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Abstract 

Background Clear cell renal cell carcinoma (ccRCC) is a common histological subtype of malignant renal neoplasm. 
Protein lysine lactylation (Kla) plays a crucial role in tumor metabolic reprogramming. However, little is known regard-
ing the distribution and potential biological functions of Kla in ccRCC. This study aimed to systematically investigate 
the role of Kla in ccRCC.

Methods A total of 12 ccRCC samples were collected from 6 patients. Western blotting was performed to determine 
the trend of Kla-modified proteins in ccRCC. Liquid chromatography–tandem mass spectrometry was used to quan-
titatively analyze Kla in ccRCC. Gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and pro-
tein–protein interaction (PPI) network analyses were conducted to clarify the biological functions and interactional 
relationships of differentially lactylated proteins (DLPs).

Results In total, 239 DLPs, including 441 lactylated sites, were identified by comparing ccRCC tissues with adja-
cent normal tissues. Kla-related enzymes have a higher affinity for alanine than for other amino acid residues in ccRCC. 
Subcellular localization analysis revealed that most DLPs were localized in the cytoplasm and mitochondria. GO 
enrichment analysis showed that most of the DLPs were enriched in metabolism-associated biological processes, 
including the purine ribonucleotide, monocarboxylic acid, ribonucleoside triphosphate, purine nucleoside triphos-
phate, and ATP metabolic processes. KEGG analysis indicated that most DLPs were also enriched in metabolism-
related pathways, including glycolysis, amino acid (valine, leucine, and isoleucine) degradation, pyruvate metabolism, 
fatty acid degradation, and the citrate cycle. The top 20 hub proteins were screened from the PPI network based 
on their degree ranks.

Conclusions This study revealed the role of Kla in ccRCC, which will extend our understanding of the potential 
molecular mechanisms underlying ccRCC formation and progression. These key Kla-modified proteins may be prom-
ising therapeutic targets for the treatment of ccRCC. However, further molecular experiments are required to validate 
these findings.
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Introduction
Renal cancer is a common malignant tumor of the uri-
nary system, characterized by rapid progression and 
high mortality. Recent cancer statistical data from the 
United States showed that the estimated number of new 
cases and deaths from renal cancer were 79,000 and 
13,920, respectively, in 2022 [1]. Similarly, renal cancer 
is also one of the leading cancers, with high morbidity 
and mortality in China [2]; the estimated new cases and 
deaths were 77,410 and 31,172, respectively, in 2022 
[2]. Clear cell renal cell carcinoma (ccRCC) is the most 
common histological subtype of renal cancer, with a 
high degree of malignancy [3]. Although therapeutic 
strategies for ccRCC have considerably progressed, the 
prognosis of patients with ccRCC remains unsatisfac-
tory. Hence, the development of new treatment strate-
gies to improve the prognosis of patients with ccRCC 
is urgently needed, and a deeper understanding of the 
pathogenesis and development of ccRCC will be helpful 
in achieving this goal.

Protein lysine lactylation (Kla) is a novel and impor-
tant post-translational modification (PTM) that plays 
a vital role in tumor pathogenesis and development [4, 
5]. Kla-modified proteins are widely involved in can-
cer metabolic reprogramming, immunoregulation, and 
cell differentiation via the regulation of protein activity, 
thereby changing molecular expression patterns [6–9]. 
For example, Kla-modified proteins affect tumorigen-
esis, progression, and metastasis by the Warburg effect 
[6, 10]. In addition, Kla-modified proteins can affect 
tumor development by regulating differentiation and 
infiltration of immune cells [4, 6]. Given the impor-
tance of Kla-modified proteins in cancer progression, 
they are also considered novel and promising targets 
for cancer treatment [4, 11–13]. Currently, the relation-
ship between ccRCC progression and Kla modification 
of proteins remains unclear. Thus, comprehensive iden-
tification of lactylated proteins will provide insights 
into the potential mechanism of ccRCC development 
and help explore new therapeutic strategies for ccRCC.

