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Abstract. Human papillomaviruses (HPV) infect cutaneous and mucosal epithelia and induce benign and malignant lesions.
Non-melanoma skin cancer (NMSC), encompassing basal cell carcinoma and squamous cell carcinoma (SCC), is the most
frequent cancer in the Caucasian population, and the incidence has increased dramatically worldwide. Ultraviolet (UV) radiation
is a major risk factor for NMSC, and cutaneous HPV is also considered to play an active role during the pathogenesis of these
cancers. The first evidence for the involvement of HPV in NMSC was reported in patients with Epidermodysplasia verruciformis
(EV). HPV types detected in skin tumours of these patients are referred to as EV/cutaneous HPV types belonging to the beta-
and gamma-papillomaviruses (PV). Epidemiological studies have shown a higher risk of several EV/cutaneous HPV types for
NMSC. Furthermore,in vitro and animal models show transforming properties of some PV types. The anti-apoptotic activities,
and the delay of DNA repair mechanism caused by some EV/cutaneous HPV E6 proteins in response to UV-induced mutations,
may lead to the persistence of DNA-damaged keratinocytes. Thus, specific EV/cutaneous HPV types as co-factors in association
with UV-radiation and the immune system seem to be involved in the early pathogenesis of cutaneous SCC.

Abbreviations: AK, actinic keratosis; EV, Epidermodysplasia verruciformis; HPV, human papillomavirus; LOH, loss of het-
erozygosity; NMSC, non-melanoma skin cancer; PV, papillomavirus; SCC, squamous cell carcinoma; OTR, organ transplant
recipient; UV, Ultraviolet.

1. NMSC and ultraviolet radiation

Non-melanoma skin cancer (NMSC), comprising
basal cell carcinoma (BCC), Bowen’s disease, cuta-
neous squamous cell carcinoma (SCC), and its early
stage actinic keratosis (AK), is the most frequent ma-
lignancy among populations of European origin [1–
5]. The tumours are readily diagnosed on the basis
of clinical and histopathological appearance (Fig. 1A–
C). BCC rarely metastasises and shows ingrowths of
epidermal keratinocytes adjacent to palisades of cells
resembling those that constitute the lower basal lay-
er [6,7]. They frequently occur on the face and are
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characteristically indolent, small, pearly edged lesions
with sometimes an ulcerated centre. On the contrary,
SCC are invasive tumours, whose cells histologically
appear like differentiated suprabasal keratinocytes, and
approximately 3% metastasises [7]. They grow faster
than BCC and produce a more indurated, hyperkeratot-
ic lesion with ulceration. AK and cutaneous SCC fre-
quently occur as multiple primary tumours in the same
skin area (‘field’) in proximity to each other (‘field can-
cerisation’; Fig. 1) [8].

During the last decade, worldwide incidence of NM-
SC has epidemically increased and now represents ap-
proximately 30% of total cancers [9–12]. Particularly,
light-skinned and sun-sensitive individuals are affect-
ed, and the highest frequencies of the disease are found
on sun-exposed sites of the body (Fig. 1G–J) [13]. Fur-
thermore, skin cancer risk is relatively increased in
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Fig. 1. Non-melanoma skin cancer (NMSC) from an immunocompetent (IC) patient and an immunosuppressed organ transplant recipient (OTR).
Sections of paraffin embedded skin tissues stained with haematoxylin and eosin (H / E) for histology (A-C). Normal skin (A), actinic keratosis
(AK) (B), and cutaneous squamous cell carcinoma (SCC) (C). Presence of beta-human papillomavirus (HPV) DNA in dysplastic cells of cutaneous
SCC (IC patient, 86 years old female) shown byin situ hybridisation (ISH) (A. K̈ohler and I. Nindl, unpublished data) (D,E). Negative control
using the HPV 16 genome (D), tyramide signal amplification after ISH, red staining indicate HPV 5 DNA in the nucleus. HPV 5 DNA was not
detected in all dysplastic cells, and note the enlarged nuclei in the HPV positive dysplastic cells (E). Field cancerisation with multiple AK and
SCC is shown on the forearm of an IC patient (F). Development of multiple AK and SCC exclusively on sun-exposed areas as demonstrated with
an immunosuppressed OTR (G-J). Head and chest (G), trunk and left arm (H), left lateral face (J). Originals, magnification scale bars indicate
50µm.

Caucasians who have been born in countries close to
the equator, compared to those who have migrated to
them after birth, indicating that the exposure to solar
radiation early in life has importance for tumourgene-
sis [14]. This highlights the role of ultraviolet- (UV)
rays as a major environmental risk factor for the devel-
opment of epithelial skin cancers [15–18]. The major
physical adaptation to UV-radiation, which is the most
ubiquitous human carcinogen, is pigmentation of the
skin, whose degree is largely based on inheritance.

UV-radiation is a component of sunlight and com-
prises three wavelength classes, UV-C (ranging from
190 to 280 nm), UV-B (280 to 320 nm), and UV-A (320
to 400 nm). The non-ionising radiation cumulatively
induces NMSC by at least two interacting rather than

separate mechanisms, causing permanent DNA dam-
age and preventing local immunologic recognition of
mutant cells [19]. UV-A induces photooxidative stress
and secondarily characteristic genome mutations,while
UV-B irradiation results directly in the formation of cy-
clobutane (thymidine) dimers and transitions in DNA.
Because of the absence of effective repair mechanisms,
such genetic changes lead to permanent mutations in
keratinocytes, which subsequently have the potential to
progress into epithelial skin cancer [15,18,20,21].

The development of BCC shows a different etiology
compared to SCC and is rather marginally subjected
to the immune system. It is considered a hair follicle-
derived tumour [22] resulting from relatively few ge-
netic alterations that are largely well understood [17].
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More than 70% of hereditary and non-hereditary BCC
carry a loss of heterozygosity (LOH) at 9q, and loss
of 9q22-31 is associated with the Gorlin’s syndrome
(nevoid BCC syndrome) [23]. In turn, patients suffer-
ing from that syndrome exhibit a high risk to develop
BCC during the entire lifetime, but are frequently af-
fected by the presence of multiple BCC already at early
age [24,25]. The autosomal dominant disorder is based
on a germline mutation and persistent inactivation of
the tumour suppressor genePTCH1 located at chromo-
some 9q [26–28] that is involved in the sonic hedgehog
(SHH) signalling pathway resulting in activation of the
transcription factorGli1.

