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Abstract
IGF-II plays a crucial role in fetal and cancer development by signaling through the IGF-I receptor.
We have shown that inhibition of IGF-II by resveratrol (RSV) induced apoptosis and that proIGF-
II (highly expressed in cancer) was more potent than mIGF-II in inhibiting this effect. Thus, we
hypothesized that IGF-II differentially regulates the signaling cascade of the IGF-I receptor to
stimulate the anti-apoptotic proteins Bcl-2 and Bcl-XL to prevent apoptosis. RSV treatment to breast
cancer cells inhibited Bcl-2 and Bcl-XL expression and induced mitochondrial membrane
depolarization. ProIGF-II was more potent than mIGF-II in: (1) activating the PI3/Akt pathway, (2)
regulating Bcl-2 and Bcl-XL expression, and (3) inducing phosphorylation/nuclear translocation of
Cyclic AMP-responsive element binding protein. Furthermore, IGF-II differentially regulated the
intracellular translocation of Bcl-2 and Bcl-XL, a critical process in breast cancer progression to
hormone-independence. Our study provides a novel mechanism of how proIGF-II promotes
progression and chemoresistance in breast cancer development.
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Introduction
IGF-II promotes proliferation, inhibits apoptosis, and stimulates angiogenesis and
transformation of breast cancer cells (De León et al. 1992; Yang et al. 1996; Heffelfinger et
al. 1999; Yee and Lee 2000). The IGF-II gene encodes a single transcript, which is translated
into proIGF-II, a 156 amino acid protein including an 89 amino acid E-domain. ProIGF-II is
expressed during fetal development and in tumors and is more potent than mIGF-II in
stimulating thymidine incorporation in national institute for health (NIH) 3T3 (Yang et al.
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1996). On the contrary, mIGF-II has been shown to be more effective in down-regulating the
IGF-IR and decreasing cell survival in Caco2 colon cancer cells when compared to proIGF-II
(Kim et al. 2005).

IGF-II mitogenic effects are mediated through the IGF-IR and IR-A, both members of the
tyrosine kinase receptor family (Sciacca et al. 2002). The insulin receptor substrates 1 and 2
(IRS-1, IRS-2) are key cytoplasmic docking proteins that function as essential signaling
intermediates downstream of the above mentioned receptors (Gibson et al. 2007). Upon
activation by phosphorylation, specific residues become the docking site for multiple SH2-
containing proteins such as PI3K, GRB-2 or SHP-2 phosphatase, thus, resulting in activation/
inhibition of downstream pathways: the phosphatidylinositol 3′-kinase (PI3K) and the
extracellular signal-regulated kinase (ERK; Myers et al. 1998; Hers et al. 2002; Dearth et al.
2007).

Bcl-2 and Bcl-XL, like IGF-II, are expressed in a variety of embryonic and post-natal tissues,
which suggests their important roles in organogenesis and tissue homeostasis (González-
García et al. 1994; Rossé et al. 1998). Bcl-XL is highly expressed in many types of cancer,
including breast carcinoma, and has been associated with an increased risk of metastasis and
resistance to treatment (Méndez et al. 2006). Bcl-XL has also been implicated in coupling redox
pathways and glycolysis to protect breast cancer metastatic cells during transit from the primary
tumor to the metastatic state (España et al. 2005). In MCF-7 cells, Bcl-2 and Bcl-XL have been
found to differ substantially in the potency with which they inhibit apoptosis, possibly due to
differences in the regulation of specific subcellular pathways (Fiebig et al. 2006). Furthermore,
clinical studies have demonstrated that increased levels of Bcl-XL are associated with a poor
outcome in breast cancer patients; conversely, Bcl-2 expression conferred a better prognosis
(Lipponen et al. 1995; Olopade et al. 1997).

The transcription of IGF-II is regulated by estrogen (Lee et al. 1994), and IGF-I binding to the
IGF-IR phosphorylates and activates the membrane estrogen receptor (ERα; Yee and Lee
2000). Thus, IGF-II signaling can stimulate estrogen regulated genes, including its own gene,
by activating the ERα in the cell membrane. Previous studies in our laboratory demonstrated
that the insulin-like growth factor II (IGF-II) is regulated by the chemopreventive agent
resveratrol (RSV) in a dose-dependent manner in MCF-7 and T47D (ER + breast cancer cell
lines), where the precursor form of IGF-II (proIGF-II), and not mature IGF-II (mIGF-II), is
the predominant form secreted. This effect is mediated through the ER, as addition of tamoxifen
blocked RSV effect on IGF-II expression (Vyas et al. 2005). Moreover, RSV (10−4 M)
inhibitory effect on proIGF-II, leads to mitochondrial membrane depolarization and cell death.
Since we also demonstrated that constitutively expressed IGF-II blocked cell death induced by
RSV, we hypothesize that IGF-II must regulate pro-survival proteins and/or inhibit pro-
apoptotic proteins.

