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Abstract: The papillomavirus (PV) E2 proteins have been shown to exert many functions in the viral cycle including
pivotal roles in transcriptional regulation and in viral DNA replication. Besides these historical roles, which rely on
their aptitude to bind to specific DNA sequences, E2 has also been shown to modulate the host cells through direct
protein interactions mainly through its amino terminal transactivation domain. We will describe here some of these
new functions of E2 and their potential implication in the HPV-induced carcinogenesis. More particularly we will focus
on E2-mediated modulation of the host cell cycle and consequences to cell transformation. In all, the HPV E2 proteins
exhibit complex functions independent of transcription that can modulate the host cells in concert with the viral vege-
tative cycle and which could be involved in early carcinogenesis.
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Introduction
E2 is a transcription factor

The function of bovine papillomavirus E2 pro-
tein as a transcriptional activator was first dem-
onstrated in 1985 by B. Spalholz in a seminal
work [1]. This work assigned E2 as the main
activator of the viral transforming proteins E6
and E7, thus playing a critical role in BPV1-
induced carcinogenesis in bovine. Later, it was
shown that indeed, E2 is a DNA binding protein
which can interact specifically with many se-
quences present in the BPV1 genome and more
specifically with the regulatory region of E6/E7
transcription which also contains the origin of
replication [2, 3]. Binding of E2 to DNA palin-
dromic sequences was associated with dimeri-
zation of the protein through a dimeric interface
which was new for transcription factors at that
time. The crystal structure of the DNA binding
domain of BPV1 E2 provided an interesting ex-
ample of a new type of structure formed by a
compact beta-barrel dimer of beta-sheets con-
taining only two small alpha-helices, one of
which being responsible for direct interaction
with the major grove of the DNA [4].

HPV E2 contains a conserved transactivation
domain in its amino-terminal part [5]. Transacti-
vation by E2 could be detected in artificial sys-
tems where E2 binding sites were cloned in en-
hancer position in front of minimal promoters
such as the thymidine kinase (tk) promoter in
CAT reporter plasmids [6]. E2 transactivation
was shown to be cooperative requiring more
than one binding sites to be most efficient and
to occur over large distances [6, 7]. These char-
acteristics of E2 transactivation were shown to
be shared by BPV1 and high and low-risk HPV
E2 proteins [8]. However, while this seemed
appropriate for BPV1 E2 which has been shown
to be a transactivator of BPV1 oncogenic ex-
pression, it was less understandable for the
HPV E2 proteins which are not activators but
repressors of E6/E7 transcription as detailed
below.

E2 is a repressor of E6 and E7 transcription in
the HPV context

At the forefront of human papillomaviruses re-
search, one decisive result has been demon-
stration of the presence of integrated HPV16
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genome in the cellular DNA of cervical carci-
noma cell lines by Elisabeth Schwarz in zur
Hausen’s lab in 1985 [9]. This integrated ge-
nome actively transcribed mRNAs that encode
for the two E6 and E7 proteins thus suggesting
their transforming capabilities. Interestingly, the
integrated viral genome was truncated, contain-
ing the regulatory region and E6 and E7 open
reading frames (ORFs), while the downstream
E1 and or E2 ORFs were usually disrupted. The
regulatory region of the HPV18 genome was
then isolated and sequenced and its role as a
transcriptional control region for transcription of
the E6 and E7 early gene products was first
demonstrated in 1987 [10]. Soon after, the
same group showed that the BPV1 E2 protein
was not an activator for the HPV18 genome but
rather a repressor and that the transcriptional
repression was due to binding of E2 to two E2
binding sites close to the E6/E7 transcriptional
promoter in the HPV18 and HPV16 genomes
[11-13]. Around the same time it became evi-
dent that integration of the viral genome of high
risk HPV16 and 18 usually lead to disruption of
the E1 and E2 ORFs thus allowing unregulated
transcription of E6 and E7 in cervical carcinoma
cells [9, 14, 15]. In the 1990s the genomes of
HPV16 and 18 were shown to immortalize pri-
mary Keratinocytes in vitro [16, 17], results that
were rapidly followed by the discovery that the
E6 and E7 ORFs were necessary and sufficient
for this phenotype, thus establishing them as
bona fide oncogenes [18, 19]. Altogether these
findings thus established E2 as a transcriptional
repressor of the viral oncogenes for the high
risk HPVs.

