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ABSTRACT

Senescence is a tumor suppressor program characterized by a stable growth arrest while main-
taining cell viability. Senescence-associated ribogenesis defects (SARD) have been shown to
regulate senescence through the ability of the ribosomal protein S14 (RPS14 or uS11) to bind
and inhibit the cyclin-dependent kinase 4 (CDK4). Here we report another ribosomal protein that
binds and inhibits CDK4 in senescent cells: L22 (RPL22 or elL22). Enforcing the expression of
RPL22/eL22 is sufficient to induce an RB and p53-dependent cellular senescent phenotype in
human fibroblasts. Mechanistically, RPL22/eL22 can interact with and inhibit CDK4-Cyclin D1 to
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decrease RB phosphorylation both in vitro and in cells. Briefly, we show that ribosome-free RPL22/
el22 causes a cell cycle arrest which could be relevant during situations of nucleolar stress such as

cellular senescence or the response to cancer chemotherapy.

Introduction

Ribosome biogenesis is a complex multistep process
implicating numerous cofactors and requiring proper
coordination of the three major RNA polymerases [1].
The process is regulated by several oncogenes and/or
tumor suppressors according to the cellular state
whether proliferative, apoptotic, arrested or senescent
[2,3]. In the nucleolus, polymerase I is responsible for
47S rRNA synthesis which is maturated into 188, 5.8S
and 28S rRNA while polymerase III synthetizes the 5S
rRNA in the nucleoplasm [4,5]. Moreover, polymerase
IT transcribes the mRNAs of other protein compo-
nents or cofactors implicated in processing and assem-
bly of functional ribosomes. Several ribosomal
proteins, which include RPL5/ul18, RPLI11/uL5,
RPS14/uS11 and RPL22/eL22, link nucleolar stress to
P53 activation [6-9]. One physiological process lead-
ing to nucleolar stress is cellular senescence, a process
that plays a role in embryonic development [10,11],
wound healing [12] and tumor suppression [13].
During senescence, aberrant signaling triggers the
degradation of multiple proteins by a process dubbed
senescence-associated proteins degradation (SAPD).

Targets of SAPD include several ribosome biogenesis
factors and their down-regulation explains in part the
senescence-associated ribogenesis defects (SARD)
[14-16]. While SARD characterizes senescence in
response to a variety of stresses, triggering the process
by depleting individual ribogenesis factors is sufficient
to induce senescence [16]. Analysis of the interactome
of CDK4 in senescent cells induced by depleting one
particular ribosome biogenesis factor, namely riboso-
mal L1 domain-containing protein 1 (RSL1D1) iden-
tified RPS14/uS11 and other ribosomal proteins as
potential partners [16]. Ribosomal proteins are fre-
quently mutated or their expression pattern is altered
in various types of cancers [17,18]. RPL22/el22 is
often mutated in T-cell acute lymphoblastic leukemia
(T-ALL) and in endometrial, colorectal and gastric
cancers [19-23]. A large-scale analysis demonstrated
that RPL22/eL22 hemizygous gene deletions are also
frequent in numerous types of cancers and cell lines
[24]. Moreover, RPL22/eL22 down-regulation is
observed in non-small cell lung carcinoma and its
haploinsufficiency promotes transformation and thy-
mic lymphoma development in a mouse model
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[19,25]. All these facts suggest a tumor suppressor role
for RPL22/eL22 which has previously been linked to
P53 stabilization and activation [9]. In this report, we
demonstrate that following ribosome biogenesis
defects in senescence, RPL22/eL22 can control cell
cycle progression through the inhibition of CDK4-
cyclin D1 complex in a manner similar to RPS14/uS11
[16]. This demonstration provides an additional
explanation for the tumor suppressor activity of
RPL22/eL22.

Materials and methods
Plasmids

Retroviral vector pBABE was previously described
[26]. pLXSN, pLXSN-E6, pLXSN-E7 were provided
by Dr. Denise A. Galloway (Fred Hutchinson Cancer
Center). pBABE-CDK4(WT) was a gift from Dr. Scott
W. Lowe (Memorial Sloan-Kettering Cancer Center,
New-York, NY). pcDNA3.1-3xFLAG, pcDNA3-Myc-
Cyclin DI(WT), pMSCV-shNTC and pMSCV-shRB
were previously described in [16]. Shp53 under H1
promoter regulation in pRS-shp53 was described in
[27] and subcloned in EcoRI/Xhol restriction sites to
create retroviral vector MSCV-shp53. pCMV6-RPS14
(WT)-Myc-FLAG (RC223055) and pCMV6-RPL22
(WT)-Myc-FLAG (RC208910) were purchased from
Origene, Atlanta, GA. RPL22(WT)-Myc was PCR
amplified from the vector PCMV6-RPL22(WT)-Myc-
FLAG and subcloned in BamHI/Sall restriction sites
to create retroviral vector pBABE-RPL22(WT)-Myc.
For PCR primers used for cloning see Supplementary
Table S1.

