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Abstract

Impaired ribosome biogenesis is attributed to nucleolar disruption and diffusion of a subset of 60S
ribosomal proteins, particularly ribosomal protein (rp)L11, into the nucleoplasm, where they
inhibit MDM2, leading to p53 induction and cell-cycle arrestl—4. Previously, we demonstrated that
deletion of the 40S rpS6 gene in mouse liver prevents hepatocytes from re-entering the cell cycle
after partial hepatectomy®. Here, we show that this response leads to an increase in p53, which is
recapitulated in culture by rpS6-siRNA treatment and rescued by the simultaneous depletion of
p53. However, disruption of biogenesis of 40S ribosomes had no effect on nucleolar integrity,
although p53 induction was mediated by rpL11, leading to the finding that the cell selectively
upregulates the translation of mMRNAs with a polypyrimidine tract at their 5 -transcriptional start
site (5"-TOP mRNAs), including that encoding rpL11, on impairment of 40S ribosome biogenesis.
Increased 5-TOP mRNA translation takes place despite continued 60S ribosome biogenesis and a
decrease in global translation. Thus, in proliferative human disorders involving hypomorphic
mutations in 40S ribosomal proteins®7, specific targeting of rpL11 upregulation would spare other
stress pathways that mediate the potential benefits of p53 induction®.
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Conditional deletion of the rpS6 gene in mouse liver abrogates 40S ribosome biogenesis and
prevents hepatocytes from re-entering the cell cycle after partial hepatectomy®. To
understand the mechanism responsible for this response, mMRNA microarray analyses were
performed after hepatectomy on livers of rpS51/fMxCre* mice, after rpS6 gene deletion, and
control rpS61/fIMxCre™ mice. Consistent with the effects on cell-cycle progression,
hepatocytes from rpS6/fIMxCret mice, in contrast with those from rpS6//fIMxCre™ mice,
failed to induce the expression of genes required for DNA synthesis and cell-cycle
progression, including those encoding MCM3, MCM5, CDC6 and CDC20 (Supplementary
Information, Fig. S1a; Supplementary Information, Table S1). In parallel, p53 target genes
involved in cell-cycle inhibition, including those encoding p21, Bax and MDM2, were
upregulated in livers of rpS6™"/fMxCre* mice (Fig. 1a; Supplementary Information, Fig.
S1b). These data are consistent with reports implicating p53 in cell-cycle arrest and
apoptosis in response to the deletion of one rpS6 allele in tissues other than the liver-11,
Indeed, analysis of p53 in livers of rpSai/fiMxCre* versus rpS6™1/fMxCre™ mice showed a
significant increase in p53 levels (Fig. 1b). These data indicate that deletion of rpS6 leads to
p53 induction, preventing hepatocyte cell-cycle progression.

Given the difficulties in dissecting cell-cycle checkpoints in vivo, we determined whether
these responses could be recapitulated by depleting rpS6 in human A549 cells, which are
wild-type for p53 (ref. 12). Transfection of two distinct rpS5-siRNAs led to a sharp decrease
in rpS6 transcript levels in comparison with untransfected cells or cells transfected with a
non-silencing siRNA (NSsiRNA) (Fig. 1c). In contrast, the effect on rpS6 protein levels was
modest because of the long half-life of ribosomes®. Such treatment also resulted in a
decrease in free 40S subunits and an increase in free 60S subunits (Fig. 1d), which was
paralleled by a decrease in the incorporation of 3H-uridine into nascent 18S, but not 28S,
rRNA (Supplementary Information, Fig. S1c). Moreover, as reported for deletion of rpSe6,
rp6-siRNA treatment led to the accumulation of a 34S rRNA (ref. 5), which we found, by
employing specific probes, to be the 34S precursor of 18S rRNA (Supplementary
Information, Fig. S1d). Finally, rpS6-siRNA treatment resulted in an induction of p53 and
p21 (Fig. 1e), a 60% decrease in incorporation of bromodeoxyuridine (BrdU) into DNA
(Fig. 1f) and an accumulation of cells in G1 (Supplementary Information, Fig. S1e); all these
effects were reversed by co-transfection of p53-siRNA (Fig. 1e, f; Supplementary
Information, Fig. S1e). Thus, depletion of rpS6 largely phenocopies the responses observed
in mouse liver on rpS6 deletion.

