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Humans have evolved elaborate mechanisms to activate p53 in response to insults that lead to cancer, including the binding and
inhibition of Hdm2 by the 60S ribosomal proteins (RPs) RPL5 and RPL11. This same mechanism appears to be activated upon
impaired ribosome biogenesis, a risk factor for cancer initiation. As loss of RPL5/RPL11 abrogates ribosome biogenesis and pro-
tein synthesis to the same extent as loss of other essential 60S RPs, we reasoned the loss of RPL5 and RPL11 would induce a p53-
independent cell cycle checkpoint. Unexpectedly, we found that their depletion in primary human lung fibroblasts failed to in-
duce cell cycle arrest but strongly suppressed cell cycle progression. We show that the effects on cell cycle progression stemmed
from reduced ribosome content and translational capacity, which suppressed the accumulation of cyclins at the translational
level. Thus, unlike other tumor suppressors, RPL5/RPL11 play an essential role in normal cell proliferation, a function cells have
evolved to rely on in lieu of a cell cycle checkpoint.

Living organisms are continuously exposed to environmental
insults, many of which result in cellular damage. This has led to

the evolution of surveillance mechanisms, which gauge the extent
of damage and determine the cell’s fate. Many of these responses
rely on the activation of the tumor suppressor p53, a master reg-
ulator of cell cycle arrest, apoptosis, and senescence (1). Under
normal growth conditions, levels of p53 are largely restricted by its
rapid degradation, mediated by the E3-ligase, Hdm2, which tar-
gets p53 to the proteasome. In turn, levels of p53 rapidly increase
upon a cellular insult, principally through direct inhibition of
Hdm2. Under such conditions, a number of mechanisms have
been implicated in regulating the activity and levels of Hdm2,
including phosphorylation, ubiquitination, and the binding of in-
hibitory cofactors (2). A major insult in normal cells is triggered
by oncogenic stress, caused by the overexpression or overactiva-
tion of proteins with tumorigenic potential. This leads to the in-
duction of the tumor suppressor ARF, which physically sequesters
and inhibits Hdm2, allowing p53 levels to accumulate, restraining
the proliferation and survival of tumor cells (3). Recent studies
have implicated three additional inhibitory cofactors in addition
to ARF that directly bind to and suppress Hdm2-mediated p53
degradation. These include the tumor suppressor NUMB, a neg-
ative regulator of Notch 1 (4), and, most recently, two essential
60S ribosomal proteins (RPs), RPL5 and RPL11 (5), which play a
central role in mediating p53 stabilization following impaired ri-
bosome biogenesis (6, 7).

RPL5 and RPL11 bind to the central acidic domain of Hdm2
within the highly conserved C4 zinc finger at a site distinct from
that bound by ARF (5). The importance of this interaction in
tumorigenesis was first suggested by the finding in human osteo-
sarcoma of a C305P mutation in the C4 zinc finger of Hdm2 which
disrupted its interaction with RPL5 and RPL11 but not ARF (8).
Knock-in mice bearing this mutation were crossed with trans-
genic mice overexpressing the c-Myc proto-oncogene under the
control of the immunoglobulin heavy-chain promoter and en-

hancer (E�-Myc) (5). As c-Myc drives the coordinated biogenesis
of nascent ribosomes (9), its overexpression in the E�-Myc model
is predicted to result in elevated levels of RPL5 and RPL11, inhi-
bition of Mdm2, and induction of p53, which would retard tumor
development. Supporting this model, E�-Myc mice harboring the
Mdm2 C305P knock-in mutation developed more aggressive
lymphomas and succumbed more quickly, with a median survival
of 9 weeks versus 20 weeks for littermates expressing wild-type
Mdm2, despite the absence of any impact on ARF binding to
Mdm2 (5). These findings support a role for RPL5/RPL11-depen-
dent inhibition of Hdm2 in protecting the cell from the adverse
effects of excessive ribosome biogenesis. Consistent with such tu-
mors being addicted to high levels of nascent ribosome biogenesis,
selective inhibition of RNA polymerase I in E�-Myc lymphomas
led to the induction of p53-dependent apoptosis through the ap-
parent activation of the same RPL5/RPL11-Mdm2-p53 check-
point (10). Therefore, drugs that disrupt ribosome biogenesis
could be exploited to induce selective apoptosis in tumors that are
characterized by high rates of ribosome biogenesis.

The studies above underscore the importance of surveillance
mechanisms that monitor the status of ribosome biogenesis in
order to prevent aberrant cell growth. This same mechanism ap-
pears to be implicated under conditions of impaired ribosome
biogenesis as either hyper- or hypoactivation of ribosome biogen-
esis can lead to changes in the pattern of translation, which will
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ultimately alter the genetic program (11–13). We first described
the existence of such a mechanism in livers of adult mice following
the conditional deletion of RPS6, an essential component of the
40S ribosomal subunit. The absence of RPS6 and the resulting
abrogation of 40S biogenesis blocked the ability of hepatocytes to
enter S phase following partial hepatectomy (14). We subse-
quently showed that this response was mediated by the induction
of p53 and that it could be recapitulated in cell culture by the
depletion of other essential RPs of the 40S or 60S ribosomal sub-
unit (15). These studies led to the finding that the upregulation of
p53 upon impairment of the biogenesis of either subunit was me-
diated by the binding and inhibition of Hdm2 by RPL5 and RPL11
(7, 15). The inhibitory effects of RPL5 and RPL11 on Hdm2 are
mutually dependent on both proteins as depletion of either was
sufficient to relieve p53 induction and cell cycle arrest (6, 7). In
addition to RPL5 and RPL11, RPS7 and RPL23 have been shown
to bind and inhibit Hdm2 under conditions of acute inhibition of
rRNA synthesis caused by low doses of actinomycin D (16–19).
However, our recent studies suggest that the apparent effects of
depletion of either RPS7 or RPL23 on the induction of p53 can be
ascribed to a reduction in global translation rather than a decrease
in p53 stability (7). Thus, RPL5 and RPL11 appear to be the only
RPs required for p53 induction in response to aberrant ribosome
biogenesis.

