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A B S T R A C T

Despite the availability of prophylactic vaccines the burden of human papillomavirus (HPV) associated malig-
nancy remains high and there is a need to develop additional therapeutic strategies to complement vaccination.
We have previously shown that the poorly characterised E5 oncoprotein forms a virus-coded ion channel or
viroporin that was sensitive to the amantadine derivative rimantadine. We now demonstrate that alkylated
imino sugars, which have antiviral activity against a number of viruses, inhibit E5 channel activity in vitro. Using
molecular modelling we predict that imino sugars intercalate between E5 protomers to prevent channel oligo-
merisation. We explored the ability of these viroporin inhibitors to block E5-mediated activation of mitogenic
signalling in keratinocytes. Treatment with either rimantadine or imino sugars prevented ERK-MAPK phos-
phorylation and reduced cyclin B1 expression in cells expressing E5 from a number of high-risk HPV types.
Moreover, viroporin inhibitors also reduced ERK-MAPK activation and cyclin B1 expression in differentiating
primary human keratinocytes containing high-risk HPV18. These observations provide evidence of a key role for
E5 viroporin function during the HPV life cycle. Viroporin inhibitors could be utilised for stratified treatment of
HPV associated tumours prior to virus integration, or as true antiviral therapies to eliminate virus prior to
malignant transformation.

1. Introduction

Human papillomaviruses (HPV) are small non-enveloped double-
stranded DNA (dsDNA) viruses that infect squamous epithelial cells.
They are sexually transmitted causing approximately 5 million new
infections per year in the USA (Cates, 1999). Mucosal, low-risk HPV
types cause benign anogenital warts, whereas a limited number of high-
risk HPV types cause the majority of anogenital cancers as well as a
subset of oropharyngeal malignancies; HPV16 and HPV18 are re-
sponsible for the largest proportion of carcinomas (de Sanjose et al.,
2010; Prigge et al., 2017; Walboomers et al., 1999). Prophylactic vac-
cines are available, yet these protect against only a sub-set of HPV types
with little impact upon pre-existing infections (Schiller and Müller,
2015). Moreover, HPV vaccination programmes are poorly available in
most developing countries where cervical cancer is more frequent

(Bruni et al., 2016). Effective antiviral agents represent an alternative
approach to treating HPV infections, yet no such drugs are currently
available.

High-risk HPV encodes three early oncogenes (E5, E6 and E7) that
influence cellular proliferation, differentiation and survival (Moody and
Laimins, 2010). E6 and E7 functions are well characterised as the major
drivers of keratinocyte proliferation, and their expression is retained
within tumours.

By contrast, E5 is less well understood. High-risk E5 expression in-
duces anchorage-independent growth in murine fibroblasts and growth
in low serum, as well as transformation of primary human keratinocytes
(Müller et al., 2015a). Mice transgenic for epithelial HPV16 E5 ex-
pression display hyperplasia and spontaneous tumour formation
(Maufort et al., 2007), with increased cervical dysplasia (Maufort et al.,
2010a). E5 mRNA is highly abundant in HPV lesions (Stoler et al.,
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1992), and the protein is likely expressed in the early stages of malig-
nancy, when episomal viral genomes are present (Chang et al., 2001).
Thus, E5 represents a potential target for early stage intervention in
HPV positive cancers.

E5 potentiates epidermal growth factor receptor (EGFR) signalling,
resulting in enhanced mitogen activated protein kinase (MAPK) activity
(Straight et al., 1993; Wasson et al., 2017). E5 modulation of EGFR is
implicated in pathogenesis, and expression of a dominant negative
EGFR attenuates epithelial hyperplasia observed in E5-transgenic mice
(Genther Williams et al., 2005). The generation of high-risk HPV gen-
omes lacking E5 expression has identified a key role during the pro-
ductive stages of infection (Fehrmann et al., 2003; Genther et al., 2003;
Wasson et al., 2017). Recently, EGFR activation has been shown to be
critical for E5 function during the productive stages of the HPV lifecycle
(Wasson et al., 2017). In the absence of EGFR signalling, HPV18 con-
taining keratinocytes fail to maintain cyclin B1 expression in the su-
prabasal layers of the epithelium and instead initiate default differ-
entiation programmes. Precisely how EGFR signalling is augmented by
E5 is unknown, but may involve E5-mediated alkalinisation of EGFR-
containing endosomes, preventing degradation, and resulting in re-
cycling of activated receptor to the plasma membrane (Straight et al.,
1995). How E5 perturbs endosome acidification remains unknown.

