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Abstract 56 

SIRT1 (Sir2) is an NAD+-dependent deacetylase that plays critical roles in a broad 57 

range of biological events, including metabolism, immune response, and aging1-5. While 58 

there is strong interest in stimulating SIRT1 catalytic activity, the homeostasis of SIRT1 59 

at the protein level is poorly understood. Here, we report that macroautophagy 60 

(hereafter referred as autophagy), a catabolic membrane trafficking pathway that 61 

degrades cellular components through autophagosomes and lysosomes, mediates 62 

downregulation of mammalian SIRT1 protein during senescence and in vivo aging. In 63 

senescence, nuclear SIRT1 is recognized as an autophagy substrate and is subjected 64 

to cytoplasmic autophagosome-lysosome degradation, via the autophagy protein LC3. 65 

Importantly, the autophagy-lysosome pathway contributes to loss of SIRT1 during aging 66 

of several tissues related to the immune and hematopoietic system in mice, including 67 

spleen, thymus, and hematopoietic stem and progenitor cells, and in CD8+CD28- T cells 68 

from aged human donors. Our study reveals a mechanism in regulating the protein 69 

homeostasis of SIRT1, and suggests a potential strategy to stabilize SIRT1 to promote 70 

productive aging.  71 



Main Text 72 

Sirtuins are an evolutionarily conserved family of NAD+-dependent deacetylases and 73 

ADP-ribosyltransferases that play important roles in a broad range of biological 74 

activities1, 2. Among mammalian sirtuins, SIRT1 is well-characterized to regulate several 75 

cellular and organismal processes, including metabolism and aging3-5. SIRT1 functions 76 

through deacetylation of its substrates, including histone substrates, such as acetylated 77 

histone H4K16 and H3K56, and non-histone targets, such as p532.  78 

We have previously reported that the level of the SIRT1 orthologue in yeast, Sir2, 79 

declines upon replicative aging, which is a cause of yeast aging6. However, the 80 

regulatory mechanisms of SIRT1 protein homeostasis during mammalian aging remain 81 

unclear. Here, we investigated SIRT1 homeostasis in mammalian senescence and 82 

aging.  83 

Cellular senescence is a stable form of cell cycle arrest induced by telomere 84 

shortening or by cellular stress7. Aged tissues are typically characterized by 85 

accumulation of senescent cells8, 9. Clearance of senescent cells delays age-related 86 

pathologies10, suggesting a critical association between cellular senescence and 87 

organismal aging. Overexpression of SIRT1 in primary human lung fibroblasts IMR90 88 

(Extended Data Fig. 1a) delayed senescence, as shown by reduced senescence-89 

associated beta-galactosidase (SA-ȕ-gal) staining (Extended Data Fig. 1b-c), consistent 90 

with previous observations11, 12. We observed that SIRT1 protein levels gradually 91 

decreased in IMR90 cells upon replicative senescence (RS) (Fig. 1a), in stress-induced 92 

senescence triggered by activated oncogene HRasV12 expression (oncogene induced 93 



senescence, OIS) (Fig. 1b) and by the DNA damaging agent etoposide (Fig. 1c), and in 94 

senescent primary BJ neonatal foreskin fibroblasts (Extended Data Fig. 1d). In contrast, 95 

SIRT1 protein levels remained unchanged in quiescence induced by contact inhibition 96 

(Extended Data Fig. 1e), suggesting that SIRT1 protein is specifically lost in cellular 97 

senescence.  98 

To address the mechanism of SIRT1 loss in senescence, we first examined whether 99 

SIRT1 is downregulated at the mRNA level by RNA-sequencing13 and RT-qPCR. SIRT1 100 

mRNA levels did not decrease in OIS or DNA damage-induced senescence (Fig. 1d, 101 

Extended Data Fig. 1f-h). SIRT1 mRNA levels in RS cells were reduced, but to a lesser 102 

extent than the protein reduction (Fig. 1e, Extended Data Fig. 1i). These results suggest 103 

that mechanisms other than regulation of mRNA synthesis or stability are primarily 104 

involved in modulating SIRT1 protein homeostasis during cellular senescence.  105 

We then investigated the possible mechanisms of SIRT1 protein downregulation. We 106 

first tested if the proteasome-mediated degradation is involved. Treatment with the 107 

proteasome inhibitor (MG132) failed to restore SIRT1 protein in senescent cells (Fig. 108 

2a). We then tested whether lysosome-mediated degradation contributes to SIRT1 109 

protein downregulation. Treatment with Lys05 (a dimeric form of chloroquine14) rescued 110 

the loss of SIRT1 protein in senescent cells (Fig. 2b), indicating that SIRT1 is degraded 111 

through lysosomes during senescence.  112 

A central lysosomal-mediated process is autophagy, which is activated upon cellular 113 

senescence15-17. We recently showed that autophagy has a role in degrading nuclear 114 



components, such as Lamin B115. Therefore, we hypothesized that autophagy 115 

contributes to SIRT1 downregulation upon senescence.  116 

To test this hypothesis, we first genetically knocked down an upstream autophagy 117 

protein, Atg7, to block autophagy activity, and then induced senescence to examine 118 

SIRT1 protein levels. Compared to the non-targeting control (NTC), Atg7 knockdown 119 

impaired SIRT1 downregulation upon senescence (Fig. 2c). Furthermore, we examined 120 

whether Atg7 knockdown in already-established senescent cells can restore SIRT1 121 

protein levels. After induction of senescence by etoposide, Atg7 was then inactivated by 122 

shRNA. Atg7 knockdown did not reverse senescence-associated cell cycle arrest as 123 

indicated by Cyclin A loss, but rescued SIRT1 protein levels (Fig. 2d). Atg7 inactivation 124 

also rescued the deacetylation activity of SIRT1, which was correlated with the 125 

increased SIRT1 protein levels (Extended Data Fig. 1j). Taken together, these findings 126 

suggest that autophagy is required for SIRT1 degradation during cellular senescence.  127 

To test whether SIRT1 is an autophagy substrate in senescence, we performed 128 

immunofluorescence staining of endogenous SIRT1. While in proliferating cells, SIRT1 129 

was primarily localized in the nucleus, cytoplasmic SIRT1 puncta were observed in 130 

senescent cells (Fig. 2e-f). Importantly, the cytoplasmic SIRT1 puncta were co-localized 131 

with LC3, an autophagy protein required for recognition and delivery of substrates to 132 

autophagosomes (Fig. 2e)15. We then used an mCherry-GFP-SIRT1 tandem tag 133 

construct18 to investigate the autophagic trafficking of SIRT1. Due to the sensitivity of 134 

GFP to low pH, mCherry-only signals of the tandem tagged protein represent 135 

localization within acidic autolysosomes and lysosomes. Confocal imaging of mCherry-136 

GFP-SIRT1 expressed in proliferating IMR90 showed predominantly nuclear localization 137 



with merged yellow color (Fig. 2g upper panels). In contrast, senescent cells showed 138 

cytoplasmic red-only SIRT1 puncta (Fig. 2g-i) that co-localized with LC3 or LAMP1 (Fig. 139 

2g). Neutralizing lysosome pH with Lys05 prevented GFP quenching from mCherry-140 

GFP-SIRT1 protein in senescent cells, and led to retention of its merged yellow signals 141 

in the cytoplasm (Fig. 2j), which further indicates that cytoplasmic SIRT1 is targeted by 142 

lysosomal degradation. Taken together, these results indicate that nuclear SIRT1 is 143 

subjected to cytoplasmic autophagy-lysosome degradation during cellular senescence.  144 

As binding to autophagy proteins is essential for degradation of autophagy 145 

substrates15, we investigated potential interactions between SIRT1 and several 146 

autophagy proteins by immunoprecipitation (IP). The results showed that SIRT1 147 

associates with LC3, but not with other proteins in the autophagy cascade, including 148 

Atg5, Beclin 1, and ULK1 (Fig. 3a). Furthermore, GST pull-down using bacteria-149 

expressed and purified GST-SIRT1 and LC3 proteins showed that SIRT1 directly binds 150 

to LC3 in vitro (Fig. 3b).  151 

To visualize the intracellular location of SIRT1-LC3 interaction, we performed a 152 

Bimolecular Fluorescence Complementation assay (BiFC)19. SIRT1 and LC3 were 153 

fused to the N-terminal (VN) or C-terminal (VC) domains of Venus to generate VN-154 

