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Human papillomaviruses (HPVs) infect cervical epi-
thelial cells and induce both benign and precancer-
ous lesions. High-risk HPVs promote the development
of cervical cancer in vivo and can immortalize cervi-
cal epithelial cells in vitro , whereas low-risk HPVs
cannot. We used cDNA microarrays and quantitative
polymerase chain reaction to compare cellular gene
expression in primary cervical epithelial cells during
a time course after retroviral transduction with either
low-risk or high-risk E6/E7 genes. At early passages,
cervical cells transduced with high-risk E6/E7 genes
demonstrated increased expression of the cell cycle-
regulated genes CDC2 and ubiquitin carrier E2-C. At
later passages, these same cells exhibited dramatic
increases in insulin-like growth factor-binding pro-
tein-3 (IGFBP-3) mRNA and both secreted an intracel-
lular protein, with mRNA levels increasing �85-fold.
Corroborating these in vitro studies, in situ hybrid-
ization of cervical biopsies with an IGFBP-3 riboprobe
revealed high levels of expression in high-grade squa-
mous intraepithelial neoplasia but not in normal cer-
vical epithelium. Our in vitro results indicate that
overexpression of IGFBP-3 is a late event after E6/E7
expression, and analysis of cervical lesions indicates
that overexpression of this gene is also seen in vivo.
(Am J Pathol 2002, 161:603–610)

Human papillomaviruses (HPVs) are the major cause of
cervical cancer and precancerous cervical lesions.1 Ep-
idemiological and molecular studies have identified high-
risk types of HPV, such as HPV-16 and HPV-18, which are
present in �90% of high-grade cervical lesions and cer-
vical cancers. In contrast, low-risk types of HPV such as
HPV-6 and HPV-11 are found in genital warts and low-
grade cervical lesions but rarely in high-grade lesions or

cancer. The difference between high-risk and low-risk
HPV types is also apparent in cultured cells. The E6 and
E7 oncogenes of high-risk HPV are sufficient to immor-
talize human foreskin keratinocytes and cervical epithe-
lial cells in vitro.2,3 In contrast, the E6 and E7 genes of
low-risk HPV can prolong life span in culture but cannot
immortalize cells.4 This difference between viral types
can be explained by the different interactions of high-risk
and low-risk E6 and E7 with the key human cell-cycle
regulatory proteins p53 and pRb.5,6 Destabilization of
p53 and pRb proteins by high-risk but not low-risk HPV
oncogenes results in altered levels of other cell-cycle
regulatory proteins. For example, levels of cyclin A, cyclin
B, cyclin E, cdc2, cdk2, and cdk4 proteins are elevated in
HPV-16 expressing keratinocytes7,8 when compared to
controls. Recent results from cDNA microarray experi-
ments that surveyed several thousand genes indicate
that mRNA levels of these cell cycle genes are also
elevated in HPV-16 E6/E7 expressing keratinocytes.9,10

We used cDNA microarrays containing 25,000 clones to
identify additional genes that are differentially expressed
in HPV-immortalized cervical keratinocytes when com-
pared with vector control and early passage HPV-16
E6/E7-transduced cells. Furthermore, we aimed to iden-
tify molecular differences between cervical keratinocytes
expressing high-risk and low-risk HPV E6/E7. We were
particularly interested in evaluating chronological
changes in cellular gene expression of proliferating cer-
vical cells. Cellular genes expressed only at late passage
might offer insight into critical regulatory pathways that
are perturbed during cell immortalization.

We found two cell-cycle regulated genes, CDC2 and
ubiquitin carrier protein E2-C, that are rapidly overex-
pressed in cervical cells after transduction with high-risk
E6/E7 oncogenes when compared with cells transduced
with low-risk E6/E7. Most importantly, we found one gene,
insulin-like growth factor binding protein 3 (IGFBP-3),
which showed a dramatic increase in expression at a
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time point in cell passaging experiments that correlated
with the immortalization of cervical keratinocytes in vitro.
Expression of this gene was also elevated in clinical
samples of high-grade cervical lesions but not of normal
ectocervix.

