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Human papillomaviruses (HPVs) cause a number of human tumors and malignancies, including cervical
cancers. Epithelial differentiation is required for the complete HPV life cycle and can be achieved using the
organotypic (raft) culture system. The CIN-612 9E cell line maintains episomal copies of HPV type 31b
(HPV31b), an HPV type associated with cervical cancers. When grown in the raft system, CIN-612 9E cells form
a differentiated epithelium such that infectious virions can be synthesized. Many aspects of the later stages of
the HPV31b life cycle have been investigated in CIN-612 9E raft tissues. We used a biologically contained
homogenization system for efficient virion extraction from raft epithelial tissues. Purified HPV31b virions were
used to infect low-passage-number human foreskin keratinocytes and a variety of epithelial cell lines. Newly
synthesized, spliced HPV31b transcripts were detected by reverse transcription and PCR (RT-PCR) following
HPV31b infection. HPV31b infection was most efficient and reproducible in HaCaT cells. The onset of viral
transcription following infection was also investigated using RT-PCR techniques. Spliced E1�I,E2 RNAs were
present as early as 4 h postinfection (p.i.), whereas the other major viral transcripts were detected by 8 to 10 h
p.i. Furthermore, we characterized the structures and temporal expression of seven novel spliced early
transcripts expressed following infection.

Papillomaviruses (PVs) are small DNA viruses that display
remarkable species specificity and strong cellular tropism.
These viruses produce benign and malignant tumors in their
natural hosts (reviewed in reference 25). Humans are the sole
hosts for human PVs (HPVs), and productive infections are
restricted to cutaneous and mucosal epithelial tissues. Com-
plete genomes have been cloned for over 85 types of HPVs,
and an additional 130 types have been partially characterized
by PCR techniques (8). Approximately one-third of HPV types
can infect the anogenital tract. HPV type 16 (HPV16), HPV18,
HPV31, HPV33, and HPV45 are known as high-risk anogeni-
tal viruses (reviewed in reference 26). These along with other
less common high-risk types are involved in more than 99% of
all cervical malignancies (57, 60). The capacity of HPVs to
cause malignancies can be partially attributed to their ability to
establish a persistent infection in host epithelial cells (18).

Complete HPV life cycles are dependent upon epithelial
differentiation (4, 25, 32, 61). HPV infection of the mitotically
active basal cells is generally thought to be necessary for the
establishment of viral persistence. However, the late stages of
viral DNA (vDNA) amplification and capsid gene expression
require differentiation of infected epithelial cells (2, 14, 32).
The organotypic (raft) tissue culture system supports epithelial
differentiation and the HPV life cycle, allowing infectious viri-
ons to be purified from infected cells (31, 33, 35).

HPV31b is a prototype for high-risk HPVs. The study of the
differentiation-dependent life cycle of HPV31b has been stud-
ied using latently infected CIN-612 9E cells in methylcellulose

suspension and raft tissue culture systems (reviewed in refer-
ences 38 and 50). A reverse-genetics system for HPVs has been
recently developed and is adding to our understanding of these
viruses (13, 33). These advances have permitted the character-
ization of many aspects of the latter phases of the differentia-
tion-dependent HPV life cycle, including the spatial expression
of viral proteins (14, 28, 32, 41), the regulation and structural
characterization of viral transcripts (21–24, 36, 37, 39, 40, 48,
49, 51–54), and the replication of vDNA (2, 19, 20, 37, 55). We
recently reported a biologically contained method for the iso-
lation of large quantities of infectious HPV virions and showed
that the immortalized human HaCaT keratinocyte cell line is
susceptible to HPV31b infection (35). However, early events in
HPV infection of host epithelial cells have yet to be charac-
terized in detail.

In the present study, we used a stock of infectious HPV31b
virions purified from the raft tissue culture system to test the
susceptibility of various undifferentiated epithelial monolayer
cells to HPV31b infection. We then performed a temporal
analysis to determine the onset of HPV31b early transcription
following epithelial cell infection. The permissiveness of in-
fected cells for the HPV life cycle was investigated by differ-
entiation of the infected cells in the raft tissue culture system
and assay for viral late events.

MATERIALS AND METHODS

Cell and tissue culture. The CIN-612 cell line was established from a biopsy
specimen of a cervical intraepithelial neoplasm (CIN) (2), and the clonal deriv-
ative 9E maintains the HPV31b genome episomally at an average of 50 copies
per cell (21). CIN-612 9E cells were maintained in monolayer culture with E
medium containing 5% fetal bovine serum (FBS) (Summit Biotechnology) in the
presence of mitomycin C-treated J2 3T3 mouse fibroblast feeder cells (29, 30).
Epithelial organotypic (raft) tissue cultures were maintained as previously de-
scribed (29, 30, 32). Raft tissues were treated with 10 �M 1,2-dioctanoyl-sn-
glycerol (C8:0; Sigma Chemical Co., St. Louis, Mo.) in E medium containing 5%
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FBS every other day. Epithelial tissues were allowed to stratify and differentiate
at the air-liquid interface for 14 days. HPV-negative human keratinocyte and
other epithelial cell lines used for infections are summarized in Table 1. HaCaT,
C-33A, and A431 cells were maintained in Dulbecco’s modified Eagle medium–
Ham’s F-12 nutrient mixture (Sigma Chemicals) containing 10% FBS, 4� amino
acids (Sigma Chemicals), 2 mM L-glutamine, 100 U of penicillin, and 1 �g of
streptomycin per ml (Sigma Chemicals). N/TERT-1 cells (a generous gift of
J. Rheinwald, Harvard University), NIKS cells (Stratatech, Madison, Wis.), and
low-passage-number human foreskin keratinocytes (HFKs) (a gift of C. Wheeler,
University of New Mexico School of Medicine) were grown either in keratinocyte
serum-free medium (K-SFM; Gibco BRL) plus 30 �g of bovine pituitary extract
per ml and 0.2 ng of epidermal growth factor per ml or in E medium containing
5% FBS plus 10 ng of epidermal growth factor per ml in the presence of
mitomycin C-treated J2 3T3 feeder cells as described above.