Despite increasing knowledge of BCC development,
little is known about the causal alterations of cutaneous
SCC. However, the development of SCC clearly re-
sults from the mutual interaction of multiple factors
that is reflected by, for example, distinct LOH patterns
of both various chromosomes and many genes in this
disease [29]. LOH has been specifically identified on
chromosome 3 (25%), 9 (40%), and 17 (40%), with an
overall fractional allelic loss of 30% [30,31]. Recently,
118 differentially expressed genes have been identified
by the expression profile of 22,283 genes in normal
human skin biopsies compared with AK and cutaneous
SCC [32]. Cutaneous SCC is not associated with any
hereditary disease, but aneuploidy is frequent occurring
in between 20 to 80% of patients [33,34]. UV-B finger-
print type of mutations in NMSC, comprising charac-
teristic C→T and CC→TT substitutions, have been par-
ticularly identified in the target genesp53 (chromosome
17p13.1) [35,36],p16 INK4a (chromosome 9p21) [37–
40], and Ha-ras (chromosome 11p15.5) [17,41,42].
p53-mutant cells fail to undergo apoptosis because of
UV-induced cellular injury and might also have a selec-
tive growth advantage to repopulate injured areas after
sunburn events [36,43]. Thus, genomic instability is a
driving force in skin cancer development in general, but
p53 mutations rather thanp16INK4a and/orHa-ras mu-
tations seem to be early events during the development
of SCC (Nindl et al., unpublished data) [17].

The number of NMSC is remarkably increased in or-
gan transplant recipients (OTR) underscoring the corre-
lation between skin cancer and immune status [44]. Cu-
mulatively, the main risk factors for cutaneous SCC are
long-term exposure to UV-radiation, fairly pigmented
skin, and immune status. Furthermore, several studies
reveal a role of human papillomaviruses (HPV) in the
multi-step process of skin carcinogenesis as a co-factor
with UV-radiation [45].

2. Human Papillomaviruses

Papillomaviruses (PV) are small DNA viruses with
a genome of nearly 8,000 base pairs. They are host
specific and have been found in more than 20 differ-
ent mammalian and avian species. HPV infect ker-
atinocytes of skin and mucosa (Fig. 1D–E), and their
lifecycle is adapted to the differentiation of the host
cells [46]. Presently, about 100 HPV types have been
completely sequenced and are classified into mucos-
al/genital and cutaneous types based on sequence anal-
yses and clinical manifestation. Phylogenetic analy-
sis of complete L1 gene sequences identify a series
of taxonomic units such as alpha-, beta-, and gamma-
PV [47]. The human mucosal/genital types belong
to the alpha-PV and can be divided into low-risk and
high-risk types as inferred from their association with
benign and malignant cervical lesions [48–50]. Low-
risk types such as HPV 6 and HPV 11 have the poten-
tial to induce genital warts (Condylomata acuminata),
whereas high-risk types such as HPV 16 and HPV 18
are causally involved in carcinogenesis of the uterine
cervix and other mucosae of anogenital and oropharyn-
geal sites [49,51]. Cutaneous HPV are phylogeneti-
cally heterogeneous, and the classical cutaneous warts-
associated types (species 2 and 4 of alpha-PV, mu-, and
nu-PV) can be distinguished from the Epidermodys-
plasia verruciformis (EV)-associated or EV/cutaneous
types (beta- and gamma-PV) [47,52].

The E5 proteins are considered to access oncogenic
potential and are specifically present in alpha- and
delta-PV but are absent in EV/cutaneous types. The
alpha-PV E5 proteins are classified into four groups
based on the clinical manifestations of the correspond-
ing viral infection: the presence of E5-alpha that is
found in high-risk types correlates with cervical can-
cer, E5-gamma and/or E5-delta are associated with mu-
cosal benign lesions, and E5-beta corresponds to be-
nign cutaneous lesions [53,54]. Recent studies reveal
a pathogenic role of EV/cutaneous HPV types in the
development of NMSC (Fig. 2). In order to prove the
causal involvement of HPV in the development of ma-
lignancies, specific criteria have to be fulfilled such as
the presence and activity of the virus in cells of hu-
man skin cancer lesions and evidence on transforming
properties of viral genes.

3. HPV and NMSC

3.1. Epidermodysplasia verruciformis

The rare heritable disorder EV was initially described
in 1922 by the Swiss physician Felix Lewandowsky
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Fig. 2. Multiple risk factors during skin carcinogenesis. Important risk factors for cutaneous squamous cell carcinoma (SCC) are (i) UV-radiation,
(ii) EV/cutaneous HPV, and (iii) the immune status. UV-radiation increases the expression of viral genes, induces DNA-damage in keratinocytes,
and locally causes immunosuppression. The anti-apoptotic activities, and the delay of DNA repair mechanisms, influenced by HPV in response to
UV-induced mutations may lead to the persistence of DNA-damaged keratinocytes and subsequently to skin cancer. Additionally, a low immune
status is associated with an increased risk for the development of cutaneous SCC.

under the assistance of Wilhelm Lutz [55]. The disease
exhibits extensive polymorphous warts mainly located
on sun-exposed sites, which proceed into cutaneous
SCC in about 30% of the patients [56,57]. The first
evidence for the involvement of HPV in skin cancer
was reported from EV patients. The EV types HPV
5 and HPV 8 have been detected in 90% of cutaneous
SCC in these patients, whereas HPV 14, HPV 17, HPV
20, and HPV 47 are rarely found in this carcinoma [58].

The genome of EV/cutaneous HPV types is mostly
not integrated into the host genome and persists ex-
trachromosomally [59]. This is in contrast to cervi-
cal cancer-associated high-risk alpha-HPV, whose vi-
ral genome is usually integrated into the host chromo-
some(s) [60]. HPV DNA persist in high copy numbers
in cutaneous SCC (100–300 viral copies per cell equiv-
alent), but not all cancerous cells are HPV-infected [61].
EV/cutaneous HPV types are transcriptionally active
in both AK and cutaneous SCC [62,63]. Moreover,
persistent HPV infections in cutaneous primary and
metastasised SCC from EV patients have been report-
ed [64,65], which may result from a defect of the in-
nate or adaptive immune system by a still unknown
mechanism [66].

