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Abstract

The ES5 proteins are short transmembrane proteins encoded by many animal and human
papillomaviruses. These proteins display transforming activity in cultured cells and animals, and
they presumably also play a role in the productive virus life cycle. The E5 proteins are thought to
act by modulating the activity of cellular proteins. Here, we describe the biological activities of the
best-studied E5 proteins and discuss the evidence implicating specific protein targets and
pathways in mediating these activities. The primary target of the 44-amino acid BPV1 E5 is the
PDGF [ receptor, whereas the EGF receptor appears to be an important target of the 83-amino
acid HPV16 E5 protein. Both E5 proteins also bind to the vacuolar ATPase and affect MHC class
I expression and cell-cell communication. Continued studies of the E5 proteins will elucidate
important aspects of transmembrane protein-protein interactions, cellular signal transduction, cell
biology, virus replication, and tumorigenesis.
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Introduction

Papillomaviruses undergo productive infection in epithelial cells in their natural animal
hosts. Infection initially occurs in the basal epithelial cells, but no progeny virus is produced
in these cells. Rather, as the cells migrate away from the basal layer toward the surface of
the epithelium and undergo terminal keratinocyte differentiation, vegetative viral DNA
replication occurs and the viral late genes are expressed, leading to the production of
infectious virus. All conserved viral genes presumably play a role in the productive viral
replication cycle. Some papillomavirus proteins, such as the E1 major viral DNA replication
protein and the L1 major capsid protein, play direct roles in viral replication, but other viral
proteins generate a cellular environment conducive to high level viral DNA replication or
late gene expression, for example by driving cells into S-phase or blocking differentiation.
In cultured cells, these latter activities can induce a non-productive form of infection known
as cell transformation, in which no progeny virus particles are produced and only a subset of
viral genes is expressed. Transformed cells display many features of tumor cells, and the
viral genes that transform cells are the oncogenes responsible for tumor formation /n vivo.
Thus, study of viral oncogenes and cell transformation will provide insights not only into
aspects of carcinogenesis but also into the underlying biochemical activities of the viral
proteins that evolved to support productive infection.

Many but not all papillomaviruses encode E5 proteins, short membrane-associated proteins
with transforming activity but poorly defined roles in productive infection. The E5 gene is
located at the 3" end of the early region of the viral genome and is expressed from a spliced
MRNA that initiates upstream of the E2 gene. Ranging in size from approximately 40 to 85
amino acids, the E5 proteins are rich in hydrophobic amino acids clustered into one or more
putative transmembrane domains. The E5 proteins are not thought to have intrinsic
enzymatic activity, but rather act by modulating the activity of a variety of cellular proteins
(Table 1). However, because of their small size and largely hydrophobic nature, the E5
proteins lack the large soluble, globular domains that typically mediate specific protein-
protein interactions. Rather, the E5 proteins utilize an alternative mechanism to engage their
target proteins. Short proteins and peptides are often unstructured in solution, but the
hydrophobic composition of the E5 proteins enforces a stable conformation that provides a
novel interface for protein interactions. In the hydrophobic membrane environment, the
main-chain amide and carboxyl groups of transmembrane domains form hydrogen bonds
with each other to minimize the energetic cost of membrane insertion, resulting in the
formation of an a—helix. Thus, despite their small size and unusual composition, the E5
proteins adopt an energetically favorable, well-formed structure in cell membranes in which
the amino acid side-chains are radially displayed on the outside of the helical axis. Thus
disposed, these side-chains can interact within the membrane in a sequence-specific manner
with other molecules of the E5 protein, thereby undergoing homo-oligomerization, or with
the transmembrane segments of cellular proteins, forming protein complexes.

Because only two E5 proteins have been studied in detail, those encoded by bovine
papillomavirus type 1 (BPV1), a fibropapillomavirus, and human papillomavirus type 16
(HPV16), a high-risk genital papillomavirus, this review focuses primarily on these proteins.
Although BPV1 and HPV16 E5 show minimal sequence similarity with each other, they
both transform cells and display overlapping targets and activities (Figure 1). A more
detailed description of the E5 proteins and their activities is available in the excellent review
by Venuti et al. (Venuti et al., 2011).
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Fibropapillomavirus E5 proteins

The most highly conserved E5 proteins are encoded by the fibropapillomaviruses, a clade of
closely related papillomaviruses designated the delta papillomaviruses (van Doorslaer,
2013). These viruses infect ungulates, such as cattle, moose, and deer, resulting in the
formation of warts characterized by a prominent dermal fibroblast proliferative component
as well as an overlying epithelial papilloma (Figure 2). In contrast, the papillomas caused by
other papillomaviruses (such as the human papillomaviruses, which express distinct E5
proteins or no E5 protein at all) consist exclusively of epithelial keratinocytes. The best
understood E5 protein is encoded by BPV1, a fibropapillomavirus. In bovine cutaneous
warts caused by BPV1, the 44-amino acid E5 protein is localized to the basal keratinocytes
(where it might stimulate cell proliferation) and to highly-differentiated keratinocytes in
superficial epithelial layers where virus production occurs (Burnett, Jareborg, and DiMaio,
1992), and it is assumed that E5 is also expressed in the proliferative dermal fibroblasts. The
E5 protein is also expressed in other BPV1-induced tumors including bovine urinary bladder
tumors, fibropapillomas in water buffalos, and equine sarcoids, a fibroblastic tumor of
horses and related species caused by BPV1 and the nearly identical BPV2 (Carr et al., 2001;
Silvestre et al., 2009). In addition to their overall hydrophobic composition and similar sizes,
all fibropapillomavirus E5 proteins contain a glutamine at position 17, an aspartic acid or
glutamic acid at position 33, and cysteines at positions 37 and 39 (Figure 3). As noted
below, all four of these amino acids are required for biological activity of BPV1 E5 in
cultured fibroblasts.

The BPV1 E5 protein exists in cells primarily as a dimer localized to membranes of the
endoplasmic reticulum (ER) and Golgi apparatus (Schlegel et al., 1986). Since E5 dimers
are converted to monomers by reducing agents in the presence of SDS or by mutation of the
C-terminal cysteine residues, it is thought that covalent dimerization is mediated by disulfide
bonds involving these cysteines (Horwitz et al., 1988; Schlegel et al., 1986). This suggests
that the E5 protein is oriented with its C-terminus in the lumen of the ER or Golgi, which is
a non-reducing environment, and not in the reducing environment of the cytoplasm, which
would disrupt the disulfide bonds. This orientation was also inferred from the results of
antibody binding experiments (Burkhardt et al., 1989). Thus, the C-terminus of the E5
protein points away from the cytoplasm, classifying it as a type Il transmembrane protein.
Because of its small size, the E5 protein can be considered an isolated transmembrane
domain, which is thought to span the membrane a single time (Figure 4).

Transforming activity of BPV1 E5

The BPV1 E5 protein displays robust transforming activity in cultured fibroblasts. In the
absence of other viral or cellular genes, BPV1 E5 can transform cultured murine NIH3T3
and C127 fibroblast cell lines as well as non-immortalized human foreskin fibroblasts
(Bergman et al., 1988; Burkhardt, DiMaio, and Schlegel, 1987; DiMaio, Guralski, and
Schiller, 1986; Petti, Nilson, and DiMaio, 1991; Petti and Ray, 2000; Schiller et al., 1986).
In contrast to the cobblestone appearance of a monolayer of untransformed cells, BPV1 E5-
transformed cells acquire a transformed morphology consisting of a piled-up, highly-
refractile and spindle-shaped appearance (Figure 5). Transformed cells also escape from
contact inhibition, resulting in DNA synthesis at confluence, higher saturation density, and
formation of transformed foci on a monolayer of untransformed cells; lose anchorage
dependence and acquire the ability to form cell colonies in semisolid medium; and display
tumorigenicity. Upon extended incubation at confluence, E5-transformed human fibroblasts
undergo apoptosis, which appears to be due to a secretion of soluble factor that activates the
cellular pro-apoptotic protein, Bax (Zhang, Lehman, and Petti, 2002). The E5 protein also
activates NF-kB and modulates arachadonic acid metabolism and expression of tissue
metalloproteases, which may affect cell invasion and motility (Kilk et al., 1996; Tsirimonaki
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et al., 2006; Vali, Kilk, and Ustav, 2001; Yuan et al., 2011a). The BPV1 genome also
contains two other oncogenes, E6 and E7, which display weaker focus forming activity than
E5 in cultured fibroblasts (Neary and DiMaio, 1989). In contrast, E6 and E7 are the primary
HPV oncogenes. This difference may be due at least in part to the cells in which
transformation is measured, typically fibroblasts for BPV1 and keratinocytes for HPV.