The role of E2 as a viral tumor suppressor was
then confirmed by its absence in many cell lines
established from cervical cancer and expressing
the viral oncogenes [20]. In addition, re-
introduction of E2 in cervical carcinoma cell
lines was shown to be detrimental to the cell
proliferation and to induce an arrest of the cell
cycle in G1 through repression of the endoge-
nous E6/E7 expression as well as cellular se-
nescence and apoptosis [21-25]. Interestingly
the transcriptional repression by E2 was also
shown to occur through binding of E2 to DNA
sequences that were the same used for viral
DNA replication, thus linking the two phenome-
non and implying that during viral DNA replica-
tion, probably E6 and E7 transcription were re-
pressed, reviewed in [26].

To date, the viral gene(s) activated during the
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vegetative cycle by E2 have not been described
in HPV models and this issue remains unre-
solved. There is however some evidence to ex-
plain the conservation of a transactivation do-
main (TAD) in E2 proteins, relying on their inter-
action with elements of the cellular chromatin
that are involved in various functions (See Table
1). Specifically interaction of the E2 TAD with
BRD4 has been shown to play a role in segrega-
tion of the viral genome between daughter cells
during mitosis [27, 28]. This activity however is
more multifunctional than previously thought
since these interactions of BRD4 with the E2
TAD are also involved in transcriptional activa-
tion and repression as well as in E2 stability [29
-32] as described below and in Table 1.

The historical background presented in this in-
troduction describes E2 proteins as essentially
transcription and replication factors acting
through binding to specific sequences of the
viral regulatory region. These proteins are thus
mainly expressed in the nucleus of infected
cells and are only required for the early stages
of the viral vegetative cycle. However, results
published since the last decade point to a more
complex figure suggesting involvement of E2 in
many different cellular processes that go be-
yond regulation of transcription and replication.
We will describe here some of these new char-
acteristics of E2 and how they lead to the pro-
vocative idea that the viral protein could play a
decisive role in carcinogenic progression in cer-
vical cancer.

The E2 interactome

Using current proteomic tools such as yeast two
-hybrid screening, GST pull-down, Tandem affin-
ity purification (Taptag) mass spectrometry and
immunoprecipitation experiments, novel inter-
actors for PV E2 proteins were identified. We
will describe here the published data regarding
direct interaction of E2 with viral and cellular
proteins. These proteins were usually associ-
ated with known functions of E2 in transcrip-
tion, replication, apoptosis and cell cycle as de-
scribed later (Table 1). Interaction of E2 with
other HPV proteins such as E1, E1"E4 and E7
indicates that it may be acting in cooperation
with other viral proteins and therefore may
share some of their functions. Alternative splic-
ing using part of the E2 ORF or overlapping E4,
such as ES"E2C and E1"E4 indicate even more
complexity in the E2 functions and its relation-
ship with other viral proteins [33, 34]. Analyses
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Table 1. Published cellular proteins interacting with papillomavirus E2 proteins

PV types Interacting proteins with E2 References
HPV proteins
1 BPV1 E1 [67, 68, 69]
2 HPV16 E1"E4 [70]
3 HPV16 E7 [71,72]
Transcription Repression/activation
1 BPV1, HPV16 SMCX, EP400 [31]
2 BPV1 BRD4 [27, 29, 31, 36, 40]
3 HPV16 TopBP1 [55, 57]
4 HPV18 hSNF5 (SWI/SNF component) [61]
5 HPV16 TAF1 [53]
6 BPV1, HPV8 TBP, TFIID and TFIIB [46-48, 128]
7 HPV-11 topoisomerase | [54]
8 HPV18 BRCA1 [51]
9 HPV18 p/CAF [58]
10 HPV18 CBP [130]
11 HPV 18 PARP (poly(ADP-ribose) polymerase 1) [52]
12  HPVS8, BPV1 P300 [50, 59]
13  BPV1, HPV18, HPV8  Spl [131, 132]
14  BPV1 AMF-1/Gps2 [49, 50]
15  BPV1, HPV8, HPV18 hNAP-1 (human nucleosome assembly protein 1) [62]
16  BPV1 BRM [60]
17  HPVi1e6 Mdm2 [133]
RNA processing
1 HPV 5 SR proteins (ASF/SF2, SC35, U1-70K, U5-100kD) [134]
Apoptosis
1 HPV16 c-FLIP [85]
2 HPV16 P53 [87, 135]
3 HPV18 Caspase 8 [84]
Cell cycle/Mitosis
1 HPV18 Cdc20, Cdhl [98]
2 HPV5 PLK [136]
3 BPV1 ChirR1 [137]
E2 Protein degradation
1 BPV1, HPV16 Cullin3 [40]
2 HPV18, HPV16, TAXBP1 [138]
BPV1
3 HPV18 Skp2 [118]
Miscellaneous functions (Yeast Two-Hybrid targets)
1 HPV16 TopBP1, RACK1, POMP, p27 (BBP), ODC antizyme, [56]
and Delta-adaptin.
2 HPV16 BTBD1, BTBD2, CCHCR1, BRD4, TAF1, NR4A1, [139]

TMF1, HOXC9, SF1.

of the E2 interactome may provide insights into
novel functions of E2 and its roles in cervical
cancer. The development of inhibitory mole-
cules to these interactions could lead to new
therapeutic approaches in cervical cancer.

