
REVIEW PAPER

Human Papilloma Virus (HPV) and Host
Cellular Interactions

Ioannis N. Mammas & George Sourvinos &

Athena Giannoudis & Demetrios A. Spandidos

Received: 5 February 2008 /Accepted: 17 April 2008 / Published online: 21 May 2008
# Arányi Lajos Foundation 2008

Abstract Viral-induced carcinogenesis has been attributed
to the ability of viral oncoproteins to target and interact
with the host cellular proteins. It is generally accepted that
Human papilloma virus (HPV) E6 and E7 function as the
dominant oncoproteins of ‘high-risk’ HPVs by altering the
function of critical cellular proteins. Initially it was shown
that HPV E6 enhances the degradation of p53, while HPV
E7 inactivates the function of the retinoblastoma tumor
suppressor protein Rb. However, recent studies during the
last decade have identified a number of additional host
cellular targets of both HPV E6 and E7 that may also play
an important role in malignant cellular transformation. In
this review we present the interactions of HPV E6 and E7
with the host cellular target proteins. We also present the
role of DNA integration in the malignant transformation of
the epithelial cell.
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Abbreviations
HPV human papilloma virus
Rb retinoblastoma protein
E6-AP E6-associated protein
E6-BP E6-binding protein
hDlg human Drosophila discs large protein

hScrib human Scribble tumor suppressor protein
MAGI membrane-associated guanylate kinases
IRF-1 and -3 interferon regulatory factor 1 and 3
MMP-7 multicopy maintenance protein 7
hTERT human telomerase reverse transcriptase
hE6TP1 human E6-targeted protein 1
Gps2 G-protein pathway suppressor 2
IFNAR1 interferon-alpha receptor 1
MUPP1 multi-PDZ-domain protein 1
CDK cyclin-dependent kinases
TBP TATA box-binding protein
CKI and II casein kinase I and II
S4 subunit 4
M2-PK M2 pyruvate kinase
ISGF3 interferon-stimulated gene factor 3
IFN interferon

Introduction

The ability of viral oncoproteins to induce single-step
cellular transformation has provided an excellent paradigm
to delineate the various biochemical pathways that control
normal cell growth and differentiation. Indeed, recent
studies have provided ample evidence that viral oncopro-
teins target cellular pathways whose aberrations are also
critical in the development of human cancer [1, 2]. The
ability of E6 and E7 oncoproteins of ‘high-risk’ HPVs to
efficiently immortalize human epithelial cells has led to
considerable interest in identifying their cellular targets.
‘High-risk’ HPVs, such as HPV 16 and HPV 18 have been
strongly implicated in the pathogenesis of cervical cancer, a
leading cause of death due to cancer among women
worldwide [1–3]. ‘Low-risk’ HPVs have been associated
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with benign warts of oral and urogenital epithelium in
adults as well as in children and they are only rarely found
in malignant tumours. Different HPV types vary in tissue
distribution, oncogenic potential and association with
anatomically and histologically distinct diseases.

The functions of the viral oncogenes E6 and E7 are
essential for carcinogenesis and for support of the viral life
cycle by interacting with a number of cellular proteins.
Expression of the E6 and E7 proteins, as a consequence of
viral integration is paramount to the establishment and
maintenance of the tumorigenic state. In addition, expres-
sion of E6 and E7 increases genomic instability of the host
cell thus accelerating malignant progression [4]. E6 and E7
target important cellular growth regulatory circuits among
them the p53 and retinoblastoma tumor suppressor protein
Rb, respectively. Comparisons between the E6 and E7
proteins of ‘high-risk’ and ‘low-risk’ HPVs have indicated
functional distinctions based on differential affinities for
cellular target proteins. HPV E6 has been shown to interact
with and enhance the degradation of p53, which plays an
important role in cell cycle control and apoptosis in
response to DNA damage, while HPV E7 disables the
function of the retinoblastoma tumor suppressor protein Rb.

However, during the last decade, it has been well
demonstrated that both HPV E6 and E7 interact with host
cell targeting a plethora of key host cellular proteins that are
involved in apoptosis and malignant cellular transforma-
tion. In this review we present the interactions of HPV E6
and E7 with the host cellular target proteins. We also
present the role of DNA integration in the malignant
transformation of the epithelial cell. Integration of the
HPV genome into a host cell chromosome is frequently a
prequel to malignant progression and results in the
consistent but deregulated expression of the HPV E6 and
E7 oncoproteins. However, little information is currently
available concerning changes in host cellular proteins that
are associated with integration of HPV.

