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Abstract
IGF and EGF regulate various physiological and pathological processes. IGF binding protein
(IGFBP)-3 regulates cell proliferation in IGF-dependent and -independent fashions. Recently, we
identified IGFBP-3 as a novel EGF receptor (EGFR) downstream target molecule in primary and
immortalized human esophageal epithelial cells, suggesting an interplay between the EGF and IGF
signaling pathways. However, the regulatory mechanisms for IGFBP-3 expression and its
functional role in esophageal cell proliferation remain to be elucidated. Herein, we report that
IGFBP-3 mRNA and protein were induced upon growth factor deprivation in primary and
immortalized human esophageal cells through mechanisms requiring p53-independent de novo
mRNA transcription and protein synthesis. This occurred in the face of the activated
phosphatidylinositol 3-OH-kinase (PI3K)/mammalian target of rapamycin (mTOR) pathway.
Secreted IGFBP-3 neutralized IGFs and prevented IGF-I receptor (IGF-IR) activation. In contrast,
EGF suppressed IGFBP-3 mRNA and protein expression through activation of MAPK in an
EGFR-tyrosine kinase-dependent manner to restore the cellular response to IGF-I. When stably
overexpressed, wild-type IGFBP-3 but not I56G/L80G/L81G (GGG) mutant IGFBP-3, which has
a reduced affinity to IGFs, prevented IGF-I from activating IGF-IR and Akt as well as stimulating
cell proliferation. However, unlike other cell types where IGFBP-3 exerts antiproliferative effects,
neither wild-type nor GGG mutant IGFBP-3 alone affected cell proliferation or EGFR activity.
These results indicate that IGF signaling is subject to negative regulation through IGFBP-3 and
positive regulation by EGF, the latter of which suppresses IGFBP-3. This provides a platform for
understanding the novel cross talk between EGF- and IGF-mediated pathways.
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Homeostasis of the stratified squamous epithelium of the esophagus is maintained by
epithelial renewal involving dynamic biological processes including cell proliferation,
migration, differentiation, and apoptosis, which are thought subject to regulation by various
polypeptide growth factors such as EGF and IGF-I. They play a critical role in pathological
processes such as carcinogenesis and wound healing. In addition to individual or differential
actions, EGF and IGF-I synergistically act toward esophageal epithelial cells and other cell
types (42,49). In mouse embryonic fibroblasts, a functional IGF-I receptor (IGF-IR) is
required for EGF receptor (EGFR) to exert its mitogenic and transforming activities (12).
However, the molecular mechanisms underlying the cross talk between their signal
transduction pathways remain to be elucidated.

EGFR tyrosine kinase is a critical oncogene implicated in the early stage of esophageal
carcinogenesis. EGFR overexpression is observed frequently in esophageal cancer (31,62).
In primary and immortalized esophageal epithelial cells, EGFR overexpression leads to
unique biological phenotypes, including basal cell hyperplasia in organotypic culture and
corroborated in transgenic mice (1). We have recently identified IGF binding protein
(IGFBP)-3 as a gene that is most highly upregulated in EGFR-overexpressing esophageal
epithelial cells (53).

IGFBP-3 is a glycoprotein found in the circulation as a component of the 150-kDa ternary
complex, comprising an 85-kDa acid labile glycoprotein subunit and IGF-I or IGF-II, and
serves as a major carrier protein for IGFs (17,30). IGFBP-3 is secreted by many cell types
including fibroblasts, endothelial cells, and epithelial cells (19,23,59). While the full-length
form of IGFBP-3 (43–45 kDa) has an affinity to IGFs as high as IGF-IR, it undergoes
cleavage mediated by proteases such as matrix metalloproteinases, cathepsin L, and plasmin,
resulting in a decrease in the affinity for IGFs and enhancement of the availability of IGFs to
the cells (17). The bioactivity of IGFBP-3 may also be regulated through other
posttranslational modifications, such as glycosylation and phosphorylation (17). IGFBP-3
expression is regulated by many agents and factors, including peptide growth factors,
cytokines, hormones, vitamins, minerals, and chemotherapeutic agents (17,25). IGFBP-3 is
also found to be induced upon cellular senescence or mitotic quiescence (19,23,45).
However, the mechanisms involved in the regulation of IGFBP-3 mRNA and protein
expression are unknown. The antiproliferative or proapoptotic effects of IGFBP-3 have been
implicated in cell growth inhibition induced by several antiproliferative agents through both
IGF-dependent and -independent mechanisms in vitro. In contrast, IGFBP-3 may stimulate
cell proliferation under certain circumstances (17). However, it remains to be determined
how IGFBP-3 affects esophageal cell proliferation.

To gain insights into the role of IGFBP-3 in the regulation of human esophageal epithelial
cell proliferation, we determined how IGFBP-3 is regulated in primary and immortalized
human esophageal cells. We found that IGFBP-3 is subject to negative regulation by EGF.
Whereas IGFBP-3 overexpression facilitated cell growth inhibition upon growth factor
deprivation by reducing IGF-IR sensitivity to IGF, EGF restored it by reducing the IGFBP-3
level.

MATERIALS AND METHODS
Growth factors and pharmacological inhibitors

All chemicals and inhibitors were purchased from Sigma Chemical (St. Louis, MO) unless
otherwise noted. Actinomycin D (Act D) was dissolved in methanol. Cycloheximide (CHX),
recombinant human EGF, recombinant human insulin, and recombinant human IGF-I
(Invitrogen; Carlsbad, CA) were dissolved in double-distilled water. Recombinant human
Des(1–3)-IGF-I (Peninsula Laboratories; San Carlos, CA), recombinant human long R3-
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IGF-I (Upstate Biotechnology; Lake Placid, NY), and recombinant human IGFBP-3
(Upstate Biotechnology) were reconstituted in 10 mM acetic acid. AG-1478 (Calbiochem;
San Diego, CA), PD-98059 (Cell Signaling Technology; Beverly, MA), U-0126 (Cell
Signaling Technology), LY-294002 (Calbiochem), and rapamycin (Calbiochem) were
dissolved in DMSO.

Culture of primary and immortalized human esophageal cells
Primary human esophageal keratinocytes EPC1 and EPC2 as well as immortalized EPC2
derivertives (EPC2-hTERT, EPC2-hTERT-puro, and EPC2-hTERT-p53R175H) have been
described previously (1,28,54). Cells were counted using a Coulter Z1 Counter (Beckman)
and grown at 37°C under 5% CO2 in keratinocyte serum-free medium (KSFM) containing 1
ng/ml EGF, 5 µg/ml insulin, 150 µg/ml bovine pituitary extract (BPE), 6.7 ng/ml
triiodithyronine, and 74 ng/ml hydrocortisone (Invitrogen). For growth factor deprivation,
cells were rinsed twice with Dulbecco’s PBS (DPBS) without calcium chloride and
magnesium chloride and exposed to keratinocyte basal medium (KBM; Bio Whittaker;
Walkersville, MD), which is devoid of the growth factors and hormones contained in
KSFM. Conditioned medium (CM) was harvested by incubating subconfluent cells for 24 h
with KSFM or KBM. To concentrate the CM, Centricon YM-10 Centrifugal Filter Units
(10,000 nominal mol. wt. limit, Millipore; Billerica, MA) were used according to the
manufacturer’s instructions.

