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We cloned and analyzed the integrated human papillomavirus type 16 (HPV-16) genomes that are present in
the human cervical carcinoma cell lines SiHa and CaSki. The single HPV-16 genome in the SiHa line was cloned
as a 10-kilobase (kb) Hindlll fragment. Integration of the HPV-16 genome occurred at bases 3132 and 3384
with disruption of the E2 and E4 open reading frames (ORFs). An additional 52-base-pair deletion of HPV-16
sequences fused the E2 and E4 ORFs. The 5' portion of the disrupted E2 ORF terminated immediately in the
contiguous human right-flanking sequences. Heteroduplex analysis of this cloned integrated viral genome with
the prototype HPV-16 DNA revealed no other deletions, insertions, or rearrangements. DNA sequence analysis
of the El ORF, however, revealed the presence of an additional guanine at nucleotide 1138, resulting in the
fusion of the Ela and Elb ORFs into a single El ORF. Sequence analysis of the human flanking sequences
revealed one-half of an Alu sequence at the left junction and a sequence highly homologous to the human 0
repeat in the right-flanking region. Analysis of the three most abundant BamHI clones from the CaSki line
showed that these consisted of (i) full-length, 7.9-kb HPV-16 DNA; (ii) a 6.5-kb genome resulting from a 1.4-kb
deletion of the long control region; and (iii) a 10.5-kb clone generated by a 2.6-kb tandem repeat of the 3' early
region. These HPV-16 genomes were arranged in the host chromosomes as head-to-tail, tandemly repeated
arrays. Transcription analysis revealed expression of the HPV-16 genome in each of these two cervical
carcinoma cell lines, albeit at significantly different levels. Preliminary mapping of the viral RNA with
subgenomic strand-specific probes indicated that viral transcription appeared to be derived primarily from the
E6 and E7 ORFs.

The papillomaviruses are a group of small DNA viruses
that are associated with benign squamous epithelial tumors
in higher vertebrates. Several animal models have shown
that benign papillomavirus lesions can progress to malignant
lesions in the presence of a cocarcinogen (14-16, 29). There
are over 40 types of human papillomaviruses (HPVs), each
of which is usually associated with specific pathologic enti-
ties. HPV types 6 (HPV-6), 11, 16, 18, 31, and 33 have been
associated with a variety of benign and malignant anogenital
lesions (2, 5, 6, 8, 10, 11, 24, 25, 41). HPV-6, -11, and -31
have generally been found in condyloma acuminata and mild
cervical dysplasias. Malignant progression of these lesions is
apparently rare. The DNAs of HPV-16, -18, and -33 have
been detected predominantly in moderate to severe cervical
dysplasias, as well as in invasive cervical carcinomas, al-
though mature virus is usually not found in the more
malignant lesions. HPV DNA has also been found in metas-
tases of cervical carcinomas (36).

Analysis of the HPV-16 or HPV-18 DNA in malignant
cervical lesions has demonstrated that the DNA is usually
integrated into the human genome, although in some cases
there is also abundant extrachromosomal viral DNA (2, 8,
34, 36). Integration of the viral genome generally results in
the disruption of the E2 open reading frame (ORF) (22, 33,
34), which in the bovine papillomavirus has been shown to
encode a trans-activator of viral transcription (38). Several
cell lines derived from cervical carcinomas have been shown
to contain transcriptionally active HPV-16 or HPV-18 DNA
in an integrated state (2, 27, 33, 34, 44).

* Corresponding author.

We present here the cloning and analysis of the integrated
HPV-16 DNA in the SiHa and CaSki cervical carcinoma cell
lines and an analysis of HPV-16 transcription in these cell
lines. The CaSki and SiHa cells contain greater than 600 and
1 to 2 copies of the HPV-16 genome, respectively (44). In the
SiHa cell line, the HPV-16 genome is integrated into the
cellular DNA with disruption and partial deletion of the viral
E2 ORF. In both of the cell lines, transcription of the
HPV-16 genome is limited predominantly to the E6 and E7
ORFs.

MATERIALS AND METHODS
Cell culture. The human cervical carcinoma cell lines SiHa

and CaSki were obtained from the American Type Culture
Collection (Rockville, Md.) and grown in Dulbecco modified
Eagle medium supplemented with 10% fetal calf serum
(GIBCO Laboratories, Grand Island, N.Y.).
DNA isolation and Southern blot analysis. DNA was ex-

tracted from monolayer cell cultures, digested with restric-
tion enzymes, separated by electrophoresis through 0.5%
agarose gels, and transferred to nitrocellulose filters as
described previously (17). DNA probes were prepared by
labeling gel-purified DNA fragments with 32P by nick trans-
lation (28) or random primer labeling (9) to specific activities
of 108 or 109 cpm/,ug of DNA, respectively. HPV-16 DNA
probes were made from the prototypic clone described by
Durst et al. (8). Hybridization was performed with 107 to 108
cpm of probe in 3x SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate)-lOx Denhardt solution-0.1% sodium do-
decyl sulfate (SDS)-50 p.g of sheared salmon sperm DNA
per ml at 60°C for 12 to 18 h. Subsequent washing was in 2x
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SSC and 0.1% SDS at 60°C followed by three washes in 0.1 x
SSC and 0.1% SDS at 60°C. Blots were exposed at -70°C
with Kodak Lanex medium screens for 1 to 21 days.
Genomic cloning. CaSki or SiHa cellular DNA cut with

BamHI or HindIII, respectively, was cloned into the BamHI
or HindIII sites of lambda L47.1 following the procedures
described by Maniatis et al. (21). Recombinants were
plaqued on Escherichia coli K802. Plaques were transferred
to nitrocellulose membranes and hybridized with 32P-labeled
HPV-16 DNA, as described above. The HPV-16-containing
cellular inserts were cleaved from lambda L47.1 recombi-
nants with BamHI or HindIII and cloned into the plasmid
vectors pML2 or pML2d for further analysis. Characteriza-
tion of the clones was carried out by comparison of restric-
tion endonuclease cleavage patterns of the genomic clones
and the HPV-16 prototypic clone described by Durst et al.
(8) with the published sequence of HPV-16 (35).

