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Abstract

Cellular senescence is closely related to tissue aging including bone. Bone homeostasis is maintained by the tight balance
between bone-forming osteoblasts and bone-resorbing osteoclasts, but it undergoes deregulation with age, causing age-
associated osteoporosis, a main cause of which is osteoblast dysfunction. Oxidative stress caused by the accumulation of
reactive oxygen species (ROS) in bone tissues with aging can accelerate osteoblast senescence and dysfunction. However,
the regulatory mechanism that controls the ROS-induced senescence of osteoblasts is poorly understood. Here, we identified
Peptidyl arginine deiminase 2 (PADI2), a post-translational modifying enzyme, as a regulator of ROS-accelerated senescence
of osteoblasts via RNA-sequencing and further functional validations. PADI2 downregulation by treatment with H,O, or
its siRNA promoted cellular senescence and suppressed osteoblast differentiation. CCL2, 5, and 7 known as the elements
of the senescence-associated secretory phenotype (SASP) which is a secretome including proinflammatory cytokines and
chemokines emitted by senescent cells and a representative feature of senescence, were upregulated by H,O, treatment or
Padi2 knockdown. Furthermore, blocking these SASP factors with neutralizing antibodies or siRNAs alleviated the senes-
cence and dysfunction of osteoblasts induced by H,O, treatment or Padi2 knockdown. The elevated production of these
SASP factors was mediated by the activation of NFkB signaling pathway. The inhibition of NFxB using the pharmacological
inhibitor or siRNA effectively relieved H,O, treatment- or Padi2 knockdown-induced senescence and osteoblast dysfunc-
tion. Together, our study for the first time uncover the role of PADI2 in ROS-accelerated cellular senescence of osteoblasts
and provide new mechanistic and therapeutic insights into excessive ROS-promoted cellular senescence and aging-related
bone diseases.
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Introduction

Aging is a high risk factor for osteoporosis, which is
characterized predominantly by declines in bone mass
and strength. The consequent bone structure fragility is
a primary cause of osteoporotic fracture in elderly peo-
ple [1]. The histomorphometric analysis of bone biopsies
obtained from the elderly showed that age-related bone
loss is caused by impaired bone formation in compari-
son with bone resorption, indicating age-related osteo-
blast dysfunction as the main cause of age-related bone
loss [2]. This osteoblast dysfunction can be resulted from
extrinsic mechanism mediated by age-related changes in
bone microenvironment including levels of hormones and
growth factors, and/or intrinsic mechanisms caused by cel-
lular senescence of osteoblasts [3]. Oxidative stress and
damage by reactive oxygen species (ROS) formed exog-
enously or endogenously from normal metabolic processes
increase during the aging process [4]. ROS are normally
maintained at a balanced level by the cellular antioxidant
systems. However, oxidative stress by the imbalance of
ROS impairs skeletal integrity and reduces osteogenic dif-
ferentiation of osteoblastic cells [5]. Furthermore, aberrant
ROS can induce cellular senescence, and the accumulation
of senescent cells with age influences the normal physiol-
ogy of the tissues, causing progressive functional degen-
eration. Therefore, it is important to know the mechanism
by which oxidative stress caused by the ROS accumulation
leads to dysfunctions of osteoblasts during aging in order
to refine therapeutic approaches to age-related bone loss.

Peptidylarginine deiminases (PADIs) are enzymes that
convert positively charged peptidyl-arginine residues to
neutral peptidyl-citrulline via a hydrolytic process termed
citrullination or deimination [6]. This post-translational
modification can induce profound changes in the structure
and function of target proteins [6]. Five PADI enzymes
(PADI1, 2, 3, 4 and 6) have been identified in mammals,
and their expression pattern and function are tissue-spe-
cific [6, 7]. Citrullination has been shown to play impor-
tant roles in multiple cellular processes such as inflam-
matory immune responses [8] and the regulation of gene
expression [7]. The deregulation of PADISs is involved in
the etiology of multiple human diseases, including auto-
immune diseases and cancers [9]. However, the molecular
function of PADIs in senescence and aging as well as in
bones has not yet been reported.

Senescent cells secrete inflammatory cytokines, growth
factors, chemokines, and proteases, termed the senescence-
associated secretory phenotype (SASP) [10]. The compo-
sition of this special secretome is variable and depends
on the triggers of senescence. The secretion of the SASP
by senescent cells affects the tissue microenvironment in
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autocrine and paracrine manners, which causes the senes-
cence to propagate to surrounding normal cells [11]. The
key elements of the SASP are proinflammatory cytokines,
including interleukin-loa (IL-1a), interleukin-6 (IL-6),
and interleukin-8 (IL-8) [12]. CCL-2 (MCP-1), CCL-5
(RANTES), CCL-7 (MCP-3), CXCL-1, and CXCL12
(SDF-1) have also been identified as important compo-
nents of the SASP of cells undergoing senescence [12]. As
the master regulator of the SASP factors, activated NFxkB
p65/RelA binds the promoters of several SASP genes, thus
regulating their expression during senescence or DNA
damage response [13].

In this study, we aimed to explore the effects of oxida-
tive stress on the senescence of osteoblasts and its regula-
tory mechanism to understand age-related bone loss. We
elucidated for the first time the role of PADI2 as a key
regulator for maintaining osteoblast function in oxidative
stress-induced senescence of osteoblasts. We found that the
reduction of PADI2 by ROS strongly induces cellular senes-
cence and dysfunction of osteoblasts through the increase
in SASP factors, especially, CCL2, 5, and 7. Blocking
these SASP factors with neutralizing antibodies or siRNAs
relieved ROS- or Padi2 knockdown-induced senescence
and dysfunction of osteoblasts. Furthermore, the increase
of these SASP factors was mediated by the activation of
NF«B and also the inhibition of NFkB by pharmacologi-
cal inhibitor or siRNA significantly alleviated ROS- or
Padi2 knockdown-induced senescence and dysfunction of
osteoblasts. Based on these findings, our study uncovered
its novel regulatory mechanism by which oxidative stress
induces osteoblast senescence and dysfunction, and also
provide new insights for developing therapeutic treatments
for age-associated bone loss.

Materials and methods
Reagents and antibodies

Here, 30% hydrogen peroxide solution (H1009), X-Gal
(B4252), potassium hexacyanoferrate(IIl) (244023), and
potassium ferrocyanide (P9387) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Bay11-7082 (S2913)
was purchased from Selleck Chemicals (Houston, TX,
USA). Antibodies against the following proteins were used
in this study: Padi2 (66386—1-Ig; Proteintech, Rosemont,
IL, USA), a-tubulin (sc-8035; Santa Cruz Biotechnology,
Inc., Dallas, Texas, USA), B-actin (sc-47778; Santa Cruz
Biotechnology.), LaminA/C (sc-376248; Santa Cruz Bio-
technology), p21 (#2947; Cell Signaling Technology, Inc.,
Danvers, MA, USA), mouse CCL2 antibody (AB-479-NA;
R&D Systems, Inc, Minneapolis, MN, USA), mouse CCL5
antibody (AF478; R&D Systems), mouse CCL7 antibody
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(AF-456-NA; R&D Systems), and normal goat IgG control
(AB-108-C; R&D Systems). The following siRNAs used in
the present study were purchased from Origene (Rockville,
MD, USA): Padi2 siRNA (SR418983B and C), RelA siRNA
(SR427138A), Ccl2 siRNA (SR403037C), Ccl5 siRNA
(SR400775A), Ccl7 siRNA (SR400957C), and negative
control siRNA (SR30004).

Cell culture

MC3T3-El cells were cultured in a-MEM with 10% fetal
bovine serum (FBS) containing 100 U/mL penicillin and
100 pg/mL streptomycin. To induce osteoblast differentia-
tion, a-MEM growth medium supplemented with 10 mM
B-glycerophosphate and 50 pg/mL ascorbic acid was used.
To mimic the chronic accumulation of ROS, 100 uM H,0,
was applied continuously during the entire cell culture
period for osteoblast differentiation without withdrawal. The
concentration of 100 pM H,O, that does not show cytotoxic-
ity while inhibiting osteoblast differentiation was determined
through cell viability assay and ALP staining, respectively
(data not shown). The medium was changed every 2-3 days
with or without 100 pM H,0, and/or 2.5 pM Bay11-7082.
For RNA-seq, when cells were fully confluent, MC3T3-E1
cells were cultured for 1 and 4 days in the above-mentioned
osteogenic medium with or without 100 pM H,O,. For
siRNA experiments, cells were cultured to approximately
80~90% confluence, and then transfected with 20 nM
siRNA each or combination using lipofectamine RNAiMax
reagent (#13778; Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. When transfected cells
reached full confluence, cells were treated with or without
100 uM H,0, or 2.5 pM Bay11-7082 during indicated time
periods for each experiment. Treatment time of H,O, and
culture periods for each experiment were indicated in figure
legends. For long-term culture for osteoblast differentiation,
osteogenic medium was changed every 2-3 days with or
without 100 pM H,0, and/or 2.5 pM Bay11-7082. Human
mesenchymal stem cells were purchased from STEMCELL
Technologies (Vancouver, Canada) and cultured in accord-
ance with the manufacturer’s protocol.

Alkaline phosphatase staining

The detailed procedure of each cell culture was explained
above and figure legends. Alkaline phosphatase (ALP) stain-
ing was performed with alkaline phosphatase staining kit
(Cat# AK20; COSMO BIO Co. Ltd, Japan) according to
the manufacturer’s instructions. In brief, cells were carefully
rinsed with 1xPBS and fixed with 4% paraformaldehyde
at room temperature for 15 min. After fixation, cells were
rinsed with PBS and then incubated in BCIP/NBT liquid
substrate for 30 min—2 h. Color change was monitored and

reaction was stopped with washing with PBS. Stained cell
cultures were imaged by FUSION FX (VILBER, France).
For quantification of ALP staining, the intensity of staining
in the region of interest (ROI) was analyzed and expressed
as % area using ImageJ software (NIH). All the staining data
were confirmed by three repeated experiments.

Alizarin red S staining

The detailed procedure of cell culture was explained above
and figure legends. After induction of osteoblast minerali-
zation, cells were fixed with 4% paraformaldehyde at room
temperature for 15 min. Cells were rinsed with 1xPBS and
stained with 500 pL 0.5% alizarin red stain solution, pH
4.2, for 30 min at room temperature. After incubation, cells
were rinsed with ddH,O on an orbital shaker for 5 min, three
times. The mineralized nodules were stained as red spots
after removal of unincorporated excess dye with ddH,O.
Plates were scanned with FUSION FX (VILBER, France).
For quantification of ARS staining, stained nodules in the
ROI was analyzed and expressed as a percentage of the min-
eralized area fraction to the total ROI using ImageJ software.
All the staining data were confirmed by three independent
experiments.

SA-B-Gal staining and quantification

SA-B-Gal staining was performed as previously described
[14]. Cells were fixed for 10 min at room temperature in 4%
paraformaldehyde. After washing the cells three times with
PBS, they were stained at 37 °C overnight in a non-CO,
incubator in staining solution [40 mM Na,HPO,, pH6.0,
150 mM NaCl, 2 mM MgCl,, 5 mM K;Fe(CN)4, 5 mM
K,Fe(CN)g, and 1 mg/ml X-Gal]. After washing three times
with PBS, cells were permeabilized for 15 min at room tem-
perature with 0.2% Triton X-100 in PBS. Mounting medium
containing 4',6-diamidino-2-phenylindole (DAPI) was used
to visualize the nucleus (AR-6501-01; ImmunoBioScience
Corp., Mukilteo, WA, USA). Images were acquired using an
Eclipse TS-100 inverted microscope (Nikon). DAPI-stained
nucleus and SA-B-Gal-positive cells were quantified by
Imagel] software. Percentage of SA- p -Gal-positive cells in
each group was calculated as the percentage of SA-p-Gal-
positive cells relative to the total cells stained with DAPI in
the same field. For the statistics, images were acquired at
20 X magnification and each group was measured with 8 ~ 10
fields. To avoid bias in the selection of SA-f-Gal-positive
cells, the region of DAPI-stained cells was first imaged,
followed by the obtaining of a SA-p-Gal-stained image of
the same region. Three independent experiments were per-
formed with triplicate.
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Western blot analysis

Protein lysates were prepared using a PRO-PREP protein
extraction solution (Cat#17081, iNtRON, South Korea),
in accordance with the manufacturer’s protocol. Equal
amounts of protein were resolved by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto a polyvinylidene fluoride (PVDF) mem-
brane. After the process of blocking with 5% nonfat skim
milk, the membrane was blotted with designated primary
and secondary antibodies, developed using the enhanced
chemiluminescence method (Clarity™ Western ECL Sub-
strate, #170-5060; Bio-Rad), and visualized with FUSION
FX (VILBER, France). a-Tubulin or f-actin was used as a
protein loading control.

