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Oncogenic role of copper-induced cell death-associated
protein DLLD in human cancer: A pan-cancer
analysis and experimental verification
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Abstract. Copper ions can bind directly to lipoylated
components of the tricarboxylic acid (TCA) cycle, trig-
gering the aggregation of mitochondrial lipoylated proteins
and the destabilization of Fe-S cluster proteins, resulting in
copper-dependent cell death. Dihydrolipoamide dehydroge-
nase (DLD) is a key protein of the TCA cycle and constitutes
the E3 component of the a-ketoglutarate dehydrogenase
complex, which is deeply interconnected with the mito-
chondrial electron transfer chain in the TCA cycle. Tumor
cells demonstrate dependency on glutaminolysis fuelling to
carry out the TCA cycle and essential biosynthetic processes
supporting tumor growth. Therefore, DLD plays an important
role in the tumor biological process. However, to the best of
our knowledge, no pan-cancer analysis is currently available
for DLD. Therefore, the present study first explored the DLD
expression profile in 33 tumors in publicly available datasets,
including TIMER2, GEPIA2, UALCAN, cBioPortal and
STRING. TIMER?2, GEPIA2 and UALCAN were used for
exploring gene expression; survival prognosis was detected
by GEPIA2; genetic alteration was analysed by cBioPortal;
immune infiltration data was obtained from TIMER?2; inter-
acting proteins of DLD were detected by STRING. DLD was
found to be highly expressed in colon, liver, lung, stomach,
renal, corpus uteri endometrial and ovarian cancers compared
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with normal tissues, and its high expression was associated
with poorer prognosis in ovarian cancer. To the best of our
knowledge, the present study provided the first comprehensive
pan-cancer analysis of the oncogenic role of DLD across
different tumors types. As the expression of DLD in ovarian
cancer was high, and high expression is associated with poor
prognosis, experimental verification of DLD in ovarian cancer
was conducted. In the present study, DLD expression was
found to be high in the ovarian cancer OC3 cell line, compared
with the normal ovarian epithelial IOSESO cell line by reverse
transcription-quantitative PCR analysis. After knockdown of
DLD expression, it was found that DLD regulated metabolic
pathways by suppressing the intracellular NAD*/NADH
ratio, which then in turn suppressed tumor cell proliferation
detected by MTT assay. In conclusion, the present pan-cancer
analysis of DLD demonstrated that DLD expression was
associated with the clinical prognosis, immune infiltration and
tumor mutational burden in 33 tumor types, and experimental
verification in ovarian cancer was conducted. These results
may contribute to the understanding of the role of DLD in
tumorigenesis.

Introduction

Copper is an essential micronutrient and is required for a wide
range of physiological processes in all cell types in humans.
Therefore, copper homeostasis is highly important and the
accumulation of intracellular copper can lead to oxidative
stress, resulting in perturbed cellular function. Recently, a
new pattern of cell death, named copper-dependent death,
has been reported and its mechanism was distinct from
other mechanisms known to regulate cell death as it was
demonstrated to occur through the direct binding of copper
to lipid components of the tricarboxylic acid (TCA) cycle (1).
The dihydrolipoamide dehydrogenase (DLD) gene encodes a
member of the class-I pyridine nucleotide-disulfide oxidore-
ductase family, and is a key regulator of the TCA cycle that
has also been identified as a moonlighting protein based on
its ability to regulate energy metabolism and the cell cycle (2).
In the TCA cycle, DLD catalyzes the reduction of NAD* to
NADH in the second dehydration step (3). Previous studies
have found that DLD is one of seven genes (FDX1, LIPTI,
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LIAS, DLD, DLAT, PDHAI1, and PDHB) that are involved in
copper-dependent death (1,4). Among these genes, FDXI1 is a
reductase known to reduce Cu?* to its more toxic form, Cu*,
and to be a direct target of elesclomol (4). LIPT1, LIAS, and
DLD are components of the lipoic acid pathway, and DLAT,
PDHAI, and PDHB are protein targets of lipoylation (1,4,5).
Tumor cells depend on glutaminolysis fuelling to carry out
the TCA cycle and essential biosynthetic processes supporting
tumor growth, and DLD, a dehydrogenase found in several
multi-enzyme complexes that regulate energy metabolism,
plays an important role in the tumor biological process (2).
It is therefore important to perform a pan-cancer expression
analysis of copper-induced cell death-associated genes. This
information can be used to assess their association with
clinical prognosis and asses their underlying molecular func-
tions mechanistically. A pan-cancer analysis of FDX1 was
recently conducted, and it was demonstrated that FDX1 was
significantly associated with immune-related pathways (6).
The expression level of FDX1 was also demonstrated to be
correlated with immune cell infiltration, immune checkpoint
genes, and immune regulatory genes (6).

