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Abstract

High-risk human papillomaviruses (HPVs) encode oncoproteins which manipulate gene
expression patterns in the host keratinocytes to facilitate viral replication, regulate viral
transcription, and promote immune evasion and persistence. In some cases, oncoprotein-induced
changes in host cell behavior can cause progression to cancer, but a complete picture of the
functions of the viral oncoproteins in the productive HPV life cycle remains elusive. E7 is the
HPV-encoded factor most responsible for maintaining cell cycle competence in differentiating
keratinocytes. Through interactions with dozens of host factors, E7 has an enormous impact on
host gene expression patterns. In this review, we will examine the role of E7 specifically as a
regulator of transcription. We will discuss mechanisms of regulation of cell cycle-related genes by
E7 as well as genes involved in immune regulation, growth factor signaling, DNA damage
responses, microRNAs, and others pathways. We will also discuss some unanswered questions
about how transcriptional regulation by E7 impacts the biology of HPV in both benign and
malignant conditions.
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1. Introduction

Human papillomaviruses (HPVs) are small DNA viruses that cause benign and malignant
lesions of mucosal and cutaneous stratified squamous epithelia, including uterine cervix,
vagina, vulva, penis, and increasingly the oropharynx (reviewed in (zur Hausen 2009;
Moody and Laimins 2010; Forman, de Martel et al. 2012)). Genital HPVs are the most
common sexually transmitted infectious agents and are extremely widespread (Weinstock,
Berman et al. 2004; Forman, de Martel et al. 2012). There are over 200 HPV types, which
can be broadly classified into “high-risk” (cancer-associated) types and “low-risk” (non-
cancer-associated) types (Klingelhutz and Roman 2012). HPV16 is the high-risk HPV
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responsible for the majority of cervical cancers (Lorincz, Reid et al. 1992; Lombard,
Vincent-Salomon et al. 1998; Forman, de Martel et al. 2012), and so is highly represented in
the HPV literature, including this review. Other high-risk types include HPV18 and 31,
while HPV6 and 11 are prototypical low-risk types.

High-risk HPV infections usually last 1-2 years (Scott, Nakagawa et al. 2001; Moscicki,
Schiffman et al. 2012), which means that HPV can replicate in host tissues for months in the
face of constant cellular turnover and immune surveillance. Its ability to do so depends
largely on its potential to regulate both viral and host gene expression (Frazer 2009; Bodily
and Laimins 2011). Regulation of viral gene transcription is linked to differentiation of host
keratinocytes (Moody and Laimins 2010; Bodily and Laimins 2011). Consequently, capsid
proteins are only detectible upon terminal differentiation of the host cell, restricting high
levels of viral antigens to tissue strata expressing lower levels of major histocompatibility
complex (MHC) type | and other immune surveillance molecules (Gielen, Schmitt et al.
1988; Nardelli, Zaritskaya et al. 2002; Caberg, Hubert et al. 2008). In addition to its
differentiation-dependent life cycle organization, HPV actively suppresses both innate and
adaptive immune responses. Uninfected keratinocytes constitutively express low levels of a
variety of cytokines (Wang, Amerio et al. 1999), but HPV-positive keratinocytes show
significantly reduced expression of many inflammatory mediators (Arany and Tyring 1996;
Fichorova and Anderson 1999; Alcocer-Gonzalez, Berumen et al. 2006). HPV also inhibits
the differentiation and function of Langerhans cells, interferon (IFN) responses, MHC-I
expression, and other immune mediators, through the regulation of host gene transcription
patterns (Spinillo, Tenti et al. 1993; Bielenberg, McCarty et al. 1999; Connor, Ferrer et al.
1999; Georgopoulos, Proffitt et al. 2000; Delvenne, Hubert et al. 2001; Scott, Nakagawa et
al. 2001; Matthews, Leong et al. 2003; Guess and McCance 2005; Hubert, Caberg et al.
2005; Herman, Hubert et al. 2006; Li, Ou et al. 2006; Caberg, Hubert et al. 2008; Caberg,
Hubert et al. 2009; Tirone, Peghini et al. 2009; Leong, Doorbar et al. 2010; Li, Deng et al.
2010; Deng, Li et al. 2011; Heller, Weisser et al. 2011; Hong, Mehta et al. 2011; Karim,
Meyers et al. 2011; Reiser, Hurst et al. 2011; Abd Warif, Stoitzner et al. 2015). HPV also
has a significant impact on the growth factor environment of the host cell, thereby creating a
tissue environment within which viral infection can persist (Bequet-Romero and Lopez-
Ocejo 2000; Nakamura, Bodily et al. 2009; Walker, Smiley et al. 2011; Dimaio and Petti
2013).

The HPV oncoprotein E7 is essential for the normal virus life cycle and throughout the
cancer development pathway from benign precursor lesions to invasive carcinomas (Thomas,
Hubert et al. 1999; Flores, Allen-Hoffmann et al. 2000; Munger, Baldwin et al. 2004; Jabbar,
Abrams et al. 2009; Bodily, Mehta et al. 2011). E7 acts primarily as a transcriptional
regulator. The best-recognized mechanism of gene regulation by E7 is through the
retinoblastoma (pRb)/E2F system. pRb family proteins, also called “pocket proteins,”
function in part by binding to E2F transcription factors and recruiting transcriptional
inhibitory complexes to promoters (Brehm, Miska et al. 1998; Cobrinik 2005; Sadasivam
and DeCaprio 2013). E7 binds to and targets pRb family members for degradation thereby
disrupting inhibitory complexes and facilitating the expression of DNA synthesis machinery
in otherwise post-mitotic, differentiated keratinocytes (Watt 1998; Nees, Geoghegan et al.
2000; Munger, Baldwin et al. 2004; McLaughlin-Drubin and Munger 2009; Roman and
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Munger 2013). However, elimination of pRb family members cannot entirely account for the
impact of E7 on host cells (Balsitis, Sage et al. 2003; Balsitis, Dick et al. 2006; Shin, Sage et
al. 2012), indicating that there are other functionally important mechanisms by which E7
acts to support the viral life cycle and cancer development.

In addition to the pRb/E2F system, E7 suppresses many genes regulated through the NFxB
and IFN pathways (Barnard and McMillan 1999; Chang and Laimins 2000; O’Brien and
Saveria Campo 2002; Spitkovsky, Hehner et al. 2002; De Andrea, Mondini et al. 2007; Li,
Zhan et al. 2009; Heller, Weisser et al. 2011; Hong, Mehta et al. 2011; Reiser, Hurst et al.
2011; Vandermark, Deluca et al. 2012; Zhou, Chen et al. 2013), thereby enabling the evasion
of innate and adaptive immunity. The IFN response is particularly important in suppressing
HPV replication and persistence (Barnard and McMillan 1999; Nees, Geoghegan et al. 2001;
Herdman, Pett et al. 2006; Hong, Mehta et al. 2011; Reiser, Hurst et al. 2011). Transforming
growth factor (TGF)-B signaling, which arrests keratinocyte proliferation, inhibits viral gene
expression, and promotes immunity, is also counteracted by E7 (Pietenpol, Stein et al. 1990;
Woodworth, Notario et al. 1990; Moses 1992; Creek, Geslani et al. 1995; Ozbun and Meyers
1996; Nees, Geoghegan et al. 2000; Murvai, Borbely et al. 2004; Habig, Smola et al. 2006).
HIF1, KLF4, p73, p53, and AP-1 are among the many other reported E7 targets (Morosov,
Phelps et al. 1994; Massimi and Banks 1997; Brooks, Sullivan et al. 2002; Eichten, Westfall
et al. 2002; Nakamura, Bodily et al. 2009; Bodily, Mehta et al. 2011; Gunasekharan, Li et al.
2016). In addition to these host factors, we have found that E7 plays a role in the regulation
of the HPV16 late promoter (Bodily, Hennigan et al. 2013). Dozens of interactions have
been reported between E7 and cellular factors, including transcriptional regulatory proteins
such as histone deacteylases (HDACs), DNA methyltransferases (DNMTS), histone acetyl
transferases (HATS), general and promoter-specific transcription factors, and others (Roman
and Munger 2013). How these interactions work together to promote virus production or
carcinogenesis, whether in cell culture or animal models of cancer, is not yet known.

In this review, we will discuss E7 specifically as a regulator of gene expression. E7
possesses some activities and interactions not directly related to transcription (Roman and
Munger 2013), but because the theme of transcriptional regulation can unify the major
functions of E7, that will be our focus. Although we will review the interaction of E7 with
the pRb/E2F system, we will touch only briefly on the role of E7 in transformation or
immortalization, as these topics have frequently been reviewed by others (Wise-Draper and
Wells 2008; McLaughlin-Drubin and Munger 2009; Ghittoni, Accardi et al. 2010; Moody
and Laimins 2010; Klingelhutz and Roman 2012). We will also not examine the effects of
E7 on large arrays of genes that are downstream of many signaling pathways regulated by
E7. Instead we will discuss what is known of the mechanisms used by E7 to regulate viral
and host gene expression and focus on genes that are more or less direct targets. Our goal is
to better understand how E7 impacts the transcriptional process.

1.1. A tour of E7

HPV16 E7, which is the subject of most of the papers reviewed here, has 98 amino acids and
no known enzymatic activities or DNA binding domain (Figure 1)(Munger, Baldwin et al.
2004). Sequences in the N terminus similar to domains of adenovirus E1A and polyomavirus
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T antigens are designated conserved region 1 (CR1) and CR2 (Phelps, Yee et al. 1988). A C
terminal zinc finger-like domain is also similar to other viral oncoproteins and is designated
CR3 (Phelps, Yee et al. 1988). These structural similarities are reflected in functional
similarities in transformation and transactivation between the viral oncoproteins (Phelps,
Yee et al. 1988; Berk 2005).

The E7 N terminus is intrinsically disordered and flexible, perhaps accounting for its
promiscuous binding abilities (Heck, Yee et al. 1992; Calcada, Felli et al. 2013; Lee, Kim et
al. 2016). The N terminus includes both CR1 and CR2. The CR2 region contains the
LXCXE motif and the primary phosphorylation site. The LXCXE motif is similar to motifs
found in other viral and host factors that bind to pocket proteins, and it is essential for E7-
pocket protein interaction (Munger, Baldwin et al. 2004; Dick and Rubin 2013). Although
sometimes called the “pRb binding domain,” the LXCXE sequence is also important for
binding other factors in addition to pocket proteins (Roman and Munger 2013). Although the
LXCXE maotif is critical for binding pRb, sequences in the CR1 region are needed for pRb
degradation (Helt and Galloway 2001; Munger, Baldwin et al. 2004). Among several factors
that bind to the CR1 region is the cullin 2 ubiquitin ligase complex which is thought to be
important for the degradation of pRb (Huh, Zhou et al. 2007), although this is controversial
(Todorovic, Hung et al. 2012). The roles of CR1 and CR2 in E7 function will be discussed
extensively below.

