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Background: ARF and L11 can activate p53 in response to different stress signals.
Results: ARF and L11 physically and functionally interact with each other to activate p53.

Conclusion: ARF crosstalks with L11 in p53 response to stress.

Significance: Discovery of a direct link between ARF and L11 in the p53 network.

The ARF tumor suppressor protein activates p53 in response
to oncogenic stress, whereas ribosomal protein L11 induces p53
following ribosomal stress. Both proteins bind to central, albeit
non-overlapping, regions of MDM2 and suppress MDM2 activ-
ity toward p53. However, it is not known whether the two path-
ways are functionally connected. Here we show that ARF
directly binds to L11 in vitro and in cells, which then forms a
complex with MDM2 and p53. L11 collaboratively enhances
ARF-induced p53 transcriptional activity and cell cycle arrest.
Supporting these results, knocking down L11 reduces ARF-me-
diated p53 accumulation and alleviates ARF-induced cell cycle
arrest. Interestingly, overexpression of ARF increases the levels
of ribosome-free L11 and enhances the interaction of L11 with
MDM2 and p53. These results demonstrate that ARF activates
p53, at least partly by induction of ribosomal stress, which
results in L11 suppression of MDM2, and suggest that the ARF-
MDM2-p53 and the L11-MDM2-p53 pathways are functionally
connected.

The tumor suppressor protein p53 plays a pivotal role in
preventing cells from uncontrolled growth and tumorigenesis,
and is frequently altered in human cancers (1-3). Because of its
inhibitory effect on cell growth, low levels of p53 protein are
tightly controlled primarily by an oncoprotein called MDM?2
(4). MDM2 is both a negative regulator and a transcriptional
target of p53, thus MDM2 participates in an auto-regulatory
feedback loop (5-7). Various stress signals invoke distinct
mechanisms to stabilize and activate p53 by blocking this loop.
For example, y-irradiation inhibits the feedback mechanism by
interfering with the MDM2-p53 interaction by modifying both
MDM2 and p53 (8 —11), while other stresses inhibit the regula-
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tory loop via protein-protein interactions. Examples of the lat-
ter mechanism include the oncogenic stress-induced ARF
(Alternative Reading Frame,> p14*®F in human, p194%F in
mouse)-MDM2-p53 pathway (12-15) and the ribosomal
stress-induced Ribosomal Protein (RP)-MDM2-p53 pathways
(16).

Oncogenic stress induced by the overexpression of oncopro-
teins, such as Ras (15), c-Myc (12), E2F (17), E1A (18), and
B-catenin (19), induces the expression of ARF (12, 15). ARF
binds to MDM2 and inhibits its ubiquitin ligase (E3) activity
toward p53 (20). ARF also sequesters MDM2 in the nucleolus
(21, 22) and inhibits nuclear export of both MDM2 and p53
(23). These ARF functions consequently activate p53 and
induce cell cycle arrest, apoptosis, or senescence (13, 24).

Recent studies revealed that ribosomal stress can trigger a
RP-MDM2-p53 signaling pathway, leading to p53 activation.
Ribosomal stress, also called nucleolus stress, can be induced by
perturbations of ribosomal biogenesis, such as inhibition of
rRNA synthesis by treatment with a low dose of actinomycin D
and mycophenolic acid, inhibition of rRNA processing by treat-
ment with 5-fluorouricil, as well as depletion of ribosomal bio-
genesis factors (25-33). This type of stress induces the associ-
ation of MDM2 with a group of RPs including L5, L11, L.23,1.26,
S7,S27, and S27a (25, 26, 28, 34 —42), leading to a suppression
of MDM?2 and consequent activation of p53. Similar to ARF, the
RPs form a complex with MDM2 and p53 (26, 28, 41). They also
exist in the nucleolus and are destined to be assembled onto the
ribosome for protein synthesis during non-stressed conditions
(28, 36, 43, 44). Thus, ARF and RPs display similar characteris-
tics in terms of modulating the p53-MDM2 regulatory loop.

Currently, it is unknown whether ARF and the RP proteins
interplay with each other in p53-MDM2 regulation. To begin to
address this issue, we previously observed that L11 resembled
ARF in terms of regulating MDM?2 activity. Like ARF (45), L11-
regulated MDM?2 levels through a post-ubiquitination mecha-

2The abbreviations used are: ARF, alternative reading frame; GFP, green
fluorescence protein; Co-IP, co-immunoprecipitation; IB, immunoblot; RP,
ribosomal protein.
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nism (46). The similarities between L11 and ARF regulatory
mechanisms prompted us to further examine their functional
connection in regulating the p53-MDM2 pathway. In this
study, we show that L11 is directly bound to ARF and cooper-
atively enhanced ARF-induced p53-dependent transcription
and cell cycle arrest. Supporting these ideas, ablation of L11
reduced ARF-mediated p53 accumulation. Overexpression of
ARF increased the levels of ribosome-free L11 and enhanced
MDM2-L11 interaction. These results suggest that L11 may
play an important role in ARF-mediated activation of p53 in
response to oncogenic stress.

