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Abstract

Clear cell renal cell carcinoma (ccRCC) represents the most lethal form of kidney cancer, with a significant number of
patients experiencing tumor progression. Succinylation modification is a novel post-translational modification (PTM)
that refers to modifying a protein with a succinyl group, which most frequently happens to lysine residues. Recent stud-
ies have revealed that abnormal succinylation, altered protein activity, dysfunctional roles in energy metabolism, and
subsequent epigenetic modifications are linked to the onset and progression of conditions like inflammation, cancer,
and other diseases. No studies have offered a comprehensive analysis of succinylation modification in ccRCC or clarified
the mechanisms by which this modification operates within disease progression. In this study, we applied quantitative
proteomics and succinylation modification omics to extensively examine the global proteome and succinylation modifi-
cation changes in ccRCC tissues. Using high-throughput liquid chromatography-mass spectrometry, we identified 4801
lysine succinylation modification sites across 1274 proteins in ccRCC and adjacent non-cancerous tissues. Additionally,
434 succinylation sites within 328 proteins displayed significant differential modification in ccRCC (fold change (FC) > 1.5
or p<0.05). Notably, the succinylated proteins were primarily associated with energy metabolism pathways, including
fatty acid elongation, glyoxylate and dicarboxylate metabolism, the tricarboxylic acid cycle, and oxidative phosphoryla-
tion, and were predominantly located within the mitochondria. This study is the first to present a global proteomic profile
and a detailed succinylation modification landscape in ccRCC. These findings introduce new potential approaches for
treating ccRCC by reversing abnormal succinylation modifications.
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Abbreviations

BP Biological process

CcC Cellular component

CHO Cholesterol

CoG Cluster of orthologous

DDA Data-dependent acquisition

DEPs Differentially expressed proteins

FC Fold change

FFA Free fatty acid

FDR False discovery fate

GO Gene ontology

HADHA Trifunctional enzyme subunit alpha

IDH2 Isocitrate dehydrogenase 2

KEGG Kyoto encyclopedia of genes and genomes
K-Suss Lysine succinylation

LC-MS/MS  Liquid chromatography mass spectrometry
Lv Left ventricle

LVEF Left ventricle ejection fraction

LVFS Left ventricle fractional shortening

MF Molecular function

PASEF Parallel accumulation serial fragmentation
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PPI Protein—protein interaction
PTM Posttranslational modification
TCA cycle  Tricarboxylic acid cycle
TG Triglyceride

1 Introduction

Renal cell carcinoma (RCC) is one of the top ten most prevalent malignancies worldwide, with an estimated 434,840
incident cases worldwide in 2022 [1]. Clear cell RCC (ccRCC) represents the most pervasive histological subtype [2]. To
date, metastatic treatment options have been limited [3]. Metabolic deregulation and reprogramming of energetic
metabolism is a crucial characteristic of ccRCC [4-71]. In particular the metabolic flux through glycolysis is partitioned [8,
9], and mitochondrial bioenergetics and Oxidative phosphorylation are impaired, as well as lipid metabolism [10-14].
In this scenario it has been shown that succinylation is an important regulator of cell metabolism and regulates many
biological characteristics of renal cancer. These findings should be referenced and discussed.

Post-translational modification (PTM) is a critical regulatory mechanism that increases proteome diversity through
chemical modifications at specific amino acid residues [15]. Succinylation is a distinct type of protein modification medi-
ated by succinyl-CoA, capable of regulating protein stability and function [16]. Recently, Lysine succinylation has been
linked to various pathological disorders by transferring a succinyl group to protein residue through either enzymatic
or non-enzymatic processes [17, 18].

Given the critical importance of succinylation modifications and the existing research gaps in ccRCC, we conducted
succinylation omics studies in ccRCC. This effort created a proteome atlas and an overview of succinylation PTM changes,
comprehensively depicting the global proteome and succinylation modifications in ccRCC. Our analysis revealed a
significant decrease in succinylation levels in ccRCC. Specifically, quantitative PTM omics identified 4801 succinylation-
modified sites across 1274 proteins, with 434 sites in 328 proteins showing notable changes in ccRCC (FC>1.5 or p<0.05).
Notably, some of these differentially succinylated sites were found on crucial proteins related to energy metabolism,
indicating that succinylation modifications at these critical sites may significantly influence ccRCC progression. These
findings pave the way for developing new therapeutic strategies for ccRCC.