The high conservation of the fibropapillomavirus E5 proteins since the divergence of their
animal hosts millions of years ago suggests that, in addition to their ability to transform
cells, these proteins play a role in some essential aspect of virus replication. The strict
correlation between the presence of a BPV1-like E5 gene with potent transforming activity
in cultured fibroblasts and the ability of these viruses to form fibropapillomas in infected
animals suggests that the E5 protein is responsible for the unique ability of this group of
viruses to induce warts with a fibroblastic component. However, since the vast majority of
papillomaviruses replicate in the absence of fibroblast proliferation, the contribution of
dermal fibroblasts to wart formation and virus replication is unclear. Indeed, organotypic
cell culture experiments demonstrated that E5-transformed fibroblasts are not required for
virion production by BPV1-infected bovine keratinocytes (McBride, Dlugosz, and Baker,
2000). This implies that the E5 protein plays a role in infected keratinocytes to support virus
replication, presumably to generate the proper cellular environment for his process.
However, the precise nature of the contribution of E5 to virus replication is obscure, as is its
relationship to the ability of the E5 protein to transform cells.

Role of PDGF B receptor in E5 transformation

In cultured cells and in animals, the transforming activity of BPV1 E5 is tightly linked to its
ability to bind to and activate the cellular platelet-derived growth factor (PDGF) B receptor
(Table 2). The ~1000-amino acid PDGF (3 receptor is a receptor tyrosine kinase consisting of
an extracellular ligand-binding domain, a single transmembrane domain, and a cytoplasmic
catalytic domain. In the absence of ligand, the PDGF [ receptor is monomeric and
unphosphorylated. Binding of PDGF to the extracellular domain of the receptor induces
receptor dimerization, which in turn results in autophosphorylation of the intracellular
domain of the receptor on tyrosine residues and recruitment and activation of cellular
signaling proteins, resulting in mitogenesis (Figure 6). Sustained mitogenic signaling by the
PDGF receptor, for example in response to expression of the v-sis oncogene (which encodes
a homologue of PDGF), results in tumorigenic transformation.

Like v-sis, the BPV1 ES5 protein causes sustained activation of the cellular PDGF f receptor,
as assessed by increased receptor dimerization, tyrosine phosphorylation, in vitro tyrosine
kinase activity, and assembly into complexes with known cytoplasmic mediators of PDGF
receptor signaling (Drummond-Barbosa et al., 1995; Goldstein et al., 1992; Goldstein et al.,
1994; Lai, Henningson, and DiMaio, 1998; Lai, Henningson, and DiMaio, 2000; Petti,
Nilson, and DiMaio, 1991). The importance of PDGF B receptor in E5-induced
transformation was shown most clearly in gene transfer experiments. In these studies, the E5
protein was inert in epithelial and hematopoietic cells lacking PDGF f receptor, but could
induce tumorigenic transformation or growth factor independence in these cells after transfer
of the receptor gene (Drummond-Barbosa et al., 1995; Goldstein et al., 1994; Nilson and
DiMaio, 1993). These experiments also demonstrated that transformation required PDGF (3
receptor kinase activity (Drummond-Barbosa et al., 1995). In addition, transformation of
fibroblasts was blocked by pharmacologic inhibition of PDGF receptor enzymatic activity or
by genetic manipulations that inhibited expression or activity of the PDGF  receptor or its
signaling pathway (Figure 5) (Klein et al., 1998; Lai, Edwards, and DiMaio, 2005; Petti and
Ray, 2000; Riese and DiMaio, 1995; Yuan et al., 2011a; Yuan et al., 2011b).
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These gene transfer studies also showed that the functional interaction between the E5
protein and the PDGF [ receptor was highly specific. Although the E5 protein can induce
growth factor independence in cooperation with the PDGF [ receptor, it does not cooperate
with the PDGF a receptor, a closely related receptor tyrosine kinase, which also binds
PDGF (Goldstein et al., 1994; Petti and DiMaio, 1994; Staebler et al., 1995). Similarly,
some single amino acid substitutions in and around the transmembrane domain of the PDGF
B receptor prevented cooperation, also implying that productive interaction with the PDGF (8
receptor was highly specific (Nappi and Petti, 2002; Nappi, Schaefer, and Petti, 2002; Petti
et al., 1997). On the other hand, deletion of the extracellular, ligand-binding domain of the
PDGF B receptor did not inhibit cooperation (Drummond-Barbosa et al., 1995; Staebler et
al., 1995). Because these extracellular deletions prevented the receptor from responding to
PDGF but did not affect E5 activity, this result demonstrated that the E5 protein activates
the PDGF B receptor in a ligand-independent manner.

The ligand independence of E5-mediated PDGF (3 receptor activation implied that the viral
protein utilized a novel mechanism of activation. Indeed, co-immunoprecipitation analysis
from detergent extracts of transformed cells demonstrated that the E5 protein and the
tyrosine-phosphorylated PDGF { receptor exist in a stable complex in these cells (Goldstein
et al., 1992; Petti and DiMaio, 1992). Complex formation occurred with PDGF (3 receptor
mutants lacking the extracellular binding domain, and studies of receptor mutants and
chimeras mapped binding to the transmembrane domain of the receptor (Figure 6) (Cohen et
al., 1993; Drummond-Barbosa et al., 1995; Goldstein et al., 1992; Petti et al., 1997; Staebler
et al., 1995). Indeed, the E5 protein was able to form a complex with a short segment of the
PDGF (3 receptor consisting largely of its transmembrane domain, demonstrating that this
domain was sufficient for complex formation (Nappi, Schaefer, and Petti, 2002). Mutational
analysis summarized in the next section demonstrated a strong correlation between PDGF (3
receptor binding and activation and cell transformation.

PDGF (3 receptor activation also appears responsible for the tumorigenic activity of BPV1 in
vivo. The transformed dermal fibroblasts in fibropapillomas and equine sarcoids are rich in
PDGF (3 receptor. Animals experimentally infected with BPV1 develop tumors of
mesenchymal cells such as meningiomas, sarcomas, and chondromas, which express
abundant PDGF f receptor, suggesting that this receptor is also a prime target of the E5
protein in vivo.

Borzacchiello and colleagues have conducted a comprehensive analysis of E5 expression
and activity in naturally occurring animal tumors {reviewed in (Corteggio et al., 2013)}.
They found that the PDGF P receptor and its downstream signaling pathways are activated
in skin and urinary bladder fibropapillomas and in equine sarcoids (Table 2) (Bocaneti et al.,
2012; Borzacchiello et al., 2009; Borzacchiello et al., 2006; Corteggio et al., 2011;
Corteggio et al., 2010; Roperto et al., 2013). Most strikingly, the PDGF  receptor is
colocalized or physically associated with the E5 protein in these lesions. E5 expression may
also cause a number of other biochemical abnormalities in tumor cells, including effects on
connexin 26 (which may affect cell-cell communication) and calpain 3 (Roperto et al., 2010;
Silva et al., 2012). These studies also revealed expression of E5 in unexpected places,
including white blood cells and the placentas of cows suffering from BPV2-induced bladder
tumors (Brandt et al., 2008; Roperto et al., 2012; Roperto et al., 2011; Roperto et al., 2010).
In the placentas, the E5 protein was associated with activated PDGF (3 receptor.

Taken together, these experiments indicated that the E5 protein binds stably to the
transmembrane region of the PDGF [ receptor, resulting in receptor dimerization and
activation as well as transformation in cultured cells and in animals (Figure 6). These results
not only uncovered a novel mechanism of viral transformation, but demonstrated that
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receptor tyrosine kinases can be activated by proteins unrelated to their normal ligands.
Furthermore, these experiments highlighted the ability of transmembrane domains to
undergo highly specific, biologically relevant interactions.

