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The E1 and E2 proteins are both required for papillomavirus DNA replication, and replication efficiency is
controlled by the abundance of these factors. In human papillomaviruses (HPVs), the regulation of E1 and E2
expression and its effect on viral replication are not well understood. In particular, it is not known if E1 and
E2 modulate their own expression and how posttranscriptional mechanisms may affect the levels of the
replication proteins. Previous studies have implicated splicing within the E6 open reading frame (ORF) as
being important for modulating replication of HPV type 31 (HPV31) through altered expression of E1 and E2.
To analyze the function of the E6 intron in viral replication more specifically, we examined the effects of E6
splicing mutations in the context of entire viral genomes in transient assays. HPV31 genomes which had
mutations in the splice donor site (E6SD) or the splice acceptor site (E6SA), a deletion of the intron (E6ID),
or substituted heterologous intron sequences (E6IS) were constructed. Compared to wild-type (wt) HPV31,
pHPV31-E6SD, -E6SA, and -E6IS replicated inefficiently while pHPV31-E6ID replicated at an intermediate
level. Cotransfection of the E6 mutant genomes with an E1 expression vector strongly activated their replica-
tion levels, indicating that efficient expression of E1 requires E6 internal splicing. In contrast, replication was
activated only moderately with an E2 expression vector. Replacing the wt E6 intron in HPV31 with a heter-
ologous intron from simian virus 40 (E6SR2) resulted in replication levels similar to that of the wt in the
absence of expression vectors, suggesting that mRNA splicing upstream of the E1 ORF is important for
high-level replication. To examine the effects of E6 intron splicing on E1 and E2 expression directly, we
constructed reporter DNAs in which the luciferase coding sequences were fused in frame to the E1 (E1Luc) or
E2 (E2Luc) gene. Reporter activities were then analyzed in transient assays with cotransfected E1 or E2
expression vectors. Both reporters were moderately activated by E1 in a dose-dependent manner. In addition,
E1Luc was activated by low doses of E2 but was repressed at high doses. In contrast, E2 had little effect on
E2Luc activity. These data indicate that E1 expression and that of E2 are interdependent and regulated
differentially. When the E6 splicing mutations were analyzed in both reporter backgrounds, only El1Luc
activities correlated with splicing competence in the E6 ORF. These findings support the hypothesis that the
E6 intron primarily regulates expression of E1. Finally, in long-term replication assays, none of the E6 mutant
genomes could be stably maintained. However, cotransfection of the E6 splicing mutant genomes with pHPV31-
E7NS, which contains a nonsense mutation in the E7 coding sequence, restored stable replication of some
mutants. Our observations indicate that E1 expression and that of E2 are differentially regulated at multiple
levels and that efficient expression of E1 is required for transient and stable viral replication. These regulatory

mechanisms likely act to control HPV copy number during the various phases of the viral life cycle.

Papillomaviruses are small DNA viruses that infect the ep-
ithelia of their vertebrate hosts. To date, more than 85 types of
human papillomaviruses (HPVs) have been identified, of which a
small number, high-risk types HPV16, -18, -31, and -33, are caus-
ally associated with neoplasia. HPVs infect basal keratinocytes
and maintain their genomes as low-copy-number nuclear plas-
mids. The production of viral progeny occurs only in suprabasal
cells following terminal differentiation (16). Under physiological
conditions, viral DNA replication requires the action of both
El and E2 (4, 55, 58), which form a complex at the replication
origin (ori) near the 3’ terminus of the upstream regulatory
region (URR; Fig. 1A) (8, 27, 34, 35, 43, 45). While it has been
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determined that viral replication efficiency depends on the
abundance of the E1 and E2 proteins (3, 18, 27, 30, 33, 38, 60),
it is not clear how the expression of these viral replication factors
is regulated during the life cycle of HPVs. In particular, it has not
been established how the abundance of the E1 and E2 proteins is
affected by transcriptional or posttranscriptional mechanisms of
regulation. Recently, experimental systems have been developed
which permit the analysis of the replication properties of HPV31
in cell culture models throughout the three phases of the viral life
cycle: establishment, maintenance, and DNA amplification (9, 26,
52). Short-term replication assays closely mimic the establish-
ment phase of replication, while long-term replication assays
mimic viral maintenance in undifferentiated basal cells. Finally,
DNA amplification and virion assembly, which are hallmarks
of productive viral infection, can be analyzed following kera-
tinocyte differentiation either in organotypic raft cultures or by
suspension in semisolid medium.
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FIG. 1. Diagrams for plasmids and mutations used in this study. (A) Early region of the HPV31 genome (top) with the URR, replication origin
(ori), ORFs (open boxes), promoters (horizontal arrows), and selected mRNA splice sites (slanted arrows). The enlargement (bottom) shows
ORFs E6 and E7 (open boxes), their proteins (stippled boxes), and the location of the mutations. Nucleotide positions refer to HPV31 unless
stated otherwise. a, inactivated splice donor (nt 212T—C); b, inactivated splice acceptor (nt 411A—C); c, inserted splice replacement (HPV31 nt
344—415 replaced with SV40 small t antigen intron from pGL2 control [Promega; pGL2 nt 2157—2228], nt 212T—C, and nt 342T—C); d, E6
intron deletion including nt 211—412; e, inserted E6 intron spacer replacing HPV31 nt 344—415 with amino phosphotransferase coding sequences
from pREP10 (Stratagene; pREP10, nt 248—449); f, E7 nonsense mutation (nt 610T—C and nt 611G—T, E7 Glul8—amber). (B) Schematic maps
of HPV31 El- and E2-specific luciferase reporters E1Luc and E2Luc, respectively, in the pGL3 basic parental plasmid (Promega). In each
reporter, the firefly luciferase gene is fused in frame to the first 10 codons of the specified HPV gene. E1Luc contains nt 7067 to 892 from HPV31.
E2Luc contains nt 7067 to 2723 from HPV31. The E1 gene in E2Luc is inactivated with a six-frame translational termination linker at nt 1645.

aa, amino acids.