SIRT1 and VC-LC3 fusion proteins. While the two fusion proteins do not fluoresce when 155 

co-transfected with VN or VC, co-expression of VN-SIRT1 and VC-LC3 exhibited 156 

fluorescence of Venus in the nucleus, showing that SIRT1 and LC3 interact in the 157 

nucleus (Fig. 3c-d).  158 



Since our findings indicated that SIRT1 and LC3 interact at the basal state, we next 159 

investigated their interaction upon cellular senescence by performing co-IP in the two 160 

states. While the SIRT1 protein level in the input of senescent cells was reduced 161 

compared to proliferating cells, LC3 brought down similar levels of SIRT1 in senescent 162 

cells, suggesting that the LC3-SIRT1 interaction was enhanced during senescence (Fig. 163 

3e, Extended Data Fig. 2a). We confirmed comparable and complete IP of LC3 from 164 

lysates of both proliferating and senescent cells (Fig. 3e). In contrast, LC3 interaction 165 

with another autophagy substrate, p62, was not enhanced in senescence compared to 166 

proliferating control (Fig. 3e). Moreover, contact inhibition did not enhance the LC3-167 

SIRT1 interaction (Extended Data Fig. 2b-c). LC3-SIRT1 interaction, but not LC3-p62 168 

interaction, was also increased in the nuclear fraction of senescent cells, compared to 169 

proliferating control (Fig. 3f, Extended Data Fig. 2d-f). These results suggest that 170 

SIRT1-LC3 association is specifically enhanced in cellular senescence, which 171 

potentially promotes SIRT1 degradation in senescent cells.  172 

Next, we examined the potential mechanisms for the enhanced SIRT1-LC3 173 

interaction during senescence. At least in some cases, LC3 interactions with autophagy 174 

substrates are known to be modulated by substrate phosphorylation20. We therefore 175 

performed an endogenous LC3 IP in proliferating cells with Lambda protein 176 

phosphatase treatment to reduce the overall protein phosphorylation. We observed that 177 

LC3-SIRT1 binding was drastically increased upon the phosphatase treatment, when 178 

overall phosphorylation levels were lowered (Extended Data Fig. 2g), indicating that 179 

dephosphorylation enhances SIRT1-LC3 binding. We subsequently evaluated the 180 

phosphorylation status of endogenous SIRT1 in senescent cells by mass spectrometry. 181 



The amounts of peptides injected for mass spectrometry were comparable between 182 

proliferating and senescence samples (Extended Data Fig. 2h). 5 out of 6 peptides of 183 

SIRT1 showed decreased phosphorylation levels in senescent samples (Extended Data 184 

Fig. 2i). The results suggest that SIRT1 overall phosphorylation levels are reduced in 185 

senescence, consistent with our observation that LC3-SIRT1 interaction is enhanced 186 

upon phosphatase treatment (Extended Data Fig. 2g).  187 

Previously, SIRT1 was shown to deacetylate LC3, which led to the exportation of LC3 188 

from the nucleus to execute its roles in the cytoplasmic autophagy cascade during 189 

starvation21. Paradoxically, in the context of cellular senescence, we propose that LC3 190 

may instead facilitate the degradation of SIRT1. To dissect the differential responses of 191 

LC3 and SIRT1 in starvation versus senescence, we disrupted SIRT1 and evaluated the 192 

consequences in starvation and senescence. CRISPR/Cas9-mediated gene inactivation 193 

of SIRT1 resulted in loss of SIRT1 protein, and corresponding elevation of histone 194 

H4K16 acetylation (Extended Data Fig. 3a). Upon starvation, LC3-II levels were induced 195 

in control cells (the induction was further revealed by Lys05 addition), while SIRT1 196 

depletion suppressed induction of LC3-II levels (Extended Data Fig. 3b), which is 197 

consistent with previous literature21. In contrast, during senescence, depletion of SIRT1 198 

did not suppress LC3-II induction (Extended Data Fig. 3c), suggesting that during 199 

senescence, a different pathway than SIRT1-mediated deacetylation of LC3 may be 200 

employed to induce LC3-II. Furthermore, immunofluorescence staining of endogenous 201 

LC3 in starved cells showed that LC3 was predominantly transported to the cytoplasm 202 

(Extended Data Fig. 3d-e). However, in senescent cells, while showing increased 203 

cytoplasmic localization, LC3 was not completely translocated out of the nucleus 204 



(Extended Data Fig. 3d-e). Lastly, in contrast to SIRT1 protein reduction upon cellular 205 

senescence, cells cultured in various nutrient-deprived conditions did not lose SIRT1 206 

(Extended Data Fig. 3f). Taken together, these data demonstrate that nuclear SIRT1-207 

LC3 interaction has distinct dynamics and functions in senescence compared to 208 

starvation. Hence, we went on to investigate the potential role of LC3 in reducing SIRT1 209 

protein levels during cellular senescence in this study.  210 

We subsequently identified the amino acid residues responsible for LC3-SIRT1 211 

interaction. We first disrupted two essential residues on LC3, which are involved in 212 

substrate binding (F52A substitution)22 or in the lipidation process that facilitates 213 

association of LC3 with autophagic membranes (G120A substitution)23. While G120A 214 

did not affect SIRT1 binding, suggesting that LC3 lipidation is not required for SIRT1 215 

interaction, the F52A substitution showed impaired interaction with SIRT1 (Fig. 3g).  216 

We next investigated the region within SIRT1 that interacts with LC3. Many 217 

autophagy substrates bind to LC3 through an LC3-interacting region (LIR) motif. LIR 218 

motifs typically have a core consensus sequence of [W/F/Y]XX[L/I/V], and acidic-219 

charged residues (E or D) at the N-terminus of the LIR motif further facilitate the 220 

binding20. The aromatic residue [W/F/Y] binds to one hydrophobic pocket in LC3, while 221 

the hydrophobic residue [L/I/V] binds to another hydrophobic pocket containing the 222 

crucial F52 residue20. Therefore, reduced binding between SIRT1 and LC3 F52A 223 

implies that SIRT1 may bind to LC3 through an LIR or LIR-like motif. We identified LC3-224 

binding regions on SIRT1 employing a peptide array approach that has been used to 225 

characterize LC3 interaction24-26. Using the array, we identified eight regions in SIRT1 226 

that potentially associate with LC3 (Fig. 4a, peptide locations shown in Fig. 4e, peptide 227 



sequences shown in Extended Data Fig. 4a). To narrow down the essential regions, we 228 

performed peptide competition IP by adding ~30 amino-acid synthetic peptides that 229 

correspond to the individual regions (Extended Data Fig. 4a) into SIRT1-LC3 IP assays, 230 

to examine their abilities to compete with the full-length SIRT1-LC3 interaction. Using 231 

this assay, we identified three target LIR/LIR-like motifs, where the addition of synthetic 232 

peptides reduced full-length SIRT1-LC3 binding (Fig. 4b). To further confirm the role of 233 

these motifs in LC3 binding, we individually substituted the key residues of the three 234 

LIR/LIR-like motifs within full-length SIRT1 (Extended Data Fig. 4a), and performed IP 235 

between LC3 and full-length SIRT1 substitutions. The IPs showed that the 236 

W221A/V224A double substitution (hereafter referred as WV mutant), which disrupts 237 

the aromatic and hydrophobic positions of an LIR motif at amino acid position 221-224 238 

of SIRT1, had impaired interaction with LC3, while substitutions of the other two motifs, 239 

F474A/D475A/V476A triple substitution and Y497A/L500A double substitution, did not 240 

affect LC3 binding (Fig. 4c). The crucial LIR motif (221-224) is located at the N-terminal 241 

region of SIRT1, with acidic E214, D216 and D217 residues present at the N-terminus 242 

of this motif (Fig. 4e); substitution of these residues also impaired LC3 binding (Fig. 4d). 243 

Moreover, introducing WV substitution on a synthetic peptide spanning 205-233 showed 244 

impaired ability to compete with full-length SIRT1-LC3 interaction (Fig. 4f). Overall, 245 

these results show that the region 221-224 on SIRT1 is essential for SIRT1-LC3 246 

interaction.  247 

We next asked whether this LIR motif is required for degradation of SIRT1 in 248 

senescent cells. The 221-224 LIR motif resides adjacent to the catalytic domain of 249 

SIRT1, and a broader region covering this motif (183-229) has been reported to bind to 250 



SIRT1 activating compounds27. Therefore, we assayed the deacetylation activity of the 251 

SIRT1 WV mutant, and found that the mutant maintained approximately 36% 252 

deacetylation activity compared to wild-type SIRT1 (Extended Data Fig. 4b). Treatment 253 

of a SIRT1-activating compound, resveratrol, did not disrupt SIRT1-LC3 interaction or 254 

significantly rescue SIRT1 protein levels during senescence (Extended Data Fig. 4c-e). 255 

Since SIRT1 catalytic activity suppresses senescence11, 12 (Extended Data Fig. 1a-c), 256 

we introduced a previously characterized catalytic dead mutation, I347A28, to eliminate 257 

potential differences in inducing senescence when stably expressing the various SIRT1 258 

mutants in IMR90. The SIRT1 I347A mutant showed no deacetylation activity compared 259 

to wild-type protein (Extended Data Fig. 4f), while still maintaining its interaction with 260 

