 42 F: TCCTCAGAGTACGAATTTTAG
R: GAGATCTGAAATCAAATCTCC
Oligo 43 F: GACGGTTGGTTCCTGAGTTAT
R: AAGCACATCTGCATTTTCACC
Oligo 62 F: GCTCTGTGCTGATTTTAGGAC
R: GGATGGAATGAACAAGACAGC
Oligo 63 F: GTCTGGAGCTATTTGAAAATG
R: TGTCTTCCTGTGCCTGTAGTC
Oligo 64 F: GGAATTTCTGATGCGGAATGG
R: TCCCAGGTCTCAAAACTCTCC

Supplementary Table 3: Sequences of quantitative RT-PCR primers.

Gene Localization | Amplified exons | Primers sequence
TP53 17p13.1 5 F: GGCCATCTACAAGCAGTCAC
R: CCAGACCATCGCTATCTGAG
WRAP53 17p13.1 4-5 F: CTTGACCAATAGTGCTGATAAC
R: GCTGAGGACATCAGAGAATAC
EFNB3 17p13.1 2-4 F: CCGCTCGCACCACGATTACT
R: CTCGGGGACTTTGTCCCACT
SAT2 17p13.1 2-4 F: GCCCTGAGAGCAGATGGCTT
R: GTGCGTCCCTTCCATGTACT
SHBG 17p13.1 3-4 F: TTATGCTGGGACTTCGAGACG
R: CCAAGCGCAATCCTCATGATG
ATP1B2 17p13.1 4-5 F: GGCAGCCCTGTGTCTTCATC
R: ACCAGGGGCTGTGTGTAGTT
DNAH2 17p13.1 8-11 F: AGCCCAAGGACATCTCTAGCA
R: GTGATACTGACAGTCACATAC
FXR2 17p13.1 7-8 F: GAGACAAGCAAGCAGTTGGCA
R: CGGTCACCCCAGGTACTTTTC
EF1a 6q14.1 3-5 F: CTGGAGCCAAGTGCTAACATG
R: CCGGGTTTGAGAACACCAGT
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5.2 Artigo Il: MARs and the TP53 gene domain in breast cells

No artigo anterior, foram determinados os sitios de fixagdo a matriz nuclear
(MARSs) no dominio do gene TP53 em 4 linhagens de carcinomas mamarios e duas
linhagens ndo-cancerosas controle. Além do mais, foi verificada a existéncia da MAR
2, somente nas duas linhagens controle.

Neste artigo, realizamos uma tentativa de caracterizacdo das MARs, num
outro nivel de complexidade da cromatina, através da determinacdo do
enriguecimento com os marcadores epigenéticos de cromatina aberta (H4Ac) e de
cromatina fechada (H3K9me3), nas linhagens controle ndo-cancerosas HB2 e MCF-
10A, e nas linhagens cancerosas MDA-MB-231, T47D e MCF-7.

Além do estado epigenético da cromatina, foi verificada a possivel ligacdo de
proteinas e a ligacédo especifica da proteina PARP-1 ligante as MARs (MARBP) na
MAR 2, através de ensaios de gel shift (EMSA). Através da utilizacdo de um
programa de busca de sitios de ligacdo de fatores de transcricao, foram detectados
sitios putativos, na sequéncia MAR 2, com os fatores de transcricdo c/EBPbeta e c-
myb, que poderiam ser interessantes elementos reguladores em cis da expresséao

génica do TP53 e demais genes flanqueadores.
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Abstract

In a previous work we determined nuclear matrix attachment sites (MARS) in
the TF33 gene domain in four breast cancer and two non-cancerous cell lines.
We found that the TP33 gene is localized inside a relatively small loop,
encompassing 50 kb, delimited by two MARSs, designated MARs 2 and 3
detected only in non-cancerous cell lines HB2 and MCF-10A (Goes et al.
2011). In the present paper we made an attempt to characterize these DNA
elements in breast non-cancerous cell lines HB2 and MCF-10 and cancerous
MCF-7, MDA-MB-231 and T47D, through the determination of epigenetic
markers of euchromatin, H4Ac, and heterochromatin, H3K9me3. We further
analyzed MAR 2 protein binding, and possible MAR 2 binding of the important
MAR binding protein (MARBF), PARP-1, by Electrophoretic mobility Shift
Assay (EMSA). We found that these chromatin epigenetic markers are
differentially distributed through cell lines. Interestingly, MAR 2 presented a
defined band-shift, which could represent trans-acting factor(s), involved in
chromatin organization and function. Of note, using biocinformatics software,
we found interesting transcription factors binding sites, such as for c/EBP-beta
and c-myb, which could be cis-acting elements regulating TFP33 and
neighbonng genes expression. We describe a possible model for chromatin
organization of TFP53 domain.
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Introduction

Compartmentalization of chromatin is well defined by DNA loops delimited by
nuclear SIMARs (Scaffold/Matrix Attachment Regions), which could be 20 to
200 kb long (Vassetzky, Hair, and Razin 2000). The SIMARs are responsible
for DNA attachment to the nuclear matrix (NM) and are linked to cell
replication and transcription. They may include Topoisomerase |l binding sites
(Eivazova et al. 2009; 5. V. Razin, Vassetzky, and Hancock 1991) as well as
other sequence motifs. Furthermore, NM are enriched in several transcription
factors, which have been suggested to be MAR binding proteins (MARBPs)
(Ottaviani et al. 2008; Wilson and Coverley 2013; Rivera-Mulia et al. 2011).

In other organization level, approximately 147 bp of DNA is wrapped on an
octamer of four core histone proteins (H2A, H2B, H3 and H4), making up the
basic unit of chromatin known as nucleosome. The N-terminal tail of histones
is subject to several types of post-transiational modifications which the two
most important are acetylation and methylation of defined amino acids,
usually a lysine. These histone modifications can affect the chromatin
assembly making it permissible for proteins to modulate cellular processes
such as transcription, repair, replication and genome stability (Choe et al
2012; Budhavarapu, Chavez, and Tyler 2013; Terwei] and Leeuwen 2013;
Luo et al. 2008).

Histone acetylation and methylation are dynamic processes directed by
histone acetyliransferases (HATs) and histone methyltransferases (HMTs).
Histone H4 acetylation (H4Ac) is a hallmark of open chromatin or euchromatin
and may be a sign of gene activation (Chicoine et al. 1986; O'Neill and Tumer
1995 THORNE et al. 1990). It is generally decreased in breast cancer cell
lines and tissues (Leroy et al. 2013; Bell et al. 2011). In contrast, histone H3
lysine 9 tmimethylation (H3K9me3) is a hallmark of closed chromatin or
constitutive heterochromatin and may denote gene repression (Hon et al.
2012; Baylin and Jones 2011).

In a recent paper, Keaton et al (Keaton et al. 2011) described that scaffold
attachment regions (SARs) are associated with H4Ac enriched regions and
Hendzel et al { Hendzel et al. 1994) reported that HATs are associated with
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nuclear matrmx. In addition, loops can be active or inactive through chromatin
status between the MARs (Davie 1997).

However, Iterature reporting the interplay between MARs and chromatin
status in breast cancer are still missing.

We have previously described MARS in the genomic domain of the tumor
suppressor gene TF33, in several breast cell lines, using DNA ammays (Goes
et al. 2011). We found that the chromatin organization among the cell lines
was quite different and only in non-cancerous cells HB-2 two MARs were
symmetrically disposed in relation to TFP33 P1 promoter, possibly constituting
the borders of a chromatin loop. Interestingly, the MAR localized downstream
to TPa33, designed MAR 2, only detected in HB-2 cells, were confirmed by
gPCR in HB-2 and MCF-10A. The present report presents data obtained from
chromatin immunoprecipitation and electrophoretic mobility-shift assays
performed with the main MARs detected in the TP33 genomic domain. We
believe that our results will help to better understand the TF33 chromatin
domain organization.

Methods
Cell lines

All cell lines were obtained from David Cappellen and Nancy Hynes (Friedrich
Miescher Institute for BioMedical Research, Novartis Research Foundation,
Basel, Switzerland). The human mammary carcinoma cell lines MDA-MB-231,
T47D, and the Hela cemnvix carcinoma cell line were culured in DMEM
medium supplemented with 10% horse serum, 0.5% penicillinfstreptomycin
and 1% glutamine. The human mammary carcinoma cell lines MCFT and
BT474 were cultured in RPMI medium supplemented with 10% horse serum,
0.5% penicillin/streptomycin and 1% glutamine. The control normal epithelial
cell lines MCF10A and HB2 were cultured in DMEM medium supplemented
with 10% horse serum, 0.5 pg/mL hydrocortisone, 10 pg/mL insulin, 0.5%
penicillin/streptomycin and 1% glutamine.
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ChiFP assay

25%10° cells were cross-linked with 1% formaldehyde for 10 minutes in a
rocking platform at room temperature. Cross-linking reaction was stopped with
Glycine 0.125M diluted in 1X PBS. The cells were washed with ice-cold 1X
PBS and resuspended in 1mL Lysis/Sonication cold buffer (1%SDS, 10mM
EDTA and 50mM Tris-HCI pH 7.5) with fresh 0.5mM PMSF and 1X PIC
(Protease Inhibitor Cocktail) and incubated for 30 minutes on ice. The lysates
were homogenized with 10 strokes, cenirifuged at 750xg for 5 minutes at 4°C
and the supematant was discarded. The pellet was resuspended in 350 pL of
Lysis/fSonication cold buffer with freshly added 1mM PMSF and 1X PIC,
sonicated on ice and centrifuged for 10 minutes with 2000xg at 4°C. The
supematant contains the exiracted chromatin. Immunoprecipitation was
camied out overnight at 4°C with constant agitation in an immunoprecipitation
buffer (5mM Tris-HCI pH 8.0, 15mM NaCl, 1mM EDTA and 0.1% NP40) with
20 g of chromatin, 750 pg of Protein G dynabeads #100.03D (Invitrogen®), 4
ug of antibodies H4 pan-acetyl (#39243, Active Motif®), tri-methyl H3K9 (#05-
1242, Millipore®), normal rabbit IgG (#PP64B, Millipore®; control) and 1X PIC.
All the immunoprecipitations were made with at 1:4 dilutions. The magnetic
beads were washed 6 times with the immunoprecipitation buffer and the
chromatin was eluted with the Lysis/sonication buffer for 15 minutes at room
temperature with constant agitation. The magnetic beads were separated
from eluted chromatin and the proteinase K digestion and reverse cross-link
were done by 525X dilution with 02380M NaCl diluted in water, denatured at
95°*C for 15 minutes, after 1 uL of RNAse A (10 pg/uL) was added and
incubated at 37°C for 15 minutes and 1pL of proteinase K (10 pg/pl) was
added and incubated at 67°C for 15 minutes. DNA was cleaned-up by the
standard Phenol-Chloroform method and submitted to gPCR.

gPCR, was carried out using the standard Syber-Green method with the
Mastermix [anhe'}_ All fold enrichment values of H4Ac and H3K9me3 are
relative to the fold enrichment values of the g-actin gene region or the alpha-
satellite region, respectively. All primers, synthesized by SIGMA®, are listed in
5 — 3 and F-forward/R-reverse:
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MAR 1: F- GAGTGGGTGATTTCTACTGCT/R- AACTCCTCCCCCAGTCTTTTC,
MAR 2: F- CTGGCCGGAAATGTTTTCTAR- GTGCCAGGAGCTGTTCTAGG;
MAR 3: F- GTCTGGAGCTATTTGAAAATGI R- TGTCTTCCTGTGCCTGTAGTC,
MAR 4: F- GTCCTGCCCACTCCCTTCACC/IR- CACCCCCAGTCTCTTITGTGCC;
TP53P1: F- GCGTGTCACCGTCGTGGAAAG! R-GGAGCCTCGCAGGGGTTGATG;

B-actin gene region F-GACGTAGCACAGCTTCTCCTIR-
GGGACCTGACTGACTACCTCAT,

Alpha-Satellite  (#C5207313, Millipore®) F-LTGCACTACCTGAAGAGGACIR-
GATGGTTCAACACTCTTACA.

Chromatin extraction, immunoprecipitation and qPCR were done in triplicate
and the emor bars comespond the S_E.M. of three different experiments.

