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INTRODUCTION immunocompromised individuals. The remaining HPVs are

Among the human cancers induced by pathogens, as many
as 35% result from infection by human papillomaviruses
(HPVs) (49), giving an eminent place to this group of viruses
in human pathologies. HPVs are a heterogeneous group of
widespread DNA viruses, and they differ largely in their tro-
pisms and oncogenic potentials (38, 189, 236). HPVs are the
agents of skin lesions (different clinical types of warts) or
mucous membrane lesions (genital warts or condylomas and
cervical, anal, vulvar, or vaginal intraepithelial neoplasias),
which in general are spontaneously cured but can evolve to-
ward invasive cancer under certain conditions.

Basic Features and Classification of Papillomaviruses

The papillomaviruses are part of the family Papillomaviridae
(18). These ubiquitous viruses are detected in numerous ani-
mal species including humans and are generally specific to
their respective hosts. HPVs are small, nonenveloped viruses
that are 55 nm in diameter and are very resistant (54). A
circular double-stranded DNA molecule of about 8,000 nucle-
otide base pairs that contains 7 to 9 open reading frames
(ORFs), depending on the genotype (235), constitutes the
HPV genome. The viral DNA is associated with cellular his-
tones to form a “minichromosome” (51) and is enclosed in an
icosahedral capsid consisting of 72 capsomers (39, 54).

The classification of papillomaviruses is based on a compar-
ison of the nucleotide sequence of the major capsid L1 ORF
(37). A genotype is defined by sequence homology of below
90%. Subtypes or variants of the same genotype correspond to
a nucleotide identity of between 90 and 98% or above 98%),
respectively. An alternative classification system based on the
nucleotide sequence of the E1 and E2 ORFs has recently been
proposed (23). Apart from that, HPVs are also classified ac-
cording to their tissue tropisms (cutaneous or mucosal) on the
one hand and according to their oncogenic potentials on the
other hand (190, 236).

A high level of genetic heterogeneity of HPV genotypes has
been described (24, 65, 77). Up until now, more than 200 HPV
genotypes have been identified, 112 (HPV1 to HPV112) of
which were characterized after cloning and sequencing of their
genomes (23, 37, 56, 57). The phylogeny of papillomaviruses
indicates that these viruses have evolved by multiple mecha-
nisms including recombination events but not exclusively re-
combination between the virus and the corresponding host
(71). Papillomaviruses are classified into 16 distinct genera,
and most HPVs belong to either the alpha or beta genus. The
alpha genus comprises genital/mucosal HPVs and some cuta-
neous genotypes such as HPV2, HPV3, and HPV10, which
cause skin warts. The beta genus is associated mainly with
unapparent skin infections, but beta-HPV can induce lesions in

classified into three genera (gamma, mu, and nu) and induce
cutaneous papillomas or warts (37).

Genetic Organization

All genotypes share the same pattern of genetic organiza-
tion, with only one coding strand. The HPV genome can be
divided into a coding region and a long control region (LCR)
(41, 54, 235). The former encodes early (E) and late (L) pro-
teins (Fig. 1A and B). The early proteins are involved in the
regulation of viral genome replication and expression as well as
in the adaptation of the cell to the demands of the virus (see
below). The late proteins are structural constituents of the viral
capsid. The LCR is placed upstream of the E region, and this
LCR comprises approximately 10 to 15% of the viral genome.
Many potential binding sites for numerous cellular transcrip-
tion factors have been identified within the HPV LCR. The
transcription factors in question are AP1, cEBP NF1, YY1,
Octl, TEF1 (TF1), TFIID, Spl, and glucocorticoid receptor
and progesterone receptor (GR/PR), and the potential binding
sites might be biologically important for viral genome expres-
sion (19) (Fig. 1A and B). In addition, the positioning of
E2-binding sites in the mucosal HPV LCR most probably
reflects common features for the regulation of viral genome
expression. The 5’ part of the LCR contains transcription ter-
mination and polyadenylation sites (AL) for the late tran-
scripts. The central region functions as an epithelium-specific
transcriptional enhancer. It is believed that the tissue tropism
displayed by HPV is related to this region. The 3’ part contains
a single E1-binding site that corresponds to the origin of rep-
lication and sequences recognized by the viral E2 protein and
transcription factors that define the E6 and E7 promoter. The
binding of E2 to this promoter leads to the repression of viral
E6 and E7 genes (207).

Cutaneous HPVs differ from other HPVs in that they have
a less easily identifiable binding site for the E1 replication
protein, and consequently, the origin of replication is not
shown for HPVS (Fig. 1B). HPVs belonging to the beta genus
have a short LCR and different organization of regulatory
sequences compared to those of the other genera (180). These
viruses also share specific conserved motifs, designated M33
and M29. The M33 motif is followed by a unique AP1-binding
site, and these sequences have been shown to correspond to a
constitutive transcriptional enhancer (86) for the HPVS late
promoter (P7535). In contrast, the 38-bp sequence that con-
tains an E2-binding site corresponds to a negative regulatory
element for this promoter (134). The cellular transcription
factor IRF5.2 has been found to interact with the NRE and
M?29 motifs, leading to the downregulation of the HPVS early
promoter (P175). In addition, IRF5.2 has been demonstrated
to be a transcriptional repressor of beta-HPV genomes such as
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FIG. 1. Genetic organization of the HPV16 (A) and HPV8 (B) genomes. The main functions of the early (E) and late (L) genes are mentioned.
Promoters (P97 and P670) and early (AE) and late (AL) polyadenylation sites are indicated for HPV16. Early (P175) and late (P7535) sites are
mentioned for HPV8. A schematic representation of the LCR is shown at the top of the figure, comprising an enhancer region, the origin of viral
replication, and the E6/E7 promoter, as well as some binding sites for viral (E2) or cellular (YY1, NF1, AP1, GR/PR, CEBP, TEF1, TEF2, OCT-1,
Sp1, and TFIID) transcription factors. Specific conserved motifs (M33 and M29) among the beta-HPVs are shown in the LCR of HPVS.

HPVS, -8, -14, and -25 (1). It must be stressed that E2-binding The Papillomavirus Life Cycle

sites observed in the early promoter of HPV16 (Fig. 1A) and

other alpha-HPVs are not detected in the beta-HPVs. This HPVs infect stratified epithelia, and their whole life cycle is
suggests a different regulation mechanism of the early pro- inextricably linked to keratinocyte differentiation (recently re-

moter of mucosal and beta-HPV. viewed in references 41 and 125). Upon entering the host cell,
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FIG. 2. The HPV life cycle. (Adapted from

papillomaviruses might initiate long-term productive lesions.
However, in order to establish a persistent infection, an HPV
has to overcome a few “obstacles.” First, as differentiation of
the stratified epithelia is associated with continuous cellular
turnover and desquamation of the terminally differentiated
keratinocytes, maintenance of the papillomavirus within the
tissue requires the infection of basal epithelial cells. This is
thought to take place when these cells are directly exposed to
the virus during microinjuries (47). Infection of epithelial stem
cells, which have the capacity for self-renewal, can ensure long-
term maintenance of the viral genome. Although the exact
entry receptor has not yet been unequivocally determined, the
role of heparin sulfate in this process has been described (66,
94). In the basal epithelial layer, the viral genome is initially
replicated at a relatively low copy number. The HPV El and
E2 proteins are expressed in these cells and bind to the viral
origin of replication, letting cellular polymerases replicate epi-
somal papillomavirus genomes (59, 60, 139). The E2 protein is
also involved in the segregation of viral genomes during stem
cell or basal cell division (40, 227, 233). Second, the virus has
to cope with the loss of the proliferation potential of differen-
tiating cells. After they exit the basal layer, epithelial cells stop
proliferating and initiate a terminal differentiation program.
Papillomaviruses using the cellular machinery for their repli-
cation might need the environment of actively dividing cells.
On the other hand, the expression of some of the viral genes
requires transcription factors, which emerge only in differen-
tiated keratinocytes. Therefore, while HPV may need to main-
tain cell division, it could require delayed differentiation but
not the entire inhibition of this process. These conditions could
ensure HPV DNA replication in the suprabasal and upper
granular layers (Fig. 2). It seems that the E7 protein is crucial
for the maintenance of proliferation competence in the upper
layers of the epithelium (28), but cooperation with another
viral protein, E6, seems to be essential. E7 promotes S-phase
progression in differentiated cells, whereas the E6 protein is
involved in the prevention of apoptosis, which can be induced
in response to such an unscheduled S-phase entry (39, 41). As
a consequence, in HPV-induced lesions, the dividing cells can

_
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also be found in suprabasal layers. Nevertheless, during normal
productive infection, proliferating cells in upper layers remain
relatively rare. This probably results from an equilibrium be-
tween cellular (cyclin-dependent kinase inhibitors) and viral
(E7) cell cycle-controlling factors. Apparently, the balance be-
tween these factors is maintained in the majority of cells, and
cell division can be initiated in only a few of them. In contrast
to such benign lesions, along with progression to cancer, divid-
ing cells become common in the suprabasal layers, which might
represent a consequence of the deregulation of the normal
HPV life cycle, particularly the loss of a “negative regulator,”
such as E2, and increased levels of expression of E6 and E7. As
a result, the normal cell stratification becomes disturbed, with
nucleated and dividing cells found in both suprabasal and up-
per layers.

Subsequently, amplification of the previously synthesized vi-
ral DNA takes place, and genomes are packed into viral par-
ticles during the late stages of viral multiplication in the up-
permost layers of the epithelium. In the middle and upper
layers, other viral proteins, E4 and ES5, are expressed, and
these proteins participate in viral DNA amplification in con-
cert with E1/E2. Once the viral DNA has been amplified, the
expression of the capsid proteins L1 and L2 begins, and this is
followed by assembly of the complete virions. The viruses
thereafter leave the epithelium, together with the shed corni-
fied squames. How the virus escapes the terminally cornified
cells is not entirely clear, but the E4 protein is supposed to
contribute to viral egress by binding keratin filaments and
disrupting their structure (42).

Altogether, this simplistic view of the papillomavirus life
cycle clearly demonstrates that the expression of the HPV
genes is tightly regulated and strictly linked to epithelial dif-
ferentiation (Fig. 2). From a molecular point of view, an im-
portant role in the control of viral genome expression is played
by both the viral proteins and host factors (19, 124, 235).
Among the multiple cellular transcription factors whose role in
the HPV genome expression has been discussed, AP-1 seems
to play a central position, although binding sites for multiple
other factors, such as Sp-1, NF-1, TEF-1, TEF-2, Oct-1, AP-2,
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KRF-1, and YY1, have also been found, and their roles in the
HPYV life cycle have been postulated (Fig. 1).

