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Abstract

Protein posttranslational modifications (PTMs) regulate the biological processes of human
diseases by genetic code expansion and cellular pathophysiology regulation; however, sys-
tem-wide changes in PTM levels in the intracerebral hemorrhage (ICH) brain remain poorly
understood. Succinylation refers to a major PTM during the regulation of multiple biological
processes. In this study, according to the methods of quantitative succinyllysine proteomics
based on high-resolution mass spectrometry, we investigated ICH-associated brain protein
succinyllysine modifications and obtained 3,680 succinylated sites and quantified around
3,530 sites. Among them, 25 succinyllysine sites on 23 proteins were upregulated (hyper-
succinylated), whereas 13 succinyllysine sites on 12 proteins were downregulated (hypo-
succinylated) following ICH. The cell component enrichment analysis of these
succinylproteins with significant changes showed that 58.3% of the hyposuccinylated pro-
teins were observed in the mitochondria, while the hyper-succinylproteins located in mito-
chondria decreased in the percentage to about 35% in ICH brains with a concomitant
increase in the percentage of cytoplasm to 30.4%. Further bioinformatic analysis showed
that the succinylproteins were mostly mitochondria and synapse-related subcellular located
and involved in many pathophysiological processes, like metabolism, synapse working, and
ferroptosis. Moreover, the integrative analysis of our succinylproteomics data and previously
published transcriptome data showed that the mMRNAs matched by most differentially succi-
nylated proteins were especially highly expressed in neurons, endothelial cells, and astro-
cytes. Our study uncovers some succinylation-affected processes and pathways in
response to ICH brains and gives us novel insights into understanding pathophysiological
processes of brain injury caused by ICH.

Introduction

Intracerebral hemorrhage (ICH) is an extremely dangerous illness with an unfavorable prog-
nosis and limited effective therapies [1]. Although the research progress of ICH-related
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molecular changes has been obtained at the genomic, transcriptomic, and proteomic levels [2-
7], details on protein posttranslational modifications (PTMs) in the ICH brain tissues are still
little known.

PTMs are among the most effective biological mechanisms, which can expand the genetic
code, regulate cellular pathophysiology [8, 9], and have been proved to be participated in regu-
lating the pathophysiological processes of diseases, like brain injury [10], cancer [11], and Alz-
heimer’s disease [12]. Protein succinylation, a novel PTM identified in 2011 [13], is important
for its involvement in many biological processes, such as metabolic changes and inflammation,
which occur by affecting enzymatic activity. For instance, the succinylation of enzymes
involved in glucose and fatty acid metabolism could regulate cellular energy metabolism [14,
15]. Additionally, succinylation is critical for regulating innate immunity and inflammation
[16]. These results strongly indicate that protein succinylation is being increasingly implicated
in participating in the pathophysiological processes of human diseases. However, whether pro-
tein succinylation is also involved in the development of ICH remains largely unclear.

Here, an unbiased, site-specific succinylproteome profiling based on high-resolution mass
spectrometry was performed to characterize protein succinylation in mouse ICH and control
(sham) brains. This study gives us an unprecedented view of ICH-associated brain protein suc-
cinylation modifications. The further bioinformatic analysis illustrated that succinylproteins
were characterized by primarily locating in mitochondria and synapse-related space and par-
ticipating in many biological processes. Moreover, the combined analysis of previously pub-
lished transcriptome data of neural cells with our succinylproteome data revealed that these
significantly altered succinylproteins were mainly distributed in neurons, endothelial cells,
and astrocytes. Our study uncovers some novel therapeutic targets of the succinylation-
involved processes and pathways in response to brain injury after ICH and gives us novel
insights into understanding biological processes of ICH-induced brain damage.

Results
Succinylproteome profiling analysis of ICH and control brains

Label-free LC-MS/MS was performed on perihematomal brain tissues (ICH) and control
(sham) brain samples three days post-ICH. The FDR was set as 1% in accuracy identification
on the spectrum, peptide, and protein levels (S1A Fig). Most peptides had a length of 7-20
amino acids (S1B Fig), and the corresponding first-order mass error in most spectra was less
than 10 ppm (S1C Fig), suggesting that the succinylproteomics data recognized by mass spec-
trometry satisfied the relevant quality control demands. Principal component analysis (PCA)
was performed to evaluate the repeatability of the succinylproteome data, and the results
showed better biological repeatability in the samples (S1D Fig). The results of the sequence
motif analysis of the succinylpeptides revealed five conserved sequences around lysine succi-
nyllysine sites were detected in the succinylproteome (S1E and S1F Fig). Additionally, Ala,
Gly, Ile, and Val occurred frequently around the succinyllysine residues (S1E Fig).