Materials and Methods

Cell Culture

Primary human ectocervical keratinocytes were derived
from fresh cervical tissue obtained after hysterectomy for
benign uterine diseases. Standard trypsinization proce-
dures were used to isolate the keratinocytes,4 after which
they were cultured in serum-free keratinocyte medium
supplemented with 50 �g/ml of bovine pituitary extract
and 26 ng/ml of recombinant epidermal growth factor
(Invitrogen, Carlsbad, CA). Primary cultures of human
ectocervical keratinocytes were infected with high-titer
(�106 colony-forming units/ml) LXSN retroviruses11 ex-
pressing either the HPV-6 E6/E7 genes or the HPV-16
E6/E7 genes.7 Control LXSN retroviruses contained no
inserted genes and expressed only the neomycin resis-
tance gene. After infection, keratinocytes were selected
with 50 �g/ml of G418 for 5 days and were subcultured
once before extraction of RNA. All subsequent passages
were performed at a split ratio of 1:4.

Transcriptional Profiling

cDNA microarrays contained 25,000 sequence-verified
Unigene clones from Research Genetics (Hunstville, AL).
Arrays were prepared at Millennium Pharmaceuticals,
Inc. (Cambridge, MA) by polymerase chain reaction
(PCR) amplifying each clone with M13 primers, ethanol
precipitating the PCR products, and spotting the prod-
ucts on Biodyne B nylon membranes (Pall, Ann Arbor MI)
using a customized Yaskawa robot (Motoman, West Car-
rolton, OH). Total RNA was prepared from cell pellets
using RNeasy Midi Columns (Qiagen, Valencia CA). Fif-
teen �g of RNA was radioactively labeled by reverse
transcription with 33P-dCTP, oligo dT-30 primer and Su-
perscript II reverse transcriptase (Invitrogen). Labeled
first-strand cDNA was preannealed with cot-1 DNA (In-
vitrogen) and polydA 40-60 (Pharmacia, Peapack, NJ) to
reduce nonspecific hybridization. Each labeled cDNA
was hybridized in duplicate to a set of five nylon mem-
branes. Microarrays were exposed to Fuji Phosphoim-
ager screens and scanned using a Fuji scanner BAS
2500 (Fujifilm Medical Systems, Stamford, CT). Spots
were quantitated using Array Vision software (Imaging
Research, St. Catherines, Ontario, Canada) and data
were analyzed using custom software developed at Mil-
lennium Pharmaceuticals. Data were normalized to the
median intensity of all spots on each filter and data from
duplicate filters were averaged after normalization.

Quantitative PCR

One �g of DNase-treated total RNA was reverse-tran-
scribed using random hexamers and oligo dT from the
Superscript First-Strand Synthesis system for reverse
transcriptase-PCR (Invitrogen). A control reaction with no
reverse transcriptase was performed to check for con-
tamination by genomic DNA. Multiplex PCR reactions
contained first-strand cDNA, recommended amounts of
18S rRNA Predeveloped Taqman Assay Reagent and
Taqman Universal PCR Master Mix (Applied Biosystems,
Foster City, CA), 900 nmol/L forward primer, 900 nmol/L
reverse primer, and 250 nmol/L FAM-labeled probe. PCR
reactions were run on the ABI Prism 7700 sequence detec-
tor with the following conditions: 50°C for 2 minutes, 95°C
for 10 minutes, and 40 cycles of 95°C for 15 seconds
followed by 60°C for 1 minute. All reactions were done in
duplicate, and data were analyzed with Sequence Detector
v1.6.3 software (Applied Biosystems). 18S rRNA was used
as a housekeeping gene to normalize amounts of RNA. For
each reaction, expression was calculated as 2��Ct, where
�Ct is the difference between the Ct for the gene of interest
and the Ct for 18S RNA. The average expression for the
duplicates is reported with the SD. The following primers (f
and r) and probes (p) were designed using Primer Express
1.0 (Applied Biosystems): HPV-16 E6f GCACAGAGCTG-
CAAACAACTATACA, HPV-16 E6r ATCCCGAAAAG-
CAAAGTCATATACC, HPV-16 E6p TGTGTGTACTGCAAG-
CAACAGTTACTGCGA; HPV-16 E7f AAGTGTGACTCT-
ACGCTTCGGTT, HPV-16 E7r GCCCATTAACAGGTCTTC-
CAAA, HPV-16 E7p TGCGTACAAAGCACACACGTAGA-
CATTCG; CDC2f AATCTATGATCCAGCCAAACGAA,
CDC2r TCTTAATCTGATT GTCCAAATCATTAAAA, CDC2p
TTCTGGCAAAATGGCACTGAATCATCC; E2-Cf TTCCCCA-
GTGGCTACCCTTAC, E2-Cr TGGAGAGCAGAATGGTC-
CTGA, E2-Cp TCCTCACGCCCTGCTATCACCCC; IGFBP-3f
AGCACAGCACCCAGACTTCA, IGFBP-3r TTCTGCATA-
AAGCCTGTGCG, IGFBP-3p CGCCCGTGGAATGCT-
CACCA.