The eight vertebrate transmembranecochlear (TMC)
expressed genes are evolutionaryconservedand encode
proteins that constitute three subfamilies. The proteins

comprise at least eight membrane-spanning domains,
and are located in the endoplasmatic reticulum [67].
The first susceptibility gene locus associated with EV
(i.e., EV1) is mapped to chromosome 17q25 [68] and
the second locus (EV2) to chromosome 2p21-p24 [69].
Two homologous genes,TMC6 (EVER1) and TMC8
(EVER2), have been identified at the EV1 locus, and
nonsense mutations of these genes increase the sus-
ceptibility to infection with particular beta-HPV types
resulting in a higher risk for cutaneous SCC [70,71].
They appear to be involved in the regulation of the
immune system, and additionally in the replication of
EV/cutaneous HPV, but the precise function has still
to be determined. Moreover, antibodies against beta-
HPV types have been found at young ages from EV
patients, but age-matched sera from the general popu-
lation are usually HPV-seronegative (M. Pawlita, per-
sonal communication) indicating that viral replication
is perturbed in EV patients. Future studies are highly
desirable, since knowledge about the mechanism will
provide further insights in how EV/cutaneous HPV are
controlled at the cellular level and how weak control
may contribute to the increased risk for skin cancer.

3.2. General population

Among children from 1 month to 4 years, the preva-
lence of cutaneous HPV DNA in forehead swabs vary
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between 50 to 70% [72]. Asymptomatic cutaneous
HPV infections of normal skin thus occur very early in
infancy caused by a high multiplicity of HPV. Boxman
and colleagues [73] firstly detected EV/cutaneous HPV
types in hair follicles from eyebrows, arms, and/or legs
in 10 of 22 healthy volunteers (45%). Furthermore,
cutaneous HPV types have been found in plucked eye-
brow hairs in up to 67% of immunocompetent indi-
viduals [73–75] and hair follicles are probably a reser-
voir of EV/cutaneous types. An individual spectrum
of EV/cutaneous HPV types is present in plucked hairs
from immunocompetent individuals, and similar types
are found in different skin areas from both sun-exposed
and non sun-exposed sites [76]. Possibly, the skin of
each human is infected with an individual pattern of cu-
taneous HPV types, whose replication is controlled by
the immune system. Genital alpha-HPV has been rarely
detected in skin samples indicating the high specificity
of HPV types to the host tissue.

Over the last two decades, several PCR methods us-
ing degenerate, nested and/or type-specific primers fol-
lowed by sequencing, hybridisation, or cloning and se-
quencing have been developed to detect a broad range
of cutaneous HPV types [73,77–81]. Different preva-
lence rates of EV/cutaneous HPV types have been
reported in NMSC from immunocompetent patients,
most likely due to the differences in the detection sys-
tem used. This assumption has been confirmed by stud-
ies reporting increased prevalence rates when a combi-
nation of different primer sets have been applied [82,
83]. Recently, two high-throughput PCR-based HPV
detection systems have been developed in order to iden-
tify EV/cutaneous HPV types with a high sensitivity
and both systems are applicable for future large epi-
demiological studies [84,85].

Overall, the number of EV/cutaneous HPV types in
NMSC is higher (27 to 85%) compared to normal skin
(15 to 35%) [86–92]. The highest prevalence rate of
EV/cutaneous HPV types have been detected in 97 of
114 immunocompetent AK patients (85%) [90]. More-
over, the virus load in skin tumours is low, and a single
HPV copy can be detected in only 10 to 1,000 dys-
plastic cells [88,93,94]. The highest virus load of 6
EV/cutaneous HPV types examined was found in 20
AK, followed by 6 SCC, and has been least in 1 metas-
tasis [95]. Thus, the virus load of EV/cutaneous HPV
in cutaneous SCC is very low, and the number of HPV
infected cells may decrease during skin carcinogenesis.

An increased risk of SCC, but not BCC, has
been associated with EV/cutaneous HPV types in two
epidemiological studies investigating viral DNA in eye-

brow hairs [75,96]. EV/cutaneous HPV types were de-
tected in hairs from 17 of 25 SCC (68%)versus 14 of 25
controls (56%) resulting in a non-significant positive
association of HPV with SCC (odds ratio 2.00, 95%
confidence interval 0.50–8.0) [75]. In another case-
control study, a positive association of EV/cutaneous
HPV and SCC was found (odds ratio 1.7, 95% confi-
dence interval 1.1–2.7), with prevalence rates of 75%
in SCC (116 of 155)versus 58% in controls (216 of
371) [96]. However, an association of a specific HPV
type with SCC has not been determined to date. In a
few, small epidemiological studies investigating serore-
activity of EV/cutaneous HPV an increased risk of HPV
8 and SCC has been reported [97–99]. A larger study
has examined antibody response to six EV/cutaneous
types (i.e., HPV types 5, 8, 15, 20, 24, and 38) in
161 SCC, 454 BCC, and 386 control patients [100].
Seroreactivity of HPV 8 and HPV 38 was significantly
increased in SCCversus controls. In a recent large
epidemiological case-control study, antibodies against
16 HPV types (HPV 1, 2, 3, 5, 6, 8, 9, 10, 15, 16,
20, 24, 32, 36, 38, and 57) belonging to beta-, alpha-,
and mu-PV have been investigated in 252 SCC, 525
BCC, and 461 control patients using a newly developed
multiplex serology [101]. An increased risk of beta-
HPV, particularly HPV 5 (odds ratio 1.8, 95% confi-
dence interval 1.0 to 3.1) and SCC, but no association
of HPV seropositivity and BCC was found. In conclu-
sion, clinical and epidemiological data support a role
of EV/cutaneous HPV in the development of SCC and
not BCC.

