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Mechanistic target of rapamycin (mTOR) is a master regulator of cell growth through its ability to stimulate ribosome
biogenesis and mRNA translation. In contrast, the p53 tumor suppressor negatively controls cell growth and is activated
by a wide range of insults to the cell. The mTOR and p53 signaling pathways are connected by a number of different
mechanisms. Chemotherapeutics that inhibit ribosome biogenesis often induce nucleolar stress and activation of p53.
Here we have investigated how the p53 response to nucleolar stress is affected by simultaneous mTOR inhibition in
osteosarcoma and glioma cell lines. We found that inhibitors of the mTOR pathway including rapamycin, wortmannin,
and caffeine blunted the p53 response to nucleolar stress induced by actinomycin D. Synthetic inhibitors of mTOR
(temsirolimus, LY294.002 and PP242) also impaired actinomycin D triggered p53 stabilization and induction of p21.
Ribosomal protein (RPL11) is known to be required for p53 protein stabilization following nucleolar stress. Treatment of
cells with mTOR inhibitors may lead to reduced synthesis of RPL11 and thereby destabilize p53. We found that
rapamycin mimicked the effect of RPL11 depletion in terms of blunting the p53 response to nucleolar stress. However,
the extent to which the levels of p53 and RPL11 were reduced by rapamycin varied between cell lines. Additional
mechanisms whereby rapamycin blunts the p53 response to nucleolar stress are likely to be involved. Indeed,
rapamycin increased the levels of endogenous MDM2 despite inhibition of its phosphorylation at Ser-166. Our findings
may have implications for the design of combinatorial cancer treatments with mTOR pathway inhibitors.

Introduction

Cancer cells often display an elevated production of ribosomes
to sustain their rapid growth and proliferation. Ribosome bio-
genesis and especially transcription of the rRNA genes by RNA
pol I is a re-emerging and promising target in anti-cancer ther-
apy. Ribosome biogenesis is regulated by a number of oncogenes
and tumor suppressors including Myc, p53 and PTEN.1 Ribo-
some biogenesis is deregulated in human diseases including can-
cer and in a number of syndromes collectively known as
ribosomopathies.2 The p53 tumor suppressor is activated by a
wide range of insults to the cell including DNA damage, onco-
gene activation and hypoxia.3 In turn, p53 trans-activates a set of
target genes that control cell cycle arrest, apoptosis, autophagy,
DNA repair, cell senescence, differentiation, and metabolism.3

p53 is tightly controlled by the MDM2 E3 ligase oncoprotein
that targets it for nuclear export and proteasomal degradation.4

Under normal conditions p53 is present at a low level, but

increases as a consequence of cellular stress. The elevation in p53
protein usually stems from a disrupted MDM2-p53 interaction.4

A deficiency in ribosome biogenesis elicits a p53-dependent cel-
lular stress response referred to as “nucleolar stress” or “ribosomal
stress”.5 Measurable effects of nucleolar stress include p53 activa-
tion and induction of p21. Morphological effects such as changes
in nucleolar size or translocation of nucleolar proteins to the
nucleoplasm can also be seen and quantified in stressed cells.
Nucleolar stress activates p53-dependent signaling pathways that
lead to cell cycle arrest, apoptosis, differentiation or senesc-
ence.6-8 The mechanism(s) by which p53 is activated following
nucleolar stress is only partially understood. One model suggests
that p53 is stabilized and activated by default when normal
nucleolar function is disrupted due to an essential function of the
nucleolus in catalyzing p53 protein degradation.9 A second
model implies that a subset of ribosomal proteins bind to the
MDM2 protein following disruption of ribosome biogenesis
leading to inhibition of its E3 ligase activity thus causing p53

*Correspondence to: Mikael S Lindstr€om; Email: mikael.lindstrom@ki.se
Submitted: 03/24/2014; Revised: 07/10/2014; Accepted: 07/01/2014
http://dx.doi.org/10.4161/15384047.2014.955743

www.landesbioscience.com 1499Cancer Biology & Therapy

Cancer Biology & Therapy 15:11, 1499--1514; November 2014; © 2014 Taylor & Francis Group, LLC
RESEARCH PAPER



stabilization and activation.7 The ribosomal proteins that bind to
MDM2 include RPL5, RPL11 and RPL23 among others, and
ribosomal protein binding to MDM2 may play a role in regulat-
ing subcellular localization of MDM2 or the MDM2/p53 com-
plex.9-13 Stabilization of p53 in response to nucleolar stress
requires de novo synthesis of RPL11 and RPL5, and these 2 ribo-
somal proteins regulate p53 as part of the 5S ribonucleoprotein
particle (5S RNP), in which also the 5S rRNA is a critical com-
ponent.14-16 A number of chemotherapeutic agents trigger nucle-
olar stress and one example is actinomycin D (Act D), a DNA
intercalating molecule and inhibitor of cancer cell proliferation.
Low concentrations of Act D (1–10 nM) preferentially inhibit
Pol I-mediated transcription of the rRNA genes and activate p53
through the nucleolar stress pathway.17

Another inhibitor of cancer cell growth and proliferation is
rapamycin. Rapamycin blocks mTOR, the catalytic subunit of
the 2 molecular complexes mTORC1 and mTORC2.18 Specifi-
cally, rapamycin suppresses mitogen and amino acid induced
activation of mTOR and the translation of 5´TOP mRNAs
mediated by mTOR-S6K1 pathway.19 The mTORC1 complex
plays an important role, integrating growth factor and stress sig-
nals to regulate cell cycle progression and ribosome biogenesis.20

Deregulated mTORC1 signaling is considered a major driving
force in cancer progression, and activated mTORC1 phosphory-
lates several important downstream targets involved in mRNA
translation including S6K1 kinase and the translational repressor
protein 4E-BP1.

The mTOR and p53 pathways are connected through a num-
ber of different mechanisms.21 For example, the mTOR-S6K1
pathway is activated in response to genotoxic stress and in turn
S6K1 binds and inhibits MDM2.22 On the other hand, p53
transcriptionally induces a number of genes involved in suppres-
sion of the mTOR pathway including Sestrin1/2 and TSC2.23

Moreover, inhibition of mTOR may engage the Akt kinase
through a feedback mechanism to phosphorylate MDM2 causing
stabilization of MDM2 and subsequent reduction of p53.24

There are numerous previous reports showing that PI3K/mTOR
pathway inhibitors impair p53´s functions.25-27 To further
explore and clarify the inhibitory effect on p53 by mTOR inhibi-
tors, we analyzed the regulation of p53 upon simultaneous induc-
tion of nucleolar stress by Act D and inhibition of mTOR. We
used a low concentration (5 nM) of Act D that does not induce a
DNA damage response but induces a nucleolar stress response.28

Given that nucleolar stress may contribute to the therapeutic effi-
cacy of RNA pol I inhibitors (for example Act D and CX-5461)
it is of critical importance to study the interplay of these drugs
with other compounds.29