EXPERIMENTAL PROCEDURES

Cell Lines—Human embryonic kidney epithelial 293, human
p53-nulllung non-small cell carcinoma H1299 and human p53-
proficient osteosarcoma U20S cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 50 units/ml penicillin, and 0.1 mg/ml
streptomycin at 37 °C in a 5% CO, humidified atmosphere. A
human p53-null osteosarcoma Saos-2 cell line was stably trans-
fected with the wild-type E2F1 expression vector under control
of tetracycline-regulated promoters (Saos2-Tet-E2F1, a gift
from Dr. Karen Vousden, Beatson Institute, UK). The stably
transfected cells were maintained in 10% certified tetracycline-
free FBS (Clontech) as described (17, 47). To establish Tet-
inducible expression of ARF in U20S cells, T-Rex-U20S cells
were transfected with pcDNA4-TO-V5-p14*%F, The cells were
then split into selection medium containing 50 ug/ml of hygro-
mycin and 100 ug/ml of Zeocin and selection was continued for
2 weeks. Single colonies were isolated, expanded, and screened
by immunoblot (IB) analysis for Dox-induced expression of
V5-ARF.

Plasmids and Antibodies—The Flag-tagged and GFP fu-
sion human L11 expression plasmids pcDNA3-Flag-L11 and
pEGFP-C1-L11 were described (46). L11 deletion mutants were
generated using PCR and cloned into the pcDNA3-2Flag vec-
tor. The full-length ARF coding region was amplified using PCR
and inserted into the pcDNA3-2Flag or pcDNA3-V5 vector to
generate pcDNA3-2Flag-ARF or pcDNA3-V5-ARF, respec-
tively. The primers used in the PCR were 5'-CGCGGATTCA-
TGGTGCGCAGGTTCTTGGTG-3" and 5'-CCGGAATTCT-
CAGCCAGGTCCACGGGCAGAC-3'. The Flag-ARF deletion
mutants were generated by PCR. The full-length ARF coding
region was subcloned into pEGFP-C1 to generate pEGFP-C1-
ARF. The full-length ARF ORF, and its deletion mutants, were
also cloned into the pGEX.4T.1 vector (Pharmacia Biotech) to
express GST-fusion ARF proteins. The HA-MDM?2 and p53
expression vectors were described (28). His-tagged L11 was
expressed and purified from bacteria as previously described
(26). Rabbit polyclonal anti-L11 antibodies were described (46).
Anti-Flag (Sigma), anti-p21 (NeoMarkers), anti-ARF (Neo-
Markers), anti-GST (GenScript), anti-V5 (Invitrogen), and
anti-p53 (DO-1, Santa Cruz Biotechnology) were purchased.
Anti-MDM2 (2A10) and anti-HA (12CA5) were previously
described (28).

Cotransfection, IB and Co-immunoprecipitation (co-IP) Ana-
lyses—Cells were transfected with plasmids as indicated in fig-
ure legends using TransIT®-LT1 transfection reagent (Mirus,
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Madison, WI) following the manufacturer’s protocol. Cells
were harvested at 48 h post-transfection and lysed in Lysis
buffer solution containing 50 mm Tris/HCI (pH 8.0), 0.5% Non-
idet P-40, 1 mm EDTA, 150 mm NaCl, and 1 mm phenylmeth-
ylsulfonyl fluoride (PMSF). Equal amounts of clarified cell
lysates were used for IB analysis, as described (28). Co-IPs were
conducted as described previously (28). Sequential co-IPs
were carried out as described (48). Bound proteins in the co-IPs
were detected by IB using the indicated antibodies.

Luciferase Assays—U20S cells were transfected with a lucif-
erase reporter plasmid driven by two copies of the p53RE motif
derived from the MDM2 promoter (28). The pCMV-B-galac-
toside reporter plasmid was transfected into the cultured cells
in combination with the indicated plasmids, with 1 pg/well of
total plasmid DNA used for each transfection. Luciferase activ-
ity was determined as described previously and normalized to
B-gal activity, by co-transfection with the pCMV-g-gal plas-
mids, as previously described (28).

Cell Cycle Analysis—U20S cells were transfected with GFP,
GFP-L11, or GFP-ARF-encoding plasmids alone or in combi-
nation with GFP-L11 and GFP-ARF expressing plasmids. Thir-
ty-two hours after transfection, cells were treated with 200
ng/ml of nocodazole for an additional 16 h. Cells were fixed,
permeabilized, and stained in 500 ul of a solution containing
50 wg/ml propidium iodide (PI, Sigma), 200 ug/ml RNase A,
0.1% Triton X-100, 0.38 M NaCl, pH 7.2 at 37 °C for 30 min,
and then analyzed for DNA content using a Becton Dickin-
son FACScan flow cytometer (28). GFP-positive cells were
gated for cell cycle analysis. Data were collected using the
ModFit software program.