Induction of p53 in response to inhibition of ribosome biogenesis is attributed to nucleolar
disruptionl3, which releases 60S rpL11 into the nucleoplasm, where it binds and inhibits
MDM2 (refs 1, 4). To test this possibility, we analysed the nucleolar status of cells treated
with NSsiRNA, actinomycin D, or rpS6-siRNA. RpS6 immunostaining of NSsiRNA-treated
Ab549 cells revealed diffuse cytoplasmic, but discrete nucleolar, staining (Fig. 2a),
presumably representing mature and nascent 40S ribosomes, respectively. Nucleolar rpS6
staining co-localized with that of nuclear high-mobility group-like protein 2 (NHP2), which
localizes to dense fibrillar centres4. Treatment with actinomycin D led to a loss of nucleolar
rpS6 staining and dispersion of NHP2 into nuclear clusters, which is consistent with its
ability to inhibit rRNA transcription and to disrupt nucleolil3. In rpS5-siRNA-depleted cells,
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nucleolar rpS6 staining was absent, whereas it was largely unaffected in mature ribosomes
of the cytoplasm (Fig. 2a). However, rpS6 depletion did not disrupt nucleoli, as
demonstrated by the maintenance of NHP2 staining (Fig. 2a). Similarly, the localization of
nucleolin, which is enriched at the periphery of nucleoli, was unaffected by rpS6 depletion,
whereas it was drastically altered by actinomycin D (Fig. 2b). Consistent with rpS6
depletion having no effect on the integrity of the nucleolus (Fig. 2), it did not affect the
localization of nascent 60S ribosomal proteins, as judged by immunostaining of 60S rpL7a
(Supplementary Information, Fig. S2). Thus, nucleolar disruption is not a prerequisite for
p53 induction after inhibition of 40S ribosome biogenesisl3.

Because rpS6 depletion neither blunts 60S ribosome biogenesis (Fig. 1d; Supplementary
Information, Fig. S1c) nor causes nucleolar disruption (Fig. 2), it seemed unlikely that p53
induction would be mediated by rpL11 (refs 1, 4). However, the induction of p53 and p21 by
rpS6 depletion was abolished by the simultaneous depletion of rpL11 (Fig. 3a). As with
rpS6 depletion, depletion of rpL11 had only a modest effect on protein levels (data not
shown), although it clearly decreased mRNA levels (Fig. 3b). Moreover, rpL11 depletion in
rp6-siRNA-treated cells rescued S-phase entry (Fig. 3c). To ascertain the specificity of this
response, we also analysed cells depleted of 40S rpS23 and 60S rpL7a. As judged from
polysome profiles and incorporation of 3H-uridine into nascent rRNA, depletion of rpS23 or
rpL7a resulted in the inhibition of 40S or 60S ribosome biogenesis, respectively (Fig. 3d;
Supplementary Information, Fig. S3a). In a similar manner to rpS6 depletion (Fig. 1e), a
decrease in either protein led to p53 and p21 induction, which was suppressed by the
simultaneous depletion of rpL11 (Fig. 3e). Equivalent results were obtained with a second
rpL11-siRNA targeting a distinct region of the transcript (Supplementary Information, Fig.
3b, ¢). These findings indicate that rpL11-mediated p53 induction is a general response to
inhibition of 40S or 60S ribosome biogenesis.

If p53 induction, after rpS6 depletion, is dependent on rpL11, this would require increased
amounts of rpL11 protein in the face of 60S ribosome biogenesis. Treatment with either
rpHB-siRNA or rpL7a-siRNA leads to p53 induction, in contrast with the NSsiRNA-treated
control cells (Fig. 4a). However, whereas depletion of rpS6 led to an increase in total
cellular L11 protein, depletion of rpL7a had the opposite effect (Fig. 4a), which is consistent
with the decrease in total native 60S ribosomes (Fig. 3d). The prediction from these findings
is that there is more ribosome-free rpL11 in rpS6-siRNA-treated cells than in NSsiRNA-
treated cells. To examine this possibility, the distributions of rpL11 and B-actin, the latter as
a loading control, were examined on western blots after centrifugation of cellular extracts on
shallow sucrose gradients2, in which large polysomes pellet to the bottom of the tube. In
samples from NSsiRNA-treated cells, most rpL11 protein sedimented with native 60S
ribosomes and polysomes, although ribosome-free rpL11 could be detected at the top of the
gradient (Supplementary Information, Fig. S4a). Similarly, in samples from rpS6-siRNA-
treated cells, most rpL11 was associated with free 60S ribosomes and polysomes, although
the amount that sedimented with native 60S ribosomes was significantly increased
(Supplementary Information, Fig. S4a), which is consistent with the increase in native 60S
ribosomes (Fig. 1d). However, despite continued 60S ribosome biogenesis, the amount of
free rpL11 at the top of the gradient was clearly increased over that detected in NSSiRNA-
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treated cells, with comparable levels of cytosolic B-actin present in each sample
(Supplementary Information, Fig. S4a). An increase in ribosome-free rpL11 was also
observed in rpL7a-depleted cells (data not shown), most probably due to inhibition of 60S
ribosome biogenesis (Fig. 3d). In rpS6-depleted and rpL7a-depleted cells, we found an
increase in the amount of rpL11 that co-immunoprecipitated with enhanced levels of p53-
induced MDM2, which were comparable to those observed in cells treated with actinomycin
D (Fig. 4b). Thus, inhibition of 40S ribosome biogenesis leads to an increase in ribosome-
free rpL11, which can bind and inhibit MDM2.