EMSA (Electrophoretic Mobility Shift Assay)

Starting from 2x10° cells, we made whole cells lysates with ice-cold NENT
buffer (150mM NaCl, 1mM EDTA; 50mM Tris-HCI pH 7.5; NP40 0.5%) with
fresh 1X PIC. 25 pmoles of purified single-strand oligonucleotides 7 (non-
MAR: CAATAAAGTCCTCTTGACAAATAAATATAAGCACATTTAAG) and 42
(MAR 2 AATAGAACATATTGATTTAAGGTTGTGAATTACAAGTTTA)
(Sigma®) were radiolabeled with 10 U of T4 polynucleotide kinase (#EKD037,
Fermentas®) and 10uCi of yP* with incubation at 37°C for 1 hour and purified
with Probe-Quant kit G-50 (GE®). The radiolabeled oligos 7 and 42 were
incubated for 30 minutes at room temperature with 4 pg of whole cell protein
extracts with binding buffer (10mM Tris-HCI pH 7.5; 0.1M NaCl; 1mM EDTA,;
4% Glicerol; 1imM DTT) and fresh 1ug of Poly di-dC (we also incubated
without Poly dl-dC and did not observed any changes). After DMA-protein
binding reaction, the complexes were submitted to 6% non-denaturing poly-
acrylamide gel electrophoresis for one hour at 4°C, the gel was dried at GE®
vacuum gel-dry system at 80°C in a filter paper and the radioactive filter paper
was exposed with x-ray film for 24 hours at -80°C. After film revelation and
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scanned, all densitometry analysis were made by Image J® software. The
whole-cell protein exfraction and EMSA were done in triplicate. Measure of
the relative binding in different cell lines was done with the formula (band shift
signal of each cell lineffree probe signal) and emor bars +/-comespond the
S.E.M. of three different experiments. For super-shift assays, 1uL of PARP-1
(=C-53643, Millip-n-re”]l was added before or after DNA probe, followed by 30
minutes of room temperature binding reaction with whole-cell protein extracts,
as described above. For antibody affinity confrol, we also made super-shift
assays with anti-lgG (#PP64B, I'u'lillimre"} in the same conditions of described
above.

Transcriprion factors binding sites search

Sraristic analysis

All statistic data and graphics performed by GraphPad version 6.0 using
unpaired t-test analyses with Welch’s comection and 95% confidence interval.

Results and Discussion

ScaffoldMatrix Attachment Regions (S/MARS) have been described as cis-
acting factors operating in DNA replication, transcription regulation and
chromatin organization. Possibly it takes part in the coordination of these
cellular processes (Trevilla-Garcia and Aranda-Anzaldo 2011; Dijkwel and
Hamilin 1988; Boulikas 1995). The tumor suppressor gene TFP33 is one of the
most studied genes implicated in cancer and, although a huge knowledge of
its posi-transiational regulation found in the literature (Muller and Vousden
2013 Khoury et al. 2013), 1ts transcription control and genomic domain are
not very well established (B. Wang et al. 2013). In a previous work we
described MAES in a genomic region of 167 kb containing the TFP33 and
neighboring genes, using different cell lines (Goes et al, 2011). In the present
paper we concentrated our study in four MARs, namely MAR 1, 2, 3 and 4,
with emphasis in MAR 2, which was just detected in the two analyzed non-
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cancerous cell lines HB2 and MCF-10A. Figure 1A shows the organization of
TFa3 gene domain region and the localization of the MARSs.

Chromatin is composed of DNA and proteins, mostly histones, which are
involved in genomic DNA organization in the nuclei. Histone alterations in M-
terminal tail by acetylation, methylation or ubiguitylation may produce different
levels of DNA compaction, leading to an open chromatin or euchromatin,
permissive to protein factors access, or leading to a close chromatin or
heterochromatin, repressive for the association of transcription factors (5. V
Rarin et al. 2004; Espinoza and Ren 2011; van Steensel 2011; Zuleger,
Robson, and Schirmer 2011). These histone alterations may be tracked using
chromatin immunoprecipitation assay (ChlP), and give an idea of the
chromatin ambiance through the epigenetic profile at a genomic site, in
normal and cancerous cells (Gargiulo and Minucci 2009; Dalvai and Bystricky
2010).

In order to determine the chromatin state at MARs, we performed ChIP
assays to detect the ennchment of the euchromatin marker H4Ac and
heterochromatin marker H3K9me3, in two non-cancerous cell lines: HB2 and
MCF-10A, and in three cancerous cell lines: MCF-7, T47D and MDA-MB-231.
Also, we did ChIP assays in TF33 gene P1 promoter region (TP53P1) to
check a possible influence of promoter chromatin status in 7TFP33 gene
transcription level. As presented in Figure 1B, despite the important difference
between H3K9me3 and H4Ac enrichment in all four MARS observed in MDA-
MB-231 and MCF-10A cells, we could not identify a pattem of histone
markers enrchment between the non-cancerous and cancerous cells.
Moreover, enrichment levels were quite different among cell lines, suggesting
that MARs are not linked to a defined chromatin state. Though, a recent report
described an association of MARs to active histone marks, H3Ac and H4Ac,
suggesting that they may prevent the spread of silencing chromatin (Majocchi,
Arntonovska, and Memod 2013). Surprsingly, TP53P1 presented a highly
enrichment of heterochromatin marker H3K9me3 in MCF-7 and MDA-MB-231
cells. The highest enrichment of H3K9me3 in MCF-T7 cells corroborates with
lowest levels of TP33 gene expression published earier by our group (Goes
et al. 2011).



In an attempt to characterize a possible activity linked to the non-cancerous
cells on MAR 2, we assessed protein binding through a supershift analysis
performed with antibody anti-PARP-1. Poly-ADP-ribose polymerase 1 or
PARP-1 is a multifunctional enzyme, present in human cells nuclei. Aubin et
al. 1983, reported that PARP-1 interfere in the chromatin organization,
modifying histone H1 and facilitating local chromatin remodeling. Moreover,
it's an important MARBP, implicated in breast cancer progression and
heterochromatin maintenance (Zaalishvili et al. 2012; Barboro et al. 2012;
Galande and Kohwi-Shigematsu 1999; Vidakovic et al. 2005; T.-Y. Wang et
al. 2010; Sjakste, Sjakste, and Vikmanis 2004; Thomas and Tulin 2013).

Surprisingly, as shown in Figure 2, anti-PARP-1 can bind to protein
complexes of cancerous cells MDA-MB-231 and MCF-7, disabling MAR 2
probe binding. As MAR 2 was not detected in our earlier report on these cell
lines, we can suggest that PARP-1 interaction has another role than MARBPF,
for MDA-MB-231 and MCF-7. In contrast, in non-cancerous MCF10A cell line,
where MAR 2 was detected by qPCR, and cancerous cell line T47D (also
lacking MAR 2 region), we did not detect PARP-1 binding. These results
together, suggest that PARP-1 is not a MAR 2 binding protein, although it can
act in a different fashion through binding in the MAR 2 region in MDA-MB-231
and MCF-7 cells. In addition, as all anti-PARP-1 binding reactions show
intense binding in gel wells, we can suggest that PARP-1 can integrate larger
protein complexes that still remain to be elucidated.

Figure 3 shows EMSA performed with total protein exiracts from breast cell
ines and MAR 2 as probe. Furthermore, we made analysis of a non-MAR
Oligonucleotide (oligo 7) in order to compare the presence of protein
complexes attached to DNA in a non-MAR probe. Interestingly, we could
observe a single shifted band with MAR2 and several unspecific bands with
oligo 7. This single band is more intense in the non-cancerous MCF-10A,
although present in cancerous cells. This observation suggests that MAR 2 is
subject to bind protein factors among the different breast cell lines (Figure 3).

Hence, with the possibility of trans-acting factors binding specifically at MAR
2, we performed a search of transcription factors binding sites using the MAR
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2 oligonucleotide sequence. As presented in Figure 4, besides the AT-rich
composition, a hallmark of MAR elements, 11 functional proteins were found
to have putative binding sites. They are: GR-beta; GR-alpha; PR A; PR B;
FOXP3; c-Myb;, HOXDS, HOXD10; POU2F2 (Oct-2.1); C/EBP-alpha and
C/EBP-beta (Figure 4). We will discuss some of these proteins in the light of
published literature and importance for our work.

Octamer-binding 2 or Oct-2 is one of the members of the POU factors and
was considered to be expressed only in B lymphocytes and neuronal cells
{Latchman 1996). However, Dong and Zhou, 2007, demonstrated its
expression in mouse mammary gland (Dong and Zhao 2007). Finally, it is now
considered to be highly expressed in adult tissues. The octamer motif —
ATGCAAAT — and close motifs are nomally present in promoters and
enhancers elements (Zhao 2013).

C/EBP-alpha and C/EBP-beta, are proteins of the CCAAT/enhancer-binding
protein (C/EBP) family, involved in the control of cell proliferation and
differentiation (Tsukada et al. 2011; Nerloy 2007). C/EBP-alpha is considered
to be a tumor suppressor, promoting differentiation and blocking proliferation.
In other hand, C/EBP-beta activities are less straightforward. It seems that
C/EBP-beta inhibit or activate cell cycle progression, depending on the
cellular context (Merlov 2007). This transcription factor acts through protein-
protein interactions with its own molecules (homodimer) or with a different
protein molecule (heterodimer). One of these cooperative interactions occurs
with the protein c-myb, with a crucial role in myeloid differentiation (Tahirov et
al. 2002; Tsukada et al. 2011).

Very interestingly, we have found a clear palindrome, characteristic of c/EBP-
beta DNA binding sites, in the MAR2 sequence with a high score of similarity
with c/EBP-beta published sites. Moreover, 6 base pairs away, it came out in
evidence a DNA binding site for c-myb that, as already mentioned, may
interact with ¢/EBP-beta (Tahirov et al. 2002).

c-myb proteins constitute a superfamily of sequence-specific transcription
factors encoded by the proto-oncogene c-MYB. These protein factors are very
important in plants and in mammals it plays a key role in proliferation control,

63



regulating several different molecular pathways. The over-expression of c-
myb has been described in cancers with an association with aggressivenass,
including breast cancer (Zhou and Ness 2011).

Owr results point to a possible active role of ¢/EBP binding at MAR 2 in the
expression of TP33 and neighboring genes. As described in Goes et al. 2011,
the expression of TFP33 and other studied genes were up-regulated in HB2
cells. Conversely, we performed RT-gPCR with MCF10A cells, which
presented MAR 2, assessed by qPCR, and found that TFP33 transcription level
was not that high, presenting approximately 5X less transcription than HB2.

Binding of c/EBP complexes in 2 MAR element in normal and in cancerous
cells, may differently induce genes, including the nearby TF33, leading to a
normal cell growth or not.

Robinson et al, 1998 have demonstrated, using c/EBP-beta-deficient mice,
that c/EBP-beta is essential for normal growth and differentiation of the
mammary gland. Bundy and Sealy, 2003, have shown that the over-
expression of LAP2, a co/EBP-beta isoform, in MCF10A cells, leads to
epithelial-mesenchymal fransition and fransformation. A more profound
analysis of the protein complexes found in EMSA experiments is curmently
under investigation in our laboratories, but our work with MAR2 by EMSA data
through different lineage protein cells extracts are encouraging. We believe
that this DNA sequence is an interesting functional element and that our data
will help to better understand the mechanisms of TFP33 regulation and breast
cancer development. Figure 5 presents the chromatin loop organization
mode!, illustrating only loops with TF33 and flanking gene ATP{1B2 domains,
limited by described MARs (Goes et al. 2011) together with chromatin status
of described MARs and TF33 P1 promoter region (TP53P1), resuming our
findings. This model allows the visualization of different levels of chromatin
organization (MARs and histone epigenetic modifications linked fo
open/closed chromatin), acting on transcription levels in different cell lines.
Also, from this model, we could illustrate there is no association between
chromatin status (bluefred bars) and loopARs presence, neither nomal
breast cells nor cancer breast cell lines.
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Figure 1 — Chromatin state of MARs and TP53P1 promoter region in TP53 gene
domain. (A) TP53 genomic region organization based on NCBI database:
NT_010718.16:7.1M-7.2M (94Kbs+), covering the 167kb genomic domain at the
17p13.1 chromosomal region. Genes are represented by horizontal bars and arrows
indicate the four analyzed MARs (black); P1 promoter region of TP53 gene (gray).
(B) ChIP assay of MARs, indicating the enrichment of euchromatin marker H4Ac
(relative to beta-actin gene region) and heterochromatin marker H3K9me3 (relative
do alfa-satellite gene region). Underline indicates cell line where MAR was described.
Error bars correspond to +/-S.E.M. from 3 different experiments. *p<0.05; **p<0.005;
***p<0.0005.
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Figure 2 — PARP-1 binding on MAR2. Supershift assay of MAR 2 with the MARBP
(MAR Binding Protein) PARP-1. Whole cell protein extracts were incubated with:
+Radiolabeled DNA probe for 30 minutes, and addition of lug of anti-PARP-1,
followed by 30 minutes of incubation; *+Anti-PARP-1 for 30 minutes and addition of
DNA probe, followed by 30 minutes of incubation. MDA-MB-231 and MCF-7 cells
showed a completely fade of upper band, indicated by a bold arrow, in the right. The
experiment was performed in triplicate.
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Figure 3 — MAR2 and Non-MAR protein binding. (A) The gel corresponds to
EMSA (Electrophoretic Mobility Shift Assay) and the right black arrow highlights the
band shift. The whole-cells lysates of HB2, MCF10A, MDA-MB-231, T47D and MCF-
7, were incubated with oligos 7 (non-MAR) and 42 (MAR 2). Oligos number were
accordingly our previous work (Goes et al. 2011). (B) The graphic below shows the
percentage of relative binding by densitometry analysis (band shift - free probe),
assessed by ImageJ 1.47 version software, for MAR2 (oligo 42 region). Error bars
correspond to +/-S.E.M. from 3 different experiments. *p<0.05.
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Figure 4 — Schematic representation of putative cis-acting factors in MAR2
sequence. Analysis of transcription factors binding sites was performed assessing:
http://alggen.lsi.upc.es/cqibin/promo_v3/promo/promoinit.cqi?dirDB=TF_8.3.
(Messeguer et al. 2002; Farré et al. 2003).
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Figure 5 — Loop domain organization model of TP53 gene through detected
MARs and chromatin markers. Bars correspond to H4Ac enrichment (blue) and
H3K9me3 enrichment (red), at MAR1, MAR2, MAR3, MAR4 and TP53P1. As our
previous model (Goes et al. 2011), loops are restricted by MARs and we used four
points when the limits of loops were unknown. Blue arrows represent ATP1B2 and
TP53 genes with transcription direction.
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5.3 Artigo lll: Epigenetic modifications, chromatin distribution and TP53

transcription in a model of breast cancer progression

Neste artigo, foram descritas alteracbes epigenéticas chaves para a
progressdo tumoral mamaéria, atraveés de 4 linhagens que constituem a série 21T
(H16N2, 21PT, 21NT e 21MT1). Estas linhagens sao originarias da mesma paciente,
paciente 21, e mimetizam diferentes estagios de desenvolvimento tumoral mamario,
desde o tecido normal até o metastatico invasivo.