Analysis of viral gene expression in undifferentiated cells has
identified a major transcriptional promoter in HPV31, desig-
nated P97, which is activated by cellular proteins that bind to
the keratinocyte enhancer in the URR (28). mRNAs expressed
from P97 are polycistronic and abundant in undifferentiated as
well as differentiated cells (19, 20). Among the transcripts
expressed from P97 are those encoding E1 and E2. By binding
to an E2 binding site located proximal to the TATA box of P97,
the E2 protein has been shown to negatively regulate this
promoter as well as viral replication (54). This modulation of
P97 activity has been hypothesized to contribute to copy num-
ber control in basal cells. It is not known, however, if P97 is the
only promoter which directs the expression of E1 and E2 or if
other promoters are involved (36). Furthermore, it has not
been established with HPVs how the levels of E1 and E2 affect
their own expression and if posttranscriptional mechanisms
contribute to regulation.

Many DNA tumor viruses, such as simian virus 40 (SV40) (7,
24, 59) and human adenoviruses (types 2, 11, and 15), use

mRNA splicing to modulate viral gene expression (5, 23, 32).
In HPV31, the splicing of an intron located at nucleotides (nt)
211 to 412 in the E6 open reading frame (ORF) could poten-
tially modulate E1 and E2 gene expression since these mRNA
splice sites lie upstream of the coding sequences for both
replication factors. This hypothesis is supported by the findings
of recent replication studies which have demonstrated that
mutations in the E6 ORF splicing signals decrease the tran-
sient replication levels of HPV31 genomes (57). Modulating
the splicing efficiency of the E6 intron could thus provide an
additional mechanism for regulating the abundance of the E1
and E2 proteins.

In this study, we examined the role of the splicing of the E6
intron in the regulation of HPV31 DNA replication during
viral establishment and maintenance. In addition, the tran-
scriptional regulation of E1 and E2 expression was analyzed in
transient reporter assays. We determined that splicing of the
intron located at nt 211 to 412 is essential for efficient viral
replication during the early phase of viral infection and that it
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primarily affects E1 expression. We also found that E1 expres-
sion and that of E2 are regulated differentially by the replica-
tion factors themselves. These transcriptional and posttran-
scriptional control mechanisms could contribute to the
regulation of the HPV31 plasmid copy number in all phases of
the viral life cycle by differentially modulating the levels of the
replication factors.

MATERIALS AND METHODS

Plasmids. Wild-type (wt) pBRmin-HPV31 DNA was used as the parental viral
genome. It contains a minimal pBR322 vector at the unique EcoRI site in the E2
coding sequence (18). All HPV31 nucleotide references are based on the pub-
lished wt sequence (11). The locations and types of E6 mutations generated for
this study are shown schematically in Fig. 1A. The viral splice mutants pHPV31-
E6SD (splice donor; nt 212T—C) and pHPV31-E6SA (splice acceptor; nt
411A—C) contain inactivated 5" and 3’ splice sites in the E6 coding sequence at
nt 210 and 413, respectively, and have been described previously (57). A set of
HPV31 genomes containing new E6 intron mutations were generated by overlap
extension PCR (2): pHPV31-E6SR2, splice replacement; pHPV31-E6ID, intron
deletion; pHPV31-E61S, intron spacer. Mutated DNA fragments were generated
and joined with oligonucleotide primers which contain DNA sequences from two
heterologous PCR templates. The mutated PCR products were cloned into
pBRmin-HPV31 (18) by Spel-to-Banll fragment exchange. All PCR-generated
fragments in the HPV31 genomes were sequenced. In the pHPV31-E6SR2
genome, the intron from the small t antigen of SV40 (pGL2 control nt 2157 to
2228; Promega) was combined with pHPV31-E6SD sequences (nt 7557 to 343)
at the 5" end and wt HPV31 sequences (nt 416 to 811) at the 3’ end. In addition
to the small t antigen intron, pHVP31-E6SR2 also contains a point mutation (nt
342T—C) to inhibit potential mRNA splicing from a cryptic HPV31 site. The
splice replacement fragment is of the same size as the wt one. The E6SR2
mutation inhibits expression of full-length E6 as well as E6*. pHPV31-E6ID was
generated with a primer that spanned the E6* splice junction. The deleted
HPV31 sequences include nt 211 through 412. The E6ID mutation inhibits
full-length E6 expression but not E6* expression. pHPV31-E6IS contains wt
HPV31 DNA (nt 7557 to 210) fused in frame to sequences from the hygromycin
resistance gene (pPREP10 nt 248 to 449; Invitrogen-Life Technologies) and again
wt HPV31 sequences (nt 413 to 811). The intron spacer fragment is of the same
size as the wt one. The E6IS mutation inhibits expression of functional full-length
E6 and E6*. In the pHPV31-E7NS (nonsense) genome, point mutations were
generated in the E7 coding sequence by PCR (nt 610T—C and nt 611G—T).
These mutations change a wt Bsu36I site to a unique AvrIl site and introduce an
amber stop codon in place of the codon for amino acid position 18 of E7. An
Hpal-to-BanIl fragment with the nonsense mutation was replaced in pBRmin-
HPV31. pHPV31-E7NS is competent for the expression of full-length E6 and
E6* but not E7.

The HPV31-based luciferase reporter DNAs are both based on pPro983 (22),
a pGL3 basic (Promega) derivative, and are shown schematically in Fig. 1B. The
El-specific luciferase reporter (E1Luc) contains wt HPV31 sequences from nt
7045 to 892, and the first 10 codons of the E1 coding sequence are fused in frame
to the firefly luciferase gene. The E2-specific luciferase reporter (E2Luc) con-
tains wt HPV31 sequences from nt 7045 to 2723, and the first 10 codons of the
E2 coding sequence are fused to the luciferase gene. To inhibit potential E1
expression in E2Luc, a 14-bp translational termination linker (39) with stop
codons in all six reading frames was inserted in the E1 coding sequence at the
unique Swal site (nt 1641). All PCR-generated fragments in the luciferase
reporters were sequenced. The E6 coding sequence mutations described above
(E6SD, E6SA, E6SR2, E6ID, and E6IS) were transferred from the HPV31
genomes into the E1Luc and E2Luc reporter DNAs as Spel-to-Banll fragments,
and the resulting reporters were designated accordingly.