We identified around 3,680 succinylated sites in 895 modified proteins and quantified
approximately 3,500 sites (Fig 1A and S1 Table). Among these modified proteins in the Control
tissues, approximately 37% of the succinylated proteins had one succinyllysine site, 17% of
them had two succinyllysine sites, 46% had more than three succinyllysine sites, and approxi-
mately 10% had more than 10 succinyllysine sites (Fig 1A). The percentage of succinylproteins
in the ICH brains was comparable to that in the control brains (Fig 1A and 1B). The Venn dia-
gram showed that over 96% of the succinyllysine sites (3530/3673, Fig 1C) and succinylproteins
(854/875, Fig 1D) were similar between the ICH and control brains. Among them, 72 succinyl-
lysine sites on 9 succinylated proteins were found only in the ICH brains (Fig 1C and 1D).
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Fig 1. Quantitative succinylproteomics analysis of ICH and control brains. (A-B) Pie charts showing the
proportions of singly and multiple succinylated proteins with the indicated number of succinylated sites per protein in
control (sham) (A) and ICH (B) brains in vivo. (C-D) Venn diagram comparing succinylated sites (C) and proteins
(D) between ICH and control brains. (E) The heat map shows the differential succinylated sites in ICH and control
brains. (F) Subcellular localization of hyposuccinylated (right) or hypersuccinylated (left) proteins in ICH and control
brains.

https://doi.org/10.1371/journal.pone.0259798.9001

Conversely, 71 succinyllysine sites on 12 succinylated proteins were found only in the control
brains (Fig 1C and 1D). Furthermore, in response to ICH-induced brain injury, 25 succinylly-
sine sites on 23 succinylated proteins were upregulated (hypersuccinylated), whereas 13 succi-
nyllysine sites on 12 succinylated proteins were downregulated (hyposuccinylated), as shown by
the heat map (Fold Change > 1.5 and P < 0.05; Fig 1E; the mass spectrum peak map of some of
the representative modified proteins are presented in S2 Fig). Additionally, subcellular localiza-
tion analysis of these succinylated proteins with significant changes was performed, and the
results showed that 58.3% of the hyposuccinylated proteins could be found in the mitochondria
(Fig 1F). Interestingly, the ratio of hyper-succinylprotein in mitochondria localization reduced
to approximately 35%, inversely increased to 30.4% in the cytoplasm in ICH brains (Fig 1F).
These results indicated that the alterations in succinylation may primarily influence the bio-
functions of the mitochondrial and cytoplasmic proteins.

Annotation of differentially succinylated proteins in the brains of
intracerebral hemorrhage

We found that the ICH-induced hyposuccinylation was comparable to hypersuccinylation as
they both carried one or two succinyllysine sites in every succinylated protein in vivo

(FC > 1.5 and P < 0.05; Fig 2A). Cellular component enrichment analysis of Gene Ontology
(GO) revealed that both hyposuccinylated and hypersuccinylated proteins were located in the
mitochondrial matrix, especially the hyposuccinylated proteins (Fig 2B), which is consistent
with the results of the subcellular distribution data. Only ICH-associated hypersuccinylation
had a significant correlation with the secretory granule lumen, paranode region of the axon,
late endosome, intermediate filament cytoskeleton, intermediate filament, extracellular space,
endoplasmic reticulum lumen, and coated vesicle (Fig 2B), whereas only the ICH-associated
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Fig 2. Analysis and annotation of differentially succinylated proteins in ICH brains. (A) Distribution of ICH-
associated hyposuccinylated or hypersuccinylated proteins carrying the indicated number of succinylated sites per
protein in vivo. The X-axis represents the percentage of hypo-and hyper-succinylated proteins (FC > 1.5 and P < 0.05)
carrying 1 or 2 modification sites. The Y-axis represents the number of modification sites of hypo-and hyper-
succinylated proteins (FC > 1.5 and P < 0.05). (B to D) GO analysis at the level of cellular component, biological
process, and molecular function enriched in hyposuccinylated or hypersuccinylated proteins after ICH. (E and F)
KEGG pathway analysis of hyposuccinylated or hypersuccinylated proteins after ICH. Significant enrichment is shown
by Benjamini-Hochberg FDR-corrected P < 0.05 (outside the dashed line).

https://doi.org/10.1371/journal.pone.0259798.9002

hyposuccinylation gained enrichment on plasma membrane (Fig 2B), suggesting that the
hypersuccinylation-involved biofunctions may be more wide than those associated with hypo-
succinylation in response to ICH-induced brain injury. However, in contrast to the results of
the GO localization enrichment, the number of biological processes associated with ICH-asso-
ciated hyposuccinylation was greater than that associated with hypersuccinylation (Fig 2C).
For example, hyposuccinylated proteins in ICH brains were selectively enriched for vesicle
organization, vesicle-mediated transport in synapse, the transport, localization, and cycle of
synaptic vesicle, signal release, receptor-mediated endocytosis, nucleoside metabolic process,
establishment of synaptic vesicle localization, and DNA metabolic process (Fig 2C). However,
only hypersuccinylated proteins of the ICH brains could be alternatively enriched in GO terms
associated with response to unfolded protein, response to estradiol, monocarboxylic acid met-
abolic process, intermediate filament cytoskeleton organization, inorganic anion transport,
and cytoskeleton organization (Fig 2C). GO molecular function enrichment analysis showed
significant enrichment of hyposuccinylation and hypersuccinylation datasets in sulfur com-
pound binding, ribonucleotide binding, purine ribonucleotide binding, purine nucleotide
binding, coenzyme binding, carbohydrate derivative binding, and amide binding (Fig 2D).
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Fig 3. Four clusters of differentially expressed proteins were analyzed and annotated. (A) The number of
differentially succinylated sites (Fisher’s exact test, P < 0.05) in each cluster after ICH. (B-D) GO analysis at the level of
cellular component, biological process, and molecular function enriched in each cluster after ICH. (E) KEGG pathway
analysis of each cluster after ICH.