GST Fusion Protein Association Assays—Protein-protein
interaction assays were conducted as previously described
using GST fusion protein immobilized to glutathione beads
(28). Purified His-tagged L11 proteins were incubated with the
glutathione-Sepharose 4B beads (Sigma) containing 200 ng of
GST, GST-ARF, or GST-fused deletion mutants of ARF, for 30
min at room temperature. After washing, bound proteins were
analyzed by electrophoresis in a 15% SDS gel and detected by IB
using anti-L11 antibody.

Polysome Profiling Assays—Cytosolic extractions, sucrose
gradient sedimentation of polysomes, and analysis of the poly-
somes/mRNPs distribution of proteins were carried out as pre-
viously described (28). Briefly, cells were incubated with 100
pg/ml of cycloheximide (CHX) for 15 min prior to harvest. The
cells were homogenized in polysome lysis buffer solution con-
taining 30 mwm Tris-HCI (pH 7.4), 10 mm MgCl,, 100 mm KCl,
0.3% Nonidet P-40, 50 ng/ml CHX, 30 units/ml RNasin inhib-
itor, 1 mm dithiothreitol (DTT), 1 mm PMSF, 1 mM pepstatin,
and 1 mM leupeptin. After incubation on ice for 10 min, the
lysates were subjected to centrifugation at 12,000 X gat 4 °C for
8 min. The resulting supernatants were subjected to sedimen-
tation centrifugation in a 15-47% sucrose gradient solution
containing 30 mm Tris-HCl (pH 7.4), 5 mm MgCl,, 100 mm KCl,
and 50 pg/ml CHX in a Beckman SW41 rotor at 37,000 rpm for
2 h. Fourteen fractions were collected and assayed by IB. Similar
procedures were also conducted using a Biocomp Gradient Sta-
tion, and absorbance of RNA at 254 nm was recorded using an
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FIGURE 1. ARF and L11 cooperatively induce p53 level and activation. A, coexpression of ARF and L11 cooperatively induce p53. U20S cells were trans-
fected with V5-ARF and Flag-L11-expressing plasmids, individually or together as indicated. Cells were harvested at 48 h post-transfection and subjected to IB
using the indicated antibodies. B, coexpression of ARF and L11 further increased p53RE-dependent luciferase activity. U20S cells were transfected with V5-ARF
andFlag-L11 plasmids, individually or together as indicated, in the presence of a luciferase reporter plasmid driven by p53RE (BP100) and pCMV-B-gal plasmids.
Luciferase activity was normalized with B-galactoside activity and presented in arbitrary units. C and D, ARF and L11 collaboratively increased G1 phase cell
cycle arrest. U20S cells were transfected with GFP, GFP-ARF, GFP-L11, or GFP-ARF plus GFP-L11 plasmids and treated with nocodazole as described under
“Experimental Procedures.” GFP-positive cells were gated for cell cycle analysis. The histograms of Pl staining from one representative experiment are shown

in C. Mean percentage of cells arrested in G1 phase summarized from three independent experiments is shown in D.

in-line UV monitor to analyze the distribution of polysomes
and monosomes as described (65).

RNA Interference—RNAi-mediated ablation of endogenous
L11 was performed as previously described (28). The 21-nucle-
otide siRNA duplexes with a 3'-dTdT overhang were pur-
chased from Dharmacon. The target sequences for L11 and
control scrambled RNA were previously described (48). These
siRNA duplexes (0.2 puM) were introduced into U20S cells
using Silentfectin (Bio-Rad) following the manufacturer’s pro-
tocol. Cells were then harvested 48 h after transfection for IB
and cell cycle analyses.

Adenoviruses and Lentiviruses—Adenoviruses encoding hu-
man ARF were kindly provided by Dr. Yanping Zhang (49). To
generate lentiviral expression of L11 shRNA, oligonucleotides
containing the same L11 mRNA targeting sequence as siRNA
were synthesized and annealed and ligated into H1 lentivirus
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vector as described (50). The resulting vector was co-trans-
fected with gag- and env-expressing plasmids into 293FT cells
using calcium chloride (Promega). The resulting viruses were
then used to infect cells in the presence of polybrene (6 ng/ml).
The cells were harvested at 72 h post-transduction for IB
analysis.

