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Autocrine loop for IGF-I receptor signaling in SLUG-mediated
epithelial-mesenchymal transition
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Abstract. Akt, a downstream effector kinase of insulin receptor
and insulin-like growth factor-I receptor (IGF-IR), is critically
involved in epithelial-mesenchymal transition (EMT). The
aim of this study was to assess the impact of SLUG in the
IGF/IGF-IR/Akt axis. The SLUG-overexpressing MDCK
(SLUG-MDCK) cell clones were used as the EMT model. In
contrast to the parental cells and mock-transfected MDCK
cells, SLUG-MDCK cells were markedly sensitive to IGFs,
showing a clear tyrosine-phosphorylation in IGF-IR under
serum-starved conditions. The IGF-IR of hepatocytes was
highly activated by culture supernatants from SLUG-MDCK
cells. This activation was inhibited by IGF-binding protein
(IGFBP)-3, and by the IGF-IR inhibitor PQ401, leading to
inactivation of Akt. This finding suggested establishment
of autocrine IGF-IR signaling in the SLUG-MDCK cells. It
is known that cells overexpressing receptor tyrosine kinases
have an increased activity in Src kinase, which constitutively
phosphorylates IGF-IR. In the present study, we found an
increased phosphorylation of Src in SLUG-MDCK cells, and
not in mock-MDCK cells; however, this Src activation was
not always coupled with the constitutive activation of IGF-IR,
since the specific Src inhibitor PP2 failed to decrease the
IGF-IR phosphorylation. PP2 just attenuated the phos-
phorylation in Akt, not through IGF-IR inactivation, leading
to apoptosis in SLUG-MDCK cells. Of interest, the inactivation
of Akt by IGFBP-3 was dramatically enhanced in combination
with the use of PP2, resulting in a significant apoptosis in
SLUG-MDCK cells. These findings suggested that dual

Correspondence to: Dr Hironori Koga, Division of Gastroentero-
logy, Department of Medicine, Liver Cancer Division, Research
Center for Innovative Cancer Therapy, and Center for the 21st
Century COE Program for Medical Science, Kurume University,
Kurume 830-0011, Japan

E-mail: hirokoga@med kurume-u.ac.jp

Key words: EMT, Akt, Snail, RTK, invasion

targeting for IGF-IR and Src might be a potential therapeutic
strategy in EMT-driven aggressive cancers.

Introduction

Epithelial-mesenchymal transition (EMT) is a process which
confers migratory phenotype to polarized epithelial cells during
embryogenesis. Recent evidence has suggested that a process
similar to EMT occurred during the progression of epithelial
tumors, endowing cancer cells with increased motility and
invasiveness (1). Snail family transcriptional factors
including SLUG were found to play key roles in inducing
EMT mainly by suppressing the expression of E-cadherin (2-4).

Increased expression and activation of receptor tyrosine
kinases (RTKs) are often linked to aggressive phenotypes
in cancer (5). Activation of RTKs has recently been shown
to induce expression of the Snail group of proteins leading
to EMT (1), indicating an important role of the proteins in
growth factor-mediated initiation of EMT. Insulin-like growth
factor-I receptor (IGF-IR) is an important RTK involved in
IGF-I and IGF-II-mediated mitogenic signaling and also
linked to the development and progression of malignant cancers
(6). IGF-IR activation has been shown to induce EMT by
insulin receptor substrate (IRS)/phosphatidyl-inositol-3 kinase
(PI3K)/Akt-mediated mechanisms (7-9). Breast cancer cells
overexpressing IGF-IR have demonstrated depolarization and
mesenchyme-like transition following IGF-I stimulation (10).
Recently, Kim et al have clearly shown that constitutively
active IGF-IR could confer in vivo tumorigenic growth to
immortalized human mammary epithelial cells through
upregulation of Snail (8), indicating an oncogenic role for
IGF-IR. Indeed, many epidemiological studies from the late
1990s have suggested an insulin/IGF-I-cancer link (11,12).
Renehan et al confirmed the IGF-I-cancer link by a meta-
regression analysis of studies on major cancer sites, such as
prostate, breast, colorectum, and lung (12). These clinical
findings suggested that it could be worthwhile to investigate
the IGF milieu in the SLUG-induced EMT caused in the
well-polarized epithelial cells MDCK (Madin-Darby canine
kidney), with a special focus on alterations in both cellular
IGF production and receptor-mediated IGF signaling in those
transformed cells.

