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ACSS2 drives senescence-associated
secretory phenotype by limiting purine
biosynthesis through PAICS acetylation
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Senescence-associated secretory phenotype (SASP) mediates the biological
effects of senescent cells on the tissue microenvironment and contributes to
ageing-associated disease progression. ACSS2 produces acetyl-CoA from
acetate and epigenetically controls gene expression through histone acet-
ylation under various circumstances. However, whether and how ACSS2
regulates cellular senescence remains unclear. Here, we show that pharma-
cological inhibition and deletion of Acss2 in mice blunts SASP and abrogates
the pro-tumorigenic and immune surveillance functions of senescent cells.
Mechanistically, ACSS2 directly interacts with and promotes the acetylation
of PAICS, a key enzyme for purine biosynthesis. The acetylation of PAICS
promotes autophagy-mediated degradation of PAICS to limit purine meta-
bolism and reduces dNTP pools for DNA repair, exacerbating cytoplasmic
chromatin fragment accumulation and SASP. Altogether, our work links
ACSS2-mediated local acetyl-CoA generation to purine metabolism through
PAICS acetylation that dictates the functionality of SASP, and identifies
ACSS2 as a potential senomorphic target to prevent senescence-associated
diseases.

Cellular senescence promotes tissue and organismal ageing, as well as
ageing-associated pathologies'”. Cellular senescence is characterized
by cell cycle arrest and the secretion of pro-inflammatory and growth
factors by senescent cells, known as senescence-associated secretory
phenotype (SASP)®. Various stresses, including oncogene activation,
telomere shortening, mitochondria dysfunction, and others, can trig-
ger senescence’. SASP mediates the biological functions of the
senescent cells and exhibits context-dependent effects on the tissue
microenvironment>°. While critical for wound healing and immune
surveillance, SASP adversely contributes to the chronic progression of
diseases such as cancer’”, tissue fibrosis’, and metabolic disorders™.
By virtue of this, selective elimination of senescent cells by “senolytics”

or suppression of SASP generation by “senomorphics” have been
considered potential strategies to promote healthy ageing or prevent
ageing-associated diseases®"' ™.

Persistent DNA damage response (DDR) and compromised DNA
repair result in genomic instability of senescence and trigger SASP™* ',
Upon DNA damage, senescent cells release yH2AX-expressing nuclear
chromatin fragments into the cytoplasm, known as cytoplasmic
chromatin fragments (CCFs)"%. In this context, cytosolic DNA sensor
cGAS recognizes CCFs and produces second messenger cyclic
GMP-AMP (cGAMP), which binds and activates STING, activating
NFkB signaling to trigger SASP gene transcription'. Additionally,
apoptotic stress also enables the release of mitochondrial DNA
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(mtDNA) into the cytosol, where mtDNA, in turn, activates the cGAS-
STING pathway*.

Metabolic deregulation is one hallmark of senescence
Senescent cells show increased glycolysis and mitochondrial dys-
function, among other metabolic abnormalities®* 2%, Recent studies
demonstrate that deregulated metabolism also promotes CCF forma-
tion. For example, mitochondria-derived oxidative stress facilitates
senescence induction and SASP through DNA damage and CCF
formation®*°. Notably, suppressed nucleotide metabolism results in
deoxyribonucleotide triphosphate (dNTP) deficiency, leading to
aberrant DNA replication, DNA repair blockade, and genomic
instability during oncogene-induced senescence (OIS)™. In line with
this, exogenous dNTPs supplement or increasing nucleotide, espe-
cially purine biosynthesis, facilitates DNA repair, senescence bypass,
and cancer development®*, However, the regulation of nucleotide
metabolism in cellular senescence and subsequent effects on SASP
remain poorly understood.

Acetyl-CoA, the lipogenic precursor and acetylation substrate,
plays compartment-specific roles in physiological and pathological
processes, including cellular senescence®. Intracellular acetyl-CoA is
mainly catalyzed by citrate-dependent ATP-citrate lyase (ACLY) and
acetate-dependent acetyl-CoA synthetase 2 (ACSS2). ACLY synthesizes
the major pool of acetyl-CoA, and promotes DNA repair through his-
tone acetylation in proliferating cancer cells®. In non-cancerous cells,
ACLY deficiency has been shown to induce senescence through p53
activation®’. The emerging evidence demonstrates that ACSS2 under-
goes cytosol-to-nuclear translocation and regulates gene transcription
during neural differentiation or under glucose starvation, through on-
site generation of acetyl-CoA and histone acetylation®®*. A recent
study also showed that ACSS2 homolog Acs2 is required for histone
H4K16 acetylation to maintain the telomere silencing and regulate the
senescence in budding yeast*’. While these studies uncover important
roles of nuclear ACSS2 in gene regulation, whether and how ACSS2
regulates mammalian cellular senescence is unknown.

Here, we show that ACSS2 drives SASP by inhibiting PAICS-
dependent de novo purine biosynthesis (DNPB) and promoting CCF
formation. Our work links ACSS2-mediated local acetyl-CoA genera-
tion to non-histone acetylation of a metabolic enzyme that dictates the
functionality of SASP. Our results also suggest that ACSS2 can be a
potential senomorphic target to treat senescence-associated diseases.

1,23,24

Results

ACSS2 drives SASP

We used human primary embryonic lung fibroblast (IMR90) to
establish a 4-Hydroxy-tamoxifen-activatable oncogenic RAS-induced
senescence model (OIS). Starting on day eight post-initiation, most
cells enter senescence accompanied by strong SASP*. To explore the
role of ACSS2 in OIS, we employed shRNAs to knock down ACSS2 at day
8 (Fig. 1a). ACSS2 deficiency resulted in the accumulation of its sub-
strate acetate, but did not affect senescence-associated growth arrest
or expression of senescence markers, including senescence-associated
beta-galactosidase (SA-f3-gal) activity and upregulation of p16 and p21
(Supplementary Fig. 1a and Fig. 1b-d). However, the global tran-
scriptomic profiling among groups of proliferating (Pro), senescent
(Sen) cells with or without ACSS2 knockdown (shACSS2) showed a
significant enrichment of SASP-related pathways, such as cytokine-
cytokine interaction, chemokine signaling and NFkB pathways
(Fig. 1e, f). The SASP genes were indeed significantly upregulated in
OIS cells while reduced upon ACSS2 knockdown (Fig. 1g and Supple-
mentary Fig. 1b). Furthermore, consistent results were obtained by
treating OIS cells with ACSS2 inhibitor (ACSS2i) (Supplementary
Fig. 1c, d). Similar SASP decline by ACSS2 inhibition was also observed
in other forms of senescence, including chemotherapy drug etoposide
treatment-induced senescence (TIS) (Supplementary Fig. le, f) or
irradiation-induced senescence (Supplementary Fig. 1g-j). Notably,

ACSS2 expression positively correlated with the expression of several
SASP genes in human pancreatic intra-epithelial neoplasia harboring
oncogenic RAS-induced senescent cells** (Supplementary Fig. 1k). We
then compared the secreted SASP components from proliferating and
OIS cell groups using antibody-based cytokine array. Consistently, the
secreted protein levels significantly decreased in ACS52-knockdown
senescent cells (Fig. 1h).

To determine if the effect of ACSS2 deficiency is specific to the
senescence condition, we performed ACSS2 knockdown or ACSS2i
treatment in proliferating cells and found that neither deficiency nor
inhibition of ACSS2 significantly impacts the proliferative state, as
shown by the expression of senescence-associated cell cycle arrest
markers, SA-B-gal activity, and SASP gene expression (Supplemen-
tary Fig. 2).

ACSS2 can drive gene transcription through histone acetylation-
dependent mechanisms®*, Histone acetylation on SASP gene super-
enhancers and enhancers featured by lysine 27 acetylated histone H3
(H3K27ac), and the interaction with transcription factor NFkB, play
pivotal roles in the activation of SASP gene transcription***®, We next
sought to determine whether ACSS2 could regulate SASP gene
expression directly via epigenetic mechanisms. The immunoblots of
H3ac and H3K27ac showed that global histone acetylation did not
change by ACSS2 knockdown compared to the control knockdown
cells (Supplementary Fig. 11). Furthermore, ChIP-sequencing results
showed that the global distribution of H3K27ac did not change sig-
nificantly in ACSS2 knockdown compared to control knockdown OIS
cells (Fig. 1i). Through integrated analysis of the H3K27ac ChIP-seq
with RNA-seq datasets comparing control and ACSS2 knockdown OIS
cells, 1260 genes were upregulated in senescence while downregulated
by ACSS2 knockdown, and 296 out of 1260 genes exhibited reduced
H3K27ac (more than twofold) deposition in ACSS2 knockdown OIS
cells, indicating that ACSS2 regulates these genes potentially through
histone acetylation. Gene ontology analysis of the 296 genes showed
significant enrichment (P=2.2 x 107, Fisher’s exact test) of signaling
transduction and cell adhesion (Fig. 1j, k). Notably, although the SASP
gene expression was increased in senescence while significantly
decreased by ACSS2 knockdown or inhibition, and H3K27ac deposi-
tion on the SASP genomic loci indeed dramatically elevated in senes-
cent cells compared to proliferating cells, ACSS2 knockdown did not
change the H3K27ac occupancy on these SASP gene loci, indicating
that downregulated SASP gene expression by ACSS2 loss is not regu-
lated by H3K27ac (Fig. 11). Similar results were confirmed in TIS, where
ACSS2 knockdown did not change H3K27ac occupancy on SASP gene
loci, as revealed by H3K27ac ChIP-qPCR analysis (Supplementary
Fig. Im). Altogether, these data suggest that ACSS2 controls SASP
independently of H3K27ac-marked epigenetic regulation.