RESULTS

Overexpression of L11 Enhances ARF-induced p53 Activa-
tion—To test whether L11 interplays with ARF in the regula-
tion of the MDM2-p53 loop, we first performed transient trans-
fection-IB analyses in p53-proficient U20S cells. As expected
(25, 36, 41, 45), overexpression of either ARF or L11 increased
p53 level compared with control transfected cells (Fig. 14,
upper panel). As aresult, MDM2 and p21, two p53 targets, were
also induced (second and third panels). Interestingly, coexpres-
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sion of both ARF and L11 further induced the levels of p53, p21,
and MDM2 (Fig. 14, lane 4). To determine if the induction of
p53 and its target genes is due to the augment of p53 transacti-
vational activity by ARF and L11, we performed reporter assays
using a plasmid encoding the firefly luciferase reporter plasmid
expressed from a promoter containing the p53 response ele-
ment (RE) derived from the MDM2 promoter (5, 28). As shown
in Fig. 1B, ectopic expression of either ARF or L11 markedly
enhanced the p53RE-driven luciferase activity. The luciferase
activity was further enhanced by coexpression of ARF and L11.
These results suggest that L11 and ARF can potentiate each
other to induce the level and activity of p53 in cells.

L11 Cooperates with ARF to Induce GI Cell Cycle Arrest—
Both ARF (14, 51) and L11 (25, 36, 41) induce p21 and lead to
G1 cell cycle arrest. Therefore, we next determined whether
coexpression of ARF and L11 could further enhance the induc-
tion of cell cycle arrest. To do so, U20S cells were transiently
transfected with the GFP-ARF or GFP-L11 plasmids, individu-
ally or together. Before the FACS analyses, cells were treated
with nocodazole, an inhibitor of microtubule assembly that
arrests cells at the G2/M phase, allowing us to visualize any G1
cell cycle arrest. GFP-positive cells were then gated for cell cycle
analysis. As shown in a representative result in Fig. 1C, 22.6% of
GFP-ARF and 23.6% of GFP-L11 expressing cells were arrested
in the G1 phase, while only 4.6% of GFP-expressing cells were
detected in the G1 phase. When GFP-L11 and GFP-ARF were
coexpressed, 52.5% of the GFP-positive cells were arrested in
the G1 phase (Fig. 1C). This result was reproduced in multiple
experiments, as summarized in Fig. 1D. Since neither L11 nor
ARF can induce G1 arrest in p53-deficient cells (41), these
results indicate that co-expression of ARF and L11 can poten-
tiate each other in inducing the p53-dependent G1 cell cycle
arrest.

L11 Interacts with ARF in Cells and in Vitro—Because both
ARF and L11 bind to MDM2, and both proteins cooperate with
each other to regulate p53 activity (Fig. 1), we asked whether
ARF and L11 also physically interact with each other. To test
this idea, Flag-L11 and V5-ARF were expressed alone or
together in p53-deficient H1299 cells, followed by co-IP using
the anti-Flag or anti-V5 antibody. As shown in Fig. 24, V5-ARF
was specifically co-immunoprecipitated with Flag-L11 using
the anti-Flag antibody when both plasmids were coexpressed in
the H1299 cells (lane 6). Furthermore, Flag-L11 was specifically
co-immunoprecipitated with V5-ARF by the anti-V5 antibody
in cells that expressed both Flag-L11 and V5-ARF (lane 9). The
interaction between ARF and L11 was specific as both proteins
were not co-immunoprecipitated with control IgG (Fig. 2B,
lane 2). To determine if endogenous L11 and ARF interact with
each other, Soas2-Tet-E2F1 cells stably expressing the Tet-in-
ducible E2F1 gene were analyzed. The expression of endoge-
nous ARF was stimulated by doxycycline (Dox)-induced
expression of E2F1 (17, 52). Cells cultured in the presence or
absence of Dox were then subjected to co-IP using the anti-ARF
antibody, or control IgG, followed by IB with the anti-L11 anti-
body. As shown in Fig. 2C, endogenous L11 was specifically
immunoprecipitated by the anti-ARF antibody in Dox-treated
cells (lane 6), but not in untreated cells (lane 5). To test whether
the binding between L11 and ARF is direct, we performed GST-
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FIGURE 2. ARF interacts with L11 in cells and in vitro. A, ectopically
expressed ARF interacts with ectopic L11 in cells. H1299 cells transfected with
V5-ARF, Flag-L11, or both plasmids were subjected to co-IP with anti-Flag
(lanes 4-6), or anti-V5 (lanes 7-9) antibodies followed by IB with anti-V5 or
anti-Flag antibodies. B, specific interaction between L11 and ARF. H1299 cells
transfected with V5-ARF and Flag-L11 were subjected to co-IP with anti-Flag,
anti-V5, or control mouse IgG followed by IB with anti-Flag or anti-V5 antibod-
ies. C, endogenous ARF interacts with endogenous L11 in cells. Saos2-Tet-
E2F1 cells were cultured either in the presence or absence of doxycycline
(Dox) for 48 h. The cleared cell lysates were immunoprecipitated with mono-
clonal anti-ARF antibody or control mouse IgG, followed by IB with polyclonal
anti-ARF and anti-L11 antibodies. D, L11 directly interacts with ARF in vitro.
Bacterially purified GST or GST-ARF immobilized on glutathione beads was
incubated with recombinant His-L11 protein. Bound L11 was detected using
IB with anti-L11 antibody (top panel). The purified GST and GST-ARF proteins
were shown in the bottom panels by Coomassie Blue staining and IB with
anti-GST antibodies, respectively.

