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Abstract

Papillomavirus E6 proteins bind to LXXLL peptide motifs displayed on targeted cellular pro-
teins. Alpha genus HPV EB6 proteins associate with the cellular ubiquitin ligase EGAP
(UBE3A), by binding to an LXXLL peptide (ELTLQELLGEE) displayed by E6AP, thereby
stimulating EGAP ubiquitin ligase activity. Beta, Gamma, and Delta genera E6 proteins bind
a similar LXXLL peptide (WMSDLDDLLGS) on the cellular transcriptional co-activator
MAML1 and thereby repress Notch signaling. We expressed 45 different animal and human
E6 proteins from diverse papillomavirus genera to ascertain the overall preference of E6
proteins for EGAP or MAML1. E6 proteins from all HPV genera except Alpha preferentially
interacted with MAML1 over EBAP. Among animal papillomaviruses, E6 proteins from cer-
tain ungulate (SsPV1 from pigs) and cetacean (porpoises and dolphins) hosts functionally
resembled Alpha genus HPV by binding and targeting the degradation of EGAP. Beta genus
HPV EB6 proteins functionally clustered with Delta, Pi, Tau, Gamma, Chi, Mu, Lambda, lota,
Dyokappa, Rho, and Dyolambda E6 proteins to bind and repress MAML1. None of the
tested E6 proteins physically and functionally interacted with both MAML1 and E6AP, indi-
cating an evolutionary split. Further, interaction of an E6 protein was insufficient to activate
degradation of EGAP, indicating that E6 proteins that target EGAP co-evolved to separately
acquire both binding and triggering of ubiquitin ligase activation. E6 proteins with similar bio-
logical function clustered together in phylogenetic trees and shared structural features. This
suggests that the divergence of E6 proteins from either MAML1 or EGAP binding preference
is a major event in papillomavirus evolution.

Author summary

Papillomaviruses are a large family of viruses with great medical and veterinary impor-
tance. This study explores the viral E6 oncoproteins from diverse papillomavirus genera
to determine how E6 distinguishes in interaction between cellular proteins. E6 proteins
have been previously found to interact with a ubiquitin ligase called E6GAP and thereby
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target particular cellular proteins for degradation, or to interact with MAML family pro-
teins to repress Notch signaling and thereby alter cellular differentiation. It has been
unclear if diverse families of papillomavirus E6 proteins interact with only E6AP or
MAML (or possibly both), how E6 distinguishes between these interactions, and if inter-
action of E6 with E6AP is coupled to ubiquitin ligase activation. We find here that none of
the tested E6 proteins physically and functionally interacted with both E6AP and
MAMLI, indicating an evolutionary split that clustered E6 proteins by sequence similarity
analysis. Currently, the categorization of papillomaviruses is complex, with thirty-eight
genera so far described. This study establishes an early evolutionary split among most pap-
illomavirus genera between those viruses that encode E6 proteins that physically and func-
tionally associate with MAML compared to E6AP. This provides a structural and
functional basis for categorizing most currently described papillomaviruses into two
major functional groups.

Introduction

Papillomaviruses are a large group of viruses with hundreds of different fully sequenced types
and additional types partially characterized by metagenomic sequencing [1-4]. All papilloma-
viruses express early genes E1 and E2 that are necessary for viral transcriptional control and
DNA replication, as well as late gene capsid proteins L1 and L2 that package progeny viral
DNA. Almost all papillomaviruses also express accessory early proteins with oncogenic prop-
erties, which are subject to transcriptional control by E1 and E2 (termed E5, E6, E7, and other
designations) [5-9]. While many papillomaviruses encode all three oncoproteins, one or more
of the oncoproteins may be absent within a particular group of related papillomaviruses. Papil-
lomaviruses are classified based upon nucleotide sequence similarity of the major L1 capsid
protein into taxonomic levels of genus (different genera share less than 60% nucleotide
sequence identity in L1), species (share between 60% and 70% nucleotide identity), and types
(types within a species are between 71% and 89% identical in sequence within L1) [10]. Thirty-
eight genera of papillomaviruses have been described, with additional genera expected as addi-
tional animal papillomaviruses will be detected in the future [4, 11].

Papillomavirus clustering on the basis of early gene relatedness instead of L1 has also been
performed [12, 13], and shows more coherent clustering of E6 by clinical phenotype compared
to L1 [14]. However, L1 clustering is practical, primarily because L1 is more highly conserved
than the early region genes, and all papillomaviruses encode the L1 gene. But given the large
and growing number of genera, a parallel approach that clusters papillomaviruses into smaller
numbers of groups with biological relatedness might be more comprehensible.

Although all virus-induced papillomas are initially benign, some virus types produce papil-
lomas that may progress into malignancy. Some Alpha genus human papillomaviruses (HPVs)
are associated with anogenital and upper airway cancers in primates (reviewed in [15]), and
certain animal papillomaviruses (such as cotton tailed rabbit papillomavirus [16], and Ovies
Aiires Papillomavirus type 3 [17], produce cutaneous papillomas that can progress to malig-
nancy. The subset of HPVs associated with cancer is referred to as “high-risk” HPV types
(HPV types 16, 18, and 31 are model systems), and the related mucosal Alpha genus viruses
that do not cause malignancies are called “low-risk” HPVs (prototypes being HPV types 6 and
11) [18].

The propensity of a particular papillomavirus to produce a cancer is a property of the virally
encoded oncoproteins, and in some viruses, environmental exposure to carcinogens (such as
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Bovine Papillomavirus type 2 when cows consume bracken fern [19]). High-risk HPVs encode
an E7 oncoprotein that associates with retinoblastoma family proteins and targets them for
degradation, thereby ablating cell cycle checkpoint control and contributing to genomic insta-
bility [20]. The HPV high-risk E6 oncoproteins associate with a cellular E3 ubiquitin ligase
called E6AP (a product of the UBE3A gene) [21]. E6 associates with E6AP by docking upon an
alpha-helical LXXLL-containing peptide motif in E6GAP [21-24]. Upon binding an LXXLL
peptide, E6 undergoes a conformational change that promotes the association of E6 with p53
[25], p53 ubiquitination by E6AP, and p53 degradation by the proteasome. Therefore, like E7,
high-risk E6 promotes genomic instability [26]. Low-risk mucosal HPV types also express E7
proteins but these do not target the degradation of Retinoblastoma (RB) [20]. While low-risk
E6 proteins bind to E6AP and trigger EGAP degradation, they have not been shown to interact
with p53 [27].

It is clear that E6 proteins from non-Alpha genera do not primarily associate with E6AP.
The Delta genus E6 protein from Bovine Papillomavirus type 1 (BPV1 E6) associates with
focal adhesion proteins paxillin (PXN) and HIC5 by binding to LXXLL motifs on those pro-
teins that are similar to but distinct from the LXXLL motif of E6AP [28, 29]. PXN expression,
BPV1 E6 interaction with LXXLL motifs, and docking of BPV1 E6 on particular LXXLL motifs
of PXN are all required for BPV1 E6 to induce anchorage-independent colony formation [30-
33]. Recently, E6 proteins from HPV Beta genus cutaneous papillomaviruses as well as BPV1
E6 were found to interact with MAMLI transcriptional coactivators, and thereby repress
Notch signaling [34-37]. The interaction of these E6 proteins with MAMLI resembled that of
BPV1 E6 with PXN and HIC5, and HPV16 E6 protein with E6AP, in that the cutaneous type
E6 proteins bound to an LXXLL peptide motif located at the carboxy-terminus of MAMLI.
BPV1 E6 and Beta genus HPV E6 proteins preferentially interact with MAML1 compared to
E6AP despite the similarity of the LXXLL binding motifs of EGAP and MAMLI [34].

Relatively few E6 proteins have been characterized for their associations with E6AP com-
pared to MAMLL. In this study, we have expressed 45 different E6 proteins from 21 animal
and human genera. We have determined the preferential association of each E6 protein with
either EGAP or MAMLI, and performed functional assays for either transcriptional repression
of MAMLI or the stimulation of E6GAP degradation by E6 in vivo. The results clearly divide
genera of papillomaviruses that express E6 proteins into those that physically and functionally
target MAMLI1 and not E6AP, and those that physically and functionally target E6GAP and not
MAMLI1. We further make mutations in E6AP and thereby demonstrate that Alpha genus E6
proteins have a second function separate from binding to the LXXLL motif of E6AP that is
required to efficiently stimulate EGAP degradation, demonstrating that the ability of Alpha
genus E6 proteins to confer E6AP dependent degradation of cellular proteins is not triggered
solely by association with an LXXLL motif on E6AP. This analysis delineates a profound func-
tional split among papillomavirus genera and suggests that a functional grouping of papilloma-
viruses into those that target Notch signaling through interaction with MAML proteins, and
those that target cellular protein degradation through association with E6AP provides insight
into papillomavirus taxonomy.

Results

Fig 1 shows LXXLL motifs from cellular proteins that associate with E6 proteins. The LXXLL
motifs from E6AP and IRF3 are bound by some Alpha genus E6 proteins [27, 38, 39]. PXN
and HIC5 motifs are bound by Delta genus BPV1 E6 [31], and MAMLI1 by Delta, Mu, Pi and
Beta genus HPV E6 proteins [34-37, 40]. Although there are clear similarities among these few
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Fig 1. LXXLL peptide sequences that interact with BPV1 E6 and HPV16 E6. A. LXXLL peptide sequences within the indicated cellular proteins that
serve as docking sites for Alpha genus HPV16 E6 (top two peptides, EGAP (NP_000453.2), and IRF3, (NP_001184051.1); and Delta genus BPV1 E6, PXN
(XP_010812366.2), HIC5 (NP_001035919), MAMLI1 (NP_055572.1) and MAML3 (NP_061187.2). Potentially phosphorylated sites (underlined) were
identified at PhosphositePlus.org [107], but only PXN pS-273 is confirmed in a publication [108]. Hydrophobic residues are colored blue, and acidic
residues are in red. B. The bottom grouping of 14 peptide sequences were selected for BPV1 E6 association from a phage display expression library as
detailed in the methods. Amino acids with an associated asterix-encoded a stop codon at that position are suppressed by supE44 suppressor tRNA from
amber to glutamine in the E.coli strain used to propagate the M13 phage. At the bottom, a consensus sequence for BPV1 E6 associated LXXLL peptides and
the numbering scheme used in this manuscript are shown.

https://doi.org/10.1371/journal.ppat.1006781.g001

known LXXLL motifs, the range of possible binding sites from a very large set of random pos-
sible ligands has not been explored.

In order to explore LXXLL binding motifs in an unbiased way, BPV1 E6 was expressed and
used to select peptide interactors from a very large (> 10'* independent clones) phage display
library where random sequence 12-mer peptides were displayed as fusions to M13 gene-IIL
After five rounds of selection, 25 plaques were sequenced revealing 14 unique sequences; all
the unique sequences are shown in Fig 1 and aligned where a @XXQ@Q-like sequence (D repre-
senting a hydrophobic side chain) could be discerned; a consensus sequence and position
numbering are at the bottom of Fig 1. The core @XX@@ was observed in all 14 peptides, as
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LXXLL six times and as LXXLF eight times. Notably, a clear selection for a hydrophobic resi-
due at position -3 upstream of the LXXL/F was observed in 12 of 14 selected peptides, making
this the second most prevalent selected feature, followed by the presence of acidic side chains
at positions two (10 of 14 peptides), positions -1 and 3 (found in six of 14 peptides) and posi-
tion 7 (four of 14 peptides). A consensus for preferred BPV1 E6-bound peptides from this
experiment is thus @X(D)L(D/E)(D/E)L(L/F)X(D/E). This consensus is quite similar to the
LXXLL motifs in cellular proteins that bind BPV1 E6, shown in Fig 1A.

The strong prevalence of a hydrophobic side chain at position -3 in BPV1-bound phage-
selected peptides contrasts with the LXXLL peptides found in E6AP and IRF3 that interact
with high-risk Alpha genus HPV16 E6, where position -3 in both LXXLL peptides is a glutamic
acid. The crystal structures of BPV1 E6 and HPV16 E6 bound to LXXLL motifs of PXN and
E6AP respectively have been solved, and show a conserved overall fold and mode of interac-
tion between the two E6 proteins and their respective LXXLL peptides [41] [42]. In the BPV1
E6 structure, the amino acid side chain M1 of the bound PXN-derived LXXLL peptide resides
within a hydrophobic pocket comprised of E61, L64 and W65 and the side chain of R116 (that
interacts with E61 of BPV1 E6 and D5 of the PXN LXXLL peptide); in the HPV16 E6-E6AP
structure, the analogous E1 residue of the EGAP LXXLL peptide interacts with the analogous
E6 residues of HPV16 E6 (S74, H78, R77 and R129) [41]. The overall structure and detail
illustrating this is shown in Fig 2. The strong selection for a hydrophobic amino acid side
chain at position -3 among the BPV1 E6 phage-selected peptides illuminates the important
role of this position when E6 proteins discriminate between interactions with the LXXLL pep-
tide derived from E6AP, compared to peptides from PXN, HIC5, MAMLI or MAMLS3. Inter-
estingly, BPV1 E6 selected peptides with an LXXLF sequence as well as LXXLL (Fig 1B).
LXXLF is found in MAML3, and MAML3 as well as MAMLI1 were found in association with
BPV1E6 [37].