Dentre as alteracdes epigenéticas foram verificadas a metilacdo global
gendmica, a expressao global dos marcadores epigenéticos nas histonas H4Ac,
H3K9me3 e H3K27me3, a distribuicdo nuclear dos marcadores H4Ac e H3K9me3, a
expressdo de RNAmM de importantes genes relacionados as modificacdes
epigenéticas analisadas, e o enriquecimento dos marcadores epigenéticos H4Ac e
H3K9me3, na regido promotora do importante gene supressor de tumor TP53, ao
longo da progressdo do cancer mamario.

Os resultados obtidos mostraram de forma mais aparente nas células de
mama metastaticas, uma hipometilacdo global gendmica, hipoacetilacdo global e
acumulacao de heterocromatina pericéntrica. Também foi possivel sugerir que estas
alteracdes epigenéticas estariam ocorrendo em sinergia somente nos Ultimos

estagios de progressao metastatica.
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Abstract

Background: Breast cancer is the most common aggressive cancer type in
women. Inherited and acquired mutations as well as epigenetic alterations act
together in breast carcinogenesis and tumor progression. The 21T series, a
series of 4 breast cell lines originating from the same patient and
representative of the breast tumor progression stages is a suitable model to
investigate epigenetic alterations and their influences upon gene expression
during breast tumor progression. We aimed to characterize epigenetic
aspects of the 21T series and further analyze the transcription expression of
the tumor suppressor TFP53.

Results: We detected a global genomic hypomethylation profile in the

cancerous 21MT and 21MT1, ductal carcinoma in-situ and invasive metastatic
carcinoma, respectively. The analysis of histone modification markers showed
an important global decrease of the active chromatin mark H4Ac in the
metastatic 2Z1MT1 relative to the other cell lines while the repressive marks
H3K9Meld and H3K27Med global expression was not significantly altered
through tumor progression. The mENA expression of key enzymes for DNA
methylation and histone modification is consistent with the observed genomic
hypomethylation and histone hypoacetylation. An increase of DNMT3A/B
expression at the initial stages of oncogenesis and decrease of DNMT1 and
HAT1 expression at the final stages were detected. Using a confocal
immunofluorescent assay we observed that H4Ac is mostly located at the
periphery and the repressive mark H3K8Mel3 at the center of 21NT and
21MT1 cells nuclei. TP53 P1 promaoter in 21T series was found to be in an
open state, with a relatively high enrichment of H4Ac. The TP53 transcription
level was found to be similar in all the 21T cell lines.
Conclusions: We have detected epigenetic alterations (global genome
hypomethylation, global hypoacetylation and accumulation of pericentric
heterochromatin) in metastatic breast cancer. They may act in a synergic
fashion at late stages of breast cancer progression.
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Background

Breast cancer is the most frequent cancer among women and ranks
among the top five cancer killers, according to the World Health Organization
(httpwaww. who.intmediacentreffactsheeets/fs297/en; 2013). Inherited and
acquired mutations in genetic material as well as epigenetic changes
contribute to breast cancer progression and development [1, 2]. DNA
methylation is one of the most studied types of epigenetic modification, and is
generally implicated in gene silencing [3]. DNA methyltransferases (DNMTs)
constitute a family of enzymes involved in those activiies and its members,
DNMT1, 2, 3A and 3B, seems to cooperate to maintain the methylation status
of the genomic DNA or introduce de novo methyl groups [4). Modification of
histones, leading to chromatin changes, is also a relevant aspect of the
epigenetic control of gene expression, e.g. activation or repression of genes
involved in DNA repair, cell cycle and cancer progression [2, 5, 6]. Histone
acetyl-transferases (HATs) catalyze reversible acetylation of histones which
are linked to open chromatin and gene activation. HAT1 (KAT1) is the
founding member of a superfamily of HATS and is responsible for acetylation
of histone H4, H4Ac, [7, 8] a signal or marker of transcriptional active
chromatin or euchromatin. Inversely, histone deacetylases (HDACs) control
histone deacetylation levels and make histones more permissive to others
maodifications, being an important mean of chromatin remodeling [2]. Histone
methyl-transferases (HMTs) catalyze reversible methylation of histones and
can be linked to open or closed chromatin regions [10]. One of the HMTs,
SUV39H1, is responsible for tri-methylation of histone H3 lysine 9
(H3K9me3d), a strong marker of consfitutive, transcriptional inactive,
heterochromatin  [11]. A decrease of global DNA methylation and
hypermethylation of some crucial control gene promoters have been
described as important features of cancer cells [5, 12, 13]. Chromatin
remodeling has been also observed during carcinogenesis [14).
Understanding how these mechanisms act is very important and cell models
of cancer progression help this task. In breast cancer, several cell models are
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from the same patient: H16MN2, representative of adjacent non-tumoral breast
cells, 21PT, representative of Atypical Ductal Hyperplasia (ADH) cells, 21NT
of Ductal Carcinoma In Sifu (DCIS) and 21MT1 of Invasive Metastatic
Carcinoma (IMC) [20]. This is an exceptional model to study breast cancer
progression, including epigenetic alterations;, however, the epigenetic
changes occurring in this model of tumor progression remain unknown. In the
present paper we have characterized epigenetic changes in the 21T series in
relation with transcription of the master tumor suppressor gene TP53.
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Results
Global genome hypomethylation in malignant breast cancer cells

It is generally accepted that one of the features of malignant cells is a
genomic hypomethylation status [12]. Therefore, to characterize the DNA
methylation profile of each cell line of the 21T series, we determined the
relative global genomic methylation. Total genomic DNA was separated in two
parts. One part was digested with a methylation sensitive Hpall restriction
endonuclease, another with a methylation insensitive Mspl. The digested DNA
was run on agarose gels, and the intensities of Hpall- and Mspl-digested
DNA, relative to intact genomic DMAs was compared using Image J°
software. The percentage of relative global genomic methylation was
calculated using the following formula: (Hpall - Mspl) x 100/genomic DNA.
The non-cancerous H16NZ2 and the hyperplasic 21PT had ~30% of relative
glebal genome methylation, while cancerous 21NT and the metastatic 21MT1
had a significantly lower global methylation level, ~15% (Figure 1).

Global decrease of active chromatin marker H4Ac in metastatic cells

To study chromatin remodeling during the progression to breast cancer, we
determined global expression of markers of chromatin organization, H4Ac, a
marker of active chromatin and H3K9Me3 and H3IKZ7Me3, markers of
repressive chromatin using Western-blot analysis. Whole-cells proteins were
extracted from 21T cell lines, separated in 15% SDS-PAGE, and incubated
with anti-H4Ac, anti-H3K72me3, anti-H3K9me3d antibodies as well as with
anti-totalH3 (leading control). Relative abundance of these markers was
calculated relative to anti-totalH3. Figure 2, shows a progressive decrease in
total H4Ac observed between the non-cancerous H16N2 and the cancer cell
lines. The metastatic 21MT1 had the lowest level of H4Ac. The global levels
of HIK9Med and H3KZ/Me3 increased from the non-cancerous to cancer
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Expression of key genes linked to epigenetic modifications in the 21T
series cell lines

We have next used RT-gPCR to analyze mEMNA levels of enzymes linked to
the epigenetic modifications observed during breast cancer progression,
DNMT1, DNMT3A/B, SUVI9H1 and HAT1 in the 21T cell series (Table 1).
From non-cancerous H16M2 to hyperplasic 21PT stage, the mENA levels of
the analyzed enzymes were up-regulated, with the exception of DNMT1 which
was strongly down-regulated (p=0.0416). In contrast to the initial step of
breast cancer progression, from non-cancerous 21PT to cancerous 21NT
cells, DNMT1 was up-regulated (p=0.0103), but DNMT3BE was down-
requlated (p=0.0011). Finally, from cancerous Z1NT to metastatic 21MT1,
DNMT1, DNMT3A and HAT1 were down-regulated {p=0.0103, p=0.0060 and
p=0.0087, respectively). Thus, high levels of genomic methylation at initial
stages of oncogenesis may be due to an increase of DNMT3A/B mRNA
expression while a decrease in global DMNA methylation and global histone H4
acetylation during cancer progression may be linked to a decrease in DNMT1
and HAT1 mRNA levels at the final stages of metastatic progression.

Accumulation of pericentric heterochromatin at advanced stages of
breast cancer progression

Having determined the expression of the global histone maodification marks
HdAc and H3KS9Me3 in the 21T series cell lines, we have next investigated
the nuclear distribution of these markers during breast cancer progression
confocal immunofluorescence. Briefly, fixed cells on round coverslips, were
blocked in 3% PBS/BSA, incubated with primary antibodies anti-H4Ac and
anti-H3K2me3 and incubated with secondary antibodies conjugated with
Alexa Fluor 488 and 555 for H3K9Me3 and H4Ac, respectively. Nuclel were
stained with DAPI. From 110 to 400 nuclel in 30 fields were analyzed by
confocal microscopy. Muclear markers distributions of histone marks were
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located at the nuclear periphery in all cell lines, although it was less present in
aggressive cells; this distribution was more pronounced in the metastatic
21MT1 (Figure 2A). HIK2me3 showed to be differently distributed among the
cell lines, being progressively more central in the 21NT and MT1 cancerous

cell lines. Hence, we have observed a redistribution of H3KSme3 in nuclei
during cancer progression.

Homogeneous TPS53 transcription and open chromatin state of P1
promoter during breast cancer progression

To check the possible influence of the observed chromatin alterations during
breast cancer progression in gene regulation, we decided to analyze the
chromatin state of the TRP53 P1 promoter and transcription of the master
regulator gene TP53 in 21T series. We have used ChIP followed by gPCR to
analyze chromatin markers H4Ac (fold enrichment relative to B-actin gene
region) and H3K9Me3 (fold enrichment relative to alpha-satellite region) at the
TP53 promoter 1. The promoter was enriched in H4Ac indicating an open
local chromatin organization, permissive to TP53 transcription in all 21T cell
lines (Figure 4A). We have next used RT-gPCR to quantify TP53 mRNA
levels in these cells. The TP53 transcriptional levels were not statistically
different among the cell lines of the 21T series, in agreement with the H4Ac
ChiP data {Figure 4B).
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Discussion

Breast cancer is a heterogeneous disease and one of the most
common aggressive cancer types in women. Despite intensive research
efforts, the causes of breast cancer development and aggressiveness are far
from being revealed. Recently, alterations in the cell genome and epigenome
were found to contribute to cancer progression [14, 21, 22].

Breast cancer cell lines have been established to help understand
different and numerous stages of breast cancer development in witro, with a
relatively good comrelation with the disease in wvivo [23-25]. The 21T series,
comprising the H16N2; 21PT. 21NT; 21MT1 cell lines was isolated from the
same patient with an infiltrating carcinoma (IDC). With the exception of
H16N2, the cells are HER-2 positive and TP53 mutated (c.96_97ins1) [18,
28). This cell series represents the progression of a human breast cancer in
three stages: 1- from adjacent Non-cancerous (N) to Atypical Ductal
Hyperplasia {ADH); 2- from ADH to Ductal Carcinoma in situ (DCIS); 3- from
DCIS to Invasive Metastatic Carcinoma (IMC).

In the present paper we aimed to characterize the epigenetic aspects
of the 21T series and also study whether the observed molecular alterations
could influence transcription of the key tumor suppressor TP53. We then
performed analysis of global genomic DNA methylation; mRNA expression of
key enzymes of DNA methylation (DNMT1, DNMT3A/SB) and histone
modification (SUV39H1 and HAT1); active (H4Ac) and repressive (H3K9Me3)
chromatin markers expression and their nuclear distribution. We will discuss
below our results in the light of the different stages of breast cancer
progression.