2 Methods
2.1 Histological examination

The Declaration of Helsinki guidelines were followed during the investigation. This study was approved by the Ethics
Committee of Affiliated Hospital of Jining Medical University (approval number: 2021-09-C016), and informed consent
was obtained from all patients. 6 pathological specimens were collected from 3 ccRCC patients who underwent com-
plete kidney removal at the Urology Department, Affiliated Hospital of Jining Medical University. A tumor-free area (3 cm
beyond the tumor tissue) was selected for each patient as an internal control [19]. Tissue sections were hydrated using
graded alcohol solutions after dewaxing in xylene [20]. Images were captured at 200x magnification using a fluorescent
microscope (OLYMPUS DP72, Japan).

2.2 Transmission electron microscopy

The specimen was divided into 1T mm2 sample blocks with a sharp blade, fixed with 2.5% glutaraldehyde, and was fixed
overnight at 4°C away from light. After being fixed with 1% osmic acid at room temperature for one h, the tissue was
immersed in 30% ethanol, 50% ethanol, 70% ethanol, 80% acetone, 90% acetone, and 30% ethanol, respectively, 95%
acetone, 15 min each time; Samples were immersed in 100% acetone three times for 10 min each, followed by permea-
tion and embedding in an epoxy resin. Using an ultra-thin microtome, cut the sample into slices of 300 pm x 300 pm
with a thickness of 70 nm [21]. After dyeing with two drops of uranyl acetate on the copper mesh, staining it for 30 min
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away from light, and leaving it to dry were observed under a Talos L120C (Thermo Scientific, USA) transmission electron
microscope.

2.3 Western blot (WB)

Proteins extracted from frozen ccRCC and paracancer tissues were separated by SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes (0.45 um). The membranes were then blocked with 5% nonfat milk for 1 h. Following
this, the membranes were incubated with the primary antibody overnight at 4 °C, then with the secondary antibody at
room temperature for 1 h, and detected using an enhanced chemiluminescence (ECL) system (Tanon5200, China) [22].
The antibodies used included anti-succinylated lysine (PTM419 1:1000; PTM Biolab), mouse IgG (H +L) secondary anti-
body (Pierce31430 1:1000; Thermo).

2.4 LC-MS/MS

Tryptic peptides were dissolved in solvent A and loaded onto a homemade reversed-phase column. The mobile phase
included solvent A (0.1% formic acid, 2% acetonitrile in water) and solvent B (0.1% formic acid in acetonitrile). Peptide
separation was performed using the following gradient: 0-18 min at 6-22% B; 18-22 min at 22-30% B; 22-26 min at
30-80% B; and 26-30 min at 80% B, all at a constant flow rate of 450 nL/min on a NanoElute UHPLC system (Bruker Dal-
tonics). The peptides were analyzed on a timsTOF Pro mass spectrometry system, with an electrospray voltage of 1.65 kV.
Precursors and fragments were analyzed using a TOF detector. The timsTOF Pro operated in data-independent parallel
accumulation serial fragmentation (dia-PASEF) mode, with full MS scans set between 100-1700 m/z (MS/MS scan range),
and eight PASEF (MS/MS mode) scans were acquired per cycle. The MS/MS scan range was set from 425-1025 m/z, and
the isolation window was configured to 25 m/z [23].

2.5 Pan antibody-based succinylation PTM enrichment

To enrich the modified peptides, tryptic peptides in NETN buffer (which contains 100 mM NaCl, one mM EDTA, 50 mM
Tris—HCl, 0.5% NP-40, pH 8.0) were incubated overnight at 4 °C with pre-washed antibody beads (Lot PTM402, PTM Bio)
while gently shaking. The beads were washed four times with NETN buffer and twice with water. Bound peptides were
eluted with 0.1% trifluoroacetic acid. The eluted fractions were combined and vacuum-dried. The resulting peptides
were desalted for LC-MS/MS analysis using C18 ZipTips (Millipore), according to the manufacturer’s instructions [23].

