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Abstract

Infection by human papillomavirus (HPV) is extremely common and associated with the
development of benign warts or malignant lesions of the skin and mucosa. Infection by a high-risk
(oncogenic) anogenital HPV type, most often through sexual contacts, is the starting point of
virtually all cases of cervical cancers and the majority of anal cancers. The same viral types are
also increasingly being linked with a subset of head-and-neck and non-melanoma skin cancers.
Although prophylactic vaccines are now available to protect against the four types most commonly
found in cervical and anal cancers (HPV16 and HPV18) and anogenital warts (HPV6 and
HPV11), these neither protect against all genital HPVs nor are of therapeutic utility for already
infected patients. Thus, the need for antiviral agents to treat HPV-associated diseases remains
great, but none currently exist. This article reviews the recent progress made towards the
development of antiviral agents to treat HPV infections, from target identification and validation to
the discovery of lead compounds with therapeutic potential. Emphasis has been placed on novel
low-molecular-weight compounds that antagonize HPV proteins or, alternatively, inhibit cellular
proteins which have been usurped by papillomaviruses and are mediating their pathogenic effects.

Introduction

Human papillomaviruses (HPVs) are small DNA tumour viruses that infect keratinocytes of
the differentiating epithelium of the skin and mucosa. Although most HPV infections remain
asymptomatic, some result in the appearance of benign warts or more serious lesions that
can progress to invasive cancer. It is now well established that infection by certain HPV
types is a necessary event for the development of cervical cancer [1] and many anal cancers
[2,3]. These viruses are also increasingly being associated with a subset of head-and-neck
[4] and non-melanoma skin cancers [5]. More than 150 HPV types have been identified to
date [6,7], each displaying a specific tropism for the epithelium of particular anatomical
locations. For example, whereas HPV1 is found in plantar warts [8], HPV16 is found
predominantly in the anogenital tract [9]. Approximately 30 HPV types infect the anogenital
region. The oncogenic or high-risk types, such as HPVV16, HPV18 and HPV31, are found in
cancerous lesions and their precursors [10]. The low-risk types, including HPV6 and
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HPV11, cause benign genital warts (condylomas) or laryngeal papillomatosis [11], a rare but
debilitating disease acquired by mother-to-child transmission of the virus during birth.
Anogenital HPV infections are very common [12]. Of the 50 million Pap tests performed
annually in the USA, about 3.5 million require some form of follow up and more than
250,000 reveal the presence of a high-grade cancer precursor lesion. Annually,
approximately 4,000 US women die of cervical cancer and 10,000 are diagnosed with the
disease [13]. Benign genital warts, although not life-threatening, are also very common,
being clinically apparent in 1% of the sexually active population. A study by the US Centers
for Disease Control and Prevention indicated that HPV is second to HIV in its contribution
to the total medical costs associated with treating sexually transmitted diseases [14]. The
burden of HPV-associated diseases is far worse in developing countries, where more than
200,000 women die of cervical cancer every year because of a lack of adequate screening
programmes [15].

Treatment and prevention of HPV infection

Current therapies for HPV-associated lesions are mostly ablative and cytodestructive in
nature (cryotherapy, surgical excision, topical application of cytotoxic agents, etc; [16,17]),
although genital warts can be treated by topical application of the immunomodulator
imiquimod [16] or the recently approved Polyphenon®E ointment made of catechins
extracted from green tea [18]. As a prophylactic measure, a quadrivalent vaccine based on
recombinant virus-like particles from HPV types 6, 11, 16 and 18 (Gardasil, Merck,
Whitehouse Station, NJ, USA) was recently approved in several countries including the
USA [19-21]. To date, this vaccine has been shown to be safe and highly effective in
preventing the development of pre-cancerous cervical lesions associated with HPV16 and
HPV18, and genital warts caused by HPV6 and HPV11 [21]. An analogous bivalent vaccine
directed against HPVV16 and HPV18 (Cervarix, GlaxoSmithKline, Brentford, Middlesex,
UK) was expected to be submitted for US Food and Drug Administration approval in 2007
[22]. However, because immunological cross-reactivity between HPV types is limited, these
vaccines will not protect against all anogenital HPV types nor eliminate the need for Pap
screening. Nevertheless, because they are effective against the most prevalent low- and high-
risk types, they are expected to significantly reduce the disease burden associated with
anogenital HPV infections.

Surprisingly, there is no antiviral drug currently available for the treatment of HPV-
associated diseases despite the high incidence of these viruses in the sexually active
population (>50% of women [23]) and their well accepted aetiological role in the
development of anogenital dysplasia and cancer. This article reviews the recent progress
made towards the development of antiviral agents to treat HPV infections, from target
identification and validation to the discovery of lead compounds with therapeutic potential.
The emphasis has been placed on reports describing the identification of novel, low-
molecular-weight (small molecule) compounds that bind and inhibit HPV proteins or,
alternatively, that antagonize cellular proteins usurped by papillomaviruses and essential for
their pathogenesis.
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HPV proteins as candidate antiviral targets

Functions of E1 and E2 in replication of the viral episome

The life cycle of HPV is coupled to the cellular differentiation programme that keratinocytes
undergo in the epithelium (Figure 1A). These viruses infect the basal cell layer where they
establish their double-stranded DNA genome as a circular extrachromosomal element
(episome) in the nucleus of infected cells (reviewed in [24]). Maintenance of the viral
genome in 50-100 copies in basal cells is essential to the viral life cycle and its associated
pathologies, thus making this process an attractive target for antiviral intervention. The HPV
genome, slightly less than 8 kb in length, encodes eight well characterized proteins (Figure
1B). The genome also contains a regulatory locus termed the long control region (LCR) that
encompasses the origin of viral DNA replication as well as the promoter and enhancer
sequences necessary for transcription of the early and late genes [24]. Efficient maintenance
of the papillomavirus episome in infected cells depends on its proper replication during S
phase and segregation to daughter cells at mitosis. Replication of the genome is
accomplished by the viral E1 and E2 proteins in concert with the cellular DNA replication
machinery. E1 is an initiator protein and the only viral protein with enzymatic activities
(ATPase and 3'-5” helicase activities; Figure 2) [25]. E2 is a sequence-specific DNA-
binding protein that can simultaneously bind to sites in the origin of replication (Figures 2,
3A and 3B) and to the E1 helicase. Through these interactions, E2 promotes the recruitment
of E1 specifically at the origin and facilitates its assembly into replication-competent double
hexamers needed for bidirectional DNA unwinding (Figure 3B) [26-29]. Assembly of E1
into double hexamers probably proceeds through double dimer and double trimer
intermediates [30,31]. During replication, E1 unwinds the DNA ahead of the replication
forks and interacts with essential replication factors including the host polymerase a-
primase, the single-stranded DNA-binding protein replication protein A and topoisomerase |
[32-37]. In addition to being necessary for replication, E2 also has essential roles in
regulating transcription of the viral genes and segregation of the episome at mitosis [38,39].
Reverse genetic experiments have shown that E1 and E2 are both essential for maintenance
of the viral episome in primary human keratinocyte cultures [40] and for pathogenesis (that
is, papilloma induction) in the cottontail rabbit papillomavirus (CRPV) infection model [41].
As a consequence of their essential functions, E1 and E2 are considered attractive targets for
the development of antiviral agents. Presumably, E1 and E2 are also required for the
amplification of the viral genome to >1,000 copies, which occurs in infected cells that reach
the upper layers of the epithelium (Figure 1A). Efficient amplification of the genome in
organotypic raft cultures is also dependent on the action of E4 and E5 [24]. Although their
exact molecular functions in this process remain unclear, it is believed that E4 and E5
promote amplification by modulating the activities of cell cycle regulatory proteins and
growth factor receptors, respectively [24]. As for their roles in pathogenesis, reverse genetic
experiments in the CRPV infection model have demonstrated that both are dispensable for
papilloma induction [42,43], casting some doubts on the validity of inhibiting E4- and E5-
mediated amplification of the viral episome as an antiviral strategy. Nevertheless, viral
genome amplification is essential for expression of the late genes [44] encoding the capsid
proteins L1 and L2, and thus for assembly of infectious virions (Figure 1A). It is therefore
conceivable that amplification could be targeted for preventing transmission of the virus.
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Role of E2 in transcriptional regulation and segregation of the viral episome