Results

Rapamycin blunts the p53 response to nucleolar stress
induced by Actinomycin D

We started by treating U2OS osteosarcoma cells (wild type
p53) with Act D (5 nM) or nutlin-3 alone or in combination
with rapamycin. Nutlin-3 was used as a comparison because we

reasoned that the effect of a small molecule that directly disrupts
p53-MDM2 binding thereby causing p53 accumulation by
default would be relatively insensitive to the inhibition of mTOR
and also not be affected by ribosomal protein-MDM2 interac-
tion. Nutlin-3 activates p53 by disruption of the p53-MDM2
protein-protein interaction and without inducing nucleolar
stress.30 Rapamycin was given as a pre-treatment or added at the
same time as Act D or nutlin-3. Both Act D and nutlin-3 stabi-
lized p53 and induced the p53 target gene p21 in U2OS cells
(Fig. 1A). We found that rapamycin impaired the induction of
p21 protein in response to Act D. Rapamycin also reduced the
levels of p21 in the case of nutlin-3 treatment but to a lesser
extent. The reduction in p21 occurred regardless of whether the
cells were pre-treated with rapamycin or if the drugs where added
simultaneously. To reduce Act D-induced p53 protein levels in
U2OS cells required at least one hour pre-treatment with rapa-
mycin (data not shown). Next, we used the U343MGa Cl2:6
glioma cell line (wt p53) to extend these findings to another cell
line. Single treatment with Act D or nutlin-3 stabilized p53 and
induced p21 also in the glioma cells (Fig. S1A). Rapamycin
impaired induction of p53 and p21 in U343MGa Cl2:6 cell cul-
tures treated with Act D and did also reduce the levels of p53
and p21 in cells exposed to nutlin-3. The reduction in p53 levels
in U343MGa Cl2:6 cells took place regardless of whether the
cells were pre-treated with rapamycin or if the drugs where added
at the same time (Fig. S1A). The effect of rapamycin on nutlin-
induced p53 and p21 was however most evident in the pre-treat-
ment setting.

The different effect of rapamycin on Act D versus nutlin-3
with regard to p21 suggested that U2OS cells may respond dif-
ferently to combinations of these drugs. Visual inspection indi-
cated that U2OS cell cultures treated with both nutlin-3 and
rapamycin had fewer cells and had acquired a more flat morphol-
ogy than the cells in cultures co-treated with Act D and rapamy-
cin (Fig. 1B). We therefore measured the viability of the cells by
the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bro-
mide (MTT) assay. All 3 compounds, Act D, rapamycin and
nutlin-3 inhibited U2OS cell proliferation approximately to the
same extent, »30%, as measured after 24 hours (Fig. 1C). Inter-
estingly, the combination of nutlin-3 and rapamycin suppressed
cell growth more than the combination of Act D and rapamycin
(0.81 § 0.08 a.u. vs. 1.01 § 0.08 a.u., p<0 .05, a.u – arbitrary
units). Analysis of proliferation by cell counting confirmed that
co-treatment with Act D and rapamycin had no additive or syn-
ergistic growth suppressive effect compared with Act D alone
(Fig. 1D). In fact, a slight increase in the number of cells was
noted in cells treated with both Act D and rapamycin but this
did not reach statistical significance. In contrast, co-treatment of
cells with nutlin-3 and rapamycin resulted in significantly fewer
cells compared with nutlin-3 single treatment (53.7 § 2.3% ver-
sus 62.3 § 3.1% of control, p<0 .05) (Fig. 1D). To further
study the biological consequences of the impaired induction of
p21 we examined the cell cycle profile of U2OS cells treated with
different combinations of rapamycin, Act D and nutlin-3.
Applied as single agents, both nutlin-3 and Act D inhibited pro-
gression through the cell cycle resulting in a prominent
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accumulation of cells in G1
and G2/M phases, and
lower amounts of cells in S-
phase, while the effect of
rapamycin single treatment
was much less pronounced
(Fig. 1E). Interestingly,

rapamycin and Act D co-treatment significantly increased the
percentage of cells in S phase when compared to Act D single
treated cells (10.7 § 0.7 vs. 5.2 § 0.8%, p<0 .01) (Fig. 1F). No

significant effects on S-phase, G1, or G2/M fractions were seen
in the case of rapamycin and nutlin-3 co-treated U2OS cells ver-
sus nutlin-3 single treatment. To determine if rapamycin modu-
lates the activity of other p53 regulated genes besides p21, we
also analyzed the protein levels of WIG1 (also known as
ZMAT3/PAG608), PUMA and MDM2. Act D treatment
markedly elevated the level of MDM2. The induction of MDM2
by nucleolar stress was reduced by rapamycin although single
treatment with rapamycin elevated the basal levels of MDM2
(see Fig. 7B). Rapamycin did not affect levels of WIG1 and

Figure 1. Rapamycin blunts the
p53 response to Act D. (A) U2OS
cells were treated with single
administrations of Act D (5 nM),
nutlin-3 (10 mM) or rapamycin
(100 nM) or in combinations as
indicated in the figure. Cells were
either pre-treated (pre.) with rapa-
mycin for 6 hours before adding
Act D or nutlin-3. Act D and nutlin-3
were also added simultaneously
(simult.) with rapamycin. Cell
extracts were prepared after
18 hours of incubation with the
drugs and the relative levels of p53
and p21 determined by immuno-
blotting. b-actin served as a loading
control. (B) Morphology of U2OS
cells treated with Act D, rapamycin
(R), and nutlin-3 and combinations
before harvest for protein analysis.
(C) Cell viability in U2OS cultures
was measured by the MTT assay for
the different treatment combina-
tions. Equal numbers of cells were
seeded in 6-well plates at the start
of the experiment. The next day,
control cells were mock-treated,
while experimental cells were pre-
treated with rapamycin (100 nM)
for 6 hours and thereafter Act D
(5 nM) and nutlin-3 (10 mM)
respectively was added to the cells
for 18 hours. MTT assay was carried
out and absorbance was measured
and expressed in arbitrary units (a.
u). Shown is the mean § SD
derived from 3 independent experi-
ments each conducted in triplicate.
The paired t-test was used to deter-
mine any statistical significance
between rapamycin and rapamycin
C Act D treated cell cultures (* p <

0.05). (D) Effect of Act D, nutlin-3
and rapamycin on cell proliferation.
Shown is the mean § SD based on
3 independent experiments each
performed in triplicate. The number
of cells on control dishes was set to
100%. The paired t-test was used to
calculate any statistical significance
between nutlin-3 and nutlin-3 C
rapamycin treated cells (* p < 0.05).
(E) Effect of Act D, nutlin-3, rapamy-
cin or combinations of the drugs
on the cell cycle profile of U2OS
cells according to FACS-PI analysis.
(F) Percentage of S-phase cells
according to FACS-PI for the differ-
ent treatments (mean § SD, **p <

0.01 ).
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marginally reduced the levels of
PUMA (Fig. S1B). We conclude
that rapamycin significantly
affected the cellular stress response
to Act D by reducing levels of p21
and this was correlated to an
altered cell cycle profile.