Cyclic AMP-responsive element binding protein (CREB) and nuclear factor-KB (NF-KB) are
transcription factors shown to be critical for a variety of cellular processes, including
proliferation, differentiation and inflammation (Shaywitz and Greenberg 1999; Liu et al.
2001; Hirano et al. 2006). Both transcription factors have been shown to be able to induce
Bcl-2 and/or Bcl-XL transcription following phosphorylation (by the Mitogen Activated
Protein Kinase (MAPK) MAP/ERK kinase/(MEK)/extracellular signal regulated kinase (ERK)
1/2 or PI3K/Akt pathways) and nuclear translocation (Lee et al. 1999; Catz and Johnson
2001).

Therefore, the present study focuses on: (1) ProIGF-II and mIGF-II regulation of the anti-
apoptotic proteins Bcl-2 and Bcl-XL; (2) The signaling pathways associated with IGF-II
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regulation of Bcl-2 and Bcl-XL; and (3) the role of the transcription factors NF-KB and CREB
in IGF-II regulation of the above mentioned anti-apoptotic proteins.

Materials and methods
Cell culture

MCF-7 breast carcinoma cell line was obtained from the American Type Culture Collection.
MCF-7 cells were maintained in a 5% CO2 incubator at 37°C, using Dulbecco’s modified
eagle’s medium (DMEM) F12 media (Cellgro) supplemented with 10 ml of 5000 units
penicillin/streptomycin (100units/ml penicillin and 100 units/ml streptomycin sulfate,
Cellgro), 4 mM L-glutamine (Cellgro), 3 μg/ml β-amphotericin, and 5% fetal bovine serum
(Hyclone). Recombinant human precursor IGF-II (proIGF-II, aa 1–156, non-glycosylated) and
recombinant mature IGF-II were purchased from GroPep (Adelaide, Australia), and PeproTech
(Rocky Hill, NJ, USA), respectively. RSV was purchased from Sigma Chemical Co. (St Louis,
MO, USA), and dissolved in dimethyl sulfoxide (DMSO, Fischer Scientific Pittsburgh, PA,
USA). The Akt 1/2 specific kinase inhibitor and MAPK specific inhibitor (LY294002 and
PD98059, respectively) were obtained from Sigma Chemical Co. Cell lysates from RSV treated
cells (CL) were collected (at 6 and 9 h), centrifuged (800 rpm for 5 min), and kept frozen (−20°
C) until assayed.

siRNA transfection
MCF-7 cells were seeded at a density of 5 × 105 cells/well in six-well plates. siRNA (5 pmol)
were added to the cells followed by 24 h incubation at 37°C in a 5% CO2 incubator. Cells were
treated with RSV (10 −4 M) and IGF-II (mIGF-II, proIGF-II) for 9 h. Cell lysates were prepared
using the Complete Lysis-M kit (Roche Applied Science, Germany), according to manufacturer
protocol and stored at −20°C until assayed.

Western blot analysis
Total protein (60 μg) of cell lysates or subcellular compartment fractions (cytosol (F1),
membrane/organelle (F2) and nucleus (F3)) obtained by ProteoExtract® Subcellular Proteome
Extraction Kit (Calbiochem) were collected after 6 and 9 h of RSV treatment and used to load
polyacrylamide sodium dodecyl sulfate (SDS) gradient gels (4–12%), transferred to a
polyvinylidene difluoride (PVDF) membrane (Invitrogen, Carlsbad, CA, USA) using a X-Cell
SureLock® electrophoretic transfer module (Invitrogen). Protein concentration was measured
using the Coomassie Plus Protein Assay Reagent™ (Pierce Biotechnology, Rockford, IL,
USA). PVDF membranes were blocked with 5% non-fat milk in PBS/0.05% Tween for 2 h.
Membranes were then incubated with IGF-II monoclonal antibody (Amano), Bcl-2 monoclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or Bcl-XL polyclonal antibody
(BD Biosciences, San Diego, CA, USA), followed by overnight incubation at 4°C. The blots
were also probed with β-actin (whole cell lysates) or IGF-I antibodies (Sigma Chemical Co.)
and used as a protein loading control (organelles and nuclear fractions). Specific markers were
used to verify each cell fraction; nucleus (lens-epithelium derived growth factor (LEGDF),
nuclear pore), organelles (voltage-dependent anion channel (VDAC), MnSOD, COX-2 and
COX-4). To address loading, we added human recombinant IGF-I peptide (which was added
at equimolar concentration in F2, F3 cell fractions before aliquoting the samples), as loading
control for F2 and F3. After 3 × 10 min washes in phosphate buffered saline (PBS)/0.05%
Tween, the corresponding biotinylated secondary antibodies (1:1000, Amersham, Arlington
Heights, IL, USA) were added to the membranes (1 h at room temperature (RT)), followed by
3 × 10 min washes and incubation with horseradish peroxidase (HRP) complexes (1:1000
Amersham). Protein visualization was achieved by using enhanced chemiluminescence (ECL)
and autoradiography with Hyperfilm ECL film (Amersham). The signals on the X-ray films
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were quantified using ChemiImager™ 4000 (Alpha Innotech Corporation, San Leandro, CA,
USA).