Several mechanisms could explain the increase in ribosome-free rpL11 protein levels after
disruption of 40S ribosome biogenesis. However, because ribosomal proteins have long
half-lives and rpL11 mRNA levels are not significantly changed in rpS6-siRNA-treated cells
from those in NSsiRNA-treated cells (Fig. 3b; Supplementary Information, Fig. 3c), we
focused on translation. Consistent with rpS6-siRNA-treated cells and rpL7a-siRNA-treated
cells having fewer polysomes than NSsiRNA-treated cells (Figs 1d and 3d), f~actin mMRNA
was distributed to smaller polysomes in these cells (Fig. 4c). Similarly, more rpL11
transcripts were found in the non-polysome fraction in cells treated with rpL7a-siRNA than
in those treated with NSsiRNA (Fig. 4d). However, despite comparable inhibitory effects of
rpHB-siRNA and rpL7a-siRNA on f-actin mRNA translation (Fig. 4c) and global protein
synthesis (Fig. 5b), most of the rpL11 transcripts were recruited to actively translating
polysomes in rpSG-siRNA-treated cells (Fig. 4d). Similarly, depletion of rpS23 or rpS7
resulted in inhibition of 40S ribosome biogenesis and the recruitment of rpL11 mRNAs to
polysomes, whereas rpL23 depletion led to inhibition of 60S ribosome biogenesis and the
accumulation of rpL11 mRNAs in the non-polysome fraction (Fig. 4e, and data not shown).
During liver regeneration, the translation of MRNAs encoding ribosomal proteins is
upregulated, whereas in non-proliferating liver they reside largely in the non-polysome
portion of the gradient!®. Consistent with this finding was our observation, in the
regenerating livers of rpS6™!/flMxCre™ mice, that most of the rpL11 mRNA was recruited to
polysomes, with a small amount present in the non-polysome fraction (Supplementary
Information, Fig. S4b). However, in the non-regenerating livers of rpS6i/fMxCre* mice, we
found that all rpL11 mRNA shifted to polysomes, despite a decrease in the mean polysome
size of rpL11 mRNA transcripts (Supplementary Information, Fig. S4b). Thus, translational
upregulation of rpL11 mRNA seems to be a general response to inhibition of 40S ribosome
biogenesis.

The increased rpL11 translation induced by depletion of 40S ribosomal proteins was
unexpected, because decreased ribosomal protein mMRNA translation is associated with
global inhibition of protein synthesis!®. Given that translational upregulation of rpL11 is
responsible for the increase in p53 levels in cells in which 40S, but not 60S, ribosome
biogenesis has been disrupted, this response should be more sensitive to global translational
inhibition. We found that cycloheximide, a general translational inhibitor, blunted p53
expression in a dose-dependent manner in either rpS6-siRNA-transfected or rpL7a-siRNA-
transfected cells, with the effect more pronounced in rpS6-depleted cells (Fig. 5a). Depletion
of rpS6 or rpL7a decreased the incorporation of [3°S]methionine into nascent protein by
50%, and in both cases further treatment with 0.1 pg mI~1 cycloheximide decreased
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translation a further 50% (Fig. 5b). However, treatment with cycloheximide impaired p53
accumulation to a larger extent in cells transfected with rpS6-siRNA than in those
transfected with rpL7a-siRNA (Fig. 5¢; Supplementary Information, Fig. S4c). These
findings agree with rpL11 translational upregulation being responsible for p53 induction in
cells with impaired 40S ribosome biogenesis.

