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Infections by low-risk papillomavirus types, such as human papillomavirus (HPV) type 6 (HPV-6) and
HPV-11, induce benign genital warts that rarely progress to malignancy. In contrast, lesions induced by
high-risk HPV types have the potential to progress to cancer. Considerable information is available concerning
the pathogenesis of high-risk HPV types, but little is known about the life cycle of low-risk HPV types. Although
functionally distinct, both high- and low-risk virus types infect keratinocytes and induce virion production
upon differentiation. This information suggests that they may share common mechanisms for regulating their
productive life cycles. Using tissue culture methods developed to study high-risk HPV types, we examined the
ability of HPV-11 to be stably maintained as episomes following transfection of normal human keratinocytes
with cloned viral DNA. HPV-11 genomes were found to be maintained in keratinocytes for extended passages
in cultures in 14 independent experiments involving transfection of cloned HPV-11 DNA. Interestingly, the
HPV-11-positive cells exhibited an extended life span that averaged approximately twofold longer than that of
control neomycin-transfected cells. In organotypic cultures, HPV-11-positive cells exhibited altered differen-
tiation patterns, but the extent of disruption was less severe than that seen with high-risk HPV types. In
addition, the amplification of HPV-11 DNA, as well as the induction of several viral messages, was observed
following differentiation of transfected cells in semisolid media. To determine whether global changes in
cellular gene expression induced by HPV-11 were similar to those observed with high-risk HPV-31 (Y. E. Chang
and L. A. Laimins, J. Virol. 74:4174-4182, 2000), microarray analysis of 7,075 expressed sequences was
performed. A spectrum of cellular genes different from that previously reported for HPV-31 was found to be
activated or repressed by HPV-11. The expression of only a small set of genes was similarly altered by both
high- and low-risk HPV types. This result suggests that different classes of HPVs have distinct effects on global
cellular transcription patterns during infection. The methods described allow for a genetic analysis of HPV-11
in the context of its differentiation-dependent life cycle.

Both high- and low-risk human papillomaviruses (HPVs)
infect keratinocytes in the genital tract. The high-risk HPV
types, such as HPV type 16 (HPV-16), HPV-18, and HPV-31,
are the etiologic agents of cervical cancers; their oncoproteins
are able to efficiently immortalize keratinocytes in tissue cul-
tures (11, 20). The low-risk types, such as HPV-6 and HPV-11,
induce benign genital warts but are unable to immortalize cells
in vitro. Although functionally distinct, both virus types are
able to induce virion production upon differentiation, suggest-
ing that they share common mechanisms for modulating cell
cycle control (7).

The productive life cycles of all HPV types are closely asso-
ciated with the differentiation program of epithelial cells (13).
Consequent to infection, viral genomes are established and
replicate as episomes in basal cells coincident with cellular
replication. Following replication in basal cells, HPV-positive
daughter cells migrate away from the basal layer and begin to
differentiate. In the suprabasal layers, HPV-positive cells are
induced to enter S phase, resulting in amplification of the viral
genomes, expression of late transcripts, production of capsid
proteins, and assembly of progeny virions (12). Similar events
are thought to occur in the productive life cycles of all papil-
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lomaviruses, although details of these processes have been
studied only for the high-risk types.

Tissue culture methods have been developed to propagate
high-risk types of HPVs with keratinocytes derived from biop-
sies or transfected with cloned HPV DNAs (24, 16). Keratin-
ocytes isolated from biopsies of low-grade cervical lesions can
be propagated as monolayer cultures and often become im-
mortal. These cell lines maintain viral DNA as episomes and,
upon differentiation either in organotypic cultures or by sus-
pension in semisolid media, induce late viral functions, such as
amplification of viral DNA, activation of late transcripts, and
synthesis of virions (14, 21). Similar effects are seen with cell
lines that maintain viral episomes generated by transfection of
normal human keratinocytes with cloned high-risk HPV DNA
(3, 4, 16, 21). In contrast, cells that contain only integrated
copies of viral DNA fail to amplify genomes and are unable to
activate late gene expression upon differentiation (3). Two
major promoters for high-risk HPV-31 have been identified by
these methods (8, 19). In undifferentiated cells, the majority of
transcripts initiate upstream of the E6 open reading frame and
terminate downstream of ES. These transcripts are polycis-
tronic and express a variety of HPV genes as a result of alter-
native splicing. Upon differentiation, transcripts that encode
the capsid genes are induced from a promoter in the E7 open
reading frame (8, 19). The use of a promoter in the early
region to activate capsid gene expression requires an addi-
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tional level of regulation through the differential use of tandem
polyadenylation sites (25).

