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The E7 protein encoded by human papillomavirus type 16 is one of the few viral genes that can immortalize
primary human cells and thereby override cellular senescence. While it is generally assumed that this property
of E7 depends on its interaction with regulators of the cell cycle, we show here that E7 targets insulin-like
growth factor binding protein 3 (IGFBP-3), the product of a p53-inducible gene that is overexpressed in
senescent cells. IGFBP-3 can suppress cell proliferation and induce apoptosis; we show here that IGFBP-3-
mediated apoptosis is inhibited by E7, which binds to IGFBP-3 and triggers its proteolytic cleavage. Two
transformation-deficient mutants of E7 failed to inactivate IGFBP-3, suggesting that inactivation of IGFBP-3

may contribute to cell transformation.

Human papillomaviruses (HPVs) of the high-risk group
(e.g., HPV-16) cause cancers in humans, while papillomavi-
ruses of the low-risk group (e.g., HPV-11) cause benign epi-
thelial hyperproliferation (90). Cell transformation by high-
risk HPVs requires expression of the viral genes E6 and E7
(for a review, see reference 1). Coexpression of HPV-16 E6
and E7 is sufficient to immortalize primary human keratino-
cytes (35, 57), the natural host cells for papillomavirus infec-
tion. The E6 protein of HPV-16 interacts with the p53 tumor
suppressor, which leads to recruitment of the ubiquitin ligase
E6AP (39), resulting in the ubiquitination and subsequent deg-
radation of p53 (72). Consequently, p53-dependent upregulation
of growth-inhibitory genes, such as p21WAF-1 (27), is abro-
gated. A major target for the E7 oncoprotein of HPV-16 ap-
pears to be the p16/Rb pathway, as it is known that E7 binds
to all three members of the retinoblastoma protein family
and abrogates their growth-suppressive function (for a re-
view, see reference 83); consequently, E7-expressing cells are
refractory to growth inhibition by the cyclin-dependent kinase
(cdk) inhibitor p16INK4 (49, 50). The identification of specific
target proteins for E6 and E7 suggests that both viral onco-
proteins target nonidentical regulatory pathways and that im-
mortalization depends on the combined action of both gene
products. However, it is known that expression of E7 alone is
sufficient to immortalize human cells (85), albeit at reduced
efficiency, compared to the simultaneous expression of both E6
and E7 (35). This indicates that E7 may also impinge on
growth regulatory pathways that are principal targets for E6. In
support of this hypothesis, it was shown that E7 binds and
inactivates the cdk inhibitor p21WAF-1 (28, 42), which is en-
coded by a p53-inducible gene (27). This observation provides
an explanation for how p53-mediated growth arrest can be
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undermined by E7 in the absence of E6, i.e., in cells where p53
is present and functional.

Immortalization of mammalian cells is considered the first
step in tumorigenesis (88) which abrogates a cellular senes-
cence program that is characterized by irreversible cell cycle
exit after extended passaging. There is evidence that mitogenic
signal transduction is disturbed in senescent fibroblasts. Thus,
expression of early-growth response genes, e.g., the c-fos gene,
cannot be induced by serum growth factors in senescent cells
(73). Furthermore, insulin-like growth factor binding protein 3
(IGFBP-3), a member of a protein family that regulates the
mitogenic activity of IGF-I (for a review, see reference 11), is
strongly overexpressed in senescent cells (30, 31, 55). IGFBP-3
can block the proliferation of various cell types in vitro (for a
review, see reference 59) by at least two distinct ways. As
mentioned above, IGFBP-3 binds IGF-I and thereby regulates
IGF-I dependent signaling. Second, there is evidence that mu-
tants of IGFBP-3 that fail to interact with IGF-I are still able
to induce apoptosis in PC-3 cells (67). It is assumed that this
second IGF-I-independent function of IGFBP-3, which is also
effective in cells lacking the IGF receptor (82), involves the
uptake of extracellular IGFBP-3 through a cellular IGFBP-3
receptor (45) and subsequent localization in the nucleus (48,
71, 87); however, nuclear targets for IGFBP-3 have not been
described so far. The IGFBP-3 gene is transcriptionally acti-
vated by p53 through a p53 binding site (15), and it is believed
that increased expression of IGFBP-3 contributes to p53-de-
pendent apoptosis (67; for a review, see reference 16).