Interaction of E2 with elements of the transcrip-
tion machinery

More than half of the cellular proteins interact-

ing with E2 are reported to modulate its tran-
scriptional activity and belong to the transcrip-
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tion machinery or to the chromatin remodeling
complexes (Table 1). One of the best known of
these chromatin elements is Brd4 that was
identified as a partner for most, if not all, of the
papillomavirus E2 proteins [27, 29, 30, 35, 36].
This binding is mediated through the amino-
terminal transactivation domain (TAD) of E2 and
the carboxy-terminal domain of Brd4 [27].
Dimerization of E2 protein is necessary for Brd4
binding [37]. Two point mutants of the TAD do-
main in HPV16 E2, R37A and I73A, that are
defective in transcriptional activation, have
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been reported to disrupt the binding to Brd4
[32]. In all, E2-Brd4 interaction has been shown
to be implicated in tethering of viral episomes to
cellular chromosomes during mitosis [27], tran-
scriptional activation [38], maintenance of viral
genome in active conformation for transcription
[39], interference with E2 protein degradation
[40, 41] and transcriptional repression [29, 31].

However, roles of HPV E2-Brd4 interaction in
transcriptional repression of HPV LCR still re-
main controversial since two reports using com-
parable systems gave opposite results. Wu et.
al. showed that Brd4 significantly enhanced E2-
mediated repression of the LCR in a dose-
dependent manner depending on the presence
of the E2 amino terminal domain [29]. They
hypothesized that the binding of Brd4 to E2 is
able to displace transcription activators such as
AP1 [29, 42], TBP [43, 44] TFIID and Polll lead-
ing to transcriptional repression. Originally, in
similar experiments, Schweiger et al could not
demonstrate any influence of BRD4 binding to
E2 repression [30]. However, more recently the
same group confirmed the role of E2-Brd4 inter-
action on E2-dependent repression of the HPV
LCR using genome-wide siRNA screen. They
found that the siRNA-mediated knock down of
Brd4 resulted in partial alleviation of repression
of the HPV18 LCR [31]. Taken together, these
studies suggest that indeed, E2-mediated tran-
scriptional repression is Brd4-dependent, as
supported by a recently published work showing
that E2-dependent abrogation of BRD4 interac-
tion with the positive transcription elongation
factor TEFb contributes to E2-dependent repres-
sion of the viral oncogenes [45].

Interactions of E2 with other components of the
transcriptional machinery or of the chromatin
have been less well characterized although they
are usually participating to its transcriptional
activation (Table 1). Among the published inter-
action of the E2 protein are components of the
basal transcriptional machinery such as TFIIB
and TFIID [46-48], coactivators such as AMF-1
[49, 50], BRCA1 [51, 129], PARP1 [52], TAF1
[53] topoisomerase 1 [54], TopBP1 [55-57],
and chromatin remodeling components p/CAF
[58], p300/CBP [59], BRM [60], hSNF5 [61]
and NAP-1 [62]. It has been proposed that E2
represses the HPV LCR by steric hindrance of
the recruitment of TFIID and Spl [43, 44, 63,
64] as well as of coactivators such as SMCX ,
BRD4 and EP400 [31].
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Interaction of E2 with PV proteins

HPV E2 is among the first early proteins ex-
pressed from the HPV genome involved in viral
transcription and replication [65, 66]. E1 and
E2 form a complex with the viral origin of repli-
cation and recruit cellular DNA replication ma-
chinery such as DNA polymerases, replication
protein A (RPA), replication protein C (RPC), to-
poisomerase I/1l and proliferating-cell nuclear
antigen (PCNA) to facilitate viral DNA replication
[65, 67, 68]. Binding of BPV1 TAD domain of E2
to E1 is required for viral DNA replication. Papil-
lomavirus E2 thus interacts with E1 through the
third alpha-helix of its TAD domain [68, 69] con-
trary to its interaction with Brd4 which occurs
across the three alpha-helices [36] as revealed
by co-crystal structures, thus suggesting that
interaction with the two proteins can concur-
rently occur.

