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Introduction
Papillomaviruses induce benign and malignant epithelial tumors in vertebrates through the
action of virally encoded oncoproteins such as E6. Recent studies of human and animal E6 pro-
teins determined the three-dimensional structure of E6 when bound to LXXLL peptides
derived from E6-targeted cellular proteins. The interaction between diverse E6 proteins and
their different cellular targets has revealed a commonality that is surprising and puzzling. E6
proteins that are divergent in evolution have conserved overall structures that bind to similar
cellular peptides; these interactions target strikingly different cellular pathways to facilitate
analogous viral replication life cycles.

What Are Papillomaviruses?
Papillomaviruses are small, encapsidated, double-stranded DNA viruses that infect the squa-
mous epithelia of diverse vertebrates, from birds to mammals, and induce neoplasms called
papillomas (warts) in which the virus replicates [1]. Papillomas can be visible or inapparent
and cutaneous or mucosal. Papillomaviruses are currently grouped into 37 genera, of which
five infect humans [2]. A subset of human alpha genus papillomaviruses (alpha HPVs) induce
respiratory and anogenital papillomas that can evolve into cancers; they are referred to as
“high-risk”HPV types, and the related alpha HPVs that cause stable benign papillomas are
called “low-risk” types. Beyond the alpha HPVs, molecular sampling of DNA has revealed a
further, vast diversity of HPV types that are typically not associated with visible warts in
immune-competent people (beta and gamma genera HPVs) [3]. We live our lives blissfully
unaware that we are covered with numerous inapparent warts; we admire ourselves in the mir-
ror, shed the virus into the environment together with our desquamated skin cells, then busily
vacuum and sweep the virus into bags for disposal.

Why Do Papillomaviruses Have Oncogenes?
Papillomaviruses infect squamous epithelial basal cells, where they stably establish the viral
genome as a low-copy-number plasmid but allow the infected squamous cells to differentiate,
similar to normal stratified squamous epithelia. Productive viral genome amplification occurs
in suprabasal cells through DNA damage responses [4], with further differentiation of those
cells causing viral capsid protein production and packaging of the infectious virus that is shed
into the environment in desquamated cells. This life cycle requires the expression of the early
replication genes and the virally encoded oncogenes E5, E6, and E7. Although the alpha genus
HPVs make all three oncoproteins, some papillomavirus genera do not: E5 is most often
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missing, and several papillomavirus types do not make either E6 or E7. Both high-risk HPV E6
and E7 are required for immortalizing primary keratinocytes, maintaining the viral plasmid in
infected primary keratinocytes, and maintaining the proliferation of cervical cancer cell lines
[3,5]. High-risk alpha E7 represses the retinoblastoma family of tumor suppressors: RB1 (reti-
noblastoma), RBL1 (p107), and RBL2 (p130); E7 targets the degradation of RB1, which is tied
to the cancer phenotype [5]. High-risk HPV E7 degradation of RB1 stabilizes p53, which is
then degraded by high-risk E6 [6].

What Cellular Proteins Associate with Alpha Genus E6?
When high-risk E7 targets the degradation of RB1, the p53 tumor suppressor is stabilized but
then degraded by high-risk E6 through its association with a cellular E3 ubiquitin ligase called
E6-Associated Protein, or E6AP (product of UBE3A gene); neither E6 nor E6AP alone associ-
ate with p53, but p53 is recruited to the E6+E6AP complex, ubiquitinated, and then degraded
by the proteasome [7]. E6 binds to E6AP by docking on a ten-amino-acid acidic alpha-helical
peptide referred to as LXXLL [7]; the binding of E6 to the LXXLL peptide of E6AP alone is suf-
ficient to stabilize E6 in vivo and change the structure of E6 so it can then associate with the
secondary substrate, p53 [8]. High-risk alpha HPV E6 also displays a peptide at the C-terminus
of E6 that interacts with a set of cellular PDZ proteins that includes DLG family proteins, scrib-
ble, nonreceptor tyrosine phosphatases and others; the E6-associated PDZ proteins can then be
subject to ubiquitination by E6AP and degradation by the proteasome, although the require-
ment for degradation by the proteasome is unclear [9]. Although low-risk alpha E6 proteins
also bind to E6AP, those E6 proteins neither associate with p53 nor bind cellular PDZ proteins
[3]. But, like high-risk alpha E6, low-risk E6 is also required to maintain the viral genome as a
plasmid [10]. High-risk alpha E6 proteins have additional important biological effects, such as
modulation of RNA transcription and translation, metabolism, apoptosis, and autophagy that
are beyond the scope of this micro-review [3]. An unbiased proteomic analysis of cellular pro-
teins that associate with the alpha and beta E6 proteins has identified additional, as yet unchar-
acterized E6-associated proteins [11].

