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Abstract

Cellular senescence is accompanied by metabolic and epigenomic remodeling, but the tran-
scriptional mechanism of this process is unclear. Our previous RNA interference-based
screen of chromatin factors found that lysine methyltransferases including SETD8 and
NSD2 inhibited the senescence program in cultured fibroblasts. Here, we report that loss of
the zinc finger and homeobox protein 3 (ZHX3), a ubiquitously expressed transcription
repressor, induced senescence-associated gene expression and mitochondrial-nucleolar
activation. Chromatin immunoprecipitation—sequencing analyses of growing cells revealed
that ZHX3 was enriched at the transcription start sites of senescence-associated genes
such as the cyclin-dependent kinase inhibitor (ARF-p16""%*?) gene and ribosomal RNA
(rBNA) coding genes. ZHX3 expression was consistently downregulated in cells with repli-
cative or oncogene-induced senescence. Mass spectrometry-based proteomics identified
28 proteins that interacted with ZHX3, including ATP citrate lyase and RNA metabolism pro-
teins. Loss of ZHX3 or ZHX3-interaction partners by knockdown similarly induced the
expression of p16™#@ and rRNA genes. Zhx3-knockout mice showed upregulation of
p16™K42in the testes, thymus and skeletal muscle tissues, together with relatively short sur-
vival periods in males. These data suggested that ZHX3 plays an essential role in transcrip-
tional control to prevent cellular senescence.

Introduction

Cellular senescence is characterized by persistent growth arrest, senescence-associated (SA)-B-
galactosidase positivity and the senescence-associated secretory phenotype, which plays
important roles in tissue development, tumor suppression and aging in vivo [1-4]. The senes-
cent cells also exhibit enlarged cell size and increased protein content due to the remodeling of
various metabolic pathways including protein synthesis and degradation, and mitochondrial
oxidative phosphorylation (OXPHOS) [1, 5]. It has been reported that many organelles such as
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the nucleus, nucleolus and the mitochondria undergo structural and functional changes dur-
ing aging [6]. In fact, senescent cells have higher activities in ribosome biogenesis and
OXPHOS than proliferating cells [7-11]. Conversely, metabolic stresses such as loss of pro-
teostasis and mitochondrial dysfunction lead to senescent state [1]. Several lines of evidence
suggest that metabolic and epigenomic remodeling cooperatively create these features of senes-
cent cells [4], although it is still undetermined whether such reprogram is a cause or conse-
quence of cellular senescence.

We previously performed an RNA interference (RNAi)-based screen in HeLa, HepG2 cells
and IMR-90 human diploid fibroblasts, using a custom small interfering RNA (siRNA) library
against 79 chromatin factors [11, 12]. Individual knockdown (KD) of these factors showed
increases in either mitochondrial or nucleolar areas per cell, or both. Among the factors, two
lysine methyltransferases, SETD8/PR-Set7 and NSD2/WHSC1/MMSET, are involved in the
senescence-associated metabolic and epigenomic reprogramming. SETD8 methyltransferase,
which catalyzes mono-methylation of histone H4 at lysine 20 (H4K20me1l), inhibited nucleolar
and mitochondrial activities to prevent cellular senescence, by repressing the genes encoding
ribosomal proteins and ribosomal RN As as well as the CDK inhibitor p16™*** [11]. In con-
trast, NSD2 methyltransferase shapes transcriptionally active histone H3 lysine 36 trimethyla-
tion (H3K36me3) at the cell cycle-related gene loci, involving in DNA replication and cell
division, to maintain proliferation and prevent cellular senescence [12]. Therefore, the loss of
either SETD8 or NSD2 resulted in senescent conditions, accompanied by the secretory pheno-
type with metabolic activation. However, it is not well understood how transcriptional
machineries are involved in the metabolic remodeling during senescence.

By screening the above-mentioned siRNA library, we identified the zinc finger and homeo-
box 3 (ZHX3) as an essential transcription factor involving in morphology of mitochondria
and nucleolus. ZHX3 is one of the three members of the ZHX family in mammals (ZHX1,
ZHX2 and ZHX3), which contains two zinc finger motifs and five homeobox DNA-binding
domains, and functions as a transcriptional repressor [13, 14]. ZHX1 was first isolated as an
interacting protein with the A subunit of the nuclear factor Y (NF-YA) that binds the Y-
box sequence [15], and ZHX proteins form homo dimers and heterodimers with each other
[16, 17]. Recent studies have revealed that the ZHX proteins are associated with cell develop-
ment and differentiation, and various cancers [18-21], although their biological roles and tran-
scriptional repressive actions remain to be elucidated.