Interaction of E2 with other viral proteins in-
clude E1"E4 [70] and E7 [71]. It is reported
that the N-terminal domain of E7 interacts with
the C-terminal domain of E2 in HPV16 [71, 72]
and form different sizes of complexes/
oligomers which could sequester E2, leading to
uncontrolled E7 expression. E2 is reported to be
the first HPV protein interacting directly with
E1”E4 in vitro and in vivo and this leads to the
increased stability of E2 protein. Interaction of
the N-terminus of E2 to E1"E4 is able to re-
localize E2 into the cytoplasm and stabilize it in
the cytoplasmic fraction [70]. The physiological
functions implicated by these interactions still
remain unknown.

New data on expression and localization of HPV
E2 in vivo

What are the physiological levels of expression
of the HPV16 E2 protein, and where is the pro-
tein expressed in HPV lesions?

A crucial path in E2 research retrospectively
appeared to have been the use of recombinant
adenoviruses to express the viral proteins for
the past 10 years. These expression vectors are
extremely versatile and could be used to ex-
press proteins in many different cell lines and at
various levels of expression more sustained in
time than transfection. This proved to be a pow-
erful tool to study this viral protein in vitro, close
to the physiological conditions. It should be re-
called at this stage that there is only one cell
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Figure 1. Detection of HPV16 E2 expression by immunohistochemistry. Expression of E2 is detected as brown stain-
ing by IHC in three different samples: A. HaCaT cells infected by adenovirus at multiplicity of infection (m.o.i.) 200,
expressing the GFP-HPV16 E2 protein compared to HaCaT cells infected by the control adenovirus expressing GFP
only. B. Low grade CIN1 HPV16 lesion and high grade HPV16-associated cancer in situ, as indicated. HPV DNA is
detected by in situ hybridization as a blue uniform nuclear staining of adjacent serial sections indicating episomal
replicating viral DNA in the low grade CIN1 lesion concomitant with E2 expression. In contrast, in CIS, very low E2
expression is correlated with integrated HPV genome identified as brown speckles in the nuclei.

line containing the episomal viral DNA and ex-
pressing E2 together with E6 and E7, estab-
lished from a low grade HPV16-associated le-
sion [73]. All other cell lines, either established
in vitro with the viral genome, or grown from
cervical cancers, do not express E2. In addition,
no detection of the HPV E2 protein has ever
been reported in the in vitro keratinocytes raft
cultures expressing HPV16 or HPV18. Conse-
quently and for almost two decades, it was diffi-
cult to guess what physiological levels of E2
could be and how the viral protein was ex-
pressed in the HPV context. Detection of HPV16
E2 by immunohistochemistry in clinical samples
was first reported by Maitland’s group in 1998
and 2000 to be mostly in the intermediate lay-
ers of low grade HPV16-associated CIN lesions
where the viral DNA replicates [74, 75]. Then,
an extensive study of E2 expression with a
newly produced rabbit polyclonal antiserum
raised against the carboxy-terminal domain of
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the HPV16 E2 protein, in several low and high
grades lesions associated with HPV16, was pub-
lished [76]. According to this work, E2 happens
to be expressed at relatively high levels espe-
cially in differentiated cells of the intermediate
layers of CIN lesions, while its expression is de-
creased with progression of the lesions to be
totally absent in most of the cancers in situ (CIS)
(Figure 1). In addition, and in accordance with
its role as repressor of the viral oncogenes, its
expression is usually inversely correlated with
expression of E7, as detected by its surrogate
marker p16 NK4 [76].

One surprising result here was that E2 ap-
peared highly expressed in differentiated cells
expressing keratin 13 for instance, but not in
the proliferative cells expressing p63 or ki67. In
addition, expression of E2 was both nuclear and
cytoplasmic as expected from previous data
obtained in tissue cultures in vitro [77]. These
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Figure 2. Schematic representation of the comparative structures of normal vs infected cervical epithelium. A. Repre-
sentation of a normal epithelium with the nuclei in blue and the different layers of differentiation indicated on the
right. B. Representation of an HPV infected epithelium or low grade HPV infected lesion with the different types of

cells described on the left and expression of the viral proteins and viral DNA replication along with the tissue differen-
tiation, depicted on the right.
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virus infected HaCaT cell and in CIN1. A sum-

mary of HPV proteins expression in HPV infected One of the first example of degradation of pro-
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Figure 3. Schematic representation of the structure and functions of E2 involved in cell cycle and apoptosis. The
three domains of E2 are represented as DNA Binding Domain (DBD) at the carboxy-terminus, the flexible hinge in the
middle and the Transactivation Domain (TAD) at the amino-terminal part of the protein. The DBD contains an NLS and
is therefore localized in the nuclei while the TAD contains an NES and is localized in the cytoplasm. DNA binding of E2
to the promoter sequences is required for transcriptional repression of E6 and E7 while interactions of cellular factors
occur mainly with the TAD alone and are responsible for cell cycle modulation and apoptosis except for p53 interact-

ing with the DBD.