From the non-cancerous H16M2 to ADH 21PT, the global genomic
methylation did not statistically change, remaining at high levels. DNA
methylation enzymes DNMT1 and DNMT3A/B were transcriptionally down
and up-regulated, respectively. These results suggest that higher levels of
global genomic methylation at the initial stage of breast cancer progression
are maintained by DNMT3A/B rather than DNMT1, as mENA expression
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From ADH 21PT to DCIS 21NT cells, a highly significant decrease of
global methylation was detected. However, DNMT1 and DNMT3B were
oppositely regulated with an increase and a decrease in their mRNA levels,
respectively. As observed at the previous stage, we could not detect
significant alterations in global expression of histone epigenetic modification
marks, but the nuclear distribution of the repressive marker H3K9me3 was
more concentrated in the center of the cell nuclei in DCIS. This is the first
report of heterochromatic changes through loss of peripheral and gain of
pericentric heterochromatin, from hyperplasic to cancerous non-metastatic
breast cells, despite eardier reports of pericentric  heterochromatin
accumulation from non-cancerous to metastatic breast cells [27].

From DCIS 21NT to IMC 21MT1 cells, the global genomic methylation
was not altered and we detected an important decrease of DNMTT, DNMT34
and HAT1 genes transcription as well as a global decrease of H4Ac
expression with a high concentration of repressive/heterochromatin marker
H3K9me3 in pericentric regions, in agreement with the published data [27].
Global genomic hypomethylation and higher levels of H3K9me3 were also
linked to malignant melanocyte metastatic transformation [28]. However, in
the case of melanocytes, lower DNMT1 transcription levels were found
exclusively in non-cancerous melanocytes and higher DNMTS3A transcription
levels only In metastatic melanoma [28]. The inverse correlation of
transcription levels between DMNMT1 and DNMT3A/B that we have observed
in normal versus cancerous non-metastatic breast cell lines, could suggest a
compensatory role of these enzymes in breast cancer progression. The global
hypoacetylation of histone H4, possibly due to low transcription levels of
HAT1 that we have observed in the 21MT1 metastatic breast cell line, could
silence or reduce the expression levels of tumor suppressor genes [9] and
lead to deficient homologous recombination repair [29].

Having studied the global changes in chromatin organization, we
analyzed the expression level of the key transcriptional regulator gene TP53
as well as chromatin arganization by ChIP on TP53 gene P1 promoter region.
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in the promoter region P1 as well as the homogeneous expression of TP53
gene through breast cancer progression, reinforces that the protein p53 may
be preferentially regulated by post-translational modifications [30]. Of note,
cancerous cells of 21T series present p33 protein loss due to a frame-shift
mutation [19).

Our results reinforce the link of key epigenetic alterations, as global
genomic hypomethylation, global hypoacetylation and accumulation of
pericentric heterochromatin in metastatic breast cancer, as described
elsewhere [9, 14, 27, 31]. In addition, based in our results, we suggest that
these key epigenetic phenotypes manifest in a synergic fashion at later stages
of metastatic breast cancer progression. The key epigenetic modifications we
have observed during breast cancer progression could be essential to change
the 'epigenetic state’ of differentiated cells into a less differentiated state
characteristic of metastatic cells [32].
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Methods
Cell culture

The 21T cell series (21PT, 21NT and 21MT1) were Kindly provided by
Dr. Pierre Hainaut (International Agency for Research on Cancer), Lyon,
France) and the H16N2 by Dr. Vimla Band (Department of Genetics, Cell
Biology and Anatomy, University of Nebraska Medical Center). Cells were
cultured in o-MEM medium (#12-169F, Lnnza‘E} supplemented with |-
glutamine 4mm {Gib{:ﬂg}, 10% fetal bovine serum {Gib{:ne]. 10ug/ml insulin
(Sigma®™), 0,5ug/ml hydrocortisone (Sigma®), 20ng/ml EGF (Sigma®™), 1X anti-
anti (antibiotic-antimycotic, Gibco™) and 10ug/mi ciprofloxacin at 37°C in a
humidified atmosphere at 5% CO.. Cells counting and viability were carried
out on Moxi £ Mini [Drﬂuﬁ’}. All the 21T cell lines were genotyped to confirm
their allelic profile. Cultures were routinely checked for mycoplasma
contamination.

Determination of the global methylation levels by digestion of genomic
DNA with restriction enzymes Mspl and Hpall

Genomic DNA from 21T series cells was extracted and purified using
Invisorb Spin Tissue Kit [In*.fiteke”] and quantified using MNanoDrop 2000
(Thermo Scientific™). 3 ug of DNA was digested with 30 units of either a
methylation sensitive Hpal restriction endonuclease, or with a methylation
insensitive Mspll (New England Biolabs®™) for 16 hours at 37°C, followed by
addition of 30 units more for 1 hour and heat inactivation for 20 minutes at
65 C. The samples were run on in 1% agarose gel electrophoresis and
stained with ethidium bromide. The percentage of relative global genomic
methylation was measured by comparing band intensities of digested and
intact genomic DMNA using ImagedJ software and then calculated using the
following formula: (Hpall - Mspl) x 100/genomic DNA, as described elsewhere
[28].

Western Blot
Cells were washed twice with ice-cold 1X PBS and lysed with a buffer
containing 150mM NaCl, 1mM EDTA, 50mM Tris-HCI {pH 7.5), 0.5% NP-40
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and a protease inhibitor cocktaill (Roche). Samples were incubated on ice for
30 minutes. Protein extracts (10ug) were heat denatured and separated by
SD5-PAGE. Proteins were transferred to a nitrocellulose membrane
(BioRad™), blocked for 1 hour with 5% non-fat dry milk in TBST (136mM NaCl,
2.6mM KCI, 2dmM Tris-HCI pH 7.4 and 0,1% Tween 20) and incubated for 1
hour with the following primary human antibodies diluted 1:4000 in TBST: H4
pan-acetyl (#39243, Active Motif™), tri-methyl H3K4 (#07-473, Millipore™), tri-
methyl H3K9 (#05-1242, Millipore™), tri-methyl H3K27 (#17-622. Millipore®)
and total H3 (#4620, Cell Signalling®). The signals were visualized by
chemoluminescence using the Immobilion Western kit (#WBKLS0500,
Millipure“”] after incubation with the secondary horseradish-peroxidase
conjugated antibodies (KPL™).

mRNA expression analysis

Total RNA was isolated using Trizol (Life Technologies®™). cDNA
synthesis and real-time PCR analysis with gene-specific primers were carried
out using the GoTaq 2-Step RT-gPCR System (Promega®) according to the
manufacturer's instruction. RT-gFPCR was carried out on the 7500 Real-time
PCR system (Applied Biosystems®™). The housekeeping p-actin gene was
used as the internal control and the PCR products was measured by SYBR
Green. The primers (Eurofing MWG Gperﬂn@} used were as follows (F-
Forward; R-Reverse):
DNMT1- F: CCTTGGAGAACGGTGCTCAT /R: CTTAGCCTCTCCATCGGACT,;
DNMT3A- F: AGAAGTGTACACGGACATGTGG! R: AGGAGATGCAGATGTCCTCAAT;
DNMT3B- F.CATCAAAGTTTCTGCTGCTCAC / R: CAAAGATCCTTTCGAGCTCAGT;
SUV3OHT- F: ATGGAGTACGTGGGAGAGATCA! R: TCTTGTGGCAMGAAAGCGATG;
HAT1- F: CGTGGATGATGAAAGATGGCAC ! R: TTTTGGATGGATCTTCCGCTGT.

Immunofluorescence, confocal microscopy and image analysis

Cells were grown on round coverslips inside a 24-well test plate, then
they were fixed in a 4% paraformaldehyde solution for 10 minutes, rinsed with
PES 1X and permeabilized with 0,5% Triton X-100 for 10 minutes. After, they
were washed 3 times with PBS 1X, followed by 30 minutes of incubation with
amM Ammonium Chloride. They were rinsed then with 1% PBS/BSA solution
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and incubated in 3% PBS/BSA solution for 30 minutes. After the fixation
process, the cells were incubated with the primary antibodies diluted 1:200 in
1% PBS/BSA (anti-H3K9me3 and anti-H4Ac, the same used for Western Blot)
for 16 hours, rinsed with 1% PBS/BESA, blocked for 30 minutes in 3%
PBS/BSA and then were incubated with the secondary antibodies (Alexa
Fluor 488 #A21202 for H3KS9Me3 and Alexa Fluor 555 #A31572 for H4AC) for
2 hours in the dark. After that, cells were washed with 1% FBS/BSA and 1X
PES; and incubated with DAFI {(1:3000 in 19%%FBS/BSA) for 5 minutes in the
dark. After washing with PBS 1X, the coverslips were inverted onto glass
slides with mounting medium (SlowFade - Antifade kit, Invitrogen™) and were
analyzed under Leica® TCS SP5 ADBS confocal laser microscope equipped
with a 63X oill immersion objective. Data acquisition was made in triplicate in
three different experiments, with 30 fields for each slide by counting 110-400
nuclel per each cell line. Nuclear markers distributions were detected through
plotting the means of each pixel in a diametral ROl designed for each nuclei,
with Leica Application Suite Advanced Fluorescence Lite 2.4.1% software.
Each graphic point corresponds to fluorescence intensity of a single pixel. All

fields were analyzed with Leica Application Suite Advanced Fluorescence Lite
2.4.1% software.

ChlP assay

25x%10° cells were cross-linked with 1% formaldehyde for 10 minutes in
a rocking platform at room temperature. Cross-linking reaction was stopped
with Glycine 0.125M diluted in 1X PBS. The cells were washed with ice-cold
1X PBS and resuspended in 1mL Lysis/Sonication cold buffer (1%3SDS,
10mM EDTA and 50mM Tris-HCI pH 7.5) with fresh 0.5mM PMSF and 1X PIC
(Frotease Inhibitor Cocktail) and incubated for 30 minutes on ice. The lysates
were homogenized with 10 strokes, centrifuged at 750xg for 5 minutes at 4 C
and the supernatant was discarded. The pellet was resuspended in 350 plL of
Lysis/Sonication cold buffer with freshly added 1mM PMSF and 1X PIC,
sonicated on ice and centrifuged for 10 minutes with 2000xg at 4'C. The
supernatant contains the extracted chromatin. Immunoprecipitation was
carried out overnight at 4 C with constant agitation in an immunoprecipitation
buffer (5SmM Tris-HCI pH 8.0, 15mM NaCl, 1mM EDTA and 0.1% NP40) with
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20 pg of chromatin, 750 ug of Protein G dynabeads #100.03D (Invitrogen®), 4
ug of antibodies H4 pan-acetyl (#39243, Active Motif™), tri-methyl H3KS (#05-
1242, Millipure’-“}, normal rabbit 19G (#PPG4B, Millipore™; control) and 1X PIC.
All the immunoprecipitations were made with at 1:4 dilutions. The magnetic
beads were washed 6 times with the immunoprecipitation buffer and the
chromatin was eluted with the Lysis/sonication buffer for 15 minutes at room
temperature with constant agitation. The magnetic beads were separated
from eluted chromatin and the proteinase K digestion and reverse cross-link
were done as described above. DNA was cleaned-up by the standard Phenol-
Chloroform method and submitted to qPCR.

gPCR, was carried out using the standard 3Syber-Green method with the
Mastermix -[Hn-{:hei']-. All fold enrichment values of H4Ac and H3K9me3 are
relative to the fold enrichment values of the B-actin gene region or the alpha-
satellite region, respectively. All primers, synthesized by SIGMA®, are listed in

5 — 3 and F-forward/R-reverse:
TPEIP1 F- GCGTGTCACCGTCGTGGAAAG! R-GGAGCCTCGCAGGGGTTGATG:

B-actin gang region F- GACGTAGCACAGCTTCTCCTY -
GGEGEACCTEGACTGACTACCTCAT;

Alpha-Satallite (BC5207313, Millipored:) F-CTGCACTACCTGAAGAGGACIR-
GATGGTTCAACACTCTTALCA,

All Chromatin extraction, immunoprecipitation and gPCR were done in
triplicate and the emor bars comrespond the S.EM. of three different
experiments.

Statistical analysis

All statistics were made by Graphpad®™ software 6.0, with 95% of ClI,
using non-parametric t-test. All error bars represent S.E.M. (standard error of
the mean).
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Tables

Table 1. Expression of key genes responsible for epigenetic modifications in
21T series cell lines.

Genes H16N2 21PT 2INT 21MT1
DNMT1 0.045552300 | 0.004120244 | 0.0389197100 | 0.0033738800
DNMT3A 0.000246858 | 0.003024751 | 0.0013899000 | 0.0001814570
DNMT3B 0.000175841 |0.008179488 | 0.0000875218 | 0.0002220440
SUV39H1 | 0.000002911 |0.000367855 | 0.0008094410 | 0.0001528890
HAT1 0.000245947 | 0.029841590 | 0.0448822600 | 0.0000071696

-RT-gPCR analysis relative to B-actin gene.
Supplementary Table 1. Fold expression change of key genes responsible for
epigenetic modifications in each cancer progression stage.

Through unpaired T-test with Welch’s correction, we could compare the genes
expression values (table 1), for each breast cancer progression stage, as shown in
supplementary Table 1 (the table shows only fold change values with p-value <0.05).