Mutational analysis of the BPV1 E5 protein

The BPV1 E5 protein has been subjected to extensive mutational analysis. In general,
hydrophaobic substitutions in the transmembrane segment of the E5 protein (approximately
spanning residues 10 to 32) do not inhibit transforming activity (Horwitz et al., 1988).
Indeed, the E5 protein can tolerate wholesale substitutions of hydrophobic amino acids,
particularly if glutamine or a related hydrophilic amino acid is retained at position 17
(Horwitz, Weinstat, and DiMaio, 1989; Kulke et al., 1992; Meyer et al., 1994). In contrast,
many substitutions at GIn17 and Asp33 interfered with activity (Klein et al., 1999; Klein et
al., 1998; Sparkowski, Anders, and Schlegel, 1994). Replacement of the cysteines in E5 with
serine also inhibits dimer formation, transformation, and complex formation with the PDGF
[ receptor, suggesting that E5 dimerization is required for activity (Horwitz et al., 1988;
Nilson et al., 1995). Consistent with this interpretation, a heterologous dimerization domain
can compensate for the absence of the cysteines (Mattoon et al., 2001). The strict
conservation of these four required residues (GIn17, Asp33, Cys37, and Cys39) in
fibropapillomavirus E5 proteins suggests that the ability of E5 to activate the PDGF 3
receptor has been conserved throughout fibropapillomavirus evolution (Figure 3). In
general, E5 mutations coordinately affect PDGF ( receptor activation and focus formation,
providing genetic evidence that activation is required for cell transformation (Klein et al.,
1999; Klein et al., 1998; Nilson et al., 1995; Sparkowski et al., 1996).

The PDGF p receptor is a type | transmembrane protein, /.e., with its N-terminus extending
away from the cytoplasm. In contrast, as noted above, the E5 protein appears to adopt the
opposite orientation. Thus, if the E5 protein and the transmembrane domain of the PDGF j
receptor contact one another directly, they align in an anti-parallel orientation. This would
place Asp33 in E5 at the extracellular membrane interface near the juxtamembrane Lys499
in the PDGF f receptor. Because Asp33 and Lys499 have opposite charges, they could form
a salt bridge to stabilize the E5/PDGF f receptor complex (Meyer et al., 1994; Surti et al.,
1998). Similarly, GIn17 of E5 could form a hydrogen bond with Thr513 in the PDGF 8
receptor transmembrane domain (or with a main-chain polar group in the vicinity of
Thr513). The results of mutational analysis are consistent with this arrangement: a
negatively-charged amino acid is required at position 33 and an amino acid capable of
hydrogen bond formation is required at position 17 (Adduci and Schlegel, 1999; Klein et al.,
1999; Klein et al., 1998; Sparkowski, Anders, and Schlegel, 1994). In addition, mutations at
positions 499 and 513 PDGF f receptor (as well as at some additional positions) also disrupt
complex formation and inhibit transforming activity (Nappi and Petti, 2002; Nappi,
Schaefer, and Petti, 2002; Petti et al., 1997). In most but not all studies, mutations
coordinately affect complex formation and PDGF [ receptor activation, suggesting that
complex formation is required for receptor activation.

A novel genetic approach was used to map the interface of the two E5S monomers within the
ES5 dimer (Mattoon et al., 2001). Varying extents of the E5 protein were fused to Put3, a
dimeric yeast protein. In essence, this forced the E5 monomers to adopt different rotational
orientations relative to one another in each of the constructs. Testing the different constructs
in C127 cell focus forming assays identified a single one with robust activity. Based on the
known structure of Put3, the active construct was predicted to have an E5 dimer interface
consisting of E5 amino acids Alal4, GInl7, Leu2l, Leu24, and Phe28. This interface is
consistent with molecular modeling studies summarized below. On the other hand, alanine
scanning mutations along the length of the E5 protein produced a more complicated picture;
some mutations differentially affected the ability of the E5 protein to form dimers and
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higher order oligomers, bind the PDGF [ receptor, activate the receptor, and transform cells.
On the basis of these studies, Adduci and Schlegel (Adduci and Schlegel, 1999) proposed
that the E5 protein could adopt alternative homo-oligomeric interfaces (neither of which
corresponded to the 14/17/21/24/28 interface described above). These latter experiments
also identified a face on the E5 protein proposed to bind to the PDGF B receptor. The basis
for these discrepancies is not clear, and a full understanding of the structure of the E5 dimer
and its association with the PDGF B receptor will require high-resolution structural studies.

Studies of the E5 protein and its mutants may also provide insight into PDGF 3 receptor
itself. Some mutants containing substitutions in the carboxy-terminal end of the E5 protein
increased the saturation density of mortal human fibroblasts but, unlike wild-type E5 or v-
sis, did not induce focus formation (Nilson et al., 1995; Petti et al., 2008). In cells expressing
these mutants, PDGF [ receptor recruited certain signaling substrates and not others, and a
receptor signaling pathway involving SHP2-p66shc-p190BRhoGAP correlated specifically
with focus formation and not with other transformed phenotypes (Petti et al., 2008). Thus, it
appears that these E5 mutants cause partial activation of the PDGF f receptor, presumably
by causing phosphorylation of only a subset of the ten or more tyrosines in the intracellular
domain of the receptor that are phosphorylated in response to ligand treatment. Further
analysis of these and other E5 mutants may reveal unexpected features of PDGF receptor
signaling.

Biophysical characterization of BPV1 E5

The BPV1 E5 protein has also been subjected to biophysical analysis. Spectroscopic studies
on synthetic E5 peptides and recombinant proteins in lipid bilayers indicated that the protein
adopted a transmembrane orientation with an overall a-helical configuration (Surti et al.,
1998; Windisch et al., 2010). Analytical centrifugation and nuclear magnetic resonance
(NMR) experiments demonstrated that the E5 transmembrane domain has intrinsic
dimerization potential in the absence of the C-terminal disulfide bonds, suggesting that
transmembrane domain interactions nucleate E5 dimer formation, which is subsequently
stabilized by disulfide bond formation (Oates et al., 2008; Windisch et al., 2010).

Molecular modeling conducted by molecular dynamics and energy minimalization
approaches identified a potential low-energy model of the E5 dimer in which the monomers
form a symmetric, left-handed coiled-coil with the dimer interface comprised of amino acids
Alal4, GInl7, Leu21, Leu24, Phe 28, with GIn17 hydrogen bonding to its counterpart on the
opposite helix (Surti et al., 1998). NMR analysis of E5 peptides is also consistent with the
symmetric 14/17/21/24/28 dimer interface (King et al., 2011). In this model, which is
congruent with the model derived from the Put3 experiments, the essential GIn17 from one
E5 monomer and Asp33 from the other are on the same face of the dimer where they are in a
position to interact directly with one molecule of the PDGF [ receptor (Surti et al., 1998).
This model thus proposes that dimerization of the E5 protein generates the PDGF 3 receptor
binding site, explaining why E5 dimerization is required for complex formation with the
PDGF (3 receptor. Because the E5 dimer has two such faces, this model also provides a
simple explanation for the ability of the E5 protein to induce dimerization of the PDGF (8
receptor. More recent molecular modeling docked the PDGF f3 receptor transmembrane
domain onto the E5 dimer in a manner consistent with these assignments (King et al., 2011).
However, it should be noted that these modeling exercises did not account for the effects of
the lipid bilayer on E5 structure and, as noted above, no high-resolution information yet
exists.
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Alternative E5 activities and models for E5 action

Although the BPV1 ES5 protein can transform fibroblasts by activating the PDGF (3 receptor,
in some situations the E5 protein may utilize a different mechanism to transform cells. In
particular, Schlegel and colleagues reported the existence of E5 substitution mutants that had
lost the ability to bind or activate the PDGF [ receptor yet retained transforming activity
(Sparkowski et al., 1996; Suprynowicz et al., 2002; Suprynowicz et al., 2000). They
furthermore showed that these mutants activated intracellular signaling pathways involving
the c-src proto-oncogene product and P13'kinase, and that src signaling was required for
transformation by one of these mutants. However, our group reported that several of these
anomalous E5 mutants did in fact activate the PDGF  receptor (Lai, Edwards, and DiMaio,
2005), and srcand PI3'kinase are known components of the PDGF f receptor signaling
network, so it remains unclear if these mutants truly utilize an alternative mechanism of
transformation, or if these apparent differences rather reflect technical differences in
measuring PDGF [ receptor binding and activation.

