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SIRT1 ubiquitination is regulated by opposing activities of APC/
C-Cdh1 and AROS during stress-induced premature senescence
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SIRT1, a member of the mammalian sirtuin family, is a nicotinamide adenosine dinucleotide (NAD)-dependent deacetylase with key
roles in aging-related diseases and cellular senescence. However, the mechanism by which SIRT1 protein homeostasis is controlled
under senescent conditions remains elusive. Here, we revealed that SIRT1 protein is significantly downregulated due to ubiquitin-
mediated proteasomal degradation during stress-induced premature senescence (SIPS) and that SIRT1 physically associates with
anaphase-promoting complex/cyclosome (APC/C), a multisubunit E3 ubiquitin ligase. Ubiquitin-dependent SIRT1 degradation is
stimulated by the APC/C coactivator Cdh1 and not by the coactivator Cdc20. We found that Cdh1 depletion impaired the SIPS-
promoted downregulation of SIRT1 expression and reduced cellular senescence, likely through SIRT1-driven p53 inactivation. In
contrast, AROS, a SIRT1 activator, reversed the SIRT1 degradation induced by diverse stressors and antagonized Cdh1 function
through competitive interactions with SIRT1. Furthermore, our data indicate opposite roles for Cdh1 and AROS in the epigenetic
regulation of the senescence-associated secretory phenotype genes IL-6 and IL-8. Finally, we demonstrated that pinosylvin restores
downregulated AROS (and SIRT1) expression levels in bleomycin-induced mouse pulmonary senescent tissue while repressing
bleomycin-promoted Cdh1 expression. Overall, our study provides the first evidence of the reciprocal regulation of SIRT1 stability
by APC/C-Cdh1 and AROS during stress-induced premature senescence, and our findings suggest pinosylvin as a potential senolytic
agent for pulmonary fibrosis.
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INTRODUCTION
Cellular senescence is a state of permanent cell cycle exit that
occurs when cells lose their replicative ability in response to
various stress signals, such as telomere dysfunction, DNA damage,
oxidative stress, and aberrant oncogenic activation1,2. Senescent
cells are enlarged, exhibit a flattened morphology and increased
senescence-associated β-galactosidase (SA-β-gal) activity, and
secrete soluble factors related to the local tissue environment
and inflammation; these characteristics comprise the senescence-
associated secretory phenotype (SASP)3–5. Cells with the SASP
exhibit irreversible growth arrest and apoptosis resistance and
these processes are activated through the p53/p21 or p16/pRb
signaling pathway, a major route of senescence6,7. Senescence is
involved in the pathogenesis of age-related disorders, tumor
suppression, and organismal aging8,9. Based on recent findings
that the selective elimination of senescent cells increases the
lifespan of mice, research has been undertaken concerning
potential senolytic drugs3,10,11.
The anaphase-promoting complex or cyclosome (APC/C) is an

evolutionarily conserved multisubunit E3 ubiquitin ligase with key
roles in the G1 phase and mitosis that involve the degradation of
major cell cycle regulators12,13. A subcomplex containing APC2

and APC11 serves as a cullin-RING catalytic core of APC/C14,15. The
catalytic activity of APC/C is regulated by two coactivators, Cdh1
and Cdc20, which provide substrate specificity through various
conformational changes upon binding during the cell cycle16. The
expression level of Cdh1 is significantly downregulated in breast
and colon cancer, and Cdh1 suppression causes genomic
instability and susceptibility to spontaneous tumors17–19. In
addition to its role in cell cycle control, Cdh1 induces premature
cellular senescence in response to DNA damage, as revealed by
recent studies, but the process by which Cdh1 contributes to
stress-induced premature senescence (SIPS) remains unclear20–22.
SIRT1 is an NAD+-dependent class III deacetylase and the

mammalian ortholog of yeast Sir223,24. SIRT1 has crucial roles in
diverse cellular processes, including aging, senescence, inflamma-
tion, apoptosis, and metabolism, by removing acetyl groups from
histone and nonhistone proteins25,26. Recent reports have
indicated that SIRT1 protein expression is downregulated in
response to DNA damage27 and oxidative stress28 through E3
ligase (both MDM2 and CHFR)-mediated polyubiquitination and
subsequent proteasomal degradation. Another study has indi-
cated that SIRT1 protein expression decreases via lysosome-
mediated autophagy-associated degradation during aging and
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diverse SIPS processes29. Conversely, SIRT1 stabilization is
promoted by the ubiquitin hydrolases USP22 and USP7, which
cleave polyubiquitin chains of SIRT130,31. However, the molecular
mechanism underlying the ubiquitin-dependent degradation of
SIRT1 in cellular senescence and the role of E3 ligase activation in
SIRT1 ubiquitination under stress conditions remain undeter-
mined. Until recently, a protein that counteracts the E3 ubiquitin
ligase-mediated attack of SIRT1 and thus prevents SIRT1
degradation in cellular senescence has not been identified. We
previously found that AROS interacts with SIRT1 and promotes
SIRT1 deacetylase activity to drive p53 inactivation32. However, the
mechanism by which AROS regulates SIRT1 activity and the role of
AROS in cellular senescence requires further investigation.
In the present study, we observed a significant reduction in the

SIRT1 protein levels under various stress conditions and identified
the APC/C coactivator Cdh1 as a novel E3 ligase of SIRT1 that
promotes the ubiquitination of SIRT1 for proteasomal degradation.
We revealed that AROS antagonizes Cdh1-mediated SIRT1 ubiqui-
tination via competition with Cdh1 for SIRT1 binding and thereby
suppresses SIPS. Further analysis indicated opposing roles for Cdh1
and AROS in the epigenetic regulation of SASP-related genes and
the activity of pinosylvin during bleomycin-induced pulmonary
senescence, which suggests that a novel mechanism finely controls
SIRT1 stability during stress-induced senescence and provides a
potential target for senolytic drugs in the treatment of lung fibrosis.

MATERIALS AND METHODS
Cell lines and culture
HEK293 and MCF-7 cells were grown in Dulbecco’s modified Eagle’s
medium, A549 and HCT116 cells were grown in RPMI-1640 medium, and
TIG-3 cells (Japanese Collection of Research Bioresources Cell Bank, Japan)
were incubated in Minimum Essential Medium (all media from Welgene,
Inc.) containing 10% fetal bovine serum and 1% antibiotic-antimycotic mix
(Thermo Fisher Scientific). All the cells were maintained and cultured under
5% CO2 in a humidified chamber at 37 °C. To obtain stable cell lines, A549
cells were transfected with Flag, Flag-AROS, sh-Luc, or sh-AROS using
Lipofectamine Plus reagent (Thermo Fisher Scientific). After 48 h, the cells
were treated with 0.8 mg/ml G418 (Thermo Fisher Scientific) or 0.1 mg/ml
hygromycin B (Thermo Fisher Scientific). Resistant colonies were selected
for 2 weeks, and stable gene expression was detected via western blotting
(WB) using anti-Flag or anti-AROS antibodies.

DNA constructs and antibodies
The SIRT1 and AROS constructs used in this study were previously
described32. Full-length Cdh1, Cdc20, APC2, and APC11 were amplified via
polymerase chain reaction (PCR) and subcloned into the plasmids Flag,
Myc-tagged pcDNA3 (Thermo Fisher Scientific), pEGFP-C3 (BD Biosciences)
and pGEX4T-1 (GE Healthcare). The antibodies used included the following:
SIRT1 (Santa Cruz Biotechnology, sc15404), AROS (Santa Cruz Biotechnol-
ogy, sc-86209; Abcam, ab201091), Cdh1 (Abcam, ab3242), Cdc20 (Santa
Cruz Biotechnology, sc13162), Cyclin B1 (Santa Cruz Biotechnology, sc245),
APC2 (Thermo Fisher Scientific, RB-067), APC11 (Abcam, ab154546), p53
(Santa Cruz Biotechnology, sc-126), p21 (Santa Cruz Biotechnology, sc-
6246), p16 (Calbiochem, NA29), green fluorescent protein (GFP; Santa Cruz
Biotechnology, sc-8334), polyubiquitinated conjugates (poly-Ub; Enzo Life
Science, BML-PW8805-0500), acetylated-lysine (Cell Signaling Technology,
9814), hemagglutinin (HA; Merck Millipore, 05-904), Myc (Merck Millipore,
05-724), Flag M2 (Sigma‒Aldrich, F1804), LSD1 (Abcam, ab17721), H3K9me2
(Abcam, ab1120), H3K9ac (Abcam, ab12179), α-SMA-Cy3 (Sigma, C6198),
collagen type I (Abcam, ab34710), elastin (Abcam, ab21600), fibronectin
(Abcam, ab2413), and β-actin (Santa Cruz Biotechnology, sc47778).

Virus production
293GPG cells were transfected with the pBABE puro H-RasV12 (Addgene,
Plasmid #9051) viral vector. Viral suspensions were collected at five time
points (at 2-day intervals). After the final collection, the viral suspension
was filtered through a 0.45-μm filter and concentrated using the Retro-X
concentrator system (Thermo Fisher Scientific). The concentrated virus was
suspended in TNE buffer (50mM Tris, 130mM NaCl, and 1mM
ethylenediaminetetraacetic acid).