Transient DNA replication analysis. The short-term replication assay was
performed essentially as described previously (18). Briefly, 3 pg (based on
HPV31; 7,912 bp) of unimolecularly ligated HPV31 DNAs was transfected into
HPV-negative human squamous cell carcinoma 13 (SCC13) cells (42) (5 X 10°
cells) by electroporation. SCC13 cells were cocultured with mitomycin-treated
fibroblast feeders throughout the experiment. As indicated in the figure legends,
viral genomes were also cotransfected with pSG-E1 and pSG-E2 vectors for
heterologous expression of the viral replication factors (8). Low-molecular-
weight DNA was isolated 5 days posttransfection by a modified Hirt (15) extrac-
tion method and analyzed by Southern blotting and hybridization as previously
described (18). The relative transient replication levels in Fig. 2A were deter-
mined by quantitative analysis of a phosphorimage (Molecular Dynamics). The
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integrated areas from the replicated DNA bands of the E6 intron mutants (Fig.
2A, bars 2 through 6) were each divided by the area of the wt band. For example,
the value for bar 2 is equal to the intensity of lane 2 divided by the intensity of
lane 1. The relative activation of transient replication, as determined by com-
plementing the HPV31 genomes with either the pSG-E1 (Fig. 2B) or pSG-E2
(Fig. 2C and D) expression vector in trans, was calculated for the wt and each
mutant separately. For any given HPV31 DNA, the replicated DNA amount with
the expression vector was divided by the respective DNA amount replicated
without the vector (autonomous level). For example, in Fig. 2C, the value for bar
8 is equal to the amount of replicated DNA from Fig. 2C, lane 8, divided by the
amount of replicated DNA from Fig. 2B, lane 2.

Transient reporter analysis. SCC13 cells (5 X 10° cells) were transfected with
0.5 pg (based on wt ElLuc; 6,513 bp) of wt and E6 mutant E1Luc or E2Luc
DNA and Lipofectamine essentially as prescribed by the manufacturer (Invitro-
gen-Life Technologies). pSG-E1 and pSG-E2 expression vectors (8) were co-
transfected at molar ratios indicated in Fig. 3 and 4. To rule out nonspecific
effects potentially induced by the presence of various amounts of heterologous
promoter sequences, the molar amounts of vector were kept constant by addition
of the parental pSG5 expression vector (Stratagene). Lysates were prepared
from transfected cells 40 h posttransfection, and luciferase assays were per-
formed according to the manufacturer’s instructions (Promega). Protein concen-
trations of lysates were determined by the method of Bradford (Bio-Rad).
Relative luciferase activities in Fig. 3 were determined separately for each wt
reporter (E1Luc and E2Luc) and expression vector (pSG-E1 and pSG-E2) com-
bination. Luciferase activities at a given molar ratio of expression vector to
reporter were divided by the basal activity of the reporter DNA (no expression
vector, molar ratio of 0.001 in Fig. 3). The relative luciferase activities of the
reporter DNAs which contain E6 intron mutations in Fig. SA were calculated
separately for E1Luc and E2Luc. The mutant reporter activities were divided by
their respective wt reporter activities.

Stable DNA replication analysis. The long-term replication assay was per-
formed essentially as described previously (18). Briefly, 3 ug (based on HPV31;
7,912 bp) of unimolecularly ligated HPV31 DNAs and equimolar amounts of
pSV2-neo (46) were cotransfected into subconfluent cultures of primary human
foreskin keratinocytes (HFK) using Lipofectamine (Invitrogen-Life Technolo-
gies). As indicated in the legend of Fig. 6, viral genomes were also cotransfected
with a threefold molar excess of unimolecularly ligated pHPV31-E7NS DNA.
Transfected cells were selected briefly with G-418 (Invitrogen-Life Technolo-
gies), and drug-resistant colonies were expanded as mass culture cell lines. Total
cellular DNA and low-molecular-weight DNA were prepared from parallel cul-
tures at 4 to 6 weeks posttransfection and analyzed by Southern blotting and
hybridization as previously described (18). The relative stable replication levels
of the E6 intron mutant genomes in Fig. 6B were determined by quantitative
analysis of a phosphorimage (Molecular Dynamics). The integrated areas from
the replicated low-molecular-weight DNA bands of the mutants (bars 8 through
12) were each divided by the area of the wt band. For example, the value for bar
8 is equal to the intensity of lane 8 divided by the intensity of lane 7. The relative
stable replication level of mutant f in Fig. 6D (bar 14) was obtained similarly by
dividing the amount of replicated DNA from bar 14 of Fig. 6D by the amount of
replicated DNA from bar 7 of Fig. 6B. The relative activation of stable replica-
tion (Fig. 6D), as determined by complementing the HPV31 wt and E6 intron
mutant genomes with pHPV31-E7NS in trans was calculated for the wt and each
mutant separately. For any given HPV31 DNA, the integrated area of the
replicated DNA band with pHPV31-E7NS was divided by the respective area of
the DNA band without pHPV31-E7NS (autonomous level). For example, for
Fig. 6B, the value for bar 7 is equal to the amount of replicated DNA from the
lower band (mutant) of lane 7 in Fig. 6D divided by the amount of replicated
DNA from lane 8 in Fig. 6B.

