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SUMMARY
Cellular senescence is associated with pleiotropic physiopathological processes, including aging and age-
related diseases. The persistent DNAdamage is amajor stress leading to senescence, but the underlyingmo-
lecular link remains elusive. Here, we identify La Ribonucleoprotein 7 (LARP7), a 7SK RNA binding protein, as
an aging antagonist. DNA damage-mediated Ataxia Telangiectasia Mutated (ATM) activation triggers the
extracellular shuttling and downregulation of LARP7, which dampens SIRT1 deacetylase activity, enhances
p53 and NF-kB (p65) transcriptional activity by augmenting their acetylation, and thereby accelerates cellular
senescence. Deletion of LARP7 leads to senescent cell accumulation and premature aging in rodent model.
Furthermore, we show this ATM-LARP7-SIRT1-p53/p65 senescence axis is active in vascular senescence
and atherogenesis, and preventing its activation substantially alleviates senescence and atherogenesis.
Together, this study identifies LARP7 as a gatekeeper of senescence, and the altered ATM-LARP7-SIRT1-
p53/p65 pathway plays an important role in DNA damage response (DDR)-mediated cellular senescence
and atherosclerosis.
INTRODUCTION

Aging, defined as an age-dependent decline in intrinsic physio-

logical function, is related to many physiological processes

including development, regeneration, and wounding healing,

and also to many pathologies such as cancer, neurodegenera-

tion, and atherosclerosis (Lopez-Otı́n et al., 2013). Cellular

senescence, a hallmark of aging, is generally sub-classified

into replicative senescence (RS) and stress-induced premature

senescence (SIPS) (Gorgoulis et al., 2019; Muñoz-Espin and

Serrano, 2014; Salama et al., 2014). RS reflects a phenomenon
C
This is an open access article under the CC BY-N
that a primary nonmalignant cell stops proliferation and enters

the senescent state after a limited number of replication (termed

as Hayflick limit) (Hayflick and Moorhead, 1961) and is mainly

attributable to the telomere attrition. SIPS is not induced by

exhaustive cell passages or the telomere shortening but

rather by stressful insults including oxidative stress, oncogene

activation, and persistent DNA damage. RS and SIPS are not

completely distinct instead share some molecular pathways.

For instance, DNA damage response (DDR) can be induced

by telomere attrition or damage occurring during the cellular

replication. Moreover, both RS and SIPS possess the same
ell Reports 37, 110038, November 23, 2021 ª 2021 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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senescent traits: irreversible cell-cycle arrest and proinflamma-

tory secretory phenotype, termed the senescence-associated

secretory phenotype (SASP). Although there are variations,

SASP factors usually comprise a panel of proinflammatory cyto-

kines, chemokines, matrix metalloproteinases (MMPs), and

growth factors that reinforce and spread senescence in an auto-

crine or paracrine manner (Hernandez-Segura et al., 2018; Rod-

ier et al., 2009). Elimination of senescent cells and inhibition of

SASP have proved to be effective to protect against aging and

age-related diseases (Baker et al., 2016; Childs et al., 2016).

Persistent DNA damage and DDR activation induce cell-cycle

arrest and SASP, which are key drivers for cellular senescence

(Jacobs et al., 1999). DNA damage activates p53 (TP53) pathway

by preventing MDM2-mediated p53 ubiquitination and degrada-

tion. This elevates the expression of p21WAF1/Cip1 (CDKN1A), a

direct target of p53, which further suppresses CDK2 and halts

the cell cycle at G1 phase. Moreover, DDR directly regulates

senescence-associated inflammatory cytokine secretion. DNA

damage activates ATM, which phosphorylates serine-85 of nu-

clear factor kB (NF-kB) essential modulator (NEMO), promotes

its nuclear export, and subsequently activates the cytoplasmic

IKK complex (Wu et al., 2006). A recent study identified an alter-

native pathway centered on zinc finger transcription factor

GATA4 that regulates SASP expression in some scenarios of

senescence, which indicates that our current understanding of

DDR-mediated senescence is far from complete (Kang et al.,

2015).

LARP7 is a La family RNA binding protein that binds to 7SK

RNA and forms a stable Ribonucleoprotein complex 7SK snRNP

withMethylphosphate Capping Enzyme (MePCE) (Krueger et al.,

2008). The well-characterized function of 7SK snRNP is to

imprison the positive RNAPII pausing release regulator-pTEFb

and halt RNAPII transcription (Ahmed and Li, 2008). Genetic

abrogation of LARP7 in mouse causes the embryonic lethality

and primordial dwarfism. The recessive loss-of-function (LOF)

mutations of LARP7 were also discovered in the familial pro-

bands with primordial dwarfism, intellectual disability, and Ala-

zami syndrome (Alazami et al., 2012; Dateki et al., 2018; Holohan

et al., 2016). Recently, we had identified that LARP7 was an

important regulator of DDR (Zhang et al., 2020). However, the
Figure 1. LARP7 depletion accelerated cellular senescence

(A) Quantification of western blotting showing LARP7 protein was downregulated i

normalized LARP7 signal (LARP7/b-Tubulin) in aged mice relative to that in young

GENE-E matrix. n = 5.

(B) LARP7 was markedly reduced in the aortic endothelium and smooth muscle

endothelium; SM2, a marker for smooth muscle layer. Scale bar: 50 mm.

(C) The gross image of C57BL/6 mice 12 weeks after TBI.

(D) Western blotting showing IR reduced LARP7 abundance in the mouse aorta.

(E) Western blotting showing LARP7 protein declined in IMR90 cells undergoing

(F) Histological analysis (SA-b-Gal, H3K9me3, Edu, and pH3 staining) of wild-type

positive nuclei. Scale bar: 100 mm.

(G) Population-doubling analysis showing LARP7-depleted IMR90 cells had dec

(H) Population-doubling analysis showing LARP7 overexpression increased the

(I) GO analysis of DEGs in LARP7-depleted IMR90 cells.

(J) GSEA illustrating the enrichment of cell-cycle regulators (CCRs) in LARP7-de

(K) Heatmap of the altered CCR in LARP7-depleted IMR90 cells.

(L) GSEA illustrating the enrichment of SASP genes in LARP7-depleted IMR90 c

(M) Heatmap of the altered SASP genes in LARP7-depleted IMR90 cells.

Data: mean ± SD. Statistical analysis: unpaired two-tailed Student’s t test. The P
function of LARP7 in cellular senescence and aging remains

unclarified.

Here, we report LARP7 as an effective protein allosteric acti-

vator of SIRT1. DNA damage reduces SIRT1 deacetylase activity

through an interruption of LARP7-SIRT1 interaction and there-

fore consequentially accelerates cellular senescence. More

importantly, our study demonstrates an in vivo activation of

ATM-LARP7-SIRT1-p53/p65 axis that promotes premature ag-

ing and atherogenesis.

RESULTS

LARP7 was suppressed in premature and normal aging
processes
Wepreviously identified LARP7 as a key regulator of DDR, but its

function in cellular senescence and aging remains unknown.

Hence, we first examined the LARP7 expression in aged C57/

BL6 mice. In multiple tested organs of 22-month-old mice, the

expression of LARP7 protein was significantly depressed

compared to young (6-month-old) mice (Figures 1A and S1A).

However, the mRNA level remained unaltered as revealed by

quantitative reverse transcriptase PCR (qRT-PCR) (Figure S1B).

Immunofluorescence staining demonstrated that LARP7

declined in the endothelium and smooth muscle of aged aortas

and livers (Figures 1B and S1C–S1E). To further gain insight

into LARP7 expression in DDR-induced premature aging, we

treated 2-month-old C57/BL6 mice with sublethal (7 Gy) total

body irradiation (TBI) (Chang et al., 2016; Le et al., 2010).

12 weeks after IR treatment, the mice developed a significant

premature aging phenotype, with gray coat color and increased

p16INK4A (CDKN2A), a reliablemarker of senescent/aged tissues,

in both aorta (1.8-fold) and skin (2.1-fold) (Figures 1C, 1D, and

S1F–S1H). Similar to normal aging, LARP7 protein but not

mRNA significantly decreased in aorta and skin (Figures S1F

and S1H). Of note, LARP7 even started to decline 2 weeks after

IR (Figures 1D and S1F–S1H), indicating its downregulation was

an early event in DDR-triggered premature aging in vivo.

The accumulation of senescent cells is a compelling cause of

aging (Gorgoulis et al., 2019). Our in vivo expression data sug-

gested that LARP7 may be also altered in senescent process.
nmultiple organs of normal agingmice (22months). Fold change represents the

mice. All the original blots were in the Figure S1A. The heatmap was drawn by

of old mice determined by immunofluorescent staining. CD31, a marker for

n = 3.

the replicative senescence. PD denoted population doubling.

and LARP7-depleted IMR90 cells. Yellow dashed circles indicated Edu or pH3

lined proliferative potency. PDL denoted population-doubling level.

proliferative potency of IMR90 cells.

pleted IMR90 cells. NES, normalized enrichment score.

ells.

DL curves were analyzed by linear regression. ***p < 0.001.
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Figure 2. The declined SIRT1 deacetylase activity accounted for LARP7-depletion-induced senescence

(A) Western blotting assessing the senescent regulators in IMR90 receiving LARP7 shRNA knockdown for 3 days.

(B) Western blotting assessing the senescent regulators in IMR90 receiving LARP7 shRNA knockdown for 2 weeks.

(C) LARP7 knockdown for 3 and 14 days in IMR90 cells increased the p53 K382Ac and p65 K310Ac level. The control immunoglobulin G (IgG) (rabbit for p65 and

mouse for p53) didn’t pull down either p53 or p65 indicating the specificity of immunoprecipitation.

(D) Knocking down LARP7 suppressed the nuclear SIRT activity on days 3 and 14. 10 mM EX527 was used as a positive control. n = 3.

(E) The increased p53 and p65 acetylation upon LARP7 depletion was blocked by SRT1720. shCtrl- or shLARP7-transfected IMR90 cells were treated with 1 mM

SRT1720 for 12 h and then subjected to immunoprecipitation.

(F) qRT-PCR showing SRT1720 abrogated the SASP genes activation. IMR90 cells were treated with 2 mM JSH-23 for 48 h as a positive control. n = 3.

(legend continued on next page)
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To test this likelihood, we examined LARP7 expression in a repli-

cative senescent model. Extensive replication of IMR90 cells led

to their senescence starting at population doubling (PD) 39 and

more notably at PD 56, as measured by the induction of p21

and p16 (Figure 1E). Along with the emergence of senescence,

LARP7 protein declined markedly at PD 39 and PD 56

(Figure 1E).
LARP7 deficiency accelerated cellular senescence
To next explore whether LARP7 played a role in cellular senes-

cence, we stably knocked down LARP7 in low-passage IMR90

cells using two independent short hairpin RNAs (shRNAs).

