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ABSTRACT
For successful infection viruses modify the host cell environment by transcriptional, posttranscriptional or post-translational regulation of cellular signaling pathways. In the work described in
this thesis bioinformatics analysis coupled with biochemical validations were used to dissect critical
features of these viral strategies in the context of infection by Epstein–Barr virus (EBV), a human
herpesvirus associated with lymphoid and epithelial cell tumors.
The EBV nuclear antigen EBNA1 is the only viral protein ubiquitously expressed in all EBV infected
cells and virus-associated neoplasms but its contribution to oncogenesis is not fully understood.
EBNA1 binds to cellular chromatin via a bipartite Gly-Arg repeats (GRs) domain that resembles the
AT-hook of the High Mobility Group-A (HMGA) architectural transcription factors. By microarray
gene expression analysis of stable or inducible EBNA1 expressing cells, we found that EBNA1
orchestrates a broad and pleotropic rearrangement of cellular transcription, which resembles the one
induced by architectural transcription factors and chromatin remodelers. Similar to HMGAs, EBNA1
is highly mobile in the nucleus and promotes large-scale chromatin de-condensation without
recruitment of ATP-dependent remodelers, probably by displacing linker histone H1. The GR domain
was sufficient for this effect. Furthermore, expression of the chromatin-binding GR domain was shown
to regulate transcription. Thus, through its capacity to remodel the organization of cellular chromatin
EBNA1 may reset the cellular transcriptional profile and prime the infected cells for malignant
transformation.
MicroRNAs (miRNAs) are powerful prost-transcriptional regulators of complex signaling networks. In
order to assess the possible role of EBV-encoded miRNAs in the regulation of SUMO-dependent
signaling cascades, a meta-predictor of miRNAs targets was developed and tested against a
comprehensive database of the SUMO interactome that includes components of the SUMOconjugation machinery, their interacting partners and substrates, and other signal transducers and
regulators of the system. This prediction strategy suggests that EBV miRNAs may target the
expression of key SUMO-regulated cellular proteins involved in immune defense, DNA damage
response, apoptosis, chromatin remodeling and TGF-beta signalling. Regulation of essential members
of canonical TGF-beta/Smad signaling by EBV miRNAs was confirmed in EBV positive cells entering
the productive virus cycle. Thus, EBV miRNAs are likely to regulate key aspects of viral replication
and pathogenesis.
Post-translational modifications by ubiquitin (Ub) and ubiquitin-like molecules (UbLs) regulate the
stability and function of signal transducers and are often targeted by viruses in different phases of the
infection. The large tegument protein of EBV, BPLF1, is an early viral product that plays a key role in
virus assembly and maturation. The catalytic N-terminal domain of BPLF1 acts as a deneddylase that
inactivates nuclear cullin-based Ub ligases (CRLs) to induce an S-phase-like environment that is
required for efficient viral DNA replication. Structural bioinformatics methods were applied to predict
the structure of BPLF1 and the site of interaction with cullins. A novel mechanism by which BPLF1
induces the proteasomal degradation of cullins by competing for binding of the CRL sequestering
factor CAND1 was proposed and successfully validated.
The work described in this thesis illustrates the power of gene expression analysis and bioinformatics
tools for the characterization of different strategies adopted by viruses to remodel the host cellular
environment in order to favor their own replication and transmission.
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1 INTRODUCTION
1.1

Viral remodelling of the cellular environment

As obligate intracellular parasites with limited genome size, viruses need to rely on the host
cell machinery in virtually every step of their life cycle, from entry into the host cell,
replication of their genome, synthesis of their proteins, assembly of viral particles, till the
egress from the infected cell. Additionally, in order to survive in the infected cell, viruses
must overcome a variety of host immune defenses. Thus, there is a complex and ongoing
virus-host interaction, with the virus constantly trying to either neutralize or activate
different cellular functions and signaling pathways to efficiently produce new infective
progenies, or, depending on the virus, to establish a long-term silent infection in the host.
In order to achieve this remodeling the viruses use a very limited set of viral products that
reorganize the expression and function of cellular proteins through three major mechanisms:
(i) regulation of transcription by expression of viral transcription factors or by recruitment of
components of the cellular transcription machinery (e.g. chromatin maintenance proteins); (ii)
post-transcriptional regulation (e.g. virus-encoded microRNAs); (iii) post-translational
regulation as phosphorylation, acetylation, methylation or modification by ubiquitin or
ubiquitin-like modifiers.
In the work described in this thesis my colleagues and I have used bioinformatics analysis
coupled with biochemical validations to dissect critical features of these viral strategies in the
context of infection by Epstein–Barr virus (EBV), a human herpesvirus associated with
lymphoid and epithelial cell tumors. Before discussing the results of our work I will briefly
summarize the key features of the regulatory pathways and viral model used in this analysis.

1.2

Viral regulation of transcription

Simple viruses depend on the host transcriptional machinery to assemble initiation
complexes within their basal promoters, and rely on cellular transcription factors and coactivators to initiate viral gene expression. In contrast, large DNA viruses and complex
retroviruses often encode their own transcription factors and regulatory proteins that recruit
and modulate the activities of host’s factors. These viral proteins are required to activate or
modulate the transcription of viral genes but also regulate, directly or indirectly, cellular
gene expression. Virus-encoded transcription factors can be divided into two major groups
based on whether they can bind directly to specific regulatory regions on cellular DNA in a
sequence-specific manner or whether they influence transcription by recruiting host
accessory proteins and by inducing epigenetic modification and changes in large-scale
chromatin structure.
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DNA that is tightly wrapped around nucleosomes in a heterochromatin region is not
accessible for regulatory proteins such as viral or cellular transcription factors. The
heterochromatic region can be exposed through the activity of two classes of enzymes:
histone modifying enzymes, which target the N-terminal tails of histones and ATP-dependent
chromatin-remodelers, which disrupt nucleosome DNA contacts or move nucleosomes along
DNA. Thus, the action of these enzymes alters the structure of chromatin and creates
specialized local chromatin environments that promote transcriptional initiation and
elongation by providing binding sites for regulatory proteins.
Viruses have evolved several mechanisms to modulate chromatin or chromatin related
processes to regulate viral gene expression and genome replication and a variety of viral
transcription factors contain enzyme activities that directly or indirectly modify histone tail
structure or recruit chromatin remodelers [1, 2]. For example, the HIV Tat protein and the
E1 immediate-early protein of HCMV were shown to recruit cellular histone
acetyltransferases or histone deacetylases to regulate viral gene expression [3-5]. The histone
H1, which by promoting chromatin condensation inhibit transcription, also mediates the
condensation of viral DNA [6]. Consequentially, viral proteins have evolved to interfere with
H1-mediated chromatin condensation by directly sequestering H1 (e.g. the adenovirusencoded capsid-hexon protein Ad2 [7]) or by suppressing H1 accessory factors, as the histone
chaperon TAF-Ia (e.g. the VP22 protein of HSV [8]). Additionally, some viral proteins such
as HCMV IE1, HSV ICP0 and HPV L2 were shown to inhibit the cellular DAXX protein that
promote the assembly of viral DNA into repressed heterochromatin [9-12]. Other viral
proteins, as the HIV integrase and EBV EBNA2, target ATP-dependent chromatin
remodeling complexes due to their ability to alter nucleosome positioning and histone
interactions [13, 14]. The HSV transactivator VP16 can also recruit ATP-dependent
chromatin remodeling and was shown to induce global decondensation of cellular chromatin
[15].
While all of these virus-mediated chromatin-remodeling events have been extensively studied
in the context of epigenetic modifications required for viral DNA replication or for
transcription of viral genes, very little is known about the consequences of these viral
modification on cellular transcription. However, through regulation of chromatin state viruses
may certainly induce a global rearrangement of cellular transcription. In fact, early effects of
virus infection include extensive remodeling of cellular chromatin organization and
transcriptional activation.

1.3

Post-transcriptional regulation by virus-encoded microRNAs (miRNAs)

One of the most striking advances in biomedical research has been the discovery of the
~22-nt long class of non-coding RNAs named microRNAs (miRNAs). These regulatory
RNAs offer a special level of post-transcriptional regulation of gene expression that
controls a variety of essential cellular processes. Several viruses also encode miRNAs and
2

current evidences clearly show that viruses use miRNAs to modulate both cellular and viral
gene expression [16]. Differently to viral proteins, miRNAs are non-immunogenic, require
less coding volume, and can quickly evolve to recognize new transcripts. Thus, in principle
miRNAs are ideal tools for viruses to modulate gene expression. By taking advantage of a
conserved gene regulatory mechanism within the host cell, viral miRNAs have the capacity
of targeting cellular mRNAs with high specificity and can simultaneously regulate a variety
of transcripts at variable levels in order to evade the host innate or adaptive immune
responses and to establish a cellular environment conducive to viral replication [16].

1.3.1 Biogenesis of miRNAs
MicroRNAs (miRNAs) are 17–23 nucleotide (nt)-long single stranded RNAs, some of which
are physiologically conserved in the animal and plant kingdoms [17, 18]. To date the only
function associated to miRNA is the regulation of protein expression through posttranscriptional repression of their mRNAs [17]. Most miRNAs are transcribed by RNA
polymerase II as polyadenylated, capped, coding or non-coding transcripts [19]. MiRNAs are
usually encoded in mRNA regulatory regions, particularly introns, but they are also found in
exons.
The miRNAs precursor sequences are recognized by a cellular processing machinery known
as the microprocessor complex, due to their peculiar stem-loop secondary structure consisting
of a hairpin with a ∼33 bp stem and a terminal loop [19, 20]. The microprocessor complex
comprises the RNAse type III, Drosha, and the double-stranded RNA binding protein,
DGCR8, with or without the accessory helicases DOX5 and DDX17 [19]. The folded
miRNAs are cleaved at the base of the hairpin stem, 11 bp away from the junction between
the single- and the double-stranded RNA, resulting in a ∼60–100 nt long pre-miRNA which
is then exported to the cytoplasm by Ran-GTP and exportin 5 [21]. This double-stranded
miRNA has 2 nt overhang at both ends, which allows the Argonaute (Ago) proteins to
unwind it and load it into the RISC complex that consists of Dicer, a RNAse type III protein,
PACT, TRBP and one Ago protein [19, 22]. Only one miRNA strand (the mature miRNA) is
incorporated into the RISC complex whilst the other strand will be degraded [22-24]. The
miRNA-loaded RISC recruits mRNAs that are complementary to its nucleotides 2–8, known
as the seed sequence [25]. In metazoans, the loaded RISC mostly target the mRNA 3′
untranslated region (3’UTR) but miRNA binding sites in other regions, including the 5’UTR
or the coding sequence have been also observed [17]. The fully assembled RISC can inhibit
translation by disturbing the interactions with the eIF4F initiation complex, or promote
mRNA destabilization and exonuclease-mediated degradation through deadenylation by the
CAF1-CCR4-NOT complex, and/or via decapping, by the DCP2 decapping enzyme [26-28].
Whether by inhibiting translation or by inducing the degradation of the miRNA-targeted
mRNA, the impact of individual miRNAs on protein expression is usually modest, which

3

explains the difficulty to unequivocally identify miRNA targets [17, 28]. However, miRNAs
frequently target many transcripts and several genes are targeted by multiple miRNAs whose
cumulative effects may result in robust reduction of protein expression [17, 28]. Moreover,
recent observations suggest that miRNAs can form conserved interacting networks with the
cellular transcriptome by targeting functionally related groups of proteins [17]. Therefore the
impact of miRNA-mediated posttranscriptional regulation must be assessed at a global level
rather than by individual changes in mRNA expression.

1.3.2 Virus-encoded miRNAs
Multiple deep-sequencing efforts have identified more than 300 miRNAs in different viruses
[16]. Considering their “miniature” genomes, viruses encode a comparatively large number
of miRNAs, with some viruses expressing more than 30 pre-miRNAs. Recent predictions
have estimates the presence of as many as 6809 putative miRNAs in the genomes of human
viruses [29], pointing to viral miRNAs as a widely exploited mechanism of posttranscriptional regulation.
This viral “preference” for miRNAs may have several reasons. First, miRNAs are genetically
“economic” since their small sizes require little space, therefore several miRNAs precursors
can be tightly packed into a compact viral genome. Indeed only ~10 to 20% of the genome of
the large human DNA viruses does not encode proteins, whereas 98% of the human genome
is non-coding. Another important benefit is the ability to post-transcriptionally regulate host
or viral gene expression without expressing antigenic proteins that may elicit an immune
response. In fact viral miRNAs are presumably invisible to the adaptive immune response
since the infected cell lack the ability to distinguish the viral from their own miRNAs.
Moreover, although the effect of individual miRNAs on protein expression is often weak and
not as rapid and robust as the one achieved by transcription factors, miRNAs form complex
webs of post-transcriptional regulation comprised of numerous interconnected miRNAs and
targets. Each miRNA can regulate numerous transcripts (>100) and different miRISC
complexes may additively regulated each transcript. Thus, virus may promote substantial
phenotypic changes from the sum of the modest effects of a single miRNA on functionally
related host transcripts. In addition, viral miRNAs may also mimic cellular miRNAs,
regulating thereby hundreds of transcripts that have evolved as part of complex networks in
which many target interactions are of physiological relevance. Given the potential broad
effects of this type of viral interference it seems likely that only a minority of viral miRNAs
may truly resemble cellular miRNAs. Indeed, current estimates suggest that less than 30% of
miRNAs of viral origin have a host analog while the majority of host transcripts are bound by
non-analog viral miRNAs [30]. Finally, the common occurrence of inverted hairpins could
provide an advantage to rapidly evolving viruses since few nucleotide changes may change
dramatically the repertoire of targeted mRNAs. This may explain the striking lack of primary
sequence conservation in most viral miRNAs, which stands in sharp contrast to the extensive
sequence conservation of cellular miRNAs. This peculiar feature may be an interesting
4

example of virus-host co-evolution driven by the tendency to mutate sites in the host genome
that are exclusively targeted by a viral miRNA.
The vast majority of the known viral miRNAs were identified in DNA viruses such as
members of the Herpesvirus, Polyomavirus, Ascovirus, Baculovirus, Iridovirus, and
Adenovirus families [31-36]. This is probably explained by the fact that, similar to cellular
miRNAs, most viral miRNAs are produced from Pol II transcripts through processing by
Drosha and Dicer, which requires access the nuclear miRNA processing machinery.
However, not all viruses with a nuclear lifecycle encode miRNAs, examples of this are the
human papilloma virus (HPV) and Varicella Zoster Virus (VZV) [37].
The presence of miRNAs in positive or negative single or double stranded RNA viruses is
still widely debated since the inclusion of miRNAs may render RNA genomes more
susceptible to endonucleolytic cleavage by either Drosha or Dicer. However, at least one
member of the retrovirus family, the bovine leukemia virus (BLV) clearly encodes numerous
miRNAs [38]. Furthermore, retro-, influenza- and flavi-viruses were successfully engineered
to encode functional miRNA. HIV encoded miRNAs have been reported [39], although the
low abundance, conservation, biological relevance, and lack of reproducibility make the
discovery questionable [40].
Due to the peculiar features of miRNA regulation summarized above, the expression of viral
miRNAs is likely to favor the establishment of persistent/latent infections. Accordingly,
herpesviruses encoded miRNAs dominate in absolute number the known viral miRNAs, with
an average of >10 miRNAs per genome. Most of these miRNAs are expressed during latent
infection, a stage of the viral lifecycle restrictive for viral gene expression.

1.3.3 Functions of viral miRNAs
Although more than 300 viral miRNAs have been identified, we still lack an in-depth
understanding of their function and biological relevance in the context of viral infection. To
this end, deciphering the complex regulatory networks of viral miRNAs and their
contribution to viral biology requires the detection and classification of their host targets,
including direct and indirect or downstream targets, together with a deeper survey of the
viruses that encode miRNAs. While this functional investigation is still in its infancy, some
paradigms are constantly emerging from an increasing number of studies that couple
computational prediction, transcriptomic, proteomic and recent high-throughput ribonomics
approaches to biochemical validations. Even though the thousands of putative virus-encoded
miRNAs targets uncovered by these combined approaches are quite diverse, most functions
ascribed suggest that viral miRNAs mediate evolutionary conserved functions. Common
functions include: auto-regulation of viral gene expression, regulation of viral
persistence/latency, alteration of the cell cycle, and avoidance of host defenses. To date, less
than hundred viral miRNA targets have been experimentally validated.