Similar to other viral oncoproteins such as HPV E6 and human adenovirus E1A and E1B,
HPV E7 is a phosphoprotein, and its phosphorylation is thought to be important for its
function and regulation (Barbosa, Edmonds et al. 1990; Helt and Galloway 2003; Ching,
Dobner et al. 2012; Boon, Tomaic et al. 2015). The primary site of phosphorylation is a pair
of serines at positions 31 and 32 in CR2 which are phosphorylated by casein kinase Il
(CKIN(Firzlaff, Galloway et al. 1989; Barbosa, Edmonds et al. 1990; Chien, Parker et al.
2000). Whether CKII is the only kinase that phosphorylates these residues /77 vivois not
known. Serine 71 in the C terminus is also phosphorylated by an unknown cellular kinase
(Massimi and Banks 2000), but we will refer to the S31-32 residues as the “phosphorylation
site.” The phosphorylation level of E7 of high-risk HPV types is greater than that of low-risk
HPV types, and mutation of the phosphorylation site has either significant or modest effects
on pocket protein binding, degradation, cell transformation, and progeny virus production,
depending on the model system and HPV type (Edmonds and Vousden 1989; Banks,
Edmonds et al. 1990; Barbosa, Edmonds et al. 1990; Chesters, Vousden et al. 1990; Firzlaff,
Luscher et al. 1991; Phelps, Munger et al. 1992; Demers, Espling et al. 1996; Jones,
Thompson et al. 1997; Thomas, Hubert et al. 1999; Chien, Parker et al. 2000; Southern,
Lewis et al. 2004; Tugizov, Berline et al. 2005; Genovese, Banerjee et al. 2008; Bodily,
Mehta et al. 2011). In the case of HPV16 E7, phosphorylation by CKII may be cell cycle
dependent (Massimi and Banks 2000). Phosphorylation increases the binding affinity of E7
to general transcription factors (GTFs) such as TATA box-binding protein (TBP) and TBP-
associated factor 110 (TAF-110)(McDougall 1994; Mazzarelli, Atkins et al. 1995; Massimi,
Pim et al. 1996; Maldonado, Cabrejos et al. 2002). HPVV16 E7 phosphorylation is required
for association of E7 with p300 and p53 (Massimi and Banks 1997; Rey, Lee et al. 2000;
Bernat, Avvakumov et al. 2003). Mutation of the phosphorylation site does not disrupt
episomal maintenance of HPV16 (Bodily, Mehta et al. 2011) or HPV31 (Thomas, Hubert et
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al. 1999) but does reduce the yield of infectious virus particles and prevents induction of
cyclin A during differentiation (Bodily, Mehta et al. 2011). A patch of acidic amino acids
immediately downstream of the phosphorylation site contributes to binding to pRb via ionic
interactions with basic residues in pRb (Dick and Dyson 2002) and is necessary for
phosphorylation of E7 by CKII (Phelps, Munger et al. 1992). Phosphorylation of S31-32
essentially increases the size of the acidic patch, suggesting that these residues may function
as a unit.

The C terminal domain or CR3 of E7 is more structured than the N terminus. It consists of
an atypical zinc finger-like fold and is responsible for E7 dimerization via a broad
hydrophobic surface (Phelps, Yee et al. 1988; Mclintyre, Frattini et al. 1993; Clemens, Brent
et al. 1995; Liu, Clements et al. 2006). Although the functional role of dimerization is not
clear and it is not required for transformation, dimerization is important for maintaining the
tertiary structure of the CR3 domain (Liu, Clements et al. 2006; Todorovic, Massimi et al.
2011). Zinc is coordinated by two conserved CXXC motifs in the CR3 domain. There is a
secondary binding site for pRb in the C terminus, and the CR3 domain alone can disrupt
pRb/E2F complexes, although at reduced levels compared to full length E7 (Liu, Clements
et al. 2006). The CR3 domain has transcriptional activation potential analogous to the CR3
domain of E1A (Rawls, Pusztai et al. 1990; Berk 2005), and binding of E7 to a range of
transcriptional regulatory proteins can be disrupted by mutations in the CR3 domain (Roman
and Munger 2013). However, some CR3 mutants used over the years for functional studies
may alter the overall structure of the zinc finger rather than affect specific protein-protein
interactions (Mclntyre, Frattini et al. 1993; Clemens, Brent et al. 1995; Liu, Clements et al.
2006), so it is unclear how many of the reported interactions with the C terminus are
physiological. A new series of surface mutations based on the C terminal crystal structure
has been partially characterized and should yield additional insight (Todorovic, Massimi et
al. 2011).

E7 has several other interesting features. Endogenous E7 is predominantly nuclear with
some cytoplasmic localization and evidence of shuttling (Guccione, Massimi et al. 2002;
Dreier, Scheiden et al. 2011; Laurson and Raj 2011), consistent with both nuclear and
cytoplasmic binding partners (Roman and Munger 2013). There is a nuclear localization
sequence (NLS) in the N terminus and one in the C terminus of E7 (Knapp, McManus et al.
2009; Eberhard, Onder et al. 2013). There is also a nuclear export sequence (NES) in the C
terminus (Knapp, McManus et al. 2009). Nuclear localization requires an intact zinc finger
but not the phosphorylation site or the LXCXE motif (Knapp, McManus et al. 2009;
Eberhard, Onder et al. 2013). Localization may depend on cell cycle stage or cellular
confluency (Dreier, Scheiden et al. 2011; Laurson and Raj 2011). E7 contains free cysteine
residues that can exist in different oxidation states and affect protein structure (Chemes,
Camporeale et al. 2014). Given that stratified epithelia form a redox gradient during
differentiation (Conway, Alam et al. 2009), these cysteines may have regulatory
consequences. E7 can be ubiquitinated at the N terminal amine group and subjected to
proteolysis (Reinstein, Scheffner et al. 2000; Munger, Basile et al. 2001; Wang, Sampath et
al. 2001), but E7 turnover is not needed for pRb degradation (Gonzalez, Stremlau et al.
2001).
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1.2. Biological activities of E7

E7 plays a role early in the viral life cycle. HPV16 (Bodily, Mehta et al. 2011) and HPV31
(Thomas, Hubert et al. 1999) genomes containing translational termination mutations in E7
cannot immortalize keratinocytes or maintain themselves episomally. E7 is not needed for
transient genome replication (Thomas, Hubert et al. 1999), so failure of E7 mutants to be
maintained episomally may be a consequence of the inability of the viral genome to
immortalize the host cell. This idea is supported by the finding that HPV16 is maintained
episomally at normal copy number in the absence of E7 if the host keratinocytes are already
immortalized (Flores, Allen-Hoffmann et al. 2000; Collins, Nakahara et al. 2005). The
LXCXE motif of E7 is indispensable for early viral activities, including immortalization, in
the context of the complete genome in primary keratinocytes (Longworth and Laimins 2004;
Bodily, Mehta et al. 2011).

E7 also acts later on in the life cycle. HPV18 E7 is not necessary for immortalization or
episomal replication in keratinocytes (McLaughlin-Drubin, Bromberg-White et al. 2005),
indicating that 18E7 plays a different role in immortalization and maintenance as compared
to 16E7 or 31E7. But both 16E7 and 18E7 are necessary for genome amplification and
virion morphogenesis under differentiating conditions (Flores, Allen-Hoffmann et al. 2000;
Collins, Nakahara et al. 2005; McLaughlin-Drubin, Bromberg-White et al. 2005). E7 can
uncouple host cell differentiation from cell cycle arrest (Munger, Basile et al. 2001),
something that also happens when pRb is knocked out in the skin (Ruiz, Santos et al. 2004).
In cervical lesions, there is a small overlap between cells expressing MCM7 (which is a
replication marker used as a surrogate for E7) and E4, suggesting that E7 levels decline just
as the viral late promoter is induced (Isaacson Wechsler, Wang et al. 2012). Mutations of the
HPV16 phosphorylation site and CR3 primarily impact the differentiation-dependent phase
of the life cycle to reduce viral titers, although per-particle infectivity is not altered (Bodily,
Mehta et al. 2011). HPV genomes lacking E7 are unable to induce DNA synthesis or
markers of active cell cycling in suprabasal epithelial layers (Flores, Allen-Hoffmann et al.
2000; Isaacson Wechsler, Wang et al. 2012), suggesting that induction of the host DNA
replication machinery may be a critical function of E7 in differentiating cells. However,
genomes with mutations in pRb binding or degradation domains are still able to make late
gene products in previously immortalized cells, even though they are reduced for the ability
to induce suprabasal DNA synthesis, indicating that ability to induce DNA synthesis is
genetically separable from late gene expression (Collins, Nakahara et al. 2005). E7 can delay
differentiation in a manner that depends on both CR1 and CR2, but inducing suprabasal
DNA synthesis depends only on CR2 (Noya, Chien et al. 2002; Collins, Nakahara et al.
2005), indicating that delaying differentiation and inducing DNA synthesis are also
genetically separable. Using conditional nuclear localization, it was found that E7 can
induce DNA synthesis in suprabasal layers of organotypic cultures, even in cells that were
differentiated and quiescent before the activation of E7 (Banerjee, Genovese et al. 2006). E7
is therefore able to reestablish S phase de novo in differentiated cells, but whether E7 in real
infections forces differentiated cells to re-enter S phase or instead prevents cell cycle
withdrawal in the first place is not known. It is possible E7 targets different pocket proteins
at different stages of differentiation (Collins, Nakahara et al. 2005)(see below), but this also
remains to be fully understood.
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E7 and the other major viral oncoprotein E6 are the only two viral genes which are
consistently retained in all cervical cancers (Munger, Baldwin et al. 2004). E7’s ability to
transform cells has long been known, and mutations in CR1, CR2, and C3 have all been
found to affect transformation, depending on the model system (Edmonds and Vousden
1989; Phelps, Munger et al. 1992; Schmitt, Harry et al. 1994; Todorovic, Massimi et al.
2011). Moreover, E7 expressed alone as a transgene in the skins of mice disrupts
differentiation and can cause cutaneous tumors, although these tumors are mostly benign
and occur late in life (Herber, Liem et al. 1996; Gulliver, Herber et al. 1997). Interestingly, in
order to cause tumors in the cervical epithelium, estrogen is required as a co-carcinogen
(Riley, Duensing et al. 2003). Continuous expression of E7 is required for maintenance of
tumors in transgenic mice (Jabbar, Abrams et al. 2009). Binding to and inducing pRb
degradation is largely responsible for E7’s oncogenic activities in the mouse skin but other
targets are important in the mouse cervix (Gulliver, Herber et al. 1997; Balsitis, Sage et al.
2003; Balsitis, Dick et al. 2005; Balsitis, Dick et al. 2006).

Because HPV E6 and E7 are always expressed together in nature (Munger, Baldwin et al.
2004), it can be difficult to distinguish the separate contributions of each oncoprotein in
physiological systems. Moreover, the genes regulated by each protein when expressed alone
may be different from those regulated by the two working together. Over the years, many
genome-wide studies have investigated the host gene expression patterns in cells containing
E7, either alone or in combination with E8, in a variety of model systems (Chang and
Laimins 2000; Nees, Geoghegan et al. 2000; Nees, Geoghegan et al. 2001; Garner-Hamrick,
Fostel et al. 2004; Johung, Goodwin et al. 2007; Lu, Wright et al. 2007; Cortes-Malagon,
Bonilla-Delgado et al. 2013; Gyongyosi, Szalmas et al. 2014; Zhou, Zhang et al. 2016). Cell
cycle-related genes have consistently been found to be activated by E7, including not only
genes activated at G1, but also G2/M phase genes (Nees, Geoghegan et al. 2000; Garner-
Hamrick, Fostel et al. 2004; Johung, Goodwin et al. 2007; Zhou, Zhang et al. 2016). In
addition, differentiation-related genes (Nees, Geoghegan et al. 2000; Johung, Goodwin et al.
2007; Gyongyosi, Szalmas et al. 2014), innate immune response genes (Chang and Laimins
2000; Nees, Geoghegan et al. 2001; Cortes-Malagon, Bonilla-Delgado et al. 2013; Zhou,
Zhang et al. 2016), DNA damage and stress response genes (Zhou, Zhang et al. 2016), and
growth factors (Nees, Geoghegan et al. 2000) have appeared repeatedly. In studies that take
differentiation into account, E7 has been found to have a more profound effect in
differentiating cells than in undifferentiated cells (Nees, Geoghegan et al. 2001; Vazquez-
Ortiz, Garcia et al. 2007).

