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Abstract

Naked mole-rats (NMRs) have exceptional longevity and are resistant
to age-related physiological decline and diseases. Given the role of
cellular senescence in aging, we postulated that NMRs possess
unidentified species-specific mechanisms to prevent senescent cell
accumulation. Here, we show that upon induction of cellular senes-
cence, NMR fibroblasts underwent delayed and progressive cell death
that required activation of the INK4a-retinoblastoma protein (RB)
pathway (termed “INK4a-RB cell death”), a phenomenon not observed
in mouse fibroblasts. Naked mole-rat fibroblasts uniquely accumu-
lated serotonin and were inherently vulnerable to hydrogen peroxide
(H2O2). After activation of the INK4a-RB pathway, NMR fibroblasts
increased monoamine oxidase levels, leading to serotonin oxidization
and H2O2 production, which resulted in increased intracellular oxida-
tive damage and cell death activation. In the NMR lung, induction of
cellular senescence caused delayed, progressive cell death mediated
by monoamine oxidase activation, thereby preventing senescent cell

accumulation, consistent with in vitro results. The present findings
indicate that INK4a-RB cell death likely functions as a natural seno-
lytic mechanism in NMRs, providing an evolutionary rationale for
senescent cell removal as a strategy to resist aging.
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Introduction

The naked mole-rat (Heterocephalus glaber, NMR; Fig 1A) is an

African mammal that forms a eusocial colony in subterranean
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environments (Jarvis, 1981). The NMR has extraordinary longevity,

with a maximum life span of more than 37 years, although its body

mass is similar to that of the laboratory mouse (Buffenstein, 2008;

Lee et al, 2020; Oka et al, 2023). Moreover, the NMR shows a

unique delayed aging phenotype (Buffenstein, 2008). The mortality

rate of the NMR does not increase during its lifetime, and physiolog-

ical functions, including fecundity, are maintained until near the

end of its life (Ruby et al, 2018; Brie~no-Enr�ıquez et al, 2023). In

addition, the NMR is unusually resistant to several age-related dis-

eases such as metabolic disorders, neurodegenerative diseases, and

cancer (Ungvari et al, 2008; Finch, 2009; Edrey et al, 2011).

Recently, several mechanisms that may contribute to the NMR’s

longevity, delayed aging, and cancer-resistance phenotypes have

been proposed. These mechanisms include a high DNA repair

capacity (Evdokimov et al, 2018; Tian et al, 2019; Yamamura et al,

2021), low L1 retrotransposition activity (Yamaguchi et al, 2021),

high translational fidelity (Azpurua et al, 2013), high protein stabil-

ity (Perez et al, 2009), high signaling activity of nuclear factor ery-

throid 2-related factor 2 (NRF2) (Lewis et al, 2015), production of

high molecular mass hyaluronan (Tian et al, 2013), a dampened tis-

sue inflammatory response and inability to induce necroptosis (Oka

et al, 2022), and resistance to oncogenic genes transduction and in

vitro reprogramming (Tian et al, 2013; Miyawaki et al, 2016; Tan

et al, 2017).

Cellular senescence is an irreversible cell proliferation arrest that

is induced in response to stresses such as telomere shortening, geno-

toxic stress, and oncogene activation (Gorgoulis et al, 2019). In

mammals, stressed cells activate p16INK4a (INK4a), which is a

cyclin-dependent kinase inhibitor (CKI). INK4a inhibits the cyclin-

dependent kinases CDK4/6, and the inactivation of CDK4/6 results

in activation of the tumor suppressor retinoblastoma (RB) protein

family. Stressed cells also activate p53, which in turn upregulates

another CKI, p21CIP1 (p21). p21 inhibits CDK2, resulting in activa-

tion of RB (Herranz & Gil, 2018). Persistent activation of RB is

essential for irreversible cell cycle arrest in senescent cells

(Gorgoulis et al, 2019).

Senescent cells acquire resistance to apoptosis and secrete vari-

ous proteins, a response known as the senescence-associated secre-

tory phenotype (SASP), which includes secretion of pro-

inflammatory cytokines and chemokines (Copp�e et al, 2008, 2010;

Gorgoulis et al, 2019; Birch & Gil, 2020). During aging, senescent

cells accumulate in tissues and promote inflammation, resulting in

age-related physiological decline and disorders including cancer

(Baker et al, 2011, 2016; Calcinotto et al, 2019; Gasek et al, 2021).

Although NMR fibroblasts do not exhibit replicative senescence

(Seluanov et al, 2008), they become senescent after DNA damage or

oncogene activation (Zhao et al, 2018). Our group and Chee et al.

showed that suppression of alternative reading frame or catenin

beta 1 induces cellular senescence in NMR fibroblasts (Miyawaki

et al, 2016; Chee et al, 2021). These observations indicate that NMR

cells can undergo cellular senescence in several situations. How-

ever, the fate of senescent NMR cells remains poorly characterized.

In contrast to these in vitro observations, Lee et al. recently showed

that INK4a expression in NMR brain tissues only increases slightly

during aging (Lee et al, 2020). This observation suggests that NMRs

possess unidentified mechanism(s) to prevent the accumulation of

senescent cells.

In mice, targeted removal of senescent cells (senolysis) inhibits

age-related deterioration and diseases (Baker et al, 2011, 2016),

prompting clinical trials in humans (Calcinotto et al, 2019; Gasek

et al, 2021); however, whether the findings in mice are generaliz-

able remains an open question (Gasek et al, 2021). In this study, we

investigated the fate of NMR cells after induction of cellular senes-

cence. The results showed that upon cellular senescence induction,

NMR cells underwent delayed, progressive cell death through acti-

vation of the INK4a-RB pathway (termed “INK4a-RB cell death”)

and a unique regulation of serotonin metabolism by monoamine

oxidases (MAOs). This INK4a-RB cell death in NMRs can be

regarded as “natural senolysis” and provides an evolutionary ratio-

nale for removing senescent cells as a therapeutic strategy to pre-

vent aging.

Results

Induction of cellular senescence by DNA damage leads to
progressive cell death, a delayed response after upregulation of
INK4a in NMR fibroblasts

Doxorubicin (DXR), a DNA-damaging agent, is often used to induce

cellular senescence at low doses (100–250 nM) in human and

mouse fibroblasts (Petrova et al, 2016; Baar et al, 2017; Demaria

et al, 2017; Omori et al, 2020). To determine the fate of NMR cells

after induction of cellular senescence, mouse (6-week-old, young

adult) and NMR (1-year-old, young adult) primary skin fibroblasts

were treated twice with 100 nM of DXR for 24 h, and a time-course

analysis was performed (Fig 1B). By Day 12 after DXR treatment,

both mouse and NMR cells became flattened and enlarged (Fig 1C)

▸Figure 1. Induction of cellular senescence by DNA damage leads to progressive cell death, a delayed response after upregulation of INK4a in NMR fibroblasts.

A Adult naked mole-rats (NMRs).
B Scheme for doxorubicin (DXR) treatment and time-course analysis.
C Cell morphology and SA-b-Gal activity of mouse or NMR fibroblasts 12 or 21 days after DXR treatment. Arrowheads indicate dying cells. The number in the upper

left corner indicates Hoechst-positive nuclei. Scale bar, 100 lm.
D–H Time-course analysis of mouse or NMR fibroblasts after DXR treatment: quantification of SA-b-Gal-positive cells (%) (D); quantification of BrdU-positive cells (%)

(E); qRT-PCR analysis of the expression of INK4a (F) or p21 (G) normalized to ACTB mRNA levels; quantification of Annexin V-positive cells (%) (Annexin V+/PI� as
early apoptotic and Annexin V+/PI+ double-positive as late apoptotic) (H).

I Scheme for DXR treatment after INK4a knockdown in NMR fibroblasts.
J, K qRT-PCR analysis of the expression of INK4a (J) and quantification of Annexin V-positive cells (%) (K) in shINK4a-transduced NMR fibroblasts at 21 days after DXR

treatment.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. One-way ANOVA followed by Dunnett’s multiple comparison test for (D–H, J,
and K). Data are expressed as the mean � SD from n = 3 biological replicates.
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and showed activation of markers related to cellular senescence,

such as increased senescence-associated b-galactosidase (SA-b-Gal)
activity (Fig 1C and D), decreased BrdU incorporation (Fig 1E),

and increased expression of CKIs, that is, INK4a and p21 (Fig 1F

and G). Progressive cell death, including Annexin V-positive

apoptosis, was observed only in NMR fibroblasts (Fig 1H). After

cell cycle arrest, as indicated by the cessation of BrdU incorpora-

tion observed on Day 3 (Fig 1E), NMR cell death slowly increased,

became significant at approximately Day 12, and continued to

increase (Fig 1H). These suggest that delayed, progressive cell
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death occurs in NMR fibroblasts during the cellular senescence

process after cell cycle arrest.

