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Ribosomal Protein L.23 Activates pS3 by Inhibiting MDM?2 Function in
Response to Ribosomal Perturbation but Not to Translation Inhibition

Mu-Shui Dai," Shelya X. Zeng,' Yetao Jin,' Xiao-Xin Sun,' Larry David,> and Hua Lu'*

Department of Biochemistry and Molecular Biology, School of Medicine," and Department of Oral Molecular Biology,
School of Dentistry,> Oregon Health and Science University, Portland, Oregon

Received 13 January 2004/Returned for modification 18 February 2004/Accepted 21 May 2004

The pS3-MDM?2 feedback loop is vital for cell growth control and is subjected to multiple regulations in
response to various stress signals. Here we report another regulator of this loop. Using an immunoaffinity
method, we purified an MDM2-associated protein complex that contains the ribosomal protein L23. L23
interacted with MDM2, forming a complex independent of the 80S ribosome and polysome. The interaction of
L23 with MDM2 was enhanced by treatment with actinomycin D but not by gamma-irradiation, leading to pS3
activation. This activation was inhibited by small interfering RNA against L23. Ectopic expression of 123
reduced MDM2-mediated p53 ubiquitination and also induced p53 activity and G, arrest in p53-proficient
U20S cells but not in p53-deficient Saos-2 cells. These results reveal that L23 is another regulator of the

p53-MDM2 feedback regulation.

The tumor suppressor function of p53 is primarily attributed
to its ability to activate transcriptional expression of many
genes whose protein products induce cell growth arrest, apo-
ptosis, senescence, or inhibition of angiogenesis in response to
various stresses, thus protecting cells from transformation and
tumorigenesis (54, 63). Cells also develop a negative feedback
mechanism to monitor p53 function because p53 activation is
toxic to the cells (4, 51, 67). A crucial player in this feedback
regulation is an oncoprotein called MDM2 (41). MDM2 spe-
cifically binds, through its N-terminal domain, to the N termi-
nus of p53 (10, 47). On one hand, this binding conceals the
N-terminal transcription domain of p53, directly blocking its
transcriptional activity (10, 41). On the other hand, this binding
initiates p53 ubiquitination, thus leading to its degradation by
the proteasome system (20, 30), as MDM?2 is a Ring-finger-
containing E3 ubiquitin ligase (16, 21). Additionally, MDM?2
contains a nuclear export signal and induces p53 nuclear ex-
port through direct interaction (6, 18, 36, 60), thus preventing
pS3 from accessing its responsive DNA elements. Conse-
quently, MDM2 suppresses p53-mediated cell growth arrest
and apoptosis. This regulation presents an elegant autoregu-
latory feedback loop because MDM?2 is also induced by p53
and in turn inhibits p53 function (4, 51, 67). Indeed, genetic
disruption of the p53 gene rescues the lethal phenotype of the
mdm?2 knockout mouse, firmly validating the notion of the
MDM2-p53 feedback loop (27, 43).

This MDM2-p53 feedback loop is subjected to multiple reg-
ulations in response to different signals because of its impor-
tance in cell growth control and transformation. For instance,
DNA damage-induced phosphorylation of p53 or MDM2 sup-
presses p5S3-MDM?2 binding, thus inhibiting MDM?2-mediated
p53 suppression (3, 8, 28, 39, 56). Also, viral and cellular onco-
proteins, such as Ras and c-Myc, can activate p53 by alleviating
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the function of MDM2 through induction of an MDM2 inhib-
itor called p14** (mouse p19°™) (49, 77). The ARF protein
prevents MDM2 from targeting p53, probably through two
mechanisms: separating the two proteins from different cellu-
lar compartments and inhibiting MDM?2-mediated p53 ubiqg-
uitination (22, 61, 65, 66, 75). MDM2 is also regulated by its
homolog MDMX (55), which assists MDM?2 in down-regulat-
ing p53 function (19, 24, 32, 57). Furthermore, phosphoryla-
tion of MDM2 at serines 166 and 186 by Akt in response to the
Her2-mediated cell growth signaling enhances the nuclear lo-
calization of MDM2 and, as a result, inactivates p53 (76).
Therefore, the MDM2-p53 loop is tightly regulated by distinct
proteins in response to different signals.

The p53-MDM?2 feedback loop is also regulated by stress on
ribosomal biogenesis. Proper ribosome assembly is essential
for the health of a cell. Therefore, it is logical that impairment
to this function would require cell growth arrest or apoptosis to
facilitate repair or to remove affected cells, probably mediated
by p53. For example, overexpression of a dominant-negative
mutant of Bop1, a nucleolar protein critical for rRNA process-
ing and ribosome assembly, inhibited 28S and 5.8S rRNA for-
mation and led to deficiency of newly synthesized 60S ribo-
somal subunits in 3T3 fibroblast cells (50). Consequently, the
cells underwent p53-dependent G, arrest (50). Also, actinomy-
cin D, which inhibits RNA polymerase I at a concentration of
5 nM, can stall rRNA synthesis and ribosome assembly. By
doing so, this compound activates p53 function without trig-
gering N-terminal phosphorylation of p53 (1, 2). These studies
suggest a potential signaling pathway that may mediate p53
activation by sensing stresses on ribosome biogenesis. Indeed,
a ribosomal protein, L11, has been recently shown to be a
regulator of this pathway (35, 74). Hence, it is important to
uncover other regulators in this pathway.

To do so, we have generated a stable human embryonic
kidney epithelial 293 cell line that constitutively expresses
MDM?2. Using this cell line, we purified a cytoplasmic MDM2-
associated complex through an immunoaffinity purification fol-
lowed by a mass spectrometric analysis. Surprisingly, several
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ribosome proteins, including L23, .11, and LS5, were found in
the complex. This finding not only confirms the previously
reported interaction of MDM2 with L5 (37) and the more
recently reported interaction with L11 (35, 74) but also iden-
tified L.23 as a new regulator of MDM2. Our further study
shows that .23, like L5 and L11, bound to MDM2, but unlike
L5 and L11, it preferentially interacted with a distinct domain
of MDM?2, independent of the 80S ribosome and polysome.
L23 activated p53 by preventing MDM?2 from targeting and
ubiquitinating p53. Interestingly, the RNA polymerase I inhib-
itor actinomycin D, but not gamma-irradiation or translation
inhibitors, enhanced the MDM2-L.23 binding. Furthermore,
removal of L23 by small interfering RNA (siRNA) inhibited
actinomycin D-induced p53 activation. Consistently, ectopic
expression of L23 induces p53 transcriptional activity and G,
arrest in p53-containing U20S cells but not in p53-null Saos-2
cells. These results suggest that 1.23, in response to ribosomal
stress, may activate p53 by inhibiting the MDM2-mediated
feedback regulation of p53.

MATERIALS AND METHODS

Plasmids and antibodies. To generate human L23 expression construct
pcDNA3-2Flag-1.23, the full-length L23 cDNA was amplified by reverse tran-
scriptase PCR (RT-PCR) from HeLa cell mRNA with the following primers
(restriction enzyme sites are underlined): P1, 5'-CGCGGATCCATGTCGAAG
CGAGGACGTGGTG-3'"; P2, 5'-CCGGAATTCTCATGCAATCCTGCCAGC
ATTG-3'. The PCR product was subcloned into the pcDNA3-2Flag vector. The
pcDNA3-2Flag-L23AN vector with a deletion of amino acids (aa) 1 to 65 was
constructed by PCR amplification with primers P2 and P3 (5'-CGCGGATCCA
AGAAAGGCAAACCACAGCTC-3"). The green fluorescent protein (GFP)-
123 expression vector was cloned by inserting a PCR product with the primers P2
and P4 (5-ACAGAAGATCTATGTCGAAGCGAGGACGTGG-3') into
pEGFP-C1 (Clontech). The glutathione S-transferase (GST)-L23 bacterial ex-
pression vector was constructed by subcloning the full-length L23 from pcDNA3-
2Flag-L23 into pGEX.4T.1 (Pharmacia Biotech). The GST fusion L23 fragments
pGEX4T.1-L23/1-65, pGEXA4T.1-L23/66-140, pGEXA4T.1-L23/1-105, and
pGEX.4T.1-L23/35-105 were subsequently constructed by cloning PCR products
into the pGEX.4T.1 vector. GST-MDM?2 and GST-MDM2 deletion mutants
were described previously (26). The His-MDM2 bacterial expression vector was
constructed by inserting a PCR product into the pet24a vector (Novagen); the
primers are 5'-CGCGGATCCATGTGCAATACCAACATGTCTG-3' and 5'-C
CGGAATTCGAGGGGGAAATAAGTTAGCAC-3'.