https://doi.org/10.1371/journal.pone.0259798.g003

However, only ICH-related hypersuccinylation was closely related to the structural constituent
of the cytoskeleton, protease binding, fatty acid derivative binding, fatty-acyl-CoA binding,
amino acid binding, ADP binding, adenyl ribonucleotide binding, and adenyl nucleotide
binding (Fig 2D), whereas ICH-associated hyposuccinylations were only enriched for syntaxin
binding, snare binding, protein N-terminus binding, and peptide binding (Fig 2D). Addition-
ally, KEGG analysis of succinylated proteins with significant alteration showed that ICH-asso-
ciated hyposuccinylation was enriched for propanoate metabolism and carbon metabolism
(Fig 2E), while hypersuccinylation was significantly related to ferroptosis, fatty acid metabo-
lism, etc. (Fig 2F). These results suggested that protein succinylation may be involved in many
pathophysiological processes and pathways in response to ICH-induced brain injury.

Next, we classified these significantly altered succinylated proteins in the ICH brains into
four categories according to their ratio of distribution (Fig 3A and S2 Table). The heatmap
showed that the GO cellular component and biological process enrichment of these succinyla-
tion datasets were significantly linked to categories Q2-Q4 (Fig 3B and 3C), while GO molecu-
lar function enrichment and KEGG pathway analysis were only closely related to categories
Q2 and Q3 (Fig 3D and 3E). For example, GO cellular component enrichment analysis showed
that the Q4 category was related to membranes, including cell surface, endoplasmic reticulum,
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vesicle, organelle, and plasma; the Q2 category was related to the mitochondrial matrix and
plasma membrane, while the Q3 category was linked to neuronal functions, such as axon, syn-
apse, filament, etc. (Fig 3B). These results indicated that the altered levels of protein succinyla-
tion may have functional preferences for some proteins and play important roles in regulating
the brain injury caused by ICH.

Integrative analysis of transcriptome and succinylproteome analysis in
brains of intracerebral hemorrhage

Given that four main neural cell types (i.e., neurons, astrocytes, microglia, and endothelial
cells) were most studied in stroke, integrative analysis on the transcriptome data [17] of neural
cells from mouse cerebral cortex RNA-seq with succinylation data to uncover cell type infor-
mation regarding dramatically changed protein succinylation in response to ICH. Before the
conjoint analysis, we first defined the relatively high expression of genes in neural cells as
higher expression of genes in one type of neural cells than that in the other three types of cells.
Through the match between the altered succinylproteomics data with the relatively high
expression of genes in neural cells showed that several mRNAs matched by succinylproteins
were relatively highly expressed in neurons, endothelial cells, as well as astrocytes in response
to brain injury caused by ICH (Fig 4A). Moreover, the mRNAs matched by the 27% ICH-
related upregulated succinylated proteins were found to be 27% from endothelial cells, 26%
from neurons, 21% from astrocytes, and 9% from microglia (Fig 4B). The ratio of ICH-related
downregulated succinylated proteins increased to 37% within neurons and 14% within micro-
glia, accompanied by the reduction of percentage in astrocytes and microglia but with no sig-
nificant changes in endothelial cells (Fig 4C).

Discussion

This study provides a system-view of the succinylproteome profiles of ICH brains. Based on
high-resolution LC-MS/MS and affinity with anti-succinyllysine agarose beads, we quantified
3,602 succinylated sites in 863 proteins in mouse ICH brains. This research illustrates to us
that the succinylated proteins significantly changed, were primarily localized in mitochondria
and cytoplasm, and were involved in many metabolic processes, neuronal functions, and

A B C

Neuron

Astrocyte
Microglia

Endothelial cell

Others

All the significantly The significantly upregulated The significantly downregulated
modified succinylated sites succinylated sites succinylated sites

Fig 4. Combined analysis of succinylproteomics and transcriptomics data. (A-C) Pie charts showing the major cellular distribution of differentially
succinylated sites (A), significantly upregulated (B), and downregulated succinylated sites (C) after ICH. Matching the significantly altered proteins
(Student’s t-test, P < 0.05) with the relatively highly expressed genes of neural cells (the gene expression of the four main neural cell types was higher
than that in the other cell types) from the published transcriptome data [17].

https://doi.org/10.1371/journal.pone.0259798.g004
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ferroptosis. Furthermore, an integrative analysis of published transcriptome data and succinylpro-
teomics data showed that neurons, endothelial cells, and astrocytes may be the major cells to regu-
late their biological functions in response to protein succinylation after ICH. This research gives
us a landscape view of the mouse ICH brain succinylproteome, which may be a useful resource to
further investigate the pathophysiological processes of brain damage caused by ICH.