Genetic evidence suggests that multiple genetic loci, present
in four distinct complementation groups, contribute to cellular
senescence (64). Expression of the cdk inhibitors p16INK4 (2,
34) and p21WAF-1 (2, 78) is considerably increased in senes-
cent cells, and it is assumed that the p16/pRb and the ARF/
p53/p21 pathways play key roles in establishing cellular se-
nescence (for recent review, see references 74 and 76). In
addition, a telomere maintenance mechanism, in most cases
achieved through reactivation of telomerase (h"TERT) gene
expression (18), is required for immortalization (for a review,
see reference 22). Hence, several growth-suppressing pathways
must be independently subverted in all immortalized cells.
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FIG. 1. Identification of IGFBP-3 as E7-binding protein. (A) Plasmid pLexA-16E7(39-98)::HIS3 encodes the DNA binding domain of LexA fused in frame to the
C-terminal part of HPV-16 E7 and the HIS3 selectable marker. The structure of the expression library, derived from vector pJG4-5 (32) by insertion of cDNA fragments
from a WI-38 cDNA library, is indicated. B42-TAD refers to the B42 transactivation domain. B42 fusion proteins are expressed from the inducible GAL1 promoter,
and these plasmids contain the TRP1 gene as a selectable marker. (B) The plasmid designated pB42-IGFBP-3::TRP1 was isolated during the interaction screen; it
contains the full-length cDNA for human IGFBP-3 (86). (C) Derivatives of yeast strain EGY48/pSH1834, expressing various LexA fusion proteins as indicated, were
transformed with the plasmid pB42-IGFBP-3::TRP1. pJG4-5, expressing the unfused B42 transactivation domain, was used as a negative control. Transformants were
selected for uracil, histidine, and tryptophan prototrophy and were grown in glucose minimal medium (Ura™, His™, Trp~). Yeast cells were then streaked out onto
each of three plates and incubated for 4 days at 30°C under the following nutrient conditions: control, glucose minimal medium with leucine, all strains grew; glucose,
glucose minimal medium without leucine, selection for B42 fusion protein-independent activation of the LexAo6-pLEU2 reporter; galactose, minimal medium without
leucine, selection for B42 fusion protein-dependent activation of the LexAo6-pLEU2 gene. (D) Saccharomyces cerevisiae strain EGY48/pSH1834, containing a LexA
operator-lacZ gene (LexAo8-GAL1-LacZ::URA3), was transformed with the plasmid pB42-IGFBP-3::TRP1 expressing IGFBP-3 (striped bars) or pJG4-5 expressing
the unfused B42 transactivation domain (solid bars). Plasmids encoding LexA fusion proteins were coexpressed, as indicated, and B-galactosidase activity was

determined. LexA-Bicoid and LexA-C-Myc (C terminus) were used as negative controls.

While it is possible that a high frequency of random genetic
alterations triggers the immortalization of human cells that
express E7 as the sole viral oncogene, we reasoned that, in
addition to pRb and p21, E7 may target additional factors in
senescence-inducing pathways that are currently not recog-
nized as E7 targets. Applying a two-hybrid screen with E7 as
bait, we identified the human IGFBP-3 as a new interaction
partner for E7. We also present evidence here that E7 sup-
presses a major function of IGFBP-3, namely, its ability to
induce apoptosis.

MATERIALS AND METHODS

Interaction analysis in yeast. The C-terminal part of HPV-16 E7, fused in
frame to the DNA-binding domain of LexA, was used as bait in the yeast
two-hybrid system (92) to identify cDNAs for E7-binding proteins from a human
c¢DNA expression library (6). Yeast strain EGY48/pSH1834 (MATo his3 ura3
trpl leu2::lexA06-pLEU2/LexA08-GALI-lacZ::URA3) (92) was used for both the
LEU?2 and B-galactosidase reporter gene assays. For determination of reporter
gene activity, EGY48/pSH1834 was transformed with plasmids expressing the
LexA-E7(39-98), LexA-16E7, LexA-11E7, LexA-Myc, or LexA-Bicoid fusion
protein, together with the plasmid pB42-IGFBP3::TRP1, and it was selected for
leucine prototrophy as previously described (6); alternatively, B-galactosidase
activity was determined in cellular extracts as previously described (6). The
various LexA fusion proteins were expressed to the same level, as confirmed by
direct immunoblotting, using a polyclonal antibody to LexA (92).

In vitro interaction analysis. Different quantities of recombinant glutathione
S-transferase (GST), GST-E7 (93), and IGF-I (a gift from Pharmacia, Uppsala,
Sweden) proteins were immobilized on nitrocellulose filters and probed with
radiolabeled IGFBP-3, as previously described (37). Subsequently, the mem-
branes were washed and exposed for autoradiography. For the determination of
binding constants, the amount of filter-bound IGFBP-3 was calculated by com-
parison with a control curve.

For GST pull-down assays, GST and GST fusion proteins containing various
mutants of E7 (93) were loaded (each at 10 ng/ul) on glutathione-Sepharose 4B
beads. IGFBP-3 protein was produced in yeast cells or transiently transfected
U-20S cells; extracts were incubated with GST-E7 fusion proteins, and bound
proteins were analyzed by Western blotting (89), using anti-IGFBP-3 antibodies

(Diagnostic Systems Laboratory Inc., Webster, Tex.) or anti-HA1 antibodies
(94). Input of the various GST-derived fusion proteins was controlled either by
Western blot analysis using a monoclonal antibody against GST (clone GST-2;
Sigma Chemical Co., St. Louis, Mo.) or by Coomassie staining.

Cell culture and transfection. The human osteosarcoma cell line U-20S was
cultured in Dulbecco modified Eagle medium plus 10% fetal calf serum (FCS)
(93). The human PC-3 cells were originally initiated from a grade IV prostatic
adenocarcinoma from a 62-year-old male Caucasian. PC-3 cells were cultured in
RPMI or FK-12 medium, both supplemented with 10% FCS (67). Primary
human keratinocytes were isolated from human newborn foreskin and were
immortalized by infection with the pLXSN retroviral vector expressing HPV-16
E7, as previously described (12). Primary keratinocytes and E7-immortalized
keratinocytes were cultured in keratinocyte growth medium (Promocell, Heidel-
berg, Germany). Transfection efficiency was routinely controlled by cotransfect-
ing a cytomegalovirus-driven expression vector for B-galactosidase. Subsequent
to transfection, we determined B-galactosidase activity, which varied less than
10% between individual experiments.

