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ABSTRACT Human papillomavirus (HPV) E1 and E2 proteins activate genome repli-
cation. E2 also modulates viral gene expression and is involved in the segregation of
viral genomes. In addition to full-length E2, almost all papillomaviruses (PV) share
the ability to encode an E8^E2 protein, which is a fusion of E8 with the C-terminal
half of E2 that mediates specific DNA binding and dimerization. HPV E8^E2 acts as a
repressor of viral gene expression and genome replication. To analyze the function
of E8^E2 in vivo, we used the Mus musculus PV1 (MmuPV1) mouse model system.
Characterization of the MmuPV1 E8^E2 protein revealed that it inhibits transcription
from viral promoters in the absence and presence of E1 and E2 proteins and that
this is partially dependent upon the E8 domain. MmuPV1 genomes in which the E8
ATG start codon was disrupted (E82) displayed a 10- to 25-fold increase in viral gene
expression compared to that of wild-type (wt) genomes in cultured normal mouse
tail keratinocytes in short-term experiments. This suggests that the function and
mechanism of E8^E2 is conserved between MmuPV1 and HPV. Surprisingly, chal-
lenge of athymic nude Foxn1nu/nu mice with MmuPV1 E82 genomes did not induce
warts on the tail, in contrast to wt MmuPV1. Furthermore, viral gene expression was
completely absent at E82 MmuPV1 sites 20 to 22weeks after DNA challenge on the
tail or quasivirion (QV) challenge in the vaginal vault. This reveals that expression of
E8^E2 is necessary to form tumors in vivo and that this is independent from the
presence of T cells.

IMPORTANCE HPV encodes an E8^E2 protein which acts as repressors of viral gene
expression and genome replication. In cultured normal keratinocytes, E8^E2 is essen-
tial for long-term episomal maintenance of HPV 31 (HPV31) genomes, but not for
that of HPV16. To understand the role of E8^E2 in vivo, the Mus musculus PV1
(MmuPV1) mouse model system was used. This revealed that E8^E2’s function as a
repressor of viral gene expression is conserved. Surprisingly, MmuPV1 E8^E2 knock-
out genomes did not induce warts in T cell-deficient mice. This shows for the first
time that expression of E8^E2 is necessary for tumor formation in vivo, independent
of T-cell immunity. This indicates that E8^E2 could be an interesting target for antivi-
ral therapy in vivo.
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Persistent infections with high-risk human papillomaviruses (HPV), mainly HPV 16
(HPV16), are a major risk factor for the development of anogenital and oropharyn-

geal cancers (1). Furthermore, infections with HPV from the genus Betapapillomavirus
have been implicated in the development of cutaneous squamous cell carcinoma in
organ transplant recipients and epidermodysplasia verruciformis patients (2). HPV
infects keratinocytes of mucosal and cutaneous epithelium and require differentiation
of the host cell to complete its replication cycle. In undifferentiated keratinocytes,
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high-risk HPV replicate its genomes to 10 to 100 copies per cell, and only viral early
mRNAs encoding viral replication proteins and oncoproteins are expressed (3–5). Upon
differentiation, viral genome numbers are greatly amplified, a differentiation-depend-
ent promoter is activated, and viral late messages encoding the viral capsid proteins
are expressed to generate infectious virus. Genome replication requires viral E1 and E2
proteins that bind to specific DNA binding sites in the viral genome and activate the vi-
ral replication origin (6, 7). E2 also acts as a modulator of viral transcription and a parti-
tioning factor for viral genomes during cell division (7). In addition to E2, the majority
of PV encode a spliced mRNA fusing the E8 gene to the C-terminal part of the E2 gene,
resulting in an E8^E2 protein that retains the sequence-specific DNA binding and
dimerization activities of E2 (8, 9). Disruption of E8^E2 expression in the context of HPV
genomes leads to increased genome replication and viral gene expression in normal
and immortalized keratinocytes, as well as in the U2OS osteosarcoma cell line, in short-
term assays (10–17). The enhanced replication and viral gene expression are a conse-
quence of the ability of E8^E2 to inhibit E1/E2-dependent origin replication and viral
transcription (10, 13–19). Interestingly, HPV16 and 31 genomes in which the E8 ATG
start codon was disrupted (E82) display different phenotypes in long-term assays in
normal keratinocytes; HPV16 E82 genomes replicate as episomes with an ;10-fold
higher copy number than HPV16 wt genomes, whereas HPV31 E82 genomes are
always integrated into the host cell genome (13, 15). HPV16 E82 genomes display
increased genome amplification and viral late protein expression in differentiated cell
genomes, suggesting that E8^E2 not only limits virus replication in undifferentiated
cells but also restricts productive replication (15). Thus, the expression of E8^E2 may
act to limit HPV16 protein expression and thereby avoid detection by the immune sys-
tem. However, this hypothesis cannot be currently tested in vivo, as HPV16 does not
replicate in animal model systems.

Several animal PV have also been shown to express E8^E2 mRNAs. In fact, the
E8^E2 transcript and corresponding protein were first identified in bovine PV1 (BPV1)-
infected cells (20, 21). But, in contrast to HPV E82 genomes, BPV1 E82 genomes did not
exhibit a phenotype in tissue culture (22). Cottontail rabbit (Sylvilagus floridanus) PV
(CRPV) also expresses an E8^E2 transcript in infected animals, and the corresponding
protein acts as a repressor of E1/E2-dependent origin replication and transcription in
cell culture assays, similarly to its HPV counterparts (23). Surprisingly, CRPV E82

genomes induced tumors in domestic rabbits as efficiently as wt genomes, and no
changes in viral copy number, viral transcription, or tumor growth were observed (23).
Very recently, Macaca fascicularis PV types 1, 5, and 8 were shown to express E8^E2
and it was shown that E82 genomes overreplicate in U2OS cells (24). This suggested
that, at least in some animal PV, E8^E2 controls viral replication, comparably to its HPV
counterparts.

