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Cutaneous human papillomavirus E7
type-specific effects on differentiation and
proliferation of organotypic skin cultures
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Abstract. Background: A role for cutaneous human S-papillomavirus (HPV) types as co-factors in the development of non-
melanoma skin cancer has been postulated. Here we have investigated the effects of E7 expression on keratinocyte differentiation,
proliferation and cell-cycle proteins in organotypic skin cultures.

Methods: Recombinant retroviruses containing the E7 genes from cutaneous HPV types 1, 4, 5, 8, 20, 38 and RTRX7 were
produced that include types associated with benign and malignant lesions. Adult human primary keratinocytes were transduced
with these recombinant retroviruses and differentiated into skin-equivalents using de-epidermalised human dermis.

Results: Expression patterns of the basal keratinocyte marker cytokeratin 14 (CK14) were not altered by any of the viral E7
types analysed. However, expression of the early and late differentiation markers CK10 and involucrin were markedly altered in
HPV 1, 4 and 38 cultures. The highest proliferation rates in basal cell layers, as judged by BrdU and Ki67 staining, were observed
in HPV 1, 4 and 38 cultures. Interestingly, co-expression of cyclin E and p161NK42l within the same cell of the suprabasal cell
layers was observed only in cultures generated using E7 of HPV 5 or HPV 8.

Conclusion: HPV types associated with either benign or malignant lesions perturb keratinocyte proliferation and differentiation
in different ways. Moreover, expression of E7 from HPV 5 or HPV 8 seem able to overcome p16INK4a induced cell cycle arrest

in a subset of keratinocytes.
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1. Introduction

Human papillomaviruses (HPV) are small double-
stranded DNA viruses that infect mucosal and cu-
taneous epithelia. Presently, about 100 HPV types
are completely characterised and are classified into
mucosal/genital, wart-associated and cutaneous types
based on sequence analyses and clinical manifestation.
Phylogenetic analysis of complete L1 gene sequences
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have been identified a series of taxonomic units such as
a-, 3-, v-, u- and v-PV [1]. PV diversification results
from multiple evolutionary mechanisms such as host-
linked evolution, recombination and adaptive radiation
[2]. Cutaneous HPV types infecting the skin are partic-
ularly found in - and ~-PV. HPV DNA is present in
various epithelial tumors, and a causal correlation be-
tween genital high-risk a-HPV with the pathogenesis
of cervical cancer has been established [3,4]. The HPV
16 oncogenes E6 and E7 are consistently expressed in
cervical cancer, and play a key role during anogenital
carcinogenesis, including cellular transformation and
immortalisation [5]. Moreover, the inactivation of the
cell cycle regulatory proteins p53 and the retinoblas-
toma protein (pRb) by the a-HPV oncogenes E6 and
E7 has been recognised as important pathogenic mech-
anisms of tumor formation [6]. The E7 protein can
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interact with and promote the proteolytic degradation
of pRb [7] through the ubiquitin—proteasome path-
way [8], that functions as a negative regulator of en-
try from the G1- into the S-phase of the cell divi-
sion cycle [9]. The cyclin-dependent kinase inhibitor
pl6™NK4a g reoulated via a negative feedback control
by pRb [10,11], and over-expression of p16™K42 wag
observed in pRb negative-cell lines and in cells with a
lack of pRb function through binding of viral E7 with
PRb [12]. p16™K42 i5 over-expressed in high-risk HPV
(e.g., HPV 16) infected cervical (pre)cancer [13] due to
reduced or lost pRb function. Thus, as the expression
level of the E7 protein is very low, p16™K42 expression
serves as a surrogate marker of E7 activity.

A role for HPV has also been proposed in other
malignancies including non-melanoma skin cancer
(NMSC), with particular reference to cutaneous squa-
mous cell carcinoma (SCC) [14-16]. The first evidence
for the involvement of specific 3-HPV types in cuta-
neous SCC was reported in patients with Epidermodys-
plasia verruciformis (EV), a very rare hereditary dis-
ease that pre-disposes individuals to infection by spe-
cific HPV types of the (3-genus that were historically
referred to as EV/cutaneous types, with the DNA of
HPV types 5 and 8 being detected in 90% of cuta-
neous SCC in EV patients [17,18]. In contrast, other
B-HPV types, such as 14, 17, 20 and 47, are rarely
found in skin cancers [19]. However, the mechanisms
by which cutaneous HPV contribute to the develop-
ment of NMSC are poorly understood at present. Using
monolayer cultures, the first study analysing the abil-
ity of wart-associated or cutaneous HPV types to im-
mortalize human foreskin keratinocytes was performed
with E6 and E7 of HPV 1 (u-PV) and HPV 8 [20].
Only HPV 8 E7 showed a weak immortalizing poten-
tial whereas HPV 8 E6, HPV 1 E6 or E7 were not able
to immortalize human keratinocytes. The E6 and E7
proteins of HPV 38 (3-PV), but not HPV 10 (a-PV) or
HPV 20 (8-PV), display transforming activity by in-
creasing the life span of human primary keratinocytes
(HPK) [21]. The binding efficiency of HPV 38 E7 to
pRb is similar to that of HPV 16 E7, whereas E7 pro-
teins of HPV types 10 and 20 bind much less efficiently
[21]. In a further study, the E7 proteins of HPV 1 and
HPV 8 were also shown to bind pRb more weakly
(66% and 34% respectively) compared to the HPV 16
prototype [20]. Moreover, HPV 8 E7 has been able
to reduce pRb expression in non-differentiated HPK,
however, the downstream effects on p16™K42 expres-
sion were not characterised [22].

