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ABSTRACT HPV types associated with genital disease are
termed ‘‘high-risk’’ or ‘‘low-risk’’ viruses according to their
prevalence in cancers. Two viral genes, E6 and E7, are
invariably expressed in cervical carcinomas. The E7 gene
product has been found to bind the retinoblastoma tumor
suppressor protein and to be phosphorylated by casein kinase
II. Although present in both high- and low-risk E7 proteins,
these activities are diminished in the low-risk HPV-6 E7
polypeptide. To better understand the oncogenic potential of
the HPV-6 E7 protein, we replaced four of its amino acids with
HPV-16 E7 residues present in the analogous region of the
N-terminal half of the protein. Replacement of the arginine at
position 4 of the HPV-6 E7 protein with an aspartate present
in HPV-16 E7 slowed the mobility of the protein when ex-
pressed in vivo. Replacement of the glycine at position 22 with
an aspartate resulted in higher affinity for retinoblastoma
protein binding. Replacement of valine residues at positions 30
and 37 with asparagine and aspartate, respectively, resulted in
higher levels of casein kinase II phosphorylation. The substi-
tution at position 22 was the only mutation that exhibited
increased transforming activity, suggesting a correlation be-
tween the HPV E7 protein affinity for the retinoblastoma tumor
suppressor protein and its ability to transform established cells.
Our results show that subtle changes in sequence may result in
marked differences in biological activity of HPV oncogenes.

HPVs are small double-stranded DNA viruses that infect
squamous epithelia. More than 60 genotypes have been
identified and each is associated with distinct anatomic sites
(1). A subset of these HPVs are found in genital and mucosal
lesions, HPV types 6, 11, 16, and 18 being the most common.
Within this subgroup some are most often found in benign
lesions (HPV-6 and -11), whereas others are prevalent in
malignant tumors (HPV-16 and -18). This distinct oncogenic
association of the different genital types resulted in the
naming of HPV-6 and -11 as ‘‘low-risk”’ and HPV-16 and -18
as ‘“‘high-risk”’ types.

The carcinogenic association of high-risk HPV types is
reflected in their ability to transform established cell lines and
immortalize primary rodent cells and human keratinocytes
(2-8). Analysis of HPV-associated cervical cancers revealed
that two early genes, E6 and E7, are invariably expressed
(9-11). In accordance, it has been shown that both the E6 and
E7 proteins of HPV-16 or -18 are necessary for efficient
immortalization of human keratinocytes (12, 13). However,
evidence suggests that the E7 gene accounts for most of the
transforming activity. HPV-16 and -18 E7 proteins transform
established murine cells, complement activated ras in im-
mortalizing rat embryo fibroblasts, and can alone immortal-
ize human keratinocytes (14-19). In contrast, the HPV-6 E7
protein has low transforming activity in these assays (20, 21).
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Structural characteristics of HPV E7 proteins suggest
distinct features for the N- and C-terminal halves. The
C-terminal 50 amino acids, conserved in high- and low-risk
HPV E7 proteins, contains two Cys-Xaa-Xaa-Cys motifs
separated by 29 residues that are thought to mediate zinc
binding (22, 23). Mutations of the cysteine residues result in
highly unstable proteins, suggesting an important structural
role for the zinc-binding motif. The N-terminal 40 residues of
HPV-16 E7 protein contains two independent domains, one
that mediates binding of the retinoblastoma tumor suppressor
protein (pRb) and another that serves as substrate for casein
kinase II (CKII) phosphorylation (24, 25). This arrangement
is similar to that found in other viral (adenovirus Ela and
simian virus 40 large tumor antigen) and cellular (myc)
oncogenes, all of which have been shown to bind pRb
(26-28). Site-specific mutations disrupting the pRb binding
domain abolish transforming activity (24). Mutations deleting
the CKII site reduce E7 protein transforming activity (24, 29).
When compared to HPV-16 E7, HPV-6 E7 polypeptide has
lower affinity for pRb and is phosphorylated to a lower extent
(24, 30). These biochemical characteristics correlate directly
with the transforming activities of the proteins and may play
a role in the observed different oncogenic association.

