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In this study we investigated the translational capacities of bicistronic and spliced mRNAs originating from
the E6 and E7 regions of the high-risk genital human papillomavirus type 16 (HPV-16) and the low-risk
HPV-11. For HPV-16 it was found, unexpectedly, that E7 protein could be translated from full-length bicis-
tronic E6-E7 mRNAs. E6*I and E6*II splicing events were not required for E7 synthesis, nor did splicing
increase the efficiency of E7 translation significantly. In cells, E7 synthesis from all known naturally occurring
mRNA structures was very inefficient compared with that from synthetic monocistronic controls, suggesting
that HPV-16 employs translational mechanisms to restrict E7 protein levels. For HPV-11, only RNAs initiated
at the P264 promoter, located within the E6 open reading frame, were capable of providing an efficient template
for E7 synthesis. P264-initiated mRNAs were as efficient in vivo as monocistronic controls, suggesting that the
low-risk HPV-11 does not limit E7 synthesis by translational mechanisms. A detailed analysis of HPV-16
templates by using site-directed mutagenesis showed that the majority of ribosomes which ultimately translate
E7 have not reinitiated after translating some or all of the upstream open reading frames. The data support
a model in which the failure of 40S ribosomal initiation complexes to recognize the E6 AUG renders them
capable of proceeding efficiently to translate E7.

Human papillomaviruses (HPVs) comprise a large group of
small DNA viruses with type-specific tropisms for cutaneous or
mucosal epithelia. Several types of HPV infect genital mucosal
epithelia. One group of genital HPV types, exemplified by
HPV type 6 (HPV-6) and HPV-11, is associated with condy-
lomata acuminata and early stages of cervical intraepithelial
neoplasia. Because lesions containing these HPV types seldom
progress to high-grade cervical intraepithelial neoplasia and
cervical carcinoma, they have been denoted low-risk genital
HPV types. Lesions containing HPV-16, -18, -31, -33, and
several other, less common types are thought to have a high
propensity to progress to high-grade cervical intraepithelial
neoplasia and cervical carcinoma. Accordingly, these have
been designated high-risk genital HPV types (see references 57
and 59 for reviews).
Recent studies using nuclease protection, cDNA cloning,

and reverse transcriptase PCR have allowed a very precise
definition of the structures of early HPV mRNAs produced in
HPV-11- and HPV-16-associated lesions. This analysis re-
vealed that many of the transcripts appear to be bicistronic or
polycistronic (8, 12, 34, 38, 40, 41, 46, 48, 49). However, rela-
tively few attempts to determine which proteins are actually
translated from these polycistronic mRNAs have been made.
Nearly all eukaryotic mRNAs are monocistronic, and trans-

lation usually initiates at the AUG codon nearest the 59 end of
the message (25). There are a few cellular eukaryotic mRNAs
in which the 59 untranslated leader sequence contains one or
more short open reading frames (ORFs) or minicistrons. Al-

most 50% of these cellular RNAs are oncogene transcripts,
and it is thought that the presence of upstream AUGs may
have a role in the regulation of their translation (26). In a
modified version of Kozak’s scanning hypothesis, ribosomal
40S subunit initiation complexes are thought to negotiate up-
stream AUGs either by ignoring them (leaky scanning) or by
translation of the minicistron followed by a resumption of
scanning (termination-reinitiation) (29, 35).
In high-risk HPV types the two major transforming genes E6

and E7 (33, 56) are transcribed from the same promoter (P97
in HPV-16), producing a structurally bicistronic transcript. In
the majority of transcripts, an intron contained within the E6
ORF is spliced out, forming the E6*I mRNA (49) (Fig. 1). A
rare variant using the same splice donor but a different accep-
tor has been designated E6*II. In the E6*I mRNA, the E6
ORF is thrown out of frame and terminates just 39 of the splice
acceptor site. The truncated reading frame has been desig-
nated the E6*I ORF.
It has been established previously with model systems that

the efficiency of translational termination-reinitiation depends
on the presence of an adequate run of RNA between the
termination of one cistron and the start of another (28). This is
thought to indicate a requirement for those 40S ribosomal
subunits which resume scanning to regain competence to ini-
tiate translation, perhaps because of the reassociation of ac-
cessory factors with the scanning subunit. In a full-length bi-
cistronic E6-E7 mRNA, the E7 AUG occurs just 2 bp
downstream of the E6 stop codon. Such a configuration would
be expected to preclude termination-reinitiation because of an
insufficiency of intercistronic space. It has been proposed that
the function of E6*I intron splicing is to increase the intercis-
tronic space between the foreshortened E6*I ORF and the E7
AUG to allow efficient termination-reinitiation to occur (50).
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In this model, unspliced transcripts would express only E6
protein, whereas splicing would be necessary for efficient E7
translation.
In the low-risk HPV-11, the E7 mRNA is thought to arise by

a different mechanism (48). No splicing has been observed
within the E6 ORF, and the E6 proximal promoter (P90) drives
only a full-length bicistronic message (Fig. 1). In HPV-11 the
E6 ORF terminates downstream (39) of the E7 AUG, which
may obviate termination-reinitiation. The E7 mRNA was pro-
posed to be synthesized from transcripts originating from a
second promoter (P264) located within the E6 ORF. However,
the P264-initiated mRNA contains two small cistrons located
upstream of the E7 AUG which would need to be bypassed in
order for E7 translation to occur.
In this study we investigated the translational capacities of

