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Abstract. Objectives: To evaluate the effects of rRNA synthesis inhibition on cell cycle
progression and cell population growth according to the RB and p53 status. Material
and methods: RB- and p53-proficient U20S cells and the RB- and p53-deficient
SAOS-2 cells were used, rRNA transcription hindered by actinomycin D, and cell cycle
analysed by flow cytometry. Results: One hour of actinomycin D treatment induced in
U20S cells a block at the cell cycle checkpoints G,-S and G,-M, which was removed only
after rRNA synthesis was resumed. rRNA synthesis inhibition did not influence cell cycle
progression in SAOS-2 cells. No effect on cell cycle progression after actinomycin D-
induced rRNA inhibition was also found in U20S cells silenced for RB and p53 expression.
A mild perturbation of cell cycle progression was observed in U20S cells silenced for
the expression of either RB or p53 alone. We also treated U20S and SAOS-2 cells with
actinomycin D for 1 h/day for 5 days. This treatment lightly reduced growth rate of the
U20S cell population, whereas cell population growth of SAOS-2 cells was completely
inhibited. A marked reduction of ribosome content occurred in SAOS-2 cells after the
long-term actinomycin D treatment, whereas no modification was observed in U20S cells.
Conclusions: These results demonstrate that inhibition of ribosome biogenesis does not
hinder cell cycle progression in RB- and p53-deficient cells. A daily-repeated transitory
inhibition of ribosome biogenesis leads to a progressive reduction of ribosome content
with the consequent extinction of cancer cell population lacking RB and p53.

INTRODUCTION

There is increasing evidence that cell growth and cell proliferation are two tightly linked
phenomena. In cells stimulated to proliferate a progressive increase in cell constituents occurs
that ensures normal-sized daughter cells (Thomas 2000). Such high level of protein synthesis
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allows cells to grow in size even during the cell cycle phases, and increased demand for protein
synthesis is accomplished by changes in the rate of ribosome biogenesis (Peculis 2002); ribosome
biogenesis is a major metabolic demand in a proliferating cell (Schmidt 1999). Ribosome
biogenesis rate appears to be regulated by cell proliferation-controlling processes (Hernandez-
Verdun & Roussel 2003). Reduced mitotic cyclin/Cdk complex activity determines the resumption
of ribosomal gene transcription at the exit of mitosis (Sirri ef al. 2000), while phosphorylation
of the RNA-polymerase I upstream binding factor (UBF) by G,-specific cyclin/Cdk complexes
stimulate rRNA synthesis during G, phase progression (Voit et al. 1999). Moreover, nucleolar
organization is disrupted and pre-rRNA processing is hindered by inhibitors of cyclin-dependent
kinases (Sirri ef al. 2002). Both the retinoblastoma (pRB) and p53 tumour-suppressor proteins
repress transcription of ribosomal genes by affecting activity of UBF (Voit et al. 1997; Budde
& Grummt 1999; Zhai & Comai 2000), while human cancer cells characterized by altered pRB
or p53 status exhibit greater nucleolar activity than those with normal pRB and p53 status (Treré
et al. 2004). Data also indicate that ribosome biogenesis is tightly coupled and controls cell
cycle progression. In partial hepatectomized mice with induced conditional deletion of 40S
ribosomal protein S6, hepatocytes with hindered rRNA, but not hindered protein synthesis,
failed to enter the S phase (Volarevic ef al. 2000). Perturbation of normal rRNA processing and
ribosome assembly leads to cell cycle arrest, in a p5S3-dependent manner (Pestov ef al. 2001).
Stimulation and inhibition of rRNA synthesis by insulin and by actinomycin D (ActD) treatment
induced a shortening or a lengthening of G, phase, respectively, in rat hepatoma cells. Accelerated
or delayed G,/S-phase progression has been shown to be the consequence of accelerated or
delayed achievement of the appropriate amount of rRNA during the G, phase (Derenzini et al.
2005). Thus, continuous crosstalk is indicated between ribosome biogenesis and the mechanisms
controlling cell cycle progression. From a teleological point of view, this reciprocal control is
of great importance for continuously dividing cells as defective ribosome biogenesis might be
responsible for generation of ever smaller cells until proliferation would be no longer possible.
During cell cycle progression, central mechanisms are active that ensure the proper timing of
cell cycle events by enforcing the dependence of late events on the completion of early events
(Hartwell & Weinert 1989). These checkpoints exert their function at the G,-S and G,-M phase
transitions by arresting cells which, for any reason, should not enter the following phase.
Inappropriate ribosome biogenesis appears to be one of these reasons (Volarevic ef al. 2000;
Pestov et al. 2001; Derenzini et al. 2005). The two major tumour-suppressor proteins, pRB and
p53, play a key role in the mechanisms controlling the G,-S and G,-M phase checkpoints
(Stewart et al. 1995; Weinberg 1995). pRB and p53 tumour-suppressor pathways are altered in
a large fraction of many types of cancers (Sherr 2000; Vogelstein & Kinzler 2004). In these
cancers, functional relationship between ribosome biogenesis and cell cycle progression might
also be expected to be deregulated, and an artificially induced reduction of ribosome biogenesis
rate might no longer cause cell cycle arrest creating the possibility for cancer cells to be able to
divide without reaching appropriate size.

Thus, in the present study, we have evaluated the effects of inhibition of rRNA synthesis by low-
dose ActD on cell cycle progression and cell population growth in two osteosarcoma cell lines, the
pRB- and p53-proficient U20S cells and the pRB- and p53-deficient SAOS-2 cells. With reference
to cell cycle progression, we anticipated that in pRB- and p53-proficient U20S cells, a transient
reduction of ribosome biogenesis should induce a block at the G,-S and G,-M cell cycle checkpoints,
which would be removed when rRNA synthesis was resumed. Whereas, in the pRB- and p53-
deficient SAOS-2 cells, which have no mechanisms to monitor ribosome biogenesis, reduced
synthesis of rRNA should not influence cell cycle progression. These different effects on cell cycle
progression should have a different impact on cell population growth in the two cell populations.
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In U20S cells, the functional checkpoints may allow the cells to have, at the end of the cycle, a
normal ribosome complement for production of normal daughter cells, whereas in SAOS-2 cells
ribosome content may be reduced with consequent generation of daughter cells having reduced
ribosome complement. Accordingly, long-term, daily repeated treatment with low-dose ActD should
not greatly modify cell population growth of pRB- and p53-proficient U20S, whereas cell population
growth would be expected to be hindered in the pRB- and p53-deficient SAOS-2 cells, because
the progressive reduction of cell ribosome content should no longer allow cell survival.