Organotypic skin cultures, in which keratinocytes
differentiate and stratify into a squamous epithe-

lium [23], is a very powerful technology to investigate
the role of HPV genes during skin carcinogenesis be-
cause the natural viral life cycle is adapted to the differ-
entiation stage of keratinocytes. A previous study using
this skin cultures with neonatal foreskin keratinocytes
and a collagen matrix investigated the effects of ex-
pression of the E6 and E7 genes of the 3-HPV types
5, 12, 15, 17, 20 and 38 [24]. The authors showed
that these HPV types had only weak effects on the
growth and differentiation of keratinocytes and no in-
vasive phenotype was observed. In contrast, however,
we showed that expression of the HPV 8 E7 gene alone
induced accelerated differentiation and promoted inva-
sion of keratinocytes into the dermis using an organ-
otypic system with adult HPK on human dermis [25].
This transformed cell phenotype is associated with the
disruption of the basement membrane where collagen
types IV and VII are degraded, most likely through the
over-expression of matrix-metalloproteinases MMP-1,
MMP-8 and MT-1-MMP.

In the present study, we investigated the effects of
the E7 protein of selected 3-, v- and u-HPV types
on differentiation, proliferation, and cell division cy-
cle using the organotypic skin cultures, generated with
human dermis and adult HPK that were transduced
with recombinant retroviruses. Our findings implicate
the nature of the dermal substrate as being impor-
tant for the phenotype of the HPV E7-expressing ker-
atinocytes, and highlight differences in the ability of
E7 proteins from diverse HPV genera to perturb ker-
atinocyte differentiation and cell cycle.

2. Materials and methods
2.1. Cell cultures

Cells were incubated in a humidified 10% CO,
atmosphere at 37°C, and the medium was changed
every 2 days. The NIH 3T3-derived mouse fibrob-
last packaging line PT67 (Clontech, Heidelberg, Ger-
many), which was used to generate amphotrophic
retroviruses, was maintained in DMEM, supplemented
with 10% heat-inactivated FCS and 1% antibiotics.
Dermal human primary fibroblasts and HPK were iso-
lated from abdominal tissue of a 21 year old pa-
tient and were cultivated as described previously [25].
HPK were isolated and co-cultured with mitomycin C
(Sigma, Munich, Germany) treated NIH 3T3 feeder
cells, and were grown in keratinocyte culture me-
dia (RM+) composed of three parts DMEM and one
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part Ham’s F12 with 10% FCS and supplements [26].
For the liberation of fibroblasts, dermis was digested
with collagenase D (Roche, Lewes, United Kingdom)
and cells were passaged in DMEM with 10% FCS
and antibiotics. Trypsinised cells were resuspended
in FCS with 10% DMSO and stored in liquid nitro-
gen.

2.2. Cloning of HPV expression vectors and
production of recombinant retroviruses

The Moloney murine leukaemia retrovirus vector
pLXSN (Clontech) was used to generate recombinant
retroviruses containing HPV E7 genes. E7 open read-
ing frames (ORFs) of HPV types 1, 4, 5, 8, 16, 20,
38 and RTRX7 were amplified by HPV type specific
PCR (Table 1). Each primer contained a restriction
endonuclease site at their 5’ ends with the exception
of HPV 1 and HPV 16. The E7 PCR amplicon was
digested with the corresponding restriction enzymes
and inserted into the digested pLXSN vector, down-
stream of the Moloney murine sarcoma virus 5’ long
terminal repeat sequence, in order to obtain pLXSN-
HPV-E7 (Table 1). All constructs with the E7 genes
of these 8 types were sequenced and compared to
HPV sequences. All E7 genes revealed HPV proto-
type sequences of the following accession numbers
(HPV 1, NC_001356; HPV 4, NC_001457; HPV 5,
NC_001531; HPV 8, M12737; HPV 16, NC_001526;
HPV 20, U31778; HPV 38, U31787; and RTRX7,
NC_004761). Amphotrophic recombinant retroviruses
were generated by transfecting pLXSN-derived plas-
mid DNA into the packaging cell line PT67 with
the transfection reagent FuGENE 6 (Roche) follow-
ing the manufacturer’s instructions. Two days af-
ter transfection, cells were transferred into selec-
tion media containing 500 pg/ml G418 (Sigma). Re-
sistant transfected cells were grown to confluence,
and subsequently retrovirus containing supernatants
were collected and stored at —80°C for further infec-
tions.