In addition to its role in viral DNA replication, E2 also serves as a transcription factor to
regulate expression of the viral genes and as a segregation factor to ensure partitioning of the
episome at mitosis [38,39]. E2 comprises two functional domains, an N-terminal
transactivation domain (TAD) and a C-terminal DNA-binding/dimerization domain,
separated by a hinge region. Both the TAD and DNA-binding domain (DBD) are necessary
for E2 to modulate viral DNA replication, transcription and segregation [38,39,45,46]. As a
transcription factor E2 can be either an activator or a repressor, depending on the promoter
context, but is primarily a repressor of viral transcription initiated in the LCR [47-51]. As a
segregation factor, E2 tethers the viral episome to mitotic chromatin [39,52-54], and/or the
mitotic spindle [55,56]. The TAD of E2 binds to several cellular transcription factors
including the long isoform of the bromodomain-containing protein 4, (Brd4) [57-59]. For
some papillomavirus types, interaction with Brd4 was shown to be required for E2’s
transcriptional and tethering activities [45,57,60-64]. It is currently unclear whether all
papillomavirus types rely on Brd4 for segregation of their genomes or whether some are
capable of using alternative mechanisms [65-67]. For HPV31, mutations in the E2 TAD that
abrogate its binding to Brd4 were shown to have little effect on replication and maintenance
of the viral episome in keratinocytes or on its amplification upon cellular differentiation
[57,58,68]. By contrast, very similar mutations in CRPV E2 completely abolished the ability
of the mutant genome to induce papillomas in the rabbit infection model [69]. This latter
finding suggests that the interaction of E2 with Brd4 is essential for pathogenesis and thus
warrants the search for small molecule inhibitors of the E2-Brd4 interaction as potential
antiviral agents.

Finally, it is important to realize that inhibiting maintenance of the viral episome in infected
cells might be a valuable antiviral strategy for treating lesions such as warts, in which the
genome is maintained in episomal form, but not those in which the viral DNA has integrated
into the host genome. Integration is detected in a majority of cervical and anal cancers and
their high-grade precursors, despite the fact that it is not part of the normal viral life cycle
[3,10]. Integration has often occurred in a way that disrupts the E2 open-reading frames,
thus contributing to increased expression of the E6 and E7 oncogenes. In these cases,
targeting E6 and E7 or the cellular proteins mediating their oncogenicity is clearly the only
antiviral approach possible and is discussed below.

Activities of E6 and E7 needed for episomal maintenance and oncogenic transformation

The papillomavirus E6 and E7 proteins are small (<200 amino acids), zinc-finger-containing
proteins (Figure 2) that target key cell-cycle-regulatory proteins to maintain infected
keratinocytes in a proliferative state (reviewed in [7,24]). During the normal viral life cycle,
these proteins act in concert to establish a cellular environment conducive to viral replication
(Figure 4). Cell culture studies have shown that expression of E6 and E7 from high-risk
HPV types is necessary and sufficient to immortalize primary keratinocytes [70,71], and that
this immortalization process is dependent on the ability of E7 to stimulate quiescent cells to
re-enter S phase and that of E6 to prevent the cellular growth arrest or apoptotic response
brought about by this unscheduled DNA synthesis [24]. E7 from high-risk HPV types
stimulates cells to undergo DNA synthesis by binding to Rb family members and promoting
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their degradation [72] whereas E6 prevents growth arrest and apoptosis by promoting
degradation of the p53 tumour suppressor [73]. This capacity of high-risk E6 and E7 to
antagonize the p53 and Rb pathways, respectively, is fundamental to their oncogenic
properties. Importantly, continuous expression of E6 and E7 is needed for cervical
carcinoma cells, such as HPV18-transformed HeLa cells, to maintain their transformed
phenotypes [70]. Indeed, it has been shown that downregulation of E6 and E7 expression, by
transfection of a functional E2 or by small interfering RNAs, results in restoration of the p53
and Rb pathways and the subsequent induction of cellular senescence [70,74-76]. These
findings confirmed that antiviral approaches aimed at treating HPV-induced dysplasia should
concentrate on inhibiting the oncogenic properties of E6 and E7 or those of cellular proteins
mediating their effects.

A few studies also investigated whether E6 and E7 are needed for maintenance of the viral
episome in infected cells. For E7, two groups investigated whether its ability to bind Rb and
related factors is necessary for episomal maintenance by mutating specific residues of the E7
LXCXE Rb-binding motif. One group observed for HPV31 that the mutant genome could
still be maintained in primary HFK (human foreskin keratinocyte), albeit at a low copy
number, even at early passages when most cells have presumably not begun to senesce [77].
In apparent contrast to this, the other group observed, for HPV16, that the mutant genome
could still be maintained episomally, in this case in the spontaneously immortalized NIKS
cell line [78]. Whether this apparent discrepancy is due to a difference in the HPV types
used for these studies or the use of primary HFK versus an already immortalized cell line is
currently unknown. Regardless of the explanation, both studies did agree that the mutant
genomes could not become amplified upon epithelial differentiation, clearly supporting a
role for the LXCXE motif in this process. In addition, mutation of the E7 LXCXE motif in the
context of the CRPV genome did not abrogate its ability to induce papillomas in rabbits,
suggesting that the E7—Rb interaction is not essential for pathogenesis and as would be
expected if it were primarily needed for genome amplification in the upper layers of the
epithelium [79]. There is ample evidence that E7 has additional functions: it can interact
with several cellular proteins other than Rb and its family members [24]. Of relevance to this
review is the interaction of E7 from high-risk types with histone deacetylases (HDACs) [77],
a class of proteins that has been the subject of intense drug discovery efforts in recent years
for different therapeutic indications. In the case of HPV infections, reverse genetic
experiments with viral genomes encoding three E7 mutant proteins specifically defective in
HDAC binding revealed that the E7-HDACS interaction is necessary for maintenance of the
HPV31 episome in primary HFK [77], thus validating it as a potential antiviral target.

As for E6, two of its activities have been intensively studied and inferred by mutational
analysis to be valid drug targets; these are its ability to promote the degradation of p53 and
its binding to PDZ-domain-containing proteins (reviewed in [73]). Both of these activities
are characteristics of the E6 proteins from high-risk HPV types and are not observed for
those of the low-risk types. To promote degradation of p53, a key mediator of E7-induced
apoptosis, E6 usurps the cellular ubiquitin ligase E6-associated proteins (E6AP) to form a
complex that is capable of stimulating the poly-ubiquitination of p53 and its subsequent
degradation by the proteasome [73]. Viral genomes harbouring mutations in E6 that reduce
binding to E6GAP or prevent degradation of p53 by other means are unable to immortalize
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primary keratinocytes and cannot be maintained in primary HFK [80]. These and other
findings reviewed elsewhere [24] suggested that preventing E6-mediated degradation of p53
would be a useful therapeutic approach; a suggestion that has indeed been validated recently
with small molecule inhibitors of the E6B-E6AP interaction (see below).