ACSS2 promotes CCF formation in senescent cells

CCF formation is an upstream molecular event of SASP gene tran-
scription, and CCFs are recognized by the cytosolic DNA sensor cGAS
that produces cyclic GMP-AMP (cGAMP) to activate the adaptor protein
STING which leads to activation of NFkB signaling®?. We next sought
to determine whether ACSS2 knockdown alters SASP gene expression
through CCF formation. By co-staining with CCF marker yH2AX and
cGAS in proliferating and senescent cells, we observed that ACSS2 but
not ACLY deficiency dramatically suppressed CCF formation in OIS,
TIS, and irradiation-induced senescence (Fig. 2 and Supplementary
Fig. 3a, b). However, ACSS2 deficiency did not impact proliferating cells
in which CCFs were not obvious (Supplementary Fig. 3c, d). Given that
ACSS2 nucleus localization coincides with its nuclear function, we
wondered if the cellular localization of ACSS2 changed during senes-
cence. The immunostaining results showed that ACSS2 displayed a
similarly diffused pattern in the cytoplasm of both proliferating and
senescent cells, indicating a potential role of cytosolic ACSS2 in con-
trolling SASP through CCF formation (Supplementary Fig. 3e-j).
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Aberrant purine and pyrimidine metabolism in ACSS2-deficient
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senescent cells

The cytosolic ACSS2 location led us to explore potential metabolic
mechanisms for ACSS2 to regulate CCF formation. To this, we per-
formed targeted metabolomics analysis of proliferating cells, senes-
cent cells with or without ACSS2, and included ACLY knockdown

senescent cells for comparison (Fig. 3a). Higher NADP*/NADPH ratios
and lower GSH/GSSG ratios were detected in OIS compared to pro-
liferating cells, indicating redox imbalance in senescence as previously
reported®®® (Supplementary Fig. 4a, b). Consistent with previous
studies, ACLY-knockdown senescent cells had much lower acetyl-CoA
levels than ACSS2-knockdown senescent cells (Supplementary Fig. 4c).
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Fig. 1| ACSS2 regulates SASP during senescence. a ER:RAS-expressing IMR90
cells were induced to senesce by adding 100 nM 4-OHT, expressing non-targeting
shRNA (shCtrl) or ACSS2 targeted shRNA (shACSS2). The puromycin-selected cells
were harvested and analysed for expression of the indicated proteins by immu-
noblots. b-d The indicated cells were examined by SA-B-gal staining and colony
formation (b). SA-B-gal-positive cells were quantified (c), the integrated intensity of
the colonies was quantified using NIH Image J software (d). e, f Heat map of the
RNA-seq data of the genes for which expression was significantly changed among
proliferating and senescent cells with or without ACSS2 knockdown (e), KEGG
analysis of genes altered by ACSS2 knockdown is shown (fold change, FC>2,
P<0.05) (f). g Heat map of SASP genes in senescent cells with ACS52 knockdown vs.
control knockdown determined by RNA-seq analysis. h The secretion of SASP
components under the indicated conditions was detected by antibody arrays. The
relative FC in comparison to the senescent cell with control shRNA was shown (n =2

independent repeats). i Average signal from ChIP-seq analysis of H3K27ac occu-
pancy in proliferating and senescent cells with or without knockdown of ACSS2.
j Overlap between genes with expression upregulated in senescence while
decreased by ACSS2 knockdown and genes with increased H3K27ac signal while
decreased by ACSS2 knockdown (FC >2). RNA-seq and ChIP-seq analysis, n=3
biologically independent repeats. k Gene ontology analysis of the overlap genes
from (j). I Tracks of H3K27ac distribution on the representative SASP genes in
groups of proliferating and senescent cells with or without ACSS2 knockdown. Data
represent the mean = s.d. of three biologically independent experiments. The P
values were calculated using One-way ANOVA (Tukey’s multiple-comparison test)
(c, d) or two-tailed Fisher Exact test (j) or one-sided Fisher exact test with
Benjamini-Hochberg adjustment (f, k). Representative blot of n =3 independent
experiments was shown (a). Source data are provided as a Source Data file.

YH2AX  cGAS-FLAG DAPI

Merge

Pro

shCtrl

Oncogene induced senescence
shACSS2-2 shACSS2-1

shACLY-1

shACLY-2

c P =0.9955
P =0.9941
P=3.5x10°
P =0.0001

-
o

% CCF positive cells
o
o

0
4-OHT:
shCtrl: +
shACSS2-1: +
shACSS2-2: +
shACLY-1: +
shACLY-2: +

Fig. 2 | ACSS2 deficiency blunts CCF formation during senescence. a, b IMR90
cells were induced to senesce by oncogene RAS (a) or Etoposide (b). The pro-
liferating cells and senescent cells expressing non-targeting shRNA, ACSS2, or ACLY-
targeted shRNAs were infected with cGAS-FLAG encoding lentivirus. All groups of
cells were subjected to yH2AX and cGAS-FLAG immunostaining. CCFs were indi-
cated by arrows. Scale bar = 20 pm. ¢, d the CCF-positive cells were quantified
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among groups as described in (a, b). Randomly imaged fields with over 100 cells
were analysed. Data represent the mean values of six different fields + s.d. The P
values were calculated using One-way ANOVA (Tukey’s multiple-comparison test).
Representative of n=3 independent experiments were shown (c, d). Source data
are provided as a Source Data file.
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However, ACSS2 deficiency elicited a distinct metabolic profile com-
pared to control or ACLY-knockdown senescent cells (Fig. 3a). More-
over, metabolic pathway analysis uncovered pyrimidine and purine
metabolism as two top-ranked pathways enriched in ACSS2 deficient
senescent cells (Fig. 3b). Indeed, knockdown of ACSS2 significantly
increased the intermediate metabolites of pyrimidine metabolism,
including dCTP and dUMP (Fig. 3c), as well as metabolites of purine

metabolism, including ATP and dATP (Fig. 3d). However, these meta-
bolites were not consistently accumulated in ACLY-knockdown
senescent cells. We also measured the intracellular concentration of
dNTPs in OIS with or without ACSS2 knockdown using a fluorescence-
based method", and confirmed that ACSS2 deficiency increased the
dNTPs levels in senescent cells (Fig. 3e). As previously reported,
enhanced purine biosynthesis facilitates DNA repair in tumor cells by
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Fig. 3 | ACSS2 deficiency increases purine biosynthesis in senescence. a ER:RAS-
expressing cells were induced to senesce by adding 100 nM 4-OHT. At day 8 post-
induction, cells were infected with lentivirus encoding non-targeting shRNA, ACSS2,
or ACLY-targeted shRNAs. The puromycin-selected cells were harvested to perform
targeted metabolomics analysis. Hierarchical clustering of significantly altered
metabolites among groups was shown (n =3 each group). b Top-ranked metabolic
pathways in senescent cells with ACSS2 knockdown compared to control ShRNA
knockdown. P values were calculated using hypergeometric distribution (Meta-
boAnalyst v6.0). ¢, d Heat map analysis of the metabolites involved in the pyr-
imidine pathway (c) and the purine pathway (d). e ER:RAS-expressing cells were
induced to senesce by adding 100 nM 4-OHT. On day 8 post-induction, cells were

infected with lentivirus-encoding non-targeting shRNA or ACSS2-targeted shRNA.
The puromycin-selected cells were harvested to measure cellular dNTP levels.
f-h ER:RAS-expressing cells were induced to senesce by adding 100 nM 4-OHT. At
day 8 post-induction, cells were supplemented with or without nucleosides or
purine-only nucleosides for 14 days. Cells were stained for yH2AX (f). Three ran-
domly imaged fields were analysed (g). The SASP mRNA expression was examined
by qRT-PCR (h). Scale bar = 20 pm. Data represent mean = s.d. of three biologically
independent experiments. The P values were calculated using an unpaired two-
tailed Student’s t-test (e) or One-way ANOVA (Tukey’s multiple-comparison test) (g,
h). Pro, proliferating cells; Sen, RAS induced senescence; NS, nucleosides; A + G,
Adenosine+Guanosine. Source data are provided as a Source Data file.

increasing dNTPs pools, and exogenous dNTPs delay senescence-
associated cell cycle arrest*>**. We thus reasoned that ACSS2 deficiency
potentially enhances nucleotide metabolism to promote DNA repair
that reduces CCF formation and functionally dampens SASP genera-
tion. Indeed, exogenous nucleosides supplement remarkably reduced
CCF formation, decreased SASP mRNA levels, as well as p16 and p21
protein levels in OIS cells, whereas supplement of purine nucleosides
failed to do so (Fig. 3f~h and Supplementary Fig. 4d-g). Collectively,
these results connect ACSS2 to nucleotide metabolism that function-
ally controls SASP.