Pathogenicity

Cutaneous HPV. Most HPVs target skin and provoke benign
proliferations (warts and papillomas) that regress spontane-
ously in 1 to 5 years. The malignant transformation of these
lesions is observed only in patients suffering from epider-
modysplasia verruciformis (EV) (see below) (132, 151, 152).
Among the beta-HPVs, HPVS5 and HPVS are classified as
high-risk genotypes since they are associated with skin carci-
nomas occurring in EV patients (151, 152). It is worth stressing
that beta-HPVs have been detected in trace amounts in a large
proportion of nonmelanoma skin carcinomas (NMSCs) of
non-EV patients, particularly those carcinomas that develop in
immunocompromised individuals (57, 153, 165, 171, 202).
Moreover, it has been suggested that these viruses may con-
tribute to skin tumors in immunocompetent individuals (75),
and a possible role of beta-HPV in skin carcinogenesis consti-
tutes a hot research topic (35, 76, 153). Recent epidemiological
and molecular studies of beta-HPV have provided some in-
sights into the mechanism of their contribution to skin carci-
nogenesis (20, 224).

Mucosal HPV. HPVs with mucous tropism are at the origin
of the most frequently identified sexually transmitted infec-
tions in the world (9, 210). These viruses are responsible for
genital condylomas in 1 to 2% of the sexually active population
and for cervical intraepithelial neoplasias in approximately 5%
of women. The number of women having an HPV infection of
the cervix (the presence of HPV DNA) is estimated to be 291
million. Most women would be predicted to be infected at least
once in their life by the one of the genotypes that are together
responsible for 70% of cervical cancers (HPV16 and -18) (26,
196, 229).

More than 40 genotypes that are capable of infecting genital
mucous membranes have been identified and characterized
(38, 46, 142, 157, 211). These HPV genotypes are usually
divided into two groups according to their oncogenic potentials
(236). HPV genotypes detected mostly in anogenital condylo-
mas and in certain low-grade cervical intraepithelial Mal-
pighian damages are considered to be low-risk HPVs, whereas
HPVs preferentially found in cervical and anogenital cancers
constitute the high-risk group. Among the mucocutaneous vi-
ruses belonging to the alpha genus, 18 HPVs were classified as
being high risk (HPV16, -18, -31, -33, -35, -39, -45, -51, -52, -56,
-58, and -59) or probably high risk (HPV26, -53, -66, -68, -73,
and -82), 12 HPVs were classified as being low risk (HPV®, -11,
-40, -42, -43, -44, -54, -55, -61, -72, -81, and -89), and 24 were
classified as being of undetermined risk (HPV2, -3, -7, -10, -27,
-28, -29, -30, -32, -34, -57, -62, -67, -69, -71, -74, -77, -83, -84,
-85, -86, -87, -90, and -91) (31, 142, 143).

Persistent lesions induced by potentially oncogenic HPV
(mainly HPV16 and -18) may, in rare cases, evolve into inva-
sive cervical carcinomas (107, 189, 190). HPV16 and HPV18
are together responsible for about 70% of cervical carcinomas,
the second leading cause of death from cancer in women
worldwide (31). In addition, viral DNA sequences are detected
in the vast majority of adenocarcinomas, adenosquamous car-
cinomas, and squamous cell carcinomas, which are preceded
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by dysplatic lesions corresponding to cervical intraepithelial
neoplasia grades 2 and 3 and adenocarcinoma in situ (142,
189). High-risk mucosal HPVs are also thought to contribute
to the pathogenesis of other anogenital and upper aerodiges-
tive tract cancers. Effectively, about 85% of anal cancers (61,
157); 50% of cancers of the vulva, vagina, and penis (89, 93, 96,
198, 204, 217); 20% of oropharyngeal cancers (21, 44, 178); and
10% of laryngeal (237) and esophageal cancers (126) are at-
tributable to HPV.

Epidemiology of Genital HPV

HPYV infection occurs early at the beginning of sexual activ-
ity. The risk of infection is correlated with the age at which the
first sexual intercourse takes place as well as with the number
of sexual partners (85, 228). The peak of HPV prevalence,
which varies from 20 to 30% of women, is observed between 16
and 25 years of age (67, 229), and it diminishes after the age of
25 years, reaching a level of 5% in women above 45 years old.
The prevalence of HPV infection in men is highly variable,
ranging between 3.5 and 45%. Multiple-HPV infection is ob-
served in 20 to 30% of cases.

It has been reported that HPV16 has a significantly lower
clearance rate than infections with low-risk HPV genotypes.
HPV types related to HPV16 (types 31, 33, 35, 52, and 58)
show intermediate clearance rates, whereas other high-risk
types do not show evidence of slow clearance compared to that
of infection with low-risk types (140). In a recent study, it was
shown that the median time for clearance of any HPV infec-
tion in men was about 6 months, with comparable clearance
times for oncogenic and nononcogenic infections (67).

Molecular Mechanisms of Carcinogenesis Induced by
High-Risk Genital HPV

Role of the E2 protein. In productive lesions, the viral ge-
nome in infected cells remains in the episomal form irrespec-
tive of the oncogenic potential of the virus (41). It is well
recognized that the integration of viral DNA sequences into
the host cell genome plays an essential role in malignant trans-
formation. Integrated sequences are detected in most genital
cancers and in cell lines derived from HPV-induced carcino-
mas. The integration of high-risk HPV DNA into the host cell
genome arises at early stages of carcinogenesis (161, 163, 187,
191), and the frequency of this event increases with the pro-
gression of cervical intraepithelial neoplasia to cervical carci-
noma (220). Interestingly, the integration of HPV DNA into
the host genome interrupts the E1 or E2 ORF, while the E6
and E7 ORFs remain intact. Since the E2 protein represses the
expression of the E6 and E7 genes (38, 207, 235), the loss of
the E2 ORF upon the integration of viral DNA promotes the
synthesis of the E6 and E7 proteins, most probably contribut-
ing in this way to cancer development (9, 190, 230). In this
context, HPV genome integration represents a rather rare and
paradoxical phenomenon of viral replication (235).

Deregulation of the cell cycle. Three HPV proteins can affect
cell proliferation: ES, E6, and E7. Although it has been re-
ported that HPV ES displays some (rather weak) transforming
potential, the exact molecular basis of its action is not fully
elucidated (199, 201), and our current knowledge concerning
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this subject will be presented in the following sections.

Oncogenic genital HPVs differ from low-risk HPVs mainly
by the biological properties of the E6 and E7 proteins (38, 45),
which, working synergistically, play a central role in the process
of malignant transformation. It is believed that their persistent
expression is necessary for the maintenance of a transformed
phenotype (39, 141). Numerous cellular partners of high-risk
HPV-derived E6 and E7 proteins have been identified (38, 141,
144, 189). Among them, the two major factors are p53 and
pRB, which participate in the preservation of cellular genome
integrity and the control of the transition from the G, into the
S phase of the cell cycle, respectively (38, 45, 79, 235). The
identification of these interactions implies that E6 and E7
proteins cooperate to promote the cell cycle, inhibit apoptosis,
and immortalize the cell. All these phenomena can support the
accumulation of mutations in the cell genome.

Biological properties of the E6 and E7 proteins of high-risk
HPV. It has been shown that the E6 protein of high-risk HPV
interferes with p53 function, displaying antiapoptotic activity
(231). Cell stress induced by viral infection or other physical or
chemical stress events and/or factors increases p53 synthesis.
This leads either to the activation of the p21/cip1 transcription
factor and the block of the cell cycle in G, phase or to apop-
tosis after the activation of the transcription of the bax gene
(141). The E6 protein binds to p53 and recruits it to the E6 AP
protein, an E3 ubiquitin-protein ligase (231). This facilitates
the ubiquitination of p53 and leads to its degradation, signifi-
cantly decreasing the half-life of p53.

The E7 protein of high-risk HPV binds to pRb with high
affinity and eliminates the regulation of the cell cycle driven by
this factor (87). Thus, the E7-induced release of E2F transcrip-
tion factors from their complex with pRb results in the synthe-
sis of cellular genes involved in the replication of the cellular
DNA and finally in the progression toward S phase. The E7
protein also interacts with p16, p21, and other proteins that
inhibit cell cycle progression (141). Altogether, the E6 and E7
proteins ensure the replication of the HPV genome in differ-
entiated postmitotic epithelial cells, and this deregulation of
the natural differentiation program is proposed to be respon-
sible for HPV-related cancerogenesis. In addition, the E6 and
E7 proteins of high-risk HPV also play a role in an abnormal
chromosomal segregation that possibly lies at the origin of
genetic instability. The HPV16 E7 protein can rapidly modify
the normal control of centrosome duplication, resulting in the
formation of abnormal numbers of centrosomes and centri-
oles, which leads to aberrations in the number of chromo-
somes, in particular to aneuploidy (45).

It is worth stressing that the biochemical properties of the
E6 and E7 proteins differ between high-risk and low-risk HPVs
and that this is believed to determine the differences in their
transforming potentials. For instance, in contrast to high-risk
HPVs, the E6 protein encoded by low-risk HPVs does not have
the capacity to inactivate p53. Furthermore, p53-independent
mechanisms of E6 function might differ in high- and low-risk
papillomaviruses. The E6 protein of high-risk HPVs contains a
motif that binds the PDZ domain of numerous cellular pro-
teins, possibly conferring their proteasomal degradation (141).
Some of these PDZ-containing proteins serve as cell cycle
negative regulators, and therefore, it has been proposed that
the lack of a PDZ domain-binding motif in low-risk HPV E6
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proteins could also account for their low transforming poten-
tial. Similarly, the E7 protein from low-risk HPV displays a
lower transformation efficacy than that from high-risk HPV,
and this could result from a single-amino-acid substitution in
the pRB-binding site (80).

Molecular Mechanisms of Skin Carcinogenesis
Associated with Beta-HPV

Our knowledge concerning the transforming properties of
beta-HPV-derived proteins is much more limited. The trans-
forming activity of HPVS early proteins was supported by the
development of skin tumors in transgenic mice expressing the
early region under the control of the keratin K14 promoter
(188). However, in contrast to high-risk genital HPV, beta-
HPV DNA does not integrate into the cellular genome (151).
In addition, beta-HPV E6 proteins do not target the pS3 pro-
tein for degradation (214). This points to distinct transforma-
tion mechanisms between the different groups of viruses. It has
been reported that the E6 protein of beta-HPV is able to lead
the proapoptotic Bak protein, induced by UV, into degrada-
tion (91, 92, 118). It has also been reported that the expression
of the E6 and E7 proteins of beta-HPV increases the life span
of primary human epithelial cells and that the HPV38 E7
protein transforms rodent fibroblasts (25). Moreover, it has
been reported that the HPV8 E2 protein has transforming
activities in transgenic mice and that UV radiation dramati-
cally accelerates the formation of skin tumors (164). Alto-
gether, the available data suggest that beta-HPV infection
might cooperate with UV exposure in the context of skin can-
cer development.