Rapamycin blunts the p53
response to nucleolar stress
induced by chemotherapeutic
agents

We next addressed the question
of whether the blunted p53 response
is a general effect of rapamycin in a
situation of nucleolar stress or if this
is seen only when rapamycin is com-
bined specifically with Act D.
Hence, rapamycin was tested
together with other chemotherapeu-
tic drugs known to induce nucleolar
stress, namely doxorubicin (DOX),
5-fluorouracil (5-FU) and myco-
phenolic acid (MPA).31-33 To first
confirm the effects on the nucleolus
as consistent with nucleolar stress,
we stained cells both for p53 and
the major nucleolar protein nucleo-
lin/C23 (Fig. 2A). Act D, DOX
and MPA induced a dramatic
change in the nucleolar morphology
as revealed by nucleolar shrinkage
and translocation of nucleolin into
the nucleoplasm and a robust
increase in nuclear p53 immunore-
activity (Fig. 2A, upper panel). In
the case of 5-FU, translocation of
nucleolin to the nucleoplasm was
not observed. However, 5-FU treat-
ment induced translocation of the
nucleolar protein NPM1/B23 to
the nucleoplasm and also affected
the localization of fibrillarin within
the nucleoli (Fig. 2A, lower panel).
When combining these nucleolar
stress inducing drugs with rapamy-
cin we consistently detected reduced
levels of p53 and p21 proteins by
immunoblotting in both U2OS and
U343MGa Cl2:6 cell lines
(Fig. 2B,C). To investigate if rapa-
mycin treatment attenuates bromo-
deoxyuridine (BrdU) incorporation
in U2OS cells treated with nucleolar
stress inducing agents we performed
a BrdU labeling assay. U2OS cells

Figure 2. Rapamycin impairs the p53 response to nucleolar stress. (A) U2OS cells growing on coverslips in 6-
well plates were exposed to mycophenolic acid (MPA, 10 mM), 5-fluorouracil (5-FU, 25 mM), doxorubicin
(Dox, 1mM), or Act D (5 nM) overnight. Cells were immunostained for nucleolin (red), p53 (green) and coun-
terstained with DAPI to visualize the nuclei (blue) in the upper panel. Objective 100x. In the lower panel 5-
FU treated cells were stained for NPM1/B23 and fibrillarin. Objective 63x. (B) U2OS cells were pre-treated
with rapamycin (100 nM) or DMSO (control) followed by addition of 5-FU (25 mM), MPA (10 mM) or Dox
(1 mM). Protein extracts were made from the cells. Levels of p53 and p21 proteins were determined by
immunoblotting. b-actin served as a loading control. (C) As in panel B but U343MGa Cl2:6 cells were used
instead. (D) U2OS cells were treated with DMSO (control), 5nM Act D, 25 mM 5-FU, or 1 mM DOX alone or in
combination with rapamycin (100 nM as simultaneous treatment) for a total of 18 hours and then pulsed
with BrdU for another 6 hours. Coverslips were fixed and immunostained for BrdU incorporation. Data rep-
resent a triplicate experiment with at least 200 cells scored per experiment and treatment combination.
Shown is percent BrdU positive cells (mean § SD, *p < 0.05, n.s. – non-significant).
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Figure 3. Synthetic mTOR inhibitors blunt the p53 response to nucleolar stress. (A) U2OS cells were treated overnight with temsirolimus (100 nM), PP242
(200 nM), LY294.002 (500 nM) or rapamycin (100 nM) and thereafter fixed and stained for nucleolin (red) and p53 (green). The DMSO vehicle was used as
a control. Cells were counterstained with DAPI to visualize the nuclei. Objective 100x. (B) Cultures of U2OS cells were pre-treated with rapamycin for
6 hours (duplicate samples) at concentrations between 5 nM and 500 nM as indicated in the figure. One of the sample sets was then exposed to
medium containing Act D (5 nM) and all samples were incubated for another 18 hours. Relative levels of p53, p21 and p-S6K1 (Thr389) were determined
by immunoblotting. (C) Similar to B, but U343MGa Cl2:6 cells were used instead. (D) Cultures of U2OS cells were treated with temsirolimus (duplicate
samples) at concentrations between 50 nM and 10 mM as indicated for 6 hours. The second set of temsiroliumus treated samples was then also given
Act D (5 nM) for the following 18 hours while the other set was exposed to DMSO (control vehicle). Protein extracts were made from each sample and
the relative levels of p53, p21, total S6K1, and p-S6K1 (Thr389) were monitored. (E) Similar to panel B, but PP242 was used instead of temsirolimus. (F)
U2OS cells were treated with Act D (5 nM) or nutlin-3 (10 mM) alone or in combinations with temsirolimus (100 nM), LY294.002 (500 nM) or PP242
(200 nM). The cells were pre-treated with the mTOR inhibitors for 6 hours before adding Act D or nutlin-3. Relative levels of p53 and p21 were deter-
mined by immunoblotting.
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were treated with DMSO (control), 5nM Act D, 25 mM 5-FU, or
1 mMDOX alone or in combination with rapamycin (100 nM as
a simultaneous treatment) for a total of 18 hours and then pulsed
with BrdU for another 6 hours. Rapamycin significantly increased
the number of BrdU positive cells in U2OS cell cultures treated
with Act D and DOX. Changes in the case of 5-FU and MPA did
not reach statistical significance, although a trend with increased
BrdU labeling of cells upon co-treatment with Rapamycin was
noted (Fig. 2D). Thus, rapamycin´s ability to blunt the p53
response and affect the cell cycle is not restricted to nucleolar stress
induced by Act D.

Synthetic inhibitors of the mTOR pathway blunt the p53
response to nucleolar stress

To further investigate the effect of mTOR inhibition on the
p53 response to nucleolar stress, we tested synthetic inhibitors of
mTOR (temsirolimus, PP242, and LY294.002) in combination
with Act D or nutlin-3. Temsirolimus (CCI-779) is a rapamycin
derivative, while LY294.002 is a morpholine derivative of quer-
cetin and an inhibitor of PI3Ks as well as mTOR at higher con-
centrations.34 PP242 is a potent selective ATP-competitive
inhibitor of mTORC1 and mTORC2. PP242 inhibits
mTORC1/2 with a high degree of selectivity relative to the
PI3Ks.35 To first investigate the effects of these mTOR inhibi-
tors on the nucleolus we stained cells for both p53 and nucleolin.
There was slightly less nuclear p53 immunoreactivity in cells
treated with rapamycin, PP242, temsirolimus, or LY294.002
only compared to control and nucleoli remained intact
(Fig. 3A). As expected, rapamycin blocked phosphorylation of
the mTOR target protein S6K1 (Thr389) at nanomolar concen-
trations and reduced the levels of Act D induced p53 and p21 in
U2OS and also in U343MGa Cl2:6 (Fig. 3B and C). Both
PP242 and temsirolimus inhibited S6K1 phosphorylation but at
strikingly different concentrations (Fig. 3D and E). After pre-
incubating U2OS cells with temsirolimus or PP242 using a wide
range of concentrations we exposed the cells to Act D (5 nM) as
before. Both temsirolimus and PP242 reduced the levels p53
and p21 in Act D treated cells. PP242 suppressed the levels of
p53 and p21 more efficiently than did rapamycin and temsiroli-
mus once inhibition of S6K1 phosphorylation was complete.
Nonetheless, reduction in p53 and p21 correlated with the loss
of S6K1 phosphorylation in each case (Fig. 3D and E). We next
used PP242, temsirolimus and LY294.002 and compared their
effects on Act D and nutlin-3 induced activation of p53 and p21
in U2OS cells side-by-side. These mTOR inhibitors efficiently
reduced the levels of p53 and p21 in cells exposed to Act D while
having marginal effects on p53 and p21 levels in cells exposed to
nutlin-3 (Fig. 3F). We conclude that several synthetic direct
inhibitors of mTOR inhibited the nucleolar stress induced p53/
p21 response as hypothesized.

