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Abstract

In stratified epithelia such as the epidermis, homeostasis is maintained by the proliferation of cells in the lower
epithelial layers and the concomitant loss of differentiated cells from the epithelial surface. These differentiating
keratinocytes progressively stratify and form a self-regenerating multi-layered barrier that protects the underlying
dermis. In such tissue, the continual loss and replacement of differentiated cells also limits the accumulation of
oncogenic mutations within the tissue. Inactivating mutations in key driver genes, such as TP53 and NOTCH1,
reduce the proportion of differentiating cells allowing for the long-term persistence of expanding mutant clones
in the tissue. Here we show that through the expression of E6, HPV-16 prevents the early fate commitment of
human keratinocytes towards differentiation and confers a strong growth advantage to human keratinocytes. When
E6 is expressed either alone or with E7, it promotes keratinocyte proliferation at high cell densities, through the
combined inactivation of p53 and Notch1. In organotypic raft culture, the activity of E6 is restricted to the basal
layer of the epithelium and is enhanced during the progression from productive to abortive or transforming HPV-16
infection. Consistent with this, the expression of p53 and cleaved Notch1 becomes progressively more disrupted,
and is associated with increased basal cell density and reduced commitment to differentiation. The expression
of cleaved Notch1 is similarly disrupted also in HPV-16-positive cervical lesions, depending on neoplastic grade.
When taken together, these data depict an important role of high-risk E6 in promoting the persistence of infected
keratinocytes in the basal and parabasal layers through the inactivation of gene products that are commonly
mutated in non-HPV-associated neoplastic squamous epithelia.
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Introduction

Papillomaviruses are a large and heterogeneous group
of small non-enveloped DNA viruses that infect a wide
range of vertebrates [1,2]. Human papillomaviruses
(HPVs) infect cutaneous and mucosal epithelial sites
and according to their tumourigenic potential, are com-
monly referred to as low- or high-risk HPVs. Cervical
cancer is the most prevalent human cancer associated
with high-risk HPV infections [3].

Papillomaviruses show an extreme level of adaptation
to the regulatory mechanisms governing keratinocyte
differentiation, with viral genes being sequentially
activated during this process [4]. Among the first
viral genes to be expressed are E6 and E7, with these
proteins also facilitating viral genome amplification by

driving cell cycle re-entry in the differentiating cells
of the upper epithelial layers [4,5]. These effects are a
consequence of E6 and E7’s interaction with a plethora
of host-encoded proteins, of which p53 and members
of the pocket protein family are perhaps the most thor-
oughly characterized [6,7]. The majority of infections
are successfully controlled by the host immune system,
with clearance or regression to latency occurring in
most individuals. In such instances, viral genomes can
persist in the epithelial basal layer with very limited
viral gene expression. In a small but important number
of individuals, however, the failure of the HPV life cycle
triggers the progression from productive to a transform-
ing infection, and the possible progression to cancer. In
the cervical epithelium, this condition is characterized
by the clonal expansion and persistence of dysplastic
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epithelial cells [8,9]. According to the Darwinian model
of neoplastic evolution, mutant cell clones that acquire
a competitive advantage are positively selected to per-
sist [10]; and in stratified epithelia, clonal expansion
is frequently associated with mutations in 7P53 and
NOTCHI genes [11-13].

Notch proteins (Notch 1-4 in mammals) are
single-pass type 1 transmembrane proteins and are crit-
ical mediators of keratinocyte differentiation [14—16].
Notch is activated upon cell—cell contact by interaction
between the Notch receptor and its ligands (delta and
jagged in mammals) expressed on the membrane of
signalling cells [17,18]. Receptor activation involves
the sequential proteolytic processing of Notch proteins,
resulting in cytoplasmic release and nuclear transloca-
tion of the Notch intracellular domain (NICD) to initiate
Notch target gene transcription [17]. In keratinocytes,
Notchl plays a crucial role in restraining proliferative
phenotypes: its loss of function leads to the aberrant
expression of basal cell markers in the differentiat-
ing epithelial layers [16,19,20] and its inactivation is
an important step in the development of squamous
neoplasms [13,21,22].

In the present study, we examined the contribution of
HPV-16 E6 in the progression from productive to trans-
forming (i.e. abortive) infection through the modulation
of p53 and Notch activity in squamous epithelia. Using
a combination of 2D monolayer techniques, organotypic
raft culture, and the analysis of clinical material, we
describe a mechanism by which the restricted expres-
sion of HPV-16 E6 in the basal layer of the epithelium
finely tunes differentiation in productive infections, and
drives neoplasia when its expression becomes deregu-
lated though the alteration of keratinocyte cell fate.

Materials and methods

Clinical samples

The mode of collection, processing, and patient
data-handling of the clinical samples used in this
study have been described previously [9], along with a
detailed description of the HPV typing methodologies
and the diagnosis and grading regimes used by the
panel of pathologists [9]. All clinical material used in
this study was subject to Institutional Review Board
approval at the Jagiellonian University Medical College,
Krakow, Poland [9].

Growth assays

NIKS and all NIKS-derived cells were seeded at a
cell density of 1x10° cells per well, in F medium
(Sigma, Haverhill, UK) without EGF (236EG-01 M;
Bio-Techne, Abingdon, UK), on 1x10° y-irradiated
J2-3T3 in six-well plates. One day later (day 1), the
plating efficiency was estimated and cells were fed
with fresh F medium supplemented with 10 ng/ml EGF
(Bio-Techne). To harvest the cells, feeder cells were
first dislodged by a short trypsinization step and NIKS
keratinocytes were then collected after a second
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trypsinization and counted using a Z1 Coulter particle
counter (Beckman, Takeley, UK). Unless otherwise
specified, total cell numbers/ml for each triplicate were
assessed on days 1, 3,4, 5,7, and 9.

Fluorescence-activated cell sorting (FACS)
of differentiating NIKS keratinocytes

A modified protocol was used based on previous stud-
ies [23]. In brief, NIKS cells were first collected by
trypsinization and after centrifugation and washing,
cells were resuspended to ~1 x 10° cells/ml in F medium
and fixed in 1.5% PFA (J61899; Alfa Aesar, Lancaster,
UK) for 10 min at room temperature. Cells were then
recovered by centrifugation (3000 rpm) and permeabi-
lized in ice-cold methanol (1 x 10° cells/500 pl) (Sigma,
Haverhill, UK) at 4°C for 10min. Cells were sub-
sequently washed in PBS—1% bovine serum albumin
(BSA) and passed gently through a 25G needle (Terumo,
Leuven, Belgium) for to five times to avoid the forma-
tion of cell clumps. Cells were then incubated (1 x 10°
cells/100 pl) with a mouse primary antibody to keratin
10 (Krt10) (PA5-32459; Thermo Scientific, East Grin-
stead, UK) for 1 h on ice with occasional agitation. The
optimal concentration of Krt10 antibody for use in these
assays was determined experimentally to be 1 pg/pl.
Cells were subsequently washed in PBS—1% BSA and
incubated with Alexa Fluor 488 donkey anti-mouse sec-
ondary antibody (A21202; Life Technologies, Paisley,
UK) diluted to 1 pg/ml for 30 min at room temperature.
After extensive washing (at least three times in PBS),
cells were subjected to FACS sorting using either a DxP8
(Cytek, Ely, UK) or a MoFlo MLS cell sorter (DakoCy-
tomation, London, UK).