2.3. Infection of epidermal HPK with recombinant
retroviruses

Adult HPK at passage 1 were seeded in ‘defined
keratinocyte serum-free medium’ (Gibco; Karlsruhe,
Germany) at a cell density of 5 x 10* cells/cm? in
6 cm dishes. After 2 days, retroviral supernatants were
mixed with an equal volume of serum-free DMEM in
the presence of 5 pg/ml of hexadimethrine bromide

(polybrene, Sigma) and added to the keratinocytes. In-
fection was performed by centrifugation at 350 x g
for 1 h. Subsequently, cells were washed with phos-
phate buffered saline (PBS) and cultured in defined
keratinocyte-serum-free medium. After 2 days, cells
were selected with G418 (150 pg/ml) for 4 days af-
ter which exclusively infected keratinocytes survived.
The survival rate after G418 selection of E7 infected
cells for all HPV types was between 80-90%. Ker-
atinocytes were incubated in a humidified 5% CO, at-
mosphere at 37°C, and the medium was changed every
two days. The cells were trypsinised before reaching
confluency and were used immediately in organotypic
skin cultures as described below. From the remaining
infected keratinocytes RNA was isolated to control the
expression of cutaneous HPV E7 using RT-PCR and
quantify the mRNA levels by real-time RT-PCR (Ta-
ble 1).

2.4. Organotypic skin cultures with de-epidermalised
dermis

The organotypic cultures were obtained as previ-
ously described [25]. Glycerol-preserved skin (Euro
Skin Bank, Beverwijk, The Netherlands) was washed
three times in PBS and incubated in PBS contain-
ing antibiotics (600 units/ml penicillin-G, 600 pg/ml
streptomycin sulfate, 250 pg/ml gentamicin sulfate and
2.5 pg/ml fungizone) at 37°C for up to 10 days. Subse-
quently, the epidermis was mechanically removed us-
ing forceps, and de-epidermalised dermis (DED) was
cut into 2 x 2 cm squares and placed in culture plates
with the papillary dermal surface on the underside.
Stainless steel rings were placed on top of the dermis,
and human primary dermal fibroblasts (5 x 10° cells)
in RM+ medium were inoculated into the rings on the
reticular dermal surface. Following an overnight incu-
bation, DED was inverted for the orientation of the
papillary dermal surface on top before the rings were
replaced. Retroviral-infected HPK (3.0 x 10° cells) in
RM+ medium were seeded inside the rings onto the
dermis. After 2 days, the dermis was raised to the
air-liquid interface in the same orientation by placing
the composites on stainless steel grids and the RM+
medium was refreshed every 3 days. After 10 days
the differentiated keratinocytes were incubated with
50 uM BrdU (5-bromo-2-deoxyuridine; Sigma) for 2 h.
Subsequently, skin cultures were fixed in 10% buffered
formalin and embedded in paraffin for further analysis.



Primer sequences used to generate recombinant retroviruses and to examine E7 RNA expression

Table 1

Amplification of E7 to generate pPLXSN-HPV E7 expression vectors

RT-PCR

Quantitative real-time RT-PCR

Forward primer

Reverse primer

Restriction site

Forward primer

Reverse primer

Forward primer

Reverse primer

5" — 3/ 50— 3/ 50— 3/ 50— 3/ 50— 3/ 5/ — 3/
HPV 1 E7 [39] TATGCTGTCGTT CGA TGT TCA  TATGCTGTCGTT CGA TGT TCA
GCT TCC TG AAG ATC GCAGA  GCTTCC TG AAG ATC GCA GA
HPV 4 E7 GGA ATT CCA CGG GAT CCC EcoRl/BamHI GCT GAG TGA TGT TCC AAG GGA GTC GGT CGA TGT TCA
ACA ATG AGA GCA TTC TGC GGA GGT CTT G GTC CGT AGT CC GGT TCC ATT TA AAG ATC GCA GA
GGAGCAGCGC TIC ATG GAC
AAT A
HPV 5 E7 GGA ATT CCG  CCG CTC GAGC EcoR1/Xhol GGT TGC AGG GCA GAT CTC GAG GAG CCT  TCCGTCATGTTT
GAA TCT GTA GGC ACC AAT AACTGTGAGGT  CGG TCA GTA GC GAC AACGAAAG  GCA GTT TC
GGC AGT GTA  CAC CAA ACC
AGC A CTT C
HPV 8 E7 AAG CTT GAA  GAA GCT TGG EcoR1/BamHI TGC TGT CAG GGC ACT CAG AGG AAA CGG CGT AGC TTG
TTC GAG TIT ATC CCC TIC GTC AAG CTA CG GAC ACA GAAGC  AGG AGG AGC TA ACC TGA CAG CA
GC AGG CTT TTT AGA TGT
TGT AAG C ACT ACC
HPV20E7 GGA ATT CCG CCG CTC GAG EcoRI/Xhol CAG CCT GAG TCCTCTCICTCC GAG CAG CAG GCG ACA GTC
GAA TCT GTA CGG CAA TCA GTT CAACCAGT  TGC TGCTC GAG AGA GAG GA  AGG ACA CAA CA
GGC TGT GTA TCC AAC CCG
AGC TCTT
HPV38E7 GAA GCT TGA AGC TTG GAT EcoRl/BamHI AGA GGA GGA GGT GGG ACA AGA GGA GGA TGC GAA TGT
ATT CCG GCA CCC GCA GCC GCC AGC ATA CA CAG AAG CCT TA GCC AGC ATA CA CTT CTC GAC AG
TTG CAA AGC TIC TIT AGG
AAT AGA A ATC AGT ACC
RTRX7E7  AAG CIT GAA GAA GCT TGG EcoR1/BamHI AGT GAG GIG ACT CCT CCT AGT GAG GTG ACA CGG TGC
TTC GAG TGT ATC CCT TCT CAG CCTGAAGT  CCG TTT CCT GT CAG CCT GAA GT AAT GAC TTT GA
GCA GGC ACT TTA GAT GTA
GTA AGC CTA CC
HPV 16 E7 [30] GCT CAG AGG AAC CGA AGC - -
AGG AGG ATGAA  GTA GAG TCA CA
RPS9 - - - ATC CGC CAG TCA ATG TGC - -
CGC CAT A TIC TGG GAA