2.6 Data Search

DIA data were processed with Spectronaut (v.18). Tandem mass spectra were searched against the Homo_sapiens_9606_
SP_20231220.fasta database (20,429 entries), concatenated with a reverse decoy database. Trypsin/P was used as the
cleavage enzyme, permitting up to four missed cleavages. Carbamidomethylation on Cys was set as a fixed modifica-
tion, while acetylation on the protein N-terminal, oxidation on Met, and succinylation on Lys were treated as variable
modifications. The false discovery rate (FDR) of protein, peptide, and PSM was adjusted to < 1% [24].

2.7 Data analysis

The fold change (FC) was calculated as the ratio of the mean relative quantitative values of modified sites in the Tumor (T)
group to the Control (C) group. An FC> 1.5 or < 1/1.5 threshold was used to identify differentially modified sites, indicat-
ing upregulated and downregulated proteins/sites. A student’s t-test was performed on log2-transformed values with
a p-value of less than 0.05, considered statistically significant.
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2.8 Bioinformatics analysis

The proteome was annotated with gene ontology (GO) terms using the UniProt-GOA database. Proteins were classi-
fied by their roles in biological processes (BPs), cellular components (CCs), and molecular functions (MFs). Subcellular
localization was predicted with Wolfpsort software. Based on motif-x, the MOMO software was used to generate
sequence models around each modified site in protein sequences. It considered a sequence significant if it had more
than 20 peptide segments and met the statistical p-value criteria. KEGG pathway analysis was performed using the
DAVID database. The protein-protein interaction (PPI) network for Kbhb-modified proteins was constructed with
the STRING database (v11) and visualized using Cytoscape (v.3.7.2).

2.9 Statistical analysis

Proteomic and succinylation modification analyses were performed on three samples from each group. Experiment
reproducibility was evaluated using relative standard deviation, principal component analysis, and Pearson’s correla-
tion coefficient. Quantitative values are reported as mean + SD for physiological data, and an independent Student'’s
t-test was used to compare the Tumor and Control groups with SPSS 26.0 software. Statistical significance was set at
p <0.05. All graphs were generated using GraphPad Prism 8 software.

2.10 Ethics approval

This study was approved by the Ethics Committee of the Affiliated Hospital of Jining Medical University (approval
number: 2021-09-C016). All procedures were carried out in strict accordance with the 1964 Declaration of Helsinki
guidelines. All patients involved in this study provided informed consent before the study.

3 Results
3.1 Morphological phenotypical features in ccRCC

To investigate the pathogenesis of ccRCC, we first looked at the gross markers after radical nephrectomy. It is found
that renal clear cell carcinoma is primarily located in the renal parenchyma, and there is often envelope formation
between the tumor and surrounding normal renal tissue. The tumor section is yellowish-white, and the center has

Fig. 1 Morphological analysis
of ccRCC. A Postoperative
specimen of renal carcinoma
(The white dashed lines rep-
resent cancerous tissue, and
the red dashed lines represent
adjacent normal tissue). B

HE staining of normal and
ccRCC tissues. C Mitochondrial
ultrastructures in each group
under transmission electron
microscope
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Fig.2 Whole proteome analysis of normal and ccRCC samples. A flowchart for the identification of omics in samples from normal and ccRCC »
samples. B Volcano plot of differential protein quantify for proteomics. Red represents upregulated proteins, and blue represents downregu-
lated proteins. C Subcellular structure diagram of differential proteins. D GO analysis results of differential proteins (blue: biological process;
yellow: cellular component; green: molecular function). E Top enriched items for KEGG pathway. F COG/KOG pathway of differential proteins
(red: cellular processes and signaling, green: information storage and processing, blue: metabolism, yellow: poorly characterized). GO: gene
ontology; KEGG: Kyoto Encylopedia of Genes and Genomes; COG/KOG: clusters of orthologous groups/eukaryotic ortholog groups

hemorrhagic necrosis, calcification, or jelly-like material. The larger the cancer, the more pronounced the necrosis
is (Fig. TA). In the HE-stained section, ccRCC can appear as a small nucleus with large volume, polygonal edges, and
many lipid vacuoles in the cytoplasm (Fig. 1B). Given that mitochondria are essential for energy metabolism, we
focused on the changes occurring in mitochondria in ccRCC. Transmission electron microscopy showed that although
mitochondria were widely distributed, the ridge morphology was disordered in ccRCC ((Fig. 1C).