In this study, we found that loss of the ZHX3, a ubiquitously expressed transcription repres-
sor, induced mitochondrial-nucleolar activation and cellular senescence in human fibroblasts.
Consistently, ZHX3 was downregulated in replicative and oncogene-induced senescent cells.
ZHX3 was enriched at the transcription start sites of senescence-associated genes, indicating
that ZHX3 is involved in transcriptional program of cellular senescence.

Materials and methods
Cell culture and siRNAs

IMR-90 (human diploid fibroblast, purchased from ATCC) and IMR-90 ER:Ras (H-RasG12V)
cells were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v)
heat-inactivated fetal bovine serum. To induce OIS, IMR-90 ER:Ras cells were treated with 100
nM 4-OHT for 6-8 days. RS cells were prepared by repeated passaging for 10-12 weeks [11].
Transfection of siRNA was performed every 3 days using RNAIMAX (Invitrogen, MA, USA).
The siRNAs used in this study are listed in S1 Table. The siRNA libraries were previously
described [12].
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Animal experiments

Animal experiments and ethics in this study were approved by The Animal Care and Use
Committee in Kumamoto University, Japan. The approval numbers are A2019-098 and
A2021-076. We carefully performed experiments which caused little or no discomfort to mice
with short-term retention, sampling and euthanasia without awakening under anesthesia in
accordance with the institutional regulation. Zhx3-KO (Zhx3"™!!(KOMPIVIegy nice were gener-
ated by the Knockout Mouse Phenotyping Program and the International Knockout Mouse
Consortium, and were purchased from the University of California, Davis. Briefly, in the KO
construct, the ZEN-UBI Velocigene cassette was inserted into Zhx3, replacing all coding
exons and intervening sequences. Genotyping PCR was performed using appropriate primers
(S2 Table). C57BL/6] mice were purchased from Charles River Laboratories (MA, USA). Preg-
nancy rates were assessed from the significant weight gains of mated females. Gene expression
analyses were performed on 14 types of tissue from male mice sacrificed at 7 weeks of age.

Reagents

Oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), rotenone, and
antimycin A were used for metabolic measurement by extracellular flux analyzer (Agilent
Technologies, CA, USA). Antibodies were as follows: anti-ZHX3 (ab9950) and anti-ACLY
(ab40793) (Abcam, Cambridge, UK); anti-B23/NPM1 (sc-6013R, sc-271737), anti-mouse IgG
(sc-2025) and anti-rabbit IgG (sc-2027) (Santa Cruz Biotechnology, Dallas, TX, USA); and
anti-B-tubulin (T4026) (Sigma Aldrich, MO, USA).

Quantitative reverse transcription PCR (RT-qPCR) analyses

Total RNA was extracted from cultured cells with TRIzol Reagent (Invitrogen), used to pro-
duce ¢cDNA in ReverTra Ace qQPCR RT Master Mix, followed by qPCR with SYBR green fluo-
rescence using THUNDERBIRD reagent (Toyobo, Osaka, Japan) and a StepOnePlus Real-
Time PCR instrument (Thermo Fisher Scientific, Waltham, MA, USA). GAPDH was used for
normalization. Primer sequences are listed in S2 Table.

Nuclear extraction

Nuclear extracts were prepared using an NE-PER Nuclear Cytoplasmic Extraction Reagent kit
(Pierce, Rockford, IL, USA) according to the manufacturer’s instruction. Briefly, cells were
washed twice with cold phosphate-buffered saline (PBS) and spun by centrifugation at 5,000 x
g for 3 min. The cell pellet was resuspended in 200 pL cytoplasmic extraction reagent I by vor-
texing and incubated on ice for 10 min; 11 pL cytoplasmic extraction reagent IT was added,
vortexed for 5 sec, incubated on ice for 1 min, and spun by centrifugation at 13,500 x g for 5
min. The supernatant fraction (cytoplasmic extract) was transferred to a tube. The insoluble
pellet fraction containing crude nuclei was resuspended in 100 puL nuclear extraction reagent
by vortexing for 15 sec, incubated on ice for 10 min, then spun by centrifugation for 10 min at
13,500 x g. The resulting supernatant, constituting the nuclear extract, was used for the subse-
quent experiments.