Retrovirus-mediated transduction of mutant Ras and wild-type and mutant IGFBP-3
Stable transduction of esophageal cells with retroviral vectors has been described previously
(54). cDNAs encoding dominant negative Ha-RasN17 (dnRasN17) and wild-type and mutant
IGFBP-3 were isolated by PCR using Ha-RasN17 plasmids (a gift of Dr. Timothy C. Wang),
pcDNA3-hIGFBP-3 (a gift of Dr. Adda Grimberg), and pCMV-hIGFBP-3-GGG (a gift of
Dr. Liam J. Murphy) as templates and subcloned into the pBabe-puro retroviral vector (39)
at its BamHI and EcoRI sites, resulting in the creation of pBABE-puro-HaRasN17, pBabe-
puro-hIGFBP-3, and pBabe-puro-hIGFBP-3-GGG. The inserted region of the constructs was
verified by DNA sequencing. Oncogenic Ras (Ha-RasV12) (46) and Ras effector loop
mutants (Ha-RasV12/S35, Ha-RasV12/G37, and Ha-RasV12/C40) (32,58) expressed using the
pBabe-Puro vector are gifts of Dr. Scott W. Lowe. They were transfected into a Phoenix-
Ampho packaging cell line (a gift of Dr. Garry Nolan) with Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions. Culture supernatants from
individual Phoenix-Ampho cells were used to infect EPC1, EPC2, and EPC2-hTERT cells.
Cells were passaged 48 h after infection and selected with 0.5 µg/ml puromycin (Invitrogen)
for 5 days. Selection was not carried out for cells transduced with mutant Ras because they
were subjected to Western blot analysis within 48 h after retrovirus infection.

Real-time RT-PCR
IGFBP-3 mRNA was determined by real-time RT-PCR as described previously (53).
Briefly, total RNA was isolated from cells with the RNeasy Mini Kit (Qiagen; Valencia,
CA), and cDNA was synthesized with the Superscript First Strand Synthesis System
(Invitrogen). Real-time PCR was performed using the SYBR green reagent (PE Applied
Biosystems; Foster City, CA) and the ABI PRISM 7000 Sequence Detection System
(Applied Biosystems) according to the manufacturer’s instructions. GAPDH was used as an
internal control. All PCRs were performed in triplicate. The relative expression level of
IGFBP-3 mRNA was calculated by normalizing it to the GAPDH mRNA expression level.
Data were analyzed using ABI PRISM 7000 sequence detection system software (Applied
Biosystems).
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Western blot analysis
Western blot analysis was carried out as described previously (1,53,54). In brief, cell lysates
were denatured and fractionated on a NuPAGE Bis-Tris 4–12% gel using the Nu-PAGE
System (Invitrogen) and electrotransferred to a polyvinylidene difluoride membrane
(Immobilon-P, Millipore). The membrane was incubated with primary antibody [affinity-
purified goat anti-human IGFBP-3 (DSL-R00536, Diagnostic Systems Laboratories;
Webster, TX), anti-β-actin (Sigma Chemical), anti-human p53 (DO-1) mouse monoclonal
antibody (Oncogene Research Products; San Diego, CA), anti-phospho-IGF-IR
(Tyr1135/1136) rabbit monoclonal antibody (19H7, no. 3024, Cell Signaling Technology),
affinity-purified rabbit anti-human IGF-IRβ (C-20, sc-713, Santa Cruz Biotechnology; Santa
Cruz, CA), affinity-purified rabbit anti-phospho-Akt (Ser473) antibody (no. 9271, Cell
Signaling Technology), affinity-purified rabbit anti-Akt antibody (no. 9272, Cell Signaling
Technology), anti-phospho-EGFR mouse monoclonal antibody (Tyr1068, 1H12, no. 2236,
Cell Signaling Technology), anti-EGFR Ab-12 (cocktail R19/48) mouse monoclonal
antibody (NeoMarkers; Union City, CA), anti-Ras mouse monoclonal antibody (RAS10,
Upstate Biotechnology), anti-pRB mouse monoclonal antibody (G3–245, BD Pharmingen;
San Diego, CA), affinity-purified rabbit anti-phospho-checkpoint kinase 1 (Chk1; Ser317)
antibody (no. 2344, Cell Signaling Technology), affinity-purified rabbit anti-phospho-Chk1
(Ser345) antibody (no. 2341, Cell Signaling Technology), or affinity-purified rabbit anti-
phospho-Chk2 (Thr68) antibody (no. 2661, Cell Signaling Technology)]. The signal was
detected by horseradish peroxidase-conjugated secondary antibody [donkey anti-goat IgG
(sc-2020, Santa Cruz Biotechnology), donkey anti-rabbit IgG (Amersham Biosciences), or
sheep anti-mouse IgG (Amersham Biosciences)], visualized by an enhanced
chemiluminescence solution (ECL Plus; Amersham Biosciences Pharmacia Biotech), and
exposed to X-Omat LS film (Eastman Kodak; New York, NY).

Western ligand blot analysis
Western ligand blot analysis was done as described previously (53). In brief, 10 µl of 10
times concentrated CM were electrophoresed on a NuPAGE Bis-Tris 4–12% gel under
nonreduced conditions and transferred to an Immobilon-P membrane. After being blocked,
the membrane was incubated with 0.02 µCi of 3-[125I]iodotyrosyl recombinant human IGF-I
or IGF-II (Amersham Biosciences) per centimeter squared of membrane for 16 h at 4°C. The
membrane was subjected to autoradiography using Kodak X-OMAT AR film with an
intensifying screen at −80°C.

ELISA
ELISA was performed using the Human IGFBP-3 DuoSet ELISA Development System
(R&D Systems; Minneapolis, MN) as described previously (53).

[3H]thymidine incorporation assay
To assess cell proliferation, DNA synthesis was measured by a [3H]thymidine incorporation
assay as described previously (53,54). In brief, cells were incubated with 1 µCi of
[methyl-3H]thymidine (1 µCi•ml−1•well−1, Perkin Elmer Life Sciences; Boston, MA) for 4
h in 12-well tissue culture dishes before cells were harvested. Cell lysates were filtrated with
glass microfiber filters (Whatman; Kent, ME), and the radioactivity was measured with a LS
6500 Multi-Purpose Scintillation Counter (Beckman Coulter).