To the best of our knowledge, there is currently no
pan-cancer evidence based on clinical big data that demon-
strated the relationship between DLD and various tumor
types. Therefore, the aim of the present study was to use
publicly available databases to conduct a pan-cancer analysis
of DLD, including an analysis of the DLD expression profile,
DLD genetic alteration associated with survival status and the
degree of immune infiltration. In addition, the present study
attempted to assess the possible underlying molecular mecha-
nisms of DLD in different cancer types.

Materials and methods

Gene expression. In order to explore DLD expression in
pan-cancer, DLD was first inputted into the ‘Gene DE’ module
in tumor immune estimation resource, version 2 (TIMER?2;
http://timer.cistrome.org/), before the differential expression
of DLD was observed between adjacent normal and tumor
tissues, which compares data from The Cancer Genome Atlas
(TCGA) project. The ‘Expression Analysis-Box Plots’ module
in gene expression profiling interactive analysis, version 2
(GEPIAZ2: http://gepia2.cancer-pku.cn) was used to obtain the
differential expression of DLD between the tumor tissues and
the corresponding normal tissues. Using GEPIA, expression
data in normal tissues were obtained from the genotype-tissue
expression (GTEx) database and TCGA normal data, whereas
tumor tissues data were obtained from the TCGA. In addition,
violin plots of DLD expression at different pathological stages
of the tumors were obtained from GEPIA?2 in the ‘stage plots’
module, an interactive web resource for analyzing cancer
Omics data. The University of Alabama at Birmingham
CANcer data analysis Portal (UALCAN; http://ualcan.path.
uab.edu/) was used for DLD protein expression analysis using
the ‘CPTAC’ module.

Survival prognosis. The ‘Survival Map’ module of GEPIA2
was used to obtain the overall survival (OS) and disease-free
survival (DFS) significance of DLD in 33 tumor types. In
the ‘Group Cutoff” module ‘Median’ was selected, then high

(=50%) and low (<50%) cut-off values of the expression
threshold were used to split the cohorts into high and low
expression groups.

Genetic alteration.In cBioPortal web (https://www.cbioportal.
org/), ‘DLD’ was entered into the ‘Quickselect’ section before
‘TCGA Pan Cancer Atlas Studies’ was selected. The alteration
frequency, mutation type and Copy Number alteration (CNA)
of DLD across all TCGA tumors were found in the ‘Cancer
Types Summary’ module. The ‘Comparison’ module was
then used to obtain the data on the OS, DFS, progression-free,
and disease-free survival differences, in addition to the
Kaplan-Meier plots with log-rank P-values.

Immune infiltration. In the TIMER2 web server, the
‘Immune-Gene’ module was used to explore the association
between the degree of immune infiltration and DLD expres-
sion in tumors. Spearson's correlation analysis in TIMER?2
was used to assess this association. As cancer-associated
fibroblasts and CD8" play a key role in the tumor microenvi-
ronment, cancer-associated fibroblasts and CD8* T-cells were
selected for analysis. The ‘TIMER’, ‘CIBERSORT-ABS’,
‘CIBERSORT’, ‘XCELL’, ‘QUANTISEQ’, ‘EPIC’, and
‘MCPCOUNTER’ algorithms were applied for the estimation
of immune infiltration. A heatmap and a scatter plot were
generated for the data.

DLD-related gene enrichment analysis. A single protein name
‘DLD’ was inputted whereas the organism ‘Homo sapiens’
was selected in the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING, version 11.5; https://string-db.org/)
online tool. The main parameters were as follows: i) ‘Low confi-
dence (0.150)’; ii) ‘evidence’; iii) ‘no more than 50 interactors’;
and iv) ‘experiments’. Finally, a list of potential DLD-binding
proteins were obtained. The top 100 DLD-correlated targeting
genes were also obtained using the ‘Similar Gene Detection’
module of GEPIA, and a threshold of 0.6. In addition, in TIMER?2,
using the ‘gene_corr’ module, gene scatter plots and a heatmap
of ‘purity’ and ‘infiltration level’ were obtained. Jvenn (7) was
then used to compare the DLD-binding proteins from STRING
and to obtain the related genes from GEPIA, and the overlap
areas represented the common genes of the two groups. In
addition, Kyoto Encyclopedia of Genes and Genomes (KEGG)
(https://www.genome.jp/kegg/) was used for pathway analysis,
using the threshold of a count >3, and P<0.05. The enriched
pathways were visualised with the ‘ggplot2’ R packages (8).

