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Mycophenolate mofetil (MMF), a prodrug of mycophenolic
acid (MPA), is widely used as an immunosuppressive agent.
MPA selectively inhibits inosine monophosphate dehydrogen-
ase (IMPDH), a rate-limiting enzyme for the de novo synthesis of
guanine nucleotides, leading to depletion of the guanine nucle-
otide pool. Its chemotherapeutic effects have been attributed to
its ability to induce cell cycle arrest and apoptosis. MPA treat-
ment has also been shown to induce and activate p53. However,
the mechanism underlying the p53 activation pathway is still
unclear. Here, we show that MPA treatment results in inhibition
of pre-rRNA synthesis and disruption of the nucleolus. This
treatment enhances the interaction of MDM2 with L5 and L11.
Interestingly, knockdown of endogenous L5 or L11 markedly
impairs the induction of p53 and G; cell cycle arrest induced by
MPA. These results suggest that MPA may trigger a nucleolar
stress that induces p53 activation via inhibition of MDM2 by
ribosomal proteins L5 and L11.

Inosine monophosphate dehydrogenase (IMPDH)? is an
essential, rate-limiting enzyme for the de novo synthesis of
guanine nucleotides. It catalyzes the nicotinamide adenine
dinucleotide (NAD)-dependent oxidation of inosine-5'-
monophosphate (IMP) to xanthosine-5'-monophosphate
(XMP), which is the committed step in de novo guanine
nucleotide biosynthesis (1). This reaction is particularly
important to B and T lymphocytes, which are singularly
dependent on the de novo pathway, rather than the salvage
pathway, for purine biosynthesis (2). There are two separate,
but very closely related IMPDH isoenzymes, termed type I
and type II, that share 84% amino acid identity (3). Expres-
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sion of IMPDH, particularly the type II enzyme, is signifi-
cantly up-regulated in many tumor cells, including leukemia
cells (1, 4-7); thus, IMPDH is a target for cancer as well as
immunosuppressive chemotherapy. Inhibitors of IMPDH
such as mycophenolate mofetil (MMF, Cellcept), a prodrug
of mycophenolic acid (MPA), have been used in organ and
stem cell transplantation and in autoimmune diseases as
highly effective immunosuppressive agents (8).

MPA, the active metabolite of MMF, is a selective inhibitor of
IMPDH (8). It can effectively induce cell-cycle arrest in late G,
phase in lymphocytes (9-11), and results in differentiation
(12-14) or apoptosis (15-18) in cultured cell lines depending
on cell type. It has been shown that MPA treatment inhibits the
induction of cyclin D3, a major component of cyclin-dependent
kinase (CDK), and degradation of p27"®!, a CDK inhibitor,
resulting in G; cell cycle arrest (9). MPA causes apoptosis in
interleukin-3-dependent murine hematopoietic cell lines
through inhibiting both the Ras-MAPK and mTOR pathways
(15). Also, the induction of apoptosis in multiple myeloma cell
lines occurs through both caspase-dependent (18) and caspase-
independent (19) mechanisms. However, these signaling path-
ways are only the potential downstream targets; the upstream
mechanisms that sense the depletion of guanine nucleotide and
trigger the cell cycle arrest or apoptosis are still not very clear.
Interestingly, it has been shown that certain specific inhibitors
of ribonucleotide biosynthesis, including MPA, cause a revers-
ible p53-dependent G, arrest, and p53 has been proposed to
serve as a sensor of ribonucleotide pool perturbation (20),
although MPA has been shown to inhibit DNA synthesis (21,
22). p53 has also been shown to mediate the cell cycle arrest and
apoptosis in response to guanine nucleotide depletion in
human neuroblastoma cell lines (17, 23). However, how p53
senses this nucleotide depletion-induced stress remains elu-
sive. In this study, we show that MPA treatment results in
drastic reduction of pre-rRNA synthesis and disruption of
the nucleolus as evident by the massive translocation of
nucleophosmin (also called B23), a nucleolar marker, from
the nucleolus to the nucleoplasma. This treatment enhances
the interaction of MDM2 with ribosomal proteins L5 and
L11. Interestingly, knockdown endogenous L5 or L11 mark-
edly impairs the induction of p53 and G, cell cycle arrest
induced by MPA. These results suggest that MPA may trig-
ger a nucleolar stress, resulting in p53 activation that
requires the inhibition of MDM2 activity by ribosomal pro-
teins L5 and L11.
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MATERIALS AND METHODS