Phosphorylation studies
MCF-7 cells were plated at a density of 5 × 105 cells/well in six-well plates, and grown in
serum free media (SFM). Cells were treated with RSV (10−4 M) and/or IGF-II (precursor or
mature forms, 100 ng/ml). Total cell lysates and cellular fractions were prepared, as previously
described, 0, 5, 10, 15, and 20 min post-treatment. PVDF membranes were incubated with
IRS-1/phospho-IRS-1 (Tyr1179, Ser 641 and Tyr 632), Pan-Akt/phospho-Akt (threonine 308
or serine 473, R&D Systems Inc., Minneapolis, MN, USA), ERK/phospho-ERK1/2 (Santa
Cruz Biotechnology), CREB/phospho-CREB and NFKB/phospho-NF-KB (Cell Signaling)
polyclonal antibodies and incubated at 4°C overnight. The blots were also probed with β-actin
(whole cell lysates) or IGF-I antibodies (Sigma Chemical Co.) and used as a protein loading
control (organelles and nuclear fractions).

Real time PCR
One step SYBR real-time-PCR (RT-PCR) was performed to assess survivin expression in RSV
(10−4) treated cells at 3 and 6 h, using the primers Bcl-2-forward (5′-ATG TGT GTG GAG
AGC GTC AAC C-3′), and Bcl-2-reverse (5′-AGC CAG GAG AAA TCA AAC AGA GG-3′);
Bcl-XL (5′-GGA AAG CGT AGA CAA GGA GAT GC-3′), and Bcl-XL-reverse (5′-TCC ACA
AAA GTA TCC CAG CCG-3′). PCR amplifications were performed using the iCycler (BIO-
RAD, Hercules, CA, USA). Reactions were performed in a mixture consisting of a 50 μl volume
solution containing 1 × SYBR Green supermix PCR buffer (BIO-RAD; 100 mM KCl, 6 mM
MgCl2, 40 mM Tris–HCl, PH 8.4, 0.4 mM of each dNTP [dATP, dCTP, dGTP and dTTP],
iTaq DNA Polymerase 50 U/ml, SYBR Green I, 20 mM Fluorescein) 300 nM of each primer,
0.25 U/ml MultiScribe Reverse Transcriptase (Promega, Madison, WI, USA) and 0.4 U/ml
RNAse Inhibitor (Promega). The RT-PCR protocol starts with 30 min at 42°C for the RT. Prior
to the PCR step iTaq DNA polymerase activation at 95°C for 10 min was performed. Followed
by 30 s denaturation at 95°C, 15 s annealing at 57°C, and 1.5 min elongation at 72°C for 40
cycles. Fluorescence was detected at the end of every 72°C extension phase. To exclude the
contamination by non-specific PCR products such as primer dimers, melting curve analysis
was applied to all final PCR products after the cycling protocol.

Cell viability assay
Cell viability was measured by the 3-[4,5-dimethylthiazolyl] 2, 5-diphenyltetrazolium bromide
(MTT) assay; cells (1 × 104/well) were seeded in 96-well plates and grown in SFM. Cell
viability was assessed at 6 and 9 h post-treatment with RSV and/or IGF-II (precursor or mature
forms, 100 ng/ml) by measuring the rate of tetrazolium salts reduction to formazan (MTT,
Sigma), which is proportional to the number of living cells. At the end of incubation, the
absorbance was read at 540 nm.

Statistical analysis
* Values are expressed as the mean ± SEM of three or more replicate experiments. Statistical
differences between mean values were determined by one-way ANOVA, SPSS 11.0 software
(SPSS, Inc., Chicago, IL, USA). A level of p < 0.05 was considered significant.