RNA preparation and quantitative real-time PCR

Total RNA was isolated using the RNeasy Mini Kit (Qia-
gen, Hilden, Germany). Total RNA (1 pg) was reverse-tran-
scribed into cDNA using the PrimeScript RT Master Mix
(Perfect Real Time) (RR036A; TaKaRa, Japan) and real-
time quantitative PCR (qQPCR) was performed using the TB
Green® Premix Ex Tag™ (RR420A; TaKaRa) on a StepO-
nePlus™ Real-Time PCR System (Applied Biosystems™).
The following thermal conditions were used for real-time
PCR: 95 °C for 1 min, followed by 40 cycles of 95 °C for
15 s and 60 °C for 30 s. The primers used in this study are
listed in Supplementary Table S5. The relative expression
levels were calculated with the 2724¢T method [15]. The
reaction was carried out using three sample replicates with
three independent experiments.

ELISA

The levels of CCL2, CCLS5, and CCL7 released into the con-
ditioned medium were measured using mouse CCL2 ELISA
kit (ab208979; Abcam, Cambridge, UK), mouse CCL5
ELISA kit (ab100739; Abcam), and mouse CCL7 ELISA
kit (ab205571; Abcam), in accordance with the manufac-
turer’s protocols.

Nuclear-cytoplasmic fractionation

Cells were collected in phosphate-buffered saline (PBS), and
the cell pellet was divided equally between two tubes for
whole-cell lysate and cell fractionation. Whole-cell lysates
were prepared with 100 pl of lysis buffer containing 25 mM
Tris—HCI pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA,
5% glycerol, protease inhibitor cocktail (Roche, #11-836-
153-001), and phosphatase inhibitor cocktail 2 and 3
(Sigma-Aldrich, P5726 and P0044). Nuclear-cytoplasmic
fractionation was conducted using NE-PER™ nuclear and
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cytoplasmic extraction reagents (78855; Life Technologies,
Carlsbad, CA, USA), in accordance with the manufactur-
er’s instructions. The protein concentration was determined
using a Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific). Whole-cell lysates, cytoplasmic extracts, and
nuclear extracts were resolved by SDS-PAGE, transferred
to a PVDF membrane, and the membranes were probed with
the designated primary and secondary antibodies. Tubulin
and Lamin A/C were used as cytoplasmic and nuclear mark-
ers, respectively.

Immunofluorescence staining and confocal
microscopy

Cells grown on coverslips were fixed in 4% paraformalde-
hyde, blocked, and incubated with primary and correspond-
ing secondary antibodies (Alexa Fluor 488- or 568-conju-
gated) (A11034; Invitrogen). Mounting medium containing
DAPI was used to visualize the nucleus. The cells were
examined using a confocal microscope (LSM 800, Carl
Zeiss) and representative cells were selected and imaged.

Quantification of yH2AX foci

After immunofluorescence staining, at least 30 images per
each group were randomly acquired with 40 X objective
for foci counting. The number and intensity of yH2AX
foci in DAPI-stained nucleus was analyzed using ImageJ
software. Cells with > 10 foci with an intensity (> 10,000)
are considered as YH2AX foci-positive cells. Percentage of
yH2AX foci-positive cells was calculated as the percentage
of yYH2AX-positive cells out of the total cells analyzed per
group. More than 100 nuclei per group were analyzed in
each independent experiment. Two independent experiments
were performed.

mRNA-seq and data analysis

RNA quality was assessed by analyzing rRNA band integrity
on an Agilent RNA 6000 Nano kit (Agilent Technologies,
Santa Clara, CA, USA). Ahead of cDNA library construc-
tion, magnetic beads with oligo(dT) were used on 1 pg of
total RNA to enrich poly(A) mRNA from it. Then, the puri-
fied mRNAs were disrupted into short fragments and the
corresponding double-stranded cDNAs were immediately
synthesized. These cDNAs were then subjected to end-
repair and poly(A) addition, and connected with sequenc-
ing adapters using the TruSeq Stranded RNA Sample Prep
Kit (Illumina). The suitable fragments automatically purified
using a BluePippin 2% agarose gel cassette (Sage Science,
MA) were selected as templates for PCR amplification. The
final library sizes and qualities were evaluated electropho-
retically with an Agilent High Sensitivity DNA kit (Agilent
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Technologies) and the fragments were found to be between
350 and 450 bp. Subsequently, the library was sequenced
using an Illumina NovaSeq6000 sequencer (Illumina) and
paired-end (2 X 100 bp) sequencing was performed at Thera-
genEtex Bio Institute (Seoul, South Korea). Raw data quality
control was performed using FastQC, and sequencing data
were first aligned to the Mus musculus GRCm38 reference
genome using HISAT 2.1.0 aligner [16]. The expression read
count value was extracted by applying StringTie 2.0 [17].
Differentially expressed genes were selected with the follow-
ing criteria: fold change of 1.5, log2-normalized read count
of >5 to minimize false counts, and P <0.05 with z-test
statistics. Gene Ontology analysis was performed using the
DAVID v6.8 functional annotation online tool.

Statistical analysis

To ensure data reliability, all experiments were performed
as at least two or three independent experiments with three
replicates and representative results are shown in fig-
ures. For statistical analyses, P values were calculated by
unpaired two-tailed Student’s #-test (when comparing only
two groups) or one-way ANOVA or two-way ANOVA (when
comparing more than two groups) in GraphPad Prism 9. All
results are expressed as the mean + SD, and differences were
considered significant at P <0.05. P values are as follows:
*P<0.05; #*P<0.01; ***P <0.001; ****P <0.0001.

Results

ROS induce the senescence of osteoblast cells
and downregulate PADI2 levels

In agreement with the clinical and epidemiological studies
that aging per se is a pivotal determinant of the decline of
bone mass and strength [18, 19], several lines of evidence
strongly suggest that the oxidative stress which underlies
physiological organismal aging is an important pathogenic
mechanism of age-related bone loss [20, 21]. Excessive ROS
impair skeletal integrity and reduce osteogenic differentia-
tion of osteoblastic cells [5], and also that chronic imbalance
of ROS can induce cellular senescence contributing to tissue
aging. We first confirmed whether oxidative stress induces
the senescence and dysfunction of osteoblasts in our experi-
mental setting. SA-B-Gal staining, the most representative
senescence marker, showed that the treatment of 50 pM or
100 pM H, O, for 24 h induced the senescence of MC3T3-
E1 osteoblasts in a dose-dependent manner (Supplementary
Fig. S1A). Because these concentrations of H,0, did not
cause cytotoxicity even after long-term treatment, the H,O,
treatment concentration was determined to be 100 pM in all
subsequent experiments. The Cdknla mRNA and the protein

level of its translation product p21, a representative molecu-
lar marker for senescence, were also significantly increased
by H,0, treatment for 1 and 4 days (Supplementary Fig. S1B
and C). The expression of Cdkn2A (p16™%4?) and Cdkn2B
(p15™K4) 'which are other representative senescence molec-
ular markers, was not basally expressed, nor was it induced
by H,O, treatment in MC 3T3-E1 cells (data not shown). In
consistence with the induction of senescence by H,0, treat-
ment, alkaline phosphatase (ALP) and alizarin Red S (ARS)
staining showed that the chronic treatment of H,O, signifi-
cantly inhibited the osteogenic differentiation of MC3T3-E1
cells (Supplementary Fig. S1D). These results indicate that
chronic exposure of excessive ROS cause the senescence and
dysfunction of osteoblasts. Next, to identify key regulators
directly involved in ROS-induced senescence and dysfunc-
tion of osteoblasts, an RNA-seq analysis was performed with
MC3T3-E1 cells treated with H,O, for 1 and 4 days in osteo-
genic medium and matching untreated control cells. In total,
706 differentially expressed genes (DEGs) satisfying the
criteria of fold change 1.5, normalized log2 read count > 5,
and P<0.05 in day 1 or day 4 groups were selected and
listed (Supplementary file 2). The heat map with 706 DEGs
shows that the trend in gene expression change was con-
sistent in the samples within each group (n=2 per group)
and the differences between untreated and H,O,-treated
groups were statistically significant and hierarchically well
clustered (Fig. 1A). To systematically characterize the bio-
logical processes associated in H,O,-induced senescence of
osteoblasts according to the H,O, treatment periods (Days
1 and 4), we performed Gene Ontology (GO) analysis of
DEGs on days 1 and 4 using the DAVID functional annota-
tion online tool (Fig. 1B and Supplementary files 3, 4, 5
and 6). Interestingly enough, genes that showed increased
expression in response to H,0O, on both days were signifi-
cantly associated with terms related to immune responses,
including the immune system process, the innate immune
response, and the inflammatory response. Meanwhile, genes
with downregulated expression on Day 1 were particularly
associated with biological processes related to osteoblast
differentiation and the Wnt signaling pathway. Genes with a
decrease in expression on Day 4 were mainly associated with
biological processes, including cell division and cell cycle,
as well as bone mineralization, which were significantly cor-
related with senescence (Fig. 1B). In further support, Gene
Set Enrichment Analysis (GSEA) showed that one gene set
(Cell Signaling by Wnt) among upregulated gene sets on
Day1 cont group was significant at FDR <25%, suggesting
that gene expression profile of H,O,-treated group may be
negatively associated with this gene set (Supplementary
Fig. S2). In comparison gene expression profile of Day4
H,0, with its control, 44 gene sets (FDR <25%) includ-
ing skeletal system development, chromosome segregation,
cell cycle, cell division, and mitotic nuclear division were
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Fig.1 ROS induce the reduction of PADI2 level in murine- and
human-derived mesenchymal lineage cells. A Hierarchical clus-
tering analysis of 706 DEGs from MC3T3-El cells treated with or
without 100 pM H,O, for 1 or 4 days in osteogenic medium (fold
change, 1.5; log2-normalized read count of >5; P <0.05). B DAVID
GO term analysis for biological processes of the upregulated (Red)
or downregulated (Blue) genes on each day. C The Venn diagram
shows the numbers of DEGs with shared and unique expression
between day 1 and day 4. Commonly downregulated genes are listed
in the right box. D MC3T3-El cells were treated with or without
100 uM H,0, in the osteogenic medium for each indicated period.
The Padi2 mRNA level was determined by RT-qPCR and the fold
change in mRNA levels was calculated by normalization to Gapdh.
Data are presented as the mean of three replicates; bars, + SD; statis-
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tical significance was determined using two-way ANOVA for multi-
ple comparisons, *P <0.05, ****P <0.0001. E Western blot analysis
of PADI2 in MC3T3-El and hMSC treated with or without 100 pM
H,0, for 24 h. Protein level is quantified using ImageJ and normal-
ized with a-Tubulin. After normalization, fold changes of treated /
non-treated control are presented. F RT-qPCR of PADI isoforms in
MC3T3-El and hMSC. Data are presented as the mean of three rep-
licates; bars, + SD; statistical significance was determined using one-
way ANOVA for multiple comparisons, ****P <0.0001. G Western
blot analysis of PADI2 expression levels at the indicated time points
during osteogenic differentiation of MC3T3-El. Protein level is quan-
tified using ImageJ and normalized with a-Tubulin. After normaliza-
tion, fold changes to day( are presented
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negatively correlated with H,O, treatment (Supplementary
Fig. S3 and Supplementary files 7). 26 gene sets including
skeletal system development, chromosome segregation, cell
cycle, cell division, and mitotic nuclear division had signifi-
cant positive correlation with H,O, treatment at FDR <25%
(Supplementary Figure S3 and Supplementary files 8). We
compared the gene set regulated by H,O, treatment for 1 day
with that regulated by 4 day H,O, treatment. Among a total
of 706 genes, 40 genes were commonly upregulated and 10
genes were commonly downregulated by the H,O, treatment
on both days (Fig. 1C, Supplementary Tables S1 and S2).
Three genes showed regulation in the opposite directions
on these two days (Fig. 1C, Supplementary Table S3). We
performed RT-qPCR for validating 8 protein coding genes
(Padi2, Lum, Car3, Spns2, Tcf7, Wifl, Ibsp, and Semaba)
among commonly downregulated 10 genes (Supplemen-
tary Fig. S4). Consistent with RNA-seq results, five genes
of Padi2, Car3, Tcf7, Semaba and Spns2 were significantly
reduced by both 1 and 4 day H,O, treatments. The remain-
ing three genes (Lum, Ibsp, and Wifl) were significantly
decreased in the 4 day-treatment group, but tended to be
down-regulated without significance in the 1 day treatment
group. PADI2 is a unique post-translational modification
enzyme capable of converting positive charged arginine to
neutral charged citrulline and affecting protein structure,
function and protein—protein interaction [6]. It was reported
that the expression and citrullination of PADI2 decrease
with age in the murine retina [22]. Padi2 is also significantly
downregulated at both H,O, treatment groups in our RNA-
seq and RT-qPCR data. For these reasons, we selected Padi2
as a candidate regulator in ROS-induced senescence of oste-
oblasts and further validated its function in ROS-accelerated
senescence and dysfunction of osteoblasts. We confirmed
that H,O, treatment for 1, 4, and 7 days on MC3T3-E1 cells
significantly downregulated both Padi2 mRNA (Fig. 1D).
Western blot analysis also showed that PADI2 protein level
also downregulated by H,O, treatment (Fig. 1E). Moreover,
the downregulation of PADI2 by H,0, treatment was also
observed in human mesenchymal stromal cells (hMSCs)
(Fig. 1E). Next, we checked the expression levels of the
five PADI isoforms in both MC3T3-E1 cells and hMSCs to
determine which isoforms are prevalent in these cells. Inter-
estingly, RT-qPCR revealed that Padi2 was the predominant
isoform in both MC3T3-E1 and hMSCs (Fig. 1F). These
results suggest that the H,O,-induced reduction of PADI2
expression is a common phenomenon in both mouse- and
human-derived mesenchymal lineage cells, and PADI2 is
a main PADI isoform that plays a key role in osteoblasts
as well as MSCs. Consistent with the gradual increase in
basal Padi2 mRNA levels during osteoblast differentiation
(Fig. 1D), western blot analysis also showed that PADI2 pro-
tein levels progressively increased during osteoblast differ-
entiation (Fig. 1G). Interestingly, PADI2 band was singular