2. Transcriptional regulation

The primary role of E7 is as a regulator of transcription. The molecular interactions that
result in the activation or inhibition of the transcriptional process are complex and have been
extensively reviewed by others (Li, Carey et al. 2007; Lenhard, Sandelin et al. 2012; Allen
and Taatjes 2015; Zhang, Cooper et al. 2015), so we will give only a brief outline here. The
pattern of modifications on histone proteins is thought to comprise a complex, interactive
“histone code,” which serves both to communicate information to transcriptional regulatory
proteins and to physically alter the structure of the chromatin in order to increase or decrease
promoter activity (Zhang, Cooper et al. 2015). Enzymes that modify histones and other
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chromatin components are designated “writer” proteins, and include HATS,
methyltransferases, ubiquitin ligases, and others. Proteins that recognize these modifications
are referred to as “reader” proteins. Reader proteins bind to the modified histone moieties
and recruit other proteins to the growing transcriptional complex. Finally, “eraser” enzymes
remove modifying groups from the histones (Zhang, Cooper et al. 2015). Erasers include
HDACSs, demethylases, deubiquitinases, and so forth (Li, Carey et al. 2007).

The current model of transcriptional activation begins with chromatin in a closed or inactive
conformation, possessing a characteristic pattern of histone modifications (Figure 2).
Inactive chromatin is not accessible to most transcriptional activators or to the general
transcription machinery, which includes the GTFs (TFIID, TFIIH, etc.) and RNA
polymerase 11 (Pol 11). In addition to repressive modifications on the histones, the DNA itself
may undergo inactivating modifications, primarily through CpG methylation. However,
some transcription factor binding sites are thought to remain accessible even in the context
of inactive chromatin. “Pioneer” transcription factors binding to these accessible sites recruit
chromatin remodeling enzymes which modify the chromatin to promote a more open
conformation. The best known enzymes that promote chromatin accessibility are the HATS,
which acetylate histone tails. Transcriptionally active chromatin is characterized by high
levels of histone acetylation, which is thought to reduce interactions between nucleosomes
to promote chromatin accessibility, as well as providing recognition sites for reader proteins
(Zhang, Cooper et al. 2015). As more modifications occur, reader proteins are recruited,
which interact to promote binding of additional transcriptional effectors (Zhang, Cooper et
al. 2015). As transcription factors accumulate on the promoter, the Mediator complex is
recruited. Mediator is a large, multi-subunit complex that serves as a bridge between
promoter-specific transcription factors and the GTFs (Allen and Taatjes 2015). Facilitated by
Mediator, the GTFs are assembled. They, in turn, recruit Pol Il and promote transcriptional
initiation (Allen and Taatjes 2015). Transcription can also be regulated at steps following
transcriptional initiation, through polymerase pausing, transcript elongation, and termination
(Lenasi and Barboric 2010; Jonkers and Lis 2015; Proudfoot 2016), but the effect of E7 on
these later processes is not known.

3. Effects of E7 on chromatin structure

HDACs

E7 can associate with and alter the activities of enzymes that regulate chromatin structure.

Because they remove acetyl groups from histones, HDACs generally repress transcription
and associate with many transcriptionally repressive complexes (Frolov and Dyson 2004;
Sadasivam and DeCaprio 2013; Zhang, Cooper et al. 2015). HDAC1 and -2 are components
of nucleosome remodeling and deacetylase (NURD) complexes which also contain the
chromatin remodeling ATPase Mi2p (Denslow and Wade 2007). E7 can bind to Mi2f and
thus associate with HDACs in cells and /7 vitro (Brehm, Nielsen et al. 1999; Longworth and
Laimins 2004). It is not known whether E7 can associate with HDACs other than in the
context of NURD. Mutations in the CR3 region that disrupt the zinc finger domain fail to
bind to HDAC complexes (Brehm, Nielsen et al. 1999; Longworth and Laimins 2004).
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Because HDACs immunoprecipitated with E7 are still active, E7 does not inhibit HDAC
activity through binding (Brehm, Nielsen et al. 1999), but several instances of transcriptional
regulation by E7 have been attributed to the ability of E7 to bind to HDACs. For example, in
cells containing HPV31, levels of E2F2, a cell cycle promoting E2F family member, are
increased in both differentiated and undifferentiated conditions (Longworth, Wilson et al.
2005). The ability to upregulate E2F2 is abrogated by mutations of either the LXCXE motif
or the HDAC binding site in the C terminus (Longworth, Wilson et al. 2005). Importantly,
HPV31 E7 is able to reduce the levels of HDAC1 and -3 found at the E2F2 promoter (Figure
3a), suggesting that the ability to displace HDACs from the promoter may be a significant
mechanism of transcriptional activation (Longworth, Wilson et al. 2005). E7 binding to
HDACS can repress transcription as well as activate it. E7 from both high and low-risk HPVs
can interact with interferon response factor 1 (IRF1) via the CR1 and LXCXE motifs and
can then recruit HDACs via the CR3 domain to suppress IRF1 transcriptional activity (Park,
Kim et al. 2000; Um, Rhyu et al. 2002)(Figure 3b). Other examples of regulation of
transcription by E7 through manipulating HDAC binding or recruitment will be discussed
below.

The HDAC binding function of E7 is important in the context of the viral life cycle. The
L67R and C91G mutations, which abrogate HDAC binding, abolish episomal maintenance
of HPV31 genomes (Longworth and Laimins 2004). In HPV16, the L67R and C91S mutants
are able to immortalize and be maintained episomally but show reduced late gene expression
and are totally defective for the production of infectious virus particles (Bodily, Mehta et al.
2011). It should be noted that the role of E7 binding to HDAC complexes has been inferred
because of the phenotypes of the L67R and C91G mutations. These mutants, although
genuinely defective for binding HDACs, may also have disruptions in the overall structure of
the C terminus, and thus of other interactions mediated by the CR3 region (Mclntyre,
Frattini et al. 1993; Clemens, Brent et al. 1995; Liu, Clements et al. 2006). Further work in
this area will be required to confirm that the interaction between E7 and HDAC:s is relevant
to the phenotypes of these mutants.

E7 interacts with several chromatin remodeling complexes (Figure 3c). CBP and p300 are
highly homologous HATs. CBP was first characterized as CREB target (Chrivia, Kwok et al.
1993) and p300 as E1A binding partner (Stein, Corrigan et al. 1990; Eckner, Ewen et al.
1994). CBP/p300 are involved in the regulation of many genes (Avantaggiati, Ogryzko et al.
1997; Gu, Shi et al. 1997; Lill, Grossman et al. 1997; Perkins, Felzien et al. 1997; Snowden
and Perkins 1998; Ito, Lai et al. 2001; Huang and McCance 2002; Gray, Zhang et al. 2005).
E7 binds to p300/CBP in a manner dependent on CR1, the LXCXE motif, and the
phosphorylation site (Bernat, Avvakumov et al. 2003; Fera and Marmorstein 2012; Jansma,
Martinez-Yamout et al. 2014). p300/CBP-associated factor (0CAF) is another HAT which is
bound by E7 via its CR1 and the C terminus (Huang and McCance 2002; Avvakumov,
Torchia et al. 2003). The significance of HAT/E7 interaction is not clear, but E7 can reduce
their activities (Huang and McCance 2002; Avvakumov, Torchia et al. 2003), and the IL8
promoter is suppressed through this mechanism (Huang and McCance 2002). E7 binding to
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p300 can also increase acetylation of pRb, reducing its inhibitory activity on E2F-mediated
transcription (Jansma, Martinez-Yamout et al. 2014).

Polycomb repressive complexes (PRCs)

PRCs are important for stem cell and fate determination, including the differentiation of
keratinocytes (McLaughlin-Drubin and Munger 2013). PRC2 contains the methyltransferase
EZH1 which trimethylates histone H3 on lysine 27 (H3K27Me3); this mark, in turn, can
recruit additional repressive complexes (McLaughlin-Drubin and Munger 2013; Zhang,
Cooper et al. 2015). E7 upregulates KDM6A and KDM6B, which are demethylases for
H2K27Me3, and E7 downregulates the expression or activity of PRC complex components
(Figure 3d)(Hyland, McDade et al. 2011; McLaughlin-Drubin, Park et al. 2013). As a
consequence of KDM6A and KDM6B upregulation, overall cellular levels of H3K27Me3
are dramatically reduced (Hyland, McDade et al. 2011; McLaughlin-Drubin and Munger
2013; McLaughlin-Drubin, Park et al. 2013). HOX genes and other genes regulated by PRC
complexes are consequently de-repressed in E6/E7-expressing cells (Hyland, McDade et al.
2011). One important target of KDMG6B is the cyclin dependent kinase (CDK) inhibitor p16.
Because excess CDK4/6 activity is toxic to cells expressing E7, upregulation of p16 via
KDMB6B activity is necessary for cell survival (McLaughlin-Drubin, Park et al. 2013).

DNA methylation

E7 can influence DNA methylation, which is another form of epigenetic regulation (Figure
3c). E7 decreases E-cadherin levels in keratinocytes containing complete HPVV16 genomes
by increasing the levels of DNMT1, which methylates the E-cadherin promoter and
represses the gene (Laurson, Khan et al. 2010). E7 also suppresses expression of CXCL14,
an angiogenesis inhibitor, by promoting increased methylation of the CXCL14 promoter
(Cicchini, Westrich et al. 2016). By contrast, STK31, a kinase involved in proliferation,
invasiveness, and survival, is upregulated by E7 in a manner dependent on demethylation of
the promoter DNA (Yin, Wang et al. 2016). E7 can bind to DNMT1 via the CR3 region and
stimulate its activity and association with the cyclin A1 promoter (Burgers, Blanchon et al.
2007; Chalertpet, Pakdeechaidan et al. 2015). However, the overall effect of E7-mediated
regulation of DNA methylation and the mechanisms by which it is accomplished are not
fully understood.

4. The pRb/E2F system

The example of HDACSs shows that E7 can operate by disrupting the interaction between
transcription factors and their inhibitors. Another example is the activation of E2F-regulated
genes by disruption of their repressor, pRb (Munger, Baldwin et al. 2004). The E2F family
consists of both activating (E2F1, 2, 3) and inhibitory (E2F4, 5, 6, 7, 8) transcription factors
(Frolov and Dyson 2004; Macaluso, Montanari et al. 2006). Activating E2Fs primarily
function by binding to the promoters of genes involved in cell cycle regulation and
increasing their transcription (Frolov and Dyson 2004). pRb binds to E2Fs, inhibiting their
transcriptional function. Through the activity of mitogen-activated cyclin dependent kinases
(CDKs), pRb is phosphorylated, resulting in the release of E2Fs and the activation of genes
needed for entry into S phase (Frolov and Dyson 2004; Macaluso, Montanari et al. 2006).
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E7 binds to and targets pRb for degradation via the proteasome, promoting cell cycle entry
(Figure 4a). The LXCXE motif in CR2 is the primary binding site for pRb (Munger,
Werness et al. 1989; Barbosa, Edmonds et al. 1990; Huang, Patrick et al. 1993; Chien,
Parker et al. 2000; Dong, Caldeira et al. 2001; Helt and Galloway 2001), although CR3 has
an independent, lower affinity pRb binding site (Patrick, Oliff et al. 1994; Todorovic, Hung
et al. 2012). The CR1 domain is important for pRb degradation (Jones, Thompson et al.
1997; Huh, Zhou et al. 2007). As a consequence of E7 targeting pRb for degradation, E2F-
mediated cell-cycle progression can occur in the absence of mitogenic signals, including in
differentiating keratinocytes (Munger, Baldwin et al. 2004; Moody and Laimins 2010). This
classic regulatory scheme is well known, but some important nuances are needed to
understand how cell cycle-promoting genes are regulated by E7.