It is generally thought that reduced expression of tumor sup-
pressors allows the cell to evade cell cycle checkpoints and acquire
higher proliferative capacity, as observed in cells with decreased
ARF or p53 levels (20). Similarly, the disruption of the RPL5/
RPL11-Mdm2 checkpoint, due to the Mdm2 C305P mutation, led
to accelerated lymphomagenesis in the E�-Myc background (5).
However, unlike ARF, RPL5 and RPL11 play a dual role in the
proliferative response as they are not only negative regulators of
Mdm2 but also essential RPs required for the synthesis of 60S
ribosomes. Indeed, their depletion impairs global translation to
the same extent as that of other essential RPs of the 60S ribosomal
subunit (7). In addition, in Drosophila, hypomorphic mutations
in RPs, including those in orthologues of RPL5 and RPL11, have
been identified as Minute mutations, which result in haploinsuf-
ficient mutants which are characterized by delayed development,
short thin bristles, and poor viability, phenotypes attributed to
reduced ribosome content and translational capacity (21). In hu-
mans, hypomorphic mutations in RPL5 and RPL11, as well as
other RPs, are causal in the pathology of Diamond Blackfan ane-
mia (DBA) (22), a congenital erythroid aplasia syndrome leading
to anemia (23–28). Given that most studies to date have been
limited to tumor cells (29), which have lost a number of check-
points, it is unclear as to whether the reduction in ribosome con-
tent and global translation, the loss of a p53 checkpoint, or the
activation of an alternative p53-independent cell cycle checkpoint
is the underlying mechanism that regulates cell proliferation upon
reduction of RPL5 or RPL11 levels.

Given the importance of RPL5 and RPL11 in tumor suppres-
sion, we set out to examine the effect of their depletion on global
translation, the induction of p53, and cell cycle progression in
primary human lung fibroblasts. We demonstrated that depletion
of RPL5 or RPL11, unlike depletion of another essential 60S RP,
did not induce p53 but repressed cell proliferation, suggesting that
an alternative cell cycle checkpoint may regulate cell cycle progres-
sion following reduction in their expression. However, RPL5- or
RPL11-depleted cells did not accumulate in any specific phase of

the cell cycle. Instead, as shown by bromodeoxyuridine (BrdU)
pulse-chase experiments, they progressed at a much lower rate
through each phase of the cell cycle. This effect was associated with
inhibition of global translation such that mRNAs encoding key
cyclins, including those of cyclin E1, cyclin A2, and cyclin B1, were
present on polysomes of a smaller mean size in RPL5- or RPL11-
depleted cells than in control cells. Consistent with this finding,
codepletion of p53 and RPL7a, an essential 60S RP, blocked the
induction of the p53 cell cycle checkpoint but did not completely
rescue cell growth as the effects of RPL7a depletion on global
translation persisted. Our findings are consistent with a recent
report highlighting the availability of ribosomes as the rate-limit-
ing step in translation initiation (30). Thus, mammalian cells ap-
pear to have evolved a general RPL5/RPL11-dependent cell cycle
checkpoint in response to impaired or hyperactivated ribosome
biogenesis, whereas in the case of lesions in RPL5 or RPL11 they
rely on the their essential role in ribosome biogenesis, rather than
a cell cycle checkpoint, to limit proliferation.

MATERIALS AND METHODS
Cell culture, siRNA transfection, and synchronization. MRC5 (Medical
Research Council 5), A549, and U2-OS cells were cultured in Dulbecco
modified essential medium (DMEM) containing 4,500 mg/ml L-glucose,
4 mM L-glutamine, and 110 mg/liter sodium pyruvate supplemented with
10% fetal bovine serum. Transfection of small interfering RNA (siRNA)
was performed as previously described using the calcium phosphate pre-
cipitation method (31). For each siRNA, 20 pmol and 60 pmol were trans-
fected in 6- and 10-cm dishes, respectively. The Allstar Negative Control
(Qiagen) was used as nonsilencing (NS) control siRNA. The target se-
quences of the siRNAs against human RPL11, RPL5, RPL7a, and p53 have
been previously described (7, 15). For synchronization experiments,
MRC5 fibroblasts were first transfected with the siRNAs indicated in Fig.
5. At 6 h posttransfection, the cells were washed twice with Dulbecco’s
phosphate-buffered saline (DPBS) and incubated in fresh serum-free
DMEM for 56 h. Cells were stimulated with DMEM supplemented with
10% fetal bovine serum (FBS) and processed at the indicated time points.

Flow cytometry and BrdU pulse-chase. Flow cytometry analysis of
cell cycle distribution by staining with propidium iodide/RNase solution
(Phoenix Flow Systems) and quantification with Modfit (Verity Software
House, Inc.) have been previously described (15). Annexin V and 7-ami-
noactinomycin D (7-AAD) staining (BioLegend) were performed accord-
ing to the manufacturer’s instructions. To perform BrdU pulse-chase ex-
periments, asynchronously growing MRC5 cells transfected with the
indicated siRNAs for 48 h were pulse-labeled for 30 min with 10 �M BrdU
(BD Pharmingen), washed twice with PBS, and incubated in BrdU-free
complete medium for the time points indicated in Fig. 4. Cells were col-
lected by trypsinization, centrifuged, and fixed in ice-cold 70% ethanol.
Staining with a fluorescein isothiocyanate-conjugated anti-BrdU anti-
body (Becton, Dickinson) was performed according to the manufactur-
er’s instructions with the following modification: DNA was denatured by
a 30-min incubation at room temperature with 2N HCl with 0.3 mg/ml
pepsin. Propidium iodide/RNase solution was added to the cell suspen-
sion before the analysis. A Coulter Epics XL (Beckman Coulter) with a
488-nm argon ion laser was used for acquisition of flow cytometry data, as
previously described (15).