Cell Lines, Reagents, and Antibodies—Human p53-proficient
osteosarcoma U20S cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 50
units/ml penicillin, and 0.1 mg/ml streptomycin at 37 °Cina 5%
CO, humidified atmosphere as previously described (24). The
cells were treated with MPA (Sigma) or vehicle methanol where
indicated. Anti-L5 (25), anti-L11 (26), and anti-MDM?2 (2A10
and 4B11) (24, 25) antibodies have been described. Anti-p21
(NeoMarkers), anti-p53 (DO-1, Santa Cruz Biotechnology),
and anti-MDM2 (SMP14, Santa Cruz Biotechnology) were
purchased.

Immunoblot and Co-immunoprecipitation Analyses—Cells
were lysed in lysis buffer consisting of 50 mm Tris/HCI, pH 8.0,
0.5% Nonidet P-40, 1 mm EDTA, 150 mm NaCl, 1 mm phenyl-
methylsulfonyl fluoride, 1 mm dithiothreitol, 1 ug/ml pepstatin
A, and 1 mm leupeptin. Equal amounts of cleared cell lysates
were used for immunoblot analysis as described previously (24).
Co-immunoprecipitation assays were conducted as described
previously (24). Bound proteins were detected by immunoblot
using antibodies as indicated in the figure legends.

RNA Interference (RNAi)—RNAi-mediated knockdown of
endogenous L5 and L11 was performed essentially as described
(24). The target sequences for L5, L11, and the control scram-
bled II RNA were described (24, 25). All the siRNA duplexes
with a 3'-dTdT overhang were synthesized by Dharmacon
(Lafayette, CO). These siRNA duplexes (0.2 um) were intro-
duced into cells using SilentFect (Bio-Rad) following the man-
ufacturer’s protocol. Cells were harvested 48 h after transfec-
tion for immunoblot, reverse transcription (RT) real-time PCR,
and cell cycle analyses.

Reverse Transcription and Real-time PCR Analyses—Total
RNA was isolated from cells using Qiagen RNeasy Mini kits
(Qiagen, Valencia, CA). Reverse transcriptions were performed
as described (25). Quantitative real-time PCR was performed
on an ABI 7300 real-time PCR system (Applied Biosystems)
using SYBR Green Mix (Applied Biosystems) as described pre-
viously (27). All reactions were carried out in triplicate. The
relative gene expression was calculated using the ACT method
following the manufacturer’s instruction. The primers for p21,
mdm?2, nucleolin, and GAPDH were described (26, 27). To
detect pre-rRNA, two pairs of primers were used. Primers
5'-GCTCTACCTTACCTACCTGG-3" and 5'-TGAGCCAT-
TCGCAGTTTCAC-3" were used for amplifying a 112-bp
pre-rRNA fragment encompassing 5'-external transcribed
sequence (ETS) and 18S rRNA. Primers 5'-TGAGAAGACGG-
TCGAACTTG-3" and 5'-TCCGGGCTCCGTTAATGATC-3’
were used to amplify a 96-bp pre-rRNA fragment from 18S
rRNA to internal transcribed sequence (ITS)-1. The primers for
amplifying 5S rRNA were 5'-GGCCATACCACCCTGAACGC-
3" and 5'-CAGCACCCGGTATTCCCAGG-3'. The primers
for tRNA™" were 5'-CCTTCGATAGCTCAGCTGGTAG-3’
and 5'-GGAATCGGAACCAGCGACCTAAG-3'. The prim-
ers for acidic ribosomal phosphoprotein (ARPP) PO were 5'-
AGATCAGGGACATGTTGCTGG-3" and 5'-AGCCTGGA-
AAAAGGAGGTCTTC-3'.
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Immunofluorescence Staining—Cells treated with MPA or
methanol control were fixed and stained with monoclonal anti-
B23 antibody followed by staining with Alexa Fluor 488 (green)
goat anti-mouse antibody (Molecular Probes, OR) as well as
4',6'-diamidino-2-phenylindole (DAPI) for DNA staining.
Stained cells were analyzed under a Zeiss Axiovert 25 fluores-
cent microscope.

