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Human Papillomaviruses and the Interferon Response

Melanie Beglin, Marta Melar-New, and Laimonis Laimins

Human papillomaviruses (HPV) are small DNA viruses that target stratifi ed keratinocytes for infection. A sub-
set of HPV types infect epithelia in the genital tract and are the causative agents of cervical as well as other ano-
genital cancers. Interferon treatment of existing genital HPV lesions has had mixed results. While HPV proteins 
down-regulate the expression of interferon-inducible genes, interferon treatment ultimately induces their high-
level transcription after a delay. Cells containing complete HPV genomes that are able to undergo productive 
replication upon differentiation are sensitive to interferon-induced growth arrest, while cells from high-grade 
cancers that only express E6 and E7 are resistant. Recent studies indicate this sensitivity is dependent upon the 
binding of the interferon-inducible factor, p56, to the E1 replication protein. The response to interferon by HPV 
proteins is complex and results from the action of multiple viral proteins.

Introduction

Human papillomaviruses (HPV) are small, double-
stranded DNA viruses that induce hyperproliferative 

lesions of cutaneous and mucosal epithelial tissues (Howley 
1996; zur Hausen 2002). HPVs infect stratifi ed epithelia and 
establish infections that can persist for decades. For these 
infections to persist, papillomaviruses have evolved strate-
gies to evade the effects of the innate immune system during 
the initial phases of infection as well as long-term surveil-
lance by the adaptive immune system. Over 100 different 
viral types have been identifi ed and, of these, ~30 specifi -
cally infect epithelial cells in the genital tract (zur Hausen 
2002). Genital papillomavirus infections are passed through 
sexual contact and are the most common sexually transmit-
ted viral infections. It is currently estimated that ~20 million 
Americans are infected and that 70% of sexually active per-
sons will acquire a genital HPV infection during their life-
time (Centers for Disease Control and Prevention [updated 
2009]).

Genital HPV are categorized as high- and low-risk virus 
types based on their potential to induce malignant transfor-
mation. The high-risk viral types, including HPV-16, 18, 31, 
33, 45, are associated at a high frequency with the develop-
ment of malignant lesions and are the causative agents of 
cervical cancer. Over 99% of cervical tumors contain HPV 
DNA (Walboomers and others 1999; zur Hausen 2002). In 
contrast, low-risk HPVs such as HPV-6 and 11 induce only 
benign warts in the genital tract, which are at low risk for 
progression to malignancy. HPV genomes are found as 

extrachromosomal elements or episomes in precancerous 
cervical lesions, while genomes are often found integrated 
into host DNA in cervical carcinomas (Parkin and others 
2001).

Initial infection with genital HPVs results in low-grade 
lesions called dysplasias or cervical intraepithelial neoplasia 
grade I and most are cleared by the immune system within 
1 or 2 years (Jenson and others 1991; Hopfl  and others 2000). 
However, some infections can persist for extended periods 
as they are not effectively cleared by the immune system. 
Persistence of high-risk HPV infections is the major risk fac-
tor for the development of cervical cancer and other genital 
malignancies (zur Hausen 1996). Infection with high-risk 
HPV combined with other risk factors such as immunosup-
pression, cigarette smoking and coinfection with human 
immunodefi ciency virus can lead to the development of cer-
vical cancer.

Cervical cancer is the second most prevalent cancer 
worldwide and it is estimated that 470,000 new cases are 
diagnosed each year (Parkin and others 2001). Although 
most cases of cervical cancer are found outside of the United 
States in economically disadvantaged nations, ~11,000 U.S. 
women are diagnosed yearly and ~5,000 die of the dis-
ease (Parkin and others 2001). In 2006, the FDA approved 
an HPV vaccine. Gardasil (Merck & Co.) is a prophylac-
tic vaccine and is, therefore, not effective in treating those 
already infected with HPV. The Gardasil vaccine consists of 
recombinant virus-like particles (VLPs) that are spontane-
ously self-assembled upon expression of L1, the major viral 
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start sites located within the E7 ORF. Late genes expressed 
from the late promoter include those encoding the capsid 
proteins L1 and L2 as well as E1̂ E4 and E5 (Howley 1996; 
Longworth and Laimins 2004b). Because activation of late 
transcription is so tightly linked to epithelial cell differentia-
tion, it is thought that differentiation-specifi c cellular factors 
regulate this process (del Mar Pena and Laimins 2001).