5

1.3.3.1 Immune evasion
Despite the variety of mechanisms exploited by viruses to subvert and avoid the host immune
system, viruses still need to face ongoing and robust innate or adaptive immune responses
from the infected cell, including interferons, natural killer (NK) cells, apoptosis, antibodies
production, and cytotoxic T cells. In the context of immune evasion, miRNAs can be seen as
indirect effectors since they limit the expression of antigenic viral proteins, but they can also
directly down-regulate key cellular components of the immune system [41].
Sullivan et al. presented the first example of the importance of viral miRNAs in immune
evasion when they showed that cells transfected with a Simian Vacuolating Virus (SV40)
lacking miRNAs were significantly more susceptible to cytotoxic T cells-mediated lysis
compared to cells infected with wild-type virus [31]. Later on, miRNAs from different human
herpesviruses, including Human Cytomegalovirus (HCMV), the Kaposi’s Sarcomaassociated herpesvirus (KSHV), and Epstein-Barr virus (EBV) have been implicated in
evasion of natural killer cell (NK) immune responses [16, 42-44]. The first identified target
with a critical role in NK cell evasion was the major histocompatibility complex class Irelated chain B (MCIB), which is targeted by HCMV miRNA UL112-1 [45]. Interestingly
MCIB was also validated as a target of the EBV miR-BART2-5p and KSHV miR-K7, though
no sequence conservation and different target sites was observed, suggesting a co-evolved
common mechanism to reduce NK and CD8+ T-cells-mediated cell death [43]. Together with
down-regulation of receptors for cell mediated immune responses, the miRNAs of HCMV
were also shown to inhibit the secretion of the inflammatory cytokines TNF-a and IL-6 [46],
while the chemokine RANTES is a direct target of miR-UL148D-1 [47]. KSHV miR-K5, K9 and -K10a restrict the activity of the inflammatory cytokines IL6 and IL8 and the
TLR/IL-R signaling cascade, by targeting MyD88, IRAK1 and the TNF-like weak inducer of
apoptosis (TWEAKR) [48, 49]. Liang et al. described a role of KSHV miR-K11 in
attenuating type 1 interferon via direct down-regulation of the I-kappa-B kinase epsilon
(IKKe) [50]. Moreover three other KSHV miRNAs miR-K3, -K7 and K12-11, an orthologue
of the human miR-155, can induce splenic B-cell expansion, promote cell growth and inhibit
T-cell activation by targeting C/EBPb, a repressor of IL6 and IL10, or LIP, an isoform of
C/EBPb express in macrophages [51, 52]. A perfect sequence complementarity with the EBV
miRNA BHRF1-3 was found in the gamma-IFN-inducible cytokine CXCL-11 [53]. EBV
miRNAs BART1-3p and BART3 were shown to inhibit CLEC2D [54], a protein expressed
on the surface of infected B-cells that induces NK and CD8+ T-cells mediated gIFN
production. The EBV miRNA BART15 has a high sequence similarity with human miR-223
and the same binding site in the 3’UTR of NLRP3, an experimentally validated target of
miR-223 [55]. NLRP3 is a NOD-like receptor required for the formation of the
inflammasome, a multi-protein complex observed in pathogen-stimulated cells that triggers
inflammatory responses via IL1-b secretion. Recently, other immunity related EBV miRNAs
targets, including LY75, PDE7A, PEL1 and IPO7, were identified in one or more genomewide PAR-CLIP and HITS-CLIP analysis and confirmed in luciferase assay [56]. The
transmembrane receptor lymphocyte antigen 75 (LY75) promotes antigen presentation to
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CD8+ and CD4+ T-cells. PDE7A, a cAMP involved in cytokine production of peripheral Tcells and NKT cells proliferation, is one of the targets of BART1 and BART3-3p miRNA
[56]. PEL1 is an E3 ubiquitin ligase that regulates NF-kB signaling and the expression of proinflammatory cytokines and chemokines. Importin 7 (IPO7), a target of BART3, has a less
defined role in innate immunity response, but cause increased IL-6 secretion in macrophages.
Lastly, SP100, an essential component of PML bodies that are disrupted during EBV and
other g-herpesviruses infection, is another example of how EBV miRNAs may interfere with
the intrinsic anti-viral defense of the host [56].
1.3.3.2 Regulation of apoptosis
The capacity to prevent cell death and to prolong the life of infected cells provides an obvious
advantage to viruses with a persistent and latent life cycle. Not surprisingly, different viruses
including the Marek’s Disease Virus 1 (MDV1), HCMV, KSHV and EBV were shown to
encode miRNAs that target key components of apoptotic pathways [38]. Some apoptotic
genes are common targets of miRNAs encoded by different viral families. Thus, without
reliance on conserved target sites, viral miRNAs can converge on similar pro-apoptotic genes
to evade cell death [38].
One of the first reported cellular targets of the EBV miRNA BART5 is the p53-upregulated
mediator of apoptosis PUMA, which is also targeted by a KSHV encoded miRNA [57, 58].
In addition, EBV and KSHV miRNAs target the XIAP associated factor XAF1 and
BCL2L11 (or Bim) [58]. Bim and PUMA are members of the Bcl-2 family that inhibit the
anti-apoptotic signal of Bcl-2. Interestingly, p53 and C/EBPb, which are themselves targets of
viral miRNAs, transcriptionally regulate both these genes. Another Bcl-2 associated factor,
BclAF1, is targeted by miRNAs encoded by EBV, KSHA and HCMV on distinct target sites
[59, 60]. The miRNA-mediated repression of BclAF1 was shown to enable KSHV infected
cells to overcome etoposide-induced caspase activation [59]. The fact that EBV, KSHV, and
HCMV have co-evolved to regulate this gene imply its importance in the life cycle of diverse
herpesviruses. A co-suppressive effect of EBV miRNA BART1-3p and BART16 on
Caspase3 was described [61]. Caspase3 is also targeted by KSHV miR-K12 [62]. The KSHV
miR-K10 targets the pro-apoptotic tumor-necrosis factor-related receptor TWEAKR, which
diminishes the sensibility of infected cells to pro-apoptotic stimuli [48].
Several regulators of apoptosis were identified and biochemically validated among the RISCbound transcripts detected in KSHV or EBV miRNAs transfected cells [63]. These include:
the tumor suppressor, p53 (EBV BHRF1-1); the cyclin-dependent kinase inhibitor, p21
(KSHV miR-K11); the mitochondrial receptor for the pro-apoptotic protein Bax, TOMM22
(EBV BART16); the p53 related T-box transcription factor, TBX21 (EBV BART20-5p), the
leucine zipper down-regulated in cancer 1, LDOC1 and the microtubule associated tumor
suppressor 1, MTUS1 (KSHV miR-K11) [63]. In addition, viral miRNAs were shown to
regulate cellular genes of the TGF-b pathway, which confers a strong anti-proliferative
phenotype. The KSHV miR-K10 inhibits the TGF-b pathway by targeting the TGF-b type II
receptors resulting in enhanced cell survival. The same receptor is also a target of the KSHV
7

encoded protein LANA, a clear example of synergy between viral encoded proteins and
miRNAs. KSHV also represses the expression of a downstream effector of TGF-b, SMAD5,
via miR-K11, while the MDV1-encoded miRNA miR-M3 was shown to inhibit SMAD2 and
reduce drug-induced apoptosis in cell culture [63].
1.3.3.3 Control viral latency and lytic reactivation
The ability to transit between latent and productive infection is the most crucial aspect in the
life cycle of herpesviruses. These viruses have evolved different strategies to maintain a
homeostatic balance in the infected cells. Thus, while herpesviruses limit replication and gene
expression in order to avoid cytotoxicity and immune clearance, they also maintain the ability
to reactivate and proceed into productive infection in order to spread to new hosts. In this
context viral miRNAs provide a mechanism for modulating the homeostatic balance of
latent/productive infection by regulating the expression of both viral and cellular genes. EBV,
KSHV, HSV1 and HCMV all encode miRNAs that subtly regulate viral or host genes to
favor latent/persistent infection [64].
All herpesviruses are characterized by the expression of major transactivators with a pivotal
role in the switch between the expression of gene associated with latent and productive
infection. In 2007, Grey and colleagues identified the first example of a viral miRNAs that
targets an immediate early transactivator in the HCMV miRNA UL112-1 [65]. UL112-1
targets the IE72 gene and its deletion leads to higher expression of IE72 and acute HCMV
replication [65]. A similar situation was described in KSHV, where miR-K9* targets the
immediate early trans-activator RTA (ORF50) to limit virus reactivation [66], in EBV, where
the trans-activator BZLF1 is targeted by miR-BART20-5p [67], in HSV1 and in other
herpesviruses, pointing to a conserved mechanism for the regulation of virus latency [64, 68].
It should be stressed that the regulation of these trans-activators by miRNAs results in a
rather modest (< 3 fold) increases in reactivation rates [64]. Thus, the viral miRNAs may act
by introducing robustness to this regulatory program through addition of an extra level of
protection against promiscuous reactivation events and stochastic variation in basal
transcription levels. Other products of the lytic cycle are also repressed by viral miRNAs. For
example the EBV miR-BART2-5p is fully complementary to the viral DNA polymerase
gene, BALF5 [69], and was shown to down-regulate BALF5 expression via a siRNA
cleavage mode of action [70].
Herpesviruses encoded miRNAs can also control different infection programs by modulating
cellular transcription. The NF-kB signaling pathway was shown to facilitate the maintenance
of latency in both EBV and KSHV infected cells [71]. The inhibitor of NF-kB, IkBa, is
targeted by KSHV miR-K1 to reduce lytic activation [71]. KSHV miR-K11 represses yet
another component of the NF-kB pathway, IKKe, attenuating interferon signaling and
inhibiting IKKe-mediated KSHV reactivation [71]. Furthermore, the KSHV encoded
miRNA-K3-5p can directly down-regulate the expression of the nuclear transcription factor
NFIB, which was shown to bind to the promoter and enhance the transcription of KSHV
trans-activator RTA [71]. The EBV miR-BART6 was shown to target and lower the
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expression of Dicer, which results, together with an overall reduction of cellular miRNAs, in
suppression of the genes that facilitate lytic replication in EBV infected cells [72].
Viral miRNAs may curtail lytic replication also in less studied viral families that establish
life-long, persistent infection without a well-defined latency. Indeed several Polyomavirus
miRNAs have the capacity to control early gene expression, and miRNAs encoded by the
insect virus Heliothis zea nudivirus-1 (HzNV-1) can promote a latency-like state via direct
inhibition of viral gene expression [16].

1.4

Viral interference with post-translational regulation

Protein post-translational modifications (PTMs) play a major role in the generation of
diversity and functional breadth of the cellular proteome. PTMs often involve the attachment
of small molecules, such as phosphate, methyl or acetyl groups, but entire proteins may also
be attached to other protein substrates. Classical examples of these protein modifiers are
Ubiquitin (Ub) [73] and the larger class of Ubiquitin-like (UbL) proteins, including for
example SUMO (Small Ub modifier), ISG15 (Interferon-stimulated gene 15), NEDD8
(Neural precursor cell expressed, developmentally down-regulated 8), FAT10 (HLA-F
adjacent transcript 10), Atg12 (Autophagy-related protein 12) and LC3 (microtubuleassociated protein 1 light chain 3), which display different functions in the cell [74]. PTMs by
Ub or UbL control the fate/function of the majority of cellular proteins, defining their
stability, localization and interactions. Thus, Ub or UbL are essential regulators of key
cellular processes such as transcription, translation, protein trafficking and degradation, cell
cycle, replication, signal transduction and apoptosis [74, 75]. Ub and UbLs are involved in
almost every aspects of the viral life cycle, including virus entry, viral replication and virion
assembly, immunity avoidance and virus exit from infected cells [76]. Indeed, increasing
evidences indicates that almost every virus has devoted a considerable part of its genome to
encode for proteins able of mimicking, blocking or redirecting the activity of the Ub or UbL
signaling pathways [77].

1.4.1 Ubiquitin modification
Ubiquitin (Ub) is a highly conserved 76-residue globular protein that was discovered as a
signal for targeting proteins to degradation in a pathway known as the Ubiquitin-proteasome
system (UPS), a major system for intracellular protein degradation [78]. Ub is expressed as a
pro-peptide that needs to be processed to expose a C-terminal Gly residue required for
covalent attachment to the substrate. Conjugation occurs through the coordinated actions of
three classes of enzymes: E1, Ub-activating enzyme; E2, Ub-conjugation enzyme; and E3,
Ub protein ligase. The first step involves the ATP-dependent formation of a high-energy
thioester bond between Ub and the E1. The energy in the unstable bond is then used to
transfer the Ub moiety to the catalytic Cys residue of an E2 enzyme forming a similar
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thioester linkage. In the last step, an E3 ligase recruits an Ub-loaded E2 and catalyzes the
formation of a peptide bond between the C-terminal Gly residue of Ub and the ε-amino group
of a Lys residue of the substrate [79]. The E3 ligases confer specificity of this conjugation
process since they recognize specific substrates or specific modifications on the target
protein. Accordingly, while there are 3 human genes encoding for E1 and less than 50 E2
coding genes, several hundreds genes encoding for E3 ligases have been identified to date
[80]. These E3s ligases are often divided into three major groups, based on the main features
and sequence similarities of their catalytic domains: the HECT domain containing ligases, the
RING finger domain-containing ligases, and the U box ligases E3s [80-82]. The major family
of the RING finger domain-containing ligases includes the so-called Cullin-based ligases, a
large class of multi-protein complexes assembled around cullin or cullin homology proteins
[83]. All the RING E3s share an important coordinating Zinc ions domain. The RING E3
ligases, and the structurally related but zinc-free U-box E3s, function as adaptors, since these
ligases can simultaneously bind the Ub thioester-linked E2 and the substrate, bringing the
nucleophile Lys of the substrate [81]. HECT E3s, on the other hand, catalyze substrate
ligation in three steps: after E2 recognition, they bind Ub with the formation of an Ubthioester intermediate through a functional conserved C-terminal Cys and directly transfer the
Ub molecule to the specific substrate. The HECT E3 ligases are able to directly catalyze
substrate ubiquitination due to a highly conserved bilobal-architecture [82]. All these E3
ligases bind specific Ub-loaded E2s but the exact network of interactions needed is still not
fully characterized. After conjugation of the first Ub to the substrate, a specific lysine residue
in Ub is used to mediate the consecutive attachment of other Ub to form poly-ubiquitin
chains [75].
In the most studied event, Lys48-linked poly-ubiquitinated chains serve as a signal to target
cytoplasmic and nuclear proteins to degradation by the 26S proteasome. The proteasome is a
large multisubunit complex comprising a 20S core particle (CP) and two 19S regulatory
particles (RP) [84, 85]. The 20S core particle has three catalytic activities (trypsin-,
chymotrypsin-, and caspase –like), while the 19S regulatory particles located at both sides of
the 20S CP contains 6 AAA-ATPases, which mediate unfolding and sliding of the target
proteins to the catalytic core [85].
In addition to its role in proteolysis, Ub plays important regulatory functions in protein
activity and protein-protein interaction [75, 86-88]. In this context an essential role is played
by specific de-ubiquitinating enzymes, which cleave Ub from the substrates in a Zn2+ - and
ATP- dependent manner. The human genome encode ~100 DUBs classified into five
subfamilies based on the sequence similarities of their functional domains [89]. Four of these
families; ubiquitin specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHLs),
ovarian tumor-related protease (OTUs), and Machado-Joseph disease proteases (MJDs)
contain catalytic cysteine and histidine residues and mediate ATP-dependent cleavage, while
the family of Jab1/MPN/Mov34 (JAMMs) domain containing metallo-enzymes need Zinc
ion for catalysis [89].
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Similar to protein kinases and phosphates, Ub ligases and DUBs can influence protein
functions in a highly versatile and reversible fashion. Part of this versatility is linked to the
different type of Ub-chains that can be formed. Ub contains seven Lysine (K) residues, K6,
K11, K27, K29, K33, K48 and K63 that can all be used to form chains in homogenous or
mixed forms. The length and the linkage construction of the chain will determine, in turn, the
faith of the target proteins and their interaction with different downstream factors [90]. Apart
from K48 chains, monoubiquitination and K63-based Ub chains have been extensively
characterized. Monoubiquitination can control sub-cellular localization or determine substrate
interactions, including the formation of multi protein complexes, and it is often involved in
endocytosis, where membrane receptors are monoubiquitinated, and in histone-mediated
transcriptional regulation, where histones are monoubiquitinated [87, 88]. K63-based Ub
chains are most commonly involved in signaling (e.g leading to NF-kB activation), receptor
endocytosis and protein trafficking, as well as DNA replication and repair [90, 91].

1.4.2 Virus-encoded DUBs
Many viruses encode proteins that inhibit the ubiquitination processes in order to regulate
different aspect of infections, from viral entry, replication, immune response evasion and
viral budding.
OTU domain containing proteases were found in two unrelated RNA virus families,
Artetriviruses and Nairoviruses [92, 93]. Several cellular proteins were shown to be
deubiquitinated by these viral encoded DUBs resulting in inhibition of NF-kB signaling, IFN
induction and other antiviral pathways [92]. For example, the L-protein of the Nanovirus
CCHFV (Creimean-Congo Heamorargic Fever Virus) is a OTU-containing viral protease
(vOTU) that inhibit NF-kB activation by blocking the p65 nuclear translocation [94, 95].
Interestingly, the CCHFV vOTU protein was also shown to de-conjugate the Ub-like protein
ISG15, an antiviral IFN-induced protein (ISG) with a broad antiviral activity [94, 95].
Coronaviruses encode papain-like proteases (PLP) with a dual activity as de-ubiquitinating
and de-ISGylating enzymes [96]. The best-characterized example of this class of enzyme is
the non-structural protein 3, NSP3, of mouse hepatitis virus (MHV)-A59 coronavirus [96].
NSP3 can deubiquitinate IRF3, preventing its nuclear translocation, and cleave K63 Ub
chains from the kinase TBK1, which regulates IFN production [97]. The PLPs of SARS
corona virus and human corona virus NL63 have similar activities but their substrates and
specific role in the course of infection remain elusive [98]. Finally the PLP-protein from
FMDV (the foot-and-mouth disease virus) was shown to inhibit IFN production via deubiquitination of the viral sensor RIG-1, TBK1, and the TNF associated factors TRAF3 and
TRAF6 [99]. Adenoviruses encode for a class of proteases called adenains that are important
for viral maturation, cell lysis and virions release. Adenain proteases cleave K48-based Ub
chains and have been associated with an overall decrease of ubiquitinated nuclear proteins
during adenoviral infection, but the substrates and the role of DUB activity during infection
are still unknown [100].
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The most extensively studied viral DUBs are the large tegument proteins of herpesviruses. By
combining biochemical and structural evidences with bioinformatics analysis the conserved
N-terminal catalytic domains of these tegument proteins were classified into a unique family
of DUBs named “herpesvirus tegument USPs” [100-103]. In earlier works, mutation assays
of the first discovered member of this class of enzymes, the HSV1-encoded UL36, suggested
a role in maturation of the enveloped virus [104]. The best-characterized members of this
enzyme family are the HCMV-encoded UL48, the KSHV-encoded ORF64 and the EBVencoded BPLF1. In these viral proteins the DUB activity was assayed, both in vitro and in
vivo, in the context of lytic replication, transcription and lytic protein expression. For
example, the EBV encoded DUB, BPLF1, was shown to deubiquitinate the viral
ribonucleotide reductase [105], the cellular processivity factor PCNA [106] and the Ub E3
ligase Rad18 [107] stimulating the production of infectious particles. Moreover, during lytic
infection BPLF1 as well as the HSV1-encoded UL36 have been reported to inhibit NK-kB
signaling and b-IFN production via deubiquitination of TRAF6, resulting in enhanced lytic
replication [108]. Similarly, the KSHV ORF64 inhibits IFN production by de-ubiquitination
of the viral sensor RIG-1 [109], suggesting an overall role of these viral DUBs in overcoming
the cellular immune response.