In this report, we assay HPV-6 E7 mutants carrying single
amino acid substitutions. Each amino acid change was de-
signed to replace an HPV-6 E7 amino acid with one from the
homologous region from HPV-16. We replaced amino acids
at positions 4 (valine; 4asp), 22 (glycine; 22asp), and 37
(valine; 37asp) with aspartate and position 30 (valine; 30asn)
with asparagine. The replacement at position 4 (4asp) re-
sulted in a protein with slower mobility on SDS/PAGE but no
other high-risk features. In vitro binding assays showed that
substitution at position 22 (22asp) resulted in increased
affinity for pRb. Replacements at positions 30 (30asn) and 37
(37asp) increased the rate of phosphorylation by CKII. When
tested for their ability to induce growth in agar upon trans-
fection into NIH 3T3 cells, mutant 22asp protein showed an
HPV-16-like transforming activity, whereas the others re-
mained at wild-type HPV-6 levels. These results suggest that
subtle amino acid changes in the HPV-6 E7 protein can result
in a marked increase in biochemical and biological features
some of which ‘‘activate”’ its transforming activity.

MATERIALS AND METHODS

Construction of Expression Clones and Mutagenesis. Iso-
genic constructs described previously (21) were modified to
include the simian virus 40 poly(A) sequence contained
within the Rsa I 635-base-pair fragment from the viral ge-
nome. The parent vector has the Harvey murine sarcoma
virus long terminal repeat fragment inserted at the EcoRI site
and the poly(A) signal sequence at the HindlII site of the

Abbreviations: HPV, human papillomavirus; CKII, casein kinase II;
pRb, retinoblastoma tumor suppressor protein; nt, nucleotide(s).
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polylinker of pUC19. The HPV-16 E7 expression construct
pHa.16E7a has the Taq I-Ssp I [nucleotides (nt) 505-1176]
fragment, containing the coding region (nt 562-855) cloned
into the BamHI site. The E7 coding regions of HPV-18 (nt
590-905) and HPV-6 (nt 530-823) were inserted into the
HPV-16 background by replacement of the Nsi I (present at
the starting codon of all E7 genes)-Hincll fragment. All
constructs share a 5’ untranslated 51-nt fragment from
HPV-16 in addition to parent vector sequences.

Single amino acid substitutions were done by the polymer-
ase chain reaction in the presence of two opposing oligonu-
cleotides, one carrying the wanted mutation and the other
encoding an adjoining sequence of the complementary strand
as described (31). A clone containing the HPV-6 Tha I-Ssp 1
fragment (nt 473-996) in pUC18 served as template. The
oligonucleotides were labeled according to the position and
name of the amino acid introduced: 4asp, 2> CATGCATG-
GAGATCATGTTACCC*! /STTGTCCAGCAGTGTAG-
GCAG>%; 22asp, S¥GACCCTGTAGACTTACATTGCTS®/
SBTGGAGGTTGCAGGTCTAATACS; 30asn, “"TGAGC-
AATTAAACGACAGCTCAGS®29/606TAGCAATGTAA
CCCTACAGGG#; 37asp, 2 AGAAGATGAGGACGAC-
GAAGTGGAS%!/627IGAGCTGTCTACTAATTGCTCA%,

Each of the mutants was sequenced to identify clones
carrying mutations (underlined nucleotides) and to ascertain
fidelity of amplification for the rest of gene. The mutant open
reading frames were then transferred into the Harvey murine
sarcoma virus long terminal repeat expression vectors de-
scribed above by replacement of the Nsi I-HindIII frag-
ments. Therefore, mutants differ from wild-type HPV-6 E7
gene expression construct only in the mutated nucleotides.