Senescence-associated β-galactosidase (SA-β-gal) staining
First, 1 × 104 cells were seeded in 6-well plates and treated with
doxorubicin (Sigma‒Aldrich) for 1 h. The concentrations of doxorubicin
were 0.1 μM for MCF-7 cells and 0.5 μM for A549 and TIG-3 cells. Four days
after doxorubicin withdrawal, SA-β-gal staining analysis was performed as
previously described33. SA-β-gal-positive cells were counted using a
microscope. Slides of 8-μm mouse tissue sections were fixed with a
fixative solution (1% formaldehyde, 0.2% glutaraldehyde, 2 mM MgCl2,
5 mM ethylenediaminetetraacetic acid, and 0.02% NP40) and stained with
a staining solution containing 0.2 M citric acid/Na phosphate buffer (pH
6.0) and 20mg/ml X-gal for 24 h at 37 °C. The level of SA-β-gal staining was
analyzed using ImageJ software (NIH).

Immunoprecipitation (IP) and WB
IP and WB assays were conducted as previously described32. For IP, lysates
from transfected cells were incubated with the indicated antibodies
overnight at 4 °C. After a further incubation of 4 h with A/G or A-agarose
beads (Santa Cruz Biotechnology), the bound proteins were discharged
from the beads by boiling and subjected to WB using the appropriate
antibodies. For WB, lysates from the beads were separated through sodium
dodecyl sulfate gel electrophoresis, transferred to a polyvinylidene fluoride
membrane (Merck Millipore), and probed with the indicated primary
antibodies. The blots were reacted with horseradish peroxidase-
conjugated anti-mouse (Santa Cruz Biotechnology) or anti-rabbit (Jackson)
secondary antibodies. The protein bands were detected using enhanced
chemiluminescent reagents (iNtRON Biotechnology) and the ChemiDoc
imaging system (Bio-Rad).

Glutathione S-transferase (GST) pull-down assays
GST pull-down assays were conducted as previously described32. Briefly,
GST-fused AROS and Cdh1 proteins were expressed in Escherichia coli and
refined with glutathione-Sepharose beads (GE Healthcare). Flag-SIRT1
protein was translated in vitro using the TNT rabbit reticulocyte system
(Promega). GST protein (2 μg) was incubated with 10 μl of SIRT1 protein.
The bound proteins were visualized by WB using an anti-Flag M2 antibody
(Sigma‒Aldrich, F1804).

Cycloheximide (CHX) chase assays
HEK293 cells were transiently transfected with the indicated constructs.
Twelve hours after transfection, the cells were incubated with 50 µg/ml
CHX (Sigma‒Aldrich) for the indicated times to prevent de novo protein
synthesis. The cells were then harvested and lysed for WB analysis.

In vivo and in vitro ubiquitination assays
For the detection of SIRT1 ubiquitination in vivo, cells were treated with
10 μM MG132 (Calbiochem) for 12 h before harvest. Cell lysates were
subjected to IP using an anti-SIRT1 antibody. The polyubiquitination of SIRT1
was detected via WB using an anti-poly-Ub antibody or anti-HA antibody. For
the in vitro ubiquitination assay, a ubiquitination kit (Enzo Life Science) was
used in accordance with the manufacturer’s protocol. Briefly, APC/C
complexes were purified from HEK293 cells via IP using an anti-APC2
antibody. Purified APC/C complexes were mixed with in vitro-translated Flag-
SIRT1 and Myc-Cdh1 and then incubated in 50 μl of reaction buffer
containing 2.5 μM biotinylated ubiquitin, 100 nM E1, 2.5 μM UbcH5, 5mM
Mg-ATP, 5mM dithiothreitol, and 20 U/ml inorganic pyrophosphate (Sigma‒
Aldrich) at 37 °C for 1 h. The reaction was terminated via the addition of 50 μl
of 2× nonreducing gel loading buffer. Ubiquitinated SIRT1 was detected by
WB using anti-SIRT1 or anti-Flag antibodies.

Immunohistochemical (IHC) staining and immunofluorescence
(IF)
Mouse lungs were fixed with 4% paraformaldehyde and embedded in OCT
compound (Sakura) to obtain frozen tissue specimens. Frozen sections (8 μm)
were treated with 1% hydrogen peroxide (H2O2) to quench endogenous
peroxidase activity and then incubated with 1% bovine serum albumin for
1 h. Subsequently, the slides were incubated with the indicated primary
antibodies for 16 h at 4 °C and then treated with biotinylated anti-rabbit
secondary antibody (Vector Laboratories) for 1 h at room temperature. The
sections were reacted with VECTASTAIN ABC reagent (Vector Laboratories)
for 1 h, and peroxidase substrate 3,3-diaminobenzidine solution (Sigma‒
Aldrich) was added until optimal color developed. The sections were then
counterstained with Mayer’s hematoxylin solution (Sigma‒Aldrich). Each
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staining image was quantified using ImageJ software (NIH). For histopatho-
logical analysis, hematoxylin and eosin (H&E) staining was performed
according to standard protocols. Alveolar spaces were measured using
ImageJ. For connective tissue staining, frozen tissue sections were stained
using a trichrome staining kit (ab150686, Abcam) according to the
manufacturer’s instructions. Immunofluorescence was performed according
to a standard protocol. The following antibodies and dilutions were used for

immunostaining: SMA-Cy3 (Sigma, 1:1000), collagen type I (1:500), elastin
(Abcam, 1:1000), and fibronectin (Abcam, 1:500).

Reverse transcription-quantitative PCR (RT‒qPCR)
Total RNA from MCF-7, A549, or TIG-3 cells was isolated using TRIzol
reagent (Thermo Fisher Scientific). RNA was reverse transcribed using
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M-MLV RTase (Promega) and random primers (Promega). The cDNA
products were amplified and analyzed using SYBR Green Master Mix and
the LightCycler system (Roche). For cDNA amplification, the following
primer pairs were used: Cdh1, 5′-TACTCCCTGTCTCCCGTCAG-3′ (forward)
and 5′-GGTACAGGCACTCCACAGGT-3′ (reverse); SIRT1, 5′-TCGCAACTA-
TACCCAGAACATAGACA-3′ (forward) and 5′-CTGTTGCAAAGGAACCAT-
GACA-3′ (reverse); AROS, 5′-GGAAGACGAAGGCAATTCAGGC-3′ (forward)
and 5′-TCGGTGAACACGGTGCC-3′ (reverse); IL-6, 5′-CCAGGAGCCCAGCTAT-
GAAC-3′ (forward) and 5′-CCCAGGGAGAAGGCAACTG-3′ (reverse); and IL-8,
5′-TTGGCAGCCTTCCTGATTTC-3′ (forward) and 5′-TCTTTAGCACTCCTTGG-
CAAAAC-3′ (reverse). The expression levels of each gene were normalized
to GAPDH as an internal standard.

Chromatin immunoprecipitation (ChIP)
ChIP assays were performed as previously described34. Briefly, doxorubicin
was added to concentrations of 0.2 μM for MCF-7 cells and 0.5 μM for A549
and TIG-3 cells. After 1 h, doxorubicin was removed from the culture
medium. Four days later, ChIP assays were performed using antibodies
against SIRT1, LSD1, H3K9me2, and H3K9ac. For quantitative PCR analysis,
the following primer pairs were used: IL-6 promoter region, 5′-AATGTGG-
GATTTTCCCATGA-3′ (forward) and 5′-GCTCCTGGAGGGGAGATAGA-3′
(reverse); and IL-8 promoter region, 5′-GGTTTGCCCTGAGGGGATG-3′
(forward) and 5′-ACAGAGCTGCAGAAATCAGGAAGGCT-3′ (reverse).

RNA interference
The target sequences of short hairpin RNA (shRNA) for Cdh1 and AROS
were as follows: Cdh1#1, 5′- CCACAGGATTAACGAGAAT-3′; Cdh1 #2, 5′-
GGAGCCAACTGGAGCGTGA-3′; AROS#1, 5′-GGCAATTCAGGCCCAGAAA-3′;
and AROS#2, 5′-ACCTGAAGTTTCTGACCAG-3′. shRNA transfection was
conducted using Lipofectamine Plus reagent (Thermo Fisher Scientific) or
polyethylenimine (Polysciences). The knockdown of Cdh1, Cdc20, and
AROS was verified by WB analysis.

Animal studies
Six-week-old male C57BL/6J mice were obtained from DBL (Eumseong,
Korea) and acclimatized to local vivarium conditions for 7 days. To induce
pulmonary fibrosis, mice were injected with a single intratracheal dose of
1.25 units/kg bleomycin (Selleckchem). The control mice received an equal
volume of phosphate-buffered saline. Pinosylvin (10mg/kg; Carbosynth) or
solvent control (1% dimethyl sulfoxide in saline) was administered 24 h
prior to bleomycin exposure and then daily for 14 days until sacrifice. At
14 days after bleomycin administration, the mice were sacrificed, and their
lungs were collected for IHC, SA-β-gal staining, and WB. All animal
experiments were performed in accordance with the guidelines of the
Dankook University Animal Care Committee.

Statistical analysis
Statistical significance was analyzed using Student’s t-test and one-way
ANOVA. Statistical differences were determined based on P values
(*P < 0.05, **P < 0.01, ***P < 0.001).