Natural compounds that inhibit the mTOR pathway blunt
the p53 response to nucleolar stress

We next aimed to determine if the p53 response to nucleolar
stress was affected by natural compounds that may inhibit
mTOR. These included besides rapamycin also wortmannin,

caffeine, resveratrol, epigallocatechin-3-gallate (EGCG), and cur-
cumin.36-42 We evaluated the compounds individual effects on
p53 and p21, and used phosphorylation of S6K1 at residue
Thr389 as a read-out for mTOR activity. We did this by incubat-
ing U2OS cells using a wide span of concentrations for each
compound (data not shown). On basis of those results and litera-
ture searches we selected suitable concentrations of the com-
pounds and we used them alone or in combination with Act D
in a comparative experiment. We found that several of the inhibi-
tors, similar to rapamycin, to some extent decreased the amount
of total p53 in Act D treated cells, while the effect of EGCG was
minor (Fig. 4A). Thus, pre-treatment with the compounds
impaired p53 mediated p21 induction by Act D (5 nM), with
the exception of EGCG. To determine how these compounds
affected the activity of the mTOR pathway, we again analyzed
phosphorylation of S6K1. Rapamycin, caffeine and curcumin
completely blocked phosphorylation of S6K1 while EGCG, res-
veratrol and wortmannin treated cells displayed residual Thr389
phosphorylation (Fig. 4A). Act D had a minor inhibitory effect
on S6K1 phosphorylation on its own. Even more so, Act D in
combination with wortmannin led to efficient suppression of
S6K1 phosphorylation (Fig. 4A). It is known previously that acti-
vated p53 suppresses phosphorylation of S6K1 and global pro-
tein synthesis.23 The levels of p21 may drop sharply in cells
undergoing apoptosis. Therefore we monitored the cells for signs
of cell death during treatment including staining for cleaved cas-
pase-3, emergence of floating cells or condensation of DNA.
However, all of the compounds at the concentrations specified
were well tolerated by U2OS cells that remained viable (Fig.
4B–D). In contrast, treatment of the cells with a high concentra-
tion of Act D (1 mm) induced a highly significant (p<0 .001)
increase in the number of cleaved caspase-3 positive cells (3.6 §
0.9% vs. 0.1% in control) (Fig. 4D). There was no significant
increase in the percentage of apoptotic cells for any of the other
treatment combinations (Fig. 4D, and data not shown). To
exclude potential cell-type specific effects, p53 and p21 levels
were also analyzed in U343MGa Cl2:6 glioma cells. We found
that the p53 response to Act D as measured by p21 induction
was suppressed by rapamycin, wortmannin, caffeine, and resvera-
trol whereas a marginal suppression was observed in the cases of
curcumin and EGCG (Fig. 4E). Notably, there was an increase
in the basal level of p53 in Cl2:6 cells exposed to resveratrol and
curcumin as single treatments (Fig. 4E). Resveratrol can induce
p53 in other cell types however it is inefficient in inducing p53
in U2OS.43,44 Resveratrol did not completely inhibit S6K1 phos-
phorylation and only partially blocked p21 induction in the set-
ting of nucleolar stress (Fig. 4A). In summary, the dampening
effects on p53/p21 induction were generally seen with rapamy-
cin, wortmannin and caffeine. Curcumin, resveratrol and EGCG
displayed subtle and/or cell type specific effects on the p53
response to nucleolar stress.

Of particular interest was the effect of caffeine on p53 and the
nucleolar stress response. Caffeine inhibits several PI3-like kin-
ases but preferentially inhibits mTOR, and coffee intake may
cause a 4–8% inhibition of mTORC1 activity in humans.45 We
found that millimolar concentrations of caffeine effectively
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Figure 4. Natural compound inhibitors of the mTOR pathway and their effect on the levels of p53 and p21 alone or following nucleolar stress. (A) U2OS
cells were pre-treated with rapamycin and natural compound inhibitors for 6 hours in duplicate samples and thereafter one of these sample sets was
treated with Act D and incubated for an additional 18 hours. Cells were harvested, protein lysates prepared, and the relative levels of p53, p21, S6K1,
and p-S6K1 (Thr389) were determined by immunoblotting. b-actin served as a loading control. Concentrations of compounds were as follows; rapamycin
2.74 mM; wortmannin 0.4 mM; caffeine 1 mM; resveratrol 25 mM; curcumin 20 mM; EGCG 25 mM; and Act D 5 nM. (B) Morphology of U2OS cells treated
with the indicated compounds. (C) U2OS cells were treated for 18 hours with a low (5 nM) or high (1 mM) concentration of Act D and subsequently
immunofluorescence stained for cleaved caspase-3. (D) Quantification of cleaved caspase-3 positive cells in different treatments. Approximately 1000
cells in 3 different low power fields were evaluated for each treatment and results are presented as % cleaved caspase-3 positive cells (mean § SD).
(E) U343MGa Cl2:6 glioma cells were pre-treated with rapamycin or various natural compounds for 6 hours and then actinomycin D (5 nM) was added
as indicated. Cells were harvested, proteins extracted and the levels of p53 and p21 relative to the DMSO control were determined by immunoblotting.
Concentrations of the compounds used were as follows; rapamycin 2.74 mM; wortmannin 0.4 mM; caffeine 1 mM; resveratrol 25 mM; curcumin 20 mM;
EGCG 25 mM; dexamethasone 1 mM; and actinomycin D 5 nM. Dexamethasone (Dex) was included in this experiment as a possible regulator of p53.73
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prevented p53 and p21 accumulation induced by Act D
(Fig. 5A). Physiological concentrations of caffeine in the range of
50–100 mM also impaired p21 induction in U2OS cells, but
had little effect on p53 levels (Fig. 5A). In addition, caffeine
impaired p53 accumulation by 5-FU (Fig. 5B). We could con-
firm the effect of a high concentration of caffeine on the levels of
p53 and p21 in U343MGa Cl2:6 cells and there was an effect on
S6K1 phosphorylation. However, a negative effect on p21 at
physiological caffeine concentrations was not observed in
U343MGa Cl2:6 cells (Fig. 5C). Nonetheless, our results in

U2OS cells indicate that caffeine may negatively affect the activ-
ity of the p53 pathway at concentrations that are physiologically
relevant.

