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Human ectocervical cells, following retroviral transduction with the human papillomavirus type 16 E6/E7
oncogenes, are altered in their array of transcribed cellular genes, including increased mRNA for the insulin-
like growth factor binding protein 3 (IGFBP-3). IGFBP-3 expression is associated with cellular senescence, and
its addition to many cell types inhibits growth or induces apoptosis. By immunoblotting and enzyme-linked
immunosorbent assay methods, we demonstrate that late-passage, immortalized E6/E7-transduced cells se-
crete high levels of IGFBP-3 (25 ng/ml), which represent a 500-fold increase compared to levels in early-
passage, nonimmortalized transduced cells (<0.05 ng/ml). Concomitantly, these late-passage cervical cells
exhibit an increase in sensitivity to IGF-1, including enhanced phosphorylation of the IGF receptor (IGF-R)
and insulin receptor substrate as well as increased DNA synthesis (5-fold) and cell proliferation (3.7-fold).
However, there was no change in the level of IGF-R in these cells (surface or total), and the cells did not
synthesize IGF-1, indicating that these arms of the IGF pathway were independently regulated and not
responsible for the augmented signaling. Consistent with a causal relationship between IGFBP-3 expression
and enhanced IGF-1 responses, we found that early-passage cells could be converted to the late-passage,
IGF-1-responsive phenotype by preincubation with IGFBP-3. Thus, in contrast to findings with some cell types,
IGFBP-3 expression in cervical cells is associated with augmented IGF-1 signaling and cell proliferation and
correlates with the timing of cellular immortalization.

Infection with high-risk human papillomaviruses (HPVs)
such as HPV type 16 (HPV-16) has been identified as an
etiologic factor in more than 95% of cervical cancers (50). The
HPV E6 and E7 genes are retained and expressed in cervical
cancers and can stimulate cell proliferation as well as alter cell
differentiation (51). Two key targets of the E6 and E7 oncop-
roteins are the tumor suppressor p53 and retinoblastoma
(pRb) proteins, respectively. The E6 protein promotes the
ubiquitin-dependent degradation of p53 (29, 45), and the E7
protein associates with and degrades pRb (19, 38), thereby
stimulating the E2F signaling pathway. As a consequence of
these and other activities attributed to the E6/E7 proteins,
epithelial cells exhibit impaired cell cycle control (51).

In several epidemiological studies, changes in the balance of
insulin-like growth factor (IGF) and insulin-like growth factor
binding proteins (IGFBPs) have been associated with in-
creased risk for some of the most prevalent human cancers (22,
35, 42, 47). IGF can regulate the proliferation of normal and
tumorigenic cells via autocrine or paracrine regulatory mech-
anisms (7, 11) and potentially via endocrine pathways as well
(18, 41). Perturbations in each level of the IGF signaling path-
way have been implicated in carcinogenesis (4, 5). However,
the effects of IGF and the corresponding IGFBPs on cell
growth and differentiation are variable and dependent upon
cell type. For example, IGF-1 has been shown to exhibit both
stimulatory and inhibitory effects on cell growth (8, 11, 34).
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While epithelial cells display receptors for IGF-1 and respond
to the ligand, they do not synthesize the growth factor (3).
Rather, underlying fibroblasts synthesize and secrete IGF-1,
which then tends to accumulate in epithelial cell layers.

IGFBP-3, the most abundant IGFBP in human serum, is
synthesized mainly by hepatic Kupffer cells and binds over 90%
of circulating IGF, resulting in a prolonged half-life (6).
IGFBP-3 is also produced locally by a variety of normal and
tumor cells, suggesting that the cellular microenvironment may
directly affect the action of IGF-1 (11). The biological func-
tions of IGFBP-3, aside from being the major binding protein
for IGF-1, are complex and remain poorly understood. How-
ever, IGFBP-3 is known to inhibit cell proliferation by inter-
fering with the interaction of IGF-1 and its receptor (34, 37).
Interestingly, IGFBP-3 can also modulate cell growth and sur-
vival independently of IGF (7), presumably via interactions
with cellular proteins such as the Alzheimer’s survival protein,
humanin (31), and nuclear targets such as the retinoid X re-
ceptor alpha (7, 8, 36).

Our laboratory recently reported that human ectocervical
cells transduced with HPV-16 E6/E7 oncogenes maintain sta-
ble oncoprotein expression but exhibit progressively increasing
levels of IGFBP-3 mRNA coincident with immortalization (9).
Furthermore, our investigators documented overexpression of
IGFBP-3 mRNA in high-grade squamous intraepithelial neo-
plasias by in situ hybridization, demonstrating a correlation
with neoplastic progression (9). In this study, we quantified the
secretion of IGFBP-3 by E6/E7-transduced cells and analyzed
its effects on the proliferation of cervical cells and their re-
sponse to IGF-1. In contrast to early-passage cells, late-passage
cells secreted IGFBP-3 and showed an increased response to
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IGF-1 as determined by IGF-1 receptor (IGF-1R) and insulin
receptor substrate (IRS) phosphorylation. Preincubation of
early-passage cells with recombinant human IGFBP-3 and sub-
sequent treatment with IGF-1 induced a dose-dependent acti-
vation of IGF-1R and IRS as well as an increase in cell pro-
liferation. Thus, the increased responsiveness of HPV-
immortalized cells to IGF-1 could potentially contribute to
their in vivo growth, where IGF-1 is produced by surrounding
stromal cells.