1.4.3 Virus-encoded E3 ubiquitin ligases
Several large DNA viruses, such as poxviruses and herpesviruses, encode their own E3
ubiquitin ligases. The HSV1 encoded infected cell protein 0 (ICP0), an immediate-early
regulatory protein, is a RING domain E3 ligase that ubiquitinates several substrates and
enhances viral replication [110]. One phenotypic outcome of this activity is the disassembly
of the promyelocytic leukemia nuclear bodies (PML, NBs) through ubiquitination and
subsequent proteasomal degradation of PML and the SUMO-modified isoforms of SP100
[111]. In addition, ICP0 can induce centromere architecture breakdown by ubiquitination of
CENPs [112], and dismantle the microtubule network [113]. A direct role of ICP0 in the
regulation of immune responses is suggested by the ubiquitination of the NF-kB transcription
factors RelA (p65) and RelB (p50) and consequent inhibition of TNF-alpha induced NF-kB
activation [114]. Through recruitment of the cellular E2 Ub-conjugating enzyme UBCH5,
ICP0 mediates ubiquitination and proteasomal degradation of other key cellular targets,
including p53, the G1/S-phase specific cyclin D3, and the human DUBs USP7 and USP4
[115]. Finally, ICP0 undergoes auto-ubiquitination and mediates the ubiquitination of other
viral proteins such as the tegument protein UL46 [116].
The Varicella Zoster Virus (VZV) ORF61 is a RING finger E3 ubiquitin ligase required for
efficient ubiquitination and dispersion of SP100-containg nuclear bodies [117]. Moreover
ORF61 specifically interacts with the activated/phosphorylated form of the interferon
response factor-3 (IRF3) and targets it to proteasomal degradation [118].
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Another class of viral Ub-ligases includes RING-CH ligases defined by the presence of an Nterminal C4HC3 RING domain and two membrane-spanning domains. Examples of this class
of viral enzymes are the K3 and K5 membrane proteins of KSHV and the M153 of myxoma
viruses [115, 119]. The KSHV ligases K3 and K5 regulate the host immune response via
K63-based ubiquitination of the class I major histocompatibility complex (MHC-I) and coreceptor CD4 on the ER or cell membrane, which determines endosomal sorting and
lysosomal degradation and inhibits antigen presentation to T-cell [120]. Similar functions
have been described for the K3 homologous encoded by the murine γ-herpesvirus 68 (MHV68), the retroperitoneal fibromatosis-associated herpesvirus (RFHV), the Rodent herpesvirus
Peru, the rabbit myxoma virus M153R and other members of the Poxviridae, encode a RINGCH domain Ub ligase, suggesting a common immune evasion strategy for large DNA viruses
[121-125]. The KSHV E3 ligase K5 plays an important role in the proteasomal degradation
of other surface proteins involved in T-cells stimulation, such as B7-2 and ICAM-1 [120].
The members of this viral RING-CH family have the unusual property of ubiquitinating Cys,
Ser and Thr in addition to Lys, but the physiological relevance of such event is still unknown.
Other viral proteins possess intrinsic Ub-ligase activity even though they lack similarity with
any known functional RING or HECT domain. The KSHV RTA was shown to target its
cellular transcriptional repressors, K-RBP (KSHV-RTA binding protein) and HEY1 to
polyubiquitination and proteasomal degradation [126]. IRF3 is an identified substrate of the
rotavirus NSP1, a zinc-binding domain containing protein with putative Ub-ligase activity
that regulates NF-kB activation by inducing Ub-mediated degradation of the cellular E3 Ub
ligase F-box beta-TrCP [126]. Additional virus-encoded Ub ligases, including for example
the poxvirus p28 virulence factor [122] and the adenovirus Ub ligases E1B-55k and E4ORF6
have been described but their targets and role during viral infection are still unclear [127].

1.4.4 Virus-encoded adaptor of E3 ubiquitin ligases
Viruses may interfere with the activity of E3 ligases by encoding small adaptor proteins that
redirect their activity towards new substrates. The first example of such viral protein intrusion
in ubiquitin signaling is the HPV-encoded E6 oncoprotein. E6 acts as an adaptor to redirect
the founding member of the HECT ligase family, E6AP (cellular E6-associated protein), to
target the tumor suppressor p53 [128]. Additional E6-dependent targets of E6AP include
cMyc, TIP60 (tumor suppressor Tat-interacting protein), MMP7 (matrix metalloprotease, and
NFX1 (nuclear transcription factor X-box binding 1) [129]. Another important target is the
E3 ligase Siah-1 that promotes beta-catenin degradation, which may explain the role of E6 in
the regulation of Wnt signaling during HPV carcinogenesis [130].
The Nedd4-like family of HECT Ub ligases is a common target of virus-encoded adaptor
proteins that contain PPXY motifs with specificity for the WW domain of the ligases. HECT
ligases play a key role in the replication of different RNA viruses, like Retroviruses,
Filoviruses, Rhabdoviruses and Arenaviruses, which complete their replication cycle by
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budding from the plasma membrane [129]. The binding to Nedd4 ligases was demonstrated
for all Gag/matrix proteins encoded by different RNA viral families, including the Gag
protein of HIV viruses, the VP40 matrix protein of Ebola and Marburg virus, the vesicular
stomatitis virus (VSV) M protein, the Lassa virus Z-protein as well as a protein encoded by
the enveloped DNA virus HBV [129]. The link between the Gag/matrix proteins-mediated
recruitment of Nedd4 ligases and the ubiquitination of VPS components involved in viral
budding and egress is still missing, however the known targets include key components of the
endosomal sorting complex such as Tsg101 and Alix [129]. DNA viruses also encode PPXY
adaptor proteins. Wodrich and colleagues discovered the motifs in the adenoviral Capside VI
proteins and demonstrated that this interaction is required for Ub-regulated microtubuledependent nucleocapsid transport to nucleus [131]. The EBV latent membrane protein 2A
(LMP2A) contain two PPXY motifs and recruits Nedd4 in order to induce proteasomal
degradation of the tyrosine kinases Lyn and Syk, which upon binding to the BCR (B cell
receptor) can activate the EBV transactivator BZLF1 [132, 133]. The HCMV US2 and US11
also function as adaptor proteins of HECT E3 ligases [134-136]. US2 promotes degradation
of MHC-I by the TRC8 E3 ligase [135].

1.4.5 Interference with Cullin-based E3 ubiquitin ligases (CRLs)
CRLs are modular complexes where the Cullin (Cul) protein serves as a scaffold that dock at
the opposite N- and C-terminal ends an adaptor subunit with a specific substrate receptor
(SRs) and a RING protein that binds to the E2 (Figure 1) [137]. The seven cullin scaffolds
expressed in humans form many modular multi-subunit CRL complexes that are subdivided
into clusters according to their interaction with different adaptors [138]. The archetypical
SCF complex (Skp1-Cul1-F-box), CRL1, contain a Skp1 (S-phase kinase associated protein
1) adaptor that binds to a SR belonging to the family of F-box proteins (FBPs or FBXs) [138,
139]. Approximately 70 human F-box, each targeting one or more unique substrates, have
been identified [138, 139]. In CRL2 and CRL5, Cul2 or Cul5 are bound to the adaptor
Elongin B/C heterodimer and the SRs SOCS proteins [140, 141]. The Cul3 based CRL3s are
unique since only one class of proteins, the BTB-fold proteins, can function as both adaptor
and SR [141, 142]. Finally, the highly related Cul4A and Cul4B CRLs contain DDB1 or
DDB2 (DNA damage binding proteins) as adaptor and a class of specific proteins DCAFs
(DDB1/Cul4 associated factors) as SRs [141, 143, 144]. These minimal archetypes are
extremely conserved in evolution, and several CRLs cofactors are continuously discovered
[141]. Furthermore, CRLs can also form homo- or even hetero-multimers to vastly expand
their specificity for new targets [145].
CRLs mediate substrate ubiquitination via the formation of several alternate complexes
(Figure 1) [146]. Activation of the CRLs is dependent on post-translationally modified of the
Cul subunit by the Ub-like protein NEDD8. Neddylation occurs in a cascade of event
analogous to ubiquitination, involving the E1 NEDD8 activating enzyme, NAE1, two
different E2s NEDD8 conjugating enzymes, UBE2M and UBE2F and the E3 ligases DCN1
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and RBX1 or RBX2, which coordinate NEDD8 ligation [146-149]. The neddylated cullin
binds to an adaptor and a SR, which recruits specific substrates [146]. Although neddylation
is considered as an activating “on-switch” for CRLs, several studies suggest that CRLs must
undergo complexes and balanced neddylation/deneddylation cycles [147, 148]. CRLs
deneddylation is carried out by the COP9 signalosome complex (CSN), which also stabilizes
the SRs and prevents SRs auto-ubiquitination [150-152]. Deneddylation allows the binding of
the CRL regulatory factor, CAND1 (cullin-associated NEDD8-dissociated protein 1) [153].
Like CSN, CAND1 influences the stability of CRLs and binding of CAND1 favors the
correct exchange or swapping of loaded adaptor-SRs [153].

Figure 1. Different family of CRLs and accessory components of CRL neddylation cycle

Several viruses were shown to hijack or co-opt CRLs by encoding for proteins that can
physically interact with different subunits or cofactors of one or more CRL family members.
HIV is perhaps the best example since at least 3 of the 18 encoded proteins, Vpu, Vpr and
Vif, were shown to mediate the degradation of host anti-viral factors by directly interacting
with CRLs [154]. The HIV Viral infectivity factor (Vif) binds to Cul5 and to the
CRL2/CRL5 substrate adaptor, the Elongin B/C heterodimer, to promote the degradation of
the mRNA editing enzymes A3 proteins, which causes hyper-mutations of the viral DNA and
inhibits viral DNA synthesis, viral integration and provirus formation [155, 156]. The HIV
encoded accessory transmembrane protein Vpu interacts with the beta-TRCP, an F-box
protein constituent of the CRL1 complex, and enhances the degradation of the CD4 coreceptor, which prevents HIV superinfection and promotes virus release [157, 158]. The third
HIV protein that interact with CRLs, Vpr, inhibits cell cycle progression at the G2 phase by
binding to CRL4s that regulate several substrates involved in cell cycle progression and
DNA-damage checkpoints [159-161].
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Herpesviruses provide many examples of how viruses may subvert the activity of CRLs
complexes. The Murid herpesvirus-4 (MuHV-4) ORF73 protein blocks NF-kB activation by
mediating the proteasomal degradation of RelA (p56) through retargeting of CRL5 via a
SOCS-box like motif [162]. The KSHV latency-associated nuclear antigen, LANA, mimics
SOCS-box proteins by binding simultaneously to the Elongin B/C adaptor proteins and
CRL5. Thus, LANA acts as a CRL5 substrate receptors to promote the proteasomal
degradation of targets such as p53 and the Von Hippel-Lindau Tumor Suppressor (VHL)
[163]. Another target of LANA is the F-box protein FBW7, which is involved in the CRL1
dependent ubiquitination Notch 1 [162]. KSHV may also interfere with phosphorylation that
marks the substrates for CRL-dependent degradation. Thus, targeting of the glycogen
synthase kinase 3 (GSK-3) by LANA1 inhibits the c-Myc phosphorylation needed for its
polyubiquitination by CRL1 [164], while the KSHV encode v-cyclin recruits CDK6 to induce
phosphorylation of the cell cycle inhibitor p27, which promotes CRL1-dependent
ubiquitination and degradation [165].
A fascinating example of CRL regulation is provided by the deneddylase encoded in the Nterminal catalytic domain of large tegument protein of the herpesviruses. As discussed in the
results section of this thesis, these viral proteins can inactivate all types of CRLs resulting in
accumulation of important CRL substrates such as CDT1 (chromatin licensing and DNA
factor-1) and other proteins involved in cell cycle regulation [166].

1.4.6 Interplay between viruses and the SUMO signaling pathway
PTM by the Small ubiquitin-related modifier (SUMO), an UbL family member, was initially
described in the mid-1990s [167]. Like other PTMs, SUMO conjugation is rapid and
reversible and can modify protein functions, thus providing the cells with a fast and flexible
mechanism to rapidly react to stressors and changes in the environment without requirement
of new protein synthesis. Although the molecular consequences are often difficult to predict,
SUMOylation acts by altering the inter- and/or intramolecular interactions of the substrates,
changing their localization, stability, and/or activity. Consequently, SUMO modification
control several key pathways with strong links to transcription and the innate and intrinsic
immune response [168].
Four SUMO isoforms have been described in human. SUMO2 and -3 are almost identical,
while SUMO1 shares only 46% sequence identity with SUMO2/3 [169]. SUMO2/3 can form
polymeric SUMO chains, while SUMO1 cannot be sumoylated and is therefore attached as a
monomeric modification or may serve as a terminator of mixed SUMO2/3 chains [169].
SUMO4 is restrictively expressed in some tissues and its function is still unclear [170, 171].
The conjugation of SUMO is mediated by an enzymatic cascade similar but distinct from that
of ubiquitin, where specific enzymes catalyze the formation of an isopeptide bond between
the SUMO and an internal Lys in the substrate. Similar to ubiquitin, the SUMOs are
expressed as immature proteins that are processed by specific proteases to expose the C16

terminal Gly-Gly residues required for conjugation. Six SUMO specific proteases called
SENPs are expressed in mammalian cells [172]. Additionally to their requirement in SUMO
maturation, the SENPs cleave SUMO molecules conjugated to target proteins, and
depolymerize SUMO chains. The SENPs can be divided into three families differing in
cellular distribution and selectivity for SUMO maturation and deconjugation towards
different SUMO isoforms: SENP3, -5, -6, and -7 are specific for SUMO2/3, while SENP1
and -2 show equal activity with all SUMOs [173]. The SUMO-conjugation cascade involves
the heterodimeric SUMO E1-activating enzyme (SAE1-2), one single E2-conjugating
enzyme UBC9, and different classes of SUMO E3 ligases. To date less than 30 human
SUMO E3 ligases have been identified, but given the number and variety of the sumoylated
substrates, it is likely that many more will be characterized in the future. The first group of
RING containing SUMO E3 ligases encompasses four members of the PIAS (protein
inhibitor of activated STATS) family [174], the secretory proteins (SP)-RING domain
containing proteins, TOPORS, MUL1 and MMS21[175-178], six members of the TRIM
family of E3 ligases [179] and the nucleoporine RanBP2 that act as a composite SUMO1
specific E3 ligase in complex with RanGAP1 and UBC9 [180]. While all of these proteins
contain an active RING domain, another group of proteins lacking this domain was shown to
exert SUMO E3 activity by stimulating the transfer of SUMO from UBC9 to specific
substrates; this group includes a Polycomb protein, Pc2 [181], the G-protein Rhes [182], the
histone deacetylases HDAC4 and -7 [183, 184] and the TNF associated protein 7 [185].
SUMOs are often attached to substrates bearing an exposed flexible loop with the consensus
motif y-Lys-X-Asp/Glu (where y stands for bulky aliphatic residue), but several exceptions
are found. The SUMOylation signal is decoded by non-covalent interaction between SUMO
and binding partners containing SUMO interacting motifs (SIMs) formed by a stretch of
hydrophobic residues surrounded by acidic residues [186]. These non-covalent interactions
affect protein activity, localization and protein-protein interaction but are also regulators of
protein stability. Indeed, SIM-containing SUMO-targeted ubiquitin ligases (STUBLs), as
RNF4 and RNF111, promote the cross talk between Ub and SUMO signaling through
ubiquitination and proteasome-mediated degradation of poly-SUMOylated proteins [177,
187, 188]. One of the best characterized functions of SUMOylation is related to the formation
of PML nuclear bodies, nuclear substructure containing PML and SP100 that are involved in
the regulation of transcription, maintenance of genome integrity and apoptosis [189].
A large body of evidence supports a role for SUMO conjugation in the replication of different
viral families and many viral proteins interfere with SUMOylation in order to promote viral
persistence, proliferation and escape from host immune response. In general, viruses can
modulate the SUMOylation by hijacking components of the SUMOylation machinery in
order to redirect their activity towards other host targets or towards their own viral proteins.
Moreover viruses can encode functional homologous of cellular enzymes to expand the
substrate repertoire and the range of SUMO-regulated interactions during different stages of
the viral life cycle [190-192].
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The early gene Gam1 of adenovirus CELO (chicken embryo lethal orphan virus) is one of the
most illustrative examples. Gam1 reduces the overall cellular SUMOylation by promoting
CRL2/5 dependent degradation of the SUMO specific E1 SAE1/2 [193, 194]. Since the
activity of many transcription factor can be repressed by SUMOylation, this induces an
overall increase of transcription that facilitates viral replication. Additionally, Gam1
interferes with the repressive potential of deacetylase by inducing SUMOylation of HDAC1
[195].
The human adenovirus type 5 protein E1B55K is an example of viral SUMO E3 ligase.
E1B55K interacts with UBC9 and causes mono-SUMOylation of p53, which inhibits p53 colocalization to PML-bodies and restricts p53 transcriptional activity [195-199]. Thus,
SUMOylation is a key event in the oncogenic transformation by Adenoviruses and other viral
families. The K-bZIP protein of KSHV also exhibits SUMO E3 ligase activity, which appears
to be specific for SUMO2/3 conjugation. Similarly to the E1B55K, K-bZIP promotes its own
auto-SUMOylation, which is required for its activity as a strong transcriptional repressor
[200-202]. The K-bZIP SUMO ligase also inhibits p53 localization to the PML-bodies, but,
differently from E1B55K, the SUMO2/3 conjugation of p53 seems to enhance its
transcriptional activity [200, 201]. In this way, K-bZIP induces cell growth arrest, a common
outcome of herpesvirus infection, to enhance viral replication and protect the cell from
undergoing apoptosis [202].
The HSV1 protein ICP0 is a RING-domain Ub ligases. In addition, ICP0 contains SIMs and
can bind to SUMO modified proteins that are degraded by the Ub ligase activity of ICP0.
Thus, ICP0 clearly mimic the function of a host STUbL protein. The SUMO modified
proteins in the PML-bodies are among the targets of the STUbL-like activity of ICP0 that
counteracts the PML-mediated antiviral response during early stage of infection [203-205].
The same mechanism is found in KSHV that encodes K-Rta, a SIMs and RING motif containing STUbL-like protein [206]. Like ICP0, K-Rta disrupts SUMO conjugated PMLbodies in ubiquitin dependent manner [206]. Also the VZV–encoded protein ORF61 contains
three SIMs domains and it was shown to neutralize the intrinsic SUMO-promoted antiviral
response of PML, however the RING domain of ORF61 does not share the same E3 Ub
ligase activity and its mechanism remains unclear [207].
There are several examples of viral protein that are SUMOylated and interact with the SUMO
machinery. Indeed, many viral proteins contain SUMO conjugation sites and can actively
promote their own SUMOylation by simultaneously binding to UBC9 and SUMO E3 ligases.
Such mode of action was observed for the SUMOylation of the retrovirus capsid protein, CA,
from Rous sarcoma virus (RSV) and Moloney murine leukemia virus that favors viral
replication or virion assembly [208, 209]. SUMOylation of the major initiator protein in
bovine papillomavirus, E1, is also required for its nuclear translocation and activity, with
clear effects on viral replication [210, 211]. For proper localization in the endoplasmic
reticulum, the A40R gene product in Vaccina virus is SUMO1 modified in a rarely stable
fashion being resistant to SENPs de-conjugating activity [212]. Another Vaccina virus
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protein, E3, was shown to be SUMOylated and to inhibit transcriptional transactivation of the
p53-upregulated modulator of apoptosis and APAF-1 genes [213]. The non-structural protein
1 (NS1) of most Influenza virus strains can bind to UBC9 and be covalently modified by
SUMO1, suggesting a conserved mechanism in all these viruses [214]. The HCMV
immediate early proteins 1 and -2 (IE1 and IE2) can also exploit the SUMO pathway [215219]. The SUMOylation of IE1 contributes to replication and activation of IE2 but the
mechanism is still unclear [216]. IE2 is also SUMOylated and, in addition, it contains a SIM
motif for non-covalent interactions with SUMOylated cellular partners such as TAF12, a host
protein playing further role in the progression of CMV lytic cycle [218]. The HCMV viral
DNA processivity factor UL44 was recently shown to be extensively SUMOylated; this
modification seem to promote viral replication and viral titer by a quicker UL44
relocalization in replicative foci [220]. Other important examples of SUMO- modified viral
proteins are the EBV proteins, BZLF1, Rta and BGLF4 [221-227]. The transcriptional
activator BZLF1 is SUMOylated by SUMO1 or SUMO2/3 chains in multiple sites and these
modifications can inhibit its transcriptional activity [226, 227]. Indeed, SUMOylated BZLF1
can bind to HDAC3, which repress BZLF1-responsive promoters [221]. BZLF1 may also
compete with PML for free SUMO1, causing PML-body dispersion. The BGLF4 protein
kinase phosphorylates many cellular and viral proteins, including BZLF1 [223]. BGLF4mediated phosphorylation of BZLF1 counteracts BZLF1 SUMOylation and enhances EBV
lytic infection. Two SIMs in BGLF4 are required for binding to SUMO2 and for recognition
of SUMO modified substrates as phosphorylation targets [222]. Via its SIMs, BGLF4 binds
and phosphorylates PML with consequent disruption of PML bodies during viral replication
[222].
The VP53 protein of Ebola Zaire Virus (EBOV) exploits the cellular SUMO machinery to
inhibit interferon type 1 (IFN-1) production. VP53 simultaneously binds to the SUMO E3
ligase PIAS1 and the IFN-1 transcriptional activator IRF7, leading to SUMO –mediated
inactivation of IRF7 [228, 229].
The SUMOylation also plays an essential role in viral assembly processes, which requires a
series of protein-protein and protein-lipid interaction allowing proper localization of different
viral particles at the sites of virus budding. For example, SUMOylation of the structural
capsid proteins L1 and L2 of HPV is necessary for their stability and their correct interaction
during HPV capsid assembly [230, 231]. During Hantana virus infection, UBC9 binds to the
viral nucleocapsid protein NP1 and favors its trafficking to the site viral replication [232].
The same role of UBC9 was observed for the Gag proteins of Mason-Pfizer monkey and HIV
viruses, but the mechanism and the functional reason of this interaction is still debated [233235]. SUMOylation of the Influenza A virus M1 protein significantly enhances virus titer
[236, 237].
All these examples of viral proteins in the SUMO pathway point towards a complex network
of interplay between the host SUMO-conjugation machinery and viruses, where viruses have
evolved different mechanisms to exploit or counteract the crucial role of SUMO in
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transcription regulation, apoptosis, cell cycle control and immune response. To achieve a
better understanding of such viral mechanisms it will be important to identify the viral
triggers and the SUMO enzymes involved as well as their targets and the functional
consequences of these SUMOylated viral proteins and virus-mediated SUMOylated
substrates.
1.5