The ability to duplicate the productive HPV life cycle using
transfected cloned DNAs has allowed for a genetic analysis of
viral functions in a physiologically relevant context (10, 23, 24.
26). These studies have been facilitated by the ability of high-
risk HPV genomes to efficiently immortalize normal human
keratinocytes. Despite the inability of low-risk HPV types to
immortalize normal keratinocytes, we investigated whether
similar methods could be used to study the life cycle of HPV-11
in a tissue culture model. We observed that cloned HPV-11
genomes could be readily established as episomes in normal
keratinocytes following transfection. These HPV-11-positive
keratinocyes exhibited an extended life span in monolayer cul-
tures as well as altered patterns of differentiation in organo-
typic rafts. Microarray analysis of HPV-11-positive cells iden-
tified cellular genes that were activated or repressed, and many
were distinct from those previously seen with high-risk HPV-31
(1). This study establishes a system for the genetic manipula-
tion of the low-risk genome that can elucidate the differences
between low- and high-risk virus types.

MATERIALS AND METHODS

Cell cultures and plasmids. Human foreskin keratinocytes (HFKs) were de-
rived from neonatal human foreskin epithelia as previously described (6) and
were maintained in serum-free keratinocyte growth medium (Clonetics, San
Diego, Calif.). HPV-11 genome transfectants and control HFKs were grown in
serum-containing medium (E medium) supplemented with 5 ng of mouse epi-
dermal growth factor (Collaborative Biomedical Products, Bedford, Mass.)/ml in
the presence of mitomycin C-treated J2 3T3 fibroblast feeders kindly provided by
the Howard Green laboratory. All cells were treated with 0.5 mM EDTA in
phosphate-buffered saline [PBS]) to remove fibroblast feeders prior to harvest-
ing. Plasmid pBR322.HPV11 contains the HPV-11 genome inserted into the
BamHI site of pBR322, and pSV,neo encodes the neomycin drug resistance
gene.

Transfection of HFKs. Ten micrograms of the pBR322.HPV11 construct was
digested with BamHI to release viral genomes. The restriction enzyme was heat
inactivated, and genomes were unimolecularly ligated in the same buffer with T4
DNA ligase (10 U/900 pl). The DNA was then precipitated with isopropyl
alcohol and resuspended in 10 mM Tris—-1 mM EDTA (pH 7.5). The religated
DNA was cotransfected with 2 pg of the selectable marker, pSV,neo, into HFKs
with LipofectAce (Gibco BRL, Grand Island, N.Y.) as described by the manu-
facturer. At 1 day posttransfection, cells were plated onto mitomycin C-treated
fibroblast feeders in E medium. Selection began with G418 (Gibco BRL) on day
2 posttransfection as follows: 200 mg of G418/ml every 2 days for a total of 4 days
and then 100 mg of G418/ml every 2 days for an additional 4 days. After
selection, pooled populations were expanded for analyses.

Differentiation of keratinocytes in raft cultures. HFKs and HPV-11 transfec-
tants were induced to differentiate in raft cultures as previously described (15).
Briefly, cells were plated on a solidified collagen matrix containing J2 3T3
fibroblasts, allowed to grow to confluence, and then transferred to a metal grid,
which provided an air-liquid interface for differentiation. Cultures were har-
vested at 14 days, fixed in 4% paraformaldehyde, paraffin embedded, sectioned,
and stained with hematoxylin and eosin for visualization of differentiated raft
tissue.

Differentiation of keratinocytes in semisolid media. HFKs and HPV-11 trans-
fectants were suspended in 1.6% methylcellulose to induce differentiation. The
methylcellulose solution was prepared by adding half of the final volume of E
medium containing 5% fetal bovine serum to autoclaved dry methylcellulose
(4,000 cps; Sigma, St. Louis, Mo.) and heating the mixture in a 60°C water bath
for 20 min. The remaining E medium containing 10% fetal bovine serum was
added, and the mixture was stirred at 4°C overnight until clear. Approximately
1 X 10° to 2 X 10° keratinocytes were harvested by trypsinization, resuspended
in 1 ml of E medium, and added dropwise to a 6-cm petri dish containing 15 ml
of 1.6% methylcellulose. Cells were stirred with a pipette and incubated at 37°C
in a humidified CO, incubator for various times. Cells in methylcellulose were
harvested by scraping into two 50-ml conical tubes, washing with PBS (50 ml)
three times, combining into a 15-ml conical tube for a final PBS wash, and
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pelleting by centrifugation. Samples were then subjected to Southern analyses to
detect HPV-11 genomic DNA and Northern analyses to examine transcripts.