Cell culture. The human ovarian cancer cell line OC3
(cat. no. HTB-161) was obtained from American Type Culture
Collection and the normal ovarian epithelial cell line IOSE80
(cat. no. CM-H049) was obtained from Shanghai Gaining
Biotechnology Co., Ltd. Dulbecco's modified Eagle's medium
(DMEM) (Invitrogen; Thermo Fisher Scientific, Inc.) supple-
mented with 10% Fetal Bovine Serum (FBS) (Invitrogen;
Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin
were used to culture the cells at 37°C in a 5% CO, incubator.

SiRNA transfection. Small interfering RNA (siRNA) was
purchased from Shanghai GenePharma Co., Ltd. Transfections
were performed as described previously (9). OC3 cells were
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cultured in DMEM supplemented with 10% FBS in a 6-well
plate until 70% confluence, then transfected with siRNA
(20 nM) using Lipofectamine® 3000 (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
instructions. Transfection was performed at 37°C for 6 h
before changing the transfection medium with fresh culture
medium. The cells were harvested 48 h post-transfection for
reverse transcription-quantitative PCR (RT-qPCR) analysis.
The sequences used were listed in Table I.

RT-gPCR. The total RNA was extracted from IOSE80
and OC3 cells using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.), including both siRNA transfected
and untransfected cells. After total RNA was extracted, the
EasyScript One Step gDNA Removal and cDNA Synthesis
SuperMix (TransGen Biotech Co., Ltd.) was used to acquire
the first strand cDNA following the manufacturer's proto-
cols. Next, gPCR was performed using TB Green® Premix
EX Taq™ II (Takara Bio, Inc.) with an Applied Biosystems
7900 Real-Time PCR System (Thermo Fisher Scientific,
Inc.) with an initial denaturation at 95°C for 30 sec, followed
by 95°C for 5 sec and 60°C for 34 sec by 40 cycles and
extension at 72°C for 5 min; final extension at 72°C for
15 min. The internal RNA standard was [-actin expres-
sion. Expression levels of RNA were calculated based on
the comparative 2444 method (10). The primers used for
RT-qPCR were provided in Table II. All reactions were
performed in triplicate.

Measuring the intracellular NAD*/NADH ratio.
NAD*/NADH assay kit (cat. no. MET-5018; Cell Biolabs,
Inc.) was used to measure the intracellular NAD*/NADH
ratio following the literature reported protocol (11). For NAD
measurement, sSiRNA transfected and untransfected OC3
cells grown in a 48-well plate were killed with 50 ¢l HCIO,
and then neutralized with an equal volume of KOH, whereas
the opposite was conducted for NADH extraction with an
additional heating step (60°C, 30 min) between KOH and
HCIO, additions. After the addition of 100 g1 100 mM bicine
(pH 8), 50 ul cell extract was mixed with an equal volume of
bicine buffer containing 23 ul/ml ethanol, 0.17 mg/ml MTT,
0.57 mg/ml phenazine ethosulfate, and 10 g of alcohol
dehydrogenase. Finally, a microplate reader was used to
measure the absorption at 450 nm after 1 h incubation at
room temperature.

Cell proliferation assay. Post-transfection, OC3 cells were
seeded at a density of 1,000 cells per well in 96-well plates. A
total of five wells were used as replicates. A total of 10 ul MTT
reagent (5 mg/ml) was incubated with the cells (0, 24, 48, and
72 h groups) at 37°C for 2 h. Subsequently, 150 1 DMSO was
added to each of the wells. A microplate reader was used to
measure the absorbance at a wavelength of 490 nm.

Statistical analysis. GraphPad Prism 8.0 (GraphPad Software,
Dotmatics, Inc.) was used to analyse the data using an unpaired
Student's t-test. Data are presented as the mean + standard
deviation. P<0.05 was considered to indicate a statistically
significant difference. All proliferation experiments were
performed in triplicate.