The Epstein-Barr virus

The Epstein-Barr virus (EBV) (also known as human herpesvirus 4, HHV4) is a ubiquitous
lymphotropic human g-herpesvirus that was discovered in 1964 in the biopsies of endemic
Burkitt’s lymphoma, a relatively common tumor of children in equatorial Africa [238]. EBV
is probably the most widespread human virus with over 95% of adults being life-long EBV
carriers. Primary EBV infection common occurs during early childhood and is usually
clinically silent. However, when EBV infection is delayed until adolescence or adulthood, it
may trigger a self-limiting lymphoproliferative disease known as infectious mononucleosis
(IM) [239, 240].
The 184 kb long double-stranded DNA of EBV genome encodes more than 85 open reading
frames (ORFs) the majority of which are still uncharacterized [241]. The EBV genome does
not normally integrate into the cellular DNA but persists as close circular (episomal) viral
DNA. Viral genomic 500 bp long tandem terminal repeats and internal repeats (IRs) are
required for a correct episomal circularization [242].

1.5.1 EBV pathogenesis
Although EBV establishes largely non-symptomatic infections in the vast majority of humans
it is also implicated in the pathogenesis of a broad variety of cancers that primarily develop in
lymphocytes as Burkitt’s Lymphoma (BL), Hodgkin’s Lymphoma (HL), immunoblastic
lymphoma, post-transplant lymphoproliferative disease (PTLD), and a subset of T and NK
cell lymphomas, and in epithelial cells as gastric carcinomas (GC), nasopharyngeal
carcinomas (NPC) [243-253].
Burkitt’s Lymphoma (BL) is a B-cell malignancy that comprises three different categories
Endemic BL, Sporadic BL and HIV associated BL. Expression of the EBV nuclear antigen 1,
EBNA1, and EBV non-coding RNAs is detected in almost all case of Endemic BL while
Sporadic BL and HIV associated BL carry EBV in approximately 20% and 40% of the cases,
respectively [254]. The crucial event in BL tumorigenesis is the occurrence of chromosomal
translocations between chromosome (chr) 8 and either chr 2, 14 or 22 that juxtapose the cMyc oncogene (on chr 8) to the enhancer region of transcriptional active immunoglobulin
heavy chain (chr14) or light chain (chr 2 or 22), resulting in constitutive activation of c-Myc
[255]. In combination with other environmental-cofactor such as malaria or HIV infection,
EBV may favor these chromosomal translocations by inducing B-cell hyper-proliferation
[256].
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Hodgkin’s lymphoma (HL) is a unique neoplasm where very few malignantly cells are found
in the total tumor mass. These lymphomas are characterized by the presence of clonal,
malignant multinucleated Hodgkin Reed Sternberg (HRS) cells surrounded by a mass of
inflammatory cells including granulocytes, lymphocytes and plasma cells. HRS cells
originate in the pre-apoptotic germinal center B-cells and are characterized by the presence of
shuffled and mutated immunoglobulin genes. Constitutive expression of four EBV proteins
(EBNA1, LMP1, LMP2A, LMP2B) and EBV non-coding RNAs is detected in more than
40% of HL cases [245].
Post-Transplant Lymphoproliferative Disorders (PTLDs) and HIV-associated Lymphomas
are tumors that occur in patients strongly immunosuppressed after HIV infection or organ and
allogeneic bone marrow transplants [250]. Most cases of PTLD are EBV positive and are
characterized by the expression of all EBV latent genes and EBV-encoded RNAs, which is
consistent with failure to counteract virus induced B-cell proliferation. EBV seems to have a
major role in these malignancies since the tumors can regress upon discontinued
immunosuppressive therapy or administration of in vitro selected EBV-specific cytotoxic T
cells (CTLs) [249]. HIV-associated lymphomas comprise diffuse large B cell lymphomas
(DLBCL), HL, BL, and primary lymphomas of the central nervous system (CNS) [252]. The
EBV is present in all these lymphoma subtypes but it is most frequent in HL, DLBCL and
CNS lymphomas [249, 250, 252].
Nasopharyngeal Carcinoma (NPC) is an epithelial cell tumor with characteristic geographic
prevalence in South East Asia, North Africa and in the Eskimo population of Alaska, which
implies the involvement of genetic and environmental co-factors [257]. Virtually all cases of
undifferentiated NPC are associated with EBV infection and the malignant cells express the
EBV proteins EBNA1, LMP1 and LMP2-A and –B and several EBV-encoded miRNAs
[258]. The higher frequency of LMP1 expression in pre-invasive lesions may suggest a role
in tumor progression [247].
Approximately 10% of Gastric Carcinomas (GCs) worldwide are EBV positive and express
the EBV protein EBNA1 with or without LMP2A [248]. Recent genome-wide sequencing of
GC samples indicates that EBV-positive GC are phenotypically and genetically distinct form
the EBV-negative GC [253]. The role of EBV in GC is still debated especially in relation to
other infective factors as Helicobacter pylori. Selective CpG hyper methylation in the
promoters of cancer-associated genes as PTEN is found in EBV-positive GC. Indeed,
LMP2A was shown to promote the activity of the DNA (Cytosine-5-)-Methyltransferase 1
DNMT1 via phosphorylation of STAT3 [253].

1.5.2 The EBV life cycle
Similarly to all other herpesviruses that have evolved to persist in the infected host, EBV
infects different cell types where it undergoes lytic or latent gene expression programs
(Figure 2) [259]. During the lytic life cycle EBV expresses most of its genes leading to the
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production of infectious viral particles, whereas during latency the EBV gene expression is
tightly restricted to a limited pool of viral products, which are required to induce the
proliferation of infected cells, to ensure the persistence of constant numbers of viral
episomes, to evade the immune responses and to promote co-existence with the host [260].
EBV lytic replication initiates at the origin of lytic replication, OriLyt, where the circular
dsDNA genome of EBV undergoes a “rolling circle” replication mostly mediated by viral
proteins [261]. During latency, replication of the viral genome occurs only once during the
cellular S-phase starting from the origin of latent replication, OriP, where the cellular
replication machinery is recruited [262].
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Figure 2. EBV life cycle

The infection of B-lymphocytes involves binding the EBV outer envelope glycoproteins gp42
and gp350 to HLA class II and the CD21 receptor, respectively, which triggers fusion and
endocytosis- mediated internalization of the viral capsid into the cytoplasm [263]. Sugano
and colleagues have shown that binding to CD21 activates NF-kB, which may promote the
transcription of EBV latent proteins during the early stages of infection [264]. Once in the
cytoplasm, microtubules may carry the EBV capsid on the nuclear pore where the capsid
disassembles for viral DNA nuclear entry [265].
In B-lymphocytes, EBV extablishes a latent infection where the EBV episome packed in
nucleasomal arrays is anchored to the cellular DNA [266]. The viral DNA is widely
methylated, which inhibits the expression of most viral proteins [267]. Following entry of the
linear genome into the nucleus of the infected cells, fusion of the ends leads to the formation
of a circular episome and transcription is initiated from the Wp promoter, which leds to the
expression of six EBV nuclear antigens (EBNAs) proteins [268, 269]. Approximately twenty22

four hours after infection the EBNA2 protein activates a stronger viral promoter, the Cp
promoter, and cooperate with EBNA-LP to promote the transition of resting B-lymphocytes
from G0 to G1 phase of the cell cycle [270, 271].
1.5.3 EBV latent infection and latency proteins
Four different programs of EBV latent gene expression are found in EBV infected normal
and malignant B-lymphocytes [259]. During Latency-0, no viral gene can be detected, while
Latency-I is characterized by the exclusive expression of EBNA1 [272]. Burkitt’s lymphoma
is the typical example of this “EBNA-1 only” program of gene expression [273]. Latency-II
is characterized by the expression of EBNA1 together with three EBV-encoded latent
membrane proteins, LMP-1, -2A, and -2B [272]. This program is found in some EBV
positive lymphomas, such as Hodgkin Lymphoma (HL), and a subset of T and NK cell
lymphomas, and in epithelial tumours, such as nasopharyngeal carcinomas (NPC). In the
latency-I and -II programs the expression of EBNA1 is initiated from the Qp promoter [272].
In latency-III, all the six EBNAs, EBNA -1, -2, -3A, -3B, -3C and -LP and three latent
membrane proteins LMP-1, -2A and -2B are expressed [272]. While two distinct promoters
close to the TR trigger transcription of LMP genes, the six EBNA proteins are transcribed
from the neighboring viral promoters Cp or Wp as a unique long mRNA, which undergo
different splicing events to generate the individual mRNAs [274-278]. Latency III is found in
B-cells that are immortalized by EBV infection in vitro, leading to the establishment of
transformed lymphoblastoid cell lines (LCLs) [279]. In addition to these nine latent proteins,
EBV expresses miRNAs and two non-coding RNAs (EBERs) in all type of latency programs
[280, 281].
As described in more details later, EBNA1 is the only protein ubiquitously expressed in all
latency programs and EBV-associated malignancies either alone or together with other viral
proteins.
EBNA-LP (EBNA-leader protein, also known as EBNA5) is a multi-repeat domain
containing protein of variable sizes based on the number of repeats derived from short W1,
W2, Y1, Y2 exons encoded in the BamHW repeats. EBNA-LP is required for the
establishment of LCLs but its role in transformation is not fully understood [282]. EBNA-LP
regulates cell death and apoptosis through interaction with the cellular anti-apoptotic protein
BCL2 or its EBV homologue, BHRF1 [283]. It also binds to pRB and p53 and cooperates
with EBNA2 to transcriptionally activate several viral and cellular genes and to induce the
transition of B-cell from G0 to G1 [271, 284].
EBNA2 is the first protein expressed upon infection of B-cells and is essential for
immortalization, acting as a key transcription factor for both viral and cellular gene including
CD23, CD21, c-FGR and c-Myc [285, 286]. EBNA2 interacts with the recombination site
binding protein (RBP)-Jk to constitutively activate the Notch signaling pathway, which may
explain its effects on cell differentiation, proliferation and apoptosis [287, 288].
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The EBNA3 proteins, EBNA3A, -3B and -3C also called EBNA3, -4 and -6, are transcribed
from tandem ORFs with modest sequence similarities [289]. EBNA-3A and -3C are
indispensable for establishment of LCLs [290]. EBNA3C activates the LMP1 promoter and
inhibits the Cp promoter through recruitment of the histone deacetylase-1, HDAC1 [291,
292]. Several other cellular genes have been shown to interact with the EBNA3s proteins
including RBP-Jk, CD21, and Rb, but the mechanisms by which EBNA3s may interfere with
cell cycle proteins to stimulate G1 to S and inhibit the mitotic checkpoint are still unclear
[291-293].
The Latent membrane proteins (LMPs) are integral membrane proteins with very small
extracellular domains that mimic cellular receptors. LMP1, the only known EBV
transforming protein, is a functional homolog of CD40 and acts as a constitutively active
tumor necrosis factor (TNF) receptor [294, 295]. LMP1 activates a variety of signaling
pathways including the MAP kinase, ERK, JNK, p38, PI3-K, JAK/STAT and NF-kB
signaling pathways to regulate apoptotic genes (e.g. Bcl-2, Mcl1, A20), cytokine production,
cell proliferation, apoptosis, actin polymerisation and cell motility [296-302]. Two different
isoforms of LMP2 have been characterized, LMP2A and LMP2B, where LMP2A contain an
extra 119 amino acid long cytoplasmic N-terminal domain [303, 304]. LMP2A mimics a
constitutively active B-cell receptor (BCR) and, through Ub-mediated proteosomal
degradation of the protein tyrosine kinases Syk and Lyk, inhibits the activation of the
productive virus cycle [133, 305-307]. Moreover, expression of LMP2A transforms epithelial
cells through activation of the PI3-kinase/Akt signaling pathway [308]. LMP2B shares the
trans-membrane domain with 2A but lacks the cytoplasmic domain involved in BCR
signaling. The function of LMP2B is less clear, but it seems to cooperate with LMP2A [309].

1.5.4 EBV lytic reactivation
Reactivation of EBV from latency to productive infection occurs rarely in B-cells. However,
the switch to productive infection can be studied in vitro where treatment with anti-Ig, TPA,
calcium ionophores or sodium butyrate activates the expression of immediate early
transcriptional co-activators [310-312]. The stimuli that trigger productive infection in vivo
remain unknown although the cross-linking of the B-cell receptor is likely to be one of the
major players in this event [311, 313, 314].
Upon induction of the productive cycle, the first detected EBV proteins are the two
immediate-early gene products BZLF1 and BRLF1, which, together, activate the viral lytic
promoters that drive expression of early and late viral genes [260]. BZLF1 resembles the
cellular transcription factors c-Jun and c-Fos and binds as a heterodimer to AP-1 motifs
located in different region of the viral genome [315-319].
Several EBV early genes products are involved in viral DNA replication and DNA
metabolism including the viral DNA polymerase BALF1, polymerase processivity factor
BMRF1, four primase-helicases complex members BSLF1/BBLF-2/-3/-4 and the single24

stranded DNA binding proteins BALF2. An S-phase like cellular environment characterized
by activation of the ATM and Chk2-dependent DNA damage responses is required for EBV
DNA synthesis, virus assembly and maturation. BZLF1 alone is not sufficient to promote this
replicative environment and other viral proteins, including the EBV-encoded member of the
herpesvirus large tegument proteins, BPLF1, are involved in this process [166].

