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The human papillomavirus types 16 (HPV-16) and 18 (HPV-18) can immortalize primary human kerati-
nocytes. The region of the viral genome responsible for this function maps to the E6 and E7 genes and their
respective upstream transcriptional regulatory sequences, the long control regions (LCRs). The HPV-18
LCR/E6/E7 is more efficient in this immortalization function than the analogous region of the HPV-16 genome,
resembling the difference in the immortalization potentials of the two full-length viral genomes. This study was
designed to examine the basis for the difference in HPV-16 and HPV-18 immortalization efficiencies. The E6
and E7 genes of either HPV-16 or HPV-18, when expressed from the same heterologous promoter,
immortalized primary human keratinocytes with the same low efficiency, suggesting that the difference in
immortalization activities was not due to the different E6 or E7 genes themselves but rather to a difference in
the transcriptional regulatory regions upstream of these genes. The analysis of a series of chimeric HPV-16 and
HPV-18 LCR/E6/E7 constructs confirmed this observation and further mapped the viral element responsible
for the major difference in immortalization efficiency to the transcriptional regulatory region upstream of the
E6 and E7 genes.

Human papillomaviruses (HPVs) are associated with cer-
tain human anogenital cancers and with their precursor
intraepithelial neoplastic lesions. A subgroup of HPVs,
including type 16 (HPV-16) and type 18 (HPV-18), has been
detected in over 70% of the invasive squamous carcinomas
of the cervix that have been examined (25). Benign lesions
containing these HPV DNAs are considered preneoplastic
and at risk for progression to carcinomas. Accordingly,
HPV-16 and HPV-18 have been grouped with the HPV types
associated with a "high risk" for carcinogenic progression.
Analyses of lesions positive for HPV-16 or HPV-18 DNAs
have shown HPV-16 to be prevalent in both intraepithelial
neoplasias and invasive carcinomas, whereas HPV-18 is
more prevalent in invasive carcinomas and only rarely found
in preneoplastic lesions (3, 4, 13). It has therefore been
suggested that HPV-18 might be associated with the devel-
opment of more rapidly progressing cervical cancers (3, 13).
An etiologic role for HPV-16 and HPV-18 in human carci-
nogenesis is supported by their in vitro immortalization
properties. HPV-16 and HPV-18 DNA can each immortalize
primary human keratinocytes in culture, resulting in a resis-
tance to stimuli for terminal differentiation. In vitro raft
cultures established with HPV-16 or HPV-18 DNAs develop
morphologic alterations characteristic of in vivo lesions
containing those DNAs (6, 10, 14, 18, 21). HPV-18 DNA is
more efficient than HPV-16 DNA in the immortalization of
epithelial cells (2, 21, 23), providing some experimental
support for the suggestion that it behaves more aggressively
in vivo.

Together, the E6 and E7 genes of either HPV-16 or
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HPV-18 are necessary and sufficient for the efficient immor-
talization of human squamous epithelial cells (8, 9, 11, 15).
Subgenomic fragments containing the HPV-16 or HPV-18
long control regions (LCRs) and the E6 and E7 genes
immortalize cells with different degrees of efficiency, resem-

bling the activities of the respective full-length genomes (23).
HPV-18 is approximately 10- to 50-fold more efficient than
HPV-16 in its immortalization potential (2, 21, 23). The
difference in immortalization capacity of the LCR/E6/E7
subfragments of HPV-16 or HPV-18 is a general character-
istic of these viruses, a fact confirmed by the analysis of viral
subgenomic fragments isolated from individual cancers har-
boring those DNAs (23). Those earlier studies mapped the
genetic determinants for HPV-16 or HPV-18 immortalization
efficiency to the E6 and E7 transforming genes and to the
transcriptional regulatory regions in the LCRs controlling
their expression. The studies presented in this report were
designed to further delineate the regions of the HPV-16 and
HPV-18 LCR/E6/E7 subgenomic fragments responsible for
the difference in immortalization capacity and to determine
whether this difference could be accounted for by some
property inherent to the transforming genes or the transcrip-
tional regulatory sequences of the respective viruses.

In order to compare the relative biological activity of each
of the LCR/E6/E7 regions of the HPV-16 and HPV-18
genomes with that of their full-length viral genome, the
LCR/E6/E7 regions were cloned into a pUC-derived vector,
as previously described (23) (Fig. 1A). In these constructs,
the HPV-16 LCR directs the transcription of the HPV-16 E6
and E7 genes, and the HPV-18 LCR directs the transcription
of the HPV-18 E6 and E7 genes. Each of these DNAs was
analyzed for its ability to immortalize primary human fore-
skin keratinocytes by using a transfection procedure previ-

2739

Vol. 65, No. 5



2740 NOTES

Plasmid

7143 P97 878

p16-epg LCR E6 E7

7114 P105 927

pl8-EPG

6152 P97
I rw

A
colonies

per 106 cells

4

76

6152

pHPV-16 -

pHPV-18 -

Plasmid

p 16-epg

p18-EPG

ILl LCR E6 E7 El E2 E4 E5 L2 Ll

6232 P105 6232

Li E

B

7143 P97 878

LCR E6 E7

7114 P105 927
i r

E

P¢04 ~~878
pSV-16 R7Vf-E'PjjIjI 6jJE ..

