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Abstract. Bcl2‑like‑10 (Bcl2l10) has both oncogenic and 
tumor suppressor functions depending on the type of cancer. 
It has been previously demonstrated that the suppression of 
Bcl2l10 in ovarian cancer SKOV3 and A2780 cells causes 
cell cycle arrest and enhances cell proliferation, indicating 
that Bcl2l10 is a tumor suppressor gene in ovarian cancer 
cells. The aim of the present study was to identify possible 
downstream target genes and investigate the underlying 
mechanisms of action of Bcl2l10 in ovarian cancer cells. 
RNA sequencing (RNA‑Seq) was performed to obtain a list of 
differentially expressed genes (DEGs) in Bcl2l10‑suppressed 
SKOV3 and A2780 cells. The RNA‑Seq data were validated 
by reverse transcription‑quantitative PCR (RT‑qPCR) and 
western blot analysis, and the levels of metabolites after 
Bcl2l10‑knockdown were measured using colorimetric 
assay kits. Pathway enrichment analysis revealed that the 
commonly downregulated genes in SKOV3 and A2780 
cells after Bcl2l10‑knockdown were significantly enriched 
in metabolic pathways. The analysis of the DEGs identified 
from RNA‑Seq and validated by RT‑qPCR revealed that 
succinate dehydrogenase complex subunit D (SDHD) and 
isocitrate dehydrogenase 1 (IDH1), which are key enzymes of 
the TCA cycle that regulate oncometabolite production, may 
be potential downstream targets of Bcl2l10. Furthermore, 
Bcl2l10‑knockdown induced the accumulation of succinate 
and isocitrate through the downregulation of SDHD and 
IDH1. The present study was the first to elucidate the meta‑
bolic regulatory functions of Bcl2l10 in ovarian cancer cells, 

and the results indicated that Bcl2l10 may serve as a potential 
therapeutic target in ovarian cancer.

Introduction

Over the past years, cutting‑edge research and advanced 
screening, surgical and therapeutic technologies have contrib‑
uted to increasing the 5‑year relative survival rate for all types 
of cancer from 68 to 86% from 2010 to 2016 in adolescents in 
the United States (1). Despite these advances, the 5‑year overall 
survival rate for advanced ovarian cancer remains 29% after 
diagnosis, as determined by statistics from 2008 to 2014 in 
the USA (2). Ovarian cancer is the seventh most common type 
of cancer worldwide and the second most common cause of 
cancer‑associated death among women with gynecological 
malignancies  (3). Although ~70% of ovarian cancer cases 
are diagnosed at a late stage, patients usually respond well 
to primary therapy using cytoreductive surgery followed by 
adjuvant chemotherapy (4). Nevertheless, 75‑85% of patients 
relapse, with a median progression‑free survival time of 
12‑18 months, and exhibit resistance to chemotherapy, which 
leads to a decrease in the 5‑year survival rate to <50% (5). 
Thus, the discovery of new therapeutic targets and the elucida‑
tion of their mechanisms of action are required to improve the 
prognosis and treatment of ovarian cancer.

Bcl2‑like‑10 (Bcl2l10), also called Diva, Bcl‑b or Boo, is 
a member of the Bcl‑2 family of proteins, which are central 
mediators of apoptosis and autophagy (6). Previous studies 
have revealed that Bcl2l10 exhibits both pro‑apoptotic and 
anti‑apoptotic functions depending on the type of cells or 
tissues, and is recognized for its dual pro‑apoptotic (7,8) and 
anti‑apoptotic activities (9,10). Bcl2l10 has been reported to 
have oncogenic functions in myelodysplastic syndromes, acute 
myeloid leukemia (AML), glioma and breast cancer (9,11,12), 
but it acts as a tumor suppressor gene in gastric and lung cancer 
cells  (13,14). Based on our previous findings that Bcl2l10 
regulates cytoskeletal organization as a functional partner 
of Aurora kinase A (AURKA) during mouse oocyte matura‑
tion (15), it was hypothesized that Bcl2l10 may have oncogenic 
functions in ovarian cancer, since AURKA has been reported 
as an oncogene (16,17). However, our recent study has revealed 
that Bcl2110 is a tumor suppressor gene in human ovarian 
cancer cells  (18). Specifically, the suppression of Bcl2l10 
in SKOV3 and A2780 cells causes cell cycle arrest at the 
G0/G1 phase and stimulates cell proliferation independently of 
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apoptotic regulation (18). The current study aimed to clarify 
the molecular mechanism underlying the oncogenic effects 
induced by Bcl2l10‑knockdown in ovarian cancer cells.

Materials and methods

Cell culture. Two ovarian cancer cell lines were used in the 
present study. SKOV3 cells were obtained from the Korean 
Cell Line Bank (Korean Cell Line Research Foundation) and 
maintained in RPMI‑1640 medium (Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.), 25  mM HEPES (Gibco; Thermo  Fisher 
Scientific, Inc.) and 25 mM NaHCO3 (Sigma‑Aldrich; Merck 
KGaA). A2780 cells were obtained from CellBank Australia 
and maintained in RPMI‑1640 medium containing 10% FBS. 
All cells were cultured in a 5% CO2 atmosphere at 37˚C.

Cell transfection. Bcl2l10 small interfering (si)RNA was 
synthesized by Shanghai GenePharma Co., Ltd., and a 
non‑targeting negative control siRNA was purchased from 
Bioneer Corporation. One day before transfection, A2780 
(2x105/well) and SKOV3 (1.5x105/well) cells were seeded 
in 6‑well plates, and before transfection, the medium was 
removed and replaced with 1.5 ml fresh growth medium. All 
siRNA molecules were diluted in 0.25 ml OPTI‑MEM (Gibco; 
Thermo Fisher Scientific, Inc.) to a final concentration of 
100 nM, and Lipofectamine® 3000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) was diluted in 0.25  ml OPTI‑MEM. The 
solutions were incubated individually for 5  min at room 
temperature and then combined, and the mixture was incu‑
bated for an additional 20 min at room temperature and then 
added to each well containing cells, which were maintained 
in a 5% CO2 atmosphere at 37˚C for 48 h. All cells were 
harvested 48 h after transfection for subsequent experiments. 
The following Bcl2l10 siRNA sequences were used: Sense, 
5'‑CAA​CAG​CCU​UCA​UUU​AUC​U‑3' and antisense, 5'‑AGA​
UAA​AUG​AAG​GCU​GUU​G‑3'.

Total RNA extraction and cDNA synthesis. After the cultured 
cells were washed twice with PBS, 1 ml TRIzol® (Takara Bio, 
Inc.) and 0.2 ml chloroform were added, and the mixture was 
incubated for 10 min at room temperature. The cells were 
centrifuged at 12,000 x g at 4˚C for 20 min, and the superna‑
tants were transferred to new tubes and resuspended in 0.5 ml 
isopropanol. The tubes were then centrifuged at 12,000 x g 
at 4˚C for 10 min, and the supernatants were discarded. The 
pellets were dried, washed with 75%  ethanol, dried and 
dissolved in 0.1%  diethylpyrocarbonate (DEPC)‑treated 
water. For the synthesis of first‑strand cDNA, total RNA 
(2 µg) was added to DNase I and DNase I buffer (both New 
England BioLabs, Inc.), and the total volume was adjusted 
to 11 ml with DEPC‑treated water. After the mixture was 
incubated at room temperature for 15 min, 1 ml of 25 mM 
EDTA was added, and the mixture was incubated at 65˚C for 
15 min. Subsequently, 1 ml of oligo dT was added, and the 
mixture was incubated at 70˚C for 10 min. M‑MLV RNase 
(Promega Corporation), 5X buffer (Promega Corporation), 
RNase inhibitor (Promega Corporation) and 10 mM dNTP 
were then added, and reverse transcription was performed 
at 42˚C for 1 h and 94˚C for 2 min.

