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KEYWORDS Abstract Lysine succinylation is a naturally occurring post-translational modification (PTM)
Immunity; that regulates the stability and function of proteins. It can be regulated by enzymes such as
Mitochondria; SIRT5 and SIRT7. Recently, the effect and significance of lysine succinylation in cancer and
SIRT5; its implication in immunity have been extensively explored. Lysine succinylation is involved
Succinyl-CoA; in the malignant phenotype of cancer cells. Abnormal regulation of lysine succinylation occurs
Succinylation in different cancers, and inhibitors targeting lysine succinylation regulatory enzymes can be

used as potential anti-cancer strategies. Therefore, this review focused on the target protein
lysine succinylation and its functions in cancer and immunity, in order to provide a reference
for finding more potential clinical cancer targets in the future.
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Figure 1  All known succinyl-transferases and desuccinylases associated with the regulation of succinylation modifications.
Introduction Mechanisms of succinylation

Lysine succinylation is the addition of a succinyl group to a
lysine residue, which belongs to chemical group modifi-
cation. It may have a greater impact on the structure and
function of the protein due to its greater mass transfer.’
Many other PTMs such as methylation, acetylation, and
ubiquitination are present in histones.? Later, scholars
also identified sites of lysine succinylation in histones.?
Zhang et al identified 69 succinyllysine sites in 14 Escher-
ichia coli proteins, indicating that lysine succinylation is
naturally occurring.” Lysine succinylation mainly occurs in
mitochondria. Hela cells and mouse liver are rich in
mitochondrial proteins, where a large number of succi-
nylation sites can be found.’

With the development of high-resolution mass spec-
trometry and affinity enrichment techniques, the research
progress of lysine succinylation has been greatly pro-
moted. Weinert et al made use of affinity enrichment and
strong cation exchange chromatography to identify thou-
sands of lysine succinylation sites in bacteria (E. coli),
yeast (S. cerevisiae), human (Hela) cells, and mouse liver
tissue, suggesting that lysine succinylation is a modifica-
tion that occurs frequently in both prokaryotes and eu-
karyotes.” Experimental results showed that the
succinylation peptide was further enriched by low pH
elution. In recent years, the role of lysine succinylation in
cancer has been well studied. Many experiments have
shown that lysine succinylation can regulate the growth
and metastasis of tumor cells, and is related to DNA
damage response (DDR) and immunity.

Succinylation is the covalent binding of a succinyl group to a
lysine residue of a substrate protein by a succinyl group
donor, either enzymatically or non-enzymatically. Gozde et
al discovered the first prokaryotic desuccinylase CobB and
the major substrate for lysine succinylation. In the hyper-
glycemia reaction, the abundance of 90% of the 324 quan-
tifiable succinylation sites increased at least fourfold,
experimentally showing that lysine succinylation was
significantly enhanced by glucose.® GAS41, reader of lysine
succinylation, is a dimeric protein containing a YEATS
domain that binds significantly to H3K122succ whose
recognition function is influenced by pH.”'® Apart from this,
the level of succinylation modification is currently regu-
lated mainly by succinyl donors, succinyltransferases, and
desuccinylases (Fig. 1).*

Succinyl-CoA metabolism

Succinyl-CoA is the succinyl group donor for which levels
regulate the occurrence of non-enzymatic lysine succiny-
lation."” In a yeast study, Succinyl-CoA, in the tricarboxylic
acid (TCA) cycle, has a comprehensive regulation on the
level of lysine succinylation.” The TCA cycle is the main
source of energy for cells. In the TCA cycle, succinyl-CoA is
both a reactant and a reaction product. In addition, suc-
cinate coenzyme A synthase binds exclusively to succi-
nate.’ Dysregulation of these enzymes in the TCA cycle may
lead to cancer.' Succinyl-CoA is not only produced from
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the TCA cycle, but also from the oxidation of fatty acids
and the metabolic process of degradation of amino acids."