Lentiviruses ~ pLKO  expressing  shRPL22
(shRPL22-A, shRPL22-B) and shCTR were pur-
chased from Sigma-Aldrich (#75015, #75017 and
SHCO002). Finally, pCMV-VSV-G (Addgene #8454)
and pCMV-dRI91 (Delta8.9) were obtained from
Dr. R. Weinberg’s laboratory (Whitehead Institute,
Cambridge, MA). ShRNA target sequences are pre-
sented in Supplementary Table S1.

Cells, reagents and viral gene transfer

Palbociclib (PD0332991) was purchased from
Sigma-Aldrich (Oakville, ON). Phoenix Ampho
packaging cells were a gift from Dr. Scott W.
Lowe. Human embryonic kidney HEK-293T cells

were obtained from Invitrogen. Prostate cancer
PC3 cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA) and
human diploid fibroblasts IMR90 were obtained
from Coriell Institute for Medical Research
(Camden, NJ). PC3 cells were cultured in RPMI
medium (Wisent, Montreal, QC) supplemented
with 10% fetal bovine serum (FBS; Wisent), 1%
penicillin/streptomycin sulfate (Wisent) and 2 mM
L-glutamine (Wisent). All other cell lines were
cultured in Dulbecco’s modified Eagle medium
(DMEM; Wisent) supplemented with 10% FBS
(Wisent) and 1% penicillin/streptomycin sulfate
(Wisent) and 2 mM L-glutamine (Wisent).
Retroviral and lentiviral-mediated gene transfer
were done as described before [16,26].

Immunoblotting

Immunoblotting was performed as previously
described in [15]. The following primary antibodies
were used: anti-phospho-H3*'® rabbit polyclonal
(1:1000, #06-570, lot: 2,517,793, Millipore, Billerica,
MA), anti-MCM6 rabbit polyclonal (1:1000, A300-
194A, lot: A300-194A-2, Bethyl Laboratories), anti-
P53 mouse monoclonal (1:1000, clone DO-1, Sc-126,
lot: C1413, Santa Cruz Biotechnology), anti-
phospho-p53°' rabbit polyclonal (1:500, #9284, lot:
9, Cell Signaling), anti-FLAG mouse monoclonal
(1:1000, F1804, M2, lot: SLBK1346V, Sigma-Aldrich)
, anti-c-Myc rabbit polyclonal (1:1000, clone A-14, sc-
789, lot: K0215, Santa Cruz Biotechnology), anti-Myc
tag mouse monoclonal (1:2000, 9E10, lot: 114K4821,
Sigma, Saint Louis, Missouri), anti-phospho-RB**
rabbit polyclonal (1:500, #9301, lot: 13, Cell
Signaling), anti-RB mouse monoclonal (1:1000,
clone 4H1, #9309, lot: 9, Cell Signaling), anti-CDK4
rabbit polyclonal (1:2000, A304-225A, lot: A304-
225A-1, Bethyl Laboratories), anti-a-Tubulin mouse
monoclonal (1:20000, clone B-5-1-2, T6074, lot:
023M4813, Sigma-Aldrich), anti-GST mouse mono-
clonal (1:2000, clone GST-2, G1160, lot: 012M4814,
Sigma-Aldrich), anti-RPL22 mouse monoclonal
(1:500, clone D-7, sc-373993, lot: D2216, Santa Cruz
Biotechnology), anti-RPL22 rabbit polyclonal (1:1000,
cat#: 25002-1-AP, Immunogen cat#: Ag21851,
Proteintech) and anti-RPS3 mouse monoclonal
(1:1000, clone C-7, sc-376008, lot: D2116, Santa
Cruz Biotechnology).