Src, an intracellular tyrosine kinase, has been implicated
as one of the key regulators of EMT, since overexpression
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or activation of Src altered the expression and intracellular
localization of proteins including E-cadherin and B-catenin
(13-15). Aggressive cancers overexpressing RTKs also show
a high expression level of Src, suggesting that the membranous
RTKSs and the cytoplasmic tyrosine kinases may interact and
synergistically promote the aggressiveness of these cancers
(16). Indeed, IGF-IR and Src directly interact with each other
through phosphorylation and participate together in cellular
transformation and motility (17-19). Co-expression of these
tyrosine kinases in human pancreatic cancer tissues has been
reported (20), supporting partnership in mediating IGF-IR
signaling.

We demonstrate here that SLUG augments the IGF-
stimulated phosphorylation of IGF-IR in an autocrine manner
and simultaneously activates Src in the transformed MDCK
cells. Because both the tyrosine kinases IGF-IR and Src
participate in activation of Akt, a master regulator of cellular
motility and anti-apoptosis, we further show that inhibition in
both IGF-IR and Src leads to significant apoptosis in the
mesenchymally-transformed cells.

Materials and methods

Materials. Recombinant human IGF-I, IGF-II, and IGF-binding
protein (IGFBP)-3 were purchased from PeproTech (Rocky
Hill, NJ). The Src kinase inhibitor PP2 and the PI3 kinase
(PI3K) inhibitor LY294002 were purchased from Calbiochem
(San Diego, CA). The IGF-IR inhibitor PQ401 was obtained
from Tocris Bioscience (Ellisville, MO). Antibodies against
SLUG, E-cadherin, vimentin, B-catenin, and phosphorylated
(p-) IRS-1 (Tyr632) were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Antibodies for Snail, epidermal
growth factor receptor (EGFR), p-EGFRs (Tyr992 and
Tyr1068), IGF-IRB, p-IGF-IRA (Tyr1135/1136, rabbit mono-
clonal), p-PI3-kinase P85 (Tyr458), Akt, p-Akt (Serd73),
phosphorylated Src (Tyr416), non-phosphorylated Src
(Tyr416), poly-adenosine diphosphate ribose polymerase
(PARP), and cleaved caspase-3 and -7 were purchased from
Cell Signaling Technology (Beverly, MA). Antibodies against
actin and FLAG were from Sigma (Saint Louis, MO). The
neutralizing antibody to IGF-IR (clone 3325) was obtained
from R&D Systems Inc. (Minneapolis, MN), and that to insulin
receptor (IR) (clone 29B4) was obtained from Calbiochem.
Enhanced chemiluminescence (ECL) reagents were obtained
from Amersham Pharmacia Biotech (Buckinghamshire, UK),
and the protein assay reagents were from Bio-Rad (Hercules,
CA). All other reagents and compounds were analytical grades.

Cell lines and cultures. MDCK cells and Saos-2 cells obtained
from RIKEN BioResource Center (Tsukuba, Japan) and the
fetus-derived immortalized hepatocyte cell line OUMS-29
were used in this study. The OUMS-29 cell line has been well
characterized to have cell polarity and several hepatocyte-
specific gene expressions, including albumin and asialo-
glycoprotein receptor (21,22). Each cell line was grown in
Dulbecco's modified Eagle's medium (Sigma-Aldrich Japan,
Tokyo, Japan) supplemented with 10% heat-inactivated
(56°C, 30 min) fetal bovine serum (BioWest, Nuaill, France),
100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen,
Carlsbad, CA) in a humidified atmosphere of 5% CO, at 37°C.
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Transfection of cDNAs and establishment of SLUG-over-
expressing clones. The human SLUG clone (FLAG-tagged
SLUG in pPGS-CMV-CITE-Neo(-) vector) was a kind gift
from Professor Eric Fearon (University of Michigan). The
human Snail clone (accession no. NM_005985) was purchased
from OriGene Technologies, Inc. (Rockville, MD). The human
Twist clone was a kind gift from Professor Kimitoshi Kohno
(University of Occupational and Environmental Health,
Kitakyushu, Japan) (23). Transient transfection of the cDNAs
was performed using 7TransIT®-LT1 Transfection Reagent
(Mirus Bio Corp., Madison, WI), according to the manu-
facturer's protocol. SLUG-FLAG-overexpressing clones
(SLUG-MDCK) and mock-transfected clones (mock-
MDCK) were established as previously reported (24).