HPV Proteins: E6 and E7

The high-risk E6 and E7 proteins are selectively retained 
and expressed in cervical cancers. These proteins act cooper-
atively to mediate immortalization and transformation. The 
E7 proteins are ~100 amino acids in size and are found pre-
dominately in the nucleus of HPV-infected cells (Longworth 
and Laimins 2004b). High-risk E7 proteins by themselves 
can immortalize NIH 3T3 mouse cells (Riley and others 
2003) but require the presence of E6 to effi ciently immor-
talize human keratinocytes (Munger and others 1989). All 
high-risk E7 proteins contain 3 conserved regions: CR1, CR2, 
and CR3. CR1 and CR2 domains have sequence homology to 
similar domains of the adenoviral E1A protein (Phelps and 
others 1988; Phelps and others 1992).

The CR2 domain of E7 contains an LXCXE motif that 
is important for binding the retinoblastoma (Rb) family 
of cellular proteins, while the CR3 domain contains 2 zinc 
fi ngerlike motifs (Longworth and Laimins 2004b). The Rb 
family of proteins includes Rb, p107, and p130, and these fac-
tors are important for regulation of the cell cycle. Rb fam-
ily members regulate transition through the G1 phase of the 
cell cycle by acting as negative regulators of the E2F fam-
ily of transcriptional activators, which control expression of 
S-phase specifi c genes (Edmonds and Vousden 1989; Jewers 
and others 1992; Berezutskaya and others 1997; Wang and 
others 2001). The binding of E7 to Rb family members results 
in the constitutive activation of genes involved in cell cycle 
progression (Edmonds and Vousden 1989; Weintraub and 
others 1995). The ability to bind Rb family members extends 
to the low-risk E7 proteins, which bind at 10-fold less affi n-
ity than their high-risk counterparts (Ciccolini and others 
1994; Schmitt and others 1994). Rb family members also con-
trol cell cycle exit that normally occurs during epithelial dif-
ferentiation. The disruption of Rb function by E7 allows for 
epithelial cells to remain active in the cell cycle upon differ-
entiation, which is necessary for productive viral replication 
(Chellappan and others 1992).

E7 proteins can also increase the activity of other cell 
cycle regulators responsible for driving cell cycle progres-
sion. E7 associates with cyclins A (directly) and E (indi-
rectly via p107) as well as the cyclin-dependent kinase 
(cdk) inhibitors, p21 and p27 (Davies and others 1993; 
Tommasino and others 1993; Zerfass-Thome and others 
1996; Funk and others 1997; Jones and others 1997; Ruesch 
and Laimins 1998). A third group of proteins that bind 
high-risk E7 are the class I histone deacetylases (HDACs) 
(Brehm and others 1998; Longworth and Laimins 2004b). 
HDACs are transcriptional corepressors that remove ace-
tyl groups from the lysine-rich N-terminal tails of histone 
proteins (Longworth and Laimins 2004b). E7 proteins bind 
to HDACs resulting in increased E2F-mediated transcrip-
tion and S-phase progression (Longworth and others 2005). 
HPV-31 genomes harboring mutations that block the bind-
ing of E7 to HDACs result in an inability to maintain viral 

capsid protein. VLPs do not contain viral DNA and trigger 
an antibody response that protects against infection. The 
vaccine protects against infection with HPV types 16 and 
18, which are responsible for 70% of cervical cancer cases, as 
well as with HPV-6 and 11, which cause 90% of genital warts 
cases (Centers for Disease Control and Prevention [updated 
2009]).

