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ITHAKA 

As you set out for Ithaka 

hope the voyage is a long one, 

full of adventure, full of discovery. 

Laistrygonians and Cyclops, 

angry Poseidon—don’t be afraid of them: 

you’ll never find things like that on your way 

as long as you keep your thoughts raised high, 

as long as a rare excitement 

stirs your spirit and your body. 

Laistrygonians and Cyclops, 

wild Poseidon—you won’t encounter them 

unless you bring them along inside your soul, 

unless your soul sets them up in front of you. 

Hope the voyage is a long one. 

May there be many a summer morning when, 

with what pleasure, what joy, 

you come into harbors seen for the first time; 

may you stop at Phoenician trading stations 

to buy fine things, 

mother of pearl and coral, amber and ebony, 

sensual perfume of every kind 

as many sensual perfumes as you can; 

and may you visit many Egyptian cities 

to gather stores of knowledge from their scholars. 

Keep Ithaka always in your mind. 

Arriving there is what you are destined for. 

But do not hurry the journey at all. 

Better if it lasts for years, 

so you are old by the time you reach the island, 

wealthy with all you have gained on the way, 

not expecting Ithaka to make you rich. 

Ithaka gave you the marvelous journey. 

Without her you would not have set out. 

She has nothing left to give you now. 

And if you find her poor, Ithaka won’t have fooled you. 

Wise as you will have become, so full of experience, 

You will have understood by then what these Ithakas mean. 

Constantine .P. Cavafy (1863-1933) 

Edmund Keeley/Philip Sherrard (translation) 

 

Aos meus pais 
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Title: Spatiotemporal study of morpho-functional modifications on cell nucleus during 

African swine fever virus infection 

 

 

 

ABSTRACT 

 

Studies on virus-host interactions are decisive to enhance our understanding on how African 

swine fever virus (ASFV) subverts cellular mechanisms, and also to better characterize host 

nucleus changes enabling this infection. Immunofluorescence studies and immunoblotting 

analysis of ASFV-infected cells, allowed us to identify the Ataxia telangiectasia mutated and 

Rad3-related (ATR) pathway as the specific DNA damage response (DDR) mechanism 

activated by ASFV infection. Additionally, the use of ATR kinase-dead cells confirmed that 

ATR has an essential role for the infection success. 

The viral intranuclear replication was then pursued using BrdU-pulse experiments, supported 

on previous reports about ASFV genome presence inside the host nucleus and the proven 

ATR activation. BrdU-labelled DNA molecules confirmed the active viral replication at early 

infection times, exclusively within the cell nucleus. Related spatial and morphological nuclear 

changes during ASFV infection were further addressed, particularly on subnuclear domains 

and host chromatin epigenetic signatures. Promyelocytic leukaemia nuclear bodies (PML-

NBs), nuclear speckles and Cajal bodies displayed major alterations, accompanied by a 

repressive nuclear environment. PML knockdown revealed an essential proviral activity for 

ASFV successful infection. Herein, suggestions on how this work may help in the 

development of therapeutic strategies against ASFV infections can be found. 

 

 

 

 

 

Keywords: ASFV, virus-host interactions, nucleus, ATR pathway, intranuclear viral genome 

replication, subnuclear domains, PML, epigenetic signatures, heterochromatin. 
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Título da Tese: Estudo espacio-temporal das alterações morfo-funcionais do núcleo 

celular durante a infeção pelo vírus da peste suína africana 

 

 

 

RESUMO 

 

Estudar as interacções vírus-núcleo da célula hospedeira é fundamental para melhor 

compreendermos a subversão dos mecanismos nucleares pelo Vírus da peste suína 

africana (VPSA), e como estas facilitam a infecção. Ensaios de imunofluorescência e 

expressão proteica (imunodetecção) permitiram a identificação da via ATR (Ataxia 

telangiectasia mutated and Rad3-related) como mecanismo de reparação de ADN 

especificamente activado pelo VPSA. Seguidamente, através de células modificadas na 

expressão de ATR, confirmou-se o papel essencial do ATR para esta infecção. 

Atendendo às evidências de presença do vírus no núcleo celular e à activação da via ATR, 

quisemos desvendar a replicação intranuclear do VPSA pelo meio de ensaios pulso-caça de 

BrdU. Moléculas de ADN marcadas com BrdU confirmaram a replicação viral, 

exclusivamente no núcleo, na fase precoce da infecção. Seguiu-se o estudo das alterações 

espaciais e morfológicas do núcleo induzidas pelo VPSA, particularmente as modificações 

dos sub-domínios nucleares e das assinaturas epigenéticas da cromatina da célula. 

Domínios PML (Promyelocytic leukaemia), speckles nucleares e corpos de Cajal mostram-

se alterados, associando-se a um ambiente nuclear repressivo. Estudos funcionais da 

proteína PML revelaram o seu papel proviral desta infecção. Nesta tese apresentam-se 

ainda sugestões acerca do potencial destes estudos para o desenvolvimento de estratégias 

terapêuticas no combate anti-viral. 

 

 

 

 

 

Palavras-chave: VPSA, interacções vírus-núcleo, núcleo, via ATR, replicação viral 

intranuclear, subdomínios nucleares, PML, assinaturas epigenéticas, heterocromatina. 
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PREFÁCIO 

 

Nesta dissertação serão apresentados os resultados do trabalho de investigação 

desenvolvido entre 2010 e 2015, no Laboratório de Doenças Infecciosas do Centro de 

Investigação Interdisciplinar em Sanidade Animal, da Faculdade de Medicina Veterinária, da 

Universidade de Lisboa, sob orientação do Professor Doutor Fernando Ferreira e co-

orientação do Professor Doutor Carlos Martins. 

Este trabalho teve como principal objectivo caracterizar as alterações de organização 

espacial e de função do núcleo celular durante a infecção pelo vírus da peste suína africana 

(VPSA). Esta análise centrou-se fundamentalmente nas vias de reparação de ADN, na 

replicação intranuclear do vírus, nos compartimentos sub-nucleares e no estado da 

cromatina da célula hospedeira, tendo sido possível contribuir para o esclarecimento da 

dinâmica e interacção vírus-núcleo com os resultados obtidos no decurso destes trabalhos. 

A presente tese encontra-se dividida em cinco capítulos. No primeiro capítulo é feita uma 

introdução sobre os mecanismos de reparação de ADN celular, particularmente, as vias que 

regem a reparação homóloga e a união de extremidades não homólogas; domínios sub-

nucleares e o seu papel em infecções virais; tipos de cromatina e assinaturas epigenéticas. 

Seguidamente são expostos os objectivos do trabalho experimental descritos nesta tese, 

conduzindo à exposição dos resultados alcançados (capítulos dois a quatro). Por fim, no 

quinto e último capítulo é apresentada uma discussão integrada de todos os resultados 

obtidos, apresentando-se as conclusões finais do presente trabalho e perspectivas futuras. 

Como previsto no Regulamento de Doutoramentos da Universidade de Lisboa, parte integral 

dos resultados apresentados encontra-se publicada, nos artigos e respectivos capítulos: 

 

II Host DNA damage response facilitates African swine fever virus infection. 

M. Simões, C. Martins and F. Ferreira (2013). Veterinary Microbiology 165, 140-147. 

III Early intranuclear replication of African swine fever virus genome modifies the 

landscape of the host cell nucleus. M. Simões, C. Martins and F. Ferreira (2015). 

Virus Research 210, 1-7. 

IV Alterations of nuclear architecture and epigenetic mechanisms during African 

swine fever virus infection. M. Simões, J. Rino, I. Pinheiro, C. Martins and F. 

Ferreira (2015). Viruses 7(9), 4978-4996. 
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INTRODUCTION 

 

THESIS OUTLINE AND OVERVIEW 

When infecting a host cell, viruses face challenges that must be overcome in order to 

successfully replicate. For example, viruses must avoid or subvert antiviral responses either 

by degrading or mislocalizing cellular factors that have been activated by its intrusion. 

This study primarily concerns an investigation over African swine fever virus (ASFV) 

interactions with the host-cell nucleus, with particular emphasis on the DNA damage 

response (DDR) modulation, the viral DNA intranuclear replication, the subnuclear domains 

disruption and the nuclear architecture rearrangements. For this reason, the following 

sections in this Chapter will provide a detailed overview of the related topics mentioned 

above. Initially, the basic features of ASFV are revised, followed by its pathological outcome 

in swine organism. Attention then moves to the various host facets and mechanisms as well 

as the various stimuli described to possibly trigger the host nucleus remodelling and its 

biological importance, as: DNA damage response activation, subnuclear domains disruption 

and nuclear environment rearrangements derived from viral replication and infection. 

The major aims of the present thesis are stated at the end of Chapter I, while research 

outcomes of this work that have been published, or are under review for publication, in 

international peer-reviewed journals represent Chapters II-IV. Major conclusions and future 

directions of the work will be entailed in Chapter V. 

 

LITERATURE REVIEW 

 

 African swine fever virus 1.

1.1. Asfivirus - classification and morphology 

African swine fever virus (ASFV) is the sole member of Asfarviridae family (Dixon et al., 

2004) and most interestingly, the only arthropod-borne DNA virus known to this date. 

ASFV genome, a linear double-stranded DNA molecule (between 170-190 kbp) has a 

guanine/cytosine content of approximately 39%, comprising several genes involved in 

nucleotide metabolism, transcription, replication, repair, immune evasion, and modulation of 

host cell apoptosis (Dixon, Chapman, Netherton & Upton, 2012). This viral genome also 

presents a genomic arrange closed by 37 nucleotide-long hairpin loop structures composed, 

almost entirely, of incompletely paired A and T residues, terminal cross-links and inverted 

terminal repeats (Gonzalez, Talavera, Almendral & Viñuela, 1986; Vega, González, Blasco, 

Calvo & Viñuela, 1994). 
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The Asfivirus is classified as a large enveloped, complex icosahedral virus since the virions 

have a complex multi-layered structure composed by a 30 nm nucleoid - that consists in the 

nucleoprotein structure, composed by the viral genome and different enzymes required for 

replication ultimately surrounded by an 80 nm core shell, a first lipid layer (inner envelope) 

and a 170-190 nm icosahedral capsid – Figure 1. The outline capsid is composed by 

capsomers that measure 13 nm in diameter and there are 1892-2172 of these per capsid, as 

reviewed by Salas & Andrés (2013). 

 

 

 

 

 

 

 

Figure 1 - Asfivirus virion
1
 

 

Recently, ASFV has been classified as belonging to the Nucleo-Cytoplasmic Large DNA 

Virus superfamily (NCLDV), a group composed, as the name indicates, of large DNA viruses 

whose replicative cycle may start in the nucleus and is further performed in the host cell 

cytoplasm (King, Lefkowitz, Adams & Carstens, 2011). This superfamily is constituted by 

Mimivirus and Mamavirus (Mimiviridae family), Marseillevirus and Lausannevirus 

(Marseilleviridae family), some members of the Ascoviridae family, Vaccinia virus (Poxviridae 

family), Iridoviruses, Phycodnaviruses and Asfivirus. The phylogenetic analysis on several 

NCLDV members revealed a common ancestral virus, presumably encoding in its genome 

conserved proteins, related to key-life processes, like DNA polymerases, DNA helicases and 

ATPase pumps for DNA packaging, Topoisomerase II, RNA polymerase, and that may 

explain these viruses relative autonomy towards host cells (Iyer, Balaji, Koonin & Aravind, 

2006; Yutin & Koonin, 2009, 2012; Colson, de Lamballerie, Fournous & Raoult, 2012). 

Even though ASFV genome fragments have been found in nuclear extracts, only its 

cytoplasmic DNA replication at a later phase of infection has been explored (Garcia-Beato, 

Salas, Viñuela & Salas, 1992; Rojo, García-Beato, Viñuela, Salas & Salas, 1999). Of utmost 

importance, enucleated cells have proved to impair ASFV-infection, strongly indicating that 

cellular nuclear factors are most probably indispensable in the early stages of viral DNA 

synthesis (Ortin & Vińuela, 1977; Tabares & Sánchez Botija, 1979; Tabarés, 1987). This fact 

is also related to ASFV full length genomes that are synthesized in the cytoplasmic factories, 

possibly from replicative intermediate forms head-to-head or tail-to-tail genomic concatemer 

                                                
1
 Source: ViralZone, http://www.expasy.org/viralzone, Swiss Institute of Bioinformatics (accessed 10.06.2015). 
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structures initially formed within the nucleus – Figure 2 (Gonzalez et al., 1986; Caeiro, 

Meireles, Ribeiro & Costa, 1990; Brookes, Dixon & Parkhouse, 1996; Rojo et al., 1999), and 

latter packaged into viral particles as described for Poxviruses structural assembly (e.g. 

Vaccinia virus) (Traktman, 1996). 

 

 

Figure 2 - ASFV DNA of infected swine macrophage detected by pulsed-field electrophoresis. 
Adapted from Rojo et al. (1999). 

 

From all the particularities that make ASFV a unique virus, its encoded DNA Pol X (Oliveros 

et al., 1997; García-Escudero, García-Díaz, Salas, Blanco & Salas, 2003; Lamarche, Kumar, 

& Tsai, 2006; Sampoli Benítez, Arora, Balistreri & Schlick, 2008) and apurinic/apyrimidinic 

(AP) endonuclease may better explain its genotype variety and its efficient replication 

success (Redrejo-Rodríguez, Ishchenko, Saparbaev, Salas & Salas, 2009). 

After internalization, the virus instantly initiates gene expression, using enzymes and factors 

packaged within the virion core, as reviewed by Dixon et al. (2012). Viral gene transcription 

does not require the host RNA polymerase activity since the virion contains a RNA 

polymerase and specific virus-encoded transcription factors (Baxter, Wilkinson, Turner & 

Dixon, 1996). ASFV genes present a strongly regulated, time-dependent expression, divided 

in four classes: early, immediate-early, intermediate and late expressing (Netherton & 

Wileman, 2013). It has been shown that even though early genes expression can continue 

throughout infection, immediate-early expressing genes are silenced before the onset of 

virus DNA replication (Almazán et al., 1992); while genes classified as intermediate 

expressing are detected from 4 to 6 hours postinfection (hpi), concurring with the maximum 

expression of early genes (Rodríguez & Salas, 2013). This programmed gene expression is 

similar to the cascade model described for a few Poxviruses, with some factors required for 

transcription are synthesised during the previous temporal stage (Traktman, 1996; Moss, 

2013). Yet, and curiously, the host translation machinery is still modified during ASFV 

infection (Castelló et al., 2009; Sánchez, Quintas, Nogal, Castelló & Revilla, 2013). 

The genome length variation between different ASFV isolates is most probably due to DNA 

sequences deletion/addition in regions located in the genome ends, and may explain the 

virulence and pathogenicity of these viral isolates (Dixon, Bristow, Wilkinson & Sumption, 

1990; Tulman & Rock, 2001; Chapman, Tcherepanov, Upton & Dixon, 2008; Michaud, 

Putative concatemeric 

forms of ASFV genome 
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Randriamparany & Albina, 2013). Until now, twenty-two different genotypes have been 

identified based on sequencing of the C-terminal end of VP72 (Bastos et al., 2003; Lubisi, 

Bastos, Dwarka & Vosloo, 2005; Michaud et al., 2013), which combined to other viral protein 

genomic sequencing are thought to be useful for molecular epidemiology studies and viral 

subgroups determination (Lubisi et al., 2005; Nix, Gallardo, Hutchings, Blanco & Dixon, 

2006; Gallardo et al., 2009; Chapman et al., 2011; Portugal et al., 2015). 

The complete genome sequences of several ASFV isolates have been determined and are 

available at GenBank2, with preliminary annotations on the website www.virology.ca. These 

genomes are predicted to encode between 151 and 167 open reading frames (ORFs) which 

are read from both DNA strands across the length of the genome (Yáñez et al., 1995). The 

number of these ORFs has also been shown to depend on the virus isolate with only 109 

ORFs being conserved among the different viral isolates, and encoding for proteins either 

involved in virus replication, virus assembly or host immune response interference (Chapman 

et al., 2008; de Villiers et al., 2010). 

During the late phase of infection, the cellular microtubule network is required for the 

cytoplasmic viral factories maintenance that is organised in vimentin cages. These 

perinuclear viral factories resemble aggresomes, which are formed in response to misfolded 

proteins or even as antiviral defence (Wileman, 2007). Additionally, and following mature 

virus particles assembly, cellular microtubules also serve as transport interface from the viral 

factories to the cell surface, conveying the full infectious viral particles egress in a budding 

form (Jouvenet, Monaghan, Way & Wileman, 2004; Netherton et al., 2006). This budding 

process through the cellular plasma membrane capacitates virions to acquire an external 

membrane (Carrascosa et al., 1984; Valdeira, Bernardes, Cruz & Geraldes, 1998; Cuesta-

Geijo et al., 2012; Sánchez et al., 2012; Alonso et al., 2013). Lastly, the ASFV coating 

strongly supports the notion of host defence evasion by its infection, especially given the fact 

that ASFV infects swine monocyte-macrophage lineage cells (Rouiller, Brookes, Hyatt, 

Windsor & Wileman, 1998), and also because of the viral proteins that can be found in the 

cellular membrane (Camacho & Viñuela, 1991). Moreover, recent work showed that 

endoplasmic reticulum and an intact host cholesterol biosynthesis are required for an 

effective virus morphogenesis and early cytoskeleton modulation (Quetglas et al., 2012). 

As previously mentioned, ASFV primarily infects cells belonging to the monocyte-

macrophage lineage, after endosomal internalization (Figure 3), thus promoting the easy 

access to host factors (Hernaez & Alonso, 2010; Alonso et al., 2013), and subversion of 

factors that allow the viral infection (Gómez del Moral et al., 1999), particularly through a tight 

regulation of cellular apoptosis (Revilla et al., 1997; Nogal et al., 2001; Granja et al., 2004; 

Hernáez et al., 2004; Hurtado et al., 2004). 

                                                
2
 GenBank: http://www.ncbi.nlm.nih.gov/genbank (10.06.2015). 
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Figure 3 – Recent proposed model for virus entry and egress 
Adapted from Alonso et al. (2013). 

 

Still, in later phases of infection in host animals, ASFV is also recognized to replicate in other 

cell types, like endothelial cells, though efficient replication in mononuclear-phagocytic cells 

appears the most crucial factor for pathogenesis in domestic swine (Basta, Gerber, Schaub, 

Summerfield & McCullough, 2010; Blome, Gabriel & Beer, 2013; Galindo-Cardiel et al., 2013; 

Gómez-Villamandos, Bautista, Sánchez-Cordón & Carrasco, 2013). The mediated cytokine 

expressions of the immune response are subverted, varying with the specific viral isolate 

(Martins & Leitão, 1994; Gil et al., 2003; Portugal, Leitão & Martins, 2009), along with the 

inhibition of Toll-like receptors by ASFV genes expression (de Oliveira et al., 2011; Correia, 

Ventura & Parkhouse, 2013). 

 

1.2. ASFV and hosts/vectors interactions 

ASFV is transmitted by direct contact among pigs, pig meat and other contaminated 

materials (e.g. fomites spread by people and transportation), entering the body via the tonsils 

or dorsal pharyngeal mucosa, heading to the mandibular or retropharyngeal lymph nodes, 

from where the virus spreads through viraemia (Sánchez-Vizcaíno et al., 2009). 

The virus can also be transmitted by soft ticks, Ornithodorus moubata complex – prevalent in 

Africa and Ornithodorus erraticus (present in the Iberian Peninsula) where it can persist for 

long periods of time (Basto et al., 2006; Sánchez-Vizcaíno et al., 2009; Boinas, Wilson, 

Hutchings, Martins & Dixon, 2011). These ticks play an important role in the transmission of 

the disease by feeding on wild suids, therefore acting as vectors in the sylvatic cycle (Jori & 

Bastos, 2009; Sánchez-Vizcaíno et al., 2009; Burrage, 2013). In addition, stable flies 

(Stomoxys spp.) have also been identified as mechanical vectors, maintaining ASFV for at 
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least 48 hours (Mellor, Kitching & Wilkinson, 1987), reflecting the possibility of other 

insects/blood-sucking ectoparasites to play a role in ASFV transmission. 

Foremost importantly, both the African bush pig (Potamochoerus porcus) and the warthog 

(Phacochoerus aethiopicus) are considered to be natural vertebrate reservoirs of ASFV 

(Costard, Mur, Lubroth, Sanchez-Vizcaino & Pfeiffer, 2013) since the viraemia persists in 

these hosts, even asymptomatically, for months or years, reflecting the long-term host-

pathogen co-evolution, corroborated by the existence of many ASFV genes that evolved to 

escape the full host immune response presenting its infection as non-pathogenic (Sánchez-

Vizcaíno et al., 2009). 

In contrast, the acute disease in domestic pigs is characterized by massive apoptosis of 

lymphocytes and an haemorrhagic pathology with extensive vascular damage, probably due 

to molecules released from the infected macrophages, although infected endothelial cells 

may contribute to the pathogenesis (Oura, Powell & Parkhouse, 1998; Blome et al., 

2013).The extent of lymphocyte apoptosis correlates with the level of ASFV replication and 

with the virulence of the isolate (Portugal et al., 2009; Galindo-Cardiel et al., 2013). 

Alarmingly, recent studies have also demonstrated the presence of viral particles in the air of 

infected swine pens, and that the virus can survive outside the host and exposed to 

environmental conditions for a few days (Ferreira, 2013). 

 

1.2.1.  Modulation of host defence response 

Large DNA viruses encode many proteins involved in the evasion of host immune responses 

(Iyer et al., 2006). As ASFV replicates in monocyte-derived macrophages (MDMs) it 

interferes with both the initial innate and later acquired immune responses by modulating 

macrophage immunoregulatory proteins and, lastly, the macrophage functions (Martins, 

Scholl, Mebus, Fisch & Lawman, 1987). Indeed, one of the major strategies used by ASFV, 

is the manipulation of different cellular signalling pathways that leads to the regulation of 

cytokines transcription (Dixon et al., 2004; Correia et al., 2013), or to the inhibition of 

apoptosis (Revilla et al., 1997; Nogal et al., 2001). One of the first evasion molecules 

described in ASFV was the A238L protein (Powell, Dixon, & Parkhouse, 1996), which 

displays dual functions by inhibiting both NFкB and TNFα activities (Gil et al., 2003; Le 

Negrate, 2012; Sánchez et al., 2012). 

 

1.3. African swine fever – nosological entity and history 

African swine fever (ASF) is mostly considered an acute, highly contagious and majorly fatal 

disease of domestic swine (Sus scrofa). First described by Montgomery, as an ignored 

pathological identity of swine in Kenya (Montgomery, 1921), the disease is responsible for a 

variety of clinical signs ranging from the widespread haemorrhages with the involvement of 
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the lymph-reticuloendothelial cells (typical acute form ranging 100% mortal cases within 6 to 

13 days postinfection), to the loss of physical condition and respiratory disorders in sub-acute 

forms. Surviving animals chronically present emaciation, stunted growth and necrotic lesions 

and are virus carriers for periods of at least 6 months, presenting elevated morbidity rates 

(Sánchez-Vizcaíno et al., 2009). Utmost importantly, infection caused by highly virulent 

isolates is characterized by few or non-detectable antibodies, resulting in the absence of a 

neutralizing immune response, which has ultimately stalled the development of a 

conventional vaccine. 

Since it was first reported, ASF remained confined to Africa until it was introduced in Portugal 

in 1957, causing a hyper acute form of disease with a 100% mortality rate. Despite the 

prompt eradication, a new outbreak succeeded in 1960, spreading into Spain. In this case, 

the epidemic range supported the endemicity status to the Iberian Peninsula until mid-1990s. 

Several ASF outbreaks were also reported in other European countries until the 1990s, and 

although all the involved countries managed to eradicate the disease, the Italian island of 

Sardinia maintains its status of endemicity since 1982 (Mannelli et al., 1997; Mur, Martínez-

López & Sánchez-Vizcaíno, 2012; Costard et al., 2013). Although other parts of the globe 

have been previously affected, the 2007 outbreak in Georgia (Rowlands et al., 2008) has 

gained threatening proportions, reminding the precarious free-disease state reality (reviewed 

in Sánchez-Vizcaíno, Mur, Gomez-Villamandos & Carrasco, 2015). The later ASFV isolate to 

be introduced has been found to be related to Eastern Africa isolates, and has spread to 

other countries of the Transcaucasian region and the Russian Federation (Gogin, 

Gerasimov, Malogolovkin & Kolbasov, 2013; Oganesyan et al., 2013; Malogolovkin et al., 

2015; Sánchez-Vizcaíno et al., 2015). In 2015, several outbreaks were declared in Estonia, 

Latvia, Lithuania and Poland (Sánchez-Vizcaíno et al., 2015), and are believed to be 

disseminated through the “sylvatic cycle” by European wild boars, as previously 

characterized (Costard et al., 2013). 

ASF infection outcome depends on the virus isolate virulence, host susceptibility, presence 

of tick vectors, and the probable interaction amongst host suids and vectors. Therefore, three 

main cycles or epidemiological scenarios can be distinguished in general: the “sylvatic cycle”, 

the “intermediate enzootic cycle”, and the “domestic cycle” (Sánchez-Vizcaíno et al., 2009). 

 

1.3.1. Legal trade implications, control strategies, diagnosis and epidemiology 

African swine fever (ASF) can be accounted for extensive financial hazards to the pig 

industry with severe sanitary and socio-economic consequences, since the absence of a 

vaccine or an effective treatment makes it an expensive disease to eradicate (Sánchez-

Vizcaíno et al., 2009). Its control is based on rapid laboratory diagnosis and the enforcement 

of strict hygio-sanitary measures with preventive culling of all infected and susceptible 

animals, movement restrictions and notification (FAO, 2000; Wieland, Dhollander, Salman & 
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Koenen, 2011; OIE, 2012; EFSA, 2014). These facts allied to an increasing global travelling 

and the international economic scenario compelled OIE - World Animal Health Organization, 

to list ASF as an obligatory notifiable disease (Sánchez-Vizcaíno et al., 2009; Sánchez-

Vizcaíno, Mur & Martínez-López, 2013; Costard et al., 2013). 

To further complicate this hazardous transmissible disease, its field diagnosis still reflects 

difficulties due to the pathogenesis similarity to other swine diseases and also for the varied 

array of signs caused by different isolates. All this aggravated by the necessity to transport 

infectious samples to certified labs posing additional threat for the disease spreading if 

proper care is not taken (Costard et al., 2009; Ferreira, 2013). Earlier, it would take weeks to 

check the outbreak disease status since most of the official reference laboratories are mostly 

distant and very difficult to access, especially in sub-Saharan countries, thus hampering the 

critical sanitary decisions to restrain the outbreak spread (FAO, 2000; Sánchez-Vizcaíno et 

al., 2009; de León, Bustos & Carrascosa, 2013). Fortunately, local Animal Health 

Services/Veterinary authorities have grown aware and have diagnostic tools that provide an 

accurate risk assessment and institute effective control measures (Mur et al., 2013), as other 

rapid diagnostic techniques are continuing to be developed (Oura, Edwards & Batten, 2013). 

Nowadays, virus genotyping greatly contributes to identify the origin, monitor sources and 

risks and, better manage the outbreaks spread, adding to an enhanced surveillance capacity 

of pig health in buffer areas (e.g. swine farming, airport surroundings). Additionally, the 

molecular classification is currently being used for epidemiological studies and prediction 

models, assessing spreading possibilities as: serological survey of adjacent zones, wild suids 

and tick involvement, sentinel animals to be used for ASFV detection, and control 

confirmation in outbreak areas (Costard et al., 2009, 2013; de Villiers et al., 2010; Mur, 

Martínez-López & Sánchez-Vizcaíno, 2012; Mur et al., 2013; Sánchez-Vizcaíno & Arias, 

2012; Sánchez-Vizcaíno, Mur & Martínez-López, 2012; Sánchez-Vizcaíno et al., 2013; 

Oganesyan et al., 2013), and further contributing for the virus classification (Michaud et al., 

2013). 

The devastating impact of ASF on both, epidemic and endemic areas is well known, 

accounting for major economic losses, mainly due of costs for eradication and surveillance, 

but also because the latter effects on pork production and trade restrictions. These total 

costs are most apparent in countries with industrialized pig production; although the impact 

inflicted on poorer pig producers (especially in developing countries) can often be the reason 

why animal production cannot re-start, denying a better subsistence and lifestyles (Costard 

et al., 2009). 

Importing activities of either pig products or live suids are considered as the major source for 

disease introduction, especially the illegal imports and associated transit (Mur et al., 2012; 

Costard et al., 2013). Considering that European free borders and easy transportation are 

critical in the introduction and spreading of this disease to all the community countries, for all 
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this should be properly appraised by the previously developed risk models, not forgetting the 

fact that competent tick vectors do not exist in all regions, epidemiological investigations 

should also assess the abundance of soft ticks (Mur et al., 2012; Costard et al., 2013). 

Recent projects entail the development of deletion mutants where essential viral genes are to 

be deleted hence providing base for Defective Infectious Single-Cycle (DISC) viral particles 

and its possible use as vaccines. Under the threat posed by the outbreaks in Europe’s 

outskirts, research has been intensified, namely under the 7th Framework Programme of the 

EU. 

 

 Cellular mechanisms and DNA Integrity 2.

Since the early arguments on cell theory ‘Omnis cellula et cellula’ ("All cells [are] from cells") 

defended by Rudolf Virshow in 1958, notions about the genetic information integrity and 

maintenance have been addressed (Hakem, 2008; Schultz, 2008). At the same time, cellular 

stress has been defined as a variety of processes that are triggered by an acute or chronic 

shift from the usual cellular conditions and homeostasis to counteract the insult and repair 

the damage and, to eventually protect the cell or organism (Fulda, Gorman, Hori & Samali, 

2010). This definition indicates that there are many conditions that alter the cellular 

environment and activate a plethora of responses required for cell adaptation and recovery. It 

is known that mutations can interfere with the cell cycle and may cause severe disorders 

(e.g. metaplasia), whereas cellular surveillance mechanism are responsible for maintaining 

DNA integrity and repair or, ultimately, promoting an apoptotic fate of the injured cell (Ciccia 

& Elledge, 2010). 

A great number of factors can cause DNA damage in cells, as ionizing radiation, UV-light, 

oxidative stress (e.g. reactive oxygen species) and alkylating substances, thus leading to 

different forms of genomic injuries (Stokes & Comb, 2011). As previously described, UV-light 

can induce pyrimidine dimers formation, whereas genotoxic substances as Doxorubicin can 

lead to histone eviction and inhibit DNA biosynthesis; and, ionizing radiation can lead to the 

formation of single and double-strand breaks (Sancar, Lindsey-Boltz, Unsal-Kaçmaz & Linn, 

2004; Jackson & Bartek, 2009). But not only external factors are responsible for DNA 

injuries, since cell-cycle replication stress can itself originate strand-breaks, base-pair 

mismatches and other DNA abnormalities (Andreassen, Ho & D’Andrea, 2006; Gasser & 

Raulet, 2006; Peng, Yamamoto, Goldberg & Maller, 2010). 