Quantitative (q)PCR. qPCR analysis was performed using 
an iCycler system (Bio‑Rad Laboratories, Inc.). iQ SYBR 
Green Supermix PCR reagents (Bio‑Rad Laboratories, 
Inc.) were used for monitoring the amplification, and the 
results were evaluated with the iCycler iQ real‑time detec‑
tion system software. The amplification mixture contained 
cDNA, 5 pmol forward and reverse primers, and SYBR Green 
Supermix. qPCR involved an initial denaturation step at 95˚C 
for 5 min, followed by 40 cycles of denaturation at 95˚C for 
40 sec, annealing at 60˚C for 40 sec and extension at 72˚C 
for 40 sec. Upon the completion of PCR, the fluorescence was 
monitored while slowly heating the samples from 55 to 95˚C at 
0.5˚C intervals. Human GAPDH was used as the endogenous 
reference for mRNA normalization, and fold‑changes were 
calculated using the 2‑ΔΔCq method (19). The primer sequences 
used for qPCR are listed in Table I.

Western blot analysis. Proteins were extracted from the 
siRNA‑transfected cells using RIPA lysis buffer with 
1% protease inhibitor cocktail (Thermo Fisher Scientific, Inc.) 
and 0.5 M EDTA (pH 8.0). Protein concentration was estimated 
using the Bio‑Rad protein assay reagent (Bio‑Rad Laboratories, 
Inc.) according to the manufacturer's instructions. The protein 
extracts (50  µg/lane) were separated by 10%  SDS‑PAGE 
and transferred to PVDF membranes (Amersham; Cytiva). 
The membranes were blocked for 1 h at room temperature 
in TBS/Tween (TBST; 0.2  M NaCl, 0.1%  Tween‑20 and 
10 mM Tris, pH 7.4) containing 5% skimmed dry milk. The 
immunoblots were incubated overnight at 4˚C on a shaker 
with diluted polyclonal primary antibodies against BCL2L10 
(cat. no. 3869S; Cell Signaling Technology, Inc.), succinate 
dehydrogenase complex subunit D (SDHD; cat. no. PA5‑34387; 
Thermo Fisher Scientific, Inc.), isocitrate dehydrogenase 1 
(IDH1; cat. no. 3997S; Cell Signaling Technology, Inc.), fuma‑
rate hydratase (FH; cat. no. GTX110128; GeneTex International 
Corporation), tropomyosin 4 (TPM4; cat.  no. PA5‑340194; 
Thermo Fisher Scientific, Inc.) and β‑actin (cat. no. PA1‑183; 
Invitrogen; Thermo Fisher Scientific, Inc.), all of which were 
diluted 1:1,000. The membranes were then washed several times 
with TBST and incubated with diluted HRP‑conjugated goat 
anti‑rabbit IgG secondary antibody (1:2,000; cat. no. 65‑6120; 
Thermo Fisher Scientific, Inc.) for 1 h at room temperature. 
Finally, the membranes were washed several times with TBST, 
and Amersham™ ECL™ Prime Western Blotting Detection 
Reagent (cat. no. RPN2232; GE Healthcare Life Sciences) was 
used to visualize chemiluminescence. The relative protein 
expression levels were quantified using the ChemiDoc XRS+ 
imaging system with Image Lab software version 6.0.0 (Bio‑Rad 
Laboratories, Inc.).

RNA isolation for sequencing. For RNA‑Seq analysis, duplicate 
samples obtained from two repeated experiments were used. Total 
RNA was isolated from cells using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). The RNA quality was assessed 
using an Agilent 2100 bioanalyzer (Agilent Technologies, Inc.), 
and RNA quantification was performed using a NanoDrop 2000 
Spectrophotometer (Thermo Fisher Scientific, Inc.).

Library preparation and sequencing. All RNA‑Seq and 
analysis of sequencing data were performed by ebiogen, Inc. 
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Libraries were prepared from total RNA using the SMARTer 
Stranded RNA Seq kit (cat. no. 634839; Clontech Laboratories, 
Inc.). mRNA isolation was performed using the Poly(A) RNA 
Selection kit (Lexogen GmbH). The isolated mRNAs were 
used for cDNA synthesis and shearing according to the manu‑
facturer's instructions (Clontech Laboratories, Inc.). Indexing 
was performed using Illumina indexes 1‑12 found in Illumina 
Adapter Sequences (document no. 1000000002694, v14), and 
enrichment was conducted by PCR. Subsequently, the libraries 
were checked using the Agilent 2100 bioanalyzer (DNA High 
Sensitivity kit; Agilent Technologies, Inc.) to evaluate the 
mean fragment size. Quantification was performed using 
a library quantification kit and a StepOne Real Time PCR 
System (Thermo Fisher Scientific, Inc.). High‑throughput 
sequencing was performed as paired‑end 100 bp sequencing 
using the HiSeq 2500 system (Illumina, Inc.).

Analysis of RNA sequencing (RNA‑Seq) data. Quality 
control of the raw sequencing data was performed using 
FastQC (https://www.bioinformatics.babraham.ac.uk/proj‑
ects/fastqc/). Adapter and low‑quality reads  (<Q20) were 
removed using FASTX_Trimmer (http://hannonlab.cshl.
edu/fastx_toolkit/) and BBMap (https://sourceforge.net/proj‑
ects/bbmap/). The trimmed reads were mapped to the UCSC 

Human genome (hg19) using TopHat (20). Gene expression 
levels were estimated based on read count and Fragments Per 
Kilobase Million values calculated using BEDTools (21) and 
Cufflinks (22). The expression values were normalized based 
on the quantile normalization method using edgeR within R 
(https://www.r‑project.org/). Data mining and graphic visual‑
ization were performed using ExDEGA V3.0.1 (ebiogen, Inc.). 
To define differentially expressed genes (DEGs), adjusted 
|log2fold‑change (FC)|≥1 and P<0.05 were selected as the 
cut‑off values. The functions and associated pathways of the 
DEGs were further analyzed using the Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway using the DAVID database (https://david.ncifcrf.
gov/).

Measurement of levels of succinate and isocitrate. Cellular 
contents of succinate and isocitrate in ovarian cancer cells 
after Bcl2l10‑knockdown were measured using a succinate 
colorimetric assay kit (cat. no. K649‑100; BioVision, Inc.) and 
isocitrate colorimetric assay kit (cat. no. K656‑100; BioVision, 
Inc.), according to the manufacturer's instructions. Briefly, 
cells (2x106) were rapidly homogenized on ice using 100 µl 
of ice‑cold supplied‑assay buffer and centrifuged at 4˚C at 
10,000 x g for 5 min (succinate) or 15,000 x g for 10 min 

Table I. Primer sequences used for quantitative PCR.