teins by the proteasome through their interac-
tion with a specific ubiquin ligase was provided
by the discovery of the E6-dependent degrada-
tion of p53 through the EGAP ubiquitin ligase in
cervical cancer by Martin Scheffner in 1990
[78]. Since then, degradation of regulatory pro-
teins and more specifically of transcription fac-
tors has been documented in many systems
leading to the idea that proteasomal degrada-
tion is one of the major ways of regulating gene
expression in the cell. It was therefore not to-
tally unexpected to discover that E2 proteins
from the bovine papillomavirus [79], and from
HPV [77, 80] are highly unstable and are de-
graded through the proteasome. The experi-
ments aiming at understanding the regulation of
E2 stability led to an unexpected finding that
the E2 proteins from high-risk HPV16 and
HPV18 are both nuclear and cytoplasmic and
that, when cytoplasmic, they are expressed as
heterogenous speckles. Interestingly no appar-
ent cytoplasmic expression of the E2 proteins
from low-risk HPV6 and HPV11l was demon-
strated in comparable experimental conditions
[77]. These differences in behavior could be
linked to the number of NLS sequences present
in the E2 proteins and to an NES sequence lying
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in the TAD amino terminal domain of E2, over-
lapping almost exactly with the second alpha-
helix of the TAD domain (Figure 3). We also
could link this same sequence with stability of
the protein and could show that it was required
for efficient E2 degradation although, since the
E2 protein deleted of this sequence is mainly
nuclear, it is possible that E2 stability is also
dependent on its subcellular localization.

E2 and apoptosis
Induction of apoptosis by E2 in vitro

Induction of apoptosis is another property of E2,
together with E6/E7 repression, which could
contribute to its classification as a viral anti-
oncogene. Although the mechanism is contro-
versial, the apoptotic induction is well docu-
mented in cells over expressing E2. The first
suggestion of a direct induction of apoptosis by
E2, independent of E6 and E7, was obtained in
1997 by two independent articles. Frattini et al.
demonstrated cell death in human foreskin
keratinocytes infected by an adenovirus ex-
pressing HPV31 E2 [81] while Desaintes et al.
showed induction of apoptosis in Hela cells
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with the full-length E2 protein but not with a
protein deleted of its transactivation domain
[25]. As both proteins can repress EG/E7 tran-
scription, this indicated that apoptosis does not
occur trough repression of the viral oncogenes
[25]. This was confirmed by induction of apop-
tosis in HPV negative cells in 2000 by Webster
et al. using HPV16 E2 [82]. They could demon-
strate that cell death necessitates functional E2
amino-terminal domain confirming previous
results. The involvement of the E2 amino-
terminal domain in apoptosis was definitely es-
tablished in 2003 by Demeret et al. who
showed that expression of the amino-terminal
domain alone was sufficient to induce apoptosis
and furthermore that this occurred independ-
ently of transcriptional activity [83]. Interest-
ingly, this E2-induced apoptosis involves activa-
tion of caspase 8 through the extrinsic pathway,
although the mechanism remained unclear at
that time [77, 83]. In 2008, Thierry et al. could
show a direct interaction of caspase 8 with
HPV18 E2, leading to further activation of the
caspase, independently of the adaptor proteins
involved in the classical extrinsic pathway of
apoptosis (FAS-dependent pathway) [84]. In-
volvement of caspase 8 in E2-induced apop-
tosis was also demonstrated for HPV16 where
E2 induces apoptosis through direct interaction
with c-FLIP, abrogating its inhibitory function
[85]. Since c-FLIP and caspase 8 are known to
interact with each other, see [86] for review, it is
possible that the high risk HPV E2 proteins form
a tripartite complex involving c-FLIP and cas-
pase 8, where c-FLIP would be inhibited and
caspase 8 activated, leading to induction of
apoptosis in vitro. This apoptosis seems specific
of E2 from high-risk HPV genotypes since the
low-risk HPV6 and HPV11 E2 proteins do not
induce cell death in comparable experiments
[77]. This specificity was further confirmed by
Parish et al., who found induction of apoptosis
in transiently transfected Hela cells by high risk
E2 proteins only [87].