The TCA cycle consists of ten steps, two of which are
directly related to succinyl-CoA. a-ketoglutarate dehydro-
genase complex catalyzes the conversion of a-ketogluta-
rate, CoASH, and NAD™ to succinyl-CoA, NADH, and CO,.
This step is an irreversible reaction, and the succinyl-CoA
generated in this step can be used as a substrate to
generate succinate and CoA and generate energy under the
action of succinyl-CoA synthetase (Fig. 2). Succinyl-CoA and
succinate are kept in equilibrium in the TCA. Evidence
showed that proteins involved in metabolism are targets of
succinylation such as glyceraldehyde 3-phosphate dehy-
drogenase, isocitrate dehydrogenase, and pyruvate dehy-
drogenase (PDH).*"?

Succinyltransferase

Studies have shown that lysine acetyltransferase 2A
(KAT2A) plays an important role in histone succinylation
and gene expression regulation. Wang et al found that
KAT2A mediates the succinylation of Lysine 79 of histone
H3, which binds to the a-ketoglutarate dehydrogenase (a-
KGDH) complex to obtain succinyl-CoA, thereby promoting
histone succinylation. KAT2A and «-KGDH complexes are
closely related to gene expression and tumor cell prolifer-
ation.” In another study, Yang et al found that histone
acetyltransferase 1 regulates both histone and non-histone
proteins. On the one hand, it succinylated H3 at the K122
site, which promotes gene expression in tumor cells; on the
other hand, it can promote the succinylation of itself to
increase its activity and thus accelerate the progression of
the tumor.™

Desuccinylase

SIRT7"> and SIRT5'® are both NAD * -dependent histone
desuccinylases. Studies have shown that Sirt7-catalyzed
desuccinylation of H3K122succ plays an important role in
chromatin condensation and double-strand break repair.'”
Defective TCA cycle metabolism leads to defective DNA
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Figure 2  Succinyl-CoA metabolism in TCA cycle. a-ketoglu-
tarate dehydrogenase complex and succinyl-CoA synthetase
are involved in the metabolism of the succinyl-CoA with pro-
duction of NADH and GTP.

repair and sensitivity to genotoxic agents, similar to the
effect of chromatin hypersuccinylation observed with
SIRT7 deletion. Chromatin succinylation is associated with
metabolic regulation of genome-wide transcription and
DNA repair activities."” Studies have shown that there are
arginine and tyrosine residues in the acyl bags of SIRT5,'®
so SIRT5 prefers short-chain carboxyl groups, such as
malonyl and succinyl.'® SIRT5 is a highly efficient protein
lysine desuccinylase. It exists in both mitochondria and
outside mitochondria. The high enrichment of lysine suc-
cinylation here may affect mitochondrial metabolism."?
Succinyl-coenzyme also allows proteins to be succinylated
without the enzyme.'® SIRT5 also regulates key enzymes in
ketone body synthesis, which are highly succinylated, and
inhibits ketone production through rate-limiting ketogenic
enzyme 3-hydroxy-3-methylglutaryl-CoA synthase 2.%2° Su-
peroxide dismutase succinylation at the K123 site can
reduce its activity and inhibit the proliferation of lung
tumor cells, which can be regulated by SIRT5.%! SIRTS can
also desuccinate glutaminase (GLS), thereby reducing its
ubiquitination and degradation. GLS can hydrolyze gluta-
mine and provide a sufficient carbon source for the TCA
cycle.?

Protein lysine succinylation is associated with cancer
through a number of mechanisms, and the replacement of
core histones with specifically modified histone variants
has been shown to be carcinogenic.?® Dichloroacetate
(DCA), a PDH kinase inhibitor, is an anti-tumor drug with a
remarkable anti-tumor effect.?* Its anti-tumor mechanism
is associated with succinylation. In a study of colon cancer
cells, DCA-responsive succinylation has a great influence
on HCT116 cells which can increase the transport of py-
ruvate to mitochondria, contribute to mitochondrial
glucose oxidation and depolarization, and restore mem-
brane potential, thus playing an anti-cancer role.?® Pyru-
vate kinase M2 (PKM2) is specifically expressed in tumor
cells,?® and catalyzes the transfer of phosphoric acid from
phosphoenolpyruvate to ADP, leading to pyruvate and ATP
formation. Ye et al reported that PKM2 is succinylated at
lysine 498 (K498).%” The combination of PKM2 and SIRTS, a
desuccinylase, reduces the succinylation and activity of
PKM2. Inhibition of SIRT5 and increased PKM2 succinyla-
tion at K498 inhibited cell proliferation and tumor
growth.?’