4.1. pRb degradation is not the whole story

Similar to E1A, E7 can disrupt the E2F/pRb complex without necessarily targeting pRb for
degradation (Figure 4b)(Chellappan, Kraus et al. 1992; Gonzalez, Stremlau et al. 2001).
CR2 and CR3 domains of E7 are both needed to displace E2F from pRb (Huang, Patrick et
al. 1993; Helt and Galloway 2001). The mechanisms of E2F/pRb complex disruption are not
entirely clear. Although E2F binds to a site on pRb distinct from the CR2 binding site
(Huang, Patrick et al. 1993), the CR3 binding domain in pRb overlaps the E2F binding site
(Patrick, OIiff et al. 1994), suggesting that simple competition may occur. The dissociation
of E2F from pRb may also be due to the overexpression of MDM2 in E7-containing cells
(Thomas and Laimins 1998; Seavey, Holubar et al. 1999; Eichten, Westfall et al. 2002; Liu,
Disbrow et al. 2007), which binds to E2F, displacing pRb and promoting S phase entry
(Martin, Trouche et al. 1995; Xiao, Chen et al. 1995). How much of the biological effect of
E7 on the pRb/E2F system is mediated through degradation vs. complex disruption is also
not clear. We have observed that levels of pRb family members in immortalized keratinocyte
cell lines containing HPV16 episomes do not differ substantially from levels in uninfected
keratinocytes, in contrast to cells in which E7 is expressed from a retroviral vector ((Bodily,
Mehta et al. 2011); W.S. and J.B., unpublished observations). This finding may suggest that
reducing pRb levels through degradation may not be critical in cells containing intact viral
episomes. A CR1 mutant that cannot degrade pRb can still induce suprabasal DNA synthesis
in differentiating keratinocytes although to a lower level than wild type (Collins, Nakahara et
al. 2005), suggesting that although pRb degradation contributes to induction of S phase it is
not strictly necessary.

E7 can also bind E2F via the E7 C terminus and activate E2F-driven promoter activity in a
pocket protein-independent manner (Hwang, Lee et al. 2002). On the other hand, E2F6 is an
inhibitory E2F family member that does not bind to pocket proteins but instead is associated
with PRCs (Frolov and Dyson 2004; Cobrinik 2005; McLaughlin-Drubin and Munger 2013)
and thus would not be inhibited by E7’s ability to displace or degrade pocket proteins.
However, both high and low-risk E7s can bind to E2F6 via the C terminus and prevent its
ability to repress transcription (McLaughlin-Drubin, Huh et al. 2008).
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4.2. Not just pRb

The pocket protein family includes p107 and p130 in addition to pRb (Macaluso, Montanari
et al. 2006). The three pocket proteins sometimes share redundant functions and sometimes
they do not, although p130 and p107 tend to be more similar to each other than to pRb (Dick
and Rubin 2013). pRb prefers to bind the activating E2F1-3, and p107/p130 bind the
inhibitory E2F4-5 (Macaluso, Montanari et al. 2006). Pocket proteins can be recruited to the
DNA in promoter-selective ways, suggesting that they have promoter-selective functions
(Cobrinik 2005). Although pRb is one of the most common genes mutated in cancers, p107
and p130 are not, for reasons that remain unclear (Chinnam and Goodrich 2011). Ablation
of p107 and p130, alone or in combination, does not predispose to cancer, but p107 and
p130 can help suppress cancer in the context of pRb deficiency (Rizzolio, Esposito et al.
2010). pRb is present in both proliferating and non-proliferating cells, whereas p107 is
found in proliferating, and p130 mostly in non-proliferating cells (Cobrinik 2005; Macaluso,
Montanari et al. 2006). In the skin, pRb is concentrated in the basal layers, and p130 is
found in more differentiated layers (Genovese, Banerjee et al. 2008).

E7 can target p107 and p130 for degradation through the CR1 and CR2 domains (Helt and
Galloway 2001; Zhang, Chen et al. 2006; Genovese, Banerjee et al. 2008; Barrow-Laing,
Chen et al. 2010). Interestingly, point mutations within the LXCXE motif can affect binding
to one pocket protein but not others (Jewers, Hildebrandt et al. 1992; Demers, Espling et al.
1996; Chien, Parker et al. 2000), suggesting that the mode of interaction may differ
somewhat between family members. Efficient binding and degradation of p130 is also
influenced by the E7 phosphorylation site (Genovese, Banerjee et al. 2008). p130 is more
consistently eliminated from the differentiating layers of the epithelium by E7 than pRb is,
and elimination of p130 appears to be more important than pRb for inducing DNA synthesis
in the suprabasal layers (Collins, Nakahara et al. 2005). Importantly, p130 is degraded by
low-risk HPVs as well as high-risk, which is unique among pRb family members (Zhang,
Chen et al. 2006; Barrow-Laing, Chen et al. 2010). HPV11 E7 can induce S phase in
differentiating epithelial cultures in an LXCXE-dependent manner (Banerjee, Genovese et
al. 2006; Genovese, Banerjee et al. 2008), suggesting that p130 rather than pRb may be the
more important target for promoting S phase in the differentiating epithelium.

4.3. pRb/E2F complexes can actively inhibit transcription

When pocket proteins bind to E2F family members, they bind to the activation domain, thus
preventing the recruitment of positive transcriptional cofactors (Frolov and Dyson 2004;
Cobrinik 2005). However, pocket proteins also interact with chromatin modifying
complexes, such as HDACs, which actively and even permanently repress target promoters
bound by inhibitory E2F family members (Magnaghi-Jaulin, Groisman et al. 1998; Frolov
and Dyson 2004; Cobrinik 2005; Macaluso, Montanari et al. 2006). Because of the existence
of inhibitory E2Fs which recruit pocket proteins and promote transcriptional repression, E2F
binding sites may be either activating or inhibitory, or both (Sadasivam and DeCaprio 2013).
For example, in keratinocytes the important E2F binding site in the Cdc25A promoter is
inhibitory, since mutation increases promoter activity (Nguyen, Westbrook et al. 2002).
Expression of E7 results in degradation of pocket proteins, increasing the activity of the wild
type promoter to levels similar to the E2F binding site mutant (Nguyen, Westbrook et al.
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2002). Thus E7 does not simply release E2Fs to activate promoters. Instead, E7 can
counteract the active inhibition exerted by inhibitory E2F/pocket protein complexes by
replacing the inhibitory E2F with an activating E2F, thus promoting transcription (Figure
4c). It is possible that the ability of E7 to associate with HDACs may play a role in
displacing HDAC-associated pocket protein repressive complexes in favor of activating E2F
complexes (Longworth, Wilson et al. 2005), but the molecular interactions involved are not
fully understood.

4.4. The DREAM complex

E2F/pRb is important for regulation of genes at the G1/S transition, but some genes are
specifically regulated later in the cell cycle, such as at G2/M. The dimerization partner, pRb-
like, E2F and multi-vulval class B (MuvB)(DREAM) complex is an example of a pocket
protein-associated transcriptional repressor (reviewed in (Sadasivam and DeCaprio 2013)).
The DREAM complex contains the multi-subunit protein MuvB, which associates with
different additional factors throughout the cell cycle (Sadasivam, Duan et al. 2012;
Sadasivam and DeCaprio 2013). Under non-proliferative conditions such as quiescence or
senescence, p130 and possibly p107 bind to MuvB along with repressive E2Fs such as E2F4
and E2F5, forming the DREAM complex and inhibiting expression of G2/M phase genes
(Muller and Engeland 2010; Sadasivam and DeCaprio 2013). Phosphorylation of the pocket
protein by mitogen driven-CDKSs disrupts the DREAM complex, facilitating recruitment of
B-Myb and/or FOXM1, which then cooperate with MuvB to activate gene expression
(Sadasivam, Duan et al. 2012; Sadasivam and DeCaprio 2013). Because B-Myb is an E2F
responsive gene, it is induced at the G1/S transition and then serves to activate genes in
G2/M (Sadasivam, Duan et al. 2012; Sadasivam and DeCaprio 2013). Following mitosis, B-
Myb and FOXML1 are degraded, allowing the reconstitution of the DREAM complex and
promoter inhibition (Sadasivam and DeCaprio 2013). DREAM complexes bind close to the
transcription start sites of many promoters at E2F binding sites or cycle-dependent element
(CDE) - cell cycle genes homology region (CHR) elements (Muller and Engeland 2010;
Sadasivam and DeCaprio 2013; Fischer, Quaas et al. 2014). CDE-CHR elements are
characteristic of genes that are expressed late in the cell cycle (Perkins 2002; Muller and
Engeland 2010; Sadasivam and DeCaprio 2013).

It is not clear whether pRb is functionally distinct from the DREAM complex or whether
DREAM regulates genes other than cell cycle genes (Sadasivam and DeCaprio 2013), but
given the role of pocket proteins in their activity, DREAM complexes are found at reduced
levels in cells containing E7, along with increased levels of B-Myb/MuvB complexes (Nor
Rashid, Yusof et al. 2011; Sadasivam and DeCaprio 2013). Both high and low-risk HPVs
can disrupt DREAM complexes to similar extents and the LXCXE motif is necessary
(Figure 4d)(Nor Rashid, Yusof et al. 2013; Fischer, Quaas et al. 2014). In the case of the
E2F2 promoter, E7 causes a loss of p130/E2F4/HDAC complexes from the promoter region
in a manner dependent on the C terminal HDAC binding region and the LXCXE motif,
resulting in transcriptional upregulation (Longworth, Wilson et al. 2005). E7 also promotes
the formation of B-Myb/MuvB complexes. B-Myb was the first E7-responsive cellular gene
to be identified (Lam, Morris et al. 1994). The E2F site in the B-Myb promoter is repressive
in cells that lack E7, but in the presence of E7, the E2F site becomes transcriptionally
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activating (Lam, Morris et al. 1994). E7 upregulates B-Myb by disrupting p107/E2F
complexes at the B-Myb promoter using the CR2 and possibly the CR1 domains (Lam,
Morris et al. 1994; Pang, Toh et al. 2014). E7 also interacts with and can cooperate with B-
Myb to activate genes regulated by B-Myb-MuvB complexes (Figure 4d)(Pang, Toh et al.
2014). The CR2 domain of E7 is needed for binding to the B-Myb-MuvB complex, and
pocket protein degradation is necessary but not sufficient to activate transcription (Pang, Toh
et al. 2014).

4.5. E2F responsive genes

Through its regulation of the E2F/pocket protein system, E7 can regulate a large set of
promoters (Nees, Geoghegan et al. 2000; Johung, Goodwin et al. 2007; Gyongyosi, Szalmas
et al. 2014; Zhou, Zhang et al. 2016). Here are two examples for the purposes of illustration.