3.2 Quantification and identification of the global proteome were conducted using data-dependent
acquisition (DDA) proteomics in ccRCC

To identify proteins associated with ccRCC, we conducted high-throughput proteomics analysis on tissue samples. A
total of 8224 proteins were quantified in the tissues, resulting in 2412 differentially expressed proteins (DEPs) defined
by a truncation value of 1.5-fold and a significance level of p <0.05. Among these DEPs, 1168 proteins were upregu-
lated, while 1244 were downregulated in ccRCC (Fig. 2B). Supplementary Data S1 details the DEPs, encompassing
protein names, molecular weights, subcellular locations, and primary functions.

To understand the proteomic changes in ccRCC, differentially expressed proteins (DEPs) were classified according
to their subcellular localization, biological processes (BPs), cellular components (CCs), and molecular functions (MFs).
The results show that the most significant proportion (37.22%) was found in the mitochondria (Fig. 2C). GO analysis
indicated that the proteins were predominantly associated with metabolic processes. At the same time, the CC cat-
egory included terms such as intracellular, cytoplasm, and organelle, and most proteins fell under protein binding
in the MF classification (Fig. 2D). Additionally, KEGG analysis highlighted proteins with significant differential enrich-
ment, transport, and catabolism notably represented in the pathways for these differential proteins (Fig. 2E). COG
analysis further indicated that many DEPs are involved in energy production and conversion (157 out of 488) (Fig. 2F).

3.3 Quantitative analysis of differentially succinylation modified proteins in ccRCC

Through Western blot analysis, this study examined lysine succinylation in ccRCC and normal tissues. The find-
ings indicated that lysine succinylation was the most significantly reduced post-translational modification (PTM) in
ccRCC (Fig. 3A), implying that succinylation levels are markedly inhibited in this cancer type. Using a 1.5-fold cutoff,
we identified 132 sites in 101 upregulated proteins, while 302 sites in 227 were downregulated in ccRCC (Fig. 3B).
Additionally, we assessed the subcellular localization of these proteins, revealing that a significant percentage were
found in mitochondria (37.89%), suggesting that this organelle may be the primary site of succinylation (Fig. 3C).
Supplementary Data S2 provides a detailed description.

3.4 Functional enrichment analysis of differentially succinylation modified proteins in ccRCC

We performed functional enrichment analysis to explore further the types of proteins preferentially modified by
succinylation. The results showed cellular metabolic processes significantly enriched downregulated succinylation-
modified proteins (Fig. 4A). Additionally, KEGG pathway enrichment analysis indicated that these downregulated
proteins are linked to pathways related to carbohydrate metabolism, amino acid metabolism, and lipid metabolism
(Fig. 4B). COG analysis also highlighted that a considerable proportion of the differentially expressed proteins (DEPs)
are involved in energy production, conversion, lipid transport, and metabolism (Fig. 4C).
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Fig.3 Characteristics of succinylation modified proteins in ccRCC. A The level of lysine succinylation was examined through Western blot in
normal and ccRCC tissues. B Volcano plot of significant identified sites. (FC>1.5 or<1/ 1.5). C Subcellular location of differential succinyla-
tion modified proteins

3.5 Quantification and identification of succinylation sites in ccRCC

Our current study found 512 proteins (40.19%, 512 out of 1274) had a single succinylation site (Fig. 5A). Notably,
several specific proteins showed significant succinylation modifications (Fig. 5B), with many of them serving as
regulators of energy metabolism. For instance, albumin has approximately seven binding sites, while trifunctional
enzyme subunit alpha (HADHA) exhibited 44 succinylation sites.