In Vitro Association with pRb and CKII Phosphorylation
Assays. The above E7 gene encoding fragments were cloned
into pBluescript (Stratagene). E7 mRNA was synthesized
using T7 polymerase and translated in the presence of
[*3SImethionine in rabbit reticulocyte lysates according to the
manufacturer’s suggested conditions (Promega). The in vitro
translation products were mixed and incubated on ice for 1 h
in ELB buffer (250 mM NaCl/0.1% Nonidet P-40/50 mM
Hepes, pH 7.0/0.5 mM dithiothreitol/1 mM phenylmethyl-
sulfonyl fluoride/5 mM EDTA). The mixtures were then
immunoprecipitated with either polyclonal anti-E7 antibody
(21) or monoclonal anti-Rb (Pharmingen). Complexes were
analyzed by electrophoresis on SDS/15% polyacrylamide
gels and autoradiography.

Wild-type TrpE-E7 fusion proteins were expressed and
isolated as described (24). HPV-6 E7 mutants were expressed
by replacing the wild-type sequences within the Nsi I-
HindIII fragment with the analogous fragment containing the
mutated genes. TrpE-E7 proteins were separated by SDS/
PAGE on 10% gels and transferred to Immobilon-P filters
(Millipore), the appropriate bands were cut out, and the
proteins were eluted with 50 mM Tris, pH 9/1% Triton
X-100/2 mM dithiothreitol/0.1 mM ZnCl; for 20 min at room
temperature as described by Szewczyk and Summers (32).
CKII reactions were carried out with =500 ng of fusion
protein, 1.4 ul of partially purified kinase (kindly provided by
Melanie Cobb, University of Texas Southwestern Medical

HPV 16 E7
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Center at Dallas), and 2.23 pmol of [y-32PJATP in a total
volume of 20 ul for 12 min (24).

Cell Culture and Transformation Assays. NIH 3T3 cells
(provided by William C. Vass, Laboratory of Cellular On-
cology, National Cancer Institute) were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) and 10% (vol/
vol) newborn calf serum. Cells were seeded at 4 x 10° cells
per 60-mm dish 24 h before transfection. Test plasmid (10 ug)
and pSV2Neo (2 ug) were cotransfected by the calcium
phosphate method according to manufacturer conditions
(Promega). Cells from each transfection were split at a 1:5
ratio into two 100-mm dishes 24 h later and incubated in
DMEM/10% newborn calf serum containing G418 (GIBCO;
500 ug/ml). After selection for 10-14 days, drug-resistant
colonies were pooled and seeded into 0.4% agar at 10° cells
per 60-mm dish. Colonies were evident after 5-6 weeks.

Metabolic Labeling and Immunoprecipitations. Approxi-
mately 2.5 x 105 cells from each pooled G418-selected culture
were labeled for 1 h with 0.5 mCi of Tran35S-label (1 Ci = 37
GBq). Lysates were prepared and immunoprecipitations
were done as described (21). Immunoprecipitated complexes
were analyzed by electrophoresis on SDS/15% polyacryl-
amide gels and autoradiography.

RESULTS

Design of HPV-6 E7 Mutants. Two independent domains
have been identified in the HPV-16 E7 protein that are
important for efficient transformation of established murine
cells (Fig. 1) (21). One domain is centered around amino acids
24 and 26 (CYE) and is required for pRb binding. The second
domain is located around Ser-31 and -32 (DSSEEEDE) and
serves as an efficient substrate for CKII. These amino acids
are present in the analogous region of the low-risk HPV-6 E7
protein (Fig. 1). Yet this protein shows lower affinity for
binding pRb and is a poorer substrate for CKII (24, 33). More
recently, it was shown that the histidine at position 2 of the
HPV-16 E7 protein is also important for transforming activity
(34).