LC3 (Extended Data Fig. 4g).  261 

To assess the degradation of the I347A mutant and the W221A/V224A/I347A 262 

(WV+I347A) mutant, we stably expressed HA-tagged SIRT1 I347A and WV+I347A 263 

mutants in IMR90, and examined their levels upon senescence. While p16 induction 264 

was at similar levels in cells expressing either mutants, indicating similar induction of 265 

senescence, the WV+I347A mutant showed impaired downregulation compared to 266 

I347A mutant (Fig. 4g). Confocal imaging of mCherry-GFP-tagged SIRT1 I347A and 267 

WV+I347A mutants in IMR90 showed that at the same timepoints for senescence 268 

induction, cells with the WV+I347A mutant had stronger fluorescence intensities of 269 

nuclear SIRT1, and there were fewer cells exhibiting cytoplasmic SIRT1 puncta 270 

compared to cells with the I347A mutant (Fig. 4h-i). Taken together, these data show 271 

that the SIRT1-LC3 interaction is required for nuclear SIRT1 degradation in senescence.  272 



In addition to senescence of primary fibroblasts, we also investigated SIRT1 protein 273 

levels upon natural aging in mice. We dissected several organs and tissues from young 274 

(2-4 months old) and naturally aged (19-26 months old) C57BL/6 mice, and analyzed 275 

SIRT1 protein and mRNA quantities. Aged spleens, testes and thymus showed reduced 276 

SIRT1 protein levels, compared to young samples (Fig. 5a-b, Extended Data Fig. 5a). 277 

The decline in SIRT1 protein was not seen in other tissues, including heart, liver, kidney, 278 

pancreas, uterus, lung and muscle (Extended Data Fig. 5c). In contrast, SIRT1 protein 279 

levels were not reduced in spleens and testes of mice subjected to 24 h fasting 280 

(Extended Data Fig. 5d-e), which is consistent with previous reports29, indicating that 281 

SIRT1 protein downregulation is specific to aging of some tissues. SIRT1 mRNA levels 282 

in aged spleens, testes and thymus were not significantly different from young samples 283 

(Fig. 5a-b, Extended Data Fig. 5b). Next, to examine the role of autophagy/lysosome in 284 

SIRT1 downregulation, we injected aged mice intraperitoneally with Lys05 or PBS, and 285 

then harvested corresponding tissues for analysis. Autophagy inhibition was confirmed 286 

by accumulation of p62 from treated mice in spleens and testes (but not thymus, 287 

possibly due to issues in drug uptake in aged thymus) (Fig. 5c-d). Spleens and testes 288 

from Lys05-injected mice showed elevated SIRT1 protein levels, compared to samples 289 

from PBS-injected group; the trends of SIRT1 protein were consistent with changes in 290 

p62 levels (Fig. 5c-d). SIRT1 mRNA levels remained unaltered upon Lys05 treatments 291 

(Fig. 5c-d). Notably, Lys05 treatments in young mice did not affect SIRT1 protein levels 292 

(Extended Data Fig. 5f-g), suggesting that the lysosomal degradation of SIRT1 is 293 

specific in aged tissues. Taken together, these results indicate that SIRT1 protein is 294 



downregulated through lysosomal-mediated degradation during aging in several mouse 295 

tissues.  296 

Furthermore, we examined SIRT1 in hematopoietic stem and progenitor cells 297 

(HSPCs). It has been reported that SIRT1 deletion in young HSPCs results in aging-like 298 

phenotypes30. To determine whether SIRT1 levels change during HSPC aging, we 299 

isolated Lin-Sca-1+c-Kit+ (LSK) cells from young and aged mice to represent HSPC 300 

populations (Extended Data Fig. 5h), and examined SIRT1 protein and mRNA levels. 301 

Aged LSK cells displayed significantly decreased SIRT1 protein levels compared to 302 

young cells (Fig. 5e), while young and aged mRNA levels were not significantly distinct 303 

(Fig. 5e). Importantly, short-term Lys05 treatment of aged LSK cells led to elevation of 304 

SIRT1 protein levels compared to control cells from the same pool of aged mice (Fig. 305 

5e). Lys05 treatment of young LSK cells did not change SIRT1 protein levels (Extended 306 

Data Fig. 5i). These results indicate that SIRT1 downregulation during HSPC aging is 307 

mediated by a lysosome-mediated pathway.  308 

The above studies implicate loss of SIRT1 in the aging of the immune and 309 

hematopoietic system. To explore this notion further, we investigated T cells from aged 310 

human donors. The accumulation of terminally differentiated CD8+CD28- memory T 311 

cells is one of the hallmarks of immune aging31. These cells are highly cytotoxic but 312 

have reduced proliferative response to antigen-specific activation. SIRT1 protein levels 313 

are reported to be downregulated in CD8+CD28- T cells, while the mRNA levels remain 314 

unaltered32. Therefore, we asked whether autophagy-lysosome pathway contributes to 315 

loss of SIRT1 in CD8+CD28- T cells from aged human donors. Consistent with previous 316 

studies, SIRT1 protein levels were markedly reduced in CD8+CD28- T cells, compared 317 



to CD8+CD28+ T cells (Fig. 5f). Importantly, transient treatment of these cells with low-318 

dose Lys05 increased SIRT1 protein levels (Fig. 5f). Because MG132 treatment failed 319 

to increase SIRT1 in these cells32, our results indicate that SIRT1 is degraded at least in 320 

part through the autophagy-lysosome pathway during T cell aging in humans.  321 

In conclusion, we report that autophagy contributes to downregulation of SIRT1 322 

protein during cellular senescence, during aging of several mouse tissues and cells, and 323 

in human CD8+CD28- T cells. While loss of SIRT1 protein has also been previously 324 

observed in several cellular models of senescence and aging11, 12, 33, 34, our work 325 

demonstrates that SIRT1 is a nuclear substrate of autophagy, which involves SIRT1 326 

recognition by LC3 and transport to cytoplasmic autophagosomes for degradation upon 327 

cellular senescence. In addition to Lamin B1, our discovery of a second major nuclear 328 

substrate of LC3-mediated selective autophagy indicates that the nuclear autophagy 329 

pathway may have a general role in cell physiology.  330 

While we showed that SIRT1 dephosphorylation in senescence could be the trigger of 331 

its degradation (Extended Data Fig. 2h-i), we note that the SIRT1 region 199-236, which 332 

includes the WQIV motif responsible for LC3 interaction, was not detected in mass 333 

spectrometry samples due to the high charge sequence at the region. Moreover, the 334 

specific dephosphorylation site on SIRT1 remains to be identified. Future studies are 335 

needed to characterize the post-translational modification(s) and signaling pathway that 336 

trigger SIRT1 degradation through autophagy during senescence.  337 

Autophagy, as a quality control pathway, is generally considered to delay functional 338 

decline associated with aging; elevation of basal autophagy activity promotes 339 



healthspan and longevity in mice35. Our study suggests that selective degradation of 340 

certain autophagy substrates in certain tissues, like SIRT1, may paradoxically be 341 

detrimental during aging. One plausible explanation for the discrepancy could be the 342 

differences between bulk autophagy and selective autophagy. While stimulation of the 343 

overall autophagy flux is beneficial for cell and tissue fitness, selective degradation of 344 

nuclear constituents, such as Lamin B1 and SIRT1, leads to arrest of cell cycles and 345 

induction of inflammation. Further studies are needed to dissect the mechanisms 346 

underlying cytoplasmic versus nuclear autophagy and their roles in senescence and 347 

aging. 348 

The downregulation of SIRT1 in senescent cells may be associated with biological 349 

functions of cellular senescence. SIRT1 was reported to negatively regulate the 350 

expression of several senescence-associated secretory phenotype (SASP) factors, 351 

including IL-6, IL-8, and IL-1ȕ36. Given the critical functions of SASP in immuno-352 

surveillance of pre-malignant cells, we speculate that the downregulation of SIRT1 is a 353 

programmed event of senescence to alarm the immune system, to restrain 354 

tumorigenesis. This notion is consistent with the distinct dynamics of SIRT1-LC3 355 

interaction in starvation versus senescence (Extended Data Fig. 3a-f); that is, since the 356 

pro-inflammatory response is not induced during starvation, SIRT1 is not degraded. 357 

While acute induction of senescence restrains tumorigenesis, the accumulation of 358 

senescent cells during aging promotes chronic inflammation and age-associated 359 

diseases. Hence, although the loss of SIRT1 in senescence serves as a potential 360 

tumor-suppressive mechanism, SIRT1 loss in aged tissues may promote aging and 361 

age-related pathologies, consistent with the “antagonistic pleiotropy hypothesis”.  362 