E6 from high-risk HPV types also interacts with the PDZ-domain containing proteins hDlg,
hScribb, MUPP1 and MAGI-1 to -3, to promote their proteasomal degradation [81-84].
These cellular proteins act as scaffolds for the assembly of multiprotein complexes at the
plasma membrane and/or are involved in regulating various aspects of cell—cell contact and
cell growth (hDlg and hScribb) [81,85-88]. Interestingly most of them have been shown to
have tumour-suppressor activity in certain cellular contexts or in model organisms
[81,86,89]. These proteins interact with E6 through a four amino acid motif, x-(T/S)-x-V
(where x is any amino acid), located at its C-terminus. Deletion of this motif was shown to
reduce, albeit not completely, maintenance of the HPV31 episome in primary HFK [90] and
to abolish the ability of HPV16 E6 to induce epithelial hyper-plasia when expressed in the
epidermis of transgenic mice from the keratin 14 promoter [91,92]. Collectively, these
results suggest that down-regulation of PDZ-domain-containing proteins by E6 underlies
part of its oncogenic activity. Interfering with this process may therefore be a valuable
approach for the treatment of high-risk HPV infections, although to our knowledge this has
not yet been attempted.

Inhibitors of E1- and E2-dependent viral DNA replication

E1-E2 protein interaction inhibitors

Papillomavirus DNA replication is initiated by the cooperative binding of E1 and E2 to the
viral origin of replication (or7, Figure 3B). Formation of this ternary complex is an essential
step towards the assembly of E1 double hexamers that have unwinding activity and are
competent for replication [93,94]. Thus, preventing assembly of the initial E1-E2—-o0r/
complex represents an attractive antiviral strategy for the treatment of HPV lesions, in which
the viral genome is maintained in episomal form, such as condylomas. Assembly of the E1—
E2-oricomplex depends on the interaction of E1 and E2 with DNA and on a critical
protein—protein interaction between the TAD of E2 and the C-terminal helicase domain of
E1 [27,40,93-98]. A small molecule inhibitor of the E1-E2 protein interaction has been
identified by high-throughput screening of the Boehringer Ingelheim compound collection,
using a scintillation proximity assay (SPA) that measures the cooperative binding of
recombinant HPVV11 E1 and E2 to radiolabelled origin DNA [99,100]. Medicinal chemistry
efforts [99] led to the synthesis of more active analogues, such as inhibitors 1, 2 and 3
(Figure 5A), that antagonize assembly of the HPV11 E1-E2-or/ complex with nanomolar
potency in vitro. Structurally, these compounds comprise an indandione system spirofused
onto an appropriately substituted tetrahydrofuran ring and hence have been termed
indandione inhibitors. Structure—activity relationship (SAR) studies highlighted the benefit
of the indandione system and of the carboxylate moiety for potency. Mechanistic studies,
including the use of isothermal titration calorimetry, showed that the indandione inhibitors
bind reversibly to the TAD of E2 with a 1:1 stoichiometry. Crystal structures of both the
HPV11 TAD and of a complex between this domain and inhibitor 4 were obtained at 2.5 and
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2.4 A resolution, respectively (Figure 5B and C) [101]. Inhibitor binding did not alter the
protein backbone, but caused the movement of several amino acid side chains at the binding
site, in particular those of Tyr19, His32, Leu94 and Glu100, the net result being the
formation of a deep hydrophobic pocket that surrounds the indandione system of the
inhibitor (Figure 5B and 5C). Satisfyingly, the structure also revealed that the carboxylate
moiety, shown by SAR to be important for potency, makes hydrogen bonds with amides
from the protein backbone. These key features of the crystal structure were validated
biochemically, by photo-affinity labelling with a reactive inhibitor analogue and by
mutagenesis of several residues lining the inhibitor-binding pocket [102]. Of particular
interest was the finding that substitution of Glu100 for alanine resulted in a mutant E2
protein displaying a 10-fold increased binding affinity for the inhibitors, perhaps because the
entropic cost associated with the movement of the Glu100 side chain had been removed.
Although the indandione inhibitors showed potent activity against the E2 proteins of the two
most prevalent low-risk types, HPV6 and HPV11, they were unfortunately inactive against
those of the high-risk types HPV16, HPV18 and HPV31 [100]. This lack of inhibition was
correlated with variation of specific amino acids in or near the inhibitor-binding pocket,
including His32 which is replaced by a tyrosine in the E2 of most high-risk types [101]. A
recent crystal structure of the HPVV18 E2 TAD in complex with the ATPase domain of E1
has revealed that both proteins interact through a surface area of close to 1,000 A2, which
includes the inhibitor-binding pocket [103]. Thus, the indandione inhibitors prevent the E1-
E2 interaction by competing directly with E1 for binding to E2, rather than by an allosteric
mechanism. The remarkable ability of the indandione inhibitors to antagonize a protein—
protein interaction involving a relatively large contact area, a task usually considered
unfeasible for a small molecule, provides a further incentive in the hunt for small molecule
inhibitors of protein—protein interactions. Significantly, cell culture studies showed that the
indandione inhibitors are also capable of antagonizing the E1-E2 interaction from HPV6
and HPV11 /n vivo, in a two-hybrid-like system, and to inhibit HPV DNA replication in
transiently transfected cells with a potency approaching 1 uM for the most potent inhibitor
tested, compound 3 [100]. It remains an enigma why the indandione inhibitors have
comparable potencies against HPV6 and HPV11 proteins in cell culture given that /n vitro,
in an E1-E2-ori-complex-formation assay, they are 10- to 30-fold more active against the
HPV11 proteins than those of HPV®6. It is conceivable that cellular proteins that interact with
the E2 TAD, such as Brd4 [45], can influence the affinity of the inhibitor for E2 in vivo.
Regardless of the explanation, the fact that these compounds can inhibit HPV6 and HPV11
genome replication in cells highlights, for the first time, the potential of E2 as a small
molecule antiviral target for the treatment of genital warts and recurrent respiratory
papillomatosis. It is hoped that the structural information available on the inhibitor-binding
pocket will now stimulate the design of more active molecules [101].