Heteroduplex analysis. Insert DNA was cleaved from
plasmid sequences with BamHI for the prototypic HPV-16
plasmid or with IIindIII for the SiHa genomic clone and
purified by agarose gel electrophoresis (40). Heteroduplexes
were prepared by the method described by Davis et al. (7).
The stringency of hybridization and spreads was calculated
from the equations described by McConaughy et al. (26),
assuming that the G+C content of DNA was 54%. The
conditions of hybridization and spreading were approxi-
mately -25 and -4°C, respectively.
Sequence analysis. DNA sequencing was done by the

method described by Maxam and Gilbert (23). DNA was
cleaved with the restriction endonucleases shown in Fig. 7
and either 5' end labeled with polynucleotide kinase or 3'
end labeled with the Klenow fragment ofDNA polymerase I.
Most sequence analyses were performed on a computer (PC
AT; International Business Machines). Protein data base
searches were done with the programs described by Lipman
and Pearson (19). DNA sequence comparisons against
GenBank Release 44.0 (Genetic Sequence Data Bank) were
done on a computer (VAX) with the programs described by
Wilbur and Lipman (42).

Preparation of RNA. RNA was extracted from subconflu-
ent flasks (150 mm2) of SiHa or CaSki cells by the procedure
described by Chirgwin et al. (3). Cells were washed once
with phosphate-buffered saline (GIBCO) and lysed immedi-
ately in 4 M guanidinium thiocyanate-0.5% sodium N-
lauroylsarcosine-25 mM sodium citrate (pH 7.0)-0.1 M
2-mercaptoethanol. High-molecular-weight DNA was
sheared by several passages through an 18-gauge needle to
reduce the viscosity. The lysate was then layered over a
cushion of 5.7 M CsCl and 0.1 M EDTA (pH 7.0) in an SW41
polyallomer tube. RNA was pelleted by centrifugation at
30,000 rpm (Beckman SW41 rotor) for 20 h at 17°C. The
RNA pellets were suspended in distilled water and precipi-
tated at -20°C by the addition of one-tenth volume of 3 M
sodium acetate (pH 5.2) and two volumes of ethanol.
Poly(A)+ RNA was selected by two cycles of oligo(dT)-
cellulose affinity chromatography (1).

Northern blot analysis. Poly(A)+ RNAs were fractionated
in 1.2 to 1.4% agarose gels in 2.2 M formamide (18). The
RNA was transferred to filters (Gene Screen) by capillary
blotting in 25 mM sodium phosphate (pH 6.5) for 12 h. The
nylon filter was than wrapped in Saran Wrap while wet and
irradiated with UV light (4). Prehybridization and hybridiza-
tion buffers were composed of 1% crystalline grade bovine
serum albumin-1 mM EDTA-0.5 M sodium phosphate (pH
7.2)-7% SDS. Prehybridization (30 min) and hybridization
(12 to 20 h) were carried out at 65°C in a hot air shaker with

gentle agitation. The filters were then washed twice in 0.5%
bovine serum albumin-1 mM EDTA-40 mM sodium
phosphate-5% SDS for 5 min with agitation and eight times
in 1 mM EDTA-40 mM sodium phosphate-1% SDS for 5 min
each by the method described by Church and Gilbert (4).
Autoradiography was for 1 to 7 days at -80°C with a
Lightning-Plus (Du Pont Cronex; Du Pont Co., Wilmington,
Del.) intensifying screen.

Generation of hybridization probes. Strand-specific hybrid-
ization probes were generated by the method described by
Hu and Messing (13). Single-stranded M13 DNAs with
inserts were prepared by precipitation with polyethylene
glycol by the method described by Heidecker et al. (12).
Briefly, 0.2 to 1 ,g of single-stranded DNA was annealed to
1 ,ul (0.03 A260 U/ml) of 17-base hybridization probe primer
(P-L Biochemicals, Inc., Milwaukee, Wis.) in ix HaeIII
buffer (6 mM Tris hydrochloride [pH 7.5], 6 mM NaCl, 6 mM
MgCl2, and 1 mM dithiothreitol). The mixture was heated for
10 min at 55°C and cooled slowly to room temperature.
[ot-32P]dATP (20 ,uCi; 3,000 Ci/mmol) and 1 ,ul of a 500 ,uM
mixture of dGTP, dCTP, and dTTP were added. Elongation
was accomplished by the addition of 1 p.1 of DNA polymer-
ase Klenow fragment (0.5 U/,u) and incubation at 15°C for 1
h. Free label was removed by purification through a Sepha-
dex G-50 spin column (21).

