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at Lysine 120 in response to DNA damage

Xing Liu"?7, Fangjing Rong"?’, Jinhua Tang"?, Chunchun Zhu'?, Xiaoyun Chen'?, Shuke Jia'?, Zixuan Wang'?, Xueyi Sun'?,

Hongyan Deng? Huangyuan Zha', Gang Ouyang' and Wuhan Xiao

1,2,4,5,6 X

© The Author(s), under exclusive licence to ADMC Associazione Differenziamento e Morte Cellulare 2021

p53 is a classic tumor suppressor that functions in maintaining genome stability by inducing either cell arrest for damage repair or
cell apoptosis to eliminate damaged cells in response to different types of stress. Posttranslational modifications (PTMs) of p53 are
thought to be the most effective way for modulating of p53 activation. Here, we show that SIRT5 interacts with p53 and suppresses
its transcriptional activity. Using mass spectrometric analysis, we identify a previously unknown PTM of p53, namely, succinylation
of p53 at Lysine 120 (K120). SIRT5 mediates desuccinylation of p53 at K120, resulting in the suppression of p53 activation. Moreover,
using double knockout mice (p53~/~Sirt5/~), we validate that the suppression of p53 target gene expression and cell apoptosis
upon DNA damage is dependent on cellular p53. Our study identifies a novel PTM of p53 that regulates its activation as well as

reveals a new target of SIRT5 acting as a desuccinylase.

Cell Death & Differentiation (2022) 29:722-736; https://doi.org/10.1038/541418-021-00886-w

INTRODUCTION

The tumor suppressor p53 is situated at a central signaling node
that mediates cellular responses to various stresses by inducing
cell cycle arrest, senescence, and apoptosis [1]. As “the guardian of
the genome,” p53 is mutated in over 50% of human cancers, and
thus ranks first in all tumor suppressor genes [1-4]. Under normal
conditions, p53 is tightly regulated, such that its protein product
exists at low levels with a high turnover rate. However, under
various types of stress, p53 is rapidly stabilized and its
transcriptional activity in cells dramatically increases. Many
mechanisms for the regulation of p53 function have been
proposed; nonetheless, the precise mechanisms of p53 activation
are still not fully understood [5-10]. Among these mechanisms,
posttranslational modifications (PTMs) of p53 are generally
thought to be the most effective, which include phosphorylation,
ubiquitination, acetylation, methylation, SUMOylation, neddyla-
tion, O-GlcNAcylation, ADP-ribosylation, hydroxylation, and (-
hydroxybutyrylation [11-18].

Succinylation is a relatively recently revealed novel PTM in which
metabolically derived succinyl CoA modifies protein lysine groups,
resulting in a protein flip from positive to negative and a relatively
large increase in mass compared with other PTMs [19-22]. In the
past few years, the proteins targeted by succinylation have been
discovered [23-28]. Even though protein succinylation has
garnered more attention, the enzyme responsible for succinylation
within the mitochondria has yet to be identified [20, 21]. This has
prompted scientists to hypothesize that the succinylation of
proteins occurs non-enzymatically by direct reaction between

succinyl-CoA and the modified protein, and the conditions of the
mitochondria (abundance of succinyl CoA, PH) might be the key
governing factors [20, 21]. However, SIRT5, a sirtuin family member
that is predominantly located in the mitochondria and with barely
detectable deacetylase activity, has been shown to contain potent
desuccinylation activity on lysine residues [29-32].

SIRT5 has been shown to promote tumorigenesis through various
mechanisms [33-40]. As a vital tumor suppressor, p53 loses its
function in the majority of cancers [3, 41, 42]. This raises an
intriguing question of whether SIRT5 also functions in tumorigenesis
by modulating p53 activity. In addition, given that succinyl CoA is
one of the metabolic intermediates, succinylation links metabolic
intermediates to the modification of protein function [21]. However,
it seems that putative succinyl transferases are not required for this
reaction [20]. Interestingly, it is evident that SIRT5-mediated lysine
desuccinylation influences various metabolic pathways [30, 31]. As a
vital factor in modulating many physiological and pathological
processes, p53 affects metabolism in several aspects [43-48].
Nevertheless, whether the metabolic intermediates such as succinyl
CoA, or SIRT5-mediated lysine desuccinylation can modulate p53
function remains elusive. Further addressing these questions will not
only give us a clear picture of the role of SIRT5 in tumorigenesis, but
also provide us information about the relationship between the
metabolites and p53 function.

In this study, to gain insights into the impact of SIRT5 on p53
function and the mechanisms by which SIRT5 affects p53 function,
we examined the role of SIRT5 on p53 activity and checked whether
the effects of SIRT5 on p53 function are mediated by its
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desuccinylase activity [29-32]. We found that SIRT5 inhibits p53
transcriptional activity. Further investigation shows that SIRT5
mediates desuccinylation of lysine 120 (K120) of p53, leading to
impairment of p53 activation. These findings suggest a critical role
of SIRT5 in suppressing p53 activity by desuccinylating p53 at K120.

MATERIALS AND METHODS

Reagents and antibodies

Anti-p53 (#sc-126), anti-TIGAR (#sc-166291), and anti-Myc (#sc-40) were
purchased from Santa Cruz Biotechnology. Anti-p53 (#2524), anti-DYKDDDDK
Tag (#14793), anti-SDHA (#11998), anti-Histone H3 (#4499), Acetyl-p53(Lys379)
(#2570), Acetyl-p53(Lys382) (#2525), anti-HA tag (#3724), and goat anti-mouse
IgG, light-chain specific antibody (HRP Conjugate) (#91196) were purchased
from Cell Signaling Technology. Anti-SIRT5 (#HPA022002), ant-SIRT5
(HPA022992), anti-SIRT5 (HPA021798), and anti-Flag (#F1804) were purchased
from Sigma. Anti-p21 (#A11877) and anti-ACTB (#AC026) were purchased from
ABclonal. Anti-HA (#901515) was purchased from Covance. Anti-pan-succinyl-K
(#PTM-401) was purchased from PTM Company. Alexa Fluor 488 goat anti-
rabbit IgG (#A11008), Alexa Fluor 594 goat anti-mouse IgG (#A11005), anti-a-
tubulin (#62204) were purchased from Thermo Fisher Scientific. Doxorubicin
(hydrochloride) (#15007) and Actinomycin D (#11421) were purchased from
Cayman chemical. 5-Fluorouracil (#F6627) and Etoposide (#E1383) were
purchased from Sigma-Aldrich. Nutlin-3 (#S1061) was purchased from
Selleckchem. SimpIeChIP® Enzymatic Chromatin IP Kit (#9002) was purchased
from Cell Signaling Technology. FITC Annexin V Apoptosis Detection Kit |
(#556547) was purchased from BD Pharmingen. Dual-luciferase reporter assay
system (#E194A) was purchased from Promega. Protein G Sepharose (#17-
0618-01) was purchased from GE HealthCare Company.

Cell culture

HEK293T, H1299, and HCT116 cells originally obtained from American Type
Culture Collection (ATCC) were cultured in Dulbeccos’ modified Eagle
medium (DMEM) (HyClone) with 10% fetal bovine serum (FBS). Wild-type
(Sirts ' p53+/F), Sirts-null (Sirts ' ~p53*'"), p53-null (Sirt5™*p53~'7), and
Sirt5 & p53 double-null (Sirt5’/’p53’/’) mouse embryo fibroblast cells
(MEFs) were established as described previously [49] and maintained in
DMEM supplemented with sodium pyruvate (110 mg/L), 10% FBS, 1x
nonessential amino acids (Sigma) and 1% penicillin-streptomycin. The
cells were grown at 37 °C in a humidified incubator containing 5% CO..