Statistical analyses
Student’s t-test was used to compare data between two groups. Data represent means ± SE.
P < 0.05 was considered to be statistically significant.
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RESULTS
IGFBP-3 is induced upon growth factor deprivation in primary and immortalized human
esophageal cells

To study the role of IGFBP-3 in the regulation of esophageal cell proliferation, we first
determined the expression of IGFBP-3 in standard culture as well as growth factor-deprived
conditions. Cellular IGFBP-3 was barely detectable by Western blot analysis in EPC1,
EPC2, and EPC2-hTERT cells when they were grown in KSFM containing growth factors
(Fig. 1A). ELISA detected only a basal level of IGFBP-3 (1.5–2.4 ng/ml) in the CM (Fig. 1C
and Table 1). In contrast, a marked induction of IGFBP-3 mRNA and protein was observed
by real-time RT-PCR, Western blot analysis, and ELISA in these cells and their CM within
24 h after growth factor deprivation with KBM, which is devoid of growth factors (Fig. 1).
Interestingly, the most potent induction of IGFBP-3 was found in EPC2-hTERT cells, an
immortalized cell line. Western ligand blot analysis detected a single band with an apparent
molecular mass of 45 kDa as the major IGF binding activity expressed in the CM, which
was also confirmed as IGFBP-3 by Western blot analysis (Fig. 1D).

After growth factor deprivation, IGFBP-3 expression was detectable by 8 h and peaked at 24
h in EPC2-hTERT cells (Fig. 2, A and B). The induction of IGFBP-3 mRNA (Fig. 2A) was
found to precede the induction of IGFBP-3 protein (Fig. 2B). The induction of IGFBP-3
appeared to require de novo transcription of IGFBP-3 mRNA and protein synthesis because
it was completely blocked in EPC2-hTERT cells treated with Act D, a RNA transcription
inhibitor, and CHX, a protein translation inhibitor, respectively (Fig. 2C).

Growth factor withdrawal resulted in a redistribution of the cell cycle in EPC2-hTERT cells,
with an increase in the G0/G1 fraction by 9–25% and a decrease in the S phase fraction by
10–18%, and DNA synthesis was reduced by 70–80% within 24 h (Table 2 and data not
shown). Apoptosis did not occur for at least 24 h in the growth factor-deprived condition
because cleavage of caspase 3, a sub-G1 fraction, and nuclear chromatin condensation were
not observed in EPC1, EPC2, and EPC2-hTERT cells exposed to KBM (data not shown).

These results suggest that growth factors in standard media suppress IGFBP-3 expression in
esophageal epithelial cells, whereas IGFBP-3 may negatively modulate their mitogenic
effects.

IGFBP-3 induction upon growth factor deprivation does not depend on p53-mediated
transcriptional activity in human esophageal cells

p53 tumor suppressor protein is known to transactivate IGFBP-3 gene expression through its
cis-regulatory elements, which are identified in the proximal promoter region as well as in
an intron of the IGFBP-3 gene (6,8). It is possible that growth factor deprivation leads to
p53 activation and induces IGFBP-3 and cell growth inhibition. We have previously
documented that the p53 gene is wild type and activated by genotoxic stresses in EPC2 and
EPC2-hTERT cells (28). We have further established that their derivatives stably express
dominant negative mutant p53R175H. Mutant p53 proteins at this amino acid residue lack the
ability to transactivate the IGFBP-3-derived promoter (44). As shown in Fig. 3, mutant p53
is highly expressed in EPC2-hTERT-p53R175H cells compared with the basal level of wild-
type p53 expression observed in the control cell line (EPC2-hTERT-puro). The induction of
p53 target genes such as p21WAF1/CIP1 and Bax is functionally abrogated in EPC2-hTERT-
p53R175H cells, as described previously (54). We examined whether the p53 status affects
IGFBP-3 induction in these cell lines. Growth factor deprivation resulted in the induction of
IGFBP-3 regardless of the p53 status in these cell lines, although a mild elevation of p53
was transiently observed in the control cells at 4 h after growth factor deprivation (Fig. 3).
These results suggest that IGFBP-3 can be induced in a wild-type p53-independent fashion
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upon growth factor deprivation in human esophageal cells but does not preclude the
established role of wild-type p53 in the induction of IGFBP-3 in normal serum.
Interestingly, IGFBP-3 was induced at an earlier time point in EPC2-hTERT-p53R175H cells
than control cells (Fig. 3), suggesting the possibility that the mutant p53 protein exerted not
only a “dominant negative” effect upon wild-type p53 but also a “gain of function” effect to
enhance IGFBP-3 expression.

The MAPK and PI3K–mTOR pathways regulate IGFBP-3 expression in human esophageal
cells

To identify the key regulatory pathways contributing to IGFBP-3 induction upon growth
factor deprivation, we employed pharmacological inhibitors. First, we treated EPC2-hTERT
cells with PD-98059, a MEK1 inhibitor, because a basal level of MAPK activity was
detectable for at least 24 h during growth factor deprivation (data not shown). In these cells,
PD-98059 dose dependently enhanced the induction of IGFBP-3 mRNA and protein in
KBM (Fig. 4, A and B). Moreover, U-0126, a MEK1/2 inhibitor, also greatly enhanced
IGFBP-3 protein induction in KBM (see Fig. 7C). Thus MAPK activity may inhibit
IGFBP-3.

Because de novo protein synthesis is needed for IGFBP-3 induction (Fig. 2C), cells were
treated with LY-294002, a PI3K inhibitor, and rapamycin, a mTOR inhibitor. Both agents
inhibited the induction of IGFBP-3 protein upon growth factor deprivation in a dose-
dependent fashion (Fig. 4, C and D), indicating that the PI3K/mTOR pathway may play a
role in the translational regulation of IGFBP-3.

EGF suppresses IGFBP-3 and restores cellular response to IGF-I in growth factor-deprived
human esophageal cells

We next sought to determine the growth factor(s) that negatively regulates IGFBP-3
expression. Full KSFM contains 5 µg/ml insulin, 1 ng/ml EGF, and 150 µg/ml BPE. As
shown in Figs. 5 and 6, all growth supplements added in KSFM dose dependently inhibited
IGFBP-3 induction when individually added into KBM (starving medium). IGF-I also
appeared to suppress IGFBP-3 in a dose-dependent fashion (Fig. 6A). These results show
that multiple growth factors can inhibit IGFBP-3. It should be noted, however, that 10 ng/ml
EGF, a physiologically relevant concentration, fully suppressed both IGFBP-3 mRNA and
protein expression (Fig. 5, A–C), whereas high levels of insulin (5,000 ng/ml) failed to
inhibit IGFBP-3 to a similar extent (Fig. 6B). IGF-I and BPE also appeared to be less potent
than EGF in suppressing IGFBP-3 (Fig. 6, A and C), suggesting that EGF may be
physiologically the more essential growth factor in negatively regulating IGFBP-3. To
confirm the requirement of the receptor tyrosine kinase activity of EGFR for EGF-mediated
inhibition of IGFBP-3 induction upon growth factor deprivation, EPC2-hTERT cells were
treated with EGF in the presence of AG-1478, an EGFR-specific tyrosine kinase inhibitor.
Whereas 10–100 ng/ml EGF fully suppressed IGFBP-3 induction at both mRNA and protein
levels, AG-1478 antagonized such an effect in a dose-dependent fashion (Fig. 5, B and C,
and data not shown). Thus EGFR activation contributes to inhibition of IGFBP-3 expression
in growth factor-deprived conditions.

