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Abstract

 

Objectives

 

: We investigated the antiproliferative
effect of Myc down-regulation 

 

via

 

 cell proliferation
inhibition, cell cycle perturbation and apoptosis in
two human astrocytoma models (T98G and ADF)
steadily expressing an inducible 

 

c-myc

 

 Anti-sense
RNA.

 

Materials and methods

 

: Cell growth experiments
were performed using the trypan blue dye exclusion
test and cell cycle analysis was evaluated by flow
cytometry. Cell cycle molecules were detected by
Western blot analysis, co-immunoprecipitation
and reverse transcription–polymerase chain reaction
assays. 

 

Results

 

: We showed that Myc down-regulation in
astrocytoma cells led to G1 accumulation and an
inhibition of cell proliferation characterized by S phase
delay. Co-immunoprecipitation experiments detected
formation of inactive cyclin D1/cdk4 complexes as
evaluated by presence of an active unphosphory-
lated form of retinoblastoma protein, the best
characterized target substrate for cyclin D1/cdk4
complex, in ADF pIND

 

c-myc

 

 anti-sense 7 cells. We
also found that either p57Kip2 “apice” or p27Kip1
“apice” inhibitors bound to cyclin D1/cdk4 complex,
thus, suggesting that they cooperated to inhibit the
activity of cyclin D1/cdk4. Moreover, c-Myc down-
regulation led to activation of the apoptotic mito-
chondrial pathway, characterized by release of
cytochrome c and Smac/Diablo proteins and by
reduction of c-IAP levels through activation of
proteasome-mediated protein degradation system.

 

Conclusions

 

: Our results suggest that c-Myc could
be considered as a good target for the study of new
approaches in anticancer astrocytoma treatment.

 

Introduction

 

Astrocytoma tumours are the most important causes of
cancer-related mortality in children. Even though chemo-
therapy is the best known treatment of astrocytoma (1),
the commonly used antitumor therapeutic agents have
provided disappointing results (2–4). The dismal outcome
of standard therapy has led to exploration of new approaches
for treatment of childhood astrocytoma cancer. Today, rational
drug design, targeting proteins involved in regulation of
cell proliferation and/or apoptosis, is one major focus for
development of novel cancer therapies. Moreover, treatments
with compounds interfering with cell signalling pathways
used alone or in combination with conventional anticancer
therapy, could be particularly promising. In this context,
therapeutic interest in c-Myc protein is undeniable; in
fact, its expression and activity are closely related to
cancer aggression. In particular, c-Myc in astrocytoma is
overexpressed and generally associated with an undiffer-
entiated tumour state and poor prognosis (5,6).

The c-Myc protein, a basic helix–loop–helix/leucine
zipper-type transcription factor, is a master regulator
in a number of cellular pathways, including for cell
growth and proliferation, metabolism, and apoptosis (7).
The Myc protein family influences expression of about
10% of all human genes, with either positive or negative
effects on gene transcription (8). Cyclin-dependent
kinases (cdk) are cell cycle checkpoint regulators of
downstream c-Myc activity. In particular, orderly progres-
sion of cells through the G1 phase and G1/S transition is
driven by association of cyclin D1 and cdk4, and cyclin E
and cdk2. The cyclin D1/cdk4 complex regulates activity
of retinoblastoma protein, the only known target of the
cyclin D1/cdk4 complex. Activity of retinoblastoma protein
depends on its phosphorylation state; the hypophosphorylated
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form is active in cell population growth suppression
(G1 phase), whereas the hyperphosphorylated form is
inactive in suppressing cell growth (S, G2 and M phases).
In particular, during the G1 phase of the cell cycle,
unphosphorylated retinoblastoma protein is associated
with the E2F transcription factor family, inhibiting gene
expression required for S transition (9).

Regulation of G1 cyclin D1/cdk4 activity is also
dependent on cdk4 inhibitory protein, which can bind to
and inactivate the cyclin D1/cdk4 complex (10). Cyclin D1/
cdk4 complex sequesters p21

 

Cip1

 

 and p27

 

Kip1

 

, a Cip/Kip
family of protein inhibitors, prevents them from inter-
action and consequent inhibition of cyclin E/cdk2 and
cyclin A/cdk2 (which determine progression through
the S phase) (9,11). Although p21

 

Cip1

 

 and p27

 

Kip1

 

 clearly
inhibit cdk2 activity, their effects on cdk4 are still
unresolved. Some studies suggest that p21

 

Cip1

 

 and p27

 

Kip1

 

are obligatory assembling factors for cyclin D/cdk4
complexes (12), and that cyclin D/cdk4 complexes, including
cyclin D1/cdk4, containing a single p21

 

Cip1

 

 or p27

 

Kip1

 

, are
active (13–15). In contrast, other studies have shown that
cyclin D1/cdk4 complexes containing p21

 

Cip1

 

 or p27

 

Kip1

 

 are
always inactive (16). Moreover, the cyclin D1/cdk4 complex
binds to another inhibitor of Cip/Kip family: p57

 

Kip2

 

 (17).
It has also been reported that c-Myc stimulates

expression of cyclin A, cyclin D1, cyclin E, cdk2 and
cdk4, and represses expression of p21

 

Cip1

 

 and p27

 

Kip1

 

 pro-
teins (18,19). On the contrary, Guo 

 

et al

 

. have reported
that transcription of cyclin D1 is repressed by 

 

c-myc

 

 (19).
In addition, array analyses and chromatin immunoprecipi-
tation experiments suggest that p57

 

Kip2

 

 can also be repressed
by Myc expression (20). On the whole, although 

 

c-myc

 

affects normal and neoplastic cell proliferation by altering
gene expression, the precise pathways involved remain
unclear (18).

It has been reported that c-Myc also plays a key role
in a number of apoptotic pathways (1). Experimental
studies have recently shown that c-Myc, by inducing
apoptosis 

 

via

 

 the mitochondria-mediated pathway, causes
release of several pro-apoptotic factors, including
cytochrome 

 

c

 

 and apoptosis-inducing factor, with
consequent caspase-3 activation (21–23). In particular,
cytochrome 

 

c

 

 binds to apoptosis-activating-factor-1 to
activate caspase-9 and subsequently caspase-3, in caspase-
3-dependent apoptosis (24). However, caspase-3 activation
is also regulated by expression of Second Mitochondria-
Derived Activator (Smac/Diablo). Smac/Diablo is
released from the mitochondria along with cytochrome 

 

c

 

during apoptosis, and promotes caspase-3 activation by
inhibiting the c-IAP (inhibitors of apoptosis) family of
proteins (25,26).

Data reported here show that induction of 

 

c-myc

 

anti-sense (As) RNA in both T98G and ADF astrocytoma

cells led to the same extent of cell growth inhibition,
and that Myc down-regulation affected the cell cycle
pathway by modulating several crucial target proteins,
including cyclins, cdk and cyclin-dependent kinase
inhibitors (ckis). By switching off 

 

c-myc

 

 expression, the
G1/S checkpoint and S phase cell progression were affected.
We also found that in Myc down-regulated cells, although
cyclin D1 and cdk4 were assembled, the complex was
nonfunctional. Inhibition of cyclin D1/cdk4 complex
activity could be ascribed to Cip/Kip family proteins,
since we found that either p57

 

Kip2

 

 or p27

 

Kip1

 

 inhibitors
were bound to the cyclin D1/cdk4 complex.