MATERIALS AND METHODS

Cell lines and culture conditions

Two human osteosarcoma cell lines were used: U20S cells normally express pRB and p53 and
SAOS-2 that lack both tumour-suppressor proteins (Chandar et al. 1992). Monolayer cell
cultures were kept at 37 °C in an atmosphere containing 5% CO, in Dulbecco’s modified eagle
medium (DMEM; EuroClone, Pero, Italy) supplemented with 20% foetal calf serum (FCS;
EuroClone) and in DMEM 10% FCS, respectively. Doubling time of the U20S cells was 26 h
and that of SAOS-2 cells of 34 h.

Evaluation of rRNA synthesis

The effect of ActD on rRNA synthesis was evaluated in asynchronously growing U20S and
SAOS-2 cells. rRNA synthesis was assessed according to Derenzini ef al. (1987, 2005) by
measuring radioactivity incorporated in the RNA fractions extracted at 4 °C (mature rRNA), at
50 °C (precursor rRNA) and at 85 °C (heterogeneous RNA), after [3H]-uridine (Amersham
Biosciences, Piscataway, NJ, USA) treatment. Cells were treated with ActD to a final concentration
0f 0.04 pg/mL for 1 h. [3H]-uridine (2.5 uCi/mL) was added for 30 min immediately after ActD
treatment and after 7 and 13 h. Results were expressed in d.p.m./ug RNA. Control and ActD-
treated cells were evaluated in triplicate. Differences between groups were tested by Student’s
t-test. A P-value of < 0.05 was considered to be significant.

Cell cycle analysis by DNA flow cytometry
Asynchronously growing U20S and SAOS-2 cells were treated with ActD at a final concentration
of 0.04 pg/mL for 1 h. Treated and untreated cells were harvested after 3, 7, 10, 13 and 23 h.

U20S and SAOS-2 cells were washed with phosphate-buffered saline (PBS), treated with
trypsin-ethylenediaminetetraacetic acid, were washed off the flask with culture medium and
were centrifuged at 250 g for 5 min at room temperature. Cells were washed twice in PBS and
were centrifuged at 250 g for 5 min at room temperature and fixed in 70% cold ethanol.

Fixed cells were stored in ethanol at +4 °C until a series of sample tubes had been collected
for flow cytometric analysis. Tubes were centrifuged at 250 X g for 15 min at room temperature,
ethanol was removed and the pellets were resuspended in the residual liquid. Aliquots of approxi-
mately 1 million cells were washed twice in PBS and then stained with 2 mL of 4’,6-diamidino-
2-phenylindole (DAPI) (Sigma 32670; St. Louis, MO, USA) 2 ug/mL in PBS (Otto et al. 1981).
Samples were stored in the dark at +4 °C for at least 2 h before analysis. Flow measurements
were performed by means of a Partec PAS II (Miinster, Germany) flow cytometer equipped with
a dual excitation system (argon ion laser and HBO 100 W arc lamp). The ultraviolet 366 nm
band of the mercury lamp was used to excite the DAPI bound DNA complex. A preliminary
instrument alignment and control was setup (with rat thymocytes stained with DAPI) in order
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to assure best instrumental analytical performances. Immediately before measurement, each
sample was filtered by ‘Filcons’ 100 (ConsulTS, Turin, Italy) to remove cell clusters. For a sample
measurement, a minimum of 20 000 events was acquired. The emission blue band between 430
and 490 nm (FL4) was collected, converted and stored as DNA distribution values (histogram)
by means of a dedicated computer integrated into the instrument. Data were elaborated and
plotted with ‘Flow Max’ software (Partec GmBH, Miinster, Germany) installed in the personal
computer. Cell cycle analysis and estimation of the three aliquots G;/G,, S and G, + M were
performed by means of the same software.

Evaluation of cell cycle-related protein expression by immunocytochemical and Western
blot analysis