ACSS2 interacts with purine biosynthetic enzymes in
senescent cells

As ACSS2 functions differently from ACLY to impact CCF-SASP, pre-
sumably through nucleotide metabolism, we postulated that the pro-
tein, rather than the common metabolite acetyl-CoA, mediated this
specific role of ACSS2 in senescence. To elucidate how ACSS2 speci-
fically modulates nucleotide metabolism, we conducted a TurbolD-
based proximity labeling assay to map ACSS2 interactome. ACSS2-V5
fused with biotin ligase was expressed in senescent cells, the biotiny-
lated proteins were captured by streptavidin beads followed by LC-
tandem MS (LC-MS/MS) (Supplementary Fig. 5a). This proteomic
analysis identified 221 proteins significantly enriched (p<0.05,
log,fold change >1) in ACSS2-V5-TurbolD over TurbolD control group,
including ACSS2 itself as a positive control. Among the 221 proteins, we
detected significant enrichment of PAICS and AK1, two enzymes of de
novo purine biosynthesis (DNPB) pathway (Fig. 4a and Supplementary
Fig. 5b). The DNPB consists of a series of metabolic reactions that
convert phosphoribosyl pyrophosphate (PRPP) into inosine 5’-mono-
phosphate (IMP), then to dATP and dGTP, respectively. Of note, purine
biosynthetic enzymes compartmentalize into a dynamic complex
called the purinosome to achieve a greater DNPB efficiency, and PAICS
plays a key role in purinosome organization*s,

Focusing on PAICS, we validated the interaction between ACSS2
and PAICS by co-immunoprecipitation (co-IP) assays in 293 T cells
(Supplementary Fig. 5c). To determine whether the identified PAICS
and AK1 functionally regulate SASP, we performed PAICS and AK1
knockdown respectively in senescent cells, and examined the effects
on SASP gene expression and CCF formation (Supplementary Fig. 5d).
Compared to the control group, loss of either gene significantly
increased CCF formation and further upregulated SASP gene expres-
sion (Supplementary Fig. Se, f). Overall, these results suggest that
DNPB enzymes negatively regulate CCF formation and SASP
generation.

We next examined whether inhibition of purine metabolism could
rescue the effect of ACSS2 deficiency on SASP. To this, we further
knocked down PAICS or AKI in ACSS2-knockdown senescent cells, and
compared CCF formation and SASP gene expression (Fig. 4b). While
ACSS2 knockdown cells harbored fewer CCFs and lower SASP mRNA
levels, knockdown of PAICS or AKI in these cells significantly recovered
CCF formation and SASP gene expression (Fig. 4c-e). To further con-
firm that intervention of purine or dNTPs synthesis can recover CCF
formation and SASP gene expression elicited by ACSS2 inactivation, we

treated senescent cells with methotrexate (MTX), the purine bio-
synthesis inhibitor™. Alternatively, we knocked down PRPSI, the rate-
limiting enzyme of DNPB that produces phosphoribosyl pyropho-
sphate (PRPP), the common precursor for de novo purine and pyr-
imidine synthesis®. Indeed, either MTX treatment or PRPSI1
knockdown significantly rescued the CCF formation and SASP
expression induced by ACSS2 loss (Supplementary Fig. 5g-1). These
data have demonstrated that elevating nucleotide biosynthesis con-
tributes to impaired SASP production upon ACSS2 inactivation.

To further examine whether the metabolic activity of DNPB is
regulated by ACSS2, we measured relative flux of stable isotope-
labeled glutamine (amide-N) in proliferating and senescent cells with
or without ACSS2 knockdown (Fig. 4f). Compared to proliferating cells,
the labeling of purine intermediates e.g. AMP and GMP were sig-
nificantly decreased in senescent cells, which were increased by ACSS2
deficiency (Fig. 4f). Consistently, ACSS2 deficiency elevated the level
of SAICAR, the PAICS product (Supplementary Fig. 5m). These data
suggest that DNPB were blocked in senescence while can be reacti-
vated by ACSS2 deficiency.

Collectively, we conclude that ACSS2 interacts with DNPB
enzymes including PAICS in senescent cells, and ACSS2 deficiency
enhances DNPB to alleviate DNA damage and then reduce CCF for-
mation and SASP generation.

ACSS2 promotes acetylation and degradation of PAICS

We next defined how ACSS2 regulates PAICS. We first examined the
interaction by co-IP assays using V5-tagged ACSS2 and HA-tagged
PAICS in proliferating and senescent cells (Supplementary Fig. 6a). The
endogenous association between ACSS2 and PAICS in both pro-
liferating and senescent cells with or without ACSS2 knockdown were
further confirmed (Fig. 5a). Moreover, ACSS2-PAICS interaction was
confirmed in pull-down assays using recombinant proteins, where
bacterially expressed and purified ACSS2 and PAICS directly binds to
each other (Fig. 5b and Supplementary Fig. 6b, c).

Since ACSS2 facilitates the direct transferring of the acetyl group
onto histone, the interaction between ACSS2 and PAICS prompted us
to explore the potential acetylation of PAICS regulated by ACSS2.
Indeed, immunoblot analysis using anti-acetylated lysine (ac-K) anti-
body revealed obvious PAICS acetylation in proliferating and senes-
cent cells (Fig. 5c). Importantly, enzymatic inhibition by ACSS2i
dramatically suppressed PAICS acetylation in senescent cells (Fig. 5c),
indicating that ACSS2 associates with PAICS and promotes its acet-
ylation through acetyl-CoA production.

To identify the acetylated residues in PAICS, HA-tagged PAICS was
expressed in senescent cells,immunoprecipitated, and analysed by LC-
MS/MS. Two lysine residues (K36 and K47) were identified for sub-
sequent analysis (Supplementary Fig. 6d). Interestingly, single muta-
tion of either lysine residue to arginine (K36R or K47R) substantially
reduced acetylation of PAICS, while double mutation (K36RK47R)
displayed further reduction of the acetylation (Fig. 5d), indicating that
both K36 and K47 residues contribute to PAICS acetylation.

Given acetylation can affect protein stability**, to assess whether
acetylation affects PAICS stability, we performed cycloheximide (CHX)
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chase assay to compare the stability of wildtype (WT), single- and
double-mutant PAICS. Time course-dependent degradation of WT
PAICS was observed within 12 h, while single- and double-mutation
dramatically protected PAICS from degradation, supporting that
acetylation promotes PAICS degradation (Supplementary Fig. 6e, f).
To further determine whether ACSS2 controls PAICS stability, we first

compared PAICS protein levels among proliferating and senescent
cells with or without ACSS2 inactivation. Compared to proliferating
cells, PAICS protein levels were significantly reduced in OIS, TIS, and
irradiation-induced senescent cells, which were rescued by ACSS2
knockdown or enzymatic inhibition (Fig. Se, f and Supplementary
Fig. 6g-i). Of note, PAICS mRNA levels did not change accordingly
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Fig. 4 | DNPB enzymes partially mediate the effects of ACSS2 knockdown on
CCF formation and SASP gene expression. a Volcano plot showing Log, fold
changes in protein intensities on the X-axis and -Log;, P values on the Y-axis.
Significantly enriched proteins were in blue (P < 0.05) and non-significant in gray. P
values were calculated using a two-tailed Student’s ¢-test. b-e ER:RAS-expressing
cells were induced to senesce by adding 100 nM 4-OHT, and the proliferating cells
and senescent cells expressing non-targeting shRNA, ACSS2 targeting shRNA
together with PAICS or AKI specific shRNAs were subjected to immunoblots for the
indicated proteins (b), or CCF detection (c). Scale bar = 10 pm. d The CCF-positive
cells were quantified among groups. Four Randomly imaged fields with over 100

cells were analysed. Bar graphs represent mean values of different fields + s.d.