Given that analogous amino acids in HPV16 E6 and BPV1 E6 served similar structural
functions in binding to position -3 of their respective LXXLL peptides, we wondered if exami-
nation of these contact amino acids in diverse E6 proteins might predict the preference of a
given E6 protein for either EGAP or MAMLI1. Within the Alpha genus, precise conservation of
these contact residues was overall modest. For the four amino acids with closest contacts with
position -3 of E6AP, S74 was poorly conserved, R77 was highly conserved and H78 was mod-
erately conserved (present in 52/78 Alpha genus E6 proteins); interestingly, H78 was replaced
by a hydrophobic residue (similar to that seen in BPV1 E6) in 26/78 Alpha E6 sequences, and
the remaining contact residue, R129, was poorly conserved (a multiple sequence alignment of
the Alpha genus E6 proteins is shown in S1 Fig). Thus, examination of the contact residues of
Alpha genus E6 proteins found they were not sufficiently conserved and could not indicate
that E6 proteins would interact with E6AP and/or possibly an additional LXXLL binding site
such as on MAMLLI.

As noted above, the Beta genus HPV E6 proteins interact with the LXXLL motif of
MAMLI. A similar examination of the predicted contact residues between E6 and position M1
of the MAML1 LXXLL was more consistently predictive, but not completely. The position
analogous to HPV16 E6 S74 was highly conserved as a glutamic or aspartic acid, the position
of HPV16 E6 R77 was not conserved, but the position analogous to HPV16 H78 was hydro-
phobic as expected (being either phenylalanine or tyrosine in 48/50 examined Beta genus
sequences), and the R129 position of HPV16 E6 (analogous to R116 of BPV1 E6) was
completely conserved in the Beta and Gamma genus E6 proteins (S2 and S3 Figs).

The heterogeneity in the E6 contact residues for interaction with position -3 of the LXXLL
binding sites suggested the possibility that some E6 proteins within a genus might have multi-
ple different LXXLL interaction targets, perhaps interacting with both E6AP and MAML
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A

Fig 2. Contact residues in HPV16 E6 and BPV1 E6 that distinguish between E6AP interaction and MAMLI interaction. A. HPV16 E6 structure
(PDB file 4GIZ [41]) showing the amino-terminal zinc structured domain in blue, the connecting helix in yellow and the carboxy-terminal zinc-
structured domain in pink) in association with the LXXLL peptide of EGAP (green) where the amino-terminal position -3 is facing the viewer. B. A
close-up detail from part A of the HPV16 E6 ~E6AP structure showing the interaction between position -3 of the EGAP LXXLL peptide (glutamic acid)
with 16E6 amino acids R77 and H78. C. The structure of BPV1 E6 in association with the LXXLL peptide of paxillin (PDB file 3PY7 [41]) in similar
orientation to the structure in part A. D. A close-up detail from part C of the BPV1 E6 structure showing the interaction between position -3 of the PXN
LXXLL peptide (methionine) with BPV1 E6 amino acids L64 and W65.

https://doi.org/10.1371/journal.ppat.1006781.9002

proteins as has been recently suggested for Gamma genus HPV197 E6 [43]. We wished to
determine if within or between papillomavirus genera, E6 proteins had distinct binding and
functional preferences for either EGAP or MAML family proteins. We synthesized 45 different
E6 genes where the E6 protein shared the canonical E6 structure of two zinc structured
domains connected by an alpha helix, and one E6 protein (OcPV1) where an additional zinc
structured domain is found at the carboxy-terminus (as is present in Shope Papillomavirus
E6). Table 1 shows the tested E6 proteins and their host species. A multiple sequence analysis
of the 45 tested E6 proteins is shown in Fig 3, and shows the amino acid positions in HPV16
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Table 1.
Host Common name Full name Symbol | genera Accession no. | Associated Lesion(s) Reference
Domestic cow Bos taurus papillomavirus 1 BPV1 Deltapapillomavirus X02346 Cutaneous fibropapilloma, [44]
fibrosarcoma
Dmestic sheep Ovies aries papillomavirus 3 0aPV3 Dyolambdapapillomavirus | FJ796965.1 Squamous carcinoma, nl skin [17]
Domestic pig Sus scrofa domesticus SsPV1 Dyodeltapapillomavirus | EF395818 Healthy skin [45]
papillomavirus 1
Domestic dog Canis familiaris papillomavirus 2 | CPV2 Taupapillomavirus 1 AY722648 foot papillomma, squamous cell | [46]
carcinoma
Domestic and Canis familiaris oral CPV1 Lambdapapillomavirus D55633.1 Oropharyngeal papilloma [47]
papillomavirus
Domestic dog Canis familiaris papillomavirus 3 | CPV3 Chipapillomavirus DQ295066.1 | Squamous carcinoma, EV -like [48]
disease
Domestic dog Canis familiaris papillomavirus 6 | CPV6 Lambdapapillomavirus FJ492744.1 Mucosal throat papilloma [49]
Domestic dog Canis familiaris papillomavirus 7 | CPV7 Taupapillomavirus FJ492742.1 In situ squamous cell carcinoma | [49]
Domestic dog Canis familiaris papillomavirus 10 | CPV10 Chipapillomavirus JF800657.1 Pigmented cutaneous plaque [50]
Domestic dog Canis familiaris papillomavirus 11 | CPV11 Chipapillomavirus JF800658.1 Pigmented cutaneous plaque [51]
Domestic dog Canis familiaris papillomavirus 15 | CPV15 Chipapillomavirus JX899359.1 N.R? N.A.!
Domestic cat Felis domesticus papillomavirus 2 | FcaPV2 | Dyothetapapillomavirus | EU796884.1 | Cutaneous carcinoma in situ [52]
Human Human Papillomaviirus type 1 HPV1 Mupapillomavirus NC_001356.1 | Plantar papilloma [53]
Human Human Papillomaviirus type 4 HPV4 Gammapapillomavirus X70827.1 Plantar papilloma [54]
Human Human Papillomaviirus type 7 HPV7 Alphapapillomavirus X74463.1 Butcher’s wart [55]
Human Human Papillomaviirus type 8 HPVS8 Betapapillomavirus NP_068490 | Epidermodysplasia [56]
Verruciformis
Human Human Papillomaviirus type 10 | HPV10 | Alphapapillomavirus NC_001576 | flat warts, [57]
Human Human Papillomaviirus type 11 HPV11 | Alphapapillomavirus M14119 Laryngeal papilloma [58]
Human Human Papillomaviirus type 16 | HPV16 | Alphapapillomavirus NC_001526 | Cervical carcinoma [59]
Human Human Papillomaviirus type 17 | HPV17 | Betapapillomavirus JN211195 Epidermodysplasia [60]
Verruciformis
Human Human Papillomaviirus type 18 | HPV18 | Alphapapillomavirus NC_001357 | cervical cancer [61]
Human Human Papillomaviirus type 41 HPV41 | Nupapillomavirus NC_001354 | fascial papilloma [62]
Human Human Papillomaviirus type 60 | HPV60 | Gammapapillomavirus U31792 plantar cyst [63]
Human Human Papillomaviirus type 112 | HPV112 | Gammapapillomavirus NC_012486.1 | condyloma [64]
Human Human Papillomaviirus type 123 | HPV123 | Gammapapillomavirus GQ845445.1 | undescribed [65]
Human Human Papillomaviirus type 131 | HPV131 | Gammapapillomavirus NC_014954.1 | cutaneous N.A.
Polar bear Ursus maritimus papillomavirus 1 | UmPV1 | Omegapapillomavirus EF536349.1 | oral tongue papilloma [66]
Harbor porpoise Phocoena phocoena PphPV1 | Omikronpapillomavirus | GU117621.1 | Penile papilloma [67]
papillomavirus 1
Harbor Porpoise Phocoena phocoena PphPV4 | Dyopipapillomavirus GU117623.1 | Penile papilloma [67]
papillomavirus 4
Burmeister’s porpoise Phocoena spinipinnis PsPV1 Omikronpapillomavirus | AJ238373.1 Genital papilloma [68]
papillomavirus 1
Bottle-nose dolphin Tursiops truncatus TtPV5 Omikronpapillomavirus | JN709470.1 | Penile papilloma [69]
papillomavirus 5
Florida Manatee Trichechus manatus latirostris TmPV2 | Rhopapillomavirus JN709473 N.R. N.A
papillomavirus
Florida Manatee Trichechus manatus latirostris TmPV1 | Rhopapillomavirus AY609301 Cutaneous papilloma [70]
Bent-wing bat Miniopterus schreibersii MscPV1 | unclassified JQ814848 Pharyngeal swab or anal swab [71]
papillomavirus 1
Egyptian fruit bat Rousettus aegyptiacus RaPV1 Psipapillomavirus DQ366842.1 | Cutaneous squamous carcinoma | [72]
papillomavirus 1
Brush-tailed bettong Bettongia penicillata BpPV1 Dyokappapapillomavirus | GU220391.1 | Cutaneous papilloma [73]
papillomavirus 1
(Continued)
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Table 1. (Continued)

Host Common name Full name Symbol | genera Accession no. | Associated Lesion(s) Reference

New Zealand rabbit Oryctolagus cuniculus OcPV1 Kappapapillomavirus AF227240.1 | Oral and genital papillomas [74]
papillomavirus 1

Crab-eating macaque Macaca fascicularis MI{PV2 Betapapillomavirus GUO014531.1 | Cutaneous papilloma [75]
papillomavirus 2

Rhesus macaque Macaca mulatta papillomavirus 1 | MmPV1 | Alphapapillomavirus M60184.1 Mucosal genital carcinoma [76]

‘Wood mouse Apodemus sylvaticus AsPV1 Pipapillomavirus HQ625440 Normal skin (ear) [77]
papillomavirus 1

Natal multi-mammate Mastomys natalensis MnPV1 | Iotapapillomavirus U01834 Cutaneous papilloma [78]

mouse papillomavirus 1

Southern multimammate | Mastomys coucha papillomavirus | McPV2 | Pipapillomavirus DQ664501 Skin carcinoma N.A

mouse 2

Syrian golden hamster Mesocricetus auratus MaPV1 | Pipapillomavirus E15111 Oral papilloma N.A
papillomavirus 1

Laboratory mouse Mus musculus papillomavirus 1 MmuPV1 | Pipapillomavirus GUB08564 Cutaneous papilloma [79]

Deer mouse Peromyscus maniculatus PmPV1 | unclassified JF755418 Feces [80]
papillomavirus 1

N.R., not reported

https:/doi.org/10.1371/journal.ppat.1006781.t1001

ey
BpPV1/1-147
e zsr

HPVS/1-155

and BPV1 E6 amino acids that interact with position -3 of the EGAP or MAML1 LXXLL pep-
tides. The position of the tested E6 proteins within a phylogeny map of animal E6 proteins and
a subset of HPV E6 proteins is shown in S4 Fig.
To test the preference of each E6 protein for either MAMLI or E6AP association, we co-
expressed FLAG-E6 together with an excess of both HA-E6AP_Ub- (Ub- means mutated in
ubiquitin ligase activity) and HA-MAMLI, such that HA-E6AP_Ub- and HA-MAMLI1 were
similar in abundance, and less than 10% of the input HA-tagged proteins were immunoprecip-
itated by FLAG-E6. We reasoned that overexpression of the HA-tagged E6-binding targets
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[103], and the output then entered into Jalview2 [109] to generate the ClustalX colorized image. The four upward-pointing arrows at the bottom of the
alignment indicate the positions of HPV16 E6 amino acids that interact with position -3 of the EGAP LXXLL motif and BPV1 E6 interaction with PXN as
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were co-transfected with the indicated FLAG-tagged E6 expression plasmids into 293T cells and harvested 18 hrs. later in
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lane 2 in the top cluster of blots. Input was 4% of the immune precipitated sample size. E6* is a spliced and truncated E6
variant. B. Alpha genera and selected genus E6 proteins reduce the expression of E6GAP upon co-expression. HA-tagged
E6AP, HA-GFP and the indicated FLAG-tagged E6 proteins were co-transfected into 293T cells and cells were lysed in
SDS sample buffer 18 hrs. later.

https://doi.org/10.1371/journal.ppat.1006781.9004

compared to E6 would promote competition between HA-E6AP and HA-MAMLI for the
available E6, and thereby serve as an indication of the preference of each E6 protein for either
MAMLI or E6AP_Ub-. Fig 4A shows a typical experimental result with nine different E6 pro-
teins, some of which the preference for EGAP or MAMLI association was previously described
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Fig 5. E6 proteins discriminate in functional and physical interaction between EGAP_Ub- and MAMLI. A. Comparative binding of E6 proteins to
MAMLI or E6AP. Quantitation of input HA-tagged EGAP_UB- and HA-tagged MAMLI1 were immune precipitated by anti-FLAG-E6 proteins as shown in
Fig 4 and S5 Fig, and triplicate experiments quantified. Black bars represent MAMLI precipitation and white bars EGAP precipitation. The vertical axis
identifies the percentage of input protein precipitated. The averages of three separate experimental replicates with standard deviations is shown. B.
HA-E6AP was co-transfected together with the indicated FLAG-tagged E6 proteins and degradation of E6AP quantified relative to vector transfected
HA-E6AP, and normalized to a co-transfected HA-GFP to adjust for differences in transfection efficiency. Results are averages with standard deviations
from three independent experimental replicates. C. E6 proteins that associate with MAMLI repress GAL4-MAMLI transcriptional activation.
GAL4-MAMLI, GAL4-luciferase reporter, pPCMV-renilla internal transfection control and empty vector or the indicated E6 proteins were co-transfected
into 293T cells and harvested for luciferase and renilla assay 18 hrs. later. Results are the average and standard deviation of four independent experiments
with duplicate samples in each experiment, and normalized to co-transfected renilla activity.

https://doi.org/10.1371/journal.ppat.1006781.9g005

[34, 81]. Representative western blots for the remaining E6 proteins are shown in S5 Fig. These
experiments were repeated to obtain quantitative results with error which is shown in Fig 5A.
Typically, E6 proteins showed a clear preference for either EGAP or MAMLI association. In
some cases, an E6 protein clearly discriminates in binding between E6AP compared to
MAMLLI, but that discrimination did not reach statistical significance in the three experimen-
tal replicates (such as HPV11, 17, and 8). Typically, those E6 types had low levels of association
to both E6GAP and MAMLI; low expression levels reduce net levels over background and there-
fore increases the associated error. Even in those cases, a preference of binding to either E6GAP
or MAMLI1 is clear on the multiple western blots, allowing a qualitative assessment of binding
preference to be made.