fusion protein-protein association assays. As shown in Fig. 2D,
purified His-L11 was bound by purified GST-ARF protein, but
not GST alone in vitro. These results demonstrate that L11
directly interacts with ARF.

ARF Binds to the C-terminal Domain of L11 in Cells—To
define which portions of L11 bind ARF, we generated a panel of
Flag-tagged L11 deletion mutants. H1299 cells were cotrans-
fected with V5-ARF together with Flag-L11 or its deletion
mutants. Cell lysates were then subjected to co-IP assays using
anti-Flag antibodies. As shown in Fig. 34, V5-ARF was co-im-
munoprecipitated with N-terminal deletion mutants L11¢~'7%
(lane 6), L11'°°7178 (lgne 7), and L11*2°7178 (lane 8), but not
C-terminal deletion mutants L1173 1L111712% 1117198 and
L11'~% (lanes 2-5). These results, as summarized in Fig. 3B,
indicate that the C-terminal residues of L11 (144—178) are
essential for ARF-binding. It is noted that this C-terminal
region of L11 is distinct from the central MDM2-binding
domain of L11 (residues 65 to 125) (41), suggesting that ARF
and MDM2 could bind simultaneously to L11.

L11 Binds to the N-terminal Domain of ARF in Vitro—To
map the L11-binding domain in ARF, we first constructed a set
of deletion mutants of ARF fused to GST. GST-ARF fusion
proteins were then incubated with His-L11 purified from bac-
teria. As shown in Fig. 3C, GST-ARF mutants retaining the
N-terminal 64 amino acid residues (lanes 3—5) bound L11 as
efficiently as wild-type GST-AREF (lane 2). However, deletion of
the N terminus of ARF (GST-ARF®>~'3?) abolished its binding
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FIGURE 3. Mapping the binding domains between ARF and L11. A, ARF binds to the C-terminal domain of L11 in cells. H1299 cells were transfected with
V5-ARF and Flag-tagged wild-type (wt) L11 orits deletion mutants as indicated. The cell lysates were immunoprecipitated with the anti-Flag antibody followed
by IB with anti-V5 or anti-Flag antibodies (top panels). B, diagram of the Flag-L11 and its deletion mutants. The co-IP results determined in panel A are shown on
theright.”+" indicates binding and “—" indicates lack of binding. C,L11 binds to the N-terminal domain of ARF in vitro. Bacterially purified GST, GST-ARF, or their
deletion mutants immobilized on glutathione beads, were incubated with bacterially expressed His-L11. Bound L11 was detected using IB with anti-L11
antibody (top panel). The purified GST and GST-ARF proteins were shown in the bottom panel by Coomassie Blue staining. D and E, L11 interacts with the
N-terminal domain of ARF in cells. H1299 cells were transfected with Flag-L11 together with V5-ARF, or its deletion mutants, as indicated. The cell lysates were
immunoprecipitated with the anti-V5 antibody followed by IB with anti-V5 or anti-Flag antibodies. F, diagram of V5-ARF and its deletion mutants used in D and

E. The co-IP results determined in panels D and E are shown on the right. “+" indicates binding and “—" indicates lack of binding.

to L11 (lane 6), suggesting that L11 associates with the N-ter-
minal domain of ARF. To further map the L11 binding sites at
ARF, we constructed a panel of ARF mutants deleted with short
fragments of the N terminus. H1299 cells were cotransfected
with Flag-L11 and V5-AREF, or its deletion mutants, followed by
co-IP assays using anti-V5 antibodies. As shown in Fig. 3D,
Flag-L11 was co-immunoprecipitated with N-terminal deletion
mutants ARF'>7132 (Jane 5), L11%° 732 (lane 6), and ARF?"~132
(lane 7), but not ARF®*~'32 (gne 4). Furthermore, deletion of
amino acid residues 37—64 (ARF2%7~%%) did not abolish its
association with L11 (Fig. 3E). These results, as summarized in
Fig. 3F, indicate that at least two regions in the ARF N terminus
(amino acid residues 1-36 and 37—-64) bind to L11.