The lower biochemical activity of the HPV-6 E7 protein is
probably due to subtle differences in sequences adjoining
these critical amino acid residues. Therefore, we substituted
amino acids in the HPV-6 E7 protein with residues present in
the analogous region of the HPV-16 E7 polypeptide (Fig. 1).
The arginine at position 4 was replaced with an aspartate, the
glycine at position 22 was replaced with an aspartate, and the
valines at positions 30 and 37 were replaced with an aspar-
agine and an aspartate, respectively. The secondary structure
changes, as predicted by the Chou and Fasman algorithm
(35), induced by the individual mutations indicate that each
amino acid replacement results in local structural environ-
ment resembling that of the analogous region of the HPV-16
E7 protein.

Phosphorylation of HPV-6 E7 Mutant Proteins by CKII.
HPV-16 and -6 E7 proteins have been shown to be phos-
phorylated by CKII (24, 36). However, the level of phos-
phorylation was lower in HPV-6 E7 protein. This difference
in phosphorylation can be detected in vitro by using excess
substrate and partially purified CKII (24). Therefore, we

wt MHGDTPTLHE YMLDLQPETT DLYCYEQLND SSEEEDEIDG PAGQAEPDRA HYNIVTFCCK CDSTLRLCVQ STHVDIRTLE DLLMGTLGIV CPICSQKP

HPV 6 E7

mutants Dy Dx Nao Dy

wt  MHGRHVTLKD IVLDLQPPDP VGLHCYEQLV DgSEDEVDEV DGQDSQPLKQ HFQIVTCCCG CDSNVRLVVQ CTETDIREVQ QLLLGTLNIV CPICAPKT

Fic. 1. Amino acid sequence comparison of E7 proteins from HPV-16 and -6. Residues required for pRb binding and phosphorylation by
CKIlI are identified by single and double underlines, respectively. Amino acids substituted are in boldface type in each of the wild-type sequences.
Each of the HPV-6 E7 mutants is identified by the replacing amino acid name and position above the wild-type sequence.
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purified each of the E7 proteins expressed in bacteria as TrpE
fusion proteins and used them for in vitro kinase assays. The
CKII reaction products were examined by SDS/PAGE (Fig.
2). Similar amounts of E7 proteins were used in the kinase
reaction as shown by Coomassie staining (Fig. 2 Upper). As
previously reported (24), HPV-16 and -18 E7 proteins (Fig. 2
Lower, lanes 16 and 18) are phosphorylated to higher levels
than the HPV-6 E7 one (Fig. 2 Lower, lane 6), whereas the
bacterial portion of the fusion protein is not phosphorylated
(Fig. 2 Lower, lane TrpE). Comparison of intensity of bands
obtained for each of the HPV-6 E7 mutant proteins indicates
that mutants 4asp and 22asp and wild type are phosphory-
lated to similar levels. However, mutants 30asn and 37asp
show higher levels of phosphorylation, with 37asp being
highest. Therefore, in this assay we found that charged amino
acids near the CKII substrate site of the HPV-16 E7 protein
when introduced into HPV-6 E7 polypeptide led to increased
phosphorylation.

