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Abstract

Dysfunction of the ribosome manifests during cellular senescence and contributes to tissue aging, functional decline, and development of aging-
related disorders in ways that have remained enigmatic. Here, we conducted a comprehensive CRISPR-based loss-of-function (LOF) screen of
ribosome-associated genes (RAGs) in human mesenchymal progenitor cells (hMPCs). Through this approach, we identified ribosomal protein
L22 (RPL22) as the foremost RAG whose deficiency mitigates the effects of cellular senescence. Consequently, absence of RPL22 delays
hMPCs from becoming senescent, while an excess of RPL22 accelerates the senescence process. Mechanistically, we found in senescent
hMPCs, RPL22 accumulates within the nucleolus. This accumulation triggers a cascade of events, including heterochromatin decompaction
with concomitant degradation of key heterochromatin proteins, specifically heterochromatin protein 1y (HP1vy) and heterochromatin protein
KRAB-associated protein 1 (KAP1). Subsequently, RPL22-dependent breakdown of heterochromatin stimulates the transcription of ribosomal
RNAs (rRNAs), triggering cellular senescence. In summary, our findings unveil a novel role for nucleolar RPL22 as a destabilizer of heterochromatin
and a driver of cellular senescence, shedding new light on the intricate mechanisms underlying the aging process.
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Introduction

Cellular senescence is a state of irreversible growth arrest that
results from a variety of stresses (1-6). Senescent cells accu-
mulate across tissues during aging, ultimately leading to func-
tional decline of organs and aging-related diseases (7-11).
Conversely, clearance of senescent cells has been reported to
efficiently attenuate pathological conditions and extend lifes-
pan (12-15). As stem cells are characterized by self-renewal
and regenerative properties that maintain tissue homeosta-
sis (16,17), exhaustion of stem cells and functional deficien-
cies in stem cell properties have been recognized as drivers
of aging (18-20). Within most if not all human organs and
tissues, hMPC is a type of regenerative multipotent stem cell
defined by its capability of differentiating into chondrocytes,
adipocytes and osteoblasts in vitro (21-23). Consequently,
hMPC senescence has been implicated as a culprit in tissue de-
generation and proposed as a therapeutic target for geropro-
tection (24-26). Hence, alleviating hMPC senescence could be
conducive for aging reprogramming and as an intervention
strategy in aging-related diseases.

The ribosome is a molecular machine that translates mRNA
into protein (27). It contains 4 rRNAs and 80 ribosomal pro-
teins (RPs) and plays a fundamental role in the control of
cell growth, survival and homeostasis in mammalian organ-
isms. After translation in the cytoplasm, RPs are transported
into the nucleus, where they assemble with rRNAs to form
functional ribosome subunits. Each ribosome consists of two
different subunits, a small one and a large one. The small ri-
bosomal subunit (40S), composed of 18S rRNA and 33 RPs
(28), recognizes and decodes messenger RNA (mRNA) by
aminoacyl-transfer RNA (tRNA). The large ribosomal sub-
unit (60S), consisting of 55, 5.8S and 28S rRNA and 47 RPs,
executes the formation of the peptide bond. The 40S and 60S
subunits are transported into the cytoplasm to form the ma-
ture 80S ribosome (29). Evidence supports that ribosome bio-
genesis is altered in cancer development and control of skele-
tal muscle mass (30-33). Importantly, disordered ribosome
biogenesis and accumulation of RPs are also known to be
involved in aging (33-37). Yet, how machinery of ribosome
biogenesis regulates cellular senescence remains unclear, espe-
cially in the context of human stem cells.

In the nucleus, the nucleolus is the primary site for ribo-
some biogenesis. The nucleolus is a specific nuclear organelle

containing ribosomal DNA (rDNA), a highly repetitive DNA
sequence also called nucleolar organizer regions (NORs) (38—
40). In the process of ribosome biogenesis, rRNAs are tran-
scribed from 47S rRNA genes and cleaved to form 5.8S, 18S
and 28S rRNAs, while 5S rRNA is synthesized in the nucle-
oplasm (41). In general, the transcription activity of rDNA is
regulated by chromatin state and epigenetic modifications, as
well as nucleolar structure (42—44). Accumulating evidence in-
dicated that loss of rDNA heterochromatin, rRNA activation,
and nucleolar hypertrophy are biomarkers of cellular senes-
cence (45-50).

CRISPR/Cas9-based genetic screening has become an es-
tablished and powerful approach to uncovering regulatory
networks in many biological processes (51-54). In this study,
we performed a CRISPR-based LOF screen that targeted pro-
teins associated with ribosomes in senescent hMPCs and iden-
tified that deficiency of RPL22 ameliorates hMPC senescence.
We demonstrated that RPL22 is translocated into nucleolus,
which results in degradation of KAP1 and HP1vy, followed
by heterochromatin decondensation, expression of rRNA and
alteration of nucleolar morphology, which ultimately leads
to senescence. Overall, our analysis illustrates the regulatory
function of RPL22 in rRNA transcription and nucleolar archi-
tecture during hMPC senescence, suggesting a potential target
for intervention therapies in aging-associated disorders.

Materials and methods

CRISPR/Cas9-based screening in hMPCs

For our CRISPR screen, we first constructed a RAGs library
containing single guide RNAs (sgRNAs) targeting ribosome-
related genes and based on the lentiCRISPRv2 plasmid (Ad-
dgene # 52961) as previously described (55,56). Then, we ob-
tained a lentivirus library and infected senescent hMPCs at a
low multiplicity of infection (MOI) (0.3) to ensure that one
cell receives no more than one sgRNA. At the same time, we
set up a control in which hMPCs were transduced with non-
targeting control (NTC) at the same MOI. After two days,
the cells transduced with sgRNA were put under puromycin
selection (1 pg/ml) (InvivoGen) for six days, after which the
cells switched to fresh medium without puromycin and pas-
saged until the control cells underwent growth arrest. We har-
vested cells at different time points and extracted the genomic
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DNA using TIANamp Genomic DNA Kit (TTANGEN), ac-
cording to the manufacturer’s protocol. Finally, the sgRNA
library was constructed as previously described (53). The top
enriched genes are listed in Supplementary Table S1.

Lentivirus packaging

HEK293T cells were co-transfected with lentiviral plasmids
(including lentiviral overexpression plasmids, lentiCRISPRv2
plasmids or lentiviral shRNA plasmids), lentiviral vectors
psPAX2 (Addgene # 12260) and pMD2.G (Addgene #
12259). The supernatant was collected at 24, 48 and 72 h,
and filtered with a 0.45 um membrane followed by centrifu-
gation at 19400 rpm for 2.5 h to collect lentiviral particles,
which were resuspended with PBS and stored at -80°C.

Cell culture

Human embryonic stem cells (hESCs, Wild-type, Line H9,
from WiCell Research) and RPL22~/~ hESCs were cultured
on mitomycin C (Selleck)-inactivated mouse embryonic fi-
broblast (MEF) feeders with hESC culture medium: 80%
DMEM/F12 (Gibco), 20% Knockout serum replacement
(Gibco), 2 mM GlutaMAX (Gibco), 0.1 mM non-essential
amino acids (NEAA, Gibco), 55 uM B-mercaptoethanol (In-
vitrogen), 10 ng/ml bFGF (Joint Protein Central, JPC), and
1% penicillin/streptomycin (Gibco); hESCs were also cul-
tured on Matrigel (BD Biosciences) with mTeSR medium
(STEMCELL Technologies). hMPCs were cultured with cul-
ture medium containing 90% o«-MEM medium with Glu-
taMAX (Gibco), 10% fetal bovine serum (FBS, Gibco), 0.1
mM NEAA, 1% penicillin/streptomycin and 1 ng/ml bFGF
on Gelatin (Sigma)-coated plates. Human coronary artery
endothelial cells (hCAECs) and human umbilical vein en-
dothelial cells (WUVECs) were cultured with Endothelial Cell
Growth Medium-2 BulletKit™ (Lonza, CC-3162).

Generation of RPL227/- hESCs

CRISPR /Cas9-mediated gene editing was performed as pre-
viously described (57,58). In brief, sgRNA targeting the first
exon of the RPL22 gene was cloned into the pCAG-mCherry-
gRNA vector (Addgene # 87110). Before electroporation, H9-
hESCs were treated with ROCK inhibitor Y-27632 (Selleck)
for 8 h in mTeSR and dissociated into single cells with Try-
pLE Express (Gibco). 5 x 10° hESCs were co-electroporated
with 7 pg pCAG-mCherry-sgRPL22 vectors and 14 ug pCAG-
1BPNLS-Cas9-1BPNLS-2AGFP (Addgene # 87109) vectors
by 4D-Nucleofector (Lonza). Subsequently, hESCs were cul-
tured on Matrigel-coated plates treated with ROCK inhibitor
Y-27632 in mTeSR. After 48 h, mCherry/GFP-double-positive
hESCs were sorted (FACS, BD, Aria II). The deletion of RPL22
was confirmed by DNA sequencing and western blot analysis.
The sgRNA sequence for RPL22 and primers for DNA se-
quencing are listed in Supplementary Table S2.

Generation and characterization of hMPCs

Differentiation of RPL22*/* and RPL227/- hMPCs was per-
formed as described previously (59). Briefly, embryoid bod-
ies (EBs) were generated from hESCs and transferred to
Matrigel-coated plates with hMPCs differentiation medium
containing 90% o-MEM medium with GlutaMAX, 10%
FBS (Gibco), 0.1 mM NEAA, 1% penicillin/streptomycin,
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10 ng/ml bFGF and 5 ng/ml TGF-$ (PeproTech). After 10
days, confluent fibroblast-like cells were collected and trans-
ferred to Gelatin-coated plates with hMPCs culture medium.
Then, CD73/CD90/CD105 triple-positive cells were sorted
by FACS (BD, Aria II). Antibodies used for FACS included
anti-CD73 (BD Biosciences, 550741), anti-CD90 (BD Bio-
sciences, 555595) and anti-CD1035 (eBioscience, 17-1057).

Methods for differentiation of hMPCs into adipocytes,
chondrocytes and osteoblasts have been described previously
(60,61). Here, we characterized adipocytes with Oil red O
staining (Sigma-Aldrich), chondrocytes with toluidine blue
staining (Sigma-Aldrich), and osteoblasts with Von Kossa
staining (Genmed Scientifics, GMS80045.3).

Western blot analysis

1 x 10° cells were lysed with 1 x SDS lysis buffer (62.5
mM Tris-HCI, pH 6.8, 10% glycerol, 2% SDS and 2% B-
mercaptoethanol) and denatured with thermomixer at 105°C
for 10 min. Total protein was quantified with the BCA quan-
tification kit (Dingguo Biotechnology, BCA02). 20 ug of total
protein was subjected to SDS-PAGE and electro-transferred to
PVDF membranes (Millipore). After blocking with 5% skim
milk (powder from BBI Life Sciences) at room temperature for
1 h, the membrane was incubated with primary antibodies at
4°C overnight followed with horseradish peroxidase (HRP)-
conjugated secondary antibodies at room temperature for 1
h. The visualization and data processing were performed with
ChemiDoc XRS system (Bio-Rad) and analyzed with Image].

Primary antibodies used for western blot are anti-
RPL22 (Proteintech, 25001-1-AP), anti-Lamin B1 (Abcam,
ab16048), anti-LAP2 (BD Bioscience, 611000), anti-P21 (Ab-
cam, ab188224), anti-P16 (BD Bioscience, 550834), anti-
H3K9me3 (Abcam, ab8898), anti-H3 (Abcam, ab1791), anti-
KAP1 (Abcam, ab22553), anti-HP1y (Cell Signaling Technol-
ogy, 2619), anti-B-Tubulin (Immunoway, YM3030) and anti-
Flag (Sigma-Aldrich, F1804). HRP-conjugated secondary an-
tibodies are goat-anti-mouse (ZSGB-BIO, ZB2305) and goat-
anti-rabbit (ZSGB-BIO, ZB2301).