RESULTS
SIRT1 protein expression is downregulated via ubiquitin-
mediated proteasomal degradation during SIPS
Despite its diverse functions, the mechanism controlling the
stability of SIRT1 protein remains poorly defined under patholo-
gical conditions, including cellular senescence. To determine this
mechanism, we first induced premature senescence through DNA

damage in MCF-7 breast cancer cells, A549 lung adenocarcinoma
cells, and TIG-3 lung fibroblast cells. The cells treated with
doxorubicin, a DNA-damaging agent, showed large, flat
senescence-related features. Doxorubicin-induced senescence
was apparent based on increases in SA-β-gal staining (Fig. 1a)
and senescence-associated heterochromatic foci (Fig. 1b) as well
as reductions in Ki-67 staining (Fig. 1c) and BrdU incorporation
(Fig. 1d). Notably, doxorubicin treatment reduced the level of
SIRT1 protein without affecting its mRNA expression pattern (Fig.
1e). Treatment with MG132, a proteasome inhibitor, restored the
SIRT1 level in doxorubicin-treated cells (Fig. 1f), indicating the
proteasome-dependent degradation of SIRT1. Furthermore, we
observed a significant acceleration of SIRT1 polyubiquitination
after doxorubicin treatment (Fig. 1g). To extend these findings, we
analyzed the stability of SIRT1 under other stress conditions. After
overexpression of the activated oncogene H-RasV12, we observed
SIRT1 degradation and ubiquitination along with senescence
characteristics in both MCF-7 and TIG-3 cells (Supplementary Fig.
1a–d). Similar results were obtained with A549 and TIG-3 cells that
had been treated with H2O2, which causes oxidative stress
(Supplementary Fig. 1e–h). Collectively, these results suggest that
SIRT1 protein expression is downregulated via ubiquitin-mediated
proteasomal degradation under various stress-induced senescent
conditions.

APC/C-Cdh1 promotes the ubiquitin-dependent proteasomal
degradation of SIRT1
The APC/C coactivator Cdh1 has a critical role in DNA damage-
induced premature cellular senescence20–22. Several studies have
shown that SIRT1 also antagonizes senescence induced by DNA
damage, cigarette smoke, and insulin-like growth factor-135–37.
Based on these findings, we hypothesized that DNA damage-
triggered Cdh1 activation could lead to SIRT1 degradation and
subsequent induction of premature senescence. Notably, the
downregulation of SIRT1 expression in doxorubicin-induced
senescent cells coincided with reductions in the protein levels of
Cdc20 and Cyclin B1, which are substrates of Cdh1 (Supplemen-
tary Fig. 2-1a). Similar results were obtained with oncogenic Ras-
expressing cells (Supplementary Fig. 2-1b). These data prompted
us to investigate whether SIRT1 physically interacts with Cdh1. As
demonstrated by IP using an anti-APC2 antibody and subsequent
WB analysis, SIRT1 interacts with APC2 in vivo (Fig. 2a) in a manner
similar to that found for APC11 and the APC/C coactivators Cdh1
and Cdc20. Further IP using an anti-Myc antibody (Myc-Cdh1)
under overexpression conditions confirmed the interaction
between Cdh1 and SIRT1 (Supplementary Fig. 2-2a). Intriguingly,
the SIRT1 protein levels decreased after the addition of Cdh1 but
not the addition of Cdc20 (Fig. 2b). MG132 treatment restored the
level of SIRT1 protein in Cdh1-overexpressing cells (Fig. 2c),
suggesting the proteasomal dependence of SIRT1 degradation.
Importantly, Cdh1 depletion using shRNA led to increases in the
endogenous SIRT1 levels (Fig. 2d). Using CHX, an inhibitor of
protein synthesis, we measured the turnover rate of SIRT1 protein.
Cdh1 overexpression substantially decreased the half-life of Flag-
tagged SIRT1 (Fig. 2e), and this effect was reversed upon Cdh1
knockdown (Fig. 2f), confirming that Cdh1 facilitates the turnover

Fig. 1 SIRT1 stability is downregulated during DNA damage-induced senescence. a–d Doxorubicin-induced cellular senescence.
Doxorubicin was applied as described in “Materials and methods”. The error bars in all the panels represent the means ± standard deviations
(SDs) of three independent experiments. The statistical significance was determined based on P values (*P < 0.05, **P < 0.01). a Senescence-
associated β-galactosidase (SA-β-gal) staining and quantification of SA-β-gal-positive cells. b Quantification of senescence-associated
heterochromatin foci. Cells were stained with Hoechst 33342 (Sigma‒Aldrich). c Ki-67 immunostaining. Cells were immunostained using
primary anti-Ki-67 and secondary anti-rhodamine antibodies, and the numbers of Ki-67-positive cells were counted. d BrdU incorporation.
Cells were incubated with BrdU to measure newly synthesized DNA in proliferating cells. e Effect of doxorubicin on SIRT1 protein abundance.
The patterns of SIRT1 protein expression were monitored via WB; the mRNA level of SIRT1 was analyzed via RT‒qPCR. f Effect of MG132 on
doxorubicin-induced SIRT1 downregulation. Doxorubicin-treated cells were incubated with (+) and without (−) 10 μM MG132. g Doxorubicin-
induced SIRT1 ubiquitination. SIRT1 ubiquitination was visualized via IP using an anti-SIRT1 antibody and WB using an anti-poly-Ub antibody.
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of SIRT1 protein. We next addressed whether Cdh1 promotes
SIRT1 degradation via direct polyubiquitination. The coexpression
of Cdh1 with SIRT1 significantly increased SIRT1 ubiquitination
in vivo, whereas Cdc20 did not affect SIRT1 ubiquitination (Fig. 2g).
Conversely, Cdh1 suppression induced a significant reduction in

the ubiquitination of endogenous SIRT1 (Fig. 2h). To further
explore whether the effect of Cdh1 is direct, we performed
ubiquitination assays using Cdh1 and SIRT1 proteins that had
been synthesized in vitro. SIRT1 was extensively ubiquitinated
upon mixing with Cdh1 in the presence of the immunopurified
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APC/C complex (Fig. 2i). Taken together, these findings suggest
that the APC/C coactivator Cdh1 directly mediates SIRT1
polyubiquitination, which presumably reflects the underlying
mechanism of SIRT1 protein downregulation during stress-
induced senescence.
Cdh1 and Cdc20 specifically bind and recruit substrates to the

APC/C complex via recognition of D-box or KEN-box destruction
motifs13,14,38. We found three putative D-box motifs (RXXL) in the
amino acid sequence of SIRT1, which were highly conserved
among species (Supplementary Fig. 2-2b). To determine which
SIRT1 D-boxes are necessary for Cdh1 recognition, we constructed
point mutants of SIRT1 in which arginine (R) and leucine (L)
residues in the D-box were replaced with alanine (AXXA); these
mutants were designated SIRT1 M1, M2, and M3. Co-IP analysis
indicated that the binding of Cdh1 to SIRT1 M1 was weaker than
its binding to wild-type (WT) SIRT1 and the other mutants (Fig. 2j).
As expected, SIRT1 M1 was more resistant to Cdh1-mediated
degradation than the WT or other mutants of SIRT1 (Fig. 2k,
Supplementary Fig. 2-2c). Consistent with this observation, the
Cdh1-promoted ubiquitination of SIRT1 M1 was significantly
reduced in vivo (Fig. 2l), supporting the requirement of the first
D-box of SIRT1 for Cdh1-mediated ubiquitination.

Cdh1 is required for SIRT1 degradation and stress-induced
senescence
Considering the downregulation of SIRT1 protein expression
under stress and the key role of Cdh1 in SIRT1 ubiquitination,
we hypothesized that Cdh1 is responsible for SIRT1 turnover
during stress-induced senescence. To test this hypothesis, we
explored the effect of Cdh1 silencing on the SIRT1 protein
expression pattern in doxorubicin-induced senescent cells. After
Cdh1 knockdown, SIRT1 degradation was significantly abrogated
in both A549 and TIG-3 cells (Fig. 3a). The Cdh1 substrates Cdc20
and CyclinB1 were restored by Cdh1 knockdown in these cells.
Additionally, loss of Cdh1 decreased the ubiquitination of SIRT1
(Fig. 3b) and the abundance of senescent cells in the presence of
doxorubicin (Fig. 3c). Consistent with this observation, similar
effects of Cdh1 knockdown were observed in oncogenic Ras-
induced senescent cells: SIRT1 degradation, SIRT1 ubiquitination,
and SA-β-gal staining (Supplementary Fig. 3a–c). Finally, we
measured the effect of Cdh1 depletion on the expression patterns
of proteins involved in the SIRT1-p53 signaling pathway in
doxorubicin-treated cells. We observed apparent upregulation of
SIRT1 in Cdh1-depleted cells accompanied by reduced p53
acetylation, which led to suppression of p21. The expression of
p16, a senescence marker, was effectively impaired by Cdh1
knockdown in TIG-3 cells but not in p16-deficient A549 cells

(Fig. 3d). Overall, our data suggest that Cdh1, a coactivator of the
E3 ubiquitin ligase APC/C, mediates ubiquitin-dependent SIRT1
degradation during stress-induced cellular senescence.