GAPDH

TCC

[40]
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2.5. RNA isolation and reverse transcription-
(RT) PCR

Total RNA was isolated from retroviral infected
epidermal HPK using the RNeasy Micro Kit (Qia-
gen; Hilden, Germany) following manufacturer’s in-
structions. The cells were digested with 10 pl pro-
teinase K (10 mg/ml) (Roth, Karlsruhe, Germany) at
55°C for 15 min. Subsequently, the isolated nucleic
acids were digested with DNA-free Dnase I (Invitro-
gen, Karlsruhe, Germany). Quantification of total RNA
was performed by photometrical analysis using Bio-
metra Gene Ray according to the manufacturer’s in-
structions (Biometra, Gottingen, Germany).

After reverse transcription with oligo-dT and the
Superscript First-Strand Synthesis system for RT-PCR
(Invitrogen), the concentration of cDNA was quanti-
fied with an OliGreen ssDNA Quantitation Reagent
Kit (Molecular Probes, Karlsruhe, Germany). E7 gene
specific primers were designed for a subset of differ-
ent HPV types (Table 1) using the Primer3 software
[27]. PCR was performed using the Eppendorf mas-
tercycler gradient (Eppendorf, Hamburg, Germany).
The PCR reaction mixture of 25 ul contained 50 ng
cDNA in a standard ‘PCR reaction buffer’ (Qiagen),
1.5 units Taq polymerase (Qiagen), 1.5 mM MgCl,,
200 uM dNTPs and 500 nM of each primer. PCR re-
action was initiated with 2 min denaturation at 95°C
followed by 40 cycles consisting of a denaturation step
(95°C for 45 s), a primer annealing step (60°C for
30 s) and an elongation step (72°C for 30 s). The
RNA quality and amount of each specimen was con-
trolled by analysing the housekeeping gene 40S riboso-
mal protein S9 (RPS9). In addition, the PCR amplicons
were separated in a 3% agarose gel by electrophoresis
(Suppl. Fig. S1: http://www.qub.ac.uk/isco/JCO).

2.6. E7 quantification using real-time RT-PCR

cDNA synthesis and quantification was performed
as described above. qRT-PCR was conducted using
LightCycler technology (Roche) and was performed
in duplicate for each sample in three independent ex-
periments. The amplification mix (10 pl) contained
420-450 ng cDNA (1 pl), 1 mM of each E7 specific
primer (Table 1) (total 1 pl; 0.5 pl of each 20 mM
primer), 2 pl LightCycler® FastStart DNA Master-
PLUS SYBR Green I (Roche) and 6 ul DNase/RNase-
free water. The qRT-PCR protocol included 10 min
initial denaturation at 95°C and 50 cycles: 10 s at
95°C (denaturation step), 5 s at 60°C (annealing step)

and 20 s at 72°C (extension step). Specificity of PCR
products was verified by melting curve analysis using
temperatures from 65°C to 95°C for 5 s plus 50°C
for 15 s. This analysis showed that specific products
and not primer dimers were the majority of ampli-
cons. Linear regression analysing a dilution series of
1, 0.1 and 0.01 pl cDNA of each HPV type was per-
formed. Moreover, amplicons were separated in 1%
agarose gel to confirm the estimated size of each E7
gene of all HPV types included in this study. Expres-
sion levels were determined as the ratio between each
E7 gene (as the mean of three independent experi-
ments) and the reference gene GAPDH in order to cor-
rect for variation in the mRNA levels (Suppl. Fig. S2:
http://www.qub.ac.uk/isco/JCO).

2.7. Immunohistochemistry

For immunohistochemistry, 4 um sections were de-
paraffinised, rehydrated and rinsed in PBS. Consecu-
tive sections of each skin culture were stained with
haematoxylin and eosin for histology. Furthermore,
sections were subjected to antigen retrieval with citrate
buffer (pH 6.0) at 97°C for 20 min. Unspecific bind-
ing of the primary antibody was blocked by the incu-
bation of 10% normal goat serum at room tempera-
ture for 30 min. The primary mouse monoclonal anti-
bodies were specific for: cyclin E (clone HE12, 1:30
diluted; Biozol, Eching, Germany), anti-BrdU (clone
BMC 9318, 1:50 diluted; Roche), Ki67 (clone Ki-S5,
1:100 diluted; Dako, Hamburg, Germany), cytokeratin
10 (CK10) (clone VIK-10, 1:200 diluted; Acris, Hid-
denhausen, Germany), CK14 (clone L1002, 1:200 di-
luted; Acris), involucrin (clone SY5, 1:200 diluted;
Acris) and p16™K4 (using the CINtec(R) histology
kit based on antibody clone MTM E6H4, 1:200 di-
luted; mtm laboratories, Heidelberg, Germany). Sec-
tions were incubated at room temperature for 1 hour,
washed in PBS, and incubated for 30 min either with
a biotinylated secondary goat anti mouse-antibody and
processed with a streptavidin-biotinperoxidase detec-
tion system (LSAB2; Dako) as recommended by the
manufacturer or with a goat anti mouse-IgG-specific
fluorescent conjugated secondary antibody (1:4000 di-
luted; Molecular Probes). To exclude unspecific stain-
ing of the secondary antibody and the staining sub-
strate immunohistochemistry was performed without
the primary antibody. Double staining of pl6NK42
and cyclin E was performed with IgG-specific fluo-
rescent conjugated secondary antibodies as described
above. Sections were counterstained with hematoxylin
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or DAPI and mounted in aqueous permanent mount-
ing solution or fluorescent anti-fade (Dako) covered
with a slip and air-dried. At least two independent
consecutive sections of all organotypic cultures were
stained and only concordant results were used for fur-
ther analysis.