SA-3-Gal staining

SA-B-Gal staining was performed as described previously
(62,63). In brief, cells were washed with PBS and fixed for
5 min by fixation buffer (2% formaldehyde and 0.2% glu-
taraldehyde in PBS) at room temperature. Then, fixed cells
were stained by SA-B-Gal staining buffer at 37°C overnight.
The percentages of SA-B-Gal-positive cells were quantified by
Image].

Clonal expansion assay

Clonal expansion assay was performed as described previ-
ously (64). In brief, 2 000 hMPCs were seeded in Gelatin-
coated plates (Corning, 12-well), and cultured for approxi-
mately 10 days. Then, cells were fixed with 4% paraformalde-
hyde (PFA) for 30 min at room temperature, and stained with
crystal violet (Biohao, C0520) for 1 h at room temperature.
After washing with PBS, the images were scanned by Epson
Perfection V370 Photo (EPSON). The relative cell density was
quantified by Image].
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Immunofluorescence staining and microscopy
analysis
Cells seeded on microscope coverslips were washed twice in
PBS and fixed with 4% PFA for 15 min. After permeabilizing
with 0.4% Triton X-100 for 15 min, and blocking with 10%
donkey serum (Jackson ImmunoResearch Laboratories) for 1
h at room temperature, cells were incubated with primary an-
tibodies at 4°C overnight, followed by washing and incuba-
tion with fluorescence-labeled secondary antibodies at room
temperature for 1 h. Hoechst 33342 (Invitrogen) was used to
visualize nuclei. Images were taken with a ZEISS LSM900 or
a Leica SP5 confocal microscope. The percentage of positive
cells or the intensity of signals were quantified by Image].
Primary antibodies used for immunostaining are anti-
OCT4 (Santa Cruz Biotechnology, sc-5279), anti-SOX2
(R&D, MAB2018), anti-NANOG (Abcam, ab109250), anti-
TUJ1 (Abcam, ab78078), anti-SMA (ZSGB-BIO, ZM-0003),
anti-FOXA2 (Cell Signaling Technology, 8186S), anti-RPL22
(Proteintech, 25001-1-AP), anti-Ki67 (ZSGB-BIO, ZM-
0166), anti-H3K9me3 (Abcam, ab8898), anti-LAP2 (BD Bio-
science, 611000), anti-Nucleolin (Santa Cruz Biotechnology,
sc-8031), anti-S3BP1 (Bethyl Laboratories, A300-273A) and
anti-yH2AX (Millipore, 05-636). Secondary antibodies used
for immunostaining are Alexa Fluor 488 donkey anti-mouse
(Invitrogen, A21202), Alexa Fluor 568 donkey anti-goat (In-
vitrogen, A11057), Alexa Fluor 647 donkey anti-rabbit (In-
vitrogen, A31573) and Alexa Fluor 568 donkey anti-rabbit
(Invitrogen, A10042).

Plasmid construction

For ectopic overexpression of RPL22, KAP1 and HP1vy, cD-
NAs were cloned from wild type hMPCs by PrimeSTAR HS
DNA Polymerase (Takara, R044A) and then cloned into pLE4
vector (a gift from Tomoaki Hishida). The primer sequences
used here are listed in Supplementary Table S2. RPL22AN%/C8
RPL22™88A and RPL22™1316 were constructed by GenScript.
The sequence information was verified by DNA sequencing.

For lentivirus-mediated CRISPR knock-out, sgRNAs tar-
geting RPL22 were cloned into lentiCRISPRv2. The sequences
of sgRPL22 are listed in Supplementary Table S2.

For lentiviral shRNA-mediated knock-down, shRNAs tar-
geting KAP1 or HP1y mRNAs were cloned into the pPLVTHM
vector (Addgene # 12247). The sequences of shRNAs are
listed in Supplementary Table S2.

Enzyme-linked immunosorbent assay (ELISA)

For detection of IL-6 secretion, 1 x 10° hMPCs were seeded
in Gelatin-coated 6-well plates (Corning), and cultured for 48
h. Then, the cell culture supernatant was collected and filtered
with a 0.2 pm filter. Subsequently, the secretion level of IL-
6 was measured according to the manufacturer’s instructions
(Biolegend, 430515).

Telomere length analysis

The telomere length was analyzed as described previously
(65). Briefly, genomic DNA was extracted using TIANamp
Genomic DNA Kit (TIANGEN, DP304). Then, quantified
PCR (qPCR) was performed by Quant Studio 5 (Applied
Biosystems). The primers for telomere length analysis are
listed in Supplementary Table S2.
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EdU staining analysis

DNA replication was gauged by EdU staining, following Bey-
otime’s (C0071L) guidelines. hMPCs were exposed to 10 uM
EdU in culture medium for 2-3 h. Cells were then fixed with
4% PFA for 15 min. A click reaction mixture (86 % buffer, 4%
CuSOy4, 10% additive, and 1 pl Azide 488) was applied and
incubated for 30 min in the dark at room temperature. After
washing with PBS, nuclei were stained with Hoechst 33342.
Analysis was completed using confocal microscopy and flow
cytometry.

Chromatin immunoprecipitation (ChlP)

1 x 10° hMPCs were collected and cross-linked with 1%
formaldehyde (Sigma-Aldrich) for 10 min at room tempera-
ture followed with 0.125M glycine (VWR International) for
10 min at 4°C. Next, cells were lysed for 10 min on ice and
chromosomes were fragmented to a target peak size of 100-
500 bp by S220 focused-ultrasonicator (Covaris). Protein-
DNA mixture was incubated with antibody-conjugated Dyn-
abeads Protein A (Thermo Fisher Scientific, 10006D) at 4°C
overnight. Then, the protein-DNA cross-links were digested
with proteinase K for 2 h at 68°C. DNA was purified with
ethanol and used for qPCR analysis or sequencing. The
primers used for ChIP-qPCR are listed in Supplementary
Table S2.

For ChIP-seq, library construction was performed accord-
ing to the manufacturer’s instructions of KAPA Hyper Prep
Kit (KAPA, KK8504) and sequenced through the DNBSEQ-
T7 platform.

Antibodies used for ChIP: anti-RPL22 (Proteintech, 25001-
1-AP), anti-KAP1 (Abcam, ab22553), anti-HP1vy (Cell Signal-
ing Technology, 2619), anti-H3K9me3 (Abcam, ab8898) and
anti-Flag (Sigma-Aldrich, F1804).

Northern blot analysis

Northern blot analysis was conducted according to standard
protocols (66). In summary, 20 pg of total RNA, extracted
with TRIzol Reagent (Ambion, 15596018), was combined
with RNA loading buffer, denatured at 70°C for 5 min, and
rapidly chilled on ice. The RNA was loaded onto a 1.2%
agarose gel and subjected to electrophoresis at 120 V for 1
h in MOPS buffer (Beyotime, ST468-500ml). RNA transfer
to a nylon membrane (Millipore) was achieved by capillary
action in 20 x SSC buffer (3M NaCl, 0.3M Citric acid, pH
7.0-7.5) for 16 h. The RNA on the membrane was crosslinked
at 120 mJ/cm? using an XL-1000 UV crosslinker (Spectron-
ics Corporation). The membrane was pre-hybridized in DIG
Easy Hyb solution (Roche, 1179695001) at 42°C for 4 h. Hy-
bridization with DIG-labeled probes, prepared with the PCR
DIG PROBE SYNTHESIS KIT (Roche, 11636090910) (65),
occurred at 42°C for 20 h. After hybridization, the mem-
brane underwent low and high stringency washes. It was
then blocked with blocking reagent (Roche, 11096176001)
for 4 h at room temperature before incubation with alkaline
phosphatase-conjugated anti-digoxigenin antibody (Roche,
11093274910) for 0.5 to 1 h. Visualization was completed
with CDP star reagent (Roche, 12041677001) using the
ChemiDoc XRS system. Probe sequences are detailed in
Supplementary Table S2.
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Agarose gel electrophoresis of rRNA

Total RNA was extracted from equal number of cells (1 x
10°) with TRIzol Reagent and subjected to agarose gel elec-
trophoresis. Then, the visualization and data processing of
electrophoresis were performed with a ChemiDoc XRS sys-
tem (Bio-Rad) and analyzed with Image].

Surface sensing of translation (SUnSET) analysis

SUnSET analysis was performed as described previously (67).
In brief, cells were collected after treatment with 2 pg/ml
puromycin for 15 min. The negative control cells were treated
with 100 pg/ml cycloheximide (CHX) for 5 min before 2
ug/ml puromycin treatment. Cells were subsequently har-
vested for western blot analysis. Total protein stained with
coomassie brilliant blue was used as the loading control.

Co-immunoprecipitation (Co-IP) analysis

Co-IP analysis was performed as described previously (68).
For exogenous Co-IP, HEK293T cells were transfected with
expressing plasmids. After 72 h, cells were harvested and lysed
in lysis buffer (40 mM HEPES, pH 7.5, 120 mM NaCl, 0.3%
CHAPS, 1 mM EDTA, 1 mM PMSF and complete protease
inhibitor cocktail (Roche, 4693159001) on a rotator for 2
h at 4°C. After centrifuging at 12000 g at 4°C for 30 min,
the supernatant was collected and anti-FLAG M2 Affinity Gel
(Sigma-Aldrich, A2220) was added and incubated on a rota-
tor at 4°C overnight. Subsequently, interacting proteins were
eluted by FLAG peptides (Sigma-Aldrich, F3290) and western
blot analysis was performed.

For endogenous Co-IP, RPL22*/* and RPL227/- hMPCs at
the early passage (EP, P3) were collected and lysed as de-
scribed above. Then, the supernatant was incubated with anti-
RPL22 antibody at 4°C overnight. Subsequently, cell super-
natant mixed with anti-RPL22 antibody was incubated with
Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology,
sc-2003) at 4°C for 2 h. Finally, the interacting protein was
eluted with 1 x SDS lysis buffer at 105°C for 10 min and
western blot analysis was performed.

Liguid chromatography tandem-mass spectrometry
(LC-MS/MS) analysis

Proteins obtained by Co-IP were subjected to SDS-PAGE gel
electrophoresis and coomassie brilliant blue staining. After de-
colorization, gel bands containing the protein of interest were
excised and subjected to dehydration (100% acetonitrile), re-
duction (10 mM DTT in 25 mM NH4HCOj; at 56°C for 45
min) and alkylation (10 mM DTT in 25 mM NH4HCOj; at
56°C for 45 min). The target protein was then digested by
sequencing grade modified trypsin (Worthington) in 25 mM
NH4HCOj5 at 37°C overnight. The enzymatic reaction was
then terminated with formic acid, and mass spectrometry was
conducted by nano LC-Q EXACTIVE (Thermo Fisher Scien-
tific) equipped with a nano-ES ion source (Proxeon Biosys-
tems). Raw files were processed using MaxQuant software
(version 1.3.0.5). The resulting peak list files were analyzed
using Thermo Proteome Discoverer (version 1.4.0.288) based
on the UniProt-proteome-human database. The required false
discovery rate (FDR) at the peptide and protein level was set at
1%, and the minimum length of the obtained peptide was set
at 7 amino acids. Each proteome requires at least one unique
or razor peptide for protein identification.
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Proteins not found in the control group but highly abun-
dant in the RPL22 experimental group were identified as
RPL22-interacting proteins. RPL22-interacting proteins are
listed in Supplementary Table S3. GO cellular component
(CC) analysis was performed on the identified proteins using
Metascape.

Copy number variation (CNV) analysis

For CNV analysis, genomic DNA was extracted using
TIANamp Genomic DNA Kit (TTANGEN, DP304). Then, li-
brary construction was performed and sequenced through Il-
lumina NovaSeq 6000 platform.

Trim Galore (version 0.5.0) software (https:/github.com/
FelixKrueger/TrimGalore) was initially utilized to filter the
reads in whole genome sequencing (WGS) data. Using
Bowtie2 (version 2.2.9) software (69), the remaining superior
reads were mapped to the human reference genome (hg19).
The sam file was then converted into bam file using the Sam-
tools (version 1.3.1) program (70). ReadCounter in HMM-
copy_utils was used to count the number of reads for each
500-kb bin size. The R tool HMMcopy (version 1.28.1) was
used for CNV analysis.