Role of p53 in E2-induced apoptosis

As described above, E2 has been shown to in-
duce apoptosis through activation of the extrin-
sic pathway and caspase 8, thus not involving
p53 which mostly acts through the intrinsic
pathway and activation of caspase 9. However,
the role of p53 in E2-induced apoptosis is con-
troversial. In 1999, Desaintes et al. published
that E2-induced apoptosis is independent of
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p53 in transfected Hela cells and that the sta-
bilization of p53, due to E2 repression of E6
transcription, induces a cell cycle growth arrest
in G1 but not apoptosis [88]. Later on, the same
group found that, indeed E2 induces apoptosis
in cells that do not express p53 and that this
induction is only dependent on the transactiva-
tion domain of E2 [83]. Moreover the same
group hypothesized that the specific induction
of apoptosis by high-risk E2 proteins was not
due to intrinsic effectors’ properties, but rather
correlates with their subcellular localization in
the cytoplasm [77]. In contrast, Gaston’s group
claimed that the ability of high-risk HPV E2 pro-
teins to induce apoptosis is due to their interac-
tion with p53 through their carboxy-terminal
domain. To sustain this hypothesis, they could
show that high-risk E2 mutants, as well as low-
risk HPV-E2 proteins, which were not able to
bind p53, were both unable to induce cell death
[87]. However, if E2-induced apoptosis were
only p53-dependent, the amino-terminal do-
main of E2 alone should not be able to induce
apoptosis while the carboxy-terminal domain
could do it, which is in strong contradiction with
other published data [83]. One way to reconcile
these data is to hypothesize that there could be
2 independent mechanisms of E2-induced cell
death. One p53-dependent would necessitate
the binding of p53 to the C-terminal part of E2,
and would occur in p53-positive cells only, while
the other one (p53-independent but caspase-8
dependent) would be mediated by the E2 amino
-terminal domain in both p53-positive and nega-
tive cell lines (Figure 3). In summary, E2 seems
to be able to induce apoptosis in many cell lines
(HPV-positive or negative), through p53-
dependent and independent mechanisms in-
cluding direct interaction with members of the
extrinsic pathway of apoptosis leading to cas-
pase 8 activation (Figure 3). As for the physio-
logical relevance of this apoptosis in vivo, one
can only speculate that E2 would help releasing
the newly formed viral particles by killing pro-
ductive cells.

An alternative role for caspase 8 activation

There is however an alternative hypothesis for
E2-induced caspase 8 activation in vivo coming
from recently published data that describe a
crucial role of this caspase, independent of
apoptosis, in skin differentiation. It is therefore
possible that activation of caspase 8 by E2
could play a role in keratinocyte differentiation
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rather than in cell death in vivo. The prominent
role of caspase 8 in skin homeostasis was re-
cently described in mouse models where cas-
pase 8 deficiency gave rise to a chronic inflam-
matory disease associated with hyper prolifera-
tive state of the epidermis [89]. According to
these authors, the main driver of this phenotype
is paracrine signaling through induction of IL-1a.
However, another work describes the same phe-
notype in caspase 8 deficient epidermis but
with a different underlying mechanism. These
authors present evidence that the IFN regula-
tory pathway is constitutively activated in cas-
pase 8-deficient epidermis, thus leading to in-
creased inflammation as a result of constitutive
activation of the response to foreign nucleic
acids [90]. Interestingly however, in both cases,
caspase 8 disruption induces thickening of the
skin with no modulation of the terminal differen-
tiation as observed in HPV benign lesions. In an
independent set of data, caspase 8 has been
shown to be involved in tumor cell motility and
metastasis ([91] and references therein). To-
gether with the fact that E2 is expressed in the
intermediate differentiated layers of the HPV
infected lesions, we can speculate that modula-
tion of caspase 8 by E2 in vivo might play a role
in the formation of wart, although with unknown
underlying mechanisms.

E2 interaction with cell cycle checkpoints
E2, G1/S transition and re-replication

The best characterized effect of E2 on the cell
cycle has been the G1 growth arrest induced by
its reintroduction in HPV-positive cells [21, 23-
25]. This was due to repression of endogenous
E6/E7 transcription and reactivation of the p53
and pRB pathways through binding of E2 to the
E6/E7 promoter sequences and was therefore
not an intrinsic function of the E2 proteins [13,
21, 23-25, 92, 93].