1.5.5 The EBV nuclear antigen (EBNA)-1
EBNA1 is the only EBV-encoded protein ubiquitously expressed in all latencies programs
and in EBV-associated neoplasms. This is partly explained by the essential role of EBNA1
for the replication, partitioning and maintenance of the viral episomes during EBV latency
[320, 321].
The EBNA1 encoded by the prototype EBV laboratory stain, B95.8, is a 641 amino acids
protein, that contains well defined functional domains including: two bipartite repeats of GlyArg (GR1 and GR2) spaced by a long Gly–Ala repeat (GAr) at the N-terminus, and a DNA
binding and dimerization domain (DBD) and nuclear localization signal (NLS) at the Cterminus (Figure 3).
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EBNA1 regulates the replication of viral episome during latency by recruiting components of
the cellular replication machinery [322-326]. EBNA1 binds to the origin of latent viral DNA
replication (OriP) through specific DNA binding sites in its C-terminal DNA-binding
domain, DBD [327]. The OriP is characterized by the presence of multiple 16 bp long
EBNA1 sequence specific recognition sites clustered in the family of repeats (FR), and the
dyad symmetry (DS) elements. The FR comprises 20 high-affinity EBNA1 binding sites,
while the DS elements contain 4 copies with lower EBNA1 binding affinity [322]. Viral
DNA synthesis is initiated at the DS elements once every cell cycle [328]. Interestingly,
EBNA1 binds to DS elements assembled into nucleosome particles, and mediate nucleosome
destabilization and displacement without the need of ATP-dependent chromatin remodeling
factors [329, 330].
EBNA1 is also required for the proper segregation of viral episomes in dividing B-cell and is
therefore often referred to as the EBV genome maintenance protein (GMP). Whereas EBNA1
homodimers bind to the OriP FR via the C-terminal DBD domain that links both major and
minor groove of DNA [327], the contact with cellular chromatin is mediated by the EBNA1
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N-terminal domain that contains two Gly-Arg repeats (GR) that resemble the AT-hooks of
High mobility group-A (HMGA) proteins [331-334]. In this process, the second Gly-Arg
repeat, GR2, seem to be mainly responsible for attachment to chromosomal DNA [332]. The
GR2 can also bind with the cellular protein EBP2 (EBNA1 binding protein 2), which may
facilitate binding and ensures a tight chromosomal association [332, 335]. However, it is
unclear whether EBP2 mediates the initial association or simply stabilizes the EBNA1
binding to mitotic chromosome. Functional experiments with artificial OriP containing
plasmids suggest that tethering of the EBV episomes to metaphase chromosome leads to
loading of the cellular origin recognition complex (ORC) and the replication protein A [334,
336, 337]. Indeed, EBNA1 was shown to bind to the bromo-adjacent homology (BAH)
domain in the ORC1 subunit via its GR repeats [338], and histone modifications seem to
influence origin selection on host chromosome [336]. The precise mechanisms by which
EBNA1 stimulates origin formations remain poorly understood. However, the capacity of
EBNA1 to promote the formation of higher order chromatin structures (loops) that may
persist in mitotic chromosomes could provide the basis for the generation of a new kind of
epigenetic memory [339]. Thus, the interaction of EBNA1 with the host cell genome may
alter the architecture of certain genomic regions and ensure epigenetic inheritance during cell
division.
In addition to its role in viral genome replication and episomal segregation, EBNA1 functions
as a transcriptional regulator of latent promoters located in the BamHI-C region (Cp), ~3 kb
from the FR, and LMP1 promoter (LMP1p), distant more than 10 kb from the FR [340-343].
Moreover, EBNA1 negatively regulates its own expression, by interaction with binding sites
downstream of the Qp promoter [344]. In addition to the C-terminal DBD, the N-terminal
domain also plays an important role in EBNA1 transcriptional activation by recruiting
cellular proteins to the viral promoters [345-348]. The cellular bromodomain BRD4 that
plays a key role in cellular gene activation was shown to interact with EBNA1 at OriP and
mediate the EBNA1 transcriptional activity [346, 347]. Among the cellular proteins that colocalize with the GR2 domain EBNA1 at the FR elements are the nucleosome assembly
proteins TAF1 and NAP1 [345, 348]. Wang and colleagues have shown that NAP1 and
TAF1 can enhance the transcriptional activity of EBNA1 [345]. While the functional roles of
these interactions are not well defined, NAP1 can recruit the p300 histone acetyltransferase at
the episome-binding site of human papillomavirus E2, a functional homolog of EBNA1
[349]. The core histone chaperone TAP/p53 binds to the N-terminus of EBNA1 and a
putative role of this interaction in regulating the EBNA1 transcriptional activity was
suggested from biochemical assays using reporter gene fused to the GAL4 DNA binding
domain [350]. EBNA1 also interacts with the DUB USP7 and the GMP synthetase complex
involved in the ubiquitination of histone H2B, resulting in reduced level of monoubiquitinated H2B at the OriP and consequent activation of EBNA1 transcriptional effect
[348, 351]. These EBNA1-recruited cellular factors may explain why EBNA1 is capable of
binding to both methylated or unmethylated FR and DS elements as well as to high affinity
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EBNA1 binding sites in other methylated DNA sequences where it enhances site-specific
demethylation.
Most research focuses on the role of EBNA1 in recruiting the cellular replication machinery
to the OriP and in mediating episome segregation. However only a small fraction of EBNA1
in the infected cell is required for episome tethering and viral replication, while the overall
effect of EBNA1 binding to cellular chromatin is still largely unknown and actively debated.
The first evidences suggesting a direct role of EBNA1 regulation of cellular transcription
came from a genome-wide analysis of host-chromosome binding site in Raji Burkitt's
lymphoma (BL) cells in which EBNA1 was shown to bind diverse sequence motifs close to
the transcriptional start sites of cellular genes including MAP3K1, CDC7 and HDAC3 [352].
Similar studies performed in other cell types, including ectopic expression of EBNA1 in EBV
negative cells and relevant tumor models, show that EBNA1 expression is associated with
broad changes of cellular transcription [352-354]. Thus, a model in which EBNA1 can
regulate the transcription of cellular gene by binding to cellular promoters, similar to the
DBD domain mediated regulation of viral promoters, was originally proposed. Indeed, few
EBNA1-binding sites were found in the cellular genome of LCL721 and Raji cells [352-354]
and a bioinformatics approach identified a set of 40 FR-like sequences within the human
genome onto which EBNA1 may specifically bind [355]. However, Lu et al. observed that
the consensus sequences of cellular EBNA1 binding sites differ from the binding sites in OriP
[352]. Furthermore, transfection of EBNA1 in the EBV negative BL cell line BJAB and
epithelial cell line HEK293 revealed that consensus motifs could be identified only in few
EBNA1 regulated cellular promoters and that, once again, these motifs were not
complementary with the EBNA1 binding sites on the viral episome [352-354]. The
differences between the sequence motifs defined by these three genome-wide studies strongly
suggest that EBNA1 may bind to and regulate the expression of cellular genes in a very
distinct way. Thus, the sites and purpose of the interaction of EBNA1 with cellular DNA
remain largely unknown.
Through regulation of specific host genes EBNA1 may favor cell survival and proliferation
and promote the development and progression of tumors. While EBNA1 was shown to
increases tumorigenicity in EBV negative cell lines, the oncogenic properties of EBNA1 are
still actively debated because EBNA1 lacks direct transforming ability in transgenic mice
[356-360]. However, recent observations point to a more specific role for EBNA1 in the
initiation and progression of EBV associated malignancies. Expression of EBNA1 in EBV
negative BL cell lines induces the transcription of the V(D)J recombinase-activating genes
RAG1 and RAG2, which mediate chromosome translocations in B-cell lymphomas and may
cause genomic instability and cytogenetic alterations [361]. Similarly, expression of EBNA1
was shown to promote genomic instability in B-cell lymphoma cell lines by inducing
oxidative stress via transactivation of the NADPH oxidase Nox2 [362]. The EBNA1 induced
oxidative stress was shown to promote telomerase-independent telomere elongation [363,
364]. Thus EBNA1 may indirectly drive an oncogenic process through the accumulation of
genetic alterations that will ultimately result in a malignant phenotype, and via homologous
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recombination of telomeres that will assure replicative immortality. Finally, the lower levels
of p53 expression and acetylation, which is caused by hijacking of the p53 DUB USP7 and
EBNA1-mediated disruption of PML bodies, could inhibit apoptosis and DNA damage repair
in EBV oncogenesis [365-367].

1.5.6 EBV-encoded miRNAs
EBV is the first example of human virus encoding miRNAs and is, to date, the virus that
expresses the highest number of miRNAs. Since the discovery of EBV miRNAs by Pfeffer
and colleagues, studies based on computational prediction and extensive small RNA
sequencing has led to the identification of 44 mature EBV miRNAs expressed from 25
precursor miRNAs [69, 368-371].
Three of these miRNAs, the BHRF1 miRNAs, were identified close to the coding region of
the BHRF1 (BamH1-H rightward open reading 1) gene. MiR-BHRF1-1 is found within the
BHRF1 promoter, while miR-BHRF1-2 and -3 are located in the 3’UTR of the BHRF1
mRNA. Thirty-eight miRNAs were found in the intronic region of the BART (BamH1-A
rightward transcript) locus at the 3’ end of the EBV genome, whilst the BART2 miRNAs
were mapped in between the 3’UTR of the BALF5 and the BILF1 viral genes. Expression of
the BART miRNAs is initiated from two promoters P1 and P2. The BART miRNAs are the
only known functional molecules produced by this region of unknown coding content
expressing many alternatively spliced transcripts. The BHRF1 miRNAs are transcribed from
the latency III specific Cp/Wp promoters near the primary EBNA1 transcript and are
therefore mainly expressed in latency III [56].
The EBV miRNAs are differentially expressed during different latency programs in epithelial
and lymphoid cells [56]. In line with active Cp/Wp promoters, the BHRF1 miRNAs are
expressed at high level in latency III but are hardly detected in latency I (BL) and latency II
(NPC) where these promoters are inactive, even though the BHRF1 transcript was found to
be expressed in some NPC derived cell lines [372-374]. Studies in LCLs, BL and PEL cell
lines confirm a major increase in the expression of the BHRF1 miRNAs in parallel with
expression of the BHRF1 protein during productive infection [368, 375]. Quantitative
analysis in productively infected Akata cells showed that miR-BHRF1-2 and -3 rapidly
increase already 24h post-induction, while the expression of miR-BHRF1-1 is still low after
48hs [376]. The BART miRNAs are also expressed during productive infection but at lower
levels [376]. The BART miRNAs are independently detected in all the latency types but,
despite the fact that the BART miRNAs are processed from the same primary transcript, their
abundance varies considerably in different epithelial and B-cell lines [56]. Such discrepancies
may arise by failure in EBV miRNAs biogenesis or by the absence of target transcripts in
different cell types and stages of the infection. These are important considerations when
dealing with different high-throughput, proteomics or transcriptomic studies from different
EBV positive cell lines [54, 60, 377-380].
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Several functional studies were performed in cells transfected with single EBV miRNAs or
infected with different forms of miRNA viral mutant in order to understand the role of viral
miRNAs during different stages of infections and in EBV related malignancies [61, 376, 381386]. B-cells infected with a mutated EBV lacking all the BHRF1 miRNAs die by apoptosis
within 5-days post infection, while lack of the BHRF1 miRNAs does not affect the growth of
LCL cells [386]. A similar but less pronounced phenotype was observed in cells infected with
viruses lacking the BART miRNA clusters [61]. In LCLs cultures, infection with EBV
lacking the BHRF1 miRNAs leads to increase in the percentage of cells that undergo GO/G1
arrest and decrease of cells in S phase, suggesting delayed entry in cell cycle [386]. The role
of EBV miR-BHRF1-2 and -3 in cell cycle entry, and a 20-fold increase in transformation
rate was later confirmed by other studies [381, 382, 384]. A recent study on humanized mice
infected with a similar EBV BHRF1 mutant, could also display a much delayed detection of
the viral DNA compared to the wild type, but no effect in tumor progression was observed,
confirming the importance of miRNAs in the initial stage and their dispensable role in
established infection [383].
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2 AIMS OF THIS THESIS
The overall aim of the work described in this thesis was to explore the use of high trough-put
analysis method and bioinformatics tools to achieve a global view of the strategies used by
EBV to remodel the host cell environment during latent and productive infection and in
malignant transformation. To this end, my colleagues and I have investigated three specific
questions that illustrate how the virus may control cellular functions by interfering with
transcriptional, post-transcriptional and post-translational regulatory networks. In particular,
we have:
AIM 1: Investigated the contribution of EBNA1 to the remodeling of transcription in
latently infected cells.
Gene expression profiling and functional assays were used to dissect the capacity of EBNA1
and its functional domains to remodel cellular transcription by acting as a transcription factor
and chromatin remodeler.
AIM 2: Explored the possible role of EBV miRNAs in the post-transcriptional
regulation of SUMO-dependent signaling.
A bioinformatics prediction strategy coupled with biochemical validation was applied to
assess whether EBV may exploit its miRNAs for interfering with complex functional
networks controlled by SUMO-regulated signaling.
AIM 3: Dissected the molecular interactions that underlie the inactivation of CRLs by
the EBV deconjugase BPLF1.
Structural bioinformatics methods were applied in order to predict the site of interaction of
BPLF1 with human cullins and functional validation was performed as a first step towards
the design of strategies to specifically interfere with EBV replication.
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3 METHODOLOGICAL CONSIDERATIONS
The details of the experimental procedures use in this thesis are available in the published
papers and manuscripts. Here, I will briefly describe the general principles of the
bioinformatics analysis used in this work.
3.1

Protein structure prediction

Knowing the structure of a protein is often a major advantage to study its function, dynamics,
and molecular interactions with ligands or other proteins. The structural prospective is a key
requirement in structure-based drug discovery and drug design. When achievable,
experimentally based characterization of a protein structure is a long and expensive process
often delayed by difficulties in obtaining the large amount of protein required for
crystallization (cloning, expression and purification of milligram quantities) and by
difficulties associated with availability in stable forms suitable for X-ray crystallography and
electron microscopy (EM) studies. Therefore, in the absence of experimental 3D structures,
protein structure prediction is a great alternative and it is not surprising that several
computational methods have been developed and extensively applied in structure-based
studies. However, protein structure prediction remains an exceptionally difficult task since
the space of possible protein structures is astronomically large. These problems can be
partially bypassed by template-based computational methods for predicting 3D protein
models, which include homology modeling and fold recognition methods [reviewed in [387390]]. Knowledge-based prediction by traditional homology modelling usually provides the
most reliable results, and is thus most frequently applied in drug discovery studies. It has
been estimated that there are less than 2,000 distinct protein folds, to which most proteins
belong, characterized by a core structure that is robust against sequence modifications.
Therefore, the assumption that all members of a protein family persistently exhibit the same
fold prunes the search space for possible protein conformations. There are exceptions to this
general rule since particular mutations in less than 50% of a protein can generate a highly
different fold, although such massive structural rearrangements are very unlikely.
In homology modelling a protein sequence with an unknown structure (the target) is aligned
with one or more related homologous protein sequences with known experimental 3D
structures (the templates) in order to construct an atomic-resolution model of the "target"
protein. The prerequisite for accurate homology modelling is a good similarity (more than
30% of sequence homology) between the target sequence and the template. However, since a
protein's fold is more evolutionarily conserved than its sequence, a target sequence can be
modeled with reasonable accuracy even on distantly related templates (∼20% sequence
similarity) provided that a correct relationship between target and template can be discerned
through sequence alignment. In fact, the quality of the model is dependent on the quality of
the sequence alignment with the right template since the major bottleneck in homology
modelling arises from difficulties in improper template selection and alignment rather than
from mistakes in 3D model structure building.
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A homology-modelling pipeline can be broken down into five sequential steps that can be
repeated until a suitable model is obtained: (i) template selection for identifying the most
closely related experimentally determined structures; (ii) target to template sequence
alignment; (iii) 3D model structure building; (iv) model refinement; and (v) model quality
estimation. Template identification usually rely on PSI-BLAST multiple sequence alignment,
which by iteratively updating their position-specific scoring matrix allows successive
identification of more distantly related homologs. In order to reduce the noise from sequence
drift in nonessential regions, "profile-profile" alignments can also be applied to generate a
sequence profile of the target and compare it to the sequence profiles of known structures.
Additionally, the primary sequence can be submitted to fold-recognition servers or to
consensus meta-servers that identify similarities among independent predictions. Thus,
several models can be generated from a single query, leaving the selection of the most
accurate one in the final step. There are several methods to translate the information
contained in the aligned template into a 3D structural model, represented as a set of Cartesian
coordinates for each atom. Indeed, the assembly of a complete model can start from
conserved structural fragments identified in related structures to form a conserved core while
variable regions are added with the help of fragment libraries in the Protein Data Bank.
Differently, in the segment-matching methods the target is split into independent segments,
each of which is matched to different templates based on sequence similarity, comparisons of
alpha carbon coordinates, and other steric conflicts. Regions of the query protein that are not
aligned to a template are added by loop modeling. Loop modeling programs are required if
the target and template have low sequence similarity and lots of mutations, but they provide a
less accurate prediction compared to the simply copied coordinates in conserved structural
domains.
The final target-template alignments are translated into a set of geometrical restrains and into
probability density functions for each residue using the exact same calculations that are
applied in structure generation from NMR spectroscopy. Optimization of the model is then
achieved by iterative steps of conjugate gradient energy minimizations that refine the
positions of all atoms starting from the previous restrains in the protein internal coordinates.
These calculations are executed using a molecular mechanics force field that estimates the
physics-based energies of interatomic interactions (e.g. van der Waals and electrostatic
interactions) responsible for protein stability in solution, with the basic assumption that a
protein's native folding is also its energy minimum. However, global model refinement
typically has disappointing return and is usually limited to clash removal and geometrical
regularization of bond lengths and angles [391].
The most common method for model quality estimation simply compares the model with its
superimposed target structure based on the root-mean-square deviation (RMSD) metric
between the corresponding atoms. An RMSD score can be calculated for any atoms in the
structure, but is mostly applied to alpha carbon or atoms in the protein backbone to minimize
the noise from poorly modeled side chain rotameric states. However, RMSD often
underestimate accurate models where only flexible loop regions are incorrect. The quality of
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the final model is highly correlated with the level of sequence identity with the structural
template. Above 50% sequence identity the model can often be trusted (RMSD around 1 Â)
since the few minor changes are often limited to side chain packing and rotameric states.
Above 30% sequence identity the errors can be more severe but these inaccuracies tend to be
located in more variable loops on the protein surface, while conserved functional regions and
enzymatic active sites can still be accurately modeled. These considerations are often not
valid for models generated from more distantly related homologous targets (below 30%
sequence identity) where widely divergent side chain packing arrangements can cause serious
errors, sometimes resulting in wrong prediction of the basic fold.
In conclusion protein structure prediction by homology modeling can provide molecular
biologists and biochemists with sufficient information about the properties of a query
sequence, since the spatial arrangement of important residues in a protein can help the
characterization of putative binding with other protein, small molecule, or DNA and the
design of site-directed mutagenesis experiments.

