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Abstract

Lysine succinylation is a novel, broad-spectrum, dynamic, non-enzymatic protein post-translational modification (P'®
Succinylation is essential for the regulation of protein function and control of various signaling and regulatory pathways. It is
involved in several life activities, including glucose metabolism, amino acid metabolism, fatty acid metabolism, ketone body
synthesis, and reactive oxygen species clearance, by regulating protease activity and gene expression. The level of succinylation is
mainly regulated by succinyl donor, succinyltransferase, and desuccinylase. Many studies have confirmed that succinylation plays
a role in tumorigenesis by creating tissue heterogeneity, and can promote or inhibit various cancers via the regulation of different
substrate targets or signaling pathways. The mechanism of action of some antineoplastic drugs is related to succinylation. To
better understand the role of succinylation modification in cancer development and treatment, the present study reviewed the
current research content and latest progress of succinylation maodification in cancer, which might provide a new direction and
target for the prevention and treatment of cancer.

Abbreviations: ACOX1 = acyl-CoA oxidase 1, CCRCC = clear cell renal cell carcinoma, CPT1A = carnitine palmityl
transferase, CS = citrate synthetase, ER = endoplasmic reticulum, GLS = glutaminase, HAT1 = Histone acetyltransferase 1,
KAT2A = Lysine acetyltransferase 2A, LDHA = LACTIC dehydrogenase, NPM1 = Nucleophosmin, PKM2 = Pyruvate kinase
M2, PTM = post-translational modification, SDHA = succinate dehydrogenase complex subunit, SHMT2 = mitochondrial serine
hydroxymethyltransferase 2, SOD1 = superoxide dismutase 1, STAV = streptavidin, TCA = tricarboxylic acid, VDAC3 = voltage
dependent anion channels.
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butanylation, malonylation, and succinylation.>¢! Succinylation
is a novel lysine acylation reaction that has been discovered in
recent years. Its proteome has been identified in Escherichia
coli, Saccharomyces cerevisiae, Toxoplasma gondii, Vibrio par-
ahaemolyticus, Mycobacterium tuberculosis, human cells, and
mouse liver tissues.” ' Studies have shown that succinylation
can participate in multiple biological activities by regulating pro-
tease activity and gene expression."! Abnormal succinylation
can affect the development of several diseases such as tumors,
cardiometabolic diseases, liver metabolic diseases, and nervous
system diseases.!'?! Numerous studies have shown that succinyla-
tion modulators can promote or inhibit a variety of cancers by
modulating the succinylation level of substrate targets. It also
plays a regulatory role in the development of various cancers.

1. Introduction

Protein modification refers to chemical modification after pro-
tein biosynthesis, also known as post-translational modification
(PTM). It is generally considered to be a degradation mechanism
of protein destruction or turnover to maintain physiological
homeostasis. Different modifications, combinations, and changes
in sites can cause alterations in the function and properties of
proteins, resulting in different effects on cells.!"! There Increasing
evidence suggests that histone PTMs are essential for regulating
various biological processes, including cell differentiation and
tissue development. Furthermore, abnormal histone modifica-
tion can lead to a variety of diseases, including cancer.>! Lysine
is not only an essential amino acid for protein structure and
function, but also 1 of the 3 basic residues of protein structure
and function. Lysine side chain modification results in high com-

plexity of PTM networks.[! Among the amino acids that make
up proteins, lysine is the site with the most frequent post-trans-
lational modifications. Currently identified post-translational
modifications of lysine sites include acetylation, propionylation,
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1.1. Basic characteristics andfunctions of succinylation

Succinylation is a process in which a succinyl donor cova-
lently binds a succinyl group (-co-CH2-CH2-Co2h) to a lysine
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residue through enzymatic or non-enzymatic methods.!"*!
Succinylation was first observed in Escherichia coli in 2004
and subsequently in eukaryotes."¥ as a common PTM in pro-
karyotes and eukaryotes.">!® In the cytoplasm, succinylation
mainly occurs in the mitochondria, and is a key process of
energy generation in the mitochondria.l'”!s! Recent studies
have proven that succinylation can also occur outside the
mitochondria. In the nucleus, succinylation occurs in more
than 1-third of nucleosomes at both histone and non-his-
tone lysine residues. Succinylation sites in the nucleus were
mainly concentrated in the promoter region, suggesting that
succinylation may be involved in the transcriptional regu-
lation of genes.?® As the only respiratory enzyme involved
in both the tricarboxylic acid cycle and electron transport
chain, Mitochondrial complex II (CII), also known as suc-
cinate dehydrogenase (SDH), is the only respiratory enzyme
involved in both the tricarboxylic acid cycle and electron
transport chain.l'” Studies have shown that the formation of
most tumors is related to the mutation of SDH, which can
lead to succinate accumulation and succinylation of lysine,
which may promote tumor development.['2! In recent years,
it has been found that succinylation and acetylation highly
coincide,”! and some enzymes that regulate acetylation can
also regulate succinylation.” The synergistic effect of the 2 is
vital for the determination of protein structure, protein modi-
fication, and the occurrence and development of disease. After
the protein is succinylated, the charge of the lysine residues
changes significantly. Moreover, the addition of higher-mo-
lecular-weight succinyl groups to protein residues can signifi-
cantly change the protein structure. Therefore, succinylation
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has a greater impact on protein properties than methylation
and acetylation."*! Succinylated donors are mainly succi-
nyl-CoA, and research has shown that succinylation levels are
positively correlated with succinyl-CoA concentration.??l As
an intermediate metabolite of the tricarboxylic acid (TCA)
cycle, succinyl-CoA can affect a variety of metabolic processes
by changing the physicochemical properties of proteins. It can
be seen that succinylation shares a crucial relationship with
energy metabolism. It also participates in fatty acid synthesis,
amino acid degradation, electron chain transmission, ketone
body formation, the TCA cycle, and other cellular metabolic
processes and plays an important role in regulating a variety
of cellular metabolic pathways.!!!23]