Results
RSV and/or IGF-II effects on Bcl-2 and Bcl-XL protein levels

We have previously shown that RSV regulates IGF-II in a concentration-dependent manner in
MCF-7 breast cancer cells. Figure 1(A) shows IGF-II Western blot from MCF-7 cells treated
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with RSV (10−4 M) showing RSV regulation of IGF-II (17 kDa bands correspond to proIGF-
II). Figure 1(B)–(C) show representative Bcl-2 Western blots from three independent
experiments done in triplicate 6 and 9 h post-treatment. Cells were treated with RSV (10−4 M),
IGF-II (proIGF-II or mIGF-II, 100 ng/ml), or IGF-II added to RSV-treated cells. As seen, RSV
induces inhibition of Bcl-2 protein levels (60 and 70% as compared to vehicle-only (DMSO)
cells), 6 and 9 h post-treatment (26 kDa band). Of note, treatment with proIGF-II alone was
associated with a significant time-dependent increase in Bcl-2 (60 and 90% as compared to
vehicle cells) 6 and 9 h post-treatment. Furthermore, addition of recombinant proIGF-II to
RSV-treated cells maintained Bcl-2 levels comparable to vehicle cells as early as 6 h, while
mIGF-II blocked RSV inhibitory effect on Bcl-2, only 9 h post-treatment. Figure 1(E) shows
that RSV decreases Bcl-XL protein levels by 50%, 9 h post-treatment. ProIGF-II alone was
associated with a significant increase (50 and 70% as compared to vehicle cells) 6 and 9 h post-
treatment (Figure 1(D)–(E)), while mIGF-II treatment alone increased Bcl-XL by 30%, 9 h
post-treatment. Figure 1(B)–(E) (lower panels) show bar graphs of densitometric analysis of
Bcl-2 and Bcl-XL densitometry units (integrated density units) normalized to β-actin
densitometry units on three separate experiments. Please note that, although, only one Western
blot is depicted as a representative experiment, the bar graphs represent three separate
experiments done in triplicate (three Western blots per experiment). Asterisks indicate values
significantly different from vehicle (★p < 0.05) or RSV-treated cells (^p < 0.05).

RSV and/or IGF-II effects on Bcl-2 and Bcl-XL mRNA levels
Next, we studied RSV (10−4 M) and IGF-II effects on Bcl-2 and Bcl-XL gene expression by
Real Time-PCR following 3 and 6 h treatment. Because, Bcl-2 and Bcl-XL protein levels
changed at 6 and 9 h, we reasoned that mRNA changes may occur earlier and chose to analyze
mRNA levels at 3 and 6 h after treatment. As seen on Figure 2(A) (upper panel) RSV induces
a decrease in Bcl-2 mRNA (70%) as early as 3 h post-treatment. Treatment with mIGF-II or
proIGF-II (100 ng/ml) increased Bcl-2 mRNA (60 and 70%, respectively) 3 h post-treatment.
Addition of recombinant proIGF-II to RSV-treated cells significantly increased Bcl-2 mRNA
(80 and 60%, respectively) 3 and 6 h post-treatment as compared to vehicle cells, and induced
5- and 4-folds increase in Bcl-2 mRNA (at 3 and 6 h, respectively) when compared to RSV-
only treated cells. Of note, ProIGF-II was three times more potent than mIGF-II in increasing
Bcl-2 mRNA levels after RSV treatment. MIGF-II kept Bcl-2 mRNA comparable to vehicle
cells 3 h post-treatment only, with a further decrease at 6 h. Figure 2(B) shows RSV-induced
decrease in Bcl-XL mRNA (40%) 6 h post-treatment. Although, proIGF-II alone increased
Bcl-XL mRNA significantly 3 and 6 h post-treatment (60 and 40%, respectively), it did not
block RSV inhibitory effect on Bcl-XL mRNA levels 6 h post-treatment. The discrepancy
observed between Bcl-XL protein levels (9 h) and mRNA (6 h) in the RSV/proIGF-II treatment
group (lane 6), could be explained by increased protein/mRNA stability/translation induced
by proIGF-II instead of increased Bcl-XL transcription. On the contrary, although, mIGF-II
was able to maintain Bcl-XL mRNA levels comparable to vehicle group at all treatment times
(30% increase when compared to RSV-treated cells), this effect did not translate into increased
Bcl-XL protein levels (mIGF-II/RSV, lane 5) suggesting that mIGF-II does not affect Bcl-
XL mRNA and/or protein stability.

