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The association of certain human papillomavirus (HPV)
types with the majority of human cervical carcinomas
suggests a role for the virus in the development of this
type of cancer. In this paper, we have examined the
transforming properties of several HPV types where the
early region genes of the virus are under the control of
a strong heterologous promoter and show that major
differences exist between the HPV types in their ability
to transform primary rat kidney epithelial cells in con-
junction with an activated ras oncogene. Those HPV types
most commonly found in carcinomas—types 16, 18, 31
and 33—are capable of co-operating with ras to transform
primary cells, but those types most commonly found in
benign lesions—types 6 and 11—are not. We further
demonstrate that the E7 gene of HPV16 by itself is suf-
ficient to co-operate with activated ras to produce trans-
formed cells which are tumorigenic in immunocompetent
animals.
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Introduction

One of the most striking differences in the natural history
of the human genital papillomavirus infection is in the prog-
nosis of lesions containing human papillomavirus (HPV) type
6 or 11 DNA on the one hand and those containing HPV 16,
18, 31 and 33 DNA on the other. HPV6 and HPV11 DNAs
are frequently found in genital warts and mild dysplasias of
the uterine cervix, but rarely in severe dysplasias or malig-
nant carcinomas. The other types—16, 18, 31 and 33—are
rarely found in condylomas or mild dysplasias, but their
DNAs are found in most severe dysplasias and malignant
carcinomas (Diirst et al., 1983; Gissman et al., 1983).
This suggests very strongly that there must be some signifi-
cant differences between the genes of the various types in
the way that infected cells respond to them. HPV6 and
HPV11 are relatively closely related, showing >60% hom-
ology throughout their genomes (Broker and Chow, 1986).
HPV6 is less closely related to HPV18 and types 16 and
18 are not closely related to each other (Boshart et al., 1984).
The closest homology between HPV types is found in the
L1 open reading frame, corresponding to the major capsid
protein (Broker and Chow, 1986) but this is unlikely to be
involved in cellular transformation. The different prob-
abilities that HPV types exhibit of inducing malignant trans-
formation and carcinomas, as opposed to the production of
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benign papillomas, suggests that DNA sequence differences
exist between the various HPV types which are important
in determining the transforming potential of an HPV type.

In this paper we have used an in vitro co-transformation
assay (Matlashewski ef al., 1987a) to examine the biological
activities of HPV16, HPV18, HPV31, HPV33, HPV6 and
HPV11. The advantages of this co-transformation assay
using primary baby rat kidney (BRK) epithelial cells are
threefold. Firstly, the cells are epithelial rather than fibro-
blastic and, since true papillomaviruses in vivo grow only
in epithelial cells, this is a much more appropriate cell type.
Secondly, the cultures are primary cells rather than estab-
lished cell lines and are therefore presumed to be normal
when placed in culture. Thirdly, the system shows a require-
ment for two oncogenes or transforming agents, one from
the establishment class and one from the transforming class.
It is similar in this respect to the primary rat cell system
which has been studied extensively (Land et al., 1983;
Rassoulzadegan ez al., 1983; Ruley, 1983). The requirement
for more than one transforming event parallels the situation
in vivo, where it is clear that papillomavirus infection alone
is not sufficient to generate malignantly transformed cells.
A second agent such as smoking, X-rays or chemical car-
cinogen is probably needed to allow the development of a
high-grade lesion into a carcinoma. In our previous study
we showed that, in conjunction with an activated ras onco-
gene, the DNA of HPV16 under control of a strong heter-
ologous promoter transformed primary rat kidney epithelial
cells. This activity requires a protein or proteins from the
E6/E7 region of the HPV16 genome. We have now refined
this localization and show that the relevant protein is likely
to be E7. We then went on to examine other papillomavirus
DNAs and show that there are striking differences between
the various HPV types in their transforming activity.