2. Research progress of succinylation in cancer

Further studies on succinylation have indicated that succi-
nylation levels are mainly regulated by succinyl donors, suc-
cinyltransferases, and succinylases. The succinyl donor and
succinyltransferase played a positive role in succinylation reg-
ulation, whereas desuccinylase played a negative role in succi-
nylation regulation. These 3 factors affect tumor development
through the regulation of different pathways. years, respectively
(Table 1).

2.1. Succinyl donors and cancer

As the main succinyl group donor, succinyl-CoA can be pro-
duced either through the mitochondrial membrane or in vitro.

Expression, gene symbol, influence, site and regulatory factors of succinylation in tumors.

Regulatory factors

Tumour Gene symbol Impact in tumors Ksucc sites of succinylation References
Pancreatic GLS Promotes cancer cell proliferation and K311 Succinyl-CoA 126]
carcinoma migration
Pancreatic 14-3-3C Promotes cancer cell proliferation, - KAT2A 24
carcinoma [3-catenin migration and invasion
Glioma histone H3 Tumor cell proliferation and development H3K79 Succinyl-CoA/ 2
KAT2A/0.-KGDH

Gastric cancer LDHA Promote cancer cell invasion and K222 CPT1A 11
metastasis

Gastric cancer S100A10 Promote cancer cell invasion and K47 CPT1A/SIRTS 182
metastasis

CCRCC HIF1. HIF2 Promotes lipid deposition and cancer - CPT1A 133
progression

CCRCC AGER/IL20RB/ Immune cell infiltration and m6A HNRNP (A2B1/C/G), CPT1A/SIRTS/ 134

SAAT1 methylation LRPPRC/EIF3B SIRT7/KAT2A
Liver cancer PGAM1. histone Promote tumor development K99. K122 HAT1 1361
H3

Breast cancer GLS Promote tumor development K146. K158 SIRT5 1401

Colon cancer PKM2 Regulation of macrophages in malignant K311 SIRT5 143
transformation of colon cancer

Lung cancer PKM2 Promotes the proliferation of cancer cell K498 SIRTS 149l

RCC ACOX1 It affects ROS and DNA damage - SIRT5 7
response, thus affecting liver cancer
development

CCRCC SDHA SIRT5 promotes CCRCC development by K547 SIRTS 48]
inhibiting succinylation of SDHA

Osteosarcoma SHMT2 Inhibits the proliferation of cancer cells K280 SIRTS 511

Lung cancer SOD1 Inhibits cancer cell growth K123 SIRT5 1521

Colon cancer CS Promotes cancer cell proliferation and K393. K395 SIRT5 53]

migration

ACOX1 = acyl-CoA oxidase 1, CCRCC = clear cell renal cell carcinoma, CS = citrate synthetase, EIF3B = eukaryotic initiation factor 3 b, GLS = glutaminase, HIF1,HIF2 = hypoxia-inducible factor 1,hypoxia-
inducible factor 2, HNRNP = heterogeneous nuclear ribonucleoprotein A1, IL20RB = IL-20 receptor-, LDHA = LACTIC dehydrogenase, LRPPRC = leucine-rich penticopeptide rich domain containing
protein, PGAM1 = phosphoglycerate mutase 1, PKM2 = pyruvate kinase M2, RCC = renal cell carcinoma, S100A10 = S100 calcium binding protein A1, SAAT = serum amyloid A1, SDHA = succinate
dehydrogenase complex subunit A, SHMT2 = mitochondrial serine hydroxymethyltransferase 2, SOD1 = superoxide dismutase 1.
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A decrease in succinyl-CoA concentration can significantly
reduce succinylation.[”? As a metabolic enzyme in the TCA cycle,
succinyl-CoA can affect tumorigenesis by regulating cellular
metabolism.?* In metabolic pathways, the balance between
succinyl-CoA production and consumption may contribute to
the complex regulation of succinylation and protein expres-
sion in the mediation of tumor-activated glucose metabolism,
thus affecting the occurrence and development of cancer.*”!
Additionally, Tong et al?*! demonstrated that glutaminase (GLS)
can be succinylated, Succinyl-CoA synthetase adp-forming sub-
unit § (SUCLA2) acts as an important regulator, it regulates the
succinylation level of GLS K311 by regulating the concentration
of succinyl-CoA. The succinylation level of GLS K311 increases
when oxidative stress counteracts stress, thereby promoting the
survival and proliferation of pancreatic ductal adenocarcinoma
tumor cells. Therefore, changes in succinyl-CoA concentra-
tion can affect the development of tumors by regulating tumor
metabolism or by acting as a substrate to regulate the level of
succinyl-modification.