The following secondary antibodies were used:
goat anti-rabbit IgG conjugated to HRP (1:3000,
#170-6515, lot: 64,126,042, Bio-Rad, Mississauga,
ON), goat anti-mouse IgG conjugated to HRP
(1:3000, #170-6516, lot: 64,132,955, Bio-Rad,
Mississauga, ON).

Cell proliferation and senescence analysis

Proliferation was assessed from estimations of cell
number according to a crystal violet retention
assay [26]. Senescence-associated-p-galactosidase
(SA-B-gal) activity was assayed as described before
[26]. Separation of ribosomal RPL22-Myc from
non-ribosomal RPL22-Myc was done as previously
described [16]. Source data for growth curves and
SA-B-gal staining are presented in Supplementary
Table S2.

Immunofluorescence

Immunofluorescence images were performed as
described in [16,26]. Primary antibodies used
were: anti-PML rabbit polyclonal (1:200, A301-
167A, lot: A301-167A-2, Bethyl Laboratories),
anti-53BP1 rabbit polyclonal (1:200, Ab-1, Cat#
PC712, lot: D00137736, Calbiochem, EMD Bios-
ciences, San Diego, CA), anti-phospho-yH2A.
X513 mouse monoclonal (1:100, JBW-301, lot:
2552645, Millipore, Billerica, MA) and anti-Myc
tag mouse monoclonal (1:100, 9E10, lot:
114K4821, Sigma, Saint Louis, Missouri).

The following secondary antibodies were used:
goat anti-rabbit IgG (H + L) conjugated to Alexa
Fluor 488 (1:1000, #A11008, lot: 1166843,
Molecular Probes, Invitrogen, Eugene, OR), goat
anti-mouse IgG (H + L) conjugated to Alexa
Fluor 488 (1:1000, #A11029, lot: 1423008, Life
Technologies, Eugene, OR), goat anti-rabbit IgG
(H + L) conjugated to Alexa Fluor 568 (1:1000,
#A11036, lot: 1504529, Life Technologies,
Eugene, OR), goat anti-mouse IgG (H + L) con-
jugated to Alexa Fluor 568 (1:1000, #A11031, lot:
1398018, Life Technologies, Eugene, OR).

Images were acquired with a FV300 Olympus
confocal microscope with a PMT 1°** generation
and Fluoview V4.2 or a Zeiss Axio Imager Z2
upright microscope with a CoolSNAP FX camera
(Photometrics) and/or Axiocam camera and ZEN 2
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Imager (2.0.14283.302). Images were processed with
Image] (2.0.0-rc-49/1.51g). Source data for immu-
nofluorescence are presented in Supplementary
Table S2.

Immunoprecipitation (IP)

HEK-293T cells (5 x 10°) were seeded in 10 cm-
cell culture dishes and grown for 24 hours. Cells
were transiently transfected using the calcium
phosphate method with 15 ug of pcDNA3.1(C1)-
3xFLAG, pCMV6-RPL22(WT)-Myc-FLAG or
pCMV6-RPS14(WT)-Myc-FLAG in combination
with either pPBABE-CDK4(WT) or pcDNA3-Myc-
cyclin DI(WT). Cells were harvested 24 hours
post-transfection in IP buffer (50 mM Tris-HCI,
pH 7.9, 1 mM EDTA, 0.1 mM EGTA, 12.5 mM
MgCl,, 400 mM NaCl, 20% glycerol, 1% Triton
X-100 [BioShop], 0.1% SDS and 1X Complete-
EDTA free-protease inhibitor cocktail [Roche
Applied Science]). Cell lysates were kept on ice
for 15 min and then sonicated for 40 seconds at
the lowest intensity. Cell lysates were cleared by
centrifugation at 13,000 rpm for 1 min and immu-
noprecipitations were performed with anti-FLAG
M2 Affinity Gel (#A2220-5ML, lot: SLBT8835,
Sigma-Aldrich, St. Louis, MO) for 30 min at 4°C.
Of note, anti-FLAG M2 Affinity Gel was pre-
viously blocked for 1 hour at 4°C in IP buffer
containing 2.5% BSA, 0.16 pg/ul salmon sperm
DNA (Sigma-Aldrich) and 0.16 pg/ul E. coli
tRNA (Sigma-Aldrich) and then washed twice
with IP buffer before being used for immunopre-
cipitation. Immunoprecipitates were recovered
after 30 min of incubation at 4°C and washed
three times for 30 min in IP buffer. Proteins of
immunoprecipitates and total cell lysates were
separated by SDS-PAGE, transferred to nitrocellu-
lose membranes and analyzed by Western
Blotting.