MATERIALS AND METHODS

Cell culture. Primary human ectocervical epithelial cells were derived from
fresh cervical tissues obtained after hysterectomy for benign uterine diseases.
Standard trypsinization procedures were used to isolate the epithelial cells, which
were maintained in serum-free keratinocyte growth medium supplemented with
50 wg of bovine pituitary extract/ml and 2.6 ng of recombinant epidermal growth
factor/ml (supplemented KSFM; Invitrogen, Carlsbad, Calif.) (39). Primary cul-
tures were infected at passage 4 with high-titer LXSN retroviruses expressing
HPV-16 E6/E7 genes, with the HPV-16 E6 gene containing an AU1 epitope at
the 3’ terminus to facilitate immunodetection (2). Control LXSN retroviruses
expressed only the neomycin resistance gene. After infection, cells were selected
with 50 pug of G418/ml for 5 days and were subcultured at least once before
initiating experiments. All subsequent passages were performed at a split ratio of
1:4. Cells that were passaged fewer than 10 times after transduction were des-
ignated early passage, cells passaged 10 to 30 times were designated intermediate
passage, and those passaged more than 40 times were considered late passage.

Conditioned cell culture medium was prepared by plating 10° cells per well in
12-well plates. Cells were incubated for 6 days in 300 wl of supplemented KSFM,
and medium was collected for further experiments.

To analyze total IGF-1R levels, cells were plated in 100-mm-diameter tissue
culture dishes and grown in supplemented KSFM to 80 to 90% confluency before
harvesting.

For antiphosphotyrosine and IRS immunoprecipitations, 1.5 X 10° cells were
plated in 150-mm tissue culture dishes in supplemented KSFM. After allowing
cells to attach overnight, the medium was changed to 15 ml of serum-free
keratinocyte medium per dish without supplements (basal KSFM). The cells
were starved for 3 days, the medium was reduced to 12 ml per dish, and different
concentrations of human recombinant IGFBP-3 (Upstate Biotechnology, Lake
Placid, N.Y.) were added as indicated in the figures. After 3 days, recombinant
human IGF-1 (Invitrogen) was added at a final concentration of 25 ng/ml, and
cells were incubated for 10 min at 37°C before lysis.

Immunoprecipitation and Western blotting. Secreted IGFBP-3 was analyzed
by Western blotting of conditioned cell culture medium. Aliquots of medium (35
wl) were supplemented with 15 pl of sodium dodecyl sulfate (SDS)-extraction
buffer (0.8% SDS, 20% glycerol, 0.125 M Tris-HCI; pH 6.8), reduced with 10%
2-mercaptoethanol, and heated for 7 min at 95°C. Proteins were electrophoreti-
cally separated on a 1.5-mm 10% Tris-glycine minigel (Invitrogen), transferred to
an Immobilon-P membrane (Millipore, Bedford, Mass.), and incubated over-
night at 4°C with anti-IGFBP-3 mouse immunoglobulin G1 (IgG1) antibody at 1
pg/ml (BD Transduction Laboratories, Lexington, Ky.) in phosphate-buffered
saline (PBS) containing 0.5% polyoxyethylene (20) sorbitan monolaurate
(Tween 20) and 5% natural nonfat dry milk. Following reaction with 0.3 ul of
alkaline phosphatase-conjugated goat anti-mouse IgG antibody (Tropix, Foster
City, Calif.)/ml for 90 min, IGFBP-3 was visualized with a chemiluminescent
substrate (Tropix).

Total IGF-1R levels were determined by Western blotting of cell lysates. A
50-p.g aliquot of total protein was separated in an 8% Tris-glycine gel (Invitro-
gen), transferred to an Immobilon-P membrane (Millipore), and labeled for 90
min with 0.2 pg of anti-IGF-1RB rabbit polyclonal IgG antibody (Santa Cruz
Biotechnology, Santa Cruz, Calif.)/ml diluted in washing buffer (0.5% Triton
X-100, 140 mM NaCl, 10 mM Na;PO,) in the presence of 2% bovine serum
albumin (ICN Biomedicals, Inc., Aurora, Ohio). Following reaction with 0.3 g
of alkaline phosphatase-conjugated goat anti-rabbit IgG antibody (Tropix)/ml,
total IGF-1R levels were visualized with chemiluminescent substrate (Tropix).