2.2. Succinyltransferase and cancer

2.2.1. KAT2A and cancer. Lysine acetyltransferase 2A (KAT2A)
is a succinyltransferase whose histone succinyltransferase
activity has a significant effect on tumorigenesis. Research
has shown that KAT2A is highly expressed in human PDAC
specimens and is positively correlated with the survival rate
of patients with advanced PDAC. Additionally, its mediated
histone succinylation promotes tumor cell deterioration by
regulating gene expression and [-catenin stability.?”) The
a-ketoglutarate dehydrogenase complex was synthesized by
Elk[a-ketoglutarate dehydrogenase(KGDH)(EC1.2.4.2)],
E2k[dihydrolipoyl  succinyltransferase ~ (EC  2.3.1.61)],
and E3k[dihydrolipoyl dehydrogenase (EC 1.8.1.4)].128
a-Ketoglutarate dehydrogenase complex can act as a trans-
succinylase, mediating succinylation in an o-ketoglutarate-
dependent manner, directly or indirectly regulating succinyl-CoA
levels to maintain adequate levels of succinylation, succinylate
various mitochondrial proteins, and alter their function.!¢
Stu succinylation dies have revealed that KAT2A can act as
an o-KGDH-dependent histone succinyltransferase and bind
to a-KGDH to promote the succinylation of H3K79 in tumor
cells and promote the proliferation of glioma cells.””! It can be
seen that histone succinylation can cause a wide range of gene
expression changes, thus promoting tumor growth.

2.2.2 CAPT1A and cancer. Kurmi et al®® found that carnitine
palmityl transferase (CPT1A) exhibits lysine succinyltransferase
(LSTase) activity in vivo and in vitro. As a type of LSTase,
CPT1A can regulate the enzyme activity and metabolism of
substrate proteins independent of its classical carnitine palmityl
transferase (CPTase) activity. Recently, researchers have studied
the impact of CAPT1A on gastric cancer pathogenesis. Studies
have confirmed that CAPT1A mediates succinylation of
LACTIC dehydrogenase (LDHA) at the K222 site, which can
inhibit the degradation of LDHA by reducing the interaction
between LDHA and selective autophagy adaptor protein 1
(SQSTM1), thus promoting the invasion, metastasis, and
growth of gastric cancer cells.’!! Furthermore, CPT1A can also
regulate the succinylation of S100 calcium-binding protein A1l
at the K47 site and inhibit its ubiquitin-dependent protease
degradation, thus leading to the accumulation of S100 calcium
binding protein Al in gastric cancer cells and promoting the
development of gastric cancer.’?! In a study on renal clear cell
carcinoma (CCRCC), CPT1A was found to exhibit a lower
expression level and significantly lower level of activity in the
mitochondria harvested from tumor tissue than in adjacent
normal kidney tissue. Direct inhibition of CPT1A by hypoxia-
inducible factor 1 and hypoxia-inducible factor 2 leads to a
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decrease in fatty acids entering the mitochondria, forcing fatty
acids to form lipid droplets for storage, thus promoting the
progression of CCRCC. Succinylation regulators may also
affect the progression of CCRCC by regulating tumor immunity
and m6A methylation regulators. CPT1A and SIRTS can
upregulate the expression of leucine-rich penticopeptide rich
domain containing protein and eukaryotic initiation factor 3 b,
respectively, and regulate CCRCC pathogenesis.**!

2.2.3 HAT1 and cancer

Histone acetyltransferase 1(HAT1) is a type B histone acet-
yltransferase that regulates the acetylation of histones and
non-histones.*! Existing studies have shown that HAT1 regu-
lates the level of lysine succinylation in a variety of proteins,
participates in many cellular physiological and pathological
pathways, and increases significantly in multiple tumor tissues.
It is considered to play the role of succinyltransferase in histones
and non-histones with respect to tumorigenesis.'**! For histones,
HATT1 is a novel histone succinyltransferase that catalyzes his-
tone H3K122 succinylation to enhance epigenetic regulation
and gene expression profiling. For non-histones, HAT1 cata-
lyzes the succylation of the glycolytic enzyme phosphoglycerate
mutase 1 on K99 in tumor cells, resulting in increased enzymatic
activity and stimulation of glycolysis flux in cancer cells.

