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Abstract: Background: Dihydrolipoamide S-acetyltransferase (DLAT) is a subunit of the pyruvate dehydrogenase 
complex (PDC), a rate-limiting enzyme complex, that can participate in either glycolysis or the tricarboxylic acid 
cycle (TCA). However, the pathogenesis is not fully understood. We aimed to perform a more systematic and 
comprehensive analysis of DLAT in the occurrence and progression of tumors, and to investigate its function in 
patients’ prognosis and immunotherapy. Methods: The differential expression, diagnosis, prognosis, genetic and 
epigenetic alterations, tumor microenvironment, stemness, immune infiltration cells, function enrichment, single-cell 
analysis, and drug response across cancers were conducted based on multiple computational tools. Additionally, we 
validated its carcinogenic effect and possible mechanism in glioma cells. Results: We exhibited that DLAT expression 
was increased in most tumors, especially in glioma, and affected the survival of tumor patients. DLAT was related to RNA 
modification genes, DNA methylation, immune infiltration, and immune infiltration cells, including CD4+ T cells, CD8+ 
T cells, Tregs, and cancer-associated fibroblasts. Single-cell analysis displayed that DLAT might regulate cancer by 
mediating angiogenesis, inflammation, and stemness. Enrichment analysis revealed that DLAT might take part in the cell 
cycle pathway. Increased expression of DLAT leads tumor cells to be more resistant to many kinds of compounds, 
including PI3Kβ inhibitors, PKC inhibitors, HSP90 inhibitors, and MEK inhibitors. In addition, glioma cells with DLAT 
silence inhibited proliferation, migration, and invasion ability, and promoted cell apoptosis. Conclusion: We conducted 
a comprehensive analysis of DLAT in the occurrence and progression of tumors, and its possible functions and 
mechanisms. DLAT is a potential diagnostic, prognostic, and immunotherapeutic biomarker for cancer patients.

Introduction

Nowadays, the malignant tumor has become the primary
cause of human death, and seriously affect the quality of life
of patients. In addition to surgery, chemotherapy,
radiotherapy, and targeted therapy, immunotherapy is also
one of the crucial treatments for cancer patients [1].
However, the objective response rates are unsatisfactory in
many cancer patients, and some patients often resist or
relapse [2,3]. Therefore, it is necessary to explore novel

targets and investigate their correlations with patients’
prognosis and tumor immunity.

Dihydrolipoamide S-acetyltransferase (DLAT) is subunit
E2 of the pyruvate dehydrogenase complex (PDC) [4], which
is a mitochondrial multienzyme complex that can participate
in either glycolysis or the tricarboxylic acid cycle (TCA) cycle
[5,6]. The reprogramming of cell metabolism is usually
observed in cancer cells [7,8]. Cancer cells absorb and utilize
much more glucose than normal cells, and take advantage
of glycolysis metabolism than oxidative phosphorylation
regardless of oxygen availability, this phenomenon was
known as the Warburg effect or aerobic glycolysis [9]. A
previous study reported that DLAT expression was increased
in gastric cancer cells [6]. Besides, Chen et al. discovered
that DLAT was overexpressed in non-small cell lung cancer
(NSCLC), and inhibited acetyl-CoA production but
promoted L-lactate and pyruvate production [10]. These
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results strongly demonstrated that DLAT contributed to
tumorigenesis by promoting glycolysis metabolism.
Additionally, DLAT is significantly elevated in osteosarcoma
cell lines compared with normal osteoblast cell lines [11].
While, several bioinformatics studies proved that DLAT was
expressed at low levels in clear cell renal cell carcinoma
[12]. Furthermore, DLAT participated in the development
and prognosis of breast invasive carcinoma (BRCA) [13]
and colon adenocarcinoma (COAD) [14]. Nevertheless,
specific studies on DLAT in tumors are few and lack
systematic pan-cancer investigation. Consequently,
exploring the role of DLAT expression and alterations in
cancers was extremely urgent.

Therefore, a systematic and comprehensive analysis to
evaluate the expression, gene and epigenetic alteration,
methylation, and clinical, and prognostic profiles of DLAT
across cancers. Moreover, we analyzed its relationship with
immune cells, immune genes, tumor microenvironment,
and tumor stemness score. In addition, enrichment analysis,
single-cell analysis, and drug responses related to DLAT
were analyzed. Moreover, we validated the function of
DLAT in glioma cells. In conclusion, our results identified
the role of DLAT across cancers and suggested that DLAT
was a prognostic and immunotherapeutic biomarker in
cancer patients.