Cell cycle-related proteins p53, p21, hyper-phosphorylated pRB, cyclin A and cyclin E were
considered. Immunocytochemical analysis was carried out to reveal p53, p21 and the hyper-
phosphorylated form of pRB. Moreover, p53, p21, phospho-pRB, together with cyclin A and
cyclin E were also evaluated by Western blot analysis. For immunocytochemical staining, U20S
cells were asynchronously grown on 22 X 32 mm glass coverslips and were treated with 0.04 pg/mL
ActD for 1 h. Untreated control and treated cells were washed in PBS, fixed at 1, 3 and 7 h at
the end of the treatment and were permeabilized for 4 min with 2% paraformaldehyde added
with 1% Triton X-100 diluted in PBS. Cells were treated with 1.5% H,O, for 5 min in the dark
in order to suppress endogenous peroxidase activity. Control and ActD treated cells were incubated
with anti-p53 protein monoclonal antibody (clone BP53-12, Novocastra Laboratories, DBA
Italia, Segrate, Milan, Italy, diluted 1 : 150 in PBS containing 1% bovine serum albumin [BSA])
or anti-p21 protein monoclonal antibody (Clone EA10, Calbiochem, Inalco S.p.A., Milan, Italy,
diluted 1 : 450 in PBS containing 1% BSA) or anti-Phospho-RB (Ser807/811) antibody from
rabbit (Cell Signalling Technology, Celbio S.p.A., Pero, Milan, Italy, diluted 1 : 100 in PBS con-
taining 1% BSA) overnight at 4 °C in a humidified chamber. After incubation cells were washed
in PBS and were incubated at first with a biotinylated secondary antimouse antibody (diluted
1 : 500 in PBS containing 1% BSA) for 30 min, and then with the streptavidin-peroxidase
conjugate (diluted 1 : 250 in PBS containing 1% BSA) for 25 min. The streptavidin-peroxidase
complex was visualized using diaminobenzydine. Cells were finally dehydrated and were
mounted in a synthetic medium on microscope slides. For the evaluation of the expression of
cell cycle-related proteins by Western blot analysis, non confluent U20S cells were harvested
3,7,9, 13 and 23 h after ActD treatment, along with an untreated control, and total protein was
extracted in KH,PO, 0.1 m pH 7.5, Igepal 1% added with complete protease inhibitors cocktail
(Roche Diagnostics, Milan, Italy) and 0.1 mm B-glycerolphosphate. After 30 min non-soluble
fractions were eliminated by centrifugation at 13 000 g for 15 min at room temperature and
supernatants were kept for analysis. All steps were performed at 4 °C. Twenty micrograms of
protein in Laemmli buffer were loaded in each lane. Protein samples were electrophoresed in
10% sodium dodecyl sulphate-polyacrylamide gels and electrotransferred to cellulose nitrate
membranes (Hybond C Extra, Amersham, Buckinghamshire, UK). Filters were then saturated
with 3.5% non-fat dry milk, 1.5% BSA in Tris-buffered saline (TBS) (20 mM Tris-HCI, 137 mm
NaCl, pH 7.6) — 0.1% Tween 20 (Sigma) (TBS-T) for 1 h at room temperature. Nitrocellulose
membranes were then rinsed in TBS-T and were incubated overnight at 4 °C with primary
antibodies in 3.5% BSA TBS-T. The following primary mouse monoclonal antibodies were used:
anti-p53 (Novocastra) diluted 1 : 1000, anti-p21 diluted 1 : 100 (Dako, Glodstrup, Denmark),
anti-cyclin A and anti-cyclin E (Novocastra) diluted 1 : 250, anti-phospho-S608-RB (Neomarkers,
Fremont, CA, USA) diluted 1-200 and anti-B-actin (Sigma Chemical Company) diluted
1 : 4000. Membranes were washed 1 x 15" and 2 x 5" in TBS-T to remove unbound Ab, and were
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incubated for 1h in the presence of horseradish peroxidase-labelled secondary Ab (dilution
1:10000). After several washings, the horseradish peroxidase activity was detected using
enhanced chemiluminescence kit and was revealed on Hyperfilm-enhanced chemiluminescence
films (Amersham, Arlington Heights, IL, USA).

RB1 and TP53 silencing by RNA interference in U20S cells
Asynchronously growing U20S cells were subjected to RNA interference (RNAI) to silence RB1
and TP53 expression. U20S cells grown in DMEM supplemented with 20% FCS were transfected
with TP53 (Validated Stealth RNAi DuoPack — Invitrogen, Carlsbad, CA, USA) and RB1 (Stealth
RNA Select — Invitrogen) siRNAs and scrambled sequences (Invitrogen) were used as negative
controls. Transfections were performed utilizing Lipofectamine 2000 following procedures
recommended by the manufacturer (Invitrogen) at a concentration of 10 nM for TP53 and relative
scrambled control sequences, and 40 nM for RB1 and relative scrambled control sequences.
RNA interference was performed for TP53 alone, for RB1 alone or for both tumour-suppressor
genes. Evaluation of the efficacy of the interference procedure was carried out as follows. Forty-
eight hours after transfection with RB1 siRNAs and control-scrambled sequences, the cells were
processed for total pRB-immunocytochemical and Western blot analysis as described above,
using monoclonal anti-RB antibody (Ab-1, Clone 1F8; Laboratory Vision Corporation,
Fremont, CA, USA) diluted 1 : 200 in PBS containing 1% BSA, as primary antibody. For p53
revelation, 48 h after transfection with TP53 siRNAs and control-scrambled sequences, cells
were treated with 0.04 pg/mL ActD for 1 h and were fixed 7 h later. The p53 immunostaining
and immunoblotting were performed as reported above. Evaluation of pRB and p53 was also
carried out on cells silenced for both RB1 and TP53 gene expression. Effects of rRNA synthesis
inhibition on cell cycle progression were evaluated in cells in which either TP53 alone or RB1
alone or both tumour-suppressor genes had been silenced and in control cells transfected with
the scrambled sequences. Forty-eight hours after transfection, asynchronously growing U20S cells
were treated with ActD 0.04 pg/mL for 1 h. Cells were harvested after 13 and 23 h, respectively,
and were processed for cell cycle analysis by DNA flow cytometry, as reported above.

rRNA inhibition and cell population growth

U208 and SAOS-2 cells were seeded in retin-flasks (Retin-flask, PBI-Omnialab, Milan, Italy).
Six flasks for each cell line were used. In three flasks of U20S and SAOS-2 ActD at the final
concentrations of 0.04 ug/mL was added for 1 h every day. Cells within six squares in every
retin-flask were counted and cell population growth was evaluated each day for 5 consecutive days.

Quantitative analysis of rRNA cell content

Evaluation of total cellular rRNA content was carried out by RNA electrophoresis and densito-
metric quantification of bands corresponding to 28S and 18S RNA. Asynchronously growing
U208 and SAOS-2 cells were treated with ActD 0.04 pg/mL for 1 h for 4 days. Total RNA was
extracted from the same number of control and ActD-treated cells (1 x 10%), using Trizol reagent
(Invitrogen, Darmstadt, Germany). For each sample, three replicates were analysed. The 28S and
18S RNA bands were visualized after gel electrophoresis in 1% agarose and ethidium bromide
staining. Intensity of bands was evaluated using the densitometric software GelPro analyser 3.0
(Media Cybernetics, Silver Spring, MD, USA), and the values expressed in arbitrary units (a.u.).

Evaluation of cell death
In order to estimate the percentage of dead SAOS-2 cells after the daily treatment with ActD,
floating cells in the medium of each flask were transferred to centrifuge tubes. After detachment
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of adherent cells with trypsin, the cells were mixed with the corresponding floating cells before
centrifugation. The cells were then stained with 0.4% trypan blue, and the numbers of trypan
blue positive and negative cells were counted, on a haemocytometer, by light microscopy. For
detection of apoptotic nuclei, the mixed floating and detached cells were ethanol fixed as for
flow cytometric analysis. One hundred microlitres of cell suspension were placed in a 2-mL
conic tube with 500 pUL of staining solution (0.5 ug DAPI + 0.5 ng sulforodamine 110 in PBS)
and were kept at room temperature in the dark for 30 min. Cells were spun down for 10 min at
150 g. Supernatant fluid was discarded and cell pellets were gently transferred on a glass slide
using a micropipette. A coverslide was placed over the liquid drop and cells on the slide were
immediately observed (and pictures recorded) using a fluorescence microscope (Darzynkiewicz
et al. 1992). Cells were therefore observed without washing in the staining solution. Samples
were observed by means of an Olympus BX51 microscope with standard fluorescence equip-
ment (ultraviolet excitation: BP 330-385 nm, DM 400 and barrier filter BA 420). The objective
Plan F1 40X (0.75) was routinely used. Fluorescence microphotographs were taken using a digital
camera, Olympus Camedia 4040z. Apoptotic figures were recognized either by fragmentation of
nuclei, or by reduced stainability of nuclei or absence of stained nuclei in the cells.