We desired to correlate the physical association of E6 with E6AP to an in vivo biological
function. We and others had previously observed that overexpression of E6 together with
E6AP WT results in reduced expression of EGAP because of E6AP ubiquitin ligase activity and
proteasome mediated degradation; in contrast, BPV1 E6 does not stimulate ESAP degradation
[27, 82]. Each E6 protein was co-transfected with E6AP WT, and the reduction in E6GAP
expression upon co-expression with E6 was ascertained by western blot (Fig 4B and S6 Fig)
with quantitation after three experimental replicates shown in Fig 5B. As expected, E6 proteins
from the Alpha genus (HPV types 7, 10, 11, 16, 18 and MmPV1) that associated preferentially
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with E6AP also stimulated E6AP degradation. While MmPV1 (also known as RhPV1 for Rhe-
sus Papillomavirus Type 1) was less active than other Alpha proteins in stimulating E6AP deg-
radation, it did so significantly and also promoted degradation of p53 in an E6AP-dependent
manner (S7 Fig). Other genera whose E6 proteins preferentially associated with E6AP also
stimulated E6AP degradation, including Omega (UmPV1), DyoDelta (SsPV1), Omikron
(PhPV1, TtPV5, PsPV1), and Dyopipa (PhPV4).

To correlate the association of E6 proteins with MAMLI to an in vivo biological activity, we
co-transfected the test set of E6 proteins together with a GAL4_MAMLI fusion, and measured
the repression of a GAL4 responsive luciferase reporter as previously described [34]. Fig 5C
shows that E6 proteins that preferentially associate with MAMLI also repress GAL4_MAMLI1
transcriptional activation. Some E6 proteins that weakly associated with MAML1 by IP/WB
still significantly repressed GAL4-MAMLI activity (HPV8, HPV17, HPV1, HPV123, MnPV1,
MfPV2, and McPV2), indicating that some of the weak interactions with MAMLI in our bind-
ing assay were biologically significant. Only HPV41 E6 strongly associated with MAMLI but
failed to significantly repress GAL4-MAMLI transcriptional activation (Fig 5A and 5C).

Some E6 proteins that did not clearly associate with either EGAP or MAMLI also failed to
repress either GAL4_MAMLI activity or reduce E6AP expression levels (TmPV1, TmPV2,
RaPV1, BpPV1, and OcPV1). Examination of the LXXLL motif at the carboxyl-terminus of
MAMLL, 2, or 3 reveals significant differences between the three LXXLL motifs (S1 Table).
We therefore tested the E6 proteins that interacted poorly with E6AP and MAMLI for their
possible interaction with either MAML2 or MAMLS3 by co-expression and co-immunoprecipi-
tation. Only BPV1 E6 co-immunoprecipitated MAMLS3, which is consistent with the prior
finding of BPV1 E6 in association with MAMLS3 from the Howley lab [37]. Only CPV7 E6
showed preferential interaction with MAML2 compared to MAML1 (Fig 6). Thus overall,
there was a strong preference for MAMLI association with E6 from many divergent host
species.

The LXXLL motifs of EGAP, MAML2, and MAML3 were quite conserved among the host
species in our test set of E6 proteins, however several host species had one or more amino acid
changes in the LXXLL motif of MAMLI1 (S1 Table). To test the relevance of host-specific
changes in the MAML1 LXXLL motifs, we mutated the LXXLL motifs in human MAML1 into
the LXXLL motifs of rodent or canine species. These chimeric MAML1 molecules were co-
transfected in comparison with human MAMLLI to determine if species preference for cognate
LXXLL motifs accounted for the limited associations of these E6 proteins with human
MAMLI1 observed in Fig 5. Surprisingly, all tested rodent and canine E6 proteins showed simi-
lar preference for human or their cognate species MAMLI1 chimeric protein except MmaPV1,
which surprisingly, showed a modest preference for human MAML1 compared to the human-
rodent MAMLI chimera (S8 Fig).

Using the multiple sequence alignment (Fig 3), a cladogram was generated to illustrate the
clustering of the tested E6 proteins by sequence relatedness. Qualitative binding data and sta-
tistical significance for the physical association of each tested E6 protein with MAML1 and
E6AP is shown, compared together with E6AP degradation and GAL4-MAML1 repression to
illustrate clustering of preferential interactions with biological functions (Fig 7). Several obser-
vations were apparent.

First, E6 proteins from most tested genera preferentially associated with MAML1 compared
to E6GAP. Where the physical association with MAMLI was statistically significant, in all but
one case (HPV41) GAL4_MAMLI activity was significantly repressed. All the tested Gamma
and Nu (HPV41) genera E6 proteins preferentially associated with MAMLI and all except
HPV41 E6 significantly repressed GAL4_MAMLI.
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https://doi.org/10.1371/journal.ppat.1006781.9g006

Second, E6 proteins that bound neither E6AP nor MAMLI did not cluster with E6 proteins
that did associate with MAMLI or E6AP: OcPV1, TmPV1, TmPV2, RaPV1, and BpPV1.
RaPV1 bound both MAML1 and E6AP at low levels, but neither decreased E6AP expression
nor repressed GAL4_MAMLI transcriptional activation. The characterization of our test set of
E6 proteins within the larger set of all animal E6 proteins and a subset of HPV E6 proteins is
shown in S9 Fig.

Third, E6 proteins that preferentially associated with EGAP compared to MAMLI both
reduced E6AP expression levels and failed to repress GAL4_MAMLI transcriptional activa-
tion. Phylogenetically clustered together with the Alpha genera E6 proteins are E6 proteins
from Omega, Omikron, DyoDelta, and Dyopipa genera. Since only E6 proteins that preferen-
tially associated with E6AP were able to reduce its expression level, it is unclear from these
experiments if it was the docking of an E6 protein to the LXXLL motif of EGAP that triggers
degradation, or if a second property of E6, subsequent to the initial and required binding to
the LXXLL motif, was also required to initiate degradation.

To address this question, an E6GAP molecule was constructed where the LXXLL binding
motif of E6AP (ELTLQELLGEE) was mutated into the LXXLL motif of MAMLI1
(MSDLDDLLGS, the new E6AP mutant is termed E6AP_LDDLL). While BPV1 E6, and E6
proteins from HPV types 112, 4, and 131 (Gamma genus) preferentially associate with
MAMLI and not E6AP (Fig 5), all interacted robustly with EGAP_Ub-_LDDLL (Fig 8A).
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Fig 7. E6 proteins that physically and functionally interact with either EGAP or MAMLI cluster phylogenetically.
The cladogram is derived from a multiple sequence alignment using the program “MUSCLE” [103], clustering
phylogenetically using PhyML [105], and tree rendering with TreeDyn [106]. For physical association by immune
precipitation, blue denotes MAMLI, red E6AP, and grey denotes neither MAMLI nor E6AP. P denotes the statistical
significance of the association as determined from the quantitation of at least three independent experiments of
quantified western blot data or four independent Luciferase assays analyzed by Student’s t test (NS, not significant;
*<0.05;** < 0.01; *** < 0.001; **** < 0.0001). For some samples, low-level MAML1 was consistently observed upon
co-immune precipitation and so colored, even though statistical significance was not reached. For MAMLI repression,
blue denotes repression of GAL4-MAMLI, and grey no repression. E6-induced E6AP degradation is shown in red
color, and lack of degradation in grey. E6 expression level is from a representative experiment and is normalized to the
expression of BPV1 E6, set at 100.

https://doi.org/10.1371/journal.ppat.1006781.9007

Interestingly, HPV16 E6 bound both EGAP_Ub- and to a lesser extent, EGAP_Ub-_LDDLL,
despite poor interaction with MAMLI1 (Figs 5 and 8A). HPV 16 E6 still initiated degradation of
both E6AP WT and EGAP_LDDLL. In contrast, BPV1 and HPV types 4, 112, and 131 E6 pro-
teins did not interact with E6AP_Ub-, but interacted robustly with EGAP_LDDLL, even more
than did HPV16 E6. However, despite robust interaction with EGAP_LDDLL, BPV1, and HPV
types 4, 112, and 131 E6 did not reduce the expression of EGAP_LDDLL (Fig 8B). This
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0.0001 by Student’s t-test.

https://doi.org/10.1371/journal.ppat.1006781.9g008

demonstrates that while association of E6 with E6AP is required to initiate EGAP degradation,
some difference in the binding or an additional property of Alpha genera E6 beyond simply
associating with the LXXLL (that is not present in Delta or Gamma genera E6), is required to
initiate degradation of E6AP. In either case, docking of an E6 protein at the EGAP LXXLL site
was insufficient to initiate EGAP degradation.

Discussion

HPV16 and BPV1 E6 both interact with extended LXXLL alpha-helical peptides, are stabilized
by the association in vivo, and solubilized by the association in vitro, which led to their crystal-
lization and structural determination [25, 41]. But significant questions remain. How do E6
proteins discriminate in interaction among many potential binding partners? Can we predict
the interaction targets of different genera of E6 proteins? What are the additional structural
features of E6 beyond interacting with a cellular target LXXLL docking site that determine the
biological properties of E6? How are E6 proteins that associate with particular cellular proteins
evolutionarily related to each other?
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There are five genera of HPV. Our work demonstrates the Alpha genera is the sole genera
where E6 targets EGAP while the remaining (Beta, Gamma, Nu, and Mu) preferentially target
MAMLI or another protein(s) with a similar LXXLL motif as MAML1. While HPV41 E6
bound MAMLI preferentially, it was the only E6 protein that while preferentially binding
MAML failed to repress MAMLI transactivation. It is possible that ancillary E6 structure(s)
that may be important for transcriptional repression are not present in HPV41 E6, or that in
the genera, E6 has different biological functions.

The crystal structures of BPV1 and HPV 16 E6, together with sequence alignments of other
E6 proteins predicted that other E6 proteins would also interact with acidic amphipathic alpha
helical peptides [41]. The conservation of contact residues between BPV1 and HPV16 E6 and
the LXXLL ligands, plus the recent discovery that MAML1 was a common target of E6 proteins
from several genera, prompted us to speculate that the preferred LXXLL targets of diverse gen-
era might be predictable from multiple sequence alignment data, and that MAMLI1 or
MAMLI-like targets would be the most common E6 binding targets of diverse genera of papil-
lomaviruses. We have taken three separate approaches to test these hypotheses.

Examination of the crystal structures of BPV1 E6 plus the PXN LXXLL peptide, compared
to HPV16 in complex with the LXXLL peptide of EGAP showed a distinctive difference to be
hydrophobic BPV1 E6 contacts with M1 of the LXXLL PXN peptide compared to charged
interactions between HPV16 E6 and glutamic acid at position -3 of the EGAP LXXLL peptide
(Fig 2). To test the importance of this contact, we prospectively selected peptides from a large
random peptide phage library using BPV1 E6 as a binding substrate, and found a strong selec-
tion for peptides that had a hydrophobic residue in the same position as M1 of the PXN or
MAMLI peptides (Fig 1). This illustrates the importance of this hydrophobic interaction when
peptides compete for interaction with BPV1 E6. In the comparison of HPV16 E6 and BPV1
E6, both experimental selection of peptides and examination of the structure highlighted the
important interactions between E6 and position -3 of the LXXLL peptides. Because only two
E6 structures have been determined so far; it is possible that differences between the E6AP and
MAMLI peptides other than at position -3 are more important to other E6 proteins to dis-
criminate between E6GAP and MAMLI association.

In testing 45 E6 proteins for interaction with E6AP and MAMLI, we were surprised that
most E6 proteins had a clear binding preference, that few interacted with both, and then only
at low levels, and that no E6 protein both stimulated E6AP degradation and repressed GAL4_-
MAMLI transcriptional activation (Fig 5). Why would an Alpha E6 protein not evolve to both
interact with E6AP to target cellular proteins for degradation, and simultaneously also interact
with MAMLLI to repress the Notch tumor suppressor pathway in squamous epithelia (like a
Beta or Gamma genus E6 protein)? Our experiments do not yet shed light on this question.