Immunoblot analysis. Immunoblotting was performed as
previously reported (24). Samples containing cell lysate protein
were separated on sodium dodecyl sulfate-polyacrylamide
gel and then transferred onto equilibrated polyvinylidene
difluoride membranes (Bio-Rad). After skimmed-milk
blocking, the membranes were incubated with the primary
antibodies. The bound antibodies were detected with horse-
radish peroxidase-labelled secondary antibodies using the
enhanced chemiluminescence detection system (ECL
Advanced kit). A positive signal from the target proteins was
visualized using an image analyzer LAS-1000plus (Fujifilm,
Tokyo, Japan), and the fold increase in the protein expressions
was determined using an Image Gauge version 3.45 (Fujifilm).

IGF stimulation experiments. MDCK, mock-MDCK, SLUG-
MDCK, and OUMS-29 cells were plated in 100-mm dishes.
Upon reaching 50-60% confluency, the cells were starved in
serum-free media for 36 h and then stimulated with IGF-I
or IGF-II (10 ng/ml) for 30 min. The cells were harvested
and their lysates were subjected to immunoblot analysis. In
transient transfection experiments, the transfected cells
were cultured for 24 h in the serum-containing media with
subsequent culture in serum-free media for 12 h, and then
exposed to IGF-II for 30 min.

Experiments using IGFBP-3, PQ401, and culture super-
natants. To investigate the local production and autocrine
action of IGFs, 60%-confluent MDCK, mock-MDCK, and
SLUG-MDCK cells were serum-starved for 24 h or 35 h, and
then 100 ng/ml IGFBP-3 was added to the media and incubated
for 12 or for 1 h, respectively. When using the small molecule
IGF-IR inhibitor PQ401, the cells were serum-starved for
35 h and exposed to the reagent (10 uM) for 1 h. After the
exposure to IGFBP-3 or PQ401, the cells were harvested and
used for immunoblotting. To further validate the establishment
of the autocrine IGF/IGF-IR signaling loop in SLUG-MDCK
cells, the culture supernatant was collected from the MDCK
cells, the mock-MDCK cells, and from the SLUG-MDCK
cells with 36-h serum starvation, and then these supernatants
were used to examine the phosphorylation status in both the
IGF-IR and the Akt in OUMS-29 cells.

Enzyme-linked immunosorbent assay to measure the con-
centrations of IGF-I. The concentration of IGF-I in the
culture supernatants and in the cell lysates was quantified
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using the Quantikine ELISA kit (R&D Systems) according
to the manufacturer's protocol. In calculating the IGF-I
concentrations in the culture supernatants, the basal value of
the IGF-I concentration in the 10%-serum-containing media
was subtracted from the obtained raw data. All the ELISA
experiments were performed using seven samples in duplicate.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated from cells using the TRIzol reagent
(Invitrogen Japan K K., Tokyo, Japan), according to the manu-
facturer's instructions. RNA quantification was performed
by spectrophotometry. The RT-PCR analysis was carried out
using the GeneAmp PCR System 9700 (Applied Biosystems,
Foster City, CA) under the following conditions: initial
denaturation at 94°C for 4 min, 35 cycles of amplification
(denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec,
and extension at 72°C for 30 sec), and extension at 72°C for
10 min. Reagents for RT-PCR were obtained form Takara
Bio Inc. (Shiga, Japan). The sequences (5'-3') for the primer
pairs of IGF-I and B-actin (an internal control), respectively,
were as follows: for IGF-I, ATGTCCTCCTCGCATCTCTT
(forward) and TCCCTCTACTTGCGTTCTTC (reverse); and
for B-actin, TGGCACCACACCTTCTACAACGAG (forward)
and AGAGGCATACAGGGACAGGACAGC (reverse).
The PCR products (350 bp for IGF-I mRNA, and 180 bp for
B-actin) were electrophorased on 2% agarose gel, and stained
with ethidium bromide.