We have also shown that down-regulation of c-Myc
promotes the mitochondrial intrinsic apoptotic pathway
by rendering astrocytoma cells more prone to apoptosis,
thanks to release of cytochrome 

 

c

 

 and Smac/Diablo and
reduction of c-IAP levels. Smac/Diablo negatively
regulated c-IAP1 and c-IAP2 proteins and then directly
activated caspase-3, allowing ADF cells to overcome their
defective mitochondrial apoptotic pathway caused by
presence of a mutated form of caspase-9 (27).

 

Materials and Methods

 

Culture conditions, transfection, treatments and cell 
population growth

 

The T98G human glioblastoma cell line (glioblastoma
multiforme) was cultured in RPMI 1640 (Cambrex Corp.,
East Rutherford, NJ, USA) and ADF (Grade IV astrocy-
toma) in Dulbecco’s modified Eagle’s medium (DMEM;
Cambrex) supplemented with foetal calf serum 10%
(Life Technologies, Paisley, UK), penicillin (100 

 

μ

 

g/ml),
streptomycin (100 

 

μ

 

g/ml) and 

 

l

 

-glutamine (2 m

 

m

 

) at
37 

 

°

 

C in a 5% CO

 

2

 

/95% air atmosphere. RPMI medium
was also added with 1 m

 

m

 

 sodium pyruvate and 1

 

×

 

nonessential amino acids.
T98G pINDc-

 

myc

 

 As and ADF pINDc

 

-myc

 

 As clones
were generated as previously described (28). Both cell
lines were also transfected with empty vector (pINDneo).
Generation of stable 

 

c-myc

 

 As (Anti-sense) inducible
expression clones was achieved by using the Ecdysone-
Inducible Expression System (Invitrogen, San Diego, CA,
USA). Two micrograms of double-stranded DNA of pINDc-

 

myc

 

 As and pVgRXR plasmids were mixed in Optimem
(Gibco, Invitrogen, Grand Island, NY, USA) with 10 

 

μ

 

l of
lipofectamine reagent (Gibco) and incubated, for 6 h, with
both 1 

 

×

 

 10

 

5

 

 T98G and ADF cells the day after seeding,
according to the manufacturer’s instructions. RPMI and
DMEM fresh media were supplemented with 10% fetal
calf serum and after 48 h culturing, both the transfected cell
lines were maintained for 4 weeks in the presence of either
G418 (Gibco) or Zeocyn (Invitrogen). G418/Zeocyn-resistant
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clones were isolated and selected from pINDc-

 

myc

 

 As
and from pINDneo transfected cells.

To perform siRNA silencing experiments, 1 

 

×

 

 10

 

5

 

ADF cells were grown in complete DMEM; after 24 h
culturing, cells were transfected with siRNA oligonucleo-
tides for 

 

c-myc

 

 with two thymidine residues (dTdT) at
the 3

 

′

 

 end of the sequence (sense, 5

 

′

 

-AACAGAAAU-
GUCCUGAGCAAU-3

 

′

 

) (MWG Biotech AG, Ebersberg,
Germany). Transfection was performed by incubating
cells with 200 pmol of siRNAs in 1 ml of Optimem and
with 10 

 

μ

 

l of lipofectamine reagent. After 6 h of incubation,
transfection medium was replaced with fresh complete
DMEM and then the cells were continually exposed to
bromodeoxyuridine (BrdUrd) for 48 h and subsequently
processed. In the same experimental conditions, samples
were processed for apoptosis and Western blot analysis, as
described below.

To determine the optimal schedule of hormone
treatment, pINDc-

 

myc

 

 As clones from both cell lines were
exposed to different dosages (5 

 

μ

 

m

 

, 10 

 

μ

 

m

 

, 15 

 

μ

 

m

 

, 20 

 

μ

 

m

 

and 25 

 

μ

 

m

 

) of ponasterone A (Invitrogen) given every
24 h and scored for hormone-inducible cell growth
inhibition. At each time-point, from day 2 (24 h after
induction) to day 5 (96 h after induction), cells were
harvested and counted by using the trypan blue dye
exclusion test (ICN Biomedicals Inc., Aurora, OH, USA).
Ponasterone treatment was also added to the pINDneo
control cells.

In experiments with caspase-3 inhibitor, Ac-DEVD-cho
(Sigma-Aldrich Logistik GmbH) was used at 50 

 

μ

 

m

 

concentration (which had no toxic effect on the cell
growth) and added to the culture medium concomitantly
with ponasterone treatment. The inhibitor was left in the
culture medium until time of analysis.

In the experiments with proteasome inhibitor, cells
were treated with 0.25 

 

μ

 

m

 

 MG132 (Calbiochem, San
Diego, CA, USA) for 4 h, 24 h after ponasterone induction
or 24 h after siRNA 

 

c-myc

 

 trasfection.

 

RNA extraction and semiquantitative 
reverse transcription–polymerase chain reaction 
(RT-PCR)

 

Total RNA was prepared from 4 

 

×

 

 10

 

6

 

 cells by using the
SV Total RNA Isolation Kit (Promega Corp., Madison,
WI, USA). From each sample, 0.5 

 

μ

 

g of total RNA was
reverse transcribed in a 20-

 

μ

 

l reaction volume using
dNTP Mix (0.5 m

 

m

 

 each dNTP), Oligo-dt primer (1 

 

μ

 

m

 

)
with 4 units Moloney murine leukaemia virus reverse
transcriptase (Qiagen GmbH, Hilden, Germany) according
to the manufacturer’s instructions. PCR was carried out in
20-

 

μ

 

l volume containing 0.25 m

 

m

 

 of deoxynucleotide
triphosphate, 0.25 m

 

m

 

 of oligonucleotide primer using

3 

 

μ

 

l of reverse transcriptase reaction mixture and 2.5
units Amplitherm Hot Start DNA Polymerase (Fisher
Molecular Biology, Rovigo, Italy). Mixtures were subjected
to different PCR cycles, as indicated, including the first
denaturation cycle at 94 

 

°

 

C for 5 min; denaturation at
94 

 

°

 

C for 30 s; annealing at 57 

 

°

 

C for 30 s; and extension
at 72 

 

°

 

C for 30 s. Amplification products (10 

 

μ

 

l) were
analysed by electrophoresis on 2% agarose gel stained
with ethidium bromide. Primes and annealing temperature
used were as follows: 

 

c-myc

 

 (Hmyc 01 for ATTCTCT-
GCTCTCCTCGA; Hmyc02 rev TCTTGGCAGCAG-
GATAGT, T

 

A

 

 = 57 

 

°

 

C); 

 

c-myc

 

 As (Hmyc 03 for
CTCCTCGTCGCAGTAGAA; BGH rev TAGAAG-
GCACAGTCGAGG, T

 

A

 

 = 57 

 

°

 

C); 

 

β

 

-actin (sense
GCGCGGCGTAGCCCCCGTCAG; anti-sense CGCG-
GCAGGAAGCCAGGCCCC, T

 

A

 

 = 57 

 

°

 

C); p57

 

Kip2

 

,
GenBank accession number U22398 (p57

 

Kip2

 

 for CAC-
GATGGAGCGTCTTGTC; p57

 

Kip2

 

 rev CCT GCT-
GGAAGTCGTAATCC, T

 

A

 

 = 59 

 

°

 

C); H-GAPDH (H-
GAPDH for GCAGGGGGGAGCCAAAAGGG; H-GAPDH
rev CAGCGCCAGTAGAGGCAGGG, T

 

A

 

 = 60 

 

°

 

C).