Mice

Sirt5 knockout (KO) mice (B6; 129 background) were purchased from the
Jackson Laboratory (https://www.jax.org/strain/012757). p53-knockout (KO)
mice (C57BL/6 background) (Strain name: C57BL/6-Trp53™™/Bcgen) was
originally obtained from Bcgen (Beijing Biocytogen Co,, Ltd) (kindly provided
by Dr. Zheng Ling at Wuhan University). The Sirt5-null mice were backcrossed
seven generations onto a C57BL/6J background before conducting further
study. Mice were housed (12-h light/dark cycle, 22 °C) and given unrestricted
access to standard diet and tap water under specific pathogen-free conditions
in Animal Research Center of Wuhan University. Sirt5-null mice were mated
with p53-null mice to generate Sirt5'~p53*/~ mice, then Sirt5"~p53*/~ mice
were self-crossed to obtain mice with different genetic genotypes, including
Sirt5™*p53*7F, Sirt5~/~p53+, Sitst+p537/~, and Sirt5~p53~'~. Mice were
genotyped using the primer sets listed in Supplemental Table S1. Littermates
of the same sex were randomly assigned to experimental groups. All the
analyses were performed blindly. Male mice of 6 weeks of age were used for
experiments unless noted otherwise.

Luciferase reporter assays

Cells were grown in 24-well plates and transfected with various amounts of
plasmids by VigoFect (Vigorous Biotech, Beijing, China), as well as with
pCMV-Renilla used as an internal control. After the cells were transfected
for 18-24 h, the luciferase activity was determined by the dual-luciferase
reporter assay system (Promega). Data were normalized to Renilla
luciferase. Data are reported as mean + SEM, which are representative of
three independent experiments, each performed in triplicate.

Quantitative real-time PCR

Total RNAs were extracted using RNAiso Plus (TaKaRa Bio., Beijing, China)
following the protocol provided by the manufacturer. cDNAs were
synthesized using the Revert Aid First Strand cDNA Synthesis Kit (Thermo
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Scientific, Waltham, MA, USA). MonAmp™ SYBR® Green qPCR Mix (high
Rox) (Monad Bio. Shanghai, China) was used for quantitative RT-PCR
assays. The primers for quantitative RT- PCR assays are listed in
Supplemental Table S1.

Immunoprecipitation and western blot

Co-immunoprecipitation and western blot analysis were performed as
described previously [50]. Anti-Flag and anti-HA antibody-conjugated
agarose beads were purchased from Sigma. Protein G-Sepharose beads
were purchased from GE Company. The Fuji Film LAS4000 mini-
luminescent image analyzer was used to photograph the blots. Image J
software (National Institutes of Health) was used to quantify protein levels
based on the band density obtained by western blot analysis.

Separation of cytosol, nuclei, and mitochondria

Preparation of cytoplasmic and nuclear extracts from mammalian cultured cells
was conducted with the Nuclear and Cytoplasmic Extraction Kit (78833,
Thermo Scientific). Preparation of mitochondrial extracts was conducted with
Mitochondria Isolation Kit (89874, Thermo Scientific). The extracts were
subjected to co-immunoprecipitation assay and analyzed by western blot
analysis.

Generation of gene knockout cell line by CRISPR/Cas9
HCT116 SIRT5 knockout cell line (SIRT5 /™) was described as previously [49].

Lentivirus-mediated gene transfer

HEK293T cells were transfected with pHAGE-p53-K120R with the packaging
vectors psPAX2 and pMD2.G. Eight hours later, the medium was changed
with fresh medium containing 10% FBS, 1% streptomycin—penicillin, and 10
UM B-mercaptoethanol. Forty hours later, supernatants were harvested to
infect SIRT5-intact (SIRT5*'*) and SIRT5-null (SIRT5~') HCT116 cells.

Immunofluorescence confocal microscopy

Cells seeded on glass coverslips were fixed in 4% paraformaldehyde in PBS
for 30 min at 25 °C. After washing for three times by PBS, the slides were
blocked in the blocking buffer (5% goat serum, 2 mg/mL BSA, 0.1%Triton
X-100 in PBS) for 1h followed by incubation with primary antibodies
overnight at 4°C. Then, the slides were incubated with Alexa Fluor 488
goat anti-rabbit IgG or Alexa Fluor 594 goat anti-mouse IgG for 1 h at 25 °C.
Subsequently, the slides were mounted with VECTASHIELD® mounting
medium containing DAPI, and imaged under Leica SP8 laser scanning
confocal fluorescence microscope.

In vitro succinylation assay

HA-tagged p53 was purified from HEK293T cells and subjected to reactions
contain succinylation buffer [20 mmol/L pH 8.0 HEPES, 1 mmol/L dithio-
threitol, 1 mmol/L phenylmethyl sulfonyl fluoride, and 0.1 mg/mL BSA],
and different concentrations of succinyl-CoA (51129, Sigma-Aldrich).
Reaction mixture was incubated at 30°C for 15 min. The reaction was
stopped by adding loading buffer and subjected to SDS-PAGE. Proteins
were analyzed by Western blot analysis.

In vitro desuccinylation assay

HA-tagged p53 was purified from HEK293T cells and subjected to in vitro
succinylation assay, and then washed with lysis buffer and eluted with HA
peptide to obtain succinylated p53 proteins (Su-p53). Su-p53 were incubated
with recombinant SIRT5 (ab101134, Abcam) in the desuccinylation buffer [1
mmol/L NAD", 50 mmol/L Tris-HCl (pH 8.0), 20% glycerol, 8 mmol/L
MgCl,, 100 mmol/L NaCl, 1 mmol/L phenylmethyl sulfonyl fluoride, 1 mmol/
L dithiothreitol, 0.1 mg/mL BSA]. Reaction mixture was incubated at 30 °C for
1 h. The reaction was stopped by adding loading buffer and subjected to
SDS-PAGE. Proteins were analyzed by western blot analysis.

Identification of p53 succinylation site (s) by mass
spectrometry

HEK293T cells were transfected with HA-p53 plasmid. Cell lysate was
immunoprecipitated with anti-HA Ab-conjugated agarose beads over-
night. Immunoprecipitated p53 proteins were subjected to 8% SDS-PAGE
gel, and p53 bands were excised from the gel and analyzed by mass
spectrometry (MS) in Protein Gene Biotech, Wuhan, Hubei, China.
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Generation of anti-Su-p53-K120 antibody and anti-Ac-p53- Chromatin IP Kit. The purified DNA was analysed by quantitative real-time
K120 antibody PCR (gPCR) and the primers are listed in Supplemental Table S1.
p53-K120 site-specific succinylation antibody (anti Su-p53-K120) was
generated by using a human p53 succinylated peptide (SGTA(succ-K)
SVTQ) as an antigen (ABclonal). After purifying the antibodies with excess
unmodified peptide (SGTAKSVTC), the specificity of anti-Su-p53-K120
antibody was verified by dot blot analysis. p53 K120 site-specific
acetylation antibody (anti Ac-p53-K120) was generated by using a human
p53 acetylated peptide (SGTA(ac-K)SVTC) as an antigen (ABclonal). After
purifying the antibodies with excess unmodified peptide (SGTAKSVTC),
the specificity of anti-Ac-p53-K120 antibody was verified by dot blot
analysis.