3. Results

3.1. Organotypic skin cultures expressing different E7
proteins of cutaneous HPV types showed altered
histology

The expression of different E7 proteins from cu-
taneous HPV types showed diverse effects on ker-
atinocyte differentiation in organotypic skin cultures.
Epidermal HPK were infected with recombinant retro-
viruses expressing a given E7 gene under the control of
the MoMuSV retroviral 5 -LTR-promoter, whose ac-
tivity is insensitive to keratinocyte differentiation, and
organotypic cultures generated over a 10 day period.
The following HPV types were used: HPV 1 (u-PV, as-
sociated with benign cutaneous warts), HPV 4 (y-PV,
wart-associated and detected in primary cutaneous
SCC and metastases [28]), HPV types 5, 8, 20, 38,
RTRX7 (B-PV, detected in hairs and cutaneous SCC
from (non)immunosuppressed patients and EV pa-
tients) and the oncogenic high-risk genital type HPV 16
(a-PV). The presence of E7 mRNA of all HPV types
(HPV 1,4, 5, 8, 20, 38 and RTRX7) in undifferentiated
monolayer HPK was confirmed by RT-PCR (Suppl.
Fig. S1: http://www.qub.ac.uk/isco/JCO). The E7 pro-
tein expression was confirmed for HPV 16 by western
blot analysis of cells grown in monolayers, detectable
by immunocytochemistry in monolayer cells (Fig. 1)
but not by immunohistochemistry in organotypic skin
cultures.

The histology of the epithelial tissue from skin cul-
tures was compared with human normal skin (Fig. 2).
HPK transduced with control empty retrovirus
(pLXSN) established a distinct squamous epithelium
with typical layers indicating that the empty vector
did not influence culture conditions and epithelial dif-
ferentiation. Overall, organotypic skin cultures gener-
ated from epidermal HPK transduced with E7 showed
an altered histology compared either to human nor-
mal epithelium (non-infected) or vector-only infected
HPK (Fig. 2). Hyperkeratosis was observed in E7 in-
fected cultures of all HPV types examined and was
strongest with HPV 4, which displayed characteris-

tic morphological features of cutaneous warts such as
papillary structures and distinct hyperkeratosis. Cul-
tures infected with HPV 16 and HPV 1 were disorgan-
ised and showed dysplastic morphology with dyskera-
totic keratinocytes in the granular layer. Furthermore,
suprabasal nuclei appeared larger than those in basal
layers of HPV 5 skin cultures, which also showed the
strongest occurrence of papilla-like structures. Parak-
eratosis was exclusively observed in HPV 38 infected
skin cultures indicated by nuclei in differentiated ker-
atinocytes of the stratum corneum.

3.2. Alteration of keratinocyte late differentiation by
E7 of HPV 1, 4 and 38 in organotypic skin
cultures

To examine the influence of E7 on the differen-
tiation of keratinocytes, we analysed the protein ex-
pression of the basal cell marker CK14, together
with early (CK10) and late (involucrin) differentia-
tion markers by immunohistochemistry. A represen-
tative experiment is shown in Fig. 3. The CK14 ex-
pression pattern observed was not altered in any of
the skin cultures, indicating that very early stages of
keratinocyte differentiation were not disturbed by any
of the HPV E7 types investigated (Suppl. Fig. S3:
http://www.qub.ac.uk/isco/JCO). HPV 38 E7 expres-
sion altered specifically the CK10 expression pattern
such that the protein was either absent in some cells, or
alternatively localised in aggregates on the cell mem-
brane in other regions of the culture (Fig. 3). In con-
trast, the other E7 types investigated had only marginal
effects on CK10 expression patterns. Involucrin was
expressed in the cornified strata of all cultures, except
for HPV 1 and HPV 4 E7 cultures where involucrin ex-
pression was strongly reduced through the entire upper
granular layer indicating a perturbation of late differ-
entiation by these E7 types (Fig. 3).