HPV E6 Interactions

HPV E6 protein has been shown to have multiple properties
and interacts with a plethora of cellular proteins. These
include (a) E6-AP, (b) E6-BP, a calcium-binding protein
that may play a role in epithelial differentiation, (c) Bak, a
regulator of the apoptosis pathway, (d) the focal adhesion
protein paxillin, (e) the human homologue of the Drosophila
DPZ domain containing proteins hDlg and hScrib (f) the
membrane-associated guanylate kinase homologues MAGI-
1, -2 and -3, (g) IRF-3, a transcriptional activator possibly
involved in antiviral cellular responses, (h) MMP-7, (i) the
transcriptional coactivator CBP/p300, (j) telomerase, (k) the
Rap GTPase-activating protein homologue E6TP1, (l) PKN

a Rho-regulated serine threonine kinase, (m) Gps2 and (n)
c-myc.

P53 and E6-AP (associated protein) HPV 16 E6 down-
regulates p53 activity by promoting its degradation through
the ubiquitin-dependent proteolytic pathway followed by
proteasome-mediated degradation [5–8]. HPV E6 binds to
E6-associated protein E6-AP, a cellular protein of 100 kd
that acts as a ubiquitin ligase. The E6-E6–AP complex
specifically interacts with p53, resulting in the rapid
ubiquitin-dependent degradation of p53 [9]. The ability to
form an E6–E6AP–p53 complex appears to be limited to
high-risk E6 proteins [5]. The ‘high-risk’ HPV E6 proteins
bind to E6AP within its amino-terminal substrate recogni-
tion domain, and formation of a stable E6–E6AP complex
precedes association with p53 [5, 6]. HPV16 E6 degrada-
tion has been correlated to cellular immortalization [10].
However, it has been demonstrated that E6-induced
immortalization can proceed in the absence of p53
inactivation indicating that targets other than may play a
critical role in the E6-induced cellular transformation [11,
12].

E6-BP (binding protein) or ERC-55 E6-BP interacts with
‘high-risk’ HPV E6 and with bovine papillomavirus type 1
(BPV-1) E6 [13]. The transforming activity of BPV-1 E6
mutants have been correlated with their E6-BP-binding
ability. E6-BP is identical to a putative calcium-binding
protein, ERC-55, that appears to be localized in the
endoplasmic reticulum and may play a role in epithelial
differentiation. However, into primary human keratino-
cytes, it seems that there is no absolute correlation between
the ability of E6 mutant proteins to bind E6BP indicating
additional cellular targets for E6 which mediate this
alteration in cellular differentiation [14].

Bak E6 proteins of HPV 18, HPV 16 and HPV 11 can all
bind in vitro to the Bak protein and stimulate its
degradation in vivo, reducing Bak-induced apoptosis [15,
16]. The non-oncogenic HPV 11 E6 is less effective than
the oncogenic E6 proteins, indicating that the ability of
HPV to circumvent the apoptosis induced by Bak may
contribute to the oncogenic potential of the virus [16]. It has
been suggested that E6-induced degradation of Bak occurs
thought its interaction with E6 AP [15]. Bak is a pro-
apoptotic member of the Bcl-2 family, a group of proteins
involved at a critical point in the control of apoptosis [17,
18]. The interaction between E6 and Bak indicates that
HPV inhibit apoptosis in both a p53-dependent and p53-
independent manner involving the degradation of Bak.

Paxillin Paxillin is a multi-domain protein that localizes to
sites of cell adhesion to extracellular matrix, called focal
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adhesions [19]. Focal adhesions form a structural link
between the extracellular matrix and the actin cytoskeleton
and are important sites of signal transduction. Paxillin has
been shown to bind to β-integrin, oncoproteins such as v-
Src, v-Crk, p210BCR/ABL, p125FAK, vinculin, and talin and
is involved in effecting changes in the organization of the
actin cytoskeleton. HPV E6 interacts with paxillin [20, 21].
In vitro experiments have shown that paxillin binds to the
E6 proteins of ‘high-risk’ HPV 16 but not of the ‘low-risk’
types 6 and 11 indicating a correlation between the ability
of E6 to complex with paxillin and its transformation
function [20]. E6 binds paxillin through small protein
interaction motifs called LD motifs that have been
identified as important in regulating association of paxillin
with vinculin and focal adhesion kinase [21]. The LD
motifs of paxillin that bind BE6 share homology with the
E6 binding site of E6-AP. Paxillin binding to E6 excludes
simultaneous binding to E6-AP. E6 binding to paxillin has
been implicated in the disruption of the actin cytoskeleton,

which is critical for many aspects of cell function.
Disruption of the actin cytoskeleton is also a characteristic
of many transformed cells.