E5 belongs to an expanding group of viral membrane proteins
termed viroporins (Royle et al., 2015; Scott and Griffin, 2015). These
small proteins (50–120 residues) contain at least one pore-forming
helix, which oligomerises to create a hydrophilic pore across mem-
branes. Viroporins perturb host cell homeostasis at various stages
during infection, often involving viral entry and/or release (Scott and
Griffin, 2015). However, other cellular functions can also be altered by
these proteins, including vesicle trafficking and apoptosis. Inhibition of
viroporin function represents an ideal target for antiviral drug devel-
opment (Scott and Griffin, 2015), with clinical precedent set by pro-
totypic adamantane drugs targeting the influenza A virus (IAV) M2
proton channel (Pinto et al., 1992).

We previously demonstrated that HPV16 E5 forms a hexameric
viroporin complex, with activity sensitive to the adamantane rimanta-
dine, as well as novel unrelated scaffolds (Wetherill et al., 2012). Here,
we now identify alkyl imino sugars as inhibitors of E5 viroporin ac-
tivity. Ensuing blockade of channel activity prevents E5-mediated ac-
tivation of ERK-MAPK resulting in diminished cyclin B1 expression
within suprabasal keratinocytes and concomitant block to the HPV18
life cycle. Thus, targeting E5 channel activity represents a viable drug
target with potential for both antiviral and anti-tumour applications.

2. Methods and materials

2.1. Recombinant E5 protein expression and purification

FLAG-E5 was expressed as a glutathione S-transferase (GST) fusion
in Escherichia coli cells and then cleaved and purified as described
previously (Wetherill et al., 2012).

2.2. Liposome permeability assays

Rhodamine-labelled liposomes comprised of phosphatidic acid and
phosphatidylcholine containing self-quenching concentrations of car-
boxyfluorescein (CF) were generated as described (Wetherill et al.,
2012). FLAG-E5 induced CF release was assessed by real-time fluori-
metry (FLUOstar Optima microplate reader, BMG Technologies). Ex-
citation and emission filters set to 485 and 520 nm, respectively) in
reactions typically comprising 1 μg protein and 50 μM liposomes in a
total reaction volume of 100 μl with HBS, giving a final E5 concentra-
tion of ∼1 μM, as described (Wetherill et al., 2012). 1 μM melittin
(Sigma) served as a positive control. All samples were repeated in tri-
plicate, and data were averaged. Endpoint readings were taken or in-
itial rates were calculated from the initial linear dye release kinetics

(ΔFU s−1), where FU are fluorescence units.

2.3. E5 inhibitor compounds

Compounds used were rimantadine-HCl (Sigma), hexamethylene
amiloride (HMA) (Sigma), and the imino sugar derivatives N-nonyl
deoxynojirimycin (NN-DNJ) and N-nonyldeoxygalactonojirimycin (NB-
DGJ) (Toronto Biochemicals). All inhibitors were reconstituted as
40mM stock solutions in DMSO, then diluted as appropriate in media
or buffer.