Western blot and co-immunoprecipitation analysis

Samples were solubilized in lysis buffer [10% glycerol,
1% Tween 20, 150 mm NaCl, 50 mm HEPES (pH 7.6),
0.05% Nonidet P40, 1 mm CaCl2, 100 mm NaF, 1 mm

phenylmethanesulphonylfluoride (PMSF), 2 mm Na3VO4,
10 mm Na4P2O7, protease inhibitors] on ice and then
briefly sonicated. Mitochondria/cytosol protein separation
was obtained by mitochondria/cytosol Fractionation Kit
(MBL International Corporation, Woburn, MA) following
the manufacturer’s instructions. Protein content in the
different samples was quantified by using the Bradford
method (Bio-Rad, Richmond, CA, USA). Aliquots (70 μg)
of proteins were subjected to 10–12% sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS-PAGE)
and the resolved proteins were blotted on a nitrocellulose
membrane, then membranes were blocked in TBS buffer
(20 mm tris Base, 137 mm NaCl, 1 m hydrochloric acid,
pH 7.6) containing 5% nonfat dry milk (Bio-Rad, Hercules,
CA, USA) for at least 1 h. Blots were then incubated with
primary antibodies: anti-c-Myc (clone 9E10, BD PharMingen,
San Diego, CA, USA), anti-cyclin D1 (clone G124-326),
anti-cyclin E (clone HE12, BD PharMingen), anti-
cyclin A (clone BF683, BD PharMingen), anti-cdk4
(clone DCS-156, BD PharMingen), anti-cdk2 (clone 55,
BD PharMingen), anti-underphosphorylated retinoblastoma
protein (clone G99-549, BD PharMingen), anti-
retinoblastoma protein (clone C-15, Santa Cruz Biotech-
nology), anti-cytochrome c (clone 7H8.2C12, BD
PharMingen), anti-Smac (clone FL-239, Santa Cruz
Biotechnology), anti-c-IAP1 (clone H-83, Santa Cruz
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Biotechnology), anti-c-IAP2 (clone F-20, Santa Cruz
Biotechnology), anti-caspase-3 (clone N-19, Santa Cruz
Biotechnology), anti-cleaved-caspase-3 (clone h176,
Santa Cruz Biotechnology), anti-β-actin (clone AC-15,
Sigma, St. Louis, MO, USA) anti-COX-4 (clone 20E8,
Santa Cruz Biotechnology), and anti-β-tubulin (clone
5H1, BD PharMingen). Peroxidase-labelled anti-mouse,
anti-goat and anti-rabbit IgG (Sigma-Aldrich) were used
as secondary antibodies. Immunoblots were processed for
enhanced chemiluminescence detection (Amersham Life
Sciences, Buckinghamshire, UK). The relative amount of
transferred protein in a given sample was quantified by
scanning X-ray films and by densitometry analysis
(TotalLab image analysis solution, version 2003, Nonlin-
ear Dynamics, Newcastle upon Tyne, UK). In the co-
immunoprecipitation experiments, samples were lysed in
low stringency lysis buffer (1% Nonidet P40, 0.2 mm

PMSF, 10 mm NaF, 0.7 μg/ml pepstatine, 25 μg/ml apro-
tinine, protease inhibitors). Co-immunoprecipitation was
carried out using 500 μg protein extracts and anti-
cyclin D1 (clone H-295, Santa Cruz Biotechnology) and
immunocomplexes were bound to protein A-agarose
(Sigma-Aldrich). Resulting precipitates were analysed
using 10% SDS-PAGE and resolved proteins were blotted
to a nitrocellulose membrane. Blots were incubated with
anti-cdk4 (clone DCS-156, BD PharMingen), anti-p57Kip2

(clone A120-1, BD PharMingen), anti-p27Kip1 (clone 57,
BD PharMingen), and anti-cyclin D1 (clone H-295, Santa
Cruz Biotechnology) antibodies and processed as
described above.

Cell cycle analysis

Cell cycle analysis was performed after BrdUrd (Sigma)
incorporation. Both BrdUrd continuous-labelling and
pulse-chase experiments were carried out. For BrdUrd
continuous-labelling experiments, 10 μm BrdUrd was
continuously added to the medium for 48 h starting 24 h
after hormone induction (given every 24 h) or 24 h after
the end of c-myc siRNA trasfection. Pulse-labelling
experiments were performed at 24 h after hormone induc-
tion, by adding 10 μm BrdUrd to the medium for the last
30 min of Myc induction (chase 0). Then the medium was
changed and analysis was performed at 2, 4, 6, 8, 10 and
12 h post-labelling.

At the indicated times cells were harvested, washed
once in phosphate-buffered saline (PBS), fixed in 70%
ethanol and stored at 4 °C until analysis. Then, cell sus-
pensions were rinsed with cold PBS and incubated with 4
N HCl for 20 min at room temperature to partially dena-
ture DNA. Cells were washed twice with borax-borate
buffer (pH = 9.1) to neutralize the acid pH and once with
PBS. Samples were incubated with mouse monoclonal

antibody anti-BrdUrd (Boehringer Mannheim, Monza,
Italy) diluted 1 : 50 in complete medium containing 0.5%
Tween-20 (Calbiochem, San Diego, CA, USA) at 4 °C for
1 h. After washing twice in PBS, cells were exposed to
FITC-conjugated F(ab′) rabbit anti-mouse (Dako SA,
Glostrup, Denmark) at dilution 1 : 20 in PBS at 4 °C for
1 h. Finally, the cells were washed twice with PBS, and
stained with a solution containing 5 mg/ml propidium
podide (PI) and 75 KU/ml RNase in PBS for 30 min at
room temperature. Samples that had not been incubated
with anti-BrdUrd monoclonal antibody were used as
negative controls.

For both continuous and pulse-labelling experiments,
3 × 104 events/sample were acquired using a FACScan
cytofluorimeter (Becton Dickinson, Sunnyvale, CA,
USA). The analysis was performed using a CellQuest
software package (Becton Dickinson).

Apoptosis detection

For apoptosis, cells were fixed in 80% ethanol and stained
with PI (50 mg/ml, MP Biomedicals, Eschwege, Germany)
in PBS containing RNase A (75 KU/ml, Sigma Chemical).
It was evaluated as percentage of apoptotic cells in the
sub-G1 region (sub-G1 peak) of flow cytometric DNA
content distribution.

Induction of apoptosis was evaluated by terminal
deoxynucleotidyl transferase–mediated dUTP nick end
labeling (TUNEL) assay (Roche Diagnostics GmbH,
Mannheim, Germany) also by using flow cytometry. The
TUNEL assay was performed as previously described
(29) and experiments were assessed at the indicated
times.

Statistical analysis

Statistical significance of differences between groups was
tested using the paired Student’s t-test or, if there were
more than two groups, by one-way analysis of variance
followed by the Tukey post-hoc test.