ATGITTTICAG GAC CCA...

p 104
EJ 878

pSV-16(+) m|SV-E P I E6 E7 L

ATG GCG CGC-TTTCAG. ...

5

164

colonies per

Expt. 1

3

106 cells

Expt. 2

131 118

4,1, 1,1,
0,0 0,2

0, 1,
0, 0

1, 0
1, O,

0,0, 1, 1,
1,2 0,0

ATG-GCG GCGITTTIGAG...

pE 105Ea ~~~927
pSV-18(-) FSV-E/ E6 E7A

ATG-(XXX) (XXX)ITTTIGAG.. .

pOBCATO 11 I's... ,P;

4, 1, 0,3,
1,0 0,2

0 0

FIG. 1. (A) Immortalization efficiencies of full-length HPV-16 and HPV-18 genomes and the LCR/E6/E7 subgenomic fragments. The
LCRIE6/E7 subgenomic fragments of HPV-16 and HPV-18 (4, 7) were cloned in a pUC-derived vector (1), as previously described (23). In
pl6-epg, the P97 promoter directs the transcription of the HPV-16 E6 and E7 genes. In pl8-EPG, the Pj05 promoter directs the transcription
of the HPV-18 E6 and E7 genes. In the nomenclature used, the uppercase letters refer to HPV-18 sequences and the lowercase letters refer
to HPV-16 sequences. The letters E, P, and G refer to enhancer, promoter, and gene sequences, as further described in the legend to panel
B. The full-length HPV-16 genome differs from the original HPV-16 isolate (7) in that it contains an uninterrupted El open reading frame. A
total of 5 ,ug of each DNA was used for transfection of primary human keratinocytes by lipofection, as previously described (21). Prior to
transfection, the full-length HPV-16 and HPV-18 genomes were separated from vector sequences by digestion with BamHI (HPV-16) or NcoI
(HPV-18); plasmids pl6-epg and pl8-EPG were linearized with Hindlll, which cuts at the 5' boundary of each LCR. The colonies were

counted 6 weeks after transfection on the basis of their resistance to serum- and calcium-induced differentiation. Open boxes denote HPV-16
sequences, shaded boxes denote HPV-18 sequences, and dotted boxes denote SV40 polyadenylation sequences. Positions of promoters are

indicated by arrows. The HPV nucleotides included in each construct are indicated above each diagram. (B) Immortalization
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ously described (21). As shown in Fig. 1A, the HPV-18
full-length genome was 30-fold more efficient than the full-
length HPV-16 genome in its immortalizing activity. This
difference was also observed with the LCR/E6/E7 regions of
the respective viruses (pl6-epg and p18-EPG), in agreement
with a previous study (23).

In order to directly compare the biological activities of the
E6 and E7 gene products of HPV-16 and HPV-18, the
corresponding genes were cloned in an analogous position
downstream of the simian virus 40 (SV40) early promoter in
pOBCATO (1) (Fig. 1B). The constructs pSV-16 and pSV-18
contain the SV40 enhancer and early promoter upstream of
the E6 and E7 genes of HPV-16 and HPV-18, respectively.
The HPV sequences in each construct begin with the ATG of
E6, downstream of a strong translation initiation consensus
sequence (12). The plasmid pSV16(+) contains six additional
nucleotides (GCGCGC) downstream of the HPV-16 ATG,
and the plasmid pSV-18(-) has six nucleotides (GCGCGC)
deleted downstream of the HPV-18 ATG. These modifica-
tions were included to compare the HPV-16 and HPV-18 E6
and E7 immortalization efficiencies by using constructs in
which the E6 proteins have similar amino termini (5, 22).
Thus, pSV-16(+) has two additional amino acids at the
amino terminus of E6 and is therefore comparable to the
wild-type HPV-18 E6 protein. Sequences encoding these
two additional amino acids are deleted in pSV-18(-), and it
is therefore comparable at its amino terminus to the E6
protein of HPV-16. Each chimeric construct contains iden-
tical nucleotide sequences upstream of the E6 ATG. The
junctions between the regulatory regions and the E6 and E7
genes were verified by sequence analysis. Each of these
hybrid plasmids was then tested for its ability to immortalize
primary human keratinocytes compared with pl6-epg and
p18-EPG. As shown in Fig. 1B, each of the plasmids pSV-16,
pSV-16(+), pSV-18, and pSV-18(-) was similar and ineffi-
cient at immortalization. None of these hybrid constructs
could transform cells with an efficiency comparable to that of
the HPV-18 E6 and E7 genes downstream of the HPV-18
LCR (p18-EPG). The fact that the HPV-16 and HPV-18
proteins had similar, although low, immortalization proper-
ties when expressed from the same enhancer-promoter sug-
gested that the intrinsic viral transforming potentials of the
different E6 and E7 proteins were not responsible for the 10-
to 50-fold difference in biological activity observed in the
keratinocyte assays using HPV regulatory regions. The low
level of activity obtained with an SV40 enhancer-promoter is
a phenomenon observed with every heterologous enhancer-
promoter analyzed to date (15, 16). These data support the
hypothesis that the HPV upstream regulatory regions are
major determinants in the different immortalization activities
of the HPV-16 and HPV-18 genes. Therefore, we compared
the regulatory regions upstream of the E6 and E7 genes for
different activities.
The HPV-18 P105 promoter is more active than the