Statistical analysis

Quantitative data were expressed as mean + SD (shown
as error bar) from at least three independent exper-
iments. Differences between groups were examined
statistically as indicated (*p <0.05, **p <0.01, and
**%p <0.001; all P values were two-sided). All statis-
tics were performed using GraphPad Prism7 software.
The statistical test used in each case is stated in the main
text or in the figure legends.

The Supplementary materials and methods provides
details of the plasmids, cell culture, and transfection;
the antibodies used; immunofluorescence and immuno-
histochemistry; reverse transcription—quantitative PCR
(RT-qPCR); and western blot analyses.

Results

Progression from low- to high-grade neoplasia
reflects a reduced ability of 'HPV-16-infected'
keratinocytes to differentiate and to respond
to contact inhibition signals

In this study, we used NIKS [24]: a near-diploid,
spontaneously immortalized and non-tumourigenic
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keratinocyte cell line able to recapitulate the nor-
mal keratinocyte differentiation process and the
HPV-16-mediated [25] life cycle and neoplastic
progression in organotypic raft culture [26—28]. To
characterize the specific viral functions that may under-
lie the LSIL (low-grade squamous intraepithelial lesion)
and HSIL (high-grade squamous intraepithelial lesion)
phenotypes observed with full-length HPV-16 genomes
[27], we generated NIKS cells expressing HPV-16 E6
and E7, either singularly or in combination (Figure 1).
The growth of these cells was subsequently evaluated
in monolayer culture over 9 days, during the transi-
tion from sub-confluent (days 1-3) to post-confluent
growth conditions (days 7-9), conditions in which the
presence of the full-length HPV-16 genome is known
to affect normal keratinocyte growth characteristics
[27] (Figure 1A). In particular, we were interested to
establish whether E6 or E7 was the primary driver of
continued cell growth in a confluent basal-layer-like
environment. When growth factors were present in the
medium, 16E7 did not alter the monolayer cell growth
rate (Figure 1A; p=0.6245, Student’s 7-test), with con-
trol and E7-expressing cells reaching confluence around
day 5 (~1 x 10° cells), slowing thereafter as the cell den-
sity increased. Under similar conditions, 16E6 conferred
a noticeable growth advantage, both when expressed
alone (p=0.0149, Student’s z-test) and in conjunction
with E7 (p=0.0194, Student’s r-test; Figure 1A and
supplementary material, Figure S1A). Although E7
function appears dispensable in a growth factor-rich
environment, a more obvious role was seen following
growth factor depletion (Figure 1B). Here, E7 enhanced
the growth rate (p = 0.0039, Wilcoxon test) and potenti-
ated the growth-promoting activity of E6 when the two
proteins were expressed together (p = 0.0054, Wilcoxon
test) (Figure 1B and supplementary material, Figure
S1A). Throughout our experiments, E6 stimulated cell
growth post-confluence (Figure 1A, B and supplemen-
tary material, Figure S1B), a pattern reminiscent of
HSIL-like NIKS cells harbouring HPV-16 episomes
(NIKS 4H) [27] (supplementary material, Figure S2A,
B). Interestingly, when E6 (and E7) levels in the NIKS
4H episomal HPV-16 cell line were reduced by RNA
interference, the cell growth rate fell significantly and
approximated that of control NIKS (Figure 1C, E).
Conversely, the overexpression of HPV-16 E6 in the
LSIL-like NIKS line (NIKS 2L [27]) significantly
enhanced their growth rate, particularly at high cell
density (p=0.03, Student’s z-test; Figure 1D, E and
supplementary material, Figure S1).

Our results point to a prominent role for 16E6 in over-
coming normal keratinocyte contact inhibition in the
presence of growth factors, a situation that is found in
the epithelial basal layer [7]. To investigate this further,
organotypic rafts were prepared from the 2L and 4H
episomal cell lines, and E6 activity was assessed using
p53 loss as a surrogate marker [6]. In NIKS rafts and
in normal ectocervical epithelium, p53 expression was
prominent in basal and parabasal layers, but declined
markedly upon differentiation (Figure 1F). By contrast,
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NIKS 2L and 4H were characterized by a progressive
increase in basal cell density, in line with their elevated
patterns of viral gene expression [27], and a progres-
sively reduced p53 signal in the basal layer of the 4H
HSIL raft (Figure 1F). These observations are compati-
ble with the EGF-mediated regulation of E6 pre-mRNA
splicing [29], which was also apparent in the episo-
mal NIKS lines (supplementary material, Figure S3) and
which suggests a specific role for full-length E6 in mod-
ulating basal cell behaviour.

HPV-16 E6 abolishes the ability of NIKS
to differentiate through Notch inhibition

Inhibition of keratinocyte growth at high cell density
occurs as terminal differentiation is triggered [30—33].
In order to examine this in the NIKS cell model,
immunostaining was carried out for keratin 10 (Krt10),
an established maker of early keratinocyte differentia-
tion [34,35]. In organotypic rafts of the NIKS parental
cell line, differentiation occurs in the parabasal cell
layers (Figure 2A). In rafts prepared from the NIKS 2 L.
LSIL-like rafts, however, Krt10 induction was slightly
delayed, with this delay being much more marked
in the NIKS 4H HSIL-like rafts (p < 0.0001, one-way
ANOVA). A similar result was obtained with filaggrin, a
marker of late squamous differentiation (supplementary
material, Figure S2C).

Next, we investigated the implications of
16E6-mediated abrogation of keratinocyte differen-
tiation in our 2D monolayer model. Keratinocyte
differentiation occurred at high cell densities (day 7)
in control cells (LXSN-NIKS) (Figure 2B). Consistent
with previous studies [36], the expression of HPV-16
E7 reduced the levels of Krt10 induction (p =0.0155;
Student’s f-test), however, and more significantly
(p =0.0002, Student’s t-test), the expression of HPV-16
E6 abolished almost completely the induction of Krt10
in post-confluent NIKS cells (Figure 2B). These results
suggest a possible role for E6 in restricting or modulat-
ing the rate at which infected cells may be lost from the
confluent epithelial basal layer.

Among pathways regulating keratinocyte differ-
entiation, Notch signalling is known to be a strong
positive modulator [14—16]. The western blot anal-
ysis of Notch cleavage indicated that NICD starts
to accumulate at confluence (Figure 2C), consistent
with its cell contact-dependent activation [31]. While
NICD accumulation was greater and was maintained in
post-confluent (days 7—9) control cells, the expression
of HPV-16 E6 led to its dramatic down-regulation
post-confluence. Similar results were also obtained
when NICD levels were compared in LSIL- and
HSIL-like NIKS (Figure 2D). To examine Notch sig-
nalling during differentiation, a fluorescence-activated
cell sorting (FACS) approach was used to sort cells
based on their Krtl0 expression (KrtlO-bright and
Krt10-dim), followed by further analysis by western
blotting (Figure 2E, upper panel and supplementary
material, Figure S4). In control (LXSN) NIKS, Notch