AROS attenuates DNA damage-induced senescence by
stabilizing the SIRT1 protein
In a previous study, we identified AROS as an endogenous SIRT1
activator that facilitates SIRT1 deacetylase activity32. However, the
mechanism by which AROS regulates SIRT1 activity and its role in
cellular senescence has remained unclear. In this study, we aimed
to determine the role of AROS in doxorubicin-induced senescence.
Surprisingly, the number of SA-β-gal-positive cells was signifi-
cantly reduced in doxorubicin-treated AROS-expressing cells
compared to controls (Fig. 4a, Supplementary Fig. 4a). The
coexpression of AROS restored the level of SIRT1 protein, which
was downregulated after doxorubicin treatment, and did not
affect the level of Cdh1 protein (Fig. 4b) or pattern of SIRT1 mRNA
expression (Supplementary Fig. 4b). Similarly, AROS impaired
ubiquitin conjugation to SIRT1 (Fig. 4c). Conversely, the knock-
down of endogenous AROS increased the proportion of SA-β-gal-
positive cells among doxorubicin-treated cells (Fig. 4d, Supple-
mentary Fig. 4c). Moreover, AROS depletion accelerated the
doxorubicin-induced degradation of SIRT1 (Fig. 4e) and SIRT1
polyubiquitination (Fig. 4f). We next explored whether the effect
of AROS is related to the regulation of SIRT1 by Cdh1 under
general conditions. The coexpression of AROS with Cdh1 and
SIRT1 restored the level of SIRT1 that had been decreased by Cdh1
(Fig. 4g). This observation was reversed by the silencing of AROS,
and AROS knockdown accelerated the Cdh1-promoted degrada-
tion of SIRT1 (Fig. 4h). Furthermore, AROS reduced the SIRT1
ubiquitination level to normal levels after it was elevated by Cdh1
overexpression (Fig. 4i). In summary, these results suggest that
AROS inhibits Cdh1-mediated SIRT1 ubiquitination and thus
stabilizes the SIRT1 protein levels, supporting a potential role for
AROS in stress-induced senescence. Intriguingly, we measured the
effect of AROS and Cdh1 on SIRT1 turnover under different DNA
damage conditions using the DNA topoisomerase inhibitors
etoposide and camptothecin. As observed using doxorubicin, this
experiment yielded similar data (Supplementary Figs. 5-1 and 5-2),
which suggested that the opposite roles of AROS and Cdh1 in
SIRT1 degradation are conserved under various DNA-damaging-
and senescence-inducing conditions.

AROS competes with Cdh1 for binding and stabilizing SIRT1
Next, we investigated the molecular mechanism by which AROS
suppresses Cdh1-promoted SIRT1 ubiquitination. Notably, we
realized that two SIRT1 D-box motifs (M1 and M2) are located

Fig. 2 APC/C-Cdh1 promotes SIRT1 degradation and ubiquitination. a SIRT1 interacts with the APC/C complex. HEK293 cell lysates were
prepared for IP using an anti-IgG antibody or anti-APC2 antibody. Precipitated proteins were detected via WB using the indicated antibodies.
b Cdh1 induces SIRT1 degradation. Either Myc-Cdh1 or Myc-Cdc20 was coexpressed with Flag-SIRT1 in HEK293 cells. Cell lysates were
analyzed via WB using individual antibodies. c The Cdh1-mediated degradation of SIRT1 was restored by the proteasome inhibitor MG132.
d Cdh1 knockdown increases the SIRT1 levels. HEK293 cells were transfected with sh-Luciferase (Luc) as a control, sh-Cdh1, or sh-Cdc20. After
48 h, the cells were harvested, and WB was conducted with the indicated antibodies. e, f Effects of Cdh1 overexpression (e) and depletion (f)
on the turnover rate of SIRT1. HEK293 cells were transfected as indicated and treated with 0.1 μM doxorubicin for 1 h. One day after
doxorubicin withdrawal, the cells were treated with CHX (50 μg/ml) for the indicated times and then subjected to WB for the indicated
proteins. The relative protein level of SIRT1 was quantified using ImageJ software. The error bars represent the means ± SDs of three
independent experiments (*P < 0.05, **P < 0.01). g, h Effects of Cdh1 overexpression (g) and depletion (h) on SIRT1 ubiquitination. Twenty-four
hours after the transfection of HEK293 cells under the indicated conditions, the cells were treated with 10 μM MG132 for 12 h, harvested, and
subjected to IP using an anti-Flag antibody. SIRT1 ubiquitination was visualized via WB using an anti-HA antibody or anti-poly-Ub antibody.
i In vitro ubiquitination of SIRT1 by Cdh1. In vitro-translated Flag-SIRT1 and Myc-Cdh1 were incubated with a ubiquitination kit (Enzo Life
Science), and APC/C complexes were immunopurified using an anti-APC2 antibody. Ubiquitinated SIRT1 was detected via WB using an anti-
Flag antibody. j–l Identification of the SIRT1 D-box needed for Cdh1 targeting. j Impaired interaction between Cdh1 and the SIRT1 M1 mutant.
HEK293 cells were cotransfected as indicated. Cell lysates were subjected to IP using an anti-Flag antibody and WB using an anti-GFP antibody.
k The SIRT1 M1 mutant is resistant to Cdh1-induced degradation. HEK293 cells were transfected as indicated. WB was conducted using the
indicated antibodies. l Defective SIRT1 ubiquitination with M1 mutation. HEK293 cells were transfected with the indicated expression vectors,
including HA-ubiquitin. Ubiquitinated SIRT1 was visualized via IP using an anti-Flag antibody, followed by WB using an anti-HA antibody.
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within the AROS-binding region (amino acids 114–217)32. There-
fore, we hypothesized that AROS directly competes with Cdh1 for
SIRT1 binding and thereby disrupts Cdh1-mediated SIRT1
ubiquitination (Fig. 5a). To test this hypothesis, we performed a
co-IP assay with Cdh1 using WT SIRT1 and a SIRT1Δ (amino acids
218–747) construct that lacks both the AROS-binding region and

two D-box motifs. As predicted, no apparent interaction between
Cdh1 and SIRT1Δ was observed, whereas an interaction was found
with WT SIRT1 (Fig. 5b). GST pull-down assays revealed that both
AROS and Cdh1 directly interact with the AROS-binding region of
SIRT1, but not with SIRT1Δ (Fig. 5c). Cdh1-induced SIRT1
degradation was impaired by the deletion of SIRT1 amino acids

Fig. 3 Cdh1 depletion impairs SIRT1 ubiquitination and DNA damage-induced senescence. Effects of Cdh1 knockdown on SIRT1
degradation (a), SIRT1 ubiquitination (b), cellular senescence (c), and expression patterns of senescence-associated proteins (d). A549 or TIG-3
cells were transfected with two types of sh-Cdh1 (sC1 and sC2) or control sh-Luc (sL) or mock transfected (M) before doxorubicin treatment.
a Protein expression patterns were monitored via WB using the indicated antibodies. b Cells were additionally treated with 10 μM MG132 for
12 h before harvest. SIRT1 ubiquitination was examined via IP using an anti-SIRT1 antibody, followed by WB using an anti-poly-Ub antibody.
c After transfection and doxorubicin treatment, the numbers of SA-β-gal-positive cells were quantified. The error bars represent the
means ± SDs of three independent experiments (**P < 0.01). d The protein expression patterns were monitored via WB using the indicated
antibodies. A549 cells are deficient in p16.
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Fig. 4 AROS abrogates DNA damage-induced senescence by stabilizing SIRT1. a–c Effects of AROS overexpression on doxorubicin-induced
senescence (a), SIRT1 degradation (b), and SIRT1 ubiquitination (c). Doxorubicin was applied to two subclones of A549 cells (F-AROS1 and F-
AROS2) that stably express Flag-AROS. a After 4 days, the cells were examined via SA-β-gal staining. The error bars represent the means ± SDs
of three independent experiments (**P < 0.01). b Under the same conditions, the SIRT1 levels were monitored via WB using the indicated
antibodies. c After the addition of MG-132, SIRT1 ubiquitination was measured via IP using an anti-SIRT1 antibody and WB using an anti-poly-
Ub antibody. d–f Effects of AROS knockdown on doxorubicin-induced senescence (d), SIRT1 degradation (e), and SIRT1 ubiquitination (f).
AROS-depleted A549 cells were selected using two types of sh expression vectors. Two subclones of AROS-depleted A549 cells were treated
with (+) or without (−) doxorubicin. d The numbers of SA-β-gal-positive cells were counted. The error bars represent the means ± SDs of three
independent experiments (**P < 0.01). e SIRT1 degradation was monitored via WB using the indicated antibodies. f SIRT1 ubiquitination was
monitored as described above. g, h Effects of ectopic AROS overexpression (g) and knockdown (h) on SIRT1 stabilization. HEK293 cells were
transiently transfected with Flag-SIRT1, Myc-Cdh1, and Flag-AROS (for overexpression) or sh-AROS (for knockdown). Cell lysates were
subjected to WB using the antibodies shown on the right. i Effect of AROS overexpression on Cdh1-promoted SIRT1 ubiquitination. HEK293
cells were transfected as indicated in the presence of MG-132. Ubiquitinated SIRT1 was visualized via IP using an anti-Flag antibody and WB
using an anti-HA antibody. M, mock; FE1, Flag-empty #1; FA1, Flag-AROS #1; FA2, Flag-AROS #2; sL1, sh-Luc #1; sL2, sh-Luc #2; sA1-1, sh-AROS
#1-1; sA1-2, sh-AROS #1-2; sA2-1, sh-AROS #2-1; and sA2-2, sh-AROS #2-2.
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218–747 (Fig. 5d), suggesting that Cdh1 binding is necessary for
SIRT1 destabilization. To further characterize the roles of AROS and
Cdh1 in SIRT1 binding, we performed competitive binding
experiments in vitro. The addition of increasing amounts of AROS
led to corresponding increases in the disruption of the interaction
between Cdh1 and SIRT1(114–217) (Fig. 5e). Consistent with this
finding, Cdh1-mediated SIRT1 protein downregulation was
gradually rescued by increases in AROS expression (Fig. 5f).
Overall, these results indicate that AROS disrupts Cdh1–SIRT1
interactions via competitive association with SIRT1 and impedes
Cdh1-mediated SIRT1 ubiquitination, which results in stabilization
of the SIRT1 protein levels.