Immunosenescence is an important aspect of aging9. The decline of the immune 363 

system, such as dysfunction of HSCs and T cells, contributes to age-related diseases37. 364 

SIRT1 is a critical regulator of hematopoietic lineage generation from HSPC, and the 365 

skewed myeloid and lymphoid differentiation upon aging is associated with defective 366 

immune response30. Besides, SIRT1-FOXO1 axis has been shown to contribute to the 367 

immune dysfunction in human CD8+CD28- T cells, accumulation of which is a common 368 

event in aging and age-related diseases32. In addition, reduction of SIRT1 protein in 369 

critical immune organs, including spleen and thymus (Fig. 5a, Extended Data Fig. 5a), 370 

further suggest the deterioration of the adaptive immune system during aging. Thus, 371 

restoring SIRT1 protein level may provide a critical means to reprogram the aged 372 

immune cells, shedding light on potential therapeutic intervention to delay the process 373 

of immune aging/senescence. Stabilizing SIRT1 protein level, such as via interrupting 374 

SIRT1-LC3 interaction, could be a new direction for the design of anti-aging compounds. 375 
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Figure legends 486 

Figure 1. SIRT1 protein is reduced during cellular senescence.  487 

a, Western blot showing SIRT1 expression in primary IMR90 fibroblasts with indicated 488 

population doublings; n = 2 independent experiments. PD: population doubling. b, 489 

Western blot showing SIRT expression in IMR90 cells stably expressing ER:HRasV12. 490 

Days of 4-hydroxytamoxifen (4OHT) induction are indicated; n = 2 independent 491 

experiments. Asterisk indicates SIRT1 band. c, Western blot showing SIRT1 expression 492 

in DNA damage-induced senescent cells. Cells were treated 100 ȝM etoposide for 48 493 

hrs, harvested at indicated days after treatment; n = 2 independent experiments. d,e, 494 

Gene expression level of SIRT1 and CDKN2A in proliferating (Pro) and in oncogene-495 

induced senescence (OIS) condition (d) and replicative senescence (RS) condition (e)13. 496 

FPKM: fragments per kilobase million. In d,e, mRNA levels are normalized against 497 

ACTB; unpaired two-tailed Students’ t-test; data are mean ± s.d.; n=3 biologically 498 

independent samples. Statistical information and unprocessed blots are provided as 499 

source data. 500 

 501 

Figure 2. SIRT1 is subjected to autophagosome-lysosome degradation during 502 

cellular senescence.  503 

a,b, Western blot showing SIRT expression in proliferating (Pro) and DNA-damage 504 

induced senescent IMR90 cells (day 6 after etoposide treatment) treated with MG132 (a) 505 

and Lys05 (b). MG132 were added at 0.125, 0.25 and 0.5 ȝM for 48 hrs. The 506 

proteasomal substrate MCL1 serves as control showing the effects of MG132. Lys05 507 

were added at 2, 3 and 5 ȝM for 48 hrs. c,d, Western blot showing changes of SIRT1 508 



expression in IMR90 expressing inducible hairpins of non-targeting control (shNTC) and 509 

shAtg7, in response to OIS induced by 4-hydroxytamoxifen (4OHT) for indicated days (c) 510 

and after the establishment of senescence induced by etoposide (d). Doxycycline (Dox) 511 

was added on day 4 after treatment of etoposide (d). In c,d, hairpin expression was 512 

induced by Dox treatment for 5 days; Sen: senescence. In a-d, each experiment has 513 

been repeated for two times. e,f, Confocal microscopy analysis of cytoplasmic SIRT1 in 514 

proliferating and senescent IMR90 at day 9 after etoposide treatment (e) and 515 

quantification of the percentage of cells with cytoplasmic SIRT1 puncta (f). Arrows 516 

indicate co-localization of cytoplasmic SIRT1 puncta and LC3. Eto: etoposide. g,h, 517 

Confocal microscopy analysis of IMR90 stably expressing mCherry-GFP-SIRT1 under 518 

proliferating and at day 14 after etoposide treatment (g) and quantification of the 519 

percentage of cells with cytoplasmic mCherry signals (h). Cells were co-stained with 520 

LC3 and LAMP1 antibodies. In f,h, data are mean ± s.d.; more than 500 cells; each 521 

data point (n) represents cells in 10 random fields, n = 7, 5, 5, 8 for respective 522 

conditions (f) and n = 5 for all conditions (h). i. Relative intensities of mCherry and GFP 523 

signals of a typical senescent cell as in (g) were quantified by LAS X Core software. In 524 

g-i, each experiment has been repeated for two times. j, Confocal microscopy analysis 525 

of senescent cells (etoposide) stably expressing mCherry-GFP-SIRT1 with and without 526 

Lys05 treatment. On day 6 after etoposide treatment, cells were treated with 5 ȝM 527 

Lys05 for 48 hrs; n=2 independent experiments. In g, j, arrows indicate cytoplasmic 528 

SIRT1 puncta with strong mCherry signals and fading GFP signals. Source Data are 529 

provided. 530 

 531 



Figure 3. SIRT1 associates with autophagy protein LC3.  532 

a, IP of extracts from HEK293T cells expressing GFP-tagged constructs; n = 2 533 

independent experiments. b, GST-SIRT1 pull-down of bacteria-expressed and purified 534 

LC3 protein; n = 2 independent experiments. c,d, BiFC analysis of SIRT1-LC3 535 

interaction. HEK293T cells were transfected with indicated combinations of constructs. 536 

c, Cells were imaged by confocal microscopy; This experiment has been repeated for 3 537 

times. Scale bar: 15 ȝm. d, Relative percentage of Venus-positive cells were quantified 538 

and normalized to VN-SIRT1+VC-LC3 condition (as 100%). Mean ± s.d.; more than 500 539 

cells and n = 5 random fields. e, IP of extracts from proliferating and senescent IMR90 540 

cells. Senescent cells were harvested for IP at day 8 after etoposide treatment. 541 

Excessive beads and antibodies were used in the IP to capture nearly 100% of LC3 542 

protein in the lysates. Flow: flow-through. Western blot quantification: SIRT1 or p62 IP 543 

bands were normalized to LC3 IP and SIRT1 or p62 input bands. Mean ± s.d.; n = 3 544 

independent experiments; paired two-tailed Students’ t-test. f, IP of nuclear extracts 545 

from proliferating and senescent IMR90 cells. Senescent cells were harvested for IP at 546 

day 8 after etoposide treatment. Excessive beads and antibodies were used in the IP to 547 

capture nearly 100% of LC3 protein in the lysates. Flow: flow-through. Western blot 548 

quantification: SIRT1 IP bands were normalized to LC3 IP and SIRT1 input bands. 549 

Mean ± s.d.; n = 3 independent experiments; paired two-tailed Students’ t-test. g, IP of 550 

HEK293T cells expressing GFP-tagged LC3 wild type (WT) or mutant constructs; n = 2 551 

independent experiments. Statistical information and unprocessed blots are provided as 552 

source data. 553 

 554 



Figure 4. SIRT1 interacts with LC3 through a LIR motif.  555 

a, SIRT1 peptide array showing potential interaction regions with LC3. 20-mer peptides 556 

covering full-length SIRT1 with a moving window of 3 residues were synthesized and 557 

incubated on a cellulose membrane. The array was probed with GST-LC3B. Eight 558 

potential regions for LC3 binding were boxed and numbered. b, IP of HEK293T cells 559 

expressing HA-tagged SIRT1 and Flag-tagged LC3, with addition of DMSO or 500 ȝM 560 

synthetic SIRT1 peptides as indicated; n = 3 independent experiments. c, IP of 561 

HEK293T cells expressing HA-tagged SIRT1 WT, W221A/V224A (WV), 562 

F474A/D475A/V476A or Y497A/L500A substitutions; n = 2 independent experiments. d, 563 

IP of HEK293T cells expressing Flag-tagged LC3 and HA-tagged SIRT1 WT, WV or 564 

E214A/D216A/D217A (EDD) mutants; n = 2 independent experiments. e, Scheme of 565 

SIRT1 showing the location of the 205-233 peptide. Potential amino acid residues 566 

involved in LC3 binding are labeled in red, including the core LIR motif WQIV. Location 567 

of 205-233 peptide is labeled in blue; locations of other peptides tested are labeled in 568 

grey. f, IP of HEK293T cells expressing HA-tagged SIRT1 and Flag-tagged LC3, with 569 

addition of DMSO or 500 ȝM synthetic SIRT1 peptides as indicated; n = 2 independent 570 

experiments. g, IMR90 cells stably expressing HA-tagged SIRT1 I347A or WV+I347A 571 

mutants were infected with HRasV12 retrovirus, selected by antibiotics and harvested at 572 

indicated days for western blotting; n = 2 independent experiments. h-i, Senescent 573 