Liquid chromatography–mass spectrometry tech-
nique (LC–MS) is a powerful tool for identifying the 
pattern of Kla in tissues [14, 15]. In this study, LC–MS 
was used to systematically and comprehensively iden-
tify the patterns of Kla modification in ccRCC. We 
found that there is an abundance of lactylated proteins 
in ccRCC, most of which are closely related to meta-
bolic pathways. The results of this study provide a new 

perspective for understanding the relationship between 
protein Kla and the development of ccRCC. To the best 
of our knowledge, this is the first study to compre-
hensively explore the characteristics of Kla in ccRCC 
tissues.

Material and methods
ccRCC samples
All 12 resected ccRCC samples, including six cancer and 
six adjacent normal tissue samples, were collected from 
six patients diagnosed with ccRCC at the Haikou Affili-
ated Hospital of Central South University Xiangya School 
of Medicine. The histological subtypes of the tissues were 
definitively diagnosed by two pathologists. This study 
was approved by the Ethics Committee of the Haikou 
Affiliated Hospital of Central South University Xiangya 
School of Medicine.

Protein extraction and digestion
First, ccRCC samples were retrieved from the −  80 ℃ 
refrigerator and fully ground to powder with liquid nitro-
gen. Second, ccRCC samples were added to lysis buffer 
containing 1% Triton X-100, 1% protease inhibitor cock-
tail, 3 µM trichostatin A [TSA], and 50 mM nicotinamide 
[NAM]). The ccRCC samples were then sonicated three 
times on ice using a high-intensity ultrasonic processor. 
Next, the ccRCC samples were centrifuged at 2,000 × g 
for 10 min at 4 ℃ to remove the cell debris. Finally, the 
clear supernatant was extracted, and the protein concen-
tration was determined using a bicinchoninic acid kit. 
The extracted proteins were zymolyzed using pancreatin, 
as described previously [10].

Western blot analysis
Total proteins were extracted from ccRCC and adjacent 
normal tissues and used to detect protein lactylation 
modifications. The experimental methods have been 
reported in a previous study [16]. Briefly, proteins were 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to a nitro-
cellulose filter membrane. After blocking with 5% milk, 
immunoblotting was performed using a pan-anti-Kla 
multiclonal antibody (WM101; Micrometer Biotech 
Company, Hangzhou, China).

Affinity enrichment
Peptides were dissolved in an immunoprecipitation (IP) 
buffer solution (100  mM NaCl, 1  mM EDTA, 50  mM 
Tris–HCl, and 0.5% NP-40, pH 8.0) and transferred to a 
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pre-washed lactylation resin (PTM-1404, PTM Bio) for 
incubation at 4 °C overnight with gentle shaking. After 
incubation, the resin was washed four times with the 
IP buffer solution and twice with deionized water. Kla-
modified peptides bound to the resin were eluted three 
times with 0.1% trifluoroacetic acid, and the eluted 
fractions were collected and vacuum-dried. The result-
ing peptides were desalted using C18 ZipTips according 
to the manufacturer’s instructions and then vacuum-
dried again before LC–MS analysis.

LC–MS analysis
Peptides were dissolved in mobile phase A, which was 
a water-based solution containing 0.1% formic acid and 
2% acetonitrile. Mobile phase B consisted of a mixture 
of acetonitrile and water containing 0.1% formic acid. 
A gradient elution was performed using the follow-
ing conditions: 7% to 24% B from 0 to 42 min, 24% to 
32% B from 42.0 to 54.0 min, 32% to 80% B from 54.0 
to 57.0  min, and 80% B from 57.0 to 60.0  min, with a 
flow rate of 450  nl/min. The separated peptides were 
ionized in a capillary ion source and analyzed using a 
TimsTOF Pro mass spectrometer (Bruker). The ion 
source voltage was set to 2.0  kV, and both the parent 
ion and its fragments were detected and analyzed using 
high-resolution TOF. The second-level mass spectral 
scan range was set at 100–1700 m/z. The data acquisi-
tion mode used Parallel Accumulation Serial Fragmen-
tation (PASEF), and ten PASEF mode acquisitions were 
performed after each primary mass spectrum acquisi-
tion to obtain second-level spectra for parent ions with 
charges ranging from 0 to 5. The dynamic exclusion 
time for the mass spectrometry scan was set to 30 s to 
avoid repeated scanning of the parent ions.

