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Abstract

The role of MYC in regulating p53 stability as a function
of increased ribosome biogenesis is controversial. On the
one hand, it was suggested that MYC drives the overexpres-
sion of ribosomal proteins (RP)L5 and RPL11, which bind
and inhibit HDM2, stabilizing p53. On the other, it has
been proposed that increased ribosome biogenesis leads the
consumption of RPL5/RPL11 into nascent ribosomes,
reducing p53 levels and enhancing tumorigenesis. Here, we
show that the components that make up the recently
described impaired ribosome biogenesis checkpoint (IRBC)
complex, RPL5, RPL11, and 5S rRNA, are reduced following
MYC silencing. This leads to a rapid reduction in p53

Introduction

In a proliferating cell, the proto-oncogene MYC drives genome-
wide transcription, particularly of those genes involved in cell-
cycle progression (1, 2). Among the chief functions fulfilled by
MYC in cell-cycle progression is the coordinate production of the
molecular components that generate nascent ribosomes, needed
for increased protein synthetic capacity in a rapidly growing
cell (2). Importantly, this observation has led to the finding that
oncogenic MYC-driven tumors are addicted to the hyperactiva-
tion of ribosome biogenesis (3), which may serve as an Achilles'
heel for the treatment of such tumors (4). It is generally accepted
that MYC coordinates nascent ribosome biogenesis through the
three RNA polymerases (Pol I-II1; ref. 2). However, unlike in yeast,
where the transcription of rRNA and ribosomal protein (RP)
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protein half-life in an HDM2-dependent manner. In con-
trast, MYC induction leads to increased ribosome biogenesis
and p53 protein stabilization. Unexpectedly, there is no
change in free RPL5/RPL11 levels, but there is a striking
increase in IRBC complex bound to HDM2. Our data
support a cell-intrinsic tumor-suppressor response to
MYC expression, which is presently being exploited to treat
cancer.

Significance: Oncogenic MYC induces the impaired ribo-
some biogenesis checkpoint, which could be potentially
targeted for cancer treatment.

genes is tightly coordinated (5), the production of RPs in higher
eukaryotes appears to be largely regulated at the translational
level, as first demonstrated during Xenopus laevis development (6).
Moreover, this response is controlled through a 5’-terminal oli-
gopyrimidine (5'TOP) sequence, residing at the transcriptional
start site of RP genes (7). It is suggested that the evolution of this
translational control mechanism coincided with the rise of
metazoans, to more rapidly provide RPs in specific tissues (8).

The biogenesis of ribosomes is one of the most energy-
consuming cellular processes and is largely confined to the
nucleolus (2). In addition to the rRNAs and RPs, the production
of the mature 40S and 60S ribosomal subunits involves a large
number of extra ribosomal molecules including small nucleolar
RNAs, as well as proteins required for rRNA processing, import of
RPs into the nucleus, ribosome assembly, and their nucleolar-
nuclear export to the cytoplasm (2). Perturbation of ribosome
biogenesis induces the stabilization of p53, leading to cell-cycle
arrest and either senescence or cell death (9). Although impaired
ribosome biogenesis and the stabilization of p53 were initially
attributed to nucleolar disruption (10), we and others showed this
not to be the case (11, 12). Instead it was found to be mediated by
an active mechanism (11), the binding and inhibition of HDM2
by a pre-ribosomal complex composed of RPL5, RPL11, and 5S
rRNA (13, 14), which we recently termed the impaired ribosome
biogenesis checkpoint (IRBC; refs. 2, 9).

Critically, RPL11 and RPL5 have been also implicated in
deterring Ep-Myc-mediated tumorigenesis (15). Macias and col-
leagues showed that when a cancer-associated single point muta-
tion within the zinc-finger domain of HDM2, C305P, which
abolishes its binding to RPL5 and RPL11, but not ARF (CDKN2A),
was introduced into the wild-type locus of the mouse Mdm2 gene,
such mice succumbed much more rapidly to B-cell lymphoma
than control mice (15). This led to the suggestion that in such
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tumors, RPL11 and RPL5 are overexpressed, acting to stabilize p53
and suppress MYC oncogenic potential (15). However, in parallel,
others have proposed that mitogens and oncogenes, including
MYC, by increasing rRNA synthesis, serve to drive the consump-
tion of RPL5 and RPL11 into nascent ribosomes, such that in
a proliferating cell, this would release basal inhibition of
HDM2, leading to p53 protein degradation and the potential for
increased tumorigenesis (16-18). Moreover, in neither of these
seemingly conflicting models has the role of the IRBC complex
been investigated.

Given that MYC expression is found increased or deregulated in
over 70% of human tumors (19), itis important to understand the
underlying cellular mechanisms responsible for mediating the
cell's response to potential oncogenic threats (20). Here, we have
largely focused on the role of ribosome biogenesis in colorectal
cancer cell lines, as almost all sporadic colorectal cancers have
elevated or deregulated levels of MYC (21). We first determined
whether the mechanisms by which MYC controls global rRNA and
RP production are affected in a similar or distinct manner,
particularly with respect to RPL5, RPL11, and 5S rRNA. Next, we
asked to what extent lowering MYC levels affects cell-cycle pro-
gression and p53 mRNA and protein levels and whether the IRBC
complex plays a role regulating this response. In turn, we asked if
the induction of MYC affects p53 protein levels and the function
of the IRBC complex in this setting. Together, our findings suggest
that through an active tumor cell-intrinsic mechanism, the MYC
oncogene product is sensed, leading to the activation of the IRBC
independently of increased ribosome numbers, which inhibits
HDM2 and stabilizes p53.