Genes	 Forward sequences (5'→3')	 Reverse sequences (5'→3')

Bcl2l10	 GGTCCTTTTTCTCCGCCTAC	 CTGGAAGCCCCACTTCTTC
ZNF845	 AGGCCTTCAGTCAGAAGTCATC	 GTGTGAATCACGCCCAAAA
MED11	 AGAGACTACGCGCTCTGGAA	 AGGAGCCGCTCGTTAGTTTT
POLR2D	 TTGCCAGTGTTCGTAGCTTG	 TGCAGCTCCTCATCTTCAAA
FOXP4	 CACCAGGATGTTCGCCTATT	 TTCTGATACTCCCGCTCGTC
ZNF415	 AATTCACACCTTGCGAGTCA	 GAAGCCTTTGCCACATTGAT
HABP4	 CGGAAACCAGAATCCACTGT	 GCTGGGATGTGATGTCATTG
SETD7	 GGGAACTTTGTTCACGGAGA	 TCCCCCATCTTCGTAAGTGT
ZNF721	 CCTTTGGATGGTCCACAAAC	 AGCAAAGCTTGAGGATGACG
VOPP1	 GATGAACCCTGTCGGGAAT	 GGCCTTCACTACCTGTTCGTA
ZNF765	 CATCTGCCTGAACTGCACAT	 TTCTTTGGGCTGTTGAAACC
ZSCAN29	 AGGAAGACAGTGGGCAAAGA	 TCCCAAGCAAGGTCTCTGTT
ZNF267	 CACACCTTATTCGACATCATCG	 TGCACAGTAAGACCTGAGGAGT
ACER2	 GCAGTCCTTTGGGTTCTGAT	 TGTTGATGGCAGGCTTGA
SDHD	 CTGGAGGCTGAGTGCCGTTT	 TCTGGGATAGGTCGGTCCTGAA
IDH1	 TTGTCCAGATGGCAAGACAG	 CTCTGGTCCAGGCAAAAATG
LCLAT1	 CATCCAAGGAGGACCTTCAA	 CAGACTTGCAAGGTGGAATG
ENOPH1	 CGAAAGACCACTGCACTCAA	 CTCCGTAGAATGCCCGAATA
IDI1	 CCGAGCTTGAGGAAAGTGAC	 CATGTTCACCCCAGATACCA
HPRT1	 GACCAGTCAACAGGGGACAT	 CTTGCGACCTTGACCATCTT
PAICS	 CAGTGGTCTTGGCTGTTCAA	 CAGCCTGCTTCAAGGAAATC
ATP6V1D	 GTGGGGAACAGTTGGCTAAA	 GCATTTACACGCCTGTTGGT
ACSL5	 TCCCGAATGGAACTCTGAAG	 AGCTCTCCCCGTGTACAAAA
TPM4	 CTGAGACCCGTGCTGAATTT	 AGCCCACGTTCTCTTCTTTG
GAPDH	 TCAAGAAGGTGGTGAAGCAG	 CCCTGTTGCTGTAGCCAAAT

Bcl2l10, Bcl‑2‑like‑10; SDHD, succinate dehydrogenase complex subunit D; IDH1, isocitrate dehydrogenase 1; TPM4, tropomyosin 4.
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(isocitrate) to remove any cell debris. Supernatants (50 µl) were 
collected and diluted 1:1 with assay buffer. The samples were 
then added to duplicate wells in a 96‑well plate and mixed 
with the appropriate reaction mix. The resultant mixtures 
were further incubated at 37˚C for 30 min. The concentrations 
were determined using a microplate reader at a wavelength of 
450 nm and calculated based on a standard curve.

Statistical analysis. The statistical analysis was performed 
using GraphPad Prism 9.0 (GraphPad Software, Inc.). The 
data are presented as the mean ± SEM from four independent 
experiments. The differences between the negative control 
and the Bcl2l10 siRNA‑treated groups were analyzed using 
unpaired Student's t‑test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Identification of DEGs by Bcl2l10 suppression. To investigate 
the molecular mechanisms through which Bcl2l10 may exert 
anticancer effects on ovarian cancer cells, a list of DEGs after 
Bcl2l10‑knockdown in two ovarian cancer cell lines, SKOV3 
and A2780, was obtained by RNA‑Seq. The volcano plots from 
RNA‑Seq data show the 25,737 expressed genes in both SKOV3 
and A2780 cells after Bcl2l10‑knockdown (Fig. 1A and B). 
The number of significantly expressed genes in response 
to Bcl2l10‑knockdown with P<0.05 was 3,852 and 3,296 in 
SKOV3 and A2780 cells, respectively. Using more stringent 
criteria (|log2FC|≥1 and P<0.05), 883 and 545 significantly 
deregulated genes were selected in SKOV3 and A2780 cells, 
respectively. Of the 883 genes in SKOV3 cells, 263 genes were 
upregulated and 620 genes were downregulated (Fig. 1A). Of 
the 545 genes in A2780 cells, 248 genes were upregulated and 
297 genes were downregulated (Fig. 1B). The Venn diagrams 
indicate that 31 genes were significantly upregulated, whereas 
92 genes were significantly downregulated in both SKOV3 and 
A2780 cells (Fig. 1C and D). These 123 genes were classified 
as common DEGs regulated by Bcl2l10 and used for further 
analysis. All common DEGs are listed in Tables II and III, and 
the relative expression levels of these genes are shown in a 
hierarchical clustering heat map (Fig. 1E). The present study 
subsequently focused on the common DEGs to further explore 
the roles of genes associated with Bcl2l10 in ovarian cancer 
cells.

Characterization of common DEGs after Bcl2l10‑knockdown. 
GO analysis of the 31  genes that were upregulated by 
Bcl2l10‑knockdown in both SKOV3 and A2780 cells indicated 
that these genes were enriched in five GO terms encom‑
passing two biological process, one cellular compound (CC) 
and two molecular function terms (Table IV). As a result, it 
was identified that 13/31 commonly upregulated genes were 
involved in the regulation of transcription. In particular, 
the ranking of the 31 genes by FC indicated that the top 20 
upregulated genes in both SKOV3 and A2780 cells included 
five genes (ZNF845, MED11, FOXP4, ZNF765 and ZNF702P) 
among the 13 genes associated with transcriptional regulation 
(Table SI). The most enriched CC term of the commonly 
upregulated genes after Bcl2l10‑knockdown was GO:0005634 
‘nucleus’ (Table IV). The KEGG pathway analysis did not 

identify any pathway enriched in the list of genes that were 
upregulated by Bcl2l10‑knockdown in both cell lines.

Moreover,  92 genes were downregulated by 
Bcl2l10‑knockdown in both SKOV3 and A2780 cells. In contrast 
to the commonly upregulated genes, these downregulated 
genes were enriched in the terms ‘cytoplasm’ (GO:0005737), 
containing the cell regions excluding the plasma membrane and 
nucleus but including other subcellular structures, and ‘protein 
binding’ (GO:0005515) (Table V). GO analysis demonstrated that 
upregulated and downregulated genes after Bcl2l10‑knockdown 
may have clearly distinct functions in ovarian cancer progres‑
sion. Although P>0.05, the KEGG pathway analysis revealed 
that the commonly downregulated genes were mainly involved 
in ‘metabolic pathways’, ‘biosynthesis of antibiotics’ and 
‘pathways in cancer’ (Table V). Notably, the largest propor‑
tion (~11%) of the commonly downregulated genes after 
Bcl2l10‑knockdown was involved in metabolic pathways. The 
ordering of the 92 commonly downregulated genes based on 
their FC in each cell line (in descending order) revealed that 
three metabolic genes (SDHD, ENOPH1 and ACER2) were 
included in the list of top 20 downregulated genes (Table SII), 
which suggested that Bcl2l10 strongly affected ovarian cancer 
metabolism. To validate the RNA‑Seq findings that potential 
target genes of Bcl2l10 regulated transcription and metabolism 
in cancer, the expression levels of some transcription‑ and 
metabolism‑associated genes among the common DEGs after 
Bcl2l10‑knockdown were analyzed in two ovarian cancer cell 
lines.