LARP7-depleted cells exhibited a flattened and enlarged

morphology typical of senescence (Figures 1F and S2A). Senes-

cence-associated b-galactosidase (SA-b-Gal) staining showed

increased lysosomal content in LARP7-depleted IMR90 cells

(Figures 1F and S2B). Senescence is usually associated with

the global changes in the epigenomic landscape, characterized

by the formation of senescence-associated heterochromatin

foci (SAHF) (Salama et al., 2014). We evaluated SAHF in IMR90

cells with the repressive heterochromatin marker H3K9me3

and observed 2.1- and 2.5-fold increases, respectively, in two

shRNA-infected cell lines (Figures 1F and S2B). Along with the

heterochromatin structural change, loss of LaminB1, which pro-

motes the rearrangement of H3K9me3 heterochromatin to form

SAHFs (Freund et al., 2012), was also observed in LARP7-defi-

cient IMR90 cells (Figure S2A).

The replication exhaustion assay illustrated that LARP7 inhibi-

tion markedly accelerated the replicative senescence with

reduced cell doubling times (Figure 1G), while ectopic expres-

sion of LARP7 apparently delayed it (Figure 1H). We further

analyzed cell-cycle progression in LARP7-deprived cells using

immunofluorescent staining of 5-ethynyl-20-deoxyuridine (Edu,

a marker for S phase) and phosphorylated histone H3 (pH3, a

marker for G2/M phase transition). These assays revealed dra-

matic reduction of DNA synthesis and mitotic activity in

LARP7-deprived IMR90 cells (Figures 1F and S2B). Together,

these results indicated that LARP7 deprivation leads to the

halted cell-cycle progression.

To gain further insight into the underlying mechanism, we

compared the transcriptome of LARP7-depleted IMR90 cells

with wild-type cells using RNA sequencing (RNA-seq). A total

of 288 differentially expressed genes (DEGs) were detected in

LARP7-depleted IMR90 cells compared with wild-type cells

(adj p < 0.05, Figure S2C). Gene Ontology (GO) analysis of these

genes indicated significant enrichment in the terms of ‘‘wound

healing,’’ ‘‘cell-cycle arrest,’’ ‘‘cytokine activity,’’ ‘‘inflammatory

response’’ and ‘‘cellular senescence and aging’’ (Figure 1I).

The enrichment of cell-cycle regulators (CCR) was further

corroborated by gene set enrichment analysis (p = 4.93E-10,

NES: �2.6, Figure 1J). Among them, 21 core cell-cycle regula-

tors were significantly altered (Figure 1K). The expression of
(G) qRT-PCR showing SRT1720 abrogated p21 induction in LARP7-depleted IM

(H and I) SA-b-Gal staining demonstrated that SRT1720 halted the LARP7-dep

subjected to the SA-b-Gal staining (H). The percentage of SA-b-Gal positive cell

Data: mean ± SD. Statistical analysis: unpaired two-tailed Student’s t test. *p < 0
p21 was upregulated, which was consistent with our staining

results.

The alternation of inflammatory gene program indicates an

onset of SASP. GSEA analysis of the LARP7 knockdown RNA-

seq dataset using a SASP gene set curated from the KEGG data-

base showed that SASP genes were significantly enriched

among upregulated genes (p = 1E-10, NES: 3.13, Figure 1L).

Among the 35 SASP genes that were upregulated in LARP7-

knockdown IMR90 cells were canonical cytokines (interleukin

[IL]-1A, IL-1B, and IL-6), chemokines (CXCL1, CXCL8, and

CXCL10), growth factors (FGF2 and BMP2), and matrix prote-

ases (MMP1, 2, 3, 10, 12, 14, and 15), etc. (Figure 1M).We further

confirmed the upregulation of these central SASP components

(IL-1B, IL-6, and IL-8) and cell-cycle regulator p21 using qRT-

PCR (Figure S2D).

To rule out the possibility that activation of the senescent pro-

grams was specific to IMR90 cells, we performed RNA-seq on

wild-type and LARP7�/� mouse embryonic fibroblasts (MEFs).

There were total 415 genes differentially expressed in LARP7�/�

MEFs (Figure S2E). GO analysis showed that similar to IMR90

cells, DEGs in MEFs were enriched in gene sets of ‘‘cell prolifer-

ation,’’ ‘‘inflammatory response,’’ and ‘‘aging’’ (Figure S2F). The

enrichment of cell cycle and SASP genes were further validated

by GSEA (Figures S2G and S2H). Although the altered SASP and

CCR genes did not exactly coincide between IMR90 cells and

MEFs, the core CCR genes p21, CCNB1, CCNB2, and CDK1

were shared between cell types. Similarly, core SASP genes

IL-1B, CXCL1, and IL-6 were altered in both cell types (Figures

S2I and S2J). Together, these data suggested that LARP7 depri-

vation led to cellular senescence by putatively modulating the

CCR and SASP pathways.

The declined SIRT1 deacetylase activity accounted for
LARP7-depletion-induced senescence
The specific upregulation of p21 and SASP genes indicated the

activation of p53 and NF-kB pathways (Chien et al., 2011; el-

Deiry et al., 1993). We measured the expression of p53 and

Rel-like domain-containing protein (RELA/p65), a key transcrip-

tion factor in NF-kB pathway, in IMR90 cells after knocking down

LARP7 for 3 or 14 days. Surprisingly, at both time points, total

p53 and p65 protein levels were not altered in three independent

experiments (Figures 2A and 2B). Acetylation of p53 on Lys382

(p53-K382Ac) and p65 on Lys310 (p65-K310Ac) were reported

to augment transcriptional activity of these proteins (Barlev

et al., 2001; Chen et al., 2005; Chien et al., 2011). Therefore,

we measured them using acetylation-specific antibodies and

found significantly increased acetylation of both residues (Fig-

ure 2C). Acetylation appeared rapidly by day 3 and was further

elevated at day 14 after LARP7 knockdown. Consistent with

p53 activation, p21 was substantially increased at both day 3

and 14. In contrast, p16, not a direct downstream target of

p53, only showed a late induction at day 14 (Figures 2A and

2B). In line with the acetylation of p65, the expression of IL-1B,
R90 cells. n = 3.

letion-induced senescence. 1 mM SRT1720 were applied to IMR90 cells and

s were quantified (I). n = 3. Scale bar: 100 mm.

.05, **p < 0.01, ***p < 0.001. ns, no significance.
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Figure 3. LARP7 enhanced SIRT1 deacetylase activity by directly interacting with its N-terminal activation domain

(A) LARP7 interacted with SIRT1 in IMR90 cells as assessed by immunoprecipitation with LARP7 (top) and reciprocal immunoprecipitation with SIRT1 (bottom).

The 5 mg/mL RNase A was subjected to nuclear protein lysis to remove 7SK RNA.

(B) Schematic diagram showing functional domains of SIRT1, domain deletions, and binding affinity between LARP7 and SIRT1 domain deletions.

(C) Domain deletion assay in 293T cells indicated LARP7 interacted with N-SIRT1 (157–244). Protein samples were immunoblotted with HA antibody (CST, rabbit,

#3724) and FLAG antibody (Sigma, mouse, #F1804).

(D) In vitroSIRT1 activity assay showing LARP7 augmented SIRT1 activity in a dose-dependentmanner, which required N-terminal domain of SIRT1 and allosteric

activation amino acid (E230).

(E) In vitro SIRT1 activity assay demonstrated LARP7 enhanced the intracellular SIRT1 activity.

(F) Overexpression of LARP7 promoted nuclear SIRT activity in vivo.

(legend continued on next page)
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IL-6, and IL-8, central SASP factors activated by p65, were also

upregulated (Figure S2D). Together, these results suggested that

activation of p53 and p65 via increased acetylation accounts for

the cell-cycle arrest and SASP induced by LARP7 depletion.

Next, we sought to identify the enzymes responsible for regu-

lating p53 and p65 acetylation downstreamof LARP7. p300/CBP

and histone deacetylase sirtuin1 (SIRT1) were reported tomodu-

late the p53-K382Ac and p65-K310Ac (Akihiroo et al., 2001;

Chen et al., 2002; Yeung et al., 2004; Yi and Luo, 2010). We

measured the expression of p300, CBP, and SIRT1 by western

blot. Protein levels of p300 and CBP did not change significantly

in LARP7-depleted cells on both day 3 and day 14, whereas

SIRT1 protein, not mRNA was profoundly suppressed by day

14 (Figures 2A, 2B, and S3A). Moreover, nuclear SIRT activity

markedly declined on day 3 by 1.6-fold, which was comparable

to the effect of the SIRT1 inhibitor EX527, and became further

reduced (2.4-fold) on day 14 (Figure 2D). The declined SIRT1

activity 3 days after LARP7 depletion was further confirmed by

purifying SIRT1 from IMR90 cells (Figure S3B). These results

suggested that SIRT1 deficiency may account for the elevated

p65 and p53 acetylation in LARP7-depleted cells. To further

test it, we replenished SIRT1 activity in LARP7-deficient IMR90

cells by adding SIRT1 activator SRT1720 or genetically overex-

pressing SIRT1. SRT1720 treatment for 12 h and SIRT1 overex-

pression were sufficient to abrogate the elevated acetylation of

p53 and p65 (Figures 2E and S3C). The induction of SASP genes

and p21 was also attenuated by SRT1720 and SIRT1 overex-

pression (Figures 2F, 2G, and S3D). Similarly, JSH-23, a NF-kB

inhibitor abolished the induction of SASP (Figure 3F). Further-

more, SIRT1 overexpression recovered the impaired proliferative

potential of LARP7-deficient IMR90 cells, whereas SIRT1 knock-

down abrogated the enhanced one of LARP7-overexpressed

cells (Figures S3E–S3G). More importantly, both SRT1720 treat-

ment and SIRT1 overexpression ameliorated the senescent

phenotype of LARP7-depleted cells as indicated by SA-b-Gal

staining (Figures 2H, 2I, S3H, and S3I). SIRT1 knockdown alone

induced marked senescence in IMR90 cells. Compound knock-

down with LARP7 did not further increase the proportion indi-

cating LARP7-mediated senescence was completely through

SIRT1 (Figures S3J and S3K). Together, these results suggested

that the LARP7-SIRT1 axis mediates the acetylation and activa-

tion of p53 and p65, which is pivotal for LARP7-depletion-

induced senescence.

LARP7 allosterically enhanced SIRT1 deacetylase
activity by interacting with its N-terminal allosteric
activation domain
LARP7 depletion reduced SIRT1 activity without altering SIRT1

protein level at the beginning. Moreover, the reservoir of nicotin-

amide adenine dinucleotide (NAD+), a cofactor required for

SIRT1 activity, was not affected by LARP7 depletion or overex-

pression in IMR90 cells (Figure S3L). These results suggested

that LARP7 may directly regulate SIRT1 activity. To investigate

this possibility, we used co-immunoprecipitation to determine
(G and H) In vitro deacetylation assay showing LARP7 enhanced SIRT1-mediate

(I) The diagram for LARP7 activating SIRT1 activity.