cDNA structures from HPV-16 and HPV-11 by using in vitro
and cellular translation systems. Contrary to our expectations,
the HPV-16 E7 protein was found to be translated from full-
length E6-E7 bicistronic mRNA structures, demonstrating that
splicing was not required for E7 synthesis. Moreover, while the
spliced structures E6*I and E6*II were also capable of acting
as templates for E7 synthesis, the splicing events did not sig-
nificantly alter the E7 translational efficiencies of these
mRNAs. These observations are inconsistent with a simple
termination-reinitiation model for E7 translation. Site-directed
mutagenesis experiments showed that the majority of ribo-
somes which ultimately translate the E7 ORF have ignored
some or all of the ORFs present upstream of the E7 AUG. In
particular, ribosomal 40S initiation complexes that scan past
the E6 AUG have a high propensity to translate the E7 ORF.

MATERIALS AND METHODS

Cell lines. CV-1 and HeLa cells were obtained from the European Collection
of Animal Cell Cultures (Porton Down, United Kingdom). SVD2 cells are simian
virus 40-transformed human keratinocytes and were obtained from Jon Tinsley,

Cancer Research Campaign Department of Cancer Studies, Birmingham,
United Kingdom.
Construction of recombinant clones and viruses. All HPV sequences were

cloned by standard techniques as BamHI fragments into the BamHI site of
transcription vector pET-3 (39). HPV-16 coordinates were taken from reference
45, and HPV-11 coordinates were taken from reference 9.
pHET7 (53) contains the HPV-16 PvuII(553)-to-PstI(879) E7 fragment.

pHET6 contains HPV-16 sequences from nucleotide (nt) 97 to 654 cloned by
using oligonucleotide adapters. pHET67 contains HPV-16 nt 97 to 879. For
pHET*I and pHET*II, cDNA clones were isolated from SiHa cells by reverse
transcriptase PCR by methods described previously (52). Spliced sequences from
nt 97 to 875 were cloned into pET-3. In addition to confirming the appropriate
spliced structures, DNA sequencing revealed that both cDNA clones contained
an A3C transversion at nt 645, which is a known variant present in SiHa cells
(21). The *I cDNA clone was found also to have an A3C transversion at nt 442,
presumably caused by an amplification error. Neither of these mutations oc-
curred in a position where it was likely to influence the results.
pCET6 contains HPV-11 sequences from nt 90 to 576. pCET7 (53) contains

HPV-11 sequences from nt 534 to 1071 cloned into pET-3 with a favorable
translation initiation codon in the form of HPV-16 nt 533 to 566 inserted
upstream of the E7 AUG. pCET67 contains HPV-11 nt 90 to 1071. For
pC6delta, HPV-11 sequences from nt 264 to 569 were cloned into pET-3 by PCR
with adapter-primers and then sequenced.
For pMCD*I, the sequence of the MC1 and MC2 start codons . . .ATG

TATG. . . was changed to . . .ATAGATC. . . by site-directed mutagenesis (Pro-
mega). The insert was sequenced, recovered as an nt 97-to-875 BamHI fragment,
and cloned into vaccinia virus insertion vector p1118 (see below). A fragment
containing nt 499 to 875 with the above-described mutation was subcloned by
using oligonucleotide adapters to produce pMCDTaq. An analogous fragment
was subcloned from wild-type sequences to produce pH7Taq.
The E6 AUG was altered by oligonucleotide insertion to AGG in an E6*I

cDNA context or a full-length bicistronic context to produce p*IATGD and
p6ATGD, respectively. For pH6L, the E6 stop codon TAA was changed to CAA
by site-directed mutagenesis, and the mutant sequence (nt 97 to 879) was se-
quenced and cloned into p1118 (for pH6L) and pET-3 (for pHET-6L).
For T7 vectors containing the encephalomyocarditis virus (EMCV) leader

sequence, the E6 AUG codon sequence was modified by oligonucleotide inser-
tion to create an NcoI-compatible end, and the appropriate fragments were
cloned asNcoI-BamHI fragments into pCITE2a (Novagen) to produce pCITE*I,
pCITE67, and pCITE6L.
Production of recombinant vaccinia viruses. For vaccinia virus recombinants,

the BamHI fragments as described above were cloned into the BamHI site of
vaccinia virus insertion vector p1118 (30a). Vector p1118 contains the T7 pro-
moter-terminator fragment from pET-3 flanked by sequences from the vaccinia

FIG. 1. Genomic organizations, mRNA structures, and cDNA clones of HPV-16 and HPV-11 early regions. The top line of each panel shows the locations of the
E6 and E7 ORFs. The lines with arrows represent naturally occurring mRNA structures. The numbers refer to the locations of the promoters and splice junctions for
each RNA. The names of the naturally occurring RNAs as used in the text are given at the right and are followed by the names of the corresponding T7-cDNA
constructs used to express the RNAs. Control T7-cDNA constructs were produced in cases in which no corresponding natural mRNA is known, as indicated by N/A
in the mRNA column. The DNA fragments used to produce these control constructs are represented as lines with bars.
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virus thymidine kinase locus. The vector also contained the Escherichia coli gpt
gene under the control of the vaccinia virus 7.5K early-late promoter, transcrib-
ing in the direction opposite to that of the T7 promoter. Recombinant vaccinia
virus pools were produced by transfection of each p1118-based insertion vector
into CV-1 cells infected with the WR strain of vaccinia virus, followed by three
rounds of selection in medium containing 25 mg of mycophenolic acid per ml, 250
mg of xanthine per ml, and 15 mg of hypoxanthine per ml. Pools of .100 clones
of each recombinant were maintained at all times. Stocks were titrated on CV-1
monolayers as described previously (31, 32). Recombinant vaccinia viruses were
found by RNase protection to initiate transcription of the HPV inserts correctly
at the T7 promoter, and expression of HPV proteins was found to be dependent
on coinfection with vTF7-3 (data not shown).
In vitro transcription and translation. RNA was synthesized in vitro by using