at the beginning of differentiation, then exhibited up to 3
bands as differentiation processed (Fig. 1G). These results
imply that PADI2 plays an important role at the stage of
osteoblast differentiation and maturation and also post-trans-
lational modifications of PADI2 may have a role in PADI2
function and osteoblast differentiation.

The reduction of PADI2 causes the senescence
of osteoblasts and hinders osteogenic
differentiation

To investigate whether PADI?2 is a critical component of
the ROS-induced cellular senescence and dysfunction of
osteoblasts, the Padi2 gene was knocked down with small
interfering RNAs (siRNAs) specifically targeting Padi2
in MC3T3-E1 cells (Fig. 2A). Padi2 knockdown signifi-
cantly induced Cdknla gene expression in MC3T3-E1 cells
(Fig. 2A) and the growth rate showed a significant decrease
in Padi2-knocked-down cells compared with that in siCont-
transfected MC3T3-E1 cells (Fig. 2B). Senescing cells typi-
cally accumulate yYH2AX foci associated with DNA damage
response (DDR) elicited by intrinsic and extrinsic stress such
as ROS and ionizing radiation [23, 24]. The accumulation
of yYH2AX foci in cell cultures has been correlated with
in vivo observations in somatic and germ tissues of aging
mice [24]. Therefore, we investigated whether Padi2 knock-
down induces the accumulation of YH2AX foci. Both types
of Padi2 siRNA knockdown significantly increased yH2AX
foci by approximately 60% (Fig. 2C). We also established
Padi2 knockout (KO) cell lines of MC3T3-E1 (#3-4 and
#5-6) using the CRISPR—Cas9 gene editing system and con-
firmed that PADI2 was completely absent from both #3-4
and #5-6 Padi2 KO cell lines, in contrast to the wild type,
by western blot analysis (Supplementary Figure S5A). Con-
sistent with the findings upon Padi2 knockdown (Fig. 2B),
BrdU assay showed that the proliferation rate significantly
decreased in both Padi2 KO cell lines compared with that
in the wild type (Supplementary Fig. S5B). Cells with the
accumulation of YH2AX foci also dramatically increased
in Padi2 KO cells by about 80% compared with wild type
cells (~10%) (Supplementary Figure S5C). To determine
whether the loss of PADI2 induces cellular senescence of
osteoblasts, SA-B-Gal staining was performed in Padi2-
knockdown MC3T3-El cells. SA-B-Gal-positive cell num-
ber significantly increased in Padi2-knockdown cells com-
pared with that in siCont-transfected cells (Fig. 2D). As was
consistent with this finding, the Padi2 KO cell lines also
showed a much higher increase in the number of SA-3-Gal-
positive cells (Supplementary Fig. S5D). ALP and ARS
staining showed that the loss of Padi2 drastically inhibited
the osteogenic differentiation of MC3T3-E1 cells (Fig. 2E
and Supplementary Fig. S5E). Pharmacological inhibition
of PADI2 using Cl-amidine, a pan-PADI inhibitor, also
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Fig.2 Padi2 knockdown accelerates cellular senescence and func-
tional decline of osteoblasts. A MC3T3-El cells were transfected
with scrambled control siRNA (siCont), Padi2 siRNA #2 (siPadi2
#2), or Padi2 siRNA #3 (siPadi2 #3) and then incubated for 72 h.
The mRNA levels of Padi2 and Cdknla were determined by RT-
qPCR and the fold change in mRNA levels was calculated by nor-
malization to Gapdh. Data are presented as the mean of three rep-
licates; bars,+SD; statistical significance was determined using
one-way ANOVA for multiple comparisons, *P <0.05, **P<0.01,
*#%¥P<(0.001. Three independent experiments were performed.
B A total of 4x10° cells transfected with each siRNA were seeded
on 24-well plates on day O and then cells were cultured in growth
medium and counted on day 4. Data are presented as the mean of
three replicates; bars,+ SD; statistical significance was determined
using two-way ANOVA for multiple comparisons, ****P <(.0001.
Three independent experiments were performed. C Representative
confocal microcopy images of YH2AX immunostaining. Cells were
plated on coverslips to approximately 40-50% confluence 48 h after
MC3T3-E1 cells were transfected with each siRNA and then incu-
bated for additional 24 h, followed by YH2AX staining (Red). The
nuclei were stained with DAPI (Blue). Scale bar, 50 pm for mag-
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ple comparisons, **P<0.01; ns, not significant. D Representative
images of SA-B-Gal staining (upper panel) of MC3T3-El transfected
with siCont or siPadi2. Transfected cells were cultured for 4 days
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formaldehyde. Nuclei were stained with DAPI (lower panel). SA-B-
Gal-positive cells in each group were calculated as the percentage of
SA-B-Gal-positive cells relative to the total cells stained with DAPI
in the same field (10 fields/group). Magnification X20, Scale bars
100 pm. Bars,+SD; statistical significance was determined using
one-way ANOVA for multiple comparisons, ***P<0.001. Three
independent experiments were performed. E MC3T3-El cells trans-
fected with siCont or siPadi2 were cultured in osteogenic medium for
4 and 18 days for ALP and ARS staining, respectively. Quantification
of each staining was performed by ImageJ. Bars, mean+ SD; statis-
tical significance was determined using one-way ANOVA for multi-
ple comparisons, ***P <0.001, ****P <(0.0001. Three independent
experiments were performed
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suppressed the osteogenic differentiation of MC3T3-El
cells (Supplementary Fig. S5F), suggesting the importance
of PADI2-mediated protein citrullination for cellular senes-
cence and osteogenic differentiation. Taken together, these
results strongly indicate that a decrease in PADI2 induces
osteoblast senescence accompanied by a dysfunction of
osteoblasts.

Excessive ROS or Padi2 knockdown promotes CCL2,
5, and 7 proinflammatory SASP production

Inflammatory and immune-modulatory cytokines and
chemokines secreted by senescent cells can extend cellular
senescence and alter the microenvironment to the direc-
tion favorable for senescence [25]. Our data also showed
that the gene set with increased expression in response to
H,0, showed the significant enrichment of terms related
to immune responses including inflammatory responses in
our RNA-seq data, suggesting that proinflammatory SASP
factors might be involved in H,O, treatment or Padi2 knock-
down-induced senescence of osteoblasts (Fig. 1B, Supple-
mentary Fig. S3 and Supplementary files 8). To confirm
the involvement of the SASP, we investigated whether the
conditioned medium derived from the Padi2-knockdown
MC3T3-El cells (Padi2 KD-CM) can induce the senescence
of MC3T3-El1 cells. Interestingly, the culture of MC3T3-
El cells under Padi2 KD-CM for 8§ days significantly pro-
moted the senescence of MC3T3-E1 cells compared with
siCont-CM (Fig. 3A). Consistently, the Cdknla mRNA level
significantly increased in MC3T3-E1 cells cultivated under
Padi2 KD-CM for 8 days compared with those under siCont-
CM (Fig. 3B). Incubation of MC3T3-E1 cells in CM from
Padi2 KO cell lines #3—4 and #5-6 for 4 days did not induce
an increase in Cdknla expression, but the cultivation for
8 days significantly increased Cdknla expression (Supple-
mentary Figure S6A). These results strongly suggest that
the decrease of PADI2 promotes the secretion of compo-
nents of SASP, leading to propagation of cellular senescence
gradually to surrounding cells. To determine which SASP
factors are involved, we first investigated the expression
changes of 45 SASP factors listed by Coppé J group by H,0,
treatment in RNA-seq data [12]. Among them, four SASP
genes of Ccl2, Ccl5, Ccl7 and MMP-9 were significantly
increased by H,0, treatment (Supplementary Table S4).
We validated the mRNA level of these upregulated genes
via RT-qPCR (Fig. 3C). The major components of SASP,
1lla, 111, 116 and 1118, and the transcription factor Trp53
regulating SASP genes were also validated although they
did not show a significant increase by H,0, treatment in
RNA-seq data (Fig. 3C). Ccl2, 5, and 7 were significantly
increased by the H,O, treatment in both RNA-seq data and
RT-qPCR, while very few transcripts of ///x were detected