Southern blot analyses. Total genomic DNA from HPV-11 transfectants was
prepared by resuspension of the cell pellet in lysis buffer (400 mM NaCl, 10 mM
Tris-HCI [pH 7.4], 10 mM EDTA); the addition of RNase A (50 wg/ml), pro-
teinase K (50 pg/ml), and sodium dodecyl sulfate (SDS) (0.2%); and incubation
at 37°C overnight. DNA was sheared by passage through an 18-gauge needle
approximately 10 times, extracted with phenol-chloroform, and precipitated with
ethanol. Five micrograms of total genomic DNA was digested with Dpnl to
remove any residual input DNA. Digested DNA was separated on an 0.8%
agarose gel, treated, and alkaline transferred to a DuPont GeneScreen Plus
nylon membrane (NEN Research Products, Boston, Mass.) as described by the
manufacturer. The membrane was prehybridized in 50% formamide-4X SSPE
(1X SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH 7.7])-5X
Denhardt’s solution-1% SDS-10% dextran sulfate-0.1 mg of denatured herring
sperm DNA/mI for 1 h at 42°C. The HPV-11 probe was prepared by gel purifi-
cation of the entire HPV-11 genome from pBR322.HPV11 digested with BamHI
and labeling with the Ready-to-go DNA labeling kit (Amersham Pharmacia,
Piscataway, N.J.). The labeled probe was purified with ProbeQuant G-50 Micro
Columns (Amersham Pharmacia), denatured, added to fresh hybridization so-
lution, and incubated with the membrane at 42°C overnight. The membrane was
washed twice with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% SDS for 15 min at room temperature, twice with 0.5X SSC-0.1%
SDS for 15 min at room temperature, twice with 0.1X SSC-0.1% SDS for 15 min
at room temperature, and once with 0.1X SSC-1% SDS for 30 min at 50°C.
Hybridizing species were visualized by autoradiography.

Analyses of HPV-11 late transcripts. Total RNA was isolated from methyl-
cellulose-treated normal HFKs and HPV-11 transfectants with TRIzol reagent
(Gibco BRL) as described by the manufacturer and examined by Northern
analyses as follows. Ten micrograms of total RNA was separated on a 1.0%
agarose-2.2 M formaldehyde gel in 1X morpholinepropanesulfonic acid
(MOPS) buffer (10X MOPS buffer is 0.2 M MOPS, 50 mM sodium acetate, and
10 mM EDTA) and transferred to a Zeta-Probe membrane (Bio-Rad) as de-
scribed by the manufacturer. After cross-linking, the membrane was prehybrid-
ized in 1 mM EDTA-0.5 M Na,HPO,~7% SDS for 10 min at 65°C. The HPV-11
probe was prepared by gel purification of the E4-E5 region of HPV-11 from
pBR322.HPV11 digested with HindIIl and BamHI and labeling with the Ready-
to-go DNA labeling kit. The labeled probe was purified with ProbeQuant G-50
Micro Columns, denatured, added to fresh hybridization solution, and incubated
with the membrane overnight at 65°C. The membrane was washed twice with 2X
SSC-10% SDS for 5 min at room temperature and twice with 0.2X SSC-1% SDS
for 30 min at 55°C. Hybridizing species were visualized by autoradiography.

Microarray analyses. Total RNA was isolated from normal HFKs and
HPV-11 transfectants with TRIzol reagent. Fibroblast feeders were removed
prior to RNA isolation by treatment with 0.5 mM EDTA in PBS. Poly(A) RNA
was further purified using Oligotex columns (Qiagen, Valencia, Calif.). Gener-
ation of cDNA, fluorescent labeling with Cy3 and Cy5, and hybridization were
performed as previously described (1). A total of 7,075 human genes and ex-
pressed sequence tags (ESTs) were examined on the Human UniGem V array
(Incyte Pharmaceuticals, Palo Alto, Calif.) and analyzed with the help of GEM
tools 2.4 software. A gridding and region detection algorithm was used to de-
termine each element. The area surrounding each element was used to calculate
a local background and was subtracted to calculate Cy3/Cy5 ratios. The average
of the resulting Cy3 and Cy5 signals gave a ratio that was used to balance or
normalize the signals. Confirmation of a representative subset of the microarray
findings was carried out by Northern analyses as described above.