What Cellular Proteins Associate with Non-alpha Genera E6
Proteins?
Recent work in three labs identified MAML family transcriptional coactivators as targets of
beta and mu genera HPV and delta genus bovine papillomavirus type 1 (BPV1) E6 proteins
[12–14]. Like alpha E6 proteins that dock on an acidic LXXLL peptide of E6AP, the delta/beta/
mu genera E6 proteins also bind an acidic LXXLL peptide found at the C-terminus of MAML
family coactivators, thereby repressing the transcriptional activation function of MAML
[12,14]. MAML proteins are the transcriptional coactivators for Notch signal transduction;
Notch signaling drives the differentiation of squamous epithelia, and Notch signaling is a
tumor suppressor in squamous epithelia [15]. E6 association with MAML thus represses Notch
signaling and thereby represses squamous differentiation. Interestingly, in people with muta-
tion of their EVER1 or EVER2 genes, beta genus HPV-caused warts are visibly apparent and
can progress to squamous cell cancers in sun-exposed areas; this reveals the potential of beta
genus HPV to contribute to carcinogenesis [16]. Along this line, beta genus E6 proteins block
normal excision repair of UV thymidine dimers [17]. Some beta genus HPV E6 also associate
with p300/CBP and the Ccr4-Not complex, but whether these are primary LXXLL-like interac-
tions or secondary interactions is currently unknown [11]. In addition to MAML, the delta
genus BPV1 E6 also associates with the signaling adaptor protein paxillin by binding to acidic
LXXLL peptides in paxillin; expression of paxillin is required for BPV1 E6 transformation [18].
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What Is the Structure of E6, andWhat Do Different E6 Proteins Have
in Common?
All E6 proteins examined so far bind cellular proteins by docking on similar acidic LXXLL pep-
tides (Fig 1B), even if those targets (E6AP, MAML, and paxillin) are seemingly unrelated. The
E6–LXXLL peptide interaction is necessary for alpha E6 proteins to be stable in cells and to bind
and degrade p53 [7]; BPV1 E6 and beta genera HPV E6 must bind LXXLL to repress Notch sig-
naling [12,14], and this interaction is necessary for BPV1 E6 to transform cells [19]. E6 alone is
insoluble when expressed in bacteria, which precluded structural studies for decades, but the
E6–LXXLL complex is soluble, allowing these structures to be determined by the Trave lab [20].
The precise structure of E6 unbound to LXXLL remains undetermined. In each structure, the
LXXLL peptide is in a deep E6 pocket and contacts the amino terminus (green), carboxy termi-
nus (blue), and connecting helix (yellow) of E6 (Fig 1A). Despite the divergent primary
sequence between BPV1 and HPV16 E6 (only 30% sequence identity), the overall fold is strik-
ingly similar (Fig 1B); thus, the hundreds of human and animal papillomavirus E6 proteins
whose cellular targets are as yet unknown will also interact with acidic amphipathic helical pep-
tides analogous to the LXXLL motifs of MAML, E6AP, and paxillin (Fig 1B) [20].

Summary, andWhat Is Still Unknown?

For all E6 proteins

1. Structure and sequence analysis allows us to predict that most E6 proteins will interact with
similar acidic alpha-helical peptides. The E6 proteins studied so far have a conserved fold
that binds an acidic LXXLL peptide on either E6AP, (alpha genus), MAML (beta and delta
genera,) or paxillin (delta genus). Do the other genera of E6 proteins have these same three
LXXLL targets, or is there a vast array of cellular proteins with acidic LXXLL docking sites
yet to be discovered? Is there some underlying biological logic to the association of E6 with
acidic LXXLL motifs?