Our quantitative succinylproteomic analysis revealed ICH-associated changes in the brain
succinylproteome. We found that 38 succinyllysine sites from 35 succinylated proteins were
significantly altered in ICH brains, including 25 and 13 succinyllysine sites with increased and
decreased occupancy, respectively. Additionally, some succinyllysine sites on succinylated pro-
teins could only be found in the ICH or control brains. Such site-specific changes in succinyla-
tion occupancy are possibly caused by alterations in the conformation of disease-related
proteins, which influence the pathophysiological processes of brain injury via the succinylation
machinery after ICH.

The study found 35 differentially succinylated proteins recognized from ICH brains, where
23 proteins were hypersuccinylated and 12 proteins were hyposuccinylated. The results of the
GO and KEGG analysis for such differentially succinylated proteins revealed that protein
hypersuccinylation and hyposuccinylation strongly influence biological processes associated
with disease progression following ICH. Hyposuccinylation, but not hypersuccinylation, was
preferentially associated with proteins localized to the mitochondrial matrix and plasma mem-
brane, while only hypersuccinylation was preferentially related to proteins localized to the
endosome, ER, vesicle, cytoskeleton, etc. Additionally, an integrative analysis with previously
published transcriptome data showed that protein succinylation in brain tissues was mostly
found in neurons, endothelial cells, and astrocytes following ICH, suggesting that succinyla-
tion may influence their functions associated with the pathophysiological processes in brain
damage caused by ICH. Furthermore, KEGG pathway analysis on hypersuccinylated proteins
demonstrated the involvement of succinylated proteins in ferroptosis, which is a contributor
to post-ICH brain injuries [18-22], and fatty acid metabolism, which has been shown to be
influenced by protein succinylation [14, 23, 24], indicating that protein succinylation-medi-
ated fatty acid metabolism may occur in ICH-induced brain injury, although this was largely
unknown to date. Therefore, our findings, along with recent studies, suggested that protein
succinylation may participate in regulating the pathophysiological processes and pathways of
ICH-induced brain damage. However, given that the results of this study were only based on
quantitative succinylproteome, further researches still need to be done for validation of the
molecular roles and mechanisms of the changes regarding ICH-associated protein
succinylation.

Conclusions

This is the first study to investigate the alterations of protein succinylation profiles in response
to ICH-induced brain injury. Our study showed that changes in the succinylproteome may
play an important role in ICH-induced brain damage. The identification of differential protein
succinylation in ICH brains presents a new perspective on ICH pathogenesis at the molecular
and system levels and provides potential therapeutic targets for ICH that were previously
unknown.

Materials and methods
Animals

Experimental animals, i.e., male C57BL/6 mice (eight weeks old, 20-24 g), were purchased
from Byrness Weil Biotech. Ltd. (Chengdu, China). The mice were bred under controlled
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temperatures in a specific pathogen-free (SPF) atmosphere, during a 12-hour light/dark cycle,
with freely available food and water. The experimental procedures were approved by the Ani-
mal Ethics Committee at Chengdu University of Traditional Chinese Medicine.

Collagenase-induced mouse model of ICH

The ICH model of mice was established according to previously described methods [25].
Briefly, mice were anesthetized with 3% isoflurane for induction and placed in a stereotaxic
instrument (RWD Life Science Co., Shenzhen, China). Then, 1.5% isoflurane was used for
maintenance to minimize the suffering of the mice during surgery. Approximately 0.5 pL of
0.075 IU type VII collagenase (Sigma Aldrich) was injected at a rate of 0.0625 uL/min into the
left striatum (anterior: 0.8 mm, lateral of bregma: 2 mm, depth: 3.5 mm) using a syringe pump
(Hamilton, Bonaduz, AG). In contrast, 0.5 pL of saline was injected into the control (sham)
group. During the surgery, the body temperature of the animals was maintained at 37°C. After
surgery, the mice were monitored at least once a day, and no accidental deaths were observed.
Three days after ICH, the mice were euthanized by cervical dislocation under deep isoflurane
anesthesia. Then, perihematomal and contralateral brain tissues were obtained to perform the
succinylproteome analysis.

Brain sample preparation for LC-MS/MS

Brain tissues were milled within liquid nitrogen, suspended using lysis buffer (a cocktail of 8
M urea, 10 mM dithiothreitol (DTT), 50 mM nicotinamide (NAM), 3 pM trichostatin A
(TSA), 0.1% protease inhibitor), and sonicated three times on ice. The supernatant was
acquired by centrifugation (12,000 g, 4°C, 10 min). Protein concentration was determined
using the BCA kit by following the specifications of the manufacturer. Protein digestion was
performed as mentioned above [26].