IMR90 cells expressing mCherry-GFP-SIRT1 I347A or WV+I347A mutants were 574 

analyzed. Senescence was initiated by etoposide treatment for indicated days. h, Cells 575 

at day 7 after etoposide treatment were imaged by confocal microscopy. Scale bar: 5 576 

ȝm. i, Percentages of cells with cytoplasmic SIRT1 puncta were quantified. Data are 577 



mean ± s.d.; more than 500 cells were counted; each data point (n) represents cells in 578 

10 random fields, n = 5 for all conditions; two-way ANOVA with Sidak’s multiple 579 

comparisons test. Statistical information and unprocessed blots are provided as source 580 

data. 581 

 582 

Figure 5. SIRT1 undergoes lysosomal degradation during aging in mouse and 583 

human.  584 

a,b, Spleens (a) and testes (b) from young (2-4 months) and aged (19-26 months) 585 

C57BL/6 mice were analyzed by western blotting and RT-qPCR. Data are mean ± 586 

s.e.m.; unpaired two-tailed Students’ t-test; n = 4 animals. c,d, Spleens (c) and testes (d) 587 

were analyzed by western blotting and RT-qPCR for SIRT1 expression, from aged (19-588 

24 months) mice subjected to daily i.p. injection of 10 mg/kg Lys05 in PBS or PBS 589 

control in 100 ȝL volume for two weeks. Data are mean ± s.e.m.; two-tailed Mann-590 

Whitney test. For spleen protein, control group n = 8 animals, Lys05 group n = 7 591 

animals; RNA, control group n = 8 animals, Lys05 group n = 6 animals. For testis 592 

protein and RNA, control group n=6 animals, Lys05 group n=6 animals. e. HSPC 593 

populations were isolated from young (2-4 months) and aged (20-26 months) C57BL/6 594 

mice, cultured with or without 2 ȝM Lys05 for 24 hours and analyzed by western blotting 595 

and RT-qPCR. For protein, data are mean ± s.e.m.; one-way ANOVA coupled with 596 

Tukey’s test; n=6 independent experiments. For RNA, data are mean ± s.e.m.; unpaired 597 

two-tailed Students’ t-test; n=4 independent experiments. f. Freshly sorted CD8+CD28+ 598 

(control) and CD8+CD28- T cells were treated with Lys05 at doses of 0 and 5 µM for 14 599 

hours, and then were harvested and analyzed by western blotting. Donor age: 53, 54 600 



and 66. Data are mean ± s.d.; unpaired two-tailed Students’ t-test; n = 3 human donors. 601 

In a-f, western blot quantification: SIRT1 bands were normalized to GAPDH bands, for 602 

testes both bands of SIRT1 were considered. In a-e, RT-qPCR quantification: data were 603 

normalized to 18S. Statistical information and unprocessed blots are provided as source 604 

data. 605 

 606 



Methods 1 

Cell lines, culture and treatments 2 

IMR90, BJ and HEK293T cells were described previously15, 38, 39. IMR90 and BJ within 3 

population doubling of 40 were used, except for replicative senescence experiments. Cells were 4 

cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin 5 

and 100 µg/mL streptomycin (Invitrogen). IMR90 and BJ cells were cultured under 6 

physiological oxygen (3%). Stable cell lines were made by retrovirus or lentivirus infection as 7 

previously described15, 39.  8 

For replicative senescence, cells were subjected to continuous passaging to induce senescence. 9 

For oncogene-induced senescence, cells expressing ER:HRasV12 were treated with 4OHT (4-10 

hydroxytamoxifen) to induce HRasV12 expression. For DNA damage-triggered senescence, 11 

cells were treated with 100 ȝM etoposide for 48 hours.  12 

For contact inhibition, cells were continuously cultured at 100% confluency to induce growth 13 

arrest and quiescence. Fresh media was replenished every two days to maintain cellular 14 

metabolic activities.  15 

For amino acid starvation, cells were cultured in Hank’s buffer (with calcium and glucose) 16 

supplemented with 10% dialyzed FBS and 1% HEPES (Invitrogen). For amino acid and serum 17 

starvation, cells were cultured in Hank’s buffer with 1% HEPES. For 2-DG treatment, cells were 18 

incubated in complete media supplemented with 10 mM 2-DG. For Torin 1 treatment, cells were 19 

incubated in complete media supplemented with 250 nM Torin 1.  20 

For MG132 treatment, doses of 0.125-0.5 ȝM were used for 48-hour treatment. For Lys05 21 

treatment, doses of 2-5 ȝM were used for 48-hour treatment.  22 

 23 



Reagents and antibodies 24 

The following reagents were used: 4-hydroxytamoxifen (Sigma-Aldrich), etoposide (Sigma-25 

Aldrich), 2-DG (Sigma-Aldrich), Torin 1 (Selleckchem), Resveratrol (Sigma-Aldrich), MG132 26 

(Calbiochem), Lys05 (a gift from Dr. Ravi Amaravadi and Dr. Jeffery D. Winkler, and was also 27 

purchased from MedKoo Biosciences, Inc).  28 

The antibodies used in this study were described in Supplementary Table 1. 29 

 30 

Plasmids 31 

GFP, GFP-LC3 wild type and mutants, Flag-LC3, GFP-Atg5, GFP-Beclin 1, GFP-ULK1, Tet-32 

pLKO-puro-shAtg7 and constructs used for BiFC assay were described previously15. SIRT1 33 

sequence was cloned into LPC-HA, LPC-Flag, pETDuet-GST and previously described pBabe-34 

mCherry-GFP vectors15. All SIRT1 mutants were cloned from SIRT1 sequence and were 35 

verified by DNA sequencing.  36 

The following CRISPR guide sequences were cloned into lentiCRISPR v2 vector. PRM1: 37 

CACCGGACAAAGAAGTCGCAGACGA, AAACTCGTCTGCGACTTCTTTGTCC; SIRT1: 38 

CACCGCTCCCCGGCGGGGGACGACG, AAACCGTCGTCCCCCGCCGGGGAGC. The 39 

constructs were incorporated into IMR90 cells through lentivirus infection for sgRNA knockout.  40 

 41 

Western blotting 42 

Western blotting was performed as previously described15 with modification. In brief, cells were 43 

lysed in buffer containing 20 mM Tris pH 7.5, 137 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 1% 44 

NP-40, supplemented with 1:100 Halt protease and phosphatase inhibitor cocktail (Thermo 45 

Scientific) and benzonase (Novagen) at 12.5 U/mL. For lysis, cells were rotated at 4 � for 30 46 



min, supplemented with 1% SDS for boiling, and then the supernatants were subjected to 47 

electrophoresis and transfer to 0.2 ȝm nitrocellulose membrane. Membrane was incubated with 48 

primary antibodies in TBS supplemented with 0.1% Tween 20 at 4 °C for overnight, probed with 49 

HRP-conjugated secondary antibodies, and then was developed with SuperSignal West Pico 50 

PLUS Chemiluminescent Substrate (Thermo Fisher) and imaged by Amersham Imager 600.  51 

 52 

RNA-sequencing and RT-qPCR  53 

The results of RNA-sequencing were based upon data from Rai et al.(referenced GEO Accession: 54 

GSE52848, GSE53356)13. For proliferating cells, IMR90 cells at PD32 were used. For 55 

replicative senescence, IMR90 cells at PD88 were used. For oncogene-induced senescent cells, 56 

IMR90 cells expressing ER:HRasV12 construct were induced by 4OHT. For RNA-sequencing 57 

data analysis, quantification of fragments per kilobase million were used and were normalized to 58 

ACTB.  59 

For RT-qPCR, RNA was extracted using Qiagen RNeasy Mini Kit (#74104). Reverse 60 

transcription was performed using Applied Biosystems High-Capacity RNA-to-cDNA kit 61 

(#4387406). cDNA was quantified using standard procedures on a 7900HT Fast-Real-Time PCR 62 

(ABI).  63 

The following primers were used for RT-qPCR analysis. SIRT1 (human): 64 

TGACTTCAGGTCAAGGGATGG, GGGAAGTCTACAGCAAGGCG; GAPDH (human): 65 

CAGCCTCAAGATCATCAGCA, TGTGGTCATGAGTCCTTCCA; SIRT1(mouse) pair 1: 66 

GCCGCGGATAGGTCCATATA, GTGCCAATCATGAGATGTTGCT; pair 2: 67 

AGCGATCGGCTACCGAGA, TTAGTGAGGAGTCCATCGGTCA; 18S (mouse): 68 

GTAACCCGTTGAACCCCATT, CCATCCAATCGGTAGTAGCG.  69 



 70 

Immunoprecipitation 71 

Immunoprecipitation (IP) was performed as previously described15 with slight modification. In 72 

brief, cells were lysed in buffer containing 20 mM Tris pH 7.5, 137 mM NaCl, 1 mM MgCl2, 1 73 

mM CaCl2, 1% NP-40, 10% glycerol, supplemented with 1:100 Halt protease and phosphatase 74 

inhibitor cocktail (Thermo Scientific) at 4 � for 1 hour. The supernatant was incubated with 75 

antibody-conjugated Dynabeads (Life Technologies) at 4 � for overnight, and was then washed 76 

and boiled with NuPAGE loading dye for western blotting analysis in the next day. 77 