Data: mean ± SD. Statistical analysis: unpaired two-tailed Student’s t test. n = 3 in
whether LARP7 interacts with SIRT1. We found that LARP7 co-

precipitated SIRT1, and reciprocally SIRT1 co-precipitated

LARP7 (Figure 3A). The interaction was not reduced by RNase

A treatment (Figure 3A) and was recapitulated using bacterially

purified, recombinant proteins (Figure S3M), which suggest a

direct interaction between LARP7 and SIRT1.

To determine which domain of SIRT1 interacts with LARP7,

we used the domain deletion assay (Figure 3B). SIRT1 residues

1–225 strongly bound to LARP7, whereas residues 1–157 and

245–747 did not, indicating that residues 157–225 contain the

interaction domain (Figure 3C). SIRT1[158–225] (referred to here-

after as N-SIRT1) fused to GST could pull down the full length of

LARP7 (Figure S3N), which further validated this interaction.

Notably, N-SIRT1 is a conserved domain for allosterically

enhancing SIRT1 activity by interacting with some sirtuin-acti-

vating compounds (STACs) such as SRT1720, protein agonist

AROS (also referred to as Ribosomal Protein S19 Binding Protein

1), and monounsaturated fatty acids (MUFAs) (Kim et al., 2007;

Najt et al., 2020). These provided us a clue that LARP7may func-

tion like an activator to stimulate SIRT1 enzymatic activity allo-

sterically. To test it, we evaluated SIRT1 activity with or without

LARP7 using the in vitro SIRT1 activity assay. GST-LARP7 but

not GST alone enhanced the deacetylase activity of full-length

SIRT1 to a maximum of 2.4-fold of basal levels in a dose-depen-

dent manner, which was abrogated by deletion of the N terminus

of SIRT1 (Figures 3D andS3O). E230 residue locates in the N-ter-

minal domain and is critical for allosteric activation of SIRT1

(Hubbard et al., 2013). To further validate LARP7 is an allosteric

activator of SIRT1, we purified SIRT1 E230Kmutant protein from

bacteria and applied it to in vitro SIRT1 activity assay (Fig-

ure S3P). Similar to the N terminus deletion, increased doses

of LARP7 did not enhance SIRT1 E230K activity though both

bare the basal SIRT1 activity (Figure 3D). Moreover, LARP7 did

not bind to SIRT2, SIRT6, and SIRT7, other predominant homo-

logs of SIRT1 in the nuclei, and not enhance their deacetylase

activities as well (Figures S3P–S3R). These results further

confirmed that LARP7 allosterically and specifically enhances

SIRT1 activity by directly interactingwith its N-terminal activation

domain.

To further examine the effect of LARP7 on SIRT1 activity in a

cellular context, we first purified FLAG-tagged LARP7 and HA-

tagged SIRT1 from 293T cells and then performed in vitro

SIRT1 activity assay (Figure S3S). As expected, the LARP7

yielded from mammalian cells enhanced SIRT1 activity (Fig-

ure 3E). Moreover, overexpressing LARP7 in IMR90 cells (LAR-

P7OE) significantly enhanced endogenous nuclear SIRT activity

at both day 3 and 14, and which was comparable to 1 mM

SRT1720 treatment (Figure 3F).

To further testify whether LARP7-modulated SIRT1 activation

was able to promote the deacetylation of p53 and p65, we puri-

fied GST-p53 and GST-p65 from bacteria and incubated them

with p300 and acetyl-CoA to obtain GST-p53-K382Ac and

GST-p65-K310Ac (Figures S3T and S3U). The in vitro deacetyla-

tion assays showed wild-type SIRT1 catalyzed the p53 and p65
d deacetylation of p53 and p65.

dependent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance.
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Figure 4. ATM-LARP7-SIRT1 axis-mediated DDR-induced cellular senescence

(A) Western blotting showing LARP7 was downregulated after H2O2 treatment. IMR90 cells were exposed to 100 mM H2O2 for 2 h.

(B and C) Immunofluorescence staining showing LARP7 was shuttled out of nuclei upon H2O2 treatment and was prevented by KU60019. Cells were stained with

the LARP7-specific antibody 6 h after H2O2 treatment (B), and the percentage of extranuclear exportation was calculated (C). n = 3. Scale bar: 50 mm.

(D) ATM-mediated LARP7 degradation induced by H2O2. KU60019 (10 mM) was pre-incubated with IMR90 cells 2 h before adding 100 mM H2O2.

(E) Immunoprecipitation illustrated that H2O2 disrupted LARP7-SIRT1 interaction in IMR90 cells, which was reversed by KU60019.

(F) The experimental design of Figures 4G–4M.

(G) Nuclear SIRT activity assay in IMR90 cells showing H2O2 repressed SIRT1 activity, which was blocked by KU60019 or ectopic expression of LARP7. n = 3.

(H and I) ATM inhibition or doxycycline-induced LARP7 overexpression abolished H2O2-induced p65 and p53 acetylation. Cell lysates were subjected to western

blot (H), and the blots were quantified with ImageJ (I). n = 3.

(legend continued on next page)
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deacetylation, and which was stimulated by GST-LARP7 but not

GST in a dose-dependent manner (Figures 3G and 3H). We also

excluded other contaminating deacetylases by performing par-

allel assays with catalytically inactive SIRT1-H363Y mutant pro-

tein, which showed that SIRT1-H363Y does not alter p53 or p65

acetylation in the presence or absence of GST-LARP7 (Figures

3G and 3H).

Collectively, these data demonstrate that LARP7 allosterically

activates SIRT1 activity by interacting with its N terminus, which

thereby induces the deacetylation of p53 and p65 (Figure 3I).

ATM-regulated LARP7 stability and nuclear localization
We next sought to explore the mechanism of LARP7 downregu-

lation in senescent cells and aging. Persistent DNA damage trig-

gers DDR and leads to cellular senescence and aging (Gorgoulis

et al., 2019). To test whether DNA damage downregulated

LARP7, we treated IMR90 cells with IR (10 Gy). This triggered

rapid downregulation of LARP7 that was evident by 1 day after

IR and reached a nadir by 3 days that was sustained through

day 14 (Figure S4A). In addition, oxidative stress (100 mM

H2O2) also profoundly depleted LARP7 in IMR90cells (Figure 4A).

Unlike the rapid decrease of LARP7 induced by IR, H2O2-

induced LARP7 depletion occurred more slowly but was equally

severe by day 14. Moreover, we noted that both IR and H2O2

caused rapid LARP7 nuclear exclusion within 6 h (Figures 4B,

4C S4B, and S4C).

ATM-mediated DDR is one of the main pathways for cellular

senescence (Zhao et al., 2020; Rodier et al., 2009). To test

whether ATM activation is required for IR or H2O2-induced

LARP7 degradation or nuclear exclusion, we pretreated IMR90

cells with 10 mM ATM inhibitor KU60019. KU60019 almost

completely blocked LARP7 decline induced by both H2O2 and

IR at both early (day 3) and late (day 14) time points (Figures

4D and S4D). KU60019 also halted the exclusion of LARP7

from the nucleus (Figures 4B, 4C, S4B, and S4C).

SIRT1 activity was attenuated in IR and ROS-induced senes-

cence (Yuan et al., 2012; Zannini et al., 2012). Given that

LARP7 stimulates SIRT1 activity, we hypothesized that LARP7

may contribute to the attenuation of SIRT1 activity in IR and

ROS-induced senescent cells. We first validated this hypothesis

by measuring LARP7-SIRT1 interaction after H2O2 treatment.

H2O2 markedly reduced LARP7-SIRT1 interaction, and this ef-

fect was blocked by KU60019 (Figure 4E). Consistent with the

attenuated interaction, SIRT1 activity was markedly suppressed

by H2O2 and IR but was profoundly recovered by Doxycycline

(DOX)-induced LARP7 overexpression (Figures 4F, 4G, and

S4E). KU60019 also recovered the SIRT1 activity in H2O2-treated

IMR90 cells, which was further inhibited by knocking down

LARP7, indicating that KU60019 recovered SIRT1 activity at

least partially through LARP7 (Figures 4G and S4E). H2O2

induced the acetylation of p53 and p65 on Lys382 and Lys310,
(J and K) ATM inhibition or LARP7 overexpression abolished H2O2-induced p21

qRT-PCR 14 days after H2O2 treatment. n = 3.

(L and M) SA-b-Gal staining showing KU60019 and LARP7 overexpression re

quantified with ImageJ (M). n = 3. Scale bar: 100 mm.

(N) The diagram for the activation of ATM-LARP7-SIRT1-p53/p65 axis, and whic

Data: mean ± SD. Statistical analysis: unpaired two-tailed Student’s t test. *p < 0
respectively, which were also abrogated by LARP7 overexpres-

sion and KU60019 (Figures 4H and 4I). These changes in p53 and

p65 acetylation were further mirrored by the expression of p21

(Figure 4J) and SASP genes (Figure 4K), and ultimately by the

development of senescence measured by SA-b-Gal staining

(Figures 4L and 4M). We performed similar studies of DNA dam-

age elicited by IR and found matching evidence of ATM-LARP7-

SIRT1 axis linking DNA damage to cellular senescence (Figures

S4F and S4G). Together, these data demonstrate that the ATM-

LARP7-SIRT1-p53/p65 axis actively contributes to the DDR-

induced cellular senescence (Figure 4N).

LARP7 elimination led to the premature aging
phenotypes in mouse
Increased incidence of senescent cells contributes to aging

and age-related pathologies (Muñoz-Espin and Serrano,

2014), we therefore further evaluated if LARP7-mediated

senescence pathway contributes to aging developement in vivo.

Constitutive LARP7 knockout mice are not viable, so we

crossed our previously reported conditional LARP7 flox allele

with UBCCreERT2 mice (Ruzankina et al., 2007), which broadly

express tamoxifen-inducible Cre recombinase (CreERT2). We

treated 2-month-old LARP7flox/flox; UBCCreERT2 (abbreviated as

LARP7iKO) male mice with tamoxifen (TAM) every other day

for five times to induce widespread inactivation of LARP7. We

validated the efficiency of Cre-mediated recombination in the

LARP7flox locus in all eight tissues (Figure S5A). Efficient re-

combinations were unravelled by extensive depletion of

LARP7 mRNA and protein (Figures S5B and S5C).

We monitored 43 LARP7WT (uninduced LARP7flox/flox;

UBCCreERT2) and 43 LARP7iKO mice up to 14 months of age.