hDlg and hScrib ‘High risk’ HPV E6 interacts and induces
the degradation of the human homologues of two Drosophila
PDZ domain-containing proteins, hDlg and hScrib [7, 8, 22–
25]. hDlg, the human homologue of the Drosophila discs
large protein, is a tumor-suppressor protein in Drosophila
and hScrib is the human homologue of the Drosophila
Scribble tumor suppressor protein. Both hDlg and hScrib
contain PDZ domains that have subsequently been identi-
fied in a diverse set of proteins that are typically associated
with cell junctions. E6 binds to the second PDZ domain of
the hDLG through their C-terminal XS/TXV/L motif [22].
E6 mutants losing the ability to bind to hDLG are no longer
able to induce E6-dependent transformation of rodent cells.
hScrib is also targeted for ubiquitination by the E6–E6AP
complex in vitro and that in vivo expression of E6 induces
degradation of hScrib [24]. Characterization of the E6AP–
E6–hScrib complex has indicated that hScrib binds directly
to E6 and that this binding is mediated by the PDZ domains
of hScrib and a carboxyl-terminal epitope conserved among
the high-risk HPV E6 proteins. The fact that Scrib and Dlg
appear to cooperate in a pathway that controls Drosophila
epithelial cell growth suggests that the combined targeting
of hScrib and hDlg is an important component of the
biologic activity of high-risk HPV E6 proteins.

MAGI-1, -2 and -3 ‘High-risk’ HPV E6 proteins bind to the
MAGI-1 protein as well as the related MAGI-2 and MAGI-
3 proteins for degradation [26–28]. This interaction results
in the degradation of the targeted MAGI proteins. MAGI-1,
MAGI-2 and MAGI-3 proteins are membrane-associated

guanylate kinase homologues (MAGUKs) that contain a
number of protein interaction domains, allowing them to act
as molecular scaffolds in the formation of multimolecular
complexes including several PDZ domains. These proteins
are found particularly at areas of cell–cell contact, such as
synaptic junctions in neurons and at the tight junctions in
epithelial cells and are thought to act in signalling path-
ways. The PDZ1 domain of MAGI-1 and -3 is the specific
site bound by the oncogenic HPV E6 [27–29]. It has also
been demonstrated that co-expression of this domain can
protect each of the full-length MAGI proteins from E6-
mediated degradation. HPV-18 E6 binds more strongly to,
and induces degradation of MAGI-1, -2 and -3 more
efficiently than HPV-16 E6 both in vitro and in vivo [26,
29]. This is caused by HPV-18 E6 having a perfect PDZ-
binding motif, while that of HPV-16 is suboptimal.

IRF-3 HPV 16 E6 binds to interferon regulatory factor 3
(IRF-3), a component of the virus-activated transcription
factor complex [30, 31]. IRF-3 is activated by the presence
of double-stranded RNA or by virus infection to form a
stable complex with other transcriptional regulators that
bind to the regulatory elements of the IFN beta promoter.
The interaction of E6 with IRF-3 can inhibit IRF-3’s
activity as a potent transcriptional activator. The binding
of HPV16 E6 to IRF-3 does not result in its ubiquitination
or degradation.

MMP 7 The multicopy maintenance protein 7, MMP 7, is a
subunit of the replication licensing factor M [32]. MMP 7
has been identified as a substrate of the E3-ubiquitin ligase/
E6-AP by its interaction with human papillomavirus-18E6
[32]. MMP 7 is ubiquitinated in vivo in both an E6-AP-
dependent and -independent manner.