Results

E7 is the transforming gene of HPV 16

Transfection experiments using HPV16 DNA cloned into
a pZIP-NeoSV(X)1 vector (Cepko et al., 1984) forming the
plasmids HZIP-16 and HPV16K (Matlashewski et al.,
1987a), demonstrated that HPV16 contains one or more
oncogenes, derived from the E6/E7 region of the genome,
which could co-operate with an activated ras gene to
transform primary cells (Matlashewski et al., 1987a). We
first set up experiments to determine whether the transform-
ing activity resides in E6 or E7 or whether both were
required. Using an expression vector similar to pZIP-Neo,
pJ4Q (Wilkinson et al., 1988), we cloned the E6 or E7 open
reading frames (ORFs), either separately or together, and
tested their transforming ability relative to pJ4Q16 which
contains most of the HPV16 genome (Figure 1). The plasmid
pJ4Q16K contains both the E6 and E7 genes on a DNA frag-
ment derived from the deletion mutant HPVK-16
(Matlashewski et al., 1987a). A plasmid containing the E6
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Fig. 1. Structure of recombinant HPV DNA containing plasmids. HPV
ORFs present are indicated by solid bars. Mo-MuLV LTR, ampicillin
resistance marker, multiple cloning sites (MCS) and splice donor (SD)
and splice acceptor (SA) sites are indicated. The diagram is not to
scale. The locations of the HPV ORFs are taken from Schwarz et al.
(1983), (HPV6); Dartmann et al. (1986), (HPV11); Seedorf ez al.
(1985), (HPV16); Cole and Danos (1987), (HPV18); Lorincz et al.
(1986), (HPV31); Beaudenon et al. (1986), (HPV33).

gene alone was constructed from a pAT153 vector (Twigg
and Sherratt, 1980) containing HPV16 DNA inserted at the
BamHI site. This plasmid was deleted between the Pvull site
at bp 551 and the Ncol site at bp 863, and also between the
two Kpnl sites at bp 880 and 5377. This deleted plasmid
was restricted with EcoRI and BamHI and a 1.77-kb frag-
ment was inserted into pJ4Q. This plasmid, however, con-
tained the E6 ORF which was in the wrong orientation with
respect to expression from the LTR promoter. The fragment
was correctly orientated by cutting with BamHI, end repair-
ing, then cutting with EcoRI. The resulting E6 ORF con-
taining fragment was inserted into a Bg/II-cut, end-repaired,
EcoRI-cut pJ4Q to form the fragment pJ4Q216.E6 (Figure
1). This plasmid codes for the entire E6 ORF, except for
the C-terminal amino acid leucine which is replaced by His-
Gly followed by a stop codon. To generate the E7 vector,
a 1.9-kb Nsil fragment containing the E7 ORF was linker
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adapted such that both Nsil sites were regenerated and both
BamHI and EcoRlI sites were added at either end. This frag-
ment was inserted into the EcoRI site of pAT153. This
plasmid was restricted with BamHI and the E7 fragment in-
serted into pJ4Q to form the plasmid pJ4Q16.E7. It contains
the E7 ORF with virtually no upstream sequence and with
1.6 kb of 3’ sequence beyond the E7 stop codon (Figure 1).

These HPV16 DNA containing plasmids were transfected
into BRK cells with or without an activated EJ-ras gene.
The plasmid pSV2-neo (Southern and Berg, 1982) was in-
cluded in all transfection experiments. After 24 h the cells
were placed under G418 selection. Transformation was
monitored by the appearance of foci after 3 weeks (Figure
2). Neither pSV2-neo nor EJ-ras by themselves formed foci.