Rapamycin mimics RPL11 depletion
Fluctuations in the levels of ribosomal proteins and/or in

RNA pol I transcriptional activity is an attractive and potentially
unifying model to explain physiological and stress induced
changes in p53 protein levels.46-48 Rapamycin is known to sup-
press the translation of 5´TOP mRNAs, including ribosomal
protein mRNAs, by inhibiting the mTOR-S6K1 pathway.19

RPL11 mRNA translation is de-repressed in cells suffering ribo-
somal/nucleolar stress.49,50 Treatment of cells with rapamycin
may therefore lead to reduced synthesis of RPL11, alleviated
inhibition of MDM2, and de-stabilization of p53, as previously
reported (see Fig. 7A).14,46 Hence, we examined the effects on
RPL11 in the setting of combined Act D induced nucleolar stress
and inhibition of mTOR. To begin with, if rapamycin decreases
the levels of RPL11, knockdown of RPL11 should mimic rapa-
mycin. We therefore performed a combined and sequential
siRNA/Act D treatment experiment. U2OS cells were transfected
with siRNA directed against RPL11 or siCtrl and after 18 hours
the cells were treated with Act D (5 nM). At this time some of
the samples, as indicated, were also transfected with MDM2
siRNA. After an additional 18 hours of incubation the cells were
harvested. Depletion of RPL11 resulted in reduced levels of p53
and a markedly attenuated p21 induction reminiscent of rapamy-
cin´s effect on p53 and p21 (Fig. 6A, lane 5 versus lane 6). The
MDM2 siRNA reduced MDM2 protein with around 50% and
this did not cause a marked accumulation of p53 protein but a
slight increase in p21 (Fig. 6A, lane 1 vs. lane 4). MDM2 siRNA
had minor effect on MDM2 levels in Act D treated cells indicat-
ing that MDM2 protein once induced by p53 in response to
nucleolar stress was relatively stable. In another experiment, we
transfected cells with 2 different siRNA targeting RPL11
followed by treatment of the cells with 5 nM Act D or 10 mM
nutlin-3. Each of the 2 RPL11 siRNAs efficiently inhibited p53
accumulation in Act D treated cells, and the p53-dependent
induction of p21 was impaired (Fig. 6B, lane 2-4). In contrast,
the effect on p53 protein levels when RPL11 was depleted in

Figure 5. Caffeine inhibits the p53 response to nucleolar stress. (A) U2OS
cells were pre-treated for 12 hours with caffeine at concentrations
between 50 mM and 3 mM in duplicate. One set of caffeine treated sam-
ples was then given Act D (5 nM) and then all samples were incubated
for another 18 hours. Relative levels of p53 and p21 were determined by
immunoblotting. Level of tubulin was used as a loading control. (B)
U2OS cells were treated with combinations of caffeine (3 mM) and Act D
(5 nM) or 5-FU (25 mM). Relative levels of p53 and p21 were determined
by immunoblotting with b-actin as a loading control. (C) Cultures of
U343MGa Cl2:6 cells were pre-treated with caffeine (duplicate samples)
at concentrations between 50 mM and 5 mM as indicated in the figure.
One of the sample sets was then exposed to medium containing Act D
(5 nM) and all samples were incubated for another 18 hours. Relative
levels of p53, p21 and p-S6K1 (Thr389) were determined by
immunoblotting.
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nutlin-3 treated cells was marginal, although the level of p21 was
reduced (Fig. 6B, lane 5-8). We conclude that RPL11 was not
required for stabilization of p53 by nutlin-3 but may impact on
p21 expression. A preferential inhibitory effect on p21 would be
consistent with recruitment of RPL11 at promoter sites of p53-
regulated genes following nucleolar stress and/or a role of RPL11
in the recruitment of transcriptional co-activators.51 Rapamycin
impairs p21 mRNA translation and marginally decreases the
half-life of p21 protein but we wanted to see if rapamycin also
reduced p21 mRNA transcription.52 Quantitative RT-PCR anal-
ysis of p21 mRNA levels was performed using RNA isolated

from U2OS cells treated with rapamycin alone or in combination
with Act D. In cells treated only with Act D, there was an
increase in p21 mRNA level by 4.5 § 1.5 fold relative to the
DMSO treated control (Fig. 6C). Rapamycin reduced the induc-
tion of p21 mRNA in cells treated with Act D with 40% (2.7 §
0.35 fold increase over control) similar to the effect of RPL11
depletion (2.8 § 0.5 fold increase over control) (Fig. 6C). An
even more pronounced inhibition of p21 mRNA induction in
Act D treated cells was confirmed to occur also in the U343MGa
Cl2:6 cells when either transfected with siRPL11 or treated with
rapamycin (Fig. 6D).

Figure 6. Silencing of RPL11 mimics the effect of rapamycin on the p53/21 response to nucleolar stress. (A) Combined siRNA/Act D experiment con-
ducted in a sequential fashion. At zero time point U2OS cells were transfected with siRNA directed against RPL11 or siCtrl (final concentration 20 nM).
After 18 hours the cells were treated with Act D (5 nM) and some of the samples as indicated were at this time transfected with siRNA targeting MDM2
(siMDM2). After an additional 18 hours of incubation the cells were harvested and extracted of proteins and level of MDM2, p21, p53, b-actin and RPL11
determined by immunoblotting (36 hours after time zero). (B) U2OS cells were transfected with siRNA-1 targeting RPL11 or siCtrl overnight. Cells were
thereafter treated with nutlin-3 (10 mM) or Act D (5 nM) for an additional 18 hours. The blotting membrane was probed for RPL11, MDM2, p53, p21, and
b-actin. (C) Real-time quantitative PCR (qRT-PCR) was employed to measure relative p21 mRNA levels (a.u, arbitrary units). U2OS cells were treated with
rapamycin, rapamycin C Act D, or transfected with siRNA targeting RPL11 (siRPL11–1) and total RNA was prepared. Expression of p21 mRNA was normal-
ized to that of GAPDH mRNA for each sample. (D) Similar to C, but U343MGa Cl2:6 cells were used.
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Figure 7. Regulation of RPL11 and MDM2 levels by rapamycin. (A) Schematic drawing of the interplay between mTOR and p53 pathways, indicating the
potential role of mTOR in regulating MDM2 function through increased RPL11 synthesis in situations of nucleolar stress. (B) MDM2-RPL11 co-immunopre-
cipitation revealed a reduced complex formation of MDM2-RPL11 in cells treated with rapamycin and Act D (5nM) compared to cells treated with Act D
only. Mouse monoclonal anti-MDM2 (SMP14) was used to immunoprecipitate MDM2 overnight and a rabbit polyclonal was used to detect RPL11 by
immunoblotting. MDM2 was detected with SMP14. The DMSO control lane was cut from a distant part of the same gel blot and same exposure lenghts.
(C) A CHX half-life assay was conducted to analyze the degradation rate of p53 in cells treated with Act D alone or in combination with either rapamycin
or RPL11 siRNA. CHX (50 mg/ml final concentration) was added to the medium for the time points indicated. Exposures of the p53 blots were chosen to
facilitate comparison of p53 degradation by showing a p53 signal at the zero time point as similar as possible in the 3 different blots. (D) Levels of p53 in
U2OS cells treated with Act D only or Act D in combination with rapamycin (R, 100 nM), RPL11 siRNA, or RPL11 siRNA in a combination with rapamycin.
(E) U2OS cells were treated with Act D (5 nM), rapamycin (2.74 mM), or a combination of Act D and rapamycin. Levels of p53 and RPL11 were determined
by immunoblotting relative to b-actin loading control. (F) U343MGa Cl2:6 cells were treated with Act D (5 nM), rapamycin (2.74 mM), or a combination of
Act D and rapamycin. PP242 (200 nM) was also included alone or in combination with Act D. Levels of p53 and RPL11 were determined by immunoblot-
ting relative to b-actin loading control. (G) Phase contrast images of U2OS cells depicting the nucleolar morphology. Nucleoli are indicated with white
arrows. (H) U2OS and Cl2:6 cells respectively growing on coverslips in 6-well plates were exposed to rapamycin for 30 hours. Cells were immunostained
for NPM1/B23 and counterstained with DAPI to visualize the nuclei. (I) Quantification of nucleolar areas in U2OS and Cl2:6 cells treated with rapamycin.
The average total nucleolar area per cell is shown as % of the control cell area. Nucleoli from at least 30 cells were evaluated for each treatment and cell
type (**, p<0 .01).
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Differential effects on RPL11 levels by rapamycin
Increased binding of RPL11 to MDM2 is usually seen in cells