Database search
The tandem mass spectrometry results were examined 
using the MaxQuant search engine (version 1.6.15.0). 
The spectra were cross-referenced with the human 
SwissProt database, which contained 20422 entries, 
and a decoy database in reverse. Trypsin/P was used 
as the cleavage enzyme and up to two missed cleavages 
were permitted. In the first and primary searches, the 
precursor ion mass tolerance was set to 20 and 5 ppm, 
respectively, whereas the fragment ion mass tolerance 
was set to 0.02 Da. Protein N-terminal acetylation and 
methionine oxidation were defined as variable modifi-
cations, cysteine carbamidomethylation was defined as 
a fixed modification. The false discovery rate (FDR) was 
adjusted to < 1%.

Bioinformatics analysis
Identification and biological function analysis 
of differentially lactylated proteins (DLPs)
DLPs and differentially lactylated peptides were identi-
fied using the R software (version 4.1.2) based on a cutoff 
value (log fold change [FC] > 1.5 and P < 0.05). Subcel-
lular localization annotations of DLPs were performed 
using the WolF Psort software [17]. Biological functions 
of DLPs were analyzed using online tools (Gene ontol-
ogy (GO) (http:// www. geneo ntolo gy. org) [18] and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) (https:// 
www. genome. jp/ kegg/) [19]), and P < 0.05 was consid-
ered statistically significant.

Protein–protein interaction (PPI) network analysis 
of the DLPs
PPI network analysis was conducted to investigate the 
interactional relationships among the DLPs using the 
STRING database (version 11.5) (https:// string- db. org) 
[20]. Significant interactions were screened according to 
a confidence score of > 0.7 (high confidence). The results 
were downloaded and analyzed using the Cytoscape soft-
ware (version 3.9.1) [21]. Hub DLPs were screened using 
the cytoHubba plug-in [22] of the Cytoscape software 
based on the degree rank of the nodes.

Results
Pattern of protein lactylation modification in ccRCC 
The pan anti-Kla antibody was used to identify the trend 
of Kla-modified proteins in four cancer tissues and four 
adjacent normal tissues. The results indicated that Kla-
modified proteins were more abundant in ccRCC than 
in adjacent normal tissues (Figure  1). Quantitative pro-
teomic analysis showed that the total number of identi-
fied spectra, matched spectra, peptides, identified sites, 
modified peptides, comparable sites, identified proteins, 
and comparable proteins were 827019, 142148, 22178, 
5725, 5675, 2455, 1620, and 767, respectively, in ccRCC 
tissues (Figure 2A). Further analysis showed that all 171 
Kla-modified proteins involving 322 lactylation sites were 
significantly upregulated in ccRCC tissues compared to 
adjacent normal tissues (log FC > 1.5 and P < 0.05) (Fig-
ure 2B–D). However, all 68 Kla-modified proteins involv-
ing 119 lactylation sites are significantly downregulated 
in ccRCC compared to adjacent normal tissues (log FC > 
− 1.5 and P < 0.05) (Figure 2B–D). Significantly upregu-
lated or downregulated lactylated proteins were defined 
as DLPs. To understand the characteristics of the Kla-
modified sites in ccRCC, motif analysis was used to iden-
tify ten N-terminal and C-terminal amino acids near the 
Kla-modified sites. The results showed that lysine (K) 

http://www.geneontology.org
https://www.genome.jp/kegg/
https://www.genome.jp/kegg/
https://string-db.org
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was most susceptible to modification by lactylation when 
the N-terminal (+  10) or C-terminal (−  10) is alanine 
(Figure 2E).

The subcellular localization analysis of DLPs in ccRCC 
To identify the localization of DLPs in ccRCC, subcellular 
localization analysis was conducted. The results showed 
that the DLPs mainly localized in the cytoplasm (42.49%), 
followed by the mitochondria (27.4%), nucleus (13.73%), 
and extracellular matrix (6.87%) (Figure 3A).