Effect of IGF-II siRNA on Bcl-2 and Bcl-XL expression in MCF-7 breast cancer cells
Since we hypothesize that RSV effect on the anti-apoptotic proteins are mediated through IGF-
II regulation, and proIGF-II blocked RSV-inhibitory effect on these anti-apoptotic proteins,
we examined the effect of IGF-II siRNA on Bcl-2 and Bcl-XL protein levels in MCF-7 cells.
As seen on Figure 3(A), IGF-II siRNA blocked 70% of IGF-II expression. Likewise, RSV
(10−4 M) also inhibited IGF-II expression in MCF-7 cells (please note that the 17 kDa band
shown corresponds to proIGF-II, no mIGF-II or 7.5 kDa band was seen). Figure 3(B) shows
Bcl-2 and Bcl-XL Western blot were protein levels decreased by 50 and 90%, respectively, in
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MCF-7 cells transfected with IGF-II siRNA. Interestingly, treatment with RSV alone decreased
both proteins by 50%. Addition of recombinant proIGF-II to siRNA-transfected cells had a
more significant effect on increasing Bcl-XL, a protein associated with increased risk of
metastasis and high grade tumors, than on Bcl-2 which is associated with a better prognosis in
breast cancer patients. On the contrary, mIGF-II had a more significant effect on maintaining
Bcl-2 levels comparable to control group.

RSV and/or IGF-II effects on Bcl-2 and Bcl-XL subcellular localization and mitochondrial
membrane polarization

Recent studies have suggested that Bcl-2 and Bcl-XL differ in the potency with which they
inhibit apoptosis, in part, by differences in the regulation of specific subcellular pathways. In
this regard, we examined the effects of RSV and IGF-II on Bcl-2 and Bcl-XL subcellular
localization 9 h post-treatment. As seen on Figure 4(A), in RSV-treated cells Bcl-2 and Bcl-
XL preferentially localize to the cytosol and/or nuclear compartments. Of note, proIGF-II was
able to keep higher levels of Bcl-2 in the organelles fraction when compared to vehicle-only,
RSV and mIGF-II-treated cells; while Bcl-XL was seen in the cytosol and organelles
compartments following proIGF-II treatment. Next, we compared Bcl-2 and Bcl-XL
subcellular localization with mitochondrial membrane polarization status; as seen on Figure 4
(B), RSV treatment depolarized the mitochondrial membrane, an effect that was completely
blocked by addition of proIGF-II keeping it comparable to control cells, while mIGF-II only
partially blocked RSV-induced depolarization.

RSV and/or IGF-II (proIGF-II and mIGF-II) effect on MCF-7 cells survival and Cytochrome c
release

Figure 4(C) shows a Western blot analysis of Cytochrome c (cytosolic fraction, F1) 6 h after
RSV and/or IGF-II treatment (precursor and mature forms). As seen RSV induced a significant
increase in Cytochrome c levels, while proIGF-II and mIGF-II maintained levels comparable
to control.

The MTT cell viability assay was used to confirm that RSV inhibitory effect on MCF-7 cell
survival can be partially or completely blocked by mIGF-II and/or proIGF-II. Figure 4(D)
shows that RSV (10−4 M) caused a significant decrease in cell viability (65 and 70%,
respectively) 6 and 9 h post-treatment. In contrast, proIGF-II blocked RSV inhibitory effect
on cell viability (p < 0.01) 6 and 9 h post-treatment, while mIGF-II blocked RSV inhibitory
effect on cell survival 9 h after treatment (p < 0.05).

ProIGF-II and mIGF-II effects on IRS-1, Akt, ERK 1/2 phosphorylation
Since, both proIGF-II and mIGF-II can bind to the IGF-I and IR-A receptors and induce
differential expression of Bcl-2 and Bcl-XL, we reasoned that different signaling pathways
might be involved in the regulation of these anti-apoptotic proteins by IGF-II. We started by
conducting IRS-1 phosphorylation studies based on the fact that this downstream adaptor
molecule can be activated by either receptor. As seen on Figure 5(A), mIGF-II treatment
increased IRS-1 phosphorylation at tyrosine 1179; phosphorylation at this residue is associated
with IRS-1 binding to the phosphatase SHP-2 leading to less activation of PI3K/Akt pathway.
On the contrary, no difference was seen on Ser 641 phosphorylation after mIGF-II or proIGF-
II treatment, although, RSV significantly increased this residue’s phosphorylation. Serine 641
is a known binding site for the protein 14–3–3, causing less activation/inhibition of the Akt
pathway. ProIGF-II was more potent than mIGF-II in phosphorylating IRS-1 at tyrosine 632,
which is a site predicted to bind SH2 domains in the p85 regulatory subunit of PI3K, resulting
in activation of p110 catalytic subunit. Next, we examined Akt and ERK 1/2 phosphorylation
at 0, 10, 15, and 20 min post-treatment (Figure 5(B)). Although, both IGF-II forms (pro- and
mIGF-II) are known activators of MAPK and GT pase protein (RAS)/MEK/ERK signaling
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pathways, exposure of MCF-7 to proIGF-II lead to rapid activation of Akt (at threonine 308
and serine 473), remaining fully active for up to 20 min. In contrast, mIGF-II induced 2 peaks
of ERK activity at 10 and 20 min post-stimulation (Figure 5(B)–(C)). No changes on total
IRS-1, Akt or ERK were observed after RSV and or IGF-II treatments.