RNA interference for SLUG. Three sets of small interfering
RNAs (siRNAs) corresponding to nucleotide sequences of
human SLUG (accession no. NM_003068) were synthesized
and purchased from Invitrogen. The Stealth™ Select RNAi
sequences for the primer sets were as the followings: no. 1,
UGGAGUAACUCUCAUAGAGAUACGG (sense) and
CCGUAUCUCUAUGAGAGUUACUCCA (antisense); no. 2,
UAAUGUGUCCUUGAAGCAACCAGGG (sense) and
CCCUGGUUGCUUCAAGGACACAUUA (antisense); and
no. 3, AUCAGAAUGGGUCUGCAGAUGAGCC (sense)
and GGCUCAUCUGCAGACCCAUUCUGAU (antisense).
The negative control duplex was also obtained from Invitrogen.
The siRNA duplexes at the final concentration of 10 nM were
transfected into Saos-2 cells, which were known to express
SLUG (25), using the HiPerFect Transfection Reagent (Qiagen
K .K.), according to the manufacturer's protocols. At 48 h
after the siRNA transfection into Saos-2 cells, the cell lysates
were subjected to immunoblot analysis to determine the
most effective siRNA to inhibit the SLUG expression from
the above-described three siRNAs. Using the most effective
siRNA, the IGF-I concentration in the culture supernatants of
the SLUG-down-regulated Saos-2 cells was compared with
that of the control cells using ELISA.

Inactivation of Src kinase by PP2. MDCK, mock-MDCK,
and SLUG-MDCK cells at 60%-confluent state were serum-
starved for 24 or 35 h, and then exposed to 10 uM PP2 for
12 or for 1 h, respectively. The harvested cells were subjected
to immunoblotting. To confirm the effects of PP2 even in the
serum-containing media, the 60%-confluent SLUG-MDCK
cells were treated with PP2 for 12 h, and used for the immuno-
blot analysis.
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Combination of IGFBP-3 with PP2. The apoptosis-inducing
potentials of IGFBP-3 and of PP2 were examined. MDCK,
mock-MDCK, and SLUG-MDCK cells were cultured in
serum-free media for 24 h up to the 60%-confluent state. The
cells were incubated with two different dosages of PP2, at
5 and 10 uM, for 12 h. After the incubation with PP2, both
the attached cells and the floating cells were collected, and
their lysates were subjected to the immunoblot analysis to
investigate the expression levels in apoptotic markers such as
PARP, cleaved caspase-3 and -7. To assess the possible
enhancement in inducing apoptosis in the combined use of
IGFBP-3 with PP2, the 24-h serum-starved SLUG-MDCK
cells were incubated with 100 ng/ml IGFBP-3 and 10 uM
PP2 for 12 h. The immunoblot analysis was performed to
detect the above-mentioned apoptotic markers.

Statistical analysis. Statistical significance was assessed using
Mann-Whitney U test. P<0.05 was considered statistically
significant.

Results

Constitutive activation of Akt and of IGF-IR in SLUG-
induced EMT. SLUG-MDCK cells showed a spindle-shaped
appearance without forming any epithelial sheet-like pattern
as did the parental MDCK cells (Fig. 1A). An undetectable
expression level of E-cadherin was confirmed in the SLUG-
MDCK cells, accompanied by a decrease in the B-catenin
expression level and a clear increase in the mesenchymal
marker vimentin (Fig. 1B). In a survey of Akt and its related
tyrosine kinases, we found remarkable phosphorylation in
both the Akt and the Src in the SLUG-MDCK cells. Indeed,
the p-Akt/Akt ratio by densitometry from three independent
experiments was 10.5-fold increased in SLUG-MDCK cells
compared with that in MDCK cells or in mock-transfected cells
(Fig. 1C). Then, we focused on IGF-IR, an upstream receptor
of Akt, and found that the receptor was constitutively activated
in these cells. The p-IGF-IRB/IGF-IRB ratio by the densito-
metry was 41.5-fold increased in SLUG-MDCK (Fig. 1D).
IRS-1, a signal mediator recruited to B-subunits of IGF-IR,
was phosphorylated at tyrosine 632, suggesting activation in
the IGF-IR signaling (Fig. 1D). Destruction of epithelial cell-
cell contact by SLUG markedly reduced the expression level
of EGFR as well as that of its activated phosphorylated forms
(Fig. 1E).