3.2

MicroRNAs target prediction

The impact of an individual miRNA on protein production is usually rather modest.
However, miRNAs frequently target many transcripts and, similarly, several genes are
targeted by multiple miRNAs whose cumulative effects reduce protein expression level much
more robustly. The extremely large number of potential targets for any given miRNA makes
the validation process challenging, time-consuming and costly. Furthermore, target gene
identification is a daunting task due to the difficulty of distinguishing true miRNA-mRNA
hybrids against the noisy background of millions of possible combinations since miRNAs
bind to their target mRNAs by both full and partial complementarity over a short sequence,
which provides insufficient information for assessing specificity. Moreover, miRNAs can
form conserved interacting networks with the cellular transcriptome, by targeting functionally
related groups of proteins. Therefore the role of miRNA-mediated post-transcriptional
regulation needs to be interpreted at a global level rather than in terms of individual changes
in mRNA expression.
Since the released of the first method in 2003, dozens of computational miRNAs target
predictors have been developed in order to reconstruct the complex combinatorial nature of
these miRNAs functional networks [reviewed in [392-394]]. Methods for miRNAs target
prediction usually start with simple algorithms that measure the Watson-Crick base pairing
between the miRNA and the mRNA 3' UTR regions, which are extracted from alignments of
cDNAs with expressed sequence tags. However, sequence complementarity alone result in
low accuracy and high number of false positives. In order to reduce the false positives, all
methods include several other features based on the physical properties of the miRNA
regulation. Commonly used algorithms place variable weight on: (i) complementarity to the
miRNA seed region; (ii) evolutionary conservation of the target site; (iii) free energy of the
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miRNA-mRNA heteroduplex; (iv) secondary structure accessibility; (v) mRNA sequence
features outside the target site; and (vi) host genes expression profiles.
The most widely used predictive feature is the seed regions, which comprise the first 2–8
nucleotides from the 5’ end sequences of miRNAs. A seed match is defined as a good
Watson-Crick (WC) complementarity between the seed sequence of a miRNA and its target.
However, while experimental and computational methods have shown that in the seed region
G:U wobble base pairing is minimum and perfect binding is highly frequent, the universality
of this seed assumption is questionable since some relevant miRNA:mRNA interactions do
not meet this seed region property. Analysis of across species sequence conservation, which
filters out non-conserved miRNA:mRNA binding sites, has been added to several predictive
algorithms. Conservation analysis may be performed on the 3’UTR and/or on the miRNA in
a variety of ways. While higher conservation in the miRNA seed region is found, conserved
pairing at the 3′ end of the miRNA, known as 3′ compensatory sites, can compensate for seed
mismatches. The use of conservation for orthologous 3' UTRs is not as accurate in closely
related organisms as in comparatively less related species.
Another common feature used for miRNAs target identification includes measurement of the
thermodynamic stability of binding. Free energy calculations are integrated based on the
assumption that the establishment of a miRNA:mRNA binding in vivo must be partially
governed by thermodynamic stability. Therefore, by predicting this hybridization process and
by inferring regions of high and low changes in free energy (ΔG) during this reaction, the
overall ΔG can be used as an indicator of the stability and likelihood of the miRNA:mRNA
duplex. In fact, miRNAs can bind to short accessible regions on the target mRNAs, which
need to be unfolded for a complete hybridization. The predicted energy required to make a
particular mRNA site accessible to miRNAs strongly rely on RNA secondary structure
prediction methods. Better results have been obtained by integrating thermodynamic features
with measurement of target accessibility and duplex stability. As we gained more
understanding of the characteristics of miRNA:mRNA interactions, different predictive
algorithms have implemented additional features such as: target-sites abundances in the same
3’UTR; local AU content in the seed flanking regions; G:U wobble in the seed match; 3′
compensatory sites; and other 3’UTR position contributions.
Machine-learning approaches can also be used to learn the subtle contributions of many
individual features and to guide the identification of parameters with most predictive outcome
in genuine miRNA binding sites. These machine-learning algorithms use training data
generated by (usually low-throughput) experimental methods to build predictive models,
which can be used as part of the miRNA-target prediction process. While the additional
features found by these techniques would in principle lead to more accurate predictions,
machine-learning methods are currently limited by the lack of extensive positive and negative
targets as training sets. Recently, several SVM-based machine-learning methods have been
developed including MirTarget2, TargetMiner, SVMicrO, TargetBoost, Microtar and miRTar
Hunter.
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The miRanda algorithm is one of the most commonly used methods to predict miRNA
targets. MiRanda uses the entire miRNA sequence to check for WC complementarity in
given 3’UTRs. However, higher scores in the seed region are assigned and limited G-U
wobble pairs and insertions or deletions are allowed. Each miRNA:mRNA hybrids with
predicted free energy below a certain threshold is then selected for conservation analysis of
both binding site and position. Finally, all putative targets are ranked based on high
individual scores or on total contribution from multiple predicted sites. Other methods, like
RNAhybrid and TargetSPY, allow a number of additional settings including, number of hits
per target, helix constraints, internal and bulge loop sizes and specific k-mer (8mer, 7mer-m8,
or 7mer-1A) for conservation of the target of a 3’UTRs.
Each of the programs used to predict miRNA targets has its own specific limitations based on
different weighting and incorporation of distinct predictive features. Heavily conservationbased miRNA target prediction misses non-conserved binding sites, while perfect seed match
complementarity excludes other targets with thermodynamically favourable accessible sites.
Moreover, erroneous predictions could be made by free energy calculations that often rely on
incomplete and inaccurate empiric measurements. Therefore, it is useful to consider all
common predictive features and how these are used in the context of each tool. Additionally,
each of the algorithms for miRNA target prediction usually results in excessive number of
genes and the overlapping targets among different methods are less than expected. Therefore,
in order to filter the false positive targets it can be helpful to devise a meta-predictor that
combines the output of each single predictor. However, the use of these meta predictors is
much more challenging since they require manual collections of different outputs, more
refined settings of multiple variables and availability of commonly predicted targets.
Since the number of experimentally validated targets is limited, it is difficult to determine the
quality of these predictive algorithms. Experimental validations can range from small-scale
genetic methods to high-throughput biochemical assay. In small-scale genetic methods the
regulation of gene expression by a miRNA can be tested by reporter assays that use
expression plasmids containing heterologous reporter genes fused to putative 3' UTRs in cells
expressing the specific miRNA; while more recent high-throughput biochemical methods are
based on microarray or deep sequencing analysis from immunoprecipitation of the RISC
complex. Although potentially more relevant to the activity of miRNAs in vivo, these
experimental methods still need to rely on computational predictions to identify the targeting
miRNAs.

3.3

Microarray gene expression analysis

High-throughput experimental methods allow a simultaneous “genome-wide” analysis of the
transcriptome at specific time and conditions to give a global picture of all the molecular
events that regulate gene expression. From the mid-1990s, several high-throughput
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technologies, including hybridization or sequencing methods, have been developed to study
the expression of a multitude of genes simultaneously [395-397].
The high-density DNA microarrays technologies are among the oldest, most popular and still
widely used high-throughput technologies for gene expression analysis [398]. The two major
platforms of DNA microarrays include the spotted arrays and the in situ synthesized arrays.
In spotted arrays, the glass slides usually contain chemically-stabilized long sequences or
complete cDNA clones which can also be customized for analysis of specific gene sets [396],
while in the in situ synthesized arrays, short probes designed to give sequence uniqueness and
optimal hybridization conditions are fabricated directly onto the glass slide [399, 400]. In this
thesis, I used microarray platforms from Agilent and Affymetrix: the two major
manufacturers of in situ synthesized arrays.
In the Agilent microarray technology, 60-mer oligonucleotide probes, up-to-date with public
sequence databases, are directly printed, base-by-base, on glass slides [401]. The Agilent
sample preparation commonly relies on direct labeling including one (Cy3-labeled) or two
(Cy3- and Cy5- labeled) samples at a time [400]. Different algorithms and in-house software
are used for feature extraction, signals to noise ration quantification, background subtraction,
normalization of dye effect, log ratios computation and error estimates from the scanned
electronic images. Agilent supports a variety of formats, probes, genomic applications, and
species. More recently, a multiplex technology was introduced to independently assess
multiple sets of probes at the same time. In the Affymetrix GeneChip technology [402], the
most frequently used microarrays for expression profiling, 25-mer length oligonucleotide
probes are directly synthesized on the arrays through photolithography technology. A pool of
independent perfect match probes can simultaneously hybridize to different regions of the
same transcript. Mismatch probes are also designed to dissect specific hybridization and to
facilitate the correction of background and cross-hybridization signals. Moreover Affymetrix
can generate exon arrays to enable alternative splicing analysis.
The DNA microarray technology has dominated the last decade, but recently,
NextGeneration sequencing (NGS) technology has provided a new way to detect changes in
gene expression. In fact, although microarray technology is constantly improving, RNA-seq
is still more sensitive and has a wider dynamic range to detect difference in mRNA copy
numbers. However, RNA-seq is almost ten times more costly than microarrays and RNA-seq
data requires extensive computer resources (large data) and bioinformatics skills with no
standard protocol to combine the variety of analytical tools [403].
One of the key issue and bottleneck in microarray and other high-throughput studies is the
translation of the large amount of data that is generated into valuable and biologically
relevant information [404]. Microarray data analysis can be divided in five major steps:
quality control, background correction, normalization, assessment of differential expression
and biological interpretation. Since lots of the measured probe intensities arise from nonspecific hybridization and noise in the optical detection system, background correction is
required for all microarray data. In order to give accurate measurements of specific
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hybridizations from the detected signal intensities, several normalization strategies can be
applied. Indeed, normalization is essential for comparing the measurements of different
arrays due to systematic bias and many sources of variations such as: differences in reverse
transcription efficiencies, sampling, labeling, hybridization reactions and eventual physical
problems in the arrays.
The primary scope of microarray data analysis is to characterize difference in genes
expression in various biological conditions. To this end, fold changes are calculated to
extrapolate differential expression based on the assumption that the reliability and the
significance can be linked to increases in fold changes. A widespread use of these DNA
microarrays technologies has laid the ground to novel statistical strategies. The majority of
such statistical methods apply Bayesian and non-parametric statistic with modified t-statistic
or linear regression model to estimate p-value and percentage of false predictions for
selection of differentially expressed genes (DEGs). While several bioinformatics software
and tools for analysis of microarray data are commercially available, the open-source R
platform of statistical analysis, which include the microarray analysis project Bioconductor
[405], has became increasingly popular and has provided many integrated statistical methods,
including the ones used in this thesis, SAM, LIMMA and RankProd
(http://www.bioconductor.org/). The amount of information generated from a single
microarray study usually exceeds the research topics of the group who produced it. Therefore,
for general purposes, several public repository databases to store published microarray data
have been instituted, including the Gene Expression Omnibus (GEO) at NCBI
(http://ncbi.nlm.nih.gov/geo/) and the ArrayExpress from the European Bioinformatics
Institute (EBI) (http://www.ebi.ac.uk/arrayexpress/).

3.4

Biological interpretation of high-throughput data

High-throughput “omics” studies yield long lists of proteins or genes that serve as a starting
point for analysis to draw meaningful conclusion or hypothesis, whereby biological patterns
are typically highlighted.
One of the most common ways to assess the overall changes in terms of functions and
processes is a strategy known as enrichment analysis. In functional enrichment analysis, prior
knowledge of individual gene properties, such as their biological functions or their
interactions, are required to interpret a list of genes in a model context and to infer relevant
biological processes. Thus, the data analysis can be essentially shifted from individual genes
to sets of biologically related genes. Functional annotation terms are usually obtained from
biological libraries and protein databases, such as Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG) and PANTHER [406-408]. The GO database provides
ontology of defined terms representing gene products, while the KEGG pathway database
comprise graphical diagrams of biochemical pathways.
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To assess whether a given gene set is over-represented in a functional category several
bioinformatics tools are now available, including the methods implemented in the Database
for annotation, visualization and integrated discovery (DAVID) gene annotation system that I
used in this thesis [409]. In DAVID the significance of any given enrichment is statistically
verified by mean of various statistics tools such as hypergeometric, binomial, chi-square and
Fisher’s exact test. Similarly, it is often fruitful to test whether a list of genes has a particular
cellular location, or it is exclusively transcribed in specific tissues. Moreover, one could test
the genes location in specific regions and chromosomes.
A set of co-expressed genes involved in signal transduction usually encodes interacting
proteins, often members of specific biological pathways. Therefore, by mean of proteinprotein interactions it is possible to gain a better understanding of their functional roles at the
systems level. Protein-protein interactions data are treated as network, where the nodes
represent genes/proteins, and edges represent their type of physical interactions. Smaller subnetworks formed by highly functional related proteins can be derived from bigger proteinprotein networks in order to identify specific pathways that are affected under certain
physiological conditions. It is possible to assess a variety of experimentally validated and
computationally predicted protein-protein interaction data collected in curated databases such
as the one used in this thesis: MINT, IntAct, BioGRID, HPRD and MIPS/MPact [410].
Another powerful tool for protein-protein functional interaction network analysis is included
in the Search Tool for the Retrieval of Interacting Genes (STRING) database [411], which
integrates physical interactions coupled with functional relationships based on highthroughput biochemical analysis, mining of databases and literature, and prediction from
genomic context. One major drawback of these knowledge-based analyses is that they rely on
data gathered using progressive discovery, which may be biased towards certain topics. To
overcome this issue it is possible to use unbiased and sequence-based criteria to characterize
recurring motifs and other common features from an input list of putative related genes.
While overcoming the bias of knowledge-based approaches, these solutions may in return
sacrifice the ease of interpretation, since these newly discovered features would be hardly
linked to any primary hypothesis.
In the analysis of gene expression data, we might expect a certain pool of co-regulated genes
to be regulated by the same TF or by a common subset of similar TFs. These TFs could be
identified by the presence of common cis-regulatory elements in the non-coding sequences of
our list of genes, with the number of motifs in such genes being greater than what would be
expected randomly. Indeed, promoter analysis of co-regulated genes is useful for
understanding gene expression in response to internal and external signals. We have two
major groups of computational methods for prediction and identification of transcription
factor binding sites (TFBS): enumerative and alignment methods for de novo identification
and knowledge-based algorithms for TFBS prediction. Knowledge-based algorithms usually
rely on position weight matrices (PWM) constructed from alignment of experimentally
characterized TFBS or from high-throughput TFs-DNA binding assays available in databases
such as TRANSFAC and JASPAR [412, 413]. A detailed characterization of all human
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TFBS is one of the greatest challenges in computational biology, with several and oftenunsolved difficulties such as: extremely variable localizations of TFBS from proximal
promoters to distant regulatory elements and fairly loose and short consensus binding sites.
However by promoter analysis, we can link gene expression data to the activity of TFs in
cause-effect models and infer transcriptional regulatory networks.
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4 RESULTS AND DISCUSSIONS
4.1

EBNA1 transcription suggests targeting of chromatin remodelling
complexes (Paper I)

As mentioned in the introduction, binding of the EBNA1 C-terminal domain to the viral OriP
is required for plasmid DNA replication, episome maintenance, and regulation of viral
transcription. The EBNA1 N-terminal domain tethers the EBV episome to cellular chromatin
but only a fraction of the protein expressed in the infected cells is required for episome
tethering. Thus the sites, mechanism of action and purpose of the EBNA1 interaction with
cellular DNA are still unknown.
In this work, we wanted to characterize the transcriptional changes induced by short- and
long-term expression of EBNA1. For this purpose we generated and analyzed microarrays
from stable or inducible EBNA1 expressing sublines of EBV negative B-cell lymphoma
BJAB, where EBNA1 was expressed for few days, few months or several years. The
comparison of transcription profiles in cell expressing stable or inducible EBNA1 is a
powerful tool to describe, in a time-resolved manner, its effect on cellular gene regulations
based on the assumption that common features of the early and late transcriptional signatures
might comprise regulatory nodes that could explain the pleyotropic consequences of EBNA1
expression.
Three hundred and ninety differentially regulated genes (DEGs) were detected shortly after
induction of EBNA1 in conditional transfectant, while a 10 fold higher number of DEGs,
5921 and 4383 genes respectively, was found under prolong EBNA1 expression and in stable
transfectants. While the large number of differentially regulated genes in stable or long-term
EBNA1 expressing cells supports the previously reported broad effect of EBNA1 on cellular
transcription, a novel aspect of this regulation was discovered by the analysis of the DEGs in
short-term EBNA1 expressing BJAB. Indeed, gene ontology analysis of 47 DEGs,
consistently regulated independently on the time of EBNA1 expression, revealed an
enrichment of genes involved in the maintenance of chromatin architecture. Among the genes
enriched in this GO category we found the histone H2B variants, the DNA binding proteins
SWItch/Sucrose Non Fermentable (SWI/SNF) related, matrix associated, actin dependent
regulator of chromatin, subfamily b, member 1 (SMARCB1) and immunoglobulin mu
binding protein 2 (IGHMBP2). This selected sub-group of “chromatin maintenance” proteins
was successfully validated by qPCR. Interestingly, the number of regulated genes involved in
the maintenance of chromatin architecture increased depending on the duration of EBNA1
expression. The effect on SMARCB1 transcription found in our three different sets of
EBNA1 expressing cells was confirmed by analysis of publically available gene expression
microarrays in which a similar two-fold reduction of SMARCB1 in BLs expressing latency I
compared to EBV negative BLs was revealed.
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By mean of protein-protein interaction analysis of genes related to chromatin maintenance we
could show that the SMARCB1, SMARCA4 and SMARCD2 subunits of SWI/SNF
chromatin remodeling complex together with subunits of the NuRD and PRC1 complexes
were down- regulated. Thus at least three chromatin-remodeling complexes were consistently
affected in EBNA1 expressing cells; the involvement of these complexes in transcriptional
repression may indicate that EBNA1 could promote broad transcriptional activation through
down-regulation of these chromatin remodelers.
A

C

B

Figure 4 Promoter analysis of EBNA1 DEGs. A. Structural interaction of the EBNA1 DBD domain with
viral DNA. B. Sequence log of the HMM profile used for promoter analysis of EBNA1 DEGs. C. Results
of promoter analysis of EBNA1 DEGs.

Based on the assumption that EBNA1 could regulate the transcription of cellular gene by
binding to their promoters, as observed for viral genes, we devised a HMM profile search
based on the EBNA1 binding sites in the family of repeats (FR) and dyad symmetry (DS)
elements of OriP, on the EBNA1 binding sites in the Qp promoter and on new EBNA1
consensus motifs assessed by ChIP and EMSA assays (Figure 4). The HMM search revealed
a statistically significant two fold enrichment in EBNA1 binding sites in the promoter
sequences (3 kb upstream to 0.5 kb downstream of the transcription start site) of the DEGs in
both short- and long-term EBNA1 expressing cells. However, in more than 80% of the DEGs
promoters EBNA1 binding site could not be predicted and other studies also fail to validate
this binding in luciferase reporter assays. This suggests that the EBNA1 transcriptional effect
is more complex and it is probably influenced by other co-factors or by the chromatin context
in which transcription occurs.
The pleiotropic consequence of EBNA1 expression presented in this work might also be
explained by a direct or indirect regulation of several transcription factors, which could
initiate a cascade greatly amplified upon prolonged EBNA1 expression. Consistent with this
possibility, a more than 2-fold enrichment of transcription regulators (TRs), including
transcription factors and other components of the transcription machinery, was found in the
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DEGs from all the different pools of EBNA1 expressing cells. Also, TRs containing EBNA1
binding sites in their promoters were particularly enriched among the genes regulated after
short-term EBNA1 expression. Finally, by mean of bioinformatics predictions of putative
transcription factor binding sites we detected a significant enrichment of transcription factors
binding sites, as MEF2, IRF1, STAT1 and OCT1, in the promoters of the EBNA1 DEGs
(unpublished observation). Thus, while exerting a direct effect on a subset of the regulated
genes, EBNA1 may orchestrate a broad rearrangement of transcription by enhancing the
activity of cellular transcription factors.
Collectively, our findings indicate that several mechanisms may contribute to a broad
rearrangement of the transcription landscape in EBNA1 expressing cells. These mechanisms
may include a direct regulation of a subset of cellular promoters and/or epigenetic
reorganization of the cellular transcriptional milieu, which could in turn open the access to
other cellular transcription factors.