Cdh1 and AROS have opposing roles in the epigenetic
regulation of SASP-associated genes
Cellular senescence induces SASP, which is associated with the
regulation of inflammation and alteration of the surrounding
microenvironment4,5. Recent studies have noted that the expres-
sion levels of two major SASP components, IL-6 and IL-8, are
epigenetically upregulated by the Cdh1-mediated degradation of
G9a, a major H3K9 methyltransferase; these changes lead to

reduced enrichment of the H3K9me1/me2 levels in response to
DNA damage20. The expression levels of IL-6 and IL-8 are also
upregulated via the SIRT1 downregulation-driven acetylation of
histone H3K9 and H4K16 in senescent cells39. Moreover, we
previously reported that SIRT1 and LSD1 oppositely regulate the
epigenetic suppression of PPARγ activity40. Therefore, based on
these references, we hypothesized that Cdh1 and AROS, together
with SIRT1, might have opposing roles in the regulation of SASP-
related genes during stress-induced senescence. To test this
hypothesis, we analyzed the effect of doxorubicin on the
expression patterns of two SASP-associated genes, IL-6 and IL-8.
RT‒qPCR showed that the treatment of A549 cells with
doxorubicin led to significantly increased mRNA expression levels
of both genes (Fig. 6a). Subsequent ChIP assays demonstrated
reductions in the recruitment of SIRT1 to the promoters, which
were likely related to the downregulation of SIRT1 protein
expression under DNA damage conditions, and these reductions
led to the enrichment of H3K9ac (active histone marker) (Fig. 6b).
Furthermore, we observed reduced deposition of the repressive
histone marker H3K9me2, which coincided with increased
recruitment of the histone demethylase LSD1, and these effects

Fig. 5 AROS competes with Cdh1 to bind and stabilize SIRT1. a Schematic diagram of competition between AROS and Cdh1 for SIRT1
binding. Amino acids 114–217 in SIRT1 comprise the AROS-binding site. SIRT1Δ represents the deletion of amino acids 1–217 of SIRT1.
b Requirement of amino acids 1–217 of SIRT1 for Cdh1 binding. HEK293 cells were transfected with Myc-Cdh1 and Flag-SIRT1 WT or Flag-
SIRT1Δ. Cell lysates were subjected to IP using an anti-Myc antibody and WB using an anti-Flag antibody. c Direct interaction of the SIRT1
fragment with AROS and Cdh1. Purified GST, GST-AROS, or GST-Cdh1 protein was incubated with in vitro-translated Flag-SIRT1Δ or the Flag-
SIRT1(114–217) fragment. The bound proteins were visualized via WB using an anti-Flag antibody. d Requirement of amino acids 1–217 of
SIRT1 for Cdh1-mediated SIRT1 turnover. HCT116 cells were transiently transfected with Myc-Cdh1 and GFP-SIRT1-WT or GFP-SIRT1Δ and
further treated with CHX (50 μg/ml) for the indicated time periods. Images were visualized by WB using individual antibodies. The error bars
represent the means ± SDs of three independent experiments (*P < 0.05). e Competition for SIRT1 binding. GST or GST-SIRT1(114–217) and in
vitro-translated Myc-Cdh1 were incubated with increasing amounts of in vitro-translated Flag-AROS. The bound proteins were visualized via
WB using the indicated antibodies. f Competition for SIRT1 stability. HEK293 cells were transfected with Flag-SIRT1, Myc-Cdh1, and increasing
amounts of Flag-AROS. The protein levels were monitored by WB using the indicated antibodies.
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led to reduced H3K9me2 levels and activation of the IL-6 and IL-8
genes in doxorubicin-treated A549 cells. To assess the role of Cdh1
in the epigenetic regulation of SASP genes, we performed Cdh1
depletion (Fig. 6c, left). Cdh1 silencing reversed the effect of
doxorubicin on gene expression relative to the controls,

presumably by stabilizing SIRT1 (Fig. 6c, middle and right). The
effects of doxorubicin on the binding capacities of SIRT1 and LSD1
and on the deposition of H3K9me2 and H3K9ac on gene
promoters were completely reversed by Cdh1 knockdown
(Fig. 6d). To exclude cell-type specific effects, we used other cell
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lines, TIG-3 (Supplementary Fig. 6a–d) and MCF-7 (data not
shown), to confirm the role of Cdh1 in the epigenetic control of
SASP-related genes. We then assessed whether AROS affects the
expression of IL-6 and IL-8 in doxorubicin-induced senescent cells.
Notably, AROS knockdown led to the enhanced doxorubicin-
promoted expression of IL-6 and IL-8 genes in A549 cells
compared to controls (Fig. 6e). No apparent effect of AROS
silencing was observed in the absence of doxorubicin. However,
significant downregulation of SIRT1 and H3K9me2 and upregula-
tion of LSD1 and H3K9ac were observed in doxorubicin-treated
cells. This effect of doxorubicin was accelerated in AROS-depleted
senescent cells (Fig. 6f). Notably, these changes were reversed by
ectopic expression of AROS (Supplementary Fig. 6e, f). These
findings indicate that the effect of doxorubicin is reversed in
Cdh1-depleted senescent cells and accelerated in AROS-depleted
senescent cells. Overall, we concluded that Cdh1 and AROS have
opposing roles in the epigenetic control of SASP gene expression
via modulation of chromatin association with SIRT1 and modified
histones (H3K9me2 and H3K9ac), likely due to opposing regula-
tion of SIRT1 stability during stress-induced cellular senescence.

Pinosylvin inhibits bleomycin-induced pulmonary senescence
by stabilizing SIRT1
Cellular senescence is a major cause of fibrotic pulmonary
disease41,42. SIRT1 has been reported to negatively regulate
pulmonary fibrosis43,44. Thus, it is necessary to determine whether
SIRT1, Cdh1, and AROS are functionally associated with pulmonary
fibrosis. Pinosylvin, a natural stilbenoid polyphenol that is
structurally similar to resveratrol, was recently characterized as a
natural activator of SIRT1 in skeletal muscle cells45 and adipo-
cytes46. To determine whether pinosylvin influences stress-
induced senescence, we used bleomycin, which has been
reported to induce pulmonary senescence47. As expected,
bleomycin treatment strongly induced senescence as measured
by SA-β-gal staining, whereas prior treatment with pinosylvin
reduced bleomycin-induced SA-β-gal activity in A549 and TIG-3
cells (Fig. 7a). An antisenescence effect of pinosylvin was observed
in A549 and TIG-3 cells that had been treated with doxorubicin
(Supplementary Fig. 7a). To elucidate the underlying mechanism,
cells were treated with pinosylvin, bleomycin, or both and then
subjected to WB analysis. Bleomycin treatment resulted in SIRT1
protein downregulation, leading to p53 acetylation and p21
induction, which are indicators of senescence (Fig. 7b). Upregula-
tion of p16 expression was observed only in TIG-3 cells due to p16
deficiency in A549 cells. The addition of pinosylvin increased the
SIRT1 protein level compared with that observed with bleomycin
treatment alone, and this effect was accompanied by p53
deacetylation and p21 downregulation in both cell types (Fig.
7b). Similar results were obtained with doxorubicin treatment
(Supplementary Fig. 7b). Next, to investigate the protective effect
of pinosylvin on the regulation of pulmonary senescence in vivo,
we established an experimental system using bleomycin-induced
pulmonary fibrosis in mice48. To induce pulmonary fibrosis, mice
were treated with a single intratracheal dose of bleomycin.