The BPV1 E5 protein (and other E5 proteins, see below) also forms a stable complex with
the 16kDa, transmembrane subunit ¢ (designated 16K) of the vacuolar ATPase (V-ATPase),
a multi-subunit protein complex that normally causes acidification of intracellular organelles
such as the Golgi apparatus (Goldstein et al., 1992; Goldstein et al., 1991). This interaction
is thought to involve GIn17 in the E5 protein and a glutamic acid in the fourth
transmembrane domain of the 16K protein, and it appears to inhibit VV-ATPase activity,
resulting in alkalinization and swelling of the Golgi apparatus and other vesicular structures
(Andresson et al., 1995; Schapiro et al., 2000; Tsirimonaki et al., 2006). It has been
proposed that the 16K/E5 interaction may affect transformation (Andresson et al., 1995;
Schapiro et al., 2000), but the role of this interaction in E5-mediated transformation has not
been studied in detail.

In addition to its transforming activity, the BPV1 E5 protein decreases cell-surface
expression of major histocompatibility complex class | (MHCI) antigens (Ashrafi et al.,
2002), an activity shared with other E5 proteins (see below). BPV ES5 proteins use multiple
mechanisms to down-regulate MHCI expression, including transcriptional repression and
inhibition of intracellular trafficking (Ashrafi et al., 2006a; Marchetti et al., 2002). MHCI
down-regulation may contribute to immune evasion by inhibiting recognition of infected
cells by cytotoxic T lymphocytes.

Reprogramming the BPV1 E5 protein

If specific amino acids in the transmembrane domain of the E5 protein bind directly to the
transmembrane domain of the PDGF [ receptor, it may be possible to identify other
transmembrane sequences that also recognize the PDGF (3 receptor. To accomplish this, we
constructed libraries expressing hundreds of thousands of artificial proteins modeled on the
E5 protein, but containing randomized sequences of hydrophobic amino acids in place of the
transmembrane domain of the native E5 protein. Genetic techniques were then used to select
rare, biologically active proteins from these libraries. We used this approach to isolate many
different transmembrane proteins, some as small as 32 amino acids, that activated the PDGF
(3 receptor and transformed cells (Freeman-Cook et al., 2004; Freeman-Cook et al., 2005;
Ptacek et al., 2007; Talbert-Slagle et al., 2009) (e.g., TM36-4 in Figure 7). The
transmembrane domain sequences of these novel oncogene products are strikingly different
from each other and from the ES5 protein, indicating that multiple divergent transmembrane
sequences can accommodate the transmembrane domain of the PDGF (3 receptor.
Furthermore, none of the tested proteins activated the PDGF a receptor, suggesting that the
specificity of the E5 protein for the PDGF { receptor did not arise because of natural
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selection against a viral protein that activated the PDGF o receptor, but rather that these
small transmembrane proteins are intrinsically specific.

We have also isolated similar small transmembrane proteins that functionally interact with
different transmembrane targets. For example, we selected a 44-amino acid transmembrane
protein, TC2-3, that activates the human erythropoietin receptor (EPOR) but not the PDGF (3
receptor and induces erythroid differentiation of human hematopoietic progenitor cells
(Figure 7) (Cammett et al., 2010). Strikingly, TC2-3 does not activate the murine EPOR,
highlighting the exquisite specificity of small transmembrane proteins. Similarly, we have
isolated multiple small traptamers (e.g., BY1PC2 in Figure 7) with diverse transmembrane
domains that specifically inhibit expression of a multipass transmembrane protein, CCR5
(Scheideman et al., 2012). Because CCR5 is an essential cell surface receptor for human
immunodeficiency virus, these proteins selectively inhibit infection by HIV types that
require CCRS for cell entry. The transmembrane sequences of TC2-3 and BY1PC2 do not
resemble the E5 protein (Figure 7). Thus, the BPVV1 E5 protein has been used as a model to
construct artificial, transmembrane proteins with novel biological activities.

Human papillomavirus E5 proteins

Studies of the BPV1 E5 protein paved the way for similar analysis of HPV E5 proteins.
Although the HPV E5 proteins are very hydrophobic, they share no sequence similarity with
BPV1 E5 and in the case of the high-risk HPV are about twice as large. Not all HPVs
encode an E5 protein, and several open reading frames designated E5 in various HPV types
are likely to be spurious (Bravo and Alonso, 2004). Comprehensive sequence and
phylogenetic analysis of the HPV ES5 region identified several different classes of E5
proteins (Bravo and Alonso, 2004). The high-risk HPVs infecting genital mucosa, including
HPV16, the most prevalent HPV type in cervical, other anogenital, and oropharyngeal
cancers (zur Hausen, 2009), encode a conserved ~80-amino acid protein (designated E5a)
with weak transforming activity in cultured cells and animals (Figure 8). The 83-amino acid
HPV16 ES5 protein (16E5) has been subjected to extensive analysis, but the molecular basis
for its biological activities is still not well understood. The low-risk genital HPVs such as
HPV6 and HPV11, which cause genital warts, encode two E5 proteins (designated ESA and
E5B or E5y and E59). These E5 proteins are only distantly related to 16E5 (Figure 8), and
E5A displays weak transforming activity in limited studies. The sequences of the E5
proteins from the HPVs and related papillomaviruses are shown in Figure 9. Based on the
presence of a conserved E5 gene in many HPVs, it is likely that HPV E5 plays a significant
role in the virus replicative life cycle. Strikingly, the HPV E5 genes appear to have
coevolved with the major HPV oncogenes E6 and E7, and their presence in the viral genome
correlates with risk of cancer, suggesting that the E5 proteins may contribute to human
carcinogenesis (Bravo and Alonso, 2004; Schiffman et al., 2005).

Oncogenic activity of HPV E5

The major transforming activity of the HPVs resides in the E6 and E7 genes, which can
immortalize primary human keratinocytes in culture and display potent oncogenic activity in
transgenic mice. In cultured cells, HPV ES5 proteins are weakly transforming when
expressed alone and require a cofactor for more robust activity. The first HPV E5 gene
shown to have transforming activity is encoded by HPV6 (Chen and Mounts, 1990), which
can induce focus formation and anchorage independence in murine fibroblasts, but virtually
all subsequent studies focused on 16E5. At physiological levels of expression in human
foreskin keratinocytes, 16E5 localizes primarily to the ER, while at higher expression levels
is it present in the membranes of the Golgi apparatus, plasma membrane and nuclear
envelope as well (Conrad, Bubb, and Schlegel, 1993; Disbrow, Hanover, and Schlegel,
2005; Hu and Ceresa, 2009; Krawczyk et al., 2010; Lewis et al., 2008; Oetke et al., 2000;
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Suprynowicz et al., 2008). There are conflicting reports regarding the orientation of 16E5 in
the membrane (Hu and Ceresa, 2009; Hu et al., 2009; Krawczyk et al., 2010).

16E5 acts synergistically with epidermal growth factor (EGF) in murine fibroblasts to
induce anchorage independent growth and growth in low serum (Leechanachai et al., 1992;
Pim, Collins, and Banks, 1992; Straight et al., 1993), as well as to enhance DNA synthesis
in primary human keratinocytes (Straight et al., 1993). Furthermore, both 6E5 and 16E5
cooperate with HPV E7 to induce the proliferation of primary rodent epithelial cells
(Bouvard et al., 1994; Vallee and Banks, 1995). 16E5 displays additional transforming
activities, including the ability to render mouse cell lines tumorigenic (Leechanachai et al.,
1992; Leptak et al., 1991), enhance the ability of E6 and E7 to immortalize primary human
keratinocytes (Stoppler et al., 1996), and increase the motility and invasiveness of a human
keratinocyte cell line (Barbaresi et al., 2010; Kivi et al., 2008). The N-terminal hydrophobic
domain of 16ES5 is required for its ability to induce anchorage independent growth and
invasiveness of human keratinocytes (Barbaresi et al., 2010; Lewis et al., 2008). 16E5 does
not induce focus formation in fibroblasts (Chen and Mounts, 1990; Disbrow et al., 2003;
Leptak et al., 1991; Suprynowicz et al., 2005), a signature activity of BPV1 ES5.

