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Abstract. Currently, more than 10% of human cancers are associated with viral
infection. Studies on oncoviruses led to the development of clinical intervention
strategies and elucidated fundamental cellular events altered upon cell trans-
formation. Cancer cells exhibit several hallmarks including genomic instability,
defined as a high frequency of mutations including gain or loss of chromosomes.
The centrosome is an organelle that governs mitotic chromosome segregation
and that functions as a signaling platform downstream of the DNA damage
response. Here, we review the current literature to highlight how oncoviruses
induce genomic instability via the deregulation of the centrosome. Viral interfer-
ence with the centrosome duplication cycle, leading to centrosome amplification,
is illustrated, with a special emphasis on mechanisms shared by several viral
families. In addition, we discuss how oncoviruses could alter the signaling func-
tions of the centrosome, and we comment on the bibliographic gaps that could
be addressed by future research.

Key words : oncogenic viruses, centrosome amplification, cell cycle, DNA
damage, aneuploidy

Résumé. A I’heure actuelle, plus de 10 % des cancers humains sont associés
a une infection virale. L’étude des virus oncogenes a permis le développement
de stratégies d’intervention clinique efficaces ainsi que 1’élucidation fondamen-
tale de processus altérés au cours de la transformation cellulaire. Cette dernicre
correspond a ’acquisition de caractéristiques cellulaires spécifiques incluant
I’instabilité génomique, définie comme une fréquence élevée de mutations et
de gains ou de pertes de chromosomes. Le centrosome est un organite qui gou-
verne la ségrégation des chromosomes au cours de la mitose et qui constitue
une plateforme de signalisation en aval de la détection des dommages a I’ADN.
Dans cette revue, nous proposons une synthese de la littérature démontrant le
role du centrosome dans la perte de I’intégrité génomique induite par les virus
oncogenes. Nous illustrons les mécanismes par lesquels les virus oncogenes inter-
ferent avec le cycle de duplication du centrosome et induisent son amplification,
en nous attachant a dégager les mécanismes communs a diverses familles virales.
Nous discutons également de la facon dont une altération par les virus oncogenes
des fonctions de signalisation du centrosome pourrait contribuer a 1’instabilité
génomique des cellules infectées, tout en soulignant les lacunes bibliographiques
qui pourraient étre comblées par les recherches a venir.

Mots clés : virus oncogene, amplification du centrosome, cycle cellulaire,
dommages a I’ADN, aneuploidie
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Introduction

In 1911, the identification of Rous sarcoma virus as the
first animal oncogenic virus (or oncovirus) provided the
first evidence for the involvement of an infectious agent
in cancer development. This discovery paved the way
to the establishment of the link between several viral
infections and human cancers. More than fifty years ago,
Epstein-Barr virus (EBV) was identified as the first human
oncovirus from a Burkitt lymphoma-derived cell line [1]. It
is now well established that approximately 12% of human
cancers are caused by oncoviruses [2, 3]. Seven human
oncogenic viruses have been identified so far. Among
DNA oncoviruses, EBV (now also known as human herpes
virus type 4, HHV-4) is associated with B cell malig-
nancies as well as epithelial malignancies. The Kaposi
sarcoma-associated herpesvirus (KSHV, also known as
human herpes virus type 8, HHV-8) also belongs to the
Herpesviridae family and was first detected in Kaposi sar-
coma associated to acquired immune deficiency syndrome
(AIDS) [2]. Hepatitis B virus (HBV), one of the etiolog-
ical agents of hepatocellular carcinoma, belongs to the
Hepadnaviridae family. Approximately 12 human papillo-
maviruses (HPVs, Papillomaviridae family) that infect the
mucosal epithelia of the genital and upper respiratory tracts,
referred to as mucosal high-risk (HR) HPV types, have been
clearly associated with anogenital cancers and with a subset
of oropharyngeal cancers. In particular, HPV-16 and -18
are the most oncogenic HR types, being detected in approx-
imately 50% and 20% of worldwide cervical cancers,
respectively [2, 3]. Merkel cell polyomavirus (MCPyV)
belongs to the Polyomaviridae family and is so far the only
human polyomavirus known to be involved in tumorige-
nesis [4]. Some human oncoviruses also belong to RNA
virus families. It is the case for hepatitis C virus (HCV),
identified in the 1980’s following sequencing analyses
of transfusion-associated hepatitis cases that were not due
to hepatitis A nor B viruses [5]. HCV is classified in the
Flaviviridae family and is associated with hepatocellular
carcinoma. Human T-cell Leukemia virus type 1 (HTLV-1)
belongs to the Retroviridae family and is the etiological
agent of adult T-cell leukemia/lymphoma (ATL) [6].

Since the mid-20™ century, tumor virologists have been
postulating that investigating the interactions between
oncoviruses and infected cells would help to better under-
stand the general process of cell transformation (reviewed
in [7]). Cancer cells exhibit specific hallmarks such as
aberrant cell cycle progression and cell proliferation,
activated telomerase, inhibition of apoptosis, metabolic
reprogramming, and genomic instability. The centrosome,
a subcellular organelle that is commonly defined as the
microtubule-organizing center (MTOC) in mammalian
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cells, allows the assembly of the mitotic spindle during cell
division, and centrosomal defects are intimately linked to
the promotion of genomic instability (for a detailed review
on centrosome functions, see [8]). While the general pro-
cess of genomic instability induction by oncoviruses has
been reviewed elsewhere (see for instance [9]), here we will
focus on the role of the centrosome in the loss of genomic
integrity induced by oncoviruses. A particular focus will be
given to the viral interference with the centrosome duplica-
tion cycle and, consequently, with chromosome segregation
upon cell division. In the last decade, the centrosome has
also emerged as a key integrator of signals downstream the
DNA damage response (DDR). Thus, we will also discuss
how oncoviruses could alter the centrosome functions in
the context of the DDR.