In order to detect and circumvent these various DNA damages, eukaryotic cells have 

developed numerous strategies that enable the recovery of genomic integrity or, in those 

cases beyond repair, the proceeding to programmed cell death (d’Adda Di Fagagna, 2008; 

Jackson & Bartek, 2009; Freeman & Monteiro, 2010). These are referred as DNA damage 

response (DDR) mechanisms. 
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2.1. DNA damage response (DDR) activation 

Cellular DDR mechanisms protect and preserve the integrity of the genome, comprising 

pathways which are activated in response to different forms of DNA damage and involve a 

number of proteins that participate in both DNA repair and cell cycle checkpoint, 

commanding progression or apoptosis (Hoeijmakers, 2001; Andreassen et al., 2006; Ciccia 

& Elledge, 2010). As for example, repair of double-strand DNA breaks (DSBs) starts with the 

activation of intricated cellular DDR downstream events, which includes the sensing of the 

DNA damage (DNA-damage binding proteins), subsequently amplifying and transmitting a 

damage signal to transducers (proximal/distal protein kinases), in order to generate a myriad 

of cellular responses (Figure 4). DDR pathways are ubiquitous, in some ways interlinked by 

sharing sensors, mediators or other related-factors, and the majority of the involved proteins 

being highly conserved from yeast to humans (Finn, Lowndes & Grenon, 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 – Overview model of the cellular DNA damage and consequences over cellular processes. 
A possible viral-induced DDR activation represented at the right. Adapted from Jackson & Bartek 
(2009). 

 

Single-strand breaks (SSBs) are differently tackled from DSBs, because cells are set to 

respond differently to these events during cell-cycle stages. For instance, in replicating cells, 

sensed DSBs trigger a slower cycle progression through “cell-cycle checkpoints”, most 

probably ensuring the DNA repair before DNA polymerase proceeds (Finn et al., 2011; Polo 

& Jackson, 2011). For this reason, the most dangerous DNA damages for the cell are DSBs. 

Due to the linear nature of eukaryotic chromosomes unrepaired DSBs that can lead to partial 

aneuploidy (by losing big parts of chromosomes), cell death often occurs, while misrejoined 
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DSBs can lead to potentially carcinogenic chromosome rearrangements (Wyman & Kanaar, 

2006; Hanahan & Weinberg, 2011). 

Such sensing-repair mechanisms are highly selective and present an immediate onset, 

specifically targeting DNA damages. If the DNA break cannot be repaired or the extent of the 

damage is too great, DDR signals promote cellular senescence or apoptosis. The 

downstream responses of the DDR cannot occur without the activation of damage sensors, 

which enhances the importance of these proteins for a robust DDR (Harper & Elledge, 2007; 

Freeman & Monteiro, 2010). 

 

2.2. Homologous Recombination vs. Non-Homologous End Joining 

In general most of the DNA damages can be repaired very efficiently, and about the 

molecular level of DSBs repair much is already known (reviewed in Polo & Jackson, 2011). 

DSBs repair is mostly carried out by two main pathways: Homologous Recombination and 

Non-Homologous End Joining mechanisms – Figure 5. The relative contribution of these 

mechanisms is cell-cycle regulated (reviewed in Branzei & Foiani, 2008; Ciccia & Elledge, 

2010), and preferentially used upon different DNA injuries, appearing to be a critical factor in 

order to maintain genomic integrity (reviewed in Freeman & Monteiro, 2010; Sirbu & Cortez, 

2013). 

 

 

 

 

 

Figure 5 - Schematic illustration showing 
DNA lesion sensing, further stimulation of 
the signalling cascade. 
Hence activating transducers and 
effectors, the later are responsible to 
trigger cell cycle checkpoints. This 
cascade of events insures time for DNA 
repair, either by coordinating cellular 
activities to repair DNA by Homologous 
recombination (HR) or Non-homologous 
end-joining (NHEJ), adapted from 
Mullenders, Atkinson, Paretzke, Sabatier, 
& Bouffler (2009). 

 

Homologous Recombination (HR) is an error proof mechanism that uses a sister chromatid 

as a repairing template to achieve very faithful restoring events. Due to this unique feature, it 

is the predominant process of DSBs repair during the S and G2 phases of the cell cycle 

(Bartek, Lukas, & Lukas, 2004; Stiff, Cerosaletti, Concannon, O’Driscoll, & Jeggo, 2008; 

Willis & Rhind, 2009). This mechanism requires the initial enrolment of Mre11-Rad50-Nbs1 

proteins (MRN) complex and is carried out by the Rad family members of DNA repair 
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proteins (Carson et al., 2003). Also importantly, HR-dependent DSBs repair require the 

processing of the present dsDNA ends, creating extended 3’ ssDNA tails (further coated with 

Replication Protein A - RPA) and trimming the 5’ ends of the DSBs (Andreassen et al., 2006; 

Flynn & Zou, 2011; Liu et al., 2012). 

The serine-threonine kinases Ataxia telangiectasia mutated (ATM), Ataxia telangiectasia 

mutated and Rad3-related (ATR), and DNA protein kinase catalytic subunit (DNA-PKcs) are 

differentially activated in response to distinct types of damage (reviewed in Yang, Yu, 

Hamrick & P.J., 2003; Falck, Coates & Jackson, 2005; Tomimatsu, Mukherjee & Burma, 

2009; Liu et al., 2012). These proteins are members of the phosphatidylinositide 3-kinase 

(PI3Ks) family, as reviewed by Abraham (2001) and Yang et al. (2004), and relay the 

message of the damaged DNA by phosphorylating downstream effectors at serine or 

threonine residues that are followed by a glutamine - SQ/TQ motifs (reviewed in Freeman & 

Monteiro, 2010). These PI3Ks enzymes share downstream phosphorylation targets, eliciting 

some redundancy and compensation during DNA damage signalling. Recently, some groups 

have reported large-scale screens to identify previously unknown ATM and ATR targets upon 

DNA damage (Smolka, Albuquerque, Chen & Zhou, 2007; Chen, Albuquerque, Liang, 

Suhandynata & Zhou, 2010), since both pathways are the major HR repair mechanisms. 

Individually, ATM and ATR pathways lead to cell cycle arrest mediated through the 

phosphorylation of the Chk2 and Chk1 kinases, respectively (Reinhardt & Yaffe, 2009), 

which mark the damage sites for further recruitment of proteins, cooperating with the 

phosphorylation signal of histone ɣH2AX variant (Dickey et al., 2009; Fragkos, Jurvansuu & 

Beard, 2009; Yuan, Adamski & Chen, 2010). Interestingly, ATM and ATR pathways can also 

activate each other, and functionally overlap, resulting in an extended response of dual 

kinase activation allowing more time for repair, as reviewed by Maréchal & Zou (2013). As for 

example, after replication stress, the active ATR kinase activity can lead to ATM activation by 

inducing ATM phosphorylation (Ser 1981), which is also the site of ATM auto-

phosphorylation (Dodson, Shi, & Tibbetts, 2004; So, Davis, & Chen, 2009). 

By contrast, the Non-homologous end-joining (NHEJ) is considered an error-prone DNA 

repair process, since it performs the gap filling without homologous regions whilst 

overlapping single stranded DNA are removed at the extremity of the breaks and the 

resulting blunt DNA ends are just fused together. DNA-PK is a protein complex which 

interacts with Ku70 and Ku80 protein subunits, and that recognizes DNA breaks, later on 

recruiting and binding the catalytic subunit DNA-PKcs, forming the DNA-PK holoenzyme 

complex, which in turn recruits DNA ligase finalizing the NHEJ repair (reviewed in d’Adda Di 

Fagagna, 2008; Ciccia & Elledge, 2010; Lieber, 2010; Wang & Lees-Miller, 2013). NHEJ is 

the major pathway for repairing non-replication-associated breaks and occurs predominantly 

in G1 phase of the cell cycle (Sancar et al., 2004; FitzGerald et al., 2011). Critically, at sites 
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of multiple DSBs this can lead to misrejoined DSBs and thus to chromosome translocations 

(Jackson & Bartek, 2009). 

 

2.3. Sentinel factors – H2AX, RPA32 and p53 

2.3.1. Histone H2A.X variant (H2AX) 

Phosphorylation of the cellular H2AX is one of the earliest events of the activated DNA 

damage cascade and is crucial for the efficient recruitment of DNA damage signalling and 

repair proteins to the sites of damage (Dickey et al., 2009; Fragkos et al., 2009; Solier, 

Sordet, Kohn & Pommier, 2009). The main role of H2AX phosphorylation is to mediate 

successful DNA repair, as reviewed by Yuan et al. (2010). 

Upon recognition of DNA damage by the cell, H2AX is phosphorylated on its extended C-

terminal tail over a distance of one to two megabases surrounding the DNA break by the 

phosphatidylinositol 3-kinase-related kinases ATM, ATR, or DNA-PK (Tomimatsu et al., 

2009; Ward, Minn, Jorda & Chen, 2003; J Yang et al., 2003; Jun Yang et al., 2004). In 

damaged cells, phosphorylated H2AX can be visualized within the cell nucleus as distinct 

foci, termed ɣH2AX foci which appear prior to the generation of foci containing damage repair 

molecules such as the MRN and RPA complexes (Olson, Nievera, Lee, Chen, & Wu, 2007; 

Freeman & Monteiro, 2010; Liu et al., 2012). 

The histone H2AX has been conserved throughout evolution as a separate species from the 

rest of the H2A histones (Macadangdang et al., 2014). In contrast to the majority of cellular 

histones, H2AX synthesis can be upregulated in response to DNA damage and sensitize 

cells to undergo apoptosis (Liu, Parry, Chin, Duensing & Duensing, 2008; Gagou, Zuazua-

Villar & Meuth, 2010). 

Incubation of cells with drugs that inhibit DNA replication (e.g. Hydroxyurea), generates 

multiple stalled replication forks, while H2AX synthesis is not inhibited instead leading to an 

accumulation of soluble H2AX within the cell, causing chromatin aggregation which leads to 

the increase of cellular apoptosis (Campos & Reinberg, 2009; Solier et al., 2009; Kobayashi, 

Kato, Ota, Ohba & Komatsu, 2010). In contrast, apoptotic mechanisms are not increased 

upon over-expression of H2AX in cells (Liu et al., 2008), since many studies have 

demonstrated that ɣH2AX acts as a scaffolding protein to which a number of DNA repair 

factors can dock to facilitate repair of the damaged DNA (Ward et al., 2003; Solier et al., 

2009; Boichuk, Hu, Makielski, Pandolfi & Gjoerup, 2011; Polo & Jackson, 2011). Although 

initially thought to be associated only with double-stranded DNA breaks, ɣH2AX foci have 

been shown to be enriched for proteins involved in both Homologous recombination 

pathways and also Non-homologous end joining, such as NBS1, RPA32 and p53 (reviewed 

in d’Adda Di Fagagna, 2008; Soutoglou, 2008; Jackson & Bartek, 2009; Freeman & 

Monteiro, 2010; Polo & Jackson, 2011). Overall, it appears that histone H2AX may have 
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multiple functions in maintaining genomic stability involving both DNA damage responses 

and/or the induction of cell death (Fragkos et al., 2009; Yuan et al., 2010). 

 

2.3.2. Replication protein A (RPA) 

RPA is a key component of cellular DNA metabolism comprising DNA replication, 

recombination, and repair as well as DDR signalling. It is closely involved in replication 

during S phase, in HR-based repair mechanisms during both S and G2 phases and in 

checkpoint signalling (Borgstahl et al., 2014). It is composed of an heterotrimeric complex 

consisting in 70 kDa, 32 kDa, and 14 kDa subunits, being the single-stranded DNA (ssDNA) 

binding protein required for multiple aspects of DNA metabolism. Actually, RPA is involved in 

initiating and elongating DNA replication, and in the binding of ssDNA structures that arise as 

a result of DNA repair, including the nucleotide excision, the base excision, and the double-

stranded breaks (DSBs) repair mechanisms, as reviewed by Zou, Liu, Wu, & Shell (2006). 

RPA-bound ssDNA has been shown to be necessary for ATR activation and for the 

localization of various DNA damage sites (Zou & Elledge, 2003; Olson et al., 2007; Flynn & 

Zou, 2011; Liu et al., 2012). 

The latest studies reveal that RPA exhaustion leads to augmented fork breakage in 

replication sites, while the excess of RPA molecules delays fork breakages, even without 

functional loads of ATR. These evidences could explain that when all RPA becomes 

sequestered, every active replicon generates unprotected ssDNA, which is rapidly converted 

to DSBs, ultimately resulting in ATR incapacity to restore all firing points (Toledo et al., 

2013). 

As a component of the conserved repair mechanisms, RPA also interacts with the 

promyelocytic leukaemia (PML) protein, providing a functional connection between the 

homologous recombination-mediated repair machinery and PML subnuclear domains, which 

usually colocalize with the RPA foci (Boichuk et al., 2011). 

 

2.3.3. Tumour suppressor p53 

The tumour suppressor p53 is a central protein in mammalian cell stress response. Due to its 

ability to integrate many different signals controlling cell life and death, p53 has been named 

the “guardian of the genome” and plays a crucial role in maintaining genomic stability in 

somatic cells (reviewed in Levine & Oren, 2009; Vousden & Prives, 2009). Under normal 

physiological conditions p53 remains inactive and unstable, but is rapidly stabilized and 

activated by upstream kinases in response to genotoxic and oncogenic stresses, leading to 

cell cycle arrest, apoptosis or senescence (Chao et al., 2000; Aparicio & Eaves, 2009; Zhao 

& Xu, 2010). These functions of p53 can protect the genome from accumulating genetic 

mutations, by allowing the time for faithful repair of DNA damage or by eliminating cells with 

excessive DNA damage (Maclaine & Hupp, 2009). This protein functions mainly as a DNA-
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binding, sequence-specific transcription factor that activates the expression of multiple genes 

which in turn mediate p53 functions in cell cycle regulation (reviewed in Bannister & 

Kouzarides, 2005; Jackson & Bartek, 2009; Kondo, 2009; Pal et al., 2010; Hanahan & 

Weinberg, 2011; Palomera-Sanchez & Zurita, 2011). 

Upon DNA damage, p53 is also known to be recruited to subnuclear domains, as reviewed 

by Hofmann & Will (2003), more specifically to promyelocytic leukaemia nuclear bodies 

(PML-NBs) where it is post-translationally modified and activated to perform pro-apoptotic 

functions (Guo et al., 2000; De Stanchina et al., 2004). 

 

 Ataxia Telangiectasia Mutated and Rad3-related (ATR) 3.

The ATR pathway can be activated in response to a wide range of exogenous and 

endogenous stresses, the latter characterized as possible base or nucleotide excision, 

double-strand DNA breaks (DSBs), or single-strand DNA breaks, although the major 

functions appear to be responding to DNA damage and replication stress, particularly 

stabilizing stalled replication forks, either promoting their restart in order to prevent the 

generation of DSBs or activating checkpoints that hamper the entry into mitosis in the 

presence of unreplicated DNA (Smits, Warmerdam, Martin, & Freire, 2010; Nam & Cortez, 

2011; Toledo et al., 2013; Mazouzi, Velimezi, & Loizou, 2014). DNA damage caused by 

stalled replication forks is characterized by long stretches of ssDNA and ssDNA/dsDNA 

junctions occurring due replication stress, and have emerged as potent ATR activators as 

reviewed by Zou (2007); Cimprich & Cortez (2008) and Jones & Petermann (2012). 

It is established that ATR activation majorly occurs with the recognition of RPA-coated 

ssDNA molecules (reviewed in Andreassen et al., 2006; Flynn & Zou, 2011), also requiring 

the association with the ATR-interacting protein (ATRIP), that is bound to ssDNA via 

interaction  

to RPA (Xu & Leffak, 2010; L. Zou & Elledge, 2003) and p53-binding protein (53BP1) 

(Martínez, Flores & Blasco, 2012). ATR pathway is also activated by the phosphorylation of 

its homologous enzyme (ATR) and also by the phosphorylation of its substrates, like 

checkpoint kinase 1 (Chk1) and the 32 kDa RPA subunit (RPA32) (Liu et al., 2000; Casper, 

Nghiem, Arlt & Glover, 2002; Durkin, Arlt, Howlett & Glover, 2006; Rodriguez & Meuth, 2006; 

Mordes & Cortez, 2008; Rozenzhak et al., 2010; Smits et al., 2010). 

Mutations in ATR are rare, as complete loss of its function is embryonic lethal as both ATR 

and ChK1 are essential for mammalian cells development (Brown & Baltimore, 2000; 

Nghiem, Park, Kim, Vaziri & Schreiber, 2001; Nghiem, Park, Kim Ys, Desai & Schreiber, 

2002). In their absence, stalled forks persist while additional replication origins are fired, 

leading to dNTP pools exhaustion and a consecutive accumulation of non-progressive forks. 

Whenever ssDNA amount exceeds RPA availability, replication forks collapse thus inducing 

the generation of DNA DSBs (Toledo et al., 2013). However, ATR functions have been 
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studied in ATR kinase-dead human cell lines (Nghiem et al., 2001), derived from patients 

with Seckel syndrome, an hypomorphic mutation, originating a splicing defect in ATR mRNA 

transduced into lower protein levels (reviewed in O’Driscoll, Gennery, Seidel, Concannon & 

Jeggo, 2004), and also cells with conditional disruption of ATR (Brown & Baltimore, 2003). 

These and other systems reveal the importance of ATR within normal DNA replication, and in 

G1/S and G2/M checkpoints. Without ATR expression cells accumulate damage during S 

phase that likely contribute to lethal genomic instability (Shechter, Costanzo & Gautier, 

2004). Intriguingly, recent reports suggest that ATM and ATR activate each other in 

mammalian cells, and do not simply exist as parallel pathways (Shengqin Liu et al., 2012; 

Shizhou Liu et al., 2011; Smits et al., 2010; L. Zou & Elledge, 2003; Y. Zou et al., 2006). For 

example, ATR activation occurs in S or G2 phase cells in response to DSBs, and requires 

ATM and DNA processing (Jazayeri et al., 2006). Another study suggests that ATR mediates 

ATM activation in response to UV and Hydroxyurea insults, as reviewed by Stiff et al. (2006) 

and Stokes & Comb (2011). 

 

3.1. Inhibitors and pharmacological interference of the ATR pathway 

Accumulating evidences suggest that targeting ATR can selectively sensitize mutated/cancer 

cells but not normal cells to DNA damage. Furthermore, in hypoxic conditions, ATR blockage 

results in overloading replication stress and DNA damage response causing cell death 

(d’Adda Di Fagagna, 2008). Despite the attractiveness of ATR inhibition in the treatment of 

cancer, specific ATR inhibitors have remained elusive. In the last two years however, 

selective ATR inhibitors suitable for in vitro and, most recently, in vivo studies have been 

identified, as reviewed by Fokas et al. (2014), and summarized in Figure 6. 

 

 

Figure 6 – Schematic representation of specific ATR inhibition resulting in the death of cancer cells. 
The use of caffeine and wortmannin, at specific concentrations can inhibit ATR-dependent 
mechanisms. Adapted from Fokas et al (2014). 
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The potential of ATR inhibition to enhance the efficacy of radiation and chemotherapy can 

also be derived from the inhibition of ChK1 kinase (with staurosporine analogues), although 

these inhibitors also affect other related kinases (e.g. ChK2, protein kinase C) (Fokas et al., 

2014). The careful use of caffeine has been described to overcome chemoresistance in 

abnormal cells, inhibiting checkpoints thus preventing tumour cell to grow and multiply 

(Cortez, 2003; Lu et al., 2008). Also, specific concentrations of wortmannin are held 

responsible for sensitizing cells when used prior to radiation (Tomimatsu et al., 2009). These 

inhibitory components have also been used in the study of several viral infections which 

usurp the same vital pathway, providing valuable insights of the functional role of this host 

mechanism for the infection success and possible applicability in future antiviral treatments 

(Choudhuri, Verma, Lan, Murakami & Robertson, 2007; Adeyemi & Pintel, 2014; Tsang, 

Wang, Li, Buck & You, 2014; Justice, Verhalen & Jiang, 2015). 

 

 Viruses and host cell DDR 4.

Viruses are microscopic infectious agents that can only replicate inside cells of host 

organisms, from plants and animals to other microorganisms, and are thought to be the most 

abundant type of biological entity (Koonin, 2009; Lawrence et al., 2009). As a consequence 

of many years of co-evolution with their hosts, an intimate relationship with intracellular 

processes and usurp of various host pathways, enabled the development of both viral genes 

and viral strategies to ultimately manipulate and/or evade host cell biology and immune 

responses. All this to reach the aim of a successful replication, assembly and transmission to 

new susceptible hosts, not so rarely causing host cells destruction, an aspect that accounts 

for the fact that some viruses are agents of disease, as reviewed by Madigan, Martinko, 

Dunlap & Clark (2008). 

The small size, compact genome, and relative simplicity of viruses make them ideal to model 

cellular processes. Many viruses use the host cell nucleus as a site for viral DNA replication, 

exposing their genomes to the damage repair machinery. In parallel, recognition of viral 

genomes by DDR proteins is demonstrated by the recruitment of DDR proteins to viral 

replication sites by immunofluorescence analysis. DDR proteins reported to be at sites of 

viral replication of many wildtype and mutant viruses include the MRN complex, NHEJ 

machinery, ATM and ATR kinases – Figure 7 (Weitzman, Carson, Schwartz & Lilley, 2004; 

Weitzman, Lilley & Chaurushiya, 2010; Lilley, Schwartz & Weitzman, 2007; Jackson & 

Bartek, 2009; Lilley & Weitzman, 2010; Li & Hayward, 2011). 

Viruses respond to the DDR in multiple ways: they can hijack the DDR to benefit their 

lifecycle or inactivate/down-regulate key DDR components to prevent their lifecycle inhibition 

(reviewed in Turnell & Grand, 2012; Luftig, 2014). 
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Figure 7 – Schematic representation of DNA damage response activation upon virus replication and 
specific viral proteins interaction. 
The viruses listed on the bottom of each DDR pathway are those in which the pathway was reported 
to be activated either upon sensing the genome or during replication. The appointed individual viral 
proteins have also shown to activate the specific DDR factors. In yellow, viral DNA replication centres 
are identified, adjacent to activated ATM and ATR that most likely serve as depots for homologous 
recombination and repair factors thus facilitating virus replication, adapted from Luftig (2014). 

 

However, it is emerging that most DNA viruses inactivate specific parts of DDR pathways, 

allowing the recruitment of other pathways that are beneficial or inconsequential to the virus 

lifecycle (Table 1) and reviewed by Weitzman et al. (2010); Li & Hayward (2011) and Nikitin 

& Luftig (2012). 

Well studied examples are Herpes Simplex 1 - HSV1 (Shirata et al., 2005), and Epstein-Barr 

Virus - EBV (Kudoh et al., 2005, 2009), that have been shown to utilize the MRN complex to 

promote a productive infection. HSV1, a large DNA virus, uses ATM-mediated DDR 

activation to promote viral production; cells defective for ATM pathway components as MRN 

complex or even ATM have reduced HSV1 replication. Even though ATR signalling is 

disabled, ATR kinase is redistributed into HSV1 replication centres (Wilkinson & Weller, 

2005; Mohni, Livingston, Cortez & Weller, 2010; Weller, 2010), while failure to elicit a proper 

response upon viral infection may limit a productive infection, hence allowing HSV1 to go into 

its latent state in neurons (Lilley, Carson, Muotri, Gage & Weitzman, 2005). 
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Table 1 - DDR mechanisms activated/inhibited by different viruses 

 

 

 

 

 

 

 

 

 

In contrast, EBV and Adenovirus infections revealed to mislocalize the MRN complex in 

order to continue a successful infection (Carson et al., 2009; Schwartz, Carson, Schuberth & 

Weitzman, 2009). EBV, a member of the herpes virus family, is maintained as a latent 

episome in B lymphocytes (Nikitin et al., 2010), requiring the MRN complex for this stable 

maintenance (Dheekollu, Deng, Wiedmer, Weitzman & Lieberman, 2007), as the recruitment 

of other repair factors possibly to aid viral replication during lytic infection (Choudhuri et al., 

2007; Kudoh et al., 2009). Both EBV and Adenovirus induce a widespread sensor signalling 

and subvert all DSBs repair mechanisms (Mathew, 2007; Collaco, Bevington, Bhrigu, 

Kalman-Maltese & Trempe, 2009; Nichols, Schaack & Ornelles, 2009; Schwartz et al., 2009; 

Li & Hayward, 2011; Nikitin & Luftig, 2011). Additionally, this interaction provides a useful 

strategy for virus infection by pushing cells into S phase, thereby allowing the virus to utilize 

host factors for its DNA synthesis (reviewed in McFadden & Luftig, 2013). Apoptosis, or 

programmed cell death, is another cellular function that is targeted by viruses (Iyer, Balaji, 

Koonin & Aravind, 2006; Li & Hayward, 2011). The presence of viral genomic material in the 

nucleus may appear as genomic damage to the host cell, thereby activating apoptotic 

pathways, as reviewed by Jackson & Bartek (2009). 

Curiously, the tumour suppressor protein - p53, involved in promoting cell growth arrest, 

senescence and apoptosis (reviewed in Zuckerman, Wolyniec, Sionov, Haupt & Haupt, 2009; 

Zhao & Xu, 2010), is often inactivated or degraded by many viruses (e.g. Adenovirus, Simian 

virus 40 - SV40 and EBV) aiding their infection progression by preventing cell death, which 

would halt virus replication (reviewed in Lilley, Chaurushiya & Weitzman, 2010; Turnell & 

Grand, 2012). Noteworthy, oncogenic viruses are well known to target important cellular 

signalling pathways through virus encoded proteins. There are many cellular pathways that 

regulate cell cycle, providing numerous opportunities for tumour viruses to manipulate them, 

thus promoting virus-mediated cancers. It is most possible that these particular viruses can 

Adapted from Lilley et al. (2007). 

African swine fever virus                                         Asfiviridae               DNA        ds,  linear                      ???                 ??? 
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hijack almost any cell-signalling pathway which is linked to the development of oncogenesis, 

as reviewed by McFadden & Luftig (2013). 

More research studies focusing on how viruses interact with host cells and the impact that 

these interactions have on cellular function, will not only reveal the characteristics of viral 

pathogenesis and gene expression, but also attain knowledge on cellular regulatory networks 

that control cell function (reviewed in Matthew D. Weitzman & Weitzman, 2014). 

 

 Cell nucleus 5.

The eukaryotic cell nucleus is a spherical-shaped organelle containing the genetic 

information and considered the control centre of the cell (reviewed in Lamond & Earnshaw, 

1998). Essential processes like DNA replication, repair, recombination and the initial steps of 

gene expression (transcription and RNA processing) take place in the nucleus while the final 

stage of gene expression (translation) takes place in the cytoplasm, as reviewed by Zhao, 

Bodnar & Spector (2009). Compared to other cell organelles, the nucleus is the most 

prominent one, with a diameter of approximately 5 μm (Cooper & Hausman, 2009). 

Furthermore, the most prominent difference between the cytoplasmic and nuclear structures 

of a eukaryotic cell is that cytoplasmic compartments are segregated by membranes, 

whereas their nuclear counterparts are not (reviewed in Carmo-Fonseca, 2002 and Dundr, 

2011, 2012). Yet, the nucleus is highly organized and contains several subdomains serving 

to concentrate specific factors and biological processes into restricted spaces thereby 

optimizing their performance and dynamics (reviewed in Dundr & Misteli, 2010 and Dundr, 

2011). 

 

5.1. Nuclear architecture 

A double-membrane structure called the nuclear envelope individualizes nucleus within the 

eukaryotic cell. The outer membrane of the nuclear envelope passes into the rough 

endoplasmic reticulum and is often coated with ribosomes. Inner and outer nuclear 

membranes meet at the nuclear pores enabling the shuttling of cellular compounds between 

cytoplasm and the nucleus (reviewed in Schneider & Grosschedl, 2007; Zuleger, Robson & 

Schirmer, 2011). The luminal side of the nuclear envelope consists to a big extent of the 

lamin A/C (Akhtar & Gasser, 2007), largely implicated in regulating nuclear functions and 

gene expression, as reviewed by Dechat, Adam, Taimen, Shimi & Goldman (2010); Mekhail 

& Moazed (2010) and Burke & Stewart (2013). Also nuclear pores have recently been 

reported in complex functions as enabling a transcriptionally permissive nuclear 

neighbourhood, in order to facilitate expression (Lanctôt, Cheutin, Cremer, Cavalli & Cremer, 

2007; Maharana, Sharma, Shi & Shivashankar, 2012). 
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Nuclear architecture is a complex model based on hierarchical levels, from chromatin to the 

bare DNA molecules, also attending to epigenetics. While chromatin occupies distinct 

regions, other areas are void of chromatin (interchromatin compartment), filled with different 

substructures as transcription and splicing factors (Lamond & Spector, 2003; Cioce & 

Lamond, 2005; Morris, 2008), DNA replication and repair machineries (Nagele et al., 1998; 

Kosak & Groudine, 2004; Cremer & Cremer, 2010; Zuleger et al., 2011), and other protein 

aggregates like promyelocytic leukaemia nuclear bodies (PML-NBs) (Lallemand-Breitenbach 

& de Thé, 2010), as basically represented in Figure 8. 

Nucleoli the most prominent subnuclear body, is the site of rRNA synthesis, rRNA 

processing, and ribosomal subunits assembly. Its organization is disrupted during 

chromosome condensation in mitosis, suffering a morphologically reorganization latter in 

telophase (Sirri, Urcuqui-Inchima, Roussel & Hernandez-Verdun, 2008; Dundr, 2012). 

Besides the high impact on functions at the molecular level, histone modifications are 

spatially organized in a higher order inside the nucleus, affecting distinct compartments on 

the global level of nuclear architecture and organization, as reviewed by Zinner et al. (2006); 

Kouzarides (2007); Meaburn & Misteli (2007); Bártová, Krejcí, Harnicarová, Galiová & 

Kozubek (2008); Campos & Reinberg (2009) and Black, Van Rechem & Whetstine (2012). 

 

 

 

 

 

 

 

Figure 8 - Schematic drawing 
focusing on the components 
within the eukaryotic cell 
nucleus. 
Apart from the nucleolus other 
nuclear bodies like nuclear 
speckles (blue), Cajal bodies 
(orange) and PML-NBs (red) 
can be found in the 
interchromatin space between 
the chromosome territories. 
The nuclear envelope and the 
lamina represent the outer 
barriers that encompass the 
inner components of the 
nucleus, adapted from Lanctôt 
et al. (2007). 
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5.2. Subnuclear domains 

Inside the eukaryotic nucleus numerous distinct non membrane-bound bodies have been 

identified including structures such as the nucleolus, promyelocytic leukaemia nuclear bodies 

(PML-NBs), nuclear speckles and Cajal bodies, among several others. The size and number 

of these nuclear bodies depend on the cell type, cell cycle stage and cellular demands. 

Although existing as separate nuclear entities, increasing evidences suggest that there are 

overlapping components and organizational properties between the different nuclear bodies 

(Zimber et al., 2004; Dundr & Misteli, 2010; Mao, Zhang & Spector, 2011; Dundr, 2012). 

 

5.2.1. Promyelocytic leukemia nuclear bodies (PML-NBs) 

The PML gene was initially identified by its involvement in the chromosome translocation 

event responsible for acute promyelocytic leukaemia (de Thé, Chomienne, Lanotte, Degos & 

Dejean, 1990; de Thé, Le Bras & Lallemand-Breitenbach, 2012; Zhong et al., 1999; 

Lallemand-Breitenbach & de Thé, 2010). And, a distinctive nuclear morphology and 

localisation (nuclear dots) has been attributed to this protein, variously known as ND10, PML 

oncogenic domains (PODs), Kremer bodies or PML nuclear bodies (PML-NBs). 