Pinosylvin was administered 24 h prior to bleomycin exposure and
daily thereafter. As determined by SA-β-gal staining, bleomycin-
induced pulmonary senescence was greatly impaired by pinosyl-
vin treatment (Fig. 7c). In addition, the histological characteristics
of pulmonary fibrosis were determined by H&E staining and
Masson’s trichrome staining. H&E staining indicated obvious
histological changes and destruction of the lung structure after
bleomycin treatment, and these results were rescued by
pinosylvin treatment (Fig. 7d). Similar results were obtained by
Masson’s trichrome staining (Fig. 7e). Consistent with these results,
we observed increased expression levels of the fibrosis markers
alpha-smooth muscle actin (α-SMA), collagen I, fibronectin and
elastin after bleomycin treatment. In contrast, the addition of
pinosylvin significantly reduced the levels of these proteins
(Supplementary Fig. 7c–e).
We next explored whether pinosylvin affects the p53/p21

pathway and p16 expression patterns during bleomycin-induced
pulmonary senescence. After bleomycin treatment, the expres-
sion levels of p53, p21, and p16 were highly elevated, and this
effect was accompanied by SIRT1 downregulation. These effects
were reversed by the addition of pinosylvin (Fig. 7f). Notably,
Cdh1 expression increased after bleomycin treatment and
decreased after pinosylvin addition, which resulted in the AROS
levels remaining unchanged. Furthermore, an IHC analysis of lung
tissues revealed that the expression levels of SIRT1 and AROS
proteins were downregulated after bleomycin treatment and
restored by pinosylvin treatment, whereas Cdh1 showed the
opposite expression pattern (Fig. 7g), indicating a potential role of
pinosylvin in SIRT1 stabilization and activation. Taken together,
these results indicate that pinosylvin prevents bleomycin-induced
pulmonary senescence by increasing the levels of SIRT1 and its
activator AROS while decreasing that of Cdh1, a SIRT1
destabilizer.

DISCUSSION
Cellular senescence occurs in response to various stressors and is
considered a major contributor to organismal aging. SIRT1 is a
well-conserved NAD+-dependent deacetylase that cleaves acetyl
groups from histones H3 and H4 as well as nonhistone proteins
(e.g., p53 and FoxO). Because SIRT1 has pivotal roles in the
regulation of aging-related diseases and cellular senescence,
research has focused on senescence pathways and the identifica-
tion of targets regulated by SIRT1; the mechanism underlying the
control of SIRT1 protein stability during cellular senescence
remains poorly defined. In the present study, we demonstrated
that SIRT1 ubiquitination is promoted by APC/C-Cdh1 and
followed by proteasomal degradation during stress-induced
cellular senescence. The loss of SIRT1 under stress conditions is
restored by Cdh1 depletion and accompanied by reduced cellular
senescence, which suggests a critical role for Cdh1 in stress-
induced SIRT1 degradation in senescent cells. SIRT1 may be
ubiquitinated by the E3 ligase MDM2 in response to DNA
damage27, by CHFR under oxidative stress28, by SMURF2 to

Fig. 6 Cdh1 and AROS have opposing roles in the epigenetic regulation of SASP-associated genes. a Upregulation of IL-6 and IL-8 mRNA
expression levels by doxorubicin. The mRNA expression levels in doxorubicin-treated A549 cells were measured via RT‒qPCR and normalized
to GAPDH expression. b Effect of doxorubicin on the epigenetic regulation of SASP genes. A549 cells were treated with doxorubicin and
subjected to quantitative chromatin IP (qChIP) analysis using the indicated antibodies. c Effect of Cdh1 depletion on IL-6 and IL-8 mRNA
expression patterns. A549 cells were transfected with sh-Luc (sL) or sh-Cdh1 (sC) and then treated with doxorubicin. The mRNA level was
quantified via RT‒qPCR. d Effect of Cdh1 knockdown on the epigenetic regulation of SASP genes. A549 cells were transfected and treated as
described above and then subjected to qChIP assays of the IL-6 and IL-8 promoters using the indicated antibodies. e Effect of AROS depletion
on IL-6 and IL-8 mRNA expression patterns. A549 cells with stable AROS knockdown were treated with doxorubicin and then subjected to RT‒
qPCR analysis. f Opposing effects of AROS knockdown on the epigenetic regulation of SASP genes. A549 cells with stable AROS knockdown
and with (+) and without (−) doxorubicin treatment were subjected to qChIP analysis using the indicated antibodies. M, Mock; sL, sh-Luc; sC1,
sh-Cdh1 #1; sC2, sh-Cdh1 #2; sL1, sh-Luc #1; sL2, sh-Luc #2; sA1-1, sh-AROS #1-1; sA1-2, sh-AROS #1-2; sA2-1, sh-AROS #2-1; and sA2-2, sh-
AROS #2-2. The error bars in all the panels represent the means ± SDs of three independent experiments (*P < 0.05, **P < 0.01).
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suppress cell proliferation and tumor formation49, and by Grail to
promote hepatic steatosis50. However, no association with cellular
senescence has been observed in previous studies. Notably, other
studies have indicated that SIRT1 undergoes autophagosome-
lysosomal degradation rather than ubiquitin-dependent

proteasomal degradation during DNA damage-induced cellular
senescence and aging in vivo29. We propose that SIRT1 is a cell
cycle-independent substrate for Cdh1, a coactivator of the E3
ubiquitin ligase APC/C, which mediates SIRT1 protein down-
regulation during stress-induced cellular senescence.
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APC/C is a master regulator of the cell cycle that promotes
anaphase and mitotic exit and functions as an E3 ubiquitin ligase
that ubiquitinates key factors for proteasomal degradation (e.g.,
cyclin B, securin, Plk1, and Aurora A and B)12–14. The enzymatic
activity and substrate specificity of APC/C are regulated through
associations with the coactivators Cdh1 and Cdc20, which recruit
substrates and cause conformational changes to support coopera-
tion with E2 ubiquitin-conjugating enzymes16. In addition to cell
cycle regulation, recent studies have documented cell cycle-
independent functions of APC/C, including the binding of diverse
substrates specific to either Cdh1 or Cdc2051. One member of the
sirtuin family, SIRT2, deacetylates both Cdh1 and Cdc20, support-
ing mitosis and genome integrity52. Recently, SIRT6 was reported
to cooperate with APC/C to drive mitosis through the deacetyla-
tion of Cdh1, and this protein also serves as a substrate for APC/
C53. In cell cycle control, SIRT1 promotes cell cycle progression by
deacetylating the cell cycle checkpoint kinase CHX2, which leads
to its dephosphorylation and inactivation54. SIRT1 also

deacetylates the centrosome protein polo-like kinase 2 and
promotes its ubiquitin-dependent degradation, thereby blocking
centriole duplication55. However, the functions of SIRT1 in cell
cycle progression, including mitosis, remain largely unclear.
Considering our finding that SIRT1 is a specific substrate for
Cdh1 and not Cdc20, we speculate that SIRT1 is downregulated at
the end of mitotic exit and in the early G1 phase; this hypothesis
should be addressed in future studies. Additionally, there is a need
to examine whether SIRT1 is subjected to Lys 11-linked
polyubiquitination, which is characteristic of APC/C.
Here, we observed the involvement of AROS, an activator of

SIRT1, in stress-induced senescence. AROS inhibited SIRT1
ubiquitination by inactivating Cdh1 through competitive interac-
tion with SIRT1.
These findings suggest that AROS could suppress stress-

induced cellular senescence by maintaining the abundance of
SIRT1. Genome-wide RNA sequencing analysis indicated that
AROS regulates the expression patterns of genes associated with

Fig. 7 The reciprocal expression patterns of AROS and Cdh1 are associated with pinosylvin-mediated SIRT1 stabilization in bleomycin-
induced pulmonary senescence. a Inhibition of bleomycin-induced cellular senescence by pinosylvin. A549 or TIG-3 cells were treated with
25 μM or 50 μM pinosylvin prior to exposure to bleomycin. A549 and TIG-3 cells were treated with bleomycin at concentrations of 5 μM and
2.5 μM, respectively, for 24 h. Bleomycin-induced senescence was monitored via microscopy and quantified by counting the number of SA-
β-gal-positive cells. The error bars represent the means ± SDs of three independent experiments (*P < 0.05, **P < 0.01). b Effect of pinosylvin on
the p53/p21 senescence pathway in bleomycin-induced senescent cells. The protein expression patterns were examined via WB using the
antibodies shown on the right. c Protection against bleomycin-induced mouse pulmonary senescence by pinosylvin in vivo. Mice were treated
as described in “Materials and methods”. The level of SA-β-gal staining was analyzed using ImageJ software. Scale bar, 20 μm. d Effect of
pinosylvin on the histological and morphometric patterns. Hematoxylin and eosin (H&E) staining and morphometric analysis of the alveolar
space in PBS (n= 5), Pino (n= 5), BM (n= 9), and BM/Pino (n= 8)-administered lung sections. eMasson’s trichrome staining of PBS-, Pino-, BM-,
and BM/Pino-administered lung sections. The error bars show the means ± S.E.Ms.; ns, not significant; ***P < 0.001 and ****P < 0.0001, two-
tailed Student’s t-test. Scale bars: 200 μm (d) and 100 μm (e). f Effect of pinosylvin on the expression patterns of genes associated with the p53/
p21 and p16 pathways. The protein expression patterns were determined via WB using the indicated antibodies. g Effect of pinosylvin on the
expression patterns of AROS and Cdh1. After combined treatment with pinosylvin and bleomycin, mouse lung tissues were subjected to IHC
staining using antibodies against SIRT1, AROS, and Cdh1. PBS (n= 4–5), Pino, BM, and BM/Pino (n= 5). The stained images were analyzed
using ImageJ software. Scale bar, 20 μm. The error bars represent the means ± SDs of experiments using four mice (*P < 0.05, **P < 0.01,
***P < 0.001).