e Proliferating and senescent cells, as described in (b), were subjected to qRT-PCR
analysis for expression of the indicated SASP genes. f Proliferating and OIS cells
with shCtrl or shACSS2 were harvested and the labeled ®N-Glutamine incorpora-
tion into purine intermediates were analysed by LC-MS/MS. Data represent mean +
s.d. of three biologically independent experiments. The P values were calculated
using One-way ANOVA (Tukey’s multiple-comparison test) (d-f). Representative of
n=3 independent experiments were shown (b, d). Source data are provided as a
Source Data file.
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Fig. 5| ACSS2 promotes acetylation of PAICS and decreases its protein stability.
a Proliferating and OIS cells with or without ACSS2 knockdown were harvested. Co-
immunoprecipitation analysis of endogenous PAICS and ACSS2 in extracts from the
indicated IMR9O0 cells was performed and subjected to immunoblots of the indi-
cated proteins. b Purified human protein of ACSS2 and PAICS was subjected to

in vitro pull-down assay. Immunoblot of the indicated proteins was shown.

c Proliferating and OIS cells were infected with HA-PAICS encoding lentivirus, and
then treated with or without ACSS2i for 48 h. PAICS protein was immunoprecipi-
tated, and the acetylation was analysed by immunoblot with the indicated anti-
body. d HEK293T cells were transfected with HA-tagged wildtype (WT) or K36R,
K47R, and K36RK47R mutants of PAICS. HA-PAICS protein was immunoprecipi-
tated, and the acetylation was analyzed by immunoblot with the indicated anti-
body. e, f ER:IRAS-expressing cells were induced to senesce by adding 100 nM
4-OHT. On day 8 after the induction, the senescent cell was infected with lentivirus
encoding non-targeting shRNA or ACSS2 targeted shRNA (e) or treated with ACSS2i

for 48 h (f). The cells were harvested and analysed by immunoblot for expression of
the indicated proteins. g, h Proliferating and senescent cells described in (e) were
treated with CHX (100 pg/mL) for O, 6, or 12 h, and the expression of the indicated
proteins was analysed by immunoblot (g) and quantified (h). i OIS cells were sub-
jected to co-immunoprecipitation analysis of endogenous PAICS and PCAF,
immunoblots of the indicated proteins were shown. j, k OIS cells expressing non-
targeting shRNA or PCAF-targeted shRNA were infected with HA-PAICS encoding
lentivirus. PAICS protein was immunoprecipitated, and the acetylation was ana-
lyzed by immunoblot with the indicated antibody (j) and quantified (k).

1 Proliferating and OIS cells expressing non-targeting shRNA or PCAF-targeted
shRNA were subjected to immunoblots of the indicated proteins. Data represent
mean + s.d. of three biologically independent experiments. The P values were
calculated using an unpaired two-tailed Student’s t-test (k). Representative of n=3
independent experiments were shown (a-g, i, j, I). Source data are provided as a
Source Data file.
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among proliferating and senescent cells with or without ACSS2
knockdown (Supplementary Fig. 6j). Conversely, overexpression of
ACSS2 decreased PAICS protein but not mRNA levels in senescent cells
(Supplementary Fig. 6k, ). Notably, ACLY knockdown did not recover
the decline of PAICS protein in senescence (Supplementary Fig. 6m-o).
Moreover, the CHX assay showed that ACSS2 deficiency counteracted
the progressive degradation of PAICS in senescent cells (Fig. 5g, h).
Collectively, these results consistently support that ACSS2 enhances
PAICS degradation through acetylation during senescence.

We next performed proximal labeling for PAICS integrated with
LC-MS/MS in senescent cells, and identified PCAF as the potential
acetyltransferase for PAICS protein (Supplementary Fig. 6p, q). While
typically functions as nuclear histone acetyltransferase, PCAF can
shuttle among extranuclear compartments, recognize non-histone
proteins and transfer the acetyl group onto the lysine of target pro-
teins including p53, IDH2, PKM2, which affects their activity or
stability**=°. The subcellular fractionation showed that PCAF localized
in both cytosol and nucleus in proliferating and senescent cells (Sup-
plementary Fig. 6r). We next validated the endogenous protein-protein
interaction between PCAF and PAICS (Fig. 5i). Importantly, PCAF
knockdown leads to markedly reduced acetylation but increased
protein of PAICS without affecting the mRNA level, indicating that
PCAF is responsible for the acetylation of PAICS and governs its sta-
bility in senescence (Fig. 5j-1 and Supplementary Fig. 6s).

Acetylation promotes autophagy-mediated PAICS degradation
in senescence

We next investigated how PAICS acetylation promotes its degradation.
To test the involvement of the ubiquitin-proteasome pathway, we
treated senescent cells with the proteasome inhibitor MG132, but
failed to restore PAICS protein levels (Fig. 6a and Supplementary
Fig. 7a). However, treatment with Bafilomycin Al (BafAl), an inhibitor
of both macroautophagy and chaperone-mediated autophagy (CMA),
markedly restored PAICS protein levels (Fig. 6b and Supplementary
Fig. 7b, c), indicating that PAICS is degraded through autophagy.
Because macroautophagy is highly activated in senescence and med-
iates the massive degradation of senescence regulators®’ >, we further
ascertained the type of autophagy for PAICS degradation. By knocking
down macroautophagy protein ATG7 or CMA receptor LAMP2, we
observed that ATG7 but not LAMP2 knockdown restored PAICS pro-
tein levels (Fig. 6¢ and Supplementary Fig. 7d), suggesting that PAICS is
degraded by macroautophagy. To further verify this, we investigated
the interaction between PAICS and microtubule-associated protein
1A/1B-light chain 3 (LC3), an essential step for macroautophagy.
Although input PAICS protein levels from senescent cells were much
lower than those of proliferating cells, LC3-immunoprecipitated PAICS
levels were comparable between the two groups, suggesting the
enhanced LC3-PAICS interaction in senescent cells (Fig. 6d-f). Notably,
the PAICS acetylation mutant (K36RK47R) exhibited much weaker
interaction with LC3 than the WT counterpart, consistent with the
increased protein stability of these mutants (Fig. 6g-i and Supple-
mentary Fig. 6e).

Thus, we further dissected the amino acid residues responsible
for the LC3-PAICS interaction. As reported, F52 and L53, as well as R70,
residues on the hydrophobic surface of LC3, are required for the
binding of LC3 to its interacting proteins®®. We disrupted these resi-
dues on LC3 and found that both F52AL53A and R70A substitution
exhibited impaired interaction with PAICS, suggesting that they are
essential residues for LC3 to recognize PAICS (Fig. 6j-1).

We subsequently mapped the LC3-interacting domain in PAICS.
The autophagy substrates bind to LC3 through a core consensus
sequence known as the LC3-interacting region (LIR) motif, which
typically comprises acidic residues (E/D) followed by aromatic and
hydrophobic residues (W/F/Y)XX(L/I/V)®". We identified three LIR-like
motifs in different regions of PAICS (Fig. 6m). We then substituted

individual aromatic and hydrophobic residues of each LIR-like motif
and performed co-IP assays to compare the interactions between LC3
and PAICS substitutions (Fig. 6n-p). All three PAICS double substitu-
tions (Y22AL25A, Y231AL234A, or W363AL366A) displayed impaired
interaction with LC3. Consistently, PAICS double substitutions exhib-
ited higher protein stability than WT protein in the CHX chase assay
(Fig. 6q, r). These results collectively support that PAICS-LC3 interac-
tion contributes to macroautophagy-mediated PAICS degradation
during senescence.

To further dissect whether these sites, which we have identified to
be essential for the protein stability of PAICS, have any effect on the
enzyme activity of PAICS and DNPB pathway, we knocked down
endogenous PAICS, re-introduced HA-tagged and shRNA-resistant
wildtype or mutant PAICS into the senescent cells. Immunoblot
results revealed that mutant PAICS display higher protein levels than
the WT counterpart, probably due to the relatively higher protein
stability of these mutants (Supplementary Fig. 7e, f). ®N-Glutamine
tracing data revealed that the flux into purine intermediates is sig-
nificantly abolished by PA/CS knockdown, but can be recovered by WT
and mutant PAICS (Supplementary Fig. 7g). Notably, senescent cells
rescued with mutant PAICS displayed even higher activity of DNPB
compared to the WT counterpart (Supplementary Fig. 7g). In addition,
both WT and mutant PAICS dramatically rescued the CCF formation
and SASP gene expression (Supplementary Fig. 7h, i). To further dis-
tinguish whether the higher activity of DNPB of these cells expressing
mutant PAICS is due to higher protein levels or the enzyme activity of
PAICS, we compared the enzymatic activity of WT and the series of
mutant PAICS. The in vitro enzyme assay by using an equal amount of
PAICS displayed no significant difference in the enzymatic activity
among WT and mutant PAICS, indicating that these amino acid resi-
dues are dispensable for the catalytic activity of PAICS (Supplementary
Fig. 7j). Altogether, these results confirm that these K36, Y22, Y231,
W363 amino acids are essential for the protein stability and thus the
functionality of PAICS.