14-month-old LARP7iKO mice showed signs of cachexia and

loose hair (Figure 5A). In addition, LARP7iKO mice gradually

showed weight loss from 4 months after TAM treatment (Fig-

ure 5B). LARP7iKO mice developed splenomegaly with signifi-

cantly increased spleen mass compared to wild-type mice

(2.1-fold, p = 2.85E-10) (Figures 5C and 5D), suggesting an

increased systemic inflammation or a possible low-grade

neoplasm. Histological analysis of the skin showed reduced

thickness of both dermis and subcutaneous adipose layers in

LARP7iKO compared to LARP7WT mice (Figures 5E and 5F). In

a wound-healing assay, LARP7iKO mice had reduced ability to

repair wounds (Figure 5G). Moreover, senescent cells accumu-

lated in the four tissues assayed (kidney, brain, liver, and lung),

as determined by SA-b-Gal staining (from 2.3- to 5.1-fold

increased staining intensity, p < 0.0001 in all tested tissues) (Fig-

ures 5H and S5D).

Blood vessels are prone to senescence and aging (Jani and

Rajkumar, 2006; Ungvari et al., 2018; Wang and Bennett,

2012). LARP7 was dramatically downregulated in the aortas of

aged and IR-exposed prematurely aged mice (Figures 1A and
and SASP gene expression. p21 (J) and SASP genes (K) were measured with

versed the H2O2-induced cellular senescence. SA-b-Gal positive cells were

h results in cellular senescence.

.05, **p < 0.01, ***p < 0.001.
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Figure 5. LARP7 deficiency induced the premature aging in vivo

(A) Photographs of 14-month-old LARP7WT and LARP7iKO mice.

(B) Growth curves of LARP7WT and LARP7iKO mice. n = 43 mice in each group.

(C) Representative figure of spleen of 14-month-old LARP7WT and LARP7iKO mice.

(D) Statistical analysis of (C). n = 20.

(E) H&E staining of the skin of 14-month-old LARP7WT and LARP7iKO mice. A, subcutaneous adipose layer; D, dermis. Scale bar, 200 mm.

(F) Statistical analysis of (E). n = 20.

(G) Wound-healing curves of 14-month-old LARP7iKO and LARP7WT mice. n = 6.

(H) SA-b-Gal staining of the indicated organs in LARP7WT and LARP7iKO mice. Scale bar: 1 mm.

(legend continued on next page)
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1D). Thus, we carefully characterized the aging phenotypes by

isolating aortas from LARP7WT and LARP7iKO mice and found

that the total weight of LARP7iKO aortas were lower than

LARP7WT aortas (Figure S5E). Histological analysis of thoracic

aorta (TA) and left common carotid artery (LCCA) revealed a sig-

nificant reduction in medial cell number and wall thickness and

increased wall to lumen ratio in LARP7iKO mice (Figures 5I and

S5F–S5H). Elastica van Gieson (EVG) staining revealed that in

LARP7iKO mice the elastic lamina was flattened and the intervals

between elastic lamellae was much smaller (Figure 5I), suggest-

ing that LARP7 depletion leads to the loss of arterial elasticity

and gain of vascular stiffness, the typical pathologies of vascular

aging. In line with these degenerative vascular phenotypes,

significantly increased accumulation of senescent cells was

also observed in both TA and LCCA of LARP7iKO mice as evalu-

ated by SA-b-Gal and p16 staining (Figures 5I, S5I, and S5J).

In agreement with the accumulated senescent cells, typical

SASP factors such as IL-1b, IL-6, Ccl2 (Mcp1), Mmp3, and

Mmp9, and blood vessel-specific ones including intercellular

adhesion molecule 1 (Icam1) and vascular cell adhesion mole-

cule 1 (Vcam1) were significantly elevated, which suggest a

proinflammatory environment in LARP7iKO aorta (Figure 6A).

Similarly, increased expression of p21 was also observed (Fig-

ure 6A). To test if the elevated SASP and p21 expression was

due to the activation of p53 and p65, we assessed the acetyla-

tion status of p53 and p65 in LARP7iKO aorta with wild-type aorta

and found that p53 and p65 acetylation are markedly increased

in LARP7iKO aorta (Figures 6B, 6C, S6A, and S6B). Furthermore,

short-term depletion of LARP7 for 2 weeks significantly elevated

p53 and p65 acetylation (Figures 6B and S6A), suggesting that

the elevated acetylation was directly regulated by LARP7 deple-

tion. Consistently, nuclear SIRT activity was suppressed 2weeks

(2.2-fold, further validated by immunoprecipitated SIRT1 activity)

and 14 months (5.6-fold) after LARP7 depletion (Figures 6D and

S6C). SIRT1 mRNA was not altered at both time points (Fig-

ure S6D) and a suppression of SIRT1 protein only occurred at

14 months (Figure 6C). Similar to the notion that NAD+ declines

in the aged tissues (Covarrubias et al., 2021), the NAD/NADH ra-

tio in the old aortas was significantly lower than in young aortas

(Figure S6E). Additional depletion of LARP7 further decreased

the NAD/NADH ratio indicating a more severe aging phenotype

in old LARP7iKO aortas (Figure S6E). Collectively, these results

suggested that a suppressive LARP7-SIRT1-p53/p65 pathway

contributes to in vivo vascular senescence and aging.

Suppression of the LARP7-SIRT1 axis exacerbated
atherosclerosis
Senescent ECs and VSMCs accumulate in atherogenic blood

vessels (Childs et al., 2016) (Figures S6F and S6G), which cre-

ates a proinflammatory environment, increases the uptake of

plasma lipoproteins, and promotes atherosclerosis (Ferrucci

and Fabbri, 2018; Wang and Bennett, 2012). LARP7 depletion

accelerated vascular senescence and proinflammatory SASP,

suggesting that it may exacerbate atherosclerosis. To test this
(I) Vessel images of the thoracic aorta (TA) and left common carotid artery (LCCA

Data: mean ± SD. The comparison of 6-month-old mice weight in (B) was using

*p < 0.05, **p < 0.01, ***p < 0.001.
hypothesis, we crossbred LARP7iKOmicewith ApoEKO hyperlipi-

demic mice, amurine model frequently used to study atherogen-

esis (Nakashima et al., 1994). LARP7WT; ApoEKO and LARP7iKO;

ApoEKO mice were fed with a high-fat western diet (HFD) for

12 weeks to promote atherosclerosis (Figure 6E). LARP7iKO;

ApoEKO mice had substantially declined aortic SIRT1 activity

(Figure 6F). To further probe the function of the LARP7-SIRT1

axis in atherogenesis, we administered the SRT1720 to LAR-

P7iKO; ApoEKO mice for 12 weeks along with HFD (Figure 6E).

SRT1720 treatment increased SIRT1 activity in LARP7iKO;

ApoEKO aortas (Figure 6F). p16 immunostaining at the aortic

root revealed the emergence of senescent cells in the athero-

sclerotic lesion. Significantly, LARP7 deletion increased p16

positive senescent cells accumulation at aortic roots (Figures

6G and 6H). In addition, Mac3 positive inflammatory cells were

enriched in LARP7iKO; ApoEKO mice (Figures S6H and S6I), indi-

cating increased F4/80+ macrophage infiltration. However,

SRT1720 treatment reduced the senescent cells accumulation

and inflammation at aortic root in LARP7iKO; ApoEKO mice

comparing to those untreated mice (Figures 6G, 6H, S6H, and

S6I). As a consequence, LARP7 deletion significantly increased

atherosclerotic lesion area from 15.9% ± 2.4% to 26.7% ±

7.3% at 12 weeks (Figures 6I and 6J). Similarly, LARP7iKO;

ApoEKO mice exhibited increased lesion area at the aortic root

(23.3% ± 2.3%, control versus 37.7% ± 3.4%, LARP7iKO;

ApoEKO; p = 0.001, Figures S6J and S6K). Consistent with the

decreased senescent cells accumulation and inflammation,

SRT1720 also reduced the atherosclerotic area in LARP7iKO;

ApoEKO mice comparing to those untreated mice (Figures 6I,

6J, S6J, and S6K). Furthermore, we measured the plasmatic

cholesterol and triglyceride, the abnormality of which mainly

contribute to atherosclerosis. No significant difference in choles-

terol and triglyceride between LARP7WT; ApoEKO and LARP7iKO;

ApoEKO mice were observed (Figures S6L and S6M), indicating

atherogenic exacerbation in LARP7iKO; ApoEKOmice wasmainly

attributed to the senescence and proinflammatory SASP rather

to a disturbed lipid metabolism. Similarly as reported (Chen

et al., 2015), SRT1720 reduced the plasma cholesterol and tri-

glyceride in LARP7iKO; ApoEKO mice (Figures S6L and S6M).

SRT1720 has beenreported to alleviate Angiotensin II-induced

atherosclerosis via inhibiting vascular inflammation (Chen

et al., 2015). Thus, these results together suggested that the

observed anti-atherogenesis effects of SRT1720 could be

more complicated and possibly not only through a vascular reju-

venation. Nevertheless, SRT1720 efficiently alleviates the exac-

erbated atherogenesis in LARP7iKO; ApoEKO mice, which sup-

ports a conclusion that LARP7 modulates the atherogenesis

through SIRT1.

ATM inhibition alleviated the atherogenesis by
recovering LARP7
ROS stimulates DNA damage and DDR involving ATM activa-

tion, accelerates SIPS in vascular cells (Mahmoudi et al.,

2008; Matthews et al., 2006), and promotes atherogenesis.
) of 14-month-old LARP7WT and LARP7iKO mice. Scale bar: 100 mm.

Mann-Whitney U test; the others were tested with two-tailed Student’s t test.
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Figure 6. LARP7 deficiency accelerated vascular senescence and atherogenesis in ApoEKO mice by attenuating SIRT1 activity

(A) SASP genes and p21 were upregulated in LARP7iKO aortas 14 months after TAM induction. n = 8.

(B) Aortas of LARP7iKO mice showing elevated acetylation of p65 and p53 after depletion of LARP7 for 2 weeks.

(C) Elevated acetylation of p65 and p53 in aorta after depletion of LARP7 for 14 months.

(D) LARP7 depletion significantly attenuated the nuclear SIRT activity in the aortas especially 14 months after induction. n = 3.

(E) The strategy for SRT1720 administration.

(F) SIRT1 activity assays illustrating nuclear SIRT activity decreased in aortas of LARP7iKO; ApoEKO mice, and SRT1720 significantly elevated the nuclear SIRT

activity in LARP7iKO; ApoEKO mice aortas. n = 3.

(G and H) p16 staining (G) showing LARP7 depletion increased the senescent cells accumulation in the atherosclerotic lesion of ApoEKO mice, but which was

mitigated by SRT1720. (H) represents the statistical results of (G). n = 10. Scale bar: 500 mm.