Cell Cycle Analyses—U20S cells were transfected with
scrambled, L5, or L11 siRNA as indicated in figure legends.
Cells were fixed and stained in 500 ul of propidium iodide (PI,
Sigma) stain buffer (50 wg/ml PI, 30 pwg/ml polyethylene glycol
8000, 200 ug/ml RNase A, 0.1% Triton X-100, 0.38 m NaCl, pH
7.2) at 37 °C for 30 min. The cells were then analyzed for DNA
content using a Becton Dickinson FACScan flow cytometer.
Data were analyzed using the CellQuest and Modfit software
programs.

RESULTS

Guanine Nucleotide Depletion by MPA Stabilizes and Acti-
vates p53 and Induces G, Cell Cycle Arrest—MPA inhibits the
rate-limiting enzyme IMPDH of de novo guanine nucleotide
biosynthesis, leading to depletion of intracellular guanine
nucleotide, including GTPs and GDPs (28), and has been shown
to activate p53 and induce p53-dependent G, arrest in certain
cell lines (14, 20). To test whether MPA activation of p53 is a
general effect, we tested its effect in U20S cells while also deter-
mining the dose and time responses. We treated U20S cells
with different doses of MPA. Cells were harvested at 12 h after
the treatment for immunoblot analysis. As shown in Fig. 14,
MPA induced the levels of p53 in a dose-dependent fashion in
U20S cells at concentrations as low as 0.5 um. Because 10 um
MPA is a clinically relevant dose (29) and also led to a peak
induction of p53, we decided to use this dose for the following
experiments. To determine the kinetics of MPA-induced p53
activation, we also performed time-dependent response of cells
to treatment with 10 um MPA. As shown in Fig. 1B, the induc-
tion of p53 was observed at as early as 4-h post-treatment and
reached a platform from 8 to 12 h. Thus, we chose 12 h as a time
point for the following experiments. To test whether the induc-
tion of p53 by MPA is due to the stabilization of p53, we per-
formed half-life assays. U20S cells were treated with 10 um
MPA or methanol for 12 h. The cells were then incubated with
50 wg/ml of cycloheximide and harvested at different time
points for immunoblot analysis. As shown in Fig. 1, C and D,
p53 was markedly stabilized by MPA treatment. The half-life of
p53 was increased from about a half-hour in methanol-treated
cells to more than 2 h in MPA-treated cells. These results dem-
onstrate that MPA treatment stabilizes p53.

The induced p53 by MPA treatment was transcriptionally
active, because the p53 target p21 and mdm2 mRNA levels were
significantly induced, as determined by real-time PCR assays
(Fig. 1E). Consistently, the protein levels of p21 and MDM2
were induced by MPA treatment in dose- and time-dependent
manners (Fig. 1, A and B). Also, MPA treatment induced G,
arrest and resulted in a loss of the G,/M phase peak in U20S
cells (Fig. 5A). Altogether, these results suggest that guanine
nucleotide depletion by MPA treatment induces and activates
p53 in U20S cells.
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FIGURE 1. MPA treatment stabilizes and activates p53. A, dose-response of p53 induction and activation by
MPA. U20S cells were treated with different doses of MPA as indicated for 12 h. Cell lysates were assayed for
expression of p53, p21,and MDM2 by immunoblot analysis. B, time-dependent effect of MPA on p53 induction
and activation. U20S cells were treated with 10 wmol/liter of MPA for different time courses as indicated. Cell
lysates were assayed for expression of p53, p21, and MDM2 by immunoblot analysis. C and D, MPA treatment
stabilizes p53. U20S cells were treated with 10 umol/liter MPA for 12 h, and then 50 pg/ml cycloheximide was
added to the medium. The cells were harvested at different time points as indicated and assayed for levels of
p53 and tubulin by immunoblot. The bands were quantified and normalized with loading controls determined
by tubulin expression and plotted in D. E, MPA treatment induces the expression of p21 and mdm2 mRNA
levels. U20S cells were treated with methanol or 10 umol/liter MPA for 12 h. Total RNAs were prepared from
cells and retrotranscribed. Real-time PCR analysis was then conducted to determine the relative expression of

the p21 and mdm2 mRNA as normalized against GAPDH mRNA.

