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Human polyomaviruses (HPyV) and papillomaviruses (HPV) were originally grouped in the
family Papovaviridae because of their similarity in morphology and genome organization but are now
classified in the separate families of Polyomaviridae and Papillomaviridae, respectively [1,2]. Members of
both families play a causative role in human cancers. Merkel cell polyomavirus is implicated in Merkel
cell carcinoma, an aggressive skin cancer, and the human polyomavirus species BK (BKPyV) and
JC (JCPyV) have been associated with prostate and colorectal cancer, respectively [3,4]. The recent
identification of novel human polyomaviruses has invigorated the investigation of a possible role
for these viruses in malignancies and other diseases. The oncogenic properties of HPyV depend on
the action of the viral proteins large T-antigen and small t-antigen. High-risk HPV (HR-HPV) are
members of the Papillomaviridae that can cause human cancer mainly through the action of their viral
oncoproteins E6 and E7. Epidemiological studies point to an etiological role of HR-HPV predominantly
in cervical cancer, but also penile and anal cancers, and head and neck squamous carcinomas [5,6].
Therefore, HPV vaccination should not be restricted to women, but also include men at risk of
developing HPV-induced cancers [7].

In the Special Issue “Human Polyomaviruses and Papillomaviruses”, interesting findings on the
role of the BKPyV agnoprotein in viral release, the biological importance of mutations in the promoter
of HPyV9 variants, the epidemiology of HR-HPV in cervical and oropharyngeal cancer, the role of
HPV in autophagy, and mechanisms of transformation are presented.

So far, 14 HPyV have been isolated from different human samples [1]. BKPyV and JCPyV were
the first HPyV to be identified almost 50 years ago. JCPyV is associated with progressive multifocal
leukoencephalopathy, whereas BKPyV is linked with polyomavirus-associated nephropathy and
hemorrhagic cystitis in kidney and bone marrow transplant patients [8], respectively. As mentioned
above, a probable role in cancer for these two viruses has also been suggested. The mechanism of HPyV
shedding from infected cells remains poorly understood. BKPyV and JCPyV are the only HPyV that
encode agnoprotein, an approximately 70-amino acid-long polypeptide that is expressed during the
late phase of infection and that sustains viral infectivity [9]. The study by Panou et al. demonstrates that
BKPyV agnoprotein is essential for the nuclear egress of virions, and this requires the interaction with
the cellular protein α-soluble N-ethylmaleimide-sensitive fusion attachment protein (α-SNAP) [10].
This finding indicates that agnoprotein and α-SNAP may be druggable targets to prevent BKPyV
shedding from infected cells. Another intriguing feature of HPyV biology is the genomic diversity of
different HPyV species. The genomes of HPyV species show considerable sequence identity in their
gene-encoding region, but little or no homology in the promoter/enhancer region [11]. In addition,
clinical isolates of the same HPyV species display mutations and rearrangements in this region.
The biological importance of these changes for the viral life cycle and the pathological properties of
HPyV are incompletely understood. Moens and co-workers compared the transcriptional activity of
two HPyV9 variants [12]. They used the HPyV9 strain that was originally detected in the serum of
a renal transplant patient and a variant (UF-1) isolated from the peripheral blood monocytes of an
AIDS patient. The UF-1 strain has three additional putative binding sites for transcription factor Sp1.
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The basal promoter activity of the UF-1 was stronger than that of the original HPyV9 strain in seven
different cell lines and was more potently induced by large T-antigen in most of the cell lines examined.
The Sp1 sites were required for large T-antigen activation of the UF-1 promoter activity [12]. This study
confirms that rearrangements in the promoter region of the virus may affect the biological features of
the virus.

The role of HPV in cervical cancer is well established, and there is increasing epidemiological
evidence that HPV contributes to other malignancies. Four papers deal with different aspects of
the molecular mechanisms by which HPV induces tumorigenesis [13–16]. Yeo-Teh and colleagues
provide an update of the molecular mechanisms of HR-HPV-induced cervical cancer. Their review
focuses on the interference of the oncoproteins E6 and E7 with hallmarks of cancer, including proliferation,
immortalization, evasion of apoptosis, immune responses, and DNA damage. Therapeutics against
HPV, including prophylactic vaccination and other treatments in clinical trials, e.g., a CRISPR/Cas9-based
strategy and drugs against E6 and E7, are discussed [13]. Nilsson et al. reviewed the molecular mechanisms
by which HPV employs cellular DNA damage response (DDR) factors such as BRCA1, BCLAF1, BARD1,
and TRAP150 to assist in the replication of its genome and to recruit splicing factors (e.g., SF3b and
U2AF65) and other RNA processing factors (e.g., hnRNP C, HuR) to induce HPV late gene expression [14].
HPV infections also alter the alternative splicing of cellular mRNAs, including transcripts of DDR
factors and RNA-processing proteins. Once again, the hijacking of the DDR and splicing factors by
HPV illustrates how these viruses restrict their genome size by usurping cellular factors rather than by
encoding their own proteins and underscores the ingenuity of HPV to exploit the cellular machinery
for their benefit to ascertain a successful life cycle. The infection of cervical epithelial cells is associated
with abnormal growth referred to as cervical intraepithelial neoplasia (CIN). Barillari et al. evaluated
the role of HPV oncoproteins, matrix metalloproteinases (MMPs), and HIV protease inhibitors in the
development of CIN [15]. HR-HPV E5, E6, and E7 can stimulate the expression of MMP-2 and MMP-9,
and this is associated with the development and progression of CIN. However, anti-MMP drugs have
shown little therapeutic value. Women co-infected by both HR-HPV and HIV have a higher incidence
of CIN compared to their HIV-negative counterparts. HIV protease inhibitors reduce the growth
and viability of HR-HPV-transformed epithelial cells and cause tumor regression in animal models.
Moreover, preclinical and clinical studies showed that HIV-protease inhibitors caused the regression
or the complete remission of high-grade CIN also in HIV-negative women [15]. However, additional
studies are required to develop safer and more effective drugs. HPV DNA integration is an early
step in cervical carcinogenesis, and the integration sites are unique and highly specific for a patient’s
tumor [17]. Autophagy is a cellular process that degrades and recycles proteins and organelles in
lysosomal vacuoles [18]. Autophagy is deregulated in various human pathologies, including cancer,
but also viral infections may interfere with the autophagic pathways [19]. Mattoscio et al. reviewed the
molecular mechanism by which HPV16 interferes with autophagy to promote its life cycle in infected
host cells. Additionally, the authors discuss how HPV16 exploits the modulation of the autophagy
processes to promote cancer progression and describe similarities and differences to other oncogenic
viruses such as EBV, human herpes virus-8, human T-cell leukemia virus type 1, hepatitis B virus,
and hepatitis C virus [16]. Drugs that prevent HPV16 to interfere with autophagy may offer potential
therapeutic treatments.

In this Special Issue, three epidemiological studies address the association of HPV with risk
co-factors, namely, smoking, alcohol, and co-infection with other viruses [20–22]. A study with
40 esophageal squamous cell carcinoma specimens from patients from Malawi demonstrates that six
samples (15%) were positive for HPV16 [20]. One of three patients with dysplastic epithelium of the
esophagus was also HPV16-positive, while none of the normal epithelium samples (n = 12) contained
HPV16 DNA. However, the genome copy number per tumor cell was low (0.001–2.5 copies/tumor cell).
HPV genotypes 18, 31, 45, 52, and 58 were not found. Although the International Agency of Research
of Cancer (IARC) declared that there is sufficient evidence to associate HPV 16 with oral cancers [23],
Gessner et al. found that the differences in HPV prevalence between tumor patients and non-tumor
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patients were not statistically significant, jeopardizing a role for HPV in esophageal cancer. The authors
propose that a “hit-and-run” mechanism cannot be excluded. Their work also demonstrates that HPV
positivity among esophageal squamous cell carcinoma patients was not significantly associated with
smoking and alcohol consumption, but a relatively small cohort was examined [20]. The effect of
smoking on the expression of E7 in cervicovaginal samples from 1473 women was investigated [22].
Of these women, 53% were non-smokers, 41% were smokers, and 6% were ex-smokers. It was found
that the odds of being HR-HPV-positive were almost twofold higher for smokers than for non-smokers,
whereas there was no statistically significant difference for non-smokers compared to ex-smokers.
Despite an increased tendency for E7 positivity in smokers compared to non-smoking women, the
difference was not statistically significant. The discrepancy between the results of HR-HPV DNA and
E7 protein incidence may be explained by the different sensitivity of the methods. Detection of HR-HPV
DNA was based on a sensitive PCR, whereas a less sensitive sandwich ELISA assay was used to detect
the E7 protein. Co-infection with other oncogenic viruses is considered a contributing factor in cervical
cancer [24]. Drop and colleagues examined the co-presence of HPV (28 different genotypes), BKPyV,
and Epstein-Barr virus (EBV) DNA in oral, oropharyngeal, and laryngeal squamous cell carcinomas
in a Polish cohort (n = 146) [21]. The patient group consisted of 128 (88%) men with a history of
smoking (71%) and alcohol abuse (60%). Eighty-one (55%) of the samples were positive for HPV DNA,
but the genotypes were not mentioned. Co-infection was detected in 82 (56%) patients, HPV/EBV
double infection being the most common (n = 28; 34%). Although this study shows that co-infection
with potential oncogenic viruses may play a role in the initiation and progression of these cancers,
larger populations and the correlation with smoking and alcohol abuse must be further explored.
Moreover, chronic inflammation with infiltrating EBV-positive blood cells should be considered when
examining tumor tissues for the presence of EBV DNA.

Two studies aimed at identifying possible biomarkers for HR-HPV-positive cancers. The group
of Ramqvist compared the expression of cancer- and immune-related proteins in HPV-positive,
HPV-negative tonsillar, and base of tongue squamous cell carcinomas and normal tissues [25].
The expression of surface immunoregulatory proteins, chemokines, and cytokines differed significantly
between HPV-positive, HPV-negative tumors, and normal tissues and could be used to identify
therapeutic targets, to determine the tumor stage, and to predict the clinical outcome. Carow et al.
showed that the viral-cellular junction sequences are specific for each tumor, and most tumors showed
intra-tumor homogeneity with respect to junction distribution [26]. The authors also analyzed the sera
from 21 patients for the presence of cell-free junction fragments. Such sequences could be amplified
from the sera of five of the patients. The authors found a higher, although non-significant, detection
rate of junction fragments in the sera of relapsed patients than in those of patients with primary tumors.
Among the patients with primary tumors, the detection rate of junction DNA correlated significantly
with a reduced recurrence-free survival. Hence, HR-HPV-cellular junction sequences can be used as
molecular markers for assessing intra-tumor heterogeneity, for the detection of circulating tumor DNA
in sera, and for prognosis [26].

This Special Issue offers an interesting perspective on the epidemiology of HR-HPV in different
cancers, the mechanisms by which these viruses target host cell proteins to replicate their genome and
to induce cancer, the role of co-factors such as smoking and co-infection, and possible novel therapeutic
strategies. As for HPyV, this Special Issue provides novel information on the nuclear egress mechanism
of BKPyV and opens the possibility of developing strategies to prevent viral release from infected cells.
Moreover, studies with HPyV9 variants support previous observations that rearranged transcription
control regions affect the biological properties of the virus, as previously shown for BKPyV and JCPyV.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: BK polyomavirus (BKPyV; hereafter referred to as BK) causes a lifelong chronic infection
and is associated with debilitating disease in kidney transplant recipients. Despite its importance,
aspects of the virus life cycle remain poorly understood. In addition to the structural proteins, the late
region of the BK genome encodes for an auxiliary protein called agnoprotein. Studies on other
polyomavirus agnoproteins have suggested that the protein may contribute to virion infectivity. Here,
we demonstrate an essential role for agnoprotein in BK virus release. Viruses lacking agnoprotein
fail to release from host cells and do not propagate to wild-type levels. Despite this, agnoprotein
is not essential for virion infectivity or morphogenesis. Instead, agnoprotein expression correlates
with nuclear egress of BK virions. We demonstrate that the agnoprotein binding partner α-soluble
N-ethylmaleimide sensitive fusion (NSF) attachment protein (α-SNAP) is necessary for BK virion
release, and siRNA knockdown of α-SNAP prevents nuclear release of wild-type BK virions.
These data highlight a novel role for agnoprotein and begin to reveal the mechanism by which
polyomaviruses leave an infected cell.

Keywords: polyomavirus; agnoprotein; virus exit

1. Introduction

Polyomaviruses are small, non-enveloped viruses that use mammals, fish and birds as their
hosts [1–4]. Currently, thirteen human polyomaviruses have been discovered and a number are
linked to disease [5–7]. The first two human polyomaviruses discovered, BK polyomavirus and JC
polyomavirus (JCPyV; hereafter referred to as JC), were named after the index case patients upon their
discovery more than 40 years ago [8,9] and cause disease in immunosuppressed patients. JC is the
causative agent of the lethal brain disease progressive multifocal leukoencephalopathy.

BK is an opportunistic pathogen, and is associated with several diseases in the immunosuppressed [10].
Primary infection with BK typically occurs in childhood, after which the virus establishes a chronic
infection in the kidneys in approximately 80% of adults [11]. Whilst reactivation of BK does occur
in healthy individuals, this is usually associated with asymptomatic low-level urinary shedding [12].
However, in the immunosuppressed, reactivation of BK is far more serious, resulting in increased
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urinary shedding because of increased replication in the absence of a competent immune
response [13,14]. Such uncontrolled replication is ultimately linked with severe health problems,
including polyomavirus-associated nephropathy (PVAN) and hemorrhagic cystitis in kidney and bone
marrow transplant patients, respectively [15,16]. Up to 10% of kidney transplant patients experience
PVAN, and of these, up to 90% may go on to lose their graft [17]. The incidence of BK-associated
disease is rising due to the increase in transplants, and the use of more powerful immunosuppressive
drugs to support such patients [11]. Despite the clinical impact of BK-associated disease, no anti-viral
drugs that specifically target BK, or indeed any human polyomavirus, are currently available. Rather,
generic anti-viral agents such as Cidofovir can be used, however, these have low efficacy and are
themselves associated with nephrotoxicity [18]. Treatment is typically limited to a reduction in
immunosuppression, which runs the risk of transplant rejection [19]. A better understanding of the BK
life cycle is therefore needed in order to identify new targets for anti-viral therapy.

BK and JC polyomaviruses are closely related to the prototypic primate polyomavirus simian
vacuolating agent 40 (SV40) [1]. Their ~5000 bp double-stranded DNA (dsDNA) genome is divided
into three functional units consisting of early and late coding regions, separated by a non-coding
control region (NCCR) [6]. The NCCR contains the origin of virus replication as well as enhancer
and regulatory regions that control virus transcription. In kidney transplant recipients, circulating BK
strains undergo re-arrangement of the NCCR region and this is thought to play an important role in
disease [20]. The early region encodes the small (sT) and large (LT) tumor antigens, essential for virus
transcription and replication. The late region encodes for the major (VP1) and minor capsid (VP2/VP3)
proteins, which form the structural components of the BK virion [4,21], as well as the non-structural
auxiliary agnoprotein.

Agnoprotein is a small, highly basic protein encoded by only a minority of polyomaviruses [22].
Whilst none of the recently discovered human polyomaviruses encode an agnoprotein, their remains a
striking diversity of agnoprotein sequence and size within the mammalian polyomaviruses containing
an agnoprotein open reading frame [1,22]. Amongst this diversity, the agnoproteins of BK, JC and
SV40 share a high degree of sequence identity, particularly within the amino-terminal half of the
protein (up to 83% identity between BK and JC), suggesting a conservation of function. Agnoprotein
is predominantly expressed within the cytoplasm and perinuclear regions of infected cells during
the later stages of the polyomavirus life cycle [23]. More recently, agnoprotein has also been shown
to co-localise with lipid droplets in BK infected primary renal tubular epithelial cells [24], however,
the physiological relevance of this is currently unclear. The agnoproteins of BK, JC and SV40 are
phosphorylated when expressed in cells, and studies have shown that this phosphorylation plays
a critical role in the respective virus life cycle [22,23,25,26]. Despite these observations, mechanistic
insight into the role of agnoprotein phosphorylation is lacking.

Whilst the precise function of BK agnoprotein is currently not known, studies in JC and SV40 have
produced contradictory findings [22,27]. A number of studies have shown that changes in agnoprotein
expression, either from deletion of the open reading frame (ORF) or mutation of its start codon, impact
on expression of other virus proteins [28–32]. Given the abundant expression of agnoprotein at the
later stages of the polyomavirus life cycle, a role in virion assembly, morphogenesis and release has
also been suggested. In SV40, agnoprotein expression might be required for correct localization of the
VP1 major capsid protein [33], and cells infected with SV40 virus lacking agnoprotein release progeny
virions deficient in DNA content [34,35]. Similar findings have been reported for JC virus [35], however,
loss of agnoprotein has also been correlated with a defect in virus release [28]. Studies using clinical
isolates of BK virus containing deletions within the agnogene indicate that agnoprotein expression
correlates with virion infectivity [36]. The reasons for such wide-ranging phenotypes associated with
agnoprotein deficiency remain unclear.

In this study we aimed to increase our understanding of the role of this enigmatic protein in the
BK life cycle by generating a mutation in the start codon of the agnogene in the disease-associated
Dunlop strain of BK virus. Using a primary renal proximal tubular epithelial cell culture model system,
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we found that loss of agnoprotein led to a profound reduction in virion release and impaired virus
propagation in culture. In contrast with previous findings we show that these virions are infectious but
remain trapped within the nucleus of an infected cell. We implicate an agnoprotein binding partner,
α-SNAP, as an essential BK egress factor. Together, these data demonstrate that agnoprotein is required
for the release of infectious BK virions.

2. Results

2.1. Loss of Agnoprotein Increases BK Transcription and Protein Expression

Agnoprotein is thought to be essential at several stages in the polyomavirus life cycle.
To investigate this, we generated an agnoprotein knockout mutant in the clinically relevant Dunlop
strain of BK. In this ΔAgno mutant, site directed mutagenesis was employed to replace the start codon
(ATG) with a stop codon (TAG) (Figure 1A). Sequencing of the entire Dunlop genome confirmed the
introduction of the mutation and established that no secondary mutations had been introduced. Equal
amounts of wild type (WT) and ΔAgno genomes were transfected into primary renal proximal tubular
epithelial (RPTE) cells, a physiologically relevant cell model for BK infection, and levels of BK protein
expression determined at 72 h post transfection. Western blot analysis demonstrated production of
early (LT) and late (VP1, VP2/VP3) proteins from both BK WT and ΔAgno genomes, and as expected
only BK WT produced agnoprotein (Figure 1B). Interestingly, ΔAgno exhibited a consistent increase in
virus protein expression compared to WT. Quantitative reverse transcriptase PCR (qRT-PCR) was used
to determine if the increased BK protein expression was due to changes in virus gene transcription.
Primer sets were used to amplify LT to detect early transcripts and VP1 to detect late transcripts.
Levels of both transcripts were higher in ΔAgno transfected RPTE cells compared to WT BK control,
suggesting that loss of agnoprotein correlates with an increase in early and late BK transcription. Given
the role of LT in virus genome replication, we reasoned that increased expression of LT might result in
increased virus replication. Indeed, in the absence of agnoprotein, levels of virus genome were higher
than WT BK. Together, these data suggest that agnoprotein might play a role in the negative regulation
of virus transcription and genome replication.

2.2. Agnoprotein Is Required for BK Virus Release

To further investigate the role of agnoprotein, we performed a virus growth assay. RPTE cells
were transfected with WT BK or ΔAgno genomes and the number of VP1 capsid protein positive
cells determined using Incucyte Zoom software (Essen BioScience, Ann Arbor, MI, USA) [37].
Whilst numbers of VP1 positive cells were similar at three days post transfection, the number of
VP1 positive cells in ΔAgno transfected cells was significantly lower at six days post transfection,
suggesting that virus dissemination was impaired in the absence of agnoprotein (Figure 2A). Levels of
VP1 were then measured from harvested cells and culture media supernatant at 48 and 72 h time
points (Figure 2B). In agreement with our previous observations, VP1 levels were higher in the cell
lysate of ΔAgno transfected RPTE cells compared to WT BK (Figure 2B). Low levels of VP1 protein
were also detectable by Western blot in the media supernatant of WT BK transfected RPTE cells 48 h
after transfection, and levels increased at the 72 h time point. In contrast, VP1 was undetected at 48 h
in the supernatants of cells transfected with ΔAgno, and remained lower than the WT at the 72 h time
point (Figure 2B). To rule out potential non-specific effects of transfection, RPTE cells were infected
with 1 IU/cell WT and ΔAgno viruses and incubated for 72 h, and the cell lysate and culture media
harvested separately. The infectious virus titer from each fraction was then determined by fluorescent
focus assay (Figure 2C). Whilst there was a small decrease in cell-associated infectious virus from
ΔAgno infected cells, the proportion of virus released was approximately 10 fold reduced (Figure 2C).
Recently, the broad-spectrum anion channel inhibitor 4,4′-Diisothiocyanatostilbene-2,2′-disulphonate
(DIDS) has been shown to impair the release of BK virus particles from RPTE cells [38]. Whilst the
molecular basis by which DIDS prevents BK release is currently not known, DIDS has been shown to
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prevent enterovirus 71 (EV71) release by targeting the virus encoded 2B protein [39]. EV71 2B is a small
hydrophobic protein belonging to the viroporin family of membrane permeabilizing proteins [40,41].
Given that JC agnoprotein has been described as a viroporin, we sought to determine whether BK
agnoprotein might be the target for the inhibitory activity of DIDS. To investigate this, RPTE cells were
infected with WT BK or ΔAgno, and DIDS added to cells 48 h post infection. At 72 h post infection
cell-associated and culture media supernatant samples was harvested separately and used to infect
fresh RPTE cells, from which the infectious titer of cell-associated and released BK virus was determined
by a fluorescence focus assay [38]. Incubation with 50 μM DIDS resulted in an approximately ten-fold
decrease in the proportion of released WT BK virus (Figure 2D). Increasing the dose of DIDS to 100 μM
further reduced the proportion of released virus. The proportion of released virus from ΔAgno infected
cells was 10-fold lower than WT BK control, and this was reduced further after DIDS treatment, in
a concentration dependent manner. Together, these data show that agnoprotein is important for BK
virus release, although via a pathway that is independent of the target of the DIDS compound.

Figure 1. Loss of agnoprotein increases BK gene expression. (A) Schematic illustration of the BK Dunlop
genome including the agnoprotein sequence mutated to generate the ΔAgno virus. Agnoprotein start
codon in bold and base changes underlined in red; (B) Lysates from RPTE cells transfected with BK WT
and ΔAgno genomes were probed with antibodies against early (LT) and late (VP1-3 and agnoprotein)
proteins. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was included as a protein loading
control. Loss of agnoprotein correlated with increased expression of other virus protein products;
(C) Levels of early (LT) and late (VP1) mRNA transcripts were measured from RPTE cells containing
BK WT or ΔAgno genomes. Levels of virus transcript were increased in the absence of agnoprotein;
(D) Virus genome replication was measured by qPCR in RPTE cells containing BK WT and ΔAgno virus.
Genome replication was increased in the absence of agnoprotein. All experiments are representative of
at least three independent experimental repeats. Significance of changes were analyzed by Student’s
t-test and indicated by * p <0.05, ** p <0.01.
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Figure 2. Agnoprotein facilitates virion release and enhances virus propagation. (A) RPTE cells
transfected with BK WT and ΔAgno genomes were incubated over a 6-day time course, and levels of
VP1 protein expression determined by indirect immunofluorescence using Incucyte Zoom software
(Essen BioScience, Ann Arbor, MI, USA). Levels of VP1 expression are shown relative to the Day
3 BK WT sample. Significance of the changes were analyzed by Student’s t-test and indicated by
** p <0.01; (B) BK virus lacking agnoprotein fails to release virus into the cell culture media. Whole
cell lysates and media samples from RPTE cells transfected with BK WT or ΔAgno genomes were
analyzed at 48 and 72 h post-transfection for the VP1 capsid protein. GAPDH served as a protein
loading control for the whole cell lysates; (C) RPTE cells were infected with BK WT and ΔAgno and
cell-associated and media fractions harvested separately. Fluorescence focus assay was then performed
to determine the IU/mL−1 of virus in the cells and supernatant; (D) Effect of the anion channel blocker
DIDS is independent of agnoprotein. RPTE cells were infected with BK WT or ΔAgno and treated
with dimethyl sulphoxide (DMSO) only (control) or 50–100 μM DIDS at 48 h post infection. Media
and cell-associated fractions were harvested separately at 72 h post infection. Infectious virus titers
were quantified by fluorescence focus assay on naïve RPTE cells and the proportion of total infectivity
released into the media for each condition was calculated. Levels of released infectivity are represented
as relative to the untreated BK WT samples. The graph corresponds to an average of three experimental
repeats. Significance was analyzed by Student’s t-test and is indicated by an asterix * p <0.05, ** p <0.01.

2.3. Agnoprotein Is Not Required for the Production of BK Virions

Previous negatively-stained electron microscopy (nsEM) analysis of a JC virus ΔAgno mutant
revealed virions which were of a similar size to WT particles but appeared less regular or less
ordered [42]. To investigate whether BK agnoprotein might also influence virion morphology, virions
were purified from the media and cell lysates of WT and ΔAgno transfected cells using a modification
to previously described protocols [4,43], by centrifugation in an isopycnic cesium chloride gradient.
nsEM analysis of purified virions revealed polyhedral particles with a diameter of 45–50 nm (Figure 3),
indistinguishable from WT BK Dunlop virions purified using the same protocol. These findings show
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that the inability of the ΔAgno to propagate an infection is unlikely to be due to defects in virion
assembly or infectivity but more likely due to a defect(s) in virion release.

Figure 3. Loss of agnoprotein does not impair BK virion assembly. Negative stain electron micrograph
of BK WT and ΔAgno virions following centrifugation through an isopycnic caesium chloride gradient.
Scale bars 50 nm.

2.4. Agnoprotein Is Required for the Nuclear Egress of BK Particles

The data accumulated suggested that the ΔAgno mutant was defective with regard to virion
release. This prompted us to monitor the different steps of virus release at the single cell level
by electron microscopy. Virions with the distinctive morphology of a polyomavirus were readily
detected in nuclear, cytoplasmic and plasma membrane compartments of RPTE cells infected with
WT BK virus (Figure 4). In contrast, virions were exclusively detected in the nuclei of ΔAgno infected
cells. No cytoplasmic or plasma membrane localized virions were detected after the examination of
numerous ΔAgno infected RPTE cells (n = 40), whereas at least 98% of WT BK virus infected cells
had clear cytoplasmic and/or plasma membrane localized virions. We extended this analysis by
performing a biochemical fractionation of RPTE cells. GAPDH and Histone H3 served as markers for
the cytoplasmic and nuclear fractions, respectively. Whilst similar levels of VP1 protein were observed
in both fractions in WT BK expressing cells (Figure 4B,C), in agreement with the electron microscopy
data, we observed a significant enrichment for VP1 protein in the nuclear fraction of ΔAgno expressing
cells. Together, these data indicate that agnoprotein is required for the release of BK virions from the
nucleus of RPTE cells.
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Figure 4. Agnoprotein facilitates nuclear release of BK virions. (A) Electron microscopy analysis of
BK WT and ΔAgno infected RPTE cells (n = 40 cells). Boxed areas in the upper panel are shown at
higher magnification in the middle panels. Viral particles of about 40 nm in diameter were found in the
nuclei of BK WT and ΔAgno transfected cells. Nuclei (N) and cytoplasm (C) are labeled. Scale bars are
shown in the panels; (B) Cell fractionation of RPTE cells transfected with BK WT or ΔAgno genomes.
Fractions were probed with for VP1 expression. Antibodies detecting GAPDH and Histone H3 served
as markers for the cytoplasm and nuclear fractions; (C) Quantification of the Western blot data was
performed using ImageJ software (1.8.0_101, NIH, USA) on the VP1 positive bands and is represented
relative to BK WT VP1. The graph corresponds to an average from three independent experimental
repeats. Significance was analyzed by Student’s t-test and is indicated by an asterix * p <0.05.

2.5. Agnoprotein Does Not Cause Gross Destabilization of the Nuclear Membrane

Exogenous expression of JC agnoprotein has been shown to uncouple interactions between
proteins within the nuclear lamina, which might facilitate nuclear release of virions [44]. To investigate
whether BK agnoprotein expression is also associated with a disruption of the nuclear membrane
architecture, immunofluorescence microscopy was performed on markers of the nuclear membrane.
Overall, staining with an antibody against Lamin B, a structural component of the inner nuclear
membrane, revealed an absence of the nuclear envelope invaginations previously associated with JC
agnoprotein expression [44]. Lamin B localization was unaffected in both WT and ΔAgno containing
cells (Figure 5). We also noted subtle differences in the localization of VP1 expressed from WT and
ΔAgno genomes. VP1 expressed in BK WT containing cells had a pronounced perinuclear localization,
whereas VP1 expressed by ΔAgno appeared diffuse. Similar observations have been observed in cells
infected with an SV40 agnoprotein mutant [45]. These subtle differences were not consistent between
experiments so it is unclear whether they reflect a true effect of agnoprotein on VP1 localization.
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Figure 5. Lamin B localization is not altered by agnoprotein. Immunofluorescence staining of RPTE
cells 72 h post transfection with BK WT or ΔAgno genomes. Cells were incubated with antibodies
against VP1 and Lamin B and a secondary antibodies. Alexa Fluor 488 chicken anti-mouse and Alexa
Fluor 594 chicken anti-rabbit. 4′,6-diamidino-2-phenylindole (DAPI) was used to indicate cell nuclei.
Representative images are shown from at least three independent experimental repeats and white
frames indicate area shown in the zoomed image. Scale bar 10 μm.

2.6. Host α-SNAP Is Necessary for BK Egress

In the absence of gross perturbation of the nuclear envelope, we investigated the role of
cellular proteins in the nuclear egress activity of agnoprotein. Few BK agnoprotein interacting
proteins have been identified [22]. Amongst these, α-soluble N-ethylmaleimide sensitive fusion (NSF)
attachment protein (α-SNAP) was of interest given its role in vesicular trafficking [46]. The interaction
between agnoprotein and α-SNAP was first confirmed using recombinant glutathione S-transferase
(GST)-agnoprotein proteins produced in bacteria. No interaction was seen when GST alone was
incubated with mammalian cell lysates containing α-SNAP (Figure 6A). In contrast, an interaction
was observed with GST-BK agnoprotein, confirming previous findings [46]. A similar interaction
with α-SNAP was observed with JC virus agnoprotein, indicating that α-SNAP might be a common
agnoprotein binding partner. The consequences of an interaction between BK agnoprotein and α-SNAP
for the BK life cycle have not been studied. To elucidate a potential role for α-SNAP in BK virion egress,
we depleted α-SNAP from RPTE cells transfected with BK genomes using a pool of validated siRNA.
A scrambled siRNA served as a control for potential off target effects (Figure 6B). To determine whether
α-SNAP might function within the BK egress pathway we analyzed the sub-cellular localization of BK
virions in α-SNAP depleted cells. RPTE cells were infected with BK WT virus prior to transfection
with α-SNAP or scramble control siRNA to avoid any potential impact of α-SNAP loss on virus entry.
Cells were subsequently analyzed by electron microscopy and the presence of virions in nuclear,
cytoplasmic and extracellular compartments was scored for 50 cells of each condition. In scramble
siRNA transfected samples, 70% of the cells counted were positive for the presence of cytoplasmic
and/or plasma membrane localized virions. In contrast, in α-SNAP depleted cells only 6% of the cells
counted had detectable particles in the cytoplasm (Figure 6B).
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Figure 6. The agnoprotein binding partner α-SNAP is required for BK virion release. (A) Recombinant
GST-agnoprotein interacts with α-SNAP. Bacterial expressed GST-agnoproteins from BK and JC virus
bound to glutathione-agarose beads were incubated with RPTE cell lysates. GST alone served as a
negative control. Bound samples were probed with an anti-α-SNAP antibody; (B) Quantification
of transmission electron microscopy data. RPTE cells infected with BK WT were treated with
siRNA targeting α-SNAP or a scrambled control and electron microscopy used to quantify the
numbers cells demonstrating BK virions in nuclear (nuc) and cytoplasmic (cyto) compartments from
50 cells. Associated Western blots for α-SNAP to confirm effective knockdown. Tubulin serves as a
loading control.

3. Discussion

Despite intensive research, the mechanisms by which polyomavirus particles are released
during infection remain poorly understood. It is broadly believed that as non-enveloped viruses,
polyomaviruses exit from an infected cell by a process of cell lysis. However, non-specific disintegration
of a cell, and release of its potentially inflammatory milieu, might be considered detrimental to the
establishment of a chronic virus infection. Rather, a process of controlled virus release would be
preferable to avoid immune detection. Evidence for the existence of non-lytic release of polyomaviruses
exists for SV40 [47] and has recently been shown for BK [38]. Despite these observations, the role of
virus proteins in the release of BK virus remains poorly described.

Here we describe the agnoprotein as a critical factor for the shuttling of progeny BK virions
from the nucleus, the site of polyomavirus replication and assembly, to the cytoplasm for release.
Identified nearly two decades ago, the agnoprotein is expressed by a limited number of human
polyomaviruses. Studies have produced contradictory findings, confounding our understanding of
the contribution of this small auxiliary protein to the life cycles of polyomaviruses. Using a BK genome
containing a mutation, which converted the agnogene start codon into a stop codon, our data generated
from transfected genomes or from virus infection studies demonstrates that loss of agnoprotein
correlates with a reduction of virus secretion into the extracellular environment. This deficit in release
resulted in reduced virus propagation and an accumulation of virions within infected cells. Transfection
studies also highlighted a concomitant increase in BK transcript levels and genome replication in
cells lacking agnoprotein. Whether this was due to potential negative regulation of LT function by
agnoprotein, as has been reported in JC virus [32], or the consequence of an interaction with the host
proliferating cell nuclear antigen (PCNA) protein [48] was not tested further.

Release of BK virus has recently been shown to be sensitive to the actions of the broad spectrum
anion channel blocker DIDS [38]. In addition to cellular targets, DIDS can block the channel activity of
the enterovirus 2B protein [39]. Many viruses encode small hydrophobic proteins, termed viroporins,
that form pore-like structures similar to 2B [40]. JC agnoprotein is a viroporin, essential for JC virion
release [28,49]. It is plausible that BK agnoprotein also performs a viroporin function to aid in virion
release. Despite this possibility, addition of DIDS further reduced virion release in ΔAgno infected

14



Int. J. Mol. Sci. 2018, 19, 902

cells, suggesting an agnoprotein independent target for this compound. These data also imply that
agnoprotein-independent egress pathways exist that must contain the cellular target of DIDS.

Whilst some studies have suggested that loss of agnoprotein impairs polyomavirus maturation
and infectivity, our data clearly demonstrates that virions produced in the absence of agnoprotein
are infectious and retain WT morphology. Instead, our results are consistent with the notion that
loss of agnoprotein blocks the physical release of BK virions from infected cells, rather than affecting
virion infectivity. These observations raised the question of where virions are localized within an
infected cell in the absence of agnoprotein. We observed virions throughout the cell in BK WT
infected cells, with high concentrations of virions in the nucleus but clear localization of virions in
cytoplasmic compartments and at the plasma membrane. In contrast, while we could also observe high
concentrations of virions in the nucleus of ΔAgno infected cells, virtually no virions were identified in
the cytoplasm. Given the lack of gross impact on nuclear membrane morphology at the time-points
analyzed, we reasoned that agnoprotein might recruit host factors to promote virion nuclear egress.
Whilst a number of host interacting partners have been identified for JC virus agnoprotein, the BK
agnoprotein interactome is less understood [22]. We focused on α-SNAP because of its critical role
in vesicular trafficking [46,50,51]. α-SNAP is a known BK agnoprotein binding protein, however,
its role in the virus life cycle has not been studied. Knockdown of α-SNAP conferred an agnoprotein
knockout phenotype on WT BK by preventing nuclear virion egress. Importantly, loss of α-SNAP had
no cumulative impact on the ΔAgno phenotype, suggesting that both proteins may function within
the same egress pathway (data not shown). Whilst our data implicates BK agnoprotein and α-SNAP in
virion egress, how virus is transported from the nucleus to the cytoplasm remains to be understood.
A crucial area of future work will be to determine the route and mode of virion transport and to define
the precise function of α-SNAP within this process. In infected polarized epithelial cells, SV40 virions
have been observed within cytoplasmic membrane reticular structures, contiguous with the nuclear
membrane and ER [47]. Moreover, whilst studying the effects of DIDS on the virus lifecycle, BK virions
were noted in cytoplasmic vacuoles and in LAMP-1 positive vesicles, implicating the secretory system
in virus release [38]. Given that α-SNAP is an integral regulator of endoplasmic reticulum to Golgi
trafficking, it is tempting to speculate that BK may usurp this host secretory pathway to traffic virions
from the nucleus to exterior of the cell for release. In support of this idea, treatment with the ionophore
monensin impaired the release of SV40 from polarized epithelial cells and resulted in an accumulation
of virions in the cytoplasmic reticular structures [47]. As part of our ongoing studies, it will also
be of interest to determine whether SV40 and JC virus utilize similar processes for virion release.
Loss of agnoprotein imparts an egress defect in both viruses, and JC agnoprotein is known to interact
with components of the trafficking apparatus [49]. In this study we demonstrated that α-SNAP is an
interacting partner for JC agnoprotein, and as such it may also be required during virus release.

In summary, our data show clearly that agnoprotein is a key virus-encoded regulator of BK virus
release, and through an interaction with α-SNAP aids in an active egress pathway. Our findings
provide further evidence for a virus regulated release mechanism.

4. Methods and Materials

4.1. Cell Culture

BK virus stocks were generated in Vero cells, which were maintained in Dulbeco’s Modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS) and 50 IU/mL
penicillin/streptomycin. Primary renal proximal tubular epithelial (RPTE) cells (Lonza, Basel,
Switzerland) were cultured in renal epithelial growth media with the REGM Bulletkit supplements
(Lonza) at 37 ◦C with 5% CO2 in a humidified incubator as described [4].
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4.2. Generation of an Agnoprotein Knockout BK Dunlop Genome

A BK knockout genome was created by site directed mutagenesis of the pGEM7-Dunlop plasmid
(a gift from Michael Imperiale, University of Michigan) using the QuikChange site directed mutagenesis
kit (Thermo Fisher, Waltham, MA, USA) and the primer pair 5′CCA GTT AAA CTG GAC AAA GGC
CTA GGT TCT GCG CCA GCT GTC ACG

′3 and 5′CGT GAC AGC TGG CGC AGA ACC TAG GCC
TTT GTC CAG TTT AAC TGG

′3 (Agilent Technologies, Santa Clara, CA, USA). The entire genome
was subsequently sequenced to confirm the introduction of the mutation and ensure that secondary
mutations had not arisen.

4.3. Transfection of Virus Genomes

Cells were transfected with WT BK Dunlop or ΔAgno genomes using the NanoJuice
transfection kit (Merck Millipore, Darmstadt, Germany) according to the manufacturer’s instructions.
The transfection mixture was removed and replaced with fresh media 8 h post-transfection.

4.4. Virus Culture and Purification

BK Dunlop was cultured and purified on a cesium chloride linear gradient as previously
described [4]. RPTE cells were infected at approximately 50% confluency with purified virus in
Opti-MEM (Thermo Fisher, Waltham, MA, USA) and incubated at 4 ◦C for 1 h with shaking every
15 min. Cells were subsequently transferred to 37 ◦C after the incubation.

4.5. Cell Infections and Harvesting Virus

For virus release assays, RPTE cells were infected with BK virus at 1 IU cell−1. After 1 h, the
medium was removed, the cells gently washed in phosphate buffered saline (PBS) and then fresh
medium added. For inhibitor studies, at 48 h post-infection 50–100 μM DIDS or DMSO only was
added. At 72 h post infection the culture media was collected and centrifuged for 5 min at 2000× g
to pellet any cell debris in the media, and then the supernatant transferred to new tubes. This was
repeated to ensure no cell debris was present, before centrifuging the supernatant at 100,000× g for
2 h to pellet the virus. The media was aspirated and the pellets were resuspended in 1/20th of the
original volume. The RPTE cell monolayer was harvested separately in 1 mL of REGM and freeze
thawed 3-times to release cell-associated virus. Infectious virus titers in the release and cell-associated
fractions were determined by fluorescence focus unit (FFU) assay [38].

4.6. Fluorescent Focus Unit Assay Using IncuCyte ZOOM Analysis

RPTE cells were seeded out into 96-well-plate (2 × 103 cells per well, in a total volume of 100 μL)
and incubated for 16 h. Purified BKPyV was serially diluted two-fold into serum-free media (in a total
volume of 100 μL per well) and allowed to infect RPTE cells for 2 h at 37 ◦C. Infected cells were washed
once with phosphate-buffered saline (PBS) and fresh media was added. RPTE cells were incubated for
48 h at 37 ◦C. Cells were fixed with 4% paraformaldehyde for 10 min at room temperature and washed
with PBS. Fixed RPTE cells were permeabilised with 0.1% Triton-X100 (Sigma-Aldrich, St-Louis, MI,
USA) in PBS, washed and incubated overnight at 4 ◦C in primary antibody against VP1 protein.
Anti-VP1 primary antibody was used at 1:250 dilutions (in PBS with 1% BSA). Cells were further
washed and incubated with a fluorophore-488-conjugated chicken anti-mouse secondary antibody
(1:250 in PBS with 1% BSA) for 1 h at 37 ◦C. Finally, RPTE cells stored in PBS and the plate was
imaged with the IncuCyte ZOOM instrument (Essen BioScience, Ann Arbor, MI, USA). The software
parameters with a 10× objective were used for imaging [37]. The number of positive infected cells
per well was calculated. BKPyV titer was measured by multiplying the number of positive-infected
cells/well by the corresponding dilution factor and the IU mL−1 was determined by calculating the
number of infected cells in the entire well from the mean number of infected cells in the 10 fields of
view, and then the number of infectious units calculated. [37].
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4.7. Immunofluorescence

RPTE cells (1 × 105) grown on glass coverslips were fixed with 4% paraformaldehyde for
10 min. RPTE cells were then washed twice in PBS and permeabilized with 0.1% Triton X-100 for
10 min. Non-specific targets were blocked by incubation in blocking buffer (5% BSA in PBS) for
30 min. Cells were incubated with primary antibodies against VP1 (Pab597—a gift from Chris Buck,
National Cancer Institute; used 1:250)) and Lamin B1 (Abcam, Cambridge, UK; ab16048) overnight at
4 ◦C. Cells were washed three times in PBS prior to incubation in secondary antibodies Alexa Fluor
488 chicken anti-mouse and Alexa Fluor 594 chicken anti-rabbit (Invitrogen, Carlsbad, CA, USA) for 1 h
at room temperature. Cells were washed three times in PBS prior to mounting onto microscope slides
using Prolong Gold Antifade Reagent with DAPI (Thermo Fisher, Waltham, MA, USA). Samples were
observed under a Zeiss LSM 700 laser (Carl Zeiss Ltd, Jena, Germany) scanning confocal microscope
under an oil-immersion objective lens.

4.8. Western Blotting

Triton lysis buffer (10 mM Tris (pH 7.6), 10 mM sodium phosphate, 130 mM NaCl, 1% Triton
X-100, 20 mM N-ethylmaleimide, complete protease inhibitor cocktail; Roche, Basel, Switzerland) was
used to harvest total cellular protein from the infected cells. Protein concentration was quantified with
the Bradford assay (Bio-Rad, Hercules, CA, USA). Lysates were separated by SDS PAGE and following
transfer to nitrocellulose membrane were probed with the following antibodies diluted in 5% non-fat
dried milk in TBS with 0.1% Tween-20; mouse anti-VP1 pAb-597 (1:5000), rabbit anti-VP2/VP3 (Abcam;
ab53983; used 1:1000), mouse anti-Large T antigen (Abcam; ab16879; used at 1:200) and α-SNAP (Santa
Cruz 4E4); used at 1:1000) and mouse anti-GAPDH (Santa Cruz, Dallas, TX, USA; used 1:5000).

4.9. Quantitative PCR

Total DNA was extracted from infected cells using the E.Z.N.A. Tissue DNA kit (Omega Bio-Tek,
Norcross, GE, USA) and 10 ng of DNA was analysed by qPCR using the Quantifast SYBR Green PCR
kit (Qiagen, Venlo, The Netherlands) with the following primers against BK Dunlop; BK Forward
5′TGT GAT TGG GAT TCA GTG CT

′3 and Reverse 5′AAG GAA AGG CTG GAT TCT GA
′3. To extract

DNA from released virus, the culture media was collected and centrifuged for 5 min at 2000× g to
pellet any cell debris in the media, and then the supernatant transferred to new tubes. This was
repeated to ensure no cell debris was present, before centrifuging the supernatant at 100,000× g for
2 h to pellet the virus. Virus was treated with RQ1 RNase-free DNase (Promega, Madison, WI, USA)
for 30 min at 37 ◦C to remove any unprotected DNA, and the reaction terminated by the addition
of DNase Stop Solution and incubation for 10 min at 65 ◦C. A serial dilution of the pGEM7-Dunlop
plasmid was used to calculate the copy number per microgram of DNA.

4.10. Quantitative Reverse Transcriptase PCR

Total RNA was extracted from RPTE cells using the E.Z.N.A Total RNA Kit I (Omega Bio-Tek)
following the manufacture’s protocol. One μg of the total extracted RNA was reverse transcribed
using the iScriptTM cDNA Synthesis Kit (Bio-Rad) based on the protocol instructions. Quantitative
Real-time PCR was performed using the QuantiFast SYBR Green PCR kit (Qiagen) and specific primers
against VP1. The PCR reaction was carried out on a Corbett Rotor-Gene 6000 (Qiagen) following three
different steps. The initial activation step for 10 min at 95 ◦C and a three-step cycle of denaturation of
10 s at 95 ◦C; the second step of annealing for 15 s at 60 ◦C and the step of extension for 20 s at 72 ◦C.
All the three different steps were repeated 40 times and concluded by melting curve analysis. U6 was
used as normaliser control.
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4.11. Electron Microscopy

Negative staining of BK virus particles was carried out as follows, 3.5 μL aliquots of purified
wild-type BK or ΔAgno in buffer A were applied to continuous carbon grids that had been
glow-discharged for ~30 s in air using a PELCO easiGlow™ (Ted Pella Inc, Redding, CA, USA).
The samples were then stained with 1% uranyl acetate solution before being allowed to dry in air for
5 min. Samples were imaged on a Tecnai G2-Spirit transmission EM (FEI, Eindhoven, The Netherlands)
at 120 keV, equipped with a Gatan US1000XP CCD camera (Gatan, Pleasanton, CA, USA). Images of
virions were recorded at 30,000× magnification.

4.12. Transmission Electron Microscopy in Cells

Cells were fixed in 0.5% glutaraldehyde in 200 mM sodium cacodylate buffer for 30 min, washed
in buffer and secondarily fixed in reduced 1% osmium tetroxide, 1.5% potassium ferricyanide for
60 min. The samples were washed in distilled water and stained overnight at 4 ◦C in 0.5% magnesium
uranyl acetate, washed in distilled water and dehydrated in graded ethanol. The samples were then
embedded flat in the dish in Epon resin. Resin filled stubs were placed on embedded cell monolayers
and polymerized. Ultrathin sections (typically 50–70 nm) were cut parallel to the dish and examined
in a FEI Tecnai20 electron microscope (FEI Co., Eindhoven, The Netherlands) with CCD camera
image acquisition.

4.13. Cell Fractionation

RPTE (2 × 105) cells seeded in 6 well plates were scraped into PBS. Cell pellets were resuspended in
100 μL cytoplasmic lysis buffer (100 mM Tris pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.5% NP-40, complete
protease inhibitor cocktail (Roche)) and lysed on ice for 20 min. Then samples were centrifuged at
9600× g for 20 min at 4 ◦C. The supernatant, containing the cytoplasmic fraction, was collected and the
pellet washed twice in cytoplasmic lysis buffer and then resuspended in 100 μL RIPA buffer (50 mM
Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitors).
Samples were centrifuged at 9600× g for 10 min at 4 ◦C and the nuclear fraction supernatant collected.

Acknowledgments: We thank Michael Imperiale (University of Michigan), Dennis Galloway (Fred Hutchinson
Cancer Research Center), Ugo Moens (The Arctic University of Norway) and Chris Buck (National Cancer Institute)
for providing essential reagents and advice. We are grateful to Kidney Research UK (RP25/2013, ST4/2014 and
RP_022_20170302), Yorkshire Kidney Research Fund, the Medical Research Council (MR/K012665/1 and Ph.D.
studentship to Laura G. Caller) and Wellcome Trust (102572/B/13/Z, 1052221/Z/14/Z and 109157/Z/15/Z) for
funding this work.