Because Ras is one of the prominent EGFR downstream effector molecules, dnRas (Ha-
RasN17) was transduced in EPC2-hTERT cells to determine its role in the regulation of
IGFBP-3. As shown in Fig. 7A, EGF-mediated IGFBP-3 inhibition (lane 2) was antagonized
by Ha-RasN17 (lane 4), suggesting that EGF-induced Ras activity contributes to IGFBP-3
suppression. Interestingly, dnRas alone enhanced IGFBP-3 expression in growth factor-
deprived conditions (Fig. 7A, lane 3), consistent with the above-described notion that
MAPK may inhibit IGFBP-3 (Figs. 4, A and B, and 7C). To further determine how Ras
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affects IGFBP-3 expression, we also transduced the constitutively active form of oncogenic
ras (Ha-RasV12) and its effector loop mutants in EPC2-hTERT cells. Ha-RasV12/S35, Ha-
RasV12/G37, and Ha-RasV12/C40 can interact preferentially with Raf-1, Ral.GDS, and PI3K,
respectively, thus allowing activation of the preferred Ras downstream pathways (32,34,58).
When overexpressed, Ha-RasV12 suppressed IGFBP-3 induction in KBM growth factor
deprivation medium (Fig. 7B, lane 5) compared with empty vector-transduced cells (Fig. 7B,
lane 1). Among the effector loop mutants, Ha-RasV12/S35 but not Ha-RasV12/G37 or Ha-
RasV12/C40 inhibited IGFBP-3 (Fig. 7B), suggesting that the Raf-1-mediated but not
Ral.GDS-mediated or PI3K–mediated pathway may play a major role in IGFBP-3
suppression. Western blot analysis also demonstrated an elevated level of Ras expression in
retrovirally transduced cells (Fig. 7B), indicating that the lack of IGFBP-3 suppression by
Ha-RasV12/G37 and Ha-RasV12/C40 is not attributable to insufficient expression of these
mutants. Furthermore, U-0126 partially but dose dependently prevented EGF from
inhibiting IGFBP-3 (Fig. 7C). Such partial antagonism suggests the possibility that EGF
may suppress IGFBP-3 through Ras-dependent as well as -independent pathways, which is
in agreement with the incomplete antagonism by dnRas upon EGF suppression of IGFBP-3.
Interestingly, PD-98059 (a MEK1 inhibitor) failed to demonstrate such antagonism (data not
shown), suggesting that both MEK1 and MEK2 may contribute to IGFBP-3 inhibition. In
addition, LY-294002 also failed to antagonize EGF inhibition of IGFBP-3 despite activation
of Akt (data not shown), indicating the opposing roles in IGFBP-3 regulation between the
PI3K–Akt and Ras-MAPK pathways.

We further determined how EGF-mediated suppression of IGFBP-3 influences the cellular
response to IGF-I. As shown in Fig. 5D, IGF-I failed to activate IGF-IR in EPC2-hTERT
cells preincubated with KBM without EGF, implying the neutralization of IGF-I by
IGFBP-3 secreted in the CM upon growth factor deprivation. In contrast, IGF-I fully
induced phosphorylation of IGF-IR in cells pretreated with KBM containing 10 ng/ml EGF,
indicating that EGF restores the cellular response to IGF-I. Therefore, EGF may positively
regulate the IGF signaling pathway through inhibition of IGFBP-3.

IGFBP-3 prevents IGF-IR activation by IGF-I in esophageal epithelial cells
To delineate the functional consequences of IGFBP-3 induction in human esophageal cells,
we stably transduced wild-type and mutant IGFBP-3 in primary and immortalized human
esophageal cells by retroviral vectors. Gly56/Gly80/Gly81 (GGG) mutant IGFBP-3 has
three amino acids within the NH2-terminal region replaced with glycine residues,
culminating in marked reduction of its affinity to IGFs, and thus provides an ideal approach
to determine the IGF-independent biological functions of IGFBP-3 (9,35,47).

Western blot analysis confirmed IGFBP-3 overexpression in cell lysates as well as CM,
whereas ELISA revealed elevated levels of IGFBP-3 secretion in CM of IGFBP-3
overexpressing EPC1, EPC2, and EPC2-hTERT cells compared with parental or empty
vector-transduced cells (Fig. 8 and Table 1). Western ligand blot analysis further confirmed
the IGF binding capacity for both IGF-I and IGF-II of wild-type IGFBP-3 (Fig. 8B). GGG
mutant IGFBP-3 demonstrated barely detectable IGF binding activities, although protein
expression was confirmed by Western blot analysis in the CM (Fig. 8B). The binding
specificity of wild-type IGFBP-3 to IGF-I was confirmed by Western ligand blot analysis
using radioactively unlabeled ligands as a cold competitor. As shown in Fig. 8C, a 100-fold
molar excess of unlabeled IGF-I antagonized 125I-labeled IGF-I to bind to IGFBP-3
expressed in the CM of EPC2-hTERT cells overexpressing wild-type IGFBP-3. In contrast,
the binding of 125I-labeled IGF-I to IGFBP-3 was observed in the presence of excessive
amount of insulin, Des(1–3)-IGF-I, or long 3R–IGF-I, all of which have greatly reduced
affinity, if any, to full-length IGFBP-3 but intact binding capacity to IGF-IR (2,61,63).
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These results indicate that the overexpressed wild-type IGFBP-3 protein, but not mutant
IGFBP-3 protein, possesses IGF-binding capacity.

We examined further whether IGFBP-3 overexpression affects IGF receptor activation by its
ligands. Western blot analysis demonstrated that IGF-IR phosphorylation was rapidly
induced by IGF-I treatment in parental cells, empty vector-transduced cells, and GGG
mutant IGFBP-3-expressing cells but not in wild-type IGFBP-3-transduced cells (Fig. 9, A
and B), suggesting that wild-type IGFBP-3 secreted into CM prevented IGF-I from binding
to IGF-IR. In contrast, a high insulin concentration induced a comparable level of IGF-IR
phosphorylation in both wild-type IGFBP-3-overexpressing cells and control cells, albeit to
lesser extent than was induced by IGF-I (Fig. 9A). Both Des(1–3)-IGF-I and long 3R–IGF-I
appeared to be capable of activating IGF-IR in wild-type IGFBP-3-expressing cells as well
as control cells and GGG mutant IGFBP-3-expressing cells, although the IGF-IR
phosphorylation level was lower in wild-type IGFBP-3-expressing cells, indicating that their
affinity to IGFBP-3 is weak but not absent and that overexpressed IGFBP-3 suppressed
complete activation of IGF-IR by these mutant IGF-I analogs (Fig. 9B and data not shown).

