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Abstract
Inhibitor of differentiation-1 (Id-1) is a member of helix–loop–helix (HLH) family of proteins that
regulate gene transcription through their inhibitory binding to basic-HLH transcription factors.
Similarly to other members of this family, Id-1 is involved in the repression of cell differentiation
and activation of cell growth. The dual function of Id-1, inhibition of differentiation, and
stimulation of cell proliferation, might be interdependent, as cell differentiation is generally
coupled with the exit from the cell cycle. Fibroblast growth factor-2 (FGF-2) has been reported to
play multiple roles in different biological processes during development of the central nervous
system (CNS). In addition, FGF-2 has been described to induce “neuronal-like” differentiation and
trigger apoptosis in neuroblastoma SK-N-MC cells. Although regulation of Id-1 protein by several
mitogenic factors is well-established, little is known about the role of FGF-2 in the regulation of
Id-1. Using human neuroblastoma cell line, SK-N-MC, we found that treatment of these cells with
FGF-2 resulted in early induction of both Id-1 mRNA and protein. The induction occurs within 1 h
from FGF-2 treatment and is mediated by ERK1/2 pathway, which in turn stimulates expression of
the early growth response-1 (Egr-1) transcription factor. We also demonstrate direct interaction of
Egr-1 with Id-1 promoter in vitro and in cell culture. Finally, inhibition of Id-1 expression results
in G2/M accumulation of FGF-2-treated cells and delayed cell death.

Fibroblast growth factor-2 (FGF-2) or basic fibroblast growth factor (bFGF) is a member of
the family of heparin-binding growth factors, which comprises up to 23 growth factors
(Nishimura et al., 1999; Grothe and Nikkhah, 2001; Eswarakumar et al., 2005), and binds
tyrosine kinase receptors FGFR1-4 (Sahni et al., 1999). The pleiotropic action of FGF-2
influences many processes during embryonic development, and supports malignant growth
(Basilico and Moscatelli, 1992; Grose and Dickson, 2005). These broad effects are
particularly marked in the embryonic central nervous system (CNS), where FGF-2 is
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extensively expressed, and regulates neural proliferation, differentiation, and survival
(Ledoux et al., 1992; Baird, 1994; Creancier et al., 2000). Similarly, FGF-2 has been shown
to induce neural differentiation of multipotent brain stem cells (Palmer et al., 1999) and
neuronal progenitors cell lines (Gage et al., 1995; Raballo et al., 2000). Inhibition of cellular
growth by FGF-2 has been demonstrated in peripheral primitive neuroectodermal tumor-
derived SK-N-MC cells, in which it causes a delay in cell cycle progression through the G2
phase arrest (Smits et al., 2000). In the same cell line FGF-2 can also induce differentiation
and apoptosis (Kim et al., 2004; Russo et al., 2004; Ma et al., 2008).

Inhibitor of differentiation-1 (Id-1) belongs to a group of helix–loop–helix (HLH) proteins
that act as dominant-negative factors, forming homo- and heterodimers with other basic-
HLH transcription factors (Benezra et al., 1990; Ristow, 1996). This group of proteins,
namely inhibitors of DNA binding (Id-1 to Id-4), lacks the basic residues adjacent to the
HLH domain, which binds to DNA sequences that contain the canonical “E box”
recognition sequence (Massari and Murre, 2000), and thus formed Id-bHLH heterodimers
are unable to bind to DNA. Functionally, Id-1 has been shown to stimulate cell proliferation,
inhibit cell differentiation, and stimulate angiogenesis (Lister et al., 1995; Lyden et al.,
1999; Ling et al., 2005). Increased expression of Id-1 has been found in many types of
human cancers including cervical, prostate, and breast cancers (Ouyang et al., 2002; Schindl
et al., 2003; Schoppmann et al., 2003; Wong et al., 2004). Conversely, down-regulation of
Id-1 expression is thought to be required for cellular differentiation in a variety of cell types,
including neural cells (Jogi et al., 2002; Du and Yip, 2010).

In this study, we show transient up-regulation of Id-1 expression in neuroblastoma SK-N-
MC cells treated with FGF-2. This induction is mediated through the activation of the MAP
kinases members ERK1/2. We also show that the zinc-finger transcription factor early
growth response-1 (Egr-1) is the ERKs downstream effector that binds directly to the Id-1
promoter, leading to its transcriptional activation. Inhibition of Id-1 expression by shRNA
strategies sensitizes SK-N-MC cells to FGF-2-mediated G2/M accumulation and cell cycle
arrest delaying the pro-apoptotic effects of FGF-2.

Materials and Methods
Cell cultures

Human neuroepithelioma SK-N-MC cells were obtained from the American Type Culture
Collection (Rockville, MD) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen, Carlsbad,
CA). When required, cells were treated with FGF-2 (Invitrogen) at a concentration of 10, 20,
or 40 ng/ml.

Inhibitors and antibodies
U0126, SB239063, SP600125, and LY24002 were purchased from EMD Biosciences
(Darmstadt, Germany). [α-32P]ATP and [γ-32P]ATP were obtained from PerkinElmer Life
Sciences (Waltham, MA). Fugene 6 was from Roche (Basel, Switzerland). Human
recombinant FGF-2 was purchased from Invitrogen. Id-1 (C-20) and Egr-1 (588) antibodies
were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Polyclonal anti-p42/p44 MAP
kinases (137F5) and polyclonal anti-phospho-p42/p44 (Thr202/Tyr204) were from Cell
Signaling Technology (Danvers, MA). Anti-Grb2 was from Transduction Laboratories (BD
Biosciences, San Jose, CA).
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Mutational analysis of Id-1 promoter
Seven 5′-deletion mutants of the Id-1 promoter were generated by PCR amplification from
the full-length Id-1 sequence and subcloned into the pGL3 reporter vector.

Site-directed mutagenesis was performed using a plasmid-containing the Id-1 promoter
sequence −986/+95 bp (pId-1 F5) as template for the PCR using the Quick-Change II site-
directed mutagenesis kit (Strategene, La Jolla, CA) according to the supplier’s protocol. The
primers were: Egr-1/Id-1 Fw: mut, 5′-GGCGACCGCCCATGCGGCGCCAGC-3′, and
reverse. Egr-1-binding site is in bold and the altered nucleotides are underlined.