Recently, a mouse (Mus musculus) papillomavirus (MmuPV1) was identified that
causes cutaneous papillomas at the tail, muzzle, back, and ears (25). In the meantime,
it became evident that oral and vaginal mucosal epithelia also support viral replication
(25). Initial studies reported that MmuPV1 caused disease in immunodeficient mice
such as FoxN1nu/nu mice, which are T cell-deficient, but not in immunocompetent mice
such as the common C57BL/6 strain, providing evidence that MmuPV1 infection is con-
trolled by T cells in vivo (26–33).

MmuPV1 belongs to the pipapillomaviruses, and its genomic organization is similar
to that of other PV, especially the betapapillomaviruses, which likewise do not express
E5. MmuPV1-infected papillomas also display transcript and splicing patterns consist-
ent with HPV and other animal PV (34). In line with other PV, spliced E8^E2 transcripts
are present in small amounts and are transcribed from several promoters, including
the P859 promoter located within E1 (34). This suggested that MmuPV1 is an appropri-
ate system to analyze the in vivo function of E8^E2.

Consistent with its many similarities to other PV, we now demonstrate that
MmuPV1 E8^E2 represses viral transcription comparably to its HPV counterparts.
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MmuPV1 genomes in which the E8 ATG start codon was disrupted (E82) displayed
greatly increased viral gene expression compared to wt genomes in cultured normal
mouse tail keratinocytes. This suggests that the function and mechanism of E8^E2 is
conserved between MmuPV1 and HPV. Surprisingly, infection of athymic nude Foxn1nu/nu

mice with MmuPV1 E82 genomes did not induce warts on the tail, in contrast to wt
MmuPV1. This indicates for the first time that expression of E8^E2 is necessary for this
papillomavirus to form tumors in vivo.

RESULTS
Characterization of MmuPV1 E8^E2. We first investigated the activities of the

MmuPV1 E8^E2 (mE8^E2) protein in tissue culture-based assays. Vectors expressing wt
mE8^E2; a hemagglutinin (HA)-tagged version, mE8^E2-HA; or the empty vector were
transfected into human C33A cells together with a plasmid in which firefly luciferase
expression is driven by a minimal promoter that harbors four E2 binding sites (Fig. 1A).
These E2 binding sites are also recognized by E8^E2 due to the shared DNA binding
domain. Transfection with the mE8^E2 expression construct repressed promoter activ-
ity with statistical significance by 38% at 3 ng input, 30% at 10 ng input, and 19% at 30
ng input, indicating that mE8^E2 has transcriptional repression activity (Fig. 1A).
ME8^E2-HA showed similar repression activity, indicating that the addition of the epi-
tope tag does not influence this activity (Fig. 1A). The repression activities of HPV1, -8,
-16 and -31 and CRPV E8^E2 proteins are enhanced by the E8 part (10, 15, 19, 23).
Sequence comparison revealed that the MmuPV1 E8 peptide sequence is very similar
to those of HPV1, -5, and -8 and CRPV E8 (Fig. 1B). Deletion of the majority of the E8
peptide (mE8^E2 d2-9 and mE8^E2 d2-9-HA) resulted in proteins that repressed the re-
porter at 3 ng input to 50 and 54%, respectively, and at 30 ng input to 69 and 77%,
respectively. This repression was, with the exception of that seen with 3 ng input, not
statistically significant (Fig. 1A). This suggested that the E8 part contributes to repres-
sion activity. Immunoblot analyses of mE8^E2-HA- and mE8^E2 d2-9-HA-transfected
cells revealed that deletion of the E8 part increased protein amounts (Fig. 1C). This is
similar to what has been observed for HPV E8^E2 proteins (10, 15, 19, 35) and indicates
that reduced repression by mE8^E2-HA d2-9 is not due to an unstable protein. To vali-
date these findings with natural promoters of MmuPV1, a fragment from the stop
codon of L1 to the start codon of E1 was inserted in frame with the firefly luciferase
gene (pGL mURR/E1-luc; Fig. 2C). This region encompasses the upstream regulatory
region (URR), the E6 and E7 genes, and the P7107, P7503, P360, and P533 promoters
that are active in MmuPV1-induced tumors (34). Cotransfection of pGL mURR/E1-luc
with increasing amounts of mE8^E2 or mE8^E2-d2-9 expression vectors into C33A cells
revealed a statistically significant, concentration-dependent reduction of activity to
45% at 30 ng input of mE8^E2 expression vector (Fig. 2A). ME8^E2 d2-9 also reduced
reporter activity, but slightly less effectively (56% at 30 ng input), but this difference
was not statistically significant (P=0.12). This indicated that mE8^E2 inhibits MmuPV1
promoter activity, but this was only weakly dependent on the E8 domain. To test
whether mE8^E2 is able to repress E1/E2-dependent origin replication, a replication re-
porter assay previously described for different HPV was used in C33A cells (10, 15). The
PV origin of replication is always located in the URR and requires E1 and E2 proteins for
the initiation of replication (6). Cotransfection of pGL mURR/E1-luc with expression vec-
tors for mE1 or mE2 alone did not influence reporter activity, whereas their combina-
tion stimulated reporter expression 17-fold (Fig. 2B), consistent with an E1/E2-depend-
ent replication of the reporter plasmid. Cotransfection of the mE8^E2 expression
construct resulted in a concentration-dependent decrease of reporter activity that
completely abolished the stimulation by E1 and E2 at 100 ng input of expression vec-
tor. Cotransfection of mE8^E2 d2-9 also decreased E1/E2-dependent activity, but even
at the largest amount, it was 4-fold less active than mE8^E2; this was statistically signif-
icant. Furthermore, DNA replication levels of the pGL mURR/E1-luc construct were
determined by quantitative PCR (qPCR) after DpnI digestion (Fig. 2D). Cotransfection of
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mE1 or mE2 alone did not increase plasmid replication levels compared to those in the
empty vector control. In contrast, cotransfection of both mE1 and mE2 significantly
increased the amount of newly replicated plasmids compared to those in the empty
vector, mE1, or mE2. The addition of mE8^E2 significantly reduced replication. ME8^E2
d2-9 also reduced plasmid replication, but this did not reach statistical significance.
This indicates that mE8^E2 directly inhibits E1- and E2-dependent replication, similarly
to HPV E8^E2 proteins (10, 15, 17).