Protein extraction and Western blot analysis. The analysis of protein
expression in asynchronous MRC5 cells by Western blotting was per-
formed as previously described (15). For the analysis of protein expression
in synchronized MRC5 fibroblasts, cells were washed with ice-cold PBS
and lysed in 50 mM Tris-HCl (pH 8), 250 mM NaCl, and 0.1% Nonidet
P-40 (NP-40), supplemented with 1 mM dithiothreitol (DTT), protease
inhibitor cocktail (Roche), and phosphatase inhibitor cocktails (Sigma).
Mouse anti-human cyclin E1 antibody (HE12, catalog number 4129; Cell
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Signaling Technology) and rabbit anti-human cyclin A antibody (H432;
Santa Cruz Biotechnology) were used at dilutions of 1:1,000.

In vitro kinase assay. A total of 150 �g of protein lysate was incubated
for 2 h on ice with rabbit anti-human cyclin E antibody (C-19; Santa Cruz
Biotechnology), followed by a 30-min incubation with protein A-Sephar-
ose 6M beads (GE Healthcare) at 4°C. The immunoprecipitated cyclin E
complex was washed three times with extraction buffer and once with 1�
kinase buffer (20 mM Tris-HCl, pH 7.5, 7.5 mM MgCl2, 1 mM DTT). The
in vitro kinase assay reaction was performed for 30 min at 37°C in 15 �l of
1� kinase buffer containing 5 �g of recombinant histone H1 (Sigma) as
the substrate, 300 �M cold ATP (Sigma), and 10 �Ci of [�-32P]ATP
(PerkinElmer). The reactions were terminated by the addition of Laemmli
SDS protein sample buffer, denatured at 99°C for 3 min, and separated on
4 to 20% SDS-PAGE (Bio-Rad) gels before being transferred onto a poly-
vinylidene difluoride (PVDF) membrane (Millipore, Immobilon-P) and
exposed to a phosphor screen. The screen was developed with a Storm 840
phosphorimager.

qRT-PCR analysis of mRNA expression. Quantitative reverse tran-
scription-PCR (qRT-PCR) analysis of mRNA expression was largely per-
formed as previously described (15). Briefly, total cellular RNA was ex-
tracted and purified using an RNeasy kit from Qiagen (catalog number
74104). A description of RNA purification from polysome fractions is
found in the paragraph “Polysome profiles.” Following reverse transcrip-
tion (Superscript III First Strand Synthesis SuperMix, catalog number
11752-050; Invitrogen), cDNAs were used in qRT-PCRs with Fast SYBR
green Master Mix (catalog number 4385612; Applied Biosystems) and
analyzed on a 7500 Fast Realtime PCR system from Applied Biosystems.
Standard curves were generated for each gene using PCR-amplified frag-
ments from each target. Reaction cycle parameters and primers for RPL11
and RPL7a (15), RPL5 and �-actin (7), and 18S rRNA (79) have been
previously described. Other primers used include the following: cyclin E1
forward primer, 5=-TGCAGAGCTGTTGGATCTCTGTGT-3=; cyclin E1
reverse primer, 5=-ACCATGGCAAATGGAACCATCCAC-3=; cyclin A2
forward primer, 5=-GCTGGAGCTGCCTTTCATTTAGCA-3=; cyclin A2
reverse primer, 5=-TTGACTGTTGTGCATGCTGTGGTG-3=; cyclin B1
forward primer, 5=-AGGAAGAGCAAGCAGTCAGACCAA-3=; cyclin B1
reverse primer, 5=-GCAGCATCTTCTTGGGCACACAAT-3=; luciferase
forward primer, 5=-ATCAGGCAAGGATATGGGCTCACT-3=; luciferase
reverse primer, 5=-TCCAGATCCACAACCTTCGCTTCA-3=.

Polysome profiles. Preparations of cellular extracts for polysome pro-
files, sucrose gradient centrifugation, and profile recording have been pre-
viously described (15). Heparin was omitted from lysates used to analyze
cyclin E1, cyclin A2, and cyclin B1 mRNAs by qRT-PCR due to its inhib-
itory effect on the PCR. Sucrose gradient fractions were collected by up-
ward displacement, and 50 pg of synthetic luciferase mRNA (catalog
number L4561; Promega) and 10 �g of glycogen (catalog number
AM9510; Life Technology) were added to each fraction to control for
extraction and PCR efficiency and to improve RNA recovery, respectively.
Extraction and precipitation of RNA from sucrose fractions have been
previously described (15). Precipitated RNA was washed twice with ice-
cold 70% ethanol, dried, and resuspended in RNase-free H2O. Equal vol-
umes of RNA from each fraction were subjected to cDNA synthesis and
qRT-PCR analysis. Levels of cyclin E1, cyclin A2, and cyclin B1 mRNAs in
each fraction were normalized to luciferase mRNA and plotted as the
percentage of total mRNAs from all 12 fractions.

Labeling of cells with [35S]methionine. Cells were labeled for 1 h with
20 �Ci of [35S]methionine (PerkinElmer). Extraction and precipitation of
proteins and measurement of incorporated radioactivity were performed
as previously described (15). For each sample, the number of counts per
minute (cpm) was normalized to that of total protein.

Proliferation assay by cell number. At the time points posttransfec-
tion indicated in Fig. 2A, MRC5 cells were trypsinized, collected by cen-
trifugation, and resuspended in known volumes of PBS. The total number
of cells in each sample was determined by hemacytometer counting, and
the ratio of the final cell number to the initial number of plated cells was

determined. The population doubling time was calculated using the algo-
rithm of V. Roth (http://www.doubling-time.com/compute.php).

Statistics. Statistical significance analysis of the functional studies
in Fig. 2C and 3B was carried out using a two-tailed Student’s t test in
Prism 5.