Guanine Nucleotide Depletion Mediated by MPA Treatment
Inhibits Pre-rRNA Synthesis and Induces Redistribution of B23
into the Nucleoplasm—W e have shown that depletion of intra-
cellular deoxynucleotide pool by 5-fluorouracil (5-FU) resulted
in a nucleolar stress-p53 activation response (27). To determine
whether p53 activation mediated by MPA-induced guanine
nucleotide depletion also involves nucleolar stress (also called
ribosomal stress), we first examined the cellular localization of
the nucleophosmin, a nucleolar marker, in response to MPA
treatment. As shown in Fig. 24, MPA treatment led to redistri-
bution of B23 into the nucleoplasm, consistent with the previ-
ous study (30). These results suggest that MPA treatment
affects the integrity of the nucleolus structure, suggesting that
MPA may also trigger nucleolar stress.

Accumulating evidence suggests that perturbation of riboso-
mal biogenesis mediated by the inhibition of rRNA synthesis,
processing, and ribosome assembly causes ribosomal stress,
leading to p53 activation (31, 32). For example, inhibition of
RNA polymerase [ activity by a low dose of actinomycin D (32),
loss-of-function mutations of the rRNA-processing factor
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between 18S rRNA and ITS-1 (frag-
ment b) clearly indicated that MPA
treatment drastically reduced the
level of pre-rRNAs. The levels of
pre-rRNAs was sharply decreased
as early as 4 h after MPA treatment
and continuingly decreased at 12 h
by more than 50-fold. These results
suggest that MPA treatment drasti-
cally inhibits rRNA synthesis,
resulting in nucleolar stress. We
also detected other RNAs, including
RNA polymerase (Pol) III-mediated
transcripts such as 5S rRNA and
tRNA™", and Pol II-mediated tran-
scripts such as nucleolin and ARPP
PO. As shown in Fig. 2C, the levels of
5S rRNA, tRNA™", and nucleolin
mRNA were decreased by 40~60%
upon MPA treatment, whereas the
ARPP PO transcripts were not sig-
nificantly reduced by the treatment.
These results suggest that MPA-
mediated guanine nucleotide deple-
tion primarily inhibits rRNA
synthesis.

Guanine Nucleotide Depletion
Mediated by MPA Treatment Enhances the Interaction of
MDM2 with Ribosomal Proteins LS and L11—OQur recent stud-
ies as well as studies by others have shown that several riboso-
mal proteins, including L5, L11, and L23, target the MDM?2-p53
feedback loop in response to nucleolar or ribosomal stress (24,
25, 33-37). These ribosomal proteins directly bind to MDM2
and inhibit MDM2-mediated ubiquitylation of p53, thus stabi-
lizing and activating p53 (24, 25, 33—37). As noted above, MPA
treatment inhibits rRNA synthesis and results in disruption of
the nucleolus, we hypothesized that MPA treatment might also
induce the interaction of MDM2 with ribosomal proteins.
Indeed, MPA treatment drastically enhanced the interaction of
MDM2 with the ribosomal proteins L5 and L11 when anti-
MDM2 antibodies were used for immunoprecipitation (Fig.
3A). The increased binding of MDM2 to L5 was true in a recip-
rocal co-immunoprecipitation using anti-L5 antibodies (Fig.
3B). Because all the L11 antibodies tested were not suitable for
co-immunoprecipitation with endogenous proteins (data not
shown), reciprocal immunoprecipitation could not be done
with the currently available anti-L11 antibodies. These results

60 90 120 min
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FIGURE 2. MPA treatment induces redistribution of B23 into the nucleo-
plasm and inhibits pre-rRNA synthesis. A, MPA treatment induces redistri-
bution of B23 into the nucleoplasm. U20S cells were treated with methanol or
10 wmol/liter MPA for different time points (h). The cells were immunostained
with anti-B23 (green) and anti-NS (red) as well as DAPI for DNA. B, MPA treat-
ment inhibits pre-rRNA synthesis. U20S cells were treated with 10 wmol/liter
MPA for different time points (h). Total RNAs were prepared from cells and
retrotranscribed. Real-time PCR analysis was then conducted to determine
the relative expression of the pre-rRNA as normalized against GAPDH mRNA.
Similar results are shown using two pairs of primers amplifying a fragment
between 5’-ETS and 18S rRNA (a) and afragment between 18S rRNA and ITS-1
(b), respectively, as indicated in the diagram illustrating the pre-rRNA gene
structure in the top panel. C, effect of MPA treatment on levels for 55 rRNA,
tRNA™", nucleolin, and ARPP PO RNAs. U20S cells were treated with 10 wmol/
liter MPA for 12 h, and total RNAs were prepared from cells and retrotrans-
cribed. Real-time PCR analysis was then conducted to determine the relative
expression of the RNAs as normalized against GAPDH mRNA.