Materials and Methods

Data acquisition
We downloaded RNA and clinical data from The Cancer
Genome Atlas (TCGA), TARGET, and Genotype-Tissue
Expression (GTEx) from the UCSC database. In addition,
we acquired prognostic data for TCGA from a previous
study [15]. Meanwhile, we also obtained the TARGET
follow-up data as a supplement from the UCSC. We also
downloaded the RNA-seq data of the 325 glioma samples
from the Chinese Glioma Genome Atlas (CGGA) database
(http://www.cgga.org.cn/). The tumor cell line RNA
expression data was downloaded from The Cancer Cell Line
Encyclopedia (CCLE). The protein expression of DLAT was
evaluated by the Human Protein Atlas (HPA). Suppl.
Table S1 lists abbreviations of tumors.

Clinical characteristics analysis
We developed the Cox proportional hazards regression model
to analyze overall survival (OS), disease-specific survival
(DSS), disease-free interval (DFI), and progression-free
interval (PFI) of DLAT across cancers. Kaplan‒Meier
analysis was performed to analyze the patient’s prognosis.
The CGGA dataset was also used to analyze the survival of
DLAT in glioma patients.

The diagnostic significance of DLAT across cancers was
assessed by the Receiver Operator Characteristic (ROC)
curve via “pROC” (v1.17.0.1). The diagnosis accuracy was
evaluated by the Area under Curve (AUC). The AUC is
closer to 1, the diagnosis accuracy is better. The clinical
value of DLAT was calculated by unpaired Wilcoxon rank
sum, signed rank, and Kruskal‒Wallis tests.

The associations between DLAT expression and
molecular or immune subtypes across cancers were analyzed

by the TISIDB database. There are six immune subtypes, C1
meaning wound healing subtype, C2 representing the IFN-γ
dominant subtype, C3 meaning inflammatory subtype, C4
representing lymphocyte depletion, C5 meaning
immunologically quiet, and C6 representing the TGF-β
dominant subtype.

The IC50 values of various compounds in cancer cell lines
were obtained from the GDSC dataset (https://www.
cancerrxgene.org), to assess the relationship between DLAT
and the drug response of tumor cells by the Spearman
correlation coefficient.

Genetic and epigenetic alterations
The genomic alteration analyses were used by the cBioPortal
database (https://www.cbioportal.org/). The mRNA
methylation was an important posttranscriptional gene
regulation in eukaryotes. The RNA methylation
modifications included methylation of N6 adenosine (m6A),
N1 methyladenosine (m1A), and 5-methylcytosine (m5C),
participating in cell differentiation, development, and
progression, and so on [16]. The relationships between
forty-four marker genes of RNA modification, including
m1A, m5C, and m6A, and DLAT expression were evaluated.

Mismatch repair (MMR) genes downregulated or
functionally defective can cause irreparable DNA replication
mistakes and somatic mutations, therefore increasing the
incidence rate of cancer [17]. A correlation analysis was
conducted.

The correlation between DLAT expression and
methylation was evaluated via the cBioPortal database.
Furthermore, the relationship between DLAT methylation
and patients’ prognosis was also assessed. Additionally, the
expression of DLAT promotor methylation between cancers
and normal tissues was investigated.

Tumor microenvironment analysis
We downloaded all level 4 Simple Nucleotide Variation data of
TCGA samples from GDC (https://portal.gdc.cancer.gov/).
Tumor mutation burden (TMB) can reflect the proportion
of somatic mutations in tumors and is a quantitative
biological marker of the immune response [18]. We
calculated the TMB by the R MAftools package.
Microsatellite instability (MSI) is the arbitrary length change
of microsatellites in cancer tissue due to the insertion or
deletion of repeat units compared with normal tissue, and it
is a very important molecular biomarker in almost all solid
tumors [19]. The tumor purity was acquired from the
previous study [20]. The tumor stemness score was obtained
by calculating the methylation-based DNA stemness score
(DNAss) and expression-based RNA stemness score
(RNAss) index of methylation characteristics in diverse
tumors [21].

Tumor immune microenvironment analysis
We obtained 10,180 tumor samples from 44 cancer types for
immune infiltration analysis. Estimation of Stromal and
Immune Cells in Malignant Tumor Tissues Using
Expression Data (ESTIMATE) was used to reflect the level
of stromal or immune cell infiltrations. The analysis used
the R software packages “estimate” and “psych”.
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The correlation between DLAT expression and immune
infiltrating cells in tumors was performed by the TIMER2
tool (http://timer.cistrome.org/). CD4+ T cells, CD8+ T
cells, Tregs, and cancer-associated fibroblasts were chosen
for detailed analysis by the TIMER, CIBERSORT,
CIBERSORT-ABS, QUANTISEQ, XCELL, MCPCOUNTER,
and EPIC algorithms. We used the ssGSEA algorithm to
evaluate 31 infiltrating cells in glioma as previously
described [22].

Besides, the association between DLAT expression and
immune-related genes in five immune pathways was
evaluated.