The Human Papillomavirus Life Cycle

HPVs are nonenveloped viruses that replicate in the 
nuclei of the infected host cell (Longworth and Laimins 
2004b). The productive life cycle of HPVs is directly linked to 
differentiation of the infected epithelial cell (Fig. 1). Infection 
by papillomaviruses is believed to occur through microtrau-
mas in the epithelium, which exposes cells in the basal layer 
to entry by viruses. The receptor that mediates viral entry 
remains unknown although heparin sulfate is likely respon-
sible for the initial attachment of virions to cells (Howley 
1996). Once the virus has entered into keratinocytes in the 
basal layer, HPV genomes are established in the nucleus as 
replicating extrachromosomal episomes and a low level of 
HPV expression occurs. This viral gene expression allows 
for the stable maintenance of viral episomes at approxi-
mately 20 to 100 copies per cell. As these infected basal cells 
divide, viral genomes are replicated along with host chro-
mosomes and distributed equally to daughter cells. One of 
the infected daughter cells detaches from the basal layer, 
migrates toward the suprabasal regions, and undergoes dif-
ferentiation. The other daughter cell remains in the basal 
layer to provide for further cell division (Stubenrauch and 
others 1998; Fehrmann and Laimins 2003; Longworth and 
Laimins 2004b). Normally, uninfected keratinocytes exit the 
cell cycle as they detach from the basement membrane and 
in many keratinocytes this results in degradation of nuclei 
in suprabasal cells. However, HPV-positive cells remain 
active in the cell cycle after leaving the basal layer through 
the action of viral proteins. Upon differentiation, supra-
basal HPV-positive cells are induced to reenter S phase and 
activate expression of cellular factors necessary for replica-
tion to induce viral DNA amplifi cation (Cheng and others 
1995; Flores and others 2000). Concurrent with DNA ampli-
fi cation, late viral proteins including capsid proteins are 
expressed resulting in the assembly of infectious virions. 
Following assembly, mature viruses are released from the 
upper layers of the epithelium through shedding (Howley 
1996; Longworth and Laimins 2004b). The mechanisms that 
regulate the differentiation-dependent phase of the viral life 
cycle are only now beginning to be understood.

The HPV Genome

All HPV genomes contain approximately 8 open-reading 
frames (ORFs) that are expressed from polycistronic mRNAs 
transcribed from a single strand of DNA (Howley 1996). 
HPV gene products are divided into early and late proteins 
and their expression is directed from 2 major promoters. The 
early promoter directs expression of early HPV proteins and 
initiates upstream of the E6 ORF. Transcription of the early 
promoter occurs in undifferentiated cells and prior to pro-
ductive replication. The early HPV proteins include E1, E2, 
E1̂ E4, E5, E6, and E7. Late viral transcription is triggered 
upon differentiation of the host cell and is activated from 
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the activation of target genes (Zimmermann and others 
1999; Chan and La Thangue 2001; Grossman 2001; Vo and 
Goodman 2001; Thomas and Chiang 2005). In addition, p53 
itself can be acetylated by p300/CBP at several lysine resi-
dues in the C-terminus and this results in a more stable p53 
protein with increased transcriptional activity (Fu and oth-
ers 2004; Yang 2004). In HPV-infected cells, E6 forms a com-
plex with both p53 and p300/CBP and blocks acetylation of 
p53 by p300/CBP (Zimmermann and others 1999). The abil-
ity of E6 to block this acetylation of p53 and its subsequent 
activation represents another mechanism by which HPV has 
evolved to block cell cycle arrest.

Additional binding partners of E6 include members of 
the PDZ domain containing family including MUPP-1, hDlg, 
hScribble, and MAGI. PDZ-binding proteins are involved in 
cell signaling and cell–cell adhesion (Kim 1997). Binding of 
these proteins occurs at the extreme C-terminus of E6 and 
results in the degradation of the PDZ proteins (Lee and oth-
ers 2000; Nakagawa and Huibregtse 2000; Thomas and oth-
ers 2002). Transgenic mice expressing E6 mutants that lack 
the PDZ-binding domain do not develop epidermal hyper-
plasias as seen with wild-type E6 (Nguyen and others 2003). 
Furthermore, HPV-31 genomes harboring mutations in the 
E6 PDZ-binding domain showed defects in growth, early 
transcription, as well as episomal maintenance (Lee and 
Laimins 2004). Another function of high-risk E6 important 
for immortalization is the activation of the catalytic subunit 
of telomerase, hTERT (Klingelhutz and others 1996). As will 
be discussed, E6 proteins have also been shown to interact 
with members of the innate immune response pathway, 
such as IRF-3 (Ronco and others 1998).