Materials and Methods

Cell culture and reagents

RKO and HCT116 colorectal cancer cell lines were obtained
from the ATCC and maintained in DMEM (Thermo Fisher
Scientific) supplemented with 10% heat-inactivated FBS
(Sigma-Aldrich). For all studies, cells were incubated at 37°C,
5% CO2, and 90% to 95% of relative humidity. For specified
studies, ActD (BioVision Technologies) was used (5 ng/mL,
6 hours), and MG-132 (Sigma-Aldrich) and cycloheximide
(Sigma-Aldrich) were used (10 pumol/L and 71.1 mmol/L
respectively, for the indicated times). U20S cells stably
transfected with a doxycycline-inducible two-vector system
encoding human MYC gene were kindly provided by
M. Eilers (University of Wiirzburg, Wiirzburg, Germany; ref. 22).
Induction of MYC expression was obtained by addition of doxy-
cycline (1 pg/mL for the indicated time).

Transfections

siRNA transfections were performed in Opti-MEM
medium (Life Technologies) using Lipofectamine RNA-iMAX
(Life Technologies), following the manufacturer's instructions.
Unless otherwise indicated, transfections were performed
for 48 hours, with 50 nmol/L siRNA. The following siRNAs
were used: nonsilencing (NS) control (GCAUCAGUGUCAC-
GUAAUA) was from Sigma-Aldrich, siMYC was from Santa
Cruz Biotechnology (sc-44248), siMYCa was from QIAGEN
(8102662611), and sip53 and siHDM2 were custom-ordered
from Sigma (sip53GCAUCUUAUCCGAGUGGAA; and siHDM2,
AACCUGAAAUUUAUUCACAUA).
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Total cellular proteins extraction and Western blot analyses

Total protein extraction and SDS-PAGE were performed as
previously described (11, 13). Briefly, cells grown in either 6 or
10-cm dishes were washed twice with ice-cold PBS, scraped, and
lysed on ice in extraction buffer [50 mmol/L Tris-HCl (pH 8), 250
mmol/L NaCl, 1% Triton X-100, 0.25% sodium deoxycholate,
0.05% SDS, 1 mmol/L dithiothreitol (DTT), and protease inhi-
bitors cocktail (Sigma-Aldrich)]. Lysates were cleared by centri-
fugation and quantified by Bradford protein assay (Bio-Rad)
following the manufacturer's instructions. Primary antibodies
used for Western blotting were: anti-MYC (Y69; Abcam), anti-
HDM2 (SMP14; Santa Cruz Biotechnology, 2A10; Abcam),
anti-p53 (DO-1; Santa Cruz Biotechnology), anti-RPL11
(3A4A7; Invitrogen), anti-RPL5 (A303-933A; Bethyl Laborato-
ries), anti-RPL7A (PMID:2403926), anti-B-actin (A2228; Sig-
ma-Aldrich), anti-GAPDH (2118; Cell Signaling Technology).
Protein detection was performed using an enhanced chemilu-
minescence kit (GE Healthcare). Quantification of band inten-
sities by densitometry was carried out using the Image J soft-
ware. Absolute values obtained from the quantification of p53,
MYC, and selected RPs were normalized to those of either
endogenous B-actin or GAPDH. Relative values in depletion
experiments were obtained by setting the NS siRNA (siNS)
values to 1. Relative values in time course experiments involv-
ing cycloheximide and MG-132 treatments were obtained by
setting the time point 0 values to 1.

mRNA and rRNA analyses

Total RNA was extracted from treated cells in culture (grown in
6 cm dishes), using TRIzol (Invitrogen) as recommended by
manufacturer and as it has been recently described (23). RNA
was resuspended in DEPC-treated water and quantified using
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific).
Aliquots of RNA (2-5 ug) were treated to remove DNA using
DNAse I (Sigma-Aldrich) following the manufacturer's instruc-
tions. Note that 1 ug of total DNAse I-treated RNA was reverse
transcribed. Gene expression was normalized to the endogenous
B-actin mRNA. For the analysis of mRNA across polysome profiles,
10° RKO cells were plated in 100 mm dishes, transfected with the
indicated siRNA for 48 hours, and processed. Protein concentra-
tions were determined by BCA assay, and 500 mg of lysate were
loaded on 10% to 50% sucrose linear gradients. Gradients were
centrifuged on a SW40 rotor and then they were analyzed on a
BIOCOMP gradient station and collected in 12 fractions ranging
from light to heavy sucrose. To each fraction, 1 ng of firefly
luciferase mRNA was added, followed by phenol-chloroform
extraction and precipitation with isopropanol. Purified RNAs
from each fraction were reverse-transcribed and subjected to
qPCR. mRNA quantification was normalized to firefly luciferase
mRNA.

Immunoprecipitations

Cells grown in 15 cm dishes were lysed on ice in immunopre-
cipitation lysis buffer [50 mmol/LTris HCI (pH 7.5), 150 mmol/L
KCl, 5 mmol/L MgCl,, 1 mmol/L EGTA, 1 mmol/L DIT, 10%
glycerol, 0.8% NP-40, PMSF 1 mmol/L, 100 U/mL RNaseout
inhibitor (Invitrogen), and complete EDTA-free Protease Inhib-
itor cocktail (Roche)] and subjected to immunoprecipitation,
largely as previously described (13). In brief, ribosomes were
pelleted by ultracentrifugation at 200,000 x g at 4°C for 2 hours.
Immunoprecipitations were obtained from equivalent amounts
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of protein incubated at 4°C overnight with rotation with either
rabbit polyclonal anti-RPL5 (A303-933A; Bethyl Laboratories) or
normal rabbit IgG (sc-2027; Santa Cruz Biotechnology) added to
a final sample concentration of 4 ug/mg. Note that 20 uL of
PureProteomeTM Protein A/G Mix Magnetic Beads (Merck),
handled following the manufacturer's instruction, were added to
each sample and mixed by rotation at 4°C for 2 hours. Super-
natants were discarded and beads were resuspended in either
protein loading buffer for Western blot analysis or TRIzol reagent
(Invitrogen) together with a spike of firefly luciferase mRNA, to
recover immunoprecipitated RNA for 5S rRNA qRT-PCR analysis,
as described above. All primers were used for qRT-PCR analyses
(Supplementary Table S1).