Single-cell and enrichment analysis
We analyzed the function of DLAT at the single-cell level by
CancerSEA [23]. The correlation was >0.3 and the p-value
was <0.05. We compared the single-cell expression and
distribution of DLAT among patients with high-grade
gliomas (HGGs) utilizing the TISCH database.

The top 50 DLAT-binding proteins were downloaded
from the STRING database. GEPIA2 was used to acquire
the top 100 DLAT-related target genes. An intersection
analysis was evaluated by the Venn plot. Gene Ontology
(GO) and KEGG pathway enrichment analyses were used to
examine the biological and molecular functions of the two
sets of data. GSEA analysis was used to investigate the
potential function of DLAT in cancers.

Gene silencing
The GBM cell line A172 came from the American Type
Culture Collection (ATCC) and was cultured in DMEM
(Gibco, Grand Island, NY, USA) with 10% fetal calf serum
(Gibco) and 1.0 mmol/L penicillin–streptomycin
combination (Hyclone). By utilizing the INTERFERin�

reagent from Poly-Plus Corporation, we transfected siRNAs
and negative control into A172 cells. After a 48-h incubation
period, the cells were collected and prepared for subsequent
experiments. The sequences for DLAT siRNA were: 5′-AAG
TTCTTCTTGTCTTTCCAGATAT-3′ and 5′-TATAGTGG
AAAGAGAAGGAGTAAG-3′ (Tsingke Biotech).

Extraction of total RNA and qRT-PCR
The total RNA was extracted using the Trizol reagent (Ambion,
Austin, Texas, USA). The extracted RNA was converted into
cDNA following the instructions (Genecopoeia, Rockville,
MD, USA). The qRT-PCR reactions were performed using the
BlazeTaqTM SYBR� Green qPCR Mix 2.0 kit (Genecopoeia)
and the corresponding reaction system. The forward primer
sequence was GTGTTGCGGTCAGTACTCCT, and the
reverse primer sequence was CGTAAAAGTGCCACCCT
GGA (Tsingke Biotech, Beijing, China).

Western blotting
To isolate the proteins, the GBM cell lines were lysed by RIPA
buffer (Beyotime, Shanghai, China) with a cocktail (Thermo
Scientific, Waltham, MA, USA) added. The protein was
collected by centrifuge and the quantity was accurately
measured using a BCA assay (Abcam). The antibodies
included anti-DLAT (Cell Signaling Technology, 1:1000
dilution) and anti-ACTIN (Abcam, 1:1000 dilution).

Proliferation analysis
2.0 × 104 cells were transfected and cultured in a 96-well plate.
Following 48 h of growth and cultivation, a WST-8 solution
(the Enhanced Cell Counting Kit-8, diluted 1:10) was
introduced and incubated for 2 h. The Optical Density
(OD) value was then accurately determined using a
sophisticated microplate reader.

Apoptosis analysis
Cells underwent a 48-h transfection with siRNA, then cells
were collected by centrifuge, washed with PBS, and treated
with Annexin V/FITC and Propidium Iodide (BD
Biosciences, San Jose, CA, USA), and then detected by flow
cytometry (BD Biosciences) and analyzed by FlowJo.

Transwell assay
3 × 105 and 5 × 105 cells in serum-free medium were added on
Transwell membranes (5 μm pore size, Costar). The medium
with 10% FBS was added to the lower chambers. The
membranes were bedded with Matrigel (BD Biosciences) in
advance for the invasion analysis. After 24 h, cells on the
upper membranes were fixed by 4% paraformaldehyde
(Thermo Scientific) and stained with crystal violet
(Beyotime). The cells on the membrane were observed by
microscope (Nikon). A flow cytometer (BD Biosciences) was
used to quantify the number of cells in the lower chambers.

Statistical analysis
All analyses were performed by R software (version 4.2.1). The
Wilcoxon’s test and analysis of variance (ANOVA) were used
for the two groups and multiple groups, respectively. The
correlation analysis was calculated by Spearman’s
correlation test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001; and ns, not significant.

Results

Alterations of DLAT in pan-cancer
DLAT physiologically exhibited the highest expression level in
heart muscle and skeletal muscle but exhibited low expression
levels in most other normal tissues (Suppl. Fig. S1A). Suppl.
Fig. S1B showed that the DLAT expression was highest in
the lymphoid U-698 cell line and generally higher in some
lymphoid, myeloid, and female reproductive system cell
lines. Moreover, DLAT expression was lowest in liver cancer
and was greatest in colorectal cancer (Suppl. Fig. S1C).