Ribosomal protein mRNA translation is negatively controlled by a 5 -TOP (refs 17, 18):
replacement of pyrimidines with purines at this site leads to their constitutive
translation120, The fact that other 5"-TOP mRNAs, including those encoding rpS8, rpS16
and rpL26, were also upregulated in rpS6-depleted cells (Supplementary Information, Fig.
S4d) suggested that selective translation of rpL11 is mediated by the 5°-TOP. We tested this
possibility by transiently expressing two reporter constructs containing the coding region of
the mRNA encoding human growth hormone (hGH) fused to either the first 29 nucleotides
of the rpS16 5 -untranslated region, including the 5"-TOP (wtrpS16-hGH), or to a mutant in
which five of the eight 5"-TOP pyrimidines were replaced by purines (CmbrpS16-hGH; refs
19, 20). RpS6 depletion, in comparison with controls, led to a decrease in the number of 40S
ribosomes, a decrease in the mean polysome size and an increase in the number of free 60S
ribosomes (Fig. 5d). This also resulted in the almost complete shift of rpL11 transcripts onto
actively translating polysomes, despite decreased global translation, as reflected by the
decreased mean polysome size of rpL11 mRNA (Fig. 5d). In a similar manner to rpL11,
witrpS16-hGH transcripts, in NSsiRNA-treated cells, were distributed between non-
polysomes and polysomes (Fig. 5e), whereas the CmbrpS16-hGH transcript was present
almost exclusively in polysomes (Fig. 5e). After rpS6 depletion, wtrpS16-hGH transcript, as
with rpL11, largely shifted to polysomes, behaving as the Cmb5rpS16-hGH transcript (Fig.
5f), despite the inhibition of global translation, as reflected by the shift of wtrpS16-hGH and
CmbrpSL6-hGH transcripts to polysomes with a smaller mean size. These data show that
translational upregulation of rpL11 mRNAs is mediated through derepression of the 5"-TOP.

During growth, rpL11 is assembled into nascent 60S ribosomes; however, impairment of
this process, or of rRNA transcription, allows excess rpL11 to inhibit MDM2 and stabilize
p53 (Fig. 5g). In contrast, when 40S ribosome biogenesis is impaired, 60S ribosome
biogenesis continues, leading to the translational upregulation of 5"-TOP mRNAs, despite
inhibition of global protein synthesis (Fig. 5g). Apparently, the translational upregulation of
5"-TOP mRNA:s is not highly energy-consuming, because the rate of translation in rpS6é-
depleted cells is equivalent to that in rpL7a-depleted cells (Fig. 5b), in which 5°-TOP
mMRNA translation is suppressed (Fig. 4d; Supplementary Information, Fig. S4d). The
importance of the cellular response to disrupted ribosome biogenesis is underscored by the
finding that hypomorphic mutations in 40S ribosomal proteins rpS19, rpS24, and rpS14 are
causal agents in Diamond-Blackfan anaemia®2! and 5q~ syndrome’, which are disorders
characterized by erythroid hypoplasia and increased susceptibility to leukemia. Depletion of
ribosomal proteins results in alterations in the ratio of mMRNA to ribosomes, potentially
changing the pattern of translation and the genetic program®. Such deficiencies lead to p53
induction, which is also associated with other pathological conditions such as Treacher—
Collins syndrome (TCS). TCS is a congenital disorder characterized by hypoplasia of
craniofacial elements caused by mutations in the nucleolar protein Treacle that impair
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ribosome biogenesis and result in p53 induction?2. These effects are reversed in a p53
heterozygous background, suggesting that suppression of p53 could be used in the treatment
of TCS%2, However, given that ribosomal proteins are haploinsufficient tumour suppressors
in humans87:21 inactivation of p53 in conditions under which ribosome biogenesis is
impaired could induce leukaemia in Diamond—Blackfan anaemia®2! and 5q~ syndrome’, as
recently described in zebrafish?3. In contrast, our studies suggest that signalling components
involved in rpL11 upregulation could be clinically targeted without interfering with other
pathways involved in p53 induction®. It will therefore be important to elucidate the
mechanisms by which translation of 5"-TOP mRNAs is controlled in 40S ribosomal-protein-
depleted cells, including those regulated by lupus antigen and mTOR. Lupus antigen has
been shown to regulate the translation of 5"-TOP mRNA; however, it is unclear whether it is
a positive or negative effector242%. An inhibitor of mTOR function, rapamycin, has been
shown to selectively attenuate the translation of 5"-TOP mRNAs2%; however, we found the
inhibitory effect of rapamycin on the translation of rpL11 mRNA in either rpS6-depleted or
rpS23-depleted cells to be much less pronounced than in NSsiRNA-treated cells (S.F. and
G.T., unpublished observations). Unravelling the signalling pathways that regulate 5"-TOP
mMRNA translation will be a key step in developing specific therapies for diseases associated
with hypomorphic lesions in ribosomal protein expression.