The first example of transactivation by E7 to be discovered was the adenovirus E2 (AdE2)
promoter (Phelps, Yee et al. 1988; Phelps, Bagchi et al. 1991). Activation of a promoter in a
different virus is obviously not physiological, but it highlights the similarity between E7 and
the promoter’s physiological activator, ELA (Berk 2005). The AdE2 promoter drives
expression of the adenovirus DNA replication genes, and so it is regulated by E2F in a
manner similar to cellular genes that regulate DNA replication. E7 transactivation of the
AdE2 promoter is similar to E1A 12S in requiring the CR2 domain, specifically the LXCXE
motif (Phelps, Yee et al. 1988; Edmonds and Vousden 1989; Watanabe, Kanda et al. 1990;
Phelps, Bagchi et al. 1991; Phelps, Munger et al. 1992). The ability of E7s from different
HPV types to transactivate does not depend simply on the affinity of binding to pRb
(Schmitt, Harry et al. 1994). Activation also requires the C terminus (Rawls, Pusztai et al.
1990; Phelps, Munger et al. 1992; Mavromatis, Jones et al. 1997), although the specific
interaction partners that mediate this activity are not known. Dimerization of E7 can
influence AdE2 transactivation (Todorovic, Massimi et al. 2011), but the CR1 domain is not
necessary (Watanabe, Kanda et al. 1990; Phelps, Munger et al. 1992). The phosphorylation
domain has either a modest or no contribution, depending on the study (Watanabe, Kanda et
al. 1990; Firzlaff, Luscher et al. 1991; Heck, Yee et al. 1992; Phelps, Munger et al. 1992),
whereas deletion of the acidic patch reduces transactivation (Phelps, Bagchi et al. 1991).

As mentioned above, Cdc25A is upregulated by E7 at the promoter level through both
LXCXE and C terminal domains (Nguyen, Westbrook et al. 2002). Upregulation requires
the E2F binding site, and in cells expressing E7, Cdc25A is no longer regulated in a cell-
cycle dependent manner, even if DNA synthesis is inhibited (Nguyen, Westbrook et al.
2002). E7 also upregulates cyclin E, cyclin A, and p73 by increasing the activity of E2F1
(Caldeira, de Villiers et al. 2000; Brooks, Sullivan et al. 2002).

5. Transcription factors regulated by E7

E2Fs are the best studied example of how E7 can regulate transcription through a specific

family of transcription factors, but the E7-mediated gene regulation includes more than the
pocket protein/E2F system. In transgenic mouse models, pRb is responsible for essentially
all the effects of E7 in the cutaneous epidermis (Balsitis, Sage et al. 2003; Balsitis, Dick et
al. 2005); however, disrupting pRb-E7 interaction has very little effect on the phenotype of
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E7 in the murine cervix (Balsitis, Dick et al. 2006). In fact, knocking out all three pocket
proteins cannot mimic the effect of E7 in causing cervical lesions (Shin, Sage et al. 2012),
indicating that other proteins are relevant targets of E7. The basis of these tissue-specific
effects is not clear, nor is it clear what effect these differences may have on the replication of
the complete HPV genome. What is clear is that E7 has physiologically important targets in
addition to pocket proteins. Here we will discuss other transcription factors regulated by E7
and highlight the various mechanisms involved (Figure 5).

5.1. General transcription factors: TFIID

The GTFs form the heart of the transcription initiation machinery. They are recruited by
promoter-binding transcription factors and Mediator, and then provide a binding surface for
the recruitment, positioning, and initiation of RNA polymerase Il (reviewed in (Gupta, Sari-
Ak et al. 2016)). TBP is the component of the GTF TFIID that binds to the TATA box which
positions the Pol 11 complex on the promoter (Gupta, Sari-Ak et al. 2016). HPV16 E7, like
E1A, can form a complex with TBP dependent on the CR3 domain (Massimi, Pim et al.
1997). Interestingly, TBP binding is enhanced by the negative charge resulting from
phosphorylation of S31-S32 and is reduced by mutation of those residues to alanine
(Massimi, Pim et al. 1996; Massimi, Pim et al. 1997). Interaction of E7 with TBP disrupts
the DNA binding activity of TBP (Maldonado, Cabrejos et al. 2002), suggesting that the
effect of the E7-TBP interaction would be inhibitory to transcription. Although binding to
TBP correlates with transforming activity (Massimi, Pim et al. 1997), the role of TBP
binding by E7 in the context of viral infection is not clear. HPV16 E7, like E1A, can also
bind to another component of TFIID, TAF110 (Mazzarelli, Atkins et al. 1995), although the
consequences of this interaction are not known. E1A can also interact directly with the
Mediator complex and with the transcriptional elongation machinery, recruiting them to
promoters to drive transcription (Vijayalingam and Chinnadurai 2013). Whether E7 has a
similar activity is not known.

5.2. Interferon signaling: IRFs and STAT1

IFNs are antiviral cytokines that are critical components of the innate immune response
(reviewed in (Vilaysane and Muruve 2009; Schneider, Chevillotte et al. 2014)). IFN
treatment can prevent infection of human keratinocytes with HPV particles (Warren, Griffin
et al. 2014), prevent immortalization (Khan, Tolleson et al. 1993), trigger growth arrest and
reduce viral episome levels (Chang, Pena et al. 2002), reduce HPV gene expression, and
promote viral integration (Herdman, Pett et al. 2006; Pett, Herdman et al. 2006; Lace, Anson
et al. 2015). As a consequence, HPV has many mechanisms for downregulating or evading
IFN responses (Beglin, Melar-New et al. 2009; Stanley 2009).

Although a detailed discussion of IFN signaling is beyond the scope of this review, two
transcription factor families are important for regulation of IFN responses. First, the
interferon response factors (IRFs) are responsible for driving expression of the IFN genes
themselves in response to pathogen-associated pattern recognition signaling (Tamura, Yanai
et al. 2008). Following binding of IFNs to their receptors, the signal transducer and activator
of transcription (STAT) family of transcription factors are activated to promote expression of
interferon stimulated genes (ISGs), which mediate antiviral responses (lvashkiv and Donlin
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2014; Schneider, Chevillotte et al. 2014). Of the STAT family members, STAT1 is especially
important in mediating the antiviral effects of IFN both on its own through heterodimer
formation and by forming part of the interferon stimulated gene factor 3 (ISGF3)
transcription factor complex (Ivashkiv and Donlin 2014).

We have already mentioned IRF1 in our discussion of HDACs above. IRF1 is upregulated
and activated by many cytokines and innate immune sensors (Taniguchi, Ogasawara et al.
2001; Tamura, Yanai et al. 2008). IRF1 target genes include TAP1, MHC-I, and other critical
immune mediators, and IRF1 can act as a genetic tumor suppressor (Taniguchi, Ogasawara
et al. 2001; Tamura, Yanai et al. 2008). E7 can bind IRF1 and recruit HDACs to IRF1
dependent promoters, including MHC-1 and TAP1 (Georgopoulos, Proffitt et al. 2000; Park,
Kim et al. 2000; Um, Rhyu et al. 2002; Li, Ou et al. 2006; Bottley, Watherston et al. 2008;
Manning, Indrova et al. 2008; Li, Zhan et al. 2009; Deng, Li et al. 2011; Heller, Weisser et
al. 2011). E7 also inhibits IRF1 DNA binding activity (Perea, Massimi et al. 2000) and
suppresses the upregulation of IRF1 levels in response to IFN-y (Zhou, Chen et al. 2013). E6
and E7 both prevent upregulation of the IRF-dependent IFNB promoter by infection with
other viruses or by IFNy (Perea, Lopezocejo et al. 1997), but whether this is through IRF1
or other IRFs is not clear. In addition to inhibiting IRF1-mediated transactivation directly, E7
can interfere with signals that activate IRFs. For example, E7 and E1A can each inhibit the
cytoplasmic DNA sensor STING, thus preventing upregulation of IFNs in response to DNA
stimulation (Lau, Gray et al. 2015). Although not tested for E7, the CR3 domain and
LXCXE motif of E1A are important for this effect, but pRb is not (Lau, Gray et al. 2015).
Suppression of IRF1 by E7 facilitates evasion of T cell-mediated keratinocyte death, and
restoration of IRF1 expression can restore sensitivity to T cell killing (Zhou, Chen et al.
2013).

STAT1 is a central effector of signaling downstream of the IFN receptors by regulating
expression of genes in response to all subgroups of IFNs, and so STAT1-regulated genes are
important targets of host gene regulation by HPV (Chang and Laimins 2000; Nees,
Geoghegan et al. 2001). HPV31 E7 can suppress STAT1 at the transcriptional level, resulting
in reduced IFN-mediated gene expression (Hong, Mehta et al. 2011). HPV16 E7 inhibits
IFN-induced phosphorylation and nuclear translocation of STAT1 and downstream
expression of ISGs (Perea, Lopezocejo et al. 1997; Nees, Geoghegan et al. 2001; Zhou,
Chen et al. 2013; Zhou, Chen et al. 2013). In addition to targeting STAT1 itself, HPV18 E7
can bind to the IRF9 subunit of the ISGF3 complex and prevent translocation to the nucleus
(Barnard and McMillan 1999; Antonsson, Payne et al. 2006).

Interestingly, E7 can also selectively activate STAT1 dependent promoters. For example,
IL-18 binding protein (IL18BP) is an anti-inflammatory factor that is upregulated by IFNy
(Richards, Doble et al. 2014). Because it is an 1ISG, we might expect IL18BP levels to be
lower in E7 expressing cells, but cells expressing E7 have higher levels IL18BP in response
to IFN-y than controls (Richards, Doble et al. 2014). Activation by E7 requires STAT1
phosphorylation and the STAT binding element in the IL18BP promoter (Richards, Doble et
al. 2014), indicating that E7 is able to activate STAT1-dependent transcription rather than
just inhibit it. The mechanism responsible for this selectivity is not clear, but both low and
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high-risk E7s can do it, and deletions in the C terminus inhibit the stimulatory activity
(Richards, Doble et al. 2014).

5.3. Inflammatory signaling: NFxB

Nuclear factor kappa-B (NFxB) is another transcription factor critical for regulating
immunity. Pathogen recognition receptors, cytokine receptors, and many other stimuli
trigger the degradation of the NFxB inhibitor, IxB. IxB degradation allows NFxB to
translocate to the nucleus and increase expression of inflammatory cytokines, pro-survival
factors, and IFNs to promote immune responses (reviewed in (Pahl 1999; Gilmore 2006)).
The interface between NFxB and HPV is complex and poorly understood (Da Costa, Bastos
et al. 2016), but E7 suppresses many genes regulated through the NFxB pathway, including
cytokines, IFN, MHC-I, and others (Spitkovsky, Hehner et al. 2002; Li, Zhan et al. 2009;
Vandermark, Deluca et al. 2012). The primary mechanism appears to be preventing NFkB
nuclear translocation by inhibiting the degradation of IxB and/or preventing NFkB
acetylation (Spitkovsky, Hehner et al. 2002; Li, Zhan et al. 2009; Richards, Wasson et al.
2015). Failure of NFkB to enter the nucleus would explain how E7 can prevent both DNA
binding and transactivation ability (Perea, Massimi et al. 2000). On the other hand E7 can
inhibit toll-like receptor 9 (TLR9) expression by inducing the formation of an inhibitory
complex on the TLR9 promoter (Hasan, Zannetti et al. 2013). This complex contains NFkB,
but rather than being activating, the complex contains HDACs and histone demethylase to
repress TLR9 expression (Hasan, Zannetti et al. 2013). Again, how selectivity is achieved is
not clear.