a Promega Ribo-Max kit according to the manufacturer’s instructions. To pro-
duce capped RNA, m7G(59)ppp(59)G was added to 30 mM and the GTP con-
centration was limited to 0.75 mM for 30 min at 378C, and then the GTP
concentration was increased to 7.5 mM for a further 60 min of incubation.
Purified RNA (25 mg/ml) was translated in the presence of [35S]cysteine (22 mCi
per reaction) by using a rabbit reticulocyte system (Promega) with 2.0 mMMg21

(final concentration) and 70 mM added KCl for maximum translation fidelity (3,
10). Products (50 ml) were diluted 10-fold in radioimmunoprecipitation assay
(RIPA) buffer (0.5% Nonidet P-40, 25 mM Tris-HCl, 150 mM NaCl, 100 mM
ZnCl2, 1 mM dithiothreitol, pH 7.8).
Cellular translation assays and metabolic labelling. For transfection-infection

assays, 106 CV-1 cells in a 25-cm2 flask were infected with vTF7-3 (16) at a
multiplicity of 10 PFU per cell for 60 min. The cells were then transfected with
5 mg of T7-cDNA plasmid by using 30 ml of DOTAP (Boehringer). At 24 h
posttransfection, the cells were metabolically labelled with [35S]cysteine (200 mCi
per 106 cells) for 90 min. The cells were then washed and lysed in 500 ml of RIPA
buffer and stored at 2708C.
For dual-infection assays, 0.5 3 106 cells (CV-1, HeLa, or SVD2) were in-

fected with 5 PFU of vTF7-3 and 5 PFU of T7-cDNA virus per cell. The cells
were labelled and harvested at 12 h (CV-1) or 16 h (HeLa and SVD2) postin-
fection as described above.
Immunoprecipitation assays. Immunoprecipitations were carried out at 48C

with 100-ml aliquots of labelled material. Samples were precleared with a 1-h
incubation with 5 ml of normal rabbit serum followed by a 1-h incubation with 10
ml of protein A-Sepharose beads. Ten microliters of specific antiserum was then
added, and samples were incubated overnight. Immunoglobulin complexes were
collected on 20 ml of protein A-Sepharose beads and then washed three times
with RIPA buffer containing 25 mM EDTA and no ZnCl2. Fifty microliters of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer was then added, and 25-ml samples were analyzed by SDS–14% PAGE
followed by autoradiography or PhosphorImager analysis. Antibodies used for
immunoprecipitation were as follows: for HPV-16 E6, antipeptide antibody
145-6R (53); for HPV-16 E7, polyclonal antibody RPaE7 (54); for HPV-11 E7,
antipeptide A48-74-1 (53); and for HPV-11 E6, a rabbit polyclonal anti-
pMAL-E6 fusion protein antiserum (kindly provided by Huw Davies and Ian
Tarpey).
RNA isolation and blotting. For RNA analysis, templates were generated by

transfection-infection or dual infection as described above, and then total cyto-
plasmic RNA was isolated. Cytoplasmic DNA (from the transfection and vac-
cinia virus infection) was removed by treatment with DNase in the presence of
RNasin. Twofold serial dilutions of RNA starting from 1 mg were slot-blotted
onto nylon membranes and hybridized to 32P-labelled HPV-16 E7 (nt 553 to 879)
or HPV-11 E7 (nt 534 to 1071) antisense riboprobes.
PhosphorImager analysis. Quantitative determinations of E7 protein expres-

sion from wild-type and mutant cDNA templates were done with a Molecular
Dynamics (Chesham, United Kingdom) 425S PhosphorImager operating at a
176-mm resolution. Data were analyzed with ImageQuant software according to
the manufacturer’s instructions.

RESULTS

In order to investigate the translational capacities of early
HPV-16 and HPV-11 mRNAs, a number of cDNA constructs
in which the cDNAs were inserted between the T7 promoter
and the T7 terminator of the vector pET-3 were cloned (39)
(Fig. 1). This inevitably led to a short sequence of T7 leader,
which is required for stabilization of RNAs expressed in eu-
karyotic systems, being added to the 59 end of each cDNA (15).
Constructs which contained the P97-initiated full-length bicis-
tronic transcript (pHET67) or the two spliced products E6*I
(pHET*I) and E6*II (pHET*II) were produced. In addition,
monocistronic control constructs which contained only the E6
ORF (pHET6) or the E7 ORF (pHET7) cloned directly down-
stream of the T7 promoter were made. For the low-risk HPV-
11, the full-length bicistronic cDNA and the P264-initiated

cDNAs were cloned as pCET67 and pC6delta, respectively.
The monocistronic HPV-11 E6 (pCET6) and E7 (pCET7)
control constructs were also produced.
Translation of cDNA constructs in vitro. The various