Results

Inducible expression of c-myc anti-sense RNA inhibited 
cell population growth in astrocytomas

To investigate whether c-myc anti-sense RNA inhibits
cell growth in human astrocytomas, we used two human
astrocytoma cell lines expressing high levels of c-
Myc, which is considered to play an important role in
aggression of growing astrocytomas. Protein levels of
c-Myc in T98G and ADF cell lines are shown in Fig. 1a
(30,31).
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To reduce levels of Myc protein expression, we estab-
lished both T98G and ADF cells steadily expressing a
hormone-inducible c-myc As RNA. Both cell lines were
co-transfected with either the pINDc-myc As construct or
the pINDneo empty vector, together with the pVgRXR
plasmid, encoding the ecdysone receptor and carrying
zeocyn resistance. G418/zeocyn-resistant clones were
isolated under hormone-free conditions after a selection
period of 4 weeks. Ten T98G pINDc-myc As clones and
nine ADF pINDc-myc As clones were obtained. These
clones were treated with 25 μm of hormone (ponasterone
A) given every 24 h and scored for hormone-inducible
cell growth inhibition (Fig. 1b). The figure reports growth
curves for both T98G and ADF pINDneo control clones

transfected with the empty vector pINDneo (1,3) and both
the hormone-treated T98G and ADF pINDc-myc As cells
(2,4). All T98G and ADF pINDc-myc As clones displayed
cell growth reduction, after 1 day of induction with the
hormone (24 h after treatment), ranging from 18% to 53%
and 19% to 57%; in contrast, control clones from both
cell lines did not show any significant inhibition on cell
growth when exposed to the same ponasterone concentration.

To validate quality of the system and to verify whether
ponasterone was really able to activate expression of our
target gene, levels of total RNA transcripts of both ectopic
c-myc As and endogenous c-myc were determined by
semiquantitative RT-PCR analysis, using suitable pairs of
primers as previously described (28). Three pINDc-myc

Figure 1. (a) Western blot analysis of c-Myc protein expression on both T98G and ADF cell lines. Each lane was loaded with 70 μg of proteins
from cell lysate. Protein levels were quantified by densitometric analysis (TotalLab image analysis solution, version 2003) and normalized for β-actin.
The experiment was repeated three times showing similar results. (b) Growth curves of both T98G and ADF pINDneo control and pINDc-myc As
clones. pINDneo control clones were transfected with the empty vector (1, 3), and pINDc-myc As clones (2, 4) were treated with 25 μm of ponasterone
given every 24 h. At the indicated times, from day 2 (24 h after induction) to day 5 (96 h after induction), cells were harvested and counted by using
the trypan blue dye exclusion test. All data are expressed as means ± standard deviation of three independent experiments with similar results.
Statistical significance of data was evaluated by one-way analysis of variance followed by Tukey post-hoc test. (c) Representative RT-PCR analysis of
ectopic c-myc As and endogenous c-myc in pINDneo control and pINDc-myc As transfected cells. Clones were exposed for 24 h to 25 μm of ponasterone.
c-myc (Hmyc 01 for ATTCTCTGCTCTCCTCGA; Hmyc02 rev TCTTGGCAGCAGGATAGT); c-myc As (Hmyc 03 for CTCCTCGTCGCAGTAGAA;
BGH rev TAGAAGGCACAGTCGAGG); β-actin (sense GCGCGGCGTAGCCCCCGTCAG; anti-sense CGCGGCAGGAAGCCAGGCCCC). β-actin
c-DNA was used as an internal control. The experiment was repeated three times showing similar results.
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As clones were chosen for T98G and ADF cell lines
among the multiple independent clones obtained, since
they showed the highest inhibition of cell growth upon
25 μm hormone-exposure. Figure 1c shows RT-PCR
results relative to only T98G pINDc-myc As1 and ADF
pINDc-myc As7 clones. The results obtained by using
other T98G pINDc-myc As and the ADF pINDc-myc As
clones were similar to those in the T98G pINDc-myc As1
and ADF pINDc-myc As7, respectively (data not shown).

As shown in Fig. 1c, PCR-amplified c-myc As cDNA
was only detectable in ponasterone-treated pINDc-myc As
clones in both cell lines; on the contrary, the PCR-amplified
c-myc cDNA was not detectable in the same clones. The
pINDc-myc As cells not exposed to ponasterone and
hormone-treated control cells in both cell lines showed
comparable levels of the PCR-amplified c-myc cDNA. β-
actin was used as an internal control for the amount of
RNA used in RT-PCRs.

To determine the optimal schedule of hormone treat-
ment, the three pINDc-myc As clones from T98G and
ADF cell lines were exposed to different concentrations
of ponasterone A (5, 10, 15, 20 and 25 μm). One of the
pINDneo control clones for each cell line was used as a
control (Fig. 2). Dosage of 25 μm ponasterone repeated
every 24 h confirmed its maximum growth inhibitory
effect in three T98G and ADF pINDc-myc As clones com-
pared to the control. A significant anti-proliferative effect
24 h after hormone exposure (about 52–55% and 55–57%
in T98G pINDc-myc As clones and ADF pINDc-myc As
clones, respectively) was observed. This persisted until
96 h after Myc induction in all the clones. Similar cell
growth inhibitory effects were observed after 20 μm pon-
asterone dosage in three T98G and ADF pINDc-myc As
clones. In contrast, after addition of 15 and 10 μm doses,
we observed a modest anti-proliferative effect (28% and
23%, respectively, either in T98G and in ADF pINDc-myc

Figure 2. Determination of the optimal sched-
ule of hormone treatment in both T98G and
ADF pINDc-myc As clones. Cell growth number
effects in both T98G and ADF clones exposed to
5 (�), 10 (�), 15 (�), 20 (*) and 25 μm (�)
dosages of ponasterone given every 24 h. As
control we used pINDneo (�) for each cell line.
At the indicated times, from day 2 (24 h after
induction) to day 5 (96 h after induction), cells
were harvested and counted by using trypan blue
dye exclusion. All data are expressed as means ±
standard deviation of three independent experiments
with similar results. Statistical significance of
the data was evaluated by one-way analysis of
variance followed by Tukey post-hoc test.
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As clones) at 24 h. These inhibitory effects were main-
tained after 96 h of hormone induction in all clones (16–
18% and 30–32%). When pINDc-myc As clones were
exposed to the lower ponasterone dose of 5 μm, neither
exposed cell line elicited significant inhibition of cell
growth up to 96 h after induction. Considering the super-
imposable results in both cell lines, we have chosen the
ADF pINDc-myc As clones for further experiments.

Inhibition of cell proliferation observed after pINDc-
myc As cells induction with 5, 10, 15, 20 and 25 μm dos-
ages was consistent with the reduction of Myc protein
expression, as detected by Western blot analysis per-
formed at 24 h after induction (Fig. 3). Indeed, we
observed dose-dependent Myc protein down-regulation;
amount of c-Myc protein in the clones pINDc-myc As7,
As5 and As3 were about 8, 7 and 6.5 times lower than that
of pINDneo control clone after 25 and 20 μm doses. On
the contrary, no significant reduction in the level of Myc
protein after exposure of pINDc-myc As clones to 5 μm

ponasterone was observed.
All the subsequent experiments based on these results

were conducted using 20 μm ponasterone to efficiently
down-regulate Myc protein.