HPV-16 P97 promoter in primary human keratinocytes (19).
In order to determine whether differences in promoter
strength, in the context of a full viral LCR, could account for
differences in immortalization efficiency, a series of chimeric
plasmids was constructed in which analogous regions from
one virus were substituted in the other, as shown in Fig. 2A
and B. The DNA segments exchanged were the enhancer-
promoter region upstream of the TATA box (designated
"E" or "e"), the proximal promoter region extending from
the TATA box to the E6 translational start site (designated
"P" or "p"), and the E6 and E7 coding region (designated
"G" or "g") (Fig. 2A and B).
The chimeric HPV-16 and HPV-18 LCR/E6/E7 constructs

were assayed for their abilities to immortalize primary
human keratinocytes. The results, presented in Fig. 2B,
revealed that the HPV-18 LCR upstream of the TATA box
was responsible for a high efficiency of immortalization as
long as the downstream promoter was intact. Only those
constructs containing the HPV-18 LCR enhancer region
(Fig. 2B, p18-EPG, pc-EpG, and pc-Epg, where "c" denotes
a chimeric construct) could immortalize primary cells with
high degrees of efficiency. In contrast, those plasmids con-
taining the analogous HPV-16 LCR enhancer region (p16-
epg, pc-ePg, pc-epG, and pc-ePG) had lowered immortaliza-
tion activities. The chimeric construct pc-EPg, which
contains the HPV-18 LCR and the HPV-18 proximal pro-
moter upstream of the HPV-16 E6 ATG, had a lowered
efficiency in this immortalization assay, probably because of
the alteration of the E6 translational start site. In this
construct, the E6 and E7 genes of HPV-16 were substituted
for those of HPV-18 at the ATG of each E6 gene, resulting in
the deletion of apparently necessary sequences between the
transcriptional and translational start sites of HPV-16 E6
(Fig. 2A). The substitution of only the HPV-18 proximal
promoter upstream of the HPV-16 E6 and E7 genes did not
increase the immortalization efficiencies of those genes
(pc-ePg). The substitution of the HPV-16 proximal promoter
segment for the HPV-18 proximal promoter (pc-EpG) re-
sulted in a transformation efficiency similar to that of the
wild-type HPV-18 construct (p18-EPG). These data suggest
that although the exact sequences of the HPV-16 and
HPV-18 proximal promoters are not invariable, there is a
minimum requirement for the spacing between the TATA
box and the E6 ATG. Furthermore, the data show that the
HPV-16 and HPV-18 transcriptional regulatory regions up-
stream of the respective E6 ATGs are major determinants of
the different immortalization activities of the E6 and E7
genes.
The data presented here demonstrate that sequence ele-

ments of the HPV-16 and HPV-18 LCRs constitute the major
determinants that discriminate between the biological activ-
ities of the respective viruses. Those constructs containing
the HPV-18 LCR upstream of either the HPV-16 or HPV-18
E6 and E7 genes induced colonies which appeared two