5.4. DNA damage: STAT5

STAT proteins are involved in innate immune responses, but some family members also
mediate growth factor and DNA damage signaling (Quesnelle, Boehm et al. 2007). An
example of a growth factor-stimulated STAT is STAT5. DNA damage signaling is critical for
the amplification of viral genomes and completion of the viral life cycle (Moody and
Laimins 2009; Gautam and Moody 2016). Cells containing HPV31 genomes have high
levels of total and phosphorylated (activated) STAT5 even in the absence of exogenous
growth factors (Hong and Laimins 2013). E7 is responsible for STATS upregulation, perhaps
through activating Akt (Hong and Laimins 2013). STAT5 induced by E7 drives the
expression of factors needed for the DNA damage response, including TopBP1 (Hong and
Laimins 2013; Hong, Cheng et al. 2015). In the absence of STATS5 and TopBP1, E7-induced
DNA damage signaling is attenuated, resulting in reduced viral genome amplification and
late gene expression (Hong and Laimins 2013; Hong, Cheng et al. 2015).

5.5. Genome stress: p53

p53 is a tumor suppressor and transcription factor that drives the expression of genes
regulating cell cycle arrest, DNA repair, apoptosis, senescence, and metabolism in response
to genotoxic, oncogenic, and other cellular stresses (reviewed in (Yee and Vousden 2005;
Riley, Sontag et al. 2008; Zilfou and Lowe 2009)). Levels of p53 are tightly controlled by
the ubiquitin ligase MDM2, which is also a p53 target gene (Bode and Dong 2004). MDM2
normally targets p53 for degradation, keeping steady state p53 protein levels low. However,
in response to DNA damage or other signals, p53 undergoes phosphorylation which disrupts

Virus Res. Author manuscript; available in PMC 2018 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Songock et al.

Page 18

the MDM2-p53 interaction, resulting in increased p53 levels and activity (Xu 2003; Bode
and Dong 2004). p53 transcriptional activity is also regulated extensively by other post-
translational modifications, including acetylation by pCAF and CBP/p300, which promotes
p53 DNA binding and transcriptional function (Avantaggiati, Ogryzko et al. 1997; Gu, Shi et
al. 1997; Lill, Grossman et al. 1997; Sakaguchi, Herrera et al. 1998; Liu, Scolnick et al.
1999; Barlev, Liu et al. 2001; Ito, Lai et al. 2001; Xu 2003; Bode and Dong 2004). In
response to p53 activation, cells can arrest the cell cycle, upregulate DNA repair, or undergo
apoptosis (Riley, Sontag et al. 2008).

In the context of oncogenic HPV infection, uncontrolled DNA synthesis and DNA damage
caused by E7 results in p53 stabilization and inhibition of cell cycling and viral DNA
synthesis (Lepik, Ilves et al. 1998; Korzeniewski, Spardy et al. 2011). However, HPV has
evolved various mechanisms to regulate this response. The most important and well-known
mechanism is expression of the E6 oncoprotein, which recruits ubiquitin ligase enzyme,
E6AP, to target p53 for degradation (Werness, Levine et al. 1990; Patel, Huang et al. 1999;
Thomas and Chiang 2005). In addition, many studies have shown that E7 can also inhibit
p53-mediated transcriptional programs, including p53-induced cell cycle arrest (Demers,
Foster et al. 1994; Massimi and Banks 1997; Morozov, Shiyanov et al. 1997; Patel, Huang et
al. 1999; Munger, Basile et al. 2001; Eichten, Westfall et al. 2002), suggesting a functional
cooperation between E7 and EB6.

The specific molecular mechanisms by which E7 interferes with the p53 pathway remain
unclear. On the one hand, cells expressing E7 have high levels of p53 with increased half-
life (Demers, Halbert et al. 1994; Jones, Thompson et al. 1997; Massimi and Banks 1997;
Massimi, Pim et al. 1997; Stoppler, Stoppler et al. 1998; Thomas and Laimins 1998; Jones,
Thompson et al. 1999; Patel, Huang et al. 1999; Seavey, Holubar et al. 1999; Flores, Allen-
Hoffmann et al. 2000; Eichten, Westfall et al. 2002; Balsitis, Dick et al. 2005; Bischof,
Nacerddine et al. 2005; Liu, Disbrow et al. 2007; Kho, Wang et al. 2013). The ability to
stabilize p53 depends on the CR1 domain and the phosphorylation site and LXCXE motifs
in the CR2 domain (Jones, Thompson et al. 1997). The mechanisms of p53 stabilization are
not clear. It could be that p53 stabilization results from oncogene stress induced by E7
(Korzeniewski, Spardy et al. 2011), but other mechanisms are possible. Despite high p53
levels, MDM2 levels are also high in cells expressing E7 (Thomas and Laimins 1998;
Seavey, Holubar et al. 1999; Eichten, Westfall et al. 2002; Liu, Disbrow et al. 2007),
suggesting that the MDM2 may not be functioning to properly target p53 for degradation.
Indeed, the association of p53 and MDM?2 is inhibited in cervical cell culture (Barnard and
McMuillan 1999; Hengstermann, Linares et al. 2001), although this effect may depend on the
cell type examined (Eichten, Westfall et al. 2002).

On the other hand, despite high p53 protein levels in E7-expressing cells, p53 activity is
reduced. The stabilized p53 in E7 expressing cells lacks normal endogenous and reporter-
driven transcriptional activity and it fails to activate key p53 target genes that are known to
regulate cell cycle events (W.S. and J.B., unpublished observations)(Massimi and Banks
1997; Jones, Thompson et al. 1999; Patel, Huang et al. 1999; Eichten, Westfall et al. 2002;
Bischof, Nacerddine et al. 2005). However, MDM2, which is a p53 target gene as well as
inhibitor (Momand, Zambetti et al. 1992; Oliner, Pietenpol et al. 1993), is increased in E7-
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expressing cells (Thomas and Laimins 1998; Seavey, Holubar et al. 1999; Eichten, Westfall
et al. 2002; Kho, Wang et al. 2013). Whether this is due to the increased p53 levels or other
mechanisms is unclear. Inhibition of p53 reporter activity by E7 does not require pRb
binding but does require the CKII phosphorylation site (Massimi and Banks 1997), which
differs from the E7 domains required for p53 stabilization. The adenovirus E1A protein and
simian virus 40 large T antigen, homologs of E7, have also been shown to inhibit p53
transcriptional activity (Mietz, Unger et al. 1992; Steegenga, van Laar et al. 1996;
Somasundaram and El-Deiry 1997).

Like the stabilization of p53, the mechanism responsible for the disruption of p53-mediated
transactivation by E7 remains unknown. Subcellular localization of p53 is not altered by E7
since p53-MDM2 complexes remain localized to the nucleus (Eichten, Westfall et al. 2002).
Additionally, neither phosphorylation nor the wild-type conformation of p53 is altered in
E7-expressing cells (Eichten, Westfall et al. 2002). One study showed that E7 could form a
complex with p53 in a TBP-dependent manner (Massimi and Banks 1997), although the
consequences of this association are not clear. Post-translational modification of p53 has the
potential to inhibit p53 activity (Stewart, Tang et al. 2001; Xu 2003). E7 can bind and inhibit
p300, whose HAT activity is important for p53 transactivation and turnover (Grossman,
Perez et al. 1998; Bernat, Avvakumov et al. 2003; Xu 2003; Fera and Marmorstein 2012).
E7 and p53 bind the same domain in p300, and E7 can disrupt association between
p300/CBP and p53 (Bischof, Nacerddine et al. 2005; Fera and Marmorstein 2012).
Accordingly, E7 prevents acetylation of p53, reducing its activity (Bischof, Nacerddine et al.
2005). Whether altering p53 post-translational modifications is sufficient to explain all of the
effects of E7 on p53 activity remains to be clarified.

5.6. Proliferation and differentiation: c-Myc

c-Myc is a transcription factor that plays a critical role in cellular differentiation, growth
regulation, and apoptosis (reviewed in (Eisenman 2001; Watt, Frye et al. 2008; Gandarillas
2012)). c-Myc can promote keratinocyte differentiation by mobilizing stem cells into the
transit amplifying compartment, where they show increased proliferation but are committed
to differentiate (Watt, Frye et al. 2008; Gandarillas 2012). c-Myc can either activate or
repress cellular genes via several mechanisms, notably the recruitment of chromatin
remodeling proteins, DNA methyltransferases, and transcriptional elongation factors
(Batsche, Lipp et al. 1994; Dang, O’;Donnell et al. 2006; Rahl, Lin et al. 2010). High levels
of c-Myc have been reported in cervical cancer (Nesbit, Tersak et al. 1999). c-Myc
heterodimerizes with Max and binds to E-box elements in promoters (Ansieau, Strobl et al.
2001; Palomero, Lim et al. 2006). HPV16 E7 interacts with c-Myc to enhance DNA binding
to and transcriptional activation of the hTert promoter (Wang, Chang et al. 2007). The zinc
finger domain of E7 is required for c-Myc interaction (Wang, Chang et al. 2007).
Additionally, the c-Myc promoter itself can be activated by E2F to induce unscheduled entry
into S-phase (Hiebert, Lipp et al. 1989; Thalmeier, Synovzik et al. 1989; Leone, Sears et al.
2001).

E7 can act as a transcription repressor by binding to and inhibiting the transcriptional
activity of Myc-interacting zinc-finger protein 1 (Miz1)(Morandell, Kaiser et al. 2012).
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Miz1 is an anti-proliferative transcription factor that inhibits the positive transcriptional
activity of c-Myc and is required for transcriptional activation of the CDK inhibitor p21 in
response to DNA damage (Dulic, Kaufmann et al. 1994; Herold, Wanzel et al. 2002; Wang,
Chang et al. 2007; Barrilleaux, Burow et al. 2014). HPV16 E7, but not HPV11 E7, binds to
the p21 promoter and inhibits Miz-1-dependent transcriptional regulation of p21 gene after
DNA damage, thus overriding the Miz-1 mediated G1-cell cycle arrest (Morandell, Kaiser et
al. 2012).

5.7. TGFp signaling: SMADs

TGFp is a critical regulator of immune responses, cell growth, epithelial-stromal
interactions, and differentiation (Massague 2012; Pickup, Novitskiy et al. 2013; Travis and
Sheppard 2014). TGFp signaling is initiated when TGFp binds to the TGFp receptor
complex, activating the receptor-associated kinase to phosphorylate SMAD2 and SMAD3.
SMAD?2/3 form a complex with SMADA4 and translocate to the nucleus to promote gene
expression (Massague 2012). TGF is produced by many cells and stimulates in a variety of
biological effects that are both cell type and context dependent (reviewed in (Li and Flavell
2008; Gigante, Gesualdo et al. 2012; Massague 2012). In early stages of tumorigenesis
TGFp acts as a tumor suppressor, whereas it promotes tumor growth during later stages of
cancer development (Wakefield and Sporn 1990; Creek, Geslani et al. 1995; Pickup,
Novitskiy et al. 2013; Polanska and Orimo 2013). High levels of TGFp are found in cervical
cancers (Li, Huang et al. 2009) and might be responsible for epithelial-to-mesenchymal
transition during cervical malignancy (Helleman, Smid et al. 2010).