We evaluated DLAT gene expression in 34 cancer species
in TCGA, TARGET, and GTEx pan-cancer. The DLAT gene
was highly expressed in 22 types of cancers, including
glioblastoma multiforme (GBM), lower grade glioma (LGG),
and kidney chromophobe (KICH). In comparison, DLAT
was lowly expressed in 5 types of cancers: adrenocortical
carcinoma (ACC), bladder urothelial carcinoma (BLCA),
head and Neck squamous cell carcinoma (HNSC), kidney
renal clear cell carcinoma (KIRC), and acute myeloid
leukemia (LAML) (Fig. 1A). For paired tumors and adjacent
normal tissues in TGCA, DLAT was lowly expressed in
COAD, HNSC, KIRC, Kidney renal papillary cell carcinoma
(KIRP), and thyroid carcinoma (THCA) and highly
expressed in six types of cancer (Fig. 1B).
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Genetic and epigenetic alterations might influence the
expression and have been closely associated with
tumorigenesis. A high frequency of gene alterations was
found in most patients except with ACC,
cholangiocarcinoma (CHOL), Diffuse Large B-cell
Lymphoma (DLBC), liver hepatocellular carcinoma (LIHC),
mesothelioma (MESO), thymoma (THYM) and THCA. In
addition, DLAT mutation frequencies were found to be the
highest in uterine corpus endometrial carcinoma (UCEC),
BLCA, colon adenocarcinoma/rectum adenocarcinoma
esophageal carcinoma (COADREAD), skin cutaneous
melanoma (SKCM), and stomach adenocarcinoma (STAD)
(Suppl. Fig. S2A). The main type of genetic alteration was
the missense mutation of DLAT (Suppl. Fig. S2B). The 3D
structure of the DLAT protein is shown in Suppl. Fig. S2C.

RNA modification is a common intracellular chemical
modification, and it participates in various pathological
processes, such as immune system diseases and cancer.
DLAT expression was significantly positively correlated with
RNA modification genes in almost all tumors (Fig. 2A).
DNA methylation is also one of the common epigenetic
regulators. We demonstrated significant negative
relationships between DLAT expression and methylation in
most tumors (Fig. 2B). Moreover, we evaluated the
differential expression of DLAT promoter methylation levels
between cancers and normal tissue. The results exhibited a
high methylation level of DLAT in BLCA, esophageal
carcinoma (ESCA), HNSC, and LIHC tissues compared to
normal tissues (Fig. 2C). Furthermore, Increased DLAT
methylation was related to shorter OS in patients with KIRC

and sarcoma (SARC), while was correlated with longer OS
in patients with LIHC (Fig. 2D). These results identified that
DLAT might influence tumor development by regulating the
repair of RNA and DNA methylation across cancers.

Clinical characteristics of DLAT in pan-cancer
To further assess the prognostic value of DLAT expression
across cancers, we performed a Cox proportional hazards
model analysis, including OS, DSS, DFI, and PFI. Univariate
Cox regression analysis of OS identified that DLAT was a
risk factor for patients with LIHC, glioma (GBMLGG),
TARGET-LAML, LGG, BRCA, LAML, BLCA, recurrence
acute lymphoblastic leukemia (TARGET-ALL-R) and
pancreatic adenocarcinoma (PAAD) and benefit for patients
with KIRC, Pan-kidney cohort (KICH+KIRC+KIRP)
(KIPAN), COADREAD, COAD, neuroblastoma (TARGET-
NB) and rectum adenocarcinoma (READ) (Fig. 3A). The
DSS analysis demonstrated that DLAT was related to poor
survival in patients with GBMLGG, LGG, LIHC, PAAD,
BLCA, and uveal melanoma (UVM) and was correlated
with favorable survival in patients with KIRC, KIPAN, and
KIRP (Fig. 3B). The DFI analysis showed that DLAT was an
adverse prognostic factor for patients with PAAD (Fig. 3C).
The PFI analysis demonstrated that DLAT was a
unfavorable factor for patients with UVM, GBMLGG, ACC,
LIHC, BLCA, SKCM-P, and cervical squamous cell
carcinoma and endocervical adenocarcinoma (CESC) and
benefit for patients with KIRC and KIPAN (Fig. 3D).

Furthermore, Kaplan‒Meier survival analyses were
explored across cancers. The OS analysis showed that

FIGURE 1.Differential analysis of DLAT expression across cancers. (A) DLAT expression between tumor and normal samples from the GTEx
and TCGA databases. (B) DLAT expression in matched tumor and normal samples from XENA and TCGA. ns: not significant; *p < 0.05; **p <
0.01; ***p < 0.001.
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elevated DLAT expression levels were an unfavorable factor in
ACC, BRCA, GBMLGG, LGG, LIHC, PAAD, SKCM, and
TARGET-LAML, whereas were favorable in KIPAN, KIRC,
KIRP, COAD, COADREAD, and READ (Suppl. Fig. S3). In
addition, DSS analysis showed that increased DLAT was
related to poor survival in patients suffering from ACC,
BRCA, GBMLGG, LGG, LIHC, PAAD, prostate
adenocarcinoma (PRAD), and SKCM, while favorable
survival in COAD, COADREAD, and KIRC (Suppl. Fig. S4).