As shown in Table I, the activity of the plasmid pJ4£216K
localizes the transforming activity of HPV 16 to the E6/E7
region, confirming the previous result with HPVK-16 which
contains the same sequences in the pZIP-NeoSV(X)1 vector.
No foci were ever observed in experiments using pJ4Q16.E6.
However, when pJ4Q16.E7 was co-transfected with EJ-ras
the number of foci formed was about the same as that formed
with pJ4Q16. This shows that the E7 gene alone is capable
of co-transforming primary cells. In conjunction with our
previous results it shows that E7 is both necessary and
sufficient for transformation in this assay. The cells produced
by transfection with pJ4Q216.E7 are morphologically altered,
growing quickly to high density and showing no signs of
senescence after >4 months. The numbers of foci obtained
using pJ4Q16K were always lower than those obtained when
either pJ4Q16 or pJ4Q216.E7 are used (Table I). However,
when pJ4Q16.E6 and pJ4Q16.E7 were transfected together,
similar numbers of foci to those generated by pJ4216 were
observed. This suggests that the lower number of foci formed
by pJ4Q216K is a function of that particular construct, and
that the E6 gene does not inhibit transformation by E7. It
is possible that a spliced E6—E7 product from the pJ4Q216K
insert has a negative effect on transformation and that this
negative effect is lacking where E6 and E7 are on separate
plasmids. To test the transforming activities of E7 genes from
HPVs 18, 31 and 33, E7 genes from these types were
isolated and cloned into pJ4Q. For HPV18, a 1.4-kb Xbal
fragment (bp 321-1735), for HPV3l, a 2.0-kb
Hpal—EcoRV fragment and for HPV33 a 644-bp Dral frag-
ment (bp 470— 1114) were used. Each of these E7 alone
constructs co-operated with ras as efficiently as constructs
containing the entire early region.

The transformed cells from colonies of the pJ416 and
pJ4Q16.E7 transfections were expanded and analysed for
HPV16 DNA by Southern blot analysis (Southern, 1975).
Total cellular DNA from these cell lines was digested with
BamHI and probed with nick-translated HPV16 DNA.
Figure 3 shows that integrated HPV16 DNA was present
at high copy number in the co-transfected cell lines. North-
ern blot analysis of total RNA isolated from transiently
infected BRK cells shows that HPV16 early region RNA
species were expressed (Figure 4a). These BRK cells express
RNA species which range in size from ~2 kb to ~5 kb
in length. Western blot analysis of a pJ4Q16-transformed
monoclonal cell line demonstrated the presence of E7 pro-
tein in these cells (Figure 4b). Immunoperoxidase staining
of either pJ4Q216- or pJ4Q16.E7-transformed cells using a
monoclonal antibody directed against v-H-ras showed
overexpression of ras in these cells (data not shown).
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Fig. 2. Transformation of primary BRK cells by HPV DNA. All
dishes were transfected with pSV2-neo, pEJ6.6 (containing an activated
ras oncogene) and the indicated plasmid in each case. Cultures were
grown in the presence of 200 pg/ml G418 and stained 3 weeks after
transfection.

Table I. Number of foci obtained from plasmid treatment of BRK
cells

Plasmid Experiment
1 2 3

pl4Q 34 116 38
pJ4Q16K 7 62 11
pJaQ16.E7 15 130 63
pJ4Q16.E6 0 0 0
pJ4Q16.E7+pJ4Q16.E6 24 133 37
pJ4Q18 17 51 44
pJ4Q31 16 42 52
pJ4Q33 27 40 31
pJaQ16+plaQ6 30 141 35
pl4aQ16+pJ4Q11 27 156 77
pl4Q6 0 0 0
pJ4Q11 0 0 0
pJ4Q vector alone 0 0 0

Each experiment contained, in addition to the indicated plasmid,
pSV2-neo encoding resistance to G418 and pEJ6.6, a plasmid
containing the Ha-ras oncogene derived from the human bladder
carcinoma cell line. The number of foci are those obtained when 5 pg
of each plasmid was added to a 90-mm dish of primary sub-confluent
BRK cells. No foci were observed if either pSV2-neo or pEJ6.6 were
omitted from the experiment.