in MC3T3-E1 cells and its expression was not induced by
the H,0, treatment. Unlike RNA-seq data, MMP9 was not
detected by RT-qPCR. Also, /11 and /16 rather significantly
decreased due to the H,O, treatment in RT-qPCR, and Trp53
was almost unchanged by H,0, treatment compared with
non-treated control in both RNA-seq data and RT-qPCR.
1118 expression was slightly increased by H,O, treatment in
RT-qPCR. Furthermore, these three Ccl2, 5, and 7 were sig-
nificantly increased by the H,O, treatment while satisfying
our criteria among the CCL family in RNA-seq data (Sup-
plementary file 9). Previous reports demonstrated roles of
CCL2, 5, and 7 in senescence and aging. Circulating CCL2
levels increased in an age-dependent manner in wild-type
mice, and that age-dependent increase was accelerated in
Ercc1~’2 and Bubr1™" mouse models of progeria. Genetic
and pharmacologic interventions that slow aging of Ercc1™/4
and WT mice lowered serum CCL2 levels significantly [26].
CCLS5 increased in aged rat renal tissues compared with that
in young and middle-aged groups [27] and CCLS5 produced
by senescent theca-interstitial cells impairs follicle devel-
opment and maturation during ovarian aging by promot-
ing granulosa cell apoptosis [28]. The CCL7-CCL2-CCR2
axis was also suggested as a major cause of dysfunction
of adipose tissue-derived stem cells from aged mice [29].
These previous reports and our data strongly indicate that
CCL2, 5, and 7 might play a role in excessive ROS-induced
senescence of osteoblasts rather than a typical SASP such
as [l1a, I11B, and 116. Furthermore, Padi2 knockdown also
significantly increased the expression of Ccl2, 5, and 7
compared with that in siCont-transfected MC3T3-E1 cells
(Fig. 3D). As was consistent with this finding, the secreted
levels of CCL2, 5, and 7 were significantly elevated in the
soup of Padi2-knockdown MC3T3-El cells compared with
those in siCont-transfected cells (Fig. 3E). These mRNA
expression and secreted protein levels of CCL2, 5, and 7
were significantly increased in both Padi2 KO cell lines
#3—4 and #5-6 compared with wild type (Supplementary
Fig. S6B and C). Furthermore, the blockade of CCL2, 5,
or 7 with each neutralizing antibody significantly inhibited
Padi2 knockdown-induced senescence of MC3T3-E1 cells,
indicating that CCL2, 5, and 7 pay an important role in
Padi2 knockdown-induced osteoblast senescence (Fig. 3F).
We also demonstrated that the knockdown of each of Ccl2,
5, and 7 using specific siRNA against each gene effectively
alleviated the H,O,- and Padi2 knockdown-induced inhi-
bition of osteogenic differentiation (Fig. 3G, H). Taken
together, these findings suggest that osteoblast senescence
caused by ROS-induced PADI2 reduction is promoted by
the production of proinflammatory SASP, especially CCL2,
CCLS5, and CCL7 and the blockade of these SASP factors
can alleviate the senescence and dysfunction of osteoblasts
caused by excessive ROS and PADI2 depletion.
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«Fig. 3 Upregulation of the SASP by ROS and Padi2 knockdown
leads to cellular senescence and the inhibition of the SASP amelio-
rates cellular senescence and osteogenic dysfunction. A Representa-
tive images of SA-B-Gal staining. MC3T3-E1 cells were cultured
in the conditioned medium (CM) from MC3T3-E1 transfected with
siCont or siPadi2 for 8 days and SA-B-Gal staining was performed.
Percentage of SA-B-Gal-positive cells in each group was calculated
as the percentage of SA-B-Gal-positive cells relative to the total cells
stained with DAPI in the same field (8-10 fields/group). Magnifica-
tion x20, Scale bars 100 pm. Bars, statistical significance was deter-
mined using one-way ANOVA for multiple comparisons, *P <0.05,
*#%P<(0.001. Three independent experiments were performed. B
MC3T3-El cells were cultivated under Padi2 KD-CM for 8 days or
siCont-CM, followed by performing RT-qPCR of Cdknla. Data for
RT-qPCR are presented as the mean of three replicates; bars, +SD.
Statistical significance was determined using one-way ANOVA
for multiple comparisons, **P<0.01, ***P<0.001; n.s., not sig-
nificant. Two independent experiments were performed. C Analy-
sis of the relative expression levels of the SASP genes by RNA-seq
data (black bar) and RT-qPCR (gray bar). Data are the fold change
of 4 day-H,0,-treated group relative to the non-treated control. The
red and blue-dotted lines mean fold change 1 and — 1, respectively.
Data for RT-qPCR are presented as the mean of three replicates;
bars,+SD. statistical significance was determined using two-tailed
Student’s t-test, *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001;
n.s., not significant. Three independent experiments were performed
for RT-qPCR. D MC3T3-E1l cells were transfected with siCont,
siPadi2 #2 or siPadi2 #3 and then incubated for additional 4 days in
the osteogenic medium. The expression level of each gene was meas-
ured by RT-qPCR and the fold change in mRNA levels was calcu-
lated by normalization to Gapdh. Data are presented as the mean
of three replicates; bars,+SD; statistical significance was deter-
mined using one-way ANOVA for multiple comparisons, *P <0.05,
##%P <0.001, #***P <0.0001. Three independent experiments were
performed. E Five days-cell culture soup from MC3T3-El cells
transfected with siCont, siPadi2 #2, or siPadi2 #3 was collected
and the levels of CCL2, CCLS5, and CCL7 in each cell culture soup
were measured by ELISA. Data are presented as the mean of three
replicates; bars,+ SD; statistical significance was determined using
one-way ANOVA for multiple comparisons, *P<0.05, **P<0.01,
##%P <(0.001, ****P <0.0001. Three independent experiments were
performed. F Representative images of SA-p-Gal staining. MC3T3-
El cells knocked down with siCont or siPadi2 were treated with IgG
or each neutralizing antibody for 4 days and SA-f-Gal staining was
performed. Quantity of SA-p-Gal-positive cells was expressed as
the percentage of SA-B-Gal-positive cells relative to the total cells
stained with DAPI in the same field (8-10 fields/group). Magnifica-
tion X20, Scale bars 100 pm. bars, mean + SD. statistical significance
was determined using two-way ANOVA for multiple comparisons,
*#%P <0.001. Three independent experiments were performed. G
When MC3T3-El cells transfected with siCont, siCcl2, siCcl5, or
siCcl7 were fully confluent, cells were treated with 100 pM H,0,
for 4 days in osteogenic medium and ALP staining was performed.
Quantification of ALP staining was performed by Image]. Bars,
mean + SD; statistical significance was determined using one-way or
two-way ANOVA for multiple comparisons, *P <0.05, **P<0.01,
*#%%P <(0.0001; ns, not significant. H When MC3T3-El cells
knocked down with siPadi2 in combination with or without siCcl2, 5,
or 7 were fully confluent, cells were changed with osteogenic medium
and incubated for 4 days and ALP staining was performed. Quanti-
fication of ALP staining (right). Bars, mean+ SD; statistical signifi-
cance was determined using one-way or two-way ANOVA for mul-
tiple comparisons, *P <0.05, **P<0.01,; ns not significant. Three
independent experiments were performed

The activation of NFKB RelA mediates ROS and Padi2
knockdown-induced increase of CCL2, 5, and 7 SASP
factors

The master transcription factor NFkB RelA/p65 (hereafter
referred to as RelA) activates the transcription of several
SASP genes [13]. TRRUST v2, a web-based prediction
tool to search the transcriptional regulatory circuitry,
also showed several CCL families including CCL2 and
5 as target genes of RelA [30]. When a NFxB signaling
pathway is activated, RelA translocates to the nucleus to
drive transcriptional regulation. It was also reported that
H,0, increases the DNA binding activity of NFkB and
induces the translocation and phosphorylation of RelA
[31]. We demonstrated that the treatment of H,O, brought
a slight increase in the protein level of RelA alongside
the decrease in the PADI2 level (Fig. 4A, left panel) and
furthermore, RelA, but not all, partially translocated
from the cytoplasm to the nucleus in MC3T3-E1 cells
by H,0, treatment (Fig. 4A, right panel). Consistently,
Padi2 knockdown showed the two-fold increase in RelA
protein level and induced the translocation of RelA to the
nucleus, compared with the levels in the control (Fig. 4B),
suggesting that PADI2 negatively regulates RelA protein
level and its activity in osteoblasts. Immunofluorescence
showed that the majority of PADI2 was detected predom-
inantly in the cytoplasm of MC3T3-E1 osteoblasts and
also confirmed that H,O, treatment or Padi2 knockdown
induced the translocation of RelA from the cytoplasm
to the nucleus, although the translocation of RelA into
nucleus occurred only in a subset of cells not in all cells
even under the same condition (Fig. 4C, D); this phenom-
enon seems to be in line with the stochastic theory of aging
hypothesizing episodic events that happen through one’s
life that cause random cell damage and accumulate over
time, thus causing aging [32]. These results strongly indi-
cate that the downregulation of PADI2 by H,O, treatment
activates the NFkB signaling pathway. Next, we inves-
tigated whether the increases in Ccl2, 5, and 7 mRNA
levels by the H,0O, treatment or Padi2 knockdown can be
abrogated by the blockade of the NF«kB signaling path-
way. Pharmacological inhibition of the NFkB signaling
pathway using Bay11-7082, a potent inhibitor of IKKa,
significantly reduced the H,0,-induced increases in Ccl2,
5, and 7 mRNA levels in MC3T3-E1 cells (Fig. 4E). Fur-
thermore, the knockdown of RelA significantly abolished
the increases of Ccl2, 5, and 7 mRNA levels by the H,0,
treatment or Padi2 knockdown (Fig. 4F, G). Overall, our
results showed that the H,O, treatment or Padi2 depletion
upregulated Ccl2, Ccl5, and Ccl7 SASP factors via the
activation of NFkB RelA in osteoblasts.
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«Fig. 4 Activation of NFkB signaling mediates ROS- or Padi2 knock-
down-induced upregulation of the SASP. A and B When cells were
fully confluent, MC3T3-El cells were treated with 100 uM H,O,
for 24 h (A) or cultured for additional 3 days after knockdown with
siCont or siPadi2 (B), followed by the lysis of whole cell lysates and
parallel subcellular fractionation. Western blot analysis was per-
formed with the indicated antibodies. a-Tubulin or p-actin was used
as an internal loading control. a-Tubulin and Lamin A/C were used
as cytosolic and nuclear markers, respectively. Protein level is quan-
tified using ImageJ and normalized with a-Tubulin, or P-actin, or
Lamin A/C. After normalization, fold changes of treated/non-treated
control are presented. The exposure time of membranes immuno-
blotted with anti-RelA was varied to distinguish band intensities
(Long and short exposure). Three independent experiments were
performed. C MC3T3-E1 cells were treated with 100 pM H,O, for
24 h. Immunofluorescence staining was performed using the indi-
cated antibodies and the nuclei were stained with DAPI. Boxed areas
in ¢ and g are enlarged and presented in the right column (d and h).
Scale bar, 20 pm. Three independent experiments were performed.
D Immunofluorescence staining of RelA and PADI2 in MC3T3-El
cells knocked down with Padi2. Scale bar, 20 pm. Three independ-
ent experiments were performed. E When cells were fully confluent,
MC3T3-EI cells were treated with 100 pM H,O, in combination with
or without 2.5 pM Bay11-7082 in osteogenic medium for 4 days. The
expression level of each gene was measured by RT-qPCR and the fold
change in mRNA levels was calculated by normalization to Gapdh.
Data are presented as the mean of three replicates; bars, + SD; statisti-
cal significance was determined using one-way ANOVA for multiple
comparisons, *P <0.05, **P<0.01, ***P <0.001; ns, not significant.
Three independent experiments were performed. F When MC3T3-
El cells knocked down with siCont or siRelA were fully confluent,
cells treated with 100 pM H,O, in osteogenic medium for 4 days. RT-
gPCR was performed. Data are presented as the mean of three repli-
cates; bars,+ SD; statistical significance was determined using two-
way ANOVA for multiple comparisons, **P<0.01, ***P<0.001,
*##%P<(0.001; ns, not significant. Three independent experiments
were performed. G MC3T3-El cells were cultured in osteogenic
medium for 4 days after knockdown of Padi2 and/or RelA. All data
of RT-qPCR are presented as the mean of three replicates; bars, +SD;
statistical significance was determined using one-way ANOVA
for multiple comparisons, *P<0.05, **P<0.01, ***P<0.001,
*#%P <(0.0001; ns, not significant. Three independent experiments
were performed