Western Blots

For p53, endogenous IGFBP-3, and �-actin detection,
cell cultures were harvested at 80% confluent growth on
100-mm plastic dishes. The cells were lysed in sodium
dodecyl sulfate-extraction buffer (0.8% sodium dodecyl
sulfate, 20% glycerol, 0.125 mol/L Tris-HCl, pH 6.8), re-
duced with 10% �-mercaptoethanol and heated for 7
minutes at 95°C. Fifty �g of the extracted protein was
electrophoretically separated on a 10% Tris-Glycine-Gel
(Invitrogen, Carlsbad, CA), transferred to a polyvinyli-
dene difluoride membrane, and either incubated over-
night at 4°C with anti-p53 antibody at 0.4 �g/ml (Santa
Cruz Biotechnology, Santa Cruz, CA) or with anti IGFBP-3
antibody (BD Transduction Laboratories, San Diego, CA)
at 1.0 �g/ml. After reaction with secondary goat anti-
mouse IgG antibody at 0.3 �g/ml (Tropix, Foster City,
CA), p53 and IGFBP-3 were visualized with a chemilumi-
nescent substrate for alkaline phosphatase (Tropix). The
p53 immunoblot was then stripped and reprobed with
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�-actin antibody (1:1000 dilution, Amersham). To verify
that equal amounts of protein were used for the IGFBP-3
Western blot analysis, 10 �g of protein from the same
lysates were separated in polyacrylamide Tris-glycine
minigels, transferred to polyvinylidene difluoride mem-
branes and incubated for 90 minutes at room tempera-
ture with anti �-actin antibody clone AC-15 (Sigma Chem-
ical Co., St. Louis, MO) at 0.27 �g/ml and secondary goat
anti-mouse IgG antibody at 0.3 �g/ml (Tropix). �-actin
was visualized with a chemiluminescent substrate for
alkaline phosphatase (Tropix).

For analysis of secreted IGFBP-3, 35 �l of conditioned
cell culture medium (1 � 105 cells plated in 12-well-
plates, incubated for 6 days in 300 �l of supplemented
keratinocyte medium) was treated with 15 �l of sodium
dodecyl sulfate-extraction buffer containing 10% 2-mer-
captoethanol and heated for 7 minutes at 95°C. Samples
were electrophoretically separated, blotted with anti
IGFBP-3 antibody (1 �g/ml), and visualized by chemilu-
minescence as above.

In Situ Hybridization

Tissue microarrays were obtained from Clinomics (Pitts-
field, MA). Arrays were constructed by collecting 0.6-mm
cores of paraffin-embedded archival cervical samples
and embedding these samples into a new paraffin
block.12 Sections from this block were then cut and used
for in situ hybridization. Samples included triplicate cores
from normal ectocervix samples, normal endocervix sam-
ples, and high-grade squamous intraepithelial neoplasia
(HGSIL). In situ hybridization with IGFBP-3 riboprobe was
performed as described.13 IMAGE clone 898218, which
encodes a 1.1-kb fragment of IGFBP-3, was linearized
and labeled with 35S-UTP. A �-actin riboprobe was used
as a positive control for RNA preservation.

Results

Transduction of E6/E7 Oncogenes and Effects
on Cervical Cell Life Span and p53 Levels

We infected primary ectocervical keratinocytes at pas-
sage 4 with three different LXSN retroviruses: an empty
LXSN virus as control, virus containing low-risk HPV-6
E6/E7, and virus containing high-risk HPV-16 E6/E7. As
expected, control LXSN-transduced cells had a very lim-
ited life span and proliferated for only four to five pas-
sages after infection, whereas HPV-6 E6/E7 induced an
extended life span in which the cells proliferated for six
passages after infection. HPV-16 E6/E7-infected cervical
cells continued proliferating for more than 200 passages
after infection without undergoing a detectable crisis pe-
riod. We repeated these transductions on a second set of
the same cervical cells and obtained similar results.