(legend continued on next page)
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Dihydroethidium (DHE) staining of freshly isolated aorta revealed

marked elevation of ROS in the atherosclerotic aorta of HFD-

treated ApoEKO mice, which activated ATM as revealed by the

phosphorylated ATM staining (Figures 7A–7D). In agreement

with the in vitro results that ROS-mediated ATM activation sup-

pressed LARP7, immunostaining showed that LARP7 wasmark-

edly repressed in atherosclerotic aortas of ApoEKOmice (Figures

7E and 7F). Moreover, a marked reduction of LARP7 was also

observed in the human atherosclerotic coronary arteries not in

the normal ones (Figures 7E and 7F).

Therefore, we asked whether the inhibition of ATM and DDR

activation could reverse the downregulation of LARP7 in athero-

sclerotic vessels and thereby ameliorate atherogenesis. To this

end, we treated ApoEKO mice with 5 mg/kg KU60019 and fed

them with HFD for 18 weeks (Figure 7G). To further understand

the role of ATM-LARP7 axis in vascular senescence and athero-

genesis, we also treated the LARP7iKO; ApoEKO mice with

KU60019 (Figure 7G). KU60019 increased SIRT1 deacetylase

activity by 1.5-fold in aorta (Figure 7H). Noteworthily, SIRT1 ac-

tivity in KU60019-treated LARP7iKO; ApoEKO mice was lower

than in the KU60019-treated LARP7WT; ApoEKO mice, which

indicated that ATM-mediated recovery of SIRT1 activity in

atherogenic aorta required LARP7 (Figure 7H). Correspondingly,

the expression of SASP genes and p21 was suppressed

in KU60019-treated LARP7WT; ApoEKO aortas but not in

KU60019-treated LARP7iKO; ApoEKO aortas (Figure S7A).

Consistent with KU60019 reduction of cellular senescence in

IMR90 cells, KU60019 alleviated cellular senescence in athero-

sclerotic lesions, and this effect was attenuated by LARP7

knockout (Figures 7I and 7J). In line with the reduced SASP fac-

tors expression, KU60019 also significantly reduced the F4/80+

microphage infiltration within the lesion in ApoEKO mice, but

this reduction was not observed in LARP7iKO; ApoEKO mice (Fig-

ures S7B and S7C). Moreover, KU60019 reduced the extent of

atherosclerotic lesions in en face aorta (KU60019, 12.0% ±

2.0% versus vehicle, 26.0% ± 3.5%; Figures 7K and 7L) and

in the aortic root (KU60019, 17.1% ± 2.9% versus vehicle

32.4% ± 1.9%; Figures S7D and S7E), but the benefits of

KU60019 were significantly compromised in LARP7iKO; ApoEKO

mice (ApoEKO versus LARP7iKO; ApoEKO: 12.0% ± 2.0% versus

31.4% ± 5.9% in en face aorta; 17.1% ± 2.9% versus 34.7% ±

1.8% in the aortic root) (Figures 7K, 7L, S7D, and S7E). Together,

these results suggest that ATM-LARP7-SIRT1 axis defined in the

cellular model also preserves in the atherogenic aorta and con-

tributes to the atherosclerotic senescence and lesion formation.

DISCUSSION

Here, we report LARP7 functions as a gatekeeper of DDR-

induced cellular senescence. DNA damage activates ATM that

dampens LARP7-modulated SIRT1 deacetylase activity, in-

creases p53 and p65 acetylation and transcriptional activity,

and thereby promotes cells to undergo senescence. The activa-
(I and J) LARP7 depletion increased the atherogenesis which was reversed by the

of aorta en face stained by oil red O (I). The calculation of percentage of lesion a

Data: mean ± SD, Figure 6D was tested with two-tailed Student’s t test; the rest

0.01, ***p < 0.001.
tion of this pathway not only promotes in vitro senescence but

also deteriorates in vivo aging and atherosclerosis in ApoEKO

mice. On the contrary, preventing the activation of this pathway

ameliorates vascular senescence and atherogenesis.

Yeast silent information regulator 2 (SIR2) is able to increase

the lifespan of yeast and worm (Sinclair and Guarente, 1997;

Kennedy et al., 1997). In mammals, enhancing the activity of

SIRT1 improves multiple aspects of health related to aging

though it is debatable as to its ability to improve the longevity

(Banks et al., 2008; Haigis and Sinclair, 2010). SIRT1 deacetylase

activity is tightly regulated by NAD+ and protein modulators.

Before our study, AROS and Lamin A had been identified as

SIRT1 activators (Kim et al., 2007; Liu et al., 2012). AROS binds

to the N-terminal domain of SIRT1 and induces the conformation

change that allosterically increases the deacetylase activity of

HDAC domain. Here, we identify LARP7 as a cellular allosteric

activator of SIRT1. LARP7 binds to the same N-terminal domain

of SIRT1 and enhances the deacetylase activity, which indicates

these two protein activators share the same activation mecha-

nism. However, as reported, AROS-mediated deacetylation of

p53 is weak and cell-context dependent, and AROS cannot

mediate the deacetylation of p65 as shown with LARP7. More-

over, no study indicates AROS has an involvement in cellular

senescence. Therefore, comparing with AROS, LARP7 is

possibly a more general and robust activator of SIRT1.

Many studies reported that SIRT1 activity substantially de-

clines during senescence and aging, and which accelerates their

progression. Likewise, our study unveils that SIRT1 activity de-

clines very rapidly in senescence even 1 day after H2O2 and IR

treatment. Intriguingly, LARP7 also diminishes rapidly: 1 day af-

ter IR or 3 days after H2O2 exposure. An even more rapid extra-

nuclear shuttling of LARP7 occurs at 6 h after H2O2 and IR treat-

ment, which significantly dampens the LARP7-SIRT1 interaction

and SIRT1 activity. The declined cofactor NAD+ level is thought

be themajor reason for the declined SIRT1 activity in aging; how-

ever, we did not observe a significant NAD+ haploinsufficiency

after knocking down LARP7 for up to 3 days. Similarly, NAD/

NADH ratio is not reduced in short-term depletion of LARP7

mice aortas. Therefore, these data support that the rapid loss

of SIRT1 deacetylase activity at the beginning of DDR-induced

senescence is most likely attributed to the swift translocation

and downregulation of LARP7. The early reduction of SIRT1 ac-

tivity mediated by LARP7 repression may serve as a trigger to

elicit senescence. It is worth mentioning that LARP7 was also

observed to decline in various aged organs (Figures 1A and

S1A). LARP7 whole-body depletion led to senescent cells accu-

mulation in various organs (Figure 5H). SIRT1 ubiquitously ex-

presses in many tissues and involved in numerous types of

age-related diseases progression (Ding et al., 2017; Herskovits

and Guarente, 2014; Li et al., 2018; Li et al., 2014; Westerheide

et al., 2009). Due to LARP7 physically overlapping with SIRT1

in multiple organs and enhancing SIRT1 activity, we speculate

that LARP7 may also contribute to the aging-associated
treatment with SRT1720. The representative images of atherosclerosis lesions

rea relative to total region (J). n = 10 mice for each group. Scale bar: 1 mm.

plots were tested with one-way ANOVA followed by Tukey post hoc test. **p <
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diseases other than atherosclerosis as we tested here. LARP7

reduction may serve as a hallmark of age-associated diseases,

and LARP7 replenishment could be an effective mean to cure

these diseases.

Accumulative DNA damage and DDR activation have been

linked to atherogenesis (Wang and Bennett, 2012). However,

the details of the molecular mechanism remain unclarified.

Here, we find the elevated ROS and pATM in atherosclerotic

lesion originated from lipidemic ApoEKO mice, and, accordingly,

where LARP7 and SIRT1 activity are substantially suppressed.

Noteworthily, genetic ablation of LARP7 reduces SIRT1 activity,

elevates p53/p65 acetylation, and increases expression of SASP

genes and p21, thus leads to aggravated vascular aging in

normal mice, and atherogenesis in the ApoEKOmice. In contrast,

blocking the transduction of this pathway using ATM inhibitor or

SIRT1 activator significantly halts the proinflammatory SASP

genes and p21 expression, and ultimately ameliorates the

vascular senescence and atherogenesis. These results suggest

that this defined senescent pathway ATM-LARP7-SIRT1-p53/65

plays an irreplaceable role in DDR-induced vascular senescence

and atherogenesis. Our study shows that two independent

approaches of ATM inhibitor and SIRT1 chemical agonist can

efficiently protect against atherosclerosis, indicating targeting

ATM-LARP7-SIRT1 axis hold a potency for therapeutic manage-

ment of atherosclerosis.

Limitations of the study
In the present study, we reveal the whole-body depletion of

LARP7 on ApoEKOmice induces vascular senescence and exac-

erbates atherogenesis. It is well accepted that multiple cell types

in artery including smooth muscle cells, endothelial cells, fibro-

blasts, and macrophages make substantial contributions to the

atherogenesis. Moreover, their contributions are not equivalent;

for example, smooth muscle cells and macrophages have been

illustrated to have more important roles in aging-related athero-

sclerosis. Therefore, it is valuable to dissect which specific cell

type contributes to the LARP7-depletion-induced senescence

and atherogenesis by deploying variable tissue-specific Cre an-

imals in addition to the UBCCreERT2 mice as we used here, and

which could unveil a distinct mechanism and strategy for this

prevailing pathology. Moreover, cellular senescence is relevant

to the aging and lifespan. Our results demonstrate the persistent
Figure 7. ATM inhibition alleviated vascular senescence and atheroge

(A and B) Freshly isolated aorta from ApoEWT and ApoEKOmice receiving HFD for

ImageJ (B). n = 5. Scale bar: 50 mm.

(C and D) Immunohistochemistry of phosphorylated ATM illustrated the hyperacti

for 2 months were applied for the pATM staining (C), and pATM intensity was qu

(E and F) Immunofluorescence staining showing LARP7 markedly declined in ath

The atherogenic arch aorta was isolated from ApoEKO mouse receiving HFD for 2

coronary artery; AA, arch aorta. n = 5. Scale bar: 50 mm.

(G) The strategy for KU60019 administration. For ATM inhibition, 5 mg/kg KU600

(H) The nuclear SIRT activity in the aortas of LARP7WT; ApoEKO and LARP7iKO; A

(I and J) p16 staining showing KU60019 prevented the senescent cells accumulat

fluorescent intensity from 10 aortic roots were calculated (J). Scale bar: 500 mm.