J Pathol 2017; 242: 448462
www.thejournalofpathology.com



HPV-16 E6, transforming viral infection and keratinocyte fate 451

A B
= 5000000 e = 5000000 ==
S —=—LXSN 16E6 g —=— LXSN 16E6
S 4000000 | —— LXSN 16E7 $ 4000000 | —+— LXSN 16E7
E —»— LXSN 16E6E7 E —<— LXSN 16E6E7
Z 3000000 Z 3000000
© °
(&] (5]
S 2000000 s 2000000
=] <]
- [
GO 1000000
0- ‘ e
0 1 2 3 4 5 6 7 8 9 10
Time (Days) Time (Days)
C D
= 5000000
2 —+—NIKS Luc_RNAI il (P
8 4000000 | ™ NIKS 4H LucRNA 2 —=— NIKS 4H
£ —4+— NIKS 4H E6E7_RNAI T 400000071, Nniks 2L_mv11
= 2 )
z —e— NIKS 2L_MV11E6
- 00000 £ 3000000
g IR & 2000000
[ T
1000000 ° /
© 1000000
0 - - - - : %
0 1 2 3 4 5 e T T T T T T T r \
0 1 2 3 4 5 6 7 8 9 10
Time (Days) Time (Days)
E A
» Fo SaAFE &
F I ITEYE &
NIKS 4H ° § &
b5 e e — fwa v o
RNAi:  Luc 16 E6/E7 v
e N
GAPDH |G|  GAPDH E GAPDH | R ———
F
S 6
< —+—NIKS
%‘ 5 - ——NIKS2L |—
8 P —=— NIKS 4H
F A
Ectocervix g 3 A
8
8 2]
2
T 1
e [BCG BL

05 0 05 1 15 2 25 3 35 4 45 5

Distance from the basal layer (pm x 103)

p53/DAPI

Figure 1. Dominant role of HPV-16 E6 in driving the growth of NIKS at high cell densities. (A, B) Effects of E6 and E7 expression on the
growth pattern of NIKS cells with (A) or without (B) supplemented growth factors. Each point on the plot represents the average from three
independent experiments. Error bars represent mean + SD. (C) NIKS HPV-16 4H cells were transfected with E6 and E7 RNAi and grown for
the indicated time before harvesting and counting. Error bars represent mean + SD (n=3). (D) HPV-16 E6 was ectopically overexpressed in
NIKS 2L (NIKS 2L MV11_E6) and the effects on cell growth were monitored by growth assay. Error bars represent mean +SD (n=3). (E)
Representative western blots validating the expression of HPV-16 E6 and E7 in the experiments in A, C, and D. Levels of p53 and pRb were
monitored as surrogate markers for the expression of E6 and E7, respectively. (F) The pattern of expression of p53 was used as a surrogate
marker to locate the expression of E6 in raft culture of NIKS 2L and 4H episomal cell lines. The p53 fluorescence signal was enhanced
using tetramethylrhodamine (TMR) tyramide amplification. All sections were counterstained with 4',6-diamidino-2-phenylindole (DAPI).
The fluorescent intensity was quantified in the first 0.17 inches of the raft epithelium and normalized with the background signal (BCG)
detected immediately underneath the basal layer. BL= basal layer; PL=parabasal layers.
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Figure 2. The expression of HPV-16 E6 prevents the commitment to differentiation of NIKS keratinocytes. (A) Comparison of the timing
of expression of the keratin-10 (Krt10) differentiation marker during epithelial differentiation in organotypic raft cultures of NIKS or the
NIKS 2 L (LSIL-like) and 4H (HSIL-like) episomal cell lines. Quantification of the Krt10 fluorescence signal during differentiation is shown in
the far-right panel to highlight differences between the different rafts. The fluorescence intensity was normalized against the background
signal and plotted against distance from the basal cell layer. Error bars represent mean + SD (n=3). (B) Krt10 expression was monitored by
immunofluorescence in monolayers of the indicated NIKS cell lines grown to sub-confluence (day 3), confluence (day 5), and post-confluence
(day 7). The right-hand panel shows the quantification of Krt10-positive cells expressed as a percentage of the total cell population at the
7-day time point relative to the control (LXSN). Ten random fields were acquired for each sample and cells were counted using ImageJ
software. (C, D) Western blot analyses of the modulation of NICD by HPV-16 E6 in NIKS (C) or in NIKS 2 L and 4H (D) across a 9-day growth
assay. (E) Western blot analysis of components of Notch in Krt10-high and -dim FACS-sorted NIKS cell populations (see also supplementary
material, Figure S4).
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signalling was active in the Krtl0-dim population
(Figure 2E, lower panel), whereas the expression of
16E6 markedly reduced the induction of NICD and
HES]1 expression in both sorted populations, along with
the levels of Krt10. This suggests that the activation of
Notch signalling occurs transiently in keratinocytes at
early stages during the commitment to differentiation.
Our data also indicate that loss of NICD is an event asso-
ciated with increased levels of HPV-16 E6 expression,
supporting a role for E6 in preventing the commitment
of keratinocytes to differentiate upon viral life cycle
deregulation.

HPV-16 E6 requires interaction with p53 but not
PDZ proteins to regulate levels of Notch expression

Previous studies have suggested that E6-mediated inac-
tivation of Notch may involve p53 [37]. In order to
examine this in NIKS keratinocytes, NOTCHI mRNA
expression was examined by RT-qPCR in post-confluent
cells. Interestingly, the expression of E6 led to a more
than five-fold decrease in NOTCHI mRNA (Figure 3A),
with similar results being obtained for the p53 tran-
scriptional target P2/. Similarly, the transient ablation
of p53 by RNA interference led to a decrease of P2/
mRNA and to an approximately 50% reduction in
NOTCHI] transcripts and protein levels (Figure 3B, C).
The ablation of p53 resulted in a marginal increase
in mini-chromosome maintenance-7 (MCM?7) lev-
els (Figure 3C), which might be expected given the
increased NIKS cell growth seen following p53 ablation
(Figure 3C, lower panel and supplementary material,
Figure S5). Previous studies suggested that expression
of the p53 homologue p63 maintains the proliferative
capacity of keratinocytes [38—40]. Consistent with
this, the ablation of p63 in NIKS keratinocytes led to a
dramatic reduction of their growth rate (supplementary
material, Figure S5).

To further characterize the contribution of HPV-16
E6 to the regulation of Notch, we repeated Notch
mRNA and protein analysis in NIKS expressing either
wild-type HPV-16 E6, a 16E6 mutant lacking the
C-terminal PDZ-binding motif (APBM), or the 16E6
R8S/P9A/RI0OT (SAT) mutant, which are unable to
bind and degrade PDZ domain-containing proteins
and p53, respectively. Wild-type HPV-16 E6 strongly
repressed both Notch and p21 at mRNA and protein
levels (Figure 3D, E), and was associated with low
levels of p53 and NICD (Figure 3E). In the absence
of the PDZ binding motif, E6 retained the ability to
degrade p53 and significantly inhibited the expres-
sion of Notchl and p21, an ability that was lost in
the E6 SAT mutant. Consistently, also E7 failed to
down-regulate Notch expression. The analysis of Krt10
induction in monolayer NIKS expressing E6 mutants
confirmed that the ability of E6 to degrade p53 is indeed
necessary to prevent commitment to differentiation,
whereas the PDZ-binding defective E6 mutant retains
the ability to significantly modulate keratinocyte dif-
ferentiation (p =0.0162, Student’s z-test) (Figure 3F).
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Taken together, these results support previous obser-
vations [37,41] and allow us to conclude that p53 and
Notchl are crucial regulators of keratinocyte cell fate
[12,13,21].

Progression to high-grade neoplasia correlates
with a progressive loss of p53 and NICD1 in HPV-16
raft cultures

The restricted 16E6 activity in the basal layer of the raft
cultures suggests that p53 and Notchl are strictly reg-
ulated by the virus. To examine their modulation dur-
ing progression from LSIL to HSIL, the expression of
p53, NICD, and Krt10 in organotypic raft cultures was
examined (Figure 4; see supplementary material, Figure
S6A for H&E images). In parental NIKS rafts, cleaved
Notch was occasionally detected in basal cells as well
as in the parabasal layers (Figure 4A and supplemen-
tary material, Figure S7). This supports an activation of
Notchl at early differentiation stages (Figure 2E) and
is in agreement with studies in mice indicating that the
fate commitment of basal keratinocytes to differentiate
is an early event [42]. The pattern of pS3 expression was
similar to that of NICD (Figure 4A), whereas Krt10 was
restricted to differentiating cells of the suprabasal lay-
ers. The majority of Krt10-positive cells were negative
for NICD, which agrees with the data presented above
(Figure 2E).