Validation of DEGs as potential targets of Bcl2l10. To vali‑
date the reliability of the RNA‑Seq data, 22/123 common 
DEGs in two ovarian cancer cell lines were selected, and their 
expression levels after Bcl2l10‑knockdown were examined 
by RT‑qPCR using different sets of RNA samples from those 
used for RNA‑Seq. Bcl2l10‑knockdown was confirmed to be 
successful using RT‑qPCR (Fig. 2A and B). These 22 common 
DEGs included 12 upregulated genes associated with the 
regulation of transcription (ZNF845, MED11, POLR2D, 
FOXP4, ZNF415, HABP4, SETD7, ZNF721, VOPP1, ZNF765, 
ZSCAN29 and ZNF267) and 10 downregulated genes involved 
in metabolic pathways (ACER2, SDHD, IDH1, LCLAT1, 
ENOPH1, IDI1, HPRT1, PAICS, ATP6V1D and ACSL5) in 
SKOV3 and A2780 cells. The RT‑qPCR data revealed that 
the expression levels of all 12 commonly upregulated genes 
were significantly higher in the Bcl2l10‑suppressed cells than 
in the control cells, and this finding was obtained for both 
ovarian cancer cell lines (Fig. 2A). In particular, the expres‑
sion levels of SETD7 and VOPP1 were markedly elevated by 
Bcl2l10‑knockdown in both SKOV3 and A2780 cells (Fig. 2A).

Subsequently, whether Bcl2l10‑knockdown decreased 
the expression levels of metabolism‑associated genes was 
analyzed by RT‑qPCR. Among the 10 commonly downregu‑
lated genes that were tested by RT‑qPCR, the expression levels 
of 8 genes (SDHD, IDH1, LCLAT1, ENOPH1, IDI1, HPRT1, 
PAICS and ATP6V1D) were significantly decreased in the 
Bcl2l10‑suppressed SKOV3 cells, whereas the expression 
levels of 9 genes (ACER2, SDHD, IDH1, LCLAT1, ENOPH1, 
IDI1, HPRT1, ATP6V1D and ACSL5) were significantly 
decreased in the Bcl2l10‑suppressed A2780 cells compared 
with their respective control cells (Fig. 2B). In particular, 
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SDHD and IDH1 exhibited the greatest decrease in expression 
after Bcl2l10‑knockdown in both SKOV3 and A2780 cells.

To determine the association between Bcl2l10 and two 
metabolism‑associated enzymes, SDHD and IDH1, the protein 

Figure 1. Identification of DEGs in ovarian cancer cell lines after Bcl2l10‑knockdown. Volcano plots of all the 25,737 expressed genes from RNA sequencing 
analysis upon Bcl2l10‑knockdown in (A) SKOV3 and (B) A2780 cells. The two vertical dashed lines correspond to log2(FC)≥1 (right) and ≤‑1 (left), and the 
horizontal dashed line represents P=0.05 as the threshold cut‑off. Blue dots represent significantly upregulated genes and red dots represent significantly down‑
regulated genes. Venn diagrams showing DEGs that were (C) upregulated or (D) downregulated in both SKOV3 and A2780 cells after Bcl2l10‑knockdown. 
(E) Heat map showing the 123 common DEGs [log2(FC)≥1 and P<0.05], which include 31 upregulated and 92 downregulated genes after Bcl2l10‑knockdown 
in SKOV3 and A2780 cells. The expression levels are plotted in the heat map with a color scale based on the Z‑score. The red color represents upregulated 
genes, and the green color represents downregulated genes after Bcl2l10‑knockdown. Duplicate samples obtained from two repeated experiments were used 
(siNC‑1/2 and siBCL2l10‑1/2). FC, fold‑change; DEGs, differentially expressed genes; Bcl2l10, Bcl‑2‑like‑10; si, small interfering RNA; NC, negative control.
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expression levels of SDHD and IDH1 were further examined after 
Bcl2l10‑knockdown. As determined by western blot analysis, 
the protein expression levels of SDHD and IDH1 were signifi‑
cantly decreased after Bcl2l10‑knockdown in both SKOV3 and 
A2780 cells (Fig. 3A and B). Additionally, the alteration in FH 
expression was examined after Bcl2l10‑knockdown, since SDH, 
IDH1/2 and FH are all directly responsible for the initiation of 
cancer in the presence of remodeled TCA cycle (23), confirming 
that FH expression was not affected by Bcl2l10‑knockdown 
(Fig. 3A and B). These results suggested that Bcl2l10 may be a 
substantial regulator of the TCA cycle.

Bcl2l10‑knockdown induces the accumulation of succi‑
nate and isocitrate in ovarian cancer cells. Based on 
the downregulation of SDHD and IDH1 expression after 

Table II. List of the commonly upregulated differentially 
expressed genes after Bcl2l10‑knockdown.

	 SKOV3 cells	 A2780 cells
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑
Gene	 log2FC	 P‑value	 log2FC	 P‑value

BICD2	 1.65	 0.003	 1.44	 0.010
CDC42EP3	 1.06	 0.001	 1.01	 0.049
COL23A1	 1.52	 0.023	 1.51	 0.013
CSK	 1.27	 0.029	 1.21	 0.004
EMC6	 1.87	 0.002	 1.56	 0.003
FAM32A	 1.22	 0.005	 1.03	 0.003
FIGNL2	 1.99	 0.034	 1.54	 0.001
FOXP4	 1.49	 0.015	 1.35	 0.027
GEMIN8P4	 1.61	 0.020	 1.73	 0.027
HABP4	 1.65	 0.005	 1.09	 0.045
LMTK3	 1.53	 0.037	 1.65	 0.034
LONP1	 1.11	 0.013	 1.02	 0.002
MED11	 2.11	 0.011	 1.38	 0.002
MESDC2	 1.44	 0.006	 1.17	 0.010
NOLC1	 1.39	 0.005	 1.22	 0.001
OGFR	 1.66	 0.023	 1.81	 0.009
OGFR‑AS1	 1.44	 0.025	 1.39	 0.013
PCNXL3	 1.07	 0.026	 1.16	 0.018
POLR2D	 1.20	 0.005	 1.15	 0.004
RAD23A	 1.10	 0.013	 1.25	 0.005
SETD7	 1.12	 0.020	 1.13	 0.008
TPM4	 2.48	 0.030	 1.87	 0.016
VOPP1	 1.44	 0.040	 1.12	 0.006
ZNF267	 1.24	 0.003	 1.79	 0.014
ZNF415	 1.29	 0.001	 1.04	 0.022
ZNF702P	 2.30	 0.001	 1.65	 0.025
ZNF721	 1.29	 0.008	 1.11	 0.001
ZNF765	 1.69	 0.013	 1.20	 0.011
ZNF845	 1.67	 0.003	 1.25	 0.020
ZSCAN29	 1.24	 0.026	 1.35	 0.004
ZW10	 1.18	 0.005	 1.11	 0.012

FC, fold‑change; Bcl2l10, Bcl‑2‑like‑10; TPM4, tropomyosin 4.

Table III. List of the commonly downregulated differentially 
expressed genes after Bcl2l10‑knockdown.