indicate that MPA-induced p53 activation involves suppres-
sion of MDM?2 activity by ribosomal proteins, further support-
ing a nucleolar stress-p53 response in MPA-treated cells.
Reduction of Endogenous LS or L11 by siRNA Alleviates MPA-
induced p53 Activation and Cell Cycle Arrest—To validate the
requirement of L5 and L11 for MPA-induced p53 activation, we
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with the above antibodies (lanes 1-4). B, U20S cell lysates prepared as in A
were used for immunoprecipitation with anti-L5 antibodies followed by
immunoblot using anti-L5 and anti-MDM2 (SMP14) antibodies (lanes 5-8).
The lysates were also directly loaded onto an SDS gel forimmunoblot analysis
with above antibodies (lanes 1-4).

performed siRNA-mediated ablation experiments. Indeed,
reduction of either L5 (Fig. 44) or L11 (Fig. 4B) levels by siRNA
markedly inhibited the MPA-induced level of p53 compared
with that in scrambled RNA-transfected cells. Consistently,
knocking down either L5 or L11 abrogated MPA-induced p21
and MDM2 protein levels (Fig. 4, A and B) as well as their
mRNA levels as measured by real-time RT-PCR assays (Fig. 4, C
and D). Consistently knocking down either L5 or L11 signifi-
cantly reduced the MPA-induced G; cell cycle arrest and res-
cued the G,/M phase peak (Fig. 5, A and B). These results dem-
onstrate that L5 and L11 are required for MPA-mediated
induction of p53 activation and G, arrest. We did not analyze
whether knocking down L23 also inhibits MPA-mediated p53
activation, because knockdown of L23 itself can cause induc-
tion and activation of p53 (24, 36). However, it is possible that
L23 may also play a role in MPA activation of p53.

DISCUSSION

It has been shown that guanine nucleotide depletion medi-
ated by MPA causes a reversible p53-dependent G, arrest (20)
and induces p53 in human cell lines (17, 23). However, the
mechanism underlying this p53 activation pathway remains
undetermined. In this study, we found that guanine nucleotide
depletion by MPA treatment drastically inhibits pre-rRNA syn-
thesis (Fig. 2B), disrupts the nucleolus resulting in massive
translocation of the nucleolar protein B23 into the nucleoplasm
(Fig. 2A), and induces p53 activity (Fig. 1). These results suggest
that MPA activation of p53 may resemble p53 activation
induced by the treatment of cells with a low dose of actinomy-
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FIGURE 4. MPA-induced p53 activation requires the ribosomal proteins
L5 and L11. A, ablation of endogenous L5 by siRNA inhibits MPA-induced
p53. U20S cells were transfected with scrambled or L5 siRNA for 48 h as
indicated. Twelve hours before harvesting, the cells were treated with meth-
anol (lanes 1 and 3) or 10 wmol/liter MPA (lanes 2 and 4). Cell lysates were
assayed for expression of p53, p21, and MDM2 by immunoblotting with spe-
cific antibodies. B, ablation of endogenous L11 by siRNA inhibits MPA-in-
duced p53. U20S cells were transfected with scrambled or L11 siRNA for 48 h
as indicated. Twelve hours before harvesting, the cells were treated with
methanol (lanes 7 and 2) or 10 wmol/liter MPA (lanes 3 and 4). Cell lysates were
assayed for expression of p53, p21, and MDM2 by immunoblot with specific
antibodies. C and D, ablation of endogenous L5 or L11 by siRNA inhibits the
levels of p21 and mdm2 mRNA induced by MPA. Total RNAs were prepared
from cells transfected with scrambled, L5, or L11 siRNA followed by treatment
with methanol or MPA as above (A or B) and retrotranscribed. Real-time PCR
analysis was then conducted to determine the expression of the mdm2 (C)
and p21 (D) mRNA levels. The expression of GAPDH mRNA was used as
control.