In vitro protein phosphorylation

Human active CDK4-cyclin D1 (Cat#: C0620, lot:
SLBK7657V, Sigma-Aldrich, St. Louis, MO) was
incubated alone or with human recombinant GST-
RB (773-928) (Cat#: RO05-55G, lot: M166-3,
SignalChem) in the presence or absence of palbo-
cicib (I uM) or with a gradient of human
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recombinant His-RPL22 (Cat#: NBP2-23419, lot:
12221401, Novus Biologicals, Oakville, ON) in
kinase assay buffer I (Cat#: KO01-09, Signal-
Chem): 25 mM MOPS, pH 7.2, 125 mM
3-glycerol-phosphate, 25 mM MgCl,, 5 mM
EGTA, 2 mM EDTA, 0.25 mM dithiothreitol
(DTT), 40 uM ATP; at 30°C for 30 min according
to SignalChem protocol. Then, Laemmli buffer
was added to stop the reaction. Samples were
boiled at 98°C for 5 min and the reaction products
were separated by SDS-PAGE, transferred to
nitrocellulose membranes and analyzed by
Western Blotting.

In vitro protein interaction (GST pull-down assay)

GST (50 ng) (Cat#: SRP5348, lot: F664-2, Sigma-
Aldrich, St. Louis, MO) or GST tagged human active
CDK4-cyclin D1 (50 ng) (Cat#: C0620, lot:
SLBK7657V, Sigma-Aldrich) or GST tagged human
CDK4 (50 ng) (Cat#: C31-14G, lot: K127-1, Signal
Chem, Richmond, BC) or GST tagged human cyclin
D1 (50 ng) (Cat#: 009-001-153S, lot: 37136, Rockland
antibodies & assays, Limerick, PA) were incubated
with human recombinant His-RPL22 (375 ng) (Cat#:
NBP2-23419, lot: 12221401, Novus Biologicals,
Oakville, ON) in 500 pl of PB buffer (20 mM Hepes,
pH 7.5, 130 mM KCl, 5 mM MgCl,, 1 mM DTT,
0.5 mM EDTA, 0.05% NP40) and mixed using
a rotating machine at 30°C for 2 hours. Proper
amounts of glutathione-Sepharose beads (Cat#:
17-0756-01, GE Healthcare, Sweden) were washed
three times with PB buffer. Then, 10 ul of glutathione
beads and 5 pl of BSA (25% stock solution) were added
to the mix of proteins and incubation continued at
room temperature for 30 min with rotation. The beads
were then washed three times for 30 min with PB
buffer at room temperature with rotation. Then, the
appropriate quantity of 6X loading buffer (0.5 M Tris-
HCI pH6.8, 30% glycerol, 10% SDS, 1% bromophenol
blue and 15% [-mercaptoethanol) was added. The
samples were boiled for 5 min and separated by SDS-
PAGE for Western Blotting.

Real-time PCR

Total RNA extracts were prepared in TransZol
(Civic Bioscience) according to the manufacturer’s
instructions. Total RNA was reverse transcribed

and gene expression level was determined with
a LightCycler 96 (software version 1.1) Real-Time
PCR (Roche Applied Science) was performed
using SYBR Green technologies as described
before [26]. QPCR primers are presented in
Supplementary Table S1. Source data for qPCR
are presented in Supplementary Table S2.

Statistics and reproducibility

Statistical analysis (two-tailed Student’s t-test) was
performed using Excel. A value of p < 0.05 was
considered statistically significant. Experiments
were repeated at least three times.

Data availability

Source data for Figures 1(e), 2(a,b,d,e), 3(a,b), S1
(b-d) and S2(a,c) can be found in Supplementary
Table S2. All data that support the findings of this
study are available from the corresponding authors
upon reasonable request.