2.4. In silico modelling of E5 and binding studies

The secondary structure of E5 was predicted by using PSIPRED
(http://bioinf.cs.ucl.ac.uk/psipred) and MEMSAT3. Models of the E5
monomer were constructed by using Maestro (Schrodinger Inc.) as
previously described (Wetherill et al., 2012). Monomers were built
amino acid by amino acid with energy minimization (Merck molecular
force field [MM/FF] in a simulated water dielectric). Monomers were
docked into an oligomer and subjected to further energy minimization.
Docking against E5 complexes employed the LigPrep module of Maestro
in the Schrodinger docking program Glide (Friesner et al., 2004). The
LigPrep-treated and energy-minimized ligand was docked into the
prepared receptor grid, and the binding affinity was evaluated with the
Glide score (GScore) parameter (Eldridge et al., 1997). The best-docked
pose was selected as the one with the lowest GScore, the highest ne-
gative value.

2.5. Cell culture

C33A cells were maintained as described previously (Müller et al.,
2015b). Transfection of primary human foreskin keratinocytes (NHK)
isolated from neonate foreskin tissues (ethical approval no. 06/Q1702/
45) was performed as described previously (Delury et al., 2013; Wilson
et al., 2005). To account for donor-specific effects, cell lines harbouring
wild type or E5 knockout (E5KO) HPV18 genomes were generated in
NHK isolated from two donors.

2.6. High calcium differentiation assay

HPV18 containing NHK were grown in complete E media until 90%
confluent. Media was changed to serum free keratinocyte media
without supplements (SFM medium, Invitrogen) containing 1.8 mM
calcium chloride. Cells were maintained in this media for between 48
and 72 h before lysis and analysis.

2.7. Western blotting

Total protein was extracted from keratinocytes in lysis buffer
(Mankouri et al., 2010) and resolved by SDS-PAGE (10–15% Tris-Gly-
cine), transferred onto Hybond nitrocellulose membrane (Amersham
biosciences) and probed with antibodies specific for cyclin B1 (H-433,
Santa Cruz Biotechnology), HPV18 E6 (G-7, Santa Cruz Biotechnology),
HPV18 E7 (8E2, Abcam (ab100953), phospho-ERK1/2 (43705, Cell
Signalling Technology), GFP (sc-9996, Santa Cruz Biotechnology) and
GAPDH (G-9, Santa Cruz Biotechnology). Immunoblots were visualized
with species-specific HRP conjugated secondary antibodies (Sigma) and
ECL reagent (Thermo/Pierce).

2.8. Cytotoxicity assays

Cells were plated in 96-well plates 24 h prior to treatment with E5
inhibitors. Cell viability was determined 24 h post-treatment by MTT
assay as described previously (Samson et al., 2016).
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2.9. Measurement of cell membrane lipid packing

Membrane lipid packing was studied using the fluorescent probe,
MC540 (Sigma), assessing the degree of membrane insertion by fluor-
escence flow cytometry (Suzuki et al., 2010; Williamson et al., 1983).
GFP or GFP18E5 transfected C33A cells were incubated for 48 h, then
detached using an enzyme-free/PBS-based cell dissociation buffer. Cells
were suspended in 10 μg/ml MC540/PBS for 10min at 37 °C, then
washed thoroughly in PBS before resuspension in 250 μl PBS. Cell
surface fluorescence was analysed with a BD Fortessa used at 488 nm
excitation and 575 nm emission wavelengths.

2.10. Luciferase reporter assay

C33A cells were transfected by using polyethyleneimine (PEI) re-
agent as described in (Müller et al., 2015b) with plasmids expressing
GFP and GFP-18E5 in combination with a reporter plasmid in which the
human cyclin B1 (CCNB1) promoter drives the expression of firefly
luciferase (Wasner et al., 2003). A constitutively expressing Renilla lu-
ciferase plasmid was used to assess transfection efficiency. Transfected
cells were serum starved for 12 h and then lysed and assayed for luci-
ferase activities by using Dual-Luciferase Stop and Glo reagent (Pro-
mega) and a luminometer (EG&G Berthold) as described (Richards
et al., 2015). Where appropriate, cells were treated with rimantadine or
NN-DNJ (10 μM) for 12 h prior to analysis. All assays were performed in
triplicate. Fold promoter activity was calculated by dividing the relative
luciferase activity of stimulated cells by that of mock-treated cells.