Despite its weak transforming activity /n vitro, high-risk HPV E5 may play an important
role in carcinogenesis. Analysis of natural variants of 16E5 revealed that those with the
greatest mitogenic activity /n vitro were derived from HPV16 strains most commonly
associated with cervical neoplasia (Nath et al., 2006), and as noted above, the presence of an
E5 gene in the viral genome is correlated with carcinogenic potential (Bravo and Alonso,
2004; Schiffman et al., 2005). Importantly, expression of 16E5 in stratified squamous
epithelia in transgenic mice causes epidermal hyperplasia and a higher frequency of
spontaneous skin tumors (Genther-Williams et al., 2005). Genetic studies demonstrated that
EGF receptor (EGFR) signaling is required for E5-induced epidermal hyperplasia (Figure
10). Prolonged estrogen treatment of 16E5 transgenic mice caused cervical cancer, although
E5 is less active in this assay than E6 or E7 (Genther-Williams et al., 2005; Maufort et al.,
2010). In human cervical cancers, the HPV18 E5 gene is often deleted upon integration of
the viral DNA into the host cell genome (Schwarz et al., 1985), and detection of the E5
protein in cervical cancers has proven difficult. However, the viral genome persists as a
plasmid in some HPV16-positive cervical carcinomas (Choo et al., 1987; Cullen et al., 1991;
Matsukura, Koi, and Sugase, 1989), and the 16E5 protein has been detected in precancerous
and malignant HPV16-positive cervical lesions (Chang et al., 2001; Kell et al., 1994; Sahab
etal., 2012), suggesting that HPV E5 may contribute to malignant progression. Such a role
is supported by the finding that 16E5 contributes to both the promotion and progression
stages of skin carcinogenesis in transgenic mice (Maufort et al., 2007).

Role of the EGFR in the oncogenic activity of HPV E5

Several lines of evidence implicate the EGFR, a transmembrane receptor tyrosine kinase, as
a key mediator of the transforming effects of 16E5. As mentioned above, EGF stimulates the
transforming and mitogenic activity of 16E5 in cultured cells (Leechanachai et al., 1992;
Pim, Collins, and Banks, 1992; Straight et al., 1993), and EGFR signaling is required for E5-
induced epithelial hyperplasia in transgenic mice (Genther-Williams et al., 2005).
Importantly, numerous studies demonstrated that 16E5 increases the levels of EGFR at the
cell surface, thereby sensitizing cells to EGF (Crusius et al., 1998; Pim, Collins, and Banks,
1992; Straight et al., 1993; Tomakidi et al., 2000b). Thus, unlike BPV1 E5, 16E5 does not
activate its target receptor in a ligand-independent manner.

16E5 also stimulates EGFR signaling pathways. It promotes prolonged activation of
ERK1/2 and AKT in response to EGF (Crusius, Auvinen, and Alonso, 1997; Gu and
Matlashewski, 1995; Pim, Collins, and Banks, 1992; Zhang, Spandau, and Roman, 2002).
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16E5 also stimulates expression of the c-jun and c-fos oncogenes by acting through the NF1
regulatory element (Chen et al., 1996b; Chen et al., 1996¢), and it increases the expression
of cyclooxygenase-2 (COX-2) and vascular endothelial growth factor (VEGF) via multiple
EGFR-dependent pathways (Kim et al., 2006; Kim et al., 2009). The up-regulation of
COX-2 generates a positive feedback loop of prostaglandin E2 (PGE2) signaling, resulting
in up-regulation of the PGE2 receptor Ep4, which appears to promote VEGF expression and
contribute to anchorage independent growth (Oh et al., 2009). Finally, 16E5 down-
modulates the cell cycle inhibitors p21 and p27 in fibroblasts and keratinocytes by both
transcriptional and post-translational mechanisms (Pedroza-Saavedra et al., 2010; Tsao et
al., 1996). In contrast, 16E5 appears to inhibit the action of ErbB4, a different member of the
EGFR family (Chen et al., 2007).

The molecular mechanism by which 16ES5 affects EGFR levels or signaling is unresolved. It
has been reported that 16E5 can form a stable complex with the EGFR in cells
overexpressing the receptor (Hwang, Nottoli, and DiMaio, 1995), but a second group failed
to demonstrate this interaction (Conrad et al., 1994), and an interaction between an HPV E5
protein and endogenous EGFR has not been reported. 16E5 may increase EGFR levels
indirectly by expediting the transport of the receptor from endosomes to the cell surface
(Straight et al., 1993). It was initially reported that 16E5 reduced endosomal acidification
and thereby inhibited lysosomal degradation of internalized EGFR, resulting in increased
receptor recycling to the cell surface (Straight, Herman, and McCance, 1995). These results
are consistent with subsequent findings that the C-terminus of 16E5 is required for
enhancing ligand-dependent EGFR activation as well as increasing endosomal pH (Disbrow,
Hanover, and Schlegel, 2005; Rodriguez, Finbow, and Alonso, 2000). 16E5 may modulate
endosome acidification via its ion channel activity or its inhibition of the VV-ATPase (see
below). However, other studies suggested that 16E5 influences EGFR transport by altering
vesicular trafficking in a pH-independent manner, by affecting reorganization of the actin
cytoskeleton, or by inhibiting vesicle fusion (Suprynowicz et al., 2010; Thomsen et al.,
2000). Alternatively, 16E5 may inhibit ubiquitination and subsequent proteasomal
degradation of the EGFR by disrupting the binding of Cbl, an E3 ubiquitin ligase (Zhang et
al., 2005). Finally, 16E5 may modify the lipid composition and dynamics of cell membranes
(Bravo, Crusius, and Alonso, 2005). This is consistent with the observation that 16E5
increases the plasma membrane expression of caveolin-1 and the ganglioside GM1, both
components of lipid rafts (Suprynowicz et al., 2008). These changes in membrane chemistry
could affect vesicular trafficking and/or cell signaling. For example, higher levels of GM1
on the cell surface can augment the proliferative response to EGF (Nishio et al., 2005).

Alternative mechanisms of HPV E5 oncogenic activity

16E5 may also affect EGFR-independent pathways. 16E5 can stimulate ERK1/2, p38 MAP
kinases, and phospholipase Cy-1 independently of the EGFR in human keratinocytes
(Crusius et al., 1999; Crusius, Rodriguez, and Alonso, 2000). Venuti ef a/. reported that
16E5 enhanced endothelin-1-induced mitogenic signaling, resulting in the growth of primary
human keratinocytes (Venuti et al., 1998). In addition, 16E5 binds to ZnT-1, a zinc
transporter, and to EVER1 and EVERZ2, transmembrane channel-like proteins, which are
mutated in patients with epidermodysplasia verruciformis, an inherited predisposition to skin
carcinomas associated with HPV5 and HPV8 infections (Lazarczyk et al., 2008). 16E5
binding impairs the ability of these proteins to inhibit c-jun and zinc-regulated transcription
factors.

High-risk HPV ES5 proteins may also contribute to transformation by increasing cellular
DNA content. Hu and coworkers showed that 16E5 promotes cell-cell fusion, thereby

inducing the formation of binucleated cells (Hu et al., 2009). A fraction of 16E5 must be
expressed on plasma membrane of both cells for fusion to occur (Hu and Ceresa, 2009),
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suggesting that E5 molecules expressed by adjacent cells interact with each other. Another
report showed that 16E5 causes a doubling of the number of chromosomes via
endoreplication (Hu et al., 2010). Polyploidy resulting from E5-induced cell-cell fusion or
endoreplication was proposed to lead to chromosomal instability during subsequent rounds
of cell division, thereby increasing the likelihood of cell transformation and neoplastic
progression (Gao and Zheng, 2010; Hu and Ceresa, 2009; Hu et al., 2009; Hu et al., 2010).