PML-NBs, designation preferred in this thesis, derive their name from the necessity of PML 

protein for these subnuclear domains formation hence being considered its nucleating factor 

(Ishov et al., 1999; Zhong et al., 1999; Brand, Lenser & Hemmerich, 2010). As such, many of 

the functions attributed to PML-NBs are often also attributed to PML protein (Li & Chen, 

2000; Bernardi, Papa & Pandolfi, 2008; Salomoni, Ferguson, Wyllie & Rich, 2008). PML is a 

RING-finger like protein that localizes in nucleus as small spherical structures that may be up 

to 1μm in diameter, and may number up to 30 bodies within a single nucleus (Bernardi & 

Pandolfi, 2007; Reineke & Kao, 2009; Brand et al., 2010). Both the size and number of PML-

NBs per nucleus are dependent on numerous factors, reflecting their highly dynamic nature 

(Kiesslich, Von Mikecz & Hemmerich, 2002; Bernardi & Pandolfi, 2003; Lallemand-

Breitenbach & de Thé, 2010), varying along the cell cycle, mainly due to modifications in 

chromatin structure or as a response to certain stimuli that inevitably cause alterations of 

adjacent nuclear bodies (Dellaire et al., 2006). 

There are seven PML isoforms generated by alternative splicing during gene expression. All 

described PML isoforms share exons 1-3, and are thus N-terminally related, though they 

differ in composition regarding exons 4-9 (C-terminal variability) and therefore in their 

subcellular localization (two of them lack NLS – nuclear localization signal) (Jensen, Shiels, 

& Freemont, 2001). These proteins are expressed ubiquitously in almost all tissues. 

Additionally, they can also be extensively post-translationally modified, for which the best 

studied example is sumoylation (Sternsdorf, Jensen & Will, 1997; Brand et al., 2010; 

Hattersley, Shen, Jaffray & Hay, 2011; Rabellino et al., 2012). Most recently, PML-NBs have 

been proven to be composed of both PML and Sp100 proteins, during interphase, with the 
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appearance of hollow shells (Lang et al., 2010). PML-NBs are therefore considered as 

proteinaceous structures and, except for those associated with telomeres in cells (that 

maintain telomere length in the absence of telomerase), do not contain any detectable levels 

of nucleic acids, although they do associate with transcriptionally active chromatin regions 

(Ching, Dellaire, Eskiw & Bazett-Jones, 2005; Luciani et al., 2006; Kumar et al., 2007). Many 

evidences have pointed to the notion that PML-NBs are sites of transcriptional regulation 

since numerous transcription factors and transcriptional regulators dynamically colocalize in 

these domains (Zhong, Salomoni & Pandolfi, 2000), along with the detection of nascent RNA 

in the immediate vicinity of PML-NBs (Boisvert, Hendzel & Bazett-Jones, 2000; Reineke & 

Kao, 2009). Still, the molecular mechanisms of PML-NBs that mediate transcription are 

poorly understood, though PML-NBs are related to transcription regulation by modulating the 

availability or activity status of transcription factors (Li & Chen, 2000; Zhong et al., 2000; 

Kiesslich et al., 2002; Ching et al., 2005; Sun, Xu, Subramony & Hebert, 2005; Newhart, 

Rafalska-Metcalf, Yang, Negorev & Janicki, 2012). PML-NBs are also associate with the 

Major Histocompatibility Complex (MHC) locus, where they are thought to indirectly 

contribute to their transcription by altering the higher-order structure of chromatin (Kumar et 

al., 2007; Ulbricht et al., 2012). 

Unlike others, more specialized subnuclear domains such as the nucleolus and Cajal bodies, 

PML-NBs are functionally promiscuous and have been implicated in the regulation of diverse 

cellular functions. Additionally, over 30 other proteins have been found to colocalize with the 

PML-NB and a few of them directly interact with PML, such as for example, p53, DAXX, 

Sp100, ATRX (Guo et al., 2000; Eskiw & Bazett-Jones, 2002; De Stanchina et al., 2004; 

Bernardi & Pandolfi, 2007; Lang et al., 2010; Boichuk et al., 2011; Carracedo, Ito, & Pandolfi, 

2011; Newhart et al., 2012; Rivera-Molina, Rojas, & Tang, 2012), relating with a myriad of 

cellular processes which have been thoroughly studied, especially when involved in viral 

infections (Everett, 2001; Bonilla et al., 2002; Möller & Schmitz, 2003; Tavalai & Stamminger, 

2008; Van Damme & Van Ostade, 2011). 

In parallel, research in a variety of fields has produced a substantial literature that links PML-

NBs to oncogenesis (Salomoni et al., 2008; Reineke & Kao, 2009; Boichuk et al., 2011; 

Rabellino et al., 2012), tumour suppressor activity specially interacting with p53 (Zimber et 

al., 2004), DNA damage repair (Dellaire & Bazett-Jones, 2004; Dellaire et al., 2006), 

apoptosis (Guo et al., 2000; Bernardi & Pandolfi, 2003, 2007; Hofmann & Will, 2003; De 

Stanchina et al., 2004; Bernardi et al., 2008), stress response (McNally, Trgovcich, Maul, Liu, 

& Zheng, 2008), senescence (Bishop et al., 2006), the ubiquitin pathway (Sternsdorf et al., 

1997; Ishov et al., 1999; Reineke & Kao, 2009; Lallemand-Breitenbach & de Thé, 2010), 

protein degradation (Lallemand-Breitenbach & de Thé, 2010), gene expression regulation 

(Seeler & Dejean, 1999; Zhong et al., 1999, 2000; Ching et al., 2005), as well as to viral 

infection and interferon response (Everett, 2001; Regad & Chelbi-Alix, 2001; Everett & 
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Chelbi-Alix, 2007; McNally et al., 2008; Tavalai & Stamminger, 2008; Frappier, 2011; Van 

Damme & Van Ostade, 2011). Despite the various cellular responses and functions of PML-

NBs, summarized in Figure 9 and in Table 2 these subnuclear domains have much more to 

be unravelled (Li, Rich & Watson, 2009). 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 9 – PML-NBs revised functions, from cell cycle regulation to antiviral activity. 
The major PML biological functions and related interacting partners listed below, adapted from Dellaire 
& Bazett-Jones (2004) and Li et al. (2009). 

 

PML-NBs are even known to localise with sites of DNA damage and with proteins that are 

actively involved in DDR, as reviewed by Dellaire et al. (2006) and d’Adda Di Fagagna 

(2008). It has been reported that under normal conditions and upon DNA damage a number 

of proteins involved in DNA repair, such as ATM and ATR, interact with PML-NBs (Dellaire et 

al., 2006; Boichuk et al., 2011). Ultimately, it has been proposed that PML-NBs may act as 

sites of storage for various DNA repair proteins, and could also be DNA damage sensors 

linking DNA repair responses to signal responses (Varadaraj et al., 2007). As an example of 

dynamic adjustments, PML-NBs size and number is related to its involvement with DNA 

damage by UV irradiation or chemical injuries, which lead to morphological disruptions of 

these domains (Seker et al., 2003; Dellaire & Bazett-Jones, 2004; Dellaire et al., 2006). And 

also to sensed exogenous DNA, whether of a viral genome or plasmid, which is often 

associated with the formation of new PML-NBs, an observation thought to be a general 

cellular defence mechanism that affects PML gene repression, and transcription related 
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domains (Bishop et al., 2006; Everett, 2006; Everett & Chelbi-Alix, 2007; Tavalai & 

Stamminger, 2008). 

 

5.2.2. Nuclear speckles 

Nuclear speckles, which earlier became a model to understand functional 

compartmentalization in the nucleus, are now commonly accepted as the place of assembly, 

modification and storage for splicing factors (Lamond & Spector, 2003; Handwerger & Gall, 

2006; Mao et al., 2011). These subnuclear domains majorly consist of pre-mRNA splicing 

factors and may be present in an approximate number of 25-50 per nucleus measuring ~1.0-

1.5 μm and containing clusters of ~25 nm granules, diffusely distributed throughout the 

nucleoplasm (Lamond & Spector, 2003; Dundr & Misteli, 2010; Spector & Lamond, 2011). 

Although the majority of these subnuclear domains constituents are related to mRNA 

maturation, no single motif common to all nuclear speckles proteins has been identified 

(Carmo-Fonseca, Ferreira & Lamond, 1993; Antoniou, Carmo-Fonseca, Ferreira, & Lamond, 

1993; Ferreira, Carmo-Fonseca, & Lamond, 1994; Saitoh et al., 2004) and the most 

prominent among many splicing factors and speckle proteins is SC-35 (Tripathi & Parnaik, 

2008). 

The low number (~20.000-25.000) and split nature of eukaryotic genes requires an important 

physiological mechanism capable of producing a large number of mRNA’s in order to 

generate the complex proteome of higher organisms (Matlin, Clark & Smith, 2005; Barash et 

al., 2010; Nilsen & Graveley, 2010). Most protein coding genes from higher eukaryotes are 

synthesized as a precursor molecule (pre-mRNA), which must be submitted to a series of 

processing steps before being exported to the cytoplasm where it is used as a template for 

protein translation (Sharp, 2005; Brody et al., 2011). During gene expression, non-coding 

intervening sequences (introns) are removed from pre-mRNA, while coding sequences 

(exons) are joined together, to generate a mature mRNA, differential from cell to cell (Waks, 

Klein & Silver, 2011). This process, called splicing, is orchestrated by the spliceosome, a 

highly conserved, dynamic and complex macromolecular machine (Rymond, 2007; Wahl, 

Will & Lührmann, 2009; Will & Lührmann, 2011; Cvitkovic & Jurica, 2013), in which five small 

nuclear ribonucleoprotein particles (snRNP’s) and a large number of auxiliary proteins 

cooperate to accurately recognize exons from introns and catalyse the two steps of the 

splicing reaction (Gama-Carvalho et al., 1997; Huranová et al., 2010; Girard et al., 2012). 

Speckled localisation is highly diagnostic for proteins that are involved in pre-mRNA splicing, 

and as previously mentioned, nuclear speckles are enriched in splicing factors (snRNPs and 

splicing regulator proteins) as well as kinases and phosphatases that regulate accessibility to 

the splicing machinery; contain other proteins apart from pre-mRNA splicing factors, such as 

transcription factors (e.g. eIF4E), 3ʼ-end RNA-processing factors, translation-initiation factors, 

structural proteins and several subunits of RNA polymerase II, poly(A+)RNA, lamin A, actin 
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and lipids that regulate actin-binding proteins. In fact, speckles are involved in assembly 

and/or modification of pre-mRNA splicing factors, providing the needed storage of splicing 

factors (Spector & Lamond, 2011). These domains contain little or no DNA and are excluded 

from nucleoli although observed close to highly active transcription sites. Transcription 

affects speckle organisation in a reversible manner (Zhao et al., 2009; Markaki et al., 2010). 

Importantly, nuclear speckles have more recently also been found to contain proteins 

involved in apoptosis and DNA repair mechanisms (Saitoh et al., 2004; Handwerger & Gall, 

2006), thus new roles were expected, particularly, in cellular stress responses (Fayolle et al., 

2006; Campalans, Amouroux, Bravard, Epe & Radicella, 2007) and DNA replication (Brown 

et al., 2008; Markaki et al., 2010). 

 

5.2.3. Cajal bodies (CBs) 

In 1903, Santiago Ramón y Cajal described “nucleolar accessory bodies” in the nuclei of 

vertebrate neurons, designation that reflected their close proximity to the nucleolus in these 

cells (Gall, 2003; Cioce & Lamond, 2005; Morris, 2008). Nowadays, these spherical 

organelles subdomains are termed as Cajal bodies, ranging 0.2-2 μM in diameter and 

present from1 to10 per cell nucleus. Cajal bodies had been recognized for almost a century 

when coilin was identified as its major constitutive component and required for the formation 

of this nuclear domain. By using human autoimmune sera, distinct Cajal bodies could be 

visualized and immunoblotting analysis revealed the presence of an 80 kDa protein that was 

named p80-coilin (Andrade et al., 1991; Bellini, 2000; Ogg & Lamond, 2002). Besides coilin, 

Cajal bodies contain a vast array of other molecules. 

Notably, several different proteins and RNA species in the form of ribonucleoprotein (RNP) 

complexes are enriched in Cajal bodies. These include the spliceosomal small nuclear RNPs 

(snRNPs), the small nucleolar RNPs (snoRNPs) and components of the telomerase RNP 

complex. Cajal bodies also contain the Cajal body-specific RNPs (scaRNPs) that guide the 

post-transcriptional modifications of snRNAs, required for their complete maturation and 

incorporation into the spliceosome. Accordingly, Cajal bodies have been described to play 

essential roles in snRNP and snoRNP maturation and telomere maintenance. These 

subnuclear domains lack DNA and are also estimated to participate in the processing of 

ribosomal and messenger RNA (Ogg & Lamond, 2002; Carmo-Fonseca, 2002; Pontes & 

Pikaard, 2008; Yoon & Parker, 2010). 

Cajal bodies number also correlate with the cellular metabolism and proliferative activities 

and are most abundant in cells with high transcription and splicing rates, as observed in 

neuronal disorders and cancer cells (Carvalho et al., 1999; Tomlinson et al., 2008; Hebert, 

2010). These domains are highly dynamic structures that move within the nucleoplasm, 

shuttle to and from the nucleoli, fuse and undergo fission events leading to variations in size 

and numbers (Carmo-Fonseca, 2002). 
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 Viruses and subnuclear domains interactions 6.

The study of virus-host interactions offers a means to investigate viral diseases and to better 

understand cellular mechanisms. All viruses require a host cell for infection, which provides 

an environment that can be used, abused, hijacked and subverted by viruses just to produce 

new viral particles. Viral proteins target essential components of cellular mechanisms 

occurring in specific subnuclear domains, by either re-localizing them to hijack their function 

or promoting their downregulation to prevent their biological activity. 

A variety of DNA and RNA viruses are known to interact with PML-NBs and PML protein, 

though often the functional consequences remain elusive (Van Damme & Van Ostade, 

2011). Still, PML-NBs and many viruses’ replication are closely associated resulting in either 

pro-viral or antiviral roles of PML-NBs (Gasparovic, Maginnis, O’Hara, Dugan & Atwood, 

2009; Ihalainen et al., 2009; Jiang, Entezami, Gamez, Stamminger & Imperiale, 2011). 

Initially, these subnuclear domains were considered to be solely implicated in performing 

antiviral functions against viruses (Everett, 2001; Regad & Chelbi-Alix, 2001; Möller & 

Schmitz, 2003; Everett & Chelbi-Alix, 2007; Tavalai & Stamminger, 2008; Frappier, 2011; 

Van Damme & Van Ostade, 2011), since a number of viruses disrupted PML-NBs spatial 

organization (Reineke & Kao, 2009). In matters of immune response interaction with PML-

NBs, it is also known that PML is a primary target gene for interferon activation (interferon-

stimulated gene), implicated in the modulation of antiviral functions (Regad & Chelbi-Alix, 

2001). Intensively studied virus-PML interactions provide many different aspects of this 

specific interaction: Rabies virus increases PML-NBs in size (Blondel et al., 2002), Herpes 

simplex virus (HSV) type 1 infection leads to the production of truncated PML Ib, 

desumoylation and further degradation of PML proteins (Nojima et al., 2009; Cuchet et al., 

2011; Reichelt et al., 2011; Wang, Long, & Zheng, 2012), Human cytomegalovirus (HCMV) 

induces desumoylation of PML and PML-NBs spatial reorganization (Dimitropoulou et al., 

2010; Kim et al., 2011; Salsman, Wang & Frappier, 2011), Epstein-Barr virus (EBV) leads to 

unsumoylated PML forms accumulation and further degradation (Frappier, 2011; Ning, 

2011), Human Papilloma virus (HPV) induces degradation of PML isoform IV, modulating 

PML activity (Reineke & Kao, 2009; Lunardi et al., 2011); and, Adenovirus induces the loss 

of sumoylated PML, stimulating the production of novel PML isoforms, forming inclusion 

bodies and PML-NBs rearrangements (Everett, 2001; Möller & Schmitz, 2003; Reineke & 

Kao, 2009; Schreiner et al., 2011). 

More recently, studies on virus-host interactions have revealed strong virus-related activities 

enabled by PML-NBs, in some cases unveiling viral dependence on PML-NBs for their 

infection success (Möller & Schmitz, 2003; Kieback & Müller, 2006; Tavalai & Stamminger, 

2011). 

Viruses also target the transcription-related domains in order to promote the transcriptional 

switch, downregulate splicing events or degrading the contained factors for their own benefit. 
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Herpesvirus explore these strategies (Chang et al., 2011) as well as adenovirus (Gama-

Carvalho, Condado & Carmo-Fonseca, 2003). RNA processing is also inhibited causing 

Cajal bodies modification thus obstruction to cellular countermeasures to viral invasion, as 

described by Salsman, Zimmerman, Chen, Domagala, & Frappier (2008) and James, Howell, 

Walker, & Blair (2010). 

 

6.1. Infection impairment by domains interference 

A methodological approach used to assess the relevance of PML-NBs during ASFV infection 

is further described. A lentiviral vector harboring anti-PML shRNA was employed for effective 

silencing in transduced Vero cells; full details of the experimental methods used in this work 

are available in the appended papers. The transduced cells were subjected to selection and 

the puromycin-resistant cells expressing GFP were used for further ASFV infection trials 

(McNally et al., 2008; Nojima et al., 2009). 

 

6.1.1. RNA interference (methodological considerations) 

RNA interference (RNAi) was first observed in plants (Ecker & Davis, 1986) but the 

mechanism remained unknown until 1998, when exogenous double‐stranded RNA (dsRNA) 

was identified as sequence‐specific silencer of endogenous gene expression in 

Caenorhabditis elegans (Fire et al., 1998). Years later, the same mechanism was proved to 

exist in mammalian cells by using a synthetic small interfering RNA (siRNA) which was able 

to knockdown genes (Elbashir, Harborth & Lendeckel, 2001). RNAi was proven to be an 

evolutionarily conserved mechanism that leads to a sequence‐specific gene silencing and is 

involved in processes as diverse as defence against viral infections, mobilization of 

transposable genetic elements, cell fate specification and regulation of developmental timing 

(Rao & Sockanathan, 2005; Paroo, Liu & Wang, 2007; Li, Lu, Han, Fan & Ding, 2013). 

Initially, two types of natural occurring small dsRNAs acting as gene silencers were 

described: the short interfering siRNAs (siRNAs) and the microRNAs (miRNAs) (Carthew & 

Sontheimer, 2009). siRNAs derive from RNA long duplexes that are often produced during 

the course of viral infection within cells (foreign dsRNA) or by hybridization of overlapping 

transcripts from repetitive sequences in the genome, such as transposons or latent viruses 

(Rao & Sockanathan, 2005). Each long dsRNA is processed by Dicer, a ribonuclease III 

family enzyme (RNase III), into 21–23 base pairs (bp) dsRNAs called small siRNAs. The 

siRNA has two nucleotides (nt) 3′ overhangs that allow them to be recognized by the 

enzymatic machinery of RNAi. Consequently, the resulting small RNAs are incorporated into 

the RNAi‐induced silencing complex (RISC), where Argonaute 2 (AGO2), a multifunctional 

protein contained within RISC, cleaves the passenger (sense) strand. The activated RISC, 
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which contains the guide (antisense) strand of the siRNA is directed to the mRNA target, 

recognizes it and degrades the mRNA complementary to the antisense strand (Zamore, 

Tuschl, Sharp & Bartel, 2000; Whitehead, Langer & Anderson, 2009). 

Since its initial descriptions, RNAi machinery became a powerful tool and synthetic RNAi 

molecules were rapidly synthesised and efficiently delivered into cells. Their low size 

compared with dsRNA precursors lead to a lower probability of triggering the cellular innate 

immune system (Elbashir et al., 2001). siRNAs are normally transfected into cells, activate 

RNAi machinery and effectively promote gene silencing. Although siRNAs were proven to be 

effective, their expression is transient and variable, depending on the number of transfected 

siRNA molecules. One way to overcome this problem was the construction of short hairpin 

RNAs (shRNAs) expressed vectors (Leung & Whittaker, 2005). Consequently, retroviral, 

lentiviral and adenoviral vector systems for shRNA delivery were developed, permitting the 

efficient introduction and stable integration of these shRNA‐expression cassettes into the 

host genome (McIntyre & Fanning, 2006; Song, Giang, Lu, Pang & Chiu, 2008). Lentivirus‐

mediated delivery has advantages over others systems for the virus can efficiently integrate 

into the genome of dividing and non‐dividing cells, while the transgenes carried by lentiviral 

vectors are resistant to silencing (Chumakov, Kravchenko, Prassolov, Frolova & Chumakov, 

2010), allowing a more potent silencing for high turnover proteins (as in the case of the 

various PML isoforms) and presenting a better outcome during transduction. 

The discovery of RNAi functionality in mammalian cells, all developments in “RNAi 

technology”, together with the complete genome sequencing of a large number of species 

lead to the construction of siRNA and shRNA libraries (Chang, Elledge & Hannon, 2006). 

These libraries allow the targeting of any gene in a particular genome and the development 

of wide‐genome screens to evaluate individual gene function through loss‐of‐function 

analyses and interaction between genes and biological pathways. 

Short hairpin RNA (shRNA) constructs are expressed as human microRNA-30 (miR-30) 

primary transcripts. This design adds a Drosha processing site to the hairpin construct and 

has been shown to result in greater than 10-fold increase of gene silencing efficiency and 

minimal cytotoxicity, when compared with conventional shRNA designs (Boden et al., 2004; 

Silva et al., 2005). Increased Drosha and Dicer processing translates into greater shRNA 

production and greater potency for expressed hairpins (Paddison, Caudy, Bernstein, Hannon 

& Conklin, 2002). The chosen pGIPZ shRNA vector elements are plasmid‐based shRNAs 

that have a human cytomegalovirus constitutive promoter that is active in mos cell types and 

efficiently directs the synthesis of small, non‐coding transcripts (Hannon & Elledge, 2013). 

Although created to be used in human cells, we were able to apply them in our studies using 

Vero cells, as the sequence homology was about 100%. 
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 Chromatin state and epigenetic regulation 7.

Regulatory role of chromatin 

For long time it was believed that the only function of chromatin was to serve as a protective 

and static scaffold to storage the genetic information encoded in the DNA sequence. 

However, in the last decade it has become clearer that dynamic changes in chromatin 

actively regulate different genomic processes (Ernst & Kellis, 2010). Every nuclear process 

that requires access to DNA has to function in the context of chromatin, and thus all 

template-dependent processes, such as transcription, replication, mitotic chromosome 

condensation, and recombination, as well as apoptosis and DNA repair, are impacted and 

controlled by structural changes in chromatin (Schneider & Grosschedl, 2007; Misteli & 

Soutoglou, 2009; Rapkin, Anchel, Li & Bazett-Jones, 2012). 

 

Epigenetic signature and memory 

In multicellular organisms, all cells were originated from the same totipotent stem cell. Even 

though carrying the same genetic information, their gene expression profile changes 

dramatically depending on the cell type, cell function, environmental influences, and cell 

growth phase. The classic definition of epigenetics is the description of heritable phenotypes 

that cannot be explained merely at the light of genetic principles. Originally, the word 

“epigenetics” was coined by Conrad H. Waddington in 1942 (a developmental biologist), 

even when the physical nature of genes and their role in heredity was not known. 

Epigenetics was Waddington's model of how genes within a multicellular organism interact 

with their surroundings to produce a phenotype (reviewed in Ladewig, Koch & Brüstle, 2013). 

Later, Robin Holliday defined epigenetics as "the study of the mechanisms of temporal and 

spatial control of gene activity during the development of complex organisms” (reviewed in 

Holliday, 2006). The epigenetic landscape was a visual metaphor used to describe the 

process of cell differentiation during development. Nowadays, much of the epigenetic field is 

converging on the study of how modifications in chromatin can influence transcriptional 

outcome (Bártová et al., 2008). This includes, the study of how patterns of gene expression 

are passed from one cell to its descendants, how gene expression changes during the 

differentiation of one cell type into another, and how environmental factors can change the 

way genes are expressed. There are far-reaching implications of epigenetic research for 

agriculture and for human biology and disease, including our understanding of stem cells, 

cancer and ageing. Recent evidences highlighted the importance of histone post-

translational modifications, DNA damage response and the host transcriptional “switch” for 

viral infections success (reviewed in Lydall & Whitehall, 2005; Dormann, Tseng, Allis, 

Funabiki & Fischle, 2006; Lilley et al., 2010). 

Importantly, the heritability of histone modifications is still controversially discussed 

(Kouzarides, 2007; Handel, Ebers & Ramagopalan, 2010). For each histone-modifying 
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enzyme another one was identified, which can erase the initial modification. The use of the 

term “heritable” in the definition of epigenetics was therefore revisited. Epigenetics is now 

considered to cover a research field that comprehends heritable changes not encoded by 

DNA still affecting gene expression, as reviewed by Djupedal & Ekwall (2009). Still, 

epigenetics provide a non-genetic memory with modifications stably transmitted to 

descendant cells during mitosis and sometimes even during meiosis, thereby affecting the 

future generation (Hughes, 2014). These epigenetic signatures have the potential to trigger 

the activity state of the wrapped DNA like when acting as landing platforms for chromatin 

remodelling factors. The found complexity of possible combinations of the epigenetic marks 

and the respective impact on functions led to the proposal of the term “histone code”, 

stressing the important role of this epigenetic level juxtaposed to the genetic code, as 

reviewed by Jenuwein & Allis (2001). The epigenetic level comprises modifications of DNA 

and changes on the DNA associated proteins since DNA is never found in its naked form in-

vivo. Before descending to the level of the sheer DNA sequence, the level of epigenetics has 

to be reviewed, since this topic has become one of the main research directions of molecular 

cell biology over the last ten years. Modifications on the epigenetic level have been linked to 

evolution and to diseases (reviewed in Esteller, 2008; Hirst & Marra, 2009), and were 

demonstrated to have a significant impact on nuclear functions as DNA replication and 

transcription, also affecting chromatin architecture (reviewed in Eissenberg & Elgin, 2000; 

Ng, Yue, Oppermann & Klose, 2009; Niedojadlo et al., 2011; Zuleger et al., 2011; Larson et 

al., 2012). 

 

7.1. Chromatin organization and structure 

In the nuclei of all eukaryotic cells, genomic DNA is highly folded, constrained, and 

compacted by histone and non-histone proteins, in a dynamic polymer called chromatin, as 

reviewed by Margueron & Reinberg (2010), also considered as a subnuclear compartment. 

The most prominent constituents of chromatin are the histone proteins. Histones are basic 

proteins highly responsible for the DNA packaging within the eukaryotic nucleus. The distinct 

levels of chromatin organization are dependent on the dynamic high-order chromatin 

structure and nucleosomal positioning, which represent the fundamental repeating unit of 

chromatin (reviewed in Burgess & Zhang, 2010). 

 

7.1.1. Heterochromatin vs. Euchromatin 

In order to fit the entire human genome (2 meters worth of DNA) into a few micrometre wide 

cell nuclei, the DNA “fibers” must be significantly condensed. It is this chromatin compaction 

that allows the different chromatin type classification (Felsenfeld & Groudine, 2003). 
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Early cytological studies established the existence of two different forms of chromatin 

(Füllgrabe, Kavanagh & Joseph, 2011; Luger, Dechassa & Tremethick, 2012). Euchromatin 

has an open, accessible conformation, replicates early in S-phase, and contains the majority 

of active genes, contrasting with heterochromatin, which is nowadays subdivided on 

constitutive and facultative heterochromatin, dynamic and interchangeable states of silenced 

chromatin (Grewal & Jia, 2007; Bártová et al., 2008). These terms refer to states of 

compaction and transcriptional potential, although the higher-order structural differences are 

still debated (Kwon & Workman, 2011). 

The first distinction between heterochromatin and euchromatin is credited to Heitz in 1928, 

based on the interphase chromosomes appearance were some regions stained more heavily 

than others (reviewed in de Wit & de Laat, 2012). It has been classically accepted that 

heterochromatin is correlated with repressed regions (Stewart, Li & Wong, 2005; Grewal & 

Jia, 2007; Larson et al., 2012) and is composed of genomic regions where nucleosomes are 

close together, forming a compacted chromatin domain, consisting mainly of repetitive 

sequences, preventing access to the transcriptional machinery (Grewal & Jia, 2007). Several 

other features characterize heterochromatin, such as the enrichment in H3K9me3, the 

binding of heterochromatin protein 1 (HP1), and the enhanced DNA methylation (Eskeland, 

Eberharter & Imhof, 2007; Cedar & Bergman, 2009; Ng et al., 2009; Peng & Karpen, 2009). 

In nuclei of mammals and other eukaryotic cells these chromatin domains are relatively well 

organized in the nucleus with heterochromatin mainly localized towards the nuclear periphery 

and euchromatin at the interior of the nucleus (Margueron & Reinberg, 2010). Active 

(expressed) genes are part of euchromatin, but there are exceptions, maybe due to its 

dynamic nature (Bannister & Kouzarides, 2005; Kwon & Workman, 2008, 2011). 

Interestingly, nucleosomes are not always regularly spaced in euchromatin, since they seem 

to be absent in promoter regions of active genes (Ozsolak et al., 2008), suggesting an 

important role in transcriptional regulation. 

 

7.2. Nucleosome structure and accessibility 

According to collected knowledge, packaging of DNA into higher-order structures is 

necessary to achieve high compaction of DNA in the nucleus. Still, it is also recognised that 

chromatin organization can lead to the inhibition of differential proteins binding. Once thought 

of as static building blocks of chromatin structure, the nucleosomes are now clearly 

understood as a dynamic structure whose stability and compactness can be regulated by 

posttranslational modifications and enzymatic activities (Grewal & Jia, 2007; Kouzarides, 

2007). 

The nucleosome core particle, consists of an octamer of four histones, two each H2A-H2B 

heterodimers, and two H3-H4 heterodimers, upon which 147 base pairs of the DNA is 

wrapped in ~1.75 turns anti-clockwise, as reviewed by Kouzarides (2007) and Luger et al. 
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(2012), and schematically represented in Figure 10. DNA wrapping on novel nucleosomes is 

initiated by the formation of a stable H3/H4 tetramer, and its interaction with DNA during 

replication. The structure is further stabilised by the binding of two H2A/H2B dimers, which in 

turn are highly dynamic (reviewed in Soria, Polo & Almouzni, 2012). The nucleosomes are 

positioned every ~200bp on a DNA strand, and can be linked together by the linker histone 

H1. This H1 histone binds nucleosomes with additional ~20 bp of DNA (unwrapped linker 

DNA) and is responsible to form the chromatosome structure and to promote the 

organization of nucleosomes into a higher-order structure of 30 nm fiber, a secondary 

structure of chromatin (reviewed in Rapkin et al., 2012). It remains unclear how nucleosomal 

arrays containing linker histone H1 further twist and fold this chromatin fiber into increasingly 

more compacted filaments leading to defined higher-order structures (reviewed in Happel & 

Doenecke, 2009; Maeshima, Hihara & Eltsov, 2010). Electron microscopy of isolated 

polynucleosomes clearly reveals an open beads-on-a-string structure of the DNA fibre 

(Figure 10), as reviewed by Karolin Luger et al. (2012). 