HPV-16 E6/E7 and HPV-6 E6/E7 transcripts were de-
tectable by Northern blot at the first passage after infec-
tion (data not shown). Quantitative PCR (Figure 1A) using
primers specific for HPV-16 E6 and E7 shows that these
genes were already expressed by passage 1 after infec-

tion and remained at relatively constant levels from pas-
sage 6 through passage 20. Expression was further in-
creased at the latest time point examined (passage 30).
As expected, p53 protein levels were greatly reduced by
HPV-16 E6/E7 at the earliest time point examined, pas-
sage 4 after infection (Figure 1B). Although very low
levels of p53 reappeared at late passages, the levels
remained much lower than those in the LXSN or HPV-
6E6/E7 cells, indicating that HPV-16 E6 was expressed
and functional during the entire time course.

Transcriptional Profiling

For each set of infections, we profiled RNA from six
samples: acutely infected LXSN, HPV-6, and HPV-16

Figure 1. E6/E7 and p53 expression in transduced human ectocervical epi-
thelial cells. Expression of the HPV-16 E6 and E7 oncogenes was detected by
quantitative PCR (A) and p53 protein levels by Western blotting (B) of
cervical keratinocytes infected with control retrovirus LXSN or retrovirus
containing the HPV-6 E6/E7 or HPV-16 E6/E7 genes. Samples from infection
1 are shown. Abbreviations indicate viral type and passage number after
infection, ie, 6p1 refers to HPV-6 E6/E7 cells one passage after infection. A:
Relative expression levels are calculated based on the expression of each
gene in HPV-16 E6/E7-infected cells at passage 1 after infection. Error bars
represent the SD for duplicate PCR reactions. B: Western blot analysis of total
cellular p53 protein was performed as described in Materials and Methods for
each of the indicated samples. A431 cells are epidermoid carcinoma cells
used as a positive control for p53. Western blotting of these samples for
�-actin levels was used to verify equal loading of cellular protein.
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cells, extended life span HPV-6 and HPV-16 cells, and
immortalized HPV-16 cells. Pairwise comparisons be-
tween samples showed surprisingly few changes in gene
expression between any two samples. For example, us-
ing samples from the first infection, we found �50 genes
of 25,000 (0.2%) on the cDNA arrays that were expressed
at least threefold higher in immortalized HPV-16 cells
when compared with extended life span HPV-16 cells.
Likewise, we found �50 genes that were expressed at
least threefold higher in HPV-16-extended life span cells
when compared with HPV-6-extended life span cells in
the first infection (data not shown). To eliminate false-
positive results, we required that genes show threefold or
greater expression in the same comparison in both infec-
tion 1 and infection 2. Using these criteria, we identified
three genes of interest: the cell cycle kinase CDC2, the
ubiquitin carrier protein E2-C, and insulin-like growth fac-
tor binding protein 3 (IGFBP-3). CDC-2 and E2-C show
higher expression in HPV-16-extended life span cells
than in HPV-6-extended life span cells in both infections,
whereas IGFBP-3 was chosen because it shows higher
expression in HPV-16-immortalized cells compared to
HPV-16-extended life span cells in both infections. We
also observed a set of cellular genes that showed signif-
icant decreases in expression; however, these were not
characterized in the current study.

Figure 2 shows the chronological changes in the ex-
pression of CDC2, E2-C, and IGFBP-3 in the six samples
from infection 2. At passage 4 after infection, CDC2 and
E2-C displayed approximately threefold higher expres-
sion in HPV-16-infected cells when compared with HPV-
6-infected cells. In contrast, IGFBP-3 was not elevated in
HPV-16 cells at passage 4 but showed more than a
sixfold higher expression in HPV-16-immortalized cells
(passage 20) when compared with earlier passages of
HPV-16, HPV-6, or LXSN. Similar results were seen with
samples from infection 1 (data not shown). In all cases
the genes showed at least threefold changes between
the relevant samples in both infections.

Confirmation by Quantitative PCR

To confirm these expression differences with another
method and to assay gene expression in additional sam-
ples in the time course, we performed quantitative PCR
using the Taqman system. Figure 3 shows data from
infection 1; we performed Taqman assays on infection 2
samples with equivalent results (data not shown). Figure
3A shows that CDC2 and E2-C were up-regulated in all
passages of HPV-16 cells when compared with LXSN or
HPV-6 cells. In HPV-16 cells, CDC2 and E2-C were up-
regulated as early as passage 1 after infection and main-
tained their high levels through immortalization (passage
20). In addition, these genes showed even higher up-
regulation at passage 30, the point at which E6/E7 ex-
pression reached the highest levels. The expression pat-
tern of CDC2 and E2-C appeared to parallel that of
HPV-16 E6/E7 (Figure 1A).