We obtained the peptide mixes according to previously published methods [27]. To collect
the succinylpeptides, tryptic peptides were dissolved with NETN buffer, and the affinity
enrichment of the modified peptide was performed as previously described [28]. In brief, total
peptides were incubated overnight with anti-succinyllysine agarose beads (PTM Biolabs,
China) at 4°C, with mild shaking. The bound peptides were eluted from the beads using 0.1%
trifluoroacetic acid and dried by vacuum centrifugation. To prepare the peptides for LC-MS/
MS analysis, they were dissolved in 0.1% formic acid (FA) and desalted using C18 ZipTips
(Millipore).

LC-MS/MS analysis

LC-MS/MS analysis was conducted using the above-mentioned procedures [29]. In brief, suc-
cinylpeptides were dissolved with solution A (0.1% formic acid and 2% acetonitrile), followed
by separation via EASY-nLC 1200 UPLC system using reverse-phase pre-column (Thermo
Fisher Scientific). The flow rate of solution B reached 500 nL/min, and the corresponding gra-
dient reached 9%-25% (0.1% formic acid in 90% ACN) for 36 min, 25%-35% for 18 min, 35%-
80% for 3 min, and was maintained at 80% for 3 min. The separated peptides came under the
NSI source and were analyzed with the Q ExactiveTM HF-X (Thermo Fisher Scientific), at 2.2
kV electrospray voltage, 120,000 MS scan resolution within scan scope between 350 and 1,600
m/z, and 28% NCE HCD fragmentation. These fragments could be observed from Orbitrap
when the resolution was 15,000. The fixed first mass was determined to be 100 m/z. The auto-
matic gain control (AGC) target was 1E5, the intensity threshold was 5E4, and the maximum
injection time was 50 ms. Three biological replicates were performed.
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Database search

MaxQuant (v1.6.15.0) was used for retrieving the raw MS/MS data of the experiment. The
database search was conducted based on parameters as follows: cleavage enzyme: Trypsin/P;
maximum missing cleavages: 4; mass tolerance for precursor ions during the first/main search:
20/4.5 ppm; mass tolerance for fragments: 0.02 Da. A carbamidomethyl on Cys was considered
to be the fixed modification, while succinylation and oxidation on Met were considered to be
variable modifications. The corresponding false discovery rate (FDR) cutoff was adjusted

to < 1%, the score for modified peptides was set at > 40, and a localization probability

was > 0.75.

Bioinformatic analysis

The bioinformatic analysis was conducted using the Perl package in the R language. Statistical
analysis of the succinylproteome was conducted according to the logarithmic intensity of the
values of each quantified protein obtained from the experiment. Motif characteristic analysis
of the succinyllysine sites was performed using the MoMo analysis tool according to the
Motif-X algorithm. Three biological repeats were performed, and a P-value of 0.05 was set as
the cutoft. In Student’s t-test, a P-value below 0.05 was used to determine the statistical signifi-
cance. The relative quantitative values at every modification site between ICH and control
(sham) brains were compared based on the differentially succinyllysine sites. Kyoto Encyclope-
dia of Genes and Genomes (KEGG) was used for pathway annotation. Gene Ontology (GO)
annotation was performed in different categories, such as cellular component, biological pro-
cess, and molecular function. For each category, the significant cutoff, determined by the cor-
rected P-value, was set at 0.05.

Conjoint analysis of succinylproteome data and transcriptome data

Conjoint analysis was conducted using succinyl proteome data and formerly disclosed tran-
scriptome data [17]. FPKM (fragments per kilobase of transcript per million mapped reads)
was selected as the mRNA quantitative criterion. Based on the transcriptome data, we focused
on the four most studied neural cells (neurons, astrocytes, microglia, and endothelial cells) in
stroke. Neural cell genes with relatively high expressions were observed from the analysis for
the higher expression of such genes in one of the four most surveyed types of neural cells,
among the other three cellular types. Next, the differentially succinyllysine proteins were
matched with transcriptome data to determine the cellular information of the
succinylproteins.

Supporting information

S1 Fig. Analysis of succinylproteomic data in ICH and control brains. (A) Overview of the
identification of protein succinylation. (B and C) Data quality control of peptide length distri-
bution (B) and peptide mass tolerance distribution (C). (D) PCA showing the degree of disper-
sion of the succinylproteome in ICH and control (sham) brains. (E) Amino acid sequence
properties of succinylated sites. The heat map shows significant position-specific underrepre-
sentation or overrepresentation of amino acids flanking the succinylated sites. (F) Succinyla-
tion motifs and conservation of succinylated sites. The height of each letter corresponds to the
frequency of that amino acid residue at that position. The central K refers to the succinylated
Lys residue.