	 SKOV3 cells	 A2780 cells
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑
Gene	 log2FC	 P‑value	 log2FC	 P‑value

ACER2	 ‑2.61	 0.005	 ‑1.63	 0.006
ACSL5	 ‑1.53	 0.021	 ‑2.02	 0.047
ADAMTS3	 ‑1.56	 0.019	 ‑1.09	 0.010
APPBP2	 ‑1.35	 0.008	 ‑1.39	 0.002
ARL6IP5	 ‑1.84	 0.001	 ‑1.90	 0.005
ARL6IP6	 ‑1.49	 0.001	 ‑1.36	 0.010
ATE1	 ‑1.77	 0.001	 ‑1.62	 0.003
ATP6AP2	 ‑1.09	 0.006	 ‑1.12	 0.001
ATP6V1D	 ‑2.73	 <0.001	 ‑1.13	 0.001
BRWD1	 ‑1.16	 0.033	 ‑1.54	 0.002
C1orf35	 ‑1.30	 0.002	 ‑1.15	 0.018
C21orf91	 ‑1.83	 0.003	 ‑1.34	 0.007
CASD1	 ‑1.09	 0.014	 ‑1.06	 0.015
CCDC138	 ‑1.11	 0.011	 ‑1.32	 0.046
CCDC186	 ‑1.41	 0.001	 ‑1.61	 0.001
CD164	 ‑2.25	 0.001	 ‑1.89	 <0.001
CD99	 ‑1.69	 <0.001	 ‑1.07	 0.002
CDKN2C	 ‑1.30	 0.013	 ‑1.35	 0.006
CLIC4	 ‑2.02	 0.005	 ‑2.23	 0.002
CTSS	 ‑1.69	 0.001	 ‑1.22	 0.037
EIF4G2	 ‑2.75	 0.001	 ‑1.67	 0.001
EIF5A2	 ‑1.97	 0.003	 ‑1.05	 0.008
ELOVL4	 ‑3.17	 0.009	 ‑2.54	 <0.001
ENOPH1	 ‑2.70	 0.002	 ‑1.82	 0.002
FAM49B	 ‑1.91	 0.004	 ‑1.38	 0.005
FBN2	 ‑1.02	 0.023	 ‑1.28	 0.037
FBXO3	 ‑1.39	 <0.001	 ‑1.14	 0.014
FERMT2	 ‑2.75	 0.004	 ‑1.62	 0.005
FRS2	 ‑1.08	 0.015	 ‑1.05	 0.015
FZD1	 ‑1.97	 0.003	 ‑1.99	 0.008
GLI3	 ‑1.09	 0.025	 ‑1.02	 0.003
HCFC2	 ‑1.29	 0.008	 ‑1.13	 0.033
HIPK3	 ‑1.94	 0.003	 ‑1.50	 0.003
HPRT1	 ‑1.31	 <0.001	 ‑1.51	 0.003
IDH1	 ‑2.51	 0.005	 ‑1.61	 0.013
IDI1	 ‑1.03	 0.012	 ‑1.18	 0.017
IDI2‑AS1	 ‑1.31	 0.009	 ‑1.20	 0.038
IL32	 ‑1.76	 0.019	 ‑3.30	 0.038
IL6ST	 ‑2.43	 0.013	 ‑1.57	 0.011
KLHL11	 ‑1.20	 0.004	 ‑1.17	 0.004
LCLAT1	 ‑1.89	 0.001	 ‑1.76	 0.001
LEPROT	 ‑1.16	 0.006	 ‑1.35	 0.002
LIN7C	 ‑2.04	 <0.001	 ‑2.24	 0.004
LRRC8B	 ‑1.91	 0.009	 ‑1.36	 0.007
MAGT1	 ‑1.83	 0.001	 ‑1.30	 0.005
MAPK8	 ‑1.48	 0.005	 ‑1.25	 0.031
MASTL	 ‑1.01	 0.001	 ‑1.09	 0.022
MBNL3	 ‑1.61	 0.039	 ‑1.18	 0.034
MED20	 ‑1.53	 0.003	 ‑1.05	 0.003
MIEF2	 ‑1.28	 0.022	 ‑1.93	 0.016
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Bcl2l10‑knockdown, whether Bcl2l10 regulated the catalyza‑
tion of succinate and isocitrate in ovarian cancer cells was 
further examined. After Bcl2l10‑siRNA (siBcl2l10) treatment 

of SKOV3 and A2780 cells for 48 h, 1x106 cells from each group 
were harvested and homogenized to measure altered metabo‑
lites using colorimetric assay kits. The differentially expressed 
metabolites in siBcl2l10‑transfected cells were identified 
compared with the negative control siRNA (siNC)‑transfected 
cells. As a result, it was revealed that Bcl2l10‑knockdown 
increased the TCA cycle intermediates succinate and isoci‑
trate. The analysis demonstrated that Bcl2l10‑knockdown led 
to elevated levels of succinate in both SKOV3 (187.86 µM in 
siNC‑transfected cells vs. 199.47 µM in siBcl2l10‑transfected 
cells) and A2780 cells (190.85 µM in siNC‑transfected cells vs. 
204.36 µM in siBcl2l10‑transfected cells; P<0.05) (Table VI). 
Furthermore, the levels of isocitrate tended to increase in both 
SKOV3 (190.27 µM in siNC‑transfected cells vs. 201.07 µM 
in siBcl2l10‑transfected cells) and A2780 cells (180.89 µM in 
siNC‑transfected cells vs. 187.8 µM in siBcl2l10‑transfected 
cells) after Bcl2l10‑knockdown (Table VI). These results indi‑
cated that Bcl2l10 may affect the catalyzation of succinate and 
isocitrate through the regulation of SDHD and IDH1 expres‑
sion.

Bcl2l10‑knockdown increases TPM4 expression in ovarian 
cancer cells. Notably, the current RNA‑Seq analysis revealed 
that among the common DEGs, TPM4 exhibited the greatest 
increase in expression after Bcl2l10‑knockdown in both SKOV3 
and A2780 cells (Table SI). Through validation by RT‑qPCR 
and western blot analysis, it was confirmed that TPM4 expres‑
sion was significantly increased after Bcl2l10‑knockdown at 
both the mRNA and protein levels (Fig. 4). Based on the fact 
that TPM4 is involved in early progression of ovarian cancer 
by altering the actin cytoskeleton (24), these results suggested 
that Bcl2l10 may also affect cytoskeletal regulation of ovarian 
cancer cells with TPM4.

Discussion

Bcl2l10 functions as a tumor suppressor gene in gastric cancer 
and hepatocellular carcinoma. In gastric cancer, Bcl2l10 
exhibits a hypermethylated status, which results in low Bcl2l10 
expression, and Bcl2l10‑knockdown promotes cell prolifera‑
tion via activation of the PI3K‑Akt signaling pathway (25,26). 
In hepatocellular carcinoma, Bcl2l10 expression is down‑
regulated, and the overexpression of Bcl2l10 suppresses the 
activation of JAK‑STAT signaling (13). These previous studies 
imply that the tumor suppressive roles of Bcl2l10 are medi‑
ated by different mechanisms under different circumstances 
depending on the cellular context. In ovarian cancer cells, 
there have been contradictory results that Bcl2l10‑suppressed 
cells exert oncogenic effects despite their decreased expres‑
sion levels of oncogenic AURKA protein (18). Based on these 
results, it may be possible that the effects of unknown down‑
stream genes whose expression is regulated by Bcl2l10 may be 
stronger than those of AURKA expression. Thus, the present 
study aimed to identify Bcl2l10‑associated genes by RNA‑Seq 
and demonstrated that DEGs after Bcl2l10‑knockdown were 
involved in transcriptional regulation and energy metabolism 
in ovarian cancer cells.

Zinc finger proteins (ZNFs) are the largest family of 
transcription factors in the human genome and are involved 
in numerous cellular processes, including differentiation, 

Table III. Continued.