Table I. siRNA and negative control sequences.

Name Sequence (5'-3")

DLD siRNA Sense: GCACUAAUGUGUAAGA
CAA
Antisense: UUGUCUUACACAUUA
GUGC

Control DLD siRNA AUGAUGGCACGUCGUACAC

DLD, Dihydrolipoamide dehydrogenase; siRNA, small interfering
RNA.

Table II. Primers for reverse transcription-quantitative PCR.

Gene Primer sequence (5'-3")
Dihydrolipoamide F: TTACACACACCCTGAAGTTGC
dehydrogenase R: GGATCTTCACCATGCCATCTG
[-actin F: TCACCCACACTGTGCCCATCTA
CGA
R: CAGCGGAACCGCTCATTGCCAA
TGG
Results

Gene expression analysis. In the TCGA datasets, it was found
that in Cholangiocarcinoma (CHOL), liver hepatocellular carci-
noma (LIHC), lung squamous cell carcinoma (LUSC), kidney
chromophobe (KICH) and stomach adenocarcinoma (STAD),
the expression of DLD was higher compared with that in the
corresponding control tissues. However, in bladder urothelial
carcinoma (BLCA), colon adenocarcinoma (COAD), breast
invasive carcinoma (BRCA), kidney renal clear cell carcinoma
(KIRC), pheochromocytoma and paraganglioma (PCPG),
rectum adenocarcinoma (READ), prostate adenocarcinoma
(PRAD), and thyroid carcinoma (THCA), the expression of
DLD was lower compared with that the corresponding control
tissues (Fig. 1A).

The expression profiles of DLD were then evaluated after
including the dataset of normal tissues from GTEx, which
found that DLD expression was higher in glioblastoma multi-
forme (GBM), pancreatic adenocarcinoma (PAAD), thymoma
(THYM), and lymphoid neoplasm diffuse large B-cell
lymphoma (DLBC). However, the opposite was found in acute
myeloid leukemia (LAML; Fig. 1B).

In ovarian serous cystadenocarcinoma (OV) and uterine
corpus endometrial carcinoma (UCEC), the expression of
DLD was higher compared with that in the normal tissues
according to the results of the CPTAC dataset. By contrast, the
expression of DLD was lower in LIHC, BRCA, head and neck
squamous cell carcinoma (HNSC), PAAD, KIRC, COAD and
GBM compared with that in normal tissues (Fig. 1C).

In READ, lung adenocarcinoma (LUAD), kidney renal
papillary cell carcinoma (KIRP), uterine carcinosarcoma
(USC), and thyroid carcinoma (THCA), the association
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Figure 1. Expression level of DLD. (A) DLD expression in different cancers according to TIMER?2. (B) DLD expression levels in GBM, DLBC, THYM,
LAML, and PAAD. Data were taken from TCGA and GTEx databases. The red color indicates DLD high expression, the blue color indicates DLD low
expression. (C) Comparison of total DLD protein expression levels between normal tissue and primary tumor tissue according to the CPTAC dataset for OV,
UCEC, LIHC, BRCA, HNSC, KIRC, PAAD, COAD, GBM. (D) Expression levels of the DLD at different pathological stages in READ, LUAD, UCS, KIRP,
KIRC, THCA, OV and BRCA based on TCGA data. "P<0.05; *"P<0.01; ““P<0.001. DLD, Dihydrolipoamide dehydrogenase; TIMER2, tumor immune estima-
tion resource; TCGA, The Cancer Genome Atlas; GTEX, genotype-tissue expression; GBM, glioblastoma Multiforme; DLBC, lymphoid neoplasm diffuse
large B-cell lymphoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; LAML, acute myeloid leukemia; READ, rectum adenocarcinoma;
PAAD, pancreatic adenocarcinoma; LUAD, lung adenocarcinoma; UCS, uterine carcinosarcoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver
hepatocellular carcinoma; BRCA, breast invasive carcinoma; HNSC, head and neck squamous cell carcinoma; KIRC, kidney renal clear cell carcinoma;
THCA, thyroid carcinoma; COAD, colon adenocarcinoma; OV, ovarian serous cystadenocarcinoma.

between DLD expression and the pathological stages was
found to be statistically significant according to the analysis by
the ‘Pathological Stage Plot” module of GEPIA. However, in
OV and BRCA, there were no significant associations (Fig. 1D).