All E6 proteins that had a preference for association with E6AP also stimulated the degrada-
tion of E6AP, indicating the linkage of physical association with biological function. However,
binding of an E6 protein to E6AP at the LXXLL site was not sufficient to initiate in vivo degra-
dation of E6AP. This was demonstrated by the use of the EGAP_LDDLL chimera, where BPV1
E6 or Gamma genera HPV E6 (HPV types 4, 112 and 131) bound robustly to EGAP_Ub-
_LDDLL yet failed to stimulate degradation of ECAP_LDDLL. In contrast, HPV16 E6 (which
bound E6AP_Ub-_LDDLL relatively poorly) could still initiate degradation of EGAP_LDDLL,
indicating the functionality of the EEAP_LDDLL mutant. Thus, while binding of an E6 protein
to the LXXLL site of E6AP is necessary, it is not sufficient for degradation of E6AP (Fig 8).
This implies that two properties of alpha genera E6, binding and initiation of degradation of
E6AP, co-evolved as the Alpha and Alpha-clustered E6 proteins diverged from interaction
with other LXXLL target proteins (possibly MAMLI1).
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The Alpha-clustered genera we tested in this study, being from Alpha, DyoDelta, Dyopi,
Omega, and Omikron genera, behaved similarly in binding to E6AP and stimulating its degra-
dation. Phylogenetic clustering would suggest that Upsilon and Dyoomikron genera E6 pro-
teins (that were not tested in this study) would also interact with E6GAP and stimulate its
degradation because they cluster together next to the Dyodelta, Omega, Omikron, and Alpha
genera. These genera, where E6 proteins interact with EGAP and stimulate its degradation, are
related in binding, in vivo biological effect, and phylogenetic clustering. We would propose
that these genera should be clustered as a super-genera or clade in the description of papillo-
mavirus oncoproteins. It is remarkable that it is not the presumed ultimate target of E6 action
(such as p53, or type I cellular PDZ proteins [83] for the high-risk Alpha genera HPV E6) that
phylogenetically clusters these diverse E6 proteins together, but is the common mechanism of
MAMLI or E6AP association. While the activities of Alpha high-risk E6 proteins have been
speculated to compensate for the activities of E7 (such as E7 activation of p53 leading to E6
mediated p53 degradation), within this larger super-genera, that is not the case, since the ceta-
cean papillomaviruses (such as Omikron and Dyopipa genera) do not encode an E7 gene [5,
69], although additional E7-like functionality could be encoded elsewhere in the genome, such
as within E6 or elsewhere. Earlier, it was customary in the field to think of papillomaviruses as
either mucosal or cutaneous types. However within the Alpha genera, there are both cutaneous
(like HPV types 7 and 10) and mucosal infections (like HPV types 11 and 16); similarly, both
mucosal and cutaneous sites also harbor Beta and Gamma papillomaviruses [84, 85]. What is
common to all Alpha compared to Beta or Gamma genera, is the preference of the E6 proteins
for either EGAP or MAMLI association; this provides a simplified factor for categorizing many
(but not all) papillomavirus types, compared to sequence divergence within L1 capsid
sequence.

Our experiments suggest that E6 association with MAMLI is responsible for the clustering
of most of the remaining E6 proteins that do not associate with E6AP. Only BPV1 E6 inter-
acted with MAMLS3 in addition to MAMLI1, and only CPV7 E6 showed a preference for associ-
ation of MAML2 compared to MAMLI. To our surprise, rodent and canine MAML1
chimeras interacted with their cognate E6 proteins similarly to human MAMLI, despite some
amino acid differences in the LXXLL motif. This raises an unresolved question in how E6 asso-
ciation with MAMLI represses Notch signaling overall, since MAMLI can be deleted without
ablating the gross development of a mouse. MAMLI -/- mice are born without gross develop-
mental defects but are growth retarded and die at about 10 days (before weaning) and have
lymphoid and muscle development defects [86, 87]. MAML3 null mice appear normal, but
MAML3 combined with MAMLLI deletion causes a severe defect in organogenesis similar to a
Notchl deficiency [88]. MAML2 null mice have not yet been described. Our results show that
most E6 proteins interact with MAMLI, with only BPV1 E6 interacting with both MAMLI
and MAMLS3, and only CPV7 interacting preferentially with MAML2. MAMLI, 2, and 3 are
expressed in the skin at the RNA level by RNAseq analysis [89]. So how is it that E6 interaction
with MAMLI represses Notch transcription overall when transcription complexes might be
expected to alternatively contain MAML2 and/or MAMLS3 instead of MAML1? It is possible
that individual MAML protein expression differs within the differentiating layers of squamous
epithelium or that E6 may have a gain of function when bound to MAML1-Notch complexes
to repress Notch signaling overall by an as yet uncharacterized mechanism, rather than acting
upon MAMLI alone.

The E6 proteins that interacted poorly with either EGAP or MAMLL, 2, or 3, and failed to
either promote E6AP degradation or repress GAL4-MAMLI did not cluster with those that
targeted either MAML1 or E6AP. OcPV1, similar to SfPV1 (also known as CRPV1 or Shope
papillomavirus) has a different structure than most E6 proteins with three zinc structured
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domains, so it is not surprising that it does not share interaction targets with other canonical
E6 proteins. The other non-E6AP/non-MAMLI interacting E6 proteins like TmPV1, TmPV2,
RaPV1, and BpPV1 may have different LXXLL binding sites on cellular targets that remain to
be determined. Alternatively, a technical reason such as incompatibility with the amino-termi-
nal FLAG epitope tag may have prevented some of the tested E6 proteins from interacting well
with either EGAP or MAMLI.

Our results implicate E6 targeting of MAMLLI in animal squamous cell carcinomas. Several
of the MAMLI1-directed E6 proteins in this study were isolated from papillomaviruses in asso-
ciation with squamous cell cancers: OaPV3, CPV2, CPV3, CPV7, FcaPV2, and McPV2.
0aPV3, CPV2, CPV3, and FcaPV2 all interact with MAML proteins, repress MAMLI tran-
scriptional activation, and did not stimulate EGAP degradation. CPV7 and McPV2 did not
bind MAMLI well by immunoprecipitation, but did repress GAL4_MAMLI transcriptional
activation (Fig 7). Complete disruption of Notch signaling during development of the squa-
mous epithelium of transgenic mice by either tissue specific Notch deletion [90, 91], epithelial
deletion of the RPB/j -binding subunit of the Notch transcription complex [92, 93], or expres-
sion of a dominant negative MAMLI1 [94] all result in loss of squamous differentiation and
squamous cell carcinomas. These results demonstrate that Notch signaling is a tumor suppres-
sor in normal squamous epithelium, and the critical role of MAMLI in this process, making
the targeting of MAMLI by these animal E6 proteins plausibly related to carcinogenesis.

While these few papillomaviruses were associated with squamous cell cancers, most MAMLI1-
targeting E6 proteins were not cancer-associated. This could reflect a low frequency of cancer
development (similar to high-risk HPV types), the relative potency of different E6 proteins in
repression of Notch, the possible differential sensitivity of developing compared to adult epi-
thelia to Notch signaling disruption, and the role of E7 and or other oncoproteins in these ani-
mal papillomaviruses. Among the HPVs, Beta genera E6 proteins repress MAMLI, but the
consistent and continued expression of Beta or Gamma genus viral oncogenes in cutaneous
squamous cell carcinomas has not been observed. A recent publication on Gamma genus HPV
found the presence of HPV197 DNA associated with cutaneous squamous cell cancers, but the
expression and role of viral early gene products in the cancers is as yet uncharacterized [3].
The role of Notch signaling in high-risk HPV infections and progression to cervical cancer has
been contentious. Initially, Notch signaling was thought to be synergistically oncogenic with
E6 and E7 in the development of cervical cancer, and experiments were presented demonstrat-
ing overexpression of Notch and synergistic transformation with papillomavirus oncogenes
[95] which was then contradicted by different experimental approaches [96]. A study from the
Kast lab [97] showed expression of high-risk E6 and E7 augmenting Notch1 expression while a
recent study from the Doorbar lab [98] shows E6 repression of Notchl expression through
degradation of p53. While varying expression and cell culture systems have given rise to differ-
ent results, head and neck cancers accumulate mutations in Notch signaling genes [99], and
p53 null mice have normal appearing skin after development.

The phylogenetic alignment of E6 proteins shows a clear split between genera whose E6
proteins target ECAP and the genera that target MAMLI. Consideration of the host species
and the E6 sequence divergence give insight into when this occurred.

While some fish (SaPV1) and bird papillomaviruses express E6 proteins, these proteins are
shorter and have only a single zinc structured domain, thus differing in structure from canoni-
cal E6 proteins with two zinc-structured domains that were tested here. It seems unlikely that
fish and bird E6 proteins form a similar pocket for interaction with LXXLL motifs and as yet
we have not tested these E6 proteins for either LXXLL interactions or modulation of Notch sig-
naling. There is a single papillomavirus isolate from a marsupial (BpPV1) where the E6 protein
has a canonical structure, but unfortunately our results with this E6 protein were ambiguous,
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binding both E6AP and MAMLI poorly, and neither significantly stimulating E6AP degrada-
tion nor repressing MAMLI transactivation (Fig 7). The Eutheria (placental mammals),
diverged into two categories approximately 100M years ago: the Laurasiatheria (shrews, bats,
ungulates, and cetaceans) and the Euarchontoglires (tree shrews, rodents, primates). Since E6
proteins that target EGAP have hosts within both of these groups of mammals, it is reasonable
to speculate that the divergence of E6GAP-directed E6 proteins must have predated the split
between these two groups of Eutheria. Additional samples of papillomaviruses from marsupi-
als, shrews, and rodents may provide further insight into the split between E6AP and MAML
directed E6 proteins.

Among animal models of high-risk HPV infections, we show here that the Rhesus papillo-
mavirus (Macaca mulatta Papillomavirus type 1, MmPV1, also known as RhPV1) E6 protein
associates with E6AP, targets p53 for degradation (Fig 7 and S7 Fig), and causes genital squa-
mous cell cancers, making this an excellent animal model of high-risk HPV disease [76]. Other
animal papillomavirus infections do not model the activities of the Alpha genera high-risk
HPV E6 and E7 proteins. Our findings suggest the possibility that additional sampling of
rodents might reveal a papillomavirus whose E6 protein preferentially targets E6AP, which
would apply the power of mouse genetic analysis to the activities of viral oncoproteins that are
relevant to lethal human papillomavirus infections.

Materials and methods
Cells and tissue culture

E6AP-null 8B9 cells (A gift of Dr. Lawrence Banks, ICGEB, Italy) [100], and 293T cells (Amer-
ican Type Culture Collection) were maintained in DMEM media supplemented with 10% fetal
bovine serum, glutamine and antibiotics. Transient transfections were performed using poly-
ethylenimine (PEI). Transient Vaccinia virus expression of proteins was performed in CV-1
cells (American Type Culture Collection) as described [101].

Plasmids

E6 genes were synthesized (Genewiz Corp.) using native unmodified codons, terminated at
the native stop codon, and were cloned as amino-terminal 2X-FLAG-tagged fusions in
pcDNA3. HA-tagged E6GAP WT and E6AP containing a C843A mutation that eliminates ubi-
quitin ligase activity (E6AP_Ub-), HA-tagged MAMLI, and GAL4-MAMLL fusions have been
previously described [34]. cDNA’s for human MAML2 and MAML3 were generously pro-
vided by Brandon White (San Jose State University). Epitope-tagged E6AP, GFP, MAML, and
E6 were all expressed from the pcDNA3 plasmid.

Western blots

12-well plates of subconfluent HEK293T cells were transfected with 0.5 ug HA-tagged E6AP
or E6AP-Ub-, 2 ug HA-MAMLYI, 1 ug FLAG-ES6, and 0.02 ug HA-GFP (as an internal transfec-
tion control) with a total of 3.4 ug of DNA complexed with 4 ug of polyethylenemine (PEI).
Eighteen hrs. later, cells were lysed on ice in 0.5 mls of 0.5X IGEPAL lysis buffer (1X IGEPAL
lysis buffer contains contains 150 mM NaCl; 50 mM Tris pH 7.5; 0.5 mM Dithiothreitol
(DTT); 50 mM NaF; 5 mM NaPPi; 1% IGEPAL; 0.01% phenylmethylsulfonyl flouride; 1mM
sodium vanadate; 1ug/ml leupeptin/aprotinin), pelleted at 15,000 X G at 4°C for 15 min. The
supernatant was immune precipitated with 10 ul anti-FLAG M2 antibody coupled beads
(Sigma) for 1 hr. and then beads were washed three times with ice-cold 1.0 ml 0.5X lysis buffer.
Samples were eluted with SDS and resolved on SDS-PAGE gels, blotted to PVDF membranes
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and probed sequentially with rabbit anti-HA antibody, and rabbit anti-FLAG antibodies
(Sigma). Bound antibodies on the blot were detected with secondary antibodies coupled to
horseradish peroxidase and chemiluminescent substrates, and images captured and analyzed
using an Alpha-Innotech Fluorchem detector and associated image analysis software. For
quantitation, input samples and immune precipitations were run in adjacent lanes for each
transfection, and immune precipitations calculated as percent of input signal and then normal-
ized to the input HA-GFP signal. Statistical analysis of normalized, independently replicated
experiments was performed with Excel software. For E6AP degradation assays, 0.5 ug
HA-E6AP, 1 ug FLAG-E6 proteins, 0.02 ug HA-GFP and 0.5 ug of empty pcDNA3 (total of 2
ug) were complexed with 3 ug PEI and transfected into HEK293T cells and harvested by dena-
turing lysis 18 hrs. post-transfection.

Luciferase reporter assays

0.1 ug of GAL4_MAMLLI, 0.2 ug of FLAG_ES6, 0.05 ng GAL4-responsive luciferase reporter,
0.01 ug pCMYV renilla internal transfection control plus 0.64 ug pUC19 to a total of 1.0 ug
DNA complexed with 3 ug PEI, was transfected into HEK293T cells and harvested 18 hrs.
later. Duplicate wells for each sample were used in each assay and the assay was independently
repeated 4 times for statistical analysis.