Role of the 16-kDa subunit of the V-ATPase in HPV E5 activity

Like BPV1 E5, 6E5 and 16E5 physically interact with the 16K subunit of the V-ATPase
under conditions of overexpression (Conrad, Bubb, and Schlegel, 1993). Different groups
have reported that different segments of 16E5 mediate this interaction (Adam, Briggs, and
McCance, 2000; Rodriguez, Finbow, and Alonso, 2000). In yeast, 16ES5 interacts with 16K
and may reduce the assembly and stability of the V-ATPase complex (Adam, Briggs, and
McCance, 2000; Ashby et al., 2001; Briggs, Adam, and McCance, 2001). In addition, 16E5
inhibits acidification of endosomes in human keratinocytes and melanocytes (Di Domenico
et al., 2009; Straight, Herman, and McCance, 1995) (Figure 11). HPV11 ES5 also binds 16K,
but there is no correlation between the ability of E5 mutants to bind 16K and induce
anchorage independent growth (Chen et al., 1996a).

Although it was hypothesized that the binding of 16E5 to 16K impairs V-ATPase function,
which leads to decreased acidification of the endosomes followed by increased recycling of
the EGFR to the cell surface and heightened receptor activation in response to EGF
(Disbrow, Hanover, and Schlegel, 2005; Straight, Herman, and McCance, 1995; Straight et
al., 1993), subsequent studies are not consistent with this model. In immortalized human
keratinocytes, the ability of 16E5 to interact with 16K could be dissociated from its ability to
enhance ligand-dependent EGFR activation or affect V-ATPase function (Adam, Briggs,
and McCance, 2000; Rodriguez, Finbow, and Alonso, 2000). Moreover, several lines of
evidence suggest that 16E5 plays role in endocytic trafficking rather than (or in addition to)
endosome acidification. First, 16E5 perturbs endocytic trafficking without inhibiting
endosomal acidification in mouse fibroblasts (Thomsen et al., 2000). Second, 16E5
specifically alters EGFR trafficking by inhibiting the fusion of endosomal vesicles in a 16K-
independent manner (Suprynowicz et al., 2010). Third, one report failed to observe an effect
of 16E5 on V-ATPase function in yeast (Ashby et al., 2001). Finally, an interaction of 16E5
with endogenous 16K in primary human keratinocytes was detected only at a low level
(Suprynowicz et al., 2010). Therefore, complex formation between 16E5 and 16K may
affect a process other than EGFR transport, such as cell-cell communication. Consistent
with this view, 16E5 impairs cell-cell communication in human keratinocytes, an effect
attributed to decreased phosphorylation and expression of connexin 43, a major component
of gap junctions (Oelze et al., 1995; Tomakidi et al., 2000a). Since 16K is also a component
of gap junctions, an interaction between 16E5 and 16K could affect connexin 43 or some
other gap junctional protein. 16E5-induced loss of gap junctions might render HPV-infected
cells less sensitive to growth inhibitory signals emanating from surrounding uninfected cells
(Tomakidi et al., 2000a). Regardless of the consequences of 16K binding, it is likely that the
16K/E5 interaction plays an important role in the virus life cycle because it has been
observed for several different E5 proteins.

Role of HPV E5 in evading the immune response and apoptosis

Like BPV1 E5, 16E5 appears to play a role in immune evasion by down-regulating the cell-
surface expression of cellular proteins involved in antigen presentation. 16E5 physically
interacts with the heavy chain component of the human MHCI antigen (HLA-1) and retains
HLA-I in the Golgi apparatus and ER, thereby impeding its transport to the cell surface
(Ashrafi et al., 2006b; Ashrafi et al., 2005). The di-leucine motifs within the N-terminal
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hydrophobic domain of 16E5 and HPV31 E5 are required for binding to and down-
regulating cell surface HLA-I (Ashrafi et al., 2006b; Cortese, Ashrafi, and Campo, 2010).
This segment of 16E5 is also required for direct binding to Bap31, an integral ER membrane
protein, which also binds 31E5 and can act as a MHCI chaperone (Regan and Laimins,
2008). Calnexin, a molecular chaperone involved in HLA-I transport to the cell surface, also
physically interacts with this domain of 16E5 and is required for intracellular retention of
HLA-I (Gruener et al., 2007). 16E5 also perturbs MHC class Il maturation by inhibiting
endosomal processing of the invariant chain component of MHCII, thereby blocking peptide
loading and subsequent transport of MHCI| to the cell surface (Zhang et al., 2003). Finally,
both 6E5 and 16E5 promote proteasomal degradation of CD1d, an HLA-I-like glycoprotein,
and abrogate CD1d-mediated cytokine production (Miura et al., 2010). Possibly reflecting
these E5 activities, HLA-1 expression is reduced in human cervical pre-cancerous and
cancerous lesions (Cromme et al., 1993; Ritz et al., 2001). The development of multiple
mechanisms to down-regulate MHC antigens emphasizes the evolutionary importance of
this activity to the papillomaviruses, presumably to evade the host immune response during
productive infection. Consistent with this hypothesis, 16E5-expressing cells are poorly
recognized by CD8" T cells (Campo et al., 2010), implying that down-regulation of HLA-I
by 16E5 inhibits immune presentation of viral peptides and decreases the adaptive immune
response to virally infected cells.

The high-risk HPV ES5 proteins also inhibit apoptosis via multiple mechanisms. 16E5
protects human foreskin keratinocytes from ultraviolet B-irradiation-induced apoptosis via
EGF-dependent P13 kinase and ERK1/2 signaling (Zhang, Spandau, and Roman, 2002). It
also inhibits hydrogen peroxide-induced apoptosis of human cervical cancer cells by
stimulating ubiquitination and proteasomal degradation of the pro-apoptotic protein Bax
through a COX-2-PGE-2-protein kinase A-dependent pathway (Oh et al., 2010). 16E5 also
protects cultures of human keratinocytes from apoptosis induced by tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) or Fas ligand (FasL) (Kabsch and Alonso, 2002;
Kabsch et al., 2004). In the latter case, this appeared to be due to the ability of 16E5 to
down-regulate cell-surface expression of Fas. Auvenin et al. showed that 16E5 colocalizes
with the anti-apoptotic factor, Bcl-2, at intracellular membranes (Auvinen, Alonso, and
Auvinen, 2004). Bap31 can also regulate apoptosis, so the interaction of E5 with Bap31 may
also influence cell survival. E5-mediated inhibition of apoptosis by one or more of these
mechanisms may well promote carcinogenesis by allowing cell survival in inappropriate
settings.

Role of HPV E5 in virus replication

The conservation of high-risk HPV E5 genes suggests that they are required for the
productive stage of the virus life cycle. E5S mRNA is expressed at high levels in the
differentiated suprabasal cells of HPV-infected stratified epithelia (Longworth and Laimins,
2004). In cultures of differentiating human keratinocytes harboring HPV16 and HPV31
genomes, E5 expression is required for full viral genome amplification, activation of late
gene expression, and colony formation following methylcellulose-induced differentiation
(Fehrmann, Klumpp, and Laimins, 2003; Genther et al., 2003). Furthermore, genetic studies
indicated that the E5/Bap31 interaction is required for colony formation in differentiating
keratinocytes (Regan and Laimins, 2008). Thus, high-risk E5 proteins enable differentiating
keratinocytes to retain their proliferative capacity, which presumably maintains these cells in
a state conducive to viral DNA replication. In addition, in immortal human keratinocytes
16E5 inhibits DNA synthesis in response to activation of the keratinocyte growth factor
receptor/fibroblast growth factor receptor 2b (KGFR/FGFR2b) (Belleudi et al., 2011). Since
KGFR/FGFR2b is expressed primarily in the suprabasal cells of the epithelium, the effects
of 16E5 on this receptor might perturb keratinocyte differentiation.
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HPV E5 has also been hypothesized to play a role in viral egress (Krawczyk et al., 2011;
Krawczyk et al., 2008b). Both low-risk and high-risk HPV ES5 proteins cooperate with HPV
E6 to induce the formation of perinuclear vacuoles that resemble koilocytotic vacuoles, a
diagnostic feature of HPV infection in stratified epithelium (Krawczyk et al., 2008b).
Vacuolization may result in increased cell fragility, which in turn may facilitate viral egress
(Krawczyk et al., 2011). In addition, the C-terminal domain of 16E5 binds calpactin | and
redirects it to the perinuclear region, where it may facilitate the formation of koilocytotic
vacuoles (Krawczyk et al., 2011). This domain of 16E5 also binds to karyopherin p3, a
member of the nuclear import receptor family (Krawczyk et al., 2008a), but it remains to be
determined if any of these interactions play a role in koilocytosis.