Furthermore, we utilized MoMo software to analyze the flanking sequences extending from — 10 to + 10 around
the succinylation modification site. The results indicated that glycine (G), valine (V), and tyrosine (Y) were most
frequently found at the + 1 position, while alanine (A), aspartic acid (D), and valine (V) were predominant at the —1
position surrounding the lysine succinylation sites (Fig. 5C).

3.6 Analysis of the PPl network between the global proteome and succinylation-modified proteome
in ccRCC

To examine the relationship between the proteome and succinylation-modified proteins, we conducted a protein-pro-
tein interaction (PPI) network analysis to identify critical nodes and significant biological processes associated with
differentially expressed proteins (DEPs) and succinylation-modified proteins (Fig. 6B). KEGG enrichment analysis and
categorization revealed that downregulated succinylation-modified proteins were notably enriched in pathways such as
mitochondrial oxidative phosphorylation, fatty acid degradation, and the TCA cycle (Tables 1, 2, 3). We further analyzed
the interaction network of differential and succinylation-modified proteins related to these three pathways using the
STRING v.11.0 database.

In the PPI network analysis, we identified seven proteins with significantly downregulated succinylation modifica-
tions associated with oxidative phosphorylation, thirteen proteins related to fatty acid degradation, and eight proteins
involved in the TCA cycle (Fig. 6C). These results indicate that the succinylation modifications of these essential enzymes
play a crucial role in the energy regulatory mechanisms during the progression of ccRCC.

4 Discussion

The American Cancer Society projects that by the end of 2023, around 81,800 new cases of renal cell carcinoma (RCC)
will be diagnosed in the United States, with more than 14,890 deaths resulting from the disease [25]. The most common
subtype of RCC is ccRCC, which accounts for approximately 75% of all cases [26]. The propensity of detecting ccRCCat a
later stage greatly diminishes disease-specific survival rates [27]. In ccRCC, the tricarboxylic acid cycle (TCA cycle), glucose
metabolism, and fatty acid metabolism show alterations, indicating a reprogramming of these metabolic pathways [6, 28].

Post-translational modifications (PTMs) are vital in regulating protein functions and have been associated with ccRCC
[29]. Lysine succinylation is an emerging type of PTM where a succinyl group attaches to a lysine residue, resulting in
substantial chemical and structural alterations to the affected protein [30]. However, in the field of ccRCC research, the
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precise impacts of Lysine succinylation have yet to be well described. In this study, we conducted a high-throughput
quantitative proteomics analysis, identifying 434 significantly differentially modified sites across 328 proteins in ccRCC.
Our findings revealed that many succinylation-modified sites on crucial enzymes were related to energy metabolism.
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Fig. 5 Characteristics of succinylation-modified sites in ccRCC. A Distribution of the number of the succinylation-modified sites per protein.
B Statistical map of proteins with> 10 succinylation-modified sites. C A heat map of the+10 amino acid compositional frequencies sur-
rounding the succinylation-modified sites

In this study, we noted significant phenotypic changes linked to ccRCC. These changes included Tumor morphology,
histology, and microscopic mitochondrial morphology (Fig. 1); notably, our TEM results indicate that the mitochondrial
cristae were flattened and absent in ccRCC, suggesting a dysfunction in energy metabolism in this condition [31].

Previously, succinylation was associated with the initiation and progression of cancer [32]. Our present study
analyzed lysine succinylation in the ccRCC and adjacent normal tissues based on WB analysis. The levels of lysine
succinylation proteins were significantly lower in ccRCC, highlighting the critical role of succinylation in this disease.
To thoroughly examine the changes in global succinylation modification in ccRCC, we used quantitative proteomics
and succinylation PTM omics on ccRCC and adjacent normal tissues. Our quantitative proteomics analysis identified
8224 proteins, with 2412 showing significant differential expression between ccRCC and adjacent normal tissues.
Notably, 32.4% of the succinylation sites showed substantial changes that were mirrored by corresponding shifts at
the protein level, indicating that succinylation modification is crucial in the progression of ccRCC.