CRISPR screening analysis

MAGeCK (version 0.5.9.2) was used to calculate the CRISPR-
based screening sequencing data (71). The data (reproducible
data separated by spaces) was first trimmed and counted by
the ‘count’ subcommand. Then, using the ‘test’ subcommand,
we ran a statistical test on a supplied count table. Finally, we
used the positive rate to rank the calculated findings and con-
sidered genes with P value <0.05 to be significant.

RNA-seq analysis

For RNA-seq, total RNA was extracted from cells with TRI-
zol Reagent. Then, library construction was performed ac-
cording to the manufacturer’s instructions of Next Ultra RNA
Library Prep Kit for Illumina (NEB) and sequenced through
the Illumina NovaSeq 6000 platform.

Trim Galore (version 0.5.0) was used for trim and qual-
ity control of RNA-seq data from RPL227/- hMPCs. HISAT2
(version 2.0.4) (72) software was used to map clean data to
the hg19 reference genome. HTSeq (version 0.11.0) (73) was
used to calculate the number of reads mapped to each gene.
DEseq2 (version 1.30.1) (74) was used to calculate differen-
tially expressed genes (DEGs) with a criterion of an adjusted P
value <0.05 and llog; (fold change)l >0.5. RNA-seq raw data
from RPL22-overexpressed hMPCs was trimmed by Trim Ga-
lore (version 0.6.7) software. Clean data was mapped to the
hg19 reference genome by HISAT2 (version 2.2.1) software.
The reads mapped to each gene were calculated using feature-
Counts (version 2.0.1) software (75). DEseq2 was used to cal-
culate DEGs with a criterion of an adjusted P value <0.05 and
llog, (fold change) | >0.5. Metascape (76) was used for an
enrichment analysis of Gene Ontology (GO) terms and path-
ways. The DEGs are listed in Supplementary Table S4. The
DEGs of RNA-seq have been uploaded to the Aging Atlas and
Regeneration Roadmap databases (77,78).

H3K9me3 ChlP-seq data analysis

Trim Galore was used for quality control and adapter re-
moval on H3K9me3 ChIP-seq data. In order to explore the


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae740#supplementary-data
https://github.com/FelixKrueger/TrimGalore
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae740#supplementary-data

11486

signals (RPKM, reads per kilobase per million mapped reads)
in rDNA region, we reviewed the previous article (79) and
assembled the rDNA region (GenBank: U13369.1) on chro-
mosome 13 of hgl9, which we named ‘hgl9_plusrDNA’.
Bowtie2 (version 2.2.9) was used to align the remaining reads
to hg19_plusrDNA. To lessen the offset, we collected the iden-
tical number of reads for subsequent analysis (35000000
for H3K9me3 ChIP-seq). We used deepTools (version 2.5.4-
2-5ee467f) to convert bam files to bw files, and generated
heatmap files with deepTools before optimization with R.

Statistical analyses

All data are shown as the means + SEMs. Two-tailed unpaired
Student’s ¢ test was performed by GraphPad Prism (version 8).
P value <0.05 is considered statistically significant. *P <0.035;
**P <0.01; ***P <0.001; ns: not significant.

Results

CRISPR/Cas9 screening identifies RPL22 as a driver
of human stem cell senescence

To systematically investigate how genes related to ribo-
some biogenesis function during senescence, we performed a
CRISPR /Cas9-based LOF screen in hMPCs. Firstly, we con-
structed a pooled library (RAGs library) that consisted of
995 sgRNAs targeting 332 genes related to ribosome synthe-
sis, transport, and assembly (Figure 1A and Supplementary
Figure S1A). Then, we transduced the RAGs library into
replicative-senescent (RS) hMPCs with a multiplicity of infec-
tion (MOI) of 0.3 (56). Meanwhile, as a control, we trans-
duced non-targeting control (NTC) sgRNAs into cells with
the same MOI. After puromycin selection, we serially pas-
saged the transduced RS hMPCs for 10 weeks, which is the
time point when control cells undergo growth arrest (Fig-
ure 1A). To identify genes whose disruption prevents cellu-
lar senescence, we assessed the sgRNA presentation from cells
collected at 2 weeks, 5 weeks, 8 weeks and 10 weeks by DNA
sequencing, and observed that the enriched genes are not iden-
tical at different time points (Figure 1B and Supplementary
Figure S1B). In addition, we repeated the pooled screening
with an independent infection as a biological replicate. From
these two screenings, we identified 9 markedly enriched genes
that had alleviated or reverted hMPC senescence (Figure 1C).

Moreover, given that we observed an increased expression
level of RPL22, the top hit, during hMPC senescence (Fig-
ure 1D), we chose to study the RPL22 gene, which encodes
a ribosomal component belonging to the large 60S subunit
(80). When we applied lentivirus-mediated CRISPR knock-
out (CRISPRko) to deplete RPL22 in RS hMPCs (Figure
1E and Supplementary Figure S1C), we observed a resur-
gence in proliferative capacity, indicated by increased clonal
expansion and a higher number of Ki67-positive cells (Fig-
ure 1E G, and Supplementary Figure S1D, E). RPL22 de-
ficiency also alleviated senescent traits, as evidenced by re-
duced senescence-associated B-Galactosidase (SA-3-Gal) ac-
tivity, lower expression of senescence markers (P16, P21),
and a decrease in senescence-associated secretory phenotype
(SASP) factors, such as IL-6 (Figure 1H-J). Additionally, the
absence of RPL22 resulted in fewer DNA damage foci and
a reduction in nuclear size (Supplementary Figure S1F, G).
Taken together, these results suggest that RPL22 might be a
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driver of aging, and that reducing RPL22 expression counter-
acts hMPC senescence.

RPL22 deficiency alleviates hMPC senescence

Next, we knocked out RPL22 in human embryonic
stem cells (hESCs) via CRISPR/Cas9-based gene editing
(Supplementary Figure S2A) using the sgRNA identified dur-
ing screening that targeted the first exon of RPL22, caus-
ing the disruption of two alleles, and ultimate deletion of
RPL22 (Supplementary Figure S2B-D). Relative to RPL22*/*
hESCs, the percentage of Ki67-positive cells and expression of
pluripotency markers including NANOG, SOX2 and OCT4
were comparable in RPL227/- hESCs (Supplementary Figure
S2E, F). Moreover, we did not observe any differences in for-
mation of the three germ layers in teratoma assays between
RPL227/- and RPL22*/* hESCs (Supplementary Figure S2G)
or in genome integrity based on karyotype and copy num-
ber variation (CNV) analysis (Supplementary Figure S2H, I).
These observations suggest that RPL22 is dispensable for the
maintenance of pluripotency and genomic stability in hESCs.

When we differentiated RPL22*/* and RPL227/- hESCs into
hMPCs (Figure 2A, B), both lines expressed typical hM-
PCs markers (CD73, CD90 and CD10S5) (Supplementary
Figure S3A), and we did not detect any differences in ge-
nomic stability (Supplementary Figure S3B) or differentia-
tion potential into adipocytes, chondrocytes and osteoblasts
(Supplementary Figure S3C-E). In contrast to RPL22*/* hM-
PCs, RPL227/- hMPCs exhibited a robust growth rate upon
serial passaging (Figure 2C). This was characterized by en-
hanced clonal expansion ability, increased numbers of Ki67-
positive cells, and elevated DNA replication levels (Figure 2D-
F). Moreover, RPL22 deficiency attenuated progressive senes-
cence of hMPCs as evidenced by decreased level of SA-B-Gal
and expression of P16 (Figure 2G, H). We also found in-
creased expression of nuclear protein, Lamin B1 and lamina-
associated polypeptide (LAP) 2, as well as reduced secretion
of IL-6 in RPL22"/- hMPCs (Figure 2H-]). In addition, we ob-
served longer telomeres, fewer DNA damage foci and smaller
nuclear size in hMPCs with RPL22 deletion (Figure 2K-M).
Furthermore, we performed RNA-sequencing to evaluate the
molecular changes caused by RPL22 knock-out. About three-
tenths (1731/5912) of differentially expressed genes (DEGs)
that were altered in RS hMPCs were reversed upon RPL22
depletion, including upregulated genes related to cell division,
DNA replication and repair as well as downregulated genes
associated with inflammatory cytokines (e.g., IL-18) (Figure
2N, O and Supplementary Figure S3F-H). Altogether, these
results consolidate that loss of RPL22 delays cellular senes-
cence of hMPCs.

Ectopic expression of RPL22 promotes cellular
senescence in hMPCs

We then asked whether ectopic expression of RPL22 is suf-
ficient to promote senescence. To this end, we performed
lentivirus-mediated RPL22 overexpression into early passage
wild-type hMPCs (young hMPCs) along with a lentiviral vec-
tor expressing luciferase (Luc) as control (Figure 3A). We
found that RPL22 overexpression resulted in classical senes-
cent phenotypes in young hMPCs, as revealed by compro-
mised proliferative potential, and increased percentage of SA-
B-Gal-positive cells (Figure 3B-D). Additionally, we observed
induction of P16 expression and IL-6 secretion combined with


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae740#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae740#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae740#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae740#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae740#supplementary-data
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Figure 1. CRISPR/Cas9-based screening for ribosome-associated genes in promoting hMPC senescence. (A) Schematic of CRISPR/Cas9-based
screening of RAGs library to identify senescence-promoting genes in RS hMPCs. (B) Enrichment levels were estimated for each gene at 2, 5, 8 and 10
weeks after infection of RAGs lentiviral library in RS hMPCs. The red dots indicated the top 5 enriched genes. The dark gray dots indicate non-targeting
control (NTC) sgRNAs. (C) Venn diagram showing enriched genes (left) from two replicative screenings (replicate 1 at 10 weeks; replicate 2 at 12 weeks).
The overlapped 9 genes were showed in the table (right). (D) Western blot analysis of RPL22 protein level in RS hMPCs at early passage (ER P3) and late
passage (LP P13). B-Tubulin was used as loading control. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired
Student’s t test was performed. (E) Western blot analysis of RPL22 protein level in RS hMPCs after CRISPR-mediated knock-out of RPL22 using
lentivirus with two sgRNAs. [3-Tubulin was used as loading control. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed
unpaired Student'’s t test was performed. (F) Clonal expansion analysis of RS hMPCs after CRISPR-mediated knock-out of RPL22 using lentivirus with
two sgRNAs. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed. (G)
Immunostaining analysis of Ki67 in RS hMPCs after CRISPR-mediated knock-out of RPL22 using lentivirus with two sgRNAs. Scale bar, 10 um. Data are
presented as the means 4+ SEMs. n = 3 biological replicates. The white arrows indicate Ki67-positive cells. Two-tailed unpaired Student’s t test was
performed. (H) SA-B-Gal staining of RS hMPCs after CRISPR-mediated knock-out of RPL22 using lentivirus with two sgRNAs. Scale bar, 100 um. Data
are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student's t test was performed. (I) Western blot analysis of P16
and P21 protein levels in RS hMPCs after CRISPR-mediated knock-out of RPL22 using lentivirus with two sgRNAs. 3-Tubulin was used as loading
control. Data are presented as the means 4+ SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed. (J) ELISA analysis of
|6 secretion in RS hMPCs after CRISPR-mediated knock-out of RPL22 using lentivirus with two sgRNAs. Data are presented as the means + SEMs.