In raft culture, LSIL-like NIKS HPV-16 clones
showed abundant 16E4 and L1 expression (supple-
mentary material, Figure S6B), identifying them as
productive phenotypes [27]. Among these, NIKS 1L
retained scattered NICD- and p53-positive basal cells
(Figure 4B and supplementary material, Figure S7),
consistent with the fact that these cells express E6 and
E7 at the lowest levels [27]. In contrast, NIKS 2 L rafts
had a more apparent parabasal expression of p53 and
NICD, in line with the higher levels of HPV-16 E7
seen in these cells [27]. In both LSIL-like raft cultures,
Krt10 expression was only marginally affected, with
a more evident delay in expression seen in the 2L
rafts (Figure 4B and supplementary material, Figures
S7 and S8). These data suggest that in the context of
the productive HPV life cycle, the lower E6 activity
in the epithelial basal layer allows p53 and Notch to
persist and mediate adequate levels of keratinocyte
differentiation to support the productive viral life cycle.

An elevation of E6 and E7 expression is suspected
during progression from LSIL to HSIL [43,44]. NIKS
HPV-16 HSIL-like 4H and 5H rafts (Figure 4C) showed
a dramatic reduction in both NICD and p53. These
proteins were almost undetectable in the basal layer of
NIKS 4H rafts, with NICD present only in sporadic
parabasal cells. In accordance with this, the appear-
ance of Krtl0 was delayed, and its abundance was
reduced compared with LSIL-like and normal NIKS
raft cultures. In the higher-grade rafts (NIKS 5H),
NICD was almost undetectable, with a further delay in
p53 and Krt10 expression (Figure 4C and supplemen-
tary\textbf{a} material, Figures S7 and S8). Consistent
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Figure 3. HPV-16 E6 affects the levels of full-length and cleaved Notch1 through the degradation of p53. (A, B) RT-qPCR analysis of the
expression of Notch1and p21 mRNA in control and E6-expressing cells at post-confluence (day 7) (A) or in NIKS cells transfected with RNAi
to luciferase (control) or p53 (B). Each bar chart represents the average values from three independent experiments. Error bars represent
mean + SD. (C) NIKS cells transfected with RNAi as in panel B were subjected to western blot analysis for the indicated proteins (upper
panel). The total cell number of NIKS transfected with control or p53 RNAi was estimated 72 h post-transfection (see also supplementary
material, Figure S5). Error bars represent mean + SD (n = 3). RT-qPCR analysis of NOTCHT and P27 mRNA expression in control NIKS (LXSN)
and NIKS expressing E6, E7 or the indicated E6 mutants at post-confluence (day 7). Error bars represent mean +SD (n=3). (E) NIKS cell
lines as in panel D were grown to post-confluence and subjected to western blot analysis for the indicated proteins. (F) Control NIKS or NIKS
cells expressing either the wt HPV-16 E6 or the 16E6 SAT and APBM mutants were grown to post-confluence prior to fixation. The pattern
of Krt10 expression was then analysed by immunofluorescence using Alexa Fluor 594-conjugated secondary antibodies. The lower panel
shows the quantification of Krt10-positive cells expressed as a percentage of the total cell population at the 7-day time point relative to
the control (LXSN). The quantitative analysis was carried out as in Figure 2B using Image) software. Where shown, statistical significance
was evaluated using the Student's t-test.
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NIKS 1L

NIKS 1L

NIKS 2L

NIKS 2L

NIKS 5H

Figure 4. Loss of p53, NICD, and Krt10 expression correlates with abortive infection phenotypes in raft culture. (A-C) Representative
images showing the pattern of p53, NICD, and Krt10 expression in organotypic raft culture sections of parental NIKS (A) and LSIL-like
(B) and HSIL-like (C) NIKS HPV-16 episomal lines. The fluorescence signal for p53 and NICD was amplified with TMR. Krt10 fluorescence
was visualized using Alexa Fluor 488-conjugated secondary antibodies (see also supplementary material, Figure S9). All sections were
counterstained with DAPI.
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with previous studies [9,27], these observations suggest
the progressive expansion of a proliferative basal-like
cell population into the suprabasal epithelial layers. To
further corroborate this in our raft culture system, we
extended our analysis to include MCM?7 and p63, as
markers of cell cycle progression [45], and the basal
cell compartment [46,47], respectively (supplementary
material, Figure S9A). Rafts prepared from parental
NIKS showed a pattern of MCM7 and p63 expression
similar to that found in normal stratified epithelia
[40,46—-48]. In contrast, in the LSIL-like rafts and even
more dramatically in HSIL-like rafts, the expression
of MCM7 and p63 extended into the parabasal layers
of the epithelium (supplementary material, Figure
S9A). Notably, the suprabasal expression of ANp63,
the N-terminally truncated p63 isoform responsible for
the inhibition of p53 activity [49,50] and keratinocyte
differentiation [51], could be observed exclusively in
the HSIL-like 5SH NIKS raft cultures (supplementary
material, Figure S9A).

To assess more precisely the role of E6 and E7 in
modulating basal cell fate, raft analysis was repeated fol-
lowing the expression of these proteins in isolation (sup-
plementary material, Figure S9B, C). Cleaved Notchl
and Krt10 were drastically depleted in E6-expressing
rafts, whereas E7 expression reduced Krtl0 accumu-
lation slightly, but did not obviously perturb NICD
(supplementary material, Figure S9B). Conversely, E6
expression led to an enhancement of MCM?7 limited to
the basal and parabasal layers when compared with con-
trol rafts (supplementary material, Figure S9B), suggest-
ing that, in contrast to E7, E6-driven modulation of cell
fate occurs in the basal compartment.

Disrupted Notch1 activation is a characteristic
of HPV-16-positive cervical lesions

In order to confirm that comparable Notchl activa-
tion was similarly affected during in vivo infection,
NICD was examined in characterized patient-derived
CIN1-3, as well as uninfected cervix. Representa-
tive NICD patterns were collected from tissue areas
where three pathologists independently agreed on the
neoplastic grade (Figure 5A). As seen in raft tissue,
patient-derived normal cervical squamous epithelium
showed prominent NICD staining in the immediate
parabasal layers and in scattered cells of the basal layer
(Figure 5B; 5Bi, ii; and supplementary material, Figure
S8). Adjacent to this uninfected epithelium, an area
of productive infection was apparent using cell cycle
(MCM2) and viral (HPV-16 E4) biomarkers [9,52]
(supplementary material, Figure S10). In this region,
cleaved Notch was absent in the basal layer but was
maintained in parabasal cells (Figure 5B; see also
Figure 4). In low-grade (CIN1/LSIL) lesions, a strong
positivity for NICD could still be observed in the lower
parabasal layers as well as in basal cells (Figure 5 Ci and
supplementary material, Figure S8). By contrast, the
transition towards transforming infection (CIN2/HSIL;
supplementary material, Figure S10) was characterized
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by a general reduction in the intensity of staining and
the number of NICD-positive basal and parabasal cells
(Figure 5Cii; Di, ii; and supplementary material, Figure
S8), which was more evident in areas of higher-grade
disease (CIN3/HSIL; Figure 5Ei, ii and supplementary
material, Figures S8 and S10).