Transfection and luciferase assays
SK-N-MC cells were transfected using Fugene 6 (Roche). Cells were plated at a density of 5
× 104 cells per well in a 24 wells plate 48 h prior to transfection. Co-transfection was
performed according to the manufacturer’s protocol using 450 ng of reporter plasmid and
120 ng of Renilla luciferase pRL-TK control plasmid (Promega, Madison, WI) for 24 h.
Following this period, the transfection mixture was removed and replaced with media with
or without 40 ng/ml FGF-2 for 24 h. When required, cells were pretreated for 30 min with
15 μM of UO126, 10 μM of SB239063, 25 μM of SP600215, or 50 μM of LY24002 prior
to FGF-2 induction. Cell extracts were subsequently prepared and assayed using the Dual
Luciferase kit (Promega) as per the manufacturer’s instructions. Luciferase activities were
normalized with Renilla values. Data are presented as the fold activation of the FGF-2
treated versus untreated samples. Results shown represent the mean of at least three
independent experiments.

Western blots
Cell protein extracts were prepared by centrifugation and lysis of the cell pellet in the
appropriate volume of RIPA buffer (50 mM Tris pH 7.4, 1% NP-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM sodium
orthovanadate, phosphatase inhibitors, and protease inhibitor cocktails). Thirty to 50 μg of
whole cell lysate were separated on a 4–15% SDS–PAGE (Bio-Rad, Hercules, CA) and
transferred to nitrocellulose membrane, followed by immunoreaction with the indicated
antibodies.

Northern blots
Total RNA from SK-N-MC cells (6.5 × 105 cells in 100 mm2 diameter dishes) was isolated
using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. RNA (15
μg) was resolved on formaldehyde-containing 1.2% agarose gel and transferred to Hybond-
N nylon membranes (GE Healthcare) and cross linked by ultraviolet irradiation. A 410 bp
DNA fragment corresponding to the Id-1-coding region was radiolabeled with [α-32P] dCTP
and used as a probe. The filter was pre-hybridized for 1 h at 42°C in UltraHyb solution
(Ambion, Austin, TX) and hybridized for 16 h at 42°C with the specific probe (106 cpm/ml).
The blot was then rinsed twice for 5 min with 2 × SSC 0.1% SDS at 42°C and washed twice
with 0.2× SSC, 0.1% SDS at 42°C for 20 min. The filter was exposed at −80°C to a Fuji
XAR-5 film with Kodak intensifying screen. To verify RNA loading, the filter was
rehybridized with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA probe.

Chromatin Immunoprecipitation assay
ChiP assay was performed with a kit (Upstate Biotechnology, Lake Placid, NY) according to
the manufacturer’s instructions. 1 × 106 SK-N-MC cells were cross-linked in a 1%
formaldehyde solution for 10 min at 37°C. Cells were then lysed in 200 μl of SDS buffer
and sonicated to obtain DNA fragments of 500 bp average length. After centrifugation, the
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cleared supernatants were diluted 10-fold with ChIP buffer and incubated with 2 μg of α-
Egr-1 or normal rabbit serum (NRS) at 4°C. Immune complexes were precipitated, washed,
and eluted as recommended. DNA–protein cross-links were reversed by heating at 65°C for
4 h, and the DNA fragments were purified and dissolved in 20 μl of water. Two microliters
of each sample were used as a template for PCR amplification. Id-1 oligonucleotide
sequences for the PCR primers were: Id-1_ChIP Fw: 5′-
CGCAAGAAACGCATTCCCAG-3′ and Id-1_ChIP Rev: 5′-AGCGGCTCAG
ACCGTTAGAC-3′.

This primer set encompasses the Id-1 promoter segment from nucleotide −1,092 to −905, to
generate a 187 bp amplification product which includes the Egr-1-binding site. PCR was
performed at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s for 25 cycles. DNA samples
were analyzed by electrophoresis on 1.2% agarose gels.

Electrophoretic mobility shift assay
Nuclear extracts were prepared as previously described (Andrews and Faller, 1991).
Electrophoretic mobility shift assays (EMSAs) were performed by incubating 10 μg of
nuclear extracts with [γ-32P]-end-labeled double-stranded oligonucleotide probes (5.4 × 104

cpm) in binding buffer containing 10 mM Tris (pH 7.5), 75 mM KCl, 10% glycerol, 0.1 mM
EDTA, 2.5 mM MgCl2, 0.25 mM DTT, and 1.0 μg poly(dI – dC) at 4°C for 20 min. Super
shifts were performed by adding 2.0 μg antibody to the extract 30 min prior to incubation
with probe. Protein/DNA complexes were resolved on 6% polyacrylamide gel run in 0.5×
TBE, at 170 V at room temperature. The primers used for mutagenesis were also used for
EMSA.

Generation of Id-1 shRNA lentivirus
The third generation-based ViraPower Lentivirus Expression System (Invitrogen) was used
to generate lentiviruses encoding Id-1 or non-targeting (NT) shRNAs (Sigma Mission
shRNA). Lentiviruses were produced by co-transfection of 293FT cells with four plasmids
in the ratio of 1:4 (5 μg each) using calcium phosphate transfection kit (Promega). The
medium was replaced with fresh medium after 8 h. After an additional 40 h the medium
containing the viral particles was harvested and subjected to centrifugation, followed by
filtration through a 0.45 μm membrane and frozen at −80°C.

Lentiviral transductions of SK-N-MC
SK-N-MC were plated at a density of 1 × 105 cells per well in a six wells plate 48 h prior to
infection with lentiviruses encoding Id-1 shRNA, or NT shRNA. In a pilot experiment, we
determined the amount of virus that was non-toxic to the cells by diluting the initial stock as
follows: undiluted, 1:2, 1:4, 1:8, 1:16, and 1:32. Cells were incubated with the virus for 16 h
followed by a change of medium. Efficient reduction of Id-1 expression was evaluated after
24, 48, and 72 h by Western blot.

Cell survival assay
SK-N-MC were plated at a density of 5 × 104 in 12-well plates 48 h prior to infection with
lentiviruses encoding Id-1 shRNA, NT shRNA at a 1:4 dilution with complete medium.
Twenty-four hours post-infection the medium was replaced with complete medium in the
absence or presence of 40 ng/ml FGF-2 and incubated for an additional 1, 24, and 48 h.
Cells were collected in 1 ml of DMEM medium and viable cells were counted with
GuavaEasy Cyte system by using Guava CytoSoft ViaCount program according to the
manufacturer’s recommendations (Guava Technologies, Hayward, CA).
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Cell cycle analysis
SK-N-MC cells were infected as previous described. Aliquots of cells, 1 × 105–106/ml, were
fixed in 70% ethanol for 30 min at 4°C. Cells were centrifuged at 1,600 rpm and the
resulting pellets were resuspended in 200 μl of Guava Cell Cycle Reagent solution (Guava
Technologies). Cell cycle distribution was analyzed with GuavaEasy Cyte system by using
Guava CytoSoft cell cycle program according to the manufacturer’s recommendations.