For generation of polyclonal anti-L23 antibody, the full-length .23 was am-
plified by PCR with primers P1 and P5 (5'-CCGGAATTCCGTGCAATCCTG
CCAGCATTG-3"). The PCR product was subcloned into the pet24a-His vector
to generate pet24a-His-L23. The His-tagged L23 protein was expressed in Esch-
erichia coli and purified by using Ni-nitrilotriacetic acid (NTA) beads as an
antigen to raise rabbit polyclonal anti-L23 antisera. Anti-L11 antibodies were
kindly provided by Yangping Zhang (M. D. Anderson Cancer Institute, The
University of Texas at Houston, Houston). Anti-Flag (Sigma), anti-p21
(NeeMarkers), and anti-p53 (DO-1; Santa Cruz) were purchased. Anti-MDM2
(2A10) and antihemagglutinin (anti-HA) (12CAS5) have been described previ-
ously (26).

Buffers and reagents. Lysis buffer consisted of 50 mM Tris-HCI (pH 8.0), 0.5%
Nonidet P-40, 1 mM EDTA, 150 mM NaCl, and 1 mM phenylmethylsulfonyl
fluoride (PMSF). SNNTE buffer contained 50 mM Tris-HCI (pH 7.4), 5 mM
EDTA, 1% Nonidet P-40, 500 mM NaCl, and 5% sucrose. Radioimmunopre-
cipitation assay (RIPA) buffer was comprised of 50 mM Tris-HCI (pH 7.4), 150
mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), and 1%
(wt/vol) sodium deoxycholate. Buffer C 100 (BC100) included 20 mM Tris-HCl
(pH 7.9), 0.1 mM EDTA, 10% glycerol, 100 mM KCI, 4 mM MgCl,, 0.2 mM
PMSF, 1 mM dithiothreitol, and 0.25 wg of pepstatin A/ml.

Cell culture. Human embryonic kidney epithelial 293 cells, human lung small
cell carcinoma H1299 cells, human p53-proficient osteosarcoma U20S cells, and
human p53-null osteosarcoma Saos-2 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 50 U of penicillin/
ml, and 0.1 mg of streptomycin/ml at 37°C in a 5% CO, humidified atmosphere
as previously described (25, 26, 70).
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Establishment of HA-MDM?2 expression cell lines. 293 cells were transfected
with pcDNA3-HA-MDM2 or pcDNA3 vector. Transfected cells expressing HA-
MDM2 were selected in the presence of neomycin (0.5 mg/ml) and screened by
immunoprecipitation with anti-HA antibodies followed by Western blotting with
the monoclonal anti-MDM2 antibody 2A10.

Affinity purification of human MDM2-associated protein complexes. Approx-
imately 10° 293 cells were used for the preparation of nuclear extract and
cytoplasm (S100) by a previously described method (12). The 12CAS5-affinity
beads were prepared by conjugating anti-HA monoclonal antibodies (12CA5) to
protein A-agarose beads as described previously (31). The beads were washed
with phosphate-buffered saline (PBS) and suspended in PBS as a 50% slurry.
Fifty milligrams of S100 protein fractions from either 293-HA-MDM2 cells or
empty vector expressing 293 cells as a control were incubated with 0.2 ml of
12CAS-affinity beads at 4°C for 4 h. The beads were washed four times in lysis
buffer containing protein inhibitors. The bead-bound proteins were eluted in 0.2
ml of lysis buffer containing 4 mg of synthetic HA peptides/ml. Eluted proteins
were loaded onto an SDS-5 to 17% gradient polyacrylamide gel electrophoresis
gel for colloidal blue staining. Specific bands from 293-HA-MDM?2 fractions
compared to the 293 control fractions were excised and subjected to mass
spectrometric analysis.

Cotransfection, immunoblot, and coimmunoprecipitation analyses. H1299,
U208, or Saos-2 cells were transfected with plasmids as indicated in the figure
legends with Lipofectin following the manufacturer’s protocol (Invitrogen). Cells
were harvested at 48 h posttransfection and lysed in lysis buffer. Equal amounts
of clear cell lysate were used for immunoblot analysis as described previously
(72). Immunoprecipitation was conducted by using antibodies as indicated in the
figure legends and described previously (70). Beads were washed twice with lysis
buffer, once with SNNTE buffer, and once with RIPA buffer. Bound proteins
were detected by immunoblotting with antibodies as indicated in the figure
legends.

Transient transfection and luciferase assays. U20S, Saos-2, or H1299 cells
were transfected with the pCMV-B-galactoside reporter plasmid (0.1 pg) and a
luciferase reporter plasmid (0.1 pg) driven by two copies of the pS3RE motif
derived from the MDM2 promoter (67), together with a combination of different
plasmids (total plasmid DNA 1 pg/well) as indicated in the legend to Fig. 6, with
Lipofectin (Invitrogen). At 48 h posttransfection, cells were harvested for lucif-
erase assays as described previously (70, 71). Luciferase activity was normalized
by a factor of B-galactosidase activity in the same assay.

Glycerol gradient sedimentation centrifugation. Whole-cell lysates were pre-
pared from 293 cells as described previously (72). Two milligrams of lysates
mixed with molecular weight markers was loaded onto the surface of a 12.5 to
25% glycerol gradient solution containing 150 mM NaCl and 10 mM Tris-HCl
(pH 7.5) in a 12-ml centrifuge tube. The samples were subjected to centrifugation
in a Beckman SW41 rotor at 32,000 rpm at 4°C for 20 h. Two hundred microliters
per fraction was collected from each tube. Thirty microliters of each fraction was
loaded onto an SDS gel for electrophoresis followed by immunoblot analysis.

Polysome and mRNP distribution analysis. Postmitochondrial supernatant
extractions, sucrose gradient sedimentation of polysomes, and analysis of the
polysome and mRNP distribution of proteins and RNAs were carried out as
previously described with minor modifications (17, 69). Briefly, cells were incu-
bated with 100 pg of cycloheximide/ml for 15 min, which arrests polysome
migration prior to the isolation of postmitochondrial supernatant. The cells were
homogenized in polysome lysis buffer containing 30 mM Tris-HCI (pH 7.4), 10
mM MgCl,, 100 mM KCl, 0.3% Nonidet P-40, 50 pg of cycloheximide/ml, 30 U
of RNasin inhibitor/ml, 1 mM dithiothreitol, 1 mM PMSF, 1 mM pepstatin, and
1 mM leupeptin. After incubation on ice for 5 min, the lysates were centrifuged
at 12,000 X g at 4°C for 8 min. Supernatants were subjected to sedimentation
centrifugation in a 15 to 47% sucrose gradient solution containing 30 mM
Tris-HCI (pH 7.4), 10 mM MgCl,, and 100 mM KClI in a Beckman SW41 rotor
at 37,000 rpm for 2 h. Fourteen fractions were collected from each tube. RNAs
were extracted from the fractions by phenol-chloroform extraction.

Cell cycle analysis. U20S or Saos-2 cells were transfected with plasmids
encoding GFP, GFP-L23, or GFP-L23AC. At 32 h posttransfection, cells were
treated with 200 pg of nocodazole/ml for an additional 16 h. Cells were har-
vested, suspended in 100 wl of PBS, and transferred to a polystyrene tube. Cells
were stained in 500 pl of propidium iodide (PI; Sigma) stain buffer (50 ug of
PI/ml, 30 pg of polyethylene glycol 8000/ml, 200 p.g of RNase A/ml, 0.1% Triton
X-100, and 0.38 M NaCl [pH 7.2]) at 37°C for 30 min and then analyzed for DNA
content by using a Becton Dickinson FACScan flow cytometer. Data were col-
lected by using the Modfit software program. GFP-positive cells were gated for
cell cycle analysis.