3.3. Increased proliferation by E7 of HPV 1, 4 and
38, and to a lesser extent of HPV 5, 8 and 20 in
organotypic cultures

Proliferation of keratinocytes was analysed using
both Ki67 expression and transient BrdU incorpora-
tion that specifically labels cells in S-phase. We inves-
tigated whether Ki67 was expressed in suprabasal ker-
atinocytes transduced with E7 of different HPV types,
since in normal epidermis Ki67 protein should only be
found in the nuclei of basal cells. Ki67 expression was
detected in basal cells and additionally in suprabasal
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Fig. 1. Detection of HPV 16 E7 protein in transfected human primary keratinocytes (HPK). (A) For immunocytochemistry, either cytospins
(a, b) or sections of formalin fixed and paraffin-embedded cells (c, d) were used. Protein expression of HPV 16 E7 in immortalized suman
foreskin keratinocytes (iHK) in a ration of 1:1 (HPV 16 E6 and HPV 16 E7) (a, ¢) or HPV 18 positive HeLa cells (b, d). The HPV 16 E7
protein could be detected in the cytoplasma of both the cytospins and paraffin-embedded iHK using the monoclonal antibody (Zymed, clone
8C9, diluted 1:2). Specificity was shown with HeLa cells, which were negative under these conditions. (B) Western blot analysis was performed
with whole protein extracts (100 pg/lane) of cell lines or 30 pg purified recombinant HPV 16 E7 protein separated in a 12% polyacrylamid gel.
Monoclonal antibodies were used to detect HPV 16 E7 (clone nm2, diluted 1:2,000; kindly provided by M. Miiller, DKFZ, Heidelberg) or Actin
(MP biomedicals, clone C4, diluted 1: 40,000). Detection was performed using the enhanced chemiluminescence (ECL) substrate according to
the manufacturer’s instructions (“super signal west femto maximum sensitivity substrate”, Pierce Biotechnology, Rockford, USA). The highest
HPV 16 E7 protein amounts were present in CaSki cells, followed by iHK, and only weak expression was observed in retroviral-infected HPK.
(n.c., negative control; C, cytospins; P, sections of paraffin-embedded cells.)

keratinocytes expressing E7 of HPV types 1, 4 and 38, cultures Ki67 expression was restricted to the basal
and as expected of HPV 16 indicating that prolifer- cells. To examine host DNA replication in proliferating
ation was induced in differentiated keratinocytes that cells, we analysed BrdU incorporation. In E7 express-

are normally post-mitotic. In all other E7-expressing ing skin cultures, BrdU positive cells were observed
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Fig. 2. Altered histology in organotypic skin cultures infected with E7 of cutaneous HPV types. Epidermal human primary keratinocytes (HPK)
were non-infected, infected with the control vector pLXSN, or pLXSN-HPV x E7 containing recombinant retroviruses and used in organotypic
skin cultures. For histological examination tissue sections were stained with hematoxylin and eosin. Retrovirus infected cultures both with and
without HPV E7 sequences showed a distinct hyperkeratosis, which was absent in normal human skin and non-infected HPK. An enhanced
hyperkeratosis was observed in E7 infected cultures of any HPV type and the strongest hyperkeratosis was present with HPV 4, which is
characteristic for cutaneous warts. Cultures infected with pLXSN showed a normal morphology of the suprabasal layers. The histology of
E7 infected skin cultures varied to different degrees depending on the HPV type. The epithelium of HPV 16 and HPV 1 infected HPK were
disorganised and showed dysplastic morphology (marked with white arrows). Parakeratosis, which is characteristic of HPV induced warts, was
only observed in HPV 38 infected tissues. HPV 5 showed distinct papilla-like structures and the largest nuclei were present in the granular layer
and not in the spinous layer. HPV types used to infect HPK are denoted. Original magnification was x200. Scale bar: 100 pm.

in the stratum basale and stratum spinosum. Four ex-
periments using different sections of each paraffin-
embedded skin culture were performed and the mean
numbers of BrdU or Ki67 positive cells within 1 cm?
were calculated (Fig. 4(B)). BrdU incorporation was
restricted to cycling cells of the basal layer in most E7
cultures examined and was comparable to that seen in
control cultures. However, expression of E7 of HPV
types 1, 4 and 16, resulted in BrdU incorporation in
differentiated cell layers that are normally post-mitotic.
Expression of HPV 38 E7 also resulted in higher num-
bers of BrdU positive cells when compared to cultures
generated by vector-only, but in contrast to the HPV
1, 4 and 16 E7 cultures the BrdU positive cells were
restricted to less differentiated cell layers.

3.4. Co-localisation of p16™NK4 with cyclin E in
HPV 5 and HPV 8§ infected organotypic skin
cultures

The pl16™K42 pathway modulates an important
checkpoint in the cell division cycle of epithelial ker-

atinocytes. We have determined the expression of
this protein by immunohistochemistry. This cyclin-
dependent kinase inhibitor was present in the nuclei
and the cytoplasm in keratinocytes of the skin cul-
tures infected with the control vector pLXSN and
all HPV types. The pl6™K42 staining pattern was
grouped in three categories for analysis: (i) less than
30%, (ii) between 30% and 60%, and (iii) more
than 60% of positive keratinocytes. The lowest num-
ber of pl16™K4 positive keratinocytes was observed
in E7 cultures expressing either HPV 1 or HPV 4
cultures (less than 30%), followed by HPV 20 and
HPV 38 E7 cultures (30-60%), with the highest
p16™K4 staining being seen in cultures derived from
expression of E7 from HPV 5, HPV 8, RTRX7 and
HPV 16 (more than 60%) (Fig. 5, Suppl. Fig. S4:
http://www.qub.ac.uk/isco/JCO). Cyclin E is a marker
of late G1-/S-phase of cell cycle division and disrup-
tion of the G1-/S-transition in HPV 16 E7 expressing
human cells is associated with altered regulation of cy-
clin E [29]. We therefore investigated co-localisation
of p16™K42 and the cell cycle marker cyclin E within
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Fig. 3. Perturbed differentiation in HPV 1, HPV 4 and HPV 38 E7 organotypic skin cultures. Paraffin-embedded sections of organotypic skin
cultures were stained with antibodies to CK14, CK10 and involucrin. The expression of the basal cell marker CK14 was not altered by any of the
HPV types investigated (Suppl. Fig. S3: http://www.qub.ac.uk/isco/JCO). HPV 1, HPV 4 and HPV 38 E7 cultures showed a disturbed expression
pattern of either the early (CK10) and/or the late (involucrin) differentiation marker. pLXSN, HPK infected with the control vector. Original