Western blot analysis

To prepare total cell lysates, cells were directly dissolved in sample buffer (0.1 M Tris-HCI, pH
6.8, 4% sodium dodecyl sulfate [SDS], 0.1 M DTT, 20% glycerol, 0.2% bromophenol blue).
Nuclear extracts or cytoplasmic extracts were added to the same sample buffer. Proteins were
separated by SDS-polyacrylamide gel electrophoresis and transferred to a Hybond ECL
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nitrocellulose membrane (GE Healthcare, Waukesha, WI, USA) using a semidry method.
Membranes were incubated with antibodies diluted in PBS containing 5% skim milk and 0.3%
Tween 20 (1:2000 for anti-ZHX3 and 1:5000 for anti-ACLY antibodies). Signals were visual-
ized using the Western Lightning Plus-ECL (PerkinElmer, Waltham, MA, USA) and an Ima-
geQuant LAS 4000 mini (GE Healthcare).

Cell counting

Cells were stained with Solution 18 AO-DAPI (Chemometec, Allerod, Denmark) according to
the manufacturer’s instructions and counted using an automated cell analyzer (NucleoCounter
NC-250, Chemometec).

SA-B-Gal staining

Senescence-associated-B-galactosidase (SA-B-Gal) staining was performed with the Senescence
Detection Kit (BioVision, Milpitas, CA, USA), according to the manufacturer’s instruction.
SA-B-Gal-positive senescent cells were identified as blue-stained cells under light microscopy.
Total cells were counted using a nuclear DAPI counterstain to determine the percentage of
SA-B-Gal-positive cells.

Immunofluorescence and high-content imaging analysis

Cells were fixed with 4% paraformaldehyde for 10 min at room temperature, then permeabi-
lized, blocked with 0.5% bovine serum albumin, and incubated with primary antibodies (each
1:500 dilution) for 1 h at room temperature, followed by incubation with Cy3- or Alexa Fluor
488-conjugated secondary antibody for 1 h. DNA was counterstained with 0.5 ug/mL DAPI.

For high-content imaging analysis, images were obtained and analyzed using a CellInsight
cellomics platform with HCS studio cell analysis software (Thermo Fisher Scientific). The Spot
Detector BioApplication was used to quantify the total fluorescence intensity of mitochondrial
signals and to count the number of nucleoli in each cell. Each cell was defined by a DAPI
channel.

RNAI screening was described previously [12]. Briefly, 2,500 IMR-90 cells were seeded with
5 nM each siRNA in 96-well plates. After 3 days, cells were fixed and subjected to immunofluo-
rescence using an anti-mitochondrial antibody (ab3298, Abcam). Sixteen images per well were
taken using CellInsight with 20x magnification. The total area of mitochondria/cell was calcu-
lated using the Spot Detector BioApplication. Screens were performed in three biological repli-
cates and hits were defined by the magnitude of change in the mitochondrial area, with
statistical analysis using Student’s t-test between control siRNA and samples.

ChIP-qPCR and ChIP-seq analyses

ChIP assays were performed according to the Upstate Biotechnology protocol [22] with modi-
fications. Cells were crosslinked with 1% formaldehyde for 10 min at room temperature.
Twenty pL Dynabeads M-280 Sheep Anti-rabbit IgG (Thermo Fisher Scientific) were bound
with 2 pg anti-ZHX3 antibodies. Nuclei were isolated and sonicated with a Picoruptor (30
times, 30 s ON/30 s OFF) (Cosmo Bio, Tokyo, Japan) to generate DNA fragments. The DNA
fragments were incubated overnight at 4°C with the magnetic bead-bound antibodies. The
beads were washed and de-crosslinked for 4 h at 65 °C. RNase A and Proteinase K were used
for RNA and protein digestion, respectively, and the DNA was purified with a QIAquick PCR
Purification Kit (Qiagen, MD, USA). For ChIP-qPCR analysis, DNA enrichment was deter-
mined with a Step One Plus system (Applied Biosystems, MA, USA), using SYBR green
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fluorescence. Input DNA was used to make a standard curve to determine the level of DNA
enrichment. Primer sequences are listed in S2 Table.