Results

RPL22/eL22 as a possible regulator of
CDK4-cyclin D1 complex

We recently published the interactome of the
CDK4(K35M) mutant in RSL1D1 knockdown-
induced senescent cells [16]. By using a less strin-
gent cut-off, we found other known partners of
CDK4 such as the cyclin-dependent kinase inhibi-
tor 2D (CDKN2D or INK4D), the cell division
cycle 37 (CDC37), the heat shock protein 90A
(HSP90A) and the proliferating cell nuclear anti-
gen (PCNA) (Figure 1(a) and Supplementary
Table S3). In addition to the discovery of RPS14/
uS11 as a CDK4 partner [16], we also found other
ribosomal proteins namely S3A (RPS3A or eSl1),
$4X (RPS4X), L7 (RPL7 or ul30), L15 (RPL15 or
eL15), L24 (RPL24 or el24) and L22 (RPL22 or
eL22) (Figure 1(b) and Supplementary Table S3).
Considering that RPL22/eL22 is an haploinsuffi-
cient tumor suppressor gene [19], we decided to
study its ability to regulate the cell cycle by inter-
acting and regulating the CDK4-cyclin D1 com-
plex. In order to confirm and determine the
strength of the interaction of RPL22/eL22 with
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Figure 1. RPL22/eL22 can interact with CDK4 and/or cyclin D1 (a, b) List of selected proteins found to immunoprecipitate with
a FLAG-tagged version of CDK4(K35M) from RSL1D1 knockdown-induced senescent cells classified as known interactors of CDK4 (a)
and ribosomal proteins interactors (b). (c) HEK-293T cells were transfected with vectors expressing CDK4 and 3xFLAG control, Myc-
FLAG tagged RPL22 wild type (RPL22-Myc-FLAG(WT)) or Myc-FLAG tagged RPS14 wild type (RPS14-Myc-FLAG(WT)) and immuno-
precipitated with an anti-FLAG antibody. Lysates and immunoprecipitates were immunoblotted for the indicated proteins. (d) HEK-
293T cells were transfected with vectors expressing Myc-cyclin D1 and 3xFLAG control, RPL22-Myc-FLAG(WT) or RPS14-Myc-FLAG
(WT) and immunoprecipitated with an anti-FLAG antibody. Lysates and immunoprecipitates were immunoblotted for the indicated
proteins. (e) Indirect immunofluorescence (IF) with a specific anti-Myc tag antibody showing RPL22-Myc in IMR90 cells expressing an
empty control vector (Vect) or RPL22-Myc at day 12 post-infection (representative images). Data were quantified from 3-independent
cell counts up to a total of at least 100 cells in triplicate and are presented as the mean percentage of positive cells for nucleolar
localization of RPL22-Myc + SD. Brightfield images are shown alongside. Scale bar, 10 um. (f) Inmunoblots for the indicated proteins
and ethidium bromide detection of 28S rRNA in ribosome purification by sedimentation (Pellet) or its supernatant (Sup) obtained
from extracts of IMR90 cells expressing RPL22-Myc or an empty control vector (Vect) at day 7 post-infection. Blots in C, D and F are
representative of 3 independent experiments with similar results.

CDK4 and/or cyclin D1, we overexpressed and  respectively). Much as with RPS14/uS11, RPL22/
immunoprecipitated flag-tagged versions of  eL22 can interact with CDK4 (Figure 1(c)) and
RPL22/eL22 or RPS14/uS1l in the presence of  with cyclin D1 (Figure 1(d)) in HEK-293T cells.
overexpressed CDK4 or cyclin D1 (Figure 1(c,d)  However, in both cases, RPL22/eL22 interacted
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Figure 2. RPL22/eL22 regulates senescence in normal human diploid fibroblasts and decreases proliferation of p53-null PC3 cells. (a)
Growth curves of normal human diploid fibroblasts IMR90, expressing RPL22-Myc or an empty control vector (Vect). Data are
presented as means normalized to day 0 of each condition and error bars indicate SEM, n = 3 independent experiments. (b) SA-B-gal
for cells as in (a) at day 12 post-infection. Data were quantified from 5-independent cell counts up to a total of at least 150 cells in
triplicate and are presented as the mean percentage of positive cells + SD. Scale bar, 200 pm. (c) Immunoblots of the indicated
proteins performed on cells as in (a) at day 12 post-infection. RB(pS795): RB phosphorylated on serine 795; RB(tot): total RB; H3
(pS10): histone H3 phosphorylated on serine 10; p53(pS15): p53 phosphorylated on serine 15; p53(tot): total p53; RPL22(endo):
endogenous RPL22. (d) QPCR for the indicated genes performed on reverse transcribed total RNA extracted from cells as in (a) at day
12 post-infection. Data are normalized over TBP and HMBS, and presented as means relative to vector infected cells. Error bars
indicate SD of triplicates. * = p < 0.05, using two-tailed Student’s t-test. () Growth curves of PC3 cells expressing RPL22-Myc or an
empty control vector (Vect). Data are presented as means normalized to day 0 of each condition and error bars indicate SEM, n = 3
independent experiments. (f) Immunoblots of the indicated proteins performed on cells as in (e) at day 7 post-infection. RPL22
(endo): endogenous RPL22. Blots in C and F are representative of 3 independent experiments with similar results.