A short introduction to centrosome
structure and dynamics

The centrosome is composed of two orthogonal 500-
nm long and 250-nm wide centrioles, referred to as the
mother or daughter centriole, respectively, surrounded by
a matrix of proteins known as the pericentriolar material
(PCM, figure I). At the proximal end, a centriole displays
nine triplets of microtubules arranged to form a cylin-
der. The mother centriole is a mature structure with distal
and sub-distal appendage involved in anchoring micro-
tubules, whereas the daughter centriole is an immature
structure with no appendage. The PCM initiates micro-
tubule nucleation on y-tubulin ring complexes, accounting
for the MTOC function of the centrosome. Until recently,
the PCM was viewed as an anamorphous protein matrix,
but recent studies using super-resolution microscopy such
as 3D-structured illumination microscopy have shown that
the PCM is in fact a well-organized matrix of dynamically
interacting proteins [10-12].

Together with chromosomes, the centrosome is the only cel-
lular structure to be precisely duplicated and separated dur-
ing each cell cycle. Similar to DNA replication, centrosome
duplication is a semi-conservative process occurring once
per cell cycle and is closely linked to the cell cycle progres-
sion. This allows cells entering mitosis to display two dis-
tinct centrosomes, which migrate at the opposite poles of the
cell and induce the formation of a bipolar mitotic spindle.
Upon mitosis, the two centrosomes are equally segregated
and a daughter cell harbors only one centrosome (figure 2).
To ensure the duplication event, the mother and the daughter
centrioles must dissociate and lose their orthogonal arrange-
ment. This event is called centriole disengagement and
is required for the nucleation of new procentrioles. The
process of centriole disengagement is thus viewed as a
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Figure 1. The centrosome structure. The centrosome is composed of two orthogonal centrioles (in green), each made of nine triplets
of microtubules. In contrast to the daughter centriole (here on the left-hand side), the mother centriole (on the right-hand side) displays
appendages at its distal end that are involved in anchoring microtubules (not represented). Both centrioles are linked by a centrosomal
linker (in red) composed of rootletin and C-NAP-1 and regulated by NEK2, and are embedded in a well-organized protein matrix referred
to as the pericentriolar material (yellow-to-brown gradient). Procentriole nucleation relies on the sequential assembly of Cep192, Cep63,
Cep152, Cep57, PLK4, STIL and SAS-6 at the proximal end of the mother centriole (torus, in dark red). Centriole-associated proteins are
represented as a blue sphere. For the sake of clarity, centriolar satellites have been omitted.

licensing step allowing subsequent duplication. Two key
regulatory proteins, i.e. the mitotic kinase PLK1 and the
separase protease, promote centriole disengagement in late
M/early G1, together with the disassembly of mitotic PCM
(figure 2, step 1). The separation of paired centriole has fur-
ther been shown to be controlled by the G1/S phase cyclin
A and cyclin E-activated CDK2 kinase. In this process,
nucleophosmin (NPM1) has been identified as a substrate
of CDK2 [13] that in turn activates ROCK II, an effector of
Rho small GTPase, to promote centriole separation [14].

After centrioles are disengaged, a centrosomal linker com-
posed of rootletin and C-NAP-1 connects their proximal
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ends throughout the interphase, as each centriole nucleates
a new procentriole (figure 2, step 2). Procentrioles are
oriented orthogonally to their mother centrioles and are
elongated through the S and G2 phases until they reach
the same length as the mother centrioles (figure 2, step 3).
Ensuring that a single duplication event happens per cell
cycle implies a precise regulation of the different factors
that act sequentially at the proximal end of the mother
centriole to promote procentriole nucleation, such as
Cepl192, Cep63, Cepl52, Cep57, PLK4, STIL and SAS-6
(represented as the torus on figure I, recently reviewed
in [15]). Of note, the protein levels of these master

Virologie, Vol 23, n° 5, septembre-octobre 2019
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Figure 2. The centrosome duplication cycle. Upon mitotic exit, each cell harbors one centrosome. Centrosome duplication begins in
late M/G1 phase with the physical disengagement of the two centrioles (step 1), which remain tethered by the linker (in red). As DNA
replication occurs in S phase, the centrosome duplication per se starts with the nucleation of procentrioles at the proximal end of each
parental centriole (step 2). Elongation of centrioles occurs in G2 phase, while centrosome maturation (shown as yellow to orange coloring)
starts in G2 phase and continues into M phase (step 3). In late G2, the duplicated centrosomes undergo disjunction (step 4) and migrate
to opposite poles to form the bipolar mitotic spindle in M phase (purple background). The main molecular regulators of the centrosome
duplication cycle (outer circle) as well as the CDK/Cyclin complexes active during cell cycle progression (inner circles) are specified.

procentriole nucleation. After procentrioles are nucleated,

regulators, and in particular of PLK4, STIL and SAS-6,
are tightly controlled by the ubiquitin-proteasome system.
For instance, the downstream SAS-6 factor is a substrate
of the SCFFBXWS E3 ybiquitin ligase. SCFFBXWS activity

is inhibited by PLK4, stabilizing SAS-6 and allowing
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PLK4 ubiquitinylation by the SCFPTCP E3 ubiquitin
ligase, followed by its degradation, alleviates SCFFBXW3
inhibition and triggers SAS-6 degradation, thus limiting
centriole overduplication. In addition to these master
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regulators, a number of proteins cooperate to ensure
the proper duplication cycle of the centrosome and the
formation of functional MTOCs. For instance, CP110,
a centrosomal protein localized at the distal ends of
centrioles (figure I), is required for centriole elongation
(reviewed in [16]), and is able to promote the formation
of ectopic MTOCs when over-expressed, leading to
aberrant mitotic spindles. In normal cells, CP110 activity
is counter-balanced by the E3 ubiquitin ligase NEURLA4,
which ubiquitinylates CP110 and promotes its proteasomal
degradation [17].