2.3. Desuccinylase and cancer

COBDb was the first desuccinylase discovered in prokaryotes,
with both deacetylation and desuccinylation activities.¥! SIRTS
and SIRT7 are desuccinylases in eukaryotes. Currently, a con-
siderable number of studies have been conducted on SIRTS. As
a member of the sirtuin family, SIRTS can reverse the level of
succinylation,®”! and its abnormal expression is related to car-
cinogenesis. GLS is often up-regulated during tumorigenesis. !
Research has demonstrated that SIRTS can regulate glutamine
metabolism through the desuccinylation of GLS and pro-
tect GLS from ubiquitin-mediated degradation, thus affecting
the occurrence and development of human breast tumors.?!
Additionally, research has shown that BAG3 can promote the
succinylation of GLS at Lys158 and Lys164 by downregulat-
ing SIRTS expression and interacting with mitochondrial GLS,
inhibiting proteasome degradation, and stabilizing GLS, thus
promoting glutamine metabolism, activating autophagy, and
affecting the proliferation of tumor cells.*!

Pyruvate kinase M2 (PKM2), an important metabolic kinase
in the Warburg effect of tumor cells, regulates the final step of
glycolysis to ensure an adequate energy supply to the cells.!*!!
Increasingly, studies have proven that PKM2 is overexpressed
in various cancers and has a negative effect on the prolifera-
tion of tumor cells, affecting various biological processes of
tumor cells.[*? Studies have shown that SIRTS interacts directly
with PKM2. PKM2 has varying succinylation sites in different
tumor cells. For instance, succinylation of the K311 site plays
an important role in regulating the enzymatic activity of PKM2,
while SIRTS desuccinylation and activation of PKM2 play a
vital role in the regulation of macrophage metabolism in colitis
and colon cancer.3! After glucose starvation, lysine succinyla-
tion at position 433 of PKM2 increased the migration of PKM2
to the mitochondria and enhanced its interaction with mito-
chondrial outer membrane voltage-dependent anion channels
(VDACS3) in human colon cancer cells. PKM2 stabilizes VDAC3
by inhibiting its ubiquitination and degradation of VDACS3,
thereby increasing mitochondrial permeability and ATP pro-
duction, thus promoting cell survival and tumorigenesis.*! The
Regulation of SIRTS on PKM2 has also been observed in lung
cancer cells. SIRTS5-mediated desuccinylation of PKM2 at K498
enabled it to maintain an antioxidant response, thus support-
ing the survival and proliferation of cells under acute oxidative
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stress. SIRTS inhibition hinders the proliferation of lung cancer
cells through desuccinylation at this site.[*!

The SDH complex is composed of multiple subunits includ-
ing SDHA, SDHB, SDHC, and SDHD. Mutations in succinate
dehydrogenase complex subunit A (SDHA) can cause the loss
of SDH enzyme activity in tumor tissues, resulting in the accu-
mulation of succinate acid, which can cause pseudohypoxia
and lead to increased angiogenesis and other SDHX gene muta-
tions. SDHA’s abnormal expression of SDHA plays a key role
in tumorigenesis.*! In HCC samples, it was found that the sta-
ble downregulation of SDHA increased the succinylation level
of endogenous ACOX1, which promoted the dimerization of
ACOXT. SIRTS negatively regulated the activity of ACOX1 by
inhibiting formation of the active ACOX1 homologous dimer.
Thus, ROS and DNA damage responses are affected and the
occurrence and development of HCC are regulated.*”’ SDHA,
which is closely related to succinylation level, can also inter-
act with SIRTS directly. It was found in the tissues of CCRCC
that SIRTS mediates the desuccinylation of SDHA at K547, and
silencing SIRTS can lead to the super-succinylation and reacti-
vation of SDHA, thus affecting the occurrence and development
of CCRCC."I

Mitochondrial serine hydroxymethyltransferase 2(SHMT2)
is a key enzyme in single-carbon unit metabolism that is sig-
nificantly elevated in most cancer types.*! It has been reported
that SHMT2 can promote the proliferation of cancer cells by
catalyzing the rate-limiting step of serine catabolism.5% SIRTS
mediates the desuccinylation of Lys280 to SHMT2, activates
the enzyme SHMT2, and promotes serine catabolism in tumor
cells.1!

Moreover, SIRTS has been proven to affect tumor devel-
opment by regulating the expression levels of superoxide dis-
mutase 1(SOD1) and citrate synthase (CS). SIRTS can bind
desuccinate and activate SOD1. When SIRTS is co-expressed,
SOD1-mediated ROS production is accelerated and mutated at
the K123 site, which inhibits the proliferation of lung tumor
cells.’?l Tt has been reported that SIRTS interacts with CS.
SIRTS desuccinylates CS at K393 and K395, Supersuccinylation
of those sites significantly decrease their enzyme activity, thereby
inhibiting the development of colon cancer.®3 Additionally,
human RIDA (hRIDA) has been proven to be a carcinogenic
antigen, and its expression is negatively correlated with tumor
differentiation.*! Studies indicate that hRIDA is expressed in
most cell lines and is regulated by lysine succinylation, which is
negatively correlated with the cell proliferation rate and regu-
lated by SIRTS.5¢

2.4. Other factors that affect cancer development through
succinylation modification

In addition to the influence of the key regulatory factors of succi-
nylation, succinylation modification also affects the occurrence
and development of tumors through other pathways. Lysine
succinylation and acetylation have been reported to occur at
the same site in different tissues!” which can affect the function
of proteins and their target genes without changing the gene
sequence and creating a second genetic code favorable to car-
cinogenesis. For example, the levels of succinylation and acetyl-
ation increase simultaneously in breast cancer tissues, and the
2 may be co-regulated by members of the histone deacetylase
family."”) Nucleophosmin 1(NPM1) is the only protein in which
acetylation and succinylation occur at the same lysine site and
is highly conserved in many distinct species. The expression of
NPM1 is upregulated in breast cancer, and the acetylation and
succinylation of NPM1 may lead to a DNA damage response by
regulating the chromosome structure, thus affecting the devel-
opment of breast cancer.’®!