To investigate the effect of INK4a upregulation on progressive

cell death, senescence was induced in NMR fibroblasts by exposure

to DXR either before or after INK4a knockdown (Fig 1I, Appendix

Fig S1A). In each experiment, cell proliferation increased, and the

number of dead cells decreased markedly on Day 21 or Day 24 after

DXR treatment (Fig 1J and K, Appendix Fig S1B–E). These results

suggest that similar to mouse fibroblasts, senescence induction by

DXR in NMR fibroblasts leads to INK4a upregulation, cell cycle

arrest, and senescence. However, in contrast to mouse cells, NMR

cells activate delayed and progressive cell death after INK4a activa-

tion and cell cycle arrest.

INK4a transduction leads to progressive cell death in NMR cells

In general, upregulation of INK4a in mouse and human fibroblasts

leads to cell cycle arrest and plays an important role in maintaining

the senescent state, although it does not typically result in cell death

(Al-Mohanna et al, 2004; Mirzayans et al, 2012; Childs et al, 2014).

To investigate whether upregulation of INK4a results in cell death in

NMR skin fibroblasts, INK4a was upregulated in NMR fibroblasts by

lentiviral transduction (Fig 2A and B). After Ink4a or INK4a trans-

duction, both mouse and NMR fibroblasts showed increased SA-b-
Gal activity (Fig 2C and D), decreased BrdU incorporation (Fig 2E),

and activation (dephosphorylated) of the RB protein (Fig 2F). How-

ever, only NMR fibroblasts showed delayed, progressive cell death,

including Annexin V-positive apoptosis, on Day 12 after INK4a

transduction, and cell death further increased on Day 20 (Fig 2G).

When NMR INK4a was introduced into mouse fibroblasts, or mouse

Ink4a into NMR fibroblasts, only NMR cells activated cell death,

indicating that the sequence difference in Ink4a/INK4a (Miyawaki

et al, 2015) did not affect cell death (Appendix Fig S2A and B).

SA-b-Gal-positive cells were significantly enriched in the floating

dead cell population of INK4a-transduced NMR fibroblasts, but not

in the live adherent cell population, indicating that cell death occurs

predominantly in SA-b-Gal-positive cells (Fig 2H–J). In addition, we

confirmed that dead senescent mouse fibroblasts killed by intense

UV-C irradiation maintained SA-b-Gal activity, whereas nonsenes-

cent proliferating mouse and NMR fibroblasts killed by UV-C did not

show an increase in SA-b-Gal activity (Appendix Fig S2C). NMR

fibroblasts derived from lung tissue also showed activation of cell

death after transduction with INK4a (Appendix Fig S2D–F). These

results demonstrate that INK4a upregulation in NMR fibroblasts

leads to delayed and progressive activation of cell death.

Upregulation of INK4a results in progressive cell death via RB,
independent of p53 in NMR fibroblasts

In mammalian cells, upregulation of INK4a results in activation of

RB but not p53 (Ohtani et al, 2004). High levels of p53 activation

lead to apoptotic gene transcription and ensuing apoptosis (Childs

et al, 2014). To determine whether activation of the RB or p53 is

required for the activation of progressive cell death in INK4a-

transduced NMR cells, we used the viral oncoprotein SV40 Large T

antigen (LT) and its derivatives to suppress RB and p53 activities.

Wild-type LT inactivates both p53 and RB (p53-/RB-), the LTD434–
444 (LTD) mutant inactivates only RB (p53+/RB�), and the LTK1

mutant inactivates only p53 (p53�/RB+) (Hahn et al, 2002). Each of

these expression constructs, together with INK4a, was transduced

into NMR fibroblasts (Fig 3A and B). Wild-type LT (p53�/RB�) and
LTD (p53+/RB�) strongly suppressed both SA-b-Gal activity and cell

death in INK4a-transduced cells (Fig 3C and D). By contrast, inacti-

vation of p53 alone by LTK1 (p53�/RB+) had no effect on cell death

in INK4a-transduced cells (Fig 3D). This suggests that the induction

of progressive cell death in INK4a-transduced NMR fibroblasts

requires RB activation and is independent of p53 activity.

Similar to the response in INK4a-transduced cells, mild DXR

treatment to induce cellular senescence in NMR fibroblasts resulted

in increased SA-b-Gal activity and progressive cell death (Fig 1D

and H). DXR treatment-induced SA-b-Gal activity and progressive

cell death were significantly suppressed by transduction of wild-type

LT (p53-/RB-) and LTD (p53+/RB�), but not by LTK1 (p53�/RB+)

(Fig 3E–G). This result supports that RB, but not p53, is required for

the progressive cell death induced by senescence stimuli.

To determine whether the progressive cell death in NMR cells

after senescence induction by DXR is independent of p53, mRNA

sequencing (mRNA-seq) was performed in DXR-treated NMR fibro-

blasts on Day 21. Gene set enrichment analysis (GSEA) (Mootha

et al, 2003; Subramanian et al, 2005) showed that genes related to

the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

“p53 signaling pathway” were not enriched for differentially

▸Figure 2. INK4a transduction leads to progressive cell death in NMR cells.

A Scheme for INK4a transduction.
B qRT-PCR analysis of the expression of INK4a at 12 days after INK4a or mock transduction, normalized to ACTB mRNA levels.
C Cell morphology and SA-b-Gal activity of mouse or NMR fibroblasts 12 days after INK4a transduction. Arrowheads indicate dying cells. The number in the upper left

corner indicates Hoechst-positive nuclei. Scale bar, 100 lm.
D, E Quantification of SA-b-Gal-positive cells (%) (D) and BrdU-positive cells (%) (E) at 12 days after INK4a transduction.
F Western blot analysis of RB in mouse or NMR fibroblasts at 12 days after INK4a transduction (p, phospho-specific antibody). ACTIN was used as a loading control.

The arrowhead indicates a nonspecific band.
G Quantification of Annexin V/PI-positive cells (%) (Annexin V+/PI� as early apoptotic and Annexin V+/PI+ double-positive as late apoptotic) at 2, 12, or 20 days after

INK4a transduction.
H Scheme for SA-b-Gal staining of adherent and floating cells.
I SA-b-Gal activity in the adherent living cell population and floating dead cell population in mouse or NMR fibroblast cultures at 12 days after INK4a transduction.

Scale bar, 100 lm.
J Quantification of SA-b-Gal-positive cells in the adherent living cell population and floating dead cell population after the same treatment as in (I).

Data information: *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. Unpaired t-test versus control for (B, D, E, day 2 in G, and J). One-way ANOVA followed by
Dunnett’s multiple comparison test for (day 12–20 in G). Data are expressed as the mean � SD from n = 3 biological replicates.
Source data are available online for this figure.
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expressed genes in DXR-treated NMR fibroblasts (Appendix

Fig S3A). The expression of p53 target genes related to apoptosis

(Fischer, 2017) did not show consistent changes in DXR-treated

NMR fibroblasts (Appendix Fig S3B). Consistent with the mRNA-seq

data, p53 protein levels were not altered in DXR-treated NMR fibro-

blasts (Appendix Fig S3C). Taken together, these results indicate

that INK4a and RB contribute to the delayed, progressive cell death

in NMR cells after senescence induction by DXR, and that this pro-

cess is independent of p53 activity (Figs 1K and 3G, Appendix

Figs S1D and S3).

Seluanov et al. previously reported a unique phenotype for NMR

fibroblasts: unlike mouse fibroblasts, NMR fibroblasts stop prolifer-

ating at an earlier, semiconfluent stage (early contact inhibition) via

upregulation of INK4a (Seluanov et al, 2009). In this study, INK4a

upregulation by DXR treatment or INK4a transduction caused pro-

gressive cell death in NMR fibroblasts (Fig 1H and 2G). To investi-

gate how INK4a-upregulated NMR cells behave after contact

inhibition (CI), NMR and mouse fibroblasts were seeded at high

density and placed under long-term observation (Fig EV1A and B).