E1 and E2 Replication Proteins

The E1 and E2 replication proteins are among the fi rst 
to be expressed upon viral infection. These proteins form 
a complex and bind to sequences at the viral origin of rep-
lication. Once bound, they recruit cellular polymerases 

DNA as episomes and have a limited lifespan (Longworth 
and Laimins 2004a).

The high- and low-risk E6 proteins are ~150 amino acids 
in size and are localized to both nuclear and cytoplasmic 
compartments. E6 proteins have 2 zinc-binding domains con-
taining 4 Cys-X-X-Cys motifs (Cole and Danos 1987; Barbosa 
and others 1989) and act as oncoproteins. Expression of E6 
alone can immortalize human mammary epithelial cells 
and transform NIH3T3 cells (Kiyono and others 1998; Liu 
and others 1999). However, E6 requires the coexpression of 
E7 to effi ciently immortalize human keratinocytes (Hawley-
Nelson and others 1989). E6 has been reported to bind over 
12 different proteins (zur Hausen 2002). The best character-
ized binding interaction is with the p53 tumor suppressor 
protein. E6 binds to p53 in a trimeric complex with the E3 
cellular ubiquitin ligase, E6AP, causing the rapid degrada-
tion of p53 through the 26S proteasome (Scheffner and others 
1990; Werness and others 1990). p53 is activated upon DNA 
damage through various modifi cations and regulates tran-
scription of genes involved in cell cycle control and apopto-
sis. The E6-mediated down-regulation of p53 abrogates the 
proapoptotic activities of p53 and allows for viral replication 
(Howley 1996).

High-risk E6 can also interfere with p53-mediated cell 
cycle regulation through its interaction with a p53 coactiva-
tor, p300/CBP (Patel and others 1999; Zimmermann and oth-
ers 1999), which is independent of E6’s ability to degrade p53 
(Zimmermann and others 1999; Thomas and Chiang 2005). 
p300/CBP proteins are histone acetyltransferases that mod-
ulate transcription through the acetylation of histones at tar-
get promoters. Acetylation of histones rearranges chromatin 
into a more open and assessable confi guration, leading to 
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FIG. 1. Diagram showing normal and human papilloma-
virus (HPV) infected stratifi ed epithelia. Normal keratino-
cytes are actively dividing only in the basal layer, and many 
suprabasal epithelial cells lose nuclei as they differentiate. 
HPV-positive cells remain active in the cell cycle throughout 
all epithelial layers and induce late viral functions as well as 
virion production in suprabasal layers.
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FIG. 2. Cartoon diagramming the multiple ways human 
papillomavirus (HPV) proteins interfere with the response 
to interferon. E6 targets Tyk2 as well as IRF-3 and p300/p53. 
E7 binds to p48 and IRF-1. E1 binds to p56.
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Additional studies have demonstrated that HPV proteins 
directly target components of the innate immune system to 
inhibit their action. The E6 oncoprotein has been shown to 
bind to interferon regulatory factor-3 (IRF-3), thereby inter-
fering with its ability to act as a transcriptional activator 
(Ronco and others 1998). In addition, E6 has been reported 
to bind the Tyk2 kinase of the Jak-Sat pathway and inhibit 
its function (Li and others 1999). In a similar manner, E7 
has been shown to bind to IRF-1 and block its functions 
(Park and others 2000). E7 has also been shown to bind to 
p48, a component of the interferon-stimulated gene factor 3 
(ISGF3) complex, blocking the translocation of this complex 
to the nucleus and its ability to activate gene expression in 
response to interferon (Barnard and McMillan 1999). These 
interactions may provide a mechanism by which HPV pro-
teins suppress expression of interferon-inducible genes.