RESULTS

Analysis of HPV-16 DNA integrated into the CaSki cell
genome. Southern blot analysis of CaSki cellular DNA with
HPV-16 probes has shown the presence of approximately
600 copies of integrated HPV-16 DNA per genome (44).
Digestion of CaSki DNA with BamHI yielded two major
HPV-16-containing fragments of 7.9 and 6.5 kilobases (kb)
and several minor fragments including 7.25- and 10.5-kb
fragments (data not shown). The production of only a few
major HPV-16-containing fragments by digestion with
BamHI, a single-cut restriction endonuclease for HPV-16,
indicates that most of the HPV-16 genomes are tandemly
arranged in a head-to-tail fashion. Representative clones of
HPV-16 containing BamHI fragments were obtained by
cloning the BamHI-cut CaSki DNA into lambda L47.1 and
selecting by hybridization to a HPV-16 probe. Representa-
tive clones with insert sizes of 10.5, 7.9, and 6.5 kb were
analyzed by detailed restriction analysis. The comparison of
these clones with the restriction endonuclease site map of
the prototypic HPV-16 DNA (8, 35) is shown in Fig. 1. Clone
p894 (7.9-kb insert) was indistinguishable from the prototype
HPV-16 DNA clone and represented tandemly repeated
full-length copies of the HPV-16 genome with no large
deletions, insertions, or rearrangements. Clone p896 had a
deletion of 1.4 kb centered on the long control region (LCR).
This deletion did not extend to the EcoRI site at nucleotide
6818 or the TaqI site at nucleotide 505. The deletion included
the 3' end of the L1 ORF, the LCR, and most of the E6 ORF.
The third clone, p895, had a tandem repeat of approximately
2.6 kb which contained the E2, E4, and E5 ORFs and
portions of the El and L2 ORFs. The Narl site at nucleotide
1310 and the PstI site at nucleotide 4759 lie outside the
region of duplication.

Cloning of HPV-16 DNA integrated into the SiHa genome.
SiHa genomic DNA Was digested with no cut (HindIII) or

single-cut (BamHI and HincII) restriction endonucleases for
HPV-16 DNA and hybridized with a HPV-16 DNA probe
(Fig. 2A). Digestion with HindIII revealed only a single
HPV-16-containing fragment of 10 kb, indicating that there is
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only one site of integration into the cellular genome. Diges-
tion with BamHI yielded two HPV-16-containing fragments
measuring 24 kb and greater than 27 kb in size, indicating
that the integrated HPV-16 genome retains the BamHI
cleavage site. Digestion with HincII, however, gave only
one fragment hybridizing to HPV-16, suggesting that the
HinclI site of HPV-16 is either missing or near the site of
integration (see below). SiHa cellular DNA cleaved with
HindIII was cloned into lambda L47.1, and the 10-kb HPV-
16-containing clone was selected by plaque hybridization
with an HPV-16 DNA probe. Four independent clones were
obtained. The lambda inserts were subcloned into the
HindIll site of pML2, and the restriction endonuclease
patterns were compared with those of the prototype HPV-16
clone (data not shown). All four clones were identical by
restriction endonuclease cleavage analysis; the HPV-16
DNA was integrated into cellular DNA within the viral E2
ORF between the Tthlll-I site (nucleotide 2712) and the PstI
site (nucleotide 3697). One clone (p780) was chosen for
further analysis.

Heteroduplex analysis. Clone p780 was cut with HindlIl to
release the insert from the vector, and the insert was
compared with the BamHI cloned insert of the prototype
HPV-16 clone (8) by heteroduplex analysis under stringent
spreading conditions (Tm, -4°C) (Fig. 3). There was a 0.3-kb
deletion of HPV-16 sequences at the point of integration into
the host genome (Fig. 3a). The 0.3- and 1.2-kb single-
stranded tails in the heteroduplex structure represent the left
and right human flanking sequences, respectively (see Fig.
7). There were no other insertions or deletions detectable by
heteroduplex analysis between the prototype HPV-16 and
the SiHa genomic clone. The stringency of the hybridization
conditions indicates that sequence homology of the SiHa
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FIG. 2. Genomic southern blots of SiHa cellular DNA. Genomic
DNA (5 ,ug) extracted from the SiHa cell line was digested with the

IE71 El L 1 indicated restriction enzymes overnight at 37°C. The DNA was
FE-6 1 E2___1 separated by electrophoresis on 1% agarose gels, transferred to
[EIiE2iII nitrocellulose membranes, and hybridized with 32P-labeled HPV-16

1E5 Li i2 I (A) or SiHa right-flank (B) DNA probes under stringent conditions
CR LCR for 16 h. The HPV-16 probe was prepared by nick translation (28) of

BamHI-cleaved, gel-purified HPV-16 DNA. The SiHa right-flank
______,____,_____,____,_____,____ ,_____ ,____ ,___ probe was prepared by the random primer labeling (9) of a gel-

1 2 3 4 5 6 7 8 purified Tthlll-I-Hind III fragment (see Fig. 7) derived from an
Avall to HindlIl subclone of the SiHa genomic clone. The specific

_____,___,____ ,___ ,____,___,____,___,____ ,,,______,__ activities of these probes were 108 and 109 cpm/,ug, respectively.
Ta P N T H P M P P PRP R Autoradiography was from 3 days to 3 weeks at -80°C with Kodak

Lanex medium intensifying screens. The positions of lambda-
-t____I___I ___I___I___I___I___I___I ______ Hindlll DNA marker fragments are indicated on the sides of the
Ta P N T H P M P P PR gels. The label 0 refers to the origin of the gels.
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FIG. 1. Restriction map of HPV-16 genomes in the CaSki cell
line. The restriction site maps of three HPV-16 genomes from the
CaSki cell line subcloned at the BamHI restriction site into the
vector pML2d are shown. Restriction enzyme cleavage patterns
were determined for each clone and compared with the patterns for
the prototype HPV-16 clone (8). The solid lines for each clone
represent portions of the HPV-16 genome which are unambiguously
present, as indicated by the presence of a restriction enzyme
cleavage site and fragment size. The dashed lines represent uncer-
tainty in the endpoints of deletions or insertions. Abbreviations for
restriction enzymes: Ta, TaqI; P, PstI; N, Narl; T, Tthlll-I; H,
HincII; M, MstII; R, EcoRI. LCR is the long control region between
the Li and E6 ORFs.