	 SKOV3 cells	 A2780 cells
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑--‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑
Gene	 log2FC	 P‑value	 log2FC	 P‑value

MXI1	 ‑2.40	 0.001	 ‑1.39	 <0.001
NAA30	 ‑1.62	 0.002	 ‑1.10	 0.006
NUDT15	 ‑2.05	 0.004	 ‑1.11	 0.005
OSGIN2	 ‑1.82	 0.012	 ‑1.12	 0.025
PAICS	 ‑1.01	 0.005	 ‑1.10	 0.028
PAQR3	 ‑2.55	 0.001	 ‑1.66	 0.027
PCMTD1	 ‑1.67	 0.002	 ‑1.50	 0.012
PEG10	 ‑1.40	 0.001	 ‑2.01	 0.025
PLGLB2	 ‑1.32	 0.008	 ‑1.68	 0.049
PON2	 ‑1.40	 0.022	 ‑1.11	 0.005
RAB6B	 ‑1.65	 0.011	 ‑1.24	 0.011
RCBTB2	 ‑1.29	 0.009	 ‑1.13	 0.004
RGMB	 ‑1.41	 0.009	 ‑1.08	 0.003
RHOA	 ‑2.14	 0.001	 ‑1.29	 0.003
SDHD	 ‑2.97	 0.000	 ‑1.97	 0.013
SERINC3	 ‑2.06	 0.007	 ‑1.32	 0.024
SERTAD2	 ‑1.94	 0.002	 ‑1.47	 0.000
SESN1	 ‑1.29	 0.014	 ‑1.54	 0.040
SFT2D3	 ‑1.03	 0.027	 ‑1.39	 0.010
SLC23A2	 ‑1.34	 0.021	 ‑1.18	 0.028
SLC25A18	 ‑1.41	 0.032	 ‑2.97	 0.040
SLC2A4RG	 ‑1.62	 0.004	 ‑1.05	 0.029
SLC44A1	 ‑1.95	 0.002	 ‑1.32	 0.009
SLC9A6	 ‑1.58	 0.002	 ‑1.61	 <0.001
SMN1	 ‑1.69	 <0.001	 ‑1.14	 0.003
SMN2	 ‑1.65	 0.001	 ‑1.10	 0.004
SNORD116‑20	 ‑1.93	 0.035	 ‑1.12	 0.009
SNORD97	 ‑2.66	 0.002	 ‑1.35	 0.017
SP4	 ‑1.29	 0.013	 ‑1.05	 0.009
SWAP70	 ‑2.79	 <0.001	 ‑1.37	 0.010
TIMMDC1	 ‑1.72	 <0.001	 ‑1.29	 0.007
TMED5	 ‑1.36	 0.008	 ‑1.01	 0.029
TMEM181	 ‑1.51	 0.003	 ‑1.05	 0.024
TP53INP1	 ‑2.51	 0.005	 ‑2.36	 0.048
TRIM14	 ‑2.24	 0.008	 ‑1.58	 0.034
TSC22D3	 ‑1.04	 0.023	 ‑1.27	 0.032
UBA3	 ‑1.23	 0.036	 ‑1.58	 0.021
UTRN	 ‑1.37	 0.031	 ‑1.43	 0.002
VAMP3	 ‑1.60	 0.003	 ‑1.45	 0.010
WRB	 ‑2.12	 0.005	 ‑1.98	 0.006
YIPF6	 ‑1.12	 0.005	 ‑1.21	 0.001
ZBED6	 ‑1.22	 0.016	 ‑1.35	 0.030

FC, fold‑change; Bcl2l10, Bcl‑2‑like‑10; SDHD, succinate dehydro‑
genase complex subunit D; IDH1, isocitrate dehydrogenase 1.
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development, metabolism, apoptosis, autophagy and stemness 
maintenance, due to the existence of different combinations 
of zinc finger motifs  (27). Previous studies have reported 
that ZNFs regulate cancer progression as tumor suppressor 
genes  (28‑30) or oncogenes  (31‑33). As demonstrated by 
the current RNA‑Seq analysis and subsequent validation of 
the data, six ZNFs (ZNF845, ZNF415, ZNF721, ZNF765, 
ZSCAN29 and ZNF267) were significantly upregulated 
by Bcl2l10‑knockdown. ZNF845 is overexpressed in 
radiation‑induced thyroid carcinoma  (34), and ZNF415 is 
hypermethylated in pancreatic cancer cells  (35). ZNF721 
and ZNF765 are mutated in peritoneal metastatic gastric 
adenocarcinoma and non‑clear cell renal cell carcinoma, 
respectively  (36,37). The upregulation of ZNF267 expres‑
sion negatively regulates the transcription of MMP‑10 in 
activated hepatic stellate cells that progress to liver fibrosis 
and promotes cancer cell proliferation and migration in 
hepatocellular carcinoma  (38,39). Through these ZNFs, 
Bcl2l10 may induce broad changes in the expression levels of 
undiscovered downstream genes and affect cancer progression 
through multiple mechanisms. Additionally, the validation of 
RNA‑Seq data by RT‑qPCR revealed that VOPP1 and SETD7 
were the most highly upregulated transcription‑associated 
genes in both SKOV3 and A2780 cells, although no significant 
difference was observed for upregulated VOPP1 expression in 

SKOV3 cells. VOPP1, which was previously known as glio‑
blastoma amplified and secreted protein or EGFR‑coamplified 
and overexpressed protein, is most abundant in the thymus 
and ovary, and is overexpressed in several types of human 
cancer, including gastric, head and neck, lung and breast 
cancer (40‑42). VOPP1‑knockdown in squamous cell carci‑
noma cells induces apoptosis via the intrinsic pathway (43), 
whereas the overexpression of VOPP1 promotes cell prolifera‑
tion and migration in gastric cancer with coamplification (42). 
The upregulation of VOPP1 expression, a regulator of the 
apoptotic pathway, after Bcl2l10‑knockdown suggested a 
functional association between Bcl2l10 and VOPP1 in mito‑
chondria. As a lysine methyltransferase, SETD7 catalyzes 
histone H3 lysine 4 (H3K4) methylation followed by the 
activation of gene expression, which leads to the regulation of 
several biological processes, such as cell proliferation, differ‑
entiation and endoplasmic reticulum stress (44). SETD7 has 
tumor suppressor functions in gastric cancer (45), but acts as 
an oncogene in hepatocellular carcinoma (46). These results 
suggest that Bcl2l10 may induce target gene expression via 
epigenetic reprogramming.

Notably, the current RNA‑Seq analysis revealed that among 
the common DEGs, TPM4 exhibited the greatest increase 
in expression after Bcl2l10‑knockdown in both SKOV3 and 
A2780 cells. Through validation by RT‑qPCR and western 

Table IV. GO analysis of 31 genes commonly upregulated by Bcl2l10‑knockdown.

A, GO terms (biological process)				  

Accession no.	 Term	 Count	 Genes	 P‑value

GO:0006351	 Transcription, 	 13	 ZNF845, MED11, POLR2D, FOXP4, ZNF415, HABP4, 	 1.20x10‑05

	 DNA‑templated		  SETD7, ZNF721, VOPP1, ZNF765, ZSCAN29, ZNF702P, 
			   ZNF267
GO:0006355	 Regulation of	 9	 ZNF845, ZNF415, SETD7, HABP4, VOPP1, ZNF721, 	 0.001
	 transcription, 		  ZNF765, ZNF702P, ZNF267
	 DNA‑templated

B, GO terms (cellular component)				  

Accession no.	 Term	 Count	 Genes	 P‑value

GO:0005634	 Nucleus	 15	 ZNF845, RAD23A, POLR2D, FOXP4, LONP1, HABP4, 	 0.013
			   OGFR, FIGNL2, ZNF721, FAM32A, ZNF765, ZSCAN29, 
			   ZNF702P, ZW10, ZNF267

C, GO term (molecular function)				  

Accession no.	 Term	 Count	 Genes	 P‑value

GO:0046872	 Metal ion binding	 10	 ZNF845, ZNF415, LMTK3, ZNF721, ZNF765, CSK, 	 0.004
			   FOXP4, ZSCAN29, ZNF702P, ZNF267
GO:0003697	 Single‑stranded	 3	 LONP1, RAD23A, POLR2D	 0.010
	 DNA binding

GO, Gene Ontology; Bcl2l10, Bcl‑2‑like‑10.
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Table V. GO analysis and KEGG pathway analysis of 92 genes commonly downregulated by Bcl2l10‑knockdown.