Based on these, we propose a model in which ACSS2 directly
binds to PAICS and facilitates acetylation-dependent PAICS-LC3
interaction required for macroautophagy-mediated PAICS degrada-
tion in senescent cells. Consequently, PAICS deficiency limits purine
biosynthesis for DNA repair, which in turn aggravates DNA damage and
CCF formation, functionally triggering SASP (Supplementary Fig. 7k).

Targeting ACSS2 blunts SASP and immune surveillance in vivo
SASP promotes the growth of tumor cells both in vitro and in an
immunocompromised mouse model*. To validate the role of ACSS2 in
SASP regulation and the biological impacts, we treated an ovarian
cancer line with conditioned media (CM) collected from OIS cells with
or without ACSS2 knockdown. While control senescent cell-derived CM
dramatically promoted cancer cell growth, such effect was sig-
nificantly diminished in CM from ACSS2-deficient senescent cells
(Supplementary Fig. 8a). Consistent with this, the tumor growth-
stimulating effects of co-injected senescent cells were markedly
compromised by ACSS2 knockdown in the xenograft model (Fig. 7a, b).
Collectively, these results suggest that ACSS2 deficiency dampens the
pro-tumorigenic function of senescent cells.

It has been shown that sublethal ionizing irradiation (IR) induces
senescence, CCF formation, and the SASP in mouse liver”* (Supple-
mentary Fig. 8b, ¢). We then assessed whether ACSS2-controlled SASP
could be targeted through a pharmacologic strategy in IR-induced
senescence in vivo. We applied a small molecule inhibitor (ACSS2i) that
shows antitumour efficacy and safety in preclinical breast cancer
models®”. C57BL/6 mice were administered vehicle or ACSS2i for one
week post-IR, liver samples were harvested and analysed by immuno-
histochemical (IHC) staining and RT-qPCR. IR resulted in the accu-
mulation of DNA damage marker yH2AX and upregulated SASP
components in vehicle hepatocytes (Fig. 7d-f). However, IR-exposed
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and ACSS2i-treated liver sections exhibited fewer cells bearing yH2AX
and SASP gene expression (Fig. 7d-f).

We further confirmed that ACSS2 maintains functional SASP
in vivo by exposing wild-type (WT) and Acss2-null (null) mice to IR
(Supplementary Fig. 8d, e). While IR promoted YH2AX and IL1a accu-
mulation, CCF formation, and SASP gene expression in WT mouse

CHX treatment (hr)

livers, these phenotypes were remarkably abrogated in the null mice
(Supplementary Fig. 8f-k). The colocalization of IL1o. and hepatocyte
marker Albumin proved that the expression of IL1x is caused by the
senescence of hepatocytes rather than other cell types (Supplemen-
tary Fig. 81, m). Interestingly, Paics protein levels increased in Acss2-
null compared to WT livers post IR, while the mRNA levels remained
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Fig. 6 | PAICS interacts with LC3 and undergoes lysosomal degradation during
cellular senescence. a, b ER:RAS-expressing cells were induced to senesce by
adding 100 nM 4-OHT. At day 8, senescent cells were treated with or without MG132
(0.1puM) (a) or BafAl (30 nM) for 48 h (b); the cells were harvested and analysed for
expression of the indicated proteins by immunoblot. ¢ OIS cells expressing non-
targeting shRNA or ATG7 targeted shRNA were harvested for expression of the
indicated proteins by immunoblot. d-f Co-immunoprecipitation analysis of
endogenous PAICS and LC3 was performed in proliferating and OIS cells (d), and
the PAICS or LC3 IP bands were normalized to the LC3 or PAICS IP and the input
bands, respectively (e, f). g-i HA-tagged WT or mutant PAICS and FLAG-tagged LC3
were co-transfected into HEK293T cells and analysed by co-immunoprecipitation
(g), the HA or FLAG IP bands were normalized to the FLAG or HA IP and the input
bands respectively (h, i). j-1 HA-tagged WT PAICS and FLAG-tagged WT or mutant
LC3 were co-transfected into HEK293T cells, and analysed by co-

immunoprecipitation (j), the HA or FLAG IP bands were normalized to the FLAG or
HA IP and the input bands respectively (k, I). m Schematic of the three LIR motifs in
PAICS protein. n-p HA-tagged WT or LIR-motif-mutant PAICS and FLAG-tagged LC3
were co-transfected into HEK293T and analysed by co-immunoprecipitation (n),
the HA or FLAG IP bands were normalized to the FLAG or HA IP and the input bands
respectively (o, p). q, r HA-tagged WT or LIR-motif-mutant PAICS was transfected
into HEK293T. At 48 h post-transfection, cells were treated with CHX (100 pg/mL)
for 0, 6, or 12 h, and the expression of the indicated proteins was analysed by
immunoblot (q) and quantified (r). Data represent mean + s.d. of three biologically
independent experiments. The P values were calculated using an unpaired two-
tailed Student’s t-test (e, f, h, i) or One-way ANOVA (Tukey’s multiple-comparison
test) (k, 1, o, p). Representative of n = 3 independent experiments were shown (a-d,
g, j, n, q). Source data are provided as a Source Data file.

comparable among groups (Supplementary Fig. 8n-p). Together,
these results provide in vivo evidence for the negative regulation of
Paics protein by Acss2, and Acss2 drives DNA damage-induced SASP in
tissue ageing.

To explore whether ACSS2i can restrain natural ageing-related
inflammation, we treated 18-month-old mice with vehicle or ACSS2i.
We found that both senescence-associated yH2AX and the expression
of inflammatory factors increased in the aged liver, while these fea-
tures were significantly alleviated by ACSS2 inhibition (Fig. 7g-j).

Given that SASP plays a vital role in the immune surveillance of
pre-malignant oncogene-induced senescent cells, we finally investi-
gated the role of Acss2 in regulating SASP-mediated immune sur-
veillance. Hydrodynamic tail-vein injection (HDTI) of a vector
expressing transposase and transposon vector expressing DsRed-
NRas®?’ was performed and then treated with vehicle or ACSS2i
(Fig. 7k). In this model, oncogenic NRas®? acutely triggers senes-
cence and SASP in hepatocytes at early time point, which activates
immune surveillance for subsequent clearance of senescent hepa-
tocytes at a later time point*®®, At day 7 post-injection, NRas®?'-
induced hepatocyte senescence was detected comparably in both
vehicle and ACSS2i treated livers, as revealed by SA-B-gal staining
(Fig. 71, m). As a control, the NRas®'?'**** mutant, which is incapable of
inducing senescence, failed to trigger senescence or induce the
immune cell clusters (Supplementary Fig. 9a, b). However, day 7
ACSS2i administrated livers exhibited less immune infiltration
marked by diminished CD45" immune cell clusters near NRas-
expressing (DsRed") cells compared to vehicle-treated mice
(Fig. 70-r). At day 14 post-injection, while most senescent cells had
been eliminated in the vehicle-treated group, more SA-B-gal” cells
were still retained in ACSS2i-treated livers, indicating inefficient
immune surveillance (Fig. 7n). Similar results were obtained in WT
and Acss2-null mice post HDTI, in which the livers from Acss2-null
mice exhibited less immune cell infiltration at day 7 and subse-
quently retained more senescent cells in the livers at day 14 (Sup-
plementary Fig. 9c-i). Together, these findings support that Acss2
maintains the SASP-mediated immune surveillance in vivo, and tar-
geting Acss2 might be a therapeutic option to counteract
senescence-related inflammation.

Discussion

Although metabolic deregulation has been established as a notable
feature of cellular senescence, the metabolic regulators and under-
lying mechanisms for SASP control remain largely unknown. Here, we
show that the metabolic enzyme ACSS2 maintains SASP gene expres-
sion in multiple forms of senescence and dictates the tumor-
promoting tissue inflammation as well as immune surveillance func-
tions of senescent cells. ACSS2 is best known to regulate cell growth
and gene expression through cell-intrinsic mechanisms primarily
involving histone acetylation®®**'. However, we have revealed ACSS2
functions by limiting nucleotide biosynthesis to maintain the DNA

damage-induced CCF formation and SASP independently of histone
acetylation. Specifically, ACSS2 interacts with purine biosynthetic
enzyme PAICS and promotes autophagy-mediated PAICS degradation
to limit purine biosynthesis in senescence. While ACSS2-PAICS inter-
action is also observed in proliferating cells, PAICS protein stability is
significantly decreased in senescent cells, primarily due to highly
active autophagy. Interestingly, ACSS2 promotes PAICS acetylation
that facilitates PAICS-LC3 interaction, a prerequisite for macro-
autophagy, and ACSS2 enzyme activity is required for PAICS acetyla-
tion. We further defined PCAF as the lysine acetyltransferase for PAICS,
but how exactly ACSS2 and PCAF collaborate to achieve the specific
acetylation of PAICS needs to be addressed in future studies. None-
theless, our results suggest that acetylation is one critical post-
translational modification regulating PAICS protein stability. Notably,
we observed that supplement of nucleosides but not purine-only could
recover SASP, and ACSS2 inhibition also increases pyrimidine meta-
bolites during cellular senescence. Whether and how ACSS2 may reg-
ulate pyrimidine metabolism warrants further investigation. A recent
study has demonstrated that GOT1 promotes de novo pyrimidine
biosynthesis by facilitating the formation of a multi-enzyme complex,
the ‘pyrimidinosome’®*. We assume an indirect regulation on GOT1 or
other target genes by ACSS2 may mediate the upregulated pyrimidine
synthesis by ACSS2 loss, but the underlying mechanisms remain to be
dissected in detail.