Recent studies have shown that the E6 proteins of HPVS
and HPVS inhibit the transforming growth factor beta (TGF-
beta) signaling pathway by the degradation of the SMAD3
transcription factor (137) (J. Mendoza and Y. Jacob, unpub-
lished data). This degradation was not detected with E6 pro-
teins of other cutaneous and mucosal HPV genotypes. It is
worth stressing that the TGF-beta-triggered pathways lead to
the synthesis of inhibitors (pl6, pl7, p21, and p27) of the
cyclin-dependent kinases that play a crucial role in the cell
cycle. It can be speculated that the specific degradation of
SMAD3 could negatively regulate inhibitors of the cell cycle
and favor cell transition from the G, to the S phase, allowing
viral DNA vegetative replication and, as a side effect, cell
transformation.

GENETIC PREDISPOSITION TO HPV INFECTION

It is widely accepted that infection with high-risk HPV is not
sufficient to cause skin, or even cervical, cancers (154, 189,
236), strongly implying the involvement of other factors or
particular conditions. Definitely, one such important condition
is the persistence of the infection. It seems that the host genetic
background can alter the sensitivity to HPV and/or clearance
of already-established papillomavirus infections. In fact, a high
interindividual variability in the final clinical outcome of cuta-
neous and mucosal HPV infections has been observed. Genetic
host factors controlling asymptomatic (latent) infection, tran-
sition from latent to clinical infection, regression or persistence
of lesions, and malignant conversion are still poorly defined.
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However, several examples of rare genetic diseases associated
with unusual sensitivity to papillomavirus infections can pro-
vide some important clues as to the mechanisms that protect
the host against HPV.

Heck’s Disease

Focal epithelial hyperplasia (FEH), also known as Heck’s
disease, is a distinct clinical entity, with the symptoms confined
to the oral cavity and perioral skin, that lasts for several months
or sometimes years (78, 166). FEH is characterized by multiple
flat, sessile, and elevated papules that may be solitary but are
usually multiple. It can be spontaneously cured or, conversely,
permanent and resistant to treatment. Histologically, there is a
hyperplasia of the epithelium with anastomosing rete ridges.

FEH results from an abnormal predisposition to the infec-
tion by two specific HPV genotypes (HPV13 and -32) related
to genital alpha-HPV (16, 33, 138). These two viruses have
been found in 75 to 100% of the reported cases of FEH (166).
The disease has been observed in a significant proportion of
Eskimos from Greenland and Canada as well as in the Amer-
indians of both North and South America. On the other hand,
the disease is rare in Europe and generally concerns individu-
als coming from North Africa, where the rate of consanguinity
is high. Thus, the ethnic background and the geographical
distribution of FEH imply genetic factors as underlying the
predisposition to infection with these two particular HPV ge-
notypes. A recessive autosomal mode of transmission has been
suggested on the basis of the analysis of familiar cases of FEH
(169).

A few reports of FEH associated with human immunodefi-
ciency virus infection have also been reported. Thus, FEH is
now regarded as an oral manifestation of a human immuno-
deficiency virus-related opportunistic infection (138). These
observations point to the fact that immunodeficiency and host
genetic factors that could possibly also be related to an inher-
ited (highly restricted and specific) immune defect confer sen-
sitivity to HPV, manifested as FEH.

Severe Combined Immunodeficiency

Severe combined immunodeficiency (SCID) is a rare disease
characterized by a lack of T lymphocytes associated, in certain
cases, with a lack of natural killer cells (NK) and/or of B
lymphocytes. Although hematopoietic stem cell transplanta-
tion is a life-saving treatment for SCID, severe cutaneous pap-
illomavirus disease is frequently detected in patients 10 to 21
years after stem cell transplantation (63, 112, 117). It has been
reported that patients displayed common warts or lesions sim-
ilar to those induced by beta-HPV in EV patients. All HPV-
positive patients had an NK~ B™ immunophenotype of SCID
associated with mutations in JAK3 or IL2ZRG (common
gamma c receptor G) genes. No lesions were observed in NK*
patients, suggesting a possible role of NK cells and/or the
JAK3/IL2RG-dependent signaling pathway in a predisposition
to infection with cutaneous HPV (112). A similar X-linked
SCID due to mutations in the IL2ZRG gene in dogs has been
described (70). Also, in this model, severe papillomavirus in-
fection that progressed to metastatic squamous cell carcinoma
was observed in bone marrow-transplanted dogs.
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WHIM Syndrome

WHIM is an acronym for wart, hypogammaglobulinemia,
infection, and myelokathexis. WHIM syndrome is a rare, con-
genital immunodeficiency disorder characterized by chronic
neutropenia and increased susceptibility to bacterial and viral
infections (226). Patients exhibit HPV-induced common warts
on their hands and feet and condylomas as well as cervical and
vulval premalignant lesions. They are characterized by the re-
tention of neutrophils in the bone marrow (myelokathexis) and
a deficiency of lymphocytes and antibody levels.

WHIM syndrome results from autosomal dominant muta-
tions in the CXCR4 chemokine receptor gene (82), leading to
the deletion of 10 to 19 amino acids in the carboxy terminus of
the CXCR4 protein. CXCR4 gene mutations in WHIM pa-
tients do not affect cell surface expression of the chemokine
receptor and have been described not to change the receptor
internalization upon stimulation with its ligand, CXCL12 (73).
In contrast, it has been reported by other authors that cell
trafficking abnormalities in some patients suffering from
WHIM syndrome could be due to a decreased internalization
of mutated CXCR4 that may lead to the prolongation and
enhancement of signaling in response to CXCL12 (100). How-
ever, the refractoriness of CXCR4 to be desensitized and in-
ternalized in response to the CXCL12 chemokine constitutes a
common feature of WHIM syndrome, leading to an enhance-
ment of G-protein-dependent responses. This suggests that the
high sensitivity of patients to develop warts and condylomas is
linked to a constant activation of CXCR4 (12).

A recent study pointed to a role of G-protein-coupled re-
ceptor kinase 3 (GRK3) in WHIM syndrome, indicating the
genetic heterogeneity of the disorder. The results revealed a
pivotal role for GRK3 in regulating CXCR4 attenuation and
provided a mechanistic link between the GRK3 pathway and
WHIM syndrome in patients without CXCR4 mutations (13).
It thus appears that the constant activation of CXCR4 in pa-
tients’ cells accounts for a higher sensitivity to develop warts
and other HPV-associated lesions.

Fanconi anemia, an inherited disease, may represent an-
other example of predisposition to HPV infection, since it has
been reported that patients develop HPV16-induced squa-
mous cell carcinomas of the head, neck, as well as the ano-
genital region (110). However, a recent study failed to detect
viral sequences in patients with this disease, and it was con-
cluded that HPV does not play a major role in carcinogenesis
in these patients (218). In contrast, it is well accepted that
cervical carcinoma is a multifactorial disease, where HPV16
and HPV18 constitute the major environmental risk factor in
association with host genetic factors that also influence the
outcome of the disease (154).

From the data described above, it appears that distinct ge-
netic defects are able to confer sensitivity to some pathogens
including HPV. It might be suggested that there is a natural
barrier protecting the host from HPV, not surprisingly at least
in part founded on the grounds of the immune system. Nev-
ertheless, in all the disorders presented, with the exception of
Heck’s disease and cervical cancer, the defect confers a rela-
tively broad susceptibility not restricted to human papilloma-
viruses. Thus, in these cases, susceptibility to HPV constitutes
solely one of the manifestations of a more general immune
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FIG. 3. Patient suffering from epidermodysplasia verruciformis.
Note the presence of a squamous cell carcinoma on the forehead.

insufficiency, and on this basis, the existence of an HPV-di-
rected barrier cannot be proposed. However, there is another
human disease, EV, which is associated with a selective sus-
ceptibility to cutaneous HPV infections. Importantly, this sus-
ceptibility is absolutely specific and concerns solely this group
of viruses. This suggests that a natural anti-HPV barrier truly
exists and that a disruption of this barrier sensitizes the host to
HPV-mediated diseases. Studies of EV allow not only a better
understanding of the pathogenesis of HPV-mediated diseases, in
particular cancers, but also offer a unique opportunity to investi-
gate the molecular background of the natural anti-HPV barrier.

PREDISPOSITION TO BETA-HPV INFECTIONS: MODEL
OF EPIDERMODYSPLASIA VERRUCIFORMIS

General Features

EV is a rare, lifelong autosomal recessive skin disease
(OMIM [Online Mendelian Inheritance in Man] number
226400), recently classified as a primary immunodeficiency
(145), which is associated with an unusual susceptibility to
infections with ubiquitous beta-HPV but not with other patho-
gens including cutaneous or genital HPVs of the alpha,
gamma, mu, and nu genera. EV was first described by Lewan-
dowsky and Lutz in 1922 and was considered to be a potential
model for a viral role in skin carcinogenesis (90). The disease
appears in childhood and is characterized by disseminated
polymorphic cutaneous lesions, including flat warts and pityri-
asis versicolor-like macules that can undergo malignant trans-
formation in more than half of the patients, corresponding to
Bowen’s-type carcinoma in situ and invasive squamous cell
carcinoma (Fig. 3). Tumors occur in the fourth or fifth decade
and are localized mainly in sun-exposed areas of the skin,
which indicates a preponderant role for environmental factors
(notably, UV irradiation) (64, 132, 151, 152).

Whereas patients are usually infected with more than one
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beta-HPV, only some of the genotypes (mainly HPV5 and
HPVS8) are detected in their skin carcinomas. HPVS was the
first HPV recognized to be involved in a human cancer (151,
155). EV carcinomas harbor a high copy number of HPV
genomes and express high levels of E6 and E7 transcripts. In
contrast to genital oncogenic HPV, the viral genome is main-
tained as episomes in EV cancers, highlighting different cell
transformation mechanisms (discussed below).

The unusual sensitivity of EV patients to the particular group
of viruses, together with clinical and epidemiological data, led us
to assume the existence of a natural anti-HPV barrier. To eluci-
date the function of this barrier and the pathogenesis of EV, we
had to first identify the genetic background underlying EV.

In Search of the Cellular Gene(s) Controlling
Beta-HPV Infection

Although an X-linked recessive (3) or autosomal dominant
mode of inheritance has been reported for EV, the disease is
usually considered to be an autosomal recessive disorder (128,
174). The familial occurrence of the disease led to the search
for a putative EV gene involved in the control of infection with
HPV in infected families.

Genome-wide approach: discovery of EVER genes. Studies
with the homozygosity mapping strategy of three consanguin-
eous families led to the identification of a major predisposition
locus located in 17g25.3 (175). A second locus was subse-
quently identified on chromosome 2p24 in a French family
(177). Genetic analysis of the 17q25.3 region led to the iden-
tification of two adjacent genes (EVERI and EVER?2), the
mutation of which segregates with the disease (176). Homozy-
gous mutations in either gene were shown to confer suscepti-
bility to EV. Codons spanning the full length of the predicted
ORFs encode a putative EVERI protein (805 amino acids)
and an EVER?2 protein (726 amino acids) that share 28.6%
amino acid homology. Both proteins are predicted to be inte-
gral membrane proteins, with 10 and 8 transmembrane do-
mains, respectively. The EVER genes are thought to be tran-
scribed in numerous tissues including the skin.