Enhanced sensitivity to IGFs by SLUG. To assess whether or
not the increased p-IGF-IR was functional in mediating IGF
signaling, stimulation experiments were performed using
IGF-I and IGF-II. In this experiment, the immortalized
human hepatocyte cell line OUMS-29 was set as the IGF-
sensitive control. Indeed, as shown in Fig. 2, the IGF-IR
and the Akt of OUMS-29 cells were highly phosphorylated
by IGF-I, and this was strongly inhibited by the neutralizing
antibody to IGF-IRB, but not by the neutralizing antibody to
IR. This suggested that Akt was activated mainly through the
IGF-IRB phosphorylation, but not through the IR phospho-
rylation, which could also be detected by the anti-p-IGF-IR
(Tyr1135/1136) antibody used. After serum starvation for 36 h,
the MDCK cells, mock-MDCK cells, the SLUG-MDCK
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cells, and the OUMS-29 cells were stimulated with IGF-I or
IGF-II. Phosphorylation in IGF-IRB, IRS-1, PI3K, and Akt
was shown in each of the latter three IGF-stimulated cell
lines; however, much greater activation was found in the
SLUG-MDCK cells compared with the mock-MDCK cells
(Fig. 3) (data from MDCK cells, not shown).

Autocrine IGF/IGF-IR loop in SLUG-induced EMT. To
confirm the involvement of the IGF/IGF-IR axis in the
constitutive activation of Akt, we used the IGF blocker
IGFBP-3 and the IGF-IR inhibitor PQ401 to suppress stimuli
from the ligands. Even under serum-starvation, profound
expressions in both p-IGF-IRf and p-Akt were found in the
SLUG-MDCK cells, raising the possibilities that the stimuli
to the IGF-IR of the cells were derived from themselves.
Indeed, the activation of IGF-IR was clearly suppressed by
IGFBP-3 added into the culture media of the SLUG-MDCK
cells, leading to a subsequent decrease in the phosphorylation
of Akt (Fig. 4A). The similar inactivation of the IGF-IR in
the SLUG-MDCK cells was confirmed using PQ401, leading
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Figure 1. A, Phase-contrast microscopy demonstrates a fibroblastic appearance
in SLUG-MDCK cells. B, Loss of the E-cadherin expression, a decrease in the
B-catenin (B-cat) expression, and an increase in the vimentin (Vim) expression
are demonstrated, confirming successful EMT in the SLUG-overexpressing
clone. “Endogenous expression of SLUG. C, Expression levels in Akt, p-Akt,
and p-Src are markedly increased in SLUG-MDCK cells. D, Constitutively
high levels in phosphorylation of both IGF-IR and IRS-1 (Tyr632) are found
in the SLUG-MDCK cells. E, Loss of expression and activation of EGFR is
shown in SLUG-MDCK cells.

to more profound Akt inactivation (Fig. 4B). However, the
suppression of IGF-IR activity by the IGFBP-3 exposure
was partially cancelled at 12 h, suggesting that continuous
production of IGFs from the SLUG-MDCK cells nearly
neutralized the effect of IGFBP-3 (Fig. 4A). If the SLUG-
MDCK cells produced and secreted IGFs into the culture
media, the supernatants should have some potential to activate
IGF-IR and Akt in the IGF-sensitive hepatocytes OUMS-29
cells. Indeed, the supernatants from the SLUG-MDCK cells
remarkably induced phosphorylation in both the IGF-IR
and the Akt of the OUMS-29 cells. In contrast to the high
potential of the SLUG-MDCK-derived supernatants, the
supernatants from the mock-MDCK cells did not induce any
clear phosphorylation in the two molecules in the OUMS-29
cells (Fig. 4C). These phosphorylations caused by the SLUG-
MDCK-derived supernatants were inhibited by IGFBP-3,
though partially (Fig. 4C), indicating that the supernatants
contained ligands for IGF-IR. These findings suggested that
the IGF/IGF-IR-driven Akt activation occurred in an autocrine
manner in the SLUG-overexpressing cells. Indeed, an ~10-fold
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Figure 2. The hepatocye-derived OUMS-29 cells (OUMS) were cultured to
60%-confluency, and then serum-starved for 36 h. The cells were stimulated
with IGF-I (10 ng/ml) with or without IGFBP-3 (100 ng/ml) or the neutralizing
antibodies to insulin receptor (IR) (clone 29B4, 25 pg/ml) and IGF-IR (clone
3325, 10 pg/ml) for 30 min. After the incubation, the prepared cell lysates
were used for the immunoblot analysis.
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increase in the concentration of IGF-I was found in the culture
supernatants of the SLUG-MDCK cells compared with the
IGF-I concentration in those of the mock-MDCK cells
(Fig. 5A). Consistent with the trend obtained from the super-
natant data, a significant increase in the concentration of
IGF-I was also demonstrated in the cell lysates from the
SLUG-MDCK cells (Fig. 5A). A greater expression level in
the IGF-I mRNA was found in the SLUG-MDCK cells: the
ratio IGF-I/B-actin in the band intensity was 9.6-fold increased
in the SLUG-MDCK cells (Fig. 5B). In the SLUG siRNA
experiments with the IGF-I-producing Saos-2 cells, knock-
down of the SLUG expression caused a significant decrease
in the IGF-I production (Fig. 5C and D). These findings
showed direct evidence of the augmented IGF production in
a SLUG-dependent manner.