clone and the prototype HPV-16 DNA probably exceeds
95% throughout the genome. This is supported by the
sequence analysis of the HPV-16 DNA from the SiHa clone
which revealed only six point mutations in the 1,168 base
pairs*(bp) that were sequenced (see below).
DNA sequence analysis of the El ORF. The 5' region of the

El ORF in p780 was sequenced on both strands between the
NcoI site (HPV-16 nucleotide 864) and the NarI site
(HPV-16 nucleotide 1310). An additional guanine at HPV-16
nucleotide 1138 (Fig. 4A) was the only difference in this
region between clone p780 and the prototype HPV-16 clone
(8, 35). The sequence of the prototype HPV-16 clone was
verified by sequencing by the method described by Maxam
and Gilbert (23) from the AhaII site at HPV-16 nucleotide
1310 (data not shown). This additional guanine in the SiHa
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clone resulted in a frame shift which fused the Ela and Elb
ORFs into a single long El ORF (Fig. 4B). This same change
has also been noted in the El ORF of another HPV-16 clone
isolated from a human cervical carcinoma (22). Thus, the
organization of the HPV-16 genome is similar to that of all
other papillomaviruses that have been sequenced in that it
contains an intact El ORF.
DNA sequence analysis of the junctional and flanking re-

gions. The entire 315 bp of left human-flanking region and the
host-viral junction of the SiHa clone was sequenced from the
HindIll site to the PstI site (HPV-16 nucleotide 3696). A
search of GenBank for sequences homologous to the left-
flanking region showed that integration occurred within the
center of an Alu repeat (32) (Fig. 5). Only half of the Alu
repeat remained. The left viral junction was at HPV-16
nucleotide 3384. The 5' nucleotides of the E2 and E4 ORFs
of HPV-16 were 2725 and 3332, respectively; integration
disrupted both the E2 and E4 ORFs. A 52-bp deletion of
HPV-16 nucleotides 3459 to 3511 caused a frameshift termi-
nation of the E2 ORF and fused the E4 ORF to the 3' portion
of the E2 ORF. Two human-viral hybrid ORFs were gener-

tt.> ', b,* V. - .. 4'r - ,,v. ,

1' ;t t ' t'4 -1 4.i

%a .,. p. O'

S wr Uclb X *D '* ' ' t'14~~~~~~~~~~~

To a 4 .

FIG. 3. Heteroduplex comparison of HPV-16 genomic clones.
The inserts of the SiHa genomic clone p780 cleaved with HindIII
and the prototype HPV-16 clone (8) cleaved with BamHI were gel
purified by the method described by Vogelstein and Gillespie (40).
Hybridization was carried out at Tm -25°C and electron microscopy
spreads were performed at T,,, -4°C in 0.01 M Tris (pH 8.5)-0.01 M
EDTA-80% deionized formamide. (A and B) Two representative
electron micrographs of heteroduplexes between cloned inserts.
Interpretive drawings of panels A and B with dimensions of substi-
tutions and deletions are shown in panels a and b, respectively.

ated across the left junction, encoding potential human-E2
(labeled H2) and human-E4-E2 (labeled H4/2) fusion pro-
teins of 123 and 152 amino acids, respectively (Fig. 5). A
search for homology with proteins in the National Biomed-
ical Research Foundation protein data base yielded no
significant homologies other than with the E2 and E4 pro-
teins of other papillomaviruses.
A 1.2-kb AvaII fragment was sequenced which contained

the 5' half of the E2 ORF and the right viral-host junction.
The right viral-host junction was at HPV-16 nucleotide 3132.
There was a deletion of 251 nucleotides of the HPV-16 E2
ORF between the two viral-host junctions. This deletion
included the HincII site at HPV-16 nucleotide 3210. The 5'
E2 ORF terminated after three codons in the human flanking
region (Fig. 6A). No splice consensus sequence was found in
this region, and therefore, there was no evidence that the E2
ORF might be fused at the level of transcriptional processing
to a host ORF. In addition, no significantly large ORFs were
found in the greater than 750 bp of right flanking DNA that
was sequenced. The sequence immediately to the right of the
junction did not contain any Alu repeat sequences, suggest-
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FIG. 4. Sequence analysis of the El region of the SiHa genomic clone. (A) The 5' portion of the El ORF between the NcoI and Narl sites

in the SiHa genomic clone p780 was sequenced on both strands by the method described by Maxam and Gilbert (23). Fragments were labeled
with 32P at the 3' ends with the Klenow fragment of DNA polymerase 1 (21). The sequencing gel of the region between HPV-16 nucleotides
1131 and 1144 is presented along with the DNA sequence at the left of the figure, and the cleavage specificities are indicated above each lane.
The arrow indicates the additional guanine. (B) The sequence of the prototype HPV-16 clone (35) from nucleotides 1100 to 1180 is shown in
the center, along with the location of the additional guanine (arrow) found in the SiHa HPV-16 genomic clone p780 at HPV-16 nucleotide 1138.
Above the sequence is a schematic representation of the El ORFs of the prototype HPV-16 clone. The schematic representation of the El
ORF of the SiHa genomic clone is shown below the sequence.

ing that cellular sequences were deleted along with the 251
nucleotides of HPV-16 (see below). The sequence of the
SpeI to AvaIl portion of the AvaIl fragment is shown in Fig.
6B. A search of GenBank for homologous sequences re-
vealed a close homology with the human 0 repeat (39).