We next assessed whether Akt, one of the pivotal downstream target molecules of the IGF-
IR signaling pathway, was activated. As shown in Fig. 9, A and B, IGF-I did not induce as
robust Akt phosphorylation in wild-type IGFBP-3-overex-pressing cells, although both
Des(1–3)-IGF-I and long 3R–IGF-I appeared to activate Akt to some extent. In contrast, Akt
phosphorylation was fully induced in parental, empty vector-transduced, and GGG mutant
IGFBP-3-overexpressing cells (Fig. 9, A and B). Among the other signaling molecules
examined, p44/p42 MAPK remained phosphorylated during the growth factor deprivation
period for 24 h, and its level was not affected by IGF-I stimulation regardless of IGFBP-3
status (data not shown). These results indicate IGF-dependent function in IGFBP-3-
overexpressing human esophageal cells and that there is an accompanying suppression of
Akt activation.

IGFBP-3 overexpression inhibits the mitogenic effect of IGF-I
Both growth stimulatory and inhibitory functions of IGFBP-3 have been described in an
IGF-dependent or -independent manner (17). IGFBP-3 has been implicated in cellular
senescence (19,22). IGFBP-3 was induced in primary and immortalized human esophageal
cells within 24 h upon growth factor deprivation while a concomitant reduction in cell
proliferation was observed (Table 2 and data not shown). EPC1 and EPC2 cells underwent
replicative senescence as described previously (28). We also observed upregulation of
IGFBP-3 mRNA when EPC2 cells undergo replicative senescence (data not shown). Thus
we asked whether IGFBP-3 affects cell proliferation and replicative lifespan in esophageal
epithelial cells.

In standard cell culture conditions, neither wild-type nor mutant IGFBP-3 affected the
population doubling time of EPC2-hTERT cells (Fig. 10A). In fact, wild-type IGFBP-3
overexpression did not affect cell proliferation or cell cycle distribution when cells were
grown in KSFM (Fig. 10B and Table 2). In EPC1 and EPC2 cells assayed over 20
population doubling times, there was also no statistically significant difference observed in
average population doubling times (65.2 ± 10.8 and 77.5 ± 22.8 h for wild-type IGFBP-3-
transduced cells, respectively, compared with 70.9 ± 16.2 and 73.8 ± 17.5 h for empty
vector-transduced control cells, respectively). Thus IGFBP-3 overexpression did not appear
to affect the replicative lifespan of primary esophageal epithelial cells.

Next, we examined whether IGFBP-3 overexpression influenced the cellular response to
growth factor deprivation and mitogenic stimulation by IGF-I. As shown in Fig. 10B, both
wild-type IGFBP-3-overexpressing cells and control cells underwent growth inhibition

Takaoka et al. Page 8

Am J Physiol Gastrointest Liver Physiol. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



within 24 h after growth factor deprivation in KBM. This was also reproducibly confirmed
by cell cycle analysis (Table 2). Western blot analysis showed a reduction in the
phosphorylation level of pRB upon growth factor deprivation in both IGFBP-3-
overexpressing cells and control cells (Fig. 10D), corroborating the G1 arrest by growth
factor withdrawal. In contrast, neither Chk1 nor Chk2 was activated regardless of the
IGFBP-3 expression level or IGF-I treatment (data not shown), consistent with the lack of a
significant increase in the G2/M cell fraction upon growth factor deprivation (Table 2). Such
cell growth inhibition was antagonized by 100 ng/ml IGF-I in parental and empty vector-
transduced cells (Table 2 and Fig. 10C), which was corroborated by the pRB
phosphorylation stimulated by IGF-I in control cells (Fig. 10D). In contrast, cells
overexpressing wild-type IGFBP-3 but not GGG mutant IGFBP-3 failed to respond to IGF-
I, without evidence of increased cell proliferation as assessed by [3H]thymidine
incorporation (Fig. 10C). In wild-type IGFBP-3-overexpressing cells, IGF-I also failed to
induce pRB phosphorylation (Fig. 10D). Therefore, overexpression of IGFBP-3 affected the
mitogenic effect of IGF-I upon esophageal cell proliferation, implying an IGF-dependent
growth inhibitory function.

IGFBP-3 may induce apoptosis under certain circumstances (17,24). Growth factor
deprivation suppressed DNA synthesis in both IGFBP-3-overexpressing cells and control
cells (Fig. 10B and data not shown). However, no significant apoptosis was observed upon
IGFBP-3 overexpression in EPC1, EPC2, or EPC2-hTERT cells regardless of the presence
or absence of growth factors (data not shown). Finally, we examined whether IGFBP-3
overexpression induces EGFR in our esophageal epithelial cells. However, IGFBP-3
overexpression appeared to increase neither the EGFR level nor its sensitivity to EGF in
EPC2-hTERT cells (Fig. 9C).

In aggregate, the above results demonstrate that EGF and other growth factors inhibit
IGFBP-3 expression while IGFBP-3 negatively regulates cell proliferation mainly by
restricting the G1/S cell cycle progression in an IGF-dependent manner. Although growth
factor deprivation leads to the induction of IGFBP-3 and cell growth inhibition, IGFBP-3
alone does not affect cell proliferation in primary and immortalized human esophageal
epithelial cells.

DISCUSSION
We have demonstrated that IGFBP-3 is induced by growth factor deprivation with
concomitant cell growth inhibition. The IGFBP-3 induction appeared to be p53 independent
and requires de novo mRNA and protein synthesis that is regulated by the MAPK and PI3K/
mTOR signaling pathways (Fig. 11A). Whereas induced IGFBP-3 prevented IGF-I from
activating IGF-IR, EGF greatly suppressed IGFBP-3 (Fig. 11B) and restored cellular
sensitivity to IGF-I. When overexpressed, IGFBP-3 activated the G1 checkpoint of the cell
cycle and inhibited cell proliferation in an IGF-dependent fashion. However, IGFBP-3 alone
did not appear to be growth inhibitory or stimulatory in primary and immortalized human
esophageal epithelial cells.