Cell cycle response to c-myc down-regulation

Cell cycle effects on Myc down-regulation were investi-
gated in the logarithmically expanding ADF pINDc-myc
As7, As5 and As3 clones by using BrdUrd incorporation
and flow cytometry. Myc down-regulation blocked the
exit of cells from G1 phase. Indeed, 24 h after continuous
BrdUrd labelling time, during which the entire cycling
cell population was labelled, a high percentage of
BrdUrd-negative cells (65%, 60% and 62%, in ADF
pINDc-myc As7, As5 and As3, respectively) was still present
in G1 (48 h after hormone induction), but in pINDneo
control clone all cells were labelled by BrdUrd (Fig. 4).

We then performed a pulse chase experiment giving
BrdUrd during the last 30 min (0 h chase) of Myc induc-
tion (24 h of hormone treatment). Then, to follow the fate
of S phase cells (BrdUrd-positive cells) and their move-
ment through cell cycle, the pulse chase experiment was
performed at 2, 4, 6, 8, 10, and 12 h post-labelling. Only
the results obtained in pINDc-myc As7 clone are shown in
Fig. 5 but similar behaviour was elicited by the pINDc-
myc As5 and As3 clones (data not shown). Immediately
after the pulse chase (0 h), percentage of BrdUrd-positive

Figure 3. Dose-dependent c-Myc protein down-regulation. Western blot analysis of c-Myc protein in both ADF pINDneo control cells and ADF
pINDc-myc As clones exposed to 5, 10, 15, 20 and 25 μm dosages 24 h after hormone induction. Protein levels were quantified by densitometric ana-
lysis (TotalLab image analysis solution, version 2003) and normalized for β-actin. The experiment was repeated three times showing similar results.

Figure 4. Cell cycle analysis after continuous bromodeoxyuridine (BrdUrd) incorporation in ADF pINDneo control and ADF pINDc-myc As
clones. The dosage of 10 μm BrdUrd was added continuously to the medium for 48 h starting from 24 h of hormone induction (dosage 20 μm given
every 24 h). The regions represent BrdUrd-negative G1 cells. Samples were acquired using a FACScan cytofluorimeter (Becton Dickinson). Biparametric
flow cytometry analysis was performed using the CellQuest software package. The experiment was repeated three times showing similar results.
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cells was similar in pINDneo control clone and pINDc-
myc As7 cells (59% and 68%, respectively). During the chase,
in pINDneo control clone, the BrdUrd-positive cells, which
were in S phase at the beginning of the pulse, proceeded
through S phase. Indeed, in pINDneo, BrdUrd-positive cells
moved out of S through G2 and subsequently reached G1,
completing their DNA replication, mitosis and cell divi-
sion. These cells are recognized in the dot plot as BrdUrd-
positive cells with an evident G1 DNA content at 8 h
pulse chase (36%). Conversely, such movement is almost
absent in the 8 h plot of pINDc-myc As7 (G1 +19%) indi-
cating that the transition of cells out of S phase, into G2
and then into G1 was delayed. For BrdUrd-positive cells
the percentages in cell cycle distribution were estimated
on linear PI histograms by using the MODFIT software.

pINDneo, BrdUrd-negative cells had also partly
moved into S phase and some had reached the G2; on the
contrary, no BrdUrd-negative cells progressed from G1 to
S during the chase in pINDc-myc As cells.

To strengthen our results, the continuous BrdUrd
labelling experiment was also performed by using tran-
sient c-myc transduction with inhibitory siRNA. As
shown in Fig. 6a, at 48 h c-myc siRNA cells showed the
same cell cycle profile as the pINDc-myc As clones
(BrdUrd-negative cells 61%), thus confirming the key
role of c-myc in ADF cell cycle G1 checkpoint. Effective-
ness of c-myc interference was assessed by Western blot
analysis. As shown in Fig. 6b, the densitometry analyses
revealed reduction in Myc protein of around 7.5-fold at 48 h.

Figure 5. Representative bromodeoxyuridine (BrdUrd) pulse-labelling experiment in ADF pINDneo control (a) and ADF pINDc-myc As7
clone (b). The pulse-labelling experiment was performed at 24 h after 20 μm hormone induction, by adding 10 μm BrdUrd to the medium during the
last 30 min of Myc induction (chase 0 h). Afterwards, medium of the cells was changed and they were analysed by biparametric flow cytometry at
2, 4, 6, 8, 10 and 12 h post-labelling. During the chase, in pINDneo control clone, the BrdUrd-positive cells, which were in S phase at the beginning
of the pulse (chase 0 h), proceed through S phase, moved out of S through G2, and subsequently reached G1, completing their DNA replication, mito-
sis and cell division. The upper region of the cytograms represents BrdUrd-positive cells. For BrdUrd-positive cells, the percentages of the cell cycle
distribution were estimated on linear PI histograms by using the MODFIT software. All the experiments were repeated three times showing similar results.

Figure 6. (a) c-myc siRNA cell cycle profile. The dosage of 10 μm

bromodeoxyuridine (BrdUrd) was continuously added to the medium
for 48 h, after the end of transfection. c-myc siRNA sequence (sense,
5′-AACAGAAAUGUCCUGAGCAAU-3′). The regions represent BrdUrd-
negative G1 cells. Samples were acquired using a FACScan cytofluorimeter
(Becton Dickinson). Biparametric flow cytometry analysis was performed
using the CellQuest software package. In the regions BrdUrd-negative
cells are localized. All the experiments were repeated three times
showing similar results. (b) c-myc siRNA Western blot analysis. c-myc
interference was assessed at 48 h. Protein levels were quantified by
densitometric analysis (TotalLab image analysis solution, version 2003)
and normalized for β-actin. The experiment was repeated three times
showing similar results.
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Myc down-regulation determines the loss of cyclin E and 
cyclin A proteins and inhibits cyclin D1/cdk4 complex 
activity via p57Kip2 and p27Kip1 inhibitors

As a consequence, given the strong comparability of
results obtained with the different ADF clones utilized,
our further experiments were performed only on the
pINDc-myc As7 clone.

Since Myc has been widely recognized as an upstream
regulator of cdk activity, we investigated whether down-
regulation of Myc protein levels could affect expression

of the main molecules that control cell cycle progression,
from one phase to the next in the astrocytoma ADF cell
line. As shown in Fig. 7a, levels of cyclin D1, cyclin E,
cyclin A, cdk4 and cdk2 in pINDc-myc As7 cells were
measured by Western blot analysis 24, 48 and 72 h after
hormone exposure. As evident in the figure, 24 h after
hormone induction, protein expression levels decreased in
the order of 2.5-fold in cyclin A and cdk2, and 1.5-fold in
cdk4 when compared to controls. On the other hand, levels
of cyclin E were reduced to around 1.5-fold with respect to
controls 48 h after ponasterone exposure. A further decrease