Binding of HPV-6 E7 Mutant Proteins to pRb. HPV-6 E7
protein has been shown to bind pRb with lower affinity when
compared to high-risk HPV-16 and -18 E7 polypeptides (24,
30). Therefore, we tested the HPV-6 E7 mutant proteins for
their ability to bind pRb in vitro (Fig. 3). Rabbit reticulocyte
lysate-translated E7 and pRb were incubated together and
immunoprecipitated with polyclonal antibodies anti-E7 (Fig.
3 Upper) or a monoclonal antibody specific for pRb (Fig. 3
Lower). pRb was consistently present when mixtures were
immunoprecipitated with E7-specific antibodies. Quantita-
tion was difficult because of the different titers of the indi-
vidual E7 polyclonal antibodies used, as was found previ-
ously (21). The reciprocal experiment involving immunopre-
cipitation with a single monoclonal antibody specific for pRb
allowed direct comparison of levels of E7 bound to pRb (Fig.
3 Lower). When normalized for levels of coimmunoprecipi-
tated wild-type HPV-6 E7 protein, we found that HPV-18 and
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Fi1G. 2. Phosphorylation of HPV E7 protein by CKII. TrpE-E7
fusion proteins expressed in bacteria and isolated to single-band
purity were phosphorylated in vitro with partially purified CKII and
analyzed by electrophoresis on a SDS/12% polyacrylamide gel.
(Upper) The gel containing phosphorylation reaction products was
stained with Coomassie blue to determine the relative levels of
protein in each reaction. Lanes contain the following fusion proteins.
Lanes: 18, TrpE-HPV-18 E7; 16, TrpE-HPV-16 E7; TrpE, unfused
TrpE; 6, TrpE-HPV-6 E7; 4, TrpE-4asp; 22, TrpE-22asp; 30,
TrpE-30asn; 37, TrpE-37asp; H and L, prestained high and low
molecular mass standards, respectively. The size of the molecular
mass markers is indicated to the left (H) and right (L) in kDa. (Lower)
The gel was then exposed to determine the level of 32P incorporated
into each of the fusion proteins. Lanes are as described for Upper.
This figure is representative of four independent kinase assays.
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Fic. 3. Immunoprecipitation of HPV E7-pRb complexes. In
vitro-translated radioactively labeled E7 and pRb were allowed to
complex and then were immunoprecipitated with polyclonal anti-
body specific for E7 (a-E7) (Upper) or monoclonal antibody specific
for Rb (a-Rb) (Lower). Immunoprecipitated complexes were sepa-
rated by SDS/PAGE on 15% gels. All association mixtures contained
equal amounts of pRb and equivalent amounts of E7. Lanes: 16,
HPV-16 E7; 18, HPV-18 E7; wt, HPV-6 E7; 4, 4asp; 22, 22asp; 30,
30asn; 37, 37asp mutants. The pRb bands are denoted on the left
[multiple bands obtained by in vitro translation of pRb have been
described (37)]. The E7 protein bands are indicated by the bar on the
left. Amounts of E7 and pRb present in each lane of the lower panel
were quantified on a Molecular Dynamics scanner. The E7/pRb
ratios normalized to wild-type values are given below the gel. This
figure reflects results consistent for four experiments.

-16 E7 proteins were present at 11.8- and 8.9-fold higher
levels, respectively. Similar comparison of HPV-6 E7 mutant
proteins shows that only 22asp bound at significantly higher
levels (7.1-fold) than wild type. These data show that al-
though the amino acids (*CYE?6) shown to be essential for
pRb binding in the HPV-16 E7 protein are present in the
low-risk HPV-6 E7 polypeptide, adjoining residues play an
important role in this critical interaction.

Transformation of NIH 3T3 Cells by HPV-6 E7 Mutants. We
have shown that HPV-6 E7 can transform NIH 3T3 cells,
albeit at lower levels than HPV-16 and -18 E7 (21). This
quantitative difference in transforming potential directly cor-
relates with the two biochemical activities described above.
Therefore, we tested each of the HPV-6 E7 mutant genes for
their ability to induce growth in agar. NIH 3T3 cells were
transfected with each of the E7 expression constructs and
pSV2Neo in three experiments. G418-selected mass cultures
were assayed for their ability to grow in agar (Table 1). Cells
transfected with HPV-16 or -18 E7 genes gave rise to colonies
of >32 cells per colony, and those transfected with the parent
vector developed none. Wild-type HPV-6 E7-containing cells
showed a few small colonies (8-10 cells per colony). Colony
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Table 1. Anchorage-independent growth of HPV E7-expressing
NIH 3T3 cells

Growth, colonies per dish
Exp. 16E7 18E7 6E7 4asp 22asp 30asn 37asp Ha

1 117 213 0 0 110 0 0 0
2 103 250 0 0 126 0 0 0
3 147 150 0 0 130 0 0 0

Only colonies of >32 cells per colony were counted. This is the
average colony size of HPV-16 E7-expressing cells. 16E7, HPV-16
E7; 18E7, HPV-18 E7; 6E7, HPV-6 E7; Ha, vector alone.

formation in plates with cells transfected with mutants 4asp,
30asn, and 37asp were similar to wild-type HPV-6 E7, and
22asp had large colonies similar to those seen for high-risk E7
protein-expressing cells. As illustrated in Table 1, the 22asp
mutation resulted in a protein with a transforming activity
similar to that of the high-risk HPV-16 and -18 E7 proteins.
Therefore, only the HPV-6 E7 mutant protein with increased
affinity for pRb showed increased transforming activity.