Determination of the HPV-16 DNA copy number in the SiHa
cell line. Hybridization of Southern blots of SiHa cellular
DNA with a unique probe from the human-flanking DNA
was used to determine the number of copies of the HPV-16
genome that are integrated into the SiHa genome. Such a
probe should give bands of equal intensity for both the
normal allele and the allele with the integrated HPV-16 DNA
if there is only a single integrated copy. The 850-nucleotide
Tthlll-I to HindlIl fragment from the right human flank
(Fig. 7) was chosen to avoid the highly repeated Alu and
0-repeat elements. The intensity of hybridization to the
10-kb HindIll and 13.4-kb HincIl HPV-16-containing frag-
ments was, at most, twice the intensity of the hybridization
to the 4.6- and 2.7-kb fragments from the normal allele (Fig.
2B). This indicates that there are at most two copies of the
HPV-16 genome integrated in the SiHa cell line. Because
there was only a single site of integration, it is most likely
that there is only one copy of the HPV-16 genome per cell.
We cannot rule out that there was a duplication of the region
of the human genome containing the integrated HPV-16
genome, however.
Only the 10-kb HindlIl and 13.4-kb HincII fragments were

cut by BamHI, as expected for a single-cut enzyme for
HPV-16 DNA. BamHI did not cleave within the vicinity
(>18 kb) of the integrated HPV-16 DNA (Fig. 2A). Assum-
ing that there is no restriction site polymorphism, we can
conclude from the length of the HindlIl fragment (4.6 kb) of
the normal allele that there must be at least a 2.6-kb deletion
of human DNA associated with the integration of HPV-16
into the SiHa genome. This is consistent with the presence of
only half of an Alu repeat at the left host-virus junction and
no Alu repeat at the right junction. There was insufficient
homology between cellular sequences at the host-viral junc-
tions and viral sequences in the E2 ORF to suggest that
integration occurred by homologous recombination. Be-

cause of the large deletions that occurred, however, homol-
ogous recombination cannot be ruled out without sequencing
the normal cellular allele.

Transcription analysis of SiHa and CaSki. HPV-16 tran-
scription in the SiHa and CaSki cell lines was examined by
Northern blot analysis by using a variety of strand-specific
and double-stranded subgenomic probes. Strand-specific
subgenomic probes were generated that covered nearly all of
both strands of the HPV-16 genome. In each cell line, no
hybridization was detected to fragments representing the
late ORFs or the LCR. The viral transcripts observed in the
cell lines were all transcribed from one strand. The major
viral transcripts in both cell lines were composed principally
of sequences derived from the E6, E7, and El ORFs.
The CaSki cell line contained, at relatively high abun-

dance, four major transcripts: 3.6, 1.5, 1.0, and 0.6 kb (Fig.
8). Minor transcripts of 3.0 and 2.2 kb were detected with
longer exposures. Viral transcription in the CaSki cell line
included one long transcript (3.6 kb) that originated in the E6
region and that continued through the El region into the E2
ORF. It could not be determined from the Northern blot data
whether this transcript was spliced. The 1.5- and 1.0-kb
transcripts appear to splice the E6-E7 region to the E2
region. The smaller 650-base transcript hybridized only to
E2 ORF-specific probes, suggesting that a downstream pro-
moter, possibly analogous to the P2443 or P3080 promoter of
bovine papillomavirus type 1 (BPV-1) (38, 43), might be
active in these cells.
The SiHa cell line also contained four major transcripts:

4.6, 4.1, 1.6, and 1.4 kb (Fig. 8). In addition, longer autora-
diographic exposures revealed a number of low-abundance
viral transcripts, particularly when probes that spanned the
El ORF were used. The two large viral transcripts (4.6 and
4.1 kb) hybridized only with E6-E7-specific probes, suggest-
ing that they are largely comprised of host cellular se-
quences. All transcripts must use cellular polyadenylation
signals because integration placed the normal viral
polyadenylation signal upstream of the viral promoter(s). A
polyadenylation signal (AATAAA) was found in the right
flank sequence (Fig. 6B, nucleotide 320) but could not be
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Tyr Asp Leu Gly Ser Leu Gln Arg Pro Pro Pro Arg Phe Lys *M* Phe Ser Phe Pro Ser Leu Pro

ORF

Human

Human

Human

Human

_HPV-16 n. 3384

T ATT AGG CAG CAC TTG
Ko~Gl~~HstrgGl& His L Human/E2

Glu AQh
,l _,

Human/E4
Ser Ser Trp Asp Tyr Lys Ala Cys Ala Thr Thr Pro Ser *** Phe Leu Tyr *** Ala Ala Leu Gly

52 bp deletion
C C G I

GCC AAC CAC GCC GCC GCG ACC CAT ACC AAA GCC GTX CC TTG GGC ACC GAA GAA ACA CAC CAC TAA
~~ 7hK 4 l `HisZ E2
eArgPrQ1.I~y;~~ His Th!Thr Lys E4/E2

Gln Pro Leu Arg Arg Asp Pro Tyr Gln Ser Arg Ala Leu Gly His Arg Arg Asn Thr Pro Leu Ser

GTT GTT GCA CAG AGA CTC AGT GGA CAG TGC TCC AAT CCT CAC TGC ATT TAA CAG CTC ACA CAA AGG
Val Val Ala Gln Arg Leu Ser Gly Gln Cys Ser Asn Pro His Cys Ile **A Gln Leu Thr Gln Arg