GST fusion protein association assays. His-tagged 123 and MDM?2 proteins
were expressed in E. coli, purified through an Ni-NTA (QIAGEN) column, and
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eluted with 0.5 M imidazole. Protein-protein interaction assays were conducted
as described previously by using fusion protein-containing glutathione beads
(26). Purified L23 proteins were incubated with the glutathione-Sepharose 4B
beads (Sigma) containing 200 ng of GST-MDM2/1-491, GST-MDM2/1-301,
GST-MDM2/1-150, GST-MDM?2/151-301, GST-MDM2/294-491, GST-MDM?2/
384-491, GST-MDM?2/425-491, or GST. Purified MDM2 proteins were incubated
with GST-L23/1-140, GST-L23/1-105, GST-L23/1-65, GST-L23/66-140, GST-
1.23/36-105, or GST. Thirty minutes after incubation at room temperature, the
mixtures were washed once in BC100 containing 0.1% Nonidet P-40, twice in
SNNTE buffer, and once in RIPA buffer. Bound proteins were analyzed on a 10
or 15% SDS gel and detected by immunoblotting with anti-L23 and anti-MDM?2
(2A10) monoclonal antibodies.

In vivo ubiquitination assay. The in vivo ubiquitination assay was conducted as
previously described with minor modifications (68). H1299 cells (60% conflu-
ence, 100-mm-diameter plate) were transfected with Hiss-ubiquitin (2 pg), p53
(2 pg), L23 (2 pg), or HA-MDM2 (2 pg) expression plasmids with Lipofectin. At
48 h after transfection, cells from each plate were harvested and split into two
aliquots, one for Western blotting and the other for ubiquitination assays. Cell
pellets were lysed in buffer I (6 M guanidinium-HCI, 0.1 M Na,HPO,/NaH,PO,,
10 mM Tris-HCI [pH 8.0], 10 mM B-mercaptoethanol) and incubated with
Ni-NTA beads (QIAGEN) at room temperature for 4 h. Beads were washed
once with buffer I, buffer IT (8 M urea, 0.1 M Na,HPO,/NaH,PO,, 10 mM
Tris-HCI [pH 8.0], 10 mM B-mercaptoethanol), and buffer III (8§ M urea, 0.1 M
Na,HPO,/NaH,PO,, 10 mM Tris-HCI [pH 6.3], 10 mM B-mercaptoethanol).
Proteins were eluted from beads in buffer IV (200 mM imidazole, 0.15 M
Tris-HCI [pH 6.7], 30% glycerol, 0.72 M B-mercaptoethanol, and 5% SDS).
Eluted proteins were analyzed by Western blotting with monoclonal anti-p53
(DO-1; Santa Cruz) or anti-HA antibodies.

Immunofluorescent staining. 293-HA-MDM?2 cells were transfected with
Flag-L.23 expression plasmid. Forty-eight hours after transfection, cells were
fixed for immunofluorescent staining with monoclonal anti-Flag antibodies and
polyclonal anti-MDM?2 antibodies and for DNA staining with 4’,6'diamidino-2-
phenylindole (DAPI). The Alexa Fluor 488 (green) goat anti-mouse antibody
and the Alexa Fluor 546 (red) goat anti-rabbit antibody (Molecular Probes,
Eugene, Oreg.) were used for Flag-1.23 and MDM?2, respectively. Stained cells
were analyzed under a Zeiss Axiovert 25 fluorescent microscope.

Inhibition of L23 by siRNA and treatment of cells with actinomycin D. U20S
cells were maintained in Dulbecco’s modified Eagle’s medium plus 10% fetal
bovine serum. RNA interference-mediated removal of endogenous L23 was
performed essentially as previously described (46). A 21-nucleotide siRNA du-
plex with a 3" dTdT overhang, corresponding to L23 mRNA (AATTCCGGAT
TTCCTTGGGTC) or the scramble IT RNA duplex (AAGCGCGCTTTGTAG
GATTC) as a control, were synthesized (Dhamacon). These siRNA duplexes
(0.2 pM) were introduced into cells by using Oligofectamine (Invitrogen) ac-
cording to the manufacturer’s protocol. Cells were then treated with or without
5 nM actinomycin D for 8 h before harvesting. Cells were harvested 72 h after
transfection for immunoblot, RT-PCR, cell cycle, and luciferase activity analyses.
For cell cycle analysis, cells were treated with 200 wg of nocodazole/ml for an
additional 16 h before harvesting. For luciferase assay, cells were transfected with
the pCMV-B-galactoside reporter plasmid (0.2 pg) and a luciferase reporter
plasmid (0.2 pg) driven by two copies of the pS3RE motif derived from the
MDM2 promoter as mentioned above before siRNA transfections.

RT-PCR analysis. U20S cells were transfected with or without L23 siRNA
and treated with or without 5 nM actinomycin D as described above. RNA was
isolated from cells by using RNeasy mini kits (QIAGEN). Reverse transcriptions
were performed as described previously (70). PCRs were performed in a 20-pl
mixture containing 1X PCR buffer, 60 wmol of deoxynucleoside triphosphates/
liter, 1 U of Taq polymerase (Boehringer, Mannheim, Germany), 0.5 pwmol of
each primer/liter, and 0.2 wCi of [*>P]dCTP for 18 to 20 cycles as described
previously (70). PCR products were resolved onto a 6% polyacrylamide gel. The
gel was dried, followed by autoradiography. The primers for amplifying p21%¥*f/
cipt, MDM2, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
described previously (70). The other primers were for p53 (5'-TACAGTCAGA
GCCAACCTCAG-3" and 5'-AGATGAAGCTCCCAGAATGCC-3') and 123
(5'-ATGTCGAAGCGAGGACGTGGTG-3' and 5'-TCATGCAATCCTGCCA
GCATTG-3).

RESULTS

Isolation of a human MDMz2-associated protein complex.
To understand how nuclear and cytoplasmic proteins regulate
the MDM2-p53 pathway, our laboratory previously purified a
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FIG. 1. Isolation of a human MDM2-associated protein complex by
immunoaffinity purification. (A) Colloidal blue staining analysis of
proteins eluted from 12CAS beads loaded with either empty vector
expressing 293 cytoplasmic extracts (293) or the cytoplasmic extracts
from the 293-HA-MDM2 cell line (lane 2). MDM2-associated
polypeptides were digested and subjected to sequence analysis by mass
spectrometry. The MDM2, L5, L11, and L23 bands are indicated. The
question marks denote unidentified polypeptides. a-HA, anti-HA.
(B) Peptide sequences for L5, L11, and L23 bands obtained from mass
spectrometry analysis.