TGFp signaling can arrest keratinocyte proliferation and inhibit HPV gene expression;
consequently, TGFp signaling is a frequent target of HPV oncogenes including E7
(Pietenpol, Stein et al. 1990; Woodworth, Notario et al. 1990; Moses 1992; Creek, Geslani et
al. 1995; Ozbun and Meyers 1996; Nees, Geoghegan et al. 2000; Murvai, Borbely et al.
2004; Habig, Smola et al. 2006). E7 can inhibit growth suppression by blocking TGF
expression and signaling, so that TGFp treatment of HPV-containing cells stimulates rather
than arrests growth (Pietenpol, Stein et al. 1990; Moses 1992; Woodworth, Chung et al.
1996). The ability of E7 to abrogate TGFp-induced growth arrest depends on the LXCXE
motif and the CR1 domain (Demers, Espling et al. 1996), and E7 can reverse TGFp-induced
downregulation of c-Myc in a CR2 dependent manner (Pietenpol, Stein et al. 1990; Moses
1992). Two possible mechanisms by which E7 interferes with TGFp have been reported.
First, E7 interacts with SMAD2, SMAD3, and SMADA4 resulting in disruption of the SMAD
complex and inhibition of TGF-B-driven gene expression (Habig, Smola et al. 2006).
Second, E7 can inhibit the TGFB2 promoter in a manner dependent on the CR2 and CR3
domains (Murvai, Borbely et al. 2004). E7 also may contribute to the inhibition of the TGFp
receptor type | gene, although the precise mechanism is unknown (Mi, Borger et al. 2000;
Hypes, Pirisi et al. 2009).

5.8. Ski interacting protein (Skip)

Skip was first identified as the binding partner of viral and cellular Ski isoforms (Dahl, Wani
et al. 1998) and can act as a transcriptional co-activator at many promoters, including AdE2
and p21 (Prathapam, Kuhne et al. 2001). Skip interacts with pocket proteins and inhibits
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their transcriptional repression activity (Prathapam, Kuhne et al. 2002), and interacts with
SMAD?2/3 to induce TGFp-dependent transcription (Leong, Subramaniam et al. 2001).
High-risk E7 can interact with Skip. This interaction depends on the S31-32
phosphorylation site and sequences in the CR3 region but not the presence of pRb
(Prathapam, Kuhne et al. 2001). E7 binding to Skip can prevent Ski-Skip dependent
transcriptional activation (Prathapam, Kuhne et al. 2001). The genes regulated by the E7-
Skip interaction in the context of HPV infection or cancer are not yet known.

5.9. Hypoxic response: HIF1

Hypoxia inducible factor 1 (HIF1) is an important transcription factor that induces
angiogenesis and metabolic adaptation in both benign and malignant lesions (Zhou, Schmid
et al. 2006; Semenza 2009). Under hypoxic (low oxygen) conditions, cells with episomal
HPV genomes have increased levels of, HIF1 and HIF1 targets, including carbonic
anhydrase IX and vascular endothelial growth factor (VEGF)(Nakamura, Bodily et al. 2009;
Bodily, Mehta et al. 2011; Walker, Smiley et al. 2011). The HIF1a subunit is associated with
HDACS, which reduces the activity of HIF1 dependent promoters. However, E7 can disrupt
the association of HDACs with HIF1, thus increasing the level of HIF1 dependent
transcription (Bodily, Mehta et al. 2011). E7 is also able to stabilize HIF1a protein levels
(Nakamura, Bodily et al. 2009) and bind to HIF1a through the CR2 domain (Bodily, Mehta
et al. 2011). How E7 binding to HIF1a relates to protein stabilization and HDAC
displacement is not clear. E7 upregulates ribonucleotide reductase M2 subunit (RRM2)
through the E2F site in the promoter, and RRM2 enhances the expression of HIF1a and
VEGF through ERK activation and contributes to angiogenesis (Wang, Zhan et al. 2014).

5.10. Other transcription factors regulated by E7

E7 can regulate aspects of the AP-1 system. AP-1 is a family of transcription factors
composed of dimers of the Jun and Fos family proteins (reviewed in (Zenz, Eferl et al.
2008)). In the skin, AP-1 regulates both differentiation and inflammatory processes (Zenz,
Eferl et al. 2008). High-risk E7 enhances c-Fos gene expression in a manner dependent on
the CR1 and CR2 region of E7 and a CAMP response element in the promoter (Morosov,
Phelps et al. 1994). E7 binds (via the C terminus) to AP-1 proteins including c-Jun, JunB,
JunD and c-Fos and activates c-Jun (Antinore, Birrer et al. 1996). On the other hand, E7 can
also inhibit the activity of AP-1, perhaps contributing to suppression of differentiation-
related genes by E7 (Gyongyosi, Szalmas et al. 2014).

E7 can separate the proliferation arrest function of C/EBP from the differentiation-inducing
function, enabling cells to continue to proliferate even while undergoing differentiation
(Gyongyosi, Szalmas et al. 2014). The ability of E7 to act on C/EBP requires the
phosphorylation site, but not the CR1 or LXCXE domains (Muller, Alunni-Fabbroni et al.
1999). E7 can upregulate or stimulate the activity of the pro-proliferative transcription
factors FoxM1b (Jaiswal, John et al. 2015) and MPP2 (Luscher-Firzlaff, Westendorf et al.
1999) and can downregulate the activity of the steroid receptor co-activator (SRC), blocking
its transcriptional and HAT activity by sequestering it in the cytoplasm (Baldwin, Huh et al.
2006).
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6. Other promoters regulated by E7

We have discussed how E7 can regulate transcription by interacting with transcriptional co-
activators, co-repressors, inhibitory complexes, and transcription factors. Here we discuss
other promoters that are regulated by mechanisms not yet fully understood.

E7 can reduce CCL20 expression and secretion (Guess and McCance 2005; Herman, Hubert
et al. 2006; Caberg, Hubert et al. 2008; Caberg, Hubert et al. 2009). Interestingly, TGFf,
CCL20, and E-cadherin are all inhibited by E7, and each is critical for the recruitment,
differentiation, and retention of Langerhans cells in the skin (Guess and McCance 2005;
Mayumi, Watanabe et al. 2013; Travis and Sheppard 2014). Levels of these critical antigen
presenting cells are markedly reduced in HPV-containing tissues (Spinillo, Tenti et al. 1993;
Connor, Ferrer et al. 1999; Delvenne, Hubert et al. 2001; Scott, Nakagawa et al. 2001;
Matthews, Leong et al. 2003; Hubert, Caberg et al. 2005; Herman, Hubert et al. 2006;
Caberg, Hubert et al. 2008; Caberg, Hubert et al. 2009; Leong, Doorbar et al. 2010). When
E7 is expressed in the murine epidermis, Langerhans cells are functionally impaired in both
migration and antigen uptake, with fewer dendritic processes (Abd Warif, Stoitzner et al.
2015). It is possible that regulation of these transcriptional targets by E7 may be important
for immune evasion by HPV.

The LXCXE motif in E7 contributes to hTert promoter activity in cells expressing E6 and E7
(Liu, Roberts et al. 2008). The E2F site in the hTert promoter is inhibitory, suggesting that
E7 acts through abrogating the effect of inhibitory pocket protein/E2F complexes (Liu,
Roberts et al. 2008).

Sirtl is an NAD-dependent deacetylase that is involved in the regulation of the DNA damage
response. In cooperation with E6, E7 increases Sirtl levels through the C terminus and
LXCXE matifs (Allison, Jiang et al. 2009; Langsfeld, Bodily et al. 2015). Sirt1 binds to the
viral genome and recruits homologous recombination factors which are important for
episomal maintenance, amplification, and late gene expression (Langsfeld, Bodily et al.
2015; Gautam and Moody 2016). Sirtl levels may also drive changes in cellular gene
expression but this is as yet unknown.

E7 can induce patterns of gene expression typical of the epithelial-mesenchymal transition, a
frequent precursor to cancer metastasis, in which fibroblast-like genes are expressed in
epithelial cells (Hellner, Mar et al. 2009; Hanahan and Weinberg 2011). E7 can also
upregulate matrix metalloproteinases, which are also involved in cancer metastasis, but
which may be important for the activation of growth factors and other molecules stored in
the extracellular matrix (Smola-Hess, Pahne et al. 2005; Page-McCaw, Ewald et al. 2007;
Cardeal, Boccardo et al. 2012; Kaewprag, Umnajvijit et al. 2013; Zhu, Ye et al. 2015). The
impact of these factors on the viral life cycle is unclear.

Although most of the literature focuses on the effect of E7 on cellular gene expression, E7
also increases HPV16 late promoter reporter activity (Bodily, Hennigan et al. 2013). E2, the
DNA binding transcription factor encoded by HPV16, has no effect on E7 activation of the
late promoter reporter and E7 has no effect on E2 inhibiting the early promoter (Bodily,
Hennigan et al. 2013). LXCXE and C terminal mutants each reduce activation (Bodily,
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Hennigan et al. 2013). The mechanism of activation remains unclear, but factors that
increase cell cycling, such as CDK1/2 and activating E2Fs, actually inhibit the promoter
(Bodily, Hennigan et al. 2013), so it is unlikely that E7 activates the late promoter through
promoting E2F activity.

7. MicroRNASs

Finally, in recent years, many microRNAs (miRNAs) have been found to be regulated by E7.
Table 1 shows a summary of these findings, including miRNAs that have been shown to be
regulated directly by E7. Other miRNAs have been shown to be regulated by HPV but the
specific contribution of E7 (vs. the other viral oncogenes) is not yet known (Martinez,
Gardiner et al. 2008; Wang, Wang et al. 2009; Bonnet, Tatari et al. 2010; McKenna, McDade
et al. 2010; Jung, Phillips et al. 2014; Leung, Deng et al. 2014; Liu, Gao et al. 2014;
McKenna, Patel et al. 2014; Zheng, Liu et al. 2015; Liu, Zhang et al. 2016). Only a few of
these miRNAs are yet known to have a clear impact on the viral life cycle or on cancer
development.

miR-145 is suppressed by E7 during differentiation in keratinocytes containing HPV31
genomes (Gunasekharan and Laimins 2013). miR-145 targets a region in the HPV E1 open
reading frame and reduces genome amplification and late transcripts (Gunasekharan and
Laimins 2013). miR-145 is thus an example of a miR regulating viral transcripts. miR-145
also targets the transcription factor KLF4 which binds to the viral regulatory region and
promotes viral amplification and late gene expression (Gunasekharan, Li et al. 2016). This
may be a mechanism by which E7 could contribute to viral gene expression. miR-375 also
targets HPV transcripts (Jung, Phillips et al. 2014), although its regulation by E7 specifically
has not been tested.

miR-203 can increase differentiation of keratinocytes and can downregulate p63; E7 inhibits
miR-203 expression at the transcriptional level, so that p63 and its targets are maintained at
higher levels during differentiation, facilitating viral genome replication (Melar-New and
Laimins 2010). Finally, miR-21 (upregulated) and miR-143 (downregulated) are targets of
E7 in the estrogen-E7 transgenic mouse model, where they suppress PTEN and Bcl-2,
respectively (Gomez-Gomez, Organista-Nava et al. 2016).

8. Summary and additional questions

We have seen that E7 can regulate gene expression through a wide array of mechanisms,
ranging from direct interaction with the core transcriptional machinery to the regulation of
signaling pathways to promote or inhibit transcription factor activation. Clearly the binding
of E7 to cellular factors is flexible to the point of promiscuity, which is one of the features
that make E7 such a powerful regulator of cell behavior. One of the most important
questions resulting from these studies is how (or whether) E7 can mediate such a wide array
of effects in real HPV infections. Even though some of the interactions between E7 and host
proteins are likely to be catalytic (such as promoting degradation of pocket proteins) rather
than stoichiometric, it is not clear that there is enough E7 present in an infected cell to
engage in all these interactions at the same time. It is possible that some of these reported
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effects are artifacts of overexpression or of expression of E7 in the absence of the other viral
gene products. Alternatively, it is possible that some interactions only occur under specific
conditions, such as upon activation of a signaling pathway or during differentiation. It is also
possible that this diverse array of effects may ultimately be traceable to only a few critical
regulatory nodes. For example, the degradation of pocket proteins unleashes a wide variety
of downstream events, even though E7 itself may be engaging in only one activity. Much
additional study will be needed to work out these possibilities.