RESULTS
Depletion of RPL5 or RPL11 does not induce p53. Consistent
with the role of RPL5 and RPL11 as positive regulators of p53,
depletion of either protein in many cell types does not lead to
induction of p53 (16, 32, 33). We confirmed these findings in
human A549 or U2-OS cells, which express wild-type p53 (Fig. 1A
and B) (10, 34). However, given the essential role of RPL5 and
RPL11 in 60S ribosome biogenesis, we reasoned that a checkpoint
which monitors the effect of their loss may be absent in tumor cell
types used in earlier studies. Indeed, in A549 and U2-OS cells, the
tumor suppressor ARF is either deleted or silenced (35, 36).
Therefore, to address this issue we utilized MRC5 (Medical Re-
search Council 5) primary human lung fibroblasts (37). Com-
pared to MRC5 cells treated with a control nonsilencing (NS)
siRNA, treatment with siRNAs against either RPL5 or RPL11 did
not induce p53 over basal levels and had no measurable effect on
its downstream target, p21 (Fig. 1C). In contrast, an siRNA tar-
geting RPL7a, an essential RP of the 60S ribosomal subunit,
caused a significant increase in both p53 and p21 levels (Fig. 1C).
These differences in the p53 response were not attributed to the
extent of depletion of each transcript as the mRNAs of all three 60S
RPs were depleted by more than 85% compared to control cell
levels (Fig. 1D).

To determine whether the distinct p53 responses resulted from
differential effects on the ribosome content and translational ma-
chinery, we analyzed polysome profiles from MRC5 cells treated
with an siRNA targeting RPL5, RPL11, or RPL7a. In each case,
compared to cells treated with an NS siRNA, there was an equiv-
alent decrease of native 60S ribosomal subunits and a concomitant
increase in native 40S ribosomal subunits, accompanied by a small
but apparent reduction in the mean polysome size (Fig. 1E). In
addition, the reduction in the amount of 60S ribosomal subunits
relative to the amount of 40S ribosomal subunits led to the in-
creased binding to mRNAs of 43S preinitiation complexes, de-
tected as halfmer polyribosomes, apparent as pronounced shoul-
ders on the right sides of the 80S monosome and polysomal peaks
(38) (Fig. 1E). Because of the impact of the increased formation of
halfmers and the inherent difficulty of assigning the baseline to the
polysome profile, we turned to 35S-labeled methionine incorpo-
ration to better quantitate the difference in translational rates.
Consistent with the apparent reduced mean polysome size, trans-
lation rates in MRC5 cells depleted of RPL5, RPL11, and RPL7a, as
measured by 35S-labeled methionine incorporation into nascent
proteins, were decreased by the same extent, �30%, compared to
control cells (Fig. 1F). Therefore, although RPL5, RPL11, and
RPL7a depletion in primary human fibroblasts had similar inhib-
itory effects on ribosome biogenesis and translation, results dif-
fered in that the loss of RPL7a induced p53, whereas loss of either
RPL5 or RPL11 did not.

Depletion of RPL5 or RPL11 reduces the rate of proliferation
without inducing a cell cycle checkpoint. Since RPL5 or RPL11
depletion had a pronounced inhibitory effect on 60S ribosome
biogenesis and global translation (Fig. 1E and F), we reasoned that
under such conditions a p53-independent cell cycle checkpoint
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may be activated. To address this, we performed a proliferation
assay by counting MRC5 cells transfected with NS, RPL11, RPL5,
or RPL7a siRNA at 24, 48, and 72 h after transfection (Fig. 2A).
Although the rate of proliferation of RPL5- and RPL11-depleted
cells was severely affected at 48 h and 72 h posttransfection com-
pared to that of control cells, the effect of RPL7a depletion was
more pronounced (Fig. 2A), despite equivalent effects on global
translation (Fig. 1E and F). The calculated population doubling
time was 34 h, 43 h, and 103 h, respectively, for RPL11-, RPL5-,
and RPL7a-depleted cells, compared to 20 h for the NS siRNA-
treated control cells. Therefore, if a distinct cell cycle checkpoint
was engaged by depletion of RPL5 or RPL11, it was not as strong as
that induced by p53. In order to gain more insight into this pos-
sibility, we compared by flow cytometry the cell cycle profile of
RPL5- or RPL11-depleted cells to that of RPL7a-depleted cells.
Unexpectedly, the cell cycle distributions of RPL5- and RPL11-
depleted cells were largely indistinguishable from the distribution
of NS siRNA-treated cells (Fig. 2B and C). In contrast, RPL7a-
depleted cells showed a sharp decrease in the S-phase population,
concomitant with an accumulation of cells in G0/G1 and G2/M
phases, as early as 24 h posttransfection (Fig. 2B and C). The
effects of RP depletion on proliferation were not due to an increase
in cell death as greater than 90% of cells depleted of RPL5, RPL11,
or RPL7a were negative for annexin V and 7-AAD staining as late
as 96 h posttransfection (Fig. 2D and E). Thus, unlike loss of
RPL7a, loss of RPL5 or RPL11 decreases cell proliferation without
inducing an apparent cell cycle checkpoint or causing cell death.

The depletion of RPL7a impaired ribosome biogenesis and in-
hibited global translational rates to a similar extent as RPL5 or
RPL11 depletion (Fig. 1E and F); however, the inhibitory effects
on cell proliferation were more pronounced (Fig. 2A). We rea-
soned that removing the p53-dependent cell cycle block in RPL7a-
depleted cells would rescue their ability to progress through the
cell cycle but at a proliferative rate equivalent to that observed for
RPL5- or RPL11-depleted cells. Consistent with this hypothesis,
codepletion of RPL7a and p53 rescued the G1 and G2/M block
(Fig. 3A and B) and partially rescued the inhibition of cell prolif-
eration induced by depletion of RPL7a (Fig. 3C) to levels similar to
those observed for RPL5- and RPL11-depleted cells (Fig. 2A). The
calculated population doubling time for cells codepleted of p53
and RPL7a was 28 h compared to 86 h for RPL7a siRNA-trans-
fected cells and 22 and 20 h for NS siRNA- and p53 siRNA-trans-
fected cells, respectively. The data demonstrate that in the absence
of p53, depletion of an essential RP leads to a defect in cell prolif-
eration, with no obvious activation of a p53-independent cell cycle
checkpoint.