Six analogs of EVER genes have been identified in humans
and mice and have been shown to constitute a novel gene
family, designated TMC, for “transmembrane channel-like,”
including EVERI (TMC6) and EVER2 (TMCS8). Homologues
of TMC genes have been identified in invertebrates (Drosoph-
ila melanogaster, Anopheles gambiae, and Caenorhabditis
elegans) and nonmammalian vertebrates (Fugu fish) (101). The
function of TMC proteins is largely unknown, although it has
been postulated that TMC1 may serve as an ion channel, or
transporter, and it might be involved in the modulation of
signal transduction (109). The discovery of EVER genes has
opened a new avenue in the search for the molecular back-
ground of the anti-HPV barrier.

In Search of EVER Protein Functions

Cellular partners of EVER proteins. To elucidate the phys-
iological role of the EVER proteins, we performed a yeast
two-hybrid screening assay to find their cellular partners. In-
deed, protein partners of known function could provide clues
as to EVER function and the cellular signaling pathway(s)
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EVER1 interacting proteins ZnT1 interacting proteins
Description HGNC Symbol |§ Description HGNC Symbol
Zinc transporter 1 (ZnT-1) SLC30A1|| Zinc transporter 1 (ZnT-1) SLC30A1
Nucleobindin-1 precursor NUCB1 || Zinc transporter 2 (ZnT-2) SLC30A2
Cyclic AMP-responsive element-binding protein 3 CREB3 Zinc transporter 3 (ZnT-3) SLC30A3
Transcription factor jun-D JUND Zinc transporter 4 (ZnT-4) SLC30A4
Junction plakoglobin Jup Zinc transporter 7 (ZnT-7) SLC30A7
Cadherin-3 precursor CDH3 Metallothionein-2 MT2A
Polycomb complex protein BMI BMI1 Natural resistance-associated macrophage protein2 ~ SLC11A2
Ubiquitin carboxyl-terminal hydrolase 8 UsP8 Nucleobindin-1 precursor NUCB1
Protein ERGIC-53 precursor LMAN1 || Cyclic AMP-responsive element-binding protein 3 CREB3
Calcium-transporting ATPase type 2C member 2 ATP2C2 || Cullin-5 (CUL-5) cuLs
Histone H3.3. H3F3A Sodium/potassium-transporting ATPase subunit beta-3 ATP1B3
Prolyl 4-hydroxylase subunit alpha-1 precursor P4HAL

EVER2 intera cting proteins Tyrosine-protein phosph?tase non-receptor pre' 3 PTPN3
Description HGNC Symbol RAF'proto-oncogen‘e serme/thregmne_—protem kma_se RAF1

- Calcium homeostasis endoplasmic reticulum protein ~ CHERP
Zinc tran.spc.)rter 1(znT-1) SLC30A1 Elongation factor 1-gamma EEF1G
Nuc!eobmdm—l prev.:ursor - ; NUCB1 Histone deacetylase 9 HDACY
Cycll? AMP—resp0n5|ve elerr.\en‘t-blndlng- protein 3 CREB3 Antigen peptide transporter 1 TAP1
Insulln-llkeAgrowth factor-l?l-ndlng protein 6 precursor IGFBP6 Hippocalcin-like protein 1 HPCAL1
Solute carrier family 2, facnhtatefi glucose transporter member 1 SLC2A1 Amyloid-like protein 2 precursor APL2
B-cell receptor-associated protein 31 BCAP31
Protocadherin-1 precursor PCDH1
Sodium-dependent multivitamin transporter (Na(+) SLC5A6
Proline-rich protein 6 (Nuclear protein p30) PRR6
Adenylate cyclase type 3 ADCY3
Neurogenic locus notch homolog protein 1 precursor NOTCH1
Filamin-A FLNA
G1/S-specific cyclin-D3. CCND3
C9orf32 AD-003

FIG. 4. Cellular proteins interacting with EVER1, EVER2, and ZnT-1. HGNC, HUGO Gene Nomenclature Committee.

affected by EVER mutations in patients suffering from EV. To
this end, we screened a human keratinocyte cDNA library
using a GAL4-based yeast two-hybrid system. To avoid prob-
lems with hydrophobic transmembrane domains (10 and 8
transmembrane domains for EVER1 and EVER2, respec-
tively), which are susceptible to preventing the GAL4 fusion
proteins from reaching the yeast nucleus, three truncated seg-
ments lacking the transmembrane domains and spanning the
N-terminal or C-terminal luminal loops and the highly con-
served TMC domain were designed.

We found that both EVER1 and EVER2 interacted with
zinc transporter 1 (ZnT-1), a membrane protein responsible
for zinc efflux and resistance to zinc toxicity (158). This discov-
ery prompted us to extend the yeast two-hybrid screen and
search for cellular partners of ZnT-1 as well. In the end, this
approach allowed us to map an integrated protein interaction
network, illustrated in Fig. 4. Eleven, 14, and 20 interacting
partners were found for EVER1, EVER2, and ZnT-1, respec-
tively (Fig. 4). The topology of this network is highly suggestive
of the implication of the EVER proteins and ZnT-1 in a
heteromeric complex anchored in the endoplasmic reticulum
(ER) membrane. Such heteromeric complexes formed by dif-
ferent cation diffusion facilitator members could be a common
phenomenon for this ubiquitous family of metal ion transport-
ers, and the recruitment of other cellular partners could par-
ticipate in their functional fine-tuning.

Interestingly, the EVER/ZnT-1 local interactome has been
merged into the Human Protein Reference Database, which
contains the total known human protein-protein interaction
data set, in order to identify the nearest neighbors of the
EVERI1, EVER2, and ZnT-1 protein partners (data not
shown). The resulting network is composed of 320 target pro-
teins linked by 1,078 interactions. High-confidence sets of pro-

tein interactions were identified. They were selected for their
significant enrichment in functional clusters. This selection,
highlighted according to Gene Ontology (GO) term attributes,
provides a list of targets for future studies of human cells (Fig.
5). This analysis is based on the cooccurrence of proteins in the
same functional cluster and provides insight into the cellular
signaling pathways that are susceptible to being regulated by
the EVER/ZnT-1 complex. It must be stressed that the EVER/
ZnT-1 interactome is connected to transcription regulator ac-
tivity, signal transduction, chromatin modeling, and some spe-
cific epidermal signaling pathways such as NOTCH.

EVER proteins as constituents of the zinc transporter. Since
ZnT-1, a membrane protein responsible for zinc efflux and
resistance to zinc toxicity (158), has been found to be a shared
partner for both EVER1 and EVER2, we hypothesized that
EVER proteins might be involved in the regulation of cellular
zinc homeostasis. First, we confirmed the findings from the
yeast two-hybrid screen by glutathione S-transferase pull-down
and immunoprecipitation experiments (116). In keratinocytes,
EVER and ZnT-1 were found to colocalize in the ER. We
subsequently demonstrated that the EVER/ZnT-1 complex
does not influence the total cellular zinc content but does
modify the intracellular zinc distribution. Indeed, EVER?2 was
found to inhibit the influx of free zinc into nucleoli, where the
active synthesis of rRNA takes place. In transiently and stably
transfected keratinocytes, EVER and ZnT-1 downregulated
the zinc-inducible transcription factor (metal-responsive tran-
scription factor 1 [MTF-1]). Conversely, the level of luciferase
activity driven by a promoter specific for MTF-1 was signifi-
cantly higher in keratinocytes with a mutated EVER?2 than in
wild-type keratinocytes (116). These data indicate that EVER
and ZnT-1 are negative regulators of transcription factors in-
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FIG. 5. Cytoscape software subgraph illustration of the EVER1 and EVER?2 interactome data sets filtered for the overrepresentation of GO
attributes (GO terms) using the Bingo plug-in (194). The node color is proportional to the P value for GO term enrichment. Clusters overlaid by

color are related to the functional categories listed in Fig. 4.

duced by zinc and that they regulate the zinc balance in kera-
tinocytes.

CELLULAR ZINC AND THE PAPILLOMAYVIRUS
LIFE CYCLE

Zinc Homeostasis

Metals such as iron, calcium, zinc, manganese, and copper
are all essential “trace elements,” even though they play dis-
tinct and important roles in cell biochemistry. Within the cell,
these metals often bind to enzymes or regulatory proteins,
serving as cofactors that modify their activities. Among these
metals, zinc perhaps plays an exceptional role as an integral
constituent of zinc fingers. Zinc fingers are distinct cysteine-
based protein domains that bind at least one Zn** ion, and in
the case of eukaryotic proteins, the most commonly found
domains are zinc fingers with a canonical Cys,His, (CCHH)
motif (113). Apart from zinc fingers, zinc also binds to multiple
other cellular proteins as well as to amino acids, lipids, DNA,
or organic anions. In this context, one can discriminate two
pools of cellular zinc: (i) tightly bound to cellular proteins and
(ii) loosely bound or unbound, so-called “free” zinc. Compre-
hension of the mutual relationships between these two zinc
compartments is crucial to a full understanding of cellular zinc
biochemistry. It is certain that a great majority of the total
cellular zinc, probably >99.99%, is tightly bound to different
molecules and is excluded from the free-zinc pool. It is still a
matter of debate whether Zn®" is present in the cytoplasm in

a truly unbound form or whether it is rather kept loosely bound
and is transported by tentative “metallochaperones” (48, 156,
209). Regardless of these considerations, the pool of free cel-
lular zinc is undoubtedly extremely small, in the low-nanomo-
lar range. Whereas the importance of zinc as a structural con-
stituent of multiple proteins is relatively well studied, the
physiological significance of the free Zn>" ions is still being
revealed.

Zinc is known to modify signal transduction, but its excess
might be toxic for the cell and can induce apoptosis (74, 133,
193). The exact mechanism by which zinc serves as a modulator
of the cellular signaling network is certainly not fully under-
stood, but one probable explanation could be the influence of
Zn*" on cellular phosphatases. Zinc ions bind to the thiolate
groups of cysteine residues of the phosphatases and suppress
their enzymatic activity (15, 74). What needs to be stressed is
that already within the range of known in vivo concentrations,
Zn** inhibits phosphatases and favors the phosphorylated
state of a few proteins (232). By this mechanism, zinc is sup-
posed to modulate the strength and duration of a signal that
might eventually lead to the phosphorylation and activation of
some transcription factors, for instance, AP-1 (102). The latest
investigations go even one step further, suggesting that zinc
ions can serve as a classical second messenger, analogically to
what has been shown for Ca>*. Yamasaki and colleagues have
recently demonstrated that upon the triggering of the cell
surface receptor, free zinc ions are released from the ER and
thereafter are spread throughout the cell, a phenomenon that
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has been designated a “zinc wave” (232). It might be suggested
that in the steady state, a given pool of zinc ions is stored within
the ER in order to be ready for release into the cytoplasm as
a second messenger.