PKR is commonly targeted by viral proteins and sim-
ilar effects are seen in HPV infections. The levels of total 
and phosphorylated PKR are reduced in HPV-positive cells 
through the synergistic action of E6 and E7. This reduction 
of PKR activity leads to a reduced level of eIF2α phosphor-
ylation following infection with VSV (Hebner and others 
2006). HPV-18 E6 has been shown to directly interfere with 
phosphorylation of eIF2α leading to inhibition of translation 
regulation (Kazemi and others 2004). In addition to block-
ing PKR activity, the HPV E6 protein induces the relocal-
ization of PKR to tight cytoplasmic clusters that correspond 
to P-bodies. P-bodies are sites of mRNA storage as well as 
degradation and the relocalization of PKR to these sites may 
contribute to the inhibition of PKR activity (Hebner and oth-
ers 2006).

Since IFN induction is a potent antiviral defense mech-
anism, IFN therapy has been suggested as a treatment 
for HPV infections. Unfortunately, variable results have 
been observed in clinical trials (Bornstein and others 1997; 
Garcia-Millian and others 1999; Gonzalez-Sanchez and oth-
ers 2001). Interferons have been used successfully in treat-
ing patients with genital warts induced by low-risk HPV 
types but show mixed results in treating low-grade lesions 
and cancers induced by high-risk HPVs (zur Hausen 2002). 
Early studies using mouse cells containing episomal copies 
of bovine papillomavirus DNA demonstrated that treatment 
with interferon caused a complete elimination of viral DNA 
and reversion to a nontransformed phenotype (Turek and 
others 1982). Long-term treatment of human keratinocytes 
that stably maintained HPV episomes resulted in growth 
arrest and apoptosis (Chang and others 2002). A small pop-
ulation of cells survived and these were found to contain 
only integrated copies of high-risk HPV-31 DNA. Interferon 
treatment of cells derived from high-grade cervical cancers 
that contained only integrated copies of HPV had no effect 
on their growth properties (Chang and others 2002). Similar 
effects have also been reported using cells that maintained 
episomal copies of HPV-16 (Herdman and others 2006). This 
suggests that interferon treatment may select for cells with 
integrated copies of HPV DNA making it an undesirable 
method for treating patients with either high- or low-grade 
HPV infections.

Recent studies have determined that expression of the 
interferon-inducible protein p56 blocks HPV replication by 
binding the E1 replication protein and sequestering it to the 
cytoplasm (Terenzi and others 2008). This block in replica-
tion of cells containing episomal copies of HPV may result 

and accessory proteins to mediate replication (Mohr and 
others 1990; Frattini and Laimins 1994; Conger and others 
1999). E1 proteins are expressed at low levels upon viral 
infection and function in origin recognition by binding to 
AT-rich sequences in the HPV origin (Frattini and Laimins 
1994; Muller and others 1997; Chen and Stenlund 2001). The 
E1 protein also exhibits DNA helicase activity, such that it 
separates viral DNA strands ahead of the replication com-
plex (Hughes and Romanos 1993). Interestingly, E1 can only 
bind HPV origins weakly by itself and requires complex for-
mation with E2 to assemble onto the origin. E2 also modu-
lates the activity of cellular transcription factors to regulate 
viral transcription from the early promoter (Cripe and oth-
ers 1987).