RESULTS

In order to study the effects of reduction of ribosome biogenesis on cell cycle progression and
cell population growth in the U20S and SAOS-2 osteosarcoma cell lines we used ActD at the
dose of 0.04 pg/ml. In agreement with previously reported data (Dousset et al. 2000; Derenzini
et al. 2005), we observed that at this dose the drug exclusively hinders rDNA transcription.
Asynchronously growing U20S and SAOS-2 cells were treated with ActD for 1 h. The drug was
then removed and [3H]-uridine was added for 30 min either immediately after drug treatment
or 7 and 13 h thereafter. Untreated cells were used as controls. Measurement of the radioactivity
incorporated into RNA fractions showed a marked reduction in [3H]-uridine incorporation in the
RNA extracted fraction at 50 °C (precursor rRNA), 1 and 7 h after drug treatment both in U20S
and in SAOS-2 cells, whereas 13 h after the end of ActD treatment a recovery of rRNA synthesis
occurred in both cell lines (Table 1). No changes were observed in [3H]-uridine incorporation
in the RNA fraction extracted at 85 °C (heterogeneous RNA) (data not shown).

Effect of rRNA synthesis inhibition on cell cycle progression

To evaluate the effect of rRNA synthesis inhibition on cell cycle progression, asynchronously
growing U20S and SAOS-2 cells were treated with ActD at a dose of 0.04 ug/mL, and the DNA
content was evaluated by DNA flow cytometry at 3, 7, 10, 13 and 23 h after 1-h drug treatment
(Fig. 1). For each time point, three independent samples were measured. As far as the U20S
cells were concerned, no change in cell cycle progression was observed 3 h after drug treatment,
as determined by the evaluation of the percentage in G,/G,, S and G, + M phase control and
ActD treated cells. Seven hours after ActD treatment a small accumulation of cells in G, + M
phase occurred, together with a reduction in the number of cells in S phase. Marked changes
in distribution of cells in the cell cycle phases occurred at 10 and mainly at 13 h after drug
treatment. At the latter time, cells appeared to equally accumulate in G/G, and G, + M phase
with practically no presence in S phase. Morphological examination of the cells showed no
mitosis. This indicated therefore that at this time a block in cell cycle progression had occurred
both from G, to S phase and from G, to M phase. Twenty-three hours after ActD treatment
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Table 1. rRNA synthesis in asynchronously growing U20S and SAOS-2 cells treated with ActD, measured by the evaluation
of [3H]-uridine radioactivity (d.p.m./ug RNA) incorporated in the RNA fraction extracted at 50 °C (precursor rRNA)

ActD for 1 h and ActD for 1 h and
ActD for 1 h and processed 7 h after processed 13 h
Cell line Untreated cells immediately processed drug removal after drug removal
U20S (mean + SD) 6782 +274 2746 + 99* 3046 + 175* 4731 £ 157*
SAOS-2 (mean + SD) 3131 +243 1310 +36* 1317 + 143* 2541 + 62%*
*P <0.0001 and **P < 0.01, referred to untreated cells.
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Figure 1. Representative flow cytometric DNA profiles of asynchronously growing U20S and SAOS-2 cells after
DAPI staining. U20S cells treated with ActD for 1 h were analysed 3, 7,10, 13 and 23 h after the end of drug treatment.
Note the cell accumulation in G/G, and G, + M phases at 10 and, mainly, at 13 h after the end of ActD treatment,
indicating that a block in cell cycle progression has occurred at this latter time. At 23 h after the end of ActD treatment,
the DNA profile shows a transition of cells from G/G, to S phase and from G, + M to G, phase, indicating a restart of
cell cycle progression. In SAOS-2 cells treated with ActD for 1 h and analysed 10, 13 and 23 h after the end of drug
treatment, the flow cytometric DNA profiles are similar to that of control SAOS-2 cells, indicating that the cell cycle
progression is not affected by ActD treatment. The values of the percentage of the cells in the cell cycle phases reported
in the upper right represent the mean of three different measurements.
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distribution of U20S cells in the cell cycle phases showed that these blocks were removed with
the passage of cells from G, + M to G/G, phase and from G, to S phase. Regarding the SAOS-
2 cells, flow cytometric analysis did not reveal significant changes in distribution of cells in the
cycle phases at any time after ActD treatment, thus indicating that inhibition of ribosome bio-
genesis does not cause any block of cell cycle progression of SAOS-2 cells. In Fig. 1, the profiles
relative to the distribution of control and ActD-treated SAOS-2 cells, 10, 13 and 23 h after drug
treatment, appear.