ARF and L11 Together Form a Ternary Complex with MDM?2
in Cells—ARF (53) or L11 (36, 41) have been shown to suppress
MDM2 function by forming a complex with MDM2 and p53.
To determine whether ARF and L11 can simultaneously asso-
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ciate with MDM2 and p53, we performed a series of co-IP/IB
assays using H1299 cells transfected with different combina-
tions of plasmids encoding V5-ARF, Flag-L11, HA-MDM2,
and p53. As shown in Fig. 44, MDM2 associated with ARF or
L11 individually, as expected (lanes 2 and 8). Coexpression
of these three proteins resulted in a complex containing all of
them as detected by reverse co-IP with antibodies against V5
or Flag (lanes 4 and 9). However the level of MDM2 in this
ternary complex was remarkably increased in cells express-
ing all three proteins even though the levels of ARF or L11
were unchanged (compare lanes 2 and 8 with lanes 4 and 9).
This result suggests that the presence of both L11 and ARF in
the complex can enhance their association with MDM2. Fur-
thermore, when p53 was coexpressed with ARF, L11, and
MDM2, it formed a complex with L11, ARF, and MDM2 as
determined by co-IP using anti-Flag or anti-V5 antibodies
(lanes 5 and 10).
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FIGURE 4. ARF and L11 form a complex with MDM2 and p53. A, H1299 cells
were transfected with various combinations of plasmids encoding Flag-L11,
V5-ARF, HA-MDM2, and p53 as indicated. Cell lysates were immunoprecipi-
tated with anti-Flag or anti-V5 antibody, followed by IB with antibodies as
indicated. B, sequential co-IP of L11 and ARF with MDM2 and p53.H1299 cells
transfected with Flag-L11, V5-ARF, HA-MDM2, and p53 plasmids were sub-
jected to IPs with control mouse IgG (lane 2) or anti-Flag (M2) antibody (lane
3), followed by elution with Flag peptide. 10% of the elution was loaded (lanes
2 and 3, respectively). The remaining 90% of the anti-Flag elution was immu-
noprecipitated with anti-V5 antibody (/ane 5) or control IgG (lane 4), followed
by IB with the indicated antibodies.

To further examine whether L11, ARF, MDM?2, and p53 form
a four-part complex in cells, we performed sequential co-IP
assays. H1299 cells transfected with Flag-L11, V5-ARF, HA-
MDM2, and p53 plasmids were first subjected to IP with anti-
Flag antibody, followed by elution with Flag peptide (Fig. 4B,
lane 3). The elution containing Flag-L11-associated proteins
was then immunoprecipitated with anti-V5 antibody (Fig. 4B,
lane 5). Both MDM2 and p53 were co-immunoprecipitated in
the first anti-Flag IP, as well as in the secondary anti-V5 IP,
demonstrating that L11, ARF, MDM2, and p53 form a complex
in cells. This is in agreement with the non-overlapping binding
domains of these proteins (Fig. 3), as ARF binds to the acidic
domain of MDM2 (13) whereas L11 associates with the zinc
finger domain of MDM2 (41), MDM2 binds to the central
domain (residues 66 —125) of L11 (41), and ARF interacts with
the C-terminal domain (residues 144 —178) of L11 (Fig. 4).

Knockdown of Endogenous L11 Reduces ARF-mediated p53
Activation—It was reported that ARF is not required for L11-
mediated p53 activation (54). To determine the role of L11 in
ARF-mediated p53 activation, we addressed whether ablation
of L11 by siRNA affects ARF-induced p53 level and activity in
U20S cells. As shown in Fig. 54, overexpression of ARF
induced the levels of p53 and its target gene p21. Knocking
down endogenous L11 by either of the two different siRNAs
reduced the ARF-induced levels of p53 and p21 (compare lanes
4 and 6 to lane 2). This effect is less likely an off-target effect,
as similar results were observed using two different siRNAs
against L11. Similarly, knockdown of L11 by lentiviral-based

MAY 18,2012+VOLUME 287 +NUMBER 21

Regulation of MDM2 and p53 by L11 and ARF

shRNAs also alleviated p53 induction by adenoviral-mediated
expression of ARF in human normal fibroblast WI38 cells (Fig.
5B).

To test whether knockdown of L11 also affects ARF-medi-
ated cell cycle arrest, we generated a U20S cell line with
Tet-inducible expression of ARF (U20S-Tet-V5-ARF). Dox-
induced expression of ARF markedly suppressed cell pro-
liferation by inducing both G1 and G2/M cell cycle arrest,
which was partially suppressed by knockdown of L11 (Fig. 5C).
These results suggest that endogenous L11 may play a role in
ARF-mediated cell cycle arrest. Consistently, knocking down
L11 reduced the levels of p53 and p21 upon Dox-induced ARF
expression (Fig. 5D).