In the context of its biological activities, it is not surprising
that both the distribution of free zinc and its concentration are
tightly controlled. A detailed description of the cellular system
maintaining cellular zinc homeostasis is beyond the scope of
this paper and has recently been comprehensively reviewed
(48, 122, 192). In short, at least three distinct elements of this
rather complex system could be defined: (i) factors that serve
as cellular zinc sensors detecting fluctuations of unbound Zn*"*
in the cell, (ii) molecules that directly buffer Zn>" ions by
binding excess zinc and excluding it from the pool of free zinc,
and (iii) zinc transporters. The best-characterized zinc sensor is
MTF-1 (158, 173). In response to Zn**, MTF-1 is translocated
from the cytoplasm to the nucleus, where it can induce the
expression of the proteins that represent the second and third
categories listed above (8, 84, 114, 195). These proteins in turn
decrease the level of free zinc ions in the cell, completing the
feedback loop. A family of metallothioneins is an example of
the proteins that directly buffer free zinc. These are metal-
binding proteins, which protect the cell against metal-induced
toxicity. It is tempting to speculate that metallothioneins might
also contribute to zinc-dependent signaling by controlling the
natural fluctuations of free-zinc concentrations. The third ele-
ment of the zinc-managing system is a group of zinc transport-
ers. These are transmembrane proteins that are classified into
two families: (i) SLC39, also known as Zrt, i.e., Irt-like proteins
(ZIP), and (ii) SLC30, also known as cation diffusion facilitator
(CDF) or zinc transporters (ZnT) (48, 122). The ZIP proteins
transport zinc in the direction of the cytoplasm, both from the
extracellular space and from the organellar lumen, depending
on the subcellular localization of a given protein. Conversely,
ZnT family members transport Zn*>* out of the cytoplasm,
either into the cellular organelles or to the outside of the cell,
with the only known exception of a bidirectional transporter
being ZnT-5b (216). Altogether, ZIP and ZnT working in
opposition ensure the appropriate zinc balance, and this is
likely to regulate zinc-mediated signaling. Not surprisingly, the
disruption of any element of this controlling system might have
a profound influence on the cell metabolism as well as on the
function of the whole organism, and indeed, a homozygous
ZnT-1 knockout is embryonically lethal (2).

Free Zinc Ions and the Papillomaviruses

Above, we have discussed an important role of zinc ho-
meostasis in cell physiology, but it needs to be emphasized that
zinc constitutes an element that is also needed by the virus.
Although the mechanism of interplay between cellular zinc and
the virus is almost completely unknown, at least three types of
host-virus interactions on the ground of zinc could be consid-
ered: (i) cellular zinc as a cofactor of viral proteins, (ii) Zn**
as a constituent of the intracellular signaling network, and (iii)
the virus as a “zinc predator” or “zinc scavenger” that might
affect the biology of the host cell, exploiting its zinc stock.
Indeed, multiple viral proteins comprise a motif that resembles
the classical zinc fingers found in eukaryotic proteins, and
these zinc-binding domains are usually crucial for the structure
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and function of viral proteins. On the other hand, by a partic-
ipation in signal transduction, Zn*>* might activate the cellular
transcription factors that are relevant for the virus. It seems
that all these possibilities are true in the case of HPVs.

Zn>** as a cofactor of HPV proteins. At least three HPV
proteins contain the sequences that are potential zinc-binding
sites. Among them, only E6 and E7 comprise the Cys-X-X-Cys
motif (CXXC) that resembles classical zinc fingers (14),
whereas the E4 protein binds zinc by histidine rather than by
cysteine residues (183). The E6 protein has four, and E7 has
two, CXXC motifs separated by a 29-amino-acid spacer, which
seems to be important for protein stability (223). It has been
demonstrated that under reducing conditions, i.e., under the
conditions typical of the intracellular environment, the E6 and
E7 proteins encoded by high-risk HPV bind zinc ions by the
thiolate groups of these zinc finger-like motifs (14, 72, 97, 98,
121, 135, 182, 185). These viral zinc fingers are highly con-
served, and cysteine substitution destabilizes the protein (97)
and interferes with its biological activity (29, 125). For in-
stance, such a substitution prevents E6 nuclear localization and
abolishes its transforming activity (97). The binding of zinc to
the CXXC motifs changes the E7 conformation (98) and thus
enables dimer formation, even though Zn®* itself does not
seem to participate directly in the interaction between the
monomers (135, 149). In terms of biological significance, these
zinc-binding motifs of the E7 protein are crucial for cell im-
mortalization and malignant transformation (29, 125, 135) as
well as for the stable maintenance of the episomal HPV ge-
nome (124).

Zn>** as a tentative regulator of viral gene expression. As
part of the cellular signaling network, Zn>" can change the
activity of the cellular transcription factors that are exploited
by the virus. In the case of papillomaviruses, such factors,
which on the one hand are inducible by zinc and on the other
hand play a pivotal role in the HPV life cycle, are exemplified
by the transcription factor AP-1. AP-1 consists of a heteroge-
neous group of proteins bound as a homo- or heterodimer. The
main constituents of AP-1 belong to the Jun or Fos family, and
the composition of the AP-1 dimer determines its function
(83). AP-1 activity can be stimulated by Zn®>* ions, and it
seems that both Jun and Fos might contribute to this phenom-
enon. Zinc triggers signaling pathways such as phosphatidyl-
inositol 3-kinase/Akt and extracellular signal-regulated kinase/
JNK (15, 50, 102, 193), presumably as a consequence of the
inhibition of the relevant phosphatases (102). This inhibition
might be direct, due to the binding of zinc to the phosphatase
thiolate groups, or indirect, mediated by radical oxygen species
released by zinc (193). This mechanism probably incorporates
the Zn>" stimulation of JNK, a kinase involved in Jun phos-
phorylation, and the consequent activation of AP-1 (50, 102).
Since AP-1 is a central transcription factor in the HPV life
cycle, it is tempting to speculate that through the activation of
this transcription factor, Zn*>* might have a profound influence
on viral genome expression. The transcription of HPV genes is
driven by the viral E2 protein, which cooperates with AP-1 (30,
129, 215). Furthermore, there are multiple AP-1-binding sites
within the LCR of the HPV genome (Fig. 1) (111, 162, 203)
that enhance E6/E7 expression (discussed below) (111, 136,
147, 162). Moreover, AP-1 contributes significantly to HPV-
mediated carcinogenesis (119), and the composition of AP-1



VoL. 73, 2009

clearly changes during the course of the transformation pro-
cess (170, 197).

Accessibility of free zinc—a limiting factor for papillomavi-
ruses? As we have argued above, papillomaviruses might need
zinc at different stages of their life cycle, and obviously, they
have to rely entirely on the cellular resources of this element.
Even though the total cellular zinc content is relatively high,
~10% atoms per cell, the pool of labile, easily accessible zinc
remains much lower (~10° atoms per cell or even much less).
Due to the scarcity of free Zn**, especially in the context of
the high number of viral particles per cell, one might wonder
whether the cellular pool of free zinc is sufficient for HPV,
whether an increase in its concentration would be beneficial
for HPV, and, possibly, how Zn>" is delivered to HPV pro-
teins. It remains to be determined whether cellular factors
indeed “deliver” this element to the viral proteins, serving as
metallochaperones (48, 156), or, conversely, whether Zn?™ is
acquired directly by HPV proteins from the pool of free ions.
Recent studies suggest that most cellular metalloproteins ac-
quire the respective metal directly from the cellular pool, with-
out the mediation of metallochaperones, and that protein fold-
ing in a particular subcellular compartment ensures the
binding of an appropriate metal (209). Nevertheless, we have
recently observed that the HPV E6 protein binds to metallo-
thioneins (115; our unpublished data). It is still obscure
whether E6 could directly acquire Zn** from this source or
whether, rather, it releases Zn®" from metallothioneins, in-
creasing the pool of free zinc.

A distinct issue is the relationships between Zn** as a sig-
naling molecule and the HPV life cycle. It would be particu-
larly interesting to elucidate whether physiological oscillations
of the amounts of free zinc affect HPV gene expression and, if
so, whether AP-1 in involved. Diminishing the free-zinc level
also suppresses AP-1 activity when it is triggered by a natural
cell surface receptor (81), supporting the notion that intracel-
lular Zn** indeed modulates AP-1 activity. However, it re-
mains to be clarified whether a reduction of the free-zinc pool
(or the prevention of its increase in infected cells) could in turn
provoke a protective effect toward HPV through the inhibition
of AP-1 activity.

Zinc Balance and the Immune System

It has been known for decades that breaking zinc homeosta-
sis affects immune system function. This notion comes predom-
inantly from studies of zinc deficiency caused by nutritional
insufficiency or by inherited defects in zinc transporters. An
extreme example of inherited zinc deficiency is acrodermatitis
enteropathica, a rare autosomal recessive disease caused by a
mutation in the ZIP4 gene, which encodes a zinc transporter
belonging to the SLC39 family (221). ZIP4 is involved in zinc
absorption from diet, in the intestine, and in the maintenance
of the zinc balance at the whole-organism level (123). Zinc
malabsorption in acrodermatitis enteropathica leads to the
development of skin lesions and is notably also associated with
immune defects (6). Regardless of the exact causative factor, a
major reprogramming of the immune system takes place in the
course of disorders associated with zinc deficiency (for a re-
view, see reference 58). Importantly, such clinical states are
accompanied by an increased frequency of viral, bacterial, and
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fungal infections, suggesting that an appropriate global zinc
balance is essential for an effective response to microbial
pathogens.

Zinc imbalance at the whole-organism level. Zn>" exerts a
multidirectional effect on distinct leukocyte subsets, and both
an excess and a deficit of zinc impair T- and B-lymphocyte
function as well as that of NK cells and monocytes (181).
Interestingly, the basal concentration of cellular free Zn** and
the sensitivity to an excess of zinc are not identical among the
leukocyte subsets. T cells are much more zinc sensitive than
are, for instance, monocytes (225). Also, in vivo data confirm
that zinc deficiency affects mainly lymphopoiesis, whereas my-
elopoiesis remains relatively unaltered (58). In zinc-deficient
mice, an important thymus involution, low lymphoid tissue
weight, and a reduction in lymphocyte numbers have been
observed (55, 104). However, this could be a consequence of
an improper function of thymulin, a zinc-dependent hormone
crucial for T-cell differentiation, and not necessarily a direct
effect of a zinc deficiency on T cells (34, 167). In addition to the
deviations in the total numbers of lymphocytes, relationships
between distinct subsets of T cells are changed upon zinc
deficiency. It has been postulated that a low level of zinc favors
Th2 rather than Thl differentiation and might thus disfavor
cell-mediated immunity (167, 181).