For genome-wide ZHX3 distribution analysis, extracted DNA was subjected to adaptor
ligation using the NEBNext Ultra Il DNA Library Prep Kit for Illumina (New England Biolabs,
Ipswich, MA, USA). Sequencing was performed on a NextSeq 500 (Illumina, San Diego, CA,
USA) with 75-bp single-end reads, and data analyses were performed on the Galaxy platform.
The reads were trimmed using Trimmomatic v.0.36.3 and mapped to the hgl9 reference
genome, or a custom build comprising a ribosomal DNA complete repeating unit (GenBank
accession no. U13369.1), using the Burrow-Wheeler Aligner v.0.7.15.1. After removing dupli-
cate reads using Picard MarkDuplicates v.1.136.0, the reads were normalized to those of input
by deepTools bamCompare v.2.5.0.0 [23] and visualized with an Integrative Genomics Viewer.
Distributions around gene loci were calculated and visualized using deepTools computeMatrix
and plotProfile, respectively. The number of reads in each gene was calculated by feature-
Counts v.1.4.6.p5. The peak detection of ZHX3 was performed by a Model-Based Analysis of
ChIP-seq (MACS v.1.0.1). ChIP-seq data for ZHX3 in IMR-90 cells were deposited in the
GEO database under accession code GSE184992. ChIP-seq data for UBF, Pol IB, and input in
HEK293T cells can be found on the SRA database under accession number SRP004897 [24].
Other ChIP-seq data in IMR-90 cells were obtained from the ENCODE project (https://www.
encodeproject.org) [25].

Assessment of mitochondrial activities

Real-time monitoring of cellular OCR was performed by an XF24 extracellular flux analyzer
(Seahorse Bioscience, Billerica, MA, USA) as previously described [11]. The siRNA-treated
cells were dissociated by trypsinization, then cultured in the assay plate for approximately 12 h
before the assay. During the measurement, the following inhibitors of respiratory chain com-
ponents were serially added to the culture medium: ATP synthase inhibitor, oligomycin

(1 uM); respiratory uncoupler, FCCP (1.5 uM); and complex I and III inhibitors, rotenone

(1 uM) and antimycin A (1 uM). OCR was measured four times.

Immunoprecipitation

Antibodies bound to 20 pL Dynabeads M-280 sheep anti-rabbit IgG (Thermo Fisher Scientific)
were subjected to covalent cross-linking. A 500-uL solution of chemical cross-linking reagent,
50 mM dimethyl pimelimidate, was freshly prepared in ice-cold 200 mM triethanolamine, pH
8.9. Non-covalently bound antibodies were desorbed by eluting with 500 pL elution buffer (0.1
M glycine-HCI, pH 2.9), and neutralized with 500 uL wash buffer (50 mM Tris-HCI, pH 8.0,
150 mM NaCl). Antibody-crosslinked beads were added to total cell lysates or nuclear extracts.
The beads were then washed six times with standard low lysis buffer (50 mM Tris-HCI, pH
8.0, 5 mM EDTA, 150 mM NacCl, 0.5% NP-40, 0.5% Triton X100). Bead-bound proteins were
eluted with elution buffer as described above. The immunoprecipitated proteins were used for
subsequent western blot analysis or mass spectrometry analysis.

Mass spectrometry

Immunoprecipitated proteins were separated by electrophoresis on a 5%-20% e-PAGEL
(ATTO, Tokyo, Japan) and stained with a Pierce Silver Stain Kit (Thermo Fisher Scientific).
For the in-gel digestion of proteins, 8-12 gel slices were excised from each lane and cut into
approximately 1-mm-sized pieces. De-stained proteins in the gel pieces were reduced with
10 mM DTT (Thermo Fisher Scientific) in 25 mM ammonium bicarbonate (FUJIFILM
Wako, Tokyo, Japan), alkylated with 55 mM jodoacetamide (Thermo Fisher Scientific) in
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25 mM ammonium bicarbonate, and digested with trypsin and lysyl endopeptidase (Pro-
mega, WI, USA) in a buffer containing 40 mM ammonium bicarbonate, pH 8.0, overnight
at 37°C. Digested peptides were then extracted with 50% acetonitrile and 0.1% formic acid
(FUJIFILM Wako), and 70% acetonitrile with 0.1% formic acid. Supernatants were com-
bined in a fresh vial and concentrated to 15 uL in a centrifugal evaporator. The concentrated
samples were diluted 2-fold with 2% acetonitrile and 0.1% trifluoroacetic acid (FUJIFILM
Wako). The resultant peptides were analyzed on an Advance UHPLC system (Michrom
Bioresources Inc., CA, USA) coupled to a Q Exactive mass spectrometer (Thermo Fisher
Scientific). Raw mass spectrum data were processed using an Xcalibur (Thermo Fisher Sci-
entific). The raw liquid chromatography with tandem mass spectrometry data were ana-
lyzed against the SwissProt protein database, restricted to Homo sapiens, using Proteome
Discoverer ver.1.4 (Thermo Fisher Scientific) with the Mascot search engine ver.2.4 (Matrix
Science, London, UK). A decoy database comprising either randomized or reversed
sequences in the target database was used for false discovery rate (FDR) estimation. Search
results were filtered against a 1% FDR (S3 Table).