Taqman results for IGFBP-3 (Figure 3B) show that this
gene was induced much later than HPV-16 E6/E7, CDC2,

and E2-C. Instead of showing an immediate induction in
HPV-16 passage 1 cells, IGFBP-3 did not begin to show
increased expression until passage 15. Levels continued
to rise at later passages, showing an �85-fold increase
by passage 30. The expression of IGFBP-3 was not di-
rectly correlated with that of HPV-16 E6/E7, because a
16-fold induction of IGFBP-3 occurred between pas-
sages 10 and 20 while HPV-16 gene expression re-
mained constant. However, the spike in IGFBP-3 levels at
passage 30 may be related to the increased expression
of HPV-16 E6/E7 at this time point.

Confirmation by Western Blot

To determine whether the levels of IGFBP-3 protein in-
crease coordinately with the levels of mRNA in HPV-16
E6/E7-infected cells, we assayed conditioned media from

Figure 2. Temporal changes in CDC2, E2-C, and IGFBP-3 expression in
transduced cervical cells as determined by transcriptional profiling of sam-
ples from infection 2. Expression of CDC2, E2-C, and IGFBP-3 was deter-
mined by transcriptional profiling of cervical keratinocytes infected with
control retrovirus LXSN or retrovirus containing the HPV-6 E6/E7 or HPV-16
E6/E7 genes. Abbreviations indicate viral type and passage number after
infection, ie, 6p2 refers to HPV-6 E6/E7 cells two passages after infection.
Relative expression levels were calculated based on the expression of each
gene in the control LXSN-infected cells at passage 2. Error bars represent the
SD for duplicate spots on cDNA microarrays.
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cells of various passages from infection 1 (Figure 4A).
Secreted IGFBP-3 was undetectable in media from LXSN
controls at passages 1 and 5, HPV-6-infected cells at
passages 1 and 6, and HPV-16-infected cells at pas-
sages 1 and 6. Secreted IGFBP-3 was detectable in
media from HPV-16-infected cells by passage 20 and
increased further at passage 30. IGFBP-3 protein secre-
tion is therefore directly correlated with levels of IGFBP-3
mRNA in these cells. Levels of intracellular IGFBP-3 pro-
tein increased in HPV-16-infected cells in a similar man-
ner (Figure 4B). IGFBP-3 was undetectable at passage 4
but was present in increasing amounts at passages 22
and 54. High levels of IGFBP-3 protein were also seen in
CaSki cells that were derived from a human cervical
cancer specimen (Figure 4B).

IGFBP-3 Expression in Human Clinical Samples

Because levels of IGFBP-3 mRNA and protein increased
dramatically in HPV-16 E6/E7-infected cervical keratino-
cytes in late-passage culture, we examined whether this

gene was overexpressed in precancerous human cer-
vical lesions. Cervical cells immortalized with HPV-16
and HPV-18 grown in vitro form poorly differentiated
stratified epithelial rafts that morphologically resemble
HGSILs,14,15 suggesting a parallel between immortal-
ized cells in culture and high-grade cervical lesions. At
least 80 to 95% of HGSILs contain high-risk types of
HPV.16,17 We analyzed a tissue microarray containing
normal ectocervix sections and sections containing
HGSIL. In situ hybridization with an IGFBP-3 riboprobe
showed that this gene was not expressed in any of four
samples of normal ectocervical epithelium but was ex-
pressed in five of five HGSIL samples, indicating that
overexpression of IGFBP-3 is not just a cell culture phe-
nomenon, but is also seen in relevant clinical samples. A

Figure 3. Temporal changes in expression of CDC2, E2-C, and IGFBP-3
mRNA as determined by quantitative PCR using samples from infection 1.
The level of mRNA expression in the indicated cervical cell samples was
determined by quantitative PCR as described in Materials and Methods for
CDC2 and E2-C (A) and for IGFBP-3 (B). Abbreviations indicate viral type
and passage number after infection, ie, 6p1 refers to HPV-6 E6/E7 cells one
passage after infection. Error bars in A and B indicate the SD between
expression values from duplicate PCR reactions. Expression levels are nor-
malized to those of LXSNp1. Figure 4. Intracellular and extracellular IGFBP-3 protein expression in E6/