Gene ontology (GO) functional enrichment analysis 
of DLPs
To understand the biological functions of the DLPs, GO 
functional enrichment analysis was performed based on 
three categories: biological process (BP), molecular func-
tion (MF), and cell components (CC). The top 20 results 
of the GO enrichment analysis of DLPs are shown in 
(Figure 3B–D and Table S1-S3).

KEGG pathway analysis of DLPs
To identify the DLPs involved in potential pathways, 
KEGG pathway analysis was performed. The results 
showed that DLPs were mainly enriched in metabolism-
related pathways, including glycolysis/gluconeogenesis, 
amino acid (valine, leucine, and isoleucine), pyruvate 
metabolism, fatty acid degradation, and the citrate cycle. 
The top 20 results of the KEGG enrichment analysis of 
DLPs are shown in Figure 4 and Table S4.

PPI networks of the DLPs
To understand the potential relationships among DLPs, 
PPI network analysis was conducted using the STRING 
database. According to a confidence score > 0.7 (high 

confidence) [23, 24], a total of 193 DLPs were screened 
and used to construct a final PPI network. The results 
from the STRING database analysis were downloaded 
and analyzed using the Cytoscape software (Figure 5A). 
The top 20 hub DLPs were identified using the Cyto-
Hubba plug-in according to their degree values (Fig-
ure  5B, C). The lactylated proteins identified were 
GAPDH, CS, ACO2, ATP5F1A, ATP5F1B, ENO1, TPI1, 
MDH1, SDHA, FH, CYCS, HSPD1, PKM, GOT2, LDHA, 
ACTG1, EEF1A1, SUCLG1, HSP90AB1, and HSPA9. 
GO and KEGG enrichment analyses were performed 
to determine the potential biological functions of the 
top 20 hub lactylated proteins. The top 20 hub lacty-
lated proteins were mainly enriched in catalytic activity 
(MF), mitochondrial matrix (CC), Generation of pre-
cursor metabolites and energy (BP), metabolic pathways 
(KEGG) (Table 1).

Discussion
Glycolysis is an important metabolic biological process 
that maintains cell viability [25]. Lactate is an important 
metabolite of the cellular glycolytic pathway, particu-
larly under anaerobic conditions [25–29]. Additionally, 
high lactic acid accumulation promotes protein lac-
tylation [4, 10, 30]. Furthermore, previous studies have 
shown that the tumor microenvironment is hypoxic, 
and cancer cell glycolysis is active, with a large amount 
of lactate production [29, 31–33]. Moreover, high con-
centrations of lactate contribute to promoting tumor 
growth, invasion, angiogenesis, immunosuppression, 
and metastasis [29, 34–36]. ccRCC is the most com-
mon histological subtype of renal cell carcinoma, char-
acterized by high rates of recurrence and progression. 
Protein lactylation also plays a crucial role in regulating 

Figure 1 Lysine lactylation-modified proteins in cancer and adjacent normal tissues detected via Western blotting using pan anti-lactyllysine 
antibody. Coomassie blue staining was employed as a loading control to ensure equal protein loading across all lanes. The full blot images are 
shown in Figure S1
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the progression of ccRCC cells [13, 37]. In the present 
study, we conducted quantitative proteomic analysis 
to identify the protein lactylation modification atlas of 
ccRCC using mass spectrometric detection. The results 
of this study revealed that there are extensive protein 
lactylation modifications in ccRCC. Biological func-
tion analysis of the DLPs indicated that most DLPs 
were enriched in metabolism-related biological func-
tions and metabolism-related pathways. The findings 
of this study preliminarily illustrate that the influence 

of protein lactylation on ccRCC progression might be 
closely related to the metabolic regulation of cancer 
cells.

Protein lactylation is an important epigenetic modifi-
cation widely observed in various cancers [4, 30, 38, 39]. 
For example, a recent study used mass spectrometry to 
detect the lactylation modifications of proteins in hepa-
tocellular carcinoma and found a large number of lact-
ylation-modified proteins that were mainly involved in 
several metabolism-related biological processes [16]. 