(TIF)
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S2 Fig. MS spectrum of the representative succinylated sites. MS/MS spectra of
P01837_K100su, P03995_K108su, P47791_K448su, P16546_K1311su, Q922B1_K146su,
Q92111_K26su, Q99KE1_K496su, and QOWUMS5_K54su.

(TIF)

S1 Table. The information of identified succinyllysine sites in this study.
(XLSX)

S2 Table. The category information of significantly altered succinylated proteins in the
ICH brains according to their ratio of distribution.
(XLSX)

Acknowledgments

We extend our gratitude to Prof. Jia Qianwu (University of Texas Medical School at Houston)
for the provision of transcriptome data.

Author Contributions

Data curation: Yuan-Hong Deng, Chuan-Yuan Tao, Yan-Jing Liang, Su-Hao Yang, Yuan-Rui
Yang.

Formal analysis: Yuan-Hong Deng, Xin-Xiao Zhang, Chuan-Yuan Tao, Jing Yuan, Xiao-Yi
Xiong.

Investigation: Yan-Jing Liang, Jing Yuan, Su-Hao Yang.

Resources: Jing Yuan, Su-Hao Yang, Yuan-Rui Yang, Xiao-Yi Xiong.
Validation: Yan-Jing Liang.

Writing - original draft: Yuan-Hong Deng, Xin-Xiao Zhang, Xiao-Yi Xiong.
Writing - review & editing: Yuan-Hong Deng, Xiao-Yi Xiong.

References

1. Cordonnier C, Demchuk A, Ziai W, Anderson CS. Intracerebral haemorrhage: current approaches to
acute management. Lancet. 2018; 392(10154):1257-68. https://doi.org/10.1016/S0140-6736(18)
31878-6 PMID: 30319113.

2. LiPF,GuoSC, LiuT, CuiH, Feng D, Yang A, et al. Integrative analysis of transcriptomes highlights
potential functions of transfer-RNA-derived small RNAs in experimental intracerebral hemorrhage.
Aging. 2020; 12(22):22794-813. https://doi.org/10.18632/aging.103938 PMID: 33203799.

3. Grand Moursel L, van Roon-Mom WMC, Kielbasa SM, Mei H, Buermans HPJ, van der Graaf LM, et al.
Brain Transcriptomic Analysis of Hereditary Cerebral Hemorrhage With Amyloidosis-Dutch Type. Front
Aging Neurosci. 2018; 10:102. https://doi.org/10.3389/fnagi.2018.00102 PMID: 29706885.

4. CaoF,GuoY,ZhangQ, FanY, LiuQ, SongJ, et al. Integration of Transcriptome Resequencing and
Quantitative Proteomics Analyses of Collagenase VlI-Induced Intracerebral Hemorrhage in Mice. Front
Genet. 2020; 11:551065. https://doi.org/10.3389/fgene.2020.551065 PMID: 33424913.

5. LiuT, Zhoud, CuiH, LiP, LiH, Wang Y, et al. Quantitative proteomic analysis of intracerebral hemor-
rhage in rats with a focus on brain energy metabolism. Brain Behav. 2018; 8(11):e01130. https://doi.
org/10.1002/brb3.1130 PMID: 30307711.

6. DengS, FengS, WangW, Zhao F, Gong Y. Biomarker and Drug Target Discovery Using Quantitative
Proteomics Post-Intracerebral Hemorrhage Stroke in the Rat Brain. J Mol Neurosci. 2018; 66(4):639—
48. https://doi.org/10.1007/s12031-018-1206-z PMID: 30430305.

7. Dasari R, Zhi W, Bonsack F, Sukumari-Ramesh S. A Combined Proteomics and Bioinformatics
Approach Reveals Novel Signaling Pathways and Molecular Targets After Intracerebral Hemorrhage. J
Mol Neurosci. 2020; 70(8):1186—-97. https://doi.org/10.1007/s12031-020-01526-7 PMID: 32170712.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259798 November 15, 2021 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259798.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259798.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259798.s004
https://doi.org/10.1016/S0140-6736%2818%2931878-6
https://doi.org/10.1016/S0140-6736%2818%2931878-6
http://www.ncbi.nlm.nih.gov/pubmed/30319113
https://doi.org/10.18632/aging.103938
http://www.ncbi.nlm.nih.gov/pubmed/33203799
https://doi.org/10.3389/fnagi.2018.00102
http://www.ncbi.nlm.nih.gov/pubmed/29706885
https://doi.org/10.3389/fgene.2020.551065
http://www.ncbi.nlm.nih.gov/pubmed/33424913
https://doi.org/10.1002/brb3.1130
https://doi.org/10.1002/brb3.1130
http://www.ncbi.nlm.nih.gov/pubmed/30307711
https://doi.org/10.1007/s12031-018-1206-z
http://www.ncbi.nlm.nih.gov/pubmed/30430305
https://doi.org/10.1007/s12031-020-01526-7
http://www.ncbi.nlm.nih.gov/pubmed/32170712
https://doi.org/10.1371/journal.pone.0259798

PLOS ONE

Succinylation and intracerebral hemorrhage

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Walsh CT, Garneau-Tsodikova S, Gatto GJ Jr., Protein posttranslational modifications: the chemistry of
proteome diversifications. Angew Chem Int Ed Engl. 2005; 44(45):7342-72. https://doi.org/10.1002/
anie.200501023 PMID: 16267872.