It has been reported that ACSS2 inhibition using the small mole-
cule inhibitor (ACSS2i) bolsters T cell activity and potentiates anti-
tumour immunity, underscoring its role in shaping the immune
microenvironment®’. Using multiple in vitro and in vivo senescence
and ageing models, we provide compelling evidence to show that
genetic or pharmacological ACSS2 inhibition abrogates the impact of
senescent cells on the tissue microenvironment. Notably, Acss2 dele-
tion in mice does not cause significant defect, and these mice are viable
and fertile, suggesting that targeting ACSS2 should be well-tolerated,
and ACSS2 might be a potential senomorphic target.

In summary, we have identified ACSS2 as an indispensable meta-
bolic regulator of SASP through a non-histone acetylation-dependent
mechanism. We further provide a proof-of-principle for potential
therapeutic intervention of ACSS2 to prevent ageing and senescence-
related inflammatory disorders.

Methods

Cells and culture conditions

IMR90 primary human diploid lung embryonic fibroblasts were were
purchased from ATCC (CCL-186) and cultured under low oxygen ten-
sion (2%) in DMEM medium supplemented with 10% fetal bovine serum
(Sigma), L-glutamine, sodium pyruvate, non-essential amino acids, and
sodium bicarbonate (all from Gibco). Human IMR90 ER:RAS cells were
established and cultured as described previously*>®. The ovarian
cancer TOV21G cell line was cultured in RPMI 1640 medium with 10%
FBS and 1% penicillin-streptomycin under 5% CO,. 293T (ATCC, CRL-
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3216) were cultured in DMEM medium with 10%
penicillin-streptomycin under 5% CO,.

FBS and 1%

Reagents, plasmids, and antibodies

4-hydroxytamoxifen (4-OHT), EmbryoMax nucleosides (50x, ES-008-D),
Etoposide (E1383) and MG132 (M8699) were purchased from Sigma.
Adenosine (HY-B0228), Guanosine (HY-NO097), Methotrexate (HY-

14519) and CAIR (HY-133154) were purchased from MedChemExpress.
ACSS2 inhibitor (S8588), Cycloheximide (S7418), Bafilomycin Al
(S1413) and were purchased from Selleckchem. ACSS2 inhibitor VY-3-
135 was synthesized from TopSCIENCE (Taoshu) and dissolved in 10%
DMSO, 10% Solutol, and 80% PBS.

The scramble control shRNA (#1864), the viral packaging plas-
mids pMD2.G (#12259), and psPAX2 (#12260) were obtained from
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Fig. 7| ACSS2 is required for the in vivo function of SASP. a, b TOV2IG cells were
co-injected with proliferating or senescent IMR90 cells into NCG mice. The tumor
volume was measured (a) and the tumor weight was measured, (b). n=5 mice per
group. ¢ A scheme of the experimental procedure. d-f One week after ionizing

irradiation, Livers from vehicle or ACSS2i treated mice were analysed by immu-

nohistochemistry for yH2AX (d), the mean values of yH2AX positive cells from nine
randomly imaged fields were quantified per mouse (e), and SASP mRNA expression
was analysed (f). Scale bar =20 pum. n = 5 for non-IR group, n =7 per IR group. g-j 18-
month-old mice were administered with vehicle or ACSS2i for one week (g). Livers
were harvested and analyzed by immunohistochemistry for yH2AX (h), and the

mean values of yH2AX positive cells from ten randomly imaged fields were quan-
tified per mouse (i) and SASP mRNA expression was analysed (j). Scale bar =20 pum.
n =5 for the young or vehicle-treated old mice group, n="7 for the treated old mice

group. k Schematic model of the constructs and the experimental design.

I-n Representative images of SA-B-gal staining of the liver tissues at day 7 and 14
post-injection (I), and quantified (m, n). n=6 each group. o, p Representative
images of CD45 immunofluorescence staining and NRas-dsRed at day 7 post-
injection (0), and the mean value of the double positive clusters from five randomly
imaged fields per mouse were calculated (p). Scale bar = 100 pm.

q, r Representative images of CD45 IHC staining of the liver tissues at day 7 and 14
post-injection (q). Arrows point to examples of immune clusters. CD45" cells in the
indicated groups at day 7 post-injection were quantified (r). Scale bar = 100 pm.
n= 6 each group. Data represent the mean * s.d. The P values were calculated using
One-way ANOVA (Tukey’s multiple-comparison test) (a, b, e, f, i, j) or an unpaired
two-tailed Student’s t-test (m, n, p, r). Source data are provided as a Source

Data file.

Addgene. FLAG-LC3 plasmid (P36332) and pLV3-CMV-cGAS(human)-
3xFLAG-Puro plasmid (P64508) were obtained from MiaoLing Biology.
The following shRNAs were used: ACSS2 (#TRCN0O000045566,
#TRCN0000045567), ACLY (#TRCNO000078283, # TRCNO0O0O0078
284), PAICS (#TRCNO000045774, # TRCNO0O00045775), AK1 (#TRCN
0000006018, #TRCN0O000006021), ATG7 (#TRCNO0O0O0007586,
#TRCNO000007587), LAMP2 (#TRCN0000029260, #TRCNOOOOO
29262), PCAF (#TRCNO000018528, #TRCN0000018529), PRPS1
(#TRCN0O000010123, # TRCNO000010125).

HA-tagged PAICS and V5-tagged ACSS2 were subcloned into the
pCDH vector. Site-specific mutation of HA-tagged PAICS and FLAG-
tagged LC3 was generated following ClonExpress Il One Step Cloning
Kit (Vazyme), all the primers corresponding to the mutation sites were
listed in the Supplementary Data 1. Turbo biotin ligase was amplified
from pcDNA3-3xHA-TurbolD (Addgene, #107171) and subcloned into
the pCDH vector, then ACSS2 or PAICS were subcloned into the pCDH-
TurbolD. All primers are listed in the Supplementary Data 1.

The following antibodies were purchased from the indicated
suppliers. For immunoprecipitation and western blots: anti-ACSS2
(Boster, cat. no. BM4830; 2 ug per immunoprecipitation, Cell Signal-
ing, cat. no. 3658; 1:1000 for western blots), anti-ACLY (Cell Signaling,
cat. no. 4332; 1:1000 for western blots), anti-LC3 (Cell Signaling, cat.
no. 3868; 2 ug per immunoprecipitation, 1:1000 for western blots),
anti-PAICS (Bethyl, cat. no. A304-546A; 2 pg per immunoprecipitation,
Proteintech, cat. no. 12967-1-AP; 1:1000 for western blots), anti-ATG7
(Abmart, cat. no. T57051S; 1:1000 for western blots), anti-LAMP2
(Abcam, cat. no. ab125068; 1:10,000 for western blots), anti-p16 (Santa
Cruz Biotechnology, cat. no. sc-56330; 1:1000 for western blots), anti-
RAS (Becton Dickinson, cat. no. 610001; 1:1000 for western blots), anti-
p21 (Abcam, cat. no. 7960; 1:1000 for western blots), anti-acetylated-
Lysine (Cell Signaling, cat. no. 9441; 1:1000 for western blots), anti-
PCAF (Abmart, cat. no. T58354S; 2 pg per immunoprecipitation, 1:1000
for western blots). For immunohistochemistry (IHC) and immuno-
fluorescence (IF): anti-IL1a (R&D Systems, cat. no. AF-400; 1:150 for
IHC), anti-yH2AX (Cell Signaling, cat. no. 9718; 1:500 for IHC, 1:200 for
IF), anti-CD45 (Cell Signaling, cat. no. 70257; 1:100 for IHC and IF), anti-
FLAG (Proteintech, cat. no. 66008; 1:500 for IF).