3. Results

3.1. Inhibition of E5 channels by imino sugar derivatives

Several prototypic classes of inhibitor compounds have been shown
to abrogate viroporin function in vitro including rimantadine, nonylated
imino sugars (e.g. NN-DNJ) and hexamethylene amiloride (HMA) (Scott
and Griffin, 2015). These compounds have since been shown to exert
antiviral effects against a number of viruses including HCV, BVDV,
Dengue and SARS-CoV (Pavlović et al., 2003; Stgelais et al., 2009;
Wilson et al., 2006; Wu et al., 2002; Zitzmann et al., 1999). As ri-
mantadine effectively blocks HPV16 E5 activity (Wetherill et al., 2012),
we examined whether other prototypic viroporin inhibitors might block

16E5 viroporin activity in an in vitro liposome dye release assay
(Fig. 1A) (Wetherill et al., 2012), namely HMA, the long alkyl-chain
imino sugar NN-DNJ and the short alkyl-chain imino sugar NB-DGJ
(Fig. 1B). Interestingly, HMA (400 μM) treatment enhanced both the
initial rate of CF release from liposomes and likewise increased end-
point fluorescence compared to the DMSO control (Fig. 1C and D). In
these assays Triton X-100 treatment yielded maximal fluorescence. This
increase was likely due to either HMA induced fusion events, non-
specific disruption of liposomes, or HMA holding the E5 channel
complex in a more open conformation. In contrast addition of both NN-
DNJ and NB-DGJ led to a significant reduction in 16E5-mediated CF
release from liposomes, as measured by initial rate or endpoint fluor-
escence (Fig. 1E and F).

Next, FLAG-16E5 was pre-incubated with increasing concentrations
of NN-DNJ (1–400 μM). NN-DNJ potently inhibited E5 viroporin ac-
tivity in a dose-dependent fashion (Fig. 2A and B); plotting percentage
initial rates were plotted against log10[NN-DNJ) (μM) and the ap-
proximate IC50 for NN-DNJ calculated to be 6.84 μM (Fig. 2C).

To confirm that imino sugars did not non-specifically block CF re-
lease from liposomes, the bee venom pore forming peptide Melittin was
incubated with a high concentration (400 μM) of each imino sugar and
the impact on CF release assessed by endpoint fluorescence. Compared
to a Melittin only control neither imino sugar exerted any inhibitory
effect on CF release (Fig. 2D). Finally, we confirmed that neither imino
sugar could quench CF fluorescence intensities by incubating 400 μM
compound with liposomes prior to disruption using Triton X-100 (0.5%
w/v). As expected, none of the compounds displayed any ability to
quench fluorescence (Fig. 2E), confirming that inhibition of FLAG-16E5
was protein-specific.

3.2. Molecular modelling of E5 – imino sugar interactions

To interrogate the potential mode of E5 inhibition by imino sugars
we revisited our previous docking studies (Wetherill et al., 2012) and
determined the probable binding modes of NN-DNJ and NB-DGJ using
the Glide program (Schrodinger). Inhibitor compounds were docked
into hexameric 16E5 models with the Glide grid extended to allow free
docking of the each compound to the entire channel surface. Unlike
previous studies where rimantadine occupied a lipophilic pocket in the
lining of the channel lumen (Wetherill et al., 2012), NN-DNJ instead
intercalated between E5 monomers at the protomer interface with a