Tissue TUNEL staining and Immunofluorescent staining
Six-week-old male mice were treated with 5Gy IR using an RS 2000 Pro
x-ray irradiator (Rad Source Technologies, USA). Untreated and treated
animals were killed at 24 h following IR treatment by cervical dislocation.
Target organs (testis, spleen, intestine, and liver) were immediately
harvested. In Situ Cell Death Detection Kit (Roche, 11684817910) or anti-
Su-p53-K120 antibody was used for histological analysis of indicated
tissues. Images were captured by fluorescence microscopy as described
above. The apoptotic cell number was scored with Image J software.

Flow cytometry assay
HCT116 and MEF cells were treated with DNA damage regents as indicated.
Subsequently, the cells were harvested and washed twice with PBS, then

Quantification and statistical analysis
GraphPad Prism software (7.0) was used for all statistical analysis. Results

: S - 6 with error bars express mean + SEM. Statistical analysis was performed by
resuspended in 1 xBinding Buffer at a concentration of 1 x 10° cells/ml. In all, using Student's two-tailed t-test. A P value <0.05 was considered

: 5
100 ul of the solgt|on (1x10° cells) were transferred to a 5 ml culture tube, 5 significant. Statistical significance is represented as follows: *p <0.05,
ul of FITC Annexin V, and 5 pl Pl were added. The cells were gently vortexed ¥ < 0.01. **p < 0.001. ***p < 0.0001
and incubated for 15 min at 25 °C in the dark. In total, 400 pl of 1X Binding p<BOL 7 p<0.00L p <8 :
Buffer were added to each tube and then analyzed using Beckman CytoFLEX

S within 1 h. The data were analyzed with CytExpert software.
RESULTS

SIRT5 suppresses p53 transcriptional activity

Chromatin Immunoprecipitation assay To determine whether SIRT5 has an impact on p53, we used

Chromatin Immunoprecipitation (ChIP) assay was performed according to .
the protocol with some modification [51]. HCT116 cells were incubated in promoter assays to evaluate whether SIRT5 could influence p53

culture media containing 1% formaldehyde with gentle shaking for 10 min transcriptional activity. Overexpression of SIRTS dramatically
at room temperature, and crosslinking was stopped by addition of 2.5 M suppressed the activity of the p27-promoter luciferase reporter,
glycine to a final concentration of 0.125M. Then the procedure was BAX-promoter luciferase reporter, and MDM2-promoter luciferase
performed according to the protocol of the SimpleChIP® Enzymatic reporter that were induced by ectopic expression of p53 in p53-
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Fig. 1 SIRTS inhibits p53 transcriptional activity. A p27 promoter activity in co-transfection of HA-p53 together with or without Flag-SIRT5 in
H1299 cells for 24 h, Flag empty vector was used as a control (—). Data show mean + SEM; Student’s two-tailed t-test; Data from three
independent experiments. B BAX promoter activity in co-transfection of HA-p53 together with or without Flag-SIRT5 in H1299 cells for 24 h,
Flag empty vector was used as a control (—). Data show mean + SEM; Student’s two-tailed t-test; Data from three independent experiments. C
MDM?2 promoter activity in co-transfection of HA-p53 together with or without Flag-SIRT5 in H1299 cells for 24 h, Flag empty vector was used
as a control (—). Data show mean + SEM; Student’s two-tailed t-test; Data from three independent experiments. D-1 Quantitative real-time PCR
(gPCR) analysis of p21 (D), PUMA (E), TIGAR (F), MDM2 (G), PIG3 (H), and SFN (I) mRNA in co-transfection of HA-p53 together with or without
Flag-SIRT5 in H1299 cells for 24 h, Flag empty vector was used as a control (—). Data show mean + SEM; Student’s two-tailed t-test; Data from
three independent experiments.
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Fig. 2 SIRT5 suppresses p53 target gene expression in HCT116 cells upon DNA damage. A, B Overexpression of SIRT5 in HCT116 cells
caused a reduction of p21 (A) and MDM2 (B) mRNA upon Dox (Doxorubicin) treatment (1 pM, 24 h), as revealed by qPCR analysis. DMSO was
used as control. Data show mean + SEM; Student’s two-tailed t-test; Data from three independent experiments. C Overexpression of SIRT5 in
HCT116 cells caused a reduction of the protein levels of p21 and TIGAR upon Dox treatment (1 pM, 24 h), as revealed by Western blot analysis.
DMSO was used as control. D-G gPCR analysis of p21 (D), PUMA (E), TIGAR (F), and MDM2 (G) mRNA in SIRT5-deficient or SIRT5-intact HCT116
cells (SIRT5~/~ or SIRT5*/™) treated with or without Dox (1 pM, 24 h). DMSO was used as control. Data show mean = SEM; Student’s two-tailed t-
test; Data from three independent experiments. H Western blot analysis of p21 and TIGAR protein level in SIRT5-deficient or SIRT5-intact
HCT116 cells (SIRT5~/~ or SIRT5"/*) treated with or without Dox (1 pM, 24 h). DMSO was used as control. I, J qPCR analysis of p21 (1), and MDM2
(J) mRNA in SIRT5-deficient or SIRT5-intact HCT116 cells (SIRT5~'~ or SIRT5'™) treated with or without Nutlin-3 (5 uM, 24 h). DMSO was used as
control. Data show mean + SEM; Student’s two-tailed t-test; Data from three independent experiments. K Western blot analysis of p21 and
TIGAR protein level in SIRT5-deficient or SIRT5-intact HCT116 cells (SIRT5 '~ or SIRT5/*) treated with or without Nutlin-3 (5 pM, 24 h). DMSO
was used as control. L, M qPCR analysis of p27 (L), and MDM2 (M) mRNA in SIRT5-deficient or SIRT5-intact HCT116 cells (SIRT5 '~ or SIRT5*'™)
treated with or without 5-Fu (5-fluorouracil) (5 pg/ml, 24 h). DMSO was used as control. Data show mean + SEM; Student’s two-tailed t-test;
Data from three independent experiments. N Western blot analysis of p21 and TIGAR protein level in SIRT5-deficient or SIRT5-intact HCT116
cells (SIRT5~/~ or SIRT5"") treated with or without 5-Fu (5 pg/ml, 24 h). DMSO was used as control.
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Fig. 3 SIRT5 co-localizes and interacts with p53, and has no obvious effects on its protein level. A Confocal microscopy image of
endogenous SIRT5 co-localized with endogenous p53 in HCT116 cells. The cells were treated with or without Dox (1 uM, 24 h) and detected by
immunofluorescence staining using anti-SIRT5 and anti-p53 antibodies. Mito, Mitotracker; Scale bar in blue = 25 um; Scale bar in green = 5 pm.
DMSO was used as control. B, € Co-immunoprecipitation of Flag-SIRT5 with HA-p53 and vice versa. HEK293T cells were co-transfected with
indicated plasmids for 24 h. Anti-Flag (B) or anti-HA (C) antibody-conjugated agarose beads were used for immunoprecipitation and the
interaction was detected by immunoblotting with the indicated antibodies. TCL, total cell lysate; IP, immunoblotting. +, antibody light chain. D
Endogenous interaction between p53 and SIRT5 in HCT116 cells with Dox (1uM, 24h) treatment. Anti-p53 antibody was used for
immunoprecipitation, and normal mouse IgG was used as a control. TCL, total cell lysate; IP: immunoblotting. E Co-immunoprecipitation of SIRT5
and p53 in mitochondria (Mito), cytosol (Cyto), and nuclear fractions (Nuc) before and after Dox (Doxorubicin) treatment (1 pM, 24 h). SE shorter
exposure, LE longer exposure. F Immunoblotting of exogenous HA-p53 expression in H1299 cells transfected with an increasing amount of Flag-
SIRT5 expression plasmid. G Immunoblotting of endogenous p53 expression in SIRT5-deficient or SIRT5-intact HCT116 cells (SIRT5/~ or SIRT5*). H
Immunoblotting of endogenous p53 expression in SIRT5-deficient or SIRT5-intact U20S cells (SIRT5~~ or SIRT5™*). 1 Immunoblotting of
endogenous p53 expression in SIRT5-deficient HCT116 cells transfected with an increasing amount of Flag-SIRT5 expression plasmid.
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deficient H1299 cells (Fig. 1A-C). Consistently, the expression of
p53 target genes, including p21, PUMA, TIGAR, MDM2, PIG3, and
SFN, induced by ectopic expression of p53 was inhibited by
overexpression of SIRT5 in H1299 cells (Fig. 1D-I).

