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FIG. 6. Analysis of suprabasal keratin expression in HFKs and W12-E cells.
Shown is a Western blot using a K10-specific antibody with weak specificity for
K1. Cell lysates from HFKs and W12-E cells maintained in low-Ca?* F medium
(U; undifferentiated) and high-Ca>* and -serum F medium (10DP; differenti-
ated) were analyzed. Protein was quantified in each sample by the Bradford
assay. Equal amounts of protein were loaded on an SDS-polyacrylamide gel.
Western analysis was performed with antibody using Ck 8.60 to detect suprabasal
keratins. The blot was overexposed to show that very little K10 is present in
WI12-E cultures maintained in the undifferentiated state whereas differentiated
cells contain large amounts of K10. Western analysis using antibody Ck 8.60 was
repeated three times with cell lysates from different preparations of HFK and
W12-E cells.

RIs were still present; however, the major hybridization pat-
tern was indicative of simple Y-fork RIs traversing this region,
consistent with rolling circle replication (Fig. 9E). Thus, it is
likely that at 2 days, there are still some cells in the undiffer-
entiated state that are supporting theta, bidirectional viral
DNA replication, but the majority of cells are already support-
ing the new mode of viral DNA replication. At 4 days, all RIs
were of the rolling circle type (data not shown). This result
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indicates that the switch in replication most likely occurs early
upon the induction of epithelial differentiation and therefore is
likely to precede and perhaps be instrumental in the viral DNA
amplification that occurs in the upper layers of the epidermis
in a papilloma.

HPV-31 undergoes a similar switch in the mode of DNA
replication in differentiated cervical epithelial cells. To deter-
mine whether other HPVs undergo a switch in the mode of
DNA replication, CIN612-9E cells, cervical epithelial cells de-
rived from a CIN 1 lesion that harbor HPV-31 extrachromo-
somally (2, 16), were analyzed. Neutral/neutral two-dimen-
sional analysis was first performed to determine the mode of
DNA replication of HPV-31 in undifferentiated cells. Hirt
DNA extracted from undifferentiated CIN612-9E cells was
digested with restriction enzyme Ncol. This led to the gener-
ation of two fragments: a 3.5-kb fragment, spanning nt 6447 to
2063, that contains the cis elements required for HPV-31 DNA
replication, and a 4.4-kb fragment, spanning nt 2063 to 6447.
Upon analysis of the 3.5-kb fragment on a neutral/neutral
two-dimensional gel, a discontinuous arc pattern resulted (Fig.
10A). This indicates the presence of a bubble-shaped interme-
diate resulting from an initiation site. Additionally, the discon-
tinuous arc indicates that the initiation site is asymmetrically
located between nt 6447 and 2063. Analysis of the 4.4-kb frag-
ment, spanning nt 2063 to 6447, gave rise to a complex hybrid-
ization pattern of a diagonal line superimposed on a continu-
ous arc (Fig. 10C). The diagonal line is indicative of a

FIG. 7. High-magnification electron micrographs of many nuclei from upper layers of cervical epithelial cells (W12-E cells) induced to undergo differentiation (Fig.
5). (A) The arrow points to an aggregate of virus-like particles in a nucleus from differentiated cervical epithelial cells at high magnification (x5,400). (B to F) Higher
magnifications (X49,500) of virus-like particle aggregates in many nuclei of differentiated cells. Individual virus-like particles were measured, and the sizes ranged from
50 to 62 nm. The arrow point to specific virions of 50 nm, (B), 62 nm (C), 62 nm (D), 55 nm (E), and 53 nm (F).
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FIG. 8. Analysis of HPV-16 extrachromosomal DNA isolated from differen-
tiated W12-E cells by RFGE. Shown is an autoradiograph of a Southern blot
containing Hirt DNA from undifferentiated and differentiated W12-E cells and
resolved by RFGE. Equal amounts of DNA (1.5 pg) were loaded in each lane.
Lanes 1 and 2, undigested Hirt DNA from differentiated and undifferentiated
W12-E cells, respectively; lanes 3 and 4, Hirt DNA, linearized with the restriction
enzyme Ncol, from differentiated and undifferentiated cells. Southern analysis
was done with a full-length HPV-16 probe. The arrows indicate monomeric
supercoiled Hirt DNA (1SC), monomeric linear Hirt DNA (1L), monomeric
open circular Hirt DNA (10C), and dimeric open circular Hirt DNA (20C). This
experiment was repeated three times.

termination site. Because of the mixture of hybridization pat-
terns indicative of simple-Y- and double-Y-shaped intermedi-
ates, it was determined that the termination site of HPV-31
DNA replication exists asymmetrically within the fragment
spanning nt 2063 and 6447. This result provides evidence that
HPV-31 DNA replication occurs bidirectionally via theta struc-
tures in undifferentiated cervical epithelial cells.