Late Proteins: E1^E4, E5, L1, and L2

The E5 and E1̂ E4 proteins are expressed primarily in 
the differentiation-dependent phase of the viral life cycle 
(Howley 1996). The E4 ORF lacks an AUG translation initi-
ator codon and uses the corresponding sequence in the E1 
ORF to initiate translation. High-risk E1̂ E4 proteins can 
induce the collapse of keratin networks when overexpressed 
in cells, suggesting a role for E1̂ E4 proteins in viral egress 
(Doorbar and others 1991). Additionally, overexpression of 
E1̂ E4 proteins from HPV-11 and 16 induces a G2 arrest in 
various cell types (Davy and others 2002). HPV E5 is a small, 
hydrophobic membrane protein that localizes to endosomal 
membranes, the Golgi, and occasionally to the plasma mem-
brane (Conrad and others 1993). In bovine papillomavirus, 
the E5 ORF encodes the viral oncoprotein that possesses 
strong transforming activity (Petti and others 1991). E5 
also regulates the activation of late viral functions in cells 
induced to differentiate, suggesting a primary role for E5 in 
the productive phase of the viral life cycle (Fehrmann and 
others 2003; Genther and others 2003). More recently, E5 
was shown to associate with the B-cell-associated protein 31 
(Bap31) and this interaction is important for the proliferative 
capacity of HPV-positive cells upon differentiation (Regan 
and Laimins 2008). Viral capsids are composed of L1 and 
L2 and the expression of these proteins is restricted to the 
highly differentiated, suprabasal cells. HPV virions are ico-
sahedral in structure and are composed of 360 L1 monomers 
that are assembled into 72 pentameric structures called cap-
someres (Chen and others 2000; Modis and others 2002).

HPV and Interferon

Recent studies have demonstrated that HPV proteins tar-
get aspects of the innate immune system (Fig. 2). Normal 
keratinocytes constitutively express low levels of interfer-
ons in the absence of viral infection (Bielenberg and others 
1999). HPV proteins modulate the response to interferon in 
several ways. First, the levels of interferon-inducible genes 
are reduced in HPV-infected cells from that seen in normal 
keratinocytes. Microarray analyses have demonstrated that 
the expression of MxA, 2′–5′ oligoadenylate synthetase 2, as 
well as Stat-1 is reduced in HPV-positive cells. The addition 
of interferon still induces expression of these interferon-
inducible genes but at initially reduced rates. Following 24 h 
of exposure to interferon, the levels of expression, however, 
increases to that seen in normal cells (Chang and Laimins 
2000).
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in either loss of viral DNAs or integration into host chromo-
somes. Cells with integrated copies of HPV sequences are 
usually found in high-grade lesions suggesting this may be 
important for progression of HPV-induced disease perhaps 
through increased expression of E6/E7 oncoproteins. The 
interaction of p56 with E1 sheds light onto why treatment 
with interferon causes cells with viral episomes to loose the 
ability to maintain the DNA extrachromosomally but has no 
effect on cells with integrated copies of HPV sequences.

Insights into the cooperative action of E6 and E7 in medi-
ating resistance to interferon have focused on the acetyla-
tion status of p53. The high-risk E7 protein acts to increase 
p53 levels, while E6 accelerates its degradation through the 
binding of the cellular ubiquitin ligase E6AP (Longworth 
and Laimins 2004b). The expression of E7 sensitized kera-
tinocytes to the growth-inhibitory effects of interferon and 
coexpression with E6 abrogated this effect (Hebner and oth-
ers 2007). Treatment of E7-expressing cells with interferon 
ultimately resulted in growth arrest and cellular senescence 
through a process that is dependent upon acetylation of p53 
by p300/CBP. The E6 protein binds p300/CBP and inhibits 
its acetylation of p53. Mutant forms of E6 that are unable to 
bind p300/CBP or p53 failed to block acetylation of p53 and 
were sensitive to growth arrest by interferon. Interestingly 
the binding of E6AP to E6 did not contribute to the inhib-
itory effects of interferon (Hebner and others 2007). This 
identifi ed an important physiological role for E6 binding to 
p300/CBP in blocking growth arrest of human keratinocytes 
in the presence of interferon and so contributes to the persis-
tence of HPV-infected cells.

In summary, HPV have evolved a number of strategies to 
overcome the effects of interferon. Treatment with interferon 
can result in selecting cells with integrated copies of HPV 
DNA making it an ineffective methodology unless it can be 
combined with other therapeutic agents.
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