Author Contributions: Conceived the study: Andrew Macdonald; Designed experiments: Neil A. Ranson,
Colin M. Crump and Andrew Macdonald; Carried out the study: Margarita-Maria Panou, Emma L. Prescott,
Daniel L. Hurdiss, Gemma Swinscoe, Michael Hollinshead, Laura G. Caller, Louisa Carlisle, Ethan L. Morgan,
Michelle Antoni, David Kealy and Marietta Müller; Critical analysis and interpretation of data: Margarita-Maria Panou,
Emma L. Prescott, Colin M. Crump, Neil A. Ranson and Andrew Macdonald; Drafted the output: Andrew Macdonald;
Corrected the output: Neil A. Ranson, Colin M. Crump, Marietta Müller and Andrew Macdonald.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Buck, C.B.; van Doorslaer, K.; Peretti, A.; Geoghegan, E.M.; Tisza, M.J.; An, P.; Katz, J.P.; Pipas, J.M.;
McBride, A.A.; Camus, A.C.; et al. The Ancient Evolutionary History of Polyomaviruses. PLoS Pathog. 2016,
12, e1005574. [CrossRef] [PubMed]

2. Peretti, A.; FitzGerald, P.C.; Bliskovsky, V.; Pastrana, D.V.; Buck, C.B. Genome Sequence of a Fish-Associated
Polyomavirus, Black Sea Bass (Centropristis striata) Polyomavirus 1. Genome Announc. 2015, 3, e01476-14.
[CrossRef] [PubMed]

3. Peretti, A.; FitzGerald, P.C.; Bliskovsky, V.; Buck, C.B.; Pastrana, D.V. Hamburger polyomaviruses.
J. Gen. Virol. 2015, 96, 833–839. [CrossRef] [PubMed]

18



Int. J. Mol. Sci. 2018, 19, 902

4. Hurdiss, D.L.; Morgan, E.L.; Thompson, R.F.; Prescott, E.L.; Panou, M.M.; Macdonald, A.; Ranson, N.A.
New Structural Insights into the Genome and Minor Capsid Proteins of BK Polyomavirus using
Cryo-Electron Microscopy. Structure 2016, 24, 528–536. [CrossRef] [PubMed]

5. Feng, H.; Shuda, M.; Chang, Y.; Moore, P.S. Clonal integration of a polyomavirus in human Merkel cell
carcinoma. Science 2008, 319, 1096–1100. [CrossRef] [PubMed]

6. DeCaprio, J.A.; Garcea, R.L. A cornucopia of human polyomaviruses. Nat. Publ. Group 2013, 11, 264–276.
[CrossRef] [PubMed]

7. Van der Meijden, E.; Janssens, R.W.A.; Lauber, C.; Bouwes Bavinck, J.N.; Gorbalenya, A.E.; Feltkamp, M.C.W.
Discovery of a new human polyomavirus associated with trichodysplasia spinulosa in an immunocompromized
patient. PLoS Pathog. 2010, 6, e1001024. [CrossRef] [PubMed]

8. Gardner, S.D.; Field, A.M.; Coleman, D.V.; Hulme, B. New human papovavirus (B.K.) isolated from urine
after renal transplantation. Lancet 1971, 1, 1253–1257. [CrossRef]

9. Padgett, B.L.; Walker, D.L.; ZuRhein, G.M.; Eckroade, R.J.; Dessel, B.H. Cultivation of papova-like virus from
human brain with progressive multifocal leucoencephalopathy. Lancet 1971, 1, 1257–1260. [CrossRef]

10. Knowles, W.A. Discovery and epidemiology of the human polyomaviruses BK virus (BKV) and JC virus
(JCV). Adv. Exp. Med. Biol. 2006, 577, 19–45. [PubMed]

11. Bennett, S.M.; Broekema, N.M.; Imperiale, M.J. BK polyomavirus: Emerging pathogen. Microbes Infect. 2012,
14, 672–683. [CrossRef] [PubMed]

12. Egli, A.; Infanti, L.; Dumoulin, A.; Buser, A.; Samaridis, J.; Stebler, C.; Gosert, R.; Hirsch, H.H. Prevalence
of polyomavirus BK and JC infection and replication in 400 healthy blood donors. J. Infect. Dis. 2009,
199, 837–846. [CrossRef] [PubMed]

13. Egli, A.; Köhli, S.; Dickenmann, M.; Hirsch, H.H. Inhibition of polyomavirus BK-specific T-Cell responses by
immunosuppressive drugs. Transplantation 2009, 88, 1161–1168. [CrossRef] [PubMed]

14. Ahsan, N.; Shah, K.V. Polyomaviruses and human diseases. Adv. Exp. Med. Biol. 2006, 577, 1–18. [PubMed]
15. Dropulic, L.K.; Jones, R.J. Polyomavirus BK infection in blood and marrow transplant recipients.

Bone Marrow Transpl. 2008, 41, 11–18. [CrossRef] [PubMed]
16. Balba, G.P.; Javaid, B.; Timpone, J.G. BK polyomavirus infection in the renal transplant recipient. Infect. Dis.

Clin. N. Am. 2013, 27, 271–283. [CrossRef] [PubMed]
17. Ramos, E.; Drachenberg, C.B.; Wali, R.; Hirsch, H.H. The decade of polyomavirus BK-associated nephropathy:

State of affairs. Transplantation 2009, 87, 621–630. [CrossRef] [PubMed]
18. Safrin, S.; Cherrington, J.; Jaffe, H. Clinical uses of cidofovir. Rev. Med. Virol. 1997, 7, 145–156. [CrossRef]
19. Kuypers, D.R.J. Management of polyomavirus-associated nephropathy in renal transplant recipients.

Nat. Rev. Nephrol. 2012, 8, 390–402. [CrossRef] [PubMed]
20. Sharma, P.M.; Gupta, G.; Vats, A.; Shapiro, R.; Randhawa, P.S. Polyomavirus BK non-coding control region

rearrangements in health and disease. J. Med. Virol. 2007, 79, 1199–1207. [CrossRef] [PubMed]
21. Buck, C.B. Exposing the Molecular Machinery of BK Polyomavirus. Structure 2016, 24, 495. [CrossRef]

[PubMed]
22. Gerits, N.; Moens, U. Agnoprotein of mammalian polyomaviruses. Virology 2012, 432, 316–326. [CrossRef]

[PubMed]
23. Rinaldo, C.H.; Traavik, T.; Hey, A. The agnogene of the human polyomavirus BK is expressed. J. Virol. 1998,

72, 6233–6236. [PubMed]
24. Unterstab, G.; Gosert, R.; Leuenberger, D.; Lorentz, P.; Rinaldo, C.H.; Hirsch, H.H. The polyomavirus BK

agnoprotein co-localizes with lipid droplets. Virology 2010, 399, 322–331. [CrossRef] [PubMed]
25. Johannessen, M.; Myhre, M.R.; Dragset, M.; Tümmler, C.; Moens, U. Phosphorylation of human

polyomavirus BK agnoprotein at Ser-11 is mediated by PKC and has an important regulative function.
Virology 2008, 379, 97–109. [CrossRef] [PubMed]

26. Sariyer, I.K.; Khalili, K.; Safak, M. Dephosphorylation of JC virus agnoprotein by protein phosphatase 2A:
Inhibition by small t antigen. Virology 2008, 375, 464–479. [CrossRef] [PubMed]

27. Khalili, K.; White, M.K.; Sawa, H.; Nagashima, K.; Safak, M. The agnoprotein of polyomaviruses:
A multifunctional auxiliary protein. J. Cell Physiol. 2005, 204, 1–7. [CrossRef] [PubMed]

28. Suzuki, T.; Orba, Y.; Okada, Y.; Sunden, Y.; Kimura, T.; Tanaka, S.; Nagashima, K.; Hall, W.W.; Sawa, H.
The Human Polyoma JC Virus Agnoprotein Acts as a Viroporin. PLoS Pathog. 2010, 6, e1000801. [CrossRef]
[PubMed]

19



Int. J. Mol. Sci. 2018, 19, 902

29. Akan, I.; Sariyer, I.K.; Biffi, R.; Palermo, V.; Woolridge, S.; White, M.K.; Amini, S.; Khalili, K.; Safak, M.
Human polyomavirus JCV late leader peptide region contains important regulatory elements. Virology 2006,
349, 66–78. [CrossRef] [PubMed]

30. Barkan, A.; Welch, R.C.; Mertz, J.E. Missense mutations in the VP1 gene of simian virus 40 that compensate
for defects caused by deletions in the viral agnogene. J. Virol. 1987, 61, 3190–3198. [PubMed]

31. Sedman, S.A.; Good, P.J.; Mertz, J.E. Leader-encoded open reading frames modulate both the absolute and
relative rates of synthesis of the virion proteins of simian virus 40. J. Virol. 1989, 63, 3884–3893. [PubMed]

32. Safak, M.; Khalili, K. Physical and functional interaction between viral and cellular proteins modulate JCV
gene transcription. J. Neurovirol. 2001, 7, 288–292. [PubMed]

33. Carswell, S.; Alwine, J.C. Simian virus 40 agnoprotein facilitates perinuclear-nuclear localization of VP1,
the major capsid protein. J. Virol. 1986, 60, 1055–1061. [PubMed]

34. Carswell, S.; Resnick, J.; Alwine, J.C. Construction and characterization of CV-1P cell lines which
constitutively express the simian virus 40 agnoprotein: Alteration of plaquing phenotype of viral agnogene
mutants. J. Virol. 1986, 60, 415–422. [PubMed]

35. Sariyer, I.K.; Saribas, A.S.; White, M.K.; Safak, M. Infection by agnoprotein-negative mutants of polyomavirus
JC and SV40 results in the release of virions that are mostly deficient in DNA content. Virol. J. 2011, 8, 255.
[CrossRef] [PubMed]

36. Myhre, M.R.; Olsen, G.-H.; Gosert, R.; Hirsch, H.H.; Rinaldo, C.H. Clinical polyomavirus BK variants with
agnogene deletion are non-functional but rescued by trans-complementation. Virology 2010, 398, 12–20.
[CrossRef] [PubMed]

37. Stewart, H.; Bartlett, C.; Ross-Thriepland, D.; Shaw, J.; Griffin, S.; Harris, M. A novel method for the
measurement of hepatitis C virus infectious titres using the IncuCyte ZOOM and its application to antiviral
screening. J. Virol. Methods 2015, 218, 59–65. [CrossRef] [PubMed]

38. Evans, G.L.; Caller, L.G.; Foster, V.; Crump, C.M. Anion homeostasis is important for non-lytic release of BK
polyomavirus from infected cells. Open Biol. 2015, 5, 150041. [CrossRef] [PubMed]

39. Xie, S.; Wang, K.; Yu, W.; Lu, W.; Xu, K.; Wang, J.; Ye, B.; Schwarz, W.; Jin, Q.; Sun, B. DIDS blocks a
chloride-dependent current that is mediated by the 2B protein of enterovirus 71. Cell Res. 2011, 21, 1271–1275.
[CrossRef] [PubMed]

40. Royle, J.; Dobson, S.J.; Müller, M.; Macdonald, A. Emerging Roles of Viroporins Encoded by DNA Viruses:
Novel Targets for Antivirals? Viruses 2015, 7, 5375–5387. [CrossRef] [PubMed]

41. Scott, C.; Griffin, S.D.C. Viroporins: Structure, function and potential as antiviral targets. J. Gen. Virol. 2015,
96, 2000–2027. [CrossRef] [PubMed]

42. Suzuki, T.; Semba, S.; Sunden, Y.; Orba, Y.; Kobayashi, S.; Nagashima, K.; Kimura, T.; Hasegawa, H.; Sawa, H.
Role of JC virus agnoprotein in virion formation. Microbiol. Immunol. 2012, 56, 639–646. [CrossRef] [PubMed]

43. Shen, P.S.; Enderlein, D.; Nelson, C.D.S.; Carter, W.S.; Kawano, M.; Xing, L.; Swenson, R.D.; Olson, N.H.;
Baker, T.S.; Cheng, R.H.; et al. The structure of avian polyomavirus reveals variably sized capsids,
non-conserved inter-capsomere interactions, and a possible location of the minor capsid protein VP4.
Virology 2011, 411, 142–152. [CrossRef] [PubMed]

44. Okada, Y.; Suzuki, T.; Sunden, Y.; Orba, Y.; Kose, S.; Imamoto, N.; Takahashi, H.; Tanaka, S.; Hall, W.W.;
Nagashima, K.; et al. Dissociation of heterochromatin protein 1 from lamin B receptor induced by human
polyomavirus agnoprotein: Role in nuclear egress of viral particles. EMBO Rep. 2005, 6, 452–457. [CrossRef]
[PubMed]

45. Resnick, J.; Shenk, T. Simian virus 40 agnoprotein facilitates normal nuclear location of the major capsid
polypeptide and cell-to-cell spread of virus. J. Virol. 1986, 60, 1098–1106. [PubMed]

46. Johannessen, M.; Walquist, M.; Gerits, N.; Dragset, M.; Spang, A.; Moens, U. BKV agnoprotein interacts
with α-soluble N-ethylmaleimide-sensitive fusion attachment protein, and negatively influences transport
of VSVG-EGFP. PLoS ONE 2011, 6, e24489. [CrossRef] [PubMed]

47. Clayson, E.T.; Brando, L.V.; Compans, R.W. Release of simian virus 40 virions from epithelial cells is polarized
and occurs without cell lysis. J. Virol. 1989, 63, 2278–2288. [PubMed]

48. Gerits, N.; Johannessen, M.; Tümmler, C.; Walquist, M.; Kostenko, S.; Snapkov, I.; van Loon, B.; Ferrari, E.;
Hübscher, U.; Moens, U. Agnoprotein of polyomavirus BK interacts with proliferating cell nuclear antigen
and inhibits DNA replication. Virol. J. 2015, 12, 7. [CrossRef] [PubMed]

20



Int. J. Mol. Sci. 2018, 19, 902

49. Suzuki, T.; Orba, Y.; Makino, Y.; Okada, Y.; Sunden, Y.; Hasegawa, H.; Hall, W.W.; Sawa, H. Viroporin activity
of the JC polyomavirus is regulated by interactions with the adaptor protein complex 3. Proc. Natl. Acad.
Sci. USA 2013, 110, 18668–18673. [CrossRef] [PubMed]

50. Peter, F.; Wong, S.H.; Subramaniam, V.N.; Tang, B.L.; Hong, W. α-SNAP but not gamma-SNAP is required
for ER-Golgi transport after vesicle budding and the Rab1-requiring step but before the EGTA-sensitive step.
J. Cell Sci. 1998, 111 Pt 17, 2625–2633. [PubMed]

51. Barnard, R.J.; Morgan, A.; Burgoyne, R.D. Stimulation of NSF ATPase activity by α-SNAP is required for
SNARE complex disassembly and exocytosis. J. Cell Biol. 1997, 139, 875–883. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

21



 International Journal of 

Molecular Sciences

Article

A Role of Sp1 Binding Motifs in Basal and Large
T-Antigen-Induced Promoter Activities of Human
Polyomavirus HPyV9 and Its Variant UF-1

Ugo Moens 1,*, Xiaobo Song 2, Marijke Van Ghelue 3, John A. Lednicky 4 and Bernhard Ehlers 5

1 Molecular Inflammation Research Group, Department of Medical Biology, Faculty of Health Sciences,
University of Tromsø, 9037 Tromsø, Norway

2 Host Microbe Interaction Research Group, Department of Medical Biology, Faculty of Health Sciences,
University of Tromsø, 9037 Tromsø, Norway; xiaobo.song@uit.no

3 Department of Medical Genetics, University Hospital Northern-Norway, 9038 Tromsø, Norway;
marijke.van.ghelue@unn.no

4 Department of Environmental and Global Health, College of Public Health and Health Professions,
University of Florida, Gainesville , FL 32603, USA; jlednicky@phhp.ufl.edu

5 Division 12, Measles, Mumps, Rubella and Viruses Affecting Immunocompromised Patients, Robert Koch
Institute, 13353 Berlin, Germany; EhlersB@rki.de

* Correspondence: ugo.moens@uit.no; Tel.: +47-77-64-46-22

Received: 5 October 2017; Accepted: 10 November 2017; Published: 14 November 2017

Abstract: Human polyomavirus 9 (HPyV9) was originally detected in the serum of a renal transplant
patient. Seroepidemiological studies showed that ~20–50% of the human population have antibodies
against this virus. HPyV9 has not yet been associated with any disease and little is known about
the route of infection, transmission, host cell tropism, and genomic variability in circulating strains.
Recently, the HPyV9 variant UF-1 with an eight base-pair deletion, a thirteen base-pair insertion
and with point mutations, creating three putative Sp1 binding sites in the late promoter was isolated
from an AIDS patient. Transient transfection studies with a luciferase reporter plasmid driven by
HPyV9 or UF1 promoter demonstrated that UF1 early and late promoters were stronger than HPyV9
promoters in most cell lines, and that the UF1 late promoter was more potently activated by HPyV9
large T-antigen (LTAg). Mutation of two Sp1 motifs strongly reduced trans-activation of the late UF1
promoter by HPyV9 LTAg in HeLa cells. In conclusion, the mutations in the UF1 late promoter seem
to strengthen its activity and its response to stimulation by HPyV9 LTAg in certain cells. It remains to
be investigated whether these promoter changes have an influence on virus replication and affect the
possible pathogenic properties of the virus.

Keywords: large T antigen; luciferase; mutation; non-coding control region; Sp1

1. Introduction

Polyomaviruses, a family of small, double-stranded DNA viruses that infects mammals, birds,
and fish, while polyomavirus-like sequences have also been found in reptiles and invertebrates [1–3].
In 1971, the first two human polyomaviruses BK polyomavirus (BKPyV) and JC polyomavirus (JCPyV)
were described and named after the initials of the patients from which they were isolated [4,5].
It was not until 2007 that a third human polyomavirus (Karolinska Institute polyomavirus, KIPyV)
was isolated [6], and since then, another 11 not previously reported polyomaviruses have been
detected in human samples. These are: Washington University polyomavirus (WUPyV), Merkel
cell polyomavirus (MCPyV), HPyV6, HPyV7, Trichodysplasia spinulosa polyomavirus (TSPyV),
HPyV9, Malawi polyomavirus (MWPyV), Saint Louis polyomavirus (STLPyV), HPyV12, New Jersey
polyomavirus (NJPyV), and Lyon IARC polyomavirus (LiPyV) [1,7]. All human polyomaviruses share
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high sequence similarity in their coding region, whereas the non-coding control region (NCCR) that
encompassed the origin of replication and the transcription control sequences for the early and late
genes is highly variable [1]. Also, between isolates of a human polyomavirus species, hypervariability
in the NCCR is observed. The changes in the NCCR of specific human polyomavirus affect the life cycle
of the virus and may be associated with the pathogenic properties of the virus, as was convincingly
shown for BKPyV and JCPyV [8,9]. Major mutations and rearrangements in the NCCR have been
reported in other human polyomaviruses [10], but the effects on the properties of the virus have been
scarcely examined [11,12].

HPyV9 was first detected in the serum from a renal transplant patient under immunosuppressive
treatment [13], and shortly after from the facial surface of a Merkel cell carcinoma patient [14].
Seroprevalence of HPyV9 varies between ~6–39% in children (<1 month-11 years), ~18–47% in healthy
adults (>16 years of age), and reaches 70% in individuals aged 80 years and older [15–25]. Whether
different HPyV9 variants are circulating in the human population has scarcely been investigated.
The genomes of both isolates differed by just two nucleotides. Recently, a third HPyV9 variant was
isolated from peripheral blood monocytes of an AIDS patient [26]. This variant, designated HPyV9
UF-1 (hereafter referred to as UF-1), differs by two amino acids in the VP2/3 proteins relative to
the originally isolated HPyV9 genomes [13,14], and has several changes in its non-coding control
region (NCCR). The biological implications of these mutations on the viral life cycle are not known as
permissive cell systems for virus propagation are lacking [25,26].

In an effort to determine the biological importance of the differences in NCCR between HPyV9
and UF-1, we examined their relative early and late promoter strength in seven different human cell
lines and studied the effect of HPyV9 LTAg on the early and late promoter activities. The possible role
of additional Sp1 sites in UF-1 NCCR when compared to the HPyV9 NCCR in promoter activity was
also investigated.

2. Results

2.1. The Basal UF-1 Early and Late Promoter Activity is Higher than that of HPyV9 in Most Cell Lines Tested

The NCCR of the originally described HPyV9 isolates [13,14] is identical, while the UF-1 variant
contains several point mutations, a 13-base pair insertion and an 8-base pair deletion as compared to
HPyV9 (Figure 1).

HPyV9 DNA can be found in urine, throat swabs, skin, and blood from healthy
individuals [13,27–31], while viremia was observed in renal recipients and in patients with both kidney
and pancreas transplantation [20]. However, little is known about the route of infection, cell tropism,
transmission, and life cycle of HPyV9 and a permissive cell culture system is lacking. The effect of
mutations in the NCCR on the properties of HPyV9 has not been investigated. In an effort to identify
cell lines that may sustain the viral life cycle and to assess the effect of these differences on promoter
activity, we compared the relative activities of the early and late HPyV9 promoter (hereafter referred
to as H9-E and H9-L) with those of the early and late UF-1 promoter (UF1-E and UF1-L) in seven
different human cell lines. The cell tropism of HPyV9 is not known, but because our previous study
had shown that the HPyV9 promoter is relatively strong in BEL7402, HEK293, SK-N-BE, and SW480
cells, we selected these cells [12]. In addition, we chose one osteosarcoma cell line (U2OS), one human
papillomavirus (HPV)-negative cervical cancer cell line (C33A), and the HPV18-positive cervical cancer
cell line HeLa. The luciferase values that were obtained for all four promoters in HEK293 cells were
5–10× higher than the values for the corresponding promoters in C33A cells. The promoter activities
in HeLa and U2OS were comparable, but up to 20-fold lower than in C33A cells. All four promoters
had lowest activity in SK-N-BE, SW480, and BEL7402 cells (see Supplementary Materials). Differences
in promoter strength may be partially explained by differences in transfection efficiency. Using an
enhanced green fluorescent protein expression vector, it was estimated that all cells had a transfection
efficiency of more than 75%, except for the BEL7402 (~50%) and C33A cells (~30%). For both HPyV9
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and UF1, their late promoter was stronger (2- to 7-fold) than their early promoter in most of the cell
lines that were tested. In HeLa and U2OS cells, the H9-E and H9-L promoters possessed similar
activities and the same was true for the UF1-E and UF1-L promoters in BEL7402. In C33A cells, UF1-E
was three-fold stronger than UF1-L (Appendix A). To compare the activity of all four promoters, we set
the H9-E promoter activity arbitrarily as 100%. The UF1-E promoter was stronger as compared with
the H9-E promoter in all cell lines, except in HeLa and U2OS cells where the basal HPyV9 promoter
activity was, respectively, ~two- to four-fold higher (Figure 2). The H9-L promoter activity was higher
than the H9-E promoter activity, except in U2OS (Figure 2) where there was no significant difference.
For the late promoter activity, there was a tendency that the H9-L and UF1-L were comparable, except
for C33A and HeLa cells, in which the H9-L promoter was on average approximately four-fold stronger,
while UF1-L was stronger in BEL7402 cells (Figure 2). The UF1-E promoter was stronger than the
UF1-L promoter in C33A, HeLa, and SK-N-BE cells, but weaker in HEK293, SW480, and U2OS cells
(Figure 2). UF1-E and UF1-L promoter activity was comparable in BEL7402 cells (Figure 2).

Figure 1. Alignment of the non-coding control region (NCCR) of human polyomavirus 9 (HPyV9),
IPPyV and UF-1. IPPyV was the name given to the HPyV9 variant described by Sauvage et al. [14].
Indels are indicated by dashes, asterisk show identical nucleotides. The putative Sp1 and AML-1a
motifs are shown in a frame, while the putative HPyV9 LTAg-binding motifs are underlined. The
NCCR is depicted in an early-to-late direction.
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Figure 2. Comparison of the early and late promoter activity of HPyV9 and UF-1 in different human cell
lines. Cells that were ~70% confluent were transfected with 400 ng of a reporter plasmid containing the
luciferase gene driven by either the early or the late promoter of HPyV9 (respectively UF-1). Cells were
harvest the next day and luciferase activity was measured and corrected for protein concentration
in the sample. Each experiment was repeated three to five times, each time with three independent
parallels and the results are the average of 9–15 values ± standard deviation. The activity of the HPyV9
early promoter (H9-E) was arbitrary set as 100. * p < 0.05; ** p < 0.01.

2.2. The UF1 Late Promoter is more Potently Activated by HPyV9 LTAg than the HPyV9 Late Promoter

Next, we examined the effect of HPyV9 LTAg on the early and late promoter activities of HPyV9
and UF-1. We decided to test in BEL7402, HEK293, and HeLa cells because some of the most obvious
differences in early and/or late promoter activities between HPyV9 and UF-1 were observed in
these cells. Cells were transfected with HPyV9 LTAg expression plasmid (the UF-1 LTAg amino acid
sequence is completely identical to HPyV9) or with empty vector. Expression of HPyV9 LTAg in the
three cell lines was confirmed by western blotting (Figure 3).

 
Figure 3. Detection of ectopic expressed HPyV9 LTAg in BEL7402, HEK293, and HeLa cells. Lanes 1–3:
lysates of BEL7402 cells, lanes 4–6: lysates of HEK293 cells; lanes 7–9: lysates of HeLa cells. Lanes 1, 4,
and 7: mock transfected cells; lanes 2, 5, and 8: cells transfected with empty vector pcDNA3.1(+); lanes
3, 6, and 9: cells transfected with expression plasmid for hemagglutinin (HA) tagged LTAg of HPyV9.
Western blots were performed with anti-HA and anti-ERK2 antibodies. The molecular mass (in kDa) of
the markers (lane MM) is indicated. The arrows indicate the bands corresponding to HPyV9, LTAg,
and ERK2, respectively, while the bands marked with arrowheads may represent post-translationally
modified HPyV9 LTAg.
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Cells were co-transfected with (i) the reporter plasmid containing the luciferase gene under
control of the early or late promoter of, respectively, HPyV9 or UF-1, and (ii) empty expression vector
pcDNA3.1(+) or HPyV9 LTAg vector. Dose-dependent transfection studies with increasing amounts
of HPyV9 LTAg (0–1200 ng) or corresponding empty vector showed that co-transfection with 400 ng
plasmid DNA/105 cells was optimal (Ugo Moens, University of Tromsø, Norway, unpublished results,
2017). Higher concentrations hampered the HPyV9 promoters probably because the empty and HPyV9
LTAg expression vectors contain the strong cytomegalovirus promoter that competes out transcription
factors required for the HPyV9 promoter. HPyV9 LTAg stimulated both H9-E and UF1-E promoters in
all cell lines tested, although the luciferase expression levels differed (Figure 4A–C). H9-L and UF1-L
promoters were also activated by HPyV9 LTAg, except in HEK293 cells were a 50% reduction was
observed for H9-L (Figure 4B). Strongest activation was measured for the UF1-L promoter in HeLa cells
(~36-fold increase; Figure 4C), while a 1.3- to 6.5-fold HPyV9 LTAg-mediated increase was observed
for the HPyV9 and UF-1 promoters in the other experiments. No significant HPyV9 LTAg-mediated
induction was observed for H9-L in BEL7402 cells (Figure 4A), while for all other promoters in all cell
lines tested HPyV9 LTAg significantly affected promoter activity.

Figure 4. Effect of HPyV9 LTAg on the early and late promoters of HPyV9 and UF1. BEL7402 (panel A),
HEK293 (panel B), and HeLa cells (panel C) were co-transfected with the luciferase reporter plasmid
containing the H9-E, H9-L, UF1-E, or UF1-L promoter, and empty vector pcDNA3.1(+) or expression
plasmid for HPyV9 LTAg. Luciferase values were measured and corrected for the protein concentration.
Each experiment was repeated three to five times (Appendix A). A representative experiment for
each promoter and each cell line is shown. Each bar represents the average of three independent
parallels ± standard deviation. (Panel D) Fold induction of the promoter by HPyV9 LTAg. The average
(range) of three to four independent experiments is given.

2.3. Sp1 Sites in the Late UF1 Promoter and HPyV9 LTAg

One of the differences between the UF1 and HPyV9 promoter is the presence of three Sp1 sites
in the UF1 promoter, two of which are in the late promoter region (Figure 1). Previous studies had
shown that SV40 LTAg can interact with Sp1 and stimulate transcription from Sp1 site-containing
promoters [32,33]. Because Sp1 is constitutively expressed in HeLa cells [34] and the UF1-L promoter
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activity was strongest (on average 35-fold) stimulated by HPyV9 LTAg in these cells (Figure 4C,D),
we examined the effect of HPyV9 LTAg on the activity of the UF1-E promoter and the UF1-L promoter
in which the two distal Sp1 sites were mutated in HeLa cells. Destroying these two Sp1 motifs
did not have an effect on the early promoter activity in the absence of HPyV9 LTAg, because the
Sp1-mutated early promoter’s activity did not change (1.1 ± 0.4-fold; n = 4) when compared with
that of the non-mutated promoter. However, the activity of the mutated late promoter was 2-fold
(±0.3; n = 4) higher than the non-mutated promoter. Disrupting the two Sp1 sites reduced HPyV9
LTAg activation of the mutated late promoter 7.3-fold ± 1.5 (n = 4) as compared to the wild-type UF1
late promoter, while transactivation of the mutated UF1-E promoter was only slightly (1.1-fold ± 0.7)
reduced (Figure 5).

 
Figure 5. Effect of mutation of putative Sp1 motifs on HPyV9 LTAg-induced UF1-E and UF1-L promoter
activity. HeLa cells were co-transfected with the luciferase reporter plasmid with wild-type UF1-E
(respectively UF1-L) promoter or with mutated UF1-E (respectively mutated UF1-L) promoter and
empty expression vector pcDNA3.1(+) (EV) or HPyV9 LTAg expression vector. Luciferase activity
was measured and corrected for protein concentration. Top panel: a representative experiment is
shown. The bars show the average of three parallels ± SD. Each experiment was performed 4 times
(Appendix A). The table summarizes the promoter activity in the presence of HPyV9 LTAg (shown as
fold induction) of the four experiments.

3. Discussions

HPyV9 is one of the 14 polyomaviruses that have been detected in humans so far, but little is
known about the biology of this virus. Antibodies against HPyV9 can be detected in ~20–50% of the
adult population, while viral DNA is found with low frequency in urine, blood, skin, and throat swabs
(reviewed in [31]). Attempts to propagate HPyV9 in cell culture have been unsuccessful [25,26]. In this
study, we compared the early and late promoter activity of the originally described HPyV9 variant
with that of the UF-1 isolate in seven different human cell lines. We had previously monitored the
HPyV9 early and late promoter in ten different cell lines [12], and selected BEL7402, HEK293, SK-N-BE,
and SW480 because their promoter activity was highest in these cells. In addition, we have also tested
the human cervical cancer cell lines C33A and HeLa, and human osteosarcoma U2OS cells. The UF-1
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early and late promoters were stronger than the HPyV9 promoters in most cell lines, except for HeLa
cells where both UF-1 early and late promoter activity was lower than those of HPyV9, while the
UF-1 early promoter was weaker in U2OS and the UF-1 late was weaker in C33A and SK-N-BE cells.
The molecular basis for the difference in activity between the HPyV9 and UF-1 promoters in a specific
cell line and between the different cells remains elusive, but the most obvious reason is the difference
in the repertoire of transcription factors in each cell line.

Our study is the first to show that HPyV9 LTAg, in agreement with LTAg of other human
polyomaviruses, influences early and late promoter activities. The amplitude of promoter activity
stimulation by HPyV9 LTAg was different, with the late UF-1 promoter more inducible by HPyV9
LTAg, despite conservation of the putative LTAg-binding sites in the HPyV9 and UF-1 NCCR (Figure 1).
The LTAg of polyomaviruses not only affects transcription by direct binding to these motifs in the
promoter, but also through interaction with cellular transcription factors [1]. Hence, the differences in
HPyV9 LTAg-induced promoter activity can be explained by distinct transcription factor binding sites.
The UF-1 promoter possesses three putative Sp1 sites (5′-CCGCCC-3′), two of which are located in
its late promoter region (Figure 1). The 5′-AGCTCATTTCATC-3′ deletion in HPyV9 does not seem
to encompass putative binding sites using the PROMO transcription factor binding site prediction
algorithm [35,36], while nucleotides spanning this region contain mutations that create putative
binding motifs for STAT5A and Elk1. The possible contribution of these transcription factors in the
regulation of HPyV9 promoter activity was not tested. Sp1 is known to be ubiquitously expressed
at medium to high levels in all of the mammalian cells and tissues that have been tested [37,38].
LTAg of SV40 can interact with Sp1 and stimulate transcription of Sp1-containing promoters [32,33].
Accordingly, HPyV9 LTAg may more potently stimulate the UF1 promoter than the HPyV9 promoter
through the additional Sp1 sites. However, the Sp1 family member Sp3 binds to the Sp1 motif with an
affinity and specificity that are comparable with Sp1. Like Sp1, Sp3 is ubiquitously expressed, but in
contrast to Sp1, Sp3 acts as a repressor [39,40]. Mutation of the two distal Sp1 sites did not affect the
activity of the UF1-E promoter, but stimulated the UF1-L promoter in the absence of HPyV9 LTAg.
However, in the presence of HPyV9 LTAg, induction of UF1-L was severely impaired. SV40 LTAg
physically interacts with Sp1 and stimulates transcription of Sp1-containing promoters [32,33]. It is
not known whether Sp3 can bind SV40 LTAg, but Sp1 and Sp3 share only ~40% amino acid identity.
Whether HPyV9 LTAg binds Sp1 has to be proven, but supposing that HPyV9 LTAg does, the following
scenario can be imagined. In the absence of HPyV9 LTAg, Sp1, and Sp3 may compete for the same
motifs, and, depending on which of the proteins binds, stimulate (Sp1) or repress (Sp3) the promoter.
HPyV9 LTAg, through its association with Sp1 may help to recruit Sp1 to the promoter, but not Sp3
assuming that Sp3 cannot interact with HPyV9 LTAg. Thus, intact Sp1 sites may bind Sp1 or Sp3,
while HPyV9 LTAg may help to recruit Sp1 but not Sp3 to these sites. The deletion of the Sp1 site
prevents Sp1 and Sp3 binding, but also LTAg-mediated recruitment of Sp1. The fact that the early
and late promoter of HPyV9 was also induced by HPyV9 LTAg in HeLa cells suggests that other,
Sp1-independent pathways, are operational. The UF1 promoter lacks a putative AML-1a (=RUNX1)
site. This transcription factor is highly expressed in cells from myeloid and lymphoid tissue, while
low transcript levels are found in HEK293, HeLa, U2OS, colon cancer, and neuroblastoma cells [37,38].
Because our study did not include myeloid and lymphoid cells, but rather cells with no or low AMP-1a
expression levels, we did not investigate the role of this transcription factor. However, we cannot rule
out a role of this transcription factor in HPyV9 promoter activity. Finally, LTAg stimulated the HPyV9
and UF-1 early and late promoters in all cell lines, except in HEK293 cells where the H9-L promoter
was inhibited in the presence of LTAg. Further studies are required to unveil the mechanism of LTAg
on the HPyV9 and UF-1 promoters in the different cell lines.

The natural host cells for HPyV9 remain unknown. In a previous study, we measured VP1 mRNA
levels in Vero, RH, COS-7, HEK293 (all kidney-derived), BJAB (mouse hybridoma), HeLa, Huh-7
(hepatocellular carcinoma), and NIH3T3 (mouse fibroblast) cells transfected with complete HPyV9
genome [25]. VP1 mRNA levels increased over time, with highest copy number quantified in Vero
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cells and minimal increase in NIH3T3 and HeLa cells. Despite early (luciferase reporter assays in this
study) and late viral promoter activity (this study and [25]), none of the cell lines were able to support
a complete viral life cycle. These findings indicate that the presence of actively transcribed HPyV9
genome is not sufficient to generate infectious virus particles.

Western blot detection of ectopic expression of HPyV9 LTAg resulted in several bands
corresponding to a molecular mass higher than the predicted 78 kDa. Toptan and colleagues, using
a monoclonal antibody cross-reacting with the J-domain common in human polyomavirus LTAg
and small T-antigen [41], detected bands corresponding to >78 kDa in HEK293 cells transfected with
a HPyV9 LTAg expression plasmid [42]. These bands may represent post-translationally modified
HPyV9 LTAg, as was shown for LTAg of other polyomaviruses [43–45].

In conclusion, the basal promoter activity of the HPyV9 variant UF-1, which was isolated from an
AIDS patient, is stronger and more potently induced by LTAg in most of the cell lines we examined
when compared with the original HPyV9 isolate. This suggests that the mutations in the UF1 NCCR
may affect the life cycle of the virus. Further screening of specimens from healthy and diseased
individuals is necessary to determine the host cell(s) for HPyV9, which may allow for establishing
permissive cell cultures for virus propagation and unveiling a possible association with diseases.

4. Materials and Methods

4.1. Cell Lines

The human cell lines C33A (human papilloma virus negative cervical cancer), HEK293
(human embryonal kidney cells), HeLa (human papilloma virus positive cervical cancer), SK-N-BE
(neuroblastoma), SW480 (colorectal adenocarcinoma), and U2OS (osteosarcoma) were maintained
in Dulbecco’s Modified Eagle’s Medium (Sigma D5796, St. Louis, MO, USA), country) with 10%
foetal bovine serum (Life Technologies, cat. No. 10500-064, Carlsbad, CA, USA). BEL-7402 (human
hepatocellular carcinoma) was grown in DMEM with low glucose (Sigma D5546, St. Louis, MO,
USA) [12]. All of the cells were kept at 37 ◦C in a humidified CO2 incubator.

4.2. Plasmids

The luciferase reporter plasmids containing the HPyV9 early or late promoter have been previously
described [12]. The corresponding plasmids with the HPyV9 UF-1 early or late promoter were
synthesized by GenScript as follows (Piscataway, NJ, USA). The complete NCCR was synthesized with
cohesive HindIII at both ends and subsequently cloned in the HindIII site of pUC58. The NCCR was
then excised and cloned in either orientation in the HindIII site of pGL3-basic. The empty expression
vector pcDNA3.1(+) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). The HPyV9
large T antigen expression vector was made by GenScript by cloning the synthesized cDNA into
the KpnI-ApaI sites of their pcDNA3.1+C-HA vector. Expressed HPyV9 LTAg has a C-terminal
linked HA tag. The luciferase reporter plasmids with the UF1-E or UF1-L promoter with mutated
Sp1 sites were generated by PCR-based site directed mutagenesis using primers mutSp1_UF1_fwd:
5′-GCTCATTTCATCAGCGCAGAGAAGAAGCCCGCCTTTTTTAAACGCGCCAATTTTGAACTTGG-3′

and mutSp1_UF1_rev: 5′-CCAAGTTCAAAATTGGCGCGTTTAAAAAAG GCGGGCTTCTTCTC
TGCGCTGATGAAATGAGC-3′. These primers result in the mutation of the two Sp1 sites proximal to the
late coding region (Figure 1). Mutations were confirmed by sequencing.

4.3. Transfection

Cells were seeded into twelve-well cell culture plates (Falcon cat. No. 353072, Corning
Incorporated, Corning, NY, USA) and transfected the following day. Cells were approximately
70% confluent on the day of transfection. JetPrime (Polyplus-transfection, Illkirch, France) was
used as transfection reagent. Cells were transfected with 400 ng luciferase plasmid according to the
manufacturer’s instructions. In the experiments where the effect of HPyV9 LTAg on promoter activity
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was monitored, co-transfections were performed using 400 ng empty vector (pcDNA3.1(+)) or 400 ng
HPyV9 LTAg expression plasmid.

4.4. Luciferase Assay

Cells were lysed 24 h post-transfection in 100 μL Luciferase Assay Tropix Lysis solution
(Applied Biosystems, Foster City, CA, USA) with DTT added to a final concentration of 0.5 mM
(Sigma, St. Louis, MO, USA) freshly added. Cells were scraped and transferred to Eppendorf tubes,
followed by 3 min centrifugation at 12,000× g at room temperature in a Microfuge 22R centrifuge
(Beckman Coulter, Bea, CA, USA). A 20 μL aliquot of each supernatant was subsequently transferred
to 96-well microtiter plate and 50 μL luciferase buffer (Promega, Madison, WI, USA) was added.
Light units were measured using CLARIOstar monochromator (520–620 nm) microplate reader (BMG
Labtech GmbH, Ortenberg, Germany).

4.5. Protein Concentration Assay

The luciferase value of each sample was corrected relative to its protein concentration. Protein
concentrations were determined using the Protein Quantification Assay from Macherey-Nagel (Düren,
Germany) according to the manufacturer’s instructions with OD570 measured using the CLARIOstar
monochromator microplate reader.

4.6. Western Blotting

Cells were plated out in 6-well plates and the next day transfected with 2 μg DNA
(either pcDNA3.1 or pcDNA3.1-LTAg) using JetPrime. Twenty-four hours after transfection, the
cells were washed briefly with phosphate-buffered saline (PBS, Biochrom GmbH) and harvested in
NuPage LDS sample buffer (Invitrogen, Carlsbad, CA, USA) with 100 mM DTT. The samples were
sonicated and heated for 10 min at 70 ◦C. Proteins were separated on NuPAGE™ Novex™ 4–12%
Bis-Tris Protein Gels (Thermo Fisher Scientific, Waltham, MA, USA) and transferred onto a 0.45 μm
PVDF Membrane (Merck Life Science AS, Darmstadt, Germany). The membrane was blocked in
TBST (Tris-buffered saline with 0.1% Tween-20; Sigma, St. Louis, MO, USA) containing 5% (w/v)
skim milk powder. Incubation with the primary anti-HA antibody (SC-805 Santa Cruz Biotechnology,
Dallas TX, USA) or anti-ERK2 antibody (SC-154) was overnight at 4 ◦C in blocking buffer. Following
three washes in TBST, the membrane was incubated with the polyclonal swine anti-rabbit secondary
antibody that was conjugated with alkaline phosphatase (D0306, Dako, Santa Clara, CA, USA) solution
for 1 h at room temperature. After four washes, detection and visualization were performed using
CDP-Star chemiluminescent (C0712, Sigma, St. Louis, MO, USA) and the ImageQuant LAS 4000 imager
(GE Healthcare, Pittsburgh, PA, USA). MagicMark™ XP Western Protein Standard (Thermo Fisher
Scientific, Waltham, MA, USA) was used to estimate the molecular mass of the detected proteins.

4.7. Statistical Analysis

The t-test was employed to determine statistical differences between the promoter activities.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/11/2414/s1.
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Abbreviations

EV empty vector
HPyV9 human polyomavirus 9
H9-E early promoter HPyV9
H9-L late promoter HPyV9
LTAg large T-antigen
NCCR non-coding control region
PCR Polymerase Chain Reaction
UF1-E early promoter UF1
UF1-L late promoter UF1

Appendix A

Transfection results in seven human cell lines; effect of LTAg on HPyV9 and UF1 promoter in BEL7402,
HEK293 and HeLa cells; effect of Sp1 mutation on LTAg-induced promoter activity.
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Abstract: Infection with high-risk human papillomavirus (HPV) has been linked to several human
cancers, the most prominent of which is cervical cancer. The integration of the viral genome into
the host genome is one of the manners in which the viral oncogenes E6 and E7 achieve persistent
expression. The most well-studied cellular targets of the viral oncogenes E6 and E7 are p53 and
pRb, respectively. However, recent research has demonstrated the ability of these two viral factors to
target many more cellular factors, including proteins which regulate epigenetic marks and splicing
changes in the cell. These have the ability to exert a global change, which eventually culminates to
uncontrolled proliferation and carcinogenesis.
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1. Introduction

In 1966, Dr. Peyton Rous was awarded the Nobel Prize in Medicine and Physiology for his
discovery of the Rous sarcoma virus, which has the ability to cause sarcoma in chickens, although his
discovery was made five decades earlier in 1911 [1]. This was mainly due to the great amount of
skepticism that his work was met with, and the rejection of using an avian model to study infectious
cancers in human. Since then, there has been a growing interest in identifying the role of viruses
in cancer. Currently, it is estimated that of all cancers worldwide, 20–25% have a viral etiology [2].
There are seven known viruses which can cause cancer in humans—DNA tumor viruses comprising of
human papillomavirus (HPV), Epstein–Barr virus (EBV), Kaposi’s sarcoma-associated herpesvirus
(KSHV), Merkel cell polyomavirus (MCV), hepatitis B virus (HBV), and RNA viruses which include
hepatitis C virus (HCV) and human T-lymphotropic virus-1 (HTLV-1).

HPVs can also be classified as cutaneous or mucosal type, depending on its target tissue.
Cutaneous HPV types infect the basal epithelial cells of the hands and feet (and typically cause
plantar warts, common warts, and flat warts (reviewed in [3]), while mucosal types infect the inner
lining of tissues, such as the respiratory tract [4], oropharyngeal region [5], or anogenital epithelium.
The mucosal types can be further divided to high-risk or low-risk HPV, and it is the high-risk mucosal
HPV types which have been found to have close links with cervical cancer.

HPV is a double-stranded circular DNA virus, between 6.8 kb and 8 kb in length, and is the most
common sexually-transmitted infection. There are now over 200 subtypes of the virus, which can be
categorized as either low-risk or high-risk, depending on their activity on the host cell. The difference
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between high and low-risk HPV lies mainly in their cellular targets, wherein the targets of high-risk
HPV have the ability to cause the formation of tumors while the cellular targets of low-risk HPV are
not able to. This review, however, will focus on the cellular pathways targeted by high-risk HPV.

In 1983, the first high-risk HPV type (HPV16) was discovered by a German virologist and a Nobel
Prize awardee (in 2008), Professor Harald zur Hausen, when he attempted to find similarities in DNA
sequences between patients with cervical cancer [6]. In 61.1% of cervical cancer samples, the extracted
DNA hybridized to a HPV16 probe under highly stringent conditions, while lower hybridization rates
were obtained from samples from other diseased tissue, alluding to a possible causative function of
HPV in cervical cancer. Since then, 13 high-risk types (types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59,
and 68) have been discovered, with HPV16 and 18 being the most common in patients with invasive
cervical carcinomas.

1.1. HPV in Cancers

Although the presence of the HPV genome has been found in cancers of multiple tissue origins
(see references above), the strongest link of HPV has been in cancer of the cervix. Cervical cancer is
the fourth most common cancer in females worldwide, behind breast, colon, and lung cancer, with a
similar standing in mortality rate [7]. There is variation in the incidence and mortality rate depending
on geographical location, and this is primarily due to the difference in education of prevention and
availability to screening. An estimated 530,000 cases of invasive cervical cancer are diagnosed globally
every year [8]. Of these, 99.7% of samples have tested positive for HPV [9,10]. The absence of HPV in
the remaining 0.3% of cervical carcinomas has been attributed to the following factors: inadequate
detection methods, presence of unidentified types of HPV, and disruption of the HPV genome during
integration events [11].

HPV has also been implicated heavily in head and neck squamous cell carcinoma (HNSCC),
with the virus found in up to 25% of patients [12,13]. Since the etiological link between HPV and
HNSCC was made in 1983, there has been a significant increase in HPV-positive HNSCC samples
detected. Similar to cervical cancer, the most common type of HPV known to infect HNSCC patients is
HPV16, accounting for over 80% of HPV-positive HNSCC patients. Other cancers which have been
linked to HPV include breast [14–16], anal, vaginal, penile, and vulvar [17]. However, in these cancers,
the incidence of HPV is variable, with relatively lower detectable viral load. Specific techniques have
been used to detect the low level of HPV in these samples. These techniques include in situ PCR [18,19],
histology [14], bead-based Luminex technology [20], hybrid capture 2 (HC2) assay [21], and HPV
capture paired with massive paralleled sequencing [22]. The low levels of HPV detected in these
patients does not discount HPV from having a causative role. Instead, it has been hypothesized that
there are other factors which could drive the cancer in HPV-negative patients. This review, however,
will focus on HPV in cervical cancer.

1.2. HPV Genome

There are three distinct regions in the HPV genome: the early gene-coding region (E), late
gene-coding region (L), and the long control region (LCR). The early genes (E1, E2, E4–E7) encode for
viral replication and regulatory proteins, three of which, E5, E6, and E7, are oncogenic. Depending on
their specific function, the early genes are expressed at different stages of the viral life cycle [23,24].
The late genes encode for two structural proteins involved in the formation of the viral capsid,
while the LCR contains regulatory elements involved in the control of viral DNA replication and
transcription [23,24].

Upon HPV infection of cells in the basal layer, E1 and E2 facilitate viral genome replication at
a low-copy number rate. However, it is not until the basal cells differentiate into the suprabasal
layer of the epithelia prior to sloughing off that the virus switches to high-copy replication rate.
Although the exact mechanism of virion release is not known, it occurs at around the same time as
epithelia desquamation. These virions are then capable of infecting other neighboring cells. Despite the
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fact that integration of the HPV genome can occur in pre-malignant lesions, the proportion of cells
which undergo HPV integration increases as the cells progress in malignancy [25]. One of the first
proposed mechanisms of integration demonstrated that the breakpoint of circular HPV episome was at
the E2 gene [26]. This was of great interest as E2 transcriptionally represses E6 and E7, and therefore,
the disruption of E2 upon integration leads to the de-repression of E6 and E7. In cells where the HPV
genome was integrated, most viral genes are found to be silenced, with the exception of E6 and E7.

Since the integration of the viral genome into the host is a “dead-end” of the viral life cycle,
it seems counterintuitive that the virus would integrate, and in doing so, limiting its infectious
potential. However, scientists have rationalized this, and since a virus lacks machinery to replicate its
own genome, it needs to hijack its host’s replication machinery [27]. The driving oncogenes, E6 and
E7, hijack the cellular ubiquitin–proteasome system (UPS) to degrade retinoblastoma protein (pRb),
forcing the host cell into S phase, where replication machinery and resources, such as nucleotide pool,
are abundant. This allows viral replication to occur [28]. Since unscheduled cell cycle progression
would trigger apoptosis in the cell, HPV E6 concurrently degrades p53, which would result in the
evasion of apoptosis [29]. Through the constitutive expression of E6 and E7, coupled with aneuploidy
that is brought on by uncontrolled cell division, genomic instability ensues. This provides the cells a
growth advantage and promotes oncogenesis [30]. Therefore, the ultimate aim of the virus is not to
cause carcinogenesis in the host organism. Instead, the formation of tumors is an unwanted, accidental
side effect of viral infection.

Despite the growth advantage that follows an integration event, not all HPV-positive cells undergo
integration. A study analyzing HPV-positive samples obtained from The Cancer Genome Atlas
revealed integration events in all HPV18-positive samples, but only occurred in 76% of HPV16-positive
samples [31]. However, it is interesting to note that in samples where the HPV genome is not integrated,
there are often epigenetic or genetic changes found on the regulatory regions of E6 and E7 that result
in the dysregulation of these two oncogenes [32–34]. This indicates that although cancer progression
and the integration of HPV genome are separate events, the dysregulation of E6 and E7 is crucial
for tumorigenesis.

1.3. HPV Oncogenes

Although all the genes encoded by the HPV genome are crucial during different stages of
replication and the viral life cycle, the two most important genes in high-risk HPV are E6 and E7,
also known as the key viral oncogenes. They were termed viral oncogenes due to their targets in the
cell and the implications of this dysregulation. As discussed earlier, although the main target of E6 and
E7 are p53 [29,35] and pRb respectively, much research has shown that there are many other targets of
E6 and E7 which allow high-risk HPV types to be tumorigenic. Studies have shown that HPV16 E6
alone is able to immortalize human mammary epithelial cell, allowing it to overcome mortality stage
mechanism M1, that is, evade senescence and exhibit an extended lifespan [36]. However, it was found
that the overexpression of only E6 and E7 were insufficient for complete cellular transformation in
primary human keratinocytes [37].

E5 is the least-studied of all three oncogenes, and was recently shown to contribute to cell cycle
progression and unscheduled host DNA synthesis in differentiating keratinocytes [38]. This was
shown to be dependent on the EGFR pathway in a ligand-dependent manner, where it functioned to
enhance the activation of the EGFR pathway [39,40]. Overexpression of E5 in transgenic mice resulted
in hyperplasia of the epithelia, which was rescued by the expression of a dominant negative form
of EGFR [41]. High-risk E5 was also shown to enhance immortalization potential of E6 and E7 in
keratinocytes [42]. However, it was found that E5 expression is often lost upon HPV integration into
the host genome, and therefore, it is postulated that E5 has an important role in the initial stages of
cervical carcinogenesis, but less so in its persistence [38].