mRNAs were tested for translational capacities first in a rabbit
reticulocyte lysate system. Transcripts were synthesized with or
without the addition of an m7G(59)ppp(59)G cap. Figure 2a
shows that the E7 protein was produced by the bicistronic
vector pHET67 from both capped and uncapped transcripts. In
addition, the two spliced forms pHET*I (Fig. 2a) and pHET*II
(not shown) and the control construct pHET7 also produced
E7 protein. Splicing of the mRNA structures caused little if
any difference in the levels of E7 produced. In the capped
versions the production of E7 protein by pHET67 and pHET*I
was inefficient relative to that by the synthetic monocistronic
control construct pHET7. This occurred because capping in-
creased E7 synthesis by the monocistronic control but not by
the spliced or full-length bicistronic RNA. The full-length bi-
cistronic mRNA structure simultaneously produced E6 pro-
tein, as did the monocistronic E6 control construct pHET6.
Capping increased considerably the synthesis of E6 from both
bicistronic and monocistronic constructs as shown in the lower
panel of Fig. 2a. The increase in E6 synthesis due to capping of
the bicistronic transcript was not reflected in an increase in E7
synthesis from the same mRNA. Therefore, E7 synthesis from
this mRNA was independent of the level of translation occur-
ring in the upstream ORF. Similarly, neither capping nor splic-
ing increased the level of E7 synthesis from pHET*I, suggest-
ing that E7 production from these transcripts is unaffected by
the amount of translation of the E6*I ORF.
For HPV-11 (Fig. 2b) some E7 protein was produced by the

full-length bicistronic mRNA (from pCET67). However, E7
protein was synthesized more efficiently by the P264-initiated
mRNA (from pC6delta) and the monocistronic control. This

FIG. 2. In vitro translation of HPV-16 and HPV-11 mRNAs. Lane designa-
tions refer to mRNA structures and cDNA constructs as shown in Fig. 1. (a)
HPV-16 mRNA was synthesized in vitro with (1) or without (2) incorporation
of an m7G(59)ppp(59)G cap (CAP) and translated in rabbit reticulocyte lysate
containing [35S]cysteine; this was followed by RIPA with RPaE7 polyclonal
anti-E7 antiserum (aE7) and 145-6R anti-16E6 antipeptide serum (aE6). (b)
HPV-11 mRNAs were similarly synthesized, translated, and subjected to RIPA
with A48-74-1 anti-11E7 antipeptide serum (aE7) and an anti-HPV-11 E6 E. coli
fusion protein serum (aE6).
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difference in template efficiency was pronounced in the capped
versions of the transcripts. E6 protein was simultaneously pro-
duced by the bicistronic mRNA pCET67. E6 synthesis from
the bicistronic transcript was increased by the presence of a
cap, whereas E7 synthesis was not.
Translation of cDNA constructs in cells by using vaccinia

virus T7 transfection-infection. In order to examine translation
of the mRNA structures in vivo, a cellular translation system
was employed (16). T7 promoter-driven cDNAs were trans-
fected into CV-1 cells; this was followed by superinfection with
recombinant vaccinia virus vTF7-3, which expresses T7 RNA
polymerase. Transactivation of the T7 promoter in the cyto-
plasm of recipient cells resulted in the production of high levels
of mRNA from the cDNA clones.
The plasmids described in Fig. 1 were transfected into vTF7-

3-infected CV-1 cells. At 24 h postinfection the cells were
metabolically labelled with [35S]cysteine and lysed, and the E6
and E7 proteins were detected by immunoprecipitation. RNA
was extracted from parallel samples to obtain estimates of
relative template abundances in order to reveal any variations
in the rates of RNA synthesis and/or decay. This experiment
was repeated at least three times for each construct, and typical
results are presented in Fig. 3.
For HPV-16 it was found that the bicistronic pHET67 and

the spliced pHET*I and pHET*II cDNA constructs were all
capable of producing E7 protein and at roughly equal levels.
Thus, splicing had no effect on the level of E7 translation in
vivo. The efficiency of E7 production by these three cDNA
constructs was substantially lower than that by the E7 mono-
cistronic control construct pHET7. This suggested that all
three known naturally occurring mRNAs containing the E7
ORF are translated inefficiently in cells, as they were from
capped transcripts in vitro. RNA blotting (Fig. 3c) showed that
the relative abundances of the mRNA structures did not vary
significantly; therefore, the differences in E7 protein preva-
lences between pHET7 and the three naturally occurring tran-
scripts were most likely due to differences in translation effi-
ciency. Immunoprecipitation with an E6 antipeptide serum
showed that in addition to the E7 protein, the bicistronic
pHET67 vector also produced abundant E6 protein. E6* pro-
teins, which would result from translation of a spliced E6 ORF,
were not detected, even though the E6 antipeptide antiserum
is targeted on N-terminal sequences of E6 (53). This indicated
that the E6* proteins, if they were synthesized, were rapidly
degraded.
Strikingly, the HPV-11 full-length bicistronic vector pCET67

produced no detectable E7 protein in vivo (Fig. 3b), despite
the fact that its mRNA was produced in amounts equivalent to
those produced by the other constructs (Fig. 3c). This was in
contrast to the in vitro translation experiments, in which
pCET67 transcripts produced some E7, albeit inefficiently. The
E7 protein was produced efficiently in CV-1 cells by the P264-
initiated cDNA construct pC6delta, which appeared (when the
results were corrected for RNA abundance) to be at least as
efficient a template for translation as RNA from the control
monocistronic E7 construct pCET7. The two small upstream
minicistrons (between nt 346 and 369 and nt 382 and 396)
present on the P264-initiated HPV-11 mRNA must not, there-
fore, present a serious obstacle to scanning ribosomal 40S
subunits, as they were bypassed without a substantial loss of
template translational efficiency. Since the full-length bicis-
tronic HPV-11 construct, on the other hand, did not appear to
be capable of providing an E7 template in the more stringent
environment of live cells, we conclude that only the P264-initi-
ated transcript can serve as a template for HPV-11 E7 trans-