E1l and E2 DNA-binding inhibitors

The papillomavirus origin of DNA replication contains specific binding sites for the viral E1
and E2 proteins (Figure 3A). Binding of E2 to its cognate sites is essential for initiation of
DNA replication, transcriptional repression of the viral oncogenes and segregation of the
episome at mitosis [38,39,104]. As for E1, its specific binding to four sites in the origin,
arranged as two pairs of inverted repeats, is needed for its correct assembly into a
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replication-competent double hexamer [104-108]. As a potential antiviral approach,
hindering the binding of E1 or E2 to DNA has been attempted using polyamides (Figure 3B)
[109,110]. Initially developed by Dervan and coworkers [111], polyamides are small amide
polymers comprising organized A-methylpyrrole and A-methylimidazole amino acids,
which can bind to the minor groove of DNA in a sequence-specific manner. One class of
polyamides was designed to inhibit the interaction of E2 with one of its cognate binding
sites in the LCR [109]. Although E2 interacts with the major grove of DNA, these minor-
groove binding polyamides were shown to prevent the DNA bend that is induced by E2 and
needed for stabilizing its association with its target site [109,112,113]. Optimization of this
first generation of compounds through the resolution of co-crystal structures of polyamide-
DNA and E2-DNA complexes, quantitative DNAse | footprinting and electromobility
mobility shift assays culminated in the synthesis of an active analogue, PA1, which inhibited
the binding of HPV18 E2 to DNA with a Kjof 2 nM in an /in vitro binding assay [109].
Unfortunately, these compounds had no activity in cell culture assays, as they were unable to
reach the nucleus of treated cells but rather accumulated primarily in the cytoplasm, a hurdle
that will need to be overcome before these compounds can be developed further. An
intriguing question of clinical importance is whether this class of compounds can also affect
transcription of the viral oncogenes E6 and E7, in addition to interfering with viral DNA
replication. In principle, these LCR-binding compounds could either increase transcription
of E6/E7 by preventing E2 from binding to the LCR, or, alternatively, substitute for E2 and
bring about repression of E6 and E7 expression. The future development of analogues that
can reach the nucleus will be an important step towards addressing this question.

Specific polyamides have also been designed to inhibit the binding of E1 to origin DNA
[110]. A brief report has described two specific imidazole—pyrrole polyamides which could
significantly reduce the binding of HPV31 E1 to its cognate origin and lead to a more than
90%, dose-dependent loss of HPV31 episomes in cell cultures [110]. On the basis of these
encouraging results with HPV31, similar polyamides are being developed against HPV 16,
the most prevalent type found in cervical cancers.

E1 ATPase and helicase inhibitors

E1 is one of the most conserved proteins among papillomaviruses and the only one with
enzymatic activity [114,115]. This, coupled with the fact that viral DNA replication is
absolutely dependent on E1, has contributed to making this protein an attractive target for
the development of antiviral agents. During viral genome replication, E1 acts first as a DNA-
binding protein to recognize the viral origin and subsequently as a helicase to unwind the
DNA ahead of the replication fork [25,114,115]. The helicase activity of E1 is probably
powered by ATP hydrolysis /in vivo, although the enzyme can efficiently hydrolyse other
nucleotides /n7 vitro [116]. The helicase and ATPase activities of E1 are dependent on its
assembly into hexamers and double hexamers and is encoded within its C-terminal half
(Figure 2) [117-123]. The remaining portion of E1 contains the origin DNA-binding domain
(DBD), located in the centre of the protein, and an N-terminal domain containing nuclear
import and export sequences as well as phosphorylation sites for several regulatory kinases,
including Cyclin A/E-Cdk2 (Figure 2). As expected from a domain with regulatory
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function, this N-terminal region is essential for E1 to support viral DNA replication /n vivo
but not /n vitro[124].

Small molecule inhibitors of HPV6 E1 have been identified by high-throughput screening of
the Boehringer Ingelheim compound collection using an ATPase assay based on a novel
scintillation proximity detection methodology [125]. Structurally, this class of compounds is
characterized by the presence of a biphenyl group substituted with a sulphonacetic acid
moiety (Figure 6A) [126]. Early SAR studies showed that both the biphenyl and
sulphonacetic acid pharmacophores were important for potency and hence both groups were
subjected to chemical modification for optimization. Of particular interest was the discovery
that addition of a 3”-carboxamide group on the biphenyl moiety significantly improved
potency, yielding compounds capable of inhibiting the ATPase activity of HPV6 E1 with a
50% inhibitory concentration (ICgp) of 4 nM (optimized molecule, Figure 6) [126]. Studies
on the mode of action of these compounds revealed that they act through a hyperbolic
competitive mechanism, suggesting that they do not directly compete with ATP at the
enzyme active site but rather affect substrate binding by allosteric means [127]. As
anticipated, these inhibitors could also inhibit the helicase activity of HPV6 E1 in vitro.
Surprisingly, they were 2- to 10-fold less potent against the ATPase activity of HPV11 E1
than against that of HPV6, despite the high degree of sequence similarity between both
enzymes. Taking advantage of this high level of conservation, chimeric proteins of HPV6
and HPV11 E1 were constructed to narrow down a region important for inhibitor activity.
These studies led to the identification of Tyr486 in HPV6 E1 as being critical for inhibitor
potency. In HPVV11 E1, a cysteine residue is found at this position. Satisfyingly, substitution
of this cysteine by a tyrosine in HPV11 E1 dramatically increased its sensitivity to biphenyl-
sulphonacetic acid inhibitors without affecting its basic kinetic parameters, thereby
highlighting the requirement for a tyrosine at this position for inhibitor binding [127]. In the
crystal structure of the helicase domain of HPV18 and bovine papillomavirus (BPV) E1,
Tyr4d86 (Tyr492 in HPV18 E1 and Met439 in BPVEL) is located close to the conserved
lysine of the Walker A motif, which binds the triphosphate tail of ATP (Figure 6B) [103]. It
was speculated that interaction of the inhibitor with Tyr486 might indirectly reduce binding
of ATP at the active site, a mechanism that would account for the allosteric mode of action
of these inhibitors. Interestingly, this class of inhibitors was also found to be active against
the E1 protein of a high-risk virus, HPV18, albeit at a reduced potency. Notwithstanding
these encouraging characteristics, the biphenysulphonacetic acid inhibitors do have some
undesired properties that will need to be addressed before their full potential can be realized.
In particular, the stability of the sulphonylacetic acid moiety, which has a propensity to
undergo decarboxylation in some conditions, needs to be increased. Perhaps of even greater
importance is the fact that the current most potent compounds are not active in a cell-based
assay of HPV DNA replication [126], activity being an obvious prerequisite for further
development of these molecules. Given that the activity of these compounds varies as a
function of the ATP concentration, which can be relatively high /n vivo, achieving cellular
activity will most certainly require the synthesis of more potent compounds. This task would
benefit from structural studies aimed at identifying the precise inhibitor-binding pocket on
E1 and how it relates to Tyr486. At this stage, the biphenysulphonacetic acid inhibitors
should be viewed as an interesting starting point for further medicinal chemistry efforts as
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they have proven the concept that the E1 ATPase activity of low- and high-risk HPV types
E1 is open to inhibition by small molecules.

Inhibitors of the ATPase activity of HPV11 E1 have also been disclosed in a patent from
Roche [128]. It is currently difficult to assess the true potential of these benzodiazepine
derivatives as their activity against E1 either /n vitro or in cell-based assays of HPV DNA
replication has not been reported.