Analysis of MmuPV1 E82 genomes in cultured murine tail keratinocytes. To
evaluate the impact of E8^E2 on MmuPV1 transcription and replication, we generated
an E82 MmuPV1 genome by mutating the E8 ATG start codon to ACG. This mutation
only inactivates E8^E2 expression, as it is silent in the overlapping E1 gene (E1 H118H).
To test the phenotype of the E82 mutant, primary keratinocytes from mouse tails were
isolated from C57BL/6wt mice and then transfected with recircularized MmuPV1 wt or
E82 genomes. RNA was isolated at 3, 6, and 9 days posttransfection and analyzed by
qPCR for the expression of spliced viral transcripts (Fig. 3A). The most abundant splice
junctions in vivo are E1^E4 (nucleotides [nt] 757/3139), followed by E4^L1 (nt 3431/
5372) and URR^E4 (nt 7243/3139) (Fig. 3A) (34). E1^E4, URR^E4, and E4^L1 transcripts
were detectable in wt-transfected cells and increased slightly from day 3 to day 6 and
then decreased by day 9, with the exception of that of E4^L1 (Fig. 3B). Compared to
E1^E4, URR^E4, and E4^L1, transcripts were 40- to 50-fold less abundant on day 3 and
day 6 and 20-fold and 11-fold less abundant, respectively, on day 9 (Fig. 3C). This indi-
cated that MmuPV1 gene expression is similar in cultured mouse tail keratinocytes and
infected tissue in vivo. Changes over time and relative abundances of E1^E4, URR^E4,
and E4^L1 transcripts were similar in E82-transfected cells (Fig. 3B and C). However,
E1^E4 levels were statistically significantly increased 10-fold on day 3 and 15.5-fold on
days 6 and 9 compared to those in the wt (Fig. 3B). URR^E4 transcript levels were also
increased 9.1-fold on day 3, 15.9-fold on day 6, and 13.8-fold on day 9, and E4^L1 levels
increased 16.7-fold on day 3, 25.8-fold on day 6, and 5.1-fold on day 9 (Fig. 3B). In sum-
mary, these data reveal that the E82 genome express greatly increased amounts of

FIG 1 ME8^E2 is an E8-dependent transcriptional repressor. (A) C33A cells were transfected with
100 ng of pC18-Sp1-luc reporter plasmid, 0.5 ng pCMV-Gluc, and 30 ng of empty vector pSG5 or the
indicated amounts of pSG mE8^E2, pSG mE8^E2-HA, pSG mE8^E2 d2-9, or pSG mE8^E2 d2-9-HA,
plus empty vector (pSG5), to obtain equal amounts of plasmid DNA. Luciferase activities were
determined 48 h posttransfection. Data are presented as ratios between firefly luciferase (Fluc) and
Gaussia luciferase (Gluc) activities. Averages are derived from three independent experiments, and the
error bars represent the standard error of the mean (SEM). Statistical significance was determined for
mE8^E2 (black) and mE8^E2 d2-9 (blue) by one-way analysis of variance (ANOVA) and Holm-Sidak’s
multiple-comparison test (ns, not significant; *, P, 0.05; **, P, 0.01). On the right, a schematic
structure of the pC18-SP1-luc plasmid is shown. (B) Sequence alignment of E8 sequences. Conserved
residues are shown in red. (C) Immunoblot analysis of whole-cell extracts derived from C33A cells
transfected with the empty vector (V), pSG mE8^E2-HA (wt), or pSG mE8^E2 d2-9-HA (mt). E8^E2
proteins were detected with an anti-hemagglutinin (HA) antibody, and a-tubulin served as a
reference protein (ref).
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different viral transcripts, similarly to HPV E82 genomes, and strongly suggests that the
function of E8^E2 is highly conserved among HPV and MmuPV1.

We next investigated whether MmuPV1 wt or E82 genomes can be stably main-
tained in murine tail keratinocytes. Three different preparations of normal murine tail
keratinocytes were used to cotransfect recircularized wt or E82 genomes and the
pSV2neo plasmid, which encodes a G418 resistance marker. Pooled, drug-resistant cul-
tures were expanded, and low-molecular-weight DNA was isolated from early passage
cells. Equal amounts of DNA were subjected to Southern blot analysis after digestion
with a restriction enzyme that does not cut the MmuPV1 genome (Fig. 4A). In two cell
lines (no. 1 and 2) E82 genomes were more abundant than the wt, whereas in the third
set (no. 3), wt DNA was slightly more abundant than E82 genomes (Fig. 4A). Cell line
E82 no. 1 displays signals of supercoiled, linear, and open circle forms of viral DNA, and
a similar pattern but at lower copy numbers can be seen in the E82 no. 2 line (Fig. 4A).
In addition, RNA was isolated from these cell lines, and the amounts of E1^E4