These findings suggest that SIRT5 could suppress p53
transcriptional activity.

Cell Death & Differentiation (2022) 29:722 -736

SIRT5 suppresses p53 target gene expression in response to
DNA damage

As the guardian of the genome, p53 is stabilized and activated in
response to DNA damage to maintain genome stability [52]. We
investigated whether SIRT5 regulates p53 stability and activation
in response to DNA damage. In HCT116 cells harboring a wild-type
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Fig. 4 p53 is succinylated at Lysine 120, while its desuccinylation was mediated by SIRT5. A qPCR analysis of MDM2 mRNA in SIRT5-
deficient HCT116 cells (SIRT5~/~) transfected with the control plasmid (Flag empty) or the plasmid expressing Flag-SIRT5 (Flag-SIRT5) or its
enzyme-deficient mutant H158Y (Flag-SIRT5-H158Y) for 24 h, followed by treatment with or without Dox (1 uM, 24 h). DMSO was used as
control. Data show mean + SEM; Student’s two-tailed t-test; Data from three independent experiments. B qPCR analysis of PIG3 mRNA in SIRT5-
deficient HCT116 cells (SIRT5/~) transfected with the control plasmid (Flag empty) or the plasmid expressing Flag-SIRT5 (Flag-SIRT5) or its
enzyme-deficient mutant H158Y (Flag-SIRT5-H158Y) for 24 h, followed by treatment with or without Dox (1 uM, 24 h). DMSO was used as
control. Data show mean + SEM; Student’s two-tailed t-test; Data from three independent experiments. C p53 was succinylated in vitro. HA-
tagged p53 protein purified from HEK293T cells was incubated with the indicated concentrations of succinyl-CoA. Protein succinylation was
detected with anti-pan-succinyl-lysine antibody; HA-p53 was detected with anti-HA antibody. D p53 is desuccinylated by SIRT5 in vitro.
Succinylated p53 was incubated with purified SIRT5. Protein succinylation was detected with anti-pan-succinyl-lysine antibody. E Disruption of
SIRT5 in HCT116 cells enhanced succinylation of p53. The cell lysates from SIRT5-deficient (SIRT5~') or SIRT5-intact (SIRT™™) HCT116 cells
treated with Dox (1 pM, 24 h) were immunoprecipitated with anti-p53 antibody, followed by immunoblotting with anti-pan-succinyl-K
antibody. TCL total cell lysate, IP immunoprecipitating. F Reconstitution of wild-type SIRT5 (Myc-SIRT5) in SIRT5-deficient HCT116 cells (SIRT5~/
~) caused a reduction of p53 succinylation; but overexpression of the enzymatic-deficient SIRT5 (Myc-dSIRT5-H158Y) in SIRT5~/~ HCT116 cells
did not cause a reduction of p53 succinylation. The SIRT5 /= HCT116 cells were transfected with Myc-SIRT5 or Myc-SIRT5-H158Y and treated
with Dox (1 pM, 24 h), followed by immunoprecipitating with anti-p53 antibody, and immunoblotting with anti-pan-succinyl-K antibody. TCL
total cell lysate, IP immunoprecipitating. G The succinylated residue in p53 identified by mass spectrometry analysis. HEK293T cells were
transfected with HA-p53 plasmid. Cell lysate was immunoprecipitated with anti-HA Ab-conjugated agarose beads overnight.
Immunoprecipitated p53 proteins were subjected to 8% SDS-PAGE gel, and p53 bands were excised from the gel and analyzed by mass
spectrometry. H Sequence alignment of partial p53 proteins (116-132 amino acids) from human, macaque, cow, pig, dog, mouse, and
zebrafish. The red box indicates a conserved lysine (K120). | Dot-blot assay for validating the specificity of anti-Su-p53-K120 antibody. Equal
amounts of succinyl-peptides or the control peptides were immunoblotted with the indicated dilutions of anti-Su-p53-K120 antibody. J
Disruption of SIRT5 in HCT116 cells caused an enhancement of p53 succinylation at Lys 120 compared with that in the S/IRT5-intact HCT116
cells (SIRT5"/*) treated with or without Dox. The cell lysates from SIRT5-deficient (SIRT5 /") or SIRT5-intact (SIRT5*/*) HCT116 cells treated with
or without Dox (1 uM, 24 h) were immunoprecipitated with anti-p53 antibody, followed by immunoblotting with anti-Su-p53-K120 antibody.
DMSO was used as a control. TCL total cell lysate, IP immunoprecipitating. K Disruption of SIRT5 in HCT116 cells caused an enhancement of
p53 succinylation at K120 compared with that in the SIRT5-intact HCT116 cells (SIRT5*/") treated with or without 5-Fu. The cell lysates from
SIRT5-deficient (SIRT5'7) or SIRT5-intact (SIRT5 ™) HCT116 cells treated with or without 5-Fu (5 pg/ml, 24 h) were immunoprecipitated with
anti-p53 antibody, followed by immunoblotting with anti-Su-p53-K120 antibody. DMSO was used as a control. TCL total cell lysate, IP

immunoprecipitating.

(WT) TP53 gene (p53™/"), treatment with the chemotherapeutic
agent doxorubicin (Dox) [53] dramatically increased the mRNA
levels of p27 and MDM2 compared with the control treatment
(DMSO) (Fig. 2A, B). However, overexpression of SIRT5 significantly
suppressed the mRNA levels of these genes (Fig. 2A, B).
Concordant to this notion, by western blot analysis, p53 was
stabilized, p21 and TIGAR were induced after treatment with Dox,
but p21 and TIGAR were downregulated when SIRT5 was
overexpressed (Fig. 2C).

In contrast, disruption of SIRT5 in HCT116 cells (SIRT5 /")
significantly enhanced mRNA levels of p21, PUMA, TIGAR, and
MDM?2 and protein levels of p21 and TIGAR after DNA damage
(Fig. 2D-H).