by the E6 and E7 genes of HPV-16 and HPV-18 expressed from the SV40 early promoter. The LCRs of p16-epg and pl8-EPG, up to the ATG
of the respective E6 genes, were replaced by the SV40 enhancer and early promoter of pOBCATO (1). The junction between the SV40
sequences and the respective HPV E6 genes was modified by the addition of the synthetic oligonucleotides CCACC immediately upstream
of the ATG to create a good translational initiation site (12). Each construct has the identical 77 nucleotides downstream of the SV40 promoter
to the start of each E6 ATG. A total of 5 xg of each plasmid was linearized at the HindIII site upstream of each enhancer, prior to transfection
of primary human keratinocytes by lipofection. The number of differentiation-resistant colonies was determined at 6 weeks. The results shown
are based on two experiments using two different keratinocyte cultures. Open and shaded boxes are as in panel A; vertically hatched boxes
denote SV40 enhancer and promoter sequences, and diagonally hatched boxes denote CAT sequences. "A" denotes the SV40 early
polyadenylation site. Positions of promoters are shown by arrows. The sequences downstream of each E6 ATG are shown for comparison;
nucleotides deleted (- --) or added (+ + +) by oligonucleotide reconstruction are shown. PE, Early promoter.
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FIG. 2. (A) Subgenomic HPV-16 and HPV-18 regions used for generating chimeric constructs. The LCR/E6/E7 regions of HPV-16 and
HPV-18 were subdivided as shown schematically by each boxed set of nucleotides for construction of chimeric plasmid DNAs. HPV-18
sequences are shaded to distinguish them from HPV-16 sequences. Uppercase letters (E, P, G) refer to HPV-18 sequences; lowercase letters
(e, p, g) refer to HPV-16 sequences. The positions of the P9 and P105 promoters of HPV-16 and HPV-18 are designated by arrows. The ATG
of each E6 gene, the TATA boxes, and the proximal E2 binding sites (ACCN6GGT) are boxed. (B) Immortalization activities of chimeric
HPV-16 and HPV-18 LCR/E6/E7 constructs. Chimeric LCR/E6/E7 regions were generated with the subfragments shown in panel A. Each
chimeric construct contains an enhancer segment, the 3' end of which is the promoter proximal E2 binding site; a proximal promoter (P),
whose 3' boundary is the nucleotide upstream of the E6 ATG; and the E6 and E7 genes, the 5' boundary of which is the ATG of E6. HPV-18
sequences are shaded to distinguish them from HPV-16 sequences. The HPV-16 and HPV-18 nucleotides contained in each construct are
indicated. A total of 5 ,ug of each construct was linearized by HindIII, which cuts at the 5' boundary of each LCR, prior to transfection.
Results shown are from two separate experiments using two different keratinocyte cultures.

weeks earlier than constructs containing the HPV-16 LCR,
and the constructs were more efficient in immortalizing
primary human keratinocytes in culture, as shown in Fig. 3.
In the flask of cells transfected with pl6-epg, only a single
small colony was visible 6 weeks after transfection (Fig. 3a).
In contrast, a flask of keratinocytes transfected with p18-
EPG contained numerous colonies which grew to form a
confluent sheet of cells within the same time after transfec-

tion (Fig. 3b). Chimeric constructs containing the HPV-18
enhancer upstream of the HPV-16 E6 and E7 genes gave rise
to numerous colonies which formed a near-confluent sheet of
cells (Fig. 3d and f), while the substitution of the HPV-16
enhancer in place of the analogous HPV-18 enhancer re-
sulted in a decreased immortalization efficiency (Fig. 3c).

In summary, we have shown that the transcriptional
regulatory regions upstream of the HPV-16 and HPV-18 E6
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FIG. 3. Immortalization of primary human keratinocytes by HPV-16 and HPV-18 LCR/E6/E7 chimeric DNAs. A total of 5 ,ug of the
indicated plasmid DNA was linearized prior to transfection of primary human keratinocytes by using lipofection. Cells were fixed and stained
6 weeks after transfection, as previously described (21). DNAs used for transfection are indicated. The control, p1318, is a plasmid containing
a human ,-actin promoter in a plasmid vector (15). Epg.1 and Epg.2 are independent chimeric constructs.

and E7 genes are important in specifying the differential
immortalization activities of the respective viral genomes.
The region of the LCR responsible for the majority of this
difference in activity maps upstream of the E6 ATG of
HPV-16 and the E6 ATG of HPV-18. The 10- to 50-fold
difference in immortalization capacity observed between
HPV-16 and HPV-18 cannot be accounted for by the E6 and

E7 genes themselves. The HPV-16 and HPV-18 E6 and E7
genes downstream of the SV40 early promoter had similar
low activities in these immortalization assays and appeared
at similar times after transfection. These results are not
unexpected considering the biochemical similarities between
the E6 proteins and the E7 proteins of HPV-16 and HPV-18
(17, 20, 24). It is possible, however, that there are other
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components of the viral genomes, in addition to the LCR
transcriptional regulatory elements and the viral transform-
ing genes, which may also affect the immortalization effi-
ciencies of the viral genomes and that have not been uncov-
ered by the studies presented here. The importance of the
nucleotide spacing between the transcriptional and transla-
tional start sites suggests that message translatability may be
an important determinant for viral protein activity. In addi-
tion, sequences in the 3' portion of the complete viral early
regions could have important effects on mRNA stability,
providing additional differences between HPV-16 and
HPV-18 transforming potentials.
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