In following sections, we will discuss the mechanism by which HPV can regulate cellular
pathways, primarily through E6 and E7.
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2. Mechanism of E6 and E7 Regulating Cellular Pathways

2.1. Protein Targets Dependent on E6AP

HPV regulates cellular pathways through various mechanisms to exert an effect in the infected
cell. A summary of E6 regulating selected cellular factors and the consequences of this disruption
is illustrated in Figure 1. E6-associated protein (E6AP) is encoded by the UBE3A gene and is the
founding member of the HECT (homologous to E6AP carboxyl-terminus) E3 family of ubiquitin
ligases. E6, in cooperation with E6AP, is one of the most well-studied mechanisms in which HPV
degrades its targets. E6AP is a cellular protein, the dysregulation of which has been implicated in
Angelman syndrome (AS), a severe neurodevelopmental disorder [43]. However, in the context of
HPV-infected cells, E6AP is hijacked by E6 to ubiquitylate and target cellular proteins for degradation
by the UPS.

 

Figure 1. E6 regulates many cellular targets through E6AP and E6′s PDZ-binding motif. Some of these
targets are depicted above. Upon the abrogation of the sites on E6 which are involved in the interaction
of E6AP and PDZ-containing proteins respectively, there are drastic phenotypic consequences.

The most prominent target of E6AP is the crucial cellular regulator, p53, more candidly known
as the guardian of the genome [29,44,45]. E6 binds to the LxxLL consensus sequence in the conserved
domain of E6AP, and as a heterodimer, is able to degrade p53 [46]. The structure of the interaction
between E6, E6AP, and p53 was solved in 2016 [46]. The interaction of E6 and E6AP was shown to
be crucial in vivo, with a transgenic mouse harboring an E6 mutant incapable of binding to E6AP
demonstrating reduced levels of skin hyperplasia, and lower generation of spontaneous skin tumors
when compared to wild-type E6 [47]. Similar studies demonstrating the importance of E6AP we also
carried out, with the transient knockdown of E6AP producing an almost identical phenotype to that of
E6 depletion [48]. However, there are an increasing number of studies exploring E6AP-independent
manners in which HPV can regulate cellular mechanisms.

2.2. PDZ-Domain Family of E6 Interactors

One of the key differences between high-risk and low-risk HPV E6 oncoprotein is the existence of
a PDZ (PSD-95/DLG/ZO-1) binding motif (PBM) in high-risk but not low-risk HPV types. The PBM
enables the interaction and subsequent degradation of proteins containing a PDZ domain, which is
frequently (but not always) located on the C-terminus of proteins [49]. The importance of a PBM on
high-risk E6 was demonstrated through a compromised proliferative phenotype in human foreskin
keratinocytes (HFKs) containing HPV18 E6ΔPBM when compared to wild-type E6 [50]. Further,
cells expressing wild-type E6 demonstrated a selective growth advantage, where extensive passaging
resulted in the loss of cells containing E6ΔPBM genome [50]. Interestingly, it was found that both
wild-type E6 and E6ΔPBM were able to target and degrade p53, evidenced by a similar response to
radiation, due to the lack of p53 and subsequent p21 induction [51].
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To date, high-risk E6 is known to interact with at least 14 cellular PDZ-containing proteins,
which results in the eventual degradation of the cellular substrate. Interestingly, MAGI-1 is the only
cellular target which is degraded by both HPV16 and 18, while the degradation of other cellular
substrates is dependent on HPV type [52,53]. MAGI-1 is a member of the MAGI family, which has
canonical roles in the regulation of tight junction assembly [54]. Thus, the degradation of MAGI-1
results in the loss of tight junction formation.

Additionally, the interaction of E6 with its PDZ-containing substrates is key in different stages of
its viral life cycle, and also in the final stage of oncogenesis. The presence of an intact and functional
PBM is seen to be crucial early in the viral life cycle, essential for maintenance of viral copy number
and proliferation [55]. Further, E6 PBM is required for the maintenance of episomal viral genome,
indicative of its role in viral DNA replication [50]. During oncogenesis, E6’s ability to bind to PDZ
domain-containing targets was shown to be important for the host cell’s transformation abilities,
both in vitro [56,57] and in vivo [51].

One of the phenotypic changes of immortalized keratinocytes with HPV18 E6 is the marked
changes in cell morphology, organization of microfilament network, and the formation of intercellular
adhesion junctions [56]. This was shown to be highly, but not completely dependent on a functional
PDZ domain. Part of this phenotype can be attributed to the downregulation of Dlg, a cellular target
of E6 PDZ-binding motif.

Another study compared the tumorigenic ability of a E6Δ151 mutant (incapable of binding to PDZ
domains) to wild-type E6, and showed that the mutant lost almost all tumorigenic ability [58]. This was
surprising, since the mutant defective for p53 degradation showed a phenotype close to wild-type E6.
The involvement of E6 PDZ substrates was demonstrated when cells containing E6Δ151 mutant were
depleted of SCRIB, MAGI-1, and PAR3. While the single knockdown of SCRIB, MAGI-1, or PAR3 only
partially but significantly restored tumorigenic ability, co-depletion of SCRIB and MAGI-1 completely
restored tumorigenic ability [58].

The members of the 14-3-3 protein family function as adapter proteins, and interact with many
cellular proteins with roles in cell cycle, apoptosis, metabolic control, cytoskeletal maintenance,
transcription, and tumor suppression [59]. 14-3-3 zeta (an isoform of 14-3-3) is known to interact with
E6 in a phospho-specific manner, only interacting with high-risk E6 when its PBM is phosphorylated.
This interaction is of particular interest as it is important in maintaining E6 stability in HeLa cells [60].
However, it is still not known whether the phosphorylation of E6’s PBM is required for its interaction
with 14-3-3, or whether it is 14-3-3 that modulates the phosphorylation on the PBM of E6.

Although many groups have studied the cellular ubiquitin ligases which are involved in the
degradation of cellular PDZ domain-containing proteins, there is little consensus on the mechanism
of degradation. Multiple groups have published results showing conflicting data on whether E6AP
is involved in the process of degradation, as with Scrib and Bak (targeted by E6AP [61]), while Dlg,
MAGI-1, and MUPP1 are not targeted by E6AP [62,63]).

From the evidence presented above, the interaction of E6 with its PDZ domain-containing
substrates are very important. Equally as important, perhaps, is the regulation of the PBM on E6.
A threonine residue at position 156 within the PBM of E6 is susceptible to phosphorylation by a
range of different kinases, which abrogates its ability to fit into the PDZ domain of interactors.
Interestingly, it was shown that the PBM of different high-risk HPV types are phosphorylated
by different kinases—18E6 by protein kinase A (PKA) and 16E6 by PKA or AKT [60]. However,
the phosphorylation of PBM does not always result in the inhibition of interactions.

2.3. Other Protein Targets

Since much research has shown E6’s preference to binding to ubiquitin ligases, Poirson et al.
screened for novel ubiquitin ligases bound by E6 and E7 [64]. They utilized the Gaussia princeps
luciferase protein complementation assay (GPCA) to co-express E6 and E7 independently, with a
library containing 50% (575 unique protein entries) of the human ubiquitination system. In addition to
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discovering novel binding partners of E6 and E7, they were also able to study the domains required
for interaction. Aside from E6AP, E6 interacting with other ligase components did not require the
LxxLL motif, but instead, its PBM on its C-terminus. E7 was also shown to be capable of binding to
proteins containing the BTB (BR-C, ttk and bab) domain, RING domain, and deubiquitinating enzymes
(DUBs). Furthermore, since the group expressed the HPV oncoproteins from six different HPV types
(three high-risk types—HPV16, HPV18, HPV33, one low-risk type—HPV6, and two cutaneous HPV
types—HPV8, HPV38), they were able to identify preferential binding of cellular proteins to HPV
proteins of different types. In short, they concluded that UPS factors were more differentially bound to
E6 than E7, and this was observed across multiple types.

2.4. Epigenetic Targets

E6/E7 Regulating Methylation Status

Several studies have also shown a close relationship between HPV infection of cells and promoter
hypermethylation of cellular genes, repressing their transcription [65,66]. The phenomenon of
loci-specific methylation has long been observed in cells infected with HPV, with 87% of CpG sites of
methylation variable positions (MVP) showing increased methylation in virus-positive compared to
virus-negative cells. Through the comparison of a heterogeneous population HNSCC, it was observed
that HPV could modulate the epigenome [66].

In support of the increase in global methylation upon infection with E6/E7, human keratinocytes
transduced with E6/E7 were subjected to methylation-specific digital karyotyping (MSDK) and there
were 34 genes showing increased methylation [67]. From publicly available gene expression data,
the authors showed that these 34 genes had a concomitant decrease in expression. Subsequent
validations were successfully performed on a subset of these 34 genes. Although not explored in the
paper, it would have been interesting to study the genes that underwent hypomethylation. Part of the
mechanism was elucidated when it was shown that transient depletion of E6 resulted in a decrease in
DNMT1 protein levels in HPV-positive cell lines in a p53-dependent manner [68].

E-cadherin, in particular, is a functionally significant methylation target of HPV due to its
importance in the detection of virus in the epithelia. E-cadherin is expressed on the membrane
of keratinocytes, and its presence, together with other stimulatory signals, orchestrates the
movement of Langerhans cells through the epithelium, which serves as an endogenous surveillance
mechanism [69]. Langerhans cells detect, process, and present viral foreign antigens to other
immunocytes, which encourages the stimulation of the host immune system to rid the virus from the
organism [69]. In HPV-infected cells, the E-cadherin expression was lower [70], resulting in decreased
migration of Langerhans cells [71], and therefore, lower virus clearance rate from the epithelia.

Interestingly, both HPV16 E6 and E7 were found to downregulate E-cadherin through DNMT1
activity. The overexpression of HPV16 E6, resulted in decreased surface and total protein level of
E-cadherin, as well as an increase in DNMT activity [72]. Although E-cadherin levels were rescued after
the treatment with DNMT inhibitor 5-aza-2′-deoxycytidine, there was no change in methylation status
of E-cadherin promoter in the presence and absence of HPV16 E6. Instead, the authors postulated that
HPV16 E6 regulating E-cadherin levels was due to the increased presence of repressive elements on
E-cadherin promoter, instead. The regulation of DNMT1 by E7 was shown to be via a direct interaction,
utilizing the CR3 (conserved region 3) zinc-finger domain of E7, one of the three regions conserved
with adenovirus E1A [73]. Although the expression of E-cadherin was rescued in normal immortalized
human keratinocytes (NIKs) positive for HPV upon the treatment with 5-aza-2′-deoxycytidine,
there was no significant change in the methylation status of E-cadherin promoter [74]. This led the
authors to believe that E7 stabilizes DNMT1 via binding to it, and this regulates another intermediary
factor (still unknown), which then leads to the silencing of E-cadherin.

The direct effect of E7 and DNMT1, however, was seen in on the promoter of CCNA1.
This interaction was validated in vitro through ChIP experiments where both DNMT1 and HPV16
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E7 were found to be localized on the CCNA1 promoter, resulting in a repression of CCNA1 [75].
Following this discovery, it was suggested to utilize the methylation status of CCNA1 as a potential
biomarker to distinguish between normal cervix, low-grade, and high-grade squamous intraepithelial
lesions [76,77]. CXCL14 was also identified as a methylation target of E7, with the HPV oncogene
resulting in promoter hypermethylation, and thus, silenced expression [78]. Since CXCL14 has a role
in angiogenesis suppression, E7 functions to de-repress angiogenesis to support tumor growth.

Despite numerous studies which have demonstrated HPV’s ability to increase methylation,
there have also been a handful of studies which have demonstrated the decrease in methylation
at specific loci. For an example, Yin et al. demonstrated that HPV16 E7 led to an increase in the
expression of STK31 [79], a gene which has been implicated in the maintenance of the undifferentiated
state of colon cancer cells [80]. Through the use of bisulfite genome sequencing (BGS) PCR and TA
cloning, the promoter of STK31 was shown to be hypomethylated in HPV-infected cells compared to
HPV-negative cells. However, the exact mechanism of E7 causing a hypomethylation of the promoter
remains to be elucidated. A comparison of tissues from different grades of cervical lesions showed a
global hypomethylation upon cervical cancer progression [81]. Through staining with an antibody
against methylated CpG, there were no observable differences between normal tissue, benign lesions,
low-grade lesions, and high-grade lesions. However, there was a significant decrease in methylation
when tissues from invasive SCC were compared to pre-neoplastic lesions.

2.5. E6/E7 Targeting Epiegnetic Modifiers

In addition to regulating the methylation status of cellular targets, E6/E7 is also able to interact
with other epigenetic modulators which dictate the post-translational modifications on histones,
which is illustrated in Figure 2.

Figure 2. The HPV oncogene E7 is able to regulate multiple epigenetic factors such as DNMT1,
HDAC1, and EZH2. E7 associates with DNMT1 on the promoter region of CCNA1, resulting in its
hypermethylation, and therefore repression. E7 is also able to regulate the repressive H3K27Me3 mark
through several of its upstream factors. By binding to the repressive E2F6, E7 is able to de-repress the
transcription of the methyltransferase EZH2. Conversely, E7 was shown to transcriptionally upregulate
KDM6A/B, demethylases of H3K27Me3. Further, E6 and E7 has also been shown to recruit AKT to
phosphorylate and therefore inactivate EZH2. Lastly, E7 is able to cooperate with HDAC, resulting in
the tri-methylation of H3K4 and the acetylation of H3K9 on the promoter of E2F1 to upregulate the
transcription of E2F1.
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There exists an intricate relationship between HPV and polycomb repressive complex (PRC).
The two most prominent PRCs are PRC1 and PRC2, which have functions in epigenetic silencing. It has
been shown that the HPV oncoproteins interact with different regulators and components of the PRC2
complex, resulting in an altered epigenetic program and the concomitant dysregulation of downstream
expression. The EZH2 methyltransferase is the enzymatic component of PRC2, responsible for the
tri-methylation of H3K27, a repressive promoter mark. HPV16 E7 ablates the repressive activity
of E2F6, a non-canonical member of the E2F family, and transcriptional repressor of EZH2 [82],
resulting in the increase in EZH2 expression [83]. However, the increase in EZH2 expression was not
shown to result in an increase in global H3K27Me3; instead, it led to a marginal decrease in global
H3K27Me3 [84,85]. To date, there are two explanations for this. Firstly, it is known that KDM6A and
KDM6B, two demethylases of H3K27Me3, are transcriptionally upregulated by HPV E7 [85]. Secondly,
the activity of EZH2 is negatively regulated by phosphorylation by AKT on serine residue 21 [86].
Since both HPV16 E6 and E7 have been shown to activate AKT, the transcription of EZH2 might be
upregulated but the activity suppressed [87,88].

Histone acetylation is one of the key post-translational modifications, as it not only signals for
its downstream genes to be activated or repressed, but also determines the 3D chromatin structure,
defining its euchromatic or heterochromatic state. This is made possible as the acetylation group is
able to neutralize the positive charge of histones, therefore loosening the conformation of chromatin,
enabling transcription machinery to bind. Although acetylated chromatin is generally a mark of
actively transcribed genes, there are instances where an acetylated histone recruits repressive machinery.
An example of this is the acetylated histone being read by Brd4, and thus resulting in a repression of
downstream gene expression [89–91].

HPV has been shown to target both groups of enzymes which are responsible for the deposition
and the removal of the acetylated marks—histone acetyltransferases (HATs) and histone deacetylases
(HDAC). CBP/p300 is a HAT which acetylates all four canonical histones as well as non-histone
targets, and is possibly the most well-studied HAT involved in HPV-mediated changes in epigenetic
landscape. The interaction of CBP/p300 and E6 was first shown in 1999 through experiments with
purified CBP/p300 and E6 on an affinity column [92]. By sequentially abolishing individual domains
of the respective proteins, the E6-binding domain on CBP and p300 was found to be a 19 amino-acid
sequence which interacted with the C-terminal zinc finger on E6 [92]. The authors termed it a
transcriptional adapter motif (TRAM), which was the same motif targeted by the adenovirus E1A
protein [93]. Since CBP/p300 has many cellular targets in the cell, it is most advantageous of E6 to
target CBP/p300. One key function of CBP/p300 is as a transcriptional coactivator in p53-dependent
transcription, and through its inhibition of CBP/p300, HPV16 E6 is able to attenuate p53 transcription
in a E6AP-independent manner [92].

Another target of E6 is the bona fide tumor suppressor, TIP60 [89]. This HAT was found to
be destabilized by both high-risk and low-risk HPV through the E3 ubiquitin ligase, EDD1, in a
proteasome-dependent manner [94]. E6 targeting TIP60 is one element of a feedback loop, since TIP60
is responsible for acetylating histone H4 on the regulatory promoter of E6, thereby recruiting Brd4 to
suppress E6 transcription [89].

E6 of high-risk HPV was also shown to regulate the activity of histone methyltransferases (HMTs)
co-activator associated arginine methyltransferase 1 (CARM1), protein arginine methyltransferase 1
(PRMT1), and SET domain containing lysine methyltransferase 7 (SET7), thereby affecting p53 levels
independent of E6AP [95]. Canonically, CARM1 and PRMT1 are recruited to p53-responsive promoters
to activate downstream transcription. However, in the presence of E6, the recruitment and subsequent
activity of the two HMTs was abrogated independently of E6 degrading p53. SET7 is a lysine-specific
histone methyltransferase that has a canonical function of stabilizing p53 by methylating it at K372,
therefore preventing its ubiquitylation and subsequent degradation. However, in the presence of
E6, SET7’s enzymatic activity is dampened, subjecting p53 to degradation independent of E6AP [95].
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Interestingly, the activity of E6 in regulating TIP60 and the three abovementioned HMTs was not
restricted to high-risk HPV, as a similar observation was made with low-risk HPV.

The E7 oncoprotein of HPV has been shown to regulate multiple cellular HDACs through
multiple pathways in manners independent and dependent on pRb. Through its interaction with Mi2β,
the ATPase subunit of the NuRD complex, E7, is able to bind to HDAC1 through the oncoprotein’s
zinc finger domain and attenuate its activity [96,97]. However, when this interaction was abrogated,
E7 was no longer able to extend the lifespan of transfected keratinocytes [97].

The family of E2F transcription factors regulate transcription in both positive and negative
manners, and have important functions in the cell [98]. E2F2, an activating member of the E2F
family, has roles in positively regulating viral genome replication during the process of keratinocyte
differentiation, and was also shown to be regulated by HPV 31 E7 [99]. By inhibiting the binding of
class I HDACs to the regulatory region of E2F2, E7 is able to increase E2F2 transcription, and therefore
promote virus replication. Indeed, the transient depletion of E2F2 via siRNA resulted in decreased
virus replication, although there was no significant change in cell proliferation. The authors concluded
that E7 regulating E2F2 was independent of cell cycle changes mediated by pRb, since the expression
of other cell cycle-dependent genes in E2F family did not change.

In a similar manner, E7 was also shown to upregulate the acetylation of H3K9 in a manner
dependent on pRb [100]. This was coupled with the tri-methylation of H3K4, a mark of an active
promoter, which usually results in the displacement of repressive HDACs from the promoter
region [101]. Through mutational analyses, the association with pRb and HDAC was shown to
be essential for the post-translational modification of histones, which appeared to be specific to
E2F-associated genes.

2.6. RNA Targets of HPV

There are many RNA species in the cell, and among other biologically significant molecules, RNA
has been proven to have a range of different but important functions in the cell, such as coding for
proteins and in modulating coding genes, as in the case of lncRNAs. As such, it comes as no surprise
that HPV, too, targets RNA in cells. Two HPV16 proteins, E2 and E6, were shown to have RNA-binding
capabilities, both of which negatively affect the splicing of genes with suboptimal intronic splice
sites [102]. Interestingly, on the HPV16 E6 protein, the nuclear localization signal 3 (NLS3) at the
C-terminus is involved in RNA binding, while a separate N-terminus suppresses RNA splicing.
The HPV16 E2 protein, on the other hand, interacts with RNA through its C-terminal DNA binding
domain, but utilizes its N-terminal half and hinge region for splicing suppression. Using recombinant
HPV proteins and various RNA substrates, the authors demonstrated that HPV16 E6E7 pre-mRNA,
BPV-1 late pre-mRNA, and doublesex gene from Drosophila (all of which contain suboptimal splice sites)
had less efficient splicing in the presence of HPV16 E6, while β-globin was spliced efficiently, since it
contained optimal splice sites. The mechanism of splicing regulation was partially elucidated when the
same authors showed that E2 and E6 bound and interacted with a small subset of splicing regulatory
(SR) proteins, although no functional studies were carried out to ascertain this.

Several years later, another group demonstrated the splicing capabilities of HPV16 E6
overexpression in HPV-negative cells [103]. The changes to the transcriptome and splicing profile were
compared upon the transient overexpression of HPV16 E6, and validated in clinical tissue samples.
It was noted that there was a modest 56 annotated and 22 novel genes which were differentially
expressed. Of these, there were 153 skipped exons, 23 alternative 5′ splice sites, 32 alternative 3′ splice
sites, and 20 retained introns, although no functional conclusions were drawn.

MicroRNAs (miRNAs) are an abundant class of short RNAs which have the ability to recruit
machinery that degrade mature RNA strands, therefore affecting their stability. Depending on its
sequence and seed site recognition, different miRNAs have different cellular targets in the cell,
with a myriad of consequences. Many studies have been published on miRNAs regulated by HPV,
but only a handful of groups have studied miRNAs encoded by HPV itself. To our knowledge,
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Qian et al. was the first group to experimentally detect miRNAs encoded by HPV [104]. They utilized
SOLiD 4 sequencing technology to identify short RNAs in HPV16, HPV38, and HPV68 infected
cells, and mirSeqNovel to identify miRNAs encoded specifically by HPV after mapping it to the
viral genome. Nine putative miRNAs were detected, of which four were successfully validated
via TaqMan assays in cell lines and cervical tissue samples. The authors focused on two miRNAs
(HPV16-miR-H1 and HPV16-miR-H2) encoded by HPV16, since it is the most abundant in patients.
These miRNAs mapped back to the E1 gene and LCR, respectively. The cellular targets of the two
abovementioned miRNAs were predicted based on seed sequence, and were implicated in important
host cell processes, such as cell cycle, immune functions, neoplastic development, focal adhesion,
cell migration, epithelium development, and cancer. One very interesting cellular gene targeted
by both HPV16-miR-H1 and HPV16-miR-H2 is CYP26B1, which encodes for a protein essential in
retinoic acid (RA) metabolism [105]. It has been previously shown that RA is capable of regulating the
differentiation of epithelial cells, and more importantly, inhibit the growth of HeLa cells in vitro [106].
Although not validated in this study, it would be an exciting avenue to pursue. Other studies have
focused on cellular miRNAs whose expression is regulated by E6 and E7, with predicted roles in cell
proliferation, apoptosis, and differentiation [107,108].

3. Cellular Consequences Affected by E6 and E7

The infection of a cell with HPV can cause many cellular changes through mechanisms detailed
above. Here, we will highlight the main cellular consequences which are driven by E6 and E7 and
depicted in Figure 3.

 

Figure 3. HPV oncogenes E6 and E7 target a plethora of cellular factors. This eventuates in cell cycle
progression, evasion of apoptosis, DNA damage, and the suppression of the host cell immune response.

3.1. Cell Cycle Changes and Growth Promotion

Evading checkpoints in the cell cycle is paramount for the process of tumorigenesis to occur.
Thus, HPV targets key cellular factors which are involved in checkpoints in this crucial process.
The most well-characterized targets of high-risk HPV—p53 and pRb are both key players in cell cycle
dysregulation. Through the degradation of these two tumor suppressors, HPV-infected cells are able
to bypass cell cycle checkpoints to maintain a proliferative, transformed phenotype. Researchers
have utilized different molecular techniques to downregulate the expression of E6 and E7, such as
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CRISPR [109], transcription activator-like effector nuclease (TALENs) [110], artificial miRNAs [111],
and siRNA [112], and have come to a similar conclusion that growth is markedly inhibited,
and apoptosis/senescence is induced [113]. The HPV oncoproteins bring about these growth
stimulatory changes through targeting and downregulating several key pro-apoptotic factors.

As previously mentioned, p53 is targeted by only high-risk types in a proteasome-dependent
manner. Similarly, high-risk E7 binds to cullin 2 (CUL2) ubiquitin ligase complex to ubiquitylate and
subsequently degrade pRb, initiating a cascade of downstream effects. The binding of E7 to Rb results
in the de-repression the E2F family of transcription factors, and signals the cell to enter the S phase,
and thus follow through with replication, despite insufficient resources in the cell.

Through the dysregulation of the proteins involved in these checkpoints, E6 and E7 can
lead to uncontrolled cell growth and proliferation. The aberrant regulation of factors involved
in cell cycle regulation in HPV-infected cells is so consistent that several groups have suggested
using this as a diagnostic marker. Its potential was shown in a study of tissue microarrays by
Conesa-Zamora et al. [114]. Using 144 fixed cervical tissue specimens, pathologists successfully
detected p16, Ki-67, ProEx C (novel marker of MCM2 and TOP2A proteins), and p53 in high grade
squamous intraepithelial lesions, of which p16, ProEx C, and Cyclin D1 correlated well with the
severity of the lesion.

Through microarray analysis comparing normal human keratinocytes and differentiating cells
harboring E6/E7, genes involved in G2–M phase transition were found to be upregulated, such as
Plk1, Aurora-A, Nek2, and Cdk1, amongst others [115]. Due to Plk1′s important function in not only
the G2–M transition, but also activation of cyclin B/Cdk1 and centrosome maturation, and regulation
of the anaphase-promoting complex [116–118], the authors explored the mechanism of regulation of
Plk1. Through mutational analyses, it was shown that Plk1′s regulation was dependent on E6′s ability
to degrade p53, as well as E7′s repressive effect on pRb.

Myc is inarguably the most potent oncogene in the human cell, regulating the expression of 10–15%
of cellular genes [119], and is involved in cell proliferation, apoptosis, and cellular transformation.
Myc has been shown to be activated in more than half of cancer cases, and therefore, its overexpression
is now accepted as one of the hallmarks of cancer (reviewed in [120]). Myc overexpression in cervical
cancer is no exception, and the overexpression is brought about mainly by amplified gene expression,
and detectable by PCR of cervical tissue scrapes of normal cervical tissue and HPV-infected tissues [121].
It was also observed that c-myc copy number increased along with histological grade, indicating
that c-myc has a role in cellular transformation [121]. It was shown through in situ hybridization
experiments that in some cases, the integration site of the HPV genome was in the same chromosomal
band as c-myc or n-myc, 8q24, and 2p24, respectively, and the integration resulted in the cellular
oncogene being structurally altered and/or amplified [122]. However, other studies have shown that
the HPV integration site is not the only factor involved in Myc overexpression and thus, the mechanism
of Myc amplification still remains to be elucidated.

In addition to HPV being a factor which led to the amplification of the locus, E6/E7 have also been
found to regulate both the expression and the activity of Myc through several distinct mechanisms.
Although both high and low-risk HPV can bind to Myc, only high-risk HPV can activate Myc, providing
evidence for differences between high and low-risk phenotype [123]. Firstly, it has been shown that E6
is involved in the phosphorylation of Myc, increasing its stability in the cell [124]. However, this only
occurs to a subpopulation of Myc, with different subpopulations of Myc having different stability and
functions [125]. The exact mechanism of the phosphorylation, however, still stands to be confirmed.

Secondly, it was shown via co-immunoprecipitation assays that E6 and Myc are part of a complex,
and is able to have functional consequences, such as the activation of TERT [126]. Thirdly, it was shown
that E7 can bind to and activate c-Myc-mediated transcription activity [123]. Although both high and
low-risk HPV E7 was shown to bind to c-Myc, only high-risk E7 can enhance c-Myc transcription
activation. Using the TERT promoter as a model, the authors utilized immunoprecipitation assays
to demonstrate that c-Myc bound to the TERT promoter in a manner dependent on E7 [123].
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Treatment with Myc antagonists significantly abrogated E6-mediated transcription of TERT [124].
Fourthly, research has shown alternative methods in which E6 can utilize Myc to upregulate TERT
expression. Zhang et al. showed that in addition to binding to Myc, E6 can also bind directly to
Max, although only in the presence of Myc, suggesting that E6 can bind to Max when it is part of
the Myc/Max heterodimer [124]. The final method in which HPV can regulate Myc is in a manner
reverse to the abovementioned mechanisms. It has been shown that the family of Myc proteins
also have a growth inhibitory role by inducing apoptosis when cell proliferation is inhibited [127].
It is hypothesized that through its degradation of Myc, E6 is able to evade Myc-driven apoptosis to
maintain viral infection and proliferation [128]. However, this does not occur very often since tumor
cells are mostly in their proliferative stage.

TERT is one of the central regulators in cancer, its expression is key for continued proliferation
and to evade replicative senescence. As such, it is targeted and activated by HPV oncoproteins by
several different methods. The promoter of TERT contains binding sites for the transcription factors
Myc and Sp1, and it was shown that when either Myc or Sp1 binding sites were mutated, there was
marginal decrease in TERT expression [129]. However, when all Myc and Sp1 binding sites were
mutated, there was complete ablation of TERT expression. As described above, E6 and Myc have a
very intricate relationship in the cell, and cooperatively, E6 and Myc are able to activate the TERT
promoter [130]. It was also recently demonstrated that TIP60, destabilized by E6, acetylates Sp1
and ablates its binding to the TERT promoter [131]. In the presence of E6, TIP60 is targeted for
proteasomal degradation by EDD1 [94], allowing Sp1 to bind to the TERT promoter, and therefore,
leading to its activation. Secondly, NFX1-91, a repressor of TERT, has been shown to be a substrate
of E6/E6AP [132,133]. Through the degradation of NFX1-91 in a proteasome-dependent manner,
TERT expression is de-repressed in the presence of E6 and E6AP. Thirdly, it was demonstrated that E6
was able to post-translationally modify the histones at the promoter of TERT, the overexpression of
which led to an increase in the activating H3K4Me3 mark with a concomitant decrease in the repressive
H3K9Me2 mark [124]. Further ChIP assays also demonstrated that in cells overexpressing E6, there was
increased serine 2 phosphorylation of Pol II at the TERT promoter, indicating increased transcription
of TERT. A separate study by McMurray et al. demonstrated that in the absence of E6, a repressive
complex containing USF1 and/or USF2 was localized on the TERT promoter, which was demonstrated
by ChIP assays [134]. However, when E6 was transiently introduced into the system, this repressive
complex was displaced from the promoter region, and Myc subsequently bound to the E-boxes on the
TERT promoter. This led to a concomitant increase in TERT activity. However, the exact mechanism in
which E6 affects the binding of these regulatory factors are not known.

3.2. Evading Apoptosis

Apoptosis is the scheduled death of the cell, and often occurs when the cell accumulates DNA
damage. There are several methods in which E6 and E7 can block apoptosis. Although the HPV
oncogene E7 sensitizes cells to p53-mediated apoptosis through the abrogation of pRb, this is overcome
by E6-mediated degradation of p53.

Bak and Bax are members of the Bcl-2 protein family which have the canonical function of inducing
apoptosis via the mitochondrial pathway. Upon sensing a variety of stress signals, Bak and Bax change
conformation and assemble into oligomeric complexes in the mitochondrial outer membrane to form
pores in the outer membrane, which subsequently lead to cellular apoptosis (reviewed in [135]). As key
pro-apoptotic factors in the cell, it is only natural that Bak and Bax are targeted by both high and
low-risk HPV E6, albeit via different mechanisms. Bak is targeted by both high and low-risk HPV
types independent of p53 [136]. Interestingly, Bak was found to interact with both E6 and E6AP
independent of each other, suggesting that Bak is a cellular target of E6AP, which is augmented by
the presence of E6 [136]. The interaction of E6 with Bak is functional, where HPV18 E6 was shown to
inhibit Bak-induced apoptosis in an HPV-negative cell line in the presence of exogenous E6. Although
Bax has also been shown to be a target of E6, this interaction is mediated by p53 [137]. Upon the
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silencing of high-risk E6 via RNA interference (RNAi), p53 levels are rescued, reactivating the PUMA
promoter, thus allowing Bax to be activated and translocated to the mitochondrial membrane.

Interestingly, studies have shown that E7 alone can induce apoptosis in a manner dependent on
tumor necrosis factor [138]. This is hypothesized to be due to E7′s ability to stabilize the p53 protein
which is abrogated in the presence of HPV E6 [139,140]. It was shown that E7 stabilizes p53 through a
mechanism independent of p19 (ARF) [141]. The repressive complex DREAM (dimerization partner,
RB-like, E2F4, and MuvB) is known to be downstream of p53, and has also been identified as a substrate
of E7 [142–144]. The main function of the DREAM complex is to repress genes during quiescence.
Upon re-entry into the cell cycle, DREAM complex, together with p130 and the repressive E2F4,
dissociates from the promoter regions of cell cycle genes, and allows activating machinery to bind.
DREAM is regulated by p53, and by binding to a myriad of different regions, such as cycle-dependent
elements (CDEs), cell cycle genes homology regions (CHRs), CHR-like elements (CLE) and E2F sites,
the DREAM complex is directed to promoters of cell cycle genes, leading to its repression [145,146].
It was shown that HPV16 E7 can bind to p130 of the DREAM complex via its LxCxE motif, resulting
in proteasomal degradation, and therefore, abrogation of the DREAM complex [147]. Transcriptional
repression mediated by DREAM opens up another avenue of p53 transcriptional activation, as p53 is
canonically known to have only an activating function. One example of a gene of whose expression was
de-repressed in a manner dependent on E7 and DREAM is PLK4, repressed by the p53–p21–DREAM
complex. However, in the presence of E7, its expression is de-repressed [148].

This mechanism of E7 regulating cell cycle genes was verified when Fischer et al. analyzed
publicly available gene expression datasets and found that the DREAM genes were the main group of
genes deregulated by E7 [149]. This disruption was found to be indispensable for cell cycle progression
in cervical cancer cells [142]. Interestingly, E7 can also target cyclin-dependent kinase (CDK) inhibitor
p21, a crucial target of p53 required for its activity [150,151].

Inflammatory cytokines, such as TNFα, are secreted upon sensing of a viral infection, and this
activates death receptors on the surface of the cell, such as TNF receptor 1 (TNFR1), TNF-related
apoptosis-inducing ligand (TRAIL) receptors, and FAS. Through binding to TNFR1, E6 can inhibit the
formation of the death-inducing signaling complex, blocking apoptosis from occurring [152]. Further,
E6 also binds to protein FAS-associated protein with death domain (FADD) and caspase 8 to block
downstream cell death [153,154].

3.3. Immune Response

Since HPV are infectious agents, it makes perfect evolutionary sense that one of the abilities of
HPV is to disrupt innate immunity, since it is the first line of host defense against pathogenic infections.
Viral nucleic acids (such as HPV) are sensed by pathogen recognition receptors (PRRs), such as
TLR9 [155]. Canonically, TLR9 is able to recognize unmethylated CpG motifs on double-stranded DNA
from viruses such as HPV [156], EBV [157], and HSV [158]. This initiates a cascade that eventually
leads to the activation of host immune defense via the production of type I IFN and pro-inflammatory
cytokines [159]. Research has recently shown that HPV16 is able to repress TLR9 transcription through
the HPV oncoprotein E7, forming an inhibitory transcriptional complex comprising of NF-κBp50–p65
and ERα [160]. This complex recruits the histone demethylase JARID1B and histone deacetylase
HDAC1 to the TLR9 promoter, resulting in a repression of its transcription. This is biologically
significant, as the downstream interferon induction was negatively affected, muting the cellular effect
of the viral infection.

A recent development in this field was the discovery that HPV oncogene E7 binds to STING,
an adapter protein downstream of the intracellular DNA sensor, cGAS [161]. The cGAS–STING
pathway is crucial in the detection of intracellular DNA and the initiation of the immune response in
response to viral infection. The authors found that via the LXCXE motif on the E7 protein, the same
motif involved in the degradation of pRb, E7 is able to antagonize DNA sensing, and therefore suppress
an immune response post-infection.
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Genes further downstream in the immunity signaling cascade were also observed to be
regulated by HPV, such as the network of genes correlated with IL-1β [162]. These chemotactic
and pro-inflammatory genes were discovered when a genome-wide screen was performed on
undifferentiated keratinocytes containing episomal copies of high-risk HPV16 and 18. Along the
same lines, HPV16, 18 and 31 were also found to repress the expression of genes involved in IFN
signaling (STAT1), antiviral genes (IFIT1 and MX1), pathogen recognition receptors (TLR3, RIG-I,
and MDA5), and pro-apoptotic genes (TRAIL and XAF1) [163]. This was mediated by IFN-κ, found to
be downregulated by E6 with the promoter of IFN-κ found to be methylated by DNMT1, recruited by
E6 [164].

3.4. DNA Damage

Genomic instability is a hallmark of cancer cells, and malignant cells driven by HPV is no
exception. It has been shown that through multiple mechanisms, HPV oncogenes E6 and E7 are
able to independently cause DNA damage and chromosomal aberrations. This was shown through
DNA breakage detection-fluorescence in situ hybridization (DNA-FISH) which detects DNA damage
on a global, unbiased level [165]. Upon silencing of E6 and E7 in HeLa cells with lentiviral shRNA,
there was a significant decrease in DNA damage, confirmed by alkaline comet assay. One mechanism
that brings about chromosomal instability is stress during DNA replication, also known as replication
stress. In the presence of HPV infection, E7 targets pRb for degradation, and this forces the cell to
proceed with replication, despite an insufficient pool of nucleotides in the cell [166]. This eventuates
in replication stress, and thus, genome instability. This phenotype was rescued when nucleosides
were exogenously provided to HPV-infected cells, or by activating c-myc, which signals the increased
transcription of nucleotide biosynthesis genes.

Another mechanism of genomic instability in malignant tumors is centrosome abnormalities,
which potentially leads to defective/multiple mitotic spindle pole formations, resulting in chromosomal
mis-segregation and genomic instability [167]. HPV16 E7 has been shown to induce abnormal
centrosome synthesis, while E6 from the same type brings about nuclear atypia (multiple irregular
nuclei) and accumulation of centrosomes [168]. Interestingly, the mechanism that E6 and E7 utilizes are
disparate, from the simple observation that the overexpression of E7 results in an almost immediate
increase in centrosomes, while centrosome abnormalities driven by E6 were only observed after several
weeks in culture [169]. The mechanisms were later elucidated, and demonstrated that it is through the
degradation of pRb by E7 that results in aberrant centriole synthesis [168]. Additionally, expression
of both HPV16 E6 and E7 overwhelmed the spindle checkpoint control, allowing cells to enter into
anaphase despite having multiple spindle poles [170]. The authors also found that HPV16 E7 could
induce anaphase bridge formation, which typically occur after extensive chromosomal breaks, as well
as inducing PARP formation, independent of E6.

One other target of high-risk E6/E7 is apolipoprotein B mRNA editing enzyme catalytic-
polypeptide-like proteins 3 (APOBEC3), a family of cytidine deaminase proteins. The APOBEC3
family consists of seven different proteins, of which two are of interest in the field of HPV-induced
cancers. APOBEC3A and APOBEC3B have been found to be highly expressed in HPV-positive
samples, regulated by both E6 and E7, which will be detailed later [171,172]. The primary function
of APOBEC3A/B enzymes is in the deamination of cytosine residues—that is, removing a crucial
amino group from cytosine, converting it to an uracil. This occurs in both cellular genome and
the viral genome, which eventually results in mutations (reviewed in [173]). APOBEC3-dependent
mutagenesis on the viral genomes often result in the inhibition of replication, such as in the case of
HIV-1 [174–176] and HPV [171]. Despite this, expression of APOBEC3 was found to be upregulated in
HPV-positive samples [171,172]. This occurs through several different methods. Firstly, through the
degradation of p53, HPV16 E6 upregulates TEAD1/4, a family of transcription factors involved in the
regulation of multiple cellular targets, of which APOBEC3B is one [177]. Through ChIP experiments,
the authors demonstrated that in normal immortalized human keratinocytes (NIKs) exogenously
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expressing E6, there was higher localization of TEAD4 on the promoter of APOBEC3B, resulting in
increased transcription of APOBEC3B [177]. The second mechanism in which HPV is shown to result in
increased levels of APOBEC3 is through the binding of HPV16 E7 to APOBEC3 via the CUL2 binding
motif on APOBEC3A [178]. The formation of this complex prevented the degradation of APOBEC3A,
and interestingly, despite this binding, APOBEC3A enzyme was found to retain its catalytic activity.

The dual function of APOBEC3A and APOBEC3B in restricting HPV, yet causing somatic
mutations is probably one of the captivating reasons why researchers have focused on studying
APOBEC. Interestingly, it has been found that small DNA viruses, HPV included, have an
underrepresentation of TC dinucleotides [179], which are the substrates of the target-specific
APOBEC3A enzymes. As such, HPV is partially resistant to the viral restriction acted upon by
APOBEC3A and APOBEC3B. By upregulating these two enzymes, E6 and E7 are, instead, able to
cause cancer mutagenesis. As an example, mutations in the oncogenic driver PIK3CA gene were found
to be more prevalent in HPV-positive head and neck cancers (HNCs) compared to HPV-negative
patients [180,181]. Further analyses revealed that all of the PIK3CA mutations in HPV-positive
HNCs were caused by GA-to-AA mutations, while only half were caused by the same mutations in
HPV-negative HNCs.

4. Therapeutics against HPV

4.1. Vaccinations

In June 2006, the US Food and Drug Administration (FDA) approved the first ever cervical
cancer vaccine, Gardasil [182]. This vaccine contains virus-like particles (VLP) of HPV types 6, 11,
16, and 18, and was intended for females 9–26 years of age to prevent cervical cancer, and also HPV
types that cause non-malignant lesions. This has been proven to be highly effective, reducing the
incidence of genital warts in Australia from 12% to 5% in women, and 12% to 9% in heterosexual men,
the latter attributed to lower exposure to the virus, since their sexual partners were no longer carriers
of the virus [183]. As such, in 2013, Australia was the first country to begin vaccinating their male
population in an effort to curb the transmission of HPV by males [184]. A second vaccination against
HPV was approved by the FDA, Cervarix, a bivalent vaccine containing VLPs of high-risk types
16 and 18 (reviewed in [185]). The third vaccine to be approved by the FDA is 9-valent/Gardasil-9,
which contains VLP covered by Gardasil, as well as five other oncogenic types-HPV type 31, 33, 42, 52,
and 58. Clinical trials concluded in 2015 showed that when compared to Gardasil, there was lower
incidence of high grade cervical, vulvar, and vaginal disease related to HPV type 31, 33, 45, 52, and 58
in the group with Gardasil-9. However, there was no difference in antibody responses to HPV types 6,
11, 16, and 18, of which both groups are vaccinated against [186].

In addition, there is an ongoing Phase III Clinical Trial funded by Shanghai Zerun Biotechnology
Co. Ltd. (Clinical Trials Identifier: NCT02733068). This vaccine contains VLPs from L1 proteins from
HPV types 16 and 18, and the trial is due to be completed in November of 2020.

4.2. Treatment

Although there have been numerous studies showing positive growth inhibitory effects upon
the downregulation of the HPV driving oncogenes, most of the groups utilized RNAi, which had a
transient effect on the cells. This temporary modulation is sufficient for mechanistic studies to be carried
out, but insufficient to completely ablate E6 and E7 in vivo, to trigger apoptosis. Thus, mechanisms
which utilize permanent genome editing capabilities are more promising for cervical cancer patients in
the clinic.

There is an ongoing Phase I clinical trial by Hu and colleagues, in which they are utilizing TALEN
and CRISPR/Cas9 targeting HPV16 E6/E7 or HPV18 E6/E7 to treat cervical cancer patients [109,110].
This study is expected to conclude in January of 2019 (Clinical Trial identifier: NCT03057912).
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Additionally, other groups have developed molecules which block the activity of either E6,
E7, or E6AP. This was made possible by the use of peptides, organic compounds, RNA molecules,
nucleotide analog, small molecules, compound, zinc-ejecting inhibitor, heparin-like molecules or
naturally-derived biopolymers (reviewed in [187]). There has also been a recent interest in the
development of natural compounds derived from plants which have shown the ability to reduce
the viral infection in patients with HPV-positive cervical cancer. In particular, a polyherbal formulation,
administration of “Praneem” to patients positive for high-risk HPV16 for a period of 30 days led to
non-detection of the virus via PCR-based methods [188].

Despite the great deal of research carried out, many of these therapies are still years away from
making it into the clinic, and most late stage cervical cancer patients resort to hysterectomy and
chemoradiation as treatment options with the most promise. Recently, a new targeted therapy
was developed, which aims to curb the process of angiogenesis. Bevacizumab (Avastin®) is a
monoclonal antibody against VEGF, the treatment of which has shown great promise in several
types of cancer [189,190]. Clinicians have begun to include Bevacizumab into their treatment regime
in combination with existing approved drugs.

5. Conclusions

HPV has evolved over the years to target many aspects of the host machinery, affecting ubiquitin
ligases, epigenetic writers, miRNA, splicing regulators, amongst others. Through these interactions,
the potent HPV oncogenes E6 and E7 are able to exert their effects in the cell to affect multiple cellular
pathways. They are able to do so aside from the well-known targets p53 and pRb. We have shown
that HPV targets major cellular pathways in multiple ways, creating “back-up plans” for itself to
ensure that the cellular pathways are, indeed, dysregulated. The resultant effect is the continued
proliferation of the host cell and replication of the virus to infect neighboring cells, thus contributing
to carcinogenesis. Although there have been limited developments in targeted therapies, there are
several vaccines in the market which are able to prevent the development of high-risk HPV infection.
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Abbreviations

AS Angelman syndrome
APOBEC3 apolipoprotein B mRNA editing enzyme catalytic-polypeptide-like proteins 3
BGS bisulfite genome sequencing
BTB BR-C, ttk and bab
CARM1 co-activator associated arginine methyltransferase 1
CDEs cycle-dependent elements
CDK cyclin-dependent kinase
CHRs cell cycle genes homology regions
CLE CHR-like elements
CUL2 cullin 2
DNA-FISH DNA breakage detection-fluorescence in situ hybridization
DREAM DP, RB-like, E2F4, and MuvB
DUBs deubiquitinating enzymes
E6AP E6-associated protein
EBV Epstein–Barr virus
FADD FAS-associated protein with death domain
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FDA Food and Drug Administration
GPCA Gaussia princeps luciferase protein complementation assay
HAT histone acetyltransferase
HBV hepatitis B virus
HC2 hybrid capture 2
HCV hepatitis C virus
HDAC histone deacetylases
HECT homologous to E6AP carboxyl-terminus
HFKs human foreskin keratinocytes
HMTs histone methyltransferases
HNCs head and neck cancers
HNSCC head and neck squamous cell carcinoma
HPV human papillomavirus
HSV herpes simplex virus
HTLV-1 human T-lymphotropic virus-1
KSHV Kaposi’s sarcoma-associated herpesvirus
LCR long control region
MCV Merkel cell polyomavirus
miRNAs microRNAs
MSDK methylation-specific digital karyotyping
MVP methylation variable positions
NIKs normal immortalized human keratinocytes
NLS3 nuclear localization signal 3
P/CAF p300/CBP-associated factor
PBM PDZ-binding motif
PKA protein kinase A
pRb retinoblastoma protein
PRC polycomb repressive complex
PRMT1 protein arginine methyltransferase 1
PRRs pathogen recognition receptors
RNAi RNA interference
SCC squamous cell carcinoma
SET7 SET domain containing lysine methyltransferase 7
SR splicing regulatory
SSA single-strand annealing
TALEN transcription activator-like effector nuclease
TNFR1 TNF receptor 1
TRAIL TNF-related apoptosis-inducing ligand
TRAM transcriptional adapter motif
UPS ubiquitin–proteasome system
VLP virus-like particles
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Abstract: Human papillomaviruses (HPVs) have evolved to use the DNA repair machinery to
replicate its DNA genome in differentiated cells. HPV activates the DNA damage response (DDR) in
infected cells. Cellular DDR factors are recruited to the HPV DNA genome and position the cellular
DNA polymerase on the HPV DNA and progeny genomes are synthesized. Following HPV DNA
replication, HPV late gene expression is activated. Recent research has shown that the DDR factors
also interact with RNA binding proteins and affects RNA processing. DDR factors activated by DNA
damage and that associate with HPV DNA can recruit splicing factors and RNA binding proteins to
the HPV DNA and induce HPV late gene expression. This induction is the result of altered alternative
polyadenylation and splicing of HPV messenger RNA (mRNA). HPV uses the DDR machinery to
replicate its DNA genome and to activate HPV late gene expression at the level of RNA processing.

Keywords: papillomavirus; splicing; polyadenylation; SR proteins; hnRNP C; BRCA1; BCLAF1;
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1. Introduction

Human papillomaviruses (HPVs) are small DNA viruses that infect the keratinocytes of squamous
and mucosal epithelia [1,2]. Thought to precede the amniotes (reptiles, birds and mammals), they are
highly adapted to their host and most HPV infections are asymptomatic and resolve spontaneously.
However, in rare cases, some HPV infections persist and cause disease such as warts and cancer.
Approximately 50% of all virus-associated human cancers are caused by HPV [3]. This is largely
attributed to a subset of sexually transmitted HPVs that cause anogenital and head and neck cancer.
HPV16 is the most prevalent of the cancer-associated HPV types [4,5]. Knowledge of the HPV gene
expression program is important to understand how HPV interacts with the infected cell in a manner
that causes long-term persistence and cancer.

The Life Cycle of HPV

The HPV genome is about 8 kb in size and exists as an episome, a circular genome with
independent replication [6,7]. The viral genome is associated with histones in a manner that is highly
similar to human chromatin organization [8]. The HPV16 coding region contains at least six early
(E) genes (Figure 1), which are expressed in the lower and mid layers of the infected epithelium.
The HPV genome also encodes two late (L) genes, which encode the L1 and L2 structural proteins
that are expressed only in terminally differentiated keratinocytes in the upper part of the epithelium
(Figure 1) [9].
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Figure 1. Schematic representation of the HPV16 genome. HPV16 early genes E1, E2, E4, E5, E6 and
E7 and HPV16 late L1 and L2 genes are indicated. HPV16 early promoter (p97), late promoter (p670)
and early (pAE) and late (pAL) polyadenylation signals are shown. Filled triangles represent 5′-splice
sites and open triangles represent 3′-splice sites. Splice sites SD226, SA409, SA526 and SA742 are used
exclusively by early mRNAs; SD3632 and SA5639 are used exclusively by late mRNAs; and splices
sites SD880, SD1302, SA2582, SA2709 and SA3358 are used both by early and late mRNAs. A subset of
HPV16 alternatively spliced early mRNAs and late mRNAs are shown.