Virion purification and quantification. CIN-612 9E raft tissues were extracted
using a modified protocol of Favre et al. (12). Briefly, tissues were homogenized
using a biologically contained BeadBeater device (BioSpec Products, Inc.), and
the viral particles were purified using a series of low- and high-speed centrifu-
gation steps as detailed previously (35). vDNA-containing particles were quan-
tified by DNA hybridization as described previously (35).

HPV31b infections. Cells were seeded at 3 � 105 cells per well in 4-cm2 wells
or at 5 � 105 cells per well in 9-cm2 wells and allowed to attach overnight. The
cells were 60 to 80% confluent at the time of infection. Virion stocks were
thawed from �80°C at room temperature and were sonicated for 20 s at 0°C. For
all cell lines, virus dilutions were added to each well in 0.25 ml for 4-cm2 wells or
0.5 ml for 9-cm2 wells of normal HaCaT medium (see above). The plates were
rocked at 4°C for 1 h, then the viral inocula were removed, and the cells were
washed with an excess of normal medium and then fed with their respective
normal media and moved to 37°C. Media were changed every other day, and cells
were expanded when they reached confluence.

Nucleic acid extraction and reverse transcription (RT)-PCR analyses. Total
RNAs were extracted from cells using TRIzol reagent (Invitrogen Life Technol-
ogies). RNA samples were treated with RNase-free DNase I (Promega Corp.) to
remove copurifying viral and cellular DNA (36, 37). RNA concentrations were
determined by optical density measurement; RNA concentrations and qualities
were verified by electrophoresis through agarose gels containing ethidium bro-
mide. RNAs were reverse transcribed by using random hexamer primers, and
PCR was performed using a GeneAmp RNA PCR kit and AmpliTaq Gold DNA
polymerase as instructed by the manufacturer (Applied Biosystems). All oligo-
nucleotide primers (Table 2) were synthesized by Sigma Genosys and were used
at 0.2 to 0.5 �M for PCR amplification. Individual primer pairs were optimized
for annealing temperatures and MgCl2 concentration, and the relative sensitiv-
ities of primer pairs for a given template were previously determined (35). The
PCR thermocycling profiles were as follows: 10-min time delay at 95°C; 30 to 45
cycles of 95°C for 45 or 60 s, 60°C for 30 or 60 s, and 72°C for 30 or 120 s;
concluding with a 7-min extension at 72°C. For nested PCR, 4% of the first round
of PCR was used for 30 cycles of PCR. PCR products were analyzed by electro-
phoresis through 2 or 3% agarose gels and ethidium bromide staining.

Cloning and sequencing. Molecular cloning was performed using standard
techniques. All enzymes were purchased from Promega Corp. unless otherwise
noted. PCR products were cloned using the TA Cloning kit (Invitrogen Life
Technologies). Novel amplicons were cloned from multiple PCR assays. Double-
stranded DNA sequencing was performed on multiple clones of each novel
amplicon at the Center for Genetics in Medicine, Department of Biochemistry
and Molecular Biology at the University of New Mexico School of Medicine. For
the nomenclature of the amplicons, the open reading frames (ORFs) included
are given with asterisks or carets signifying splicing, with subscripts indicating the
HPV31 nucleotides at the junctions, which are shown in Fig. 1. For example, the
structures of the major early spliced transcripts of HPV31b are described as
follows: E6�I210∧ 413 indicates that the splice site is in the E6 ORF and contains
a junction from nucleotide (nt) 210 to 413; E1�I begins at the E1 ORF in
transcript E1�I877∧ 2646,E2 and contains a splice joining nt 877 to 2646 and the E2
ORF follows; E1∧ E4877∧ 3295 indicates the E1∧ E4 fusion protein using the
877∧ 3295 splice junction; and E8∧ E2C1296∧ 3295 represents the fusion of the E8
ORF with the C terminus of the E2 ORF using the splice joined at nt 1296 and
3295. A Roman numeral in the notations denotes that more than one splice
variant exists for a given larger ORF.

RESULTS

HPV31b infection of monolayer epithelial cells from various
sources. Previously, we showed that the HaCaT spontaneously
immortalized human keratinocyte cell line is susceptible to
infection by HPV31b (35). As HaCaT cells are of cutaneous

TABLE 1. HPV-negative cell lines used in infections

Cell line Characterization Reference

HFK Low-passage-number HFKs None
HaCaT Spontaneously immortalized human

keratinocyte cell line from adult skin
3

NIKS Spontaneously immortalized HFK cell
line

1

N/TERT-1 HFK cell line immortalized by
telomerase catalytic subunit

9

C-33A Cervical carcinoma cell line 58
A431 Epidermoid carcinoma cell line 15
C127 Murine mammary tumor cell line 27