FIG 2 ME8^E2 inhibits MmuPV1 promoter activity in the absence and presence of mE1 and mE2. (A)
C33A cells were transfected with 100 ng of pGL mURR/E1-luc reporter plasmid, 0.5 ng pCMV-Gluc, and
30 ng of empty vector pSG5 or the indicated amounts of pSG mE8^E2 or pSG mE8^E2 d2-9, plus
empty vector (pSG5), to obtain equal amounts of plasmid DNA. Luciferase activities were determined
48 h posttransfection. Data are presented as ratios between firefly luciferase (Fluc) and Gaussia
luciferase (Gluc) activities relative to those of pSG5-transfected cells. Averages are derived from at
least four independent experiments, and the error bars represent the SEM. Statistical significance was
determined by one-way ANOVA and Holm-Sidak’s multiple-comparison test (ns, not significant; ***,
P, 0.001; ****, P, 0.0001). (B) Schematic structure of the pGL mURR/E1-luc plasmid. Localization of
the upstream regulatory region (URR), the E6 and E7 genes, and transcription start sites of the P7107,
P7503, P360, and P533 promoters are indicated. (C) C33A cells were transfected as indicated with
50 ng of pGL mURR/E1-luc reporter plasmid; 0.5 ng pCMV-Gluc; 1,000 ng pSG mE1; 100 ng pSG mE2;
10, 30 or 100 ng of pSG mE8^E2 or pSG mE8^E2 d2-9; and empty vector (pSG5) to obtain equal
amounts of plasmid DNA. Luciferase activities were determined 48 h posttransfection. Data are
presented as ratios between firefly luciferase (Fluc) and Gaussia luciferase (Gluc) activities. Averages
are derived from five independent experiments, and the error bars represent the SEM. Statistical
significance was determined by a ratio paired t test (*, P, 0.05; **, P, 0.01). (D) C33A cells were
transfected as indicated in panel C, and at 48 h posttransfection, total DNA was isolated. Aliquots
were digested with DpnI or not, and plasmid copy numbers were then determined by quantitative
PCR (qPCR) detecting an amplicon that includes two DpnI restriction sites. Values represent the
plasmid fraction resistant to DpnI digestion. Averages are derived from four independent
experiments, and the error bars represent the SEM. Statistical significance was determined by a ratio
paired t test. (*, P, 0.05; ***, P, 0.001).
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transcripts were determined (Fig. 4B). Compared to the respective wt cell lines, E1^E4
transcripts were significantly increased 3.3-fold in E82 no. 1, but not in E82 no. 2 and
E82 no. 3 cell lines. This indicated that stable cell lines can be established that maintain
MmuPV1 E82 genomes as extrachromosomal elements at higher copy numbers but
not with greatly increased viral transcription.

MmuPV1 E82 genomes do not induce warts or detectable viral transcripts in
vivo. To test the phenotype of MmuPV1 E82 in vivo, tail and vagina of athymic nude
female mice (strain 490) were challenged with quasivirions (QVs) delivering either wt
or E82 MmuPV1 genomes (three mice each). In addition, tails were challenged by injec-
tion with either wt or E82 linearized genomic DNA (two additional mice each) in the
first experiment. Between 6 and 12weeks after infection, warts began to appear on
tails of 4/5 mice infected with the wt (Fig. 5). At 22weeks, warts on these mice had
spread to the epidermis around their mouths. Mouse no. 3 never developed warts on
her tail, but at 16weeks, she developed warts on the mandibular and maxillary region
of her face (and MmuPV1 infection was also detected in her vagina by qPCR). In con-
trast, during the entire experimental period of 22weeks, E82-infected mice never
developed warts on their tails or any other epidermal surfaces (Fig. 5). In the second
experiment, tails of five mice each were challenged with linearized wt or E82 MmuPV1
DNA. Consistent with the first experiment, four out of five wt-challenged mice but

FIG 3 ME8^E2 is a repressor of MmuPV1 transcription in normal mouse tail keratinocytes. (A)
Structure of the linearized MmuPV1 genome and selected spliced transcripts. Shown are early (E1 to
E8) and late genes (L1 and L2), the positions of early and late polyadenylation sites (pAE and pAL),
splice donor (SD) and splice acceptor (SA) sites, and transcription start sites (indicated by arrows). The
exon structures of E8^E2, URR^E4, E1^E4, and E4^L1 transcripts are indicated. (B) Normal mouse tail
keratinocytes were transfected with wt or E82 genomes, and levels of E1^E4, URR^E4, or E4^L1
transcripts were determined after 3, 6, and 9 days. Transcript levels are shown relative to and were
normalized to RNA levels in E82-transfected cells on day 3, using PGK1 as a reference gene. Average
values are derived from three to five independent experiments, and error bars indicate the SEM.
Statistical significance was determined by one-sample t test for day 3 values (due to normalization)
and by one-tailed, ratio paired t test for day 6 and day 9 values (ns, not significant; *, P, 0.05; ***,
P, 0.001; ****, P, 0.0001). (C) URR^E4 and E4^L1 transcript levels are shown relative to E1^E4
transcripts.
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none of the E82 MmuPV1 DNA-challenged mice developed warts on their tails
20weeks postinfection. When the tail epidermis of the one mouse without warts was
tested by qPCR, MmuPV1 E1^E4 RNA (quantification cycle [Cq] = 32.91) was detected.

Thus, in all wt-infected biopsy specimens, E1^E4 signals were present, whereas no
E1^E4 transcripts were detectable in E82 MmuPV1 DNA-challenged tissues. Transcripts
of the mouse housekeeping gene Capzb were present in all samples at similar
amounts, indicating this does not reflect a failure in sampling (Fig. 5B). In summary,
these data reveal, surprisingly, that while MmuPV1 E82 genomes induce higher tran-
script levels in tissue culture than wt genomes, they are not able to induce tail warts or
even to produce detectable levels of viral transcripts in the vaginas of nude mice.
Since nude mice are immunodeficient, this suggests the defect is not a result of
enhanced T-cell recognition and thus clearance of the E82 MmuPV1, but it does not
eliminate a role for effective innate immune control in the absence of E8^E2.