Phage display

Glutathione S-Transferase (GST) or Chitin binding domain (CBD) were fused at the carboxy-
terminus to a TEV protease cleavage site, a FLAG epitope and then BPV1 E6; the fusion pro-
tein was expressed overnight in CV-1 cells using the pTM1 vaccinia virus expression system
[101]. Either Glutathione-agarose or Chitin-agarose beads were blocked overnight in 2% BSA
in PBS with 0.3% IGEPAL. An aliquot of an M13 phage display library expressing random
12-mer peptides as fusions to the phage pIII gene (Ph.D.-12 library, New England Biolabs)
containing 1.5 X 10"" phage was blocked overnight on ice in Luria Broth containing 1% BSA
in PBS with 0.1% IGEPAL. A 6 cm plate of CV1 cells expressing the GST-BPV1 E6 or
CBD-BPV1 E6 fusion proteins were lysed on ice in 250 ul 0.1 X IGEPAL lysis buffer containing
1% BSA. Cell lysates were clarified by centrifugation (15,000 XG for 30 min), and the superna-
tant applied to 10 ul of blocked glutathione-agarose or chitin-agarose beads rocking for 30
min. Beads were then washed three times with 1X Luria Broth containing 1% BSA, 0.1% IGE-
PAL, and 3 mM DTT, and phage applied in 100 ul Luria Broth containing 1% BSA, and 0.1%
IGEPAL at 4°C for 1 hr. Beads were washed 6X with 1.0 ml of binding buffer, 1X with TEV
protease cleavage buffer, transferred to a new tube and then cleaved with 5 U TEV protease in
25 ul of buffer (Invitrogen). Released phage were amplified and purified by PEG precipitation
in XL1-blue bacteria according to the manufacturer’s instructions. Five rounds of phage dis-
play selection were performed starting with CBD as the fusion partner alternating with GST at
each selection round. Individual phage were picked at the fifth round of selection and eluted,
amplified, phage DNA isolated, and the pIII-peptide fusion segment DNA-sequenced.

Phylogenetic analysis

Multiple protein sequence files were downloaded from the papillomavirus episteme [102],
alignments were performed with the MUSCLE 3.8.31 program [103] using the phylogeny.fr
toolset [104]. The output from MUSCLE was used as input for phylogenetic analysis and
graphing using PhyML 3.1/3.0 aLRT [105], and tree rendering with TreeDyn 198.3 [106].
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Supporting information

S1 Fig. Multiple sequence alignment of Alpha genera E6 proteins. A multiple sequence
alignment was performed using the MUSCLE program [103], and the output then entered
into Jalview2 [109] to generate the ClustalX colorized image. The four upward-pointing arrows
at the bottom of the alignment indicate the positions of HPV16 E6 amino acids that interact
with position -3 of the EGAP LXXLL motif as shown in Fig 1. The highlighted sequence in a
dashed-red line box is HPV16 E6.

(TIF)

S2 Fig. Multiple sequence alignment of Beta genera E6 proteins. A multiple sequence align-
ment was performed using the MUSCLE program [103], and the output then entered into Jal-
view2 [109] to generate the ClustalX colorized image. The four upward-pointing arrows at the
bottom of the alignment indicate the relative positions of BPV1 E6 amino acids that interact
with position -3 of the PXN LXXLL motif as shown in Fig 1. The highlighted sequence in
dashed red box is HPV8 E6.

(TIF)

$3 Fig. Multiple sequence alignment of Gamma genera E6 proteins. A multiple sequence
alignment was performed using the MUSCLE program [103], and the output then entered
into Jalview2 [109] to generate the ClustalX colorized image. The four upward-pointing arrows
at the bottom of the alignment indicate the relative positions of BPV1 E6 amino acids that
interact with position -3 of the PXN LXXLL motif as shown in Fig 1. The highlighted sequence
in dashed red box is HPV4 E6.

(TTF)

S4 Fig. Position of tested E6 proteins in a large set of animal and human papillomavirus
E6 proteins. All E6 proteins sequences at papillomavirus episteme were downloaded and all
HPV E6 were deleted except HPV types 1-50, 60, 112, 123, and 131 in order to decrease the
overrepresentation of HPV sequences in the figure. Blue coloration identifies E6 proteins that
primarily associate with MAMLI in this study, red primarily associate with E6GAP. The bottom
phylogenetic panel shows the distribution of tested E6 proteins in this study. MUSCLE [103]
was used for the multiple sequence alignment, and the phylogram was generated using PhyML
[105], and tree rendering with TreeDyn [106].

(TIF)

S5 Fig. Preferential association of E6 proteins for either EGAP or MAMLI. Parts A-E. HA-
tagged EGAP_Ub-, MAMLI1 and GFP expression plasmids were co-transfected with the indi-
cated FLAG-tagged E6 expression plasmids into 293T cells and harvested in 0.5X IPEGAL
lysis buffer as described in the methods. Western blots of input samples are clustered at the top
and FLAG immune precipitated samples at the bottom, except that lane 1 at the bottom cluster
of blots is the same input sample from lane 1 in the top panel. Input was 4% of the immune
precipitated sample size. E6* is a spliced E6 variant that does not co-immune precipitate with
E6AP. Shown is a representative experiment out of three.

(TIF)

S6 Fig. Targeted degradation of E6AP by overexpressed E6 proteins. Parts A-E. HA-tagged
E6AP, and GFP expression plasmids were co-transfected with the indicated FLAG-tagged E6
expression plasmids into 293T cells and harvested SDS sample buffer 18 hrs. post transfection.
E6* is a spliced E6 variant. Shown is a representative experiment out of three.

(TTF)
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S7 Fig. Alpha genera MmPV1 E6 degrades p53_hum in an E6AP-dependent manner. A.
8B9 E6AP-null mouse kidney epithelial cells [100] were co-transfected with 2X FLAG-E6AP,
human p53 (hum_p53), and the indicated E6 proteins and lysed 18 hours post-transfection in
0.5X IGEPAL lysis buffer. p53 expression levels were determined using western blot. Both
high-risk HPV16 E6 and MmPV1 E6 degrade p53 in an E6AP-dependent manner. Low-risk
HPV11 E6 does not target p53 for degradation with or without co-expressed E6AP. B. Quanti-
fied p53 levels normalized to HA-GFP and p53 levels in the absence of E6 protein.

(TIF)

S8 Fig. Canine and murine papillomavirus E6 proteins interact similarly with human,
human-dog or human-mouse chimeric MAMLI proteins. A. The indicated FLAG tagged E6
proteins were co-transfected with MYC tagged human MAML1 and HA-tagged human-dog
chimeric MAMLI where the last 12 amino acids of human MAMLI sequence encompassing
the LXXLL E6 binding site was replaced with the canine LXXLL sequence. 293T cells were
transfected, lysed after 18 hrs and immune precipitated using FLAG antibody beads. The blot
was sequentially probed with rabbit anti-HA, mouse anti-MYC clone 9B11, and then rabbit
anti-FLAG. B. Performed as in part A but with HA-tagged human-murine MAML1 where the
the last 12 amino acids of human MAMLI1 sequence encompassing the LXXLL E6 binding site
was replaced with the murine LXXLL sequence.

(TIF)

S9 Fig. Clustering of E6 function among a large set of animal and human papillomavirus
E6 proteins. All E6 protein sequences at papillomavirus episteme were downloaded and all
HPV E6 were deleted except HPV types 1-50, 60, 112, 123, and 131 in order to decrease the
overrepresentation of HPV sequences in the figure. Blue coloration identifies E6 proteins that
physically and functionally associate with MAMLI in this study, red those that physically and
functionally associate with E6AP, and black for tested E6 proteins that were neither EGAP nor
MAMLI directed. The small skull indicates samples in the tested set that were isolated in asso-
ciation with squamous cell cancers. MUSCLE [103] was used for the multiple sequence align-
ment, and the phylogram was generated using PhyML [105], and tree rendering with TreeDyn
[106].

(TIF)

S1 Table. MAML and E6AP LXXLL motifs by host species. LXXLL motifs from E6AP
(UBE3A), MAMLI1, MAML2, and MAMLS3 are shown for each of the papillomavirus host spe-
cies tested in the papillomavirus study set. NA indicates that a host species for the indicated
gene was not found in Genbank. Underlinded amino acids in the LXXLL motifs indicate dif-
ferences from the human LXXLL motifs.

(DOCX)

Acknowledgments

The authors thank William Pearson for stimulating discussions on protein alignments and
evolutionary change, Koenraad Van Doorslaer and Elizabeth White for both discussions and
critical reading of the manuscript.

Author Contributions
Conceptualization: Camille M. Drews, Scott B. Vande Pol.

Data curation: Nicole Brimer.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006781 December 27,2017 21/27


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006781.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006781.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006781.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006781.s010
https://doi.org/10.1371/journal.ppat.1006781

@’PLOS | PATHOGENS

E6 substrates correlate with primary and tertiary structure

Formal analysis: Nicole Brimer, Camille M. Drews.

Funding acquisition: Scott B. Vande Pol.

Investigation: Nicole Brimer, Camille M. Drews.

Methodology: Nicole Brimer, Camille M. Drews.

Supervision: Scott B. Vande Pol.

Writing - original draft: Scott B. Vande Pol.

Writing - review & editing: Camille M. Drews, Scott B. Vande Pol.

References

1.

10.

11.

12

13.

14.

15.

16.

Ma 'Y, Madupu R, Karaoz U, Nossa CW, Yang L, Yooseph S, et al. Human papillomavirus community
in healthy persons, defined by metagenomics analysis of human microbiome project shotgun
sequencing data sets. J Virol. 2014; 88(9):4786-97. https://doi.org/10.1128/JVI.00093-14 PMID:
24522917.

Johansson H, Bzhalava D, Ekstrom J, Hultin E, Dillner J, Forslund O. Metagenomic sequencing of
"HPV-negative" condylomas detects novel putative HPV types. Virology. 2013; 440(1):1-7. https://doi.
org/10.1016/j.virol.2013.01.023 PMID: 23522725.

Arroyo Muhr LS, Hultin E, Bzhalava D, Eklund C, Lagheden C, Ekstrom J, et al. Human papillomavirus
type 197 is commonly present in skin tumors. Int J Cancer. 2015; 136(11):2546-55. https://doi.org/10.
1002/ijc.29325 PMID: 25388227.

Bzhalava D, Eklund C, Dillner J. International standardization and classification of human papillomavi-
rus types. Virology. 2015; 476:341-4. https://doi.org/10.1016/j.virol.2014.12.028 PMID: 25577151.

Rector A, Van Ranst M. Animal papillomaviruses. Virology. 2013; 445(1-2):213-23. https://doi.org/10.
1016/j.virol.2013.05.007 PMID: 23711385.

Vande Pol S, Howley P. Negative regulation of the bovine papillomavirus E5, E6, and E7 oncogenes
by the viral E1 and E2 genes. J Virol. 1995; 69:395-402. PMID: 7983735

Dowhanick JJ, McBride AA, Howley PM. Suppression of cellular proliferation by the papillomavirus E2
protein. J Virol. 1995; 69(12):7791-9. PMID: 7494290

Hwang ES, Naeger LK, DiMaio D. Activation of the endogenous p53 growth inhibitory pathway in
Hela cervical carcinoma cells by expression of the bovine papillomavirus E2 gene. Oncogene. 1996;
12(4):795-803. PMID: 8632901

McBride AA. The papillomavirus E2 proteins. Virology. 2013; 445(1-2):57—-79. https://doi.org/10.1016/
j.virol.2013.06.006 PMID: 23849793.

de Villiers EM, Fauquet C, Broker TR, Bernard HU, zur Hausen H. Classification of papillomaviruses.
Virology. 2004; 324(1):17-27. Epub 2004/06/09. https://doi.org/10.1016/j.virol.2004.03.033 PMID:
15183049.

de Villiers EM. Cross-roads in the classification of papillomaviruses. Virology. 2013; 445(1-2):2—10.
https://doi.org/10.1016/j.virol.2013.04.023 PMID: 23683837.

Bravo IG, Alonso A. Mucosal human papillomaviruses encode four different E5 proteins whose chem-
istry and phylogeny correlate with malignant or benign growth. J Virol. 2004; 78(24):13613-26. https://
doi.org/10.1128/JV1.78.24.13613-13626.2004 PMID: 15564472.

Narechania A, Chen Z, DeSalle R, Burk RD. Phylogenetic incongruence among oncogenic genital
alpha human papillomaviruses. J Virol. 2005; 79(24):15503-10. https://doi.org/10.1128/JV1.79.24.
15503-15510.2005 PMID: 16306621.

Van Ranst M, Kaplan JB, Burk RD. Phylogenetic classification of human papillomaviruses: correlation
with clinical manifestations. J Gen Virol. 1992; 73 (Pt 10):2653-60. https://doi.org/10.1099/0022-
1317-73-10-2653 PMID: 1328477.

zur Hausen H. Papillomaviruses in the causation of human cancers—a brief historical account. Virol-
ogy. 2009; 384(2):260-5. Epub 2009/01/13. https://doi.org/10.1016/j.virol.2008.11.046 PMID:
19135222.