Figure 2 Analysis of Kla-modified proteins in ccRCC. A Statistical summary of Kla-modified proteins. B Statistical summary of DLPs. C Volcano plots 
of DLPs. D Heat map visualizing the intensity of lactylation for DLPs. Red and green colors represent high and low levels of lactylation intensity, 
respectively; E heat map visualizing the characteristics of the Kla-modified sites. Red signifies high frequency, while green represents low frequency. 
ccRCC: clear cell renal cell carcinoma; DLPs: differentially lactylated proteins; Kla: lysine lactylation
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Likewise, a recent study also reported a similar phenom-
enon [10]. Additionally, protein lactylation modification 
has been shown to be closely related to ccRCC progres-
sion [13]. Yang et al. [13] reported that high levels of his-
tone H3 lactylation modification were associated with 
poor prognosis in patients with ccRCC; mechanically, 
lactylated histone H3 mainly promoted ccRCC progres-
sion by enhancing the transcription of PDGFRβ and its 
signaling pathways. Although the findings of Yang et al. 
are valuable, it remains unknown whether large-scale 
lactylation modifications of proteins occur in ccRCC. 
Therefore, it is necessary to comprehensively identify the 

characteristics of lactylation modifications of proteins in 
ccRCC. Exploring the pattern of global protein lactyla-
tion modification in ccRCC will expand our understand-
ing of the role of lactylation modifications of proteins 
and provide insights into the underlying mechanism of 
ccRCC progression. In this study, we preliminarily ana-
lyzed the abundance of Kla-modified proteins in ccRCC. 
Subsequently, 239 DLPs involving 441 sites were identi-
fied, of which 171 (322) were upregulated and 68 (119) 
were downregulated. Notably, motif analysis proved that 
alanine is the most common amino acid surrounding 
lysine (K)-lactylation modification sites in ccRCC. This 

Figure 3 Subcellular localization and GO functional enrichment analyses of DLPs in ccRCC. A Subcellular localization analysis. B The top 20 
biological process terms; C the top 20 cell component terms; D the top 20 molecular function terms. The vertical axis is GO functional description 
information, and the horizontal axis is the value of fold enrichment of DLPs in this functional type compared with the proportion of identified 
protein after Log2 conversion. The color of the dots indicates enrichment significance P value, dark color indicates strong enrichment significance, 
and the size of the dots indicates the number of DLPs in the GO functional class. GO: gene ontology; ccRCC: clear cell renal cell carcinoma; DLPs: 
differentially lactylated proteins.
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finding also suggests that lysine (K)-lactylation modifi-
cation-related enzymes have a higher affinity for alanine 
residues than for other residues in ccRCC. Additionally, 
the results of subcellular localization analysis suggested 
that most DLPs function in the cytoplasm, mitochondria, 
and nucleus. Taken together, these preliminary findings 
illustrate that lactylated proteins might play an important 
role in the development and progression of ccRCC.

Metabolic reprogramming, an essential biological path-
way for the survival of cancer cells, is a primary charac-
teristic of the Warburg effect and is closely correlated 
with epigenetic modification [11, 38–40]. Previous stud-
ies proved that protein lactylation modification and met-
abolic rewriting interact together to regulate the fate of 
cancer cells [29, 38, 41]. In this study, we utilized the GO 
enrichment analysis to expound the biological functions 
of the DLPs and found that most of the DLPs principally 
enriched on binding-associated MF and metabolism-
associated BP such as nucleotide binding (MF), nucleo-
side phosphate binding (MF), purine ribonucleotide 
metabolic process (BP), monocarboxylic acid metabolic 
process (BP), ribonucleoside triphosphate metabolic 
process (BP), purine nucleoside triphosphate metabolic 
process (BP), and ATP metabolic process (BP). These 