It is striking that some HPV (e.g., the B-HPV) appear to lack an E5 gene, yet obviously
propagate /n vivo. Either the E5 gene is so divergent in these HPV types that it is
unrecognizable, the essential E5 function is subsumed by some other viral protein, or the
virus has devised some other strategy to dispense with the E5 requirement.

Structure of HPV16 E5

16ES5 contains three hydrophobic domains predicted to serve as membrane-spanning
segments (Bubb, McCance, and Schlegel, 1988; Halbert and Galloway, 1988). Molecular
modeling predicts that 16E5 is a three-pass transmembrane protein (Figures 8 and 12) (Nath
et al., 2006; Wetherill et al., 2012). 16E5 appears to self-associate via non-covalent
interactions between its transmembrane domains (Gieswein, Sharom, and Wildeman, 2003;
Wetherill et al., 2012; Yang, Wildeman, and Sharom, 2003) and possibly via disulfide bonds
as well (Disbrow et al., 2003). Using biochemical analysis, transmission electron
microscopy, and molecular modeling, Wetherill et a/. recently showed that recombinant,
epitope-tagged 16E5 oligomerized with hexameric stoichiometry into a ring-like structure in
the presence of detergents (Wetherill et al., 2012) (Figure 12). Furthermore, hexameric 16E5
displayed pH-dependent ion channel activity in liposomes, and a small molecule that
inhibited of 16E5 ion channel activity reduced the EGF-dependent cell signaling effects of
16ES. If these results are confirmed, they would represent a breakthrough in our
understanding of the HPV E5 proteins.

Bovine papillomavirus type 4 E5

Bovine papillomavirus type 4 infects mucosal surfaces and induces epithelial warts. BPV4
has also been implicated in alimentary tract carcinomas in conjunction with the ingestion of
bracken fern, which contains chemical carcinogens (Campo et al., 2010). BPV4 contains a
short open reading frame in the 5” end of the early region, at the genomic position of the E6
gene in other papillomavirus genomes. Previously named ORF EB8, this gene has the
potential to encode a 42-amino acid hydrophobic protein and has been designated the BPV4
E5 gene by Campo and colleagues. Because of its unique genome location, the origin of
BPV4 E5 and its evolutionary relationship to the other recognized E5 genes is not clear.
Nevertheless, this protein shares several biological properties with the canonical E5 proteins,
including the ability to transform primary cells in cooperation with other oncogenes. BPV4
E5 does not seem to activate growth factor receptors but rather to affect expression of cell
cycle regulatory factors (Grindlay, Campo, and O'Brien, 2005; O'Brien et al., 1999; O'Brien,
Grindlay, and Campo, 2001; O'Brien and Campo, 1998). Like other E5 proteins, BPVV4 E5
localizes primarily to intracellular membranes, retains MHCI in the Golgi apparatus,
associates with the 16K subunit of V-ATPase, and inhibits cell-cell communication (Ashrafi
et al., 2000; Ashrafi et al., 2002; Faccini et al., 1996). Although BPV4 E5 is expressed in
fibropapillomas in the alimentary canal (Anderson and Akkina, 2007), its role in
gastrointestinal tumorigenesis is not known.
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Conclusions

In summary, papillomavirus E5 proteins have diverse effects on cell behavior, which may
contribute to transformation/carcinogenesis and the productive phase of the virus life cycle.
The biological activities of the E5 proteins presumably flow from their interactions with
various cellular protein targets (Table 1). An interesting unresolved question concerns the
mechanism by which the E5 proteins engage these multiple protein targets. Does the E5
protein bind directly to numerous different targets, and if so how does such a short protein
display such binding behavior? Most of the interactions involving the E5 proteins were
detected by methods such as co-immunoprecipitation, which show that two proteins are
present in a complex, not necessarily that they contact one another directly. Thus, is it
possible that each E5 protein has only one or two direct targets, which in turn mediate
numerous indirect interactions responsible for its diverse biological activities. The recently
described ion channel activity of HPVV16 E5 provides another possible mechanism how an
E5 protein may be able to influence multiple biological activities without binding directly to
numerous targets.

BPV1 ES5 appears to act primarily via a unique mechanism involving direct transmembrane
activation of the PDGF 8 receptor, although interactions with other targets including the V-
ATPase may contribute to its biological activities. The BPV1 E5/PDGF 3 receptor
interaction has provided new insights into the specificity of transmembrane protein-protein
interactions and has inspired a novel approach to modulate cell behavior with artificial
transmembrane proteins that have never arisen in nature. Because up to 30% of all cellular
proteins are thought to be transmembrane proteins and thus potential targets for E5-like
proteins, this approach may have wide applicability.

Although a unifying theory of 16E5 action is still elusive, a common theme appears to be its
ability to modulate trafficking of membrane proteins, resulting in alterations in the cell
surface levels or activity of several different receptors, including those involved in cell
proliferation (EGFR), immune recognition (MHC and related proteins) and apoptosis (Fas),
thereby influencing a variety of pathways that could contribute to carcinogenesis (Figure
13). Several 16E5 properties may contribute to these pleiotropic effects: its fusogenic and
channel forming activity, its ability to bind and modulate the V-ATPase, or its interactions
with chaperone-like proteins such as calnexin, Bap31, and calpactin. Genetic and
biochemical studies that characterize 16E5 protein complexes should provide further insight
into the molecular basis for the various activities of this enigmatic viral oncoprotein and
may suggest interventions to prevent or treat HPV-associated malignancies.
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Major targets and activities of BPVV1 and HPV16 E5 proteins.
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Figure 2.
Bovine fibropapilloma. The photomicrograph shows a cross section of a bovine cutaneous

fibropapilloma. The dermal fibroblast component is stained pink, and the overlying
epithelial cell component is stained purple.
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L1l Identity

MPNLWFLLFLGLVAAMOLLLLLFLLLFFLVYWDHFECSCTGLPF
MNHPGLFLFLGLVFGVQLLLLVFILFFFEFVWWDQFGCKCENFHM
MNHPGLFLFLGLTFAVOLLLLVFLLFFFLVWWDQFGCRCDGFIL

Western roe deer MOHGGLLCVFCTIWFLOLSLLFFMLIVFLVYWERWGCRCDKLPI

Ovine 1 MOHPFLLLFLGLLWGVOLLLMFFLLFFFFIFWDKYGCRCDKLPV
Ovine 2 MOHPFLLLFLGLLWGVOLLLMFFLLEFFFEFVEWDKYGCRCEKLPV
European Elk MTY-GLLLFLGLTFGLOLMLLVFLLFFFLVWWDQFGCRCENMQL
Red deer MOHGGLICVFCTIWFLOLCVLFFMLIVFLVYWDRWGCRCDKLPI

Figure 3.

Sequence comparison of fibropapillomavirus E5 proteins. The essential gin17, asp33, cys37
and cys39 in BPV1 and related E5 proteins are shown in red. The ovine and red deer
papillomaviruses E5 genes have an in-frame methionine codon a short distance upstream of
the one encoding the methionine shown at the left, but it is not known where translation
initiates. All fibropapillomaviruses belong to the delta papillomavirus clade (van Doorslaer,
2013). As a measure of similarity among the fibropapillomaviruses, the L1 proteins of the
fibropapillomaviruses shown in the figure are between 73% and 77% identical to BPV1 L1,
in comparison, the HPV18 L1 protein is only 48% identical to BPV1 L1.

Virology. Author manuscript; available in PMC 2014 October 01.

