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PREFÁCIO 

 

Nesta dissertação apresentam-se os resultados do trabalho desenvolvido entre 2001 e 

2006 no Instituto de Histologia e Embriologia, actualmente Instituto de Medicina Molecular, 

da Faculdade de Medicina da Universidade de Lisboa, sob a orientação do Professor Doutor 

João Ferreira. 

Este trabalho teve como principal objectivo contribuir para a compreensão da biologia 

celular da topoisomerase IIα humana. 

 

A presente dissertação encontra-se dividida em quatro capítulos. O primeiro capítulo 

intitula-se Introduction e pretende rever os aspectos conhecidos, e mais relacionados com o 

trabalho desenvolvido, da biologia das topoisomerases, bem como do seu substrato 

preferencial, a cromatina. Dentre a revisão feita ao conhecimento das topoisomerases foi dada 

especial relevância às topoisomerases do tipo II, dado a topoisomerase IIα pertencer a este 

grupo. O segundo capítulo (Objectives) define os objectivos traçados para este trabalho. No 

terceiro capítulo (Results) são descritos os resultados originais obtidos neste estudo sob a 

forma de artigos, um já publicado, outro em fase de submissão para publicação. No quarto 

capítulo (Concluding remarks) são discutidas e realçadas as principais conclusões desta 

dissertação. 

 

Como previsto no Artigo 40º do Regulamento de Estudos Pós-graduados da 

Universidade de Lisboa (Deliberação Nº961/2003), a presente dissertação encontra-se 

redigida em língua inglesa, contendo um resumo alargado (mais de 1200 palavras) em língua 

portuguesa. 

 

Como previsto no Decreto de Lei 388/70, art. 8º, parágrafo 2, parte integral dos 

resultados apresentados encontra-se publicada, em vias de publicação ou submetida para 

publicação nos seguintes artigos: 

 

Agostinho*, M., Rino, J.*, Braga, J.*, Ferreira, F., Steffensen, S. and Ferreira, J. 2004. 

Human Topoisomerase IIα: targeting to subchromosomal sites of activity during interphase 

and mitosis. Mol.Biol.Cell. 15:2388-2400. 

*Estes autores contribuiram igualmente para o trabalho. 
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Agostinho, M., Santos, V., Rino, J., Costa, R. Ferreira, F. Jaffray, E., Hay, R. and 

Ferreira, J. Conjugation of human topoisomerase IIα with SUMO-2/3 in response to 

topoisomerase inhibitors: cell cycle stage and chromosome domain specificity. Manuscrito 

em preparação. 

  

Este trabalho não seria possível sem a colaboração de várias pessoas e instituições a 

quem eu desejo expressar o meu agradecimento. 

 

Quero agradecer, em primeiro lugar, ao Professor Doutor João Ferreira a atenção e 

disponibilidade com que me orientou ao longo destes anos. A sua presença e saber científico 

foram determinantes para a execução deste projecto e para a minha formação. 

 

Ao Professor Doutor Ron Hay e ao Doutor Ellis Jaffray o meu agradecimento pela 

valiosa colaboração estabelecida, com o envio de linhas celulares e o apoio na definição dos 

protocolos de purificação das formas SUMO conjugadas. 

Aos Doutores William Beck e Martina Vaskova agradeço a enorme generosidade e 

paciência no processo de envio das quimeras EGFP-topoII. 

 

Gostaria de agradecer à Fundação para a Ciência e a Tecnologia por me ter concedido 

uma Bolsa de Doutoramento (SFRH/BD/6107/2001) e à Fundação Calouste Gulbenkian por 

me ter concedido um prémio Gulbenkian de Estímulo à Investigação (2001). 

 

À Professora Doutora Maria do Carmo Fonseca agradeço ter-me recebido no Instituto 

de Histologia e Embriologia, agora Instituto de Medicina Molecular, bem como o apoio e 

interesse com que sempre seguiu o nosso projecto. 

 

À Professora Doutora Leonor Parreira agradeço o interesse pelo rumo da Biologia da 

Cromatina. Mais do que tudo, gostaria de agradecer as palavras certas na hora certa. 

 

Aos colegas Joana Desterro, José Rino e José Braga quero agradecer a interminável 

disponibilidade e apoio no design das experiências e na análise e interpretação dos resultados. 
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Aos Amigos Joana e Zés qualquer palavra ficaria aquém da nossa camaradagem. É 

reconfortante partilhar o dia-a-dia com alguém como nós. 

 

À Maria do Carmo Azevedo gostaria de expressar a minha admiração pelo seu 

trabalho (sem ele, teria demorado dez anos a fazer estas experiências!) e também saudar a 

naturalidade com que nos tornámos companheiras. 

 

A todos os meus colegas de trabalho, um profundo obrigado pela partilha de 

experiências, saberes e materiais. Uma menção especial aos meus colegas da Cromatina Soren 

Steffensen, Fernando Ferreira, Vera Santos, Inês Pinheiro e às minhas “companheiras de 

viagem” Patrícia Calado (sem a sua amizade onde estaria esta tese?), Sandra Caldeira, Anita 

Gomes, Margarida Carvalho, Teresa Carvalho, Noélia Custódio, Teresa Raquel, Maria Vivo, 

Hélia Neves... 

 

Um obrigado especial à Ana, Lídia, Inês e Joana (again!) por me acompanharem 

sempre no (bom) caminho. 

 

À minha família, pai, mãe, avós, Alex, Bia, Tita, Carolina, Ana Maria, João, Luís, Tó 

e Guida prefiro retribuir a fé imensa que temos uns nos outros. 

Ao Pedro agradeço a crença inabalável em mim, a infindável paciência e o entusiasmo 

com que vive a minha vida. À Catarina agradeço a plenitude e a oportunidade de viver tudo 

de novo. Sem nós, os dois e os três, nada faria sentido. Por fim, gostaria de lhes assegurar que, 

da minha parte, acabaram as teses lá em casa. (Acho…) 
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RESUMO 

 

As topoisomerases são enzimas que controlam a topologia do DNA. Actuam aliviando 

o superenrolamento gerado na molécula de DNA após sua replicação e transcrição, e 

resolvendo outras complexidades topológicas como nós e catenanos. Participam assim em 

vários processos nucleares desde a replicação e reparação do DNA até à condensação e 

segregação dos cromossomas. Têm ainda uma elevada relevância biomédica porque 

constituem o principal alvo de agentes de quimioterapia do cancro. 

As topoisomerases classificam-se em dois tipos consoante o seu modus operandi: as 

do tipo I clivam a molécula de DNA em cadeia simples, enquanto as do tipo II cortam a dupla 

cadeia do DNA de forma dependente de ATP (Wang 1996). Estas diferenças mecanísticas 

têm um profundo efeito nas competências celulares de cada grupo, uma vez que as 

topoisomerases II são as únicas capazes de resolver catenanos que se formam entre moléculas 

de DNA recentemente replicadas. Enquanto as topoisomerases II podem colmatar 

parcialmente a ausência de topoisomerases I, estas não substituem funcionalmente as 

primeiras. Assim, as topoisomerases II são essenciais à célula eucariota.  

Em mamíferos, existem duas isoformas de topoisomerase II, α e β. A primeira 

isoforma encontra-se em células em ciclo e é determinante na correcta segregação 

cromossómica, a segunda parece ser mais abundante em neurónios e estar mais relacionada 

com a transcrição. A topoisomerase IIα humana é, então, uma proteína de ciclo, ou seja, é 

expressa em células que estão em ciclo celular e regulada por este. A sua função evidencia-se 

em mitose, uma vez que células depletadas de topoisomerase IIα são incapazes de segregar 

correctamente os seus cromossomas, resultando daí poliploidia e morte celular (Porter and 

Farr 2004). Apesar do enorme interesse que suscita, muito resta saber sobre aspectos básicos 

da biologia celular da topoisomerase IIα humana. 

A distribuição nuclear de topoisomerase IIα varia ao longo do ciclo celular, 

registando-se como locais preferenciais de acumulação os centrómeros e o eixo dos 

cromossomas mitóticos (Rattner et al. 1996; Meyer et al. 1997). Será que estes locais 

correspondem também a locais de catálise? 

Numa primeira fase deste trabalho, pretendemos responder a esta questão. Para tal, 

desenvolvemos um método pioneiro na detecção in situ da actividade de topoisomerases a 

nível subcelular. Este novo ensaio, o qual denominámos DRT (“Differential Retention of 

Topoisomerase”) permitiu distinguir, pela primeira vez, os locais/pools enzimáticos de 
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actividade catalítica das topoisomerases dos locais de simples armazenamento. Assim, foi 

realizada uma análise detalhada da distribuição subcelular da actividade catalítica da 

topoisomerase IIα ao longo do ciclo celular. 

Recorrendo ao ensaio de DRT foi possível identificar os sítios de replicação tardia da 

fase S, correspondentes a replicação de heterocromatina, como locais privilegiados de 

actividade catalítica da topoisomerase IIα. Estes resultados mostram, pela primeira vez, o 

ambiente biológico associado à resolução de catenanos pela topoisomerase II e sugerem que a 

heterocromatina será um substrato preferencial. No nosso estudo, observámos também que a 

actividade catalítica da topoisomerase IIα nos focos de replicação tardia está dependente da 

ocorrência de replicação do DNA e apresenta uma dinâmica compatível com a hipótese de a 

topoisomerase IIα estar a exercer catálise sobre a heterocromatina recém replicada. Que 

consequências daí advirão para as células? 

Com o objectivo de esclarecer este cenário, e uma vez que, após replicação do DNA, a 

cromatina se encontra em intensa fase de remodelação, investigámos se haveria alguma 

relação entre actividades remodeladoras da cromatina específicas da heterocromatina 

replicante (Taddei et al. 1999; Rountree et al. 2000) e a topoisomerase IIα aí concentrada. Os 

resultados obtidos mostram que a actividade de desacetilase de histonas é crítica para a 

actividade catalítica da topoisomerase IIα na heterocromatina replicada (assim como noutros 

locais de catálise, nomeadamente nos centrómeros), sugerindo a conexão entre as actividades 

de manutenção da topologia do DNA (perpetrada pela topoisomerase II) e actividades de 

remodelação da cromatina (efectuada por desacetilases de histonas, entre outras). 

A topoisomerase IIα inclui uma fracção insolúvel, classicamente encarada como inerte 

em termos de catálise. Neste trabalho, verificámos que tais características não correspondem 

necessariamente a imobilidade funcional, uma vez que mostramos que a fracção insolúvel é 

dinâmica, localizando-se preferencialmente em locais de acumulação de factores de 

transcrição e splicing (“splicing speckles”) de forma dependente das actividades da própria 

topoisomerase II e da RNA polymerase II. 

A participação da topoisomerase II na condensação dos cromossomas é controversa, 

com algumas observações apontando para um papel estrutural da topoisomerase na 

organização e condensação dos cromossomas, enquanto outros registos são consentâneos com 

um papel catalítico da enzima nos eventos mitóticos (Shamu and Murray 1992; Warburton 

and Earnshaw 1997). Neste trabalho, mostrámos que pelo menos parte da topoisomerase IIα 

que se concentra no eixo cromossómico e nos centrómeros está catalíticamente activa, 
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sugerindo que a actividade catalítica é relevante tanto para a organização do cromossoma 

mitótico (no qual o pool axial de topoisomerase IIα terá um papel importante) como para a 

separação e segregação dos cromossomas (nos quais ambos os pools, centromérico e axial, 

participarão). 

Com o objectivo de compreender quais os mecanismos de regulação dos diversos 

pools celulares de topoisomerase IIα, especialmente os pools centromérico e do eixo 

cromossómico, encetámos uma análise da conjugação de topoisomerase IIα com as proteínas 

da família SUMO. A conjugação com proteínas da família do SUMO (SUMO-1, SUMO-2, 

SUMO-3 e SUMO-4) constitui uma modificação pós-traducional de efeitos marcantes na 

localização, estabilidade ou actividade das proteínas e está fortemente relacionada com 

diversos aspectos da dinâmica dos cromossomas (Gutierrez and Ronai 2006). Foi proposto 

que a conjugação de topoisomerase II com SUMO seja necessária para a correcta coesão e 

segregação dos cromossomas em levedura e no sistema de Xenopus (Bachant et al. 2002; 

Azuma et al. 2005). Contudo, as proteínas SUMO não foram detectadas em cromossomas de 

mamíferos (Ayaydin and Dasso 2004). Neste trabalho, mostrámos que SUMO-2/3 se acumula 

nos cromossomas humanos de forma dependente da topoisomerase IIα. A conjugação 

SUMO-2/3-topoisomerase IIα ocorre nos centrómeros e no eixo dos cromossomas mitóticos e 

é estabilizada por inibidores de actividade da topoisomerase II (ex: ICRF-187 e etoposido) 

que retêm especificamente os intermediários catalíticos ligados ao DNA. De facto, a análise 

bioquímica de extractos mitóticos e totais permitiu verificar que o inibidor ICRF-187 

estabiliza globalmente a SUMO conjugação da topoisomerase IIα especificamente com 

SUMO-2/3, levantando novas hipóteses quanto aos mecanismos de acção de inibidores de 

topoisomerase. 

Curiosamente, o efeito estabilizador do ICRF-187 na acumulação de SUMO-2/3 nos 

centrómeros só se verifica em mitose, em oposição ao registado nos centrómeros em outras 

fases do ciclo. Esta observação sugere um papel de destaque da conjugação topoisomerase 

IIα-SUMO-2/3 nos centrómeros mitóticos, que são estruturas determinantes para a progressão 

correcta da coesão cromossómica. 

Neste estudo, mostrámos também que a dinâmica da conjugação de topoisomerase IIα 

com SUMO é diferente nos centrómeros e no eixo cromossómico, sugerindo diferentes 

competências funcionais para estes dois pools de enzima. As nossas observações mostram que 

a conjugação de topoisomerase IIα centromérica com SUMO está mais estabilizada e/ou 

corresponde a uma maior fracção de enzima, enquanto a conjugação de topoisomerase IIα 
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com SUMO no eixo cromossómico poderá ser modulada pela ligação do catião cálcio à 

topoisomerase IIα neste domínio. 

Usando o ensaio de DRT observámos que a fracção cataliticamente activa de 

topoisomerase IIα é conjugada com SUMO-2/3 em mitose, e com SUMO-1 e SUMO-2/3 

durante a interfase. A análise da dinâmica de conjugação da topoisomerase IIα com SUMO 

ao longo do ciclo celular efectuada em termos bioquímicos mostra ainda que, ao contrário do 

que se observa no sistema de Xenopus, a topoisomerase IIα humana se conjuga com SUMO-

2/3 também em interfase. 

No seu conjunto, estes resultados revelam de que forma a conjugação de 

topoisomerase IIα com SUMO ocorre durante o ciclo celular e corroboram a ideia de que, 

também em mamíferos, a conjugação de topoisomerase IIα com SUMO-2/3 em mitose é 

determinante na correcta coesão e segregação dos cromossomas. Adicionalmente, ao mostrar 

que os inibidores de topoisomerase II usados no combate ao cancro estabilizam formas 

conjugadas com SUMO, os nossos resultados abrem novas perspectivas na compreensão dos 

mecanismos de acção destas drogas. 

 Assim, o trabalho realizado representa um contributo para o conhecimento da biologia 

celular da topoisomerase IIα. Ao identificar a heterocromatina como domínio priviligiado de 

acumulação da topoisomerase IIα e a replicação do DNA, o estado da cromatina, a transcrição 

e a conjugação com SUMO como factores envolvidos no recrutamento da actividade catalítica 

de topoisomerase IIα, pensamos ter aberto novas perspectivas para a compreensão do papel 

de destaque que a topoisomerase IIα ocupa na dinâmica nuclear. 
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PREFACE 

The work presented in this thesis was developed between 2001 and 2006 at the 

Histology and Embriology Institute, presently Institute of Molecular Medicine, Faculty of 

Medicine, University of Lisbon under the supervision of Professor João Ferreira. 

The principal aim of this work was to contribute to knowledge on the cellular biology 

of human topoisomerase IIα. 

 

This thesis is divided in four chapters. The first chapter (Introduction) reviews the 

known aspects of the cellular biology of topoisomerases and their substrate, chromatin. 

Special enphasis was given to the aspects related to the work described in this thesis and to 

human topoisomerases II. Chapter 2 (Objectives) presents the objectives designed for this 

project. Chapter 3 (Results) describes the original results obtained in the form of two articles, 

one already published and the other in preparation for submittion. The fourth chapter 

(Concluding remarks) discusses and presents the main conclusions drawn from this work. 

 

I wish to express my gratitute to a number of persons and institutions that made this 

work possible. 

First of all, I wish to express my gratitude to Professor João Ferreira, whose constant 

presence and scientific knowledge were crucial to the execution of this project and to my 

professional education. 

Iam most grateful to Professor Ron Hay and Ellis Jaffray for the valuable 

collaboration established during this study.  

To William Beck and Martina Vaskova I deeply thank their perseverance in sending 

EGFP-topo II chimeras.  

I wish also to aknowledge Fundação para a Ciência e a Tecnologia for supporting me 

with the fellowship SFRH/BD/6107/2001 and Fundação Calouste Gulbenkian for granting me 

with an award. 

I am grateful to Professor Maria do Carmo Fonseca for having accepted me at 

Histology and Embriology Institute, presently Institute of Molecular Medicine, and for 

supporting our project. 

I wish to express my gratitude to Professor Leonor Parreira for her attentive interest in 

the Chromatin Biology Unit evolution. 
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Iam deeply grateful to my colleagues and friends Joana Desterro, José Rino and José 

Braga for helping me with experiments design and data analysis. Their friendship is a daily 

joy. 

 

To Maria do Carmo Azevedo I wish to aknowledge her valuable contribution to this 

work and greet our companionship. 

 

To all my colleagues I thank deeply all they taught and shared with me along these 

years. A special mention to my colleagues at Chromatin Biology Unit Soren Steffensen, 

Fernando Ferreira, Vera Santos and Inês Pinheiro and to my “route companions” Patricia 

Calado, Sandra Caldeira, Anita Gomes, Teresa Carvalho, Noélia Custódio, Teresa Raquel, 

Margarida Carvalho, Maria Vivo, Hélia Neves… 

 

A special word to Ana, Lídia, Inês and Joana (again!) for walking with me along the 

(right) way. 

 

To my family, my parents, grandparents, Alex, Bia, Tita, Carolina, Ana Maria, João, 

Luís, Tó and Guida I’d rather repay the enormous faith we deposit in each other. 

To Pedro I thank his unbreakable belief in me, his never ending patience and the 

enthusiasm with which he lives my life. To Catarina I thank the fullness she inspires in me 

and the oportunity to live it all again. Everything would be meaningless without the two, and 

the three of us. At last, I would like to assure both that, as far as Iam concerned, there will be 

no more thesis at home. (I think…) 
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ABSTRACT 

 

Topoisomerases are enzymes that control DNA topology. They alleviate supercoiling 

states genereated in the DNA molecule during DNA replication and transcription, as well as 

other topological complexities such as knots and catenanes. Topoisomerases participate in 

several cellular processes including DNA replication, transcription, repair and chromosome 

condensation and segregation. Because they constitute the principal target of chemoterapic 

drugs in cancer treatment, topoisomerases are of extreme biomedical relevance. 

Topoisomerases are classified in two types, according to their mode of action: type I 

topoisomerases promote single strand break onto the DNA molecule, whereas type II enzymes 

impose double-strand breaks in an ATP-dependent manner. This mechanistic difference has a 

profound effect on the celular competences of the respective types: type II topoisomerases are 

the sole ones capable of resolving catenanes existing between two recently replicated DNA 

molecules. Furthermore, they are able to functionally substitute type I topoisomerases inside 

the cell, whereas the latter cannot overcome the need for type II topoisomerase activity. Thus, 

type II topoisomerases are essential to eukaryotic cells. 

Mammallian cells express two isoforms of topoisomerase II, named α and β. Isoform 

α is found in cycling cells, is regulated by the cell cycle and is essential to proper 

chromosome segregation. On the other hand, isoform β is more abundant in neurons and has 

an important role in transcription. 

The cellular relevance of human topoisomerase IIα is highligted during mitosis, once 

cells depleted of the enzyme are unable to proper segregate their chromosomes, resulting in 

poliploidy and cell death. However, despite the enormous interest on human topoisomerase 

IIα, several basic aspects of its cellular biology remain unclear. 

The nuclear distribution of human topoisomerase IIα varies along the cell cycle, with 

centromeres and mitotic chromosome axes being preferred sites of accumulation. Do these 

sites of accumulation also correspond to privileged sites of catalysis? 

 

 

In the first part of this work, we intended to answer this question. To do so, we 

developed a novel method to detect in situ catalytic activity of topoisomerases with 

subcellular resolution. This novel assay, which we termed DRT (“Differential Retention of 
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Topoisomerase”) allowed to distinguish, for the first time, between pools of catalytically 

active topoisomerase IIα from simple depots of the enzyme. 

Using the DRT assay, we performed a detailed analysis of the subcellular distribution 

of the catalytic activity of topoiosmerase IIα along the cell cycle. We were able to identify 

DNA late replicating sites, which correspond to heterochromatin replication, as privileged 

sites of topoisomerase IIα catalytic activity. These results showed, for the first time, the 

biological environment associated with the resolution of catenanes by topoisomerase IIα and 

suggest that heterochromatin is a preferential substrate. In our study, we also observed that 

catalytic activity of topoisomerase IIα at late replicating sites is dependent on ongoing DNA 

replication. We further observed that its dynamics is compatible with the idea that this activity 

is exerted over newly replicated heterochromatin. What are the cellular consequences of this 

timely and spacialy confined accumulation of topoisomerase IIα activity? 

As newly replicating heterochromatin is subjected to intense remodelling, we wanted 

to check whether there was any interplay between chromatin remodelling activities and 

topoisomerase IIα catalytic activity at late replicating sites. Our results showed that histone 

deacetylase activity is critical to topoisomerase IIα catalytic activity both at replicated 

heterochromatin and at other specific sites, namely at the centromeres, suggesting a 

connexion between topology maintenance activities (exerted by topoisomerase IIα) and 

chromatin remodelling activities (exerted by histone deacetylases, among others). 

Nuclear accumulation of topoisomerase IIα includes an insoluble fraction, classically 

defined as catalyically inert. In this work, we showed that the insoluble fraction of 

topoisomerase IIα does not correspond to a functionally immobile pool of the enzyme. We 

provided evidence that the insoluble fraction of human topoisomerase IIα is dynamic and 

localizes preferentially at sites of accumulation of transcription factors (“splicing speckles”) 

in both topoisomerase II and polymerase II activity dependent fashion. 

The participation of topoisomerase IIα in chromosome condensation, albeit well 

studied, is controversial. Whereas some observations support a structural role, other results 

sustain a catalytic role for the enzyme in the organization and condensation of chromosomes. 

In this work, we showed that at least part of the topoisomerase IIα that accumulates at 

centromeres and at mitotic chromosome axes is catalytically active, suggesting that catalytic 

activity of topisomerase IIα is relevant both to the organization of the mitotic chromosome 

(where the axial pool of topoisomerase IIα is thought to have an important role) and to 
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chromosome separation and segregation (in which the centromeric and axial pools of 

topoisomerase IIα participate). 

In order to understand which mechanisms regulate the accumulation of topoisomerase 

IIα in different subcellular pools, namely at the centromeres and at the chromosome axes, we 

decided to analyse the conjugation of topoisomerase IIα with SUMO proteins. 

Conjugation of SUMO proteins (SUMO-1, SUMO-2, SUMO-3 and SUMO-4) 

constitutes a post-translational modification with high impact in the localization, stability or 

activity of the substrate. SUMO-conjugation is known to participate in proper chromosome 

dynamics in eukaryotic cells. It has been proposed that SUMO-conjugation of topoisomerase 

II is essential for proper chromosome cohesion and segregation in yeast and in the Xenopus 

system. However, SUMO proteins were not detected in mammalian chromosomes. In this 

work, we showed that SUMO-2/3 accumulates in human chromosomes in a topoisomerase 

IIα-dependent fashion. We further showed that SUMO-2/3-topoisomerase IIα conjugates 

concentrate at mitotic centromeres and chromosome axes and that this accumulation is 

stabilized by inhibitors of topoisomerase II catalytic activity (ex: ICRF-187 and etoposide)  

that specifically stabilize DNA bound catalytic intermediates of the enzyme. 

Our biochemical analysis of mitotic and total human cell extracts revealed that ICRF-

187 induces a global stabilization of topoisomerase IIα SUMO conjugation specifically with 

SUMO-2/3, raising new perpectives onto the mechanisms of action of anti-topoisomerase II 

inhibitors. 

Strikingly, we observed that the stabilizing effect of ICRF-187 over the accumulation 

of SUMO-2/3 at the centromeres occurs solely during mitosis, as opposed to what we 

observed in centromeres trasversing other stages of the cell cycle. Thess result suggest a 

proeminent role for topoisomerase IIα-SUMO-2/3 conjugation at mitotic centromeres, which 

are determinant chromosomal domains in the correct progression of chromosomic cohesion. 

In this study, we also showed that the dynamics of topoisomerase IIα-SUMO-2/3 

conjugation differs from the centromeres to the chromosomal axes, which suggests different 

functional roles for these two pools of topoisomerase IIα. Our results showed that centromeric 

topoisomerase IIα-SUMO-2/3 conjugation is more stable and/or corresponds to a bigger 

fraction of the enzyme than the conjugation of topoisomerase IIα with SUMO-2/3 at the 

chromosome axis, which is modulated by calcium binding to topoisomerase IIα. 

Using the DRT assay, we observed that catalytically active topoisomerase IIα 

conjugates with SUMO-2/3 during mitosis and with SUMO-1 and SUMO-2/3 during 
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interphase. Biochemical analysis of the dynamics of SUMO-conjugation additionally revealed 

that, as opposed to what was observed in Xenopus, human topoisomerase IIα conjugates with 

SUMO-2/3 also in interphase. As a whole, these results unravel the dynamics of SUMO-

conjugation of topoisomerase IIα during the cell cycle and corroborate the idea that, also in 

mammals, the conjugation of topoisomerase IIα with SUMO-2/3 is crucial for proper 

chromosome cohesion and segregation. Furthermore, by showing that topoisomerase 

inhibitors that are used in anti-cancer therapy stabilize SUMO conjugates, our results unravel 

a novel aspect of the mechanisms of action of these drugs. 

Given the exposed above, the work developed in this project contributes to a deeper 

understanding of the cellular biology of topoisomerase IIα. 

By identifying heterochromatin as a privileged substrate for topoisomerase IIα activity 

and DNA replication, chromatin state, transcription and SUMO conjugation as factors 

involved in the recruitment of topoisomerase IIα catalytic activity, we believe to have opened 

new perspectives on the proeminent role of topoisomerase IIα in the nuclear dynamics of 

eukaryotic cells. 
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ABBREVIATIONS 
 
ADP – adenosine diphosphate 
ATM/ATR – kinases; sense DNA damage 
ATP – adenosine triphosphate 
Aurora B – protein kinase; multiple roles in mitosis 
BAPTA-AM – 1,2 bis-(o-Aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid tetra acetoxy-
methylester 
bp – base pairs 
BrdU - bromodeoxyuridine 
BRCA 1 (or 2) – breast cancer genes; participate in DNA damage checkpoint and repair 
BUB1 – protein kinase; participates in spindle assembly checkpoint protein 
Cdc - cyclin dependent kinases 
C. elegans – Caernobis elegans 
ck1 – casein kinase 
CPT – camptotecin, alpha-ethyl-9,11-dihydro-alpha-hydroxy-8-(hydroxymethyl)-9-oxo- 
Indolizino(1,2-b) quinoline-7-acetic acid 
Dapi – 4’,6-diamidino-2-phenylindol 
DNA – desoxyribonucleic acid 
DNAPK – DNA protein kinase; participates in NHEJ 
DRB – 5,6 dichloro-1-b-D-ribofuranosylbenzimidazole 
E1 – ubiquitin activating enzyme 
E2 – ubiquitin conjugating enzyme 
E3 – ubiquitin ligase 
E. coli – Escherischia coli 
ERK2 – protein kinase 
FISH – fluorescence in situ hybridization 
FLIP – fluorescence loss in photobleaching 
FRAP – fluorescence recovery after photobleaching 
GFP – green fluorescent protein 
HR – homologous recombination 
ICRF-187 – dexrazoxane, cardioxane, 4-[2-(3,5-dioxopiperazin-1-yl)propyl]piperazine-2,6-
dione 
ICRF-193 – meso 2,3-bis(2,6-dioxopiperazin-4-yl)butane 
K - lysine 
KDa - kiloDalton 
mAMSA – 4’-(9-acridylamino)methanesulfon-m-aniside 
merbarone – 5-N-phebylcarboxamido-2-thiobarbituric acid 
Min - minute 
mRNA – messenger ribonucleic acid 
NHEJR – non homologous end joining recombination 
NLS – nuclear localization signal 
PARP-1 – poly-ADP-ribose polymerase-1 
Pi – inorganic phosphate 
rDNA – ribosomal ribonucleic acid 
RFC – replication factor C 
RNA – ribonucleic acid 
RNA pol I – RNA polymerase I 
SAHA - suberoylanilide hydroxamic acid 
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S. cerevisiae – Saccaromyces cerevisiae 
ScI – topoisomerase II 
ScII – SMC2, structural maintenance of chromosomes protein 2, condensin 
SDS-PAGE – sodium dodecyl sulphate polyacrilamide gel electrophoresis 
SSB – singe strand break 
SUMO – small ubiquitin-like modifier 
topo - topoisomerase 
topo2ts – yeast topoisomerase 2 temperature sensitive mutant 
TFIIH – transcription factor IIH, subunit of RNA polymerase II complex 
TSA - trichostatin A 
Tyr - tyrosine 
VM-16 – teniposide, 4'-demethylepipodophyllotoxin 9-[4,6-0-(R)-2- thenylidene-(beta)-D-
glucopyranoside] 
VP-16 – etoposide, 4'-demethyl-epipodophyllotoxin 9-[4,6-O-(R)-ethylidene-beta-D-
glucopyranoside], 4' -(dihydrogen phosphate) 
WRN – DNA helicase 
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Topoisomerases are the surgeons of DNA and chromatin their patient. They cut and 

sew chromatin wherever needed, fixing the topology of its DNA. What is there to know about 

these magnificent enzymes and their complex substrate? 

 

The term topoisomerase was first used in the 1970s and refers to a wide family of 

proteins sharing the same purpose: the maintenance of proper DNA topology. These enzymes 

act on DNA in order to solve topological complexities arisen by different cellular processes, 

such as replication and transcription. Their main activities include relaxation of supercoiled 

molecules, unknotting and decatenation. 

Inside the cell, however, DNA does not exist as a naked molecule. Besides chemical 

modification like methylation and association with ions, DNA is bound to, and interacts with, 

a huge number of proteins. Together, they constitute chromatin. Thus, the primary substrate of 

topoisomerases is chromatin, rather than DNA itself. 

In the first part of the INTRODUCTION I will summarize the state-of-the-art of the 

topoisomerase family, in particular of human topoisomerases. The catalytic activity of 

topoisomerase II will be described in detail, as well as the action of its inhibitors. A special 

emphasis will be given to the biology of topoisomerase IIα, since a better understanding of 

this protein is the main goal of the present thesis. The SUMO pathway will be reviewed in the 

context of the impact of SUMO conjugation in human topoisomerases. 

The second part of the INTRODUCTION will focus on the substrate of 

topoisomerases, chromatin, and particularly on the challenges that chromatin faces during the 

cell cycle. The role of human topoisomerase II in maintaining proper chromatin states will 

also be addressed there. 
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I – THE ENZYME 

 

DNA Topology 

When Watson and Crick predicted that DNA accommodates inside cells as a double 

helix, they also foresaw important features emanating from the helical, complementary nature 

of DNA structure, namely the possibility of a semi-conservative DNA replication and the 

existence of intermediate species (RNA) to transfer information. However, they did not 

anticipate the existence of several topological problems resultant from the DNA double helix. 

This achievement must be credited to James Wang, who discovered topoisomerases (Wang 

1971). 

Indeed, the need for topoisomerase activity results from the double helical nature of 

DNA. In order to process the information it encodes, the DNA molecule has to be opened and 

their two strands have to become separated (either definitively or transiently). However, this 

opening of the DNA structure generates two kinds of topological problems: excessive DNA 

supercoiling in surrounding regions of the opened DNA duplex and appearance of knots, 

entangling, intertwining and catenanes between different DNA regions or molecules. 

Topoisomerases are the enzymes that resolve both kinds of topological complexities. 

DNA replication and transcription produce major DNA supercoiling. DNA replication 

imposes positive supercoiling ahead of the replication fork, whereas transcription seems to 

provoke positive supercoiling ahead of the RNA polymerase and negative supercoiling behind 

it. The excess of DNA supercoiling is deleterious to the cell because it will cause the 

inhibition of all cellular processes that involve formation of supercoiling. Thus, by removing 

excessive DNA supercoiling, topoisomerases become essential to these cellular processes, 

including DNA replication, recombination and transcription (for a review see (Wang 1996)). 

As DNA molecules are neither linear nor small inside any living cell, other types of 

topological problems occur as “secondary products” of the processes involving DNA. For 

example, also during DNA replication, as two distinct replication forks become closer than 

200 bp in the DNA molecule - and although the two DNA strands are already completely 

unpaired - the spatial confinement of these 200 bp impedes the total untwining of the DNA 

strands. In these conditions, the replication of DNA will result in the formation of catenanes 

between daughter DNA molecules that will have to be fully decatenated by topoisomerases 

until chromosome segregation occurs during mitosis. After replication, packaging of newly 
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replicated DNA inside the cell is accompanied by formation of DNA tangles and knots, 

which, if not removed by topoisomerases, can result in DNA breaks and chromosome 

partitioning defects (Wang 1996; Schoeffler and Berger 2005). 

Thus, topoisomerases are essential enzymes in any living cell because they regulate 

the topology of the DNA. 