rRNA synthesis inhibition activates the pS3-p21Cip1-pRB pathway in U20S cells

Flow cytometric analysis indicated that ActD treatment caused cell cycle arrest in G, and G,
phases only in the pRB- and p53-proficient U20S cells. In order to ascertain whether this arrest
was related to normal status of pRB and p53 in these cells, we carried out a time-course study
on expression of p53 and p21Cipl, and on the phosphorylation of pRB after 1-h ActD treatment
in the U20S cells, both by immunocytochemical and Western blot analysis (Fig. 2). The level
of wild-type p53 is very low in normally proliferating cells (Ljungman 2000). In response to a
variety of cellular stresses, short-lived p53 is stabilized and accumulates in the cell nucleus, thus
inducing cell cycle arrest or apoptosis (Levine 1997). Therefore, in normally proliferating cells,
p53 is not detectable by common immunocytochemical methods. In Fig. 2al, asynchronously
proliferating U20S cells are shown that were stained using anti-p53 monoclonal antibodies. Few
nuclei appeared to be very weakly stained. One hour after ActD treatment, all U20S cell nuclei
were positive for p53 immunostaining and 4 h after the end of drug treatment, cell nuclei were
deeply stained (Fig. 2a2). p21Cipl is a member of the Cip/Kip family of cyclin-dependent
kinase inhibitors and its expression is induced by p53 (Sherr 1996). Here, the level of p21Cipl
expression, as visualized using anti-p21 monoclonal antibodies, was very low in control cells
(Fig. 2b1). Two hours after the end of ActD treatment the intensity of the immunostaining
reaction was similar to that of controls. An increase of the intensity of the staining reaction was
observed after 3 h and significantly 7 h after the end of drug treatment at which time many
nuclei were stained (Fig. 2b2). To obtain precise information on the changes in pRB phosphoryla-
tion, we used antibodies versus the hyper-phosphorylated form of pRB. Because the level of
pRB expression is constant during the cell cycle phases (Classon & Harlow 2002), variations in
the intensity of the staining reaction indicated quantitative changes in pRB phosphorylation.
In this study, we considered only the very intensely stained nuclei as those containing pRB
in a highly phosphorylated state. In Fig. 2c1, control cells immuno-stained for the hyper-
phosphorylated form of pRB were shown. A very high percentage of intensely stained nuclei
was visible. At 13 h after the ActD treatment, the percentage of stained nuclei was very markedly
lower than in control cells (Fig. 2c2). The percentage of stained nuclei appeared to rise again
23 h after ActD treatment (Fig. 2c¢3). The expression of p53, p21 and the hyper-phosphorylated
form of pRB was also analysed by immunoblotting of the whole protein content of control and
ActD-treated U20S cells using specific monoclonal antibodies (Fig. 2d). Regarding the expression
of p53, no stained band was visible in control cells at the expected molecular weight of 53 kDa.
On the other hand, 3 h after ActD treatment a clearly stained band was present; the staining
intensity of the band appeared to be increased in samples at 7, 10 and 13 h after ActD treatment,
whereas it was reduced again at 23 h after drug treatment. As far as the expression of p21 was
concerned, no stained band was present at the expected molecular weight of about 20 kDa in
control cells and in cells 3 h after ActD treatment. A lightly stained band was visible at 7 h after
ActD treatment; the intensity of the staining progressively increased, reaching its highest value
13 h after ActD treatment. At 23 h after ActD treatment, the staining intensity of the band
appeared to be reduced. The immunoblotting with the antibodies versus the phosphorylated form
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Figure 2. Effect of ActD treatment on the expression of cell cycle related proteins in U20S cells. (a) Immuno-
cytochemical visualization of p53. In control cells (al) the nuclei appear to be very weakly stained (bar =25 pum).
Four hour after ActD treatment all U20S cell nuclei appear to be positive for pS3 immunostaining (a2). (b) Immuno-
cytochemical visualization of p21. No or very lightly stained nuclei are detectable in control cells (b1). Many cell nuclei
appear to be stained 7 h after the end of ActD treatment (b2). Same magnification as in Fig. 2a. (c) Phosphorylated pRB
immunostaining. In control cells (c1) intensely stained nuclei are present (Bar = 12.5 um). In ActD-treated cells (c2),
at 13 h after the end of drug treatment, all the nuclei appear to be very faintly stained. At 23 h after the end of ActD
treatment (c3), the staining intensity of cell nuclei appears to be higher than in Fig. 2c. (d) Western blot analysis of cell
cycle related proteins in U20S control (C) and ActD-treated cells, evaluated 3, 7, 10, 13 and 23 h after the end of drug
treatment. Note the early increase of p53 level, followed by the increase of p21 with the contemporary reduction of the
expression of the hyper-phosphorylated form of pRB, cyclin A and cyclin E, at 13 h after the end of ActD treatment.
The level of these changes appears to be reduced at 23 h after the end of drug treatment.
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of pRB revealed that the staining intensity of the band at the expected molecular weight of
105 kDa was quite similar in all the lines with the exception of that relative to the sample at 13 h
after ActD treatment that appeared to be markedly reduced.

Because the results reported above were consistent with the activation, by ActD treatment,
of the p53-p21 pathway leading to a reduction of the level of pRB phosphorylation, we also
investigated whether this reduction might be responsible for changes of the expression of the
products of the E2F target genes. Therefore, we carried out a Western blot analysis of the expres-
sion of two proteins, cyclin A and cyclin E, which are coded by E2F target genes (Degregori
et al. 1997). The band at 60 kDa, relative to cyclin A, showed the same high staining intensity
in control cells and in cells at 3, 7 and 10 h after ActD treatment, whereas a marked reduction of
the staining intensity of the band was observed at 13 h after ActD treatment. Cyclin A expression
appeared to increase again in cells at 23 h after ActD treatment (Fig. 2d). Regarding the expression
of cyclin E, immunoblot analysis showed stained bands, at the expected molecular weight of
50 kDa, characterized by the same staining intensity in all the lines with the exception of the
line relative to cells at 13 h after ActD treatment, which appeared to be lesser intensely stained
(Fig. 2d).

PRB and p53 expression is necessary for the effects of rRNA synthesis inhibition on cell
cycle progression of U20S cells

Flow cytometric analysis indicated that ActD treatment caused cell cycle arrest in G, and G,
phase only in the pRB- and p53-proficient U20S cells. In order to ascertain whether this arrest
was actually due the expression of pRB and p53 in theses cells, we induced a silencing of RB1
and TP53 gene expression in U20S cells by specific RNA interference and then we studied the
effect of ActD treatment on cell cycle progression. First, the effect of the RNA interference
procedure on the expression of pRB and p53 was checked by an immunocytochemical study.
This analysis was carried out on cells silenced for the expression of either RB1 or TP53 or both
tumour-suppressor genes. Cells transfected with scrambled sequences were used as controls. In
Fig. 3a, asynchronously proliferating U20S cells silenced for pRB expression by siRNAs were
shown that were stained using anti-RB monoclonal antibodies recognizing both the hyper-
phosphorylated and the un-(under)phosphorylated pRB. The cell nuclei appeared to be not
stained, whereas a very intense immunolabelling characterized U20S cells transfected with the
scrambled RNA sequences (Fig. 3b).