(K and L) KU60019 alleviated the atherogenesis of LARP7WT; ApoEKOmice, but wh

face (K) was quantified as the percentage of atherogenic lesion relative to the to

Data: mean ±SD, Figures 7B, 7D, and 7F were tested with two-tailed Student’s t te

hoc test. **p < 0.01.
inhibition of LARP7 leads to in vivo senescence indicating it pos-

sesses the possibility to affect the lifespan aswell; however, it re-

mains unsolved under our current experimental settings. Thus,

exploring whether the mammalian lifetime is able to be extended

by manipulating the LARP7 and LARP7-related pathway will be

valuable for aging-associated mechanistic study and even for

drug discovery, and studies are currently underway to pursue it.
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KEY RESOURCES TABLE
Reagent or resource Source Identifier

Antibodies

LARP7 Antibody BETHYL Cat #A303-723A; RRID: AB_11205813

Anti-Sirt1(Sir2) Antibody Millpore Cat #07-131; RRID: AB_11214517

Anti-CDKN2A/p16INK4a antibody Abcam Cat #ab108349; RRID: AB_10858268

p21 antibody Abcam Cat #ab109199; RRID: AB_10861551

p53 (DO-1) antibody Santa Cruz Biotechnology Cat #sc-126; RRID: AB_628082

NF-kB p65 (D14E12) XP� Rabbit mAb Cell Signaling Technology Cat #8242; RRID: AB_10859369

Acetyl-NF-kB p65 (Lys310) Antibody Cell Signaling Technology Cat #3045; RRID: AB_823580

Acetyl-p53 (Lys382) Antibody Cell Signaling Technology Cat #2525; RRID: AB_330083

Anti-smooth muscle Myosin heavy chain 11

[1G12] antibody

Abcam Cat #ab683; RRID: AB_2235569

Anti-alpha smooth muscle Actin antibody Abcam Cat #ab5694; RRID: AB_2223021

Purified Rat Anti-Mouse CD31 antibody BD Bioscience Cat #550274; RRID: AB_393571

Purified Rat Anti-Mouse CD107b Clone

M3/84 (RUO) antibody

BD Bioscience Cat #553322; RRID: AB_394780

HA-Tag (C29F4) Rabbit mAb Cell Signaling Technology Cat #3724; RRID: AB_1549585

Monoclonal ANTI-FLAG M2 antibody Sigma-Aldrich Cat #F1804; RRID: AB_262044

b-Tubulin (9F3) Rabbit mAb (HRP

Conjugate)

Cell Signaling Technology Cat #5346; RRID: AB_1950376

Other antibodies see Table S2. N/A

Bacterial and virus strains

BL21/DE3 E. coli NEB Cat #C2527

Biological samples

Human coronary artery samples The University of Pennsylvania

Human Heart Tissue Bank

IRB protocol number: 802781

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma Cat #T5648; CAS:10540-29-1

SRT1720 Selleck Cat #S1129; CAS: 1001645-58-4

KU60019 Selleck Cat #S1570; CAS: 925701-49-1

Oil Red Powder Sigma Cat #O0625; CAS: 1320-06-5

EX527 Selleck Cat #S1541; CAS: 49843-98-3

Fetal bovine serum ExCell Bio Cat #FSP500

Acetyl-CoA Sigma Cat #A2181; CAS: 32140-51-5

NAD+ Selleck Cat #S2518; CAS: 53-84-9

Critical commercial assays

Fast Mutagenesis System kit TransGen Biotech Cat #FM111S

Senescence b-Galactosidase

Staining Kit

Cell Signaling Technology Cat #9860S

NAD/NADH Quantification Kit Sigma Cat #MAK037

Universal SIRT Activity Assay Kit Abcam Cat #ab156915

Deposited data

RNA-Seq This paper GSE160279

Processed RNA-Seq data This paper Table S1

(Continued on next page)
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Reagent or resource Source Identifier

Experimental models: Cell lines

Human: HEK293T William T. Pu (Harvard University) N/A

Human: IMR-90 ATCC Cat #CCL-186; RRID: CVCL_0347

Mouse Embryonic Fibroblasts LARP7�/� (Zhang et al., 2020) Homemade

Mouse Embryonic Fibroblasts LARP7+/+ (Zhang et al., 2020) Homemade

Experimental models: Organisms/strains

LARP7�/� conventional knockout mouse (Zhang et al., 2020) Homemade

LARP7flox/flox mouse (Yu et al., 2021) Homemade

129S.Cg-Ndor1Tg(UBC-cre/ERT2)1Ejb/J mouse The Jackson Laboratory Cat #007179; RRID: IMSR_JAX:007179

C57BL/6-Apoeem5Smoc mouse Shanghai Biomodel Organism Science &

Technology Development corporation

Cat #NM-KO-190565; RRID: IMSR_NM-

KO-190565

Oligonucleotides

Primer for QPCR: human LARP7 Forward:

TGGAAACTCGAGATCCTTTCTG

This paper N/A

Primer for QPCR: human LARP7 Reverse:

GTTTTGCCTGTCTATCAACCAA

This paper N/A

Primer for QPCR: mouse Larp7 Forward:

GCCATTGAGTTTCTGAACAACC

This paper N/A

Primer for QPCR: mouse Larp7 Reverse:

CTTCGTGGCTTTACACACGC

This paper N/A

siRNA targeting sequence: human LARP7:

ACAAGCGAGUAAACAUAUATT

This paper N/A

shRNA targeting sequence: human LARP7

#1: GGATGAACGCACAGTGTATGT

This paper N/A

shRNA targeting sequence: human LARP7

#2: GGACAGAGTTGAAGCATCTAG

This paper N/A

Other primers for QPCR and siRNA

targeting sequence, see Table S3

N/A

Recombinant DNA

Plasmid: pLenti-CMV-Flag-LARP7 (Zhang et al., 2020) N/A

Plasmid: pLenti-CMV-GFP (Zhang et al., 2020) N/A

Plasmid: pLKO.1 TRC (Moffat et al., 2006) Addgene plasmid #10878; RRID:

Addgene_10878

Plasmid: pLKO.1 shLARP7-1 This paper Homemade

Plasmid: pLKO.1 shLARP7-2 This paper Homemade

Plasmid: pHAGE-CMV-MCS-ZsGreen William T. Pu

(Harvard University)

N/A

Plasmid: pHAGE-CMV-Flag-LARP7 This paper Homemade

Plasmid: pHAGE -CMV-HA-SIRT1 (1-157) This paper Homemade

Plasmid: pHAGE -CMV-HA-SIRT1 (1-225) This paper Homemade

Plasmid: pHAGE -CMV-HA-SIRT1 (1-224) This paper Homemade

Plasmid: pHAGE -CMV-HA-SIRT1

(511-747)

This paper Homemade

Plasmid: pHAGE -CMV-HA-SIRT1

(245-747)

This paper Homemade

Plasmid: pHAGE -CMV-HA-SIRT1 (1-747) This paper Homemade

Plasmid: pHAGE -CMV-HA-SIRT2 This paper Homemade

Plasmid: pHAGE -CMV-HA-SIRT6 This paper Homemade

Plasmid: pHAGE -CMV-HA-SIRT7 This paper Homemade

Plasmid: pHAGE -CMV-HA-EP300 This paper Homemade

(Continued on next page)
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Continued

Reagent or resource Source Identifier

Plasmid: pGEX6P-GST This paper Homemade

Plasmid: pGEX6P-GST-SIRT1 (1-747) This paper Homemade

Plasmid: pGEX6P-GST-SIRT1 (245-747) This paper Homemade

Plasmid: pGEX6P-GST-SIRT1 (158-225) This paper Homemade

Plasmid: pGEX6P-GST-SIRT1 H363Y This paper Homemade

Plasmid: pGEX6P-GST-SIRT1 E230K This paper Homemade

Plasmid: pGEX6P-GST-SIRT2 This paper Homemade

Plasmid: pGEX6P-GST-SIRT6 This paper Homemade

Plasmid: pGEX6P-GST-SIRT7 This paper Homemade

Plasmid: pGEX6P-GST-LARP7 This paper Homemade

Plasmid: pGEX6P-GST-TP53 This paper Homemade

Plasmid: pGEX6P-GST-RELA This paper Homemade

Plasmid: pET28A-His-LARP7 This paper Homemade

Plasmid: pLenti-CMV-rtTA3-Blast Eric Campeau Lab Addgene plasmid #26429; RRID:

Addgene_26429

Plasmid: pLenti-CMV-TRE3G-Neo-LARP7 This paper Homemade

Software and algorithms

Adobe Photoshop CC Adobe https://www.adobe.com/es/products/

photoshop.html

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism 8 GraphPad https://www.graphpad.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents should be directed to andwill be fulfilled by the Lead Contact, Bing Zhang (bingzhang@

sjtu.edu.cn).

Materials availability
All reagents generated in this study are available upon request to the Lead Contact (bingzhang@sjtu.edu.cn).

Data and code availability

d All RNA-Seq data from this study are available at NCBI Gene Expression Omnibus and are publicly available as of the date of

publication. Accession numbers are listed in the key resources table. All other data reported in this paper will be shared by the

lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Experimental animals
LARP7flox/flox mouse was reported in our previous study (Yu et al., 2021). UBCCreERT2 mice (129S.Cg-Ndor1 Tg(UBC-cre/ERT2)1Ejb/J,

007179) were purchased from the Jackson Laboratory. The inducible LARP7 loss-of-function mice were generated by crossing

LARP7flox/flox with UBCCreERT2 mice. ApoEKO mice (C57BL/6-Apoeem5Smoc, NM-KO-190565) were purchased from Shanghai Bio-

model Organism Science & Technology Development corporation (Shanghai, China). All animal protocol and procedures were

approved by Institute Animal Care and Use Committee (IACUC) of Shanghai Jiao Tong University. Themice were housed under stan-

dard conditions with a 12-hour light/dark cycle, and had free access to water and standard chow unless specified.

Human coronary artery samples
Human coronary artery samples were acquired from University of Pennsylvania Human Heart Tissue Bank and kindly provided by

Yuzhen Zhang (Shanghai East Hospital, Tongji University School of Medicine). The use of human heart tissue for research was

approved by the University of Pennsylvania’s Institutional Review Board (IRB protocol number 802781). The detailed information
e3 Cell Reports 37, 110038, November 23, 2021
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of the test samples including age and gender were not provided by the collector at that time when samples were transferred. There-

fore, we could not provide these information in this paper.

Aging studies
For normal aging study, 6-8 weeks of male C57BL/6J mice were obtained from Lingchang BioTech, maintained in a standard feeding

and house condition and sacrificed until 6 or 22months of age. For LARP7iKOmice, 2months old LARP7flox/flox; UBCCreERT2malemice

were randomly assigned to two experimental groups and injected with sunflower seed oil or tamoxifen (50 mg/kg mice, every other

day for total 5 times) intraperitoneally. Following the final tamoxifen injection, mice weremonitoredweekly and the bodyweights were

recorded monthly. For IR-induced aging study, 2-month-old C57BL/6J male mice were exposed to X-ray (7Gy) for one time. The tis-

sues were collected 2 weeks or 12 weeks following irradiation.