TABLE 2. Oligonucleotide primers used to characterize HPV31 transcripts

Primer name Sequencea Direction Nucleotide position(s)a ORF(s)b

E6A 5�-CCT GCA GAA AGA CCT CGG-3� Sense 120–137 E6
E6.2A 5�-GCA TGA ACT AAG CTC GGC-3� Sense 142–160 E6
E7.3A 5�-GGA GAA GAC CTC GTA C-3� Sense 526–541 E7
E7.4A 5�-GGC TCA TTT GGA ATC GTG TGC-3� Sense 812–832 E7
E7.2B 5�-GCA CAC GAT TCC AAA TGA GCC-3� Antisense 812–832 E7
742A 5�-CTA CAA TGG CTG ATC CAG-3� Sense 857–874 E7
742B 5�-CTG GAT CAG CCA TTG TAC-3� Antisense 857–874 E7
E1.4A 5�-GCA GAA GCA GAG ACA GCA CAG GC-3� Sense 1042–1064 E1
E1A 5�-CAT GCA CAG GAA GCG GAG-3� Sense 1072–1099 E1
E1B 5�-TGT CCT CTT CCT CGT GC-3� Antisense 2667–2683 E1–E2
E2.2B 5�-GTT TCC AAT AGT CTA TAT GAT CAC-3� Antisense 2772–2795 E2
E4.4B 5�-GTT GGC TGT TGG TAG GTT TG-3� Antisense 3327–3446 E4
E4B 5�-CTT CAC TGG TGC CCA AGG-3� Antisense 3395–3378 E4
E4.3B 5�-GCT CTG TTC TTG GTC G-3� Antisense 3425–3440 E4
L1.2B 5�-C TAG CAC TGC CTG CGT G-3� Antisense 5673–5657 L1
�-actin OA 5�-GAT GAC CCA GAT CAT GTT TG-3� Sense 1578–1587, 2029–2039 �-Actin
�-actin IA 5�-AAC ACC CCA GCC ATG TAC GTT G-3� Sense 2046–2067 �-Actin
�-actin IB 5�-ACT CCA TGC CCA GGA AGG AAG G-3� Antisense 2455–2467, 2563–2570 �-Actin
�-actin OB 5�-GGA GCA ATG ATC TTG ATC TTC-3� Antisense 2735–2744, 2857–2867 �-Actin

a Corresponding to the sequence and numbering of HPV31 (17) or human �-actin (45).
b ORF or region of specified gene.
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epithelial origin (3), we speculated that cell lines of genital
epithelial origin might be infected more efficiently by HPV31b
than HaCaT cells. Therefore, we surveyed the relative suscep-
tibilities of several epithelial cell lines to HPV infection. The
cell lines chosen to survey for efficient infection by HPV31b
virions are summarized in Table 1. Cells were seeded in the
absence of fibroblast feeder cells at equal numbers in their
respective cell media for attachment overnight. HFK, NIKS,
and N/TERT-1 cells were seeded in K-SFM. Each set of in-
fection experiments included HaCaT cells to control for repro-
ducibility and efficiency. To avoid the possibility that the com-
ponents of the various cell media might influence HPV
infection of the cells, all infections were performed with the
media used to infect and culture HaCaT cells. All subconfluent
monolayer cells were incubated with serial 10-fold dilutions of
an HPV31b stock as described in Materials and Methods. The
cells were harvested at 4 days postinfection (p.i.). Total RNAs
were extracted, quantified, and subjected to RT-PCR as de-

scribed above. Our previous work demonstrated that targeting
of HPV31b E1∧ E4 transcripts by RT-PCR was the most sen-
sitive means of detecting infection at 4 days p.i (35). Therefore,
HPV31b infection was assayed and compared among the cell
lines via the detection of PCR amplimers arising from spliced
E1∧ E4 RNAs. Representative data from the cell lines are
shown in Fig. 2.

The detection of spliced �-actin transcripts served as a pos-
itive control for the presence and integrity of RNA in samples,
for RT, and for PCR amplification (Fig. 2B). RNA from CIN-
612 9E monolayers was a positive control for HPV31b RNAs
(Fig. 2A, lane 33), whereas no RNA input was a negative
control (Fig. 2, lane 34). Samples from mock-infected cells (M)
were negative for HPV31b RNAs (Fig. 2A). As previously
reported, HPV31b infection in HaCaT cells was consistently
detected at doses of vDNA containing particles equivalent to
10 and 1.0 genomes per cell in all experiments (35). Identical
results were seen in six separate infections. Results from two

FIG. 1. Genomic organization of HPV31b and summary of the known early spliced polycistronic transcripts and L1-containing RNAs targeted
by RT-PCR. The circular HPV31b genome of 7,912 bp is depicted linearized at the late polyadenylation (polyA) signal for the purpose of
illustrating the ORFs and the characterized transcripts. The nucleotide numbering of the viral genome is given below the thin horizontal rule (17).
The long control region (LCR) is indicated, and the open boxes show viral ORFs in all three reading frames of the genome. The viral promoters
are shown by bent arrows with their initiation sites indicated; solid black arrows denote constitutively used promoters, light gray P7783 and P7850
are negatively regulated upon differentiation, and dark gray P742 is upregulated upon epithelial differentiation (21, 39, 40). Placement and
orientation of the primers used in the first round of PCR to amplify specific spliced segments are illustrated with arrows below the ORFs. The basic
RNA structures were characterized by sequencing cloned cDNAs obtained from CIN-612 9E cells and raft tissues (21, 37, 39, 49). Shaded boxes
illustrate the ORFs contained within the polycistronic transcripts; thick lines represent noncoding sequences. Thin lines show regions spliced out
of transcripts (introns); the nucleotide positions of splice donors and acceptors are indicated below the transcripts. The regions and ORFs
contained in each mRNA are indicated to the right side of each.
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separate HaCaT cell infections are shown in Fig. 2 (lanes 1 to
8).