CBP/p300 It has been demonstrated that HPV-16 E6
interacts with the transcriptional coactivator CBP/p300
[33]. E6 targets CBP/p300 in an interaction involving the
C-terminal zinc finger of E6 and CBP residues 1808 to
1826. Through the interaction with specific transcription
factors, CBP/p300 regulates a variety of signal-modulated
events, activates p53-dependent transcription and plays an
important role in the inhibition of cell cycle progression and
cellular differentiation [34–37]. The interaction between E6
and CBP/p300 is limited to E6 proteins of high-risk HPVs
suggesting that CBP/p300 is an important target for the
transformation process [33]. The ability to bind to CBP/
p300 correlates with the down-regulation of p53 transcrip-
tional activity in a manner similar to that of the Ad E1A
protein. Recently, it has been demonstrated that E7 also
interacts with CBP/p300 by direct binding between E7 and
p300 and may contribute to the regulation of E2 transcrip-
tional activity [38].
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Telomerase Telomerase has been demonstrated to be a
target of HPV E6 and this interaction stimulates telomerase
activity [11, 39–41]. E6 mutants that increase the telomer-
ase activity are able to induce cellular immortalization,
whereas E6 mutants that do not induce telomerase activity
were defective in immortalization. Notably, it has been
shown that certain immortalization-competent E6 mutants
that do not target p53 for degradation were capable of
increasing telomerase activity. Constitutive activation of the
telomerase is a key step in the cellular malignant transfor-
mation and the development of human cancer. Telomerase
enzyme is responsible for replicating telomeres, the DNA
elements located at the ends of chromosomes [42, 43].
Telomerase is composed of an RNA subunit, which acts as
a template for replication, and the catalytic subunit hTERT,
which functions as a reverse transcriptase. Telomerase
activity has been found to be low in most of the normal
tissues in vivo but is known to be elevated during
tumorigenesis. However, there is no direct evidence that
E6-induced telomerase activity is responsible for E6-
induced immortalization. In human keratinocytes, E6
oncoprotein regulates hTERT transcription [41]. Induction
of both hTERT expression and telomerase activity by HPV-
16 E6 has been associated with acetylation of histone H3 at
the hTERT promoter and is dependent on the E6-AP as
well as E-box or X-box elements in the hTERT promoter
[40].

E6TP1 E6TP1, E6-targeted protein 1, is a Rap GTPase-
activating protein homologue [44]. E6TP1 acts as a
negative regulator of the mitogenic signaling pathways
mediated by Rap family proteins. Rap are Ras-like small G
proteins involved in regulating cell proliferation and
malignant cellular transformation [45]. HPV E6 binds
directly to E6TP1 and this results in its degradation both
in vitro and in vivo [45–48]. E6 targets E6TP1 for
ubiquitination through E6AP and subsequent degradation
by the proteasome pathway [49]. It has been demonstrated
that E6TP1 degradation is strongly related to cellular
immortalization suggesting a critical role of functional
inactivation of E6TP1 in E6-induced cellular immortaliza-
tion [45]. The interaction with E6TP1 has been observed
with cancer-associated high-risk HPV E6 protein but not
with benign lesion-associated low-risk HPV E6 protein.

PKN (a Rho-regulated serine threonine kinase) PKN is a
fatty acid- and Rho small G protein-activated serine/
threonine kinase with a catalytic domain homologous to
that of the protein kinase C [50]. A small GTP-binding
protein Rho binds to the amino-terminal region of PKN in a
GTP-dependent manner, suggesting that PKN functions
downstream of Rho in the Rho signal transduction pathway.
Rho family GTPases have emerged as critical regulators of

actin cytoskeleton remodeling that accompanies cellular
activation by extracellular stimulation. HPV16 E6 interacts
with PKN by direct binding both in vitro and in vivo. It has
been shown that only E6 of ‘high-risk’ HPVs are able to
bind PKN. E6 binding to PKN may be required, but is not
sufficient for immortalizing normal mammary epithelial
cells.

Gps2 (G-protein pathway suppressor 2) Gps2 interacts
with E6 proteins from HPVs of high and low oncogenic
risk [51]. It has been demonstrated that the E6 induce the
degradation of Gps2 in vivo but not in vitro. Gps2 exhibits
transcriptional activation activity and ‘high-risk’ E6 sup-
presses this activity [51]. Gps2 is ubiquitously expressed in
different tissues and cell types, which is consistent with its
ability to interact with both mucosal and cutaneous HPV E6
proteins. The regions that are necessary for efficient
binding of Gps2 have significant homology with p300,
another Gps2-binding protein and are highly conserved
between mucosal and cutaneous HPV types.