Apoptosis assays. The human IGFBP-3 cDNA (a gift of A. Groyer, Paris,
France) was subcloned in the cytomegalovirus-driven expression vector pX (89)
to yield pX-IGFBP3. PC-3 cells were transfected with pX-IGFBP-3, pX-16E7,
and green fluorescent protein (Clontech, Heidelberg, Germany) as a marker of
cells successfully transfected using the FuGENEG6 reagent (Roche Diagnostics,
Mannheim, Germany); transfection with the empty pX vector was included as a
control. For apoptosis detection, cells were harvested 24 h after transfection,
fixed in ethanol, and incubated with a buffer containing 40 pg of RNase A/ml and
50 pg of propidium iodide/ml for 30 min on ice. Fluorescence was measured in
a flow cytometer, and green-fluorescent protein-transfected cells with sub-G,
DNA content were considered to be apoptotic. The abundance of transfected
proteins was determined by Western blotting, using a polyclonal goat antiserum
to IGFBP-3 and a monoclonal antibody to HPV-16 E7 (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, Calif.).

Analysis of IGFBP-3 in the cell culture medium. For the analysis of IGFBP-3
in the cell culture medium, conditioned serum-free medium was treated with an
equal volume of 20% cold trichloroacetic acid and incubated on ice for 10 min.
After centrifugation, precipitated proteins were neutralized using 1 M Tris so-
lution and subjected to gel electrophoresis and Western blotting.

Northern blot analysis. For Northern blot analysis, total RNA was prepared,
separated on a 1.2% formaldehyde agarose gel, and probed with a 3*P-labeled
probe derived from human IGFBP-3 cDNA as previously described (89).
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FIG. 2. E7 binds IGFBP-3 in vitro. (A and B) Purified GST or GST-E7 fusion proteins immobilized on glutathione-Sepharose 4B beads were incubated with
whole-cell extracts from yeast cells expressing a B42-HA1-IGFBP-3 fusion protein, as indicated. (Top) After washing, bound proteins were separated by gel
electrophoresis and the amount of B42-HA1-IGFBP-3 protein that was retained was determined by direct immunoblotting using a monoclonal antibody against the
HAT1 epitope (94). For comparison, 5% of the input was also loaded on the gel. (Bottom) Input of the various GST fusion proteins was controlled by either Coomassie
staining or Western blotting using anti-GST antibodies. (C) IGF-I and E7 proteins were immobilized on nitrocellulose filters as indicated and were probed with
125]-labeled IGFBP-3. The relative binding constants for both interactions are indicated. AU, arbitrary units.

Metabolic labeling experiments. U-20S cells were transfected by pX-IGFBP3
and pX-16E7 using the FuGene 6 reagent and were pulse-labeled with [**S]me-
thionine plus [**S]cysteine (Amersham Pharmacia Biotech) for 20 min, followed
by a chase period of variable length. IGFBP-3 was immunoprecipitated from
cellular extracts by IGFBP-3 antisera and quantitated by autoradiography. To
inhibit the proteolytic activity of the proteasome, N-acetyl-Leu-Leu-norleucinal
(LLnL; Sigma Chemical Co.) was added to the cells at a concentration of 100
M.

Coimmunoprecipitation experiments. U-20S cells were cotransfected with
pX-IGFBP-3 and pJ4OHPV16E7 (53), using the Effectene transfection kit (Qia-
gen, Hilden, Germany). The proteasome activity was blocked by addition of
LLnL to a final concentration of 100 uM. Extracts from 10° cells were prepared
in lysis buffer (1.5 mM KH,PO,, 8.1 mM Na,HPO, [pH 7.4], 2.7 mM KCl, 137
mM NaCl, 0.2 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM NaF, 100 pM

LLnL, 1 mM dithiothreitol [DTT], 0.1% Triton X-100, protease inhibitor mix no.
1836170 [Roche Diagnostics]) and subjected to immunoprecipitation with anti-
bodies raised against HPV-16 E7 (clone D6, a gift from R. Tindle, Brisbane,
Australia), with an antiserum against IGFBP-3 (Diagnostic Systems Laboratory,
Inc.), or with a mixture of a monoclonal anti-GST antibody (clone GST-2; Sigma
Chemical Co.) and a polyclonal antiserum against cdk4 (Santa Cruz Biotechnol-
ogy Inc.). Beads were washed three times in wash buffer 1 (20 mM Tris-Cl [pH
7.5], 75 mM NaCl, 0.2 mM PMSF, 1 mM NaF, 1 mM DTT, 0.1% NP-40, 10%
glycerol, protease inhibitor mix no. 1836170 [Roche Diagnostics]) and once in
wash buffer 2 (10 mM Tris-Cl [pH 7.5], 0.2 mM PMSF, 1 mM NaF, 1 mM DTT,
0.1% NP-40, 10% glycerol, protease inhibitor mix no. 1836170 [Roche Diagnos-
tics]). Precipitated proteins were visualized by Western blotting.

Indirect immunofluorescence analysis. U-20S cells were cultured in Dulbecco
modified Eagle medium plus 10% FCS. For transient expression of cDNAs,
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FIG. 3. Effects of IGFBP-3 and E7 on apoptosis rate in PC-3 cells. PC-3 cells were transfected with expression vectors for IGFBP-3 and/or E7, as indicated. (A)
The rate of apoptosis was determined by flow cytometry. Cells with sub-G; DNA content were considered to be apoptotic. Values are the means * standard deviation
of three independent experiments (P < 0.005). wt, wild type. (B) The levels of IGFBP-3 in both cellular lysates and conditioned medium and levels of E7 proteins were
determined by immunoblotting. M2 pruvate kinase (M2-PK) served as a loading control.