To determine the mode of HPV-31 DNA replication in
differentiated cervical epithelial cells, the CIN612-9E cells
were induced to differentiate. CIN612-9E cells differ from
W12-E cells in that they do not stratify when maintained in our
high-Ca®* and high-serum medium. The upper layers of the
cells slough off (data not shown). After 10 days in high-Ca**
medium, only 5% of the cells had formed cornified envelopes.
Hirt DNA extracted from these cells and analyzed by a neutral/
neutral two-dimensional gel gave rise to patterns similar to
those in Fig. 10A and C (data not shown). Thus, the alternative
method was used to differentiate the CIN612-9E cells. Cells
were grown suspended in semisolid F medium containing
1.68% methylcellulose and 20% FBS for 10 days. At the end of
the 10-day period, 25% of the cells formed cornified envelopes
comparable to the number in W12-E cells both in high-Ca**
and -serum medium and methylcellulose. To analyze the
HPV-31 DNA RIs from differentiated CIN612-9E cells, Hirt
DNA was isolated from cells suspended in semisolid medium
for 10 days and digested with Ncol, which generated the 3.5-
and 4.4-kb fragments described above. These fragments were
then analyzed on a neutral/neutral two-dimensional gel. The
3.5-kb fragment gave rise to a continuous arc (Fig. 10B). This
arc is indicative of simple-Y-shaped intermediates resulting
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from a single replication fork traversing the molecule. The
absence of a bubble arc indicates that no initiation site exists
between nt 6447 and 2063. The 4.4-kb fragment also gave rise
to a continuous arc (Fig. 10D). The absence of the diagonal
hybridization pattern indicates that no termination site is
present within this fragment in HPV-31 in differentiated cells.
These data are most consistent with a rolling circle mode of
DNA replication where a single replication fork traverses the
molecule in a single direction. Collectively, these data indicate
that the switch in the mode of DNA replication is not specific
to HPV-16 and also occurs in HPV-31.

DISCUSSION

Using two-dimensional gel analyses, we have shown that
there is a switch in the mode of HPV-16 DNA replication
during its life cycle. In the nonproductive stage of the life cycle,
HPV-16 DNA replicates bidirectionally via theta structures.
HPV-16 DNA replication initiates within a bubble located at
approximately nt 100. Termination of replication occurs be-
tween nt 3437 and 4906, where two replication forks converge
to a common site. In the productive stage of the life cycle, the
mode of HPV-16 DNA replication changed. The absence of
bubble and double-Y-shaped DNA RIs indicates that replica-
tion did not occur via theta structures. The presence of only
Y-shaped HPV-16 DNA RIs from differentiated cells is most
consistent with a rolling circle mode of replication (Fig. 11).
This switch in the mode of viral DNA replication occurs in
another HPV high-risk genotype, HPV-31; in undifferentiated
cervical epithelial cells, HPV-31 replicates bidirectionally via
theta structures, while in differentiated cells, the mode changes
to what appears to be a rolling circle mode.