To immunoprecipitate tyrosine-phosphorylated proteins, cells were scraped
into 0.9 ml of SDS-lysis buffer (0.4% SDS, 100 mM NaCl, 2 mM EDTA, 50 mM
HEPES-NaOH; pH 7.4), immediately heated for 10 min at 95°C, and disrupted
by sonication. Prior to determination of protein concentration (Bio-Rad Labo-
ratories), 100 pl of 20% Triton X-100 was added. A 700-pg aliquot of total
protein was mixed with 30 pl of protein A-agarose beads (Pierce, Rockford, Ill.)
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and 4 pg of 5H1 anti-phosphotyrosine monoclonal antibody (a gift of A.
Burkhardt and J. Bolen) and rotated overnight at 4°C. Subsequently, beads were
washed and bound proteins were eluted in 1X SDS gel sample buffer (3% SDS,
20 mM dithiothreitol, 1.5 mM EDTA, 11% sucrose, 0.008% bromphenol blue,
112 mM morpholinepropanesulfonic acid [MOPS]-NaOH; pH 7.0). Samples
were alkylated by addition of 80 mM iodoacetamide followed by electrophoresis
and transferred to an Immobilon-P membrane as outlined above. Western blot-
ting was performed by labeling with 0.5 pg of anti IGF-1Rp rabbit polyclonal
antibody (Santa Cruz) and goat anti-rabbit IgG antibody (Tropix)/ml as de-
scribed above.

Immunoprecipitations for IRS-1 were carried out on 700 pg of protein pre-
pared as described above, using 1 ug of anti-IRS-1 rabbit polyclonal antibody
(Upstate Biotechnology). For this experiment, cells were lysed in 1.0 ml of
modified radioimmune precipitation assay buffer (150 mM NaCl, 1 mM EDTA,
1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 20 mM MOPS-NaOH; pH 7.0)
containing 0.57 mM phenylmethanesulfonyl fluoride, 1 WM leupeptin, and 0.3
M aprotinin, and a protein assay was performed. After incubation of cell lysates
with protein A-agarose beads and subsequent washes, bound proteins were
eluted by boiling samples for 7 min in 45 .l of SDS-extraction buffer containing
10% 2-mercaptoethanol. Samples were fractionated by SDS-polyacrylamide gel
electrophoresis (Invitrogen) and transferred to an Immobilon-P membrane (Mil-
lipore) which was labeled with 1 pg of antiphosphotyrosine mouse monoclonal
antibody (Upstate Biotechnology)/ml diluted in Tris-buffered saline (150 mM
NaCl, 10 mM Tris-HCI; pH 8.0) containing 5% bovine serum albumin (Sigma, St.
Louis, Mo.) and 1% ovalbumin (Sigma). Goat anti-mouse IgG antibody (0.3
pg/ml; Tropix) was used as secondary antibody. After visualization of tyrosine-
phosphorylated IRS, the blot was stripped for 30 min at 70°C in stripping
solution containing 12% 0.5 M Tris-HCl (pH 6.8), 2% SDS, and 0.34% 2-mer-
captoethanol diluted in distilled H,O. To determine the total abundance of IRS
protein, the membrane was relabeled with 0.5 pg of anti-IRS-1 rabbit polyclonal
antibody (Upstate Biotechnology) and goat anti-mouse IgG antibody (0.3 pg/ml;
Tropix).

ELISA. Secretion of IGFBP-3 and IGF-1 in conditioned cell culture medium
was quantified by an enzyme-linked immunosorbent assay (ELISA). IGFBP-3
concentrations were evaluated utilizing a two-step sandwich-type ELISA kit
(Diagnostic Systems Laboratories, Inc., Webster, Tex.) according to the manu-
facturer’s instructions. Briefly, standards (protein-based buffer containing five
different concentrations of synthetic IGFBP-3), controls (low and high concen-
trations of IGFBP-3), and samples were incubated with agitation for 2 h at room
temperature in microtitration wells coated with anti-IGFBP-3 polyclonal anti-
body. After incubation and washing, the wells were treated with a horseradish
peroxidase-labeled anti-IGFBP-3 polyclonal antibody for 1 h with agitation at
room temperature. Following several washes, the wells were labeled with tetra-
methylbenzidine for 10 min. The reaction was terminated by the addition of an
acidic stopping solution, and the enzymatic product was determined by 450-nm
wavelength absorbance measurements using a Dynatech Micro-Elisa reader.
Based on a plotted standard curve, the IGFBP-3 concentration could be directly
calculated. Determination of IGF-1 secretion was performed applying a similar
ELISA kit (Diagnostic Systems Laboratories, Inc.) and following the above
protocol with slight alterations. The assay included an extraction step before
labeling, in which IGF-1 was separated from its binding proteins. Standards,
controls, and samples were then in one step incubated with anti-IGF-1 antibody
labeled with horseradish peroxidase in anti-IGF-1 antibody-coated microtitra-
tion wells.