lation. This is in agreement with the prediction of Smotkin et
al. (48).
Production and analysis of site-directed mutants. Two ques-

tions regarding the evident translation of HPV-16 E7 from
structurally bicistronic transcripts became apparent. First, why
did splicing of the E6*I intron and consequent truncation of
the E6 ORF not increase the efficiency of E7 translation?
Second, by what mechanism was E7 translated from unspliced
(and spliced) bicistronic transcripts? In order to address these
questions, a series of site-directed mutations were made in the
cDNA constructs as depicted in Fig. 4. In order to assess the
activities of mutated constructs quantitatively, a dual-infection
protocol in which the mutant constructs (and controls) were
incorporated into recombinant vaccinia viruses was used (14,
15). For each construct, recombinant viruses were selected for
the presence of a coinserted gpt marker, and pools comprising
.100 clones of each recombinant were expanded and titrated
before use. Each pool was assessed by dual infection with
vTF7-3 followed by detection of E7 and E6 proteins by RIPA.

FIG. 3. Translation of HPV-16 and HPV-11 cDNA constructs in CV-1 cells
by using the vaccinia virus-T7 transfection-infection system. CV-1 cells were
infected with T7 RNA polymerase-expressing vaccinia virus recombinant vTF7-3
and then transfected with T7-cDNA constructs as indicated by the lane desig-
nations. Numbers on the right of panels a and b indicate molecular masses in
kilodaltons. (a) RIPA detection of HPV-16 E7 (top) and E6 (bottom) protein
synthesis in transfected cells. (b) RIPA detection of HPV-11 E7 protein synthesis
in cells transfected with HPV-11 T7-cDNA constructs. Lane M, marker proteins.
(c) RNA was isolated from transfected cells, and RNA slot blots of twofold serial
dilutions (starting from 1 mg) were prepared. Slot blots were hybridized to
32P-labelled E7 riboprobes from HPV-16 (left) and HPV-11 (right). Reduced
signals are observed in HET-6- and CET-6-transfected cells because of limited
overlap between the RNAs and the E7 riboprobes. MOCK, equivalent amounts
of RNA isolated from mock-transfected cells.
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Sample results of a dual-infection experiment with associ-
ated control results are shown in Fig. 5. A summary of results
from dual-infection experiments with CV-1, HeLa, and SVD2
(simian virus 40-transformed human keratinocyte) cells is
shown in Fig. 6. Endogenous HPV expression in HeLa cells

was not detected under the conditions used. With all three
lines it was found that full-length bicistronic transcripts pro-
duced E7, typically at less than 10% efficiency relative to the
monocistronic control. The E6*I spliced version was only mar-
ginally (less than twofold) more efficient than the full-length
bicistronic transcript, and this difference could be accounted
for by slightly increased abundances of E7 RNA from this
construct. Both the *I and *II spliced versions were very inef-
ficient relative to monocistronic controls.

FIG. 4. Scale diagram showing the structures of HPV-16 cDNA constructs
and their mutated derivatives. Only the E6 region and the N-terminal region of
E7 are shown. Stippled boxes depict potentially active ORFs in the E6 region.
The open boxes with arrows represent the entire E7 ORF. Numbers indicate
coordinates for ORF ends, splice junctions, and promoter-proximal 59 ends. vE6
and vE7 are the control monocistronic constructs. vE67 is the full-length bicis-
tronic cDNA construct. v*I has the E6*I intron between nt 226 and 409 removed,
and the locations of the MC1 and MC2 minicistrons between the E6*I and E7
ORFs are shown. v*II has the E6*II intron between nt 226 and 526 removed. In
vMCD*I, the MC1 and MC2 AUG codons have been removed by site-directed
mutagenesis, as depicted by the arrows. In vH7Taq, the MC1 and MC2 minicis-
trons were cloned directly upstream of the E7 ORF. The same fragment, but with
the MC1 and MC2 start codons mutated (arrows), was cloned directly upstream
of the E7 ORF to produce vMCDTaq. In vH6L, the E6 ORF termination codon
was mutated (arrow), thereby extending the reading frame to the next in-frame
termination codon at nt 601. In v*IATGD, the E6 ORF start codon was mutated
(arrow), and the locations of the three strong-context minicistrons thereby ex-
posed are indicated (3SMC). The location of the *I splice junction is also shown.
In v6ATGD, the E6 ORF AUG was removed from a full-length bicistronic
cDNA by site-directed mutagenesis (arrow). The locations of the 3SMC and
seven weak-context minicistrons (7WMC) present in the E6 region of this con-
struct are indicated. Each construct was cloned downstream of the T7 promoter
in vaccinia virus insertion vector p1118, and recombinant vaccinia viruses pro-
ducing each cDNA were generated.