Witze ES, Old WM, Resing KA, Ahn NG. Mapping protein post-translational modifications with mass
spectrometry. Nat Methods. 2007; 4(10):798-806. https://doi.org/10.1038/nmeth1100 PMID:
17901869.

Klimova N, Long A, Kristian T. Significance of Mitochondrial Protein Post-translational Modifications in
Pathophysiology of Brain Injury. Transl Stroke Res. 2018; 9(3):223-37. https://doi.org/10.1007/s12975-
017-0569-8 PMID: 28936802.

Hsu JM, Li CW, Lai YJ, Hung MC. Posttranslational Modifications of PD-L1 and Their Applications in
Cancer Therapy. Cancer Res. 2018; 78(22):6349-53. https://doi.org/10.1158/0008-5472.CAN-18-1892
PMID: 30442814.

Marcelli S, Corbo M, lannuzzi F, Negri L, Blandini F, Nistico R, et al. The Involvement of Post-Transla-
tional Modifications in Alzheimer’s Disease. Curr Alzheimer Res. 2018; 15(4):313-35. https://doi.org/
10.2174/1567205014666170505095109 PMID: 28474569.

Zhang Z, Tan M, Xie Z, Dai L, Chen Y, Zhao Y. Identification of lysine succinylation as a new post-trans-
lational modification. Nat Chem Biol. 2011; 7(1):58—63. https://doi.org/10.1038/nchembio.495 PMID:
21151122

Park J, Chen Y, Tishkoff DX, Peng C, Tan M, Dai L, et al. SIRT5-mediated lysine desuccinylation
impacts diverse metabolic pathways. Mol Cell. 2013; 50(6):919-30. https://doi.org/10.1016/j.molcel.
2013.06.001 PMID: 23806337.

Mills E O’Neill LA. Succinate: a metabolic signal in inflammation. Trends Cell Biol. 2014; 24(5):313-20.
https://doi.org/10.1016/j.tcb.2013.11.008 PMID: 24361092.

Liu J, Qian C, Cao X. Post-Translational Modification Control of Innate Immunity. Immunity. 2016; 45
(1):15=30. https://doi.org/10.1016/j.immuni.2016.06.020 PMID: 27438764.

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, et al. An RNA-sequencing transcrip-
tome and splicing database of glia, neurons, and vascular cells of the cerebral cortex. J Neurosci. 2014;
34(36):11929—-47. https://doi.org/10.1523/JNEUROSCI.1860-14.2014 PMID: 25186741.

Alim |, Caulfield JT, Chen Y, Swarup V, Geschwind DH, lvanova E, et al. Selenium Drives a Transcrip-
tional Adaptive Program to Block Ferroptosis and Treat Stroke. Cell. 2019; 177(5):1262—79 e25. hitps://
doi.org/10.1016/j.cell.2019.03.032 PMID: 31056284.

Stockwell BR, Friedmann Angeli JP, Bayir H, Bush Al, Conrad M, Dixon SJ, et al. Ferroptosis: A Regu-
lated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell. 2017; 171(2):273-85.
https://doi.org/10.1016/j.cell.2017.09.021 PMID: 28985560.

Wan J, Ren H, Wang J. Iron toxicity, lipid peroxidation and ferroptosis after intracerebral haemorrhage.
Stroke Vasc Neurol. 2019; 4(2):93-5. https://doi.org/10.1136/svn-2018-000205 PMID: 31338218.

Bao WD, Zhou XT, Zhou LT, Wang F, Yin X, Lu Y, et al. Targeting miR-124/Ferroportin signaling ame-
liorated neuronal cell death through inhibiting apoptosis and ferroptosis in aged intracerebral hemor-
rhage murine model. Aging cell. 2020; 19(11):e13235. https://doi.org/10.1111/acel. 13235 PMID:
33068460.

Chen B, Chen Z, Liu M, Gao X, Cheng Y, Wei Y, et al. Inhibition of neuronal ferroptosis in the acute
phase of intracerebral hemorrhage shows long-term cerebroprotective effects. Brain Res Bull. 2019;
153:122-32. https://doi.org/10.1016/j.brainresbull.2019.08.013 PMID: 31442590.

Cheng Y, Hou T, Ping J, Chen G, Chen J. Quantitative succinylome analysis in the liver of non-alcoholic
fatty liver disease rat model. Proteome Sci. 2016; 14:3. https://doi.org/10.1186/s12953-016-0092-y
PMID: 26843850.