< y E2
Cys Cys Thr Glu Thr Gln Trp Thr Val Leu Gln Ser Ser Leu His Leu Thr Ala His Thr Lys Asp

ACG GAT TAA CTG TAA TAG TAA CAC TAC ACC CAT AGT ACA TTT AAA AGG TGA TGC TAA TAC TTT AAA
Thr Asp * Leu * His Tyr Thr His Ser Thr Phe Lys Arg *** Cys * Tyr Phe Lys

~~~~~T]~~~~~~~~~~~E2
Gly Leu Thr Val Ile Val Thr Leu His Pro *** Tyr Ile *kM Lys Val MET Leu Ile Leu ** Asn

C Pst I
ATG TTT AAG ATA TAG ATT TAA AAA GCA TTG TAn ATT GTA TAC TGC AG
MET Phe Lys Ile *** Ile MA Lys Ala Leu MA* Ile Val Tyr Cys
~ TyySThr E2

Val MA* Asp Ile Asp Leu Lys Ser Ile Val Asn Cys Ile Leu Gln

FIG. 5. Sequence of the left flank and host-viral junction in the SiHa cell line. The sequence of the HindIII to PstI fragment (see Fig. 7)
containing the left host-viral junction was determined as described in the legend to Fig. 4. The black highlighting indicates host-derived
sequences. The Alu repeat is indicated by a heavy bar above the sequence. Sequence differences between the HPV-16 prototype clone and
the SiHa HPV-16 clone are highlighted in black, and the corresponding bases in the prototype clone are above the SiHa sequence. The
position of a 52-bp deletion within the E2 and E4 ORFs is indicated by an arrow. The translation of the sequence in all three reading frames
is shown below the sequence, with asterisks denoting a stop codon. ORFs are shaded and identified at the right of the sequence. n.,

Nucleotide.

used by the 4.6- and 4.1-kb transcripts because the maximum precise structure of these 1.4- and 1.6-kb transcripts with
length of unspliced transcript from viral promoters at nucle- respect to viral splice donor and acceptor sites and whether
otides 90 to 100 (36) would be approximately 3,500 nucleo- or not they contain host sequences are not known. The lack
tides. The smaller transcripts (1.6 and 1.4 kb) hybridized to of hybridization of SiHa transcripts to E2-E4-E5 probes also
probes derived from both the E6-E7 and the El regions. implies that there is no detectable expression of the hybric
Probes specific for the E2-E5 ORFs failed to hybridize to human-E2 and human-E4-E2 ORFs (Fig. 5). The pattern of
these or any other transcripts in the SiHa cell line. The transcription seen in the SiHa line thus differs from that of
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A Beginning of E2 ORF

GAT TAA GTT TGC ACG AGG ACG AGG ACA AGG AAA ACG ATG GAG ACT CTT TGC CAA CGT TTA AAT

Asp
Ile Lys Phe Ala Arg Gly Arg Gly Gln Gly Lys Arg Trp Arg Leu Phe Ala Asn Val A MET

Leu Ser Leu His Glu Asp Glu Asp Lys Glu Asn Asp Gly Asp Ser Leu Pro Thr Phe Lys Cys

GTG TGT CAG GAC AAA ATA CTA ACA CAT TAT GAA AAT GAT AGT ACA GAC CTA CGT GAC CAT ATA

VYlC ~ p~ys I1~ LOU ~j ~i~i1eP
Cys Val Arg Thr Lys Tyr ** His Ile MET Lys MET Ile Val Gln Thr Tyr Val Thr Ile A*
Val Ser Gly Gln Asn Thr Asn Thr Leu AcA Lys M*A * Tyr Arg Pro Thr MAc Pro Tyr Arg

GAC TAT TGG AAA CAC ATG CGC CTA GAA TGT GCT ATT TAT TAC AAG GCC AGA GAA ATG GGA TTT

Thr Ile Gly Asn Thr Cys Ala c Asn Val Leu Phe Ile Thr Arg Pro Glu Lys Trp Asp Leu

Leu Leu Glu Thr His Ala Pro Arg MET Cys Tyr Leu Leu Gln Gly Gln Arg Asn Gly Ile ***

AAA CAT ATT AAC CAC CAA GTG GTG CCA ACA CTG GCT GTA TCA AAG AAT AAA GCA TTA CAA GCA

Asn Ile Leu Thr Thr Lys Trp Cys Gln His Trp Leu Tyr Gln Arg Ile Lys His Tyr Lys Gln

Thr Tyr MA* Pro Pro Ser Gly Ala Asn Thr Gly Cys Ile Lys Glu MA Ser Ile Thr Ser Asn

ATT GAA CTG CAA CTA ACG TTA GAA ACA ATA TAT AAC TCA CAA TAT AGT AAT GAA AAG TGG ACA

Leu Asn Cys Asn o*l Arg *M Lys Gln Tyr Ile Thr His Asn Ile Val MET Lys Ser Gly His
MA Thr Ala Thr Asn Val Arg Asn Asn Ile MA Leu Thr Ile MA* A M*A Lys Val Asp Ile

G
TTA CAA GAC GTT AGC CTT GAA GTG TAT TTA ACT ECA CCA ACA GGA TGT ATA AAA AAA CAT GGA

Tyr Lys Thr Leu Ala Leu Lys Cys Ile A Leu His Gln Gln Asp Val A Lys Asn MET Asp
Thr Arg Arg M* Pro A* Ser Val Phe Asn Tyr Thr Asn Arg MET Tyr Lys Lys Thr Trp Ile

HPV-16 n. 3132

TAT ACA GTG GAA GTG CAG TTT GAT GGA GAC ATA TGC |
_yr~iU~. :.V_a xWCycS,,o ~Al~ MA Leu Thr Asn Leu Asp
Ile Gln Trp Lys Cys Ser Leu MET Glu Thr Tyr Ala Ala Gln Leu Ser MA Leu Thr Trp Thr

Tyr Ser Gly Ser Ala Val MAoA Trp Arg His MET Leu Leu Ser Leu Ala Asp *MA Pro Gly Gln

Arg A* Asp Trp Ser Leu Leu Gly Ile Val Thr MET Ser Lys Asp Asp Cys MA Glu Pro Ala

Asp Lys Thr Gly Ala Tyr Trp Ala Leu Ser Gln Cys Leu Lys MET Thr Val Arg Asn Leu Leu

Ile Arg Leu Glu Pro Ile Gly His Cys His Asn Val *MA Arg MAd Leu Leu Gly Thr Cys Phe

B
AAGGGAATCCCAATGAAGGACACCTCAGATAACCCAGTATGTCTACTATACTTATATATATCTAAATTCTCATTAGTATT

10 20 30 40 50 60 70 80

CCACCGGATTCACACTTATCACAGCTATGGAATATTTTATGAATTAGGTTGTTCTAGTGAGTTCTTCGGAAGCCTGGAAA
90 100 110 120 130 140 150 160

TATAGTCCCCAGTTTGAGGATGCCACGTCTTGTGGCTCAGTCATGGCAGTAAGGGACAGTTGAGGTAGCTTGGGCTCTGC
170 180 190 200 210 220 230 240

AACTGGAAAATAAGGGGTTGAAAGTTCTGGTAACTTTTCATAGTGGGGCTCTCAGTCATCTTCTACTGCTTTTCTGAATA
250 260 270 280 290 300 310 320

ATAAATTTACCACTTCTCCAATTGGACTTAAATCAACCAGCCTGG 1IIf1f1lot te e T