Statistical analysis
Data are presented as mean ±SEM. Comparison between two experimental groups was done
by the Student’s t-test.

Results
FGF-2 up-regulates Id-1 expression

In the first set of experiments, we have investigated the ability of FGF-2 to modulate
expression of Id-1 in human SK-N-MC cells. Figure 1A (upper part) shows a time course
experiment in which Id-1 protein levels were detected in SK-N-MC cells grown in the
presence of serum and after treatment with FGF-2 (40 ng/ml) for 15 min, 30 min, 1, 2, 4, 6,
12, and 24 h. Increased levels of Id-1 were detected 30 min after FGF-2 treatment, further
increasing in the next 2 h, and slowly decreased to the basal levels within 12 h.
Quantitatively, more than 40% increase in the levels of Id-1 were observed already 15 min
after treatment with FGF-2, with a peak of sevenfold increase 2 h post-treatment, followed
by a gradual reduction to basal levels in the next 10–20 h (Fig. 1B). The ability of FGF-2 to
induce up-regulation of Id-1 expression was confirmed by Northern blot analysis of Id-1
mRNA in SK-N-MC cells under the same experimental conditions. Figure 1C shows low
levels of Id-1 mRNA in cells grown in the presence of serum and up to 30 min following
FGF-2 treatment. Levels of mRNA robustly increased 1 h after FGF-2 treatment, and
decreased rapidly to basal levels thereafter. Quantitatively, a twofold increase of Id-1
mRNA expression was detected 1 h after FGF-2 treatment as illustrated in Figure 1D.
Northern blot to detect levels of GAPDH was used to monitor RNA loading conditions and
to normalize Id-1 densitometry. Transcriptional regulation of Id-1 expression by FGF-2 was
additionally confirmed by functional assay in which a reporter plasmid containing the full-
length Id-1 promoter was transfected into SK-N-MC cells grown in the presence or absence
of FGF-2. The results in Figure 1E show more than twofold increase in the Id-1 promoter
activity after FGF-2 treatment, when compared to untreated cells.

Altogether, these data show that FGF-2 stimulates transient transcription and expression of
Id-1 on both mRNA and protein levels in SK-N-MC cells.

FGF-2 activates Id-1 promoter through the ERK1/2 pathway
Previous reports have shown that FGF-2 treatment of SK-N-MC cells can result in a
prolonged induction of ERK1/2 (Gentilella et al., 2008; Ma et al., 2008). FGF-2 has been
reported to activate the PI3-K pathway in hippocampal neural progenitors (Peltier et al.,
2007) and, to a lesser extent the p38 and JNK pathways (Gentilella et al., 2008; Ma et al.,
2008). Therefore, in the next series of experiments we have investigated the contribution of
the ERK1/2, PI3-K, p38, and JNK pathways in the up-regulation of Id-1. SK-N-MC cells
were pre-treated with the MEK1 inhibitor UO126 (15 μM), the p38 MAPK inhibitor
SB239063 (10 μM), the JNK inhibitor SP600215 (25 μM), and the PI3-K inhibitor
LY24002 (50 μM), following by 1 h treatment with 40 ng/ml of FGF-2. Western blot in
Figure 2A illustrates that among all the inhibitors used, only the ERK1/2 inhibitor UO126
(Fig. 2A, lane 3) significantly prevented the induction of Id-1 after 1 h treatment with FGF-2
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(Fig. 2A, lane 2), while no major effect on Id-1 induction was observed for p38 MAPK,
JNK, or PI3-K inhibitors (Fig. 2A, lanes 4–6).

Promoter functional assay further confirmed that the activation of transcription of the full-
length human Id-1 promoter sequence induced by FGF-2 was reduced in SK-N-MC cells
pre-treated with UO126 (Fig. 2B; P < 0.05). Pre-treatment of SK-N-MC cells with the p38
inhibitor SB230963 had no effect on the activation of Id-1 promoter. Treatment with the
JNK inhibitor SP600215 resulted in a higher basal level of Id-1 promoter activation, which
further increased with the addition of FGF-2. Those changes, however, were not statistically
significant compared to the control without inhibitor. LY24002 had only a partial effect on
the FGF-2-mediated activation of Id-1 promoter.

The efficacy of UO126 in inhibiting Id-1 transcription was further confirmed by Western
blot analysis (Fig. 2C). Similarly to the results depicted in Figure 1A, up-regulation of Id-1
protein was observed between 30 min and 4 h after FGF-2 treatment. FGF-2 treatment
results in a marked and sustained phosphorylation of ERK1/2, which also paralleled with
increased expression of Egr-1. Pre-treatment of cells with UO126 prior to induction with
FGF-2 prevented up-regulation of Id-1 and, as expected, efficiently inhibited ERK1/2
phosphorylation and Egr-1 expression.

To investigate which region in the Id-1 promoter was involved in the FGF-2-mediated
activation of transcription, we have generated a series of reporter constructs containing the
full-length human Id-1 promoter sequence and seven 5′ deletion mutants (Fig. 3A), and we
have tested their responsiveness to FGF-2 treatment in SK-N-MC cells. Figure 3B shows
that treatment with FGF-2 enhanced the activity of Id-1 promoter full-length (F1).
Luciferase activity was not affected by removal of the Id-1 promoter sequences spanning
nucleotides from −2,114 to −986 and the deletion mutants F2, F3, F4, and F5 behaved
essentially as the full-length. Conversely, removal of sequences beyond the −986 nucleotide
drastically reduced Id-1 promoter activity both at basal level and after FGF-2 induction (F6;
P < 0.001). Examination of the Id-1 promoter sequence spanning the region between −986
and −904 using Transfac algorithms (www.biobase-international.com) revealed the presence
of overlapping Egr-1/SP-1/YY1 element-binding sites (−959 to −976) and one putative
CREB-binding site at position −922 from the transcription start site.