ProIGF-II and mIGF-II effects on CREB phosphorylation and nuclear translocation
Since Bcl-2 and Bcl-XL expression is regulated, in part, by the transcription factors CREB and
NF-KB, and these transcription factors can be activated by the PI3K/Akt and/or MAPK
pathways, we examined the effect of RSV, mIGF-II and proIGF-II treatments on CREB and
NF-KB phosphorylation and nuclear translocation. As seen on Figure 5(D), although, no
significant changes were seen in total CREB protein, treatment with RSV decreased CREB
phosphorylation and nuclear translocation, while proIGF-II treatment increased
phosphorylated CREB in the nuclear fraction alone or when added to RSV treated cells (20
min). No significant changes were observed on NF-KB phosphorylation levels (data not
shown).

ProIGF-II and mIGF-II effects on Bcl-2 and Bcl-XL following treatment Akt/PI3K and MAPK
specific inhibitors (LY294002 and PD98059)

In order to correlate the increased and sustained Akt and ERK phosphorylation induced by
proIGF-II and mIGF-II with the increase in Bcl-2 and Bcl-XL expression, we used the specific
inhibitors LY294002 and PD98059. Addition of proIGF-II to LY294002 treated cells failed to
increase Bcl-2 and Bcl-XL proteins levels, as seen in Figure 5(E), while the MAPK-specific
inhibitor PD98059 had no significant effect on proIGF-II-induced regulation of these anti-
apoptotic proteins. On the contrary, mIGF-II effects on Bcl-2 and Bcl-XL expression were
completely blocked by the MAPK-inhibitor PD98059, but and only partially inhibited by
LY294002. Our results suggest that in the case of proIGF-II the Akt/PI3K pathway
preferentially mediates this mitogen effects on Bcl-2 and Bcl-XL expression, while for mIGF-
II, although, both pathways seem to be involved, the MAPK plays a more significant role in
the regulation of Bcl-2 and Bcl-XL expression by this growth factor.

Discussion
Elucidating the molecular mechanisms that enable breast cancer cells to proliferate, progress
to a hormone-independent state, and migrate from the primary tumor to invade distant tissues
is crucial for developing new and more efficient therapies. IGF-II is a growth factor known to
be expressed in fetal tissues and in many types of cancer. IGF-II binds and activates the IGF-
IR, IR-A, and IGF-I/IR-A hybrid receptors and regulates several signaling pathways, thus it
constitutes a potential target for new breast cancer therapies. Interestingly, studies focusing on
the differences between proIGF-II and mIGF-II functions and receptor binding affinities are
lacking. Both precursor and mature IGF-II are expressed in a variety of human cancers,
although, proIGF-II is the predominant form secreted (breast, colon cancers and Wilms tumor
among others; Lee et al. 1994; Korn et al. 1995; Kim et al. 2005). Several mechanisms might
be involved in the differential effects of the two IGF-II forms: mIGF-II bound to the IGF-IR
has been shown to cause a significant downregulation of this receptor in Caco-2 human colon
cancer cells (Kim et al. 2005), while proIGF-II has been shown to be more potent than mIGF-
II in inducing thymidine incorporation in NIH-3T3 cells (Yang et al. 1996). Similarly, binding
of mIGF-II to the IGF-IR may cause downregulation of this receptor in breast cancer cells
resulting in less receptor activation and decreased stimulation, contributing to the significant
enhanced effect of proIGF-II. A correlation between an increased half-life of the receptor–
ligand complex could also cause sustained activation of the IGF-IR and/or IR-A receptor
leading to higher mitogenic potency (Hansen et al. 1996). Another interesting possibility
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focuses on differential mIGF-II and proIGF-II binding affinity and/or phosphorylation to the
IGF-I and IR-A receptors leading to differential regulation of key survival proteins.

Previous studies in our laboratory demonstrated that RSV (10−6 M) effects on cell growth of
MCF-7 cells are mediated by proIGF-II (Vyas et al. 2005). Moreover, since RSV regulated
proIGF-II in ER(+) (not ER(−)) breast cancer cells and this effect is blocked by tamoxifen, we
concluded that RSV regulation of IGF-II is mediated through the ER. In contrast, the inhibitory
effect of RSV is independent of the ER presence since RSV (10−4 M) inhibited proliferation
and cell survival of ER(−) cells. We also showed that proIGF-II (the predominant form
expressed in cancer, not mature IGF-II) blocked RSV (10−4 M) induced cell death in MCF-7
cells, in part, by regulating the antiapoptotic protein survivin (Kalla Singh et al. 2008). The
present study demonstrates that proIGF-II regulates Bcl-2 and Bcl-XL as part of its mechanism
to block RSV inhibitory effect on cell survival.