RESULTS

mRNA splicing within the E6 ORF is required for high-level
transient HPV31 replication. To investigate how E1 and E2
expression is regulated during the productive life cycle of
HPV31, we examined how splicing in the E6 ORF affects the
efficiency of viral DNA replication. Previous studies indicated
that the splicing of the E6 intron was required for efficient
transient replication of viral genomes. To analyze the specific
role of E6 intron splicing in viral regulation, a series of HPV31
genomes which contain altered mRNA splice sites were con-
structed. A mutant which contains an inactivated 5" splice site
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FIG. 2. The effects of splicing mutations in the E6 ORF on transient replication of HPV31 genomes. SCC13 cells were either transfected with
ligated viral DNAs by themselves or cotransfected with HPV31 DNA and constant amounts of expression vectors for E1 or E2 or both. The
amounts of replicated DNAs were quantified and graphed for each panel. Wt, wt HPV31. Mutations in the HPV31 genome background: a,
pHPV31-E6SD; b, pHPV31-E6SA; ¢, pHPV31-E6SR2; d, pHPV31-E6ID; e, pHPV31-E6IS. Each autoradiogram contains HPV31 standards
(Stds): 500, 25, 2.5, and 0.5 pg of linearized DNA (7,912 bp) (lin, migratory position in 0.8% agarose gels). The DNA bands migrating more slowly
than the linearized samples in panels B through D are due to multimeric forms generated during the initial ligation and transfection. (A) Auto-
radiogram of replicating of viral genomes without expression vectors. Graphs indicate the relative replication levels of mutants versus wt and
represent the averages * standard deviations of samples quantified from panels A and B, lanes 1 through 6. (B) Autoradiogram of replicating viral
genomes without expression vectors (lanes 1 through 6) or in the presence of equimolar amounts (versus the HPV genome) of the E1 expression
vector (lanes 7 through 12). Bars 7 through 12 indicate how the replication level of each DNA is increased by the cotransfected E1 vector.
(C) Autoradiogram of replicating viral genomes in the presence of small (0.1 M) or large (equimolar) amounts of the E2 expression vector. The
graph indicates how the replication level of each DNA is increased by the small (bars 1 through 6) and large (bars 7 through 12) amounts of
cotransfected E2 vector. (D) Autoradiogram of replicating viral genomes with equimolar amounts of E1 and E2 expression vectors. The graph
indicates how the replication level of each DNA is increased by the presence of both vectors.

at nt 210 (pHPV31-E6SD) and one which contains an inacti-
vated 3’ splice site at nt 413 (pHPV31-E6SA; Fig. 1) (57) have
been described previously. Additional mutant genomes which
contain a deletion of the entire E6 intron (pHPV31-E6ID) or
a replacement of the entire intron with heterologous spacer
sequences (pHPV31-E6IS) were also generated. These con-
structs were used in experiments to address whether the pro-
cess of splicing by itself is important for efficient replication or
if the sequences within the intron exert a negative effect on
expression of the replication proteins. The replication effi-

ciency of the HPV31 mutants was first tested under conditions
where both replication factors are expressed from the viral
genome. For the transient replication assay, the bacterial vec-
tor sequences were removed from the HPV31 genomes by
restriction enzyme digestion, and the viral DNAs were trans-
fected into HPV-negative SCC13 cells. Five days posttransfec-
tion, low-molecular-weight DNA was isolated, and the repli-
cated (Dpnl-resistant) viral DNA was analyzed by Southern
blotting and hybridization as described in Materials and Meth-
ods (18).
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Consistent with previous observations (57), the replication
efficiency of splicing-deficient pHPV31-E6SD and pHPV31-
E6SA was found to be significantly reduced compared to that
of wt HPV31 (Fig. 2A and B). Splicing-deficient mutant
pHPV31-E6IS also replicated at a low level (20% of the wt
level; Fig. 2A), while intron deletion mutant pHPV31-E6ID
replicated at approximately 50% of the wt HPV31 level. The
results with the pHPV31-E6SD, -E6SA, and -E6IS genomes
indicate that the splicing of the E6 intron is required for high-
level replication of the viral genome. The inefficient replication
phenotype of these E6 splicing mutants does not correlate with
E6 expression since only pHPV31-E6IS and -E6ID are E6
deficient. Furthermore, it has been shown previously that E6 is
not required for transient viral replication (57). To test if the
introduction of a heterologous intron could restore the repli-
cation efficiency of E6 splicing-defective HPV31 mutants, the
intron from the small t antigen of SV40 was inserted into the
pHPV31-E6SD genome to generate pHPV31-E6SR2. In the
transient replication assays, virus carrying splicing-competent
pHPV31-E6SR2 was found to replicate with a higher efficiency
than wt HPV31 (Fig. 2A). pHPV31-E6SR?2 is deficient for the
expression of full-length E6 because of an ochre stop codon
within the heterologous intron. It is also deficient for E6*
expression because of the E6SD mutation. Therefore, the high
replication efficiency of the E6SR2 genome may, in part, be the
result of increased mRNA stability or more-efficient transla-
tion of downstream ORFs.

The most plausible explanation for the low-replication phe-
notype of the E6 splice mutants is that efficient expression of
the viral replication factors requires mRNA splicing in the E6
OREF. To analyze if pHPV31-E6SD, -E6SA, and -E6IS were
unable to express sufficient levels of either E1 or E2, we co-
transfected all E6 splicing mutants with E1 or E2 expression
vectors as described in Materials and Methods (18). In the first
set of experiments, equimolar amounts of the E1 vector were
cotransfected with the HPV31 genomes. The addition of ex-
ogenous E1 activated replication of the splicing-deficient
pHPV31-E6SD, -E6SA, and -E6IS genomes by 5- to 17-fold
(Fig. 2B) compared to their autonomous replication levels.
These results indicate that addition of E1 alone can restore
replication efficiency of the splicing-defective mutant genomes.
Exogenous E1 also elevated the replication efficiencies of the
splicing-competent wt HPV31 and pHPV31-E6SR2 but to a
much lesser degree, 2.0- and 1.2-fold, respectively (Fig. 2B).
We then tested if the replication ability of the splicing mutants
could be restored by cotransfecting an E2 expression vector
with the viral genomes. In the presence of either large or small
amounts of E2 vector (0.1 or 0.5 molar ratio of vector to viral
genome), replication of the splicing-deficient genomes was
only moderately activated compared to their autonomous lev-
els (Fig. 2C). While exogenous E2 increased the efficiency of
pHPV31-E6SD fourfold, little activation was seen with the
other genomes (Fig. 2C). Interestingly, the splicing-competent
wt HPV31 and pHPV31-E6SR2 actually replicated at a lower
level in the presence of exogenous E2 (Fig. 2C). Since addition
of E1 expression vectors could restore the replication efficien-
cies of splicing-defective mutants pHPV31-E6SD, -E6SA, and
-E6ID, we conclude that the splicing of the E6 intron has a
pronounced effect on E1 expression but not on E2 expression.