less strongly than RPS14/uS11 (Figure 1(c,d)). it in the supernatant (Figure 1(f)) pointing to
Immunofluorescence in normal human fibroblasts ribosome-free RP1.22/el.22. Taken together, these
(IMR90 cells) after retroviral gene transfer of  results suggest that RPL22/eL22 could regulate
a myc-tagged version of RPL22/eL22 showed its CDK4-cyclin D1 complex.

strong nucleolar accumulation and limited nucleo-
plasmic accumulation (Figure 1(e)) while RPS14/
uS11 accumulated in the nucleoplasm in the same
experimental setting [16]. Following ribosome
purification of IMR90 cells expressing RPL22-
MYC’ we detected the myc-tagged version of The ablhty of RPL22/el.22 to interact with CDK4
RPL22/eL22 in the ribosomal fraction showing its ~ and/or cyclin D1 suggested that RP122/eL.22 could
incorporation into ribosomes but we also detected ~ induce senescence in an RB-dependent manner

RPL22/eL22 induces senescence and biomarkers
of RB pathway activation
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Figure 3. E6 or E7 can bypass RPL22/eL22-induced senescence. (a) Growth curves of IMR90 cells expressing RPL22-Myc or an empty
control vector (Vect) in combination with the expression of the viral oncoproteins E6, E7 or an empty control vector (Vect). Data are
presented as means normalized to day 0 of each condition and error bars indicate SEM, n = 3 independent experiments. (b) SA-B-gal
for cells as in (a) at day 12 post-infection. Data were quantified from 5-independent cell counts up to a total of at least 150 cells in
triplicate and are presented as the mean percentage of positive cells = SD. Scale bar, 200 um. (c) Immunoblots of indicated proteins
performed on cells as in (a) at day 12 post-infection. RB(tot): total RB; H3(pS10): histone H3 phosphorylated on serine 10; p53(tot):
total p53; RPL22(endo): endogenous RPL22. (d) Immunoblots of indicated proteins performed on IMR90 cells expressing RPL22-Myc
or an empty control vector (Vect) in combination with the expression of a control shRNA (shNTC), a shRNA against p53 (shp53) or
a shRNA against RB (shRB) at day 12 post-infection. RB(tot): total RB; H3(pS10): histone H3 phosphorylated on serine 10; p53(tot):
total p53; RPL22(endo): endogenous RPL22. Blots in C and D are representative of 3 independent experiments with similar results.

similarly to RPS14/uS11 [16]. To investigate this
possibility, we used retroviral gene transfer to
express RPL22/eL22 in IMR90 cells. We found
that RPL22/eL22 induced proliferation defects
(Figure 2(a)) and many senescence biomarkers,
including: an accumulation of cells positive for
senescence-associated beta-galactosidase (SA-{-
gal) (Figure 2(b)), a reduction in RB phosphoryla-
tion, a decrease in the levels of the E2F target
genes MCM6, FANCD2 and CENPA, a reduction
in the levels of the mitotic marker H3-pS10 and
a downregulation of KI67 expression (Figure 2(c,
d) and Supplementary Figure S1(a)). Despite the
detection of many markers of senescence, RPL22/
el.22 expression did not lead to p53 accumulation
or to its phosphorylation on serine 15 (Figures 2Cc

and Supplementary Figure S1(a)) and we did not
detect transcriptional induction of its target genes
p21 (also known as CDKNI1A) or GADDA45A
(Figure 2(d)). Moreover, we did not observe strong
evidence of PML bodies or DNA damage foci
accumulation (Supplementary Figure S1(b,c)) nor
did we detect any strong increase in the expression
of SASP components (Supplementary Figure Sl
(d)). In addition, low and stable expression of
RPL22/eL22 reduced proliferation in p53-null
PC3 cells (Figure 2(e,f)). The tumor suppressor
role of RPL22/el22 suggests that its depletion
could lead to better proliferation capability but in
fact its depletion decreased proliferation of IMR90
or PC3 cells (Supplementary Figure S2) reflecting
its essential role in protein biosynthesis and cell
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growth. Together, these results suggest that
RPL22/eL22, as RPS14/uS11 [16], induces cellular
senescence through CDK4 inhibition and RB
hypophosphorylation.