DISCUSSION

The ability to encode an E8^E2 fusion protein is highly conserved among papillo-
maviruses (9), and functional studies using HPV genomes in which the expression of
E8^E2 is disrupted have revealed that E8^E2 always acts as an inhibitor of HPV replica-
tion (10–16). Nevertheless, it is not understood why HPV needs to limit its gene expres-
sion at early stages of the infection cycle. In the case of HPV31, E8^E2 is required for
long-term episomal maintenance in keratinocytes (13, 16). It has been observed that
overexpression of different animal PV and HPV proteins can inhibit cell growth. The vi-
ral E1 helicase blocks S-phase progression and induces a DNA damage response (36,
37). Overexpression of the E1^E4 proteins of HPV1, HPV16, or HPV18 induces a G2

arrest in undifferentiated cells (38–40). In addition, HPV E2 proteins can also be growth
inhibitory in both HPV-positive and -negative cells (7, 41) and also induce cell death
(42, 43). It is thus possible that integration of HPV31 E82 genomes into host chromo-
somes is the result of a selection process to reduce viral gene expression to levels that
can be tolerated by the infected cell. On the other hand, HPV16 E82 genomes replicate
as episomes with an increased copy number and elevated levels of viral transcripts
without an obvious impact on cell growth in undifferentiated cultures or on cell cycle
and differentiation markers in organotypic cultures (13, 15). Thus, the enhanced
expression of HPV16 proteins does not obviously compromise infected cells. This

FIG 4 Analysis of MmuPV1 wt or E82-positive mouse tail keratinocyte lines. (A) Southern blot analysis
of low-molecular-weight DNA isolated from low-passage-number cell lines. DNA was digested with
XhoI, a single cutter of MmuPV1 (left), or with EcoRI, a noncutter of MmuPV1 (right). Open circle (oc),
linearized (lin), and supercoiled forms of MmuPV1 DNA are indicated by arrows. Linearized MmuPV1
DNA (100 pg) served as a size marker (M). (B) E1^E4 transcript levels were determined by qPCR in
total RNA from wt or E82-positive cell lines, using PGK1 as a reference gene. Average values are
derived from three biological replicates, and error bars represent the SEM. Statistical significance was
determined by a paired, two-tailed t test (*, P, 0.05).
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suggests that E8^E2 may limit viral gene expression to prevent growth-inhibitory activ-
ities or as an immune-evasive mechanism dependent on the virus type.

To address the role of E8^E2 role in vivo, we used MmuPV1, as it expresses an
E8^E2 encoding transcript in vivo (34) and the E8 peptide sequence is very similar to
HPV1, HPV5, HPV8, and CRPV E8 sequences (Fig. 1). Consistent with a conserved func-
tion of E8^E2, the mE8^E2 protein inhibited transcription from both a synthetic pro-
moter and MmuPV1 promoters. Furthermore, mE8^E2 counteracted the E1- and E2-de-
pendent activation of a MmuPV1 origin construct. Deletion of a large portion of the E8
part from mE8^E2 increased protein stability and attenuated repression of both the
synthetic promoter and the E1/E2-dependent activation of the MmuPV1 origin con-
struct. In summary, mE8^E2 displays activities that are very similar to those of HPV
E8^E2 proteins. The only obvious difference was that deletion of the E8 part had no
effect on the repression of the MmuPV1 promoter construct by mE8^E2. Interestingly,
the transcription start sites of P7503 and P533, two of the promoters, which most likely
contribute to reporter expression from pGL mURR/E1-luc, overlap putative E2BS

FIG 5 MmuPV1 E82 genomes do not induce warts in athymic nude mice. Two independent animal
experiments were carried out in which MmuPV1 wt or E82 genomes were either introduced as naked
DNA (DNA) in the tail or packaged in quasivirions (QV) in the tail or vagina. (A) Representative
pictures of mouse tails challenged with wt or E82 genomes. (B) Summary of MuPV1 mouse challenge
experiments. Quantification cycle (Cq) values for Capzb and MmuPV1 E1^E4 transcripts are derived
from real-time qPCR analyses. 1, between 1 and 5 tail warts; 11, between 5 and 10 tail warts;
111, confluence of more than 10 tail warts. aMouse no. 3 never developed visible warts on her tail,
but at 16weeks, she developed warts on her head. bAt week 12, mouse no. 8, who had a small wart
on her tail became ill and was euthanized. cAlthough there were no visible warts on the tail of
mouse no. 12, MmuPV1 E1^E4 transcripts were detected in excised tail epidermis.
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(ACCGTATTCGTT; ACCAGACTCGTT). Since the DNA binding activity of HPV31 E8^E2 is
not impaired by deletion of the E8 peptide (19), it is possible that the DNA binding ac-
tivity of mE8^E2 d2-9 is sufficient to inhibit transcription from some MmuPV1
promoters.

Mutation of the E8 start codon in the MmuPV1 genome greatly increased the
expression of spliced E1^E4, URR^E4, and E4^L1 transcripts in transiently transfected
normal mouse tail keratinocytes, further confirming that the function of E8^E2 is con-
served between MmuPV1 and HPV. Surprisingly, only MmuPV1 wt, but not E82,
genomes, efficiently induced warts on the tail and expressed E1^E4 transcripts in the
infected vagina in athymic nude mice, which are T cell deficient and thus have a
severely impaired cell-mediated immune response (44). This suggested that mE8^E2 is
necessary for wart formation in vivo even in the absence of T cells and is not acting to
prevent T cell-mediated elimination of infected cells.