As the cell progresses towards the M phase, duplicated cen-
trosomes recruit expanded PCM in a process referred to
as centrosome maturation (figure 2, step 3). This mitotic
PCM will then allow the formation of the mitotic spindle in
M phase. In late G2, the NIMA-related NEK?2 kinase pro-
motes centrosome disjunction by phosphorylating rootletin
and C-NAP-1 to allow their removal from the centrosomes
(figure 2, step 4). Consequently, the two centrosomes sepa-
rate at the G2/M transition and induce the formation of the
bipolar mitotic spindle.

A recent development in the understanding of centrosome
structure and dynamics has come from the thorough
description of centriolar satellites, defined as 70-100 nm
electron-dense, non-membranous particles located in the
vicinity of the centrosome (recently reviewed in [18]).
The first and major identified component of centriolar
satellites is PCM1 (pericentriolar material 1), which is
thought to scaffold the whole structure, but over a hundred
proteins have now been identified at centriolar satellites.
Loss of centriolar satellite integrity, such as disappearance,
dispersion, reduction or accumulation, can be achieved
experimentally but has also been associated with several
diseases. Interestingly, centriolar satellites are involved in
the transient storage of centrosome constituents such as
Cep63 and Cep152, and in their transport to the duplicating
centrosome, supporting the notion that centriolar satellites
are active regulators of the centrosome duplication cycle.

Centrosome amplification:
a step towards genomic instability

Chromosomal instability, defined as the gain or loss of
chromosomes or fragments of chromosomes, leads to ane-
uploidy. It is an important aspect of genomic instability:
the majority of human solid tumors and more than 75% of
hematopoietic cancers are aneuploid [19]. Over a century
ago, Theodor Boveri suggested that aneuploidy may arise
from centrosome amplification [20], a view that has been
validated since then (for a review, see [21]). Importantly,
a recent study by Levine et al. showed that centrosome
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amplification was sufficient to promote initiation of tumori-
genesis in a transgenic mouse model, independently of
additional genetic alterations [22]. This established that
centrosome amplification can drive tumorigenesis in mice,
at least in some models, by promoting chromosomal insta-
bility. A cell that possesses more than two centrosomes
at the beginning of mitosis may form a multipolar mitotic
spindle that results in chromosome missegregation and in
the production of a highly aneuploid and inviable progeny,
a process described as mitotic catastrophe (figure 3, left
panel). However, centrosome clustering may lead to the for-
mation of a so-called pseudobipolar spindle, which induces
mild levels of aberrant mitotic features such as anaphase
bridges and lagging chromosomes (figure 3, right panel),
giving rise to micronuclei in the daughter cell. These
mild levels of chromosomal instability are thought to be
compatible with the emergence of transformed cell clones,
indicating that centrosome clustering might represent an
adaptive strategy for cells with supernumerary centrosomes
to progress on the way to cell transformation (for reviews,
see [23, 24]).

In cancer cells, centrosome amplification has mostly been
linked to the dysregulation of the centrosome duplication
cycle. PLK4 over-expression was shown to induce aberrant
centriole overduplication in Drosophila embryos [25]. This
was confirmed in in vivo mouse models (see for instance
[22, 26]), and also in human cells, in which PLK4 coop-
erates with CDK2 and SAS-6 for centriole overduplication
[27]. In addition, centrosome amplification can be a conse-
quence of premature centriole disengagement. For instance,
experiments of mitotic delay in G2/M-arrested cells showed
an increased rate of centriole disengagement and centro-
some fragmentation in an APC/C and separase-dependent
manner [28]. Centrosome amplification may also be an indi-
rect consequence of cell cycle defects such as failure in
completion of cytokinesis [29]. This gives rise to polyploid
cells harboring supernumerary centrosomes.

Interestingly, the p53 tumor suppressor has been shown
to limit centrosome overduplication [30, 31], but also to
block proliferation and/or induce apoptosis in polyploid
cells as well as in cells with supernumerary centrosomes
[22, 29, 32, 33], by a mechanism that involves the PIDD-
osome and caspase-2 [34]. Loss of p53 function, which
is common in cancer cells, may thus favor the onset
and maintenance of centrosome amplification, and may
synergize with centrosome amplification (e.g. induced by
PLK4 over-expression) to induce tumorigenesis [35, 36].
Of note, Levine et al also showed that although p53
was not genetically altered upon spontaneous centrosome
amplification-dependent tumorigenesis in mice, the expres-
sion levels of p53 target genes was diminished, indicating
that p53 pathway alteration may be required for centrosome
amplification-triggered tumorigenesis [22].

Virologie, Vol 23, n° 5, septembre-octobre 2019
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Figure 3. From centrosome amplification to genomic instability. Centrosome amplification can result from centriole overduplication,
premature centriole disengagement, or failure in cytokinesis. Centrosome amplification may lead to multipolar divisions and mitotic catas-
trophe. Clustering of amplified centrosomes allows the formation of pseudobipolar divisions responsible for the induction of low-rate, viable

aneuploidy.