The analysis in Fig. 1A is from mRNA expression data
obtained from the TCGA database but the analysis in Fig. 1C
is from protein expression data obtained from the CPTAC
database. However, Fig. 1D is an analysis of the associa-
tion between DLD expression and pathological stage, so the
expression levels of DLD in Fig. 1A, C and D were not similar.

Survival analysis. TCGA datasets were divided into high and
low expression groups according to DLD expression. It was
found that in BRCA, KICH, LUAD and OV, highly expressed
DLD was associated with poor prognosis, specifically OS. By

contrast, lower DLD expression was associated with shorter
OS in COAD, KIRC and KIRP (Fig. 2A). In terms of DFS,
in lower grade glioma (LGG) and mesothelioma (MESO),
higher DLD expression was associated with poorer prognosis.
However, in KIRC and KIRP, lower expression of DLD was
associated with poor prognosis (Fig. 2B). However, in Fig. 2
there was late time crossover of the curves, these events may
affect the results of the log-rank analysis. A weighted test, such
as the Renyi or Cramer-von Mises method, should be more
appropriate (12). Since the figures were obtained from GEPIA,
a new statistical analysis was not possible.

Genetic alteration analysis. In the different tumor samples,
the frequency of genetic alterations in the DLD gene in a list
of cancers was analyzed. The highest alteration frequency
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Figure 2. Relationship between DLD expression and patient prognosis. The GEPIA2 tool was used to perform (A) overall survival and (B) disease-free
survival analysis. GEPIA, gene expression profiling interactive analysis; DLD, Dihydrolipoamide dehydrogenase; BRCA, breast invasive carcinoma; KICH,
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of DLD (>10%) appeared for patients with mucinous
adenocarcinoma of the colon and rectum, with ‘mutation’
as the primary type. In the undifferentiated pleomorphic
sarcoma/malignant fibrous histiocytoma/high-grade spindle
cell sarcoma cases, ‘amplification’ was the primary type
of alteration, with a frequency of ~6%. In endocervical
adenocarcinoma cases, the copy number deletion of DLD
was found to be the most dominant genetic alteration, with a
~4% frequency (Fig. 3A).

The V212Sfs*32/Ffs*12 alteration in the Pyr_redox
domain was found to be the main type of genetic alteration of
DLD (Fig. 3B). After exploring the clinical survival prognosis
of tumors associated with genetic alterations of DLD, the
results showed that in HNSC, PRAD and KIRC, the genetic

alterations group were associated with poorer prognosis in
terms of OS (Fig. 3C).

Immune infiltration analysis. Tamor-infiltrating immune cells
have been previously implicated in tumor initiation, progres-
sion and metastasis (13). Cancer-associated fibroblasts can
also infiltrate tumors (14). A positive correlation between
DLD expression and the estimated degree of infiltration by
cancer-associated fibroblasts was found in HNSC, and HNSC
without human papillomavirus (HPV) infection. However,
there was a negative correlation between DLD expression
and cancer-associated fibroblast infiltration in KIRC, LUSC,
KIRP and THCA (Fig. 4A). Corresponding scatterplot data
of the aforementioned cancers for the correlation between
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DLD expression and the estimated infiltration value were also
represented (Fig. 4B).

Enrichment analysis. A total of 50 potential DLD-binding
proteins were obtained from the STRING tool to investigate
the molecular mechanisms of DLD in tumorigenesis (Fig. 5A).
The top 100 genes associated with DLD expression were also
obtained based on GEPIA. acylglycerol kinase (AGK), dihy-
drouridine synthase 4-like (DUS4L), NADH dehydrogenase
Fe-S protein 1 (NDUFSI), peptidase mitochondrial processing

B (PMPCB), and Wiskott-Aldrich syndrome-like (WASL) were
the top five genes that positively associated with DLD expres-
sion (Fig. 5B). The corresponding heatmap data also showed
a positive correlation between DLD expression and that of
the aforementioned five genes in the majority of the cancer
types tested (Fig. 5C). aconitase 2, mitochondrial Fo complex
subunit B1, citrate synthase, cytochrome ¢, DLAT, dihydro-
lipoamide S-succinyltransferase, isocitrate dehydrogenase
3a, NDUFSI, oxoglutarate dehydrogenase, succinate-CoA
ligase, and ubiquinol-cytochrome c reductase core protein 11