FACS. The level of IGF-1R on the cell surface was determined by flow
cytometry. Cells were harvested from 100-mm tissue culture dishes by trypsiniza-
tion and washed once in PBS and fluorescence-activated cell sorter (FACS)
buffer (PBS containing 2% bovine serum albumin [ICN Biomedicals, Inc.]). A
total of 10° cells were then incubated for 30 min in the dark on ice in 20 l of
IGF-1Ra R-phycoerythrin—conjugated mouse anti-human monoclonal antibody
(Becton Dickinson Pharmingen, San Diego, Calif.) diluted in 500 pl of FACS
buffer and subsequently washed three times in FACS buffer. A total of 10,000
cells were collected and analyzed for fluorescence using a FACStar Plus flow
cytometer (Becton Dickinson, San Diego, Calif.). Single parameter fluorescence
histogram data were generated and evaluated by FCS Express (De Novo Soft-
ware, Thornhill, Ontario, Canada).

Cell proliferation assays. To investigate the effects of IGFBP-3 and IGF-1 on
cell proliferation, 2.5 X 10° cells were seeded into 60-mm tissue culture dishes in
supplemented KSFM. After overnight incubation the dishes were washed twice
with PBS and the medium was changed to 2.5 ml of basal KSFM. Various
concentrations of IGFBP-3 (Upstate Biotechnology) were then added. After 3
days, the cell number was quantitated (in triplicate), after which the cultures
were supplemented with IGF-1 (25 ng/ml) for an additional 3 days. The cells
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were harvested and counted to determine final cell numbers. All experimental
groups were performed in triplicate and expressed as the mean.

[*H]thymidine incorporation. Cells at early and late passages were subcul-
tured in 24-well tissue culture plates at a density of 20,000 cells/well in supple-
mented KSFM. After allowing cells to attach overnight, medium was changed to
basal KSFM for 3 days. To assay an IGFBP-3-induced increase in DNA synthe-
sis, the medium was supplemented with different concentrations of human re-
combinant IGFBP-3 and the cells were incubated for an additional 3 days. IGF-1
was then added (final concentration of 25 ng/ml), and 2 hours later 2.5 wCi of
[*H]thymidine (ICN Biomedicals, Inc.) was added for 22 h. Cells were washed
twice with cold PBS, fixed for 10 min with cold 100% ethanol and for 20 min with
cold 5% trichloroacetic acid, and finally washed twice with trichloroacetic acid
and twice with distilled water. Cells were solubilized, and DNA was extracted in
0.5 ml of 1 N NaOH, followed by neutralization with 0.5 ml of 1 N HCL
[*H]thymidine incorporation into DNA was determined by liquid scintillation
counting (1209 RackBeta liquid scintillation counter; Pharmacia, Turku, Fin-
land). All experiments were performed in triplicate.

RESULTS

IGFBP-3 secretion increases during in vitro passaging of
E6/E7-transduced cervical epithelial cells. Primary cultures of
human ectocervical epithelial cells were isolated from fresh
cervical tissue, transduced with either an empty LXSN retro-
virus or one encoding E6/E7 of HPV-16, and then selected in
G418 antibiotic. The E6/E7-transduced cells have been pas-
saged more than 200 population doublings without a detect-
able crisis period, whereas the control cells ceased proliferat-
ing after 16 population doublings. Stable expression of the
HPV-16 E6/E7 oncoproteins in these cells has already been
confirmed by immunoprecipitation and immunoblotting anal-
ysis (2). To monitor levels of secreted IGFBP-3 throughout cell
passaging, we performed both Western immunoblotting (Fig.
1A) and ELISA (Fig. 1B) of conditioned cell culture medium.
Western blotting demonstrated that the E6/E7-transduced
cells did not secrete detectable IGFBP-3, whereas intermedi-
ate- and late-passage cells did (Fig. 1A). Proteolytic fragments
of IGFBP-3, which have been implicated in altering IGF-bind-
ing activity (11), were not observed. Even with the use of a
sensitive ELISA that can detect IGFBP-3 levels of =0.04 ng/
ml, there was no detectable secreted IGFBP-3 protein at early
passages (<passage 10) (Fig. 1B). However, at intermediate
passages corresponding to cell immortalization (passage 20 to
30), IGFBP-3 was detectable at 11 ng/ml, which represents at
least a 200-fold increase over early-passage cells. There was
even a larger increase in IGFBP-3 secretion (>500-fold) in
late-passage cells (25 ng/ml) (Fig. 1B). The results in Fig. 1 are
representative of three separate experiments and correlate
with the previous observation that mRNA levels are elevated
85-fold (9). The observation that IGFBP-3 secretion correlates
temporally with cell immortalization is also reinforced by our
laboratory’s findings that the nonimmortalizing E6/E7 genes of
HPV-6 do not induce IGFBP-3 (9).