E7-transduced cervical epithelial cultures. A: Extracellular levels of secreted
IGFBP-3 protein were detected by Western blotting of conditioned medium
as described in Materials and Methods. Arrowhead indicates the position of
IGFBP-3 protein. B: Intracellular levels of IGFBP-3 were determined by
Western blotting of cellular lysates as described in Materials and Methods.
IGFBP-3 was only detectable in late passage HPV-16-expressing cervical cells
and in the CaSki cervical carcinoma cell line (top). Equal loading of proteins
was verified by Western blot analysis of �-actin (bottom).
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representative set of samples is shown in Figure 5. Ex-
pression of IGFBP-3 was also observed in nonepithelial
cells including scattered stromal cells underlying the ep-
ithelium, normal and precancerous endocervical glands,
endothelial cells, and fibroblasts surrounding the blood
vessels of the cervix (not shown).

Discussion

The high-risk HPV oncogenes are retained and ex-
pressed in HGSIL and cervical carcinomas and are re-
quired for the maintenance of the transformed pheno-
type.1,6 The E6 and E7 proteins interact with cellular
tumor suppressor proteins, p53 and Rb, respectively. In
addition, the E6 gene has been shown to increase hTERT
expression, thereby increasing telomerase activity and
contributing to continued cellular proliferation.18,19 It is
likely that E6 and E7 also alter the expression of other
cellular genes either directly or indirectly. The experi-
ments outlined in the present study are based on the
direct examination of alterations in gene expression after
HPV-16 E6/E7 transduction of proliferating keratinocytes
using a microarray containing 25,000 clones. We identi-
fied three genes that are reproducibly induced in cervical
epithelial cells expressing HPV-16 oncogenes. A recent

study comparing gene expression in HPV-31-immortal-
ized human foreskin keratinocytes versus primary human
foreskin keratinocytes found only three genes that were
up-regulated more than threefold on a microarray con-
taining 7075 genes, although many more were up-regu-
lated between twofold and threefold.20 The fact that so
few genes are reproducibly up-regulated during immor-
talization is surprising. However, it could be consistent
with the hypothesis that an active genetic program is
necessary for senescence, and if this program is blocked
by cellular mutations or by HPV oncogene expression,
immortalization results.21 In this view, the immortalized
state would be similar in gene expression to an early-
passage population of normal cells, whereas a differen-
tiated or senescent population would show more
changes in gene expression. In fact, recent studies have
shown that HPV-16 E6/E7 expression leads to many more
changes in cellular gene expression under conditions
that promote quiescence or differentiation (removal of
growth factors and addition of 1.4 mmol/L of calcium)
when compared with conditions that promote active pro-
liferation.9,10

Two of the three genes identified in our experiments,
CDC2 and E2-C, were up-regulated at the earliest time
examined, and this up-regulation persisted throughout

Figure 5. In situ hybridization detection of IGFBP-3 mRNA in samples from a cervical tissue microarray stained with H&E. A and B: Bright-field and dark-field
views of normal ectocervix. Bright-field view shows the normal histology of the ectocervix: (from bottom) stromal cells, basal cells, parabasal and intermediate
cells, and stratified squamous cells. C and D: Bright-field and dark-field views of a HGSIL sample. White grains in the dark-field panel indicate IGFBP-3 mRNA
expression in the HGSIL sample (D) but not in the normal cervix (B).
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immortalization. Their expression pattern was closely cor-
related with that of HPV-16 E6 and E7, suggesting that
the elevated levels of CDC2 and E2-C were an early
consequence of E6 and E7 expression. E2-C is the ubiq-
uitin carrier protein involved in the degradation of cyclin B
at the end of mitosis,22 which results in the inactivation of
CDC2 and exit from the M phase of the cell cycle. The
up-regulation of CDC2 and E2-C likely reflects a faster
mitotic rate of HPV-16-infected cells when compared with
that of HPV-6-infected or control cells. Other recent stud-
ies using cDNA microarrays found increased expression
of a number of cell cycle-regulated genes, including
CDC2, CDC25A, CDC25B, cyclin A, cyclin B, cdk2, and
cdk4, in cervical keratinocytes expressing HPV-16 E6/E7
when compared with expression in control cells under
conditions that promote keratinocyte differentiation.9,10

However, E2-C was not reported to be up-regulated in
these experiments. The third gene identified in our stud-
ies, IGFBP-3, is up-regulated only in HPV-16-transduced
cells and only at the latest time points. This indicates
that E6/E7 expression alone is not sufficient to induce
IGFBP-3, but that other changes associated with immor-
talization are likely to be necessary for IGFBP-3 induction.