n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed.
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Figure 2. RPL22 deficiency alleviates hMPC senescence. (A) Schematic of generation of RPL22*/* and RPL227- hMPCs derived from hESCs. (B)
Western blot analysis of RPL22 protein level in RPL22*/* and RPL22/- hMPCs. 3-Tubulin was used as loading control. (C) Growth curve analysis of
RPL22*/* and RPL22/- hMPCs. (D) Clonal expansion analysis of RPL22*/* and RPL22/- hMPCs. Data are presented as the means + SEMs. n =3
biological replicates. Two-tailed unpaired Student's t test was performed. (E) Immunostaining analysis of Ki67 in RPL22*/* and RPL227- hMPCs. Scale
bar, 10 um. Data are presented as the means + SEMs. n = 3 biological replicates. The white arrows indicate Ki67-positive cells. Two-tailed unpaired
Student's t test was performed. (F) EdU staining of RPL22*/* and RPL227- hMPCs. Scale bar, 10 um. Data are presented as the means + SEMs. n =3
biological replicates. The white arrows indicate EdU-positive cells. Two-tailed unpaired Student's t test was performed. (G) SA-B3-Gal staining of RPL22+/+
and RPL22/- hMPCs. Scale bar, 100 um. Data are presented as the means &+ SEMs. n = 3 biological replicates. Two-tailed unpaired Student's t test was
performed. (H) Western blot analysis of P16, Lamin B1 and LAP2 protein levels in RPL22*/* and RPL227- hMPCs. 3-Tubulin was used as loading control.
Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed. (I) Immunostaining analysis
of LAP2 in RPL22*/* and RPL22/- hMPCs. Scale bar, 10 um. Data are presented as the means + SEMs. n = 200 cells. Two-tailed unpaired Student’s t
test was performed. (J) ELISA analysis of -6 secretion in RPL22*/* and RPL22/- hMPCs. Data are presented as the means 4 SEMs. n = 3 biological
replicates. Two-tailed unpaired Student'’s t test was performed. (K) Real-time quantitative PCR (QPCR) analysis of telomere length in RPL22*/* and
RPL2Z/- hMPCs. The expression level was normalized to 36B4. Data are presented as the means + SEMs. n = 4 technical replicates. Two-tailed
unpaired Student's t test was performed. Data are representative of three independent experiments. (L) Immunostaining analysis of yH2AX and 53BP1
in RPL22*/* and RPL227- hMPCs. Scale bar, 5 um. Data are presented as the means + SEMs. n = 3 biological replicates. The white arrows indicate
YH2AX and 53BP1-double-positive foci. Two-tailed unpaired Student's t test was performed. (M) Nuclear size of RPL22*/* and RPL22/- hMPCs. Scale
bar, 20 um (left) and 5 um (right). Data are presented as the means = SEMs. n = 200 cells. Two-tailed unpaired Student's t test was performed. (N)
Venn diagrams showing overlapped DEGs in both RS hMPCs (RPL22*/* hMPCs, LP versus EP) and RPL22/- hMPCs (LP versus RPL22*/* hMPCs). (0)
Bar plot showing GO terms and pathways associated with DEGs rescued by RPL22 knock-out. Downregulated DEGs in RS hMPCs that were reversed
by RPL22 knock-out were colored in red. Upregulated DEGs in RS hMPCs that were reversed by RPL22 knock-out were colored in green.
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Figure 3. Overexpression of RPL22 accelerates hMPC senescence. (A) Western blot analysis of RPL22 protein level in young hMPCs transduced with
lentiviruses expressing Flag-Luc or Flag-RPL22. 3-Tubulin was used as loading control. (B) Clonal expansion analysis of young hMPCs transduced with
lentiviruses expressing Luc or RPL22. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was
performed. (C) Immunostaining analysis of Ki67 in young hMPCs transduced with lentiviruses expressing Luc or RPL22. Scale bar, 10 um. Data are
presented as the means 4+ SEMs. n = 3 biological replicates. The white arrows indicate Ki67-positive cells. Two-tailed unpaired Student’s t test was
performed. (D) SA-[3-Gal staining of young hMPCs transduced with lentiviruses expressing Luc or RPL22. Scale bar, 100 um. Data are presented as the
means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed. (E) Western blot analysis of P16, Lamin B1 and LAP2
protein levels in young hMPCs transduced with lentiviruses expressing Luc or RPL22. (3-Tubulin was used as loading control. Data are presented as the
means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student'’s t test was performed. (F) Immunostaining analysis of LAP2 in young hMPCs
transduced with lentiviruses expressing Luc or RPL22. Scale bar, 10 um. Data are presented as the means + SEMs. n = 200 cells. Two-tailed unpaired
Student’s t test was performed. (G) ELISA analysis of IL-6 secretion in young hMPCs transduced with lentiviruses expressing Luc or RPL22. Data are
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shortened telomeres, increased DNA damage response, en-
larged nuclear size, and decreased expression of Lamin B1
and LAP2 in young hMPCs upon RPL22 overexpression (Fig-
ure 3E-]). Consistent with the accelerating senescence phe-
notypes, RPL22 overexpression disrupted the transcriptional
profile with downregulation of genes related to cell prolifer-
ation, which is opposite to RPL22-deficient hMPCs (Figure
3K, L and Supplementary Figure S3I). Collectively, these data
show that RPL22 promotes human stem cell senescence.

RPL22 induces rRNA expression during
hMPC senescence

When we monitored global mRNA translation using sur-
face sensing of translation (SUnSET) analysis (67), we did
not observe clear differences between RPL22~/~ hMPCs and
RPL22** hMPCs at early passage (EP) (Supplementary
Figure S4A). In addition, we constructed a truncated
RPL224N%/C8 with nine and eight residues deleted from the
N-domain and the C-domain, respectively, which was in-
capable of incorporation into ribosomes (81) (Figure 4A
and Supplementary Figure S4B). Interestingly, transduction of
RPL222N%C8 450 caused a reduction in proliferative capacity
and an increase in SA-3-Gal-positive cells when compared to
Luc in RPL227/~ hMPCs (Figure 4B-D). These results indi-
cate that the pro-senescence role of RPL22 is independent of
its ribosomal functions.

After synthesis in the cytoplasm, ribosomal proteins are
imported into the nucleus and then transported to the nu-
cleolus where they are assembled along with rRNAs (82).
When we performed super-resolution microscopy, we found
aggregation of RPL22 in the nucleolus in RS hMPCs at
late passage (LP) (Figure 4E). Concurrently, the rRNAs lev-
els were increased (Supplementary Figure S4C, D), accom-
panied by enlarged nucleolar size and fewer nucleoli (Figure
4F). Interestingly, these phenotypes were also observed when
RPL22 was overexpressed in young hMPCs (Figure 4G, H and
Supplementary Figure S4E, F). In RPL22~/~ hMPCs, we in-
stead observed lower levels of rRNAs by northern blot (Fig-
ure 4] and Supplementary Figure S4G, H), as well as reduced
nucleolar volume and increased numbers of nucleoli (Figure
41). Accordingly, we hypothesized that nucleolar RPL22 might
regulate hMPC senescence by directly regulating rRNA ex-
pression and modulating nucleolar architecture. Significantly,
the transcription of 435S pre-rRNA, which is the precursor
to the 28S, 18S and 5.8S rRNAs, was diminished in RPL22-
deficient hMPCs (83), but upregulated upon RPL22 overex-
pression in young hMPCs (Supplementary Figure S41, J). Next,
we constructed a lentiviral vector expressing an RPL22 mu-
tant (RPL22™384) (Figure 4A and Supplementary Figure S4K),
which has been reported to abolish retention of RPL22 in the
nucleoli (84). We then transduced RPL22™884 and RPL22WT
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into RPL22~/~ hMPCs, and measured the transcription lev-
els of rRNA, the nucleolar volume, and the number of nu-
cleoli. We found that forced RPL22¥T expression induced
rRNA transcription, nucleolar expansion, consistent with a
decrease in nucleolar number, which were not observed upon
expression of RPL22™88A (Figure 4K and Supplementary
Figure S4L). Meanwhile, RPL22™8%4 also failed to acceler-
ate senescence, as opposed to RPL22%T in RPL22-/~ hMPCs
(Figure 4L, M and Supplementary Figure S4M). Additionally,
an RPL22 variant (RPL22™13-16) that leads to cytoplasmic re-
tention of RPL22 (84,85) similarly exhibited a loss of pro-
senescence capacity (Figure 4A and Supplementary Figure
S4N-Q). These results indicate that nucleolar accumulation
of RPL22 induces rRNA expression and disrupts the nucleo-
lar architecture in hMPC senescence.

RPL22 destabilizes and separates HP1y and KAP1
from rDNA in senescent hMPCs

To discover mechanisms by which RPL22 regulates rRNA
expression and cellular senescence, we expressed Flag-
tagged RPL22 in HEK293T cells and performed co-
immunoprecipitation (Co-IP) followed by mass spectrom-
etry analysis (MS) (Supplementary Figure SS5A). In line
with RPL22’s function and location, nuclear and ribosome
components were identified as RPL22-interacting proteins
(Supplementary Figure S5B). Interestingly, we identified sev-
eral new RPL22-interacting proteins associated with het-
erochromatin (Figure 5A and Supplementary Figure S5B).
Among these, HP1y, a heterochromatin adaptor protein, was
previously reported to be involved in KAP1-mediated het-
erochromatin condensation through protein-protein interac-
tions and binding to H3K9me3 marks (86,87). Consistently,
we detected down-regulation of HP1y, KAP1 and H3K9me3
in senescent hMPCs (Figure 5B). Next, we validated that
HP1vy and KAP1 interact with RPL22 through exogenous and
endogenous Co-IP assays (Figure SC, D and Supplementary
Figure S5C, D). Moreover, HP1y, KAP1 and H3K9me3 ex-
pression were all affected by RPL22, as manifested by de-
creased protein levels in RPL22-overexpressing hMPCs (Fig-
ure SE and Supplementary Figure SSE). Conversely, RPL22
knockout elevated the expression levels of these proteins
(Figure SF and Supplementary Figure S5E G), an effect re-
versed by RPL22¥T but not by RPL22™384 (Figure 5SG). Fur-
thermore, when we treated RPL22-transduced hMPCs with
MG132, a proteasome inhibitor (88), we found that HP1y
and KAP1 degradation caused by RPL22 was reduced (Figure
5SH). Taken together, these results support that RPL22 plays a
role in destabilizing HP1y and KAP1 during human stem cell
senescence.

Because silenced rDNA is characterized by highly com-
pact heterochromatin with H3K9me3 and HP1 proteins

presented as the means 4+ SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed. (H) Real-time quantitative PCR (qPCR)
analysis of telomere length in young hMPCs transduced with lentiviruses expressing Luc or RPL22. The expression level was normalized to 36B4. Data
are presented as the means + SEMs. n = 4 technical replicates. Two-tailed unpaired Student's t test was performed. Data are representative of three
independent experiments. (I) Immunostaining analysis of YH2AX and 53BP1 in young hMPCs transduced with lentiviruses expressing Luc or RPL22.
Scale bar, 5 um. Data are presented as the means + SEMs. n = 3 biological replicates. The white arrows indicate YH2AX and 53BP1-double-positive
foci. Two-tailed unpaired Student's t test was performed. (J) Nuclear size of young hMPCs transduced with lentiviruses expressing Luc or RPL22. Scale
bar, 20 um (left) and 5 um (right). Data are presented as the means + SEMs. n = 200 cells. Two-tailed unpaired Student’s t test was performed. (K)
Volcano plot showing upregulated (red) or downregulated (green) DEGs in young hMPCs transduced with lentiviruses expressing RPL22 compared to
Luc. (L) Dot plots showing GO terms and pathways associated with upregulated (red) and downregulated DEGs (green) in young hMPCs transduced

with lentiviruses expressing RPL22 compared to Luc.
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Figure 4. RPL22 induces rRNA transcription during hMPC senescence. (A) Schematic of RPL22WT, RPL224N%/C8 with nine amino acid residues deleted
at the N-terminal and eight amino acid residues deleted at the C-terminal of RPL22, RPL22M88A \ith four mutations (lysine at 88, 89, 92 and 93 to
alanine), and RPL22™M'36 with four mutations (lysine at 13, 14, 15 and 16 to alanine). (B) Clonal expansion analysis of RPL227- hMPCs transduced with
lentiviruses expressing Luc, RPL22 or RPL222N9/C8 Data are presented as the means 4+ SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s
ttest was performed. (C) Immunostaining analysis of Ki67 in RPL22/- hMPCs transduced with lentiviruses expressing Luc, RPL22WT or RPL224AN9/C8,
Scale bar, 10 um. Data are presented as the means + SEMs. n = 3 biological replicates. The white arrows indicate Ki67-positive cells. Two-tailed
unpaired Student's t test was performed. (D) SA-B-Gal staining of RPL22/- hMPCs transduced with lentiviruses expressing Luc, RPL22T or
RPL224N9/C8 Scale bar, 100 um. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was
performed. (E) 3D reconstruction of a Z-stack of RPL22 (green) and nucleolin (red) immunofluorescence images in RS hMPCs at early passage (ER, P3)
and late passage (LR, P13). Scale bar, 5 um. The intensity of RPL22 in nucleolus was quantified and presented as the means 4+ SEMs. n = 200 cells.
Two-tailed unpaired Student's t test was performed. (F) The nucleolar size (left), and the percentage of cells with indicated nucleoli numbers (right) in RS
hMPCs at early passage (ER P3) and late passage (LP, P13). Data are presented as the means &+ SEMs. n = 200 cells (left), or three biological replicates
(right). Two-tailed unpaired Student'’s t test was performed. (G) 3D reconstruction of a Z-stack of nucleolin immunofluorescence images in young hMPCs
transduced with lentiviruses expressing Luc or RPL22. The nucleolar size (middle) and the percentage of cells with indicated nucleoli numbers (right)
were quantified. Scale bar, 5 um. Data are presented as the means + SEMs. n = 200 cells (left), or three biological replicates (right). Two-tailed unpaired
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(49,89), we next sought to assess whether nucleolus-localized
RPL22 could bind to rDNA regions. By performing chromatin
immunoprecipitation followed by quantitative PCR (ChIP-
qPCR), we found that RPL22 binds to 28S and 5.8S rDNA
(Figure 51 and Supplementary Figure SSH), and that the oc-
cupancy is increased in senescent hMPCs (Supplementary