Functionally, nucleosomes allow the compaction of the genome but also restrict the access 

of DNA-binding transcription factors and RNA Pol II, creating a balance between DNA 

packaging and accessibility (Campos & Reinberg, 2009). It has become increasingly 

apparent that modulation of chromatin structure plays an important role in the regulation of 

transcription in eukaryotes (Hübner, Eckersley-Maslin & Spector, 2013; Papamichos-

Chronakis & Peterson, 2013). 

 

Figure 10 – Nucleosome, Chromatosome and Chromatin organization. 
Adapted from http://dellairelab.medicine.dal.ca/research.html (accessed 10.06.2015). 

Chromatosome 
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7.3. Histones 

Chromatin structure plays an important regulatory role and multiple signalling pathways 

converge on histones (Kouzarides, 2007; Campos & Reinberg, 2009; Margueron & Reinberg, 

2010; Bannister & Kouzarides, 2011). Histones are a family of small, highly basic proteins 

that bind avidly and non-specifically to nucleic acids, with remarkable conservation among 

distantly related species. Even though histones are not sequence specific DNA binding 

proteins, they exhibit preferential binding for specific sequence motifs more than others, as 

reviewed by Shaytan, Landsman & Panchenko (2015). Structurally, histones consist of two 

parts (Arents, Burlingame, Wang, Love & Moudrianakis, 1991), a C-terminal domain, 

globular, which is mainly α-helical, and responsible for histone-histone and histone-DNA 

interactions that are critical for the formation of the nucleosome core (folding), and a more 

flexible and charged N-terminus (histone “tail”) that protrudes from the nucleosome, 

becoming more accessible to proteases (reviewed in Luger & Richmond, 1998). Although 

histone proteins themselves come in generic or specialized forms (reviewed in Li, Carey, & 

Workman, 2007; Markaki et al., 2010; Hübner et al., 2013), exquisite variation is provided by 

covalent modifications (acetylation, phosphorylation, methylation, ubiquitination) of the 

histone tail domains, which allow regulated contacts with the underlying DNA, as reviewed by 

Luger, Mäder, Richmond, Sargent & Richmond (1997), and both histone tails and globular 

domains, are subjected to a vast array of posttranscriptional modifications (Kouzarides, 

2007; Campos & Reinberg, 2009). 

 

“Histone Code” 

The same researchers also refer to the term “histone code” which has been loosely used to 

describe the role of histone modifications that enable DNA functions. The enzymes 

transducing these histone tail modifications are highly specific for particular amino acid 

residues (Wang et al., 2004; Zhu et al., 2011), thereby extending the information content of 

the genome past the genetic code (reviewed in Felsenfeld & Groudine, 2003). These tails are 

considered responsible to create higher-order folding of chromatin due to the interaction with 

adjacent nucleosomes and with other chromatin-associated proteins (reviewed in Richmond 

& Davey, 2003; Burgess & Zhang, 2010; Zhu et al., 2011; Luger et al., 2012). Chromosomal 

regions that remain transcriptionally inert are highly condensed in the interphase nucleus and 

remain cytologically visible as heterochromatic foci or as the “Barr body”, which is the 

inactive X chromosome in female mammalian cells, as reviewed by Brockdorff (2011). 
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7.4. Histone modifications and biological effects 

Histone marks and Chromatin regulation 

In early 1960s, Vincent Allfrey and colleagues described a positive correlation between the 

histone acetylation levels and gene expression (Allfrey, Faulkner, & Mirsky, 1964). Since 

then, it has been possible to unravel novel histone modifications and in some cases directly 

correlate histone marks with defined cellular events and disorders (reviewed in Kondo, 2009; 

Bannister & Kouzarides, 2011; Hanahan & Weinberg, 2011; Greer & Shi, 2012; Arnaudo & 

Garcia, 2013). In fact, some post-translational protein modifications (e.g. acetylation and 

phosphorylation) were actually first discovered on histone proteins. Additionally, over the last 

decades, new types and sites of post-translational modifications have been further identified 

on histones and termed as “marks”, especially since the recent introduction of mass 

spectrometry approaches to histone biology (reviewed in Campos & Reinberg, 2009; 

Bannister & Kouzarides, 2011). 

Post-translation modifications (PTMs) are chemical modifications of the proteins, added after 

the translation from RNA. This process involves the attachment of a specific chemical 

functional group (e.g. methyl group in methylation, ubiquitin protein in ubiquitination) to one 

or more amino acids of the protein by which the protein structure or the protein functionality 

is affected (not restricted to histone proteins). Histones can be modified by over 100 known 

PTMs, from several distinct types of methylation forms, acetylation, ubiquitination, ADP-

ribosylation and sumoylation to histone residues phosphorylation which are among the most 

studied (reviewed in Bártová et al., 2008; Patel & Wang, 2013). These chemical marks have 

been known to regulate nucleosome mobility, affect DNA-protein interactions, and recruit 

other chromatin remodelling factors (Kouzarides, 2007; Ng et al., 2009). Histone acetylation 

was the first described PTM (Kouzarides, 2000), and since then many more PTMs have 

been reported to play critical roles in vital biological functions such as: DNA repair (Méndez-

Acuña, Di Tomaso, Palitti & Martínez-López, 2010), DNA transcription (Gut & Verdin, 2013) 

and gene activation (Heyse, Weber, & Lipps, 2009), as histone PTMs directly modulate 

chromatin dynamics (Downs, 2008; Bannister & Kouzarides, 2011), and chromatin physical 

properties (reviewed in Luger et al., 2012), as summarized in Table 3. 

According to this concept, different combinations of post-translational histone modifications 

can be established and maintained in specific chromatin regions, and function in a sequential 

or combinatorial fashion to activate unique downstream biological functions (reviewed in 

Jenuwein & Allis, 2001; Turner, 2002). 
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Table 2 - Different classes of modifications identified on cellular histones 

 
K=Lysine; R=Arginine; S=Serine; Threonine; E=Glutamic acid; P=Proline; -me1=monomethylation;  
-me2=demethylation; -me3=trimethylation; -me2a=asymmetrical demethylation; -me2s=symmetrical 
demethylation. Adapted from Kouzarides (2007). 
 
 
 

 

Figure 11 – Histone modifications, chromatin structure and gene regulation modulation. 
(A) Nucleosome structure. (B) Chromatin structure and gene expression regulation through histone 
modifications. Adapted from Li, Kong, Yu & Zheng (2014). 

 

7.4.1. Histone H3 methylation status 

Histone H3 methylation at specific residues as well as the extent of their modification (mono-, 

di- or tri-methylation) can also correlate with either transcriptional activity or repression. The 

role of each histone modification on transcription relies on the exact gene location to where 

the enzymes that catalyse such modifications are recruited (reviewed in Campos & Reinberg, 

2009). 
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Three methylation sites (mono-methylation) on histones H3 are implicated in transcription 

activation (H3K4, H3K36, and H3K79) while at the same time, H3K4me and H3K36me, have 

been implicated in transcriptional elongation. Other lysine methylation sites are 

acknowledged for transcriptional repression, as H3K9me2/me3 (histone H3 lysine 9 residue, 

di- and trimethylated forms), H3K27me2/me3 and H4K20me3. While H3K9me2/me3 are 

connected to the silencing of euchromatic genes and heterochromatin maintenance, 

H3K27me3 has been implicated in the inactivation of X chromosome and gene repression 

during genomic imprinting (Kouzarides, 2007). 

 

 Chromatin remodelling 8.

Several nuclear functions, such as the initiation of a particular transcriptional program, 

replication and cell division or even the DNA repair machinery, require a series of chromatin 

changes, both at the higher-order chromatin structure level and at the organization of specific 

genetic loci. These chromatin modifications are performed by specialized enzymes (usually 

structural components of large macromolecular chromatin complexes) that recognize and 

bind to DNA, directly or indirectly, altering the histone/DNA contact through an ATP-

dependent helicase domain (reviewed in Kouzarides, 2007; Ng et al., 2009; Papamichos-

Chronakis & Peterson, 2013). While the impact of chromatin remodelling on transcription 

dynamics is currently acknowledged, its crosstalk with co-transcriptional mRNA processing 

remains an open question in the field. The recent finding that nucleosomes are preferentially 

positioned in exons provide evidence for extensive functional connections between 

chromatin structure and pre-mRNA processing, as reviewed by Schwartz, Meshorer & Ast 

(2009). 

Heterochromatin is an important structure with diverse functions, including transcription 

silencing (reviewed in Stokes, 2003; Schotta et al., 2004; Brockdorff, 2011), protection of 

chromosome ends (reviewed in Grewal & Jia, 2007; Misri, Pandita, Kumar & Pandita, 2008; 

Wheeler, Blau, Willard & Scott, 2009), and is even required for the proper segregation of 

chromosomes during mitosis (reviewed in Bártová et al., 2008; Folco, 2008; Peng & Karpen, 

2009). It also plays a crucial role in recombination events and gene silencing as inferred from 

the loss of most of the gene activity on the inactive X chromosome, which is visibly 

condensed in female mammals. Recently, H3K9 methyltransferase activity was shown to be 

involved in heterochromatin formation by the demonstration that it associates with the 

heterochromatin protein HP1, as reviewed by Stewart et al. (2005); Dormann et al. (2006) 

and Canzio et al. (2011). Interestingly, these molecular events are conserved among 

eukaryotes, which carry, for instance, the chromo-containing HP1 protein that is recruited to 

H3K9me sites and has deacetylase activity which in turn prevents the accessibility of the 

underlying DNA sequence to the transcription machinery (Aygün, Mehta, & Grewal, 2013). 
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Nuclear organization 

The idea that chromosomes occupy distinct regions in the interphase nucleus was first 

proposed by Carl Rabl in 1885 and later developed by Theodor Boveri (1909), who applied 

the term chromosome territory for the first time, as reviewed by Bourc’his & Viegas-

Péquignot (2005) and Cremer & Cremer (2010). Years later, advances in in situ hybridization 

techniques finally allowed the direct observation of distinct non-overlapping chromosome 

territories. This discovery lead to a better understanding about how the gene location within 

the chromosome territory influences its access to the machinery responsible for specific 

nuclear functions, such as transcription (reviewed in Cremer & Cremer, 2010). 

 

8.1. Heterochromatin protein 1 (HP1) 

As early as 1930, it had been observed by X-rays experiments with flies that genes 

translocated from euchromatic regions into the vicinity of pericentric heterochromatin 

acquired a variegated pattern of expression (reviewed in Eissenberg & Elgin, 2000). The 

effect, which is caused by the repressive properties of heterochromatin, was called Position 

Effect Variegation (PEV), and it was exploited starting in the 1980s to systematically screen 

for factors that positively or negatively regulate heterochromatin formation (reviewed in Clark 

& Elgin, 1992). Heterochromatin protein 1 (HP1) gene was identified and further described as 

a protein that localizes to heterochromatin in immunofluorescence staining (reviewed in 

Hiragami & Festenstein, 2005; Kwon & Workman, 2008). The HP1 mutation Su(var)2-5 

turned out to be a strong suppressor of PEV, suggesting that HP1 plays a key role in 

heterochromatic regions formation (Dormann et al., 2006; Lomberk, Bensi, Fernandez-

Zapico & Urrutia, 2006; Zeng, Ball, & Yokomori, 2010). 

HP1 is a rather small, phylogenetically conserved protein of about 200 amino acids, as 

reviewed by Singh et al. (1991). Characteristic of all HP1 proteins among different organisms 

is their specific domain structure: a highly conserved N-terminal chromo (chromatin-

organization modifier) domain, the "hinge region" and the C-terminal chromoshadow domain, 

for which HP1 proteins localize not only to heterochromatin as their name suggests, but also 

to euchromatic sites in the eukaryotic nuclei (reviewed in Smothers & Henikoff, 2001; Li, 

Kirschmann & Wallrath, 2002; Luijsterburg et al., 2009). While the chromo domain is 

responsible for HP1 binding to di- and trimethylated H3K9 (Eskeland et al., 2007), the 

chromoshadow domain is involved in homo- and/or heterodimerization and, interacts with 

other proteins (Canzio et al., 2011). 

According to current understanding, heterochromatin nucleation is distinct from the 

subsequent steps of heterochromatin spreading and maintenance, as it depends on the 

chromosome context (reviewed in Grewal & Jia, 2007). Two alternative mechanisms seem to 

be involved in the nucleation process, one involves the recruitment of HP1 by factors with 
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DNA-binding affinity (e.g. retinoblastoma protein-Rb) which in turn recruits methyltransferase 

activity and mediates spreading/maintenance of facultative heterochromatic structures 

(reviewed in Rosnoblet, Vandamme, Völkel & Angrand, 2011). This appears to be the 

predominate mechanism for the repressive function of HP1 in euchromatic regions. The 

other process is associated with the presence of repetitive DNA elements, leading to 

constitutive heterochromatin formation, as reviewed by Stewart et al. (2005); Grewal & Jia 

(2007) and Zeng et al. (2010). 

Notably, the HP1 localization seems to be isoform specific. In mammalian cells, HP1α and 

HP1β are mainly heterochromatic (Billur, Bartunik & Singh, 2010; Zeng et al., 2010), whereas 

HP1γ is observed in both heterochromatin and euchromatin enriched territories (reviewed in 

Eissenberg & Elgin, 2000; Luijsterburg et al., 2009). Furthermore, HP1α has also been 

shown to co-localize with transcriptionally active domains of polytene chromosomes and, in 

both mouse and human, HP1 proteins, in particular HP1γ, has been associated with 

transcriptional elongation (reviewed in Kouzarides, 2007; Kwon & Workman, 2011). Lastly, 

HP1 proteins have been localized to the nuclear periphery and this may be associated with 

their interaction with the lamin B receptor and/or with the localization of centromeric 

heterochromatin, as reviewed by Dormann et al. (2006); Zeng et al. (2010) and Zuleger et al. 

(2011). Thus, despite the name and its predominant localization at heterochromatin, HP1 

isoforms seem to have different roles in distinct nuclear environments. Many studies have 

shown that the chromo domain interaction with H3K9me (histone H3 lysine 9 methylation ) is 

absolutely essential for the recruitment of HP1 to chromatin (reviewed in Eskeland et al., 

2007; Canzio et al., 2011). Heterochromatin formation and gene silencing are two of the 

primary functions of HP1, mostly by H3K9me3 binding. Thus through such interactions with 

H3K9 methyltransferase, HP1 forms the basis for its spreading and for an autoregulatory 

loop, helping to maintain the methylated state of heterochromatin, as reviewed by Krouwels 

et al. (2005); Bártová et al. (2008) and Peng & Karpen (2009), and schematically 

represented in Figure 12. 
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Figure 12 - HP1 and the interacting partners responsible for chromatin status regulation. 
Schematic representation of heterochromatin formation induced by H3K9me2/me3 and the 

subsequent recruitment of HP1β isoform, adapted from Grewal & Jia (2007). 

 

8.2. Nucleosome / chromatin remodelling and Deacetylase complex (NuRD) 

Nucleosome remodelling machines capacitate chromatin with dynamic properties that 

implement states of “plasticity” compatible with the processes revolving around DNA 

metabolism, such as gene expression, genome replication, repair of damaged DNA and 

chromosome recombination. Nucleosome remodelling is energy dependent and its control is 

vital for the faithful execution of cell’s proliferation and differentiation programmes (reviewed 

in Hebbar & Archer, 2003; Kouzarides, 2007). While, newly synthesized histones are usually 

deposited behind the replication fork almost as soon as enough DNA emerges from the 

replication machinery (reviewed in Verreault, 2003). 

Most importantly, “remodelling” of nucleosomes increases the accessibility of DNA sequence 

elements to regulatory proteins that scan the genome for target sites. Active replication 

origins are characterized by positioned nucleosomes that leave key regulatory sequences 

accessible (reviewed in Lipford & Bell, 2001; Sherstyuk, Shevchenko & Zakian, 2013). It is 

likely that nucleosome remodelling machines are involved in setting up this active chromatin 

architecture, as reviewed by Kouzarides (2007) and Mueller-Planitz, Klinker & Becker (2013). 

In 1998, several different groups, simultaneously described the protein composition of a 

macromolecular histone deacetylase complex variously termed as Mi-2 complex, NRD or 

NuRD as reviewed by Denslow & Wade (2007). The NuRD complex is approximately 2 MDa 

in size and in mammalian cells comprises at least seven polypeptides, comprising two 

histone deacetylases - HDAC1, HDAC2, and other histone-binding proteins. Very little is 

known about NuRD in gene regulation, and most of the information we have derives from 

3 
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genetics and development studies. Since few NuRD target genes are known, its role in gene 

regulation is still elusive, apart from its characterized repressive function since it has both 

histone deacetylase and chromatin remodelling activities (reviewed in Allen, Wade & 

Kutateladze, 2013). 

 

8.3. Histone deacetylase enzymes (HDACs) 

In 1996, it was discovered that certain transcriptional co-activators and co-repressors had 

histone acetyltransferase (HAT) and deacetylase (HDAC) activities (reviewed in Brownell & 

Allis, 1996; Taunton, Hassig & Schreiber, 1996; Wang et al., 2009). These findings provided 

the first real functional link between histone acetylation and transcription, and therefore 

precipitated a significant wave of interest in the role of histone modifications in the regulation 

of DNA-dependent processes, as reviewed by Yun, Wu, Workman & Li (2011). This 

functional connection led to the theory that HDACs serve as epigenetic transcriptional 

regulators (reviewed in Segré & Chiocca, 2011). 

Many histone marks have turned out to be reversible. Indeed, several classes of enzymes 

have been identified to be efficient “erasers” by removing specific histone modifications, such 

as HDACs (reviewed in Holbert & Marmorstein, 2005) and phosphatases (reviewed in Nowak 

& Corces, 2004). Modification of histones via acetylation is controlled by two opposing 

enzymes, HAT and HDAC. HAT transfers acetyl groups onto the -NH3 groups of histone 

lysine residues in a reversible process involving acetyl coenzyme A, as reviewed by Brownell 

& Allis (1996). Specific lysine residues present in the tail of core histones, as well as in other 

cellular and viral proteins, are sites of reversible acetylation. In the nucleosome case, 

acetylation neutralizes the charge interaction between the negatively-charged DNA 

backbone and the positively-charged histone lysine’s, resulting in a more relaxed 

nucleosomal structure granting DNA accessibility to transcription factors (reviewed in Simon 

et al., 2011; Zentner & Henikoff, 2013). Conversely, HDAC removes acetyl groups from 

lysine’s, resulting in decreased transcription through inaccessibility of nucleosome-

associated DNA. 

In the case of histones PTMs these constitute a signal, as reviewed by Govin & Khochbin 

(2013), that may function in combination with other covalent modifications to generate an 

epigenetic code. In its turn, this information’s’ interpretation may induce modified states of 

chromatin structure and function (reviewed in Cheung, Allis & Sassone-Corsi, 2000; 

Suganuma & Workman, 2011). 

To date, the HDAC family contains 18 known isoforms organized into 4 classes of enzymes. 

The group organization is based largely on sequence homology to the yeast ortholog gene 

(RPD3), domain organization and cellular localization (reviewed in Taunton et al., 1996; 

Leipe & Landsman, 1997). Class I (HDACs 1, 2, 3, and 8), Class II (HDACs 4, 5, 6, 7, 9, and 

10), and Class IV (HDAC11), are all zinc metalloenzymes, while Class III HDACs, are 
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referred to as sirtuins, displaying a different mechanism of action, which requires NAD+ for 

activity, as reviewed by de Ruijter, van Gennip, Caron, Kemp & van Kuilenburg (2003). Class 

I HDACs are primarily localized in the nucleus, whereas Class II is further divided into Class 

IIa (HDACs 4, 5, 7, 9) being found both in the nucleus and the cytoplasm, and Class IIb 

(HDACs 6 and 10) mostly found in the cytoplasm compartment. 

 

8.3.1. Class I HDAC 

To date, four enzymes, HDAC 1, 2, 3 and 8 are the known members of the Class I HDACs 

(reviewed in Johnson, White, Lavender, O’Neill & Turner, 2002), including different splicing 

variants of HDAC3 (Yang, Yao, Sun, Davie, & Seto, 1997). Members of this class contain a 

well conserved catalytic domain that in HDAC 1, 2 and 3 encompasses almost two thirds of 

the protein. The remaining C-terminal portion has the most divergent sequences and is a 

distinguishing feature among these different members. The same HDACs have been 

identified as subunits of nuclear protein complexes that function in global transcriptional 

repression (e.g. NuRD co-repressors complex), as reviewed by Ahringer (2000) and 

Karagianni & Wong (2007). The presence of HDAC 1 and HDAC 2 in different complexes is 

not clear, but it seems that different HDACs deacetylate different histone residues, 

suggesting they may be involved in the regulation of distinct cellular functions, as reviewed 

by Johnson et al. (2002). 

HDAC 3 has been identified as part of another co-repressor complex (N-Cor/SMRT), which 

regulates the repression of nuclear hormone receptors and other transcriptional repressors 

(Li et al., 2000; Ishizuka & Lazar, 2003; Atsumi, Tomita, Kiyoi & Naoe, 2006). Moreover, 

within Class I, HDAC3 is the only enzyme known to shuttle between nucleus and cytoplasm 

and this shuttling process appears to be an essential feature of its function (Yang, Tsai, Wen, 

Fejer & Seto, 2002; Yao & Yang, 2011). Curiously, HDAC 8 has not been identified as a part 

of a transcriptional repression complex and its functions are still under investigation, as 

reviewed by Hu et al. (2000). 

 

8.3.2. Class II HDAC 

The Class II HDACs were identified based on their catalytic domain homology to yeast HDA1 

protein. They possess several features that distinguish them from the Class I members, as a 

bigger size (almost double) and the catalytic domain of HDAC 4, 5 and 7 which is located in 

the C-terminal half of the protein. 

HDAC 6 is a unique deacetylase, possessing two catalytic domains and is probably a 

functionally distinct member of the family, as reviewed by Bertos, Wang, & Yang (2001). 

Some of the functions appear to be shared between HDAC 4, 5 and 7 and Class I members. 

Indeed, it has been shown that specific nuclear bodies (denominated as matrix-associated 

deacetylase bodies) promote HDAC 4, 5 and 7 overexpression, at the same time containing 
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Class I HDACs members as part of the NuRD complex (reviewed in Allen et al., 2013). One 

of the most interesting characteristics of class II HDACs is the regulated nucleocytoplasmic 

shuttling of all known members (Yang & Grégoire, 2005; Witt, Deubzer, Milde, & Oehme, 

2009). 

 

 Epigenetic remodelling and Viruses 9.

It is generally accepted that the cellular response to the intrusion of foreign DNA into the 

nucleus may involve a repressed chromatin state. Therefore, numerous studies have been 

conducted aiming to investigate the chromatin modifications and the changes in chromatin 

dynamics during viral infection. Viral infections have most probably been relevant players of 

genomic and epigenetic variation as also contributing for the evolution of the host cell, both 

through retroviral integration into their genomes, affecting the primary sequence, as through 

gene expression regulation by forced epigenetic alterations (reviewed in Adhya & Basu, 

2010). For non-integrating viruses usually replicate their genomes as episomes, several 

general principles involving epigenomes are considered relevant, like the alterations suffered 

on viral and host cell DNA/chromatin/epigenome and also the cellular mechanisms directly 

involved in epigenetic changes as reaction to viral infection and gene expression. 

The exchange between PML-NBs proteins and chromatin is constant since chromatin-

associated proteins co-localise to PML-NBs thus constituting an interesting mechanism to 

study, particularly whenever viruses are involved (Jiang et al., 2011; McBride, Sakakibara, 

Stepp, & Jang, 2012). Moreover, the host HDACs activity stimulation might be a common 

feature of viral infections, since it can contribute to the epigenetic repression of “defence 

genes” in host cells, as reviewed by Herbein & Wendling (2010); Lukashchuk & Everett 

(2010); Paschos & Allday (2010); Schreiner et al. (2011) and, Delcuve, Khan, & Davie 

(2012). 
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 Aims 10.

Research in our group is partially focused on ASFV interactions with host cellular factors and 

the investigation of epigenetic mechanisms involved in this viral infection. The scope of this 

thesis was to address the role of host cell nucleus for ASFV infection success. According to 

this strategy, the core objectives are as follows: 

 The aim of the study presented in Paper I was to evaluate the host DDR mechanisms 

involved in ASFV infection. Since the interactions between virus and host DNA repair 

mechanisms had not been studied, the objective was to identify which DDR pathway 

is modulated and its importance for ASFV infection success. 

 The aim for the study presented in Paper II was to investigate the virus genome 

intranuclear replication and, to characterize the DDR activation and the subnuclear 

domains disruption using ASFV-preferential host target cells (infected with a highly 

virulent isolate). 

 The study presented in Paper III aimed to evaluate how ASFV modulates the host 

subnuclear domains and the chromatin status in order to better understand the virus 

influence over the host nucleus architecture. 

 

The overarching goal of the research herein presented is to increase our understanding 

regarding the basic molecular mechanisms subverted by ASFV infection and the ASFV-host 

interactions. These results may have broad implications in the development of novel 

therapeutic approaches using cellular factors as antiviral targets thus opening doors for 

ASFV infection control and disease management. 
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Abstract 

Studies with different viral infection models on virus interactions with the host cell nucleus 

have opened new perspectives on our understanding of the molecular basis of these 

interactions in African swine fever virus (ASFV) infection. The present study aims to 

characterize the host DNA damage response (DDR) occurring upon in vitro infection with the 

ASFV-Ba71V isolate. We evaluated protein levels during ASFV time-course infection, of 

several signalling cascade factors belonging to DDR pathways involved in double strand 

break repair - Ataxia Telangiectasia Mutated (ATM), ATM-Rad 3 related (ATR) and DNA 

dependent protein kinase catalytic subunit (DNA-PKcs). DDR inhibitory trials using caffeine 

and wortmannin and ATR inducible-expression cell lines were used to confirm specific 

pathway activation during viral infection. 

Our results show that ASFV specifically elicits ATR-mediated pathway activation from the 

early phase of infection with increased levels of H2AX, RPA32, p53, ATR and Chk1 

phosphorylated forms. Viral p72 synthesis was abrogated by ATR kinase inhibitors and also 

in ATR-kd cells. Furthermore, a reduction of viral progeny was identified in these cells when 

compared to the outcome of infection in ATR-wt. Overall, our results strongly suggest that 

the ATR pathway plays an essential role for successful ASFV infection of host cells. 

 

Keywords: African swine fever virus, DNA damage response, Homologous Recombination, 

Non-Homologous End-Joining, Ataxia Telangiectasia Mutated Rad-3 related. 
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 Introduction 1.

African swine fever virus (ASFV) is the causative agent of one of the most threatening 

contagious diseases of swine, endemic in most African sub-Saharan countries and has been 

recently introduced into Eastern Europe (Georgia, Russian Federation, Armenia, Azerbaijan, 

and Ukraine). When outbreaks occur in previously unexposed pig herds, high morbidity and 

mortality rates are observed. To date, neither a vaccine nor a treatment for ASFV infection is 

available, which is partly due to the limited knowledge of the viral replication cycle. ASFV has 

a large dsDNA genome (170-190 kb) that contains inverted terminal repeats, covalently 

closed ends (Tulman et al., 2009) and replicates within the host cell cytoplasm although 

evidence of the presence of viral genome inside the host nucleus has been reported (Garcia-

Beato et al., 1992; Brookes et al., 1996; Rojo et al., 1999; Ballester et al., 2011). Altogether 

these facts allowed the recent classification of ASFV as a member of the Nucleocytoplasmic 

Large DNA Viruses group (NCLDV) (King et al., 2011). 

Many viruses have been studied under the scope of viral-nucleus interactions, in particular 

regarding viral interactions with the host DNA damage response (DDR). Viruses pose a 

direct threat to the host genome and this genomic conflict leads to host actions in order to 

limit viral infection while viruses use countermeasures to eliminate, evade or exploit host 

nuclear responses for their own benefit (Chaurushiya & Weitzman, 2009; Lilley and 

Weitzman, 2010; Weitzman et al., 2010). DDR is composed of several host signal-

transduction cascades that regulate cell cycle progression, DNA replication and repair 

(Weitzman et al., 2004; Lilley et al., 2010). The major kinases involved in double strand DNA 

breaks (DSBs) can repair DNA lesions by Homologous Recombination (HR) or Non-

Homologous End-Joining (NHEJ) mechanisms. Ataxia Telangiectasia Mutated (ATM) and 

ATM Rad3-related (ATR) pathways are responsible for HR by which a template sister 

chromatid is used to restore genomic congruency. The DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs) pathway is responsible for NHEJ repair with random filling of 

the recognized genomic gaps, and is an error-prone phenomenon (Lilley et al., 2007). 

Whenever DNA damage occurs, sensor multiprotein complexes are activated (e.g. MRN 

complex) and these recruit proximal transducers to the perceived lesion site activating 

pathways (e.g. ATR, ATM) and triggering distal checkpoint kinases (Chk1 and Chk2, 

respectively). Activated transducers also phosphorylate and promote degradation or 

sequestration of p53, a DDR effector, consequently arresting cell cycle progression 

(Weitzman et al., 2010). Being a large dsDNA virus, ASFV genome can be recognized as a 

foreigner molecule by the host nucleus, triggering a DDR and thus activating the DSBs repair 

machinery. Both H2AX and RPA phosphorylated forms are commonly regarded as DNA 

damage response markers and the detection of ɣH2AX is considered to be a sensitive 

indicator, ranging from DSBs to stalled replication forks (Nichols et al., 2009), whereas 
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phosphorylated RPA accumulates on single strand DNA ends, originated by replication 

stress or stalled replication forks (Wilkinson and Weller, 2006). 

The major goal of this study is to unravel the interplay of molecular interactions between 

ASFV and the host DNA damage response. Our results demonstrate that host DDR is 

activated from the early phase of ASFV infection in Vero cells. The viral activation of DDR 

key markers elicited a specific ATR pathway response. ATR kinase inhibition by caffeine and 

wortmannin modulated viral protein synthesis in infected cells. Moreover, abrogation of 

ASFV-p72 synthesis and a reduction of viral progeny were confirmed in ATR-kd cells. In 

sum, our results strongly suggest that the ATR-Chk1 mediated pathway is required for a 

successful viral infection of host cells, most probably by promoting viral replication and 

maintaining viral genome stability, as identified in other viral infection models. 

 

 Material and Methods 2.

2.1. Cell Lines and Cultures 

Vero cells from the European Collection of Cell Cultures (ECACC, Salisbury UK) were 

maintained in DMEM (Dulbecco Modified Eagle's minimal essential medium) supplemented 

with L-Glutamax, 10% inactivated fetal calf serum and 0.1% non-essential amino acids (all 

from Gibco, Life Technology, Karlsruhe, Germany). Vero cell experiments were conducted in 

the absence of antibiotic and antifungal agents, and performed on actively replicating 

subconfluent cells. U2OS-derived human osteosarcoma cell lines with doxycycline-inducible 

expression of either wild type ATR form (ATR-wt) or dominant-negative ATR form (ATR-kd), 

both kind gifts from Paul Nghiem, were cultured as previously described (Nghiem et al., 

2001; Casper et al., 2002; Nghiem et al., 2002). For ATR induction, doxycycline (1µg/ml) was 

added to the cell culture medium 48h before infection and cells harvested at the indicated 

time points. All cell lines were grown at 37ºC under a 5% CO2 humidified atmosphere. 