Atherosclerosis studies
The LARP7flox/flox; UBCCreERT2 mice were crossed with ApoEKO hyperlipidemic mice to generate LARP7 knockout hyperlipidemic

mice (LARP7iKO; ApoEKO). The male mice of 6 to 8 weeks were randomly assigned to experimental groups and injected with tamox-

ifen (50 mg/kg mice, every other day for total 5 times) intraperitoneally. LARP7iKO; ApoEKO male mice were fed with a western diet

(Research Diets, D12108C) with 40% fat and 1.25% cholesterol for 12 weeks or 18 weeks respectively before being sacrificed. For

drug rescue experiments, SRT1720 was resolved in solution (2% DMSO + 30% PEG300 + 1% Tween80), KU60019 was resolved in

solution (5%DMSO + 30%PEG300), and SRT1720 (2 mg/kg) and KU60019 (5 mg/kg) were injected intraperitoneally every other day

for 12 weeks or 18 weeks.

An Oil Red Owhole-mount staining of isolated aorta was deployed to reveal the atherosclerotic lesion on the aorta en face, and Oil

Red positive region relative to the entire aortic area was calculated with ImageJ. For theOil RedO staining of aortic roots, we used the

first cryosection capturing all 3 leaflets of the aortic valve collected from the side of aortic arch, and the adjacent two sections were

used for Mac3 and p16 immunostaining respectively. This section point was defined as zero point, two serial sections either proximal

and distal to the zero point with 80um intervals were also stained. The average fluorescent intensity of 5 serial sections was subjected

for the calculation. All the quantifications of aorta en face and aortic root were performed by experimenter who were blinded to the

group design.

Blood lipid measurement
Blood samples were collected into heparin-coated tubes and centrifuged for 10 min at 1500 rpm to harvest the plasmas. Total plas-

matic cholesterol and triglyceride were measured using Total Cholesterol Quantification Kit (A111-1-1, Nanjing Jiancheng Bioengi-

neering Institute) and Triglyceride Quantification Kit (A110-1, Nanjing Jiancheng Bioengineering Institute) respectively according to

the manufacturer’s instructions.

METHOD DETAILS

Cell culture
IMR90 human diploid fibroblast line was purchased from ATCC (CCL-186) and grown in MEM medium (GIBCO) supplemented with

10% fetal bovine serum (FBS), L-glutamine, sodium pyruvate, nonessential amino and sodium bicarbonate. The purification of MEFs

was performed as previously described (Zhang et al., 2020). HEK293T cells were provided by William T. Pu lab (Harvard University).

MEFs and HEK293T cells were cultured in DMEM medium (GIBCO) supplemented with 10% FBS. All of the cells were incubated at

37�C under 5% CO2.

Generation of stable cell lines
The IMR90 stable cell lines were generated with lentivirus infection. Lentivirus production followed the protocol described previously

(Banerjee et al., 2019). In brief, lentiviral shuttle plasmid containing LARP7 shRNA or cDNA together with helper vectors of psPAX2

and pMD2.G were co-transfected to HEK293T cells using 1 mg/ml PEI (polyethylenimine, Biopolymer). 48h and 72h after transfec-

tion, the culture medium containing viral particles was collected, centrifuged and passed through 0.45 mm filters to remove cell

debris. The virus was precipitated with 8.5% PEG6000 and suspended in PBS. The virus titer was estimated with a Lenti-XTM p24

Rapid Titer kit (Takara Bio).

To generate the LARP7-depleted stable cell line, IMR90 fibroblasts (�15 population doublings) were infected with 1-3 MOI of

pLKO.1-LARP7 shRNA or pLKO.1-scrambled shRNA lentivirus for 24h, and then selected with 1 mg/ml puromycin for 7 days. The

survived cells were maintained and passaged in the culture medium supplemented with 0.2 mg/ml puromycin. To generate doxycy-

cline-inducible LARP7 expression cell line, IMR90 fibroblasts (population doublings �15) were co-transduced with pLenti-CMV-

TRE3G-Neo-GFP-LARP7 and pLenti-CMV-rtTA3G Blast lentiviruses for 24 hours, and then selected with both 200 mg/ml G418

(Thermo Fisher) and 1.5 mg/ml blasticidin (ant-bl-05, InvivoGen) for 7 days. The survival clones were propagated in the culture me-

dium supplemented with 40 mg/ml G418 and 0.2 mg/ml blasticidin for another 14 days. LARP7 expression was induced by 1 mg/ml

doxycycline (Sigma-Aldrich).
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Population doubling assay
IMR90 fibroblasts were cultured under normal conditions. Stable IMR90 cells were seeded at a density of 2x105 cells per 6 cmdish for

the first five passages, and 4x105 cells per dish for the remaining passages. The PDwas calculated as log2(D/D0), here, ‘‘D’’ reflected

the density of cells when harvesting, and ‘‘D0’’ reflected the density of cells when seeding.

Plasmids
HA-tagged SIRT1 (1-747, 1-157, 1-225, 1-244, 511-747, 245-747, 158-225), HA-tagged SIRT2, SIRT6, SIRT7 and Flag-tagged full-

length LARP7 were subcloned into pHAGE-CMV-MCS-IRES-ZsGreen vector. LARP7 (1-580), SIRT1 (1-747, 245-747 and 158-225),

SIRT2, SIRT6, SIRT7, p53 and p65were subcloned into pGEX6P1 vector. pGEX6P-SIRT1-H363Y and pGEX6P-SIRT1-E230Kmutant

were constructed using Fast Mutagenesis System kit (TransGen Biotech, FM111). To obtain the doxycycline-inducible LARP7

construct, Flag-tagged LARP7 was cloned into pLenti-CMV-TRE3G-Neo-GFP-Lamin A (addgene, #118709) to replace LaminA.

The synthesized short hairpin RNAs (shRNAs) against LARP7 and SIRT1 were cloned into pLKO.1 vector. shRNA sequences

used for cloning were included in Table S3.

Western blotting
Cells or tissues were lysed in high-salt buffer B (20 mMHEPES pH7.9, 450 mMNaCl, 25%Glycerol, 0.2 mM EDTA, 0.5 mMDTT, 1%

NP40, 0.5%SDS) with protease inhibitors for 20min on ice. The isolated proteins were separated on SDS-PAGE gels and transferred

to 0.45 mm PVDF membrane. The membrane was blocked with 5% BSA in TBS/0.1% Tween 20 (TBST), and then sequentially incu-

bated with primary antibodies (Table S2) and horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology).

The blots were imaged within Amersham Imager 600 after developing with enhanced chemiluminescence substrate (Immobilon

Western, WBKLS0500, Millipore).

Immunoprecipitation
Immunoprecipitation was performed as previously described(Zhang et al., 2020). Briefly, cells were lysed with buffer A (10 mM

HEPES pH7.9, 10 mM KCl, 1.5 mM MgCl2, 0.05% NP40 and 0.5 mM DTT) on ice for 10 min, centrifuged at 3000 rpm for 5 min,

and the precipitated nuclear pellets were further lysed in high salt buffer B for 20min. The nuclear extract was incubated with primary

antibodies overnight at 4�C and then pulled downwith protein G Dynabeads (Thermo Fisher, 10004D), or directly pulled down by Flag

antibody-conjugated M2 agarose beads (Sigma-Aldrich, M8823) or HA magnetic beads (Thermo Fisher, 88837) at 4�C for 4 h. After

washing with cold PBS for three times, beads-bound protein complexes were boiled with 4x Laemmli buffer and detected with cor-

responding antibodies.

Expression and purification of the recombinant protein
The corresponding expression plasmids were transformed into BL21/DE3 E. coli cells and induced with isopropyl-b-D-thiogalacto-

pyranoside (IPTG) (0.5 mM for GST-tagged full-length or domain deletions of LARP7 and His-tagged LARP7, GST-tagged p53, p65;

0.2 mM for GST-tagged full-length, domain deletion or mutation of SIRT1, GST-tagged SIRT2, SIRT6, SIRT7) for overnight at 18�C.
The following operations were performed in a 4�C chamber. For GST-tagged full-length, domain deletion or mutation of SIRT1,

SIRT2, SIRT6 and SIRT7, bacterial cell pellets were resuspended with buffer (50mM Tris-HCl pH8.0, 250mM NaCl, 5mM b-mercap-

toethanol) with cOmpleteTM protease inhibitors cocktail (Sigma-Aldrich) and Benzonase nuclease (Sigma-Aldrich). For GST-tagged

LARP7, His-tagged LARP7, GST-tagged p53 and p65, bacterial cell pellets were resuspended with 1X PBS containing protease in-

hibitors and benzonase nuclease. Suspended cells were lysed with a Constant Cell Disruption System and centrifuged at 10,000 rpm

for 30 min to remove the cell debris. For GST-tagged protein purification, the supernatant was loaded onto Glutathione-Sepharose

agarose (GE Healthcare, 17-0756-01) and washed with the corresponding suspended buffer extensively. The recombinant proteins

were elutedwith buffer (50mMTris-HCl pH8.0, 10mM reducedGlutathione, 150mMNaCl) and proceeded to dialyze in PBSovernight.

GST-tagged full-length or domain deletion or mutation of SIRT1, GST-tagged SIRT2, SIRT6, SIRT7 were digested by 3C protease

during dialysis before the subsequent activity assay. For purification of His-tagged LARP7, the supernatant was incubated with

TALON Metal Affinity Resin (Clontech, 635501), washed with buffer (20 mM Tris-HCl pH7.4, 150 mM NaCl and 10 mM imidazole)

for 5 times, eluted with the buffer (20 mM Tris-HCl pH7.4, 150 mM NaCl and 200 mM imidazole) and subjected to dialysis in cold

PBS overnight. Following the dialysis, the recombinant proteins were concentrated with Amicon column (Millipore), resuspended

in PBS containing 10% glycerol, aliquoted and stored at �80�C.

GST-pulldown assay
5 mg of purified His-tagged LARP7 protein was incubated with GST, 158-225 or 1-747 of GST-SIRT1 bound with glutathione-Sephar-

ose 4B beads within the binding buffer (1X PBS pH 7.4, 1% Triton X-100) containing protease inhibitors at 4�C for 2 h. Following the

incubation, the beads were rinsed with 1x PBS for 3 times, boiled in 4x Laemmli buffer and analyzed by western blotting.

SIRT activity assay
SIRT activity was determined by a Universal SIRT Activity Assay Kit (ab156915, Abcam) according to the manufacturer’s protocol.