The inhibition of NFkB signaling alleviates

the accelerated senescence and the reduced
osteoblast differentiation caused by ROS or Padi2
depletion

To determine whether the blockade of NFkB signaling can
relieve the ROS-accelerated cellular senescence of osteo-
blasts, MC3T3-El cells were treated with H,0, in combina-
tion with or without Bay11-7082. SA-B-Gal staining showed
that the H,O,-induced cellular senescence was significantly
decreased by simultaneous treatment with H,0, and Bay11-
7082 (Fig. SA). Consistent with this, Cdknla mRNA level
increased by H,O, treatment was significantly alleviated by
blocking NF«B signaling using Bay11-7082 (Fig. 5B), and
also the increase of cells with the accumulation of YH2AX
foci by H,0, treatment was significantly relieved by co-
treatment with Bay11-7082 (Fig. 5C). Similarly, it was

shown that the number of SA-f-Gal-positive cells increased
by Padi2 knockdown was significantly reduced by Bay11-
7082 treatment (Supplementary Figure S7A). The increase
of Cdknla mRNA level and cells with the accumulation of
yH2AX foci by Padi2 knockdown was correlatively allevi-
ated by Bay11-7082 treatment (Supplementary Figure S7B
and C). SA-B-Gal staining showed that RelA knockdown
also relieved the senescence of osteoblasts induced by Padi2
knockdown (Fig. 5D). Consistent with this finding, Cdknla
mRNA level and cells with the accumulation of yYH2AX foci
increased by Padi2 knockdown was significantly reduced by
blocking NFxB signaling using RelA knockdown (Fig. SE,
F). Next, we examined whether the dysfunction of osteo-
blasts by ROS or PADI2 reduction could also be ameliorated
by blocking NFxB signaling. As shown in Fig. 5G and H,
the H,0,-induced inhibition of osteogenic differentiation
of MC3T3-E1 cells was relieved by simultaneous treatment
with Bay11-7082 or RelA siRNA. The decline of osteoblast
differentiation by Padi2 knockdown was also significantly
restored by the co-treatment of Bay 11-7087 or RelA knock-
down (Fig. 51, J). Taken together, these results strongly indi-
cate that the inhibition of NFkB signaling effectively allevi-
ates the ROS- or PADI2-depletion-induced senescence and
dysfunction of osteoblasts.

Discussion

The bone undergoes a continuous remodeling process in
which an old bone is resorbed and replaced with newly
formed bone. With aging, however, this remodeling balance
becomes overthrown, resulting in a decreased bone mass.
The decline in bone mass is associated with reduced bone
strength, resulting in osteoporosis [33]. Although bone min-
eral density (BMD) is an important predictor of subsequent
fracture risk, age itself is also a major determinant factor of
the fracture risk, independent of BMD [33, 34]. Age-related
bone loss accompanies change in both trabecular and corti-
cal bone microstructures. A major and the most important
age-related bone loss occurs in trabecular bone caused by
the thinning of the trabeculae and by disruption of the tra-
becular microstructure and loss of trabecular elements. The
histomorphometric analysis of bone biopsies from elderly
men and women demonstrated that the impairment of bone
formation by osteoblasts is the major cause of age-related
bone loss compared to bone resorption by osteoclasts [2].
Increased osteoblast senescence contributes to age-related
functional decline in osteoblasts together with increased
apoptosis [35] and impaired osteoblast differentiation [36].
Oxidative stress by excessive ROS is one of the main causes
of cellular senescence and can adversely affect bone homeo-
stasis, including the suppression of osteoblast activity and
enhancement of osteoclast activity that lead to osteopenia
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«Fig.5 Inhibition of NFxB activity ameliorates ROS- or Padi2
knockdown-accelerated cellular senescence and functional decline
of osteoblasts. A Representative images of SA-B-Gal staining.
MC3T3-El cells were treated with 100 pM H,O, in combination
with or without 2.5 pM Bay11-7082 for 24 h. Quantity of SA-p-Gal-
positive cells was calculated as the percentage of SA-B-Gal-positive
cells relative to the total cells stained with DAPI in the same field
(10 fields/group). Magnification X20, Scale bars 100 pm. Bars,
mean=+ SD; statistical significance was determined using one-way
ANOVA for multiple comparisons, ***P <0.001. Three independ-
ent experiments were performed. B When cells were fully conflu-
ent, MC3T3-E1 cells were treated with 100 pM H,O, in combina-
tion with or without 2.5 pM Bay11-7082 in osteogenic medium for
4 days. Cdknla mRNA level was analyzed by RT-qPCR. Data are
presented as the mean of three replicates; bars, + SD; statistical sig-
nificance was determined using one-way ANOVA for multiple com-
parisons, **P <0.01; ns, not significant. Three independent experi-
ments were performed. C Representative confocal microcopy images
of YH2AX immunostaining. When cells were approximately 70-80%
confluent, MC3T3-E1 cells were treated with 100 pM H,O, in com-
bination with or without 2.5 uM Bay11-7082 for 24 h, followed by
YH2AX immunostaining (Red). The nuclei were stained with DAPI
(Blue). Magnification x 100, scale bar, 20 pm. For quantification, the
number of cells with>10 yH2AX foci was presented as a percent-
age. Bars, mean+SD of two independent experiments; statistical
significance was determined using one-way ANOVA for multiple
comparisons, **P<0.01, ***P<0.001; ns, not significant. D, E, F
MC3T3-El cells knocked down with siCont or siPadi2 in combina-
tion with siRelA were cultured for 3 days. D Representative images
of SA-B-Gal staining. Quantity of SA-B-Gal-positive cells was calcu-
lated as the percentage of SA-B-Gal-positive cells relative to the total
cells stained with DAPI in the same field (10 fields/group). Magnifi-
cation %20, Scale bars 100 pm. Bars, mean+ SD; statistical signifi-
cance was determined using one-way ANOVA for multiple compari-
sons, ***P <(0.001. Three independent experiments were performed.
E Cdknla qRT-PCR were performed. Data are presented as the mean
of three replicates; bars, + SD; statistical significance was determined
using one-way ANOVA for multiple comparisons, ****P <0.0001;
ns, not significant. Three independent experiments were performed. F
Representative confocal microcopy images of YH2AX immunostain-
ing. Magnificationx 100, scale bar, 20 pm. For quantification, the
number of cells with>10 YH2AX foci was presented as a percent-
age. Bars, mean+SD of two independent experiments; statistical
significance was determined using one-way ANOVA for multiple
comparisons, *P <0.05, **P <0.01; n.s., not significant. G MC3T3-
El cells were treated with 100 uM H,O, in combination with or
without 2.5 pM Bay11-7082 in osteogenic medium and ALP and
ARS staining was performed at day 4 and day 18, respectively. H
and I MC3T3-E1 cells knocked down with siRelA or siPadi2 were
treated with 100 pM H,0, or 2.5 pM Bayl1-7082 in osteogenic
medium and ALP and ARS staining was performed at day 4 and
day 18, respectively. J MC3T3-El cells knocked down with siPadi2
in combination with or without siRelA were incubated in osteogenic
medium and ALP and ARS staining was performed at day 4 and
day 18, respectively. Quantification of each staining was performed
by Imagel. Bars, mean+SD; statistical significance was deter-
mined using one-way ANOVA for multiple comparisons, *P <0.05,
**P<0.01,%%*P <0.001, ****P <0.0001; ns, not significant. Three
independent experiments were performed

[37-40]. While studies have mainly focused on revealing
the mechanisms of action of ROS to activate osteoclasts, the
mechanisms by which ROS regulate osteogenic differentia-
tion and the function of osteoblasts have been poorly studied.

Although cortical bone loss in which osteocytes reside also
contributes to age-related bone loss, this study focused on
oxidative stress-induced senescence of osteoblasts respon-
sible for trabecular bone formation, which account for the
most important part of age-related bone loss. For the first
time, the present study found that the reduction of PADI2 by
excessive ROS induced the senescence and dysfunction of
osteoblasts. As for its regulatory mechanism, our study also
revealed that the decrease of PADI2 increased the expres-
sion and secretion of SASP via NFkB activation, leading to
the propagation of cellular senescence and dysfunction of
osteoblasts.

The PADI enzymes have been implicated in a variety
of physiological processes, including epigenetic and tran-
scriptional regulation and tissue differentiation [7]. In this
study, PADI2 was identified and verified as a key factor
regulating the ROS-induced senescence and dysfunction
of osteoblasts. Of the five PADI isoforms, PADI2 and
PADI4 are the most studied, and the excessive citrullina-
tion of target proteins by their abnormal enzyme activity
is one of the main causes of some diseases, such as rheu-
matoid arthritis (RA) and many cancer types. Together
with PADI4 [41], the protein level of PADI2 was reported
to be highly increased in RA synovial tissues compared
with that in samples from patients with osteoarthritis and
ankylosing spondylitis, and some SNPs of the PADI2
gene were shown to be significantly associated with the
presence of RA [42]. PADI2 expression is reported to be
increased in many types of tumor tissues including breast,
cervical, esophageal, colon, lung, gastric, liver, and etc.
[43]. Another studies also show that PADI2 expression
is positively associated with the progression of endome-
trial carcinoma and ovarian cancer and the downregulat-
ing PADI2 suppressed the proliferation of these cancer
cell lines [44, 45]. On the basis of the pathophysiology by
PADI-mediated hypercitrullination, the inhibition of these
enzymes has been suggested as a therapeutic strategy for
RA and cancers. In addition, PADI2 plays an important
role in cell differentiation and function in normal physi-
ological conditions. Falcao’s team showed that the Padi2
expression increased upon oligodendrocyte (OL) differ-
entiation and that the reduction of PADI2 activity hin-
dered OL differentiation [46]. Our study also showed that
PADI2 expression increased gradually during osteoblast
differentiation and its reduction by siRNA resulted in the
inhibition of osteoblast differentiation. On the basis of our
study and that of other groups, although the hyperactiva-
tion of PADI2 is mostly associated with disease pathol-
ogy, PADI2 may be essential for the differentiation and
function of specific cell types such as osteoblasts and OL
in normal physiology. However, the roles and regulatory
mechanisms of PADI enzymes in cellular senescence and
aging as well as in osteogenic differentiation have not yet
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been reported. To the best of our knowledge, the present
study is the first to demonstrate that the ROS-induced
reduction of PADI2 or Padi2 knockdown not only induces
cellular senescence, but also leads to a marked functional
decline of osteoblasts. Our results imply that PADI2 is
an essential factor for maintaining cell homeostasis from
oxidative stress and for maintaining osteoblast differen-
tiation and function. PADI2-mediated citrullination may
also have important roles in osteoblasts. Therefore, fur-
ther studies that reveal the citrullinome in osteoblast dif-
ferentiation and senescence to understand the functional
regulation of osteoblasts, and that provide new therapeutic
targets for the treatment of age-associated bone diseases
and the enhancement of bone regeneration in the elderly
are required.

Recent report shows that PADI2 overexpression sup-
presses the proliferation of HCT116 colon cancer cell line
and PADI2 is downregulated in colon cancer compared with
matching normal tissue [47]. This contradicts with the role
of PADI2 shown in previously reported other cancer types
and our results that both Padi2 knockdown and CRISPR/
Cas9-mediated Padi2 knockout significantly inhibit the pro-
liferation of osteoblasts (Fig. 2B and Supplementary Fig-
ure S5B). PADI2 expression patterns in colon cancer also
appear to differ between the two study groups [43, 47]. The
opposing role of PADI2 in cell proliferation may be due to
the cell-type-specific roles of PADI2, but this has not been
clearly elucidated. If the same target plays the opposite role
in different tissues, the targeted therapy may cause unex-
pected side effects, so in-depth studies are needed.