RPL22/elL22-induced senescence engages both
the RB and the p53 tumor suppressor pathways

RPL22/el.22 has been shown to form a complex with
the E3 ligase MDM2, the ribosomal proteins RPL5/
uL18 and RPL11/uL5 and to synergize with RPL11/
uL5 in the activation of p53 [9]. Considering that p53
can be activated without significant stabilization
[28], it is impossible to completely exclude a role
for p53 in RPL22/eL22-induced senescence from
our initial results (Figure 2). In order to investigate
this possibility and the preponderance of the RB or
the p53 tumor suppressor pathways in the establish-
ment of RPL22/eL22 senescence, we generated
IMROI0 cells stably expressing RPL22/eL.22 in combi-
nation with papillomavirus oncoproteins E6 or E7.
The E6 oncoprotein is known to disables p53 func-
tions, whereas E7 inactivates the RB pathway [29]. In
this model, we found that both E6 or E7 efficiently
prevented reduced proliferation (Figure 3(a)) and
accumulation of flat cells positive for SA-p-gal
(Figure 3(b)) caused by enforced expression of
RPL22/eL22. These oncoproteins also rescued the
levels of the E2F target gene MCM6 and of the
mitotic marker H3-pS10 (Figure 3(c)). Then, we
generated IMRO0 cells stably expressing RPL22/
eL22 in combination with shRNAs targeting p53 or
RB. Once again, we found that depletion of p53 or
RB rescued the levels of MCM6 and H3-pS10
(Figure 3(d)) consolidating the result obtained with
E6 and E7 (Figure 3(a—c)). Taken together, these
results suggest that RPL22/eL.22-induced senescence
relies in part on activation of both p53 and RB
pathways.

RPL22/elL22 is a CDK4 inhibitor

Because RPL22/el.22 and RPS14/uS11 were both
recovered from the same CDK4 immunoprecipitate
in RSLID1 knockdown-induced senescence, were
both found to interact with CDK4 and/or cyclin D1
(Figure 1) and were each able to induce a senescence
phenotype in normal cells (Figure 2 and [16]), we
hypothesized that RPL22/eL22 could be a direct

CDK inhibitor much like RPS14/uS11 [16]. To
demonstrate this, we established an in vitro kinase
assay using purified recombinant proteins. We
observed that RPL22/eL.22 can effectively inhibit the
CDK4-cyclin D1 phosphorylation of an RB fragment
in a dose-dependent manner although less effectively
than palbociclib (Figure 4(a)). Finally, to investigate
a direct interaction of RPL22/eL.22 with CDK4, cyclin
D1 or the complex CDK4-cyclin D1, we performed
GST-pull down assays with purified recombinant pro-
teins. As reported for RPS14/uS11 [16], RPL22/el.22
can bind to both CDK4 or cyclin D1 alone but also
with the complex CDK4-cyclin D1 (Figure 4(b)).
These results suggest that RPL22/eL.22 can act like
a cyclin-dependent kinase inhibitor (CKI) of the
INK family that binds CDK4 and also of the CIP/
KIP family which binds to CDK-cyclin complexes
(Figure 4(c)). The fact that RPL22/eL.22 and RPS14/
uS11 bind to cyclin D1 alone suggest another family
we named PRICC (Protein Ribosomal Inhibitor of
CDK-Cyclin) (Figure 4(b,c)) [16]. Taken together,
these results show that RPL22/eL.22 can directly bind
and inhibit the CDK4-cyclin D1 kinase activity.