Subsequently, we tested the effect of Nutlin-3, a small-molecule
antagonist of MDM2 that induces p53 stabilization and activation
[53-55]. As expected, treatment with Nutlin-3 significantly
increased the mRNA levels of p27 and MDM2 compared with
the control treatment (DMSO) (Fig. 2I, J). Moreover, compared with
those in SIRT5-intact HCT116 cells (SIRT5™™), the mRNA levels of
p21 and MDM2 and protein levels of p21 and TIGAR were higher in
SIRT5-null HCT116 cells (SIRT5~/7) (Fig. 21-K).

Furthermore, we examined the effect of another genotoxic
agent, 5-fluorouracil (5-FU) [53]. Consistently, treatment with 5-FU
significantly increased p27 and MDM2 mRNA levels compared with
the control treatment (DMSO) (Fig. 2L, M). However, compared
with those in SIRT5-intact HCT116 cells (SIRT5HT), the mRNA levels
of p21 and MDM2 and protein levels of p21 and TIGAR were higher
in SIRT5-null HCT116 cells (SIRT5~/7) (Fig. 2L-N).

In addition, U20S and MEF cells harboring a WT TP53 gene
(p53*"") were used to validate the effects of SIRT5 on p53. In
U20S cells, treatment with Dox dramatically increased the mRNA
levels of p21, TIGAR, and PIG3 compared with the control
treatment (DMSO), while disruption of SIRT5 in U20S cells
(SIRT5/7) significantly enhanced mRNA levels of p21, TIGAR, and
PIG3 after DNA damage (Fig. STA-C). In MEF cells, treatment with
Dox (Fig. STD-F) or 5-Fu (Fig. S1G-I) dramatically increased the
MRNA levels of p21, Puma and Mdm2 compared with the control
treatment (DMSO), while disruption of Sirt5 in MEF cells (Sirt5~'7)
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significantly enhanced mRNA levels of p21, Puma and Mdm2 after
DNA damage (Fig. S1D-I).

Together, these findings suggest that SIRT5 suppresses p53
target gene expression in response to DNA damage.

p53 is succinylated at lysine 120 (K120) and desuccinylated by
SIRT5

The observations that SIRT5 suppresses p53 transcriptional activity
and p53 target gene expression prompted us to determine
whether SIRT5 influences p53 function through protein—protein
interaction. First, we examined their co-localization by immuno-
fluorescence staining using anti-p53 and anti-SIRT5 antibodies.
Fluorescence confocal microscopy showed that SIRT5 could co-
localize with p53 in the nucleus in both HCT116 cells and U20S
cells in response to DNA damage (Figs. 3A and S2-54). Without
staining with anti-p53 and anti-SIRT5 antibodies, no signal was
detected in cells after Dox treatment (Fig. S5), ruling out non-
specific red signals caused by Dox absorbance. Co-
immunoprecipitation assays showed that ectopically expressed
SIRT5 pulled down ectopically expressed p53 in HEK293T cells and
vice versa (Fig. 3B, C). In HCT116 cells, endogenous p53 was also
co-immunoprecipitated with endogenous SIRT5 after DNA
damage (Fig. 3D). Furthermore, we separated cell components
into mitochondria, cytosol, and nuclei, and performed co-
immunoprecipitation assays respectively. Endogenous SIRT5
interacted with endogenous p53 only in nuclei but not in
mitochondria and cytosol after DNA damage (Fig. 3E). However,
SIRT5 did not influence protein stability of p53 revealed by either
overexpression of SIRT5 in H1299 cells, knockout of SIRT5 in
HCT116 cells and U20S cells, or reconstitution SIRT5 in SIRT5-
deficient HCT116 cells (SIRT5 /™) (Fig. 3F-I).

Moreover, overexpression of SIRT5 suppressed Mdm2 and PIG3
expression induced by Dox treatment in SIRT5-deficient HCT116
cells (SIRT5/7) (Fig. 4A, B; column 5 versus column 4). However,
overexpression of SIRT5-H158Y, an enzyme-deficient mutant of
SIRT5, showed no obvious effect on suppression of Mdm2 and
PIG3 expression induced by Dox treatment in SIRT5-deficient
HCT116 cells (SIRT5™/7) (Fig. 4A, B; column 6 versus column 4),
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indicating that the enzymatic activity of SIRT5 was required for the
suppressive function of SIRT5 on p53.

Given a well-defined function of SIRT5 in desuccinylation, we
sought to determine whether SIRT5 suppresses p53 transcriptional
activity through its desuccinylase activity. We initially examined
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whether p53 was succinylated, by using a pan-succinyl-K antibody
(PTM Biolab Co. Ltd. #PTM401) [30, 49]. Using in vitro succinylation
assays, we found that p53 expressed in HEK293T cells could be
succinylated by adding succinyl-CoA in a dose-dependent manner
(Fig. 4C), suggesting that p53 could be succinylated. Subsequently,
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Fig. 5 Disruption of SIRT5 does not enhance acetylation of p53 at lysine 120; overexpression of SIRT5 has no impact on the
transcriptional activity of p53-K120R mutant. A Dot-blot assay for validating the specificity of anti-Ac-p53-K120 antibody. Equal amounts of
acetyl-peptides or the control peptides were immunoblotted with the indicated dilutions of anti-Ac-p53-K120 antibody. B Disruption of SIRT5 in
HCT116 cells caused a reduction of acetylation of p53 at K120 compared with that in the SIRT5-intact HCT116 cells (SIRT5™/*) treated with or
without 5-Fu. The cell lysates from SIRT5-deficient (SIRT5 /") or SIRT5-intact (SIRT5"/*) HCT116 cells treated with or without 5-Fu (5 pg/ml, 24 h)
were immunoprecipitated with anti-p53 antibody, followed by immunoblotting with anti-Ac-p53-K120 antibody. The ratios of Ac-p53/p53 are
indicated in blue fonts (DMSO control) or red fonts (5-Fu treatment) respectively. DMSO was used as control. TCL total cell lysate, IP
immunoprecipitating. C, D p21 promoter activity (C), and BAX promoter activity (D) in H1299 cells co-transfected Myc-SIRT5 together with HA-p53
or HA-p53-K120R. Data show mean + SEM; Student’s two-tailed t-test; Data from three independent experiments. E, F Disruption of SIRT5 in
HCT116 cells caused more apoptotic cells compared with that in the SIRT5-intact HCT116 cells (SIRT5™'*) treated with 5-Fu (5 pg/ml, 24 h).
Representative flow cytometry histograms of apoptotic cells (E) and quantitative analysis (F). SIRT5-deficient (SIRT5~/7) or SIRT5-intact (SIRT5™'™)
HCT116 cells treated with or without 5-Fu (5 pg/ml, 24 h) and subsequently stained by annexin V-PI. Percentages in the LR and UR quadrants
represent the early and late apoptotic populations, respectively. Data show mean + SEM; Student’s two-tailed t-test; Data from three independent
experiments. G, H Reconstitution of p53-K120R in SIRT5-intact HCT116 cells (SIRT5"™) and SIRT5-deficient HCT116 cells (SIRT5~) counteracted
the effect of SIRT5 disruption on apoptotic induction treated with 5-Fu (5 pg/ml, 24 h). Representative flow cytometry histograms of apoptotic

cells (G) and quantitative analysis (H). Data show mean + SEM; Student’s two-tailed t-test; Data from three independent experiments.

we examined whether succinylated p53 could be desuccinylated
by SIRT5 in vitro. In the presence of NAD™, purified SIRT5
(ab101134, Abcam) induced desuccinylation of succinylated p53
obviously (Fig. 4D).