MmuPV1 E82 genomes were able to replicate long-term as episomal elements in
some mouse keratinocyte cell lines, indicating that mE8^E2 is not required for genome
replication or segregation of viral genomes, consistent with findings for HPV16 (13, 15).
Since the main phenotype in tissue culture of E82 genomes is increased viral gene
expression, it is possible that the enhanced expression of viral proteins from E82

genomes is cytotoxic and induces cell death. If this were the case, E82-positive cells
should die rapidly, which should lead to a decrease of viral gene expression early after
introduction of the genomes, in contrast to wt-infected cells. However, time course
experiments analyzing viral gene expression revealed that the overall patterns, despite
being quantitatively different between wt and E82 genomes, are very similar. Thus,
MmuPV1 E82 genomes most likely do not induce cell death. The differences in viral
gene expression between wt and E82 genomes were no longer evident or were greatly
reduced in stable cell lines. This may indicate that there is counterselection against
high levels of viral gene expression. At the moment, very little is known about the
activities of MmuPV1 proteins, but it is possible that E1, E2, and E1^E4 have growth-in-
hibitory functions similar to those of their HPV counterparts. Thus, the failure of
MmuPV1 E82 genomes to form warts or establish an infection in T cell-deficient mice
could be due to increased viral protein expression that causes growth inhibition of
infected cells.

HPV16 E82 genomes can be stably maintained in human keratinocytes despite
increased transcript levels of E1, E2, and E1^E4, whose gene products have growth-in-
hibitory activities. Thus, it is also conceivable that the inability of MmuPV1 E82

genomes to establish an infection is not only due to cytotoxic or cytostatic effects of
overexpressed viral proteins but also to an additional activation of the immune system.
There is strong evidence that MmuPV1 infections are mainly controlled by T cells in
vivo (26–33), but these cells are not present in athymic nude Foxn1nu/nu mice. However,
such mice have natural killer (NK) cells, which are known to detect and eliminate virus-
infected cells (45). NK cells have been recently proposed to play a role in controlling
MmuPV1 (46). Therefore, it is also possible, that the enhanced viral transcription and
replication generates NK cell activating signals in MmuPV1 E82-infected cells which
might lead to the elimination of MmuPV1-infected cells in the absence of T cells. We
also note that, like the human betapapillomaviruses (beta-HPV), MmuPV1 does not
express E5. This may account for the difference in phenotype of E8 loss compared to
other PV models that do express E5. Indeed, TMC6-TMC8-CIB1 appear to play an im-
portant role in the control of beta-HPV via an intrinsic keratinocyte immunity, but not
that of HPV in other genera that do express E5 (47).

E8^E2 and E2 proteins are DNA binding transcription factors. Overexpression of
HPV E2 proteins has been shown to deregulate host cell gene expression in the ab-
sence of other viral proteins (48–55). Thus, it is also possible that mE8^E2 directly regu-
lates host cell expression and that this is required to enable wart formation in vivo.

Currently, no specific antiviral treatments are available to target persistent HPV
infections. The observation that E8^E2 is required for papilloma formation in athymic
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nude mice indicates that E8^E2 could be an interesting target for antiviral therapy.
While it sounds counterintuitive to use a treatment that inactivates E8^E2 and thereby
enhances viral gene expression, such a strategy (“shock and kill”) is currently being
explored as a cure for latent HIV infections. The concept is to activate viral gene expres-
sion (“shock”) in latently infected cells by drugs which supposedly render these cells
vulnerable to elimination by the immune system or by other mechanisms (“kill”)
(56–58).

MATERIALS ANDMETHODS
Recombinant plasmids. Plasmid pC18-Sp1-luc has been previously described (19). Plasmid pSG

mE8^E2 was constructed by inserting MmuPV1 nt 1094 to 1125/3139 to 3685 between the EcoRI and
BamHI sites in pSG5 (Stratagene). Plasmid pSG mE8^E2-HA was constructed by inserting an oligonucleo-
tide encoding the HA epitope into the AfeI site of pSG mE8^E2. Plasmids pSG mE8^E2 d2-9 and pSG
mE8^E2 d2-9-HA were constructed by replacing the EcoRI/Ecl136II fragments in pSG mE8^E2 and pSG
mE8^E2-HA with an oligonucleotide, resulting in the deletion of residues 2 to 9. To generate plasmid
pSG mE1, MmuPV1 nt 742 to 2604 were amplified by PCR and inserted between the EcoRI and BglII sites
in pSG5. The forward primer also mutated the splice donor site at nt 757 at the beginning of E1 to
enhance E1 expression. Plasmid pSG mE2 was constructed by inserting MmuPV1 nt 2534 to 3685
between the EcoRI and BglII sites in pSG5. Plasmid pGL mURR/E1-luc was constructed by inserting
MmuPV1 nt 6899 to 7510/1 to 741 between the NheI and NcoI sites of pGL3-basic (Promega). Plasmids
pUC57 mE1^E4^L1 (MmuPV1 nt 662 to 757/3139 to 3431/5372 to 5496) and pUC57 mURR^E4 (MmuPV1
nt 7108 to 7243/3139 to3318) were synthesized by GenScript Biotech, USA. Plasmid pAsylum-MmuPV11
has been previously described (33). Plasmid pAsylum-MmuPV1 E82 was constructed by exchanging the
ClaI-MluI fragment with a fragment in which the E8 ATG (nt 1094 to 1096) was exchanged to ACG. To
ensure that no additional changes were introduced by the cloning procedure or retransformation, the
whole MmuPV1 E82 genome was sequenced at the Institute for Medical Virology and Epidemiology of
Viral Diseases, Tuebingen, Germany, and at the Department of Pathology, The Johns Hopkins University,
Baltimore, MD, after MaxiPrep.