RESULTS

Low-risk HPV-11 genomes are stably maintained in HFKs
for multiple passages. We first investigated whether it was
possible to isolate keratinocytes that maintain episomal copies
of HPV-11 following transfection of cloned viral DNA. For
these experiments, we used tissue culture techniques previ-
ously developed for the study of HPV-31 and HPV-18 (3, 4).
HFKs were transfected, together with plasmid pSV,neo in
trans, through the use of liposomes with recircularized HPV-11
DNA restricted from pBR322.HPV11 as described in Materi-
als and Methods. Following selection for neomycin resistance,
pooled colonies were expanded; a subset was harvested ap-
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FIG. 1. Autoradiogram of Southern analysis of HFKSs stably trans-
fected with cloned HPV-11 DNA. Std, linear HPV-11 DNA standard.
Each pair of numbered lanes (e.g., 1 and 2) represents an indepen-
dently derived pooled culture. Equal amounts of total genomic DNA
were digested with Dpnl to remove residual input DNA. Even-num-
bered lanes were digested with Dpnl and HindIII to linearize the
HPV-11 genomes, while odd-numbered lanes contained DNAs which
were digested with Dpnl alone. Faster-migrating species in odd-num-
bered lanes represent supercoiled episomes of HPV-11.

proximately 4 weeks posttransfection. Typically, 20 to 50 indi-
vidual colonies were pooled for these analyses.

Southern analyses were performed on Dpnl-digested total
genomic DNA from 14 separate pooled cultures of HFKs
isolated from four different donors. The results of four analy-
ses, each representing a different primary HFK isolate, are
shown in Fig. 1. In all analyses, supercoiled copies of HPV-11
DNA were observed. By comparison to copy number stan-
dards, we observed an average copy number of approximately
50 at early passages, with a two- to threefold variation between
pooled transfected colonies from different donors. Southern
analyses of transfectants at late passages, as well as frozen and
thawed cells, showed retention of HPV-11 episomes, although
there was a reduction in copy numbers at later passages, prior
to senescence (data not shown).

The short-term maintenance of transfected HPV-11 ge-
nomes as episomes has been previously observed (17), but
these cells quickly lost viral genomes and did not exhibit ex-
tended life spans. In our studies, episomal copies of the
HPV-11 genome were maintained for multiple passages in
cultures. Furthermore, HPV-11-positive cells exhibited life
spans that, on average, were approximately twice those of cells
transfected with a simian virus 40-driven neomycin resistance
gene alone (Table 1). One passage consists of approximately a
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1-to-5 split every 4 days. Results from multiple transfection
experiments with the same donor keratinocytes, as well as
transfection experiments with different donor backgrounds, ex-
hibited comparable extensions in life spans. In some instances,
HPV-positive keratinocytes could be maintained in cultures
for over 3 months without undergoing senescence. One pooled
culture, HFK-HPV11-D, was still actively dividing after 54
passages. We cannot exclude the possibility that this significant
extension of life span in the HFK-HPV11-D cells was due to a
spontaneous mutation of a cellular gene, as we have not seen
similar effects with other pooled cultures of HPV-11-positive
cells. Overall, these data indicate that keratinocytes trans-
fected with cloned HPV-11 sequences exhibit extended life
spans and stably replicate viral genomes as episomes.

HPV-11 transfectants exhibit altered differentiation in raft
cultures. It was important to examine whether the morpholog-
ical differentiation of HPV-11-positive keratinocytes was al-
tered in organotypic raft cultures, as was previously observed
for cells transfected with high-risk HPV-31 or HPV-18 (3, 4,
16). Normal keratinocytes rapidly lose nuclei upon differenti-
ation, while cells that express high-risk HPVs maintain nuclear
staining throughout the suprabasal layers. To investigate
whether HPV-11-transfected keratinocytes exhibited altered
differentiation programs similar to those seen with HPV-31
transfectants, we performed organotypic raft culture analyses.