findings suggest that DLPs may promote ccRCC pro-
gression by regulating the metabolic processes of cancer 
cells. Subsequent KEGG analysis confirmed the afore-
mentioned hypothesis and showed that most DLPs were 
mainly enriched in metabolism-related pathways, includ-
ing glycolysis, amino acid (valine, leucine, and isoleucine) 
degradation, pyruvate metabolism, fatty acid degrada-
tion, and the citrate cycle. These metabolism-related 
pathways are closely associated with cancer progression 
[42–45]. In brief, the above results from ccRCC are simi-
lar to existing research findings on other cancer types in 
which high lactate concentrations in the tumor micro-
environment accelerate protein lactylation modifications 
in cancer cells, thereby regulating metabolic reprogram-
ming and promoting their own development and pro-
gression [29, 32, 34, 46, 47].

PPI are crucial proteins that perform biological func-
tions and play a vital role in tumor progression [48–50]. 
Expounding the relationship of the interaction among 
Kla-modified proteins contributes to providing new 
insights into understanding the mechanism of progres-
sion and seeking therapeutic targets for ccRCC [48, 51]. 
The results of the PPI analysis in this study indicate that 
there is a complex interaction network among DLPs 

Figure 4 Top 20 terms from KEGG enrichment analysis of DLPs in ccRCC. The vertical axis is KEGG functional description information, 
and the horizontal axis is the value of fold enrichment of DLPs in this functional type compared with the proportion of identified protein after Log2 
conversion. The color of the dots indicates enrichment significance P value, dark color indicates strong enrichment significance, and the size 
of the dots indicates the number of DLPs in the KEGG functional class. KEGG: Kyoto Encyclopedia of Genes and Genomes; ccRCC: clear cell renal cell 
carcinoma; DLPs: differentially lactylated proteins
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that promotes ccRCC progression by controlling meta-
bolic remodeling. Subsequent results from the iden-
tification of hub proteins showed that almost all hub 
Kla-modified proteins were closely related to metabolic 
processes, such as GAPDH [52], CS [53], ACO2 [54], 
ATP5F1A [55], and ATP5F1B [56]. Based on these find-
ings, Kla-modified hub proteins may represent prom-
ising therapeutic targets for ccRCC; however, further 

molecular and functional studies are necessary to con-
firm their therapeutic potential.

However, this study has some limitations. First, the 
components of the ccRCC microenvironment are com-
plex, comprising cancer, immune, and stromal cell pop-
ulations [57, 58], but the Kla-modified proteins were 
detected in whole ccRCC tissues in this study. Therefore, 
the Kla-modified landscape is yet to precisely map every 

Figure 5 PPI network analysis of DLPs in ccRCC. A PPI network of DLPs. The red nodes denote upregulated DLPs, green nodes denote 
downregulated DLPs, and blue nodes denote DLP sites in both cancer and normal tissues. B PPI of top 20 hub proteins. C The degree rank of top 
20 hub proteins. PPI: protein–protein interaction; ccRCC: clear cell renal cell carcinoma; DLPs: differentially lactylated proteins
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ccRCC cell type. Additionally, the identified Kla-mod-
ified proteins are involved in key metabolic pathways, 
such as glycolysis, which are critical for cancer cell sur-
vival. While these findings suggest potential therapeutic 
relevance, further in  vitro and in  vivo experiments are 
required to confirm their roles as actionable therapeutic 
targets. Moreover, this study did not account for varia-
tions in overall protein expression, which may confound 
the effects attributed to lactylation modifications. Future 
work will incorporate quantitative proteomics to distin-
guish between lactylation-specific changes and those due 
to altered protein abundance. Finally, because the effects 
of lactylation modifications on the function of different 
proteins are different, further molecular experiments are 
necessary to examine the role of these proteins in the for-
mation and progression of ccRCC.