c-myc The ‘high-risk’ human papillomavirus oncoprotein
E6-16 stimulates conjugation and subsequent degradation
of the myc proteins in vitro [52]. Expression of E6-16 in
cells results in significant shortening of the t1/2 of the myc
proteins with subsequent decrease in their cellular level. In
the presence of E6-16, a third pair, E2-F1 and E6-AP
mediate conjugation of myc by means of a mechanism that
appears to be similar to that involved in the targeting of
p53, formation of a myc–E6–E6-AP targeting complex. It is
possible that in certain cells E6-mediated targeting of myc
prevents myc-induced apoptosis and thus ensures mainte-
nance of viral infection. However, it is not clear whether in
the cell myc is degraded as an integral part of the complex
or whether it has to dissociate first to be recognized by the
ubiquitin conjugating machinery. The myc family of
proteins is a group of structurally related transcriptional
factors involved in a variety of cellular regulatory process-
es. The c-myc oncogene has been implicated in control of
normal cell proliferation. It is rapidly induced in resting
cells following mitogenic stimulation, suggesting that it
plays an important role in the transition from quiescence to
proliferation. In tumor cells, elevated or deregulated
expression of c-myc has been observed frequently, suggest-
ing its important role in malignant transformation.

E7 also interacts with c-myc and several binding sites
have been located to the carboxyl-terminal and the amino
acids regions [53]. The interaction of the high-risk type
HPV E7 with c-myc can augment c-myc transactivation
activity but this does not occur with low-risk type HPV E7.
The myc-E6 interaction of the oncogenic human papillo-
maviruses (HPVs), in combination with the E7 protein,
seems essential for the efficient immortalization of human
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keratinocytes and modulation of cellular proliferation and
differentiation [53–55].

Other proteins HPV E6 physically interacts with the
protein-tyrosine kinase Tyk2 [56]. This interaction takes
place preferably with HPV-18 E6 and to a lesser extent with
HPV-11 E6. The E6/Tyk2 interaction requires the JH6-JH7
domains of Tyk2, which are important for Tyk2 binding to
the cytoplasmic portion of IFN-alpha receptor 1 (IFNAR1).
HPV E6 interaction with MUPP1 (multi-PDZ-domain
protein 1) has also been reported by Lee et al. [57]. An
E6-induced association with inactivation of both p16
(INK4a) and pRb with immortalization of human cells
including fibroblasts and epithelial cells has been demon-
strated [58]. The possible role of ras/raf signaling interac-
tion with “high-risk” HPV 16/18 and HPV infection in
cervical cancer development has also been proposed [59].
Both in vitro and in vivo experiments have demonstrated
that H-ras cooperates with HPV 16 E6/E7 in transformation
of cells [60]. However, these interactions are not mediated
via direct binding of the proteins to the E6.

HPV E7 Interactions

HPV E7 interacts with (a) retinoblastoma protein Rb, (b)
the Rb-related p107 and p130 proteins, (c) cyclins A and E,
which regulates the cellular cycle, (d) CDK2, (e) histone
H1 kinase, (f) the TATA box-binding protein, (g) the S4
adenosine triphosphatase, (h) c-jun, (i) hTid-1, (j) Mi2
pyruvate kinase, (k) p48, (l) the cycle-dependent kinase
inhibitors p21CIP1 and p27KIP1 and (m) IRF-1.

Rb and Rb-related ‘pocket-proteins’ The protein products
of the Rb family genes, pRb, p107 and pRb2/p130, are also
known as ‘pocket-proteins’, because they share a ‘pocket’
domain responsible for most of the functional interactions
characterizing the activity of this family of cellular factors
[61]. The ‘pocket-proteins’ down-regulate cell cycle pro-
cesses and are able to slow down or abrogate neoplastic
growth. They negatively regulate, via direct association, the
activity of several transcription factors, including members
of the E2F family [62]. Several of the biological activities of
HPV16 E7 are mediated by inactivation of the members
of the pocket protein family, Rb, p107 and p130 including
cellular malignant transformation [63].

The retinoblastoma susceptibility gene product, Rb, the
most investigated tumor suppressor protein, is generally
believed to be an important regulator in the control of cell
proliferation or differentiation. Several transcription factors
have been identified as targets of modulation by Rb, which
may be directly involved in modification of chromatin

structure and results in regulation of a set of genes required
for controlling cell growth. Transcription regulation is a
control mechanism that is critical for fundamental biolog-
ical processes, such as cell growth and differentiation.
‘High-risk’ HPV E7 target retinoblastoma tumor suppressor
protein Rb [64]. It has been demonstrated that Rb
degradation is a direct activity of E7 [65]. An amino-
terminal domain of E7 that does not directly contribute to
Rb binding but is required for transformation is also
necessary for E7-mediated Rb degradation.