As shown in Fig. 2A and B, respectively, untransfected cells
and neomycin-treated control transfectants demonstrated nor-
mal differentiation patterns in the raft cultures, with nuclear
staining predominantly localized to cells in the basal layers. In
contrast, HPV-31-positive cells showed a dramatically altered
differentiation pattern, with a thickening of the basal layer and
nuclear staining throughout all layers (Fig. 2C). While orga-
notypic rafts of HPV-11 transfectants demonstrated an altered
differentiation pattern compared to that of neomycin-treated
controls (Fig. 2D to F), the changes appeared to be less severe
than those seen with HPV-31-positive cells. Similar results
were observed for raft cultures of six different HPV-11 trans-
fectants in two independent experiments. Although nuclei
were generally maintained throughout all differentiated layers,
some regions of the HPV-11 rafts exhibited less pronounced
retention of nuclei. We cannot exclude the possibility that this
observation was due to the generation during transfection of
neomycin-resistant keratinocytes that lacked HPV-11 DNA. In
addition, we observed a spectrum of changes in the degree to
which nuclei were retained in suprabasal cells in different
pooled cultures, and this finding correlated with the average
HPV-11 copy number in these cells.

TABLE 1. Life spans of HFKs transfected with HPV-11 genomes

HEK No. of passages No. of
population® Transfected Control experiments
A 10 5 4
B 14 5 4
C 24 11 3
D >54P 10 3

“ A, B, C, and D denote primary keratinocytes isolated from different donors.
All were transfected with HPV-11.
b Cells were stopped and frozen at passage 54.
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FIG. 2. Stained sections of organotypic raft cultures. Normal and transfected HFKs were induced to differentiate in raft cultures as described
in Materials and Methods. Paraffin-embedded tissues were sectioned and stained with hematoxylin and eosin for visualization of differentiation.
(A) Normal HFKs. (B) Neomycin-treated control transfected HFKs. (C) HPV-31-transfected HFKs. (D to F) Three independent HPV-11-
transfected HFKs. The asterisk in panel A indicates the basal layer, while the bar identifies suprabasal cells. The arrows in panels C and F identify

nuclei in suprabasal layers.

HPV-11 genomes are amplified in HFKs upon differentia-
tion. To determine whether the altered differentiation of HPV-
11-transfected cells correlated with the induction of late viral
functions, we examined the ability of these stably transfected
cells to induce differentiation-dependent amplification of viral
DNA. A simple method to induce differentiation is the sus-
pension of keratinocytes in semisolid media. Previous studies
using HPV-31-positive keratinocytes demonstrated that sus-
pension in methylcellulose leads to viral DNA amplification
that can be detected by Southern analyses (21). HPV-11-pos-
itive cells were suspended in methylcellulose as described in
Materials and Methods, and total genomic DNA was isolated
at various times for Southern analyses.

As shown in Fig. 3, amplification of HPV-11 DNA was
detected following suspension in methylcellulose, with some
transfectants exhibiting an increased signal by 24 h (Fig. 3A)
while others exhibited maximum amplification at 48 or 72 h
(Fig. 3B and C, respectively). In addition, approximately one-
half of the pooled cultures did not exhibit amplification of viral
DNA (Fig. 3D). It appeared that pooled cultures with high
average copy numbers of HPV-11 episomes were more likely
to show amplification, while cultures with low average copy
numbers were less likely to do so. In addition, pooled cultures
that amplified viral DNA were able to do so reproducibly in
multiple experiments.

A. B.
0 24 48 hrs. 0 48 hrs.
- — ——

C. D.
0 72 hrs. 0 24 48 hrs.

FIG. 3. Autoradiograms of four independent Southern analyses
showing differentiation-dependent amplification of HPV-11 DNA fol-
lowing suspension in methylcellulose. The results for three different
pooled HPV-11 cultures (HPV-11-1, HPV-11-2, and HPV-11-3) are
shown. In addition, two separate experiments using one pooled culture
(HPV-11-1) are shown. HPV-11-positive cells were suspended in semi-
solid media at the indicated times to induce differentiation. Equal
amounts of total genomic DNA were digested with HindIII to linearize
the HPV-11 genomes and analyzed by Southern analyses as described
in Materials and Methods. (A) HPV-11-1 cells with amplification fol-
lowing suspension in methylcellulose. (B) Amplification of DNA from
HPV-11-1 cells in a second experiment. (C) Amplification of HPV-
11-3 DNA at 72 h in methylcellulose. (D) Lack of significant amplifi-
cation of HPV-11 DNA from HPV-11-2 cells.
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FIG. 4. Northern analysis of HPV-11-positive cells following sus-
pension in methylcellulose (MC). Total RNA was isolated at various
times from two pooled cultures (HPV-11-3 and HPV-11-4) that had
demonstrated amplification following suspension in methylcellulose.
An increase in a 1.2-kb band is seen upon differentiation in both
cultures, and additional, larger transcripts are also induced most prom-
inently at 72 h. 28S and 18S rRNA markers correspond to molecular
sizes of approximately 4.7 and 1.8 kb, respectively. The Northern blot
was hybridized with a probe from the E4-ES region of HPV-11.