Mechanisms of regulation of IGFBP-3 expression
IGFBP-3 mRNA induction by growth factor deprivation and inhibition by EGF suggests that
IGFBP-3 is probably transcriptionally repressed by EGF and potentially other growth factors
in the tissue culture medium. Serum deprivation induces IGFBP-3 in a p53-dependent
fashion, as reported in some other systems (20,21,27). However, IGFBP-3 was induced in
the cells with impaired p53 function upon growth factor deprivation (Fig. 3). In addition,
IGFBP-3 is overexpressed in esophageal cancer cell lines with documented p53 mutation
and dysfunction (53). Grimberg et al. (26) have demonstrated that p53-mediated induction
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of IGFBP-3 depends on the tissue type in γ-irradiated mice and thus wild-type p53 may not
play an essential role in IGFBP-3 expression in esophageal epithelial cells. Recently,
Barbieri et al. (3) demonstrated that ΔNp63α, a homolog of p53, directly regulates IGFBP-3
transcription in the squamous epithelium through interaction with p53-specific cis-
regulatory elements in the IGFBP-3 gene. Suliman et al. (52) described that both full-length
and amino-truncated forms of p63 are upregulated in the oral esophageal epithelia of p53-
null mice, and the induction of p21WAF1/CIP1 may potentially be preserved through the
increase of p63. Because IGFBP-3 induction was more pronounced in EPC2-hTERT cells
expressing p53R175H than in control cells (Fig. 3), it is tempting to speculate about the role
of p63 in the IGFBP-3 induction in esophageal cells, which may be accounted for by the
gain of function effect of p53R175H (13), inhibiting transcriptional activity of p53 family
member p63 by a physical interaction with the p53R175H mutant protein (18).

Inhibition of histone deacetylase leads to activation of the IGFBP-3 promoter, which is
mediated by the interaction of Sp1 and Sp3 with a proximal GC-rich cis-regulatory element
of the IGFBP-3 promoter (11,55–57). Sp1 mediates the response of the IGFBP-3 promoter
to the growth-regulating stimulus induced by EGF (37). Both p44/p42 MAPK and the PI3K
signaling pathway regulate vascular endothelial growth factor gene expression through Sp1,
independent of hypoxia (38,40). Basal MAPK activity was present and PI3K activity was
required in the induction of IGFBP-3 during growth factor in EPC2-hTERT cells subjected
to growth factor deprivation (Fig. 4). Thus Sp1 may be involved in the observed IGFBP-3
transcriptional regulation. In contrast, MAPK activity appears to regulate negatively
IGFBP-3 expression (Figs. 4, A and B, and 7C), consistent with the inhibition of IGFBP-3
mRNA by EGF, because MAPK is activated by EGF in EPC2 cells (1). Recently, both
MAPK and PI3K pathways were implicated in the induction of IGFBP-3 mRNA in MAC-T
immortalized bovine epithelial cells, which is in agreement with our observations. However,
IGF-I and transforming growth factor (TGF)-α stimulated IGFBP-3 expression in this cell
line (50). In contrast, suppression of IGFBP-3 mRNA expression by EGF has been observed
in ectocervical epithelial cells immortalized by human papilloma virus (29), spontaneously
immortalized HaCaT cells (60), and primary epidermal keratinocytes (14). We have recently
demonstrated that EGF at 1 ng/ml concentration suppresses IGFBP-3 expression in TE2 and
TE7 esophageal cancer cells, whereas EGFR activation resulted in a potent induction of
IGFBP-3 in the TE11 esophageal cancer cell line and A431 cells (53). Such discrepancies in
EGF-mediated regulation of IGFBP-3 expression may be attributable to the EGFR level or
EGFR activity that may be modulated by cell-cell contact mediated by E-cadherin (41). Cell
density may also affect IGFBP-3 expression (5). Other growth factors produced by cells in
an autocrine fashion may also interfere with exogenous EGF. Furthermore, IGFBP-3 is up-
regulated in primary and immortalized human esophageal cells that were retrovirally
transduced to overexpress EGFR (53). Although this reveals a regulatory role of EGFR in
IGF signaling by modulating IGFBP-3, the negative regulation of IGFBP-3 by EGF
observed in the present study suggests that complex regulatory mechanisms regulate
IGFBP-3 expression. We have recently observed in EPC2-hTERT cells that EGF fully
activates Ras in KBM growth factor deprivation medium, whereas it paradoxically
suppresses the Ras activity in KSFM despite full activation of EGFR, implying a negative
feedback mechanism through EGFR to prevent excessive Ras activation in the presence of a
physiologically exceeding level of insulin. Moreover, such inhibition of Ras activity by EGF
was augmented in EGFR-overexpressing cells compared with control cells (M. Takaoka and
H. Nakagawa, unpublished observations). Given the inhibitory effect of Ras-MAPK
signaling upon IGFBP-3 expression, it is tempting to speculate that our previous observation
of IGFBP-3 upregulation in EGFR-overexpressing cells may be accounted for by the
suppression of Ras by EGF in KSFM. Thus the dichotomous effects observed with IGFBP-3
induction or suppression are likely dependent on the concentration of EGF and the status of
the EGFR level and activation, particularly in terms of the cellular context and physiological
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versus stress-related conditions, and whether cells are normal or transformed. In particular,
growth factor deprivation can be viewed as analogous to cellular stress in which IGFBP-3’s
level and role may be quite different than under normal conditions. Certainly, divergent
levels and roles are not without precedence, as observed with oncogenic Ki-ras promoting
cellular proliferation or cellular senescence or normal levels versus overexpression of other
oncogenes (cyclin D1 and Akt) inducing dichotomous effects.

Biological consequences of IGFBP-3 induction or overexpression
IGFBP-3 has been implicated in cell growth inhibition or apoptosis induced by serum
starvation (20,21,27) and various antiproliferative agents such as TNF-α, TGF-β1, and
vitamin D (17). In primary and immortalized esophageal cells, IGFBP-3 induced by growth
factor deprivation or overexpressed by retrovirus prevented ligand binding and activation of
IGF-IR (Figs. 5D,8, and 9). In a transgenic mouse model where IGFBP-3 was ubiquitously
overexpressed by the cytomegalovirus promoter, reduced proliferation of epidermal
keratinocytes was observed, although there was no gross morphological change in the skin
(15). In esophageal cells, however, IGFBP-3 overexpression alone did not greatly affect cell
proliferation or differentiation in monolayer culture or reconstituted stratified epithelium in
organotypic culture (Fig. 10 and data not shown). IGFBP-3 is frequently upregulated in
esophageal cancer with EGFR overexpression (53). When stably transfected in T47D human
breast cancer cells, IGFBP-3 initially exhibited the growth inhibitory effect yet eventually
led to aggressive tumor growth with upregulation and activation of EGFR (10). IGFBP-3
enhances EGF-mediated activation of MAPK in MCF-10A mammary epithelial cells (36)
and stimulates PI3K in MCF-7 breast carcinoma cells (43). However, in IGFBP-3-
overexpressing esophageal cells, the EGFR level was not altered, and EGFR was activated
to an equal extent compared with control cells (Fig. 9C). IGFBP-3 secreted in CM inhibited
Akt activation by IGF-I (Fig. 9, A and B). Furthermore, intracellular IGFBP-3 did not
influence MAPK or Akt activation induced by EGF or IGF-I (data not shown).

IGFBP-3 also plays a role in retinoic acid signaling through an interaction with the retinoic
acid X receptor (4), TGF-β-mediated signaling by activating Smad2 (4), and cell cycle
regulation through p21WAF1/CIP1 (7) and signal transducers and activators of transcription-1
(51) in an IGF-independent manner. Because IGFBP-3 is induced by hypoxia (16,26), it
may be involved in angiogenesis (33) and glucose metabolism (48). These possibilities
warrant further investigation in esophageal epithelial cells.