The mechanisms that drive senescence in post-mitotic
cells and the contribution of post-mitotic cell senescence to
tissue degeneration during aging are emerging areas of inter-
est [48]. Evidence for post-mitotic senescence can be also
found in the bone and may contribute to age-related bone
disease [49, 50]. Osteocytes are long-living post-mitotic
cells embedded in cortical bone and they have dendritic
processes connecting them to other osteocytes and surface
osteoblasts. Conversely, osteoblasts are short-lived bone
forming post-mitotic cells, continuously replenished by oste-
ogenic stem cells [51]. In our study, to mimic chronic ROS
accumulation during aging, fully confluent osteoblasts were
applied chronically with non-lethal concentration of H,0,
during osteoblast differentiation. Chronic treatment with
H,0, did not induce apoptosis, but significantly inhibited
the osteogenic differentiation of MC3T3-E1 cells accompa-
nying cellular senescence (Supplementary Fig. S1), indicat-
ing that oxidative stress induces post-mitotic senescence of
osteoblasts.

The senescence growth arrest is often triggered by a per-
sistent DNA damage response (DDR) elicited by intrinsic
and extrinsic stress such as ROS and ionizing radiation [23,
24]. Padi2 knockdown induces the significant accumulation
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of YH2AX foci in osteoblasts and increased the percentage
of cells with YH2AX foci (Fig. 2C). The accumulation of
yH2AX foci also drastically increased in CRISPR/Cas9-
edited Padi2 KO cell line and the percentage of damaged
cells was over 80% (Supplementary Figure S5C). These data
strongly suggest that PADI2 play an important role in main-
taining genomic integrity and protecting the genome from
oxidative damage. Further studies are needed to pinpoint
the mechanisms by which persistent DNA damage due to
the reduction of PADI2 induces post-mitotic senescence of
osteoblasts and PADI2 contributes to genomic stability.

In GO analysis in Fig. 1B, GO term (G0O:0030500) of
“regulation of bone mineralization” was simultaneously
shown in both groups of increased gene set on Dayl and
decreased gene set on Day4. Genes upregulated on day 1,
ECM1, Bglap, Bglap2, Bglap3, and PTK2B are included and
genes downregulated on day 4 include Phosphol, Bglap,
Bglap2, Bglap3, and [fitm5 in this GO term. ECM1 and
PTK?2B were reported as negative regulators for bone for-
mation [52, 53]. On the contrary, both Phosphol and Ifitm5
play positive roles in bone formation [54, 55]. These results
suggest that ROS induces negative regulators of bone forma-
tion and simultaneously suppresses positive regulators dur-
ing osteoblast differentiation. However, three genes, Bglap,
Bglap?2, and Bglap3, show up commonly in both groups.
When we validated this phenomenon with RT-qPCR, the
qPCR results were consistent with the RNA seq results (Data
not shown). Osteocalcin (OCN) is encoded by a single gene
(BGLAP) in human, while mice have a cluster of three genes
(Bglap, Bglap2, and Bglap3) within a 25 kb genomic region
[56, 57]. Because the role of OCN in bone has been still
controversial, this phenomenon shown in our data is hard to
be clearly explained at this time.

The SASP can act as a negative effector responsible
for chronic inflammation and age-linked diseases in old
organisms [58, 59]. Our results show that CCL2, 5, and 7,
but not a typical SASP such as IL1a, IL1B and IL6, play
important roles in osteoblast senescence induced by stresses
such as ROS and PADI2 reduction (Fig. 3). CCL2 has been
reported to have a role in the activation of bone resorption.
The PTH-induced osteoblastic expression of CCL2 facili-
tates the recruitment, differentiation, and fusion of osteo-
clast precursors [60]. Elevated Ca>* in the bone remodeling
process stimulates CCLS5 secretion from osteoblasts [61].
In turn, CCLS5 secreted from osteoclasts or osteoblasts pro-
motes the chemotaxis of both cells and also prevents the
apoptosis of osteoblasts [61]. CCL7 can also induce osteo-
clast migration, resorption activity, adhesion, and survival
[62]. On the basis of these studies, CCL2, CCLS5, and CCL7
secreted from senescent osteoblasts due to oxidative stress
or PADI2 reduction may increase the differentiation, recruit-
ment, and adhesion of osteoclasts while increasing the sur-
vival of senescent osteoblasts, thereby further promoting
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bone resorption and the deterioration of bone function with
aging. Although the involvement of other members of the
secretome of the SASP cannot be ruled out, our results
strongly indicate that CCL2, CCL5, and CCL7 act as key
SASP factors in the oxidative stress- or Padi2-loss-induced
cellular senescence of osteoblasts. In addition, these results
suggest that the inflammation induced by an increase in
these SASP factors due to oxidative stress may be a major
cause of age-related bone loss.

Here, we observed that ROS or Padi2 loss significantly
increased the NFkB RelA protein level and also activated
NF«xB signaling through the translocation of RelA into
the nucleus (Fig. 4A-D), suggesting that PADI2 directly
or indirectly regulates RelA protein level. However, in
Fig. 4G, when Padi2 is knocked down, there is no change
in mRNA expression of Re/A. On the contrary, when RelA
is knocked down, there is a reduction in Padi2 mRNA,
suggesting that RelA regulates Padi2 gene expression.
This confliction of regulatory relationship between PADI2
and RelA might be explained in this way: PADI2 can
regulate RelA protein on the post-translational level but
not on transcription level while RelA can be involved in
regulation of Padi2 transcription directly or indirectly as
a transcription factor. In accordance with our data, PADI2
appears to negatively regulate RelA through citrullination
in the normal physiological state of osteoblasts, which
induces its conformational change, promoting proteaso-
mal degradation. Therefore, the reduction of PADI2 in
senescent osteoblasts may decrease the citrullination of
RelA, resulting in the prevention of its degradation. Simi-
larly, it has been reported that PADI2 suppresses NFkB
activity via interaction with IKKYy, an upstream activator
of RelA, and its citrullination in the macrophage cell line
RAW264.7 [63]. The study at hand also suggested that
PADI2 acts as a negative regulator of the NFkB signal-
ing pathway. However, a recent study reported that PADI4
directly citrullinates NFkB RelA in RA, which improves
the interaction between RelA and importin o3, thereby
increasing the translocation of RelA into the nucleus and
its transcriptional activity [64]. Although the findings of
that previous study conflict with our data on the regulation
of RelA by PADI2, this suggests the possibility that PADI2
can also directly regulate RelA through citrullination at
the post-translational stage in osteoblasts. Furthermore,
these conflicting roles of PADIs in NF«kB regulation may
be due to differences in cell type among osteoblasts, mac-
rophages, and neutrophils, or in the unique role of each
PADI enzyme. Therefore, further studies are needed on
how PADI2 regulates NFxB RelA in osteoblasts in a nor-
mal or senescent state.

In conclusion, this study demonstrates for the first time
the role of PADI2 as a protector against ROS-accelerated
cellular senescence of osteoblasts. The mechanism of
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Fig.6 Schematic diagram depicted in the mechanism of oxida-
tive stress-accelerated senescence and dysfunction of osteoblasts.
The reduction of PADI2 by oxidative stress induces upregulation of
CCL2, 5, and 7 known as the SASP, through the activation of NFxB
signaling, leading to making a senescent environment and propagat-
ing cellular senescence to surrounding cells. Targeting these regula-
tory processes may be an effective way to prevent or treat excessive
ROS-promoted cellular senescence and aging-related bone diseases

oxidative stress-induced senescence and dysfunction of
osteoblasts was schematically summarized in Fig. 6. The
reduction of PADI2 by oxidative stress leads to upregula-
tion of the SASP through the activation of NFxB signaling,
creating a senescent environment and propagating cellular
senescence to surrounding cells. Targeting these regulatory
processes may be an effective way to prevent or treat exces-
sive ROS-promoted cellular senescence and aging-related
bone diseases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04186-5.

Acknowledgements The authors thank Edanz (https://jp.edanz.com/
ac) for editing the English text of a draft of this manuscript. We thank
Dr. Ki-Tae Kim (Dental Research Institute, Seoul National University,
South Korea) for helpful advice for bioinformatics data.

Author contributions HJK and HMR designed the experiments and
supervised the project. HIK WJK, HRS, HIY, EL, and JIM performed
the experiments. HIK, WJK, and HMR analyzed the data and prepared
the manuscript and figures. JML processed the raw data from RNA-seq

@ Springer


https://doi.org/10.1007/s00018-022-04186-5
https://jp.edanz.com/ac
https://jp.edanz.com/ac

155 Page 18 0f 20

H.-J.Kim et al.

and analyzed it. MHL, WJK, HRS, YDC, and HGK oversaw the prepa-
ration of the manuscript and commented on it.

Funding This work was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded by
the Ministry of Education (2017R1A4A1014584, 2020R1A4A1019423,
2017R1A2B3011778, and 2020R1A2B5B02002658 to HM Ryoo;
2021R1A2C1007715 to HJ Kim).

Data availability The data that support the findings of this study are
available from the corresponding author upon reasonable request. As
such, the authors will follow guidance provided by the journal for shar-
ing the data.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Pouresmaeili F, Kamalidehghan B, Kamarehei M, Goh YM (2018)
A comprehensive overview on osteoporosis and its risk factors.
Ther Clin Risk Manag 14:2029-2049. https://doi.org/10.2147/
TCRM.S138000

2. Brockstedt H, Kassem M, Eriksen EF, Mosekilde L, Melsen F
(1993) Age- and sex-related changes in iliac cortical bone mass
and remodeling. Bone 14(4):681-691. https://doi.org/10.1016/
8756-3282(93)90092-0

3. Kassem M, Marie PJ (2011) Senescence-associated intrinsic
mechanisms of osteoblast dysfunctions. Aging Cell 10(2):191-
197. https://doi.org/10.1111/j.1474-9726.2011.00669.x

4. Sohal RS, Weindruch R (1996) Oxidative stress, caloric restric-
tion, and aging. Science 273(5271):59-63. https://doi.org/10.
1126/science.273.5271.59

5. Mody N, Parhami F, Sarafian TA, Demer LL (2001) Oxidative
stress modulates osteoblastic differentiation of vascular and bone
cells. Free Radic Biol Med 31(4):509-519. https://doi.org/10.
1016/50891-5849(01)00610-4

6. Vossenaar ER, Zendman AJ, van Venrooij WJ, Pruijn GJ (2003)
PAD, a growing family of citrullinating enzymes: genes, features
and involvement in disease. BioEssays 25(11):1106-1118. https://
doi.org/10.1002/bies. 10357

7. Wang S (1829) Wang Y (2013) Peptidylarginine deiminases in
citrullination, gene regulation, health and pathogenesis. Biochim
Biophys Acta 10:1126-1135. https://doi.org/10.1016/j.bbagrm.
2013.07.003

8. Sanchez-Pernaute O, Filkova M, Gabucio A, Klein M, Macie-
jewska-Rodrigues H, Ospelt C, Brentano F, Michel BA, Gay

@ Springer

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

RE, Herrero-Beaumont G, Gay S, Neidhart M, Juengel A
(2013) Citrullination enhances the pro-inflammatory response
to fibrin in rheumatoid arthritis synovial fibroblasts. Ann
Rheum Dis 72(8):1400-1406. https://doi.org/10.1136/annrh
eumdis-2012-201906

Bicker KL, Thompson PR (2013) The protein arginine deimi-
nases: structure, function, inhibition, and disease. Biopolymers
99(2):155-163. https://doi.org/10.1002/bip.22127
Perez-Mancera PA, Young AR, Narita M (2014) Inside and out:
the activities of senescence in cancer. Nat Rev Cancer 14(8):547—
558. https://doi.org/10.1038/nrc3773