Figure SS5I), concomitant with lower levels of HP1vy, KAP1,
as well as H3K9me3 at RPL22-binding sites (Supplementary
Figure S5J-L). Overexpression of RPL22 in young hMPCs led
to loss of HP1y, KAP1 and H3K9me3 at RPL22-enriched
rDNA (Figure 5J-L), whereas this was not the case when
we replenished FLAG-tagged RPL22™834 which is not lo-
cated in nucleolus (Supplementary Figure SSM-P). Further-
more, RPL22 depletion resulted in higher levels of HP1vy,
KAP1 and H3K9me3 at rDNA in hMPCs (Figure 5SM-O and
Supplementary Figure S5Q, R), suggesting the detachment of
HP1y and KAP1, and loss of H3K9me3 at rDNA are depen-
dent on the accumulation of RPL22 in the nucleolus during
human MPCs senescence.

Next, we repressed HP1y and KAP1 separately via short
hairpin RNA (shRNA) in RPL22~/~ hMPCs (Supplementary
Figure S5S,T). Suppression of either protein was associated
with elevated levels of 28S and 18S rRNAs (Supplementary
Figure S5U). In addition, both HP1y and KAP1 inhibition
phenocopied the accelerated senescence of RPL22~/~ hMPCs
with RPL22 overexpression, as reflected by compromised pro-
liferation and increased proportion of SA-B-Gal-positive cells
(Figure 5P-R). Collectively, these data demonstrate that the
presence of RPL22 in the nucleolus promotes the degrada-
tion of HP1y and KAP1, which leads to rDNA heterochro-
matin decondensation, rRNA upregulation and eventually
hMPC senescence.

RPL22 depletion counteracts senescence in human
cells

Finally, to explore whether RPL22 deficiency attenuates cellu-
lar senescence by suppressing rRNAs transcription more gen-
erally, we leveraged two different premature human MPCs
models: Hutchinson-Gilford progeria syndrome (HGPS) hu-
man MPCs carrying the G608G mutation in the LMNA gene
(HGPS hMPCs) and Werner syndrome human MPCs with
mutations in the WRN gene (WS hMPCs) (90,91). Rela-
tive to wild-type hMPCs, rRNA expression was increased
in both cell models (Supplementary Figure S6A, G). When
we performed lentiviral delivery of CRISPR/sgRPL22 into
HGPS hMPCs and WS hMPCs, we validated that RPL22
deficiency reduced rRNAs levels, and alleviation of senes-
cent features (Figure 6A-D, Supplementary Figure S6B-F
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and Supplementary Figure S6H-L). Similarly, in senescent
models induced by H,O, treatment or ultraviolet irradia-
tion (UV), the increased rRNAs levels, impaired prolifera-
tion ability, increased SA-B-Gal levels and loss of heterochro-
matin were restored by RPL22 knocking out (Figure 6E-H
and Supplementary Figure S7A-H). Additionally, RP1L.22 defi-
ciency also attenuated senescence of human primary MPCs
from healthy aged adults (Figure 61, J and Supplementary
Figure S7I). Furthermore, the introduction of RPL22 accel-
erated cellular senescence in human coronary artery endothe-
lial cells (hRCAECs) and human umbilical vein endothelial cells
(hUVEC:s), evidenced by a diminished capacity for clonal ex-
pansion coupled with an elevated percentage of SA-3-Gal-
positive cells (Figure 6K-N). Collectively, these observations
showcase that RPL22 is a potential target for attenuating
senescence.

Discussion

In this study, we performed a CRISPR/Cas9-based LOF screen
in senescent hMPCs to systematically reveal the regulatory
function of ribosome-associated genes during aging. For the
first time, we identified RPL22 as a key driver of human stem
cell senescence. Functionally, RPL22 accumulates in the nucle-
olus and binds to rDNA regions upon aging, which likely fa-
cilitates HP1y and KAP1 degradation, concomitant with loss
of H3K9me3 modification and the transcription of rRNAs,
and onset of cellular senescence.

Abnormal ribosome biogenesis is associated with aging and
aging-related diseases (33,37,92). Recently, decreased ribo-
somal activity and reducing RPs levels were reported to be
linked with longevity in C. elegans, yeast and human (34,93—
95). However, it remains an open question how ribosomal
components regulate cellular senescence, especially in human
stem cells. CRISPR screening is a powerful tool that has been
widely used for identification of essential regulators in bio-
logical processes (51,53,55). To our knowledge, this is the
first study to systematically identify ribosome-related genes
involved in human stem cell senescence using CRISPR /Cas9-
mediated LOF screening. Our results revealed that block-
ing of RPL22 attenuates hMPC senescence. Besides, we also
identified other candidate genes that control senescence, such
as C140rf169 and LYAR that await further investigations.
Taken together, these efforts have opened the door for ex-
ploring how manipulating ribosome biogenesis might mitigate
aging.

RPL22, incorporated into the 60S ribosomal subunit at a
late stage of ribosome maturation, controls ribosome compo-

Student’s t test was performed. (H) Northern blot analysis of rRNAs (28S, 18S and 5.8S) levels in young hMPCs transduced with lentiviruses expressing
Luc or RPL22. U1 snRNA was used as loading control. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired
Student's t test was performed. (I) 3D reconstruction of a Z-stack of nucleolin immunofluorescence images in RPL22+/* and RPL22/- hMPCs at late
passage (P10) (left). The nucleolar size (middle) and the percentage of cells with indicated nucleoli numbers (right) were quantified. Scale bar, 5 um. Data
are presented as the means + SEMs. n = 200 cells (left), or three biological replicates (right). Two-tailed unpaired Student'’s t test was performed. (J)
Northern blot analysis of rRNAs (28S, 18S and 5.8S) levels in RPL22*/* and RPL22/- hMPCs at late passage (P10). U1 snRNA was used as loading
control. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student's t test was performed. (K) 3D reconstruction
of a Z-stack of nucleolin immunofluorescence images in RPL227- hMPCs transduced with lentiviruses expressing Luc, RPL22WT or RPL22M88A (left). The
nucleolar size (middle) and the percentage of cells with different nucleolar number (right) were quantified. Scale bar, 5 um. Data are presented as the
means = SEM. n = 200 cells (left), or three biological replicates (right). Two-tailed unpaired Student’s t test was performed. (L) Immunostaining analysis
of Ki67 in RPL227- hMPCs transduced with lentiviruses expressing Luc, RPL22"WT or RPL22M8%A  Scale bar, 10 um. Data are presented as the

means + SEMs. n = 3 biological replicates. The white arrows indicate Ki67-positive cells. Two-tailed unpaired Student's t test was performed. (M)
SA--Gal staining of RPL227- hMPCs transduced with lentiviruses expressing Luc, RPL22"WT or RPL22™M88A_ Scale bar, 100 um. Data are presented as
the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed.
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Figure 5. RPL22 binds rDNA and destabilizes HP1y and KAP1 in senescent hMPCs. (A) Network diagram showing heterochromatin-associated proteins
interacted with RPL22. The color key from white to red indicates coverage levels from low to high. (B) Western blot analysis of HP1vy, KAP1 and
H3K9me3 protein levels in RS hMPCs. 3-Tubulin was used as loading control for HP1y and KAP1. Histone 3 (H3) was used as loading control for
H3K9me3. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student's t test was performed. (C) Co-IP analysis
of the exogenous interaction between RPL22 and HP1+y or KAP1 in HEK293T cells transduced with Flag-Luc and Flag-RPL22. (D) Co-IP analysis showing
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sition (96,97) and has been reported to participate in lympho-
cyte development and hematopoiesis (85,98,99). However, its
function in human stem cells senescence has not yet been
elucidated. Our data showed that RPL22 is upregulated and
accumulates in the nucleolus during aging and that ectopic
expression of RPL22 accelerates senescence. Conversely, de-
ficiency of RPL22 conferred resistance to replicative senes-
cence and stress-induced senescence, supporting that RPL22
actively promotes senescence. Interestingly, the deletion of
RPL22 did not impact the overall translation process, sug-
gesting a ribosome-independent role for RPL22 in modulat-
ing hMPC senescence. However, RPL22 might selectively in-
fluence the translation of specific mRNAs, a possibility that
merits further exploration. Thus, our study has elucidated the
unique interplay between the ribosomal protein RPL22, nu-
cleolar heterochromatin regulation, and rDNA expression in
hMPCs.

Aging-induced disarray in heterochromatin can reactivate
repetitive sequences like rDNA (100). In our study, we dis-
covered that nucleolar RPL22 interacts with rDNA repeats,
inducing heterochromatin decondensation and promoting
rRNA transcription. Conversely, RPL22 deficiency preserved
rDNA heterochromatin and curbed rRNA expression. Mech-
anistically, the RPL22 nucleolus-aggregation reduced HP1y
and KAP1 protein levels, followed by decreased rDNA en-
richment. Although we cannot exclude the possibility that
RPL22 plays a role in the initial transcription of rRNA and
the subsequent post-transcriptional processes. Interestingly,
RPL22-mediated inhibition of HP1y or KAP1 was reversed
by a proteasome inhibitor, suggesting that RPL22 might pro-
mote proteasomal degradation of heterochromatin-related
proteins, though the underlying mechanism awaits further
investigations. However, our data validated that deconden-
sation of heterochromatin and excessive rRNA expression
is a key mechanism mediating the pro-senescence effect of
RPL22.

Previous reports have indicated that RPL22 binds to
CDK4 to induce senescence in human fibroblasts (100). How-
ever, our Co-IP/MS experiments did not identify CDK4 as an
RPL22 partner, suggesting that RPL22 may have cell type-
specific effects. Notably, in addition to heterochromatin pro-
teins HP1y or KAP1, we also identified proteins associated
with mitochondrial homeostasis (e.g., TFAM), nuclear divi-
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sion (e.g., CDK13), and ribosome biogenesis (e.g., RPP40).
These discoveries shed new light on the potential mech-
anisms through which RPL22 could impact hMPC senes-
cence and merit further exploration. Consistent with our
findings of reduced DNA damage signals following RPL22
deletion in hMPCs, the loss of KAP1 and HP1y also leads
to a DNA damage response (101,102). This implies that
the RPL22-KAP1/HP1y axis might play a role in DNA
damage repair during hMPC senescence, warranting further
investigation.