Compared with the SIRT5-intact HCT116 cells (SIRT5™'), the
SIRT5-null  HCT116  cells  (SIRT5/7)  showed  greater
p53 succinylation (Fig. 4E). Reconstitution of SIRT5 in SIRT5-
deficient HCT116 cells (SIRT5 /") caused a significant reduction in
succinylation of p53 (Fig. 4F; lane 2 versus lane 1). However,
overexpression of SIRT5-H158Y (an enzyme-deficient mutant of
SIRT5) [49] had no effect on the reduction of p53 succinylation
(Fig. 4F; lane 3 versus lane 1).

Subsequently, we determined the succinylation site(s) on p53
through MS analysis. One succinylation site (lysine 120) in p53 was
identified (Fig. 4G). Lysine 120 (K120) of p53 is evolutionary
conserved across species (Fig. 4H). To further confirm this
succinylated site in p53, we developed a specific antibody against
succinylated K120 of p53 (anti-Su-p53-K120 antibody). The
specificity of this antibody was validated by dot blot assay (Fig. 4l).
Subsequently, we confirmed that p53 could be succinylated at
K120 in vitro (Fig. S6A). In addition, in the presence of NAD™,
purified SIRT5 (ab101134, Abcam) could indeed induce desucci-
nylation of succinylated p53 at K120 (Fig. S6B).

In SIRT5-deficient HCT116 cells (SIRT5/7), succinylation of p53
at K120 was higher than in the SIRT5-intact HCT116 cells (SIRT5 /™)
treated with (Fig. 4J; line 4 versus line 3) or without Dox treatment
(Fig. 4J; lane 2 versus lane 1).

Similar to treatment with Dox, as expected, succinylation of p53
at K120 was higher in SIRT5-deficient HCT116 cells (SIRT57/7) than
in the SIRT5-intact HCT116 cells (SIRT5™™) with (Fig. 4K; line 4
versus line 3) or without 5-FU treatment (Fig. 4K; line 2 versus
line 1).

Taken together, these findings suggest that SIRT5 might
catalyze the desuccinylation of p53 at lysine 120.

SIRT5 has no obvious impact on p53 deacetylation at lysine
120

It is reported that p53 acetylation at lysine 120 (K120) within the
DNA-binding domain is required for p53-mediated apoptosis and
K120 is acetylated by acetyltransferases including Tip60, hMOF,
MOZ, and NAT10 [56-59]. Given that SIRT5 belongs to the sirtuin
family of NAD"-dependent deacetylases [60], SIRT5 might also
have deacetylase activity even though it is barely detected [61]. To
determine whether SIRT5 suppresses p53 transcriptional activity
by catalyzing p53 deacetylation at K120, we generated a specific
antibody against acetylated K120 of p53 (anti-Ac-p53-K120
antibody). The specificity of this antibody was validated by
dot blot assay (Fig. 5A). As shown in Fig. 5B, p53 acetylation at
K120 was lower in SIRT5-deficient HCT116 cells (SIRT5~/7) than in
the SIRT5-intact HCT116 cells (SIRT5™™) with (line 4 versus line 3)
or without 5-FU treatment (line 2 versus line 1). These results
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suggest that disruption of SIRT5 does not enhance p53 acetylation
at K120, thereby indicating that the deacetylase activity of SIRT5
has no impact on p53 function. Moreover, disruption of SIRT5
also had on effect on p53 acetylation at K379 and K382
(Figure S6C).

Subsequently, we examined the effect of SIRT5 on the
transcriptional activity of p53-K120R mutant using promoter
assays. The ability of p53-K120R to activate both p27-promoter
reporter and BAX-promoter reporter was dramatically reduced
compared with that of wild-type (WT) p53 (Fig. 5C, D; column 5
versus column 3), indicating the importance of K120 modification
in affecting p53 transcriptional activity [55-59, 62]. Overexpression
of SIRT5 caused a significant reduction in WT p53 activity (Fig. 5C,
D; column 4 versus column 3), but had no obvious effect on the
activity of the p53-K120R mutant (Fig. 5C, D; column 6 versus.
column 5). These results suggest that SIRT5 suppresses p53
transcriptional activity by catalyzing p53 desuccinylation at K120.

p53 is a key mediator of apoptosis in DNA damage response
[4, 63, 64], and thus, to further determine the function of SIRT5 as
mediated by p53, we compared the ratio of apoptotic cells
between SIRT5-intact HCT116 cells (SIRT5™*) and SIRT5-null
HCT116 (SIRT5~/7) cells by flow cytometry assays after treatment
with 5-FU. More apoptotic cells were detected in SIRT5~/~ HCT116
cells (Fig. 5E, F), suggesting that SIRT5 impairs apoptosis in
response to DNA damage. However, reconstitution of p53-K120R
in SIRT5-intact HCT116 cells (SIRT5*'") and SIRT5-null HCT116
(SIRT5'7) cells counteracted the effect of SIRT5 impairment on
apoptosis in response to DNA damage (Fig. 5G, H), further
suggesting that suppression of p53 by SIRT5 is K120 modification-
dependent in cells.

Disruption of SIRT5 promotes p53 enrichment at its target
gene promoters in response to DNA damage
Given that lysine 120 (K120) is located within the DNA-binding
domain of p53, and SIRT5 does not affect p53-K120R activity, we
sought to determine whether SIRT5 has an impact on p53
enrichment in the promoters of p53 target genes in response to
DNA damage. As shown in Fig. 6A-D, after cells were treated with
Dox, p53 was significantly enriched in the promoters of p21,
PUMA, BAX, and MDM2 in SIRT5-null HCT116 cells (SIRT5™')
compared with SIRT5-intact HCT116 cells (SIRT5) as revealed by
gRT-PCR followed by ChIP assays. Similarly, in response to
treatment with 5-FU or actinomycin D (ActD), another DNA
damaging agent, p53 was significantly enriched in the promoters
of p21, PUMA, BAX, and MDM2 in SIRT5-null HCT116 cells (SIRT5~'7)
compared with SIRT5-intact HCT116 cells (SIRT5"*) (Fig. 6E-L).
These results suggest that p53 succinylation facilitates the
binding of p53 to the promoters of p53 target genes, and
desuccinylation of p53 at K120 that is mediated by SIRT5 impairs
p53 enrichment in its target gene promoters, resulting in the
suppression of p53 transcriptional activity.

