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Beta-human papillomaviruses (HPV) have been implicated in the development of cuta-
neous squamous cell cancer (cSCC) in epidermodysplasia verruciformis (EV) patients
and organ transplant recipients. In contrast to high-risk (HR) HPV, which cause ano-
genital and oropharyngeal cancers, immortalizing activity of complete beta-HPV
genomes in normal human keratinocytes (NHK), the natural target cells for HPV, has
not been reported. We now demonstrate that the beta-HPV49 wild-type genome is
transcriptionally active in NHK but lacks immortalizing activity unless the E8 gene,
which encodes the E8^E2 repressor, is inactivated. HPV49 E82 immortalized keratino-
cytes maintain high levels of viral gene expression and very high copy numbers of extra-
chromosomal viral genomes during long-term cultivation. Not only disruption of the
viral E6 and E7 oncogenes but also of the E1 or E2 replication genes renders E82
genomes incapable of immortalization. E82/E12 and E82/E22 genomes display
greatly reduced E6 and E7 RNA levels in short-term assays. This strongly suggests that
high-level expression of E6 and E7 from extrachromosomal templates is necessary for
immortalization. The requirement for an inactivation of E8 while maintaining E1 and
E2 expression highlights important differences in the carcinogenic properties of
HR-HPV and beta-HPV. These findings strengthen the notion that beta-HPV have
carcinogenic potential that warrants further investigations into the distribution of beta-
HPV in human cancers.
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A significant fraction of human cancers is caused by infections with members of the
flavi-, herpes-, hepadna-, papilloma-, polyoma-, or retroviruses (1). Among these,
human papillomaviruses (HPV) comprise the largest family with currently 228 classi-
fied types (https://www.hpvcenter.se/human_reference_clones/), which are grouped
into different genera such as alpha-, beta-, gamma-, mu-, and nu-PV. Persistent infec-
tions with a high-risk (HR) HPV (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 58, and
59), which belong to the alpha-PV, can lead to the development of cancer of the anus,
cervix uteri, larynx, oropharynx, oral cavity, penis, vulva, and vagina, resulting in
530,000 new cases per year worldwide (2). Therefore, prophylactic vaccines have been
introduced to prevent infections with the most prevalent HR-HPV (3). Aside from
HR-HPV, HPV from the genus beta have been implicated in the development of cuta-
neous squamous cell cancer (cSCC) in patients with the rare genodermatosis epidermo-
dysplasia verruciformis (EV) and in organ transplant recipients (OTR) (4–7). Both EV
patients and OTR develop disseminated skin warts that can progress to cSCC predomi-
nantly in sun-exposed areas (4–7). Beta-HPV have also been found at other body sites
such as nasal mucosa, anal canal, oral cavity, genital condylomas, and external genital
lesions (8–12). Recent studies also detected beta-HPV DNA in a large fraction of con-
junctival squamous cell carcinomas, raising the possibility that beta-HPV may contrib-
ute in this instance to carcinoma development (13).
HR-HPV genomes are present as either extrachromosomal elements or integrated

into the host chromosomes and are expressed in all precancer and cancer cells, but only
viral early but not late genes are transcribed in the majority of cancers (14). cSCC of
EV patients maintain high levels of extrachromosomal beta-HPV DNA and only rarely
integrated virus sequences and express late viral proteins, suggesting that productive
viral replication takes place (6, 15–22). In contrast, beta-HPV copy number decreases
from precursor lesions to cSCC to less than one viral genome per tumor cell in OTR,
indicating that the majority of tumor cells does not express viral gene products (23). A
“hit and run” model has been proposed that suggests that beta-HPV induce precursor
lesions at an increased frequency in OTR due to immunosuppression and cause tumor
progression in conjunction with ultraviolet ( UV) light but are then no longer required
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for tumor maintenance. In support of this, UV irradiation has
been shown to induce cSCC in beta-HPV38 E6/E7 transgenic
mice and Mastomys natalensis PV-infected animals with a muta-
tional signature resembling human cSCC (24, 25).
HR-HPV encode the nonstructural E1, E2, E4, E5, E6, E7,