For Lambda-treated samples, cell lysates were incubated with Lambda at 30� for 10min; for 78 

control samples, cell lysates were incubated with lysis buffer at 30� for 10min. The lysates were 79 

then subjected to IP overnight at 4�.  80 

 81 

Bacteria expression and GST pull-down 82 

GST-tagged constructs were transformed into BL21-CodonPlus E. coli for protein expression, 83 

and purified with glutathione beads (Life Technologies). LC3 were cloned into GST construct 84 

with a TEV protease recognition site between GST and the LC3 sequence. After glutathione 85 

bead purification, the protein was further digested with His-tagged TEV protease and purified 86 

with Ni-NTA beads (Qiagen).  87 

GST pull-down was performed as previously described15. In brief, bacteria lysates containing 88 

GST-tagged proteins were incubated with glutathione beads at 4 °C for 2 hours for pre-binding. 89 

Purified proteins were diluted in binding buffer (20 mM Tris, pH 7.5, 137 mM NaCl, 1 mM 90 

MgCl2, 1 mM CaCl2, 1% NP-40, supplemented with 1:100 Halt Protease inhibitor cocktail), pre-91 

cleared with glutathione beads at 4 °C for 1 hour, and then incubated with pre-bounded 92 



glutathione beads at 4 � for overnight. The next day, beads were washed and boiled with 93 

NuPAGE loading dye for western blotting analysis.  94 

 95 

Immunofluorescence 96 

Immunofluorescence was performed as previously described15 with slight modification. In brief, 97 

cells on the coverslips were fixed in 4% paraformaldehyde and permeabilized with 0.5% Triton 98 

X-100 in PBS. Cells were incubated with primary antibodies in 5% BSA in PBS supplemented 99 

with 0.1% Tween 20 first at room temperature for 30 min, and then at 4 °C for overnight. The 100 

next day, cells were probed with Alexa Fluor-conjugated secondary antibody (Life 101 

Technologies), washed and mounted with ProLong Gold (Life Technologies). The slides were 102 

imaged with Leica TCS SP8 fluorescent confocal microscope. If cells were subjected to DAPI 103 

staining, cells were incubated with 1 µg/ml DAPI in PBS for 5 min, and washed with PBS before 104 

mounting. 105 

 106 

Bimolecular Fluorescence Complementation assay 107 

HEK293T cells were plated on coverslips and transfected with 50-100 ȝg BiFC constructs for 2 108 

days. The coverslips were fixed with 4% paraformaldehyde in PBS, stained with DAPI, mounted 109 

with ProLong Gold (Life Technologies) and then were subjected to microscopy imaging.  110 

 111 

Cell nuclear fractionation 112 

Cell fractionation was performed using a previously described protocol with modification40. 1 × 113 

106 cells were trypsinized and washed with PBS for two times. Cell were resuspended in 1.2 mL 114 

HEPES-Sucrose-Ficoll-Digitonin solution (HSFD, 20 mM HEPES-KOH, 6.25% Ficoll, 0.27 M 115 



sucrose, 3 mM CaCl2, 2 mM MgCl2. pH7.4) supplemented with 300 ȝg/mL digitonin and 1:100 116 

Halt protease and phosphatase inhibitor cocktail (Thermo Scientific), rotated at 4°C for 10 min, 117 

and then centrifuged at 1000 × g for 3 min. The supernatant (cytoplasmic fraction) was removed, 118 

and the pellet was washed twice with PBS. The pellet was then resuspended in 1.2 mL buffer 119 

containing 20 mM Tris pH 7.5, 137 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 1% NP-40, 10% 120 

glycerol, supplemented with 1:1000 benzonase (Millipore) and 1:100 Halt protease and 121 

phosphatase inhibitor cocktail (Thermo Scientific) and rotated at 4 � for 1 hour. The solution 122 

was centrifuged at 15,000 × g for 5 min and the supernatant was collected as nuclear fraction.  123 

 124 

Peptide array and peptide competition 125 

For peptide array, the experiment was performed following previously described procedure26. 126 

20-amino acid peptides were made throughout full-length SIRT1 with a 3-amino acid shift. 127 

Peptides were synthesized and immobilized on a cellular membrane using INTAVIS MultiPep 128 

automated peptide synthesizer (INTAVIS Bioanalytical Instruments AG, Germany). GST-LC3B 129 

was used as an overlay probe for the binding, and interaction signals were detected using specific 130 

GST antibody, developed by chemiluminescence and imaged by imager.  131 

For peptide competition IP, ~30-amino acid peptides were synthesized by GenScript and were 132 

dissolved with DMSO. 500 ȝM peptides or same volume of DMSO were added in the IP system 133 

at the overnight incubation step. The other steps of the IP were performed the same as the regular 134 

procedure.  135 

 136 

Mouse experiments 137 



Mice in C57BL/6 background were used in this study. Aged mice were obtained from NIA aged 138 

rodent colonies. Mice were housed under a 12-h light and 12-h dark cycle, with lights on at 7 a.m. 139 

and lights off at 7 p.m. Water and standard chow were provided ad libitum following regulations 140 

and guidelines of the University of Pennsylvania. Tumor-free mice with both sexes were 141 

included in the study.  142 

For Lys05 injection experiment, mice were injected intraperitoneally with 10 mg/kg Lys05 in 143 

PBS or PBS alone in 100 ȝL volume daily for two weeks, and then were subjected to euthanasia 144 

and tissue harvesting. All procedures were approved and performed following regulations and 145 

guidelines of the University of Pennsylvania.  146 

For LSK cell isolation and culture, mice were euthanized and dissected to excise the tibia, femur 147 

and hip bones. Bone marrow cells were harvested and subjected to lineage depletion using 148 

Lineage Cell Depletion Kit (Miltenyi Biotec, 130-090-858) following the manufacturer’s 149 

instructions. Briefly, harvested cells were incubated with biotinylated monoclonal antibodies 150 

cocktail against lineage specific cells (CD5, CD11b, B220, Gr1and Ter119). Cells were then 151 

washed and incubated with anti-biotin Magnetic beads followed by magnetic separation on 152 

autoMACS Pro Separator (Miltenyi Biotec, 130-092-545). Eluted Lineage depleted cells were 153 

stained with surface markers to define c-Kit and Sca-1 population. LSK cells were sorted using 154 

BD FACS Aria flow cytometer with DiVa software (Becton Dickinson). Forward and side 155 

scatter parameters were used to exclude the doublets. Purity was maintained at > 95-97%. Sorted 156 

LSK cells were cultured in StemSpan SFEM II (STEMCELL Technologies, 09600) 157 

supplemented with 10% fetal bovine serum (Sigma-Aldrich, 12103C), penicillin/streptomycin, 158 

L-glutamine (Gibco, 15140-122), 2-mercaptoethanol, 100ௗng/mL SCF (PeproTech, 250-03), 20 159 

ng/mL mTPO (PeproTech, 315-14), 20ௗng/mL IL3 (PeproTech, 213-13) and 20ௗng/mL IL6 160 



(PeproTech, 216-16), at the cell concentration of 1 million cells/mL. For Lys05 treatment, at 24 161 

hours post-isolation, cells were collected, resuspended in media with 2 ȝM Lys05 at the cell 162 

concentration of 1 million cells/mL, and incubated for 24 hours. Cells were then harvested for 163 

analysis. The gating strategy is illustrated in Supplementary Fig. 1a. 164 

 165 

Senescence-associated beta-galactosidase (ȕ-gal) assay 166 

Assay were performed using Cellular Senescence Assay Kit (Millipore, KAA002), and were 167 

imaged and quantified under regular light microscope.  168 

 169 

SIRT1 deacetylation activity assay 170 

Cells were lysed in buffer containing 20 mM Tris pH 7.5, 137 mM NaCl, 1 mM MgCl2, 1 mM 171 