3.3. Immunosuppressed organ transplant recipients

Persistent HPV-induced warts, AK, and cutaneous
SCC, which mainly arise on sun-exposed sites, are the
main types of cutaneous tumours in immunosuppressed
OTR [4,102,103]. Within 15 years after transplanta-
tion, up to 40% of renal transplant recipients have de-
veloped NMSC [104]. These cancers predominately
represent SCC, but only to a lesser extent BCC. Com-
pared to the general population, the incidence of cuta-
neous SCC and BCC is approximately150-fold and 10-
fold higher in transplant recipients, respectively, thus
leading to a reversal of the SCC to BCC ratio of 1:4
in the general population to 5:1 in transplant recipi-
ents [16,44,105,106]. Cutaneous SCC in OTR shows
characteristic clinical and morphological features with
HPV-induced warts [107]. An important observation is
the association and co-localisation of cutaneous SCC
with HPV-induced warts in OTR indicating that per-
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sistent warts may be progress into skin cancer [108].
Overall, the EV/cutaneous HPV prevalence rate, and
the number of multiple types, was higher in cutaneous
SCC from immunosuppressed OTR in comparison to
the general population. Moreover, OTR have a high-
er HPV prevalence rate of up to 90% in cutaneous
SCC compared to normal skin (11 to 32%) [79,87,
88,92,109–113]. In up to 92% of plucked eyebrow
hairs, EV/cutaneous HPV types have been detected [73,
74] leading to low differences in comparison to HPV
prevalence of patients with cutaneous SCC. A large
European epidemiological study examined the risk of
EV/cutaneous HPV types for SCC in 219 OTR with and
550 without a history of cutaneous SCC. An increased
risk of one or more EV/cutaneous HPV types in eye-
brow hairs for cutaneous SCC have been found in OTR
(odds ratio 3.00, 95% confidence interval 1.5–6.2) (J.N.
Bouwes Bavinck and the EPI-HPV-UV-CA group, ab-
stract, 4th HPV and Cancer Meeting, November 2006,
Turin, Italy). Moreover, a higher prevalence of serore-
activity against beta-HPV was found in OTR with SCC
(60%)versus in OTR without SCC (55%). Persistent
EV/cutaneous HPV infection with the same variant in
primary skin SCC, recurrence, and metastases in organ
transplant recipients has been reported [94]. Two stud-
ies report viral activity of EV/cutaneous HPV types in
cutaneous SCC [114,115]. E2 and E4 transcripts have
been detected in 20% of warts and 38% of SCC, and
E6/E7 transcripts have been found in a single SCC on-
ly [114]. Transcriptional activity of the EV/cutaneous
HPV types 8, 9, and 15 of E6/E7 has been detected
in 4 of 10 viral positive AK and cutaneous SCC from
immunosuppressed OTR [115]. Thus, viral activity of
early genes seems to be present in at least a subset
of AK and cutaneous SCC suggesting a role for HPV
during skin carcinogenesis.

4. Molecular mechanisms and transforming
properties of EV/cutaneous HPV

4.1. In vitro models

4.1.1. Monolayer
Using monolayer cultures, the E6 gene of HPV 8

shows transforming properties in rodent fibroblast lines
(C127, Rat 1), whereas HPV 8 E7 is involved in the
replication of the viral DNA [116]. HPV 47 E6 is re-
quired and sufficient for the transformation of the rat
fibroblastic cell line (3Y1) [117]. The E6 genes of the
EV/cutaneous HPV types 5, 8, 14, 20, 21, 25, and 47 in-

duce morphological transformation in 3Y1 cells [118].
The oncogenic potential of HPV types 5, 8, and 47 is
higher than those of HPV types 14, 20, 21, and 25.
The E7 genes of HPV 8 and HPV 47 fail to induce
morphological transformation in rodent fibroblast lines
suggesting that E6 rather than E7 is correlated to ma-
lignant conversion [116,119]. However, HPV 8 E7 is
able to transform rodent cells concertedly with the acti-
vatedHa-ras oncogene [120]. The first study analysing
the ability of cutaneous HPV types to immortalise hu-
man foreskin keratinocytes was performed with HPV
1 and HPV 8 [121]. Furthermore, the E6 or E7 gene
of HPV 1, showing a transformed phenotype in rodent
cells, is not able to immortalise human keratinocytes,
and only a weak immortalising potential for HPV 8 E7
has been observed. The E6/E7 protein of EV/cutaneous
HPV 38, but not HPV 10 and HPV 20, displays trans-
forming activity by increasing the life span of human
primary keratinocytes [122]. Additionally, HPV 38 E7
is able to degrade and inactivate the tumour suppressor
genepRb.

Purdie and colleagues [123] were the first to demon-
strate UV-induced activation of the viral promotor of
the cutaneous type HPV 77 that was identified in cu-
taneous lesions from OTR. The promotor contains a
p53 binding site, and the response is mediated through
the UV-induced expression ofp53. The influence of
UV-radiation varies on viral gene expression of warts-
associated types (HPV types 1, 2, 3, 7, 27, 41, and
77) and EV/cutaneous types (HPV types 5, 20, 23, and
38) [124]. The presence or absence of wild-type or
mutatedp53 influences the gene expression of HPV
types 20, 27, and 77, but not of HPV 41, suggesting that
p53 is not an exclusive factor involved in the interac-
tion between UV-radiation and HPV. UV-induced cy-
tokines activate the promotor of HPV 20, but inhibit the
promotor of the warts-associated type HPV 27 [125].

Independently fromp53 degradation, the E6 pro-
tein of HPV 5 inhibits apoptosis in response to UV-
damage [126] by inactivation of the pro-apoptotic pro-
tein Bak [127]. Moreover, HPV-negative skin cancers
expressBak that is in contrast to HPV-positive can-
cers, in whichBak has not been detected. This un-
derscores the importance and clinical relevance of the
interaction between the UV-inducedBak protein and
EV/cutaneous HPV types. E6 of both HPV 1 and HPV
8 bindsXRCC1, a protein that is required for DNA
repair suggesting a link between EV/cutaneous HPV
and the according host pathways [128]. The E6 pro-
tein of HPV 5 compromises the repair of UV-induced
thymine dimers [129], and E6 of HPV 77 additional-
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ly forces keratinocytes into the S1-phase by inhibiting
p53-activated,pro-apoptotic genes [130]. However, the
E6 expression of beta-HPV 5 does not interfere with
such pro-apoptotic genes indicating that this is proba-
bly not the favoured mechanism of EV/cutaneous HPV
types in the cell. The anti-apoptotic activity, and the
delay of the DNA-repair mechanism, may lead to the
persistence of UV-damaged keratinocytes suggesting
that cutaneous/EV HPV may be involved in the early
stages of skin carcinogenesis.