magnification was x400. Scale bar: 100 um.

the same cell by double staining using fluorescence im-
munohistochemistry to determine whether E7 expres-
sion was able to overcome p16™NK42 induced cell cycle
block in post-mitotic cells. Keratinocytes that stained
positive for both p16™NK42 and cyclin E were observed
in suprabasal layers of skin cultures infected with E7 of
genital HPV 16 and, interestingly, or the 5-HPV types
5 and 8, whereas co-localisation was absent in the neg-
ative control (pLXSN) and all other HPV types investi-
gated (Fig. 5). Noteworthy also is the observation that
in the HPV 5 and 8 E7 cultures that in the cells dou-
bly positive for cyclin E and p16™NK42 | the p16NK42
expression was mis-localised to the cytoplasm.

4. Discussion

In this study, we examined effects on histology, dif-
ferentiation, proliferation and cell division cycles in
E7 transduced organotypic skin cultures of cutaneous
HPV types associated with benign or malignant le-
sions. The skin cultures showed an altered histology

and differentiation pattern, an increased proliferation
rate and differences in p16™¥42 expression to a vary-
ing degree depending on the HPV type.

Epidermal HPK were infected with recombinant
retroviruses using the pLXSN vector designed for
retroviral gene delivery. Gene expression was con-
trolled by the 5’LTR promoter, whose activity is in-
dependent of the differentiation state of infected ker-
atinocytes in organotypic skin cultures [24,30,31]. In
our study, retrovirally infected epithelial HPK were
used to generate organotypic skin cultures that showed
hyperkeratosis with the control vector alone, most
likely due to culture conditions [32], but this hyperk-
eratosis was enhanced by expression of E7 sequences
from all analysed HPV types, but a distinctive and
more pronounced hyperkeratosis was seen in HPV 4
infected cultures. The transduction of E7 of different
cutaneous HPV types resulted in varying degrees of
disorganisation of the epithelial tissue. Interestingly,
HPV 16 and HPV 1 induced disorganised and dysplas-
tic morphology with dyskeratotic cells. Of all the HPV
types investigated only HPV 38 infected skin cultures
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Fig. 4. Increased proliferation in organotypic skin cultures infected with E7 of cutaneous HPV types. (A) The presence of the proliferation
markers BrdU and Ki67 was investigated by immunohistochemistry. Representative examples of paraffin embedded sections from organotypic
skin cultures are shown with non-infected adult human primary keratinocytes (HPK), or infected with recombinant retroviruses (pLXSN, or E7
of HPV types 1, 4, 5, 8, 16, 20, 38 or RTRX7). Original magnification was x200. Scale bar: 100 pm. (B) BrdU and Ki67 positive cells in the
epidermis are given as mean £ SD within 1 cm? of four independent experiments (y-axis). The numbers of BrdU or Ki67 positive keratinocytes
were determined within 1 cm? of the epidermis of each section. The highest proliferation rates indicated by BrdU or Ki67 positive cells was
observed with HPV types 1, 4, 16 and 38, and lower rates with HPV types 5, 8 and 20.
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Fig. 5. Suprabasal co-localisation of cyclin E and pléINK4a in organotypic skin cultures infected with E7 of HPV 5, or 8. The presence of
cyclin E (green) and pl6lNK4a (red) was examined by double staining of paraffin embedded organotypic skin culture sections. The nuclei were
stained with DAPI (blue). Four representative examples of skin cultures infected with E7 of HPV 5 or 8 (3-PV) or HPV 16 (a-PV, positive

control) or the empty vector pLXSN (negative control) are shown. Co-localisation of pl

6INK4a and the cell cycle marker cyclin E within the

same keratinocytes at the suprabasal layer of HPV 5 and HPV 8 are shown indicated by white arrows. Original magnification was x400. Scale

bar: 100 pm. (The colors are visible in the online version of the article.)

showed parakeratosis, which is characteristic for HPV
induced human cutaneous warts. Distinct papilla-like
structures and larger nuclei in the granular layer were
associated with E7 expression of HPV 5, and not in the
spinous layer as would normally be expected.