To visualize p53, we treated U20S cells transfected with both TP53 siRNAs and the relative
scrambled sequences with ActD for 1 h, and 7 h after the end of drug treatment we carried out
the immunostaining reaction using anti-p53 monoclonal antibodies. The immunostaining
reaction appeared to be negative in cells transfected with TP53 siRNA (Fig. 3c). In Fig. 3d, U20S
cells transfected with the scrambled RNA sequences were shown: all cell nuclei were deeply
stained. The same results were obtained using cells silenced for both tumour-suppressor genes
and cells treated with siRNA scrambled sequences as control. The immunocytochemical analysis
indicated that the expression of pRB and p53 was absent or greatly reduced in more than 90%
of the cells after the specific siRNA interferences. The immunocytochemical results were
confirmed by the Western blot analysis of pRB and p53 expression carried out in RB1 and TP53
silenced cells and in cells treated with siRNA-scrambled sequences, using the same experimental
conditions as for the immunocytochemical study. In Fig. 3e, the expression of pRB and p53 was
shown in cells silenced for either RB1 or TP53 and for both tumour-suppressor proteins. The
bands at the expected molecular weight for pRB appeared to be very faintly stained in samples
silenced for RB1 alone and for both RB1 and TP53, whereas those relative to the samples treated
with the scrambles sequence were very intensely stained. The same staining pattern characterized
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Figure 3. pRB and p53 immunocytochemical staining of U20S cells either silenced for both tumour suppressors
(3a and 3c¢) or transfected with scrambled sequences (3b and 3d). Monoclonal antibodies versus total RB (3a and
3b) and versus p53 (3¢ and 3d) were used. Cells silenced for pRB showed very weakly stained nuclei (3a), whereas
nuclei of cells transfected with the scrambled sequences appeared to be deeply stained (3b). After ActD treatment, cells
silenced for p53 showed a very weak immuno-staining (3c) whereas the intensity of the staining reaction was very high
in cells transfected with the scrambled sequences (3d). Bar = 10 um. (e) Western blot analysis of pRB and p53 after
specific RNA interference. The expression of pRB is strongly reduced in single (RB1i) and double (TP53i/RB1i)
silenced samples in comparison to samples transfected with scrambled sequences (scrl, scr2). In cell treated with ActD
to stabilize p53, the expression of p53 is very low in single (TP53i) and double (TP53i/RB1i) silenced samples.

the bands relative to the p53 expression. The bands at the expected molecular weight for p53
were hardly detectable in the samples silenced for TP53 alone and for both RB1 and TP53,
whereas they were intensely stained in control samples. Then, we evaluated the DNA distribution
in cells either silenced for both pRB and p53 expression or treated with scrambled sequences at
13 and 23 h after ActD treatment. In Fig. 4, representative DNA profiles of untreated and ActD-
treated cells were shown at 13 h after the end of drug treatment. In U20S cells transfected with
the scrambled sequences, the inhibition of rRNA synthesis caused a marked reduction of the
number of cells in S phase with their accumulation in G/G,. In U20S cells silenced for both
tumour-suppressors and untreated and treated with ActD, the DNA distribution in the cycle
phases indicated that the ActD treatment does not cause significant change of cell cycle progression
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Figure 4. Representative flow cytometric DNA profiles, of asynchronously growing U20S cells silenced for RB
and pS53, and untreated (—ActD) or treated (+ActD) with ActD for 1 h and analysed 13 h after the end of the drug
treatment. Comparrison between the profiles of cells transfected with the scrambled sequences show an accumulation
of cells in Gy/G, phase and a marked reduction of cells in S phase after ActD treatment. No significant differences are
visible between the profiles of untreated and ActD-treated cells, silenced for both RB and TP53. Comparison between
the profiles of cells silenced for RB show a moderate increase of the percentage of cells in G, + M phase after ActD
treatment. The same change appears to occur in cells silenced for TP53 after ActD treatment. The values of the percentage
of the cells in the cell cycle phases reported in the upper right were the mean of measurements of at least three samples.
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in U20S cells silenced for both pRB and p53 expression. The same results on cell DNA
distribution were observed at 23 h after the treatment with ActD (data not shown).

We also carried out a flow cytometric analysis in U20S cells silenced for either RB1 or TP53
in order to understand which of these tumour suppressors might be responsible for the changes
of cell cycle progression after ActD treatment. The profile relative to untreated U20S cells
silenced for RB1 expression showed an accumulation of cells in Gj/G, phase, if compared to
that of cells transfected with the scrambled sequences. The ActD treatment caused, at 13 h after
the end of drug treatment, a decrease of the number of cells in S phase and an increase of cells
in G, + M phase. In U20S cells silenced for p53 expression, the ActD treatment caused a
moderate reduction of the percentage of S-phase cells with a comparable increment of G, + M-
phase cells. Once again, the same results on cell DNA distribution in cell cycle phases were
observed at 23 h after the treatment with ActD (data not shown).

Long-term effects of rRNA synthesis inhibition on cell population growth and ribosome
cell content