4.1.2. Organotypic keratinocytes cultures
Functional analyses of EV/cutaneous HPV types

have been retarded for a long time because of both the
relation between viral development and host cell dif-
ferentiation, in addition to the lack of a system with
continuously differentiating keratinocytes that consti-
tute a stratified epithelium (i.e., the natural target cells
of PV). However, the organotypic raft culture partly
has such properties and consists of human primary ker-
atinocytes, which stratify and differentiate into a squa-
mous epithelium [131]. Growth and differentiation
markers are expressed similarly to the human epithe-
lium making this system a key technology for the in-
vestigation of human skin carcinogenesis. The E6/E7
genes of the EV/cutaneous HPV types 5, 12, 15, 17,
20, and 38 have strong effects on the growth and dif-
ferentiation in organotypic cultures of human primary
keratinocytes, but an invasive phenotype have not been
observed [132]. HPV 8 E7 promotes invasion of ker-
atinocytes into the dermis [133]. This immortal pheno-
type was associated with the disruption of the basement
membrane and the overexpression of metalloproteinas-
esMMP-1, MMP-8, andMT-1-MMP.

4.2. Animal models

4.2.1. Cattle and horses
Using animal models, the role of PV in skin carcino-

genesis has been studied at three different levels, name-
ly in naturally occurring lesions, in colonies of animals
that have been collected from the field, and in trans-
genic animals. Most non-human PV have been isolated
and sequenced from severe epithelial diseases of warm-
blooded vertebrates including many gregarious animals
such as cattle, dog, and rabbit. Bovine papillomavirus
type 4 (BPV 4) from the xi-PV is the etiological agent
of epithelial papilloma of the upper alimentary canal in
cattle [134]. Carcinoma shows characteristic morpho-
logical features with papilloma, which can progress in-
to cancer. However, BPV 4 DNA is found in early pa-

pilloma of the alimentary tract, but not in advanced pa-
pilloma, oesophageal carcinoma, or adenoma and ade-
nocarcinoma of the lower intestine [135,136]. There-
fore, the presence of BPV 4 is restricted to the early
transformation stages during carcinogenesis (‘hit-and-
run mechanism’). Decrease of virus load has also been
shown in a study investigating AK through SCC devel-
opmental stages of human cancers [95]. Thus, the mul-
tiple factors including BPV 4 infection that concertedly
lead to carcinoma in cattle [137] may serve as animal
model for an improved knowledge about the complex
role of HPV in human skin cancer.

BPV 1 and BPV 2 belong to the delta-PV exhibit-
ing an E5 open reading frame (ORF), which may have
been independently developed from that of the alpha-
PV [53]. The virus is able to infect horses and play
an important role in the development of equine sar-
coids [138–140]. Roughly half of the healthy horses
having contact with infected fellows carry BPV 1 in
their skin [141]. This indicates that the usually strict
specificity of PV to their hosts [142] is occasional-
ly dismantled and that interspecies transmission may
rarely occur in PV (although without replicative estab-
lishment of the virus). However, the underlying mech-
anisms and the possible impact on the malignant devel-
opments of novel host invasion have not been seriously
addressed for PV to date [52]. On the contrary, their
presence in humans has exclusively been regarded as
old primate inheritance [142].

4.2.2. Cottontail rabbit
Anatomical sites, in which PV cannot complete the

productive life cycle, appear particularly involved in
the development of skin cancers. This has also been
suggested for malignancies caused by cottontail rab-
bit PV (CRPV) [46] from the kappa-PV. Viral DNA
easily induces papillomata making the cottontail rabbit
model a powerful system, which identifies the molecu-
lar mechanisms that are required for the induction and
progression of epithelial neoplasia. Benign papillo-
mata are induced in nearly all rabbits that are infect-
ed by CRPV, and 80% of the initially benign epithe-
lial tumours progress into carcinoma within 6 to 14
months [143]. The virus thus plays an active role dur-
ing skin carcinogenesis of domestic rabbits interacting
with chemical carcinogens [144]. Mutation analysis of
viral DNA shows that only the E7 gene, but not the
E4 gene, is involved in the development of papillo-
ma [145]. However, the E4 gene remains an important
factor for viral DNA amplification and expression of
the late structural proteins [46]. Mutation of the highly
conserved amino acids results in replication-competent
but transactivation-deficient E2 proteins [146].
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4.2.3. Multimammate mouse
A colony ofMastomys coucha (Smith, 1834) [initial-

ly determined asM. natalensis (Smith, 1834)] has been
established from animals collected in South Africa,
which spontaneously develop multiple benign skin tu-
mours such as papilloma and keratoacanthoma during
aging. The animals are latently infected by the first
Mastomys natalensis papillomavirus (MnPV 1) [147],
which is the etiological agent of the lesions [148–150].
MnPV 1 belongs to the iota-PV and does not contain
any E5 ORF. Analogously to HPV 8-induced NMSC in
EV patients, MnPV 1 DNA persists episomally, with-
out any evidence of integration [147]. Virus-induced
tumours do not regress, but proceed after topical ap-
plication of carcinogens and tumour promotors of cu-
taneous SCC [151], which is in contrast to the human
keratoacanthoma development. MnPV 1 has a broader
tissue specificity than other PV investigated so far, and
viral persistence and viral load has been correlated with
the developmentof skin tumors [152]. Thus,Mastomys
coucha is an excellent animal model for the study of
naturally PV-induced skin carcinogenesis.

4.2.4. Transgenic mice
HPV 1 causes hyperproliferation and alterations of

skin differentiation in a transgenic mouse model ex-
amining benign warts of the animals [153]. The ex-
pression of the early genomic region, under the control
of the keratin-6 promotor, shows a similar phenotype
like human virus-induced warts. Pfister and colleagues
have established the first transgenic mouse model for
studies on beta-HPV types using the complete early re-
gion of HPV 8 under the control of the keratin-14 pro-
motor [154]. The mice have spontaneously developed
cutaneous SCC without additional carcinogens, and be-
nign skin tumours have been observed in 91% of the
animals. The same research group has generated HPV
8-transgenic mice that affect exclusively the gene(s)
E2, E6, E7, or E6/E7. Spontaneously developed skin
tumours have been observed in E2-, E6-, and E6/E7-
transgenic mice, whereas the exclusive expression of
HPV 8 E7 is not sufficient to induce tumour growth
(H. Pfister, personal communication). Tommasino and
co-workers [155] have established transgenic mice ex-
pressing E6/E7 of HPV 38 under the control of the hu-
man keratin-10 promoter. The animals have developed
skin tumours after a two-stage carcinogen treatment.
Cellular proliferation, hyperplasia, and dysplasia in the
epidermis have been spontaneously induced by HPV
38 E6/E7. Transforming properties of HPV 8 and HPV
38 have been thus shown in the system of a transgenic
mice model.