SLUG-activated Src contributed to Akt activation. Previous
reports have suggested that overexpression of constitutively
active Src in cells caused phosphorylation of IGF-IR and
made the cells more sensitive to IGFs (17,26). Because a
marked activation (phosphorylation) of Src was found in our
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Figure 3. A and B, Phosphorylation in IGF-IRB, IRS-1, PI3K, and in Akt, is shown in the IGF-I (A)- and IGF-II (B)-stimulated cell lines (data from MDCK
cells, not shown); however, much greater activation is found in the SLUG-MDCK cells (SLUG) than in the mock-MDCK cells (mock). OUMS-29 cells
(OUMS) are the positive control for the IGF-sensitive cells. C, The densitometric analyses of visualized bands for p-IGF-IR and p-Akt. The density ratios
p-IGF-IRB/IGF-IR and p-Akt/Akt are shown as mean + SD of 3 independent experiments. “Not measured. Bas, basal. FI, IGF-I. FII, IGF-II.
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Figure 4. Immunoblot analysis representing the local production and the autocrine action of IGFs. A, After serum-starvation for 24 or 35 h, they were incubated
with IGFBP-3 (BP-3) (100 ng/ml) for 12 or for 1 h, respectively. Con, control. In B, PQ401 (PQ) (10 M) was added into the culture medium after serum-
starvation for 35 h, and then incubated for 1 h. C, The mock-MDCK cells and the SLUG-MDCK cells were serum-starved for 36 h. After the serum-starvation,
the culture media were collected and centrifuged to remove floating cells and debris. About 60%-confluent OUMS-29 cells were cultured in serum-free media for
24 h, and then the medium was replaced with fresh serum-free medium containing IGF-II (10 ng/ml), the culture supernatants from mock-MDCK cells, or with
the culture supernatants from SLUG-MDCK cells. To suppress the effect of the IGFs, the cells were incubated with 100 ng/ml IGFBP-3 for 30 min. A-C, Data

from MDCK cells, not shown.

study (Fig. 1C), we focused on the Src-IGF-IR link in the
SLUG-induced EMT model using the specific Src inhibitor
PP2. PP2 strongly inhibited the constitutive activation of Src
in a serum-starved condition; however, this inactivation of
Src did not affect the phosphorylation level of IGF-IR, while
it did lead to inactivation of Akt (Fig. 6A) (data from MDCK
cells, not shown). Similar findings were demonstrated in the
SLUG-MDCK cells cultured in serum-containing media
(Fig. 6B). These findings indicated that Src did not regulate
the phosphorylation of Akt thorough the IGF-IR pathway, at
least not in the EMT model used (Fig. 6A). Of interest, in
concert with the down-regulation in p-Akt by the PP2
treatment, clear apoptosis was found in the SLUG-MDCK
cells and not in the mock-MDCK cells, showing cleavage in
PARP (Fig. 6A). This implied that targeting Src was effective
on inducing apoptosis in mesenchymally-transformed cells,
although this single targeting was insufficient to completely
inactivate Akt.

Dual targeting for IGF-IR and Src efficiently induced
apoptosis in EMT. Clear apoptosis was shown in the serum-
starved SLUG-MDCK cells in a PP2-dosage-dependent

manner, involving caspase activation including caspase-3 and
caspase-7 (Fig. 6C). In contrast, there was no clear increase
in the expression level of the cleaved caspases in the serum-
starved mock-MDCK cells (data from MDCK cells, not
shown). To establish a more effective way to induce apoptosis
in the transformed cells, we conducted combined exposure
of IGFBP-3 with PP2 to reduce the Akt activity, which
was responsible for anti-apoptosis. Under the serum-starved
conditions, 100 ng/ml IGFBP-3 and 10 xM PP2 demonstrated
a significant decrease in the expression level of p-Akt,
leading to a marked enhancement in apoptosis (Fig. 6D).
Treatment with IGFBP-3 did not show any detectable apoptosis
in these conditions.