Co-transformation with other HPV types

To investigate the co-transforming potential of other HPV
types, DNA fragments encoding early region ORFs were
ligated into pJ4Q (Figure 1). Constructs were modelled on
HZIP-16 as far as possible and contained analogous se-
quences. HPV6 inserted at the BamHI site of pAT153 was
cut with BamHI and Mlul. A 5.2-kb fragment encoding early
region genes was isolated and end repaired. This fragment
was BamHI linked and cloned into BamHI-cut pJ4Q. The
plasmid pJ4Q11 was constructed by excising the HPV11
genome with BamHI from the pSV2-neo vector and inserting
this fragment into pJ4Q. The HPV18 genome in pBR322
was cut out with EcoRI and recircularized using T4 DNA
ligase. The circularized genome was digested with Kpnl and
a 6.4-kb fragment inserted into pJ4Q. HPV31 DNA, inserted
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Fig. 3. Southern blot analysis of HPV16 DNA sequences in BRK cells
which had been co-transfected with HPV16 DNA, pSV2-neo and the
EJ-ras oncogene. Each lane contains 10 ug genomic DNA. Lanes
1-3 contain pJ4Q digested with BamHI, Kpnl and Pstl. Lanes 4—7
contain DNA obtained from a monoclonal cell line derived from a
single transformed foci containing pJ4Q216 (lane 4, uncut DNA; lanes
5—7 are digested with BamHI, Kpnl and PstI). Lanes 8—11 contain
DNA isolated from a monoclonal cell line transformed with pJ4Q216.E7
(lane 8, uncut DNA; lanes 9—11 contain DNA cut with BamHI, Kpnl
and Pst). Lane 12 contains 30 pg BamHI cut HPV16 DNA,
equivalent to one copy of HPV DNA per cell.

at the EcoRlI site of pBR322, was cut with EcoRI and Sall,
yielding a 5.8-kb fragment which was ligated into EcoRl/
Sall-cut pJ4Q2. HPV33 DNA present in a Bglll site of a
modified pBR322 vector was cut with HindIIl and Bg/lI,
giving a 5.6-kb fragment which was cloned into HindIIl/
Bglll-cut pJ4Q. These fragments were transfected into BRK
cells as described and placed under G418 selection. The
results of these experiments are summarized in Table I. The
vectors containing DNA from HPV types 16, 18, 31 and
33 produced similar numbers of transformed foci, whereas
no foci were observed with HPV6 or HPV11 constructs.
This could have been either because they do not express their
early regions or because the proteins expressed lacked trans-
forming activity. To verify that the HPV6 and 11 constructs
were expressing early region RNA, BRK cells were transi-
ently infected with pJ4Q6 and pJ4Q11. Total cellular RNA
was probed with virus-specific early region DNA and com-
pared to RNA isolated from pJ4Q16-, pJ4Q216.E7- and
pJ4Q18-transformed BRK cells (Figure 4a). Similar levels
of early region transcript were seen in the cells transfected
with HPV6, 11 or 16, suggesting that the lack of transform-
ing activity in HPV6 and 11 is not simply due to the absence
of early region expression. Furthermore, isolated E7 ORFs
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Fig. 4. (a) Northern blot analysis of RNA derived from transiently
infected BRK cells. Lane 1, pJ4Q6; lane 2, pJ4Q11; lane 3, pJ4Q18;
lane 4, pJ4Q16; lane 5, pJ4Q16.E7; lane 6, uninfected BRK cells;
lane 7, HT156, a tumour cell line containing HPV16 DNA. Each lane
was probed with a DNA probe corresponding to the regulatory and
E6/E7 regions specific for the corresponding HPV type. The probes
were: HPV6, a 2.75-kb HindIll fragment derived from pJ4Q6;
HPV11, a 2.25-kb BamHI—Sphl fragment of genome DNA; HPV16,
the 2.1-kb BamHI insert of pJ4Q216K (nucleotides 5377 —6150 and
7454 —880); HPV18, a 2.4-kb Kpnl—Tagql fragment of genome DNA.
(b) Western blot analysis. Cell extracts of: lane 1, untransfected BRK
cells; lane 2, CaSki cells; lane 3, pJ4Q16 cells were run on a 12%
polyacrylamide gel and the proteins transferred to a nitrocellulose
filter. The filter was then reacted with the anti-E7 monoclonal antibody
E7IV (Oltersdorf et al., 1987) followed by immunoperoxidase
detection.

from HPV types 18, 31 and 33 are able to co-operate with
ras as efficiently as the entire early region of the respective
genomes to transform primary BRK cells.

Tumour production

Acquisition of a transformed phenotype in vitro is by no
means always accompanied by increase in tumorigenic poten-
tial. We therefore cloned and tested the cell lines generated
by transformation with HPV DNA plus ras for their ability
to produce tumours in syngeneic rats. When 2 X 10° cells
transformed by either pJ4Q16 or pJ4Q216.E7 were injected
subcutaneously into each flank of three syngeneic rats
tumours formed at the site of injection 2—3 weeks later.
These tumours were found to be poorly differentiated
adenocarcinomas.