Fig. 8 Schematic representation of the roles of AROS and pinosylvin in Cdh1-mediated SIRT1 ubiquitination during stress-induced
premature senescence. DNA damage signaling triggers the activation of Cdh1, which leads to SIRT1 degradation and subsequent induction
of premature senescence. AROS abrogates SIPS by suppressing Cdh1-mediated SIRT1 ubiquitination and thereby activates SIRT1; these effects
cause p53 inactivation and the downregulation of SASP-associated genes. Pinosylvin has a protective effect against bleomycin-induced
pulmonary senescence through its function as a SIRT1 activator.
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the aging process (data not shown). The dependency of AROS-
regulated genes on either SIRT1 or Cdh1 should be investigated to
verify the functional associations of these factors with gene
regulation. For the molecular mechanism underlying AROS
function, we propose that AROS and Cdh1 compete for SIRT1, as
described above. Additionally, we observed a physical association
between AROS and APC2, a subunit of the APC/C complex (data
not shown). APC2 functions as a scaffold to form a catalytic
subcomplex that contains APC11, APC10/Doc1, and a catalytic
coactivator, Cdc20 or Cdh1. Therefore, we speculate that AROS
binding to APC2 induces a conformational change in the catalytic
core and thereby impedes Cdh1 access to the substrate SIRT1.
Recently, cellular senescence has emerged as an important

driver of aging and aging-related diseases, and new senolytic
agents for the selective removal of senescent cells are under
active investigation. Here, we focused on the potential antisenes-
cence effects of pinosylvin, an analog of resveratrol, as a SIRT1
activator. First, we established bleomycin-induced mouse pul-
monary fibrosis as an in vivo senescence system because animal
models of stress-induced senescence are scarce. Consistent with
the results observed in cellular systems, the expression levels of
SIRT1 and AROS were significantly diminished in bleomycin-
treated mouse pulmonary tissue, and the addition of pinosylvin
provided effective protection against bleomycin-induced pulmon-
ary senescence. The Cdh1 expression patterns showed opposite
trends under the same experimental conditions. Cdh1 expression
is attenuated by pinosylvin treatment in bleomycin-treated mice
but not in PBS-treated mice. Genotoxic stress, such as bleomycin
treatment, induces DNA breakage and mediates p53-dependent
APC/C-Cdh1 activation56, which possibly leads to SIRT1 degrada-
tion, whereas pinosylvin may decrease Cdh1 expression to recover
the SIRT1 levels. The opposite roles of bleomycin and pinosylvin
are reminiscent of those of p53/Cdh1 and SIRT1 in regulating
cellular senescence. However, the molecular mechanism under-
lying the pinosylvin-mediated downregulation of Cdh1 remains to
be determined. We also examined the positive correlation
between the SIRT1 and AROS protein expression levels using
IHC data from a human pulmonary fibrosis tissue microarray (data
not shown). Overall, our results suggest opposing roles for Cdh1
and AROS in SIRT1 degradation during the development of
pulmonary fibrosis and support pinosylvin as a therapeutic agent
for human pulmonary fibrosis. The precise mechanism by which
Cdh1 and AROS coordinate the regulation of SIRT1 stability should
be addressed in future studies using Cdh1- and AROS-depleted
mouse models.
The mechanisms defined in this study are summarized in Fig. 8.

In brief, stress exposure induces Cdh1 activation, which leads to
SIRT1 ubiquitination and degradation and then the induction of
premature senescence. Additionally, AROS, a SIRT1 activator,
impairs SIPS by inhibiting Cdh1-mediated SIRT1 ubiquitination.
Consequently, the expression levels of genes associated with the
p53/p21 pathway and SASP are upregulated. The potential role of
LSD1 in the epigenetic activation of the SASP-associated genes IL-
6 and IL-8 is depicted. As a histone demethylase, LSD1 reduces the
levels of the repressive histone marker H3K9me2, leading to
upregulation of the expression of SASP genes during DNA
damage-induced senescence. After AROS overexpression, SIRT1
is activated, causing the inactivation of p53 and the down-
regulation of SASP genes through the deacetylation of p53 and
histone H3K9ac, respectively. Notably, pinosylvin has a protective
effect on bleomycin-induced pulmonary senescence as a SIRT1-
activating agent.

REFERENCES
1. Di Micco, R., Krizhanovsky, V., Baker, D. & d’Adda di Fagagna, F. Cellular senes-

cence in ageing: from mechanisms to therapeutic opportunities. Nat. Rev. Mol.
Cell Biol. 22, 75–95 (2021).

2. Campisi, J. & d’Adda di Fagagna, F. Cellular senescence: when bad things happen
to good cells. Nat. Rev. Mol. Cell Biol. 8, 729–740 (2007).

3. Herranz, N. & Gil, J. Mechanisms and functions of cellular senescence. J. Clin.
Invest. 128, 1238–1246 (2018).

4. Hernandez-Segura, A., Nehme, J. & Demaria, M. Hallmarks of cellular senescence.
Trends Cell Biol. 28, 436–453 (2018).

5. Coppe, J. P. et al. Senescence-associated secretory phenotypes reveal cell-
nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS
Biol. 6, 2853–2868 (2008).

6. Ben-Porath, I. & Weinberg, R. A. The signals and pathways activating cellular
senescence. Int. J. Biochem. Cell Biol. 37, 961–976 (2005).

7. Jung, S. H. et al. Integrin α6β4-Src-AKT signaling induces cellular senescence by
counteracting apoptosis in irradiated tumor cells and tissues. Cell Death Differ. 26,
245–259 (2019).

8. Lyu, G. et al. TGF-β signaling alters H4K20me3 status via miR-29 and contributes
to cellular senescence and cardiac aging. Nat. Commun. 9, 2560 (2018).

9. Childs, B. G., Durik, M., Baker, D. J. & van Deursen, J. M. Cellular senescence in
aging and age-related disease: from mechanisms to therapy. Nat. Med. 21,
1424–1435 (2015).

10. Baker, D. J. et al. Naturally occurring p16(Ink4a)-positive cells shorten healthy
lifespan. Nature 530, 184–189 (2016).

11. Xu, M. et al. Senolytics improve physical function and increase lifespan in old age.
Nat. Med. 24, 1246–1256 (2018).

12. Castro, A., Bernis, C., Vigneron, S., Labbe, J. C. & Lorca, T. The anaphase-promoting
complex: a key factor in the regulation of cell cycle. Oncogene 24, 314–325
(2005).

13. Peters, J. M. The anaphase promoting complex/cyclosome: a machine designed
to destroy. Nat. Rev. Mol. Cell Biol. 7, 644–656 (2006).

14. Pines, J. Cubism and the cell cycle: the many faces of the APC/C. Nat. Rev. Mol. Cell
Biol. 12, 427–438 (2011).

15. Tang, Z. et al. APC2 cullin protein and APC11 RING protein comprise the minimal
ubiquitin ligase module of the anaphase-promoting complex. Mol. Biol. Cell 12,
3839–3851 (2001).

16. Pfleger, C. M., Lee, E. & Kirschner, M. W. Substrate recognition by the Cdc20 and
Cdh1 components of the anaphase-promoting complex. Genes Dev. 15,
2396–2407 (2001).

17. Fujita, T., Liu, W., Doihara, H., Date, H. & Wan, Y. Dissection of the APCCdh1-Skp2
cascade in breast cancer. Clin. Cancer Res. 14, 1966–1975 (2008).

18. Fujita, T., Liu, W., Doihara, H. & Wan, Y. Regulation of Skp2-p27 axis by the Cdh1/
anaphase-promoting complex pathway in colorectal tumorigenesis. Am. J. Pathol.
173, 217–228 (2008).

19. Garcia-Higuera, I. et al. Genomic stability and tumour suppression by the APC/C
cofactor Cdh1. Nat. Cell Biol. 10, 802–811 (2008).

20. Takahashi, A. et al. DNA damage signaling triggers degradation of histone
methyltransferases through APC/C(Cdh1) in senescent cells. Mol. Cell 45, 123–131
(2012).

21. Krenning, L., Feringa, F. M., Shaltiel, I. A., van den Berg, J. & Medema, R. H.
Transient activation of p53 in G2 phase is sufficient to induce senescence. Mol.
Cell 55, 59–72 (2014).

22. Johmura, Y. et al. Necessary and sufficient role for a mitosis skip in senescence
induction. Mol. Cell 55, 73–84 (2014).

23. Guarente, L. Sir2 links chromatin silencing, metabolism, and aging. Genes Dev. 14,
1021–1026 (2001).

24. Smith, J. S. et al. A phylogenetically conserved NAD+-dependent protein dea-
cetylase activity in the Sir2 protein family. Proc. Natl Acad. Sci. USA 97, 6658–6663
(2000).

25. Giblin, W., Skinner, M. E. & Lombard, D. B. Sirtuins: guardians of mammalian
healthspan. Trends Genet. 30, 271–286 (2014).