In sum, by leveraging a CRISPR/Cas9-mediated LOF
screen for ribosome-associated genes in regulating human
MPCs senescence, we discovered that the nucleolus-localized
RPL22 functions as a heterochromatin destabilizer that stim-
ulates rRNA transcription and ultimately promotes cellu-
lar senescence. Conversely, we showed that reducing RPL22
levels can ameliorate cellular senescence in diverse biologi-
cal contexts, pointing to a key role for RPL22 in mediat-
ing cellular senescence, at least in human MPCs and hu-
man vascular endothelial cells. Consistent with data in the
Aging Atlas showing that RPL22 is upregulated during ag-
ing in many organs (https://ngdc.cncb.ac.cn/aging/index) (77),
our functional experiments exploring genetic strategies or
inhibitors targeting RPL22 support further explorations of
RPL22 as an intervention target in aging-related diseases. In
addition, our study establishes a new correlation between
nucleolar RPL22 and aging-associated nucleolar expansion
(45,46), which could be considered a hallmark of cellular
senescence.

Data availability

CRISPR-based screening, RNA-seq, H3K9me3 ChIP-seq and
WGS data have been submitted to the Genome Sequence
Archive in the National Genomics Data Center, Beijing Insti-
tute of Genomics (China National Center for Bioinformation)
of the Chinese Academy of Sciences, with accession number
HRAO005070. CRISPR-based screening data generated in this
study have also been deposited in Gene Expression Omnibus
(GEO) database with accession number GSE253231. The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (103) via the iProX partner
repository (104,105) with the dataset identifier PXD044052.

that endogenous RPL22 is interacted with HP1y or KAP1 in RPL22*/* and RPL227- hMPCs at early passage (EP. P3). (E, F) Western blot analysis of
HP1vy, KAP1 and H3K9me3 protein levels in young hMPCs transduced with lentiviruses expressing Luc or RPL22 (E) and in RPL22*/* and RPL22/-
hMPCs (F). 3-Tubulin was used as loading control for HP1+y and KAP1. Histone 3 (H3) was used as loading control for H3K9me3. Data are presented as
the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student'’s t test was performed. (G) Western blot analysis of HP1vy and KAP1 protein
levels in RPL227- hMPCs transduced with lentiviruses expressing Luc, RPL22"WT or RPL22M88A 3-Tubulin was used as loading control. Data are
presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student's t test was performed. (H) Western blot analysis of HP1y and
KAP1 protein levels in young hMPCs transduced with lentiviruses expressing Flag-Luc or Flag-RPL22 after treatment with or without MG132 (20 uM for
12 h). 3-Tubulin was used as loading control. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student's t test
was performed. (I) Relative enrichment of RPL22 at rDNA regions in RPL22*/* and RPL227- hMPCs. Data are presented as the means + SEMs. n =5
technical replicates. Two-tailed unpaired Student's t test was performed. Data are representative of three independent experiments. (J-L) Relative
enrichment of HP1y (J), KAP1 (K) or H3K9me3 (L) at rDNA regions in young hMPCs transduced with lentiviruses expressing Luc or RPL22. Data are
presented as the means + SEMs. n = 5 technical replicates. Two-tailed unpaired Student’s t test was performed. Data are representative of three
independent experiments. (M-0) Relative enrichment of HP1vy (M), KAP1 (N) or H3K9me3 (0) at rDNA regions in RPL22*/* and RPL22/- hMPCs. Data
are presented as the means + SEMs. n = b technical replicates. Two-tailed unpaired Student's t test was performed. Data are representative of three
independent experiments. (P) Clonal expansion analysis of RPL227- hMPCs transduced with lentiviruses expressing sh-GL2, sh-HP1y or sh-KAP1. Data
are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student's t test was performed. (Q) Immunostaining analysis of
Ki67 in RPL22/- hMPCs transduced with lentiviruses expressing sh-GL2, sh-HP1y or sh-KAP1. Scale bar, 10 um. Data are presented as the

means + SEMs. n = 3 biological replicates. The white arrows indicate Ki67-positive cells. Two-tailed unpaired Student's t test was performed. (R)
SA-B-Gal staining of RPL227- hMPCs transduced with lentiviruses expressing sh-GL2, sh-HP1y or sh-KAP1. Scale bar, 100 um. Data are presented as
the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed.
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Figure 6. RPL22 depletion counteracts senescence of human cells. (A, C) Clonal expansion analysis of HGPS (A) and WS (C) hMPCs at late passage (P8)
after lentivirus-mediated CRISPR knock-out with sgRPL22. Data are presented as the means 4+ SEMs. n = 3 biological replicates. Two-tailed unpaired
Student’s t test was performed. (B, D) SA-3-Gal staining of HGPS (B) and WS (D) hMPCs at late passage (P8) after lentivirus-mediated CRISPR knock-out
with sgRPL22. Scale bar, 100 um. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student'’s t test was
performed. (E, G) Clonal expansion analysis of UV- (E) or H,O,- (G) induced hMPC senescence after lentivirus-mediated CRISPR knock-out with
sgRPL22. Data are presented as the means + SEM. n = 3 biological replicates. Two-tailed unpaired Student'’s t test was performed. (F, H) SA-(3-Gal
staining of UV- (F) or H,05- (H) induced hMPC senescence after lentivirus-mediated CRISPR knock-out with sgRPL22. Scale bar, 100 um. Data are
presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed. (I, K, M) Clonal expansion analysis of
aged primary hMPCs (I) after lentivirus-mediated CRISPR knock-out with sgRPL22, hCAECs (K) and hUVECs (M) transduced with lentiviruses expressing
Luc or RPL22. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired Student’s t test was performed. (J, L, N)
SA-3-Gal staining of aged primary hMPCs (J) after lentivirus-mediated CRISPR knock-out with sgRPL22, hCAECs (L) and hUVECs (N) transduced with
lentiviruses expressing Luc or RPL22. Scale bar, 100 um. Data are presented as the means + SEMs. n = 3 biological replicates. Two-tailed unpaired
Student’s t test was performed.



11496

Supplementary data
Supplementary Data are available at NAR Online.

Acknowledgements

We are grateful to Lei Bai, Luyang Tian, Qun Chu, Shangyi
Qiao, Ruijun Bai, Shikun Ma, Xiangmei Jin, Jing Lu and Ying
Yang for their administrative assistance; Feifei Liu and Jingyi
Jia for their help in teratoma experiments; Jifeng Wang for as-
sistance in LC-MS/MS; Junying Jia, Qing Meng and Shuang
Sun for their assistance in the FACS experiments. We also ac-
knowlodge the Biorender (https://www.biorender.com/) plat-
form that was used for illustration.

Funding

This work was supported by National Key Research
and Development Program of China [2020YFA0112200,
2022YFA1103700, 2022YFA1103800]; National Natu-
ral Science Foundation of China [81921006, 82125011,
92149301, 92168201, 92049304, 92049116, 32121001,
32200610, 82192863, 82122024, 82071588, 32100937,
82271600, 32000500, 32341001, 82330044, 82361148130,
82361148131, 82322025]; CAS Project for Young Sci-
entists in Basic Research [YSBR-076, YSBR-012]; Na-
tional Key Research and Development Program of China
[2020YFA0804000, 2021YFF1201000, the STI2030-Major
Projects-20212D0202400]; Informatization Plan of Chinese
Academy of Sciences [CAS-WX2022SDC-XK14]; New Cor-
nerstone Science Foundation through the XPLORER PRIZE
[2021-1045]; Youth Innovation Promotion Association of
CAS [2023092, 2022083]; CAS Youth Interdisciplinary
Team, Beijing Municipal Public Welfare Development
and Reform Pilot Project for Medical Research Institutes
[JYY2023-13]; Excellent Young Talents Program of Capital
Medical University [12300927]; Project for Technology
Development of Beijing-affiliated Medical Research Insti-
tutes [11000023T000002036310]; Excellent Young Talents
Training Program for the Construction of Beijing Munici-
pal University Teacher Team [BPHR202203105]; Initiative
Scientific Research Program, Institute of Zoology, Chinese
Academy of Sciences [202310Z0102], CAS Special Research
Assistant (SRA) Program, Young Elite Scientists Sponsor-
ship Program by CAST [2023QNRC001, 2021QNRC001].
Funding for open access charge: Institute of Zoology, Chinese
Academy of Sciences, Beijing, China. Key Research and De-
velopment Project of Hainan Province [2023ICAC-YANFA],
the Science and Technology Platform Construction Project of
Hainan Province [2023ICAC-YUNXING].

Conflict of interest statement

None declared.

References

1. Lopez-Otin,C., Blasco,M.A., Partridge,L., Serrano,M. and
Kroemer,G. (2013) The hallmarks of aging. Cell, 153,
1194-1217.

2. Bao,H., Cao,]., Chen,M., Chen,M., Chen,W., Chen,X., Chen,Y.,
Chen,Y., Chen,Y., Chen,Z., et al. (2023) Biomarkers of aging. Sci.
China Life Sci., 66, 893-1066.

10.

11.

12.

13.

14.

1S5.

16.

17.

18.

19.

20.

21.

Nucleic Acids Research, 2024, Vol. 52, No. 19

. Cai,Y., Song,W., Li,J., Jing,Y., Liang,C., Zhang,L., Zhang,X.,

Zhang,W., Liu,B., An,Y., et al. (2022) The landscape of aging.
Sci. China Life Sci., 65,2354-2454.

. Lu,H,, Jing,Y., Zhang,C., Ma,S., Zhang,W., Huang,D., Zhang,B.,

Zuo,Y., Qin,Y., Liu,G.H., et al. (2024) Aging hallmarks of the
primate ovary revealed by spatiotemporal transcriptomics.
Protein Cell, 15, 364-384.

. Zheng,Z., Li,]., Liu,T., Fan,Y., Zhai,Q.-C., Xiong,M., Wang,Q.-R.,

Sun,X., Zheng,Q.-W., Che,S., et al. (2024) DNA methylation
clocks for estimating biological age in Chinese cohorts. Protein
Cell, 15, 575-593.

. Wu,Z., Qu,J., Zhang,W. and Liu,G.H. (2024) Stress, epigenetics,

and aging: unraveling the intricate crosstalk. Mol. Cell, 84,
34-54.

. van Deursen,].M. (2014) The role of senescent cells in ageing.

Nature, 509, 439-446.

. Aging Biomarker Consortium, Jia,Y.-J., Wang,]., Ren,].-R.,

Chan,P., Chen,S., Chen,X.-C., Chhetri,].K., Guo,J., Guo,Q., et al.
(2023) A framework of biomarkers for brain aging: a consensus
statement by the Aging Biomarker Consortium. Life Medicine, 2,
Inad017.

. Aging Biomarker Consortium, Zhang,L., Guo,]., Liu,Y., Sun,S.,

Liu,B., Yang,Q., Tao,J., Tian,X.-L., Pu,]., ez al. (2023) A
framework of biomarkers for vascular aging: a consensus
statement by the Aging Biomarker Consortium. Life Medicine, 2,
Inad033.

Ren,J., Song,M., Zhang,W., Cai,].P., Cao,F.,, Cao,Z., Chan,P.,
Chen,C., Chen,G., Chen,H.Z., et al. (2023) The Aging Biomarker
Consortium represents a new era for aging research in China.
Nat. Med., 29, 2162-2165.

Sun,Y., Li,Q. and Kirkland,].L. (2022) Targeting senescent cells
for a healthier longevity: the roadmap for an era of global aging.
Life Medicine, 1,103-119.

Baker,D.]., Wijshake,T., Tchkonia,T., LeBrasseur,N.K.,
Childs,B.G., van de Sluis,B., Kirkland,].L. and van Deursen,].M.
(2011) Clearance of p16Ink4a-positive senescent cells delays
ageing-associated disorders. Nature, 479, 232-236.

Bussian,T.]., Aziz,A., Meyer,C.E, Swenson,B.L., van Deursen,].M.
and Baker,D.]. (2018) Clearance of senescent glial cells prevents
tau-dependent pathology and cognitive decline. Nature, 562,
578-582.

Hu,Q., Zhang,B., Jing,Y., Ma,S., Hu,L., Li,J., Zheng,Y., Xin,Z.,
Peng,]., Wang,S., et al. (2024) Single-nucleus transcriptomics
uncovers a geroprotective role of YAP in primate gingival aging.
Protein Cell, 15, 612-632.