FIG. 5. Dual-infection experiment using mutant constructs. CV-1 cells were
infected with 5 PFU of mutant virus stock and 5 PFU of vTF7-3 per cell. (a to c)
After 12 h, cells were metabolically labelled with [35S]cysteine, lysed, and immu-
noprecipitated with E7 antibody (RPaE7), E6 antibody (145-6R), or pooled
normal rabbit serum (NRS). The constructs used are described in Fig. 4, except
E710, which is a vaccinia virus recombinant that utilizes the vaccinia virus 7.5K
promoter for E7 expression (54). (d) RNA dot blot of twofold serial dilutions
starting from 1 mg of RNA taken from 12-h-infected CV-1 cells, hybridized to an
HPV-16 E7 riboprobe.
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A close reexamination of the sequence of the E6*I cDNA
indicated that the *I splice does not actually create an unin-
terrupted intercistronic space. Rather, a ribosomal subunit
which resumed scanning after termination at the E6*I stop
codon at nt 417 would encounter two small ORFs running
from nt 508 to 543 and nt 512 to 559. These two minicistrons
have been designated MC1 and MC2, respectively, in Fig. 4.
Although both of the start codons for these minicistrons are in
unfavorable contexts for initiation (6, 27), if they were trans-
lated, then termination would be brought within 18 nt (MC1)
and 2 nt (MC2) of the E7 AUG. Therefore, it was possible that
the E6*I spliced product did not represent an efficient E7
template because the two minicistrons negate the benefit of
increased intercistronic space created by the splice.
In order to investigate the effects of MC1 and MC2, their

start codons were removed by site-directed mutagenesis to
produce pMCD*I (Fig. 4). The effect of the minicistrons on
scanning 40S subunits was further examined by placing the two
minicistrons directly upstream of the E7 ORF in a control
monocistronic construct (to produce pH7Taq). The equivalent
fragment, but with the MC1 and MC2 start codons removed,
was also placed directly upstream of the E7 ORF to produce

pMCDTaq (Fig. 4). The latter two constructs were designed to
examine the effects of MC1 and MC2 on scanning initiation
complexes, whereas the pMCD*I construct would examine the
effects of MC1 and MC2 on scanning reinitiation complexes.
The results are shown in Fig. 5 and 6. In all three cell lines

tested, mutation of the MC1 and MC2 initiation codons in the
context of an *I-spliced mRNA had little or no effect on E7
translation efficiency (compare *I with MCD*I). This demon-
strated that ribosomes which ultimately translate the E7 ORF
do not approach the E7 AUG engaged in the translation of
MC1 and MC2. Therefore, inhibition of scanning and reinitia-
tion by MC1 and MC2 cannot account for the low efficiency of
*I mRNAs as templates for E7 synthesis.
In CV-1 cells, placement of MC1 and MC2 directly up-

stream of a monocistronic E7 ORF caused an inhibition of E7
translation which was alleviated by deleting the MC1 and MC2
start codons (compare E7, H7Taq, and MCDTaq in Fig. 6),
suggesting that MC1 and MC2 can inhibit 40S subunits scan-
ning in from a nearby 59 end but not in the interior of an *I
mRNA. This effect was not observed in HeLa and SVD2 cells,
however.
If E7 is translated from full-length bicistronic mRNA by a

termination-reinitiation mechanism, then ribosomes destined
to translate E7 should approach the E7 AUG while engaged in
E6 translation. This point was examined by removing the E6
stop codon by site-directed mutagenesis to produce vH6L (Fig.
4). The resulting configuration resembled that of HPV-11 in
that the extended E6 ORF overlapped the E7 ORF by about
30 bp. Such a configuration would be expected, in the cellular
translation assays, to prevent any termination-reinitiation by
ribosomes that had translated E6. However, in CV-1 cells,
vH6L was found to produce E7 at rates similar to those for the
full-length bicistronic construct (compare vH6L [7.9% efficien-
cy] and vE67 [6.8% efficiency] in Fig. 6). In HeLa and SVD2
cells, vH6L expressed E7 protein at levels which were lower
but above the detection limits. This suggested that in the full-
length bicistronic mRNA, most ribosomes which eventually
translate E7 do not approach the E7 ORF engaged in trans-
lation of E6.
The HPV-16 E6 AUG is located 8 nt downstream of the P97

transcription initiation site. Although the E6 AUG is in a
favorable sequence context for translation initiation, its prox-
imity to the 59 end of the mRNA is likely to cause substantial
leaky scanning of the E6 AUG (30, 47). It was possible to
model the consequences of such leaky scanning simply by re-
moving the start codons of the E6 ORF from full-length bicis-
tronic and *I spliced cDNA clones, to produce v6ATGD and
v*IATGD, respectively (Fig. 4). Scanning 40S subunits would
under these circumstances encounter several clusters of mini-
cistrons, some in strong Kozak contexts, located out of frame
relative to E6 (12 minicistrons for v6ATGD and 5 minicistrons
for *IATGD), before encountering the E7 AUG (Fig. 4). Anal-
ysis of the E6 ATGD mutants in CV-1 cells showed that dele-
tion of the E6 AUG caused E7 expression to increase fivefold
relative to those with the respective control constructs v*I and
vE67. Similar effects were seen in HeLa and SVD2 cells (Fig.
6). Therefore, it appeared that ribosomal 40S subunits that
failed to recognize the E6 start codon had a significantly higher
propensity to initiate at the E7 AUG. This occurred regardless
of whether the transcript was spliced or not and despite the
presence of numerous upstream AUGs.
Similarly, by forcing ribosomal subunits to translate the E6

ORF efficiently, it was possible to test the extent of termina-
tion-reinitiation from the various transcripts. We examined the
effect of increasing translation of the E6 ORF by inserting the
EMCV 59 untranslated leader sequence between the T7 pro-