In contrast, a direct role of E2 in regulating the
cell cycle, independently of E6 and E7, was first
described by Frattini et al., who showed that
HPV31 E2 could enhance cellular DNA replica-
tion, which the authors attributed to abrogation
of a mitotic checkpoint [81]. At that time, very
little was known about the regulation of the mi-
totic checkpoint (today known as the SAC, Spin-
dle Assembly Checkpoint), and these results
could therefore be reinterpreted in light of more
recent data. The authors showed a massive S
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phase-block induced by E2, followed by cellular
DNA re-replication characterized by appearance
of an aneuploid population of cells with >4N
DNA content. They correlated this with a de-
creased p53 level which was detected in E2-
expressing cells compared to controls. Since at
that time p53 was thought to be involved in the
mitotic checkpoint induced in response to
microtubules drugs like nocodazole [94, 95],
the authors concluded from their data that E2
abrogated a p53-dependent mitotic checkpoint,
thus allowing re-replication. However, we know
now that p53 is not involved in the SAC, but in
the post-mitotic checkpoint preventing replica-
tion of 4N G1 cells. Therefore these authors
probably detected abrogation of the post-mitotic
checkpoint after E2 expression due to decrease
of pb53. However, even though loss of p53 is
known to lead to re-replication, this is not suffi-
cient since re-replication occurs in p53-negative
cells only if they have previously been treated by
microtubules inhibitors to activate the SAC [96].
This means that in these experiments E2 should
somehow have been able to mimic the effect of
prior microtubules drugs treatment. This conclu-
sion implies: first, that E2 is able to activate the
SAC, and second that E2 can induce polyploidy.

E2 is a modulator of mitosis

If E2 can activate the SAC, it implies that it
should be able to block the cell cycle in G2/M.
Although Frattini et al. mentioned a G2/M arrest
induced by HPV31 E2 prior re-replication [81],
they did not elaborate on this data. Two years
later in 1999, Fournier et al. described a delay
in the onset of anaphase as well as a block in
G2/M, correlated with a delay in activation of
the cdc2 kinase (homolog of the human Cdk1),
in the yeast S. pombe expressing HPV16 E2
[97]. These authors did not find any re-
replication associated with this arrest, probably
due to regulatory differences between yeast and
mammals. More recently, Bellanger et al. de-
scribed a massive G2/M arrest induced by both
HPV16 and HPV18 E2 proteins in HPV-negative
cells [98]. Analyzing this phenotype, they could
show that these cells were delayed in prophase
and arrested in metaphase characterized by
elevated levels of cyclin B/Cdk1 activity and
extensive histone H3 phosphorylation. A small
percentage of cells would either encounter
“mitotic slippage” giving rise to only one daugh-
ter cell, or complete mitosis with abnormal cyto-
kinesis giving rise to more than 2 sister cells.
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The mitotic arrest is dependent on interaction of
E2 with Cdc20 and/or Cdhl, 2 subunits of the
Anaphase Promoting Complex/Cyclosome (APC/
C), the ubiquitin-ligase responsible for meta-
phase-to-anaphase transition. Since this arrest
is associated with stabilization of cyclin B, a well
-known APC/C substrate, the authors raised the
hypothesis that E2 could inhibit the APC/C
through interaction with Cdc20 and/or Cdhi,
leading to stabilization of its substrates, meta-
phase arrest and mitotic abnormalities. At that
time the SAC was not well characterized while it
is now established that inhibition of APC/C in
metaphase is achieved through activation of the
SAC (which leads to inactivation of Cdc20
through interaction with BubR1 and Mad2), so
that the cells do not undergo anaphase before
complete attachment of the kinetochores to the
metaphasic plate [99-102]. In light of these
more recent concepts, and combining Bellanger
et al. and Frattini et al. results, we now can
raise the hypothesis that E2 could inactivate
APC/C through activation of the SAC, leading to
metaphasic arrest and “mitotic slippage” fol-
lowed by re-replication. This hypothesis would
create an exciting link between the recent litera-
ture and the E2-mediated mitotic phenotypes.

Potential role of abnormal mitoses induced by
E2 in HPV-associated carcinogenesis

Over the past few years, mitosis has emerged
has a potential crucial event in the initiation of
carcinogenesis. Indeed, abnormal mitoses, es-
pecially abnormal chromosome segregation
after anaphase, leads to aneuploidy or DNA
breaks as demonstrated in many in vivo and in
vitro models. This seems to be mainly due to
malfunction of the SAC, either through inhibition
or over-activation. For example over-expression
of Mad2, a main component of the SAC, induces
hyper-activation of the SAC, leading to mitotic
slippage followed by accumulation of abnormal
mitoses, thereby promoting tumorigenesis in
mice [103]. Moreover, members of the SAC,
such as BubR1, are overexpressed in many can-
cers [104-108], including HPV-associated can-
cers [109], pointing out to a critical role of mis-
regulation of this checkpoint in carcinogenesis.