Studies have shown that succinate dehydrogenase (SDH)
is expressed in many tumors. Succinate is a substrate for
SDH, and they compete with each other. Down-regulation
of the SDH gene leads to the accumulation of succinate and
succinyl-CoA, resulting in global lysine hyper-succinylation,
a set of changes that may promote tumor growth.'”"%8

Cellular roles of lysine succinylation

In an experiment involving succinylation of Vibrio algino-
lyticus, Zeng et al identified 2082 succinylation sites that
matched 671 proteins where they found a large number of
overlapped acetylated proteins involved in glycolysis/
gluconeogenesis, the TCA cycle, and pyruvate metabolism.
The 169 specific succinylated proteins were mainly
concentrated in five KEGG pathways, including amino acid
biosynthesis, ABC transporter, and cationic antimicrobial
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peptide resistance.?’ Lysine succinylation affects a variety
of cellular functions, including mitochondrial metabolism,
transcription, and DNA damage repair. Lysine succinylation
plays an important role in the complex metabolic process of
tumor cells.

Mitochondrial metabolism

Research has shown that lysine succinylation can regulate
mitochondrial function, and plays an important role in
oxoacid metabolism and coenzyme metabolism.'” In addi-
tion, it is highly enriched in purine/pyridine metabolism,
glycolysis/gluconeogenesis, pyruvate metabolism, TCA
cycle, and fatty acid synthesis.® In cancer cells, mito-
chondria aerobic respiration is restrained. It is concluded
that lysine succinylation may have a negative impact on the
respiration-related pathways according to the levels of the
enzyme in the TCA cycle.*°

Uncoupling protein 1 (UCP1), regulated by SIRT5, is a
thermogenic protein in brown adipose tissue (BAT). Studies
have shown that the succinylation of UCP1 reduces its
stability and affects energy homeostasis regulation.
Increased succinylation of mitochondrial protein in SIRT5-
deficient BAT resulted in impaired mitochondrial enzyme
activity and respiratory function.’"

Transcription

Histone succinylation plays an important role in gene
expression by reducing the affinity between DNA and his-
tones, thereby reducing the stability of nucleosomes and
chromosomes. It is well known that the separation of DNA
and proteins facilitates the binding of transcription factors
to DNA, thereby facilitating transcription.®? In an experi-
ment on the stability of nucleosomes, Li et al generated
flag-tagged constructs of wild-type H3 or H3 mutants
H3K122E and non-succinylated H3K122R. Compared with
the control group, the NaCl solubility of histone H3 in stably
expressed H3K122E cells was significantly increased, while
that in H3K122R cells was the opposite, indicating that the
succinylation of H3K122 caused the decrease of histone-
DNA interactions. Desuccinylation of H3K122succ stabilized
nucleosomes.’® In another experiment,* Zorro et al per-
formed in vitro transcription on unmodified chromatin in
the presence of Suc-CoA. The results showed that Suc-CoA
stimulates transcription. Following this, in vitro transcrip-
tion was performed on unmodified and H3K122succ chro-
matin. Interestingly, H3K122succ caused about 1.6 times
more transcription than unmodified chromatin. The Succi-
nylation of H3K122 enhances transcription.*

Smestad et al first demonstrated that SDH-deficient TCA
cycle defects are associated with several human malig-
nancies, resulting in increased succinyl-CoA and high-vol-
ume succinylated protein concentrations.'” Succinyllysine
is enriched in gene promoters and has a great relationship
with gene expression, which provides a basis for the idea
that the chromatin of gene promoters is succinylated to
activate transcription.'”

In the first succinylproteomic analysis of extensively
drug-resistant-tuberculosis, Xie et al** identified 686 suc-
cinylated proteins and 1739 succinylated sites, which were

shown to be involved in a variety of cellular functions, such
as metabolic processes, transcription, translation, and
stress response. Interestingly, lysine succinylation prefer-
entially selects proteins involved in protein biosynthesis
and carbon metabolism.>*

DNA repair

P53 is a tumor suppressor that regulates complex metabolic
pathways.?® P53 is also a transcription factor and activated
P53 plays an important role in regulating DNA repair and
apoptosis.*® PTM can regulate the activity of P53, and
different modifications have different effects on P53.%”
Recent studies have found that P53 is succinylated at K120,
and SIRT5 can mediate the desuccinylation of this site, thus
inhibiting the activation of P53.%®