Up-regulation of Id-1 expression involves activity of Egr-1
Based on the results obtained using various inhibitors (Fig. 2) and previous studies showing
Egr-1-dependent transcription of Id-1 (Tournay and Benezra, 1996), we next investigated
the possible interaction of Egr-1 with the Id-1 promoter sequence spanning the region
comprised between −986 and −904 using chromatin immunoprecipation (Chipitsyna et al.,
2004) assay (Fig. 4A). Cell lysates obtained from SK-NM-C cells untreated or treated with
FGF-2 in the absence or presence of the MEK inhibitor UO126 were immunoprecipited
using an Egr-1 antibody or NRS as a negative control. PCR amplification of Id-1 promoter
containing the putative Egr-1-binding site was detected in SK-N-MC cells treated with
FGF-2 for 1 h (Fig. 4A, lane 2), but not in the sample obtained from untreated cells (Fig. 4A,
lane 1). As expected, significantly lower amounts of PCR product were observed in cells
pre-treated with UO126 prior to stimulation with FGF-2 (Fig. 4A, lane 3) compared to cells
untreated with the inhibitor (lane 2). The specificity of Egr-1 binding to the Id-1 promoter
(Fig. 4A, lanes 4–6), equal loading and efficiency of DNA amplification (lanes 7–9) were
evaluated by a Chromatin Immuno-Precipitation (Chipitsyna et al., 2004) assay performed
with NRS and from the input DNA, respectively. Next, to confirm in vitro interaction
between Egr-1 protein and its putative-binding sequences we performed EMSA and super
shift analysis using nuclear extracts from SK-N-MC cells under various conditions.
Sequence analysis of Id-1 promoter revealed that the predicted Egr-1-binding site differs one
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nucleotide from the canonic Egr-1-binding motif (Egr-1-binding motif 5′-
GCGGGGGCG-3′, Egr-1/Id-1-binding site 5′-GCGCGG GCG-3′). Therefore, in this assay
we have utilized the canonical Egr-1-binding motif as a positive control (Fig. 4B). A DNA–
Egr-1 complex (asterisk) was detected in nuclear extracts obtained from cells treated for 1 h
with FGF-2 when incubated with a DNA probe containing the canonical (Fig. 4B, lane 2) or
the Egr-1-binding motif predicted in silico (Fig. 4B, lane 5). The difference in the intensity
of the DNA/Egr-1 complex, Egr-1 consensus sequence versus Egr-1 putative sequence
(lanes 2 and 5, respectively), might be due to the difference in the nucleotide sequence.
Nonetheless, pretreatment of the cell cultures with UO126 followed by FGF-2 stimulation
showed a strong reduction of DNA–protein complexes (Fig. 4B, lanes 3 and 6), further
corroborating the FGF-2-mediated Egr-1/Id-1 pathway. In addition, mutation of two
additional nucleotides in the putative Egr-1-binding site on the Id-1 promoter sequence
further inhibited the complex formation (lane 14), confirming the specificity of the binding.
Super shift assay in which the nuclear extracts were incubated with an antibody to Egr-1,
prevented the formation of the DNA/Egr-1 complex (lanes 7–9), while no changes were
observed when nuclear protein (treated under same condition) were incubated with NRS
(lane 11).

Finally, we have used the Egr-1-binding site mutant described in Figure 4B to confirm the
role of Egr-1-binding domain in the activation of Id-1 promoter activity upon treatment with
FGF-2. As shown in Figure 4C, a point mutation in the Egr-1-binding site of Id-1 promoter
slightly decreased the level of activation of Id-1 transcript (P < 0.05), confirming a potential
role of the Egr-1-binding site in the up-regulation of Id-1 upon treatment with FGF-2.

ShRNA-mediated inhibition of Id-1 expression promotes G2/M accumulation in FGF-2-
treated SK-N-MC cells

To investigate the role of FGF-2-induced transient expression of Id-1 we used lentiviral
shRNA strategy targeting Id-1. Figure 5A shows down-regulation of Id-1 expression in SK-
N-MC cells upon lentiviral transduction with shId-1 and control NT shNT. As expected,
treatment of the cells with FGF-2 failed to up-regulate Id-1 expression levels in cells
transduced with shId-1 when compared to controls, shNT, and untransfected. In terms of
morphological changes associated with the induction of differentiation by FGF-2, no
changes in the number and length of neuronal-like processes were observed in shId-1
transduced cells compared to controls (data not shown). In terms of cell survival, no
particular differences were observed in the first 24 h in cells with down-regulated levels of
Id-1 compared to controls (Fig. 5B). However, the number of viable cells grown in complete
medium for 48 h was significantly lower in cells transduced with shId-1 compared to
controls (Fig. 5B, compare ShNT with ShId-1; P < 0.05). Addition of FGF-2 triggered
massive cell death in the control shNT cells (ShNT + FGF-2) at 48 h, while in the same
conditions shId-1 cells survived much better (ShId-1 + FGF-2; P < 0.05).

We further determined the cell cycle distribution of shId-1 transduced cells and controls
with or without FGF-2. Average results from three independent experiments are shown in
Figure 5C. No difference is observed in shId-1 and control shNT at time zero (T0). Twenty-
four hours after stimulation with FGF-2 about 15% of shNT control cells shifts from G0/G1
to G2/M (P < 0.05). The effect of FGF-2 in cells with down-regulated levels of Id-1 resulted
in 23% reduction in the population of cells in G0/G1 and 33% increase in the number of cells
in G2/M. Comparison between FGF-treated control and shId-1 transduced cells highlights an
increase of 28% in cells in G2/M when Id-1 is down-regulated (P < 0.001).

Altogether, our results show that inhibition of Id-1 expression via shRNA improves cell
survival which is associated with G2/M arrest, and addiction of FGF-2 in the absence of Id-1
expression further increases cell accumulation in G2/M.
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Discussion
The family of Id proteins is known to participate in proliferation and differentiation in a
variety of cell types including neural cells (Benezra et al., 1990; Nagata and Todokoro,
1994; Lyden et al., 1999). Regulation of Id-1 expression can be induced after a mitogenic
stimulation (Nagata and Todokoro, 1994; Bergonzini et al., 2004) and it is required for the
progression through the S phase of cell cycle (Zebedee and Hara, 2001). Although FGF-2
generally functions as a mitogenic factor (Grose and Dickson, 2005), it may also induce
growth inhibition, as demonstrated in Ewing’s Sarcoma family of Tumors (ESFT) cells (van
Puijenbroek et al., 1997). In neuroblastoma SK-N-MC cells, the FGF-2-mediated growth
arrest leads to differentiation (Kim et al., 2004) and eventually to apoptosis (Sturla et al.,
2000; Kim et al., 2004; Williamson et al., 2004) by a mechanism that involves accumulation
of phospho-ERK1/2 in the cytoplasm (Ma et al., 2008). Similarly to other growth factors, we
found that FGF-2 treatment results in a transient expression of Id-1 prior to its down-
regulation and cellular differentiation. While down-regulation of Id-1 has been shown to be
required for the differentiation process (Deed et al., 1994), the role of this protein in the
early stages of cell differentiation, when its expression actually increases, is less clear.