IGFBP-3 augments ligand activation of the IGF-1R. Since
IGFBP-3 can bind IGF-1, it was possible that the high levels of
IGFBP-3 secreted by the late-passage cells might modulate
their response to either autocrine or paracrine sources of
IGF-1. We therefore first investigated whether the transduced
cervical cells might also be secreting IGF-1 and thereby initi-
ating an active autocrine loop. We screened supernatant me-
dium from the late-passage cervical cells by ELISA but could
find no detectable IGF-1 protein (assay sensitivity of 0.03 ng/
ml), suggesting that an autocrine source of IGF-1 was unlikely.
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FIG. 1. IGFBP-3 secretion increases during in vitro passaging of
E6/E7-transduced cervical epithelial cells. (A) Detection of secreted
IGFBP-3 protein in cell culture medium. Culture medium superna-
tants were assayed for the presence of IGFBP-3 by immunoblotting as
described in Materials and Methods. Measurements were performed
at different passages after retroviral transduction (early, <passage 10;
intermediate, passage 10 to 30; late, >passage 40). The arrow indicates
the position of the IGFBP-3 protein. (B) Quantification of secreted
IGFBP-3 protein. The levels of secreted IGFBP-3 were determined by
ELISA of conditioned cell culture medium at the indicated passages.
Early-passage, E6/E7-transduced cells did not secrete detectable pro-
tein levels of IGFBP-3, whereas intermediate- and late-passage cul-
tures expressed the binding protein at 11 and 25 ng/ml, respectively.
The sensitivity of the ELISA was 0.04 ng/ml.

However, it was possible that IGFBP-3 might modulate para-
crine responses to exogenous IGF-1, as normally observed in
vivo where IGF-1 is synthesized by mesenchymal cells and acts
on epithelial cells. To evaluate this possibility, we performed a
series of experiments on early- and late-passage cervical cells
stimulated with exogenous IGF-1. Cervical cells were starved 3
days in basal KSFM, treated with 25 ng of human recombinant
IGF-1/ml for 10 min, and then examined for activation of the
IGF-1R. As shown in Fig. 2A, the IGF-1R was more highly
phosphorylated on tyrosine in late-passage cells than early-
passage cells (compare lanes 2 and 6), demonstrating that
late-passage cells are more sensitive to IGF-1 in the presence
of secreted IGFBP-3. There was only a low level of IGF-1R
phosphorylation in the absence of IGF-1 in either the early- or
late-passage cells (lanes 1 and 5), consistent with our previous
finding that these cells do not synthesize detectable amounts of
IGF-1. If the production of IGFBP-3 by late-passage cells (25
ng/ml) was responsible for this differential activation of
IGF-1R by IGF-1, we postulated that we should be able to
convert early-passage cells to this higher level of activation by
incubation with equivalent amounts of IGFBP-3. To test this
hypothesis, we added 25 ng of IGFBP-3/ml to early-passage
cells (the level found in late-passage cells) and examined the
level of receptor activation. IGFBP-3 enhanced receptor acti-
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FIG. 2. IGFBP-3 augments ligand activation of the IGF-1R.
(A) Dose response of IGFBP-3 effects on IGF-1R activation. Cultured
cervical cells were maintained for 3 days in basal medium containing
various concentrations of IGFBP-3. The cells were then treated with
25 ng of IGF-1/ml for 10 min, lysed, and analyzed for tyrosine phos-
phorylation of the IGF-1R by immunoblotting as described in the text.
The arrow indicates the position of the IGF-1R B-subunit. (B) Effects
of immediate and prolonged IGFBP-3 exposure on IGF-1R activation.
Early-passage cervical cells were exposed to IGFBP-3 at the same time
as they received IGF-1 for 0 days or, alternatively, they were exposed
to IGFBP-3 for 3 days prior to addition of IGF-1 (3 days). Late-
passage cells responded to exogenous IGF-1 with enhanced IGF-1R
phosphorylation. In early-passage cells, a similar increase in tyrosine-
phosphorylated (pY) IGF-1R was observed after preincubation with
IGFBP-3, indicating their conversion to the IGF-1-responsive pheno-
type of late-passage cells. Simultaneous IGFBP-3-IGF-1 incubation of
early-passage cells diminished this effect, suggesting a necessity for
preincubation with IGFBP-3.