Cell Death & Differentiation (2022) 29:722 -736
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Suppression of p53 function by SIRT5 is dependent on p53
status

To determine whether suppression of p53 function by SIRT5 in
response to DNA damage is indeed mediated by p53, we sought to
get genetic evidences by taking advantage of p53-knockout mice
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and Sirt5-knockout mice. Through crossbreeding, we obtained
mice as well as mouse embryonic fibroblast (MEF) cells with
different genotypes, including Sirt5t/Tp53*/*, Sirts~/~p53+/T,
Sirtst/Tp53~/~, and Sirt5~/~p53~/~. Initially, we used MEF cells to
examine the effect of Sirt5 on p53 function. When p53 was intact,
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Flg 6 Disruption of SIRT5 promotes p53 accumulation at its target gene promoters in response to DNA damage. A-D Disruption of SIRT5
in HCT116 cells (SIRT5~/~) promoted p53 accumulation at the region encompassing p53 consensus binding S|tes of p21 promoter (A), PUMA
promoter (B), BAX promoter (C) and MDM2 promoter (D) in response to Dox treatment. SIRT5-deficient (SIRT5 /™) or SIRT5-intact (SIRT5™/™)
HCT116 cells treated with Dox (1 pM, 12 h) or DMSO (control) were crosslinked and harvested for chromatin immunoprecipitation assays
(ChIP). Lysates from each condition were divided into equal aliquots and incubated with either p53 antibody or mouse IgG. Precipitated DNA
was recovered and analyzed by gRT-PCR with primers that amplify the region encompassing the p53-binding sites within the promoter
indicated. Data show mean + SEM; *p < 0.05, **p <0.01, ****p < 0.0001, Student’s two-tailed t-test; Data from three independent experiments.
E-H Disruption of SIRT5 in HCT116 cells (SIRT5 /") promoted p53 accumulation at the region encompassing p53 consensus binding S|tes of
p21 promoter (E), PUMA promoter (F), BAX promoter (G), and MDM2 promoter (H) in response to 5-Fu treatment. SIRT5-deficient (SIRT5'7) o
SIRT5-intact (SIRT5*) HCT116 cells treated with 5-Fu (5 pg/ml, 12 h) or DMSO (control) were crosslinked and harvested for ChIP. Lysates from
each condition were divided into equal aliquots and incubated with either p53 antibody or mouse IgG. Precipitated DNA was recovered and
analyzed by gRT-PCR with primers that amplify the region encompassing the p53-binding sites within the promoter indicated. Data show
mean + SEM; *p < 0.05, ****p < 0.0001, Student’s two-tailed t-test; Data from three independent experiments. I-L Disruption of SIRT5 in HCT116
cells (SIRT5™ /- ) promoted p53 accumulation at the region encompassing p53 consensus binding sites of p27 promoter (), PUMA promoter (J),
BAX promoter (K), and MDM2 promoter (L) in response to ActD (Actinomycin D) treatment. SIRT5-deficient (SIRT5 /") or SIRT5-intact (SIRT5"/)
HCT116 cells treated with ActD (10 nM, 12 h) or DMSO (control) were crosslinked and harvested for ChIP. Lysates from each condition were
divided into equal aliquots and incubated with either p53 antibody or mouse IgG. Precipitated DNA was recovered and analyzed by qRT-PCR
with primers that amplify the region encompassing the p53-binding sites within the promoter indicated. Data show mean + SEM; **p < 0.01,

**¥p < 0.001, ****p < 0.0001, Student’s two-tailed t-test; Data from three independent experiments.

disruption of Sirt5 caused a significant increase in the expression of
p53 target genes, including Puma, Mdm2, and Apafl after
treatment with Dox or Eto (Etoposide) (Fig. 7A-F). However, in
the absence of p53, disruption of Sirt5 had no obvious effect on the
expression of p53 target genes (Fig. 7A-F).

Given that disruption of SIRT5 promotes cell apoptosis (Fig. 5E),
and p53 is a key mediator of apoptosis in DNA damage response,
we examined whether the enhancement of apoptosis by Sirt5 is
mediated by p53. In the presence of p53, more apoptotic cells
were detected in Sirt5-deficient MEF cells compared with Sirt5-
intact MEF cells after Dox treatment (Fig. 7G, H). However, in the
absence of p53, no significant difference in apoptosis was
observed between Sirt5-intact and Sirt5-deficient MEF cells (Fig. 7G,
H). The disruption of Sirt5 and p53 and the effect of Sirt5 on p53
desuccinylation in the context of double knockout MEF cells were
confirmed by western blot analysis (Fig. 7I).

To further determine whether suppression of p53 function by
Sirt5 in response to DNA damage is mediated by p53 in vivo, we
examined apoptosis in mice after challenging with ionizing
radiation (IR). Sirt5 " p53™/", Sirts~/~p53*'", Sirt5™*p53~/~, and
Sirt5~/~p53~'~ littermates were treated with IR (5 Gray), then their
testis, spleen and intestine were analyzed by Terminal deoxynu-
cleotidyl transferase dUTP Nick End Labeling (TUNEL) staining,
using liver as negative control [65, 66]. We observed a remarkable
increase in apoptosis levels in tissues from Sirt5~/~p53+/* mice
relative to the Sirts™*p53*/* mice. However, no significant
difference in apoptosis levels in tissues was detected between
Sirt5™*p53~'~ mice and Sirt5~'~p53~/~ mice (Fig. 8A-F). In these
conditions, no obvious apoptotic effects were observed in the
livers from mice with four different genotypes (Fig. 8G). Moreover,
succinylation of p53 at K120 in mice after challenging with IR was
also determined by anti-Su-p53-K120 antibody (Fig. S8). In
consistent with apoptosis levels, a remarkable higher succinylated
p53 at K120 was seen in intestine and testis but not in liver of
Sirt5~/~p53*/* mice compared with those of Sirt5**p53*/+ mice
(Fig. S8).

Collectively, these data suggest that the suppressive role of
SIRT5 on p53 function is mediated by p53, further validating the
impact of SIRT5 on p53 function.

DISCUSSION

In the current study, we found that p53 is succinylated at K120,
and SIRT5 mediates its desuccinylation. Furthermore, we demon-
strate that SIRT5 suppresses p53 function, including suppression of
p53 target gene expression and of p53-mediated apoptosis. These
findings not only reveal a novel PTM of p53, but also identify a
new target of SIRT5, that is, acting as a desuccinylase.

SPRINGER NATURE

It is noteworthy that SIRT5 localizes mostly or exclusively to the
mitochondrial matrix [61]. In line with this notion, SIRT5-catalyzed
desuccinylation of mitochondrial proteins has been uncovered
[31, 49]. p53 is a classic transcriptional factor that mainly
transactivates gene expression in nucleus even though its other
roles outside the nucleus have also been demonstrated [67-71].
Here, we observed that SIRT5 co-localizes with p53 in the nucleus
and suppresses p53 transcriptional activity, implicating that SIRT5
could also act its function extra-mitochondrially. Virtually, SIRT5
has been detected in the nuclear fraction, in which it catalyses
desuccinylation of nuclear proteins [30, 72].

K120 within the DNA-binding domain of p53 is evolutionary
conserved in all of the species known to encode p53 and
frequently mutated in human tumors. K120 appears to be one of
the key p53 residues that modulates its essential functions [55-
59, 62]. K120 of p53 can be acetylated by Tip60/hMOF/NAT10
[56, 57, 59, 73]. It has been proposed that K120 acetylation is likely
to be crucial for p53-mediated apoptosis, but has no obvious
effect on cell cycle arrest, thus defining a unique function of K120
acetylation [56, 57, 62, 74]. Here, we determined that p53 is
succinylated at K120, and SIRT5 catalyses its desuccinylation. Our
findings uncover another modification of K120 and reveal its
functional importance. Interestingly, based on proteomic analysis
of protein modification, lysine succinylation has been found to
extensively overlap with acetylation in prokaryotes and eukaryotes
[25]. Our findings provide a real example of functional overlap
between acetylation and succinylation. It appears that K120
acetylation and succinylation simultaneously enhance p53 tran-
scriptional activity. Nevertheless, differences are observed in the
acetylation and succinylation of p53 K120. With the exception of
apoptosis-related genes targeted by p53, such as PUMA, BAX, and
PIG3 [57], other p53 target genes, including p21, MDM2, TIGAR, and
SFN, are also suppressed by SIRT5-mediated desuccinylation of
p53. SIRT5-mediated desuccinylation is likely to affect the
expression of the majority of p53 target genes. Notably, the
activation of the p53-K120R mutant on p27-promoter and BAX-
promoter is significantly reduced compared with that of WT p53,
but SIRT5 has no obvious effect on the activation of p53-K120R
mutant, suggesting that K120 modification can influence the
expression of genes related to apoptosis and cell cycle arrest, and
SIRT5 suppresses p53 target gene expression by catalyzing
desuccinylation of p53 K120.