The life cycle of HPV is coupled to the differentiation program of the keratinocyte, which results
in an ordered expression of the viral genes [10]. HPV has no means of replicating its own DNA genome
and is totally dependent on the DNA replication machinery of the host cell. Therefore, infection starts
by HPV gaining access to the actively dividing cells in basal layer of the epithelium. Replication of the
viral genome is divided into three phases; establishment-, maintenance- and productive-replication [7].
In the basal layer, the genome is amplified to a low copy number during establishment replication
that is followed by maintenance amplification and HPV early gene expression. E6 and E7 promote
cell cycle entry and prevent p53-mediated apoptosis to delay epithelial differentiation and maintain
expression of cellular replication factors [11–13]. HPV E1 and E2 are directly involved in HPV
genome amplification [14,15]. Downregulation of E6 and E7 expression eventually allows for terminal
cell differentiation, expression of the HPV late genes L1 and L2 and production of progeny virus.
The HPV gene expression program is dictated by the cellular differentiation program that controls
HPV gene expression at the level of transcription [16,17] and at the level of RNA processing, including
alternative splicing and polyadenylation [18–20]. HPVs produce a plethora of alternatively spliced
and polyadenylated mRNAs that are controlled by cellular- [18–22] and viral factors (Figure 1) [18,23].
In this review, we discuss how DNA damage response (DDR) factors that are recruited to the HPV
DNA to replicate the HPV genome can also be utilized to activate HPV late gene expression at the
level of RNA splicing and polyadenylation. This review focus on the most common cancer-associated
HPV types of the α-genus with emphasis on HPV type 16.
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2. Human Papillomavirus (HPV) and the Cellular DNA Damage Response (DDR)

2.1. HPV Employs the Cellular DNA Damage Response for Genome Amplification

The integrity of the eukaryotic genome is maintained through a network collectively referred to
as the DNA damage response (DDR) that senses and signals DNA damage arrests the cell cycle and
activates repair mechanisms or eliminates the damaged cells through apoptosis (Figure 2). Different
types of insult to the DNA are detected through unique sensors. DNA damage signals are then relayed
to effector molecules in a manner similar to signal transduction pathways, including post-translational
modifications such as phosphorylation [24]. The major upstream kinases in the signal transduction
pathway that orchestrate the response to DNA damage are members of the phosphatidylinositol
3-kinase-related kinase (PIKKs) family and include Ataxia telangiectasia mutated kinase (ATM) and
Ataxia telangiectasia and Rad3-related protein FRAP-related protein 1 (ATR) (Figure 2) [25]. ATM and
ATR appear to regulate the broadest spectrum of downstream factors that contribute to the DDR
(Figure 2) [26–28]. In addition, they induce further phosphorylation events through the activation
of the Chk1 and Chk2 kinases (Figure 2) [29,30]. ATM is activated in response to double stranded
breaks (DSBs) [31,32], whereas ATR is activated by the presence of single stranded DNA [25,33,34].
The downstream events in the DDR signal transduction chain include cell cycle check-points, apoptosis
or DNA synthesis to restore the integrity of the DNA molecule. The latter feature of the DDR is
exploited by some DNA viruses such as HPV that lacks a DNA polymerase and has evolved to employ
the DDR for amplification of the viral genome.

Figure 2. The Ataxia-Telangiectasia Mutated (ATM) and ATM and Rad3-related (ATR) signalling
pathways in response to DNA damage. Double stranded breaks (DSBs) are detected by the sensory
complex MRN (Mre11, Rad50, and Nbs1). The MRN complex and the acetyltransferase Tip60 activate
ATM, which relays the damage signal to targets such as γH2AX, Chk2, p53, and Breast Cancer
Susceptibility Gene 1 (BRCA1). γH2AX nucleates the site of damage, leading to the recruitment of
several E3 Ubiquitin ligases that bring homologous repair factors (HR) such as BRCA1 and Rad51 to the
site of damage. Downstream effects of the signal are cell cycle arrest, DNA repair, or apoptosis. ATR is
activated in response to single stranded DNA (ssDNA) that arises when damaged DNA interfere with
replication or transcription. ATR can also be activated in an ATM-dependent manner during repair of
DSBs as intermediate structures during repair display ssDNA. The Replication Protein A (RPA) forms
filaments on ssDNA and recruits ATRIP, the 9-1-1 complex (Rad9-Hus1-Rad1) and TopBP1 that all
activate ATR. The damage signal is then passed on via Claspin and Chk1 and the DNA damage is
repaired, if possible.
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2.2. HPV Proteins Perturb Cell Differentiation to Allow for Replication of HPV DNA

Keratinocytes exit the cell cycle and differentiate as they leave the basal layer. To maintain an
environment that supports viral replication, HPV E7 binds to the Rb family proteins to alleviate
their suppression of the cellular transcription factor E2F [12]. The liberated E2F protein activates
expression of cell cycle promoting proteins. Consequently, the HPV-infected cell enters a G2-like phase
in which differentiation factors and replication factors required for productive viral replication can
coexist [35,36]. Meanwhile, HPV E6 targets p53 for degradation to suppress p53-mediated apoptosis
that would otherwise have been elicited by the unscheduled re-entry into the cell cycle [13]. The HPV
proteins E1 and E2 support initial establishment and maintenance replication of the HPV genome.
HPV E1 is a DNA helicase that separates the DNA strands at the HPV origin of replication, while E2
functions by positioning E1 and the cellular replication machinery onto the HPV DNA genome [14,15].
Efficient amplification of HPV genomes requires activation of the late, differentiation-dependent HPV
promoter to provide high expression levels of the HPV E1, E2 and E4 proteins. Initially, the early
promoter remains active upon differentiation that allows expression also of E6 and E7. However,
the HPV early promoter is subsequently shut down by the accumulated levels of the E2 protein to
allow for cell differentiation and differentiation-dependent expression of the HPV late L1 and L2 genes.

2.3. DDR Factors Contribute to HPV DNA Replication

In addition to HPV proteins, HPV genome amplification also requires cellular proteins of
the ATM and ATR branches of the DDR [37–39]. ATR is active during all stages of the HPV life
cycle [38,39], suggesting that this branch of the DDR is necessary for initial-, maintenance- and
productive-replication [3,40,41]. Further, TopBP1 that acts upstream of ATR signalling is a required
component of the viral replication loci [39]. The HPV E1 and E7 proteins can independently activate
ATR and Chk1 [3,38,42]. Alternatively, this activation is a consequence of the replication stress that
arises from replication of the HPV genome, the unspecific DNA helicase activity of E1, the aberrant cell
cycle entry created by the viral proteins or the ssDNA generated during homologous recombination
(HR)-mediated productive HPV replication [43]. However, different HPV types seem to have specific
effects on the ATR signalling [44]. As the signalling from the ATM and ATR branch overlap, perhaps
this reflects a variable ability of HPV proteins to interact with cellular components to elicit the DDR
required for genome amplification [44]. The HPV infection activates the DDR with the purpose of
exploiting the DDR DNA synthesis machinery for HPV genome replication (Figure 3). However,
induction of the DDR is accompanied with a risk of inducing p53-mediated apoptosis. To prevent
apoptosis, the HPV E6 protein binds and degrades cellular p53 (Figure 3). ATM is also active in HPV
infected cells and contributes to the productive phase of HPV DNA replication [3,39]. As the levels of
HPV E1 and E2 rise in the mid layers of the HPV-infected epithelium, E1 and E2 nucleate the viral origin
of replication together with cellular HR factors Rad51, BRCA1 and the MRN (MRE11, Rad50and NBS1)
complex (Figure 3). These factors are all required for productive HPV DNA replication. HR mediated
repair creates a large area of ssDNA that invades a sister chromatid to use a homologues sequence
as template for synthesis of new DNA. Thus, HPV may specifically activate ATM to recruit HR
factors as they offer high fidelity replication in G2-arrested cells upon differentiation. Alternatively,
ATM activation is a result of the rolling circle replication used for the productive amplification of
the viral genome [45]. The modified histone γH2AX, a hallmark of DNA damage, is also found on
HPV genomes at onset of productive replication [46]. It is aiding in the recruitment of DNA repair
factors to the HPV genome. Additional proteins associated with the ATR branch of the DDR, such as
CHK1 and TopBP1, are also found in the HPV replication foci [3,41,47]. HPV E7 appears to increase
the abundance of these factors, partly through transcriptional activation by E2F [48], partly through
protein stabilization [37,39]. Activation of the DDR by E7 is also mediated by interactions with signal
transducer and trans activator 5 protein (STAT5) and the Tip60 acetyltransferase (Figure 3) [38,49,50].
In conclusion, several cellular DDR factors are required for replication of the HPV DNA genome.
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Figure 3. Interactions between HPV and the Ataxia-Telangiectasia Mutated (ATM) and ATM and
Rad3-related (ATR) signalling during productive viral replication. HPV activates the ATM branch
of the DDR to gain access to factors associated with homologous recombination. This activation
occurs at least partially through the Tip60 acetyltransferase and signal transducer 5 (STAT5) that are
both required for activation of ATM. In addition, the ATR branch of the DDR is activated by HPV.
HPV replication foci contain TOPBP1, a protein necessary for ATR activation. The exact mechanism
of ATR activation is unclear Downstream of ATM/ATR signal transduction are the kinases Chk1 and
Chk2, both of which have been found in HPV replication foci and are known to be crucial for cell
cycle arrest and regulation of genes needed for HPV genome amplification. To counteract the potential
induction of apoptosis by the cellular DDR, HPV E6 targets p53 for degradation to inhibit apoptosis.

2.4. HPV Gene Regulation

The coding region of the HPV genome consists of at least two promoters, two polyadenylation
signals and eight protein-coding genes (Figure 1). The early (E) genes are expressed from the
early promoter and polyadenylated at the early polyadenylation signal (pAE) (Figure 1). However,
early proteins E1, E2 and E4 can also be expressed from mRNAs initiated at the HPV late promoter but
are polyadenylated at pAE (Figure 1). HPV late genes L1 and L2 are expressed from the late promoter
and polyadenylated at the late polyadenylation signal (pAL) (Figure 1). To ensure efficient expression
of each viral gene in a highly regulated fashion, HPV makes extensive use of alternative mRNA
splicing and polyadenylation [18–22,51]. Although HPV uses the cellular splicing and polyadenylation
machineries, the HPV genome differs from the cellular genome in that the vast majority of the HPV
genome is protein coding (Figure 1). In addition, many of the HPV open reading frames (ORFs) overlap.
The molecular anatomy of the HPV genome is therefore particularly challenging since RNA elements
that control HPV splice sites and polyadenylation signals are likely to be situated in regions of the
HPV genome that are constrained by a protein coding region, or even two overlapping protein coding
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regions (Figure 1) [18–20]. In addition, the 3′-untranslated regions of HPV encode RNA elements that
control HPV mRNA stability and/or translation efficiency [52].

Expression of the HPV late L1 and L2 genes requires a switch to the differentiation-dependent late
HPV promoter. The late promoter is located in the 5′-end of the genome, while the L1 and L2 genes are
located in the 3′-end of the genome (Figure 1). Consequently, mRNA splicing and polyadenylation
play major roles in the control of HPV late gene expression [18–20]. In addition to activation of the
HPV late promoter, inhibition of the early polyadenylation signal pAE is required for production
of pre-mRNAs encoding L1 and L2. Activation of the two suppressed, exclusively late splice sites
SD3632 and SA5639 gives rise to the L1 mRNAs and is paramount for L1 and L2 expression [53,54].
High levels of the HPV16 E2 protein inhibit HPV16 early polyadenylation and E2 therefore contributes
to activation of HPV16 late gene expression [55]. In addition to E2, recruitment of cellular splicing
factors and RNA binding proteins is of vital importance for HPV late gene expression [22].

2.5. Induction of HPV Late Gene Expression by the DNA Damage Response

The HPV E2 protein binds to the HPV DNA genome and together with HPV E1 it is required
for replication of the HPV genome [14,15]. As the E2 protein accumulates to high levels in the HPV
infected cells, E2 binds to multiple sites in the HPV early promoter to shut it down [14], thereby
inhibiting E6 and E7 expression and allowing the cell to resume differentiation. Cell differentiation
activates the late, differentiation-dependent HPV promoter [16], thereby paving the way for late L1
and L2 expression. The HPV E2 protein also has an inhibitory effect on the HPV early polyadenylation
signal, possibly through interactions with CPSF30, and can cause read-through into the HPV late region
of the genome [55]. Thus, E2 has a dual role in the HPV life cycle: it functions in HPV DNA replication
and in the regulation of HPV gene expression. Recruitment of E2 to the DNA genome is required for
HPV DNA replication and HPV E2 contributes to induction of HPV late gene expression by inhibiting
the HPV early polyadenylation signal pAE. Similar to HPV E2, DDR factors are recruited to the HPV
DNA genome and they are required for replication of the HPV genome [56]. It has recently been shown
that activation of the cellular DDR also involves recruitment of RNA processing factors [57–59]. Thus,
it was reasonable to speculate that DDR factors already recruited to the HPV genome also contribute to
induction of HPV late gene expression, especially since HPV late gene expression occurs immediately
following HPV genome replication. Furthermore, it has been recently shown that the cellular DDR
interacts with RNA processing factors [57–60] and that the cellular DDR affects alternative splicing
of cellular mRNAs [61–64]. To test the idea that the DDR contributes to HPV late gene expression,
we used reporter cell line C33A2 that is designed to study induction of HPV16 late gene expression
to investigate if the DNA damage response could activate HPV16 late gene expression [53,65,66].
Addition of the DNA damaging agent melphalan to this reporter cell line efficiently induced the
DNA damage response in the C33A2 cells, and efficiently activated the HPV16 late L1 and L2 gene
expression [66]. We observed a several hundred-fold induction of HPV16 L1 and L2 mRNAs as a result
of inhibition of HPV16 early polyadenylation and activation of HPV16 L1 mRNA splicing, while the
effect at the level of transcription was relatively modest [66]. Figure 4 shows the striking shift from
early polyA site usage in HPV16 to primarily late polyA signal usage in response to induction of the
DDR (Figure 4). Thus, the DDR induced HPV16 late gene expression at the level of HPV16 RNA
processing, primarily by altering HPV16 splicing and polyadenylation [66]. The DDR factors BRCA1,
Chk1, Chk2 and ATM were phosphorylated in response to DNA damage, as expected. Inhibition of
ATM- or Chk1/2-phosphorylation, but not ATR-phosphorylation, prevented induction of HPV16 late
gene expression [66], demonstrating that activation of the DDR contributed to induction of HPV16 late
gene expression at the level of RNA processing.
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Figure 4. The DNA damage response alters HPV16 mRNA polyadenylation and splicing. (A) Schematic
representation of the HPV16 genome. (B) Examples of alternatively polyadenylated and alternatively
spliced HPV16 mRNAs. (C) 3′-RACE assay with primers specific for either the HPV16 early
polyadenylation signal pAE, or HPV16 late polyadenylation signal pAL was performed on RNA
extracted from HPV16 reporter cell line C33A2 treated with 100uM melphalan for the indicated time
periods. Induction of the DNA damage response with melphalan in the HPV16 reporter cell line C33A2
inhibits HPV16 early polyadenylation and activates HPV16 late polyadenylation over time. (D) RT-PCR
with primers that specifically detect the two alternatively spliced HPV16 L1 mRNAs named L1 and L1i.
RT-PCR primers are indicated in (B). The DNA damage response induced with 50 uM melphalan alters
HPV16 mRNA splicing and results in efficient inclusion of the central exon on the HPV16 L1 mRNA.

2.6. Cellular DNA Damage Response Factors Associate with HPV16 DNA and Recruit Cellular RNA
Processing Factors

Inducing the DNA damage response in the C33A2 reporter cell line for HPV16 late gene expression
resulted in recruitment of DDR factors BRCA1, in particular phosphorylated BRCA1, and BARD1 to
the HPV16 DNA [66]. In addition, the more elusive BCLAF1 [67] and TRAP150 [68,69] proteins were
also recruited to the HPV16 DNA [66]. Although BCLAF1 is bound to general splicing factor U2AF65
in both the absence and presence of DNA damage, it is associated with phosphorylated BRCA1 only
in response to DNA damage [66]. These results suggested that interactions between BCLAF1 and

67



Int. J. Mol. Sci. 2018, 19, 1735

phosphorylated BRCA1 occurred in response to DNA damage and resulted in recruitment of splicing
factor U2AF65 to the HPV16 DNA. In addition, phosphorylated BRCA1 interacted with general splicing
factor SF3b in the presence of DNA damage. The close relative of BCLAF1 named TRAP150 associated
with HPV16 DNA and interacted with splicing factor U2AF65 only in the presence of DNA damage,
suggesting that also TRAP150 recruits U2AF65 to HPV16 DNA. However, in contrast to BCLAF1,
TRAP150 appeared to recruit U2AF65 independently of phosphorylated BRCA1. Indeed, the splicing
factor U2AF65 was increasingly associated with HPV16 DNA in response to DNA damage [66].
Other studies indicate that TRAP150 binds U2AF65 directly [66]. We also observed an increased
association between the HPV16 DNA of phosphorylated SR-proteins in response to DNA damage [66].
Serine and arginine-rich (SR) proteins are well known for their splicing regulatory functions [70,71]
and several SR proteins have been shown to control HPV mRNA splicing [18–20,22,51]. The effect
on HPV16 alternative splicing is best shown by the increased inclusion of the exon located between
SA3358 and SD3632 in the L1 mRNAs (Figure 4). Taken together, DDR factors that are associated with
HPV16 DNA may recruit splicing factors to the HPV16 DNA, thereby increasing the chances that they
associate with de novo synthesized HPV16 mRNAs and affect HPV16 mRNA processing.

In addition to recruiting general splicing factors and SR proteins to the HPV16 DNA, the DDR
factors also recruited other cellular RNA binding proteins, e.g., heterogenuos ribonuclearprotein C
(hnRNP C) [66]. This protein has previously been shown to induce HPV16 late gene expression and
affect L1 mRNA splicing in just the same way as induction of the DDR did [72]. Phosphorylated BRCA1
interacted with hnRNP C only in response to DNA damage and hnRNP C increasingly associated with
HPV16 DNA in response to DNA damage [66]. hnRNP C has been shown to co-localize with sites of
DNA damage as part of the BRCA1-, BRCA2- and PALB2-complex in response to DNA damage [57].
This hnRNP C-containing complex affected mRNA splicing. Combined, these results suggested that
phosphorylated BRCA1 recruited hnRNP C to the HPV16 DNA and that this recruitment increased the
chances that hnRNP C would bind newly synthesized HPV16 mRNAs and potentially alter HPV16
alternative splicing.

2.7. Increased Association between HPV16 mRNA-Binding Proteins and Cellular Polyadenylation Factors in
Response to DNA Damage

The association between hnRNP C and polyadenylation factors CPSF30 and Fip1 increased
in response to DNA damage, as did the binding of hnRNP C to the HPV16 early untranslated
region [66]. Both hnRNP C and Fip1 binds to the U-rich region in the HPV16 early 3′-untranslated
region (UTR) [72,73]. This suggested that hnRNP C contributed to inhibition of the HPV16 early
polyadenylation signal pAE by binding to HPV16 mRNAs and negatively interfering with the
polyadenylation factors Fip1 and CPSF30. Overexpression of hnRNP C with HPV16 subgenomic
plasmids caused inhibition of the HPV16 early polyadenylation signal [66]. Knock-down or inhibition
of CPSF30 inhibited the HPV16 early polyadenylation signal, but not the downstream late HPV16
polyadenylation signal [66]. In addition to hnRNP C, HuR binding to HPV16 early 3′-UTR increased
in response to DNA damage [66]. HuR has been shown to inhibit HPV16 early polyadenylation and to
contribute to export of HPV16 late mRNA from the nucleus [74]. Combined, these results support a
model in which DDR factors assemble on HPV16 DNA and recruit RNA binding proteins including
hnRNP C and HuR that bind to the HPV16 mRNAs. hnRNP C binds to polyadenylation factors
CPSF30 and Fip1 to inhibit HPV16 early polyadenylation, thereby causing read-through into the late
L1 and L2 coding region and activating HPV16 late gene expression (Figure 5).
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Figure 5. The DNA damage response activates HPV16 late gene expression by altering HPV16 mRNA
splicing and polyadenylation. The DNA damage response induces ATM signalling. Activated ATM
phosphorylates BRCA1, which leads to the formation of a pBRCA1-BCLAF1 complex that is recruited
to the HPV DNA. The pBRCA1-BCLAF1 complex associates with splicing factors SF3b and U2AF65
and recruits them to the HPV16 DNA, thereby positioning the spliceosome in a strategic position for
efficient detection of nascent HPV16 mRNA. hnRNP C is also recruited to both HPV16 DNA and mRNA
through interactions with phosphorylated BRCA1. hnRNP C binds to the HPV16 early untranslated
region and inhibits the HPV16 early polyadenylation signal pAE, possibly through interactions with
Fip1 and CPSF30. This inhibition causes read-through at the early polyadenylation signal (pAE) and
activates HPV16 late gene expression. hnRNP C also regulates HPV16 alternative splicing by activating
late L1 splice site SD3632, contributing to the production of splices late L1 mRNAs. When the DNA
damage response is activated, levels of the splicing regulatory protein TRAP150 increased in affected
cells. The DNA damage response promotes the association of TRAP150 HPV16 DNA as well as with
general splicing factor U2A65, thereby recruiting U2AF65 to HPV16 and contributing to the enhanced
association of U2AF65 with HPV16 mRNAs. Taken together, the DNA damage response-induced
associations of DNA damage response factors with RNA processing factors and with the HPV16 DNA
and mRNAs alters HPV16 splicing and polyadenylation to induce HPV16 late gene expression.

2.8. DNA Damage Response Factors Recruit Splicing Factors to HPV16 DNA That Alter Splicing of
HPV16 mRNAs

In addition to its role in HPV16 early polyadenylation, hnRNP C has also been shown to activate
the suppressed HPV16 late splice site SD3632 to produce L1 mRNAs over the alternatively spliced L1i
mRNA (see Figure 1 for structures of the HPV16 L1 and L1i mRNAs) [72]. This effect of hnRNP C is
dependent on the HPV16 early UTR to which hnRNP C binds. Activation of HPV16 SD3632 results
in L1 mRNAs in which the central exon between SA3358 and SD3632 is included on the mRNA as
opposed to L1i mRNAs on which this exon is excluded. This effect of hnRNP C on HPV16 L1 mRNAs
reproduced the effect of the DDR on alternative splicing of HPV16 L1 mRNAs (Figure 4) [66,72]. Thus,
the hnRNP C proteins that were recruited to HPV16 DNA and to HPV16 mRNAs interacted with the
HPV16 early UTR and inhibited HPV16 early polyadenylation and activated HPV16 L1 mRNA-specific
late splice site SD3632. hnRNP C also suppresses polyadenylation of cellular mRNAs [75]. It is also
of interest to note that hnRNP G, which is an RNA binding protein that plays an active role in the
DDR [58], also controls HPV16 L1 mRNA splicing [76]. In conclusion, DDR factors recruit hnRNP C
to the HPV16 DNA, thereby promoting association of hnRNP C with de novo synthesized HPV16
mRNAs. Consequently, splicing and polyadenylation of the HPV16 mRNAs are altered to favour
HPV16 late gene expression.

Induction of the DNA damage response also resulted in enhanced splicing to HPV16 E2 splice
site SA2709 and the HPV16 E4 splice site SA3358 [66]. While it is currently unknown how the E2
splice site is regulated, splice site SA3358 is controlled by splicing factors from the SR protein family

69



Int. J. Mol. Sci. 2018, 19, 1735

including SRSF1, SRSF3 and SRSF9 [22,77–81]. The area at and around HPV16 splice sites SA3358
and SD3632 are hot-spots for cellular RNA binding proteins [82]. Enhanced splicing to SA3358 would
explain the increase in the HPV16 E4 mRNAs spliced from SD880 to SA3358 as well as the enhanced
production of the L2 mRNAs following activation of the DNA damage response [66]. It is reasonable to
speculate that increased splicing to SA3358 is mediated by the enhanced association of phosphorylated
SR proteins with the HPV16 mRNAs in response to DNA damage and/or the enhanced association of
HPV16 mRNAs with general splicing factor U2AF65 [66]. In conclusion, activation of the DNA damage
response results in the association of DDR factors with HPV16 DNA. These factors recruit various RNA
binding proteins and RNA processing factor that alter HPV16 mRNA splicing and polyadenylation
in a manner that favours HPV16 late gene expression. Thus, DNA damage response factors control
HPV gene expression at the level of RNA processing in addition to their role in HPV DNA replication.
Combined, the results suggest a model for activation of HPV16 late gene expression with the aid of the
DDR that is presented in Figure 5.

2.9. The DNA Damage Response Affects Alternative Splicing of Cellular mRNAs

Given the ability of RNA binding proteins to interact with both chromatin and nascent mRNA,
they could contribute to the response to DNA insult and to maintenance of the DDR signal. It has been
shown that the BRCA1-BCLAF1 complex may position the spliceosome on genes for proper processing
of transcripts in response to ATM/ATR signalling [83]. Indeed, we found that pBRCA1 and BCLAF1
were recruited to HPV16 chromatin and that they loaded splicing factors and RNA binding proteins
onto HPV16 mRNAs [83]. Further, apart from activating HPV16 late gene expression at the level of
RNA processing, induction of the DDR with melphalan also affected expression of many cellular
genes as determined by an array analysis. Transcriptional changes in cellular genes not only affected
DDR-genes, but also included genes coding for proteins involved in mRNA processing, RNA catabolic
processes and RNA localization (Figure 6), suggesting that the DDR affected alternative splicing also
of cellular mRNAs. As can be seen in Figure 7, up to 30% of the mRNAs in some gene groups showed
changes in their alternative splicing in response to DDR activation (Figure 7).

Some of the mRNAs that were alternatively spliced in DDR-activated cells encoded
DDR factors [66]. The HPV-infection alters the levels of many RNA binding proteins and
splicing factors [84,85] and HPV16 E2 appears to indirectly affect splicing [23,86,87] as well as
polyadenylation [55]. HPV infections may alter alternative splicing of cellular mRNAs through
activation of the DDR. It has recently been shown that E6 and E7 increase transcription of HR-genes [88].
This effect could be due to the E6 and E7 effect on cellular transcription factors such as p53. p53 is one
of the most well known examples of a mediator between the DDR response and RNA metabolism,
effecting transcription and RNA turnover of many genes involved in the response to DNA damage.
In addition, both E6 and E7 seem to induce cellular DSBs, independent of viral replication [88,89].
The amount of DSBs in viral and cellular DNA were the same until differentiation when active
recruitment of HR-proteins to HPV DNA seemed to drive DSB repair, on the expense of cellular DSB
repair [89]. As HPV has evolved to employ the DDR for genome amplification, it is possible that HPV
gene expression has evolved in parallel to respond to the RNA processing factors brought to HPV
DNA in complex with DDR factors.
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Figure 6. The DNA damage response affects mRNA levels of cellular genes with various biological
functions, including genes encoding mRNA processing factors. Total RNA was harvested from HPV16
reporter cell line C33A2 after induction of the DNA damage response with 100 μM melphalan for
22 h. The RNA samples obtained from DMSO- or melphalan-treated C33A2 cells were subjected
to microarray analysis to detect changes in mRNA levels throughout the genome. Total RNA was
prepared using Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. The RNA quality was determined using a Bioanalyzer (Agilent, Santa Clara, CA, USA).
In total, five RNA samples each from melphalan and DMSO treated cells were analysed on Affymetrix
GeneChip Human Transcriptome array 2.0 at SCIBLU Genomics (Lund University, Lund, Sweden).
Protein coding genes that displayed at least a 2-fold change in mRNA levels between melphalan and
DMSO treated cells, were sorted in the Transcriptome Analysis Console (TAC) from Thermo Fisher,
Waltham, MA, USA). Following sorting, these genes were exported to PANTHER version 13.1, Gene List
Analysis tool (Available online: http://pantherdb.org) for an overrepresentation test based on their
biological function. Results of the RNA array analysis of RNA from DMSO or melphalan treated C33A2
cells are displayed as percentage of genes in each category that were either up- or down-regulated
more than two-fold. The blue area shows the total number of genes in each biological-function category,
and the purple area the number of genes that displayed a higher than two-fold change in mRNA levels
between DMSO and melphalan treated cells.
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Figure 7. The DNA damage response induced by Melphalan affects splicing of cellular genes with
various biological functions, including genes encoding mRNA processing factors. The data set obtained
with the Affymetrix GeneChip Human Transcriptome array 2.0 and described in the legend of Figure 6
was analysed with the Transcriptome Analysis Console software (TAC) from Thermo Fisher. Protein
coding genes with at least one two-fold change in the use of a splice junction or exon inclusion were
exported into PANTHER, version 13.1, Gene List Analysis tool (Available online: http://pantherdb.org)
for an overrepresentation test based on their biological function. Results of the RNA array analysis of
DMSO or melphalan treated C33A2 cells are displayed as percentage of genes in each category that
displayed altered splicing upon melphalan treatment. The blue area represents total number of genes
in each biological category, and the purple area represents the number of genes producing mRNAs
with altered alternative splicing in response to melphalan.

3. Future Perspective

It is intriguing that DNA damage response factors can recruit RNA processing factors to the
HPV16 DNA and that these RNA processing factors alter HPV16 mRNA splicing and polyadenylation
in such a way that HPV16 late gene expression is activated [66]. These results warrant investigations
of the connection between the DNA damage response and RNA processing in experimental systems
that better illustrate the cell-differentiation-dependent HPV life cycle [90,91]. HPV16 gene expression
is complex and involves regulation at the levels of transcription, splicing and polyadenylation [18].
Given that there are at least 10 different splice sites and two different polyadenylation sites that all
compete with each other and are regulated by several different cellular RNA processing factors, it is
conceivable that there are additional connections between the DDR and HPV mRNA processing.
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Abstract: Infection of uterine cervix epithelial cells by the Human Papilloma Viruses (HPV) is
associated with the development of dysplastic/hyperplastic lesions, termed cervical intraepithelial
neoplasia (CIN). CIN lesions may regress, persist or progress to invasive cervical carcinoma (CC),
a leading cause of death worldwide. CIN is particularly frequent and aggressive in women
infected by both HPV and the Human Immunodeficiency Virus (HIV), as compared to the general
female population. In these individuals, however, therapeutic regimens employing HIV protease
inhibitors (HIV-PI) have reduced CIN incidence and/or clinical progression, shedding light on the
mechanism(s) of its development. This article reviews published work concerning: (i) the role of
HPV proteins (including HPV-E5, E6 and E7) and of matrix-metalloproteinases (MMPs) in CIN
evolution into invasive CC; and (ii) the effect of HIV-PI on events leading to CIN progression such as
basement membrane and extracellular matrix invasion by HPV-positive CIN cells and the formation
of new blood vessels. Results from the reviewed literature indicate that CIN clinical progression
can be monitored by evaluating the expression of MMPs and HPV proteins and they suggest the
use of HIV-PI or their derivatives for the block of CIN evolution into CC in both HIV-infected and
uninfected women.

Keywords: HPV; uterine CIN; uterine cervical carcinoma; MMP; HIV-PI

1. Role of the HPV-E5, E6 and E7 Proteins in the Development of Uterine Cervical Pre-Cancer and
Cancer Lesions

Infection by human papilloma virus (HPV) is frequent in sexually active women and plays a
driving role in the development of proliferative/dysplastic or tumor lesions of the uterine cervix [1].
In particular, HPV is present in almost the totality of uterine cervical carcinoma (CC), which is the
third most frequent malignancy in women worldwide [1].

The uterine cervix is composed by two different types of epithelium. Specifically, the endocervix
is lined by a simple glandular epithelium, while the ectocervix is lined by a squamous epithelium
constituted by superficial and deep (basal) layers [2]. At puberty, the endocervical glandular epithelium
proximal to the ectocervix is replaced by the stratified squamous epithelium typical of the ectocervix.
This trans-differentiated area is known as the “transformation zone” [2].

The proper stratification of uterine ectocervical epithelium and “transformation zone” is
maintained through a tight control of epithelial cell growth, differentiation and locomotion. Specifically,
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epithelial cells originate in the deep layers, maturate and migrate to the superficial layer where they
fully differentiate and desquamate in a continuous, self-renewing process [2].

This dynamic equilibrium is compromised by HPV which, in the presence of cervical
micro-wounds, can access the deep layers and enter immature, proliferating cells [3,4]. There,
the circular, double-stranded HPV DNA is maintained as an extra-chromosomal element (episome)
which replicates via the synthetic machinery of host cell genome [3,4]. As such, HPV forces infected
immature cervical cells to remain in a proliferative state and impedes their terminal differentiation.
In particular, during HPV DNA replication, the HPV early genes, including those coding for the E5,
E6 or E7 proteins, are transcribed [4]. Although HPV-E1 and E2 proteins support viral replication in the
basal cells at a low copy number [5], HPV-E5, E6 or E7 are produced at levels sufficient to functionally
impair host cell growth-regulatory or differentiation factors [4,6].

In particular, the HPV-E5 protein interferes with the signaling pathways of epidermal growth
factor (EGF), a powerful inducer of epithelial cell survival, growth and locomotion [6]. Specifically,
E5 promotes the sustained activation of EGF receptor, resulting in the triggering of protein
kinases including the serine/threonine kinase AKT which, in turn, leads to epithelial cell survival
and proliferation [6]. In this context, HPV-E5 down-regulates the expression of the p21 or p27
cell cycle inhibitors and counteracts cell death induced by the Tumor Necrosis Factor-Related
Apoptosis-Inducing Ligand (TRAIL) or Fas-Fas ligand signaling [6]. Noteworthy, the amplification
of EGF signaling promoted by HPV-E5 also inhibits epithelial cell differentiation via a reduction of
keratinocyte growth factor expression [7].

Concerning HPV-E7, it binds and inactivates the retinoblastoma tumor suppressor protein (pRb),
hence preventing infected cells from exiting the cell cycle and differentiating (Figure 1) [8].

Figure 1. Tumorigenic effects of the E6 or E7 proteins of high-risk human papilloma viruses (HR-HPV).
Arrows symbolize directions of connections. The E6 protein promotes p53 degradation, and this
is followed by the down-regulation of thrombospondin (TSP)-1, or the up-regulation of vascular
endothelial cell growth factor (VEGF) which, in turn, lead to angiogenesis. At the same time,
E7 inactivates the retinoblastoma protein (pRb), and this increases Ki-67 protein levels. Noteworthy,
both E6 and E7 induce AKT phosphorylation. This, together with the activation of telomerase or the
up-regulation of Bcl-2 promoted by E6, and the increase of Ki-67 induced by E7, causes cell survival and
proliferation. Moreover, the phosphorylation of AKT triggered by either E6 or E7 activates transcription
factors including Activator Protein (AP)-1, Sp (Specificity protein)-1, ETS or Nuclear Factor-kappa B
(NF-κB) which, in turn, induce matrix-metalloproteinase (MMP) expression and cellular invasion.
Cell survival/proliferation/invasion and angiogenesis promoted by the E6 or E7 protein of HR-PV
lead to tumor development and progression.

At the same time, HPV-E6 directs the host cell tumor suppressor protein p53 toward degradation
through the cellular proteasome (Figure 1) [9]. In doing so, E6 increases the intracellular levels of the
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anti-apoptosis Bcl-2 protein which is normally repressed by p53 (Figure 1) [9]. In addition, E6 triggers
the activity of telomerase, an enzyme that prevents replicative senescence by stabilizing the length of
the chromosomes’ end (Figure 1) [9].

Moreover, the HPV-E5, E6 or E7 proteins stimulate the cyclooxygenase (COX)-2 inflammatory
pathway which, as for EGF, counteracts the apoptosis of epithelial cells and promotes their
proliferation [6].

Altogether, these activities of E5, E6 or E7 render HPV-infected cells insensitive to the
regulatory signals of normal growth and block apoptosis otherwise occurring due to the sustained,
uncontrolled cellular proliferation [6,8,9].

In about 80% of the cases, HPV-induced cell proliferation remains subclinical, augmenting cervical
epithelium thickness or causing benign flat warts [10]. In the other cases, HPV-E5, E6 and E7 accelerate
the growth rate of immature cervical basal cells and their migration to the superficial layer. This leads
to the development of squamous intraepithelial lesions (SIL) [2,11].

According to the Bethesda system for reporting cervical cytological diagnosis, there are two kinds
of SIL: low grade-SIL (L-SIL), which is the histologic correlate of productive HPV infection and high
grade-SIL (H-SIL), that represents the early stages of HPV-induced carcinogenesis [2,11].

L-SIL corresponds histologically to grade 1 cervical intraepithelial neoplasia (CIN1), a mild
dysplasia characterized by proliferating immature basal cells constituting 1/3 of the cervical epithelium.
Because of HPV replication, superficial cells display koilocytosis (cave-like vacuoles around enlarged,
hyper-chromatic nuclei) and altered keratinization [2,11].

H-SIL comprises grade 2 and 3 CIN (CIN2 and CIN3). The former is a moderate dysplasia in which
basal cell types represent the 2/3 of cervical epithelium and koilocytosis and dyskeratosis are more
evident than in CIN1; whereas, CIN3 is a severe dysplasia, characterized by proliferating basal-like
cells having abnormal nuclei and atypical mitoses, which occupy the 2/3 of the entire epithelium,
including the superficial layers [2,11].

Generally, an effective immune response to HPV develops within months after infection,
resulting in viral clearance [3,10]. Thereafter, p53 and pRb function in the basal layers is restored
and epithelial cell growth and differentiation return to normality. This generally occurs with low-risk
HPV types, such as HPV6 or HPV11, whose DNA remains episomal [10].

In contrast, persistent infection with high risk (HR)-HPV, including HPV16 and HPV18,
can be followed by the integration of viral DNA into the host cell genome [5]. The probability
of having persistent HR-HPV infection augments progressively with higher viral load [12] and it
is favored by E5, E6 or E7 activities permitting HR-HPV escape from host immune surveillance.
In particular, both the E5 and E7 proteins of HR-HPV can impair major histocompatibility complex
(MHC)-restricted presentation of viral peptides to cytotoxic or helper T lymphocytes [13,14].
Specifically, E7 down-regulates the expression of MHC class I molecules, while E5 arrests them
in the Golgi apparatus, reduces their transport to the cell surface and/or diminishes MHC class
II expression [13,14]. Moreover, either the E6 or E7 protein of HR-HPV inhibits the production
of the immune-stimulatory, anti-viral interferons and reduces the synthesis of proteins attracting
antigen-presenting macrophages, dendritic or Langerhans cells to the infected area [13]. In addition,
HR-HPV-E5, E6 or E7 can trigger molecular pathways leading to the shift from cellular to humoral
immune response, the silencing of inflammation, the impairment of natural killer cell or natural killer
T cell activity and the recruitment of immune suppressive regulatory T cells [13,14].

HPV integration into cellular DNA causes the deletion of the HPV-E2 gene and the consequent
overexpression of HPV-E6 or E7 [5]. As for HPV-E2, also the E5 gene of HPV is often deleted upon the
integration of HPV DNA in the host cell genome [6]. Thus, at variance with E5, the E6 and E7 genes
are permanently expressed during HPV infection, being indispensable for the maintenance of the
transformed cell phenotype. For this reason, E6 and E7 are considered as the main transforming
proteins of HPV [7–9].
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In fact, as a result of HPV-E6 or E7 overexpression caused by E2 gene deletion, the disturbance
of cervical epithelial cell maturation and stratification is exacerbated [5]. In this context, cellular key
mitotic checkpoints are impaired, leading to genomic instability, accumulation of secondary mutations
and aneuploidy in infected cells [15–18]. Subsequently, the entire cervical epithelium is replaced by
poorly differentiated cells displaying abnormal nuclei and atypical mitoses [2,11]. Later on, some of
these cells acquire a “spindle” morphology and degrade the epithelial basement membrane, giving rise
to the onset of an invasive cancer, whose predominant histological type is squamous cell carcinoma [2,11].

Interestingly, CC develops mainly in uterine cervical “transformation zone”, which is rich
in immature, highly proliferating and HPV-sensitive basal cells [2]. Noteworthy, as for other tumor
settings [19], CIN evolution into a true malignancy is accompanied by the formation of new blood
vessels (angiogenesis) at the stromal/epithelial junction of CIN lesions [20,21]. Specifically, endothelial
cells lining the lumen of the pre-existing vessels invade the vascular basement membrane, sprout,
proliferate and migrate in the extra-vascular space, where they organize into hollow cords permitting
blood influx [20,21]. These newly formed vessels nourish the growing tumor and provide additional
routes for CC metastasis [20,21]. Accordingly, higher intra-tumor vessel density is associated with CC
aggressiveness or recurrence and poorer patient survival [22,23].

It is of note that HPV infection has an important role also in CC-associated neovascularization.
In particular, following p53 degradation promoted by HPV-E6, p53-induced genes encoding for
angiogenesis inhibitors, such as thrombospondin (TSP)-1, are no longer transcribed; whereas,
the p53-repressed genes of angiogenic factors, including vascular endothelial growth factor (VEGF),
are up-regulated (Figure 1) [21]. Of interest, also HPV-E5 can promote VEGF expression and this is
due to E5 capability of triggering both EGF and COX-2 signaling [6].

However, it should be highlighted that HPV infection progresses to cancer only in a small
percentage of cases and that CIN lesions can also stabilize or regress [24]. In particular, the natural
history of CIN1 includes regression (60% of cases), persistence (30%) and progression to CIN3
(10%) [24]. The like-hood of CIN2 regression is 45%, persisting 30% and progressing to CIN3 or invasive
CC are 20% and 5%, respectively [24]. Concerning CIN3, about 35% of cases regress, while 10–15%
evolve into invasive CC [24].

The risk of CIN progression to invasive CC is increased by the use of oral contraceptives, smoking,
early age at first sexual intercourse, multiple sexual partners, repeated parity and co-infections [25–27].
To this regard, women infected by both HR-HPV and the human immunodeficiency virus (HIV)-1 have
a higher incidence of uterine CIN and CC, as compared to their HIV-negative counterparts [28–35].
In addition, HR-HPV/HIV-doubly infected women have lower regression rates from high-grade
to low-grade CIN, or from low-grade CIN to normal epithelium [31] and faster progression from
low-grade to high-grade CIN [28,35]. Consistently, the median age of HIV-positive CC patients is
much lower than in HIV-negative CC patients [36]. Furthermore, CIN recurrence after treatment is
particularly frequent in HR-HPV/HIV-doubly infected women [31]. Because of these findings, uterine
CC is considered an Acquired Immune Deficiency Syndrome (AIDS)-defining disease [37].

Indeed, both the incidence and the progression rates of cervical lesions increase with the
impairment of immune functions promoted by HIV, as indicated by the decrease in CD4+ T cell
counts [28,35,38]. Certainly, the lack of an effective immune response to HR-HPV may favor its
persistence, which is the main risk factor for CC development [1,38]. Nevertheless, HIV-1 is likely to
have also a direct role in CIN progression to CC. In particular, results from in vitro studies indicate that
the HIV-1 trans-activator (Tat) can up-regulate HR-HPV E6 or E7 expression, thereby decreasing the
protein levels of cellular onco-suppressors and accelerating epithelial cell growth [39–42]. In addition,
HIV-1 Tat may also favor the angiogenic switch of high-grade CIN, either because of its direct
angiogenic effects [43] or, again, via the up-regulation of HR-HPV E6 or E7 expression [21].

Due to the dynamism of cervical lesions, cytological testing (PAP test) or histopathology is
not always sufficient to assess the risk of CIN progression or its regression. Thus, morphological
examination of cervical samples must be accompanied by the detection of risk biomarkers for
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high-grade CIN or CC, including the presence of HR-HPV DNA [44] and HR-HPV E6 and E7
overexpression [45,46]. Additional analyses are employed to monitor cellular (host) proteins whose
synthesis in cervical lesions is de-regulated upon p53 and pRb functional inactivation. These include
the cyclin-dependent kinase inhibitor p16INK4a and the proliferation antigen Ki-67 (Figure 1) [47–49].
In particular, the progression of CIN lesions can be predicted by the combination of low pRb/p53 and
high Ki-67/p16INK4a expression in the basal layers of the cervical epithelium [47–49]. Recent data
suggest evaluating the profile of specific cellular micro-RNAs that have an important role in cervical
carcinogenesis and are modulated by the E5, E6 or E7 proteins of HR-HPV [50]. Further prognostic
information is provided by CD4+ T cell counts in HPV/HIV doubly-infected women [35,36,38] and by
an increase in the expression and/or activity of the cellular matrix-metalloproteinases (MMPs), which
occurs in both HIV-positive and HIV-negative women.

2. The MMPs and Their Role in the Progression of Uterine Cervical Pre-Cancer and Cancer
Lesions

MMPs are a family of peptidases defined by the presence of a zinc ion at the catalytic site and
by the capability of degrading the protein components of the basement membrane and extracellular
matrix (ECM) [51–53].

Human MMPs consist of distinct proteases which are classified in soluble and
membrane-anchored [51–53].

Soluble MMPs contain an NH2-terminal secretion leader sequence and they include collagenases,
stromelysins, matrilysins, the metalloelastase and gelatinases. Among the latter are MMP-2 and
MMP-9, two powerful enzymes which can degrade a wide variety of basement membrane and ECM
molecules [51–53].

The membrane-anchored MMPs (also called membrane type MMPs, MT-MMPs) display a
COOH-terminal trans-membrane domain linked to a cytoplasmic tail and comprise 6 members [54].
The best known is MT1-MMP which, in addition to breaking down the ECM, is the main activator of
MMP-2 [54].

Thus, ECM molecules are not the only target of MMPs, which can modify or digest many other
extracellular or intracellular proteins, including enzymes, cytokines, chemokines and adhesion or
growth factor receptors [52,55].

Because of these properties, MMPs are deeply involved in tissue remodeling or repair, in the
regulation of cell growth, survival or differentiation and in reactive processes such as immunity and
inflammation [56].

In physiological conditions, MMP expression is absent or very low in most tissues, being induced
or up-regulated only during reactive/reparative processes [51–53,57]. In these events, growth factors,
hormones or cytokines trigger signaling molecules that, in turn, activate transcription factors
such as Activator Protein (AP)-1, ETS, Specificity protein (Sp)-1, and/or Nuclear Factor-kappa B
(NF-κB) [58–68]. These activation pathways depend on the different cell types synthesizing MMPs and
are influenced by cell-to-cell contacts and cell-ECM interactions [51–53].

In order to keep under control their potent activity, soluble MMPs are secreted as latent zymogens
(proMMPs), which are converted into the active form around their producing cells, this providing a
spatial control of MMP function [51,52].

Active soluble MMPs, in turn, can be inactivated/degraded by other MMPs or members of other
classes of proteases, according to a multi-faced regulatory circuit [51,52].

Moreover, the function of active MMPs is controlled by endogenous inhibitors, which include
serum globulins and the Tissue Inhibitors of MMPs (TIMPs) [51,52,69]. The latter are present in most
human tissues, where they inhibit MMPs with a 1:1 molar stoichiometry, mainly via the binding of
their amino-terminal to the MMP catalytic site [69]. To date, four TIMPs have been identified: they
share about 40% sequence homology and hinder all the human MMPs, albeit with variable affinity.
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In particular, TIMP-3 has the broadest inhibitory spectrum [69], while TIMP-1 or TIMP-2 antagonize
mostly MMP-9 or MMP-2 activity, respectively [70].

As for soluble MMPs, also the MT-MMPs are synthesized as latent zymogens (proMT-MMPs):
inside the cell, the pro-hormone convertase furin converts proMT-MMPs into active MT-MMPs,
which are then expressed on the cell surface, where they can complex TIMPs [54]. TIMP capability
of inhibiting MT-MMP activity and the fact that in the absence of TIMPs the MT-MMPs quickly
undergo autolysis, reduces the number of fully active MT-MMP molecules on the cell membrane [54].

In summary, consistent with its potency and pleiotropic effects, the activity of MMPs is tightly
regulated at both the transcriptional and post-transcriptional level. This occurs in physiological conditions;
whereas, inflammatory/degenerative diseases or tumors are characterized by an abnormal expression
of MMPs and/or their deregulated function [58,71].

In particular, cancer cells synthesize MMPs following the activation of oncogenes, the inactivation
of onco-suppressor proteins, the stimulation by growth factors or inflammatory mediators,
the generation of reactive oxygen species, and/or the presence of hypoxia [72–76]. Since MMPs
are produced in tumor tissues also by fibroblasts and infiltrating inflammatory cells [58,71,77,78],
MMP expression and/or activity are increased in tumor lesions as compared to neighbor normal
tissues [79–88].

Most notably, MMPs play an important role in tumor progression. Specifically, they digest
cell surface molecules mediating cell-to-cell or cell-to-ECM adhesion (e.g., cadherins or integrins),
thus allowing tumor cells to detach from adjacent cells and the ECM [58,71]. Then, MMPs degrade
basement membranes and the ECM, preparing a route for cancer cell locomotion and tissue invasion [58,71].
In doing so, MMPs allow cancer cells to reach local blood or lymphatic vessels and penetrate their wall,
leading to metastases [58,71]. Following their arrest in the lumen of small vessels, cancer cells penetrate
again the vessel wall through MMP action and, in case they escape immune surveillance, give rise
to secondary tumors [58,71]. Noteworthy, during all these steps, MMPs sustain cancer cells by
releasing sequestered, ECM-bound growth factors, activating growth factor receptors, triggering cell
survival-promoting signaling pathways and degrading mediators of apoptosis (e.g., FAS ligand) or
anti-tumor immunity (e.g., MHC) [58].

MMPs play an important role also in tumor-associated angiogenesis, by breaking down the blood
vessel basement membrane and perivascular ECM, mobilizing endothelial cell precursors from bone
marrow and recruiting them in the newly forming vessels [89–95].

It has to be highlighted, however, that in addition to their tumorigenic effects, MMPs can also
exert anti-tumor activities. For example, MMP-13 protects against melanoma metastases [96], although
its presence is prognostic of poor survival in gastric cancer patients [87]. Moreover, MMP-8 expression
is associated with improved survival of tongue cancer patients [97], even though MMP-8 serum levels
correlate with colorectal cancer stage and distant metastases [88].

These contrasting activities of MMPs appear to depend on the cellular source of MMP expression,
the extracellular environment, the type of tumor and the stage of the disease [98]. In particular,
the protective role of some MMPs in specific types and clinical stages of tumor is likely to result
from MMP occasional/paradoxical capability of inhibiting tumor angiogenesis via the degradation of
angiogenic growth factor receptors, and/or the generation of anti-angiogenesis molecules deriving
from the cleavage of ECM components [94,99].