Discussion

In this study, we have examined Notch1 disruption by E6
in productive infection and during abortive/transforming
infection. We provide evidence that in productive infec-
tions, the activity of full-length E6 is subjected to a tight
restriction in the basal layer, likely through the modula-
tion of its splicing patterns, and that the progression to
high-grade lesions is associated with an expansion of the
cell population able to support the activity of E6.

In the uninfected epithelium and in rafts, Notch cleav-
age is first seen in the basal layer, but increases in the
parabasal layers, coinciding closely with the first induc-
tion of keratin-10. This pattern is typical of squamous
epithelia [53] and is consistent with the enrichment of
Notch receptors and ligands (DIl and Jag2) in these
epithelial layers [54]. A similar pattern of expression
was also observed for p53, which fits well with the role
of p53 as a Notch transcriptional activator [37,41].

A recent study has suggested a role for Notch in
progenitor keratinocytes, where it is required for the
maintenance of an undifferentiated stem cell-like phe-
notype [55]. Other studies have shown that Notch
activity represents the switch promoting commitment to
differentiation in mouse embryonic keratinocytes [56],
suggesting that Notch activation identifies progenitor
keratinocytes that are committed to differentiation. This
is also supported by promoter activity studies, which
reveal that the differentiation marker involucrin can be
detected in occasional basal keratinocytes in murine
interfollicular skin epidermis [42]. Again, these cells
are regarded as progenitors that are committed to leave
the epithelial basal layer and undergo terminal differ-
entiation. Differentiation markers can also be detected
in human keratinocytes grown in monolayer culture,
with committed cells being eventually excluded from
the cell monolayer to allow their differentiation [57].
When taken together, these results invoke a competition
between proliferating and differentiating cells in the
epithelial basal layer, and depict the stratification of
differentiating keratinocytes as the consequence of fate
commitment towards terminal differentiation rather
than the cause [57] (Figure 6A). This paradigm fits well
with the detection of cleaved Notch in basal/parabasal
keratinocytes prior to the first appearance of keratin-10.
This is further supported by the FACS sorting of dif-
ferentiating NIKS populations, which similarly shows
that the activation of Notch, and the detection of early
events during keratinocyte differentiation (as marked
by increased keratin-10 expression), is also temporally
segregated in monolayer culture.

J Pathol 2017; 242: 448462
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CIN3

CIN1-2 boundary
i |

Figure 5. Loss of NICD expression correlates with abortive infections in the human cervix. (A) Low-power images of HE&E-stained
HPV-16-positive cervical lesions. Cervical tissue sections were stained with NICD antibodies followed by TMR tyramide fluorescence signal
amplification. Tissue sections were counterstained with DAPI. Digital images of stained sections were acquired with a Pannoramic Slide
Scanner prior to counterstaining with H&E. Coloured circles with relative CIN grading (according to pathologist's diagnosis) mark the areas
shown in detail in panels B-E. (B-E) Magnified images showing the pattern of NICD staining and relative H&E counterstains in normal
cervix (B), CIN1 (C), CIN2 (D), and CIN3 (E) (see also supplementary material, Figure S10).
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Figure 6. Proposed model for the modulation of keratinocyte cell fate based on the inactivation of p53 and Notch by E6 expression. (A)
Homeostasis in the squamous epithelium is determined by the balanced probability of the outcome of each cell division: two differentiating
cells, one differentiating and one proliferating progenitor, and two proliferating progenitors (left panel). According to this model, the fate
of each division is stochastic; however, across the total population, the odds of having one of the three possible outcomes is balanced.
As a result, in the basal layer the proliferation of progenitor cells (red cells with circles) compensates for the loss of cells by terminal
differentiation (green cells with arrowhead). (B) Upon infection with HPV-16, the inactivation of p53 and Notch leads to an unbalanced
fate of cell divisions, with a skew towards proliferation (left panel). In low-grade lesions (upper-right panel), reduced levels of p53 and
Notch in HPV-infected (purple) cells allow for the maintenance and expansion of the HPV-infected pool in the basal layer. However, low
levels of E6 and E7 expression allow for an adequate level of keratinocyte differentiation able to sustain the viral life cycle. Its deregulation
(lower-right panel) is thought to be associated with an elevation of E6 and E7 expression. Increased E6 levels further reduce the proportion
of differentiating cells within the infected basal cell population, allowing for their clonal expansion and persistence with the colonization
of large areas of the epithelium. Increased levels of proliferation and long-term persistence in the epithelium may eventually lead to the

accumulation of oncogenic mutations (cells with dark purple nuclei) predisposing to the development of malignancy.

Interestingly, the E6-mediated down-regulation of the
Notch pathway is not an exclusive function of high-risk
HPV types, with recent studies suggesting that p-HPV's
can also inhibit Notch signalling, albeit through a dif-
ferent mechanism [58—-60]. Both E6 proteins interact
with a short LXXLL amino acid motif that is present in
both the ubiquitin ligase E6AP (a high-risk E6 interac-
tor) and the Notch transcriptional co-activator MAML1
(a beta HPV interactor). The role of EGAP in p53 deple-
tion is well established, with both alpha and beta HPV
types disrupting normal Notch signalling to some extent
[58,59]. These observations suggest that the inhibition of
Notch and the modulation of keratinocyte differentiation
are important for a wide range of HPV pathologies.

Our analysis of LSIL-like HPV-16 raft culture indi-
cates that in productive infections, the degradation of
pS3 and the down-regulation of NICD are restricted to

© 2017 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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the basal layer of the epithelium, an effect that, to our
knowledge, has not been previously described. The acti-
vation of the Notch pathway is a switch governing the
transition from keratinocyte proliferation to differentia-
tion [31]. The restricted inactivation of Notch signalling
in the basal layer provides a mechanistic insight into the
way that the high-risk a-HPV E6 proteins can contribute
to basal cell persistence and expansion [3]. At the same
time, the virus must ensure adequate levels of differenti-
ation to support viral genome amplification. In our study
and others [29], it appears that signal transduction from
growth factor receptors, such as EGFR, plays a critical
role in modulating HPV-16 E6 function by restricting
full-length E6 expression to a growth factor-rich envi-
ronment. In stratified epithelia, this environment occurs
in the lower epithelial layers, which are subject to dermal
growth factor stimulation and which express EGFR [61].

J Pathol 2017; 242: 448—462
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It appears that such a mechanism might represent an evo-
Iutionary adaptation of the high-risk mucosal HPV types
to limit the extent to which their full-length E6 proteins
are expressed in the differentiating layers. This is also
consistent with the fact that in HSIL-like HPV-16 NIKS
rafts, the levels of basal and parabasal p53 and NICD
are dramatically reduced compared with LSIL-like and
parental NIKS raft cultures. This correlates with a lower
level of Krt10 induction, supporting a crucial role for the
elevation of E6 and E7 activity in the deregulation of the
HPYV life cycle [4,27].

Keratinocyte squamous differentiation is an extremely
complex biological process, involving major changes
in the pattern of gene expression, morphology, and cell
function. The combination of these changes leads basal
keratinocytes to form a stratified tissue formed of three
layers: spinous, granular, and cornified. Terminally
differentiated cells in the stratum corneum (i.e. the
cornified layer) are subject to nuclear degeneration
and form a continuous barrier that is mechanically
strengthened by the cross-linking of keratin filaments
[5]. The initial event triggering differentiation in basal
keratinocytes is thought to lead to asymmetrical cell
division and the migration of committed daughter cells
into the parabasal epithelial layers. One of the crucial
consequences of this transition is reduced exposure
to proliferative cues and more restricted expression
of molecules involved in cell proliferation [e.g. inte-
grins and receptor-associated tyrosine kinases (RTKs)].
Keratinocyte differentiation therefore results from the
balanced activity of proliferative and anti-proliferative
pathways, including RAS-MAPK, TGFp, TGFa, inte-
grins, RTKs, Notch, p63, and others, which have been
reviewed elsewhere [62—64].