Shope RE, Hurst EW. Infectious Papillomatosis of Rabbits: With a Note on the Histopathology. J Exp
Med. 1933; 58(5):607—24. PMID: 19870219.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006781 December 27,2017 22/27


https://doi.org/10.1128/JVI.00093-14
http://www.ncbi.nlm.nih.gov/pubmed/24522917
https://doi.org/10.1016/j.virol.2013.01.023
https://doi.org/10.1016/j.virol.2013.01.023
http://www.ncbi.nlm.nih.gov/pubmed/23522725
https://doi.org/10.1002/ijc.29325
https://doi.org/10.1002/ijc.29325
http://www.ncbi.nlm.nih.gov/pubmed/25388227
https://doi.org/10.1016/j.virol.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25577151
https://doi.org/10.1016/j.virol.2013.05.007
https://doi.org/10.1016/j.virol.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23711385
http://www.ncbi.nlm.nih.gov/pubmed/7983735
http://www.ncbi.nlm.nih.gov/pubmed/7494290
http://www.ncbi.nlm.nih.gov/pubmed/8632901
https://doi.org/10.1016/j.virol.2013.06.006
https://doi.org/10.1016/j.virol.2013.06.006
http://www.ncbi.nlm.nih.gov/pubmed/23849793
https://doi.org/10.1016/j.virol.2004.03.033
http://www.ncbi.nlm.nih.gov/pubmed/15183049
https://doi.org/10.1016/j.virol.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23683837
https://doi.org/10.1128/JVI.78.24.13613-13626.2004
https://doi.org/10.1128/JVI.78.24.13613-13626.2004
http://www.ncbi.nlm.nih.gov/pubmed/15564472
https://doi.org/10.1128/JVI.79.24.15503-15510.2005
https://doi.org/10.1128/JVI.79.24.15503-15510.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306621
https://doi.org/10.1099/0022-1317-73-10-2653
https://doi.org/10.1099/0022-1317-73-10-2653
http://www.ncbi.nlm.nih.gov/pubmed/1328477
https://doi.org/10.1016/j.virol.2008.11.046
http://www.ncbi.nlm.nih.gov/pubmed/19135222
http://www.ncbi.nlm.nih.gov/pubmed/19870219
https://doi.org/10.1371/journal.ppat.1006781

@’PLOS | PATHOGENS

E6 substrates correlate with primary and tertiary structure

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Alberti A, Pirino S, Pintore F, Addis MF, Chessa B, Cacciotto C, et al. Ovis aries Papillomavirus 3: a
prototype of a novel genus in the family Papillomaviridae associated with ovine squamous cell carci-
noma. Virology. 2010; 407(2):352—9. https://doi.org/10.1016/j.virol.2010.08.034 PMID: 20863546.

zur Hausen H. Papillomaviruses and cancer: from basic studies to clinical application. Nat Rev Can-
cer. 2002; 2(5):342-50. https://doi.org/10.1038/nrc798 PMID: 12044010.

Jarrett WF. Transformation of warts to malignancy in alimentary carcinoma in cattle. Bull Cancer.
1978; 65(2):191—4. PMID: 212146.

Roman A, Munger K. The papillomavirus E7 proteins. Virology. 2013; 445:138-68. https://doi.org/10.
1016/j.virol.2013.04.013 PMID: 23731972.

Huibregtse JM, Scheffner M, Howley PM. Cloning and expression of the cDNA for E6-AP, a protein
that mediates the interaction of the human papillomavirus E6 oncoprotein with p53. Mol Cell Biol.
1993; 13(2):775-84. PMID: 8380895

Chen JJ, Hong Y, Rustamzadeh E, Baleja JD, Androphy EJ. Identification of an alpha helical motif suf-
ficient for association with papillomavirus E6. J Biol Chem. 1998; 273(22):13537—44. PMID: 9593689

Be X, Hong Y, Wei J, Androphy EJ, Chen JJ, Baleja JD. Solution structure determination and muta-
tional analysis of the papillomavirus E6 interacting peptide of EGAP. Biochemistry. 2001; 40(5):1293—
9. PMID: 11170455

Sterlinko Grm H, Weber M, Elston R, Mclntosh P, Griffin H, Banks L, et al. Inhibition of E6-induced
degradation of its cellular substrates by novel blocking peptides. J Mol Biol. 2004; 335(4):971-85.
PMID: 14698292.

Ansari T, Brimer N, Vande Pol SB. Peptide interactions stabilize and restructure human papillomavirus
type 16 E6 to interact with p53. J Virol. 2012; 86(20):11386-91. https://doi.org/10.1128/JVI.01236-12
PMID: 22896608.

Vande Pol SB, Klingelhutz AJ. Papillomavirus E6 oncoproteins. Virology. 2013; 445(1-2):115-37.
https://doi.org/10.1016/j.virol.2013.04.026 PMID: 23711382.

Brimer N, Lyons C, Vande Pol SB. Association of EEAP (UBE3A) with human papillomavirus type 11
E6 protein. Virology. 2007; 358(2):303-10. https://doi.org/10.1016/j.virol.2006.08.038 PMID:
17023019.

Tong X, Howley PM. The bovine papillomavirus E6 oncoprotein interacts with paxillin and disrupts the
actin cytoskeleton. Proc Natl Acad Sci U S A. 1997; 94(9):4412—7. PMID: 9114003

Vande Pol SB, Brown MC, Turner CE. Association of Bovine Papillomavirus Type 1 E6 oncoprotein
with the focal adhesion protein paxillin through a conserved protein interaction motif. Oncogene. 1998;
16(1):43-52. https://doi.org/10.1038/sj.onc.1201504 PMID: 9467941

Bohl J, Das K, Dasgupta B, Vande Pol SB. Competitive binding to a charged leucine motif represses
transformation by a papillomavirus E6 oncoprotein. Virology. 2000; 271(1):163-70. https://doi.org/10.
1006/viro.2000.0316 PMID: 10814581

Brimer N, Wade R, Vande Pol S. Interactions between E6, FAK, and GIT1 at paxillin LD4 are neces-
sary for transformation by bovine papillomavirus 1 E6. J Virol. 2014; 88(17):9927-33. https://doi.org/
10.1128/JV1.00552-14 PMID: 24942580.

Wade R, Brimer N, Vande Pol S. Transformation by bovine papillomavirus type 1 E6 requires paxillin.
J Virol. 2008; 82(12):5962—-6. https://doi.org/10.1128/JV1.02747-07 PMID: 18385245.

Wade R, Brimer N, Lyons C, Vande Pol S. Paxillin enables attachment-independent tyrosine phos-
phorylation of focal adhesion kinase and transformation by RAS. J Biol Chem. 2010; 286(44):37932—
44. Epub 2011/09/09. https://doi.org/10.1074/jbc.M111.294504 PMID: 21900245.

Brimer N, Lyons C, Wallberg AE, Vande Pol SB. Cutaneous papillomavirus E6 oncoproteins associate
with MAML1 to repress transactivation and NOTCH signaling. Oncogene. 2012; 31(43):4639—46.
https://doi.org/10.1038/onc.2011.589 PMID: 22249263.

Meyers JM, Spangle JM, Munger K. The HPV8 EB6 protein interferes with NOTCH activation during
keratinocyte differentiation. J Virol. 2013.

Rozenblatt-Rosen O, Deo RC, Padi M, Adelmant G, Calderwood MA, Rolland T, et al. Interpreting
cancer genomes using systematic host network perturbations by tumour virus proteins. Nature. 2012;
487(7408):491-5. Epub 2012/07/20. https://doi.org/10.1038/nature11288 PMID: 22810586.

Tan MJ, White EA, Sowa ME, Harper JW, Aster JC, Howley PM. Cutaneous beta-human papillomavi-
rus E6 proteins bind Mastermind-like coactivators and repress Notch signaling. Proc Natl Acad Sci U
S A. 2012; 109(23):E1473-80. Epub 2012/05/02. https://doi.org/10.1073/pnas.1205991109 PMID:
22547818.

Huibregtse JM, Scheffner M, Howley PM. Localization of the E6-AP regions that direct human papillo-
mavirus E6 binding, association with p53, and ubiquitination of associated proteins. Mol Cell Biol.
1993; 13(8):4918-27. PMID: 8393140

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006781 December 27,2017 23/27


https://doi.org/10.1016/j.virol.2010.08.034
http://www.ncbi.nlm.nih.gov/pubmed/20863546
https://doi.org/10.1038/nrc798
http://www.ncbi.nlm.nih.gov/pubmed/12044010
http://www.ncbi.nlm.nih.gov/pubmed/212146
https://doi.org/10.1016/j.virol.2013.04.013
https://doi.org/10.1016/j.virol.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23731972
http://www.ncbi.nlm.nih.gov/pubmed/8380895
http://www.ncbi.nlm.nih.gov/pubmed/9593689
http://www.ncbi.nlm.nih.gov/pubmed/11170455
http://www.ncbi.nlm.nih.gov/pubmed/14698292
https://doi.org/10.1128/JVI.01236-12
http://www.ncbi.nlm.nih.gov/pubmed/22896608
https://doi.org/10.1016/j.virol.2013.04.026
http://www.ncbi.nlm.nih.gov/pubmed/23711382
https://doi.org/10.1016/j.virol.2006.08.038
http://www.ncbi.nlm.nih.gov/pubmed/17023019
http://www.ncbi.nlm.nih.gov/pubmed/9114003
https://doi.org/10.1038/sj.onc.1201504
http://www.ncbi.nlm.nih.gov/pubmed/9467941
https://doi.org/10.1006/viro.2000.0316
https://doi.org/10.1006/viro.2000.0316
http://www.ncbi.nlm.nih.gov/pubmed/10814581
https://doi.org/10.1128/JVI.00552-14
https://doi.org/10.1128/JVI.00552-14
http://www.ncbi.nlm.nih.gov/pubmed/24942580
https://doi.org/10.1128/JVI.02747-07
http://www.ncbi.nlm.nih.gov/pubmed/18385245
https://doi.org/10.1074/jbc.M111.294504
http://www.ncbi.nlm.nih.gov/pubmed/21900245
https://doi.org/10.1038/onc.2011.589
http://www.ncbi.nlm.nih.gov/pubmed/22249263
https://doi.org/10.1038/nature11288
http://www.ncbi.nlm.nih.gov/pubmed/22810586
https://doi.org/10.1073/pnas.1205991109
http://www.ncbi.nlm.nih.gov/pubmed/22547818
http://www.ncbi.nlm.nih.gov/pubmed/8393140
https://doi.org/10.1371/journal.ppat.1006781

@’PLOS | PATHOGENS

E6 substrates correlate with primary and tertiary structure

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ronco LV, Karpova AY, Vidal M, Howley PM. Human papillomavirus 16 E6 oncoprotein binds to inter-
feron regulatory factor-3 and inhibits its transcriptional activity. Genes Dev. 1998; 12(13):2061-72.
PMID: 9649509.

Meyers JM, Uberoi A, Grace M, Lambert PF, Munger K. Cutaneous HPV8 and MmuPV1 E6 Proteins
Target the NOTCH and TGF-beta Tumor Suppressors to Inhibit Differentiation and Sustain Keratino-
cyte Proliferation. PLoS Pathog. 2017; 13(1):e1006171. hitps://doi.org/10.1371/journal.ppat. 1006171
PMID: 28107544.

Zanier K, Charbonnier S, Sidi AO, McEwen AG, Ferrario MG, Poussin-Courmontagne P, et al. Struc-
tural basis for hijacking of cellular LxxLL motifs by papillomavirus E6 oncoproteins. Science. 2013; 339
(6120):694-8. https://doi.org/10.1126/science.1229934 PMID: 23393263.

Vande Pol S. Papillomavirus E6 Oncoproteins Take Common Structural Approaches to Solve Differ-
ent Biological Problems. PLoS Pathog. 2015; 11(10):e1005138. https://doi.org/10.1371/journal.ppat.
1005138 PMID: 26470018.

Grace M, Munger K. Proteomic analysis of the gamma human papillomavirus type 197 E6 and E7
associated cellular proteins. Virology. 2017; 500:71-81. https://doi.org/10.1016/j.virol.2016.10.010
PMID: 27771561.

Chen EY, Howley PM, Levinson AD, Seeburg PH. The primary structure and genetic organization of
the bovine papillomavirus type 1 genome. Nature. 1982; 299(5883):529—-34. PMID: 6289124

Stevens H, Rector A, Van Der Kroght K, Van Ranst M. Isolation and cloning of two variant papillomavi-
ruses from domestic pigs: Sus scrofa papillomaviruses type 1 variants a and b. J Gen Virol. 2008; 89
(Pt 10):2475-81. https://doi.org/10.1099/vir.0.2008/003186-0 PMID: 18796716.

Yuan H, Ghim S, Newsome J, Apolinario T, Olcese V, Martin M, et al. An epidermotropic canine papil-
lomavirus with malignant potential contains an E5 gene and establishes a unique genus. Virology.
2007; 359(1):28-36. https://doi.org/10.1016/j.virol.2006.08.029 PMID: 17034826.

Delius H, Van Ranst MA, Jenson AB, zur Hausen H, Sundberg JP. Canine oral papillomavirus geno-
mic sequence: a unique 1.5-kb intervening sequence between the E2 and L2 open reading frames.
Virology. 1994; 204(1):447-52. https://doi.org/10.1006/viro.1994.1552 PMID: 8091677.

Tobler K, Favrot C, Nespeca G, Ackermann M. Detection of the prototype of a potential novel genus in
the family Papillomaviridae in association with canine epidermodysplasia verruciformis. J Gen Virol.
2006; 87(Pt 12):3551-7. https://doi.org/10.1099/vir.0.82305-0 PMID: 17098970.

Lange CE, Tobler K, Ackermann M, Panakova L, Thoday KL, Favrot C. Three novel canine papilloma-
viruses support taxonomic clade formation. J Gen Virol. 2009; 90(Pt 11):2615-21. https://doi.org/10.
1099/vir.0.014498-0 PMID: 19656968.