Statistical analysis

Survival of the KO mice was estimated by the Kaplan-Meier method, and the log-rank test was
used to examine differences in survival. All other data are presented as mean * standard devia-
tion, and were statistically analyzed by a two-tailed Student’s t-test.
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Fig 1. Loss of ZHX3 induces cellular senescence. (A) Heat map of mitochondrial area/cell in a 79 siRNA-based
knockdown (KD) in HeLa and HepG2 cells. Fold changes relative to control KD (siControl) are shown. Positions of
ZHX3, SETD8 and NSD2 are indicated. Each KD was repeated three times (n>1,200 cells) [12]. (B) Representative
immunofluorescent images of nucleoli in ZHX3-KD (day 3), growing and senescent (OIS and RS) IMR-90 fibroblasts.
Nucleoli and DNA were detected using nucleophosmin (NPM1) and DAP]I, respectively. Scale bar, 10 um. The
proportion containing one or two enlarged nucleoli/cell (n>100 cells each) was measured using the Spot Detector
BioApplication (right). (C) OCR in control and ZHX3-KD IMR-90 cells (day 6). Respiratory chain inhibitors were
serially added to the medium at the indicated time points. Respiratory capacities were calculated by subtracting the
rotenone/antimycin-treated value from the FCCP-treated value (right). (D) Growth curves in control and ZHX3-KD
IMR-90 cells; siRNA transfections were performed on days 0 and 4. (E) SA-B-galactosidase (SA-B-gal) staining of
control and ZHX3-KD IMR-90 cells (day 6, each n > 100 cells). Scale bars, 100 um. (F) RT-qPCR analysis of
senescence-related genes p16™**, IL1A/B and ribosomal RNAs in control and ZHX3-KD IMR-90 cells (day 3). Values
shown are mean +/- standard deviation from three independent experiments, using the Student’s t-test (*p<0.05,
*p<0.01).

https://doi.org/10.1371/journal.pone.0262488.g001
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Results and discussion
Loss of ZHX3 induces cellular senescence

In this study, we found that depletion of the transcriptional repressor ZHX3 [16, 17] using
three independent siRNAs (S1A and S1B Fig) significantly augmented both mitochondrial
and nucleolar areas per cell, compared with control KD (Figs 1A and 1B and S1C). Like the
loss of SETD8 or NSD2, ZHX3 KD led to an increased mitochondrial oxygen consumption
rate (OCR) in IMR90 cells (Fig 1C), resulting in mitochondrial activation. Further, ZHX3-KD
cells exhibited growth inhibition and senescence-associated (SA)-B-galactosidase positivity on
day 6 after siRNA transfection (Fig 1D and 1E). To test the involvement of ZHX3 in senes-
cence-related gene expression, we performed reverse transcription-quantitative PCR (RT-
qPCR) analyses. Levels of transcription for cyclin-dependent kinase inhibitor (p16™<**),
inflammatory cytokines (IL-1A/1B) and nucleolus-related ribosomal RNA (rRNA) genes were
upregulated in ZHX3-KD cells (Fig 1F; p14**¥ results shown in S1D Fig). There are three
ZHX family proteins, but only the loss of ZHX3, not ZHX1 or ZHX2, derepressed p16™~**
(S1E Fig), suggesting a unique function of ZHX3 in cellular senescence.