On Days 14 and 28 after the start of culture, both mouse and NMR

fibroblasts showed increased SA-b-Gal activity (Fig EV1C and D),

decreased BrdU incorporation (Fig EV1E), and increased INK4a

expression (Fig EV1F). We observed a significant increase in cell

death in NMR fibroblasts, but not in mouse fibroblasts, on Days 14

and 28 (Fig EV1B and G). Knockdown of INK4a significantly

reduced cell death induced by continuous culture after CI in NMR
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fibroblasts (Fig EV1H and I), as well as inhibiting cell death in DXR-

treated cells (Fig 1K and Appendix Fig S1D).

Considering that CI typically induces a quiescent state in mouse

and human cells (Imai et al, 2014), we investigated whether long-

term culture of NMR cells at high density induces cellular senes-

cence or quiescence. To this end, NMR cells were passaged at

28 days after long-term culture to induce CI and observed to deter-

mine whether the cells could recover proliferation. Two out of three

NMR primary fibroblast cultures resumed proliferation and one did

not, in contrast to mouse primary fibroblast cultures, all of which

resumed proliferation (Fig EV1J and K). This suggests that NMR

fibroblasts cultured long term with upregulated INK4a after induced

CI presumably contain both senescent and quiescent cells. Taken

together, these results demonstrate that, in NMR fibroblasts, stimuli

that activate the INK4a-RB pathway and induce senescence, and in

some cases quiescence, result in delayed and progressive cell death.

The characteristic activation of cell death observed in NMR cells

was termed “INK4a-RB cell death.”
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Figure 3. Upregulation of INK4a results in progressive cell death via RB, independent of p53 in NMR fibroblasts.

A Scheme for transduction of INK4a and different forms of SV40 Large T antigen (LT, LTD, and LTK1).
B RT-PCR analysis of SV40 Large T expression in NMR-fibroblasts transduced with different forms of SV40 Large T antigen (LT, LTD, and LTK1) and INK4a.
C, D Quantification of SA-b-Gal-positive cells (%) (C) and Annexin V-positive cells (%) (Annexin V+/PI� as early apoptotic and Annexin V+/PI+ double-positive as late apo-

ptotic) (D) in NMR-fibroblasts transduced with different forms of SV40 Large T antigen (LT, LTD, and LTK1) and INK4a. OE; overexpression.
E Scheme for doxorubicin (DXR) treatment following transduction of different forms of SV40 Large T antigen (LT, LTD, and LTK1).
F Quantification of SA-b-Gal-positive cells (%) at 21 days after DXR treatment in NMR-fibroblasts transduced with different forms of SV40 Large T antigen (LT, LTD,

and LTK1).
G Quantification of Annexin V-positive cells after the same treatment as in (F). Annexin V+/PI� cells were counted as early apoptotic cells and Annexin V+/PI� cells as

late apoptotic cells.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. One-way ANOVA followed by Dunnett’s multiple comparison test. Data are
expressed as the mean � SD from n = 3 biological replicates.
Source data are available online for this figure.
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INK4a-upregulated NMR cells activate serotonin metabolism that
produces hydrogen peroxide

The mechanism of INK4a-RB cell death in NMR cells was investi-

gated by performing mRNA-seq of NMR fibroblasts in which

delayed, progressive cell death was induced by either DXR treat-

ment, INK4a transduction, or CI. We then performed enrichment

analysis using Metascape on genes that were commonly upregulated

(> 1.5-fold) in DXR-treated, INK4a-transduced, or CI-induced NMR

fibroblasts (Appendix Fig S4 and Table EV1). Pathway analysis

revealed that genes associated with several Gene Ontology (GO)

terms, such as “Regulation of collagen metabolic process,” “Lyso-

some,” and “Response to oxidative stress,” were enriched. How-

ever, genes associated with cell death-related GO terms were not

enriched (Appendix Fig S4B). Next, we focused on the mRNA-seq

data of INK4a-transduced NMR fibroblasts (Fig 4A). Metascape was

used to perform enrichment analysis of genes upregulated > 1.5-fold

in INK4a-transduced NMR fibroblasts compared with control NMR

fibroblasts (Fig 4B and Table EV2). In INK4a-transduced NMR cells,

the enrichment of genes related to the GO terms “SASP,” “Aging,”

and “Positive regulation of cell death” may reflect cellular senes-

cence and INK4a-RB cell death. However, we did not identify genes

directly related to cell death, including apoptosis, corresponding to

the term “positive regulation of cell death.” Genes related to the GO

term “Hydrogen peroxide metabolic process” were also enriched in

INK4a-transduced NMR fibroblasts. NMR fibroblasts are highly sus-

ceptible and prone to cell death upon hydrogen peroxide (H2O2)

treatment (Salmon et al, 2008), which is supported by our data

(Fig 4C). However, the biological significance of the susceptibility of

NMR fibroblasts to H2O2 remains to be elucidated.

To compare the metabolite profiles of NMR and mouse cells and

to examine changes in these cells after INK4a-transduction, we

conducted metabolomic mass spectrometry analysis (Appendix

Fig S5). In mock-treated control cells, a high level of serotonin was
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Figure 4. INK4a-transduced NMR cells activate serotonin metabolism that produce hydrogen peroxide.

A Venn diagram showing the differentially expressed genes (DEGs, > 1.5-fold in INK4a-transduced fibroblasts) identified from comparisons of mock-transduced and
INK4a-transduced NMR fibroblasts 12 days after transduction. Data were obtained from n = 3 biological replicates.

B Top 20 enriched gene ontology (GO) terms and KEGG pathways obtained using Metascape analysis of the 165 common genes in (A).
C Quantification of PI-positive cells in NMR and mouse fibroblasts 18 h after 6 h of treatment with the indicated doses of hydrogen peroxide (H2O2). Data are expressed

as the mean � SD from n = 3 biological replicates.
D Levels of serotonin and 5-hydroxyindoleacetic acid (5-HIAA) measured by liquid chromatography–tandem mass spectrometry (LC–MS/MS) in mouse or NMR fibroblasts

at 12 days after INK4a transduction. Data are expressed as the mean � SD from two technical replicates for each fibroblasts culture (n = 3 biological replicates).

Data information: *P < 0.05; **P < 0.01; ****P < 0.0001; ns, not significant. Two-way ANOVA followed by Sidak’s multiple comparisons test for (C). Unpaired t-test versus
control for (D).
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observed specifically in NMR fibroblasts but not in mouse fibroblasts

(Fig 4D). Furthermore, serotonin was largely absent in NMR fibro-

blasts at 12 days after INK4a-transduction (Fig 4D). Serotonin is

converted to 5-hydroxyindoleacetic acid (5-HIAA) by MAO, accom-

panied by the production of a large amount of H2O2, which can lead

to intracellular oxidative damage and cell death (Trouche et al, 2010;

Edmondson, 2014). In INK4a-transduced cells, a decrease in seroto-

nin was associated with the accumulation of 5-HIAA (Fig 4D).

Consistent with the data from the mRNA-seq and metabolome

analyses, the level of intracellular reactive oxygen species (ROS)

measured by 20,70-dihydrodichlorofluorescin diacetate (DCFH-DA)

(Suematsu et al, 1992) was significantly increased in INK4a-

transduced NMR fibroblasts on Day 12 (Fig 5A). Accordingly, the

lipid peroxidation level was also significantly increased in INK4a-

transduced NMR fibroblasts (Fig 5B). Treatment of INK4a-

transduced NMR fibroblasts with anti-oxidants such as N-acetyl L-

cysteine (NAC) (Ezerin�a et al, 2018), Trolox (Forrest et al, 1994),

and Tempol (Wilcox, 2010) significantly reduced cell death (Fig 5C),

indicating that increased ROS contributes to INK4a-RB cell death.

Consistent with the metabolome analysis, transcriptomic analysis

of INK4a-transduced NMR cells (Fig 4B) showed that MAOB was

one of the enriched genes related to the GO term “hydrogen perox-

ide metabolic process” (Table EV2). Accordingly, INK4a-transduced

NMR fibroblasts showed increased protein levels of MAO-A and

MAO-B, whereas no such increase was observed in mouse fibro-

blasts after Ink4a transduction (Fig 5D). These results suggest that

upregulation of INK4a in NMR cells, which are inherently suscepti-

ble to H2O2, leads to activation of serotonin metabolism via activa-

tion of MAO proteins, resulting in the production of large amounts

of H2O2, and the resulting oxidative damage may contribute to

INK4a-RB cell death.