Figure 7. (a) Western blot analysis of cell
cycle-related proteins. ADF pINDneo control
clone (1) and ADF pINDc-myc As7 clone (2) were
treated with 20 μm ponasterone (given every
24 h) 24, 48 and 72 h after treatment. Protein
levels were quantified by densitometric analysis
(TotalLab image analysis solution, version 2003)
and normalized for β-actin. The experiment was
repeated three times showing similar results. (b)
Co-immunoprecipitation analysis. Cyclin D1/cdk4/
p57Kip2 “apice” (top panel) and cyclin D1/cdk4/
p27Kip1 “apice” (medium panel) tertiary complexes
were detected by co-immunoprecipitation analysis
using anti-cyclin D1 antibody 48 h after 20 μm

hormone induction in pINDneo control and ADF
pINDc-myc As7 clones. The bottom panel shows
Western blot analysis of active unphosphorylated
form and total retinoblastoma protein performed
48 h after 20 μm ponasterone treatment. Protein
levels were quantified by densitometric analysis
(TotalLab image analysis solution, version 2003)
and normalized for β-actin. The experiment
was repeated three times showing similar results.
(c) RT-PCR analysis of total RNA extracted
from the control ADF pINDneo clone and the
ADF pINDc-myc As7. Clones were exposed for
24 h to 20 μm of ponasterone. p57Kip2, Gen-
Bank accession number U22398 (p57Kip2 for
CACGATGGAGCGTCTTGTC; p57Kip2 rev CCT
GCTGGAAGTCGTAATCC); H-GAPDH (H-
GAPDH for GCAGGGGGGAGCCAAAAGGG;
H-GAPDH rev CAGCGCCAGTAGAGGCAGGG).
Levels of transcription of p57Kip2 “apice” were
normalized versus H-GAPDH. All the experi-
ments were repeated three times showing similar
results. (d) Cyclin D1/cdk4/p57Kip2 “apice” and
Cyclin D1/cdk4/p27Kip1 “apice” ternary com-
plexes in siRNA c-myc cells. Cyclin D1/cdk4/
p57Kip2 “apice” (top panel) and cyclin D1/cdk4/
p27Kip1 “apice” (medium panel) tertiary com-
plexes were detected by co-immunoprecipitation
analysis using anti-cyclin D1 antibody at 48 h.
The bottom panel shows Western blot analysis of
the active unphosphorylated form and total retino-
blastoma protein. Protein levels were quantified by
densitometric analysis (TotalLab image analysis
solution, version 2003) and normalized for β-actin.
The experiment was repeated three times showing
similar results.
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(about 6-fold) of both cdk4 and cdk2 levels in the pINDc-myc
As7 clone was observed 72 h after ponasterone exposure.
At the same time, loss of cyclin E and cyclin A protein
expression was detected in the pINDc-myc As clone.

Nevertheless, G1 arrest is classically associated with
decreased levels of either cdk4 or cyclin D1; on the con-
trary, in our experiments, cyclin D1 protein levels
increased up to 3-fold at 72 h in response to c-Myc down-
regulation; the role of c-myc in the regulation of cyclin D1
is indeed unclear: since it is well known that progression
through G1 requires both formation and activation of the
cyclin D1/cdk4 complex, we examined the interaction of
these cell cycle molecules in Myc down-regulated cells by
co-immunoprecipitation and Western blot assays. We also
tested its activity by evaluating the status of retinoblast-
oma protein, the best characterized target substrate of
cyclin D1/cdk4 complex, 48 h after c-myc As RNA induc-
tion. As evident in Fig. 7b, we found that in the pINDc-
myc As7 clone, cyclin D1 physically interacted with cdk4
even though this binding was not functional. In fact, we
observed the presence of an active unphosphorylated
form of retinoblastoma protein in pINDc-myc As cells
compared to controls.

It is well known that cdk activity is further regulated
by association with cdk inhibitors, such as those of the
Cip/Kip families, and that c-myc represses expression of
p21Cip1 and p27Kip1 inhibitors (18). However, it is still
unclear whether p57Kip2 is a c-myc target gene. Considering
these observations, we examined whether Myc down-
regulation would be able to inhibit the activity of cyclin D1/
cdk4 complex via Cip/Kip inhibitors. Here, we have shown
that either p57Kip2 or p27Kip1 were bound to cyclin D1/
cdk4 complex in the Myc down-regulated cells 48 h
after ponasterone treatment, suggesting that they might
participate in inhibition of the activity of cyclin D1/cdk4
complex.

We found that inducible down-regulation of Myc led
to up-regulation of total p57Kip2 RNA levels (2.5-fold), as
compared to controls, evaluated at 48 h after hormone
exposure by RT-PCR (Fig. 7c). This suggests that when it
is present at high levels, p57Kip2 promotes accumulation
of cyclin D1 and association of cyclin D1/cdk4 complex,
thus allowing stabilization of the binary complex and avoiding
its rapid degradation. Formation of stable cyclin D1/cdk4/
p57Kip2 tertiary complex hypophosphorylates retinoblastoma
protein, thus preventing transcription of E2F responsive
genes involved in entry of the cells into S phase.

In contrast, p27Kip1 assembled with cyclin D1/cdk4
complex, and inhibited complex activity by rendering the
binary complex ineffective at activating cyclin E/cdk2 and
cyclin A/cdk2 (32). Conversely, formation of the tertiary
cyclin D1/cdk4/p21Cip1 complex was not detected in our
cells (data not shown).

The data were also confirmed by using RNA interference
for c-myc. As shown in Fig. 7d, co-immunoprecipitation
and Western blot assays confirmed formation of inactive
cyclin D1/cdk4 complex as evaluated by presence of an
active unphosphorylated form of retinoblastoma protein.
We also found that either p57Kip2 or p27Kip1 inhibitors
bound to cyclin D1/cdk4 complex.

Myc down-regulation induced apoptosis via the 
mitochondrial pathway

We also verified the contribution of apoptosis to decrease
of cell number observed in pINDc-myc As cells. Cell
cycle analysis revealed that Myc down-regulation was
able to induce apoptosis and we detected the presence of
a sub-G1 peak (17%), which is typical of apoptosis, at
48 h after hormone exposure. Cell fraction of the sub-G1
peak reached a maximum of 65% with a concurrent
depletion of cells from G1 at 72 h after treatment
(Fig. 8a). Induction of apoptosis was also confirmed by
the TUNEL assay (Fig. 8b).

Several studies have demonstrated that Myc induces
apoptosis via an intrinsic mitochondrial pathway. Apopto-
sis at the mitochondrial level occurs by release of
cytochrome c into the cytosol, that in turn contributes to
formation of a protein complex called apoptosome (33);
it is this complex that allows activation of caspase-9,
which is directly responsible for activation of the central
apoptosis regulator caspase-3 (23). Our results showed
that Myc down-regulation was able to induce activation of
caspase-3 despite the presence of a mutated form of
caspase-9 in human astrocytoma ADF cells (27). Western
blot analysis revealed 2.5-fold reduction of the 32-kDa
inactive precursor of caspase-3, 48 h after Myc induction
with respect to controls. This was consistent with the
presence of the 11-kDa active form of caspase-3 in
pINDc-myc As7 clone (Fig. 8c). To confirm the key role
of caspase-3 in Myc-induced apoptosis, Ac-DEVD-cho
(caspase-3 inhibitor) was utilized to block caspase-3
activity. When Ac-DEVD-cho was added to the pINDc-
myc As7 cells, the percentage of apoptotic cells was com-
parable with that of the control clone, thus demonstrating
that caspase-3 inhibitor scavenged Myc induced caspase-
3 apoptosis (Fig. 8d). The effect of Ac-DEVD-cho caspase-3
inhibitor on caspase-3 expression was also analysed
(Fig. 8e) and caspase-3 inhibitor, in the same conditions,
was able to block caspase-3 cleavage.