We examined the ability of several cell lines derived from
primary foreskin keratinocytes to be infected when grown in
the presence or absence of fibroblast feeders. In some exper-
iments, the low-passage-number HFK, NIKS, and N/TERT-1
cells were grown in the presence of mitomycin C-treated NIH
J2 fibroblast feeders and the cultures were fed with E medium
following infection. In experiments where mitomycin C-treated
NIH J2 fibroblast feeder cells were not added, K-SFM was
used to culture the HFK, NIKS, and N/TERT-1 cells. Out of
two separate infections each where NIKS cells and N/TERT-1
cells were cultured in K-SFM, E1∧ E4 transcripts were sporad-
ically detected at a dose of 10 vDNA-containing particles per
cell (data not shown). However, coculture of the NIKS cells
with mitomycin C-treated NIH J2 fibroblast feeders following
infection resulted in the reproducible detection of E1∧ E4
RNAs from infections with doses of 10 and 1.0 vDNA-contain-
ing particles per cell (Fig. 2A, lanes 13 to 16). In infections of
N/TERT-1 cells, E1∧ E4 amplimers were detected reproduc-
ibly at a dose of 10 vDNA-containing particles per cell, and
coculture with fibroblast feeders did not affect their HPV in-
fection status (Fig. 2A, lanes 17 to 20).

In previous work using low-passage-number HFK cells
grown in the presence of fibroblast feeder cells, we found it
difficult to detect HPV18 infection by targeting spliced tran-
scripts using RT-PCR (33). Furthermore, HFK cells derived
from various donors show differing abilities to replicate HPV
genomes following transfection (M. Ozbun, unpublished data;
Laimonis A. Laimins, personal communication). With this in
mind, we mixed low-passage-number HFKs from six separate
donors for the present infections. We found that HPV31b
infection could be reproducibly detected at a dose of 10
vDNA-containing particles per cell in this mixed-donor HFK
population grown with mitomycin C-treated fibroblast feeders
(Fig. 2A, lanes 9 to 12).

Three cell lines were found not to be able to support
HPV31b infection. E1∧ E4 RNAs were not detected following
two separate infections each of the C-33A cervical cancer cell
line or the A431 epidermoid carcinoma cell line (Fig. 2A, lanes
21 to 24, and 25 to 28, respectively). However, in a separate

isolate of C-33A cells, we were able to detect infection (data
not shown). Although PVs are considered to be species specific
(reviewed in reference 25), bovine PV 1 (BPV1) can cross the
species barrier and infect mouse C127 mouse mammary cells
and NIH 3T3 mouse embryo fibroblasts, leading to morpho-
logical transformation of the cells (11). Roden and coworkers
found that HPV16 VLPs were able to bind to C127 cells and
inhibit their transformation by BPV1 (43). Furthermore,
pseudotyped virions consisting of BPV1 genomes encapsidated
by HPV16 late proteins could initiate transformation of C127
cells (42). Thus, we tested the possibility that C127 cells might
be susceptible to HPV31b infection. However, we were not
able to detect infection of C127 cells following three separate
infections (Fig. 2A, lanes 29 to 32). For each infection exper-
iment, the RT-PCRs were repeated under standardized reac-
tion conditions to confirm the results.

HPV31b time course of infection of HaCaT monolayer cells.
A time course of infection was performed to determine the
relative times of appearance of various spliced early viral tran-
scripts. HaCaT cells were used in these experiments as we
determined they could be efficiently and reproducibly infected.
In addition, the growth and infectivity of HaCaT cells was not
dependent upon coculture with fibroblast feeder cells as de-
scribed above. Plates were either mock infected or inoculated
with a dose of vDNA-containing virus particles equivalent to
20 genomes per cell. Cells were harvested for RNA at 2-h
intervals beginning at 2 h p.i. and continuing to 16 h p.i. A
second experiment was performed in which cells were har-
vested at 8-h intervals beginning at 8 h p.i. and continuing to
40 h p.i. Each RNA sample was subjected to one large RT
reaction and then was divided into seven first-round PCR as-
says to detect the onset of viral transcription and to character-
ize the structures of the newly expressed viral RNAs. One set
of PCR assays was used to detect �-actin RNAs as a control
(Fig. 3A); the other six sets of PCR assays were specific for
known HPV31b cDNAs (see Fig. 1, primer sets A to F). A
fraction of the first round of PCR products was subjected to a
second round of PCR using nested primers to obtain greater
sensitivity. Upstream primers were selected to estimate the
location of promoters used for HPV31b transcript initiation.

Representative data from RT and nested PCR are shown in

FIG. 2. RT-PCR analysis of HPV31b transcripts following infection of various cell lines. Subconfluent cell monolayers were inoculated with
serial 10-fold dilutions of an HPV31b stock. Total RNAs were extracted and treated with DNase I. RT was preformed on 3 �g of RNA for each
sample. Each cell line was mock-infected (lanes M), or infected with HPV31b doses corresponding to 0.1, 1.0, and 10 vDNA-containing particles
per cell. CIN-612 9E monolayers (9E) and no RNA input (Ø) served as positive and negative amplification controls, respectively. (A) Primers
E7.3A and E4.3B target a 498-bp amplimer arising from spliced HPV31b E1∧ E4 RNA. The input RNA corresponded to 2.7 �g for each PCR.
(B) Primers �-actin OA and �-actin OB detect a 641-bp amplimer derived from spliced cellular �-actin RNA. The input RNA corresponded to
0.3 �g. Molecular size standards (100-bp ladder, New England Biolabs) are shown at the edges of each panel.
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Fig. 3 to 6. As expected, all the RNA samples were strongly
positive for the amplification of the cellular �-actin control
(Fig. 3A, lanes 1 to 13). Mock-infected controls showed no
amplification of spliced HPV transcripts (Fig. 3 to 6, panels A

and B, lanes 1), whereas the latently infected 9E cell mono-
layers yielded products of expected sizes as well as novel prod-
ucts (Fig. 3 to 6, panels A and B, lanes 13). The early infection-
specific RT-PCR products were similar in size to those