H16N2 to 21PT

Genes Fold change p value
SUV39H1 126.3672278 0.0005
HAT1 121.3334133 0.0073
DNMT3B 46.51638696 0.0008
DNMT3A 12.2529997 0.0296
DNMT1 0.09045084 0.0416
21PT to 21INT
Genes Fold change p value
DNMT1 9.445971161 0.0103
DNMT3B 0.010700156 0.0011
21NT to 21MT1
Genes Fold change p value
DNMT3A 0.130553997 0.0060
DNMT1 0.086688219 0.0103
HAT1 0.000159743 0.0087
H16N2 to 21INT
Genes Fold change p value
HAT1 182.4875441 0.0088
DNMT3A 5.630362395 0.0028
H16N2 to 21MT1
Genes Fold change p value
DNMT1 0.07406607 0.0405

-RT-gPCR analysis relative to p-actin gene.
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Figure 1
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Figure 1. Relative global genomic methylation levels of the 21T cell lines.
Relative global genomic methylation of the non-cancerous cells (H16N2), atypical
ductal hyperplasia stage (21PT), ductal “in situ” (21NT) and metastatic carcinoma
(21MT1). The global genomic methylation was estimated using Hpall and Mspl
restriction endonucleases as described in Materials and Methods. Error bars
represent S.E.M. of four different experiments; t-test: *p<0.05;**p<0.005.
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Figure 2

[
[ &
=
g B E
T g
T g
u.
HIGM2 2PT Z1NT 21MT1
 H16N2_ 21PT ZINT  Z1IMTL
HIK2TMe3
H3K27Me3 bl
2
]
=
H3KSMe3 §
S‘a i
5
()
r
0
_WEIH:q e E
g
-
H3K3Me3 §

201

H3IKAMe3H3 ratic
-
&

1.5
0.5
0.0~

H16NZ HPT TINT TIMT1

Figure 2. Histone markers H4Ac, H3K9Me3 and H3K27Me3 expression in breast
tumor progression. Western Blot analysis of active histone marks H4Ac and the
repressive marks H3K9Me3 and H3K27Me3 in non-cancerous (H16N2), atypical
ductal hyperplasia (21PT); ductal in-situ carcinoma (21NT); metastatic carcinoma
(21MT1) cell lines. Total H3 expression was used as a control. All charts represent
the ratio between histone marks and the total H3 histone **P<0,005; *P<0,05;
Statistical test: one-way ANOVA with Bonferroni post-test.
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Figure 3
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Figure 3. Nuclear distribution of chromatin markers H3K9me3 and H4Ac during breast tumor progression. Representative
confocal nuclear cell images for each 21T cell line: (A) H3K9me3 (green); (B) H4Ac (red). (C) H3K9me3 (dark) and H4Ac (gray)
fluorescence intensity distribution. Each abscissa point represents a single pixel of a diametral nuclear ROI, the bold grid line
indicates the nuclear center position and the ordinate represents the fluorescence intensity in arbitrary units. For graphic markers
distribution, confocal image analysis was evaluated by fluorescent intensity pixels of the markers H3K9me3 and H4Ac, in a
diametral nuclear ROI, for 110-400 nuclei (30 fields) for each 21T cell line. Each error bar represents S.E.M. of fluorescent
intensity pixels. Scale bar = 2 pM.
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Figure 4
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Figure 4. Chromatin state at the promoter P1 and TP53 transcription during
tumor progression. ChIP assay of TP53 promoter P1 in (A) tumor progression (21T
series). (B) Relative TP53 transcription levels measured by RT-gPCR in 21T series.
Error bars represent S.E.M. of three independent experiments.
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6 DISCUSSAO

Ao longo deste trabalho, que compreende 1 artigo publicado, 1 artigo em
analise e outro em preparacédo, foram descritos os sitios no DNA fixados a matriz
nuclear, chamados MARs, e, em outros niveis de compactacdo da cromatina, as
modificacdes epigenéticas possivelmente associadas ao desenvolvimento do cancer
de mama.

Para as andlises da cromatina, foram utilizadas 3 linhagens normais (HB2,
MCF10A e H16N2), 3 linhagens tumorais ndo-metastaticas (BT-474, HelLa, 21NT), 4
linhagens tumorais metastaticas (MDA-MB-231, T47D, MCF-7 e 21MT1) e 1
linhagem hiperplasica (21PT), somando 11 linhagens. Este grande numero de
linhagens possibilitou uma importante descricdo dos principais mecanismos que
atuam na organizacdo da cromatina nos diferentes estagios, e caracteristicas, da
progressao tumoral mamaria.

No artigo I, foi investigado pela primeira vez o papel dos sitios de fixacdo a
matriz nuclear, na regulacdo do gene TP53, no cancer de mama, e os resultados
obtidos mostraram uma interessante distribuicdo in vivo das MARs nas linhagens
tumorais mamarias.

O loop relativamente menor, 50kb, verificado na linhagem normal HB2, e
confirmado também na linhagem normal MCF10A (através de gPCR), foi um
resultado interessante, uma vez que estudos anteriores, mostraram que o tamanho
relativo do loop € menor nas células tumorais, comparando com células controle
normais (160,161).

O fato de cada linhagem analisada, ter apresentado um perfii de MARsS
diferente, € compativel com a extensa variabilidade de fenotipos existentes nas
linhagens tumorais mamarias (162). Apesar da grande variabilidade de MARs, a
regido de estudo, 17p13.1, apresentou uma baixa quantidade de MARSs, que esta de
acordo com estudos anteriores, onde foi mostrado uma correlagao inversa entre
quantidade de genes e o numero de MARSs, nos cromossomos 14, 15, 16, 17 e 18
(60,163).

Atravées de RT-gPCR, verificamos que o0s niveis transcricionais estao
correlacionados negativamente com o tamanho do loop de cromatina, e 0 gene

TP53 e os flanqueadores, estdo mais expressos na linhagem controle HB2 do que
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nas linhagens tumorais maméarias. Este resultado esta de acordo com estudos
anteriores que mostraram que a formagdo dos loops favorece a transcricdo
(47,164,165).

Vale a pena ressaltar ainda, que no artigo | foi detectada a MAR2, somente
nas células normais HB2 e MCF10A (através de gPCR). Esta importante MAR2, foi
estudada no artigo Il, onde foi descrito uma intensa, e altamente especifica, ligacdo
de complexos protéicos nesta regido, através de ensaios de gel-shift, na linhagem
normal MCF10A, ao comparar com as outras linhagens tumorais. Também, no
mesmo artigo Il, verificamos através de ensaios de imunoprecipitacdo da cromatina
(ChIP assays), que a MAR2 apresenta um significativo maior enriquecimento do
marcador de cromatina fechada, H3K9me3, somente na linhagem normal MCF10A,
em relacao a linhagem HB2.

Os resultados obtidos nos artigos | e Il, reforcam o papel da MAR2 como um
putativo receptor de fatores transcricionais ou acentuassomos. Apesar da intensa
ligacdo de proteinas na MAR2, esta regido apresentou um significativo maior
enriguecimento do marcador H3K9me3, na linhagem MCF10A, diferente da HB2,
que apresentou um equilibrio no enriqguecimento dos marcadores H4Ac e H3K9me3.
Acreditamos que este fendmeno observado na MCF10A, pode ser global e exclusivo
desta linhagem, pois se repete em quase todas as regides gendmicas analisadas.

No artigo I, 45% das MARs detectadas nas linhagens HB2, MCF10A, MDA-
MB-231, T47D e MCF-7, apresentaram um balanceamento dos marcadores de
cromatina aberta (H4Ac) e fechada (H3K9me3). Em contraste, 25% e 30% das
MARSs, apresentaram um significativo maior enriquecimento de H3K9me3 e H4Ac,
respectivamente.

A partir dos resultados obtidos no artigo Il, foi possivel detectar que o0s
marcadores epigenéticos da cromatina apresentam uma distribuicdo diferente nas
MARs 1, 2, 3 e 4, para cada linhagem celular. Também, verificamos que a MAR2,
apresentou uma ligacdo especifica de proteinas, que pode representar a atuagéo de
fatores envolvidos na organizagao e funcionamento da cromatina.

Apesar da utilizacdo dos extratos totais de proteinas de linhagens celulares
no artigo Il, também foi utilizado, nos ensaios de gel shift, extratos de proteinas
nucleares e citoplasmaticos, porém sem muito sucesso. Na figura 5 (APENDICE A),
€ possivel visualizar a qualidade e a grande diferenca no perfil de proteinas obtido

através do extrato total de proteinas de linhagens celulares. Também foram
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realizados ensaios de gel shift na auséncia do competidor Poli-dldC, conforme
mostra a figura 6 (APENDICE B), que surpreendentemente ndo apresentou
alteracdes, corroborando a grande especificidade das proteinas a MAR2.

Foram realizados ensaios de ChIP com extratos celulares provenientes das
12 linhagens (caracterizadas na Tabela 1) com os marcadores H4Ac, H3K9me3 e o0s
marcadores, H3K4me3 (relacionado a regides promotoras ativas) e H3K27me3
(relacionado a heterocromatina facultativa), para as 4 MARs, e para as 4 regides
nao-MARs (promotores P1 e P2 do gene TP53, e oligos 62 e 64). Entretanto, foram
inseridos no artigo I, somente os resultados de ChIP com os marcadores H4Ac e
H3K9me3 nas linhagens MCF10A, HB2, T47D, MDA-MB-231 e MCF-7, para as 4
MARs descritas anteriormente no artigo | (142), e no artigo lll, foram inseridos
somente os resultados de ChIP com os mesmos marcadores nas linhagens da série
21T para a regiao promotora P1 do gene TP53.

O estado da cromatina na regido promotora do gene TP53 (TP53P1),
analisado no artigo Il, esta de acordo com os niveis transcricionais do gene TP53,
nas linhagem normal HB2 e na tumoral MCF-7, descritos no artigo I. A linhagem
MCF-7, com menor expressdo do gene TP53, apresenta um grande enriquecimento
do marcador H3K9me3, e a alta expressdo do gene TP53, na linhagem HB2, é
corroborada pelo maior enriguecimento do marcador H4Ac.

O fato de os niveis transcricionais do gene TP53 corroborarem com o estado
da cromatina na regidao promotora P1 do gene TP53, em algumas linhagens, nos
permite sugerir que o gene TP53 pode ser regulado, nestas linhagens, através de
modificagcdes epigenéticas na cromatina, em sua regido promotora P1. O fato das
outras linhagens néao corroborarem os resultados, pode indicar que existem outros
fendmenos influenciando a transcricdo do gene TP53.

Apesar de ndo detectarmos uma correlacdo entre um estado da cromatina
especifico e as MARS, ou entre as células normais e cancerosas, um estudo recente
verificou uma correlagédo entre a presenca de MARs com o0s marcadores de
cromatina aberta H3Ac e H4Ac (166).

O fato do anticorpo anti-PARP-1 se ligar no complexo de proteinas nas
linhagens MDA-MB-231 e MCF-7 (ambas ndo possuem a MAR2), bloqueando a
ligacdo com sonda de DNA de mesma sequéncia da MAR2 (descrita no artigo 1),
conforme a Figura 2 do artigo I, pode sugerir que a proteina ligante a matriz nuclear

(MARBP) PARP-1 néo faz parte do complexo de proteinas que atuam na ancoragem
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do DNA a matriz nuclear, mas a ligacdo da PARP-1 ao DNA nestas linhagens,
possui outras fungodes.
Através de uma plataforma computacional via web

(http://alggen.lsi.upc.es/cgi-bin/promo v3/promo/promoinit.cgi?dirDB=TF 8.3), foi

possivel realizarmos uma busca por putativos fatores transcricionais que poderiam
ter afinidade & MAR2. Foram detectados 11 putativos sitios de ligagdo para as
proteinas GR-beta, GR-alpha, PR A, PR B, FOXP3, c-Myb, HOXD9, HOXD10,
POU2F2 (Oct-2.1), C/EBP-alpha e C/EBP-beta (conforme a Figura 4, artigo Il).

A identificacdo e caracterizacdo das proteinas responsaveis pela ancoragem
a MAR2, sera de extrema importancia para o melhor entendimento do papel dos
sitios de fixacdo a matriz nuclear, e sua influéncia na transcricdo génica no cancer.

Nos artigos | e Il, o estudo da cromatina no cancer de mama, foi realizado
através da descricdo dos sitios de fixacdo a matriz nuclear e caracterizacdo do
importante sitio MAR2, detectado somente nas linhagens normais maméarias HB2 e
MCF10A. Entretanto, no artigo Ill, o estudo da cromatina foi realizado através da
descricdo e caracterizacdo, das principais alteracdes epigenéticas que ocorrem ao
longo da progressé@o tumoral mamadria, e suas possiveis influéncias na transcrigdo
do gene supressor de tumor TP53, através da série 21T.

No artigo Ill, analisamos o estado da metilacdo global genémica, os niveis
transcricionais dos genes relacionados a metilacdo no DNA (DNMT1, DNMT3A e
DNMT3B), trimetilacdo na lisina 9 da histona H3 (SUV39H1), acetilacdo na histona
H4 (HAT1), a expressao global e a distribuicdo nuclear, dos marcadores de
eucromatina H4Ac e heterocromatina H3K9me3, ao longo da progressao tumoral
mamaria na série 21T.