5. Conclusions

The skin of most humans is infected with an indi-
vidual spectrum of different cutaneous HPV types, and
hair follicles are probably their reservoir. During host-
linked evolution, cutaneous HPV types may have estab-
lished different ecological niches in human skin tissues
including a mutualistic cooperation between HPV and
their host cells. Specific triggers such as UV-induced
DNA-damage in sun-exposed cells, immunosuppres-
sion (e.g., locally UV-induced, systemically in OTR),
and/or inactivation of host controlled viral life cycle
(e.g., in EV patients) lead to increased HPV replica-
tion and subsequently to a higher virus load within
the cells. The anti-apoptotic effect of cutaneous HPV
types in UV-damaged keratinocytes probably results in
persistent viral infections and hence the accumulation
of further DNA mutations, putatively leading to im-
mortalised cells (Fig. 2). Thus, cutaneous HPV types
seem to be involved as a co-factor in the early onset of
cutaneous SCC.
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[94] I. Nindl, A. Köhler, T. Meyer, T. Forschner, C. Meijer, P.
Snijders, W. Sterry and E. Stockfleth, Detection of human
papillomavirus DNA in primary squamous cell carcinoma
and metastases,Br J Dermatol 154 (2006), 797–799.

[95] S. Weissenborn, I. Nindl, K. Purdie, C. Harwood, C. Proby,
J. Breuer, S. Majewski, H. Pfister and U. Wieland, Human
papillomavirus-DNA loads in actinic keratoses exceed those
in non-melanoma skin cancers,J Invest Dermatol 125 (2005),
93–97.

[96] L. Struijk, J. Bouwes Bavinck, P. Wanningen, E. van der
Meijden, R. Westendorp, J. Ter Schegget and M. Feltkamp,
Presence of human papillomavirus DNA in plucked eyebrow
hairs is associated with a history of cutaneous squamous cell
carcinoma,J Invest Dermatol 121 (2003), 1531–1535.

[97] J. Bouwes Bavinck, S. Stark, A. Petridis, M. Marugg, J.
Ter Schegget, R. Westendorp, P. Fuchs, B. Vermeer and H.
Pfister, The presence of antibodies against virus-like parti-
cles of Epidermodysplasia verruciformis-associated human-
papillomavirus type 8 in patients with actinic keratoses,Br J
Dermatol 142 (2000), 103–109.

[98] C. Masini, P. Fuchs, F. Gabrielli, S. Stark, F. Sera, M. Ploner,
C. Melchi, G. Primavera, G. Pirchio, O. Picconi, P. Petasecca,
M. Cattaruzza, H. Pfister and D. Abeni, Evidence for the
association of human papillomavirus infection and cutaneous
squamous cell carcinoma in immunocompetent individuals,
Arch Dermatol 139 (2003), 890–894.

[99] S. Stark, A. Petridis, S. Ghim, A. Jenson, J. Bouwes Bavinck,
G. Gross, E. Stockfleth, P. Fuchs and H. Pfister, Prevalence of
antibodies against virus-like particles of Epidermodysplasia
verruciformis-associated HPV8 in patients at risk of skin
cancer,J Invest Dermatol 111 (1998), 696–701.

[100] M. Feltkamp, R. Broer, F. di Summa, L. Struijk, Meijden van
der, B. Verlaan, R. Westendorp, J. Ter Schegget, W. Spaan
and J. Bouwes Bavinck, Seroreactivity to Epidermodysplasia
verruciformis-related human papillomavirus types is associ-
ated with nonmelanoma skin cancer,Cancer Res 63 (2003),
2695–2700.

[101] M. Karagas, H. Nelson, P. Sehr, T. Waterboer, T. Stukel, A.
Andrew, A. Green, J. Bouwes Bavinck, A. Perry, S. Spencer,
J. Rees, L. Mott and M. Pawlita, Human papillomavirus in-
fection and incidence of squamous cell and basal cell carci-
nomas of the skin,J Natl Cancer Inst 98 (2006), 389–395.

[102] J. Boyle, R. Mackie, J. Briggs, B. Junor and T. Aitchison,
Cancer, warts, and sunshine in renal transplant patients. A
case-control study,Lancet 1 (1984), 702–705.

[103] J. Bouwes Bavinck, B. Vermeer, F. Van der Woude, J. Van-
denbroucke, G. Schreuder, J. Thorogood, G. Persijn and F.
Claas, Relation between skin cancer and HLA antigens in
renal-transplant recipients,N Engl J Med 325 (1991), 843–
848.

[104] S. Birkeland, H. Storm, L. Lamm, L. Barlow, I. Blohme,
B. Forsberg, B. Eklund, O. Fjeldborg, M. Friedberg and L.



258 I. Nindl et al. / HPV-associated skin tumours

Frodin, Cancer risk after renal transplantation in the Nordic
countries, 1964–1986,Int J Cancer 60 (1995), 183–189.

[105] M. Hartevelt, J. Bouwes Bavinck, A. Kootte, B. Vermeer and
J. Vandenbroucke, Incidence of skin cancer after renal trans-
plantation in The Netherlands,Transplantation 49 (1990),
506–509.

[106] J. Bouwes Bavinck, D. Hardie, A. Green, S. Cutmore, A.
MacNaught, B. O’Sullivan, V. Siskind, F. Van der Woude and
I. Hardie, The risk of skin cancer in renal transplant recipients
in Queensland, Australia. A follow-up study,Transplantation
61 (1996), 715–721.

[107] K. Blessing, K. McLaren, E. Benton, B. Barr, M. Bunney, I.
Smith and G. Beveridge, Histopathology of skin lesions in
renal allograft recipients-an assessment of viral features and
dysplasia,Histopathology 14 (1989), 129–139.