In this study, we have used the human neuroblastoma cell line SK-N-MC as a model for
neuronal differentiation and investigated the regulation of Id-1 by FGF-2. We have shown
that treatment of SK-N-MC cells with FGF-2 induced up-regulation of Id-1 at the
transcriptional level, which in turn resulted in increased expression of Id-1 protein levels as
well (Fig. 1). The subsequent decrease of Id-1 protein to the basal levels (Fig. 1) is in line
with previous findings showing that the differentiation program promoted by various growth
factors induces a burst of Id-1 expression first, and is followed by its down-regulation (Hara
et al., 1994; Bergonzini et al., 2004). Since previous studies have shown various effects of
FGF-2 depending on its concentration (Russo et al., 1999; Kim et al., 2004; Russo et al.,
2004; Ma et al., 2008; Higgins et al., 2009), we determined whether different amounts of
FGF-2 would result in increased Id-1 expression. We found that Id-1 levels are increased
regardless of the concentration of FGF-2 utilized to treat SK-N-MC cells (data not shown).
Relative to differentiation and cell death, no differences were observed among the cells
treated with different amounts of FGF-2 (data not shown), suggesting that, at least in this
system, FGF-2 induces comparable effects at the tested concentrations.

Similar to other growth factor receptors FGF-2 activation also triggers phosphorylation of
Akt, ERK1/2, and CREB through the activation of PI3-K/Akt, MEK, JNK, and p38 MAPK
pathways, respectively (Kim et al., 2004; Johnson-Farley et al., 2007; Peltier et al., 2007;
Ditlevsen et al., 2008; Gentilella et al., 2008). We have further investigated the signaling
pathways involved in FGF-2-mediated Id-1 up-regulation and found that only the specific
ERK1/2 inhibitor UO126 significantly repressed the up-regulation of Id-1 at transcriptional
and protein levels. In addition, treatment of the cells with UO126 partially prevented FGF-2-
induced cell death (data not shown). Although a subtle reduction of Id-1 messenger levels
and transcriptional activity was observed in cells treated with p38 MAPK and JNK
inhibitors, respectively, this reduction did not affect Id-1 protein expression levels (Fig. 2).
In terms of morphological changes, no differences were observed in cells treated with
FGF-2 in the presence of the p38 or the JNK inhibitors; while cells treated with UO126
showed no signs of neuronal differentiation (data not shown). In agreement with the well-
established role of Id-1 in mitogenic gene signaling cascades (Norton, 2000), we have
identified the zinc-finger transcriptional factor Egr-1 as possible candidate of the up-
regulation of Id-1. In line with previous studies using different cell lines stimulated with
various factors (Tournay and Benezra, 1996; Jorda et al., 2007; Subbaramaiah et al., 2008),
we also found a correlation between increased levels of Egr-1 and up-regulation of Id-1
protein after treatment with FGF-2 (Fig. 2).
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To investigate the regulatory factors involved in the FGF-2-mediated induction of Id-1, we
have performed a mutational analysis of the Id-1 promoter. Our results showed more than
twofold increase in the transcriptional activity of Id-1 full-length upon stimulation with
FGF-2. Deletion of the Id-1 promoter region containing Egr-1, Sp1, YY1, and CREB-
binding site (Fig. 3B mutant F5) determined about twofold reduction of FGF-2-induced Id-1
transcriptional activity. Although the lack of Egr-1, Sp1, YY1, and CREB-binding site did
not completely abolish the FGF-2-mediated induction of Id-1 transcriptional activity (Fig.
3B mutant F5), removal of the DNA sequences between −986 and −904 drastically
decreased the basal level of Id-1 transcription (data not shown). Of interest, in a similar
study Villano and White (2006) have reported that the region containing Egr-1, Sp1, YY1,
and CREB-binding sites of Id-1 promoter plays an important role in the all-trans retinoic
acid (at-RA)-induced expression of Id-1 in human keratinocytes.

To corroborate our results, we showed that the up-regulation of Egr-1 reflected an increased
binding of Egr-1 protein to its putative-binding site on the Id-1 promoter (Fig. 4A,B). The
role of Egr-1 in regulating Id-1 promoter was determined by gel shift and reporter assays
using inhibitors and promoter mutation analysis (Fig. 4B,C). Single or double mutations in
the Egr-1-binding site of the Id-1 promoter resulted in a consistent but not complete lack of
the induction of Id-1, suggesting that additional elements might be involved in the FGF-2-
mediated up-regulation of Id-1. Differently from previous reports in which ERK-mediated
up-regulation of Id-1 contributes to cell invasiveness (Subbaramaiah et al., 2008), the
FGF-2/ERK induced up-regulation of Id-1 might be involved in cell death.

In terms of cellular survival, loss of Id-1 partially protected cells from FGF-2-mediated cell
death, suggesting that the pro-apoptotic effects of FGF-2 might be, at least in part, mediated
by increased levels of Id-1 (Fig. 5B).

Different from the classic mechanism of growth inhibition in which the cells arrest in G1
phase, FGF-2 appear to induce growth inhibition as a consequence of a delay in G2
progression in SK-N-MC cells (Smits et al., 2000). In line with previous observations from
Smits et al. (2000), our data also showed an increased number of cells in G2/M after FGF-2
treatment (Fig. 5), and this trend was enhanced after down-regulation of Id-1 by shRNA.
This result, however, is in contrast with previous work from Higgins et al. (2009) showing
that FGF-2 produces cell cycle arrest in G0/G1 phase in SK-N-MC cells. Of interest, our
data and the work from Smits et al. were both obtained in cells grown in presence of serum,
while the experiments by Higgins et al. were performed in the absence of serum. As also
suggested by Higgins et al. the different experimental settings may account for the
discrepancies in the cell cycle.