We were able to map with relatively high precision the
initiation site of HPV-16 DNA replication by using a combi-
nation of neutral/neutral and neutral/alkaline two-dimensional
gel methods. The approximate location of the initiation site of
DNA replication was mapped by the neutral/neutral two-di-
mensional gel method to between nt 7463 and 551. To map
more precisely the initiation site by this method, analysis of
small fragments is required. However, fragments smaller than
1,000 bp are difficult to resolve on these gels. Thus, we made
use of the neutral/alkaline two-dimensional gel method to map
more precisely the initiation site. By making use of hybridiza-
tion probes that flanked either side of the region where initi-
ation occurs (nt 7463 to 551) and determining the shortest
nascent leading strand detectable by each probe, we were able
to locate the 5" ends of leading strands to approximately nt 100
on the HPV-16 DNA genome. This finding is significant in that
it locates the initiation of DNA replication to a site proximal to
the cis elements that comprise the minimal origin of DNA
replication (8). These cis elements include an E1 binding site at
nt 7896 to 8 and E2 binding sites at nt 7859 to 7870, nt 34 to 45,
and nt 49 to 61 (6, 8). The finding that replication initiates
proximal to the origin and not randomly on the circular ge-
nome is consistent with the predictions that cis elements
present in the origin direct primer synthesis and/or that E1,
which is thought to assemble the cellular replicative machinery
including DNA polymerase o, does not begin unwinding the
double-stranded viral genome extensively until primer synthe-
sis occurs or elongation begins. The initiation site of DNA
replication of HPV-11 replicons extracted from laryngeal pap-
illomas mapped to a similar region in the genome between nt
7833 and 33 (1). This places the initiation site of HPV-11 DNA
replication within its known minimal origin sequences, nt 7888
to 110 (8). In murine C127 cells, BPV-1 DNA replication
initiates within an E2-responsive enhancer element (E2RE1)
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FIG. 9. Resolution of HPV-16 DNA RIs from undifferentiated and differentiated cervical epithelial cells by neutral/neutral two-dimensional gel electrophoresis.
Shown is a comparison of autoradiographs of Southern blots containing Hirt DNA from undifferentiated and differentiated W12-E cells digested with restriction
enzymes and resolved by neutral/neutral two-dimensional gel electrophoresis. To the right of each pair of autoradiographs is a circular map of the HPV-16 genome.
The region of the viral genome analyzed is indicated by the bold segment of the circular genomic map. (A) Region spanning nt 5990 to 3398 in undifferentiated cells;
(B) region spanning nt 5990 to 3398 in cells 2 days after induction of differentiation; (C) region spanning nt 5990 to 3398 in cells 10 days after induction of differentiation;
(D) region spanning nt 3398 to 5990 in undifferentiated cells; (E) region spanning nt 3398 to 5990 in cells 2 days after induction of differentiation; (F) region spanning
nt 3398 to 5990 in cells 10 days after induction of differentiation. Panels A and D are the same as Fig. 3A and F. Refer to Fig. 2A to interpret migration patterns.

Analyses of all fragments were repeated three or more times.

at bp 7730 = 100 (34) positioned approximately 150 bp 5’ of
the BPV-1 minimal origin sequences, nt 7894 to 33 (33). The
E2RE1 contains four of the strongest E2 binding sites in
BPV-1, while the E2 binding sites within the minimal origin
have weaker affinity for E2 (20). In contrast, the E2 binding
sites within the origin in HPV-16 and HPV-11 are strong E2
binding sites (6). Thus, it is possible that the location of strong
E2 binding sites determines the initiation site of papillomavi-
rus DNA replication. This role of E2 may be limited to its
tethering the E1 protein to the viral genome, which recruits
host cell DNA polymerase o (6, 24). Alternatively, the E2
protein may contribute to the assembly of cellular replication
proteins. E2 is argued to bind RPA (24), a single-stranded
DNA binding protein that is required in vitro for papilloma-
virus replication and is thought to contribute to the capacity for
polymerase « to synthesize DNA (22, 25).

The full papillomavirus life cycle is dependent on the differ-
entiation of the epithelium. Thus, in the undifferentiated basal
layer of the epithelium, the nonproductive stage of the life
cycle takes place, while the differentiating suprabasal layer
supports the productive stage of the life cycle. The clonal cell
populations harboring HPV-16 DNA extrachromosomally,
W12-E cells, and those harboring HPV-31 DNA extrachromo-
somally, CIN612-9E cells, used in this study were derived from
CIN 1 lesions and are competent to support both the nonpro-
ductive and productive stages of the HPV-16 and HPV-31 life
cycles, respectively (2, 10, 16-18, 29, 30). When these cells were
maintained in the undifferentiated state (i.e., nonproductive
infective state), HPV-16 and HPV-31 DNA replicated bidirec-
tionally via theta-structure RlIs. In murine C127 cells, BPV-1
DNA replication also occurs bidirectionally via theta-structure

RIs. The similarity in the mode of BPV-1 DNA replication in
C127 cells and HPV-16 and HPV-31 DNA replication in the
naturally infected cervical epithelial cells seen in this study
supports the notion that the C127 cells are an appropriate cell
type for studying the nonproductive stage of the viral life cycle.