In conclusion, the balance between MMP pro- and anti-tumorigenic effects is critical for the
prognosis of the patients. Therefore, evaluating the different MMPs which are expressed in a particular
type and/or stage of a specific tumor and patient is of extreme importance.

Among the various members of the MMP family, MMP-9, MMP-2 or MT1-MMP are especially
involved in the development or progression of uterine cervical tumors, as indicated by the finding
that their RNA or protein expression and their activity are extremely low or absent in normal uterine
cervix and low-grade CIN, are well detectable in high-grade CIN and they are very high in invasive
CC [100–112]. In addition, expression of these MMPs parallels the angiogenic switch occurring during
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the evolution of high-grade CIN into CC and positively correlates with vessel density in tumor
lesions [100,108,109]. Finally, MMP-9, MMP-2 or MT1-MMP levels in patients’ plasma or cervical
smears correlate with poor prognosis and higher tumor stage [103,113].

Noteworthy, in normal or transformed epithelial cells the E5, E6 or E7 protein of tumorigenic,
HR-HPV down-regulate TIMPs and/or up-regulate MMP-2, MMP-9 or MT1-MMP expression
or activity, thereby increasing epithelial cell invasiveness (Figure 1) [114–120]. These phenomena are
likely to depend on E5, E6 or E7 capability of triggering the serine/threonine kinase AKT [6,121,122].
In fact, phosphorylated AKT activates transcription factors promoting mmp gene expression
(Figure 1) [65–68].

3. Effects of HIV-Protease Inhibitors on Pre-Cancer and Cancer Lesions of the Uterine Cervix

Given the major role of MMPs in tumor-associated cellular invasion and angiogenesis, many MMP
inhibitors (MMPIs) have been developed in the past years and exploited as anti-cancer interventions.

Among them are natural MMPIs, such as shark cartilage extract or soy isoflavonoid [123,124] and
synthetic MMPIs comprising tetracycline derivatives, bisphosphonates and peptides chelating the zinc
ion of MMP catalytic site [125–127].

Preclinical studies have shown that both synthetic and natural MMPIs are effective against a
variety of tumors, included uterine CC [125,128–134]. However, clinical trials performed with some of
the abovementioned MMPIs have failed due to dose-limiting side effects, inefficacy and/or lack of
specificity [123,124,135–138]. In fact, because of the high similarity in the sequence of MMP catalytic
domains, first-generation MMPIs have acted against multiple members of the MMP family, hence
inhibiting either the therapeutic targets or anti-targets of a specific tumor [136,138].

In spite of these discouraging results and considering MMP role in tumor onset or progression,
efforts are currently being made in order to design new MMPIs for oncological therapy. In particular,
to specifically counteract the MMPs that are produced by a given tumor at a specific stage of
development [98], novel strategies for MMP inhibition are exploiting the blockage of secondary
substrate-binding sites (exosites), which show remarkable differences among the various MMPs [139,140].

However, inhibition of MMP activity may not be sufficient, as this strategy does not compromise
the binding of MMPs to their cellular targets and the consequent signaling [58,71,91,141,142]. Thus,
antibody-based inhibitors are being explored [143]. Alternatively, novel MMPIs could antagonize the
molecular pathways leading to MMP expression. In this regard, experimental and clinical evidence
points to the HIV-protease inhibitors (HIV-PI) as effective MMPIs.

The HIV-PI are a class of drugs which block the active site of HIV aspartyl protease, hence
impeding the cleavage of HIV Gag-Pol poly-protein precursor and, consequently, the production of
mature, infectious HIV particles (Figure 2) [144].

HIV-PI are administered to HIV-infected people together with the HIV reverse transcriptase
inhibitors (HIV-RTI) and/or drugs counteracting the HIV integrase [145]. This combination therapy
has been defined as highly active antiretroviral therapy (HAART) [145]. In fact, by potently suppressing
viral replication and promoting immune reconstitution, HAART has strongly reduced AIDS-related
morbidity and mortality, rendering HIV infection a manageable, chronic disease [146].

Most disappointingly, however, long-term treatment with HIV-PI may cause undesirable
side effects. This is because, in addition to the HIV protease, HIV-PI can also target host molecules.
Among the off-targets of HIV-PI is the cellular proteasome, a multi-subunit protease complex which
controls the turnover of intracellular proteins (Figure 2) [147–152]. One of the many consequences
resulting from the functional impairment of the cellular proteasome promoted by the HIV-PI is the
intracellular accumulation of the sterol regulatory element-binding protein (SREBP) 1 transcription
factor [153,154]. As a consequence, SREBP1-targeted lipogenic enzymes are increased, this augmenting
lipid plasma levels and altering body fat distribution in treated patients [154–157]. Another unexpected
target of HIV-PI is the glucose transporter (GLUT)-4 (Figure 2), whose inhibition by HIV-PI halts
glucose uptake by adipocytes, eventually causing insulin-resistance and diabetes [158].
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Figure 2. Anti-tumor activities of Human Immunodeficiency Virus (HIV)-protease inhibitors (PI).
Arrows symbolize directions of connections. HIV-PI hinder the activity of the: (i) HIV aspartyl protease,
hence impeding the production of infectious viral particles and promoting immune reconstitution;
(ii) glucose transporter (GLUT)-4, thus impairing glucose uptake by tumor cells; (iii) cellular proteasome,
therefore causing p53 protein intracellular accumulation; iv) AKT, this leading to the functional
impairment of the Activator Protein (AP)-1, Sp (Specificity protein)-1, ETS or Nuclear Factor-kappa B
(NF-κB) transcription factors, the down-regulation of matrix-metalloproteinase (MMP) or vascular
endothelial growth factor (VEGF) expression, and the inhibition of angiogenesis or tumor cell invasion.
Altogether, these activities of HIV-PI can block or reduce tumor growth and invasiveness.

Consequently and considering the need of life-long HAART administration, HIV-PI are often
substituted by combined nucleoside and non-nucleoside HIV-RTI, respectively targeting the catalytic
and allosteric sites of HIV reverse transcriptase [145].

Either HIV-PI-based or HIV-RTI-based HAART is effective at suppressing HIV infection, rapidly
reducing plasma viremia and increasing the number of CD4+ T cells in HIV-infected individuals [146].
However, the absence of HIV-PI in HAART deprives patients of the beneficial activities of these
drugs which, in addition to the improvement of T cell function [159], comprise the inhibition of
AIDS-associated opportunistic infections [160].

Moreover, HIV-infected individuals undergoing HAART have experienced a reduced incidence
and/or an increased regression of AIDS-associated tumors including Kaposi’s sarcoma (KS) and
non-Hodgkin lymphoma (NHL) [161–165]. In contrast, the incidence of progressed uterine CC
in HIV-positive women has not decreased since the introduction of HAART [166]. Nevertheless,
similarly to KS or NHL, use of HAART in HIV-infected women has decreased the incidence of CIN,
caused its regression, and/or lowered its recurrence rates after excision [29–32,167–171].

The restoration of the immune responses promoted by HAART is likely to have a major role in
inhibiting the development of AIDS-associated KS, NHL or CIN (Figure 2) [172]. However, in some
HAART-treated, HIV-positive patients the decrease in tumor incidence, relapse or progression rates
is not accompanied by the recovery of CD4+ T cell number and/or the reduction of viral load [172].
This has suggested that drugs present in HAART could exert anti-tumor effects independently of their
capability of suppressing viral replication and reconstituting the immune system.

With reference to uterine CIN or CC, epidemiological studies analyzed all together data collected
from patients undergoing different HAART regimens [29–32,166–171]. In contrast, studies concerning
AIDS-associated KS have provided better clues of HAART anti-tumor effects. In particular, these studies
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have reported that complete remission of KS is more frequent in HIV-PI than in HIV-RTI-treated individuals,
although both therapeutic regimens can promote the regression of KS lesions [164]. Moreover, a relapse
of KS after its resolution has been described in patients switching from HIV-PI-based to HIV-RTI-based
HAART [173].

In agreement with these findings, results from preclinical (in vitro and in vivo) and clinical studies
indicate that HIV-PI can directly inhibit tumor cell survival, growth or invasion and angiogenesis in
experimental models devoid of HIV and immune cells.

In particular, due to their inhibitory effect on the function of the cellular proteasome, HIV-PI cause
an increase in the intracellular amounts of cell cycle inhibitors or onco-suppressors, hence leading
to the growth arrest and/or death of a variety of human tumor cells (Figure 2) [148,150,174–182].
Additional anti-cancer cytostatic and/or cytotoxic effects result from HIV-PI capability of inhibiting
GLUT-4, hence impairing glucose uptake by tumor cells (Figure 2) [158,183].

As to the uterine cervix, the HIV-PI indinavir (IDV), ritonavir (RTV) or lopinavir have been shown
to reduce the viability of HR-HPV-transformed epithelial cells [151]. This is accompanied by a stable
increase in the intracellular levels of the proteasome-targeted, growth-arresting and pro-apoptosis
p53 protein [151]. However, this activity requires high HIV-PI concentrations, that are not (or only
transiently) present in the plasma of treated patients [184].

In the matter of HIV-PI therapeutic (low) amounts, the HIV-PI saquinavir (SQV) or RTV halts the
proliferation of cells derived from CIN but not CC lesions, with no significant effect on cell survival or
proteasome capability of degrading p53 [185]. In view of these in vitro findings, one may conclude that
at low HIV-PI tissue concentrations a CIN lesion persists, although it does not grow. Therefore, in order
to efficiently counteract the malignant evolution of high-grade CIN, an HIV-PI should be combined
with a classical proteasome inhibitor, as previously done to induce apoptosis of CC-derived cells [186].
Nevertheless, a recent clinical study conducted in HIV-negative women has shown that HIV-PI can by
themselves promote the regression or the complete remission of high-grade CIN lesions [187].

Preclinical work has suggested that this may depend on HIV-PI capability of blocking epithelial
basement membrane invasion by the CIN cells, as this event starts CIN progression to CC [2,11].

In particular, SQV or RTV at levels as detected in the plasma of treated patients can efficiently
inhibit EGF-promoted invasion of primary keratinocytes bearing episomal HR-HPV DNA and derived
from low-grade CIN lesions of HIV-negative women [185,188]. For both SQV and RTV, this effect
is accompanied by a significant reduction of MMP-2 or MMP-9 activity released by the CIN cells in
response to EGF [185,188].

These in vitro results are consistent with those from animal studies which have indicated that
HIV-PI therapeutic concentrations inhibit the growth of human tumors in animal models via a
proteasome-independent reduction of cancer cell invasion and MMP activity (Figure 2) [189].

In agreement with the fact that the HIV protease does not belong to MMP functional class,
HIV-PI cannot directly antagonize MMP activity [190]. Rather, SQV or RTV therapeutic levels
down-regulate the expression of MMP-9 induced in CIN cells by EGF and, to a lesser extent, CIN cell
constitutive expression of MMP-2 [185,188]. This finding is consistent with HIV-PI capability of
inhibiting MMP expression by both tumor and normal cells [150,152,189,191,192] and either in
HIV-positive or in HIV-negative individuals [193,194].

EGF induces MMP-9 expression by epithelial cells via the phosphorylation of the serine/threonine
kinase AKT [195] and the consequent activation of Fos-related antigen (Fra)-1, a member of the AP-1
transcriptional complex [67]. Strikingly, exposure of CIN cells to the same SQV or RTV doses reducing
EGF-promoted cellular invasion and MMP-9 expression, also inhibits AKT phosphorylation and
Fra-1 nuclear localization triggered in these cells by EGF [188]. These findings are consistent with
results obtained in other experimental models, which indicate that inhibition of EGF-induced AKT
phosphorylation, or Fra-1 silencing, reduces cellular invasion via the down-regulation of MMP-9
expression [67,195].
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Indeed, SQV or RTV capability of inhibiting EGF-promoted AKT/Fra-1 activation and MMP-9
expression in low-grade CIN cells may have relevant clinical implications. In fact, the levels of EGF,
MMP-9 and phosphorylated AKT are extremely low or undetectable in the normal uterine cervix,
becoming appreciable in low-grade CIN and further increasing during its evolution to high-grade CIN
and CC [103,107,113,196–198].

4. The Anti-Angiogenesis Effect of the HIV-PI and its Possible Impact on Pre-Cancer and Cancer
Lesions of the Uterine Cervix

As for the CIN cells, HIV-PI can impair AKT phosphorylation in several tumor cell types
(Figure 2) [150,182,199–204]. In this regard, it has to highlighted that the activation of AKT is
pivotal in the acquisition and maintenance of cancer hallmarks, including cellular immortalization,
deregulated growth and invasiveness, as well as in angiogenesis [65,67,68,205–207].

Because of its role in the development and clinical progression of uterine cervical lesions [22,23,100],
angiogenesis is a rational target for the treatment of high-grade CIN and/or CC. Accordingly,
antagonists of angiogenic growth factors have been found active against recurrent CC [20]. However,
these antagonists are very expensive [20] and their therapeutic use may lead to drug resistance [208].
This has prompted the exploitation of drugs counteracting other players of the angiogenic process.

In this context, the HIV-PI nelfinavir reduces the production of the angiogenic VEGF
(Figure 2) [179,204,209]. Moreover, SQV or IDV blocks MMP activity in endothelial cells, hence halting
the first step of angiogenesis that is endothelial cell invasion of vessel basement membrane
(Figure 2) [191]. As a consequence, nelfinavir, SQV or IDV efficiently counteract the formation of
new blood vessels in HIV-free in vivo models [189,191,209,210]. Consistently, IDV can promote the
regression or stabilization of proliferative vascular lesions also in HIV-negative KS patients [194].

In vitro work has shown that IDV concentrations as found in plasma of treated HIV-positive or
negative patients inhibit the conversion of latent MMP-2 zymogen into the active enzyme, while having
little or no impact on the synthesis of latent MMP-2 and no direct effects against MMP-2 catalytic
activity [190,191].

The main mediator of latent MMP-2 conversion into active MMP-2 is the MT1-MMP [54].
Noteworthy, in vitro work has shown that IDV therapeutic amounts impair the binding of the Sp1
transcription factor to the promoter region of the mt1-mmp gene, thus down-regulating MT1-MMP
RNA and protein expression by endothelial cells [210].

It has to be noted that MT1-MMP can directly degrade the blood vessel basement membrane
even in the absence of MMP-2 [211]. Moreover, by modulating the expression of endothelial
cell adhesion molecules, MT1-MMP is important to endothelial cell organization in a capillary
network [211]. Thus, the reduction of MT1-MMP expression provides a molecular mechanism for
IDV anti-angiogenesis effect, rendering this anti-HIV drug a promising antagonist of the formation of
new blood vessels which accompanies CIN evolution into CC. Notwithstanding, the finding that long
term-treatment with HIV-PI can damage blood vessels [212] deserves careful consideration.

5. HIV-PI and HPV

As discussed above, the E6 and E7 proteins of HR-HPV exert tumorigenic and pro-angiogenesis
activities, including the inactivation of the growth-suppressive pRb or p53 proteins, the
phosphorylation of AKT and the promotion of MMP expression (Figure 1) [8,9,114–116,118–122].
These activities of HR-HPV-E6 or E7, in turn, lead to cellular growth and invasiveness (Figure 1).
Nevertheless, the anti-proliferative and anti-invasive effects exerted in CIN cells by SQV or RTV
therapeutic amounts are not accompanied by the down-regulation of HPV-E6 or E7 expression [188].
This is consistent with the clinical finding that HIV-PI promote CIN regression without clearing HPV
infection [167], albeit other studies have obtained opposite results [32,187].
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In this regard, in vitro work indicates that therapeutic concentrations of HIV-PI are active against
CIN cells containing episomal HPV DNA, while having little or no effect on CC cells bearing integrated
HPV-DNA [185,188].

Therefore, one may speculate that the activity of HIV-PI against HPV-associated cervical lesions
could depend on the integration status of HPV-DNA. This hypothesis is corroborated by molecular
studies indicating that HIV-PI selectively accumulate in the nuclei of HPV-E6 expressing cells and
trigger the synthesis of anti-viral proteins [213,214].

Thus, HIV-PI could counteract the early stage of HPV infection, when cervical epithelial cells are
not heavily transformed, HPV-DNA is episomic and the expression of E6, E7 and other HPV proteins is
low. In this specific setting, HIV-PI could also favor the clearance of episomal HPV DNA. This suggests
that HIV-PI should be used early in the clinical management of CIN and, possibly, prior to transition
to CC.

6. Concluding Remarks and Future Directions

HPV-associated uterine CC is a serious health problem which can be prevented firstly by anti-HPV
vaccination [215] and, secondly, through screening programs for the detection and surveillance of early
lesions and the removal of high-grade CIN [216].

These prevention programs are feasible and largely applied in the developed but not in the
developing world [217]. Consequently, low-income countries are now coping with a burden of uterine
CC, especially in association with HIV infection [217].

With reference to CIN therapeutic approaches, however, it has to be noted that surgical removal
of high-grade lesions may lead to uterine ulcers, hemorrhages, cicatrices and pre-term labor [218].
In this context, results from preclinical and clinical studies point to HIV-PI as a promising intervention
in the management of high-grade CIN lesions of both HIV-infected and uninfected women. In fact,
HIV-PI directly inhibit events leading to CIN onset and progression including the growth or invasion
of HPV-positive epithelial cells [151,185,188] and angiogenesis [189,191,210]. These effects are
independent of the anti-HIV and immune-reconstituting activities of HIV-PI. Consistently, as for
HIV-positive patients, HIV-PI causes the regression or the complete remission of high-grade CIN
lesions also in HIV-negative women [187].

Indeed, HIV-PI counteract key players of carcinogenesis, such as the cellular proteasome,
the serine/threonine kinase AKT and the MMPs (Figure 2) [147–152,182,185,188–192,199–204,210].
As the cellular proteasome has a role in regulating AKT phosphorylation and MMP expression [152,219,220],
a connection among the pathways targeted by the HIV-PI may exist.

At the present time, novel and tailor-made inhibitors of the cellular proteasome, AKT or
MMPs are under evaluation [139,140,143,221–223], since the first generation of these drugs has given
unsatisfactory results [123,124,135–138,224,225].

In this regard, however, it should be considered that differently from novel proteasome, AKT
or MMP inhibitors, HIV-PI are in use since many years and information on their pharmacokinetic,
tissue distribution and toxicity profile is large [184,226].

Regarding the use of HIV-PI in oncology, this should entail tumor-customized therapies. In fact,
each member of the HIV-PI class of drugs seems to have distinct effects on MMPs, while each tumor
produces different MMPs, depending on its type and stage of progression.

As to uterine CIN, MMP-9, MT1-MMP and MMP-2 have a key role in its evolution into CC [100–113].
Noteworthy, either SQV or RTV down-regulates MMP-9 expression, thereby blocking CIN cell
invasiveness [185,188]; whereas, IDV reduces MT1-MMP synthesis, thus impairing MMP-2 functional
activation and angiogenesis [191,210].

Therefore, in order to promote the regression of high-grade CIN, administrating a combination of
different HIV-PI may be advisable and effective, as indicated by a recent clinical study [187].

Although the systemic use of HIV-PI has been reported to cause the regression or the complete
remission of KS or CIN in the absence of adverse side effects [187,194], topical application of
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these drugs may be safer and effective, against high-grade CIN. This therapeutic strategy can be
applicable worldwide.

Future work will identify HIV-PI chemical groups responsible for their anti-tumor effects,
hence leading to the synthesis of more active, less toxic derivatives.

In this context, it has to be highlighted that HIV-PI inhibitory effect on MMPs impairs events
which are key for high-grade CIN evolution into CC, namely CIN and endothelial cell invasion
of the basement membranes. Therefore, labeled probes utilizing MMP substrate specificity for
imaging purposes [227–229] could allow the monitoring of the therapeutic response to HIV-PI or
their future derivatives.
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Abstract: Human papilloma viruses (HPVs) are a group of double-stranded DNA viruses known
to be the primary cause of cervical cancer. In addition, evidence has now established their role in
non-melanoma skin cancers, head and neck cancer (HNC), and the development of other anogenital
malignancies. The prevalence of HPV-related HNC, in particular oropharyngeal cancers, is rapidly
increasing, foreseeing that HPV-positive oropharyngeal cancers will outnumber uterine cervical
cancers in the next 15–20 years. Therefore, despite the successful advent of vaccines originally
licensed for cervical cancer prevention, HPV burden is still very high, and a better understanding
of HPV biology is urgently needed. Autophagy is the physiological cellular route that accounts
for removal, degradation, and recycling of damaged organelles, proteins, and lipids in lysosomal
vacuoles. In addition to this scavenger function, autophagy plays a fundamental role during viral
infections and cancers and is, therefore, frequently exploited by viruses to their own benefit. Recently,
a link between HPV and autophagy has clearly emerged, leading to the conceivable development
of novel anti-viral strategies aimed at restraining HPV infectivity. Here, recent findings on how
oncogenic HPV16 usurp autophagy are described, highlighting similarities and differences with
mechanisms adopted by other oncoviruses.

Keywords: HPV; autophagy; cervical cancer; head and neck cancer; viral tumorigenesis; oncoviral proteins

1. Introduction

Oncovirus infection represents one of the leading causes of cancer worldwide, accounting for
approximately 12% of total cancer burden [1]. Among them, human papilloma virus (HPV) infection
accounts for approximately 2% and 7% of the total cancer burden in more developed and less developed
countries, respectively [2]. In particular, high risk (HR) HPVs, such as HPV16, are the main cause
of cervical cancer and are also involved in other anogenital tumors, in non-melanoma skin cancers
and head and neck cancer (HNC) [3]. Even if vaccines against common tumorigenic HPVs have been
established, the proportion of HPV-related malignancies, in particular HNC, is steadily increasing [4].
For these reasons, and for the absence of targeted therapies to treat HPV-tumors, a deep understanding
of the molecular mechanisms underlying HPV tumorigenesis is fundamental.

Autophagy is a self-consumption mechanism occurring inside the cell mediating degradation of
cargoes from different origins by lysosomal activity. In particular, autophagy is involved in degradation
of long-lived proteins, but also of organelles like mitochondria (mitophagy), or endoplasmic reticulum
(ER-phagy). Aggrephagy encompasses the degradation of aggregate-prone intracytoplasmic proteins,
such as α-synuclein, mutant huntingtin, and protein tau. Xenophagy entails the degradation of
pathogens, such as bacteria and viruses, that escape or cause ruptures in the vacuoles where they are
confined (for recent reviews on these topics see [5–8]).
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Depending on the delivery route carrying materials for digestion, autophagy can be distinguished in
chaperone-mediated autophagy, microautophagy, and macroautophagy. In chaperone-mediated autophagy
molecular chaperones translocate unfolded proteins containing a specific sequence in the cytosol into
lysosomes by interaction with lysosome-associated membrane protein (LAMP) type 2A, which acts as
a receptor (reviewed in [9]). Microautophagy is characterized by a direct invagination of lysosomal
membrane with engulfment of cytoplasmic material (reviewed in [10]). In macroautophagy (hereafter
simply referred as autophagy) a double-membraned organelle, the autophagosome, sequesters cytosolic
materials, then fuses with a lysosome, resulting in an autolysosome, where cargoes are digested by
lysosomal hydrolases (reviewed in [11]). Autophagy is a complex mechanism that can be schematically
divided into phagophore initiation, elongation, and fusion with lysosomes. In mammals, during the
initiation phase, the unc-51 like autophagy activating kinase 1 (ULK1) kinase complex, which consists of
ULK1 (or ULK2), autophagy-related protein 13 (ATG13), FAK family kinase-interacting protein of 200 kDa
(FIP200), and ATG101, is recruited either on cellular membranes at the ER-mitochondrial junction [12] or at
the ER-Golgi intermediate compartment [13]. The activity of the complex is tightly regulated by nutrient
conditions through the mammalian target of rapamycin (mTOR) [14]. In particular, during starvation,
low energy levels are sensed by the AMP activated protein kinase (AMPK), which phosphorylates mTOR
and inactivates the mTOR1 complex (mTORC1). Inactive mTORC1 dissociates from the ULK1 kinase
complex, resulting in activation of ULK1 which phosphorylates mammalian ATG13 (mATG13) and
FIP200 leading to phagophore initiation. The sequential recruitment of autophagy factors and membranes
produces the phagophore, a curved, double-membrane sheet that detaches from the membrane it
originates. Then, during elongation, the class III phosphatidylinositol 3 kinase (PI3K) complex formed by
the vacuolar protein sorting 34 (VPS34) PI3K, its regulatory subunits ATG14L, VPS15, and Beclin 1, mediate
phagophore membrane expansion. In particular, Beclin 1 dissociation from B-cell lymphoma/leukemia-2
(Bcl-2) activates the class III PI3K complex, leading to the recruitment of two ubiquitin-like conjugation
systems that promote the conjugation of lipid molecules, namely phosphatidylethanolamine (PE), to the
microtubule-associated protein 1 light chain 3 (LC3) (for a detailed review of autophagosome biogenesis
see [15]). Lipidated LC3 (LC3-II), localized on both sides of the nascent autophagosome, is a specific marker
of autophagosome formation widely used as an indicator of autophagic flux, and it regulates membrane
elongation and autophagosome maturation [16]. Finally, the activity of the class III PI3K complex II,
consisting of VPS34, VPS15, Beclin 1, and UV radiation resistance-associated gene protein (UVRAG),
stimulates the Ras-associated protein-7 (Rab7), inducing its GTPase activity and leading to autophagosome
fusion with late lysosomes [17]. This results in autolysosomes formation, with degradative properties
given by lysozymes.

Although initially believed to have a role only in response to starvation and in degradation and
recycling of macromolecules and organelles, it is now clear that autophagy impacts a wide range of
cellular functions both in health and disease. For example, autophagy has important pathogenetic roles
in muscular disorders, neurodegeneration, aging, and in inflammatory conditions (reviewed in [11]).
Altered autophagy is also a key driver of malignant transformation. Indeed, autophagy could have a
dual role in tumor development: tumor suppressor in early stages by restricting inflammation and
intracellular reactive oxygen species (ROS) levels and supporting genomic stability and integrity, whilst
tumor promoter in later stages of tumorigenesis through the increase in cancer cells’ ability to live in
nutrient starvation and hypoxic environment (recently reviewed in [18]). Therefore, in many cancer
types, autophagy is inhibited in pre-cancerous cells while activated in growing tumors. In addition,
given the pleiotropic role for autophagy in regulating a variety of cellular activities, it is not surprising
that some pathogens evolved different mechanisms to usurp autophagic machinery to completely
subvert the host milieu to their own advantage. Viruses, in particular, can evade autophagy in different
ways, including prevention of autophagy induction, autophagosome maturation, pathogen recognition,
and using autophagy components to increase their ability to survive or to replicate (reviewed in [19]).

Here, we focus on the role of autophagy during HPV infection and tumorigenesis and its potential
function as a target for development of novel anti-viral and anti-neoplastic agents, also discussing
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similarities and differences on mechanisms adopted by other oncoviruses in order to modulate the
host autophagic response.

2. HPV Manipulation of Host Autophagy

In recent years, a close interplay between autophagy and HPV has emerged. Like many other
viruses, HPV also manipulates the autophagic machinery to promote its lifecycle inside host-infected
cells. Additionally, oncogenic HPVs exploit cellular autophagy to support proliferation of infected
epithelial cells, significantly contributing to cancer progression. In the following sections we will
discuss how autophagy affects HPV pathogenesis and the strategy adopted by the virus to exploit this
process in order to improve its persistence in the host.

2.1. Autophagy Inhibition Promotes HPV Infectivity

HPV is a double-stranded DNA virus with a circular genome that encodes early-, including E1,
E2, E4, E5, E6, and E7 essential for replication, transcription and transformation, and late-genes L1 and
L2, encoding for viral capsid proteins. The replication cycle of HPV is tightly linked to differentiation
of the infected epithelium. Indeed, while HPV binding and infection arise exclusively in basal
keratinocytes at microtrauma sites likely due to sexual intercourse, viral protein production and virus
assembly occurs only in the upper differentiated layers of the epithelia. In wound basal layer, HPV
particles initially interact with the basement membrane mostly through heparan sulfate proteoglycans
(HSPGs)—capsid L1 contacts, and subsequently bind to HSPGs present on basal keratinocytes cell
surface. This attachment triggers conformational changes in the L2 capsid protein, resulting in exposure
of a consensus cleavage site in L2 N-terminus, whose proteolysis facilitates further interaction of viral
capsid with secondary receptor(s) present on keratinocytes membrane. After such binding, HPVs are
generally internalized by clathrin-dependent endocytosis, which is initially reliant on actin-rich cell
protrusions, acting as the transport mechanism along the endocytic machinery (reviewed in [20]).

Both binding and internalization of HPV particles are processes intimately linked to manipulation
of host autophagy. Interaction with HPSGs triggers rapid activation of several signaling pathways
in host cells that benefit HPV infection and, among them, HPV entry is associated with autophagy
suppression through activation of the mTOR pathway. In particular, upon HPSGs binding, HPV16 interacts
with epidermal growth factor receptors (EGFRs) present on the plasma membrane of target cells [21],
resulting in protein Kinase B (Akt) phosphorylation and inactivation of phosphatase and tensin homolog
(PTEN), culminating with phosphorylation and activation of mTOR [22]. Once activated, mTOR promotes
phosphorylation and activation of the mTOR complex 1 (mTORC1), substrates 4E-BP1 (elongation initiation
factor (EIF)-4E binding protein 1) and S6K1 (ribosomal protein S6 kinase 1) [14], key components of the
translation machinery, while it phosphorylates and de-activates ULK-1, the kinase localized on isolation
membranes that is involved in autophagosome nucleation [23]. Thus, activation of the mTORC1 complex
through manipulation of the PI3K/Akt/mTOR pathway, promoted by HPV binding, increases protein
synthesis and inhibits cellular autophagy at very early stages of HPV16 cycle, namely before virus entry
in target cells. Both of these functions are needed for successful infection of human keratinocytes [22].
Consistently, autophagy impairment obtained with the early inhibitor 3-methyladenine (3-MA) [24],
or through genetic ablation of essential autophagic genes, greatly increases HPV16 infectivity in human
keratinocytes [22,25,26], strongly indicating the importance of host autophagy in patrolling the early steps
of HPV lifecycle. Mechanistically, rather than modulating virus attachment or internalization, autophagy
inhibition protects HPV16 capsid degradation inside the autophagosome [26] through delaying the rate of
L1 digestion [25].

Therefore, HPV16 diminishes the host-autophagic response, exploiting molecular events promoted by
its binding and internalization as a defense mechanism to protect incoming virions from rapid degradation,
thus extending HPV’s lifespan inside infected cells (Figure 1).

104



Int. J. Mol. Sci. 2018, 19, 1775

Figure 1. HPV16 binding and internalization inhibits autophagosome formation. HPV virions decorated
with HPSGs interact with EGFRs present on the plasma membrane of target cells, resulting in Akt and
PTEN phosphorylation, and in phosphorylation and activation of mTOR. Activated mTOR phosphorylates
and inactivates ULK1, present on isolation membranes, inhibiting autophagosome nucleation and, therefore,
delays L1 digestion and capsid degradation inside autophagosomes. Arrows indicate activating pathways;
T-bar indicates inhibitory pathway; blue lines represent cellular and isolation membranes.

2.2. HPV16 Dampens Autophagy to Promote Cancer Progression

Once internalized in basal cells, HPV traffics via the endosomal compartment where capsid
proteins are degraded inside acidified endosomes, and the viral genome enters the nucleus (reviewed
in [27]). Here, HPV DNA is amplified and maintained as episomes in basal cells of the epithelium
by E1- and E2-mediated mechanisms. Infection may latently persist or the virus may be triggered to
proliferate, relying on keratinocyte replication proteins that mediate viral DNA synthesis. The infected
basal cell initially enters into the suprabasal layer where viral episomal gene expression is maintained
at low levels, and finally in the granular and cornified layers where the keratinocyte differentiates,
exits the cell cycle, drives viral DNA replication, and promotes the expression of E4, E5, E6, E7, L1,
and L2 genes, leading to HPV virion formation and release (recently reviewed in [28]).

Although HR HPV infection is an important etiological factor for several cancer types, its presence is
necessary, but not sufficient, for cancerogenesis, indicating that other events (such as genomic instabilities
or failure of the immune system) are needed for cancer to occur. To this end, a fundamental role in cell
transformation is mediated by E5, E6, and E7 oncoproteins, able to modify cell-cycle regulation, induce
human telomerase reverse transcriptase (hTERT) expression with consequent telomere maintenance,
and block apoptosis [29]. As a result, DNA damage and mutations accumulate, leading to the formation
of a transformed cell, koilocyte [30], and then to the development of cancers. In particular, E5 is a
multifunctional protein that contributes to cellular transformation mainly associating with and enhancing
signaling network of growth factor receptors (reviewed in [31]). E6 promotes the proteasomal degradation
of the tumor suppressor p53, through the ubiquitin ligase E6AP [32]. E7 interacts with the pocket
proteins (retinoblastoma-RB, p107, and p130) family involved in cell cycle progression [33]. In addition,
viral oncogenes can alter a large number of other cellular proteins (reviewed in [29]), modifying their
normal function and driving transformation of epithelial basal and parabasal cells in koilocytes. However,
before malignant transformation, the persistent activity of HPV oncoproteins can establish a number of
precancerous lesions classified as low-grade squamous intraepithelial lesions (LSILs), and high-grade SILs
(HSILs) during cervical cancer progression. LSILs are characterized by abnormalities in the lower third of
epithelium, and lesions can spontaneously regress or evolve into HSILs. Transformed cells are present in
HSILs throughout the epithelium and HPV more likely persists in the host also integrating its DNA in the
cellular genome, contributing to cancer progression [34].

In addition to the well-characterized pathways that ultimately mediate HPV-promoted cellular
transformation, a significant role for autophagy during the carcinogenic process is now emerging.
Notably, the fact that E5, E6, and E7 oncoproteins evolved diverse mechanisms to affect the host
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autophagic pathway to induce cellular transformation underlines the importance of autophagy during
each step of viral-mediated tumorigenesis (Figure 2). In particular, ectopic expression of HPV16 E5 in
an HPV-negative keratinocytic cell line reduced levels of the autophagosome marker LC3-II, prevented
the degradation of the autophagic susbstrate p62, and diminished the number of autophagosomes
in the keratinocyte growth factor (KGF) and serum-starved triggered cells, indicating failure in
autophagosome assembly. Consistently, depletion of E5 from HPV-positive cells abrogated these effects
confirming that E5 expression drives autophagy inhibition acting at very early steps of the autophagic
pathway. Mechanistically, HPV16 E5 interferes with the transcriptional activation of the autophagic
machinery, down-regulating mRNA levels of key autophagic genes, such as Beclin 1, ATG5, LC3, ULK1,
ULK2, ATG4a, and ATG7 [35], suggesting inhibition of phagophore assembly. Notably, opposite to E5,
which prevents autophagosome formation, HPV16 E6/E7 dampens autophagy, affecting one of the
later steps (autophagosome-lysosome fusion), thus providing another mechanism against autophagy
progression during HPV tumorigenesis. HPV16 E6/E7 overexpression in primary human keratinocytes
increased the expression of both the lipidated LC3 and p62, indicating autophagosome accumulation
(increase in LC3-II) in spite of decreased degradation capability (increased p62). Additionally,
confocal and electron microscopic analyseis revealed reduced autolysosome formation in E6/E7 cells,
pinpointing the fusion between autophagosomes and lysosomes as the defective stage affected by these
viral oncoproteins. Impairment in later steps of autophagy was mainly due to an E6/p53-dependent
mechanisms since HPV16 E6 expression alone increased both LC3-II and p62, and, compared to
E6 wild type, E6 mutants defective in p53 degradation have a diminished ability to increase p62
expression in combination with E7 [36]. In addition, HPV16 E7 expression is also able to increase
LC3-II levels in keratinocytes [37], suggestive of autophagic defects. Consistently with these results,
depletion of the bicistronic HPV16 E6/E7 mRNA using siRNA targeted against the E7 sequence
induced significant enrichment of autophagic genes and phenotypic evidence of autophagy activation,
such as the appearance of autophagosomes, punctate expression of LC3, conversion of LC3-I to LC3-II,
and reduced levels of the autophagy substrate p62 [38].

Figure 2. HPV16 oncoproteins dampen the host autophagic response acting at different levels of the
autophagic pathway. E5 interferes with the transcriptional activation of the autophagic machinery
down-regulating Beclin 1, ATG5, LC3, ULK1, ULK2, ATG4a, and ATG7 mRNAs, thus suggesting
inhibition of phagophore assembly, while E6 and E7 inhibit autophagosome/lysosome fusion may
be due to depletion of autophagic genes. Arrows indicate activating pathways; T-bars indicate
inhibitory pathways.

In support of the above described in vitro results collectively indicating that HPV16 oncoviral
proteins impair autophagy through different mechanisms, a number of other observations obtained
in vivo or ex vitro confirmed that autophagy manipulation is an important co-factor of several
HPV-derived malignancies. These results also highlight several autophagic biomarkers that could
be used for diagnosis and to monitor the evolution of diseases (Table 1). In fact, anuses of dysplastic
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HPV16 transgenic mice (K14-E6/E7) are characterized by an amplified punctate expression of LC3 and
p62, and an increase in autophagosomes without evidence of autolysosomes, as shown by transmission
microscopy and immunofluorescence analysis. This peculiar pattern of autophagic markers expression,
indicating autophagy inhibition at late stages, was also found in human samples, confirming that
autophagic dysregulation is a key determinant of HPV-associated anal carcinogenesis [39]. In support
of this hypothesis, treatment of both WT and K14-E6/E7 mice with the late autophagic inhibitor
chloroquine significantly increases anal cancer development [39,40], while autophagy activation
reduces tumor onset [40].

Table 1. Autophagy alterations during HPV-mediated tumor progression. Up and down arrows indicate
increased and decreased expression of the reported proteins, respectively. ATAD3A: ATPase family AAA
domain containing 3A.

Tumor Autophagic Protein Altered Putative Use as Biomarker Refs.

Anal dysplasia LC3↑, p62↑ Diagnosis, progression [39]

Cervical dysplasia
p62↑ Diagnosis, progression [36]

Beclin 1↓ Diagnosis, progression, prognosis [41,42]
miR-224-3p↑, FIP200↓ Diagnosis, progression [43]

Cervical cancer

LC3↓ HPV infection, diagnosis, prognosis [44]
ATAD3A↑ HPV infection, diagnosis, prognosis, therapeutic predictivity [45]

miR-224-3p↑, FIP200↓ Diagnosis [43]
miR-155-5p↓ Diagnosis [46]

Similarly to anal cancer, autophagy impairment is also relevant for cervical cancer, the most common
HPV-induced malignancy. Compared to adjacent normal tissues, p62 expression gradually increased
through dysplastic transformation of cervical tissues from LSIL to HSIL, indicating that autophagy
impairment during lesion progression could be clinically relevant to the HPV-mediated carcinogenic
process [36]. Consistently, opposite to p62, Beclin 1 expression decreases during cancer progression since its
levels were found to be significantly lower in dysplastic cervix and even less in cervical cancer specimens,
still confirming a progressive dampening of the autophagic response during HPV-mediated cervical
transformation. Notably, Beclin 1 levels, as determined by immunohistochemistry, negatively correlated
with cervical cancer differentiation, lymph node metastasis, recurrence, death [41], and histological
grade [42], indicating the fundamental role of autophagy in cancer development. In addition to Beclin 1,
LC3 amount also negatively correlates with HR HPVs infection and higher clinical tumor node and lymph
node metastasis [44], again indicative of a reduced autophagic flux in HPV-infected cervical tissues and
worse clinicopathological features in affected patients. Moreover, the expression of the anti-autophagy
protein ATAD3A in cervical cancer specimens is positively associated with persistent HPV infection, FIGO
stage, lymph node involvement, proinflammatory and metastasis-related cytokines, and patient survival.
In addition, ATAD3A silencing increases autophagosomes number and markedly decreases drug resistance
in uterine cervical cancer cells, further underlying the importance of autophagy in HPV-mediated cancer
development [45].

In addition, to hijack host genes and proteins for their own benefit, HR HPVs impact on micro
RNAs (miRNAs) expression to dampen cellular autophagy and facilitate tumor progression. In fact,
miRNAs profile of cervical tissues infected by HR HPVs showed increased expression of miR-224-3p,
in dysplastic and cancer tissues. Gain and loss of function approaches in cervical cancer cell lines
evidenced that miR-224-3p regulates autophagy through alteration of FIP200 levels, a protein involved
in autophagosome formation [47]. Therefore, HPVs manipulate host autophagy by reducing the
expression of FIP200 through the overexpressed miR-224-3p [43]. Similarly, miR-155-5p expression was
recently found to be significantly down-regulated in cervical cancer tissues. Suppression of miR-155-5p
levels in HPV positive cell lines inhibit LC3 while promotes p62 protein expression, indicative
of autophagic defects, through a pyruvate dehydrogenase kinase 1 (PDK1)/mTOR-dependent
mechanism [46].
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Collectively, the above described findings highlighted that HR HPVs extensively impact on
autophagy through many different mechanisms with the common endpoint of quenching cellular
autophagic response. Therefore, manipulation of host autophagy is a crucial regulator of HPV-mediated
malignant transformation and could be rationally targeted to develop innovative drugs, and exploited
to generate useful biomarkers to monitor the clinical outcome of HPV-related diseases.

2.3. Tumor Viruses Usurp Host Autophagy during Their Infection Cycle

Similarly to HPV16, other oncoviruses affect the cellular autophagic response, suggesting the
importance of the autophagic route in mediating oncovirus persistence and tumorigenesis. For example,
the Epstein-Barr herpes virus (EBV), associated with several tumors, such as Burkitt’s lymphoma,
nasopharyngeal carcinoma, and Hodgkin’s disease, decreases autophagy during its lytic replication
cycle, and this activity promotes viral infectivity. Autophagy inhibition also increased EBV lytic gene
expression, intracellular viral DNA and viral progeny yield [48]. Likewise to HPV16 E6/E7 [36],
EBV promotes autophagosomes accumulation due to a reduction in autophagosome-lysosome fusion
in a Rab7-dependent manner [49]. The block in the final degradative step allows the virus to prevent
autophagy-mediated viral degradation, thus extending EBV infection and cancer progression. Moreover,
the human T-cell leukemia virus type 1 (HTLV-1), a member of the deltaretrovirus family known to
cause adult T-cell leukemia mainly due to the action of the oncoprotein Tax [50], also manipulates
autophagy during its tumorigenic cycle to increase its persistence, promote proliferation, and inhibit
apoptosis of infected T lymphocytes [51,52]. HTLV-1 infection induced autophagosome accumulation
through the action of the viral protein Tax. Tax protein acts on autophagosome accumulation by
blocking autophagosome-lysosome fusion [51], through the exploitation of peculiar cellular mechanisms
involving recruitment of autophagic molecules to lipid rafts in a NF-κB inhibitor kinase (IKK)
complex-dependent manner [52,53].

In addition, another oncogenic virus belonging to the herpes virus family, the Kaposi sarcoma
herpesvirus (KSHV) associated with Kaposi sarcoma, a form of multicentric Castleman disease,
and primary effusion lymphoma [54], also suppresses host autophagy through a mechanism involving
the viral protein FADD-like interferon converting enzyme or caspase 8 (FLICE) inhibitory protein
(vFLIP) -mediated dysregulation of the IKK/NF-κB (nuclear factor kappa-light-chain-enhancer of
activated B cells) signaling axis [55,56]. This effect, occuring during virus latency, blocks senescence,
and facilitates the proliferation of KSHV-infected cells [56]. During lytic reactivation of latent virus,
the replication and transcription activator protein (RTA) potently increases autophagy of infected
cells, and autophagy inhibition at this stage affects RTA-mediated lytic gene expression and viral
DNA replication [57]. Therefore, the timely and coordinated usurpation of host cellular autophagy is
fundamental to trigger completion of KSHV infection cycle.

Opposite to HPV, Hepatitis B virus (HBV), a hepatotropic virus that can cause hepatocellular
carcinoma (HCC) [58], enhances the autophagic response of infected liver cells, transgenic mouse
models, and tissue patients [59,60] to positively modulate HBV DNA replication. Mechanistically,
the multifunctional Hepatitis B virus X protein (HBx) interacts with VPS34 leading to the activation
of the PI3K complex III and promotion of autophagosome formation [59], and via Beclin-1
phosphorylation through a death-associated protein kinase (DAPK)-dependent manner [61]. However,
despite autophagy induction, HBV infection does not alter the rate of autophagic degradation,
indicating a later impairment of the lysosome-digestive properties. In fact, HBx could alter Rab7
expression and the V1D subunit of the proton-pumping V-type ATPase (V-ATPase) activity, resulting
in a reduced maturation and function of lysosomes [62,63]. In addition to the induced production
of HBV virions through autophagy activation, HBx also protects HBV-infected cells from apoptosis
exploiting autophagy. To this end, HBx acts as an autophagic adaptor that facilitates the recruitment
of dead receptor tumor necrosis factor receptor superfamily member 10B (TNFRSF10B) to the
autophagic machinery, promoting its degradation and, thus, dampening the recognition of infected
cells by immune cells. In addition, silencing of essential autophagic proteins, such as ATG5, ATG12,
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and ATG16L1, impairs HBV formation and release, altering the intracellular distribution of HBV.
HBV core interaction with ATG12, a component of the autophagic elongation complex, drives HBV
association with cellular membranes and allows the formation of mature viral particles [64], further
underlying the importance of autophagy in HBV infection.

Similarly to HBV, the related Hepatitis C virus (HCV) is also able to affect autophagy to increase
virus growth and survival in infected cells. Specifically, HCV induces autophagosome formation
through a double mechanism: inducing a time-dependent dephosphorylation of ULK1 [65] and
up-regulating transcriptional levels of Beclin 1 [66]. However, promotion of autophagosome formation
occurs together with the inhibition of autophagosome maturation, mediated by over-expression of
Rubicon (RUN domain and cysteine-rich domain containing, Beclin 1-interacting protein), a negative
regulator of UVRAG which inactivates the UVRAG-PI3KC3 complex and Rab7 [67], and dislocation of
V-ATPase [68]. Since HCV associates with lipid rafts inside autophagosome membranes to improve
replication of its RNA [69] while autolysosomes would promote degradation of this replication
complex, HCV manipulates host autophagy to improve its own replication. Moreover, autophagy
manipulation also allows HCV release in the extracellular space, thus enabling mature HCV egression
from infected cells and viral transmission [70].

3. Conclusions

Autophagy is a physiological pathway that mediates degradation of macromolecules and damaged
structures, playing a key role in maintaining homeostasis, regulating crucial cellular functions,
and mediating stress responses. Therefore, it is not surprising that a number of viruses evolved
ingenious strategies to manipulate the host autophagic response in order to subvert cellular activities
and to create a more conducive environment for viral replication [71]. Among them, a particularly
important role for autophagy in mediating oncovirus infection, persistence, and tumorigenesis arose
(reviewed in [72]). Recently, HPV16 has also emerged as an oncogenic virus with the ability of diverting
cellular autophagy during its lifecycle, and significant evidence indicates that viral proteins dampen
the autophagic response through many different mechanisms acting at each step of viral infection
and tumorigenesis.

HPV16 impacts on autophagy both during the initial steps of infection (namely, adhesion and entry
of viral particles into target cells) to avoid early clearance of viral particles by autophagic digestion
(Figure 1), and later to help in promoting transformation of infected cells throughout the carcinogenic
process (Figure 2, Table 1). Of note, the three different oncoviral proteins E5, E6, and E7 adopt different
strategies to turn off host autophagy, further underlying how manipulation of the autophagic pathway
is fundamental to finally promoting malignant transformation. Mechanistically, despite many different
cellular pathways being affected by viral oncoproteins from diverse oncogenic viruses, a common
outcome that seems to emerge from comparative analysis is the inhibition of the final autophagic
step, namely autophagosome-lysosome fusion, as the main target of autophagy inhibition. EBV,
HTLV-1, HBV, and HCV impair autolysosome formation, suggesting a deleterious role for autophagic
degradation in oncovirus infection. Consistently, HPV16 also specifically dampens this step. Hence,
given the importance of autolysosome formation on oncovirus tumorigenesis, and the potential of
targeting this step for therapeutic purposes, more studies are necessary to better clarify the connection
between HPV and autophagy, and to identify novel autophagy-based molecular targets for biomarker
validation (Table 1) and/or drug development. To this end, the recently-characterized autophagic
inducers able to increase autophagosome-lysosome fusion [73] could represent an important starting
point to identify putatively useful molecules and to suggest relevant clinical treatment strategies
against HPV infections.

In addition, even if most of the reported in vitro evidence has been obtained using HPV16 virions
or oncoviral proteins, it could be very important to determine similarities and divergences in the host
autophagy impact among different HR HPV genotypes, as well as to determine the role of autophagy
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during low-risk HPV infection. These results will highlight and strengthen the use of approaches
aimed at modulating autophagy during the course of the HPV cycle.

It is evident that autophagy inhibition promotes the HPV lifecycle and tumor progression and
that strategies aimed at restoring the autophagic response during HPV infection and carcinogenesis
could be of importance to restrain HPV-mediated diseases.
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Abstract: This study was designed to explore the role of human papillomavirus (HPV) in esophageal
squamous cell carcinoma (ESCC). Fifty-five patients receiving diagnostic upper gastrointestinal
endoscopy at Zomba Central Hospital or Queen Elizabeth Hospital in Blantyre (Malawi) in
2010, were included in our study. Formalin-fixed paraffin-embedded biopsies were collected for
histopathological diagnosis. HPV DNA was detected using multiplex Quantitative PCR (qPCR)
and in situ hybridization (ISH). p16INK4a staining served as a surrogate marker for HPV oncogene
activity. Cell proliferation was determined by Ki-67 staining. Human immunodeficiency virus (HIV)
status was evaluated by serology. Data on the consumption of alcohol and tobacco, and history of
tuberculosis (TBC), oral thrush, and Herpes zoster, were obtained by questionnaire. Forty patients
displayed ESCC, three displayed dysplastic epithelium, and 12 displayed normal epithelium. HPV16
was detected in six ESCC specimens and in one dysplastic lesion. Among HPV-positive patients,
viral load varied from 0.001 to 2.5 copies per tumor cell. HPV DNA presence could not be confirmed
by ISH. p16INK4a positivity correlated with the presence of HPV DNA (p = 0.03). Of particular note is
that the Ki-67 proliferation index, in areas with diffuse nuclear or cytoplasmatic p16INK4a staining
≥50%, was significantly higher in HPV-positive tumors compared to the corresponding p16INK4a

stained areas of HPV-negative tumors (p = 0.004). HPV infection in ESCC was not associated with the
consumption of tobacco or alcohol, but there were significantly more patients drinking locally brewed
alcohol among HPV-positive tumor patients compared to non-tumor patients (p = 0.02) and compared
to HPV-negative tumor patients (p = 0.047). There was no association between HIV infection, history
of TBC, Herpes zoster, oral thrush, or HPV infection, in ESCC patients. Our indirect evidence for
viral oncogene activity is restricted to single tumor cell areas, indicative of the role of HPV16 in the
development of ESCC. The inhomogeneous presence of the virus within the tumor is reminiscent of
the “hit and run” mechanism discussed for β-HPV types, such as HPV38.
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1. Introduction

Esophageal cancer (EC) is the eighth most common cancer diagnosis, with an incidence of
456,000 cases worldwide in 2012. More prevalent than other tumors, it shows high geographical
variation, with high occurrence in a variety of regions, including the Asian esophageal cancer belt in
Southcentral Asia, Turkmenistan, and parts of Southern Africa. Malawi belongs to the high incidence
area of EC in Africa [1,2]. Although an epidemiological shift is taking place, with rising numbers of
histologically proven adenocarcinoma of the esophagus in Western countries, the esophageal squamous
cell carcinoma (ESCC) is still the predominant histopathological type worldwide [2]. This indicates that
the incidence of EC is influenced by lifestyle and other exogenous factors. The impact of non-infectious
agents, such as tobacco and alcohol, as well as infectious causes such as human papillomavirus (HPV),
on the pathogenesis of ESCC is discussed in the literature [3,4].