In addition, succinylation can regulate the occurrence and
development of neoplasms through the pentose phosphate
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pathway and endoplasmic reticulum (ER) protein processing
pathways.! For example, studies on the quantitative proteome
and succinyl group of breast cancer found that the succinyla-
tion modification levels of BiP, GRP94, and CRT proteins in TK
and ER processing of pentose phosphate pathway were signifi-
cantly upregulated, and these molecular chaperones and folding
enzymes were closely related to the progression of cancer.[6%1l
Even under aerobic conditions, tumor cells obtain the energy
necessary for survival through glycolysis, a phenomenon known
as the Warburg effect.l”! In an overall quantitative study of the
proteome and related protein lysine succinylation in renal cell
carcinoma tissues, the upregulation of succinylated proteins was
found to be rich in metabolically related processes. These pro-
cesses include glycolysis and amino acid biosynthesis, suggesting
that lysine succinylation is closely related to metabolic regula-
tion in renal carcinoma cells. Renal cell carcinoma progression
is closely related to the glycolysis pathway, suggesting that lysine
succinylation plays an important role in energy metabolism.[6

3. Succinylationand antineoplastic drugs

Succinylation has been proven to be related to the mechanism
of action of some antitumor drugs. For instance, after intesti-
nal cancer cells were treated with sodium dichloroacetate, 179
protein succinylation sites were upregulated, and 114 protein
succinylation sites were downregulated.® Subsequently, 34
post-translational modification sites of histones, including
H4K20suc, were detected for the first time in bladder cancer
cells treated with the HSP90 inhibitor AUY922.[6%]

Succinylation also plays a positive role in radioimmunother-
apy. Moreover, succinylation of streptavidin (STAV) has been
reported to significantly reduce renal accumulation by generat-
ing highly negative surface charges without affecting its affinity
to biotin.! In pre-targeted radioimmunotherapy, the treatment
strategy of biotinylated bevacizumab and succinylated STAV
can accelerate blood clearance and lower renal reabsorption,
resulting in reduced tumor progression and may be effective
for treating triple-negative breast cancer.!”! Succinylation of the
single-chain antibody cc49-STAV structure may significantly
reduce the renal dose by inhibiting the reuptake of fusion pro-
teins in proximal renal tubules, which can improve the thera-
peutic index related to the multi-step immune targeting method
of radioimmunotherapy.!®®!

Mechanism-based cancer treatment strategies have been pro-
posed in recent years. For example, pharmacological inhibition
of SIRTS inhibited tumor growth in breast cancer mice, and the
mice were not shown to be toxic.®” Pharmacological inhibi-
tion or enhancement of succinylation regulatory enzyme activ-
ity may become a new direction for tumor growth inhibition.
Furthermore, inhibition of hypersuccinylation is also considered
a way to intervene in tumors associated with high succinylation.
Studies have shown that R-2-hydroxyglutaric acid generated
by the NADP(+)-IDH mutation induces mitochondrial super-
succinylation, thus inducing cancer metabolism and apoptotic
resistance, and that removing supersuccinylation can inhibit the
tumorigenic growth of cells containing the IDH mutation.”!

4. Conclusions

Lysine succinylation, a newly discovered post-translational
modification of proteins, is involved in various biological pro-
cesses and participates in the development of various tumors.
Although there are many studies on the regulatory mechanisms
of succinylation in various neoplastic diseases, only a lim-
ited number of systematic reviews are available in this field.
Therefore, this article provides a summary of succinylation and
its correlation with different control factors in the regulatory
mechanism of tumorigenesis and its application in anticancer
drugs. In order to provide a comprehensive and systematic
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summary, focus must be placed on amber acylation and its role
in the development of tumors to provide new ideas for clinical
diagnosis. It provides potential directions for further under-
standing the mechanism of antitumor drugs and the develop-
ment of new antitumor drugs. Moreover, as a new research
topic, succinylation modification has many undiscovered mys-
teries worth exploring; for instance, the role played by multi-
ple modifying enzymes in carcinogenesis, the synergistic role
played by the multiple modification functions of enzymes in
tumorigenesis, determining whether other undiscovered factors
play a synergistic role in addition to the discovered regulatory
factors of succinylation, the relationship between histone and
non-histone of various enzymes regulating succinylation mod-
ification, the relationship between the functions of various
catalytic active enzymes, and the potential mechanism of suc-
cinylation regulating signaling pathways. However, the appli-
cation of the role played by succinylation in tumorigenesis in
pharmacological studies is mostly at the level of in vitro exper-
iments, lacking further experimental verification.