To study the productive stage of the viral life cycle in tissue
culture, the three-dimensional architecture of the epithelium
must be reproduced. Organotypic or raft cultures have been
used to recreate the three-dimensional architecture of the ep-
ithelium and reproduce the productive stage of the HPV-31
life cycle (2, 10, 23). However, raft cultures are small and
insufficient at producing the large quantities of differentiated
cells needed to analyze DNA RIs by two-dimensional gel elec-
trophoretic methods. Thus, to study the mode of HPV-16
DNA replication in the productive stage of the life cycle, two
alternative approaches were used to induce epithelial cell dif-
ferentiation. One approach was to maintain confluent epithe-
lial cell monolayers in a high-calcium and -serum medium for
up to 10 days (13, 32). The other was to suspend the cells in
methylcellulose containing a high percentage of serum for up
to 10 days (13, 32). Differentiation was demonstrated by the
formation of cornified envelopes, the presence of suprabasal
keratins, and by ultrastructural analysis. Both methods of in-
ducing differentiation resulted in ~35% cornified envelopes
after 10 days. Induction of differentiation by high-calcium and
-serum in WI12-E cells gave rise to aggregates of virus-like
particles measuring ~55 nm in diameter (Fig. 7) in many
nuclei, which were not apparent in differentiated normal HFKs
(data not shown). This is a strong indication that the HPV-16
life cycle can be reproduced when cells are induced to differ-
entiate by high calcium and serum. This method of differenti-
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FIG. 10. Resolution of HPV-31 DNA RIs from undifferentiated and differentiated cervical epithelial cells by neutral/neutral two-dimensional gel electrophoresis.
Shown is a comparison of autoradiographs of Southern blots containing Hirt DNA from undifferentiated and differentiated CIN612-9E cells digested with restriction
enzymes and resolved by neutral/neutral two-dimensional gel electrophoresis. To the right of each pair of autoradiographs is a circular map of the HPV-31 genome.
The region of the viral genome analyzed is indicated by the bold segment of the circular genomic map. (A) Region spanning nt 6447 to 2063 in undifferentiated cells;
(B) region spanning nt 6447 to 2073 in cells 10 days after induction of differentiation by methylcellulose; (C) region spanning nt 2063 to 6447 in undifferentiated cells;
(D) region spanning nt 2063 to 6447 in cells 10 days after induction of differentiation by methylcellulose. Refer to Fig. 2A to interpret migration patterns. Analyses

of all fragments were repeated three or more times.

ation is advantageous for biochemical assays requiring large
amounts of differentiated epithelial cells.

To study HPV-31 DNA RIs in differentiated cells,
CIN612-9E cells were induced to differentiate by high Ca®*
and serum and by suspension in 1.68% methylcellulose con-
taining 20% FBS. CIN612-9E cells were found to behave dif-
ferently from W12-E cells in the high-Ca®>* and -serum me-
dium. The CIN612-9E cells did not stratify and had only 5%
cornified envelopes, compared to 35% in W12-E cells under
the same conditions. Additionally, Hirt DNA from these cells
analyzed on a neutral/neutral two-dimensional gel gave rise to
hybridization patterns consistent with a theta mode of replica-
tion (data not shown). When CIN612-9E cells were induced to
undergo differentiation by suspension in methylcellulose for 10
days, the amount of cornified envelopes increased to 25%,
which is comparable to the percentage found in W12-E cells
under the same condition. Hirt DNA isolated from CIN612-9E
cells induced to undergo differentiation by suspension in meth-
ylcellulose gave rise to hybridization patterns most consistent
with a rolling circle mode of DNA replication. The fact that
only the epithelial cells with a large percentage of cornified
envelopes gave rise to patterns consistent with a rolling circle
mode of replication provides further evidence that differenti-
ation of the epithelial cells is necessary for the switch in the
mode of replication to occur.

Rolling circle DNA replication exhibits certain characteris-
tics: it is unidirectional, and one initiation event leads to the
generation of multiple copies of the genome. These character-
istics result in distinct hybridization patterns by neutral/neutral
two-dimensional gel electrophoresis. Hirt DNA extracted from