METHODS

Cell culture and transfection

Mice

A549 and HEK 293 cells were cultured and transfected with siRNAs as described1019, with
the final concentration of each siRNA being 16.7 nM. For co-transfection, cells in 10-cm
dishes were transfected with calcium phosphate26 and 2 g of plasmid DNA, followed 24 h
later with 6 nM siRNA. The siRNAs employed targeted mRNAs encoding human rpS6 (5”-
AAGAAAGCCCTTAAATAAAGA-3" (siRNA1) and 5°-
TTGTAAGAAAGCCCTTAAATA-3" (siRNA2)), rpS7 (5'-
TAGATGGCAGCCGGCTCATAA-3'), rpS23 (5"-CAGCCCTAAAGGCCAACCCTT-3),
rpL7a (5"-CACCACCTTGGTGGAGAACAA-3"), rpL11 (5°-
AAGGTGCGGGAGTATGAGTTA-3"), rpL23 (5" -CTGGTGCGAAATTCCGGATTT-3),
p53 (ref. 12) and Nonsilencing siRNA (Qiagen).

The floxed S6 mice and the rpS6 gene deletion have been described (Sigma)®. Three days
after rpS6 gene deletion, partial hepatectomy was performed?’, after injection of 0.08%
Narketan (Vetoquinol AG)/0.24% Rompun (Bayer) at 10 ul g=1 body weight. Livers of mice
killed at 20, 30 and 40 h after surgery were quickly frozen and stored at =80 °C. The portion
of liver resected was used for the 0 h time point.

Measurement of [3S]methionine incorporation

Cells were labelled for 30 min with a 3°SMeth/Cys mix (10 uCi ml~1; NEG072; Perkin
Elmer); proteins were extracted and precipitated and the amount of radioactivity
incorporated was determined?8,
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Protein extraction

For western blot analysis of total extracts, cells were washed with ice-cold PBS and lysed in
50 mM Tris-HCI pH 8, 250 mM NaCl, 1% Triton X-100, 0.25% sodium deoxycholate,
0.05% SDS, 1 mM dithiothreitol (DTT). The lysates were cleared by centrifugation. For co-
immunoprecipitation of MDM2-rpL11 complexes, cells were lysed in 50 mM Tris-HCI pH
8, 250 mM NacCl, 0.5% Nonidet P40, 1 mM DTT, and the lysates were cleared by
centrifugation. For the analysis and distribution of rpL11 protein on polysome profiles, cells
were washed with ice-cold buffer A (20 mM Tris-HCI pH 7.5, 250 mM KCI, 10 mM
MgCl,) and lysed in buffer A containing 0.5% Triton X-100, 0.5% sodium deoxycholate,
120 U mI~1 RNAsin (Promega), 3 mM DTT. The extracts were incubated on ice for 30 min
and cleared by centrifugation. All extraction buffers contained a cocktail of protease
inhibitors (Roche).

Immunoprecipitation

Samples (1.6 mg of extract) were precleared for 1 h with protein A-Sepharose and then
incubated for 4 h at 4 °C with anti-MDM2 antibody (H-221; Santa Cruz Biotechnology).
After 1 h with protein A-Sepharose, immunoprecipitates were washed three times in
extraction buffer and resuspended in protein sample buffer and analysed as described?®,

Western blotting and enzyme-linked immunosorbent assay (ELISA)

Protein samples were resolved by SDS-PAGE and transferred to poly(vinylidene difluoride)
membranes (Millipore), with a semi-dry transfer apparatus (LTF-Labortechnik). The
membranes were blocked in Tris-buffered saline (TBS) containing 0.2% Tween 20 and 5%
milk. Both primary and horseradish peroxidase-conjugated secondary antibodies (Amersham
Biosciences) were added in TBS containing 0.2% Tween 20 and 3% BSA (Sigma). After
incubation with an enhanced chemiluminescence (ECL) reagent (Amersham Biosciences),
blots were exposed to X-ray films (Kodak). Primary antibodies used were as follows: mouse
anti-rpS6 (Novartis), rabbit anti-rpL11 (from Karen Vousden), anti-rpL11 (Zymed
Laboratories) antip53 (Santa Cruz Biotechnology), anti-p21 (Pharmingen), anti-MDM?2
(Santa Cruz Biotechnology), and anti-p-actin (Cell Signaling). Quantification of western
blots by densitometry was performed with ImageQuant software (Molecular Dynamics). For
the determination of liver p53 levels, an ELISA kit was used as described by the
manufacturer (Roche), with duplicate measurements for each sample.