Acosta JC, Banito A, Wuestefeld T, Georgilis A, Janich P, Morton
JP, Athineos D, Kang TW, Lasitschka F, Andrulis M, Pascual G,
Morris KJ, Khan S, Jin H, Dharmalingam G, Snijders AP, Carroll
T, Capper D, Pritchard C, Inman GJ, Longerich T, Sansom OJ,
Benitah SA, Zender L, GilJ (2013) A complex secretory program
orchestrated by the inflammasome controls paracrine senescence.
Nat Cell Biol 15(8):978-990. https://doi.org/10.1038/ncb2784
Coppe JP, Desprez PY, Krtolica A, Campisi J (2010) The senes-
cence-associated secretory phenotype: the dark side of tumor
suppression. Annu Rev Pathol 5:99-118. https://doi.org/10.1146/
annurev-pathol-121808-102144

Chien Y, Scuoppo C, Wang X, Fang X, Balgley B, Bolden JE,
Premsrirut P, Luo W, Chicas A, Lee CS, Kogan SC, Lowe SW
(2011) Control of the senescence-associated secretory phenotype
by NF-kappaB promotes senescence and enhances chemosensitiv-
ity. Genes Dev 25(20):2125-2136. https://doi.org/10.1101/gad.
17276711

Debacq-Chainiaux F, Erusalimsky JD, Campisi J, Toussaint O
(2009) Protocols to detect senescence-associated beta-galactosi-
dase (SA-betagal) activity, a biomarker of senescent cells in cul-
ture and in vivo. Nat Protoc 4(12):1798-1806. https://doi.org/10.
1038/nprot.2009.191

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 25(4):402—408. https://doi.org/10.1006/
meth.2001.1262

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL (2019) Graph-
based genome alignment and genotyping with HISAT2 and
HISAT-genotype. Nat Biotechnol 37(8):907-915. https://doi.org/
10.1038/541587-019-0201-4

. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT,

Salzberg SL (2015) StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat Biotechnol 33(3):290—
295. https://doi.org/10.1038/nbt.3122

Looker AC, Wahner HW, Dunn WL, Calvo MS, Harris TB, Heyse
SP, Johnston CC Jr, Lindsay R (1998) Updated data on proximal
femur bone mineral levels of US adults. Osteoporos Int 8(5):468—
489. https://doi.org/10.1007/s001980050093

Hui SL, Slemenda CW, Johnston CC Jr (1988) Age and bone
mass as predictors of fracture in a prospective study. J Clin Invest
81(6):1804-1809. https://doi.org/10.1172/IC1113523

Goettsch C, Babelova A, Trummer O, Erben RG, Rauner M, Ram-
melt S, Weissmann N, Weinberger V, Benkhoft S, Kampschulte
M, Obermayer-Pietsch B, Hofbauer LC, Brandes RP, Schroder K
(2013) NADPH oxidase 4 limits bone mass by promoting osteo-
clastogenesis. J Clin Invest 123(11):4731-4738. https://doi.org/
10.1172/JC167603

Basu S, Michaelsson K, Olofsson H, Johansson S, Melhus H
(2001) Association between oxidative stress and bone mineral
density. Biochem Biophys Res Commun 288(1):275-279. https:/
doi.org/10.1006/bbrc.2001.5747

Bhattacharya SK, Sinicrope B, Rayborn ME, Hollyfield JG,
Bonilha VL (2008) Age-related reduction in retinal deimination
levels in the F344BN rat. Aging Cell 7(3):441-444. https://doi.
org/10.1111/j.1474-9726.2008.00376.x


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2147/TCRM.S138000
https://doi.org/10.2147/TCRM.S138000
https://doi.org/10.1016/8756-3282(93)90092-o
https://doi.org/10.1016/8756-3282(93)90092-o
https://doi.org/10.1111/j.1474-9726.2011.00669.x
https://doi.org/10.1126/science.273.5271.59
https://doi.org/10.1126/science.273.5271.59
https://doi.org/10.1016/s0891-5849(01)00610-4
https://doi.org/10.1016/s0891-5849(01)00610-4
https://doi.org/10.1002/bies.10357
https://doi.org/10.1002/bies.10357
https://doi.org/10.1016/j.bbagrm.2013.07.003
https://doi.org/10.1016/j.bbagrm.2013.07.003
https://doi.org/10.1136/annrheumdis-2012-201906
https://doi.org/10.1136/annrheumdis-2012-201906
https://doi.org/10.1002/bip.22127
https://doi.org/10.1038/nrc3773
https://doi.org/10.1038/ncb2784
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1101/gad.17276711
https://doi.org/10.1101/gad.17276711
https://doi.org/10.1038/nprot.2009.191
https://doi.org/10.1038/nprot.2009.191
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1007/s001980050093
https://doi.org/10.1172/JCI113523
https://doi.org/10.1172/JCI67603
https://doi.org/10.1172/JCI67603
https://doi.org/10.1006/bbrc.2001.5747
https://doi.org/10.1006/bbrc.2001.5747
https://doi.org/10.1111/j.1474-9726.2008.00376.x
https://doi.org/10.1111/j.1474-9726.2008.00376.x

ROS-induced PADI2 downregulation accelerates cellular senescence via the stimulation of...

Page 190f20 155

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sedelnikova OA, Redon CE, Dickey JS, Nakamura AJ, Georgaki-
las AG, Bonner WM (2010) Role of oxidatively induced DNA
lesions in human pathogenesis. Mutat Res 704(1-3):152-159.
https://doi.org/10.1016/j.mrrev.2009.12.005

Sedelnikova OA, Horikawa I, Zimonjic DB, Popescu NC, Bonner
WM, Barrett JC (2004) Senescing human cells and ageing mice
accumulate DNA lesions with unrepairable double-strand breaks.
Nat Cell Biol 6(2):168-170. https://doi.org/10.1038/ncb1095
Campisi J (2013) Aging, cellular senescence, and cancer. Annu
Rev Physiol 75:685-705. https://doi.org/10.1146/annurev-physi
01-030212-183653

Yousefzadeh MJ, Schafer MJ, Noren Hooten N, Atkinson EJ,
Evans MK, Baker DJ, Quarles EK, Robbins PD, Ladiges WC,
LeBrasseur NK, Niedernhofer LJ (2018) Circulating levels of
monocyte chemoattractant protein-1 as a potential measure of
biological age in mice and frailty in humans. Aging Cell 17 (2).
doi:ARTN e12706 10. 1111/acel.12706

XiY, Shao F, Bai XY, Cai GY, Lv Y, Chen XM (2014) Changes
in the Expression of the Toll-Like Receptor System in the Aging
Rat Kidneys. Plos One 9 (5). doi:ARTN €96351. 10. 1371/journal.
pone.0096351

Shen L, Chen Y, Cheng J, Yuan SZ, Zhou S, Yan W, Liu JF, Luo
AY, Wang SX (2019) CCLS5 secreted by senescent theca-intersti-
tial cells inhibits preantral follicular development via granulosa
cellular apoptosis. J Cell Physiol 234(12):22554-22564. https://
doi.org/10.1002/jcp.28819

Li KY, Shi GY, Lei XP, Huang YY, Li XY, Bai L, Qin C (2021)
Age-related alteration in characteristics, function, and transcrip-
tion features of ADSCs. Stem Cell Res Ther 12 (1). doi:ARTN
473 10. 1186/s13287-021-02509-0

Han H, Cho JW, Lee S, Yun A, Kim H, Bae D, Yang S, Kim CY,
Lee M, Kim E, Lee S, Kang B, Jeong D, Kim Y, Jeon HN, Jung
H, Nam S, Chung M, Kim JH, Lee I (2018) TRRUST v2: an
expanded reference database of human and mouse transcriptional
regulatory interactions. Nucleic Acids Res 46(D1):D380-D386.
https://doi.org/10.1093/nar/gkx1013

Takada Y, Mukhopadhyay A, Kundu GC, Mahabeleshwar GH,
Singh S, Aggarwal BB (2003) Hydrogen peroxide activates NF-
kappa B through tyrosine phosphorylation of I kappa B alpha and
serine phosphorylation of p65: evidence for the involvement of
I kappa B alpha kinase and Syk protein-tyrosine kinase. J Biol
Chem 278(26):24233-24241. https://doi.org/10.1074/jbc.M2123
89200

Skurnick ID, Kemeny G (1979) Stochastic studies of aging and
mortality in multicellular organisms. II. The finite theory. Mech
Ageing Dev 10 (3—4):157-172. https://doi.org/10.1016/0047-
6374(79)90032-0

Gabet Y, Bab I (2011) Microarchitectural changes in the aging
skeleton. Curr Osteoporos Rep 9(4):177-183. https://doi.org/10.
1007/s11914-011-0072-1

Syed FA, Ng AC (2010) The pathophysiology of the aging skel-
eton. Curr Osteoporos Rep 8(4):235-240. https://doi.org/10.1007/
s11914-010-0035-y

Jilka RL, Almeida M, Ambrogini E, Han L, Roberson PK, Wein-
stein RS, Manolagas SC (2010) Decreased oxidative stress and
greater bone anabolism in the aged, when compared to the young,
murine skeleton with parathyroid hormone administration. Aging
Cell 9(5):851-867. https://doi.org/10.1111/j.1474-9726.2010.
00616.x

Abdallah BM, Haack-Sorensen M, Fink T, Kassem M (2006)
Inhibition of osteoblast differentiation but not adipocyte differ-
entiation of mesenchymal stem cells by sera obtained from aged
females. Bone 39(1):181-188. https://doi.org/10.1016/j.bone.
2005.12.082

Waugquier F, Leotoing L, Coxam V, Guicheux J, Wittrant Y (2009)
Oxidative stress in bone remodelling and disease. Trends Mol

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Med 15(10):468-477. https://doi.org/10.1016/j.molmed.2009.08.
004

Altindag O, Erel O, Soran N, Celik H, Selek S (2008) Total oxi-
dative/anti-oxidative status and relation to bone mineral density
in osteoporosis. Rheumatol Int 28(4):317-321. https://doi.org/10.
1007/500296-007-0452-0

Dasari A, Bartholomew JN, Volonte D, Galbiati F (2006) Oxida-
tive stress induces premature senescence by stimulating caveolin-1
gene transcription through p38 mitogen-activated protein kinase/
Spl-mediated activation of two GC-rich promoter elements. Can-
cer Res 66(22):10805-10814. https://doi.org/10.1158/0008-5472.
CAN-06-1236

Lee AC, Fenster BE, Ito H, Takeda K, Bae NS, Hirai T, Yu ZX,
Ferrans VJ, Howard BH, Finkel T (1999) Ras proteins induce
senescence by altering the intracellular levels of reactive oxygen
species. ] Biol Chem 274(12):7936-7940. https://doi.org/10.1074/
jbc.274.12.7936

Chang X, Jian X, Yan X (2009) Expression and citrullination of
keratin in synovial tissue of rheumatoid arthritis. Rheumatol Int
29(11):1337-1342. https://doi.org/10.1007/s00296-009-0863-1
Chang X, Xia Y, Pan J, Meng Q, Zhao Y, Yan X (2013) PADI2
is significantly associated with rheumatoid arthritis. PLoS ONE
8(12):e81259. https://doi.org/10.1371/journal.pone.0081259
Guo W, Zheng Y, Xu B, Ma F, Li C, Zhang X, Wang Y, Chang
X (2017) Investigating the expression, effect and tumorigenic
pathway of PADI2 in tumors. Onco Targets Ther 10:1475-1485.
https://doi.org/10.2147/OTT.S92389

Xue T, Liu X, Zhang M, E Q, Liu S, Zou M, Li Y, Ma Z, Han
Y, Thompson P, Zhang X (2021) PADI2-Catalyzed MEK1 Cit-
rullination Activates ERK1/2 and Promotes IGF2BP1-Mediated
SOX2 mRNA Stability in Endometrial Cancer. Adv Sci (Weinh)
8 (6):2002831. doi:https://doi.org/10.1002/advs.202002831