vation in early-passage cells to levels found in the late-passage
cells (compare lanes 3 and 6). Addition of more IGFBP-3
further increased this activation (compare lanes 2, 3, and 4),
suggesting that 25 ng of IGFBP-3/ml is not saturating for this
enhancement activity. It appears, therefore, that equivalent
IGF-1R activation can be observed in cervical cells if they are
stimulated with 25 ng of IGFBP-3/ml or they produce IGFBP-3
themselves at that same level (compare lanes 3 and 6).
Previous studies have suggested that a 3-day preincubation
with IGFBP-3 is optimal for observing some of its biological
activities. To determine whether acute or delayed effects were
responsible for the effects we observed on IGF-1R activation,
we analyzed cells which were exposed simultaneously to
IGFBP-3 and IGF-1 or were preincubated for 3 days with
IGFBP-3 prior to IGF-1 addition. In Fig. 2B, it is apparent that
the best activation of IGF1-R was observed following 3 days of
incubation with the binding protein. This implies that IGFBP-3
is not simply binding to IGF-1 and altering its receptor affinity
or effect on target cells. Similarly, the results also indicate that
the binding protein is probably not acting directly on the re-
ceptor to alter either its ligand affinity or signaling responses.
The requirement for a prolonged or chronic exposure to
IGFBP-3 suggests that a more indirect effect is responsible for
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FIG. 3. Total and cell surface IGF-1R levels remain stable during
cell passaging. (A) Detection of total cell IGF-1R. Total IGF-1R
protein levels were detected by Western blotting at the indicated
passages using an antibody that specifically binds to the IGF-1R
B-chain. NWT21 cells (a mouse 3T3 fibroblast cell line overexpressing
the IGF-1R) served as a positive control. The positions of the IGF-1R
B-subunit and the IGF-1R precursor are indicated. (B) Detection of
cell surface IGF-1R. Cell surface IGF-1R levels were evaluated on live
cervical cells by flow cytometry using the indicated antibody. The
number of cells versus relative fluorescence intensity is plotted. The
levels of total and surface IGF-1R showed no significant changes
during cell passaging.

this change in growth factor sensitivity, possibly due to the
induction of cellular genes.

Total and cell surface IGF-1R levels remain stable during
passaging of E6/E7-transduced cervical cells. The above stud-
ies indicate that there is enhanced phosphorylation of IGF-1R
in cells preincubated with IGFBP-3. This normally derives
from an increase in the percentage of receptors that are acti-
vated. However, increased phosphorylation could potentially
result from an increase in the amount of phosphorylation per
receptor or in the absolute number of receptors. Since we
determined receptor phosphorylation by first immunoprecipi-
tating all tyrosine-phosphorylated proteins and then probing
with antireceptor antibodies, this procedure would quantify
receptor phosphorylation independent of the number of phos-
phorylation sites. That is, the increase in observed IGF-1R
phosphorylation is not due to an increase in the amount of
phosphorylation per receptor. To evaluate whether receptor
overexpression accounted for this phenotype, we quantified
total IGF-1R. Total IGF-1R levels were determined by West-
ern immunoblot analysis using an antibody that specifically
binds to the IGF-1R B-chain (Fig. 3A). Cellular levels of
IGF-1R showed little change from early to late passage.

While changes in receptor number are not responsible for



5724 BAEGE ET AL.

| early passage M late passage |
1 1

endog. IGFBP-3 0 0 0 0 25
(ng/ml)

exog. IGFBP-3 0 0 25
(ng/ml)

25 25

100 O 0 100

IGF-1 0 25

(ng/mil)

25 25 0 25 25

176 —

s AR — e s < pY-IRS

13 —

176 = s e s - e e < total IRS

113 —

1 2 3 4 5 6 7

FIG. 4. IGFBP-3 enhances IGF-1R downstream signaling. Cells
were incubated for 3 days in basal medium containing various concen-
trations of IGFBP-3. The cultures were then treated with IGF-1 for 10
min, and cell lysates were analyzed by immunoprecipitation and im-
munoblotting for the amount of tyrosine-phosphorylated (pY) IRS.
After detection of (pY) IRS levels, the same membrane was stripped
and reprobed for total IRS levels as described in the text.

the increase in IGF-1R phosphorylation, it was possible that
late-passage cells might have a redistribution of receptor, with
more receptor being on the surface and accessible to ligand.
We therefore analyzed the amount of surface IGF-1R by
FACS using a phycoerythrin-conjugated IGF-1R antibody
(Fig. 3B). There was no significant difference in cell surface
IGF-1R numbers during passaging. Thus, the increased phos-
phorylation of the IGF-1R in late-passage cervical cells was not
due to gross alterations in receptor number or distribution. In
parallel, the incubation of cervical cells with various concen-
trations of human recombinant IGFBP-3 for 3 days did not
cause significant changes in cell surface IGF-1R number (data
not shown). These results indicate, therefore, that the increase
in IGF-1R phosphorylation is due to an increase in the per-
centage of receptors that are phosphorylated.