Fig. 1. HPV16 E5 viroporin activity
is inhibited by imino sugars. (A)
Schematic of the in vitro dye release
assay. (B) Molecular structures of HMA,
NN-DNJ and NB-DGJ. (C) The initial
rate, calculated from the linear part of
the real-time curve, for 16E5 plus
DMSO represents 100%. The initial rate
of CF release mediated by 16E5 in the
presence of HMA was calculated as a
percentage of the control initial rate.
(D) Raw endpoint fluorescence mea-
surements for CF release for liposomes
alone, 16E5 and DMSO, 16E5 and HMA
or Triton-X100. (E) Initial rates of CF
release mediated by 16E5 in the pre-
sence of NN-DNJ or NB-DGJ. (F) Raw
endpoint fluorescence measurements
for CF liposomes mixed with 16E5,
16E5 and NN-DNJ, 16E5 and NB-DGJ
or Triton X100. Error bars represent the
standard deviation of the mean and
one-way Anova analysis.
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Fig. 2. Titratable effect of NN-DNJ on 16E5
mediated CF release. (A) CF liposomes were
mixed with 16E5 which had been pre-incubated
with varying concentrations of NN-DNJ. Initial
rates of reactions were taken as a percentage of
the initial rate generated by 16E5 in the absence
of compound. (B) Endpoint fluorescence mea-
surements for the above. (C) Percentage initial
rates were plotted against the log10{NN-DNJ]
and a regression curve was fitted. The x value at
y+50% was submitted into the formula
IC50 = 10X to calculate the approximate IC50
for NN-DNJ. (D) Imino sugars do not inhibit
Melittin mediated dye release. Endpoint fluor-
escence measurements were recorded for lipo-
somes mixed with Melittin in the presence of
NN-DNJ, NB-DGJ or Triton-X100. (E) Endpoint
fluorescence units for liposomes mixed with N-
lauryl sarcosine (NLS) or Triton-X100 and imino
sugars. Error bars represent the standard devia-
tion of the mean and one-way Anova analysis
was used to determine significance between se-
lected samples.

Fig. 3. Molecular modelling of 16E5 NN-DNJ interactions. (A) PyMol image of NN-DNJ preferentially docked between two adjacent 16E5 protomers within the
channel complex. The secondary structure of 16E5 monomers were defined in ribbon format and the channel viewed from the C-terminus. NN-DNJ was depicted in
sphere mode. (B) Magnified boxed region shows NN-DNJ (represented in stick format) partitioning between TM1 and TM3′ of two adjacent monomers. (C) Glidescore
represents the predicted affinity of NN-DNJ (log10 kcal/mol) for the binding pocket depicted in (A).
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GlideScore of −5.1 kcal/mol (Fig. 3A). This was predicted to disrupt
the pi stack generated by TM1 Phe15 and TM3’ Phe60 (Fig. 3B), po-
tentially disrupting oligomerisation of E5 protomers. NB-DGJ adopted a
similar binding pose although was located closer to the pore, and also
likely impairs the monomer interaction by disrupting the Thr38 – Thr40
hydrogen bond (Supplementary Fig. 1A). NB-DGJ had a similar esti-
mated Glide docking score to NN-DNJ of −5.4 kcal/mol.

3.3. Viroporin inhibitors prevent activation of the ERK - cyclin B1 pathway
by E5

We next wished to assess whether viroporin activity is a conserved
feature of E5 proteins from other HPV types and ultimately to de-
termine whether it contributes to the biological function of E5 in cells.
Our laboratory has begun to study the functions of the E5 protein coded
by HPV18 (Wasson et al., 2017). As such, we asked the question does
18E5, like 16E5, also possess viroporin activity? Despite relatively poor