The Bcl-2 family of proteins constitutes a critical intracellular checkpoint in the intrinsic
apoptotic pathway by regulating permeabilization and mitochondrial membrane potential
(España et al. 2005). Moreover, metastatic cells become resistant to treatment by modifying
the expression levels of Bcl-XL or Bcl-2. In the present study, we first evaluated the effect of
mIGF-II and proIGF-II on the expression of the anti-apoptotic proteins Bcl-2 and Bcl-XL. We
demonstrated that proIGF-II was more potent than mIGF-II in up-regulating these proteins in
RSV-treated and untreated cells. Although, no Bcl-XL mRNA (6 h)/protein levels (9 h)
correlation was found for the proIGF-II/RSV treatment group, this finding could suggest a
possible role of proIGF-II as a regulator of Bcl-XL mRNA and/or protein stability allowing
this growth factor to maintain higher Bcl-XL protein levels when compared to mIGF-II-treated
cells. Furthermore, it has been shown that Bcl-2 can potentially form complexes with the p50
subunit of NF-KB in the nucleus leading to blockage of gene expression, while mitochondrial
Bcl-XL plays a central role in preventing alteration of mitochondrial dysfunction, Cytochrome
c release and caspase activation

To have a more complete understanding of how different IGF-II forms regulate Bcl-2 and Bcl-
XL expression, we next focused on phosphorylation/activation studies of intracellular signaling
pathways including the docking protein IRS-1, whose activity levels are determined by
phosphorylation of specific residues that subsequently bind to specific domains of downstream
signaling molecules; this constitutes one mechanism of regulating post-receptor signaling. In
our study RSV treatment increased Serine 641 phosphorylation leading to decreased PI3K/Akt
activation, possibly by binding the phosphatase 14–3–3. On the contrary, proIGF-II increased
IRS-1 phosphorylation at tyrosine 632, which is predicted to bind SH2 domains in the p85
regulatory subunit of PI3K. These observations are in agreement with our findings of increased
Akt phosphorylation by proIGF-II but not mIGF-II. Furthermore, previous studies have linked
MCF-7 cells proliferation to activation of PI3K/Akt pathway with only transient activation of
the Raf-MEK-ERK pathway. However, prolonged activation of the Raf cascade inhibited
growth of these cells, determining whether, the response is proliferation or growth arrest
(Zimmermann and Moelling 1999). Consistent with these studies, our results showed that
proIGF-II induced a more potent activation of the Akt pathway, with an earlier and transient
activation of the Raf-MEK-ERK cascade, while mIGF-II preferentially induced a sustained
activation of the Raf-MEK-ERK pathway (Figure 6.). Moreover, activation of the PI3K/Akt
pathway has been shown to inhibit the pro-apoptotic protein Bax translocation from cytoplasm
to mitochondria, thus, promoting cell survival (Tsuruta et al. 2002).

Since the transcription factors CREB and NF-KB not only regulate Bcl-2 and Bcl-XL, but are
also linked to the development of hormone-independent breast cancer (Shaywitz and
Greenberg 1999; Zhou et al. 2005), our study also addresses the effects of proIGF-II and mIGF-
II on phosphorylation and nuclear translocation of these transcription factors. ProIGF-II
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induced increased phosphorylation of CREB (Serine 133) when compared to control, mIGF-
II-treated cells and also when added to RSV-treated cells. Because CREB functions in the
nucleus, phosphorylation at Serine 133 might be required for translocation; within the nucleus
phospho-Serine 133 might lead to CRE binding or transcriptional activation by promoting
interaction with components of the basal transcription machinery, such as transcription factor
IID (TFIID) and RNA polymerase II (Shaywitz and Greenberg 1999).

In addition to the mechanisms of action, described above, IGF-II can also activate the
membrane ER. Studies by Benz (2004) showed that activation of receptor tyrosine kinase
family, phosphorylate the ER in the membrane stimulating rapid genomic and non-genomic
responses: membrane–receptor initiated signaling through MAPK and PI3K/Akt pathways
results in phosphorylation of ER (S167, S118, S104, S106) and leads to both ligand-dependent
and ligand-independent ER-mediated gene activation via “classical” (direct ER–DNA binding
at promoters containing EREs) and “non-classical” (ER tethering and co-activation of other
DNA-bound transcription factor complexes such as AP-1, Sp1, C/EBPβ and CREB; Benz
2004). This mechanism, currently under investigation, may also contribute to the differential
effect of proIGF-II and mIGF-II in the regulation of cell survival proteins in breast cancer cells.
Furthermore, the ability of proIGF-II to induce CREB phosphorylation indicates that
expression of this growth factor may play a key role in the development of estrogen independent
breast cancer.