Activation of MAOs plays a crucial role in the induction of
INK4a-RB cell death in NMR cells

To determine whether activation of MAO-A or -B is involved in INK4a-

RB cell death, INK4a-transduced NMR fibroblasts were treated with

the inhibitors clorgyline for MAO-A, rasagiline for MAO-B, and phenel-

zine for both MAO-A and -B. Treatment with each of these inhibitors

decreased DCF fluorescence intensity (Fig 5E), indicating a decrease in

intracellular ROS, and significantly inhibited cell death in INK4a-

transduced NMR fibroblasts (Fig 5F). We next examined the contribu-

tion of MAOs to the activation of cell death in NMR cells subjected to

cellular senescence induction by DXR-treatment. MAO protein levels

were increased in DXR-treated NMR fibroblasts but not in mouse fibro-

blasts (Fig 5G). In DXR-treated NMR fibroblasts, MAO inhibitors sig-

nificantly suppressed cell death (Fig 5H). These results suggest that

activation of monoamine oxidation by elevated MAOs plays a crucial

role in the induction of INK4a-RB cell death in NMR cells.

To investigate whether further upregulation of INK4a expression

could enhance cell death in senescent NMR cells, DXR-treated NMR

fibroblasts were transduced with INK4a, and the levels of cell death,

ROS, and MAO proteins were assessed, which showed no significant

increase (Appendix Fig S6A–E). Furthermore, no significant differ-

ence in cell death rates was observed between expression vectors

with different levels of INK4a expression (Appendix Fig S6F–I).

These results support our conclusion that exceeding a certain

threshold level of INK4a, subsequent cell cycle arrest, and the

resulting cellular changes including senescence, are important for

the activation of INK4a-RB cell death.

Induction of cellular senescence leads to delayed, progressive
cell death via MAO activation in NMR lungs

Lee et al. showed that the NMR brain only shows a slight increase

in INK4a expression with age (Lee et al, 2020). We obtained similar

results for the NMR skin, abdominal muscle, and inguinal white adi-

pose tissue; the increase in INK4a expression in the tissues from 15-

year-old (middle-aged) compared with 1-year-old (young adult)

NMRs was less pronounced than that in the tissues of 1-year-old

(middle-aged) compared with 6-week-old (young adult) mice

(Fig 6A and B). This observation suggests that INK4a-upregulated

senescent cells are less likely to accumulate in NMR tissues than in

those of mice in vivo.

▸Figure 5. Activation of monoamine oxidases plays a crucial role in the induction of INK4a-RB cell death in NMR cells.

A Quantification of reactive oxygen species (ROS) using 20 ,70-dihydrodichlorofluorescin diacetate (DCFH-DA) in mock- or INK4a-transduced NMR fibroblasts at 12 days
after transduction. Data are expressed as the mean � SD from n = 3 biological replicates.

B Left, representative images of lipid peroxidation (green) staining in NMR fibroblasts at 12 days after INK4a-transduction. Scale bar, 50 lm. Right, quantification of
signal intensity of lipid peroxidation staining. Data are expressed as the mean � SD from n = 3 biological replicates.

C Quantification of PI-positive cells in NMR fibroblasts treated for 24 h with N-acetyl L-cysteine (NAC), Trolox, or Tempol at 20 days after INK4a transduction (%). Data
are expressed as the mean � SD from n = 6 biological replicates except for Trolox and Tempol (n = 4).

D Western blot of monoamine oxidase (MAO)-A and MAO-B in mouse or NMR fibroblasts at 20 days after INK4a transduction. ACTIN was used as a loading control.
Numbers below the gel images indicate quantification of MAO-A or -B/ACTIN intensity (n = 3 average).

E Quantification of ROS using DCFH-DA in INK4a-transduced NMR fibroblasts at 20 days after transduction. Cells were treated with each inhibitor for 24 h prior to
analysis; Clorgyline (MAO-A inhibitor, 10 lM), Rasagiline (MAO-B inhibitor, 10 lM), Phenelzine (inhibitor of both MAO-A and MAO-B, 50 lM). Data are expressed as
the mean � SD from n = 4 biological replicates.

F Quantification of PI-positive cells in NMR fibroblasts treated for 24 h with Clorgyline, Rasagiline, or Phenelzine at 20 days after INK4a transduction (%). Data are
expressed as the mean � SD from n = 3 biological replicates except for phenelzine (n = 5).

G Western blot of MAO-A and MAO-B in mouse or NMR fibroblasts at 21 days after doxorubicin (DXR) treatment. ACTIN was used as a loading control. Numbers below
the gel images indicate quantification of MAO-A or -B/ACTIN intensity (n = 3 average).

H Quantification of PI-positive cells in NMR fibroblasts treated for 24 h with the indicated dose of Phenelzine (Phe) at 21 days after DXR treatment (%). Data are
expressed as the mean � SD from n = 3 biological replicates.

Data information: *P < 0.05; **P < 0.01; ****P < 0.0001; ns, not significant; Unpaired t-test versus control for (A, B, NAC of C, and F). One-way ANOVA followed by
Dunnett’s multiple comparison test for (Trolox and Tempol of C, E, and H).
Source data are available online for this figure.
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To investigate the potential occurrence of INK4a-RB cell death in

NMR tissue in vivo, cellular senescence was induced in mouse and

NMR lungs using bleomycin, a DNA-damaging agent (Aoshiba

et al, 2003). Young adult mice (8-week-old) and young adult NMRs

(1-year-old) received bleomycin by intratracheal administration,

and a time-course tissue analysis was performed (Fig 6C). In mouse

lungs, the number of SA-b-Gal positive cells and Ink4a expression

increased significantly on Day 21 (Fig 6D–F), whereas in NMR

lungs, the increase in the number of SA-b-Gal positive cells and

INK4a expression was lower than that in mice even on Day 21

(Fig 6D–F). These results suggest that NMR lungs are less prone to

accumulate senescent cells in response to senescence-inducing stim-

uli. TUNEL staining showed that both mouse and NMR lung tissues

exhibited acute cell death on Day 2 after bleomycin treatment, and

only NMR lungs exhibited delayed and progressive cell death that

became significant on Day 21 (Fig 6D and G).

To investigate the role of MAOs in the progressive cell death

observed in bleomycin-treated NMR lungs, NMRs were treated with

phenelzine for 5 consecutive days starting on Day 16 after bleo-

mycin administration (Fig 7A). Phenelzine administration increased

blood serotonin levels in mice and NMRs (Appendix Fig S7). After

phenelzine administration, in bleomycin-treated NMR lungs, the

number of SA-b-Gal-positive cells and the expression of INK4a sig-

nificantly increased, and the number of TUNEL-positive cells signifi-

cantly decreased, in contrast to those in mice (Fig 7B–E). It was

confirmed that phenelzine administration alone did not cause these

changes in NMR lungs (Appendix Fig S8). These results indicate

that, consistent with the in vitro findings, the induction of cellular
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Figure 6. Induction of cellular senescence leads to less accumulation of senescent cells and causes delayed, progressive cell death in NMR lungs.

A Left, young NMR (one-year-old). Right, middle-aged NMR (15-year-old).
B qRT-PCR analysis of INK4a expression in the skin, muscle, and white adipose tissue (WAT) of 6-week-old mice (young; 6 w), 1-year-old mice (middle-aged; 1 y),

1-year-old NMRs (young; 1 y), and 15-year-old NMRs (middle-aged; 15 y).
C Scheme for bleomycin (Bleo) treatment.
D SA-b-Gal activity (SA-b-Gal, blue; nuclei, green) and TUNEL staining (TUNEL, red; nuclei, blue) in lungs of mice or NMRs at 2, 7, 14, and 21 days after Bleo

administration.
E–G Time-course analysis of mice or NMR lungs after Bleo administration: quantification of SA-b-Gal-positive cells (%) (E); qRT-PCR analysis of the expression of INK4a

normalized to ACTB mRNA levels (F); quantification of TUNEL-positive cells (%) (G).

Data information: Scale bar, 50 lm. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. Unpaired t-test versus young for (B). One-way ANOVA followed by Dunnett’s
multiple comparison test for (E–G). Data are expressed as the mean � SD from n = 3 biological replicates except for NMR skin in (B) (n = 4).
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senescence in NMR tissue results in delayed, progressive cell death

that occurs through the activation of MAOs and contributes to the

suppression of senescent cell accumulation.

Discussion

In this study, we found that INK4a-RB cell death is uniquely acti-

vated after induction of cellular senescence in NMRs in vitro, and

this conclusion was supported by in vivo data. We also showed that

this type of cell death is regulated by the activation of MAO proteins

and serotonin metabolism in an NMR-specific manner (Fig 8).