100%
73%
73%
T7%
73%
73%
73%
T7%



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

DiMaio and Petti Page 30

7

Figure4.

BPV1 E5 protein. The figure shows a schematic representation of BPV1 E5 dimers
imbedded in the cell membrane, with the carboxy-terminus at the top. Reprinted from
Biophys. J. with permission from Elsevier (Windisch et al., 2010).
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BPV1 ES5 transformed cells. Left panel shows a photomicrograph of mouse C127 cell
fibroblasts transformed by BPV1 E5 and maintained at confluence, demonstrating the
refractile, piled-up appearance of transformed cells. Right panel shows transformed cells
treated with a PDGF receptor kinase inhibitor, which causes the cells to revert to flat,
untransformed morphology.
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Figure6.

Model for E5 interaction with the PDGF B receptor. A monomer of inactive PDGF f3
receptor is shown in left. The middle shows PDGF f receptor activated by binding of PDGF
to the extracellular domain. This results in receptor dimerization, tyrosine phosphorylation
in the intracellular domain, and recruitment of cellular signaling substrates shown in green
and purple. The right diagram shows PDGF [ receptor activated by binding of a dimer of the
BPV1 E5 protein to the transmembrane domain of the receptor. The horizontal lines
represent the cell membrane, with the cytoplasm beneath.

Virology. Author manuscript; available in PMC 2014 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

DiMaio and Petti

BPV1 E5
T™M36-4
TC2-3
BY1PC2

Page 33

MPNLWFLLFLGLVAAMOLLLLLFLLLFFLVYWDHFECSCTGLPF
MAHHHHHHWFLLFLGIINLLTLEFLITLILIILVEFYW

MPNLWFLLFLGILVGTLIVLIPVLIVLVFLYWQHFECSCTGLPF
MAYPYDVPDYADLPNLWFIMLIFVVVAVILTFILLDYVLSVIYW

Figure?.

Biologically active artificial proteins modeled on the BPV1 ES5 protein. The top line shows
the sequence of the BPV1 E5 protein. The blue amino acids in the other lines show the
randomized transmembrane segment. BPV1 E5 and pTM36-4 activate the PDGF B receptor;
TC2-3 activates the human erythropoietin receptor; and BY1PC2 down-regulates the HIV
co-receptor, CCR5.
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MLSLI===== === FLFCFCVCMYVCCHV-PLLPSVCMCAY
MIELDI-STVSIVL--CFLLCFCVLLFVCLVIRPLVLSVSVYAT
MTNLDTASTTLLA---CFLLCFCVLLCVQLLIRPI[LLSVSTYTS

HPV6 MEVVPVQIAAGTT-STFILPVIIAFVVCEVSIILIVWISFIVYTSVLVLTL

HPV18
HPV31l
HPV16
HPV6

AWVLVFVYIVVITSPATAFTVYVFCFLLPMLLLHIHA-ILSLQ
LLLLIVILWVIATSALRCFCIYIVFIYIPLFVIHTHASIL
LIILVLLLWITAASAFRCFIVYIIFVYIPLFLIHTHARFLIT
LLY--LLLWLLLTTPLQFFLLTLLVCYCPALYIHYYIVTTQQ

Figure 8.

Sequence comparison of representative human papillomavirus E5 proteins. The putative
transmembrane domains of HPV16 E5 are shown in boxes. Amino acids identical to those in
HPV16 ES5 are shown in red. The HPV6 sequence is E5A.
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Figure9.
This figure shows an alignment of all recognized HPV E5 proteins, as well as E5 proteins

from related animal alpha papillomaviruses. Acidic amino acids are shown in red, basic
amino acids in blue, and hydrophilic amino acids in green. All HPV and related animal
papillomavirus E5 sequences present in the PaVE database (http://pave.niaid.nih.gov/
#home) were extracted and aligned using the ClustalWw module of Geneious v6 created by
Biomatters (http://www.geneious.com/) (courtesy of A. McBride).
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E5 + DN-EGFR

Figure 10.

HPV16 E5-induced epithelial hyperplasia. Left panel shows a photomicrograph of the skin
of a non-transgenic mouse, with the dashed black line indicating the position of the
basement membrane and the purple area above being the epithelial layer. Middle panel
shows a photomicrograph of transgenic mouse skin expressing HPV16 E5, demonstrating
the thickened layer of hyperplastic epithelial cells. Right panel shows a photomicrograph of
transgenic mouse skin co-expressing HPV16 E5 and a dominant negative form of the EGF
receptor (DN-EGFR). All pictures taken at the same magnification. Adapted by permission
from the authors and the American Association for Cancer Research.
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Figure 11.

HPV16 E5 increases intracellular pH. Control human FRM melanoma cells (left panel) or
cells expressing HPV16 E5 (right panel) were treated with the pH-sensitive dye acridine
orange and visualized by fluorescence microscopy. Loss of orange color indicates increased
pH. Adapted from J. Exp. Clin. Cancer Res. with permission (Di Domenico et al., 2009).
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Figure 12.

Model of a hexameric ion channel generated by the HPV16 E5 protein /n vitro. Top

illustrations show a side view of the hexameric channel in the ribbon (left) or space-filling
(right) representation. A 16E5 monomer with three membrane-spanning segments is shown
in red. Presumed position of the membrane surface is shown by the horizontal lines. Bottom
illustrations show an axial view in the same representations. Adapted from J. Virol. with

permission from ASM Press (Wetherill et al., 2012).
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Figure 13.
Schematic diagram of the major signaling pathways implicated in HPV16 E5-mediated
transformation.
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Table 1

Cellular targets of papillomavirus E5 proteins

Cellular target’gl

PDGF B receptorb
pp605/€
Phosphoinositol 3’ kinase

p38 MAP kinase

EGF receptorc
Erk1/2
AKT
Cyclo-oxygenase-2
VEGF
c-Cbl
16K vacuolar-ATPase subunit
Immune evasion
MHC class | antigens
MHC class Il antigens
CD1d
Cell-cell communication
Connexin 26
Connexin 43
Apoptosis
Fas
Bcl-2

Bax

Origin of E5 protein

BPV1

HPV16

BPV1, BPV4, HPV16, HPV6, HPV11

BPV1, BPV4, HPV16
HPV16
HPV16, HPV6

BPV1
HPV16

HPV16
HPV16
BPV1, HPV16

Cyclin dependent kinase inhibitors

p21

p27
NFkB
Arachidonic acid metabolism
Tissue metalloproteases
Calpain 3
p38 MAP kinase
Phospholipase C-y1
ErbB4
c-jun, c-fos
EVER1 and EVER2
ZnT-1
Bap31
Calnexin

Calpactin 1

HPV16

BPV4, HPV16
BPV1

BPV1

BPV1

BPV1

HPV16
HPV16
HPV16
HPV16
HPV16
HPV16
HPV16, HPV31
HPV16
HPV16
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Cellular tar etg Origin of E5 protein
Karyopherin B3 HPV16

Endothelin-1 receptor HPV16

Cyclin A BPV4

aSome targets appear to be binding partners of the E5 protein; for others there is functional evidence that the E5 protein directly or indirectly
modulates the target.
bBPVl E5 may also activate pp605/C and P13’ kinase independently of the PDGF P receptor

DHPV16 E5 may also activate Erk1/2 independently of the EGF receptor
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Table 2

Cellular systems demonstrating a physical or functional interaction between BPV1 E5 and PDGF 3 receptor

a
Cultured cells
Transformed mouse fibroblast cell lines

Transformed mortal human fibroblasts
Growth factor independent mouse cellslJ

. c
Naturally occurring tumors
Bovine cutaneous fibropapillomas

Bovine bladder fibropapillomas

Bubaline fibropapillomasd

Equine sarcoids

Other cells types in animals®

Bovine placenta

a S ; -
In cultured cells, E5 exists in a stable complex with PDGF {3 receptor and causes receptor activation.
b . .
These are mouse cells stably expressing an exogenous human or murine PDGF B receptor.

c . - A
In these cells, E5-induced activation of the endogenous PDGF J receptor or colocalization between E5 and the receptor has been observed;
complex formation has been detected in bovine fibropapillomas.

dBubaIine refers to water buffaloes.
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