Mitochondria are particularly abundant in the kidney, which removes waste from the blood and regulates fluid and
electrolyte balance [33]. Mitochondria provide the energy to drive these essential functions and play a crucial role in
protein PTMs by supplying acyl-CoA donors necessary for various acylation processes, including succinylation [34, 35].
Our study revealed that 37.9% of succinylation-modified proteins were located in the mitochondria. This suggests that
mitochondrial proteins undergo substantial alterations in succinylation modification, indicating that mitochondria are
the primary sites for succinylation in ccRCC.

Similar patterns were noted for succinylation in RCC [36], numerous energy metabolism pathways, such as fatty acid
[B-oxidation, the TCA cycle, and oxidative phosphorylation, showed significant enrichment in succinylation. Key enzymes
involved in these processes possess at least one succinylation site. Albumin, primarily functioning as a fatty acid-binding
protein in extracellular fluids, plays a crucial role in this context and exhibited downregulation of succinylation modifica-
tion in ccRCC. Plasma albumin has approximately seven binding sites for fatty acids with varying degrees of moderate
to high affinity, indicating that succinylation modifications may influence its activity and function [37]. The trifunctional
enzyme subunit alpha (HADHA), an enzyme involved in mitochondrial B-oxidation [38], displayed 44 succinylation sites
and reduced succinylation modification across multiple sites in ccRCC. The finding indicates that succinylation modifica-
tion may impact $HB production. IDH2, a mitochondrial protein that controls TCA cycle flux [39, 40], contains 26 regulated
sites in ccRCC. This phenomenon suggests that succinylation modification may influence mitochondrial respiration and
energy production.

In this study, we presented a global proteomic profile and a detailed succinylation modification landscape in ccRCC.
However, there were some limitations in this study. Our exploration was limited to three ccRCC patients, which is a rela-
tively small sample size. This limits the generalizability of the findings and may not fully represent the heterogeneity of
ccRCC. Our future directions will focus on functional experiments using diverse tumor systems (e.g., PDX, organoids) to
confirm the biological relevance of these modifications in ccRCC progression and expanding clinical validation through
larger cohort studies.
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Fig.6 Protein—protein interactions network between global proteome and succinylation modified proteome in ccRCC. A Nine-quadrant
diagram of the correlation of log2 (FC) of DEPs and differentially succinylation modified proteome in ccRCC (log FC>1.5; p-value <0.05).
Quadrant-A (QA) were those proteins that were upregulated in the proteome, whereas declined in succinylation modified proteome; Quad-
rant-B (QB) were proteins upregulated in the proteome, whereas they were unaltered in succinylation modified proteome; Quadrant-C (QC)
were proteins that were upregulated in proteome and succinylation modified proteome; Quadrant-D (QD) were proteins that were unal-
tered in the proteome, whereas downregulated in succinylation modified proteome; Quadrant-E (QE) were proteins unaltered in proteome
and succinylation modified proteome; Quadrant-F (QF) were proteins that were unaltered in proteome, but increased in succinylation modi-
fied proteome; Quadrant-G (QG) were proteins downregulated in proteome and succinylation modified proteome, Quadrant-H (QH) were
proteins downregulated in proteome, but were unaltered in succinylation modified proteome; Quadrant-I (Ql) were proteins downregulated
in proteome, but were upregulated in succinylation modified proteome. B The PPl network of proteome and succinylation modified pro-
teome. C The PPI network of proteome and succinylation modified proteome of oxidative phosphorylation, fatty acid degradation, and TCA
cycle. The circle represents specifically differentially expressed protein without differentially modified sites, the arrow represents specifically
differentially modified site without change in proteome, and the diamond represents both differentially expression in proteome and modi-
fication. Blue represents downregulation in proteome or succinylation modification; Red represents upregulation in proteome or succinyla-
tion modification; Yellow represents downregulation and upregulation in proteome or succinylation modification
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Table 1 Downregulated succinylation-modified sites of oxidative phosphorylation pathway