CaCl2, 1% NP-40, 10% glycerol, supplemented with 1:100 Halt protease and phosphatase 172 

inhibitor cocktail (Thermo Scientific) at 4 � for 1 hour. The supernatant was incubated with 173 

antibody-conjugated agarose beads (Thermo Fisher) at 4 � for overnight. The next day, beads 174 

were washed 10 min for 4 times at 4 �, added with 5 ȝL buffer, and were subjected to SIRT1 175 

activity detection using SIRT1 Activity Assay Kit (Abcam, ab156065). The deacetylation 176 

activity of the samples was determined by the average slopes of fluorescence intensity curves, 177 

which were calculated through lineage regression analyses.  178 

 179 

Mass Spectrometry 180 

Elution samples of IP were separated by 4-12% Bis-Tris NuPAGE and stained using G-250. The 181 

SIRT1 bands (confirmed by Western blotting) were analyzed in standard protocol of in-gel 182 

digestion, C18 stage tip and label-free quantitative LC-MS/MS. Tryptic peptides were run on a 183 



Thermo-Fisher Orbitrap Fusion equipped with a Dionex UHPLC. Samples were separated on a 184 

home-packed capillary column (75 µm * 20 cm) containing C18-AQ resin (3 µm) at a flow rate 185 

of 400 nl/min. Mobile phase A consisted of 0.1% formic acid in water, and mobile phase B 186 

consisted of 0.1% formic acid in 80% acetonitrile. A gradient of 70 min was preceded by a 2-min 187 

loading period (2% B). The mobile phase was programmed to 5% B in 3 min, then 5% to 30% B 188 

in 40 min, followed by an increase to 55% buffer B by 60 min. Column washing was set at 99% 189 

B for 6 min before returning to the initial conditions. Full scan mass range of m/z 300-1800 was 190 

analyzed in the Orbitrap at 60,000 FWHM (200 m/z) resolution and 4.0e5 AGC target value with 191 

maximum injection time to 100 ms. Determined charge states between 2 and 6 were required, 192 

and 30 s dynamic exclusion window was used with isotopes excluded. MS/MS was performed in 193 

the ion trap in the Rapid mode with the TopSpeed mode (3 s) using data-dependent acquisition. 194 

HCD collision energy was set to 30%, AGC target to 1.0e4 and maximum injection time to 150 195 

ms.  196 

Raw files were analyzed by MaxQuant 1.6.0.16 against SIRT2 and common contaminant 197 

database. The search included fixed modification of carbamidomethyl cysteine and variable 198 

modifications of methionine oxidation, N-terminal acetylation and serine/threonine/tyrosine 199 

phosphorylation. All other values used default settings. The msms.txt generated by MaxQuant 200 

was sent to Skyline software for label-free quantification. All peptides from SIRT1 were 201 

manually checked before extracting the peak area for computing relative abundance of 202 

unmodified and phosphorylated status.  203 

 204 

Human T cell population sorting and culture 205 



Blood samples were collected at the Vitalant in San Francisco, CA. All donors were age 50 or 206 

older, provided written informed consent, and were de-identified. Total human CD8+ T cells 207 

were enriched using the RosetteSep Human CD8+ T Cell Enrichment Cocktail (Stemcell 208 

Technologies, 15063). Then, the following antibodies were used to stain CD8+CD28+ and 209 

CD8+CD28- T cells: fixable viability dye eFlour506 (Invitrogen, 65-0866-14), CD3-PECy5 (BD 210 

Biosciences, 555334), CD8-V450 (BD Biosciences, 560347), and CD28-PE (Invitrogen, 12-211 

0289-42). Sorting was performed on an ARIA II (BD Biosciences). The gating strategy is 212 

illustrated in Supplementary Fig. 1b. 213 

T cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM l-glutamine, 214 

and penicillin–streptomycin. Lys05 was used at 5 ȝM for 14 h. 215 

 216 

Statistics and Reproducibility 217 

Unpaired two-tailed Student’s t-test and Mann-Whitney test was used for comparison between 218 

two groups. One-way ANOVA coupled with Tukey’s multiple comparison test or two-way 219 

ANOVA coupled with Sidak’s multiple comparisons tests were used for comparisons over two 220 

groups. All bar graphs show mean values with error bars (s.d. or s.e.m., as indicated in figure 221 

legends). 95% confidence intervals were used, and significance was considered when p value 222 

was less than 0.05. The number of times the experiment was repeated has been indicated in the 223 

figure legends.  224 

 225 

Data Availability 226 

RNA-sequencing data were referenced to GEO under accession number GSE52848 and 227 

GSE53356. Mass spec data have been deposited in ProteomeXchange with the primary accession 228 



code PXD020081. Source data are provided in the Source Data files. The authors declare that the 229 

data that support the findings of this study are available within the manuscript. No restriction on 230 

data availability applies. All other data supporting the findings of this study are available from 231 

the corresponding author on reasonable request.  232 
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Figure # Figure title 
One sentence only 

Filename 
This should be the name 
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Extended Data Fig. 1 Characterization of 
SIRT1 role and mRNA 
levels in cellular 
senescence. 

Extended Data 
Figure 1.tif 

a, Western blot showing SIRT1 expression in IMR90 
cells stably expressing LPC vector or LPC-HA-SIRT1 
construct; n = 3 independent experiments. b, ȕ-gal-stained 
cells at day 9 post etoposide treatment were imaged by 
microscopy; n = 2 independent experiments. OE: 
overexpression. c, Percentages of ȕ-gal staining-positive 
cells were quantified at indicated days after etoposide 
treatment. Data are mean ± s.d.; more than 500 cells and 5 
fields were counted; two-way ANOVA with Sidak’s 
multiple comparisons test (p values). d, Western blot 
showing SIRT1 expression in primary BJ fibroblasts 
treated with 100 ȝM etoposide for 48 hrs in time course 
as indicated; n = 2 independent experiments. e, Western 
blot showing SIRT1 expression in IMR90 cells cultured 
at 100% confluency for indicated days; n = 2 independent 
experiments. f-i, RT-qPCR time course analysis of 
proliferating and senescent IMR90 cells induced by 
overexpressing ER:HRasV12 treated with 4OHT (f), by 
etoposide for 48 hrs (g) and BJ cells treated with 
etoposide for 48 hrs (h), and in IMR90 replicative 
senescent cells (i). Data were normalized to GAPDH; the 
bar indicates the average of three technical replicates. PD, 
population doubling. j, SIRT1 deacetylation activity assay 
of endogenous SIRT1 protein immunoprecipitated from 
extracts of proliferating or senescent IMR90 cells 



expressing inducible hairpins of shNTC and shAtg7. For 
senescent cells, cells were induced by Dox for 5 days, and 
then were subjected to etoposide treatment for 48hrs; 
Cells at Day 8 after etoposide treatment were harvested 
for analysis. For proliferating cells, cells were induced by 
Dox for 5 days and then were harvested for analysis. 
Proteins loaded were analyzed by western blotting. This 
experiment has been repeated for two times. Statistical 
information and unprocessed blots are provided as source 
data. 

Extended Data Fig. 2 Characterization of 
SIRT1-LC3 
interaction. 

Extended Data 
Figure 2.tif 

a, IP of extracts from proliferating and senescent IMR90 
cells. Quantification: SIRT1 IP bands were normalized to 
LC3 IP and SIRT1 input bands. Mean ± s.d.; n = 6 
independent experiments; paired two-tailed Students’ t-
test. b, IP of extracts from proliferating and contact-
inhibited IMR90 cells (at 100% confluency for 8 days). 
This experiment has been repeated once. Excessive beads 
and antibodies were used in the IP to capture nearly 100% 
of LC3 protein in the lysates. Flow: flow-through. c, IP of 
extracts from proliferating and contact-inhibited cells; n = 
3 independent experiments. d, IP of nuclear extracts from 
proliferating and senescent cells. Excessive beads and 
antibodies were used to capture nearly 100% of LC3 
protein in the lysates. This experiment has been repeated 
once. Flow: flow-through. e, IP of nuclear extracts from 
proliferating and senescent cells; n = 2 independent 
experiments. In a,d,e, senescent cells were harvested at 
day 8 after etoposide treatment. f, Western blotting of 
nuclear (Nuclear) and cytoplasmic (Cyto) extracts from 
proliferating and senescent cells; n = 2 independent 
experiments. g, Endogenous LC3 IP of IMR90 cell 
extracts with or without protein phosphatase Lambda 
treatment. Quantification: SIRT1 IP bands were 



normalized to LC3 IP and SIRT1 input bands. Mean ± 
s.d.; paired one-tailed Students’ t-test; n = 5 independent 
experiments. h-i, Mass spectrometry analysis of SIRT1 
immunoprecipitated from proliferating and senescent 
IMR90 cells. h, Boxplot showing the peptide intensity 
distribution of SIRT1. N = 54 peptides; p value = 0.25; 
unpaired two-tailed Student’s t-test. The median of the 
data was indicated as the line in the box, and edges stand 
for the 25th/75th percentile. i, Phosphorylated peptides 
identified by mass spec and their phosphorylation levels 
in proliferating and senescence states. AA: amino acid. 
Source data are provided. 