Reduction of inactive caspase-3 was consistent with
the strong increase in cytochrome c cytosolic levels in
Myc-treated cells compared to controls, while mitochon-
drial levels were reduced in the same experimental condi-
tions. Since Smac/Diablo is also released from the
mitochondria along with cytochrome c during apoptosis,
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and functions to promote caspase-3 activation by inhibit-
ing c-IAPs proteins, we verified release of Smac/Diablo in
the cytoplasmic compartment after Myc down-regulation.
We observed that Smac/Diablo levels were also enriched
in the cytosolic compartment by Myc induction and con-
currently depleted in the mitochondrial fraction (Fig. 9a).
Moreover, we found that c-Myc was able to regulate c-IAPs
proteins. Indeed, we detected a decrease in expression of
c-IAP1 and c-IAP2 of about 2- and 3-fold, respectively,
48 h after Myc induction (Fig. 9b). Since c-IAP1 and

c-IAP2 are the most sensitive targets of the proteasome-
mediated protein degradation system, we verified involve-
ment of the latter in reduced c-IAP1 and c-IAP2 levels.
Four hours after 24-h exposure of c-Myc down-regulated
cells to 0.25 μm MG132 proteasome inhibitor, levels of c-
IAP1 and c-IAP2 were significantly increased compared
to pINDc-myc As7 cells not exposed to MG132; thus, this
demonstrates that inhibition of proteasome activity
prevented degradation of c-IAP1 and c-IAP2 proteins
(Fig. 9c).

Figure 8. (a) Flow cytometry and apoptosis analysis. ADF pINDneo control cells and ADF pINDc-myc As7 clone exposed to 20 μm of hormone
treatment (given every 24 h) 24, 48 and 72 h after. The sub-G1 peak (arrows) represents the percentage of apoptosis. (b) TUNEL assay. Percentages
of apoptotic cells in ADF pINDc-myc As7 (white) and pINDneo control cells (black) 24, 48 and 72 h after treatment. Statistical significance between
different groups was evaluated by Student’s t-test (**P < 0.001; *P < 0.01). A P-value < 0.001 was considered significant. (c) Western blot analysis
of inactive precursor and active form of caspase-3. Protein levels were quantified by densitometric analysis (TotalLab image analysis solution, version
2003) and normalized for β-actin. The experiment was repeated three times showing similar results. (d) Effect of Ac-DEVD-cho caspase-3 inhibitor
on apoptosis. Percentages of apoptotic cells in ADF pINDneo control (black), ADF pINDc-myc As7 in the absence (white) or presence (grey) of 50 μm

of Ac-DEVD-cho by using TUNEL assay. Statistical significance between the different groups was evaluated by Student’s t-test (**P < 0.001;
*P < 0.01). A P-value < 0.001 was considered significant. (e) The effect of 50 μm of Ac-DEVD-cho on caspase-3 expression by Western blot. Protein
levels were quantified by densitometric analysis (TotalLab image analysis solution, version 2003) and normalized for β-actin. The experiment was
repeated three times showing similar results.
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Apoptosis was also confirmed by c-myc silencing
experiments. c-myc siRNA was able to induce apoptotic
cell death at 48 and 72 h (22% vs. 2%, 68% vs. 4%,
respectively) as shown in Fig. 10a. Induction of apopto-
sis was also detected by TUNEL assay (Fig. 10b). More-
over, we found that in siRNA c-myc experiment, cells
were also able to down-regulate c-IAP proteins by
activation of the proteasome-mediated protein degradation
system. MG132 proteasome inhibitor increased levels of
c-IAP1 and c-IAP2 when compared to c-myc siRNA cells
not exposed to MG132 (Fig. 10c). This suggests that
down-regulation of Myc overcame ADF resistance to
apoptosis caused by a mutated mitochondrial apoptotic
pathway, via release of Smac/Diablo protein, which
reduced protein levels of c-IAP1 and c-IAP2 through

activation of proteasome degradation and subsequently by
directly promoting caspase-3 activation.

Discussion

In this paper, we have demonstrated that by switching off
c-myc expression, the G1/S checkpoint and S phase cell
progression were affected in both human T98G and ADF
astrocytoma cells.

Even though Mateyak et al. (34) reported a profound
extension of both G1 and G2 phases by switching off
c-myc expression, our results showed a G1 arrest together
with inhibition of DNA synthesis accompanied by a delay
in S phase transition, in accordance with the findings of
other studies (18,28,35,36).

Figure 9. (a) Western blot analysis of cytochrome c and Smac/Diablo. Expression of cytochrome c and Smac/Diablo was analysed in the different
compartments (mitochondria and cytosol) in ADF pINDneo and ADF pINDc-myc As7 clone 48 h after hormone treatment. Samples were loaded with
30 μg of proteins from cell lysate. Blotting for COX-4 and β-tubulin were performed for control of quality and equal loading of the extracts and to
exclude the contamination of mitochondrial with cytosolic components and viceversa. (b) Western blot analysis of c-IAP1 and c-IAP2 proteins. c-
IAP1 and c-IAP2 levels in pINDneo control and in ADF pINDc-myc As7 clones 48 h after of 20 μm hormone treatment (given every 24 h). Protein
levels were quantified by densitometry (TotalLab image analysis solution, version 2003) and normalized for β-actin. The experiment was repeated
three times showing similar results. (c) Effect of proteasome inhibition on c-IAP1 and c-IAP2 levels. ADF pINDneo and ADF pINDc-myc As7 cells
were treated or not with 0.25 μm proteasome inhibitor MG132 for 4 h 24 h after ponasterone induction. Protein levels were quantified by densitometric
analysis (TotalLab image analysis solution, version 2003) and normalized for β-actin. The experiment was repeated three times showing similar results.
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It has been investigated that Myc activates and represses
target genes involved in cell cycle progression (37,38). In
the signal transduction cascade, cyclin-dependent kinases
are key regulators downstream of c-myc, which drive cell
cycle transition from one phase to the next. In addition,
their activity is regulated by cyclins and cyclin-dependent
kinase inhibitors. It has been suggested that c-myc
stimulates expression of cyclin A, cyclin D1, cyclin D3,
cyclin E, cdk2 and cdk4, and represses expression of
p21Cip1 and p27kip1 inhibitors. In particular, it has been
demonstrated that Myc activates the cyclin E/cdk2 kinase
complex, promoting the G1/S progression in the cell cycle
by inactivating inhibitors p27Kip1 and p21Cip1 (39–47).

In contrast, Daksis et al. (48) reported that cyclin D1
mRNA expression was enhanced in Rat1-MycER cells

after Myc induction, and Philipp et al. (49) showed that
constitutive expression of c-myc led to higher levels of
cyclin A and cyclin E expression, while cyclin D1 was
strongly suppressed in BALB/c3T3 fibroblasts. In
addition, it has recently been reported that cyclin A,
cyclin D1 and cyclin E are unaffected by c-myc induction,
whereas c-myc involves both positive effects on cdk2
and negative effects on cdk4 in a mouse keratinocyte cell
line (18). Nevertheless, it is not fully resolved whether
expression of myc renders cell cycle progression inde-
pendent from the functions of cdk4 in fibroblasts
(40,41,50–53).

Although c-myc affects normal and neoplastic cell
proliferation by altering gene expression, the precise
pathways involved remain unclear (18).