No decorrer da progressdo metastatica mamaria, verificamos a ocorréncia de
hipometilacdo global genbmica, hipoacetilacdo global e acumulagdo de
heterocromatina pericentromérica, todos fendmenos ja descritos em artigos
anteriores (133,167-169), porém foram descritos pela primeira vez na série 21T.

O possivel papel compensatério das enzimas DNMTs 1 e 3A/B nos estagios
iniciais de desenvolvimento do tumor mamario, da linhagem H16N2 para a linhagem
21PT, na manutencéo dos altos niveis de metilacdo global genémica (observados a
nivel transcricional), € um interessante campo de estudo e a realizacdo de ensaios
de western blot, poderia ser o préximo passo para analisar estas enzimas a nivel

traducional.
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A organizacdo da cromatina € parte integrante das medidas de morfologia
nuclear, que incluem também, o tamanho do nudcleo, formato e ploidia. Entretanto,
dada a importancia destas medidas de morfologia nuclear no diagnéstico do cancer,
€ ainda surpreendente a caréncia de conhecimento detalhado dos eventos
moleculares intrinsecos que podem ocasionar estas alteracdes na célula (170).

Conforme descrito recentemente, as regides ricas em genes estao
localizadas, na maior parte no centro do nucleo em células linfoblastoides (171).
Portanto, o0 aumento no tamanho dos loops de cromatina (relacionados a regides
ricas em genes), junto & maior concentracdo de heterocromatina no centro do
ndcleo, observado nas células tumorais mamarias metastéaticas, pode sugerir que a
maior parte dos genes localizados nos loops pericéntricos estdo sendo regulados
negativamente no processo de metastase.

O aumento no numero de loops também pode ocorrer na diferenciacao
celular, conduzindo a ativagdo ou aumento da expressao de determinados genes,
antes inativos na periferia nuclear e associados a lamina nuclear (LADs). A ativacao
dos genes na diferenciacdo celular, estd associada a existéncia de LADs e
enriqguecimento do marcador H3K4me3, especificamente na regido promotora destes
genes (172).

Apesar da expressdo génica depender da topologia da cromatina e da
localizacdo do gene numa regido nuclear permissiva a sua transcri¢cao, ainda néo é
conhecido se a ativacdo da transcricdo € anterior ou posterior ao alargamento do
loop ou se € um fendbmeno totalmente independente (8).

Além do posicionamento nuclear dos loops de cromatina, a expressao génica
também é regulada através da ligacdo, por complementaridade de base, de RNAs
nao codificantes no RNAm. Estes RNAs nao codificantes, s&o denominados micro-
RNAs e dependendo do grau de complementaridade, podem atuar na repressao da
traducdo, e degradacao (173,174) ou até aumento da traducdo no RNAm alvo (175).
Em virtude destas caracteristicas, os micro-RNAs tém sido implicados nos diversos
tipos de cancer, principalmente os de origem mamaria (176-179).

A familia de micro-RNAs miR-29, apresenta uma afinidade pela regido 3’-UTR
dos genes DNMT3A e DNMT3B, regulando negativamente a expressdo destes
(180,181), e indiretamente a do gene DNMT1l (182). Durante o periodo de
doutoramento realizado em nosso laboratorio, a Dra. Luiza Stankevicins descreveu

uma significativa alta expressdo dos micro-RNAs miR-29a-c (aproximadamente na
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ordem de aproximadamente entre 3,0-3,8X), na linhagem metastética 21MT1 ao
comparar com a linhagem normal H16N2 (dados ainda n&o publicados).

Apesar da grande afinidade da familia do miR-29 pelas DNMTs3A/B, é
possivel sugerir que a baixa expressdo de RNAmM da DNMT1, descrita no artigo II,
poderia estar associada a alta expressdo do miR-29a-c, na linhagem 21MT1 ao
comparar com a linhagem H16N2. Isto poderia sugerir que 0os miRs-29a-c podem
regular negativamente a DNMT1, em detrimento das DNMTs 3A/3B, o0 que poderia
conduzir a hipometilacédo global genémica na progressao do carcinoma mamario.

Contudo, ao longo desta tese, foram descritas alteracfes intrinsecas na
cromatina em diferentes niveis de complexidade que ocorrem no cancer de mama.
Estas alteracdes cromatinianas, foram caracterizadas através do estudo dos sitios
de fixagdo a matriz nuclear e do “estado epigenético”. Além do mais, este trabalho
corrobora estudos anteriores, que verificaram que estas alteragcdes sao definidas na
fase de menor diferenciacdo celular, determinando o destino diferenciado da célula,
através de um “canaliculo de desenvolvimento”, como sulcos existentes em declives,
por onde pedras (células), ao rolarem de uma montanha, poderiam entrar e seguir
(68,183-186).
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CONCLUSAO

a)

b)

Os loops de cromatina, na regido de dominio do gene TP53, podem
influenciar a transcricdo do gene TP53, e dos genes flanqueadores, em
linhagens celulares normais e tumorais maméarias. Com isto, podemos
concluir que o gene TP53 é regulado através de ancoragem de sitios de
fixacdo a matriz nuclear, flanqueando a regido de dominio deste gene.

As MARs nao estdo associadas a um estado especifico da cromatina, e a
MARZ2, detectada nas células normais mamarias, possui uma intensa e
altamente especifica, ligacdo de complexos de proteinas. Isto pode indicar
gue o estado da cromatina e os sitios de fixacdo a matriz nuclear séo
fendmenos independentes. A indentificagdo das proteinas que participam
especificamente na ancoragem a matriz nuclear, nas células normais
MCF10A e HB2, vai ser de grande importancia no futuro.

Drasticas alteracfes epigenéticas ocorrem na cromatina, no decorrer da
progressdo tumoral mamaria, tais como: Hipometilacdo global genémica,
hipoacetilagédo global e redistribuigcéo da heterocromatina para o centro do
ndcleo. Entretanto, ao longo da progressdo tumoral, 0 gene supressor de
tumor TP53, possui uma expressdo homogénea, concomitante com o

estado de cromatina aberta no promotor P1.
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APENDICE A - Gel SDS com extrato total de proteinas das linhagens celulares

Standard HB2 MCF-10A MDA T47D MCF-7
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Figura 5. Gel SDS-PAGE com extrato total de proteinas das linhagens celulares. Gel
SDS-PAGE 8% corado com azul de coomasie, motrando a heterogeneidade do extrato total
de proteinas das linhagens celulares. A definicdo das bandas mostra a boa qualidade do
extrato. Standard: Padrdo de peso de proteinas nado-corado (Protein Precision Plus; Bio-
Rad®). KD- KiloDalton.
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APENDICE B — Gel Shift com e sem a adic&o de Poli dI-dC

+ PolidldC - PolididC

Free Free
Probe MCF10A MDA T47D MCF-7 Probe MCF10A MDA T47D MCF-7

Figura 6. Gel shift com e sem a adicdo do competidor Poli dI-dC. Ensaio de gel shift
com e sem a adicdo de 1ug do competidor Poli dI-dC. A auséncia do competidor ndo muda
o perfil de ligag&o altamente especifico das proteinas & MAR2.
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ANEXO - Artigo IV - Genomic instability at the 13931 locus and somatic mtDNA
mutation in the D-loop site correlate with tumor aggressiveness in sporadic

Brazilian breast cancer cases

Este artigo foi elaborado durante o periodo de doutoramento, onde também
foram realizadas todas as analises estatisticas. Entretanto, todos os experimentos

foram realizados durante o periodo de mestrado.
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Genomic instability at the 13931 locus and somatic
mtDNA mutation in the D-loop site correlate with
tumor aggressiveness in sporadic Brazilian breast
cancer cases
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OBJECTIVE: Genomic instability is a hallmark of malignant tissues. In this work, we aimed to characterize nuclear
and mitochondrial instabilities by determining short tandem repeats and somatic mitochondrial mutations,
respectively, in a cohort of Brazilian sporadic breast cancer cases. Furthermore, we performed an association analysis
of the molecular findings and the clinical pathological data.

METHODS: We analyzed 64 matched pairs of breast cancer and adjacent non-cancerous breast samples by
genotyping 13 nuclear short tandem repeat loci (namely, D25123, TPOX, D351358, D351611, FGA, D75820, THO1,
D135317, D135790, D165539, D175796, intron 12 BRCA1 and intron 1 TP53) that were amplified with the fluorescent
AmpFISTR Identifiler Genotyping system (Applied Biosystems, USA) and by silver nitrate staining following 6%
denaturing polyacrylamide gel electrophoresis. Somatic mtDNA mutations in the D-loop site were assessed with
direct sequencing of the hypervariable HVI and HVII mitochondrial regions.

RESULTS: Half of the cancer tissues presented some nuclear instability. Interestingly, the D135790 locus was the
most frequently affected (36%), while the D25123 locus presented no alterations. Forty-two percent of the cases
showed somatic mitochondrial mutations, the majority at region 303-315 poly-C. We identified associations
between Elston grade lll, instabilities at 13g31 region (p=0.0264) and mtDNA mutations (p =0.0041). Furthermore,
instabilities at 13g31 region were also associated with TP53 mutations in the invasive ductal carcinoma cases
(p=0.0207).

CONCLUSION: Instabilities at 13931 region and the presence of somatic mtDNA mutations in a D-loop site correlated
with tumor aggressiveness.

KEYWORDS: Breast Cancer; STRs; Allelic Imbalance; LOH; Somatic mtDNA Mutation.
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INTRODUCTION chromosomal alterations, such as chromosomal deletions or
duplications, and lead to allelic loss or amplification. In

Breast cancer is the most prevalent cancer that affects  ;4dition to the epigenetic mechanisms, the loss of hetero-
women worldwide. One of the most striking characteristics of zygosity (LOH), which results in allelic imbalance, is a

t}?is disease is the heter(?gt_eneity.o.f it§ genetic and patholo- common method of hampering tumor suppressor gene
gical aspects (1). Genomic instability is one of the hallmarks activities during carcinogenesis. TP53 and RB are good
of cancerous tissues, and it increases in advanced and more examples of tumor suppressor genes that are frequently

aggressive tumors (23). This instability may involve large  3jtered by allelic imbalance (3). Short tandem repeats (STRs)
or microsatellites are polymorphic regions that are widely
used to analyze allelic imbalance in tumors. In breast cancer,
Copyright © 2012 CLINICS - This is an Open Access article distributed under LOH has been detected at several loci in both familial and
the terms of the Creative Commons Attribution Non-Commercial License (http:// . . N . . . .

creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted non- bp(?radlc brfabt cancers, with frequencnes ranging b‘?twee“
commercial use, distribution, and reproduction in any medium, provided the 20% and 79% (4,5). RECEDtIy, Tokunaga et al. (6) studied the
original work is properly cited. microsatellite instability of five randomly selected loci in

No potential conflict of interest was reported. Japanese primary breast cancer samples. They observed that
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a high frequency of LOH was associated with triple-negative
and high-grade HER2 breast cancers. When the same
research group specifically evaluated microsatellite instabil-
ity at the BRCA1 locus, they demonstrated that LOH at this
region was independently associated with disease-free
survival (7). In addition to nuclear genomic instabilities,
researchers have also considered mitochondrial genomic
alterations as indicators of cell commitment to carcinogen-
esis. Although their involvement is currently not well
understood, somatic mitochondrial DNA (mtDNA) muta-
tions seem to participate in cancer development in different
ways (89). Lim et al. (10) demonstrated that mtDNA
mutations in colorectal cancer might be implicated in risk
factors that induce poor outcomes and tumorigenesis. Tseng
etal. (11) suggested that somatic mtDNA mutations may play
a critical role in breast cancer progression.

The aim of this study was to characterize nuclear
instabilities and mitochondrial genomic mutations in a
cohort of Brazilian sporadic breast cancer cases. We
analyzed matched pairs of breast cancer and adjacent
non-cancerous breast samples by genotyping 13 nuclear
STR loci [namely, D25123, TPOX, D351358, D3S1611, FGA,
D75820, THO1, D13S317, D135790, D165539, D17S796,
intron 12 BRCA1 and intron 1 TP53] and by directly
sequencing HVI and HVII mitochondrial regions. Fur-
thermore, we performed an association analysis of the
molecular findings and clinical pathological data from the
cases.