In breast cancer studies, it is known that lysine succi-
nylation is enriched in H2A. H2A.X complex is associated
with breast cancer DDR and is enriched in DDR-related
cellular processes, such as nucleosome assembly, DNA
repair, cell senescence, etc. Acetylation and succinylation
of proteins in the H2A.X complex can affect DDR repair.*’

The function of lysine succinylation in cancer

Dysregulation of lysine succinylation may lead to tumor
formation. With the extensive application of advanced
technology and people’s unremitting efforts in research,
increasingly succinylation sites on protein and sequence
variation have been found in cancer. Abnormal succinyla-
tion of lysine residues plays different roles in different
cancers as shown in Table 1.

Gastric cancer

In gastric cancer tissues, the level of ST00A70 mRNA in
gastric cancer tissues was higher than that in the control
group, and it was overexpressed in metastatic lymph nodes.
A total of 503 lysine succinylation sites of 303 proteins were
identified after mass spectrometry analysis. ST00A10 was
succinylated only at lysine 47 (K47). Antibody tests showed
that lysine succinylation of S100A10 was more common in
the experimental group than in the control group. S100A10
is highly succinylated at K47 mediated by carnitine palmi-
toyltransferase 1A (CPT1A), which enhances its expression
in gastric cancer and may affect the degradation of
S100A10 protease, thereby promoting invasion and metas-
tasis of gastric cancer cells.”’ Lactate dehydrogenase
(LDHA), a key enzyme in aerobic glycolysis, is highly
expressed in a variety of tumors. The binding of Ké63-ubig-
uitinated LDHA to sequestosome 1 (SQSTM1) can mediate
the lysosomal pathway of LDHA degradation. Another
experiment found that LDHA was highly succinylated at
K222, which reduces the combination of ubiquitinated
LDHA and SQSTMI1, resulting in reduced LDHA dissolution.
This overexpression also promoted the growth and migra-
tion of gastric cancer cells. It has a serious negative impact
on patients with gastric cancer.”’
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Table 1 The role of lysine succinylation in cancer.
Tissue/cell Targets Function Content Reference
Gastric cancer tissue  CPT1A Increase the K47 succinylation of S100A10 Increase gastric cancer 40
invasion
Gastric cancer tissue  CPT1A Succinylate lactate dehydrogenase on K222 Promote the invasionand ~ *'
proliferation of gastric
cancer
ESCC cell DMS Increase the level of lysine succinylation Inhibit the cell growth 2
and migration of
esophageal squamous
cell carcinoma
Breast cancer tissue  SIRTS Inhibit the succinylation of metabolic enzymes  Promote breast cancer 43
proliferation
Breast cancer tissue H2A.X Associated with the DNA damage response Affect DNA damage 22
complexes repair by regulating the

formation of protein foci

Esophageal squamous cell carcinoma

In these experiments, upregulation of the target lysine
succinylation site promoted the proliferation and diffusion
of cancer cells, but in some cancers, increased target
lysine succinylation inhibited tumor growth and migration.
Guo et al. treated SHEEC cells with dimethyl succinate
(DMS) or diluent for 48 h as the experimental group and
then transplanted them into the right clawed pad of nude
mice. After 30 days of inoculation, all of the mice in the
control group showed tumor infiltration from the foot pad
to the ankle, compared with 40 percent of the mice in the
experimental group. DMS can increase the level of lysine
succinylation in cancer cells which is inhibited in esopha-
geal squamous cell carcinoma (ESCC). It was shown that
the up-regulation of lysine succinylation sites in cancer
cells inhibited the growth and migration of ESCC.*

Breast cancer

In one study of breast cancer, Yashira et al disrupted SIRT5
in a mouse model of breast cancer, resulting in increased
succinylation of isocitrate dehydrogenase 2 and other
metabolic enzymes, as well as increased oxidative stress,
inhibiting the growth of breast cancer. These results sug-
gest that inhibiting desuccinylase and increasing the suc-
cinylation of metabolic enzymes have adverse effects on
breast cancer growth.*?