FIG. 3. RT–nested-PCR analysis of �-actin and spliced HPV31b E6 transcripts expressed following infection of HaCaT cells. Subconfluent
HaCaT monolayers were infected with an HPV31b stock at 20 vDNA-containing particles per cell. The cells were harvested for total RNAs at 2-h
intervals beginning at 2 h p.i. and continuing to 16 p.i. Infected cells were also harvested at 8-h intervals up to 40 h p.i. For each sample an RT
reaction was performed using 12.0 �g of DNase I-treated total RNA. Samples included mock-infected HaCaT cells (M); HaCaT cells harvested
at 2, 4, 6, 8, 10, 12, 14, 16, 24, 36, 48 h p.i; and CIN-612 9E monolayers (9E). No RNA input (Ø) served as a negative amplification control. RT
assays were divided into seven different first round PCR amplifications of 45 cycles using primer sets A, B, C, D, E, and F from Fig. 1 and also
targeting spliced cellular �-actin. Following the first round of PCR, 4% of each of these assays was used in nested PCR of 30 cycles. (A) Primers
�-actin OA and �-actin OB were used in the first round, and primers �-actin IA and �-actin IB were used in nested PCR to detect a 429-bp
amplimer derived from spliced �-actin RNA. Input RNA in the first round of PCR corresponded to 380 ng. (B) Primers E6A and 742B were used
in the first round, primers E6.2A and E7.2B were used in nested PCR. For each reaction, the input RNA in the first round of PCR corresponded
to 1.9 �g. Molecular size standards (100-bp ladder; New England Biolabs) are shown at the edges of each panel. (C) Early region of the HPV31b
genome as described in the legend to Fig. 1. Below the genome diagram, the structures of the observed amplicons derived from viral RNAs or
DNAs are shown with lines pointing to the respective amplicons in panels A and B. Boldface letters denote previously characterized ORFs, with
their splice junctions indicated in parentheses. The newly identified RNA structure containing the 210∧ 739 splice junction is indicated. Both spliced
structures were verified by sequencing from at least one of the samples shown. Placement and orientation of HPV31b PCR primers are given with
primer pairs used for the first round of PCR indicated first. Primer pairs used in nested PCR are given in parentheses.

FIG. 4. RT–nested-PCR analysis of HPV31b spliced E2 transcripts expressed following infection of HaCaT cells. Details of the experiment are
given in the legend to Fig. 3. (A) Primers E6A and E2.2B were used in the first round, and primers E6.2A and E1B were used in nested PCR.
(B) Primers E7.4A and E2.2B were used in the first round, and primers 742A and E1B were used in nested PCR. For each reaction, the input RNA
in the first round of PCR corresponded to 1.9 �g. (C) Early region of the HPV31b genome and explanation of observed RNA structures as
described in the legend to Fig. 1 and 3C. Boldface letters denote previously characterized ORFs, with their splice junctions indicated in
parentheses. The novel RNA structures containing the 877∧ 2513 splice junction, the 210∧ 2513 splice junction, and the 210∧ 2646 splice junction
are indicated. Each of the novel spliced structures was verified by sequencing from at least one of the samples as shown.
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observed from the latently infected 9E cell monolayers; no
amplicons were present in newly infected cells that were not
also present in the latently infected 9E monolayer cells.

Targeting the E6 region (Fig. 3C), the upstream primers
E6A and E6.2A were used to identify transcripts initiating near
the major early promoter, P99, upstream of the E6 ORF. We
detected a major amplimer of 489 bp derived from the E6�I
spliced transcript, and this product was consistently present at
8 h p.i. (Fig. 3B, lane 5). Also evident in samples inoculated
with virus were amplimers of 755 bp arising from vDNA or
unspliced RNA. An intermediately sized product was also
present in many samples positive for E6�I. This amplimer has
been refractory to cloning and further characterization (35)

and could result from heteroduplex formation between E6 and
E6�I. A novel amplimer of 163 bp was also detected beginning
at 12 h p.i. and in the latently infected 9E monolayer cells (Fig.
3B, lanes 7 to 13, respectively). Cloning and sequencing re-
vealed this product to be a result of splicing between the donor
at nt 210 and a novel splice acceptor at nt 739.

Targeting spliced E2 transcripts (Fig. 4C), upstream primers
positioned near the major early promoter P99 plus downstream
primers in the E2 ORF yielded the expected amplimers of 572
bp containing E6�I,E7,E1�I,E2 beginning at 10 h p.i. (Fig. 4A,
lanes 6 to 12). Also present at this time were amplimers of 705
bp consisting of the splice donor at nt 877 joined to a novel
acceptor at nt 2513 (Fig. 4A, lanes 6 to 12). Two additional

FIG. 5. RT–nested-PCR analysis of HPV31b spliced E4 transcripts expressed following infection of HaCaT cells. Details of the experiment are
given in the legend to Fig. 3. (A) Primers E6A and E4.3B were used in the first round, primers E6.2A and E4B were used in nested PCR.
(B) Primers E7.4A and E4.3B were used in the first round, primers 742A and E4B were used in nested PCR. For each reaction, the input RNA
in the first round of PCR corresponded to 1.9 �g. (C) Early region of the HPV31b genome and explanation of observed RNA structures as
described in the legend to Fig. 1 and 3C. Boldface letters denote previously characterized ORFs, with their splice junctions indicated in
parentheses. The novel RNA structures containing the 210∧ 3332 and the 877∧ 3332 splice junctions are indicated. The novel 210∧ 3332 spliced
structure was verified by sequencing from at least one of the samples in panel A and the 877∧ 3332 splice junction was determined from multiple
positive samples as shown in panel B.