Inhibitors of E6-mediated p53 degradation

As mentioned above, one of the primary functions of high-risk E6 is to induce the
degradation of the tumour-suppressor protein p53 as a means of preventing the growth arrest
and/or apoptosis triggered by E7-induced, unscheduled DNA synthesis. To do so, E6
associates with the cellular E3 ubiquitin ligase EGAP to form a complex capable of binding
p53 and promoting its ubiquitination and subsequent degradation by the proteasome (Figure
4; reviewed in [73]). From a therapeutic standpoint, it is expected that blocking the
association of E6 with E6AP in high-risk HPV-infected cells will lead to an increase in p53
levels and trigger cell-cycle arrest or apoptosis in response to E7. Efforts to develop small
molecule inhibitors of the EG-E6AP interaction have benefited from the knowledge that E6
interacts with E6AP, as well as other host cell proteins including E6BP and paxilin, through
a short sequence motif present in these target proteins [129]. Sequence comparison led to the
identification of the following consensus binding motif, Lxx¢Lsh, where xx is a dipeptide in
which one of the residues is a aspartate, glutamate, asparagine or glutamine, ¢ is a
hydrophobic residue, s is a small amino acid (alanine or glycine), and h is usually an
aspartate, asparagine, glutamate or glutamine [130]. Mutagenesis of this motif revealed the
critical importance of the three leucine residues (where ¢ is leucine) for E6 binding [129]. In
addition, two charged residues are highly conserved amongst E6-interacting proteins that
might be important for binding as they could potentially make hydrogen bonds with residues
on E6. These features led to the suggestion that EGAP and other Lxx¢Lsh-containing
proteins interact with E6 through a ‘charge leucine’ binding motif [129,130]. To date no
precise binding interface has been mapped on E6 but mutagenesis experiments have
indicated that both zinc fingers are required for interaction with E6AP. On that basis, it has
been suggested that the binding pocket for EGAP on E6 lies, at least in part, at the junction
of both metal-binding domains [130]. Significantly, an 18-residue peptide encompassing the
Lxx¢Lsh motif of EBAP was found to inhibit the binding of full-length E6AP to HPV16 E6
with an ICgq of 10 UM /n vitro, raising the possibility that a peptidomimetic approach might
be feasible [131,132]. Unfortunately, more potent derivatives of this peptide have proven
difficult to obtain [132]. Subsequent efforts were therefore focused on understanding the
chemical nature of the E6—E6AP peptide interface. First, the structure of the E6-binding
peptide lead was obtained by NMR [132]. This structure revealed that this peptide folds as
an a-helix, with the three leucine residues (Leu9, Leul2 and Leul3) and the two negatively
charged residues (GIn10 and Glul5) implicated in E6 binding being on opposite faces of the
helix (Figure 7A) [129]. This solved structure, coupled with extensive mutagenesis of the
E6AP peptide, allowed for a pharmacophore model to be created that was comprised of
three hydrophobic centres representing the leucine residues, two hydrophilic centres
representing the charged residues and an exclusion sphere accounting for the need for a
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small glycine residue at position 14 of the EGAP peptide [129]. This model was used for /in
sifico screening of the National Cancer Institute (NCI) and Sigma-Aldrich chemical
collections in order to identify small molecules that would fit these attributes and thus could
possibly bind to E6 [130]. The most interesting virtual hits were then obtained and their
potency assessed in an /n vitro E6B-E6AP binding assay as well as in /n vitroand in vivo
p53-degradation assays [130]. Five unrelated compounds were identified that showed
significant activity /n vitro. These compounds appeared to be specific as they were inactive
in a counter assay based on the binding of HPV16 E7 to p107 [130]. Of these five
compounds, two are of particular interest for differing reasons. One, shown in Figure 7B, is
attractive because it is the most potent inhibitor identified /n vitro (1C5q of ~17 UM in an E6-
E6AP binding assay) and it conforms to Lipinski’s five rules of drug likeliness [130,133].
The other (Figure 7C), despite being less potent /n vitro, is interesting because it showed
activity /n vivo, in a cell-based p53-degradation assay. Specifically, it led to an
approximately fourfold increase in the levels of p53 when used at a concentration of 500 M
[130]. These encouraging findings prove the concept that E6-mediated p53 degradation can
be inhibited by small molecules. Further optimization of these inhibitors would greatly
benefit from structural studies aimed at understanding how these compounds bind to E6. The
availability of one or more E6-inhibitor complex structures would not only help validating
the pharmacophore model but also permit visualization of the inhibitor-binding pocket and
pinpoint the surface of E6 involved in interacting with Lxx¢Lsh-motif-containing proteins.
The recently reported structure of free E6 is one important step in this direction [134].

Inhibitors of cellular proteins targeted by HPV gene products
HDAC inhibitors

The HPV E7 oncogene induces hyperproliferation of infected cells primarily by abrogating
the functions of Rb and its family members p107 and p130, thereby causing an uncontrolled
activation of E2F transcription factors and a concomitant increase in the transcription of
proliferation-associated genes [24,135]. The hyperproliferative and immortalizing functions
of E7 have also been linked to its capacity to associate with class | histone deacetylases
(HDAC1 and HDAC?2) (Figure 4) [77]. E7 binds indirectly to HDAC through Mi2p, a
member of the nucleosome remodeling and histone deacetylation complex (NURD)
[77,136,137]. This specific E7T-Mi2p-HDAC interaction is mediated by the C-terminal zinc-
binding domain of E7 and has been shown to be essential for several processes including the
long-term maintenance of the viral episome in infected/transfected cells and extension of the
cellular life span of undifferentiated keratinocytes [77]. Binding to HDAC is essential for E7
to modulate the transcription of E2F2 [77,136] and the immunomodulatory protein
interferon regulatory factor (IRF)-1 [138]. HDACs generally inhibit gene transcription by
decreasing the acetylation state of histones. To modulate the transcription of its target genes,
E7 may therefore either sequester HDAC away from the promoter of E2F2 genes or recruit
HDAC to the promoters of IRF-1 target genes such as IFN-B. Specific HDAC inhibitors
could therefore be used to interfere with different cellular processes involved in HPV
pathogenesis. HDAC inhibitors were originally found to induce the differentiation and/or
growth arrest and apoptosis of various cancer cell lines (colon, prostate and ovarian) [139].
These inhibitors were also found to hinder the growth of HPV-immortalized cells by a
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number of mechanisms. These include restoring Cdk2 inhibitory function by increasing the
transactivation of the p21 and p27 Cdk inhibitors (CDKI) [140,141] and restoring IRF-1
functions in immune responses [138]. More recently, HDAC inhibitors have also been found
to induce apoptosis through an Rb—E2F—p73-mediated but p53-independent pathway [142].

Up to now, HDAC inhibitors have been grouped into five distinct classes on the basis of their
chemical structure [143-145]. As listed in Table 1, these include short-chain fatty acids
[146], hydroxamic acids [147-149], benzamide derivatives [150], epoxyketones and cyclic
peptides [151] and hybrid molecules thereof [146,152]. Most of these compounds inhibit
HDAC from both classes | and Il to various degrees and with little specificity, by binding to
their Zn-binding catalytic domain [146,152-154]. However, most are inactive against the
class 111 enzymes which use nicotinamide adenine dinucleotide rather than zinc for catalysis
[152]. Cell culture studies with some of these inhibitors demonstrated that butyrate (a short
chain fatty acid) and trichostatin-A (a hydroxamic acid) can halt proliferation of cervical
cancer cells [140,141] and that valproic acid reduces by 50% the growth of cervical and
head-and-neck cancer cell lines at a concentration of 1 mM [155]. Phase I or |1 clinical trials
with some HDAC inhibitors have now been initiated including some with valproic acid,
which is already used clinically as an anticonvulsive drug [146,156]. Thus far, a Phase |
clinical study has shown that oral administration of magnesium valproate reduced the
tumour-associated deacetylase (HDAC) activity in 8 of 12 cervical cancer patients treated
[157]. Derivatives of valproic acid that are 10 times more potent /n vitro have now been
identified but, unfortunately, these have not even been tested yet on HPV-containing cells
[146]. In recent years, it has become evident that HDAC | and Il affect many different
cellular pathways, a fact that probably underlies the pleiotropic effects of current HDAC
inhibitors [145]. In the future, it may become desirable to identify inhibitors that are
selective for HDAC | over HDAC Il or vice versa, to achieve a more targeted therapeutic
effect. Although the biology clearly supports a role for HDAC in mediating the pathogenesis
of HPV, it remains an open question as to whether and how HDAC inhibitors will be used
for the treatment of HPV infections and HPV-induced cancers. It may be worthwhile to start
addressing this question in animal models of HPV oncogenesis.