To determine the levels of E7 protein expressed in the
transfected culture lysates were prepared from metabolically
labeled cells. Extracts were normalized for the level of
Tran35S-label incorporation, and equal amounts were immiu-
noprecipitated with antisera specific for the individual E7
proteins. The immunocomplexes were analyzed by electro-
phoresis through a SDS/15% polyacrylamide gel (Fig. 4). We
found that the appropriate E7 proteins were present in cells
transfected with each of the wild-type E7 gene expression
constructs (Fig. 4, lanes 16, 18, and wt), but no HPV protein
was present in lysates from cells transfected with the parent
vector (Fig. 4, lanes Ha). The HPV-6 E7 mutant proteins
were present in similar amounts in the respective immuno-
precipitates (Fig. 4, lanes 4, 22, 30, and 37). Interestingly,
each mutation resulted in a change in mobility of the protein.
The 4asp mutant protein showed three bands in longer
exposures. Although the wild-type, 4asp, 22asp, and 30asn
proteins appeared as double bands, 37asp was seen as a single
band, even in longer exposures, suggesting that phosphory-
lation of this mutant is virtually complete as observed for
high-risk E7 proteins.

a—16E7 a—-18E7 o—6E7

Ha 16 Ha 18 Ha wt 4 22 30 37

16E7 ==

18E7 ‘==

l 6E7

FiG. 4. Expression of individual E7 proteins in transfected NIH
3T3 cells. Cells transfected with pHa (lane Ha), HPV-16 E7 (lane 16),
HPV-18 E7 (lane 18), HPV-6 E7 (lane wt), and HPV-6 E7 mutants
4asp (lane 4), 22asp (lane 22), 30asn (lane 30), and 37asp (lane 37)
were metabolically labeled with Tran35S-label and equal amounts of
lysate were immunoprecipitated with antisera specific for HPV-16 E7
(a-16E7), HPV-18 E7 (a-18E7), or HPV-6 E7 (a-6E7). The individual
E7 protein bands are identified at the sides.
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DISCUSSION

The oncogenic association of certain HPV types is reflected
in their ability to transform established cell lines and immor-
talize primary human keratinocytes. The E7 gene has been
shown to encode the strongest activity assayed in those
experiments. Both high-risk and low-risk E7 proteins have
been shown to bind pRB and be phosphorylated by CKII.
Comparison of amino acid sequences shows that the critical
residues for the two biochemical activities are present in both
high- and low-risk E7 proteins. Therefore, our aim was to
identify other amino acids responsible for the quantitative
differences in pRb binding and CKII phosphorylation and
determine which played a major role in the transforming
activity of the protein.

Our experiments were targeted to the N-terminal half of the
protein as this region contains the determinants for the high
transforming potential of high-risk E7 (24, 25, 34). Mutations
were designed to replace HPV-6 E7 amino acids with the
residue present in the equivalent region of HPV-16 E7
protein. We found that each of the four amino acid substi-
tutions introduced features of high-risk pE7 into the low-risk
protein. The 4asp protein showed slower mobility on SDS/
polyacrylamide gels a characteristic described for the
HPV-16 E7 protein (10). Interestingly, we found that mobility
of this mutant differed according to its method of synthesis;
when translated in rabbit reticulocyte lysates, it migrated
faster than when synthesized in vivo by transfection into NIH
3T3 cells. This could be a reflection of a post-translation
modification elicited by the specific mutation that reticulo-
cyte lysates are not capable of performing efficiently.