HPV-11 differentiation-dependent transcripts are expressed
upon suspension in methylcellulose. We next examined the
patterns of viral expression in several pooled HPV-11 trans-
fectants which stably maintained viral episomes. We chose to
examine cultures that were able to amplify viral DNA upon
differentiation. The results of Northern analyses for two inde-
pendent pooled transfection cultures are shown in Fig. 4. In
undifferentiated keratinocytes, two major sets of transcripts
were observed. The major viral transcript detected was approx-
imately 1.5 kb, while a less prominent transcript of approxi-
mately 2.0 kb was also seen. These could potentially initiate
upstream of E6 or upstream of E7 and encode E1, E4, or ES
and would be consistent with the two early promoters previ-
ously described for low-risk HPV types (22). Following differ-
entiation in methylcellulose, three additional transcripts ap-
peared or showed more pronounced intensity. The larger
transcripts have the potential to encode messages for L1 or L2,
but a more detailed analysis would be required for definitive
identification. For HPV-31-positive cells, the intensity of tran-
scripts encoding E1 E4 has been shown to increase upon dif-
ferentiation (8, 19). The increased intensity of the band at
about 1.4 kb would be consistent with such transcripts (Fig. 4).
The pattern of hybridization seen in Fig. 4 is very similar to
that observed with RNA extracted from an HPV-11-positive
condyloma acuminatum lesion (18). In that analysis, a major
hybridizing species at 1.4 kb was also observed, with less in-
tense bands at 1.8, 4.4, and 4.7 kb. This result suggests that the
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keratinocytes which stably maintain HPV-11 episomes and
which were derived following transfection of cloned DNA have
transcription patterns similar to those of cells isolated from
HPV-11-positive lesions.

Microarray analyses. Previous studies have used microarray
methods to examine global changes in cellular gene expression
induced by HPV-31 in keratinocytes that stably maintain viral
episomes. Accordingly, we examined HPV-11-positive keratin-
ocytes for global alterations in cellular gene expression to de-
termine whether changes induced by low-risk types were sim-
ilar to those observed for high-risk types. For this analysis,
mRNA was isolated from a proliferating monolayer culture of
pooled keratinocytes that maintained transfected HPV-11 ge-
nomes extrachromosomally and that demonstrated amplifica-
tion upon differentiation. For comparison, mRNA was isolated
from an untransfected monolayer culture of cells from the
same HFK donor as that used for the generation of the HPV-
11-positive keratinocytes at a comparable passage number. A
total of 7,075 expressed sequences were analyzed by microar-
ray analysis. Only 5 genes were found to be repressed by
HPV-11 gene products by more than 2.0-fold, while 41 were
repressed by 1.6-fold or more (Table 2). We also observed that
only one interferon-inducible gene, that for interferon-induced
protein 1-8U, was even moderately repressed (—1.2-fold). This
result is in contrast to the significant number of interferon-
inducible genes that were found to be repressed in the HPV-31
microarray analysis (1).

Figure 5 shows a direct comparison of the expression of
Stat-1, MxA, and defensin for normal human keratinocytes,
HPV-11-positive cells, and HPV-31-positive cells. The expres-
sion of these genes in HPV-11-positive cells was slightly ele-
vated or comparable to that seen in normal keratinocytes. In
contrast, the levels of these transcripts were substantially re-
duced in HPV-31-positive cells. Interestingly, the expression of
several keratinocyte-specific genes, such as those for desmo-
plakin and desmocollin, was not significantly altered by
HPV-11 (data not shown).

In contrast to the small number of genes found to be re-
pressed by HPV-11 gene products, we observed 76 expressed
sequences to be activated by twofold or more. The 43 genes
activated by more than 2.2-fold are shown in Table 2. The
genes activated to the highest degree were members of the
interferon-inducible family—those for p27 (+4.4-fold) and the
56-kDa protein (3.1-fold). No other readily discernible families
of genes could be identified. Other notable genes activated by
HPV-11 included those for the transforming growth factor
B-induced 86-kDa protein (2.8-fold), defensin (2.4-fold), des-
moglein 1 (2.3-fold), Stat-1 (1.7-fold), and COX2 (1.7-fold).
The expression of six representative genes (those for Stat-1,
MxA, IFI-56, HBD-1, SKALP, and PAI-2) in the microarray
analysis was also confirmed by Northern analysis (data not
shown). This analysis indicates that high- and low-risk HPV
types target distinct sets of cellular genes during their produc-
tive life cycles and that only a small number of genes are
similarly affected.