cellswere grown to about 80% confluence on glass coverslips coated with 0.04% gel-
atin. Transfection of the expression vectors pX-IGFBP-3 and pJ4QHPV16-E7
(53) was performed using the Effectene transfection kit (Qiagen). At 36 h post-
transfection, cells were prepared for indirect immunofluorescence according to
standard protocols, including methanol fixation. After incubation with primary
antibodies (polyclonal rabbit anti-HPV16-E7 antibodies [W. Zwerschke, unpub-
lished results] and polyclonal goat anti-IGFBP-3 antibodies [Diagnostic Systems
Laboratory Inc.], respectively) and secondary antibodies tetramethyl rhodamine
isocyanate (TRITC)-conjugated anti-goat immunoglobulin (IgG) and fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit IgG (both from Dianova, Ham-
burg, Germany), cells were washed and embedded in Fluoromount G (Biozol,
Eching, Germany). Samples were viewed by indirect immunofluorescence mi-
croscopy using the confocal scanning system MicroRadiance (Bio-Rad, Hemel
Hempstead, Hertfordshire, Great Britain) in combination with a Zeiss Axiophot
microscope. The following filters were used for FITC-derived and TRITC-de-
rived fluorescence: excitation for FITC at 488 nm and for TRITC at 543 nm and
emission for FITC at 515 to 530 nm and for TRITC at >570 nm.

RESULTS

Identification of IGFBP-3 as E7 binding protein. To identify
regulatory pathways relevant for immortalization by HPV-16
E7, we screened a human cDNA library (32) for cellular E7-
binding proteins. In a yeast two-hybrid screen (Fig. 1A), we
repeatedly isolated the cDNA encoding IGFBP-3 (Fig. 1B).
Specific interaction of IGFBP-3 with E7, but not with two
unrelated fusion proteins, was confirmed by coexpression in
yeast by using two distinct reporter gene assays (Fig. 1C and
D). The ability of the E7 protein of HPV-11, a low-risk HPV
type, to interact with IGFBP-3 was significantly reduced, sug-
gesting that the ability of E7 proteins to bind IGFBP-3 may
correlate with the oncogenic potential of the virus (Fig. 1D and
2A). To determine if HPV-16 E7 and IGFBP-3 can also inter-
act in vitro, GST pull-down experiments were performed. As is
shown in Fig. 2A, IGFBP-3 fusion protein isolated from yeast

cells showed significant interaction with GST-16E7 fusion pro-
teins but not GST alone. The binding affinity of HPV-11 E7 to
IGFBP-3 was significantly reduced, in accordance with the
results shown in Fig. 1D. Similarly, a mutated version of the
HPV-16 E7 protein, A79-83 (53), in which four amino acids
from the C-terminal domain were deleted, showed strongly
reduced binding affinity for IGFBP-3 (Fig. 2B). To further
characterize the interaction of IGFBP-3 with HPV-16 E7, a
ligand-binding blotting (37) was performed using '*’I-labeled
IGFBP-3. GST-tagged HPV-16 E7 protein was immobilized on
nitrocellulose filters and probed with radiolabeled IGFBP-3.
Subsequently, the membranes were washed and exposed for
autoradiography. In this experiment, a binding constant of
10~° M was determined (Fig. 2C), suggesting that both pro-
teins strongly interact in vitro.

Abrogation of IGFBP-3 function by E7. It was shown that
IGFBP-3 induces apoptosis in several cell types (29, 67), and
our finding that HPV-16 E7 binds to IGFBP-3 raises the pos-
sibility that the ability of E7 to modulate apoptotic cell death
(80) depends on its interaction with IGFBP-3. To determine if
IGFBP-3 is a functional target for E7, a transient-transfection
assay which allows the monitoring of the proapoptotic activity
of IGFBP-3 was established. After transfection of PC-3 pros-
tate carcinoma cells with an expression vector for IGFBP-3, we
found that expression of IGFBP-3 increased the frequency of
apoptosis to 28.4% =+ 3.6% (Fig. 3A). Coexpression of HPV-16
E7 reduced the amount of apoptotic cells to 6.8% * 1.2%,
indicating that E7 can prevent IGFBP-3-mediated apoptosis.

E7 triggers proteolytic degradation of IGFBP-3. To address
the mechanism underlying the functional antagonism between
E7 and IGFBP-3, we studied expression of both proteins in
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FIG. 4. E7 triggers proteasome-dependent degradation of IGFBP-

3. (A) U-20S cells were transfected with expression vectors for IGFBP-3 and E7 as indicated.

The levels of IGFBP-3 in both cellular lysates and conditioned medium and levels of E7 proteins were determined by Western blotting (four top panels), in which M2
pyruvate kinase (M2-PK) served as loading control; the IGFBP-3 mRNA level was determined by Northern blotting (fifth panel). Ethidium bromide staining of the
28S and 18S rRNA served as loading control (bottom panel). Levels of IGFBP-3 mRNA and protein were quantitated by densitometric scanning of the autoradiogram.

(B) U-20S cells were transfected with expression vectors for IGFBP-3 and E7 as indicated and were -

358 labeled for 20 min, followed by a chase period, as indicated.