‘High-risk’ HPV E7 proteins interact with Rb at a higher
efficiency than do low-risk HPV E7 proteins [66].
Interaction of E7 with Rb causes the disruption of
growth-suppressive Rb–E2F complexes promoting the G1-
S cell cycle transition. E7-mediated cellular transformation
correlates with Rb binding, however there are mutations in
E7 that impair cellular transformation and immortalization
without affecting Rb binding [66–69]. These findings
indicate that Rb/E7 binding alone is not sufficient because
mutations in the carboxyl-terminal sequences of E7, outside
the Rb-binding site, also severely impair the transformation
function.

E7 interacts with the p107 protein both in vitro and in
vivo and binds both p107 and E2F complexes [70, 71].
HPV-16 E7 can target the Rb family members p107 and
p130 for destabilization [72–74]. p107 can be specifically
targeted for degradation by E7 and contribute to cellular
immortalization and differentiation [74]. Loss of E7 Rb or
p107 binding results in the loss of transforming activity.

Both p107 and p130 function as efficient growth
suppressors and target E2F transcription factor complexes,
but they have not been conclusively connected with tumor
suppressor activity. However, it has been shown that
inactivation of Rb as well as p107 and p130 is necessary
for SV40 T-antigen-mediated transformation [75]. Further-
more, p16INK4a-induced cell cycle arrest requires p107 and/
or p130, even in the presence of functional Rb [76]. p107-
associated proteins include cyclin A, cyclin E, and cdk2
[77]. In addition, p107 associates with 62- to 65- and 50-
kDa phosphoproteins that have many of the properties of
the transcription factor E2F. It has been demonstrated that
E7 associate with Rb and p107 with different efficiencies
[63]. However, it has been found that this comparative
analysis of the different E7 proteins demonstrates that the
oncogenicity of a HPV type is not determined by the ability
of E7 to associate with the pocket proteins.

E2F/cyclin A complex The transcription factor E2F has
been shown to be involved in the expression of several cell
cycle-regulated genes, and the activity of this factor is
controlled by cellular proteins such as Rb and p107 [78].
E2F is a target of the DNA virus oncoproteins HPV E7. E7
dissociate an inactive complex between E2F and Rb, and
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this dissociation of the E2F–Rb complex correlates with a
stimulation of the E2F-dependent transcription. In the S
phase of the cell cycle, E2F forms a complex with p107,
cyclin A, and the cdk2 kinase (E2F–cyclin A complex).
HPV-16 E7 protein associates very efficiently with the
E2F–cyclin A complex [78]. This association is dependent
on the sequences that are also necessary for the trans-
forming activity of E7. Moreover, E7 of a low-risk HPVs is
much less efficient in binding to the E2F–cyclin A complex
compared with that of the high-risk type. The association of
E7 with cyclin A appears to be direct, not involving Rb
[79].

Cyclins E and A HPV 16 and 18 E7 associates with cyclin
E which controls transit through the cell cycle [80–82]. E7
complexes with a single form of cyclin E, and the binding
is mediated through p107. E7-dependent activation of
cyclin E gene expression can be uncoupled from activation
of the cyclin A gene, since the latter requires additional
protein synthesis [83]. E7 activate both the cyclin E and
cyclin A promoter in the absence of growth factors [63].
This activity also does not correlate with the E7-efficiency
of binding the ‘pocket-proteins’.

CDK2 Cell cycle progression is regulated by the cyclin-
dependent kinase (CDK) family [84]. Formation of CDK2
complexes with cyclins E and A. CDK activity is tightly
controlled throughout the cell cycle by phosphorylation, by
association with cyclins, and by association with inhibitory
proteins. CDK2 substrates include Rb and related pocket
proteins. E7 promotes HPV replication by directly altering
CDK2 activity and substrate specificity [64]. HPV E7
CDK2/cyclin A or CDK2/cyclin E upregulates histone H1
kinase activity. The CDK2 stimulatory activity is equivalent
in high-risk and low-risk HPVs E7. Direct binding of E7 to
the CDK2 complex is an attractive mechanism by which E7
promotes S-phase entry for various reasons, including
repeated demonstrations of association of E7 with the
CDK2 complex, lack of conservation of known functional
activities, such as Rb binding, among high- and low-risk
forms of E7, weak association of E7 Rb-binding activity
with its cell cycle-promoting activity, and lack of a
requirement for Rb binding for wart formation by cottontail
rabbit papillomavirus. Recently, it has been demonstrated
that cyclin/CDK2 activity is critically involved in abnormal
centrosome duplication induced by HPV-16 E7 oncoprotein
expression [85].