 

Topoisomerases - family portrait 

Topoisomerases are present in all branches of life, in viral genomes and associated 

with chloroplast or mitochondrial DNA. A common feature to all is their general mechanism 

of action. They establish a covalent intermediate with a DNA molecule they transiently 

cleave, via the formation of a phosphodiester bond between a tyrosine residue at the active 

site and one of the ends of the broken DNA. After promoting the passage of a second DNA 

segment, the broken DNA is religated and the enzyme released. Nonetheless, topoisomerases 

differ in several mechanistic “details”. Indeed, they are classified in two different types 

according, precisely, to the kind of DNA break they can perform: type I topoisomerases 

perform single-strand nicks on DNA molecules whereas type II topoisomerases exert double-

strand nicks. This apparently small difference in the mode of action results, however, in 

markedly different competences inside the cells. Type I topoisomerases are devoted to the 

relaxation of supercoiling, whereas type II topoisomerases concentrate in 

catenation/decatenation activity. Additionally, type II topoisomerases may substitute type I 

enzymes inside the cell, but the opposite does not occur. The decatenation activity was 

actually shown to absolutely require topoisomerase II activity (Holm et al. 1985). 

Each of these 2 types of topoisomerases is, in turn, divided in 2 subgroups based on 

the architecture, biochemical properties and type of activities of their members (for a review 

see (Champoux 2001)). Table 1 summarizes the principal characteristics of each group and 

their better studied members. 

The ubiquitous presence of topoisomerases in every kingdom of life highly suggests 

they appeared early in evolution, as a response to the needs created by the choice of DNA as 

the carrier of genetic information (Duguet 1997). Sequence alignments for the various 

topoisomerase groups suggest that some eukaryotic enzymes may have derived from gene 

fusion of specific eubacterial topoisomerases. Also, several pairs of topoisomerases seem to 

have arisen from gene duplication, like eubacterial topoisomerase I and III and isoforms α 

and β from mammalian topoisomerases II and III (Champoux 2001). 
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Table 1: Principal features of each group of topoisomerases and their better studied members 
(Xie and Lam 1994; Wang 1996; Champoux 2001) 
 
Type Group DNA 

break 

Relaxation 

Activity 

Catenation 

Activity 

Distinctive features Members 

 
 
 
IA 

 
 
 

single-
strand 

 
 
 

- supercoil 

 
 
 
no 

Recognize/cleave 
single-strand regions 
 
Monomeric 
 
Need Mg (II) 
 

E. coli:TopoI /III 
S. cer.:TopoI /III 
Human:Topo III 
(α,β) 
Reverse gyrases 
(Archaea, 
Bacteria) 

 
 
 
 
 
 
 
 
I 

 
 
 
IB 

 
 
 

single-
strand 

 
 
 

+/- supercoil 

 
 
 
no 

Structural/functional 
similarities with TYR 
recombinases 
No structural 
similarities with other 
topoisomerases 
Protein link to 3’ 
phosphate 

All eukaryotic 
Topo I (including 
plants) 
 

E. coli: TopoV 
 
Poxvirus TopoI 

 
 
 
IIA 

 
 
 

double-
strand 

 
 
 

+/- supercoil 

 
 
 
yes 

Prokaryotes: 
heterodimers 
Eukaryotes: 
homodimers 
 
Need Mg (II) & ATP 
 
DNA gyrase 
generates negative 
supercoil 

All eukaryotic 
Topo II 
A. thaliana Topo II 
E. coli: gyrase or 
topoisomerase II 
and topoIV 
 
Viral Top II 
(african suine 
virus, poxvirus) 

 
 
 
 
 
 
 
II 

IIB double-
strand 

+/- supercoil yes Archaea: all 
sequenced genomes 
have one putative 
topoisomerase IIB 

S. shibatae Topo 
VI (Archaea) 
A. thaliana putative 
Topo VI 

 

 

 

To date six topoisomerases have been described in human cells, namely topoisomerase 

III α and β (type IA), topoisomerase I and mitochondrial topoisomerase I (both type IB) and 

type IIA topoisomerase II α and β. Although recent reports have focused their attention on the 

biology of topoisomerase IIβ, topoisomerase IIIα and IIIβ, topoisomerase I and 

topoisomerase IIα are the best studied thus far, perhaps because of their being privileged 

targets for anticancer therapy.  
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Human Type I Topoisomerases 

Human topoisomerase I exerts two independent activities inside human cells: 

topoisomerase activity, which is involved in alleviating torsional stress associated with DNA 

replication, transcription and, possibly, chromatin condensation (Champoux 2001); and, 

kinase activity, which promotes phosphorylation of splicing factors of the SR family (Rossi et 

al. 1996). Human topoisomerase I is an essential protein at the organism level, as it is required 

for embryonic development in flies and mice, presumably due to its kinase activity (Lee et al. 

1993; Morham et al. 1996). It is a 91 KDa enzyme whose structure can be divided in four 

domains, with the active site for topoisomerase activity (Tyr-723) located at the C-terminal 

domain. The crystal structure of human topoisomerase I has been resolved in the presence and 

absence of DNA for almost full lenght protein, except for the N-terminal (reviewed in 

(Leppard and Champoux 2005)). Current models for topoisomerase action propose that 

topoisomerase I clamps around the DNA, imposes a single-strand break onto the DNA by the 

establishment of a phosphodiester bond between the active site Tyr-723 and the 3’-phosphate 

of the broken DNA and promotes the rotation of DNA downstream the nick, thus relaxing 

DNA (Wang 1996; Woo et al. 2003; Leppard and Champoux 2005). Religation of DNA 

occurs as a second transesterification reaction reverses the covalent linkage of the enzyme 

with DNA. 

Catalytic activity of topoisomerase I is specifically inhibited by camptotecin and its 

derivatives (Leppard and Champoux 2005). These widely used anticancer drugs trap 

topoisomerase I onto the DNA by inhibiting the religation step of topoisomerase I catalysis, 

thus stabilizing the covalent binding of the enzyme with the single-strand nicked DNA. 

Human topoisomerase I is constitutively expressed along the cell cycle (Baker et al. 

1995), distributes diffusely through the nucleoplasm and accumulates in the nucleolus in a 

dynamic fashion (Muller et al. 1985; Christensen et al. 2002a). In early mitosis it becomes 

chromosome bound, concentrating in rDNA-rich regions of the chromosomes - the nucleolar 

organizing regions (NORs) - that reform nucleoli in early G1 (Christensen et al. 2002a). This 

accumulation in the nucleoli is not surprising, given that these subnuclear structures harbour 

high transcriptional activity and include several potential replication origins which, in turn, 

can generate excessive DNA supercoiling (Leppard and Champoux 2005). Inside the 

nucleolus, topoisomerase I locates on fibrillar centres and colocalizes there with RNA 

polymerase I (RNA pol I), sustaining a role for topoisomerase I in RNA pol I  mediated 

transcription of rDNA genes (Christensen et al. 2004). 
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Besides RNA pol I, other nucleolar proteins have been reported to interact with 

topoisomerase I, such as nucleolin, PARP and WRN (reviewed in (Leppard and Champoux 

2005)). These interactions, along with the occurrence of transcription, may be responsible for 

the lower mobility of topoisomerase I at the nucleolus, when compared to nucleoplasmic 

topoisomerase I (Christensen et al. 2002a). FRAP and FLIP studies showed, additionally, that 

the nucleolar and nucleoplasmic pools are interchangeable and that each of them includes a 

faster and a slower fraction. Christensen et al have proposed that the slower fraction consists 

of topoisomerase I catalytically involved in cellular processes, whereas the faster fraction 

would include topoisomerase I moving between these processes. An indication of this is the 

observation that camptothecin affects mostly the slower fraction of topoisomerase I 

(Christensen et al. 2002a). In fact, camptothecin has a broader effect on the dynamics of 

topoisomerase I. Upon camptothecin treatment, topoisomerase I rapidly relocalizes from the 

nucleolus to the nucleoplasm (Buckwalter et al. 1996; Christensen et al. 2002a). This 

relocalization is related to the catalytic activity of topoisomerase I, since catalytic mutants do 

not leave the nucleolus (Christensen et al. 2004). A second effect of camptothecin occurs after 

prolonged (> 20 min) exposure to the drug, when nucleolar segregation is observed, RNA pol 

I moves to the rim of the nucleolus and rDNA transcription is inhibited (Christensen et al. 

2004). 

In the nucleoplasm, topoisomerase I is involved in several cellular processes. Its 

presence in DNA replication is supported by copurification of topoisomerase I with 

components of the replication complex, including DNA polymerases α and δ and the helicase 

WRN (reviewed in (Leppard and Champoux 2005)). Topoisomerase I associates 

preferentially with transcriptionally active chromatin (Khobta et al. 2006) and participates in 

RNA pol II-mediated transcription, acting as a co-activator at the initiation step (Merino et al. 

1993) and interacting with TFIIH (Shykind et al. 1997). However, even though topoisomerase 

I ensures the maintenance of proper topology during replication and transcription, its 

engagement with DNA also poses a risk to the cell. Whenever, at physiological conditions, 

DNA suffers modification (such as oxidative damage, for example) topoisomerase I might not 

be able to complete the religation reaction at the DNA, becoming then permanently trapped 

onto the DNA. Replication and transcription machineries will, in turn, collide with these 

topoisomerase I–DNA complexes originating single-stranded or double-stranded DNA 

damage and leading to cell death (reviewed in (Leppard and Champoux 2005)). The same 

effect is observed in the presence of camptothecin that, as already stated, stabilizes 
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topoisomerase I-DNA cleavable complexes. Cells may, however, suceed in removing 

topoisomerase I-induced DNA damage. They do so via, at least, four different DNA repair 

pathways: a) Single-strand Break Repair pathway (SSBR); b) Double-Strand Break (DSB) 

repair via Homologous Recombination (HR), particularly during S-phase; c) DSB repair via 

Non Homologous End-Joining (NHEJ) and, d) Transcription Coupled Repair (TCR). 

Topoisomerase I may also play a role in staurosporin-induced apoptosis (Sordet et al. 

2004) and several lines of evidence suggest it is involved in the p53-dependent response to 

DNA damage. Topoisomerase I interacts with p53 in vivo (Gobert et al. 1996), depends on its 

presence to exit the nucleolus upon camptothecin treatment (Mao et al. 2001) and seems to 

contribute to p53-mediated commitment to apoptosis (Mao et al. 2002).  

To date, two type IA topoisomerases were also identified in humans, topoisomerase 

IIIα and β. Whereas little is known about topoisomerase IIIβ, topoisomerase IIIα was shown 

to be essential for vertebrate cells, found to interact with REQ helicases and participate in 

DNA recombination (Lopez et al. 2005; Tsai et al. 2006). The interaction of topoisomerase 

IIIα with BLM, the gene responsible for Bloom’s syndrome in human cells, was recently 

suggested to perform sister chromatid dissolution during S-phase (Seki et al. 2006). 

 

Human Type II Topoisomerases 

 

Protein structure and catalytic activity 

All type II topoisomerases identified thus far in vertebrates belong to the IIA 

subgroup. Whereas yeast, Drosophila and C. elegans possess only one gene of topoisomerase 

II, higher eukaryotes, including humans, chicken and mice, have two isoforms of 

topoisomerase II, termed α and β (Drake et al. 1987; Chung et al. 1989; Champoux 2001). 

The human isoforms are encoded by two genes located in different chromosomes, namely 

chromosomes 17 and 3, and have 170 KDa and 180 KDa, respectively. 

Human topoisomerase IIα and β share ∼70% of sequence identity at the amino acid 

level, resulting in similar three-dimensional structures. Indeed, they share two highly 

conserved domains (N-terminal and central domains) which are thought to have derived from 

bacterial gyrases (Champoux 2001). Their N-terminal domain has sequence homology to 

bacterial gyrase B, contains ATPase activity and harbours the ATP binding sites; the central 

domain shares homology with bacterial gyrase A, contains the active site tyrosine (Tyr804 in 
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α and Tyr821 in β) and is termed the catalytic domain. The third domain of topoisomerases 

IIA – the C-terminal domain – shows no homology with other gyrases and its sequence is 

variable between the two human topoisomerases. Although the C-terminal domain seems 

dispensable for topoisomerase II activity and for cell viability, it is thought to play an 

important role in the regulation of topoisomerases, since it contains a NLS (nuclear 

localization signal), seems to be a privileged region for the interaction of topoisomerase II 

with other proteins and harbours several sites prone to post-translational modifications 

(Jensen et al. 1996; Burden and Osheroff 1998). Additionally, studies with truncated mutants 

in yeast suggest that the C-terminal may act as a negative regulator domain that needs to be 

phosphorylated in order to the enzyme to become fully active (Cardenas and Gasser 1993). 

 

 

 

 

Figure 1: Functional domains of human topoisomerase II proteins. The principal function of each 
domain is specified. The active site tyrosine residue is indicated for each isoform. NLS, nuclear 
localisation signal. Both isoforms, α and β, have similar protein structure where two domains share 
homology with bacterial topoisomerases (gyrases). 
 

 

Inside the cell, human topoisomerases II act as dimers. Structural studies have shed 

some light into the catalytic cycle of topoisomerase II (reviewed in (Wang 1996), (Champoux 

2001), (Schoeffler and Berger 2005)). According to a current model, interaction between the 

two monomers occurs via three interfaces, each of them forming a gate that promotes capture 

and restricts passage of duplex DNA (Wei et al. 2005). Thus, topoisomerase II dimers form a 

three-gated channel through which a duplex DNA passes (also called the T-segment), 

resulting in its concomitant passage through a double strand nick infringed on another DNA 



Introduction 

 27 

duplex (named G-segment). The energy necessary to open and close the gates comes from the 

hydrolysis of 2 molecules of ATP (Wei et al. 2005). 

The catalytic cycle of topoisomerase II starts with the binding of the G-segment to two 

catalytic elements of the central domain of topoisomerase. This is followed by binding of the 

ATP molecules to the enzyme, which results in the dimerization of the ATPase domains and 

in the capture of another DNA duplex, the T-segment, at the N-terminal. Topoisomerase then 

cleaves the G-segment DNA, becoming covalently attached to it by a phosphodiester bond 

between the active site tyrosine and the 5’-end of the broken DNA in the so-called cleavable 

complex. The passage of the T-segment from the N-terminal to the C-terminal of the 

“topoisomerase channel” and, thus, through the G-segment nick is promoted by the hydrolysis 

of one molecule of ATP. After this double-strand passage, the G-segment is religated, both 

DNA duplexes released and, upon hydrolysis of the second ATP molecule, topoisomerase 

recovers the initial conformation and becomes ready for a second catalytic cycle. (reviewed in 

(Schoeffler and Berger 2005)). Although not essential, divalent cations (in particular Mg2+) 

stimulate the binding of topoisomerase to DNA. Fig. 3 illustrates the current model of the 

catalytic cycle of type II topoisomerases. 

Catalytic activity of topoisomerases II seems to function in a global manner in the 

context of the nuclear DNA, even though sequences clustered in specific regions and specific 

topological states (such as supercoiled or bent DNA) might be targeted preferentially by 

topoisomerases II (Burden and Osheroff 1998). 
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Figure 2: Catalytic cycle of topoisomerase II. The enzyme acts as a dimer (1.). The first steps 
involve the interaction of topoisomerase II with both the G- and the T- segment (2.), after wich two 
molecules of ATP bind to the dimer. Topoisomerase II promotes a double-strand cleavage on the G-
segment, becoming covalently attached to it as the so-called cleavable-complex (3.). T-segment is then 
passed through the nick imposed on G-segment (4) and the nick is resealed (5.). The two DNA 
molecules are released and topoisomerase II becomes ready for another catalytic cycle (1.). Double 
stranded DNA molecules depicted in black (G-segment) and green (T-segment) and topoisomerase II 
dimers in blue. 
 

 

Anti-topoisomerase drugs 

Type II topoisomerases are targeted by several drugs that interfere with their catalytic 

cycle in specific steps. Because of this, these drugs are widely used both as a tool to study 

topoisomerases II and for anticancer therapy. 

Some topoisomerase inhibitors impede the catalytic cycle at the initial steps, either by 

preventing the binding of the enzyme to DNA (ex: aclarubicin and suramin) or by inhibiting 

the cleavage reaction (ex: merbarone) ((Jensen et al. 2000) and references therein). In these 

cases, the catalytic cycle is not initiated and there is no stabilization of catalytic intermediates 

because their formation is abrogated. In contrast, many other drugs affect topoisomerase 

activity by “freezing” the catalytic cycle at specific intermediate steps. 
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The most powerful topoisomerase drugs include epipodofilotoxins, such as etoposide 

(also termed VP-16) and teniposide (also named VM-26); acridines, such as mAMSA 

(amsacrine); and anthracyclins, such as doxorubicin. These drugs inhibit the religation step of 

topoisomerase II catalysis, thus stabilizing the cleavable-complexes. The dramatic effect of 

these drugs in the cell fate derives from their capacity in converting normal topoisomerases II 

into cellular poisons. In fact, the cleavable complexes that these drugs stabilize are believed to 

be converted in DNA lesions upon collision with cellular machineries (replication and 

translation machineries), thus transforming normal topoisomerase II intermediates in 

dangerous DNA breaks ((Montecucco et al. 2001) and references therein). The cytotoxic 

effect of these drugs due to the formation of DNA lesions awarded them the distinction of 

“topoisomerase poisons”, in contrast with all other topoisomerase drugs, which are 

collectively termed “topoisomerase inhibitors”. Not unexpectedly, topoisomerase poisons 

show high anticancer activity (Larsen et al. 2003).  

Bisdioxopiperazines, including ICRF-153, ICRF-187 and ICRF-193, are strong 

catalytic inhibitors of topoisomerases II. They reversibly inhibit the final steps of 

topoisomerase II catalytic cycle, trapping the enzyme onto the DNA in a “closed-clamp” 

configuration, after the religation of the G-segment. Because they inhibit ATP hydrolysis, the 

enzyme stays trapped onto the DNA in a non-covalent fashion and is prevented from 

recycling (Morris et al. 2000). Until recently, it was generally accepted that these inhibitors 

did not promote DNA breaks and that their effects were reversible upon removal of the drug 

from the cells. However, although bisdioxopiperazines show decreased cytotoxicity, it has 

been recently suggested that they may also act as topoisomerase poisons. The mechanism by 

which bisdioxopiperazines may develop a poisoning effect is still controversial. Some authors 

propose that the poisoning effect is due to the generation of DNA breaks, in a similar fashion 

of epipodophilotoxins (Huang et al. 2001), whereas other authors suggest that it is the closed-

clamp configuration that interferes with DNA metabolism and leads to cell death (Jensen et al. 

2000). On the other hand, an indirect hint that ICRF-193 does not promote DNA breaks 

comes from studies about proteasome-mediated degradation of topoisomerase II-DNA 

complexes. It was shown that these complexes, induced by either topoisomerase I inhibitors 

or topoisomerase II inhibitors, undergo 26S proteasome-mediated degradation (Mao et al. 

2001). This topoisomerase-down regulation process is transcription-dependent and has 

different outcome depending whether the used topoisomerase II inhibitor stabilizes covalent 

cleavable complexes or non-covalent closed clamp intermediates: when etoposide is used, but 
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not ICRF-193, topoisomerase II-down regulation is accompanied by RNA pol II degradation. 

Since both drugs induce transcription arrest, the discrepancy suggests that it is a DNA-

damage signal that triggers RNA pol II degradation, further suggesting that ICRF-193 does 

not promote DNA damage (Xiao et al. 2003). As ICRF-187 is clinically used as a 

cardioprotector in chemotherapy procedures, future studies will be necessary to further clarify 

this issue. 

Cell sensitivity to topoisomerase poisons and inhibitors varies with the levels of 

cellular enzyme: high levels of topoisomerase II render the cells hypersensitive to poisons and 

resistant to inhibitors, whereas low levels of protein result in the opposite effect (reviewed in 

(Froelich-Ammon et al. 1995)). 

 

Thus far in this dissertation, type II topoisomerases have been described in light of 

their biochemical and structural characteristics, which allow them incredibly magical actions. 

Analysing all the enumerated features as a whole, one can easily agree that type II 

topoisomerases are powerful, fascinating machines that evolved a long way to become 

essential members of the cells’ team. But where do they fit exactly in the organized universe 

of the eukaryotic cell? How do they exert their crucial influence? What controls them? 

Despite the effort of many researchers, these and other questions remain largely unsolved. A 

thorough review of the papers of the last 30 year shows that the major “classical” questions 

about type II topoisomerases are still pertinent nowadays. Yet, major breakthroughs have 

been made meanwhile… 

 

Topoisomerase IIαααα 

The best investigated human type II topoisomerase is isoform α. Topoisomerase IIα is 

a cell cycle protein: several studies show that its levels rise steadily through late G1 to 

mitosis, reaching a peak in G2/M and decaying sharply in the immediate two hours after 

completion of mitosis (Heck et al. 1988). Additionally, cessation of mitotic activity leads to 

rapid loss of topoisomerase IIα in many cell types and terminally differentiated tissues show 

undetectable levels of topoisomerase ((Heck and Earnshaw 1986); reviewed in (Austin and 

Marsh 1998)). On the contrary, transformed cells have more topoisomerase IIα than their 

normal counterparts (Woessner et al. 1990), possibly due to the longer half-life of the protein 
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in transformed cells (Heck et al. 1988). Thus, it is not surprising that topoisomerase IIα is 

widely used as a proliferation marker. 

Cell cycle-coupled oscillation of topoisomerase levels involves heavy regulation both 

at transcriptional and at post-translational level. In HeLa cells, 3-fold raise in topoisomerase 

IIα protein level is accompanied by a 16-fold increase of mRNA levels from G1 to G2, the 

latter reflecting an increase of mRNA stability rather than an increase in the transcription rate 

of topoisomerase IIα (Goswami et al. 2000). At the protein level, stability also raises along 

the cell cycle, with its half-life changing from 30 min during G1 to 4 hours in G2 (Heck et al. 

1988). This is accounted, at least partially, by the decrease of ubiquitin-proteasomal mediated 

degradation of  topoisomerase IIα, which occurs throughout the cell cycle, but is maximal 

during G1 (Salmena et al. 2001). 

The variations in the protein levels do not account by themselves for the variation of 

the catalytic activity of topoisomerase II along the cell cycle, which is presumed to be 

regulated by post-translational modifications. Phosphorylation has borne the cost for this issue 

thus far. In general, phosphorylation seems to have an enhancing effect on catalytic activity of 

topoisomerase IIα. This correlates well with studies showing that phosphorylation of 

topoisomerase IIα rises during G2 and M, when topoisomerase II activity is also maximal 

((Wells et al. 1995) and references therein; (Andreassen et al. 1997)). The phosphorylation 

state of different phosphoacceptor sites of topoisomerase IIα varies along the cell cycle 

(Cardenas and Gasser 1993) and some specific sites phosphorylate only during mitosis (Ishida 

et al. 2001). After mitosis, both topoisomerase IIα and β become dephosphorylated, but the 

responsible phosphatase(s) is still unknown. 

Since the 1980s, efforts have been made to map phosphorylation sites in the human 

topoisomerase IIα protein and to understand the biological relevance of this pos-translational 

modification. However, the picture is far from being clear. A myriad of phosphorylation sites 

were mapped to the C-terminal of the enzyme and some have been assigned to the other 

domains of the protein (Cardenas and Gasser 1993; Daum and Gorbsky 1998; Ishida et al. 

2001; Chikamori et al. 2003). Concomitantly, several kinases were shown to phosphorylate 

topoisomerase IIα either in vitro or in vivo. The major sites of phosphorylation cluster in a 

consensus for casein kinase II activity and are, in fact, phosphorylated by this kinase 

(Cardenas and Gasser 1993). Nevertheless, multiple phosphorylation sites may also become a 

substrate for other kinases in vivo. At least two isoforms of mammalian PKC (isoforms δ and 
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ξ) have been shown to phosphorylate topoisomerase IIα in vivo (Wells et al. 1995; Plo et al. 

2002; Reis et al. 2005; Yoshida et al. 2006). Whereas two independent studies report 

contradictory effects of PKCβ phosphorylation over the catalytic activity of topoisomerase II 

and cell sensitivity to anti-topoisomerase II drugs (Plo et al. 2002; Reis et al. 2005), the 

interaction of PKCδ with topoisomerase IIα is observed in the context of the DNA damage 

response (Yoshida et al. 2006). Other kinases shown to interact with topoisomerase IIα 

include DNA-PK, CK1, calcium calmodulin-dependent kinases, ERK2 and Aurora-B 

(Escargueil et al. 2001; Morrison et al. 2002; Lu et al. 2005). Some studies relate these 

interactions with specific subcellular structures (e.g., mitotic chromosomes) or nuclear 

processes (such as DNA repair). Regardless of all these studies, the biological relevance of 

topoisomerase IIα phosphorylation remains largely unknown, as well as its interplay with 

other post-translational modifications. 

Recently, SUMO modification emerged as a potent candidate for topoisomerase IIα 

regulator. SUMO paralogs conjugate to protein substrates as a post-translational modification 

in a pathway similar to ubiquitin conjugation. The consequences of SUMO modification to 

the substrate may be broader than ubiquitination: not only the stability, but also the 

localization and activity of its substrates may be altered. Thus, SUMO conjugation influences 

diverse nuclear processes, such as transcription, nuclear import and genome integrity 

(reviewed in (Seeler and Dejean 2003)). Biochemical evidence obtained with Xenopus cell 

extracts suggests that topoisomerase II may be modified by different SUMO paralogs during 

interphase and mitosis (Azuma et al. 2003). Additionally, in yeast, modification of 

topoisomerase II with the yeast SUMO-1 homologue Smt3 was shown to play a key role in 

centromeric cohesion (Bachant et al. 2002). Modification of topoisomerase IIα with SUMO 

paralogs raises interesting hypothesis for the partition of the enzyme into its subcellular pools. 

Although still running the first steps, topoisomerase II-SUMO conjugation clearly represents 

a novel avenue of research for years to come. The state of-the-art of topo-SUMO conjugation 

is reviewed in a separate subsection, as this modification was investigated in the present work. 

Topoisomerase IIα is an abundant nuclear protein that diffuses heterogeneously 

through the nucleoplasm and accumulates in the nucleolus of eukaryotic cells. 

Immunolocalization studies dealing with different fixation and permeabilization methods 

result sometimes in disparate observations, regarding to subcellular depots of topoisomerase 

II isoforms. The accumulation of topoisomerase IIα at the nucleolus is one such example, 
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with authors reporting the presence (Meyer et al. 1997) or the absence (Niimi et al. 2001) of 

topoisomerase IIα at this subnuclear structure. In the context of its heterogeneous distribution 

through the nucleoplasm, the enzyme has been shown to concentrate at specific foci, 

particularly at doubled centromeres in G2 cells from several organisms, including plants (for a 

review see (Porter and Farr 2004)). This concentration is higher at the outer plates of the 

centromeric structure, where kinetochore proteins also attach, and is maintained during 

mitosis (Rattner et al. 1996). In anaphase, centromeric levels of topoisomerase IIα decrease, 

becoming virtually undetected in G1. As chromatin increasingly condenses in late G2/M 

transition topoisomerase IIα associates with chromatin distributing along the chromosome 

arms and specifically concentrating at the longitudinal axis of mitotic chromosomes 

(Earnshaw and Heck 1985; Gasser et al. 1986; Meyer et al. 1997; Mo and Beck 1999; 

Maeshima and Laemmli 2003). Whereas several different lines of evidence support the 

observation that topoisomerase IIα concentrates at the centromere and at mitotic 

chromosomes, other sites of accumulation have been seldom reported. For example, in 

chicken cells, Niimi and colleagues detected accumulation of topoisomerase IIα at DNA 

replication foci during mid and late S-phase, and Meyer et al observed topoisomerase IIα at 

the centrosome (Meyer et al. 1997; Barthelmes et al. 2000; Niimi et al. 2001). Given the 

variable outcome that may arise from immunolocalization techniques, it is definitely desirable 

to further deepen these last findings. 

Adding more complexity to the issue, several studies have found that topoisomerase 

IIα does not show a uniform solubility. The bulk of topoisomerase IIα can be extracted from 

human cells with 350 mM NaCl, but an insoluble fraction still resists ((Azuma et al. 2003) 

and references therein). Furthermore, this insoluble fraction rises during mitosis, suggesting 

that part of the previously soluble topoisomerase IIα became more tightly bound to chromatin 

(Meyer et al. 1997). 

A glimpse into the complex subcellular localization of topoisomerase IIα was 

provided by FRAP studies in living cells, which showed that human topoisomerase IIα is 

more dynamic than previously inferred (Christensen et al. 2002a; Tavormina et al. 2002). 

During mitosis, a rapid exchange of topoisomerase IIα is observed at kinetochores and 

chromosome arms (Tavormina et al. 2002). FRAP curves from both studies point to a lesser 

mitotic immobile fraction than earlier thought. 
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The biological meaning of such a dynamic intracellular distribution of topoisomerase 

IIα is still elusive. It may, for example, represent an elaborate regulation of topoisomerase 

activity along the cell cycle, or reflect the different roles that the enzyme plays inside the 

nucleus.  

Topoisomerases II have been proposed to participate in numerous cellular processes, 

such as DNA replication, DNA repair, recombination, apoptosis, chromatin organization and 

chromosome segregation. Their participation in sister chromatid segregation seems, however, 

the dominant cause for their absolute requirement inside the eukaryotic cell. topo2ts mutants 

from fission and budding yeast die at non permissive temperature due to defects in sister 

chromatid separation in anaphase (Holm et al. 1985; Uemura et al. 1987) and, in vertebrate 

cells treated with topoisomerase II inhibitors, improper chromatid separation results in 

chromatid bridges linking sister cells, polyploidy and cell death (Larsen et al. 2003). 

The participation of topoisomerases II in chromosome segregation - and other nuclear 

processes – is believed to derive from its unique ability to resolve catenanes originated during 

DNA replication of sister chromatids (Shamu and Murray 1992). However, the catalytic 

activity of topoisomerases II may be, in some situations, only auxiliary to other cellular 

competences of the enzyme (Wang 1996; Warburton and Earnshaw 1997). Topoisomerase IIα 

is, along with ScII protein, one of the major non-histone components of the mitotic AT-rich 

chromosome scaffold, where it was proposed to mediate the anchoring of the radial chromatin 

loops (Poljak and Kas 1995). The accumulation of topoisomerase IIα at the longitudinal axis 

of the chromosome and the preference of the enzyme to bind AT-rich regions further favours 

this suggestion (Saitoh and Laemmli 1994). Therefore, the enzyme may play a structural role 

in the mitotic chromosome (Earnshaw et al. 1985; Gasser et al. 1986; Laemmli et al. 1992; 

Warburton and Earnshaw 1997). 

Three obstacles determine the course of human topoisomerase II research in general 

terms. The first is that topoisomerase II is essential at the cellular level, which impairs 

generation of stable deletion mutants to scalp functional competences of the enzyme. The 

second is that topoisomerase II works as a dimer, thus masking results obtained by exogenous 

addition of altered topoisomerase II forms. The third is that topoisomerase clones are toxic to 

the systems where they are inserted into (bacterial cells, for example), precluding the use of 

overexpression studies. Nevertheless, three useful tools became accessible: GFP-

topoisomerase II chimeras (Mo and Beck 1999), RNA interference (RNAi) technology and a 

conditional lethal topoisomerase IIα mutant human cell line (Carpenter and Porter 2004). All 
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have already been useful to study topoisomerases II (e.g. (Christensen et al. 2002b; 

Tavormina et al. 2002; Chang et al. 2003)). RNAi technology and the conditional mutant of 

topoisomerase II promise an additional level of achievement concerning knowledge on the 

cellular biology of type II topoisomerases. 

 

Topoisomerase IIββββ 

The existence of two isoforms of type II topoisomerases is restricted to vertebrates and 

why these organisms evolved to have two almost identical topoisomerases IIA remains 

obscure. Also, the account of several alternatively spliced forms of both topoisomerase IIα 

and β, and the observation that the two proteins can assemble in  heterodimers, contributes to 

the present ignorance about full topoisomerase II abilities inside the vertebrate cell (Gromova 

et al. 1998; Petruti-Mot and Earnshaw 2000). 

Isoform β of human topoisomerase II was discovered in 1987, but little is known 

about it (Drake et al. 1987). Until recently, few studies were dedicated solely to isoform β and 

the majority of the information available was given as a comparison with isoform α. 

Notwithstanding, the scenario is changing and topoisomerase IIβ is assuming its own (known) 

relevance in nuclear processes. 

As already described in a previous section, human topoisomerase IIα and β share 

structural features that renders them mechanistically almost identical. This is illustrated, for 

example, in their similar response to topoisomerase II drugs in vitro, where similar sensitivity 

and cleavage site specificities are observed for both recombinant isoforms ((Austin and Marsh 

1998) and references therein). Thus, the pertinence of their differences should reside in the 

distinct biological context of each enzyme. 

The biological differences between the two isoforms begin at their tissue distribution. 