IGFBP-3 was immunoprecipitated and detected by autoradiography. The half-life of IGFBP-3 was determined from the average of three independent experiments, as follows:
35 min in the absence of E7, 17 min in the presence of E7, and 44 min in the presence of both E7 and the proteasome inhibitor LLnL. (C) Coimmunoprecipitation
experiments. U-20S cells were cotransfected with expression vectors for IGFBP-3 and E7; proteasome activity was blocked by addition of LLnL. Cell lysates were prepared
and subjected to immunoprecipitation with antibodies to E7 and IGFBP-3 and control antibodies, as indicated. Precipitated proteins were detected by Western blotting.

transfected PC-3 cells by Western blotting. Since IGFBP-3 can
be found both in intracellular compartments and in tissue
culture supernatants (30, 48, 71, 87), both cellular extracts and
the supernatant were analyzed by Western blotting. We found
that IGFBP-3 is well expressed from the respective expression

vector in PC-3 cells; however, the abundance of IGFBP-3 pro-
tein was considerably reduced when E7 was coexpressed in the
same experiment (Fig. 3B). The E7-induced loss of intracellu-
lar IGFBP-3 cannot be explained by changes in the secretion of
the protein, as the accumulation of extracellular IGFBP-3 was



6488 MANNHARDT ET AL. MoL. CELL. BIOL.

A

Transfection Preimmune Serum
HPV 16 E7 IGFBP-3

pJ4QHPV16 E7
+
pxIGFBP-3

B
Transfection Anti-HPV 16 E7 Anti-IGFBP-3

- . .

pJAQHPV16 E7

o . .

FIG. 5. Colocalization of HPV-16 E7 and IGFBP-3 after transient expression in human cells. (A and B) U-20S cells were transiently transfected with expression
vectors for HPV-16 E7 and/or IGFBP-3, as indicated. At 36 h posttransfection, cells were processed for indirect immunofluorescence microscopy and viewed by using
a confocal scanning system. Cells were stained with preimmune serum (A) and anti-E7 antibodies (B, left) or anti-IGFBP-3 antibodies (B, right), as indicated. (C to
F) U-20S cells were cotransfected with expression vectors for both HPV-16 E7 and IGFBP-3. IGFBP-3 was not detectable in cells that express high levels of E7 (C).
In cells where E7 was expressed at a relatively low level, weak IGFBP-3 staining was detectable. The structures stained with anti-E7 (D) and anti-IGFBP-3 (E)
antibodies are colocalized, as shown by costaining (F; yellow); arrows indicate areas of colocalization.

also drastically reduced in the supernatants of E7-expressing Additional experiments were performed in the human os-
cells. The level of M2 pruvate kinase, another E7-binding pro- teosarcoma cell line U-20S, which displays an intrinsic high
tein (94) which was analyzed as a control, was not affected by transfection efficiency. When U-20S cells were transfected
E7 gene expression (Fig. 3B). with expression vectors for E7 and IGFBP-3, both proteins
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were well expressed. As in the case of the PC-3 cells, coexpres-
sion of E7 drastically (more than 100-fold) reduced the expres-
sion level of IGFBP-3 in U-20S cells (Fig. 4A). Again, the
E7-induced loss of intracellular IGFBP-3 cannot be explained
by changes in the secretion of the protein, as the accumulation
of extracellular IGFBP-3 was also drastically reduced in the
supernatants of E7-expressing U-20S cells. We found that E7
only moderately (1.6-fold) reduces the abundance of the
IGFBP-3 mRNA in transfected cells (Fig. 4A), suggesting that
E7 controls expression of IGFBP-3 at a posttranscriptional
level.

To investigate this further, pulse-chase experiments with
33S-labeled amino acids were performed with U-20S cells
transfected with expression vectors for IGFBP-3 and E7.
IGFBP-3 was immunoprecipitated from cellular extracts by an
IGFBP-3 antiserum and quantitated by autoradiography (Fig.
4B). This experiment reveals that the rate of synthesis of
IGFBP-3 is quite similar in control cells and E7-transfected
cells; in contrast, the stability of the protein was reduced in
E7-expressing cells. These results suggest that the proteolytic
degradation of IGFBP-3 is significantly enhanced by E7. To
determine whether E7-induced proteolysis of IGFBP-3 in-
volves the proteasome, the influence of E7 on the stability of
IGFBP-3 was determined in the presence of 100 uM LLnL, a
potent proteasome inhibitor (68). We found that the stability
of the IGFBP-3 protein was significantly increased by the pro-

teasome inhibitor (Fig. 4B). Together, these data suggest that
upon expression of E7, degradation of IGFBP-3 by the pro-
teasome is initiated, leading to much lower levels of this
growth-inhibiting and apoptosis-inducing protein.

E7 and IGFBP-3 interact in mammalian cells. The results
shown in Fig. 1 and 2 demonstrate that E7 and IGFBP-3
strongly interact both in vitro and in yeast cells. In mammalian
cells, both IGFBP-3 and E7 are found in both nuclear and
nonnuclear sites (44, 48, 71, 75, 87). Since in mammalian cells
the binding of E7 to IGFBP-3 results in the proteolytic degra-
dation of the latter (Fig. 3B and 4A and B), a prominent
durable physical interaction between both proteins cannot be
expected. To address the question of whether E7 can bind to
IGFBP-3 in mammalian cells, U-20S cells were cotransfected
with expression vectors for IGFBP-3 and E7. Proteasome func-
tion was blocked by the addition of LLnL to transfected cells;
subsequently, coimmunoprecipitation experiments were car-
ried out. Under these conditions, we were able to coprecipitate
IGFBP-3 with a monoclonal E7 antibody and to coprecipitate
E7 with a polyclonal IGFBP-3 antiserum (Fig. 4C). A mixture
of (polyclonal rabbit) anti-cdk4 antisera and (monoclonal
mouse) anti-GST antibodies did not precipitate any proteins in
this experiment (Fig. 4C). Furthermore, coimmunoprecipita-
tion of both E7 and IGFBP-3 was strictly dependent on the
coexpression of both proteins (data not shown). These results
confirm that an interaction between E7 and IGFBP-3 can
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FIG. 6. Analysis of E7 mutants for IGFBP-3 binding and degradation. (A) Structure of the HPV-16 E7 protein. cd1 and cd2 and the putative zinc finger motifs
(CXXC) (81) are indicated. The mutants of E7 used in the assays are shown. (B) IGFBP-3 from transiently transfected U-20S cells was incubated with glutathione-
Sepharose 4B beads containing various GST-E7 fusion proteins as indicated. (Top) After elution from the beads, bound proteins were separated by gel electrophoresis
and IGFBP-3 was detected by Western blotting; for comparison, samples with 0.5 and 5% of the IGFBP-3 input were also loaded on the gel. (Bottom) Input of the
various GST fusion proteins was controlled by anti-GST immunoblotting. (C) U-20S cells were transfected with expression vectors for IGFBP-3, wild-type E7, and E7
mutants, as indicated. The levels of IGFBP-3 and E7 proteins were determined by Western blotting. Relative IGFBP-3 protein levels are given. Values are the means
of three independent experiments. To control transfection efficiency, HA-tagged ubiquitin was cotransfected and detected by Western blotting.