Another interesting result was that only E2 pro-
teins from high-risk HPVs could induce abnor-
mal mitotic phenotypes in contrast to the E2
proteins from the low-risk HPV11 and 6 which
were inactive [98]. This could obviously be cor-
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related with a potential role of high-risk E2 pro-
teins in HPV-induced carcinogenesis. This idea
was recently sustained by in vivo data showing
that the high-risk skin type HPV8 E2 protein
alone, in the absence of other viral proteins,
exhibits transforming abilities since it is suffi-
cient to induce skin tumors in mice [110],
whereas the low-risk HPV11 E2 does not [111].
E2 has been shown to associate with mitotic
cellular chromatin, presumably to help partition-
ing the viral genomes between the sister cells in
mitosis [27, 28, 112-116]. However, it has been
postulated that this association of E2 to the
cellular chromatin could also interfere with kine-
tochores functions (which are known to be the
primarily place of SAC activation) and lead to
mitotic abnormalities, since HPV8 E2 transgenic
mice exhibit mitotic abnormalities and nuclear
atypia [117]. High risk E2-induced polyploidy
through generation of abnormal mitoses could
therefore be an important step in HPV-induced
carcinogenesis, a provocative hypothesis that is
yet to be demonstrated.

E2 induces over expression of Skp2, a main
regulator of the GO-G1/S transition

The stabilization of APC/C substrates by E2 im-
pacts on the global quantity of these proteins in
E2-expressing cells. Consequently stabilization
of cyclin B [98], Aurora kinases (unpublished
data), and Skp2 [118], which is a component of
the SCFske2 ybiquitin-ligase involved in the GO-
G1/S transition, were described in E2-
expressing cells. Skp2 is an APC/C substrate in
early and mid-G1 which is stabilized in late G1
following inactivation of APC/C [119, 120]. This
stabilization of Skp2 activates the SCFskr2, the
ubiquitin-ligase which targets p21 and p27 for
degradation, and enhances the GO-G1/S transi-
tion [121, 122]. Many cancers have been
shown to express high levels of Skp2, which is
now considered as an oncogene as its overex-
pression accelerates proliferation through acti-
vation of the G1/S transition [123, 124]. As an
APC/C substrate, Skp2 was found to be stabi-
lized by E2 [118]. Moreover, we could show that
E2 itself is a substrate of the SCFSkr2 ubiquitin-
ligase and is consequently degraded in late G1
and early S phase of the cell cycle [118]. Unlike
degradation of E2 by Cullin 3, which can be in-
hibited by the chromatin component Brd4 [40,
41, 125], the Skp2-dependent degradation of
E2 is not sensitive to interaction with Brd4. Alto-
gether, these results imply that stabilization of
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Skp2 by E2 could accelerate the G1/S transi-
tion, but also, through a feedback mechanism,
could lead to E2 degradation in S phase, allow-
ing deregulated E6 and E7 expression. Although
this hypothesis has not formally been demon-
strated, these data altogether point out to an
involvement of E2 in early stages of carcino-
genesis progression.

Conclusion

The high-risk HPV-E2 proteins are replication
and transcription factors negatively regulating
EG/E7 transcription while activating viral repli-
cation through binding to the same sites in the
viral regulatory region reviewed in [26, 66, 126].
More recently, the E2 proteins of high risk HPVs
have been shown to exhibit additional intrinsic
properties that could participate in cell transfor-
mation. These new oncogenic properties rely on
their ability to induce abnormal mitoses, leading
to either loss or excess of DNA, together with
DNA breaks during anaphase. They could also
be due to stabilization of oncogenes like Skp2,
leading to acceleration of the G1/S transition.
However, expression of E2 alone may not be
sufficient for transformation since E2 express-
ing mice develop tumors more efficiently after
irradiation, meaning that mutations of other
pathway(s) are necessary [110]. Moreover E2 is
absent from most human cervical carcinomas,
meaning that its presence is not required for
maintenance of carcinogenesis. However, it
should be noted that E2 has been shown to be
able to create chromosomal instability by induc-
ing, together with E1, DNA replication of the
integrated viral genome and formation of unsta-
ble regions of the chromosome containing onion
skin structures [127]. E2 has been shown to
bind to the viral episomes but, as described
above, it also binds to the cellular chromatin
[126]. One intriguing possibility is that binding
of E2 to both viral and cellular DNA during the
HPV vegetative cycle, could bring them close to
each other and, through DNA breaks induced by
E2 in mitosis, could then facilitate integration of
the viral DNA into the cellular genome. As dem-
onstrated before, integration then establishes
conditions of cell transformation by enhance-
ment of E6/E7 expression. This hypothesis also
provides an explanation of why the low-risk
HPVs DNA never integrates into the cellular
chromatin. Indeed, low risk E2 proteins do not
induce chromosomal instability and DNA breaks
although they are able to bind both viral and
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cellular DNA. In summary, for high-risk HPVs,
the E2 protein could be the actor of an hit-and-
run mechanism, where its primarily expression
would allow chromosomal instability followed by
integration of the viral genome which has been
documented as one of the major step leading to
HPV-induced transformation.
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