p53-K120R mutant still showed a slightly reduced ability to
activate p21 expression although this was not as significant as that
on activating PUMA expression [56, 62]. In addition, a recent study
on NAT10-mediating p53 acetylation at K120 also indicated that
acetylation of 53 at K120 can affect the expression of p21, PUMA,
and MDM2 [59]. Therefore, K120 modification not only affects p53-
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Fig. 7 Disruption of Sirt5 potentiates p53-dependent expression of p53 target genes and cell apoptosis in response to DNA damage. A-C
gPCR analysis of Puma (A), Mdm2 (B), and Apaf1 (C) mRNA in Sirt5-intact & p53-intact (Sirt5"/Tp53*/), Sirt5-deficient & p53-intact (Sirt5~/
“p537/%), Sirt5-intact and p53-deficient (Sirt5 "+ p53~/7), or Sirt5-deficient and p53-deficient (Sirt5~/~p53~/7), treated with or without Dox (1
pM, 12 h). DMSO were used as control. Data show mean + SEM; Student’s two-tailed t-test; Data from three independent experiments. D-F
gPCR analysis of Puma (D), Mdm2 (E), and Apaf! (F) mRNA in Sirt5-intact & p53-intact (Sirt5™*p53*/*), Sirt5-deficient & p53-intact (Sirt5~/
“p53/%), Sirt5-intact & p53-deficient (Sirt5™/Tp537/7), or Sirt5-deficient and p53-deficient (Sirt5~/~p53~/7), treated with or without Eto
(Etoposide) (5 pM, 12 h). DMSO were used as control. Data show mean + SEM; Student’s two-tailed t-test; Data from three independent
experiments. G, H Flow cytometry analysis of apoptotic cells in Sirt5-intact & p53-intact (Sirt5*/"p53*/"), Sirt5-deficient & p53-intact (Sirt5~/
“p53*/%), Sirt5-intact & p53-deficient (Sirt5™*p53~/7), or Sirt5-deficient and p53-deficient (Sirt5~/~p53~/~) MEF cells treated with or without
Dox (1 pM, 12 h). DMSO was used as control. Quantitation is shown H. Data show mean + SEM; Student’s two-tailed t-test; Data from three
independent experiments. I p53 succinylation in Sirt5-intact & p53-intact (Sirt5+ ' p53™/%), Sirt5-deficient & p53-intact (Sirt5~'~p53™/"), Sirt5-
intact & p53-deficient (Sirt5*p53~/7), or Sirt5-deficient and p53-deficient (Sirt5~/~p53~/~) MEF cells were validated by Western blot
analysis.
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Fig. 8 Disruption of Sirt5 enhances p53-dependent radio-sensitivity in testes, spleens and intestines, but not in livers of mice. A, B
Testicular tissue from Sirt5t/*p53*/*, Sirt5~/~p53+F, Sirts™*p53~/~, and Sirt5~/~"p53~/~ mice untreated or after 5Gy (Gray) IR (lonizing
radiation) treatment. TUNEL staining was used for detecting apoptotic cells. Quantitation is shown B. Data show mean + SEM; Student’s two-
tailed t-test. Scale bar = 50 pm. C, D Spleen tissue from Sirt5+'*p53*/*, Sirt5~~p53*/+, Sirt5/*p53~/~, and Sirt5~/~p53~'~ mice untreated or
after 5 Gy IR treatment. TUNEL staining was used for detecting apoptotic cells. Quantitation is shown (D). Data show mean + SEM; Student’s
two-tailed t-test. Scale bar=150pum. E, F Intestine tissue from Sirt5t/*p53*/*, Sirts~/~p53+'*, Sirt5*+p53~/~, and Sirt5~/~p53~'~ mice
untreated or after 5Gy IR treatment. TUNEL staining was used for detecting apoptotic cells. Quantitation is shown (F). Data show mean + SEM;
Student’s two-tailed t-test. Scale bar =200 pym. G Liver tissue from Sirt5™ "p53™*, Sirt5~/~p53™*, Sirt5""p537/~, and Sirt5/"p53~'~ mice
untreated or after 5 Gy IR treatment. TUNEL staining was used for detecting apoptotic cells. Scale bar = 150 um.
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mediated apoptosis but also influences other functions of p53. Of
note, p53-K120R mutant could specifically activate NFAT signaling
[55]. Taken together, our findings further highlight the importance
of K120 of p53 in modulating p53 function.

In this study, we only identify that p53 is succinylated at K120,
and SIRT5 catalyses its desuccinylated, resulting in the modulation
of p53 target gene expression. As MS analysis has limited
accuracy, we cannot rule out other lysine residues in p53 can
also be succinylated, and SIRT5 mediates desuccinylation of these
sites. Nonetheless, our findings strongly suggest that K120 of p53
is the key site for succinylation, and is desuccinylated by SIRT5.

The crosstalk between different modifications, which synergis-
tically or antagonistically affects target function, has been
extensively investigated [12, 14]. K120 of p53 is not only modified
by acetylation but also by succinylation, which seems to
simultaneously enhance p53 transcriptional activity, but as one
falls, another rises. It will be very interesting to further address
how the acetylases/deacetylases and succinylases/desuccinylases
cooperate to modulate p53 function by modifying K120. Based on
the previous studies [56, 57, 59], it is evident that acetylation on
p53 K120 promotes apoptosis. Here, we showed that disruption of
SIRT5 induced apoptosis, but it actually caused the enhancement
of succinylation and the reduction of acetylation on p53 at K120. It
appears that succinylation resulted from SIRT5-disruption com-
petes with acetylation on p53 at K120 to reduce acetylation of p53
K120, resulted in apoptosis. Perhaps, the enhancement of
succinylation rather than the reduction of acetylation on p53 at
K120 by SIRT5 disruption accounts for the main cause of apoptosis
induction. However, it still cannot rule out the possibility that
acetylation on p53 at K120 catalyzed by other factors can also
induce apoptosis. This inconsistency might be resulted from
different levels of modification existed between succinylation and
acetylation or different systems employed by these studies.
Further investigations will get insights into the underlying
mechanisms.

Increasing evidence indicates that SIRT5 plays an oncogenic role
[33, 34, 36, 37, 39]. Various mechanisms have been proposed to
describe its role in promoting tumorigenesis. As a well-defined
tumor suppressor, p53 inhibits tumor initiation and progression
through multiple ways even though K120R mutation does not
seem to contribute to early-onset tumor formation [8, 74]. Here,
we provide evidence showing that suppression of p53 target gene
expression and of p53-induced apoptosis by SIRT5 is actually
dependent on p53 status. Therefore, SIRT5 possibly promotes
tumorigenesis by suppressing p53 function. These findings reveal
a probably unique mechanism by which SIRT5 exhibits its
oncogenic function.

DATA AVAILABILITY
Further information and requests for resources and reagents should be directed to
and will be fulfilled by W.X.
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