indeed be detected within mammalian cells when proteasome
function is blocked.

To further study this interaction, we set out to determine the
interaction within living cells by indirect immunofluorescence
analysis. We used a system in which the level of each of the
proteins can be varied individually during the experiment. Fur-
thermore, we used a newly generated polyclonal anti-E7 anti-
serum for these experiments. As shown by Western blot anal-
ysis, this antiserum, which was raised against highly purified
recombinant E7 protein (M. Fiedler et al., unpublished re-
sults), recognizes a single band in extracts from E7-expressing
cells but not control cells, while the preimmune serum is neg-
ative (data not shown). U-20S cells were transiently trans-
fected with expression vectors for E7 and IGFBP-3. Cells were
stained with preimmune serum (Fig. 5A) and antibodies to
E7 and/or IGFBP-3, respectively. Staining was visualized by
either green (E7) or red (IGFBP-3) fluorescence. Under these
conditions, we were able to establish specific immunofluo-
rescence detection for both proteins (Fig. SA and B). Trans-
fection of IGFBP-3 alone yielded cells staining strongly posi-
tive for IGFBP-3 (Fig. 5B), while coexpression of E7 abolished

IGFBP-3 staining in most cases (Fig. 5C), reflecting the ability
of E7 to trigger degradation of IGFBP-3 (Fig. 4A). However,
in cells where E7 was expressed at a relatively low level (Fig.
5D), some IGFBP-3 was still detectable (Fig. SE). Under these
conditions, we found clear indications of colocalization of E7
and IGFBP-3 (Fig. 5D and E), as evidenced by yellow spots
generated by superimposing the corresponding immunofluo-
rescence signals (Fig. S5F, arrows). Together, these results sug-
gest that binding of E7 to IGFBP-3 may precede IGFBP-3
degradation in situ.

IGFBP-3 degradation by E7 mutants. To determine whether
the ability of E7 to bind and inactivate IGFBP-3 may be rele-
vant for its oncogenic potential, several transformation-defi-
cient E7 mutants were analyzed. Two domains in the E7 on-
coprotein have been defined as essential for its transforming
potential. The domains are referred to as conserved domain 1
(cdl) and cd2 (Fig. 6A). These domains have been operation-
ally defined by inactivating point mutations in cdl (PRO2;
histidine at position 2 changed to Pro) and cd2 (GLY24; cys-
teine at position 24 changed to Gly) (for a review, see refer-
ence 80). The precise molecular defect of cd1 mutants, such as
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FIG. 7. Functional inactivation of IGFBP-3 by E7 mutants. (A) Expression of E7 mutants. PC-3 cells were transfected with expression vectors for wild type-E7
(16E7) and E7 mutants as indicated. Expression of E7 mutants was analyzed by immunoblotting. Expression of M2 pyruvate kinase (M2PK) was analyzed to control
for equal loading. (B) Apoptosis suppression by E7 mutants. PC-3 cells were transfected with expression vectors for IGFBP-3 (—), wild-type E7 (E7 wt), and E7 mutants.
Green fluorescent protein served as a transfection marker. Values are means * standard deviation of three independent experiments. (C) Expression analysis of pRB
and p53 in U-20S and PC-3 cells. Expression of the pRB and p53 proteins was analyzed in extracts from U-20S and PC-3 cells by immunoblotting. Expression of M2

pyruvate kinase (M2-PK) was analyzed to control for equal loading.

PRO?2, is unknown; in contrast, it was shown that cd2 mutants,
such as GLY24, are deficient in binding to the retinoblastoma
protein (19, 24). However, there is also evidence that the C ter-
minus of E7 contributes to cell transformation, and recently, it
was described that deletion of four amino acids in the C-terminal
part of E7, as in mutant E7A79-83, strongly reduces the trans-
forming potential of E7 (53). We first analyzed binding of the E7
mutants to IGFBP-3 in a GST pull-down experiment. As shown
in Fig. 6B, GST-16E7 was able to bind IGFBP-3 with high affinity,
whereas GST alone displayed no binding capacity. The E7 mu-
tants PRO2 and GLY24 both bound IGFBP-3 with an affinity
similar to that of the wild type (Fig. 6B), while the binding affinity
of mutant E7A79-83 was severely reduced, consistent with the
results obtained with IGFBP-3-B42 fusion proteins derived from
yeast cells (Fig. 2B). Subsequently, the ability of the E7 mutants
to trigger IGFBP-3 degradation was analyzed in cotransfection
experiments. We found that, while cotransfection of both wild-
type E7 and the GLY24 mutant potently induced degradation
of IGFBP-3 (reduction to 15.3% = 4.7% and 28.7% = 10.7%
of the IGFBP-3 levels in control cells, respectively), both the
mutants PRO2 (70.3% = 3.3% of control values) and
E7A79-83 (73.4% = 3.8% of control values) were much less
active in this respect (Fig. 6C).