W12-E cells induced to undergo differentiation by high calcium
and serum or methylcellulose gave rise to continuous arc hy-
bridization patterns indicative of Y-shaped RIs (Fig. 9). The
difference in shape of the DNA RIs in undifferentiated and
differentiated cells indicates that a switch in the mode of DNA
replication has occurred. The nature of the DNA RIs in dif-
ferentiated cells provides evidence that is consistent with a
rolling circle mode of DNA replication. RFGE analyses per-
formed on DNA from undifferentiated and differentiated pop-
ulations of W12-E cells indicated no gross change in the nature
of the HPV DNA (Fig. 8). This result indicates the Y forks
detected by neutral/neutral two-dimensional analysis in the
differentiated cells did not arise due to theta-mode replication
of multimeric forms of HPV-16 DNA. This result also indi-
cates that any large RIs must be short lived. Neutral/alkaline
two-dimensional gel electrophoresis was also performed with
undigested Hirt DNA extracted from differentiated W12-E
cells. Southern analysis indicated an absence of resolvable nas-
cent strands from the newly synthesized leading-strand DNA
(data not shown), similar to that seen in Fig. 4, panel 5, and
indicative that leading strands are genome length or longer.
This result is also consistent with a rolling circle mode of DNA
replication. BPV-1 has also been shown to have the ability to
undergo rolling circle DNA replication. In rodent cells, a
BPV-1 mutant replicates its DNA to a very high copy number
by a rolling circle mechanism. This mutant is thought to mimic
events in the productive stage of the viral life cycle (7). Addi-
tionally, lariat structures of BPV-1 DNA were detected by EM
analysis of DNA isolated from purified BPV-1 virions consis-
tent with a rolling circle mode of DNA replication in the
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FIG. 11. Interpretation of results from two-dimensional gel analyses of
HPV-16 DNA RIs from undifferentiated and differentiated W12-E cells. Shown
are the types of structures detected by two-dimensional gel analysis of regions of
the HPV-16 genome. Shown are the DNA RIs found in undifferentiated W12-E
cells (left). The region between nt 7463 and 551 contains a bubble-shaped RI
indicative of an initiation site (a). The flanking regions between nt 551 and 3398
(b) and nt 4466 and 7463 (c) contained Y-shaped intermediates indicative of a
single replication fork traversing the molecule. The region between nt 3398 and
4466 (d) contained double Y-shaped intermediates which are indicative of a
termination site. These results indicate that HPV-16 replicates by theta struc-
tures in these cells. Shown are RIs found in differentiated W12-E cells (right). All
regions contained Y-shaped intermediates indicating that no initiation or termi-
nation of theta structures was present (right). These intermediates are most
consistent with a rolling circle mode of replication.

productive stage of the life cycle (4). Others have analyzed
HPV-11 DNA RIs extracted from laryngeal papillomas, which
tend to contain mature virions and highly amplified viral DNA
(1, 19, 31). Thus, it was argued that the RIs analyzed in that
study were primarily from the productive stage of the life cycle
(1). Neutral/neutral two-dimensional gel analyses indicated
that the majority of RIs were theta structured and only a
minority were possibly of the rolling circle type (1). This find-
ing argues that there is a difference in the mode of DNA
replication in low- versus high-risk HPV genotypes during the
productive stage of the viral life cycle. Further studies must be
carried out to confirm this difference and understand the un-
derlying basis.

The cell environment of a differentiated cell is different than
that of an undifferentiated cell. Undifferentiated epithelial
cells, site of the nonproductive stage of the viral life cycle, are
mitotically active and produce factors, such as DNA polymer-
ase a/primase, DNA polymerase &/proliferating cell nuclear
antigen, RPA, and Topo I and II, which are necessary for DNA
replication (6). The environment of the differentiated epithe-
lial cell is not favorable for DNA replication, yet this is where
HPV-16 amplifies its DNA. Differentiated epithelial cells are
no longer cycling or producing the factors necessary for DNA
replication (5, 9). Since the papillomavirus is dependent on
these factors for its DNA replication, the virus must overcome
these barriers in differentiated cells. It is possible that the
papillomavirus switches to a rolling circle mode of replication
as a way of escaping the unfavorable conditions of the differ-
entiated cell. A theta mode of replication requires initiation
with every round of replication. This includes E2 tethering E1
to the origin and allowing the recruitment of DNA polymerase

J. VIROL.

o, which is limiting in differentiated cells. By switching to a
rolling circle mode, one initiation event leads to the generation
of multiple daughter DNA molecules, thus facilitating the gen-
eration of large amounts of DNA. It will also be important to
understand what controls HPV-16 DNA replication in the late
stage of the life cycle and to determine the cis and trans ele-
ments necessary for the switch in the mode of DNA replication
in the productive stage of the life cycle. It is possible that
HPV-16 DNA replicates by using different cis and trans ele-
ments to replicate its DNA throughout the life cycle as has
been demonstrated in Epstein-Barr virus, which undergoes
DNA replication via theta structures in the latent stage of its
life cycle and via rolling circles in the lytic stage (14, 28, 35).
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