While trying to avoid any oversimplification of
HPV-16 E6 function and its effect on keratinocyte
differentiation, we feel that the data presented here
highlight a physiologically very important role of E6
in modulating initial cell fate decisions in basal ker-
atinocytes, through the inhibition of Notch signalling.
Such a potent fate-determining effect has been hypoth-
esized to occur when asymmetric cell divisions lead
to the inheritance of a stronger Notch signal by one of
the daughter cells, thereby counteracting proliferative
signals and promoting differentiation [65,66]. This sce-
nario is also supported by recent studies in mice, where
the accumulation of inactivating mutations in 7p53
and Notch genes confers a so-called ‘super-competitor’
phenotype, skewing keratinocyte cell fate towards
proliferation rather than differentiation [13,21]. This
allows the persistence and clonal expansion of mutant
cell populations, and similar mechanisms of clonal per-
sistence have been recently described in sun-exposed
human skin [12]. It is therefore tempting to speculate
that HPV-16 EG6, through the coupled inactivation of
both p53 and Notch, might confer a similar competitive
phenotype to infected cells (Figure 6B), a condition
particularly relevant in abortive infections, as well
as HPV-driven cancers where E6 levels are thought
to increase [4] (Figure 6B). Such an interpretation is

© 2017 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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again supported by our FACS sorting experiments,
which clearly showed that the expression of HPV-16 E6
interferes with activation of the Notch pathway prior to
the induction of differentiation (Krt10-dim population).
In addition, and in contrast to E7, our 2D monolayer
experiments highlight E6 as a major stimulator of
cell growth, particularly at high cell densities. In this
situation, the expression of HPV-16 E6 was necessary
and sufficient to (i) recapitulate the growth advantage
phenotype of HSIL-like NIKS, (ii) abrogate the expres-
sion of full-length and cleaved Notchl, and (iii) prevent
induction of Krt10 in post-confluent NIKS monolayers.
Consistent with a scenario in which the E6-mediated
degradation of p53 contributes to the acquisition of these
neoplastic traits, the transient ablation of p53 led to a
reduced level of Notch mRNA and protein expression
and to an increased proliferation rate of NIKS cells. It is
interesting to note that the transient ablation of the p53
family member p63 in NIKS led to the opposite pheno-
type. Nonetheless, this is consistent with the fact that
p63 is up-regulated in HPV-driven and HPV-negative
squamous cell carcinomas [67—-71], suggesting a role in
supporting keratinocyte proliferation [38]. In our LSIL-
and HSIL-like HPV-16 NIKS raft cultures, p63 levels
were progressively up-regulated in the differentiating
layers of the epithelium, along with the marker for cell
cycle entry MCMY7. Interestingly, levels of ANp63, the
p63 isoform responsible for antagonizing p53 activity
and driving cell proliferation [72], were more strongly
up-regulated in the SH NIKS HPV-16 raft culture,
which was also the most disrupted with regard to
pattern of p53, NICD, and Krt10 expression.

When taken together, our study highlights the impor-
tance of E6 and E7 elevation during the progression from
productive to abortive (i.e. transforming) HPV infec-
tions. The modulatory effects of E6 on keratinocyte cell
fate have important implications on the clonal expansion
of infected cells and their persistence in the epithelium,
ultimately favouring the onset of malignancy.

Acknowledgements

We thank Dr Denise Galloway (Human Biology Divi-
sion, Fred Hutchinson Cancer Research Center, Seattle,
WA, USA) for providing retroviral vectors and Profes-
sor Paul F Lambert (McArdle Laboratory for Cancer
Research, University of Wisconsin, Madison, WI, USA)
for the gift of NIKS keratinocytes. This work was sup-
ported by the UK Medical Research Council through
program grant MC_U117584278 and MC_PC_13050
(Molecular Biology of Human Papillomavirus Infec-
tion 2). We are grateful to Professor Margaret Stanley
for her constant support and valuable comments on the
manuscript.

Author contributions statement

JD, CK, and CU planned the experiments. CU, CK,
and DL conducted the experiments. EI generated epi-
somal HPV-16 NIKS cell lines and organotypic rafts.

J Pathol 2017; 242: 448462
www.thejournalofpathology.com



460

HG coordinated the clinical studies and performed the
staining on clinical material. RM processed histological
samples. CK and JD wrote the paper.

References

1.

13.

20.

21.

22.

Bernard HU, Burk RD, Chen Z, et al. Classification of papillo-
maviruses (PVs) based on 189 PV types and proposal of taxonomic
amendments. Virology 2010; 401: 70-79.

de Villiers EM, Fauquet C, Broker TR, eral. Classification of
papillomaviruses. Virology 2004; 324: 17-27.

zur Hausen H. Papillomaviruses and cancer: from basic studies to
clinical application. Nat Rev Cancer 2002; 2: 342-350.

Doorbar J, Quint W, Banks L, et al. The biology and life-cycle of
human papillomaviruses. Vaccine 2012; 30 (suppl 5): FS5-F70.
Fuchs E. Skin stem cells: rising to the surface. J Cell Biol 2008; 180:
273-284.

Boyer SN, Wazer DE, Band V. E7 protein of human papilloma
virus-16 induces degradation of retinoblastoma protein through the
ubiquitin-proteasome pathway. Cancer Res 1996; 56: 4620-4624.
Scheffner M, Werness BA, Huibregtse JM, et al. The E6 oncopro-
tein encoded by human papillomavirus types 16 and 18 promotes
the degradation of p53. Cell 1990; 63: 1129-1136.

Freeman A, Morris LS, Mills AD, et al. Minichromosome mainte-
nance proteins as biological markers of dysplasia and malignancy.
Clin Cancer Res 1999; 5: 2121-2132.

Griffin H, Soneji Y, Van Baars R, eral Stratification of
HPV-induced cervical pathology using the virally encoded
molecular marker E4 in combination with pl6 or MCM. Mod
Pathol 2015; 28: 977-993.

Pepper JW, Findlay CS, Kassen R, ef al. Cancer research meets
evolutionary biology. Evol Appl 2009; 2: 62—70.

. Kranjec C, Doorbar J. Human papillomavirus infection and induc-

tion of neoplasia: a matter of fitness. Curr Opin Virol 2016; 20:
129-136.

Martincorena I, Roshan A, Gerstung M, et al. Tumor evolution.
High burden and pervasive positive selection of somatic mutations
in normal human skin. Science 2015; 348: 880—886.

Alcolea MP, Greulich P, Wabik A, et al. Differentiation imbalance
in single oesophageal progenitor cells causes clonal immortalization
and field change. Nat Cell Biol 2014; 16: 615-622.

Watt FM, Estrach S, Ambler CA. Epidermal Notch signalling:
differentiation, cancer and adhesion. Curr Opin Cell Biol 2008; 20:
171-179.

Blanpain C, Lowry WE, Pasolli HA, et al. Canonical Notch sig-
naling functions as a commitment switch in the epidermal lineage.
Genes Dev 2006; 20: 3022—-3035.