Oncoviruses and centrosome
amplification

Direct action of viral proteins on centrosome
duplication

Centrosome amplification has been associated with infec-
tion by a number of oncoviruses. Some viruses have been
shown to promote centrosome amplification by directly
dysregulating proteins involved in the centrosome dupli-
cation cycle. For instance, expression of the HR HPV
E7 oncoprotein induces centrosome amplification. A first
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study observed centrosome amplification in pre-invasive
and invasive HPV-associated genital squamous lesions,
and demonstrated that HPV-16 E7 stimulates centriole
overduplication in normal human keratinocytes [37]. An
independent analysis of cervical pre-invasive and inva-
sive lesions corroborated these data and showed that the
frequency of cells presenting centrosome amplification
increases with the severity of HPV-associated lesions [38].
Mechanistic investigations demonstrated that E7 induces
centriole overduplication through the transcriptional activa-
tion of Cyclin A and PLK4, as well as the aberrant activation
of PLK4 by the CDK2/Cyclin E complex (figure 4)
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Figure 4. Centrosome amplification promoted by oncoviruses. Oncoviruses promote centrosome amplification through the direct or
indirect dysregulation of cell cycle regulatory CDK/Cyclin complexes (inner circle) and alteration of the centrosome duplication cycle (outer
circle), or by interfering with cytokinesis. Examples of viral oncoproteins promoting centrosome amplification are included to illustrate the

common and specific targets of viral oncoproteins.

[39-43]. This results in the recruitment of an aberrant
number of PLK4 dots at mother centrioles, allowing the
nucleation of multiple procentrioles [43]. Interestingly, a
similar phenotype of centriole overduplication is observed
upon expression of MCPyV small T (sT) antigen (figure 4),
which is sufficient to induce supernumerary centrosomes in
NIH3T3 cells and in human fibroblasts, as well as to induce
aneuploidy in transgenic mice [44]. This is dependent on
the inhibition of cellular E3 ubiquitin ligase complexes such
as SCFFBXW7 and SCFP-TCP by ST [44]. These ligases
target several key centrosomal regulators to proteasomal
degradation, including Cyclin E and PLK4. Thus, HPV
and MCPyV share the ability to induce centriole overdu-
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plication by aberrantly activating PLK4, although they use
distinct mechanisms to promote PLK4 activation.

HR HPV types also appear to interfere with the centro-
some duplication cycle via the HUN (HERC2, UBE3A,
and NEURL4) complex [45]. Indeed, the UBE3A ubiquitin
ligase, also known as E6AP (for E6-associated protein), was
first identified as the target of HR HPV EG6 proteins in the
process of p53 ubiquitination and degradation. Interaction
network analysis identified several centrosomal proteins as
partners of UBE3A, such as CEP97, CEP170,and NEURL4
itself [45]. The fact that HPV may hijack the HUN com-
plex for centrosome amplification was suggested, but it still
remains to be clearly established. HR HPV E6 might indeed

Virologie, Vol 23, n° 5, septembre-octobre 2019
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induce UBE3A-dependent degradation of NEURLA4, which
would result in the stabilization of CP110 and the pos-
sible formation of ectopic MTOCs. Besides, HPV-16 E7
was shown to associate with centrosomes and to alter the
recruitment of PCM to the centrosome [46], indicating that
E7 could also directly alter centrosomal structure.
Centrosome amplification by direct interference with the
centrosome duplication cycle is also a feature of HTLV-1
oncogenesis (for a review, see [47]). Indeed, the expres-
sion of HTLV-1 Tax protein is associated with centrosome
amplification [48]. Tax-associated changes in centrosome
morphology, such as a fragmented aspect for the PCM
protein pericentrin, are also frequently observed in Tax-
expressing cells [49]. Tax constitutively activates CDK2
(figure 4), suggesting that similar to HPV E7, a dysregulated
CDK?2 activity contributes to centrosome overduplication in
HTLV-1 infected cells. In addition, Tax was also shown to
target the centrosomal protein TAX1BP2, a splicing iso-
form of rootletin [50]. This suggests that Tax may abrogate
TAX1BP2/rootletin functions to subvert the cellular control
of centrosome duplication (figure 4).

Indirect action of viral proteins
on upstream signaling

HBYV encodes two viral oncoprotein, HBx and the large
surface antigen LHBs, the latter often being mutated in
the preS2 region in hepatocellular carcinoma patients.
Two independent studies showed that the in vitro expres-
sion of HBx results in an increased frequency of cells
with an abnormal number of centrosomes, correlated with
the formation of aberrant mitotic spindles and chromoso-
mal missegregation that subsequently increase the number
of aneuploid cells [51, 52]. HBx-expressing cells fail
to regulate centrosome duplication due to the activation
of the upstream Ras-MEK-ERK pathway by HBx [52].
Expression of preS2-mutant LHBs was reported to induce
centrosome overduplication by a mechanism that depends
on the endoplasmic reticulum (ER) stress response and on
calcium release [53]. ER stress was indeed shown to lead
to the calpain-dependent cleavage of cyclin A. The trun-
cated form of cyclin A still interacted with CDK2 and was
suggested to be responsible for centrosome overduplica-
tion (figure 4) [53]. Whether ER stress also participates
in centrosome amplification under other oncogenic stim-
ulations (either associated to oncoviral infections or not)
represents an intriguing hypothesis that warrants further
investigation.

Indirect action of viral proteins on cytokinesis

Indirect centrosome amplification due to failure in cytoki-
nesis has also been described for oncoviruses. HTLV-1
Tax interacts with the mitotic spindle assembly checkpoint

Virologie, Vol 23, n° 5, septembre-octobre 2019

protein MAD1, leading to the loss of MAD1 functions and
to the emergence of multinucleated cells [54]. Because
MADI1 was suggested to link mitosis with cytokinesis,
abrogation of MAD1 functions by Tax might both inacti-
vate the spindle assembly checkpoint and lead to failure
in cytokinesis, which could contribute to the centrosome
amplification observed in Tax-expressing cells. KSHV
induces chromosomal instability by the expression of
v-Cyclin, a viral cyclin D2 analog interacting with cellular
CDKG®6 [55]. v-Cyclin promotes G1/S transition and allows
DNA replication, while blocking cytokinesis (figure 4).
Expression of v-Cyclin thus leads to polyploidization and
centrosome amplification associated with multinucleation.
This process requires CDK6 and its substrate NPM1
[32, 56-58]. Consistent with these observations obtained
in v-Cyclin-expressing cells, centrosome amplification
associated with multinucleation has been confirmed in
KSHV-infected primary endothelial cells [58, 59].