In conclusion, our data demonstrate that IGFBP-3 is induced upon growth factor deprivation
and inhibits the mitogenic effect of IGF-I in primary and immortalized human esophageal
cells. EGFR positively regulates the IGF signaling pathway by negatively modulating
IGFBP-3 levels, providing a novel mechanistic link between EGF and IGF signaling
pathways.
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Fig. 1.
IGF binding protein (IGFBP)-3 is induced upon growth factor (GF) deprivation in primary
and immortalized human esophageal cells. Subconfluent cells were incubated with either
keratinocyte serum-free medium (KSFM) or keratinocyte basal medium (KBM) for 24 h
before cells and condition media (CM) were harvested to determine the IGFBP-3 level. A:
IGFBP-3 in cell lysates was detected by Western blot analysis. β-Actin was used as a
loading control. B: IGFBP-3 mRNA expression was determined by real-time RT-PCR. The
normalized IGFBP-3 mRNA level determined in cells in KSFM was set to 1. Means ± SE (n
= 3 independent experiments) in a representative experiment are shown. C: IGFBP-3
concentration in CM was measured by ELISA. Protein yields in cell lysates prepared
simultaneously were used to adjust the differences in cell number that may affect IGFBP-3
concentration in CM. Means ± SE (n = 3 independent experiments) in a representative
experiment are shown. D: IGF binding activity of IGFBP-3 secreted in CM of EPC2-hTERT
cells was assessed by Western ligand blot analysis. The blot was probed with 125I-labeled
IGF-II (125I-IGF-II). The blot was reprobed with anti-IGFBP-3 to identify the IGF binding
activity detected by the radiolabeled ligand.
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Fig. 2.
IGFBP-3 induction upon GF deprivation requires de novo mRNA transcription and protein
synthesis. EPC2-hTERT cells were subjected to GF deprivation with KBM for indicated the
time periods before cell harvest. A: IGFBP-3 mRNA level was determined by real-time RT-
PCR. The normalized IGFBP-3 mRNA level determined at time 0 was set to 1. Means ± SE
(n = 3 independent experiments) in a representative experiment are shown. B and C:
IGFBP-3 in cell lysates was detected by Western blot analysis. β-Actin was used as a
loading control. For C, GF deprivation was carried out in the presence of cycloheximide
(CHX) or actinomycin D (Act D).
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Fig. 3.
p53 status does not affect IGFBP-3 induction by GF deprivation. Subconfluent EPC2-
hTERT cells expressing the dominant negative form of p53 (p53R175H) or empty vector-
transduced control (puro) cells were subjected to GF deprivation with KBM for the indicated
time periods. Expression of IGFBP-3 and p53 in cell lysates was determined by Western
blot analysis. β-Actin was used as a loading control. This result was reproducible in at least
2 independent experiments.
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Fig. 4.
IGFBP-3 induction is regulated through the MAPK and phosphatidylinositol 3-OH-kinase
(PI3K)/ mammalian target of rapamycin (mTOR) pathways. Subconfluent EPC2-hTERT
cells were incubated with KBM for 24 h in the absence or presence of indicated
concentrations of PD-98059 (A and B), LY-294002 (C), or rapamycin (D). DMSO was used
as a vehicle for these compounds at the indicated concentrations. Cell lysates were subjected
to Western blot analysis to assess the expression of IGFBP-3 (A C, and D). β-Actin was used
as a loading control. In B, IGFBP-3 mRNA expression was determined by real-time RT-
PCR. The normalized IGFBP-3 mRNA level determined in cells treated with KSFM was set
to 1. Means ± SE (n = 3 independent experiments) in a representative experiment are shown.
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Fig. 5.
EGF inhibits IGFBP-3 induction through activation of EGF receptor (EGFR) tyrosine kinase
and restores IGF-I receptor (IGF-IR) activation by IGF-I in GF-deprived cells. Subconfluent
EPC2-hTERT cells were incubated with KBM for 24 h in the absence or presence of
indicated concentrations of EGF before cell harvest. In B and C, cells were incubated along
with the indicated concentrations of AG-1478, for which 0.001% DMSO was used as a
vehicle. In D, cells were further stimulated with 10 ng/ml IGF-I for 30 min after the
incubation period with KBM containing 0 or 10 ng/ml EGF. Cell lysates were subjected to
Western blot analysis to assess the expression of IGFBP-3 (A B, and D) and activation of
IGF-IR (Tyr1131). β-Actin and total IGF-IR were used as loading controls. In C, IGFBP-3
mRNA expression was determined by real-time RT-PCR. The normalized IGFBP-3 mRNA
level determined in cells treated with 10 ng/ml EGF alone in KBM was set to 1. Means ± SE
(n = 3 independent experiments) in a representative experiment are shown.