nuclear complex containing MDM?2, p300, and p53 from HeLa
nuclear extracts and identified a cytoplasmic MDM2-associ-
ated protein complex free of p53 and p300 from HeLa cyto-
plasmic extracts via biochemical fractionation (29). To further
illustrate the identity of the cytoplasmic MDM2-associated
proteins, we have tried to purify the complex by using conven-
tional chromatography. However, due to the unstable nature of
the endogenous MDM?2 (data not shown), this purification
failed to yield sufficient amounts of protein for further analysis.
Thus, to surmount this obstacle, we have generated a cell line
stably overexpressing MDM2 (293-HA-MDM2) by using hu-
man 293 cells and neomycin selection. We used an affinity
purification to isolate the MDM2-associated proteins in this
cell line. Immunoprecipitation was performed with the cyto-
plasmic fractions (S100) from 293-HA-MDM?2 cells as well as
293 cells expressing the empty vector pcDNA3. MDM?2 and
associated proteins were eluted with HA peptides and visual-
ized on an SDS-polyacrylamide gel electrophoresis gel by col-
loidal blue staining (Fig. 1A). Several bands appeared specif-
ically in the HA-MDM2-expressing sample but not in the
control sample. Three proteins were revealed by mass spectro-
metric analysis to be ribosomal proteins LS5, L11, and L23,
respectively (Fig. 1). Two doublet bands were MDM2. This
result not only identifies L23 as another potential regulator of
MDM?2 but also suggests a possible MDM2-ribosomal protein
complex.
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FIG. 2. L23 interacts with MDM?2 in cells. (A) Exogenous MDM2 and L23 interact with each other in 293 cells. HA-MDM2 (1.5 pg), Flag-L.23
(1.5 pg), or both vectors (1.5 pg each) were used for transfection, as indicated at the top. Whole-cell lysates (500 png) were subjected to
immunoprecipitation (IP) with anti-HA (a-HA) or a control antibody followed by immunoblotting (IB) with anti-Flag (a-Flag) (upper) or anti-HA
(lower) antibodies. IgG, immunoglobulin G. (B) The same transfections as shown in panel A were conducted except that anti-Flag antibodies were
used for immunoprecipitation. (C) MDM2 colocalized with L23 in both the nucleus and the cytoplasm but not in the nucleolus. 293-HA-MDM?2
cells were transfected with Flag-1L.23 and immunostained with both polyclonal anti-MDM2 (red) and monoclonal anti-Flag (green) antibodies.
(D) L23 binds to MDM2 deletion mutants in cells. 293 cells were transfected with 6 wg of wild-type MDM2, MDM2A150-230, or empty (—)
plasmids, as indicated at the top. Whole-cell lysates (500 pg) were immunoprecipitated with anti-L23 («-L23) antibodies followed by immuno-
blotting with anti-MDM2 (2A10) and anti-L23 antibodies. Ten percent of the lysates loaded as input are shown in the panels on the right side.
(E) Endogenous L23 interacts with endogenous MDM2 in U20S cells. Whole-cell lysate (500 wg) was used for immunoprecipitation with either
rabbit polyclonal anti-L23 antibody or preimmune serum (control), followed by immunoblotting with anti-MDM2 (2A10) (top panel) or anti-L23
(bottom panel) antibody.

MDM2 binds to L23 in cells. To verify the association of
MDM?2 with L.23, Flag-L23 was expressed in 293-HA-MDM?2
cells. Whole-cell lysates were prepared and subjected to coim-
munoprecipitation with either anti-HA or anti-Flag antibodies,
followed by immunoblot analysis. Immunoblotting results re-
vealed that Flag-1.23 and HA-MDM?2 were specifically coim-
munoprecipitated by either anti-HA (Fig. 2A) or anti-Flag
antibodies (Fig. 2B) but not by control antibodies, indicating
that MDM2 binds to L23 in cells. Further, to determine
whether this interaction is also true with endogenous MDM?2
and L23 proteins, we generated rabbit polyclonal antisera

against the full-length L.23 and employed them in coimmuno-
precipitation assays with U20S cells. Indeed, the endogenous
MDM?2 and L23 proteins were specifically coimmunoprecipi-
tated by anti-L23 antisera but not by preimmune sera (Fig.
2E). Using the same approaches, we also verified the previ-
ously reported interaction between L5 and MDM2 (37) and
the recently reported interaction between L11 and MDM2 (35,
74) (data not shown).

To determine where the L23-MDM2 binding may occur in
cells, several experiments were conducted. First, 293-HA-
MDM2 cells were transfected with Flag-1.23 and immuno-
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stained with anti-Flag (green) and anti-MDM?2 (red) antibod-
ies. As shown in Fig. 2C, stably expressed MDM?2 in 293 cells
was localized in both the cytoplasm and the nucleus but not in
the nucleolus, whereas Flag-L.23 was detected in the cytoplasm,
the nucleoplasma, and the nucleolus. Second, we introduced
wild-type MDM2 and its deletion mutant that lacks the nuclear
localization sequence (A150-230) into 293 cells and carried out
a coimmunoprecipitation assay with an anti-L23 antibody fol-
lowed by an immunoblot assay. As shown in Fig. 2D, either
wild-type or mutant MDM2 was coimmunoprecipitated by the
anti-L23 antibody. This result indicates that L23 can bind to
MDM?2 in the cytoplasm because L23 bound to the A150-320
mutant of MDM?2 that has been shown to locate only in the
cytoplasm (25). Also, by using both cytoplasmic and nuclear
fractions from 293-HA-MDM2 cells transfected with Flag-1.23,
we were able to immunoprecipitate MDM?2 from both frac-
tions with anti-Flag antibody (data not shown). Taken togeth-
er, L23 may bind to MDM?2 in both the nucleoplasm and the
cytoplasm.

MDM2 binds to L23 in vitro. Next, we wanted to determine
whether the interaction between MDM?2 and L.23 is direct or
indirect through other ribosome proteins, L11 (35, 74) or L5
(37). To do so, GST fusion protein-protein association assays
were conducted by using His-L23 and GST-MDM2 deletion
fusion proteins purified from bacteria (Fig. 3A to C). As shown
in Fig. 3B, GST-MDM2, but not GST alone, interacted directly
with His-L23. It was shown previously that L5 binds to a central
acidic domain of MDM2 (residues 153 to 294) (15), and it was
recently reported that L11 binds to the residues 212 to 296 of
MDM?2 (35). Different from LS and L11, L23 appeared to bind
to the aa 150 to 301 and aa 384 to 425 regions of MDM2 with
a strong preference for the latter in vitro (Fig. 3C). A close
examination of the MDM2 sequence revealed a second acidic
domain in this region, which contains 35% acidic amino acids.
These residues may be important for L23 binding. Thus, the
central region of MDM2 may possess two L23-binding sites.

To map the MDM?2 binding site in L.23, we performed a
similar GST pull-down assay with His-sMDM?2 and GST-L23
fusion proteins purified from bacteria (Fig. 3D and F). As
shown in Fig. 3E, His-MDM2 bound to the GST full-length
123 protein but not to its N-terminal or C-terminal half fused
with GST nor GST alone, indicating that the central portion of
L23 may be essential for the binding. Indeed, His-MDM?2
bound to the GST-L23/1-105 or GST-L23/35-105 fragment, al-
though less efficiently. These results demonstrate that MDM?2
can physically bind to L23 in vitro. The observation that 1.23,
L11, and L5 bind to different regions of MDM2 (Fig. 3G)
suggests that MDM?2 may form a complex with these ribosome
proteins.

MDM2 forms a complex with L5, L11, and L23 in cells. To
determine whether the three ribosomal proteins identified from
our immunoprecipitation purification interact with MDM2 in
the same complex in cells, we fractionated 293-HA-MDM2 cell
lysates by using glycerol gradient sedimentation centrifugation
and analyzed the fractions with an immunoblot assay. As
shown in Fig. 4A, some LS5, L11, and L23 proteins were co-
eluted with HA-MDM?2 (lanes 6 to 10). MDM2 may form a
complex with the ribosomal proteins in fractions 28 to 30 (lanes
9 to 10) because these fractions eluted around where a 670-
kDa molecular mass marker eluted. To test this idea, we per-
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formed a coimmunoprecipitation assay with fraction 30. As
shown in Fig. 4B, indeed, LS, L11, and L23 were all specifically
coimmunoprecipitated with HA-MDM2 by the anti-HA anti-
body but not by a control antibody. Noticeably, there were
some fractions, such as fractions 22 to 26, which also possessed
all the tested proteins and were eluted before the 670-kDa
marker. Two possibilities may account for this observation.
First, the protein samples may be overloaded. Alternatively,
MDM?2 may form a larger complex that contains not only the
identified ribosomal proteins but also other yet unidentified
proteins (Fig. 1). In summary, these results indicate that MDM?2
may form a complex at least with LS, L11, and L23 in cells.

MDM?2 is not associated with 80S ribosomes or polysomes.
The observation that MDM2 associated with three ribosomal
proteins, LS, L11, and L23, in one complex raises the question
of whether MDM?2 may associate with 80S ribosomes or poly-
somes through these proteins. To address this issue, we per-
formed a polysome profile analysis. Cytoplasmic extracts pre-
pared from 293-HA-MDM?2 cells were subjected to a linear
sucrose gradient sedimentation centrifugation. Fourteen frac-
tions were collected and subjected to immunoblot assays for
detection of MDM2, L11, and L23 as well as rRNA analysis
with ethidium bromide (Fig. 5A). The result showed that
MDM2 was not coeluted with either polysomes or 80S ribo-
somes, both of which contain L11 and L.23 (fractions 1 to 7 and
8 to 10), and instead stayed near the top of the gradient where
the ribosome-free ribosomal proteins L11 and L23 were also
detected by blotting with anti-L11 and anti-L23 antibodies.
The polysome and 80S ribosome profile was verified by deter-
mining the distribution of rRNAs (Fig. 5A, lower panel). The
distribution of rRNAs together with L11 and L23 coordinated
well with polysome, ribosome, and mRNP (small ribonuclear
protein) profiles, as expected (17, 69). Consistent with the
result shown in Fig. 5A, endogenous MDM2 proteins associ-
ated with free L11 and L23 but not with intact 80S ribosomes
and polysomes (Fig. 5B). Thus, we conclude that MDM?2 does
not associate with the 80S ribosomes or polyribosomes.