Cdk2 inhibitors

Cdk2, in association with cyclin A or E, is an essential kinase for cellular proliferation, in
particular for promoting the G1/S phase transition of the cell cycle. Cdk2 has therefore been
considered an interesting target for the development of anti-proliferative drugs particularly in
the area of oncology. The proliferation of HPV-immortalized cells, like that of most cancer
cells, relies on Cdk?2 activity. Two viral proteins, E7 and E1, have been shown to target Cdk2
to promote viral replication in infected cells. E7 increases Cdk2 activity by several
mechanisms. It binds directly to cyclin E/A-Cdk2 to stimulate its activity [158]. It also
upregulates Cdk?2 indirectly by promoting the degradation of Rb and related family
members, by inactivating the CDKIs p21 and p27 through direct protein—protein interactions
and by increasing the expression of cyclin E and A through E2F transcription factor
modulation (reviewed in [24]). These concerted actions on Cdk2 activity promote cellular
proliferation and probably also underlie the ability of E7 to induce genomic instability by
affecting centrosome copy numbers [159]. Indeed, centrosome abnormalities can be rapidly
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Artemisinin

induced by E7 in transfected cells through a mechanism dependent on Cdk2 activity
[160,161] and have also been observed in organotypic raft cultures of HPV-immortalized
cells [161,162].

Cdkz2 is also essential for the viral E1 helicase to support viral DNA replication [163,164].
E1 binds directly to cyclin A/E-Cdk?2 though a cyclin-binding motif located in its N-
terminal domain [164,165]. Phosphorylation of E1 by Cdk2 is essential for viral DNA
replication, in part for E1 to accumulate in the nucleus. Indeed, recent studies have
demonstrated that E1 shuttles in and out of the nucleus and that its phosphorylation at
specific Cdk?2 sites abrogates its nuclear export, thereby promoting its nuclear accumulation
[166,167].

The findings presented above provide a good rationale for using small molecule Cdk2
inhibitors for the treatment of HPV infections and associated cancers [168,169]. In fact,
roscovine, a Cdk?2 inhibitor, has already been shown to delay proliferation of cervical
carcinoma cells [170] and to inhibit the ability of E7 to cause centrosome abnormalities (see
below). To date, two low-molecular-weight compounds belonging to the purine-derived
pharmacological Cdk inhibitors family (P-PCI), indirubin-3”-oxime (10) and roscovitine
(Table 1), have demonstrated high potency against Cdk2. These small molecules inhibit the
kinase activity of the enzyme by binding directly at its ATP-binding site [169]. 10 has been
shown to be a potent antagonist of several Cdks but especially of cyclin A-Cdk2 and cyclin
E-Cdk2, which it can inhibit with an ICsg as low as 0.25 uM and 0.44 pM, respectively
[169,171]. Moreover, 10 has been reported to selectively inhibit HP\VV16 E7-induced
centrosome abnormalities in human U20S osteosarcoma and hTERT-immortalized human
oral keratinocyte cell lines at a concentration of 0.1 uM [172]. Roscovitine, a less potent
inhibitor of cyclin A/JE-Cdk2 (ICsq of 0.7 pM), has also been found to block the
proliferation of HPV16 E7-expressing cells and restore a normal number of centrosomes
[169]. Interestingly, this inhibitor was also shown to be active in human cervical cancer
tissues from different donors /n vitro, where it leads to an average 61% reduction of DNA
synthesis at a concentration of 100 uM [170]. The activity of more potent Cdk2 inhibitors
such as flavopiridol has not yet been determined against HPV-infected cells [168].
Unfortunately, current Cdk2 inhibitors lack specificity and inhibit other cellular kinases
including extracellular signal-regulated kinase (erk), protein kinase A (PKA) and casein
kinase 11 (CKII), albeit at lower potencies (>5 pM) [169,173]. Further development of Cdk2
inhibitors will therefore need to address their relatively broad spectrum of activity against
other kinases, either through the synthesis of more specific inhibitors or by demonstrating
that this lack of specificity has no detrimental clinical consequences. In any case, because
HPV-associated lesions appear to be particularly reliant on Cdk2 activity for proliferation
and malignant progression, they should be prime candidates for treatment with effective and
safe Cdk2 inhibitors.

Dihydroartemisinin (DHA), the major metabolite of the antimalarial drug artemisin, was
reported to be preferentially cytotoxic to HPV-containing cervical carcinoma cells, such as
those from the HeL a cell line (ICgq of 7.5 uM), as well as to ectocervical cells transduced
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with both E6 and E7 [174,175]. Artemisinin, a natural product from the Chinese herb
Artemisia annua, reacts with ferrous ions to generate reactive oxygen species capable of
inducing apoptotic cell death [176,177]. Accordingly, iron was shown to be required for the
cytotoxicity of DHA towards HPV-containing cells [175]. Moreover, cervical carcinoma cell
lines and E6/E7-transduced ectocervical cells were found to express approximately twofold
higher levels of the transferrin receptor, which for HeLa cells was associated with an
increase in intracellular iron content [175]. Additional mechanistic studies indicated that
DHA triggers apoptosis of carcinoma cells via the mitochondrial pathway in a p53- and
E6/E7-independent manner. Remarkably, when tested topically in the canine papillomavirus
infection model, DHA prevented papilloma formation in two out of three infected dogs and
accelerated tumour regression in the third animal [175]. Furthermore, all three animals
developed antibodies against L1, suggesting that DHA did not prevent infection or viral
replication but rather inhibited tumour growth. These promising findings warrant the clinical
evaluation of artemisinin and its derivatives for the treatment of HPV-induced lesions.

Sp1l inhibitors
Transcription of the HPV genome is regulated by several cellular transcription factors,
including Sp1, NFI-C, junB, transcription elongation factor 1 and AP1, which bind to
specific sites in the viral LCR [178,179]. Among these, Sp1 is one of the best characterized
[179,180]. Besides being involved in transcription of many cellular genes [181], Sp1
activates transcription of the viral E6 and E7 oncogenes by binding upstream of the early
promoter p97 [182-184]. The presence of an Sp1 binding site in the viral LCR is a highly
conserved feature of low- and high-risk HPV types [185]. These findings provided the
rationale for inhibition of Sp1l as a potential therapy for the treatment of HPV-associated
cancers. The natural product nordihydroguaiaretic acid (NDGA), isolated from the creosote
bush Larrea tridentata, and its derivatives have been found to inhibit Sp1-mediated
transcription by preventing binding of Sp1l to DNA [182]. In luciferase reporter gene assays,
the two potent NDGA derivatives, tetra- O-methyl NDGA (M4N) and tetraacetyl NDGA
(Table 1), have been shown to reduce Spl-activated transcription from the HPV16 p97 at
ICs0s of 28 and 11 UM, respectively [182]. M4N was also shown to inhibit the growth of the
C33A (HPV-negative) and C3 (HPV-16/Ras-transformed) cervical carcinoma cell lines,
albeit after 3 days of incubation with 50 uM of inhibitor [186]. In animal studies, daily
intratumoral injection of 20 mg of MyN led to reduction in the size of C3-induced tumours
in mice after 2 weeks of treatment [186]. In addition to their direct effect on the HPV
promoter, Sp1 inhibitors also promote apoptosis by downregulating expression of the Cdc2
kinase and survivin genes [187] at concentrations that apparently do not affect Sp1-
modulated housekeeping genes [188]. Despite these interesting observations, the fact that
Sp1lis involved in the transcription of many cellular genes raises important questions about
the safety of these inhibitors. The demonstration that this class of inhibitors can provide
therapeutic benefit at doses that do not compromise their safety profile has yet to be
achieved.
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Carrageenan: an attachment inhibitor and potential microbicide