A, GO terms (biological process)				  

Accession no.	 Term	 Count	 Genes	 P‑value

GO:0045669	 Positive regulation of	 3	 IL6ST, FBN2, GLI3	 0.033
	 osteoblast differentiation
GO:0016485	 Protein processing	 3	 CTSS, ADAMTS3, GLI3	 0.042
GO:0006353	 DNA‑templated	 2	 SMN2, SMN1	 0.046
	 transcription, termination

B, GO terms (cellular component)				  

Accession no.	 Term	 Count	 Genes	 P‑value

GO:0005737	 Cytoplasm	 36	 SLC2A4RG, LRRC8B, FERMT2, UTRN, TRIM14, 	 0.006
			   HCFC2, MXI1, HPRT1, GLI3, SESN1, PEG10, 
			   TSC22D3, NAA30, CDKN2C, SLC23A2, IDH1, 
			   MASTL, MBNL3, APPBP2, FBXO3, FRS2, 
			   SERTAD2, SWAP70, LIN7C, CD99, SMN2, SMN1, 
			   ATE1, BRWD1, CLIC4, HIPK3, SP4, PCMTD1, 
			   KLHL11, PAICS, TP53INP1
GO:0005829	 Cytosol	 25	 FERMT2, NUDT15, IL32, HPRT1, SESN1, 	 0.011
			   GLI3, ATP6V1D, SMN2, SMN1, EIF4G2, TSC22D3, 
			   CLIC4, CDKN2C, UBA3, RHOA, IDH1, VAMP3, 
			   RAB6B, MAPK8, FBXO3, ENOPH1, IDI1, PAICS, 
			   EIF5A2, TP53INP1
GO:0005793	 Endoplasmic	 3	 RGMB, TMED5, RAB6B	 0.040
	 reticulum‑Golgi intermediate 
	 compartment
GO:0005789	 Endoplasmic reticulum	 9	 TMED5, SLC9A6, LRRC8B, RHOA, LCLAT1, 	 0.042
	 membrane		  EIF5A2, ARL6IP5, WRB, ACSL5
GO:0007504	 Gemini of coiled bodies	 2	 SMN2, SMN1	 0.049

C, GO term (molecular function)				  

Accession no.	 Term	 Count	 Genes	 P‑value

GO:0005515	 Protein binding	 50	 LRRC8B, ATP6AP2, IL6ST, FERMT2, UTRN, 	 0.047
			   IL32, HPRT1, MXI1, C1ORF35, SESN1, GLI3, 
			   MED20, RCBTB2, PEG10, FAM49B, TMED5, 
			   NAA30, CDKN2C, ELOVL4, RHOA, RAB6B, 
			   MBNL3, APPBP2, FBN2, FBXO3, ARL6IP5, FRS2, 
			   TIMMDC1, YIPF6, MIEF2, SWAP70, NUDT15, 
			   FZD1, CD164, SMN2, ATP6V1D, SMN1, ATE1, 
			   EIF4G2, CLIC4, UBA3, SP4, LCLAT1, VAMP3, 
			   MAPK8, ADAMTS3, PAICS, EIF5A2, SLC25A18, 
			   TP53INP1

D, KEGG pathway analysisa				  

Accession no.	 Term	 Count	 Genes	 P‑value

hsa01100	 Metabolic pathways	 10	 ACER2, SDHD, IDH1, LCLAT1, ENOPH1, IDI1, 	 0.070
			   HPRT1, PAICS, ATP6V1D, ACSL5
hsa01130	 Biosynthesis of antibiotics	 4	 SDHD, IDH1, IDI1, PAICS	 0.064
hsa05200	 Pathways in cancer	 4	 FZD1, RHOA, MAPK8, GLI3	 0.234
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blot analysis, it was confirmed that TPM4 expression was 
significantly increased after Bcl2l10‑knockdown at both the 
mRNA and protein levels. TPM4 is a member of the tropo‑
myosin family of proteins, which are major structural proteins 
of the actin cytoskeleton, and mainly regulates the stability of 
the cytoskeleton in non‑muscle cells (47,48). Several studies 
have demonstrated that TPM4 is expressed at high levels in 
breast cancer  (49), ovarian cancer  (50) and non‑small cell 

lung carcinoma (51), and at low levels in squamous cervical 
cancer (52) and colon cancer (53). According to two‑dimen‑
sional gel electrophoresis protein profiles, TPM4 is considered 
a potential marker for the progression of ovarian cancer and 
breast carcinoma (24,54). A recent study demonstrated that 
the overexpression of TPM4 in lung cancer cells promotes cell 
motility by increasing F‑actin assembly and has no effect on 
cell proliferation (51). Therefore, the current RNA‑Seq results 

Figure 2. Reverse transcription‑quantitative PCR validation of common DEGs after Bcl2l10‑knockdown. Bar graphs showing the expression levels of 
(A) commonly upregulated genes involved in the regulation of transcription or (B) commonly downregulated genes involved in metabolic pathways in SKOV3 
and A2780 cells. The dashed line on the value 1 indicates the value of each negative control group. All the experiments were repeated at least three times, and 
the data are expressed as the mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 vs. respective negative control. DEGs, differentially expressed genes; Bcl2l10, 
Bcl‑2‑like‑10.

Table V. Continued.

D, KEGG pathway analysisa				  

Accession no.	 Term	 Count	 Genes	 P‑value

hsa04722	 Neurotrophin signaling	 3	 RHOA, MAPK8, FRS2	 0.096
	 pathway
hsa04071	 Sphingolipid signaling pathway	 3	 ACER2, RHOA, MAPK8	 0.096
hsa04310	 Wnt signaling pathway	 3	 FZD1, RHOA, MAPK8	 0.121
hsa04145	 Phagosome	 3	 VAMP3, CTSS, ATP6V1D	 0.138
hsa03013	 RNA transport	 3	 EIF4G2, SMN2, SMN1	 0.172
hsa05152	 Tuberculosis	 3	 RHOA, MAPK8, CTSS	 0.180
hsa04024	 cAMP signaling pathway	 3	 RHOA, MAPK8, GLI3	 0.213

aTop 10 KEGG pathways, independent of the P‑value. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; Bcl2l10, 
Bcl‑2‑like‑10; SDHD, succinate dehydrogenase complex subunit D; IDH1, isocitrate dehydrogenase 1.
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suggested that the significant increase in cell motility after 
Bcl2l10‑knockdown observed in our previous study (18) may 
be caused by modulation of F‑actin assembly following TPM4 
upregulation. These results are consistent with our previous 

study that Bcl2l10 directly binds to cytoskeleton‑associated 
proteins, such as actin or tropomyosin, in mouse oocytes, 
as demonstrated by mass spectrometry analysis  (55), and 
affects spindle assembly during mouse oocyte maturation by 

Figure 3. Bcl2l10‑knockdown significantly decreases the protein expression levels of SDHD and IDH1. (A) SKOV3 and A2780 cells were transfected with 
siNC or siBcl2l10 and harvested 48 h after transfection. The protein expression levels of BCL2L10, SDHD, IDH1 and FH were measured by western blot 
analysis using β‑actin as an internal control gene. (B) Protein signals of BCL2L10, SDHD, IDH1 and FH were measured and normalized to the corresponding 
β‑actin signals. The relative expression levels of proteins were calculated by comparing all the normalized signals to that of the negative control group. All 
the experiments were repeated at least three times, and the data are expressed as the mean ± SEM. *P<0.05 and **P<0.01 vs. siNC. si, small interfering RNA; 
NC, negative control; Bcl2l10, Bcl‑2‑like‑10; SDHD, succinate dehydrogenase complex subunit D; IDH1, isocitrate dehydrogenase 1; FH, fumarate hydratase.