Discussion

Senescent cells are characterized as non-
proliferative with a high rate of proteins synthesis
and defects in ribosome biogenesis [16,30,31]. The
SARD phenotype led to the discovery that seven
ribosomal proteins can interact with CDK4 in
senescent cells. Among them, we previously char-
acterized RPS14/uS11, which can accumulate in the
nucleoplasm of senescent cells and contribute to the
cell cycle arrest through inhibition of CDK4-cyclin
D1 complex and RB phosphorylation (Figure 4(d))
[16]. In parallel, RPL22/eL22 was identified as
a partner of CDK4, suggesting an additional
mechanism that explains the tumor suppressor
role of this protein (Figure 1(b-d)) [9]. Effectively,
RPL22/el22 can directly inhibit CDK4-cyclin D1
kinase activity and its expression induces senes-
cence in IMR90 cells through hypophosphorylation
of RB without significant activation or stabilization
of p53 (Figures 2(a—-d) and 4). Moreover, RPL22/
eL22 can decrease proliferation of p53-null PC3
prostate cancer cells, suggesting a p53-independent
control of cell cycle progression (Figure 2(e,f)).
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a GST-CDK4/GST-cyclin D1
(0.5 ug)

GST-RB (773-928) (1 ug) + - + + + +

Palbociclib (1 uM) - - + - - -

HIS-RPL22 (ug) - - - 005 0.15 045

S

- CDK4-cyclin D1

RB (773-928)

RPL22
b RPL22
GST+ - - - + - - -
GST-cyclinD1 - + - + - + - +
GST-CDK4 - -
Input (5%) GST pull-down
c CIP/KIP type
CDK Interacting Protein/ INK type

Kinase Inhibitory Protein Inhibitors of CDK

‘?‘?\:ﬂ ‘?\} ?\?\‘.

PRICC type
Protein Ribosomal Inhibitor of CDK-Cyclin

d
RPL5
N;cleolar RPL11 Cell Cycle Arrest
tress RPL23 _ > Apoptosis
* RPL26 Senescence
RPS7
RPS3 /\
( :
: RPS14 Cell Cycle Arrest
Ribosomal —| RB
Proteins RPL22 Senescence

Figure 4. RPL22/eL22 directly binds and inhibits CDK4-cyclin D1 complex. (a) Immunoblots of the indicated proteins after in vitro
kinase assay containing ATP and GST-CDK4 and GST-cyclin D1, with or without GST-RB (773-928), palbociclib and HIS-RPL22. RB
(pS795): RB phosphorylated on serine 795. (b) In vitro GST pull-down of recombinant GST, GST-cyclin D1 and/or GST-CDK4 and
recombinant HIS-RPL22 using glutathione beads. Lysate and pull-down were immunoblotted for the indicated proteins. (c) Model
showing interactions between RPL22 and cyclin D1, CDK4 or CDK4-cyclin D1. (d) Model showing how nucleolar stress can lead to
activation of p53 and RB tumor suppressor pathways. Blots in A and B are representative of 3 independent experiments with similar
results.
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It is reported that RPL22/el.22, like RPS14/uS11
and many other ribosomal proteins, can bind
MDM2 to inhibit its E3 ligase activity, leading to
p53 stabilization after nucleolar stress (Figure 4(d))
[8,9,32-35]. We show that RPL22/el22-induced
senescence can be overcome by the papillomavirus
oncoproteins E6 or E7 which, respectively, inacti-
vate the p53 or RB tumor suppressor pathways
(Figure 3(a—c)). These results imply that both path-
ways are implicated in the establishment of RPL22/
el22 senescence and that RPL22/el22 expression
could have subtle effects on p53 activation or p53/
MDM2 interaction, which were not detected in our
experimental setting (Figure 4(d)). Short treatment
with Nutlin-3 can cause p53 activation without
significant stabilization [28] and we propose that
RPL22/el22 could act in a similar manner. An
alternative explanation is based on the report that
RPL22/el22 binds p53 mRNA and inhibits its
translation [36]. In this scenario, any stabilization
of p53 via MDM2 inhibition by RPL22/eL22 is
cancelled by inhibition of p53 mRNA translation.

The discovery of a second ribosomal protein
linking the SARD to cell cycle regulation is signif-
icant and could lead to the development of small
molecules or peptides mimicking their CDK inhi-
bitory effects. Unlike RPS14/uS11 which accumu-
lates in the nucleoplasm, RPL22/eL22 accumulates
in the nucleolus when overexpressed. It is plausible
that RPL22/eL22 control a nucleolar pool of
CDK4-cyclin D, which is known to phosphorylate
the nucleolar transcription factor UBF [37]. We
anticipate that other ribosomal proteins might tar-
get different CDKs to strengthen the anti-
proliferative effects induced by nucleolar stresses
or ribosome biogenesis defects. Our work provides
a rationale for identification of cell cycle regulators
and development of anticancer therapy.
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