These examples illustrate a long-standing question in the
field of centrosome biology and cancer: are centrosomal
defects a cause or a consequence of mitotic aberrations
contributing to genomic instability? As illustrated here,
primarily-induced mitotic defects drive secondary centro-
some amplification, which can then amplify mitotic defects
by generating multipolar or pseudobipolar mitotic spindles.
Because oncoviruses often disrupt multiple cellular pro-
cesses that cooperate in perturbing the cell cycle, whether
centrosomal defects are a driving force in viral oncogene-
sis or rather appear as a secondary event is still a matter of
debate.

Cooperation between centrosome amplification
and p53 loss-of-function upon oncovirus infection

As stated above, loss of p53 function has been shown to
synergize with centrosome amplification for tumorigene-
sis. Interestingly, it was through its interaction with the
SV40 LT viral oncoprotein that p53 was first discovered in
1979 [60, 61], and the interplay between oncoviruses and
pS3 functions has now been extensively documented (for
a recent review on human oncoviruses and p53, see [62]).
For instance, several viral oncoproteins share the ability to
induce p53 degradation, including KSHV LANA, HR HPV
E6 and EBV BZLF1, while others such as HR HPV E6 and
E7, HTLV-1 Tax and HBV HBXx inhibit its transcriptional
activity. However, the extent to which oncovirus-induced
loss of p53 function is involved in the generation and main-
tenance of cells that harbor supernumerary centrosomes
has not been systematically analyzed. One of the most
convincing example of a cooperation between centrosome
amplification and p53 loss-of-function upon oncovirus
infection is the case of KSHYV, for which centrosome
amplification following multinucleation was shown to be
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potentiated by the loss of p53 function [32, 56-58]. Cen-
trosome amplification in HR HPV-associated lesions was
also suggested to follow p53 functional inactivation [38],
but the formal demonstration has been complicated by the
fact that p53 inactivation and centrosome amplification are
overlapping properties of HPV oncoproteins [63]. While
the ability of HBV HBx protein to induce supernumerary
centrosomes has been compared in WT and p53-deficient
cells, the reported results are unclear and the experiments
should be repeated [51]. Thus, delineating the requirement
of p53 loss-of-function for oncovirus-induced centrosome
amplification and subsequent induction or maintenance of
aneuploidy remains a challenge for future work.

New regulators of centrosome organization
and dynamics identified through the analysis
of oncoviruses

Studying the impact of oncoviruses on centrosome ampli-
fication has also contributed to our understanding of
regulatory mechanisms occurring in normal, uninfected
cells. An example of such a contribution lies in the iden-
tification of the involvement of the Ran-GTPase network
in centrosome organization and dynamics. The HBx onco-
protein from HBV was indeed shown to interfere with
the Crm1/Ran GTPase-dependent nuclear export pathway,
by sequestering Crm1 in the cytoplasm. This observation
was then suggested to be causally linked to HBx-induced
centrosome amplification, since an HBx mutant unable to
sequester Crm1 did not amplify centrosomes [51]. Inter-
estingly, a fraction of Crm1 as well as of Ran localizes
at the centrosome in uninfected cells, and inhibition of
Crm1/Ran function in uninfected cells leads to centroso-
mal aberrations, in the form of extra minicentrioles that
lack PCM, or abnormally elongated centrioles [51]. The
notion thus emerged that Crm1/Ran may prevent centro-
some amplification. Because the Crm1/Ran pathway was
known to shuttle cellular factors between the nucleus and
the cytoplasm, it was hypothesized that the timely nucleocy-
toplasmic transport of regulators of centrosome duplication
by Crm1/Ran, such as NPM1 or Cyclin B, might be criti-
cal to ensure a proper centrosome duplication cycle (for a
review, see [64]). Centrin and pericentrin are also targets
of Crm1/Ran [65], indicating that Crm1/Ran might reg-
ulate the nucleocytoplasmic transport of key centrosome
components.

Of note, Ran has also been involved in the regulation of
mitosis, independently of its function in nucleocytoplasmic
shuttling. Ran was indeed shown to regulate the mitotic
aster and spindle formation by modulating the functions
of spindle assembly factors such as TPX2 and NuMA, in
a so-called “gradient” model. In this model, active GTP-
bound Ran is generated at chromatin and is converted to
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inactive GDP-bound Ran while diffusing away from the
chromatin, thus building a Ran-GTP gradient that can pro-
vide a positional information for the assembly of the spindle
around chromosomes (for a review, see [66]). In line with
these Ran functions, RanBP1, a major Ran regulator, was
also shown to generate multipolar spindles with monocen-
triolar poles when over-expressed, resulting from aberrant
centriole splitting in mitosis [67].

An interaction between Ran and viral oncoproteins, i.e.
HR HPV E7, adenovirus E1A and SV40 LT, has also been
reported and associated with centrosome amplification [68].
HTLV-1 Tax was also shown to interact with RanBP1 at
mitotic centrosomes [49]. Taken together, these observa-
tions driven by study of oncoviruses strengthen the idea
that the Ran-GTPase network participates in the control of
the centrosome dynamics and of the mitotic centrosome
organization, and is a common target of viral oncoproteins
(for a review, see [69]).