Rangarajan A, Talora C, Okuyama R, et al. Notch signaling is
a direct determinant of keratinocyte growth arrest and entry into
differentiation. EMBO J 2001; 20: 3427-3436.

Andersson ER, Sandberg R, Lendahl U. Notch signaling: sim-
plicity in design, versatility in function. Development 2011; 138:
3593-3612.

D’Souza B, Meloty-Kapella L, Weinmaster G. Canonical and
non-canonical Notch ligands. Curr Top Dev Biol 2010; 92: 73—129.
Naganuma S, Whelan KA, Natsuizaka M, et al. Notch receptor
inhibition reveals the importance of cyclin D1 and Wnt signaling
in invasive esophageal squamous cell carcinoma. Am J Cancer Res
2012; 2: 459-475.

Nicolas M, Wolfer A, Raj K, e al. Notchl functions as a tumor
suppressor in mouse skin. Nat Genet 2003; 33: 416—421.

Alcolea MP, Jones PH. Cell competition: winning out by losing
Notch. Cell Cycle 2015; 14: 9—17.

Sakamoto K, Fujii T, Kawachi H, et al. Reduction of NOTCHI
expression pertains to maturation abnormalities of keratinocytes in
squamous neoplasms. Lab Invest 2012; 92: 688—702.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

© 2017 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org

C Kranjec et al

Krutzik PO, Nolan GP. Intracellular phospho-protein staining tech-
niques for flow cytometry: monitoring single cell signaling events.
Cytometry A 2003; 55: 61-70.

Allen-Hoffmann BL, Schlosser SJ, Ivarie CA, et al. Normal growth
and differentiation in a spontaneously immortalized near-diploid
human keratinocyte cell line, NIKS. J Invest Dermatol 2000; 114:
444-455.

Stanley MA, Browne HM, Appleby M, et al. Properties of a
non-tumorigenic human cervical keratinocyte cell line. Int J Cancer
1989; 43: 672-676.

Doorbar J. Model systems of human papillomavirus-associated
disease. J Pathol 2016; 238: 166—179.

Isaacson Wechsler E, Wang Q, Roberts I, ef al. Reconstruction
of human papillomavirus type 16-mediated early-stage neoplasia
implicates E6/E7 deregulation and the loss of contact inhibition in
neoplastic progression. J Virol 2012; 86: 6358—-6364.

Lambert PF, Ozbun MA, Collins A, ef al. Using an immortalized
cell line to study the HPV life cycle in organotypic ‘raft’ cultures.
Methods Mol Med 2005; 119: 141-155.

Rosenberger S, De-Castro Arce J, Langbein L, ef al. Alternative
splicing of human papillomavirus type-16 E6/E6* early mRNA is
coupled to EGF signaling via Erk1/2 activation. Proc Natl Acad Sci
U S A 2010; 107: 7006-7011.

Borowiec AS, Delcourt P, Dewailly E, er al. Optimal differentiation
of in vitro keratinocytes requires multifactorial external control.
PLoS One 2013; 8: ¢77507.

Kolly C, Suter MM, Muller EJ. Proliferation, cell cycle exit,
and onset of terminal differentiation in cultured keratinocytes:
pre-programmed pathways in control of C-Myc and Notchl pre-
vail over extracellular calcium signals. J Invest Dermatol 2005; 124:
1014-1025.

Lee YS, Yuspa SH, Dlugosz AA. Differentiation of cultured human
epidermal keratinocytes at high cell densities is mediated by
endogenous activation of the protein kinase C signaling pathway.
J Invest Dermatol 1998; 111: 762-766.

Poumay Y, Pittelkow MR. Cell density and culture factors reg-
ulate keratinocyte commitment to differentiation and expression
of suprabasal K1/K10 keratins. J Invest Dermatol 1995; 104:
271-276.

Schweizer J, Winter H. Keratin biosynthesis in normal mouse
epithelia and in squamous cell carcinomas. mRNA-dependent alter-
ations of the primary structure of distinct keratin subunits in tumors.
J Biol Chem 1983; 258: 13268—13272.

Eichner R, Sun TT, Aebi U. The role of keratin subfamilies and
keratin pairs in the formation of human epidermal intermediate
filaments. J Cell Biol 1986; 102: 1767-17717.

Jones DL, Alani RM, Munger K. The human papillomavirus E7
oncoprotein can uncouple cellular differentiation and proliferation
in human keratinocytes by abrogating p21"P!-mediated inhibition
of cdk2. Genes Dev 1997; 11: 2101-2111.

Yugawa T, Handa K, Narisawa-Saito M, et al. Regulation of Notchl
gene expression by p53 in epithelial cells. Mol Cell Biol 2007; 27:
3732-3742.

Truong AB, Kretz M, Ridky TW, et al. p63 regulates proliferation
and differentiation of developmentally mature keratinocytes. Genes
Dev 2006; 20: 3185-3197.

McDade SS, Patel D, McCance DJ. p63 maintains keratinocyte
proliferative capacity through regulation of Skp2—-p130 levels. J
Cell Sci 2011; 124: 1635-1643.

Parsa R, Yang A, McKeon F, et al. Association of p63 with prolif-
erative potential in normal and neoplastic human keratinocytes. J
Invest Dermatol 1999; 113: 1099-1105.

Lefort K, Mandinova A, Ostano P, et al. Notchl is a p53 target gene
involved in human keratinocyte tumor suppression through negative
regulation of ROCK1/2 and MRCKau kinases. Genes Dev 2007; 21:
562-577.

J Pathol 2017; 242: 448462
www.thejournalofpathology.com



HPV-16 E6, transforming viral infection and keratinocyte fate

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

Mascre G, Dekoninck S, Drogat B, et al. Distinct contribution of
stem and progenitor cells to epidermal maintenance. Nature 2012;
489: 257-262.

Hafner N, Driesch C, Gajda M, et al. Integration of the HPV16
genome does not invariably result in high levels of viral oncogene
transcripts. Oncogene 2008; 27: 1610-1617.

Melsheimer P, Vinokurova S, Wentzensen N, et al. DNA aneuploidy
and integration of human papillomavirus type 16 E6/E7 oncogenes
in intraepithelial neoplasia and invasive squamous cell carcinoma of
the cervix uteri. Clin Cancer Res 2004; 10: 3059-3063.

Homesley L, Lei M, Kawasaki Y, ef al. Mcm10 and the MCM2-7
complex interact to initiate DNA synthesis and to release replication
factors from origins. Genes Dev 2000; 14: 913-926.

Pellegrini G, Dellambra E, Golisano O, etal. p63 identifies
keratinocyte stem cells. Proc Natl Acad Sci U S A 2001; 98:
3156-3161.

Signoretti S, Waltregny D, Dilks J, et al. p63 is a prostate basal cell
marker and is required for prostate development. Am J Pathol 2000;
157: 1769-1775.

Honeycutt KA, Chen Z, Koster M1, et al. Deregulated minichromo-
somal maintenance protein MCM?7 contributes to oncogene driven
tumorigenesis. Oncogene 2006; 25: 4027-4032.

Crook T, Nicholls JM, Brooks L, ef al. High level expression of
AN-p63: a mechanism for the inactivation of p53 in undiffer-
entiated nasopharyngeal carcinoma (NPC)? Oncogene 2000; 19:
3439-3444.

Liefer KM, Koster MI, Wang XJ, et al. Down-regulation of p63 is
required for epidermal UV-B-induced apoptosis. Cancer Res 2000;
60: 4016-4020.