ZHX3 as a repressor is enriched at senescence-associated target genes

To clarify the target genes of ZHX3, we performed chromatin immunoprecipitation-sequenc-
ing (ChIP-seq) analyses of proliferating IMR-90 cells using antibodies against ZHX3. ZHX3
was remarkably enriched at the transcription start site (TSS) of each target gene (S2A Fig).
Combined with our transcriptome data from growing, oncogene-induced senescence (OIS)
and replicative senescence (RS) IMR-90 cells [10], we have found 44 upregulated genes
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Fig 2. ZHX3 as a repressor is enriched at senescence-associated target genes. (A) Venn diagram showing overlap
between ZHX3-enriched genes identified by ChIP-seq analysis and commonly upregulated genes in OIS and RS IMR-
90 cells. Transcriptome data of OIS and RS cells were obtained from the Gene Expression Omnibus (GEO, accession
no. GSE86546). (B) Integrative Genomics Viewer tracks showing the distribution of ZHX3 in the ARF-p16™"*" gene
locus. Data on ETS1, RNA Pol II, H3K4me3, H3K27ac, EZH2, KMT2A, E2F1 and CTCF were obtained from
ENCODE datasets. The amplification sites in ChIP-qPCR are shown (a, b and c). (C) ChIP-qPCR analysis of ZHX3 in
the ARF-p16"™*** locus in control and ZHX3-KD cells (day 3). Values shown are mean +/- standard deviation from
three independent experiments, using the Student’s t-test (*p<0.05, **p<0.01). (D) Western blot analysis of ZHX3 in
growing, RS and OIS IMR-90 cells. Ratios for ZHX3/pB-tubulin bands are assessed with densitometry. (E) ChIP-qPCR
analysis of ZHX3 in the ARF-p16™%** locus (site a) in growing, RS and OIS cells, together with RT-qPCR analysis of
p16™5** expression.

https://doi.org/10.1371/journal.pone.0262488.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0262488 January 27, 2022 7/13


https://doi.org/10.1371/journal.pone.0262488.g002
https://doi.org/10.1371/journal.pone.0262488

PLOS ONE

ZHX3 prevents cellular senescence

(> 2-fold) with enrichment of ZHX3 in senescent cells (Fig 2A; results for 51 downregulated
genes shown in S2B Fig). Gene set enrichment analysis revealed ‘cell division’ as the top-
ranked gene set among the upregulated genes (S2C Fig), which included ARF-p16™*** 26,
27]. Indeed, ZHX3 was significantly enriched at the TSS of ARF-p16"™*** (Fig 2B; rRNA genes
[24] shown in S2D Fig). Using ChIP-qPCR, we confirmed that ZHX3 enrichment, especially
at TSS site a, was decreased in ZHX3-KD cells (Figs 2C and S2D). Our data suggested that
ZHX3 may protect cellular senescence by repressing senescence-related genes such as ARF-
p16™5* We further found that ZHX3 protein expression was downregulated in RS and OIS
cells compared with growing cells (Fig 2D). Consistently, ChIP-qPCR and RT-qPCR analyses
in senescent cells showed that ZHX3 enrichment at ARF—p16INK4“ was decreased, while
p16™*** mRNA expression was induced (Fig 2E; rRNA genes shown in S3A Fig), suggesting
that ZHX3 downregulation promotes cellular senescence.

ZHX3 cooperates with RNA metabolism proteins

To investigate the mechanism of transcriptional control by ZHX3, we used a mass spectrome-
try-based proteomics approach. Of the 28 proteins that were found to interact with ZHX3 (Fig
3A and S3 Table), Gene Ontology analysis from repeated experiments identified ZHX3 part-
ners that included ATP citrate lyase (ACLY) and the RNA metabolism proteins, poly(A)-bind-
ing protein 1 (PABPC1) and eukaryotic translation initiation factor 4A-3 (EIF4A3) [28, 29]
(Fig 3B). Next we confirmed that ACLY co-immunoprecipitated with ZHX3, and that
PABPC1 and EIF4A3 bound efficiently to ZHX3 in the presence of RNase treatment to disturb
RNA-protein interactions (Fig 3C). Interestingly, loss of any one of these proteins, or ZHX3
itself (S3B Fig), induced significant nucleolar enlargement (Fig 3D) and upregulated
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Fig 3. ZHX3 cooperates with RNA metabolism proteins. (A) Silver staining of proteins immunoprecipitated from
nuclear extracts of proliferating IMR-90 cells using IgG and anti-ZHX3 antibodies. Mass spectrometry-based
proteomics analyses identified 28 proteins that interacted with ZHX3; estimated bands for ZHX3 and ATP citrate lyase
(ACLY) are indicated. (B) Gene Ontology analysis of the ZHX3-interacting proteins, which mostly comprised RNA-
related proteins. (C) Western blot analysis of proteins immunoprecipitated using IgG and anti-ZHX3 antibodies from
IMR-90 nuclear extracts, with (+) or without (-) RNase treatment. Antibodies against ZHX3, ACLY, PABPC1 and
EIF4A3 were used for detection. (D) Representative immunofluorescent images of enlarged nucleoli in IMR-90 cells
(day 6) with ZHX3-, ACLY-, EIF4A3-, or PABPC1-KD. DNA was counterstained with DAPI. Scale bar, 10 um.
Quantitative data of the cells that had enlarged nucleoli are shown in S3C Fig. (E) RT-qPCR analysis of p16"™*** and
ribosomal RNA genes on day 6 of each KD in IMR-90 cells. Values shown are mean +/- standard deviation from three
independent experiments, using the Student’s t-test (*p<0.05, **p<0.01).