Meanwhile, PFI analysis showed that increased DLAT was
connected with shorter survival in ACC, GBMLGG, LGG,
LIHC, and PAAD; while was a protective factor for COAD,
COADREAD, and KIRC patients (Suppl. Figs. S5A and
S5B). Moreover, DFI analysis showed that PAAD patients
had a relatively shorter survival time with high expression
levels of DLAT (Suppl. Fig. S5C).

We explored the relationship between DLAT expression
and patient age. We found that older patients had increased

FIGURE 2. Epigenetic alterations of DLAT. (A) Correlation between DLAT and RNA-modified genes. (B) Radar plot showing the correlation
between DLAT and promotor methylation. (C) Differential expression of DLAT promoter methylation levels across cancers. (D) Kaplan‒Meier
curves exhibiting the correlations of DLAT promoter methylation levels and OS. *p < 0.05; **p < 0.01; ***p < 0.001.
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DLAT expression o in GBMLGG and STAD, while had lower
expression in lung adenocarcinoma (LUAD), ovarian serous
cystadenocarcinoma (OV), READ, and testicular germ cell
tumors (TGCT) than younger patients (Fig. 4A). Moreover,
we exhibited that patients who had high DLAT expression
had more advanced stages in GBMLGG, LGG, LIHC, and
LUAD, while with more favorable stages of KIRC and
THCA (Fig. 4B). The diagnostic value of DLAT was
assessed by ROC curves. The AUC of ROC analysis has
relative diagnostic accuracy in GBMLGG (AUC = 0.845),
GBM (AUC = 0.877), and LGG (AUC = 0.837) (Fig. 4C).
The AUC of ROC analysis had high/relative accuracy
(AUC > 0.7) in 18 types of cancers. The detailed results of
all cancers are exhibited in Suppl. Table S2. These results
suggested that DLAT was a good diagnostic factor in most
cancers.

Besides, we demonstrated that DLAT was differently
expressed in 15 cancer types for immune subtypes,
including ACC, BRCA, CESC, COAD, KIRC, KIRP, LUAD,
lung squamous cell carcinoma (LUSC), OV, cervical
squamous cell carcinoma and endocervical adenocarcinoma
(PCPG), PRAD, READ, SKCM, STAD, and UCEC
(Fig. 5A), and was differently expressed in 9 cancer types for
molecular subtypes, including ACC, BRCA, ESCA, LGG,
OV, PCPG, PRAD, STAD, and UCEC (Fig. 5B).

Nowadays, cancer patients often obtain drug resistance,
leading to tumor relapse and influencing patients’ prognosis
and survival. Therefore, the association between DLAT and
the drug response of tumor cells was explored to evaluate
the therapeutic biomarker value of DLAT We exhibited that
DLAT was positively associated with IC50 values of seven
compounds, including PI3Kβ inhibitor (AZD6482), PKC

FIGURE 3. Forest plots of DLAT by univariate Cox regression analysis across cancers. (A) OS. (B) DSS. (C) DFI. (D) PFI.
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inhibitor (midostaurin), HSP90 inhibitor (tanespimycin), and
MEK inhibitors (PD0325901, refametinib, trametinib,
selumetinib), which suggested that patients with increased
DLAT were more resistant to these drugs. However, patients
with increased DLAT were more sensitive to 63 compounds,
including rTRAIL, HDAC inhibitor (belinostat), and others
(Suppl. Table S3). Therefore, the DLAT expression may be a
biomarker for drug treatment in tumors.

Tumor microenvironment analysis
The tumor microenvironment (TME) was essential in tumor
occurrence and progression. The ESTIMATE algorithm was

performed and our results revealed that increased DLAT
expression had negative scores in GBM, UCEC, CESC,
LUAD, ESCA, stomach and esophageal carcinoma (STES),
SARC, KIPAN, STAD, LUSC, SKCM-P, THCA, PCPG, and
ACC (Fig. 6A).

TMB, MSI, and tumor purity are emerging biomarkers
associated with the immunotherapy response. We revealed
that DLAT expression was positively related to TMB in
GBMLGG, LUAD, LAML, STES, STAD, UCES, and THYM
(Fig. 6B). In addition, DLAT expression was negatively
correlated with MSI in GBMLGG, BRCA, PRAD, HNSC,
LUSC, THCA, and DLBC (Fig. 6C). Besides, DLAT was

FIGURE 4. The relationship of DLAT to
clinical and diagnostic value. (A) Different
expressions of DLAT in different patients’
age from TCGA. (B) Different expression
of DLAT on tumor stage from TCGA. (C)
ROC curve of DLAT expression in the
TCGA and GTEx database in GBMLGG,
GBM and LGG. ns: not significant; *p <
0.05; **p < 0.01; ***p < 0.001.
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positively related to purity in GBMLGG, TGCT, THYM,
GBM, SARC, LUSC, SKCM, STAD, STES, PCPG, KIPAN,
KIRC, and LUAD (Fig. 6D).