We found neither differences of CK14 expression
in the basal layer of control pLXSN cultures nor in
any HPV type examined indicating that the expres-
sion of E7 does not disturb very early differentia-
tion patterns in our organotypic skin cultures. CK10
is a marker for early differentiation expressed in the
lower and upper suprabasal layer. A previous study
analysing the effect of E6/E7 of 3-HPV types 5, 12,
15, 17, 20 and 38 with an organotypic skin culture sys-
tem found that CK10 was only expressed in the up-
per suprabasal layer [24]. In our study, a perturbed

and discontinuous CK10 staining pattern was observed
in HPV 38 E7 skin cultures, where CK10 was only
present in the upper suprabasal layer and displayed a
punctate pattern. In contrast, cultures of HPV types 4,
5, 8, 20, RTRX7 had a normal CK10 staining pattern,
with only marginal effects produced by expression of
HPV 1 E7. We found no altered CK10 expression with
HPV 5 E7 and HPV 20 E7 whereas Boxman and col-
leagues [24] showed a disturbed early differentiation in
HPV 5 and 20 skin cultures expressing both proteins
E6 and E7. The differences observed in both studies
may be due to the different target cells, neonatal fore-
skin keratinocytes versus adult HPK used in our study.
Another explanation is that the E6 gene rather than the
E7 gene, or a combination of both, alters CK10 expres-
sion in neonatal foreskin keratinocytes.
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The late differentiation marker involucrin is a cyto-
plasmic protein expressed in epithelial skin [33] and
is localised to the upper third of human normal epi-
dermis. In Verruca vulgaris involucrin is uniformly ex-
pressed in the cornified, granular and spinous layers,
but absent or only stains patches of keratinocytes in cu-
taneous SCC [34]. However, in our study an alteration
of late differentiation was only found with the wart-
associated types HPV 1 and HPV 4. These cultures
showed no involucrin expression in the upper third of
the epithelium with the exception of the fully kera-
tinised cells in the cornified layer. Interestingly, HPV
types 1 and 4, which altered early and late differen-
tiation, also induced the highest proliferation rates in
our organotypic skin cultures with cycling cells being
present in suprabasal cell layers. Thus, the establish-
ment of the hyperproliferative lesion by HPV 1 and
HPV 4 E7 cultures is at the expense of epithelial dif-
ferentiation processes.

The cyclin-dependent kinase inhibitor pl
regulated via a negative feedback control by pRb
[10,11], and over-expression of p16INK4’:l was observed
in pRb negative-cell lines and in cells with a lack of
pRb function through binding of E7 with pRb [12].
In cervical cancer patients over-expression of p16/NK42
was observed only in high-risk but not low-risk genital
HPV infected cervical intraepithelial neoplasia (CIN)
[13]. However, the direct interactions of E7 of 5-HPV
types with pRb, and thus indirect interference with
pl6™NK42 expression are by contrast only poorly un-
derstood. p16™K4 i5 over-expressed not in all but in
a subset of dysplastic keratinocytes in actinic kerato-
sis and cutaneous SCC [35]. In our study, pl16™NK42
was expressed in skin cultures either with or with-
out HPV E7 expression. A significant reduction of
p16™NK4a positive keratinocytes was only observed in
HPV 1 and HPV 4 skin cultures. These findings sug-
gest that these viral E7 types cannot overcome the cell
cycle inhibitory effects of p16™K42 and that the high
proliferation rates observed in skin cultures generated
using these E7 types may depend upon p16™K42 down-
regulation. How these E7 types may down-modulate
pl16™NK4a activity is unknown.

Cyclin E expression is necessary for the progres-
sion from the G1- to S-phase where it advances the
cell cycle through the inactivation of pRb [36], and has
been shown to be over-expressed in a number of hu-
man tumors [37]. In normal epidermis cyclin E expres-
sion is restricted to a minority of basal keratinocytes
that are in cell cycle. Since it is possible that the
suprabasal cells that were in cell cycle were cyclin E

6INK4a is

positive/p16'NK42 negative, and vice versa, we investi-

gated whether cyclin E and p16'™K42 expression was
co-incident in the same cell in cultures of the differ-
ent HPV E7 proteins. Interestingly, only in HPV 5
and HPV 8 skin cultures we found keratinocytes of
the suprabasal layers positive for both cyclin E and
pl6NK4a qyogesting that E7 of these types were able
to overcome the inhibitory effects of p16™K42 on the
cell cycle. Co-expression of cyclin E together with
p16™K4 in the same cell was not seen for any of the
other E7 types tested, implying that only a subset of
E7 types can overcome pl6™K42 activity. The expres-
sion status of pl6™K4 in cervical lesions has been
proposed to be associated with infection of oncogenic
anogenital HPV types [38]. Our findings suggest that
the E7 of HPV types 5 and 8 may be more associated
with the development of malignant lesions.

Skin carcinogenesis is a complex and multifactorial
process and at present the possible roles of cutaneous
HPV E7 proteins has not yet been defined fully. Our
data demonstrate that in organotypic skin cultures the
E7 protein of HPV 1, HPV 4 and HPV 38 perturb ker-
atinocyte proliferation, differentiation, and cell cycle
markers in different ways that may either contribute
towards benign or malignant growth of cells. In con-
trast, E7 of HPV 5 and HPV 8 seem to be able to over-
come p16™K4 induced cell cycle effects in a subset of
post-mitotic cells. The uncoupling of normal cell cycle
checkpoints and keratinocyte differentiation by HPV
types 5 and 8 that results in unscheduled DNA synthe-
sis may in turn lead to genetic instability in these cells,
and thereby contribute towards the early stages of cu-
taneous SCC development.
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