Immunohistochemistry and immunofluorescence

Fresh mouse liver tissues were fixed overnight in 4% PFA in PBS at 4 °C
or embedded in OCT for cryosection. For immunohistochemistry
staining, the slides were deparaffinized, rehydrated, quenched in 0.6%
hydrogen peroxide in methanol for 15minutes, and boiled for
20 minutes in 10 mM citrate (pH 6.0) buffer for antigen retrieval. The
slides were incubated with blocking buffer (5% serum, 1% BSA, and 0.5%
Tween 20 in PBS) for 1h at room temperature and then incubated
overnight with primary antibodies diluted in blocking buffer at 4 °C.
The slides were further incubated with biotinylated secondary anti-
bodies, followed by ABC solution, and developed with 3,3’-diamino-
benzidine (Vector Laboratories). The slides were finally counterstained
with hematoxylin, dehydrated, and mounted with Permount (Thermo

Fisher). For quantification, all slides were scanned using Evident
Olympus VS200, and nine or ten different fields per mouse were
counted. IMR90 cells or liver tissues were fixed with 4% paraf-
ormaldehyde (PFA) for 30 minutes at room temperature, followed by
permeabilization with 0.2% Triton X-100 in PBS for 5minutes. After
blocking with 3% BSA in PBS, the cells were incubated overnight with
primary antibody at 4 °C and Alexa Fluor-conjugated secondary anti-
body (Life Technologies) for 1h at RT, followed by DAPI staining. The
slides were visualized on an OLYMPUS IX83 microscope.

Immunoprecipitation and immunoblot

For immunoprecipitation, cells were lysed with buffer (150 mM NaCl,
1% NP40, 20% Glycerol, 1mM EDTA, 50 mM Tris-HCI pH 8.0, 1mM
PMSF, EDTA-free protease inhibitor cocktail). Incubate 1-2 mg of cell
lysates with anti-LC3, anti-PAICS, anti-ACSS2, anti-PCAF, anti-HA, anti-
V5 or the corresponding IgG controls overnight at 4 °C. Protein A/G
beads (Thermo Fisher) were incubated with proteins for 1.5h at 4 °C.
After three washes (150 mM NaCl, 0.5% Triton X-100, 1mM EDTA,
50 mM Tris-HCI pH 7.5, 1mM PMSF, EDTA-free protease inhibitor
cocktail), beads were boiled in 1X sample buffer (10% glycerol, 2% SDS,
0.01% bromophenol blue, 0.1M dithiothreitol and 62.5 mM Tris-HCI
pH 6.8) and analysed by immunoblot. Protein was isolated and sepa-
rated by SDS-PAGE and transferred to a polyvinylidene fluoride
membrane (Millipore). Following blocking and incubation with the
primary and secondary antibodies, membranes were imaged by Tanon
Imager 4200. To detect immunoprecipitated PAICS, use the secondary
antibody (M21008, Abmart) to avoid heavy/light chain interference or
regular secondary antibody (Cell Signaling Technology).

Senescence induction, SA-B-gal staining, and colony formation
For ER:RAS senescence induction, IMR90 cells were infected with ret-
rovirus encoding a 4-hydroxytamoxifen-inducible ER:RAS construct
(pLNC-ER:Ras), following two weeks of selection with G418, cells were
treated with 4-hydroxytamoxifen at a final concentration of 100 nM.
For etoposide-induced senescence, IMR90 cells at 60-70% confluency
were treated with 100 pM etoposide for 48 h, washed with PBS, and
then cultured in normal medium. For irradiation-induced senescence,
IMR90 cells at 40-50% confluency were irradiated with 10 Gy and
recovered overnight®. Cells were fixed in 2% formaldehyde and 0.2%
glutaraldehyde and then incubated overnight in solution (150 mM
NaCl, 40 mM Na,HPO, (pH 6.0), 2mM MgCl,, 5mM KsFe(CN)s, SmM
K4Fe(CN)¢ and 1mgmL™ X-gal) at 37°C in a non-CO, incubator. For
mouse liver tissue, frozen sections were fixed and stained at pH 5.5 for
5-8 h, as previously described®. Cells were seeded in six-well plates at a
density of 3,000 cells per well and cultured for ten days before staining
with 0.05% crystal violet for visualization. Analysis was performed
based on integrated density using the NIH ImageJ software (v1.48).

Reverse-transcriptase qPCR
Total RNA was harvested using TRIzol (Invitrogen) and isolated using
an RNeasy mini kit (Qiagen, 74106). The extracted RNA was used for
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reverse-transcriptase PCR using a High-capacity cDNA reverse tran-
scription kit (Thermo Fisher). Quantitative PCR was performed using a
QuantStudio 5 real-time PCR system. The primers used for RT-qPCR
are listed in Supplementary Data 1.

Antibody array analysis

The antibody array for secreted factors was performed using a Human
cytokine antibody array C3 (RayBiotech, cat. no. AAHCYT34). As pre-
viously described*, conditioned medium was generated from cells
incubating in serum-free DMEM for 48 h. The conditioned medium was
filtered (0.2 pm) and incubated overnight on the array at 4 °C. Fol-
lowing the manufacturer’s instructions, the signals were measured and
quantified using the NIH ImageJ software (v1.48), followed by nor-
malization to the cell number from which the conditioned medium was
generated.

Expression and purification of proteins from E. coli

Human ACSS2 and PAICS were cloned into pET15b, and transformed
into BL21 (DE3) competent cells. Protein expression was induced by
0.2mM IPTG (0.2 mM, ODggo = 0.8) for 16 h at 16 °C. The bacteria were
harvested in the buffer containing 25 mM Tris (pH 8.0) and 150 mM
NaCl and lysed using sonication. After centrifugation at 12000 g for
60 minutes, the supernatant was collected and loaded onto Ni-NTA
affinity resin (Qiagen) and rinsed with the buffer containing 25 mM Tris
(pH 8.0), 150 mM NaCl, and 25 mM imidazole. The protein was eluted
with a buffer containing 25 mM HEPES Tris (pH 8.0), 150 mM NaCl, and
250 mM imidazole. Purified protein was confirmed with Coomassie
blue staining.

Measurement of dNTP concentration

The intracellular ANTP was extracted as described*’. Briefly, 1 x 10° cells
were centrifuged for 3 minutes at 3,000 x g at 4 °C. Cell pellets were
resuspended in 500 pL of ice-cold 60% methanol, vortexed, and boiled
at 97 °C for 3 minutes. After sonication, the extracts were centrifuged,
and the supernatants were passed through an Amicon ultra-0.5 mL
filter (3kDa). The filtrate was dried with Rapidvap (Labconco) and
dissolved in nuclease-free water. The extracts were measured by
fluorescence-based assay as previously described”’.

Cycloheximide (CHX) chase assay
Cells were treated with 100 ug/mL CHX for 0, 6, and 12 h, and harvested
for immunoblots.

PAICS acetylation and LC-MS/MS analysis

ER:RAS IMR90 was induced to senesce by 4-OHT. On day 10, senescent
cells were infected with HA-PAICS encoding lentivirus and collected
for lysis with RIPA buffer after 48 h of infection. A sample of 5 mg of
lysate was incubated with 100 uL of HA-coated beads at 4 °C overnight.
The beads were washed with RIPA buffer five times and eluted. Sam-
ples were submitted to the proteomics facility (School of Life Sciences)
at Fudan University for LC-MS analysis. LC-MS analysis was performed
using a nanoflow EASYnLC 1200 system (Thermo Fisher Scientific,
Odense, Denmark) coupled to an Orbitrap Exploris480 mass spectro-
meter (Thermo Fisher Scientific, Bremen, Germany). A one-column
system was adopted for all analyses. Samples were analysed on a
home-made C18 analytical column (75 pm i.d. x 25 cm, ReproSil-Pur 120
CI18-AQ, 1.9 um (Dr. Maisch GmbH, Germany)®’. The mobile phases
consisted of Solution A (0.1% formic acid) and Solution B (0.1% formic
acid in 80% ACN). The peptides for LFQ analysis were eluted using the
following gradients: 5-8% B in 3 minutes, 8-44% B in 100 minutes, 44-
70% B in 5 minutes 70-100% B in 2 minutes, 100% B for 10 minutes, at a
flow rate of 200 nL/min. High-field asymmetric-waveform ion mobility
spectrometry (FAIMS) was enabled during data acquisition with com-
pensation voltages set as —40 and -60 V. MSI data were collected in
the Orbitrap (60,000 resolution). Charge states between 2 and 7 were

required for MS2 analysis, and a 45s dynamic exclusion window was
used. Cycle time was set at 1.5s. MS2 scans were performed in the
Orbitrap with HCD fragmentation (isolation window 1.6; 15,000 reso-
lution; NCE 30%, max injection time 30 ms). The data were processed
with UniProt human protein database (75,004 entries, download in
20200701) and Protein Discoverer (v2.4, Thermo Fisher Scientific)
with Mascot (v2.7.0, Matrix Science). The mass tolerances were 10 ppm
for precursor and fragment Mass Tolerance 0.05 Da. Up to two missed
cleavages were allowed. The carbamidomethylation on cysteine is a
fixed modification, and acetylation on the protein N-terminal and
oxidation on methionine are variable modifications.