Cell-cycle analysis

Treated and control cells in culture were collected and fixed
with 70% ethanol and placed at —20°C for at least 4 hours. Cells
were then washed with ice-cold PBS supplemented with 0.1% BSA
and 5 mmol/L EDTA, and centrifuged at 4°C for 5 minutes at
428 x g. Supernatant was discarded, and the cellular pellet was
resuspended in a propidium iodide (PI) staining solution [PBS,
0.1% NP-40, 20 ug/mL RNAse A (Invitrogen), and 40 pg/mL PI
(Invitrogen)] and incubated at room temperature protected from
light for at least 15 minutes. Samples were analyzed using FACS
Canto System.

De novo protein analysis

In brief, as we have recently described (9), before lysis, cells
grown in 6 cm dishes were washed twice with methionine-free
DMEM medium (Thermo Fisher Scientific) at room tempera-
ture and incubated for 15 minutes in 3 mL of methionine-free
DMEM medium (Thermo Fisher Scientific) supplemented with
10% dialyzed serum (Sigma-Aldrich), pyruvate 1 mmol/L
(Thermo Fisher Scientific), GlutaMAX (Thermo Fisher Scientif-
ic), L-cystine (Sigma-Aldrich), HEPES 25 mmol/L (Thermo
Fisher Scientific), and equilibrated to pH 7.4 with NaOH. The
media were then replaced with the same methionine-free
medium, supplemented with 50 umol/L r-azidohomoalanine
(AHA; Invitrogen) for 2 hours. AHA-labeled proteins were
chemically processed using the Click-iT Protein Reaction Buffer
Kit (Thermo Fisher Scientific), according to the manufacturer's
protocol, and the biotin-alkaline-conjugated proteins were
resuspended in 1% SDS. A 20 pg aliquot of total protein
was separated on SDS polyacrylamide gels, transferred to nitro-
cellulose membranes, stained with Streptavidin-IRDye 800CW
(Li-Cor Biosciences), and then the stained membranes
were scanned with the Odyssey detection system (Li-Cor Bio-
sciences). For detection of individual proteins, 200 pg of the
biotin-alkaline-conjugated proteins were diluted in 50 mmol/L
Tris (pH 7.4), 150 mmol/L NaCl, 0.1% SDS supplemented with
Proteases Inhibitors, and incubated for 2 hours at room tem-
perature with Pierce streptavidin-agarose beads (Thermo Fisher
Scientific). Streptavidin-biotin conjugates were washed 3 times
with 500 pL of wash solution [Tris-HCI (pH 7.4) 50 mmol/L,
NaCl 150 mmol/L, SDS 0.1%], resuspended in Laemmli sample
buffer, resolved on 10% SDS-PAGE gels, and probed with the
indicated antibodies (9).

Autoradiographic analysis of proteins and rRNA
For the analysis of newly synthesized proteins, cells were pulse-
labeled with 3H-leucine or AHA as described above, whereas for
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newly synthesized RNA, they were pulse-labeled with *H-uridine,
and then each sample was processed as recently described (9).

Crystal violet staining

Cells plated in 6-well plates were allowed to adhere overnight.
After the indicated treatment, cells were washed twice with room
temperature PBS and incubated for 10 minutes at room temper-
ature with 750 pL of crystal violet solution (Sigma-Aldrich). The
crystal violet solution was then discarded, and cells were rinsed
with water. Subsequent 10- to 15-minute washes with water were
performed until residual noncellular staining was eliminated.
Stained cells were lysed by adding 1.5 mL of 2% SDS per well
on an orbital shaker until the sample was completely dissolved.
Absorbance at 540 nm was measured in a microplate reader.
Experimental conditions were performed in triplicate.

Statistical analysis

Results are presented as mean + SE., for n = 2-3. Experimental
datasets were compared by a two-sampled, two-tailed Student ¢
tests. Values of *, P< 0.05; **, P< 0.005; and ***, P < 0.0005 were
considered statistically significant.

Results

MYC depletion inhibits rRNA synthesis and global translation

In cell lines derived from human colorectal cancer, it is known
that overexpressed or deregulated MYC drives increased rates of
ribosome biogenesis, leading to increased levels of global protein
synthesis (2). To determine the extent to which MYC affects these
responses, we transfected either a siNS or two distinct MYC siRNAs
(siMYC and siMYCa) in RKO cells, a poorly differentiated aggres-
sive colorectal cancer cell line (24). Cells treated with the MYC-
specific siRNAs, as compared with those treated with the siNS,
show a strong decrease in MYC mRNA and MYC protein levels
(Fig. 1A and B, respectively). To determine the effects of loss
of MYC on ribosome biogenesis, we measured nascent rRNA
levels, by pulse labeling siRNA-treated RKO cells with *H-
uridine (11, 13). Analysis of an agarose gel loaded with equal
amounts of total cellular rRNA, as detected by ethidium bromide
(EB) staining (Fig. 1C, left), shows that MYC depletion had a
profound effect on the rate of incorporation of >H-uridine into the
newly synthesized 18S and 28S rRNA, when compared with siNS-
treated cells (Fig. 1C, right). This was also the case for 5S, 5.8S
rRNAs, and tRNAs, as analyzed on polyacrylamide gels (Fig. 1D).
Similar results were also obtained in HCT116 cells (Supplemen-
tary Fig. S1A and S1B). Moreover, the effects on ribosome bio-
genesis are paralleled by an approximately 50% decrease in global
protein synthesis, as measured by the incorporation of >H-leucine
into nascent protein in RKO cells (Fig. 1E). The findings are
consistent with MYC's role as major driver of ribosome biogenesis
and protein synthesis.

MYC regulates the expression of RPL5 and RPL11 at the mRNA
level

Given the potential importance of nascent RPL5 and RPL11 in
mediating the IRBC in response to MYC, we analyzed the effects of
MYC depletion on the transcription and translation of RP mRNAs.
The results show that depletion of MYC, as compared with siNS-
treated cells, led to a decrease in the relative amounts of a number
of RP mRNAs analyzed, including RPL5, RPL11, RPL7a, and
RPS19, as compared with that of S-actin mRNA (Fig. 2A). In
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Figure 1.