In summary, our study provides novel evidence demonstrating how different IGF-II forms
binding to the same receptors can differentially activate intra-cellular signaling pathways.
Since proIGF-II is the main form expressed in cancer, it represents a potential key target in the
development of new and more efficient breast cancer therapies.
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Figure 1.
Western blot of IGF-II (A), Bcl-2 and Bcl-XL from MCF-7 cells treated with RSV (10−4 M)
and/or IGF-II (mature and precursor forms, 100 ng/ml). 1A, Western blot of proIGF-II secretion
48 h after RSV treatment. The 17 kDa band represents proIGF-II and is the only IGF-II form
secreted by MCF-7 cells. (B) and (C) represent Bcl-2 and Bcl-XL Western blots (whole cell
lysates) 6 and 9 h post-treatment. β-actin was used as loading control (42 kDa). Lower panels
(B)–(C) show bar graphs of Bcl-2 and Bcl-XL data normalized to β-actin and presented as the
mean ± SE of three separate experiments. * indicate values significantly different from vehicle
(★p < 0.05) or RSV-treated cells (^p < 0.05).
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Figure 2.
RSV (10−4 M) and/or IGF-II (mature and precursor forms, 100 ng/ml) effect on survivin gene
expression in MCF-7 cells and assessed by Real Time-PCR (RT-PCR). Panels (A)–(B)
represent Bcl-2 and Bcl-XL gene expression, expressed as fold increase/decrease relative to
corresponding control groups 3 and 6 h post-treatment. GAPDH was used as internal
control. ★ indicate values significantly different from vehicle or RSV-treated cells (★p < 0.05).
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Figure 3.
Western blot of IGF-II, Bcl-2 and Bcl-XL following IGF-II siRNA treatment in MCF-7 cells.
(A) Western blot of proIGF-II secretion 9 h after RSV and IGF-II siRNA treatment. The 17
kDa band represents proIGF-II and is the only IGF-II form secreted by MCF-7 cells. (B) Shows
IGF-II siRNA and RSV effects on Bcl-2 and Bcl-XL protein levels in the presence or absence
of recombinant IGF-II (mature or precursor forms, 100 ng/ml).
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Figure 4.
(A) Western blot of Bcl-2 and Bcl-XL subcellular localization (F1 (cytosol), F2 (organelles),
F3 (nucleus)). β-actin was used as loading control for F1, and recombinant IGF-I was used as
loading control for F2 and F3 (specific markers were used to verify each cell fraction (LEGDF,
nuclear pore protein for F3, VDAC, MnSOD, COX-2 and COX-4 for F2), and found to be
regulated/modulated by IGF-II/RSV treatment). (B) Shows mitochondrial membrane
depolarization used as an indicator of apoptotic cell death and assessed by potential-dependent
lipophilic cation JC-1 (5 μg/ml). The JC-1 assay measured the red/green fluorescence in a
quantitative approach using the fluorescence-activated cell sorter. The FL-1 channel associates
with membrane depolarization and indicates apoptotic cell death. (C) Shows a Western blot
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analysis of Cytochrome c (cytosolic fraction, F1) 6 h after RSV and/or IGF-II treatment
(precursor and mature forms) and, (D) Shows MTT assay of MCF-7 cells treated with RSV
and co-incubated with IGF-II (mIGF-II or proIGF-II, 100 ng/ml), 6 and 9 h post-treatment.
Data are presented as the mean ± SE of three independent experiments. ★ indicate values
significantly different from controls (★p < 0.05) or RSV-treated cells (^p < 0.05).

SINGH et al. Page 16

Growth Factors. Author manuscript; available in PMC 2009 November 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Western blots of (A) phospho-IRS-1 (Tyr1179 and Ser641), (B) phospho-Akt (T308 and T473),
(C) phospho-ERK 1/2, from MCF-7 cells treated with RSV (10−4 M) and/or IGF-II (mature
or precursor forms, 100 ng/ml). Total IRS-1, Akt and ERK are shown for each treatment time,
and (D) shows Western blots of CREB (cytosolic fraction), phospho-CREB (nuclear fraction)
following 20 min RSV and IGF-II treatments. β-actin and recombinant IGF-I were used as
loading controls for the cytosolic and nuclear fractions, respectively.
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Figure 6.
Schematic representation of our proposed model for the differential mechanism of mIGF-II
and proIGF-II on Bcl-2 and Bcl-XL regulation in MCF-7 breast cancer cells.
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