The mutation that affected both the biochemical and bio-
logical activity of the protein was the Gly-22 — Asp substi-
tution. This mutant protein, 22asp, had greater binding af-
finity for pRb. The aspartate may allow an electrostatic
interaction with some basic amino acid in pRb. A conforma-
tional change is also possible since presence of a glycine
within a peptide precludes formation of an a-helix, whereas
the aspartate would not. We also found that, when immuno-
precipitating E7-pRb complexes with antibody specific for
the viral protein, we consistently found more E7 protein
when pRB binding was stronger. This observation could be
due to a pRb-binding-induced conformational change in E7
making the antibody epitope more accessible for binding.
Alternatively, it could be a reflection of multimerization of
the complex that would result in more protein being immu-
noprecipitated than when the antibody and pE7 were present
alone.

Studies have shown that the consensus substrate sequence
for CKII consists of serine or threonine residues present
within acidic peptides (38). An acidic amino acid three
residues C-terminal from the serine/threonine residue is
essential for recognition by CKII. However, the acidic nature
of surrounding amino acids have also been shown to increase
the efficacy of phosphorylation. Therefore, the Val-37 — Asp
replacement in the HPV-6 E7 protein increases the acidity of
the peptide and should affect the level of phosphorylation.
Indeed we found that the 37asp mutation resulted in a marked
increase in phosphorylation of the E7 protein. When the
sequence N-terminal to Ser-32 and -33 was compared to the
HPV-16 E7 protein, an asparagine was seen in the high-risk
protein whereas a valine was present in the HPV-6 E7
polypeptide. Interestingly, the 30asn mutant also showed an
increase in phosphorylation. Asparagine is polarizable and
likely to engage in hydrogen bonding, two features that may
enhance phosphorylation by CKII.

As discussed above, each of the four mutations resulted in
biochemical characteristics resembling HPV-16 E7 protein.
However, when tested for their ability to induce growth in
agar only 22asp achieved the level of transformation obtained
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with the high-risk E7 proteins. This result suggests that
transformation of established murine cells correlates with the
ability of pE7 to bind pRb. 30asn and 37asp mutant proteins
although more efficiently phosphorylated by CKII did not
give rise to larger colonies than wild-type HPV-6 E7 protein.
This could be due to the stringency of our assay conditions.
Nevertheless, our results suggest that pRb binding is a major
factor involved in transformation of established murine cells
by HPV E7 oncoproteins. However, an HPV-16 E7 mutant
incapable of binding pRb and transforming established mu-
rine cells (24) was still capable of immortalizing human
keratinocytes when present in the context of the full-virus
genome (39). Therefore, it is possible that mutants 4asp,
30asn, and 37asp may have an important role in some
function not detectable in NIH 3T3 cells.

The high-risk E7 gene alone has been shown to immortalize
primary human epithelial cells. If the difference between
high-risk and low-risk immortalization activity is one of the
quantitative differences described above, it is possible that
overexpression of the low-risk protein would allow immor-
talization to take place. Recently, Halbert et al. (40) found
that HPV-6 E7 could cooperate with HPV-16 E6 gene to
immortalize primary human keratinocytes, at low efficiency.
Scheffner et al. (41) showed that human cervical carcinoma
cells lines either have high-risk HPV E6 and E7 genes or
mutated p53 and pRb genes. It is then possible that, in the rare
HPV-6-containing tumors, a mutation in p5S3 may be com-
plemented by an up-mutation in the HPV-6 E7 gene, such as
we made in 22asp. We believe that these observations
warrant a closer look at the state of viral and tumor suppres-
sor genes in HPV-6-associated carcinomas.

We thank Anne-Mette Snider for excellent technical assistance,
William C. Vass for NIH 3T3 cells and helpful discussions, Melanie
Cobb for CKII, and Robert Weinberg for the Rb clone. This work
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