Effects of MYC depletion on rRNA and protein synthesis. A, RKO cells were transfected with 50 nmol/L of either siNS, siMYC, or siMYCa for 48 hours, and MYC
mRNA levels were determined by qRT-PCR relative to g-actin mRNA levels (data are mean + SEM; n = 3). B, RKO cells were transfected with siNS, siMYC, or
siMYCa as in A, and whole-cell lysates were subjected to Western blot analysis with indicated antibodies, with GAPDH serving as a loading control. C, EB-stained
agarose gel (left) and autoradiogram (right) to detect 78S and 28S rRNA from RKO cells treated with siNS or siMYC as in A, labeled for 1 hour with *H-uridine and
chased for 4 hours in nonlabeled uridine-containing medium. D, EB-stained TBE-urea polyacrylamide gel (left) and autoradiogram (right) to detect 55 rRNA, 5.8S
rRNA, and tRNAs in RKO cells transfected with siNS or siMYC as in B. E, Quantification of 3H-leucine incorporation in total cellular proteins from RKO cells treated
with siNS or siMYC as in A (data are mean 4 SEM from three different dishes. *, P< 0.05; **, P< 0.005, calculated by Student ¢ test.

parallel, there appears to be little effect on the steady-state levels of
their cognate RP proteins (Fig. 2B). To determine the effect of MYC
depletion on nascent translation of RPs, we focused on RPL5. We
first pulse-labeled NS or MYC siRNA-treated cells with the non-
radioactive methionine analogue AHA, as we have recently
described (9). Total cell extracts were then treated with biotin-
conjugated alkaline, such that the nascent proteins could be
detected by Streptavidin-IRDye 800CW (9). Analysis by amido-
black staining shows that the amounts of total protein loaded
were roughly equivalent (Fig. 2C, left). However, the newly
synthesized biotinylated proteins, detected by streptavidin-
IRDye800 staining (9), were largely decreased in MYC-depleted
cells as compared with NS siRNA-treated control cells (Fig. 2C,
right), consistent with the decrease in nascent protein synthesis,
measured by pulse-labeling proteins with *H-leucine (Fig. 1E).
When compared with GAPDH, there was an approximate 24%

www.aacrjournals.org

drop in total RPL5 protein levels in MYC-depleted cells as com-
pared with NS siRNA-treated control cells (Fig. 2D, left). How-
ever, the amount of newly synthesized RPL5 pulled down by
streptavidin-agarose beads was reduced by almost 70% when
compared with newly synthesized GAPDH (Fig. 2D, right). The
results suggest that depletion of MYC has an impact on mature RP
population, which is largely due to nascent RP and rRNA synthesis
(compare Fig. 2D with Fig. 1C and D).

Although the extent to which MYC depletion leads to a reduc-
tion in RPL5 mRNA (Fig. 2A) roughly parallels that observed for
global translation (Figs. 1E and 2C) and newly synthesized RPL5
protein (Fig. 2D), recent studies show that MYC induction also
drives the selective expression of RP mRNAs at the translational
level (25). To test this possibility, we examined equal amounts of
cell protein lysates following nonionic detergent extraction,
required to preserve polysomes, and analyzed the distribution

Cancer Res; 79(17) September 1, 2019
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AqRT-PCR relative to g-actin mRNA levels (data are mean + SEM; n = 3). B, RKO cells were treated as in A, and whole-cell lysates were subjected to Western blot
analysis with indicated antibodies, with B-actin protein serving as a loading control. C, RKO cells were treated as in A, and de novo-synthesized proteins were
labeled in the alkyne-biotin Click-iT reaction. The same amount of total proteins loaded was analyzed, staining with amido black (left) or streptavidin-IRDye800
(right). D, The Western blot in C (INPUT; left) or a Western blot following streptavidin-pulldown nascent proteins from € (STRP-pulldown; right) was analyzed
with the indicated antibodies. Quantification was performed as described in Materials and Methods. For MYC-depleted samples, the relative values of total RPL5
and AHA-labeled RPLS5, as compared with those from siNS-treated samples, were 0.76 and 0.32, respectively. E, Total cell extracts from RKO cells treated for

48 hours with siNS (top polysome profile in each case) or siMYC (bottom polysome profile in each case) were fractionated on sucrose gradients, each spiked with
firefly luciferase mRNA, and the distribution of indicated mRNA species was determined by RT-qPCR relative to firefly luciferase mRNA. *, P< 0.05; **, P< 0.005;

***,P<0.0005, calculated by Student ¢ test.

of RP mRNAs across sucrose gradients from NS siRNA- and MYC
siRNA-treated cells, as we have previously described (11). Con-
sistent with the decrease in global protein synthesis (Figs. 1E
and 2C), the amount of polysomes as compared with small/

4352 Cancer Res; 79(17) September 1, 2019

nonpolysomes appears to be proportionally reduced in MYC
versus NS siRNA-treated cells (Fig. 2E). In NS siRNA-treated
cells, RPL5 and RPL11 mRNAs are distributed roughly equally in
small/nonpolysome versus large polysome fractions of the
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gradient, as measured by qRT-PCR, whereas that of B-actin mRNA
is largely present on actively translating polysomes (Fig. 2E). In
MYC siRNA-treated cells, RPL5 and RPL11 mRNAs are little
changed in their proportional distribution in small/nonpoly-
somes versus large polysomes (Fig. 2E). Similarly, g-actin mRNA
remains localized on actively translating polysomes. Thus, the
effects of the loss of MYC on RP expression do not appear to be
mediated by their selective inhibition at the translational level,
but appear instead to be primarily regulated by the decreased
levels of their mRNAs.