8 QI and ZHU: DLD IN HUMAN TUMORS

w

Purity

MCPCOUNTER Purity MCPCOUNTER

« Rho=0.14| .
74 . *% p=181e-03

X p>0.05

W p<0.05

MCPCOUNTER

EPIC
XCELL

ACC (n=79)

BLCA (n=408)

BRCA (n=1100)
BRCA-Basal (n=191)
BRCA-Her2 (n=82)
BRCA-LumA (n=568)

DLD Expression level (log2 TPM)
o
HNSC

« Rho =0.138]

RI . Rho = 0.124|
7 . *e p=5.80e-03| | 3

p=131e-02

Rho = 0.126)
p =5.09e~03|

DLD Expression level (log2 TPM)
o
HNSC-HPV-

BRCA-LumB (n=219)
CESC (n=306)
CHOL (n=36)

COAD (n=458)
DLBC (n=48)

025 050 075 1.000

Purity

20000 40000 60000

20000 40000 60000

Infiltration level Infiltration level

ESCA (n=185) Purity

EPIC Purity XCELL

GBM (n=153) . ;R:ngjg)q%a‘s .
HNSC (n=522) -

HNSC-HPV- (n=422)

HNSC-HPV+ (n=98)

KICH (n=66)

KIRC (n=533)

KIRP (n=290)

LGG (n=516)

LIHC (n=371)

LUAD (n=515)

LUSC (n=501)

KIRC

DLD Expression level (log2 TPM)

Rho =0.182]

Rho =-0.21 . . Rho = -0.152
p = 5.36e-06| 78 . p =6.45¢-05| | 4 p=8.926-04

Lusc

DLD Expression level (log2 TPM)

0.25 050

MESO (n=87) Puty

OV (n=303)
PAAD (n=179)
PCPG (n=181)

0.75 1.0000 0.1 02 03 0.4
Infiltration level

0.75 1.000.0 0.1 0.2 0.3

Infiltration level

0.50
Purity

0.25

0.00

PRAD (n=498) Purity

Spearman correlation
|
|

MCPCOUNTER Purity EPIC

READ (n=166)
SARC (n=260)
SKCM (n=471)
SKCM-Metastasis (n=368)

SKCM-Primary (n=103)
STAD (n=415)
TGCT (n=150)
THCA (n=509)
THYM (n=120)
UCEC (n=545)

Rho = -0.031

KIRP

.. pn623e-01| | & o

7 . Rho =0.082| |«
*p=7.12e-02| | ¢
. v ]

Rho =-0.251|
P =181e-08)

Rho = -0.198
p = 1.35¢~03|

THCA

DLD Expression level (log2 TPM)

UCS (n=57)

UVM (n=80) 0.50 1.00 0

Purity

0.25 0.75

2500 5000

DLD Expression level (log2 TPM)

000 025 050 075 1.000.0 0.2 0.4 0.6
Purity Infiltration level

7500
Infiltration level

Figure 4. Relationship between DLD expression and immune infiltration of fibroblasts associated with cancer. (A) Heatmap showing the correlation between
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were found to be in common between the two STRING and
GEPIA groups according to Venn analysis, which mean
that these 11 genes were closely related to DLD (Fig. 5D).
KEGG and gene ontology (GO) enrichment analyses were
also performed. It was found that ‘metabolic pathways’ was
the most enriched in the effect of DLD on tumor pathogenesis
by KEGG (Fig. 5E). In addition, ‘cellular metabolic process’
was the pathway enriched in most genes by GO enrichment
analysis (Fig. 5F).

Knocking down DLD expression increases the NAD*/NADH
ratio in OV. Because DLD was highly expressed in ovarian
cancer and associated with a poor prognosis, OV cells were
selected for in vitro experiments. It was showed by RT-qPCR
analysis that the mRNA expression levels of DLD in OC3
cells were significantly higher compared with those in the
normal ovarian epithelial cell line IOSESO (Fig. 6A). Next, the
efficiency of the DLD-knockdown was assessed by RT-qPCR
(Fig. 6B), and it was found that DLD expression was success-
fully decreased. In addition, a significant increase in the
NAD*/NADH ratio was observed in OC3 cell line compared
with that in the negative control group, when DLD expres-
sion was knocked down by DLD-specific siRNA (Fig. 6C),
suggesting that the intracellular NAD*/NADH ratio was
regulated by DLD inhibition. Results of the MTT assay indi-
cated that DLD-knockdown inhibited OC3 cell proliferation

(Fig. 6D). Thus, these findings suggest that suppressing DLD
expression can increase the NAD*/NADH ratio in OV cells,
which inhibited OC3 cell proliferation.