In Malawi, ESCC is endemic, with an incidence rate of 24.2 per 100,000 residents, compared to
3.2 per 100,000 in the United States or 6.6 per 100,000 in the U.K. [1]. HPV prevalence in Eastern
Africa is one of the highest in the world and exceeds 30% among women, even with normal cervical
cytology [5]. HPV-related cervical cancer is the most frequent cancer type in Malawi with an incidence
rate of 75.9 per 100,000 women [1].

Since the discovery of HPV type 16 in 1984, the role of HPV in human malignancies has become
well established [6,7]. HPV is responsible for 2% of the cancer burden in developed regions and 7%
of the cancer burden in developing regions [5]. High-risk HPV (hr-HPV) is known to play a causal
role in the development of cervical, anal, head and neck cancer, and squamous cell carcinoma of the
vulva [8,9]. HPV16 is the most prevalent representative in human cancers [10]. HPV is known for its
strict tropism and commonly infects basal cells of stratified squamous epithelia [11]. HPV infection
of the cervical epithelium is either productive or transforming in nature. Productive infections
are characterized by koilocytes, typically seen in cervical intraepithelial neoplasia (CIN) 1 lesions.
In productive infections, replication and expression of viral proteins are tightly regulated and are
linked to the process of epithelial differentiation. Transforming viral infections are the result of
virus persistence and the constitutive activity of viral oncogenes E6 and E7, which promote genetic
instability. Accumulating genetic changes are a prerequisite for immortalization and tumorigenicity.
Transforming infections usually result in CIN2/3 lesions, characterized by deregulated viral E6/E7
expression in the basal and parabasal layers, which distinguishes them from virus productive
lesions [12]. Since the first report of HPV in esophageal tumors in 1982 [13], many studies have
been conducted exploring the role of HPV in EC, but results remained inconclusive [14,15].

Tests for the detection of persistent HPV infections in tissue samples are manifold, and include
in situ hybridization and target nucleic acid amplification. In particular, polymerase chain reaction
(PCR) is used for HPV detection, genotyping, and viral load determination. In situ hybridization
detects the viral genome within the histopathological context of a lesion [16]. Determination of
the proliferation index, oncogene activity, and serological response provides further information on
the role of HPV in ESCC. Ki-67 is a proliferation marker detected by immunohistochemistry and is
commonly used to determine cell proliferation within tumor areas [17,18]. Immunohistochemical
staining of p16INK4a reflects the oncogene activity of the deregulated E7 oncoprotein, which inhibits
retinoblastoma (Rb) [18,19].

To further explore the role of HPV in ESCC we applied different methods to investigate HPV
infection in the tissue samples of patients with ESCC. Our study is the first to combine real-time qPCR,
in situ hybridization, and the immunohistochemical staining of Ki-67 and p16INK4a to determine HPV
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load, HPV prevalence within the histopathological context, the proliferation index, and oncogene
activity, respectively. Moreover, further risk factors such as smoking, alcohol consumption, and human
immunodeficiency virus (HIV) infection, were also considered.

2. Results

A total of 55 patients attending upper gastrointestinal endoscopy in 2010 were included in this
study. The tumor group consisted of 40 histologically proven ESCC patients. Three patients showed a
dysplastic epithelium in their histopathology. For 12 patients, no histopathological signs of ESCC were
found in their biopsies, therefore these patients were defined as non-tumor patients.

2.1. Multiplex Real-Time PCR Assay

All 55 samples were examined using a multiplex real-time PCR assay for the detection of HPV16,
18, 31, and 45, in two independent runs. Since we could only detect HPV16 DNA, three further
independent duplex real-time PCRs for the detection of HPV16 and β-globin were performed for most
of the samples. For five samples, HPV16-positivity was reproducible in all runs, and for two samples
it was reproducible in 4 of 5 and 3 of 5 runs, respectively. Thus, HPV16 DNA was detected in seven
(12.7%) samples at least three times. These seven samples were considered HPV16-positive (Table 1).
One of the 7 HPV-positive samples showed dysplastic epithelium. Six of these 7 HPV-positive biopsies
stemmed from tumor patients. Therefore, HPV-positivity among patients with histopathologically
confirmed ESCC was 15%. Of 15 samples, sufficient material was left for renewed DNA extraction and
further HPV genotyping. For these samples, multiplex real-time PCR was performed for all 7 hrHPV
types (HPV16, 18, 31, 33, 45, 52, and 58). HPV16-positivity could be confirmed in 2 of 3 cases. No other
HPV genotypes could be detected. Reproducibility of the PCR results for HPV16 showed high overall
agreement (Fleiss’s kappa = 0.6868, SE = 0.0348). Viral load, estimated by ΔCT in a multiplex real-time
PCR assay, in HPV-positive samples, varied from 0.001 to 1.01 HPV copies per cell. When normalizing
for the proportion of tumor cells within the sections, viral load varied from 0.001 to 2.5 HPV copies per
tumor cell. In four samples, viral load ranged from 1.3 to 2.5 HPV copies per tumor cell.
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2.2. Histopathological Analysis, p16INK4a Status, and the Ki-67 Proliferation Index

Six of the 7 HPV16-positive cases were tumor patients with histopathologically confirmed ESCCs.
One HPV16-positive case showed dysplastic epithelium. The difference in HPV prevalence between
tumor patients and non-tumor patients was not statistically significant (p = 0.3). Information about
grading was available for 39 tumor patients. Grading of ESCC samples among HPV-positive tumor
samples was significantly lower compared to HPV-negative tumor samples (p < 0.001).

Evaluation of p16INK4a and Ki-67 status was not possible for two HPV-negative and one
HPV-positive sample, as there were no tumor cell areas visible in the stained section.

Three tumor samples showed a diffuse nuclear p16INK4a staining pattern (overall ≥20% of tumor
cell areas), of which one sample was HPV-positive (Figure 1, Table 1). Diffuse cytoplasmatic p16INK4a

positive staining (overall ≥20% of tumor cell areas) was found in 25 samples, of which 22 were
tumor samples.

Figure 1. p16INK4a and Ki-67 staining (left and right panels, respectively) in consecutive sections of
human papillomavirus (HPV)-positive and HPV-negative tumor biopsies. (A) HPV-positive, diffuse
nuclear p16INK4a staining; (B) HPV-positive, diffuse cytoplasmatic p16INK4a staining; (C) HPV-negative,
diffuse nuclear p16INK4a staining. (D) HPV-negative, diffuse cytoplasmatic p16INK4a staining.
The proliferation index (Ki-67 staining) is significantly higher in HPV-positive tumors. (A–D) were
obtained with 20× magnification.
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Biopsies showing diffuse nuclear or diffuse cytoplasmic p16INK4a staining <20%, as well as
biopsies with only focally stained cells, were defined as p16INK4a-negative. All HPV-positive
tumor samples showed either diffuse nuclear or diffuse cytoplasmatic p16INK4a staining ≥20%.
Positive p16INK4a staining was significantly associated with HPV status (p = 0.03). This association
was still significant when positive nuclear or cytoplasmatic p16INK4a staining ≥50% was taken as the
threshold level for p16INK4a-positivity (p = 0.03).

All HPV positive samples, overall, showed a high Ki-67 proliferation index. HPV-positive
samples (median: 69.0%, interquartile range: 17.5%) had a higher proliferation index compared
to HPV-negative tumors, including dysplastic samples (median: 52.0%, interquartile range: 25.8%;
p = 0.03). Additionally, we determined the Ki-67 proliferation index exclusively in tumor areas
with diffuse nuclear or cytoplasmatic p16INK4a staining (Figure 1, Table 1). Interestingly, the Ki-67
proliferation index of HPV-positive samples (median: 69.5%, interquartile range: 27.0%) with nuclear
or cytoplasmatic p16INK4a staining ≥50% was significantly higher compared to the corresponding areas
of HPV-negative tumor samples (median: 47.0%, interquartile range: 26.0%; p = 0.004). This association
was also significant when the Ki-67 proliferation index of HPV-positive samples (median: 71.0%,
interquartile range: 16.0%) with nuclear or cytoplasmatic p16INK4a staining ≥20% was compared to
HPV-negative tumor samples (median: 47.5%, interquartile range: 28.0%; p = 0.003).

2.3. In Situ Hybridization

In situ hybridization was performed for all HPV-positive biopsies, except for one tumor,
which lacked tumor cell areas in subsequent sectioning performed after histopathological diagnosis
and HPV-genotyping. Moreover, HPV-negative tumors showing diffuse nuclear and cytoplasmic
p16INK4A staining, as well as tumors with only focal p16INK4a staining, were also hybridized (Table 1).
Only unspecific background in situ hybridization signals were seen, and no difference in signal
patterns between HPV-positive and -negative tumor samples was observed. HPV16-positive cervical
carcinomas and precancers were used as positive controls and showed the expected HPV DNA signal
pattern (Figure S1, supplementary materials).

2.4. Association between HPV Status, Clinical Data and Risk Factors

Clinical data regarding history of TBC, oral thrush, and Herpes zoster, as well as tobacco and
alcohol consumption, were collected. These results are summarized in Table 2. HIV status was
determined serologically.

HPV-positivity among ESCC patients was not significantly associated with positive HIV
status, when HPV-positive tumor patients were compared to HPV-negative tumor patients
(0.0% vs. 12.9%; p = 1.0) and non-tumor patients (0.0% vs. 20.0%; p = 0.5)

HPV-positivity among ESCC patients was not significantly associated with smoking, when
HPV-positive tumor patients were compared to HPV-negative tumor patients (80.0% vs. 46.4%; p = 0.3)
and non-tumor patients (80.0% vs. 40.0%; p = 0.3).

HPV-positivity in ESCC patients was not significantly associated with the consumption of alcohol,
when HPV-positive tumor patients were compared to HPV-negative tumor patients (80.0% vs. 35.7%;
p = 0.1) and non-tumor patients (80.0% vs. 20.0%; p = 0.09). There were significantly more patients
who drank locally brewed alcohol among HPV-positive tumor patients compared to HPV-negative
tumor patients (80.0% vs. 28.6%; p = 0.047) and non-tumor patients (80.0% vs. 10.0%; p = 0.02).
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Table 2. Clinico-pathological characteristics of patients.

Patients’ Characteristics
HPV-Positive

Tumor Patients
(n = 6)

HPV-Negative
Tumor Patients

(n = 34)
P Value *

Non-Tumor
Patients
(n = 12)

P Value
**

General

Age (years) 50.0 (13.0) 50.5 (28.0) 0.7 43.5 (38.0) 0.7
Male gender 5 (83.3%) 22 (64.7%) 0.6 9 (81.8%) 1.0

Risk factors

Oral thrush in history 1 (20.0%) 4 (14.3%) 1.0 1 (10.0%) 1.0
Tuberculosis in history 0 (0.0%) 4 (14.3%) 1.0 0 (0.0%) a

Herpes zoster in history 0 (0.0%) 2 (7.1%) 1.0 0 (0.0%) a
HIV-positive 0 (0.0%) 4 (12.9%) 1.0 2 (20.0%) 0.5

Smoker 4 (80.0%) 13 (46.4%) 0.3 4 (40.0%) 0.3
Pack years 3.0 (12.0) 0.0 (4.0) 0.1 0.0 (1.0) 0.05

Duration of smoking (years) 15.0 (30.0) 0.0 (9.0) 0.08 0.0 (4.0) 0.04
Number of cigarettes 6.0 (7.0) 0.0 (6.0) 0.2 0.0 (5.0) 0.05

Alcohol 4 (80.0%) 10 (35.7%) 0.1 2 (20.0%) 0.09
Locally brewed alcohol 4 (80.0%) 8 (28.6%) 0.047 1 (10.0%) 0.02

Duration of drinking alcohol (years) 17.0 (21.0) 0.0 (5.0) 0.1 0.0 (1.0) 0.02

Data are presented as absolute numbers with percentages in brackets or medians with interquartile ranges in
brackets. * Comparison of HPV-positive tumor patients with HPV-negative tumor patients. ** Comparison of
HPV-positive tumor patients with non-tumor patients. (a) An exact Fisher test was not performed as the variable is
a constant.

3. Discussion

This study is, according to our knowledge, the first study combining PCR, in situ hybridization,
Ki-67 index, and p16INK4a immunohistochemistry, to investigate the role of HPV in ESCC
carcinogenesis and the first study investigating HPV in ESCC in Malawi, a high-risk area for ESCC.

The prevalence rate of HPV in both ESCC and benign esophageal papillomas, varies greatly
all over the world [4,20] and even within the same high-risk area [21,22]. Such great geographic
differences have not been reported for other HPV-associated malignancies, such as cervical cancer [9].
In our study, HPV prevalence was 15% in ESCC and HPV was found only in ESCC and dysplasia.
No other HPV-type, except HPV16, was found. Similar to another local study from Zambia published
in 2015, HPV was prevalent in a limited number of samples [23]. In Zambia, esophageal cancer is
the fifth most common diagnosed cancer [1]. HPV was detected only in 2 out of 44 samples from
ESCC patients using PCR [23]. A recent meta-analysis reported an overall prevalence of HPV in
ESCC of 19.8% in Africa and 27.7% worldwide, with HPV16 being the most prevalent HPV type [20].
There was plausible variation across different detection methods and most of the studies used PCR
for the detection of HPV [20,24]. PCR is known to be highly sensitive and, therefore, is not only
susceptible to cross contamination, but also to substances inhibiting the reaction. This can lead to
false-positive as well as false-negative HPV findings in tissue samples [16]. We have taken all possible
precautionary measures to prevent the contamination of DNA during extraction and to ensure high
quality DNA for PCR analyses. Despite over-fixation in buffered formalin, false-negative results are
unlikely, as shown by Ct-values ≤35 for amplified β-globin, which was used as an internal control.
Reproducibility of the PCR results for HPV16 on different days was tested and showed high overall
agreement (Fleiss’s Kappa = 0.6868, SE = 0.0348).

To define the prevalence of HPV within the histopathological context of the tumor samples
and to determine viral load, quantitative PCR and HPV-DNA in situ hybridization was carried out.
In cervical cancer, the HPV genome is usually present and transcriptionally active in every tumor cell,
and a viral load of several hundred copies per cell has been reported [9,25]. Additionally, a distinct
staining pattern, characteristic for the severity of neoplastic cervical lesions, is evident by in situ
hybridization [26,27]. In our study, the average Ct value for HPV16 in qPCR showed that HPV was
not present in every cell and, if present at all, only a few viral genomes per cell persisted. Viral load
exceeded 1.0 copy per cell in four of the tested HPV-positive samples. The maximum number of copies
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per cell was 2.5. This is consistent with results from another study examining viral load in ESCC with
a multiplex real-time PCR assay. Si and colleagues found less than 10 copies per genome equivalent in
65% of the HPV16-positive esophageal cancer samples [28]. Reasons for the low viral load in ESCC
samples may be the unequal distribution of HPV in the tumor tissue, or even loss of HPV during
cancer development. Moreover, there is some evidence that low HPV copy numbers may be related to
the physical state of the viral genome. Si and colleagues showed that the majority of ESCC samples
harboured viral DNA in an integrated form [29]. The weakness of that study, however, was that the
integration data was based on E2/E6 ratios, which provide only indirect evidence for HPV-integration.
Thus far, sequencing of viral–cellular DNA junctions, and validation by PCR, has not been reported
for ESCC. Integration of the viral genome may promote cellular growth and increase viral genome
expression, compared to the extrachromosomal status of the viral genome [30].

In situ hybridization was carried out on 13 samples. In situ hybridization staining patterns among
HPV-positive tumor samples did not differ from HPV-negative tumor samples (Table 1). This is in
line with the determined low HPV-genome copy number per cell, which is below the detection limit
of most in situ hybridization assays and excludes the presence of interspersed single cells with high
copy numbers. Possibly, storage of the tissue in formaldehyde for several weeks before embedding in
paraffin may have lowered sensitivity and worsened the background. This assumption seems likely
since the control tissues, comprising cervical pre-cancer and cancer fixed in formaldehyde overnight,
showed prominent and distinct hybridization signals (Figure S1, supplementary materials). Malik and
colleagues tested p16-positive ESCC samples with in situ hybridization. None of the p16INK4a-positive
samples showed high-risk HPV by in situ hybridization [31]. In another study, less than 10% of the cells
showed positive weak staining in samples that tested positive by in situ hybridization [32]. Cooper and
colleagues found HPV in 52% of ESCC samples by in situ hybridization. The virus was detected in
isolated cells only, or aggregates of tumor cells, and the signals were punctuated in all HPV-positive
tumors [33]. A punctuated signal pattern is reported for HPV-positive tumor cells with an integrated
HPV genome [34].

To assess viral E7 oncogene activity in tumor samples, we performed p16INK4a

immunohistochemistry. Transforming viral infections are characterized by an upregulation of p16INK4a,
due to the inactivation of Rb as a result of deregulated E7 gene expression. Strong, homogeneous and
diffuse staining of p16INK4a throughout the whole cancer tissue is a well-defined surrogate marker for
HPV-induced cervical cancer [35]. In the literature, there is consent that, in contrast to cervical cancer,
diffuse nuclear and/or cytoplasmic p16INK4a staining of the entire lesion is not characteristic for ESCC.
Unfortunately, the definition of p16INK4a-positivity in ESCC varies greatly and, thus, complicates
direct comparison between studies. In our study, we showed that diffuse p16INK4a staining of ≥20% of
tumor cell areas was significantly associated with HPV positivity (p = 0.03). This correlation remained
significant when raising the threshold level for p16INK4a-positivity to ≥50% of tumor cell areas
(p = 0.03). Our results are consistent with another study investigating p16INK4a expression in ESCC.
Cao and colleagues found a correlation between HPV and p16INK4a (86.2% p16INK4a-positive samples
among HPV-positive tumors). Strong nuclear and/or cytoplasmatic staining over 70% was defined
as positive in that study [36]. p16INK4a staining of only parts of the tumor tissue is also described
for tumors of other sites, such as vulvar neoplasias [37], carcinomas of the head and neck [38], anal
cancers [39], and colorectal carcinomas [40]. Moreover, expression of p16INK4a in tumor cells can be
lost in the cells due to molecular events, such as promotor methylation or loss of heterozygosity [41].

However, there are several studies in which no correlation between p16INK4a-positivity and HPV
status in ESCC was evident [15,31,32,42,43]. In those studies, the definition of p16INK4a-positivity
ranged from ≥10% positive cells to 100%. Clearly, focal staining for p16INK4a, or even patchy staining,
most likely reflects numerous physiological processes unrelated to HPV E7 expression [44]. However, it
is of particular note that, in our study, the Ki-67 proliferation index in areas with diffuse nuclear or
cytoplasmic p16INK4a staining in at least 20% of tumor cell areas, or even in over 50% of tumor cell
areas, was significantly higher in HPV-positive tumors than in the corresponding p16INK4a stained
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areas of HPV-negative tumors (p = 0.003 and p = 0.004, respectively). It may be speculated that this
increase in the Ki-67 proliferation index is due to the functional inactivation of Rb by the HPV E7
oncoprotein, which would provide support for a role of HPV in ESCC. No other published studies
have compared the Ki-67 proliferation index in p16INK4a-positive tumor cell areas in relation to
HPV status. Clearly, elevated levels of p16INK4a expression are not exclusive for HPV-induced
cancer. As reviewed by Witkiewicz and colleagues, there are two complementary models for the
occurrence of tumors with high expression of p16INK4a. First, oncogenic stresses induce p16INK4a,
thereby limiting tumorigenic progression. This is followed by the inactivation of Rb, which facilitates
disease progression. Second, loss of Rb yields oncogenic stress, which induces p16INK4a [45]. Since the
Ki-67 proliferation index in p16INK4a stained areas differed significantly between HPV-positive and
HPV-negative tumors, the first model most likely applies for HPV-negative ESCC. This would align
with the observations of Bai and colleagues, who showed that expression of p16INK4a increases during
esophageal squamous cell cancer progression [46].

The risk of developing cervical intraepithelial neoplasias increases in patients with an impaired
immune system [9]. However, we found no association between HPV infection and HIV infection
in patients with ESCC in Malawi. Significantly more HPV-positive tumor patients consumed locally
brewed alcohol than non-tumor patients (p = 0.02) and HPV-negative tumor patients (p = 0.047).
Locally brewed alcohol may act synergistically with the HPV infection in the pathogenesis of ESCC.
The carcinogenic effect of locally brewed alcohol products could be mediated by acetaldehyde, the main
metabolite of ethanol [47], but also by contaminants, such as fumonisins [48].

Limitations of our study include the low number of patients, especially the low number of
HPV-positive tumor patients in the statistical analysis of further risk factors, and the long storage of
the biopsies in formalin before embedding in paraffin. A self-generated questionnaire was used for
the assessment of further risk factors, as no validated questionnaire for these factors was available in
2010. Not all questions could be answered by all patients. Furthermore, in Africa, patients with ESCC
usually present themselves at a late stage of disease [49]. Therefore, only a few patients with early
stages and dysplasias were included in this study.

Several observations in our study, such as the presence of HPV16 DNA in cancers and
dysplasias only, and the increased proliferation rate in p16INK4a-overexpressed tumor areas in
HPV-positive cancers, suggest that HPV infection might play a role in a subset of ESCC patients.
However, since the HPV genome does not seem to be present in every tumor cell, the theory of “hit
and run” [50], in analogy to some β-HPV types, should also be considered for HPV-associated
carcinogenesis in ESCC. This theory is discussed for HPV-initiated cutaneous squamous cell
carcinomas and bovine papillomavirus type 4-initiated ESCC in cattle [51]. β-HPVs are found in
epidermodysplasia verruciformis-associated cutaneous squamous cell carcinomas at UV-exposed
skin sites. Furthermore, there is evidence that β-HPVs can act as co-factors in the development
of UV-induced keratinocyte carcinomas in immunosuppressed individuals. A synergism between
β-HPVs and DNA damage from UV light is suggested. β-HPVs in keratinocyte carcinoma are
suggested to play a role during the early stages of carcinogenesis, by promoting the accumulation
of UV-induced mutations and oncogenic transformation. Their persistence is not mandatory for
the maintenance of the malignant phenotype and tumor viruses may be lost after initiation [51–54].
Studies investigating human skin biopsies have shown low viral loads in squamous cell carcinomas
examined by qPCR assays and confirmed by in situ hybridization, showing only few positive nuclei per
section [55]. In β-HPV-associated skin lesions, HPV status and p16INK4a expression do not correlate [56].
In cervical cancer, the continued viral oncogene activity of high risk HPV types of the α genus is
characteristic. However, this mechanism may not be exclusive, in particular, when considering the
carcinogenic role of HPV16 in other epithelial sites such as the oesophagus. Indeed, 47.4% of ESCC
display somatic TP53 mutations [57], which would be in line with a “hit and run” mechanism.

In conclusion, the role of human papillomaviruses in the carcinogenesis of esophageal squamous
cell carcinomas, still remains elusive. To further investigate the role of HPV in ESCC, more studies,
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with a stronger focus on molecular events in the context of intratumoral heterogeneity and other risk
factors, need to be conducted.

4. Material and Methods

Fifty-five patients receiving diagnostic upper gastrointestinal endoscopy at Zomba Central
Hospital or Queen Elizabeth Hospital in Blantyre in 2010, were included in our study. Biopsies of all 55
patients were taken and immediately fixed in buffered formalin. Sera were collected from 42 patients.
Further investigation was done at Jena University Hospital, where the biopsies were embedded in
paraffin. Formalin-fixed paraffin-embedded (FFPE) tissue blocks were cut as consecutive sections.
The first and the last sections (3 μm) were stained with hematoxylin and eosin for histopathological
diagnosis. The sections in-between (15 μm) were used for DNA extraction and subsequent qPCR.
Renewed sectioning was performed for in situ hybridization and immunostaining for p16INK4a

and Ki-67.
All patients gave their written consent prior to endoscopy (signature or finger print). The study was

approved by the College of Medicine Research and Ethics Committee (COMREC) (approved 21 May 2010,
Nr P.04/10/930).

4.1. DNA Extraction

Consecutive serial tissue sections were prepared for DNA extraction. The first and last sections
were hematoxylin-eosin-stained for histopathological diagnosis and to estimate the fraction of tumor
cells in the tissue. Ten 15 μm tissue sections were deparaffinized with xylene, re-hydrated through
a graded ethanol series, and dissolved in a 500 μL digestion buffer (100 mM NaCl, 10 mM Tris-HCl
pH8.0, 25 mM EDTA (Ethylenediaminetetraacetic acid), and 0.5% SDS (Sodium dodecyl sulfate)).
Proteinase K (100 μg/mL) digestion was done overnight at 56 ◦C. For DNA extraction, an equal
volume of phenol/chloroform/isoamylalcohol was added and vortexed intermittently for 30 s.
After centrifugation, the DNA in the aqueous phase was precipitated by adding 1/10th volume of
7.5 M ammonium acetate and 2 volumes of ice-cold ethanol, followed by another centrifugation
step. The pellet was dissolved in 25 μL 10 mM Tris/HCl pH = 8.0. DNA concentration and
quality were determined by spectrophotometry (NanoDrop ND-1000, Thermo Fisher Scientific GmbH,
Dreieich, Germany).

4.2. Multiplex Real-Time PCR Assay (TaqMan Format)

A multiplex real-time PCR assay (TaqMan format [58]), designed to detect and quantify the 7 most
frequent high-risk HPV types (HPV16, 18, 31, 33, 45, 52, and 58) in cervical cancer, was used. It was
conducted as described previously [59]. Reactions were run in an ABI 7300 cycler (Applied Biosystems,
Darmstadt, Germany), which is able to detect 4 different fluorescent dyes simultaneously. Reaction mix
1 detects HPV16, 18, 31, and 45, and reaction mix 2 detects HPV33, 52, 58, and β-globin. The PCR
primers targeted the LCR/E6/E7 regions of the HPV genomes and the PCR products were detected by
the corresponding TaqMan probes. DNA quality and the relative viral copy number were determined
by amplifying the housekeeping gene β-globin in one of the multiplex reactions. PCR was performed
in an end volume of 25 μL, containing 9.5 μL DNA (total of 50 ng), 12.5 μL Platinum Quantitative PCR
SuperMix-UDG (Invitrogen, Carlsbad, CA, USA) to prevent amplification of carry-over products [60],
10 pmol of each primer, and 1–5 pmol of each probe. Forty-five PCR cycles were run at 94 ◦C for 15 s,
50 ◦C for 20 s, and 60 ◦C for 40 s, each [59].

Reproducibility of the PCR results was assessed by repeating the assay on different days.
All samples were tested for HPV16-positivity at least three times. All samples were tested with
a primer mixture of reaction 1 twice, and once with a primer mixture containing primers for HPV16
and β-globin only (duplex PCR). For 30 samples, there was enough DNA left to repeat the duplex PCR
assay twice (Table 3).
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Ct values of the HPV16 genome and β-globin were used to calculate the viral load of HPV16,
as copies per cell in 6 of 7 HPV-positive samples, according to the following formula:

(
1

2ΔCt

)
÷ 2

To assess validity, viral load was determined the same way in HPV16-positive cell lines with a
known viral load: SiHa (Ct HPV16: 21.8, Ct β-globin: 23.93, viral load: 2.2 copies per cell), HPKII
(Ct HPV16: 21.48, Ct β-globin: 24.77, viral load: 5.0 copies per cell), and MRI (Ct HPV16: 19.07, Ct
β-globin: 24.96, viral load: 29.7 copies per cell).

Fifteen samples were of sufficient size for renewed sectioning and DNA extraction. These samples
were analysed for all 7 hrHPV types (Table 3).

Table 3. HPV DNA detection by multiplex PCR.

PCR Primer Mixture Run Number of Tested Samples

Mixture 1
HPV16, 18, 31, 45

1 55
2 55

Duplex only
HPV16 and β-globin

1 55
2 30
3 30

Mixture 1 and 2 HPV16, 18, 31, 45 and HPV33, 52, 58 and β-globin 1 15

4.3. In Situ Hybridization

The FFPE sections were deparaffinized with xylene, re-hydrated through a graded ethanol series,
and washed in phosphate buffered saline (PBS). In situ hybridization was conducted using Dako
GenPoint HPV Biotinylated DNA probe according to the manufacturer’s protocol (GenPoint/Dako
Cytomation, Agilent, Waldbronn, Germany). GenPoint HPV Probe contains HPV genomic clones in the
form of double-stranded fragments of 500 base pairs or less and multiple biotinylated oligonucleotides
from 25 to 40 bases in length. Briefly, the deparaffinized tissue sections were incubated with 0.8%
pepsin at 37 ◦C for 5–10 min, rinsed in deionized water, immersed in 0.3% H2O2 in methanol for 20 min,
and rinsed in deionized water again. A drop of GenPoint HPV Biotinylated DNA probe was added
to the air-dried sections. After heat denaturation at 90 ◦C, hybridization was done in a pre-warmed
humid chamber at 37 ◦C for 16 to 18 h. The slides were washed in Tris-buffered saline with Tween20
(TBST). Hybridized probes were detected by streptavidin-HRP.

4.4. p16INK4a

The expression of p16 was analysed by immunohistochemistry. A CINtec Histology Kit
(biogen/Roche, Tucson, AZ, USA) containing the monoclonal antibody anti-p16INK4a (E6H4) was used
according to the manufacturer’s protocol for qualitative detection of p16INK4a proteins in FFPE tissue
sections. After adding the substrate-chromogen solution, slides were washed with distilled water
and stained with Harris Hematoxylin, followed by washing with tap water. Finally, the sections
were dehydrated and mounted with coverslips. Similar to cervical precancers (CIN2/3) and
cancer, samples showing a diffuse nuclear p16INK4a staining pattern were considered to be positive.
Furthermore, samples showing a diffuse cytoplasmic p16INK4a staining pattern were also defined as
p16INK4a-positive. However, in contrast to cervical cancer, p16INK4a staining showed considerable
intratumoral heterogeneity. To account for this, p16INK4a-positivity was scored in the context of all
tumor cell areas, i.e., biopsies in which 20–50% and >50% of tumor cell areas showed diffuse staining
were scored as positive and strongly positive, respectively. Biopsies with focal staining or with less
than 20% diffuse staining were defined as p16INK4a-negative.
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4.5. Ki-67

To assess the proliferation activity of tumor cells, the Ki-67 index was determined. Ki-67-positive
cells were counted in the area with the highest Ki-67 staining. In addition to this overall Ki-67 index,
we determined the Ki-67 index in p16INK4a-positive areas. At least 200–300 cells were counted. Ki-67
staining indices were grouped into negative (<10%), weakly positive (10–20%), positive (20–50%),
and strongly positive (>50%).

4.6. Serological Analysis (ELISA)

The HIV status of each patient was determined using a commercially available ELISA system
(Enzygnost® HIV Integral II, Siemens, Erlangen, Germany) according to the manufacturer’s protocol.
The tests were performed in a BEPIII system (Siemens, Germany). Both HIV specific antibodies and
the HIV p24 antigen, were detected, ensuring very high diagnostic sensitivity.

4.7. Data on Alcohol Consumption and Smoking, and Clinical Data

Data on the consumption of alcohol and tobacco, as well as clinical data such as history of Herpes
zoster, tuberculosis (TBC), and oral thrush, were collected using a self-generated questionnaire. Not all
questions could be answered by all patients.

4.8. Pathological Analysis

Histopathological diagnosis, grading and analysis of p16INK4a, and Ki-67 immunohistochemistry
were done by ALG and an experienced pathologist (AG) at Jena University Hospital.

4.9. Statistical Analysis

To assess the relationship between the epidemiological data and clinical data, an exact Fisher test
was used for nominal data and a Mann–Whitney U test was used for metric data. Therefore, median
and interquartile ranges were determined to describe the variance of the metric variables. Results were
considered statistically significant when p < 0.05. To test the reproducibility of the PCR results,
Fleiss’s Kappa was assessed. Statistical analysis was performed with IBM SPSS Statistics 22.
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Abstract: Most research providing evidence for the role of oncogenic viruses in head and neck
squamous cell carcinoma (SCC) development is focused on one type of virus without analyzing
possible interactions between two or more types of viruses. The aim of this study was to analyse the
prevalence of co-infection with human papillomavirus (HPV), Epstein–Barr virus (EBV) and polyoma
BK virus (BKPyV) in oral, oropharyngeal and laryngeal squamous cell carcinomas in Polish patients.
The correlations between viral infection, SCC, demographic parameters, evidence of metastases and
grading were also investigated. Fresh-frozen tumour tissue samples were collected from 146 patients
with laryngeal, oropharyngeal and oral cancer. After DNA extraction, the DNA of the studied
viruses was detected using polymerase chain rection (PCR) assay. Males (87.7%) with a history of
smoking (70.6%) and alcohol abuse (59.6%) prevailed in the studied group. Histological type G2 was
recognized in 64.4% cases. The patients were most frequently diagnosed with T2 stage (36.3%) and
with N1 stage (45.8%). Infection with at least two viruses was detected in 56.2% of patients. In this
group, co-infection with HPV/EBV was identified in 34.1% of cases, EBV/BKV in 23.2%, HPV/BKV
in 22.0%, and HPV/EBV/BKV in 20.7%. No difference of multiple infection in different locations of
cancer was observed. The prevalence of poorly differentiated tumours (G3) was more frequent in
co-infection with all three viruses than EBV or BKV alone. A significant correlation was observed
between tumour dimensions (T) and lymph-node involvement (N) in co-infected patients compared
to single infection. Further studies are necessary to clarify whether co-infection plays an important
role in the initiation and/or progression of oncogenic transformation of oral, oropharyngeal and
laryngeal epithelial cells.

Keywords: squamous cell carcinoma (SCC); laryngeal cancer; oropharyngeal cancer; oral cancer;
Epstein–Barr virus (EBV); human papillomavirus (HPV); BK virus (BKV); co-infection

1. Introduction

Head and neck cancer accounts for more than 550,000 cases and 380,000 deaths annually
worldwide [1]. In Europe, in 2012, there were approximately 250,000 cases (an estimated 4% of
cancer incidence) and 63,500 deaths due to malignancy in this area [2]. According to the Polish
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National Cancer Registry, oral and oropharyngeal cancer accounts for 3.8% cancers in men and 1.6%
cancers in women, while laryngeal cancer constitutes 2.5% cancers in men and 0.4% in women [3].

It is estimated that approximately 90% of all head and neck cancers are squamous cell carcinoma
(SCC). As many studies proved, the etiology of SCC is complex and involves many factors. Molecular
and epidemiological research has provided evidence of the role of oncogenic viruses in SCC
development [4–7]. Human papilloma virus (HPV) was established by the International Agency
for Research on Cancer to be an important human carcinogen causing cancer in the head and neck
area [8,9]. However, the first human virus with attributable oncogenic potential was Epstein–Barr
Virus (EBV) [10]. The relationship between infection with EBV and the development of cancer in the
head and neck region was reported by many researchers [11–14].

The human polyoma BK virus (BKPyV) belonging to the Polyomaviridae family is associated with
human tumors and is classified in group 2B as possibly carcinogenic to humans [15–17]. It is estimated
that 90% of the population may be infected with BK virus (BKV) during childhood. Moreover, BKV
DNA has been found in many types of tumors, e.g., human brain tumors, in neuroblastoma, in urinary
tract tumors, in uterine cervix vulva, lips and tongue carcinomas, as well as in Kaposi’s sarcoma [18–21].
The correlation between BKV and prostate and bladder carcinoma and between BKV and metastatic
bladder carcinoma among immunosuppressed transplant recipients has been described as a result of
possible BKV latency in the kidneys [22]. Another potential location of the virus are salivary glands,
as BKV DNA has been detected in saliva [23]. Initial viral exposure often leads to latent infections.
Latent episomal BK virus can be reactivated and it can then cause productive viral infections [24].
The etiologic contribution of BK Polyoma Virus (BKPyV) is suggested to represent mechanistically
a ‘driver’ role to a given cancer [25].

In our previous study, BKPyV DNA was detected in 18.5% of patients with oral squamous cell
carcinoma but only in 3.3% of the controls [26]. The present research investigated the prevalence
of co-infection of human papillomavirus, Epstein–Barr virus and polyoma BK virus in fresh-frozen
samples from patients with laryngeal, oropharyngeal and oral cavity cancer and analysed the effects
of these co-infections on clinico-pathological and epidemiological features.

2. Results

Males (87.7%) with smoking (70.6%) and alcohol abuse (59.6%) problems prevailed in the
studied group. A moderately differentiated (G2) histological type was recognized in 64.4% of cases.
The patients were diagnosed most frequently with T2 stage (36.3%), and with N1 stage (45.8%)
conditions. No distant metastasis was observed (M0 in 100% patients). Characteristics of patients with
oral, oropharyngeal and laryngeal cancer are shown in Table 1.

Single infection was detected in 43.8% of patients and multiple infection in 56.2% (Table 2). Among
146 infected patients, HPV/EBV co-infection was observed in 34.1% of cases, HPV/BKV in 22.0% of
cases, and EBV/BKV in 23.2%. Co-infection with all three viruses was detected in 17 cases (20.7%).

The relative frequencies of single infection with HPV, EBV and BKV among oral cavity, laryngeal
and oropharyngeal cancers were significantly different (p = 0.0102). Single infection with HPV was
most frequent in oral cavity cancer (44.5%), while EBV infection was most frequent in oropharyngeal
cancer (57.1%) (Table 3). No difference of multiple infection in different locations was observed.

The frequency of co-infection was not dependent on the sex and age of the patients (Table 4).
The relative frequency of HPV and EBV co-infection in males and females did not differ significantly
from the relative frequency of each sex and age group in the study population. Co-infection was
detected mainly in patients living in urban areas. No difference in the frequency of co-infection with
the examined viruses in particular locations was found. In cases of co-infection, the histological grade
G3 predominated (p < 10−4). Stages N1 and N2 were significantly more frequent in co-infection,
while T1 and T2 were more frequent in co-infection with three types of viruses.

Logistic regression analysis showed a correlation between histological grade and T, N parameters
and type of co-infection (Table 5). The prevalence of poorly differentiated tumours (G3) was more than
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four times more frequent in HPV/EBV co-infection (OR = 4.14; p = 0.0160), five times more frequent in
EBV/BKV co-infection (OR = 5; p = 0.0080), and 10 times more frequent in patients co-infected with
HPV/EBV/BKV (OR = 10.5; p = 0.0010) compared to infection with EBV alone.

Another significant relationship was found between histological grading and the type of virus
while analyzing single BKV infection and co-infection with HPV/EBV/BKV. Poorly differentiated
tumours (G3) were more than four times more common in patients co-infected with HPV/EBV/BKV
(OR = 4.5; p = 0.0427) compared to infection with single BKV.

A significant correlation was observed between tumour dimensions (T) and lymph-node
involvement (N) in co-infected patients compared with single infection. The T3–T4 stages were
more frequent in co-infection of all three viruses than BKV alone (OR = 3.5; p = 0.0457). On the other
hand, N3–N4 was detected more frequently in co-infection of all viruses than HPV alone (OR = 11.5;
p = 0.0067), than EBV alone (OR = 8.8; p = 0.0160), and then BKV alone (OR = 14.4; p = 0.0204).

Table 1. Epidemiological and clinical characteristics of patients.

Total n = 146

n %

Sex
Female 18 12.3
Male 128 87.7

Age
<50 27 18.5

50–69 92 63.0
≥70 27 18.5

Place of residence
Urban 95 65.1
Rural 51 34.9

Smoking Yes 103 70.6
No 43 29.4

Alcohol abuse
Yes 87 59.6
No 59 40.4

Histological grading
G1 28 19.2
G2 94 64.4
G3 24 16.4

T stage

T1 29 19.9
T2 53 36.3
T3 27 18.5
T4 37 25.3

N stage

N1 67 45.8
N2 33 22.6
N3 23 15.8
N4 23 15.8

M stage M0 146 100.0
M1 0 0

Location of cancer
Oropharynx 53 36.3

Larynx 40 27.4
Oral cavity 53 36.3

T—tumour, dimensions; N—lymph nodes involvement; M—distant metastasis.

Table 2. Prevalence of human papillomavirus (HPV), Epstein–Barr virus (EBV) and BK virus (BKV) in
infected patients.

Single Infection

HPV EBV BKV
64 (43.8%)18 (28.1%) 35 (54.7%) 11 (17.2)

Multiple Infection

HPV + EBV HPV + BKV EBV + BKV HPV + EBV + BKV
82 (56.2%)28 (34.1%) 18 (22%) 19 (23.2%) 17 (20.7%)
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Table 3. Prevalence of single and multiple infection according to location of cancer.

Single Infection

Location of Cancer HPV EBV BKV Total p

Oropharynx 4 (22.2%) 20 (57.1%) 4 (36.4%) 28 43.7%
0.0102

*
Larynx 6 (33.3%) 12 (34.3%) 4 (36.4%) 22 34.4%

Oral cavity 8 (44.5%) 3 (8.6%) 3 (27.2%) 14 21.9%
Total 18 35 11 64 100%

Multiple Infection

Location of Cancer HPV + EBV HPV + BKV EBV + BKV HPV + EBV + BKV Total p

Oropharynx 8 (28.6%) 8 (44.5%) 6 (31.6%) 3 (17.7%) 25 30.5%

0.7123
Larynx 6 (21.4%) 4 (22.2%) 4 (21.0%) 4 (23.5%) 18 21.9%

Oral cavity 14 (50%) 6 (33.3%) 9 (47.4%) 10 (58.8%) 39 47.6%
Total 28 18 19 17 82 100%

* Statistically significant.

Table 4. Epidemiological and clinical characteristics of coinfected patients.

HPV + EBV n = 28 HPV + BKV n = 18 EBV + BKV n = 19 HPV + EBV + BKV n = 17

n % n % n % n %

Sex
female 2 7.1 2 11.1 2 10.5 1 5.9
male 26 92.9 16 88.9 17 89.5 16 94.1

p 0.9030 0.9010 0.9402 0.6601

Age
<50 4 14.3 2 11.1 3 15.8 1 5.9

50–69 19 67.8 14 77.8 13 68.4 14 82.3
≥70 5 17.9 2 11.1 3 15.8 2 11.8

p 0.9211 0.6831 0.9880 0.5910

Place of
residence

Urban 23 82.1 15 83.3 16 84.2 16 94.1
Rural 5 17.9 3 16.7 3 15.8 1 5.9

p 0.0400 * 0.0640 0.0330 * 0.0440 *

Smoking Yes 22 78.6 13 72.2 15 78.9 13 76.5
No 6 21.4 5 27.8 4 21.1 4 23.5

p 0.6010 0.7280 0.5691 0.7581

Alcohol
abuse

Yes 26 92.9 15 83.3 16 84.2 15 88.2
No 2 7.1 3 16.7 3 15.8 2 11.8

p 0.0004 * 0.0890 0.0420 * 0.0800

Histological
grading

G1–G2 12 42.8 5 27.8 7 36.8 3 17.7
G3 16 57.2 13 72.2 12 63.2 14 82.3

p 10−4 * 10−4 * 2 × 10−4 * 10−4 *

T stage T1–T2 20 71.4 14 77.8 13 68.4 15 88.2
T3–T4 8 28.6 4 22.2 6 31.6 2 11.8

p 0.3310 0.4260 0.7180 0.0430 *

N stage N1–N2 22 78.6 16 88.9 16 84.2 17 100.0
N3–N4 6 21.4 2 11.1 3 15.8 0 0

p 0.0349 * 0.0235 * 0.0274 * 0.0009 *

* Statistically significant.

Table 5. Odds ratio of predictive variables.

OR (95% CI) OR (95% CI) OR (95% CI)

Variable HPV/HPV + EBV HPV/HPV + BKV HPV/HPV + EBV + BKV

G1–G2 0.8 (0.14–4.46) 0.61 (0.18–2.06) 0.4 (0.1–1.69)
G3 1.45 (0.54–3.87) 2.46 (0.73–8.25) 3.7 (0.88–15.27)
p 0.7580 0.2250 0.1440

T1–T2 0.91 (0.59–4.23) 1.7 (0.48–6.13) 2.46 (0.65–9.32)
T3–T4 1.57 (0.59–4.2) 0.6 (0.12–3.1) 0.44 (0.05–3.1)

p 0.7800 0.7950 0.4320
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Table 5. Cont.

OR (95% CI) OR (95% CI) OR (95% CI)

Variable HPV/HPV + EBV HPV/HPV + BKV HPV/HPV + EBV + BKV

N1–N2 0.65 (0.21–2.12) 2.86 (0.81–10.24) 0.23 (0.03–1.93)
N3–N4 1.67 (0.03–2.25) 0.80 (0.08–7.79) 11.45 (1.37–95.6)

p 0.4330 0.4120 0.0067 *

Variable EBV/HPV + EBV EBV/EBV + BKV EBV/HPV + EBV + BKV

G1–G2 0.54 (0.11–2.73) 0.40 (0.14–1.21) 0.19 (0.05–0.78)
G3 4.14 (1.52–11.23) 5.0 (1.61-15.54) 10.5 (2.49–44.11)
p 0.0160 * 0.0080 * 0.0010 *

T1–T2 1.12 (0.39–3.59) 1.78 (0.52–5.98) 3.04 (0.82–11.23)
T3–T4 0.61 (0.16–2.37) 0.91 (0.23–3.68) 0.31 (0.04–2.66)

p 0.8700 0.8280 0.3060

N1–N2 1.33 (0.52–3.42) 1.92 (0.61–6.09) 0.35 (0.04–2.96)
N3–N4 1.14 (0.27–4.84) 0.5 (0.06–4.36) 8.8 (1.07–72.34)

p 0.7060 0.6930 0.0160 *

Variable BKV/HPV + BKV BKV/EBV + BKV BKV/HPV + EBV + BKV

G1–G2 0.38 (0.11–1.39) 0.53 (0.16–1.79) 0.25 (0.06–1.13)
G3 3 (0.82–10.9) 2.2 (0.64–7.19) 4.5 (1.01–20.1)
p 0.2160 0.3870 0.0427 *

T1–T2 2.5 (0.59–10.55) 2.1 (0.5–8.6) 1.43 (0.36–5.65)
T3–T4 0.36 (0.06–1.93) 0.8 (0.18–2.17) 3.5 (0.8–15.9)

p 0.4300 0.6780 0.0457 *

N1–N2 3.59 (0.9–13.9) 3.1 (0.88–11.61) 0.3 (0.03–2.74)
N3–N4 0.28 (0.03–2.62) 0.5 (0.09–2.99) 14.4 (1.6–126.1)

p 0.2920 0.8950 0.0204 *

* Statistically significant.

3. Discussion

Malignancies associated with infectious agents may result from prolonged latency as
a consequence of chronic infections [27]. Pathogenic infections are necessary but not sufficient
for cancer initiation or progression [8,10,17,25,27]. In patients infected with one virus, secondary
co-infection with another virus may serve as an important co-factor that may cause initiation and/or
progression of tumors.

A number of studies available in the literature concern the role of viruses in the development of
head and neck squamous cell carcinoma (HNSCC). However, they are mainly focused on one type of
virus, while only some recent reports analyze the possible correlation between the infection of two
oncogenic viruses and carcinogenesis. Our research is the first original observation that implicates HPV,
EBV, BKPyV co-infection in laryngeal, pharyngeal and oral cancer in the Polish population. The role of
HPV virus, especially HPV16 in head and neck squamous cell carcinoma is well established [28–38].

In our study, a vast majority of patients co-infected with HPV/EBV smoked cigarettes. HPV/EBV
coinfection was also detected statistically more often in patients who had problems with alcohol abuse.
The results of many researchers suggest a possible synergy between tobacco components and viral
oncogenes, especially HPV16 E6/E7 in transformation of oral epithelial cells [39–41].

The role of EBV in oral squamous cell carcinoma (OSCC) development was first observed
by zur Hausen [42]. Other authors also emphasize the role of EBV in the development of
OSCC [13,14,43,44]. Jaloluli et al. [13] detected the presence of EBV in 55% of samples from eight
different countries. Primary infection with EBV mostly occurs at an early age. The virus, together with
saliva, gets to the squamous epithelium and the lymphoid organs, primarily B-cells of the pharynx.
There, the virus can survive in a latent form. EBV can reactivate periodically without symptoms and
can be detected in the saliva of the infected patients [45].

A number of studies point to co-infection with HPV and EBV in oral squamous cell
carcinoma [11,46,47]. Moreover, several researchers indicate that co-infection by multiple oncogenic
viruses may be an important risk factor in the development of OSCC [11,42,47,48]. Co-infections occur
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much more frequently in the areas of high prevalence of infectious agents, especially in developing
countries [27]. The presence of HPV/EBV co-infection in the presented study was found in 34.1%
of patients. Deng et al. [49], in research carried out in Japan, revealed HPV/EBV co-infection in
1% of patients with head and neck cancer (HNC) and in 10% of patients with nasopharyngeal
carcinoma (NPC).

Infection with a number of pathogens very often causes inflammation of tissues or organs, which
can lead to the initiation of carcinogenesis. Al Moustafa et al. [46] proposes that high-risk HPV and EBV
co-infections play an important role in initiating neoplastic transformation of human oral epithelial
cells. Jiang et al. [47] hypothesized that oropharyngeal tumors might be associated with both HPV
and EBV rather than HPV alone, and co-infected cells can have a higher tumorigenic potential than
normal cells.

According to the research, it is not clear which virus, HPV or EBV, contributes to the first infection
in co-infected patients [50]. However, the study performed by Makielski et al. [51] indicated that
infection with HPV in the oral cavity may increase the capacity of epithelial cells to support the EBV
life cycle, which could in turn increase EBV-mediated pathogenesis in the oral cavity. Guidry and
Scott [52] suggested that HPV/EBV co-infection increases EBV persistence either through latency or
enhanced viral replication and by extending HPV oncogene expression.