For in vivo nuclear SIRT activity assay, cells or tissues were first homogenized in buffer A (10 mMHEPES pH7.9, 10 mM KCl, 1.5 mM
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MgCl2, 0.05%NP40 and 0.5mMDTT) to remove the cytoplasmic protein and then lysedwith buffer B (20mMHEPES pH7.9, 450mM

NaCl, 0.5 mM DTT). An equal amount of extract was directly subjected to the assay after measured with BCA assays. For in vitro

SIRT1, SIRT2, SIRT6 and SIRT7 activity assay, purified SIRT protein together with indicated recombinant proteins were incubated

with substrate and assay buffer for 90 min at 37�C. For immunoprecipitated SIRT1 activity assay, cells or tissues were first lysed

in buffer A to remove the cytoplasmic protein and then lysed with buffer B. The nuclear extract in buffer B was diluted with buffer

C (20mMHEPES pH7.9 and 0.5 mMDTT) and then incubated with SIRT1 or IgG antibody overnight at 4�C and pulled down with pro-

tein G Dynabeads (Thermo Fisher, 10004D) at 4�C for another 4 h. After washing with cold PBS for three times, beads-bound SIRT1

proteins were directly incubated with substrate and assay buffer for 120 mins at 37�C. The absorbance at 450nm was read in

BioTeK microplate reader. The SIRT activity was calculated using the following formula: SIRT activity ðOD =min =mgÞ =�
Sample OD � NNC OD

Protein amount ðmgÞ 3 Incubation time ðminÞ

�
3 1000. Here, NNC denotes control wells with no SIRT co-factor NAD+.

In vitro acetylation and deacetylation assay
HEK293T cells were transfected with HA-tagged p300 plasmids and lysed with high salt buffer B (20 mM HEPES pH7.9, 450 mM

NaCl, 25% Glycerol, 0.2 mM EDTA, 0.5 mM DTT, 1% NP40, 0.5% SDS). Cell extracts were immunoprecipitated with HA agarose

beads, washed with cold PBS for three times and resuspended in 53 HAT buffer (50 mM Tris-HCl pH 8.0, 10% glycerol, 0.1 mM

EDTA and 1 mM DTT). For in vitro acetylation assay, recombinant GST-tagged p53 or p65 protein was incubated with HA-p300

beads, 100 mMacetyl-CoA (Sigma, A2181) in 1 X HAT buffer at 37�C for 45 min. The acetylated p53 and p65 were evaluated by west-

ern blotting after removal of beads-bound p300. For in vitro deacetylation assay, acetylated GST-tagged p53 or p65 was incubated

with purified SIRT1 or SIRT1 H363Y protein and with indicated recombinant proteins in deacetylation buffer (50 mM Tris-HCl pH 8.0,

137 mM NaCl, 2.7 mM KCl, 1mMMgCl2, 1 mg/ml BSA, 10% glycerol) containing 3 mM NAD+ and 200 nM TSA (inhibition of class I/II

HDAC) at 37�C for 1 h. Following deacetylation assay, protein samples were boiled with 4x Laemmli buffer and immunoblotted with

corresponding antibodies.

NAD+ measurement
The NAD/NADH ratio was determined by NAD/NADH Quantification Kit (Sigma, MAK037) according to the manufacturer’s protocol.

Briefly, 2x105 IMR90 cells were lysed in NADH/NAD extraction buffer by replicative freeze/thawing for 2 cycles, and then centrifuged

at 12000 rpm for 10 min to remove the insoluble materials. To detect total NAD, purified cell lysates were mixed with NAD Cycling

Buffer containing Cycling Enzyme Mix and incubated at room temperature for 5 min and then with NADH Developer for 1-4 h at

room temperature. After terminated with stop solution, the absorbance at 450nm was measured in BioTek microplate reader. To

measure the NADH only, NAD in cell lysates was decomposed by heating to 60�C for 30 min before detection. The method detecting

NADH is same to NAD. A standard curve was established by measuring a serial dilution of NADH standards. The ratio of NAD/NADH

was determined by the following equation: ratio = NADtotal�NADH
NADH . Here, NADtotal denotes the amount of total NAD (NAD + NADH);

NADH denotes the amount of NADH, both were calculated from the standard curve.

Wound healing analysis
The dorsal skin of anesthetizedmice was introduced to a 3-mmbiopsy wounds with biopsy skin perforator. The wound diameter was

gauged by a digital caliper for a following period of 7 days.

Histology
Dorsal skin was dissected, fixed in 4% paraformaldehyde and embedded in paraffin. 5 mm sections were stained with hematoxylin

and eosin following the standard procedure. The thickness of the dermal and adipose layers was calculated using ImageJ software

(NIH). For quantification of eachmouse, we used 20 serial sections. The average thickness of the dermal and adipose layers area was

presented.

The thoracic aorta (TA) and left common carotid artery (LCCA) of mice were isolated and freshly embedded in O.C.T. compounds

(Tissue-Tek). 8 mm cryosections were fixed with 4% paraformaldehyde and then stained with hematoxylin and eosin (HE), Elastica

van Gieson (EVG) Stain Kit (Shanghai Rongbio) or Picrosirius Red Stain Kit (Yeasen Biotech) by following the manufacturer’s instruc-

tion. The average signals from 10 sections with 8 mm intervals in each mouse were calculated.

Oil Red O staining
For the whole mount staining, mice aortas were dissected in cold PBS and fixed in 4% paraformaldehyde at 4�C for 24 h. For the

staining of aortic root, cryosections were fixed in 4% paraformaldehyde at room temperature for 15 min. Samples were first rinsed

inwater for 5min and then in 60% isopropanol for 5min. The aortas and aortic roots were stainedwith 0.2%Oil RedO (Sigma, O0625)

for 1 h with gentle shaking at room temperature, rinsed again with 60% isopropanol for one time, and then with water for three times.

The stained aorta en face was cut opened, fixed on a black plate with the endothelium facing upward and captured with a Nikon DS-

Ri2 stereotype microscope. The image of aortic root section was captured with a Nikon & NI-U upright microscope. The lesion area

was quantified by using ImageJ package.
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SA-b-Gal staining
The b-galactosidase activity was evaluated with Senescence b-Galactosidase Staining Kit (Cell Signaling Technology, #9860) ac-

cording to the manufacturer’s instruction. Cells were fixed with 4% paraformaldehyde for 20 min, washed twice with PBS and incu-

bated with X-Gal solution (pH 6.0) at 37�C for overnight. Tissues were freshly frozen in O.C.T. compounds, cryosectioned and fixed

with 4%paraformaldehyde for 15min at room temperature. After washing twice with PBS, the sections were stained in X-Gal solution

(pH 6.0) at 37�C for variable time: 12 hours for aorta and kidney, 36 hours for lung, 48 hours for liver and brain. SA-b-Gal positive cells

or tissues were captured using a Nikon & NI-U Microscope and quantified by ImageJ.

Immunofluorescence
Cells cultured on glass coverslips were fixed with 4% paraformaldehyde at room temperature for 10 min. Tissue cryostat sections

from �80�C were dried in air at room temperature for 10 min, fixed in pre-cold 1:1 methanol/acetone for 10 min at �20�C, dried
in air for 10 min and followed by rehydration in PBS for 5 min. For paraffin section, paraffin-embedded human coronary artery sam-

ples were dewaxed in xylene and rehydrated in gradient alcohols. The antigen retrieval was performed in citrate retrieval buffer

(10mM sodium citrate pH 6.0) at 95�C for 20 min. After being blocked with blocking buffer (5% normal donkey serum, 1% BSA

and 0.3% Triton X-100 in PBS) for 30 min at room temperature, the cells or tissue sections were incubated with 1:200�1:100 primary

antibodies (Table S2) in dilution buffer (5% normal donkey serum, 1% BSA and 0.1% Triton X-100 in PBS) for overnight at 4�C and

then with Alexa Fluor 488-, 555- and 647-conjugated secondary antibodies (1:200, Thermo Fisher Scientific) for 1 h at room temper-

ature. Hoechst 33342 (Thermo Fisher Scientific) was used for nuclear staining.

Immunohistochemistry
Cryosections of mouse aortas were fixed in cold 1:1 methanol/acetone for 10min at�20�C, dried in air for 10min and then quenched

with 3%H2O2 inmethanol for 20min. After blocking with 2%horse serum, the sections were sequentially incubated with 1:200 pATM

antibody, universal biotinylated secondary antibody (Vector Laboratories, PK-7200) and R.T.U. VECTASTAIN ABC Reagent (Vector

Laboratories, PK-7200). The sections were color-developed with ImmPACT DAB Substrate (Vector Laboratories, SK-4105) and

counterstained with hematoxylin to reveal the nuclei. A Nikon & NI-U Microscope Camera was used to record the stained sections.

RT-qPCR
Total RNA was extracted from tested cells or tissues by using RNAsimple Total RNA Kit (TIANGEN Biotech) according to the man-

ufacturer’s instruction. 1-5 mg of RNA were reversed transcribed to cDNA using a Hifair II First Strand cDNA Synthesis Kit (gDNA

digester plus) (YEASEN) and quantified by the real-time PCR using Hieff� qPCR SYBR Green Master Mix (High Rox Plus) (YEASEN)

in ABI Prism 7500 instruments. Sequence-specific primers used for quantitative real-time PCR were documented in Table S3.

RNA-Seq
Total RNAwas purified from IMR90 andMEFs using RNeasyMiniprep Kit (QIAGEN) with an on-column DNase I digestion to eliminate

residual DNA. RNA-Seq was performed at Novogene Corporation (Shanghai). Briefly, mRNA was purified from 1.5 mg of total RNA

using poly-T oligo magnetic beads, and the libraries were constructed with NEBNext UltraTM RNA library Prep Kit customized for

Illumina (NEB). The library quality was assessed with Agilent Bioanalyzer 2100 system. Illumina HiSeq 4000 platform was deployed

to generate 150 nt paired-end reads.

RNA-sequencing analysis
The quality control of FASTQ files was performed with FastQC. The alignment of FASTQ files to hg19 genome was performed with

HISAT2 (http://daehwankimlab.github.io/hisat2/). HTSeq (https://github.com/htseq/htseq) was used to count the numbers of reads

mapped to each gene. The gene expression was normalized as counts per million (CPM). The DEGs (differentially expressed genes)

were identified by R package DESeq2with an adjusted p value less than 0.05 and log2 fold change greater than 0.585. GSEA analysis

was performed using the gene set of SASP or cell cycle regulator (Detail gene list in Table S1). GO analysis was carried out with DAVID

algorithm (https://david.ncifcrf.gov/).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details can be found in the figure legends. Themeasurement unit (n is the number of cell or animal used in the cell or mouse

study part. In the other parts, it refers to the number of independent experiments. The detail biological replicates in each group were

indicated in the figure legends. Each assay was repeated at least three times independently. The data were presented as Mean ±

Standard Deviation (SD). Comparisons between two groups were analyzed by two-tailed parametric t test if the data were normally

distributed, otherwise, theMann-Whitney U test was employed. Differences betweenmultiple groupswere performed using one-way

ANOVA followed by Tukey post hoc tests. Statistical analysis was performed usingGraphPadPrism 8 orMicrosoft Excel. A difference

was considered to be significant if p < 0.05.
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