Conclusion
Inhibition of Id-1 expression appears to be a common event following induction of cellular
differentiation mediated by various factors (Norton et al., 1998; Zebedee and Hara, 2001;
Ruzinova and Benezra, 2003; Bergonzini et al., 2004). However, less clear is the fact that
down-regulation of Id-1 is preceded by its transient up-regulation (usually in the first 3 h of
treatment). Taking advantage of the dual effects of FGF-2 on cell death and differentiation
of SK-N-MC cells, in the present study we attempted to determine a possible role for Id-1
transient up-regulation as a contributing factor to FGF-2-induced cell death. Further
investigation is however required to fully understand the molecular mechanism of such
event.

PASSIATORE et al. Page 9

J Cell Physiol. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
This work was supported by NIMH (MH079751) to F.P.

Contract grant number: MH079751.

Literature Cited
Andrews NC, Faller DV. A rapid micropreparation technique for extraction of DNA-binding proteins

from limiting numbers of mammalian cells. Nucleic Acids Res. 1991; 19:2499. [PubMed: 2041787]

Baird A. Fibroblast growth factors: Activities and significance of non-neurotrophin neurotrophic
growth factors. Curr Opin Neurobiol. 1994; 4:78–86. [PubMed: 8173328]

Basilico C, Moscatelli D. The FGF family of growth factors and oncogenes. Adv Cancer Res. 1992;
59:115–165. [PubMed: 1381547]

Benezra R, Davis RL, Lockshon D, Turner DL, Weintraub H. The protein Id: A negative regulator of
helix–loop–helix DNA binding proteins. Cell. 1990; 61:49–59. [PubMed: 2156629]

Bergonzini V, Delbue S, Wang JY, Reiss K, Prisco M, Amini S, Khalili K, Peruzzi F. HIV-Tat
promotes cellular proliferation and inhibits NGF-induced differentiation through mechanisms
involving Id1 regulation. Oncogene. 2004; 23:7701–7711. [PubMed: 15361847]

Chipitsyna G, Slonina D, Siddiqui K, Peruzzi F, Skorski T, Reiss K, Sawaya BE, Khalili K, Amini S.
HIV-1 Tat increases cell survival in response to cisplatin by stimulating Rad51 gene expression.
Oncogene. 2004; 23:2664–2671. [PubMed: 14755242]

Creancier L, Morello D, Mercier P, Prats AC. Fibroblast growth factor 2 internal ribosome entry site
(IRES) activity ex vivo and in transgenic mice reveals a stringent tissue-specific regulation. J Cell
Biol. 2000; 150:275–281. [PubMed: 10893274]

Deed RW, Hirose T, Mitchell EL, Santibanez-Koref MF, Norton JD. Structural organisation and
chromosomal mapping of the human Id-3 gene. Gene. 1994; 151:309–314. [PubMed: 7828896]

Ditlevsen DK, Owczarek S, Berezin V, Bock E. Relative role of upstream regulators of Akt, ERK and
CREB in NCAM- and FGF2-mediated signalling. Neurochem Int. 2008; 53:137–147. [PubMed:
18656513]

Du Y, Yip H. Effects of bone morphogenetic protein 2 on Id expression and neuroblastoma cell
differentiation. Differentiation. 2010; 79:84–92. [PubMed: 19889495]

Eswarakumar VP, Lax I, Schlessinger J. Cellular signaling by fibroblast growth factor receptors.
Cytokine Growth Factor Rev. 2005; 16:139–149. [PubMed: 15863030]

Gage FH, Coates PW, Palmer TD, Kuhn HG, Fisher LJ, Suhonen JO, Peterson DA, Suhr ST, Ray J.
Survival and differentiation of adult neuronal progenitor cells transplanted to the adult brain. Proc
Natl Acad Sci USA. 1995; 92:11879–11883. [PubMed: 8524867]

Gentilella A, Passiatore G, Deshmane S, Turco MC, Khalili K. Activation of BAG3 by Egr-1 in
response to FGF-2 in neuroblastoma cells. Oncogene. 2008; 27:5011–5018. [PubMed: 18469860]

Grose R, Dickson C. Fibroblast growth factor signaling in tumorigenesis. Cytokine Growth Factor
Rev. 2005; 16:179–186. [PubMed: 15863033]

Grothe C, Nikkhah G. The role of basic fibroblast growth factor in peripheral nerve regeneration. Anat
Embryol (Berl). 2001; 204:171–177. [PubMed: 11681796]

Hara E, Yamaguchi T, Nojima H, Ide T, Campisi J, Okayama H, Oda K. Id-related genes encoding
helix–loop–helix proteins are required for G1 progression and are repressed in senescent human
fibroblasts. J Biol Chem. 1994; 269:2139–2145. [PubMed: 8294468]

Higgins S, Wong SH, Richner M, Rowe CL, Newgreen DF, Werther GA, Russo VC. Fibroblast
growth factor 2 reactivates G1 checkpoint in SK-N-MC cells via regulation of p21, inhibitor of
differentiation genes (Id1-3), and epithelium–mesenchyme transition-like events. Endocrinology.
2009; 150:4044–4055. [PubMed: 19477940]

Jogi A, Persson P, Grynfeld A, Pahlman S, Axelson H. Modulation of basic helix–loop–helix
transcription complex formation by Id proteins during neuronal differentiation. J Biol Chem. 2002;
277:9118–9126. [PubMed: 11756408]

PASSIATORE et al. Page 10

J Cell Physiol. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Johnson-Farley NN, Patel K, Kim D, Cowen DS. Interaction of FGF-2 with IGF-1 and BDNF in
stimulating Akt, ERK, and neuronal survival in hippocampal cultures. Brain Res. 2007; 1154:40–
49. [PubMed: 17498671]

Jorda M, Vinyals A, Marazuela A, Cubillo E, Olmeda D, Valero E, Cano A, Fabra A. Id-1 is induced
in MDCK epithelial cells by activated Erk/MAPK pathway in response to expression of the Snail
and E47 transcription factors. Exp Cell Res. 2007; 313:2389–2403. [PubMed: 17490644]

Kim MS, Kim CJ, Jung HS, Seo MR, Juhnn YS, Shin HY, Ahn HS, Thiele CJ, Chi JG. Fibroblast
growth factor 2 induces differentiation and apoptosis of Askin tumour cells. J Pathol. 2004;
202:103–112. [PubMed: 14694527]

Ledoux D, Gannoun-Zaki L, Barritault D. Interactions of FGFs with target cells. Prog Growth Factor
Res. 1992; 4:107–120. [PubMed: 1299353]