Extended Data Fig. 3 Characterization of 
SIRT1 deacetylation 
role in starvation and 
senescence. 

Extended Data 
Figure 3.tif 

a-c, IMR90 cells that undergo CRISPR/Cas9-mediated 
gene inactivation of non-targeting control (PRM1, as 
PRM1 is involved in spermatogenesis and is not 
expressed in IMR90 cells) or SIRT1 were analyzed under 
starvation and senescence conditions. This experiment 
has been repeated for two times. a, Cells were analyzed 
by western blotting. b, Cells were subjected to 250 ȝM 
Torin 1 and 5 ȝM Lys05 treatment for 24 hrs, and 
analyzed by western blotting. Relative LC3-II intensities 
to GAPDH were quantified. c, Cells at day 6 after 
etoposide-treated senescence were subjected to 2 ȝM or 5 
ȝM Lys05 treatments for 24 hrs, and analyzed by western 
blotting. Relative LC3-II intensities to GAPDH were 
quantified. d-e, IMR90 cells under proliferating, 
starvation (Torin 1 250 ȝM for 24 hrs) and senescence 
(induced by etoposide treatment, harvested at day 7) 
conditions were stained with LC3 antibody and analyzed. 
d, Cells were imaged by confocal microscopy. Scale bar: 
10 ȝm. e, Percentages of cells with nuclear LC3 signals 
were quantified. Starv: starvation. Mean ± s.d.; more than 
500 cells were counted; each data point (n) represents 



cells in 10 random fields, n = 5 for all conditions; one-
way ANOVA coupled with Turkey’s multiple 
comparisons test. f, IMR90 were treated as indicated 
ways for 24 hrs and analyzed by western blotting; n = 2 
independent experiments. CT: control. A.A.: amino acids. 
2-DG: treatment of 10 mM 2-DG. Torin 1: treatment of 
250 ȝM Torin 1. Statistical information and unprocessed 
blots are provided as source data. 

Extended Data Fig. 4 Characterization of 
SIRT1 mutants and 
peptides. 

Extended Data 
Figure 4.tif 

a, Information of potential SIRT1-LC3 interaction 
regions identified in the peptide array as in Fig. 4a, and 
the corresponding synthetic peptides and mutants. Key 
amino acid residues are labeled in red. Potential region: 
LC3-binding regions on SIRT1 identified in the peptide 
array as in Fig. 4a. Peptide region: synthetic peptides 
tested in the peptide competition IP as in Fig. 4b. Peptide 
competition: results of the peptide competition IP as in 
Fig. 4b. Substitution generated: SIRT1 mutants tested in 
the IP as in Fig. 4c. b, SIRT1 deacetylation activity assay 
of SIRT1 WT or WV mutant immunoprecipitated from 
extracts of HEK293T expressing corresponding HA-
tagged constructs. Proteins loaded were analyzed by 
western blotting. This experiment has been repeated for 
two times. c, IP of HEK293T cells expressing HA-SIRT1 
and Flag-LC3 constructs; n = 2 independent experiments. 
Cells were pre-treated with 20 ȝM resveratrol for 6 hrs. d, 
IMR90 cells at day 6 after etoposide-initiated senescence 
were subjected to treatment with 20 ȝM resveratrol for 48 
hrs; n = 2 independent experiments. Cells were then 
harvested for western blotting. e, HEK293T cells 
expressing HA-SIRT1 and Flag-LC3 were treated with 20 
ȝM resveratrol for 6 hrs, and were then harvested for 
SIRT1 activity assay. This experiment has been repeated 
for two times. f, SIRT1 deacetylation activity assay of 



SIRT1 WT or I347A mutant immunoprecipitated from 
extracts of HEK293T expressing corresponding HA-
tagged constructs. Proteins loaded were analyzed by 
western blotting; n = 2 independent experiments. g, IP of 
HEK293T cell lysates expressing Flag-tagged LC3 and 
HA-tagged SIRT1 WT or I347A, WV+I347A, or WV 
mutants. This experiment has been repeated for two 
times. Statistical information and unprocessed blots are 
provided as source data. 

Extended Data Fig. 5 Analysis of SIRT1 in 
mouse tissues and 
HSPCs. 

Extended Data 
Figure 5.tif 

a,b, Thymus from young (2-4 months) and aged (19-26 
months) C57BL/6 mice were lysed and analyzed by 
western blotting (a) and RT-qPCR (b); n = 3 biologically 
independent animals in each group. RT-qPCR data were 
normalized to 18S; mean ± s.e.m.; unpaired two-tailed 
Students’ t-test. c. Indicated organs and tissues of young 
(3 months) and aged (19 months) mice were dissected and 
analyzed by western blotting; n = 2 independent 
experiments. SE: short exposure; LE: long exposure. d,e, 
Young (3 months) mice were fed or fasted for 24 hrs. 
Spleens (d) and Testes (e) were harvested for western 
blotting; n = 2 biologically independent animals in each 
group. f,g, Young (2-4 months) mice were subjected to 
daily i.p. injection of 10 mg/kg Lys05 in PBS or PBS 
control in 100 ȝL volume for two weeks. Spleens (f) and 
testes (g) were analyzed by western blotting. Western blot 
quantification: SIRT1 bands were normalized to GAPDH 
bands. For spleens, data are mean ± s.e.m.; control group 
n = 3 animals, Lys05 group n = 5 animals; two-tailed 
Mann-Whitney test. For testes, data are mean ± s.e.m.; n 
= 4 animals; two-tailed Mann-Whitney test. h, 
Representative flow cytometry plots of cell sorting of 
lineage-depleted bone marrow cells from young and aged 
mice to isolate Lin-Sca-1+c-Kit+ cells (HSPC 



populations). Boxes indicate cell populations isolated. i, 
HSPC populations were isolated from young (2-4 
months) mice, cultured with or without 2 ȝM Lys05 for 
24 hours and analyzed by western blotting. This 
experiment has been repeated once. Statistical 
information and unprocessed blots are provided as source 
data. 
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Statistical Source Data 
Fig. 1 

Source Data Figure 1_stats.xlsx Statistical Source Data 

Unprocessed Blots 
Figure 1 

Source Data Figure 1_blots.pdf Unprocessed Western Blots 

Statistical Source Data 
Fig. 2 

Source Data Figure 2_stats.xlsx Statistical Source Data 

Unprocessed Blots 
Figure 2 

Source Data Figure 2_blots.pdf Unprocessed Western Blots 

Statistical Source Data 
Fig. 3 

Source Data Figure 3_stats.xlsx Statistical Source Data 

Unprocessed Blots 
Figure 3 

Source Data Figure 3_blots.pdf Unprocessed Western Blots 

Statistical Source Data Source Data Figure 4_stats.xlsx Statistical Source Data 

 



Fig. 4 
Unprocessed Blots 
Figure 4 

Source Data Figure 4_blots.pdf Unprocessed Western Blots 

Statistical Source Data 
Fig. 5 

Source Data Figure 5_stats.xlsx Statistical Source Data 

Unprocessed Blots 
Figure 5 

Source Data Figure 5_blots.pdf Unprocessed Western Blots 

   
Statistical Source Data 
Extended Data Fig. 1 

Source Data Extended Data Figure 
1_stats.xlsx 

Statistical Source Data 

Unprocessed Blots 
Extended Data Fig. 1 

Source Data Extended Data Figure 
1_blots.pdf 

Unprocessed Western Blots 

Statistical Source Data 
Extended Data Fig. 2 

Source Data Extended Data Figure 
2_stats.xlsx 

Statistical Source Data 

Unprocessed Blots 
Extended Data Fig. 2 

Source Data Extended Data Figure 
2_blots.pdf 

Unprocessed Western Blots 

Statistical source Data 
Extended Data Fig. 3 

Source Data Extended Data Figure 
3_stats.xlsx 

Statistical Source Data 

Unprocessed Blots 
Extended Data Fig. 3 

Source Data Extended Data Figure 
3_blots.pdf 

Unprocessed Western Blots 

Statistical source Data 
Extended Data Fig. 4 

Source Data Extended Data Figure 
4_stats.xlsx 

Statistical Source Data 

Unprocessed Blots 
Extended Data Fig. 4 

Source Data Extended Data Figure 
4_blots.pdf 

Unprocessed Western Blots 

Statistical source Data 
Extended Data Fig. 5 

Source Data Extended Data Figure 
5_stats.xlsx 

Statistical Source Data 

Unprocessed Blots 
Extended Data Fig. 5 

Source Data Extended Data Figure 
5_blots.pdf 

Unprocessed Western Blots 
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