There is evidence that E7 may have tissue-specific effects, as seen most clearly in the role of
E7 in cutaneous vs. cervical carcinogenesis in the mouse (Herber, Liem et al. 1996; Gulliver,
Herber et al. 1997; Riley, Duensing et al. 2003). Are such tissue-specific differences relevant
for human infection, tissue tropism, or carcinogenesis (for example in the cervix vs.
oropharynx)? E7 can activate or suppress whole pathways, such as the IRF or STAT
pathways, but it can also mediate the opposite effect on specific genes (for example IL18BP)
that are regulated by those pathways. What can explain the selectivity of gene expression by
E7? Some interactions between E7 and cellular factors have the potential to bring about
enormous changes in host gene expression — for example the interaction with p300/CBP —
but these interactions have not, as yet, been linked to very many specific regulatory changes.
What are the downstream consequences of the interaction between E7 and these critical
transcriptional regulators?

Because of their link to cancer, the HPV oncogenes have usually been viewed through the
lens of cell transformation, cell proliferation, and tumorigenesis, using cervical cancer cell
lines as models. However, because of the focus on carcinogenic transformation, the
contributions that the viral oncogenes have evolved to make in the productive HPV life cycle
are not fully understood. Although HPVs are medically important because of their ability to
cause cancers, progression toward malignancy is detrimental to HPV from an evolutionary
perspective because it is associated with failure to produce progeny virus (Pett and Coleman
2007; Doorbar, Quint et al. 2012). Therefore, high-risk HPV should not benefit from
inducing cellular changes that result in frank malignancy or metastasis. Yet evolution has
retained these activities in the viral oncoproteins. Low-risk HPV types use broadly similar
life cycle strategies, promote unscheduled cell proliferation, replicate to high levels, and are
evolutionarily successful to a degree comparable to the high-risk types (Doorbar, Quint et al.
2012), and yet they are not associated with cancer and their oncogenes lack much of the
tumorigenic potential of the high-risk homologs (Klingelhutz and Roman 2012). These
observations suggest an important evolutionary question: Why do high-risk HPV oncogenes
have cancer-promoting activities, while low-risk HPV oncogenes, under similar conditions,
do not promote cancer development? What is it about the high-risk HPV life cycles that
requires oncogenic HPV activities that is not necessary for the low-risk HPVs?

Examining the functions of viral oncogenes from the perspective of the evolutionary needs
of the virus rather than cancer per se may provide additional insight into how the viral
oncogenes impact host cell biology. For example, all small DNA viruses target pRb, p53,
and the PI3K/Akt/mTOR pathway (Moore and Chang 2010). These pathways regulate cell
cycling and proliferation, and therefore control the availability of cellular resources for
replicating viral genomes. However, each of these host pathways also has critical effects on
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innate and adaptive immunity (Tang, Amagai et al. 1993; Takaoka, Hayakawa et al. 2003;
Munoz-Fontela, Macip et al. 2008; Youlyouz-Marfak, Gachard et al. 2008; Zaheer, Koetzler
et al. 2009; Moore and Chang 2010; Lupberger, Duong et al. 2013; Mayumi, Watanabe et al.
2013; Kalinowski, Ueki et al. 2014; Lulli, Carbone et al. 2016; Miciak and Bunz 2016;
Zheng, Stamminger et al. 2016). It is possible that the immune effects of these oncogenic
pathways may be more important in the context of productive virus infections than simply
making nucleotides and enzymes available for replicating genomes. How viruses exploit the
relative contributions of the oncogenic and immune activities of tumor suppressor genes in
their productive life cycles is not clearly known. Fundamentally, in order to understand the
functions that E7 evolved to fulfill, we need to better understand which of all these
interactions are important for the productive viral life cycle. Better appreciating the role of
E7 in the normal viral life cycle will enable us to better understand the context from which
HPV-induced carcinogenesis arises.
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Highlights
Human papillomavirus E7 both positively and negatively regulates

transcription of host cell genes.

E7 regulates factors that control chromatin structure, including histone
modifying enzymes and DNA methylation machinery.

E7 modifies the functions of many transcription factor systems, including
pRb/E2F, IRFs, SMADs, HIF1, p53, and others.

Transcriptional regulation by E7 impacts host cell proliferation, innate and
adaptive immunity, stress responses, differentiation, and DNA damage
responses.
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Figure 1.
a. The CR1 (blue), CR2 (red) and CR3 (green) domains of E7, along with the zinc-

coordinating CXXC motifs (yellow). b. Sites of interaction in E7 with known transcriptional
regulators. Numbers represent amino acid positions. Factors that are not involved in
transcription or whose binding sites in E7 have not been mapped by mutation are not shown.
In some cases binding is reduced (indicated “red”) or increased (indicated “incr”) by
mutation of a specific residue. The location of the NLSs (blue bars) and NES (pink bar) are
indicated (Knapp, McManus et al. 2009; Eberhard, Onder et al. 2013). Residues colored red
are important for dimerization and residues shaded grey are important for cullin 2 binding
(Huh, Zhou et al. 2007; Todorovic, Hung et al. 2012).
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Figure 2.
A simplified depiction of promoter activation. a. Repressed or closed chromatin prevents the

binding of transcriptional regulators to the promoter region, in part because of the tight inter-
nucleosomal interactions between histone tails. b. Binding of pioneer transcription factors
results in the recruitment of histone and chromatin modifying enzymes, or co-activators (co-
act), which modify histone tails and chromatin structure to make it more accessible for
binding of other protein complexes. c. In active chromatin, additional transcription factors
and co-activator proteins are recruited, including the Mediator complex, which recruits the
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GTFs and Pol 1l close to the transcriptional start site to form a pre-initiation complex.
Through the action of the GTFs, the pre-initiation complex transitions to active transcription.
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Figure 3.

Regulation of chromatin structure by E7. a. E7 can bind to HDACSs and displace them from
promoters, such as the E2F2 promoter (Longworth, Wilson et al. 2005). E7 can also displace
HDACSs from binding to transcription factors, such as HIF1a (Bodily, Mehta et al. 2011). b.
Alternatively, E7 can recruit HDACs to promoters in a transcription factor-specific manner,
as in the case of MHC-1 and TLR9 (Park, Kim et al. 2000; Um, Rhyu et al. 2002; Hasan,
Zannetti et al. 2013). c. E7 can bind to HAT co-activators and inhibit their activity. pCAF,
p300/CBP, Skip, and SRC are examples (Prathapam, Kuhne et al. 2001; Huang and
McCance 2002; Avvakumov, Torchia et al. 2003; Bernat, Avvakumov et al. 2003; Baldwin,
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Huh et al. 2006; Fera and Marmorstein 2012; Jansma, Martinez-Yamout et al. 2014).
Binding of E7 to HATS results in the inhibition of the interleukin 8 (IL8) gene (Huang and
McCance 2002) and possibly contributes to the inhibition of p53-mediated transcription
(Bischof, Nacerddine et al. 2005; Fera and Marmorstein 2012). E7 can also upregulate
transcriptional co-activator Sirtl (Langsfeld, Bodily et al. 2015). E7 can either promote or
prevent promoter DNA methylation by DNMTSs (Laurson, Khan et al. 2010; Chalertpet,
Pakdeechaidan et al. 2015; Cicchini, Westrich et al. 2016; Yin, Wang et al. 2016). d. PRCs
inhibit transcription by recruiting histone methyltransferases (MTases) to promoters. E7
suppresses the expression of PRC components and upregulates the demethylase enzymes
KDMB6A and KDM6B (Hyland, McDade et al. 2011; McLaughlin-Drubin, Crum et al.
2011).
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Figure 4.
Regulation of pocket proteins by E7. a. E7 can bind to pocket proteins and target them for

degradation, thus facilitating transcription by activating E2Fs (green)(Munger, Werness et al.
1989; Barbosa, Edmonds et al. 1990; Huang, Patrick et al. 1993; Chien, Parker et al. 2000;
Dong, Caldeira et al. 2001; Helt and Galloway 2001). b. E7 can also displace pocket protein
binding to E2Fs without targeting them for degradation (Chellappan, Kraus et al. 1992;
Gonzalez, Stremlau et al. 2001; Collins, Nakahara et al. 2005). c. Inhibitory E2Fs (red), in
combination with pocket proteins, can repress E2F dependent promoters. In addition to
targeting pocket proteins for degradation, E7 can cause an exchange of activating E2Fs for
inhibitory E2F complexes, upregulating gene expression (Longworth, Wilson et al. 2005;
McLaughlin-Drubin, Huh et al. 2008). d. DREAM complexes are repressive complexes
associated with pocket proteins, inhibitory E2Fs, and MuvB. E7 can cause the disruption of
DREAM complexes and recruitment of B-Myb to associate with MuvB and activate mitotic
gene expression (Nor Rashid, Yusof et al. 2011; Sadasivam and DeCaprio 2013; Fischer,
Quaas et al. 2014; Pang, Toh et al. 2014).
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Figure 5.
Impact of E7 on transcription factor function. E7 can activate some transcription factors by

stimulating upstream signaling pathways. STAT5 (Hong and Laimins 2013) and HIF1
(Wang, Zhan et al. 2014) are two examples. E7 can also inhibit upstream signaling
pathways, reducing the function of other transcription factors, including STAT1, NF«xB,
SMAD?2/3, and IRF1 (Perea, Lopezocejo et al. 1997; Mi, Borger et al. 2000; Nees,
Geoghegan et al. 2001; Spitkovsky, Hehner et al. 2002; Murvai, Borbely et al. 2004; Hypes,
Pirisi et al. 2009; Li, Zhan et al. 2009; Vandermark, Deluca et al. 2012; Hasan, Zannetti et
al. 2013; Zhou, Chen et al. 2013; Zhou, Chen et al. 2013; Lau, Gray et al. 2015). E7 can
interfere with nuclear localization of STAT1 and NFxB (Perea, Lopezocejo et al. 1997;
Nees, Geoghegan et al. 2001; Spitkovsky, Hehner et al. 2002; Li, Zhan et al. 2009; Zhou,
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Chen et al. 2013; Zhou, Chen et al. 2013). E7 can directly bind to and stimulate transcription
factors, including E2F1, B-Myb, c-Myc, and c-Jun (Antinore, Birrer et al. 1996; Hwang, Lee
et al. 2002; Wang, Chang et al. 2007; Pang, Toh et al. 2014). Alternatively, E7 can bind and
inhibit transcription factors including E2F6, SMAD2/3, Miz1, IRF1, and TBP (Massimi,
Pim et al. 1996; Massimi, Pim et al. 1997; Park, Kim et al. 2000; Maldonado, Cabrejos et al.
2002; Habig, Smola et al. 2006; McLaughlin-Drubin, Huh et al. 2008; Morandell, Kaiser et
al. 2012). E7 can also induce the expression of transcription factors such as B-Myb and c-
Fos (Lam, Morris et al. 1994; Morosov, Phelps et al. 1994; Pang, Toh et al. 2014), and
inhibit the expression of transcription factors such as STAT1 and IRF1 (Hong, Mehta et al.
2011; Zhou, Chen et al. 2013).
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