IGFBP-3 enhances IGF-1R downstream signaling. Having
established that IGFBP-3 enhanced IGF-1R phosphorylation,
we further examined whether this apparent activation resulted
in the phosphorylation of one of its downstream targets, IRS.
Cervical cells were treated with IGF-1 and IGFBP-3 as de-
scribed for Fig. 2A, after which they were immunoprecipitated
and immunoblotted for tyrosine-phosphorylated IRS (Fig. 4).
The phosphorylation of IRS closely paralleled the results with
the phosphorylation of IGF-1R, suggesting that there was suc-
cessful signaling by the activated receptor. The proportional
increase between IGF-1R and IRS phosphorylation also sug-
gested that IGFBP-3 does not activate IRS independently of
IGF-1R. As in Fig. 2A, the activation of IRS was enhanced in
late-passage cells (Fig. 4, compare lanes 2 and 6), and it was
possible to induce equivalent levels of IRS phosphorylation in
early-passage cells by adding IGFBP-3 at levels found in late-
passage cells (compare lanes 3 and 6). Again, this suggests that
IGFBP-3 appears to be a key mediator of elevated receptor
activation. The levels of IRS in both early- and late-passage
cells were very similar (Fig. 4, total IRS).
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IGFBP-3 enhances IGF-induced DNA synthesis and cell
division. Stimulation of the IGF-1 pathway can result in cell
proliferation, and we therefore evaluated whether this pathway
was functionally activated in the cervical cells by IGFBP-3.
First we determined the level of DNA synthesis induced by
IGF-1 in early- and late-passage cells by IGF-1. Cells were
cultured for 3 days in basal KSFM and then stimulated with 25
ng of IGF-1/ml. [*H]thymidine was added for 22 h, and its
incorporation into DNA was measured as described in Mate-
rials and Methods. As shown in the insert of Fig. 5, late-
passage cells were 3.5-fold more sensitive to IGF-1 than early-
passage cells, consistent with their production of 25 ng of
IGFBP-3/ml. To evaluate whether exogenous IGFBP-3 aug-
mented this induction of DNA synthesis by IGF-1 and whether
cell division resulted, we measured the cell number following
treatment with 25 ng of IGF-1/ml and various concentrations
of IGFBP-3 (Fig. 5). IGFBP-3 at 25 ng/ml induced a 120%
increase in the number of early-passage cells. At 300 ng/ml, a
concentration at which IGFBP-3 is in excess compared to
IGF-1, IGFBP-3 induced a 210% increase in these cells. In
contrast, there was only a 19% increase in the number of
late-passage cells treated with 25 ng of IGFBP-3/ml. This lim-
ited mitogenic response was most likely due to the presence of
25 ng of IGFBP-3/ml in the medium (as a consequence of cell
synthesis). Even at the highest amounts of IGFBP-3 (300 ng/
ml), the late-passage cells showed only a 50% increase in cell
number. When early- and late-passage cells were grown in
supplemented KSFM (with all growth factors), there was no
difference in cell proliferation, suggesting that the differences
in growth rate were indeed the consequence of the response to
IGFBP-3 and not an inherent difference in their growth rate
(data not shown). Thus, IGFBP-3 augments IGF-1 signaling
and cell division in early-passage cells which do not synthesize
IGFBP-3. In late-passage cells which already produce IG-
FBP-3, there is only a limited mitogenic response to the bind-
ing protein.

DISCUSSION

IGFBP-3 is emerging as an important modulator of IGF-
regulated cellular growth (11, 25, 34). Many cell types display
altered production of IGFBP-3 in response to hormonal (15,
30, 33) and metabolic (25, 27) factors as well as to viral and
cellular oncogenes (9). Alterations in IGFBP-3 levels appear
to induce complex effects, observed as either inhibiting or
potentiating IGF-1 action (11, 34). In the present study, we
further defined the functional role of IGFBP-3 in high-risk
HPV-16 E6/E7-infected human ectocervical epithelial cells.
We investigated the expression and effects of IGFBP-3 on the
IGF-1 signaling pathway, as well as cell proliferation during the
process of cell passaging and immortalization after retroviral
transduction with HPV-16 E6/E7 oncogenes. While both on-
coproteins are expressed stably during successive cell passaging
(2), IGFBP-3 gene expression increases markedly during im-
mortalization (9). Here, we used sensitive immunoblotting and
ELISA techniques to quantify secreted IGFBP-3 levels.

To date, the majority of studies examining the role of
IGFBP-3 in IGF-1R signaling have used immortalized cell
lines (1, 24, 27). We have performed studies on cervical cells as
they transition from the nonimmortal to immortal state. We
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FIG. 5. IGFBP-3 enhances IGF-induced DNA synthesis and cell division. (Inset) Cellular DNA synthesis (measured by [H*]thymidine
incorporation) was enhanced 3.5-fold in late-passage cells, consistent with their production of 25 ng of IGFBP-3/ml. Early-passage (black bars) and
late-passage (white bars) cells (2.5 X 10° per plate) were maintained for 3 days in basal growth medium followed by a 3-day period in the same
medium supplemented with 25 ng of IGF-1/ml and increasing amounts of IGFBP-3. The number of cells per plate was quantified with a Coulter
Counter, and the results are expressed as the fold increase in the number of cells. IGFBP-3 at 25 and 300 ng/ml induced a 120 and 210% increase
in cell number, respectively. In contrast, there was only a 19 and 50% increase in the number of late-passage cells treated with the same

concentrations of IGFBP-3.

demonstrate that IGFBP-3 secretion initiates during cell im-
mortalization (passage 20 to 30) and increases somewhat
thereafter (>passage 40). In contrast, cervical cells do not
secrete detectable levels of IGFBP-3 early after retroviral
transduction (<passage 10). These results indicate that besides
the presence of the viral E6 and E7 proteins (which are at
equivalent levels before, during, and after immortalization),
there must be additional cellular changes required for I1G-
FBP-3 induction, or that there is a very small population of
immortalized cells at early times which synthesize IGFBP-3
and that these cells are selected for by the protocol of in vitro
passaging.