Aging Biomarker Consortium, Jiang,M., Zheng,Z., Wang,X.,
Chen,Y., Qu,J., Ding,Q., Zhang,W., Liu,Y.-S., Yang,]., et al. (2024)
A biomarker framework for liver aging: the Aging Biomarker
Consortium consensus statement. Life Medicine, 3, Inae004.
Wilson,A., Laurenti,E., Oser,G., van der Wath,R.C.,
Blanco-Bose,W., Jaworski,M., Offner,S., Dunant,C.F, Eshkind,L.,
Bockamp,E., et al. (2008) Hematopoietic stem cells reversibly
switch from dormancy to self-renewal during homeostasis and
repair. Cell, 135, 1118-1129.

Pittenger,M., Vanguri,P., Simonetti,D. and Young,R. (2002) Adult
mesenchymal stem cells: potential for muscle and tendon
regeneration and use in gene therapy. J. Musculoskelet. Neuronal
Interact., 2, 309-320.

Goodell,M.A. and Rando,T.A. (2015) Stem cells and healthy
aging. Science, 350, 1199-1204.

Zhao,H., Ji,Q., Wu,Z., Wang,S., Ren,J., Yan,K., Wang,Z., Hu,J.,
Chu,Q., Hu,H., et al. (2022) Destabilizing heterochromatin by
APOE mediates senescence. Nat. Aging, 2, 303-316.

Wu,Z. and Zhou,X. (2022) Hematopoietic anomalies fuels
multiple sclerosis. Life Medicine, 1, 52-54.

Pittenger,M.E,, Mackay,A.M., Beck,S.C., Jaiswal,R.K.,
Douglas,R., Mosca,].D., Moorman,M.A., Simonetti,D.W.,
Craig,S. and Marshak,D.R. (1999) Multilineage potential of
adult human mesenchymal stem cells. Science, 284, 143-147.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae740#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Liang,C., Liu,Z., Song, M., Li,W., Wu,Z., Wang,Z., Wang,Q.,
Wang,S., Yan,K., Sun,L., ez al. (2021) Stabilization of
heterochromatin by CLOCK promotes stem cell rejuvenation and
cartilage regeneration. Cell Res., 31, 187-205.

Wang,C., Yang,K., Liu,X., Wang,S., Song,M., Belmonte,].C.I.,
Qu,J., Liu,G.H. and Zhang,W. (2023) MAVS antagonizes human
stem cell senescence as a mitochondrial stabilizer. Research
(Wash D C), 6,0192.

Cai,Y., Ji,Z., Wang,S., Zhang,W., Qu,J., Belmonte,].C.I.-. and
Liu,G.-H. (2022) Genetic enhancement: an avenue to combat
aging-related diseases. Life Med., 1, 307-318.

Guanghui,L. (2024) Ethical concerns in aging research:
perspectives of global frontline researchers. Sci.China Life Sci.,
https://doi.org/10.1007/s11427-024-2650-y.

Zhu,F,, Nie,G. and Liu,C. (2023) Engineered biomaterials in stem
cell-based regenerative medicine. Life Med, 2, Inad027.

Yan,P., Ren,]., Zhang,W., Qu,]. and Liu,G.H. (2020) Protein
quality control of cell stemness. Cell Regen., 9, 22.
Fromont-Racine,M., Senger,B., Saveanu,C. and Fasiolo,F. (2003)
Ribosome assembly in eukaryotes. Gene, 313, 17-42.
Mullineux,S.T. and Lafontaine,D.L. (2012) Mapping the cleavage
sites on mammalian pre-rRNAs: where do we stand? Biochimie,
94, 1521-1532.

Penzo,M., Montanaro,L., Treré,D. and Derenzini,M. (2019) The
ribosome biogenesis-cancer connection. Cells, 8,55.
Montanaro,L., Treré,D. and Derenzini,M. (2012) Changes in
ribosome biogenesis may induce cancer by down-regulating the
cell tumor suppressor potential. Biochim. Biophys. Acta, 1825,
101-110.

Chaillou,T., Kirby,T.J. and McCarthy,].J. (2014) Ribosome
biogenesis: emerging evidence for a central role in the regulation
of skeletal muscle mass. J. Cell. Physiol., 229, 1584-1594.
Jiao,L., Liu,Y., Yu,X.Y., Pan,X., Zhang,Y., Tu,]., Song,Y.H. and
Li,Y. (2023) Ribosome biogenesis in disease: new players and
therapeutic targets. Signal Transduct. Targeted Ther., 8, 15.
Steffen,K.K., MacKay,V.L., Kerr,E.O., Tsuchiya,M., Hu,D.,
Fox,L.A., Dang,N., Johnston,E.D., Oakes,].A., Tchao,B.N., ez al.
(2008) Yeast life span extension by depletion of 60s ribosomal
subunits is mediated by Gen4. Cell, 133, 292-302.

Moton,M., Molestak,E., Kula-Maximenko,M., Grela,P. and
Tchoérzewski,M. (2020) Ribosomal protein uL11 as a regulator of
metabolic circuits related to aging and cell cycle. Cells, 9,1745.
Hansen,M., Taubert,S., Crawford,D., Libina,N., Lee,S.]. and
Kenyon,C. (2007) Lifespan extension by conditions that inhibit
translation in Caenorhabditis elegans. Aging Cell, 6, 95-110.
Lessard,F, Igelmann,S., Trahan,C., Huot,G., Saint-Germain,E.,
Mignacca,L., Del Toro,N., Lopes-Paciencia,S., Le Calvé,B.,
Montero,M., et al. (2018) Senescence-associated ribosome
biogenesis defects contributes to cell cycle arrest through the Rb
pathway. Nat. Cell Biol., 20, 789-799.

Pederson,T. (2011) The nucleolus. Cold Spring Harb. Perspect.
Biol., 3,2000638.

McStay,B. (2016) Nucleolar organizer regions: genomic ‘dark
matter’ requiring illumination. Genes Dev., 30, 1598-1610.
Cockrell,A.]J. and Gerton,].L. (2022) Nucleolar Organizer
Regions as Transcription-Based Scaffolds of Nucleolar Structure
and Function. Results Probl. Cell Differ., 70, 551-580.

Bafller,]. and Hurt,E. (2019) Eukaryotic ribosome assembly.
Annu. Rev. Biochem., 88, 281-306.

Conconi,A., Widmer,R.M., Koller,T. and Sogo,].M. (1989) Two
different chromatin structures coexist in ribosomal RNA genes
throughout the cell cycle. Cell, 57, 753-761.

Grummt,]. and Lingst,G. (2013) Epigenetic control of RNA
polymerase I transcription in mammalian cells. Biochim.
Biophys. Acta, 1829, 393-404.

Gagnon-Kugler,T., Langlois,E., Stefanovsky,V., Lessard,F. and
Moss,T. (2009) Loss of human ribosomal gene CpG methylation
enhances cryptic RNA polymerase II transcription and disrupts
ribosomal RNA processing. Mol. Cell, 35, 414-425.

45

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

6.

57.

58.

59.

60.

61.

62.

11497

. Tiku,V., Jain,C., Raz,Y., Nakamura,S., Heestand,B., Liu,W.,

Spath,M., Suchiman,H.E.D., Miiller,R.U., Slagboom,P.E., et al.
(2017) Small nucleoli are a cellular hallmark of longevity. Nat.
Commun., 8, 16083.

Buchwalter,A. and Hetzer,M.W. (2017) Nucleolar expansion and
elevated protein translation in premature aging. Nat. Commun.,
8, 328.

Kobayashi,T. (2014) Ribosomal RNA gene repeats, their stability
and cellular senescence. Proc. [pn. Acad. Ser. B, Phys. Biol. Sci.,
90, 119-129.

Guetg,C. and Santoro,R. (2012) Formation of nuclear
heterochromatin: the nucleolar point of view. Epigenetics, 7,
811-814.

Ren,X., Hu,B., Song,M., Ding,Z., Dang,Y., Liu,Z., Zhang,W.,
Ji,Q., Ren,R., Ding,]., et al. (2019) Maintenance of nucleolar
homeostasis by CBX4 alleviates senescence and osteoarthritis.
Cell Rep., 26, 3643-3656.

Pinho,M., Macedo,].C., Logarinho,E. and Pereira,P.S. (2019)
NOL12 repression induces nucleolar stress-driven cellular
senescence and is associated with normative aging. Mol. Cell.
Biol., 39, €00099-19.

Koike-Yusa,H., Li,Y., Tan,E.P., Velasco-Herrera Mdel,C. and
Yusa,K. (2014) Genome-wide recessive genetic screening in
mammalian cells with a lentiviral CRISPR-guide RNA library.
Nat. Biotechnol., 32,267-273.

Shalem,O., Sanjana,N.E., Hartenian,E., Shi,X., Scott,D.A.,
Mikkelson,T., Heckl,D., Ebert,B.L., Root,D.E., Doench,].G., et al.
(2014) Genome-scale CRISPR-Cas9 knockout screening in
human cells. Science, 343, 84-87.

Wang,W., Zheng,Y., Sun,S., Li,W., Song,M., Ji,Q., Wu,Z., Liu,Z.,
Fan,Y., Liu,F, et al. (2021) A genome-wide CRISPR-based screen
identifies KAT7 as a driver of cellular senescence. Sci. Transl.
Med., 13,eabd2655.

Li,M.H., Jiang,X., Jing,Y., Yan, K., Bi,S.]., Wang,S., Ma,S.,
Liu,G.H., Zhang,W., Sun,S., et al. (2024) CRISPR-based
screening pinpoints H2AZ1 as a driver of senescence in human
mesenchymal stem cells. Protein Cell,
https://doi.org/10.1093/procel/pwae035.

LiL.Z., Yang,K., Jing,Y., Fan,Y., Jiang,X., Wang,S., Liu,G.H.,
Qu,J., Ma,S. and Zhang,W. (2023) CRISPR-based screening
identifies XPO7 as a positive regulator of senescence. Protein
Cell., 14, 623-628.

Joung,]J., Konermann,S., Gootenberg,].S., Abudayyeh,0.0.,
Platt,R.]., Brigham,M.D., Sanjana,N.E. and Zhang,F. (2017)
Genome-scale CRISPR-Cas9 knockout and transcriptional
activation screening. Nat. Protoc., 12, 828-863.

Chu,Q., Liu,E, He,Y., Jiang,X., Cai,Y., Wu,Z., Yan,K., Geng,L.,
Zhang,Y., Feng,H., et al. (2022) mTORC2/RICTOR exerts
differential levels of metabolic control in human embryonic,
mesenchymal and neural stem cells. Protein Cell, 13, 676-682.
Zhao,H., Yang,K., Zhang,Y., Li,H., Ji,Q., Wu,Z., Ma,S., Wang,S.,
Song,M., Liu,G.H., et al. (2023) APOE-mediated suppression of
the IncRNA MEG3 protects human cardiovascular cells from
chronic inflammation. Protein Cell, 14, 908-913.

Li,H., Wu,Z., Liu,X., Zhang,S., Ji,Q., Jiang,X., Liu,Z., Wang,S.,
Qu,J., Zhang,W, et al. (2020) ALKBH1 deficiency leads to loss
of homeostasis in human diploid somatic cells. Protein Cell, 11,
688-695.

Fu,L., Hu,Y.,, Song,M., Liu,Z., Zhang,W., Yu,EX., Wu,J., Wang,S.,
Izpisua Belmonte,].C., Chan,P., et al. (2019) Up-regulation of
FOXD1 by YAP alleviates senescence and osteoarthritis. PLoS
Biol., 17, €3000201.

Jing,Y., Jiang,X., Ji,Q., Wu,Z., Wang,W., Liu,Z., Guillen-Garcia,P.,
Esteban,C.R., Reddy,P., Horvath,S., et al. (2023) Genome-wide
CRISPR activation screening in senescent cells reveals SOX35 as a
driver and therapeutic target of rejuvenation. Cell Stem Cell, 30,
1452-1471.