To exclude the possibility that the mutations introduced into
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E6 might have a cis-acting effect which diminishes the effi-
ciency of the viral replication origin, we also analyzed replica-
tion of the HPV31 mutants under conditions of excess E1 and
E2. Consistent with previous observations (18, 57), cotransfec-
tion of equimolar amounts of E1 and E2 vectors led to overall
high replication levels (Fig. 2D). The presence of both expres-
sion vectors increased replication of the splicing-deficient mu-
tants 10- to 25-fold. The replication levels of the tested HPV31
genomes were comparable, indicating that the E6 splicing mu-
tations had little effect on the viral origin.

E1 gene expression and that of E2 are autoregulated, inter-
dependent, and differentially modulated by DNA replication.
The preceding analysis determined the effects of E1 and E2
expression indirectly by assessing the ability of mutant ge-
nomes to replicate in short-term assays. We next sought to
examine the regulatory circuits that govern the expression of
either E1 or E2 more directly by means of reporter assays. For
these studies, E1- and E2-specific luciferase gene fusion re-
porters were constructed. The E1Luc and E2Luc reporters
contain all upstream DNA sequences from the 5’ terminus of
the URR to the start of each protein coding sequence. Specif-
ically, the luciferase gene is fused in frame to the first 10
codons of either the E1 or E2 coding sequence. To prevent
potential expression of El1 from the E2Luc reporter, the E1
gene was inactivated by inclusion of a translational termination
linker (see Materials and Methods) (39). Therefore, since nei-
ther the E1Luc nor the E2Luc reporter can produce any rep-
lication factors, their activities are only regulated by exogenous
sources of E1 and E2.

In the first set of experiments, we examined the dose re-
sponse of the reporters in the presence of only one replication
factor. SCC13 cells were cotransfected with reporter DNAs
and increasing amounts of expression vectors for either E1 or
E2 (Fig. 3). Expression of heterologous E1 moderately acti-
vated both reporter activities in a dose-dependent manner (Fig.
3A and C). In contrast, expression of E2 increased ElLuc
activity only at low vector doses (molar ratio of vector versus
reporter below 0.25), while at high vector dose (up to 5.0 molar
excess), the E1Luc activity declined to nearly basal levels (Fig.
3B). Interestingly, E2 did not significantly alter E2Luc activity
at any tested vector dose (Fig. 3D). These findings indicate that
El and E2 differentially regulate their expression. Furthermore,
E2 modulates E1 expression but not on its own expression.

To test if replication modulates reporter activity, E1Luc and
E2Luc were cotransfected with both expression vectors. Trans-
fection mixtures contained constant amounts of a reporter as
well as one replication factor and increasing levels of the other
replication factor. In the presence of constant E2, E1Luc ac-
tivity was increased moderately by E1 in a dose-dependent
manner (Fig. 4A and C, respectively). Similarly, the activity of
E2Luc in the presence of constant E2 increased moderately
with added E1. The response profiles of the E1- and E2Luc
reporters in the presence of increasing E1 and constant E2
were similar to those with E1 alone, although the reporter
activities were increased under replicating conditions. In re-
sponse to high doses of E2 (Fig. 4B and D) at constant E1
levels, the activity of the E1Luc reporter and that of the E2Luc
reporter decreased in a similar manner. Interestingly, the ac-
tivity of E1Luc appeared to be increased more strongly under
replicating conditions (10-fold) than that of E2Luc (3-fold)
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FIG. 3. The response of E1Luc and E2Luc reporters to increasing
amounts of E1 or E2. Shown are activities from transient reporter
assays. SCC13 cells were cotransfected with constant amounts of re-
porter DNA and increasing amounts of either an E1 or E2 expression
vector. Mutations in both reporter backgrounds: a, E6SD; b, E6SA; c,
E6SR2; d, E6ID; e, E6IS. Each datum represents the average specific
luciferase activity of two independent transfections (relative light
units[ RLU] per microgram of lysate protein) versus the molar ratio of
expression vector to reporter DNA. Error bars, standard deviations (at
some data points, bars are obscured by the symbol). The value labels
show the relative activities versus that for transfection without the
expression vector (basal activity). To facilitate graphing on a log scale,
the datum of the zero expression vector was assigned a molar ratio of
0.001. (A) Dose response of E1Luc versus E1 (0 to 10 molar ratio).
(B) Dose response of E1Luc versus E2 (0 to 5 molar ratio). (C) Dose
response of E2Luc versus E1 (0 to 10 molar ratio). (D) Dose response
of E2Luc versus E2 (0 to 5 molar ratio).

(compare Fig. 4A and B with C and D). We conclude from
these data that E1 expression and that of E2 in HPV31 are
interdependent and generally activated by replication.