cin D (Act D), which specifically inhibits RNA polymerase I
activity (24). It has been shown that MPA treatment results in
decrease of intracellular guanine nucleotide levels by 40— 60%
depending on dosage and cell type (17, 38). This reduction of
guanine nucleotides would presumably result in global reduc-
tion of RNA synthesis. Indeed, we have detected the reduction
of the levels of several RNA species, including Pol III-mediated
transcripts 55 rRNA and tRNA™" and Pol II-mediated tran-
scripts nucleolin mRNA by 40-60% (Fig. 2C). However, the
levels in p21 and mdm2 mRNAs, whose genes are transcription
targets of p53, were still significantly elevated in response to
MPA treatment (Fig. 1E). Likewise, the level of one tested tran-
script, ARPP PO mRNA, was not changed significantly (Fig. 2C).
Therefore, under the limited supply of intracellular guanine
nucleotides, gene transcription is still highly regulated in cells.
It is likely that those genes important for cell growth and pro-
liferation would be shut down, while others critical for negating
cell growth would be turned on, ensuring the tight coordination
of cell growth with cell metabolism. In contrast, the synthesis of
pre-rRNA was drastically decreased by MPA treatment at as
early as 4 h. These results suggest that guanine nucleotide
depletion induced by MPA primarily and efficiently inhibits
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rRNA synthesis. This might be due to the high demand of
nucleotides in rRNA synthesis, as 'IRNA accounts for up to 80%
of total RNA and Pol I-mediated transcription of rRNA repre-
sents nearly 60% of the total transcription in the cell (39). It is
also possible that guanine nucleotide depletion by MPA may
regulate nucleolar trafficking of Pol I transcriptional machiner-
ies such as transcription initiation factor TIF-1A (40), thus
directly inhibiting Pol I activity. Although it remains to be
determined whether MPA inhibition of pre-rRNA synthesis is
due to its effect on Pol I activity or a direct consequence of
guanine nucleotide depletion, our results suggest that MPA
treatment may also trigger nucleolar stress as in the case of Act
D treatment.

Nucleolar stress can be triggered by external or internal stim-
uli leading to perturbation of the ribosomal biogenesis (31, 32).
For example, inhibition of RNA polymerase (Pol) I activity by a
low dose of Act D (32) and genetic disruption of the Pol I tran-
scription initiation factor TIF-IA (40), inhibition of rRNA proc-
essing by loss-of-function mutations of the rRNA processing
factor Bop1 (31), or treatment of cells with 5-FU (27), as well as
inhibition of overall ribosomal biogenesis by serum starvation
(33) or genetic inactivation of ribosomal protein S6 (41) can all
induce and activate p53. Recent studies have shown that ribo-
somal proteins L5, L11, and L23 may play an important role in
mediating p53 activation via binding to and inhibiting MDM2
E3 ligase activity toward p53 in response to nucleolar stress (24,
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25,33-37). It is proposed that these ribosomal proteins may be
released from the intact ribosomes as ribosome-free ribosomal
proteins that target MDM2 in response to nucleolar stress (27,
33). Thus, these ribosomal proteins may also play a role in
MPA-mediated p53 activation.

Indeed, knocking down either L5 or L11 by siRNA drastically
suppressed the MPA-mediated p53 activation and cell cycle
arrest (Figs. 4 and 5). Also, the interaction of MDM2 with L5
and L11 was markedly enhanced by the treatment with MPA
(Fig. 3). Therefore, as in the case of p53 activation by Act D and
5-FU, ribosomal proteins L5 and L11 are essential for efficient
induction and activation of p53 by MPA treatment. Because
knocking down L23 itself can cause induction and activation of
P53 (24, 36), it is somewhat difficult to determine whether 1L.23
is also essential for MPA-mediated p53 activation.

In summary, this study not only reveals a mechanistic insight
into the MPA activation of p53, but also provides another
example of p53 activation of cells in response to nucleolar stress
via the ribosomal protein-MDM?2 interaction mechanism, fur-
ther emphasizing the critical role of the ribosomal proteins in
mediating p53 checkpoint in response to nucleolar stress, thus
ensuing the fine coordination of cell cycle progression with
ribosomal biogenesis. Because siRNA knockdown experiments
have shown that ribosomal proteins L5, L11, and L23 are
required for p53 activation by multiple stimuli (24, 25, 27, 33,
36, 37), it is conceivable that these ribosomal proteins, or per-
haps others such as S7 (42) are required for a common nucleo-
lar stress-p53 activation pathway under growth inhibitory con-
ditions. Further experiments on other ribosomal proteins in
response to a panel of different internal or external stimuli
would be necessary for testing this hypothesis. Also, it remains
to be determined how exactly the ribosomal proteins are
released from the nucleolus in response to nucleolar stress and
target MDM2.
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