King KE, Ponnamperuma RM, Yamashita T, et al. ANp63a func-
tions as both a positive and a negative transcriptional regulator and
blocks in vitro differentiation of murine keratinocytes. Oncogene
2003; 22: 3635-3644.

Middleton K, Peh W, Southern S, et al. Organization of human
papillomavirus productive cycle during neoplastic progression pro-
vides a basis for selection of diagnostic markers. J Virol 2003; 77:
10186—-10201.

Kluk MJ, Ashworth T, Wang H, et al. Gauging NOTCH1 activation
in cancer using immunohistochemistry. PLoS One 2013; 8: e67306.
Williams SE, Beronja S, Pasolli HA, ef al. Asymmetric cell divi-
sions promote Notch-dependent epidermal differentiation. Nature
2011; 470: 353-358.

Palazzo E, Morandi P, Lotti R, ef al. Notch cooperates with sur-
vivin to maintain stemness and to stimulate proliferation in human
keratinocytes during ageing. Int J Mol Sci 2015; 16: 26291-26302.
Okuyama R, Nguyen BC, Talora C, etal. High commitment
of embryonic keratinocytes to terminal differentiation through
a Notchl—caspase 3 regulatory mechanism. Dev Cell 2004; 6:
551-562.

Watt FM. Involucrin and other markers of keratinocyte terminal
differentiation. J Invest Dermatol 1983; 81: 100s—103s.

Meyers JM, Spangle JM, Munger K. The human papillomavirus
type 8 E6 protein interferes with NOTCH activation during ker-
atinocyte differentiation. J Virol 2013; 87: 4762-4767.

Tan MJ, White EA, Sowa ME, etal. Cutaneous beta-human
papillomavirus E6 proteins bind Mastermind-like coactivators and
repress Notch signaling. Proc Natl Acad Sci U S A 2012; 109:
E1473-E1480.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

*73.

*74.

*75.

*76.

*77.

*78.

461

Brimer N, Lyons C, Wallberg AE, et al. Cutaneous papillomavirus
E6 oncoproteins associate with MAMLI to repress transactivation
and NOTCH signaling. Oncogene 2012; 31: 4639-4646.

King LE Jr, Gates RE, Stoscheck CM, et al. The EGF/TGF alpha
receptor in skin. J Invest Dermatol 1990; 94: 164S-170S.

Fuchs E. Scratching the surface of skin development. Nature 2007;
445: 834-842.

Lefort K, Dotto GP. Notch signaling in the integrated control of
keratinocyte growth/differentiation and tumor suppression. Semin
Cancer Biol 2004; 14: 374-386.

Truong AB, Khavari PA. Control of keratinocyte proliferation and
differentiation by p63. Cell Cycle 2007; 6: 295—299.

Clayton E, Doupe DP, Klein AM, et al. A single type of progenitor
cell maintains normal epidermis. Nature 2007; 446: 185—189.
Nguyen BC, Lefort K, Mandinova A, etal. Cross-regulation
between Notch and p63 in keratinocyte commitment to differentia-
tion. Genes Dev 2006; 20: 1028—-1042.

Srivastava K, Pickard A, McDade S, et al. p63 drives invasion in
keratinocytes expressing HPV 16 E6/E7 genes through regulation of
Src-FAK signalling. Oncotarget 2017; 8: 16202—-16219.

Di Como CJ, Urist MJ, Babayan I, et al. p63 expression profiles
in human normal and tumor tissues. Clin Cancer Res 2002; 8:
494-501.

Wang TY, Chen BF, Yang YC, et al. Histologic and immunophe-
notypic classification of cervical carcinomas by expression of the
p53 homologue p63: a study of 250 cases. Hum Pathol 2001; 32:
479-486.

Quade BJ, Yang A, Wang Y, et al. Expression of the p53 homo-
logue p63 in early cervical neoplasia. Gynecol Oncol 2001; 80:
24-29.

Reis-Filho JS, Torio B, Albergaria A, et al. p63 expression in normal
skin and usual cutaneous carcinomas. J Cutan Pathol 2002; 29:
517-523.

Lee H, Kimelman D. A dominant-negative form of p63 is required
for epidermal proliferation in zebrafish. Dev Cell 2002; 2:
607-616.

Doorbar J, Elston RC, Napthine S, efal. The EIE4 protein of
human papillomavirus type 16 associates with a putative RNA
helicase through sequences in its C terminus. J Virol 2000; 74:
10081-10095.

Halbert CL, Demers GW, Galloway DA. The E6 and E7 genes of
human papillomavirus type 6 have weak immortalizing activity in
human epithelial cells. J Virol 1992; 66: 2125-2134.

Wang Q, Kennedy A, Das P, et al. Phosphorylation of the human
papillomavirus type 16 E1-E4 protein at T57 by ERK triggers a
structural change that enhances keratin binding and protein stability.
J Virol 2009; 83: 3668—3683.

Wang Q, Griffin H, Southern S, ef al. Functional analysis of the
human papillomavirus type 16 E1 =E4 protein provides a mecha-
nism for in vivo and in vitro keratin filament reorganization. J Virol
2004; 78: 821-833.

Doorbar J, Foo C, Coleman N, ef al. Characterization of events
during the late stages of HPV 16 infection in vivo using high-affinity
synthetic Fabs to E4. Virology 1997; 238: 40-52.

Yeung YG, Stanley ER. A solution for stripping antibodies from
polyvinylidene fluoride immunoblots for multiple reprobing. Anal
Biochem 2009; 389: 89-91.

*Cited only in supplementary material.

© 2017 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2017; 242: 448462
www.thejournalofpathology.com



462 C Kranjec et al

SUPPLEMENTARY MATERIAL ONLINE

Supplementary materials and methods

Supplementary figure legends

Figure S1. HPV 16E6 decreases the doubling time of NIKS cells

Figure S2. HSIL-like NIKS display increased growth advantage compared with LSIL-like cells

Figure S3. EGF signalling controls the splicing pattern of E6 from the full-length HPV-16 genome

Figure S4. Determination of optimal keratin-10 antibody concentration for FACS analysis

Figure S5. The ablation of p53 and of p63 has opposing effects on NIKS proliferation

Figure S6. Histological and molecular verification of episomal HPV-16 rafts and LXSN HPV-16 E6 and E7 rafts
Figure S7. Expression of NICD, p53, and keratin-10 in the lower layers of NIKS, LSIL-like, and HSIL-like NIKS rafts
Figure S8. Quantification of the protein expression patterns in the raft epithelium

Figure S9. Correlation of the differentiation status of HPV-16 NIKS and LXSN 16E6 and 16E7 raft cultures with the expression of markers for cell
cycle entry and the basal layer

Figure S10. Association of cervical phenotype with molecular markers of cell cycle entry and HPV life cycle

75 Years ago in the Journal of Pathology...

Malignant tumours of the interstitial cells of the testis in strong a mice treated with
triphenylethylene

Georgiana M. Bonser

Paratyphoid carriers: The infectivity of the faeces and the failure of chemotherapy with
sulphapyridine and iodophthalein

H. D. Holt and H. D. Wright

Diphtheria diagnosis with Hoyle's medium saponin and sodium-dioctyl-sulpho-succinate
as haemolysing agents in the preparation of the medium

M. Y. Young

To view these articles, and more, please visit:
www.thejournalofpathology.com

Click ‘ALL ISSUES (1892 - 2017)’, to read articles going right back to Volume 1,
Issue 1.

o/
\2 A Journal of

The journal Of PathOIogy g The Pathological Society

Understanding Disease

© 2017 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2017; 242: 448—-462
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org www.thejournalofpathology.com