and E8 genes as well the capsid L1 and L2 genes. The E1 heli-
case and the E2 transcription factor are sequence-specific DNA
binding proteins that are essential for viral genome replication
by forming an origin recognition complex that recruits the host
DNA replication machinery (26, 27). E2 also modulates viral
gene expression (27). E8 is mainly expressed as an E8^E2 fusion
protein which binds to E2 response elements in the viral genome
via its E2 DNA binding domain and acts as a repressor of viral
genome replication and gene expression (28). E6 and E7 are the
main oncoproteins that bind to a large number of host cell pro-
teins and modulate their activities (29). HR-HPV E6 interact
with the E3 ubiquitin ligase E6AP and p53 to induce the protea-
somal degradation of p53 and counteract its tumor suppressive
activities (29). Key activities of HR-HPV E7 proteins are the
interactions with members of the retinoblastoma (pRb) protein
family, which serve to deregulate cell cycle progression (29).
Among alpha-PV, only HR-HPV (and phylogenetically closely
related HPV) genomes can immortalize normal human keratino-
cytes (NHK), which represent the target cells for HPV in vivo
(30–33). NHK can also be immortalized by the heterologous
expression of only HR-HPV E6 and E7 (31, 32, 34–36). In line
with E6 and E7 mediating immortalization of NHK by
HR-HPV, viral genomes, in which E1, E2, E4, E5, or E8 have
been inactivated, are capable of immortalization (37–43).
Beta-HPV encode the same set of genes as HR-HPV but lack

an E5 gene. Up to now, the heterologous expression of E6 and
E7 derived from HPV38 (beta2), 49, 75, or 76 (all beta3) has
been shown to immortalize NHK (44–46). HPV49, 75, and 76
E6 proteins have been reported to share some activities with
HR-HPV E6, such as binding to the E3 ubiquitin ligase E6AP
and p53 to induce the proteasomal degradation of p53 (45, 46).
HPV38 E6 also interacts with p53 but does not induce its degra-
dation but rather alters its transcriptional activities (44, 45, 47,
48). Despite these similarities, comparative interactome studies
also revealed that major differences exist between HR-HPV and
beta-HPV E6 proteins (49, 50), but the contribution of beta-
HPV–specific interaction partners to immortalization has not
been established. The HPV49 and 76 E7 proteins bind to pRb
but, different from HR-HPV, promote its hyperphosphorylation
and not degradation (45, 46, 51).
In contrast to HR-HPV, keratinocyte-based model systems

supporting beta-HPV genome replication that would allow the
analysis of oncogenic properties of complete viral genomes, the
viral life cycle and risk factors for cSCC development have not
been reported. To generate keratinocytes stably maintaining
HR-HPV genomes, NHK are transfected with recircularized
viral genomes and a selection marker, and stable cell lines are
obtained due to the immortalization capabilities of HR-HPV
(37). Using this strategy, we observed that the recircularized
reference HPV49 genome, despite reported immortalizing
properties of E6 and E7 proteins and being transcriptionally
active, does not immortalize NHK. Genetic analyses of HPV49
revealed that the inactivation of E8 and thus presumably a loss
of the E8^E2 repressor protein greatly enhances viral replica-
tion and gene expression. Remarkably, E8� genomes gain the
ability to immortalize NHK, suggesting that the levels of the
viral oncoproteins expressed from the wild-type (wt) genome
are not sufficient for immortalization. In line with this, immor-
talization of keratinocytes by HPV49 E8� genomes not only

requires expression of the E6 and E7 oncoproteins but also of
the E1 and E2 replication and transcription factors whose inac-
tivation greatly decreases E6 and E7 transcription. Our data
indicate that the immortalization activity of beta-HPV is
restricted at the level of viral gene expression and that this can-
not be overcome by integration of viral genomes into host
chromosomes but only by inactivation of E8 highlighting
important differences between HR-HPV and beta-HPV. Our
findings strengthen the notion that beta-HPV have oncogenic
potential which warrants further investigations on the distribu-
tion of beta-HPV, especially HPV49 and related HPV types, in
human precancers and cancers.