Fukushima A, Alrob OA, Zhang L, Wagg CS, Altamimi T, Rawat S, et al. Acetylation and succinylation
contribute to maturational alterations in energy metabolism in the newborn heart. Am J Physiol Heart
Circ Physiol. 2016; 311(2):H347-63. https://doi.org/10.1152/ajpheart.00900.2015 PMID: 27261364.

Pan C, Liu N, Zhang P, Wu Q, Deng H, Xu F, et al. EGb761 Ameliorates Neuronal Apoptosis and Pro-
motes Angiogenesis in Experimental Intracerebral Hemorrhage via RSK1/GSK3beta Pathway. Mol
Neurobiol. 2018; 55(2):1556—67. https://doi.org/10.1007/s12035-016-0363-8 PMID: 28185127.

Xu X, LiuT, Yang J, Chen L, Liu B, Wei C, et al. The first succinylome profile of Trichophyton rubrum
reveals lysine succinylation on proteins involved in various key cellular processes. BMC Genomics.
2017; 18(1):577. https://doi.org/10.1186/s12864-017-3977-y PMID: 28778155.

Guo J, Liu J, Wei Q, Wang R, Yang W, Ma Y, et al. Proteomes and Ubiquitylomes Analysis Reveals the
Involvement of Ubiquitination in Protein Degradation in Petunias. Plant Physiol. 2017; 173(1):668-87.
https://doi.org/10.1104/pp.16.00795 PMID: 27810942.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259798 November 15, 2021 11/12


https://doi.org/10.1002/anie.200501023
https://doi.org/10.1002/anie.200501023
http://www.ncbi.nlm.nih.gov/pubmed/16267872
https://doi.org/10.1038/nmeth1100
http://www.ncbi.nlm.nih.gov/pubmed/17901869
https://doi.org/10.1007/s12975-017-0569-8
https://doi.org/10.1007/s12975-017-0569-8
http://www.ncbi.nlm.nih.gov/pubmed/28936802
https://doi.org/10.1158/0008-5472.CAN-18-1892
http://www.ncbi.nlm.nih.gov/pubmed/30442814
https://doi.org/10.2174/1567205014666170505095109
https://doi.org/10.2174/1567205014666170505095109
http://www.ncbi.nlm.nih.gov/pubmed/28474569
https://doi.org/10.1038/nchembio.495
http://www.ncbi.nlm.nih.gov/pubmed/21151122
https://doi.org/10.1016/j.molcel.2013.06.001
https://doi.org/10.1016/j.molcel.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23806337
https://doi.org/10.1016/j.tcb.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24361092
https://doi.org/10.1016/j.immuni.2016.06.020
http://www.ncbi.nlm.nih.gov/pubmed/27438764
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25186741
https://doi.org/10.1016/j.cell.2019.03.032
https://doi.org/10.1016/j.cell.2019.03.032
http://www.ncbi.nlm.nih.gov/pubmed/31056284
https://doi.org/10.1016/j.cell.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/28985560
https://doi.org/10.1136/svn-2018-000205
http://www.ncbi.nlm.nih.gov/pubmed/31338218
https://doi.org/10.1111/acel.13235
http://www.ncbi.nlm.nih.gov/pubmed/33068460
https://doi.org/10.1016/j.brainresbull.2019.08.013
http://www.ncbi.nlm.nih.gov/pubmed/31442590
https://doi.org/10.1186/s12953-016-0092-y
http://www.ncbi.nlm.nih.gov/pubmed/26843850
https://doi.org/10.1152/ajpheart.00900.2015
http://www.ncbi.nlm.nih.gov/pubmed/27261364
https://doi.org/10.1007/s12035-016-0363-8
http://www.ncbi.nlm.nih.gov/pubmed/28185127
https://doi.org/10.1186/s12864-017-3977-y
http://www.ncbi.nlm.nih.gov/pubmed/28778155
https://doi.org/10.1104/pp.16.00795
http://www.ncbi.nlm.nih.gov/pubmed/27810942
https://doi.org/10.1371/journal.pone.0259798

PLOS ONE Succinylation and intracerebral hemorrhage

28. Colak G, Xie Z, Zhu AY, Dail, LuZ, Zhang Y, et al. Identification of lysine succinylation substrates and
the succinylation regulatory enzyme CobB in Escherichia coli. Mol Cell Proteomics. 2013; 12(12):3509—
20. https://doi.org/10.1074/mcp.M113.031567 PMID: 24176774.

29. Jin W, Wu F. Proteome-Wide Identification of Lysine Succinylation in the Proteins of Tomato (Solanum
lycopersicum). PloS one. 2016; 11(2):e0147586. https://doi.org/10.1371/journal.pone.0147586 PMID:
26828863.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259798 November 15, 2021 12/12


https://doi.org/10.1074/mcp.M113.031567
http://www.ncbi.nlm.nih.gov/pubmed/24176774
https://doi.org/10.1371/journal.pone.0147586
http://www.ncbi.nlm.nih.gov/pubmed/26828863
https://doi.org/10.1371/journal.pone.0259798