Protein description Gene name Amino acid Sites T/N ratio T/N p value
Cytochrome c oxidase subunit 7A-related protein COX7A2L K 65 0.354830581 0.027976693
Cytochrome c1, heme protein cya K 318 0.409357305 0.049626339
Cytochrome b-c1 complex subunit 2 UQCRC2 K 430 0.386269102 0.020730414
ATP synthase subunit gamma ATP5F1C K 83 0.474326096 0.004983229
Phospholysine phosphohistidine LHPP K 183 0.13948268 0.040877516
Inorganic pyrophosphatase PPA2 K 259 0.073496015 0.041861319
NADH dehydrogenase ubiquinone subcomplex subunit 12 NDUFA12 K 101 0.52183376 0.039854516
T: tumor tissue; N: normal tissue

Table 2 Downregulated succinylation-modified sites of fatty acid degradation

Protein description Gene name Amino acid Sites T/N ratio T/N p value
Enoyl-CoA delta isomerase 2 ECI2 K 359 0.111008204 0.016633216
Aldehyde dehydrogenase ALDH2 K 368 0.157725741 0.023937248
Aldehyde dehydrogenase ALDH2 K 378 0.083652464 0.011413795
Medium-chain specific acyl-CoA dehydrogenase ACADM K 178 0.217341825 0.015157404
Carnitine O-palmitoyltransferase 2 CPT2 K 510 0.138311724 0.002013986
Acetyl-CoA acetyltransferase ACAT1 K 40 0.262937874 0.029621856
Acetyl-CoA acetyltransferase ACAT1 K 202 0.225532487 0.049509715
Long-chain specific acyl-CoA dehydrogenase ACADL K 81 0.170725481 0.017850459
Aldehyde dehydrogenase X ALDH1B1 K 379 0.305408054 0.01143473
4-trimethylaminobutyraldehyde dehydrogenase ALDH9A1 K 303 0.400424254 0.001394885
Alpha-aminoadipic semialdehyde dehydrogenase ALDH7A1 K 390 0.142444976 0.007864483
Very long-chain specific acyl-CoA dehydrogenase ACADVL K 372 0.215976937 0.027974519
Trifunctional enzyme subunit beta HADHB K 201 0.249902055 0.032082659
Trifunctional enzyme subunit beta HADHB K 277 0.162527802 0.0012468
Trifunctional enzyme subunit beta HADHB K 291 0.165526625 0.001234041
Trifunctional enzyme subunit beta HADHB K 408 0.31127091 0.031230219
Peroxisomal bifunctional enzyme EHHADH K 33 0.242246688 0.042697811
Peroxisomal bifunctional enzyme EHHADH K 350 0.351061129 0.021916607
Peroxisomal bifunctional enzyme EHHADH K 535 0.184584212 0.007578185
Peroxisomal bifunctional enzyme EHHADH K 700 0.12479319 0.028234593
Peroxisomal acyl-coenzyme A oxidase 1 ACOX1 K 504 0.210436892 0.001343044

T: tumor tissue; N: normal tissue
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Table 3 Downregulated succinylation-modified sites of TCA cycle

Protein description Gene name Amino acid Sites T/N ratio T/N p value
Isocitrate dehydrogenase [NADP] cytoplasmic IDH1 K 81 0.4841071 0.003377868
Fumarate hydratase FH K 94 0.240991184 0.033643018
Dihydrolipoyl dehydrogenase DLD K 346 0.558427511 0.030053221
Succinate dehydrogenase ubiquinone iron-sulfur subunit SDHB K 55 0.308788649 0.038614337
Succinate dehydrogenase ubiquinone iron-sulfur subunit SDHB K 123 0.289382278 0.045199231
Dihydrolipoyllysine-residue succinyltransferase component ~ DLST K 277 0.375007165 0.026892354

of 2-oxoglutarate dehydrogenase complex

Isocitrate dehydrogenase [NADP] IDH2 K 69 0.166483962 0.021264644
ATP-citrate synthase ACLY K 978 0.132983225 0.002258625
Succinate-CoA ligase [GDP-forming] subunit beta SUCLG2 K 47 0.399527064 0.014191232

T: tumor tissue; N: normal tissue

5 Conclusions

In conclusion, our extensive quantitative analysis of succinylation modifications in ccRCC offers new insights into its
role, particularly in regulating proteins associated with energy metabolism. These findings pave the way for potential
therapeutic strategies to target and reverse abnormal succinylation modifications in ccRCC treatment.
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