As expected for a cycling protein, isoform α is found only in tissues rich in proliferating cells, 

such as thymus, bone marrow and testis. On the contrary, topoisomerase IIβ is found in all 

human tissues tested, including those fully differentiated ((Austin and Marsh 1998) and 

references therein). In cycling cells, the isoform β accounts for roughly 25% of the total 

topoisomerase II and its level remains relatively constant along the cell cycle. Although no 

isoform-specific phosphorylation site has yet been mapped for topoisomerase IIβ, its 

phosphorylation status is also maximal in G2/M. 
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During interphase, topoisomerase IIβ shows punctuate nucleoplasmic staining, as well 

as nucleolar, namely in fibrillar regions of the nucleolus (Negri et al. 1992; Zini et al. 1992; 

Chaly and Brown 1996; Meyer et al. 1997). In mitosis, its distribution has been somewhat 

controversial, though presently isoform β is thought to associate with metaphase 

chromosomes, besides its well-known distribution through the citosol of mitotic cells 

(Taagepera et al. 1993; Null et al. 2002). Chromosome spreads reported by a couple of works 

suggest that isoform β does not concentrate at mitotic centromeres, although a minor fraction 

is detected there, and that the accumulation at the chromosome arms does not colocalize with 

isoform α (Christensen et al. 2002b; Null et al. 2002). Furthermore, isoform β is more easily 

extracted from mitotic chromosomes (Meyer et al. 1997). These studies are of special interest 

because, as the role of type II topoisomerases in chromosome segregation is vital to the cell, 

one central question in the field is to ascertain wether isoform β also participates in chromatid 

segregation and, if so, wether complements or substitutes isoform α in this process. Thus, the 

observation that topoisomerase IIβ distributes differently and has higher solubility in mitotic 

chromosomes argues against a redundant function between the two isoforms, although it does 

not exclude complementary roles, during mitosis. Additionally, in an experiment where a 

mutant isoform α was impeded to enter the nucleus of human cells, Grue et al have shown 

that the wild type isoform β does not substitute isoform α at mitotic chromosomes, resulting 

in the formation of aberrant chromosomes (Grue et al. 1998). Yet, in HeLa cells depleted 

from either or both isoforms of topoisomerase II, Sakaguchi et al show that, although 

topoisomerase IIβ was not required for normal mitotic events, it was able to substitute 

partially topoisomerase IIα in chromosome condensation and segregation (Sakaguchi and 

Kikuchi 2004). The most clarifying evidence suggesting that the role of topoisomerase IIβ in 

mitosis is, at most, secondary, came from studies showing that topoisomerase IIβ is not an 

essential protein at the cellular level ((Austin and Marsh 1998) and references therein). In 

fact, hamster cells lacking topoisomerase IIβ are viable in culture and knocked down mice 

embryos develop with no detected morphological abnormality (Yang et al. 2000). The 

development of a human cell line with conditional expression of topoisomerase IIα 

constitutes, in turn, a very important piece of evidence to show that isoform α is essential for 

mitosis, and thus not replacable by isoform β in these functions (Carpenter and Porter 2004). 

In summary, topoisomerase IIβ may eventually substitute partially α in mitosis, but a 

stronger reason for the evolutionary step that equipped vertebrates with two type II 
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topoisomerases is still needed. It seems reasonable to assume that topoisomerase IIβ must 

have a leading role in other cellular competences. In fact, knock down mice, even though 

having normal embryonic development, die at birth due to neural and muscular defects (they 

are unable to breath) (Yang et al. 2000). The enzyme has been found in the promoter region of 

certain genes and shown to affect expression of neural genes during neuronal differentiation 

(Yang et al. 2000; Lyu et al. 2006). Additionally, isoform β has been proposed to be more 

processive in relaxing DNA than topoisomerase IIα and, more importantly, is preferentially 

degraded upon treatment with topoisomerase inhibitors (Austin and Marsh 1998; Mao et al. 

2001). Together, these findings unravel a potential role of topoisomerase IIβ in transcription. 

Recently, another report added a new and interesting dimension to the participation of 

topoisomerase IIβ in transcription regulation (Ju et al. 2006; Lis and Kraus 2006). Signal-

dependent activation of gene transcription of a number of genes was found to be dependent on 

the formation of transient DSB, imposed by topoisomerase IIβ, in specific regions of its 

promoters. The work showed that catalytic activity of topoisomerase IIβ was necessary to 

promote transient DSB, which, in turn, activate PARP-1 to promote the exchange of 

repression complexes for activation complexes. Future studies will be needed to reveal how 

generalized is the participation of topoisomerase IIβ-mediated promoter cleavage in gene 

activation. 

 

SUMO conjugation of human topoisomerases 

The discovery of SUMO conjugation revealed an amazing, latent, new world inside 

the eukaryotic cell, for SUMO conjugation is an essential feature affecting too many nuclear 

processes. Three key aspects characterize SUMO conjugation in general. First, SUMO 

conjugation is a transient and highly dynamic modification; second, only a small fraction of 

the majority of SUMO substrates is conjugated at a given moment; third, the cellular effects 

of SUMO conjugation are very pronounced. 

“Small Ubiquitin-like Modifiers” (SUMO proteins), are proteins of ∼ 11 KDa that add 

∼ 20 KDa to the apparent molecular weigh of their substrates in SDS-PAGE gels. Yeast and 

flies possess only one SUMO form, termed Smt3 in yeast, whereas mammals express ate least 

four paralogs, namely SUMO-1, SUMO-2, SUMO-3 and SUMO-4. All paralogs share a 

certain degree of homology, particularly SUMO-2 and SUMO-3, which are almost identical 
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except for three N-terminal amino acid residues. Thus, functional individualization of these 

two paralogs is not yet accomplished (reviewed in (Johnson 2004)). 

SUMO proteins conjugate their substrates in a covalent fashion similar to ubiquitin 

conjugation pathway. The first step involves maturation of full length SUMO proteins by 

specific SUMO proteases (SENP proteins) exposing a C-terminal diglycine motif essential for 

SUMO activation. SUMO paralogs then enter an enzymatic cascade involving E1 activation 

(SAE1/SAE2), E2 conjugation (UBC9) and E3 ligation enzymes (PIAS, RanBP2, Pc2) that 

transfer SUMO proteins to substrates. UBC9 is thus far the universal E2 enzyme in SUMO 

conjugation pathway, whereas E3 ligases are substrate-specific and eventually dispensable for 

SUMO conjugation. At the same time, dedicated and proficient SUMO isopeptidases 

(SENPs) continuously de-conjugate SUMO paralogs from their substrates ((Desterro et al. 

1997); reviewed in (Hay 2005)). 

SUMO proteins conjugate covalently to their substrates at lysine residues. A 

consensus sequence has been defined (ψKxE, where ψ is a hydrophobic residue and x is any 

residue), but several examples of SUMO conjugated lysines lay outside of consensus 

sequences (Rodriguez et al. 2001). SUMO-2 and SUMO-3 have a lysine within the SUMO 

consensus sequence and are able to be SUMO conjugated themselves, forming SUMO 

polychains where SUMO-1 may participate as chain terminator (Tatham et al. 2001). The 

functional relevance of SUMO polychains is not known and, along with the possibility of 

parallel multi-lysine SUMO conjugation at the same substrate and the existence of several 

SUMO paralogs, adds complexity to the role and regulation of SUMO conjugation in the 

eukaryotic cell. Additionally, interplay between SUMO conjugation and other post-

translational modifications enhance SUMO influence inside cells. SUMO may compete with 

other lysine-modifying agents, such as acetylation and ubiquitination, or cooperate with them 

and other modifications (e.g. phosphorylation). Several such interplays were already 

identified (reviewed in (Bossis and Melchior 2006)). For example, degradation of human 

topoisomerase IIβ upon ICRF-193 treatment occurs via ubiquitin-modification pathway and 

has to be preceded by SUMO conjugation of topoisomerase IIβ with SUMO-1 (Isik et al. 

2003). Thus, in this process SUMO conjugation and ubiquitination act synergistically. 

Significance of topoisomerase-SUMO conjugation is barely understood yet. 

Biochemical approaches identified topoisomerase I, IIα and IIβ as SUMO-1 substrates in 

HeLa cells and efforts have been made to understand the biological relevance of these 

modifications. 
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SUMO-1 conjugates human topoisomerase I at least in three lysines, K103, K117 and 

K153, but this is almost all known about the matter. Conflicting results involve, or not, 

SUMO conjugation with camptotecin-induced relocalization of topoisomerase I from 

nucleolus to nucleoplasm (Rallabhandi et al. 2002; Christensen et al. 2004). An effect of 

SUMO conjugation in topoisomerase I-DNA cleavable complexes stabilization is more 

consensual (Christensen et al. 2004; Mo et al. 2004; Jacquiau et al. 2005). This stabilization 

occurs without enhancement of in vitro catalytic activity of topoisomerase I and results in 

augmented cytotoxicity of anti-topoisomerase I drugs, probably related to activation of 

apoptotic mechanisms (Mo et al. 2004). Clearly, more studies are needed to explain how 

topoisomerase I-SUMO conjugation is important to the eukaryotic cell. 

Whereas concerning topoisomerase I little advances were achieved, promising studies 

conducted in yeast and Xenopus catapulted topoisomerase II as a relevant protagonist in 

SUMO conjugation research. 

Yeast genetics associates all SUMO pathway enzymes with regulation of chromosome 

condensation, cohesion or segregation (Seeler and Dejean 2003). In this system, Smt3, Smt4 

and Siz1 (yeast homologues of SUMO-1, SUMO isopetidase and PIAS ligase, respectively) 

suppress Mif2/CenpA (centromeric histone), Smc2 (condensin) and Smc4 (condensin) 

mutations, revealing the participation of SUMO modification in centromere organization and 

chromosome condensation (Meluh and Koshland 1995; Strunnikov et al. 2001). Interestingly, 

the first clue linking SUMO modification with chromosome cohesion was the observation that 

topoisomerase II is the major SUMO substrate participating in sister chromatid cohesion in 

yeast. 

Yeast smt4 mutants, in wich Smt3 is not deconjugated from its substrate, show 

abnormal precoccious separation of centromeres, albeit normal cohesion at the chromosome 

arms. This “looseness” of the centromeres in smt4 mutant was shown to be compensated by 

topoisomerase II in a dosage supression screening. In the same study, it was also shown that 

SNM mutant of topoisomerase II (SUMO No More topoisomerase II mutant, which cannot be 

SUMO conjugated) also compensate abnormal “looseness” of smt4 mutant. (Bachant et al. 

2002). However, there may be other SUMO substrates in this process, as topoisomerase II 

(and SNM mutants) did not fully compensate precocious separation. 

A role for SUMO conjugation in chromosome dynamics has also been suggested in 

Drosophila, where Su(var)2-10 (PIAS homologue) mutants show chromosome inheritance 

defects, and in Xenopus, where disruption of PIASγ by antibody microinjection or 
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overexpression of a dominant negative UBC9 (dnUBC9) result in chromosome segregation 

defects (Hari et al. 2001; Azuma et al. 2003; Azuma et al. 2005). More importantly, 

experiments in Xenopus revealed that in this model system topoisomerase II is a key SUMO 

substrate for chromosome segregation. In mitotic extracts, Xenopus topoisomerase II 

conjugates exclusively with SUMO-2/3 (Azuma et al. 2003). PIASγ was shown to mediate 

this conjugation and to be determinant for GFP-SUMO-2/3 accumulation at inner 

centromeres, suggesting that chromosome defects resulting from PIASγ blockage are due to 

blockage of topoisomerase II-SUMO-2/3 conjugation in mitotic chromosomes (Azuma et al. 

2005). A recent report shows that also in yeast SIZ1/SIZ2 (PIAS homologues) control 

chromosome transmission fidelity and that this PIAS effect is mediate by topoisomerase II-

Smt3 conjugation (Takahashi et al. 2006). Furthermore, topoisomerase II-smt3 fusion mutants 

were shown to accumulate at yeast centromeres (Takahashi et al. 2006). 

On the other hand, much less is known about mammalian topoisomerase II-SUMO 

conjugation. One striking observation is that SUMO paralogs do not accumulate at mitotic 

mammalian chromosomes, at least in detectable levels (Ayaydin and Dasso 2004). This 

observation is difficult to conciliate with a role for SUMO conjugation in chromosome 

dynamics. A plausible hypothesis may reside in the highly dynamic nature of SUMO 

modification. 

Biochemical approaches have shown that SUMO-1 modification of topoisomerase IIα 

and IIβ is induced by ICRF-193 and etoposide in HeLa cells, whereas isoform β was also 

found to conjugate to SUMO-2 in both HeLa and neurons (Mao et al. 2000; Isik et al. 2003). 

However, the localization and biological implications of these modifications remain 

unknown. One truly difficult matter to solve has been the mapping of SUMO modification 

sites in human topoisomerase IIα and β isoforms, which would allow the possibility to work 

with SUMO-deficient mutants. In addition, as topoisomerase II acts as a dimer, results arisen 

from topoisomerase mutants might be masked by dimerization of mutant/normal 

topoisomerases inside the mucleus. 

A recent report shed some light over the relevance of SUMO-topoisomerase II 

modification inside the nucleus by showing that PIASγ is essential for proper localization of 

topoisomerase II to centromeric regions and chromosome cores in mitotic human 

chromosomes. In PIASγ depleted cells, cells arrest at metaphase and sister chromatids remain 

together even in the absence of cohesion, suggesting that PIASγ role in chromosome 
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segregation relates to topoisomerase-II mediated chromosome separation (Diaz-Martinez et 

al. 2006). Therefore, it is probable that participation of to topoisomerase II in chromosome 

segregation involves its SUMO modification. Understanding how topoisomerase II is SUMO 

conjugated during the cell cycle, particularly which, when and how SUMO paralogs modify 

human topoisomerase IIα is thus required in near future. 
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Up to the present, human topoisomerase IIα has been localized to chromatin-rich domains, 

with the exception of the centrosome. The preferential co-localization with chromatin inside 

the nucleus makes sense, since DNA is the enzyme substrate. But, what is the biological 

relevance of topoisomerase IIα interaction with chromatin? What are the challenges that 

chromatin faces along the cell cycle? Which of those challenges require topoisomerase IIα 

presence? 

The central processes orchestrated on chromatin along the cell cycle are reviewed next 

in this Introduction, as well as the involvement of topoisomerases II in them. 
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 II – THE SUBSTRATE 

 

Challenge 1: organization 

Chromatin is a highly dynamic structure that evolved in order to solve two cellular 

problems: the packaging of ∼2m of DNA inside the eukaryotic nucleus; and the control of 

access to the information that DNA encodes, at the right time (Luger 2006). This was 

accomplished by wrapping up the DNA in dedicated proteins – the histones – and promoting 

the transient interaction of DNA and histones with a tremendous amount of other nuclear 

proteins (nonhistone chromatin associated proteins). Thus, two keywords unravel the 

marvellous role of chromatin inside the eukaryotic nucleus: compaction and accessibility. 

 

Compacting DNA – from nucleosomes to chromosome territories 

The repetitive particulate structure of chromatin is the nucleosome, which is composed 

of 146 bp of DNA wrapped around in an histone octamer, comprising core histones. These 

consist of two dimers of histones H2A/H2B and two dimers of histones H3/H4. The 

nucleosomes distribute along the DNA fiber in a beads-on-a-string conformation, also termed 

the 10-nm fiber.  In between the nucleosomes, linker DNA is coated with linker histones, 

particularly histone H1, which is less tightly bound to DNA than core histones. Although the 

function of linker histones is still uncertain, in vertebrates they are essential for the further 

folding of chromatin fiber into a second order structure, termed the 30 nm fiber (for a review 

see (Adkins et al. 2004)). This compaction of chromatin requires the neutralization of the 

charge of DNA and is also linked to the presence of mono- and divalent cations in solution, 

with high cation concentrations inducing nucleosomal association in vitro. Information about 

the actual structure of condensed chromatin fiber in vivo is still lacking yet, despite decades of 

intense research and structural speculation. Several models have been proposed for the 

arrangement of the so-called 30-nm fiber ((Zlatanova 2004) and references therein). In the 

solenoid model, a regular helical arrangement of nucleosomes fits six nucleosomes per helical 

turn of DNA. Adjacent nucleosomes, connected by linker DNA, are positioned in the same 

side of the fiber. However, recent direct imaging studies suggest that the folding of 

nucleosomes in chromatin is not symmetrical. The chromatin fiber seems to have stretches 

with smooth curves intercalated with abrupt turns, arguing against a helical, symmetrical 

arrangement. These studies favour the “irregular fiber” or “straight linker” model. In this 
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model, the secondary structure of chromatin is regulated by the linker DNA, which is pointing 

to the interior of the fiber and leaves the nucleosomes at the exterior, with adjacent 

nucleosomes positioning in opposite sides of the fiber. Another interesting feature of this 

model is that compaction of the chromatin does not predict topological alterations, whereas 

the solenoid model implies generation of supercoiling ((Zlatanova 2004) and references 

therein). 

The organization of chromatin in eukaryotic interphase nuclei implies further 10- to 

15-fold compaction, while the condensation into metaphase chromosomes corresponds to 40-

fold compaction when compared to the 30-nm fiber. It is generally accepted that the 

establishment of long distance chromatin interactions account for this additional, higher-order 

compaction in length of the chromatin, but this remains probably the most poorly understood 

aspect of chromatin. In the late 1970s, electron microscopy and chromosome fractionation 

studies lead to the suggestion of the “loop model” for higher order chromatin ((Gasser et al. 

1986) and references therein). This model postulates that additional folding of the chromatin 

is achieved by topologically constraining the DNA in independent loops ranging from 30-100 

Kb, functioning as basic units for replication, transcriptional regulation and chromosomal 

packaging. Dedicated non-histone proteins will bind to specific sites dispersed throughout the 

DNA (termed SARs, “scaffold attachment regions”) and mediate the attachment of the 

chromatin loops to these sites, forming a proteinaceus scaffold. Topoisomerase II has been 

proposed to participate in the anchoring of chromatin loops at SARs, once it was shown to be 

a component of extracted nuclear scaffolds and found to be present in vivo at the ends of 

chicken DNA loops (Gasser et al. 1986; Razin et al. 1991). Moreover, SARs are AT-rich 

regions that comprise in vitro mapped topoisomerase II cleavage sites (Udvardy et al. 1985). 

Higher order chromatin studies are usually performed in isolated mitotic chromosomes, due, 

in part, to the fact that in interphase clear visualization of chromosomes is seldom achieved. 

One notable exception occurs in amphibian and avian oocytes, where lambrush chromosomes 

can be observed. In these, the 30-nm fiber forms large loops of decondensed chromatin 

emanating from a linear chromosomal axis composed of proteins and of highly condensed 

chromatin, thus favouring the loop model for chromosome compaction. Recently, increasing 

evidence strengthens the view of the loop model. Of notice, SATB-1 protein (“special AT-

rich binding protein 1”), which is preferentially expressed in thymocytes, was found to bind to 

the base of DNA loops, where it recruits histone deacetylases to remodel specific chromatin 

domains. Thus, SATB-1 and DNA loop bases seem to function as docking sites for 
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specialized chromatin modifying activities, enforcing the notion of DNA loops as units of 

regulation ((Heng et al. 2004) and references therein). 

Albeit the enumerated observations, the loop model is not universally accepted. Part of 

this controversy is related to the concept of nuclear matrix that used to be subjacent to the 

model, given that, in some studies, the bases of DNA loops were isolated as “matrix 

attachment regions” (MARs). The nuclear matrix has been described as a network of non-

chromatin filaments (whose molecular nature remains elusive) that would act as a 

fundamental organizing structure of the eukaryotic nucleus. The problem resides in the fact 

that the existence of a nuclear matrix is constantly being challenged, with scarce experimental 

indications supporting it (Pederson 2000). On the contrary, the large-scale, higher-order 

organization of chromatin itself may have a broader role in nuclear organization. 

Available evidence supports the idea of chromatin as an organizer of nuclear 

compartments, acting as a structural framework to which other nuclear components may 

transiently attach ((Carmo-Fonseca 2002) and references therein). In interphase nuclei, 

partially decondensed chromosomes occupy non-random defined territories that are conserved 

throughout evolution ((Tanabe et al. 2002) and references therein). In situ techniques allow 

mapping of the territory that each chromosome occupies, spanning throughout the nucleus and 

appearing separated from other chromosome territories by interchromatin domains (for a 

review see (Cremer et al. 2006)). Recently, new FISH high-resolution procedures and data on 

translocation frequencies showed that these chromosome territories may be more mixed than 

initially estimated, with a considerable degree of intermingle between different chromosomes 

(Branco and Pombo 2006). 

 

Accessing DNA: The two chromatin states 

While the compaction problem is solved by accommodating chromosomes in 

dedicated volumes inside the cell nucleus, the accessibility issue is handled by the 

compartmentalization of specific chromosome regions in different chromatin states, namely 

euchromatin and heterochromatin. 

The two types of chromatin can easily be defined based on their morphology, with 

euchromatin seen as an “open”, more accessible structure and heterochromatin corresponding 

to a higher condensed and more compact state of chromatin. 

Some biochemical aspects are distinctive, at least in part, to each chromatin state. 

Hyperacetylation of histones H3 and H4 is usually observed in euchromatin, whereas  
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heterochromatin shows hypoacetilated histones. More significantly, specific tri-methylation of 

histone H3 on lysine 9 (H3K9), with the consequent recruitment and phosphorylation of 

heterochromatin-associated protein 1 (HP1), is considered the hallmark of heterochromatin. 

After binding to tri-methylated H3K9, HP1 recruits other proteins including histone 

methyltransferases (HMTs) that further spread methylation at H3K9 to the heterochromatic 

region surrounding the initial methylation site (reviewed in (Horn and Peterson 2006)). In 

mammals, there are three isoforms of HP1, α, β and γ. The first two isoforms are located at 

centromeric and pericentromeric regions, whereas the latter is found in euchromatic regions 

where it is believed to promote a locally more repressed state of chromatin (Adkins et al. 

2004). 

Besides HP1, other non-histone proteins contribute to the architecture of chromatin 

domains. Polycomb Group Proteins (PcGs) from Drosophila, plants and vertebrates, avian 

MENT and its mammalian homologues and MeCP2 promote chromatin condensation and 

repression and  connote with heterochromatic domains. Many of these proteins bind to 

specific DNA elements and localize to peripheral compartments of condensed chromatin 

domains where they hinder access of other protein factors to nucleosomes (reviewed in 

(McBryant et al. 2006)). 

On the other hand, some factors connote with euchromatic regions. High Mobility 

Group proteins (HMGs) are one of such family of factors, which reduce chromatin 

condensation and associate to transcriptionally active chromatin (Adkins et al. 2004). 

The two chromatin states also differ concerning their distribution in the nucleoplasm 

and their timing of replication during S-phase. Euchromatin disperses diffusedly throughout 

the nucleoplasm and replicates early in S-phase, whereas heterochromatin localizes 

preferentially to the periphery of the nucleus and the nucleolus and replicates late in S-phase 

((Ferreira et al. 1997) and references therein). During mitosis, eu- and heterochromatin 

domains form intercalated bands along each metaphase chromosome, suggesting that the 

compartmentalization of large-scale chromatin domains in the intact nucleus is similar to that 

occurring in individual mitotic chromosomes and is transmitted to future generations (Ferreira 

et al. 1997). A large body of evidence obtained recently further sustains this idea, in which 

chromosomes organise into subunits maintained along all stages of cell cycle and 

corresponding to replication clusters that replicate in a spatio-temporal programmed way 

during S-phase (Zink 2006). 
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Chromatin organization is highly dynamic: eu- and heterochromatic domains are 

interconvertible, providing the cell with a dynamic modulation of DNA metabolism. The 

classical view ascribes distinct functionalities to the two states of chromatin, particularly in 

terms of transcription activity: whereas actively transcribed genes are positioned in 

euchromatic domains, heterochromatin compact structure correlates with transcriptionally 

silent domains. Additionally, several observations attest that changes in nuclear localization of 

a certain gene, with concomitant change in the structure of surrounding chromatin, is coupled 

with changes in transcriptional activity (Andrulis et al. 1998; Lamond and Earnshaw 1998). 

Thus, a gene that is actively transcribed in a certain stage of development, for example, and is 

positioned in an euchromatic domain, may be moved to a more peripherical, heterochromatic 

surrounding, becoming transcriptionally silenced in other stages of development. This, or the 

opposite effect on gene activity, is achieved by chromatin elements capable of transforming 

the environment of genes. Several cis and trans regulators that localize genes to specific 

chromatin domains have been described. Of these, promoters, activators, enhancers and LCRs 

(Locus Control Regions) can alleviate repressive states imposed by heterochromatin 

surroundings, whereas silencers favour the maintenance of heterochromatic domains 

(Francastel et al. 1999). 

Irrespective of its value, it is becoming however increasingly clear that the classical 

view of euchromatin as regions of genome activity and heterochromatin as regions of genome 

inactivity is too simplistic (Misteli 2005). For example, a genome-wide scale study has 

recently shown that chromatin morphology is linked to gene density, with euchromatin 

comprising gene-rich regions and heterochromatin encompassing gene-poor regions, 

regardless of their activity status (Gilbert et al. 2004). Truly, how precisely the biochemical, 

morphological and molecular differences between the two chromatin states are reflected in 

their functional status remains to be ascertained. It is well established, though, that it is the 

highly dynamic nature of chromatin, and specifically the convertibility between eu- and 

heterochromatin forms, that accounts for the regulation of DNA accessibility.  

 

Mechanisms that alter DNA accessibility 

The extreme plasticity of the chromatin structure results from a number of 

mechanisms that enable regulation of DNA accessibility. 

Studies using mono-nucleosomes and defined nucleosomal arrays suggest that 

transient exposure of regulatory DNA regions occurs in vitro via a mechanism by which 
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histones dissociate and re-bind to nucleosomal DNA thus exposing nucleosome ends. It 

remains to be ascertained whether this phenomenon, termed “DNA breathing”, takes place in 

a biological context where chromatin organizes in a higher-order structure (Luger 2006). 

Post-translational modifications of histones were in turn extensively shown to affect 

chromatin structure in several ways. Histone modifications include phosphorylation, 

acetylation, mono-, di- or tri-methylation, ubiquitination and sumoylation, all of these at 

lysine residues (or aginine for methylation), and ADP-ribosylation (Jenuwein and Allis 2001). 

Histone modifications alter considerably the chemical nature of histones, regulating their 

reactivity and controlling both the binding of specific protein factors and the compaction of 

the chromatin fiber. The reversible nature of histone modifications also confers plasticity to 

the chromatin structure: all modifications reported thus far are reversible and enzymes that 

either promote or remove these modifications have been described (Bannister et al. 2002; 

Luger 2006). Due to these enzymes, the global collection of histone modifications is 

constantly being changed inside the cell, resulting in a highly dynamic chromatin regulation. 

Until recently, histone tails were the known main substrate for histone modifying enzymes. 

These flexible N-terminal tails are rich in charged amino acids and projected to the exterior of 

the nucleosome. They balance the interaction between core histones and nucleosomal DNA, 

besides being crucial for the recruitment of other, non-histone, chromosomal proteins (Luger 

2006). They are subjected to extensive, dynamic post-translational modification throughout 

the cell cycle, which was shown to be crucial to regulate DNA accessibility. As a general 

trend, acetylation of histone tails promotes transcription, deacetylation represses gene 

expression and phosphorylation correlates with chromosome condensation in mitosis. In 

addition, a multitude of modifications was recently identified in the globular domains of core 

histones (Freitas et al. 2004). 

The influence of histone modifications over chromatin-dependent nuclear processes 

results not only from the large number of post transcriptional modifications that histones 

suffer, but particularly from the numberless combinations that may exist between these 

modifications along the chromatin fiber, at a certain moment of the cell life (Strahl and Allis 

2000). Several histone modifications may co-exist and work sequentially in a cooperative 

manner or be incompatible in the same nucleosome. For example, methylation of H3K4, 

acetylation of H3K14 and phosphorylation of H3S10 cooperate to facilitate gene activation 

and are incompatible with methylation of H3K9 at the same chromatin region. Additionally, 

the degree of modification of a specific residue, as may happen in mono-, di- or tri-
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methylation, results in different outcomes for the cell, namely concerning its transcriptional 

status (Santos-Rosa and Caldas 2005). The inumerous possible combinations of histone 

modifications have been coined “histone code” and proposed to constitute an important 

epigenetic mechanism in the maintenance of the distinct characteristics of euchromatic and 

heterochromatic domains across different generations of cells (Jenuwein and Allis 2001). In 

light of this view, recruited protein factors will “read” the “histone code” and act in 

conformity with it, manipulating DNA accessibility. These factors contain specific protein 

domains that interact with chromatin, i.e., bromodomains and chromodomains, and work as 

effectors to trigger DNA metabolism mechanisms, such as replication, repair and 

transcription. 

Another form of altering DNA accessibility in vivo consists in the so-called 

remodelling activities. These act on chromatin structure both in cis (by sliding the 

nucleosomes along the chromatin fiber) and in trans (by displacing nucleosomal histones) and 

rely on ATP to surpass energetic barriers inherent to modifying chromatin states. Chromatin 

remodelling complexes are well conserved among eukaryotes and relatively abundant inside 

the cell. They are divided in three major classes according to the type of ATPase subunit and 

protein domains they possess, namely SWI/SNF, ISWI and CHD groups, and the list of 

cellular processes they participate in is not yet closed (reviewed in (Bouazoune and Brehm 

2006)). Besides interplaying with covalent modification of histones, chromatin remodelling 

complexes include several enzymes as their components and have distinct cellular partners, 

which enables functional specificities to each. For example, Mi-2/NURD complex contains 

histone deacetylase activity, interacts with repressors and promotes transcription repression 

(Murawsky et al. 2001). On the other hand, Williams Syndrome Transcription Factor (WSTF) 

forms a remodelling complex with ISWI called WICH that is required to maintain an open 

active chromatin structure (Poot et al. 2004). The idea that chromatin remodelling activities 

may require local topological changes in the chromatin is conceivable. In fact, it has been 

shown in yeast that chromatin remodelling of small circular DNA molecules, where 

topological pressure is higher, requires the presence of a topoisomerase enzyme (Gavin et al. 

2001). Interestingly, topoisomerase II was found as component of chromatin accessibility 

complex (CHRAC) in Drosophila and suggested to have a combined action with SWI/SNF 

complexes (Varga-Weisz et al. 1997; Jaskelioff et al. 2000). 

The existence of histone variants adds even more modularity to chromatin structure. 

Histone variants are non-allelic forms of canonical histones that incorporate into chromatin at 
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specific regions and/or precise timing (Cairns 2005; Luger 2006; Polo and Almouzni 2006). 

Thus, it is not surprising that their expression is not restricted to S-phase, as the expression of 

canonical histones is. All histone variants already described replace either histone H2A or H3. 

They are present in most eukaryotic organisms and detected in all tissues. Histone variants 

share significant sequence homology with their classical counterparts, but differ more 

markedly in the N-terminal tails, enriching the possibilities of the histone code. Moreover, the 

presence of histone variants at nucleosomes is crucial to activate specific pathways. For 

example, H2AX is a variant of H2A whose presence at nucleosomes is essential to the cell 

response to DSB DNA damage. The rapid phosphorylation of H2AX at DNA damaged sites 

is the signal that triggers DNA repair mechanisms. Another notable example of the powerful 

effect of histone variants is CenpA. Mammalian CenpA (and its centromeric CenH3 

counterparts in other organisms) replaces histone H3 at mammalian centromeres and 

constitutes the basis for centromere identity. In fact, the observation that CenpA is essencial 

for centromere formation, whereas centromeric DNA repeats are dispensable, suggests that 

centromeric chromatin is unique because of its histone variant (Henikoff and Dalal 2005).  

The eukaryotic cell has developed at least one mechanism to manipulate chromatin 

organization at the DNA level as well. In this process, chemical modification of DNA 

building blocks, namely by methylation of cytosine residues present in CpG dinucleotides, 

results in the establishment of long-term gene silencing and genome stability. Modifications 

on such cytosine residues are carried out by DNA methyltransferases (DNMTs) and will be 

discussed later in this Introduction. 

In summary, the above mechanisms, often operating in a coordinated way in a given 

locus, allow the cell to manipulate DNA accessibility at different levels. Whenever needed, 

they are available at the cell’s toolbox, in order for the chromatin to respond to cellular stimuli 

and overcome the challenges that it encounters. 

 

Challenge 2: Replication 

Two major happenings dominate the cell concerns every cycle: de novo chromatin 

synthesis and splitting the replicated genome equally between two daughter cells. In fact, the 

whole collection of events occurring from early G1 to cytokinesis fluctuate around these two 

episodes, which allow the correct propagation of genetic information to the next generation. 

Chromatin synthesis encompasses DNA replication and concomitant chromatin 

assembly, both, presumably, in a semi-conservative manner. 
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DNA replication 

Dedicated protein complexes termed Origin Recognition Complexes (ORC) regulate 

the firing of replication origins, which is the first step of DNA replication. ORC proteins 

associate with origins at each replicon and load onto them Mini-Chromosome Maintenance 

proteins (MCM), altogether forming the pre-replicative complex (pre-RC). This complex then 

unwinds DNA at the origins and recruits components of the DNA synthesome that will 

synthesise DNA (reviewed in (Gerbi and Bielinsky 2002) and (Falbo and Shen 2006)). Thus, 

a fired origin opens in two replication forks (forming a replication bubble) progressing in 

opposite directions until each one finds another replication fork. This way, the cell ensures the 

replication of all DNA (Manders 1994). 

Polymerase α/primase starts replication at origins by synthesizing short RNA primers 

for leading and lagging strand synthesis and is then replaced by the more processive 

polymerases δ and/or ε. Within the replication bubble, other proteins that account for 

initiation, elongation, strand separation and other activities accessorize DNA polymerases. 

Among all these components, PCNA is of special relevance because it accumulates several 

functions. After recruitment by RFC, another synthesome component, PCNA is thought to 

mediate the interaction between polymerases and DNA, coordinate the order of events at the 

replication fork and promote recruitment of an ever-growing list of other replication factors 

(reviewed in (Frouin et al. 2003)). 

Events occurring at replication bubbles raise topological obstacles that need to be 

overcome (revised in (Schvartzman and Stasiak 2004)). Walking of replication forks along 

DNA generates positive supercoiling ahead of the replication machinery, which brings along 

two types of problems. First, it increases the difficulty of separating duplex DNA into 

individual strands, originating an effective blockage of replication itself. Second, because 

positive supercoiling ahead promotes compensatory negative supercoiling behind replication 

machinery; and also because rotation of the synthesome allows the translation of some 

torsional stress from front to back, part of the positive supercoiling formed in replicating 

DNA is transferred to the newly replicated one, in the form of precatenanes (McClendon et al. 

2005). When replication ends, these precatenanes convert into catenanes. Additionaly, 

precatenanes enhance the possibility of knot formation behind replication forks (Schvartzman 

and Stasiak 2004). Therefore, ongoing replication requires topoisomerase activity. 
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Given that topoisomerase I can relax negative and positive supercoiling and that 

topoisomerases II are the sole ones capable of decatenation, it has been commonly assumed 

that the first enzyme acts ahead of the fork alleviating torsional stress, whereas the latter, 

particularly isoform α, works exclusively behind it resolving precatenanes. A role for 

topoisomerase II activity at precatenane removal has indeed been reported (Lucas et al. 2001). 