330 340 350 360 370 380 390 400

410 420 430 440 450 460 470 480

490 500 510 520 530 540 550 560

.atteleu,IF$X ilte. _ ATTT

570 580 590 600 610 620 630 640
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Translation
Frames

1 Et C
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7905/1
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Y c ) E< C < II)
I C: UI C)I 6 I C
uz C) en V (n u en U

3132

_

Aha II
KpnlI NanI Ava Il

Hind II PI Nco Bam Hl Ava Il Spe Tth Hind ilI

0 1 2 3 4 5 6 7 8 9 10kb

FIG. 7. Schematic diagram of the HPV-16 HindIII fragment from
the SiHa cell line. The solid black region represents the integrated
HPV-16 genome. The stippled region to the left of HPV-16 is an Alu
repeat. The hatched region to the right of HPV-16 is the human 0
repeat. Open regions represent unique host DNA. The nucleotide
positions (HPV-16 numbering system) of the host-viral junctions are
labeled above the genomic representation. The position of the 52-bp
deletion in the E4-E2 region is indicated by the open triangle. The
positions of all major ORFs are shown in the top half of the figure by
open boxes. H2 and H4/2 signify human-E2 and human-E4-E2
fusion ORFs, respectively, and the tick marks on the open boxes
represent the boundaries of each of these ORFs. The regions that
were sequenced are shown in the lower half of the figure by bars.
Cleavage sites for the restriction enzymes used for cloning, sequenc-
ing, and probe production are indicated above the bottom line.

the CaSki cell line in that no E2 sequences are transcribed in
the SiHa line. A further difference between the cell lines is
that the SiHa cell line contains a considerable number of
somewhat poorly delineated viral transcripts that traverse
the El region, whereas the CaSki cell line does not.

DISCUSSION

HPVs types 6, 11, 16, 18, 31, and 33 have been found
associated with human anogenital lesions. A subset of these
(HPV-16, -18, and -33) are associated predominantly with
severe cervical dysplasia, carcinoma in situ, and invasive
cervical carcinoma. HPV-16 DNA is integrated into the
genomes of the SiHa and CaSki cervical carcinoma derived
cell lines and is transcriptionally active (44). Our analysis of
the HPV-16 DNA integrated into the SiHa cellular genome
revealed that integration occurred within the E2 ORF of
HPV-16. This integration was accompanied by the deletion
of a portion of E2 as well as a deletion of a portion of the
human genome. Analysis of other HPV-16- and HPV-18-
containing cell lines and tumors (22, 33, 34) has also shown
that integration usually occurs within the El ORF, the E2
ORF, or both. The product of the full E2 ORF of BPV-1 has
been shown to transcriptionally activate BPV-1 promoters
(37; B. A. Spalholz, C. C. Baker, P. F. Lambert, and P. M.
Howley, in B. M. Steiriberg, J. L. Brandsma, and L. B.
Taichman, ed., Cancer Cells. 5. Papillomaviruses, in press).
Analogous studies with HPV-16 have shown that its E2 gene
also encodes a factor that is involved in the activation of

iii

-2.4 kb

-1.4 kb

-0.3 kb

ENTIRE 7453-884 879-1953 2711-4468
GENOME

FIG. 8. Northern blot analysis ofRNA from the SiHa and CaSki
cell lines. Poly(A)-selected RNA from the SiHa and CaSki cell lines
was separated by electrophoresis, transferred to a nylon membrane,
and hybridized to HPV-16 subgenomic probes as described in the
text. The source of the RNA is indicated above each lane, and the
hybridization probe is indicated below each lane. The arrows to the
left and right of the autoradiogram identify the positions of the major
transcripts in the SiHa and CaSki cell lines, respectively. The
positions and sizes of the RNAs in the RNA ladder (Bethesda
Research Laboratories, Gaithersburg, Md.) used as markers are
shown on the far right.

viral transcription (W. C. Phelps and P. M. Howley, submit-
ted for publication). Thus, disruption of the E2 ORF by
integration would interfere with this transcriptional regula-
tory function. One can postulate that such an integration and
disruption of a gene involved in the control of viral gene
expression may play a role in malignant progression because
of the deregulation of HPV expression.
The human flanking regions were analyzed for homology

with any known DNA sequences. There was no significant
homology with any sequenced oncogene. The only signifi-
cant homologies were with the human Alu sequence and the
human 0 repeat (Fig. 7). There were two human ORFs in the
left-flanking region that were fused in frame to HPV-16
ORFs to yield human-E2 and human-E4-E2 ORFs (Fig. 5).
No E2-E4-containing transcripts were detectable on North-
ern blots, however, indicating that these fusion ORFs may
have no biological significance. The human portions of these
chimeric ORFs did not show any significant homology with
proteins in the National Biomedical Research Foundation
data base.
Sequence analysis of the prototype HPV-16 clone (8)