INK4a-RB cell death in NMRs may serve as a “natural senolysis”

process that inhibits the accumulation of senescent cells, which in

turn may contribute to delayed aging and resistance to age-related

diseases such as cancer and Alzheimer’s disease, both of which are

poorly observed in NMRs (Edrey et al, 2011, 2013). On the contrary,

senescent cells play a crucial role in the maintenance of tissue

homeostasis, developmental processes, and tissue repair (Mu~noz-

Esp�ın et al, 2013; Storer et al, 2013; Demaria et al, 2014; Reyes

et al, 2022). Therefore, the safety of senolytic drugs that kill senes-

cent cells remains controversial. This study strongly suggests that

the NMR has a “natural senolytic” phenotype, which supports, from

an evolutionary perspective, the elimination of senescent cells and

the development of safer senolytic drugs. Future studies on INK4a-RB

cell death in NMRs may help to identify which senescent cells are

suitable for elimination. INK4a-RB cell death was observed not only

in DXR-treated senescent cell culture, but also in cells continuously
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Figure 7. Induction of cellular senescence leads to delayed, progressive cell death via MAO activation and the resulting suppression of senescent cell
accumulation in the NMR lungs.

A Scheme for bleomycin (Bleo) treatment and additional phenelzine (Phe) treatment. Mouse or NMR lungs were treated with Phe for 5 days starting at 16 days after
Bleo administration.

B SA-b-Gal activity (SA-b-Gal, blue; nuclei, green) and TUNEL staining (TUNEL, red; nuclei, blue) in lungs of mice or NMRs at 21 days after Bleo administration, with
or without Phe are shown.

C–E Quantification of SA-b-Gal-positive cells (%) (C), qRT-PCR analysis of INK4a expression normalized to ACTB mRNA levels (D), quantification of TUNEL-positive cells
(%) (E) in mouse or NMR lungs at 21 days after Bleo administration, with or without Phe.

Data information: Scale bar, 50 lm. *P < 0.05; ns, not significant. Unpaired t-test versus Phe- for (C–E). Data are expressed as the mean � SD from n = 3 biological
replicates.

� 2023 The Authors The EMBO Journal 42: e111133 | 2023 11 of 19

Yoshimi Kawamura et al The EMBO Journal



cultured after CI, where both senescent cells and quiescent cells may

be present. The INK4a-RB pathway is activated under various condi-

tions of cell stress (Gorgoulis et al, 2019). It is possible that the NMR

induces INK4a-RB cell death in dysfunctional and precancerous cells

in which INK4a is persistently upregulated as a result of various

stresses. Such elimination of aberrant cells may contribute to long-

term tissue homeostasis and resistance to carcinogenesis in the NMR,

a possibility that requires future analysis.

In this study, INK4a upregulation by various stimuli such as DXR

treatment, INK4a transduction, and long-term culture after CI

resulted in delayed, progressive cell death in NMR fibroblasts but

not in mouse fibroblasts. These findings, combined with the results

of INK4a knockdown and transduction experiments, suggest that

INK4a upregulation, subsequent cell cycle arrest, and the resulting

cellular changes including senescence are important for the activa-

tion of INK4a-RB cell death (Figs 1 and 2). In the process of INK4a-

RB cell death, activation of serotonin metabolism increased oxida-

tive damage, leading to the activation of cell death, including apo-

ptosis. However, analysis of mRNA-seq data from INK4a-

upregulated (DXR-treated, INK4a-transduced, or CI-induced) NMR

cells did not identify any genes directly responsible for the induction

of apoptosis. Furthermore, the present results indicate that INK4a-

RB cell death is independent of p53 activity (Fig 3 and Appendix

Fig S3). Further analysis is needed to identify death-inducing factors

that may contribute to INK4a-RB cell death in NMR cells, such as

p53-independent apoptosis-related proteins.

NMR fibroblasts uniquely accumulate serotonin in their normal,

nonsenescent state. Following INK4a-RB activation, which leads to

MAO activation, serotonin is oxidized to produce H2O2, which plays

a significant role in increasing oxidative damage and inducing

INK4a-RB cell death (Figs 4 and 5). The accumulation of serotonin

in NMR cells may act as a mechanism to prepare for the induction

of INK4a-RB cell death in response to stress, and the activation of

serotonin metabolism via MAO activation may serve as a “senolytic

metabolic switch” to kill NMR cells as they become senescent. How-

ever, further investigation is needed to understand the molecular

mechanisms underlying MAO activation after INK4a-RB activation

in NMR fibroblasts. In addition to its role in INK4a-RB cell death,

serotonin accumulation in NMR fibroblasts may have other func-

tions. For example, extracellularly secreted serotonin binds to G

protein-coupled receptors on the cell membrane of fibroblasts,

thereby activating cell proliferation and the production of extracellu-

lar matrix proteins such as collagen (Mann & Oakley, 2013; Sadiq

et al, 2018). It remains to be investigated whether the serotonin that

accumulates in NMR fibroblasts is secreted extracellularly and has

other roles in these cells. In addition, detailed analyses of the in vivo

dynamics of serotonin in NMR tissues, including the lung, is also

needed.

NMR fibroblasts exhibit complex behaviors and are susceptible

or resistant to oxidative stress depending on the type of intervention

(e.g., they are more resistant to paraquat, an oxidative stressor,

whereas they are more susceptible to H2O2 than mouse cells)

(Salmon et al, 2008; Munro et al, 2019; Takasugi et al, 2020). The

result shown in Fig 4C is consistent with that of a previous study

reporting that NMR fibroblasts are highly susceptible to H2O2

(Salmon et al, 2008). The markedly low activity of glutathione per-

oxidase reported in NMRs may be related to the vulnerability of

NMR cells to H2O2 (Andziak et al, 2005, 2006; Kasaikina

Senescence-inducing
stimuli

NMR
Fibroblasts INK4a/Rb

activation

Cell death

Antioxidants
MAO inhibitors

5-HIAA

Serotonin
accumulation

Inherent
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to H2O2

Monoamine oxidases

H2O2

Serotonin

Oxidative
damage

Figure 8. The molecular mechanism of cell death upon cellular senescence induction in NMR.

Graphical illustration showing the main findings of this study. NMR fibroblasts uniquely accumulate serotonin and are inherently vulnerable to hydrogen peroxide
(H2O2). Upon induction of cellular senescence, the activated INK4a-RB pathway causes NMR fibroblasts to increase monoamine oxidase (MAO) levels, leading to seroto-
nin oxidization and H2O2 production, resulting in increased oxidative damage and activation of cell death.
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et al, 2011). NMR cells have low mitochondrial activity, a low oxy-

gen consumption rate, and high mitochondrial ROS scavenging

activity (Munro et al, 2019; Lau et al, 2020). Therefore, their vulner-

ability to intracellular H2O2 may not be a concern because ROS leak-

age from mitochondria is low in the normal state. Until now, the

biological significance of the vulnerability of NMR cells to H2O2

remained unclear. The present results suggest that this vulnerability

likely contributes to INK4a-RB cell death in conjunction with the

unique regulation of serotonin metabolic switch, which produces

H2O2 when NMR cells become senescent.

Zhao et al. reported that NMR fibroblasts require a higher dose

of gamma-ray irradiation to induce cellular senescence compared

with mouse fibroblasts (Zhao et al, 2018). Although they did not

perform a time-course analysis of cell death after induction of cellu-

lar senescence, these authors showed that NMR fibroblasts have a

lower rate of irradiation-induced acute cell death than mouse

fibroblasts at 3 days after the same dose of irradiation. We have

previously shown that NMR neural stem/progenitor cells have a

lower rate of irradiation-induced acute cell death compared with

mouse neural stem/progenitor cells (Yamamura et al, 2021). This

phenotype may be due to the efficient double-strand break repair

system in NMRs as previously reported (Tian et al, 2019). Taken

together, these findings suggest that NMR cells may have a dual

protective system that inhibits both the emergence and the accu-

mulation of senescent cells through efficient DNA double-strand

break repair at an earlier stage and INK4a-RB cell death at a later

stage.

INK4a-RB cell death was observed in skin and lung NMR fibro-

blasts under different conditions (i.e., DXR treatment, transduction

of INK4a, and continuous culture after CI). This phenomenon was

likewise observed in cultures using different lots of fetal bovine

serum (FBS). In the future studies, it will be important to clarify

whether INK4a-RB cell death is induced under other conditions and

in different cell types, including neural stem cells (Yamamura

et al, 2021), macrophages (Wada et al, 2019), and adipocytes (Oiwa

et al, 2020; Cheng et al, 2021), as well as in other organs besides the

lungs in vivo. In this study, we developed a method to induce cellu-

lar senescence in the NMR lung in vivo. The development of genetic

modification techniques for NMR individuals and the generation of

INK4a reporter NMRs may allow detailed analysis of the dynamics

of INK4a-upregulated cells, including senescent cells, in NMR

tissues.