PATIENTS AND METHODS

Tumor samples

Tissue specimens from sporadic primary breast cancer
tumors and the corresponding adjacent tumor-free areas
were obtained between 2005 and 2009 from the biopsies of
64 women at the Fernandes Figueira Institute, FIOCRUZ,
Rio de Janeiro, Brazil. After excision, the tissues were snap-
frozen in liquid nitrogen and stored at -70°C. Cancer
diagnosis was confirmed by histopathology. Sixty-four
percent of cases were diagnosed as invasive ductal
carcinoma, and 36% were classified as invasive lobular
carcinoma, mucinous, or micropapillary. DNA was
extracted from the tissue samples using a salting-out
method (12). The DNA was quantified using ethidium
bromide staining in agarose gels and UV spectrophotometry
at 260 nm. The P53 and estrogen/progesterone receptor
levels, which were assessed by immunohistochemistry, and
the clinical-pathological data were obtained from records of
the department of pathology, IFF-FIOCRUZ. The study
protocol was approved by the local ethics committee.

mtDNA sequencing

Hypervariable mitochondrial DNA regions I and II (D-loop
region) were sequenced using the dideoxy chain termination
method (BigDye® Terminator v3.1 Cycle Sequencing Kit) and
analyzed in an automated ABI310 Sequencer (Applied
Biosystems, USA). All of the sequences were aligned to the
Revised Cambridge Reference Sequence, accession number
NC_012920. The primer pairs designed for the PCR and
direct sequencing of mtDNAs are provided in Supple-
mentary Table 1. The mitochondrial somatic mutation data
were assessed by comparing cancerous and adjacent non-
cancerous breast samples.
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STR typing of nuclear DNA and TP53 mutation
detection

Nuclear genomic instability was assessed by PCR analysis
of 13 STR markers. The TPOX, D351358, FGA, D75820, THO1,
D135317 and D16S539 loci were amplified with the fluor-
escent AmpFISTR Identifiler Genotyping system according to
the manufacturer’s recommendations (Applied Biosystems,
USA) and then analyzed using the automated ABI3100
Genetic Analyzer platform and GeneMapper Software
(Applied Biosystem, USA). The D135790 locus was amplified
with an independent FAM-fluorescent system and analyzed
using the ABI3100 Genetic Analyzer platform (Applied
Biosystems, USA). The D2S123, D3S1611, D175796, intron
12 BRCAT and intron 1 TP53 loci were analyzed using silver
nitrate staining following a 6% denaturing polyacrylamide
gel electrophoresis. Nuclear genome instability was assessed
by observing the allelic imbalances, which are usually
identified as LOH. Supplementary Table 1 shows the STR
loci localizations and the primer sequences. When the allelic
patterns differed between the matched normal and tumor
DNAs, the PCRs and electrophoresis were performed twice.
Eventually, the lymphocyte DNAs of patients were also
genotyped and compared to normal and tumor DNAs to
confirm results. In a previous study, TP53 mutation detection
was performed for exons 4-9 (13). The association analyses
were performed with Fisher’s exact test with a significance
level of 95% using GraphPad® software.

RESULTS

Clinical-pathological aspects of cases

To obtain all the possible noteworthy clinical-pathological
data from the studied cases, the 64 patients were evaluated
for age, ethnicity, histological classification, TNM, Elston
grade, p53 and estrogen and progesterone receptor expres-
sion levels (Table 1 and Supplementary Tables 2 and 3). The
average age of the studied patients was 53, and the ages
ranged from 27 to 76 years. The ethnic classification was
based on mitochondrial haplogroups. The patients were
classified into three ethnic groups: African (42%), European
(40%) and Asian-Amerindians (18%). Most of the cases
(69%) were diagnosed as invasive ductal carcinomas (IDCs).
The other histological subtypes, which represented a total of
18 cases (31%), included the following subtypes: invasive
papillary carcinoma, comedocarcinoma, mucinous and
medullar intraductal carcinoma. Most of the cases (75%)
were classified at low or intermediate grades, although 25%
were Elston grade III (high aggressiveness). Fifty percent of
the cases were progesterone-positive, and 74% were estro-
gen-positive. In relation to the p53 tumor suppressor
protein, 70% of the cases were protein-negative, and 22%
were mutant (13).

Nuclear and mitochondrial genome instability

To investigate the genomic instability of our breast cancer
cases, both the nuclear and mitochondrial DNAs were
analyzed. Nuclear genome instabilities were detected by
analyzing the forensic CODIS-recommended STR loci (i.e.,
D2S123, TPOX, D3S1358, FGA, D75820, THO01, D13S317,
D165539) and the STRs that were designed for this study
(i.e,, D3S1611, D135790, D175796, intron 12 BRCA1 and
intron 1 TP53). Figure 1 shows an example of LOH detection
at the D135317 locus using the fluorescent Identifiler system
and a silver-stained polyacrylamide gel. Approximately half
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Table 1 - Clinical-pathological aspects of the cases and an association analysis of STR instabilities and mtDNA mutations

(n=64).
Clinical-pathological All STR instabilities Instability at 13q31 oo Somatic mtDNA mutations §
aspects n S(n=31) U (n=33) p-value S (n=37) U (n=27) p-value  WT (n=37) M (n=27) p-value
Age (years)
<55 37 19 18 21 16 22 15
=55 27 12 15 0.6210 16 1" 1.0000 15 12 0.8017
Ethnic group
African 27 12 15 16 1 18 9
Non-African 37 19 18 0.6210 21 16 1.0000 19 18 0.3063
European 26 12 14 13 13 15 1
Non-European 38 19 19 0.8035 24 14 0.3161 22 16 1.0000
AA 1" 7 4 8 3 4 7
Non-AA 53 24 29 0.3312 29 24 0.3311 33 20 0.1792
Tumor size
=2cm (T1) 31 17 14 19 12 18 13
>2 cm (T24T3) 28 1 17 0.2994 16 12 0.7952 10 18 0.1188
Lymph nodeo
Negative 33 15 18 18 15 17 16
Positive 26 13 13 0.7900 16 10 0.7900 1 15 0.6013
Histological subtype
IDC 44 21 23 26 18 26 18
Others 20 10 10 1.0000 " 9 0.7904 1" 9 0.7904
Elston grade (n=53)
1+ 40 22 18 27 13 25 15
1l 13 4 9 0.2021 4 9 0.0264* 2 1 0.0041**
Progesterone receptor
Positive 32 12 20 18 14 19 13
Negative 31 19 12 0.0793 19 12 0.7994 1" 20 0.0787
Estrogen receptor
Positive 47 24 23 30 17 29 18
Negative 16 7 9 0.7735 7 9 0.2397 1 15 0.0001**
p53
Positive 19 7 12 9 10 7 12
Negative 44 24 20 0.2737 28 16 0.2721 23 21 0.2866
TP53 mutation
wWT 50 27 23 32 18 33 17
Mutant 14 4 10 0.1322 5 9 0.0724 4 10 0.0162*

oa 13931 region: D135317 and D135790 STR loci.

n - Total number of samples; S - Number of stable samples; U - Number of unstable samples; AA - Asian-Amerindian; mtDNA - Mitochondrial DNA.
WT - Wild type; M - Mutation; IDC - Invasive Ductal Carcinoma.

‘Mitochondrial alteration within the D-loop region.

@ Lymph node metastasis: Negative (N0); Positive (N1+N2+N3).
“Fisher’s exact test (p=0.05 statistically significant).

“Fisher's exact test (p=0.05 highly statistically significant).

of the cases displayed microsatellite instability to some
extent; this instability was characterized by allelic imbal-
ances and 41% of cases exhibited alterations in three or more
loci. Among the 13 analyzed STR loci, only the D25123 locus
was stable and the D75820 locus had the lowest frequency of

A

instability (1%). The intron 1 TP53 and D13S317 loci were
each unstable in 16% of cases. Interestingly, the D135790
locus had the highest frequency of instability among the
STR loci (36%). Figure 2 displays the distribution of the
number of instabilities in the STR loci. Supplementary Table

10N

o

10T

J

10N 10T
——— G——

Figure 1 - Detection of LOH at the D135317 locus. The same matched pair of samples was analyzed twice in both systems (A: Identifiler

fluorescent system; and B: silver-stained polyacrylamide gel) to confirm the instability. N: normal tissue; T: tumor tissue.
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Figure 2 - Distribution of STR instabilities among the loci. The
D25123 locus presented no alterations. N: number of genetic
instabilities at each STR locus.

4 summarizes the data that was obtained from each of the 64
cases. Regarding the mitochondrial genome analysis,
42.18% of cases had somatic mutations, most of which were
at the 303-315 poly-C region (Supplementary Table 4).
Figure 3 illustrates an example of mtDNA mutation
assessed by direct sequencing.

Association with clinical-pathological aspects

Following the determination of nuclear instabilities and
mitochondrial genomic alterations, an association study with
clinical-pathological aspects was performed. Interestingly,
when the most frequent unstable genome region (13q31,
assessed here through the microsatellite markers D13S317
and D135790) was analyzed separately, it was statistically
associated with Elston grade III (p=0.0264) (Table 1).
Furthermore, a positive association was also observed with
the presence of TP53 mutations in IDCs (p =0.0207) (Table 2).
A highly positive association with Elston grade III was also
observed with the presence of somatic mtDNA mutations
(p=0.0041). Moreover, reinforcing their correlation with
parameters of tumor aggressiveness, the mtDNA mutations
were statistically associated with negative estrogen receptor
expression (p=0.0001) and TP53 mutations (p = 0.0162). There
was no correlation between the STR instabilities and the
somatic mtDNA mutations.

DISCUSSION

Several molecular mechanisms are involved in the forma-
tion and progression of breast carcinomas, particularly
sporadic breast cancers. An important feature of breast tumor
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Figure 3 - Detection of the mtDNA somatic mutation (16192 CCT)
in a case of breast cancer. The arrow indicates the mutation. N:
normal tissue; T: tumor tissue.

development is the characteristic but highly heterogeneous
genomic instability (14). Recently, the advantageous utiliza-
tion of genome-scale analysis and microarray-based gene
expression profiling has stressed the complexity of breast
cancer progression (15,16). This study was designed and
executed to provide further understanding of genomic
instability in Brazilian breast cancer cases. We performed
nuclear STR loci genotyping and direct sequencing of HVI
and HVII mitochondrial regions of 64 matched pairs of
cancerous and adjacent non-cancerous breast samples. Our
main aims were to detect genomic instabilities in well-known
DNA regions using selected STR loci and the mitochondrial
D-loop region and to analyze their association with clinical
aspects. With the results, we could expect to have a clearer
understanding of local and defined genomic changes, both
nuclear and mitochondrial, and their clinical consequences.
Surprisingly, through the microsatellite markers D135317 and
D135790, we found that 13q31 was the most frequent unstable
genomic region. It was most apparent at the D135790 locus,
with more than 20 cases presenting LOH. When analyzed
separately from the other chromosomal loci, 13q31 was
shown to be statistically associated with Elston grade Il in all
breast tumors and with TP53 mutations in invasive ductal
carcinomas, both of which are clinical parameters of tumor
aggressiveness (17,18). The 13q31 locus has been described as
a chromosome region that shows different genetic alterations
depending on the cancer type. Genetic gains have been
observed in sarcoma (19) and colorectal cancer (20). Genetic
losses have also been verified in breast cancer (21,22).
Eiriksdottir et al. (23) analyzed chromosome 13q in detail in
139 sporadic breast tumors with 18 polymorphic microsatel-
lite markers and identified 3 LOH target regions: 13q12-q13,
13q14 and 13q31-q34. In another study, correlations were

Table 2 - Association analysis of TP53 and mtDNA mutations with STR instabilities in invasive ductal carcinoma cases

(n = 44)
Clinical-pathological All STR instabilities Instability at 13q312
aspects n S (n=23) U(n=21) p-value S (n=26) U(n=18) p-value
TP53 mutation 14
wt 35 2 24 1
Mutant 9 2 7 0.0642 2 7 0.0207*
mtDNA mutations §
WT 26 15 1" 17 9
Mutant 18 8 10 0.5406 9 9 0.3613

@13g31region: D135317 and D135790 STR loci.

n - Total number of samples; $ - Number of stable samples; U - Number of unstable samples; WT - Wild Type.

*somatic mtDNA mutations within the D-loop region.
“Fisher’s exact test (P=0.05 statistically significant).
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detected between the allelic loss of the D1351694 marker
(telomeric to BRCA2) and both larger tumor sizes and
negative  estrogen receptors (24). More recently,
Schwarzenbach et al. (25), studying cell-free DNA in benign
and malignant breast tumor cases, noted that LOH at
D135S280 and D135159, both markers located at 13q31-33,
are associated with overall and disease-free survival. In this
same study, all of the analyzed markers significantly
correlated with lymph node status (25). Together, these
results and our results suggest the existence of a putative
suppressor gene or an important regulator sequence in this
region. The miR17-92 cluster (13q31.3 region) is located near
the 13q31 region; the cluster consists of seven microRNAs
tightly grouped within an 800 bp genomic region in the third
intron of the primary transcript C130rf25. This cluster is also
known as oncomir-1 because its superexpression has been
demonstrated in pulmonary cancer and lymphomas (26,27).
However, there is some evidence of LOH in this genomic
region, mainly in breast cancer, indicating that this cluster can
also play a role as a tumor suppressor gene (28,29). Our
results reinforce the hypothesis that instability in the 13q31
region may relate to a loss of function of microRNAs in this
cluster. Because most of the allelic imbalances were associated
with Elston grade III, and (more importantly) 13q31 LOH was
associated with TP53 mutations in the IDC samples, we can
infer that this alteration is a delayed event in breast tumor
progression. We also investigated somatic mutations in the D-
loop region of the mtDNA and found that 42.18% of cases
were mutated, the majority at the 303-315 poly-C region. As
has been described by others (30,31), we could demonstrate
an association between the presence of mtDNA mutations
and breast tumor aggressiveness. Parameters such as high
histological grade (Elston grade III), estrogen receptor-
negative and TP53 mutations were statistically associated.
Kuo et al. (32) recently reported that the presence of somatic
mutations in the D-loop indicates poor prognosis; however,
they did not identify a correlation with the presence of TP53
mutations in 30 pairs of tumor and non-tumor samples. The
low number of samples and/or the different types of breast
cancer cases could explain the difference. TP53 and somatic
mtDNA mutations have been considered to be good
biomarkers of nuclear DNA damage (18,32); therefore, a
correlation between both genetic alterations would be
expected. However, we did not identify any association
between nuclear instabilities and mtDNA alterations.
Alazzouzi et al. (33) also observed that mitochondrial
alterations were not associated with nuclear instability in
breast tumors. In a study of colorectal carcinomas, instability
in the 303 poly-C region of mtDNA was not associated with
nuclear microsatellite instability (34). These observations
suggest an independent occurrence of both phenomena. In
conclusion, although the number of the Brazilian cases
evaluated in this study was not high, we could highlight an
important role for instabilities at the nuclear 1331 locus and
in mtDNA in breast cancer development and prognosis.
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Supplementary Table 1 - Nuclear STR and mtDNA primer sequences.