RNAss and DNAss can reflect the features of tumor stem
cells. The high stemness scores represent the activity of tumor
stem cells, are correlated with drug resistance and the
continuous proliferation of tumor cells, and are correlated
with poorer survival. Additionally, we found DLAT was
positively correlated with RNAss and DNAss in most
cancers, including GBMLGG (Fig. 6E). These results
identified DLAT as a prognostic factor for patients.

In addition, deficient mismatch repair (MMR) also
participated in tumorigenesis and development. We
demonstrated that DLAT expression was positively
correlated with almost all five MMR genes (MSH2, MSH6,
PMS2, MLH1, and EPCAM) in most tumors (Fig. 6F).
Therefore, DLAT might affect tumor development by
regulating the repair of DNA mismatch in cancers.

Tumor immune microenvironment analysis
We explored the association between DLAT expression and
immune-related cell infiltration by using different

FIGURE 5. Relationships between DLAT expression and (A) immune subtypes and (B) molecular subtypes.
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algorithms. DLAT expression was statistically negatively
associated with CD4+ T cells infiltration in TGCT (Fig. 7A).
Moreover, our data demonstrate that DLAT expression was
statistically negatively related to CD8+ T cells infiltration in
ACC, GBM, HNSC, HNSC-HPV+, OV, TGCT, and UCEC
(Fig. 7B). In addition, DLAT expression was statistically

positively correlated in HNSC-HPV+, LIHC, PRAD, and
SKCM-P (Fig. 7C). Additionally, DLAT expression was
positively related in BRCA-lumB, CESC, HNSC, HNSC-
HPV+, LIHC, and PAAD (Fig. 7D). Furthermore, we
suggested that DLAT was significantly negatively associated
with the infiltration level of most immune cells across

FIGURE 6.Association between DLAT expression and immune infiltration across cancers. (A) Relationship betweenDLAT expression and the
StromalScore, ImmuneScore, and ESTIMATEScore. (B) Association of DLAT expression with the TBM. (C) Association of DLAT expression
with MSI. (D) Association of DLAT expression with purity. (E) Association of DLAT expression with DNAss and RNAss. (F) Association of
DLAT expression with MMR. *p < 0.05; **p < 0.01; ***p < 0.001.
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cancers, including CD8+ T cells and plasmacytoid dendritic
cells, while positively related to T helper 2 cells and central
memory T cells (Suppl. Fig. S6).

Tumors can escape immune responses by immune
checkpoint proteins and immune regulatory genes could
participate in immune response. We exhibited that DLAT
expression was positively associated with immune
checkpoint genes in the majority of tumor types including
GBMLGG and LGG (Fig. 8A). Additionally, DLAT
expression was positively correlated with immune regulatory
genes in many tumor types including GBMLGG and LGG
(Fig. 8B). In general, these results suggested that DLAT

might regulate immune cell infiltration and the immune
pathways in most tumor types.

Enrichment analysis
A total of 50 DLAT-binding proteins were acquired by using
the STRING tool (Fig. 9A). The top 100 DLAT-related genes
were obtained from the GEPIA2 tool. We identified that the
DLAT was positively correlated with Succinate
Dehydrogenase Complex Subunit D (SDHD), Zw10
Kinetochore Protein (ZW10), Cullin 5 (CUL5),
Ubiquitination Factor E4A (UBE4A) and NADH:
Ubiquinone Oxidoreductase Core Subunit S1 (NDUFS1)

FIGURE 7. Association between DLAT expression
and immune cell infiltration across cancers. (A)
Relationship between DLAT and the immune
infiltration of CD4+ T cells. (B) Association between
DLAT and the immune infiltration of CD8+ T cells.
(C) Correlation between DLAT and the immune
infiltration of Tregs. (D) Relationship between DLAT
and the immune infiltration of cancer-associated
fibroblasts.

10 HUI ZHOU et al.



(Fig. 9B). The heatmap data also exhibited a positive
relationship between DLAT and the above five genes across
cancer (Fig. 9C). Dihydrolipoamide dehydrogenase (DLD)
and citrate synthase (CS) were two common genes in these
two groups (Fig. 9D). KEGG pathway enrichment analysis
of these two datasets revealed that these genes were mainly
related to carbon metabolism, the citrate cycle (TCA cycle),
and others (Fig. 9E). GO enrichment analysis identified that
these genes mainly played molecular functions in
oxidoreductase activity, electron transfer activity, and others
(Fig. 9F). Moreover, we performed GSEA analysis and found
that DLAT related genes were mainly enriched in pathways
like cell cycle in BLCA and GBMLGG (Suppl. Fig. S7).