Histone H1 kinase Ε7 binds and associates with a Histone
H1 kinase at the G2/M phase of the cell cycle [71, 79]. The
region of E7 identified previously as important for pRb
binding was found to be involved in the association with
the kinase. Association with the kinase activity correlate

with the ability to bind Rb. However, since kinase-binding-
deficient E7 mutants are also transformation defective, this
may represent an independent function of E7 which plays a
role in the G2/M phase of the cell cycle.

TATA box-binding protein (TBP) HPV-16 E7 can also
complex with the core component of the TATA box-binding
protein, TBP [86, 87]. This interaction is partly dependent
upon phosphorylation of the E7 protein by cellular casein
kinase II (CKII), since phosphorylation of E7 by CKII
increases the affinity with which E7 binds TBP. This
interaction, which takes place through residues in the
carboxy terminal half of E7, inhibits TBP binding to
DNA and may provide an explanation for the transcrip-
tional inhibitory effects of E7 [87].

S4 adenosine triphosphatase The subunit 4 (S4) ATPase of
the 26 S proteasome has been identified as an E7-binding
protein [88]. E7 binds to S4 through the carboxyl-terminal
zinc binding motif, and the binding is independent of E7
sequences involved in binding to Rb. E7 increases the
ATPase activity of S4, while it has been shown in epithelial
cells that E7 degrades Rb through the 26 S proteasome
pathway. The 26 S proteasome is a large multimeric protein
complex, which catalyzes ATP- and ubiquitin-dependent
protein degradation [89]. The 26 S proteasome controls
programmed degradation of many critical cell cycle
regulatory proteins, like cyclins, maturation-promoting
factor, and the inhibitor of cyclin-dependent kinase p27.

c-jun Rb binds to members of the AP-1 family of
transcription factors, including c-Jun, and stimulates c-jun
transcriptional activity [90, 91]. Rb and c-jun interaction
has been involved in controlling cell growth and differen-
tiation mediated by transcriptional regulation. It has been
demonstrated that HPV 16 E7 protein binds to both c-Jun
and Rb and inhibits the ability of Rb to activate c-Jun [90].
In addition to the transcription regulation, c-jun also has a
functional role in cellular proliferation, differentiation, and
transformation.

hTid-1 The hTid-1, a human homologue of the Drosophila
tumor suppressor protein Tid56, form complexes with the
HPV E7 oncoprotein [92]. The carboxyl terminal cysteine-
rich metal binding domain of E7 is the major determinant
for interaction with hTid-1. The carboxyl terminus of E7 is
essential for the functional and structural integrity of E7
and has previously been shown to function as a multi-
merization domain. The hTid-1 protein is a member of the
DnaJ-family of chaperones. Its mRNA is widely expressed
in human tissues, including the HPV-18-positive cervical
carcinoma cell line HeLa and human genital keratinocytes,
the normal host cells of the HPVs. The ability of HPV E7
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to interact with a cellular DnaJ protein suggests that these
two viral oncoproteins may target common regulatory
pathways through J-domains.

Mi2-pyruvate kinase HPV 16 binds to the glycolytic
enzyme type M2 pyruvate kinase, M2-PK [93, 94]. M2-
PK occurs in a tetrameric form with a high affinity to its
substrate phosphoenolpyruvate and a dimeric form with a
low affinity to phosphoenolpyruvate, and the transition
between both conformations regulates the glycolytic flux in
tumor cells. M2-PK is the key enzyme controlling the exit
from the glycolytic pathway. Its activity determines the
relative amount of glucose that is channelled into synthetic
processes or used for glycolytic energy production and thus
regulates the glycolytic flux in tumor cells. E7 shifts the
equilibrium to the dimeric state despite a significant
increase in the fructose 1,6-bisphosphate levels. The
interaction of HPV-16 E7 with M2-PK may be linked to
the transforming potential of the viral oncoprotein. The
HPV-16 E7/M2-PK interaction induces E7 dimerization
and restores nucleic acid synthesis as well as cell
proliferation [94].