Discussion

A novel form of cell death induced by intracellular copper has
been demonstrated in a recent study, which has been termed
‘cuproptosis’ and has been previously shown to occur through
affecting TCA cycle (1). Cuproptosis operates through the
binding of copper to one of the lipoylated components (in partic-
ular, the pyruvate dehydrogenase complex) of the TCA cycle,
and DLD is a key regulator of the TCA cycle (15). DLD has
been reported to participate in a variety of cellular processes
in humans, such as regulating energy metabolism and the cell
cycle (16-18). To the best of our knowledge, the functional
relationship between DLD and tumors has only been reported
in four publications to date (19-22). Therefore, it remains to be
fully elucidated whether DLD may serve significant functions
in tumors. Through a literature search based on the pan-cancer
perspective, no evidence of a pan-cancer analysis of DLD was
found. Therefore, in a total of 33 different tumors, the DLD
gene expression profile was comprehensively examined in the
present study based on the online Bioinformatics databases,
where gene expression, genetic alteration, and immune infil-
tration were among the parameters included.



w

ONCOLOGY LETTERS 2

5: 214, 2023

ITGB1BP1

-/
NW?’\NDUFCZKCTDIA

MRPL42

TXNDC16

S)

ASBI1S

valve @ |
©1 05 w©
= = = © = =
= S v s s @ =
o o o o o
= = S = =
X 2o - ) =
g 2 £~ g~ 2
< s 2
& o 2 £ z
o N v z - o
3 N S o« ~ N =3
— o > 3
- K] 4 8 a
9 -
(=B o . o4 o
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6
Log2 (DLD TPM) Log2 (DLD TPM) Log2 (DLD TPM) Log2 (DLD TPM)
9 Spearma; corr;lahon X p>005 M p<0.05
®
= 0
gz 101 zZ %3
== zZ o 0 09%0
a4 0 2R 00D T o - Sz om0 o0rrlX234
c =2 il T @
T w R < C 2 2 zZ O o)
cc 8258332830 2Q20rG5S:052253588282055x82885 %
SO0 PH0LL2E00000E200000T0QLTOESPTOoOO0OD > Q0
Egg3?3§§§§§§§3?39393939E19§§?§3£93aEaiﬁ%
Phbobbtal bbbl 2008 h a3
8335883223288 22883252258833R88883883288R828¢8¢
HEEEEN HE EEEEEEEENm NN NN AGK
EEEEN | EEEEEEEENR NN N W ousa
NN EENEEEN MWW NoUFst .
EEEEN EEEEEEEEEEEEEEEEEEEEEEEEE PvWwe o NDUFSH
EEEEN ENEEEEERN e was cs OGDH
cYcs SUCLA2
DLAT UQCRC2
E DLST
Metabolic pathways [ ] F
Amyotrophic lateral sclerosis ([ ]
Diabetic cardiomyopathy [J
Pathways of neurodegenerati ltiple di [ J
Alzheimer disease [} Count
Huntington disease [ Pvalue . o 25
Prion disease ° 0.08 Cellular metabolic process % ~
Parkinson disease ® 0.06 i boli
Thermogenesis ° Organic substance metabolic process X + 51
Oxidative phosphorylation ® 0.04 . . X 64
Non-alcoholic fatty liver disease [ ] 0.02 Primary metabolic process X <> 69
Chemical carcinogenesis-reactive oxygen species [ ] . .
Retrograde endocannabinoid signaling ° Single-organism cellular process v YV 85
Carbon metabolism ° Count 920
Citrate cycle (TCA cycle) [ e 10 Nitrogen compound metabolic process <> *92
Valine, leucine and isoleucine degradation . ® 20
Cardiac muscle contraction . Single-organism metabolic process X
Biosynthesis of amino acids{ ¢ ©® 30 Pvalue
Propa_moage metabol!sm . @ 40 Cellular component organization -+ 0.025
2-Oxocarboxylic acid metabolism{ e 0.020
Fatty acid metabolism{ - Cellular component biogenesis{ /. .
Pyruvate metabolism{ -« 0.015
Fatty acid degradat_ion . Catabolic process { © 0.010
Tryptophan metabolism{ 0.005
0.1 0.2 03 0.4 0.2 0.4 0.6
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core protein II.
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In the present study, DLD was found to be highly
expressed in a number of tumors. Higher levels of DLD
expression in tumors from CHOL, LIHC, LUSC, KICH, and
STAD were found compared with those in the corresponding
normal tissues according to analysis in TIMER2, using
data from TCGA. However, the findings using the CPTAC
dataset revealed that in OV and UCEC the expression of
DLD was higher compared with that in normal tissues.
Since the TCGA database was constructed based on the
RNA expression level whereas the data in GPTAC database
were based on protein expression level, the results were not
consistent. This finding suggested that DLD expression is
likely to be part of a complex functional network in tumors,
on both RNA and protein levels. Nevertheless, for survival
prognosis, GEPIA was used in the present study to assess
the association between DLD expression and survival. In
patients with BRCA, LUAD, KICH and OV, higher expres-
sion of DLD was associated with poorer prognosis for OS.
For DFS, higher DLD expression was associated with poorer
prognosis in patients with LGG and MESO. This incon-
sistency may be attributed to the different carcinogenic
mechanisms in the different tumors, which require further
study.