Analysis of mRNA and protein distribution on polysome profiles

Analysis of mMRNA distribution on polysome profiles was performed as described?®. To
analyse the distribution of rpL11 protein on polysome profiles, cell extracts were centrifuged
on a shallow sucrose gradient'2 and fractionated. Proteins from each fraction were
precipitated with 20% trichloroacetic acid. After centrifugation, the pellets were washed
with 80% ethanol/20% diethyl ether, resuspended in protein sample buffer and processed for
western blot analysis.
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RNA extraction, northern blot analysis, and probes

Isolation of total RNA and northern blot analyses were largely performed as described
previouslyl2. The probes used were as follows: rpS6, 5'-
GAGATGTTCAGCTTCATCTTGAAGCAGCTGAACGCCTCCGACGCCACGGAAAAG
AGG-3"; rpL7a, 5°-
GGCGATACGAGCCACAGACTTAGGACCCAGGACATTGCCACCCCAGTGACGGC
GGATC-3"; rpL11 (human), 5°-
GTTTGGCCCCAATGCAGCCTGTCCTGCGCTTCTTGTCTGCGATGCTGAAACCTGG
CC-3";rpS23,5™-
CCACTTCTGGTCTCGTGCGTGACTACGGAGCTTCCTAGCAGTACGAAGTCCACG
ACAC-3’; B-actin, 5"~
CAGATTTTCTCCATGTCGTCCCAGTTGGTGACGATGCCGTGCTCGATGGGGTACT
TCAG-3 " ;rpLl11 (mouse), 5 -
GTGTATCTAGCTTTGGAGAACACCGGGGTCTGGCCTGTGAGCTGCTCCAACACC
TTGGC-3"; rRNA, 5-GGCGAGCGACCGGCAAGGCGGAGG
TCGACCCACGCCACACGTCGCACGAACGCCTGTC-3". The hGH probe has been
described?0. The blots were developed with a Storm 840 phosphorimager and quantified
with ImageQuant software.

Quantitative real-time PCR

Total RNAs were reverse-transcribed with a Superscript 111 kit (Invitrogen). The
complementary DNAs were used in PCR reactions containing Absolute BlueSYBR Green
Fluorescein mix (Thermo Scientific). The reactions were analysed in a Realplex S apparatus
(Eppendorf). A standard curve was generated for each assay. Reactions were performed as
follows: 957°C for 15”min followed by 40 cycles of 957°C for 15”s, 60"°C for 20”s, and
72"°C for 20"s. Melting-curve analyses were performed to verify the synthesis of single
products. The primers used were as follows: rpS6, 5"-TCTTGACCCATGGCCGTGTC-3’
(forward) and 5"-GCGGCGAGGCACTGTAGTAT-3" (reverse); rpL7a, 5°-
GCTGAAAGTGCCTCCTGCGA-3 (forward) and 5"-CACCAAGGTGGTGACGGTGT-3"
(reverse); rpL11, 5-TCCACTGCACAGTTCGAGGG-3 (forward) and 5" -
AAACCTGGCCTACCCAGCAC-5" (reverse). The B-actin primers have been described3.

Immunofluorescence

Cells seeded on coverslips were washed in PBS, fixed for 10 min at room temperature 20—
22 °C with 4% paraformaldehyde, permeabilized for 5 min in PBS containing 0.5% Triton
X-100 and washed in PBS. After blocking for 30 min in PBS containing 1% BSA at room
temperature, the preparations were incubated overnight at 4 °C with the following antibodies
diluted in PBS containing 1% BSA: mouse anti-rpS6, rabbit anti-NHP2 (ref. 14), anti-
nucleolin (H-250; Santa Cruz) or rabbit anti-rpL7a. The coverslips were then washed in PBS
and incubated for 30 min at room temperature with the secondary antibodies Alexa Fluor
488 goat anti-mouse and Alexa Fluor 555 donkey anti-rabbit (Molecular Probes) diluted in
PBS containing 1% BSA and then washed in PBS. The coverslips were mounted on slides
and analysed by fluorescence imaging with a Zeiss Axioplan 11 confocal microscope.
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Microarray analysis