L23 activates p53 by overcoming MDM2-mediated suppres-
sion. The finding that L23 associates with MDM2 in cells
suggests that L23 may regulate the MDM2-p53 feedback loop.
We first examined whether overexpression of 123 affects
MDM2-mediated p53 degradation by introducing exogenous
proteins into p53-deficient human non-small-cell carcinoma
H1299 cells because MDM2 mediates ubiquitination and pro-
teasome-mediated degradation of p53 (16, 20, 21, 30). As ex-
pected, overexpression of MDM?2 remarkably reduced p53 lev-
els (Fig. 6A, lane 3). By contrast, further overexpression of L.23
partially rescued MDM2-mediated p53 degradation (Fig. 6A,
lane 4). This rescue appeared to be dependent on the interac-
tion of L23 with MDM2, as the C-terminal domain of L23,
which did not bind to MDM?2 (Fig. 3), was unable to stabilize
p53 (data not shown). Overexpression of 123 also slightly sta-
bilized HA-MDM2 (Fig. 6A, top panel, lane 4). Consistent
with these results, overexpression of L23 led to marked inhi-
bition of MDM2-mediated p53 ubiquitination and MDM?2
ubiquitination (Fig. 6B). Thus, L23 can stabilize p53 by allevi-
ating MDM2-mediated p53 ubiquitination and degradation.

Next, we examined the effect of L23 on endogenous p53 by
introducing Flag-L23 into human osteosarcoma U20S cells
that contain wild-type p53. Interestingly, overexpression of
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FIG. 3. Ribosomal protein L23 interacts with MDM2 in vitro. (A) Schematic presentation of recombinant full-length MDM2 and its fragments
fused to GST. Black rectangles indicate GST. Gray rectangles indicate MDM2 or its fragments. (B) L23 preferentially binds to the acidic domains
of MDM2. About 200 ng of purified GST alone, full-length GST-MDM2, or GST-MDM2 deletion mutants including MDM2/1-150, MDM2/1-301,
MDM2/294-491, MDM2/384-491, and MDM?2/425-491 immobilized on glutathione beads were used in GST pull-down assays with 200 ng of
His-L23 purified from bacteria. Bound L23 was detected by immunoblotting (IB) with anti-L23 (a-L23) antibodies. (C) Coomassie blue staining
of GST-MDM2 fusion proteins used in panel B. (D) Schematic presentation of recombinant full-length 123 and its fragments fused to GST.
(E) MDM2 binds to the middle domain of L.23 in vitro. The same GST fusion protein pull-down assay as that described for panel B was conducted
except that purified 200 ng of GST-L23 and 200 ng of GST-L23 deletion mutants were incubated with 200 ng of His-MDM2 purified from bacteria,
as indicated. Bound MDM?2 was detected by immunoblotting with anti-MDM?2 antibodies (2A10). (F) Immunoblot of GST-L23 fusion proteins
used in panel E with anti-L23 antibodies. (G) Schematic presentation of MDM?2 domains that bind to L23, L5, and L11.

Flag-L23, but not a Flag-L23 deletion mutant that does not
bind to MDM2 (Flag-L23AN), markedly induced p53 in a
dose-dependent fashion (Fig. 6C, second panel from top). Cor-
respondingly, the levels of the p53 targets p21P! and MDM2
were also induced (Fig. 6C, middle and top panels). This result
together with the results above suggests that ectopic expression

of L23 induces the level of the endogenous p53 as well as its
targets p21°'P' and MDM2 by blocking MDM2-mediated p53
degradation.

L23 stimulates p53-dependent transcription and G, arrest.
The finding that overexpression of L.23 led to the induction of
p53 and p21°P! Jevels suggests that the high level of cellular
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FIG. 4. MDM2 forms a complex with L.23, L5, and L11 in cells.
(A) MDM2 cosedimented with L.23, L5, and L11. Whole-cell lysates (2
mg) prepared from HA-MDM2-expressing 293 cells were subjected to
a 12.5 to 25% glycerol gradient sedimentation centrifugation. Frac-
tions were collected for immunoblot (IB) analysis with antibodies
indicated to the left of each panel. Molecular markers coeluted with
fractions are indicated at the top. Fraction 30, boxed, was used for
immunoprecipitation and immunoblot analysis shown in panel B.
(B) MDM2 is coimmunoprecipitated with L23, LS, and L11 in fraction
30. Fraction 30 (200 wl) was used for immunoprecipitation (IP) with
the anti-HA (a-HA) or control antibody as indicated at the top, fol-
lowed by immunoblotting with the antibodies indicated to the left. IgG,
immunoglobulin G; a-Flag, anti-Flag; o-L11, anti-L11.

123 may enhance p53-dependent transcription and cell growth
arrest. To test this concept, we transfected U20S cells with
Flag-L23 or Flag-L23AN together with a luciferase reporter
plasmid driven by the pS3RE derived from the MDM?2 pro-
moter (67) and then carried out luciferase assays. Consistent
with the result shown in Fig. 6C, ectopic expression of full-
length 123 markedly stimulated pS3RE-driven transcription,
as presented as luciferase activity, in a dose-dependent manner
(Fig. 7A). This stimulation was dependent on p53, as no sig-
nificant change in luciferase activity was detected in human
osteosarcoma Saos-2 cells that are deficient in p53 (Fig. 7B).
This stimulation may also require the interaction of L23 with
MDM?2, as the L23 mutant Flag-L23AN (aa 66 to 140), which
was unable to bind to MDM2 (Fig. 3E; data not shown), failed
to enhance p53-dependent transcription activity (Fig. 7A) and
induction of p21°P! (Fig. 6C). Hence, these results suggest that
L23 may stimulate p53 activity and that this stimulation re-
quires the MDM2-L.23 interaction.

Next, we determined whether induction of p21°P! by 1.23
through p53 activation could result in G, arrest because acti-
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FIG. 5. MDM2 does not associate with the 80S ribosome and poly-
somes. (A) Ectopically expressed MDM2 does not associate with poly-
somes. Cytoplasmic extracts (5 mg) containing polysomes from HA-
MDM2-expressing 293 cells were subjected to a 15 to 47% linear
sucrose gradient sedimentation centrifugation. Fourteen fractions
were collected, and 30 pl of each fraction was used for immunoblotting
(IB) with anti-HA (a-HA), anti-L11 («a-L11), or anti-L23 («-L23)
antibodies as indicated to the left. Total RNAs were isolated from each
fraction and subjected to electrophoresis on a 1% agarose gel and
stained with ethidium bromide as shown in the bottom panel. 28S, 188,
5.8S, and 5S rRNAs are indicated to the right. The fractions containing
polysomes and mRNPs are indicated on the top. The 80S ribosome is
indicated at the bottom. (B) Endogenous MDM2 does not associate
with polysomes. The same fractionation as that shown in panel A was
performed with U20S cell extracts. The distributions of polysomes and
mRNPs are indicated. Thirty microliters of each fraction was subjected
to immunoblot analysis with anti-MDM2 (2A10, a-MDM2), anti-L11,
or anti-L23 antibodies as indicated to the left.