Snail also enhanced IGF-IR signaling. The above results
obtained using the stably-transformed SLUG-MDCK cells
showed activation of both IGF-IR and Src; however, this
system did not always mimic the behavior of cancer cells
in vivo. The transformed cancer cells often reverse their
phenotypes to those at the epithelial side with timely switching
in the transcription factors (27). Thus, we performed transient
gene expression experiments in the MDCK cells using Snail
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Figure 5. A, The IGF-I ELISA. MDCK, mock-MDCK cells (mock), and SLUG-MDCK cells (SLUG) were cultured in 10%-serum-containing media for 36 h
up to 80%-confluency, then the culture supernatants were used for IGF-I quantification. The basal concentration of IGF-I in the 10%-serum-containing
medium was 0.16 ng/ml. This value was subtracted from each of all the IGF-I data prior to statistical analysis. The cell lysates were prepared from the cell
pellets after removing the culture supernatants, and the protein level in the lysates was adjusted to 7 mg/ml. Data from MDCK cells, not shown. B, IGF-I
mRNA levels by RT-PCR. Data from MDCK cells, not shown. C, The differential efficacy to knock-down the SLUG expression in Saos-2 cells using the
three synthesized siRNAs. Con, negative control duplex RNA. D, The IGF-I ELISA for the culture supernatants of the control-siRNA-transfected Saos-2 cells

and of the No. 2-siRNA-transfected Saos-2 cells.

and SLUG to assess the activation of IGF-IR and Src (Fig. 7).
The transient expression of Snail clearly decreased the
expression level of E-cadherin, and increased the expression
levels of p-IGF-IRB and p-Src in a Snail-cDNA-dosage-
dependent manner, leading to a profound increased expression
of p-Akt (Fig. 7A). Also in this transient gene expression
system, the hypersensitivity to IGF was confirmed in both
SLUG and Snail transfectants (Fig. 7B). However, another
EMT-regulating transcription factor Twist did not show any
detectable alteration in the expression level of p-IGF-IRS or
p-Akt (Fig. 7C).

Discussion

In the present study, we have demonstrated the following new
findings in the SLUG-induced EMT model: i) the constitutive
activation of IGF-IR, ii) the increased sensitivity to IGFs
through IGF-IR occurred in an autocrine manner, iii) the
non-membranous type of tyrosine kinase Src contributed
to the Akt activation without phosphorylating IGF-IR, and
iv) targeted inhibition of both IGF-IR and Src resulted in a
marked enhancement in apoptosis of the transformed cells.

It is well known that Akt activity is induced by ligand
stimulation of growth factor receptors, such as IGF-IR and
the EGF family of receptors (8), leading to pleiotropic effects
on normal and cancerous cells (28). In the EMT model used
in this study, however, the responsible RTK for the Akt

activation was IGF-IR, and not EGFR which was absent in
the transformed cells. Although the mechanism of this striking
RTK switching was unclear, the switching demonstrated the
potential to alter the cellular sensitivity to the ligands such as
IGFs and EGF in a certain type of cell. In a previous study
using human keratinocytes, findings suggested distinct roles
for the two RTKs, showing that IGF-I promoted cell migration
in an EGF-independent manner, since antibody to the EGFR
failed to block IGF-I-enhanced cell migration (29). In a clinical
setting, alteration in the RTK profile in cancer cells may impact
on the therapeutic efficacy of emerging RTK-targeting drugs.
Indeed, it has recently been shown that cancer cells having
undergone EMT losing the expression of p-EGFR were
insensitive to erlotinib, an EGFR inhibitor (30). Evidence
including our findings of the EMT-associated RTK switching
might provide insights into understanding and even overcoming
the drug resistance of cancer cells.