Ling MT, Lau TC, Zhou C, Chua CW, Kwok WK, Wang Q, Wang X, Wong YC. Overexpression of
Id-1 in prostate cancer cells promotes angiogenesis through the activation of vascular endothelial
growth factor (VEGF). Carcinogenesis. 2005; 26:1668–1676. [PubMed: 15905202]

Lister J, Forrester WC, Baron MH. Inhibition of an erythroid differentiation switch by the helix–loop–
helix protein Id1. J Biol Chem. 1995; 270:17939–17946. [PubMed: 7629100]

Lyden D, Young AZ, Zagzag D, Yan W, Gerald W, O’Reilly R, Bader BL, Hynes RO, Zhuang Y,
Manova K, Benezra R. Id1 and Id3 are required for neurogenesis, angiogenesis and vascularization
of tumour xenografts. Nature. 1999; 401:670–677. [PubMed: 10537105]

Ma C, Bower KA, Chen G, Shi X, Ke ZJ, Luo J. Interaction between ERK and GSK3beta mediates
basic fibroblast growth factor-induced apoptosis in SK-N-MC neuroblastoma cells. J Biol Chem.
2008; 283:9248–9256. [PubMed: 18263590]

Massari ME, Murre C. Helix–loop–helix proteins: Regulators of transcription in eucaryotic organisms.
Mol Cell Biol. 2000; 20:429–440. [PubMed: 10611221]

Nagata Y, Todokoro K. Activation of helix–loop–helix proteins Id1, Id2 and Id3 during neural
differentiation. Biochem Biophys Res Commun. 1994; 199:1355–1362. [PubMed: 7908517]

Nishimura T, Utsunomiya Y, Hoshikawa M, Ohuchi H, Itoh N. Structure and expression of a novel
human FGF, FGF-19, expressed in the fetal brain. Biochim Biophys Acta. 1999; 1444:148–151.
[PubMed: 9931477]

Norton JD. ID helix–loop–helix proteins in cell growth, differentiation and tumorigenesis. J Cell Sci.
2000; 113:3897–3905. [PubMed: 11058077]

Norton JD, Deed RW, Craggs G, Sablitzky F. Id helix–loop–helix proteins in cell growth and
differentiation. Trends Cell Biol. 1998; 8:58–65. [PubMed: 9695810]

Ouyang XS, Wang X, Lee DT, Tsao SW, Wong YC. Over expression of ID-1 in prostate cancer. J
Urol. 2002; 167:2598–2602. [PubMed: 11992094]

Palmer TD, Markakis EA, Willhoite AR, Safar F, Gage FH. Fibroblast growth factor-2 activates a
latent neurogenic program in neural stem cells from diverse regions of the adult CNS. J Neurosci.
1999; 19:8487–8497. [PubMed: 10493749]

Peltier J, O’Neill A, Schaffer DV. PI3K/Akt and CREB regulate adult neural hippocampal progenitor
proliferation and differentiation. Dev Neurobiol. 2007; 67:1348–1361. [PubMed: 17638387]

Raballo R, Rhee J, Lyn-Cook R, Leckman JF, Schwartz ML, Vaccarino FM. Basic fibroblast growth
factor (Fgf2) is necessary for cell proliferation and neurogenesis in the developing cerebral cortex.
J Neurosci. 2000; 20:5012–5023. [PubMed: 10864959]

Ristow HJ. Studies on stimulation of DNA synthesis with epidermal growth factor and insulin-like
growth factor-I in cultured human keratinocytes. Growth Regul. 1996; 6:96–109. [PubMed:
8781986]

Russo VC, Rekaris G, Baker NL, Bach LA, Werther GA. Basic fibroblast growth factor induces
proteolysis of secreted and cell membrane-associated insulin-like growth factor binding protein-2
in human neuroblastoma cells. Endocrinology. 1999; 140:3082–3090. [PubMed: 10385400]

Russo VC, Andaloro E, Fornaro SA, Najdovska S, Newgreen DF, Bach LA, Werther GA. Fibroblast
growth factor-2 over-rides insulin-like growth factor-I induced proliferation and cell survival in
human neuroblastoma cells. J Cell Physiol. 2004; 199:371–380. [PubMed: 15095284]

Ruzinova MB, Benezra R. Id proteins in development, cell cycle and cancer. Trends Cell Biol. 2003;
13:410–418. [PubMed: 12888293]

PASSIATORE et al. Page 11

J Cell Physiol. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sahni M, Ambrosetti DC, Mansukhani A, Gertner R, Levy D, Basilico C. FGF signaling inhibits
chondrocyte proliferation and regulates bone development through the STAT-1 pathway. Genes
Dev. 1999; 13:1361–1366. [PubMed: 10364154]

Schindl M, Schoppmann SF, Strobel T, Heinzl H, Leisser C, Horvat R, Birner P. Level of id-1 protein
expression correlates with poor differentiation, enhanced malignant potential, and more aggressive
clinical behavior of epithelial ovarian tumors. Clin Cancer Res. 2003; 9:779–785. [PubMed:
12576450]

Schoppmann SF, Schindl M, Bayer G, Aumayr K, Dienes J, Horvat R, Rudas M, Gnant M, Jakesz R,
Birner P. Overexpression of Id-1 is associated with poor clinical outcome in node negative breast
cancer. Int J Cancer. 2003; 104:677–682. [PubMed: 12640673]

Smits VA, van Peer MA, Essers MA, Klompmaker R, Rijksen G, Medema RH. Negative growth
regulation of SK-N-MC cells by bFGF defines a growth factor-sensitive point in G2. J Biol Chem.
2000; 275:19375–19381. [PubMed: 10770932]

Sturla LM, Westwood G, Selby PJ, Lewis IJ, Burchill SA. Induction of cell death by basic fibroblast
growth factor in Ewing’s sarcoma. Cancer Res. 2000; 60:6160–6170. [PubMed: 11085540]

Subbaramaiah K, Benezra R, Hudis C, Dannenberg AJ. Cyclooxygenase-2-derived prostaglandin E2
stimulates Id-1 transcription. J Biol Chem. 2008; 283:33955–33968. [PubMed: 18842581]

Tournay O, Benezra R. Transcription of the dominant-negative helix–loop–helix protein Id1 is
regulated by a protein complex containing the immediate-early response gene Egr-1. Mol Cell
Biol. 1996; 16:2418–2430. [PubMed: 8628310]

van Puijenbroek AA, van Weering DH, van den Brink CE, Bos JL, van der Saag PT, de Laat SW, den
Hertog J. Cell scattering of SK-N-MC neuroepithelioma cells in response to Ret and FGF receptor
tyrosine kinase activation is correlated with sustained ERK2 activation. Oncogene. 1997;
14:1147–1157. [PubMed: 9121763]