RNAs were extracted from liver portions, with the guanidinium thiocyanate—phenol-
chloroform extraction protocol3, and further purified with an RNeasy Kit (Qiagen). Total
RNA (10 pg) was reverse transcribed with the Affymetrix cDNA synthesis kit. The cDNA
was then used in an in vitro transcription reaction using the in vitro transcription kit from
Affymetrix. The resulting cRNAs were hybridized to MGU-74A GeneChips (Affymetrix) in
accordance with the protocols provided by Affymetrix. Expression values were estimated
with the robust multichip analysis summary algorithm (RMA)32 implemented in
RMAExpress (http://rmaexpress.ombolstad.com/). Expression analysis was performed with
GeneSpring 6.2 (Silicon Genetics). For each time point we produced a list of genes that were
increased and a list of genes that were decreased in 67/ lMxCre™ mice in comparison with
$5/fMxCret mice. Consideration was limited to those genes whose change in expression
was at least 1.5-fold relative to the control genotype at one or more time points and that
passed a one-way analysis of variance (cutoff P < 0.01). Microarray data can be accessed at
http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE13864.

Flow cytometry

Cells pulsed for 10 min with 10 pM BrdU (Sigma) were collected and fixed in 70% ethanol.
Staining with a fluorescein isothiocyanate-conjugated anti-BrdU antibody (Becton
Dickinson) was performed in accordance with the manufacturer’s instructions. A propidium
iodide/RNAse solution (Phoenix Flow Systems) was added to the cell suspension before the
analysis. Flow cytometry data were acquired on a Coulter Epics XL (Beckman Coulter) with
a 488-nm argon-ion laser. Data acquisition was performed with System Il software
(Beckman Coulter). Doublet discrimination was performed by gating on peak versus integral
signals. Cell-cycle analysis was performed with ModFit LT version 2.0 (Verity Software
House, Inc.). Histograms were made with FlowJo software version 6.3.2 (Tree Star, Inc.). In
all experiments, 10,000 gated events were collected.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Dgpletion of rpS6 leads to p53-dependent cell-cycle arrest. (a) Expression kinetics of p21
mRNA after partial hepatectomy in the livers of rpS6//IMxCre™ (filled diamonds) and
rpSef/fiMxCre* (open squares) mice, as measured by hybridization of DNA microarrays.
Results are shown as means = s.e.m. for three independent experiments. (b) Protein levels of
p53 in the livers of rpSB1/MMxCre™ and rpS61/fMxCre* mice at 30 h after partial
hepatectomy were measured with an ELISA kit (see Methods). For each genotype the
measurements from two different animals are shown. (c) Northern blot (upper panel) and
western blot (lower panel) showing the levels of rpS6 mRNA and rpS6 protein, respectively,
in non-transfected A549 cells (lane 1), or A549 cells transfected for 24 h with the indicated
SiRNAs. (d) Polysome profiles from extracts of A549 cells treated for 24 h with either
NSsiRNA (grey line) or rpS6 siRNA2 (black line). The positions of 40S and 60S native
subunits and 80S monosomes are indicated. (e) Western blots showing the levels of rpS6,
p53 and p21 proteins in cells transfected for 24 h with NSsiRNA or rpS6 siRNA2 in
combination with either NSsiRNA or p53 siRNA. (f) Quantification of BrdU incorporation
in A549 cells transfected for 24 h with the indicated siRNAs. For each treatment, the values
are normalized to values for cells transfected with NSsiRNA. Results are shown as means +
s.e.m. for three independent experiments. Uncropped images of blots are shown in
Supplementary Information, Fig. S5.
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Figure 2.
Depletion of rpS6 does not result in nucleolar disruption. (a, b) A549 cells treated with