Establishment of the EMT-driven autocrine signaling
loops has recently been reported, including the platelet-derived
growth factor (PDGF)/PDGEFR signaling and the transforming
growth factor-B (TGF-B8)/TGF-BR signaling (31,32). In the
present study, the IGFs/IGF-IR signaling was first identified
as another autocrine system in EMT. The production and
secretion of IGFs from the SLUG-MDCK cells was, at least
in part, attributable to the constitutive stimulation of Akt via
IGF-IR even under long-term serum-free condition. This
autocrine IGF-IR signaling might be maintained by a possible
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Figure 6. A, Activation of Src kinases is not coupled with constitutive activation of IGF-IR in SLUG-MDCK cells under serum-starved condition. PP2
inhibits Src in the SLUG-MDCK cells, leading to a marked decrease in the expression level of p-Akt. Although the p-Src and p-Akt expression levels are
slightly recovered at 12 h of the PP2 treatment, clear apoptosis is found, showing a cleaved form of PARP in the SLUG-MDCK cells. The expression level of
p-IGF-IRB is independent of the PP2-induced Src inactivation. Data from MDCK cells, not shown. B, Immunoblot analysis in the SLUG-MDCK cells
cultured in serum-containing medium. PP2 exposure also shows the decreased expression of p-Akt. C, Immunoblot analysis demonstrating the dosage-
dependent apoptosis-inducing potential of PP2 in the SLUG-MDCK cells. 60%-confluent MDCK cells, mock-MDCK cells, and SLUG-MDCK cells were
cultured in serum-free media for 24 h and then incubated with 5 or 10 xM PP2 for 12 h. Data from MDCK cells, not shown. D, Immunoblot analysis shows
enhanced apoptosis of the SLUG-MDCK cells by simultaneous blocking of the IGF-IR signaling and the Src kinase activity using IGFBP-3 and PP2,

respectively.

feed forward mechanism in the transcription of SLUG (33).
The autocrine loop was not completely inhibited by IGFBP-3,
suggesting that another mechanism was involved in the
Akt activation. Src is known to participate in Akt activation
in aggressive cancers co-expressing highly activated IGF-IR
(17,19), phosphorylating IGF-IR (17). Thus, we focused
on the expression level of the activated Src (p-Src) and its
possible Akt-activating role in SLUG-MDCK cells, and
found that Src was constitutively phosphorylated even in the
serum-starved SLUG-MDCK cells and positively contributed
to the Akt activation. Indeed, the inhibition of Src activity by
PP2 clearly resulted in the inactivation of Akt; however, this
inhibition did not always link to the inactivation of IGF-IR.
These findings suggested that Src served as an upstream
activator of Akt, independent of its IGF-IR-phosphorylating
action in the SLUG-induced EMT. In the present study, it

still remained unclear how Src was activated through the
SLUG induction. Recently, it has been demonstrated that Src
interacted with signal transducer and activator of transcription 3
(STAT3) (34), a transcriptional regulator of EMT, raising
possibility for the direct interaction between EMT-regulating
transcription factors, including SLUG, and Src.

Of interest, the expression level of the endogenous SLUG
was increased in SLUG-MDCK clones, suggesting a possible
autocrine loop in the transcriptional mechanism of SLUG.
This finding may imply that exogenous EMT-causing stimuli
can alter the endogenous expression system in SLUG,
allowing participation of endogenous SLUG in maintaining
mesenchymal transformation. Regarding the EMT-regulating
transcription factors used in this study, the basic helix-
loop-helix-type Twist did not show any enhancing effects on
phosphorylation of IGF-IR, IRS-1, or Akt, in contrast to the
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zinc-finger-type Snail and SLUG. This finding, although
preliminary, suggested a distinct transcriptional mechanism
regulating the EMT-associated IGF-IR signaling.

Discovery of the dual Akt-activating pathways prompted
us to investigate the apoptosis-inducing potential in targeting
both IGF-IR and Src. This concept was inspired from recent
progress in developing specific inhibitors of IGF-IR activity
(35). If the Src inhibitor PP2 was combined with emerging
IGF-IR inhibitors instead of with the fragile peptide IGFBP-3,
more profound apoptosis of cancer cells might be expected.
Secondary diabetes mellitus has been reported as an adverse
effect of the IGF-IR inhibitors, although it could be controlled
by metformin (35). In addition, novel Src inhibitors, including
AZDO0530, are emerging and are in clinical development
(36). Thus, the dual inhibition of IGF-IR and Src would be
beneficial in not only enhancing the therapeutic efficacy but
also decreasing the severity of hyperglycemia.
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Figure 7. Transient cDNA transfection experiments. A, 60%-confluent
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cells were cultured in serum-free medium for 12 h and then stimulated with
10 ng/ml IGF-II for 30 min.
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