Oncoviruses with suspected actions on centrosome
amplification

Induction of genetic instability associated with centroso-
mal alterations has not been extensively analyzed for the
EBV and HCV oncoviruses. In an early study, the EBV
enzyme thymidine kinase (TK) was shown to localize at
the centrosome, but the significance of this observation rel-
ative to centrosome amplification, although discussed by
the authors, remains elusive [70]. Centrosome amplification
was nonetheless recently described in in vitro EB V-infected
B cells and in an in vivo mouse model of EBV infection [71].
In this study, the EBV structural protein BNRF1, which is
known for its role in the inhibition of cell host intrinsic
defenses through its interaction with the host nuclear pro-
tein DAXX [72], was shown to localize at the centrosome
and to be sufficient to promote centrosome amplification.
However, its mechanism of action remains poorly under-
stood. Supernumerary centrosomes have been described in
cells expressing the HCV NS5A protein, which also delays
mitotic exit, indicating that centrosome amplification might
be a consequence of NSS5A interference with mitotic regula-
tion [73], as is the case for KHSV v-Cyclin. However, as for
EBV BNRF1, HCV NS5A mechanism of action deserves
further investigation.

An impact of oncoviruses on centrosome
clustering?

As mentioned above, centrosome clustering is a prerequi-
site for cells with amplified centrosomes to give rise to a
viable progeny. Centrosome clustering may be controlled
by physical parameters. Indeed, spindle tension due to the
incorrect attachment of kinetochores to microtubules aris-
ing from a multipolar spindle has been shown to induce the
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repositioning of amplified centrosomes and their clustering
[74]. In line with these observations, some cellular pro-
teins involved in the positioning of the mitotic spindle and
in the interaction between kinetochores and microtubules
(including regulators of the spindle assembly checkpoint)
have been shown to be required for centrosome clustering.
These include components of the chromosomal passenger
complex, of the Ndc80 microtubule-kinetochore attach-
ment complex, of the sister chromatid cohesion complex
and of the augmin complex [75]. Microtubule-associated
proteins such as dynein and kinesin, as well as components
of the acto-myosin cytoskeleton are also required for centro-
some clustering [ 76, 77]. Interestingly, whether oncoviruses
affect centrosome clustering has not been investigated in
depth so far. Centrosome clustering has been observed in
primary endothelial cells expressing the KSHV v-Cyclin
protein [58], indicating that KSHV might not hinder cen-
trosome clustering. However, whether the virus enhances
centrosome clustering has not been determined. Because
interaction of oncoviruses with components of the spindle
assembly checkpoint has been well documented [54, 78-
83], viral interference (either positive or negative) with
centrosome clustering remains an open question that should
be carefully analyzed in future experiments.

The centrosome as a signaling
organelle for cell cycle checkpoints

The centrosomal initiation of mitosis

In addition to its role in chromosome segregation during
mitosis, some studies argue that the centrosome plays an
important checkpoint role in the initiation of M phase (for
a review, see [84]). Indeed, signaling proteins implicated
in the initiation of mitosis, including the master regula-
tor complex CDK1/Cyclin B, the activating phosphatases
Cdc25B/C, the mitotic PLK1 kinase and Aurora A, have
been localized at the centrosome during the G2/M transi-
tion. CDK1/Cyclin B recruitment requires the centrosomal
Cep63 protein [85]. Interestingly, Cdc25B was shown to
activate CDK1/Cyclin B specifically at the centrosome
[86]. The centrosome might thus be considered as a signal-
ing platform that brings regulatory components into close
proximity to ensure a correct timing of mitosis onset. Of
note, HTLV-1 Tax was found to interact with Cep63 (our
unpublished results) and might thus also interfere with the
centrosomal control of the G2/M transition.

The centrosomal activation of cell cycle
checkpoints in the DNA damage response

Furthermore, the centrosome has recently emerged as a sig-
naling platform during the DNA damage response, which
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also plays a significant role in genomic instability preven-
tion. DNA damage refers to changes in the basic structure of
DNA that can occur naturally, e.g. during DNA replication,
or that can be induced by exogenous agents. Depending
on the insult, these changes can consist in mismatches,
single strand breaks (SSBs), double strand breaks (DSBs)
or stalled replication forks (resulting in junctions between
single-stranded DNA and double-stranded DNA sensed as a
replicative stress). If DNA damage is not properly repaired,
it may contribute to the loss of genomic integrity. The DNA
damage response (DDR) thus refers to an arsenal of strate-
gies that prevent the accumulation of DNA damage, and
includes damage sensing as well as the orchestration of
the repair process together with the regulation of the cell
cycle or the induction of apoptosis (reviewed in [87]). The
DDR might activate one of three checkpoints: the G1/S
checkpoint that prevents DNA replication in case of DNA
damage, the S-phase checkpoint that stops DNA synthe-
sis when damage occurs during replication, and the G2/M
checkpoint that ensures that cells do not enter mitosis unless
damage has been properly repaired.