RPL5- and RPL11-depleted cells progress through the cell
cycle at a lower rate. The apparent normal cell cycle distribution,
despite a decrease in population doubling times, suggests that the
progression of RPL5- and RPL11-depleted MRC5 cells through
each phase of the cell cycle may be prolonged. To measure the rate
of progression through the cell cycle, cells transfected with NS,
RPL5, or RPL11 siRNA were first pulse-labeled for 30 min with
BrdU and then chased for increasing times with BrdU-free me-

FIG 1 Depletion of RPL11 or RPL5 differs from RPL7a depletion in the induction of p53, despite similar effects on nascent ribosome biogenesis and global
translation. (A to C) Western blot analysis showing expression levels of p53, p21, and �-actin proteins in (A) A549 cells, (B) U2-OS cells, and (C) MRC5 cells
transfected with the indicated siRNAs for 48 h. (D) qRT-PCR analysis showing levels of RPL11 (L11), RPL5 (L5), and RPL7a (L7a) mRNAs in MRC5 cells
transfected with the indicated siRNAs for 48 h. Each bar represents the ratio of the indicated mRNA to that of �-actin mRNA, normalized to the ratio obtained
for the NS siRNA-treated sample. (E) Polysome profile analysis of extracts of MRC5 cells transfected with the indicated siRNAs. (F) Measurement of [35S]me-
thionine incorporation in MRC5 cells transfected with the indicated siRNAs. The data in panels D and F represent the means � standard errors of the means from
a minimum of two independent experiments.
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dium. At the beginning of the chase, all cells in S phase were la-
beled with BrdU, whereas the majority of the cells in G1 and G2/M
phases were negative for BrdU staining (Fig. 4A). After a chase of
4 h, BrdU-positive NS control cells were enriched in late S phase,
whereas the majority of BrdU-positive RPL5- or RPL11-depleted

cells were primarily in early S phase (Fig. 4B, arrows). This delay
was also apparent when the BrdU-negative population of cells in S
phase was analyzed: in the control sample, BrdU-negative cells
appeared after 4 h in early S phase as a cluster protruding from the
G1 population (Fig. 4B, arrowheads). This phenomenon was sig-

FIG 2 RPL11 or RPL5 depletion represses cell proliferation without inducing cell cycle arrest. (A) Proliferation assay of MRC5 cells transfected with the indicated
siRNAs and harvested and counted at the indicated time points following transfection. The calculated population doubling times were 34 h, 43 h, and 103 h,
respectively, for RPL11-, RPL5-, and RPL7a-depleted cells compared to 20 h for the NS siRNA-treated control cells. (B) Representative cell cycle distribution of
the MRC5 cells used in the proliferation assay in panel A at the 24-h time point. Each channel represents the signal intensity of DNA content after amplification.
(C) Quantification of the cell cycle distribution of MRC5 cells counted in the proliferation assay in panel A. (D) Representative annexin V/7-AAD staining images
of MRC5 cells transfected with indicated siRNAs for 96 h. (E) Quantification of the percentage of annexin V and 7-AAD staining of the samples from panel D.
Each bar in panels A, C, and E represents the means � standard errors of the means from three independent experiments. Statistical significance was determined
using a two-tailed t test. ns, not significant.
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nificantly reduced in RPL5- or RPL11-depleted cells (Fig. 4B, ar-
rowheads). After 8 h of chase, almost all BrdU-positive cells in the
control sample had exited S phase and entered G2/M (Fig. 4C,
arrows), whereas some appeared in G1, indicating that they had
undergone a round of cell division (Fig. 4C, arrows). In contrast,
at the same time point a significant number of the BrdU-positive
RPL5- or RPL11-depleted cells were still trailing in S phase (Fig.
4C, arrows). After 12 h of chase, RPL5- or RPL11-depleted BrdU-
positive cells had reached G2/M but were strongly delayed com-

pared to the BrdU-positive control cells, which had accumulated
in the next G1 phase, with some entering a second round of S phase
(Fig. 4D, arrows). These data demonstrate that depletion of RPL5
or RPL11 reduces the rate of cell cycle progression without activa-
tion of a cell cycle checkpoint.

If cells depleted of either RPL5 or RPL11 progress through the
cell cycle at a lower rate (Fig. 4), then one would predict that if
arrested at any phase of the cell cycle and then released, they would
progress to the next phase of the cell cycle with delayed kinetics.
To examine this possibility, we transfected cells with NS or RPL11
siRNA, arrested them in G0/G1 by serum deprivation, and then
analyzed the rate at which they reentered the cell cycle following
serum stimulation. In both samples, nearly 90% of cells accumu-
lated in G0/G1 in response to serum deprivation (Fig. 5A). Within
16 h of serum stimulation, �50% of NS control cells had entered
S phase, whereas virtually all of the RPL11-depleted cells remained
in G0/G1. At 20 h post-serum stimulation, the majority of control
cells had progressed toward late S phase and entered G2/M phase,
whereas only �26% of RPL11-depleted cells had entered early S
phase (Fig. 5A). The analyses at time points up to 32 h post-serum
stimulation highlight the major difference in rates of cell cycle
progression between RPL11-depleted and control cells (Fig. 5B).
These data, in conjunction with the BrdU pulse-chase experiment,
argue that the consequence of depletion of RPL5 or RPL11 is to
hamper, rather than halt, cell cycle progression.

RPL11 depletion leads to delayed cyclin E1 and cyclin A2 ac-
cumulation. If one of the rate-limiting events in the progression
of eukaryotic cells from G1 to S phase is the accumulation of cyclin
E1 (39, 40), then we would expect this response to be suppressed
in RPL11-depleted cells. Indeed, an analysis of the expression of
cyclin E1 at sequential time points after serum stimulation re-
vealed a significant delay in the accumulation of cyclin E1 in

FIG 3 p53 and RPL7a codepletion resembles RPL5 or RPL11 depletion. (A) Representative cell cycle distribution of the MRC5 cells used in the proliferation assay
in panel C at the 72-h time point. (B) Quantification of the cell cycle distribution of MRC5 cells at the 72-h time point used in the proliferation assay in panel C.
Each bar in panel B represents the means � standard errors of the means from three independent experiments. Statistical significance was determined using a
two-tailed t test. (C) Proliferation assay of MRC5 cells transfected with the indicated siRNAs and harvested and counted at the indicated time points following
transfection. The calculated population doubling time for cells codepleted of p53 and RPL7a was 28 h compared to 86 h for RPL7a siRNA-transfected cells and
22 and 20 h for NS siRNA- and p53 siRNA-transfected cells, respectively.