Villano CM, White LA. Expression of the helix–loop–helix protein inhibitor of DNA binding-1 (ID-1)
is activated by all-trans retinoic acid in normal human keratinocytes. Toxicol Appl Pharmacol.
2006; 214:219–229. [PubMed: 16494909]

Williamson AJ, Dibling BC, Boyne JR, Selby P, Burchill SA. Basic fibroblast growth factor-induced
cell death is effected through sustained activation of p38MAPK and up-regulation of the death
receptor p75NTR. J Biol Chem. 2004; 279:47912–47928. [PubMed: 15310753]

Wong YC, Wang X, Ling MT. Id-1 expression and cell survival. Apoptosis. 2004; 9:279–289.
[PubMed: 15258459]

Zebedee Z, Hara E. Id proteins in cell cycle control and cellular senescence. Oncogene. 2001;
20:8317–8325. [PubMed: 11840324]

PASSIATORE et al. Page 12

J Cell Physiol. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Regulation of Id-1 expression by FGF-2 in SK-N-MC cells. A: Western blot analysis of Id-1
from SK-N-MC cells induced with FGF-2 (40 ng/ml).Upper part shows expression of Id-1 at
the indicated time points after FGF-2 stimulation. Anti-Grb2 was used as loading control
(lowerpart). B: Densitometry analysis of Id-1 protein levels from part A after normalization
for Grb2. C: Northern blot analysis of Id-1 mRNA at indicated time points. GAPDH was
used as an internal control for the integrity of RNA and RNA loading. D: Densitometry
analysis of Id-1 mRNA in the samples treated with or without FGF-2 (40 ng/ml) after
normalization for GAPDH. E: Luciferase assay to monitor full length (2,114 bp) Id-1
promoter activity in SK-N-MC cells in the absence or presence of FGF-2 (40 ng/ml).
Luciferase values were normalized by renilla values. Results are representative of three
independent experiments with standard deviation.
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Fig. 2.
MEK pathway contributes to regulation of Id-1 expression. A: Western blot analysis to
detect Id-1 (upper part) in SK-N-MC cells treated with FGF-2 (40 ng/ml) in the absence (c,
lane 2) or presence of UO126 (15 μM, lane 3), SB239063 (10 μM, lane 4), SP600215 (25
mM, lane 5), and LY24002 (50 μM, lane 6) after 1 h treatment with FGF-2. Anti-Grb2
antibody (lower part) was used as loading control.
B: Luciferase assay to monitor full-length (2,114 bp) Id-1 promoter activity in SK-N-MC
cells after treatment with FGF-2 (40 ng/ml) in the presence or absence of UO126 (15 μM),
SB239063 (10 μM), SP600215 (25 μM), and LY24002 (50 μM). Fold activation of
luciferase values was determined from three independent experiments after normalization
with renilla activity. The asterisk represents P < 0.05. N.S., not statistically significant. C:
Western blot analysis to detect Id-1 in SK-N-MC cells treated with FGF-2 (40 ng/ml) in the
absence (lanes 2–5) or presence of UO126 (15 μM; lanes 6–9) at the indicated time points.
Immunoblot was performed using anti-Id-1 (first part), phosphorylated ERK1/2 (second
part), total ERK1/2 (third part), and anti-Egr-1 (fourth part) antibodies. Anti-Grb2 was used
as loading control.
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Fig. 3.
FGF-2 induces Id-1 promoter activity. A: Diagram showing the full-length Id-1 promoter
sequence spanning from −2,114 to +95 bp, and the various 5′ deletion mutants, all cloned
into the pGL3 reporter plasmid. B: FGF-2-induced transcriptional activation of deletion
mutants of Id-1 promoter. Fold activation of mutated Id-1 promoters were calculated from
FGF-2-induced transcriptional activities over transcriptional activities of the same mutant in
the absence of FGF-2. Luciferase values were normalized by renilla values. Results are
representative of three independent experiments with standard deviation. The double asterisk
represents P < 0.001.
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Fig. 4.
Egr-1 interacts with Id-1 promoter after FGF-2 induction. A: Chromatin
Immunoprecipitation assay. SK-N-MC cells were treated with FGF-2 in the presence or
absence of UO126. Chromatin-bound Egr-1 was immunoprecipitated using a polyclonal
antibody against Egr-1 (lanes 1–3) or NRS (lanes 4–6), followed by PCR amplification
using Id-1-specific primers and analyzed by agarose gels. Inputs genomic DNA was used as
positive control (lanes 7–9). B: Electrophoretic mobility shift assay (EMSA) was performed
using nuclear extracts from SK-N-MC treated for 1 h with FGF-2 (40 ng/ml) in the absence
(lanes 2, 5,7, 11, 14) or presence UO126 (15 μM; lanes 3, 6,9, 12,15). Samples were
incubate with putative Egr-1-binding site sequences (lanes 1–3), Egr-1-binding site
sequences on Id-1 promoter (lanes 4–6) or a mutant with two mutations in the Egr-1-binding
site (lanes 13–15). Supershift assays were performed using a polyclonal rabbit antibody
against Egr-1 (lanes 7–9) or NRS (lanes 10–12). Asterisk shows Egr-1/DNA complex.
Experiments shown in (A)and (B) are representative of three independent experiments. C:
Transcriptional activity of pId-1 F5 (−986/+95) deletion mutant and its variant obtained by a
mutagenesis of Egr-1-binding site (−976/−968). Fold activation of luciferase values was
determined from three independent experiments after normalization with renilla activity.
The asterisk represents P < 0.05.
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Fig. 5.
Effects of ShId-1 on cell survival and cell cycle. A: Western blot showing down-regulation
of Id-1 expression in SK-N-MC cells transduced with ShId-1 lentiviral vector compared to
control ShNT. B: Diagram showing percentage of viable cells cultured in the absence or
presence of FGF-2 for 24 and 48 h. The asterisk represents P < 0.05. C: Cell cycle
distribution analysis (diagram and table) of ShNT or ShId-1-transduced cells at time zero
and stimulated with FGF-2 for 24 h. The experiments were repeated three times each in
duplicate. Asterisk represents P < 0.05; double asterisk indicates P < 0.001.
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