sequenced by Seedorf et al. (35) revealed that the El ORF
was split into two ORFs, each of which had homology to
portions of the El ORFs of other papillomaviruses. This

MARKERS

-7.5 kb

-4.4 kb

FIG. 6. Sequence of the right viral-host junction and right-flanking region in the SiHa HPV-16 genomic clone. The sequence of the 1.2 kb
Avall fragment (see Fig. 7) containing the right host-virus junction of the SiHa genomic clone was determined as described in the legend to
Figure 4. (A) Sequence of the Avall to Spel (New England Biolabs, Inc., Beverly, Mass.) fragment. Sequence annotations are as described
in the legend to Fig. 5. Black highlighting indicates host-derived sequences. (B) Sequence of the Spel to Avall fragment. The sequence
homologous to the human 0 repeat is highlighted in black.
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prototype clone of HPV-16 was isolated from a tumor and
may have been an integrated genome. Because the El ORF
of BPV-1 is known to be involved with DNA replication and
plasmid maintenance (20, 30), this mutation might be respon-
sible for integration of E4PV-16 DNA in the tumor from
which it was cloned. Analysis of the corresponding region of
the El ORF in the SiHa genomic clone, however, revealed
an extra guanine at nucleotide 1138, with the result that the
El ORF was intact. This has also been found for HPV-16
DNA that was integrated into the genome of another cervical
carcinoma (22). It is unlikely, therefore, that a mutation in
El is a prerequisite for integration of HPV DNA and
subsequent malignant progression.

Analysis of HPV-16 transcription in the SiHa cell line
indicated that there is no detectable expression of the
E2-E4-E5 region, the LCR, or the late region. This implies
that there is no significant readthrough from upstream cellu-
lar promoters into viral sequences. The predominant tran-
scripts come from the E6-E7 region. The E6 gene product of
BPV-1 has been shown to have a transforming function (31,
43). In addition, the E6 ORFs of HPV-16 and HPV-18
contain splice donor and acceptor sites which are not present
in HPV-6 or HPV-11 (33, 36). Thus, the HPVs associated
with malignant cervical lesions may make E6 proteins that
differ from those of the other HPVs. It is tempting to
speculate that expression of the E6 gene or an E6-E7 fusion
gene product is important in malignant progression. The
E6-E7 region is presumably transcribed from viral promot-
ers. Because the E2 trans-activating protein is not expressed
in the SiHa cells, we presume that the viral promoters are
activated directly by cellular transcriptional factors or are
enhanced by adjacent cellular cis-acting regulatory ele-
ments. In addition, the normal early region polyadenylation
signals are no longer downstream of the promoters. The
HPV-16 sequences must be spliced to RNA from adjacent
human DNA, and transcription must use cellular polyade-
nylation sites. The control of the expression of a potential
viral oncogene by cellular regulatory elements may be
crucial for the progression of a benign to a malignant lesion.
The correlation of transcription patterns with the genomic

structure is more difficult for the CaSki cell line than for the
SiHa cell line because of the many integrated copies of
HPV-16 DNA in the CaSki cell line. The three most abun-
dant HPV-16 genomic structures (Fig. 1) are present in large
tandem arrays. The junctional copies are present in very low
abundance and have not yet been isolated or analyzed.
Similar to HPV-16 transcription in the SiHa cell line, how-
ever, there is no evidence of transcription of the late region
or of transcription of the LCR in CaSki cells. Three of the
four transcripts contain the E6-E7 region and are presum-
ably transcribed from viral LCR promoters. Unlike the SiHa
cells, only the largest transcript contains the El region, and
all transcripts contain the E2 region. The smallest transcript
contains only the E2 region and is probably transcribed from
the equivalent of the P2443 or P3080 promoter in BPV-1 (38,
43). Results of the analyses of Smotkin and Wettstein (36)
have suggested that the CaSki transcripts do not utilize the
viral polyadenylation site, implying that viral sequences are
either spliced to cellular sequences or are fused to cellular
sequences at the viral-host junctions. This suggests that only
the terminal HPV-16 copies in the large tandem repeats may
be transcriptionally active and supports the hypothesis that
HPV-16 promoters are under altered regulation, perhaps
because of adjacent cis-acting regulatory elements. It is
possible that the key event in malignant progression is the
integration of HPV-16 near such a cellular regulatory ele-

ment and that it is necessary to destroy the HPV-16 trans-
acting transcriptional regulatory element(s) by integration
within the E2 region of HPV-16.
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