Apart from HPV and EBV, BKV DNA was also detected (20.7%) in the studied material. Recent data
has suggested a correlation between BK virus and various types of human cancers [53].

The presence of BKV DNA was confirmed in high-grade squamous intraepithelial cervical lesions
(precancerous lesions) [54]. Burger-Calderon et al. [55] suggest a connection between BKPyV and the
oral cavity. Several studies have suggested BKPyV to be oral-tropic [23]. BKPyV binds to cellular
receptors such as N-linked glycoprotein with a 2,3-linkedsialic acids and gangliosides GD1b and Gt1b,
which is true for kidney (Vero) and oral (HSG) cells in vitro. It has not been determined whether the
viruses undergo true latency, expressing only a subset of specific viral genes. It is unclear whether
polyomavirus DNA is commonly integrated into the host genome or whether integration is a rare
event specific to HPyV subtypes [17]. The non-coding control region (NCCR) is a hypervariable region
and comparative studies suggested that it may regulate host cell tropism [55].

BKV DNA was detected in tonsilar biopsy specimens and nasopharyngeal aspirates. Moreover,
replication of BKPyV laboratory strain in human submandibular and parotid salivary gland cell lines
(HSG and HSY) was also demonstrated. Besides, Moens et al. [56] suggest that polyomaviruses,
including those induced by other oncogenic viruses, may be a co-factor in the development of cancer.
Some authors suggest that BK virus may be a potential co-factor for HPV in the development of
cervical neoplasia [57], especially together with the HPV genotype 16 [54]. In our studies HPV/BKV
co-infection was detected in 22.0% cases, while EBV/BKV in 23.2%. EBV/BKV was statistically more
often detected among urban inhabitants. In light of our and other authors’ research results, we cannot
exclude the role of BKV in SCC, considering the fact that the genetic material of BKV was detected in
saliva [23]. The ‘hit and run’ hypothesis is a mechanism deemed valid to justify a co-factorial role of
BKPyV in cancer onset and progression in humans [17]. Tag gene expression, leading to inactivation of
p53, without evidence of a productive infection (i.e., viral protein expression, genome replication, etc.),
leads to host cell transformation [58].

In our study the OR for low-differentiated tumours (G3) was about four times greater in patients
with HPV/EBV co-infection, five times greater in patients with EBV/BKV co-infection, and more than
10 times greater in patients with HPV/EBV/BKV co-infection than in patients with only EBV infection.
Gonzales-Moles et al. [59] found a correlation between EBV and poor differentiation of cancerous lesion
in OSCC. Some researchers have revealed experimentally that EBV infection may delay epithelial
differentiation and enhance the invasiveness of epithelial cells expressing HPV16 E6 and E7 oncogenes.
However, delayed differentiation and greater invasiveness were still present in epithelial cells after
loss of EBV, which may suggest that EBV infection led to epigenetic reprogramming [60].
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Double or mixed infection with other oncogenic viruses may induce transformation. A limitation
of our study is, however, only the epidemiological character of the research carried out. As DNA was
extracted from resected tumour tissues, the sample might contain DNA from normal tissues, including
infiltrating lymphocytes, which might be infected with viruses. Performing immunohistochemical
analysis could have provide more conclusive data. Thus, further studies are needed to clarify whether
BKPyV plays a role in oral squamous cell carcinoma or is a co-factor for cancers induced by other
oncoviruses. It is well-known that chronic infection affects the immunological response of the host.
Primary infection with a non-oncogenic virus may promote superinfection with an oncogenic virus
capable of tumor transformation. The oncogenic potential of HPV is related to the expression of
E6 and E7, whereas the oncogenic potential of EBV to the expression of LMP-1 (latent membrane
protein 1) and LMP-2 and of the BKV-LTag (large tumour antigen). These oncoproteins can be in
cooperation and they can lead to the transformation of the oral epithelium [17,25,27]. Toll-like receptors
(TLRs) play a critical role in the early innate immune response to invading pathogens by sensing
microorganisms and they are involved in sensing endogenous danger signals. The LTag of the virus
BKPyV as well as the protein of LMP-1 of the virus EBV lowers the expression of TLR9 [61,62]. EBV
latent membrane protein 1 is a negative regulator of TLR9. These observations may contribute to
future studies. There are few studies examining the association between HPV, EBV and/or BKV in the
progression of oral cancers. A detailed understanding of co-infection will enable the targeting of new
methods for the early detection, prevention and treatment of viral-associated cancers.

4. Materials and Methods

4.1. Patients

The present study involved 146 patients with a diagnosed and histopathologically confirmed SCC
of larynx, oropharynx and the oral cavity who were infected with at least one virus—HPV, EBV, or BKV.
The patients were hospitalized at the Otolaryngology Division of the Masovian Specialist Hospital in
Radom, Poland. The patients had not received radiotherapy or chemotherapy before. The samples
were collected during surgery, but TNM was calculated during primary diagnosis. TNM classification
was done according to the criteria of the Union Against Cancer (UICC) [63]. Histological grading was
performed according to World Health Organization criteria, which divide tumors into three types:
well differentiated (G1), moderately differentiated (G2), and poorly differentiated (G3) [64].

The research was approved by the Medical University of Lublin Ethics Committee and is in
accordance with the GCP regulations (no. KE-0254/133/2013, 23 May 2013).

4.2. DNA Extraction from Fresh Frozen Tumour Tissue; Detection of EBV DNA

DNA extraction from fresh frozen tumour tissue, detection of EBV DNA, and amplification of the
EBNA-2 gene (the nested PCR) were performed as previously described [65].

4.3. HPV Detection and Genotyping

HPV genotyping was performed using the INNO-LiPA HPV Genotyping Extraassay (Innogenetics,
Gent, Belgium). The kit is based on the amplification of a 65 bp fragment from the L1 region of the HPV
genome with a SPF10 primer set. PCR products are subsequently typed with the reverse hybridization
assay. This kit identifies 28 HPV genotypes: HPV 6, 11, 16, 18, 26, 31, 33, 35, 39, 40, 43, 44, 45, 52, 52, 53,
54, 56, 58, 59, 66, 68, 69, 70,71, 73, 74, and 82.

4.4. Detection of BKV

The polymerase chain reaction (PCR) method was used to detect BKPyV in the specimens.
With the aim of detecting the genetic material of the BKPyV, the primers described for the
first time by Arthur et al. [66], namely PEP-1 (5′-AGTCTTTAGGGTCTTCTACC-3′) and PEP-2
(5′-GGTGCCAACCTATGGAACAG-3′) were used. The oligonucleotides attach to a highly conservative
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region of early coding T-Ag. Primers amplify a 176-bp fragment of BKV genetic material. The final
concentrations of the PCR reaction mixture were as follows: 2.0 mM MgCl2, 200 μM dNTPs, 0.25 μM
of each primer, 0.5 U Hot Start Taq DNA polymerase (Qiagen, Hilden, Germany). Amplification was
performed under the following conditions: initial denaturation 94 ◦C 15 min, followed by 40 cycles:
94 ◦C 1 min, 55 ◦C 1 min, 72 ◦C 1 min; final extension: 72 ◦C 10 min. During each PCR run, the samples
were tested, together with one negative and one positive control. DNA from the urine of a kidney
transplant patient was used as a positive PCR control to assess the success of amplification (ATCC
VR-837). PCR reagents without template DNA served as a negative control. The PCR products were
analyzed using electrophoresis in 2% agarose gel.

4.5. Statistical Analysis

Statistical analysis was performed to investigate the relationship between the presence of HPV,
EBV and BKV. The clinical and demographic characteristics of patients were determined by means of
Pearson’s chi-square test and with Fisher’s exact test for small groups. Stepwise logistic regression
was used to assess the effect of co-infection of HPV, EBV, BKV on the risk of the occurrence G and TN
variables. The odds ratio with 95% confidence intervals was calculated. Statistical significance was
defined as p < 0.05.

5. Conclusions

In Polish patients with oral, oropharyngeal and laryngeal cancer, co-infection with at least one
virus was detected in 56.2% of cases. In this group, co-infection with HPV/EBV was identified in 34.1%
of cases, EBV/BKV in 23.2%, HPV/BKV in 22.0%, and HPV/EBV/BKV in 20.7%. No difference of
multiple infection in different locations of cancer was observed.

The prevalence of poorly differentiated tumours (G3) was more frequent in co-infection of all
three viruses than EBV or BKV alone. T3–T4 and N3–N4 was more frequent in co-infection than in
single viral infection.

Future epidemiological studies regarding the relationship between infection and gender, tobacco,
alcohol and chronic inflammation in the development of oral cancer as well as studies on the
mechanisms of co-infection and/or superinfection and their role in oral squamous cell carcinoma are
necessary. Knowledge about the pathways of these viruses may provide targets for therapy and for
devising diagnostic methods.
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Abstract: Persistent cervical infection with high-risk human papillomaviruses (hrHPVs) is a necessary,
but not sufficient, condition for the development of cervical cancer. Therefore, there are other
co-factors facilitating the hrHPV carcinogenic process, one of which is smoking. To assess the effect
of smoking on high-risk (hr) HPV DNA positivity and on the expression of HPV E7 oncoprotein, as a
surrogate of persistent hrHPV infection, we used data from women recruited for the PIPAVIR project,
which examined the role of E7 protein detection in cervical cancer screening. Women were tested for
hrHPV DNA, using Multiplex Genotyping (MPG), and E7 protein, using a novel sandwich ELISA
method, and gave information on their smoking habits. Among 1473 women, hrHPV prevalence
was 19.1%. The odds ratio (OR) for hrHPV positivity of smokers compared to non-smokers was 1.785
(95% confidence intervals (CI): 1.365–2.332, p < 0.001). The ORs for E7 positivity, concerning hrHPV
positive women, ranged from 0.720 to 1.360 depending on the E7 detection assay used, but this
was not statistically significant. Smoking increases the probability of hrHPV infection, and smoking
intensity is positively associated to this increase. Smoking is not related to an increased probability of
E7 protein positivity for hrHPV positive women.

Keywords: high-risk HPV infection; E7 oncoprotein; cigarette smoking; HPV carcinogenesis;
cervical cancer
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1. Introduction

Persistent cervical infection with high-risk human papillomaviruses (hrHPVs) is a necessary
condition for the development of cervical cancer since it has been shown that virtually all cases
of cervical cancer are related to HPV DNA detection [1]. However, other co-factors seem to play
a role in cervical cancer development, either by facilitating hrHPV transmission and infection or
by accelerating the carcinogenic process leading to cervical cancer [2]. The most important factors
identified as co-factors to cervical carcinogenesis in hrHPV positive women are high parity, long-term
oral contraceptive (OC) use, smoking, and co-infection with other sexually transmitted agents [3].
Particularly, parity and smoking seem to be more consistently regarded as factors modulating the risk
of progression from HPV infection to cervical precancer and cancer [4].

Smoking has been shown to be a factor associated to a higher probability of hrHPV infection by
studies based on hrHPV DNA detection [5–7]. However, persistent hrHPV infection, characterized by
the expression of E6 and E7 oncoproteins, which play a crucial role in HPV-related carcinogenesis [8],
has not yet been studied thoroughly concerning probable associations to smoking.

The present analysis aims to assess the effect of smoking on the expression of HPV E7 oncoprotein,
as a surrogate of persistent hrHPV infection, and therefore to investigate whether smoking is a factor
involved in the progression of hrHPV infection to cervical precancer and cancer in the clinical setting
of the PIPAVIR (detection of persistent infections by human papillomaviruses) study, a study designed
for the development and initial clinical assessment of a novel HPV E7 detection method for cervical
cancer screening. According to the PIPAVIR study, hrHPV cervical infection was assessed using a PCR
(polymerace chain reaction)-based HPV DNA detection method and five different sandwich ELISA
assays identifying the E7 protein of different combinations of hrHPV types.

2. Results

2.1. Demographic Data

Demographic characteristics of the study population have been described previously [9]. Briefly,
the current analysis was conducted on 1473 women aged 30–60 years old who were enrolled for the
PIPAVIR project and for whom there was a valid result for hrHPV DNA genotyping and E7 protein
detection. Among these women, 776 (52.7%) were non-smokers, 605 (41.1%) were active smokers
and there was a smaller group of 92 women (6.2%) who were ex-smokers as defined in the methods
section. Among smokers, 181 women had a SII (Smoking intensity Index) ≤ 50, 161 women had
50 < SII ≤ 100, and 251 women had a SII > 100. High-risk HPV prevalence for the study population
was 19.1% (282 women found positive for hrHPV out of 1473) (Table 1).

Table 1. Demographic characteristics of the study population.

Demographic Characteristic n = 1473

Age (years)
Mean (sd) 43.52 (8.05)
Median (range) 44 (30–60)

Children
No 314 (21.3%)
Yes 1159 (78.7%)

Smoking History
No 776 (52.7%)
Yes 605 (41.1%)
Ex-Smoker 92 (6.2%)
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Table 1. Cont.

Demographic Characteristic n = 1473

SII 1369
=0 776
<50 181
50–100 161
>100 251

Pap Test (at least once)
No 28 (1.62%)
Yes 1695 (98.37%)

hrHPV
Negative 1191 (80.9%)
Positive 282 (19.1%)

hrHPV: high-risk human papillomavirus; SII: smoking intensity index (referring to the product of the number of
cigarettes smoked per day by the years of smoking by 365 divided by 1000).

2.2. Sample Stratification According to Smoking and Age

We considered different groups of women regarding their smoking status (smokers, ex-smokers
and non-smokers) and performed the analysis according to three distinct scenarios: (a) all three
categories are independent; (b) the ex-smokers and smoker groups are merged; and (c) the ex-smokers
and non-smoker groups are merged.

SII was used both as a continuous variable and as a categorical one. In particular, women were
assigned to four groups, with group “1” consisting of non-smokers, while smokers were distributed
into three groups (2, 3, and 4) with SII values less than 50, between 50 and 100, and over 100, respectively.
We assessed separate age categories, but the analysis did not yield significant findings and differences
between these categories.

2.3. Smoking and hrHPV DNA Positivity

The analysis was initially focused on the high-risk HPV DNA detection, resulting to odds ratios
suggesting that smoking is, indeed, significantly related to testing positive for hrHPV. As shown in
Table 2, in Scenario (a), the odds ratio of smokers compared to the reference category (non-smokers)
was 1.785 (95% confidence intervals (CI): 1.365–2.332, p < 0.001) indicating that the odds of being hrHPV
positive were 1.785 times higher for smokers compared to non-smokers. The same has been confirmed
in Scenarios (b) and (c), for which the incorporation of ex-smokers to the smoking and non-smoking
group has resulted in OR > 1, 1.626 (95% CI: 1.251–2.113, p < 0.001) and 1.838 (95% CI: 1.415–2.388,
p < 0.001), respectively, indicating statistically significantly higher odds of being hrHPV positive in
the smoking group for both scenarios. The comparison of ex-smokers to non-smokers yielded a not
statistically significant difference (OR = 0.735, 95% CI: 0.380–1.421, p = 0.360) in Scenario (a). The ORs at
subsequent analysis were also adjusted for the number of pregnancies and the use of oral contraceptives
yielding non-significant differences compared to the unadjusted ORs.
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Concerning SII, it was shown that women who were smokers had higher odds to be positive
for hrHPV compared to non-smokers, regardless of them being light, medium or heavy smokers.
In detail, women with SII below 50 presented OR of 1.954 (95% CI: 1.332–2.865, p = 0.001), and women
with SII between 50 and 100 presented higher OR (2.368 (95% CI: 1.607–3.490, p < 0.001)), which
means that women who had smoked more were more probable to be hrHPV positive compared
to non-smokers than those who were light smokers. However, interestingly, the same result was
not observed concerning heavy smokers, since they presented OR (unadjusted) of 1.347 (95% CI:
0.934–1.941, p = 0.111) of being hrHPV positive, a value which did not reveal a statistically significant
difference compared to non-smokers as one would expect (Table 2). However, statistical significance
was obtained after adjustment, which yielded a OR of 1.471 (95% CI: 1.015–2.131, p = 0.041).

2.4. Smoking and E7 Detection

Regarding the results for the five different E7-testing assays, labeled recomWell HPV 16/18/45
KJhigh, recomWell HPV 39/51/56/59, recomWell HPV 16/31/33/35/52/58, recomWell HPV HR screen
and recomWell HPV 16/18/45 KJlow, only women who had previously given a hrHPV positive result
were selected, namely 282 women (19.1%). Among them, 121 (42.9%) were non-smokers, 150 (53.2%)
were current smokers and 11 (3.9%) were ex-smokers (Table 3).

Table 3. Frequency table regarding smoking status for hrHPV positive women.

Frequency (n) Percentage (%)

Non-Smokers 121 42.9
Smokers 150 53.2

Ex-Smokers 11 3.9
Total 282 100.0

Smoking Intensity
Index
SII = 0 121 45.1

0 < SII < 50 48 17.9
50 < SII < 100 49 18.3

SII > 100 50 18.7

SII: Smoking Intensity Index.

This analysis involved the three scenarios as previously described and yielded no statistically
significant differences concerning E7 positivity for hrHPV positive women who were smokers
compared to non-smokers in either of the three (Table 4). The most important finding was the
higher than 1 ORs, presented by recomWell HPV 39/51/56/59 assay, in all three scenarios examined,
meaning that smokers who were hrHPV positive tended to have an increased possibility for positive
E7 testing compared to non-smokers, however none of these results were statistically significant and,
therefore, this correlation could not be established. Adjustment did not reveal statistically significant
differences for any of the E7 tests examined and the ORs were only changed slightly.
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3. Discussion

According to the International Agency for Research on Cancer (IARC) certain types of human
papillomaviruses are considered carcinogenic to humans. These types are HPV 16, the most potent
carcinogen, and others (HPVs 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59) for which there is sufficient
evidence concerning carcinogenicity. Other types are also thought to have a carcinogenic potential for
which there is limited evidence [10]. The natural history of hrHPV infection, however, dictates that only
a minority of cervical hrHPV infections will eventually lead to cervical cancer [11]. On the other hand,
virtually all cases of cervical cancer are related to a hrHPV infection [1]. Therefore, according to these
facts, hrHPV infection is considered a necessary but not sufficient condition for cervical carcinogenesis,
which is facilitated by certain known or unknown co-factors [4].

Smoking is a known co-factor for hrHPV related carcinogenesis. In general, women who smoke
are more frequently found hrHPV positive compared to non-smokers according to a study conducted
in Greece [5], the main site of the presented study too, as well as according to other studies in different
countries [6,12–15]. Moreover, the intensity of smoking seems to play a role in the risk of being hrHPV
positive, as has been shown by a pooled IARC analysis [16], and by the Greek study too [5]. The former
analysis considered women who smoked at least one cigarette per day for at least one year as smokers
and the latter used the SII, a variable introduced by our group then, and used in the current analysis
too, which is strongly influenced by the time during which a woman has been a smoker. This is an
advantage of that index which may allow for more robust results. The current analysis has shown
a higher probability for women who currently smoke compared to non-smokers and an even higher
probability for women who smoke more. However, as already noted, women who have an SII > 100
(heavy smokers) do not differ statistically significantly compared to non-smokers in the unadjusted
model, but they do differ statistically significantly in the adjusted model. Although this is a rather
unexpected result, it could be justified, since the effect of smoking on HPV testing does not necessarily
exhibit a monotone relation, and, moreover, the thresholds 50 and 100 used to define the categories
are arbitrary.

A third group of women, comprised of ex-smokers, was also identified which involved women
who had stopped smoking at least a year ago, according to previous research practices [16].
These women were only 92/1473 (6.2%) in the current analysis, however, since they are a special
group, they were analyzed as such (Scenario (a)) and also as being either smokers (Scenario (b)) or
non-smokers (Scenario (c)). Ex-smokers and non-smokers did not exhibit any statistically significant
differences in the odds for being hrHPV positive. Furthermore, when ex-smokers were grouped with
smokers, the OR of being hrHPV positive was decreased compared to the one deriving from them
being grouped with non-smokers (1.626 vs. 1.838). These results might suggest the rapid effect of the
protective role of smoking cessation concerning hrHPV infection.

The molecular mechanism of hrHPV induced carcinogenesis is based on the crucial role of E6 and
E7 viral oncoproteins which are involved in the degradation of p53 [17–19] and reduced activity of
pRB (Retinoblastoma protein) [20,21], respectively. The current analysis, apart from examining the
role of smoking on the probability of hrHPV cervical infection, mainly aimed to assess its role on the
progression of hrHPV infection from a transient to a productive one, identified by the detection of
E7 protein, the most potent factor in HPV related carcinogenesis. To our knowledge, this is being
investigated for the first time, and, interestingly, it was shown that smoking did not increase the
probability of E7 positivity, as was determined using the novel E7 assays developed for clinical use
during the PIPAVIR project. The target group for this analysis had been women of the PIPAVIR cohort,
tested positive for hrHPV DNA using a PCR-based method, which implies the detection of hrHPV
DNA but does not give information on the occurrence of transient or transforming hrHPV infection.

The modifying role of smoking in the natural history of hrHPV infection is not yet clear and
epidemiologic studies often reach controversial results, probably due to methodologic issues which
produce bias, since elimination of confounding is not always possible [22]. It seems that smoking
interferes with the immune system by suppressing it [23] and this mechanism has been proposed as the
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main link between smoking and hrHPV infection. Recently, the first relevant study to investigate by
complex modeling indirect (antibody-mediated) and direct (antibody-independent) effects of smoking
on HPV infection showed that current smokers had 29% increased odds for HPV16 infection by the
indirect mechanism, an effect which was statistically significant, whereas this was not shown for the
direct effect of smoking [24]. Moreover, the indirect effect of smoking was more intense (61% increased
odds) in women who smoked more per day, but a significant increase was not observed concerning
smoking duration. Former smokers were also not reported to express a significant antibody-mediated
effect on HPV16 infection. These findings describe a mechanism which could explain the results of
the current analysis, namely the higher probability, and the insignificantly different probability of
hrHPV infection in current and former smokers, respectively, compared to never-smokers. An immune
mechanism behind the effect of smoking on hrHPV infection would most probably imply an effect
early in the natural history of the infection, by preventing the virus–host cell membrane interaction,
and not on later stages characterized by expression of E6/E7 viral proteins. In our sub-analysis, the
non-significant effect of smoking on the detection of E7 protein, an indicator of persistent hrHPV
infection in vivo, supports further the suggestion, that cigarette smoking has a more prominent role in
earlier stages of HPV-related carcinogenesis. However, more research is needed to clarify the molecular
mechanisms by which smoking interacts with the natural history of hrHPV infection.

As a conclusion, smoking seems to increase the probability of hrHPV infection, and smoking
intensity is positively associated to this increase. However, smoking is not related to an increased
probability of E7 protein positivity concerning hrHPV positive women.

4. Materials and Methods

4.1. Study Design and Sampling

The PIPAVIR project was a study conducted between August 2012 and August 2015, aiming at
the development and initial clinical assessment of a novel ELISA hrHPVE7 oncoprotein detection
method for cervical cancer screening. The study design has been described in detail previously [9].
Briefly, participants were non-pregnant women aged 30–60, without a history of cervical intraepithelial
neoplasia (CIN), who visited the Family Planning Centre, Hippokratio Hospital of Thessaloniki, Greece
and the Department of Gynecology and Obstetrics in Im Mare Klinikum, Kiel, Germany and gave their
written informed consent to participate. Subsequently, a cervicovaginal sample, used for Thinprep
cytology, HPV DNA genotyping and hrHPVE7 protein detection was taken and women with a positive
cytology or hrHPV DNA result were referred to colposcopy followed by biopsy and/or endocervical
curettage (ECC), when needed. Sampling was performed using the CervexBrush (Rovers Medical
Devices, Lekstraat 10, NL-5347, KV Oss, The Netherlands) and the Cytobrush (CooperSurgical, Inc.,
95 Corporate Drive, Trumbull, CT, USA) according to the manufacturer’s instructions. After sampling
both brushes were immersed in a vial containing collection fluid (PreservCyt, Hologic, Bedford,
MA, USA).

4.2. Smoking Habits Assessment

A personal information sheet was filled in for each woman enrolled in the study including
demographic characteristics. Concerning smoking, each woman was asked to identify herself as
a current smoker, a non-smoker (never smoker), or an ex-smoker, meaning that she had quit smoking
at least one year prior to recruitment. Smokers were also asked for more specific information about
their smoking habits, in particular, about the number of cigarettes smoked per day as well as their
smoking years. This information allowed a more quantitative approach through Smoking Intensity
Index (SII), a new variable created by the number of cigarettes smoked per day multiplied by 365 and
by years of smoking and divided by 1000 (n (cigarette/day) × 365 × n (years) ÷ 1000) [5]. In this way,
women were divided into light smokers (SII < 50), medium smokers (SII 50–100) and heavy smokers
(SII > 100).
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4.3. HPV DNA Genotyping

HPV genotyping by Multiplexed Genotyping (MPG), consisting of a consensus broad-spectrum
GP5+/GP6+ primer multiplex PCR and a type-specific probe read out by Luminex technology was
performed at the CHARITE, Gynecologic Tumor Immunology Laboratory, Berlin, Germany [25,26].
MPG, targets the L1 gene sequence, and identifies hrHPV types 16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53,
56, 58, 59, 66, 68, 73, and 82, and low-risk HPVs 6, 11, 42, 54, 70, 72 and 90.

4.4. hrHPVE7 Testing

A sandwich ELISA method was developed during the PIPAVIR project to detect hrHPVE7
protein, as a result of a collaboration between the laboratories of Innsbruck University and Mikrogen
GmbH, Neuried, Germany [9]. The detection strategy for hrHPVE7 was based on five different
assays: “recomWell HPV 16/18/45 KJhigh”, “recomWell HPV 16/18/45 KJlow”, “recomWell HPV
39/51/56/59”, “recomWell HPV 16/31/33/35/52/58” and “recomWell HPV HR screen” (for 16, 18,
31, 33, 35, 39, 45, 51, 52, 56, 58 and 59 E7). Each assay refers to different combinations of hrHPVE7
or different concentrations of the relevant ELISA antibodies and yields a measurement of the optical
density, a continuous variable.

4.5. Statistical Analysis

The main purpose of the analysis was to validate the association between HPV infection, smoking
and smoking intensity, and to assess for the first time the association between E7 protein detection,
smoking and smoking intensity for hrHPV positive women. The result of the HPV test was a categorical
binary variable, whereas the optical density value derived from the measurement of the E7 oncoprotein
was a continuous numerical variable. For this analysis, this continuous variable was transformed
into a binary one, by a cut-off value calculated using receiver operating characteristic curve analysis.
The impact of smoking and smoking intensity on hrHPV infection was evaluated empirically by
cross-tabulation matrices (in the case of E7, cross-tabulation matrices are not displayed due to space
limitation). The binary logistic regression was selected to statistically evaluate the association between
HPV/E7 and smoking/smoking intensity, since it was of interest to investigate three categories in
terms of smoking (smokers, ex-smokers and non-smokers) and four categories in terms of smoking
intensity (SII = 0, 0 < SII ≤ 50, 50 < SII ≤ 100 and SII > 100), and their binary correlations (one category
was selected each time as a reference category). The selected regression model was applied unadjusted
to assess smoking/smoking intensity, and adjusted for the number of pregnancies and the combined
oral contraceptive use (COC). The odds ratios (ORs) and adjusted ORs along with their 95% confidence
intervals (CI) and the corresponding p-values were computed. The significance level was set to 0.05.
p-value < 0.05 indicated statistically significantly different ORs compared to one. All analyses were
performed using the statistical software SPSS Statistics 22.0.

4.6. Ethical Approval

Allproceduresperformed in studies involving human participants were in accordance
with the ethical standards of the institutional and/or national research committee and with
the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
The study was performed subject to the: Bioethics Committee of the Medical School of
Aristotle University of Thessaloniki/Greece (33-31/8/2012) and the Ethikkommission der
CHARITE-Universitätsmedizin Berlin/Germany (Available online: http://www.charite.de/fakultaet/
kommissionen/ethikkommission.html). Project identification date: 31 August 2012.

4.7. Informed Consent

Informed consent was obtained from all individual participants included in the study.
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Abstract: Human papillomavirus (HPV) is a major etiological factor for tonsillar and the base of
tongue cancer (TSCC/BOTSCC). HPV-positive and HPV-negative TSCC/BOTSCC present major
differences in mutations, mRNA expression and clinical outcome. Earlier protein studies on
TSCC/BOTSCC have mainly analyzed individual proteins. Here, the aim was to compare a larger
set of cancer and immune related proteins in HPV-positive and HPV-negative TSCC/BOTSCC
in relation to normal tissue, presence of HPV, and clinical outcome. Fresh frozen tissue from
42 HPV-positive and 17 HPV-negative TSCC/BOTSCC, and corresponding normal samples, were
analyzed for expression of 167 proteins using two Olink multiplex immunoassays. Major differences
in protein expression between TSCC/BOTSCC and normal tissue were identified, especially in
chemo- and cytokines. Moreover, 34 proteins, mainly immunoregulatory proteins and chemokines,
were differently expressed in HPV-positive vs HPV-negative TSCC/BOTSCC. Several proteins were
potentially related to clinical outcome for HPV-positive or HPV-negative tumors. For HPV-positive
tumors, these were mostly related to angiogenesis and hypoxia. Correlation with clinical outcome
of one of these, VEGFA, was validated by immunohistochemistry. Differences in immune related
proteins between HPV-positive and HPV-negative TSCC/BOTSCC reflect the stronger activity of the
immune defense in the former. Angiogenesis related proteins might serve as potential targets for
therapy in HPV-positive TSCC/BOTSCC.

Keywords: tonsillar cancer; base of tongue cancer; oropharyngeal cancer; human papillomavirus;
proximity extension assay; clinical outcome; protein expression

1. Introduction

The incidence of oropharyngeal squamous cell carcinoma (OPSCC) has increased in many Western
countries, due to a rise in incidence of human papillomavirus (HPV) positive tonsillar squamous cell
carcinoma (TSCC) and base of tongue squamous cell carcinoma (BOTSCC), the two most commonly
HPV-positive OPSCC subsites [1–3]. Notably, HPV-positive TSCC/BOTSCC has a much better
clinical outcome than the corresponding HPV-negative cancer, with the latter mainly being caused by
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smoking [4–6]. HPV-positive and HPV-negative TSCC/BOTSCC diverge with regard to chromosomal
rearrangements, mutations (e.g., p53), RNA and microRNA expression, and DNA methylation [7–11].
Moreover, some proteins differ in expression between HPV-positive and HPV-negative TSCC/BOTSCC
and in their relation to clinical outcome (e.g., p16, CD44) [11–13]. Most studies on expression at the
protein level have been performed on specific proteins by immunohistochemistry (IHC), and thus
rather few proteins have been analyzed in total. For this reason, there is a lack of data on differences
in protein expression between HPV-positive and HPV-negative TSCC/BOTSCC, as well as between
these entities and normal tissue and in relation to clinical outcome. Several studies have demonstrated
differences with regard to cellular immune response between these tumor types, but they have mainly
targeted differences in cell populations, e.g., CD8+, CD4+ and FoxP3+ T-cells, whereas only few
immune related proteins, e.g., PD-1 and APM components, have been specifically evaluated [14–19].

Olink multiplex assays are recently developed immunoassays, based on proximity extension
assay (PEA) technology, with high sensitivity and reproducibility over a wide range of protein
concentrations [20]. Each panel targets 94 cancer and/or immune related proteins, and only requires
a small amount of sample. Here, the Olink Oncology II and Immuno-Onc panels were employed
to evaluate cancer and immune related proteins in TSCC/BOTSCC in relation to tumor HPV status,
normal tissue, and clinical outcome.

2. Results

Fifty-nine TSCC/BOTSCC (Table 1) and their corresponding normal samples were analyzed on
Olink Immuno-Oncology and Oncology II panels covering 167 proteins. A heat map combined with a
dendrogram demonstrated that 58/59 replicates of the tumor samples were positioned as branches
that were directly adjoint to each other, so for future analysis an average between the replicate values
was used. The final analysis included 155 proteins in 55 tumor and normal samples. More specifically,
the analysis of 12 proteins (IL-2, IL-4, IL-5, IL-10, IL-13, IL-21, IL-35, IFN-β, IFN-γ, PPY, SDF-1, SEZ6L)
with values that are below the level of detection (LOD, as defined by Olink) in >70% samples and low
values in the others, were not included and four tumor/normal sample pairs, where internal and/or
detection controls failed, were excluded.

2.1. Comparison between Tumor and Normal Samples

A heatmap visualization revealed a clear separation between cancer and normal tissue (Figure S1).
HPV-positive and HPV-negative cancers were then compared separately with their corresponding
normal samples (HPV-positive tumors with normal samples from patients with HPV-positive tumors,
etc.). For HPV-positive tumors vs. normal samples, 111/155 proteins showed significant differences
and of these 44 proteins, 38 proteins >4-fold upregulated and 6 >2-fold downregulated in the tumors,
are presented in Supplementary Table S1 (Bonferroni-adjusted p-values < 0.05, with exception of HK8
for which it was p = 0.1). For HPV-negative tumors vs. normal samples 78/155 proteins differed
significantly, and 37 proteins (29 >4-fold upregulated and 8 >2-fold downregulated are presented in
Supplementary Table S2.

Table 2 presents the 13 proteins with the strongest upregulation in HPV-positive tumors vs.
normal samples. The corresponding values for HPV-negative tumors, which are also presented in
Table 2, reveal that these proteins were also highly upregulated in those tumors although some
(e.g., CCL20 and CXCL11) were apparently less upregulated than in HPV-positive tumors. Most of the
proteins in Table 2 were chemokines and cytokines, although e.g., CA9 with >50-fold upregulation is
hypoxia related.
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Table 1. Patient and tonsillar squamous cell carcinoma (TSCC)/base of tongue squamous cell carcinoma
(BOTSCC) characteristics.

Patient and Tumor Characteristics

HPV+TSCC/BOTSCC
(n = 42)

HPV-TSCC/BOTSCC
(n = 17)

All TSCC/BOTSCC
(n = 59)

Validation set
(n = 49)

n % n % n % n %

Age
Mean (years) 61.7 60.6 61.4 62.1

Median (years) 61 64 61 61
Range (years) 46–84 32–83 32–84 42–84

Diagnose

malignant neoplasm of the base of
tongue (C01.9) 9 21% 9 53% 18 31% 13 22%

malignant neoplasm of the tonsil
(C09.0-9) 33 79% 8 47% 41 69% 36 61%

Sex
female 8 19% 3 18% 11 19% 13 22%
male 34 81% 14 82% 48 81% 36 61%

Tumour
differentiation

poorly 21 50% 9 53% 30 51% 29 49%
moderatley 17 40% 8 47% 25 42% 18 31%

well 2 5% 0 0% 2 3% 1 2%
undefined 2 5% 0 0% 2 3% 1 2%

Tumour size

T1 6 14% 3 18% 9 15% 8 14%
T2 16 38% 2 12% 18 31% 20 34%
T3 11 26% 5 29% 16 27% 10 17%
T4 9 21% 7 41% 16 27% 11 19%

Nodal disease

N0 5 12% 6 35% 11 19% 5 8%
N1 12 29% 1 6% 13 22% 11 19%

N2a 5 12% 3 18% 8 14% 5 8%
N2b 15 36% 3 18% 18 31% 21 36%
N2c 5 12% 2 12% 7 12% 7 12%
N3 0 0% 1 6% 1 2% 0 0%
NX 0 0% 1 6% 1 2% 0 0%

Distant
metastasis

M0 42 100% 16 94% 58 98% 48 81%
M1 0 0% 0 0% 0 0% 0 0%
MX 0 0% 1 6% 1 2% 1 2%

Tumour Stage

I 0 0% 3 18% 3 5% 0 0%
II 4 10% 1 6% 5 8% 3 5%
III 11 26% 2 12% 13 22% 10 17%
IVa 27 64% 9 53% 36 61% 34 58%
IVb 0 0% 1 6% 1 2% 0 0%
IVc 0 0% 0 0% 0 0% 1 2%

Unknown 0 0% 1 6% 1 2% 0 0%

Treatment

Induction chemotherapy
and radiation

conventional 4 10% 3 18% 7 12% 8 14%
accelerated 11 26% 9 53% 20 34% 14 24%

Radiation
conventional 20 48% 4 24% 24 41% 21 36%
accelerated 7 17% 1 6% 8 14% 6 10%

Brachytherapy
boost

Not administered 34 81% 12 71% 46 78% 38 64%
Administered 8 19% 7 41% 15 25% 11 19%

Concomittant
Cetuximab

Not administered 35 83% 13 76% 48 81% 42 71%
Administered 7 17% 4 24% 11 19% 7 12%

Smoking

Never 15 36% 2 12% 17 29% 16 27%
Former (>15 years ago) 11 26% 1 6% 12 20% 11 19%
Former (<15 years ago) 7 17% 3 18% 10 17% 11 19%
Current upon diagnosis 9 21% 11 65% 20 34% 11 19%

Table 2. Proteins with the most prominent differences between TSCC/BOTSCC and normal samples.

Protein
HPV Positive TSCC/BOTSCC vs. Normal HPV Negative TSCC/BOTSCC vs. Normal

Ratio p-Value Ratio p-Value

CA9 55.72 1.10 × 10−21 50.56 1.80 × 10−8

CXCL13 37.27 3.70 × 10−14 21.26 1.40 × 10−5

CXCL10 36.25 1.40 × 10−19 15.89 1.50 × 10−6

CCL4 35.75 9.30 × 10−24 20.25 1.80 × 10−9

MMP-12 35.51 4.60 × 10−18 33.36 3.90 × 10−9

CCL3 34.78 1.30 × 10−20 38.85 3.70 × 10−10

CCL20 25.81 5.40 × 10−13 11.31 0.00011
CXCL11 22.32 3.90 × 10−18 11.39 6.30 × 10−6

IL-6 20.97 3.40 × 10−15 33.59 3.40 × 10−8

CXCL9 19.43 2.50 × 10−18 9.78 7.70 × 10−6

IL-8 19.16 5.90 × 10−15 24.42 1.20 × 10−7

TNFRSF9 18.25 1.50 × 10−15 11 3.80 × 10−6

WISP-1 16.34 2.30 × 10−23 13.64 2.10 × 10−9
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2.2. Predictive Models for HPV-Positive and HPV-Negative Tumors

Predictive models, being potentially useful for distinguishing between cancer and normal tissues
were developed by differential protein expression analysis of HPV-positive and HPV-negative tumors
against the normal samples (Figure S2). For HPV positive tumors, the following multiple regression
model was obtained; T = −7.3 + 0.62 × WISP1 + 0.44 × CXCL10 + 0.39 × CCL7 − 0.3 × ICOSLG +
0.27 × CA9 − 0.27 × IL-18 + 0.18 × VEGFA − 0.15 × FRα − 0.073 × CD207 + 0.064 × TCL1A + 0.04 ×
CX3CL1, where the protein names denote the respective expression variables, T is the ‘tumor/normal’
status, and the first term is the intercept of the linear equation. Since the expression values were in the
same range after the Olink normalization, the regression coefficients convey proteins’ importance of
the specific proteins in this model.

For HPV negative tumors, the model was simpler and shared with the former model for all of the
proteins, except CCL4, ANG2, and CCL3: T = −1.6 + 0.47 × CCL7− 0.35 × IL-18 + 0.22 × CCL4 + 0.17 ×
CA9+ 0.13 × ANG2 + 0.12 × WISP1 + 0.072 × CCL3.

The algorithm that produced these models aimed at a tradeoff between the models’ simplicity and
precision. Thus, these protein terms are the least redundant sets sufficient for distinguishing between
tumor and normal samples given the absence/presence of the HPV infection. Despite the perfect
separation between the tumor and normal samples within this dataset, robustness and reproducibility
of the models should be validated using independently collected data in future studies.

2.3. Comparison between HPV-Positive and HPV-Negative Tumors

As noted above, the difference in expression levels between the groups of HPV-positive and
HPV-negative tumors was generally less pronounced than between those of tumors vs. normal
tissues. Table 3 presents the 34 proteins with significantly different expression in HPV-positive and
HPV-negative tumors (unadjusted p < 0.05 and FDR < 0.25). Boxplots presenting the expression
levels in Mucin-16, FasL, CD8A, and HK14 for HPV-positive and HPV-negative tumors are shown
in Figure 1A.

Table 3. Protein with significant differences in expression between HPV positive and negative TSCC
and BOTSCC.

Protein Ratio HPV-Positive/HPV-Negative (Linear) p-Value False Discovery Rate (FDR)

MUC-16 4.89 0.0016 0.062
CXCL17 2.73 0.025 0.162
CCL20 2.51 0.0046 0.101
CD8A 2.23 0.024 0.162
FASL 2.23 0.0065 0.101
CCL4 2.20 0.00093 0.057

CXCL10 2.19 0.037 0.186
PD-L1 2.13 0.0024 0.062
IL-12 2.10 0.025 0.162
LY9 1.88 0.026 0.162

CD27 1.83 0.025 0.162
PDCD1 1.62 0.031 0.173
KLRD1 1.61 0.018 0.148
DKN1A 1.53 0.031 0.173
GZMH 1.52 0.046 0.209
NCR1 1.51 0.016 0.148

IL12RB1 1.45 0.015 0.148
CPE 1.45 0.047 0.209
IL-7 1.37 0.016 0.148

VEGFC 0.89 0.046 0.209
ITGAV 0.78 0.017 0.148
HO-1 0.74 0.0096 0.120

GZMB 0.74 0.01 0.120
FURIN 0.73 0.035 0.186
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Table 3. Cont.

Protein Ratio HPV-Positive/HPV-Negative (Linear) p-Value False Discovery Rate (FDR)

TXLNA 0.72 0.027 0.162
GPNMB 0.70 0.0054 0.101

TNFRSF12A 0.66 0.046 0.209
GAL-9 0.59 0.0011 0.057

ADAMTS15 0.59 0.009 0.120
HK8 0.45 0.037 0.186

TFPI2 0.35 0.0061 0.101
AR 0.34 0.0024 0.062

WIF-1 0.24 0.018 0.148
HK14 0.16 0.00032 0.050

Figure 1. Protein expression in human papillomavirus (HPV) positive and negative TSCC/BOTSCC.
(A) Boxplots presenting the expression of Mucin-16 (MUC16), Fas ligand (FasL), CD8A, and Human
Kallikrein 14 (HK14) in HPV positive and negative TSCC/BOTSCC. NPX-values in 2-log scale.
(B) Heatmap presenting the expression of 22 proteins with significant differences and >1.5 fold
difference between HPV positive and negative TSCC/BOTSCC. Green, HPV positive and orange,
HPV negative tumors. Three tentative clusters of samples are marked as I, II, and III.
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Out of nine proteins with >2-fold higher in expression in HPV-positive tumors, than in
HPV-negative tumors, most were surface immunoregulatory proteins that were present on immune
or tumor cells (e.g., CD8A, PD-L1, FasL) or chemokines. Notably, however Mucin-16, with a nearly
five-fold difference in expression, is a glycoprotein that is present in mucosal surfaces. In contrast, five
proteins with >2-fold lower expression in HPV-positive tumors than in HPV-negative tumors were not
immune related proteins, e.g., two kallikreins, HK8 and 14, and Wnt inhibitory factor 1 (WIF-1).

In a heatmap, presenting proteins differentially expressed in the HPV-positive as compared
with the HPV-negative tumors, most HPV-positive tumors separated into two out of three main
clusters (cluster II and III, Figure 1B). These two clusters differed with regard to expression of several
membrane molecules related to the immune defense e.g., PD-L1, PD-1, FasL, NCR1, and KLRD1,
whereas e.g., CD8A, CD27, CXCL9, and CXCL10 had similar and high expression levels. The third,
cluster I, grouped together with the majority of HPV-negative samples, and was characterized by low
values of many immune related proteins such as CD8A and the chemokines CXCL9, 10, 17, and CCL20,
and by higher values of e.g., Gal9, HK14, ADAMTS15, and IL6.

2.4. Protein Expression in Relation to Clinical Outcome

Proteins with formally significant expression differences (unadjusted p < 0.05), possibly associated
to clinical outcome, are depicted for HPV-positive and HPV-negative tumors in Tables 4 and 5.
Tumor samples from patients, dead of other causes within 4-years, were excluded in this analysis.

Table 4. Proteins related to recurrence in HPV positive TSCC and BOTSCC.

Protein Ratio * (Linear) p-Value

DLL1 8.38 0.000422
ESM-1 5.76 0.00286
TNFRSF19 5.41 0.000145
VEGFA 4.01 0.00241
CYR61 3.64 0.0044
CCL7 3.23 0.0402
PLGF 2.89 0.0127
MIC-A/B 2.67 0.0452
ANG-2 2.33 0.00218
TNFRSF21 2.20 0.0411
IGF1R 1.78 0.00847
CSF-1 1.74 0.0361
GPNMB 1.62 0.0347
ICOSLG 1.41 0.0441
IFN-GAMMA-R1 1.40 0.037

* Ratio between tumors with recurrence vs tumors from patients with 4-year disease free survival.

Table 5. Proteins related to recurrence in HPV negative TSCC and BOTSCC.

Protein Ratio * (Linear) p-Value

WFDC2 4.11 0.000339
EGF 4.03 0.0239
MIA 2.84 0.00962
VEGFR-2 0.76 0.0275
EPHA2 0.68 0.0167
DKN1A 0.58 0.0382
ANG2 0.52 0.00641
TNFRSF4 0.51 0.0449
TRAIL 0.50 0.045
CXCL11 0.26 0.0462
IL-1-ALPHA 0.26 0.00104

* Ratio between tumors with recurrence vs tumors from patients with 4-year disease free survival.
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Notably, despite the noticeable fold change ratios, the p-value levels were not always sufficiently
low (e.g., only TNFRS19 (Troy) was significant after Bonferroni correction for multiple testing).
This could be explained by the relatively small sample sizes and these findings require further
validation in an extended cohort. For HPV-positive tumors, 15 proteins were related to recurrence
after therapy, all with a higher expression in the primary tumors with later recurrence (Table 4).
The 13 proteins with >2-fold higher expression in tumors with recurrence, included proteins that were
at least partially related to angiogenesis (DLL1, ESM1, VEGFA, CYR61, and PlGF), and two proteins
belonging to the TNF receptors, TNFRSF19 and TNFRSF21. Noteworthy, the IGF receptor IGF1R
showed increased expression levels in tumors with recurrence, while no proteins had significantly
lower expression. Boxplots for TNFRSF19, VEGFA, ESM-1, and Cyr61 in HPV-positive tumors
with/without recurrence are presented in Figure 2A.

In the HPV-negative tumors, 11 proteins were related to recurrence with only three (WFDC2, EGF,
and MIA) showing a >2-fold higher expression, while the majority had a lower expression, with IL1α,
CXCL11, and TRAIL being the most prominent (Table 5). Expression levels of some proteins that were
related to recurrence in HPV negative tumors are presented in boxplots (Figure 2B).

Figure 2. Cont.
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Figure 2. Protein expression in relation to clinical outcome. (A) Boxplots presenting the expression of in
HPV positive oropharyngeal squamous cell carcinoma (OPSCC) with recurrence vs those with four-year
tumor free survival. (B) Boxplots presenting the expression of specific proteins in HPV negative OPSCC
with recurrence and or death with tumor vs those with four-year tumor free survival. NPX-values in
two-log scale. (C) Kaplan–Meier curves of disease free survival for 49 patients dichotomized based on
tumor VEGFA expression in the validation set. Numbers below the diagram refer to the number of
patients at risk at the specific time point.

2.5. Proteins Related to High CD8A Expression

CD8+ positive tumor infiltrating lymphocytes (CD8+ TILs) have earlier been related to improved
prognosis for both HPV-positive and HPV-negative TSCC/BOTSCC, although the latter in general
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have a lower number of CD8+ TILs [21,22]. For this reason, a specific evaluation of proteins that were
related to the expression of CD8A, present in the panel, was of special interest.

This evaluation was performed by correcting for % tumor cells in the sample both for all of
the tumor samples taken together and then separately for HPV-positive and HPV-negative tumors.
Proteins with p < 0.01 for all of these analysis are presented in Table S3. When all tumor samples were
evaluated together the correlation of GZMH, ABL1, IL-7, LY9, IL-12, SCAMP3, and CD244 were highly
significant (p < 1 × 10−6). The correlates usually remained significant even after the fraction of tumor
cells was accounted for as a covariate, indicating that the analysis was largely unaffected by this factor.

2.6. Protein Expression in Relation to Tumor T-Stage

Protein expression was also evaluated in relation to tumor T-stage, by comparing the
pooled set of T1/T2 with that of T3/T4, for HPV-positive and HPV-negative tumors separately.
Significant differences are presented in Table S4. For HPV-positive tumors, the relation between
protein expression and T-stage was minor, with <2-fold ratios of the five proteins with significant
differences. For HPV-negative tumors more proteins demonstrated profound differences, with MMP7,
CXCL17, and CEACAM5 exhibiting >4-fold higher expression at stage T3/T4 vs. stage T1/T2.

2.7. Validation of VEGFA Expression in Relation to Prognosis

To validate the expression of VEGFA in relation to clinical outcome a set of 49 TSCC/BOTSCC
biopsies was evaluated for VEGFA expression by IHC. The tumors were then dichotomized based
on the VEGFA intensity and analyzed in relation to disease free and progression free survival.
Strong VEGFA expression was found to be correlated to poor disease-free survival (DSF), p = 0.027,
Figure 2C, whereas for progression-free survival (PFS), this tendency failed to reach significance
(p = 0.107).

3. Discussion

In this study, 55 TSCC/BOTSCC biopsies and corresponding normal samples were analyzed
for the expression of 155 cancer and immune related proteins, and differences in protein expression
between tumor and normal tissue as well as between HPV-positive and HPV-negative TSCC/BOTSCC,
were identified. Furthermore, proteins potentially related to clinical outcome, for HPV-positive and
HPV-negative tumors, respectively, were identified. One of these proteins, VEGFA, was validated and
was shown to be related to disease-free survival for HPV-positive TSCC/BOTSCC.

The proteins included in the Olink panels utilized in the present study, had been selected as
directly or indirectly cancer related and involved in processes such as angiogenesis, cell-cell signaling,
cell-cycle control, tumor-immunity, chemotaxis, apoptosis, and cell killing (www.olink.com/products).
Therefore, it was not surprising that many differences in protein expression between tumor and normal
tissue were found. That fewer (78/155) proteins differed in expression between HPV-negative tumors
as compared to HPV-positive tumors (111/155) vs. their corresponding normal samples was likely a
combined effect of a smaller cohort (i.e., lower statistical power) and/or a less active immune defense
in the former.