FIG. 6. Levels of E7 protein expression from wild-type and mutant templates
in the CV-1, HeLa, and SVD2 cell lines. Cells were infected and analyzed for E7
expression as described in the legend to Fig. 5. Amounts of E7 produced were
determined by PhosphorImager analysis and are expressed relative to the level of
E7 produced by the monocistronic control construct vE7 (set to 100). Error bars
show standard deviations for values obtained from independent experiments.
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moter and the E6 AUG, to promote efficient, cap-independent
translation of the E6 ORF (24, 36). Preliminary experiments
showed that the EMCV sequence increased expression from a
monocistronic construct approximately 10-fold, in agreement
with previous observations (13, 15, 55). The effect of the
EMCV-E6 ORF on translation of a downstream E7 ORF was
tested in the context of full-length bicistronic and spliced
cDNAs (Fig. 7). By using the transfection-infection method, it
was found that addition of the EMCV leader reduced E7
synthesis three- to sixfold, again suggesting that termination-
reinitiation of ribosomes that had translated E6 did not con-
tribute significantly to E7 synthesis.

DISCUSSION

In a detailed study of HPV-16 early mRNA structures Smot-
kin and Wettstein (49) noted that the majority of early tran-
scripts were spliced from nt 226 to 409 in the E6 ORF. This
splice causes a foreshortening of the E6 ORF and appeared to
increase the intercistronic space between the E6 and E7 ORFs.
In the absence of any evidence of a promoter specific for E7
mRNAs, it was proposed that E6*I splicing functioned to allow
efficient E7 translation to occur by a termination-reinitiation
mechanism (50). The original intention of the present work
was to confirm that splicing of the E6*I intron was necessary to
produce an efficient template for E7 translation. Unexpectedly,
we found that translation of E7 from P97-initiated mRNAs was
independent of E6* intron splicing. This was shown by using
cDNA constructs expressed in vitro and in vivo. Quantitative
analysis showed that in cells, both spliced and unspliced
mRNAs produced E7 with similar efficiencies corresponding to
about 10% of the efficiency of control monocistronic tran-
scripts.
The implication of these observations is that the E6*I splice

does not increase the template efficiency for E7 because the
foreshortening of the E6 ORF does not act to facilitate E7
translation by a termination-reinitiation mechanism. The lack
of a pronounced effect of deleting MC1 and MC2 in an E6*I
context demonstrated that they are not responsible for the
inefficiency of spliced mRNAs and implied that the two mini-
cistrons are not translated. If termination-reinitiation were op-

erating, one might expect MC1 and MC2 to be inhibitory to E7
synthesis. Similarly, the observation that E7 synthesis was
maintained by vH6L mutant templates, in which the E6 ORF
had been extended to overlap E7, suggests that in full-length
bicistronic transcripts E7 synthesis does not depend on reini-
tiation by ribosomes that have translated E6. Moreover, cap-
ping of mRNAs synthesized in vitro increased E6 expression
from bicistronic transcripts but had no effect on E7 synthesis,
again suggesting that E7 is translated independently of E6.
Removal of the E6 start codon from a full-length bicistronic

cDNA resulted in an increase in E7 translation. Therefore,
ribosomes that initiate at the E6 AUG must have a low pro-
pensity to reinitiate at the E7 AUG. This is the case even
where the E6*I splice has been carried out, since removal of
the E6 start codon from an E6*I cDNA also resulted in an
increase in E7 synthesis. Conversely, increasing the translation
of the E6 ORF did not similarly increase translation of the E7
ORF. Taken together, the evidence presented in this report
supports the conclusion that those ribosomes which ultimately
translate E7 have not previously translated the E6, E6*I, MC1,
or MC2 cistron. These observations are inconsistent with a
termination-reinitiation hypothesis for E7 translation.
Conceivably, translation of E7 protein from spliced or un-

spliced transcripts could occur by several routes. First, a frame-
shift event (19, 23) could occur whereby a proportion of the
ribosomes engaged in E6 translation shift into the E7 frame
before encountering the E6 stop codon. Ribosomal frameshift-
ing is inconsistent with the present data because, in vH6L,
proteolytic processing of the E6-E7 fusion protein would pro-
duce an E6 molecule of the correct size of 18 kDa (formed
from frameshift events) in addition to the elongated form
produced by this construct. With an E6-specific antipeptide
antibody, no indication of any 18-kDa form of E6 derived from
vH6L was observed (Fig. 5b).
Second, ribosomal 40S subunits could engage the E7 AUG

by a scanning-independent mechanism such as internal entry.
However, an internal entry site should be insensitive to
changes at the 59 end of the molecule, yet we observed that
mutations to the E6 AUG resulted in increased translation of
E7. While these observations are inconsistent with an internal
ribosomal entry event, it could be anticipated that translational
activity of an upstream ORF could affect the efficiency of
ribosome binding downstream. Our data cannot, therefore,
exclude an internal entry hypothesis. Similarly, reduced trans-
lational activity in the E6 ORF of ATGD mutants might have
rendered the transcripts susceptible to RNA degradation, ex-
posing the E7 ORF as the first reading frame encountered in
a partially degraded RNA (29). This is an unlikely mechanism
for E7 synthesis, since partially degraded RNA could not be
translated efficiently (2) and RNA degradation could not easily
account for the observed differences between HPV-16 and
HPV-11 E7 syntheses from bicistronic transcripts.
Finally, the observations of the present work are also diffi-