 

2.2. Virus and Infections 

The Vero adapted ASFV-Ba71V isolate was propagated as previously described 

(Carrascosa et al., 2011) and titration was calculated using the Spearman-Kärber endpoint 

method. Infections were carried out at a multiplicity of infection of 2 (MOI = 2) with an 

adsorption period of 1h followed by a 30h time-course for immunoblot analysis. For indirect 

immunofluorescence studies a MOI of 5 was used. When required, virus inactivation was 

performed by UV-irradiation for 1 hour by using a transiluminator (8 W, Model UVTM25, 

Mighty Bright, Hoefer Scientific Instruments, San Francisco, USA) as previously described 

(Gómez del Moral et al., 1999). Infectivity trials in ATR-inducible cell lines were conducted 

using an initial MOI of 0.1. 
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1.1. Drug treatments 

Doxorubicin hydrochloride (Sigma-Aldrich, St. Louis, USA) and staurosporine (Sigma) were 

used as DNA damage agents at final concentrations of 10 mg/ml and 1 µM, respectively, 

during a 2 hour exposure. Also cells irradiated for 30 minutes with a UV transilluminator were 

used as positive controls. Caffeine (Sigma) and wortmannin (Sigma), both ATM, ATR and 

DNA-PKcs kinase inhibitors, were used at 5mg/ml and 5 µg/ml concentrations. For ATR-wt 

and ATR-kd cell pressure maintenance, hygromycin B (Amresco, Solon, USA) and G418 

(Sigma) were used at 50 µg/ml and 200 µg/ml final concentrations, respectively. For ATR 

induction, doxycycline (Sigma) at 1 µg/ml was added to cell cultures, 48 hours prior to 

experimental assay. All drugs and antibiotic stock solutions were prepared either in water or 

dimethyl sulfoxide (DMSO) and conserved according to manufacturer’s recommendations. 

 

2.3. Protein Extraction and Western Blotting analysis 

ASFV-infected or mock-infected Vero cells grown in 30mm dishes were washed in 

phosphate buffered saline (PBS) and lysed in modified radioimmunoprecipitation assay 

(RIPA) buffer (25mM Tris, pH 8.2; 150mM NaCl; 0.5% NP40; 0.5% sodium deoxycolate; 

0.1% SDS), supplemented with protease and phosphatase inhibitors - Phosphatase Inhibitor 

Cocktail Set V, 50x (Calbiochem, Darmstadt, Germany), PhoStop (Roche, Mannheim, 

Germany) and cOmplete, Mini, EDTA-free (Roche). Prepared whole-cell lysates were 

fractioned by 4%, 10% or 15% SDS-PAGE and electrophoretically transferred to a 

nitrocellulose membrane with a 0.2 µm pore diameter (Whatman GmbH, Dassel, Germany). 

The immunoblot was initially blocked using 5% w/v bovine serum albumin (BSA, Sigma) in 

Tris-buffered saline plus Tween (Sigma). For immunoblot analysis, membranes were 

incubated with specific primary antibodies and afterwards exposed to horseradish peroxidase 

conjugated secondary antibodies following chemiluminescence detection by autoradiography 

- Luminata Crescendo, ECL detection system (Millipore, Darmstadt, Germany). α-tubulin 

expression was used as a loading control. 

 

2.4. Antibodies for immunoblotting and immunofluorescent analysis 

The following primary antibodies were used: anti-ɣH2AX (#05-636, Millipore); anti-pRPA32 

(IHC-00422, Bethyl Laboratories, Montgomery, USA); anti-Mre11 (GTX70212) and anti-

Rad50 (GTX70228) both from GeneTex, Irvine, USA; anti-Ku70 (#MS-329-P0) and anti-

DNA-PKcs (#MS-423-P0) both from Thermo Scientific, Fremont, USA; anti-Chk1 (#2345), 

anti-Chk2 (#3440), anti-p-Chk1 (#2348), anti-pChk2 (#2661), anti-pATM (#4526), anti-pATR 

(#2853), anti-p-p53 (#9284), anti-p53 (#2524), anti-α-tubulin (#2125) all from Cell Signalling 

Technology, Boston, USA; anti-Ku86 (sc-9034), anti-ATR (sc-1887) both from Santa Cruz 

Biotechnology, Santa Cruz, USA; anti-ATM (NB100-309) and anti-Nbs1 (NB100-143) both 
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from Novus Biologicals, Cambridge, UK; anti-VPPA/VP17 (17KG12) and anti-VP73 (1BC11) 

both from Ingenasa, Madrid, Spain. An in-house clarified swine anti-ASFV whole-serum was 

used for viral protein detection. All dilutions of primary antibodies were performed in blocking 

solution diluted and incubated according to manufacturers’ recommendations. For 

immunoblotting analysis horseradish peroxidase conjugated secondary antibodies (HRP) 

from Jackson ImmunoResearch Lab. (West Grove, USA), were incubated during a 30 minute 

period at user improved concentrations. The following HRP-conjugated antibodies were 

used: anti-swine (114-035-003), anti-goat (305-035-003), anti-rabbit (111-035-003) and anti-

mouse (315-035-003). Immunofluorescent studies were performed with the following 

fluorescent conjugated antibodies: anti-mouse IgG-FITC (sc-2099, Santa Cruz 

Biotechnology); anti-mouse IgG-Cy3 (A10521, Molecular Probes, Life Technologies); anti-

swine IgG-FITC (ab6773, Abcam, Cambridge, UK), anti-swine IgG-FITC (ab6773, Abcam) 

and anti-rabbit IgG-DyLight 594 (ab98490, Abcam). 

 

2.5. Immunofluorescence Microscopy Analysis 

Cells seeded on glass coverslips (5,0x104 cells/cm2) were infected with ASFV-Ba71V isolate. 

After a 1 hour period of adsorption, the virus inoculum was washed away setting the initial 

time point of infection. At specific infection time points, cells were fixed in 3.7% 

paraformaldehyde and HPEM buffer [25mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), 60mM PIPES (piperazine-N,N′-bis 2-ethanesulfonic acid), 

10mM EGTA (ethylene glycol tetraacetic acid), 1mM MgCl2] for 15 min at room temperature 

and permeabilized in PBS/Tx-100 1% for 5 min. Thereafter, cells were washed in PBS, 

blocked with PBS/BSA 1% for 30 minutes and incubated with primary antibodies. All 

antibodies were prepared in accordance with manufacturers’ guidelines and incubated in a 

stepwise manner. Vectashield mounting medium with DAPI (4',6-diamidino-2-phenylindole, 

Vector Laboratories, Peterborough, UK) was used. Attention was taken to prevent 

fluorochrome fading and a dark humidified chamber was used for antibody incubations. 

Immunofluorescence analysis was performed using an epifluorescence microscope (Leica 

DM R HC model, Wetzlar, Germany), data sets were acquired by Adobe Photoshop CS5 

software (Adobe Systems, Inc., San Jose, USA) and images were subsequently processed 

with ImageJ open source software (version 1.46r) 

 

 Results 3.

3.1. ASFV infection activates key DNA damage response markers 

To investigate whether ASFV infection activates DSBs signalling cascades several key DDR 

markers were analysed by Western blot technique, using whole-cell extracts of Vero cells 

infected with ASFV-Ba71V isolate (MOI = 2), over 30 h time-course assays. The immunoblot 
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analysis revealed increased phosphorylation levels of H2AX, starting at 4 hours post 

infection (hpi) (Fig.13), and RPA32 and p53 starting at 6 hpi (Fig.13). Control experiments 

aiming at confirming the capacity of Vero cells to respond to DNA injuries were performed 

using UV-irradiated cell cultures and cells exposed to staurosporine (known genotoxic 

agents). Indeed, an increasing expression of ɣH2AX, pRPA32 and pp53 was observed in 

these control cells. Mock-infected cells and cells infected with UV-inactivated ASFV did not 

show DDR activation (Fig.13). 

To determine if ASFV infection elicits intranuclear redistribution of key DDR markers, Vero 

infected cells were coimmunostained with anti-phosphorylated H2AX/RPA32 specific 

antibodies (red) and anti-ASFV (green) specific serum. In parallel, UV-irradiated cells were 

used as positive controls. At 6 hpi, cells displayed a pattern of bright foci of these markers, in 

contrast to uninfected cells. Immunostaining of UV-treated cells also revealed ɣH2AX and 

pRPA32 intense labelling throughout the nucleus (Fig. 14), as reported for other viral 

infections (Luo et al., 2007). 

 

Figure 13 - ASFV activates DDR key sensors. 
Protein expression levels of DNA damage key sensors were detected using phospho-specific 
antibodies anti-H2AX (Ser139), anti-RPA32 (Ser4/8) and anti-p53 (Ser15) by western blot analysis, 
along a 30 hour time-course of ASFV-infected Vero cells (MOI of 2). Increased levels of H2AX 
phosphorylated forms were detected, starting at 4 hpi, whereas RPA32 and p53 were activated from 6 
hpi. ASFV protein expression was used as control for the viral infection time-course. Mock-infected 
(M), UV-irradiated cells (UV), staurosporine treated cells (St) and the UV-treated ASFV-Ba71V isolate 
(UV-ASFV) showed expected results (negative and positive controls). α-tubulin expression was used 
as a loading control. The specific sizes of evaluated proteins are indicated on the left of the 
immunoblot images. 

 

 

 

Figure 14 - ɣH2AX and 
pRPA32 relocalize in response 
to ASFV infection. 
Increased levels and distinct 
foci distribution in ASFV-
infected cells (green) were 
identified for both ɣH2AX and 
pRPA32 (red). DAPI stained 
nuclear DNA (blue). UV-
irradiated cells were used as 
positive control in 
immunofluorescence studies. 
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3.2. ASFV specifically elicits the ATR-mediated DNA damage signalling 

Knowing that key DDR markers are activated during ASFV infection, proteins related to 

DSBs repair pathways were analysed by immunoblotting. In order to determine which 

specific DDR pathway is activated, DSBs sensor complexes were first evaluated: the primary 

sensor MRN (Mre11, Rad50 and Nbs1) related to the ATM pathway; and Ku70/Ku86 sensor 

complex of the DNA-PKcs pathway, previously shown to act upon DSBs repair pathways 

(Lilley et al., 2007). No clear differences were found in sensor protein levels, when mock-

infected and infected cells were compared (Fig. 15A). Similarly, expression levels of ATM 

pathway effector kinases (ATM, Chk2) and their phosphorylated forms (pATM, Ser1981 and 

pChk2, Thr68) remained constant (Fig. 15B), supporting the similar constant expression 

levels for the above MRN complex partner. Furthermore, DNA-PKcs kinase steady-state 

levels were kept throughout ASFV infection (Fig. 15B). Taking in account that neither ATM 

nor DNA-PKcs pathways were activated, the remaining Homologous recombination-related 

pathway was evaluated. ATR pathway is usually modulated when genomic replication stress 

or stalled replication forks occur (Flynn and Zou, 2011; Nam and Cortez, 2011). Increasing 

levels of phosphorylated ATR (Ser482) and phosphorylated Chk1 (Ser345) were detected 

along the ASFV infection time-course, particularly from 6 hpi onwards (Fig. 16). 

We next sought to explore pATR localization in ASFV infected cells by indirect 

immunofluorescence. ATR phosphorylation was detected by a specific antibody (red), while 

Vero-infected cells were identified with an anti-ASFV swine whole-serum (green). In contrast 

with uninfected cells, enlarged intranuclear accumulations of pATR were observed from the 

early phase of infection (Fig. 17). ATR activation was also detected in UV-irradiated cells 

(positive control) in which, as expected, a distribution pattern of small foci was observed. 

Overall, these results show that ASFV induces a DNA damage response, regulated by ATR 

specific signalling cascade activation. 

 

Figure 15 – Steady state levels of ATM and DNA-PKcs related factors. 
(A) MRN and Ku70/86 complexes are not modulated by ASFV. Expression levels of DNA DSBs 
sensors were evaluated throughout ASFV infection by immunoblotting analyses. Both MRN complex 
components (Mre11, Rad50 and Nbs1) related to ATM pathway and Ku70/86 complex related to DNA-
PKcs pathway revealed unchanged steady-state levels. (B) ATM and DNA-PKcs kinases are not 
activated during ASFV infection. Protein levels of ATM, pATM, Chk2, pChK2 and DNA-PKcs were not 
modulated throughout viral infection. 
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Figure 16 - ASFV infection elicits ATR pathway activation. 
Constant protein levels of total ATR and Chk1 were identified, while increase of their phosphorylated 
forms (pATR and pChk1) was observed from 6 hpi onwards. Mock-infected (M), UV-irradiated cells 
(UV), staurosporine treated cells (St) and the UV-treated ASFV-Ba71V isolate (UV-ASFV) showed 
expected results (negative and positive controls). α-tubulin expression was used as a loading control. 
The specific sizes of evaluated proteins are indicated on the left of the immunoblot images. 
  

 

 

 

 

Figure 17 - ASFV alters nuclear localization of ATR kinase phosphorylated form. 
pATR distribution pattern displayed nuclear enlarged accumulations (red) in ASFV infected cells 
(green). DAPI stained nuclear DNA (blue). UV-irradiated cells were used as positive control for ATR 
activation in immunofluorescence studies. 

 

3.3. Inhibition of ATR activity disrupts ASFV protein synthesis 

In order to confirm that only ATR-related proteins are active during ASFV infection, 

pharmacological trials were conducted. Caffeine and wortmannin were used at pre-

established concentrations, known to selectively inhibit each one of the major regulatory 

kinases (ATM, DNA-PK and ATR). As previously reported (Sarkaria et al., 1999), caffeine 

fully inhibits ATM kinase at 0,5 mM, while ATR kinase activity is only inhibited at 5 mM and 

none of these concentrations inhibits DNA-PKcs activity. Wortmannin also inhibits these 

kinases and only represses the ATR pathway when used at a minimum concentration of 5µM 

(Sarkaria et al., 1998; Lu et al., 2008). Briefly, Vero cells were exposed to either caffeine or 

wortmannin prior to ASFV-Ba71V isolate infection (MOI = 2). After viral adsorption, culture 

medium was replenished and fresh inhibitors added. Whole-cell extracts were collected at 12 

hpi. Our results show that at the lowest concentration of caffeine, which inhibits solely ATM, 

ATR phosphorylation is still detectable both in positive controls (doxorubicin-treated cells) 

and in Vero-ASFV infected cells, which also display viral protein synthesis equal to untreated 

infected controls (Fig. 18). ASFV-ATR dependent phosphorylation was completely blocked at 

5mM caffeine concentration and the viral protein synthesis was differentially affected: severe 
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expression reduction was perceived for an ASFV protein with an approximate molecular 

weight of 25 kDa whereas another heavier viral protein (≈ 75 kDa) was not detected (Fig. 

18). Similar to the results obtained using caffeine, ASFV protein synthesis was disrupted only 

when specific ATR signalling was inhibited. Once again, reduced expression levels of 25 kDa 

viral protein was observed while the 75 kDa viral protein could not be identified (Fig.18). 

Doxorubicin treated cells (10 µM, 2h) and those treated with doxorubicin combined with 

caffeine or wortmannin, used as controls, revealed the expected ATR inhibition. Taken 

together, these results strongly reinforce the conclusion that caffeine and wortmannin, at 

blocking concentrations of the ATR pathway, disrupt viral protein synthesis, probably by 

interfering with the successful ASFV infection. 

 

 
Figure 18 - ATR inhibition by caffeine and wortmannin disrupts ASFV protein synthesis. 
Inhibition of ATR kinase activity induced by caffeine at 5mM and wortmannin at 5 μM modulated ASFV 
protein synthesis. Expression levels of a ≈ 25 kDa viral protein were severely reduced while a ≈ 75 
kDa viral protein could not be detected. Mock-infected cells, cells exposed to doxorubicin (10 µM, 2h) 
and combined exposures of doxorubicin and DDR kinase inhibitors were used as control groups of the 
three pathways activation, in immunoblot analysis. 
 

3.4. ATR kinase activity enhances ASFV infection 

The assumption of ASFV infection dependency on ATR-mediated pathway activation was 

further investigated using U2OS-derived human osteosarcoma cells with doxycycline-

inducible expression of either a wild-type ATR (ATR-wt cells) or a dominant-negative form 

(kinase dead) of ATR (ATR-kd cells). ATR-kd cells do express a residual native ATR activity, 

allowing us to perform studies that otherwise would not be possible since ATR homozygous 

knockouts are lethal (Brown and Baltimore, 2000) and, most importantly, allowing the 

evaluation of ATR kinase effect over the ASFV life-cycle in the absence of drugs. 

After doxycycline induction, cells were seeded and infected with ASFV-Ba71V isolate (MOI = 

2) and harvested at 12 and 24 hpi. Doxorubicin treated cells (10 µM, 2 h) were used as 

positive controls for the ATR activation. Immunoblotting analysis of whole-cell extracts from 

ATR-wt and from ATR-kd infected cells confirmed the need of ATR activation for viral protein 

synthesis. Decreased expression levels of a 75-kDa ASFV protein were identified at 24 hpi in 
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ATR-kd extracts; although expression levels of a 25 kDa viral protein were maintained in 

both cell lines (Fig. 19). The heavier viral protein synthesis impairment was coincident to a 

reduced ATR activation in the ATR-kd cells (Fig. 19). 

To confirm the results obtained by Western blot and to assess the host whether the host ATR 

pathway disruption interfered with viral protein synthesis, intracellular localization of ASFV-

p17 and ASFV-p72 (two major capsid structural intermediate-late proteins) was analysed by 

immunofluorescence using commercial antibodies and ATR-wt/ATR-kd infected cells (Fig. 

20). The immunostaining of the cytoplasmic viral factory by the anti-ASFV swine polyclonal-

serum (green) in ATR-kd cells did not show the typical round-shaped viral factories, in 

contrast with those observed in ATR-wt cells. In ATR-kd cells the viral protein p72 could not 

be observed whereas p17 was detected in both cell lines (Fig. 20). 

Once the immunofluorescence studies confirmed that ATR phosphorylation is essential for 

ASFV-p72 expression we verified the efficiency of ASFV infection by observing cytopathic 

effect (CPE) and titrating viral yields in supernatants from five serial passages in ATR-

inducible expression cells. For this purpose, ATR-inducible expression cell lines were 

incubated for 1h with ASFV-Ba71V (MOI = 0.1), and supernatants of sequential passages on 

both cell lines were collected at 72 hpi for further passages and storage at -80ºC for 

subsequent viral titration in Vero cells, as previously described (Carrascosa et al., 2011). 

Results obtained show that ATR-wt cells displayed full cytopathic effect and maintained 

similar virus yields (Fig. 21 and 22). In contrast, CPE in ATR-kd cells was clearly reduced 

and viral yields decreased five logs throughout the five sequential cell passages. 

 
 

Figure 19 - ASFV protein synthesis is modulated in ATR kinase-dead cells. 
In ATR-kd cells, expression levels of a ≈ 75 kDa viral protein were reduced when compared to levels 
in ATR-wt cells, at 24 hpi. 
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Figure 20 - ASFV-p72 variable expression in ATR-inducible cells. 
Immunofluorescent analysis did not detect ASFV-p72 in ATR-kd cells although the characteristic 
round-shaped viral factories could not be observed. In contrast, ATR wild-type cells displayed the 
round-shaped viral factories and both p17 and p72 viral proteins were immunostained (red). ASFV-
infected cells were stained in green. 

 

 
Figure 21 - ATR-inducible cells displayed differential cytopathic effect. 
ATR-kd cells displayed a diminished cytopathic effect from the primary infection until the 5th passage, 
when CPE was even more difficult to detect. ATR-wt cells displayed a full cytopathic effect in all five 
passages. 

 

 
 
 
 
 
Figure 22 - ASFV progeny is 
reduced in ATR-kd cells. 
A dramatic ASFV yield 
reduction was identified in 
ATR-kd cells (light grey line) 
when compared to virus yield 
produced in ATR-wt (dark 
line). Mean values ± SD are 
indicated. 
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 Discussion 4.

In this study, we investigated ASFV interactions with cellular DDR pathways. Immunoblotting 

and immunofluorescence assays demonstrate that ASFV induces a specific ATR-mediated 

host response, characterized by phosphorylation of H2AX, RPA32, p53, Chk1 and ATR. To 

our knowledge, this study is the first to implicate a host DDR mechanism for successful 

ASFV infection. 

DNA damage response signalling is initiated by sensor proteins which activate and recruit 

mediators and transducer kinases to the recognized damage sites (Jackson and Bartek, 

2009). In ASFV-infected cells a robust phosphorylation of DDR key sensors, H2AX and 

RPA32, was observed, from the early phase of infection. It is noteworthy that, at the time at 

which these sensors were activated, p53, ATR and Chk1 phosphorylated forms were also 

detected, confirming ATR pathway activation by ASFV infection. In parallel, microscopy 

analysis by Immunofluorescence assays revealed distinct localization patterns of ɣH2AX, 

pRPA32 and pATR transducer in Vero infected cells, similar to events described in other viral 

infections (Wilkinson & Weller, 2004; Nichols et al., 2009). Although the ATR, Homologous 

Recombination pathway was elicited, the other pathways involved in DSBs repair were not 

activated (ATM and DNA-PKcs). None of the factors related to pathways from complex 

sensors (MRN/Ku) to kinase effectors (Chk2/DNA-PK) were modulated by ASFV. 

There are many examples of how viruses interfere with ATM and DNA-PKcs responses; 

however, knowledge of viral and ATR pathway interplay is scarce. ATR-Chk1 pathway 

activation has been associated with cellular intra-S phase checkpoint activation, as in human 

cytomegalovirus and adenovirus (Carson et al., 2003; Yajima et al., 2006; Luo et al., 2007; 

Carson et al., 2009) and also associated with a G2/M checkpoint arrest as observed in 

gammaherpesvirus and HIV infection (Choudhuri et al., 2007; Andersen et al., 2008), in 

which the S phase or pseudo S-like state has to be maintained for viral lifecycle benefit. 

Our findings strongly suggest that ASFV induces an ATR-dependent cell cycle arrest, 

preventing cells from entering into mitosis or apoptosis. This viral strategy may provide host 

cellular factors and extra time for its successful infection. As previously reported, ASFV 

recruits S phase-specific host translation factors (eIF4E, eIF4G and 4E-BP1) to its factories 

enhancing its replication (Castelló et al., 2009). Moreover, ASFV-induced phosphorylation of 

ATR downstream effector kinase (pChk1) can prevent cellular apoptotic activation, as 

recently shown in uninfected cells (Rodriguez and Meuth, 2006). Furthermore, ATR 

activation has also been demonstrated to facilitate adenoviral genome concatemerization 

(Lakdawala et al., 2008), probably due to its high fidelity Homologous Recombination 

mechanism. ASFV concatemers have been identified (Rojo et al., 1999), and this may be 

due to ATR activation. 

Corroborating our data, pharmacological trials performed with caffeine and wortmannin at 

ATR specific inhibitory concentrations, induced ASFV protein synthesis disruption, proving 
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ASFV reliance on this host DDR pathway. Furthermore, the dominant-negative effects of 

ATR-kd cells promoted decay in viral protein synthesis (late viral protein p72), and a 

reduction of viral yields. Thus, our data provide convincing evidence that the ATR pathway 

activated by ASFV is relevant for the completion of its lifecycle. 

The importance of cellular DNA repair proteins in crucial steps during ASFV infection 

suggests that they represent potential targets for antiviral therapies, considering this 

approach prevents the emergency of viral resistance mechanisms (Dai and Grant, 2010; 

Rong et al., 2010). Although further studies are needed, our results strongly suggest that 

ATR and Chk1 kinase inhibitors may be used to control ASFV infection. 
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Abstract 

Although African swine fever virus (ASFV) replicates in viral cytoplasmic factories, the 

presence of viral DNA within the host cell nucleus has been previously reported to be 

essential for productive infection. Herein, we described, for the first time, the intranuclear 

distribution patterns of viral DNA replication events, preceding those that occur in the 

cytoplasmic compartment. Using BrdU pulse-labelling experiments, newly synthesized ASFV 

genomes were exclusively detected inside the host cell nucleus at the early phase of 

infection, both in swine monocyte-derived macrophages (MDMs) and Vero cells. From 8hpi 

onwards, BrdU labelling was only observed in ASFV cytoplasmic factories. Our results also 

show that ASFV specifically activates the Ataxia Telangiectasia Mutated Rad-3 related (ATR) 

pathway in ASFV-infected swine MDMs from the early phase of infection, most probably 

because ASFV genome is recognized as foreign DNA. Morphological changes of 

promyelocytic leukaemia nuclear bodies (PML-NBs), nuclear speckles and Cajal bodies were 

also found in ASFV-infected swine MDMs, strongly suggesting the viral modulation of cellular 

antiviral responses and cellular transcription, respectively. As described for other viral 

infections, the nuclear reorganization that takes place during ASFV infection may also 

provide an environment that favours its intranuclear replication events. 

Altogether, our results contribute for a better understanding of ASFV replication strategies, 

starting with an essential intranuclear DNA replication phase which induces host nucleus 

changes towards a successful viral infection 

 

 

Highlights 

•ASFV DNA replicates in the host cell nucleus at an early phase of infection 

•ATR pathway is specifically activated in ASFV-infected swine MDMs 

•ASFV disrupts PML-NBs, nuclear speckles and Cajal bodies of swine MDMs 

 

 

Keywords: African swine fever virus (ASFV); DNA replication; BrdU pulse; DNA damage 

response (DDR); Ataxia Telangiectasia Mutated Rad-3 related (ATR) pathway; subnuclear 

domains. 
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 Introduction 1.

African swine fever (ASF) is one of the most endangering notifiable diseases of swine. 

Endemic in most of African sub-Saharan countries and in the Italian island of Sardinia, it was 

introduced into Caucasus and then Eastern Europe in 2007, where it remains endemic 

(reviewed in Costard et al., 2013). Recently, it has been found in EU countries namely 

Lithuania, Latvia, Ukraine and Estonia (reviewed in Sánchez-Vizcaíno et al., 2015). No 

treatment or vaccine is available and control of the disease is solely based on rapid and 

efficient laboratory diagnosis, and on the implementation of strict sanitary measures. 

The aetiological agent (African swine fever virus - ASFV) replicates mainly in swine 

mononuclear phagocyte cells, causing from hyper-acute to chronic and non-apparent forms 

of disease (reviewed in Blome et al., 2013). ASFV is a complex large DNA virus with a 

double-stranded genome (170-190 kb) flanked by inverted terminal repeats and closed by 

hairpin loops (reviewed in Dixon et al., 2012). 

Although ASFV replication cycle mainly occurs in viral cytoplasmic factories, several reports 

have referred the presence of viral genomes’ inside the host nucleus and the importance of 

the nuclear phase for ASFV infection (Brookes et al., 1996; Garcia-Beato et al., 1992; Rojo et 

al., 1999). Abrogation of viral infections has been previously reported in enucleated Vero 

cells (Ortin & Vińuela, 1977). Other authors have shown the presence of full-length viral DNA 

concatemers in nucleoplasmic extracts and small viral genome fragments were pointed as 

potential nuclear precursors of the larger cytoplasmic sequences 

Although, some early works have identified the presence of ASFV genomes inside the host 

nucleus (Tabares & Sánchez Botija, 1979; Vega et al., 1994) and the need of this cell 

compartment for ASFV infection (Ortin and Vińuela, 1977), the intranuclear phase of ASFV 

remains poorly understood, in particular, the viral DNA replication events. Moreover, recent 

studies reinforce the importance of the host cell nucleus by showing that ASFV infection can 

induce nuclear lamina disruption (Ballester et al., 2011) and the activation of Ataxia 

Telangiectasia Mutated Rad3–related (ATR) pathway (Simões et al., 2013) in Vero cells, still 

no data is available in swine macrophages, the natural target cells of ASFV infection in vivo. 

Indeed, studies on virus-host cell interactions at the cellular level have improved knowledge 

about other viruses subvert both cellular DNA damage response (DDR) and antiviral 

mechanisms. These cellular surveillance networks can be activated whenever viral genomes 

are detected inside the host nucleus, in order to limit viral replication and to restrict the use of 

host factors (reviewed in Lilley and Weitzman, 2010; Weitzman et al., 2010). DDR is 

composed by a plethora of signal transduction pathways, responsible for regulating cell 

cycle, DNA replication/repair and for inducing cell apoptosis whenever DNA damage is 

beyond recovery (reviewed in Jackson and Bartek, 2009; Nikitin and Luftig, 2012). DDR 

mechanisms can be differentially activated by viruses to favour the fidelity of viral DNA 

synthesis (Homologous Recombination, HR) or to prompt an error-prone repair which 
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randomly fills the genomic gaps (Non-Homologous End-Joining, NHEJ). While HR 

mechanisms are mediated both by Ataxia Telangiectasia Mutated (ATM) and Ataxia 

Telangiectasia Mutated Rad3 related (ATR) signalling cascades, NHEJ machinery is 

regulated by DNA-dependent protein kinase catalytic subunit (DNA-PKcs) pathway (reviewed 

in Weitzman et al., 2010). Following cell entry, several viruses can induce phosphorylation of 

histone variant H2AX at serine 139, named ɣH2AX (a hallmark of double strand DNA breaks 

– DSBs), and activate the Replication Protein A 32 kDa subunit (RPA32), that is mainly 

associated with stalled replication sites. Upon viral DNA recognition, other DDR mediators 

(e.g. p53) and specific transduction kinase effectors of the Phosphoinositide 3-kinase (PI3K) 

family (e.g. ATM and ATR), modulate the activity of downstream checkpoint kinase-1 and -2, 

interfering with the cell cycle and modulating viral replication (reviewed in Nikitin and Luftig, 

2012). However, most viruses can also induce mislocalization or even degradation of DDR-

related factors to highjack host cell mechanisms and to avoid apoptosis (reviewed in Lilley 

and Weitzman, 2010). 

It is also known that viruses can modify the antiviral mechanisms of the host cell by changing 

the functions and morphology of subnuclear domains. The eukaryotic cell nucleus is highly 

organized in non-membranous domains, such as promyelocytic leukaemia protein nuclear 

bodies (PML-NBs), nuclear speckles and Cajal bodies, which can be identified through the 

immunolabelling of their major protein constituents (Bellini, 2000; Schneider, Dauber, Melén, 

Julkunen, & Thorsten Wolff, 2008). Whereas PML-NBs are mainly associated with cell cycle 

control, apoptosis, immune responses (Everett & Chelbi-Alix, 2007) and are usually disrupted 

by viruses (Everett, 2006), nuclear speckles and Cajal bodies are functionally related with 

RNA biogenesis, transcription and splicing events, and are also preferential targets during 

viral infections, as Adenovirus and Herpesvirus infections (Salsman et al., 2008; Chang et 

al., 2011). 

Herein we report a comparative study on spatial and temporal dynamics of ASFV DNA 

replication sites during the early phase of infection, using swine MDMs and synchronized 

Vero cells through the detection of BrdU-labelled DNA molecules. In addition, studies 

conducted in swine MDMs enable the characterization of viral elicited DDR mechanisms by 

western blot and immunofluorescence analysis, along with the immunofluorescence 

characterization of morphological changes occurred in different subnuclear domains during 

ASFV infection. Although we have recently reported the ATR pathway activation in ASFV-

infected Vero cells (Simões et al., 2013), studies on such viral interactions with DDR 

mechanisms in swine monocyte-derived macrophages (MDMs) have not been published. 
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 Material and methods 2.