Luff J, Moore P, Zhou D, Wang J, Usuda Y, Affolter V, et al. Complete genome sequence of canine
papillomavirus type 10. J Virol. 2012; 86(20):11407. https://doi.org/10.1128/JVI.01982-12 PMID:
22997424,

Zhou D, Luff J, Usuda Y, Affolter V, Moore P, Schlegel R, et al. Complete genome sequence of canine
papillomavirus type 11. Genome Announc. 2014; 2(3). https://doi.org/10.1128/genomeA.00529-14
PMID: 24874662.

Lange CE, Tobler K, Markau T, Alhaidari Z, Bornand V, Stockli R, et al. Sequence and classification of
FdPV2, a papillomavirus isolated from feline Bowenoid in situ carcinomas. Veterinary microbiology.
2009; 137(1-2):60-5. https://doi.org/10.1016/j.vetmic.2009.01.002 PMID: 19181460.

Danos O, Katinka M, Yaniv M. Human papillomavirus 1a complete DNA sequence: a novel type of
genome organization among papovaviridae. EMBO J. 1982; 1(2):231-6. PMID: 6325156.

Heilman CA, Law MF, Israel MA, Howley PM. Cloning of human papilloma virus genomic DNAs and
analysis of homologous polynucleotide sequences. J Virol. 1980; 36(2):395—407. PMID: 6253665.

Oltersdorf T, Campo MS, Favre M, Dartmann K, Gissmann L. Molecular cloning and characterization
of human papillomavirus type 7 DNA. Virology. 1986; 149(2):247-50. PMID: 3004029.

Fuchs PG, Iftner T, Weninger J, Pfister H. Epidermodysplasia verruciformis-associated human papillo-
mavirus 8: genomic sequence and comparative analysis. J Virol. 1986; 58(2):626—34. PMID:
3009874.

Delius H, Hofmann B. Primer-directed sequencing of human papillomavirus types. Curr Top Microbiol
Immunol. 1994; 186:13-31. PMID: 8205838.

Gissmann L, Diehl V, Schultz-Coulon HJ, zur Hausen H. Molecular cloning and characterization of
human papilloma virus DNA derived from a laryngeal papilloma. J Virol. 1982; 44(1):393—400. PMID:
6292500.

Durst M, Gissmann L, Ikenberg H, zur Hausen H. A papillomavirus DNA from a cervical carcinoma
and its prevalence in cancer biopsy samples from different geographic regions. Proc Natl Acad Sci U
S A. 1983; 80(12):3812-5. PMID: 6304740.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006781 December 27,2017 24/27


http://www.ncbi.nlm.nih.gov/pubmed/9649509
https://doi.org/10.1371/journal.ppat.1006171
http://www.ncbi.nlm.nih.gov/pubmed/28107544
https://doi.org/10.1126/science.1229934
http://www.ncbi.nlm.nih.gov/pubmed/23393263
https://doi.org/10.1371/journal.ppat.1005138
https://doi.org/10.1371/journal.ppat.1005138
http://www.ncbi.nlm.nih.gov/pubmed/26470018
https://doi.org/10.1016/j.virol.2016.10.010
http://www.ncbi.nlm.nih.gov/pubmed/27771561
http://www.ncbi.nlm.nih.gov/pubmed/6289124
https://doi.org/10.1099/vir.0.2008/003186-0
http://www.ncbi.nlm.nih.gov/pubmed/18796716
https://doi.org/10.1016/j.virol.2006.08.029
http://www.ncbi.nlm.nih.gov/pubmed/17034826
https://doi.org/10.1006/viro.1994.1552
http://www.ncbi.nlm.nih.gov/pubmed/8091677
https://doi.org/10.1099/vir.0.82305-0
http://www.ncbi.nlm.nih.gov/pubmed/17098970
https://doi.org/10.1099/vir.0.014498-0
https://doi.org/10.1099/vir.0.014498-0
http://www.ncbi.nlm.nih.gov/pubmed/19656968
https://doi.org/10.1128/JVI.01982-12
http://www.ncbi.nlm.nih.gov/pubmed/22997424
https://doi.org/10.1128/genomeA.00529-14
http://www.ncbi.nlm.nih.gov/pubmed/24874662
https://doi.org/10.1016/j.vetmic.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19181460
http://www.ncbi.nlm.nih.gov/pubmed/6325156
http://www.ncbi.nlm.nih.gov/pubmed/6253665
http://www.ncbi.nlm.nih.gov/pubmed/3004029
http://www.ncbi.nlm.nih.gov/pubmed/3009874
http://www.ncbi.nlm.nih.gov/pubmed/8205838
http://www.ncbi.nlm.nih.gov/pubmed/6292500
http://www.ncbi.nlm.nih.gov/pubmed/6304740
https://doi.org/10.1371/journal.ppat.1006781

@’PLOS | PATHOGENS

E6 substrates correlate with primary and tertiary structure

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Yutsudo M, Shimakage T, Hakura A. Human papillomavirus type 17 DNA in skin carcinoma tissue of a
patient with epidermodysplasia verruciformis. Virology. 1985; 144(1):295-8. PMID: 2998045.

Boshart M, Gissmann L, lkenberg H, Kleinheinz A, Scheurlen W, zur Hausen H. A new type of papillo-
mavirus DNA, its presence in genital cancer biopsies and in cell lines derived from cervical cancer.
EMBO J. 1984; 3(5):1151-7. PMID: 6329740.

Hirt L, Hirsch-Behnam A, de Villiers EM. Nucleotide sequence of human papillomavirus (HPV) type
41: an unusual HPV type without a typical E2 binding site consensus sequence. Virus Res. 1991; 18
(2-3):

179-89. PMID: 1645904.

Matsukura T, Iwasaki T, Kawashima M. Molecular cloning of a novel human papillomavirus (type 60)
from a plantar cyst with characteristic pathological changes. Virology. 1992; 190(1):561-4. PMID:
1326820.

Ekstrom J, Forslund O, Dillner J. Three novel papillomaviruses (HPV109, HPV112 and HPV114) and
their presence in cutaneous and mucosal samples. Virology. 2010; 397(2):331-6. https://doi.org/10.
1016/j.virol.2009.11.027 PMID: 19969321.

Bernard HU, Burk RD, Chen Z, van Doorslaer K, zur Hausen H, de Villiers EM. Classification of papillo-
maviruses (PVs) based on 189 PV types and proposal of taxonomic amendments. Virology. 2010; 401
(1):70-9. https://doi.org/10.1016/j.virol.2010.02.002 PMID: 20206957.

Stevens H, Rector A, Bertelsen MF, Leifsson PS, Van Ranst M. Novel papillomavirus isolated from the
oral mucosa of a polar bear does not cluster with other papillomaviruses of carnivores. Veterinary
microbiology. 2008; 129(1-2):108—16. https://doi.org/10.1016/j.vetmic.2007.11.037 PMID: 18215475.

Gottschling M, Bravo IG, Schulz E, Bracho MA, Deaville R, Jepson PD, et al. Modular organizations of
novel cetacean papillomaviruses. Mol Phylogenet Evol. 2011; 59(1):34—42. https://doi.org/10.1016/j.
ympev.2010.12.013 PMID: 21195783.

Van Bressem MF, Cassonnet P, Rector A, Desaintes C, Van Waerebeek K, Alfaro-Shigueto J, et al.
Genital warts in Burmeister’s porpoises: characterization of Phocoena spinipinnis papillomavirus type
1 (PsPV-1) and evidence for a second, distantly related PsPV. J Gen Virol. 2007; 88(Pt 7):1928-33.
Epub 2007/06/08. https://doi.org/10.1099/vir.0.82694-0 PMID: 17554024,

Robles-Sikisaka R, Rivera R, Nollens HH, St Leger J, Durden WN, Stolen M, et al. Evidence of recom-
bination and positive selection in cetacean papillomaviruses. Virology. 2012; 427(2):189-97. https://
doi.org/10.1016/j.virol.2012.01.039 PMID: 22386054.

Rector A, Bossart GD, Ghim SJ, Sundberg JP, Jenson AB, Van Ranst M. Characterization of a novel
close-to-root papillomavirus from a Florida manatee by using multiply primed rolling-circle amplifica-
tion: Trichechus manatus latirostris papillomavirus type 1. J Virol. 2004; 78(22):12698—702. https://doi.
org/10.1128/JV1.78.22.12698-12702.2004 PMID: 15507660.

Wu Z, Ren X, YangL, HuY, Yang J, He G, et al. Virome analysis for identification of novel mammalian
viruses in bat species from Chinese provinces. J Virol. 2012; 86(20):10999-1012. https://doi.org/10.
1128/JVI1.01394-12 PMID: 22855479.

Rector A, Mostmans S, Van Doorslaer K, McKnight CA, Maes RK, Wise AG, et al. Genetic characteri-
zation of the first chiropteran papillomavirus, isolated from a basosquamous carcinoma in an Egyptian
fruit bat: the Rousettus aegyptiacus papillomavirus type 1. Veterinary microbiology. 2006; 117(2—
4):267-75. https://doi.org/10.1016/j.vetmic.2006.06.010 PMID: 16854536.

Bennett MD, Reiss A, Stevens H, Heylen E, Van Ranst M, Wayne A, et al. The first complete papillo-
mavirus genome characterized from a marsupial host: a novel isolate from Bettongia penicillata. J
Virol. 2010; 84(10):5448-53. https://doi.org/10.1128/JV1.02635-09 PMID: 20200246.

Christensen ND, Cladel NM, Reed CA, Han R. Rabbit oral papillomavirus complete genome sequence
and immunity following genital infection. Virology. 2000; 269(2):451-61. https://doi.org/10.1006/viro.
2000.0237 PMID: 10753723.

Wood CE, Tannehill-Gregg SH, Chen Z, Doorslaer K, Nelson DR, Cline JM, et al. Novel betapapillo-
mavirus associated with hand and foot papillomas in a cynomolgus macaque. Vet Pathol. 2011; 48
(3):731-6. https://doi.org/10.1177/0300985810383875 PMID: 20921322.

Ostrow RS, LaBresh KV, Faras AJ. Characterization of the complete RhPV 1 genomic sequence and
an integration locus from a metastatic tumor. Virology. 1991; 181(1):424-9. PMID: 1847267.

Schulz E, Gottschling M, Ulrich RG, Richter D, Stockfleth E, Nindl I. Isolation of three novel rat and
mouse papillomaviruses and their genomic characterization. PloS one. 2012; 7(10):e47164. https://
doi.org/10.1371/journal.pone.0047164 PMID: 23077564.

Tan CH, Tachezy R, Van Ranst M, Chan SY, Bernard HU, Burk RD. The Mastomys natalensis papillo-
mavirus: nucleotide sequence, genome organization, and phylogenetic relationship of a rodent papillo-
mavirus involved in tumorigenesis of cutaneous epithelia. Virology. 1994; 198(2):534—41. https://doi.
org/10.1006/viro.1994.1064 PMID: 8291235.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006781 December 27,2017 25/27


http://www.ncbi.nlm.nih.gov/pubmed/2998045
http://www.ncbi.nlm.nih.gov/pubmed/6329740
http://www.ncbi.nlm.nih.gov/pubmed/1645904
http://www.ncbi.nlm.nih.gov/pubmed/1326820
https://doi.org/10.1016/j.virol.2009.11.027
https://doi.org/10.1016/j.virol.2009.11.027
http://www.ncbi.nlm.nih.gov/pubmed/19969321
https://doi.org/10.1016/j.virol.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20206957
https://doi.org/10.1016/j.vetmic.2007.11.037
http://www.ncbi.nlm.nih.gov/pubmed/18215475
https://doi.org/10.1016/j.ympev.2010.12.013
https://doi.org/10.1016/j.ympev.2010.12.013
http://www.ncbi.nlm.nih.gov/pubmed/21195783
https://doi.org/10.1099/vir.0.82694-0
http://www.ncbi.nlm.nih.gov/pubmed/17554024
https://doi.org/10.1016/j.virol.2012.01.039
https://doi.org/10.1016/j.virol.2012.01.039
http://www.ncbi.nlm.nih.gov/pubmed/22386054
https://doi.org/10.1128/JVI.78.22.12698-12702.2004
https://doi.org/10.1128/JVI.78.22.12698-12702.2004
http://www.ncbi.nlm.nih.gov/pubmed/15507660
https://doi.org/10.1128/JVI.01394-12
https://doi.org/10.1128/JVI.01394-12
http://www.ncbi.nlm.nih.gov/pubmed/22855479
https://doi.org/10.1016/j.vetmic.2006.06.010
http://www.ncbi.nlm.nih.gov/pubmed/16854536
https://doi.org/10.1128/JVI.02635-09
http://www.ncbi.nlm.nih.gov/pubmed/20200246
https://doi.org/10.1006/viro.2000.0237
https://doi.org/10.1006/viro.2000.0237
http://www.ncbi.nlm.nih.gov/pubmed/10753723
https://doi.org/10.1177/0300985810383875
http://www.ncbi.nlm.nih.gov/pubmed/20921322
http://www.ncbi.nlm.nih.gov/pubmed/1847267
https://doi.org/10.1371/journal.pone.0047164
https://doi.org/10.1371/journal.pone.0047164
http://www.ncbi.nlm.nih.gov/pubmed/23077564
https://doi.org/10.1006/viro.1994.1064
https://doi.org/10.1006/viro.1994.1064
http://www.ncbi.nlm.nih.gov/pubmed/8291235
https://doi.org/10.1371/journal.ppat.1006781

@’PLOS | PATHOGENS

E6 substrates correlate with primary and tertiary structure

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

Joh J, Jenson AB, King W, Proctor M, Ingle A, Sundberg JP, et al. Genomic analysis of the first labora-
tory-mouse papillomavirus. J Gen Virol. 2011; 92(Pt 3):692-8. https://doi.org/10.1099/vir.0.026138-0
PMID: 21084500.