FIG 4 Cells depleted of RPL11 or RPL5 progress through the cell cycle more
slowly than control cells. Flow cytometry analysis of BrdU incorporation in
MRC5 cells transfected with the indicated siRNAs. Cells were collected at 0, 4,
8, and 12 h following BrdU removal, stained with propidium iodide (PI) and
fluorescein-conjugated anti-BrdU antibody, and subjected to flow cytometry
analysis to evaluate rates of cell cycle progression. Arrows indicate BrdU-pos-
itive cells and arrowheads BrdU-negative cells. (See Results for details.)
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RPL11-depleted cells compared to that in NS siRNA-treated con-
trol cells (Fig. 5C). Consistent with this finding, in vitro kinase
assays of cyclin E1 immunoprecipitates showed a shift in the peak
of cyclin E1-associated kinase activity from 12 to 16 h post-serum
stimulation in control cells to 16 to 24 h post-serum treatment in
RPL11-depleted cells (Fig. 5D). The retarded time of activation
closely correlated with the delay in the accumulation of cyclin E1
protein levels (Fig. 5C) and entry into S phase (Fig. 5B). Consis-
tent with delayed progression through S phase (Fig. 5B), accumu-
lation of cyclin A2 protein was also retarded in RPL11-depleted
cells compared to controls cell levels (Fig. 5C). These results are
compatible with the accumulation of cyclin E1 protein dictating
the timing of S-phase entry (39, 40) and that of cyclin A2 dictating
S-phase progression (41).

Inhibition of global translation in RPL11-depleted cells is re-
sponsible for delayed synthesis of cyclins. The data above raised
the question as to the mechanism responsible for the delay in
cyclin E1 accumulation in RPL11-depleted cells. Surprisingly, the
induction of cyclin E1 mRNA in RPL11-depleted cells was similar
to that observed in NS siRNA-treated cells (Fig. 6A). Earlier stud-
ies have shown that the suppression of protein synthesis by cyclo-
heximide delays entry of cells into S phase in a dose-dependent
manner (42, 43), leading to the hypothesis that the G1-S transition
depends on the continuous translation of proteins with a short
half-life (42, 44). Given the short, �30-min half-life of cyclin E1
protein (45) and the inhibitory effects of RPL11 depletion on
mean polysome size, global rates of protein synthesis (Fig. 1E and
F), and accumulation of cyclin E1 protein, we examined the dis-
tribution of cyclin E1 mRNA on polysome profiles of NS and
RPL11 siRNA-treated MRC5 cells at 12 h post-serum stimulation.

In control cells, the majority of cyclin E1 mRNA was present on
polysomes with a mean size of 4 to 6 ribosomes, whereas in
RPL11-depleted cells, it was distributed on polysomes with a
mean size of 3 to 5 ribosomes (Fig. 6B). This phenomenon was not
specific to cyclin E1 mRNA as we observed a similar shift in the
distribution of RPL5 mRNA (Fig. 6C). Interestingly, RPL5 mRNA
was associated with polysomes of a mean size of �7 to 8 ribosomes
in control cells and of 6 to 7 ribosomes in RPL11-depleted cells,
despite its length being 1 kb, which is only one-half of the 2-kb-
long cyclin E1 mRNA (Fig. 6B). This observation indicates that
cyclin E1 mRNA is approximately three times less efficiently rec-
ognized by the translational apparatus than the RPL5 mRNA. Re-
cent studies have argued that the rate-limiting component in pro-
tein synthesis is ribosome availability, and transcripts possessing a
short 5= untranslated region (UTR) essentially out-compete lon-
ger transcripts with highly structured 5= UTRs (30). Cyclin E1
mRNA contains a highly structured GC-rich 5= untranslated re-
gion with multiple upstream open reading frames (uORFs), which
hampers efficient initiation of translation of the mRNA (46, 47).
Therefore, the inherent inefficiency of cyclin E1 mRNA transla-
tion, coupled with the short half-life of the encoded protein,
would render its accumulation particularly sensitive to small
changes in the rate of translation. The shift of cyclin E1 mRNA
distribution to smaller polysomes was not specific to cells syn-
chronized at the G1/S transition point nor to RPL11 depletion
specifically as we observed a similar small, yet reproducible, shift
of cyclin E1 mRNA in asynchronous MRC5 cells depleted for 48 h
of either RPL5 or RPL11 (Fig. 6D). Moreover, the percentage of
cyclin E1 mRNA that was not associated with polysomes (frac-
tions 1 to 4) was increased in cells depleted of RPL5 or RPL11

FIG 5 Delay of entry into S phase and of accumulation of key cyclins and associated kinase activity in RPL11-depleted cells. MRC5 cells transfected with the
indicated siRNAs were synchronized in G0/G1 by serum starvation and harvested at the indicated time points following serum stimulation. Parallel samples were
processed for cell cycle analysis by flow cytometry (A and B), Western blot analysis of cyclin E and cyclin A protein expression (C), and measurement of cyclin
E-associated kinase activity by in vitro kinase assay (D). IP, immunoprecipitation; p-histone H1, phospho-histone H1; siNS, NS siRNA; siL11, siRNA targeting
RPL11.
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(Fig. 6D). We also observed an equivalent phenomenon for
mRNAs encoding other key cyclins, including cyclin A2 (Fig. 6E)
and cyclin B1 (Fig. 6F), which are longer transcripts with a length
of 2.8 kb and 2.2 kb, respectively. Consequently, in RPL11-de-
pleted cells, the inefficient translation of mRNAs encoding cell
cycle-promoting proteins is consistent with their progression
through the cell cycle at a decreased rate. Thus, general lesions in
ribosome biogenesis induce p53 stabilization and cell cycle arrest
in an RPL5/RPL11-dependent manner, whereas no such mecha-
nism exists for the same extent of damage in ribosome biogenesis
caused by loss of either RPL5 of RPL11 (Fig. 7). Instead, such
lesions lead to a reduction in ribosome content and rate of trans-
lation, which mediates a slower progression through the cell cycle
(Fig. 7).