To further study the relationship between inactivation of
IGFBP-3 and the transforming potential of E7, we tested the
ability of the E7 mutants to counteract apoptosis induction by
IGFBP-3 in PC-3 cells. All E7 proteins were well expressed in
PC-3 cells; as in U-20S cells, the mutants Pro2 and A79-83
reached even higher levels than wild-type E7 (Fig. 7A). We
found that GLY24, the Rb-binding deficient mutant of E7,
which interacts with IGFBP-3 and induces its degradation (Fig.
6C) but fails to inactivate pRb (43), suppressed IGFBP-3-in-
duced apoptosis to a similar extent as was observed with wild-

type E7. In contrast, both of the PRO2 and A79-83 mutants,
which failed to induce IGFBP-3 degradation (Fig. 6C), are
strongly impaired in their antiapoptotic activity (Fig. 7B).
These experiments indicate that the ability of E7 to induce
IGFBP-3 degradation is involved in the inhibition of IGFBP-
3-driven apoptosis. Since both p53 and pRb were implicated in
apoptotic signaling, the status of both proteins was determined
in our experimental cells. We found that pRb is present in both
the hyper- and hypophosphorylated forms in both cell lines,
suggesting that the cells contain wild-type retinoblastoma pro-
tein (for a review, see reference 10). The p53 Western blotting
reveals that, as was described in the literature (21, 47, 70), U-20S
cells are p53 positive, whereas PC-3 cells lack p53 (Fig. 7C).

Expression and stability of IGFBP-3 is reduced in E7-im-
mortalized human keratinocytes. To address the potential sig-
nificance of the E7-IGFBP-3 interaction for the E7-induced
immortalization of human cells, the expression of IGFBP-3
was also studied for normal human keratinocytes by Northern
blot and Western blot analyses. We found that primary kera-
tinocytes express detectable levels of IGFBP-3 mRNA and
protein (Fig. 8A). Similar experiments were carried out with
human keratinocytes which had been immortalized by retro-
viral expression of the HPV-16 E7 oncogene (12). This ex-
periment revealed that, compared to normal keratinocytes,
E7-expressing keratinocytes display a higher abundance of
IGFBP-3 mRNA but express drastically reduced levels of the
IGFBP-3 (Fig. 8A). These data suggest that IGFBP-3 is
present in normal keratinocytes but eliminated from E7-ex-
pressing keratinocytes at the posttranscriptional level.

To further address the mechanism by which IGFBP-3 is
eliminated, we have analyzed the metabolic stability of IGFBP-
3 in human keratinocytes as a function of E7 expression. As is
demonstrated in Fig. 8B, the metabolic stability of IGFBP-3 is



6492 MANNHARDT ET AL.
A 3

0w No

(] © Q

g 5%
o

SE Ec

b b

EGS ol

s we

cell lysate _ IGFBP-3

mRNA =% .-IGFBP-s

T B— 28S

- 18S

B primary
keratinocytes

MoL. CELL. BIOL.

FIG. 8. Expression and stability of IGFBP-3 in human keratinocytes. (A)
IGFBP-3 level is reduced in E7-immortalized keratinocytes. Primary keratino-
cytes and E7-immortalized keratinocytes were cultured in keratinocyte growth
medium (Promocell) for six passages. In each case, 70,000 cells were lysed and
the levels of IGFBP-3 were determined by Western blotting (top two panels).
The levels of IGFBP-3 mRNA were determined by Northern blotting (bottom).
(B) Metabolic stability of IGFBP-3 is reduced in E7-immortalized keratinocytes.
Primary keratinocytes and E7-immortalized keratinocytes were S labeled for 20
min, followed by a 30-min chase period, as indicated. Cells were lysed, and
IGFBP-3 was immunoprecipitated and detected by autoradiography. Relative
protein levels are indicated.
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drastically reduced in E7-expressing keratinocytes; moreover,
degradation of IGFBP-3 in E7-expressing keratinocytes is ef-
ficiently blocked by the proteasome inhibitor LLnL. These
results clearly establish that immortalization of human kera-
tinocytes by HPV-16 E7 involves a significant destabilization of
IGFBP-3. The biological significance of the E7-IGFBP-3 in-
teraction for immortalization is clearly established by these
experiments. The data raise the possibility that E7-dependent
degradation of IGFBP-3 may play a role during E7-dependent
immortalization of human keratinocytes.

DISCUSSION

It is shown here that the E7 protein encoded by HPV-16
targets IGFBP-3, a well-known antiproliferative and proapo-

53 241

15 30 0 15 30
T S S IGFBP-3

109 133 13.2

ptotic factor. E7 interacts with IGFBP-3 in vitro as well as in
mammalian cells. Expression of E7 in vivo suppresses the abil-
ity of IGFBP-3 to induce apoptosis, and this correlates with the
ability of E7 to trigger the proteolytic degradation of IGFBP-
3. These results identify IGFBP-3 as a new functional target for
HPV-16 E7.