Studies have shown that most proteins in breast cancer
have a high degree of succinylation and are enriched in
three histones H2A, while the modification of the H2A.X
complex is related to DDR in breast cancer.** Ye et al
injected 5 million cells subcutaneously into nude mice,
expressing the wild type of PKM2 and the K498E mutant,
and resected the tumor about seven weeks later. Based on
the volume and tumor weight, it was found that cells
expressing wild-type PKM2 developed more rapidly than
cells expressing PKM2-K498E. Succinylation of PKM2 at K498
increased its activity and inhibited cell proliferation and
tumor growth.?” Lysine succinylation is not only associated

with the proliferation of breast cancer cells, but also with
DDR of breast cancer.

Crosstalk with other PTMs

In addition to lysine succinylation, other PTM modifications
such as methylation, acetylation, ubiquitination, malon-
dialylation, and crotonylation are also important for the
development of cancer. Succinylation functions in concert
with other PTMs to regulate protein at multiple facets.

Methylation

Succinylation of lysine has two negative charges, which are
larger than the charge caused by monomethylation. The
methylation of lysine residues on histones is involved in the
regulation of DNA transcription, replication, and repair. In
recent years, it has been found that many lysine methyla-
tions occur in non-histone proteins and regulate major
cancer-related cellular pathways, such as growth signaling
and DDR.* Lysine methylation levels are regulated by
lysine methyltransferases and demethylases, which may
serve as targets for the study of cancer development.®
Several high-quality small molecule inhibitors that target
methyltransferases or demethylases have been shown to be
effective against cancer.”® Protein methylation or RNA
methylation may coordinate with succinylation to regulate
tumor growth and metastasis.*”**®

Acetylation

Lysine acetylation and succinylation have differences and
similarities. Acetylation, which adds two carbons to lysine,
has a less steric effect on the protein than succinylation.
However, these two modifications have been found to play
a synergistic role in the regulation of cancerous diseases
such as breast cancer and colon cancer.?"*° Glucose-stim-
ulated lysine succinylation sites were more significant than
lysine acetylation sites.® Acetylase inhibitors have been
shown as promising anticancer drugs. At present, many new
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clinical anticancer drugs such as vorinostat and chidamide
have been developed.**>°

Ubiquitination

Cell homeostasis is closely related to the balance between
ubiquitination and deubiquitination, and the imbalance
may be carcinogenic.”' E3 ubiquitin ligase regulates a va-
riety of biological processes, including cell growth and
apoptosis, and is important for cell homeostasis. Abnormal
expression of E3 ubiquitin ligase has been shown to be
associated with the development of cancer.* Both lysine
succinylation and ubiquitination are involved in the regu-
lation of innate immunity.>* Ubiquitination of key proteins
in tumor metabolism can regulate signaling pathways.>*

Malonylation

Both malonylation and succinylation are acid-lysine modi-
fiers. Although they are similar in structure, there are dif-
ferences in the modulations and regulated objects.”® The
order of charge changes in lysine succinylation and malo-
nylation is the same, resulting in double charge transfer of
substrate residues.> In addition, both lysine demalonylation
and lysine desuccinylation can be regulated by SIRT5.%¢

Crotonylation

Lysine crotonylation is a recently discovered PTM and is
enriched in many nuclear-related cellular processes.>” The
expression of lysine crotonylation is down-regulated in the
liver, stomach, and kidney cancers, and increased croto-
nylation inhibits cell migration and proliferation of hepa-
tocellular carcinoma.®® The histone crotonylation in
prostate cancer was higher in cancer tissue than in normal

tissue and increased with the degree of malignancy of the
tumor.*’

Succinate and succinylation in immunity

Mitochondria are the power plant for cells. The TCA cycle is
one of the most prominent cellular activities for both en-
ergy and metabolism. Succinyl-CoA synthetase catalyzes
the reaction from succinyl-CoA to succinate. SDH, also
known as mitochondrial Complex II, functions in both the
TCA cycle and electron transport chain (ETC). SDH trans-
forms succinate to fumarate. Increasing evidence has
shown that mitochondria and metabolism play crucial roles
in both innate and adaptive immunity (Fig. 3). SDH defi-
ciency or aberrant TCA cycle can cause succinate accu-
mulation and increased succinylation.®