A collection of data unveils, though, a role for topoisomerase IIα ahead of the replication fork 

as well (McClendon et al. 2005). Topoisomerases II can compensate loss of topoisomerase I 

in replicating yeast and bacteria, while the loss of both enzymes halts replication at these 

same organisms. These findings, allied to recent results showing that topoisomerase IIα, but 

not β, relaxes positive supercoiling faster than negative supercoiling strengthen the idea that 

topoisomerase IIα is placed ahead of the replication fork. This idea is also predicted in 

previous models describing anticancer drug action ((McClendon et al. 2005) and references 

therein). 

Whereas considerable attention has been focused at mechanistic aspects concerning 

the activity of topoisomerase IIα at replicating spots, much less is known about its biological 

importance. At the cell level, replication sites may be observed by fluorescence microscopy 

after incorporation of bromodeoxyuridine (BrdU) or other base analogue into nascent DNA 

and subsequent labeling. Studies using this approach showed that in mammal cells newly 

synthesized DNA localizes to discrete subnuclear sites termed replication foci or replication 

sites, where replication factors concentrate to constitute “replication factories” (Nakayasu and 

Berezney 1989; O'Keefe et al. 1992; Hozak et al. 1993). As already referred, Niimi and 

colleagues reported the accumulation of topoisomerase IIα at replication sites in chicken cells 

(Niimi et al. 2001). In addition, concentration of E. coli topoIV, the equivalent to 

topoisomerase IIα in terms of function in bacterial cells, was detected at replication factories 

(Espeli et al. 2003). Future studies aimed at understanding the dynamics, interactions and 

regulation of topoisomerase IIα at replicating factories will surely be welcome. 

 

Chromatin assembly and remodelling 

Parental histones distribute between daughter strands during DNA replication, with 

concomitant addition of newly synthesised ones (for a review see (Verreault 2000); (Polo and 

Almouzni 2006)). Histone chaperones promote de novo assembly of chromatin, interacting 

with histones in order to drive them to sites of nucleosomal assembly, prevent undesirable 
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interactions with other cellular components and assemble H2A/H2B and H3/H4 dimers. 

Examples of histone chaperones include chromatin assembly factor-1 (CAF-1), anti-silencing 

factor-1 (ASF1), nucleosome assembly protein-1 (Nap-1) and histone regulator A (HIRA). 

Once at nucleosomal assembly spots, ATP-remodelling complexes space nucleosomes in 

regular arrays and participate in deposition of histone dimers at chromatin either directly (ex: 

remodelling and spacing factor (RSF)) or by helping chaperones (ex: CHRAC). Furthermore, 

both chaperones and ATP-dependent remodelers participate in the maintenance of higher-

order chromatin structures, namely by re-establishing epigenetic marks transiently removed 

during DNA replication. For example, CAF-1 is essential for heterochromatin duplication 

during S-phase, on account of its role in stably preserving a specific pool of HP1 protein at 

the periphery of heterochromatic domains (Quivy et al. 2004). Therefore, during or 

immediately after DNA replication intense activity takes place at replicating chromatin: 

assemble and disposition of nucleosomes and reposition or alteration of post-translational 

modification of histones. These activities last about one hour after DNA replication until 

chromatin structure is mature (Verreault 2000). This time-lapse is the main window of 

opportunity for the cell to differentiate specific regions of the genome between the two 

chromatin states – euchromatin or heterochromatin, as already mentioned and fully extended 

in the next sections. 

Exchange of histones between chromatin and nucleoplasm is expected during S-phase, 

when chromatin is replicating. However, recent FRAP studies showed that this histone 

exchange is more dynamic than initially thought, with exchanges of H2A/H2B dimers 

occurring out of S-phase. Such observations support the notion that chromatin assembly 

occurs not only during DNA replication, but also during other DNA metabolism processes, 

including DNA repair, recombination and transcription ((Zlatanova 2004) and references 

therein). 

 

The programme of replication of chromatin domains 

A number of studies show that there is a close relationship between the spatial 

confinement of each chromosomal subunit within the nuclear space and its timing of 

replication during S-phase ((Ferreira et al. 1997; Dimitrova and Gilbert 1999); (Zink 2006) 

and references therein). This programme of replication of chromatin domains is highly 

conserved among mammals and other species, though not unique, as different types of time-

space replication programmes occur in peas and some vertebrates, for example (Zink 2006). 
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Patterns of active replication foci vary in a continuous, gradual fashion as S phase 

progresses. Five typical patterns can be distinguished using BrdU incorporation (Nakayasu 

and Berezney 1989) and Fig.3. In early stages of S-phase (patterns I and II), numerous, small 

active foci corresponding to replicating euchromatin disperse through the interior regions of 

the nucleoplasm. As S phase progresses dispersion throughout nucleoplasm gradually ceases 

and active foci start concentrating at the periphery of the nucleolus and at the nuclear 

periphery (patter III, intermediate S phase). Next, the number of active foci decreases even 

more, whereas their individual size increases, and concentration at nuclear periphery is further 

accentuated (pattern IV). At this late S phase stage, active foci correspond to heterochromatic 

domains. In very late S phase, there are even fewer but larger active foci positioned again 

more to the interior of the nucleus, also matching with replicating heterochromatin domains 

(pattern V). 

 

 

 

 
Figure 3: The programme of chromatin replication. Euchromatin replicates early in S phase in 
small and disperse replicating foci (I/II and III). Heterochromatin replicates late in S in large 
replicating foci (IV and V). These patterns of chromatin replication may be evidenced in BrdU 
incorporating experiments. The big compartment depicts the cell nucleus, the small compartment is 
the nucleolus and the red dots are DNA replicating foci. 
 
 

Challenge 3: Transmission 

Chromatin states are stably inherited. Two key acts process inheritance during cell 

cycle: 1) duplication of chromatin states; 2) subsequent splitting of the duplicated 

(epi)genomic information between two daughter cells. The first one takes place during S 

phase. The last one dominates mitotic manoeuvres. In biological context, they cannot be 

dissociated. 
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Epigenetics 

Propagation of correct chromatin states relies on mechanisms of cellular memory 

consisting in epigenetic marks carved upon chromatin. Major epigenetic labelling occurs 

during or immediately after DNA replication as part of chromatin assembly and remodelling 

cell protocols, although their maintenance shall persist along the whole cell cycle and 

development of an organism. The standing view concerning establishment of epigenetic 

marks insinuate that euchromatin is the default state assembled in nascent DNA, further 

suggesting that formation of heterochromatin implies an active involvement of dedicated 

cellular components. Observation that nascent chromatin is acetylated at H4K5 and H4K12 

irrespective of the chromatin state it will give rise to corroborates this idea (Taddei et al. 

1999). In fact, it is well established that heterochromatic regions do not show acetylation of 

these H4 residues. Instead, hypoacetylation of H4K5 and H4K12 seems a specific pattern of 

heterochromatin. Hence, there must be some mechanism to displace acetylation specifically 

from these sites in the process of heterochromatin maturation. Taddei and colleagues 

described the dynamics of deacetylation of heterochromatin domains after chromatin 

assembly, showing that hyperacetylation of H4K5 and H4K12 is removed from 

heterochromatic regions 20-50 min after DNA replication has occurred at these regions 

(Taddei et al. 1999). Histone deacetylases  (HDACs) perform such activities. Interestingly, 

topoisomerase IIα and β interact with HDAC1 and HDAC2 and their catalytic activity in vitro 

is affected by the presence of HDACs (Tsai et al. 2000; Johnson et al. 2001). It was also 

described that inhibitors of deacetylase activity, including trichostatin A (TSA) and SAHA, 

potentiate antitumor effects of topoisomerase inhibitors (Kim et al. 2003; Marchion et al. 

2005). This last effect may yet result from a broader effect of deacetylase inhibitors, which 

loosen up the structure of chromatin by privileging global histone acetylation. 

Several other independent findings link DNA replication to heterochromatin 

formation. ORC-2, Pol α and CAF-1 were shown to interact with HP1 and, in conjunction 

with PCNA, participate in the establishment of heterochromatin. At least CAF-1 and PCNA 

associate with late replicating foci until the end of S phase (PCNA) or G2 (CAF-1) and may 

serve as a platform to the recruitment of additional epigenetic effectors (reviewed in (Wallace 

and Orr-Weaver 2005)). 

Other studies may, however, indirectly point towards an opposite model, in which 

heterochromatin would be a default state. In cells depleted from WSTF, an increase in 
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heterochromatin markers and DNAse I resistance is observed, showing that WSTF actively 

maintains open chromatin structures (Poot et al. 2004). One interpretation for these results 

may be that WSTF prevents binding of HP1 to nascent chromatin, thus suggesting that 

heterochromatin formation is, at least, highly susceptible to assemble unless an active 

inhibitor is present (Poot et al. 2004). 

Nevertheless, heterochromatin formation is still envisioned as a paradigm of 

epigenetics. Reinstallation of its distinctive markers, including DNA methylation, occurs at 

late replicating foci, concomitant with differential deacetylation of nascent chromatin (when 

compared to acetylation patterns observed at early replicating euchromatin) (reviewed in 

(Wallace and Orr-Weaver 2005)). As parental DNA partitions between nascent duplexes, 

most possibly by a semi-conservative mechanism, newly replicated DNA becomes 

hemimethylated. The enzymes DNA methyltransfereases (DNMTs) concentrate at late 

replicating foci, where they bind to hemimethylated DNA and promote transfer of methyl 

groups to cytosines situated at CpG dinucleotides. This way DNMTs re-establish the DNA 

methylation pattern characteristic of heterochromatic domains. Additional factors concentrate 

specifically at late replicating foci and may participate in heterochromatin formation as well. 

MeCP2 and methylated CpG binding proteins (MBD) bind to methylated DNA and form 

complexes with histone deacetylases and chromatin remodelling factors (Wallace and Orr-

Weaver 2005). Together, DNMTs and MeCP2 recruit histone methyltransferases such as 

SUV39 and SETB1, which account for methylation of H3K9, the hallmark of 

heterochromatin. Having discovered several activities that ensure formation of 

heterochromatin at late replicating sites, the challenge now for researchers is to understand the 

cross talk between all. Additionally, establishment of heterochromatin is not restricted to late 

S stage of the cell cycle. Distinct cellular processes, including apoptosis and X chromosome 

inactivation imply formation of heterochromatin; transient organization of facultative 

heterochromatin occurs throughout the cell cycle, as already referred.  Attention has been paid 

to these processes as well. An innovative partner has been found recently: non coding RNAs 

were shown to be important for H3K9 methylation and HP1 localization at centric 

heterochromatin ((Craig 2005) and references therein) and to have a role in triggering de novo 

DNA methylation in plants (Freitag and Selker 2005). An additional partner mechanism to 

play with, while trying to unravel crosstalk between epigenetic intervenients. 
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Mitotic chromosome division 

The final step of each cycle of a dividing cell – mitosis - is short in time, but large in 

complexity. For example, HeLa cells take approximately a total of 24 hours per cycle, 

spending only one hour in mitosis. During this one hour, a multitude of cellular components 

operate condensation of chromatin into chromosomes, provide for the pairing of sister 

chromatids, align them in an equatorial plane, ensure their correct splitting in two equal parts 

and complete the division of the parental cell in two daughters. Mitotic events are timely 

coordinated, thus mitosis is usually divided in substages, including prophase, prometaphase, 

metaphase, anaphase and telophase. 

Once mitosis commences, chromatin starts condensing markedly to form 

chromosomes (with the help of several protein factors such as condensins), whilst 

centrosomes initiate migration to opposite poles and the mitotic spindle assembles. These 

events fulfil prophase. Prometaphase comprises disassembly of the nuclear envelope, 

attachment of microtubules from mitotic spindle to the kinetochores of chromosomes and 

congression of chromatids to the centre of the cell. Metaphase initiates as soon as sister 

chromatids align at the cell centre (at the metaphase plate) with each kinetochore bound to 

opposite sides of the spindle. Pairing of sister chromatids, which occurs in part ever since 

their replication back in S phase, is effected by cohesins (at least). At metaphase to anaphase 

transition, important molecular events take place beginning with activation of Anaphase 

promoting complex/cyclosome (APC/C) via a cdc-20 dependent mechanism. APC/C then 

promotes degradation of securin and cyclin B, resulting in the release and phosphorylation of 

separase, whose function is to cleave cohesins (for a review see (Acquaviva and Pines 2006)). 

Metaphase to anaphase transition is a crucial moment, because it marks the beginning of sister 

chromatid segregation. Hence, this transition is a privileged time to stop mitotic progression 

whenever the cell detects any deficiency. Migration of sister chromatids to opposite poles, 

driven by interactions between kinetochore components and spindle microtubules 

characterizes anaphase. Next, fully segregated chromosomes become decondensed during 

telophase and cytokinesis completes cell division. 

A closer view into the mitotic processes in which chromatin participates is given next. 

 

 

 

 



Introduction 

 58 

Chromosome condensation 

Why does chromatin further condense during mitosis? Shortening chromosomes to 

less than 5-20µm, which corresponds to the distance that separates sister chromatids by the 

end of anaphase, is a huge challenge to chromatin. The strategy adopted to succeed in it: 

drastic condensation. 

The intrinsic mechanisms that constitute chromatin condensation are still unknown. 

Instead, insights have been given on cross talk between condensation and mitotic chromatin 

dynamics. The loop model for mitotic chromatin compaction up to 50-fold beyond the 30 nm 

fiber predicts the existence of a chromosomal axis (or scaffold) serving as chromosome 

skeleton to which chromatin loops attach. Early experiments isolated ScI and ScII as the 

major components of this chromosome scaffold/axis. Later, these two proteins were identified 

in humans as topoisomerase II and SMC2, respectively ((Maeshima and Laemmli 2003), and 

references therein). SMC2 (“structural maintenance of chromosomes 2”) is an ATPase and an 

essential subunit of condensin complexes. Therefore, topoisomerase II and SMC2 became the 

obvious candidates responsible for chromosome scaffold formation and chromosome 

condensation during prophase. Although several experiments do indeed support this 

hypothesis, other results, however, argue against it (see Table 2 for topoisomerase II) 

(Maeshima and Laemmli 2003; Swedlow and Hirano 2003; Belmont 2006). As a summary of 

the findings referred in Table 2, one may conclude that even though in vitro and in vivo 

studies reveal participation of topoisomerase II in chromosome condensation, depletion of this 

protein does not result in detectable effects in this phenomenon. Thus, topoisomerase II does 

not seem essential for chromosome condensation. 
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Table 2: Evidence in favour or against a role for topoisomerase II in condensation, as a 
component of the chromosomal axis. 
 
In favour  Against  
Observation Reference Observation Reference 

ScI and ScII as 
scaffolding proteins 

Lewis and Laemmli 
1982 

  

ScI is topo II Earnshaw et al. 1985; 
Gasser et al. 1986 

  

Topo II accumulates 
at chromosomal axis 

Meyer et al. 1997; 
Andreassen et al. 
1997; Mo and Beck 
1999; Tavormina et 
al. 2002; Strick et al. 
2001 

Topo II extraction does 
not affect condensation 

Hirano and 
Mitchison 1993 

Topo II necessary for 
normal condensation. 
In vitro (Xenopus 
system) or genetic 
evidence 

Hirano and 
Mitchison 1993; 
Uemura et al. 1987; 
Adachi et al. 1991 

Condensation preceeds 
topo II and SMC2 
accumulation at 
chromosomal axis 

Kireeva et al. 2004 

Anti-topoisomerase 
II drugs affect 
condensation 

Gorbsky 1994; 
Andreassen et al. 
1997 

Condensation still 
occurs during knock 
out or down of topo II 

Carpenter and 
Porter 2004; 
Sakaguchi and 
Kikuchi 2004; 
Chang et al. 2003 

Barber pole, alternate 
acumulation of topo 
II and SMC2 

Maeshima and 
Laemmli 2003 

  

 

 

Experiments with condensin depletion in vertebrate cells point, in part, to a similar 

idea for condensins (Hudson et al. 2003). Yet, condensins still may have a leading role in 

condensation. First, because they can infringe topological complexity to DNA, by promoting 

knots and supercoils, that facilitates chromatin condensation (and topoisomerase IIα may 

assist this activity) (Swedlow and Hirano 2003). Second, because there is more to condensin 

complexes than the SMC2 subunit. Indeed, research concerning condensins has continuously 

produced new data over the last decades. Two condensin complexes were described to date, 

condensin I and condensin II, containing an SMC2/SMC4 heterodimer each and other non-

SMC subunits. In humans, condensin I complex (composed of SMC2/SMC4, CAP-H, CAP-

D2 and CAP-G) binds to chromatin after prometaphase nuclear envelope breakdown and is 

rather mobile during mitosis (Ono et al. 2004; Gerlich et al. 2006). Although increasing 

evidence suggest that condensin I complex participates in condensation of metaphasic 

chromosomes (after prolonged arrest), dissociation of cohesins, anaphase onset and 
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centromeric stability, depletion of its subunits does not result in detectable perturbation of 

chromosome condensation. Condensin II complex (including subunits SMC2/SMC4, CAP-

H2, CAP-D3 and CAP-G2), on the contrary, was shown to have a role in chromosome 

condensation in prophase, since depletion of some of its subunits leads to a delay in the 

initiation of condensation (Hirota et al. 2004; Ono et al. 2004). Together, these studies suggest 

that the role of condensins in chromosome condensation might reside in the maintenance of 

metaphasic chromosome structure or assistance of condensation, rather than accounting for 

the bulk of chromosome condensation during prophase (Belmont 2006). 

Moreover, a few studies also suggest that chromosome condensation during prophase 

precedes the formation of a chromosomal axis (Belmont 2006). Hence, it seems improbable 

that a chromosomal axis composed of chromatin plus topoisomerase II and condensins 

controls chromatin condensation during prophase. Nevertheless, compelling evidence sustains 

the existence of a chromosomal axis (references in Table 2; (Maeshima and Laemmli 2003; 

Belmont 2006)). Topoisomerase IIα and SMC2 do accumulate at this subchromosomal region 

in an alternate fashion, at least from the end of prophase. Whilst controversial results report 

the concentration of topoisomerase IIα already during prophase (Maeshima and Laemmli 

2003) or only by the end of prophase (Kireeva et al. 2004), deposition of SMC2 seems to 

occur in prometaphase (Belmont 2006) and references therein). More importantly, 

accumulation of topoisomerase IIα at the chromosomal axis seems dependent on the presence 

of condensins (Coelho et al. 2003; Savvidou et al. 2005). 

From the exposed above an open question clearly persists: if the two obvious 

candidates do not account, by themselves, for chromosome condensation during prophase, 

then, who does?  

A possible answer may arrive from recent work proposing the existence of previously 

undetected, additional condensation activities inside the cell. In a conditional chicken SMC2 

knockdown, where the structure and segregation of metaphase chromosomes is impaired upon 

SMC2 knockdown, inhibition of the binding of phosphatase PP1γ to chromatin results in the 

rescuing of the knockout phenotype. Hence, maintenance of metaphase chromosome structure 

and its segregation may occur even in the absence of condensins. These findings suggest the 

existence of an additional condensation activity in vertebrate cells, which the authors coined 

Regulator of Chromosome Architecture (RCA) and is possibly regulated by 

phosphorylation/dephosphorylation events during metaphase and anaphase (Vagnarelli et al. 

2006). 
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Another recent finding draws attention on chromosome condensation from prophase to 

anaphase. Whereas the classical view concentrates on condensation activities before 

metaphase, Ellenberg et al have shown that maximal compaction of chromosomes occurs in 

late anaphase due to lengthwise shortening of chromosomes, paving the way to the existence 

of additional chromosome condensation after metaphase-anaphase transition (Ellenberg 

2006). Thus, condensins may have a role in chromosome condensation until the end of 

anaphase, and not only before metaphase (Vagnarelli et al. 2006). 

Also, it remains still pertinent to ask what is the biological meaning of accumulation 

of topoisomerase IIα at the mitotic chromosomal axis. 

 

Chromosome segregation 

In parallel with compaction, additional challenges defying mitotic chromatin can be 

summarized as three key actions: pairing, resolving and moving apart sister chromatids. 

Together they constitute the so-called chromosome segregation. A crucial aspect of 

chromosome segregation is fidelity, as failure in equally distributing chromosomes to 

daughter cells results in aneuploidy, genetic defects and cell death. Cell strategies to ensure 

fidelity in segregation include sister chromatid cohesion and a thorough control of the timing 

of their separation. 

Cohesins keep sister chromatids together with the help of other nuclear proteins, until 

chromatid separation ensues. The conserved cohesion complex contains four subunits, two of 

them from SMC family: SMC1, SMC3, Scc1 and Scc3 (reviewed in (Haering and Nasmyth 

2003); (Hirano 2006)). Attractive models describing action of cohesins envision these 

proteins either as “glue” that sticks chromosomes together or as “rings” embracing two sisters 

(Yanagida 2005). In yeast, cohesins bind the entire length of sister chromatids from G1 to 

metaphase-anaphase transition. A different scenario is observed in vertebrates: during 

prophase Polo-like Kinase (Plk) and Aurora protein kinases remove cohesins from 

chromosome arms whereas the remaining cohesion at centromeres (and hypothetically 

residual spots at chromosome arms) is lost via proteolytic activity of the APC/C complex. 

Nevertheless, in all organisms, proteolysis-driven loss of cohesion is the hallmark of 

metaphase-anaphase transition and thought to determine the onset of efficient chromosome 

separation (Acquaviva and Pines 2006). 

Given the exposed above, the centromere emerges as a key player in vertebrate 

chromosome segregation. Centromeres are complex chromosomal structures composed of 
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heterochromatin and a proteinaceous framework termed kinetochore. Electron microscopy 

images allowed the dissection of eukaryotic centromeric organization (extensively reviewed 

in (Cleveland et al. 2003)). All centromeres show key elements, namely: inner centromere, 

composed of heterochromatin and passenger/regulatory proteins such as cohesins, AuroraB, 

etc.; inner kinetochore proteins related to centromere replication and kinetochore formation; 

and outer kinetochore, including external motor proteins interacting with spindle 

microtubules, regulatory kinases and checkpoint proteins. Centromeres duplicate in S phase 

and each pair is maintained in more or less close proximity throughout G2 and until 

metaphase. As centromeres constitute the chromosomal region to which spindle microtubules 

attach, and as they contain the proteic motors that drive chromosome congression and 

separation, centromeres head sister chromatid separation during anaphase. Thus, a typical 

anaphase image shows centromeric regions migrating to opposite cellular poles ahead of 

chromosomal arms. 

Several reports localise topoisomerase II to the centromere from prophase to 

metaphase (Taagepera et al. 1993; Gorbsky 1994; Rattner et al. 1996; Sumner 1996; 

Christensen et al. 2002b; Null et al. 2002). In addition, some results suggest the existence of 

topoisomerase II catalytic activity there, particularly via the mapping of topoisomerase II 

cleavage sites using etoposide or ICRF-193 ((Porter and Farr 2004) and references therein). 

What is the role of topoisomerase II accumulated at the centromere? Although high doses of 

ICRF-193 lead to disappearance of centromeric topoisomerase IIα accumulation and result in 

altered centromeric structure, RNAi and knockout experiments do no detect obvious defects 

in centromere structure (Rattner et al. 1996; Carpenter and Porter 2004). Thus, a role for 

topoisomerase II in centromere / kinetochore formation remains to be ascertained and its 

participation in segregation shall occur by a different mechanism. 

In fact, although the participation of topoisomerase IIα in chromosome segregation is 

well established, the mechanism(s) by which it happens remains obscure (Buchenau et al. 

1993; Carpenter and Porter 2004). The current view supports that topoisomerase IIα 

concentrates at centromeres and chromosomal axis during prophase and metaphase in order to 

resolve the last catenanes remaining between sister chromatids, thus assuring their complete 

separation in anaphase. Decatenation activity of topoisomerases II has been an ever present 

candidate mechanism to assist chromosome segregation. Sound evidence confirms that 

decatenation performed by topoisomerase IIα resolves catenanes existing between sister 
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chromatids (Ishida et al. 1994). However, the prevailing question is: does it contribute to 

cohesion and separation mechanisms as well? 

Until recently, no solid data on the participation of topoisomerase II in these events 

was available. In the last years, two sets of experiments refreshed the field. The first adds 

details into interplay between topoisomerase IIα, condensins and cohesins functions; the 

second proposes topoisomerase IIα as a key element of an alternative mechanism, besides 

APC/C mediated proteolysis, to faithfully separate chromosomes in higher eukaryotes. 

Experiments using RNAi technology suggest a link between decatenation activity of 

topoisomerase II and cohesion events in Drosophila. In these experiments, depletion of a 

cohesin subunit (DRAD21, equivalent to human Scc1) results in premature sister chromatid 

separation. On the other hand, double depletion of DRAD21 and condensin SMC4, the latter 

leading to delocalization of topoisomerase II from the chromosomal axis, prevents premature 

chromatid separation caused by DRAD21 loss (Coelho et al. 2003). Similar results observed 

in a conditionally null Scc1 vertebrate cell line establish a more direct link of topoisomerase II 

to cohesion. In these cells, when Scc1 is absent, and hence sister chromatid cohesion is 

impaired, inhibition of topoisomerase II bypasses the requirement for cohesins, thus 

maintaining sister chromatids together and aligned at the metaphase plate (Vagnarelli et al. 

2004). Toyoda and Yanagida also reported that quasi-permanent arrest of human cells at 

prophase/metaphase due to cohesion depletion is overridden by topoisomerase II depletion / 

ICRF-193 inhibition (Toyoda and Yanagida 2006). Together these results suggest a role for 

catenation in sister chromatid cohesion and further sustain that decatenation activity of 

topoisomerase II is essential for sister chromatid separation. 

Recent reports suggesting a role for SUMO conjugation of topoisomerase IIα in 

cohesion/separation mechanisms are even more exciting. In light of these findings, SUMO 

conjugation of topoisomerase IIα during mitosis may control centromere cohesion and the 

timing of its loss. The first clue came from complementation experiments performed in yeast, 

which showed that defects in centromeric cohesion observed in Smt4 mutants (smt4-∆) are 

significantly suppressed by topoisomerase II (Bachant et al. 2002). Smt4 is the isopeptidase 

responsible for the cleavage of Smt3 (SUMO-1 homologue in yeast) conjugation and its 

mutants show abnormal, excessive Smt3 conjugation resulting in “looseness” of sister 

chromatids specifically at the centromeric region (Bachant et al. 2002). The finding that 

topoisomerase II suppresses this phenotype constitutes one of the strongest arguments 

favouring topoisomerase II participation in centromeric cohesion. Additionally, also in yeast, 
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Smt3 ligases Siz1/Siz2 were found to mediate Smt3-topoisomerase II conjugation and 

suggested to control segregation fidelity be regulation of topoisomerase II centromeric pool 

(Takahashi et al. 2006). Earlier reports had also suggested a role for SUMO conjugation of 

topoisomerase II in Xenopus chromosome segregation, albeit indirectly. More importantly, a 

very recent work shows that the SUMO ligase PIASγ is required for timely and efficient sister 

chromosome separation most probably due to its role in regulating topoisomerase II SUMO 

conjugation during mitosis. The authors observed that sister chromatid centromeres remained 

together in cells lacking PIASγ and cohesins owing to the presence of remaining catenanes 

there. Localization of topoisomerase II at centromeres and chromosomal axis was also 

impaired in these cells, further implicating these pools of the enzyme in proper chromosome 

separation (Diaz-Martinez et al. 2006). 

All these findings clearly burst the stagnancy installed in the field and call for 

additional insights into the mechanisms by which topoisomerase II participates in 

chromosome segregation. 

 

Interdependency of mitotic and S phase events 

Intrinsic connection between all chromatin challenges reviewed thus far is expectable 

(and partially documented). First because they complement each other in terms of the cell 

objectives during a cycle and then because a multitude of protein factors may participate in 

both chromatin replication and segregation (for example, remodelling factors). It is interesting 

to note that a couple of papers implicate topoisomerase IIα in this connection in a 

bidirectional and rather direct way. 

A connection between topoisomerase II, DNA replication and chromosome 

condensation was established in experiments using Xenopus extracts, where Cuvier and 

Hirano observed that inhibition of DNA replication impaired formation of a topoisomerase II-

containing chromosomal axis (Cuvier and Hirano 2003). Thus, in this system DNA 

replication seems to influence proper assembly of the chromosomal axis and this connection 

likely implies topoisomerase II. 

A role for topoisomerase IIα in linking cell cycle events in the opposite direction, i.e., 

mitotic events influencing replication, was reported in human cells. In the context of animal 

cloning by nuclear transfer technology, Lemaitre et al. showed that mitosis is essential to 

reprogramme a differentiated nucleus removed from an adult cell to fit the replication rhythm 
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of the embryo. They further showed that embryonic reprogramming of the replicons results 

from a topoisomerase II-dependent shortening of chromosome loops (Lemaitre et al. 2005). 

Given the above reports, it is tempting to speculate that topoisomerase II may function 

as a molecular bridge between DNA replication and mitotic events in eukaryotic cells. 

 

Challenge 4 and 5: Surveillance and Repair 

Current view supports that cell cycle checkpoints are the visible expression of constant 

surveillance operating in the cell (Clarke and Gimenez-Abian 2000). In light of this, 

checkpoint machineries constitute cellular tools to actively identify and monitor defects arisen 

during cell cycle progression. Checkpoint activation seldom results in definitive cell cycle 

freezing, but instead results in more or less prolonged arrest of the cycle, which ultimately 

proceeds albeit left abnormalities. Several timely positioned/activated checkpoints watch over 

the cell cycle. Of these, some may be triggered by topoisomerase II deficient function. 

The idea of surveillance only makes sense if downstream mechanisms solve the 

deficiencies detected. A fifth challenge of chromatin during cell cycle is DNA repair, due to 

happen whenever DNA damage is detected. Data relating topoisomerase II to DNA repair 

obtained thus far envisions this enzyme rather as a possible cause of the problem (DNA 

damage), than as part of the solution (DNA repair machineries). 

 

Topoisomerase II, DNA damage and cell cycle checkpoints 

As cell cycle progression in the absence of topoisomerase II results in mitotic 

catastrophe, it is reasonable to assume that one or various cell cycle checkpoints might 

sensitize loss of normal topoisomerase II function. Checkpoint candidates should act during 

cell cycle stages in which topoisomerase II expression and/or activity are significant. In fact, a 

collection of experiments suggests topoisomerase II-dependent triggering of G2 and mitotic 

checkpoints. 

The existence of DNA-damage checkpoints that sense DNA damage and call for DNA 

repair enzymes is well documented, as well as its activation during G2 by topoisomerase-

induced DNA double strand breaks ((Montecucco et al. 2001) and references therein; 

(O'Driscoll and Jeggo 2006)). In fact, all cellular processes involving topoisomerase activity 

encrypt a potential bomb to the cell. The formation of transient DNA double strand nicks 

inherent to topoisomerase II activity (similarly to that already mentioned for topoisomerase I) 
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may be deleterious to the cell in case of abnormal stabilization of topoisomerase II-DNA 

cleavable complexes because collision of other chromatin-operating machineries with 

topoisomerase II-DNA adducts results in DNA damage. This damage occurs in the form of 

DSB, which have to be removed before chromatin transmission to daughter cells. This 

phenomenon is particularly relevant because 1) topoisomerase IIβ promotes transcription by 

creating transient double strand nicks at specific gene promoters, and 2) topoisomerase IIα 

exerts its activity over replicating DNA. Thus, even in the absence of anti-topoisomerase 

drugs that stabilize cleavable-complexes permanently, topoisomerases II may become trapped 

into DNA and pose a risk to the cell. As expected, etoposide and other topoisomerase II 

poisons may have the same effect as well ((Montecucco et al. 2001) and references therein). 

Vertebrate cells possess three known checkpoints that detect DNA damage, occurring 

in G1/S, S and G2/M stages (reviewed in (O'Driscoll and Jeggo 2006)). ATM/ATR proteins 

mediate DNA damage signaling and checkpoint triggering, the first in response to DSB 

throughout the cell cycle, the latter in the context of replication fork stalling or bulky lesion 

repair. Arrest of the cell cycle facilitates DNA repair prior to initiation of DNA replication (in 

case of G1/S arrest), firing of late S phase origins (S phase arrest) or chromosome segregation 

(G2/S arrest). One initial step of DNA damage response involves phosphorylation of histone 

H2AX by ATM or DNA-PK enzymes. Predominant DNA repair pathways include 

Homologous Recombination (HR) during S phase and NHEJ out of S phase, which require 

different components. In HR, human RAD51 and BRCA2 promote strand invasion, whereas 

BRCA1 plays a hypothetical regulatory role. NHEJ mechanisms rely, among others, in Ku 

proteins and DNA-PK kinases. Although a participation of topoisomerase II in DNA repair 

mechanism has long been proposed (Wang 1996; Austin and Marsh 1998), few data obtained 

thus far confirm this assumption. Topoisomerase IIβ co-purifies with repair proteins, namely 

PARP1, DNA-PK, Ku-86 and Ku-70 (Ju et al. 2006). In addition, some results suggest that 

BRCA1 influences topoisomerase IIα activity by promoting its ubiquitination (Ashworth 

2005). A report showed that PKCδ stabilizes topoisomerase IIα during S phase in response to 

DNA damage, presumably as part of an apoptosis pathway (Yoshida et al. 2006). 

Nevertheless, the biological relevance of these relationships remains obscure. Thus, for the 

time being, topoisomerase II participates in DNA repair more as part of the problem (DNA 

damage formation) than as part of the solution. 
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RNAi topoisomerase IIα depleted cells show a delay in G2 and prophase-metaphase 

stages, whereas in the conditional knockout cell line the G2 delay is not sufficient to avoid 

disastrous anaphases (Carpenter and Porter 2004; Sakaguchi and Kikuchi 2004). 