Takaoka et al. Page 20

Am J Physiol Gastrointest Liver Physiol. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Multiple GFs suppress IGFBP-3 expression. Subconfluent EPC2-hTERT cells were
subjected to GF deprivation in the absence (KBM) or presence of IGF-I (A), insulin (B), or
bovine pituitary extract (BPE; C) at the indicated concentrations for 24 h before cell harvest.
IGFBP-3 in cell lysates was detected by Western blot analysis. β-Actin was used as a
loading control.
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Fig. 7.
The Ras-MAPK pathway negatively regulates IGFBP-3. Subconfluent EPC2-hTERT cells
were transduced with retrovirus expressing dominant negative Ha-RasN17 (A), constitutively
active Ha-RasV12 and its effector loop mutants (Ha-RasV12/C40, Ha-RasV12/G37, or Ha-
RasV12/S35) (B), or an empty vector (puro; A and B). Twenty-four hours after retrovirus
infection, cells were subjected to GF deprivation with KBM for 24 h. In A, cells were
incubated along with (+) or without (−) 10 ng/ml EGF. C: subconfluent EPC2-hTERT cells
were incubated for 24 h with KBM in the absence or presence of indicated concentrations of
U-0126 along with or without 10 ng/ml EGF. DMSO was used as a vehicle in the absence of
U-0126. Cell lysates were subjected to Western blot analysis to assess the expression of
IGFBP-3. β-Actin was used as a loading control. In A and B, total Ras was determined.
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Fig. 8.
IGFBP-3 is overexpressed in primary and immortalized human esophageal cells. EPC1,
EPC2, and EPC2-hTERT cells were stably transduced with retroviruses expressing wild-
type IGFBP-3 (WT), GGG mutant IGFBP-3 (MT), or empty vector (puro). A: IGFBP-3
expression in cell lysates was determined by Western blot analysis. β-Actin was used as a
loading control. B: IGF binding activity of IGFBP-3 secreted in CM was assessed by
Western ligand blot analysis. The blot was probed with 125I-labeled IGF-I (125I-IGF-I)
or 125I-IGF-II. The blot was reprobed with anti-IGFBP-3 to identify IGF binding activity
detected by the radiolabeled ligands. rhIGFBP-3, recombinant human IGFBP-3. C: ligand-
specific binding activity of IGFBP-3 expressed in EPC2-hTERT cells was determined by
incubating the strips of membrane with 125I-IGF-I in the absence (lane 1) or presence of
100× molar excess of cold competitors [lane 2, IGF-I; lane 3, insulin; lane 4, Des(1–3)-IGF-
I (Des); lane 5, long R3-IGF-I]. Blots were reprobed with anti-IGFBP-3 to confirm the equal
loading of concentrated CM.
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Fig. 9.
IGFBP-3 suppresses the activation of IGFR signaling by IGF-I but does not affect EGFR
activation by EGF. EPC2-hTERT cells transduced with wild-type IGFBP-3, GGG mutant
IGFBP-3, or empty vector were stimulated with GFs in fresh KBM for 15 min after
overnight GF deprivation (16 h) with KBM. Cell lysates were subjected to Western blot
analysis to assess ligand-induced phosphorylation of IGFI-R (Tyr1131), Akt (Ser473), and
EGFR (Tyr1068). Total IGF-IR, Akt, and EGFR were determined. β-Actin was used as a
loading control. A: cells were treated with the indicated concentrations of IGF-I or insulin.
B: cells were stimulated with 100 ng/ml IGF-I or Des. C: cells were stimulated with 10 ng/
ml EGF.
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Fig. 10.
IGFBP-3 overexpression alone does not affect esophageal cell proliferation in regular
culture conditions, whereas it suppresses the mitogenic effect of IGF-I and activates the G1
checkpoint of the cell cycle upon GF deprivation. A: average doubling time was determined
in EPC2-hTERT parental cells and their derivatives over a time period of 12–13 population
doublings (14 days). Values are means ± SE (n = 4) and represent 1 of at least 3
independently performed experiments with similar results. B and C: cell proliferation was
assessed by [3H]thymidine uptake by cells during a 4-h incubation period before cell
harvest. Values are means ± SE (n = 4) and represent 1 of at least 3 independently
performed experiments with similar results for both B and C. In B, subconfluent EPC2-
hTERT cells transduced with wild-type IGFBP-3 or empty vector were subjected to GF
deprivation with KBM or left in the regular culture medium (KSFM). In C, EPC2-hTERT
cells transduced with wild-type IGFBP-3, GGG mutant IGFBP-3, or empty vector were
subjected to GF deprivation for 24 h in the presence (KBM+IGF-I) or absence (KBM) of
100 ng/ml IGF-I. [3H]thymidine uptake of the control cells (puro) was set as 100%. D:
subconfluent EPC2-hTERT cells transduced with wild-type IGFBP-3 or empty vector were
subjected to overnight GF deprivation (16 h) with KBM in the presence (KBM+IGF-I) or
absence (KBM) of 100 ng/ml IGF-I or left in the regular culture medium (KSFM). Cell
lysates were subjected to Western blot analysis to assess the phosphorylation status of pRB.
ppRB, phosphorylated pRB.
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Fig. 11.
Proposed model of GF-mediated regulation of IGFBP-3. A: GF deprivation results in a
reduction of external mitogenic signals; however, basal activity of the PI3K/ AKT/mTOR
pathway permits de novo IGFBP-3 transcription and translation. mTOR may contribute to
IGFBP-3 protein induction through a posttranscriptional mechanism. IGFBP-3 is secreted
out and prevents exogenous IGF from stimulating the IGF receptor (IGFR). B: EGF potently
suppresses IGFBP-3 transcription and translation through excessive activation of the Ras/
Raf/MAPK pathway. Although EGF can activate the PI3K pathway (1), IGF-IR may play a
predominant role in its activation in primary and immortalized human esophageal cells. The
thick arrows and lines indicate the predominant signaling pathways for IGFBP-3 regulation
upon GF deprivation (A) or EGF treatment (B). Dashed arrows indicate residual signals from
IGFR or EGFR during GF deprivation. The pharmacological inhibitors and genetic
constructs used in this study are noted.
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Table 1

IGFBP-3 levels in CM

Cells IGFBP-3, ng/ml

EPC1

Parental 1.6±0.0

Puro 1.7±0.0

IGFBP-3 (WT) 1,562.9±5.5

EPC2

Parental 1.5±0.1

Puro 1.3±0.2

IGFBP-3 (WT) 1,606.1±21.0

hTERT

    Parental 2.4±0.0

    Puro 9.4±0.2

    IGFBP-3 (WT) 1,951.2±78.6

    IGFBP-3-GGG (MT) 2,194.8±95.9

Means ± SE (n = 3) in a representative experiment are shown. The IGF binding protein (IGFBP)-3 concentration in, conditioned media (CM) from
EPC1, EPC2, and EPC2-hTERT cells transduced with empty vector (puro), wild-type IGFBP-3 [IGFBP-3 (WT)], and GGG mutant IGFBP-3
[IGFBP-3-GGG (MT)] was measured by ELISA. Protein yields in cell lysates prepared simulataneously were used to adjust the differences in cell
number that may affect IGFBP-3 concentration in CM.
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Table 2

Cell cycle analysis

Phase

G0/G1, % G2,% S, %

Parental

    KSFM 78.7±0.2 4.3±0.1 17.0±0.1

    KBM 88.6±0.1* 4.6±0.1 6.8±0.0*

    KBM + IGF-I 73.3±0.2† 4.8±0.2 22.0±0.0†

Puro

    KSFM 77.4±0.2 4.2±0.0 18.3±0.2

    KBM 86.4±0.1* 4.0±0.1 9.7±0.0*

    KBM + IGF-I 77.4±0.3† 5.1±0.2 17.4±0.2†

IGFBP-3 (WT)

    KSFM 80.9±0.2 4.9±0.1 14.2±0.1

    KBM 93.2±0.2* 3.7±0.1 3.1 ±0.0*

    KBM + IGF-I 93.6±0.1 3.9±0.1 2.5±0.0

IGFBP-3-GGG (MT)

    KSFM 78.0±0.1 5.7±0.1 16.3±0.1

    KBM 88.7±0.1* 4.7±0.1 6.6±0.0*

    KBM + IGF-I 76.0±0.1† 5.4±0.1 18.6±0.1†

Means ± SD (n = 3) in a representative experiment are shown. The EPC2-hTERT parental cell line and its derivatives stably transduced with empty
vector, IGFBP-3 (WT), and IGFBP-3GGG (MT) were grown in keratinocyte serum-free medium (KSFM) or subjected to growth factor deprivation
with keratinocyte basal medium (KBM) in the absence or presence of 100 ng/ml IGF-I for 24 h before cell harvest.

*
Comparison between KSFM and KBM (P < 0.0001);

†
comparison between KBM and KBM + IGF-I (P < 0.0001).
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