Fig. 4. Viroporin inhibitors prevent activation of MAPK signalling by E5 proteins. (A) Hydrophobicity plot of HPV16 and HPV18 E5 using the Kyte Doolittle
programme. (B) Molecular modelling of full-length HPV18 E5 hexamer. Models of the E5 channel complex were generated by using Maestro as described in materials
and methods. (C) Merocyanine assay performed on C33A cells transfected with GFP or GFP-18E5. Cells were analysed on BD Fortessa cytometer and histograms were
created using FlowJo software. C33A cells were transfected with GFP-18E5 (D), GFP-16E5 (E) or GFP-31E5 (F) in parallel with a GFP control. Cells were then
incubated with Rimantadine (100 μM) and NN-DNJ (100 μM) for 36 h and lysates probed with antibodies against cyclin B1, phosphorylated and total forms of ERK1/
2 and GFP. GAPDH served as a loading control. Representative blots are shown from at least three independent biological repeats. (G) Lysates from HeLa cells
incubated with Rimantadine (100 μM) and NN-DNJ (100 μM) for 48 h were probed with antibodies against the total and phosphorylated forms of ERK1/2, cyclin B1,
HPV E6 and E7 oncoproteins and the loading control GAPDH. Representative blots are shown from at least three independent biological repeats. (H) HPV18 E5
activates a cyclin B1 reporter plasmid. C33A cells were co-transfected with the CCNB1 reporter and GFP or GFP-18E5 then subsequently treated with EGF, ri-
mantadine or NN-DNJ, before cells were lysed in Passive Lysis Buffer (Promega) and analysed using a dual luciferase system (Promega). Data are from 3 independent
biological repeats and presented as fold change compared to untreated GFP. Error bars are ± Standard deviation. *p < 0.05, **p < 0.01.
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amino acid conservation, the two proteins share similar hydrophobicity
profiles indicating the presence of three TMD (Fig. 4A), and in silico
modelling predicts the formation of an analogous 18E5 hexameric
channel complex (Fig. 4B).

We were not able to purify recombinant 18E5 using our standard
viroporin purification methods (Wetherill et al., 2012), and so were
unable to undertake in vitro liposome assay studies with this protein. As
an alternative strategy, we set out to examine potential 18E5 viroporin
activity in cells. For this, we assessed the effect of 18E5 on membrane
integrity using the lipophilic fluorescent dye Merocyanine 540
(MC540), which provides an indirect measure of lipid packing (Lelkes
et al., 1980; Williamson et al., 1983) and has previously been used to
investigate viroporin function (Suzuki et al., 2010). GFP-18E5/GFP
transfected C33A cells were assessed for MC540 labelling using flow
cytometry, which showed that the MC540 intensity in 18E5 cells was
significantly higher than in GFP expressing cells (3 fold increase;
p= 0.01) (Fig. 4C), suggesting that 18E5 disrupts lipid packing and
modifies the structure of cellular membranes.

Consistent with previous observations, levels of ERK-MAPK phos-
phorylation, but not total protein, were increased in GFP-18E5 ex-
pressing cells compared to GFP alone and this correlated with an in-
crease in cyclin B1 expression (Fig. 4D). This was reversed by addition
of either rimantadine, NN-DNJ or NB-DGJ (Supplementary Fig. 1B) at
100 μM. This was not due to cytotoxic effects of these inhibitors
(Supplementary Fig. 2). A similar reduction in ERK phosphorylation
and cyclin B1 levels was observed in C33A cells expressing E5 proteins
from high-risk HPV16 (Fig. 4E) and HPV31 (Fig. 4F) types treated with
rimantadine or NN-DNJ yet compounds alone had no effect upon levels
of basal ERK phosphorylation and cyclin B1 expression in GFP ex-
pressing cells (Fig. 4D–F and Supplementary Fig. 1B). Moreover, ERK
phosphorylation and cyclin B1 expression were also unaltered in HeLa
cells, which are HPV positive but lack E5, treated with Rimantadine or
NN-DNJ (Fig. 4G).

Next, we assayed human cyclin B1 promoter driven transcription of
firefly luciferase (CCNB1-luc) (Wasner et al., 2003) in cells co-trans-
fected with this reporter and either GFP-18E5 or GFP. Luciferase ac-
tivity was significantly higher in GFP-18E5 expressing C33A cells
compared with GFP alone, and this was specifically reversed following
treatment with either Rimantadine or NN-DNJ (Fig. 4H). Accordingly,
neither rimantadine nor NN-DNJ affected luciferase activity in GFP-
expressing C33A cells stimulated with EGF. Thus, E5 specific up-reg-
ulation of cyclin B1 expression following EGFR activation is sensitive to
structurally unrelated prototypic viroporin inhibitors, which in turn
display no off-target effects upon relevant pathways. Hence, we con-
clude that E5 viroporin activity is directly responsible for these effects.