An alternative G2 checkpoint, named decatenation checkpoint, was also proposed to 

be triggered by inefficient topoisomerase II activity independently of G2 DNA damage 

checkpoint (Downes et al. 1994). The basis for a decatenation checkpoint, activated in 

mammalian cells whenever decatenation of sister chromatids is not sufficient to initiate 

mitotic events, comes from studies using topoisomerase inhibitors. ICRF-193, and other 

inhibitors, delays entry in mitosis without causing evident DNA strand breaks in mammallian 

cells, whereas caffeine bypasses this delay (Downes et al. 1994; Haggarty et al. 2003). In 

addition, some proteins involved in DNA damage were suggested to participate in the 

decatenation checkpoint, namely BRCA1 and ATR (Deming et al. 2001). The idea of a 

decatenation checkpoint is attractive, but has been challenged due to recent findings that 

attribute ICRF-193 the capacity to promote DNA breaks. On the other hand, in some cell lines 

including HeLa, ICRF-193 does not promote DNA breaks. It will surely remain an issue for 

the near future whether the decatenation checkpoint exists independently of G2 DNA damage 

checkpoint or not ((Andrews et al. 2006) and references therein). 

Impairment of vertebrate topoisomerase IIα function, either by treatment with 

topoisomerase II drugs or depletion of the enzyme, results in metaphase arrest ((Clarke et al. 

2006) and references therein; (Sakaguchi and Kikuchi 2004)), suggesting that topoisomerase 

II may activate a mitotic checkpoint. The spindle checkpoint is the only known mitotic 

checkpoint, with genetic evidence strengthening the panoply of data describing its existence 

(Malmanche et al. 2006). This surveillance mechanism monitors interactions between spindle 

components and chromosomes via control proteins including Mad2, Bub1 and BubR1, which, 

as expected, are targeted to the kinetochore. The first clue linking topoisomerase II to spindle 

checkpoint activation appeared in studies where DNA damaging agents, including 

topoisomerase drugs, were shown to delay anaphase onset via Mad2-dependent spindle 

checkpoint activation, rather than by ATR/ATM DNA damage checkpoint triggering 

(Mikhailov et al. 2002). Activation of Mad2-dependent pathway was also observed in studies 

where topoisomerase II (α or both α and β) or cohesion subunits were depleted either 

separately or in conjunction (Vagnarelli et al. 2004; Toyoda and Yanagida 2006), further 

confirming a relationship between topoisomerase II disruption and spindle checkpoint 

activation. However, disparate results concerning 1) centromeric deposition of Bub1 and 
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BubR1, 2) possible implications of topoisomerase II deficiency in kinetochore abnormality, 

highlight the need for additional research. Moreover, a separate report in which ICRF-193-

induced metaphase arrest did not recruit Mad2 or Bub1 to kinetochores argues against 

topoisomerase II activation of spindle checkpoint (Skoufias et al. 2004). Adding more 

complexity to the theme, a recent report describes a mitotic delay in topoisomerase II yeast 

mutants in which spindle and chromosome biorientation remain unperturbed. The importance 

of this study, besides describing a cell cycle delay in topoisomerase II deficient yeast for the 

first time, remains in the puzzling observations that despite normal spindle and chromosome 

orientation, spindle checkpoint proteins participate in the arrest response. However, as it is 

also observed that yeast anaphase inhibitor Pds1/securin is not a target for this response, the 

authors suggest that, in yeast, mitotic delay caused by topoisomerase II absence is not effected 

by spindle checkpoint activation, but by a novel checkpoint mechanism (Andrews et al. 

2006). 

Therefore, it remains to be ascertained whether topoisomerase II disruption perturbs 

spindle/kinetochore interactions and, if not, whether topoisomerase II triggers spindle 

checkpoint activation or other unknown mechanism. 
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This work aimed to contribute to knowledge concerning the cellular biology of human 

topoisomerase IIα. 

Topoisomerases II sustain a leading role in biomedicine because they are a main target 

of many chemotherapeutic drugs used in cancer treatment. Research on topoisomerase drugs 

action is continuously adding reports to biomedicine databases, but solid achievements on the 

biology of topoisomerase IIα inside the eukaryotic cell are rarer. 

By the time this study was initiated, research field of topoisomerases was in feverish 

action, with huge amount of data about the structure of topoisomerases starting to become 

available and several hints proposing involvement of topoisomerase II in distinct nuclear 

functions (Wang 1996; Champoux 2001). However, few breakthrough experiments were 

popping out concerning the biological environment of the enzymes. 

Thus, the classical views and questions remained updated. It was widely agreed that 

topoisomerase II played a role in chromosome condensation and segregation, but detailed 

evidence was missing, let alone its putative role in other nuclear processes such as DNA 

replication. Also, classical controversy continued whether depots of topoisomerase IIα inside 

the nucleus, particularly at the mitotic chromosome axes, corresponded to sites of catalysis. 

Elements that participate in the regulation of topoisomerase IIα were also being actively 

pursued. 

We proposed to: 

 

1. Identify sites of catalysis of human topoisomerase IIαααα and correlate them with 

funtional states of chromatin 

For this purpose, we developed a method to detect in situ topoisomerase activity at the 

subcellular level and studied the effect of inhibitors of chromatin related processes in 

the concentration of topoisomerase IIα catalytic activity at specific subnuclear 

domains. 

 

2. Identify mechanisms involved in the regulation of topoisomerase IIαααα activity and 

function 

For this purpose, we studied the conjugation of topoisomerase IIα with SUMO 

paralogs. 
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ABSTRACT 

 

Mammalian topoisomerase IIα (topo IIα) plays a vital role in the removal of 

topological complexities left on DNA during S phase. Here, we developed a new assay to 

selectively identify sites of catalytic activity of topo IIα with subcellular resolution. We show 

that topo IIα activity concentrates at replicating heterochromatin in late S in a replication-

dependent manner, and at centric heterochromatin during G2 and M phases. Inhibitor studies 

indicate that this cell cycle-dependent concentration over heterochromatin is sensitive to 

chromatin structure. We further show that catalytically active topo IIα concentrates along the 

longitudinal axis of mitotic chromosomes. Finally, we found that catalytically inert forms of 

the enzyme localize predominantly to splicing speckles in a dynamic fashion, and that this 

pool is differentially sensitive to changes in the activities of topo IIα itself and RNA 

polymerase II. Together, our data implicate several previously unsuspected activities in the 

partitioning of the enzyme between sites of activity and putative depots. 
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INTRODUCTION 

 

Control of DNA topology in the eukaryotic cell is performed by dedicated enzymes 

termed topoisomerases (types I and II), and is essential for a number of cellular processes 

namely transcription, DNA replication, recombination, and chromatin organization. Most of 

the catalytic activity of type II topoisomerases is devoted to the resolution, in an ATP-

dependent fashion, of topological complexities (knots, tangles and catenanes) that remain on 

DNA after replication (Wang, 1996; Austin and Marsh, 1998). This requires the passage of an 

intact helix through a transient double-stranded breakage that topoisomerase II (topo II) 

generates in a separate helix. By contrast, type I enzymes, which induce transient breaks in 

one strand of the double helix, and do not use ATP, perform only the relaxation of the 

superhelical twist (Wang, 1996). The roles of topo II in chromosome condensation and 

separation preceding mitosis may, however, be indirect and subsidiary to topology restoration 

(Wang, 1996; Warburton and Earnshaw, 1997). Mammals have at least two isoforms of topo 

II, termed α and β. The α isoform, which is essential for cell survival, remains the best 

characterized. Besides an enzymatic function, topo IIα may also play a structural role in 

chromatin organization by mediating the attachment of chromatin loops to proteinaceous 

frameworks during interphase and mitosis (Earnshaw et al., 1985; Gasser et al., 1986; 

Laemmli et al., 1992; Warburton and Earnshaw, 1997). 

In cycling cells topoIIα levels rise steadily throughout S phase reaching a peak during 

G2/M stages (Heck et al., 1988; Austin and Marsh, 1998). During G2, when strand passage 

activity of topo IIα is maximal (Andreassen et al., 1997), cells must pass through a 

decatenation-sensitive checkpoint before reaching mitosis (Downes et al., 1994). Despite its 

well established role during G2 stage, it remains unclear how relevant is the activity of 

topoIIα through S phase, and whether it is exerted preferentially on replicating DNA (Nelson 

et al., 1986; Andreassen et al., 1997). Perhaps reflecting complexities in regulation of topo IIα 

activity, the intracellular localization of the protein is dynamic throughout the cell cycle 

(Rattner et al., 1996; Meyer et al., 1997; Austin and Marsh, 1998). However, little is known 

about the variables controlling the subcellular distribution of topo IIα, and to what extent sites 

of accumulation correlate with increased catalytic activity.  

Recently, it was shown that topo IIα interacts directly with histone deacetylases 

(HDACs) 1 and 2 (Tsai et al., 2000; Johnson et al., 2001) and with RNA polymerase II 
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(Mondal and Parvin, 2001), raising the interesting possibility that the spectrum of activities of 

topo IIα may be broader than suspected previously.  

During the catalytic cycle of type II topoisomerases, transient covalent topo II-cleaved 

DNA intermediates, termed cleavage (or cleavable) complexes, are formed which can be 

stabilized by drugs targeted to the enzyme (Austin and Marsh, 1998; Burden and Osheroff, 

1998). Indeed, topo II is targeted by many anti-cancer drugs and is, therefore, the subject of 

intense biomedical research. Some of these drugs, called poisons, stabilize cleavage 

complexes, e.g., etoposide (Burden and Osheroff, 1998). Other drugs, termed inhibitors, 

interfere with catalytic activity without any effect on cleavable complex stability, e.g., 

bisdioxopiperazines of the ICRF group (Andoh and Ishida, 1998). In contrast to poisons, 

inhibitors do not induce DNA lesions (Andreassen et al., 1997; Andoh and Ishida, 1998). 

Both types of drugs have been widely used in mammalian cell systems to elucidate basic 

aspects of the biology of topo II. Indeed, the selective trapping of catalytically active topo IIα 

onto DNA by drugs targeted to the enzyme has provided the basis of biochemical assays that 

allow either the quantification of its strand-passage activity or the high resolution mapping of 

its sites of cleavage on DNA (Wang, 1996). Here, we used this same principle to develop an 

assay that provides subcellular resolution to identify chromosomal regions enriched in topo 

IIα-dependent strand-passage activity and some of the factors that influence the subcellular 

partitioning of the enzyme.  
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MATERIALS AND METHODS 

 

Chemicals, antibodies and DNA constructs 

Trichostatin A (TSA), sodium butyrate, etoposide (VP-16), hydroxyurea (HU), 4,6-

diamidino-2-phenylindole (DAPI), and 5-bromo-2´-deoxyuridine (BrdU) were purchased 

from Sigma-Aldrich; cytosine arabinoside (AraC) was from Calbiochem (USA), and ICRF-

187 (also termed dexrazoxane) was from Chiron Laboratories (Belgium). TO-PRO™-3 iodide 

was purchased from Molecular Probes (Eugene, OR, USA). The following antibodies were 

used for immunostaining at the specified dilutions: mouse monoclonals against topo IIα clone 

Ki-S1 (Boehringer Mannheim) (1:80) and clone 3D4 (previously termed PT 1342; Ishida et 

al., 1996) (Stressgen Biotechnologies Corp.) (1:80); sheep polyclonal antiserum against BrdU 

(Biodesign International) (1:300); mouse monoclonal anti-BrdU clone BU-33 (Sigma-

Aldrich) (1:100). We note that the two monoclonal antibodies against topo IIα (clones Ki-S1 

and 3D4) used in this work have been extensively characterized before (Ishida et al., 1996; 

Meyer et al., 1997). Rabbit polyclonal antiserum against acetyl-histone H4 (lysine 5) (1:250), 

and immunoaffinity-purified rabbit IgG against acetyl-histone H4 (lysine 16) (1:250) were 

purchased from Upstate Biotechnology. Anti-kinetochore autoimmune antisera specific for 

CENP-A and CENP-C (1:200) was a kind gift of W. van Venrooij (Katholieke Universiteit, 

Nijmegen, The Netherlands). FITC (1:150), Texas red (1:150) and Cy5-conjugated (1:300) 

affinity purified secondary antibodies were purchased from Jackson ImmunoResearch 

Laboratories. Antibodies that were used for western blotting include mouse monoclonals anti-

tubulin clone B-5-1-2 (Sigma-Aldrich) (1:2000) and anti-topo IIβ (#2010-2) (Topogen, 

Columbus, OH) (1:100); rabbit polyclonal antiserum against poly (A)-binding protein II 

(1:2000), kindly supplied by Elmar Wahle (Martin-Luther-Universität, Germany); rabbit 

polyclonal antiserum against lamin B (#16) (1:1000), kindly supplied by Spyros Georgatos 

(University of Crete, Greece); anti-topoisomerase I autoimmune antiserum (1:1000), a kind 

gift of W. van Venrooij (Katholieke Universiteit, Nijmegen, The Netherlands). 

Plasmids carrying EGFP-topo IIα wild type and an EGFP-topo IIα point mutant for 

the active Tyr 805 (Tyr 805 – Phe 805) were a generous gift of William Beck (University of 

Chicago, IL, USA) and were previously described (Mo and Beck, 1999). 
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Cell culture and transfection 

HeLa cells (American Type Culture Collection (ATCC), Rockville, MD) were 

cultured in DMEM (Gibco BRL) supplemented with 2 mM glutamine, non-essential 

aminoacids, antibiotics (gentamicin 50 µg/ml), and 10% FCS and maintained at 37ºC with an 

atmosphere of 5% CO2. Cells were synchronized at different substages of the cell cycle 

essentially as described before (Ferreira et al., 1997). In brief, mitotic cells were harvested 

from logarithmically growing cultures by mitotic shakeoff, centrifuged briefly (700 X g, 6 

min), and replated at ~60% confluency. After attachment, cells were grown in presence of 

hydroxyurea (1.5 mM) for 10-12 h. Cells at early G1 stage were collected ~4 h after replating 

of mitotics. After release from the G1/S hydroxyurea block, collection of cells at early stages 

of S phase was done within the first 3 h, late S phase cells between 4 and 6 h, and cells at G2 

stage between 8 and 10 h. A mitotic burst was typically observed at 11-12 h after release from 

the G1/S block. 

Human diploid fibroblasts (WI-38, ATCC) that had stopped to proliferate (passage 26-

27) for 5-7 days were used here as senescent cells. Recently thawed, actively proliferating 

fibroblasts (passage 17-19) were used as controls for estimations of endogenous topo IIα 

levels. 

Plasmids carrying EGFP-topo IIα were introduced into cells using the FuGENE 6 

Transfection Reagent according to the instructions provided by the manufacturer (Roche 

Applied Science, Indianapolis). Chimerical proteins were allowed to express for 18-24 h 

before manipulation of the cells. 

 

Immunoblotting of topoisomerase IIαααα and band-depletion assay 

Cell lysates were separated on 6 or 7% SDS-PAGE under reducing conditions, and 

transferred to nitrocellulose membranes (Schleicher & Schuell). The membranes were 

blocked for 1 h with 5% non-fat dry milk powder in PBS and incubated for 2 h with a topo 

IIα-specific monoclonal (clone Ki-S1) (1:500). Membranes were washed three times with 

PBS/5% milk and incubated with peroxidase-conjugated affinity-purified goat anti-mouse 

IgG (Bio-Rad Laboratories, Hercules, CA) (1:1000) for 2 h. The reaction was developed by 

enhanced chemoluminescent staining according to the specifications of the manufacturer 

(ECL; Amersham Buchler GmbH). 125I-labelled sheep anti-mouse Ig (Amersham Pharmacia 

Biotech) was used for quantitation by phosphoimaging (Typhoon 9210, Molecular Dynamics; 

ImageQuant software) of gel-resolved bands of topo IIα.  
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Band-depletion assays were used to verify the presence of catalytic intermediates 

(cleavable complexes, also termed cleavage complexes) of topo IIα that were retained onto 

substrate DNA after treatment of the cultures with etoposide. Cell lysates were prepared 

essentially as described previously (Meyer et al., 1997). In brief, cells were lysed in 1 X 

Laemmli´s sample buffer supplemented with PMSF (1 mM) and a commercially available 

mixture of protease inhibitors (Complete™ Mini EDTA-free; Roche Diagnostics; 1 tablet/mL) 

and incubated at 90ºC for 5 min; gross, mechanical fragmentation of the DNA was achieved 

by passing the sample into a syringe (10 times) through a 25 gauge needle. Subsequently, 

samples were supplemented with MgCl2
 (5 mM) and duplicates were incubated with 

recombinant endonuclease with DNase/RNase activity (benzonase, 0.4 Units/µL) (Sigma-

Aldrich) for 30 min at room temperature before separation on 7% SDS-PAGE. 

Immunoblotting with anti-topo ΙΙα was performed as described above (ECL method). 

 

The Differential Retention of Topoisomerase II (DRT) assay 

This assay was inspired in a previously described, and widely used, assay whereby the 

specific trapping of covalent topo II-DNA adducts induced by topo II poisons is quantified by 

immunofluorescence microscopy after comparison with untreated controls (Willmore et al., 

1998). HeLa cells growing on coverslips were briefly exposed to ICRF-187 (50 µg/mL; 5-30 

min) before collection. Control cells were treated with drug solvent for identical periods of 

time and processed in parallel. Cells were rinsed in PBS and subsequently extracted on ice, 

with gentle agitation, for 1.5-2 min with HPEM buffer (30 mM Hepes, 65 mM Pipes, 10 mM 

EGTA, 2 mM MgCl2, pH 6.9) supplemented with 350 mM NaCl, 0.5% Triton X-100, 1 mM 

PMSF and a commercially available mixture of protease inhibitors (Complete™ Mini EDTA-

free; Roche Diagnostics). Finally, the cells were fixed in 3.7% formaldehyde in HPEM for 10 

min at room temperature before immunostaining. 

 

Immunolabeling procedures 

Whenever the DRT protocol was not used, i.e. for routine detection of antigens by 

immunofluorescence, cells growing on coverslips were fixed in 3.7% paraformaldehyde in 

PBS, pH 7.4 for 10 min at room temperature. Immediately before use cells were 

permeabilized with 0.1% saponin, 0.1% NP-40 in PBS for 6-7 min at room temperature with 

mild agitation. Alternatively, cells were fixed/extracted in 3.7% paraformaldehyde in HPEM 

buffer plus 0.5% Triton X-100 for 10 min at room temperature. Together, the above protocols 
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are referred to throughout the text as “routine fixation”. In some experiments cells were fixed 

in methanol, or acetone, at –20ºC for 10 min. The cells were then washed in PBS containing 

0.05% (volume/volume) Tween 20 (PBS-Tw) 3 X 5-10 min, and were either immediately 

used or kept at 4ºC for a maximum of 4 days. Dilutions of primary and secondary antibodies 

and washes during immunostaining procedures were done in PBS-Tw. Where appropriate, 

total DNA was stained with either DAPI (0.5 µg/ml) or TO-PRO-3 iodide (0.3 µM) diluted in 

PBS. For microscopical analysis, the samples were mounted in Vectashield (Vector 

Laboratories Inc.). 

 

Microscopy and image analysis 

The samples were examined using a Zeiss 510 confocal microscope with two lasers 

giving excitation lines at 488, 543, and 630 nm. The data from the channels were collected 

separately using narrow-band-pass filter settings; in multiple staining experiments, the laser 

intensities were adjusted to avoid bleedthrough between channels. Data were collected with 

four to eightfold averaging at resolution of 512 by 512 or, more commonly, 1024 by 1024 

pixels using pinhole settings between 1.05 and 1.10 airy units. Data sets were processed using 

the Zeiss 510, version 2.8, software package and were subsequently exported for preparation 

for printing using Adobe Photoshop, version 7.0. 

Quantitative analysis of fluorescence intensity was performed using an algorithm 

developed in PV-WAVE (Visual Numerics Inc., Houston, USA). The images were first 

visualised in the LSM Image Examiner software (Carl Zeiss, Jena, Germany), and an intensity 

threshold was chosen to discriminate between the specific signals (topo IIα staining; BrdU-

labeled DNA) and background in all the images. This threshold was subsequently used for 

image segmentation, followed by the calculation of mean intensity (or total number of pixels) 

within regions of interest in the images. 

Fluorescence ratio maps for mitotic chromosomes were obtained using the Zeiss LSM 

510 image processing software. Intensity values for each pixel in the topoIIα image were 

divided by the intensity values of the corresponding pixels in the DNA image. The ratio of 

these values was estimated for every pixel in the resulting image and then multiplied by a 

scalar (typical values were between 100 and 200) to improve the dynamic range of the final 

image; this was then saved in a pseudo-colour palette, showing low ratio values in green and 

high ratio values in red. 



Results 

 83 

RESULTS 

 

Localization of catalytically active topoisomerase II in situ – the DRT assay 

It has been shown that type II topoisomerases concentrate in the DNA-poor nucleolus 

(Christensen et al., 2002) whereas strand-passage activity is exerted predominantly on extra-

nucleolar chromosomal DNA. Since sites of concentration do not necessarily correlate with 

increased activity of topo II, we sought to implement an assay that allows the discrimination 

between catalytically active and catalytically inert pools of the enzyme with subcellular 

resolution. In this assay, hereafter termed DRT (Differential Retention of Topoisomerase), 

after a short (5-30 min) exposure to a topo II-specific drug known to trap catalytically 

engaged topo II onto target DNA, cells are extracted in the presence of both Triton X-100 and 

350mM NaCl. Cells are subsequently fixed in formaldehyde and immunolabeled with specific 

anti-topo II antibodies. Controls exposed to solvent alone are processed in parallel. This assay 

is based on the knowledge that some topo II-specific drugs retain onto DNA selectively the 

forms of the enzyme that are engaged in strand passage activity. Therefore, sub chromosomal 

domains where the protein is extractable by salt plus detergent and hence absent (or low level) 

in controls, but show significantly increased levels of topo IIα in drug-treated cells are 

considered as sites of catalytic activity (Fig. 1). To assign sites of topo II activity to known 

chromosomal subregions (or domains) a reliable marker of the latter (e.g., CENP antigens for 

centromere-associated kinetochores, bromodeoxyuridine incorporation for sites of replication) 

shall be used in parallel with immunostaining of topo II. Clearly, a prior thorough analysis of 

the subcellular distribution of the enzyme using routine fixation and immunolabelling 

procedures provides an important complement for the interpretation of the data. 
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Figure 1. The Differential Retention of Topoisomerase (DRT) assay. Nuclei are shown as large 
ovals. ND1 and ND2 represent nuclear DNA/chromatin domains harbouring topo IIα (black filling) 
which are identifiable by the presence of specific markers (e.g., BrdU for replicating chromatin).  
 

 

During the initial set up of the DRT assay we used the topo II-specific poison 

etoposide which stabilizes covalent topo II-DNA adducts (cleavage complexes) that form 

during the catalytic cycle. Except where stated otherwise, HeLa cells that were synchronized 

in G2 were used since both topo IIα levels and catalytic activity are known to be highest at 

this stage of the cell cycle (Meyer et al., 1997; Andreassen et al., 1997; Austin and Marsh, 

1998). After exposure to etoposide (50 µM, 15 min) cells were salt-detergent extracted 

according to the DRT procedure, fixed in formaldehyde and immunostained for topo IIα. An 

increase in staining intensity in the nuclei of etoposide-treated cells was readily apparent 

when compared to controls given solvent (DMSO) alone (Fig. 2A, upper panels). To check 

whether this additional retention of topo II reflected the trapping of catalytic intermediates 

(cleavage complexes) onto DNA we performed a standard band-depletion assay using as 

starting material cells treated as above (-/+ etoposide) that were salt-detergent extracted 
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according to the DRT procedure and lysed for SDS-PAGE; untreated, non-extracted cells 

provided an internal control for total levels of topo IIα (WCE; whole cell extract, Fig. 2A, 

lower panels). In this assay, depletion of the topo II-specific band in immunoblots correlates 

with the amount of stable topo II-DNA adducts (cleavage complexes) since these do not enter 

the separating gel (Meyer et al., 1997). To better judge to what extent depletion reflects 

formation of topo II-DNA adducts duplicates of the cell extracts were digested with a DNase 

(benzonase) and run in parallel. The results showed that in the DMSO-treated controls an 

insoluble fraction of topo IIα that was insensitive to DNase digestion remained in nuclei after 

salt-detergent extraction (Fig. 2A lower panels, lanes 1 and 2). This fraction most likely 

corresponds to the so-called insoluble fraction of topo IIα that remains in nuclei after 

extraction with 350 mM NaCl, which is essentially inert catalytically (Meyer et al., 1997). 

Importantly, etoposide clearly induced nuclear retention of catalytically engaged 

intermediates as shown by the specific depletion of gel-resolved topo IIα (Fig. 2A, compare 

lanes 3 and 4). This indicates that the increased retention of topo IIα in etoposide-treated 

nuclei is due, at least partially, to retention of topo II that entered the catalytic cycle. 

To further test whether drug-induced retention requires strand-passage activity Hela 

cells were transfected with previously characterized (Mo and Beck, 1999) plasmids carrying 

either enhanced GFP (EGFP)-tagged topo IIα wild-type (wt) or an EGFP-tagged point mutant 

of topo IIα for the active Tyr 805 (mut; Tyr 805-Phe805), exposed to etoposide (50 µM, 15 

min) or solvent (controls) and salt-detergent extracted (DRT procedure). Imaging by 

fluorescence microscopy revealed that, consistent with activity-dependent retention, only the 

wild type EGFP-tagged version to topo IIα was selectively retained by etoposide (Fig. 2B). 

As negative controls, we utilized non-cycling senescent cultures of human diploid fibroblasts 

(WI-38) which harbour <5% of the total topo IIα levels seen in logarithmically growing cells, 

as assessed by western blotting (Fig. 2C, upper panels). Applying the DRT procedure as 

described above showed that, in contrast to cycling fibroblasts, in senescent populations no 

nuclear topo IIα antigen was detected by immunofluorescence in control cells and no 

additional retention of topo II was induced by etoposide (Fig. 2C, lower panels). 
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Figure 2. Catalytically committed topoisomerase IIαααα is retained by the DRT procedure. (A, 
upper panel) HeLa cells exposed to DMSO (controls) or etoposide (50 µM, 30 min) were salt-
detergent extracted (DRT protocol), fixed in formaldehyde, stained for topo IIα and imaged by 
confocal microscopy using identical image capture parameters as described under MATERIALS AND 
METHODS. (A, lower panel) Cells treated as above (controls and etoposide-treated) were salt-
detergent extracted (DRT protocol) and lysed for SDS-PAGE according to the band-depletion 
procedure as described under MATERIALS AND METHODS; untreated non-extracted cells were 
similarly processed (WCE; whole cell extracts). Duplicates of samples from each experimental group 
were digested with DNase preceding electrophoretic separation. After immunoblotting with a 
monoclonal anti-topo IIα antibody (Ki-S1) the same blots were probed with an anti-lamin B1 
polyclonal to provide loading controls. Bar, 5 nm. (B) Cells transfected with plasmids carrying either 
enhanced GFP-tagged topo IIα wild-type (wt) or an enhanced GFP-tagged point mutant of topo IIα for 
the active Tyr 805 (mut) were treated with etoposide (50 nM, 15 min) or DMSO (controls), 
salt/detergent extracted (DRT procedure) and fixed in formaldehyde before imaging. Bar, 20 nM. (C, 
upper panel) Human diploid fibroblasts (WI-38) either growing logarithmically (log; lane 1) or 
senescent (sen; lane 2) were lysed for SDS-PAGE and immunoblotted for topo IIn; ~2X106 cells were 
loaded onto each lane. Amounts of loaded whole cell extract from logarithmically growing cells are 
indicated in the lanes to the right. Lamin B1 detection provides loading controls. (C, lower panel) 
Logarithmically growing (log) and senescent (sen) WI-38 fibroblasts exposed to either solvent 
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(controls) or etoposide were salt-detergent extracted (DRT protocol), stained for topo IIn and imaged 
by confocal microscopy using identical image capture settings. Bar 5 nm. (D, upper panel) Hela cells 
exposed for the indicated times to etoposide (50 nM) or to solvent (45 min; controls) were salt-
detergent extracted (DRT protocol), stained for topo IIn and imaged by confocal microscopy using 
identical image capture parameters. Histograms depict the average topo IIα-specific fluorescent 
signals quantified in equatorial sections of 50 nuclei per time point as described under MATERIALS 
AND METHODS. (D, lower panel) Cells exposed to etoposide (Etop) or solvent (DMSO) exactly as 
above were processed for a standard band-depletion assay and immunoblotted for topo IIn as 
described under MATERIALS AND METHODS. Amounts of loaded whole cell extract from control 
cells are indicated in the lanes to the right. Lamin B1 detection provides loading controls. 
 

 

Given the potential of the DRT assay to detect catalytically committed forms of topo 

II, we wished to compare the sensitivity of this new method with that of the canonical band-

depletion assay. To do so, HeLa cells exposed to etoposide (50 µM) for increasing periods of 

time (5-45 min) were either processed for band-depletion analysis as described under 

Materials and Methods or else subjected to the DRT extraction protocol followed by 

subsequent detection of retained topo IIα by immunofluorescence; parallel control cultures 

were exposed for 45 min to solvent (DMSO) alone. In the DRT group, for each time point 50 

cells were optically sectioned by confocal microscopy at an equatorial plane of the nucleus 

using identical image capture settings. This showed that using the DRT protocol significant 

retention of topo IIα above control levels was already seen at the 5 min time point (Fig. 2D, 

histogram) whereas depletion of the topo IIα-specific bands was detectable only after 15 min 

of exposure to etoposide (Fig. 2D, lower panel). 

In subsequent experiments we used a catalytic inhibitor of topo II, ICRF-187, which 

unlike etoposide does not induce DNA breaks and allows progression through S phase 

(Andoh and Ishida, 1998). ICRF traps dimers of topo II that have entered the catalytic cycle in 

a “closed clamp” conformation around DNA fibres, thus stabilizing topo II-DNA interactions 

at a stage that is subsequent to cleavage complex formation (Andoh and Ishida, 1998). 

To test whether utilizing ICRF-187 the DRT procedure promotes the selective 

retention of type II topoisomerases we first compared by western blotting a spectrum of 

proteins that remain in ICRF-treated cells and solvent-exposed controls after extraction with 

salt plus detergent (DRT protocol). The results show that, as expected, type II topoisomerases 

(α and β) are selectively retained after ICRF-187 treatment; although an insoluble fraction 

remains in the solvent-treated controls, ICRF clearly induces retention of additional topo II 

(Fig. 3). By contrast, topo I and the poly-A binding protein PABP 2, both of which localize to 
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the nucleus, and tubulin, an exclusively cytoplasmic protein show no difference in retention 

after exposure to ICRF (Fig. 3). 

 

 

 

Figure 3. Topoisomerase II is selectivelly retained by ICRF-187. (A) HeLa cells exposed to OCRF-
187 (50 µg/ml, 15 min) or drug solvent alone (controls) were salt-detergent extracted according to the 
DRT procedure, lysed for SDS-PAGE, and imunoblotted for topoIIα, topoIIβ, topoI, PABP2 and 
tubulin (ECL method); ∼ 5.5X105 cells were loaded onto each lane. 
 

 

We next addressed whether known cell cycle differences in catalytic activity of topo 

IIα could be reliably reproduced using the DRT procedure described here. To this end, HeLa 

cells were synchronized at different stages of the somatic cell cycle namely early G1, G1/S, 

early S, late S and G2 stages (Materials and Methods). At each stage parallel cultures were 

treated with either ICRF (50 µg/mL, 15 min) or solvent alone, and subsequently salt-detergent 

extracted (DRT protocol). Untreated, non-extracted cells were also included as an additional 

internal control for total levels of topo IIα (WCE; whole cell extract, Fig. 4A). Cells were 

lysed for SDS-PAGE and the lysates immunoblotted for topo IIα with a specific mAb, Ki-S1. 

Phosphorimager quantification of the specific signals shows that total topo IIα levels are 

lower at the G1/S transition and highest in G2 phase (Fig. 4A, WCE). In populations 

subjected to the DRT extraction ICRF-induced retention of topo IIα is also predominant 

during G2 (Fig. 4A). This is consistent with the previously reported increase in catalytic 

activity of topo IIα towards G2 stage (Meyer et al., 1997; Andreassen et al., 1997; Austin and 
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Marsh, 1998). Subsequently, we tested whether utilizing the DRT assay the retention of 

catalytically active topo IIα induced by ICRF could be quantitatively estimated by 

immunofluorescence microscopy. To do so, HeLa cells synchronized at defined stages of the 

cell cycle were treated with ICRF (50 µg/ml; 15 min), salt-detergent extracted according to 

the DRT procedure, fixed in formaldehyde and probed with a topo IIα specific mAb by 

indirect immunofluorescence. For each cell cycle substage, 25 ICRF-treated and 25 control 

cells were equatorially sectioned by confocal microscopy using identical image capture 

parameters. Representative images of ICRF-treated cells and the corresponding controls are 

shown in Fig. 4B. Note that differences in staining intensity between ICRF-treated and 

control cells are most noticeable during early G1 and G2 phases, and that in the topo IIα-poor 

controls nucleoli (Fig. 4B, arrowheads) are among the more prominent structures containing 

salt/detergent-insoluble topo IIα (to be detailed below). Quantification of the fluorescent 

signals is graphically depicted in Fig. 4C. These results, showing a decline in ICRF-dependent 

retention of topo IIα from early G1 to late G1 followed by a steep rise towards G2 are in 

good, though not absolute, agreement with those obtained above (Fig 4A) by western blotting. 

Finally, we tested whether in the context of the DRT assay ICRF-187 (50 µg/mL) induces 

trapping of topo IIα in a quantitative manner as a function of time. With this aim, cells 

synchronized at G2 stage were exposed for various periods (5-45 min) to ICRF or solvent (45 

min; controls) and were processed and imaged (50 cells per time point) as described above. 