https://doi.org/10.1371/journal.pone.0262488.g003
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transcription of p16""<** and rRNA (Fig 3E), suggesting that ZHX3 and its partners interact to
cooperatively protect cellular senescence.

ZHX3 is involved in senescent phenotypes

Finally, to clarify the role of Zhx3 in vivo, we prepared a Zhx3 knockout (KO) mouse using
the Zhx3"™!-!KOMPIVIE 4jele, which replaces the open reading frame with lacZ-p(A) (Fig
4A and 4B). Zhx3 KO mice showed no apparent progeroid-like phenotypes such as hair
loss or graying and bone abnormalities (data not shown). We examined 14 tissues from
wild-type and KO mice (S4A Fig), and found that Zhx3 gene was highly expressed in some
tissues such as the testis of wild-type mice. Among the tissues studied, p16"™** expression
tended to be upregulated in the testes, thymus and skeletal muscle of Zhx3-KO mice (Fig
4C). Additionally, we observed that the ratio of homozygous Zhx3-KO pups from heterozy-
gous intercrosses was lower than expected, probably because of gestational or perinatal
problems (S4B and S4C Fig). Although we did not conclude gender differences due to the
limited numbers of Zhx3-KO mice used, Zhx3-KO males appeared to have relatively short
survival periods (Fig 4D; KO females shown in S4D Fig). Phenotyping by the International
Mouse Phenotyping Consortium (www.mousephenotype.org) showed that Zhx3-KO mice
had significantly decreased grip strength and auditory brain stem response, and increased
bone mineral density and lean body mass.

Collectively, we propose a model (Fig 4E) whereby ZHX3 and its interacting proteins

repress senescence-related genes (p16™** and rRNAs) and mitochondrial-nucleolar activities
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Fig 4. ZHX3 is involved in senescent phenotypes. (A) Schematic diagram of the Zhx3 gene locus in wild type (WT)
and Zhx3-knockout (KO) alleles. Arrows indicate primers used for genotyping PCR. (B) Genotyping PCR of WT,
heterozygous and homozygous Zhx3-KO mice. (C) RT-qPCR analysis of p16"<** in tissues of 7-week-old WT and KO
mice. Values shown are mean +/- standard deviation (each n = 3), using the Student’s t-test (*p<0.05, **p<0.01). (D)
Kaplan-Meier survival curves of male WT and Zhx3-KO mice (each n = 9). (E) Proposed model of the role of ZHX3 in
preventing cellular senescence. ZHX3 and its cofactors (ACLY and RNA metabolism proteins) suppress p16™<** and
ribosomal RNA gene transcription, which promotes mitochondrial-nucleolar activation in senescent cells.

https://doi.org/10.1371/journal.pone.0262488.g004
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in growing cells. Thus, loss of ZHX3 transcriptionally induces senescence-related genes and
therefore causes p16INK4a/ RB-mediated metabolic activation [10, 11], which lead to cellular
senescence. Although we successfully identified ZHX3-interacting proteins, further studies are
necessary to understand how ZHX3 complex represses transcription of senescence-associated
genes. To date, it has been reported that attenuated ZHX3 expression is correlated with pro-
gression of several tumors such as renal cell carcinoma, breast cancer and bladder carcinoma
[19-21], indicating that ZHX3 is involved in both senescent and oncogenic programs.

Conclusions

RNA interference-based screening revealed that loss of the transcription repressor ZHX3
induced cellular senescence in human fibroblasts. Indeed, ZHX3 was downregulated in repli-
cative and oncogene-induced senescent cells. Epigenomics and proteomics analyses revealed
that ZHX3 was enriched at the transcription start sites of ARF-p16"™<** and ribosomal RNA
genes, and that loss of ZHX3 or its cofactors derepressed gene expression and led to mitochon-
drial-nucleolar activation.