Results

HPV49 Transcription in NHK Is Modulated by Early Viral
Genes. Previous studies have reported that the retroviral expres-
sion of HPV49 E6 and E7 immortalizes NHK (45, 46). We
therefore attempted to generate HPV49-positive human kerati-
nocyte cell lines using a protocol established for HR-HPV (37)
by transfecting recircularized HPV49 genomes together with a
plasmid encoding a selectable marker. Surprisingly, after drug
selection, no actively growing keratinocyte colonies could be
obtained. A possible explanation was that HPV49 genomes are
not transcriptionally active in NHK and therefore do not
express E6 and E7 proteins. Since antibodies for HPV49 pro-
teins are not available, we investigated viral gene expression
instead. HPV possess multiple promoters to generate polycis-
tronic transcripts which are then alternatively spliced. No tran-
script maps for HPV49 are available, but several splice donors
(SD) and acceptors (SA) are conserved among animal and
human PVs: SDs at the beginning of E1, in E8, and in the 50
part of the upstream regulatory region (URR) and SAs in front
of E2 and in the E2/E4 region. This gives rise to six putative
SD–SA combinations: the URR SD linked to the SA upstream
of E2 (URR^E2), the URR SD to the SA within E2/E4
(URR^E4), the SD at the beginning E1 to the SA in front of
E2 (E1^E2), the SD at the beginning of E1 to the SA in E2/E4
(E1^E4), the SD in E8 to the SA in front of E2 (E8^E2N),
and the SD in E8 to the SA within E2/E4 (E8^E2) (Fig. 1A).
Putative splice junctions in the HPV49 genome were predicted
using the PAVE database [(52) https://pave.niaid.nih.gov] or by
sequence alignments. The corresponding copy DNAs (cDNAs)
were obtained in plasmid vectors by gene synthesis and used to
develop sensitive primer pairs for qPCR (SI Appendix, Table S1).
NHK were transfected with recircularized HPV49 genomes, and
RNA was isolated 6 d later and then analyzed by qPCR. Melting
curve analyses and direct sequencing of qPCR products indicated
that all exon borders corresponded to the predicted ones (Fig.
1A). The different spliced transcripts were then quantified in
NHK from four different donors transfected with the HPV49
genome 3, 6, and 9 d post transfection (p.t.) (Fig. 1B). This
indicated that all splice junctions were expressed at all time
points albeit at different levels (Fig. 1B). E1^E4 was the most
abundant transcript at all time points. E1^E4 amounts increased
9.5-fold from day 3 to day 6 and then slightly decreased on day
9. E1^E2 amounts were similar as E1^E4 on day 3 but then
decreased on day 6 and 9. URR^E4 and E8^E2 levels were
∼eightfold lower than E1^E4 transcripts on day 3. URR^E4 lev-
els stayed relatively constant over time, whereas E8^E2 levels
dropped from day 3 to day 9 by twofold. URR^E2 levels were
20-fold lower than E1^E4 on day 3 and then increased 3-fold
by day 9. E8^E2N levels were 70-fold lower than E1^E4 levels
on day 3 and did not further change. In summary, these results
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demonstrate that the wt HPV49 genome expresses a variety of
spliced transcripts in different amounts for at least 9 d in NHK,
suggesting that the lack of immortalization is not due to a block
in gene expression.
To obtain evidence that there is no translational block to

viral protein expression in NHK, a genetic analysis was per-
formed. We generated HPV49 E1�, E2�, E6�, E7�, and
E8� genomes by inactivating the respective start codons by
mutation and transfected them into NHK from four different
donors and compared their transcription properties with the wt
(Fig. 2A). The most dramatic effects were observed with the
E8� genome, where the levels of E1^E4 (170- to 677-fold),
URR^E4 (82- to 219-fold), E1^E2 (23- to 267-fold), and
E8^E2 transcripts (24- to 297-fold) were significantly increased
at all time points. Attempts to quantitate E6 and E7 transcripts
in total RNA failed, most likely due to high amounts of trans-
fected DNA templates. To overcome this, messenger RNA
(mRNA) was enriched from total RNA using an oligo-dT selec-
tion step and analyzed by qPCR. This revealed that E6 and E7
transcripts were present in wt-transfected cells (Fig. 2B). E6
was expressed at lower levels than E7 and both transcripts
increased from day 3 to day 6. Furthermore, both E6 and E7
levels were significantly increased in E8� transfected cells (Fig.
2B). Consistent with data for other HPV (38, 41, 42, 53, 54),
HPV49 E8� genomes displayed a robust signal of replicated
viral genomes 6 d p.t., whereas only a very weak signal could
be obtained for wt genomes (Fig. 2C). This confirms that
HPV49 E8, most likely expressed as an E8^E2 fusion protein,

inhibits gene expression and genome replication comparable to
other HPV types (38, 42, 53). The E1� genome displayed sig-
nificantly reduced E1^E4 and E8^E2 levels and the E2�
genome E1^E4, E1^E2, and URR^E4 transcripts. The reduced
E1^E4 transcript levels from both E1� and E2� genomes are
consistent with a conserved interaction of E1 with E2 to initi-
ate PV genome replication and are therefore most likely due to
a reduced replication capacity of E1� and E2� genomes.
However, this could not be directly tested as the wt genome
does not give rise to a robust replication signal (Fig. 2C). The
E2� genome but not the E1� genome had reduced URR^E4
and E1^E2 levels, suggesting that this might be due to the con-
served transcription activation function of E2. Interestingly, the
E7� genome showed a significant increase of URR^E4,
E1^E2, and E1^E4 levels on day 3, pointing to the possibility
that E7 may act as an inhibitor of viral gene expression at early
time points. In contrast, viral gene expression from the E6�
genome was similar to the wt. In summary, the changes in viral
transcript levels observed with E1�, E2�, E7�, and E8�
genomes strongly suggested that functional viral proteins are
expressed, indicating that the lack of immortalization by
HPV49 is not due to a block of viral protein expression per se.