ARF Induces the Ribosome-free Form of L11—Recent studies
have suggested that increased ARF expression can reduce ribo-
somal biogenesis and protein synthesis (49, 55-59). Consistent
with these ideas, Dox-induced expression of ARF in U20S cells
significantly reduced the ratio of ploysome/monosome (1.42 =
0.06 in control versus 0.96 £ 0.09 in Dox-induced cells, p <
0.01) in U20S-Tet-V5-AREF cells (Fig. 64), suggesting that ARF
expression can adversely affect ribosomal biogenesis and/or
protein synthesis, thus causing ribosomal stress. Upon ribo-
somal stress, RPs including L11 can be released as a ribosome-
free form from the nucleolus to bind to MDM2, leading to p53
activation (25, 36, 41). To test whether L11 contributes to ARF-
induced p53 activation via the L11-MDM2-p53 pathway, we
examined whether ARF induces the ribosome-free form of L11
by performing polysome profile assays. Cytoplasmic extracts
prepared from U20S-Tet-V5-ARF cultured with or without
Dox were subjected to a linear sucrose gradient sedimentation
centrifugation. Fourteen fractions were collected and assayed
for thelevel of L11 and ARF by IB. As shown in Fig. 6B, induced
expression of ARF (+Dox) significantly increased the levels of
ribosome-free L11 (fractions 1 and 2), whereas polysomes (frac-
tions 8 through 14) were significantly reduced by ARF expres-
sion. ARF was not associated with either polysomes or mono-
somes in cytosolic extracts. These results suggest that ARF
suppresses ribosomal biogenesis and causes the release of the
free form of L11 from the ribosome.

ARF Enhances the MDM?2-L11 Interaction in Cells—Because
ribosomal stress induces and activates p53 via RP binding and
inhibition of MDM2 (25, 26, 28, 34—42), we next addressed
whether ARF may induce p53 activation, at least partially, by
enhancing the association of L11 with MDM2, leading to more
effective inhibition of MDM2. To test this idea, we transfected
U20S cells with the Flag-ARF plasmid and carried out co-IPs
using the anti-MDM?2 antibody or control IgG followed by IB.
As shown in Fig. 6C, overexpression of ARF markedly increased
the binding of endogenous MDM2 to endogenous L11 as well as
p53. This enhanced association was not solely due to the ele-
vated level of MDM2 that occurred with the overexpression of
AREF, as the increased binding was also observed following ARF
expression when the MDM2 level was equivalent following the
treatment of the cells with the proteasome inhibitor MG132
(Fig. 6D). Similar enhanced interactions between L11 and
MDM2 and p53 were also detected in human W1I38 cells using
adenovirus-mediated expression of ARF (Fig. 6E). These results
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FIGURE 5. Endogenous L11 contributes to ARF-responsive p53 activation. A, knockdown of L11 by siRNA reduced ARF-induced levels of p53. U20S cells
were transfected with Flag-ARF, or empty vector, followed by transfection with L11 siRNA or scrambled RNAs. Cells were harvested after 48 h and assayed for
protein expression by IB with the indicated antibodies. B, ablation of endogenous L11 by siRNA reduced ARF-induced levels of p53 in WI38 cells. Cells were
infected with control or adenoviruses encoding ARF, followed by infection with scrambled or L11 shRNA lentiviruses. Cells were harvested after 72 h and
assayed for protein expression by IB with indicated antibodies. C and D, knockdown of L11 alleviated ARF-mediated p53 induction and G1 cell cycle arrest.
U20S-tet-V5-ARF cells were transfected with scrambled or L11 siRNA and cultured in the presence or absence of Dox for 48 h, followed by cell cycle analyses
using Pl staining. The mean percentage of cells in GO/G1, S, and G2/M cell cycle phases obtained from seven independent experiments (n = 7) is shown in C.
*,p < 0.01, compared with cells transfected with scrambled RNA; **, p < 0.05, compared with cells transfected with scrambled RNA in the presence of Dox

induction. The representative protein expression is shown in D.

suggest that ARF induces ribosomal stress and stimulates the
association of L11 with MDM2.

DISCUSSION

It is well known that ARF binds to MDM2 and inhibits
MDM2-mediated p53 ubiquitination and degradation, leading
to p53 activation, in response to oncogenic stress (12, 15).
Recently, we and others have found that a number of RPs,
including L5, L11, L23, L26, S7, S27, and S27a, also suppress
MDM2 function and subsequently activate p53 in response to
ribosomal stress (25, 26, 28, 34—42). This study suggests that
the oncogenic stress-induced ARF-MDM2-p53 and ribosomal
stress-induced L11-MDM2-p53 pathways are physically and
functionally connected. We show that L11 directly associates
with ARF and forms a complex with MDM2-p53. Conse-
quently, L11 collaborates with ARF in activating p53 (Fig. 1).
Knockdown of L11 attenuated ARF-induced p53 stabilization
and cell cycle arrest (Fig. 5). ARF is not required for L11-medi-
ated p53 activation in response to ribosomal stress, as L11 is
functional in inducing p53 in ARF-null U20S cells (36, 41, 46,
60). Also, p19*®F is not required for the in vivo induction of p53
in response to ribosomal stress (54). However, our data indi-
cates that L11 plays a role in ARF-induced p53 activation.