Zinc imbalance at the single-cell level. A zinc-induced blast
transformation of human lymphocytes was reported more than
30 years ago (17, 105), but the exact mechanism of this effect
still remains unclear. It was postulated that an excess of zinc
induces the expression of interleukin-2 (IL-2) and a high-af-
finity IL-2 receptor in T-cells and that this is thought to confer
a mitogenic activity of zinc (205, 222). However, apart from
IL-2, zinc also stimulates the expression of other cytokines
such as IL-1B, IL-6, tumor necrosis factor (TNF), and gamma
interferon (43, 222), and at least some of the reported Zn**
effects on T cells are indirect, being mediated, e.g., by mono-
cyte activation (186). In addition, it has to be kept in mind that
observations made upon exposure of the cells to high concen-
trations of zinc might have an impact on plasma membrane
fluidity (206, 219) or the function of ion exchangers (148, 160),
which does not give a deep insight into the physiological role of
intracellular Zn** in T-cell biology.

Few data on the physiological role of Zn>* ions in lympho-
cytes come from the studies of T-cell receptor (TCR)-triggered
signaling. It has been found that Zn*" is indispensable for the
association of Lck with CD4 and CDS8 coreceptors (88, 120),
even though it has never been demonstrated that alterations in
levels of free intracellular zinc regulate this interaction. The
binding of the Lck kinase to the TCR complex is crucial for the
transmission of the signal from this complex upon the recog-
nition of the peptide presented in the major histocompatibility
complex (MHC) context (99). Zn** is involved in the het-
erodimerization of CD4 (as well as CD8) with Lck by bridging
two couples of cysteine residues from each of the respective
molecules (102). Interestingly, whereas in mature effector T
cells, Lck is constantly bound to the coreceptor molecule, in
naive T-cells, Lck is found predominantly in the unbound form
and is recruited upon cell activation (11). Moreover, it seems
that T-cell activation triggers rearrangements in cellular zinc
homeostasis, and coordinated alterations in the expression of
zinc transporters and metallothioneins in the course of T-cell
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activation and differentiation have been observed (M. Lazarc-
zyk, unpublished data). One can speculate that the activation
of naive T cells would be associated with an increase in the
concentration of free cellular zinc, but the biological conse-
quences of such a phenomenon remain obscure. Whether
TCR-mediated signaling could be modulated by alterations in
intracellular free-zinc concentrations remains to be elucidated.
Interestingly, in dendritic cells (DC), physiological fluctuations
in free zinc have recently been observed, and the impacts of
this on DC activation have been studied. It has been demon-
strated that immature DC display a relatively high level of free
zinc ions. In the course of DC maturation, a rapid reduction in
the level of free cellular zinc takes place, and this is essential
for maturation. The suppression of the free-zinc level was
shown to be required for the prevention of the internalization
of MHC class II molecules from the cell surface (106). An
important role of the physiological fluctuations of intracellular
zinc in mast cell activation has also recently been demonstrated
(232).

Apparently, the significance of zinc ions in the virus life cycle
might be not limited to a direct effect of Zn>* within the host
cell but could involve the zinc-dependent regulation of an
immune antiviral response. It is noteworthy that in a great
majority of infected individuals, the immune system is able to
eradicate papillomavirus infections within months, pointing to
viral clearance as a major controlling mechanism. The matu-
ration of locally residing antigen-presenting cells and the sub-
sequent activation of cytotoxic T cells are crucial for viral
clearance (208), and a dysfunction of this process could lead to
a persistence of papillomavirus infection. Whether an im-
proper zinc balance in cytotoxic T cells and/or DC could in-
deed contribute to the ineffective clearance of HPV infection
observed in some patients remains an exciting question.

PROPOSED MECHANISM OF EVER-MEDIATED
RESISTANCE TO HPV INFECTION AND
CARCINOGENESIS

EVER proteins constitute a member of the zinc-transport-
ing complex, and we hypothesized that by maintaining the
cellular zinc balance, they could control HPV infections (116).
The zinc imbalance imposed by an EVER deficiency would
have to disrupt the anti-HPV barrier, with all the attendant
clinical consequences. Knowing the possible importance of
zinc, both for the HPV life cycle in the host cell and for
immune cells and the clearance of already established infec-
tions, the EVER-based barrier might theoretically have two
arms: one directly limiting virus replication in the infected cells
and the other ensuring an adequate antiviral response. Frag-
mentary data available suggest that in EV patients, both of
these elements could be disrupted. Notably, in EV-derived
keratinocytes, an increased replication rate has been reported
(116), indicating local EVER-deficiency-based defects. How-
ever, the lack of an efficient antiviral response observed in the
majority of EV cases, despite the highly productive life cycle
and evidence that the immune system has been exposed to
HPYV antigens, rather points to an immune defect as a result of
EVER mutation.
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EVER Proteins in Keratinocytes

Normal keratinocytes. In human keratinocytes, we have pre-
viously found that EVER proteins interact with ZnT-1 and
form a complex within the ER (116). It has been postulated
that the EVER/ZnT-1 complex participates in the regulation
of cellular zinc fluxes and allows the maintenance of the zinc
balance in keratinocytes (116). The physiological fluctuations
of free zinc in the cell might serve as a factor that modulates
and integrates the global signaling network. In this context, one
might expect that the constituents of the EVER complex con-
tribute to this modulation, and by controlling the cellular zinc
balance, this complex could modify the activity of a broad
range of transcription factors and not only those like MTF-1
that are classical zinc sensors. Indeed, EVERs and ZnT-1 were
found to suppress the activity of the AP-1 and Elk-1 transcrip-
tion factors in human keratinocytes (116). In the case of AP-1,
this effect seems to be related to an influence on the transac-
tivation domain of Jun. Jun is an important constituent of the
AP-1 dimer, and the function of its transactivation domain is
regulated by distinct kinases. Phosphorylation by JNK leads to
the activation of the transcription factor, whereas phosphory-
lation by GSK-3 suppresses Jun activity. It has been found that
the EVER/ZnT-1 complex inhibits the c-Jun transactivation
domain, possibly in a GSK-3-independent manner, and this
effect could be mediated by a modulation of JNK activity (116).

Although it has not yet been formally proven, this influence
of EVER on AP-1 activity is likely to be indirect, constituting
a consequence of EVER-mediated changes in the cellular zinc
balance. Zinc ions have previously been shown to induce JNK
and to enhance the activity of AP-1 in this mechanism (50,
103). EVER proteins are thought to decrease the level of free
zinc ions in keratinocytes, and one can expect that they could
indirectly alter the phosphorylation pattern of cellular pro-
teins. The inhibition of JNK by the EVER complex constitutes
a tentative mechanism of EVER influence on AP-1 function in
keratinocytes. Interestingly, a similar influence on AP-1 tran-
scriptional activity was observed when a zinc-specific chelator
(TPEN) was added to keratinocyte cultures (our unpublished
data), whereas an excess of zinc exerts a reverse effect, further
supporting the idea that the cellular zinc balance could control
AP-1 activity in keratinocytes. The downregulation of AP-1 by
EVER and ZnT-1 also takes place when AP-1 is activated by
other physiological triggers, for instance, growth factors such
as epidermal growth factor (EGF) or TGF-alpha (116). One
can hypothesize that under such conditions, the EVER com-
plex would inhibit the release of endogenous free zinc from the
intracellular stores. Whether the activation of the EGF recep-
tor in keratinocytes, analogically to what has been demon-
strated for mast cells (232), can initiate a “zinc wave” remains
to be determined. If so, the EVER complex might interfere
with the spread of such a zinc wave and could modulate phos-
phatase activity and the cellular response to different cyto-
kines. As the level of AP-1 activity is significantly higher in
EVER2™'~ keratinocytes than in cells with the wild-type
EVER?2 gene (116), we propose that one of the physiological
roles of the EVER complex in keratinocytes might be to serve
as a constitutive inhibitor of AP-1. In addition, one might
expect that by touching zinc homeostasis, the EVER complex
would broadly modify the phosphorylation pattern, with the
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final outcome not being limited to the modulation of only one
or a very few transcription factors. Indeed, recent observations
favor this possibility since EVER and ZnT-1 have also been
found to downregulate the expression of the Elk-1 and Fos
transcription factors (116).

EVER deficiency in keratinocytes and papillomaviruses. It
has to be kept in mind that even though beta-HPVs are ubig-
uitous in the general population, the viral load is very low
compared to that for EV patients, and the HPV genome is
usually detected only by very sensitive methods such as nested
PCR (75, 76, 165), suggesting that the infection can be entirely
controlled in healthy individuals. The fact that AP-1 activity is
elevated in EVER-deficient keratinocytes could have a pro-
found effect on virus biology. This suggests that EVER might
act as a constitutive AP-1 inhibitor, serving as an internal
anti-HPV barrier. The increased level of activity of AP-1 in
EVER-deficient cells would be involved in the enhancement of
viral gene expression, and it might also promote replication
and the persistence of the viral genome in keratinocytes. Pos-
sibly, an uncoordinated overexpression of viral oncogenes
would confer malignant transformation on infected cells.

However, although the contribution of HPV5 or HPVS to
carcinogenesis in EV patients is doubtless, it has been pro-
posed that mutations in EVER genes might also contribute to
oncogenesis in an HPV-independent manner (115, 116). In-
deed, a constitutively active AP-1 mutant is known to exert a
transforming activity, demonstrating that the uncontrolled ac-
tivation of AP-1 itself can be involved in malignant transfor-
mation. The high growth rate of HPV-uninfected EVER2 ™/~
keratinocytes derived from EV patients compared to that of
cells with a wild-type EVER2 gene further supports this hy-
pothesis (116). Nevertheless, to definitively confirm these pre-
liminary observations, the effect of EVER knockdown on es-
tablished cell lines with a homogenous genetic background
should also be assessed. Moreover, the effect on the cell growth
rate of the reconstitution of EVER2 expression in EVER2 ™/~
keratinocytes, together with further analysis of proliferation
and apoptosis state, should also be performed.

EVER gene polymorphism and papillomaviruses. Besides
nonsense mutations found in EV patients, it is possible that
polymorphisms in EVER genes could also be important for
papillomavirus replication and the development of NMSC in
the general population.

It has been proposed that cutaneous HPV might contribute
to the pathogenesis of NMSC in humans (165), but their exact
role in these diseases is still controversial (153). Although a
primary role of UV irradiation in basal cell carcinomas and
squamous cell carcinomas is generally recognized, HPVs might
serve as cocarcinogens, promoting the development of already-
initiated malignancies. Such polymorphism, even though not
leading to a massive EV-like skin eruption, would have to
facilitate viral oncogene expression and/or the persistence of
viral infections, increasing a “dosage of the oncoprotein” or
“exposition span” to this particular cocarcinogen, respectively.