HPV49 E82 Genomes Immortalize NHK. It was possible that
HPV49, despite being transcriptionally active, is not able to
express viral protein levels sufficient for immortalization. We
therefore repeated immortalization assays with the E8�
genome due to its greatly increased transcript and genome rep-
lication levels in transient assays and the wt genome as a control
in NHK from three different donors. Remarkably, HPV49
E8� transfected NHK formed drug-resistant colonies that were
pooled and could be expanded into stable cell lines (Table 1).
Growth curves of HPV49 E8� cell lines revealed that the cells
continuously proliferated with an average doubling rate of 4.3
d without signs of crisis during the observation period of 300 d
(Fig. 3). This strongly indicated that the inactivation of E8 ren-
ders HPV49 genomes competent to immortalize NHK.

HPV49 E82 Cell Lines Maintain High Levels of Extrachromosomal
Viral DNA and Viral Transcripts.HR-HPV genomes are present in
immortalized keratinocytes either as autonomously replicating
extrachromosomal elements or as integrates in host chromosomes.
Characterization of the physical state of HPV49 E8� genomes in
early (P4 to P7) and late (P36) passage cells by Southern blotting
using total cellular DNA revealed several DNA species upon
digesting with a restriction enzyme without a recognition sequence
in the HPV49 genome (Fig. 4A). These forms are consistent with
open circle (oc), closed covalent circle (ccc), and concatenated
or integrated (c/i) species of the viral DNA similar to
HR-HPV–immortalized keratinocytes (37). Digesting the DNA
with a restriction enzyme with a single recognition sequence in
HPV49 resulted in the appearance of the linearized form and an
almost complete loss of all other forms, indicating that the viral
genomes are mainly present as extrachromosomal plasmids. This
was further confirmed by an exonuclease V/qPCR assay (55),
which revealed that the viral DNA is completely exonuclease V
resistant and thus extrachromosomal, whereas resistance of the cel-
lular ACTB gene is less than 6% (Fig. 4B). Quantification of viral
copy numbers by qPCR demonstrated that on the average 5,820,
2,975, and 4,525 copies/cell were present (Fig. 4C). Remarkably,
these copy numbers are much higher than the 300 to 400 copies/
cell determined by a similar approach for HPV16 E8� genomes
in immortalized keratinocyte cell lines (41). We next determined
viral transcript levels in early and late passage cells, which revealed

Fig. 1. (A) Linear representation of the HPV49 genome. The URR, early
genes (E1 to E8) and the late genes L1 and L2 are indicated. Nucleotide
positions of identified SD (D) and SA (A) sites are given. Spliced transcripts
identified by qPCR and sequencing are indicated by gray bars, and the
putative extension of these transcripts to the potential early polyadenyla-
tion site is indicated by dashed lines. (B) qPCR analyses of spliced HPV49
transcripts expressed 3, 6, and 9 d p.t. of NHK. PGK1 was used as a refer-
ence transcript. The data are derived from four independent experiments
using cells from different donors.
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that all spliced transcripts detected in NHK transiently transfected
with wt or E8� genomes were also present in the stable cell lines
(Fig. 4D). Similar to short-term assays, the most abundant tran-
script was E1^E4, followed by E1^E2, URR^E4, E8^E2,

URR^E2, and E8^E2N. Furthermore, E7 transcripts were pre-
sent at levels similar to E1^E2 transcripts. In contrast, E6
transcripts were five times less abundant than E7 transcripts.
Consistent with the maintenance of high viral copy numbers in
late passage cell lines, all viral transcripts were expressed in late
passages at similar amounts as in early passage cells (Fig. 4C). In
summary, this reveals that HPV49 E8� genomes are present as
high—copy-number plasmids and express different viral tran-
scripts in immortalized cell lines during long-term cultivation.
This strongly suggests that immortalization of NHK by HPV49
E8� and their continuous cell growth depends on the presence
and expression of the virus comparable to HR-HPV.

Fig. 2. (A) qPCR analyses of spliced HPV49 transcripts expressed 3, 6, and 9 d p.t. of NHK with HPV49 wt, E1�, E2�, E6�, E7�, or E8� genomes. PGK1 was
used as a reference transcript. The data are derived from four independent experiments using cells from different donors. The error bars indicate the SEM.
Statistical significance was determined using a ratio-paired t test using the wt as a reference (*P < 0.05; **P < 0.01). (B) qPCR analyses of E6 and E7 tran-
scripts in polyA-enriched RNA in NHK transfected with wt or E8� genomes. The error bars indicate the SEM. Statistical significance was determined using a
ratio-paired t test using the wt as a reference (*P < 0.05; **P < 0.01) (C) Southern blot analysis of low–molecular-weight DNA isolated 6 d p.t. of NHK tran-
siently transfected with HPV49 wt and E8� genomes. DNA was digested with DpnI to remove nonreplicated input DNA and EheI to linearize the viral
genomes. As a marker (M), 100 pg linearized HPV49 genome was used.