The most upregulated proteins in the tumor tissue were mainly chemokines and cytokines,
indicating an increased activity of the immune response, as especially shown for chemokines CXCL9,
10, 11, 13, and CCL3, 4 and 20, and cytokines IL-6 and 8. A recent analysis of 20 different cytokines
and chemokines (some also included here) in culture supernatants harvested from HNSCC tumor
tissue-derived cell suspensions, showed, in accordance with the present study, high tumor related
levels of CXCL9, CXCL10, and CCL20 and decreased levels of CCL5 [23]. In parallel to this study,
higher expression of CXCL9 and CXCL10 was noted in HPV-positive tumors than in HPV-negative
tumors. Furthermore, in a study on melanoma a 12-chemokine signature that was related to immune
infiltrates included high expression of CXCL9, 10, 11, 13, and CCL 3 and 4, similarly to TSCC/BOTSCC
in the present study [24].
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Proteins with a distinct lower expression in HPV-positive TSCC/BOTSCC vs. normal samples
included kallikreins KLK13, HK8, and HK11. Kallikreins have mostly been investigated as serum
markers in prostate cancer, but also in some other cancer types e.g., lung cancer where HK8 has been
found to be related to favorable outcome and shown to suppress tumor invasiveness in lung cancer,
while little is known about their expression in HNSCC and TSCC/BOTSCC [25].

Proteins with higher expression in HPV-positive vs. HPV-negative TSCC/BOTSCC were mainly
immune related. Several were surface proteins expressed on immune cells, e.g., CD8A, and PD-1, or on
cancer cells and affecting immune activity, e.g., PD-L1, FASL, and notably PD-1 and its ligand PD-L1
were similarly upregulated. A higher CD8A expression was expected, since increased numbers of
CD8+, FoxP3+, and CD4+ TILs in HPV-positive vs. HPV-negative OPSCC have been noted earlier,
where in particular a higher number of CD8+TILs is linked to a better clinical outcome, irrespective of
the HPV status of the tumor [19,21,22].

PD-1 and PD-L1 exhibited a higher expression in HPV-positive when compared to HPV-negative
tumors in this study. Interaction of PD-1, expressed on the surface of activated T-cells, B-cells, and
macrophages, and PD-L1, expressed on immune and cancer cells can suppress the activity of CD8+
T-cell mediated immune response, and have therefore received attention for immunotherapy [26,27].
Recent studies investigating PD-L1 and PD-1 expression in OPSCC gave partly contradictory results,
with two studies showing higher PD-L1 mRNA levels in HPV-positive cancer, while the third study
reported the opposite result [19,23,28]. Notably, since PD-L1 is expressed on both cancer and tumor
infiltrating immune cells, this study, similarly to global mRNA analysis, does not differentiate the
expression between these cell types.

In parallel with the higher immune infiltration in HPV-positive than in HPV-negative tumors,
some cytokines and chemokines e.g., IL12, CCL4, CCL20, CXCL10, CXCL17 had higher expression in
the former, with IL12, notably being an important regulator of T-cell and NK-cells cytotoxicity, and its
receptor, IL12R1-β1, was also upregulated in the HPV-positive tumors.

Finally, Mucin-16 (also known as MUC-16), a transmembrane protein that functions as a barrier
to bacterial infections, protects cancer cells from being killed by immune cells and contains the CA125
peptide [29], demonstrated a nearly 5-fold difference between HPV-positive and HPV-negative tumors.
Mucin-16/CA125 has especially been studied in ovarian cancer where it is used both as a diagnostic
and predictive marker and to evaluate the response to therapy in this tumor type [29]. The reason
behind the increased expression in HPV-positive vs. HPV-negative TSCC/BOTSCC is yet unclear and
needs further investigation.

Few other studies have analyzed a large number of proteins simultaneously in OPSCC in relation
to tumor HPV status and/or clinical outcome. Proteomic profiling of OPSCC by mass spectrometry
disclosed e.g., enrichment of E2F1 and E2F4 in HPV-positive OPSCC, while reverse-phase protein
array profiling revealed differences in e.g., P13K/AKT/mTOR and receptor kinase pathways [30,31].

Here, most HPV-positive tumors separated into clusters, mainly due to differences in the
expression of immune related proteins on the cell surface of tumor infiltrating immune cells,
e.g., PD-1, FasL, NCR1, and KLRD1 or soluble cytokines/chemokines e.g., IL12 and CCL4 (Figure 1B).
High expression of FasL, PD-1, and KLRD1 indicates a high infiltration of several parts of the immune
defense with PD-1, mainly expressed on T-, B-cells and macrophages, and NCR1 and KLRD1 mainly
expressed on NK-cells [32,33]. Notably, CD8A expression did not differ between cluster II and III
indicating no major differences in numbers of CD8+ T-cells between these clusters, in contrast to
that observed between HPV-positive and HPV-negative tumors. Similarly, several of the chemokines
differing in the expression between HPV-positive and HPV-negative tumors do not differ between
these clusters either, e.g., CXCL9 and 10.

Global mRNA expression between HPV-positive and HPV-negative OPSCC has also shown
differences in proteins not included in the present study e.g., CDKN2A, NF-KB, and STAT3, making
comparisons difficult [34–36]. Notably, in one study HPV-positive OPSCC was split into two subtypes,
a Classical subtype (CL)-HPV and an Inflamed/mesenchymal subtype (IMS)-HPV, where the latter
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was characterized by higher expression of e.g., immune response genes, such as CD8A, ICOS, LAG3,
and HLA-DRA, related to CD8 T-cell infiltration [36]. Here, out of these, only CD8A was analyzed and
it did not present differences between the two major clusters although HPV-positive tumors in a third
cluster (I), dominated by HPV-negative tumors, presented a low amount of CD8A expression.

In this study, some of the proteins with the most pronounced potential correlation to clinical
outcome in HPV-positive TSCC/BOTSCC were at least partly related to angiogenesis e.g., DLL1, ESM1
(endocan), VEGFA, CYR61, and PlGF. Higher VEGFA expression in the tumor cells was confirmed
by IHC to be associated with poorer DSF. High VEGFA expression, especially in combination with
high EGFR expression has earlier been linked to local recurrence in TSCC in one study, and likewise
in oral and laryngeal cancer, but not in a third study, including HPV-positive and HPV-negative
OPSCC [37–40]. Notably, VEGFA induces the expression of ESM1, which is a mediator of the angiogenic
effect of VEGFA [41]. Moreover, ESM1 has been related to shorter survival in e.g., breast, liver, and
nasopharyngeal cancer, but has not been investigated in OPSCC [42,43].

Angiogenesis is closely linked to hypoxia, and VEGFA together with CA9, are also markers
for hypoxia, both being regulated by HIF1α and are involved in the induction of members of the
Notch-pathway where DLL1 functions as a ligand for Notch1 [44]. Also, PlGF, which is a ligand for
VEGFA, is induced by hypoxia [45].

Noteworthy, the IGF receptor IGF1R also demonstrated a higher expression in tumors that
recurred. IGF1R is potentially targetable for therapy and can inhibit the effect of anti-EGFR therapy
by acting on the same downstream pathway [46,47]. Since current TSCC and BOTSCC therapy often
includes EGFR inhibitors, there is a potential need to combine such treatment with anti-IGF1R therapy.
IGF1R has also previously been linked to poor prognosis in HPV-negative OPSCC [48].

There is a need for new targets for therapy of TSCC and BOTSCC irrespective of HPV-status.
Recently, earlier treatment that entailed conventional radiotherapy and/or surgery has been intensified
by increased radiotherapy, chemoradiotherapy, and/or EGFR-inhibitors. Intensified treatment leaves
the patients with more side effects, but has not improved survival for patients with HPV-positive
cancer in Stockholm, Sweden [49]. Treatment for recurrent TSCC and BOTSCC is a real challenge
and the results are poor. Proteins related to recurrence in the present study, such as e.g., IGF1R and
TNFRSF19/Troy, may possibly be utilized as such targets.

Protein expression was also analyzed in relation to tumor T-stage and major differences related
to T-stage were found for some proteins in HPV-negative tumors, but not for HPV-positive tumors.
Although T-stage has been shown to be related to clinical outcome [49] the proteins with the strongest
relation to T-stage for HPV-negative tumors, MMP7, CSCL17, and CEACAM5, were not found to be
related to survival. There are limitations in the present study. Only 59 tumors were included, and when
HPV-positive and especially HPV-negative tumors were analyzed separately or compared, random
correlations might have been obtained. In addition, both the treatment and T-stage of the tumors
included in the cohort were heterogeneous, as presented in Table 1. For proteins related to clinical
outcome these issues may have had an effect on the results obtained, especially given the few events.
Thus, the result presented here must be interpreted with caution.

In summary, when comparing protein expression in TSCC/BOTSCC with normal tissue, the most
prominent differences were found for chemo-and cytokines. Between HPV-positive vs. HPV-negative
tumors, most of the differences were detected in the immune related proteins as well as cyto-and
chemokines. Some proteins were tentatively related to clinical outcome. For HPV-positive tumors,
such proteins were mostly related to hypoxia and angiogenesis, and some may be potentially targetable
and need to be further evaluated.
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4. Material and Methods

4.1. Patients and Tumor Biopsies

Fifty-nine study specific pre-treatment tumor biopsies of TSCC (ICD-10 code C09.0-9) and
BOTSCC (ICD-10 code C01.9), and adjacent normal tissue, from patients treated 2002–2011 at the
Karolinska University Hospital were snap frozen and stored at −70 ◦C until the cutting of the samples.
Corresponding diagnostic formalin fixed paraffin embedded (FFPE) pre-treatment biopsies from the
tumors had previously been analyzed for HPV DNA and p16INK4A (p16) overexpression, where
being positive for both was defined as HPV-positive status [11]. Patient and tumor characteristics are
presented in Table 1, where the AJCC/UICC 7th ed is used for staging. Validation of VEGFA expression
was performed on FFPE TSCC/BOTSCC pretreatment biopsies from patients treated 2000–2010 at
the Karolinska University Hospital (Table 1). The study was performed according to permissions
02-009 (4 February 2002) and 2009/1278-31/4 (2 September 2009) from the Regional Ethics Committee,
Karolinska Institutet. Informed consent was obtained from all of the patients.

4.2. Sample Preparation

Biopsies were cut frozen, embedded in optimal cutting temperature compound (OCT), and six
cuts/biopsy were made, 1 × 5 μm, 4 × 20 μm and 1 × 5 μm. The first and last were used for
haematoxylin-eosin-staining and evaluation of tumor content by an experienced pathologist. All of
the tumor samples included had at least 40% tumor cells and 40/59 had >70% tumor cells (taking
tumor infiltrating immune cells into account). For tumors, the remaining cuts (20 μm each) were
paired 2 and 2, with each pair dissolved and analyzed separately, to obtain two replicates. For normal
tissues, the remaining cuts were all pooled and dissolved together. Samples were then dissolved in
different amounts of RIPA-buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 % Triton
X-100, 0.1% Sodium deoxycholate with protease inhibitors) in relation to the area of the cuts to obtain
a standardized protein concentration. Dissolved samples were kept frozen at −70 ◦C until analysis on
the Olink platform.

4.3. Analysis on Olink Panels

Sample aliquots were analyzed with two Olink multiplex immunoassays, Immuno-Oncology
and Oncology II, (Olink Bioscience, Uppsala, Sweden) at the Clinical Biomarkers facility, Science for
Life Laboratory, Uppsala University, with each panel evaluating the concentration of 92 different
proteins. In total, 167 unique proteins were analyzed, since 17 proteins overlapped between the
two assays (Supplementary Table S5). The 17 common proteins served as a validation of the results
between the assays. Concentrations of each protein were reported as normalized protein concentration
(NPX) in a 2-log scale, and limit of detection (LOD) was defined as three standard deviations
above background [20]. The assays also included two internal controls and a detection control.
Quality control and data pre-processing (including normalization) of PEA data was made according to
the manufacturer’s recommended procedures. NPX-values for proteins and samples included in the
evaluations are presented in Supplementary Table S6.

4.4. Evaluation of Data from Olink Panels

In order to enable as much tools of parametric statistics, such as Pearson linear correlation, t-test,
regression modeling, the expression profiles were rendered normally distributed by taking log2 of
the NPX values. The multiple regression model (Figure S2) was created using R package glmnet
(available from http://web.stanford.edu/~hastie/glmnet/glmnet_alpha.html) under alpha = 1 and
other parameters set to their defaults. p-values from t-tests were adjusted to report either family-wise
error rates (Bonferroni correction) or the false discovery rate [50].
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4.5. Heatmaps

Heatmap in Figure 1B was generated using Qlucore Omics Explorer 3.2 (Qlucore, Lund, Sweden).
Heatmap in Figure S1 was created with R package heatmaply (https://cran.r-project.org/package=heatmaply).

4.6. Box Plots of Protein Expression

Using the default settings in R function boxplot, the boxes contain data points within the 25–75th
percentile intervals (i.e., in the 2nd and 3rd quartiles). The maximal whisker length, MWL, is defined
as 1.5 times the box length. Whiskers can extend to either the MWL or to the maximal available data
point when the latter is below MWL. Separate markers thus correspond to data points that extend off
the box by more than the MWL value.

4.7. Immunohistochemistry for VEGFA

Evaluation of VEGFA expression was performed only in samples that were both HPV DNA and
p16 positive and the validation set is presented in Table 1. More specifically, 4 μm FFPE sections
were de-paraffinized in xylene and rehydrated with ethanol. Blocking for endogenous peroxidase
was performed using 1% bovine serum albumin in TBS. The sections were then incubated with VEGF
antibody C1 (Santa Cruz Biotechnology, Heidelberg, Germany), 1:100 overnight at +4 ◦C, washed
three times in TBS, incubated 30 min with Biotinylated horse-anti-mouse antibody diluted 1:200
in TBS with 0.2% Triton-X, and washed three times in TBS. After incubation with ABC-peroxidase
(Vector Laboratories, Burlington, CA, USA) for 30 min at RT and three washes in TBS the staining
was developed with DAB-kit (Vector Laboratories) for 3 min. Counterstaining was done with
haematoxylin and the sections were dehydrated using increasing concentrations of ethanol and
xylene before mounting.

Staining was evaluated by two researchers, including one pathologist, blinded for all other
information about the samples. For cases where the evaluation differed, a consensus was reached.
Staining intensity on tumor cells was scored as 0, absent, 1, weak, 2, moderate, and 3, strong.
The percentage of stained tumor cells was assessed to the nearest 10%. Cases where the staining
was not possible to be evaluated adequately were excluded.

4.8. Evaluation of Survival

For analysis of survival in relation to protein expression in the PEA-assay, tumors were analyzed
separately for HPV-positive and HPV-negative tumors and tumors from patients being tumor-free and
alive after four-years were compared with tumors from patients with recurrence within and/or dead
with tumor within four-years. There were five recurrences/death with tumor among patients with
HPV-negative tumors and four recurrences among patients with HPV-positive tumors.

For analysis of survival in relation to VEGF expression by IHC, survival was measured in days
from diagnosis until an event occurred, or until four years after diagnosis when the patients were
censored. Disease recurrence (TSCC or BOTSCC) was used as event for calculation of disease free
survival (DFS) and disease recurrence or death with tumor was used when calculating progression-free
survival (PFS). Kaplan-Meier estimator was used for DFS and PFS, and the differences in the survival
of patients were tested using the logrank test. The Cox proportional hazards model was used for
the calculation of the adjusted and unadjusted hazard ratios (HRs). Calculations and analyses were
performed using SPSS Statistics, Version 21.0 (IBM Corp., Armonk, NY, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/4/978/s1.
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Abstract: The development of cervical cancer is frequently accompanied by the integration of human
papillomaviruses (HPV) DNA into the host genome. Viral-cellular junction sequences, which arise in
consequence, are highly tumor specific. By using these fragments as markers for tumor cell origin, we
examined cervical cancer clonality in the context of intra-tumor heterogeneity. Moreover, we assessed
the potential of these fragments as molecular tumor markers and analyzed their suitability for the
detection of circulating tumor DNA in sera of cervical cancer patients. For intra-tumor heterogeneity
analyses tumors of 8 patients with up to 5 integration sites per tumor were included. Tumor islands
were micro-dissected from cryosections of several tissue blocks representing different regions of
the tumor. Each micro-dissected tumor area served as template for a single junction-specific PCR.
For the detection of circulating tumor-DNA (ctDNA) junction-specific PCR-assays were applied to
sera of 21 patients. Samples were collected preoperatively and during the course of disease. In 7 of
8 tumors the integration site(s) were shown to be homogenously distributed throughout different
tumor regions. Only one tumor displayed intra-tumor heterogeneity. In 5 of 21 analyzed preoperative
serum samples we specifically detected junction fragments. Junction-based detection of ctDNA was
significantly associated with reduced recurrence-free survival. Our study provides evidence that
HPV-DNA integration is as an early step in cervical carcinogenesis. Clonality with respect to HPV
integration opens new perspectives for the application of viral-cellular junction sites as molecular
biomarkers in a clinical setting such as disease monitoring.

Keywords: HPV; viral-cellular junction; molecular marker; tumor heterogeneity; cell-free tumor DNA

1. Introduction

Genetic diversity is not only characteristic among tumors of the same entity but also within the
tumor itself. The latter is often referred to as intra-tumor heterogeneity and reflects the co-existence
of different tumor sub-clones. Indicators for intra-tumor heterogeneity are somatic copy number
alterations [1], point mutations [2,3], differences in ploidy [4] or different transcript expression
patterns [5]. The phenomenon needs to be considered when using individualized biomarkers in a
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clinical setting, for example during postoperative monitoring of cancer patients based on the detection
of circulating tumor-derived DNA in serum or plasma. The potential value of this strategy has been
demonstrated for a variety of cancer types [6–9], but so far, the impact of intra-tumor heterogeneity
on biomarker performance has not been assessed systematically. Navin and colleagues report the
existence of totally independent sub-clones in breast tumors [4]. Due to Darwinian selection, these
sub-clones could grow into local relapse or distant metastases that differ in their genetic make-up
from the primary tumor. In the absence of a common genetic aberration it would be necessary to
perform multiple biopsies to identify a biomarker specific for each sub-clone in order to reliably detect
persistent or recurrent disease based on liquid biopsies. This illustrates clearly the importance of a
profound knowledge of the tumor’s genomic landscape and mutations common to all cells for optimal
biomarker design.

The clonal composition of cervical cancer has been addressed in several studies. A frequently
applied technique for assessing clonal relation of cancer cells in women is the analysis of the
X-chromosome inactivation pattern [10]. Using this strategy, Hu and colleagues have analyzed
24 preparations of the same cervical carcinoma and revealed its polyclonal origin [11]. Similar
studies report polyclonality in 2 of 8 cases [12] as well as a monoclonal history of 6 examined
adenosquamous cervical cancers [13]. However, since there is a 50% probability that two independent
subpopulations carry the same inactivated X-chromosome, additional biomarkers are required to
rule out heterogeneity. Another informative approach suitable for the investigation of intra-tumor
heterogeneity is comparative genomic hybridization. Lyng and colleagues could demonstrate
heterogeneity in chromosomal aberrations in 11 of 20 analyzed advanced cervical cancers [14].
However, a polyclonal history was ruled out due to the fact that the majority of the detected aberrations
were present in all analyzed tumor regions.

Evidence is cumulating that human papillomaviruses (HPV) DNA integration may be particularly
interesting in evaluating intra-tumor heterogeneity. A prerequisite for cervical cancer development is
a persisting infection with an oncogenic type of HPV [15,16]. During carcinogenesis, HPV DNA
is frequently integrated into the host genome. This is discussed as being an early event [17].
Integration is significantly associated with lesion progression [18,19], and evidently contributes
to clonal expansion [17]. Integration frequencies in cervical carcinomas up to 81.7% have been
reported [20]. Early studies used the physical state of the HPV genome in different tumor regions as a
marker for clonality and provide evidence for monoclonal [13] as well as polyclonal lesions [21,22].
However, these studies were based on 2D-gel electrophoresis or HPV genome fragment ratios, which
only provide indirect evidence for virus integration. In this context, the detection of HPV DNA
integrates on sequence level is a far more specific and innovative approach: The uniqueness of each
integration event renders the viral-cellular junctions as perfect molecular markers for tracing tumor
cells. A first proof of feasibility was provided by Vinokurova and colleagues who used junction
sequences as clonal markers to demonstrate a common history of vulvar and previous cervical lesions
in 4 of 5 patients [23]. Should viral-cellular-junction sequences turnout to be representative of the
whole tumor cell population, their detection may become a powerful tool in patient monitoring. In this
context, Campitelli and colleagues provided a first prove of strategy value and demonstrated that
viral-cellular junction sequences can be used to detect circulating tumor-derived DNA (ctDNA) in sera
from 11 of 13 patients [24]. By analyzing sequential serum samples, they could correlate their findings
with tumor recurrence.

However, thus far the distribution of viral-cellular junction sequences throughout the tumor mass
has not been analyzed. Prior to a clinical implementation of HPV-integrates as biomarkers for disease
monitoring it is essential to clarify the issue of intra-tumor heterogeneity. Our study addresses this
topic systematically by analyzing DNA from micro-dissected tissue of tumors by amplification of the
viral-cellular junction (vcj-PCR). Tumors with single and multiple integration sites were included.
To assess the potential value of viral cellular junction sequences for disease monitoring, we performed
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vcj-PCRs with cell-free DNA (cfDNA) from sera of cervical cancer patients to identify circulating tumor
DNA (ctDNA). The data were analyzed with respect to clinical parameters and patient outcome.

2. Results

To test our hypothesis that viral-cellular junction sequences are suited to serve as highly specific
tumor markers for cervical carcinomas, we first addressed cervical cancer clonality by assessing the
distribution of viral-cellular junction sequences in eight cervical cancers. We aimed to evaluate the
influence of intra-tumor heterogeneity on biomarker performance. In the second part, we tested
the suitability of viral-cellular junction sequences to serve as molecular markers for the detection
of circulating tumor DNA by analyzing cell-free DNA from serum samples by vcj-PCR. Overall,
we included tissue and serum samples of 21 patients with integrated HPV DNA and established
(semi)-nested vcj-PCR-assays for 32 viral-cellular junctions (Table 1).

2.1. The Majority of Tumors Show Intra-Tumor Homogeneity with Respect to Junction Distribution

The specimens available for assessing intra-tumor heterogeneity comprised tumor tissue which
was dissected into 3–11 (I-XI) individual blocks of up to 0.5 cm3 in size. On basis of HE- and
p16-staining of corresponding sections, tumor and stroma islands were identified and micro-dissected
by laser capture technology for PCR analyses. For tumors with multiple junctions, areas in
close proximity to each other or the corresponding areas of a subsequent section were selected
for micro-dissection.

Tumors harboring single HPV integrates (n = 4) invariably tested positive for the respective
junction sequence in all analyzed areas (Figure 1).

 

Figure 1. Intra-tumor heterogeneity analyses. Ten tissue blocks (I-X) of tumor 4112 were available.
Left upper panel: Hematoxylin and eosin (HE)-stained section of block IV after micro-dissection;
S: stroma, T1 to T4: tumor. (Right upper) panel: p16-staining of block IV to guide micro-dissection;
(Middle and lower) panel: HE stained sections of all blocks. Squares and circles refer to micro-dissected
tumor and stroma areas, respectively. Red, and green colors indicate the presence and absence of the
viral junction, respectively. Yellow indicates a marginally positive result.

174



Int. J. Mol. Sci. 2017, 18, 2032

T
a

b
le

1
.

Pa
ti

en
tm

at
er

ia
l.

P
a

ti
e

n
t-

ID
A

g
e

a
t

D
ia

g
n

o
si

s
H

is
to

lo
g

ic
S

u
b

ty
p

e

T
u

m
o

r
T

y
p

e
H

P
V

T
y

p
e

T
N

M
-C

la
ss

ifi
ca

ti
o

n
H

P
V

-I
n

te
g

ra
te

s
3
′ I

n
te

g
ra

ti
o

n
S

it
e

T
u

m
o

r
B

lo
ck

s
fo

r
IT

H
A

n
a

ly
se

s
S

e
ru

m
S

a
m

p
le

s
fo

r
ct

D
N

A
A

n
a

ly
se

s
T

N
M

84
1

58
SC

C
P

16
2a

0
1

1
2q

33
.3

6
3

2
13

q2
2.

2
3

13
q2

2.
1

4
X

p2
2.

11
5

X
p2

2.
11

15
09

70
SC

C
P

16
2b

1
0

1
9p

13
.3

6
1

2
8q

23
.3

19
07

33
SC

C
P

16
4

1
14

q2
3.

2
-

3
23

49
58

SC
C

P
16

1b
1

0
0

1
X

p2
2.

31
-

4
25

55
48

SC
C

P
16

2a
1

0
1

1p
36

.2
2

3
2

27
23

52
SC

C
P

16
2b

0
x

1
17

q2
3.

1
-

3
38

17
42

SC
C

P
16

1b
1

1
0

1
16

q2
3.

1
-

1
39

86
/4

11
2

*
47

SC
C

P
18

3b
1

1
17

p1
3.

1
10

2
41

54
46

SC
C

P
18

1b
0

x
1

2q
24

.2
-

1
43

38
60

SC
C

P
16

2
0

x
1

9p
24

.1
11

1
44

97
49

A
D

C
P

18
2b

0
x

1
3p

24
.2

-
2

45
02

37
A

D
C

P
18

3b
1

x
1

7q
34

-
1

47
49

40
SC

C
P

16
1b

1
0

0
1

18
p1

1.
32

-
1

2
18

p1
1.

32
3

18
q1

2.
2

49
77

67
SC

C
P

16
2b

0
0

1
6q

22
.3

2
4

1
2

7p
15

.1

52
34

33
SC

C
P

16
1b

2
0

1
3p

21
.3

1
5

2
52

54
29

SC
C

P
18

2b
2

0
1

9p
21

.3
-

1
56

13
37

A
D

C
P

18
1b

1
1

8p
12

-
1

37
19

38
SC

C
R

16
1b

1
0

1
2p

22
.3

-
1

2
4q

21
.1

46
01

63
SC

C
R

16
4

0
x

1
9p

23
-

1
49

95
52

SC
C

R
18

2b
0

0
1

19
p1

3.
3

-
1

51
89

48
SC

C
R

16
1b

2
0

0
1

8q
24

.2
1

3
1

2
8q

23
.2

3
5p

14
.1

H
PV

:h
um

an
pa

pi
llo

m
av

ir
us

es
;I

TH
:i

nt
ra

-t
um

or
he

te
ro

ge
ne

ity
;A

D
C

:a
de

no
ca

rc
in

om
a;

SC
C

:s
qu

am
ou

s
ce

ll
ca

rc
in

om
a;

P:
pr

im
ar

y
tu

m
or

;R
:r

el
ap

se
;T

N
M

-C
la

ss
ifi

ca
tio

n:
Tu

m
or

,N
od

e,
M

et
as

ta
si

s;
*

pa
ti

en
tr

ec
ei

ve
d

tw
o

pr
im

ar
y

tu
m

or
su

rg
er

ie
s

yi
el

di
ng

sa
m

pl
es

39
86

an
d

41
12

,s
am

pl
e

41
12

se
rv

ed
fo

r
he

te
ro

ge
ne

it
y

an
al

ys
es

.

175



Int. J. Mol. Sci. 2017, 18, 2032

Likewise, 3 of 4 carcinomas harboring between 2 and 5 integrates showed a homogenous
distribution of the viral integrates (Figure S1). Irregular junction distribution was observed in tumor
4977 only. We analyzed 4 blocks of this tumor and identified numerous regions in all blocks which
displayed exclusively junction 2. Only 6 of 22 analyzed areas harbored junction 1, in four of them
in coexistence with junction 2. Moreover, multiple areas were negative for both junction fragments
(Figure 2 and Figure S2). vcj-PCRs performed with DNA from whole tissue sections of all blocks
showed no evidence for presence of junction 1, except for block IV. For a subset of junction-negative
tumor areas we additionally tested for the presence of HPV E6 DNA and obtained a positive result
indicative for viral episomes or further unidentified integrates. All stroma areas (n = 8) were invariable
negative for the junction sites. Thus, tumor 4977 clearly constitutes a case of intra-tumor heterogeneity
with respect to junction distribution.

Figure 2. Varying numbers of areas were micro-dissected from four blocks of tumor 4977 and submitted
to junction-specific PCR. Areas tested for the presence of both junctions received identical numbers.
Successful detection is indicated by color. Both junctions are heterogeneously detected throughout the
four blocks. Junction 1 is present in block IV only whereas junction 2 is detectable in all blocks, but not
in all areas.

2.2. Detection of Viral-Cellular Junctions Fragments in Cell-Free Serum DNA

After demonstrating that viral-cellular junction sequences are in most cases representative for
the respective tumor, we analyzed the suitability of the fragments to serve as marker for the detection
of circulating tumor DNA. We tested pre-operative sera of all 8 patients included in the intra-tumor
heterogeneity analyses as well as pre-operative sera of 13 additional cervical cancer patients (Table 2).
Circulating cell-free DNA was isolated from 200 μL serum resulting in 50 μL of purified serum DNA.

Junction detection by (semi-) nested PCR was performed in triplicates with 4 μL template each
and verified by Southern Blot hybridization using an internal oligonucleotide as probe. Cell-free
serum-DNA of five of 21 patients was tested positive, providing clear evidence for the presence
of tumor DNA (Table 2). Among cases displaying multiple integrates, junction detection was only
successful in serum of patient 5189. Notably, all 3 junction fragments could be amplified. The serum
corresponding to tumor 4977, which displayed intra-tumor heterogeneity, was negative for both
known junctions.
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Table 2. Junction detection in primary serum samples and follow-up of patients.

Tissue Patient
Follow-Up

(Days)
Status at End
of Follow-Up

Junctions
Junction-Detection
in Primary Serum

Junction-Detection
in Sequential Sera

Primary
Tumor

841 2549 deceased

J1 No No
J2 No No
J3 No No
J4 No No
J5 No No

1509 2663 deceased
J1 No x
J2 No x

1907 257 Deceased * J1 No No
2349 2462 tumor-free J1 No No
2555 4831 tumor-free J1 No No
2723 3605 tumor-free J1 No No
3817 643 Deceased * J1 No x
3986 360 Deceased * J1 Yes Yes
4154 4420 tumor-free J1 No x
4338 1350 Deceased * J1 Yes Yes
4497 4055 tumor-free J1 No No
4502 1376 deceased J1 No x

4749 0 tumor-free
J1 No x
J2 No x
J3 No x

4977 3980 tumor-free
J1 No x
J2 No x

5234 2681 tumor-free J1 Yes Yes
5254 2923 tumor-free J1 No x
5613 2740 tumor-free J1 No x

Relapse

3719 - Deceased *
J1 No x
J2 No x

4601 - Deceased * J1 Yes x
4995 - Deceased * J1 No x

5189 - Deceased *
J1 Yes x
J2 Yes x
J3 Yes x

* tumor-related death; x: not done.

No correlation was found between the detection of viral-cellular junctions and TNM-stage
(Fisher’s exact test). However, Kaplan Meier analyses of the patients with primary tumors only
revealed a significant association between the detection of junction fragments in pre-operative sera and
a reduced recurrence free survival (p = 0.03) (Figure 3a). In the same cohort there was no correlation
between reduced recurrence free survival and established risk factors like lymph node metastasis
(p = 0.43), an advanced tumor stage (p = 0.67) or a combination thereof (p = 0.52) (Figure 3b–d).

Of 9 patients sequential serum samples were available which were collected during second
surgery or at one of the follow up visits (Table S1). Samples of all 3 patients whose primary serum
samples displayed junction fragments remained positive. Two of these patients had second surgery
within 82 days. The third positive case was patient 4338 with one serum sample taken during surgery
of the primary tumor and a second one taken 1.5 years later during relapse surgery. Both sera displayed
junction presence. In follow up serum samples of the 6 initially negative patients no junctions could be
detected despite one case of therapy failure (patient 1907).
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Figure 3. Kaplan Meier curves to assess the impact of (a) junction presence, (b) lymph node metastasis,
(c) tumor stage and (d) the combined presence of risk factors on recurrence free survival. Censored
subjects are indicated with a tick mark: (+).

3. Discussion

Viral-cellular junction sequences frequently arise during cervical carcinogenesis as a result of
HPV DNA integration into the host genome. These integration sites are unique and highly specific
for a patient’s tumor and may thus serve as versatile tumor makers. Ideally, a tumor marker is
representative for the entire tumor cell population. Intra-tumor heterogeneity typically observed
in the course of clonal expansion complicates tumor biomarker research immensely. To determine
the potential value of HPV DNA integration as a tumor biomarker, it is essential to assess whether
HPV integrates are stable over time and space, i.e., whether they are representative for the tumor cell
population. To address this, we analyzed 8 cervical cancers with regard to intra-tumor heterogeneity
concerning the distribution of viral-cellular junction sequences. In this context, all 4 cervical carcinomas
harboring single HPV integrates showed homogeneity. In case of tumors with multiple integrates, we
found that 3 of 4 tumors harbored all tumor specific integrates in every micro-dissected tissue area in
each tumor block, thereby implying monoclonal origin. Tumor 841 is of particular interest as it harbors
5 integrates on 3 different chromosomes (Table 1). On two chromosomes the integrates are in proximity
of each other, possibly as a result of local rearrangements [25]. Since all 5 integrates were detected in all
micro-dissected areas at least 3 independent integration events and two chromosomal rearrangements
must have taken place in one common precursor cell. Both forms of integrates are also evident for
tumor 5189 which harbors 3 integrates on 2 chromosomes. In contrast, tumor 1509 exclusively displays
2 integrates on 2 different chromosomes, which are likewise distributed homogenously. This extensive
homogeneity in integrate distribution provides striking evidence for the importance of integration
in an early phase of carcinogenesis and for its presumptive driving effect during clonal expansion.
Moreover, it would appear that integrates that may have resulted from chromosomal rearrangements
occurred at the same point in time. The only exception is tumor 4977. This tumor exhibits 2 integrates
on different chromosomes and was the only case of irregular junction distribution. Junction 1 was
highly underrepresented and detected in only 14% (6/43) of the tested areas. Junction 2 was present
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in 54% (34/63) of the tested areas. A co-detection of both junctions was evident in 4 tumor areas
(Figures 2 and S2). Areas without detectable junctions, either harbor unidentified integrates, viral
episomes only or both. The evident irregular integration pattern in this tumor and its relevance for
carcinogenesis is open for all kinds of speculations including gain or loss of integrates at a later stage
of tumor development.

Evidently, HPV DNA integration can be an early event in cervical carcinogenesis. In 7 of
8 examined tumors HPV integration has most likely driven clonal expansion. The homogeneous
integrate distribution is also a strong indication that the continuous presence of the integrated viral
DNA in the tumor is required for the maintenance of the carcinogenic phenotype. These observations,
in particular the presence of specific integration site(s) representative for all tumor cells, highlight their
usefulness as molecular markers for disease monitoring.

This extensive homogeneity of the driver event is highly remarkable in the light of the ambiguous
situation of driver genetic event distribution in other tumor entities: human epidermal growth factor
receptor 2 HER2 gene amplification is an accepted driver event in breast cancer development. However,
this aberration is not always detectable throughout the whole tumor tissue [26,27]. In contrast,
Gerlinger and colleagues analyzed ten clear cell renal carcinomas and report that chromosome 3p loss
and von Hippel–Lindau gene (VHL) aberrations were the only ubiquitous events, whereas 73–75%
of identified driver aberrations were of subclonal origin [28]. In non-small cell lung cancer (NSCLC),
de Briun et al. report that the majority of driver events seem to be clonal, although there are cases
of heterogeneity [29]. On the other hand, a study by Zhang et al. describe heterogeneity in TP53
mutations status in TP53 driven NSCLC [30]. Compared to the complex genomic landscape of other
tumor entities the unique virus induced etiology of cervical cancer allows a facilitated and precise
analysis of clonal architecture. Our results clearly demonstrate a high selective pressure for integrate
maintenance and the suitability of viral-cellular junction sequences for biomarker research.

Limitations of our study include the small number of patients and the use of micro-dissected
tissue areas rather than single cells. However, clear draw-backs of single cell analyses are false negative
results, especially if only one copy of the target molecule is present. The micro-dissected tissue areas
used in our study represent 100 to 200 cells, which allow reliable analyses. In our study, intra-tumor
homogeneity implies that the tumor-specific integrate(s) were detected in all micro-dissected areas
taken within a tumor comprising up to several cm2. To be scored positive the ΔCt values had to
correspond to a tumor cell fraction of ≥25% within a dilution series (Figure S3). Moreover, our
approach does not allow drawing general conclusions about intra-tumor heterogeneity in cervical
cancer as it focusses on viral integration sites only. Clearly, as in any other tumor entity, subclones
evolve with distinct genetic alterations such as chromosomal aberration, DNA copy number changes
and gene mutations.

To explore the use of integration sites as molecular markers for disease monitoring or prognosis
we developed patient specific vcj-PCRs for the detection of circulating tumor DNA (ctDNA) in
serum. We tested pre-operative sera of all 8 individuals included in above intra-tumor heterogeneity
analyses as well as pre-operative sera of 13 additional cervical cancer patients (Tables 1 and 2). For 9 of
21 patients post-operative samples were also available (Table S1). Junction fragments were detectable in
pre-operative 5 of five of 21 patients (23%). A similar study by Campitelli and colleagues demonstrated
a detection rate of 68% [24]. Our low frequency of junction presence in sera may be explained by
the fact that only 3 replicates corresponding to 48 μL serum were analyzed. In the former study
10 replicates corresponding to 160 μL serum were analyzed, with less than 50% of replicates being
positive in the majority of cases. These stochastic effects seen in both studies clearly indicate that the
analyses of some sera were done at the detection limit. Only 4 of the 7 sera of patients with proven
intra-tumor homogeneity displayed junction fragments. Of note is that all 3 junctions characteristic for
tumor 5189 could be detected in the corresponding serum. This co-detection of multiple viral-cellular
junction sequences in serum has not been demonstrated before and implies that each junction is
equally suited to serve as tumor marker. Not surprisingly, neither of the 2 junction fragments was
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detected in the serum of patient with tumor 4977 which showed intra-tumor heterogeneity. For more
comprehensive results DNA from larger serum volumes need to be analyzed and quantified with
respect to junction presence. This can be achieved by digital PCR [31].

Among the cases of relapse, we found a higher, albeit non-significant, detection rate of junction
fragments in comparison to the sera of patients with primary tumors (60% vs. 21%). Also Campitelli
and colleagues hypothesize that ctDNA is more easily released from a relapse than from a primary
tumor. The detection of a relapse during monitoring would benefit from such a phenomenon.

Another novel finding of this study is that among the group of patients with primary tumors the
detection rate of junction fragments in serum correlated significantly with a reduced recurrence-free
survival (p = 0.03) (Figure 3a). A prognostic value of ctDNA presence before therapy has also been
reported for other tumor entities such as colorectal [32,33], metastatic breast cancer [6] or metastatic
uveal melanoma [34]. A further limitation of our study is the restricted number of patients, the different
group size of junction positive and junction negative patients. As a consequence, the absence of a
prognostic value of known established risk factors (Figure 3b–d) could be related to the limited number
of subjects.

Finally, we evaluated the suitability of vcj-PCR based ctDNA detection to follow tumor dynamics.
We analyzed 15 sequential serum samples of 9 patients. Three patients had junction fragments in
pre-operative serum collected at primary surgery. Two of these patients required second surgery within
82 days at which a second serum sample was collected. Not surprisingly, the junction fragments were
also detectable in the respective second serum sample. For the 6 patients without junction fragments in
the sera taken at primary surgery, none of the follow up sera tested positive (Table S1). These patients
were also free from tumor recurrence. Of particular interest is patient 4338 who relapsed close to
two years after primary tumor resection. The junction fragment identified in the primary tumor was
detectable in both sera of the patient illustrating the stability of the virus integration site over time.

In conclusion, we were able to use the unique viral etiology of cervical cancer to address
tumor clonality in the context of intra-tumor heterogeneity and to open new perspectives for
biomarker design.

4. Materials and Methods

4.1. Samples and Sample Processing

Tissue and serum samples of this retrospective study were obtained from a total of 21 cervical
carcinoma patients undergoing treatment at Jena University Hospital between 1996 and 2006. Approval
was given by the Ethics Committee of the Friedrich-Schiller University Jena (reference numbers
0175-02/00 and 2174-12/07, 20 September 2017). Written informed consent was obtained from all
participants. All patients received an ID, which constitutes the number under which the first sample
was archived. Further samples from the same patient were continuously numbered. Each tumor had
been analyzed in previous studies for presence and site of HPV integrates [35,36] Tumors were HPV
16 (n = 13) or HPV 18 (n = 8) positive, of squamous cell (n = 18) or of glandular (n = 3) origin and
ranged between FIGO (Fédération Internationale de Gynécologie et d’Obstétrique) stages IB and IVA
(Table 1). Large tumors were cut into smaller blocks. For heterogeneity analyses, 3–11 blocks of each
tumor representing different tumor areas were available. Frozen sections of these blocks were used for
micro-dissection and DNA isolation.

Tumor cell content of sections was assessed after p16 and Ki67 immuno-staining.
p16 overexpression and Ki67 are characteristic for HPV-transformed cells and cell proliferation,
respectively. Cryosections of 7 μm thickness were stained on glass slides (Thermo Fisher Scientific,
Waltham, MA, USA) with hematoxylin and eosin using standard protocols. For immunohistochemistry
7 μm cryosections (Thermo Fisher Scientific, Waltham, MA, USA) were fixed on Superfrost Plus slides
with 4% paraformaldehyde for 10 min. Slides were washed with tris-buffered saline (50 mM Tris,
150 mM NaCl) and 0.1% Tween-20 (TBST) and incubated in 0.6% H2O2 for 7 min. After another
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washing step, blocking was performed with goat serum (1:5 dilution in TBST) for 20 min. Staining was
performed over night with a Ki67 mouse monoclonal antibody clone mib-1 (DAKO, 80 mg/L), diluted
at a ratio of 1:100 or with a p16 mouse monoclonal antibody clone E6H4 ready for use (CINtec Histology,
Roche, Basel, Switzerland). For detection, the DAKO EnVision System was used according to the
manufacturer’s protocol. Finally, slides were counterstained with hematoxylin and covered with
coverslips in gelatin.

Tumor sections for micro-dissection were stained with kresyl violet to enable tumor and stroma
island identification while minimizing DNA damage. For this purpose, 15 μm-sections were placed on
membrane slides (MembraneSlides NF, PALM Microlaser Technologies, Zeiss, Jena, Germany) and
dried at room temperature. Staining was performed with 1% kresyl violet for 2 min. Afterwards,
samples were washed twice with 70% ethanol and dried at room temperature.

DNA isolated from whole sections was used for evaluating assay sensitivity and as positive
control. Ten consecutive 10 μm cryosections of each tissue specimens were digested with proteinase
K overnight. DNA was isolated with QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) following
manufacturer’s instructions.

Serum samples were used for ctDNA analyses. Blood was collected pre-operatively at the time
point of surgical resection of primary tumor (n = 17) or of relapse (n = 4). From 9 patients, additional
samples were available, taken pre-operatively at further surgeries or during follow up (Table 1 and
Table S1). For coagulation the blood was stored for 30 min at room temperature. Afterwards it was
centrifuged at 3000 rpm for 10 min and serum was stored at −30 ◦C. For isolation of cell-free DNA,
200 μL aliquots of sera were processed with the High Pure Viral Nucleic Acid Kit (Roche Applied
Science, Mannheim, Germany) according to manufacturer’s instructions. The 50 μL-eluat was purified
by NaCl-EtOH-precipitation. The pellet was dissolved in 50 μL aqua dest. Quality and quantity of
serum-DNA was controlled in β-Actin qPCR.

4.2. Intra-Tumor Heterogeneity Analyses: Assay Design and Optimization

For the detection of HPV-integrates by vcj-PCR, primers were designed to flank the junction of
human and viral DNA. For heterogeneity analyses, a duplex nested PCR was performed (Table S2).
In the first reaction the 3′junction and the housekeeping gene beta globin (HBB) were amplified in
parallel in a standard Eppendorf PCR cycler. The first reaction step (50 ◦C, 2 min, for UDG-reaction)
was followed by initial denaturation at 95 ◦C for 10 min. After 15 cycles (95 ◦C, 15 s denaturation; 20 s
58–63 ◦C annealing; 30 s, 72 ◦C elongation) and 2 min at 72 ◦C for, 1 μL of the reaction was transferred
to two separate reactions, respectively, for amplification of the two templates with internal primer
pairs. The second PCR was performed with 40 cycles using the same cycling conditions but in a
real-time format (Rotor Gene Q 5plex HRM, Qiagen, Hilden, Germany). Finally, product identity was
confirmed by melting curve analyses. The first duplex reaction mixture consisted of 10 ng template
(sensitivity tests) or of one micro-dissected tissue area (heterogeneity analyses), 10 μL 2× Platinum®

Quantitative PCR SuperMix-UDG (Thermo Fisher Scientific, Waltham, MA, USA), 0.25 μM external
primers for vcj-PCR, 0.006–0.25 μM primers for HBB-amplification and was adjusted to 20 μL with
aqua dest. Micro-dissected tissues were directly lysed in the entire PCR reaction mixture. The second
simplex PCR consisted of 5 μL Fast Start Universal SYBRGreen-Master Mix (Roche Applied Science,
Mannheim, Germany), 0.25 μM of each internal primer, 1 μL template and was adjusted to 10 μL with
aqua dest.

Sensitivity and specificity of vcj-primers was tested in serial dilutions of DNA isolated from tumor
sections in a background of DNA derived in equal parts from HeLa and Caski cells. The combination
of both cell lines was chosen to illustrate the absence of any cross reactivity with unspecific HPV
integrates. Each dilution step contained 5 ng/μL DNA with decreasing amounts of tumor-DNA (100%,
50%, 25%, 5%, 1%, 0.2%, 0.02%, 0.002% and 0%). The resulting Ct-values of the second PCR enabled
a semi-quantitative analysis by calculating ΔCt values between HBB- and vcj-PCR Ct. Based on the
dilution series ΔCt values were calculated for each assay to score the micro-dissected tissue as “clearly

181



Int. J. Mol. Sci. 2017, 18, 2032

positive” (tumor cell fraction of ≥25%), “marginally positive” (tumor cell fraction of 0.02–5%) and
“negative” for virus integrate presence (Figure S3).

4.3. Intra-Tumor Heterogeneity Analyses: Laser Micro-Dissection

Micro-dissection was performed with the help of the PALM laser capture microscope (Zeiss,
Jena, Germany) and the PALM-ROBO-Software. For heterogeneity analyses tumor and stroma areas
(20.000 μm2) equivalent to 100–200 cells were dissected. Stroma served as control for specificity. In case
of multiple integrates, areas in close proximity to each other or identical areas in consecutive sections
were selected. Each dissected tissue area was transferred with a sterile needle to a reaction tube, which
was directly supplemented with the complete PCR mix containing all necessary reagents. The PCR was
performed as described above without further DNA-isolation. The results were evaluated according to
ΔCt-values.

4.4. ctDNA Analyses: Detection of Viral-Cellular Junctions in Cell-Free Tumor DNA from Sera

For ctDNA-detection, (semi-) nested-PCR primers were designed to flank all 33 junctions of
21 patients (Table S3). In contrast to DNA deriving from tissue, cell-free serum DNA is highly
fragmented. Consequently ctDNA-pimers were designed to minimize product size. Performance of
junction-specific PCR (vcj-PCR) assays was optimized in serial dilutions of tumor tissue-DNA in a
background of HPV-negative genomic DNA from C33A cells. All reactions were performed in a 20 μL
volume using the Fast Start Universal SYBR Green PCR Mastermix (Roche Applied Science, Mannheim,
Germany) with 0.25 μM of forward and reverse primer, respectively. After initial denaturation (95 ◦C,
10 min) 15 amplification cycles (95 ◦C, 15 s; 55–66 ◦C, 40 s) were performed in a standard Eppendorf
cycler. From this first reaction 2 μL were transferred to the second PCR comprising (semi-) nested
primers. Amplification was done in 45 cycles under identical conditions as in the first PCR, but in
a real-time format (Rotor Gene Q 5plex HRM, Qiagen, Hilden, Germany) and was followed by a
dissociation stage for product identification.

Optimized vcj-primers were used for serum analyses with 4 μL serum-DNA as template.
The (semi-) nested PCR approach was performed as described above. The results were verified
by Southern Blot with an internal oligonucleotide as hybridization probe (Table S4). For this
purpose, PCR products were separated by agarose gelelectrophoresis, denatured by treatment with
blot buffer (0.6 N NaCl/0.4 N NaOH) for 3 × 20 min and transferred onto a nylon membrane.
Membrane was washed with 2× SSC (sodium chloride sodium citrate for 2 × 10 min and crosslinked
using a GS Gene Linker (Bio-Rad, Hercules, CA, USA) Prehybridization was done for two hours
at 37 ◦C in 6× SSC, 5× Denhardt’s, 0.02 M NaPP, 0.5% SDS and 100 μg/mL yeast total RNA.
Hybridization was done in 6× SSC, 1× Denhardt’s, 0.02 M NaPP, 100 μg/mL yeast total RNA and
y32-ATP labeled internal oligonucleotide. Labelling reaction was performed with Polynucleotide
Kinase (Roche Applied Science, Mannheim, Germany) following manufacturer’s instructions with
6 pmol of internal oligonucleotide. Using mini Quick Spin Columns (Roche Applied Science,
Mannheim, Germany) product was purified following manufacturer’s instructions. Hybridization
was done overnight. Hybridization temperature was calculated from internal oligonucleotide melting
temperature: T(Hybridisation) = TM (Oligo) − 7 ◦C. Afterwards, the membrane was washed in
6× SSC and 0.02 M NaPP for 3 × 10 min at 37 ◦C and for 2 × 30 min at TM (Oligo) − 5 ◦C. Exposition
was done with Kodak X-OMAT radiographic films.

4.5. Statistical Analyses

The association between junction-detection and Tumor, Node, Metastasis-stage was analyzed by
Fisher exact test. Survival analyses were performed with the statistical software R (package “coin”).
Significance was evaluated by log-rank exact test with a two-sided significance level of 0.05.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/10/2032/s1.
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ADC Adenocarcinoma
cfDNA Circulating cell-free DNA
Ct Cycle threshold
ctDNA Circulating tumor DNA
FIGO Fédération internationale de gynécologie et d’obstétrique
HE Hematoxylin and eosin stain
HPV Human papillomavirus
ITH Intra-tumor heterogeneity
NSCLC Non-small cell lung cancer
SCC Squamous cell carcinoma
TM Melting temperature
vcj-PCR Viral-cellular junction PCR
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