[108] S. Euvrard, Y. Chardonnet, C. Pouteil Noble, J. Kanitakis, M.
Chignol, J. Thivolet and J. Touraine, Association of skin ma-
lignancies with various and multiple carcinogenic and non-
carcinogenic human papillomaviruses in renal transplant re-
cipients,Cancer 72 (1993), 2198–2206.

[109] V. Shamanin, M. Glover, C. Rausch, C. Proby, I. Leigh, H.
zur Hausen and E.-M. de Villiers, Specific types of human
papillomavirus found in benign proliferations and carcino-
mas of the skin in immunosuppressed patients,Cancer Res
54 (1994), 4610–4613.

[110] L. de Jong-Tieben, R. Berkhout, H. Smits, J. Bouwes
Bavinck, B. Vermeer, F. Van der Woude and J. Ter
Schegget, High frequency of detection of Epidermodyspla-
sia verruciformis-associated human papillomavirus DNA in
biopsies from malignant and premalignant skin lesions from
renal transplant recipients,J Invest Dermatol 105 (1995),
367–371.

[111] E.-M. de Villiers, D. Lavergne, K. McLaren and E. Benton,
Prevailing papillomavirus types in non-melanoma carcino-
mas of the skin in renal allograft recipients,Int J Cancer 73
(1997), 356–361.

[112] R. Berkhout, J. Bouwes Bavinck and J. Ter Schegget,
Persistence of human papillomavirus DNA in benign and
(pre)malignant skin lesions from renal transplant recipients,
J Clin Microbiol 38 (2000), 2087–2096.

[113] L. de Jong-Tieben, R. Berkhout, J. Ter Schegget, B. Vermeer,
J. de Fijter, J. Bruijn, R. Westendorp and J. Bouwes Bavinck,
The prevalence of human papillomavirus DNA in benign
keratotic skin lesions of renal transplant recipients with and
without a history of skin cancer is equally high: A clinical
study to assess risk factors for keratotic skin lesions and skin
cancer,Transplantation 69 (2000), 44–49.

[114] K. Purdie, T. Surentheran, J. Sterling, L. Bell, J. McGregor,
C. Proby, C. Harwood and J. Breuer, Human papillomavirus
gene expression in cutaneous squamous cell carcinomas from
immunosuppressed and immunocompetent individuals,J In-
vest Dermatol 125 (2005), 98–107.

[115] C. Dang, A. K̈ohler, T. Forschner, P. Sehr, K. Michael, M.
Pawlita, E. Stockfleth and I. Nindl, E6/E7 expression of hu-
man papillomavirus types in cutaneous squamous cell dys-
plasia and carcinoma in immunosuppressed organ transplant
recipients,Br J Dermatol 155 (2006), 129–136.

[116] T. Iftner, S. Bierfelder, Z. Csapo and H. Pfister, Involvement
of human papillomavirus type 8 genes E6 and E7 in transfor-
mation and replication,J Virol 62 (1988), 3655–3661.

[117] T. Kiyono, K. Nagashima and M. Ishibashi, The primary
structure of major viral RNA in a rat cell line transfected with
type 47 human papillomavirus DNA and the transforming

activity of its cDNA and E6 gene,Virology 173 (1989), 551–
565.

[118] T. Kiyono, A. Hiraiwa and M. Ishibashi, Differences in trans-
forming activity and coded amino acid sequence among E6
genes of several papillomaviruses associated with Epider-
modysplasia verruciformis,Virology 186 (1992), 628–639.

[119] A. Hiraiwa, T. Kiyono, K. Segawa, K. Utsumi, M. Ohashi
and M. Ishibashi, Comparative study on E6 and E7 genes
of some cutaneous and genital papillomaviruses of human
origin for their ability to transform 3Y1 cells,Virology 192
(1993), 102–111.

[120] T. Yamashita, K. Segawa, Y. Fujinaga, T. Nishikawa and K.
Fujinaga, Biological and biochemical activity of E7 genes of
the cutaneous human papillomavirus type 5 and 8,Oncogene
8 (1993), 2433–2441.

[121] A. Schmitt, J. Harry, B. Rapp, F. Wettstein and T. Iftner, Com-
parison of the properties of the E6 and E7 genes of low- and
high-risk cutaneous papillomaviruses reveals strongly trans-
forming and highRb-binding activity for the E7 protein of
the low-risk human papillomavirus type 1,J Virol 68 (1994),
7051–7059.

[122] S. Caldeira, I. Zehbe, R. Accardi, I. Malanchi, W. Dong, M.
Giarre, E.-M. de Villiers, R. Filotico, P. Boukamp and M.
Tommasino, The E6 and E7 proteins of the cutaneous human
papillomavirus type 38 display transforming properties,J
Virol 77 (2003), 2195–2206.

[123] K. Purdie, J. Pennington, C. Proby, S. Khalaf, E.-M. de
Villiers, I. Leigh and A. Storey, The promoter of a novel
human papillomavirus (HPV77) associated with skin cancer
displays UV responsiveness, which is mediated through a
consensusp53 binding sequence,EMBO J 18 (1999), 5359–
5369.

[124] E. de Villiers, A. Ruhland and P. Sekaric, Human papillo-
maviruses in non-melanoma skin cancer,Semin Cancer Biol
9 (1999), 413–422.

[125] A. Ruhland and E.-M. de Villiers, Opposite regulation of the
HPV 20-URR and HPV 27-URR promoters by ultraviolet
irradiation and cytokines,Int J Cancer 91 (2001), 828–834.

[126] S. Jackson and A. Storey, E6 proteins from diverse cuta-
neous HPV types inhibit apoptosis in response to UV dam-
age,Oncogene 19 (2000), 592–598.

[127] S. Jackson, C. Harwood, M. Thomas, L. Banks and A. Storey,
Role of Bak in UV-induced apoptosis in skin cancer and
abrogation by HPV E6 proteins,Genes Dev 14 (2000), 3065–
3073.

[128] T. Iftner, M. Elbel, B. Schopp, T. Hiller, J. Loizou, K. Calde-
cott and F. Stubenrauch, Interference of papillomavirus E6
protein with single-strand break repair by interaction with
XRCC1,EMBO J 21 (2002), 4741–4748.