Table 1. NHK immortalization assays using HPV49 wt
and E82 genomes

HPV49 genome Donor No. 1 Donor No. 2 Donor No. 3

wt � � �
E8� + + +
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The Immortalization Capacity of the HPV49 E82 Genome
Depends upon the E1, E2, E6, and E7 Genes. To explore which
viral genes are necessary for NHK immortalization E1�, E2�,
E6�, and E7� mutations were combined with the E8� muta-
tion in the HPV49 genome. Assessment of these genomes in
NHK from three donors and the E8� genome as a positive
control surprisingly revealed that not only E6 and E7 but also
E1 and E2 are required for immortalization (Table 2). The
need for both E6 and E7 indicated that both contribute inde-
pendently to immortalization and is consistent with the idea
that HPV49 E6 and E7 act as oncoproteins. The requirement
for both E1 and E2 pointed to the possibility that the effects
could be mediated indirectly via reduced genome replication
and lower levels of viral gene expression as observed for E1�
and E2� genomes (Fig. 2A). Consistent with this interpreta-
tion, E6, E7, and E1^E4 transcript levels in transiently trans-
fected NHK expressed from E8�/E1� and E8�/E2� genomes
were greatly reduced compared with E8� genomes (Fig. 5). In
contrast, E8�/E6� and E8�/E7� genomes showed only
minor effects on viral gene expression with the exception of E7
transcripts from E8�/E7� genomes. These data strongly sug-
gest that high copy numbers of extrachromosomal viral
genomes are required to express E6 and E7 levels sufficient for
immortalization. To test if E6 and E7 modulate growth of
HPV49 E8� cell lines, different small interfering RNAs (siR-
NAs) targeting the HPV49 E6 gene were designed and tested
for knock-down of E6 and E7 transcripts. Two siRNAs,
si49E6-1 and si49E6-2, significantly reduced E6 and E7 tran-
script levels (Fig. 6A). Cell numbers were determined 3 d p.t,
which revealed reduced numbers by both si49E6-1 and si49E6-
2, which were statistically significant for si49E6-1 and showed
a trend (P = 0.069) for si49E6-2 (Fig. 6B). Taken together,
these data indicate that the growth of HPV49 E8� cell lines is
influenced by the E6 and E7 levels.

Discussion

Infections with beta-HPV have been suspected to be involved in
the development of cSCC in EV patients and OTR. It is well
established that HR-HPV can cause anogenital and oropharyngeal
cancers. Consistent with their carcinogenic properties in vivo,
HR-HPV, in contrast to low-risk HPV, genomes have been
shown to efficiently immortalize NHK. Immortalization requires

only the E6 and E7 oncoproteins and is independent from the
presence of other early or late genes. A consequence of the inacti-
vation of E1 or E2 are replication-incompetent genomes that
integrate into the host genome and hence immortalization of

Fig. 3. Growth curves of HPV49 E8�-positive human keratinocyte cell
lines. Cell lines were continuously cultivated for 300 d and growth was
recorded.

Fig. 4. (A) Southern blot analyses of total cellular DNA isolated from stable
HPV49 E8� cell lines No. 1 to 3 using 32P-labeled HPV49 genomes. DNA
was digested with NotI (N; a noncutter of HPV49) or SalI (S; a single-cutter
of HPV49). The positions of concatemeric/integrated (c/i), open circle (oc),
linearized (lin), and closed covalent circle (ccc) forms of the viral DNA are
indicated. As a marker (M), 100 pg linearized HPV49 genome was used. (B)
Total cellular DNA was incubated with or without exonuclease V, and then
the presence of ACTB or HPV49 was determined by qPCR. The data are
shown as the fraction resistant to exonuclease V digest. The data are
derived from three to four independent DNA preparations. The error bars
indicate the SEM. (C) HPV49 genome copy numbers in cell lines No. 1 to 3
were determined in total cellular DNA by qPCR using standard curves for
HPV49 and ACTB and are given as viral copies per cell assuming two ACTB
copies per cell. The error bars indicate the SEM. (D) qPCR analyses of differ-
ent spliced HPV49 transcripts expressed in cell lines No. 1 to 3 in early and
late passage cells. PGK1 was used as a reference transcript. The error bars
indicate the SEM.