Liu L, Zhang Z, Zhang G, Wang T, Ma Y, Guo W (2020) Down-
regulation of PADI2 prevents proliferation and epithelial-mes-
enchymal transition in ovarian cancer through inhibiting JAK2/
STAT?3 pathway in vitro and in vivo, alone or in combination
with Olaparib. J Transl Med 18(1):357. https://doi.org/10.1186/
$12967-020-02528-0

Falcao AM, Meijer M, Scaglione A, Rinwa P, Agirre E, Liang
J, Larsen SC, Heskol A, Frawley R, Klingener M, Varas-Godoy
M, Raposo A, Ernfors P, Castro DS, Nielsen ML, Casaccia P,
Castelo-Branco G (2019) PAD2-mediated citrullination contrib-
utes to efficient oligodendrocyte differentiation and myelination.
Cell Rep 27 (4):1090-1102 e1010. https://doi.org/10.1016/j.cel-
rep.2019.03.108

Funayama R, Taniguchi H, Mizuma M, Fujishima F, Kobayashi
M, Ohnuma S, Unno M, Nakayama K (2017) Protein-arginine
deiminase 2 suppresses proliferation of colon cancer cells through
protein citrullination. Cancer Sci 108(4):713-718. https://doi.org/
10.1111/cas.13179

Sapieha P, Mallette FA (2018) Cellular senescence in postmitotic
cells: beyond growth arrest. Trends Cell Biol 28(8):595-607.
https://doi.org/10.1016/.tcb.2018.03.003

Farr JN, Fraser DG, Wang H, Jaechn K, Ogrodnik MB, Weivoda
MM, Drake MT, Tchkonia T, LeBrasseur NK, Kirkland JL, Bone-
wald LF, Pignolo RJ, Monroe DG, Khosla S (2016) Identification
of senescent cells in the bone microenvironment. J Bone Miner
Res 31(11):1920-1929. https://doi.org/10.1002/jbmr.2892

Farr JN, Xu M, Weivoda MM, Monroe DG, Fraser DG, Onken JL,
Negley BA, Sfeir JG, Ogrodnik MB, Hachfeld CM, LeBrasseur
NK, Drake MT, Pignolo RJ, Pirtskhalava T, Tchkonia T, Oursler
M1, Kirkland JL, Khosla S (2017) Targeting cellular senescence
prevents age-related bone loss in mice. Nat Med 23(9):1072-1079.
https://doi.org/10.1038/nm.4385

Park D, Spencer JA, Koh BI, Kobayashi T, Fujisaki J, Clemens
TL, Lin CP, Kronenberg HM, Scadden DT (2012) Endogenous

@ Springer


https://doi.org/10.1016/j.mrrev.2009.12.005
https://doi.org/10.1038/ncb1095
https://doi.org/10.1146/annurev-physiol-030212-183653
https://doi.org/10.1146/annurev-physiol-030212-183653
https://doi.org/10.1002/jcp.28819
https://doi.org/10.1002/jcp.28819
https://doi.org/10.1093/nar/gkx1013
https://doi.org/10.1074/jbc.M212389200
https://doi.org/10.1074/jbc.M212389200
https://doi.org/10.1016/0047-6374(79)90032-0
https://doi.org/10.1016/0047-6374(79)90032-0
https://doi.org/10.1007/s11914-011-0072-1
https://doi.org/10.1007/s11914-011-0072-1
https://doi.org/10.1007/s11914-010-0035-y
https://doi.org/10.1007/s11914-010-0035-y
https://doi.org/10.1111/j.1474-9726.2010.00616.x
https://doi.org/10.1111/j.1474-9726.2010.00616.x
https://doi.org/10.1016/j.bone.2005.12.082
https://doi.org/10.1016/j.bone.2005.12.082
https://doi.org/10.1016/j.molmed.2009.08.004
https://doi.org/10.1016/j.molmed.2009.08.004
https://doi.org/10.1007/s00296-007-0452-0
https://doi.org/10.1007/s00296-007-0452-0
https://doi.org/10.1158/0008-5472.CAN-06-1236
https://doi.org/10.1158/0008-5472.CAN-06-1236
https://doi.org/10.1074/jbc.274.12.7936
https://doi.org/10.1074/jbc.274.12.7936
https://doi.org/10.1007/s00296-009-0863-1
https://doi.org/10.1371/journal.pone.0081259
https://doi.org/10.2147/OTT.S92389
https://doi.org/10.1002/advs.202002831
https://doi.org/10.1186/s12967-020-02528-0
https://doi.org/10.1186/s12967-020-02528-0
https://doi.org/10.1016/j.celrep.2019.03.108
https://doi.org/10.1016/j.celrep.2019.03.108
https://doi.org/10.1111/cas.13179
https://doi.org/10.1111/cas.13179
https://doi.org/10.1016/j.tcb.2018.03.003
https://doi.org/10.1002/jbmr.2892
https://doi.org/10.1038/nm.4385

155 Page 20 of 20

H.-J.Kim et al.

52.

53.

54.

55.

56.

57.

58.

bone marrow MSCs are dynamic, fate-restricted participants in
bone maintenance and regeneration. Cell Stem Cell 10(3):259—
272. https://doi.org/10.1016/j.stem.2012.02.003

Kong L, Tian Q, Guo F, Mucignat MT, Perris R, Sercu S, Mer-
regaert J, Di Cesare PE, Liu CJ (2010) Interaction between carti-
lage oligomeric matrix protein and extracellular matrix protein 1
mediates endochondral bone growth. Matrix Biol 29(4):276-286.
https://doi.org/10.1016/j.matbio.2010.01.007

Buckbinder L, Crawford DT, Qi H, Ke HZ, Olson LM, Long KR,
Bonnette PC, Baumann AP, Hambor JE, Grasser WA 3rd, Pan
LC, Owen TA, Luzzio MJ, Hulford CA, Gebhard DF, Paralkar
VM, Simmons HA, Kath JC, Roberts WG, Smock SL, Guzman-
Perez A, Brown TA, Li M (2007) Proline-rich tyrosine kinase 2
regulates osteoprogenitor cells and bone formation, and offers an
anabolic treatment approach for osteoporosis. Proc Natl Acad Sci
USA 104(25):10619-10624. https://doi.org/10.1073/pnas.07014
21104

Yadav MC, Simao AM, Narisawa S, Huesa C, McKee MD, Farqu-
harson C, Millan JL (2011) Loss of skeletal mineralization by the
simultaneous ablation of PHOSPHOI1 and alkaline phosphatase
function: a unified model of the mechanisms of initiation of skel-
etal calcification. J Bone Miner Res 26(2):286-297. https://doi.
org/10.1002/jbmr.195

Hanagata N, Takemura T, Monkawa A, Ikoma T, Tanaka J (2007)
Phenotype and gene expression pattern of osteoblast-like cells cul-
tured on polystyrene and hydroxyapatite with pre-adsorbed type-I
collagen. J Biomed Mater Res A 83(2):362-371. https://doi.org/
10.1002/jbm.a.31240

Celeste AJ, Rosen V, Buecker JL, Kriz R, Wang EA, Wozney JM
(1986) Isolation of the human gene for bone gla protein utilizing
mouse and rat cDNA clones. EMBO J 5(8):1885-1890

Desbois C, Hogue DA, Karsenty G (1994) The mouse osteocalcin
gene cluster contains three genes with two separate spatial and
temporal patterns of expression. J Biol Chem 269(2):1183-1190
Rodier F, Campisi J (2011) Four faces of cellular senescence. J
Cell Biol 192(4):547-556. https://doi.org/10.1083/jcb.201009094

@ Springer

59.

60.

61.

62.

63.

64.

Minamino T, Orimo M, Shimizu I, Kunieda T, Yokoyama M,
Ito T, Nojima A, Nabetani A, Oike Y, Matsubara H, Ishikawa F,
Komuro I (2009) A crucial role for adipose tissue p53 in the regu-
lation of insulin resistance. Nat Med 15(9):1082-1087. https://doi.
org/10.1038/nm.2014

Li X, Liu H, Qin L, Tamasi J, Bergenstock M, Shapses S, Feyen
JH, Notterman DA, Partridge NC (2007) Determination of dual
effects of parathyroid hormone on skeletal gene expression in vivo
by microarray and network analysis. J Biol Chem 282(45):33086—
33097. https://doi.org/10.1074/jbc.M705194200

Yano S, Mentaverri R, Kanuparthi D, Bandyopadhyay S, Rivera
A, Brown EM, Chattopadhyay N (2005) Functional expression of
beta-chemokine receptors in osteoblasts: role of regulated upon
activation, normal T cell expressed and secreted (RANTES) in
osteoblasts and regulation of its secretion by osteoblasts and
osteoclasts. Endocrinology 146(5):2324-2335. https://doi.org/
10.1210/en.2005-0065

Yu X, Huang Y, Collin-Osdoby P, Osdoby P (2004) CCR1
chemokines promote the chemotactic recruitment, RANKL devel-
opment, and motility of osteoclasts and are induced by inflam-
matory cytokines in osteoblasts. ] Bone Miner Res 19(12):2065—
2077. https://doi.org/10.1359/JBMR.040910

Lee HJ, Joo M, Abdolrasulnia R, Young DG, Choi I, Ware LB,
Blackwell TS, Christman BW (2010) Peptidylarginine deiminase
2 suppresses inhibitory {kappa}B kinase activity in lipopolysac-
charide-stimulated RAW 264.7 macrophages. J Biol Chem 285
(51):39655-39662. https://doi.org/10.1074/jbc.M110.170290
Sun B, Dwivedi N, Bechtel TJ, Paulsen JL, Muth A, Bawadekar
M, Li G, Thompson PR, Shelef MA, Schiffer CA, Weerapana
E, Ho IC (2017) Citrullination of NF-kappaB p65 promotes its
nuclear localization and TLR-induced expression of IL-1beta
and TNFalpha. Sci Immunol 2 (12). https://doi.org/10.1126/sciim
munol.aal3062

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.stem.2012.02.003
https://doi.org/10.1016/j.matbio.2010.01.007
https://doi.org/10.1073/pnas.0701421104
https://doi.org/10.1073/pnas.0701421104
https://doi.org/10.1002/jbmr.195
https://doi.org/10.1002/jbmr.195
https://doi.org/10.1002/jbm.a.31240
https://doi.org/10.1002/jbm.a.31240
https://doi.org/10.1083/jcb.201009094
https://doi.org/10.1038/nm.2014
https://doi.org/10.1038/nm.2014
https://doi.org/10.1074/jbc.M705194200
https://doi.org/10.1210/en.2005-0065
https://doi.org/10.1210/en.2005-0065
https://doi.org/10.1359/JBMR.040910
https://doi.org/10.1074/jbc.M110.170290
https://doi.org/10.1126/sciimmunol.aal3062
https://doi.org/10.1126/sciimmunol.aal3062

	ROS-induced PADI2 downregulation accelerates cellular senescence via the stimulation of SASP production and NFκB activation
	Abstract
	Introduction
	Materials and methods
	Reagents and antibodies
	Cell culture
	Alkaline phosphatase staining
	Alizarin red S staining
	SA-β-Gal staining and quantification
	Western blot analysis
	RNA preparation and quantitative real-time PCR
	ELISA
	Nuclear-cytoplasmic fractionation
	Immunofluorescence staining and confocal microscopy
	Quantification of γH2AX foci
	mRNA-seq and data analysis
	Statistical analysis

	Results
	ROS induce the senescence of osteoblast cells and downregulate PADI2 levels
	The reduction of PADI2 causes the senescence of osteoblasts and hinders osteogenic differentiation
	Excessive ROS or Padi2 knockdown promotes CCL2, 5, and 7 proinflammatory SASP production
	The activation of NFκB RelA mediates ROS and Padi2 knockdown-induced increase of CCL2, 5, and 7 SASP factors
	The inhibition of NFκB signaling alleviates the accelerated senescence and the reduced osteoblast differentiation caused by ROS or Padi2 depletion

	Discussion
	Acknowledgements 
	References