Several lines of evidence suggest that ARF suppresses ribo-
somal biogenesis. First, ARF inhibits ribosomal RNA process-
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ing (59) by binding to and inhibiting nucleophosmin (B23) (49).
Second, ARF suppresses RNA polymerase (Pol) I activity
through binding to the upstream binding factor (UBF) and
inhibiting its phosphorylation (56). ARF also binds to the RNA
Pol I transcription termination factor TTF1 and inhibits its
nucleolar import, causing the accumulation of TTF1 in the
nucleoplasm (57). Third, ARF suppresses RNA Pol III-medi-
ated tRNA synthesis (58). Consistently, deletion of ARF
increases rRNA synthesis, ribosomal nuclear export, protein
translation, and consequent cell volume (55). Our data also sug-
gest that overexpression of ARF represses ribosomal biogenesis
and protein synthesis as viewed by the decrease in the ratio of
polysome versus monosome (Fig. 6A).

Because inhibition of ribosomal biogenesis causes ribosomal
stress, the role of L11 in ARF-mediated p53 activation could be
explained by ribosomal stress-induction of the L11-MDM2-
p53 pathway. Thus, ARF induces p53 activity by direct suppres-
sion of MDM2 and indirect induction of L11 alleviation of
MDM2 repression of p53. Indeed, ARF expression reduced the
levels of polysomes, increased the levels of ribosome-free L11
(Fig. 6A), and enhanced the interaction of L11 with MDM2 (Fig.
6, C—E). Therefore, our study provides evidence indicating that
L11 contributes to oncogenic stress-induced p53 activation via
responding to ARF-induced ribosomal stress (Fig. 7). Support-
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FIGURE 6. ARF increases non-ribosome-associated form of L11 and the interaction of L11 with MDM2 and p53 in cells. Aand B, ARF suppresses ribosomal
biogenesis and increases non-ribosome-associated form of L11. Cytoplasmic extracts containing polysomes from U20S-tet-V5-ARF cells cultured in the
presence or absence of Dox for 48 h were subjected to a 15 to 47% linear sucrose gradient sedimentation centrifugation. After centrifugation, the distribution
of polysomes and monosomes was measured by recording the absorbance of RNA at 254 nm using an in-line UV monitor in a Biocomp Gradient Station (A).
Additionally, fourteen fractions were collected, and 30 ul of each fraction was subjected to IB with anti-L11 or anti-ARF antibodies as indicated. The fractions
containing polysomes, monosomes, and ribosome-free forms of L11 are indicated on the top (B). C and D, overexpression of ARF enhanced endogenous
L11-MDM2-p53 interaction in U20S cells. Cells transfected with Flag-ARF or empty vector were untreated (C) or treated with 20 um MG132 (D) for 8 h before
harvest. Cell lysates were immunoprecipitated with control IgG or anti-MDM2 (SMP14 and 4B11), followed by IB with polyclonal anti-p53, anti-MDM2 (2A10),
anti-ARF, or anti-L11 antibodies, as indicated. E, overexpression of ARF enhanced endogenous L11-MDM2-p53 interaction in WI38 cells. Cells infected with
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antibodies.

(13), whereas L11 binds to the zinc finger domain of MDM2
(61, 62). ARF binds to the C terminus (Fig. 34), whereas MDM2
binds to the central region of L11 (46). Furthermore, while
MDM2 binds to residues 1-14 and 26 —37 of the N terminus of
ARF (63, 64), L11 binds to the residues 37— 64, in addition to
1-37, of the N terminus of ARF (Fig. 3D). This binding arrange-
ment would allow the formation of a stable ARF-L11-MDM?2
complex. Thus, it is likely that upon oncogenic stress, ARF
inhibits ribosomal biogenesis, which would subsequently result
in accumulation of ribosome-free L11. The accumulated L11
would then bind to ARF and MDM2, forming a ternary com-
plex that further restricts MDM2 activity toward p53 and con-
sequently activating p53. In the future, it would be interesting
to test whether other MDM2-binding RPs, such as L5, may also
participate in this regulation.

Oncogenic Ribosomal

stress stress

o

FIGURE 7. Model of the functional interaction of the L11-MDM2-p53 and
the ARF-MDM2-p53 pathways in response to stress. Arrows indicate acti-
vation, whereas bars refer to inhibition in the signaling pathways regulating
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