Proximity labeling by TurbolD

TurbolD-based proximity labeling assay was performed as described®®.
Specifically, OIS cells were infected with ACSS2-Turbo or Turbo-only
lentivirus for 48 h, and then incubated with 500 pM biotin (Sigma
B4501) at 37 °C for 30 minutes. The cells were collected and lysed with
RIPA buffer. A sample of 1-2 mg of lysate was incubated with 100 pL of
streptavidin-coated beads (Thermo Fisher, cat. no. 88816) at 4 °C
overnight. Streptavidin beads were washed twice with 1% SDS and
BC500 (50 mM Tris-HCI pH 7.6, 2mM EDTA, 500 mM KClI), and once
with BC100, BC100 containing 2 M urea. Biotinylated proteins were
eluted and sent to the proteomics facility (School of Life Sciences) at
Fudan University for LC-MS analysis. Significant hits were defined as
proteins detected by Log,FC (TurbolD-ACSS2 or PAICS/control Tur-
bolD group) > 1, P<0.05. Differential analysis was performed in R
(v4.2.2) using the packages ggplot2 package (v3.4.4) (https://ggplot2.
tidyverse.org/).

Targeted metabolomics

To extract metabolites, proliferating and different groups of senescent
cells were directly chilled into 2mL of ice-cold 80% HPLC grade
methanol containing 0.1% formic acid, followed by centrifugation at
10,000 g for 20 minutes at 4 °C. The supernatant was collected and
dried with RapidVap (Labconco). The extract was dissolved in 20%
acetonitrile, and the insoluble material was removed by centrifugation.
The samples were sent to the metabolomics facility (Institute of
Metabolism and Integrative Biology) of Fudan University for LC-MS/
MS analysis. The analysis was performed using AB SCIEX ExionLC AD
interfaced with a QTRAP 6500+ system (AB SCIEX). Metabolites were
separated through iHILIC-(P) Classic HPLC HILIC column (150 x 2.1 mm
with 5pum particle size). Mobile phases consisted of 5% acetoni-
trile,20 mM ammonium acetate in 10 mM ammonia water (mobile
phase A), and acetonitrile (mobile phase B) and were run at a flow rate
of 0.2 mL/min. The gradient was as follows: O minute, 85% B; 2 minutes,
85%B; 7 minutes, 60% B; 12 minutes, 35% B; 12.1 minutes, 20% B;
15.9 minutes, 20% B; 16 minutes, 85% B; 23 minutes, 85% B. The mass
spectrometer was run in multiple reactions monitoring (MRM) mode.
The ESI source parameters: source temperature of 500 °C, the ion
source gas 1 and 2 at 60 psi, the curtain gas at 35 psi, and the ion spray
voltage at 5500 V or -4500 V for positive or negative modes. Data were
processed using SCIEX OS software and were normalized with packed
cell volume (relative to proliferating cells). Significantly changed
metabolites (FC > 1.5) were determined and visualized in R v4.2.2 using
the pheatmap package (v1.0.12, https://cran.r-project.org/web/
packages/pheatmap/index.htmil).

5N-Glutamine labeling and flux analysis

Cells were incubated in DMEM medium containing 10% dialyzed FBS
and “N-Glutamine for 24 h. Cells were extracted using buffer (acet-
onitrile, methanol, and water in a ratio of 40:40:20). The extracts were
processed and measured by LC-MS. For data analysis, the area of *N
and various "N isotopologue peaks were integrated using EI-MAVEN
software (v0.12.1). Correction for natural isotope abundance was per-
formed using the R package AccuCor®. The labeling fraction of a
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specific isotopologue was calculated as the area of that isotopologue
divided by the sum of all isotopologues’ area. The spectral peaks of the
metabolites are included in Supplementary Data 2.

ChIP-sequencing and analysis

Briefly, cells were fixed with 1% formaldehyde (Sigma, cat. no. F8775)
for 10 minutes at RT, quenched with 2.5 M glycine, washed twice with
cold PBS, and then lysed and sheared using Bioruptor (Diagenode).
The lysate was incubated overnight with 8 pg H3K27ac antibody, 1 g
Spike-in Antibody (Active Motif, Cat. No. 61686) and 1pg Spike-in
Chromatin (Active Motif, Cat. No. 53083) or IgG at 4 °C. After incuba-
tion with protein A/G Dynabeads (Thermo Fisher) for 2 h at 4 °C, the
ChIP samples were washed and the DNA was eluted and incubated
overnight at 65°C to reverse the cross-linking. The next day, the
samples were digested with proteinase K and RNase A. Quantitative
PCR was performed on the immunoprecipitated DNA using the pri-
mers listed in Supplementary Data 1. For ChIP-seq, 10 ng ChIP or input
DNA was used for the library construction using an NEBNext ultra DNA
library prep kit (NEB, E7645). The qualified libraries were pooled and
sequenced on Illumina platforms with PE150 in Novogene Bioinfor-
matics Technology Co., Ltd (Beijing, China). For ChIP-seq analysis,
FastQC (v0.12.1) was used for quality control operations on raw
sequencing data. The clean reads mapping of the reference genome of
humans (HG38) and Drosophila (BDGP6) was achieved through the use
of default parameters in bowtie2 (v2.4.4). Mapping reads that were
uniquely paired at least once were retained. Sambamba (v1.0.1) was
used to remove duplicate reads and obtain the final number of tags
without duplicate reads. The Drosophila sample with the lowest tag
count was compared with the tag counts of other Drosophila samples
to obtain the normalization factor. Using the normalization factor of
each sample obtained by the aforementioned calculation method for
downsampling, the final BAM files were obtained. The bamCoverage
tool in DeepTools (v3.5.5) converts BAM files into bigWig files. Use the
BigWigCompare (v3.5.5) tool to calculate the ratio between each group
of samples and their input samples. Use macs2 (v2.2.7.1) to call the
peaks, with the significance g value < 0.05. The merge command within
bedtools (v2.30.0) was used to merge the overlapping peaks of the
merged sample. According to the bigWig files, the programs “com-
puteMatrix,” “plotProfile,” and “plotHeatmap” within DeepTools
(v3.5.5) were used to compute ChIP-seq signals and visualize them. The
ChiIPseeker package (v1.28.3) was used for annotating and visualizing
peaks of interest.

Enzyme activity assay

PAICS proteins were immunoprecipitated from senescent cells
expressing HA-tagged WT or mutant PAICS using HA antibody. As
previously reported’®, equal amounts of PAICS protein were incubated
with 20 mM HEPES, pH 7.4, 100 mM NaCl, 1mM MgCl,, 1mM DTT,
50 mM sodium bicarbonate, 0.30mM CAIR, 1 mM L-aspartate,
0.25 mM ATP. ADP generated from the reaction was quantified by ADP
Assay Kit (ab83359, Abcam) according to the manufacturer’s instruc-
tions. The luminescence was measured, and ADP concentrations were
calculated using an ADP standard curve.

In vivo mouse models

All animal protocols were approved by the Institutional Animal Care
and Use Committee at Fudan University. The maximal tumor size
permitted by the ethics committee is 2000 mm? and the maximal
tumor size in this study was not exceeded. Acss2”* and Acss2”” mice in
C57BL/6 background were purchased from GemPharmatech Co., Ltd
(Nanjing, China), and 18-month-old mice were purchased from
Wukong Biotech Co., Ltd (Shandong, China). All mice were maintained
at 22-23 °C with 40-60% humidity and a 12-hour light-12-hour dark
cycle in an SPF animal facility at Fudan University.

For xenograft mouse models, 1 x 10° TOV2IG cells with 2 x 10°
IMR9O cells mixed with Matrigel at a 1:1 volume ratio were co-injected
subcutaneously into 6-8 week NCG mice. Tumor size was measured
with a caliper and calculated using the formula: tumor size (mm?®) =
(d>x D) / 2, where d and D are the shortest and the longest diameters,
respectively. For ionizing radiation, mice were subjected to a sub-
lethal dose of 4 Gy irradiation, and were harvested seven days post
irradiation. For hydrodynamic tail-veil injection, 8-9 week mice were
used. Endotoxin-free transposon-based construct expressing NRas
(25 pg) together with transposase plasmid (5 pg) in saline at a volume
of 10% of the mouse body weight were mixed and delivered into the
mice within 5-8s as previously described*®. ACSS2i VY-3-135 was
administered i.p. at 100 mg/kg daily as previously published®.

Statistical analysis

Experiments were repeated at least three times unless otherwise sta-
ted. All bar graphs show mean values with error bars (s.d. as defined in
figure legends). Generally, an unpaired two-tailed Student’s t-test was
used to compare two groups, and an ANOVA analysis was used to
compare more than two groups.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data described in this study have
been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the identifiers PXD048937, PXD048965 and
PXD54616. H3K27ac ChIP-seq data have been deposited in NCBI's Gene
Expression Omnibus and are accessible through GEO Series accession
number GSE275173. The RNA-seq data are accessible GSE274295. The
raw metabolomics data is available in MetaboLights under the identi-
fier MTBLS12215, MTBLS12216 and MTBLSI12217. Source data are pro-
vided with this paper.
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