4.2

EBNA1 reprograms transcription by mimicry of HMGA proteins (Paper II)

We did not find a strong correlation between transcription activation and the binding of
EBNA1 to the promoters of activated genes (Paper I). While EBNA1 binding was
demonstrated in vitro, this correlated poorly with the power of EBNA1 to transactivate the
promoters in conventional reporter assays. Thus, concordantly with the observation that the
AT-hook like domain in the GR repeats of EBNA1 tightly bind cellular chromatin and that
several EBNA1 binding sites were found on cellular chromatin by ChIP assays, these data
suggest that EBNA1 may differ from conventional transcription factors.
Therefore in Paper II we wanted to explore the mechanism by which EBNA-1 induces the
wide regulation of cellular transcription observed in paper 1. The gene expression profiles of
BL cells expressing EBV latency 1 (where EBNA1 is constitutively detected) are also
characterized by a broad rearrangement of transcription in which less than 5% of the 2019
DEGs display changes higher than 5 fold. Hence, the same transcriptional features observed
in our EBNA1 transfectants are also found in relevant tumor model. Interestingly,
transcriptional changes characterized by low but significant up- and down-regulation of a
large number of genes are commonly found in gene expression profiles of cells with changed
histone acetylation or expressing chromatin binding proteins such as SATB1 and high
mobility group proteins that act by changing the structure of chromatin but lack canonical
transcription factor activity [414-418].
In order to test the possibility that the transcriptional effect of EBNA1 may arise from
modifications of chromatin organization, we first looked at the localization of EBNA1 in
specific chromatin regions. By fluorescence analysis of EBNA1 positive cells transfected
with the heterochromatin binding protein HP1ß we could show that EBNA1 was not present
in heterochromatic regions. Concomitantly, immune-fluorescence analysis revealed that
EBNA1 co-localize with H3K9me2 a marker of euchromatin. Additionally, we could
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demonstrate that EBNA1 can directly promote chromatin de-condensation since a significant
decrease in the number of bright heterochromatin foci was observed in DAPI stained NIH3T3
and U2OS cells transfected with GFP-HP1ß. The role of EBNA1 in promoting
heterochromatin formation was directly assessed by micrococcal nuclease (MNase) digestion
assays, in which faster MNase digestion and production of shorter nucleosome fragments
were observed in the EBNA1-transfected cell, BJAB-EBNA1 compared to the parental
BJAB.
To directly probe the capacity of EBNA1 to stimulate chromatin de-condensation in living
cells, we used the A03-1 reporter cell line that carries multiple copies of a 256-repeats array
of the Lac operon (LacO) integrated in heterochromatin region which can be detected as a
fluorescent dot in cells expressing a chimeric mCherry-Lac repressor (LacR). A 4-fold
increase in the size of the fluorescent area was detected in A03-1 reporter cell line transfected
with mCherry-LacR-EBNA1. Different EBNA1 domains were then fused to the mCheryLacR to define which domain of EBNA1 can induce this phenotype. Fusion of the EBNA1
GR1 and GR2 repeats to mChery-LacR was required and sufficient to induce decondensation of chromatin. Therefore, we could conclude that the interaction of EBNA1 with
chromatin which play a major role in chromatin remodeling is directly mediated by the Nterminal GR repeats. The same effect was observed in A03-1 cells transfected with the
mCherry-LacR fused to the HSV1 transactivator VP16, a prototype chromatin remodeler.
VP16 recruits ATP-dependent chromatin remodelers that can inhibit histones interaction with
DNA and mediate nucleosome sliding. In fact, chromatin decondensation in VP16 was
efficiently reduced by ATP depletion, while the same treatment had no effect on EBNA1.
Moreover, we did not see co-localization of ATP remodelers with EBNA1 in mCherry-LacREBNA1 A03-1 cell co-transfected with GFP tagged enzymatic subunits of ATP-dependent
chromatin remodeling complexes suggesting that, differently than VP16, EBNA1 can directly
induce chromatin decondensation without recruitment of ATP chromatin remodeler. Finally,
using Fluorescence Recovery After Photobleaching (FRAP) assays we found that EBNA1 or
its GR repeats alone are highly mobile in interphase nuclei and are able to displace linker
histones H1. By fast diffusion to the nucleus, EBNA1 may bind to temporarily nucleosomefree sites on the DNA; thereby counteracting the capacity of histones H1 to induce highly
ordered chromatin structures.
In conclusion, via the GR repeats EBNA1 promotes an extensive remodelling of cellular
chromatin with a widespread transcriptional effect characterized by both up- and downregulation of a large number of genes. The GR repeats of EBNA1 resemble the AT-hook of
HMGA proteins. HMGA proteins are architectural transcription factors that, while lacking
direct transcriptional activity, can regulate the expression of a multitude of genes by changing
the conformation of DNA via a sequence-independent interaction to AT-rich stretches of
DNA with three conserved Pro-Arg-Gly-Arg-Pro motifs. NMR studies indicate that the ArgGly-Arg in the AT-hook of HMGA1 form a narrow concave surface perfectly inserted into
the minor groove of DNA where the Arg side chains extended in either direction can bind
directly to A, T base pairs. The cooperative action of three properly spaced AT-hooks is
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required for high avidity binding with chromatin. Two prolines surrounding the Arg-Gly-Arg
core are structurally conserved and required for a type II β-turn which bridges the minor
groove and correctly position the other peptide backbones (Figure 5). We suggest that the
absence of prolines in the Arg-Gly-Arg repeats of EBNA-1 might be compensated by the
presence of longer repeats in a random coil conformation with less structural constrains.
Additionally, the binding avidity of EBNA1 may be enhanced by long stretches of basic
arginines that could promote a broad electrostatic interaction with the acidic backbone of
DNA. Indeed, the presence of multiple Arg-Gly-Arg is significantly enriched in human
proteins that bind to DNA and are involved in chromatin organization (unpublished
observation).
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Figure 5 EBNA1 GR repeats similarity with the AT-hook of HMGA and predicted model of similar
interaction with DNA minor groove

Also, through these motifs, EBNA1 and HMGA share the capacity to physically bend the
DNA and to interact with G-quadruplex and DNA cruciform, which are usually found in
genomic regions flanking transcription start sites. The functional similarity between EBNA1
and HMGAs are elegantly validated by the discovery that a chimeric protein comprising the
C-terminal DBD of EBNA1 fused to HMGA1 still preserves most of the functional activities
of EBNA1, such as the capacity to mediate a correct replication and partitioning of the EBV
episome. The HMGA proteins interfere with nucleosome occupancy and chromatin structures
by weakening the histone H1 interaction with chromatin. Similarly to HMGA, we showed
that EBNA1 mediates chromatin decondensation with a slow kinetics and without
recruitment of ATP-dependent remodelers. Finally, our work showed that EBNA1 and
HMGA1 are comparably mobile and equally capable to displace histone H1.
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Dynamic changes in chromatin structure play a very important role in DNA replication,
recombination, repair as well as transcription where the access of transcription factors to
promoters and other gene regulatory elements is controlled by local changes in chromatin
architecture. To this end, HMGA proteins as well as other “architectural” transcription factors
confer competence for transcription by increasing the chromatin accessibility to remodelers,
transcription factors and co-repressors, and by enabling cell re-programming and
responsiveness to environmental signals. Therefore, HMGA transcription profiles are often
characterized by minor changes in up- and down-regulation of a large number of genes and in
our study we show that the same type of regulation is found in different EBNA1 expressing
cells. Additionally, HMGA2 was shown to bind Smad transducers, Snail and Twist
promoters, which regulate a variety of cellular events, including Epithelial-to-Mesenchymal
Transition (EMT) that is active during embryogenesis as well as in invasive carcinomas. The
functional network of 268 concordantly regulated genes in different EBNA1 expressing cells
reveals several key components of the TGFbeta and JAK-STAT signaling pathway while
luciferase reporter assays show that EBNA1 can also induce a robust activation of the Twist
promoter.
An oncogenic potential of HMGA proteins was proposed from their ectopic expression in a
great variety of malignancies and from their role in different types of tumors in mouse
models, in which the transforming abilities of HMGA proteins were associated with their
capacity to cooperate with oncogenes in the regulation of genes involved in cell proliferation
and apoptosis. As describe in the introduction, the oncogenic role of EBNA1 in EBV
associated malignancies, is still debated. In this context, our work highlights a scenario in
which the EBNA1-mediated chromatin remodelling, although insufficient for tumor
development in the absence of other co-factors, may reset the cellular transcriptional profile
and, in co-operation with other cellular or viral oncogenes, may prime the infected cells for
malignant transformation.

4.3

The chromatin-binding domain of EBNA1 regulates transcription (Paper
III)

In order to probe whether the chromatin remodeling mediated by the N-terminal GR repeats
of EBNA1 may be associated with the activation of transcription, we produced lentivirus
transduced sublines of the EBV negative BJAB cell lines, expressing Flag-tagged version of
EBNA1 or a N-terminal truncated fragment that comprises the GR repeats but lacks the viral
binding domain, DBD. Total RNA, extracted from three replicates of EBNA1 and EBNA1GRs expressing cells, was used to hybridize HuGene ST2.1 Affymetrix GeneChips that
contain 1.35 x106 probes unique to more than 40,000 human transcripts. After standard
normalizations, differentially expressed genes (DEGs) were identified using three
independent statistical analysis tools: SAM, LIMMA and RankProd in order to detect the
largest number of DEGs for further analysis. The Bayesian methods RankProd and SAM are
two non-parametric methods that select DEGs based on the estimated percentage of false
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predictions (pfp) and on a modified t-statistic, while LIMMA apply linear models to
characterize difference in gene expression. Approximately 70% of the DEGs were found by
all three methods in both EBNA1 and EBNA1-ChBD. Taken together, these methods
detected 466 DEGs in EBNA1 and 299 DEGs in EBNA1-ChBD expressing cells with a 1.5
fold change difference compared to the negative control. Thus, the entire protein and its Nterminal GRs alone were shown to induce transcriptional changes in a comparable number of
genes. It is noteworthy that a significantly higher number of DEGs (>1,000 genes) were
found in other published EBNA1 gene expression microarray data. Nevertheless, the
regulatory effect still resemble that of chromatin remodelers, since the number of up- and
down- regulated DEGs were very similar and since the great majority of significant DEGs
show less than 2-fold changes in expression in both EBNA1 and EBNA1-ChBD (82% and
80% of DEGs, respectively).
In order to compare the transcriptional effect of EBNA1 with that of the truncated N-terminal
domains, the regulated genes were classified based on their Gene Ontology (GO) categories.
By comparison of different enriched categories we could show common regulation of genes
involved in the activation of immune and inflammatory response, macrophage and leukocyte
activation, cell cycle control, cell motility and MAPK signaling. However, genes classified in
the response to oxidative, in positive regulation of apoptosis, regulation of cytokine
production, ER-nucleus signaling pathway and stress response were preferentially regulated
by EBNA1, whereas genes classified in the regulation of programmed cell death,
phosphorylation and kinase activation, immune response specific to viral infection and
negative regulators of viral transcription were preferentially regulated by the EBNA1-ChBD.
We found a relative good cluster correlation between the transcriptional profiles of control,
EBNA1 and EBNA1-ChBD cells with an unsupervised principal component analysis (PCA),
while a supervised heatmap clustering based on Pearson correlation of the 675 DEGs allowed
us to identify six major categories. Down-regulation is observed in EBNA1 data alone for the
larger group of DEGs (225 genes), while 68 genes are down- regulated in EBNA1-ChBD
alone and 38 in both conditions. Three other major clusters comprise genes that were found to
be up-regulated in EBNA1 alone (148 genes) and in EBNA1-ChBD alone (138), while a
relatively smaller group of 55 genes are consistently up-regulated in both conditions.
Surprisingly, only 14% of the DEGs are commonly regulated by EBNA1 and EBNA1-ChBD
(55 up-regulated and 38 down-regulated). The lack of overlap may be explained by the effect
of EBNA1 dimerization or by the recruitment of other transcriptional co-factor mediated by
the C-terminal of EBNA1, while the 206 genes that were exclusively regulated by the
EBNA1-ChBD could be a consequence of the smaller size of this construct, which would
have a lower steric hindrance in the regulatory regions of these particular DEGs.
Ninety three genes concordantly regulated by EBNA1 and EBNA1-ChBD were selected for
further analysis since they are likely to represent targets of the EBNA1 transcriptional activity
mediated by its N-terminal chromatin-binding GR repeats. The STRING database was
interrogated to identify functional relationships among these common DEGs in the form of a
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protein network build on physical interactions, high-throughput biochemical assays, mining
of databases and literature, and genomic context analysis. Approximately 25% of the
concordantly regulated genes were found in one single functional network, which, as defined
by GO enrichment analysis, includes several key cellular regulators of the immune response
such as: FOS; PPARG; two chemokine ligands, CCL3s; the viral oncogene homolog of
Gerdner-Rasheed feline sarcoma, FGR; the epsilon heavy chain of immunoglobulin, IGHE;
interleukin 18, IL18, and the lymphocyte antigen 9, LY9. Thus EBNA1, via its Arg-Gly-Arg
repeats, may be constitutively involved in the transcriptional regulation of key players of the
cellular immune response during EBV infection.
As shown in paper II, the GR repeats of EBNA1 resembles the AT-hook domains of HMGAs
architectural transcription factors; consequentially they may regulate gene transcription in a
similar fashion by making promoter regions accessible to other transcription factors.
Therefore, we asked whether the promoters of the concordantly regulated DEGs might share
common features that could support this mechanism. The sequences 2500 bp upstream of the
transcription starting sites of these DEGs were aligned to search for conserved motifs by
mean of the MEME program. Three 50bp motifs were found in 15 commonly regulated
DEGs. Additionally, in order to predict the biological relevance of these motifs we evaluated
their sequence similarities with known transcription factor binding sites (TFBS) in the
JASPAR database. More than 20 TFs, including the AP-1 family of TFs (JUN and FOS or
FOS-like), SMADs TFs, members of the Zinc-coordinating class of TFs (HNF4, znf143,
TP63, EGR1, ESR2 and PAX5), and the helix-turn helix class of TFs (TLX1, NF1C, RFX2,
DUX4 and ELK4) were found to have statistically similar consensus-binding motifs.
Our gene expression study confirms that the Arg-Gly-Arg rich domain of EBNA1 has the
capacity to regulate transcription and supports the possibility that EBNA1 may act as an
“architectural” transcription factor.

4.4

EBV-encoded miRNAs target SUMO-regulated cellular functions (Paper
IV)

MicroRNAs have emerged as a crucial class of post-transcriptional regulators in various
biological processes. The discovery that many viruses can encode miRNAs strongly suggests
that these post-transcriptional regulators play a crucial role in the context viral infection and
pathogenesis. EBV was the firstly discovered virus encoding miRNAs and previous studies
have experimentally confirmed that some EBV-encoded miRNAs contribute to viral latency,
cell survival and immune escape and target oncogenic and apoptotic genes. It is noteworthy
that, while the human genome is approximately 10,000 times larger than that of EBV, it
encodes only 50 times as many miRNAs.
In this study, we have used EBV as a model to explore the capacity of viral miRNAs to
modulate a complex set of cellular factions regulated by SUMO. We selected the SUMO
signaling network since SUMOylation control inter- and/or intramolecular interactions,
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localization, stability, and/or activity of several proteins in key signaling pathways strongly
associated with innate and intrinsic immune response and since there are many example of
viral hijacking of SUMOylation and SUMO-regulated cellular functions for survival and
successful spread within the infected cell. For our analysis (Figure 6), we first constructed a
comprehensive database on the SUMO-conjugation pathway that include all enzymes of the
human SUMO-conjugation and deconjugation machinery together with their known
interacting partners, SUMOylated substrates, and a set of putative signal transducers and
regulators of the system.
First we collected a list of 46 components of the SUMO-conjugation machinery including:
the 4 SUMO proteins; 6 SUMO specific proteases, SENPs; the SUMO activating enzyme
SAE1/SAE2; the SUMO conjugating enzyme, UBC9, 21 members of different family of
SUMO E3 ligases, 5 putative SUMO ligases, 9 UBC9 binding proteins that are reported to
modulate the efficiency of SUMOylation and 2 SUMO-targeted ubiquitin ligases (STUBLs)
RNF4 and RNF111. This list was then used to retrieve the known interacting partners of these
enzymes in the PINA protein-protein interaction database. A restricted pool of 1610
biochemical validated direct bindings that comprise SUMOylation substrates and other
components and regulators of the SUMOylation machinery was selected. In order to achieve
a more complete coverage of SUMO substrates, the list was complemented with 1457
proteins gathered from 33 different proteomics studies in which recombinant or endogenous
SUMO isoforms were used for mass spectrometry identification of SUMOylated proteins.
The SUMOylation signaling is mediated by non-covalent binding between the SUMO of the
substrates and their binding partners containing SUMO interacting motifs (SIMs). Since only
few SIM containing proteins are characterized in annotated databases, we developed a
bioinformatics strategy based on sequence pattern search and HMM profiles of 3 different
SIM consensus motifs, to identify additional candidates in the whole human proteome. We
predicted a total of 2558 SIM containing cellular proteins including previously identified
SUMO binding proteins and SUMOylated substrates. The SUMO interactome database
assembled by this bioinformatics strategy includes 4606 unique proteins.
We performed different functional enrichment analysis to assess the quality of the database.
Gene Ontology classification revealed that approximately 40% of the SUMO interactome
members are nuclear proteins and proteins of the PML bodies including transcription factors
and other DNA binding proteins, while KEGG pathway enrichment analysis showed a
significant enrichment in proteins involved in various cancer-related signaling pathways and
biological processes including the cell cycle, apoptosis and DNA repair. Thus, the
characteristics of the database in terms of protein function, activity and subcellular
localization are well in line with current knowledge about the role for SUMO in a broad
variety of cellular processes, including the cell cycle, apoptosis, DNA damage repair and
other important signaling pathways.
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Figure 6. Bioinformatics strategy to predict EBV miRNAs targets in SUMO-related cellular functions