The ability of E7 to trigger IGFBP-3 degradation and to
block IGFBP-3-dependent apoptosis is severely impaired by
point mutations in either cd1 (mutant PRO2) or the C termi-
nus of E7 (mutant A79-83) that are both known to severely
reduce the oncogenic potential of E7 (25, 53). This finding
raises the possibility that the ability of E7 to abrogate the
function of IGFBP-3 may contribute to its transforming capac-
ity. Another transformation-deficient mutant, GLY24, which is
impaired for binding the retinoblastoma protein family (23), is
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able to bind IGFBP-3 and trigger its degradation. This finding
suggests that the interaction of E7 with the retinoblastoma
family of proteins is not required for inactivation of IGFBP-3
and strengthens the notion that several distinct regulatory
pathways must be subverted by E7 in order to transform mam-
malian cells, in keeping with the results from numerous genetic
(7, 8,17, 20, 25, 41, 84) and biochemical (4, 5, 14, 19, 24, 28, 42,
54, 65,79, 89, 93, 94) studies (for a recent review, see reference
91).

There is precedent for an involvement of IGF signaling in
cell transformation. It was shown that disruption of the IGF-I
receptor renders cells resistant to transformation by several vi-
ral oncoproteins, including HPV-16 E7 (for a review, see ref-
erence 9). Reduced expression of IGFBP-3 is an early event in
prostatic carcinogenesis (33), raising the possibility that IGFBP-
3 may act as an early-phase tumor suppressor in prostate can-
cer and probably other epithelial cancers. In keeping with a
role for IGFBP-3 in tumor suppression, it was shown that
expression of the IGFBP-3 gene is induced by the p53 tumor
suppressor protein (15) and growth-inhibitory or apoptosis-
inducing factors, such as tumor necrosis factor alpha and trans-
forming growth factor beta (60, 67, 69), as well as by anticancer
drugs, such as Taxol (Cohen et al., unpublished data). There is
precedent for the functional inactivation of IGFBP-3 by onco-
genes. Thus, it was shown that malignant transformation of
MCF-10A cells by an activated Ha-ras oncogene involves in-
creased resistance to IGFBP-3; however, unlike in the case of
E7-mediated resistance to IGFBP-3 (this report), ras-mediated
resistance to IGFBP-3 is not due to increased degradation of
IGFBP-3 but is associated with increased secretion of IGFBP-
3 (52).

The data reported in Fig. 4B demonstrate that the metabolic
stability of IGFBP-3 is reduced upon expression of HPV-16
E7. Addition of LLnL to E7-expressing cells prevented deg-
radation of IGFBP-3. In vitro, LLnL inhibits the proteolytic
activity of purified proteasome preparations and has some
inhibitory activity towards cathepsin B and calpain; however,
when added to living cells, LLnL exclusively blocks the pro-
tease activity associated with the 26S proteasome (68). Hence,
the inability of E7 to trigger IGFBP-3 degradation in LLnL-
treated cells indicates that a functional 26S proteasome is
required. Several experimental approaches to visualize IGFBP-3
ubiquitination did not reveal any indication for the occurrence
of polyubiquitinated forms of the protein. Thus, an in vitro
ubiquitination assay that was used by others to demonstrate
polyubiquitination of p27KIP1 (56, 58) did not yield any evi-
dence for polyubiquitinated IGFBP-3; similarly, when we used
the very sensitive hemagglutinin (HA) ubiquitin cotransfection
assay (61), we found no indication for polyubiquitination of
IGFBP-3 in vivo (W. Zwerschke, M. Pagano, et al., unpub-
lished data). At present, it is unclear if the observed protea-
some-dependent degradation of IGFBP-3 requires ubiquitina-
tion of IGFBP-3 or, alternatively, if the decreased metabolic
stability of IGFBP-3 shown in Fig. 4B rather reflects the LLnL-
mediated stabilization of some upstream regulators of IGFBP-
3. Recently, it was reported that E7 triggers degradation of the
retinoblastoma protein (pRb) (13). Similar to our findings with
IGFBP-3, E7-induced degradation of pRb is sensitive to pro-
teasome inhibitors, while no ubiquitination of pRb was detect-
able in that study (13).

Consistent with our finding that the IGFBP-3 protein levels
and metabolic stability are strongly downregulated in E7-im-
mortalized keratinocytes (Fig. 8) and in HPV-16-positive tu-
morigenic cell lines (3, 36), the present data suggest that im-
mortalization of human cells by HPV-16 may involve the
functional inactivation of IGFBP-3. What could be the reason

HPV-16 E7 BINDS AND INACTIVATES IGF-BINDING PROTEIN 6493

that HPV-16 evolved a strategy to get rid of IGFBP-3? It is
clear that IGFBP-3 gene expression is induced through p53-
dependent (15) as well as pS53-independent (26) pathways;
furthermore, it was reported that IGFBP-3 can induce apopto-
sis in cells that contain either wild-type p53 or mutated p53
(67). Thus, while p53-dependent apoptotic pathways are inac-
tivated through E6 in HPV-16-infected cells, proapoptotic sig-
nals that cannot be neutralized by E6 may affect the viability of
HPV-16-infected cells and thereby also affect the production
of viral progeny. In this scenario, E7-driven loss of both intra-
cellular and secreted IGFBP-3 (Fig. 3 and 4) may help to
downmodulate the apoptotic response of the infected host
cells; this could at least in part explain the evolutionary con-
servation of this function of the E7 protein.

This hypothesis appears to be in contrast with several earlier
reports demonstrating that expression of HPV-16 E7 leads to
a strong apoptotic response in several experimental systems
(38, 40, 62, 63, 66, 77). However, it was also shown that, in
human keratinocytes containing mutated p53 (51), as well as in
primary murine astrocytes (46), E7 suppresses apoptosis; this
finding indicates that regulation of apoptosis by E7 is complex
and may involve more than one regulatory pathway. The data
reported here support this notion and suggest that suppres-
sion of apoptosis by E7 may involve functional inactivation of
IGFBP-3.
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