exposed to Act D (Fig 7A).17 We found that rapamycin treat-
ment diminished the cellular abundance of the MDM2-RPL11
complex when anti-MDM2 antibodies were used for immuno-
precipitation (Fig. 7B). If rapamycin blocks RPL11 we would
expect to see changes in p53 stability. Much so, rapamycin de-
stabilized p53 in a setting of nucleolar stress, however rapamycin
was less efficient in doing so in comparison to cells depleted of
RPL11 using siRNA (Fig. 7C). In a side-by-side comparison,
using Act D treated U2OS cells, it was apparent that depletion of
RPL11 suppressed p53 levels more efficiently than did rapamycin
treatment (Fig. 7D). It has been suggested that a degradation
resistant pool of RPL11 and RPL5 remains stably bound to
MDM2.14 We observed that long term (18 hours) Act D treat-
ment lowered the steady-state levels of detergent soluble RPL11
in U2OS and U343MGa Cl2:6 cell cultures (Figs. 6A and 7A,
E, and F). We did not observe such a marked reduction in RPL5
under the same conditions (Fig. S1B). A decrease in the level of
RPL11 protein in cells treated with Act D has also been observed
by others.53–55 The decline in RPL11 is possibly due to the deg-
radation of surplus ribosomal proteins that cannot be incorpo-
rated into ribosomal particles since rRNA production is
inhibited by Act D. Single treatment with rapamycin also
affected the levels of RPL11, but to different extent. In U2OS
cells, treatment with a high concentration of rapamycin did not
reduce RPL11 (Fig. 7B,E), whereas a marked reduction was seen
in U343MGa Cl2:6 (Fig. 7F). We noted that the average area
size of nucleoli in U2OS cells was not affected by rapamycin
(90.0 § 2.65% of control, p>0 .05) (Fig. 7G, H, and I). This
was in contrast to the much reduced nucleolar area in U343MGa
Cl2:6 cells treated with rapamycin (56.7 § 7.4% of control, p<0
.01). One potential explanation for the reduced levels of RPL11
in U343MGa Cl2:6 cells could be the smaller nucleolar size and/
or a reduced rate of ribosome biogenesis. In summary, rapamycin
had different effects on the level of RPL11. The reduced level of
RPL11 is likely to contribute to the blunting of the p53 response
in U343MGa Cl2:6 cells.

Increased MDM2 levels in rapamycin treated cells
There are other potential mechanisms whereby rapamycin

could impair the p53 response. Reduced p53 mRNA translation
may explain the blunted p53 response.52 We measured p53 syn-
thesis but it was unimpaired in cells co-treated with Act D and
different inhibitors of mTOR (Fig. S2). Another potential mech-
anism whereby rapamycin blunts p53 may involve the
p38MAPK-AKT-mTOR-S6K1 signaling network that is acti-
vated in response to genotoxic stress.22 Phosphorylated and active
S6K1 binds, and phosphorylates MDM2 and inhibits its E3
ligase activity thereby stabilizing p53. We therefore investigated
the role of S6K1 as a possible mediator of p53 stabilization upon
nucleolar stress. Depletion of S6K1 led to an increase in p53 by
itself and did not attenuate the p53 response to Act D (Fig. S3).
We noted however that the basal level of MDM2 in cells treated
only with rapamycin was modestly increased (Figs. 7B). To
investigate this further we analyzed levels of MDM2 using a

wider range of rapamycin concentrations. We found that
MDM2 levels were increased 1.5 fold by rapamycin in both
U2OS cells and U343MGa Cl2:6 cells (Fig. 8A,B). In contrast,
phosphorylation of MDM2 at Ser 166 was decreased suggesting
that the increase in MDM2 protein is not linked to an increased
phosphorylation of MDM2. Taken together, blunting of the p53
response may involve increased levels of MDM2 and decreased
levels of RPL11.

Discussion

The interplay between p53 and mTOR in cancer and aging
continues to fascinate.21 A better understanding of how mTOR
and p53 pathways are connected is needed in order to improve
the use of mTOR inhibitors in anti-cancer therapy. Here we
investigated the outcomes of simultaneous inhibition of mTOR
and activation of p53 by nucleolar stress. Nucleolar stress is often
triggered by chemotherapeutic drugs (e.g. by Act D, MPA and 5-
FU) and may contribute to the therapeutic efficacy of these
drugs.29 We found that inhibitors of the mTOR pathway
impaired p53 stabilization and induction of p21 in cells treated
with a low concentration of Act D. The concentrations of drugs
that we used in this study are in general low and predominantly
cytostatic, non-toxic for U2OS cells. In our experiments, we did
not observe any synergistic cell growth inhibitory effects when
combining rapamycin and a low concentration of Act D in
U2OS cells. In fact, adding rapamycin to Act D treated U2OS
cells increased the proportion of cells in S phase, number of
BrdU positive cells, and decreased the number of G2/M cells
compared to the levels seen in Act D treated cells. This correlated
with a slight increase in cell number in cultures co-treated with
Act D and rapamycin versus those cell cultures exposed only to

Figure 8. Altered levels of total and phosphorylated MDM2 in rapamycin
treated cells. (A) Levels of MDM2, p-Ser166 MDM2, p53, and p21 proteins
in U2OS cells exposed to rapamycin (10 nM – 200 nM) for 18 hours. (B)
MDM2, p-Ser166 MDM2, p53, and p21 protein levels in U343MGa Cl2:6
cells exposed to rapamycin (10 nM – 200 nM) for 18 hours (long exp., D
long exposure). Total and p-Ser166 MDM2 levels were monitored on 2
different blots but using the same cell lysates.
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Act D. Synergistic induction of apoptosis may occur upon treat-
ment of cells with high concentrations of cytotoxic agents in
combination with PI3K/mTOR inhibitors given that p21 may
act as an indirect pro-survival factor.52 This apoptosis may how-
ever also involve a p53-independent component, as rapamycin
reportedly has a negative effect on p53 induced pro-apoptotic
proteins.25,56