This showed that significant retention of topo IIα was, again, achieved after a short exposure 

(5 min) to the drug, and that saturation of the fluorescent signal was reached after 30-45 min 

(Fig. 4D). 
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Figure 4. ICRF-187-dependent retention of topoisomerase IIαααα changes with cell cycle stage and 
duration of exposure. (A) HeLa cells synchronized at the specified stages were extracted according 
to the DRT procedure (controls plus ICRF-treated cells); intact, non-extracted cells (WCE; whole cell 
extracts) were collected in parallel. Cells were lysed for SDS-PAGE and immunoblotted for topo IIα; 
~5.0X105  cells were loaded onto each lane. Shown is one of two experiments with similar outcomes. 
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Histogram represents the normalized intensities of the corresponding phosphoimages (100% score was 
assigned to the experimental group showing the highest intensity i.e. WCE from cells at G2 stage). (B) 
HeLa cells synchronized at specified stages were exposed to ICRF-187 (50 µg/mL, 15 min) or drug 
solvent (controls), extracted according to the DRT protocol, and stained with anti-topo IIα; 
arrowheads denote nucleoli. (C) Histograms depict the average topo IIα-specific fluorescent signals 
quantified in equatorial sections of 25 nuclei per experimental group as described under MATERIALS 
AND METHODS; fluorescence intensities are expressed in arbitrary units (AU). Bar, 5 µm. (D) Cells 
synchronized at G2 stage were exposed to ICRF-187 (50 µg/mL) for the indicated times, extracted 
according to the DRT procedure and stained for topo IIα; controls exposed to drug solvent (45 min) 
were processed in parallel. Histograms depict average topo IIα-specific signals quantified in equatorial 
sections of 50 nuclei as described under MATERIALS AND METHODS. 
 

 

Taken together, these data indicate that the DRT assay affords a sensitive and reliable 

estimation of catalytically committed forms of topo II using microscopy. This has prompted 

us to next use this approach to identify sites of activity of topo IIα with subcellular detail. 

 

Topoisomerase IIα is an active component of late replicating heterochromatic 

domains 

The pattern of incorporation of bromodeoxyuridine (BrdU) indicates which cells are 

undergoing DNA replication and identifies the stage of S phase. Replication of euchromatin 

appears as multiple foci of BrdU incorporation dispersed throughout the nucleoplasm and 

occurs early in S phase (Fig. 5A, top panel); heterochromatin, which distributes mostly at the 

nuclear and nucleolar periphery plus a few dispersed nucleoplasmic sites replicates later in S 

phase (for example, O'Keefe et al., 1992; Ferreira et al., 1997, and references therein; a 

typical distribution of late replicating sites visualized after detection of BrdU-DNA is 

depicted in Fig. 5B, top panel). Since DNA replication is a major source of topological 

complexities that are to be subsequently resolved by topo II, we asked whether during S phase 

topo ΙΙα concentrates at replication sites. Indeed, using routine fixation with formaldehyde we 

noticed that some focal nucleoplasmic accumulations of topo IIα mimicking the spatial 

distribution of the late replicating heterochromatin were consistently seen in a fraction of cells 

in asynchronous populations. To test whether these foci correspond to late-replication sites, 

BrdU (20µM) was added to asynchronous cultures of HeLa cells for 15-20 min prior to 

fixation with formaldehyde. Double-staining of BrdU and topo IIα showed extensive co-

localization of both labelling patterns during late S phase (Fig. 5B; line scans passing between 

arrowheads are shown at the bottom; our unpublished results); we note that the overlap 

between BrdU and topo IIα staining patterns is not perfect. Topo IIα did not, however, 
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concentrate at the early replicating euchromatic sites (Fig. 5A; our unpublished results). 

Subsequently, we used the DRT assay to test whether concentration of topo IIα at replicating 

heterochromatin reflects increased strand-passage activity. HeLa cells were then exposed to 

both ICRF (50 µg/ml) and BrdU (20 µM) for 15 min before salt-detergent extraction; in 

parallel controls ICRF was substituted for solvent. Co-staining for BrdU and topo IIα showed 

that ICRF clearly induced more retention of topo IIα at late replicating chromosomal sites 

than in the surrounding nucleoplasm, whereas late replication foci from control cells showed 

little topo IIα staining (Fig. 5, compare C and D and corresponding line scans). 
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Figure 5. Late replicating heterochromatin is enriched in catalytically active topo IIαααα. HeLa cells 
traversing either early (A) or late (B) S phase were pulsed with BrdU, fixed routinely with 
formaldehyde and double-stained for BrdU (red signal) and topo IIα (green signal). (C and D) HeLa 
cells in late S phase were pulsed with BrdU (+/- ICRF, 50 µg/ml), subjected to the DRT extraction and 
stained for BrdU (red signal) and topo IIα (green signal); arrows denote nucleoli. Graphs depict the 
normalized intensities (arbitrary units; AU) of signals from BrdU (red line) and topo IIα (green line) 
staining across a line scan passing between arrowheads. Bar, 5 µm. 
 

 

By contrast, in cells traversing early S phase ICRF-dependent retention of topo IIα at 

replication sites was similar to that seen over the remaining non-replicating chromatin (our 

unpublished results). Subsequently, the topo IIα-specific signals originating from replication 

foci were quantified in ICRF-treated and control cells that were traversing either early or late 

S phase. To do so, equatorial confocal sections obtained with identical capture settings from 
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25 nuclei per experimental group were analysed. This confirmed that ICRF-induced retention 

of topo IIα is only significant in the late S BrdU-foci (Figure6). 

 

 

 

Figure 6. Quantification of topoisomerase IIαααα in early and late replication foci. HeLa cells were 
pulsed with BrdU (+/- ICRF, 50 µg/ml), subjected to the DRT extraction procedure and stained for 
BrdU and topo IIα. Histogram depicts the results of quantification of the topo IIα-specific signals that 
co-localize with replication foci present in either early or late S cells. Equatorial optical sections from 
25 nuclei were analysed per experimental group as described under MATERIALS AND METHODS. 
 

 

Since replication sites are de novo assembled in close proximity to earlier ones 

(Sporbert et al., 2002), the finding that the co-localization between topo IIα and late S foci 

that actively incorporate BrdU is not perfect is better explained if topo IIα persists for some 

time over neighbour foci that replicated earlier. To analyse the temporal dynamics of topo IIα 

concentration at replicating heterochromatin cells were first pulsed with BrdU (15 min) and 

then collected after 0, 30 or 60 min of culture in BrdU-free medium. Although a partial 

overlap between the topo IIα and the BrdU-specific signals persists until 30 min of chase, this 

is minimal at the 60 min time point (Fig. 7 A-C, and corresponding line scans). Indeed, after a 

60 min chase, in most late S phase cells the two staining patterns appear side-by-side but 

mostly spatially separated (cf Fig 7 C). We next investigated whether accumulation of topo 

IIα at late replicating heterochromatin required active DNA synthesis. To this end, 

exponential cultures of HeLa cells were first pulsed with BrdU (20 µM; 15 min), and 

subsequently treated with the replication inhibitors cytosine arabinoside (100 µM) or 

hydroxyurea (10 mM) for 60 min before routine fixation with formaldehyde. If localization of 

topo IIα in space and time proceeded unperturbed despite of inhibition of replication, BrdU 
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and topo IIα staining patterns should reproduce the side-by-side distribution just described for 

the 60 min chase. Instead, in presence of either inhibitor, topo IIα no longer concentrated at, 

or next to, late replicating domains that had incorporated BrdU (Fig. 7D and our unpublished 

results). Parallel control cultures confirmed that after 60 min in presence of inhibitors 

incorporation of BrdU was either minimal or abolished (our unpublished results). 

Collectively, these results show that catalytically active topo IIα concentrates at 

heterochromatin in a replication-dependent manner. They further show that high levels of 

topo IIα persist at heterochromatic domains for ~30 min past the replication phenomenon. 

 

 

 

Figure 7. Spatiotemporal dynamics of topoisomerase IIαααα at late replicating heterochromatin 
clusters. Cells pulsed with BrdU (20 µM, 15 min) were either immediately collected at the end of the 
pulse (A), or chased for 30 (B), or 60 min (C), in BrdU-free medium and stained for BrdU (red signal) 
and topo IIα (green signal). A typical late replicating heterochromatin cluster is shown per time point. 
Regions of overlap appear yellow in the merged images. Bars, 0.5 µm. (D) Cells pulsed with BrdU 
were chased for 60 min in presence of hydroxyurea (HU; 10 mM), and stained for BrdU (red signal) 
and topo IIα (green signal). Bar, 5µm. Graphs depict intensities of signals (arbitrary units; AU) from 
BrdU (red line) and topo IIα (green line) staining across a line scan passing between arrowheads. 
 

 

The enrichment in catalytically active topo IIα at late replicating heterochromatin in 

reference to early replicating euchromatic sites was further tested using a different approach. 

Now, we took advantage of the known interference of DNA-topo II cleavable complexes 

covalently stabilized by etoposide with the replication machinery, presumed to result from a 
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collision mechanism (Burden and Osheroff, 1998). Since formation of these complexes 

correlates with levels of catalytic activity of topo IIα, it is expected that their interference with 

DNA synthesis be more pronounced at the chromosomal regions where topo II is catalytically 

more active, ie late S sites. To test this prediction, HeLa cells were treated with etoposide (50 

µM; 75 min) and pulsed with BrdU (20 µM) during the last 15 min of incubation; controls 

given DMSO alone were similarly pulsed. Whereas in controls the BrdU-stained regions from 

late S cells (denoted by arrowheads, Fig. 8A) appear brighter than those seen in cells 

traversing early S (denoted by arrows, Fig. 8A), the reverse occurs in etoposide-treated cells 

(Fig. 8C). Quantification of the BrdU-specific fluorescent signals originating from early and 

late S cells present in control and etoposide-treated cultures are graphically depicted in Fig. 

8E. These results, showing that etoposide induces a significant attenuation of BrdU 

incorporation only in cells traversing late S corroborate the findings obtained above using the 

DRT assay. 
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Figure 8. Etoposide interferes predominantly with late replication. HeLa cells grown in the 
absence (A and B; controls) or presence (C and D) of etoposide (50 µM, 75 min ) were pulsed with 
BrdU (15 min) just before collection and stained with anti-BrdU (upper panels). Arrows denote early S 
cells and arrowheads late S cells; inset depicts the late S cell denoted by double-arrowheads after 
digital intensity enhancement. Bar, 15 µm. (E) Histograms depict the quantification of the BrdU-
specific signal present in equatorial optical sections of either early or late S cells that were processed 
as above; 50 nuclei were analysed per experimental group as described under MATERIALS AND 
METHODS 
 

 

The data shown above are consistent with topo IIα-dependent strand-passage activity 

occurring throughout the nucleoplasm in late S but more prominently at heterochromatic sites 

that are either undergoing active DNA synthesis or that replicated shortly before. 
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Subchromosomal sites of topoisomerase IIα activity during mitosis 

Centromeric heterochromatin was previously shown to concentrate topo IIα during G2 

and M stages (Taagepera et al., 1993; Rattner et al., 1996), and there has been the suggestion 

that activity of topo IIα within centromeres is critical for chromatid separation during 

anaphase (Warburton and Earnshaw, 1997). Here, we searched for the presence of catalytic 

activity of topo IIα at centromeres during G2 and M phase. To this end, we applied the DRT 

assay to cells synchronized at G2 stage that were subsequently double-stained for topo IIα 

and centromere-associated kinetochores with topo IIα and CENP A/C-specific antibodies, 

respectively. This revealed that topo IIα was significantly retained at centromeric domains in 

ICRF-treated cells when compared to controls; also, in ICRF-treated G2 cells centromeric 

domains concentrated topo IIα above nucleoplasmic levels (Fig. 9, compare A and B). We 

next analysed mitotic cells present in asynchronous populations after application of the DRT 

procedure. Again, from prophase to anaphase centromeric regions showed the highest ICRF-

dependent retention of topo IIα when compared to the rest of the chromosome arm (Fig. 9C 

and D; inset denotes magnified centromeric region; our unpublished results). We then 

quantified the topo IIα-specific fluorescence intensities at centromeres and chromosome arms 

in ICRF-treated and control mitotic cells (metaphase, n=6; anaphase, n=6). This showed that 

the ratio between ICRF-induced retention of topo IIα at centromeres/chromosome arms was 

~2.5 during metaphase and ~1.8 during anaphase (our unpublished results). However, ICRF 

failed to induce privileged retention of topo IIα at centromeric domains as cells entered early 

G1 stage (Fig. 9E and F). These results are consistent with centromeric domains being major 

sites of DNA-based topo IIα activity during G2 and M phases. 
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Figure 9. Centromeric domains concentrate catalytically active topoisomerase IIαααα during G2 
and M stages. Cells at G2 (A, B), metaphase (C, D) and early G1 (E, F) were subjected to the DRT 
protocol. Controls (left panels) and ICRF-treated cells (right panels) subjected to salt-detergent 
extraction (DRT protocol) were stained for CENP A/C (red signal) and topo IIα (green signal). 
Regions of overlap appear yellow in the merges; arrowheads denote subsets of centromeric regions for 
comparison; inset (D) denotes a magnified centromeric region stained for CENP A/C and topo IIα. 
Bar, 5 µm. 
 

 

Within the chromosome arm topo IIα shows a tendency towards a higher 

concentration along the longitudinal axis (Earnshaw and Heck, 1985; Gasser et al., 1986; 

Tavormina et al., 2002; Maeshima and Laemmli, 2003). In this study, this was readily 

apparent in confocal sections of mitotic HeLa cells that were fixed routinely with 

formaldehyde, detergent-extracted and co-stained for topo IIα and DNA (our unpublished 

results). Interestingly, in mitotic cells subjected to the DRT procedure a preferential, ICRF-

dependent retention of topo IIα was seen along the axis (Fig 10B and C) whereas little 

staining of topo IIα was present in solvent-treated controls imaged with identical settings 

(Fig. 10A). We note that when more sensitive image capture settings are used chromosome 

arms of controls were shown to still harbour detectable topo IIα (our unpublished results). 

The preferential concentration of ICRF-retained topo IIα along the chromosomal axis is best 

appreciated in chromosome colour maps which depict the ratios obtained for each pixel 

between the intensities of the topo IIα and the DNA staining (Fig. 10B and C, bottom; 

progressively lower topo II/DNA ratios appear, respectively, as red, yellow and green colours) 
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Figure 10. Catalytically active topoisomerase IIαααα concentrates along the mitotic chromosomal 
axis. (A - C) DRT assay: metaphase chromosomes from solvent-exposed controls (A) and ICRF-
treated cells (B, C) stained for DNA (TO-PRO-3 iodide; red signal) and topo IIα (green signal); 
arrowheads denote centromeric domains. Regions of overlap appear yellow in the merged images. 
Chromosome colour maps depict the ratios obtained for each pixel between the intensities of the topo 
IIα and the DNA staining; red, yellow and green colours correspond, respectively, to progressively 
lower estimates. Bar, 1 µm. 
 

 

Inhibition of deacetylase activity delocalizes topoisomerase IIα 

The preceding analyses showed that in a cell cycle-dependent fashion heterochromatin 

(replicating and centromeric) was a privileged target for strand-passage activity of topo IIα. 

We became therefore interested in disclosing whether chromatin structure played any role in 

the timely targeting of topo IIα to heterochromatic regions. To disrupt the underacetylated 

state of histones, a hallmark of heterochromatin (Richards and Elgin, 2002), we treated cells 

with deacetylase inhibitors and then checked whether topo IIα still concentrated at 

centromeres during mitosis and at replicating heterochromatin in late S phase. The effects on 
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mitotic cells were tested in asynchronous populations of HeLa cells exposed to trichostatin A 

(TSA; 100 ng/mL, 8-9h) before routine fixation with formaldehyde. Cells were double-

stained with a topo IIα-specific mAb and the anti-CENP A/C antiserum and then analysed by 

confocal microscopy. Serial optical sections of 11 cells at prometaphase stage revealed that 

topo IIα distributes across the chromatid arms, like in solvent-treated controls, but does not 

concentrate at centromeric regions; centromeric staining, albeit present is at intensities that are 

similar to those seen in the remaining of the chromosome (Fig. 11, top panels). Sodium 

butyrate (10 mM), another deacetylase inhibitor, yielded identical results (our unpublished 

results). To test whether in presence of TSA topo IIα still concentrates over replicating 

heterochromatin asynchronous populations were treated with TSA (100 or 200 ng/mL) for 2 ½ 

or 4h before a short (15 min) exposure to BrdU. Simultaneous detection of BrdU and topo IIα 

showed that in cells traversing late S topo IIα does not concentrate at heterochromatic 

replication sites in the TSA-treated population (Fig. 11, bottom panel; arrowhead denotes 

replicating heterochromatin), in contrast to mock-treated cells (our unpublished results). This 

was observed irrespectively of incubation time (2 ½ or 4h), or dose (100 or 200ng/mL) of TSA 

that was used. Incubation times shorter than 2 ½ h did not, however, lead to a consistent 

reduction of topo IIα staining at late replication sites. Importantly, only incubation times with 

TSA in excess of 2 ½ h allowed the reliable detection of hyperacetylation of H4, at either 

lysine 5 or lysine 16, by immunofluorescence with specific antisera (our unpublished results). 

As for TSA, sodium butyrate (10 mM) also abrogated the concentration of topo IIα at 

replicating heterochromatin (our unpublished results). Collectively, these data suggest a role 

for chromatin structure in the proper localization of topo IIα at heterochromatin during S and 

M stages. 
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Figure 11. TSA abrogates cell cycle regulated concentration of topoisomerase IIαααα at 
heterochromatin. (Upper panels) Prometaphase chromosomes from cells exposed to TSA (100 ng/ml, 
9h), routinely fixed in formaldehyde and labelled for topo IIα (green signal) and CENP A/C (red 
signal). (Lower panels) Late S cell treated with TSA (100 ng/ml, 4h), pulsed with BrdU immediately 
before routine fixation with formaldehyde, and stained for topo IIα (green signal) and BrdU (red 
signal); arrowhead denotes a late replicating domain. Bars, 5 µm. 
 

 

The insoluble fraction of topoisomerase IIα 

Previous research has consistently shown the presence of a salt-insoluble (350 mM 

NaCl) fraction of topo IIα which is currently regarded as mostly catalytically inert (Meyer et 

al., 1997, and references therein). Here, we searched for the intranuclear localization of this 

pool of the enzyme and for nuclear activities that might influence its distribution. As noted 

previously in this research, in absence of exposure to ICRF the salt-detergent extracted 

nuclear remnant shows nucleoli among the prominent structures labelled for topo IIα (cf Fig. 

4B; also Fig. 12A and B, prominent nucleoli are denoted by dotted lines, central panels depict 

topo IIα staining). We note that the amount of salt-insoluble topo ΙΙα seen at nucleoli is 

variable from cell to cell showing a tendency to increase as cells approach G2 stage (our 

unpublished observations). Besides nucleoli, a nucleoplasmic staining pattern comprising 

large speckles plus numerous minute nucleoplasmic foci is consistently observed (Fig. 12A 

and B, central panels, arrows denote minute foci, arrowheads indicate speckles). Simultaneous 

staining of DNA shows that whereas the minute foci co-localize mostly with DNA, the 

speckled component localizes predominantly to DNA-poor nucleoplasmic regions (Fig. 12A). 
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Since this latter pattern closely resembles the well known speckled distribution of components 

of the splicing machinery (Lamond and Earnshaw, 1998; Dundr and Misteli, 2001; Carmo-

Fonseca, 2002), we asked whether the two staining patterns overlapped. Double staining with 

an anti-Sm antiserum, which recognizes an epitope that is common to all splicing snRNPs, 

and a topo IIα-specific mAb, shows that both recognize the same speckles (Fig. 12B); on 

close inspection, however, it was clear that within each speckle the two probes overlap only 

partially (Fig. 12B, insets). 

After inhibition of pol II-dependent transcription nuclear speckles round up, increase 

in size and accumulate additional splicing snRNPs and splicing factors at the expense of a 

reduction in their nucleoplasmic levels (Lamond and Earnshaw, 1998; Dundr and Misteli, 

2001). To further characterize the behaviour of the insoluble fraction of topo IIα we tested 

whether, like components of the splicing machinery, it also redistributes to nuclear speckles in 

response to transcription inhibitors. Asynchronous HeLa cells were then treated with either α-

amanitin (50 µg/mL; 5 h) or DRB (75 µM; 1-2 h), both of which inhibit pol II activity, before 

routine fixation with formaldehyde. Controls given solvent alone were processed in parallel. 

Detection of splicing snRNPs in drug-treated cultures revealed, as expected, the occurrence of 

enlarged nuclear speckles (Fig. 12C, left image). Interestingly, topo IIα also concentrated in 

the enlarged speckles in ~60% (n=212) of the cells, in contrast to controls (compare Fig. 12C 

and D). It was reported that topo II-specific drugs that trap the enzyme at sites of activity on 

chromatin lead to a concurrent depletion of topo II from the DNA-poor nucleoli, reflecting the 

shuttling of topo IIα between these two compartments (Christensen et al., 2002a). We next 

tested whether ICRF-187 also induces a similar delocalization of topo IIα from the nuclear 

speckles. Indeed, after exposure of HeLa cells to the drug (50 µg/ml, 20 min), simultaneous 

detection of topo IIα and Sm epitopes reveals a significant depletion of topo IIα from nuclear 

speckles, in parallel with the expected depletion at nucleoli (Fig. 12E, arrowheads indicate 

speckles, dotted lines outline nucleoli). Taken together, these data indicate that the pool of 

insoluble topo IIα localizing in the nuclear speckles is dynamic and can be differentially 

mobilized in response to changes in activity of RNA polymerase II and topoisomerase II. 
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Figure 12. Topoisomerase IIαααα localizes dynamically in nuclear speckles in response to changes in 
topoisomerase II and RNA polymerase II activities. (A) Cells salt-detergent extracted according to 
the DRT procedure and stained for DNA (TO-PRO-3 iodide) and topo IIα; dotted lines: nucleoli; 
arrowheads: nuclear speckle; arrows: minute nucleoplasmic foci. (B) Cells extracted as above and 
labelled for Sm antigens and topo IIα; regions of overlap appear yellow in the merge; dotted lines 
denote nucleoli, insets denote a single speckle. (C and D) Cells exposed to α-amanitin (C; 50 µg/ml, 5 
h) or DMSO (D; controls) were fixed routinely and labelled for topo IIα and Sm; regions of overlap 
appear yellow in the merge. (E) Cells treated with ICRF-187 (50 µg/ml, 20 min), fixed routinely with 
formaldehyde and stained for topo IIα and Sm; arrowheads denote speckles, dotted lines denote 
nucleoli. Bar, 5 µm. 
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DISCUSSION 

 

Recent findings highlight the fact that in vivo the true substrate of topo IIα activity is 

chromatin rather than DNA, and that the well established role in DNA decatenation is most 

probably an underestimation of the full range of its activities (Tsai et al., 2000; Johnson et al., 

2001; Mondal and Parvin, 2001).  

Here, we have identified subchromosomal sites where topo IIα is catalytically active 

using a new assay called DRT (Fig. 1). This assay was inspired in a previously described in 

situ retention assay which allows visualization by immunofluorescence and quantification of 

cleavable complexes, but not subcellular resolution (Willmore et al., 1998). Our results 

revealed a strong, cell cycle-dependent connection between activity of topo IIα and 

heterochromatin, and suggest a role for DNA replication and chromatin structure in the proper 

localization of topo IIα at relevant heterochromatic subregions. They are also consistent with 

a role for the activities of topo IIα and RNA polymerase II in regulating the distribution of the 

enzyme between sites of strand-passage activity on the genome and DNA-poor subnuclear 

domains that harbour insoluble, catalytically inert forms of the enzyme.  

Specifically, in this work we have shown that topo IIα transiently concentrates at 

heterochromatin during its replication in late S phase. We also showed that concentration of 

topo IIα over heterochromatin requires ongoing DNA synthesis, and that it persists at late 

replicating sites for ~30 min. When cells traversing late S phase were first pulsed with BrdU 

and then chased for various times before a second pulse with a differently modified 

nucleotide, a partial separation of the two replication foci was apparent already within 15 min 

of interval between the pulses; after 30 min the two foci localized side-by-side and could be 

distinguished by confocal microscopy in most cases (Ma et al., 1998; Taddei et al., 1999). 

Similar results were recently obtained by direct analysis of replication foci in living cells 

(Leonhardt et al., 2000; Sporbert et al., 2002). Our data are, therefore, compatible with topo 

IIα remaining at late replicating sites during a full replication event. Utilizing the DRT assay 

we showed that the accumulation of topo IIα over replicating heterochromatin corresponds 

mostly to the catalytically active form of the enzyme. Somewhat surprisingly, early 

replicating euchromatic sites did not seem to concentrate catalytically active topo IIα. Using 

biochemical poison-based binding assays enrichment in topo IIα activity near replication 

forks was previously reported (Nelson et al., 1986). At replicating euchromatin this 
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enrichment may, however, be too transient or too low to result in detectable accumulation of 

catalytically active topo IIα utilizing the DRT assay. Our data highlight topo IIα as a novel 

member of the group of proteins that concentrate at replication sites exclusively during late S 

phase, the other one being HDAC2 (Rountree at al., 2000). HDAC2 is recruited to late S sites 

via its interaction with the maintenance DNA methyl transferase DNMT1, and both may 

cooperate to maintain the heterochromatic state (Rountree et al., 2000). Since topo IIα also 

directly interacts with HDACs 1 and 2 (Tsai et al., 2000; Johnson et al., 2001), it will be 

important in the future to test its possible role in heterochromatin maintenance mechanisms 

that operate after replication. 

The reported direct interaction between topo IIα and HDACs 1 and 2, possibly as part 

of the NURD (Nucleosome Remodelling and Deacetylation) complex, strongly suggests a 

connection between topo IIα activity and chromatin modification (Tsai et al., 2000). Here, we 

tested whether short-term exposure of cells to deacetylase inhibitors (TSA and butyrate) had 

any effect on the cell cycle-dependent localization of topo IIα at heterochromatic sites of 

activity. TSA is known to interfere with the pathway of maturation of heterochromatin, which 

involves the deacetylase-dependent removal of specific acetyl groups from histone tails at 

heterochromatic regions shortly after their replication in late S (Taddei et al., 1999). TSA also 

interferes with centromere function during M stage, probably via a defective biogenesis of 

centric heterochromatin, resulting in abnormal chromosome disjunction (Taddei et al., 2001). 

In this work, we show that TSA and butyrate induce the delocalization of topo IIα from 

replicating heterochromatin during late S phase and from centric heterochromatin during 

mitosis (Fig. 11). Although in vitro topo IIα seems to be attracted chiefly by the presence of 

topological complexities on DNA (Burden and Osheroff, 1998), our data are consistent with 

its targeting in vivo to heterochromatic sites of activity being also sensitive to chromatin 

structure. Interestingly, a recent detailed analysis of the preferred sites for topo IIα cleavage 

activity across the centromeric α-repeats in human cells has also led to the suggestion of a 

role for chromatin structure (Spence et al., 2002). We speculate that as part of complexes with 

chromatin altering activity (e.g., the NURD complex), topo IIα might participate in the 

sensing of sites of altered chromatin structure within the nucleus, and thus influence the 

targeting of the whole complex.  

Preceding studies have shown that topo IIα transiently concentrates at the centromere 

from G2 up until anaphase (Taagepera et al., 1993; Rattner et al., 1996). In this study, 
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employing the DRT procedure we show that this correlates with increased levels of catalytic 

activity, and that in mitotic cells the highest ratio between ICRF-dependent retention at 

centromeres in reference to chromosome arms is reached at metaphase (ratio centromere/arms 

~2.5). The activity of the enzyme at centromeres is still predominant during anaphase (ratio 

centromere/arms ~1.8), but decreases to nucleoplasmic levels as cells enter early G1 stage 

(Fig. 9E and F; our unpublished results). Although the function of topo IIα at the centromere 

during G2-M is still unknown, the data presented here is consistent with its predicted role in 

maintenance of centromeric structure prior to M stage (Rattner et al., 1996), and in assisting 

in the final decatenations within centromeric DNA prior to sister separation (Warburton and 

Earnshaw, 1997).  

There is compelling cytological evidence that mitotic chromosomes of mammals 

harbour a distinct topo IIα enriched structure, termed the scaffold, that extends along the 

longitudinal axis of the chromosome arms (Earnshaw et al., 1985; Gasser et al., 1986; 

Maeshima and Laemmli, 2003). Over time, it has become an established view that the role of 

the enzyme in the scaffold is chiefly structural participating in the organization of chromatin 

loops. More recently, this view has been reiterated with the suggestion that at the scaffold the 

interaction between Ca++ and topo IIα might result in inactivation of its catalytic activity 

(Strick et al., 2001). Whether topo IIα concentrates along the mitotic chromosomal axis is, 

however, still a matter of debate. Indeed, two recent analyses using stably transfected GFP-

topo IIα yielded contradictory results (Tavormina et al., 2002; Christensen et al., 2002). The 

homogeneous (i.e. non-axial) distribution reported in one study (Christensen et al., 2002) was 

subsequently shown to result from over expression of the chimerical protein (Maeshima and 

Laemmli, 2003). Utilizing the DRT assay we showed that in mitotic cells sites of catalytic 

activity of topo IIα distribute along the chromosome arms, with the highest concentration 

being observed at centromeric domains (Fig. 9C and D). Within the chromosomal arms, a 

tendency for the concentration of catalytically active topo IIα to peak towards the longitudinal 

axis was observed (Fig. 10B and C). Clearly, this is more consistent with topo IIα at the 

scaffold being engaged in strand-passage activity, rather than playing a passive structural role.  

The insoluble fraction of topo IIα, which is mostly catalytically inert (Meyer et al., 

1997), has been assigned a structural role in the organization of chromatin inside the nucleus 

via tethering DNA loops to a stable proteinaceous framework termed the nuclear matrix 

(Berrios et al., 1985; Laemmli et al., 1992). Our results show that the distribution of the pool 



Results 

 108 

of topo IIα that remains insoluble in 350 mM NaCl localizes to both the nucleoli and the 

nucleoplasm (Fig. 12A and B; our unpublished results). Within the nucleoplasm, a 

distribution pattern is seen consisting of numerous minute foci; these may conform to the 

DNA-anchoring role predicted for topo IIα in nuclear matrix models, given their co-

distribution with DNA. Surprisingly, the major fraction of insoluble nucleoplasmic topo IIα 

colocalized with subnuclear domains, known as the nuclear speckles (cf Fig. 12B). Nuclear 

speckled domains are enriched in splicing snRNPs and other components of the splicing 

machinery but devoid of DNA (Lamond and Earnshaw, 1998; Dundr and Misteli, 2001), 

which makes them unlikely sites of topo II-dependent strand-passage activity. When pol II-

dependent transcription is inhibited snRNPs accumulate in enlarged speckles since they are no 

longer recruited to sites of transcription in the surrounding chromatin (Lamond and Earnshaw, 

1998; Dundr and Misteli, 2001). Interestingly, topo IIα shows a similar redistribution upon 

inhibition of pol II activity (Fig. 12C). It was recently shown that topo IIα interacts with pol II 

in vivo as part of the pol II “holoenzyme”, and that this interaction is critical for transcription 

of chromatin templates (Mondal and Parvin, 2001). We suggest that inhibition of transcription 

reduces the pol II-coupled fraction of topo II at transcribing chromatin, thus shifting the 

equilibrium towards a preferential localization in splicing speckles. The dynamic behaviour of 

the insoluble, speckle-associated pool of topo IIα shown here is in good agreement with the 

finding that GFP-tagged topo IIα is mobile within the nucleus, leaving little room for a truly 

immobile insoluble fraction performing a predominantly structural role (Christensen et al., 

2002). As noted previously, this does not exclude that the fraction of topo IIα with a slower 

mobility in FRAP analysis, likely to correlate with the insoluble pool in biochemical 

fractionation studies, might play a significant role in the organization of chromatin 

(Tavormina et al., 2002; Christensen et al., 2002).  

Overall, our results highlight a previously unsuspected spectrum of chromatin-based 

activities that influence the targeting of this vital enzyme to its subcellular sites of activity, in 

particular to heterochromatin. Future studies will aim to elucidate the underlying molecular 

mechanisms and the connections between topo IIα and chromatin modification. 
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ABBREVIATIONS LIST 

 

BrdU, bromodeoxyuridine; DRB, 5,6-dichloro-1-<beta>-d-ribofuranosylbenzimidazole; 

FRAP, fluorescence recovery after photobleaching; GFP, green fluorescent protein; EGFP, 

enhanced green fluorescent protein; HDAC, histone deacetylase; NURD, nucleosome 

remodelling and deacetylation complex; PABP2, poly(A)-binding protein II; TSA, 

trichostatin A. 
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II - Conjugation of human topoisomerase IIαααα with SUMO-2/3 in 
response to topoisomerase inhibitors: cell cycle stage and 

chromosome domain specificity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Concerning this section of my thesis, I would like to stress that the results presented and 

discussed here are product of my personal work under supervision and collaboration of 

Professor João Ferreira. This work is also the product of collaboration work given that: 

1) Vera Santos established the “citrate protocol” (used in RNAi microscopic experiments in 

this chapter). 

2) José Rino performed the quantification of SUMO-2/3 signal intensities. 

3) Rafael Costa, Vera Santos and Fernando Ferreira participated in RNAi experiments. 
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ABSTRACT 

Topoisomerase activity controls DNA topology and is essential for a number of 

cellular events such as DNA replication, recombination and chromatin organization. 

Mammalian topoisomerase IIα is essential for cell survival and is the main isoform involved 

in mitosis. Evidence obtained in the yeast and Xenopus model systems indicates that 

conjugation of topoisomerase II with SUMO proteins is required for its mitotic functions. 

Here, we provide biochemical and cytological evidence that topoisomerase IIα 

conjugates with SUMO-2/3 during interphase and mitosis in response to topoisomerase II 

inhibitors and “poisons” (ICRF-187, etoposide) that stabilize catalytic intermediates of the 

enzyme onto target DNA. We also show that human topoisomerase IIα-SUMO-2/3 

conjugates accumulate at mitotic chromosomes, namely at centromeres and chromosome axes 

where the enzyme is thought to participate in chromosome separation. 