FIG. 6. RT–nested-PCR analysis of HPV31b spliced E8∧ E2C transcripts expressed following infection of HaCaT cells. Details of the
experiment are given in the legend to Fig. 3. (A) First round of RT-PCR using primers E1.4A and E4B to illustrate the two amplicons present
in CIN-612 9E cells. (B) Nested PCR using primers E1A and E4.4B. For each reaction, the input RNA in the first round of PCR corresponded
to 1.9 �g. (C) Early region of the HPV31b genome and explanation of observed RNA structures as described in the legends to Fig. 1 and 3C.
Boldface letters denote previously characterized ORFs, with their splice junctions indicated in parentheses. The novel RNA structure containing
the 1124∧ 3295 splice junction is shown. The E8∧ E2C structure was verified by sequencing from two positive samples in panel B, and the novel
1124∧ 3295 splice junction was characterized by sequencing of products from 9E cells.
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novel amplimers were also detected at 16 h p.i. and in 9E cells
(Fig. 4A, lanes 9, 13, respectively). The amplimer of 240 bp
results from the joining of the donor at nt 210 to the acceptor
at nt 2513. The product of 107 bp uses the splice donor at nt
210 in the E6 ORF joined to the acceptor at nt 2646 also used
in E1�I,E2 transcripts. Upstream primers positioned in the E7
ORF paired with downstream primers in the E2 ORF pro-
duced amplicons of 59 bp from spliced E1�I,E2 transcripts as
early as 4 h p.i. (Fig. 4B, lanes 3 to 12). These amplimers were
also found in 9E cells (Fig. 4B, lane13). Amplicons of 192 bp
containing the 877∧ 2513 splice were also slightly visible by 4 to
6 h p.i. and were more obvious by 14 h p.i. and in latently
infected 9E cells (Fig. 4B, lanes 3 and 4 and 8 to 13).

Spliced E1∧ E4 transcripts were targeted using upstream
primers positioned near the major early promoter P99 paired
with downstream primers in the E4 ORF (Fig. 5C). This
yielded expected amplimers of 635 bp arising from the
E6�I,E7,E1∧ E4 transcripts and of 170 bp derived from the
E6∧ E4 (E6�III) RNA as early as 8 h p.i. (Fig. 5A, lanes 5 to
13). A novel amplimer of 133 bp was also detected at the same
times. This product contains the donor at nt 210 joined to a
novel acceptor at nt 3332 (Fig. 5A, lanes 5 to 13). Similar to
what was observed using upstream primers near P99, upstream
primers positioned in the E7 ORF paired with downstream E4
primers (Fig. 5C) yielded E1∧ E4 amplimers of 122 bp begin-
ning at 8 h p.i. (Fig. 5B, lanes 5 to 13). Also observed were
novel amplimers of 85 bp and �150 bp (Fig. 5B, lanes 5 to 13).
In the 85-bp amplimer, the splice donor at nt 877 is joined to
an acceptor at nt 3332; this product can best be seen in Fig. 5B,
lane 5. The structure of the amplimer of �150 bp is under
investigation.

In previous work, we were unable to detect spliced E8∧ E2C
transcripts using RT and a single round of PCR following in-
fection of HaCaT cells at various doses of virus inoculum (35).
As the promoter(s) for transcripts containing the E8∧ E2C
ORF has not been identified, the first round of assays using
primers E6A and E4.3B spanning E6 to E4 (Fig. 1, primer set
D) or primers E7.4A and E4.3B spanning E7 to E4 (Fig. 1,
primer set E) were subsequently subjected to nested PCR to
test for the presence of E8∧ E2C transcripts. Primers E1A and
E4.4B were used in the nested PCR experiments (Fig. 6C);
however, we were unable to detect products corresponding to
spliced E8∧ E2C RNA using this approach (data not shown).
Next we used first-round primers E1.4A and E4B to target the
E8∧ E2C region (Fig. 6C). Spliced E8∧ E2C transcripts were
readily detected in the 9E cells along with a distinct amplicon
found to use a novel splice donor at nt 1124 joined to the
acceptor at nt 3295 (Fig. 6A, lane 13). Nested PCR permitted
the detection of E8∧ E2C RNAs at 4, 10, and 14 h p.i. and in
9E monolayer cells (Fig. 6B, lanes 3, 6, 8, 13). The novel
1124∧ 3295 spliced RNA was found at 16 h p.i. and in 9E cells
(Fig. 6B, lanes 9, 13). RT-PCR and nested PCR experiments
were performed on the time course infections at least four
times to verify the results.

Persistence of HPV31b infection in HaCaT cells. Experi-
ments were performed to assess the persistence of HPV31b
infection in HaCaT cells and to determine whether infected
HaCaT cells could support a productive HPV infection. Ha-
CaT cells infected with a dose of vDNA-containing particles
equivalent to 100 genomes per cell were passaged for approx-

imately 5.5 population doublings. This corresponds to each cell
in the original population giving rise to nearly 50 daughter
cells. Infected cells were either harvested for RNA or were
seeded for growth in the raft system to allow for differentia-
tion-dependent late viral gene expression. Raft tissues were
harvested at 14 days postlifting to the air-liquid interface, and
then total RNAs were extracted and DNase I treated. RT-PCR
was performed targeting the spliced E6 transcripts and the
spliced late transcripts as we have characterized previously
(36). All samples were positive for spliced �-actin amplicons
(Fig. 7A). Samples from all infected cells were positive for E6
amplicons, including the unspliced RNA or vDNA, the spliced
E6�I, and the novel 210∧ 739 spliced products (Fig. 7B, lanes 1
to 3). Furthermore, the samples from 9E rafts and from
HPV31b-infected HaCaT raft tissues were positive for spliced
L1 RNAs (Fig. 7C, lanes 1 and 3) indicating late stage viral
events. Samples from uninfected HaCaT cells showed no am-
plification of HPV31b-specific targets (Fig. 7B and C, lanes 4
to 5). These data suggest that HaCaT cells can support a
productive HPV31b infection and confirms the validity of using
these cells to study the early events of viral infection.