Cytokeratin staining

Since the tumours with which HPV types are associated are
usually carcinomas, derived from epithelial cells, it was
important to show that the cells or cell lines generated by
in vitro transformation were epithelial in origin rather than
fibroblastic. By using specific monoclonal antibodies directed
against the cytokeratins characteristic of epithelial cells we
were able to demonstrate that the transformed cells were,
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Fig. 5. Immunofluorescence patterns of monoclonal antibody (mAB)
staining on methanol fixed BRK cells transformed with pJ4Q216.E7.
Panel A was stained with mAB LE61 (keratin 18) and B with mAB
LP34 (keratins S and 14). Scale bar = 2.5 um.

in all cases, simple epithelial cells. They were stained with
monoclonal antibody LE61, specific for keratin 18 (Figure
5). No staining was observed with LP34, which in rat cells
stains keratins 5 and 14 but not simple keratins such as
keratin 18 (Figure 5) (Lane ef al., 1985).

Discussion

The best-characterized in vitro transformation system is the
one developed for bovine papillomavirus type 1 (BPV-1).
The BPV-1 genome contains at least two separate trans-
forming genes, ES and E6 (Nakabayashi ez al., 1983; Sarver
etal., 1984; Schiller et al., 1984; Yang et al., 1985; DiMaio
et al., 1986). Transformation of mouse fibroblast cell lines
by HPV16 was obtained more recently, using assay systems
similar to those used for BPV-1 (Tsunokawa et al., 1986;
Yasumoto et al., 1986; Matlashewski et al., 1987b). Sub-
sequently transformation of primary rat epithelial cells was
achieved by using HPV 16 in conjunction with an activated
ras oncogene (Matlashewski et al., 1987a). Here deletion
analysis indicated that the transforming protein or proteins
encoded by HPV16 came from the E6/E7 region of the
genome and that none of the other major ORFs was required
(Matlashewski et al., 1987a).

We have now shown that the E7 gene by itself co-operates
with an activated ras gene to transform primary BRK cells.
Our conclusion, that HPV16-E7 is both necessary and suf-
ficient for transformation in this assay, is surprising in view



of the results previously obtained with BPV-1. The analysis
of BPV-1 transformation which defined E5 and E6 as trans-
forming proteins did not seem to implicate E7. Its function
would appear to be related to control of copy number when
BPV-1 DNA is replicating episomally in mouse cells, al-
though cells transformed by an E7 mutant were sometimes
unstable (Lusky and Botchan, 1985; Berg er al., 1986).

We had expected to find that HPV16-E6 had transforming
activity analogous to that of BPV1-E6 and our results with
the E6/E7-containing construct HPVK-16 were consistent
with a role for E6 (Matlashewski et al., 1987a). However,
repeated efforts to obtain transformation with HPV16-E6 in
pJ4Q were uniformly negative, whereas HPV16-E7 always
gave transformation. The E7 transforming activity was not
antagonized by E6, nor did adding E6 cause a significant
increase in E7 transformation. Complex splicing patterns
have been observed for the E6/E7 region, generating RNAs
which could code for polypeptides made up of parts of E6
and E7 ORFs (Schwarz et al., 1985; Schneider-Gadicke and
Schwarz, 1986). We do not have any evidence for a role
of any protein derived from, or including part of, the E6
region in our transformation assay, but clearly in other
circumstances, e.g. in the absence of a strong heterologous
promoter, it may be important to influence the amount of
E7 production. The difference between BPV-1 and HPV16
transformation may be related to the use of fibroblasts and
epithelial cells respectively in the two assays, or more likely
to the fact that co-transformation by HPV16 plus ras may
relate to carcinomatous transformation as discussed later.
Monoclonal cell lines transformed by pJ4Q16.E7 plus ras
or by pJ4Q16 plus ras have been growing in culture for >4
months with no sign of senescence. These cells were clearly
epithelial by their cytokeratin staining patterns and formed
tumours in immunocompetent syngeneic rats within 2—3
weeks.