3.4. Viroporin inhibitors prevent HPV18 E5 mediated mitogenic signalling
in the context of productive HPV18 infection

Finally, we assessed the biological function of E5 viroporin activity
in the context of the productive HPV life cycle. Primary human kera-
tinocytes harbouring the wild-type (WT) or an E5KO HPV18 genome
were differentiated in high calcium media in the presence/absence of
50 μM Rimantadine (Fig. 5A), NN-DNJ (Fig. 5B) or NB-DGJ
(Supplementary Fig. 1C). Again, inhibitors were able to reverse the
retention of ERK phosphorylation and cyclin B1 expression in the pre-
sence of differentiation stimuli, reducing them to similar levels ob-
served in cells harbouring the E5KO genome (compare lanes 2 and 3
plus 3 and 5). As a consequence of the loss of mitogenic signalling we
noted that wild type cells treated with viroporin inhibitors exhibited an
increase in differentiation marker expression. Thus, taken together our
data demonstrate that E5 viroporin activity is critical for maintenance
of mitogenic signalling and the delay in differentiation marker ex-
pression observed during the productive stages of the HPV18 life cycle.

4. Discussion

This work provides evidence linking the viroporin activity of high
risk HPV E5 proteins (types 16, 18 and 31) with a critical aspect of their
function within cells. We also show that alkylated imino-sugars re-
present a second class of prototypic viroporin inhibitor compounds
which, in addition to the previously identified E5 blocker, rimantadine,
prevent E5-mediated upregulation of cyclin B1 expression via its effects
upon EGFR activation. Hence, E5 represents the first example of a po-
tentially oncogenic viroporin, making it an excellent prospective target
for both antiviral and stratified anti-tumour strategies.

Treatment with both long and short chain alkyl-chain imino sugar
derivatives reduced HPV16 E5 viroporin activity in vitro. In particular,
NN-DNJ exhibited considerable in vitro potency ([IC50]∼ 6.84 μM),
representing an improvement compared with previous studies of ri-
mantadine or bespoke scaffolds including MV006 (Wetherill et al.,
2012). However, the potency of both compounds appeared similar in
cell-based assays in the low-mid micromolar range. This is reminiscent
of activity vs. other viroporins for which such prototypic molecules are
shown to have activity, including e.g. hepatitis C virus p7 and IAV M2.

However, whilst lacking true drug-like potency, prototypic vir-
oporin inhibitors are useful for identifying both potential binding sites
and inhibitory modes of action that can subsequently be targeted via
rational design or compound screening approaches. Unlike rimanta-
dine, NN-DNJ is predicted to intercalate between protomers within
validated molecular models of the HPV16 E5 channel complex, sug-
gesting that interrupting oligomerisation represents a potential in-
hibitory mechanism for these compounds. Specifically, NN-DNJ binding
to the 16E5 channel is predicted to disrupt the pi stack generated by
TM1 Phe15 and TM3’ Phe60, reducing the stability of protomer-pro-
tomer binding. Interestingly, alignment of E5 amino acid sequence
identifies equivalent Phe residues in the mucosal HPV types, suggesting
that if these residues do mediate oligomerisation then NN-DNJ may
have the potential for cross-activity against several HPV types.
Similarly, NN-DNJ was shown to prevent HCV p7 oligomerisation, with
a similar inter-protomer binding site predicted by docking studies
(Foster et al., 2011). This binding site was validated by the co-location
of a resistance polymorphism, F25A, within the site, identified through
the innate NN-DNJ resistance of genotype 3a p7. As we have employed
a similar modelling/docking strategy herein, this highlights a potential
mechanistic similarity between 16E5 and p7 oligomerisation, which
should be further investigated. Lastly, it is notable that shorter chain
imino sugars (e.g. NB-DGJ) could inhibit 16E5 viroporin activity in
vitro. These compounds are ineffective against other viroporins, in-
cluding p7 (Steinmann et al., 2007). Analysis of the NB-DGJ binding
mode suggested that it also interacts with E5 at the protomer interface
which would likely interfere with channel oligomerisation. Satisfied
that both rimantadine and the imino sugars represented inhibitors of E5
channel function, we employed them as tools with which to dissect the
potential link between E5 viroporin activity and key aspects of E5
function within cells.