DISCUSSION

To maintain patterns of translation, the state of the protein syn-
thetic machinery, particularly that of nascent ribosomes, is closely
monitored (48). The binding of RPL5 and RPL11 to Hdm2 and
the stabilization of p53 have been demonstrated in a number of
settings following impairment of ribosome biogenesis (7, 15, 16,
32–34, 49). Consistent with the role of RPL5 and RPL11 as positive
regulators of p53, recent studies have also highlighted their im-
portance as novel tumor suppressors (5, 10, 50). In agreement
with these reports, RPs have been identified as haploinsufficient
tumor suppressors in both Drosophila and zebrafish (51–54). In

zebrafish, heterozygous mutations of 17 RPs were shown to lead to
the formation of malignant peripheral nerve sheath tumors
(MPNSTs) (51). Moreover, RP mutant strains with the highest
MPNST incidences are also growth impaired, an observation
which led to the hypothesis that a defect in global protein transla-
tional rate precedes tumor development and might be predictive
of tumorigenesis (52). Likewise, DBA patients have an increased
susceptibility to cancer later in life, including acute myelogenous
leukemia (AML) and solid tumors (55), highlighting the link be-
tween aberrant ribosome biogenesis, impaired global protein
translation, and tumorigenesis.

Here, we show that depletion of RPL5 or RPL11 in primary
human fibroblasts does not lead to p53 stabilization or cell cycle
arrest, despite the fact that such treatments inhibit ribosome bio-
genesis to an extent similar to depletion of an essential 60S RP,
RPL7a. That the loss of either RPL5 or RPL11 does not inhibit
Hdm2 and lead to p53 stabilization is consistent with recent find-
ings by our group (7) and those of other investigators (6) showing
that in cancer cell lines wild type for p53, RPL5 and RPL11 act in a
mutually dependent manner to inhibit Hdm2. Interestingly, de-
spite the lack of p53 induction and cell cycle arrest, MRC5 cells
depleted of RPL5 or RPL11 proliferated at a lower rate (Fig. 1, 2, 4,
and 5A and B). Moreover, depletion of p53 in RPL7a-deficient
cells was sufficient to overcome the cell cycle checkpoint, allowing
cells to proliferate at rates equivalent to those of RPL5- or RPL11-
depleted cells (Fig. 3). This suggests that delay, but not arrest, of

FIG 6 RPL11 depletion suppresses cyclins expression through inhibition of global translation. (A) Expression of cyclin E1 mRNA levels in NS siRNA-treated or
RPL11 siRNA-treated MRC5 cells from the experiment described in the legend of Fig. 4. For each sample, the arbitrary values represent the ratio of cyclin E1
mRNA levels to that of 18S rRNA levels, normalized to the ratio of the control sample at 0 h. (B) Quantification of cyclin E1 mRNA levels in fractions (Frc)
collected from polysome profiles of MRC5 cells transfected with the indicated siRNAs, synchronized in G0/G1, and stimulated with serum for 12 h. (C)
Quantification of RPL5 mRNA levels in fractions collected from polysome profiles of MRC5 cells transfected with the indicated siRNAs, synchronized in G0/G1,
and stimulated with serum for 12 h. (D) Quantification of cyclin E1 mRNA levels in fractions collected from polysome profiles of asynchronous MRC5 cells
transfected with the indicated siRNAs for 48 h. (E) Quantification of cyclin A2 mRNA levels in fractions collected from polysome profiles of asynchronous MRC5
cells transfected with the indicated siRNAs for 48 h. (F) Quantification of cyclin B1 mRNA levels in fractions collected from polysome profiles of asynchronous
MRC5 cells transfected with the indicated siRNAs for 48 h. In panels B to F, the traces of the respective polysome profiles have been superimposed on the plots:
black, NS siRNA-treated MRC5 cells; gray, RPL11 siRNA-treated MRC5 cells; light gray, RPL5 siRNA-treated MRC5 cells.
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the cell cycle is the underlying response to impaired ribosome
biogenesis in the absence of p53 (Fig. 7). Excessive ribosome bio-
genesis has been speculated to drive proliferation of tumors (12),
many of which harbor mutations in the p53 pathway, suggesting
that inhibition of this response could be a potential avenue to
target cancer cells. Of note, cells of the Drosophila imaginal disc
pass through multiple mitotic divisions before giving rise to the
adult appendages during morphogenesis (56). Ectopic expression
of Drosophila Myc (dMyc), a master regulator of ribosome biogen-
esis (9), in the cells of the imaginal discs led to their overprolifera-
tion at the expense of neighboring cells that expressed dMyc at
physiological levels. However, this advantage was suppressed if
cells overexpressing dMyc were also heterozygous for dRPL19, in-
dicating that this proliferative advantage was controlled by en-
hanced rates of ribosome biogenesis and protein synthesis (57).
Likewise, the enhanced rates of translation and increase in size of
B lymphocytes of transgenic E�-Myc mice were restored to nor-
mal values when these mice were crossed to a murine minute back-
ground, which is hypomorphic for RPL24, causing a delay in the
onset of lymphoma. These effects were attributed to diminished
ribosome content and a reduced rate of translation (11).