ATM, ATR and DNA-PK sensor kinases are considered as
the core of the DDR and respond primarily to DSBs for
ATM and DNA-PK, and to replicative stress for ATR. Acti-
vation of these core proteins will be illustrated here with
ATM activation (figure 5). Following DSBs, the MRN com-
plex (Mrell, Rad50 and Nsbl) is directly recruited on the
site of breakage and allows the autophosphorylation of inac-
tive dimers of ATM at Ser1981, leading to their dissociation
into active monomers [88]. Activated ATM phosphorylates
the histone variant H2AX, then called yYH2AX. yH2AX
interacts with the MDC1 scaffold protein and recruits addi-
tional MRN complexes for a positive feedback loop on ATM
activation. In addition to activating the repair machinery,
ATM activates the G2/M checkpoint via the nuclear CHK2
transducer kinase (figure 5). By inhibiting Cdc25C phos-
phatase activity, activation of CHK2 ultimately leads to
inhibition of the mitotic CDK1 kinase and activation of
the cell cycle checkpoint. The related CHK1 kinase fulfills
similar actions but is activated downstream of ATR.
Interestingly, ATM/ATR as well as CHK1 and CHK?2 have
been observed at the centrosome, indicating that the cen-
trosome might function as a signaling platform in the DDR
[89-91] (figure 5). Accumulation of CHKI at the centro-
some upon DNA damage leads to the inactivation of the
CDK1/Cyclin B complex that is normally required for
mitotic entry [92]. Activated CHK?2 has also been reported
to localize at the centrosome upon DNA damage [91].
Intriguingly, in unstressed cells, activated CHK2 is also
associated to the centrosome, and more precisely to the
mother centriole [91], raising the possibility that it could
participate in regulating the centrosome duplication cycle
in the absence of DNA damage.

E25



review

Oncovirus-induced stresses
(e.g. ROS)

l

—

@ Cyclin B

inactive active

G2/M checkpoint

‘ Cyclin B

:
I
I
I
l
l
I
I
! +
| ~
I
Nucleus : _D
I
I
| C /\ EBV LMP1
! + CHK2 HTLV-1 Tax
I
I
I
I
I
I
I
_________ e s NS
|
l
l
I
I
I
I
I
I
I
I
1 EBV EBNA3C
| KSHV LANA
: HTLV—l Tax
I
[ L v
: inactive
I
I
Centrosome : T @
I
: active e
: Untimely Premature
: CDK2 centriole
I
I
I
I
I
I
l
l
I
I
I
I
I
I
I

Double-strand breaks

ivation ? .
activation ? disengagement

p53-dependent activation
of centrosome cycle genes

DNA-damage-triggered
centrosome amplification

Vi rologie]

Figure 5. The centrosome at the interface between the cell cycle regulation and the DNA damage response. The activation of
the G2/M checkpoint by double-strand breaks (DSBs) is illustrated. Upon DSBs, which can result from oncovirus-induced stresses, ATM
activation occurs in the nucleus after the MRN complex (Mre11, Rad50 and Nsb1) is recruited at the site of the break. For the sake of
clarity, the amplification loop involving yYH2AX and MDC1 has been omitted. ATM activation leads to the phosphorylation of CHK2, which
in turn inhibits Cdc25C phosphatase. This limits CDK1/Cyclin B activation for G2/M transition and results in cell cycle delay. ATM, CHK2
and downstream factors have been observed at the centrosome upon DNA damage. Oncoviruses disrupt these mechanisms mainly at the

level of ATM and of CHK2, allowing CDK1/Cyclin B activation and checkpoint
damage-induced centrosome amplification are also illustrated.
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The centrosome: a target of oncoviruses
in the DNA damage response?

Most oncoviruses are known to favor genetic instability
directly through DNA damage induction (mostly through
the production of ROS), and indirectly through DDR
impairment. Oncoviruses impair the DDR through the
inactivation of sensor kinases and in particular of ATM
(figure 5). As an example, EBV was shown to dysregulate
ATM in Hodgkin’s lymphoma. More precisely, the viral
latent membrane protein LMP1 down-regulates the expres-
sion of ATM [93]. HTLV-1 Tax interacts with the Wipl
phosphatase and thereby mediates the dephosphorylation
and inactivation of ATM, y-H2AX and CHK1/2 [94]. Tax
also forms a complex with MDC1 and DNA-PK in nuclear
foci, thus impairing their involvement in the DDR.
Oncoviruses also interfere with downstream signaling
pathways, leading to cell cycle dysregulation (figure 5).
For instance, the G2/M checkpoint is disrupted in EBV-
infected cells [95]. The EBNA3C viral protein interacts
with CHK?2, leading to a decreased CHK2 activity and
to progression through the G2/M checkpoint. Similarly,
the G2/M checkpoint is dysregulated through the action
of the KSHV LANA protein. The HTLV-1 Tax oncopro-
tein induces CHK?2 hyperphosphorylation, which results in
CHK?2 nuclear sequestration and to inhibition of its signal-
ing activities [96].

Together with the observation that the centrosome might
function as a signaling platform in the DDR, the fact
that some viral oncoproteins known to interfere with the
DDR also physically interact with the centrosome, such as
HTLV-1 Tax, raised the possibility that these viral proteins
could interfere with the DDR by specifically targeting the
signaling activity of the centrosome. This hypothesis should
be tested in future work.

Towards an integrated understanding
of the centrosome dynamics:
cross-talks between the DDR

and the control of centrosome number

Several studies indicate functional cross-talks between the
DDR and the centrosome amplification process that both
have been linked to genetic instability. These cross-talks
were first considered following the observation that drugs
thatinduce DNA damage also induce centrosome amplifica-
tion. For instance, hydroxyurea (HU) induces a replicative
stress leading to a prolonged S phase through CHK1 and
CHK?2 activation [91], but also to supernumerary cen-
trosomes. Inhibition of either CHKI1 or CHK2 activity
reduced centrosome amplification upon DNA damage-
inducing treatments [91, 97], indicating that these kinases
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are required for DNA damage-triggered centrosome ampli-
fication. Because CDK2 is a substrate of CHK1/2, it might
be a downstream effector of CHK1/2 activity involved in
centrosome amplification (figure 5). DNA damage also
induces an increase in the amount of PCM in a CHKI-
dependent mechanism [98]. This PCM expansion requires
the PCM protein pericentrin, and is exacerbated in the
absence of microcephalin (MCPH1), a CHK1 interactor and
regulator localized at the centrosome. Interestingly, inhibi-
tion of the ATM/CHK?2 pathway leads to a reduced ability
of KSHV to induce supernumerary centrosomes [58], indi-
cating that centrosome amplification by KSHV might at
least in part be a consequence of the DDR. Whether this
holds true for other oncoviruses should be examined.