vated p53 triggers p21°P'-dependent cell cycle arrest (63). To
do so, p53-proficient U20S or p53-deficient Saos-2 cells were
transiently transfected with either the GFP-fused L23 (GFP-
L23) or the GFP-L23 C-terminal deletion (GFP-L23AC) (re-
taining only aa 1 to 65). Cells were then treated with the
mitotic inhibitor nocodazole before fluorescence-activated cell
sorter analysis, thus leading to G,/M arrest (5). Therefore, cells
found in G, phase are previously arrested and do not reach
G,/M phase. GFP-positive cells were then gated for cell cycle
analysis. As shown in a representative result in Fig. 7C, 28.9%
of GFP-L23 expressing U20S cells were arrested in the G,
phase while only 7.5 and 9.5% of U20S cells expressing GFP
and GFP-L23AC, respectively, were detected in the G, phase.
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FIG. 6. Ectopic expression of 123 stabilizes p53 and inhibits MDM2-mediated p53 ubiquitination. (A) Ectopic expression of L23 reverses
MDM2-mediated p53 degradation. H1299 cells were transfected with 1.0 pg of Flag-L23 in the presence of p53 (0.5 pg) with (+) or without (—)
MDM2 (1.0 pg) as indicated. Cell lysates (50 pg) were immunoblotted (IB) with anti-MDM2 (a-MDM?2), anti-p53 (a-p53), anti-Flag (a-Flag), or
antitubulin (a-tubulin) antibodies as indicated to the left. (B) L23 inhibits MDM2-mediated p53 ubiquitination in cells. H1299 cells were
transfected with combinations of L23 (2 pg)-, p53 (1 pg)-, or MDM2 (1 pg)-encoding plasmids in the presence of the His-ubiquitin (His-Ub) (2
ng) plasmid as indicated at the top. The cells were treated with MG132 (20 pM) for 8 h before harvesting. The in vivo ubiquitination assay was
performed as described in Materials and Methods. Ubiquitinated proteins were detected by immunoblotting with the anti-p53 (DO-1) and anti-HA
(a-HA) antibodies. Ubiquitinated p53s [p53-(His-Ub)n] and ubiquitinated MDM2s [MDM2-(His-Ub)n] are indicated to the right of the upper and
middle panels. The expression levels of MDM2, p53, and L23 are shown in the lower panels. (C) Ectopic expression of L23 induces endogenous
p53. U20S cells were transfected with 1.0 pug (lane 2) or 2.0 ng (lane 3) of Flag-L23 or 2.0 pg of Flag-L23AN (lane 4) plasmids. Cell lysates (50
ng) were used for immunoblot analysis with antibodies as indicated to the right. a-p21, anti-p21.

The G, arrest induced by L23 was dependent on p53 because
only a marginal change was observed in p53-null Saos-2 cells
(Fig. 7C and D). These results were reproducible, as summa-
rized in Fig. 7D. Therefore, ectopic expression of .23 induced
pS53-dependent G, arrest, and this induction is also dependent
on the MDM2-L23 interaction because the 123 N-terminal
domain (aa 1 to 65) was unable to exert such an effect (Fig. 7C
and D).

Actinomycin D, but not pactamycin or gamma irradiation,
enhances L23-MDM?2 interaction and activates p53. It has
been shown that a low dose of actinomycin D (5 nM) specifi-
cally inhibits RNA polymerase I and consequently reduces
rRNA synthesis, leading to perturbation of ribosomal biogen-
esis (2). Intriguingly, this biogenesis perturbation activates p53
without inducing phosphorylation at its N-terminal domain in
cells, suggesting a previously uncharacterized p53 signaling
pathway (2). The identification of the MDM2-L23 interaction
led us to determine whether L23 may play a role in this path-
way. Consistent with previous studies (2), our result from the
experiment with U20S cells treated with different doses of
actinomycin D showed that low doses of actinomycin D (1 and
5 nM) markedly induced p53 as well as MDM2 and p21°P!
(Fig. 8A). However, higher doses (50 and 400 nM) of the drug,
which inhibit all RNA polymerases including RNA polymerase
II (33), only induced p53 but not MDM?2 or p21 levels (Fig.
8A). We wanted to test whether actinomycin D inhibition of

ribosomal biogenesis may affect the interaction between L23
and MDM?2. The activation of p53 by a low dose (5 nM) of
actinomycin D is time dependent. It was induced as early as 2 h
after treatment followed by MDM?2 and p21 induction in
U20S cells (Fig. 8B). Of note, the L23 level slightly increased
8 h after treatment of U20S or WI38 cells with 5 nM actino-
mycin D and then decreased 24 h after the treatment. By
contrast, the L11 level was not affected by actinomycin D
treatment of both cell lines (Fig. 8B and C). Next, we wanted
to determine whether actinomycin D could affect the interac-
tion between MDM?2 and L23. U20S cells were treated with 5
nM actinomycin D and harvested at different time points post-
treatment for immunoprecipitation and immunoblot assays. As
shown in Fig. 8D, the MDM2-1L.23 interaction was drastically
increased after actinomycin D treatment in a time-dependent
manner; this increase began from 2 h and peaked at 8 h after
this treatment (Fig. 8D, lower panels), consistent with p53
induction in response to this stress (Fig. 8D, upper left panels).
The enhancement of the MDM2-L23 interaction was not
merely due to the increase of MDM?2 levels, as this interaction
was not increased when MDM?2 was stabilized by the protea-
some inhibitor MG132 (Fig. 8D, compare lane 1 with lane 5).
The decrease of 1.23 24 h after the drug treatment does not
underscore the importance of L23 in regulating MDM?2 func-
tion in response to this stress, as the induction of the 1.23-
MDM?2 interaction and p53 level was detected much earlier
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FIG. 7. Ectopic expression of L23 stimulates p53-dependent transcription and G, arrest. (A) Ectopic expression of L23 increases pS3RE-
dependent luciferase activity in p5S3-proficient U20S cells. U20S cells were transfected with increasing amounts of Flag-L.23 (0.4 ng [1X] and 0.8
pg [2X]) or Flag-L23AN (0.4 g [1X] and 0.8 g [2X]) in the presence of a luciferase reporter plasmid driven by pS3RE (BP100 luc, 0.1 pg) or
a control luciferase reporter plasmid (TB luc, 0.1 pg). Luciferase activity is presented in arbitrary units. (B) L23 does not affect pS3RE-dependent
luciferase activity in p53-deficient Saos-2 cells. The same transfection followed by a luciferase assay as that described for panel A was conducted
except Saos-2 cells were used here. (C) Ectopic expression of 123 leads to pS3-dependent G, cell cycle arrest. U20S or Saos-2 cells were
transfected with GFP (2 ng), GFP-L23 (2 pg), or GFP-L23AC (2 pg) plasmids and treated with nocodazole as described in Materials and Methods.
GFP-expressing cells were then gated for cell cycle analysis. The histograms of PI staining from one representative experiment are shown.
Percentages indicate the cells that were arrested in G, phase. (D) The mean percentage of cells arrested in the G, phase obtained from four
separate experiments is presented. Bars indicate standard deviations. +, present; —, absent.

(approximately 2 h after actinomycin D treatment) (Fig. 8D).
In contrast to actinomycin D, the enhancement of the L23-
MDM?2 binding was not observed when U20S cells were
treated with gamma irradiation, regardless of high or low levels
of MDM?2 (Fig. 8E). These results suggest that the L23-MDM?2
binding is highly related to pS3 induction by 5 nM actinomycin
D but not by gamma irradiation.

To test whether the induction of p53 and MDM2-L23 inter-
action by actinomycin D is due to general inhibition of trans-
lation machinery, we also assayed the consequences of trans-
lation inhibition by protein synthesis inhibitors. Pactamycin, a
translation initiation inhibitor acting on inhibition of Met-
tRNA binding (23), did not activate p53 and induce p21 and
MDM?2. Instead, these proteins decreased after pactamycin
treatment as shown in Fig. 8F. Consequently, MDM2-1.23 in-
teraction was reduced after pactamycin treatment (Fig. 8F).
The same result was also obtained from cells treated with
cycloheximide, which inhibits ribosomal translocation and thus
translation elongation (data not shown). These data demon-

strated that the L23-MDM-p53 pathway is specifically acti-
vated in response to the ribosomal stress only but not to trans-
lation inhibition.