DISCUSSION

Infectious stocks of the high-risk prototype HPV, HPV31b,
cultivated in the organotypic (raft) tissue culture system were
used to investigate the early stages of infection of human

FIG. 7. RT-PCR for HPV31b transcripts in infected HaCaT cells
and raft tissues. HaCaT cells were infected with a dose of HPV31b
corresponding to 100 genomes per cell. The cells were passaged
through approximately 5.5 population doublings (Ha IM), and infected
cells were seeded on collagen-fibroblast matrices for raft epithelial
growth (Ha IR). 9E raft tissues (9E R), uninfected HaCaT monolayers
(Ha UM), and uninfected HaCaT rafts (Ha UR) were used as controls.
DNase I-treated, total RNAs (5 �g) were subjected to RT and divided
for PCR amplifications of 40 cycles. PCR was performed using primers
specific for the spliced products of �-actin (�-actin OA and �-actin
OB), spliced HPV31b E6 RNAs (E6A and 742B), or spliced HPV31b
L1 RNAs (E7.4B and L1.2B). As size standards, �X174 DNA digested
with HaeIII is shown to the left of each panel.
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keratinocytes, the host cell type for HPVs. Newly synthesized,
spliced viral RNAs were detected by RT-PCR and used as an
indication of infection. In recent work, we found that HPV31b
infection could be detected at a dose as low as 1.0 vDNA-
containing particle per cell in HaCaT cells (35) and in this
study we demonstrate that it is highly sensitive to HPV infec-
tion in vitro. HPV infections tend to be specific to either
mucosal or cutaneous epithelium (reviewed in reference 25).
Because HaCaT cells are of cutaneous origin, we hypothesized
that HPV-negative cell lines of genital epithelial origin would
be more susceptible to HPV31b infection. Low-passage-num-
ber HFKs were shown to be susceptible to HPV infection using
stocks of HPV types 11, 40, and LVX82/MM7 produced in the
mouse xenograft system (6, 10, 45, 47) and HPV18 that we
synthesized in the raft system (33). Using a mixture of low-
passage-number HFKs from six donors, we were able to detect
HPV31b infection at a dose as low as 10 vDNA-containing
particles per cell in this population of cells. The neonatal HFK
line, N/TERT-1, immortalized by the catalytic subunit of the
telomerase gene (9), was infected with an efficiency similar to
that of low-passage-number HFKs. The spontaneously immor-
talized NIKS neonatal HFK cell line (1) was infected at a
higher efficiency, similar to that of the HaCaT cells (at a dose
as low as 1.0 vDNA-containing particle per cell) but only when
the NIKS cells were grown in the presence of fibroblast feeder
cells after infection. Previous observations indicate that HPV
infection and genome replication varies among low-passage-
number HFKs from different donors (33) and (M. A. Ozbun,
unpublished data; L. A. Laimins, personal communication).
The finding that the N/TERT-1 HFK cells appear less suscep-
tible than the NIKS HFK cells to infection also may be ex-
plained by the differences in HFK donors. These data from
HFK infections suggest that host genetics may play a role in
susceptibility to HPV infection and genome replication. The
C-33A cell line is the only known HPV-negative cervical car-
cinoma line (C. Wheeler and E.-M. de Villiers, personal com-
munications). It was unexpected that HPV31b infection was
not detected in one isolate of the C-33A cervical cancer cell
line. Perhaps during passage of the cells in culture, critical
receptors or intracellular factors were mutated or down regu-
lated. A431 epidermoid carcinoma cells were exposed to
HPV31b virus with no preconception of whether they would be
susceptible to infection. We were consistently unable to detect
spliced HPV31b RNAs in the A431 cells following viral expo-
sure. Although C127 cells are susceptible to infection by BPV1
and pseudotyped HPV16 particles carrying BPV1 genomes,
and HPV16 VLPs can bind to C127 cells (11, 42, 43), we were
unable to detect spliced E1∧ E4 RNAs following three separate
HPV31b infections. These data suggest that HPV capsids can
initiate infection in C127 cells to the extent of delivering BPV1
vDNA to the nucleus, but that HPV-specific transcription or
replication factors are lacking in these mouse cells. This sup-
ports the concept that all PVs could use the same cellular
receptor(s) to attach to and penetrate cells but that HPV host
range and cell type specificity (i.e., aspects of bona fide infec-
tion) may be determined at point downstream of viral attach-
ment (34, 43, 46, 56).

A time course of HPV31b infection was performed in Ha-
CaT cells to analyze the onset of viral transcription. RNAs
containing the E1 ORF were not targeted as the majority are