Computational predictions were then used to identify members of the SUMO interactome
that may be regulated by EBV miRNAs. In order to minimize the high false discovery rates
frequent in all current miRNA-targets prediction algorithms we devised a metaserver
approach and we exclusively selected candidates commonly predicted by five different
programs (Target Spy, miRanda, Microtar, RNA hybrid and miRTar Hunter), which score
different properties of the miRNA-mRNA target pairs including evolutionary conservation,
spatial positioning, sequence composition, perfect seed matching and structural accessibility.
With this approach we predicted 3316 host mRNA to be targeted by one of more EBV
miRNA. The number of predicted targets, which correspond to 6.3% of the human 3’UTRs,
is similar to the EBV miRNAs target that we collected from five published high-throughput
RISC-IP studies performed with different types of EBV carrying cells. Comparison of our
prediction with these RISC-IPs data revealed a relatively poor overlap with only 466
commonly detected targets. However this modest overlap is still higher than the average
target concordance among the different RISC-IP studies. This observation is likely to be
partly explained by the dependence of these high-throughput methods on the levels of
expression of both the miRNAs and their target transcripts, which could result in failure to
detect combinations that are less frequent in certain cell types. Moreover, the high stringency
of our prediction may discard miRNAs-mRNA combinations that are found by the sequencebased predictive algorithms on which the RISC-IPs need to rely for identification of the
targeting miRNAs. It is noteworthy that 9 of the 14 targets selected for validation in
luciferase reporter assays showed a higher than 15% levels of inhibition, and 3 of these,
USP3, FADD and CREBBP, were not previously identified by any of the RISC-IP studies.
After predicting the overall effect of the EBV miRNAs, we turned to their capacity to target
the 4606 members of our SUMO database. We identified more than 500 genes of the SUMO
interactome to be targets of one or more EBV miRNA, which gives a two-fold enrichment
compared to the entire set of human 3’UTRs; this enrichment is even more striking in RISCIP studies where approximately 40% of the identified targets are either substrates or regulator
of the system.
Gene ontology or KEGG pathway classification of our EBV miRNAs targets suggests
significant enrichment in nucleic acid binding proteins, transcription factor, and proteins
51

involved in signal transduction of key signaling pathways that regulate cell proliferation,
apoptosis (e.g. the p53, TGF-beta and Wnt signaling) and intercellular communication (e.g.
focal adhesion, adherens junction and endocytosis). Thus, EBV miRNAs may broadly
modulate cell proliferation, apoptosis, DNA repair, cell cycle, and other key-signaling
pathway by regulating the expression of specific SUMOylated proteins or cellular regulators
of the SUMOylation pathway.
A broad regulatory effect of EBV miRNAs in a variety of cellular function became even
clearer when we performed clustering analysis on our predicted targets to identify distinct
functional protein networks. More than 90 putative targets of EBV miRNAs were found to
cluster together in a single functional network with PML, TP53, CREBBP and JUN as
important regulatory hubs for proteins involved in the regulation of immune and stress
responses, DNA damage response, apoptosis, chromatin remodeling and TGF-beta signaling.
These major interacting nodes are known regulators of EBV infection. For example, the viral
transactivator BZLF1 is a functional homolog of the JUN and FOS heterodimeric
transcription factor AP-1 [315-319] and it can regulate the transcription of viral genes
through CREBBP, which is also involved in EBNA2 –mediated transcriptional activation of
LMP1. Among the predicted targets we also found important viral targets as histones
modifiers and chromatin remodeling factors. In line with our prediction, EBV is known to
interfere with the p53 mediated apoptosis, DNA damage response and PML-mediated
immune response; among the predicted targets we found other important viral targets as
histones modifiers and other chromatin remodeling factors.
Finally, we predicted that EBV miRNAs could target several components of the canonical
TGF-beta/Smad cascade including the transmembrane receptor TGBR1 the R-Smads
receptor SMAD2 and SMAD3 and nuclear binding cofactor acetyl-transferase CREBBP
together with several others transcriptional co-activators and co-repressors that modulates
gene expression of genes containing SMAD-binding elements. The BHRF1 encoded
miRNAs are in this context particularly interesting since they are predicted to inhibit of the
TGF-beta/Smad signaling cascade through targeting of SMAD3, CREBBP, JUN and FOS.
Therefore we decided to assess the effect of the BHRF1 miRNAs on selected components of
the TFG-beta signaling cascade by measuring protein levels in Akata-Bx1 cells transduced
with recombinant lentiviruses expressing the miRNAs under control of a tetracycline
regulated promoter, or in cells induced to express increased levels of the endogenous
miRNAs by triggering the productive virus cycle. In accordance with the bioinformatics
prediction, miR-BHRF1-1 was associated with significantly reduced expression of three
predicted targets, SMAD3, JUN and FOS. In this way, EBV can control the cellular response
to TGF-beta; a potent immunosuppressive cytokine that inhibits proliferation of activated Blymphocytes and regulates essential cellular functions such as proliferation, differentiation,
apoptosis, cell development and motility. In particular TGF-beta was reported to inhibit the
proliferation of activated B-lymphocytes and prevent the establishment of latency via
induction of the viral transcativator BZLF1 [382]. LMP1 inhibits TGF-beta mediated
phosphorylation of ERK and p21 and induce EMT, while EBNA1 repress TGFbeta-induced
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transcription via a reduction in the interaction of SMAD2 with SMAD4. Moreover the serum
levels of TGF-beta are significantly increased in NPC and BL in correlation with the
reduction of TGFBR2 and induction of cyclin D2, pointing to a role of this signaling pathway
in the development of virus-associated tumors. Interestingly, several components of the TGFbeta signaling pathways (e.g. SMAD5 and TFGBR2) are targeted by KSHV miR-K1, -3 and
-10 [419], suggesting that blockade of this signaling cascade could be a conserved feature of
herpesvirus-encoded miRNAs.
In conclusion by targeting key components of the TGF-beta pathway and broadly modulate
this signaling cascade BHRF1 miRNAs may overcome the growth inhibitory effect of TGFbeta in B-lymphocytes and together with other viral proteins control physiologically relevant
mechanism that control EBV lytic replication. It is noteworthy that, while our predicted
targets do not include enzyme of the SUMO-conjugation machinery suggesting that EBV
miRNAs may not affect SUMOylation per se, both human STUbLs (RNF4 and RNF111)
were among the predicted targets. Thus, EBV miRNAs may interfere with the activity of
SUMO substrates either directly, by inhibiting their translations, or indirectly, by regulating
their SUMOylation-dependent proteasomal degradations.

4.5

BPLF1 interrupts the CRL neddylation cycle by inhibiting the binding of
CAND1 (Paper V)

Bioinformatics approaches and functional assays have been used to identify a new class of
virally encoded DUBs, classified as the herpesvirus tegument Cys proteases (USPs), that
include the EBV protein, BPLF1 [101-103]. The crystal structure of the M48 homologue
encoded by MCMV bound to Ub suggests a specific role of this class of viral enzymes in
proteins deubiquitination and several studies have identified specific ubiquitinated substrates
[102]. However, the Ub-specific protease activity of this family of viral deconjugases was
challenged by functional assays showing that BPLF1 and other members of this family, are
capable of hydrolyzing NEDD8 conjugate both in vitro and in transfected cell. Indeed,
BPLF1 was the first example of viral encoded deneddylase. Given the high degree of
sequence similarity between NEDD8 and Ub this dual specificity is not surprising and is
commonly observed in other ubiquitin-specific protease (USPs). While BPLF1 exhibits
strong deconjugase activity with both ubiquitin and NEDD8 in vitro, the phenotype of cells
expressing BPLF1 is very similar to cells treated with the NEDD8 E1 inhibitor MLN4924
[166]; therefore it appears that the deneddylase activity may be functionally dominant in
vivo. The best-characterized neddylated substrates are the CRL ligases. BPLF1 expression
was associated with the stabilization of CRLs substrates, such as CDT1, Cdc25A, p21 and
p27 that are involved in DNA replication and cell cycle progression. This phenotype was
shown to be consistent with nuclear localization, NEDD8 inhibitors and cullin interaction in
vivo and to promote an S-phase like cellular environment required for the viral replication
within the infected cell [166].
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In this study, we wanted to elucidate the molecular mechanism by which BPLF1 interferes
with CRLs activity, with the ultimate goal to specifically inhibit this function and,
consequently, the replication of EBV. By mean of co-immunoprecipitation of tagged proteins
in transfected cells, we could show that BPLF1 and its viral homologous in KSVH, HSV1,
and CMV directly bind to all cullins suggesting that the interaction may involve conserved
regions in the viral proteins as well as in the cullin scaffolds. In order to identify the site of
interaction on cullins, we combined sequence analysis with structural information to identify
conformational stable sub-domains of Cul4a that were then cloned for in vitro GST and HIStagged pull-down assays. We could show that BPLF1 directly binds to the conserved Cterminal part of cullins, close to the RBX1 and the site of neddylation.
To further investigate whether a conserved domain in BPLF1 is required for binding,
structural bioinformatics tools were applied to predict the structure of BPLF1. Given a
reasonably good sequence similarity (more than 30%) in the functional N-terminal domain of
this class of proteins, homology modelling could be used to generate reliable structural
models for all the members of this family using as template the published crystal structure of
the M48 protein encoded by MCMV (2J7Q PDB) [102]. Furthermore, based on multiple
sequence alignments and in silico analysis of the BPLF1 structural model, a conserved acidic
surface was identified on the N-terminal part of helix-2 far from the catalytic groove (Figure
7). For immunological reason, homolog proteins encoded by viruses show poor amino acid
conservations; hence the identification of an exposed and conserved motif not required for
catalytic activity is likely to be of functional significance. Thus, we hypothesized that the
conserved acidic surface on the BPLF1 N-terminal helix-2 could mediate an electrostatic
interaction with the C-terminal domain of cullins. The electrostatic surface of BPLF1 helix-2
comprises the fully conserved Asp86, the solvent exposed Asp90, and surrounding Glu85 and
Glu91 residues. In vitro binding and pull-down assay with tagged BPLF1 helix-2 successfully
validated our prediction. By replacing Asp86 and Asp90 with Arg we obtained a functionally
active BPLF1 that is unable to bind to cullins. Binding to cullin appears to be critical for the
deneddylase phenotype of BPLF1 in vivo. Indeed, mutation of the cullin binding residues
prevented the accumulation of BPLF1 in the nucleus and hampered the capacity of the mutant
to promote the stabilization of nuclear CRL substrates and the re-replication of cellular DNA
as determined by accumulation of cells with a DNA content ≥4N.
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Figure 7. BPLF1 structural model showing the conserved acidic surface in Helix 2

While the BPLF1 binding to cullins offers a rational explanation to its preferential
deneddylase activity, it does not entirely explain why BPLF1 promotes the degradation of
cullins. In fact, cullin deneddylation by the host deneddylase CSN is required for sustaining
the activity of CRL. Thus, in the final set of experiments we sought to gain a better
understanding of the role of BPLF1 during the multi-subunits assembly of CLR and during
the neddylation/deneddylation cycles. The presence of neddylated cullins and co-precipitated
substrate adaptors, SKP1 and DDB1, E3 ligase RBX1, the CSN subunits, and CAND1 were
assessed by Western blots on cell transfected with BPLF1 or with the BPLF1 catalytic and
binding mutants as controls. BPLF1 was associated with disappearance of the neddylated
Cullin but did not have any effect on co-precipitated substrate adaptors and RBX1. In line
with previous studies and with the role of BPLF1 as a virus-encoded homolog of cellular
deneddylase, BPLF1 seem to compete with CSN binding to neddylated CRLs.
Unpredictably, and at odds with the preferential binding of CAND1 to deneddylated CRL,
the amount of co-precipitated CAND1 was also strongly decreased in cells transected with
active BPLF1. The unexpected absence of CAND1 encouraged us to test whether/how
BPLF1 may hamper the function of this cullin regulator. The binding of BPLF1 to the Cterminal domain of cullin, which also interacts with CAND1, suggests that BPLF1 may
directly impair the CAND1 binding. To test this possibility and to map the site of CullinBPLF1 binding, we took advantage of the published crystal structure of CAND1 in complex
with Cul1. By sequence alignments coupled with structural information we established that
CAND1 helix-8 resembles the BPLF1 acidic helix-2 in term of electrostatic surface. Indeed,
similarly to BPLF1 helix-2, an acidic core flanked at each side by basic residues characterizes
the exposed side of CAND1 helix-8. In the crystal structure, CAND1 helix-8 form
electrostatic interactions with helix-23 of Cul4A that exposes a complementary surface with
alternating acidic, basic and acidic domains [420]. The binding of cullin helix-23 to both
CAND1 and BPLF1 was confirmed by pull down binding assay where bacterially expressed
HIS-tagged CAND1 helix-8 and/or Cul4a helix-23 was able of preventing the binding of
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BPLF1 with Cullins. Moreover, the binding as well as the activity of BPLF1 were
counteracted by over-expression of full-length CAND1 or the CAND1 N-terminal plasmids
in BPLF1 transfected HeLa cells; therefore potential artifacts of misfolding that may occur by
in vitro expression of short helical domains in binding assays could be ruled out.
While the proteasomal degradation of deneddylated cullins explains the capacity of BPLF1 to
stably inactivate CRLs, the molecular events that target deneddylated cullins for degradation
remain unknown. Interestingly, the BPLF1 deneddylase activity has a very different effect on
CRL compared to the chemical inhibition of the neddylation cascaded induced by MLN4924.
In both conditions deneddylated cullins are still bound to substrate adaptors and RBX1, while
CAND1 were detected only in MLN4924 treated cells. Thus, major effect on cullin
proteolysis was not observed in cells treated with ML4924. By blocking CAND1 binding to
cullin, BPLF1 could expose the cullin to a specific Ub E3 ligase physiologically involved in
cullin turnover. Alternatively, in line with the hijacking mechanisms observed in several viral
proteins, BPLF1 could also mediate cullin ubiquitination by recruiting a cellular E3 ligase
that is yet to be discovered. Also, in the absence of the cycle of neddylation-induced
conformational changes that juxtaposes the E2 to the substrate, cullin self-ubiquitination may
be conceivable if the E2 bound to RBX1 discharges its Ub cargo onto cullin itself.
In conclusion, we could show that BPLF1 interrupts the CRL neddylation cycle through
interaction of the conserved acidic helix-2 with the basic helix-23 in the RBX1-RING
binding domain of cullins which is the same binding site for the acidic helix-8 of CAND1.
Binding of a catalytically active BPLF1 promotes the proteasomal degradation of
deneddylated cullins and this phenotype could be reverted by overexpression of CAND1 in a
dose-dependent manner. Thus, stable inactivation of the ligase appears to be achieved
through the combined effect of cullin deneddylation and inhibition of CAND1 mediated
rescue from proteasomal degradation. The molecular details of the mechanism by which viral
deneddylases modulate the activity of CRLs and the identification of the binding sites
presented in this work are major step forward towards the design of specific strategies to
interfere with the activity of BPLF1 and to selective inhibit viral replication.
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5 CONCLUDING REMARKS AND FUTURE
PERSPECTIVES
The results discussed in this thesis provide new insight into critical features of the different
strategies exploited by EBV to modulate the cellular environment during different phases of
the infection. This knowledge may lead to the identification of new cellular and viral targets
for therapeutic manipulation with applications in many EBV associated diseases.
We have proposed a possible role for EBNA1, the only viral protein regularly expressed in all
EBV related malignancies, in promoting chromatin remodeling. Through this function
EBNA1 may reset the cellular transcriptional profile and, in co-operation with other cellular
or viral oncogenes, may prime the infected cells for malignant transformation. We have
shows that the EBNA1 AT-hook like GR repeats, which promote large-scale chromatin
decondensation and displace linker histone H1, can directly induce a broad remodeling of
transcription involving both up- and down-regulation of a large number of genes. However a
clear link between the EBNA1 binding to chromatin and its transcriptional activity is still
missing. Future analysis of the relationship between of the effects of EBNA1 on chromatin
remodeling and transcription will provide new insight on the role of EBNA1 in oncogenesis
and could identify new cellular targets that may be specifically selected to interfere with
process of malignant transformation.
In order to assessed the capacity of EBV-encoded miRNAs to interfere with the SUMO
signalling network we have developed a meta-predictor of miRNAs targets. Since this
predictive strategy showed promising results, a similar approach could be applied to lower
the false discovery rate in other preliminary predictions of miRNAs targets. A bona-fide
database of all cellular proteins directly or indirectly involved in the SUMO signaling cascade
was generated for this work. This database could be a powerful resource for future researches
on this key signaling pathway. Our work suggests that by targeting SUMO-regulated cellular
functions EBV miRNAs may control key aspects of viral replication and pathogenesis. A
more global effect of EBV miRNAs on the regulation of the TGF-beta pathway to counteract
its growth inhibitory effect during lytic reactivation should to be further investigated.
Additional experiments are also needed to further validate the EBV miRNAs-mediated
regulation of the cellular STUbLs in order to find a possible mechanism and to understand
the significance that accumulation of SUMOyalted proteins may have during activation of
productive EBV infection.
By mean of structural bioinformatics predictions coupled with extensive biochemical
validations we have elucidated the molecular mechanism by which the EBV-encoded
deneddylase BPLF1 inactivates CRLs to induce the S-phase-like cellular environment
required for efficient virus replication. Our findings illustrate a new strategy for viral
modulation of CRL activity where deneddylation and proteasomal degradation produce a
stable inactivation of this class of Ub ligases. As for other viral homologs of cellular
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enzymes, the unique properties of BPLF1 may provide an optimal and direct therapeutic
target for viral related malignancies without side effect on cellular enzymes. Therefore, the
reliable structural model of BPLF1 build in this thesis may be a promising starting point in
EBV drug discoveries studies. Similarly, the BPLF1 helix2 required for interaction with
CRLs could be tested as a drug against viral proliferation. Moreover, the BPLF1 binding
mutant could represent a very powerful tool to further elucidate several mechanism of cellular
ubiquitination still unclear, as the CRL neddylation cycle.
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