The data reported above indicated that a transient inhibition of rRNA synthesis was followed by
a transitory arrest of cell cycle progression in the pRB- and p53-proficient U20S cells but not
in the pRB- and p53-deficient SAOS-2 cells. Therefore, it was very likely that the arrest in G,
and G, phase might allow the U20S cells to reach, at the end of the cycle, a ribosome content
not markedly diminished by transient rRNA synthesis inhibition. On the contrary, in SAOS-2
cells the unchanged cell cycle progression after rRNA inhibition should induced, at the end of
the cycle, a reduction of the ribosome content responsible for a lower amount of ribosomes in
daughter cells. This different effect of rRNA synthesis inhibition on cell cycle progression of the
two cell lines might have different consequence on their population growth under a long-term
reduction of ribosome biogenesis. To investigate the long-term effect of a transitory inhibition
of rRNA synthesis on the growth of the osteosarcoma cell lines, we treated both cell lines with
0.04 pg/mL ActD for 1 h a day and measured the expansion of cell population for 4 days (U20S
cells) and 5 days (SAOS-2 cells). Measurements were carried out in triplicate and for each time
point they gave rise to quite similar values. In Fig. 5a, a graphic representation of the results
obtained is shown. Regarding the U20S cells, the ActD treatment induced a light reduction of
the cell population growth rate, very likely due to the increased doubling time. On the contrary,
after the second day of ActD treatment, the daily reduction of rRNA synthesis completely inhib-
ited the cell population growth of SAOS-2 cells whose number, at the end of the treatment, was
lower than that at the beginning of the experiment. To investigate the reason for this progressive
reduction of the number of SAOS-2 cells, we first evaluated the percentage of cells in the cell
cycle phases after 2 days of ActD treatment. We found that the cytoflourimetric profile relative
to the ActD treated cells showed an accumulation of cells in G,/G, phase with a reduction of
the percentage of cells both in S and G,/M phase (54.9% = 1.6 SD; 27.1% = 1.40 SD and
18.5% + 1.10 SD) if compared to that of control cells (33.0% + 1.5 SD; 38.5% + 1.2 SD and
28.5% + 1.25 SD). However, because these data indicated that the ActD treatment did not cause
a block but in fact only a slowing down of cell cycle progression in SAOS-2, we wondered
whether the progressive reduction of the SAOS-2 cell population might be due to an increased
cell death rate. For this reason, we estimated the rate of cell death in SAOS-2 cells after daily
treatment with ActD by trypan blue exclusion test. In control cells, no dead cell was detected,
whereas after the first day of ActD treatment a steep increase of the number of dead cells was
observed (25.3% + 10.2 SD). A further increase in the number of dead cells was observed after
the second day of ActD treatment (61.7% =+ 22.5 SD) (Fig. 5b). These results demonstrated that
ActD treatment caused a progressive increase of cell mortality rate in SAOS-2 cells.
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Figure S. Effect of a daily ActD treatment (0.04 pg/mL for 1 h) on U20S and SAOS-2 cell population growth.
(a) Variation of cell number (relative growth) is referred to the number of the cells at time 0. ActD treatment only lightly
reduced the expansion of the U20S cell line. In contrast, since the second day of treatment, the drug completely inhibits
the growth of SAOS-2 cell population. (b) Effect of daily repeated 1-h ActD treatment on cell mortality of SAOS-2 cells.
Cell viability was assessed by trypan blue exclusion test. Box plots show percentages of dead cells. The median dead
cell value is depicted by horizontal bars, the interquartile range by boxes, and the minimum and maximum values by
vertical bars. No dead cell is present in control cells (0 h). A steep progressive increase of cell mortality rate can be
observed after the first and the second day of drug treatment. (c, d) SAOS-2 cells stained by DAPI and sulforodamine
for the visualization of apoptotic figures. Control cells showing uniformly stained nuclei; no apoptotic figure is visible
(5¢). In the ActD-treated cells (5d) several apoptotic figures can be recognized after the second day of 1-h daily repeated
ActD treatment. Fragmented nuclei (1), faintly stained nuclei with partial loss of DNA (2), and cells without stained
nuclear material (3) are present. (¢) rRNA content in U20S and SAOS-2 cells untreated (C) and treated (ActD) with
ActD (0.04 wmL for 1 h a day) for 4 days. RNA was size separated on 1% agarose gel and stained with ethidium bromide.
Two bands corresponding to 28S and 18S rRNA are visible in each lane. The intensity of the staining of both bands is
reduced in SAOS-2 cells treated with ActD.
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Morphological analysis of nuclear changes indicated the SAOS-2 cell death mainly occurred
for apoptosis. In Fig. 5c and 5d, control and ActD-treated SAOS-2 cells, 2 days after the beginning
of drug treatment, were shown after DAPI and sulforodamine staining. In the ActD-treated cells
(Fig. 5d), many nuclear apoptotic typical changes were visible (nuclear fragmentation and loss
of nuclear stainability) that were absent in control cells (Fig. 5c).

To try to explain the increased mortality rate of SAOS-2 cells, we have ascertained whether
the effect on SAOS-2 cell population growth was associated with a quantitative reduction of the
ribosome content induced by the long-term treatment with ActD. Cellular rRNA content,
extracted from the same number of control and drug-treated U20S and SAOS-2 cells 4 days
after the beginning of ActD treatment, was measured by total RNA electrophoresis and densitometric
quantification of bands corresponding to 28S and 18S rRNA (Fig. Se). The integrated optical
density (IOD) relative to 28S rRNA was 326 + 31 (SD) in untreated and 351 + 37 (SD) a.u. in
treated U20S cells, and the IOD relative to18S rRNA was 327 =29 (SD) and 325 + 30 (SD) a.u.
in untreated and treated U20S cells, respectively. The rRNA content was markedly reduced in
treated SAOS-2 cells. The IOD value of 28S rRNA was 247 + 21 (SD) a.u. in untreated and
154 + 18 (SD) a.u. in treated SAOS-2 cells, and that 18S rRNA was 260 + 28 (SD) and 162 + 20
(SD) a.u. in untreated and treated SAOS-2 cells, respectively.

DISCUSSION

Our results have shown that low dose (0.04 Lg/mL) ActD treatment for 1 h caused a cell cycle
arrest both at G,/S and G, + M transition points in asynchronously growing, pRB- and p53-
proficient U20S cells but not in the pRB- and p53-deficient SAOS-2 cells and in U20S cells
silenced for RB1 and TP53. A mild perturbation of cell cycle progression was observed in U20S
cells silenced for the expression of either RB1 or TP53. The cell cycle arrest observed in U20S
cells was transient: after the recovery of ribosome biogenesis, which begun 13 h after the end
of ActD treatment, the cell cycle started again with the appearance of a significant cell fraction
in S phase after 23 h. Long-term treatment with ActD for 1 h a day slightly reduced cell
population growth of U20S cells, whereas it hindered that of the SAOS-2 cells.

We have demonstrated that at the concentration of 0.04 pg/mL ActD selectively inhibits the
RNA polymerase I-dependent transcription without affecting the RNA polymerase II transcription,
in agreement with previous reported data (Dousset et al. 2000; Derenzini et al. 2005). For this
reason, even though the possibility can not be ruled out that the synthesis of some microRNAs
might also be affected by ActD treatment, we can reasonably considered that the effects
observed in the two osteosarcoma cell lines were the consequence of the selective drug-induced
inhibition of rRNA transcription activity.