Having established that transfection with HPV16 plus ras
generated malignantly transformed cells, we went on to ask
whether other genital papillomavirus types were also active.
The virus types tested fell into two distinct groups: types
18, 31 and 33, which were as active as HPV16; and types
6 and 11, which were inactive. HPV6 and 11 are usually
found in benign genital and laryngeal lesions and generate
papillomas. They appear rarely to progress to carcinomas.
HPV18, 31 and 33, on the other hand, are found in advanced
dysplasias, intra-epithelial neoplasias and carcinomas in situ.
Our analyses of virus-specific RNA in the HPV6- and
HPV11-transfected cells indicated that the E6/E7 region of
the DNA was being transcribed, showing that viral genes
are being expressed by these types, although transformation
is not occurring. Transfection of HPV6 or HPV11 together
with HPV 16 caused no reduction in transformation by the
active type, indicating that HPV6 and HPV11 do not have
a negative effect in blocking transformation or killing trans-
formed cells. The DNA sequences of HPV6, 11, 18, 31 and
33 are quite similar overall and in the E7 region in particular.
It will be interesting to compare the properties of the viral
E7 polypeptides to determine whether this is where critical
differences reside and, if so, where within the E7 polypeptide
they are located. )

There is a striking parallel between the in vivo malignancy
of HPV-associated lesions and the activity of the correspond-
ing HPV type in our co-transformation assay. This strongly
supports the idea that we are studying the carcinomatous type
of transformation rather than simply the benign papillo-
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matous type of transformation. This correlation provides a
valuable means of investigating the role of papillomaviruses
in the development of cervical cancer.

Materials and methods

Construction of HPV expression plasmids

HPV DNAs were kindly provided by Professor H.zur Hausen (HPVs 6,
11, 16, 18), Dr A.T.Lorincz (HPV31) and Dr G.Orth (HPV33). The plasmid
pJ4Q was a gift from J.Morgenstern. DNA fragments of the different HPV
types were cloned into the multiple cloning site of pJ4Q as described earlier.

Transfection and selection

Cultures of primary BRK cells were prepared and transfected by the DNA —
calcium phosphate co-precipitation method (Wigler ez al., 1979). Aliquots
of DNA —calcium phosphate precipitate (0.4 ml) containing 5 ug of each
of the indicated plasmids was added to 90-mm dishes of sub-confluent
primary BRK cells. After glycerol treatment the cells were cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum and
200 ug/ml G418. Cells were fixed in formal saline and stained with Giemsa
stain.

Nucleic acid hybridization

Total genomic DNA was isolated from transformed BRK colonies which
had been transfected with HPV DNA and the EJ-ras oncogene. DNA samples
(10 ug) were digested with BamHI, PstI and Kpnl and electrophoresed in
1% agarose gels and subjected to Southern blot analysis (Southern, 1975)
using Hybond-N filters (Amersham International). Hybridizations were per-
formed using 3?P nick-translated HPV genomic DNA for 20 h. Filters were
washed in 2 X SSC containing 0.1% SDS (1 X SSC is 150 mM NaCl,
15 mM trisodium citrate, pH 7.0) at room temperature, and then in 0.2 X
SSC containing 0.1% SDS at 55°C and exposed to Fuji RX X-ray film
with screens.

Total RNA was isolated from transiently infected BRK cells using
guanidium thiocyanate (Chirgwin ef al., 1979). Glyoxylated RNA (20 ug)
was electrophoresed on 1% agarose gels and subjected to Northern blot
analysis (Thomas, 1980). Hybridizations were performed as described above.

Immunoblotting
For analysis of E7 protein synthesized in cell lines a 90-mm plate of con-
fluent cells was lysed using 200 ul of lysis buffer (250 mM NaCl, 0.1%
NP-40, 50 mM Hepes, pH 7.0, 1% aprotinin).

SDS—PAGE, immunoblotting and protein detection were as previously
described (Banks ez al., 1987) using an anti-E7 monoclonal antibody E7IV
(Oltersdorf et al., 1987).
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