In conclusion, this study revealed the landscape of pro-
tein lactylation modifications in ccRCC using a whole-
proteome lactylation detection technique. The results 

showed that there were abundant protein lactylation 
modifications in ccRCC and normal tissues, and ala-
nine residues were the most concomitant to lysine (K)-
lactylation modifications in ccRCC. Notably, DLPs may 
promote ccRCC progression by regulating metabolic 
remodeling. These findings improve our understanding 
of the mechanism underlying ccRCC progression and 
provide a new direction for the identification of thera-
peutic targets for ccRCC. Further molecular and biologi-
cal experiments are required to verify the findings of this 
study.
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Table 1 Top 5 terms from GO and KEGG enrichment analysis for hub proteins in ccRCC 

GO: gene ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; ccRCC: clear cell renal cell carcinoma; DLPs: differentially lactylated proteins

Category Term name Gene count Description Genes p-value

BP GO:0044238 12 Primary metabolic process ACO2, GAPDH, TPI1, GOT2, ATP5B, SDHA, CYCS, 
PKM, CS, FH, ATP5A1, MDH1

7.72E-06

BP GO:0044237 12 Cellular metabolic process ACO2, GAPDH, TPI1, GOT2, ATP5B, SDHA, CYCS, 
PKM, CS, FH, ATP5A1, MDH1

1.03E-05

BP GO:0071704 12 Organic substance metabolic process ACO2, GAPDH, TPI1, GOT2, ATP5B, SDHA, CYCS, 
PKM, CS, FH, ATP5A1, MDH1

1.51E-05

BP GO:0006091 11 Generation of precursor metabolites and energy ACO2, GAPDH, TPI1, ATP5B, SDHA, CYCS, PKM, 
CS, FH, ATP5A1, MDH1

4.12E-18

BP GO:0044281 11 Small molecule metabolic process ACO2, GAPDH, TPI1, GOT2, ATP5B, SDHA, PKM, 
CS, FH, ATP5A1, MDH1

2.20E-11

CC GO:0005739 9 Mitochondrion ACO2, GOT2, ATP5B, SDHA, CYCS, PKM, CS, FH, 
ATP5A1

3.11E-08

CC GO:0070062 9 Extracellular exosome GAPDH, TPI1, GOT2, ATP5B, PKM, CS, FH, ATP5A1, 
MDH1

3.11E-07

CC GO:0005759 6 Mitochondrial matrix ACO2, GOT2, ATP5B, CS, FH, ATP5A1 1.82E-07

CC GO:0031967 6 Organelle envelope GAPDH, GOT2, ATP5B, SDHA, CYCS, ATP5A1 3.84E-05

CC GO:0005743 5 Mitochondrial inner membrane GOT2, ATP5B, SDHA, CYCS, ATP5A1 6.27E-06

MF GO:0003824 12 Catalytic activity ACO2, GAPDH, TPI1, GOT2, ATP5B, SDHA, CYCS, 
PKM, CS, FH, ATP5A1, MDH1

2.38E-07

MF GO:0016835 3 Carbon-oxygen lyase activity ACO2, TPI1, FH 1.16E-05

MF GO:0043532 2 Angiostatin binding ATP5B, ATP5A1 5.16E-06

MF GO:0046933 2 Proton-transporting ATP synthase activity, rota-
tional mechanism

ATP5B, ATP5A1 2.68E-05

MF GO:0042288 2 MHC class I protein binding ATP5B, ATP5A1 7.90E-05

KEGG hsa01100 11 Metabolic pathways ACO2, GAPDH, TPI1, GOT2, ATP5B, SDHA, PKM, 
CS, FH, ATP5A1, MDH1

4.22E-12

KEGG hsa01200 9 Carbon metabolism ACO2, GAPDH, TPI1, GOT2, SDHA, PKM, CS, FH, 
MDH1

3.07E-18

KEGG hsa01230 6 Biosynthesis of amino acids ACO2, GAPDH, TPI1, GOT2, PKM, CS 3.22E-12

KEGG hsa00020 5 Citrate cycle (TCA cycle) ACO2, SDHA, CS, FH, MDH1 9.12E-12

KEGG hsa05010 5 Alzheimer disease GAPDH, ATP5B, SDHA, CYCS, ATP5A1 1.46E-06

https://doi.org/10.1186/s40001-024-02200-z
https://doi.org/10.1186/s40001-024-02200-z
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