Our results contrast with those from other recent stud-
ies that have examined the relationship of IGFBP-3 and
HPV. Although we found an induction of IGFBP-3 in im-
mortalized cells, Nees and colleagues9 found that IG-
FBP-3 mRNA is repressed in HPV-16 E6/E7 acutely in-
fected and immortalized cervical keratinocytes when
compared with vector-only controls. In their experiments,
RNA was harvested from cells under conditions that pro-
mote growth arrest. Cells were maintained for 24 hours in
media without growth factors and then for 24 hours in
differentiation media. In contrast, our experiments were
designed to detect changes in gene expression when
both control and E6/E7-transduced cells were maintained
under conditions of proliferation.

Another recent study has shown an induction of IGFBP-3
mRNA in immortalized foreskin keratinocytes expressing
HPV-16 E7 when compared with primary keratinocytes,
but in contrast to our results, levels of IGFBP-3 protein
were shown to be reduced rather than increased.23 This
study had two major differences from ours: they used
foreskin keratinocytes rather than cervical cells, and they
transfected the isolated HPV E7 oncogene rather than the
combined E6/E7 oncogenes. These results suggest that
either cell type or HPV oncogene expression could ac-
count for the observed difference. Because we have
shown that an immortalized human foreskin keratinocyte
cell line (Nco) expressing the HPV-18 E6/E7 genes se-
cretes large amounts of IGFBP-3 protein (data not
shown), we anticipate that the difference in IGFBP-3 sta-
bility more likely reflects the presence of the E6 oncogene
rather than the cell type. It is likely, therefore, that the
combined action of E6 and E7 induces a different cellular
phenotype than does E7 alone.

The induction of IGFBP-3 during immortalization is
somewhat surprising given previous knowledge of its
regulated expression and activity. IGFBP-3 is a p53-
induced gene,24 but we have shown that IGFBP-3 is
highly induced even though p53 levels are greatly re-

duced in our immortalized cervical cells. Apparently
there are additional, strong transcriptional activators of
the IGFBP-3 gene that appear in late-passage HPV-16
E6/E7 cervical cells.

Previous studies of the effects of exogenous IGFBP-3
on cell growth and of IGFBP-3 expression during condi-
tions of growth stimulation and repression have shown
variable results. In some cases, IGFBP-3 has a positive
effect of cell growth. For example, IGFBP-3 has been
shown to augment IGF-1 mitogenic responses in bovine
mammary epithelial cells and in a human breast cancer
cell line25,26 and to enhance the activity of IGF-1 on
cultured bovine fibroblasts.27 In other experiments, how-
ever, IGFBP-3 inhibits the growth-enhancing activity of
IGF-1, and addition of IGFBP-3 to culture media causes
growth inhibition or apoptosis in several cancer cell
lines.28,29 Even in a single cell line, there is not a strict
correlation between IGFBP-3 levels and cell growth. In
HPV-16-immortalized cervical epithelial cells, IGFBP-3
mRNA levels increase in response to retinoic acid, a
growth suppressive factor30 but decrease in response to
transforming growth factor-�, another growth suppres-
sive factor.31 It will be important now to determine directly
the biological effect of IGFBP-3 on the growth and differ-
entiation of normal and HPV-immortalized cervical epithe-
lial cells.

Immortalized cervical cells have striking parallels to
high-grade cervical lesions. When HPV-16- or HPV-18-
immortalized cervical cells are grown in raft cultures, they
form structures similar to high-grade cervical lesions,
characterized by a lack of stratification and differentia-
tion, an expansion of basal-type cells throughout the
epithelium, and cellular disorganization and nuclear atyp-
ia.14,15 In addition, high-grade cervical lesions are gen-
erally caused by persistent high-risk HPV infection. Our
in situ hybridization results showing overexpression of
IGFBP-3 mRNA in HGSIL patient samples supports the
findings of IGFBP-3 up-regulation in immortalized cervi-
cal cells and extends these in vitro finding into relevant
clinical samples.
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