2.1. Swine monocyte-derived macrophages and Vero cell cultures 

Blood samples from healthy crossbred pigs (approximately 6-months old) were collected 

under aseptic conditions into heparinized flasks during bleeding at the abattoir. Thereafter, 

blood samples were incubated at 37ºC for 15 min with 0.5% v/v of Dextran T500 solution 

(Merck Millipore, Darmstadt, Germany) in Hank’s balanced saline solution (Gibco, Life 

Technologies, Karlsruhe, Germany) to allow erythrocyte sedimentation. Collected 

supernatants were diluted (1:1) in RPMI-1640 medium culture supplemented with 2 mM L-

glutamine, non-essential amino acids, 100 UI/ml Penicillin, 100 µg/ml Streptomycin (all from 

Gibco), and maintained in culture for 48 h as previously described (Portugal et al., 2009). 

After incubation non-adherent cells were removed by washing with a pre-warmed phosphate-

buffered saline (PBS, Gibco) solution. Adherent monocyte-derived macrophages (MDMs) 

were harvested after 5 min incubation at 37ºC with 0.05% Trypsin-EDTA (Gibco) and cellular 

viability determined by trypan blue dye exclusion (>90%). Collected MDMs were seeded at 

5.0*10^5 cells/cm2 on 24 or 6-well tissue culture plates (depending on the assays), allowed 

to adhere for 3 h, washed again to remove non-adherent cells and further maintained with 

RPMI-1640 supplemented with 20% clarified autologous plasma. 

Vero cells (kidney epithelial cells of African green monkey Cholorocebus aethiops) were 

purchased from the European Cell Culture Collection (ECACC, Salisbury UK), and 

maintained in DMEM (Dulbecco Modified Eagle's minimal essential medium) supplemented 

with L-Glutamax, 10% foetal calf inactivated serum and non-essential animoacids (all from 

Gibco). Cell cultures were grown at 37ºC under a 5% CO2 humidified atmosphere. 

 

2.2. Viral isolates and infections 

The ASFV/L60 isolate was propagated in swine MDMs (Martins et al., 1987), while ASFV-

Ba71V isolate was propagated on Vero cells (Carrascosa, Bustos, & Leon, 2011). Viral 

titrations were calculated through the observation of cytopathic effect (CPE) at end-point 

dilutions. For immunoblot analysis, viral infections were carried out at a multiplicity of 

infection of 2 (MOI of 2), during a 24 h time-course incubation, after 1 h adsorption period. 

For indirect immunofluorescence studies similar procedure was performed using a MOI of 5. 

When required, virus inactivation was performed by UV-irradiation for 1 hour, using a 

transiluminator (8 W, Model UVTM25, Mighty Bright, Hoefer Scientific Instruments, San 

Francisco, USA) as previously described (Gómez del Moral et al., 1999). 
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2.3. Microscopy analysis 

2.3.1. G2/M Vero cell synchronization 

Vero cells were synchronized in G2/M phase by a double-step addition of thymidine (100µM 

during 16 h, Sigma-Aldrich, St. Louis, USA), followed by a nocodazole exposure (200 ng/ml 

during 10 h, Sigma-Aldrich), as previously described (Harper, 2005). This experimental 

approach was used to inhibit S phase entry thus ensuring that BrdU staining is only due to 

the viral DNA synthesis. Cells obtained by mitotic shake-off were seeded on glass coverslip 

slides (1.0x10^5 cells/cm2) and adsorbed for 1 h with ASFV-Ba71V at a MOI of 5. 

 

2.3.2. Indirect immunofluorescence for viral DNA labelling in swine MDMs and 

synchronized Vero cells 

At different time points of infection, 5-bromo-2´-deoxyuridine (BrdU, 150 µM, Sigma-Aldrich) 

was incubated with G2/M arrested Vero cells infected with ASFV-Ba71V isolate and G0/G1 

swine MDMs infected with ASFV/L60 isolate, in order to label the newly synthesized viral 

DNA, as described by Pombo et al., 1994. Stock solutions of the above mentioned drugs 

were prepared either in DMSO (Sigma-Aldrich) or purified water and stored according to 

manufacturer’s recommendations. Fresh daily working solutions were made in cellular 

culture medium. 

After a 30-min exposure to BrdU, cells were washed twice with PBS, thereafter fixed in 3.7% 

paraformaldehyde/HPEM buffer (25mM HEPES, 60mM PIPES, 10mM EGTA, 1mM MgCl2) 

for 10 min at room temperature (RT), washed with PBS solution and permeabilized with 

PBS/Triton X-100 (0.5% v/v) for 5 min. After two additional washes with PBS/Tween 20 

(0.005% v/v), cells were incubated with a hydrogen chloride solution (1N HCl, 10 min, 37ºC) 

to remove purines from DNA molecules and to expose incorporated BrdU epitopes of newly 

synthesised viral genomes. Cells were then blocked with PBS/BSA (PBS containing 1% 

bovine serum albumin; Sigma-Aldrich) for 1 h. BrdU incorporation was detected by indirect 

immunofluorescence using a monoclonal anti-BrdU antibody during 1 h incubation in a moist 

chamber at RT, revealed after a 30 min second incubation with a Cy3-conjugated anti-mouse 

antibody. A two-steps incubation was performed using an anti-VP32 antibody (recognizing 

the early viral protein 32 of infected cells) or the in-house clarified swine anti-ASFV whole-

serum (≥ 8 hpi), followed by incubation with a FITC-conjugated anti-rabbit or anti-swine 

antibody, respectively. Antibody dilutions and washing solutions were performed with 

PBS/Tween 20 (0.005%). DAPI (4,6-diamidino-2-phenylindole) was used to stain both viral 

and cellular DNA. Finally, coverslips were mounted in Prolong Gold antifade mounting 

medium (Invitrogen, Carlsbad, USA). 
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2.3.3. DDR factors and nuclear domains immunolabelling 

As described above, swine MDMs were seeded on glass coverslips (1.0x10^5 cells/cm2) and 

infected with the highly virulent ASFV/L60 isolate. After 1 h adsorption period, viral inoculum 

was washed, and the initial time point of infection settled. At specific infection time points, 

cells were fixed in 3.7% paraformaldehyde/HPEM buffer for 15 min at RT and permeabilized 

with PBS/Tx-100 (0.5%) during 10 min. Thereafter, cells were washed in PBS, blocked with 

PBS/BSA (1%) for 30 min and incubated with primary antibodies. For the detection of ASFV-

infected MDMs (6 hpi), an anti-VP32 antibody was used, followed by incubation with a FITC-

conjugated anti-rabbit antibody. All antibodies were prepared attending to manufacturers’ 

recommendations and incubated in a stepwise manner. DAPI (4,6-diamidino-2-phenylindole) 

was used to stain DNA. Attention was taken to prevent fluorochrome fading and a dark 

humidified chamber was used for antibody incubations. Coverslips were mounted as above. 

 

2.3.4. Image acquisition and processing 

Images were collected on an epifluorescence microscope (DMRA2, Leica Microsystems, 

Wetzlar, Germany) equipped with a Coolsnap HQ CCD camera (Photometrics, Tucson, 

USA), and using a HCX PL APO CS 63x/1.4NA oil-immersion objective. MetaMorph software 

(version 7.5.3.0, Molecular Devices, Sunnyvale, USA) was used to acquire images with a Z 

optical spacing of 0.2 μm. Data sets were subsequently processed with FIJI open source 

software, version 1.47q (Schindelin et al., 2012) and an output image was generated from 

the merging of all images along the z axis containing the maximum pixel values over all 

images in the stack. After acquisition, quantification of fluorescence signalling of cellular 

subnuclear domains was performed using ImageJ software. Subnuclear domains were 

subjected to threshold analysis (Maximum Entropy), and then integrated density was 

calculated using particle analysis (comparing values between infected and non-infected 

cells). Differences in mean values between groups were analysed with the Mann-Whitney U 

test for comparison of infected and non-infected cells groups, using IBM SPSS Statistics 

version 21.0 software (IBM Corp. New York, USA) using a significance level of p < 0.05. 

 

2.4. Western blotting analysis 

ASFV/L60 infected or mock infected swine MDMs were harvested at different times post-

infection. After washing with PBS, cells were lysed with ice-cold RIPA buffer (50 mM Tris-

HCl, pH 8.0; 150 mM NaCl; 1.0% NP-40; 0.5% sodium deoxycholate; 0.1% SDS) 

supplemented with protease inhibitors (cOmplete Mini, EDTA-free, Roche, Mannheim, 

Germany) and phosphatase inhibitors (Phosphatase Inhibitor Cocktail Set IV, Calbiochem, 

Merck Millipore). Clarified whole-cell extracts were resolved by SDS-polyacrylamide gel 

electrophoresis and electroblotted onto a 0.2 µm pore diameter nitrocellulose membrane 
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(Whatman, Dassel, Germany). Blots were further blocked with TBS plus 0.05% Tween 20 

(TBST buffer) containing 1% BSA (v/w), during 30 min at RT, and later incubated with 

specific primary antibodies during 1 h. After three 10-min wash steps with TBST buffer, 

immunoblots were exposed to horseradish peroxidase-conjugated secondary antibodies (30 

min at RT) followed by chemiluminescence detection through autoradiography (Clarity, ECL 

detection system, Bio-Rad Laboratories, Hercules, USA) on Amersham hyperfilms (GE 

Healthcare, Little Chalfont, UK). 

 

2.5. Antibodies 

The following commercially available antibodies were used: anti-BrdU (B8434, Sigma-

Aldrich); anti-ɣH2AX (#05-636, Merck Millipore); anti-pRPA32 (IHC-00422, Bethyl 

Laboratories, Montgomery, USA); anti-ATM (NB100-309) from Novus Biologicals, 

Cambridge, UK; anti-DNA-PKcs (#MS-423-P0, Thermo Scientific, Fremont, USA); anti-Chk1 

(#2345), anti-pChk1 (#2348), anti-pATM (#4526), anti-pATR (#2853), anti-p53 (#2524), anti-

p-p53 (#9284) and anti-α-tubulin (#2125) all from Cell Signalling Technology, Boston, USA; 

anti-ATR (sc-1887), anti-SC35 (sc-10252) and anti-coilin (sc-32860) from Santa Cruz 

Biotechnology, Santa Cruz, USA. Dilutions of all the above mentioned primary antibodies 

were performed using blocking solution and incubated according to manufacturers’ 

recommendations. Either an in-house clarified swine anti-ASFV whole-serum or the anti-

VP32 antibody recognizing the early viral protein 32, were used for viral protein detection and 

immunofluorescence identification of ASFV-infected cells. Then, species-specific secondary 

fluorescent conjugated antibodies were applied for 1 hour at RT: anti-mouse IgG-FITC (sc-

2099, Santa Cruz Biotechnology); anti-mouse IgG-Cy3 (A10521, Molecular Probes, Life 

Technologies); anti-swine FITC (ab6773), anti-swine TexasRed (ab6775) and anti-rabbit IgG-

DyLight 594 (ab98490) from Abcam. 

For immunoblotting analysis, the following horseradish peroxidase-conjugated secondary 

antibodies (HRP) were used: anti-swine (114-035-003), anti-goat (305-035-003), anti-rabbit 

(111-035-003) and anti-mouse (315-035-003) all from Jackson ImmunoResearch 

Laboratories (West Grove, USA). 

 

Results 3.

3.1. ASFV replicates its DNA in the host cell nucleus 

In order to localize viral DNA replication sites, BrdU pulse-labelling experiments were 

performed both in enriched swine peripheral blood monocyte-derived macrophage (MDMs) 

cultures and in Vero G2/M-synchronized cells. Swine MDMs were infected with the highly 

virulent ASFV/L60 isolate and exposed to a 30-min BrdU pulse, at several time-points, from 

two to twelve hours post infection (hpi). Since detection of viral proteins (VP32) earlier than 4 
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hpi is difficult to achieve, only cells with four or more hours of infection are shown in Figure 

23. As expected, BrdU staining was not observed in mock infected swine MDMs (Fig.23, a-

d), while ASFV-infected MDMs presented BrdU-labelled DNA. At 4 hpi, large BrdU foci were 

observed exclusively inside the nucleus of swine MDMs and mainly displaying a peripheral 

distribution (Fig. 23, e-h). At 8 hpi and onwards, BrdU staining was only detectable in viral 

cytoplasmic factories (Fig 23, i-l). In parallel, mock infected synchronized Vero cells (G2/M-

arrested) were used as controls for BrdU incorporation, proving the absence of novel cellular 

DNA synthesis (Fig. 23, m-p). Synchronized Vero cells infected with ASFV-Ba71V isolate 

also showed an exclusive intranuclear BrdU staining, at 4 hpi, displaying a discrete punctate 

pattern with a pan-nuclear distribution (Fig. 23, q-t). At later infection times (8 hpi) and 

similarly to ASFV-infected MDMs, Vero infected cells presented BrdU foci colocalizing with 

cytoplasmic viral factories, which also displayed a more intense viral protein labelling and 

extranuclear DNA staining (Fig. 23, u-z). 
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Figure 23 – ASFV genomes replicate in the host cell nucleus during the early phase of infection. 
Cells seeded on glass slides were infected either with ASFV/L60 or ASFV Ba71V isolate. After 1 h 
adsorption, viral inoculum was replaced by fresh medium and cells were exposed to a single 30-min 
pulse of BrdU (at 4 hpi and 8 hpi), fixed, permeabilized and followed by a step of depurination with HCl 
to detect viral replication sites. (a-d) Swine MDMs mock infected were used as controls, displaying no 
BrdU incorporation (e-h) Swine MDMs infected with ASFV/L60 isolate at 4hpi (anti-VP32, green 
staining) display intranuclear BrdU incorporation sites, distributed as large foci mainly at the nuclear 
periphery (red staining). (i-l) After 8 hpi, BrdU-labelled DNA was exclusively observed at viral 
cytoplasmic factories of ASFV-infected swine MDMs. (m-p) Mock-infected synchronized Vero cells 
served as negative controls for BrdU incorporation. (q-t) Synchronized Vero cells infected with Ba71V 
isolate (green) reveal a distinct pattern of viral DNA replication sites at an early phase of infection (4 
hpi), characterized by intranuclear dot-like staining, distributed throughout the nucleoplasm (red). (u-z) 
From 8 hpi onwards, infected Vero cells only display BrdU labelling at the cytoplasmic viral factories. 
DNA was stained with DAPI (blue). Scale bars, 10µm. Representative microscopy images of at least 
three independent experiments are shown. 
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3.2. ASFV/L60 isolate specifically activates the ATR pathway 

Upon recognition of ASFV DNA replication inside the host cell nucleus, we sought to identify 

whether a DNA damage response was induced by the viral infection. For this purpose, 

whole-cell extracts of swine MDMs infected with ASFV/L60 isolate (MOI of 2) were collected 

at different time-points (2, 4, 6, 12 and 24 hpi) and the activation of several DDR factors was 

analysed by Western blot. 

The initial assessment of markers related to DSBs showed that both H2AX and RPA32 

phosphorylation takes place immediately after infection (2 hpi), followed by the 

phosphorylation of p53 from 4 hpi onwards (Fig. 24A). 

Our previous studies showed that the non-pathogenic ASFV-Ba71V isolate specifically 

activates the ATR pathway in Vero cells (Simões et al., 2013). In this work, we aimed at 

identifying in ASFV/L60-infected MDMs, other kinase effectors related both to homologous 

recombination (ATR and ATM) and to non-homologous end-joining (DNA-PKcs) repair 

mechanisms, because macrophages are known to actively repair DNA lesions by NHEJ 

activation (Heylmann et al., 2011). Immunoblot analysis showed that ATR kinase becomes 

activated (phosphorylated at Ser482) from 2 hpi onwards, while both pATM and DNA-PKcs 

expression levels remained constant throughout infection (Fig. 24B). Considering these 

results, phosphorylation levels of the ATR effector kinase (Chk1) were further analysed. A 

similar phosphorylation pattern to pATR was observed for pChk1 (Ser345), starting later at 6 

hpi (Fig. 24B). 

Figure 24 – ASFV infection promotes activation of the ATR pathway in swine MDMs. 
(A) Whole-cell extracts of ASFV-infected MDMs (MOI of 2) were collected at indicated time-points and 
analysed by Western blot. Mock-infected (M), UV-irradiated (UV) and MDMs infected with UV-
inactivated ASFV/L60 isolate (UV-ASFV) were used as controls. α-tubulin expression was used as a 
loading control, and the infection progression was followed by detecting a ≈30 kDa ASFV protein. 
Molecular weights of evaluated proteins are indicated on the left of the immunoblot images. Increased 
levels of DDR sensors were detected at early times of infection: H2AX and RPA32 become 
phosphorylated starting at 2 hpi, whereas p53 is phosphorylated from 4 hpi onwards. (B) The analysis 
of transducers of the HR and NHEJ pathways revealed elevated levels of phosphorylated ATR from 2 
hpi and increasing levels of Chk1-phosphorilated form (Ser345) from 6 hpi onwards. In contrast, ATM 
and DNA-PKcs levels remained unchanged during ASFV infection. 

 

Finally, immunofluorescence studies were conducted to address changes of intranuclear 

distribution patterns of RPA32 and ATR-phosphorylated forms, by ASFV infection. Mock 

infected swine MDMs were used as controls for both DDR proteins (Fig. 25, a-d and i-l, 

respectively). At 6 hpi, large foci of phosphorylated RPA32 (Fig. 25, e-h), and phosphorylated 
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ATR (Fig. 25, m-p) were observed in infected cells, contrasting with the diffuse faint labelling 

of uninfected cells. 

 

 

Figure 25 – ASFV induced pRPA32 and pATR redistributions in swine MDMs. 
ASFV infection promotes activation of the ATR pathway in swine MDMs. Immunofluorescence studies 
on the phosphorylation and distribution pattern of RPA32 and ATR were performed in ASFV-infected 
MDMs. (a-d) Swine MDMs mock infected served as control for pRPA32 labelling. (e-h) ASFV-infected 
MDMs at 6 hpi (green) display intense staining of the phosphorylated form of RPA32 (red). (i-l) Mock 
infected MDMs were used as controls for ATR activation (pATR). (m-p) Infected MDMs (green) show 
intense staining ‘bundles’ of pATR within the nucleus at early times of infection (6 hpi)(red). DNA was 
stained with DAPI (blue). Scale bars, 10µm. Representative microscopy images of at least two 
independent experiments are shown. 

 

3.3. ASFV/L60 isolate disrupts the subnuclear organization 

Morphological features of PML-NBs, nuclear speckles and Cajal bodies were evaluated in 

swine MDMs, to deepen understand the interactions between ASFV and host cell nucleus. 

Mock infected cells were used as controls for the morphology and distribution of the major 

constituents of these subnuclear domains. While non-infected MDMs showed small number 

of punctate PML-NBs (Fig. 26, a-d), ASFV-infected MDMs displayed enlarged and increased 

number of PML-NBs, dispersed throughout the nucleoplasm (Fig. 26, e-h, p<0.05). In 

parallel, a diffuse pan-nuclear speckled pattern of SC-35 (nuclear speckles label) was 

observed in mock infected cells (Fig. 26, i-l), in contrast to bulky nuclear aggregates of 
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nuclear speckles in ASFV-infected MDMs (Fig. 26, m-p, p<0.05). Concerning to the Cajal 

bodies, mock-infected MDMs displayed few coilin foci per nucleus (Fig.26, q-t), whereas an 

augmented number of Cajal bodies, scattered both throughout the nucleus and the 

cytoplasm was observed in ASFV-infected MDMs (Fig. 26, u-z, p<0.05). 

 

 

Figure 26 - ASFV-infected MDMs display subnuclear domains disruption. 
At 6 hpi, immunofluorescence analysis was performed with mock infected and ASFV-infected swine 
MDMs (green) to identify morphological changes of three subnuclear domains (red staining). Cellular 
and viral DNA was stained by DAPI (blue). Representative microscopy images of at least three 
independent experiments are shown. (a-d) Mock infected swine MDMs were used as controls for PML-
NBs staining, which are characterized by dispersed foci throughout the nucleoplasm. (e-h) ASFV-
infected MDMs display enlarged PML structures, contrasting to non-infected cells, revealing a 
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between-group difference statistically significant (p<0.05). (i-l) Mock infected MDMs served as controls 
for nuclear speckles distribution detected by SC-35 staining. (m-p) Nuclear speckles display enlarged 
interchromatin granules in ASFV-infected MDMs, while non-infected cells present a speckled pan-
nuclear staining (p<0.05). (q-t) Mock infected MDMs served as controls. Cajal bodies appearance in 
non-infected cells is characterized by bright intranuclear pin-point foci of coilin staining. (u-z) In ASFV-
infected MDMs coilin staining presents a dispersed cellular pattern. Statistical significance was 
obtained even though the major difference detected was the cytoplasmic presence of coilin in ASFV-
infected cells (unlike the nuclear distribution in non-infected cells). Scale bars, 10µm 

 

 

Discussion 4.

Previous studies have identified the presence of ASFV genomes inside the nucleus and its 

requirement for the infection success (reviewed in Dixon et al., 2012; Netherton and 

Wileman, 2013). For the first time and using BrdU pulse experiments we were able to detect 

newly synthesized DNA molecules at early infection times, both in ASFV/L60-infected MDMs 

(as dense nuclear clusters) and in ASFV-Ba71V infected Vero cells (as discrete replication 

foci dispersed throughout the nucleus). The distinct viral DNA replication patterns detected in 

infected MDMs and Vero cells may relate to initial different nucleotide pools in non-dividing 

(MDMs) and dividing Vero cells (Dixon, Abrams, Chapman, & Zhang, 2008). After 8 hpi, 

BrdU labelling was exclusively detected in the cytoplasmic viral factories. These results 

revealed that ASFV DNA replication occurs in a time-dependent manner, in two distinct host 

cell compartments, further supporting the classification of ASFV into the nucleocytoplasmic 

large DNA virus group (King et al., 2011), and the closeness of Asfarviridae to the 

phylogenetic related family Iridoviridae and to Mimiviridae (Iyer et al., 2006; Yutin & Koonin, 

2009) distant from the previous concept of similarity to Poxviridae (reviewed in Dixon et al., 

2012). BrdU-containing viral DNA molecules found inside the cell nucleus, may later be used 

as replication templates after diffusion into cytoplasmic factories, as reported for Adenovirus 

(Pombo et al., 1994) and Herpesviruses (Glauser et al., 2007), and supported by previous 

identification of ASFV genome concatemeric forms found in nuclear extracts (reviewed in 

Dixon et al., 2012). Generally, viral genomes are recognized upon cell infection as foreign 

molecules by host cell mechanisms not yet fully elucidated (Knipe, 2015). These 

mechanisms initiate a series of responses attempting to control viral expression and to 

minimize damage, mainly through induction of DDR activation, stimulation of innate 

responses, and modulation of PML-NBs activities. On the other hand, viruses hijack cellular 

components essential for their replication while simultaneously inactivate other ones that 

interfere with the infection progression, in order to circumvent cellular defence mechanisms 

and to establish a permissive nuclear environment (Weitzman et al., 2010). Considering that 

maintenance of functional bridges between DDR activation and immune responses are 

critical for host survival (Pampin, Simonin, Blondel, Percherancier, & Chelbi-Alix, 2006; 

Mboko et al., 2012) and that macrophages, key actors on the orchestration of immune 

responses, are among others, stimulated in a p53-dependent manner (Nemajerova, Moll, 
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Petrenko, & Fingerle-Rowson, 2007), we proposed to elucidate ASFV interactions with DDR 

and subnuclear domains in swine MDMs. Even though other DNA repair mechanisms are 

usually pointed out as being activated in damaged monocytes, such as the base excision 

repair (BER) and the NHEJ pathways (Heylmann et al., 2011; Bauer, Kaina, Goldstein, & 

Heylmann, 2012), our results demonstrate that ASFV/L60 isolate specifically activates the 

ATR pathway in these cells, corroborating our previous data obtained in Vero cells infected 

with ASFV-Ba71V isolate (Simões et al., 2013). Overall, these results reinforce the non-

random ATR activation by ASFV, both in non-replicating and replicating susceptible 

mammalian cells. The specific ATR activation has also been described for other DNA viruses 

(Weitzman et al., 2010; Li & Hayward, 2011), and several lines of evidence have suggested 

that HR facilitates infectivity by recognizing viral DNA as genomic DSBs, thus enhancing the 

access to the host DNA replication and repair machinery, subverting host proteins and 

modulating host immune responses (Mboko et al., 2012; Nikitin & Luftig, 2012). Interestingly, 

the foreseen possibility of interfering with the ASFV infection using PI3K inhibitors (able to 

target ATR) open new insights of future antiviral strategies (Cuesta-Geijo et al., 2012; 

Simões et al., 2013). 

Functional interactions between DDR and specific subnuclear domains are also well studied 

in viral infections, particularly regarding p53-activated PML-NBs which actively cope with HR 

pathways (Pampin et al., 2006). The common disruption of PML-NBs by viral infections has 

been described (reviewed in Everett and Chelbi-Alix, 2007; Van Damme and Van Ostade, 

2011), with the inhibition of host antiviral responses in Herpesvirus infections (reviewed in 

Tavalai and Stamminger, 2009). Our results obtained in MDM cultures infected with 

ASFV/L60 revealed the disruption of PML-NBs which appear augmented in number and with 

a clustered pattern, as reported for JC virus infection (Shishido-Hara et al., 2014). Such 

structural rearrangements may explain how ASFV interferes with the host immune response, 

since PML-NBs are involved in Interferon (IFN) immune-mediated mechanisms. As for other 

viruses, ASFV could use some of the factors contained in the PML-NBs to abrogate antiviral 

immunity (reviewed in Tavalai and Stamminger, 2009) and to induce the extensive apoptosis 

of macrophages as seen in infected swine (Gómez-Villamandos et al., 2013). It is also known 

that some viruses disrupt nuclear speckles and Cajal bodies in order to facilitate replication 

and to control the access to specific nuclear proteins (Salsman et al., 2008; Chang et al., 

2011). In this work, we identify the disruption of both transcription-related subnuclear 

domains, which favours the host cell reorganization previously reported as required for a 

successful ASFV infection (reviewed in Netherton and Wileman, 2013). Even though ASFV 

encodes for proteins regulating its transcription, the viral dependence on host transcription 

factors has been described (reviewed in Sánchez et al., 2013), and it may explain the 

disruption of these domains contributing to the inhibition of cellular gene expression and 

transcription. Altogether, these events can disable host defence mechanisms through the 
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induction of host gene silencing. Moreover, the observed changes in the nucleus morphology 

may also provide a reorganization of the intranuclear space to be occupied by ASFV DNA 

replication compartments, as also referred for other viral infections (REF). 

Overall, our results enrich the understanding on ASFV-induced alterations of subnuclear 

structures namely on the specific ATR pathway activation and on PML-NBs disruption upon 

ASFV/L60 infection of swine MDMs opening new insights on the use of antiviral compounds 

and providing valuable information to design vaccine candidates able to overcome ASFV 

modulation of host immune antiviral mechanisms. 
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Abstract 

Viral interactions with host nucleus have been thoroughly studied, clarifying molecular 

mechanisms and providing new antiviral targets. Considering that African swine fever virus 

(ASFV) intranuclear phase of infection is poorly understood viral interplay with subnuclear 

domains and chromatin architecture were addressed. Nuclear speckles, Cajal bodies and 

promyelocytic leukaemia nuclear bodies (PML-NBs) were evaluated by immunofluorescence 

microscopy and Western blot. Further, efficient PML protein knockdown by shRNA lentiviral 

transduction was used to determine PML-NBs relevance during infection. Nuclear distribution 

of different histone H3 methylation marks at lysine’s 9, 27 and 36, heterochromatin protein 1 

isoforms (HP1α, HPβ and HPγ) and several histone deacetylases (HDACs) were also 

evaluated to assess chromatin status of the host. 

Our results reveal morphological disruption of all studied subnuclear domains and severe 

reduction of viral progeny in PML-knockdown cells. ASFV promotes H3K9me3 and HP1β foci 

formation from early infection, followed by HP1α and HDAC2 nuclear enrichment suggesting 

heterochromatinization of host genome. Finally, closeness between DNA damage response 

factors, disrupted PML-NBs and virus-induced heterochromatic regions were identified. In 

sum, our results demonstrate that ASFV orchestrates spatio-temporal nuclear 

rearrangements, changing subnuclear domains, relocating ATR-related factors and 

promoting heterochromatinization, probably controlling transcription, repressing host gene 

expression and favouring viral replication. 

 

 

 

Keywords: African swine fever virus, nuclear speckles, Cajal bodies, promyelocytic 

leukaemia nuclear bodies, heterochromatin protein 1, histone H3 methylation modifications, 

histone deacetylases. 
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Introduction 1.

African swine fever virus (ASFV) causes a devastating disease of domestic pigs that is 

endemic in most of the African sub-Saharan region and has recently been identified in the 

Trans-Caucasian countries, Russian Federation (reviewed in Sánchez-Vizcaíno et al., 2013) 

and in EU countries namely Poland, Lithuania, Latvia and Estonia (EFSA, 2015) . This 

disease poses a threat to global swine industry due to its potential dissemination by different 

means further complicated by the lack of either an efficient treatment or vaccine. ASFV is a 

large dsDNA virus (170-190 kb) and the sole member of Asfarviridae, recently classified into 

the Nucleocytoplasmic Large DNA Viruses superfamily (King et al., 2011). Although some 

studies report interactions between this virus and nuclear transcription factors (reviewed in 

Sánchez et al., 2013), nuclear lamina disassembly (Ballester et al., 2011) and DNA damage 

response activation (Granja et al., 2004; Simões et al., 2013) little is known about the impact 

of ASFV infection on the nuclear architecture. Further, we have recently demonstrated that 

ASFV replicates its genome inside the host nucleus (Simões, Martins, & Ferreira, 2015), 

suggesting that ASFV infection could be abrogated by interfering with host nuclear factors 

and mechanisms. 

Research on nuclear spatial organization has unravelled strategies that viruses coevolved to 

exploit host cell nucleus (reviewed in Lieberman, 2006; Toth et al., 2013). Some viruses 

induce morphological and functional changes in subnuclear domains and/or modify the 

epigenetically determined chromatin state of the host to accomplish successful infection 

(reviewed in Everett, 2001; Ihalainen et al., 2009). As a result of the host transcription switch 

and downregulation of splicing events, nuclear speckles become unusually enlarged during 

viral infections due to the accumulation of small nuclear ribonucleoproteins (snRNPs) 

(Gama-Carvalho et al., 2003; Schneider et al., 2008; Chang et al., 2011). Viruses can also 

reshape Cajal bodies (CBs) by inducing accumulation of snRNPs and inhibiting RNA 

processing (Kim et al., 2007; Salsman et al., 2008; James et al., 2010). Likewise, 

promyelocytic leukaemia nuclear bodies (PML-NBs) are frequently disrupted by viruses for 

their involvement in antiviral responses and as viral replication centers preferentially 

associate to these domains (reviewed in Everett, 2001; Möller and Schmitz, 2003). In 

addition, PML-NBs have been implicated in DNA damage sensing (reviewed in Lallemand-

Breitenbach and de Thé, 2010) and showed to either exert antiviral responses or to facilitate 

viral infections (reviewed in Möller & Schmitz, 2003; Tavalai, Papior, Rechter, & Stamminger, 

2008; Sarkari, Wang, Nguyen, & Frappier, 2011). 