P48 HPV16 E7 correlates with the loss of formation of the
interferon-stimulated gene factor 3 (ISGF3) transcription
complex [95]. It has been demonstrated that E7 interacts
with ISGF3 via p48. E7 targeting of p48 results in the loss
of IFNalpha-mediated signal transduction and may provide
a means by which HPV can avoid the innate immune
system. A direct protein–protein interaction has been
identified between E7 and p48 with the site of interaction
within a domain that includes the binding site for the
retinoblastoma protein Rb.

p21WAF1/CIP1 and p27KIP1 HPV E7 binds to and blocks the
function of p21CIP1 and p27KIP1 in a p53-independent
manner [96–98]. Both cell cycle-dependent kinase (CDK)
inhibitors CKIs are implicated in various forms of cell cycle
arrest preventing the phosphorylation of the pocket proteins
through binding to G1 phase cyclin–CDK complexes. In
vitro and in vivo studies indicate that the overriding of cell
cycle-inhibitory signals is mediated in part by the E7
binding and inactivation of p21WAF1/CIP1 and p27KIP1 [98].
p21WAF1/CIP1 and p27KIP1 are critical for cell cycle
advancement and S-phase entry. Binding and inhibition of
these proteins promote entry into the S phase by abolition
of Rb effects on the transcription factor E2F. HPV-16 E7
modulates the cytoplasmic localization of p27KIP1 and may
in turn regulate tumor development and metastasis through
the PI3K/Akt pathway [99]. E7 inhibits p21CIP1 function in
the context of Raf signaling by altering Raf-Akt antagonism
and preventing the proper subcellular localization of
p21CIP1 [100]. p21CIP1 is an important determinant in the

cellular response to Ras/Raf activation and is independently
isolated as an inducer of cellular senescence, a transcrip-
tional target of the p53 tumor suppressor, and a direct
inhibitor of CDK2. However, CKI neutralization by HPV
E7 is more likely to be required for viral DNA replication
rather than for malignant transformation of the host cell.

IRF-1 IRF-1 is involved in antiviral cellular responses. It
has also been proposed as a potential mediator of IFN-
gamma-induced attenuation of telomerase activity and
human telomerase reverse transcriptase hTERT expression
[31]. E7 interaction with IRF-1 have been reported [101].
E7 transgene expression inactivates the transactivation
function of IRF-1 in vivo, which might be important for
the elucidation of the E7-mediated immune evading
mechanism that is frequently found in cervical cancer.

HPV Integration

In the normal viral life cycle, the genome replicates as
episomal molecules. Eventhough the HPV genome is
consistently retained in the episomal state in early dysplas-
tic and low grade lesions, it is integrated to the host
chromosome in many cases of high grade lesions and the
majority of HPV associated cervical carcinomas [102–104].
Integration seems to be a direct consequence of chromo-
somal instability and an important molecular event in the
progression from high-grade lesions to invasive cervical
cancer [105]. A possible explanation for the progression of
the disease towards malignancy might be the structural
changes that take place after HPV genome integration,
leading to deregulated expression of viral oncogenes. HPV
E6 and E7, the major transforming genes, confer a much
stronger transforming capacity in primary cells when they
derive from integrated than episomal transcripts [106].

In addition, critical cellular genes could also be affected
from viral integration [107]. Coding regions are rarely hit
by HPV but gene expression and mRNA structure can be
altered by insertion of the strong HPV promoter. Some of
the genes disrupted by HPV integration are known to be
involved in other cancers, such as myc, APM1, TP63,
TNFAIP2, hTERT [108–110]. Up to know about 200 HPV
DNA integration sites have been mapped in primary tumour
samples and cell lines [111, 112]. From all the data
analysed it has been concluded that HPV integration sites
are randomly distributed over the whole genome with a
clear preference for genomic fragile sites. Viral integration
is a consequence of an overall destabilisation process of the
chromosomal integrity in replicating epithelial cells that
express the viral E6 and E7 genes. Therefore, the
consequences of the structural alterations of the viral
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genome and the impact of cellular sequences on its
transcriptional regulation seem to be more important than
any functional cellular alteration cause by HPV integration.

Conclusion

HPV E6 has been shown to enhance the degradation of
p53, which plays an important role in cell cycle control and
apoptosis in response to DNA damage, while HPV E7
binds and inactivates the function of the retinoblastoma
tumor suppressor protein Rb. However during last decade it
has been well demonstrated that both HPV E6 and E7
interact with host cells targeting a plethora of key host
cellular proteins that are involved in apoptosis and
malignant cellular transformation. The relative importance
of the various E6 and E7 targets in cellular transformation
and malignant progression remains to be elucidated.
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