DLAT acts as a biomarker for glioma cancer
The above studies demonstrated that DLAT was significantly
highly expressed in GBM and LGG, and it was strongly
associated with OS, DSS, and PFI in GBMLGG patients.
Besides DLAT expression was also significantly associated
with tumor microenvironment. Therefore, we next explored
the clinical value and the potent biological functions of
DLAT in glioma patients. We identified that the protein
levels of DLAT were increased in glioma tissue than in
normal tissue, especially in high-grade glioma patients
(Suppl. Fig. S8). We assessed the prognostic value of DLAT

in CGGA clinical samples, and we showed that increased
DLAT expression was related to poor survival in primary
glioma patients, and in grade III patients in different
datasets (Fig. 10A). Furthermore, we found that higher
DLAT levels were correlated with glioblastoma, IDH status
(wild type), and primary therapy outcome (PD) (Fig. 10B).
While DLAT expression was not correlated with 1p/19q
codeletion status (Fig. 10B).

Then we performed GSEA to explore the functions of
DLAT in GBMLGG. The top 10 GSEA terms in the indicated
tumor types are shown in Fig. 10C. We demonstrated that
DLAT had a strong association with sister chromatid
segregation, and ATP-dependent activity acting on DNA,
mainly located in the synaptic membrane. The enrichment
HALLMARK pathways showed that DLAT might play a role
in the G2/M checkpoint, E2F targets, Uv response, epithelial-
mesenchymal transition (EMT), and mitotic spindles (Suppl.
Fig. S9). These suggested DLAT may participate in the cell
cycle to affect the occurrence and progression of tumors.
Furthermore, we performed an experimental study to verify
the function of DLAT in glioma cells.

Furthermore, we performed ssGSEA analysis to evaluate
immune cell infiltrtions in glioma. We discovered that DLAT
high expression group was immune-active and stroma-rich
subtype, which had high infiltrating levels of M0 and M1

FIGURE 8. Association between DLAT expression and immune-related genes across cancers. (A) Correlation between DLAT and immune
checkpoint genes. (B) Association between DLAT and immune regulatory genes. *p < 0.05.
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macrophages, fibroblast, actived CD4 T cell, central memory
CD8 T cell, effector memory CD4 Tcell, gamma delta T cell,
immature B cell, memory B cell, regulatory T cell, type 1,
17, and 2 helper T cells, actived natural killer cell, mast cell,
matural killer T cell, neutrophil, and plasmacytoid dendritic
cell (Fig. 10C and Suppl. Fig. S10). While low DLAT

expression group was immune-desert subtype, was
characterized by low infiltration of most immune and
stromal cells.

DLAT was mainly expressed in malignant cells at single
cells in glioma tissues by TISCH (Figs. 11A and 11B).
Besides, we found that DLAT was mainly located in the

FIGURE 9. The enrichment analysis of DLAT-related genes across cancers. (A) The DLAT-binding proteins from the STRING. (B) The top 4
DLAT-related genes by GEPIA2. (C) Heatmap for the five DLAT-related genes across cancers. (D) Venn plot for the intersection of the DLAT-
binding and related genes. (E) KEGG pathway analysis from the two datasets. (F) The circle map for the molecular function in GO analysis.
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endoplasmic reticulum (ER) (Fig. 11C). To validate the
function of DLAT in glioma, we developed silenced DLAT
A172 glioma cell lines (Fig. 11D). Furthermore, DLAT
silencing inhibited cell proliferation (Fig. 11E), promoted
cell apoptosis (Fig. 11F), and inhibited the migration and
invasion (Fig. 11G). These results demonstrated that DLAT
was essential in the occurrence and development of glioma.

Discussion

DLAT is subunit E2 of the pyruvate dehydrogenase complex
(PDC) [4], and was essential for malignancies by regulating
cuproptosis [24]. DLAT was reported to be associated with

some cancers and participated in the occurrence and
prognosis of tumors. However, the detailed role of DLAT
across cancers and the potential mechanism for
tumorigenesis are still unclear. Therefore, we performed a
comprehensive analysis of DLAT across cancers and
validated its function in glioma.

We demonstrated that the DLAT gene was increased in
most cancers, and was a risk prognostic factor. In addition,
DLAT expression was associated with age, tumor stage, and
diagnostic value. These results were consistent with previous
studies [6,10,12–14]. DLAT could also affect the efficacy of
many compounds. A previous study showed that alternate
killed prostate cancer by targeting the DLAT protein [25].

FIGURE 10. The clinical value and the potent biological functions of DLAT in glioma. (A) The survival analysis of DLAT in glioma patients.
(B) Relationship between DLAT expression and clinical characteristics in GBMLGG, including histological type, IDH status, primary therapy
outcome, and p/19q codeletion. (C) Difference of the infiltration of immune cells between high and low DLAT expression groups in CGGA
database. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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This indicated that DLAT acted as a biomarker for the
prognosis, diagnosis, and therapy of cancer patients.