Upon cell entry, several viruses elicit an epigenetic reprogramming of the host chromatin by 

changing the histone methylation status and subverting chromatin-associated enzymes, 

ultimately modifying chromatin structure and gene expression (reviewed in Weitzman et al., 

2010; Knipe et al., 2013). In eukaryotic cells, euchromatin is an open-packed form of DNA, 

transcriptionally active and easily accessed for replication, while heterochromatin is 
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constituted by genomic regions that are tightly packed and silenced (Fillingham & Greenblatt, 

2008; Soria et al., 2012). Recently, it has been shown that heterochromatin formation is 

dependent on the enrichment of specific histone H3 methylation marks, which in turn can 

recruit heterochromatin protein 1 isoforms (HP1α and HP1β), facilitating a repressive 

chromatin environment and DNA damage response (Eskeland et al., 2007; Grewal & Jia, 

2007; Luijsterburg et al., 2009; Zeng et al., 2010; Bartkova et al., 2011). Some viruses can 

also modify the methylation patterns of histone H3, hence regulating the accessibility of 

replication/transcription machineries to host chromatin domains and territories (Vogel & 

Kristie, 2013). Similarly, also histone deacetylases (HDACs) that are involved in 

heterochromatin formation and spreading, can display corrupted activities during infections to 

aid virus replication (Tang & Maul, 2003; Lukashchuk & Everett, 2010). 

The aim of our study was to characterize the effect of ASFV infection on nuclear speckles, 

Cajal bodies, PML-NBs and, on host chromatin structure by using the well-established in 

vitro model (Vero cells infected with ASFV Ba71V isolate). Clear morphological changes 

(shape, size and number) were identified in all subnuclear domains. Additionally, PML-NBs 

showed a tendency to become juxtaposed to the activated DNA damage response (DDR) 

factors foci and further investigation disclosed a proviral role for PML protein in ASFV 

infection, since viral progeny was decreased in PML-knockdown cells. From early time points 

post-infection, ASFV also promotes the heterochromatinization of the host nucleus by 

inducing hypermethylation of specific lysine residues of histone H3 (H3K9me3 and 

H3K27me3), foci formation of the HP1β isoform and redistribution of activated DDR factors 

(p-p53 and pATR). Later, ASFV-infected cells showed HP1α and HDAC2 redistributed 

patterns suggesting that the heterochromatic state of the host chromatin is tightly controlled 

by the virus. Reinforcing this transcriptional repressive environment of the host, all studied 

subnuclear domains displayed a close proximity to heterochromatic regions in ASFV-infected 

cells. 

In summary, our findings demonstrate that ASFV alters nuclear architecture by disrupting 

subnuclear domains and chromatin texture, whereas PML protein has a proviral role. The 

novel virus-host interactions here described uncover promising molecular targets to be tested 

for antiviral therapies (e.g. PML, HP1 and HDAC inhibitors). Correspondingly, future research 

on ASFV proteins involved in the modulation of nuclear architecture and chromatin structure 

might open new insights for a more rational design of viral mutants to be used as efficient 

vaccines. 

 

 Materials and Methods 2.

2.1. Vero cell culture and Lentiviral infection of shRNA 

Vero cells (kidney epithelial cells of African green monkey Cholorocebus aethiops) were 

obtained from the European Cell Culture Collection (ECACC, Salisbury, UK), and maintained 
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in DMEM (Dulbecco Modified Eagle's minimal essential medium) supplemented with L-

Glutamax, 10% foetal calf inactivated serum and non-essential amino acids (all from Gibco, 

Life Technology, Karlsruhe, Germany). All cell culture experiments were conducted in the 

absence of antibiotics or antifungal agents and were performed on actively replicating 

subconfluent cell monolayers. 

In order to knockdown PML protein, Vero cells were seeded into 24-well plates 

(1.5*10^4cells/well) and infected with pGIPZ-shRNA-PML fused to TurboGFP lentiviral 

particles (Thermo Scientific, Waltham, USA), at the recommended multiplicity of infection 

(MOI) of 2, as previously reported (Wang, Studach, & Andrisani, 2011; Rabellino et al., 

2012). Vero cells transduced with pGIPZ-shRNA-GAPDH replication incompetent lentivirus 

were used as a transduction control. After 6 hours of lentivirus adsorption at 37ºC, cells were 

incubated with supplemented DMEM. In both transduced cell populations, GFP expression, 

from pGIPZ-TurboGFP vector, allowed the lentiviral infection efficiency measurement and 

further selection of transduced cells. Transduction protocol optimization was performed 

according to the manufacturer’s recommendations and the selective pressure was performed 

by adding puromycin (5 µg/mL; Sigma-Aldrich, St. Louis, USA) for 48 h after lentiviral 

infection. After two selecting periods, the GFP-expressing cells were screened through 

observation using an inverted epifluorescent microscope (Olympus LH 50A, Tokyo, Japan) 

and named as Vero-shRNA-PML and Vero-shRNA-GAPDH. Selective pressure was 

maintained for 10 days and stable knockdown cells were confirmed by puromycin resistance, 

GFP-expression. All cell cultures were grown at 37ºC, under a 5% CO2 and humidified 

atmosphere (≥ 95%). 

 

2.2. Virus and infections 

The ASFV Ba71V isolate was propagated and prepared as previously described (Carrascosa 

et al., 2011). Viral suspensions titrations were performed by observation of cytopathic effect 

(CPE) at end-point dilutions, in Vero cells, as previously described (Martins et al., 1987). 

Infections were carried out with a MOI of 2 for Western blot analysis and a MOI of 5 for 

immunofluorescence studies. PML-knockdown cells (Vero-shRNA-PML) and transduced 

controls (Vero-shRNA-GAPDH) were infected using a MOI of 1. For evaluation of viral yields, 

supernatants of infected cultures were diluted in serum-free medium, adsorbed to cell layers 

and incubated for 1 h. After this adsorption period, supernatants were collected and replaced 

by fresh culture medium. 

 

2.3. Antibodies 

Subnuclear domains were detected with the following antibodies: goat anti-SC35 (sc-10252; 

IIF 1:50; WB 1:500), rabbit anti-coilin (sc-32860; IIF 1:50; WB 1:500) both from Santa Cruz 
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Biotechnology, Santa Cruz, USA; and, rabbit anti-PML (ab96051 from Abcam, Cambridge, 

UK; IIF 1:100; WB 1:1000). A rabbit anti-αTubulin was used for immunoblotting loading 

control (#2125, Cell Signaling Technology, Boston, USA; 1:1000). Activated DDR factors 

were detected by antibodies that specifically recognize p-p53 (#9284, 1:50) and pATR 

(#2853, 1:100), both from Cell Signalling. 

Chromatin marks immunostaining was performed with: rabbit anti-HP1α (#2616; 1:100), 

rabbit anti-HP1β (#8676; 1:100), rabbit anti-HP1ɣ (#2619; 1:100), mouse anti-HDAC1 

(#5356; 1:400), mouse anti-HDAC2 (#5113; 1:800), mouse anti-HDAC3 (#3949; 1:100), 

rabbit anti-HDAC5 (#2082; 1:100) all from Cell Signaling (Boston, USA). The histone H3 

methylation status was characterized by: rabbit anti-H3K9me1, rabbit anti-H3K9me3, rabbit 

anti-H3K27me1, rabbit anti-H3K27me3 and rabbit anti-H3K36me3 antibodies, kindly 

provided by Professor Thomas Jenuwein (Max Planck Institute of Immunobiology and 

Epigenetics, Freiburg, Germany) and used as previously reported (Fodor, Shukeir, Reuter, & 

Jenuwein, 2010). For viral protein detection, an in-house produced swine anti-ASFV serum 

was used (IIF 1:100, WB 1:500). 

The secondary fluorescent-conjugated antibodies were used as follows: anti-mouse FITC 

(sc-2099, Santa Cruz Biotechnology; 1:500); anti-mouse Cy3 (A10521, Molecular Probes, 

Life Technologies, Paisley, UK; 1:900), anti-rabbit DyLight 594 (ab98490, Abcam; 1:500), 

anti-swine Texas Red or FITC (ab6775 and ab6773, respectively, Abcam; 1:500). 

For Western blot analysis, primary antibodies were revealed with horseradish peroxidase-

conjugated secondary antibodies (Jackson ImmunoResearch Lab., West Grove, USA), at 

optimized concentrations during a 30 min incubation period. 

 

2.4. Immunofluorescence studies 

Vero cells were seeded and grown onto glass coverslips, in 24-well culture plates (5.0x10^4 

cells/cm^2) and infected with ASFV Ba71V isolate. At different time points, cells were fixed 

with 3.7% paraformaldehyde (PFA) in HPEM buffer (25mM HEPES, 60mM PIPES, 10mM 

EGTA, 1mM MgCl2), for 10 min at room temperature (RT) and further permeabilized in 

PBS/Triton X-100 0.1% for 2 min. Bovine serum albumin (5% in PBS/Tx-100 0.005%) was 

used during 30 min, at RT, as a blocking step prior to incubation with primary antibodies. All 

antibodies were diluted in blocking solution and incubated at the recommended periods. 

DAPI (4,6-diamidino-2-phenylindole) was used to stain DNA, and Prolong Gold antifade 

(Invitrogen, Carlsbad, USA) was used as mounting medium. Special attention was taken to 

prevent fluorochrome fading by using a dark humidified chamber in all incubation steps. 
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2.4.1. Microscopy and image processing 

Images were acquired on a Leica DMRA2 upright microscope (Leica Microsystems, Wetzlar, 

Germany) equipped with a CoolSNAP HQ CCD camera (Photometrics, Tucson, USA), using 

the a 100x 1.4NA Oil immersion objective, DAPI, FITC, FM 4-64 and CY5 fluorescence filter 

sets. MetaMorph software (version 7.5.3.0, Molecular Devices, Sunnyvale, USA) was used to 

collect stacks of images with a z optical spacing of 0.2 μm. Data sets preparation and 

analysis was performed within the open-source Java-based image processing program FIJI, 

version 1.47q (Schindelin et al., 2012) which was also used  to generate maximum intensity 

projection images along the z axis. 

The radial intensity analysis of images was based on a previously described method 

(Spiluttini et al., 2010) and performed using an in-house developed macro that used the 

Radial Profile Extended plug-in for ImageJ. In brief, radial profile measurements were 

centered on each subnuclear domain/HC region/DDR factor loci, defined by specific signals. 

Region of interest radii were set to extend from the local center of these subnuclear dense 

structures to its boundary, set at 10 pixel, and integrated intensity data (sum of pixel intensity 

values at a given radius) was normalized by dividing the number of pixels in the 

corresponding radius. Nuclei of 50 cells were used for each analysis. Control sites were 

selected randomly in the corresponding nuclei.  

 

2.4.2. Radial analysis of site images 

Kruskal Wallis and Mann-Whitney tests for median comparison were performed to analyse 

the significance of the observed subnuclear domains enrichments between ASFV-infected 

and non-infected cells, using IBM SPSS Statistics version 21.0 software (IBM Corp. New 

York, USA). Data are presented as mean ± SE (50 non-infected and 50 ASFV-infected cells 

were analysed for each condition). Differences with p values of less than 0.05 were 

considered to be statistically significant. 

 

2.5. Western blotting analysis 

ASFV Ba71V infected or mock infected Vero cells and Vero-shRNA transduced cells were 

harvested at indicated times. After being washed with phosphate-buffered saline (PBS), cells 

were lysed with ice-cold RIPA buffer (50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 1.0% NP-40; 

0.5% sodium deoxycholate; 0.1% SDS) supplemented with protease and phosphatase 

inhibitors (cOmplete Mini, EDTA-free and PhoStop both from Roche, Mannheim, Germany). 

Clarified whole-cell extracts were resolved by SDS-polyacrylamide gel electrophoresis and 

electroblotted onto nitrocellulose membrane with a 0.2 µm pore diameter (Whatman, Dassel, 

Germany). Thereafter, membranes were blocked with TBS plus 0.05% Tween 20 (TBST 

buffer) containing 1% BSA, during a 30 min incubation period at RT. Blots were incubated 
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with the specific primary antibodies during 1h, subjected to three 10-min wash steps with 

TBST buffer and then exposed to horseradish peroxidase-conjugated secondary antibodies 

(30 min, RT), followed by chemiluminescence detection through autoradiography (Clarity, 

ECL detection system, Bio-Rad Laboratories, Hercules, USA), on Amersham hyperfilms (GE 

Healthcare, Little Chalfont, UK). 

 

Results 3.

3.1. ASFV disrupts host subnuclear domains 

Some viruses commonly disrupt subnuclear domains that are involved in transcriptional 

events and in antiviral responses (reviewed in Zakaryan and Stamminger, 2011). To unravel 

a putative crosstalk between ASFV and these domains, indirect immunofluorescence 

analysis of Vero-infected cells was performed from 4 hours post infection (hpi) onwards, 

using antibodies that recognize the major constituent protein of the studied subnuclear 

domains (anti-SC-35 to identify nuclear speckles, anti-coilin to label Cajal bodies and anti-

PML to detect PML-NBs), and an anti-ASFV swine whole serum to label infected cells. A 

disrupted morphology of these subnuclear domains was solely found in infected cells, from 

early times post infection (6 hpi). Nuclear speckles became reduced in number although 

enlarged in size (Fig. 27, a-d), as reported for other viral infections (reviewed in Lamond and 

Spector, 2003), and contrasting to non-infected cells (Fig. 27, e-h). Cajal bodies (CBs) were 

also altered from a dot distribution pattern observed in non-infected cells (Fig. 27, m-p), into 

‘comma-shaped’ structures and increased in number (Fig. 27, i-l). These rearrangements 

may be due to accumulation of snRNPs caused by the host transcriptional switch induced by 

ASFV (reviewed in Sánchez et al., 2013). Finally, PML-NBs were reduced in number and 

oversized in infected cells (Fig. 27, q-t), when compared to PML-NBs in non-infected cells 

(Fig. 27, u-z), similarly to the morphological changes observed in other DNA virus infections 

(reviewed in Jiang and Imperiale, 2012). 

Considering that disruption of subnuclear domains may be related with an aberrant 

expression of its major constituents (SC-35, coilin and PML), their expression levels were 

evaluated by Western blot. Although, ASFV modulates their nucleoplasmic distribution, no 

differences were detected between non-infected and ASFV-infected cells (Fig. 28). 
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Figure 27 - ASFV induces the reorganization of subnuclear domains. 
Vero cells were infected with ASFV Ba71V isolate (MOI of 5), fixed at 6 hpi, permeabilized and 
immunostained; cell nuclei stained with DAPI (blue). (a-d) ASFV-infected cells (green) reveal globular 
and enlarged accumulations of SC-35 (red), while in non-infected cells (e-h), nuclear speckles (SC-35) 
show a pan-nuclear staining. (i-l) In ASFV-infected Vero cells (green), Cajal bodies (coilin, red) display 
‘comma-shaped’ morphology and group together, contrasting with the few pin-point bright foci of non-
infected cells (m-p). (q-t) PML-NBs (PML, red) of infected cells (green) reveal fewer and enlarged 
domains, when compared to non-infected cells which show an increased number of smaller dots (u-z). 
Scale bar, 10 μm. Representative images of at least three independent experiments are shown. 
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Figure 28 - Subnuclear domains major constituents’ expression 
levels during ASFV infection. 
Protein levels of SC-35, coilin and PML remain constant during 
ASFV infection. Vero cells infected with ASFV Ba71V isolate 
were lysed at 6 and 12 hpi, and compared to mock-infected cells, 
using immunoblotting analysis. α-Tubulin was used as loading 
control. Molecular weights (kDa) of evaluated proteins are 
indicated on the left of immunoblot images. 

 

 

3.2. ATR-related factors accumulate nearby PML-NBs during ASFV infection 

Recently, we have reported that ASFV specifically activates the Ataxia Telangiectasia 

mutated and Rad3-related (ATR) pathway, for a successful infection (Simões et al., 2013). In 

non-infected cells, the ATR pathway is a homologous recombination (HR) signalling cascade 

integrating different DNA damage response (DDR) mechanisms, which is p53-activation 

dependent and essential for the repair of stalled replication forks. Similarly, PML-NBs have 

been reported to display p53-dependent activities related to cell cycle control and to DNA 

damage sensing by HR mechanisms (Guo et al., 2000; De Stanchina et al., 2004). Indeed, 

PML-NBs and DDR factors have been found to cooperate in DNA repair after exposure to 

genotoxic agents (Dellaire et al., 2006; Pampin et al., 2006). 

To investigate whether disrupted PML-NBs cooperate with DDR activated factors, distribution 

patterns of p-p53, pATR and γH2AX were analysed during infection. In ASFV-infected cells, 

PML-NBs became juxtaposed to p-p53 (Fig. 29A, a-d), in comparison to non-infected cells 

(Fig. 29A, e-h), and closely associated to pATR accumulations (Fig. 29A, i-l) which was 

uncommon in non-infected cells (Fig. 29A, m-p).Most probably this close vicinity also occurs 

to γH2AX foci although because of its pan-nuclear distribution, this juxtaposition to PML-NBs 

could not be easily recognized in ASFV-infected cells (data not shown). The observed p-p53 

and pATR accumulations corroborate the increased expression levels of ATR-related factors 

reported in ASFV infection (Simões et al., 2013), enhancing the proximity and functional 

crosstalk between activated DDR factors and PML-NBs thus interfering with the interferon-

mediated antiviral responses, as described for other viral infections (reviewed in Everett and 

Chelbi-Alix, 2007; Pampin et al., 2006; Vink et al., 2015). 

We analysed the redistributions quantitatively using a radial intensity profiling algorithm that 

measures the normalized integrated fluorescence intensity in immunostaining images of 

PML-NBs and DDR-related factors (p-p53 and pATR) from the subnuclear domains centre to 
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a maximum radius distance of 1µm (10 pixel). Radial profiles were obtained from 50 nuclei of 

ASFV-infected cells (solid lines) and 50 nuclei of non-infected cells (dashed lines) and 

average normalized integrated intensities were plotted as a function of distance. The results 

confirmed that the juxtaposition among PML-NBs and p-p53 foci (Fig. 29B), as well as the 

proximity between PML-NBs and pATR (Fig. 29C) occurs much more frequently in infected 

cells (solid lines), where the fluorescence intensity values of both PML-NBs (cyan lines) and 

DDR-related factors (red lines) are higher than in non-infected cells, meaning that ASFV 

infection orchestrates the nuclear distribution of PML-NBs and ATR-related factors.  

 

 

Figure 29 – PML-NBs and 
DDR factors juxtapose 
during ASFV infection. 
(A) Immunofluorescence 
analysis of PML-NBs 
(cyan) and two DNA 
damage response factors 
(red) was performed in 
ASFV-infected cells (8 hpi, 
green) and in non-infected 
cells. Cell nuclei were 
counterstained with DAPI 
(blue). (a-d) In ASFV-
infected cells, enlarged 
PML-NBs (cyan) are 
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juxtaposed to phosphorylated p53 form (p-p53, red), while in non-infected cells these subnuclear 
domains do not associate to activated p53 loci (e-h). Additionally, enlarged PML-NBs neighbour pATR 
accumulations (i-l), as non-infected cells display smaller PML-NBs and pATR faint staining dispersed 
throughout the nucleus (m-p). Scale bar, 10 μm. Representative microscopy images of at least three 
independent experiments are shown. (B and C) Relative distance between PML-NBs and p-p53/pATR 
foci was evaluated by radial intensity profile analysis in ASFV-infected cells (solid lines) and non-
infected cells (dashed lines). Normalized fluorescence intensity curves from the centre of PML-NBs 
(blue lines) to p-p53 accumulations (B) or to pATR foci (C) (represented by red lines) are plotted. Error 
bars represent standard errors (± SE). Radial profile analysis shows the close proximity between the 
subnuclear domains and the higher intensity DDR-factor accumulation regions only in ASFV-infected 
cells, as blue and red solid lines cross at a point of the studied radius, contrasting to the absence of 
intersection between PML-NBs (blue dashed lines) and p-p53/pATR fluorescence intensities (red 
dashed lines) in non-infected cells. 
 

3.3. PML protein plays a proviral role in ASFV infection 

Considering that PML-NBs are also recognized as transcriptional regulatory elements and 

post-translational modification platforms (Möller & Schmitz, 2003), and become enlarged 

during ASFV infection, the role of PML protein on the viral infection progression was 

evaluated For this purpose, we designed a shRNA to target the PML mRNA and the shRNA 

expression cassette (with a GFP reporter gene) was delivered via lentiviral transduction of 

Vero cells (Vero-shRNA-PML). This transduction system (Yang et al., 2010; Kim et al., 2011) 

was considered suitable for Vero cells due to an almost full sequence homology of PML gene 

between human and green monkey (DQ231470, EMBL – European Nucleotide Archive). 

The depletion efficiency was assessed by Western blot and, although highly efficient, a 

residual amount of native PML protein could still be detected in Vero-shRNA-PML cells. In 

contrast, transduction control cells (Vero-shRNA-GAPDH) showed high and constant 

expression levels of PML protein throughout ASFV infection (Fig. 30). Notably, low 

expression levels of viral proteins were detected in PML-knockdown cells, even at late times 

of infection (e.g. 12 hpi and 18 hpi), in contrast to the expected levels detected in infected 

Vero-shRNA-GAPDH cells (Fig. 30). As anticipated, no viral proteins were detected in mock-

infected cells. 

 
Figure 30 - PML has a proviral role in ASFV 
infection. 
Whole cell extracts were collected from Vero-
shRNA-PML and Vero-shRNA-GAPDH cells, 
non-infected and infected with ASFV Ba71V 
isolate (MOI of 1) at 6, 12 and 18 hpi. In Vero-
shRNA-PML cells, expression levels of a ≈ 22 
kDa viral protein remain residual throughout 
infection, whereas in Vero-shRNA-GAPDH 
cells (control) this viral protein showed 
increasing levels. In addition, other structural 
viral proteins (≈ 32 kDa and ≈72 kDa) in 
ASFV-infected PML knockdown cells did not 
present the expression levels detected in 
infected shGAPDH cells, even at late times of 
infection. Overall, viral protein synthesis is 
diminished in Vero-shRNA-PML knockdown 
cells As expected, mock-infected cells (0 hpi), 
showed no viral protein expression. α-Tubulin 
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was used as loading control. Molecular weights (kDa) of evaluated proteins are indicated on the left of 
immunoblot images. 

 

 

Immunofluorescence analysis of Vero-shRNA-PML cells revealed irregularly shaped viral 

factories (Fig. 31, a-d), again contrasting with Vero-shRNA-GAPDH cells that presented 

typical round-shaped factories and virus-induced PML-NBs disruption (Fig. 31, e-h). To 

further address whether ASFV infection is PML-dependent, viral yields obtained from Vero-

shRNA-PML and Vero-shRNA-GAPDH cells were titrated. Initial ASFV Ba71V inoculum (MOI 

of 1) was adsorbed for 1h and supernatants collected every 48 hpi were used for further 

passages, while a small aliquot was stored at - 80ºC for subsequent viral titration 

(Carrascosa et al., 2011). Results showed that ASFV yields decrease six logs after five 

sequential passages in PML-knockdown cells, unlike the viral titers obtained from Vero-

shRNA-GAPDH cells (p < 0.05). Titration results from three independent experiments are 

depicted graphically in Fig. 32. 

 

Figure 31 – PML knockdown cells display aberrant ASFV factories. 
(a-d) Vero-shRNA-PML cells (GFP expressing, green) were infected with ASFV (MOI of 1) and 
analyzed at 12 hpi. PML (cyan) and ASFV-infected cells (red) were further detected by 
immunofluorescence. PML-NBs could not be visualized in PML knockdown cells which show viral 
cytoplasmic factories with atypical morphology (horseshoe-shaped). (e-h) In contrast, Vero-shRNA-
GAPDH cells (green) display enlarged PML-NBs and typical round-shaped viral factories (red). Scale 
bar, 10 µm. Representative images of at least three independent experiments are shown 
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Figure 32 - ASFV progeny is 
reduced in Vero-shRNA-PML 
kd cells. 
A drastic reduction in virus 
yield was observed in ASFV-
infected PML knockdown cells 
(light grey columns) in 
comparison to the viral 
progeny production obtained 
from infected Vero-shRNA-
GAPDH cells (dark grey 
columns). Each column 
represents the average of 
results obtained from three 
independent experiments, and 
the error bars represent the 
standard error (SE) values. 
Log decay of virus titer was 
considered as statistically 
significant (p value <0.05). 

 

 

3.4. ASFV modifies host chromatin epigenetic state 

Recent studies have shown that some viruses subvert cellular epigenetic mechanisms and 

recruit host transcription factors to their benefit by changing chromatin structure (reviewed in 

Knipe et al., 2013). In order to identify host chromatin rearrangements induced by ASFV, the 

distribution patterns of several epigenetic marks were analysed by immunofluorescence, 

using antibodies that specifically recognize different methylated forms of histone H3 

(H3K9me1/me3, H3K27me1/me3 and H3K36me3), heterochromatin protein 1 isoforms 

(HP1α, HP1β and HP1γ) and histone deacetylase enzymes (HDAC1, HDAC2, HDAC3 and 

HDAC5). 

As shown in Fig. 33 (a-d), ASFV infection induces the redistribution of trimethylated lysine-9 

of histone H3 (H3K9me3), an epigenetic mark specifically correlated with gene silencing in 

eukaryotic cells (reviewed in Fodor et al., 2010), contrasting with its distribution pattern in 

non-infected cells (Fig. 33, e-h). A similar scenario was observed for trimethylated lysine-27 

of histone H3 (H3K27me3), another epigenetic post-transcriptional modification involved in 

heterochromatin formation (data not shown). These virus-induced locations are characterized 

by few large accumulations located in the centre of the nucleoplasm. In contrast, no 

differences in the distribution patterns of several epigenetic marks associated to euchromatin 

formation (H3K9me1, H3K27me1 and H3K36me3) were observed (data not shown), all being 

used in the identification of transcriptionally active regions (Allis et al., 2007; Kouzarides, 

2007). 

Further, in non-infected eukaryotic cells, the balance between the different methylated forms 

of H3K9 regulates the recruitment of HP1 isoforms, which in turn cooperate with several 

chromatin-remodelling enzymes controlling gene transcriptional status (Kwon & Workman, 
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2008). Considering that these protein-protein interactions are major players in the regulation 

of host gene expression, intranuclear distributions of HP1α, HP1β and HP1γ were also 

studied during ASFV infection. Whereas HP1β displayed an accumulation pattern from early 

times of infection (Fig. 33, i-l), HP1α foci can only be detected after 10 hpi (data not shown), 

in contrast to the observed distribution patterns of both HP1 isoforms in non-infected cells 

(Fig. 33, m-p). These enlarged foci of both isoforms can solely be observed in ASFV-infected 

cells. In its turn, HP1γ isoform which is mainly involved in euchromatin maintenance does not 

relocalize in infected cells (data not shown). 

Cellular chromatin texture and gene expression can also be regulated by histone 

deacetylases (HDACs) that modulate the histone acetylation status (Delcuve et al., 2012). 

Knowing that H3K9me–HP1 interaction can recruit HDACs for heterochromatic regions 

(Aygün et al., 2013), studies were carried out to verify HDACs localization in infected cells. 

Although all studied nuclear HDACs (class I - HDAC1, HDAC2 and HDAC3) partially 

localized with the cytoplasmic viral factories, only HDAC2 which regulates chromatin 

plasticity, revealed an increased signal intensity in ASFV-infected cells, from an early phase 

of infection (Fig. 33, q-t) ), not detected in non-infected cells (Fig. 33, u-z). Finally, no 

redistribution in the nucleocytoplasmic class II-HDAC5 could be detected in ASFV-infected 

cells (data not shown). Altogether, the above data strongly supports that ASFV promotes the 

heterochromatinization of the host nucleus by subverting different mechanisms, controlling 

the access of transcription machinery to host genes. 



 

99 
 

 

Figure 33 - ASFV modifies the host chromatin state. 
Immunofluorescence analysis was performed on non-infected and ASFV-infected Vero cells (8 hpi) 
using specific antibodies recognizing heterochromatin marks - H3K9me3, HP1β and HDAC2 (red) and 
viral proteins (green). Cell nuclei were counterstained with DAPI (blue). (a-d) Histone H3 trimethylated 
at lysine 9 (H3K9me3, red) show large accumulations throughout the nucleoplasm upon ASFV 
infection (green),  not observed in uninfected cells (e-h). ASFV-infected cells (green) also present 
HP1β (red) nucleoplasmic accumulations (i-l), not detected in non-infected cells (m-p). HDAC2 (red) is 
the only member of HDACs family that displays a more intense nuclear labelling in ASFV-infected cells 
(green), and  additional recruitment to viral cytoplasmic factories (q-t), when compared to non-infected 
cells (u-z). Scale bar, 10 μm. Representative microscopy images of at least three independent 
experiments are shown. 

 



 

100 
 

3.5. Subnuclear domains and ATR loci accumulate nearby heterochromatic 

regions during ASFV infection 

In other viral infections, both subnuclear domains and DDR factors are recruited to 

heterochromatic loci, forcing the host transcriptional switch and DNA repair factors 

accessibility to enhance viral replication (reviewed in Lilley et al., 2010). This knowledge led 

us to investigate if juxtaposition occurs between heterochromatic host regions, subnuclear 

domains and ATR accumulations during ASFV infection. Our results show that disrupted 

nuclear speckles and Cajal bodies became juxtaposed to hyper-condensed chromatin 

aggregations (identified by HP1β accumulations), only in ASFV-infected cells, (Fig. 34, a-d 

and e-h, respectively), contrasting with the patterns observed in non-infected cells (Fig. 34, 

a’-d’ and e’-h’, respectively). These viral-induced HP1β foci also displayed close proximity to 

PML-NBs (Fig. 34, i-l), showing different distribution patterns when compared to non-infected 

cells (Fig. 34, i’-l’), and close vicinity to pATR accumulations and to pATR accumulations 

(Fig. 34, m-p), in opposition to the diffuse distribution pattern found in non-infected cells (Fig. 

34, m’-p’). The radial-analysis method was further applied to subnuclear domains, DDR-

related factors accumulations and to heterochromatic regions providing consistent results of 

differential intensity profiles when infected and non-infected cells were compared (Fig. 35A - 

D). At the given distance of 10 pixel (1.0 µm), average normalized integrated fluorescence 

profiles of nuclear speckles (Fig. 35A, cyan lines), Cajal bodies (Fig. 35B, cyan lines), PML-

NBs (Fig. 35C, cyan lines) and pATR accumulations (Fig. 35D, cyan lines) showed closer 

proximity to heterochromatic regions (HP1β labelling, red lines) which presented much higher 

fluorescent intensity values in ASFV-infected cells (solid lines) than in non-infected cells 

(dashed lines). 
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Figure 34 – ASFV leads to juxtaposition of host heterochromatic regions, disrupted subnuclear 
domains and pATR foci. 
Heterochromatin marker HP1β is labelled in red, while subnuclear domains (PML-NBs, nuclear 
speckles or Cajal bodies) and the activated ATR kinase are labelled in cyan. Cell nuclei were 
counterstained with DAPI (blue). (a-d) Only ASFV-infected cells (green) display the speckled pattern 
of enlarged SC-35 accumulations (cyan) juxtaposed to the heterochromatic regions (HP1 β, red), as 
non-infected cells do not reveal the close proximity pattern (a’-d’). In contrast to non-infected cells (e’-
h’), the ASFV-induced bulky heterochromatic territories (HP1β, red) are always present within close 
vicinity to disrupted Cajal bodies (cyan) (e-h). Enlarged heterochromatic regions (HP1β, red) closely 
neighbour reorganized PML-NBs (cyan) in infected cells (green) (i-l), rearrangements not observable 
in non-infected cells (i'-l’). HP1β deposits (red) juxtapose to pATR foci (cyan), in ASFV-infected cells 
(green) (m-p), different chromatin/pATR appearances and distributions in non-infected cells (m’-p’). 
Scale bar, 10 μm. Representative microscopy images of at least three independent experiments are 
shown. 
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Figure 35 – Radial intensity profile analysis. 
(A-D) Relative distance between the studied subnuclear domains/pATR foci (cyan) and 
heterochromatic regions (red) in ASFV-infected cells (solid lines) and non-infected cells (dashed lines). 
Normalized fluorescence curves were obtained from 50 nuclei. Experiments were performed in 
triplicate and error bars represent standard errors (± SE). Radial profile analysis shows the close 
proximity, in ASFV-infected cells, between each subnuclear domain/pATR foci (blue solid line) and 
HP1β accumulations (red solid line), crossing at a point within the given radius (1 µm). Dashed lines 
representing fluorescence intensities of subnuclear domains/pATR (blue) and heterochromatic regions 
(red) never intersect, revealing a greater distance between these nuclear domains/factors in non-
infected cells. 
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Figure 36 – Proposed working model for ASFV-host interactions. 
ASFV-infected cells show a fully reorganized nuclear architecture. ASFV genomes most probably 

recognized as DNA damage sites, after migrating into host cell nucleus, activate DNA damage 
response factors (p-p53 and pATR), that juxtapose to enlarged PML-NBs (yellow circles). The 
activated p53 (p-p53, purple circles) and ATR (pATR, red shapes) also accumulate nearby 
heterochromatic regions (blue forms). In addition, the viral infection promotes nuclear speckles 
enlargement (pink circles) and Cajal bodies remodelling (green ‘comma-shaped’ forms). All subnuclear 
domains display close vicinity to viral-induced heterochromatic regions enriched by H3K9me3, 
H3K27me3, HP1α/β isoforms and HDAC2. 