E6 intron splicing differentially regulates E1 and E2 expres-
sion. We next investigated the role of E6 internal mRNA
splicing in the regulation of E1 and E2 expression by using
luciferase assays as described above. For these studies, the
splicing mutations were transferred from the HPV31 genomes
into both ElLuc and E2Luc reporter backgrounds. SCC13
cells were then transfected with wt and mutant reporters and
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FIG. 4. Response of E1Luc and E2Luc reporters to the combina-
tion of E1 and E2. SCC13 cells were transfected in transient assays,
and the resulting reporter activities were graphed. All cotransfection
mixtures contained a constant amount of reporter DNA (El1Luc or
E2Luc) and increasing amounts of one expression vector (E1 or E2
vector). In addition, transfections were performed either without or
with a constant amount of the second expression vector as indicated
(molar ratio versus reporter). Mutations in both reporter backgrounds:
a, E6SD; b, E6SA; ¢, E6SR2; d, E6ID; e, E6IS. In each panel, the
graph shows the specific luciferase activities resulting from transfec-
tions with three DNAs (reporter plus E1 and E2 DNAs [solid lines and
symbols]) or with two DNAs (reporter plus one vector [dashed lines
and open symbols]) to assess the contribution of replication to reporter
activity. Each datum represents the average specific luciferase activity
of two independent transfections (relative light units [RLU] per mi-
crogram of lysate protein) versus the molar ratio of expression vector
versus reporter DNA. Error bars, standard deviations (at some data
points, bars are obscured by symbols). To facilitate graphing on a log
scale, the datum of the zero expression vector was assigned a molar
ratio of 0.001. (A) Dose response of E1Luc versus E1 (0 to 10 molar
ratio) in the absence or presence of constant 0.1 M amounts of E2
vector. (B) Dose response of E1Luc versus E2 (0 to 5 molar ratio) in
the absence or presence of constant 0.2 M amounts of El vector.
(C) Dose response of E2Luc versus E1 (0 to 10 molar ratio) in the
absence or presence of constant 0.1 M amounts of E2 vector. (D) Dose
response of E2Luc versus E2 (0 to 5 molar ratio) in the absence or
presence of constant 0.2 M amounts of E1 vector.
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FIG. 5. The response of E1Luc and E2Luc reporters containing mutations in the E6 splice sites to increasing amounts of E1 or E2. The graphs
show the specific E1Luc and E2Luc reporter activities from transient transfection assays with SCC13 cells. Transfection mixtures contained a
reporter DNA, and transfections were performed without the E2 vector (basal) or with a 0.1 molar ratio of E2 expression vector as indicated.
Mutations in both reporter backgrounds: a, E6SD; b, E6SA; ¢, E6SR2; d, E6ID; e, E6IS. Each datum represents the average specific luciferase
activity of two independent transfections (relative light units [RLU] per microgram of lysate protein). Error bars, standard deviations. (A) Absolute
basal activities of the E1Luc and E2Luc reporters. The value labels show the relative activities of mutants versus wt in each reporter background.
(B) Absolute E2-induced activities of the E1Luc and E2Luc reporters in the presence of 0.1 M amounts of the E2 expression vector.

assayed for activity. The splicing-deficient E1Luc reporters
with the splice donor (E6SD), splice acceptor (E6SA), and
intron spacer (E6IS) mutations showed a significant decrease
in activity compared to wt E1Luc (Fig. 5A, left). The activity of
the splicing-competent E6SR2-E1Luc reporter was similar to
that of wt E1Luc, while that of E6ID-E1Luc was reduced to an
intermediate level. The lower activities of the splicing-deficient
ElLuc reporters (Fig. SA, left) thus closely mirror the im-
paired replication capacities of the viral genomes containing
the same mutations (Fig. 2A). Cotransfection of the splicing
mutant E1Luc reporters with low doses of E2 expression vector
(0.1 molar ratio of vector versus reporter) increased the overall
reporter activities three- to sevenfold (Fig. 5B, left) but did not
change the relative responses. Furthermore, addition of large
amounts of E2 vector (0.5 molar ratio) did not further increase
the reporter activities (W. G. Hubert and L. A. Laimins, un-
published data). Since the activities of the splicing-defective
E1Luc reporters closely correlated with the replication effi-
ciencies of the corresponding mutant viral genomes, we con-
clude that the splicing of the E6 intron is important for efficient
expression of E1, which in turn affects replication ability. Our
data also indicate that addition of E2 does not alter the effect
of the splicing mutations on E1 expression.

In contrast to the results from the E1Luc analysis, introduc-
tion of the E6SD, E6SA, and E6IS mutations into the E2Luc
reporter background only moderately increased the respective
reporter activity compared to that of wt E2Luc in the absence
or presence of the E2 vector (Fig. 5, right). The expression
levels of the mutant E2Luc reporters did not correlate with the
replication efficiencies of the correspondingly mutated ge-
nomes. We conclude, therefore, that the splicing of the E6
intron is primarily required for the efficient expression of E1.

These results also show that E1 expression and that of E2 are
differentially regulated by E6 internal mRNA splicing.

Stable replication requires efficient E1 and E2 expression as
well as functional E6 and E7. Stable replication of HPV31
under physiological conditions requires expression of viral rep-
lication factors E1 and E2 (18, 54). Furthermore, expression of
fully functional viral oncoproteins E6 and E7 is also necessary
for stable replication of viral plasmid DNA (57), presumably to
create a cellular environment conducive to HPV31 mainte-
nance. To test the capacity of the E6 splicing mutants to rep-
licate stably, long-term replication assays were performed with
primary HFK. HPV31 genomes were first unimolecularly li-
gated after removing the bacterial vector sequences and then
cotransfected into HFK with a selectable marker plasmid. Af-
ter selection for 5 days, the drug-resistant colonies were pooled
and then grown as mass cultures. Total cellular and low-mo-
lecular-weight DNAs were isolated 4 to 6 weeks posttransfec-
tion and were analyzed for the presence of viral DNA by
Southern blotting and hybridization as described previously
(18) (see Materials and Methods).

Consistent with previous observations, any alterations in E6
which affect mRNA splicing invariably reduced stable-replica-
tion capacity. No hybridization signals indicative of normal
stable plasmid replication could be observed in the sheared-
total-DNA samples from transfections with mutant pHPV31-
E6SD, -E6SA, -E6SR2, -E6ID, and -E6IS genomes (Fig. 6A,
center). When unsheared sample DNAs were digested with a
unique restriction enzyme, faint bands could be detected at the
position of linearized genome-length viral DNA (Fig. 6A,
right). In contrast, wt HPV31 replicated extrachromosomally
at about 20 copies per cell. To increase the sensitivity for
detection of extrachromosomal viral genomes, low-molecular-
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weight DNAs from parallel cell cultures were also analyzed. As
with the total-DNA analysis, only small amounts of closed-
circle and open-circle viral DNA could be detected in the
samples from transfections with E6 splice mutants (Fig. 6B).
These results demonstrate that genomes containing mutated
E6 splice sites are unable to replicate stably.