All of the inhibitors described above are aimed at treating HPV-induced lesions by targeting
viral and cellular proteins required for pathogenesis after infection. A complementary
approach is to prevent HPV infections through the use of microbicides. The recent
development of methods to produce pseudoviruses (PSVs) has greatly facilitated the study
of how papillomaviruses attach to and enter keratinocytes, and has opened the door for the
identification of inhibitors of these processes as candidate microbiocidal compounds. Using
a high-throughput screening assay based on the PSV-induced delivery of a fluorescent
protein into HeLa cells, Buck et al. (2006) recently identified carrageenan as a potent HPV
cellular attachment inhibitor [189]. Carrageenan is a sulphated polysaccharide (Figure 8)
extracted from seaweed (red algae) that is closely related to heparin, a known inhibitor of
HPV cell entry [190,191]. Although structurally related, carrageenan is 1,000-fold more
potent than heparin and both are believed to exert their inhibitory effect by mimicking
heparin sulphate, an attachment factor for HPV virions on the cell surface [191]. Like
heparin, carrageenan was shown to bind specifically to the L1 capsid protein. Accordingly,
order-of-addition studies showed that carrageenan acts primarily by inhibiting attachment of
PSV to the cell surface although it did also show a post-attachment, heparin-sulphate-
independent inhibitory activity at higher doses [189]. To date, carrageenan has showed high
activity against PSV from anogenital HPV types 16, 18, 31, 45 and 6, a 100-fold lower
potency against those from BPV and CRPV, and, somewhat surprisingly, no activity against
HPV5 [189]. In in vitro-focal transformation-based assays, carrageenan inhibited native
BPV1 virions at an 1Cgq varying between 1 and 10 pg/ml, consistent with its activity against
BPV1 PSV [189]. Importantly, these inhibitors remained highly active at the lower pH of
4.5, characteristic of the human vaginal region [189]. What makes carrageenan an especially
attractive potential microbicide is the fact that it has already proven to be safe. In fact, it is
currently widely used as a thickener in the food and cosmetic industries as well as in some
sexual lubricants. Therefore clinical trials could, in principle, be initiated relatively soon to
evaluate the efficacy of carrageenan as a topical microbicide for the prevention of anogenital
HPV infections.

Conclusions

There are currently no antiviral agents to treat HPV-associated diseases despite the fact that
infections by these viruses are extremely common, are the cause of a significant proportion
of dermatological and oncological disorders, and are directly responsible for more than
200,000 deaths annually due to cervical cancer [15]. HPV has been considered a difficult
virus to tackle by antiviral therapy, in part because the pharmaceutical industry has
historically preferred enzymes as antiviral drug targets and HPV encodes only a single
enzyme, the E1 helicase. Fortunately, this situation has begun to change in recent years as
our greater understanding of the molecular biology of these viruses has permitted the
discovery of new potential antiviral targets and approaches. Among the HPV early proteins,
E1, E2, E6 and E7 have now been validated through mutations as being essential for
pathogenesis and hence are considered the most attractive targets against which to develop
drugs. It is exciting that small molecules that can inhibit specific functions of these early
proteins are now emerging. Maintenance of the viral episome in infected cells can now be
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antagonized with indandione, polyamides and biphenylsulphonacetic inhibitors that
respectively inhibit the E1-E2 protein interaction, the binding of E1 and E2 to origin DNA
and the ATPase and heli-case activities of E1. In addition to being the foundations for drug
discovery programmes, these inhibitors have proven that hindering viral DNA replication by
pharmacological means is feasible. Because these compounds and their targets are relevant
to infections in which the viral genome is maintained in episomal form, rather than
integrated, they represent attractive entry points for the development of drugs to treat
anogenital and cutaneous warts, and perhaps even low-grade squamous intraepithelial
lesions in which the viral DNA is most often found not integrated. Clearly, once integration
has occurred, E6 and E7 are the prime targets for therapeutic intervention. Our enhanced
understanding of how E6 from high-risk HPV types targets p53 for degradation has
permitted the design of EG-EBAP interaction inhibitors and established that restoration of
p53 levels in HPV-infected cells can be achieved with small molecules. Although the
discoveries of these E1, E2 and EG6 inhibitors are exciting, they need to be viewed with
caution as none of these compounds have yet all of the attributes of a real drug. In fact, for
most of these inhibitors, potency and drug-like properties still need to be improved to reach
nanomolar levels of activity in cellular assays prior to further development.

An important issue is whether development of a pan-HPV antiviral is possible. As can be
appreciated from this review, compounds that are active against one HPV type are often less
active or inactive against others, sometimes because of a single amino acid difference in the
target protein. Although HPV proteins are highly conserved structurally between types, they
are not as similar at the primary amino acid sequence level, a fact that may well prevent the
development of pan-HPV antivirals. Thus, treatment of HPV-associated diseases might
require the development of several classes of drugs that would each target a subset of types
associated with a given medical indication. One potential way circumvent this type-
specificity issue would be to develop inhibitors of cellular proteins that mediate the
pathogenesis of most, if not all, HPV types. Examples of this approach are the HDAC and
Cdk inhibitors, which were found to be effective at inhibiting the ability of E7 to promote
cellular immortalization and induce centrosomal abnormalities, respectively. Obviously a
major hurdle in using these inhibitors is that they will also affect normal cell functions, and
thus might be more likely to exhibit mechanism-based toxicity. If so, topical application
rather than systemic administration of these drugs might partly alleviate these undesirable
effects.

However, it is important to realize that none of the liabilities associated with current
inhibitors of the HPV early proteins or of cellular factors mediating their pathogenic effects
are insurmountable and, in fact, they are typical concerns for most drug discovery
programmes. Thus we can be cautiously optimistic that some of these compounds will be
further developed and that we may witness in the relatively near future the first clinical trials
with candidate antiviral drugs to treat papillomavirus infections and associated cancers. As
resistance to such drugs is not expected to be an issue given that the HPV genome is
replicated by cellular DNA polymerases with high fidelity, these novel HPV antiviral agents
could rapidly become the gold-standard first-line therapy to treat HPV infections in diseased
patients.
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Figure 1. HPV life cycle and structure of the viral genome
(A) Schematic representation of the human papillomavirus (HPV) life cycle within a

differentiating epithelium. The different epithelial strata are indicated on the left. The
diagram at the centre represents a prototypical infected keratinocyte undergoing terminal
differentiation and harbouring viral episomes within its nucleus. Specific viral life cycle
events occurring in each stratum are summarized on the right. (B) The genome of HPV16 is
diagrammed in linear form. The coding regions of the early and late viral proteins are
indicated by open boxes. Proteins that have been validated as potential antiviral targets are
dark grey. The L1 protein, which has been shown to be a valid target for a microbicide, is
light grey. The long-control region (LCR), which contains the transcriptional enhancer and
promoter regions as well as the origin of DNA replication, is indicated by a two-way arrow.
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Figure 2. HPV early proteins as antiviral targets
The HPV early proteins E1, E2, E6 and E7 that have been validated as potential antiviral

targets are represented by boxes. The locations of specific functional domains discussed in
this review are indicated and their activities listed underneath. Because the length of each
protein can vary slightly between viral types, an approximate length in amino acids (aa) is
indicated at the right of each protein. DBD, DNA-binding domain; H, hinge region; HDAC,
histone deacetylase; NES, nuclear export sequence; NLS, nuclear localization sequence;
TAD, transactivation domain; Zn, zinc finger.
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Figure 3. Initiation of HPV DNA replication and inhibitors thereof
(A) Schematic representation of the minimal origin of viral DNA replication. Binding sites