Cell culture. C33A cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)/10% fetal
bovine serum (FBS) and antibiotics. Isolation of primary mouse keratinocytes from the tail was essentially
done as described previously (59). Tails from 3-month-old female C57BL/6wt mice were rinsed with
ethanol and then transferred to a petri dish with phosphate-buffered saline (PBS). About 2mm of the
tail tip was cut off, and then a blade was used to cut along the tail. The skin was gently peeled off the
bone, cut into 1- to 2-cm pieces, and placed with the epidermis side up in a 60-mm petri dish with 10 U
Dispase (Gibco) overnight in a 4°C refrigerator. The next day, the epidermis was removed with forceps
and incubated in trypsin for 15min in a 37°C incubator. During trypsin treatment, the skin was rubbed 2
or 3 times, and after single cells detached, 5ml DMEM/10% FBS was added to the plate and the suspen-
sion was transferred to a 100-mm cell strainer. After centrifugation for 5min at 250 � g, cells were resus-
pended in keratinocyte serum-free medium without CaCl2 (catalog no. 37010022; Thermo Scientific) sup-
plemented with 50mM CaCl2 and seeded in 6-well plates or 60-mm dishes coated with bovine collagen I
(catalog no. A10644; Gibco). For transient assays, cells were transfected in 6-well plates using Fugene
HD (Promega) and 1mg/well recircularized MmuPV1 genomes, from which the vector backbone was
removed by restriction digest. Medium was replaced every other day. To generate stable cell lines, cells
were cotransfected using Fugene HD (Promega) with 3mg MmuPV1 genomes and 1mg pSV2neo in 60-
mm dishes. Cells were transferred the next day onto collagen-coated 100-mm dishes (Corning). Cells
were selected with 150mg/ml G418 until the nontransfected cells were dead.

Reporter assays. C33A cells (7� 104) were cotransfected with pC18-Sp1-luc or pGL mURR/E1-luc,
pSG5, pSG mE8^E2 or its derivatives, pSG mE2 or pSG mE1, and pCMV-Gluc using Fugene HD (Promega)
using DNA amounts as indicated in the figure legends. Luciferase activities were determined 48 h post-
transfection using a TriStar2 S LB 942 multimode plate reader (Berthold Technologies).

Quantification of transiently replicating reporter plasmids. C33A cells were transfected with pGL
mURR/E1-luc and combinations of pSG5, pSG mE8^E2, pSG mE8^E2 d2-9, pSG mE2, and/or pSG mE1, as
indicated in figure legends. Total DNA was extracted at 48 h posttransfection using the EZ1 DNA tissue
kit and the EZ1 instrument according to the manufacturer’s instructions (Qiagen). Aliquots were
digested with DpnI or left untreated and then subjected to qPCR using primers that detect an amplicon
in the luciferase gene that includes two DpnI restriction sites (luc qPCR F, CCAGGGATTTCAGTCGATGT;
luc qPCR R, AATCTCACGCAGGCAGTTCT). Copy number standards were run in parallel.

Southern blot analysis. Low-molecular-weight DNA from stable cell lines was isolated as previously
described (60). DNA was digested with EcoRI and subjected to Southern blot analysis. A 32P-labeled
probe was generated using the DecaLabel DNA labeling kit (Thermo Scientific) and the MmuPV1 ge-
nome. Blots were hybridized in 50% (vol/vol) formamide-5�SSPE (1� SSPE is 0.18 M NaCl, 10 mM
NaH2PO4, and 1 mM EDTA [pH 7.7]), 1% SDS, 2.5� Denhardt¨s solution, 10% dextrane sulfate, and
100mg/ml salmon sperm DNA at 42°C overnight. The blots were washed twice at room temperature in
2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1% SDS, followed by two washes in
0.2� SSC-1% SDS at 55°C. Hybridizing DNA species were visualized using a Fujifilm Bio-imaging
Analyzer BAS 1800.

Immunoblot. C33A cells (3� 105) were transfected with 1mg of pSG5, pSG mE8^E2-HA, or pSG
mE8^E2 d2-9-HA using Fugene HD. Whole-cell extracts were prepared 48 h posttransfection by boiling
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cells in Roti Load 1 buffer (Carl Roth), followed by sonification. Equal amounts of extracts were separated
in SDS-PAGE gels and transferred onto a nitrocellulose membrane in 10mM 3-(cyclohexylamino)-1-pro-
panesulfonic acid-10% (vol/vol) methanol (pH= 10.3). Membranes were incubated with the following
primary antibodies at the indicated dilutions: anti-HA tag (C29F4 at 1:1,000; Cell Signaling) and a-tubulin
(CP06 at 1:1000, Calbiochem) as a reference protein. Bound antibodies were detected with the following
fluorescence-labeled antibodies: anti-mouse IRDye 680RD (1:15,000, catalog no. 926-68070; Li-Cor) and
anti-rabbit IRDye 680RD (1:15,000, catalog no. 926–68071; Li-Cor) and recorded with an Odyssey Fc infra-
red imaging system (Li-Cor Biosciences).

qPCR analysis of viral transcripts in mouse keratinocyte cultures. Total RNA was isolated from
cultured mouse keratinocytes using the RNeasy minikit (Qiagen), 1mg of RNA was reverse transcribed
using the QuantiTect reverse transcription kit (Qiagen), and 25 ng of cDNA was analyzed in duplicates by
qPCR in a LightCycler 480 (Roche Applied Science) for viral and cellular transcripts using LightCycler 480
SYBR green I master mix (Roche Applied Science) and 0.3 mM of the following primer pairs: MmuPV1
URR^E4 (m7138 F 59-TCTGTTGGCTGTGTGCTCTC-39, m3169R 59-TTTTTGATGCCCTTCTTTGG-39), MmuPV1 E1^E4
(m721F 59-CGTCGTACGTGAACCTCAGA-39, m3312R 59-ATGCAGGTTTGTCGTTCTCC-39), and MmuPV1 E4^L1
(m3295F 59-AGAACGACAAACCTGCATCC-3 ,̈ m5451R 59-TCGTCTGTGCTCTGCACTTT-39). LightCycler 480 software
version 1.5 was used for quantification, the second derivate/max analysis was chosen to obtain Cq values, and
melting curves were analyzed to ensure measurement of a single amplicon. Standard curves were generated
using serial dilutions of pUC57 mE1^E4^L1 or pUC57 mURR^E4. PGK1was used as a reference gene.