2. What, in an evolutionary context, made a particular genus of E6 protein “choose” either
E6AP or MAML as a target? Is there a distinct difference in the biology of particular squa-
mous epithelial niches, such as cutaneous versus mucosal, follicular versus interfollicular
cells, or squamous–columnar junctions?

3. Small molecules or inhibitory peptides that compete for binding to the LXXLL-binding
pocket of E6 block E6 function in vitro and in vivo. Could potent inhibitors of the LXXLL
pocket be therapeutic for papillomavirus infections and papillomavirus-caused malignancies?

Alpha genus HPV E6 proteins

1. When high-risk E6 binds LXXLL, E6 is stabilized and solubilized, and restructures to inter-
act with p53. Do E6 proteins from low-risk alpha (or other genera) also have secondary sub-
strates that bind after the E6–LXXLL interaction? Do low-risk alpha E6 proteins target the
degradation of cellular proteins?

2. Is it possible there might be a biological role for E6+E6AP complexes that do not trigger ubi-
quitination and protein degradation?

3. High-risk alpha E6 proteins have a set of at least three activities that are not found in other
E6 types: p53 degradation, PDZ protein association, and telomerase induction. Are all three
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functions necessary for virus replication or cancer formation by E6 + E7, and how are they
linked to each other and to activities of E7? Low-risk alpha and other studied papillomavirus
genera E6 proteins do not induce telomerase, and yet these other viruses all make fine warts.
Why does only high-risk E6 induce telomerase?

Fig 1. E6 structure and LXXLL interactions. A. Ribbon diagram of HPV16 E6 bound to the LXXLLmotif from E6AP [20]. The amino-terminal zinc-binding
domain (16E6-N in green) is connected by an alpha helix (yellow) to the E6-C zinc-binding domain at the bottom (blue). The helical LXXLL peptide from the
cellular E6AP ubiquitin ligase (salmon color) resides in a deep 16E6 pocket. B. Divergent E6 proteins have conserved folds. Despite the limited homology
(30% identity), the evolutionary divergence of human and bovine hosts, and different interacting cellular protein targets, superimposition of HPV16 E6 (green)
and BPV1 E6 (red) structures demonstrates the conservation of the overall fold of E6 and its interaction with the cellular protein–derived LXXLL peptides. The
paxillin (PXN) and E6AP-LXXLL peptides in the structure are colored with their respective E6 protein, and known interacting LXXLL peptide sequences are
shown to the right (hydrophobic side chains in blue and acidic side chains in purple).

doi:10.1371/journal.ppat.1005138.g001
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4. High-risk alpha E6 proteins interact with a set of cellular PDZ proteins. Which PDZ target
(s) is required for the viral life cycle? Is degradation of the PDZ target by E6 important?

5. What structural features of alpha genus E6 contribute to the evasion of effective immunity
by the host?

6. E6 proteins are required to maintain the viral genome in keratinocytes in both high and
low-risk alpha genus. For the high-risk E6, p53 degradation and PDZ association are
required for this, but are there other activities in common with the low-risk E6 proteins,
and what are the low-risk E6 proteins doing?

For beta and delta genera E6 proteins

1. How does the repression of Notch signaling by E6 cooperate with the activities of E7 to pro-
mote virus replication?

2. When E6 proteins bind LXXLL on MAML, do they recruit secondary substrates to the E6
+MAML complex, as the high-risk E6 proteins do when they bind E6AP?

3. Since Notch signaling is required for squamous epithelial differentiation, how is the E6
repression of Notch signaling negatively modulated to allow for epithelial differentiation
and capsid protein expression? Notch is a tumor suppressor in skin, and disruption of
Notch signaling in mice causes squamous cell cancers. Do papillomavirus types with E6
genes that repress Notch contribute to the development of squamous cell cancers in normal
people?

Recent studies have elucidated much that was once unfocused about E6, but the above ques-
tions indicate we should look closer still, and put on some better glasses.
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