Because senescent cells secrete SASP factors and promote tissue

inflammation, INK4a-RB cell death may contribute to the suppres-

sion of tissue inflammation in NMRs. Recent research from our

group has shown that NMRs have lost the ability to induce necrop-

tosis, a type of programmed necrosis that strongly induces tissue

inflammation by releasing cellular components, and exhibit a damp-

ened inflammatory response to carcinogenic stimuli, which likely

contributes to their resistance to carcinogenesis (Oka et al, 2022).

Taken together with the present findings, these data suggest that

NMRs may have evolved to attenuate tissue inflammatory responses

through various systems, including species-specific regulation of cell

death and cellular senescence. In another long-lived and cancer-

resistant rodent, the blind mole-rat, the expression of SASP genes is

suppressed upon induction of cellular senescence, which may also

contribute to the attenuation of inflammatory responses in their tis-

sues (Odeh et al, 2020). On the contrary, carcinogen-treated blind

mole-rat tissues undergo inflammatory, severe necrotic cell death

that is markedly different from the carcinogen-treated NMRs tissues

(Gorbunova et al, 2012; Zhao et al, 2021). To the best of our knowl-

edge, there are few reports with a detailed characterization of senes-

cent cells in other long-lived or carcinogenesis-resistant animals,

such as bats, elephants, and bowhead whales, and future studies

are needed.

The present study has elucidated a unique mechanism of INK4a-RB

cell death upon induction of cellular senescence in NMRs. Further

analysis of species-specific responses to the induction of cellular senes-

cence in long-lived and cancer-resistant species, including NMRs, may

lead to the development of novel anti-aging and anti-cancer strategies

in humans.

Materials and Methods

Animals

The Ethics Committees of Kumamoto University (approval no. A30-

043, A2020-042 and A2022-079), Hokkaido University (approval no.

14-0065), and Keio University (approval no. 12024) approved all

procedures, which were in accordance with the Guide for the Care

and Use of Laboratory Animals (United States National Institutes of

Health, Bethesda, MD). NMRs were maintained in Kumamoto Uni-

versity. All NMRs used in this study were raised in rooms that were

maintained at 30°C � 0.5°C and 55% � 5% humidity with 12-h

light and 12-h dark cycles (Oka et al, 2022). C57BL/6N mice were

purchased from CLEA Japan, Inc. Mice were kept in rooms that

were maintained at 24.5°C � 1.5°C and 50% � 10% humidity with

12-h light and 12-h dark cycles. The information on NMRs used in

this study is listed in Appendix Table S1. Cells and tissues were

obtained from at least three animals.

Cell culture and drug treatment

Primary NMR or mouse fibroblasts were isolated from back skin or

the lungs of 1–2-year-old young adult male and female NMRs or 6-

week-old young adult male C57BL/6N mice. Primary fibroblasts pre-

pared from tissues of at least three different animals were used as

biological replicates. Tissues were washed with ice-cold phosphate-

buffered saline (PBS; Nacalai-Tesque) containing 1% penicillin/

streptomycin (FUJIFILM Wako) and 2.5 lg/ml amphotericin B

(FUJIFILM Wako). Tissues were minced, and then suspended in the

culture medium (contents described below), plated on gelatin-

coated 10-cm cell culture dishes (IWAKI), and cultured at 32°C in a

humidified atmosphere containing 5% CO2 and 5% O2. Cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma)

supplemented with 15% fetal bovine serum (FBS) (for NMR fibro-

blasts) or 10% FBS (for mouse fibroblasts) (BioWest or Gibco, at

least three lots), 1% penicillin/streptomycin, 2 mM L-glutamine

(Nacalai-Tesque or FUJIFILM Wako), and 0.1 mM nonessential

amino acids (NEAA, Nacalai-Tesque or FUJIFILM Wako). Fibro-

blasts were used within five passages. The medium was replaced

every 2 days. Fibroblasts were routinely tested for mycoplasma and

tested negative. For induction of CI, fibroblasts were seeded at

6 × 105 cells/10-cm dish and the medium was replaced every

2 days. The cells were cultured for 28 days. For drug treatments, a
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1 M stock solution of N-acetyl L-cysteine (NAC, FUJIFILM Wako)

was prepared in 20 mM HEPES buffer (Nacalai-Tesque), titrated

with NaOH to pH 7.4, and filter-sterilized and used at 0.5 mM.

Trolox (Sigma) was dissolved in ethanol at 0.5 M as a stock solution

and used at 1 mM. Tempol (R&D Systems) was dissolved in PBS at

100 mM as a stock solution and used at 2 mM. Clorgyline (Cayman

Chemical) and rasagiline (Abcam) were dissolved in dimethyl sulf-

oxide (DMSO; Sigma) at 10 mM as a stock solution and used at

10 lM. Phenelzine (MedChemExpress) was dissolved in DMSO at

50 mM as a stock solution and used at 50 lM for INK4a-transduced

NMR cells and at 10–100 lM for DXR-treated NMR cells. NAC,

Trolox, Tempol, clorgyline, rasagiline, and phenelzine were added

during the 24-h period before cell death analysis. All experiments

were performed in triplicate or greater.

Doxorubicin treatment

Mouse and NMR fibroblasts were exposed twice to doxorubicin

(DXR; FUJIFILM Wako) at 100 nM for 24 h. DXR-containing

medium was added to subconfluent fibroblasts. After 24 h, the

medium was replaced with freshly prepared DXR-containing

medium for an additional 24 h. The cells were then washed and cul-

tured in fresh medium for 21 days with medium changes every

2 days.

SA-b-Gal activity analysis

For measuring cellular senescence, SA-b-Gal staining was performed

using a Senescence Detection Kit (BioVision). Cells or fresh-frozen

lung sections were stained according to the manufacturer’s instruc-

tions for 48 h at 37°C. The cells or lung sections were washed with

PBS and stained with Hoechst 33258 (Sigma-Aldrich, 1 mg/ml;

1:1000 in PBS) for 10 min at room temperature in the dark. The

cells were washed with PBS and analyzed by microscopy (Keyence).

Entire cell populations in three to four random microscope fields (at

least 150 cells) were analyzed for perinuclear blue staining indica-

tive of SA-b-gal activity and Hoechst-positive nuclei. At least four

random microscopic fields of each animal were obtained for analy-

sis of lung sections; three animals were used per experiment. To

stain floating cells, the culture supernatant was spun down, and the

cell pellet was resuspended in Smear Gell kit (GenoStaff) and spread

on the slide surface. The slides were stained and analyzed in the

same way as adherent cells.

5-bromo-2’-deoxyuridine (BrdU) incorporation assay

To analyze cell proliferation, BrdU labelling was performed for

2 days for mouse fibroblasts and 4 days for NMR fibroblasts as pre-

viously described (Seluanov et al, 2009). Cells were then fixed with

4% paraformaldehyde (PFA; FUJIFILM Wako) in PBS and subjected

to immunostaining. BrdU was detected using primary sheep anti-

body against BrdU (Fitzgerald; 20-BS17; 1:200) and Alexa Fluor 555

anti-sheep IgG (A11015; Life Technologies; 1:500) secondary anti-

body. Cell nuclei were stained with 1 lg/ml Hoechst 33258. Cells

were observed under a BZ-X 710 fluorescence microscope (Keyence)

and counted using a BZ-X image analyzer (Keyence). Entire cell

populations in four random microscope fields (at least 150 cells) of

each primary fibroblast culture were analyzed for BrdU-positive and

Hoechst-positive nuclei. Three mouse or NMR primary fibroblast

cultures were used.

RNA isolation, RT-PCR, and quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen,

for fibroblasts) or TRIzol (Thermo Fisher Scientific, for tissue sam-

ples) according to the manufacturer’s protocol. To remove genomic

DNA, the gDNA Eliminator Spin Column (Qiagen) or the TURBO

DNA-freeTM Kit (Invitrogen) was used according to the manufac-

turer’s protocol. Reverse transcription (RT) reactions were

performed with the ReverTra Ace qPCR RT Master Mix (TOYOBO)

using 400 ng of total RNA input. The resulting cDNA was used for

RT-PCR and quantitative RT-PCR (qRT-PCR). For RT-PCR, 30 cycles

of amplification were performed under the following conditions

using ExTaqHS (TaKaRa): denaturing at 95°C for 5 s, annealing at

62°C for 10 s, and extension at 72°C for 20 s. The DNA fragments

were electrophoresed in 2% agarose gels. Uncropped images of all

the gels are shown in the Source data file. qRT-PCR reactions were

set up in triplicate using SYBR Premix Ex TaqTM II (Tli RNaseH Plus)

(TaKaRa), Fast SYBR Green Master Mix (Invitrogen), PowerUp

SYBR Green Master Mix (Thermo Fisher Scientific), or THUNDER-

BIRD SYBR qPCR Mix (TOYOBO), and run on a ViiA 7, StepOne plus

Real-Time PCR System (Applied Biosystems) or CFX384 Touch Real-

Time PCR Detection System (Bio-Rad). Primer sequences are listed

in Appendix Table S2.