Animal experiments. All animal studies were carried out in accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and with the
prior approval of the Animal Care and Use Committee of Johns Hopkins University. Athymic nude female
mice (Charles River, strain 490) 2 to 7months of age at challenge were used for challenge with either
MmuPV1 DNA or MmuPV1 crude HPV16 L1/L2 encapsidated MmuPV1 quasivirion (QV) preparations. For
MmuPV1 DNA, plasmids containing the WT and E82 MmuPV1genomes inserted at XbaI in the pAsylum1
vector (pMmuPV1 kindly provided by C. Buck, NCI) were prepared using Qiagen HiSpeed plasmid maxikit
(catalog no. 12663; Qiagen). For direct injection of DNA into tails, the plasmids were linearized by diges-
tion with XbaI (NEB). DNA (200mg) was digested in a 200-ml volume containing 20ml of CutSmart buffer
(NEB) and 10ml of XbaI, incubated at 37°C overnight. To prepare crude MmuPV1 QV, four T150 flasks of
293TT cells were plated at 7 � 106 to 9� 106 per flask prior to transfection. For each flask, cells were
transfected with 19mg of p16SHELL plasmid (kindly provided by J. Schiller, NCI) that expresses HPV16 L1
and L2 capsid proteins and 19mg of either WT or E82 plasmid using TransIT-2020 transfection reagent
(catalog no. MIR5404; Mirus). Forty-eight hours later, transfected cells were harvested by trypsinization.
Cell pellet was resuspended in lysis buffer containing 1� Dulbecco’s PBS (DPBS), 10mM MgCl2, 0.5%
Brij58 (catalog no. 5884-100G; Sigma) and 0.2% Benzonase (catalog no. E1014-25kU; Sigma) and incu-
bated at 37°C overnight. The next day, cell lysate was solubilized by adding NaCl to a final concentration
of 850mM, then centrifuged at 10,000 � g for 10min to remove cell debris. The supernatant was stored
at220°C until use.

For vaginal challenge, mice were injected subcutaneously with 3mg of medroxyprogesterone
(Depo-Provera, NDC59762-4537-1) 4 days prior to challenge to synchronize their estrus cycles. On the
day of the challenge, the crude QVs were thawed and mixed with an equal volume of 3% carboxyme-
thylcellulose (catalog no. C5013-500G; Sigma) before application. Mice were anesthetized with a solution
of 3.3mg/ml xylazine and 16.7mg/ml ketamine, and 30ml of MmuPV1 QVs/3% CMC was applied into
the vaginal vault of anesthetized mice before and after abrasion by twirling an endocervical brush (cata-
log no. 892010-C500; Andwin Scientific) clockwise and anticlockwise 10 to 20 times each.

For tail challenge with MmuPV1 DNA, tails of anesthetized mice were subjected to epithelial trauma
by gently rubbing with autoclaved sand paper (3M Sandblaster Pro 150 medium) until the epidermis
was disrupted. Three days later, a total of 30mg of linearized plasmid was injected into 5 sites per tail,
underneath scabs that developed after the initial injury.

For tail challenge with MmuPV1 crude QVs, tails of anesthetized mice were subjected to epithelial
trauma using autoclaved sand paper as mentioned above. Subsequently, 20ml of crude QVs was pipet-
ted onto the injured tail, followed by rubbing with an endocervical brush. An additional 20ml of
MmuPV1 QVs was applied after brushing.

qPCR detection of MmuPV1 transcripts in mouse tissue. At 22weeks after challenge with
MmuPV1 DNA and QVs, all mice were sacrificed before tail and vaginal tissues were excised into 0.3ml
of TRIzol (catalog no. 15596026; Invitrogen). Tissues were homogenized using the gentleMACS dissocia-
tor. RNA was extracted using a Qiagen RNeasy®= minikit (catalog no. 74104; Qiagen). cDNA synthesis
was performed using a QuantiTect reverse transcription kit (catalog no. 205310; Qiagen). For detection
of viral transcripts, sequences for forward, reverse primers and probe are as follows: 59-TAGCTTTG
TCTGCCCGCACT-39, 59-GTCAGTGGTGTCGGTGGGAA-39, 59FAM-CGGCCCGAAGACAACACCGCCACG-39TAMRA.
Capping actin protein of muscle Z-line subunit beta (Capzb) was used as the reference housekeeping gene
(VIC-labeled assay, Mm00486707_m1; Thermo Fisher). Multiplex real-time PCR assays were set up in triplicate
using TaqMan gene expression mastermix (catalog no. 4369016; Thermo Fisher) with a cycling program of
2min at 50°C, 10min at 95°C, and 40 cycles of 15 sec at 95°C and 1min at 60°C. A plasmid with the 157-bp
MmuPV1 spliced amplicon cloned into the EcoRV site in pUC57 was used as a positive control for the PCR.
No MmuPV1 expression was detected in all no-reverse transcriptase and no-template control negative-con-
trol samples.
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Statistical analysis. GraphPad Prism (version 8.3.0) was used to determine statistical significance.
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