Author contributions

Data curation: Keer Lu.

Project administration: Dongwei Han.

Supervision: Dongwei Han.

Writing — review and editing: Keer Lu,Dongwei Han.

References

[1] Wang R, Wang G. Protein modification and autophagy activation. Adv
Exp Med Biol. 2019;1206:237-59.

[2] Hitosugi T, Chen J. Post-translational modifications and the Warburg
effect. Oncogene. 2014;33:4279-85.

[3] Krueger KE, Srivastava S. Posttranslational protein modifications: cur-
rent implications for cancer detection, prevention, and therapeutics.
Mol Cell Proteomics. 2006;5:1799-810.

[4] Zhang Z, Tan M, Xie Z, et al. Identification of lysine succinylation as a
new post-translational modification. Nat Chem Biol. 2011;7:58-63.

[5] Chen Y, Sprung R, Tang Y, et al. Lysine propionylation and butyryla-
tion are novel post-translational modifications in histones. Mol Cell
Proteomics. 2007;6:812-9.

[6] Park J, Chen Y, Tishkoff DX, et al. SIRT5-mediated lysine desuccinyla-
tion impacts diverse metabolic pathways. Mol Cell. 2013;50:919-30.

[7] Weinert BT, Scholz C, Wagner SA, et al. Lysine succinylation is a fre-
quently occurring modification in prokaryotes and eukaryotes and
extensively overlaps with acetylation. Cell Rep. 2013;4:842-51.

[8] Yang M, Wang Y, Chen Y, et al. Succinylome analysis reveals the
involvement of lysine succinylation in metabolism in pathogenic
Mycobacterium tuberculosis. Mol Cell Proteomics. 2015;14:796-811.

[9] Pan J, Chen R, Li C, et al. Global analysis of protein lysine succinyla-
tion profiles and their overlap with lysine acetylation in the marine
bacterium vibrio parahemolyticus. ] Proteome Res. 2015;14:4309-18.

[10] Colak G, Xie Z, Zhu AY, et al. Identification of lysine succinylation sub-
strates and the succinylation regulatory enzyme CobB in Escherichia
coli. Mol Cell Proteomics. 2013;12:3509-20.

[11] Xie Z, Dai ], Dai L, et al. Lysine succinylation and lysine malonylation
in histones. Mol Cell Proteomics. 2012;11:100-7.

[12] Alleyn M, Breitzig M, Lockey R, et al. The dawn of succinyla-
tion: a posttranslational modification. Am ] Physiol Cell Physiol.
2018;314:C228-32.

[13] Papanicolaou KN, O’Rourke B, Foster DB. Metabolism leaves its mark
on the powerhouse: recent progress in post-translational modifications
of lysine in mitochondria. Front Physiol. 2014;5:301.

[14] Sreedhar A, Wiese EK, Hitosugi T. Enzymatic and metabolic regulation
of lysine succinylation. Genes Dis. 2020;7:166-71.

[15] Chen H, Xu H, Potash S, et al. Mild metabolic perturbations
alter succinylation of mitochondrial proteins. J Neurosci Res.
2017;95:2244-52.

[16] Gibson GE, Xu H, Chen HL, et al. Alpha-ketoglutarate dehydrogenase
complex-dependent succinylation of proteins in neurons and neuronal
cell lines. ] Neurochem. 2015;134:86-96.

[17] Smestad J, Erber L, Chen Y, et al. Chromatin succinylation correlates
with active gene expression and is perturbed by defective TCA cycle
metabolism. iScience. 2018;2:63-75.

www.md-journal.com

[18] Wang G, Meyer JG, Cai W, et al. Regulation of UCP1 and mitochon-
drial metabolism in brown adipose tissue by reversible succinylation.
Mol Cell. 2019;74:844-57.€7.

[19] Chinopoulos C. The mystery of extramitochondrial proteins lysine suc-
cinylation. Int ] Mol Sci. 2021;22:6085.

[20] Guzy RD, Sharma B, Bell E, et al. Loss of the SdhB, but Not the SdhA,
subunit of complex II triggers reactive oxygen species-dependent
hypoxia-inducible factor activation and tumorigenesis. Mol Cell Biol.
2008;28:718-31.

[21] Li L, Shi L, Yang S, et al. SIRT7 is a histone desuccinylase that func-

tionally links to chromatin compaction and genome stability. Nat

Commun. 2016;7:12235.

Mizuno Y, Nagano-Shoji M, Kubo S, et al. Altered acetylation and

succinylation profiles in Corynebacterium glutamicum in response to

conditions inducing glutamate overproduction. Microbiologyopen.
2016;5:152-73.

Boylston JA, Sun J, Chen Y, et al. Characterization of the cardiac succi-

nylome and its role in ischemia-reperfusion injury. ] Mol Cell Cardiol.

2015;88:73-81.

[24] Guo Z, Pan FE, Peng L, et al. Systematic proteome and lysine succi-

nylome analysis reveals enhanced cell migration by hyposuccinyla-

tion in esophageal squamous cell carcinoma. Mol Cell Proteomics.