We suggest that the efficacy of topoisomerase inhibitors to arrest cells traversing 

mitosis may relate to their targeting of topoisomerase IIα-SUMO-2/3 conjugates that 

concentrate at mitotic chromosome axes and are directly involved in chromatid arm 

separation. 
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INTRODUCTION 

 

Topoisomerase activity controls DNA topology which is an essential aspect of a 

number of cellular events such as DNA replication, recombination and chromatin 

organization.  Type II topoisomerases catalyze the passage of an intact double stranded DNA 

through a transient double strand breakage that they generate in a separate helix. Most of their 

catalytic activity is dedicated to the resolution, in an ATP-dependent manner, of topological 

complexities that remain on DNA after replication (Wang 1996; Austin and Marsh 1998). In 

contrast, type I topoisomerases act on the relaxation of negatively supercoiled DNAs by 

mediating the cleavage of a single DNA strand at a time, to allow the passage of another 

single strand (Wang 1996). Mammalian cells have two isoforms of topoisomerase II: isoform 

α, which is essential for cell survival, and β. Topoisomerase IIα is thought to be the main 

isoform involved in mitotic processes ((Sakaguchi and Kikuchi 2004) and references therein). 

Indeed, the protein levels are higher in tissues containing proliferating cells and rise steadily 

along the cell cycle reaching a peak in G2/M.  In metaphase chromosomes, topoisomerase IIα 

localizes to the centromeres and axes (Earnshaw and Heck 1985; Gasser et al. 1986; Rattner 

et al. 1996; Tavormina et al. 2002; Maeshima and Laemmli 2003), where it is catalytically 

active (Agostinho et al. 2004). Activity of topoisomerase II within centromeres has been 

suggested to be crucial for chromatid separation during anaphase (Warburton and Earnshaw 

1997). Topoisomerase II is the target of numerous anticancer drugs that stabilize 

topoisomerase II-DNA intermediates generated at different stages of its catalytic cycle. 

Bisdioxopiperazines, such as ICRF-187, are ”catalytic inhibitors” that stabilize the ATP-

bound topoisomerase II in a closed-clamp configuration after DNA strand passage. In 

contrast, topoisomerase II “poisons”, e.g., etoposide, trap topoisomerase II in cleavable 

complexes, where the enzyme is covalently attached to the DNA at DNA strand breaks 

(Huang et al. 2001) and references therein). Whereas the latter provoke DNA lesions and 

cause severe cytotoxicity, catalytic inhibitors have less cytotoxic effects and do not show 

good anticancer activity. Both types of drugs have been used as powerful biochemical tools to 

address the various roles of topoisomerase II inside the cell (Wang 1996). 

Phosphorylation of type II topoisomerases from yeast and mammals has been 

thoroughly studied and several kinases have been identified as responsible for this 

modification; however, despite extensive phosphorylation of topoisomerase II on 

serine/threonine and also tyrosine residues little remains known of its physiological relevance. 
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More recently, the finding that in yeast, Xenopus and mammalian cells topoisomerase II may 

be modified by the small ubiquitin-like modifier (SUMO) has attracted much attention.  

SUMO proteins are added to target substrates as post-translational modifications 

resulting in various biological consequences. For example, SUMO conjugation can regulate 

subcellular localization of a target protein, compete with ubiquitin for the same substrate or 

influence transcriptional activity of many transcription factors (for review see (Hay 2005)). In 

yeast only one SUMO gene (Smt3) is expressed, while vertebrate cells have at least four 

paralogs, namely SUMO-1, SUMO-2, SUMO-3 and SUMO-4. Mature forms of SUMO-2 and 

SUMO-3 differ only in three N-terminal aminoacid residues and are 50% identical to SUMO-

1. Although a large number of SUMO-1 substrates have been identified, less is known about 

SUMO-2/3 (Vertegaal et al. 2004). Recently, Xenopus topoisomerase II was shown to be 

modified by SUMO-2/3 specifically during mitosis. Indeed, evidence from Xenopus egg 

extracts suggests that SUMO-1 modification is predominant during interphase, in contrast 

with a predominance of SUMO-2/3 conjugation during mitosis (Azuma et al. 2003). 

Available evidence suggests that SUMO conjugation with topoisomerase II plays a key role in 

chromosome segregation. In yeast, defects in centromeric cohesion observed in Smt3 

isopeptidase mutants (smt4-∆) are significantly suppressed by Top2p (Bachant et al. 2002). 

More recently, yeast Smt3 ligases SIZ1/SIZ2 were shown to mediate topoisomerase II 

modification and suggested to control segregation fidelity by regulation of the centromeric 

pool of topoisomerase II (Takahashi et al. 2006). In metazoan systems, down regulation of 

SUMO modification by a dominant negative mutant of SUMO-conjugating enzyme UBC9 

(dnUBC9) resulted in disrupted chromosome segregation at the metaphase-anaphase 

transition (Azuma et al. 2003) and inhibition of SUMO E3 ligase PIASy blocked sister 

chromatid segregation during anaphase (Azuma et al. 2005). However, SUMO modification 

does not seem to affect significantly in vitro activity of Xenopus topoisomerase II (Azuma et 

al. 2003). ICRF-193 and teniposide induce topoisomerase II conjugation with SUMO-1 

during interphase in HeLa cells (Mao et al. 2000) and the SUMO pathway was shown to 

regulate ICRF-induced degradation of topoisomerase IIβ in neural and HeLa cells, with 

topoisomerase IIβ being modified by both SUMO-1 and SUMO-2/3 (Isik et al. 2003). 

As referred above, there is good evidence that the SUMO-conjugation pathway targets 

topoisomerase II to participate in chromatid cohesion and separation during mitosis. Since the 

α isoform of topoisomerase II plays a major role in chromosomal events occurring during 

mitosis, it would be important to disclose 1) whether in mammalian cells traversing mitosis 
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topoisomerase IIα displays preference for conjugation with specific SUMO paralogs and, if 

so, 2) whether the topoisomerase II-SUMO conjugates localize to chromosomal domains 

critically involved in chromatid cohesion and separation. We have, herein, addressed these 

issues making use of well characterized topoisomerase II inhibitors that stabilize specific 

intermediates of the catalytic cycle of the enzyme. The results obtained may also contribute to 

our understanding of the mechanism of action of topoisomerase II-specific drugs at the 

subcellular level. 
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MATERIALS AND METHODS 

Antibodies 

Topoisomerase IIα was detected with mouse monoclonal anti-topoisomerase2α (KiS1 

from Chemicon International, Temecula, CA) and rabbit polyclonal anti-topoisomerase 2α 

(ab2987 from Abcam, Cambridge, UK) antibodies SUMO-2 and SUMO-3 were detected with 

rabbit polyclonal anti-SUMO-2+3 antibody (ab3742 from Abcam, Cambridge, UK). SUMO-1 

was detected with anti-SUMO-1 (ab11672 from Abcam, Cambridge, UK). Other antibodies 

used were rabbit polyclonal anti-SMC2 (ab10412 from Abcam, Cambridge, UK), anti-

kinetochore autoimmune antisera specific for CenpA and CenpC (a kind gift from W. van 

Venrooij, Katholieke Universiteit, Nijmegen, The Netherlands), mouse monoclonal anti-β-

actin (clone ac-15 from Sigma-Aldrich, ST. Louis, MO) and rabbit polyclonal anti-

topoisomerase I (ab3825 from Abcam, Cambridge, UK). FITC, Alexa, CY3 and CY5-

conjugated affinity-purified secondary antibodies (Jackson ImmunoResearch Laboratories, 

West Grove, PA) were used in immunolabeling procedures for microscopy. 

 

Cell culture 

HeLa cells (ATCC [rqsb], Rockville, MD) were cultured in DMEM (Life 

Technologies, Rockville, MD) supplemented with nonessential amino acids, 2mM glutamine, 

antibiotics (penicillin/streptomycin 100 units/ml) and 10% fetal calf serum and maintained at 

37ºC with 5% CO2. Stable cell lines HeLa
His6-SUMO-2 HeLaHis6-myc-SUMO-1 (described in 

(Vertegaal et al. 2004) and (Girdwood et al. 2003), respectively) were cultured as above with 

0,5 µg/ml puromycin to maintain selective pressure. 

Mitotic cells were isolated from logarithmically growing cultures by mitotic shake off, 

centrifuged briefly at 1000g, 8 min, counted in a Neubauer chamber and replatted on 1 mg/ml 

poly-L-lysine covered tissue culture dishes at ∼80-90% confluency. 

Whenever stated, ICRF-187 (Chiron Laboratories, Belgium) was added to the tissue 

culture medium to a final concentration of 50 µg/ml 7-20 min before cells were collected. 

Etoposide (Sigma-Aldrich, St. Louis, MO), also termed VP-16, was added to the culture 

medium to a final concentration of 25 µM, 20 min prior to cell harvesting. Roscovitine 

(Sigma-Aldrich, St. Louis, MO) was added to the medium to a final concentration of 50 µM. 

To sequester calcium in the citosol cells were incubated with 20 µM BAPTA-AM (Molecular 
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Probes, Eugene, Oregon) for 1 h with concomitant incubation with ICRF-187 in the last 20 

min. 

 

The differential retention of topoisomerase II assay 

DRT assay was performed as described previously (Agostinho et al. 2004). Cells were 

exposed to ICRF-187 as indicated above before collection. Control cells were incubated with 

drug solvent in the same conditions and processed in parallel. After a brief rinse with PBS 1X 

cells were extracted on ice with gentle agitation for 1.5-2 min with HPEM buffer (30 mM 

HEPES, 65 mM Pipes, 10 mM EGTA, 2 mM MgCl2, pH 6.9) supplemented with 350 mM 

NaCl, 0.5% Triton-X-100, 1 mM PMSF and a commercially available mixture of protease 

inhibitors (Complete Mini EDTA-free, Roche Diagnostics, Switzerland). After extraction 

cells were either fixed for microscopic analysis or lysed with guanidium buffer for Ni-NTA 

pull down. 

 

RNA interference experiments 

Topoisomerase IIα was depleted from HeLa cells using siRNA sequence: 

gcacaucaaaggaagcuaa. Controls were performed with the scramble sequence: 

ggcaagacucaagaaucaa. siRNAs were transfected in cells incubated in DMEM without 

antibiotics using Oligofectamin (Invitrogen) according to the manufacturer instructions. 

Medium was changed 24 h after transfection and cells were incubated for an additional 24 h 

before collection. 

 

Purification of SUMO conjugates 

His6-SUMO conjugates were purified as described previously (Jaffray and Hay 2006), 

starting from 106 HeLaHis6-SUMO-2 HeLaHis6-myc-SUMO-1 or control HeLa cells. Briefly, cells were 

washed with PBS 1X, scrapped, centrifuged at 1000 g for 5 min and ressuspended in 10 ml 

PBS 1X. An aliquot (input) corresponding to 10% of the initial sample was taken, spinned 

down shortly, lysed in 2X Laemmli’s sample buffer and incubated at 98ºC for 10 min. The 

remaining ressuspended culture was centrifuged at 1000 g for 5 min and lysed immediately in 

6 M guanidium-HCL buffer. After addition of β-mercaptoethanol and imidazole to final 

concentrations of 10 mM and 5 mM respectively, the lysates were sonicated and centrifuged 

at 4000 g for 15 min. The remaining supernatants were incubated with Ni-NTA Sepharose 

beads (Qiagen) for 2-4 h and sequentially washed with 6 M guanidium-HCL buffer, 8 M urea 
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buffer pH8 and 8 M urea buffer pH6.3. Elution of purified His6-SUMO conjugates was 

performed in 2X Laemmli’s sample buffer with 200 mM imidazole at 80ºC for 2 min. 

 

Electrophoresis and Immunoblotting 

Protein extracts from the DRT procedure, inputs and proteins eluted from Ni-NTA 

Sepharose beads were fractionated by electrophoresis in 6%, 8% and 12% polyacrylamide 

gels containing SDS. Proteins were then transferred to nitrocellulose membranes (Schleicher 

and Schuell, Keene, NH) and probed with antibodies against human topoisomerase IIα, 

SUMO-2/3 or SUMO-1 as primary antibodies. Anti-rabbit and anti-mouse horseradish 

peroxidase coupled secondary antibodies (BioRadLaboratories, Hercules, CA) and enhanced 

chemoluminescent staining ECL (Amersham Buchler GmbH, Braunshweig, Germany) were 

used for detection. 

 

Microscopy and Image Analysis 

Cells growing on coverslips were subjected to the DRT protocol or directly 

fixed/extracted in 3.7% paraformaldehyde in HPEM buffer plus 0.5% Triton-X-100 for 10 

min at room temperature. In some cases, the antigen unmasking was achieved by boiling 

coverslips containing cells in 10 mM sodium citrate buffer, pH 6.0. After fixation cells were 

washed with PBS three times for 10 min and incubated with antibodies. DNA was stained 

with 0,3µM TO-PRO-3 iodide, Propidium iodide, Dapi or YoYo-1 (Molecular Probes, 

Eugene, OR) and coverslips were mounted on Vectashield (Vector Laboratories Inc., 

Burlingame, CA). 

The samples were examined using a Zeiss 510 confocal microscope with two lasers 

giving excitation lines at 488, 543, and 630 nm. The data from the channels were collected 

separately using narrow-band-pass filter settings; in multiple staining experiments, the laser 

intensities were adjusted to avoid bleedthrough between channels. Data were collected with 

four to eightfold averaging at resolution of 512 by 512 or, more commonly, 1024 by 1024 

pixels using pinhole settings between 1.05 and 1.10 airy units. Data sets were processed using 

the Zeiss 510, version 2.8, software package and were subsequently exported for preparation 

for printing using Adobe Photoshop, version 7.0. 

Quantitative analysis of fluorescence intensity was performed using an algorithm 

developed in PV-WAVE (Visual Numerics Inc., Houston, USA). The images were first 

visualised in the LSM Image Examiner software (Carl Zeiss, Jena, Germany), and an intensity 
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threshold was chosen to discriminate between the specific signals (SUMO-2/3 staining; 

labeled DNA) and background in all the images. This threshold was subsequently used for 

image segmentation, followed by the calculation of mean intensity within regions of interest 

in the images. 
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RESULTS 

 

Human topoisomerase 2αααα is conjugated with SUMO-2 during interphase in 

response to ICRF-187 and etoposide 

Previous studies in mammalian cells have demonstrated that conjugation of 

topoisomerase IIα and β to SUMO-1 is induced by catalytic inhibitors of topoisomerase II 

activity such as ICRF-193 (Mao et al. 2000). Also, it has been reported that conjugation of 

topoisomerase IIα to SUMO-2/3 occurs exclusively during mitosis in Xenopus egg extracts 

(Azuma et al. 2003). To test whether human topoisomerase IIα is differentially modified by 

distinct SUMO paralogs (-1 and -2) in response to ICRF-187 during interphase we used 

previously described stable cell lines expressing either His6-SUMO-2 or His6-myc-SUMO-1 

(Girdwood et al. 2003; Vertegaal et al. 2004). We note that these HeLa cell lines express 

similar levels of topoisomerase IIα and that covalent modification of topoisomerase IIα with 

SUMO-1 and SUMO-2 is observed in ICRF-187 treated cells (Fig1A). Cells were exposed to 

ICRF- 187 (50 µg/ml, 20 min) or solvent alone (controls) and whole cell lysates were 

subsequently used for affinity purification of either His6-SUMO-2 or His6-myc-SUMO-1 

conjugated forms of endogenous proteins with Ni-NTA agarose. HeLa cells not expressing 

His6-tagged SUMO isoforms were processed in parallel as a negative control for the affinity 

purification. Analysis of eluted proteins by western blotting with antibodies specific for 

human topoisomerase IIα revealed that ICRF treatment promotes modification of the enzyme 

by SUMO-1, as expected (Fig.1B). Importantly, in ICRF-treated HeLa cells constitutively 

expressing His6-tagged SUMO-2 prominent modification of topoisomerase IIα with this 

SUMO isoform was evident upon comparison with non-treated controls (Fig.1B). This 

showed that besides the reported modification with SUMO-1, ICRF also induces robust 

modification of topoisomerase IIα with SUMO-2 during interphase. 

 

 



Results 

 125 

 

 

Figure 1. Topoisomerase inhibitors induce conjugation of topoisomerase IIαααα with SUMO-2 and 
SUMO-1 during interphase. A) Topoisomerase IIα is expressed at similar levels in HeLaHis-SUMO-2, 
HeLaHis-myc-SUMO-1 and HeLa cells. A and B) ICRF-187 induces conjugation of topoisomerase IIα with 
SUMO-2 and SUMO-1 during interphase. C) Etoposide induces conjugation of topoisomerase IIα 
with SUMO-2 and SUMO-1 during interphase. 
The same number of  HeLaHis-SUMO-2, HeLaHis-myc-SUMO-1 and HeLa cells was treated with 50 µg/ml 
ICRF-187 (+; in A and B) or 25 µM etoposide (+; in C) or solvent alone (-) for 20 min. Cells were 
either lysed in Laemmli’s sample buffer (A) or in 6M guanidium-HCL buffer and processed for Ni2+-
agarose pull downs (B and C). Protein extracts (A) or purified forms (B and C) were separated by 
SDS-PAGE, transferred to a nitrocellulose membrane and probed using anti-topoisomerase IIα 
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antibodies. Lanes 1 and 2, HeLaHis-SUMO-2 cells; lanes 3 and 4, HeLaHis-myc-SUMO-1 cells; lanes 5 and 6, 
HeLa cells. 170 KDa band corresponding to human topoisomerase IIα is indicated. Asterisk and 
bracket indicate SUMO-modified forms of topoisomerase IIα in ICRF-treated cells (∗{). Molecular-
weight markers are shown on the left (KDa). 
 

 

In contrast to ICRF compounds that stabilize topoisomerase II onto target DNA after 

the re-ligation step, topoisomerase II “poisons” covalently stabilize topoisomerase II dimers at 

the earlier cleavage complex stage thus producing highly cytotoxic topoisomerase-DNA 

adducts (for review see Wang, 1996). One of these topoisomerase II poisons, teniposide (also 

termed VM-26), was previously reported to induce conjugation of human topoisomerase IIα 

and β with SUMO-1 (Mao et al. 2000). Here, we tested whether the prototypical 

topoisomerase II poison, etoposide (also termed VP-16), like ICRF-187, also induces 

conjugation of topoisomerase IIα with SUMO-2. To this end, the HeLa cell strains used in the 

above described experiments were exposed to etoposide (25 µM, 20 min) whereas parallel 

control cultures were exposed to solvent (DMSO) alone. Affinity purification of SUMO-

conjugated proteins by the Ni-NTA pull-down procedure followed by western blotting 

analysis with anti-topoisomerase IIα antibodies revealed that etoposide, as described 

previously for teniposide (Mao et al. 2000), induces conjugation of SUMO-1 to 

topoisomerase IIα (Fig.1C). Interestingly, like ICRF-187, etoposide induces conjugation of 

SUMO-2 to topoisomerase IIα (Fig.1C). Together, these results indicate that two different 

classes of topoisomerase II-specific drugs which stabilize topoisomerase II dimers at distinct 

stages of the catalytic cycle promote prominent conjugation of the enzyme with SUMO-2 

during interphase. 

 

Catalytically committed topoisomerase IIαααα is conjugated with SUMO-2 and 

SUMO-1 during interphase 

We have described previously an assay (DRT assay) that selectively allows the 

identification of catalytically committed forms of topoisomerase II (Agostinho et al. 2004). In 

this procedure cells are exposed shortly to a topoisomerase II-specific drug, extracted in the 

presence of both Triton-X-100 and 350 mM NaCl and either fixed for microscopy or lysed for 

western blotting analysis. Controls exposed to solvent alone are processed in parallel.  The 

presence of topoisomerase II drug (in contrast to solvent alone) selectively retains 

catalytically committed forms of the enzyme onto the DNA, rendering this fraction non 



Results 

 127 

extractable by the detergent and salt. Consequently, increments in topoisomerase II levels 

observed in the drug-treated cells when compared to controls mostly comprise catalytically 

committed forms of the enzyme (Agostinho et al. 2004). In this work, we used DRT assay to 

address whether catalytically active topoisomerase IIα is modified by SUMO-1 and SUMO-2 

during interphase. 

We initially tested whether in the cell lines constitutively expressing either His6-

SUMO-2 or His6-myc-SUMO-1 topoisomerase IIα became enriched in the catalytically 

committed fraction after exposure to ICRF-187. Asynchronous populations of cells were 

exposed to ICRF-187 (50 µg/mL, 20 min), extracted in buffer containing detergent (Triton X-

100) plus 350 mM NaCl and analyzed by western blotting with topoisomerase IIα-specific 

antibody. As predicted, ICRF-187 readily induces retention of additional topoisomerase IIα in 

salt-detergent extracted cells (Figure 2A). 

We subsequently probed whether the pool of topoisomerase IIα whose retention was 

induced by ICRF-187, and thus constitutes catalytically committed forms of the enzyme, 

harboured a SUMO-conjugated subfraction. To do so, the same cell lines were similarly 

processed according to the DRT procedure, as above, and cells were lysed in guanidium in 

preparation for Ni-NTA agarose affinity purification of either His6–SUMO-1 or His6-SUMO-

2 conjugated proteins. HeLa cells not expressing His6-tagged SUMO proteins were used as 

negative controls for the pull-down. 
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Figure 2. Catalytically commited topoisomerase IIαααα is conjugated with SUMO-2 and SUMO-1 
during interphase. A) DRT procedure selectively retains catalytically active topoisomerase IIα upon 
ICRF-187 treatment in HeLaHis-myc-SUMO-1 and HeLaHis-SUMO-2 cells. B) Ni2+-agarose pull downs of DRT 
treated cells. The same number of cells from each cell line was treated with 50 µg/ml ICRF-187 (+) or 
solvent alone (-) for 20 min. A small fraction of each cell culture was lysed with Laemmli’s buffer (A) 
and the major fraction was processed for Ni2+-affinity purification of His-SUMO-conjugated forms 
(B). Protein extracts and purified forms were analyzed by western blotting using anti-topoisomerase 
IIα and anti-topo1 antibodies. Topo1 is used as DRT and loading control (A). Lanes 1 and 2, HeLaHis-
SUMO-2 cells; lanes 3 and 4, HeLaHis-myc-SUMO-1 cells; lanes 5 and 6, HeLa cells. 170 KDa band 
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corresponding to human topoisomerase IIα is indicated. Asterisk and bracket indicate SUMO-
modified forms of topoisomerase IIα (∗{).Molecular-weight markers are shown on the left (KDa). 
 
 

Analysis of eluted proteins by immunoblotting with anti-topoisomerase IIα antibody 

shows that SUMO-2 and SUMO-1 conjugated forms of topoisomerase IIα are highly enriched 

in the ICRF-treated groups from the corresponding cell lines (Fig 2B); only trace amounts of 

topoisomerase IIα are detected in the control HeLa cell line. Together, these data showing 

that retention of catalytically committed topoisomerase IIα leads to concurrent retention of 

forms of the enzyme modified by SUMO-2, and SUMO-1, are consistent with these 

modifications occurring on topoisomerase IIα molecules that were trapped in catalysis by 

specific inhibitor. 

 

ICRF-187 stabilizes conjugation of human topoisomerase II to SUMO-2, but not 

SUMO-1, during mitosis. 

Data obtained from cycling Xenopus egg extracts indicate that conjugation of 

topoisomerase IIα with SUMO-1 predominates during interphase whereas SUMO-2/3 

conjugation seems restricted to mitosis. Here, we asked whether in response to topoisomerase 

II inhibitors human topoisomerase IIα is also differentially conjugated with SUMO-1 and 

SUMO-2/3 during mitosis. Topoisomerase II appears to be the major protein that is modified 

by SUMO-2/3 during mitosis in the Xenopus egg model system. Therefore, we first tested 

whether exposure of mitotic HeLa cells expressing wt SUMO proteins to ICRF-187 (50 

µg/mL, 20 min) led to any noticeable increment in SUMO-2/3-modified protein species 

migrating within the molecular mass range expected for SUMO-modified topoisomerase II 

(>= 170kDa). Western blots of whole cell lysates from ICRF-187 exposed cells and non-

exposed controls were prepared and probed with an anti-SUMO-2/3 polyclonal antibody. This 

revealed that SUMO-2/3 modified protein species consistent with SUMO-modified 

topoisomerase II were indeed more abundant in the ICRF group (Fig.3A). We next utilized 

the DRT assay to address whether selective retention of catalytically committed 

topoisomerase II onto chromatin induced by ICRF-187 correlated with increased amounts of 

salt-detergent insoluble SUMO-2/3. To do so, highly purified mitotic cell populations were 

either exposed to ICRF-187 (50 µg/mL, 20 min) or drug solvent alone (controls), extracted 

with salt plus detergent (DRT procedure), and the insoluble cellular remnant was finally lysed 
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in sample buffer (see Materials and methods). Probing of western blots with a topoisomerase 

IIα-specific mAb revealed the expected enrichment of topoisomerase IIα in the ICRF-187 

treated cells, with some higher molecular weight forms of the protein being apparent upon 

prolonged exposure of the blots to radiographic film (Fig.3B). Importantly, detection of 

SUMO-2/3 in parallel blots of the same samples showed an obvious increase in SUMO-2/3-

modified high molecular weight protein species (>170 kDa) after exposure to ICRF-187 

(Fig.3B). By contrast, no apparent retention of SUMO-1 was induced by ICRF-187 (Fig.3B). 

We subsequently analyzed whether free forms of SUMO-2/3 (and SUMO-1) proteins were 

present in mitotic cells and, if so, whether the fraction that was mobilized by ICRF-187 to 

generate high molecular mass protein conjugates was significant. To this end, extracts 

obtained from whole mitotic cells (with or without 50 µg/ml ICRF-187, 20 min) were 

subjected to electrophoresis through higher percentage acrylamide gels (12%) and probed by 

immunoblotting with polyclonal antibodies specific for SUMO-2/3, or SUMO-1. This 

revealed that during M stage SUMO-2/3 proteins occur as free forms that are not significantly 

depleted by exposure to ICRF-187 (Fig.3C); also like in interphase (Saitoh and Hinchey 

2000), free SUMO-1 proteins are mostly undetectable in M stage (Fig.3C). Together, these 

data suggest that in HeLa cells expressing wt SUMO proteins ICRF-187 induces conjugation 

of a minor fraction of SUMO-2/3, and further suggest that catalytically committed 

topoisomerase IIα is a likely target for ICRF-187 induced SUMO-2/3 (but not SUMO-1) 

conjugation. 
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Figure 3: During mitosis topoisomerase IIαααα is conjugated with SUMO-2 and SUMO-1, but 
ICRF-187 only affects topoisomerase IIαααα-SUMO-2/3 conjugation. A) ICRF-187 increases SUMO-
2/3 high-molecular weight conjugation products. Mitotic HeLa cells treated with 50 µg/ml ICRF-187 
(+) or solvent alone (-) for 20 min were analyzed by western blotting using anti-topoisomerase IIα 
(lanes 1 and 2) and anti-SUMO-2/3 (lanes 3 and 4) antibodies. B) ICRF-187 increases SUMO-2/3, but 
not SUMO-1, high-molecular weight conjugation products. Mitotic HeLa cells treated with 50 µg/ml 
ICRF-187 (+) or solvent alone (-) for 20 min were subjected to DRT procedure and analyzed by 
western blotting using anti-topoisomerase IIα (lanes 1 and 2), anti-SUMO-2/3 (lanes 3 and 4), anti-
SUMO-1 (lanes 5 and 6) and anti β-actin antibodies. β-actin is used as loading control C) Overall 
conjugation with SUMO-2/3 and SUMO-1 is not affected by ICRF-187. The same samples as A) were 
run on 12% acrylamide gels and analyzed by western blotting using anti-SUMO-2/3 (lanes 1 and 2) 
and anti-SUMO-1 (lanes 3 and 4) antibodies. Arrowhead indicates pools of free SUMO-2/3. D) Ni2+-
agarose pull downs. The same number of mitotic cells from HeLaHis-SUMO-2, HeLaHis-myc-SUMO-1 and 
HeLa cell lines was treated with 50 µg/ml ICRF-187 (+) or solvent alone (-) for 20 min and processed 
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for Ni2+-affinity purification of His-SUMO-conjugated forms. Purified forms were analyzed by 
western blotting using anti-topoisomerase IIα antibodies. Lanes 1 and 2, HeLaHis-SUMO-2 cells; lanes 3 
and 4, HeLaHis-myc-SUMO-1 cells; lanes 5 and 6, HeLa cells. 170 KDa band corresponding to human 
topoisomerase IIα is indicated. Asterisk and bracket indicate SUMO-modified forms of topoisomerase 
IIα in ICRF-treated cells (∗{). Molecular-weight markers are shown on the left (KDa). Input, a 
fraction of each cell culture was lysed with Laemmli’s buffer and subjected to immunoblotting 
analysis in the same way as pull downs. 
 

 

To obviate the caveat that topoisomerase II-SUMO conjugates are probably low 

abundance and to clarify whether topoisomerase IIα is indeed a mitotic substrate for SUMO-

2/3 conjugation we extensively utilized the HeLa cell lines expessing His6–tagged isoforms of 

SUMO proteins, since these allow affinity purification and protein concentration procedures. 

Enrichment in mitotic cells from these cell lines also proved feasible, with >95% of cells 

showing up as mitotic after nocodazole (200 ng/mL) administration followed by mechanical 

(“shake-off”) detachment. Mitotic cells expressing either His6-SUMO-2 or His6-myc-SUMO-

1 were incubated with ICRF-187 (or drug solvent as controls) prior to affinity purification of 

His6-SUMO forms. As shown in Fig.3D, although topoisomerase IIα could be precipitated by 

His6-SUMO-2 in control cells, ICRF-187 clearly induced a strong increment in the amount of 

topoisomerase IIα-SUMO-2 conjugates. However, no significant change in the amount of 

topoisomerase IIα precipitated by His6-SUMO-1 was observed after exposure to ICRF-187 

(Fig.3D). These results show that human topoisomerase IIα is conjugated with both SUMO-2 

and SUMO-1 during mitosis, but ICRF-187 only affects significantly conjugation with the 

SUMO-2 isoform.  

 

ICRF-187 induces accumulation of SUMO-2/3 at mitotic chromosomes 

Azuma et al. have reported that SUMO-2 conjugated species concentrate at the inner 

centromere in Xenopus egg extracts containing EGFP-SUMO-2 and that conjugation of 

topoisomerase II with SUMO paralogs is required for proper sister chromatid cohesion and 

segregation (Azuma et al. 2005). However, since a previous report suggests that in mitotic 

HeLa cells GFP-SUMO-2 localizes to chromosomes only at the final stages of mitosis 

(Ayaydin and Dasso 2004) we wanted to ascertain 1) whether SUMO-2/3 accumulates in 

human chromosomes during mitosis and 2) whether topoisomerase II-SUMO-2/3 conjugates 

that were stabilized by ICRF-187 localized specifically to subcellular domains known to be 

involved in cohesion and separation of chromatids. To do this, we co-stained asynchronous 
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HeLa cell populations for SUMO-2/3 and DNA. We could not detect obvious concentration 

of SUMO-2/3 at mitotic chromosomes with routine immunofluorescence analysis (Fig. 4A), 

except in telophase cells (data not shown). However, upon addition of ICRF-187 we observed 

accumulation of human endogenous SUMO-2/3, but not SUMO-1, at mitotic chromosomes in 

prophase to metaphase stages and also telophase (Fig. 4B and data not shown). 

 

 

 
 
Figure 4. ICRF-187 induces accumulation of human SUMO-2/3 at mitotic chromosomes. HeLa 
cells were incubated with solvent alone (-) or 50µg/ml ICRF-187 (+) for 20 min, fixed, permeabilized 
and stained for SUMO-2/3 (green) and DNA (red). Bar, 7 µm. 
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These results show for the first time that SUMO-2/3 accumulates at mitotic human 

chromosomes. By trapping topoisomerase II onto DNA with ICRF-187, we stabilized the 

concentration of SUMO-2/3 at mitotic chromosomes, which strongly suggests that SUMO-2/3 

is conjugated with topoisomerase II in mitotic chromosomes. We may reason that in the 

absence of the drug SUMO-2/3 accumulation at mitotic chromosomes is either too dynamic to 

be detectable or our immunofluorescence analysis just did not detect it. In fact, both 

hypothesis seem possible because, by the time this thesis was being written an improved 

protocol was implemented in our lab which allows the detection of a weak, but consistent 

staining for SUMO-2/3 at mitotic chromosomes in prophase and prometaphase cells, in the 

absence of ICRF-187. 

 As ICRF-187 arrests cells at metaphase, analysis of anaphase SUMO-2/3 stabilization 

could not be performed, since cells which were already in anaphase when the drug was added 

were traversing telophase by the time cells of cell fixation and staining. Those few cells that 

managed to skip ICRF-induced metaphase arrest and attempted to enter anaphase in the 

presence of the drug, stained for SUMO-2/3 along mitotic chromosomes (data not shown).  

 

SUMO-2/3 colocalizes with topoisomerase IIαααα at centromeres and chromosome 

axes in prophase and metaphase 

If accumulation of SUMO-2/3 in response to ICRF-187 corresponds, at least partially, 

to SUMO-2/3-topoisomerase IIα conjugates then colocalization between the staining patterns 

of these two proteins was expected to occur. Topoisomerase IIα accumulates in centromeric 

heterochromatin during G2 and mitosis (Taagepera et al. 1993; Rattner et al. 1996) where it is 

suggested to be essential for chromatid separation during anaphase (Warburton and Earnshaw 

1997). Within the chromosome arm topoisomerase IIα shows a tendency toward a higher 

accumulation along the longitudinal axis (Earnshaw and Heck 1985; Gasser et al. 1986; 

Tavormina et al. 2002; Maeshima and Laemmli 2003). In this work, using specific antibodies 

against the endogenous proteins we show that SUMO-2/3 colocalizes with topoisomerase IIα 

in ICRF-187 treated HeLa cells during mitosis (Fig. 5A). 

Double-staining for SUMO-2/3 and centromere-associated kinetochores with anti-

SUMO-2/3 and anti-CENPA/C specific antibodies, respectively, revealed that ICRF-187 
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promotes concentration of human SUMO-2/3 in centromeres and in chromosome arms 

throughout prophase to metaphase (Fig.5B). 