As far as the effects of reduced rRNA synthesis on cell cycle progression of U20S cells were
concerned, they may be explained by the available evidence indicating that an altered ribosome
biogenesis is responsible for p53 stabilization (Pestov ef al. 2001; Lohrum ef al. 2003; Rubbi &
Milner 2003; Zhang ef al. 2003; Bhat et al. 2004; Dai et al. 2004) with the consequent expression
of p21Cip! and reduced pRB phosphorylation. In fact, also in our experimental conditions, we
observed that as early as 1 h after ActD treatment, p53 began to accumulate in U20S cells. p53
accumulation progressively increased, reaching its highest value 10—13 h after ActD treatment.
Following p53 accumulation, an increased p21Cipl expression occurred in ActD-treated cells
together with a reduced level of the phosphorylated form of pRB. Both p53 and p21Cipl have
an inhibitory effect on transition from G, to S phase and from G, to M phase (Harper ef al.
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1993; Sherr 1996; Bunz et al. 1998; Sherr & Roberts 1999; Flatt et al. 2000; Taylor & Stark
2001). The G,-S arrest is caused by p21Cipl inhibition of pRB phosphorylation (Harper et al.
1993; Sherr 1996). In fact, by binding a family of transcription regulators termed the E2Fs, pRB
and other RB-like proteins, repress transcription of those genes whose products are necessary
for the synthesis of DNA. pRB phosphorylation lets the E2Fs free to activate the target genes
and the cell to enter the S phase. pRB phosphorylation is triggered by the cyclin D-cyclin-
dependent protein kinase (Cdk) 4 and 6 complexes during G, phase and fulfilled by cyclin
E-Cdk 2 complexes at the end of G, phase (Sherr 1996). p21Cip1 inhibits the cyclin-dependent
kinases thus hindering pRB phosphorylation (Harper ef al. 1993; Sherr 1996). Accordingly, we
found that in ActD-treated U20S cells the reduction of pRB phosphorylation was associated
with a reduced expression of cyclin A and cyclin E that are products of the E2F target genes
(DeGregori et al. 1997). Stabilization of p53 may also explain the arrest of the U20S cells at
the transition from G, to M phase after ribosome biogenesis inhibition. In fact, p53 is required
for an effective function of the G, + M phase checkpoint (Bunz et al. 1998; Flatt et al. 2000).

Unlike the U20S cells, we found that the inhibition of ribosome biogenesis in the pRB- and
p53-deficient SAOS-2 cells did not induce any change in the cell cycle progression. Therefore,
in the case of SAOS-2 cells the continuous exchange of information among the mechanisms
regulating growth and proliferation appeared not to work, very likely due to the lack of the two
tumour-suppressor proteins. In fact, studies carried out on the effects of rRNA synthesis
inhibition on cell cycle progression of U20S cells, in which the expression of both pRB and p53
was silenced by the RNAi procedure, demonstrated that this was actually the case. Flow cytometric
analysis indicated that the cell cycle progression was not hindered by ActD treatment in U20S
cells in which both RB1 and TP53 genes were silenced. In contrast, U20S cells transfected with
scrambled sequences behaved, after rRNA synthesis inhibition, in a similar manner as control,
non-transfected cells, showing G, and G, arrest. We also demonstrated that in U20S cells
silenced for the expression of either pRB or p53 alone the inhibition of rRNA synthesis induced
only a mild perturbation of cell cycle progression. There is evidence that a hindered ribosome
biogenesis causes p53 stabilization and a p53-dependent cell cycle arrest in G, phase (Pestov
et al. 2001). The present results, from one side, are consistent with the relevance of p53 in the
crosstalk between ribosome biogenesis and cell cycle progression and, from the other side, stress
the role of pRB in the control that an adequate ribosome complement has to be reached for
G,/S-phase progression (Derenzini et al. 2005). In any case, our data indicate that the inhibition
of ribosome biogenesis did not induce any change in cell cycle progression only in the cells
silenced for both pRB and p53 expression.

The different effect on cell cycle progression during a reduced ribosome biogenesis can
explain the different behaviour of the U20S and SAOS-2 cell lines when they were subjected
to a daily repeated, long-term ActD treatment. In the case of U20S cells, the daily dose of ActD
induced an arrest of cell cycle progression that hindered the cells to entry to M phase with an
incomplete ribosome complement. When rRNA synthesis was resumed, ribosome biogenesis
was very likely completed and cell divided with an appropriate ribosome complement, as
demonstrated by the absence of quantitative changes of rRNA content in the U20S cells after
the long-term ActD treatment. In these cells, ActD treatment only caused a lengthening of cell
doubling time, while long-term ActD treatment resulted only in a moderate lengthening of
U20S cell population growth due to the longer cell cycle length. In contrast, in the case of
SAOS-2 cells, ActD did not influence the cell cycle progression thus leading the cells to divide
without having reached an appropriate ribosome complement so that, upon repeated treatment,
the progressive reduction of ribosome complement may become very rapidly incompatible with
cell life. In fact, a progressive increase of the cell death rate occurred after the first day of ActD
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treatment, which was due to an increased apoptotic activity, without significant changes in the
cell cycle progression rate. Thus, the deficiency of pRB and p53, which appeared to confer an
immediate advantage to SAOS-2 cells in maintaining proliferation unchanged after ribosome
biogenesis inhibition by ActD, was actually responsible for the later cell population dying out.

Changes of pRB and p53 status are very frequent in human cancers. These cancers, from the
clinical point of view, are generally more aggressive than those with normally functioning pRB
and p53 pathways (Cordon-Cardo 1995). It has been suggested that this might be due to genetic
chances facilitating tumour progression. RB inactivation has been in fact shown to cause chro-
mosome instability by compromising the accuracy of mitosis (Hernando et al. 2004). Moreover,
changes in pRB and p53 status were found to be associated in breast cancer with an up-
regulation of ribosome biogenesis that may enhance cell proliferation rate (Treré et al. 2004).
Therefore, these cancers appear to have biological advantages over tumours with normal pRB
and p53 status. However, our results suggested that these biological characteristics may
represent an Achilles heel that can be exploited by chemotherapy. Tumors with uncoupled
growth and proliferation should be in fact much more vulnerable to the action of drugs inhibiting
ribosome biogenesis than those with normal pRB and p53 status.
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