Figure 10. Apoptosis in siRNA c-myc cells.
Control and siRNA c-myc cells evaluated at 48
and 72 h. The sub-G1 peak (arrows) represents
the percentage of apoptosis. (b) TUNEL assay.
Percentages of apoptotic cells in control (black)
and siRNA c-myc (white) at 48 and 72 h. Sta-
tistical significance between the different groups
was evaluated by Student’s t-test (**P < 0.001;
*P < 0.01). A P-value < 0.001 was considered
significant. (c) Western blot analysis of c-IAP1
and c-IAP2 levels with or without proteasome
inhibitor MG132. Control and siRNA c-myc
cells were treated or not treated with 0.25 μm

proteasome inhibitor MG132 for 4 h 24 h after
the trasfection. Protein levels were quantified by
densitometry (TotalLab image analysis solution,
version 2003) and normalized for β-actin. The
experiment was repeated three times showing
similar results.
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We found that in Myc down-regulated cells, cyclin D1
and cdk4 were assembled. Cyclin D1/cdk4 generally acts
by phosphorylating and inactivating retinoblastoma pro-
tein by converting it from repressor to activator of E2F
factors, leading to transcription of genes required for
DNA synthesis. However, our data show that despite
significant up-regulation in expression of cyclin D1, the
cyclin D1/cdk4 complex was nonfunctional, as evaluated
by accumulation of the hypophosphorylated form of
retinoblastoma protein in Myc down-regulated cells and,
thus, suggested a role of cyclin D1 in the myc-mediated
cell cycle regulation pathway. Even though Qi et al. (18)
demonstrated no difference in cyclin D1 expression and
no change in kinase activity of the cyclin D1/cdk4 com-
plex in response to c-Myc down-regulation in A549 cells,
Philipp et al. (49) reported that cyclin D1 could be a
target gene for c-myc and could be responsive to c-myc
under certain circumstances. The diversity of cell line
types for the different studies could account for the
variable levels of cyclin D1 expression and for diverse
regulation of its activity in response to c-myc.

In the present study, inhibition of cyclin D1/cdk4
complex depended on p57Kip2 or p27Kip1 inhibitors, which
bound to cyclin D1/cdk4 complex; thus, this indicates that
they cooperated to inhibit the activity of cyclin D1/cdk4.
Although p27Kip1 and p21Cip1 clearly inhibit cdk2 activity,
their effects on cdk4 activity are unresolved. Some studies
suggest that p27Kip1 and p21Cip1 are obligatory assembling
factors for cyclin D/cdk4 complexes (12) and that
cyclin D/cdk4 complexes, including cyclin D1/cdk4, which
contains a single p27Kip1 or p21Cip1, are active (14,15).
Other studies argue that cyclin D1/cdk4 complexes
containing p27Kip1 or p21Cip1 are always inactive (16).
In addition, Li et al. reported that the cyclin D1/cdk4
complex binds to another inhibitor of Cip/Kip family
(p57Kip2) that, by promoting cyclin D1/cdk4 assembly,
converts retinoblastoma protein to the active growth
suppressing hypophosphorylated form, that sequesters
E2F and, thus, prevents S phase entry (17). Conversely,
Reynaud et al. found that p57Kip2 inhibits cyclin D1/cdk4
activity by repressing phosphorylation of retinoblastoma
protein (54).

In addition, it is well known that c-myc is an upstream
regulator of p27Kip1 (18), while it is unclear whether
p57Kip2 is a c-myc target gene. Microarray analyses have
shown that p57Kip2 is a target for regulation by the Myc-
Miz1 complex in fibroblasts and Northern blotting arrays
showed that expression of p57Kip2 was repressed by Myc,
but not by MycV394D, an allele of Myc that is unable to
bind to Miz1 (55). Since it is possible that p57Kip2 could
be a molecular target directly regulated by c-myc, we
analysed the levels of p57Kip2 mRNA by RT-PCR. We
found that the inducible down-regulation of Myc led to an

up-regulation of p57Kip2 mRNA. This suggests that, when it
is present at high levels, p57Kip2 promotes the accumulation
of cyclin D1 and association of the cyclin D1/cdk4 complex
and, therefore, allows stabilization of the binary complex,
which converts retinoblastoma protein to an active growth
suppressing hypophosphorylated form by preventing
S phase entry. However, elevated levels of p57Kip2

resulted in a marked decrease of cyclin A, suggesting that
p57Kip2 could be involved in regulation of several aspects
of the cell cycle (17). This hypothesis is confirmed by our
findings, even though we observed the loss of both
cyclin A and E proteins in ADF Myc down-regulated cells.

In addition, in accordance with Sugimoto et al. (32),
we found that p27Kip1 also assembled with cyclin D1/cdk4
complex, and inhibited complex activity by rendering the
binary complex ineffective to activate cyclin E/cdk2 and
cyclin A/cdk2. Conversely, we did not find evidence that
formation of tertiary cyclin D1/cdk4/p21Cip1 complex
after Myc down-regulation. In truth, even though p21Cip1

is considered a c-myc target gene, and that it could gener-
ally promote assembly of cyclin D1/cdk4, presence of a
p53 altered form renders c-myc unable to regulate p53
itself and consequently p21Cip1 protein levels (56).

Myc down-regulation also decreased the level of cdk4
total enzyme, suggesting that inhibition of cyclin D1/
cdk4 complex activity could also be due to reduction of
cdk4 levels, indicating that a temporal pattern of events
could have acted in concert to inhibit cyclin D1/cdk4
complex activity.

In previous reports, we have demonstrated that reduc-
tion of Myc protein expression inhibited cell proliferation
and led to apoptosis (28); moreover, several studies have
demonstrated that Myc induces apoptosis via the intrinsic
mitochondrial pathway through modulation of crucial
biochemical parameters, such as release of cytochrome c
and subsequent processing of caspase-9 (57).

Notwithstanding, Hotti et al. (58) demonstrated that
in c-Myc-induced apoptosis, cleavage of caspase-9 is,
however, minimal and a much later event than processing/
activation of caspase-3, suggesting that caspase-9 cleav-
age it is not an apical event. Even though Ceruti et al. (27)
demonstrated that human astrocytoma ADF cells are
resistant to apoptosis, because they bear a defective mito-
chondrial pathway of apoptosis, we found caspase-3-
dependent apoptosis in ADF Myc down-regulated cells.
We demonstrated that caspase-3 activation is essential for
c-Myc-induced apoptosis since caspase-3 inhibitor was
able to revert the apoptotic phenotype.

Similar to the findings of Ceruti et al. (27), we observed
accumulation of cytochrome c despite presence of the
mutant caspase-9 form, suggesting that there were no
alterations in mechanism(s) of protein release from mito-
chondria. Even though it is well known that cytochrome c
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triggers activation/autocleavage of caspase-9, which in
turn actives caspase-3, presence of mutant caspase-9 in
ADF cells indicates that it is not responsible for process-
ing of caspase-3. Since it has been demonstrated that
caspase-3-dependent cell death requires inhibition of c-IAP
proteins (25,59), our hypothesis is that down-regulation of
Myc overcomes ADF resistance to apoptosis caused by a
mutated mitochondrial apoptotic pathway via release of
Smac/Diablo protein. In fact, we found an increase in levels
of Smac/Diablo associated with a decrease in expression
of c-IAP1 and c-IAP2 proteins through activation of a
proteasome-mediated protein degradation system, suggesting
that Smac/Diablo selectively caused rapid degradation of
c-IAP1 and c-IAP2, by overcoming caspase-3 inhibition.

In conclusion, our results suggest that c-Myc could be
considered a good target to study new approaches in anti-
cancer astrocytoma treatment.
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