Removal of L23 by siRNA activates p53 but inhibits actino-
mycin D-induced p53 activation. To demonstrate the physio-
logical relevance of L23 in this signaling pathway, we employed
siRNA against L.23 and determined whether removal of L23 by
its siRNA could affect p53 induction by actinomycin D. Indeed,
as shown in Fig. 9, this was the case, as reduction of L.23 levels
by its siRNA, but not by the scrambled siRNA duplex, corre-
lated well with a decrease of actinomycin-induced p53 levels
(Fig. 9A, compare lane 3 with lane 4). Consistently, actinomy-
cin D-induced p53-dependent transcription, as represented by
induction of its targets, p21, MDM2, and luciferase activity,
driven by the p5S3RE-containing MDM2 promoter (Fig. 9A, B,
and E), and G, arrest (Fig. 9C and D) were also reduced by
L23 siRNA. These results were reproducible and suggest that
L23 may mediate p53 activation in response to this drug. No-
ticeably, in the absence of actinomycin D, siRNA against L23
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FIG. 8. A low dose of actinomycin D enhances MDM2-L23 interaction and p53 activation. (A) Low doses of actinomycin D induce p53 and
its function, whereas high doses of actinomycin D induce p53 but not its function. U20S cells were treated with increasing amounts of actinomycin
D (Act D) as indicated at the top. Cell lysates (50 ng) were used for an immunoblot analysis with antibodies indicated to the right. (B) Time-
dependent effect of actinomycin D on p53 and L23 levels in U20S cells. U20S cells were treated with 5 nM actinomycin D and harvested at
different time points as indicated at the top. Cell lysates (50 pg) were used for an immunoblot analysis with antibodies indicated to the left of each
panel. (C) Time-dependent effect of actinomycin D on p53 and L23 levels in WI38 cells. WI38 cells were treated with 5 nM actinomycin D,
harvested, and blotted with antibodies as described for panel B. (D) Five nanomolar actinomycin D enhances MDM2-L23 interaction. U20S cells
were treated with 5 nM actinomycin D and harvested at different time points as indicated at the top. Cells were incubated with (+) or without (—)
MG132 (20 uM) for 6 h before harvesting. Cell lysates (500 pg) were subjected to an immunoprecipitation (IP) with anti-L23 antibodies and
immunoblotting with anti-MDM?2 or anti-L23 antibodies (lower panels). The lysates were also directly loaded onto an SDS gel for an immunoblot
analysis with anti-MDM?2, anti-p53, or anti-L23 antibodies (upper panels). (E) Ionizing irradiation does not affect L23-MDM2 interaction. U20S
cells were treated with gamma irradiation (10 Gy) and harvested at different time points as indicated. Cell lysates (50 wg) were subjected to an
immunoblot analysis with anti-p53, anti-MDM?2, or anti-L23 antibodies (upper panels). The cell lysates (500 wg) were subjected to an immuno-
precipitation analysis with anti-L23 antibodies, followed by an immunoblot analysis with anti-MDM?2 or anti-L23 antibodies (bottom panels). (F)
Pactamycin treatment does not induce p53 and the MDM2-L23 interaction. U20S cells were treated with 0.2 pg of pactamycin/ml for different
numbers of hours as indicated at the top. The cells were harvested for immunoblotting with the indicated antibodies (top panels). The cell lysates
were also subjected to immunoprecipitation with anti-L23 followed by immunoblotting with anti-MDM?2 and anti-L23 antibodies (bottom panels).
a-1.23, anti-L23; a-p53, anti-p53; a-MDM2, anti-MDM2; «-p21, anti-p21; a-tubulin, antitubulin; «-L11, anti-L11.
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FIG. 9. Inhibition of endogenous L23 by siRNA induces p53 but inhibits actinomycin D (Act D)-induced p53 activation and G, arrest. (A)
Inhibition of endogenous L23 by siRNA induces the p53 level but inhibits actinomycin D-induced p53 induction. U20S cells were transfected with
L23 siRNA oligonucleotides (0.2 pM, lanes 2 and 4) or a scrambled RNA duplex (0.2 M, lanes 1 and 3). Cells were then incubated with (+) (lanes
3 and 4) or without (—) (lanes 1 and 2) 5 nM actinomycin D for 8 h before harvesting. Cell lysates (50 pg) were then immunoblotted with
anti-MDM2, anti-p53, anti-p21, anti-L23, or antitubulin antibodies. (B) Inhibition of endogenous L23 by siRNA inhibits actinomycin D-induced
p53 transcriptional activity. Cells were prepared as described for panel A, and total RNA was extracted. RT-PCR analysis was performed to detect
MDM2, p53, p21, L23, and GAPDH mRNA levels as indicated. (C) Actinomycin-induced G, arrest is inhibited by elimination of endogenous L23
by siRNA. U20S cells were treated as described for panel A except that cells were treated with nocodazole for 16 h before harvesting. Cells were
then stained with PI for fluorescence-activated cell sorter analysis. The histograms of PI staining from the results of one representative experiment
are shown. (D) Summary of the results from three independent experiments as described for panel C. The mean percentages of cells arrested in
G, phase are presented. Bars indicate standard deviations. (E) Elimination of endogenous L23 by siRNA inhibits actinomycin D-induced
p53RE-dependent luciferase activity. U20S cells were transfected with a luciferase reporter plasmid driven by the pS3RE (BP100 luc, 0.2 n.g) and
B-galactosidase (0.2 pg) plasmids followed by treatment with L23 siRNA and actinomycin D as described for panel A. Luciferase activity is pre-
sented in arbitrary units. a-L23, anti-L23; a-p53, anti-p53; a-MDM2, anti-MDM2; a-p21, anti-p21; a-tubulin, antitubulin; DMSO, dimethyl sulfoxide.

(Fig. 9A, lane 2), but not the scrambled siRNA (lane 1), also ribosomal biogenesis stress that in turn induces p53, probably

induced p53 as well as the protein and mRNA levels of MDM?2
and p21°P! (Fig. 9A and B). Consistently, p53 transcriptional
activity and p53-dependent G, arrest were also induced by .23
siRNA (Fig. 9C, D, and E). The reason for p53 activation by
reduction of endogenous L23 is presently unknown. One pos-
sibility would be that lowering the 1.23 level may cause another

through a yet unidentified pathway. In summary, the results, as
described above, demonstrate that ribosomal biogenesis stress
caused by the low dose of actinomycin D, but not by gamma-
irradiation or direct inhibition of translation, can activate p53,
possibly by inducing the association of 1.23 with MDM2 and
inhibiting MDM2-mediated p53 degradation.
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DISCUSSION

The p53-MDM2 feedback loop is regulated by distinct path-
ways in response to different stress signals (48). Here we have
described a ribosomal protein that regulates this loop in re-
sponse to ribosomal biogenesis stress. First, we have purified
an MDM2-associated cytoplasmic complex by immunoaffinity
purification from human 293 cells. This complex contains mul-
tiple ribosomal proteins, including the previously reported L5
(37), the recently reported L11 (35, 74), and a new compo-
nent—the ribosomal protein L23 (Fig. 1). Our further charac-
terization of this complex indicates that L.23, unlike L5, which
binds to the first acidic region (aa 221 to 274) of MDM2 (15),
and L11, which binds to aa 284 to 374 of MDM2 (35, 74),
preferentially binds to the second acidic domain (aa 384 to
425) of MDM2 with a minor binding site at the first acidic
domain (Fig. 3). Interestingly, 123 appears to interact with
MDM2 in both the nucleus and the cytoplasm when they are
overexpressed (Fig. 2). In response to actinomycin D, this
interaction may mostly occur in the nuclei of U20S cells (data
not shown). Functionally, ectopic expression of L23 inhibits
MDM2-mediated p53 degradation and thus induces p53 levels
as well as its activity (Fig. 6). L23 also leads to p53-dependent
G, arrest (Fig. 7) by inducing p53-dependent p21°P' produc-
tion (Fig. 6). Finally, the interaction between L.23 and MDM?2
is dramatically enhanced by a low dose of actinomycin D that
only inhibits rRNA synthesis. Further, removal of endogenous
L23 molecules by siRNA alleviates p53 induction by this drug
(Fig. 9). Hence, our study documents L23 as another possible
regulator of the pS3-MDM?2 feedback pathway in response to
ribosomal biogenesis perturbation.