2021;20:100053.

Song Y, Wang ], Cheng Z, et al. Quantitative global proteome and

lysine succinylome analyses provide insights into metabolic regulation

and lymph node metastasis in gastric cancer. Sci Rep. 2017;7:42053.

[26] Tong Y, Guo D, Lin SH, et al. SUCLA2-coupled regulation of GLS suc-
cinylation and activity counteracts oxidative stress in tumor cells. Mol
Cell. 2021;81:2303-2316.€8.

[27] Tong Y, Guo D, Yan D, et al. KAT2A succinyltransferase activity-medi-

ated 14-3-3C upregulation promotes B-catenin stabilization-dependent

glycolysis and proliferation of pancreatic carcinoma cells. Cancer Lett.
2020;469:1-10.

Frank RA, Price AJ, Northrop FD, et al. Crystal structure of the E1

component of the Escherichia coli 2-oxoglutarate dehydrogenase mul-

tienzyme complex. ] Mol Biol. 2007;368:639-51.

[29] Wang Y, Guo YR, Liu K, et al. KAT2A coupled with the a-KGDH

complex acts as a histone H3 succinyltransferase. Nature.

2017;552:273-7.

Kurmi K, Hitosugi S, Wiese EK, et al. Carnitine palmitoyltransferase 1A

has a lysine succinyltransferase activity. Cell Rep. 2018;22:1365-73.

[31] Li X, Zhang C, Zhao T, et al. Lysine-222 succinylation reduces lyso-
somal degradation of lactate dehydrogenase a and is increased in gas-
tric cancer. ] Exp Clin Cancer Res. 2020;39:172.

[32] Wang C, Zhang C, Li X, et al. CPT1A-mediated succinylation of
S100A10 increases human gastric cancer invasion. J Cell Mol Med.
2019;23:293-308S.

[33] Du W, Zhang L, Brett-Morris A, et al. HIF drives lipid deposition and
cancer in ccRCC via repression of fatty acid metabolism. Nat Commun.
2017;8:1769.

[34] Lu W, Che X, Qu X, et al. Succinylation regulators promote

clear cell renal cell carcinoma by immune regulation and RNA

N6-methyladenosine methylation. Front Cell Dev Biol. 2021;9:622198.

Parthun MR. Hat1: the emerging cellular roles of a type B histone acet-

yltransferase. Oncogene. 2007;26:5319-28.

[36] Yang G, YuanY, Yuan H, et al. Histone acetyltransferase 1 is a succinyl-
transferase for histones and non-histones and promotes tumorigenesis.
EMBO Rep. 2021;22:¢50967.

[37] Du ], Zhou Y, Su X, et al. Sirt5 is a NAD-dependent protein lysine

demalonylase and desuccinylase. Science. 2011;334:806-9.

Lukey MJ, Greene KS, Erickson JW, et al. The oncogenic transcription

factor c-Jun regulates glutaminase expression and sensitizes cells to glu-

taminase-targeted therapy. Nat Commun. 2016;7:11321.

Greene KS, Lukey MJ, Wang X, et al. SIRTS stabilizes mitochondrial

glutaminase and supports breast cancer tumorigenesis. Proc Natl Acad

Sci USA. 2019;116:26625-32.

Zhao S, Wang JM, Yan J, et al. BAG3 promotes autophagy and gluta-

minolysis via stabilizing glutaminase. Cell Death Dis. 2019;10:284.

Zhang Z, Deng X, Liu Y, et al. PKM2, function and expression and

regulation. Cell Biosci. 2019;9:52.

[42] Zhu S, Guo Y, Zhang X, et al. Pyruvate kinase M2 (PKM2) in cancer
and cancer therapeutics. Cancer Lett. 2021;503:240-8.

[43] Wang E, Wang K, Xu W, et al. SIRTS desuccinylates and activates pyru-
vate kinase M2 to block macrophage IL-1f production and to prevent
DSS-induced colitis in mice. Cell Rep. 2017;19:2331-44.

[44] Qi H, Ning X, Yu C, et al. Succinylation-dependent mitochondrial
translocation of PKM2 promotes cell survival in response to nutritional
stress. Cell Death Dis. 2019;10:170.

[22

23

[25

[28

[30

[35

(38

[39

[40

[41



Keer Lu and Han e Medicine (2022) 101:45

[45]

[46]

[47]

(48]

[49]

[50]

[51]
[52]

[53]

[54]

(55

[S6

[57]

[58]

Xiangyun Y, Xiaomin N, Linping G, et al. Desuccinylation of pyruvate
kinase M2 by SIRTS contributes to antioxidant response and tumor
growth. Oncotarget. 2017;8:6984-93.
Gill AJ. Succinate dehydrogenase
Histopathology. 2018;72:106-16.
Chen XF, Tian MX, Sun RQ, et al. SIRTS inhibits peroxisomal ACOX1
to prevent oxidative damage and is downregulated in liver cancer.
EMBO Rep. 2018;19:e45124.