Chromosome Amplicon
Locus localization Motif Primer sequences (bp)
TPOX 2p23 AATG ACTGGCACAGAACAGGCACTTAGG F 224-252
GGAGGAACTGGGAACCACAGAGGTTA R
D2s123 2p16 CA AAACAGGATGCCTGCCTTTA F 197-227
(hMSH2) GGACTTTCCACCTATGGGAC R
D3S1611 3p21 CA CCCCAAGGCTGCACTT F 260-268
(hMLH1) AGCTGAGACTACAGGCATTTG R
D351358 3p21 TCTA ACTCGAGTCCAATCTGGTT F 97-147
ATGAAATCAACAGAGGCTTG R
FGA 4p28 TT7C GCCCCATAGGTTTTGAACTCA F 206-332
TGATTTGTCTGTAATTGCCAGC R
D75820 7911 GATA GATTCCACATTTATCCTCATTGAC F 215-247
ATGTTGGTCAGGCTGACTATG R
THO1 11p15 AATG ATTCAAAGGGTATCTGGGCTCTGG F 179-203
GTGGGCTGAAAAGCTCCCGATTAT R
D135790 13g31 GATA TTGAGCCAGGATGATGTG F 422-454
CCTTTGGGTTGTAAACGT R
D135317 13q31 TATC ACAGAAGTCTGGGATGTGGA F 165-197
GCCCAAAAAGACAGACAGAA R
D165539 16q24 GATA GGGGGTCTAAGAGCTTGTAAAAAG F 264-288
GTTTGTGTGTGCATCTGTAAGCAT R
BRCA1 17q TG GGTCATGTGTTCCATTTGGG F 190-270
(intron 12 BRCA) TTGAAGCAACTTTGCAATGAG R
D175796 17p CA CAATGGAACCAAATGTGGTC F 144-174
AGTCCGATAATGCCAGGATG R
TP53 17p AAAAT GCACTGACAAAACATCCCCT F 150-180
(intron 1 TP53) AGTAAGCGGAGATAGTGCCACTGT R
HVI mtDNA - CGCACCTACGTTCAATATTACAGG F 364
GGTGTGTGTGTGCTGGGTAGG R
HVII mtDNA - ATTACTGCCAGCCACCATGAA F 445
ACGTGTGGGCTATTTAGGCTTTA R

F-Forward; R-Reverse.
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Supplementary Table 2 - Clinical-pathological patient data.

134

DNA instability in Brazilian breast cancer cases
Santos GC-Jr et al.

Age Histological Immunohistochemistry
Case (Years) Ethnicity§ classification TNM EG PR ER P53
T2 52 African IDC pT1c pNO (sn) pMx | R e+ -
T4 48 African IDC pT1c pNO (sn) pMx n + + -
T5 53 African IDC pTis pNO (sn) pMx * ND ND ND
T6 56 European IDC pT2c pN2a pMx n - - .
T8 49 African IDC pT1c pNO (sn) pMx | RRes e -
T9 60 African Invasive lobular pT2c pNO (sn) pMx * - 4+ -
T10 44 AA IDC pT2 pNO pMx n - - -
™ 27 African Intracystic papillary pTis pNO pMx w + e -
T14 54 African IDC pT2 pN2a pMX ] + R -
T15 41 African IDC pT1c pNO (sn) pMx | - po— +
T16 48 AA IDC pT1c pNO (sn) pMX | - e -
T17 46 European IDC pT2 pN1a pMx [} - - -
T18 54 European IDC pT1c pN2a pMX w e e -
T19 50 African Mucinous pT1c pNO (sn) pMX | - e -
21 39 AA IDC pT1b pNO pMX 1} - - .
T23 55 African IDC pT2 pN1a pMx | R e -
T25 46 European IDC pT1c pNO pMX [} - et -
T26 60 African IDC pT3 pNO pMx mn - - -
T27 72 African Invasive papillary pT1c pNx pMx n - + -
T28 46 European IDC pT1c pNO (sn) pMx mn - - -
T29 70 African Invasive papillary pT2 pNO (sn) pMX | g e -
™ 36 African Invasive micropapillary pT2 pN1a pMx mn - - -
T32 50 AA IDC pT1c pNO pMx | - + -
T33 56 European IDC pT1c pN2a pMx n - R -
T34 46 European IDC pT2 pN1a pMx m - - +
T35 49 European IDC pT1c pNO (sn) pMx ] R - -
T36 53 European IDC pT2 pNO (sn) pMx ] - - +
T37 47 European Mucinous pT1c pNO (sn) pMx | - . -
T38 61 African IDC pT1b pNO (sn) pMx | e e -
T40 66 African IDC pT1c pN2 pMx m - e +
Ta2 40 African IDC pT2 pNO (sn) pMx | e e -
T43 52 AA IDC pTis pNO (sn) pMx * - - -
Ta4 58 African IDC pT2 pN1a pMx ] R e -
T46 44 European IDC pT2 pN3a pMx [} - et -
T47 7 European IDC pT2 pNO pMx ] R 4+ +
T48 40 European IDC pT1c pNO pMx n - +
T50 42 African Invasive lobular pT1a pN1a pMx bl e G +
T52 40 European IDC pT2 pN1a pMx [} ++ et -
T53 60 European IDC pTic pN1a pMx | - e+ -
T55 40 European Invasive apocrine pTia pNia pMx * + + +
TS6 74 AA IDC pT2 pN1a pMx 1 - Fr -
T58 70 AA Invasive lobular pT2 pNia pMx - e R -
T59 46 African Invasive apocrine pT2 pN1a pMx [} - - +
T60 58 European IDC pT2 pN1a pMx 1 ++ R -
T61 44 AA IDC pT2 pN1b1 pMx ] + . .
T62 76 European IDC pT1 pNO pMx [} + + -
T63 n African IDC pT1 pN1 pMx 1 + + -
T65 53 African Invasive papillary ND ] - + -
T68 59 African Invasive micropapillary pT2 pN3 pMx n - - .
T69 72 European Invasive lobular pT1 pNO pMx * + . +
T70 50 European IDC pT2 pNO pMx ] + + -
™m 63 European Invasive lobular pT1 pN1 pMx * + + +
T72 68 European IDC pT2 pNO pMx n - - +
T73 63 African Invasive papillary pT1 pN2 pMx n - - -
T74 75 European IDC pT1 pNO pMx n - - +
T75 41 European IDC pT2 pN1 pMx n + + -
176 60 AA Invasive micropapillary pT2 pN2 pMx n + + -
T77 46 African IDC pT1 pNO pMx | + + -
T78 66 European IDC pT1 pNx pMx ] + + -
T80 28 AA IDC pTis pNO pMx * - + +
T81 47 African IDC pT2 pNO pMx ] + + -
T82 69 European Invasive micropapillary pT1 pNx pMx ] + . -
T83 49 African Invasive mixed type pT2 pNx pMx n + + -
T85 61 AA Invasive apocrine pT1 pNO pMx ] + + -

IDC - Invasive ductal carcinoma; TNM - Tumor-lymph node metastasis; EG - Elston grade; PR - Progesterone receptor; ER - Estrogen receptor; Protein
expression: (-) negative, (+) positive - 25-50%, (++) positive - 50-75%; (+++) positive - more than 75%; ND - no data; AA - Asian-Amerindian.
“Without Elston grade classification.
*Ethnicity determined by mitochondrial haplogroup.
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Supplementary Table 3 - Classification of cases according
to the clinical-pathological aspects (total = 64).

Number of samples

Variables n (%)
Age (years)

<45 14 (22)
45-55 24 (37)
55-65 13 (20)
65-75 12 (19)
=75 1(2)
Tumor size

T1 (=2 cm) 31 (48)
T2 (> 2cm) 27 (42)
T3 (> 5cm) 1(2)
Tis (Carcinoma in situ) 4 (6)
ND 1(2)
Lymph node metastasis

NO 33 (52)
N1 17 (26)
N2 7(11)
N3 2(3)
Nx 4 (6)
ND 1(2)
Histological subtype

IDC 44 (69)
Invasive Lobular 5(8)
Others § 15 (23)
Elston grade*

1 15 (28)
1] 25 (47)
mn 13 (25)
Progesterone receptor

PR + 18 (28)
PR ++ 4(6)
PR 44+ 10 (16)
PR - 31 (48)
ND 1(2)
Estrogen receptor

ER + 20 (31)
ER ++ 1(2)
ER +++ 26 (40)
ER - 16 (25)
ND 1(2)
P53

p53+ 19 (30)
p53- 44 (68)
ND 1(2)

IDC - Invasive ductal carcinoma; § Other histological subtypes - Invasive
papillary, comedocarcinoma, mucinous, medullar intraductal; PR -
Progesterone receptor; ER - Estrogen receptor; High levels of protein
expression - +: 25-50%, ++: 50-75%, +++:>75%; -: Normal levels or low
levels of protein expression; * Elston grade was applied only for the IDC
subtype and other types of IDC; ND - Not detected.
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Supplementary Table 4 - Unstable STR loci, mtDNA mutations and TP53 mutation status (exons 4-9).

Case Unstable STR loci Mitochondrial somatic mutations TP53 mutation
T2 D175796, - G2455
D135790
T4 D135790 - B
T5 D135790 - -
T6 - 303-315C (8-9) TC (6) -
T8 - 16192 COT -
T9 D135790 16309 AA/G -
T10 D351358, D13$317, D175796, D3S1611, BRCA1 303-315 C (7-8) TC (6) R248Q
™ D135790 - -
T14 THO1, TP53, D351611, D351358, D175796 303-315 C (7-8) TC (6) -
T15 - - -
T16 - 303-315 C (7-8) TC (6) -
16391 GG/A
7 - 303-315C(7-8) TC (6) -
16261 COUT
T18 - - R175H
T19 - 303-315 C (7-8) TC (6) H168P
™ FGA, D351358, D351611, D135790 303-315 C (8-9) TC (6) R273H
T23 - - -
T25 - 16192CCT -
T26 TP53, - -
FGA, D165539, D135317
T27 - - -
T28 - - -
T29 D16S539, D175796 146 TT/C -
™ FGA, D135317, THO1, BRCA1, D135790 - 16888delC
T32 - - -
T33 D135790 - 16897-16911del
T34 D135790 303-315 C (8-9) TC (6) Y234C
66 GG/T
T35 D135790, D175796, TP53 - -
T36 - - -
T37 D135317 - -
T38 TP53 -
T40 D135317, FGA, THO1, D175796, D351611, TP53, BRCA1, 294 TT/IC 1195L
D351358, TPOX,
D135790
T42 - 16261CCT -
T43 - 303-315 C (7-8) TC (6) -
T44 - - -
T46 - - -
T47 D165539, TP53, TPOX - -
T48 - - -
T50 TPS3 - -
T52 TPS3, - -
D135317, D165539,
D135790
T53 - - -
T55 - 294 TT/C W14d6stop
T56 - - -
T58 - - -
T59 TP53, 303-315 C (7-8) TC (6) P278A
THO1, BRCA1, D351358, D165539, D135317, D135790 338 COT
T60 THO1, - -
D165539, D135317
T61 TP53, 215 AAJG -
D135317,
D135790
T62 - 303-315 C (8-9) TC (6) =
T63 - - -
T65 - - -
T68 - - -
T69 D135790 303-315 C (7-8) TC (6) -
338 COT
T70 D135790 - -
™ D135790 215AAJC -
T72 D75820, 303-315 C (7-8) TC (6) R175H
THO1, D165539, D175796,
D135790
173 - - -
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Supplementary Table 4 - Continued.

137

CLINICS 2012;67(10):1181-1190

Case Unstable STR loci Mitochondrial somatic mutations TP53 mutation
T74 D135790 303-315 C (7-8) TC (6) -
16291 COT
175 - - -
T76 D351611 303-315C (7-8) TC D259V
177 - - -
178 D135790 303-315 C (7-8) TC (6) -
16291CCT
T80 - - -
T81 D135790, 303-315 C (7-8) TC (6) -
D138317
182 D135790, - -
D165539
183 D135790 - -
T85 - -

1190