[129] S. Giampieri and A. Storey, Repair of UV-induced thymine
dimers is compromised in cells expressing the E6 protein
from human papillomaviruses types 5 and 18,Br J Cancer
90 (2004), 2203–2209.

[130] S. Giampieri, R. Garcia-Escudero, J. Green and A. Storey,
Human papillomavirus type 77 E6 protein selectively inhibits
p53-dependent transcription of proapoptotic genes following
UV-B irradiation,Oncogene 23 (2004), 5864–5870.

[131] L. Chow and T. Broker,In vitro experimental systems for
HPV: Epithelial raft cultures for investigations of viral repro-
duction and pathogenesis and for genetic analyses of viral
proteins and regulatory sequences,Clin Dermatol 15 (1997),
217–227.

[132] I. Boxman, L. Mulder, F. Noya, V de Waard, S. Gibbs, T.
Broker, F. ten Kate, L. Chow and J. Ter Schegget, Trans-



I. Nindl et al. / HPV-associated skin tumours 259

duction of the E6 and E7 genes of Epidermodysplasia-
verruciformis-associated human papillomaviruses alters hu-
man keratinocyte growth and differentiation in organotypic
cultures,J Invest Dermatol 117 (2001), 1397–1404.

[133] B. Akgül, R. Garcia-Escudero, L. Ghali, H. Pfister, P. Fuchs,
H. Navsaria and A. Storey, The E7 protein of cutaneous hu-
man papillomavirus type 8 causes invasion of human ker-
atinocytes into the dermis in organotypic cultures of skin,
Cancer Res 65 (2005), 2216–2223.

[134] M. Campo, M. Moar, W. Jarrett and H. Laird, A new papillo-
mavirus associated with alimentary cancer in cattle,Nature
286 (1980), 180–182.

[135] M. Campo, M. Moar, M. Sartirana, I. Kennedy and W. Jarrett,
The presence of bovine papillomavirus type 4 DNA is not
required for the progression to, or the maintenance of, the
malignant state in cancers of the alimentary canal in cattle,
EMBO J 4 (1985), 1819–1825.

[136] M. Campo, B. O’Neil, R. Barron and W. Jarrett, Experimen-
tal reproduction of the papilloma-carcinoma complex of the
alimentary canal in cattle,Carcinogenesis 15 (1994), 1597–
1601.

[137] M. Jackson, M. Campo and J. Gaukroger, Cooperation be-
tween papillomavirus and chemical cofactors in oncogenesis,
Crit Rev Oncog 4 (1993), 277–291.

[138] H. Pfister, B. Fink and C. Thomas, Extrachromosomal bovine
papillomavirus type 1 DNA in hamster fibromas and fibrosar-
comas,Virology 115 (1981), 414–418.

[139] N. Otten, C. von Tscharner, S. Lazary, D. Antczak and H.
Gerber, DNA of bovine papillomavirus type 1 and 2 in equine
sarcoids: PCR detection and direct sequencing,Arch Virol
132 (1993), 121–131.

[140] G. Chambers, V. Ellsmore, P. O’Brien, S. Reid, S. Love, M.
Campo and L. Nasir, Association of bovine papillomavirus
with the equine sarcoid,J Gen Virol 84 (2003), 1055–1062.

[141] L. Bogaert, A. Martens, C. De Baere and F. Gasthuys, De-
tection of bovine papillomavirus DNA on the normal skin
and in the habitual surroundings of horses with and without
equine sarcoids,Res Vet Sci 79 (2005), 253–258.

[142] H. Bernard, I. Calleja-Macias and S. Dunn, Genome variation
of human papillomavirus types: phylogenetic and medical
implications,Int J Cancer 118 (2006), 1071–1076.

[143] F. Wettstein, M. Barbosa and M. Nasseri, Identification of
the major cottontail rabbit papillomavirus late RNA cap site
and mapping and quantitation of an E2 and minor E6 coding
mRNA in papillomas and carcinomas,Virology 159 (1987),
321–328.

[144] S. Watts, R. Ostrow, W. Phelps, J. Prince and A. Faras, Free
cottontail rabbit papillomavirus DNA persists in warts and

carcinomas of infected rabbits and in cells in culture trans-
formed with virus or viral DNA,Virology 125 (1983), 127–
138.

[145] J. Brandsma, Z. Yang, S. Barthold and E. Johnson, Use of a
rapid, efficient inoculation method to induce papillomas by
cottontail rabbit papillomavirus DNA shows that the E7 gene
is required,Proc Natl Acad Sci USA 88 (1991), 4816–4820.

[146] S. Jeckel, E. Huber, F. Stubenrauch and T. Iftner, A trans-
activator function of cottontail rabbit papillomavirus E2 is
essential for tumor induction in rabbits,J Virol 76 (2002),
11209–11215.

[147] E. Amtmann, M. Volm and K. Wayss, Tumour induction in
the rodentMastomys natalensis by activation of endogenous
papilloma virus genomes,Nature 308 (1984), 291–292.

[148] H. Müller and L. Gissmann,Mastomys natalensis papilloma
virus (MnPV), the causative agent of epithelial proliferations:
characterization of the virus particle,J Gen Virol 41 (1978),
315–323.

[149] R. Rudolph, H. M̈uller, M. Reinacher and W. Thiel, Morphol-
ogy of experimentally induced so-called keratoacanthomas
and squamous cell carcinomas in 2 inbred-lines ofMastomys
natalensis, J Comp Pathol 91 (1981), 123–134.

[150] C. Tan, R. Tachezy, M. Van Ranst, S. Chan, H. Bernard and R.
Burk, TheMastomys natalensis papillomavirus: Nucleotide
sequence, genome organization, and phylogenetic relation-
ship of a rodent papillomavirus involved in tumorigenesis of
cutaneous epithelia,Virology 198 (1994), 534–541.

[151] E. Amtmann, M. Volm and K. Wayss, TheMastomys na-
talensis papillomavirus, in:The Papoviridae, N. Salzmann
and P. Howley, eds, Plenum Publishing Corporation, 1987,
pp. 187–198.

[152] J. Nafz, A. K̈ohler, M. Ohnesorge, I. Nindl, E. Stockfleth and
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