Inhibition of the p53 response by mTOR inhibitors is pre-
sumably a general phenomenon and occurs in response to DNA
damage, oncogenic stress and nucleolar stress as supported by
previous literature. It is known that inhibition of mTOR path-
way blunts the p53 transcriptional response to genotoxic stress
(DNA damage). For instance, an attenuated p53 response to
DNA damage occurred when combining PI3K/mTOR inhibi-
tors with the DNA damaging agent Adriamycin.27 The cellular
senescence response was lost in prostate tumors retaining wt p53
when rapamycin was combined with g-irradiation.57 Moreover,
LY294.002 blunted the doxorubicin induced p53-dependent
apoptotic response caused by DNA damage.25 Caffeine was
shown to prevent p53 induction by a wide range of chemothera-
peutic agents when used in millimolar concentration.58 Several
years ago we found that caffeine and wortmannin prevented p53
stabilization by oncogenic c-Myc in normal human diploid
fibroblasts.59

It was recently shown that the AKT kinase is phosphorylated
and activated by Act D.56,60 Indeed, the AKT inhibitor MK-
2206 and similar compounds attenuated activation of the p53
pathway by Act D.56,60 Inhibitors of AKT also reduce mTOR
activity since AKT functions upstream of mTOR. An important
event in the activation of the p53 response to nucleolar stress
may then rely on increased AKT signaling that feeds onto
mTOR. AKT is known to phosphorylate MDM2 at Ser-166. In
this study, we therefore monitored the phosphorylation of
MDM2 at Ser-166 in response to rapamycin. Interestingly the
level of Ser-166 phosphorylation was decreased despite increased
basal levels of MDM2. This finding suggests a complex pattern
of p53-PI3K/AKT/mTOR pathway interactions.

How can we explain the negative effect of rapamycin and
other mTOR inhibitors on the p53 response to nucleolar stress?
An attractive potential mechanism is related to the RPL11-
MDM2-p53 pathway.7 Indeed, we found that silencing of
RPL11 or rapamycin treatment led to de-stabilization of p53 in
Act D treated cells and both rapamycin and siRPL11 resulted in
reduced p53-dependent transcriptional activation of p21. Impor-
tantly, stabilization of p53 in nutlin-3 treated U2OS cells was rel-
atively unaffected by RPL11 depletion or rapamycin. There was
also reduced binding of RPL11 to MDM2 in Act D and rapamy-
cin co-treated cells. Paradoxically the detergent soluble fraction
of RPL11 was dramatically reduced by 18 hours also in Act D
single treated cells so additional studies are required to establish
the mechanisms and dynamics involved in RPL11-mediated reg-
ulation of MDM2 in response to nucleolar stress.

We noted that rapamycin appeared less efficient compared
with depletion of RPL11 using siRNA, and although rapamycin
reduced RPL11 levels in Cl2:6 cells, the failure of rapamycin to
do so in U2OS cells pointed us toward additional mechanisms

that may contribute to p53 de-stabilization. We found that the
levels of MDM2, as detected with the monoclonal antibody
SMP14, were increased 1.5 fold by rapamycin. While there are a
number of studies describing a selective decrease in MDM2
mRNA translation by rapamycin treatment, our finding is in line
with those by Genolet et al., who reported that extended rapamy-
cin exposure under conditions of high serum (10%) resulted in
an increase in the steady-state levels of endogenous MDM2 pro-
tein in the cell lines MRC-5 and HEK293T due to increased
mRNA translation.61 The authors suggested that this effect could
represent a drug-induced cellular response to reduce p53s nega-
tive regulation of mTOR. It is conceivable that the increase in
MDM2 is involved in the suppression of p53 by rapamycin,
besides the reduction in RPL11. Reduced levels of RPL11 and
increased levels of MDM2 may however not be the only mecha-
nisms involved. Phosphorylation of p53 Ser46 is induced in
response to Act D and phosphorylation of Ser46 is reduced by
rapamycin co-treatment.56 Binding of S6K1 directly to MDM2
may also play a role in p53 control.22 Thus, a number of different
mechanisms triggered by rapamycin treatment may converge and
blunt the p53 pathway.

Interference with the p53 response by mTOR inhibitors
could be of relevance in different settings. Inhibitors of the
mTOR pathway have been ascribed anti-aging effects in
mice, flies and worms.21,35,62 One might wonder how much
of these effects can be attributed to the aborted p53 response
per se, this given the much debated role of p53 in mamma-
lian aging.63–65 It is in this context interesting to note that
resveratrol, LY294.002, and curcumin promoted somatic cell
reprogramming.66 Recall that p53 is a negative regulator of
cellular reprogramming. If the blunting of the p53 response
by mTOR inhibitors contributes to the anti-aging effects of
those compounds should therefore be investigated. Perhaps
one of the most important findings in this study relates to
the effect of caffeine. Caffeine is a relatively potent mTOR
inhibitor.45,67,68 Drinking one cup of coffee may result in a
plasma concentration of 1–10 mM caffeine in humans.69

While the lethal levels are in the range of 200 mM and
above, high levels of caffeine may in heavy consumers reach
70 mm.69 In our experiments, p53 stabilization and induc-
tion of p21 was completely blocked by a millimolar concen-
tration of caffeine. However, caffeine impaired p21
induction by Act D in U2OS cells also in the range of 50
to 100 mM. This result indicates that caffeine may nega-
tively affect the activity of the p53 pathway at concentra-
tions that are physiologically relevant. Moreover, certain
exposed normal cell populations in vivo are presumably
more sensitive to drugs than the cell lines we have used in
this study.39 Our results suggest that the effects on the p53
pathway in vivo by high intake of caffeine containing bever-
ages should be relevant to test, e g, in patients undergoing
chemotherapy.

One might also wonder if the anti-aging effect of mTOR
inhibitors comes at the price of higher risk of cancer. On one
hand, increased cancer incidence was not reported in mice fed
with rapamycin.70 Moreover, caffeine as well as rapamycin have
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been reported to inhibit cellular transformation in vitro.35 On
the other hand, compounds that inhibit mTOR including resver-
atrol, curcumin, and caffeine have been ascribed antioxidant
properties, and it was recently described how the antioxidants
vitamin E and N-acetylcysteine accelerated lung cancer growth
by inhibiting the p53 DNA damage response.71 It is not far-
fetched to speculate that mTOR inhibitors may affect tumor
growth by modulation of the p53 pathway in a cell and context-
dependent manner. In summary, this study and related publica-
tions highlight the complexity and potential problems with the
use of mTOR inhibitors when they are combined with certain
cytostatic compounds including Actinomycin D.

Material and Methods

Cell culture
Osteosarcoma cell line U2OS (wt p53) were obtained from

American Type Culture Collection (Manassas, VA, USA). Gli-
oma cell line U343MGa Cl2:6 (wt p53) has been described and
characterized.72 Cells were cultured in Iscove’s Modified
Dulbecco’s medium (IMDM) containing 10% fetal bovine
serum and antibiotics (100 mg of penicillin and 50 mg of strep-
tomycin sulfate/mL) at 37�C, 5% CO2 in a humidified
incubator.