Within the chromosome arms, ICRF-induced accumulation of SUMO-2/3 occurs 

specifically at the chromosome axis, as highlighted by double staining HeLa mitotic 

chromosomes with anti-SUMO-2/3 and anti-Smc2 specific antibodies. Smc2 is a condensin 

subunit known to concentrate at the chromosome axis in an alternate fashion with 

topoisomerase IIα (Maeshima and Laemmli 2003). Similarly, we observe an alternate 

distribution of SUMO-2/3 and Smc2 at mitotic chromosomes, suggesting that topoisomerase 

IIα and SUMO-2/3 concentrate at the same regions of the chromosome axis (Fig. 5C). 
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Figure 5. Subchromosomal sites of accumulation of human SUMO-2/3. A) Human SUMO-2/3 
(green) colocalizes with topoisomerase IIα (red) at mitotic chromosomes from prophase to metaphase. 
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B) Human SUMO-2/3 (green) concentrates at centromeres (CenpA/C staining red) during mitosis. C) 
and D) SUMO-2/3 (green) and condensin Smc2 (red) alternate at the chromosome axis in a similar 
fashion as topoisomerase IIα and Smc2. D) magnification of a chromosome from the cell presented in 
C). HeLa cells incubated with 50µg/ml ICRF-187 for 20 min were routinely fixed and stained for 
SUMO-2/3 and topoisomerase IIα (A), SUMO-2/3 and CenpA/C (B) or SUMO-2/3 and Smc2 (D and 
E). E) ICRF-187 induces concentration of SUMO-2/3 specifically at mitotic centromeres. Histograms 
depict the quantification of SUMO-2/3 signal present in equatorial optical sections of ICRF-187 or 
solvent alone treated cells. 50 nuclei were analyzed per experimental group. Bars, 7 µm. 
 

 

Together, these results show that SUMO-2/3 colocalizes with topoisomerase IIα at 

mitotic chromosomes specifically at centromeres and at the chromosomal axis. They further 

suggest that topoisomerase IIα may be a privileged substrate at these subchromosomal sites.  

We next asked whether ICRF-187-induced accumulation of SUMO-2/3 at the 

centromeres was mitosis specific, since recent reports implicate centromeric SUMO-

topoisomerase IIα in chromosome segregation in different organisms (Azuma et al. 2005; 

Diaz-Martinez et al. 2006; Takahashi et al. 2006). SUMO-2/3 specific signals detected at 

centromeres from ICRF-187 treated or control (solvent alone) HeLa cells were quantified in 

cells synchronized at G1/S, G2 and M stages of the cell cycle. To do so, equatorial confocal 

sections obtained with identical capture settings from 50 nuclei per experimental group were 

analysed. The results obtained confirmed that ICRF-187 induces concentration of SUMO-2/3 

specifically at mitotic centromeres, when compared to centromeres traversing other cell cycle 

phases (Fig.5D), which favours the idea that SUMO-topoisomerase IIα plays a role in sister 

chromatid cohesion at human centromeres, similarly to what was reported for lower 

eukaryotes (Bachant et al. 2002). 

 

Accumulation of SUMO-2/3 at mitotic chromosomes requires catalytic 

commitment of topoisomerase IIαααα 

We have previously shown that both the centromere and the chromosome axis 

concentrate catalytically active topoisomerase IIα (Agostinho et al. 2004). As concentration 

of SUMO-2/3 at mitotic chromosomes is stabilized by ICRF-187 and given that this drug 

targets specifically topoisomerase II engaged in catalytic activity, it is expected that this 

accumulation of SUMO-2/3 is due to conjugation of catalytically committed topoisomerase 

IIα. We used the DRT assay to test this hypothesis. Thus, HeLa cells were treated with ICRF-

187 or solvent alone, subjected to salt-detergent extraction according to DRT procedure, 
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fixed, and immunostained for topoisomerase IIα or SUMO-2/3 for microscopic analysis. As 

expected, centromeric and axial topoisomerase IIα were significantly retained in ICRF-187 

treated cells when compared to controls (Fig.6D). More importantly, a similar retention was 

observed for SUMO-2/3 (Fig.6B), but not for SUMO-1 (FIG.6C). These results show that 

retention of catalytically active topoisomerase IIα induces retention of SUMO-2/3 in mitotic 

chromosomes and suggest that concentration of SUMO-2/3 at mitotic chromosomes requires 

entry of topoisomerase IIα into catalysis. 

Previous reports have suggested a correlation between the “looseness” of 

chromosomes and SUMO conjugation on yeast chromosomes, proposing that SUMO 

conjugation might help, presumably via topoisomerase II, the separation between sister 

chromatids (Bachant et al. 2002). Our results, on the other hand, raise the possibility that 

topoisomerase IIα-SUMO-2/3 conjugation correlates with decatenation activity. We checked 

whether in HeLa cells there was a correlation between the ability to retain SUMO-2/3 and the 

existence of catenanes between sisters. We tested this prediction by forcing exit from mitosis 

with roscovitine, a cdk inhibitor, in presence of ICRF-187. In these conditions, ICRF-187 

inhibits decatenation activity that results in metaphase arrest, which is overriden by 

concomitant treatment with roscovitine. Thus, roscovitine induces sister chromatid separation 

in the presence of catenanes between sisters. We incubated HeLa cells with ICRF-187 for 15 

minutes to induce metaphase arrest, plus roscovitine in the last 10 minutes of ICRF-187 

incubation, to override the metaphase block. As expected, an abundant number of cells 

collected showed abnormal metaphase-anaphase transition with chromosomes showing 

lagging arms, the hallmark of insuficient decatenation, and centromeres fully separated. 

Strikingly, all cells with lagging chromosomes showed intense SUMO-2/3 staining at 

chromosomes, whereas control cells incubated solely with roscovitine failed to accumulate 

SUMO-2/3; centromeres were, however, fully separated (data not shown). These results show 

that cells that concentrate SUMO-2/3 in response to ICRF-187 still did not have completed 

chromatid resolution, suggesting a role for topoisomerase IIα-SUMO-2/3 conjugation in sister 

chromatid separation. 
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Figure 6. Accumulation of SUMO-2/3 at mitotic chromosomes requires catalytic commitment of 
topoisomerase IIαααα 
A) and B) HeLa cells subjected to DRT procedure and stained for SUMO-2/3 (green) and DNA (red) 
show that SUMO-2/3 is specifically retained at mitotic chromosomes after DRT extraction. C) Control 
showing that ICRF-187 retained catalytically active topoisomerase IIα (green) onto DNA (red) in the 
DRT procedure. 
HeLa cells incubated with 50µg/ml ICRF-187(+) or solvent alone (-) for 20 min and subjected to DRT 
procedure before fixation. Bar, 7 µm. 
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SUMO-2/3 accumulates in mitotic chromosomes in a topoisomerase IIαααα-

dependent fashion 

We next sought to test whether SUMO-2/3 accumulation in chromosomes is 

dependent on the presence of topoisomerase IIα. Using siRNA technology we depleted 

topoisomerase IIα from HeLa cells and checked for the presence of SUMO-2/3 after ICRF-

187 treatment. As seen in Fig.7, cells were more than 75-80% depleted of topoisomerase IIα 

(Fig.7B) and the majority of chromosomes from these cells failed to concentrate 

topoisomerase IIα (Fig.7C). More importantly, SUMO-2/3 no longer concentrated at 

chromosomes in response to ICRF-187 in the majority of cells observed. In a minority of 

cells, some centromeres still harboured residual SUMO-2/3 accumulation after ICRF-187 

treatment (Fig. 7A). We hypothesize this accumulation is connected to the observation that 

some centromeres might still accumulate low levels of topoisomerase IIα after major 

depletion, as is best evidenced when image capture settings were raised to register weaker 

signals (Fig.7E). Thus, accumulation of SUMO-2/3 at mitotic chromosomes preceding 

chromosome separation is critically dependent on topoisomerase IIα presence. 
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Figure 7. Accumulation of SUMO-2/3 at mitotic chromosomes is dependent of topoisomerase 
IIαααα. HeLa cells depleted from topoisomerase IIα by RNAi. A) SUMO-2/3 (green) sharply decreases 
from mitotic chromosomes, including the majority of centromeres (CenpA/C) and chromosome arms 
(DNA is in blue). B) RNAi depleted cells lost more than 80% of topoisomerase IIα, comparing to 
control cells transfected with scramble RNA. C) HeLa cell transfected with control scramble RNA 
(topoisomerase IIα in green; centromeres marked in red). D) HeLa cell transfected with topoisomerase 
IIα RNAi (topoisomerase IIα in green; centromeres marked in red). E) Capture settings of the cell in 
D) were raised to detect very weak signals of topoisomerase IIα and revealed that RNAi depleted cells 
still harbour a minor amount of the enzyme at the mitotic centromeres. 
Cells were incubated with either topoisomerase IIα or control RNAi for 48 hours and treated with 
ICRF-187 20 min before harvesting for microscopic or western blotting analysis. β-actin was used as 
loading control. Bars, 7 µm. 
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Modulation of topoisomerase IIαααα by calcium affects SUMO-2/3 concentration at 

the chromosome axis 

The above results also suggest that concentration of topoisomerase IIα at centromeres 

and chromosome axes correspond to different pools of the enzyme with distinct regulation. To 

test this hypothesis we decided to check whether calcium modulation of topoisomerase IIα 

had any effect on topoisomerase IIα-SUMO-2/3 conjugation specifically at the chromosome 

axis. Of note, topoisomerase II was previously shown to be the main Ca2+ binding protein in 

the chromosomal scaffold (Strick et al. 2001). Incubation of mitotic cells with  calcium 

chelators was shown to induce a 10-fold loss of topoisomerase II at chromosome scaffold, 

with topoisomerase II being the only chromosomal protein that binds Ca2+ directly in a filter 

binding assay (Strick et al. 2001). In this work, we incubated cells with the chelator BAPTA-

AM (20 µM, 1h) and looked at SUMO-2/3 staining in mitotic chromosomes. We observed 

that in the presence of BAPTA-AM SUMO-2/3 no longer concentrates at mitotic 

chromosomes upon ICRF-187 induction (Fig.8B). In some cells, however, we observed that 

accumulation of SUMO-2/3 at mitotic chromosomes was still induced by ICRF-187 in the 

presence of BAPTA-AM, whereas SUMO-2/3 at mitotic chromosome axis was no longer 

detected (data not shown). 

 

 

 

Figure 8. Calcium modulation of topoisomerase IIαααα affects SUMO-2/3 concentration at the 
mitotic chromosome axis. HeLa cells incubated with A) ICRF-187 (50µg/ml) alone show 
accumulation of SUMO-2/3 (green) at mitotic chromosome axis (DNA in red). B) The presence of 
BAPTA-AM prevents ICRF-induced accumulation of SUMO-2/3 at mitotic chromosome axis. 
CenpA/C (blue) stains for centromeres. In some cells, centromere still harbour SUMO-2/3 in the 
presence of BAPTA-AM and ICRF-187 (not shown). Bar, 7 µm. 
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These observations suggest that displacement of topoisomerase IIα by sequestering 

calcium also results in the removal of SUMO-2/3 from the chromosome axis, strengthening 

the idea that deposition of SUMO-2/3 at this subchromosomal domain is topoisomerase IIα 

dependent and raising the possibility of cross-talking between SUMO conjugation and 

calcium modulation of topoisomerase IIα a the mitotic chromosome axis. 
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DISCUSSION 

 

In this work, we show that ICRF-187 and etoposide, two anti-topoisomerase II drugs 

that trap catalytic intermediates, stabilize human topoisomerase IIα-SUMO conjugates during 

interphase and mitosis. 

Our biochemical data reveal that human topoisomerase IIα is conjugated to SUMO-

2/3 during interphase and mitosis. Further analysis shows that catalytically commited 

topoisomerase IIα is a principal fraction of SUMO conjugated enzyme, both during 

interphase and mitosis. Thus, in mammalian cells, SUMO conjugation of topoisomerase IIα is 

not cell stage specific for each SUMO paralog, as observed in vitro (Azuma et al. 2003). 

We also found that in mitosis ICRF-187 specifically stabilizes conjugation of 

topoisomerase IIα with the SUMO paralog SUMO-2, but not with SUMO-1. Furthermore, 

this ICRF-induced stabilization corresponds to a minor fraction of mitotic topoisomerase IIα 

and does not induce an overall alteration of total SUMO-2 conjugation. These findings 

suggest that ICRF-187 stabilizes a specific population of topoisomerase IIα engaged in 

mitotic events, as discussed bellow. 

During mitosis, ICRF-induced accumulation of SUMO-2/3 at mitotic chromosomes is 

maximal during prometaphase and decreases until the metaphase to anaphase transition. In 

late telophase SUMO-2/3 is detected again at chromatin, concentrating at centromeres solely 

in early G1. Besides showing for the first time that SUMO-2/3 concentrates at mitotic 

chromosomes, the cyclic distribution of SUMO-2/3 unraveled by topoisomerase II drugs 

agrees with the idea that topoisomerase IIα is a relevant substrate for SUMO-2/3 at mitotic 

human chromosomes, similar to what has been proposed in two model systems, yeast and 

Xenopus (Bachant et al. 2002; Azuma et al. 2003). 

In our experiments SUMO-2/3-topoisomerase IIα conjugation concentrates at 

centromeres and at the chromosome axis, which are essencial subchromosomal structures for 

proper chromosome separation. Therefore, our findings strenghten growing evidence of a 

determinant role of SUMO-2/3-topoisomerase IIα conjugation in chromosome cohesion and 

separation events (Bachant et al. 2002; Diaz-Martinez et al. 2006; Takahashi et al. 2006). 

However, mechanistic details for this participation remain poorly understood. 

Catalytic activity of topoisomerase IIα is essential for full decatenation of replicated 

chromosomes before partitioning into daughter cells at the end of mitosis. Other cellular roles 
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of the enzyme may be subsidiary to its catalytic activity, with several lines of evidence 

suggesting that topoisomerase II is a major structural component of a chromosomal scaffold 

(Earnshaw et al. 1985; Gasser et al. 1986). Distinguishing between catalytically active or 

inactive populations of topoisomerase II is, therefore, a powerful tool to clarify topoisomerase 

II roles within the cell. Our previously described DRT assay (Agostinho et al. 2004) provided 

this tool to ascertain, for the first time, that catalytically active topoisomerase IIα located at 

centromeres and at the chromosomal axis is conjugated with SUMO-2/3 during mitosis (this 

work). 

The effect of SUMO conjugation in topoisomerase II activity is unknown. In Xenopus, 

blocking de novo SUMO conjugation with Dnubc9 does not result in stimulation of catalytic 

activity of topoisomerase II, as measured in kinetoplast assays (Azuma et al. 2003). In spite of 

that, an indirect role for SUMO conjugation in the regulation of topoisomerase II activity may 

exist. Bachant et al have shown that smt4 mutants reveal similar cohesion defects as 

topoisomerase II-4 mutants. These yeast mutants are unable to promote 

catenation/decatenation activity and it has been proposed that they are unable to maintain 

catenanes at centromeres until metaphase-anaphase transition due to ineficient removal of 

SUMO conjugation, resulting in premature sister chromatid separation ((Bachant et al. 2002) 

and references therein). Equilibrium between unresolved and resolved catenanes, regulated by 

SUMO conjugation, would thus account for proper cohesion, specifically at centromeres and 

during mitosis. Interestingly, we observed that ICRF stabilizes SUMO-2/3 solely at mitotic 

centromeres when comparing to interphase centromeres (at G1/S and G2), supporting a role 

for topoisomerase IIα-SUMO-2/3 in proper centromeric cohesion. 

Previous works suggest that decatenation activity of topoisomerase IIα may also be 

relevant in other subchromosomal domains, namely at the core/axis of chromosome arms 

(Meyer et al. 1997; Agostinho et al. 2004). Our observations on cells forced to unscheduled 

exit of mitosis corroborate this suggestion. As described previously by others, all cells 

incubated simultaneously with roscovitine plus ICRF-187 proceded to the end of mitosis, 

even those who have not fully separated their sister chromatids. These latter cells show 

aberrant anaphases where sister chromatids remain linked by chromatin bridges/catenanes at 

the chromosome arms. In this work, we observe that cells with lagging chromosomes 

accumulate SUMO-2/3 at the chromosome axis during metaphase-anaphase transition, 

suggesting that insufficient decatenation activity might retain SUMO-2/3 at the chromosomes 

beyond metaphase-anaphase transition. Thus, our results agree with the idea that, in 
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mammals, topoisomerase IIα-SUMO-2/3 conjugation has a role in sister chromosome 

separation. Recently, as this report was being written, a functional link between PIASγ and 

topoisomerase IIα was established in mammalian chromosomes, corroborating our results 

(Diaz-Martinez et al. 2006).  

In our siRNA experiments, centromeres are the last domains to be depleted from 

topoisomerase IIα and from ICRF-induced SUMO-2/3 accumulation. These observations 

suggest a higher concentration and/or stronger stabilization of topoisomerase IIα-SUMO-2/3 

conjugation at centromeres when compared to chromosome arms, which in turn may explain 

the earlier resolution of centromeres evidenced in roscovitine treated cells. However, we can 

not exclude the existence of additional centromeric SUMO-2/3 substrates. 

Anti-topoisomerase II drugs act by inhibiting DNA catenation/decatenation activity of 

their target enzymes, resulting in extensive catenation of nascent DNA and, ultimately, in the 

arrest of the cell cycle at metaphase (Burden and Osheroff 1998). Indeed, the extensive 

accumulation of DNA catenanes has been considered responsible for the subsequent cellular 

effects observed in the presence of topoisomerase II drugs. In this work, we add an 

intermediate step to the known sequences of events elicited by anti-topoisomerase II drugs, by 

showing that etoposide and ICRF-187 stabilize topoisomerase IIα-SUMO conjugates. Our 

results suggest that cytotoxic effects of topoisomerase II inhibitors include disturbance of the 

dynamics of SUMO conjugation, prior to catenane accumulation and mitotic arrest. 

In summary, here we provide evidence that positions catalytically committed 

topoisomerase IIα as a principal substrate for SUMO-2/3 at mitotic human chromosomes, 

revealing a novel mechanistic detail into how decatenation participates in chromosome 

segregation. Our results also unravel an unsuspected aspect concerning anti-topoisomerase II 

drugs action, opening novel perspectives to enhance efficient participation of anti-

topoisomerase II drugs in cancer therapy. 
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DISCUSSION 

 

The need for topoisomerase activity results from the double helical nature of DNA. 

Accessing and reproducing information contained in the DNA helix generates topological 

problems such as supercoiling, entangling and catenane formation, which are solved by 

topoisomerases. Of all, only type II topoisomerases can decatenate DNA. 

Human topoisomerase IIα is the cell cycle regulated topoisomerase that assesses 

chromatin replication and transmission to daughter cells in growing populations. Other 

topoisomerases participate in some of these processes as well, but none has been shown to be 

cell cycle modulated thus far, suggesting a specific role for topoisomerase IIα in the 

topological matters related to cell cycle. 

When this work started, topoisomerase IIα was already known to play an essential role 

in chromosome segregation and to participate in DNA replication, repair, recombination and 

chromosome condensation. However, the cellular biology of human topoisomerase IIα, 

comprising the regulation of its localization, activity and function, was still in the process of 

gathering “basic data”. Some studies had already unravelled topoisomerase IIα 

protein/mRNA variations along the cell cycle (Heck et al. 1988; Austin and Marsh 1998; 

Goswami et al. 2000) and references there in). The localization of the enzyme was also 

described in some detail, sometimes in contradictory terms, and studies involving the 

dynamics of potentially functional pools, such as those found at centromeres and chromosome 

axes, were about to be released (Taagepera et al. 1993; Rattner et al. 1996; Sumner 1996; 

Andreassen et al. 1997; Meyer et al. 1997; Mo and Beck 1999; Christensen et al. 2002b), Yet, 

several “basic” aspects were (and still are nowadays) evading researchers efforts to 

understand how this influent cellular factor works along the cell cycle. 

Interest for topoisomerase II arouse in our group in the context of nuclear architecture 

studies (Ferreira et al. 1997). Chromatin may be envisioned as an important nuclear organizer, 

whereas topoisomerase II participates in higher order chromatin organization (reviewed in 

(Misteli 2005); (Gasser et al. 1986) and references therein; reviewed in (Belmont 2006)). 

Besides its topological activity, a controversial structural role at higher order chromatin states 

has been assigned to topoisomerase IIα, raising the need to ascertain the competences of the 

enzyme during cell cycle. 

Does topoisomerase IIα harbour several functions, not necessarily related to resolution 

of topological problems, as observed for topoisomerase I (which encompasses both 
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topoisomerase and kinase activity in one enzyme)? Specifically, where is topoisomerase II 

exerting influence via catalytic activity? Do these places differ from hypothetically structural 

pools of the enzyme? How is topoisomerase IIα activity regulated during cell cycle? What is 

the role of modification in topoisomerase IIα function? 

At the beginning of this work, we were interested in having a clear picture of the 

distribution of topoisomerase II activity along the cell cycle. Assays aimed at addressing 

topoisomerase II activity had already been developed based on the action of anti-

topoisomerase II drugs that selectively trap catalytic intermediates of the enzyme onto DNA. 

These methods consist in biochemical approaches that reflect global catalytic activity of a 

population of cells or quantify cleavable complexes, but lack subcellular resolution (Willmore 

et al. 1998). In this work we develop the DRT assay that allows for the first time subcellular 

resolution to identify genomic regions of topoisomerase II activity. This proved to be a 

powerful tool to unveil basic aspects of the cellular biology of topoisomerase IIα. 

Using the DRT assay, we show that DNA replication sites concentrate topoisomerase 

IIα catalytic activity. Thus, our results place topoisomerase II catalysis at DNA replication 

sites as expected, for DNA replication is one major creator of topological problems in the 

eukaryotic cell. We also found that ongoing DNA replication is necessary to the concentration 

of topoisomerase IIα at replicating sites, which reveals that this accumulation is engaged to 

replication and raises the hypothesis of topoisomerase IIα being targeted to these sites by 

DNA replication factors or by other processes dependent on DNA replication, such as 

chromatin assembly and remodelling. 

In fact, our results highlight a possible participation of topoisomerase IIα in 

remodelling activities, besides DNA replication. We found that only late replicating sites, 

corresponding to replicating heterochromatin, accumulate topoisomerase IIα catalytic activity 

above nucleoplasmic levels, suggesting that catalytic activity of topoisomerase IIα is relevant 

specifically to heterochromatin replication. 

During and immediately after DNA replication, chromatin is subjected to intense 

remodelling in order to reproduce proper chromatin states, including the re-establishment of 

post-translational histone modifications (reviewed in (Polo and Almouzni 2006)). It has been 

shown that nascent heterochromatin concentrates different protein complexes when compared 

to nascent euchromatin, namely HDAC and DNMT enzymes (Rountree et al. 2000). In this 

work, we show that topoisomerase IIα is also a specific component of late replication sites in 
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humans, where it acts in a catalytically active form. Furthermore, our results show that the 

enzyme remains associated to newly replicated heterochromatin for at least 30 min and less 

than 60 min. This time interval coincides with the time window for a full replication event, in 

which histone deacetylases hypoacetylate H4K5 and H4K12 in nascent heterochromatin 

(Taddei et al. 1999). Interestingly, HDAC1 and HDAC2 were previously shown to interact 

with topoisomerase IIα (Tsai et al. 2000; Johnson et al. 2001). In our study, we establish a 

link between HDAC activity and topoisomerase activity. Using deacetylase inhibitors, we 

show that concentration of topoisomerase IIα at newly replicated heterochromatin is 

dependent on deacetylase activity. Our results link catalytic activity of topoisomerase IIα with 

remodelling activities occurring at nascent heterochromatin, strongly suggesting that 

topoisomerase IIα participates in the establishment and maintenance of heterochromatic 

domains in late S phase. 

Interestingly, we found that association of topoisomerase IIα catalysis with 

heterochromatin is not restricted to late S phase: during G2 and mitosis, preferential sites for 

catalytic activity of topoisomerase IIα include centromeres. 

Centromeres are heterochromatic domains involved in sister chromatid cohesion and 

segregation. A role for topoisomerase IIα in sister chromatin cohesion at centromeric domains 

has been discussed for long. We show that the enzyme accumulates at these domains in a 

catalytically active form from G2 until metaphase, strengthening the idea that topoisomerase 

IIα has an active participation on sister chromatid cohesion at centromeres, possibly acting by 

catenating and decatenating sisters. We also found that deacetylase inhibitors, which 

delocalize topoisomerase IIα from centromeres in G2 and mitosis, perturbe the local activity 

of topoisomerase IIα. It has previously been shown that deacetylase inhibitors interfere with 

centromeric function in mitosis, probably via a defective biogenesis of centric 

heterochromatin, resulting in abnormal chromosome disjunction (Taddei et al. 1999). Thus, 

our findings agree with a role for topoisomerase IIα activity in the maintenance of 

centromeric heterochromatin domains in order for proper sister chromatid cohesion/separation 

to occur. 

A long standing controversy concerns another privileged depot of mitotic 

topoisomerase IIα. The enzyme has been localized at mitotic chromosome axes in disparate 

reports where it is thought to have a structural role mediating the attachment of chromosome 

loops to the chromosome scaffold (Andreassen et al. 1997; Meyer et al. 1997; Warburton and 
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Earnshaw 1997; Mo and Beck 1999). Whereas accumulation of topoisomerase IIα at a 

chromosomal axis seems consensual, the actual purpose of this concentration remains 

controversial ((Maeshima and Laemmli 2003); reviewed in (Belmont 2006)). In this work, we 

show that accumulation of topoisomerase IIα along mitotic chromosome axes corresponds to 

a concentration of its catalytic activity there. Additionally, we show that concentration of 

topoisomerase IIα at chromosome axes cannot be explained simply by a higher concentration 

of DNA at these subchromosomal sites. Taken together, our results favour the idea that 

topoisomerase IIα accumulates at chromosome axes to fulfil a catalytic function. Strikingly, 

we show that deacetylase inhibitors do not have an apparent effect on the axial pool of 

topoisomerase IIα. These results suggest that centromeric and axial concentration of 

topoisomerase IIα correspond to two differently regulated pools of the protein. 

We additionally found that the so-called insoluble fraction of topoisomerase IIα 

concentrates in specific regions of the nucleoplasm during interphase where transcription and 

splicing factors also accumulate. Moreover, we found that this insoluble fraction is modulated 

by both topoisomerase II and RNA polymerase II activities, suggesting that these activities 

are interconnected at specific nuclear sites during interphase. 

How is topoisomerase IIα activity regulated along the cell cycle? 

Having clarified the privileged sites of topoisomerase IIα activity along the cell cycle 

and revealed some unsuspected players (chromatin remodelling, DNA replication, 

transcription) in the targeting of this activity, we further searched for factors that might 

influence topoisomerase II activity. 

In the last years, several studies placed SUMO conjugation as an emergent key player 

in numerous nuclear functions, particularly by affecting localization, activity or levels of 

SUMO substrates (reviewed in (Hay 2005)). ICRF-193 and etoposide have been shown to 

induce conjugation of topoisomerase IIα with SUMO-1. In yeast and vertebrates, SUMO 

conjugation of topoisomerase II during mitosis was shown to be required for proper 

chromatid cohesion and separation (Bachant et al. 2002; Azuma et al. 2005; Takahashi et al. 

2006). Interestingly, anti-topoisomerase II drugs are known to target cells traversing mitosis 

and to interfere with both chromosome cohesion and chromatid separation at metaphase. 

Thus, SUMO conjugation emerged as a potential candidate to regulate topoisomerase IIα 

activity at specific sites of activity. 
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In this work, we studied conjugation of topoisomerase IIα with SUMO proteins along 

the cell cycle. Using topoisomerase II specific drugs we show that human topoisomerase IIα 

conjugates with SUMO-2/3 during interphase and mitosis. In our experiments, both ICRF-187 

(which stabilizes closed clamp forms) and etoposide (which stabilizes cleavable complexes) 

induce SUMO-1 and SUMO-2 conjugation of topoisomerase IIα during interphase. However, 

in mitosis, we found that ICRF-187 stabilizes specifically the conjugation of a minor fraction 

of total mitotic topoisomerase IIα with SUMO-2/3, but not with SUMO-1. Furthermore, we 

found that this ICRF-stabilized topoisomerase IIα-SUMO-2/3 conjugates concentrate in two 

functional subchromosomal domains, namely centromeres and chromosome axes, where we 

had already identified accumulation of topoisomerase IIα activity. It is reasonable to 

speculate that ICRF stabilizes a specific population of topoisomerase IIα-SUMO-2/3 

conjugates that plays a prominent role in mitotic events. Our results show that deposition of 

SUMO-2/3 at mitotic chromosomes is dependent on topoisomerase IIα. In addition, our 

experiments where we force unscheduled mitotic exit with roscovitine, suggest that deposition 

of SUMO-2/3 correlates with the presence of catenates. Therefore, our results corroborate the 

predicted function of topoisomerase IIα-SUMO-2/3 conjugates in cohesion and timely 

separation of chromatids. 

Using the DRT assay, we further show that trapping catalytically committed 

topoisomerase IIα onto centromeres and chromosome axes results in concomitant retention of 

SUMO-2/3 (but not SUMO-1) at these domains. Thus, topoisomerase IIα-SUMO-2/3 

conjugates that concentrate at mitotic human chromosomes correspond, at least partially, to 

catalytically active topoisomerase IIα, suggesting a connection between SUMO conjugated 

and catalytically active forms of topoisomerase IIα at these sites. 

When this thesis was being written, interesting data was obtained in our lab 

concerning the interplay between topoisomerase activity and SUMO conjugation at mitotic 

chromosomes. Studies using aclarubicin and merbarone, two anti-topoisomerase II drugs that 

inhibit entry of topoisomerase II in catalysis and thus do not stabilize catalytically active 

intermediates of the enzyme, showed that these topoisomerase II specific drugs do not 

promote accumulation of SUMO-2/3 at mitotic chromosomes. In addition, experiments in 

which human cells were treated with aclarubicin prior to ICRF-187 revealed that in these 

conditions ICRF-187 is no longer able to concentrate SUMO-2/3 at mitotic chromosomes. 

Thus, entry in catalysis is essential for SUMO-2/3 deposition at mitotic chromosomes, 
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sustaining a role for SUMO conjugation in the regulation of topoisomerase IIα 

catenation/decatenation activity at centromeres and at the chromosome axis (Figure 4). One 

hypothesis is that SUMO conjugation may predispose topoisomerase IIα to catalytic activity 

by shifting the equilibrium of a mixed pool of the enzyme, comprised of active and idle 

topoisomerase IIα, towards the catalytically active fraction. We can speculate further, saying 

that this regulation of topoisomerase IIα activity may influence proper cohesion and 

chromatid separation. In fact, a similar possibility was proposed in yeast, where excess of 

topoisomerase II-Smt3 conjugation was shown to result in “looseness” between sister 

chromatids, registered as augmented precocious sister chromatid separation at centromeric 

regions (Bachant et al. 2002). It remains to be ascertained how SUMO-topoisomerase II 

conjugation is regulated to avoid unscheduled chromatid separation. 
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Figure 4: Anti-topoisomerase II drugs stabilize topoisomerase IIα-SUMO-2/3 at specific 
subchromosomal domains of mitotic chromosomes, the centromere and the chromosome axis. Entry of 
topoisomerase IIα in catalysis is essential for deposition of SUMO-2/3 at mitotic chromosomes, 
suggesting that SUMO conjugation regulates a specific, catalytically committed population of 
topoisomerase IIα. 
 

 

Together, our results favor the concept that participation of topoisomerase IIα in 

cohesion and sister segregation occurs via catenation/decatenation activity of the enzyme and 

that these processes involve topoisomerase IIα-SUMO-2/3 conjugates.  

In this work, we also show that pharmacologically relevant topoisomerase II-specific 

drugs led to an increase in global levels of SUMO conjugation of topoisomerase IIα and that 

accumulation of SUMO conjugates within mitotic chromatin correlates with their capacity to 
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arrest cells in mitosis. Since there is already some evidence that SUMO conjugation pathway 

is involved in surveillance and repair mechanisms during interphase and mitosis, it will also 

be important to assess to what extent this may affect the outcome of cancer cells treated with 

drugs that target topoisomerase II. 
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CONCLUSIONS AND PERSPECTIVES 

 

The chromatin loop model postulates that DNA replication and transcription generate 

topological stress along each chromatin loop and that this stress is halted at the basis of the 

loops and resolved by topoisomerase II there. Thus topoisomerase II appears as a key player 

in the organization of chromatin in functional loops. The loop model also predicted that this 

type of chromatin organization is active during interphase, but becomes inactive in mitosis. In 

this work, we show that mitotic loop organization of chromatin is not that inert. The 

identification of cellular activities that target topoisomerase IIα to specific subcellular 

domains and, most importantly, the identification of topoisomerase II activity at the chromatin 

axis, are our main contributions to the state-of-the-art of topoisomerase II relevance inside the 

eukaryotic cell. Our results are compatible with the idea of topoisomerase IIα as a key 

organizer of the transmission of epigenetic information, an organizer that needs to encounter 

the proper state of chromatin (heterochromatin) to accomplish its goals. Therefore, the results 

of this work open new perspectives for the cellular biology of topoisomerase IIα. A deeper 

look at an epigenetic role of the enzyme is desirable, namely the search for interaction of 

topoisomerase IIα with other chromatin state modifiers or remodelling complexes. On the 

other hand, research concerning details into the participation of topoisomerase IIα in cohesion 

will be surely a hot topic in the next years. Of particular interest would be to understand how 

do cohesion mechanisms, topoisomerase IIα-dependent and cohesin-dependent, cross-talk to 

each other. Interestingly, a role for cohesion machineries in epigenetic mechanisms has 

already been proposed. It will also be of interest to ascertain how SUMO-2/3-topoisomerase 

IIα conjugation regulates chromosome segregation. Of note, our results suggest that SUMO-

2/3 deposition at mitotic chromosomes may function as a marker to signal the need for 

decatenation activity. 

Thus, we can anticipate that the idea of topoisomerase IIα as a key organizer of 

chromatin nuclear function will endure for long. Also, we can envision that the chromatin 

loop model, brought to action in mitosis by our work, will still stand up as an attractive model 

to illustrate the challenges that chromatin faces along the cell cycle. 
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