MYC depletion inhibits cell growth and suppresses p53 protein
expression

Others have argued that reducing MYC levels selectively inhi-
bits rRNA synthesis increasing the levels of free RPL5 and RPL11,
blocking HDM2, and inducing p53 stabilization (17). However,
we find that depletion of MYC coordinately lowers the levels of
both nascent rRNAs (Fig. 1C and D) and apparently their corre-
sponding RPs (Fig. 2D), including the components that make up
the IRBC, which would be predicted to result in decreasing cell
growth and p53 protein levels. Consistent with this model, we
find that depleting MYC levels in RKO cells leads to a reduction in
the rate of cell proliferation (Fig. 3A) and the accumulation of cells
in the Go-G; phases of the cycle (Fig. 3B). Similar results were
obtained for HCT116 cells (Supplementary Fig. S2A and S2B).
These findings are consistent with the role of MYC in driving the
expression of key cell-cycle regulators required for cells to progress
into S phase, including E2F1 and the cyclins. However, the
decrease in ribosome biogenesis, cell proliferation, and the accu-
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mulation of cells in the Go-G; phase of the cell cycle following
depletion of MYC could be attributed to the stabilization of
p53 (17, 18). We find, in both RKO and HCT116 cells, MYC
depletion instead led to a reduction in p53 protein levels as well as
those of HDM2 (Fig. 3C and Supplementary Fig. S2C, respective-
ly). Moreover, in contrast to the findings of Brighenti and collea-
gues in HepG2 cells (17), we found that treatment with siMYC
also led to a time-dependent reduction of p53 and HDM2 protein
levels in HepG2 cells (Fig. 3D). Thus, in the absence of MYC, cells
accumulate in Go-G; phase of the cell cycle, cell proliferation is
reduced, as is the apparent "oncogenic stress," defined by the
expression of oncogenes leading to the activation of antionco-
genic pathways (26), as reflected here by the apparent reduction in
p53 protein levels.

Reduction of p53 protein levels is controlled at the
posttranscriptional/posttranslational level

Given that p53 protein amounts are evidently decreasing
following MYC depletion, it was important to determine at which
step its expression was regulated. Unlike RP mRNAs (Fig. 2A), we
found that the relative levels of p53 mRNA, as compared with
B-actin mRNA, were relatively unchanged following MYC deple-
tion, in both RKO and HCT116 cells (Fig. 4A). As shown above,
global protein synthesis was diminished in MYC-depleted cells
(Figs. 1E and 2C). This raised the possibility that even though p53
mRNA levels are maintained, its nascent protein levels are declin-
ing, as those of RPL5 (Fig. 2D). To test this possibility, we analyzed
the AHA-pulse-labeled Western blot for newly synthesized bio-
tinylated p53 as described above (Fig. 2C and D). As depicted
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with B-actin serving as a loading control. **, P< 0.005.
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Reduction of p53 protein levels is controlled at the posttranscriptional level. A, RKO

or HCT116 cells were treated for 48 hours with siNS or siMYC. Relative p53

mMRNA levels were determined by qRT-PCR relative to B-actin mRNA levels (data are mean 4+ SEM; n = 3; *, P< 0.05 calculated by Student ¢ test). B, p53 protein
levels were analyzed as in Fig. 2D. In siMYC-treated samples, the relative values of total p53 protein and AHA-labeled nascent p53 protein, as compared with
those from siNS-treated samples, were 0.48 and 0.76, respectively. C, After 48 hours of pretreatment with either siNS or siMYC, p53 and HDM2 protein
expressions were followed in the presence of 20 ug/mL cycloheximide (CHX) for the times indicated. Western blot analyses (top plots) and relative amounts of

HDM2 and p53 following normalization to B-actin (bottom plots) and considering th

e normalized time point O values as 1. D, Analyses of p53 protein levels in RKO

cells transfected for 48 hours with either siNS or siMYC, then exposed to 10 umol/L MG-132 for the times indicated. Western blot analyses were performed, with
B-actin serving as a loading control. p53 protein values normalized to B-actin protein values in siNS- and siMYC-treated samples were 0.54 and 0.15 at time O and
1.39 and 1.57 at 4 hours, respectively, as quantified by densitometry. E, Absolute amounts of p53 protein from D were quantified by densitometry and normalized
to B-actin protein. Relative values were obtained by setting the time point O values to 1. F, RKO cells were treated with siNS, siMYC, siHDM2, or both siMYC and
siHDM2 for 48 hours, and cell extracts were examined by Western blot analysis for the indicated proteins, with B-actin serving as a loading control.

in Fig. 3C, we observed that in whole-cell extracts from MYC
siRNA-treated cells, as compared with NS siRNA-treated cells,
total p53 protein levels were decreasing by more than 2-fold
(Fig. 4B, left). However, unlike RPL5 (Fig. 2D), the amount of
newly synthesized p53 pulled down by the streptavidin beads was
not as strongly affected in MYC versus NS siRNA-treated cells
(Fig. 4B, right). That in MYC-depleted cells neither a reduction in
p53 mRNA levels nor p53 protein synthesis appeared to account
for the strong decrease in total p53 protein levels suggested that
this event may be largely mediated at the posttranslational level.
To examine this possibility, we measured the half-life of p53 by
Western bot analysis, as well as that of HDM?2, in MYC-silenced
RKO cells or siNS control cells, after treatment with cyclohexi-
mide. Consistent with a decrease in p53 protein stability, we
found that the half-life of p53 protein and that of HDM2, in MYC
depleted cells, was reduced as compared with control cells
(Fig. 4C). If decreased p53 protein stability is mainly responsible
for its loss in MYC-depleted cells, treatment with a proteasome
inhibitor would be expected to rescue this effect. Moreover, if the
levels of p53 mRNA (Fig. 4A) and its protein synthesis are not
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strongly affected by MYC depletion (Fig. 4B), then such treatment
should also return p53 protein to steady-state levels equivalent to
those observed in NS siRNA-treated cells over time. When nor-
malized to B-actin protein, the results of such an experiment show
3-fold lower levels of total p53 protein in MYC versus NS siRNA-
treated cells (Fig. 4D). However, within 2 to 3 hours of posttreat-
ment with the proteasome inhibitor MG132, total p53 protein
amounts in MYC siRNA-depleted cells are rescued to those
observed in siNS-treated cells (Fig. 4D). The enhanced rate of
p53 protein degradation is readily measured by plotting its
accumulation overtime (Fig. 4E). Thus, the loss of p53 protein
following MYC depletion appears to be largely mediated through
its degradation.