IGFBP-3 is an important regulator of cell responsiveness to
IGF-1 (11), and increased serum levels have been correlated
with an increased risk for breast (26, 47), prostate (34), and
colorectal cancers (42). We have utilized our human cervical
epithelial cell model to study the functional role of IGFBP-3 in
modulating IGF-1 bioactivity. We were able to verify that cer-
vical cells, like other epithelial cells (3), do not produce de-
tectable levels of IGF-1. Nevertheless, it is important to note
that in vivo IGF-1 is synthesized and released by fibroblasts
and stimulates the growth of surrounding epithelial cells via a
paracrine mechanism (3). Furthermore, IGF-1 has been sug-
gested to contribute to malignant progression (25). Therefore,
changes in local IGFBP-3 concentrations could be critical for
modulating the mitogenic activity of IGF-1 and might poten-
tiate the development of cervical tumors after infection with

high-risk HPVs. Our data indicating that E6/E7-immortalized
cervical cells secrete IGFBP-3 and display increased mitogenic
sensitivity to IGF-1 are compatible with several other reports
in which IGFBP-3 was shown to potentiate the mitogenic ef-
fects of IGF-1 (10, 12, 14, 17, 24). However, there are also
reports that IGFBP-3 is responsible for growth inhibition and
the induction of senescence (23, 28, 32) and that a loss of
IGFBP-3 is observed in both prostate and lung cancer (46, 48).
These contradictory findings most likely derive from differ-
ences in cell type and/or culture conditions. A previous study
has documented by in situ hybridization that IGFBP-3 mRNA
was undetectable in normal ectocervical tissue but overex-
pressed in high-grade squamous intraepithelial neoplasias (9),
suggesting that our in vitro studies have direct applicability to
cervical dysplasia and cancer.

Several studies indicate that direct interactions with IGF-1
are responsible for the biological activity of IGFBP-3. For
example, IGFBP-3 prolongs the IGF-1 half-life dramatically
(11), and it serves as a principle carrier and reservoir of IGF-1,
delivering and presenting IGF-1 to target cells. However, our
results appear to be independent of direct IGF-1-IGFBP-3
interactions. IGFBP-3 requires chronic preexposure (3 days) in
order to induce the IGF-sensitized state. Since our experimen-
tal protocols for IGF-1R phosphorylation employ brief (10-
min) exposures to IGF-1, it is also highly unlikely that alter-
ations in IGF-1 stability are a factor. In addition, we see very
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little effect of IGFBP-3 when it is added concomitantly with
IGF-1.

It is possible that IGFBP-3 sensitizes cells to IGF-1 via the
induction of cell proteins that regulate this signaling pathway.
This hypothesis is strengthened by the observation that it re-
quires 72 h for IGFBP-3 to fully sensitize cells to IGF-1,
whereas it associates with the cell surface within 24 h, indicat-
ing a significant delay between cell binding and signal sensiti-
zation. Despite uncertainty about the precise mechanism in-
volved, IGFBP-3 enhancement of IGF action has been
observed in various cell types, including fibroblasts, osteo-
blasts, and breast cancer cells (13, 20, 40). Interestingly, it has
been revealed very recently that IGFBP-3 can bind and en-
hance the antiapoptotic activity of the cellular protein humanin
(31). Whether this direct interaction may contribute to the
stimulatory effects of IGFBP-3 that we observe in our cervical
cells is currently unknown. Furthermore, there are sequences
within the carboxyl terminus of IGFBP-3 which regulate cell
association (21), possibly indicating the presence of specific
cell surface receptors that bind IGFBP-3 (16, 40, 49). The
observation that IGFBP-3 also encodes a nuclear transport
signal and can be observed to translocate into the cell nucleus
provides additional support for this binding protein having its
own biological signaling mechanisms (43, 44).

The primary observation of this study is that IGFBP-3 aug-
ments ligand activation of the IGF-1R in cervical epithelial
cells and that immortalization of these cells is accompanied by
a dramatic (500-fold) increase in the expression of this binding
protein. In addition, our laboratory has also demonstrated that
IGFBP-3 can increase IGF-1-induced cell proliferation, sug-
gesting that the in vivo expression of this binding protein in
cervical dysplasia (9) may contribute to a selective growth
advantage for HPV-immortalized cells.
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