Table 2. NHK immortalization assays using HPV49 mt
genomes

HPV49 genome Donor No. 4 Donor No. 5 Donor No. 6

E8� + + +
E8�/E1� � � �
E8�/E2� � � �
E8�/E6� � � �
E8�/E7� � � �
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keratinocytes is independent from the physical state of the viral
genome and does not require viral replication (30, 37, 39, 56).
On the other hand, inactivation of E8^E2 in HR-HPV16
increases viral replication and gene expression but has no influence
on cell immortalization, growth, and differentiation properties
(38, 41). Taken together, HR-HPV genomes immortalize kerati-
nocytes independently from their replication properties.
The contribution of beta-HPV infections to human cancers

is still under debate, and in contrast to HR-HPV, no keratino-
cyte model using complete viruses has been available allowing
the evaluation of oncogenic properties, the viral life cycle, and
risk factors for cancer development such as EV susceptibility
genes and UV irradiation. Currently, the U2OS cell line is
used for beta-HPV genome replication studies, but these cells
are already immortalized, not of keratinocyte origin, and do
not support the differentiation-dependent viral life cycle (54,
57). Our experiments reveal that HPV49 genomes express
spliced URR^E4 and URR^E2 transcripts in both transiently
transfected and immortalized keratinocytes. Expression of
URR^E4 transcripts has been described in beta-HPV5– and
beta-HPV8–positive EV lesions (58, 59) but not in HPV5-
positive U2OS cells (54), indicating that cultured keratinocytes
mimic the in vivo situation closer than the U2OS cell line.
Beta-HPV E6 and E7 functions have been mainly analyzed in

human keratinocytes via retroviral expression in the absence of
other viral proteins, and this has revealed that beta-HPV E6
and E7 proteins can have immortalizing capabilities and modu-
late apoptosis, DNA repair, keratinocyte differentiation, and
immune responses (60).

HPV49 E6 and E7 proteins have been reported to immortalize
efficiently NHK upon retroviral expression (45, 46). Nevertheless,
we surprisingly observed that the reference HPV49 genome, in con-
trast to HR-HPV16, 18, and 31 genomes, which are routinely used
in the laboratory to generate immortalized cell lines (41, 42, 56), is
incapable of inducing keratinocyte growth and immortalization.
Follow-up investigations revealed that the viral genome expresses
several spliced transcripts for several days in NHK and that the
inactivation of the E1, E2, and E8 genes modulated viral gene
expression, consistent with their conserved replication functions in
other PV (26–28). These data suggested that the lack of immortali-
zation by HPV49 is neither due to a lack of viral gene expression
nor to a block of viral protein expression. Surprisingly, E8�
genomes, which replicate to high levels in transient assays and dis-
play greatly increased viral transcription, were able to reproducibly
immortalize NHK. These cell lines harbor high copy numbers of
extrachromosomal viral genomes and express high levels of viral
transcripts. The comparison of early with late passages revealed that
viral gene expression and the high viral copy numbers are perpetu-
ated in late passages, strongly suggesting that high levels of gene
expression are required to maintain the immortalized phenotype.
Consistent with this, E8�/E1� or E8�/E2� genomes fail to
immortalize NHK and display significantly reduced E6 and E7
transcript levels in short-term assays. While it is possible that E8,
which is presumably expressed as an E8^E2 fusion protein, acts as a
tumor suppressor independent from its activity as a repressor of
viral transcription and replication, we believe that the loss of
immortalization activity of E8�/E1� and E8�/E2� genomes
favors the explanation that the main reason for the acquisition of
immortalization activity by E8� genomes is the increased expres-
sion of E6 and E7 transcripts. However, beta-HPV8 E2 has been
shown to have oncogenic properties when expressed separately in
the skin of transgenic mice and thus it is possible that E2 is not
only required for immortalization because of its activity as a replica-
tion factor but also as an oncogene (61). The need for a loss of E8
while maintaining E1 and E2 expression points to significant differ-
ences between HR-HPV and HPV49. At present, it is unclear why
the inefficient expression of E6 and E7 from the HPV49 genome
cannot be overcome by integration into the host chromosomes as
commonly observed for HR-HPV in tissue culture and in vivo.

Fig. 5. QPCR analyses of HPV49 transcripts expressed 6 d p.t. of NHK with
HPV49 E8�, E8�/E1�, E8�/E2�, E8�/E6�, or E8�/E7� genomes. PGK1 was
used as a reference transcript. The data are derived from four independent
transfections using cells from different donors. The error bars indicate the
SEM. Statistical significance was determined using a ratio-paired t test
using wt as a reference (*P < 0.05; **P < 0.01).