Several studies indicate that succinate activates the
HIFa and induces the expression of IL-1B in M1 macrophage
cells. Lipopolysaccharide stimulation can increase both
succinate and succinylation, which thereby function in the
inflammation—cancer cycle. Extracellular succinate also
hyperpolarizes M2 macrophages.®' In the tumor microen-
vironment, macrophages can be activated and polarized
into tumor-associated macrophages by tumor-derived suc-
cinate. Furthermore, the secreted succinate promotes
cancer metastasis.®” Succinate also increased the capacity
of dendritic cells to act as antigen-presenting cells, which
induced adaptive immunity. The adaptive response further
kills cancer cells and inhibits tumorigenesis.®°

Proper mitochondrial function is also critical for T cell-
mediated immune responses including growth, proliferation,
production of cytokines, and sustained killing. The metabolic
process always coordinates with epigenetic machinery to
modify the chromatin, which affects the T cell tran-
scriptome, lineage commitment, and maintenance. SDH/

A B
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Succinylation 5 TAM Succinate/
Acetyl-CoA Macrophage —— 5 || - Succinylation? growth
Y Polarization HIF-1a. — 3 survival
Citric differentiation
Oxaloacetate ;
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Malate Isocitric acid
Ti k&ﬂ.‘ ﬂq ¢ . Succinate/ & |
o—ketoglutaric g .\l
Fumarate i Succinylation =5
S APC capacity @«—> )
\,3, / //
Succinate Succinyl . . : Tumor _
<—=-CoA —> Succinylation metastasis Succinate/
Figure 3  Succinate and succinylation in immunity. (A) The scheme of the TCA cycle. (B) Succinate and succinylation play multi-

faceted roles in the tumor microenvironment including macrophage (TAM, tumor-associated macrophage) polarization, T cell
growth and differentiation, dendritic cell antigen processing capacity, follicular B cell activation and B cell antibody response, and

tumor metastasis.
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complex Il deficiency in T cells caused impaired proliferation
and survival. It also induced the proinflammatory gene
expression in T cells and promoted T helper 1 and T helper 17
lineage differentiation.®® The underlying mechanisms are
likely mediated by succinylation modification on chromatin.

B cell is the essential component of adaptive immunity,
which produce antibodies in humoral immunity. Studies
showed that glutathione regulates the TCA cycle and
mitochondrial ETC in B cells. Abrogation of glutathione
synthesis in B cells through knockout of the glutamate-
cysteine ligase catalytic subunit affects complex | and Il
activity and leads to accumulation of succinate. Finally,
glutathione deficiency blocks follicular B cell activation and
antibody responses.®*

Conclusions

With the deep understanding of protein PTMs in cancer
research, PTM-based targeted therapy has become a hot
research direction in cancer therapy.®>® This paper re-
views the recent progress of succinylation in promoting or
inhibiting the growth and diffusion of tumor cells, with
emphasis on the mechanism and regulatory enzymes of
succinylation.

Lysine succinylation of proteins occurs widely in vivo
and can coexist with other forms of PTMs. Its synergistic
effect can be modified and the regulatory scope can be
narrowed. For example, protein acetylation and succiny-
lation are highly overlapped, and they have similar effects
and common regulators. These two modifications play a
synergistic role in the regulation of cancerous diseases
such as breast cancer and colon cancer. Co-modification
can narrow the regulatory scope. The mechanism of action
between the succinylation of proteins and other forms of
modification is still unclear, and research in this area may
accelerate the development of potential anticancer drugs.
In addition, the abnormal regulation of lysine succinyla-
tion by regulatory enzymes may be a carcinogenic factor,
and regulatory enzyme inhibitors can be used as an anti-
cancer treatment in the future. With the further study of
protein lysine succinylation, its anticancer role will be
further discovered.
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Abbreviations

CPT1A carnitine palmitoyltransferase 1A
DCA dichloroacetate

DDR DNA damage response

DMS dimethyl succinate

ESCC  esophageal squamous cell carcinoma
ETC electron transport chain

GLS glutaminase

KAT2A lysine acetyltransferase 2A

LDHA lactate dehydrogenase

PDH pyruvate dehydrogenase

PKM2  pyruvate kinase M2

PTM post-translational modification
SDH succinate dehydrogenase

SQSTM1 sequestosome

TCA tricarboxylic acid cycle

UCP1 uncoupling protein 1

a-KGDH a-ketoglutarate dehydrogenase
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