Although following MYC depletion HDM?2 protein amounts in
cycloheximide-treated cells continue to decline to almost unde-
tectable levels by 120 minutes, those of p53 appeared to reach
equilibrium by 60 minutes (Fig. 4C). Given that HDM2 is the
major E; ligase for p53 and that p53 protein amounts do not fall
lower after 60 minutes, whereas HDM2 protein amounts are
reaching their lowest level of detection at 120 minutes, raised
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the possibility that depletion of MYC led to the activation of
HDM2 and the degradation of p53, as well as HDM2. By binding
to the central region of HDM2, the IRBC prevents the ubiquitina-
tion of both p53 and HDM?2 (27). To test whether the loss of the
IRBC by MYC depletion was leading to the recovery of HDM2
activity, we treated either NS control cells or MYC-silenced cells
with an siRNA directed against this E; ligase. The results show that
depletion of HDM2 in RKO cells leads to an almost equivalent
increase in p53 protein levels (Fig. 4F). Thus, the decrease in p53
and HDM2 levels following loss of MYC appears to be attributed
to an increase in HDM2-mediated p53 protein degradation and
HDM2 autodegradation.

MYC depletion decreases the availability of the IRBC complex

The results above demonstrate that MYC depletion in RKO cells
causes a decrease in p53 protein levels due to an apparent increase
in HDM2-mediated proteasomal degradation (Fig. 4E and F).
Given that nascent RPs and rRNAs were decreased under condi-
tions where MYC is depleted, raised the possibility that dimin-
ished p53 stability is regulated by a reduction in the IRBC
complex. To test this possibility, we immunoprecipitated RPL5
from RKO cells treated either with MYC siRNA alone or MYC
siRNA followed with actinomycin D (ActD), an inhibitor of RNA
Pol I that acutely induces the IRBC (11, 13), and scored for the
association of HDM2, RPL11, and 5S rRNA in the immunopre-
cipitates. Prior to immunoprecipitation, cell lysates were sub-
jected to high-speed ultracentrifugation to clear mature ribo-
somes, which does not alter the levels of HDM2, compared with
those of the total lysates, whereas the majority of RPs are cleared
from the extract (Fig. 5A). In the RPL5 immunoprecipitates from
the siMYC-treated postribosomal lysates, we observe a decrease in
HDM2 and RPL11 binding to RPL5 as compared with the control
siNS-treated cells (Fig. 5A). Moreover, ActD treatment enhanced
the binding of both HDM2 and RPL11 to RPL5 in siNS-treated
control cells, and this enhanced binding was significantly reduced
in MYC-depleted cells (Fig. 5A). In addition, in contrast to the
RPL5 immunoprecipitates, RPL5 as well as RPL11 and HDM2
were undetectable in the IgG control immunoprecipitates from
siNS control postribosomal lysates (Supplementary Fig. S3). The
effects of MYC depletion in reducing the binding of HDM2 and
RPL11 to RPL5 in the absence or presence of ActD were paralleled
by the amounts of 5S rRNA present in the RPL5 immunopreci-
pitates derived from RKO cells treated in the same manner
(Fig. 5B). Taken together, the findings argue that upon MYC
depletion the synthesis of the RPL5, RPL11, and 5S rRNA is
diminished, reducing the levels the IRBC complex, freeing HDM2,
and allowing the degradation of p53 protein.

MYC induction leads to activation of the IRBC and increased
p53

Given the findings above and those of Macias and collea-
gues (15) that MYC induction increases the expression of RPL5
and RPL11, the prediction would be that this would also drive
increased p53 stability (15), rather than its degradation (17, 18).
To test this possibility, we took advantage of U20S cells that
stably express a doxycycline-inducible MYC (22). We found that
doxycycline treatment, in the presence of serum, led to a time-
dependent induction of MYC, which continued to increase up to
60 hours after induction (Fig. 6A). Consistent with the findings of
Macias and colleagues (15), the increases in MYC protein were
paralleled by those of p53 and HDM2 (Fig. 6A). In response to
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activated MYC and oncogenic stress, the induction of p53 is
compatible with the suppression of cell proliferation (Fig. 6B).
To test the role of p53 in the proliferative response, we treated
U20S cells with a p53 siRNA or a NS control, then induced MYC,
and followed their proliferation over the next 60 hours. The results
show that the p53 levels are strongly reduced under these con-
ditions (Supplementary Fig. S4A), but unexpectedly, so was cell
proliferation (Supplementary Fig. S4B). To determine if the effect
ofloss of p53 protein altered cell-cycle progression, we carried out
a FACS analysis, which revealed a dramatic increase in tetraploid
cells in the absence of p53 protein (Fig. 6C). This finding is
consistent with earlier results demonstrating that depletion of
p53 protein in MYC-activated cells leads to genomic instability
and tetraploidy, reflecting the role of p53 in preventing DNA
damage (28, 29). Thus, the data are compatible with the induction
of the IRBC and p53 protein stabilization in preventing MYC-
mediated oncogenic stress.