Fig. 6. HPV49 E8� cell lines were transfected with different siRNAs (siControl, si49E6-1, and si49E6-2). The amounts of E6 and E7 transcripts in total RNA
were measured by qPCR using PGK1 as a reference (A), and cell numbers (B) were determined 3 d p.t. The error bars indicate the SEM. Statistical significance
was determined using a one-sample t test using siControl-transfected cells as a reference (*P < 0.05; **P < 0.01; ***P < 0.001).
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One possibility is that even highly active cellular promoters do not
match the expression levels provided by several thousand copies of
viral genomes. On the other hand, it is also possible that the mech-
anisms driving integration of HR-HPV genomes into host chromo-
somes while maintaining expression of the E6 and E7 oncogenes is
fundamentally different between HR-HPV and beta-HPV. Interest-
ingly, beta-HPV genomes in cSCC from EV patients are present at
high copy numbers in an extrachromosomal state, which may indi-
cate that also in these cases high-level viral gene expression is
required to maintain the tumor phenotype (6, 15, 18–22). A
UV-irradiation–induced increase in HPV8 gene expression in a
transgenic mouse model results in enhanced skin tumorigenesis
in vivo, providing further evidence that deregulated gene expression
can contribute to beta-HPV oncogenicity in vivo (62). CSCC in
OTR harbor less than one HPV copy per cell and thus are no lon-
ger dependent upon HPV. However, at least a fraction of beta-
HPV–positive precancers such as actinic keratoses are positive for
late viral protein expression, raising the possibility possible that an
interference with E8^E2 could enhance E6 and E7 expression and
thus increase the risk of malignant progression (63).
Our data indicate that HPV49 E8^E2 is a crucial regulator

of immortalization activity and thus interferences with E8^E2’s
repression activity could enhance carcinogenic activity in vivo.
In contrast to HR-HPV, complete beta-HPV genome sequen-
ces have not yet been systematically analyzed in biopsy material
in order to uncover if inactivating E8 mutations occur in vivo
and thus could contribute to cancer development. HPV16
E8^E2 transcription is driven by a separate promoter, and stud-
ies using the HPV5/U2OS model support the idea that also
beta-HPV use a separate promoter for E8^E2 expression, but
host cell factors involved in its regulation have not been identi-
fied (54, 64). E8^E2 proteins recruit NCoR/SMRT-HDAC3
corepressor complexes to inhibit viral replication via the con-
served E8 part (53, 65). It is likely that HPV49 E8^E2 acts by
a similar mechanism, and therefore it will be crucial to eluci-
date how beta-HPV E8^E2 gene expression and protein activ-
ity is regulated in order to analyze potential interferences
in vivo.
Using this tissue culture model, it is now possible to perform

genetic analyses of beta-HPV in order to understand the contribu-
tions of interaction partners of E6 and E7, especially beta-HPV
specific ones, to both immortalization and viral replication. Fur-
thermore, the hypothesis that the EV susceptibility genes CIB1,
TMC6, and TMC8 act as restriction factors for beta-HPV replica-
tion in keratinocytes can now be tested (6, 66). It is now also fea-
sible to investigate the effects of UV irradiation, the main risk
factor for cSCC development in OTR and EV patients, on beta-
HPV replication in a relevant tissue culture model. The immortal-
izing ability of HPV49 genomes also warrants that the search for
HPV49 and related HPV types in keratinocyte-derived precancers
and cancers should be intensified.

Materials and Methods

Cell Culture. NHK were isolated from human foreskin after routine circumcision
upon informed consent of patients, which was approved by the ethics committee
of the medical faculty of the University Tuebingen (6199/2018BO2) and per-
formed according to the principles of the Declaration of Helsinki. Samples were
deidentified prior to use. NHK were isolated and maintained in keratinocyte
serum-free medium supplemented with recombinant human epidermal growth
factor, bovine pituitary extract, and gentamycin (Thermo Fisher Scientific). For
transient transfection experiments, 8 × 104 NHK were seeded into 6-well dishes,
24 h later, cells were transfected with 1 μg recircularized HPV genomes and
Fugene HD transfection reagent (Promega) using a ratio of 1:5, and 24 h later,