The higher cell number of RPL11- versus RPL7a-depleted cells
in proliferation assays (Fig. 2A) can be attributed to the fact that
they progress unimpeded through each phase of the cell cycle,
albeit at a lower rate than control cells. That cells adjust the rate of
cell cycle progression to translational capacity is consistent with
earlier findings based on experiments with low doses of cyclohex-
imide (42, 43, 58, 59), as is the finding that partial inhibition of
global translation affects all phases of the cell cycle to similar ex-
tents (59). In earlier studies it was hypothesized that the delay in
G1/S transition under conditions of suppressed protein transla-
tion was due to the rapid turnover of one or more critical proteins

which had short half-lives (42, 44). Such a response may be im-
portant for the cell to link nutrient availability and environmental
cues with the timing and rate of cell cycle progression. Subsequent
studies showed that one of the rate-limiting steps in G1/S transi-
tion is the accumulation of cyclin E and activation of the associ-
ated kinase CDK2 (42, 43, 58, 59), consistent with the finding that
overexpression of cyclin E accelerates the rate of G1/S entry and is
observed in a number of cancers (60, 61). Importantly, a recent
study employing computational simulation modeling argues that
the rate-limiting step in protein synthesis is translation initiation,
which is dependent on ribosome content (30). Moreover, the
probability of translation initiation is different for individual tran-
scripts as mRNAs with short unstructured 5=UTRs compete more
effectively than transcripts with highly structured 5=UTRs for the
initiation complex (30). Not only does cyclin E1 have a short half-
life, but the highly structured 5= UTR and multiple uORFs in its
mRNA can also trap translation initiation complexes and render
its translation inefficient when global rates of translation are re-
duced (46, 47). Our findings in RPL11-depleted cells of the de-
layed expression of cyclin E1 and A2 protein (Fig. 5C) and the
association of cyclin E1, A2, and cyclin B1 mRNAs with smaller
polysomes (Fig. 6B and D to F) are consistent with a model in
which progression through all phases of the cell cycle is hindered
by the lesion in ribosome content and translational capacity.

DBA is a congenital disease, with the most severe phenotype
affecting survival of erythroid precursors (62). Several reports
have pointed to p53 as the underlying mechanism of the anemia
(49, 63), with a recent study showing that p53 levels are increased
in RPL11-depleted CD34�-derived erythroid cells and in bone
marrow cells from a limited number of patients harboring RPL11
mutations (64). However, depletion of RPL11 or RPS19 in a
p53	/	 murine erythroblast cell line revealed severe defects in

FIG 7 Model of the effects of impaired ribosome biogenesis on cell cycle progression. (A) Ribosome impairment caused by defects other than loss of RPL5 or
RPL11 elicit a p53 cell cycle checkpoint in an RPL5/RPL11/5S rRNA-Hdm2-dependent manner. If the p53 response cannot be induced, for reasons such as
mutation or deletion, cell cycle progression will resume but at reduced rates due to the defect in global translational capacity that is common among cells which
have lost essential RPs or other factors critical for ribosome biogenesis. (B) Deficiency of RPL5 or RPL11 causes a lesion in ribosome biogenesis, reduces global
translation, and slows cell cycle progression but fails to induce a p53 cell cycle checkpoint, which depends on RPL5/RPL11/5S rRNA-mediated inhibition of
Hdm2. E, empty; F, full.
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erythropoiesis associated with translational repression of mRNAs
critical for this process, including Bag1 and Csde1 (65). Moreover,
mouse embryos heterozygous for RPS6, which die in utero at em-
bryonic day 5.5 (E5.5), can be rescued in a p53-deficient back-
ground but only to E12.5, when they succumb to impaired liver
erythropoiesis (66). These findings suggest that a p53-indepen-
dent mechanism may also contribute to the pathology of DBA.
Also, perturbation of cell cycle progression has been implicated in
DBA in studies showing that the erythroid expansion phase, prior
to terminal differentiation, is associated with the increased expres-
sion of cyclin E and synchronous entry of �70% of the erythroid
progenitors into S phase (67) and that genetic inactivation of spe-
cific cyclins in mice results in erythropoietic phenotypes such as
anemia (68–70). Thus, the effects on cyclin expression observed
here may also operate in the erythroid lineage in response to di-
minished global translation, contributing to selective cell death
and anemia. It seems evident that studies at the molecular level
which unravel the mechanisms underlying the impaired erythro-
poiesis in DBA patients, especially those with mutations in RPL5
and RPL11, will be critical in defining the differential role of RPL5
and RPL11 as tumor suppressors in the Hdm2/Hdm4/p53
pathway.

Among the RPs, only RPL5 and RPL11 appear to have evolved
as Hdm2 inhibitors. It may be that this tumor suppressor role was
adopted to integrate ribosome biogenesis and cell proliferation
during evolution, a response which offered certain advantages un-
der natural selection. Although RPs are highly conserved and al-
though homologues of p53 have been identified in invertebrates,
Hdm2 was thought to be restricted to vertebrates as Hdm2 homo-
logues were not identified in Caenorhabditis elegans and Drosoph-
ila melanogaster. However, homologues of Hdm2 have been re-
cently identified in an array of other invertebrates, including one
of the earliest multicellular organisms, Trichoplax (71–74). Im-
portantly, the zinc finger domain of Hdm2, including C305, crit-
ical for RPL5 and RPL11 binding, is highly conserved between this
early life form and humans, suggesting that the RPL11/RPL5-
Hdm2 dependent interaction may have first appeared over 1 bil-
lion years ago (71, 73). Indeed, recent reports demonstrate that
multiple tumor suppressors and oncogenes utilize this evolution-
arily conserved interaction mechanism (50, 75). These include the
proto-oncogene protein interacting with PTEN C terminus 1
(PICT1), which functions by retaining RPL11 in nucleoli away
from Hdm2 (50), and the splicing factor SRSF1, which stabilizes
the RPL5 and Hdm2 interaction (75). Interestingly, analysis of
Hdm2 and Hdm4 homologues in invertebrates further suggests
that only one Hdm gene was present in invertebrates and that
Hdm2 and Hdm4 were generated through a duplication event at a
much later stage but before the emergence of bony vertebrates
(74). Thus, it seems surprising that RPL11 and RPL5 are not able
to bind Hdm4 (76). However, the situation is much more complex
as recent findings from our laboratory (77) show that 5S rRNA is
part of the RPL5 and RPL11 complex, which inhibits Hdm2 and
activates p53, whereas 5S rRNA is also required for Hdm4-medi-
ated inhibition of p53 (78), underscoring the complexity and the
importance of elucidating the interactions between RPL5, RPL11,
Hdm2, Hdm4, and p53 in humans.
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