Despite the decrease in cell proliferation following MYC induc-
tion, this response is accompanied by increased levels of total
RPL5 and RPL11, consistent with an increase in MYC-driven
ribosome biogenesis (2). Thus, even though cell growth was
declining in MYC-induced cells, the amount of ribosomes is
apparently increasing. Consistent with increased ribosome bio-
genesis, we observed a 30% to 40% increase in ribosome pro-
duction, as measured by amount of 18S and 28S rRNA per cell
(Fig. 6D). As this increase could be attributed to aberrant expres-
sion of precursor rRNAs (30), we analyzed internal transcribed
spacers of pre-47S rRNA (ITS) 1 and 2, mature 18S and 28S rRNA,
and a number of RPs from both ribosomal subunits. In MYC-
induced cells, the results show the ITS1 and 2 are present in less
than 1% of the total 18S rRNA (Supplementary Fig. S5A), and by
Northern blot analysis, there is an approximate 20% increase in
mature 18S and 28S rRNA when comparing control and MYC-
induced cells (Supplementary Fig. S5B). Roughly similar increases
were observed in RPS6, RPS19, RPL26, and RPL36A, when com-
pared with B-actin protein (see Supplementary Fig. S5C). To
address whether the increase in ribosome biogenesis leads to the
overexpression of ribosome-free RPL5 and RPL11, we subjected
the cell lysates treated for 60 hours with doxycycline to high-speed
ultracentrifugation, to clear mature ribosomes, and then analyzed
the levels of free RPL5, RPL11, and HDM?2. Unexpectedly, as
compared with total cell extracts, there appears to be little differ-
encein thelevels of RPL5 and RPL11 in cell lysates following high-
speed ultracentrifugation (Fig. 6E, left-hand plot). However, the
amounts of RPL11 and HDM?2 (Fig. 6E, right-hand plot), as well as
those of 58 rRNA (Fig. 6F), are dramatically enhanced in immu-
noprecipitates of RPL5 from doxycycline-induced MYC cells as
compared with the untreated controls. Taken together, the results
suggest that the induction of MYC leads to IRBC-mediated sta-
bilization of p53 protein, and that this response is a regulated
event and not due to the passive accumulation of the ribosome-
free components that make up the IRBC.

Discussion

The role of MYC-mediated p53 protein regulation by RPL5 and
RPL11 has been controversial (15, 17, 18). Moreover, the poten-
tial participation of 5S rRNA in this response has not been
addressed. Here, we show that the IRBC complex, which is
activated in response to impaired ribosome biogenesis (2), also
controls p53 protein levels in response to MYC. We found that
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Effects of depleting MYC on the IRBC complex. A, RKO cells were transfected for 48 hours with siNS or siMYC and then treated for 6 hours in the absence or
presence of 5 nmol/L ActD. Western blot analyses show the expression levels of the indicated proteins in total cellular lysate, postribosomal lysates (Input), and
immunoprecipitates from cell lysates with anti-RPL5 rabbit antibody (IP RPL5), with amido black staining serving as a loading control. B, RKO cells were
transfected with siNS or siMYC for 48 hours and then treated in the absence or presence of 5 nmol/L ActD for 6 hrs. Cell lysates were collected, subjected to
ultracentrifugation, spiked with firefly luciferase mRNA, and immunoprecipitated with the IgG control (IP IgG) or anti-RPL5 rabbit antibody (IP RPL5). Levels of
immunoprecipitated 55 rRNA were determined by gRT-PCR and normalized to the firefly luciferase mRNA. Data were normalized considering ActD-treated

control from IP RPL5 as 100 (data are mean =+ SEM; n = 2).

in colorectal cancer cell lines, when we reduce MYC levels, the
amounts of the components that make up the IRBC decline, as
well as those of p53 protein. We also found that, unlike previously
reported (17), MYC depletion in HepG2 cells also leads to a
reduction in p53 levels. Moreover, in colorectal cancer cells, we
show that the loss of p53 is controlled at the posttranscriptional/
posttranslational level by HDM2-mediated protein degradation,
due to the apparent reduction in IRBC complexes. However,
despite the diminished production of ribosomes and the com-
ponents that make up the IRBC complex following MYC deple-
tion, the IRBC is still activated following inhibition of ribosome
biogenesis by ActD. In parallel, we find that MYC overexpression
drives increased ribosome biogenesis, leading to oncogenic stress,
the induction of p53, and a decrease in the rate of cell prolifer-
ation. Although the increase in ribosome biogenesis does not
affect the levels of free RPL5 or RPL11, we find that MYC dra-
matically enhances the association of the IRBC complex with
HDM?2. This finding is consistent with the fact that the activation
of the IRBC and p53 protein stabilization are not resulting from
the net kinetics of the production and turnover of all of the
components of the ribosome, as we have previously demonstrat-
ed by depleting cells of an essential ribosomal protein (11). Thus,
in both cases, either following impairment of ribosome biogen-
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esis or oncogene-induced hyperactivation of ribosome biogene-
sis, regulation of the IRBC is not a passive, but a regulated
response.

Earlier studies demonstrated that RPs are overproduced and
those not incorporated into preribosomes in the nucleolus are
rapidly degraded in the nucleus, where they freely shuttle (8).
Moreover, it is generally accepted that RP expression is largely
controlled at the translational level (7). Consistent with this
finding, others utilizing the same U20S cells employed here have
demonstrated that MYC controls these responses through activa-
tion of the mTOR (25). Moreover, inhibition of mTOR suppresses
both the translation of the RP genes (7, 9), as well as the
transcription of rRNAs, including 58 rRNA (31). However, even
though we observe an apparent inhibition in the synthesis of RPs
following depletion of MYC, we find this reduction is most likely
due to an apparent decrease in RP mRNA levels, as the proportion
of RPL5/RPL11 mRNAs associated with small/nonpolysomes and
polysomes does not change. This mechanism of inhibition
appears to be distinct from that of mTOR inhibition. The latter
case is characterized by dephosphorylation of 4E-BPs and the
inhibition of 5TOP mRNA translation, such that the 5'TOP
mRNAs accumulate in the small/nonpolysomal fraction of the
sucrose gradient (9). Moreover, we recently demonstrated that
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Figure 6.