unspliced (23, 37). Thus, it would be impossible to distinguish
between unspliced transcripts and vDNA, which might not be
indicative of a genuine infection. The major spliced viral RNAs,
including E6�I210∧ 413, E1�I877∧ 2646,E2 and E1∧ E4877∧ 3295, were
reproducibly present by 8 to 10 h p.i. However, a subset of the
spliced E1�I,E2 RNAs that appear to initiate at a promoter
other than the P99 major early promoter were present as early
as 4 h p.i. (Fig. 4B). We do not believe that detection of the
E1�I,E2 RNA at 4 h p.i. is a simple reflection of a more-
efficient RT or PCR amplification for the shorter transcript, as
one set of cDNA templates was used for all the PCR assays.
Furthermore, we previously found the primer sets used to
amplify spliced E1�I,E2 RNAs (i.e., E6A and E2.2B or E7.4A
and E2.2B and their nested counterparts E6.2A and E1B or
742A and E1B) have similar sensitivities of detection as low as
102 copies of template (35). However, the possibilities that the
RT efficiency is template dependent or that the shorter ampli-
cons are preferentially detected cannot be discounted com-
pletely. Transcripts containing the E1�I,E2 splice are believed
to be important for the translation of the E2 ORF (37). The E2
protein is required for vDNA replication and for transcrip-
tional modulation (reviewed in reference 50); thus, it is not
surprising that the E1�I,E2 RNAs would be among the first
detected following infection. Klumpp and Laimins showed that
upon differentiation, initiation of HPV31 transcripts contain-
ing E1 and E2 ORFs switches from the major early promoter
P99 to the late P742 promoter (23). Our data suggest that the
P742 promoter, or some promoter other than the major early
promoter, might also be used for E2 transcripts upon initial
infection, which occurred in the absence of differentiation. We
attempted to perform primer extension and nuclease protec-
tion assays on the RNA samples from our infections to deter-
mine promoter usage. However, the levels of viral transcripts
present were below the level of detection of these assays. We
are currently evaluating the utility of 5� rapid amplification of
cDNA ends techniques for determining the start sites of these
early RNAs. The E8∧ E2C transcript was detected as early as
4 h p.i. The E8∧ E2C protein is negative regulator of both
vDNA replication and transcription (49, 52). The early pres-
ence of an E8∧ E2C RNA along with the E1�I,E2 RNA makes
it tempting to speculate that the E8∧ E2C protein might be
important to restrain the initial burst in vDNA replication
following E2 expression upon infection. The majority of tran-
scripts that appear to be expressed continuously following their
onset were also detected by a single round of PCR at the same
time points determined by nested PCR (data not shown).
Other cDNAs were discontinuously detected by nested
PCR, such as the 210∧ 2513 and 210∧ 2646 species in Fig. 4A,
877∧ 3332 in Fig. 5B, and E8∧ E2C and 1124∧ 3295 in Fig. 6B.
This latter phenomenon could reflect regulated expression;
however, only a fraction of cells are infected and it is also likely
that the levels of each of these RNA are low in infected cells
as they were not detected without nested PCR. A low number
of these RNA species in a given aliquot could give rise to
stochastic sampling by PCR. Due to the number of splice-
variants (twelve total), we found it unfeasible to target each
cDNA for quantitative or semiquantitative analysis in this ini-
tial qualitative characterization of HPV31b early transcripts.

The amplicon corresponding to the full-length E6 target in
samples harvested at 2, 4, and 6 h p.i. most likely arises from
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vDNA. PCR analyses on the samples in the absence of RT also
yielded full-length E6 amplimers, indicating vDNA was
present (data not shown). Detection of an amplicon from
vDNA is important to illustrate two points about infection.
First, the vDNA could be present in virions that were simply
attached to cells, or the vDNA could reflect virions present in
the cytoplasm of the cells. In either case mere detection of
vDNA in this PCR assay would not be indicative of true infec-
tion per se. Thus, targeting of newly synthesized, spliced viral
RNAs is a more appropriate assay for initiation of infection.
Second, the only HPV-specific product detected at 2 h p.i. was
that of the full-length E6 target (see lane 2 in Fig. 3 to 6, panels
A and B). This result demonstrates that HPV31b virions do not
carry spliced viral RNAs or processed genomes that might
mimic newly synthesized spliced viral transcripts in this assay.
These data further support the targeting of newly synthesized,
spliced viral RNAs rather than vDNA as an appropriate assay
for HPV infection.

We detected HPV31b infection of human keratinocytes by
4 h p.i. using RT-PCR techniques to assay newly synthesized,
spliced viral RNAs. Thus, viral penetration, nuclear transport,
and uncoating can be a relatively quick process. In agreement
with our data, Zhou and coworkers used electron microscopy
to show that most BPV1 particles were cytoplasmic by 30 min
p.i. and were in a perinuclear zone by 60 min p.i. (59). They
also detected capsid proteins, but not particles, in the nuclei by
90 min p.i., suggesting that uncoating of the vDNA had oc-
curred (59). Volpers and colleagues also found that the bulk of
HPV33 VLPs were internalized by 1 h at 37°C (56). Day et al.
recently showed the internalization of PVs via a clathrin de-
pendent pathway (7). That clathrin is typically internalized
with a half-life of 5 to 15 min (16, 44) is in accordance with our
detection of spliced viral RNAs by 4 h p.i. However, other data
from Day and coworkers and from Christensen et al. suggest a
slower kinetics on the order of 8 to 10 h for BPV1 and cot-
tontail rabbit PV binding and internalization (5, 7). These
disparities could be due to differences in some of the assay
systems, differences in the sensitivities of the techniques, or
differences in the viruses themselves. The design and imple-
mentation of standardized techniques for studying PVs will be
necessary to resolve these disparities.

In this study, seven unique, spliced viral RNA structures
were detected. One novel splice donor at nt 1124 was found,
and three new splice acceptors were discovered at nt 739, 2513,
and 3332. The ORFs created by these newly identified splicing
patterns have the ability to yield viral peptides as small as 2.9
kDa. Larger ORFs created by the splices are predicted to be
9.9 kDa for a fusion of the N and C termini of the E1 ORF
using the 877∧ 2513 splice, 13.5 kDa for a fusion of the E6 N
terminus with the E1 C terminus using the 210∧ 2513 splice,
and 28.4 kDa for a fusion of the E1 N terminus with the E4
ORF using the 1124∧ 3295 splice. Small viral regulatory pro-
teins are well known for other viruses, including the HIV Vpr
and Nef proteins, the human polyomavirus agno proteins, and
the hepatitis B X protein. The use of the HPV reverse genetics
system will permit testing the functions of these potential pro-
teins in the viral life cycle. Finally, that HPV31b infection of
HaCaT cells in monolayers can become productive for late
gene synthesis when the infected cells are grown in the raft
system leads us to conclude that our data reflect initial viral

activities that lead to a persistent and productive infection of
HaCaT cells. Recently, we have purified infectious virions
from HaCaT raft tissues derived from cells transfected with
HPV31 genomes (B. K. Steele and M. A. Ozbun, unpublished
results). This further substantiates the idea that HaCaT cells
are permissive for the HPV31 life cycle.
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