26. Houtkooper, R. H., Pirinen, E. & Auwerx, J. Sirtuins as regulators of metabolism
and healthspan. Nat. Rev. Mol. Cell Biol. 13, 225–238 (2012).

27. Peng, L. et al. Ubiquitinated sirtuin 1 (SIRT1) function is modulated during
DNA damage-induced cell death and survival. J. Biol. Chem. 290, 8904–8912
(2015).

28. Kim, M., Kwon, Y. E., Song, J. O., Bae, S. J. & Seol, J. H. CHFR negatively regulates
SIRT1 activity upon oxidative stress. Sci. Rep. 6, 37578 (2016).

29. Xu, C. et al. SIRT1 is downregulated by autophagy in senescence and ageing. Nat.
Cell Biol. 22, 1170–1179 (2020).

30. Lin, Z. et al. USP22 antagonizes p53 transcriptional activation by deubiquitinating
Sirt1 to suppress cell apoptosis and is required for mouse embryonic develop-
ment. Mol. Cell 46, 484–494 (2012).

31. Song, N., Cao, C., Tian, S., Long, M. & Liu, L. USP7 deubiquitinates and stabilizes
SIRT1. Anat. Rec. (Hoboken) 303, 1337–1345 (2020).

32. Kim, E. J., Kho, J. H., Kang, M. R. & Um, S. J. Active regulator of SIRT1 cooperates
with SIRT1 and facilitates suppression of p53 activity. Mol. Cell 28, 277–290
(2007).

S.H. Lee et al.

1245

Experimental & Molecular Medicine (2023) 55:1232 – 1246



33. Debacq-Chainiaux, F., Erusalimsky, J. D., Campisi, J. & Toussaint, O. Protocols to
detect senescence-associated beta-galactosidase (SA-beta gal) activity, a bio-
marker of senescent cells in culture and in vivo. Nat. Protoc. 4, 1798–1806 (2009).

34. Lee, H. K., Park, U. H., Kim, E. J. & Um, S. J. MED25 is distinct from TRAP220/MED1 in
cooperating with CBP for retinoid receptor activation. EMBO J. 26, 3545–3557 (2007).

35. Back, J. H. et al. Cancer cell survival following DNA damage-mediated premature
senescence is regulated by mammalian target of rapamycin (mTOR)-dependent
inhibition of sirtuin 1. J. Biol. Chem. 286, 19100–19108 (2011).

36. Yao, H. et al. SIRT1 protects against emphysema via FOXO3-mediated reduction
of premature senescence in mice. J. Clin. Invest. 122, 2032–2045 (2012).

37. Tran, D. et al. Insulin-like growth factor-1 regulates the SIRT1-p53 pathway in
cellular senescence. Aging Cell 13, 6696–78 (2014).

38. Chang, L., Zhang, Z., Yang, J., McLaughlin, S. H. & Barford, D. Molecular archi-
tecture and mechanism of the anaphase-promoting complex. Nature 513,
388–393 (2014).

39. Hayakawa, T. et al. SIRT1 suppresses the senescence-associated secretory phe-
notype through epigenetic gene regulation. PLoS ONE 10, e0116480 (2015).

40. Jang, M. J. et al. CACUL1 reciprocally regulates SIRT1 and LSD1 to repress PPARγ
and inhibit adipogenesis. Cell Death Dis. 8, 3201 (2017).

41. Kellogg, D. L., Kellogg, D. L. Jr., Musi, N. & Nambiar, A. M. Cellular senescence in
idiopathic pulmonary fibrosis. Curr. Mol. Biol. Rep. 12, 1–10 (2021).

42. Schafer, M. J. et al. Cellular senescence mediates fibrotic pulmonary disease. Nat.
Commun. 8, 14532 (2017).

43. Chu, H. et al. Sirtuin1 protects against systemic sclerosis-related pulmonary
fibrosis by decreasing proinflammatory and profibrotic processes. Am. J. Respir.
Cell Mol. Biol. 58, 28–39 (2018).

44. Mazumder, S., Barman, M., Bandyopadhyay, U. & Bindu, S. Sirtuins as endogenous
regulators of lung fibrosis: a current perspective. Life Sci. 258, 118201 (2020).

45. Modi, S., Yaluri, N., Kokkola, T. & Laakso, M. Plant-derived compounds strigo-
lactone GR24 and pinosylvin activate SIRT1 and enhance glucose uptake in rat
skeletal muscle cells. Sci. Rep. 7, 17606 (2017).

46. Modi, S., Yaluri, N. & Kokkola, T. Strigolactone GR24 and pinosylvin attenuate
adipogenesis and inflammation of white adipocytes. Biochem. Biophys. Res.
Commun. 499, 164–169 (2018).

47. Aoshiba, K., Tsuji, T. & Nagai, A. Bleomycin induces cellular senescence in alveolar
epithelial cells. Eur. Respir. J. 22, 436–443 (2003).

48. Mouratis, M. A. & Aidinis, V. Modeling pulmonary fibrosis with bleomycin. Curr.
Opin. Pulm. Med. 17, 355–361 (2011).

49. Yu, L. et al. Ubiquitination-mediated degradation of SIRT1 by SMURF2 suppresses
CRC cell proliferation and tumorigenesis. Oncogene 39, 4450–4464 (2020).

50. Liu, P. Y. et al. E3 ubiquitin ligase Grail promotes hepatic steatosis through Sirt1
inhibition. Cell Death Dis. 12, 323 (2021).

51. Zhang, J., Wan, L., Dai, X., Sun, Y. & Wei, W. Functional characterization of ana-
phase promoting complex/cyclosome (APC/C) E3 ubiquitin ligases in tumor-
igenesis. Biochim. Biophys. Acta 1845, 277–293 (2014).

52. Kim, H. S. et al. SIRT2 maintains genome integrity and suppresses tumorigenesis
through regulating APC/C activity. Cancer Cell 20, 487–499 (2011).

53. Wang, H., Feng, K., Wang, Q. & Deng, H. Reciprocal interaction between SIRT6 and
APC/C regulates genomic stability. Sci. Rep. 11, 14253 (2021).

54. Zhang, W. et al. SIRT1 modulates cell cycle progression by regulating CHK2
acetylation-phosphorylation. Cell Death Differ. 27, 482–496 (2020).

55. Ling, H., Peng, L., Wang, J., Rahhal, R. & Seto, E. Histone deacetylase SIRT1 targets
Plk2 to regulate centriole duplication. Cell Rep. 25, 2851–2865 (2018).

56. Wiebusch, L. & Hagemeier, C. p53- and p21-dependent premature APC/C-Cdh1
activation in G2 is part of the long-term response to genotoxic stress. Oncogene
29, 3477–3489 (2010).

ACKNOWLEDGEMENTS
This research was supported in part by a Basic Science Research Program through the
National Research Foundation (NRF) of Korea grant funded by the Ministry of
Education (NRF-2017R1A2B4011578 and NRF-2020R1F1A1049052 to E.J.K.; NRF-
2020R1A2C1007445 to S.J.U.) and the Korea Environment Industry & Technology
Institute (KEITI) through the Core Technology Development Project for Environmental
Disease Prevention and Management (RE2021003310003 to H.T.K.) funded by the
Korea Ministry of Environment (MOE).

AUTHOR CONTRIBUTIONS
S.J.U. and E.J.K. conceived the study and designed the experiments. S.H.L., J.H.Y., and
U.H.P. performed most of the experiments with assistance from H.C., Y.S.K., and B.E.Y.
assisted in the animal experiments. H.T.K. and H.J.H. performed histopathological
experiments. S.J.U. and E.J.K. analyzed the data and wrote the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s12276-023-01012-1.

Correspondence and requests for materials should be addressed to Soo-Jong Um or
Eun-Joo Kim.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

S.H. Lee et al.

1246

Experimental & Molecular Medicine (2023) 55:1232 – 1246

https://doi.org/10.1038/s12276-023-01012-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	SIRT1 ubiquitination is regulated by opposing activities of APC/C-Cdh1 and AROS during stress-induced premature senescence
	Introduction
	Materials and methods
	Cell lines and culture
	DNA constructs and antibodies
	Virus production
	Senescence-associated β-galactosidase (SA-β-gal) staining
	Immunoprecipitation (IP) and WB
	Glutathione S-transferase (GST) pull-down assays
	Cycloheximide (CHX) chase assays
	In vivo and in�vitro ubiquitination assays
	Immunohistochemical (IHC) staining and immunofluorescence (IF)
	Reverse transcription-quantitative PCR (RT&#x02012;qPCR)
	Chromatin immunoprecipitation (ChIP)
	RNA interference
	Animal studies
	Statistical analysis

	Results
	SIRT1 protein expression is downregulated via ubiquitin-mediated proteasomal degradation during SIPS
	APC/C-Cdh1 promotes the ubiquitin-dependent proteasomal degradation of SIRT1
	Cdh1 is required for SIRT1 degradation and stress-induced senescence
	AROS attenuates DNA damage-induced senescence by stabilizing the SIRT1 protein
	AROS competes with Cdh1 for binding and stabilizing SIRT1
	Cdh1 and AROS have opposing roles in the epigenetic regulation of SASP-associated genes
	Pinosylvin inhibits bleomycin-induced pulmonary senescence by stabilizing SIRT1

	Discussion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