either NSsiRNA or rpS6 siRNA2 for 24 h or with 5 ng mI~1 actinomycin D (ActD) for 8 h
were fixed and stained with anti-rpS6 and anti-NHP2 (a) or anti-rpS6 and anti-nucleolin (b)
antibodies and analysed by confocal microscopy with a Plan-Apochromat 100x/1.4
numerical aperture Qil Dic objective (Zeiss; see Methods). Scale bar, 10 um.
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Upregulation of p53 by depletion of ribosomal proteins is mediated by rpL11. (a) Western
blots showing the levels of p53 and p21 in A549 cells transfected for 24 h with the indicated
siRNAs. (b) Total RNA extracted from the indicated transfections, performed in parallel
with those in a, were used to measure the levels of the rpS6 and rpL11 mRNASs by
quantitative real-time PCR. Each bar represents the ratio of the indicated mMRNA to that of
actin mRNA, and results are shown as means + s.e.m. for three independent transfection
experiments. (c) BrdU incorporation in A549 cells transfected for 24 h with the indicated
siRNAs. For each treatment the values are normalized to values for cells transfected with
NSsiRNA. Results are shown as means + s.e.m. for three independent experiments. (d)
Polysome profiles from extracts of A549 cells treated for 24 h with either NSsiRNA (left
panel) or siRNAs specific for rpS23 or rpL7a mRNAs. Insets: northern blots hybridized to
probes specific for rpS23 and rpL7a mRNAs. (e) Western blots showing the levels of p53
and p21 proteins, and northern blots showing the levels of rpS6, rpS23, rpL7a and rpL11
MRNAs in A549 cells treated for 24 h with the indicated siRNAs. Uncropped images of

blots are shown in Supplementary Information, Fig. S5.
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Figure 4.

Depletion of 40S ribosomal proteins results in translational upregulation of the rpL11
mMRNA. (a) Western blots showing the levels of rpL11, p53 and B-actin proteins in cells
transfected for 48 h with NSsiRNA, rpS6 siRNA2 or rpL7a siRNA. (b) Western blots
showing the levels of rpL11 and MDM2 present in immunoprecipitates (IP) by using either
an anti-MDM2 antibody or normal rabbit serum (NRS). Extracts used in the
immunoprecipitation are from cells transfected for 24 h with NSsiRNA or with rpS6 or
rpL7a siRNAs, or treated with actinomycin D (ActD) at 10 ng mI~2 for 10 h. The asterisk
indicates the light chain of the anti-MDM2 antibody, which reacts with the secondary
antibody. (c, d) Northern blot analysis of f~actin mRNA (c) and rpL11 mRNA (d)
distribution on polysomes of A549 cells transfected with the indicated siRNAs for 30 h. (e)
Northern blot analysis of rpL11 mRNA distribution on polysomes of A549 cells transfected
with the indicated siRNAs. Fractions 4-12 in c—e contained translating polysomes.
Uncropped images of blots are shown in Supplementary Information, Fig. S5.
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Figure 5.
Depletion of rpS6 upregulates 5 -TOP mediated translation. (a) Western blots showing

levels of p53 and B-actin in A549 cells transfected with either rpS6 or rpL7a siRNA and
treated for 6 h with the indicated doses of cycloheximide (CHX). (b) Measurement of
[35S]methionine incorporation in cells transfected with the indicated siRNAs and treated, or
left untreated, for 4 h with 0.1 ug ml~2 cycloheximide. Results are shown as means + s.e.m.
for three independent experiments. (c) Quantification of the ratio of p53 to B-actin
(measured by densitometry on western blots) in cells transfected for 24 h with either rp6
SiRNA (open diamonds) or rpL7a siRNA (filled squares) and treated for the indicated times
with 0.1 ug mi~1 cycloheximide. Results are shown as means + s.e.m. for three independent
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experiments. A representative western blot used for this analysis is shown in Supplementary
Information, Fig. S4c. (d) Polysome profiles (top) and northern blot analysis of the
distribution of rpL11 mRNA on polysomes (bottom) in HEK 293 cells co-transfected with
wild-type (WT) rpS16-hGH plasmid DNA in combination with either NSsiRNA (black line)
or rpS6 siRNA (grey line). (e) Northern blot analysis of the distribution on polysomes of
hGH reporter mRNA in HEK 293 cells co-transfected with NSsiRNA in combination with
either wild-type rpS16-hGH or CmbrpS16-hGH plasmid DNA. (f) Northern blot analysis of
the distribution on polysomes of hGH reporter mRNA in HEK 293 cells co-transfected with
rp6 siRNA2 in combination with either wild-type rpS16-hGH or CmbrpS16-hGH plasmid
DNA. In the northern blot analysis of all three panels, fractions 4-12 contained translating
polysomes. (g) Model of p53 stabilization in response to impaired 40S ribosome biogenesis.
See the text for details. NPL, nucleoplasm; NO, nucleolus. Uncropped images of blots are
shown in Supplementary Information, Fig. S5.
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