We next wanted to test if the E6 splicing mutants could be
complemented in trans by another HPV31 DNA and, there-
fore, constructed another genome that contained a mutated E7
ORF, pHPV31-E7NS. This mutant is competent for the ex-
pression of E1, E2, and full-length E6 but cannot produce a
functional E7 protein owing to the presence of an amber stop
codon near the 5’ terminus of the E7 coding sequences. Con-
sistent with earlier findings that most alterations in E7 also
reduce the capacity for stable DNA replication (57), pHPV31-
E7NS by itself was unable to replicate stably, as indicated by
the lack of monomeric HPV bands in the total-cellular and
low-molecular-weight DNA samples (Fig. 6C and D, right).
When each of the E6 splicing mutants was cotransfected with
pHPV31-E7NS and replication was analyzed in long-term as-
says, some of the splicing mutants could be complemented
successfully. pHPV31-E6SD and -E6ID were able to replicate
stably in the presence of pHPV31-E7NS (Fig. 6C and D, left).
Southern analysis following digestion with restriction enzymes
that generate different-size bands for each genome identified
both types of viral DNA in the same cell population. pHPV31
wt- and splice mutant-specific bands migrated below the
pHPV31- E7NS-derived ones (Fig. 6C and D, center). Overall,
these data demonstrate that frans-complementation of viral
genomes in long-term replication assays can occur and that the
stable replication defects of the E6 splicing mutant genomes
are caused by insufficient expression of frans-acting factors.

DISCUSSION

In this study, we have examined how the expression of rep-
lication factors E1 and E2 is regulated during the life cycle of
HPV31. We determined that, during the establishment and
maintenance phases, the replication factors regulate their own
expression and thus modulate the efficiency of viral DNA rep-
lication. The levels of E1 and E2 proteins are so low that their
direct measurement is not possible. For these reasons we per-
formed replication assays with genetically altered HPV31 ge-
nomes and examined viral gene expression by means of El-
and E2-specific reporter assays. These functional studies dem-
onstrated that expression of the viral replication factors is
regulated transcriptionally by E1 and E2 and posttranscrip-
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tionally by mRNA splicing in the E6 ORF. Regulation by E1,
E2, and E6 intron splicing primarily modulates the expression
of E1 during the various modes of HPV replication.

Transcriptional autoregulation by E1 and E2. Our studies
examined specifically how the expression of the HPV31 repli-
cation factors is regulated by either E1 or E2. We observed
that E2 slightly activates E1 expression at low levels but re-
presses it at high concentrations. These findings are consistent
with the results of earlier studies in which the role of E2 in the
regulation of HPV early gene expression was analyzed (3, 6, 51,
56). Moderate activation of E1 expression by E2 has also been
observed with bovine papillomavirus type 1 (BPV1) (17). Sur-
prisingly, we found that HPV31 E2 did not strongly modulate
its own expression, which is in contrast to the E2-mediated
regulation of BPV1 transcription. The BPV1 E2 (E2TA) pro-
tein activates viral early gene expression (13, 49), including its
own expression (14, 47, 48). E2TA-mediated trans-activation is
antagonized by multiple E2 repressor proteins of BPV1 (29,
31). E2 repressor E8/E2C, also recently identified in HPV31,
contains several amino acids from ES8, a short alternative read-
ing frame overlapping the E1 OREF, fused to the C-terminal
DNA-binding domain of E2. Much like its BPV1 counterpart,
HPV31 E8/E2C antagonizes full-length E2 function in viral
transcription and DNA replication (53). It is, therefore, likely
that E§/E2C plays a role in augmenting the repressor function
of full-length E2 in viral regulation.

When we analyzed how E1 regulates the expression of the
replication factors in HPV31, we found that E1 moderately
activates both its own expression as well as that of E2. While
E1 of BPV1 has been shown to be a transcriptional repressor
for early viral transcription (44), its specific effect on E1 or E2
expression is not known. The elevated E1- and E2-specific
reporter activities in the presence of E1 in our studies, partic-
ularly at high doses of the expression vector, could potentially
be induced by E2-independent replication of these reporters.
E2-independent replication has been observed with HPV1
when a large molar excess of the E1 expression vector was
cotransfected with an origin plasmid (12). Our studies did not
formally address this possibility because replication of small
amounts of reporter DNAs could not be detected reliably.

Posttranscriptional regulation of E1 and E2 expression. In
addition to the transcriptional regulation by E1 and E2, the
expression of these proteins is regulated differentially by
mRNA splicing. The results of our studies suggest that most
El-encoding transcripts of HPV31 are spliced in the E6 ORF