Association of MDM2 with multiple ribosomal proteins.
Another finding from our study is that the three ribosomal
proteins associate with MDM2 in one complex, although
MDM2-L5 and MDM2-L11 interactions were individually re-
ported (35, 37). Several lines of evidence support this notion.
First, an MDM2-associated protein complex has been purified
and has been found to contain all three ribosomal proteins
from 293 cells (Fig. 1), whose native mass is similar to our
previously identified MDM2-associated complex free of p53
and p300 from HeLa cytoplasmic extracts (29). Second,
MDM2 cosediments with L5, L.11, and L.23 by glycerol gradient
sedimentation centrifugation with a molecular mass ranging
from ~200 to ~800 kDa (Fig. 4A). The simultaneous associ-
ation of MDM2 with L23, L5, and L11 in one of the peak
fractions (fraction 30) is confirmed by a coimmunoprecipita-
tion analysis with anti-HA antibodies (Fig. 4B). Consistent
with this result is that MDM2 directly interacts with L.23 (Fig.
3), L11, and LS in vitro through its different domains (15) (data
not shown). Although whether these ribosomal proteins could
work in concert to inhibit the function of MDM2 remains to be
studied, overexpression of L11 (35, 74), L23 (this study), and
L5 (unpublished data) alone is able to activate pS3 by prevent-
ing MDM2-mediated p53 ubiquitination and degradation. The
MDM2-associated complex may contain other yet unidentified
proteins in addition to these ribosomal proteins because of its
large native molecular mass (Fig. 4), and some MDM2-asso-
ciated polypeptides remain to be identified (Fig. 1). Despite
its interaction with three ribosomal proteins, MDM2 does
not appear to bind to the 80S ribosome and polysomes, as
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our sucrose gradient sedimentation centrifugation separates
MDM?2 from the 80S ribosome and polysome (Fig. 5). Hence,
MDM?2 forms a complex with ribosomal proteins L5, L11, and
L23 independently of the 80S ribosome and polysome.

L23 activates p5S3 by blocking MDM2 feedback regulation.
Our study suggests that L.23 induces p53 through direct binding
to MDM2 (Fig. 1 to 4) and inhibition of MDM2-mediated p53
ubiquitination and MDM?2 ubiquitination (Fig. 6). This mode
of action seems similar to that mediated by the ARF protein
(22, 34, 40, 61, 65, 66, 75) or by L11 (35, 74). Both ARF and
L11 could relocalize MDM2 into the nucleolus. However, our
data show that the interaction of L.23 with MDM2 appears to
occur in the nucleus as well as the cytoplasm but not in the
nucleolus. Four lines of evidence support this assumption.
First, the ribosomal proteins containing the MDM2 complex
were isolated from the cytoplasmic fraction of the cells. Sec-
ond, the MDM2 deletion mutation which lacks the nuclear
localization signal sequence (A150-230) and stays in the cyto-
plasm (25) can interact with 123 as well as wild-type MDM?2
(Fig. 2E). Third, MDM2 was coimmunoprecipitated by anti-
L23 in both the cytoplasm and the nucleus (data not shown).
Finally, in our 293-HA-MDM2 cells transfected with Flag-L.23,
MDM2 was expressed in both the cytoplasm and the nucleus,
but not in the nucleolus, while L23 was expressed in all three
compartments (Fig. 2D). Therefore, MDM2 is probably re-
tained in the cytoplasm and the nucleus as a complex, and this
complex formation may represent one mechanism by which
L23 suppresses the MDM2 feedback regulation. Alternatively,
L23 inhibits MDM2-mediated p53 ubiquitination and thus sta-
bilizes p53 most likely by simply binding to MDM2, while the
L23 deletion, which is defective in MDM2 binding (Fig. 3), is
unable to induce p53 (Fig. 6) and its activity (Fig. 7). Although
these possibilities need to be investigated further, it seems that
123 does not directly bind to p53 (data not shown) and the
cytoplasmic MDM2-associated complex is free of p53 (29),
suggesting that it is less likely that 1.23 directly targets pS53.
Therefore, L23 may activate p53 by preventing the MDM?2
feedback suppression.

Role of L23 in the ribosome biogenesis-p53 pathway. In
mammals, ribosomal biogenesis is well coordinated by cell
growth signals (14, 53). Although the mechanism underlying
this precise coordination remains obscure, several studies sug-
gest that some cell cycle regulators and tumor suppressors may
be involved in this regulation. For example, p5S3 and Rb have
been shown to inhibit rRNA synthesis, thus lessening ribosome
assembly (7, 9, 11, 64, 73). Also, the other regulator of the
MDM2-p53 loop, p19*™, has recently been reported to inhibit
rRNA processing (59). These studies suggest that overproduc-
tion of these tumor suppressors would inhibit protein synthesis
while stopping cell growth in response to stress signals. Re-
markably, p53 can also sense the perturbation of ribosomal
biogenesis, such as inhibition of rRNA synthesis and process-
ing or disruption of ribosome assembly (1, 2, 50, 58). For
instance, overexpression of dominant-negative mutants of a
nucleolar protein Bopl, an inhibitor of rRNA processing, in-
duced p53-dependent G, arrest (50, 58). Another newly iden-
tified nucleolar protein called nucleostemin prevented cells
from entering mitosis and caused p53-dependent apoptosis
(62), though its exact function on ribosomal biogenesis is un-
known. Also, as aforementioned, a low dose (5 nM) of actino-
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FIG. 10. A model for p53 activation by interfering with the MDM2-
p53 feedback loop in response to perturbation of ribosomal biogenesis.
Bars indicate inhibition, and arrows indicate activation.

mycin D rapidly induced p53 activity independently of the p53
N-terminal phosphorylation (1, 2), which is critical for p53
activation by gamma irradiation (3, 8, 28, 56). These studies
suggest an elaborate coordination between p53-mediated cell
growth regulation and cellular responses to malfunction of
ribosomal biogenesis through a novel signaling pathway.

The findings that L23 and L11 activate p53 by binding to
MDM?2 and inhibiting the MDM2-mediated p53 degradation
process, as described here and by others (35), suggest a plau-
sible model for the role of these ribosomal proteins in the
ribosomal biogenesis-p53 pathway (Fig. 10). Inhibition of ri-
bosomal biogenesis, such as that caused by actinomycin D, but
not direct inhibition of translation by protein synthesis inhib-
itors such as pactamycin or cycloheximide, would interfere with
the assembly of the 80S ribosome complex and hence release
free ribosomal proteins such as L23, L11, or LS. These free
ribosomal proteins could then bind to MDM?2, probably form-
ing a multiple-subunit complex in the cytoplasm or the nucleus.
In doing so, they could either prevent MDM?2 from being
transported into the nucleus to target p53 or inhibit MDM2-
mediated p53 ubiquitination. Consequently, p53 would be-
come stabilized and activated to induce p21°P'-dependent G,
arrest and to inhibit protein synthesis. Strongly supporting this
model are two lines of evidence. For instance, a low dose of
actinomycin D induces the interaction of L23 with MDM2,
leading to p53 activation (Fig. 8B). Also, removal of L23 by
siRNA markedly reduced actinomycin D-caused p53 induction
(Fig. 9). Hence, L23 may play a role in the ribosomal biogen-
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esis-p53 pathway, although other pathological signals that turn
on this pathway remain to be uncovered.

Emerging evidence implies that alterations of the ribosomal
biogenesis pathway may contribute to tumorigenesis (53). For
instance, mutations in a ribosomal gene encoding S19 lead to
a cancer susceptibility syndrome called Diamond-Blackfan
anemia (13). Also, mutations of the dyskerin gene encoding a
crucial pseudouridine synthase that mediates posttranscrip-
tional modification of rRNA are frequent in the dyskeratosis
congenital disease characterized by premature aging and an
increased susceptibility to cancer (52). Moreover, experimen-
tally generated tumor mice harbor characteristic mutations in
the ribosomal protein L11 (38) or L9 (42). Inversely, overex-
pression of some ribosomal proteins has been shown to induce
cell cycle arrest (44, 45). Therefore, it would be interesting and
worthwhile to investigate whether L23 is altered in human
cancers.
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