Effect of MYC induction on p53 protein levels and IRBC complex formation. A, Following treatment for increasing time, in the presence or absence of doxycycline,
total cell lysates were prepared and analyzed by Western blot for the indicated proteins. B, Following doxycycline treatment as in A, the rate of proliferation was
measured by crystal violet staining (data are mean 4 SEM; n = 22). C, Quantification of cell ploidy by Pl-stained DNA in ethanol-fixed cells analyzed by flow
cytometry as specified in Materials and Methods. Cells were transfected with either nonsilencing or p53 siRNA and induced with doxycycline for 30 hours (data
are % of total cells & SEM; n = 4). D, Total ribosome content per cell was determined by gRT-PCR as described in Materials and Methods and normalized by
spiking each sample with firefly luciferase mRNA (data are mean + SEM; n = 3). E, Total lysates prepared from cells treated in the absence or presence of
doxycycline for 60 hours were subjected to ultracentrifugation, and the supernatants (Input) or their immunoprecipitates (IP) were analyzed on Western

blots with the indicated antibodies. F, Immunoprecipitates in E were analyzed for the presence of 55 rRNA by gRT-PCR as described in Fig. 5B. *, P< 0.05;

** P<0.005; ***, P<0.0005, calculated by Student t test.

this accumulation is dependent on a complex makeup of native Although the enhanced association of the IRBC complex with
40S ribosomes and the mRNA binding protein LARP1, which act HDM2 can be detected by either insults to ribosome biogenesis or
to stabilize 5’TOP mRNAs following mTOR inhibition (9). How-  overexpression of MYC, this appears to be a homeostatic mech-
ever, when we deplete MYC, we do not detect more 5 TOP mRNAs  anism. Recent crystallographic studies suggest that the IRBC
accumulating in the nontranslated fraction of the polysome complex interacts with HDM2 through RPL11 (34). Moreover,
gradient, but instead we observe a general reduction of RPmRNAs it has been recently proposed that during the evolution of ani-
levels, consistent with a decrease in either their transcription or  mals, the primordial p53/HDM2 axis may have been its interac-
their stability. tion with RPL11, allowing the cell to monitor its metabolic state

Our studies would suggest that the loss of MYC leads to a  through ribosome biogenesis (35). This proposal was based on
coordinate loss of RP mRNAs and rRNAs. Early studies showed  the conservation of the HDM2 C305 amino acid residue and the
that RPs are apparently stabilized by their interaction with fact that acetylation mutants of pp53, defective in inducing cell-
rRNAs (6, 32). The reduction of 28S, 18S, 5.8S, and 5S rRNA  cycle arrest and apoptosis, still regulate metabolism and retain
synthesis observed following MYC depletion is quite severe, their tumor-suppressor activity. This model is consistent with our
particularly if one considers that equal amounts of total RNA finding that as we enhance the production of ribosomes by MYC
were analyzed, whereas the total amount RNA per cell is decreas-  overexpression, a cell-intrinsic mechanism mediates the activa-
ing. This might suggest that loss of 55 RNA triggers the disruption  tion of the IRBC leading to the stabilization of p53 protein and
of the IRBC. However, the level of newly synthesized RPL5 is also  suppression of cell proliferation. However, the mechanism by
dramatically reduced, supporting a general loss of all the compo-  which the preribosomal complex is redirected to the binding of
nents making up the IRBC. In contrast, ActD selectively inhibits HDM2 has not been resolved. It should be noted that we have
Pol I-directed rRNA transcription at low concentrations and has  previously shown that ectopic overexpressed HDM?2 interacts
been shown to lead to the aggregation and degradation of all RPs,  with the IRBC complex only upon a lesion in ribosome biogen-
except RPL11 and RPL5 (33). This is presumably due to continued  esis, indicating that an additional mechanism(s) mediates the
synthesis of 5S RNA by Pol I1], allowing IRBC complex formation,  redirection of the RPL5/RPL11/5S rRNA complex to HDM2 (13).
consistent with the activation of the IRBC by ActD. Furthermore, ithas been argued that it is the nascent RPL5/RPL11/
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5S 1RNA preribosomal complex, which is redirected to
HDM2 (13, 33). This interaction appears to take place before the
assembly of RPL5/RPL11/5S rRNA into the 90S processome, as
depletion of the two catalytic components required for this event,
RRS1 and BXDCI, still leads to p53 protein stabilization (13).
Interestingly, in yeast, the homolog of RRS1 and BXCD1 interacts
with symportin 1 (SYO1), which is required for the binding of
RPL5/RPL11 with 58 rRNA and its transport to the nucleolus and
the 90S processome (36). SYO1 binds independently to RPL5 and
RPL11, and in the case of RPL11, it appears to act as a chaperone
until the complex is delivered to 90S processome (37). Of interest,
SYO1 binds to RPL11 at the same site as HDM2, potentially
placing it upstream of HDM2 in mammals. It will be important to
determine whether the mammalian homolog of SYO1, HEAT
repeat containing 3 (HEATR3), is implicated in the p53 protein
stabilization response.

The overexpression or dysregulation of MYC has been impli-
cated in a large number of tumor types (38). In the case of sporadic
colorectal cancer, mutations in the Wnt signaling pathway, par-
ticularly the loss of tumor-suppressor adenomatous polyposis
coli (APC), in almost all cases examined lead to elevated MYC
signaling (21). First-line standard-of-care therapy for colorectal
cancer is folinic acid, fluorouracil (5-FU), and oxaliplatin (FOL-
FOX), with folinic acid and 5-FU known to block rRNA synthesis,
leading to the induction of IRBC (2). However, unexpectedly,
recent studies have shown that the chief action of oxaliplatin is not
to induce DNA damage, unlike other platins, but to abrogate
ribosome biogenesis, leading to p53 protein stabilization (39).
Moreover, this response is RPL11-dependent, and if cells are
pretreated with rapamycin, which is known to block the produc-
tion of the nascent IRBC complex (33), the effects of oxaliplatin
are mitigated (39). These findings, added to the fact that CX5461,
a Pol I inhibitor, which may have additional targets (40), blocks
MYC-driven tumors in an RPL11-dependent manner (4), under-
score the importance of the IRBC as a tumor suppressor.
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