Genetic and epigenetic alterations have been closely
associated with tumorigenesis. RNA methylation
modifications play a role in many processes, like cell
differentiation and development [16,26–28]. DNA
methylation plays an important role in the occurrence and

progression of cancers [29,30]. Our results identified that
DLAT was positively related to RNA methylation
modification genes and DNA methylation. These revealed
that genetic and epigenetic alterations could affect DLAT
expression and participate in the development of tumors.

TMB, MSI, and tumor purity are emerging biomarkers
associated with the immunotherapy response [18,31,32].

FIGURE 11. Validation of the expression of the DLAT. (A) The expression profiles of DLAT in the single cells from glioma tissues. (B) DLAT
RNA-seq analysis of the Genotype-Tissue Expression (GTEx) and TCGA sample set. (C) The qRT-PCR and WB detected the efficacy of
silencing DLAT in A172 cells. (D) The silencing of DLAT inhibited the cell viability of A172 cells. (E) The silencing of DLAT promoted
the apoptosis of the A172 cells. (F, G) Migration and invasion ratio of the GBM cell line by Transwell membranes (5-mm pore size).
Independent experiments were performed 3 times. n = 3 per group. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Moreover, previous studies also clarified that high somatic
TMB was associated with favorable survival prognosis in
cancer patients with immunotherapy [33,34]. Additionally,
patients with gastroesophageal cancer and colorectal cancer
with high-frequency MSI were related to favorable efficacy
and good survival after immunotherapy [34,35]. RNAss and
DNAss can reflect the features of tumor stem cells [20]. The
high stemness scores represent the activity of tumor stem
cells, and is associated with drug resistance and the
continuous proliferation of tumor cells, and are correlated
with poorer survival [21]. MMR helps cells to maintain
genomic stability. MMR deficiency is associated with the
therapeutic efficacy of immunotherapy [36]. We showed
that DLAT expression was significantly associated with
TMB, MSI, purity, stemness scores, and MMR in multiple
cancer types, thereby affecting the efficacy of
immunotherapy. Therefore, DLAT could be a possible
immunotherapeutic target for cancers.

Currently, the tumor immune microenvironment
(TIME), comprising various infiltrating immune and
stromal cells influences malignancies, including the
proliferation and invasion of tumors [37,38], and affects
treatment response and clinical outcomes [39]. The
ESTIMATE algorithm is a prognostic factor in cancers [40].
The high ESTIMATE score is associated with a low purity,
advanced cancer stage, and poor prognosis [40,41]. The
present research displayed notable negative correlations
between DLAT expression and all three scores, for example
in GBM, which may explain, in some ways, the essential
role of DLAT in GBM, as mentioned above. The tumor
stroma contains immune infiltration cells, which critically
take part in tumor occurrence and progression [38,42]. Our
study exhibited that DLAT expression was associated with
CD4+ T cells, CD8+ T cells, Tregs, and cancer-associated
fibroblasts in many cancers. For example, CD8+ T cells
were negatively correlated with GBM. Furthermore, DLAT
expression was positively related to different immune-
related genes and immune infiltrating cells in cancers such
as GBM, UVM, and DLBC. Therefore, we inferred that
DLAT might form positive feedback with certain immune
checkpoint genes, inhibiting the function of cytotoxic
immune cells, enabling tumor cells to escape immune
surveillance, and enhancing their malignancy.

Single-cell analysis displayed that DLAT might
participate in cancers by regulating DNA repair and
stemness. KEGG and GO enrichment analyses suggested
that DLAT was related to the TCA cycle, and others. GSEA
suggested that DLAT participated in the processes of the cell
cycle, transcription factors, inflammatory response, and so
on. In conclusion, these results identified that DLAT played
an oncogenic role across cancers.

In addition, we analyzed that DLAT was highly expressed
in glioma patients, and acted as a risk prognostic factor.
Besides, the high DLAT expression had immune-active and
stroma-rich subtypes, which had both tumor-suppressing
and tumor-promoting immune cells and stromal cells,
might benefit from immunotherapy [22]. This result was
consistent with the result of relationship between DLAT and
MSI status. However, these results only reflected the
relationship but not the causation, more experiments are

needed. DLAT silencing experiment demonstrated that
DLAT was essential in the occurrence and development of
glioma.

The above comprehensive analysis identified that DLAT
might be a potential prognostic and immune infiltration
marker and therapeutic target for tumors, while further
experiments are needed to validate its correlation with
immune infiltration, and verify the relationship with the
current immunotherapy.

In summary, our study systematically performed a multi-
omics combined analysis of DLAT across cancers, and we
demonstrated the abnormal expression profiles of DLAT
and its relationship with clinical, prognosis, epigenetic
alterations, and immune response. Additionally, we also
analyzed the potential function and mechanism of DLAT in
a variety of human cancers, and validated its oncogenic role
in glioma cells.
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