medium was switched from keratinocyte serum-free medium to E-medium (three
parts Dulbecco’s modified Eagle’s medium, one part Ham’s F12 supplemented
with 5% [vol/vol] fetal bovine serum; 24 μg/l adenine, 0.4 ng/l hydrocortisone,
10 ng/l cholera toxin, 5 lg/l transferrin, 20 pM 3,30-5-triodo-L-thyronine, 5 ng/
l epidermal growth factor, and 5 lg/l insulin), and mitomycin C–treated NIH 3T3
J2 feeder cells were added. To obtain immortalized keratinocyte lines, NHK were
transfected with 4 μg recircularized HPV49 genomes and 1 μg pSV2-neo plasmid
using Fugene HD. Cells were selected with G418 (150 μg/mL) in the presence of
complete E-medium and mitomycin C–treated NIH 3T3 J2 NHP until mock-
transfected keratinocytes were dead (8 to 10 d) (37, 41, 42). G418-resistent colo-
nies were expanded as pooled cultures. Cells were maintained continuously for at
least 300 d, and splitting dates and dilutions were recorded to generate growth
curves. HPV49 E8� cell lines were transfected in 24-well dishes with 30 pmol of
control siRNA (siAllstars, Qiagen), si49 E6-1 (GGCUAAUAUUGCUGAGAUAUU), or
si49E6-2 (UGUCGUAGGCAUCGAAAUAUU) using RNAiMax (Thermofisher). After 3
d, cells were counted to monitor growth or RNA was isolated to evaluate knock-
down of E6 and E7 transcripts by qPCR.

Recombinant Plasmids. The cloned HPV49 reference genome (NC_001591.1)
in pGEM4 (67) was provided by the International HPV Reference Center, Karolin-
ska Institute, Sweden. Plasmids pUC57 HPV49 E1^E4 (nucleotide [nt.] 811 to
926/3,281 to 3,511), pUC57 HPV E1^E2 (nt. 811 to 926/2,635 to 2,790),
pUC57 HPV49 URR^E4 (HPV49 nt. 7,505 to 7,560/1 to 62/3,281 to 3,600),
pUC57 URR^E2 (nt. 7,505 to 7,560/1 to 62/2,635 to 2,938), pUC57 HPV49
E8^E2 (nt. 1,205 to 1,321/3,281 to 3,600), and pUC57 HPV49 E8^E2N (nt.
1,205 to 1,321/2,635 to 2,938) were made to order by Genscript and used to
generate standard curves for qPCR experiments. To generate HPV49 E1�, E2�,
E6�, E7�, E8�, E8�/E1�, E8�/E2�, E8�/E6�, and E8�/E7� genomes, the
respective ATG start codons were mutated to ACG (E1, E2, E6, E8) or to GTG (E7)
by overlap extension PCR and then inserted into wt or E8� genomes by restric-
tion enzyme cloning and then validated by DNA sequencing. All mutations were
designed to be silent in overlapping genes (E1� [E7 N100N]; E2� [E1 N591N];
E7� [E6 E138E]; E8� [E1 N127N]).

Southern Blot Analysis. Total cellular DNA from stable keratinocyte lines was
digested with NotI (noncutter for HPV49) or SalI (single cutter for HPV49).
Low–molecular-weight DNA was isolated from transiently transfected NHK and
digested with DpnI and EheI. Digested DNAs were separated in 0.8% agarose
gels. Blotting and hybridization to a 32P-labeled HPV49 probe was carried out as
previously described (41). After exposure of the membrane to PhosphoImager
screens, signals were visualized using the AIDA software package (Raytest).

qPCR. HPV49 copy numbers were quantified in total cellular DNA by qPCR
using amplicons in the HPV49 L2 gene (HPV49 4973 F: TACCCCACTACGCAA-
CATCA; HPV49 5165 R: AGCTGCTACGTCCCTTTCAA) and the cellular ACTB gene
and copy number standards. RNA was isolated from transfected keratinocytes or
HPV49 E8� keratinocyte cell lines using the RNeasy mini kit (Qiagen), and
cDNA was synthesized using the QuantiTect reverse transcription kit (Qiagen). To
allow detection of E6 and E7 transcripts in transiently transfected cells, mRNA
was enriched from total RNA using the RNeasy Pure mRNA Bead Kit (Qiagen)
according to the manufacture�rs instructions. cDNA (50 ng) was analyzed by
qPCR in duplicates using a LightCycler 480 and the LightCycler 480 SYBR green
I master mix (Roche Applied Science) and 0.3 μM primer pair for HPV49 E1^E4,
HPV49 E1^E2, HPV49 URR^E4, HPV49 URR^E2, HPV49 E8^E2, HPV49
E8^E2N, HPV49 E6, HPV49 E7 (SI Appendix, Table S1), or PGK1 (41). Copy num-
bers were determined by plasmid standards run in parallel.

ExonucleaseV-Resistance Assay. The assay was adapted from ref. 55 with
minor modifications: total cellular DNA (100 ng) was incubated in the presence
or absence of 5 U exonuclease V (NEB M0345S) in 1× NEBuffer 4 supplemented
with 1 mM ATP for 60 min at 37 °C. Then, the enzyme was inactivated for 10 min
at 95 °C. Finally, 10 ng input DNA was measured by qPCR using primers for
HPV49 and ACTB.

Data Availability. All study data are included in the article and/or SI Appendix.
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