Premature centriole disengagement in G2 rather than in late
M / early G1 phase, leading to centrosome re-duplication
before mitosis, has also been observed as a consequence
of DNA damage. The mitotic PLK1 kinase, which con-
trols centriole disengagement, and which is a downstream
target of ATM, has been involved in this premature DNA-
damage-induced centriole disengagement (figure 5) [99].
Silencing C-NAP-1 and rootletin, which build up the cen-
trosome tether, further increases centriole disengagement in
G2 upon DNA damage [100], confirming the link between
DNA damage and centriole disengagement.

Another observation that supports the notion of centro-
some amplification being a consequence of the DDR is
the fact that a number of genes involved in centrosome
duplication, maturation or separation, such as Cepl52
or NEK2, are transcriptionally activated following DNA
damage (figure 5) [101]. Deficiency in p53 leads to an
aberrant transcriptional regulation of genes involved in
centrosome duplication [31, 102]. In addition, a fraction
of p53 localizes at the centrosome, indicating potential
functions in centrosome regulation [103].

DNA damage-induced centrosome amplification has
recently been shown to arise from accumulation of centri-
olar satellites [104]. In this study, an elegant strategy using
photoconvertible centrin-2 was used to distinguish between
centrosome fragmentation and centrosome overduplication
as a mode of centrosome amplification upon DNA damage.
In these settings, no centrosome fragmentation could be
observed, but centrosome amplification rather resulted from
de novo centrin-2 assembly. These supernumerary centrin-2
dots were in fact identified as centriolar satellites, based on
the observation that they were mobile and had a changeable
morphology, and more importantly that they stained only
weakly positive for bona fide centrosomal markers such
as +y-tubulin, C-NAP-1, rootletin or SAS-6, but brightly
positive for the centriolar satellite marker PCM1. Appear-
ance of excessive satellites was further shown to allow bona
fide centrosome amplification by promoting the transport of
centrosome constituents.
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Taken together, these observations indicate that centro-
some amplification might arise as a consequence of DNA
damage-activated checkpoints. Given that supernumerary
centrosomes may lead to multipolar mitoses and induce
mitotic catastrophe, DNA damage-induced centrosome
amplification has been suggested to participate in the
passive elimination of cells exhibiting prolonged and unre-
paired DNA damage. However, cell processes have been
described that counteract the above-mentioned mecha-
nisms of DNA damage-induced centrosome amplification.
Cep63 has for instance been shown to be a target of
ATM and to impose a delay in mitotic progression upon
DNA damage [105]. Recently, the centrosomal regulator
TAX1BP2 was also described as a direct substrate of ATM
[106]. Phosphorylation by ATM protects TAX1BP2 from
ubiquitin-dependent proteasomal degradation and thus pos-
sibly enhances its ability to limit centrosome amplification
upon DNA damage.

Since most oncoviruses induce DNA damage as discussed
above, it is most probable that their association with cen-
trosome amplification is at least partly dependent on these
DNA damage-induced mechanisms. Of note, HTLV-1Tax
interacts with both Cep63 and TAX1BP2 (see above), sug-
gesting that oncoviruses may interfere with these molecular
cross-talks between DNA damage and centrosome ampli-
fication. Delineating the direct impact of oncoviruses on
the centrosome duplication cycle versus the indirect impact
following DNA damage thus represents a challenging per-
spective for future work.

Conclusion and perspectives

Taken together, the data discussed in this review highlight
the central role of the centrosome in the maintenance of
genome integrity. While centrosome amplification as well
as interference with the DDR are common features of infec-
tions by oncogenic viruses, how these two aspects of the
loss of genome integrity interact at the centrosome to lead
to cellular transformation remains to be investigated.

In the light of recent advances in the field of centrosome
biology, centrosomal alterations induced by oncoviruses
deserve to be revisited. In particular, structural aberra-
tions in infected cells or in cells expressing selected viral
proteins should be more carefully described, using state-
of-the-art microscopy techniques. Many of the studies
discussed above have indeed only used markers such as
centrin-1 (a marker of centrioles) or y-tubulin (a marker of
the PCM) to track and count centrosomes by microscopy.
However, such a use of individual markers might not be
sufficient to distinguish between several types of struc-
tural aberrations that might affect the centrosome (e.g.
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overduplication, fragmentation, or accumulation of centri-
olar satellites). Combinatorial use of several markers of
centrioles (e.g. mother vs. daughter centrioles, or proxi-
mal vs. distal end of centrioles) and of the PCM, together
with markers of satellites, would allow a much more accu-
rate description of structural aberrations, which in turn
could be indicative of the underlying process targeted by
oncoviruses. Such an in-depth description would also bene-
fit from the recently developed semi-automated microscopy
approaches that allow screening of multiple samples for
centrosome aberrations [107].

In line with this need for revisiting oncovirus-induced
centrosomal aberrations, recent methodological advances
for the analysis of the centrosome structure and compo-
sition have proven profoundly informative and should be
applied to infected cells or cells expressing viral oncopro-
teins. These advances include super-resolution microscopy
[12] as well as innovative proteomic approaches such as
proximity-dependent biotinylation (BiolD) [108]. Adap-
ting these approaches to systematically compare centro-
some aberrations induced by distinct oncoviruses should
allow identifying common targets of oncoviruses, and
thus unravel common themes in viral-induced centroso-
mal dysfunctions. This could be informative as to which
centrosomal factors or mechanisms are vulnerable to viral
interference and hence, contribute to further characterize
key regulatory networks involved in the loss of centrosomal
integrity upon cell transformation.
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