Indeed, a very common polymorphism in the EVER2 gene
has recently been described, and the correlation between se-
ropositivity for beta-HPVs and the risk of squamous cell car-
cinoma has been studied (159). This is a single nucleotide
polymorphism in the transmembrane region in codon 306
within exon 8, which results in a change from isoleucine to
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asparagine (I306N). The replacement of a nonpolar amino
acid by a polar one is thought to change the conformation of
the EVER2 protein. Currently, it is difficult to dissect the
influence of this polymorphism on the keratinocyte from its
effect on immune system function. Whether there is a similar
correlation between squamous cell carcinoma incidence and
any polymorphism in the EVERI gene also remains to be
established. Nevertheless, preliminary observations have al-
ready opened a new avenue for the role of the EVER complex
in the pathogenesis of NMSC in the general population.

EVER Proteins in Immune Cells

The recent discovery of the molecular mechanism of EVER
protein action in keratinocytes has provided a first substantial
clue in an understanding of the pathogenesis of EV, and more
globally, it has given a mechanistic insight into the function of
the natural anti-HPV barrier in keratinocytes. Despite that, we
are still far from a comprehension of the whole complexity of
the disease and the host-virus interplay on the grounds of zinc
homeostasis. It must be stressed that the clinical effect of
EVER deficiency is not necessarily limited to keratinocytes.
EVER proteins are supposed to be ubiquitously expressed
(152), and it is tempting to speculate that the lack of EVER in
other cellular compartments contributes to EV pathogenesis.
Indeed, whereas in a great majority of HPV-infected individ-
uals, the immune system is able to eradicate the virus within
months, pointing to viral clearance as a pivotal controlling
mechanism (208), EV patients consistently display multiple
immune deviations, and despite exposition to viral antigens,
they are unable to clear HPV infections (for reviews, see ref-
erences 132 and 152).

It remains unclear to what extent EV, seen as an immuno-
deficiency, would result from the dysfunction of innate or
adaptive immunity. It has been reported that blast transforma-
tion of T cells (168) and nonspecific cell-mediated immunity
(68, 172) are largely diminished in the majority of EV cases.
Moreover, an anergy to dinitrochlorobenzene, a skin contact
sensitizer, has also constantly been observed (69). On the other
hand, distinct clinical states associated with immunodeficiency,
either iatrogenic (127) or idiopathic (10), are sometimes ac-
companied by typical EV-like eruptions in the skin. In addi-
tion, an EV case with impaired Fas function and an Ala91Val
variation in perforin has recently been described, and this was
associated with a variant of autoimmune lymphoproliferative
syndrome (234).

Although the presence of EVER proteins in lymphocytes
has never been demonstrated, it has been suggested that the
basal EVER mRNA expression level could be even higher in
lymphocytes than in the epidermis (101). More importantly,
preliminary experiments with immortalized human lympho-
cytes derived from EVER-deficient patients, or their healthy
relatives, seem to confirm the assumption of a role of the
EVER complex in the maintenance of zinc homeostasis in
lymphocytes. Indeed, the lack of one of the EVER proteins
leads to a disruption of the zinc balance in these cell lines.
However, even though these results demonstrate that the
EVER complex participates in the maintenance of the cellular
zinc balance in leukocytes, more precise analyses of the role of
the EVER proteins in the regulation of physiological zinc
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fluxes in primary lymphocytes are needed, and appropriate
studies are currently being performed in our laboratories.

In this context, a burning question is what might be the
consequences of the EVER-deficiency-induced zinc imbalance
for the function of lymphocytes. It is likely that the effect of an
EVER deficiency, like in keratinocytes, does not selectively
affect the transcription factor MTF-1 but also changes cell
signaling through other pathways, e.g., by modifying the tran-
scriptional activity of AP-1. This in turn could change the
expression pattern of multiple genes, including those that reg-
ulate lymphocyte differentiation and maturation, as well as
cytokine expression. Indeed, we have found that EVER-defi-
cient lymphocytes from EV patients of different unrelated fam-
ilies produce significantly more TNF than cells obtained from
their healthy relatives (M. Lazarczyk and M. Favre, unpub-
lished data). These results are in accordance with data from
previous reports, which demonstrated that TNF transcription
can be activated in response to an increased concentration of
free zinc (232) and that the level is increased in the skin lesions
of EV patients (131). Whether these alterations in cytokine
expression levels truly contribute to the pathogenesis of EV is
a distinct issue and remains uncertain, but at least, our data
demonstrate that the effect of a disruption of the EVER com-
plex is not restricted to keratinocytes.

Apart from the tentative effect of EVER deficiency in “pro-
fessional” immune cells, other cells can also contribute to the
final outcome of an anti-HPV immune response and might be
touched by the zinc imbalance imposed by a lack of EVER. It
is well established that keratinocytes participate in local in-
flammatory reactions in the skin through the secretion of, or
the response to, various cytokines (type I interferons, TNF,
IL-1, IL-6, IL-10, IL-12, and IL-15, etc.), growth factors (TGF
and granulocyte-macrophage colony-stimulating factor), and
chemokines (SDF1 and IL-8). Our preliminary results showed
a decreased level of production of IL-6 and an increased level
of secretion of IL-8 by EVER2™'~ keratinocytes compared to
those of cells with wild-type EVER2. IL-6 is a proinflammatory
cytokine secreted by T cells, macrophages, and keratinocytes to
stimulate the immune response to pathogens, leading to in-
flammation. IL-8 is a proinflammatory CXC chemokine that
mediates the activation and migration of neutrophils into tis-
sue from peripheral blood. The altered pattern of secretion
observed in EVER2™/~ keratinocytes may be involved in the
lifelong persistence of lesions.

GENITAL HPV AND THE EVER-BASED BARRIER

Although the first step toward an understanding of the na-
ture of the natural anti-HPV barrier has been reached, this still
did not allow a few important questions to be answered. Why
does this barrier not confer resistance to the related group of
genital HPVs? Is this barrier really as selective as one can
judge from the epidemiological data from EV patients? Or it is
rather that genital HPVs have developed a mechanism that
allows them either to omit or to break the barrier? If the latter
were true, one of the genital HPV-derived proteins would have
to inhibit or disrupt the EVER complex, whereas either beta-
HPVs should be devoid of this protein or their counterpart of
such a protein should be unable to affect the EVER complex.

Beta-HPVs, like gamma- and mu-HPVs, lack the ES ORF,

MICROBIOL. MOL. BIiOL. REV.

which is present in the genome of genital HPV. Moreover,
some beta-HPVs are detected together with HPV3 or related
genotypes (146), and such a codetection with E5-containing
HPVs suggests that beta-HPVs are defective for the ES protein
and that they benefit from ES delivered by the coinfecting
HPV (152). In this context, the ES protein emerged as a can-
didate factor that might confer resistance to the EVER-based
barrier.

The HPV16 E5 Protein Inhibits EVER and ZnT-1 Activity

The fact that the EVER/ZnT-1 complex is involved in the
control of the life cycle of beta-HPV but not that of alpha-HPV
prompted us to search for a possible interaction between viral
early proteins specific for cutaneous and mucosal HPVs and
EVERI1, EVER2, or ZnT-1. No interaction was detected with
the E6 or E7 oncoprotein (116). In contrast, we found that the
ES protein of HPV16 binds to EVER1, EVER2, and ZnT-1.
More importantly, HPV16 ES5 prevented the ZnT-1/EVER-
mediated inhibition of MTF-1 transcriptional activity (115,
116). On the other hand, no effect of HPV16 E5 was observed
in EVER2™/~ keratinocytes originating from a Polish EV pa-
tient, which further suggests that the intact EVER/ZnT-1 com-
plex is an important target for the HPV16 ES protein in human
keratinocytes.

The HPV ES5 OREF, which is localized just downstream of the
E2 OREF, has recently been classified into four different groups:
alpha, beta, gamma, and delta (22). Interestingly, the different
forms of the ES5 proteins appeared to correlate with different
clinical manifestations, in particular with oncogenic potential
(190). The most extensively studied is the ES5-alpha protein,
which is encoded by high-risk alpha-HPV, whereas low-risk
genital HPVs encode two distinct forms: ES-gamma and ES5-
delta (62). In this context, it is tempting to speculate that
different forms of HPV ES could differ in their capacities to
bind and to inhibit the EVER proteins. One might suppose
that ES-alpha could disturb the function of the EVER complex
to a higher extent than E5-beta, E5-gamma, or ES-delta. If so,
the remnant activity of the EVER complex upon the partial
inhibition by low-risk HPV-derived E5 proteins might still be
sufficient to protect the cell from malignant transformation.
This intriguing issue needs urgent elucidation.

In the following paragraphs, we focus on the ES-alpha pro-
tein encoded by HPV16.

Basic Biological Properties of the HPV16 E5 Protein

HPV16 ES5 encodes an 83-amino-acid hydrophobic mem-
brane protein. This protein is distributed mainly in the Golgi
apparatus and the ER. In contrast to the bovine papillomavirus
type 1 ES protein, HPV16 ES is unable to form transformed
foci on cell monolayers and is thus considered to have only
moderate transforming activity. This notion is further sup-
ported by the inability of HPV16 E5 to immortalize primary
human keratinocytes (200). Because of its weak transforming
activity, and the fact that the ES ORF is often deleted after the
viral genome has integrated into the host DNA, it is admitted
that this viral protein plays a role during the early stages of
HPYV infection and transformation of infected keratinocytes.

Among the known functions of HPV16 ES is the stimulation
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of EGF-dependent proliferation and the inhibition of endo-
some acidification, which leads to the activation of signaling
pathways mediated by the EGF receptors (EGFRs). It is
known that HPV16 ES is able to increase the number of
EGFRs at the cell surface due to an abnormal recycling of
EGFR. This process is thought to be mediated by the interac-
tion of the HPV16 ES protein with the 16-kDa pore-forming
subunit of the vacuolar H"-ATPase proton pump located in
the ER (32, 184). Recently, karyopherin beta 3 (KNb3) has
also been identified as a cellular target for HPV16 E5 (108).
Karyopherin is localized mainly in the cytoplasm near the
nuclear envelope, and it has been suggested that a KNb3/
HPV16 E5 complex plays an important role in vesicle traffick-
ing. A direct association of HPV16 E5 with EGFR or erbB4
has also been observed in HPV16-infected lesions (212). This
may influence the EGF signal transduction that leads to the
synthesis of transcription factors such as cJun, Jun B, or Fos
needed for viral genome expression. However, an EGFR-in-
dependent mechanism has been proposed to function in the
ES-activated signaling cascade, involving mitogen-activated
protein kinase p38 and extracellular signal-regulated kinase 1/2
pathways in human keratinocytes.