 

Discussion 4.

It is known that different viruses exploit subnuclear domains to thrive a successful infection 

(Salsman et al., 2008; Chang et al., 2011). Our results demonstrate that ASFV also disrupts 

nuclear speckles and Cajal bodies morphology, probably to favour  a host transcriptional 

switch (reviewed in Sánchez et al., 2013), and to induce downregulation of host splicing 

events. Although the role of PML-NBs in ASFV infection remains to be fully understood, their 

remodelling herein described share similar features to those reported in other viral infections, 

where these modified domains provide the required physical architecture for an efficient 

synthesis of viral proteins and/or constitute protein deposits that can assist viral replication 

(reviewed in Netherton and Wileman, 2013; Rivera-Molina et al., 2013). Indeed, some DNA 

viruses (e.g. Papillomaviruses and Polyomaviruses) localize their replication centres within or 

at the periphery of PML-NBs to accomplish their infection cycle (reviewed in Tavalai and 

Stamminger, 2008; Van Damme and Van Ostade, 2011), while Herpesviruses have been 
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found to block PML-NBs antiviral responses by the mislocation of these domains (Wang et 

al., 2012). Our findings from PML knockdown experiments strongly support that ASFV 

infection is PML-dependent, since its depletion leads to irregularly shaped viral factories and 

to a significant reduction in viral progeny release. Still, and despite the spatial reorganization 

of the above-mentioned subnuclear domains, the protein levels of their major constituents 

(SC-35, coilin and PML, respectively) remained unchanged throughout infection. 

In eukaryotic cells, PML protein has also been implicated in DNA repair responses by acting 

as sensor and regulator of p53 (De Stanchina et al., 2004; Boichuk et al., 2011), both 

functions corrupted by several viruses to circumvent cellular antiviral measures (reviewed in 

Bishop et al., 2006; Everett, 2001; Everett et al., 2007). Here we show that disrupted PML-

NBs share a close vicinity to p-p53 and pATR accumulations, suggesting that ASFV may 

exploit this scenario to increment the recognition of its genomes, corroborating the previously 

identified ATR pathway activation (Simões et al., 2013). 

Meanwhile, the host chromatin also represents a challenge to the establishment of viral 

infections. By controlling histone methylation/acetylation status and distribution of HP1 

isoforms, viruses modify the chromatin texture, promoting a permissive nuclear environment 

and subverting host gene expression (reviewed in Lieberman, 2006; Lilley et al., 2010; Knipe 

et al., 2013). In eukaryotic cells, active genes are mainly associated to euchromatin, whereas 

silenced heterochromatic regions are H3K9me3-enriched and tend to replicate later 

(reviewed in Eskeland et al., 2007; Kouzarides, 2007). It is well-known that H3K9me3 is 

involved in the recruitment of major heterochromatin-related proteins (HP1α and HP1β), 

which in their turn reinforce and stabilize heterochromatic regions, contrasting with HP1γ 

isoform that typically accumulates in euchromatin (reviewed in Kwon and Workman, 2011). 

Further, the precise intranuclear distribution of HP1 isoforms contribute to the fine-tuning of 

DNA damage signalling and to chromatin repair by HR mechanisms, events exploited by 

some viruses to inhibit expression of cellular harmful genes and to take advantage of the 

DNA repair mechanisms for replicating their genomes (reviewed in Di Micco et al., 2011; 

Lallemand-Breitenbach and de Thé, 2010; Lilley et al., 2010; Soria et al., 2012; Weitzman et 

al., 2010). The results here reported link ASFV infection with the redistribution of 

heterochromatin-related marks (H3K9me3, H3K27me3, HP1α, HP1β and HDAC2), while 

distribution patterns of euchromatin marks (H3K9me1, H3K27me1, H3K36me3 and HP1γ) 

remained unchanged. These virus-induced epigenetic modifications reflect the 

heterochromatinization of the host nucleus and probably occur to silence specific host gene 

clusters that encode harmful proteins to the virus (e.g. apoptotic and IFN responses). Also, 

HP1α and HP1β redistributions observed in ASFV-infected cells can explain the nuclear 

lamina breakdown reported during ASFV infection (Ballester et al., 2011), since both HP1 

isoforms are known to be involved in the nuclear envelope assembly (reviewed in Zeng et al., 

2010). Moreover, considering that ASFV has an intranuclear DNA replication phase (Simões 



 

105 
 

et al., 2015), the disintegration of the nuclear lamina may also be related to structural 

changes induced by viral replication compartments and/or by viral nuclear entry/egress, as 

reported in other viral infections (reviewed in Cibulka et al., 2012; Snoussi and Kann, 2014). 

Thus, these observations associated to the previous reported nuclear disruption enhances 

the changes ASFV infection induces to the nucleus. Presently, HDACs are recognized as 

partners of different replication complexes, for their ability to remove acetyl groups at specific 

histone tail residues and for inducing heterochromatin formation (reviewed in Zeng et al., 

2010; Delcuve et al., 2012), and recent data on Herpesvirus infection suggest that molecular 

interactions between H3K9me3 and HP1 proteins recruit HDACs to viral factories to enhance 

viral replication (Lukashchuk & Everett, 2010). Our data reveal that HDAC1, HDAC2 and 

HDAC3 are recruited to ASFV cytoplasmic factories, with special emphasis for HDAC2, that 

is related to chromatin plasticity (Marchion et al., 2009). This viral-induced redistribution may 

either interfere with the host epigenetic status or favour ASFV replication as reported for 

other viral infections (reviewed in Herbein and Wendling, 2010). Even though the role of 

HDAC6 in ASFV cytoplasmic factories formation is still to be proven (Muñoz-Moreno, 

Barrado-Gil, Galindo, & Alonso, 2015), our findings on class I HDACs raise the possibility of 

using HDAC I inhibitors to disrupt ASFV infection, as demonstrated in other viral infections 

(Adhya, Dutta, Kundu, & Basu, 2013; Siddiquey et al., 2014). 

Taken together, our results show that ASFV disrupts subnuclear domains and modulates 

several chromatin-related mechanisms in order to possibly create a repressive nuclear 

environment. This nuclear landscape is further strengthened by the recruitment of the 

subnuclear domains to heterochromatic regions, emphasizing the ASFV-induced host 

transcriptional switch, as also described for Herpesvirus (reviewed in Conn and Schang, 

2013; Toth et al., 2013). Finally, the radial profile analysis showed the spatial proximity of 

subnuclear domains, heterochromatic regions and DDR-related factors in ASFV-infected 

cells. These findings are schematically illustrated in the proposed working model for ASFV-

host interactions presented as Figure 6. When ASFV enters the host cell, viral genomic 

material is detected as a foreign DNA molecule promoting the juxtaposition of pATR, p-p53 

and PML-NBs. By changing the distribution patterns of several epigenetic marks and 

HDACs, ASFV induces nuclear heterochromatinization probably to silence harmful genes 

and to increase interchromatin space, settling extra room for its intranuclear replication 

events. Furthermore, the proximity between the disrupted subnuclear domains and the 

heterochromatic regions may facilitate the sequestration of host factors and their recruitment 

to viral replication sites. 

In sum, the novel host-virus interactions herein described, disclose unknown molecular 

mechanisms that are subverted by ASFV, emphasizing the role of the host nucleus for the 

establishment of a productive infection. This knowledge provides information that supports 

several inhibitors to be tested as potential anti-viral drugs (e.g. PML, HP1 and HDAC I 
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inhibitors), and opens new insights for the identification of viral genes involved in the reported 

viral-host interactions towards the development of improved vaccines against ASFV. 
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GENERAL DISCUSSION AND CONCLUSIONS 

At a cellular level, viruses are completely dependent on their host for infection success. This 

intimate relationship implies a constant molecular battle between the virus and the host 

defence countermeasures. Throughout the virus-host co-evolution, viruses have developed 

sophisticated mechanisms to evade and to manipulate the host defences, and also to exploit 

cellular pathways to facilitate their propagation while, concomitantly, cells shaped and 

adapted their immune responses. The aim of the studies herein described was to portray 

different aspects of ASFV-cell nucleus interactions, thus expanding our understanding on 

ASFV requirements. The focus was set on the host cell nucleus importance and the 

description of its alterations during ASFV infection, most particularly upon the active viral 

DNA replication inside the nucleus. Our methods were based on the identification, at points 

functionally characterizing the relevance of specific cellular components for the virus 

infection, specifically, DNA damage response pathways, subnuclear domains and epigenetic 

signatures. Finally, the spatial distribution between DNA repair factors, altered subnuclear 

domains and chromatin state changes were examined. 

In this final chapter we present the main conclusions that can be drawn from our work as 

distinct topics, and discuss them in an integrated perspective, aiming to provide a clearer 

view on the relevance of the obtained results. The implications of our results and our current 

knowledge about ASFV-host interactions will also be discussed, as complement to the partial 

discussion of results published as independent research articles and previously mentioned 

(Chapters II-IV), while future directions to develop this line of investigation will be pointed out. 

 

Much work has been done studying the interplay between viruses and cellular mechanisms, 

providing valuable contributions to the fields of virology and also to cellular and molecular 

biology (Koonin, Senkevich, & Dolja, 2006). In this scope of interest, the DDR 

activation/degradation events during viral infections have been studied to a certain extent. 

DNA repair apparatus consists of an elaborate network of cellular factors that monitor the 

integrity of genomic DNA and activate signalling pathways in response to DNA damage 

(reviewed in Weitzman & Weitzman, 2014), thus recognition of DSBs and further recruitment 

of DNA repair proteins to sites of damage requires the coordinated effort of a large number of 

cellular proteins. Recent advances have shown that numerous viruses interact with the DSBs 

sensing and repair machinery. A striking feature is the diversity of the genetic material 

among these viruses that tangle with the DDR machinery, as: viruses with linear dsDNA 

genomes belonging to the Herpesviridae, Adenoviridae, Mimiviridae families and certain 

bacteriophages, circular dsDNA viruses including simian virus 40 (SV40), polyomavirus, JC 

virus and papilloma viruses, and linear ssDNA viruses including the parvoviruses (reviewed 

in Luftig, 2014). This emphasizes the remarkable capacity of cells to identify and respond to 

various forms of insults. These distinct groups of viruses can either activate and use the 
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cellular DSBs response to their benefit or try to inhibit or circumvent it. Some viruses 

combine both of these abilities during their interactions with host DDR mechanisms, as 

reviewed by Orzalli & Knipe (2014). As cells can respond independently to viral DNA 

invasion/replication, it seems likely that some features of the viral DNA must be promptly 

recognized after delivery into the cell and trigger sensors of the DNA damage response 

(reviwed in Everett, 2013). 

In similarity to other studies we performed experiments in order to identify whether any DDR 

signalling pathway was modulated by ASFV and, if so, the implications on the viral infection 

thrive. This first experimental challenge was pursued using Vero cells infected with the 

adapted ASFV Ba71V isolate (Chapter II), and further explored using swine MDMs infected 

with the highly pathogenic ASFV/L60 isolate (Chapter III). Both approaches confirmed the 

specific activation of the ATR pathway, and functional studies proved that ATR has a vital 

role for ASFV infection success. We then hypothesised, attending to the reported evidences 

of ASFV genome presence inside the cell nucleus, that ASFV genome replication could 

generate DNA structures possibly detected by ATR pathway sensors, as described for 

herpesvirus (reviewed in Everett, 2013). Besides, some studies also refer the 

phosphorylation of H2AX and other sensor targets, which are contained in PML-NBs, as an 

immediate effect of HSV infection. We also detected increasing H2AX phosphorylation levels 

ASFV-induced, reaching their peak at the late phase of infection, hence inducing the ATR-

Chk1 pathway activation, ultimately enabling infection success and progeny production, in a 

close resemblance to polyomavirus infection that also triggers ATR pathway, promoting a 

cellular environment conducive to its replication (reviewed in Justice, Verhalen, & Jiang, 

2015). 

It had been previously reported that preventing H2AX phosphorylation with kinase inhibitors, 

prior to cell irradiation, the formation of Mre11-Rad50-Nbs1 foci (HR sensor) is impeded, thus 

highlighting the causal link between ɣH2AX foci formation and the subsequent recruitment of 

repair factors to sites of DNA damage (Kao, Lavaf, Lan, & Fu, 2009). Our results obtained 

with the PI3K kinase inhibitors (e.g. caffeine and wortmannin) are consistent with an 

essential role of ATR phosphorylation H2AX-dependent during ASFV infection, although the 

expression of a dominant-negative kinase-dead ATR form could not to entirely abolish H2AX 

phosphorylation or viral protein production. This H2AX phosphorylation is one of the earliest 

events in DNA insult sensing, as it is also known to be a key regulator of histone PTMs 

(reviewed in Gospodinov & Herceg, 2013), and its full impact will be further discussed within 

the chromatin reorganization topic. 

Considering viral-induced RPA32 activation, previous reports demonstrated its localization 

nearby several viral genome replication centres, as reviewed by Schmid, Speiseder, Dobner 

& Gonzalez (2014). It was shown that RPA directly interacts with the origin-binding proteins 

EBNA1 of Epstein-Barr virus, E1 of bovine papillomavirus, and TAg of SV40, and is thought 
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to interact with the Rep protein of adeno-associated virus (reviewed in Turnell & Grand, 

2012). This localization corroborates the recognition of foreign DNA by cellular proteins, 

although it is not known whether these DDR factors are bound to viral DNA. We demonstrate 

that RPA32 also becomes phosphorylated at early times of ASFV infection, and as the 

activated ATR kinase, accumulates as bulky foci within the nuclei of infected cells, 

suggesting their recruitment to viral replication centres which may be recognized as DSBs, 

since the linear dsDNA viral genomes provide free ends that could trigger the host ATR 

response. Additionally, the pRPA32 and pATR intranuclear accumulations in both infection 

models (Vero-ASFV Ba71V and swine MDMs-ASFV/L60) support that specific ATR-Chk1 

activation is modulated by ASFV. 

In uninfected cells, ATR kinase is usually activated by DNA replication stress or by aberrant 

genomic structures, coordinating the repair mechanisms of this HR pathway (reviewed in 

Nam & Cortez, 2011). ATR physical recruitment to RPA-coated ssDNA generated by the 

replicative helicase uncoupling from DNA polymerases induces its phosphorylation hence 

diminishing adverse effects of replication stress both by delaying cell-cycle progression 

and/or by stabilizing stalled forks. These replication stress phenomena can be converted into 

DSBs, much more serious threats to genome integrity. Through this pathways’ activation, not 

only replication forks are stabilized (locally), as its damage control effects are spread out 

through the nucleoplasm, by the activation of its downstream partner Chk1 kinase, 

counteracting new origin firing and the RPA exhaustion, ensuring genomic stability, as 

reviewed by Flynn & Zou (2011) and Toledo et al. (2013). Indeed, ATR knockout mice are 

embryonic lethal, which suggests a more extensive role for ATR in genome maintenance 

(Brown & Baltimore, 2000, 2003), while limiting its activity could be deleterious for cancer 

cells (Fokas et al., 2014), and even viral replication activities (Mohni et al., 2010; Reinson et 

al., 2013; Adeyemi & Pintel, 2014), making the ATR pathway activation by ASFV infection 

both troublesome and spectacular. 

The functional analysis performed by us using ATR kinase-dead cells unravelled ATR’s 

importance for ASFV DNA replication and infection success, since its downregulation 

hampered the viral protein production, inducing an aberrant assemble of viral cytoplasmic 

factories and reducing viral progeny. As described for pRPA32, other ATR-related factors 

that also became activated and presented increasing expression levels during ASFV 

infection, showed bulky accumulations within ASFV-infected cell nuclei resembling the 

distribution patterns reported for polyomavirus infection (Tsang et al., 2014). 

 

As mentioned above, some viral infections are known to startle cellular DDR mechanisms, 

mainly through ɣH2AX which is probably related to the recognition of viral genomes, as 

reviewed by Knipe (2015). Attending that ASFV actively induces H2AX phosphorylation and 

has an intranuclear phase of infection (Netherton & Wileman, 2013), alike other NCLDV 
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(Figure 37), we planned to study ASFV DNA replication events using BrdU experiments 

(Chapter III), and further investigate the extent of related cellular mechanisms for the viral 

invasion and success. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37 – Schematic representation of cellular compartments used by viruses for DNA replication, 
with an hypothetic ASFV DNA intranuclear replication scenario. 
Polyomaviridae, Papillomaviridae, Adenoviridae, Herpesviridae and Asfiviridae as well as autonomous 
parvoviruses are shown. Viral factors and proteins are indicated in green and cellular ones’ in grey 
with PML-NBs, which play a prominent role during replication of in all the represented viral families 
(shown in blue). Adapted from Schmid et al. (2014). 
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In our studies, BrdU was added to G0-swine MDMs and G2/M synchronized Vero cells, to 

specifically detect BrdU-containing DNA solely originated by ASFV genome replication. 

BrdU-pulse trials allowed us to detect viral DNA with an exclusive intranuclear distribution at 

early times of infection which may be responsible for triggering ATR pathway. In addition, 

pulse-chase experiments revealed that these BrdU-labelled DNA molecules latter diffuse into 

the cytoplasmic compartment, to perinuclear viral factories (Figure 38), possibly to be further 

used as replication templates. 

In similarity to Adenovirus and Herpesvirus our data suggest that ASFV intranuclear DNA 

replication leads to a change of the nucleus environment, into a more favourable one for viral 

genome replication, probably involved in concatemer formation and host surveillance 

mechanisms evasion (reviewed in Li & Hayward, 2011). It is still not yet clear how the 

recruitment of the cellular damage response factors to these centres affects viral replication 

(reviewed in Schmid et al., 2014), although it is believed that repair proteins enable the 

recombination mediated replication (particularly the HR components) thus facilitating the 

generation of concatemeric replication intermediates (Carson et al., 2003; Lilley et al., 2005). 

 

Figure 38 – ASFV DNA synthesised inside the nucleus of swine MDMs diffuses into viral cytoplasmic 
factories. 
BrdU was added to ASFV-infected cells during 30 minutes (pulse) at 3 hpi. At the end of the pulse, 
medium was removed and refreshed (without BrdU) and infection was left to proceed. Cells fixed at 6 
hpi revealed BrdU-labelled DNA molecules both in the cell nucleus and in the viral cytoplasmic factory, 
indicating that ASFV genomes earlier synthesized inside the nucleus diffusion into the cytoplasmic 
compartment, thus completing ASFV replication cycle. 

 

Many issues derived from cellular spatio-temporal organization have been tackled through 

nuclear architecture studies, mainly because the eukaryotic nucleus is the compartment 

which harbours both the genome and epigenome and where many genetic processes are 

carried out (e.g. replication, transcription, splicing, gene-regulation, DNA repair and 

recombination), thus constituting a preferential target for most viruses. In fact, the interest 

over DNA viruses and subnuclear domains interactions, particularly on PML-NBs, was 

impelled by the observation of their disruption during HSV-1 infection (reviewed in Chelbi-Alix 

& De Thé, 1999). Latter, both HSV-1 and adenoviruses replication complexes were found to 

preferentially encroach with PML-NBs, as reviewed by Tavalai & Stamminger (2008). 

Therefore, it appears to be a general feature of nuclear-replicating DNA viruses that their 
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parental genomes preferentially become associated with PML-NBs, and that viral DNA 

replication centres and viral transcription sites are frequently juxtaposed to these subnuclear 

domains (reviewed in Everett, 2013), as shown in Figure 37. Upon HSV-1 infection, new 

PML-NBs are formed around incoming viral DNA, although later in infection, PML protein is 

recruited into replication centres suggesting that the role of PML may include functions other 

than its primordial attributed antiviral activity (reviewed in Rivera-Molina, Martínez, & Tang, 

2013). 

Our results using ASFV-infected Vero cells revealed PML protein steady state levels along 

infection (Chapter IV), although PML-NBs became reorganized, as observed in infected 

swine MDMs (Chapter III). Subsequent functional studies performed using anti-PML shRNA, 

confirmed the essential role of PML protein for ASFV infection since its downregulation 

hampered the viral infection progression. Knowing that PML-NBs are intrinsically associated 

with interferon-mediated immune responses and that ASFV interferes with type I interferons 

and NFkB dependent cytokines, as reviewed by O’Neill & Bowie (2010) and Le Negrate 

(2012), the observed disruption of these domains could contribute to better explain the viral 

modulation of these cellular innate immune responses. Noteworthy, ASFV encodes for 

approximately 70-85 genes putatively involved in host evasion (Dixon et al., 2004), with the 

A238L viral protein being accounted for NFкB inhibition (reviewed in Correia, Ventura, & 

Parkhouse, 2013). It is also known that other components of PML-NBs act as gene 

expression repressors or as transcriptional activators (e.g. p53), supporting the idea that 

PML-NBs regulate gene expression (Boisvert et al., 2000; Hofmann & Will, 2003; De 

Stanchina et al., 2004). This apparent discrepancy of PML-NBs activities in the regulation of 

transcription can also be explained by its variable composition and localization during the cell 

cycle and also in response to certain stimuli (reviewed in Bernardi & Pandolfi, 2007), as 

ASFV infection. In addition, the PML-NBs disruption could be related to the interactions 

between p53 and viral proteins recognized to inhibit cellular apoptosis, as for example, the 

ASFV EP153R protein (Hurtado et al., 2004; Alonso et al., 2013; Sánchez, Quintas, Nogal, 

Castelló, & Revilla, 2013). Considering that ASFV infection induces early p53 

phosphorylation and that PML revealed a proviral role we suggest that ASFV subverts these 

factors for its transcription activities. 

Our results regarding other transcription-related subnuclear domains (nuclear speckles and 

Cajal bodies, Chapters III, IV), also revealed their spatial reorganization without altering the 

expression levels of their major components (SC-35 and coilin, respectively). These 

outcomes obtained both in ASFV-infected Vero cells and swine MDMs contribute for the 

hypothetic scenario of ASFV-induced transcriptional switch, as similarly reported for other 

viral infections (Rebelo et al., 1996; Gama-Carvalho et al., 2003). Considering that viruses 

rely on host translational machinery to synthesize their proteins, for it requires a large 

number of factors that cannot possibly be encoded by viral genomes (Schneider & Mohr, 
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2003; Zakaryan & Stamminger, 2011), and attending to the fact that ASFV recruits eIF3, eIF2 

and eEF2 transcriptional factors to its cytoplasmic factories (Castelló et al., 2009), we 

suggest that ASFV deeply changes the intranuclear distributions of replication and 

transcription-related host factors, in order to successfully complete its infection cycle, as 

occurs in other viral infections (Katsafanas & Moss, 2007; James et al., 2010). 

 

It is generally accepted that different chromatin state distributions are correlated to epigenetic 

marks and gene expression activity. However, it is most likely that its specific locations are a 

consequence instead of being determinants of epigenetic marks and transcription (reviewed 

in Fedorova & Zink, 2008). While, the di- and trimethylation of histone H3 at lysine 9 

(H3K9me2/me3) are mostly found at pericentric heterochromatin in eukaryotes cells and are 

considered hallmarks of silenced chromatin, the H3K9me, K3K27me and H3K36me are 

described as euchromatin marks, as reviewed by Grewal & Jia (2007). In our studies 

(Chapter IV), we demonstrate that ASFV induces cell heterochromatinization by favouring 

H3K9me3 and H3K27me3 forms, accompanied by enhanced accumulations of HP1β, a 

central player in the formation/maintenance of heterochromatin, latter reinforced by HP1α 

and HDAC 2 depositions. It is now believed that viruses in some way or another impact host 

cell epigenomes, and/or exploit epigenetic mechanisms for their replication, and immune 

response evasion (reviewed in Paschos & Allday, 2010). The overall epigenetic mechanisms 

involved in viral infections are still to be unravelled (reviewed in Kristie, 2015), although some 

insights on the dynamic modulation of host chromatin by ASFV infection were clarified in our 

studies. 

In the continuity of our studies over subnuclear domains and considering that PML-NBs have 

an indirect role in transcriptional activities at the epigenetic level by participating in 

chromatin-remodelling processes (Dellaire et al., 2006; Bernardi & Pandolfi, 2007), and that 

also nuclear speckles and Cajal bodies are associated with the nuclear environment 

regulation for optimal transcription conditions (reviewed in Fedorova & Zink, 2008), we 

further analysed combined distribution patterns between subnuclear domains, chromatin 

status and ASFV-induced DDR activated forms. Immunofluorescence analysis showed the 

close proximity of PML-NBs to activated ATR-related factors, the closeness of all studied 

subnuclear domains to heterochromatic regions, and also the juxtaposition of 

H3K9me3/HP1β-enriched chromatin territories to ATR-related factors foci, suggesting the 

availability of PML contained factors to viral-induced DDR proteins, the recruitment of 

heterochromatin marks to DNA damage signalling events, and the dynamic interaction 

between H3K9me3 and HP1 at heterochromatic regions which may contributes for DDR 

factors availability and repair machineries recruitment to DNA damaged sites by HR 

pathways modulation. These changes are probably favouring the viral access to host factors 

and creating extra space for its replication. In detail, the PML-NBs close proximity to ATR-
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related factors, particularly with the accumulations of p53 and ATR activated forms, supports 

the notion that ASFV may exploit the available HR factors to boost the recognition of its 

genomes, and to strengthen its replication events. Viruses are known to modify the 

chromatin texture, promoting a permissive nuclear environment and subverting host gene 

expression by controlling chromatin status (reviewed in Lieberman, 2006; Lilley et al., 2010; 

Knipe et al., 2013). In ASFV infection, the induced heterochromatinization state may 

contribute to the fine-tuning of DNA damage signalling and to the use of ATR factors, 

probably inhibiting the expression of cellular harmful genes and enhancing the replication of 

its genomes, as similarly happens with other viruses (Lilley et al., 2010; Weitzman et al., 

2010; Lallemand-Breitenbach & de Thé, 2010; Di Micco et al., 2011; Soria et al., 2012). We 

also demonstrate that ASFV infection only changes heterochromatic marks while distribution 

patterns of euchromatin marks (H3K9me1, H3K27me1, H3K36me3 and HP1γ) remain 

unaltered, probably to silence specific host gene clusters that encode detrimental proteins to 

ASFV (e.g. apoptotic and IFN responses). Furthermore, the observed HP1α and HP1β 

redistributions, in ASFV-infected cells, can explain the nuclear lamina breakdown reported 

during ASFV infection (Ballester et al., 2011). Indeed, studies on herpes virus also unravelled 

that A-type lamin is targeted by viral genomic DNA in order to prevent heterochromatinization 

of the viral genome and the consequent transcriptional silencing of viral genes and that 

nuclear lamin A/C plays an essential role in DNA damage repair by HR pathways (Silva et 

al., 2008; Singh et al., 2013). 

Recent data on Herpesvirus infection suggest that molecular interactions between 

heterochromatin marks and related proteins recruit HDACs to viral factories to enhance viral 

replication (Lukashchuk & Everett, 2010). In ASFV infection we detected HDACs recruitment 

to ASFV cytoplasmic factories, especially HDAC 2 which is known to be related to chromatin 

plasticity (Marchion et al., 2009). In sum, we consider that ASFV-induced heterochromatin 

marks redistribution changes host epigenetic status, silencing unwanted cellular genes to be 

expressed, and increases interchromatin space hence favouring its intranuclear DNA 

replication events as also reported for other viral infections (reviewed in Herbein and 

Wendling, 2010). This nuclear landscape is further strengthened by the recruitment of the 

subnuclear domains to heterochromatic regions and viral replication/transcription sites, 

emphasizing the ASFV-induced host transcriptional switch, as previously described and also 

reported for Herpesvirus (Conn & Schang, 2013; Toth et al., 2013).  
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FUTURE PERSPECTIVES 

Considering the absence of effective treatments and vaccines for ASFV infection, and the 

new epidemiological scenarios of ASFV spreading and disease status, further investigation 

on fundamental aspects of ASFV-cell interactions are needed. 

Characterization studies on how viruses are sensed, possibly through DNA-dependent 

mechanisms, and the identification of specific signalling targets that viruses use to evade the 

host response will expand our understanding on DDR machinery and all the other implicated 

cellular pathways during infections. In our opinion, it is of great importance to further explore 

likely cross-talks (cooperative or antagonistic) among post-translational modifications and the 

recruitment of DDR factors to DNA breaks, which is only beginning to be unveiled (Polo & 

Jackson, 2011). Even more, the existence of druggable protein targets in DNA damage-

associated events is providing impelling opportunities for the development of novel 

therapeutic agents that, by exploiting differences between uninfected and infected cells, will 

provide antiviral strategies to manage viral infections. As we do not know which viral proteins 

directly interact with host DDR factors, an indirect broad-scale attenuation of DDR functions, 

particularly ATR, could be explored as possible promoters of antiviral, as similarly defended 

for other viral infections Luftig (2014). Altogether, the ASFV-induced nuclear changes provide 

information which may support the use of several inhibitors (e.g. PML and HP1 inhibitors) as 

potential antiviral therapeutic options. As performed for polyomavirus (Tsang et al., 2014), we 

would also like consider the further analysis of viral DNA localization through BrdU labelling 

and DDR components detection, along with studies to unravel the close association between 

ASFV replication structures and PML-NBs which can be targeted in future therapeutic 

measures. Considering our results, HDAC inhibitors, which are long being used in patients 

with PML disorders acting on chromatin remodelling, should also be tested as anti-ASFV 

drugs. 

Moreover, the virus-host interactions outlined in this study will be fundamental to improve 

knowledge on ASFV biology and may be used to identify and explain potential therapeutic 

strategies for ASFV infection and disease. This data may also contribute for the identification 

of viral genes involved in the reported ASFV-host interactions and forward the development 

of novel vaccine strategies against ASFV (e.g. ASFV-defective infectious single cycle 

particles). 
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