Liu,G.-H., Barkho,B.Z., Ruiz,S., Diep,D., Qu,J., Yang,S.-L.,
Panopoulos,A.D., Suzuki,K., Kurian,L., Walsh,C., et al. (2011)


https://doi.org/10.1007/s11427-024-2650-y
https://doi.org/10.1093/procel/pwae035

11498

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Recapitulation of premature ageing with iPSCs from
Hutchinson-Gilford progeria syndrome. Nature, 472,221-225.
Geng,L., Zhang,B., Liu,H., Wang,S., Cai,Y., Yang,K., Zou,Z.,
Jiang,X., Liu,Z., Li,W., et al. (2022) A comparative study of
metformin and nicotinamide riboside in alleviating tissue aging in
rats. Life Med., 2,Jnac045.

Zhang,S., Wu,Z., Shi,Y., Wang,S., Ren,]., Yu,Z., Huang,D.,
Yan,K., He,Y., Liu,X., et al. (2022) FTO stabilizes MIS12 and
counteracts senescence. Protein Cell, 13, 954-960.

Zhang,X., Liu,Z., Liu,X., Wang,S., Zhang,Y., He,X., Sun,S.,
Ma,S., Shyh-Chang,N., Liu,F,, et al. (2019) Telomere-dependent
and telomere-independent roles of RAP1 in regulating human
stem cell homeostasis. Protein Cell, 10, 649-667.

Streit,S., Michalski,C.W., Erkan,M., Kleeff,]. and Friess,H. (2009)
Northern blot analysis for detection and quantification of RNA
in pancreatic cancer cells and tissues. Nat. Protoc., 4, 37-43.
Schmidt,E.K., Clavarino,G., Ceppi,M. and Pierre,P. (2009)
SUnSET, a nonradioactive method to monitor protein synthesis.
Nat. Methods, 6,275-277.

He,Y., Ji,Q., Wu,Z., Cai,Y., Yin,]., Zhang,Y., Zhang,S., Liu,X.,
Zhang,W., Liu,G.H., et al. (2023) 4E-BP1 counteracts human
mesenchymal stem cell senescence via maintaining mitochondrial
homeostasis. Protein Cell, 14,202-216.

Langmead,B. and Salzberg,S.L. (2012) Fast gapped-read
alignment with Bowtie 2. Nat. Methods, 9, 357-359.

Li,H., Handsaker,B., Wysoker,A., Fennell,T., Ruan,]., Homer,N.,
Marth,G., Abecasis,G. and Durbin,R. (2009) The Sequence
Alignment/Map format and SAMtools. Bioinformatics, 25,
2078-2079.

Li,W., Xu,H., Xiao,T., Cong,L., Love,M.L., Zhang,F,, Irizarry,R.A.,
Liu,]J.S., Brown,M. and Liu,X.S. (2014) MAGeCK enables robust
identification of essential genes from genome-scale CRISPR /Cas9
knockout screens. Genome Biol., 15, 554.

Kim,D., Langmead,B. and Salzberg,S.L. (2015) HISAT: a fast
spliced aligner with low memory requirements. Nat. Methods,
12, 357-360.

Anders,S., PyL,P.T. and Huber,W. (2015) HTSeq—a Python
framework to work with high-throughput sequencing data.
Bioinformatics, 31, 166-169.

Love,M.I., Huber,W. and Anders,S. (2014) Moderated estimation
of fold change and dispersion for RNA-seq data with DESeq2.
Genome Biol., 15, 550.

Liao,Y., Smyth,G.K. and Shi,W. (2014) featureCounts: an efficient
general purpose program for assigning sequence reads to
genomic features. Bioinformatics, 30, 923-930.

Zhou,Y., Zhou,B., Pache,L., Chang,M., Khodabakhshi,A.H.,
Tanaseichuk,O., Benner,C. and Chanda,S.K. (2019) Metascape
provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat. Commun., 10, 1523.

(2021) Aging Atlas: a multi-omics database for aging biology.
Nucleic Acids Res., 49, D825-D830.

Kang,W., Jin,T., Zhang,T., Ma,S., Yan,H., Liu,Z., Ji,Z., Cai,Y.,
Wang,S., Song,M., et al. (2022) Regeneration Roadmap:
database resources for regenerative biology. Nucleic Acids Res.,
50,D1085-D1090.

Zentner,G.E., Saiakhova,A., Manaenkov,P., Adams,M.D. and
Scacheri,P.C. (2011) Integrative genomic analysis of human
ribosomal DNA. Nucleic Acids Res., 39, 4949-4960.
O’Leary,M.N.,, Schreiber,K.H., Zhang,Y., Duc,A.-C.E., Rao,S.,
Hale,].S., Academia,E.C., Shah,S.R., Morton,].E,, Holstein,C.A.,
et al. (2013) The ribosomal protein Rpl22 controls ribosome
composition by directly repressing expression of its own paralog,
Rpl2211. PLos Genet., 9, e1003708.

Shu-Nu,C., Lin,C.H. and Lin,A. (2000) An acidic amino acid
cluster regulates the nucleolar localization and ribosome
assembly of human ribosomal protein L22. FEBS Lett., 484,
22-28.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Nucleic Acids Research, 2024, Vol. 52, No. 19

Mélese,T. and Xue,Z. (1995) The nucleolus: an organelle formed
by the act of building a ribosome. Curr. Opin. Cell Biol., 7,
319-324.

Aubert,M., O’Donohue,M.E, Lebaron,S. and Gleizes,P.E. (2018)
Pre-ribosomal RNA processing in human cells: from mechanisms
to congenital diseases. Biomolecules, 8, 123.

Houmani,].L. and Ruf,I.K. (2009) Clusters of basic amino acids
contribute to RNA binding and nucleolar localization of
ribosomal protein L22. PLoS One, 4, e5306.

Fahl,S.P., Wang,M., Zhang,Y., Duc,A.C. and Wiest,D.L. (2015)
Regulatory roles of Rpl22 in hematopoiesis: an old dog with new
tricks. Crit. Rev. Immunol., 35, 379-400.

Hu,H., Ji,Q., Song,M., Ren,]., Liu,Z., Wang,Z., Liu,X., Yan,K.,
Hu,J., Jing,Y., et al. (2020) ZKSCANS3 counteracts cellular
senescence by stabilizing heterochromatin. Nucleic Acids Res.,
48, 6001-6018.

Deng,L., Ren,R., Liu,Z., Song,M., Li,]., Wu,Z., Ren,X., Fu,L.,
Li,W., Zhang,W., et al. (2019) Stabilizing heterochromatin by
DGCRS alleviates senescence and osteoarthritis. Nat. Commun.,
10, 3329.

Huang,D., Zhao,Q., Yang K., Lei,]., Jing,Y., Li,H., Zhang,C.,
Ma,S., Sun,S., Cai,Y., et al. (2024) CRL2(APPBP2)-mediated
TSPYL2 degradation counteracts human mesenchymal stem cell
senescence. Sci. China Life Sci., 67, 460-474.

Grummt,l. and Pikaard,C.S. (2003) Epigenetic silencing of RNA
polymerase I transcription. Nat. Rev. Mol. Cell Biol., 4, 641-649.
Zhang,W., Li,J., Suzuki,K., Qu,J., Wang,P., Zhou,J., Liu,X.,
Ren,R., Xu,X., Ocampo,A., et al. (2015) Aging stem cells. A
Werner syndrome stem cell model unveils heterochromatin
alterations as a driver of human aging. Science, 348, 1160-1163.
Wu,Z., Zhang,W., Song,M., Wang,W., Wei,G., Li,W., Lei,].,
Huang,Y., Sang,Y., Chan,P., et al. (2018) Differential stem cell
aging kinetics in Hutchinson-Gilford progeria syndrome and
Werner syndrome. Protein Cell, 9, 333-350.

Turi,Z., Lacey,M., Mistrik,M. and Moudry,P. (2019) Impaired
ribosome biogenesis: mechanisms and relevance to cancer and
aging. Aging, 11, 2512-2540.

Xiao,EH., Yu,Q., Deng,Z.L., Yang,K., Ye,Y., Ge,M.X., Yan,D.,
Wang,H.T., Chen,X.Q., Yang,L.Q, ez al. (2022) ETS1 acts as a
regulator of human healthy aging via decreasing ribosomal
activity. Sci. Adv., 8, eabf2017.

Maclnnes,A.W. (2016) The role of the ribosome in the regulation
of longevity and lifespan extension. Wiley Interdiscipl. Rev. RNA,
7,198-212.

Zhu,H., Chen,J., Liu,K., Gao,L., Wu,H., Ma,L., Zhou,]., Liu,Z.
and Han,]J.J. (2023) Human PBMC scRNA-seq-based aging
clocks reveal ribosome to inflammation balance as a single-cell
aging hallmark and super longevity. Sci. Adv., 9, eabq7599.
Auger-Buendia,M.A., Longuet,M. and Tavitian,A. (1979) Kinetic
studies on ribosomal proteins assembly in preribosomal particles
and ribosomal subunits of mammalian cells. Biochim. Biophys.
Acta, 563, 113-128.

O’Leary,M.N,, Schreiber,K.H., Zhang,Y., Duc,A.C., Rao,S.,
Hale,].S., Academia,E.C., Shah,S.R., Morton,].E.,, Holstein,C.A.,
et al. (2013) The ribosomal protein Rpl22 controls ribosome
composition by directly repressing expression of its own paralog,
Rpl2211. PLoS Genet., 9, e1003708.

Zhang,Y., Duc,A.C., Rao,S., Sun,X.L., Bilbee,A.N., Rhodes,M.,
Li,Q., Kappes,D.]., Rhodes,]. and Wiest,D.L. (2013) Control of
hematopoietic stem cell emergence by antagonistic functions of
ribosomal protein paralogs. Dev. Cell, 24, 411-425.
Anderson,S.]., Lauritsen,].P., Hartman,M.G., Foushee,A.M.,
Lefebvre,].M., Shinton,S.A., Gerhardt,B., Hardy,R.R., Oravecz,T.
and Wiest,D.L. (2007) Ablation of ribosomal protein 1.22
selectively impairs alphabeta T cell development by activation of
a p53-dependent checkpoint. Immunity, 26, 759-772.

Del Toro,N., Fernandez-Ruiz,A., Mignacca,L., Kalegari,P.,
Rowell,M.C., Igelmann,S., Saint-Germain,E., Benfdil,M.,
Lopes-Paciencia,S., Brakier-Gingras,L., et al. (2019) Ribosomal



Nucleic Acids Research, 2024, Vol. 52, No. 19

101.

protein RPL22/el.22 regulates the cell cycle by acting as an
inhibitor of the CDK4-cyclin D complex. Cell Cycle, 18,
759-770.

Van Meter,M., Kashyap,M., Rezazadeh,S., Geneva,A.].,
Morello,T.D., Seluanov,A. and Gorbunova,V. (2014) SIRT6
represses LINE1 retrotransposons by ribosylating KAP1 but this
repression fails with stress and age. Nat. Commun., 5, 5011.

102. Wang,C., Ivanov,A., Chen,L., Fredericks,W.]., Seto,E.,

Rauscher,E]. 3rd and Chen,]. (2005) MDM?2 interaction with
nuclear corepressor KAP1 contributes to p53 inactivation.
EMBO ]., 24, 3279-3290.

103.

104.

105.

11499

Deutsch,E.W., Bandeira,N., Perez-Riverol,Y., Sharma,V.,
Carver,].]., Mendoza,L., Kundu,D.]J., Wang,S., Bandla,C.,
Kamatchinathan,S., et al. (2023) The ProteomeXchange
consortium at 10 years: 2023 update. Nucleic Acids Res., 51,
D1539-D1548.

Ma,]., Chen,T., Wu,S., Yang,C., Bai,M., Shu,K., Li,K., Zhang,G.,
Jin,Z.,He,E, et al. (2019) iProX: an integrated proteome
resource. Nucleic Acids Res., 47,D1211-D1217.

Chen,T., Ma,J., Liu,Y., Chen,Z., Xiao,N., Lu,Y., Fu,Y., Yang,C.,
Li,M., Wu,S., et al. (2022) iProX in 2021: connecting proteomics
data sharing with big data. Nucleic Acids Res., 50,
D1522-D1527.

Received: December 19, 2023. Revised: August 2, 2024. Editorial Decision: August 12, 2024. Accepted: August 16, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and
translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact
journals.permissions@oup.com.



	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