The role of E5 in HPV-associated cancers remains poorly defined. As
HPV genomes often become integrated during malignant progression,
disrupting the E5 ORF, it has been assumed that E5 might play a cancer-
promoting role rather than driving progression or persistence post-
transformation. However, a significant number (∼15%) of cervical
cancers contain unintegrated HPV genomes and a much lower fre-
quency of viral DNA integration occurs in HPV positive HNSCC
(Morgan et al., 2017; Olthof et al., 2014). Moreover, E5 protein can be
detected by mass spectrometry in cervical cancer cell lines containing
an integrated HPV genome (Sahab et al., 2012). Therefore, E5 expres-
sion likely persists within a subset of advanced HPV positive tumours.
This could expedite stratification of therapy for such patients, con-
sistent with the growing recognition that E5 constitutes a potential
therapeutic target (Kim and Yang, 2006; Maufort et al., 2010b).

A major aspect of E5 oncogenic function is the activation of EGFR
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signalling to drive cyclin B1 expression via ERK in the suprabasal layers
of the epithelium (Wasson et al., 2017). Interestingly, this likely in-
volves alkalinisation of EGFR-containing endosomes; this was originally
ascribed to interactions between E5 and cellular vATPase (Conrad et al.,
1993), yet this is now thought not to be the case (Suprynowicz et al.,
2010). Our previous observation that acidic pH activates E5 channel
activity in vitro is reminiscent of other viroporins such as p7 and M2,
both of which serve to promote vesicle alkalinisation. Consistent with a
similar role for high risk E5 in cells, treatment of E5 expressing kera-
tinocytes, or cells harbouring full-length HPV genomes, with rimanta-
dine or imino sugars prevented increased cyclin B expression and
concomitant ERK phosphorylation. Inhibitors had no obvious off-target
effects, with neither cells expressing GFP alone, nor HPV-transformed
cell lines with integrated genomes lacking E5, showing any modulation
of the pathway upon treatment. This observation was consistent be-
tween E5 from three high-risk HPV types, suggesting that the link be-
tween E5 viroporin activity and at least one major aspect of its pro-
oncogenic function are directly linked.

Taken together, our data supports that E5 is unique amongst vir-
oporins as the only example known to date where channel activity has a
direct role regulating cellular proliferation and potentially also malig-
nant transformation. Identification of prototypic inhibitors suggests
that druggable sites exist within the E5 channel complex that could be
exploited by dedicated small molecule drug discovery programmes.
This could lead to new therapeutic options stratified for patients with
tumours that maintain E5 expression, or indeed as an antiviral strategy
for HPV positive individuals prior to the onset of malignancy.

5. Conclusion

Prototypic viroporin inhibitors from distinct chemotypes are effec-
tive inhibitors of E5 viroporin activity in vitro and in primary cell cul-
ture models, abolishing ERK-MAPK activation and reducing cyclin B1
expression. The distinct mode of action of adamantanes versus imino
sugars provides scope for the development of parallel yet com-
plementary E5 inhibitor series that could comprise combination
therapies. These could be utilised for stratified treatment of HPV as-
sociated tumours prior to virus integration, or as true antiviral therapies
to eliminate virus prior to malignant transformation.
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