DISCUSSION

An understanding of the basic mechanisms that regulate the
productive life cycle of HPVs requires knowledge of the dif-
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TABLE 2. Genes and ESTs activated or repressed by HPV-11

Difference in

Difference in

GenBank . GenBank ;
p . Gene name expression . Gene name expression
accession no. (fold) accession no. (fold)

V01512 v-fos homolog =35 X03557 p56 interferon inducible 3.1
AI272010 Early growth response 1 -33 AA307912 EST 2.8
AI817864 Centromere protein -33 AIB02950  Microfibril glycoprotein 2.8
M60047 Heparin-binding protein -22 M77349 Transforming growth factor beta-induced 68K 2.8
U49260 Mevalonate decarboxylase -22 AA937212  EST 2.7
J04076 Early growth response 2 -19 AAS552360 Translation initiation factor kinase 2.6
AF006043 3-Phosphoglycerate dehydrogenase -1.9 Y15060 Galactosyltransferase 2.6
X64330 ATP citrate lyase -19 AlI86325 EST 2.5
M83665 High-mobility-group protein 2 -1.8 AA58374  S100 calcium-binding protein 25
U02019 Heteroribonucleoprotein -1.8 AA336592  Spermidine acetyltransferase 2.5
L12711 Transketolase -1.8 U51903 GTPase-activating protein 25
X53416 Filamin A -1.8 M31551 Plasminogen activator inhibitor type II 2.5
Y11484 Phosphoenolpyruvate carboxykinase 2 -1.8 1341551 Laminin 2.5
D13633 KIAAQ08 protein -1.8 AA675919  Testis 5 cDNA 25
U25725 Centromere protein F -1.8 U50931 Defensin 2.4
AI684439  EST -1.7 AF007153  EST 24
X12597 High-mobility-group protein 1 -1.7 AA460433  Leukocyte protease inhibitor 2.4
U23143 Serine hydroxymethyltransferase -1.7 AF010309  Quinone oxidoreductase 2.4
X16396 Methylene tetrahydrofolate dehydrogenase -1.7 N92840 EST 2.4
AI631255  Proliferating cell nuclear antigen -1.7 H03260 EST 2.4
Mo60278 Diphtheria toxin receptor -1.7 AI245471  Ras homolog 2.3
AC004770 hFENI1 -1.7 AI763171  Kidl2 23
AI417997 HOX 2 -1.7 AI336522  EST 23
U82984 Brain INB -1.7 AI341820  EST 23
AI707962  Small cytokine member 19 -1.6 AI306588  EST 23
AA315491 Nuclear helicase-DEAD box family -1.6 AI288887  EST 2.3
AF060866 Zinc finger protein 200 -1.6 D79783 EST 2.3
AF01808  Mediterranean fever -1.6 AB097935  KIAA0554 protein 2.3
U50327 Protein kinase C substrate 80K -1.6 AF097935  Desmoglein 2.3
F26137 Metallothionein II -1.6 AI243872  EST 22
AI800815 Minichromosome maintenance-deficient -1.6 AA243868 EST 22

protein 2 U20860 Angiotensin receptor 2 2.2
L1683 Forkhead -1.6 AI610676  EST 22
AA987219 PHAPI2b -1.6 AA889281  Parathyroid tumor clone 22
M98326 Valyl-tRNA synthetase -1.6 AF059195  v-maf homolog 22
S78825 ID-binding protein -1.6 AI192628  RNase 6 precursor 22
U70323 Spinocerebellar ataxia 2 -1.6 AA488617  Adenylyl cyclase-associated protein 22
Al743113  Hairy homolog -1.6 X14787 Thrombospondin 1 2.2
X54942 CDC28 -1.6 AI0O87319  EST 22
AF09565 U5 snRNP -1.6 X78686 Neutrophil-activating peptide 22
M80244 Solute carrier family 7 transporter -1.6 AA403225 Ring finger protein 3 22
AF064093 C42C1.9 -1.6 W84433 LTR4 element 22
AA302123 Interferon p27 44