Flow cytometry analysis for cell death detection

Cell death was examined using a FITC Annexin V Apoptosis Detection

kit (BD Biosciences or BioLegend). Adherent cells were harvested and

stained according to the manufacturer’s protocols. Flow cytometry

was performed with a FACSCalibur or FACSVerse (BD Biosciences)

flow cytometer. These data were analyzed using the FlowJo 10 soft-

ware (BD Biosciences). The experiments were performed in triplicate.

Lentivirus preparation and transduction

The lentiviral vectors pCSII-EF-NMR-INK4a-TK-hyg, pCSII-EF-NMR-

INK4a, pCSII-EF-mouse-Ink4a-TK-hyg, pCSII-EF-mouse-Ink4a, and

pCSII-EF-LT/LTD434–444/LTK1 were used for ectopic expression,

and H1 promoter-driven vectors previously described were used for

shRNA expression (Miyoshi et al, 1998). The pCSII-EF-TK-Hyg vec-

tor was used as the mock vector. The backbone vectors for ectopic

expression (pCSII-EF-RfA) and shRNA expression were purchased

from RIKEN BioResource Research Center. The backbone vector for

ectopic expression (pCSII-EF-RfA-TK-Hyg) was kindly provided by

Dr. Hayato Naka-Kaneda (Shiga University of Medical Science). The

knockdown vectors expressing shRNA against NMR-INK4a (Miya-

waki et al, 2015) were generated. The sequences of the siRNA oligos

were as follows: shINK4a-1, 50-GGUCCAGGAGGUACGCGAGCU-30

and shINK4a-2, 50-GCCCAAUGCCCGGAACCGUUU-30. Plasmid and

packaging vectors (pCMV-VSV-G-RSV-Rev and pCAG-HIVgp) were

used to transfect HEK293T cells with Polyethylenimine MAX trans-

fection reagent (Polysciences) according to the manufacturer’s

instructions. At 9 h after transfection, the medium was replaced,

and the conditioned medium containing viral particles was collected

twice every 24 h.
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For lentiviral transduction, cells were seeded at 3 × 105 cells/10-

cm dish 1 day before transduction. The conditioned medium

containing lentivirus was filtered through a 0.45-lm syringe filter

(Sartorius), diluted twofold in growth medium, and used for viral

transduction. At 24 h after the first transduction, the medium was

replaced with a second conditioned medium containing lentivirus.

After viral transduction, the medium was replaced with growth

medium, which was changed every 2 days.

For DXR treatment and INK4a knockdown experiments, NMR

fibroblasts were treated with DXR either (i) before (Appendix

Fig S1A) or (ii) after (Fig 1I) INK4a knockdown. For (i), cells were

seeded at 3 × 105 cells/10-cm dish and treated with DXR

(100 nM) for 2 days starting the next day. Twelve days after the

DXR treatment, cells were lentivirally transduced with INK4a

knockdown vector. Twenty-four days after the DXR treatment, cell

death was examined. For (ii), cells were seeded at 3 × 105 cells/

10-cm dish 1 day before transduction. Then INK4a knockdown

vector was lentivirally transduced (on �8 days in Fig 1I). Eight

days after the transduction, cells were treated with DXR (100 nM)

for 2 days. Twenty-one days after the DXR treatment, cell death

was examined.

Western blotting

The cells were washed with PBS, lysed in cell-lysis buffer

(125 mM Tris–HCl, pH 6.8, 4% sodium dodecyl sulphate [SDS],

and 10% sucrose), and boiled for 5 min. Protein concentrations

were determined using the BCA Protein Assay Kit (TaKaRa). The

samples were subjected to SDS–PAGE, and transferred to a PVDF

membrane using a Trans-Blot Turbo Transfer System (Bio-Rad).

Membranes were incubated with primary antibodies against RB

(CST; 9,309; 1:1,000 for NMR, CST; 9,313; 1:1,000 for mouse),

pRB (CST; 8,516; 1:1,000), MAO-A (Abcam; ab126751; 1:1,000),

MAO-B (Novus Biologicals; NBP1-87493; 1:1,000), p53 (Santa

Cruz; sc-126; 1:1,000), and b-actin (CST; 4,970; 1:2,000). The

membranes were incubated with HRP-conjugated anti-rabbit (CST;

7,074; 1:1,000) or anti-mouse (CST; 7,076; 1:1,000) IgG secondary

antibodies and visualized using the ECL Western Blotting Detection

System or ECL Prime Western Blotting Detection Reagent (Amer-

sham). The LAS-4000 mini imaging system (FUJIFILM) was used

for signal detection and Multi Gauge V3.0 software (FUJIFILM)

was used for data analysis. The experiments were performed in

triplicate. Uncropped images of all the blots are shown in the

Source data file.

Hoechst-propidium iodide (PI) staining assay for cell
death detection

Cells were seeded in 24-well plates or 60-mm dishes and stained

with Hoechst 33342 (DOJINDO; 1 mg/ml; 1:1000 in growth

medium) for 10 min at 32°C. Then, the cells were stained with PI

(10 mg/ml; FUJIFILM Wako; 1:1000 in growth medium) for 5 min

at 32°C. Images were captured with a BZ-X 710 fluorescence micro-

scope (Keyence), and positive cells were counted using a BZ-X

image analyzer (Keyence). Entire cell populations in 8–12 random

microscope fields (at least 350 cells) of each primary fibroblast cul-

ture were analyzed for PI-positive and Hoechst-positive nuclei.

Three mouse or NMR primary fibroblast cultures were used.

H2O2 sensitivity test

Cells in a 24-well plate were incubated with the indicated doses of

H2O2 (Nacalai-Tesque) for 6 h in DMEM. Cells were then washed

and incubated with growth medium for 18 h. To evaluate cell death,

a Hoechst-PI staining assay was performed. Entire cell populations

in six random microscope fields (at least 150 cells) of each primary

fibroblast culture were analyzed for PI-positive and Hoechst-positive

nuclei. Three mouse or NMR primary fibroblast cultures were used.

Measurement of intracellular ROS

For detection of cellular ROS, the DCFDA/H2DCFDA Cellular ROS

Assay Kit (Abcam; ab113851) was used according to the manufac-

turer’s protocol. Briefly, fibroblasts were plated on a black 96-well

plate with a clear bottom overnight. Cells were treated with 25 mM

DCF-DA solution for 45 min at 32°C in the dark. After washing once

with PBS, the plate was analyzed using a fluorescence plate reader

(GloMax; Promega) at Ex/Em = 485/535 nm. The experiments were

performed in triplicate.

Detection of lipid peroxidation

For detection of lipid peroxidation, the Click-iT lipid peroxidation

imaging kit (Invitrogen) was used according to the manufac-

turer’s protocol. Briefly, cells were plated on coverslips in a 24-

well plate and treated with Click-it linoleamide alkyne for 24 h at

32°C. After washing with PBS, cells were fixed in 4% PFA for

15 min at room temperature, washed with PBS, permeabilized

with 0.05% TritonX-100 in PBS for 10 min, and blocked with 1%

BSA in PBS for 30 min. Cells were washed, and the click reaction

was performed with 5 lM Alexa Fluor 488 azide for 30 min. After

washing, cells were stained with Hoechst 33258. Images were

captured using the BZ-X 710 fluorescence microscope (Keyence)

and analyzed using a BZ-X image analyzer (Keyence). Entire cell

populations in 12 random microscope fields (at least 150 cells) of

each primary fibroblast culture were analyzed for green fluores-

cence and Hoechst-positive nuclei. Three mouse or NMR primary

fibroblast cultures were used.

RNA-sequencing

NMR fibroblasts were homogenized in TRIzol reagent (Invitrogen).