Phan TG, Kapusinszky B, Wang C, Rose RK, Lipton HL, Delwart EL. The fecal viral flora of wild
rodents. PLoS Pathog. 2011; 7(9):e1002218. https://doi.org/10.1371/journal.ppat.1002218 PMID:
21909269.

White EA, Kramer RE, Tan MJ, Hayes SD, Harper JW, Howley PM. Comprehensive analysis of host
cellular interactions with human papillomavirus E6 proteins identifies new E6 binding partners and
reflects viral diversity. J Virol. 2012; 86(24):13174-86. https://doi.org/10.1128/JV1.02172-12 PMID:
23015706.

Kao WH, Beaudenon SL, Talis AL, Huibregtse JM, Howley PM. Human papillomavirus type 16 E6
induces self-ubiquitination of the E6AP ubiquitin-protein ligase. J Virol. 2000; 74(14):6408—17. PMID:
10864652

Ganti K, Broniarczyk J, Manoubi W, Massimi P, Mittal S, Pim D, et al. The Human Papillomavirus E6
PDZ Binding Motif: From Life Cycle to Malignancy. Viruses. 2015; 7(7):3530-51. https://doi.org/10.
3390/v7072785 PMID: 26147797.

Smelov V, Hanisch R, McKay-Chopin S, Sokolova O, Eklund C, Komyakov B, et al. Prevalence of
cutaneous beta and gamma human papillomaviruses in the anal canal of men who have sex with
women. Papillomavirus Res. 2017; 3:66—72. https://doi.org/10.1016/j.pvr.2017.02.002 PMID:
28720458.

Hampras SS, Rollison DE, Giuliano AR, McKay-Chopin S, Minoni L, Sereday K, et al. Prevalence and
Concordance of Cutaneous Beta Human Papillomavirus Infection at Mucosal and Cutaneous Sites.
The Journal of infectious diseases. 2017; 216(1):92—-6. https://doi.org/10.1093/infdis/jix245 PMID:
28549147.

Shen H, McElhinny AS, Cao Y, Gao P, Liu J, Bronson R, et al. The Notch coactivator, MAML1, func-
tions as a novel coactivator for MEF2C-mediated transcription and is required for normal myogenesis.
Genes Dev. 2006; 20(6):675-88. Epub 2006/03/03. https://doi.org/10.1101/gad.1383706 PMID:
16510869.

Oyama T, Harigaya K, Muradil A, Hozumi K, Habu S, Oguro H, et al. Mastermind-1 is required for
Notch signal-dependent steps in lymphocyte development in vivo. Proc Natl Acad Sci U S A. 2007;
104(23):9764-9. https://doi.org/10.1073/pnas.0700240104 PMID: 17535917.

Oyama T, Harigaya K, Sasaki N, Okamura Y, Kokubo H, Saga Y, et al. Mastermind-like 1 (MamL1)
and mastermind-like 3 (MamL3) are essential for Notch signaling in vivo. Development. 2011; 138
(23):5235—46. https://doi.org/10.1242/dev.062802 PMID: 22069191.

O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, et al. Reference sequence
(RefSeq) database at NCBI: current status, taxonomic expansion, and functional annotation. Nucleic
Acids Res. 2016; 44(D1):D733-45. https://doi.org/10.1093/nar/gkv1189 PMID: 26553804.

Nicolas M, Wolfer A, Raj K, Kummer JA, Mill P, van Noort M, et al. Notch1 functions as a tumor sup-
pressor in mouse skin. Nat Genet. 2003; 33(3):416—21. Epub 2003/02/19. https://doi.org/10.1038/
ng1099 PMID: 12590261.

Rangarajan A, Talora C, Okuyama R, Nicolas M, Mammucari C, Oh H, et al. Notch signaling is a direct
determinant of keratinocyte growth arrest and entry into differentiation. Embo J. 2001; 20(13):3427—
36. Epub 2001/07/04. https://doi.org/10.1093/emboj/20.13.3427 PMID: 11432830.

Blanpain C, Lowry WE, Pasolli HA, Fuchs E. Canonical notch signaling functions as a commitment
switch in the epidermal lineage. Genes Dev. 2006; 20(21):3022—-35. Epub 2006/11/03. https://doi.org/
10.1101/gad. 1477606 PMID: 17079689.

Yamamoto N, Tanigaki K, Han H, Hiai H, Honjo T. Notch/RBP-J signaling regulates epidermis/hair
fate determination of hair follicular stem cells. Curr Biol. 2003; 13(4):333-8. Epub 2003/02/21. PMID:
12593800.

Proweller A, Tu L, Lepore JJ, Cheng L, Lu MM, Seykora J, et al. Impaired notch signaling promotes de
novo squamous cell carcinoma formation. Cancer Res. 2006; 66(15):7438—44. Epub 2006/08/04.
https://doi.org/10.1158/0008-5472.CAN-06-0793 PMID: 16885339.

Rangarajan A, Syal R, Selvarajah S, Chakrabarti O, Sarin A, Krishna S. Activated Notch1 signaling
cooperates with papillomavirus oncogenes in transformation and generates resistance to apoptosis on
matrix withdrawal through PKB/Akt. Virology. 2001; 286(1):23-30. Epub 2001/07/13. https://doi.org/
10.1006/viro.2001.0867 PMID: 11448155.

Talora C, Cialfi S, Segatto O, Morrone S, Kim Choi J, Frati L, et al. Constitutively active Notch1 induces
growth arrest of HPV-positive cervical cancer cells via separate signaling pathways. Exp Cell Res.
2005; 305(2):343-54. Epub 2005/04/09. https://doi.org/10.1016/j.yexcr.2005.01.015 PMID:
15817159.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006781 December 27,2017 26/27


https://doi.org/10.1099/vir.0.026138-0
http://www.ncbi.nlm.nih.gov/pubmed/21084500
https://doi.org/10.1371/journal.ppat.1002218
http://www.ncbi.nlm.nih.gov/pubmed/21909269
https://doi.org/10.1128/JVI.02172-12
http://www.ncbi.nlm.nih.gov/pubmed/23015706
http://www.ncbi.nlm.nih.gov/pubmed/10864652
https://doi.org/10.3390/v7072785
https://doi.org/10.3390/v7072785
http://www.ncbi.nlm.nih.gov/pubmed/26147797
https://doi.org/10.1016/j.pvr.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28720458
https://doi.org/10.1093/infdis/jix245
http://www.ncbi.nlm.nih.gov/pubmed/28549147
https://doi.org/10.1101/gad.1383706
http://www.ncbi.nlm.nih.gov/pubmed/16510869
https://doi.org/10.1073/pnas.0700240104
http://www.ncbi.nlm.nih.gov/pubmed/17535917
https://doi.org/10.1242/dev.062802
http://www.ncbi.nlm.nih.gov/pubmed/22069191
https://doi.org/10.1093/nar/gkv1189
http://www.ncbi.nlm.nih.gov/pubmed/26553804
https://doi.org/10.1038/ng1099
https://doi.org/10.1038/ng1099
http://www.ncbi.nlm.nih.gov/pubmed/12590261
https://doi.org/10.1093/emboj/20.13.3427
http://www.ncbi.nlm.nih.gov/pubmed/11432830
https://doi.org/10.1101/gad.1477606
https://doi.org/10.1101/gad.1477606
http://www.ncbi.nlm.nih.gov/pubmed/17079689
http://www.ncbi.nlm.nih.gov/pubmed/12593800
https://doi.org/10.1158/0008-5472.CAN-06-0793
http://www.ncbi.nlm.nih.gov/pubmed/16885339
https://doi.org/10.1006/viro.2001.0867
https://doi.org/10.1006/viro.2001.0867
http://www.ncbi.nlm.nih.gov/pubmed/11448155
https://doi.org/10.1016/j.yexcr.2005.01.015
http://www.ncbi.nlm.nih.gov/pubmed/15817159
https://doi.org/10.1371/journal.ppat.1006781

@’PLOS | PATHOGENS

E6 substrates correlate with primary and tertiary structure

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Weijzen S, Zlobin A, Braid M, Miele L, Kast WM. HPV16 E6 and E7 oncoproteins regulate Notch-1
expression and cooperate to induce transformation. J Cell Physiol. 2003; 194(3):356—62. https://doi.
org/10.1002/jcp.10217 PMID: 12548555.

Kranjec C, Holleywood C, Libert D, Griffin H, Mahmood R, Isaacson E, et al. Modulation of basal cell
fate during productive and transforming HPV-16 infection is mediated by progressive E6-driven deple-
tion of Notch. J Pathol. 2017; 242(4):448-62. https://doi.org/10.1002/path.4917 PMID: 28497579.

Agrawal N, Frederick MJ, Pickering CR, Bettegowda C, Chang K, Li RJ, et al. Exome sequencing of
head and neck squamous cell carcinoma reveals inactivating mutations in NOTCH1. Science. 2011;
333(6046):1154—7. Epub 2011/07/30. https://doi.org/10.1126/science. 1206923 PMID: 21798897.

Massimi P, Shai A, Lambert P, Banks L. HPV E6 degradation of p53 and PDZ containing substrates in
an E6AP null background. Oncogene. 2008; 27(12):1800—4. https://doi.org/10.1038/sj.onc.1210810
PMID: 17934525.

Elroy-Stein O, Fuerst TR, Moss B. Cap-independent translation of mRNA conferred by encephalomyo-
carditis virus 5’ sequence improves the performance of the vaccinia virus/bacteriophage T7 hybrid
expression system. Proc Natl Acad Sci U S A. 1989; 86(16):6126—-30. PMID: 2548200

Van Doorslaer K, Li Z, Xirasagar S, Maes P, Kaminsky D, Liou D, et al. The Papillomavirus Episteme:
a major update to the papillomavirus sequence database. Nucleic Acids Res. 2017; 45(D1):D499—
D506. https://doi.org/10.1093/nar/gkw879 PMID: 28053164.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004; 32(5):1792-7. https://doi.org/10.1093/nar/gkh340 PMID: 15034147.

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, et al. Phylogeny.fr: robust phyloge-
netic analysis for the non-specialist. Nucleic Acids Res. 2008; 36(Web Server issue):W465-9. https://
doi.org/10.1093/nar/gkn180 PMID: 18424797.

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. New algorithms and methods
to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0. Syst Biol.
2010; 59(3):307-21. https://doi.org/10.1093/sysbio/syq010 PMID: 20525638.

Chevenet F, Brun C, Banuls AL, Jacq B, Christen R. TreeDyn: towards dynamic graphics and annota-
tions for analyses of trees. BMC Bioinformatics. 2006; 7:439. https://doi.org/10.1186/1471-2105-7-
439 PMID: 17032440.

Hornbeck PV, Zhang B, Murray B, Kornhauser JM, Latham V, Skrzypek E. PhosphoSitePlus, 2014:
mutations, PTMs and recalibrations. Nucleic Acids Res. 2015; 43(Database issue):D512—20. https:/
doi.org/10.1093/nar/gku1267 PMID: 25514926.

Webb DJ, Schroeder MJ, Brame CJ, Whitmore L, Shabanowitz J, Hunt DF, et al. Paxillin phosphoryla-
tion sites mapped by mass spectrometry. J Cell Sci. 2005; 118(Pt 21):4925-9. https://doi.org/10.1242/
jcs.02563 PMID: 16254239.

Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ. Jalview Version 2—a multiple
sequence alignment editor and analysis workbench. Bioinformatics. 2009; 25(9):1189-91. https://doi.
org/10.1093/bioinformatics/btp033 PMID: 19151095.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006781 December 27,2017 27/27


https://doi.org/10.1002/jcp.10217
https://doi.org/10.1002/jcp.10217
http://www.ncbi.nlm.nih.gov/pubmed/12548555
https://doi.org/10.1002/path.4917
http://www.ncbi.nlm.nih.gov/pubmed/28497579
https://doi.org/10.1126/science.1206923
http://www.ncbi.nlm.nih.gov/pubmed/21798897
https://doi.org/10.1038/sj.onc.1210810
http://www.ncbi.nlm.nih.gov/pubmed/17934525
http://www.ncbi.nlm.nih.gov/pubmed/2548200
https://doi.org/10.1093/nar/gkw879
http://www.ncbi.nlm.nih.gov/pubmed/28053164
https://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1093/nar/gkn180
https://doi.org/10.1093/nar/gkn180
http://www.ncbi.nlm.nih.gov/pubmed/18424797
https://doi.org/10.1093/sysbio/syq010
http://www.ncbi.nlm.nih.gov/pubmed/20525638
https://doi.org/10.1186/1471-2105-7-439
https://doi.org/10.1186/1471-2105-7-439
http://www.ncbi.nlm.nih.gov/pubmed/17032440
https://doi.org/10.1093/nar/gku1267
https://doi.org/10.1093/nar/gku1267
http://www.ncbi.nlm.nih.gov/pubmed/25514926
https://doi.org/10.1242/jcs.02563
https://doi.org/10.1242/jcs.02563
http://www.ncbi.nlm.nih.gov/pubmed/16254239
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1093/bioinformatics/btp033
http://www.ncbi.nlm.nih.gov/pubmed/19151095
https://doi.org/10.1371/journal.ppat.1006781