Supporting information

S1 Fig. Analysis of ZHX3-knockdown cells. (A) RT-qPCR analysis of ZHX3 expression on
day 3 in IMR-90 cells undergoing ZHX3-KD compared with Control-KD. (B) Western blot
analysis of ZHX3 on day 1 and day 2 of Control- or ZHX3-KD in IMR-90 cells. (C) Propor-
tions of IMR-90 cells containing one or two nucleoli in Control- and ZHX3-KD. The number
of nucleoli/cell was calculated by measuring the number of fluorescence signals of nucleophos-
min (B23) in a single cell (each n >1,000 cells). (D) RT-qPCR analysis of p14/ARF on day 3 of
ZHX3-KD compared with Control-KD in IMR-90 cells. (E) RT-qPCR analysis of p16™<** on
day 3 of ZHX1-, ZHX 2- or ZHX 3-KD compared with Control-KD in IMR-90 cells. Values
shown are the mean +/- standard deviation from three independent experiments, using the
Student’s t-test (*p<0.05, **p<0.01).

(TTF)

$2 Fig. ChIP-seq analysis of ZHX3. (A) ChIP-seq analysis showing the distribution of ZHX3
around target gene loci in proliferating IMR-90 cells. TSS, transcription start site; TES, tran-
scription end site. (B) Venn diagram showing overlap between ZHX3-enriched genes and
genes commonly downregulated in IMR-90 cells undergoing OIS or RS. Transcriptome data
of OIS and RS cells were obtained from GSE86546. (C) Gene Ontology analyses of 44 and 51
ZHX3-enriched genes that were upregulated and downregulated, respectively, in both OIS and
RS IMR-90 cells. (D) Integrative Genomics Viewer tracks showing the distribution of ZHX3
in a ribosomal DNA complete repeating unit (U13369.1). Data for UBF and RNA Pol IB were
obtained from the SRA database under the accession number SRP004897. Bars indicate the
PCR amplification sites. ChIP-qPCR analysis of ZHX3 at ribosomal DNA loci in Control- or
ZHX3-KD cells (day 3). Values shown are the mean +/- standard deviation from three inde-
pendent experiments, using the Student’s t-test (*p<0.05, **p<0.01).

(TTF)

S3 Fig. Analysis of ZHX3 function. (A) ChIP-qPCR analysis of ZHX3 at ribosomal DNA loci,
and RT-qPCR analyses of ribosomal RNA in growing, RS and OIS cells. For RS, IMR-90 cells
were repeatedly passaged for 10 weeks. OIS was induced by expressing oncogenic Ras (H-rasV12)
for 6 days. (B) RT-qPCR analysis of individual KD of ZHX3, ACLY, EIF4A3 and PABPCI com-
pared with Control-KD in IMR-90 cells (day 3). Values shown are the mean +/- standard devia-
tion from three independent experiments, using the Student’s t-test (*p<0.05, **p<0.01). (C)
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Quantitative data of the cells that had enlarged nucleoli are shown (each >20 cells).
(TIF)

S4 Fig. Analyses of Zhx3-KO mice. (A) RT-qPCR analyses of Zhx3 in wild-type and Zhx3-
KO mice. Technical replicates of the same sample were performed (each n = 3). (B) Genotype
ratios of heterozygous intercrosses in male and female pups (n = 29 males and 21 females). (C)
Pregnancy rates of male and female Zhx3-KO mice. Total counts are 128 for mating and 88 for

pregnancy. (D) Survival curve of female Zhx3-KO mice (eachn =9).
(TIF)

S1 Raw images. Original uncropped and unadjusted images.
(TIF)

S1 Table. Sequences of siRNAs used in gene knockdown.
(TIF)

S2 Table. Sequences of primers used for PCR amplification.
(TIF)

$3 Table. Identification of proteins that interact with ZHX3 using mass spectrometry-
based proteomics analysis. Cellular proteins were immunoprecipitated with anti-ZHX3 anti-
bodies, followed by liquid chromatography in tandem with mass spectrometry analyses. The
number of Mascot scores, peptide hits and peptide-spectrum matches (PSMs) are included in
the list. Non-specific proteins are shaded in gray.

(TIF)
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