RNA extraction and library preparation were performed at the

Novogene Bioinformatics Institute. NMR samples were sequenced

using the Novaseq 6000 (150 bp paired-end). NMR reference

genome assemblies (GRCm38 and HetGla_female_1.0) and the

corresponding annotation files were obtained from Ensembl release

92 (Yates et al, 2019). Raw reads were trimmed using Trim Galore

(ver. 0.5.0, https://www.bioinformatics.babraham.ac.uk/projects/

trim_galore/), and the transcript abundance was calculated using

Kallisto (ver. 0.48.0) (Bray et al, 2016) as transcripts per million

(TPM) and estimated counts. Differentially expressed genes in DXR-

treated, Ink4a-transduced, or CI-induced cells were identified by

comparing upregulated genes (> 0.5 in TPM and > 1.5-fold change

from control cells) among three primary fibroblast cultures. Count

data were processed using the integrated Differential Expression and

Pathway analysis (iDEP) (iDEP.96) (Ge et al, 2018). GSEA of the
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KEGG pathway “p53 signaling pathway” was performed using

processed data for DXR-treated cells and control cells.

Metabolome analysis

Metabolite extraction from cultured cells was performed as

described previously (Semba et al, 2016). Briefly, frozen cells were

lysed and scraped with ice-cold methanol (500 ll) together with

internal standard (IS) compounds (see below), followed by the addi-

tion of an equal volume of ultrapure water and 0.4 times the volume

of chloroform (LC/MS grade, FUJIFILM Wako). The suspension was

then centrifuged at 15,000 g for 15 min at 4°C. After centrifugation,

the aqueous phase was ultrafiltered using an ultrafiltration tube

(Ultrafree MC-PLHCC, Human Metabolome Technologies). The fil-

trate was concentrated with a vacuum concentrator (SpeedVac,

Thermo). The concentrated filtrate was dissolved in 50 ll of ultra-
pure water and used for liquid chromatography–tandem mass spec-

trometry (LC–MS/MS) and ion chromatography-mass spectrometry

(IC-MS) analyses. The internal standard (IS) compounds used were

2-morpholinoethanesulfonic acid (MES) and L-methionine sulfone

as ISs for anionic and cationic metabolites, respectively. Because

these compounds are not present in the tissues, they serve as ideal

standards. Loss of endogenous metabolites during sample prepara-

tion was corrected by calculating the recovery rate (%) for each

sample measurement.

For metabolome analysis, anionic metabolites were measured

using an orbitrap-type MS (Q-Exactive focus, Thermo Fisher Scien-

tific) connected to a high-performance ion-chromatography system

(ICS-5000+, Thermo Fisher Scientific) that enables highly selective

and sensitive metabolite quantification owing to the IC-separation

and Fourier Transfer MS principle. The IC was equipped with an

anion electrolytic suppressor (Thermo Scientific Dionex AERS 500)

to convert the potassium hydroxide gradient into pure water before

the sample enters the mass spectrometer. The separation was

performed using a Thermo Scientific Dionex IonPac AS11-HC, 4-lm
particle size column. The IC flow rate was 0.25 ml/min supple-

mented postcolumn with 0.18 ml/min makeup flow of MeOH. The

potassium hydroxide gradient conditions for IC separation were as

follows: from 1 mM to 100 mM (0–40 min), 100 mM (40–50 min),

and 1 mM (50.1–60 min), at a column temperature of 30°C. The Q

Exactive focus mass spectrometer was operated under ESI-negative

mode for all detections. Full mass scan (m/z 70–900) was used at a

resolution of 70,000. The automatic gain control (AGC) target was

set at 3 × 106 ions, and the maximum ion injection time (IT) was

100 ms. The source ionization parameters were optimized with the

spray voltage at 3 kV and other parameters were as follows: transfer

temperature at 320°C, S-Lens level at 50, heater temperature at

300°C, Sheath gas at 36, and Aux gas at 10.

Cationic metabolites (amino acids) were quantified using LC–

MS/MS. Briefly, a triple-quadrupole mass spectrometer equipped

with an ESI ion source (LCMS-8060, Shimadzu Corporation) was

used in the positive and negative-ESI and multiple reaction monitor-

ing (MRM) modes. The samples were resolved on the Discovery HS

F5-3 column (2.1 mm I.D. x 150 mm L, 3 lm particle, Sigma-

Aldrich), using a step gradient with mobile phase A (0.1% formate)

and mobile phase B (0.1% acetonitrile) at ratios of 100:0 (0–5 min),

75:25 (5–11 min), 65:35 (11–15 min), 5:95 (15–20 min), and 100:0

(20–25 min), at a flow rate of 0.25 ml/min and a column

temperature of 40°C. MRM conditions for each amino acid were

described previously (Oka et al, 2017).

Tissue biopsy

To obtain skin samples without sacrifice, mice (C57BL/6N; young

[6-week-old] and middle-aged [1-year-old], female) and NMRs

(young [1-year-old] and middle-aged [15-year-old, the currently

available oldest animals in our laboratory], male and female) were

anesthetized with isoflurane (FUJIFILM Wako). A 5–7-mm incision

was made at the base of the hind leg, and a 2 mm × 5 mm piece of

skin, inguinal white adipose tissue, and abdominal muscle were col-

lected (three animals per experimental group). Biopsy samples of

skin, abdominal muscle, and inguinal white adipose tissue were

subjected to RNA isolation.

In vivo drug treatments

Mice (C57BL/6N, 8-week-old, male) and NMRs (1–2-year-old, male)

were anesthetized with 0.3 lg/g medetomidine hydrochloride

(Dorbene Vet; Kyoritsu Seiyaku Co.), 4 lg/g midazolam

(Dormicum; Asteras Pharma Inc.), and 5 lg/g butorphanol (Vetor-

phale; Meiji Seika Pharma Co.). In a supine position, a 1-cm incision

was made on the neck skin, and the sternohyoid muscles were sepa-

rated to expose the trachea. Using a 29 G needle, 100 ll of PBS

containing bleomycin hydrochloride (2.5 mg/kg body weight; Nip-

pon Kayaku) was injected intratracheally with air. On Days 2, 7, 14,

and 21 after the bleomycin injection, the animals were sacrificed

humanely using isoflurane anesthesia. One bronchus was tied with

a string, a lung was inflated with Super Cryoembedding Medium

(SECTION-LAB) for histological analysis, and the opposite side was

collected as frozen tissue for RNA extraction. Phenelzine sulfate salt

(Cayman Chemical) was freshly diluted each day in saline. A

30 mg/kg/day dose of phenelzine was intraperitoneally adminis-

tered for 5 consecutive days, as it took 5 consecutive days for sero-

tonin levels to increase following phenelzine administration in mice

and NMR. Whole blood was collected from the heart, and after

adding EDTA-2 K (1–1.5 mg/ml blood, DOJINDO), the blood was

inverted, mixed, and stored at �80°C. Blood serotonin levels were

measured by Japan Institute for the Control of Aging, NIKKEN SEIL.

TUNEL assay

TUNEL staining (for quantifying cell death) was performed using

the TUNEL Assay Kit BrdU-Red (Abcam; ab66110) according to the

manufacturer’s instructions. Fresh-frozen lung sections (10 lm)

were fixed with 4% PFA for 15 min at room temperature, washed

with PBS, and then treated with 10 lg/ml Proteinase K (Kanto

Chemical) solution for 5 min at room temperature. Sections were

washed with PBS, fixed with 4% PFA for 5 min at room tempera-

ture, and washed with PBS. Sections were washed twice for 5 min

each in Wash buffer (Abcam; ab66110). Sections were labeled with

DNA labelling solution in a dark humidified 37°C incubator for 1 h.

Sections were washed with PBS and then stained with anti-BrdU-

Red antibody for 30 min at room temperature. Nuclei were counter-

stained with Hoechst 33258. At least four random microscopic fields

of each animal were obtained for analysis of lung sections; three
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animals were used per experiment. Images were captured using a

BZ-X 710 or a BZ-X 800 fluorescence microscope and analyzed using

a BZ-X image analyzer (KEYENCE).

Statistical analysis

Prism 7 software (GraphPad) was used for statistical analysis. Data

were analyzed using two-way ANOVA followed by Sidak’s multiple

comparisons test, or one-way ANOVA followed by Sidak’s multiple

comparisons test, Tukey’s multiple comparison test or Dunnett’s

multiple comparison test. Unpaired t-tests were used to compare the

two groups. Each data point was presented as the mean � standard

deviation (SD) derived from at least three animals or biological rep-

licates. P-values < 0.05 were considered statistically significant. The

sample sizes and the number of replicates (at least three individuals

or three independent experiments) are described in the figure

legends.

Data availability

RNA-seq data are deposited in the DDBJ under accession number

DRA016018.

Expanded View for this article is available online.
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