of HPV DNA result from autonomously replicating plasmid monomers. Linearized (lin) HPV DNA bands were used to quantify the replicated
viral DNA. (A) Autoradiogram from transfections with individual HPV31 genomes (wt and mutants a through e). Dpnl-resistant, sheared-total-
DNA samples are shown on the left (lanes 1 to 6), and the linearized ones are shown on the right (lanes 7 to 12). (B) Autoradiogram showing
low-molecular-weight (Hirt) DNA isolated and analyzed from the same cell lines as in panel A. Dpnl-resistant samples are shown on the left (lanes
1 to 6), and linearized ones are shown on the right (lanes 7 to 12). The linearized sample bands were quantified and graphed. The value labels
indicate the relative replication levels of mutants versus wt. (C) Autoradiogram from transfections with paired HPV31 genomes (wt and mutants
a through d, each paired with f). Lanes 1 to 5, Dpnl-resistant-, sheared-total-DNA samples; lanes 7 to 12, digested-DNA samples; lanes 13
(sheared) and 14 (digested), stable replication of pHPV31-E7NS (f) by itself. Arrows, positions of pHPV31-E7NS (f) and the cotransfected DNA
(wt and a to d). (D) Autoradiogram showing low-molecular-weight (Hirt) DNA isolated and analyzed from the same cell lines as in panel C.
Dpnl-resistant samples (left; lanes 1 to 5) and digested ones (middle; lanes 7 to 11) are shown. Lanes 13 and 14, stable replication of pHPV31-E7NS
(f) by itself (digested). Arrows, positions of pHPV31-E7NS (f) and cotransfected DNA (wt and a to d). The digested lower sample bands (wt, a to d) were
quantified and graphed (right). The value labels show the relative increases of stable replication levels of the sample DNAs with pHPV31-E7NS
(f) compared to the autonomous levels (panel B). The replication of wt (panel B, lane 7) and pHPV31-E7NS (panel D, lane 14) in single DNA
transfections are compared (far right). The value labels in graphs 7 and 14 indicate the relative replication levels of pHPV31-E7NS versus wt.
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and that viral replication is down-regulated by reduced levels
of El in the absence of splicing. Similar to the genome of
HPV31-E6SA, which has a low-transient-replication pheno-
type, a BPV1 genome with a comparable mutation in the E6
OREF has a lower stable copy number than wt BPV1 (21), which
is primarily caused by reduced expression of E1 (17). It is
unlikely that the intron sequences themselves exert a negative
cis-acting effect on E1 expression, since the lack of all E6
intron sequences in pHPV31-E6ID does not lead to a high
replication efficiency for this mutant. Furthermore, pHPV31-
E6SR2, which contains most of the 5’ sequences of the E6
intron, in addition to the heterologous intron, replicates as
efficiently as a wt HPV31 genome. These results indicate that
the process of mRNA splicing in the E6 ORF is necessary for
efficient E1 expression, possibly by elevating the steady-state
levels of El-encoding mRNAs through an increase in RNA
transport or stability, as has been suggested for E7 expression
(1, 50). Alternatively, the E6-spliced transcripts may form a
highly efficient template for E1 translation, as has been sug-
gested by a recent biochemical study. Cell-free translation of
E1 from HPV18 was found to be more efficient when the E6
intron was absent from the mRNA template (41). It is possible
that a certain level of E1 protein is required for viral DNA
replication to take place and that reduction of E1 expression
below such a threshold could result in loss of replication. Our
studies indicate that inhibition of E6 intron splicing signifi-
cantly reduces E1 expression as determined by reporter assay.
The apparent inability of our splicing mutant genomes to rep-
licate could, therefore, be caused by their insufficient expres-
sion of the E1 protein.

In contrast to what was found for E1 expression, our re-
porter studies with E6 splicing mutants determined that ex-
pression of E2 is not dependent on splicing within E6. Our
results indicate that the splicing of the E6 intron may not be
necessary for E2 expression or that other mechanisms regulate
the abundance of the E2 protein. E2 expression may involve
the utilization of other minor promoters rather than P97, as
has been suggested in recent studies (36, 37). Alternatively, E2
expression may primarily be regulated by RNA stability or by
translational mechanisms. Our experiments demonstrate that
some E6 splicing mutants can be complemented in frans with
mutants defective in E7. Such stable trans-complementations
of HPV mutant genomes have not previously been described.
Since E6 intron splicing appears to modulate the expression of
the E1 and E7 genes and perhaps that of other downstream
genes, the regulation of viral gene expression under trans-
complementing conditions is rather complex. It is therefore
possible that some E6 intron mutants can be more efficiently
complemented than others in these assays due to the nature of
the mutation and the downstream targets it affects.

Potential mechanisms for regulating HPV plasmid copy
number and switching replication modes. During the viral life
cycle, papillomaviruses switch between different modes of rep-
lication. Upon viral entry into the undifferentiated host cells,
HPV genomes replicate more frequently than the cellular ge-
nome to establish an optimal plasmid copy number. Then,
during the maintenance phase, the viral genomes replicate only
once per cell cycle, on average, to keep the viral copy number
constant (10, 40). Finally, during the productive phase, high
levels of viral replication occur in differentiated cells, which
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leads to thousands of copies per cell. The mechanisms which
regulate these switches in viral replication mode are not fully
understood but likely involve changes in the levels or activities
of the E1 and E2 proteins.

Our studies have identified transcriptional and posttran-
scriptional mechanisms which differentially regulate E1 and E2
expression. Based on our observations and the findings of
others, the following model of HPV copy number control can
be proposed. During the establishment phase, rapid viral rep-
lication is required to quickly reach an optimal copy number.
This could be achieved by increased E1 expression through
transcriptional activation at low E2 levels and E1 mRNA splic-
ing in E6. In the maintenance phase, viral replication proceeds
at a moderate level and is synchronized to cellular prolifera-
tion. Such stable replication could be facilitated by reduced E1
expression through transcriptional repression by higher levels
of E2 and unspliced E1 mRNAs. Finally, high levels of DNA
replication are required during amplification to allow for the
synthesis of several thousand copies of viral genomes for virion
assembly. The process of amplification likely requires high
levels of both E1 and E2 proteins. However, since high levels
of E2 repress E1 expression from major promoter P97, addi-
tional El-specific transcripts could initiate from differentia-
tion-specific promoter P742 of HPV31, as has been suggested
(25). Furthermore, this model for HPV copy number control is
compatible with the functions of the E8/E2C repressor protein
in modulating viral replication.

In summary, our studies demonstrate that E2 can up- or
down-regulate E1 expression depending on its abundance. E1,
on the other hand, up-regulates its own expression as well as
that of E2. We also show that the splicing of the E6 intron is
essential for efficient expression of E1 and that viral replication
during establishment correlates with the abundance of E1. The
combined actions of these transcriptional and posttranscrip-
tional mechanisms contribute to the regulation of the HPV
copy number throughout the viral life cycle.
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