Ma, Qi Y, Wang L, et al. SIRTS-mediated SDHA desuccinylation pro-
motes clear cell renal cell carcinoma tumorigenesis. Free Radic Biol
Med. 2019;134:458-67.

Zeng Y, Zhang ], Xu M, et al. Roles of mitochondrial serine
hydroxymethyltransferase 2 (SHMT2) in human carcinogenesis. |
Cancer. 2021;12:5888-94.

Labuschagne CF, van den Broek NJ, Mackay GM, et al. Serine, but not
glycine, supports one-carbon metabolism and proliferation of cancer
cells. Cell Rep. 2014;7:1248-58.

Yang X, Wang Z, Li X, et al. SHMT2 desuccinylation by SIRTS drives
cancer cell proliferation. Cancer Res. 2018;78:372-86.

Lin ZF, Xu HB, Wang JY, et al. SIRTS desuccinylates and activates SOD1
to eliminate ROS. Biochem Biophys Res Commun. 2013;441:191-5.
Ren M, Yang X, Bie ], et al. Citrate synthase desuccinylation by SIRTS
promotes colon cancer cell proliferation and migration. Biol Chem.
2020;401:1031-9.

Funaro A, Horenstein AL, Ghisolfi G, et al. Identification of a 220-kDa
membrane tumor-associated antigen by human anti-UK114 monoclo-
nal antibodies selected from the immunoglobulin repertoire of a cancer
patient. Exp Cell Res. 1999;247:441-50.

Chong CL, Huang SF, Hu CP, et al. Decreased expression of UK114 is
related to the differentiation status of human hepatocellular carcinoma.
Cancer Epidemiol Biomarkers Prev. 2008;17:535-42.

Siculella L, Giannotti L, Di Chiara Stanca B, et al. Evidence for a neg-
ative correlation between human reactive enamine-imine intermediate
deaminase A (RIDA) activity and cell proliferation rate: role of lysine
succinylation of RIDA. Int ] Mol Sci. 2021;22:3804.

Gao X, Yue L, Zhao Y-H, et al. High protein acetylation/succinylation
levels and their correlation with high histone 2AX expression level in
breast cancer. Acta Anatom Sin. 2021;52:244-50.

Gao X, Bao H, Liu L, et al. Systematic analysis of lysine acetylome and
succinylome reveals the correlation between modification of H2A.X

(SDH)-deficient  neoplasia.

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Medicine

complexes and DNA damage response in breast cancer. Oncol Rep.
2020;43:1819-30.

Liu C, Liu Y, Chen L, et al. Quantitative proteome and lysine succi-
nylome analyses provide insights into metabolic regulation in breast
cancer. Breast Cancer. 2019;26:93-105.

Jiang P, Du W, Wu M. Regulation of the pentose phosphate pathway in
cancer. Protein Cell. 2014;5:592-602.

Miura Y, Kaira K, Sakurai R, et al. High expression of GRP78/BiP as a
novel predictor of favorable outcomes in patients with advanced thy-
mic carcinoma. Int J Clin Oncol. 2017;22:872-9.

Warburg O, Wind F, Negelein E. The metabolism of tumors in the body.
J Gen Physiol. 1927;8:519-30.

Zhang N, Gao R, Yang ], et al. Quantitative global proteome and lysine
succinylome analyses reveal the effects of energy metabolism in renal
cell carcinoma. Proteomics. 2018;18:e1800001.

Zhu D, Hou L, Hu B, et al. Crosstalk among proteome, acetylome and
succinylome in colon cancer HCT116 cell treated with sodium dichlo-
roacetate. Sci Rep. 2016;6:37478.

Li QQ, Hao JJ, Zhang Z, et al. Proteomic analysis of proteome
and histone post-translational modifications in heat shock pro-
tein 90 inhibition-mediated bladder cancer therapeutics. Sci Rep.
2017;7:201.

Wilbur DS, Hamlin DK, Meyer DL, et al. Streptavidin in antibody pre-
targeting. 3. Comparison of biotin binding and tissue localization of
1,2-cyclohexanedione and succinic anhydride modified recombinant
streptavidin. Bioconjug Chem. 2002;13:611-20.

Gu W, Yudistiro R, Hanaoka H, et al. Potential of three-step pretar-
geting radioimmunotherapy using biotinylated bevacizumab and suc-
cinylated streptavidin in triple-negative breast cancer xenograft. Ann
Nucl Med. 2021;35:514-22.

Forster GJ, Santos EB, Smith-Jones PM, et al. Pretargeted radioim-
munotherapy with a single-chain antibody/streptavidin construct and
radiolabeled DOTA-biotin: strategies for reduction of the renal dose. ]
Nucl Med. 2006;47:140-9.

Abril YLN, Fernandez IR, Hong JY, et al. Pharmacological and genetic
perturbation establish SIRTS as a promising target in breast cancer.
Oncogene. 2021;40:1644-58.

Li E, He X, Ye D, et al. NADP(+)-IDH mutations promote hypersucci-
nylation that impairs mitochondria respiration and induces apoptosis

resistance. Mol Cell. 2015;60:661-75.