cult to reconcile with a simple version of the scanning hypoth-
esis. In unspliced transcripts, ribosomal 40S subunits destined
to translate E7 would be expected to miss the E6 AUG and
then bypass 12 more out-of-frame (with respect to E6) AUGs
before initiating at the E7 AUG. Four of these AUGs are in
favorable contexts for initiation. In spliced E6*I transcripts,
ribosomal 40S subunits which scanned past the E6 AUG would
encounter five out-of-frame AUGs, with three of these being in
strong initiation contexts, before reaching the E7 AUG. Our
finding that mutation of the E6 AUG increases E7 translation
suggests a model in which E7 is translated primarily by ribo-
somes which contact the 59 end of the mRNA but ignore the
E6 AUG and proceed efficiently past the 3SMC and 7WMC

FIG. 7. Effect on E7 expression of increasing the efficiency of translation
from the E6 AUG. Vectors were constructed in which the E6 AUG was embed-
ded in an EMCV 59 untranslated leader sequence which allows efficient, cap-
independent initiation of translation (CITE-67 and CITE*I). These vectors were
tested in comparison with analogous constructs without the EMCV leader
(HET-67 and HET*I) by using the transfection-infection protocol. E7 levels
were quantified by RIPA and PhosphorImager analysis. Units are volume inte-
grations (103).
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cistron clusters (Fig. 4) to initiate at the E7 AUG. The mech-
anism by which ribosomal initiation complexes could bypass
these AUGs merits further investigation.
The conditions used for the in vitro translation experiments

have been shown previously to minimize ‘‘illegitimate’’ initia-
tion (3, 10). Nevertheless, we observed some in vitro E7 syn-
thesis from the full-length bicistronic HPV-11 (pCET67) tran-
script, which was not capable of sponsoring E7 synthesis in
vivo. Criticism of the authenticity of scanning behavior in in
vitro systems (26, 29) leads to the expectation that the cellular
translation systems should be the more authentic. Translation
in the cellular system occurs within the context of a vaccinia
virus infection. There are reports which show that vaccinia
virus selectively translates its own mRNAs, and it is not known
whether T7-generated RNAs would be seen as virus or host
derived in this context (1, 4). These observations are balanced
by reports which show that vaccinia virus does not modify
eukaryotic initiation factors and acts rather to normalize trans-
lation by preventing the activities of double-stranded-RNA-
dependent and heme-dependent eukaryotic initiation factor 2
kinases (5, 7, 11, 17, 37, 43, 58). In this study, levels of E7
translation were measured relative to those with control mono-
cistronic constructs in identical vector backgrounds and so would
be insensitive to variations in overall translation efficiency.
The findings in this report contradict those of Sedman et al.

(44), who found by using stable transfections of long-terminal-
repeat-driven constructs that spliced cDNAs were more effi-
cient in E7 synthesis than full-length bicistronic constructs
containing splice donor mutations. It is possible that spliced
mRNAs are processed and transported more efficiently than
RNAs containing splice mutations. Alternatively, in our stud-
ies the high levels of template generated by the T7 cellular
transcription system may saturate cellular translational capac-
ities and obscure differences in template behavior. In experi-
ments using a monocistronic E6 preceded by an EMCV leader
sequence (24, 36), we found that cap-dependent initiation of
scanning is the limiting factor in this system, in agreement with
other studies (13, 15, 55).
Although in the cellular system P264-initiated mRNA was

revealed to be an efficient template for HPV-11 E7 synthesis,
all of the naturally observed HPV-16 transcript variants ap-
peared to be inefficient, producing ca. 10% of the levels pro-
duced by monocistronic controls. Thus, although HPV-16 E7
can be produced from either full-length bicistronic or spliced
transcripts, the structures of the transcripts appear to disallow
high-level synthesis of E7 protein. The structures of spliced
HPV-18 and HPV-33 also seem to conspire to limit E7 expres-
sion: in HPV-18 the E6* spliced product contains a minicistron
in the space between the E6* and E7 ORFs (42), and in
HPV-33 the E6*I ORF actually terminates closer to the E7
AUG than does the full-length E6 ORF (51). These structures
suggest that, as with HPV-16, HPV-18 and -33 splicing does not
function to increase the template efficiency for E7 translation.
The E7 proteins of low-risk HPV types have low levels of

intrinsic biochemical transforming activity (18, 20). Neverthe-
less, a considerable degree of cellular proliferation occurs in
resulting lesions. Conversely, E7 proteins from high-risk HPV
types have high levels of intrinsic transforming activities (33,
56) while causing comparatively little cellular proliferation in
productive lesions. It is conceivable that high-risk HPV types
have adopted an evolutionary strategy entailing very restricted
synthesis of an E7 protein with high biological specific activity,
while low-risk HPV types allow a more relaxed control over the
synthesis of a lower-activity protein (22). In addition to regu-
lation by the weak but constitutive P97 promoter, coordinate
expression of the two HPV-16 transforming proteins is further

regulated by splicing (to limit E6 production) and translational
restrictions (to limit E7 production). The dependence upon
coordinate E6 and E7 expression from the same promoter
could and render the high-risk viruses susceptible to loss of
control of oncogene expression by transcriptional, splicing-
dependent, and translational mechanisms. The numerous lev-
els at which HPV-16 appears to restrict E6 and E7 expression
suggest that overexpression of these proteins has severely del-
eterious consequences for both the virus and the host cell.
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