Tumor mutations have been noted for >50 years.
Mutations have been reported to serve an important role
in the occurrence and development of tumors, which have
been proposed to be an important target for tumor diag-
nosis and treatment (23). Through the present analysis, it

was found that DLD mutations were also abundant in the
different tumors. In particular, patients with mucinous
adenocarcinoma of the colon and rectum had the highest
frequency of alterations in DLD with the ‘mutation’ type,
whereas the ‘amplification’ type of mutation was frequent
in the undifferentiated pleomorphic sarcoma/malignant
fibrous histiocytoma/high-grade spindle cell sarcoma case.
In HNSC, PRAD and KIRC, high mutation rates were also
associated with poorer prognosis.

To the best of our knowledge, the present study also found
for the first time evidence of a correlation between the extent
of immune infiltration and DLD expression across some tumor
types. Immune infiltration and the tumor microenvironment
have been shown to serve a function in the development of
various tumors by regulating the dynamic interaction among
each of their molecular features. Specifically, the immune
microenvironment has a large influence on the clinical
outcomes (24). Cancer-associated fibroblasts have been
reported to be present in the stroma of the tumor microenvi-
ronment, where they can modulate the function of numerous
tumor-infiltrating immune cells (14). It was also found that
DLD can exert an important role by regulating immune infil-
tration and the tumor microenvironment in the present study
through using the TIMER database. After a series of analyses
in the TIMER database, it was found that there was a posi-
tive correlation between DLD expression and the estimated
infiltration levels by cancer-associated fibroblasts in HNSC
and HNSC-HPV-negative. However, a negative correlation
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between these two parameters was noted in KIRC, LUSC,
KIRP, and THCA. In addition, the present findings suggested
for the first time, to the best of our knowledge, that DLD
expression was associated with the level of infiltration by
cancer-associated fibroblasts in HNSC, KIRC, LUSC, KIRP,
and THCA.

Subsequently, information on the DLD expression-related
genes were integrated across all tumors for a range of
enrichment analyses, which identified the potential effects of
‘metabolic pathways’ and ‘cellular metabolic process’ in its
role in the etiology or pathogenesis of cancer. These results
were similar to a recent study, which reported that DLD can
function as a novel metabolic pathway protein regulating the
TCA in human melanoma progression (20).

Based on the bioinformatics analysis in the present
study, it was found that DLD may regulate ‘metabolic
pathways’ and ‘cellular metabolic process’ in cancer. The
bioinformatics analysis results also showed a high level of
DLD expression in OV, with DLD expression being associ-
ated with poor prognosis. In addition, higher expression of
DLD in the OV cell line was found compared with that in
the normal ovarian cell line. When DLD expression was
knocked down by siRNA in the OC3 cell line, a significant
increase in the NAD*/NADH ratio was found compared
with that in the negative control group. Several studies
have reported that the NAD*/NADH ratio may affect tumor
progression (25,26). Therefore, these results suggest that
DLD can regulate metabolic pathways in OV by suppressing
the intracellular NAD*/NADH ratio.

In summary, the present pan-cancer analysis of DLD
showed that DLD expression was associated with the clinical
prognosis, immune infiltration, and tumor mutational burden
in some tumor types. This may contribute to understanding the
role of DLD in tumorigenesis from the perspective of clinical
tumor samples.
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