HPV16 ES can also activate the synthesis of Jun transcrip-
tion factors via both the protein kinase C signaling pathway
and the ras-dependent pathway. It thus appears that the
HPV16 ES protein stimulates E6 and E7 gene expression and
regulates E7-mediated cell transformation by the activation of
cellular genes. It has been reported that HPV16 ES downregu-
lates the expression of the p21 tumor suppressor gene in im-
mortalized keratinocytes, and this could promote cell prolifer-
ation and contribute to cell immortalization in the course of
primary infection of genital keratinocytes (213). In addition,
the inhibition of the p21 regulation protein by HPV16 E5 may
facilitate the activation of Cdk4-cyclin D complexes that play
an important role in the phosphorylation of pRb and favor the
passage from the G, phase to the S phase needed for viral
DNA replication.

Finally, the E5 proteins of HPV16 and HPV31 were found
to target B-cell-associated protein 31 (Bap31) (179). This in-
teraction is believed to promote the proliferative capacity of
keratinocytes in differentiated cells and prevent apoptosis.

HPV16 ES5 contribution to the evasion of immune surveil-
lance. The HPV16 ES downregulation of the expression of
surface HLA class I genes of the major histocompatibility
complex has been reported (7). This inhibition is linked to the
specific interaction of the ES protein with the heavy chain of
HLA class I and involves the first hydrophobic domain of
HPV16 ES. Thus, it is likely that in infected keratinocytes, ES
interferes with the presentation of viral antigens to the im-
mune cells. As it has been demonstrated that elevated levels of
free zinc change the vesicular circulation and turnover of MHC
proteins in DCs (106), it is tempting to speculate that E5 could
exert a similar effect in activated keratinocytes by the upregu-
lation of the free zinc in the cell (116).

Interestingly, it has also been shown that HPV16 ES inhibits
Fas-induced apoptosis by decreasing the cell surface expres-
sion of the Fas receptor and downregulating the cleavage of
procaspase-8 and procaspase-3 (95). Interference with antigen
presentation mediated by the ES protein, and impairing death
receptor signaling, may allow the virus to establish a persistent
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infection by avoiding the clearance of infected keratinocytes by
NK cells or cytotoxic T lymphocytes. Whether ES plays a role
in establishing a latent infection in stem cells remains to be
determined.

MODEL OF AN EVER-BASED BARRIER
PROTECTING AGAINST HPV

An extraordinarily high sensitivity to infections by cutaneous
beta-HPVs in otherwise-healthy individuals carrying a muta-
tion in one of the EVER genes suggests that in humans, a
natural EVER-based barrier exists, which protects the host
from papillomaviruses. Obviously, this observation does not
indicate whether the barrier truly confers resistance to infec-
tion or, rather, that it ensures a rapid clearance of the virus.
Nevertheless, judging by the clinical consequences of EVER
deficiency, the EVER proteins apparently constitute an indis-
pensable element of this barrier, which is crucial for the func-
tional integrity of the EVER/ZnT-1 complex (116, 176).
Herein, we present a model of this natural anti-HPV barrier.

We propose that a cellular zinc imbalance constitutes an
important, perhaps even a crucial, step in the HPV life cycle.
Putting the EVER/ZnT-1 complex in a central place might be
partially supported on the one hand by the observations of the
highly limited EV-HPV replication rate in the general popu-
lation (i.e., in cells with wild-type EVER genes and maintained
zinc homeostasis) compared to that in EV patients (36) and on
the other hand by the function of the virally derived EVER
inhibitor HPV ES in the productive stages of the HPV life
cycle. Moreover, it seems that breaking the barrier that im-
poses a cellular zinc imbalance is an important element of the
pathogenesis of both alpha- and beta-papillomaviruses, and
the main difference between these two groups would be a
mechanism employed to achieve the same goal: EVER muta-
tion (beta-HPV) versus E5-mediated EVER/ZnT-1 complex
suppression (alpha-HPV).

At the cellular level, the EVER-based barrier would consist
of two major elements: (i) the immune system, which is im-
portant for the control of already-established HPV infections
and is usually capable of eliminating the virus, and (ii) kerati-
nocytes, a natural cellular environment for the papillomavirus
life cycle where the direct control of replication and viral ge-
nome expression by host factors could take place. The proper
function of both of these elements would depend on the activ-
ity of the EVER/ZnT-1 complex.

EVER/ZnT-1 Complex and Immune Control of
HPV-Infected Cells

In immune cells, the proper zinc balance controlled by the
EVER/ZnT-1 complex would be important for lymphocyte
differentiation and/or activation, for instance, for the genera-
tion of HPV-responsive cytotoxic T cells. It can be assumed
that mutations in either of the EVER genes disrupts the EVER
complex and that this is responsible for compromising virus
clearance by the immune system, finally leading to a severe
phenotype associated with the persistence of established pap-
illomavirus infections and the malignant transformation of
some of the lesions.
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FIG. 6. Model proposed for the limitation of expression of HPV in keratinocytes. (A) In normal keratinocytes, the activation of AP-1
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synthesis of the HPV16 ES5 protein, which alleviates the inhibition of the EVER/ZnT-1 complex and facilitates the expression of the transcription
factors necessary for the expression and replication of the viral genome. (B) The lack of the E5 protein encoded by the genome of beta-HPV does
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viral replication.

EVER/ZnT-1 Complex and Control of Viral Expression

In keratinocytes, the EVER/ZnT-1 complex would be re-
sponsible for maintaining a low level of free zinc, tonically
inhibiting the activity of the AP-1 transcription factors needed
for viral genome expression (Fig. 6). Dysfunction of the com-
plex in keratinocytes can be caused by (i) virus-related factors
or (ii) intrinsic host-related factors.

The HPV ES protein is currently the only known viral factor
that can inhibit the EVER/ZnT-1 complex (Fig. 6A). Although
a role of the ES protein in differentiating keratinocytes has
been reported (179), in HPV16-induced lesions, the viral pro-
tein is expressed mainly in the basal and parabasal layers of the
epidermis (27). This indicates that the ES protein may favor E6
and E7 expression in the first layers of the epidermis, a step
essential for the passage of cells from the G, to the S phase
(Fig. 2). The lack of an ES ORF in certain HPVs (22) may
account for their asymptomatic natures and the highly limited
replication of beta-HPVs and most gamma-HPVs in healthy
subjects (Fig. 6B). However, it cannot be excluded that in
certain HPV genotypes, other viral proteins apart from ES
might display activity toward the EVER complex. This notion
could be supported by the fact that a few E5-lacking gamma-
HPVs are found in productive lesions, such as HPV4 and
HPV60 in palmar warts and plantar cysts, respectively.
Whether these viruses inhibit EVER function or are indicative

of the existence of an additional cellular barrier protecting
against HPV remains to be elucidated.

In terms of intrinsic factors, the dysfunction of the EVER/
ZnT-1 complex can result from mutations in either of the
EVER genes, as observed in EV patients. This would upregu-
late the free-zinc levels in keratinocytes and support virus
replication, finally leading to a severe phenotype associated
with a malignant conversion of some of the lesions (Fig. 6C).

Nevertheless, the surprising disruption of the cellular zinc-
transporting complex that is achieved by two completely unre-
lated “strategies” sculptured during a long coevolution of HPV
and the human species underlines the general importance of
the cellular zinc (im)balance in the papillomavirus life cycle.

Commensalic or Symbiotic Nature of Beta-HPV?

The human skin harbors a surprising multiplicity of HPVs,
most of them belonging to the beta and gamma genera (4).
These viruses have been evolving for hundreds of thousands of
years in humans, and they are extremely well adapted to their
host. Beta-HPVs and most gamma-HPVs are found only in
trace amounts in the skin, hardly ever causing symptomatic
infections. Although beta-HPVs could be considered to be
defective viruses (152), it remains to be determined whether
these viruses are commensal or whether they may establish
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symbioses with the human being and play a beneficial role
under certain conditions.

The very low viral load in subjects from the general popu-
lation on the one hand and the scarcity of EV patients on the
other hand may lead us to consider what the reservoir of
beta-HPV in the human population is. Admittedly, the general
acquisition of beta- and gamma-HPVs in early infancy has
been demonstrated by Antonsson and colleagues (5). This
clearly points to the fact that individuals from the general
population can constitute a source of infection in spite of a very
low viral load, at least when the physical contact is very close.
It is noteworthy that in the cases reported by Antonsson, a
majority of the genotypes found in mothers and fathers from
the same family were different from each other (5). On the
other hand, it is not entirely certain whether this mechanism
might be sufficient to explain multiple reinfections in the adult
throughout their whole life. However, another possible reser-
voir of beta-HPV has been proposed, which is psoriasis. In-
deed, patients suffering from psoriasis display a high preva-
lence of antibodies raised against HPV5 and HPV36, with both
these viruses being beta-HPVs (53). On top of that, beta-HPV
DNA has been detected in nearly all psoriasis patients tested,
demonstrating that psoriatic individuals have an alleviated re-
striction toward HPV. As psoriasis is a common dermatosis
affecting 2 to 5% of the human population, regardless of a
contribution of beta-HPV to the pathogenesis of this disease
(130), it can be assumed that psoriatic patients constitute a
reservoir for HPV (53). In addition, beta-HPV DNA se-
quences and HPVS antibodies were detected in patients with
bullous disease and autoimmune connective tissue disorders
with cutaneous involvement as well as in burned subjects (52).
In all these clinical states, the epidermal repair processes are
augmented, with increased keratinocyte proliferation, which
might constitute a benefit for HPV and explain an alleviated
restriction toward these viruses. This in turn would ensure the
lifelong maintenance of HPV infections in the general popu-
lation.

The nature of the cohabitation of HPV and humans is an
open, and not a trivial or weightless, issue. The ubiquity of
beta-HPVs and their astonishing genomic diversity, together
with the asymptomatic course of infection, obviously led to
considerations of their commensalic nature (4). Nevertheless,
it can be speculated that beta-HPV could actively participate in
the hyperproliferation of keratinocytes during wound healing
and, under certain conditions, implement symbiosis with hu-
man beings. The involvement of beta-HPV in the regulation of
keratinocyte proliferation is poorly understood, but early pro-
teins of beta-HPV have been shown to inhibit TGF-beta-trig-
gered signaling and are expected to stimulate the proliferation
of keratinocytes (137). Furthermore, the HPVS8 E2 protein was
suggested to promote the transition of keratinocytes into the
transiently amplifying compartment (150). Therefore, through
the stimulation of keratinocyte proliferation and their migra-
tion, beta-HPVs might promote epithelial repair processes,
constituting an obvious benefit for the human when skin repair
is needed. Under such conditions, locally in the epidermis, the
expression of members of the EVER/ZnT-1 complex might be
transiently decreased (for instance, in response to local inflam-
mation), and the barrier against beta-HPV could be tempo-
rarily alleviated. Therefore, the relationships between the
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EVER complex, beta-HPV, and epidermal healing constitute
an exciting question, and in this context, the elucidation of the
mechanism controlling EVER gene expression seems to be an
even more burning issue.
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