(BS) for E1 and E2 are indicated by white and black boxes, respectively. The location of an
essential AT-rich region (AT) is indicated by a grey box. The nucleotide sequence of part of
the HPV18 origin is given underneath. The left portion of this sequence contains a
representative E2-binding site (ACCgN4cGGT) and is the target of E2 polyamides. The right
portion of the sequence contains the four E1 binding sites, shown by arrows, which are the
target of E1 polyamides. (B) Schematic representation of the initiation of papillomavirus
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DNA replication. DNA replication is initiated by the recruitment of E1, by E2, to the viral
origin. This step is blocked by the indandione class of inhibitors which bind to the E2
transactivation domain and prevent its interaction with E1. Assembly of a replication-
competent double hexamer proceeds through the initial assembly of two E1 dimers on the
two pairs of inverted E1 binding sites present in the origin. Conversion of this tetrameric E1
intermediate to an active double hexameric helicase requires additional E1 molecules as well
as ATP to promote their oligomerization. E1 also interacts with host cell replication factors
such as the polymerase a-primase (Pol a) to promote viral DNA replication.
Biphenylsulphonacetic acid and other E1 ATPase inhibitors abrogate the helicase activity of
E1 responsible for unwinding the origin and the DNA ahead of the two replication forks. All
inhibitors are indicated in boxes.
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Figure 4. Effects of E7 and E6 on the Rb and p53 pathways and inhibitors thereof
Schematic diagram of how (A) E7 and (B) E6 promote cellular proliferation and inhibit

apoptosis, respectively, by targeting the Rb and p53 pathways. The processes of cellular
proliferation and apoptosis are indicated by downwards arrows on the left of the figure. E2F
and Rb, two major effectors of cellular proliferation and apoptosis, are shown next to these
arrows. (A) summarizes the key activities of E7 necessary for unscheduled E2F activation,
namely its ability to promote hyperphosphorylation of Rb by inhibiting the cylcin (CIn)-
dependent kinase (Cdk)2 inhibitors p21 and p27 and stimulating the activity of Cdk2, to
promote the proteasomal degradation of pRb and to associate with histone deacetylases
(HDAC). (B) summarizes how E6 of high-risk HPV types promotes the ubiquitination and
proteasomal degradation of p53 by associating with the cellular ubigiutin (Ub) ligase E6-
associated protein (E6AP). Specific inhibitors of the Rb pathway and of the E6G-E6AP
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protein interaction are indicated in boxes. P-PClI, purine-derived pharmacological Cdk
inhibitors.
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Figure 5. E1-E2 interaction inhibitors
(A) Structures of the indandione inhibitors 1, 2, 3 and 4, described in the text. These

compounds inhibit the assembly of the HPVV11 E1-E2-origin ternary complex /n vitro with
50% inhibitory concentrations of 7.8, 0.35, 0.02 and 0.18 um, respectively. (B) Surface
representation of the crystal structure of the HPV11 E2 transactivation domain (TAD;
Protein Data Bank accession number: 1R6K). (C) Portion of the crystal structure of the
HPV11 E2 TAD in complex with compound 4 (PDB accession number: 1R6N) highlighting
how the inhibitor (in red) binds on the surface of E2. In both (B) and (C), key residues of the
inhibitor-binding pocket discussed in the text are coloured.
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Figure 6. E1 ATPase inhibitors
(A) Structures of the initial biphenylsulphonacetic acid inhibitor (screening hit) and of the

most potent optimized compound. These compounds inhibit the ATPase activity of human
papillomavirus 6 (HPV®6) E1 /in vitrowith 50% inhibitory concentrations of 2 mM and 4 nM,
respectively. (B) Side view of the crystal structure of the hexameric C-terminal helicase
domain of bovine papillomavirus (BPV1) E1 bound to ADP (light blue; PDB accession
number 2GXA). The monomers are differentially coloured. The right side of the panel
shows an enlarged view of the ATP-binding pocket. The conserved lysine of the Walker A
motif is coloured purple. The amino acid shown to be important for the binding of the
biphenylsulphonic acid inhibitors is coloured yellow.
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Figure 7. E6-E6AP interaction inhibitors
(A) NMR structure of the E6-associated protein (E6AP; PDB accession number: IEQX).

The positions of the three leucine residues important for binding to E6 as well as those of the
two conserved charged residues are indicated by arrows. (B) Structure of the most potent
E6-E6AP inhibitor (IC50 of ~17 uM in vitro). (C) Structure of the EG-EB6AP inhibitor active
in a cell-based p53-degradation assay. This compound leads to a more than 4-fold increase
in the levels of p53 when used at a concentration of 500 uM.

Antivir Ther. Author manuscript; available in PMC 2015 November 16.

Page 35



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duasnuel Joymny YHID

Fradet-Turcotte and Archambault Page 36

~500x

L-Carrageenan

Figure 8. Structure of carrageenan
Carrageenan is a polymer of the indicated structure. The average number of repeated units is

~ 500 [189, 192].
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Table 1

Inhibitors of cellular proteins mediating HPV pathogenesis

Page 37

Target Compound Structure Potency, 1Csq Reference
HDAC
Benzamides 5uM [150]
0
7\ N
. H H
N OTN NH,
0]
Short-chain fatty acids 0.4mM* [146]
Hydroxamic acids 028uM™ [147-149]
Cyclic peptides and <5nM [151]
epoxyketones
Cdk2
Roscovitine 07uM™ [169,170]
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Target Compound Structure Potency, 1Csq Reference

Indirubin-3-oxime 0.25-0.44 uMm ™ [169,171]

Spl Tetra- O-methyl 28 UM ¥ [182,186]
nordihydroguaiaretic acid CH R H
(M4N) (R=0OCHjs) 3

Tetraacetyl R 11 uM [182]
nordihydroguaiaretic acid
(R=0(C=0)CHj3) H.C

For each class of inhibitors, only a single representative molecule is presented along with its structure and reported potency. For histone deacetylase
(HDAC) inhibitors, the representative molecules of each chemical class are: benzanamide (MS-275), short-chain fatty acid (valproic acid),
hydroxamic acid (suberoylanilide [SAHA]) and cyclic peptides (depsipeptide). The indicated potencies of these HDAC inhibitors are those
measured with /n vitro histone deacetylation assays. Potencies of the Cdk2 inhibitors are those reported using /n7 vitro kinase assays. Potencies of
the Sp1 inhibitors are those measured in reporter gene (luciferase) cell-based assays.

*
Molecules that have been tested on human papillomavirus (HPV)-infected cells or cervical cancer tissues.
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