Chemicals
Chemicals including DMSO where purchased from Sigma-

Aldrich unless otherwise stated. Final concentrations of com-
pounds are given in the text or figure legends. The drugs and
their respective stock solutions stored at -20�C were as follows:
Act D (1mM in DMSO or 1mg/ml in ethanol), nutlin-3
(10mM, DMSO), rapamycin (2.74mM, DMSO), wortmannin
(4mM, DMSO), caffeine (0.4mM-6.0mM dissolved in
medium), resveratrol (50mM, DMSO), curcumin (10mM, etha-
nol), epigallocatechin gallate (EGCG, 5mM, DMSO), doxorubi-
cin hydrochloride (0.1M, DMSO), 5-fluorouracil (5-FU,
25mM, DMSO), mycophenolic acid (MPA, 10mM, methanol),
temsirolimus (CC1–779, 10mM, DMSO), PP242 hydrate
(10mM, DMSO), LY-294,002 hydrochloride (10mM, DMSO),
cycloheximide (CHX, 50mg/ml, ethanol), Z-leu-leu-leu-al
(MG132, 10mM, DMSO).

Cell proliferation, FACS and apoptosis analysis
The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazo-

lium bromide) assay (Sigma-Aldrich) was used to measure rela-
tive fraction of viable cells. Equal numbers of cells were seeded in
6-well plates in triplicates and treated as indicated and thereafter
incubated with MTT and absorbance measured. For cell count-
ing, equal numbers of cells were seeded in 6-well plates at the
start of the experiment. The next day, control cells were mock-
treated, while experimental cells were pre-treated with rapamycin
for 6 hours and thereafter Act D or nutlin-3 was added to the
cells for another 24 hours. After a total of 30 hours, the attached
cells were washed, trypsinized, and counted using a hemocytome-
ter. Bromodeoxyuridine (BrdU, Sigma-Aldrich) incorporation

assays were conducted in U2OS cells to estimate DNA replica-
tion. Drug treated cells were incubated in the presence of 10mM
BrdU for 6 hours. Cells were then fixed with formalin and
treated with 2M HCl containing 1% Triton X-100. The cells
were stained with monoclonal anti-BrdU antibody (clone BU33,
Sigma-Aldrich). BrdU-positive cells were counted in at least 3
low power magnification fields for each treatment and data pre-
sented as percent BrdU-positive cells. Apoptosis was assessed by
staining for cleaved caspase-3. Cell cycle profiles were obtained
on a FACScanTMII flow cytometer (Becton Dickinson BD,
Franklin Lakes, NJ) and analyzed using the BD CellQuestProTM

software. For the FACS analysis attached cells where trypsinized,
fixed in ethanol and treated with RNase. Fixed cells were stained
with propidium iodide (PI).

Statistical analysis
Experiments were usually conducted in 3 independent experi-

ments, each in triplicate and results presented as the mean §
standard deviation (SD) unless otherwise stated. Student’s t-test
was used to evaluate the differences in the data between 2 groups.
Statistical probability (p) was set at *p < 0.05, **p < 0.01 and
***p < 0.001. Means were considered significantly different at
p < 0.05. Mean, SD and t-test were calculated in Microsoft
Excel.

RNA interference
Oligofectamine was used to transfect cells in 6-well plates with

siRNA according to the manufacturer´s instructions (Life Tech-
nologies). RPL11 siRNA-1 Sense: 5’ GGUGCGGGAGUAUG
AGUUAdTdT 3´ Antisense: 5´ UAACUCAUACUCCCG
CACCdTdT 3´ RPL11 siRNA-2 Sense: 5´ GCAUUGGUAU-
CUACGGCCUdTdT 3´ Antisense: 5´ AGGCCGUAGAUA
CCAAUGCdTdT 3´. MDM2 siRNA-1: Sense 5´AGUCUHU
UGGUGCACAAAAdTdT 3´ and Antisense 5´UUUUGUG
CACCAACAGACUdTdT 3´.

Quantitative real-time PCR
Total cellular RNA was extracted with TRIzol� reagent (Life

Technologies). Real-time quantitative reverse transcriptase-poly-
merase chain reaction (qRT-PCR) was performed to monitor
p21 expression. The Power SYBR� Green RNA-to-CT

TM 1-Step
kit was used in conjunction with an Applied Biosystems 7500
Real-Time PCR system. GAPDH was used as the internal stan-
dard reference.

Western blotting and co-immunoprecipitation
For analysis of detergent soluble proteins we used the Nonidet

P-40 (NP-40) lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.5% NP-40, 50 mM NaF, 1 mM NaVO3, 1 mM
dithiothreitol, 1£ protease inhibitor cocktail and 1 mM
phenylmethylsulfonyl fluoride). Western blotting and MDM2-
RPL11 co-immunoprecipitation was conducted as described53.
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Immunofluorescence
Procedures for immunofluorescence staining and microscopy

analysis have been published.53 The Image J program (http://
rsbweb.nih.gov/ij/) was used to analyze average nucleolar area.

Antibodies
The following primary antibodies were used: mouse mAb

anti-b-actin (clone AC15, Sigma-Aldrich), rabbit pAb anti-
b-tubulin (ab6046), rabbit pAb anti-p21 (ab7960, Abcam), rab-
bit pAb anti-p53 (FL393, sc-6243, Santa Cruz), mouse mAb
anti-p53 (clone DO1, Sigma-Aldrich), mouse mAb anti-RPL11
(clone 3A4A7, cat# 37–3000, Invitrogen), mouse mAb anti-
MDM2 (clone SMP14, Sigma-Aldrich), rabbit anti-MDM2
pSer166 (#3521, Cell Signaling), rabbit mAb anti-p70S6K phos-
pho-Thr389 (clone 108D2, Cell Signaling), rabbit mAb anti-
p70S6K (clone 49D7, Cell Signaling), rabbit anti-cleaved cas-
pase-3 at Asp175 (#9661, Cell Signaling), rabbit anti-RPL5
(ab86863, Abcam), rabbit anti-ZMAT3 (WIG1/PAG608)
(AV50793, Sigma-Aldrich), mouse anti-NPM1/B23 (ab10530/
FC82291, Abcam), rabbit anti-fibrillarin (ab5821, Abcam), and
rabbit anti-PUMA (ab9643, Abcam).

Protein synthesis and protein half-life assay
To measure protein synthesis, U2OS cells growing in p60

dishes were starved in methionine/cysteine free medium (Life
Technologies) supplemented with 10% dialyzed FCS for
30 minutes. Synthesis of p53 was measured in U2OS cells that
were labeled with 0.4 mCi L-[35S] methionine and L-[35S] cyste-
ine Easy Tag EXPRESS (Perkin–Elmer) for 15 minutes as indi-
cated. Labeling was followed by immediate cell lysis. Cell lysates
containing equal amounts of proteins were immunoprecipitated

with rabbit anti-p53 antibody FL393 or IgG control antibody
overnight at 4�C. This was followed by 30 minutes incubation
with Dynabeads (GE Healthcare Life Sciences). After 3 extensive
washes of the beads using 0.5% NP-40 lysis buffer the immuno-
precipitated material was resolved by 4–12% SDS-PAGE and
visualized by autoradiography. The turnover of protein was
assessed by protein-synthesis inhibitor cycloheximide (CHX)
assay.
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