ferences, as well as similarities, in the actions of low- and
high-risk viruses. Using methods developed for the study of the
productive life cycles of high-risk HPV-31, HPV-18, and
HPV-16 (2-4, 16), we were able to efficiently isolate trans-
fected normal keratinocytes that stably maintained HPV-11
episomes. While transfected HPV-11 sequences were not able
to immortalize normal keratinocytes, we consistently observed
an extended life span for the HPV-11-positive cells in cultures.
In some instances, these cells were maintained in continuous
cultures for over 3 months without undergoing senescence. We
suspect that the expression of E6, E7, or ES is responsible for
this extended life span, based on our knowledge of the actions
of bovine papillomavirus type 1 and high-risk HPV gene prod-
ucts (7).

Because our system allows for genetic analyses of HPV-11,
the identification of the responsible protein(s) can be under-
taken. While the low-risk E6 protein has no identified binding
partners (7), HPV-11 E7 has been shown to associate with

members of the retinoblastoma family, albeit with a lower
affinity than high-risk E7 (5, 9). In addition, it has been shown
that HPV-31 E6 and E7 are required for the stable mainte-
nance or segregation of episomes, an activity that is indepen-
dent of their roles in immortalization (26). It is important to
investigate whether similar activities hold true for the corre-
sponding low-risk proteins.

The life cycles of both high- and low-risk HPV types are
linked to epithelial cell differentiation. The amplification of
viral genomes in suprabasal cells requires that HPV proteins
block the normal process of cell cycle exit upon differentiation.
This process appears to be controlled at least in part by the
retinoblastoma family of proteins; the ability of low-risk E7
proteins to alter the regulatory function of these factors may
explain the altered differentiation of HPV-11-positive cells (9).
In a preliminary analysis of cyclin proteins, including cyclins A,
E, and B, no differences in levels were observed between nor-
mal and HPV-11-positive cells (J. T. Thomas, unpublished
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FIG. 5. Northern analysis of normal human keratinocytes and
HPV-11- and HPV-31-positive cells for the expression of Stat-1, MxA,
and defensin. RNAs isolated from proliferating monolayer cultures
were analyzed. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as a loading control and indicates that the RNA in the
HPV-11 lane was reduced compared to that in either the normal HFK
or the HPV-31 lane.

data). Similarly, we did not observe dramatic changes in the
expression of cell cycle regulatory factors, such as p21, p27, and
p57, in HPV-11-positive cells. In cells containing high-risk
HPV types, the levels of cyclins A, E, and B were increased,
while no change was seen in the levels of the inhibitors p57 and
p27 (J. T. Thomas, unpublished).

Interestingly, the changes in cellular gene expression in-
duced by low-risk HPVs were in large part different from those
seen with high-risk HPV-31. The most notable of these was the
lack of repression of interferon-inducible genes, as was seen in
cells containing high-risk HPV types (1). Many viruses have
evolved mechanisms by which they interfere with the inter-
feron response. It would be surprising if HPV-11 did not block
this response by some mechanism, but our studies suggest that
this process is likely to occur in a manner distinct from that
used by high-risk HPV-31. Using microarray analyses, we ob-
served that the expression of only a small subset of genes was
altered to similar extents by both high- and low-risk HPVs.
Because our studies were performed with proliferating mono-
layer cultures, it is possible that additional changes in cellular
gene expression occurred upon differentiation. Furthermore,
our microarray analyses were limited to only 7,075 genes, and
additional changes in cellular gene expression may be detected
when all human expressed sequences can be screened. Mi-
croarray analyses can exhibit an intrinsic degree of variability
in the expression of individual genes between experiments. We
suspect that there may be some variability in the expression of
individual genes in multiple microarray analyses, but we have
focused our comparative analysis on whether the expression of
families of genes is altered in cells that maintain high-risk
versus low-risk HPV genomes. From our studies, we conclude
that there are differences in the spectra of genes whose expres-
sion is modulated by different HPV types.

The generation of keratinocytes that maintain HPV-11 ge-
nomes as episomes provides an important tool for the future
analysis of low-risk infections. Moreover, the ability to perform
a genetic analysis of HPV-11 will allow for the determination

J. VIROL.

of the functions of low-risk viral proteins. It is possible that the
seemingly subtle functions of low-risk proteins will be detect-
able in this system, allowing for a greater understanding of
these clinically significant infections.
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