Table VI. Changes in the concentrations of succinate and isocitrate after Bcl2l10‑knockdown.

	 SKOV3 cells	 A2780 cells
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 Average	 Average
	 concentration, µM	 concentration, µM
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Metabolites	 siNC	 siBcl2l10	 P‑value	 siNC	 siBcl2l10	 P‑value

Succinate	 187.86	 199.47	 0.122	 190.85	 204.36	 0.048
Isocitrate	 190.27	 201.07	 0.419	 180.89	 187.80	 0.698

Bcl2l10, Bcl‑2‑like‑10; si, small interfering RNA; NC, negative control.

Figure 4. Bcl2l10‑knockdown significantly increases TPM4 expression. (A) SKOV3 and A2780 cells were transfected with siNC or siBcl2l10 and harvested 
48 h following transfection. mRNA expression levels of TPM4 were calculated from CT values obtained by reverse transcription‑quantitative PCR and were 
normalized to the expression levels of GAPDH. (B) Protein levels of TPM4 was measured by western blot analysis. β‑actin was used as an internal control gene. 
Signals of TPM4 were measured and normalized to corresponding β‑actin signals. Relative expression levels of TPM4 were calculated by comparing all the 
normalized signals to that of the negative control group. All experiments were repeated at least 3 times, and data are expressed as the mean ± SEM. *P<0.05 
and ***P<0.001 vs. siNC. si, small interfering RNA; NC, negative control; Bcl2l10, Bcl‑2‑like‑10; TPM4, tropomyosin 4.
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regulating Tpx2 expression, a microtubule‑binding protein, 
and microtubule organizing center‑associated proteins (15). 
Given the importance of the actin cytoskeleton in the invasive 
and metastatic phenotypes of malignant cancer cells (56), the 
association between Bcl2l10 and TPM4 may provide new 
insight into the molecular mechanism through which Bcl2l10 
may regulate the actin cytoskeleton in cancer progression.

The findings from the current RNA‑Seq analysis 
revealed that the commonly downregulated DEGs after 
Bcl2l10‑knockdown were mainly involved in metabolic 
pathways, as demonstrated by the KEGG pathway analysis. 
In addition to functions in apoptotic regulation, numerous 
proteins of the BCL‑2 family, to which Bcl2l10 belongs, reside 
in the mitochondria or translocate to this organelle, which 
implies that these proteins are involved in normal mitochon‑
drial physiology and metabolism (57). As expected, several 

studies have reported that BCL‑2 family proteins also have 
non‑apoptotic functions associated with carbon substrate utili‑
zation (58), electron transport (59), metabolite import (60) and 
mitochondrial dynamics (57). Although the role of Bcl2l10 in 
mitochondrial metabolism remains unknown, the present iden‑
tification of Bcl2l10 as an upstream gene of SDHD and IDH1, 
which are key metabolic enzymes in the TCA cycle that affect 
the production of oncometabolites, such as succinate, fumarate 
and 2‑hydroxyglutarate (2‑HG) (61), indicated that Bcl2l10 may 
promote metabolic alterations in cancer progression.

SDHD is one of the four subunits of the SDH complex, 
which consists of SDHA, SDHB, SDHC and SDHD (62). As 
a component of the TCA cycle, the SDH complex serves an 
important role in mitochondrial metabolism by catalyzing 
the oxidation of succinate to fumarate and inducing electron 
transport to ubiquinone in the electron transport chain (62). 
Loss‑of‑function mutations in SDH members have revealed 
their role as tumor suppressors in several types of cancer, such 
as paraganglioma/pheochromocytoma, thyroid cancer (63), 
ovarian cancer, gastric cancer  (64) and renal carcinoma, 
through induction of the accumulation of succinate and 
low levels of fumarate (65). The accumulation of succinate 
increases migration, stem‑like phenotypes in thyroid carci‑
noma cells (63) and angiogenesis through succinate receptor 
1‑mediated STAT3 and ERK activation (64). In ovarian cancer, 
dysregulation of SDH members due to genomic deletions 
occurs frequently, and a high level of succinate is considered 
as a potential metabolic biomarker for ovarian cancer (66,67). 
The IDH family is composed of three isozymes (IDH1, IDH2 
and IDH3). The enzymatic activities of the wild‑type and 
mutant forms of IDH1/IDH2 differ in the regulation of the TCA 
cycle (68). Wild‑type IDH1 and IDH2 catalyze the conversion 
of isocitrate to α‑ketoglutarate (α‑KG) at the same time in 
the cytosol and mitochondria, respectively (68). Moreover, 
it has been reported that IDH1 and IDH2 mutations confer 
novel enzymatic activity that facilitates the conversion of 
α‑KG to 2‑HG, a potential oncometabolite, in several types of 
cancer, including glioma, leukemia and breast cancer (69‑72). 
Increased production of 2‑HG due to IDH1/IDH2 mutations, 
which has been observed in glioma and AML, is associated 
with the induction of oncogenesis (69,73). In primary glioblas‑
toma (GBM), a univariate Cox regression analysis revealed that 
IDH mutation status was significantly associated with overall 
survival, but not with age and sex (74). IDH1 expression is 
upregulated in GBM (75,76), but downregulated in breast 
cancer (77) compared with in adjacent normal tissues. The loss 
of α‑KG resulting from IDH1 mutations or the knockdown of 
wild‑type IDH1 leads to broad changes in H3K4 methylation 
that direct cancer cells towards a more differentiated state and 
results in the inhibition of proliferation in glioma cells (75). 
As aforementioned, Bcl2l10‑knockdown in the present 
study significantly increased SETD7 expression, which also 
promotes H3K4 methylation (44). These findings suggest that 
Bcl2l10 may cause broad changes in histone methylation to 
regulate cancer progression.

Notably, SDHD‑knockdown in thyroid cancer cells 
and IDH1‑knockdown in breast cancer cells does not affect 
the proliferative capability of the cells, but promotes cell 
motility (63,77). Increasing studies have proven that the positive 
regulation of cell motility is mediated by increased stabilization 

Figure 5. Workflow and summary of study. Overall steps to analyze RNA‑Seq 
data for identifying the role of Bcl2l10 and associated genes in ovarian cancer 
cells. RNA‑Seq, RNA sequencing; DEGs, differentially expressed genes; 
Bcl2l10, Bcl‑2‑like‑10; KEGG, Kyoto Encyclopedia of Genes and Genomes; 
SDHD, succinate dehydrogenase complex subunit D; IDH1, isocitrate dehy‑
drogenase 1.
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of hypoxia‑inducible factor (HIF)‑1α, which results from the 
accumulation of succinate and α‑KG in response to SDHD 
and IDH1 inhibition (77,78). Although the induction of HIF‑1α 
after Bcl2l10‑knockdown was not observed in the present 
study, the aforementioned results suggest that the significant 
increase in cell motility after Bcl2l10‑knockdown detected in 
our previous study (18) may be caused by the accumulation of 
succinate and α‑KG following the downregulation of SDHD 
and IDH1 after Bcl2l10‑knockdown.

Based on our previous results (18), the present study aimed 
to investigate the mechanism through which Bcl2l10 may regu‑
late cell proliferation and migration in ovarian cancer cells, 
and revealed that Bcl2l10 may be a new regulator of cancer 
metabolism. The present study found that the tumorigenic 
phenotypes in ovarian cancer cells after Bcl2l10‑knockdown 
were mediated by alterations in the activities of key TCA 
cycle enzymes, SDHD and IDH1. Notably, Bcl2l10 is associ‑
ated with metabolic regulation in cancer (57). In the 1930s, 
Otto  Warburg observed that cancer cells prefer aerobic 
glycolysis over oxidative phosphorylation even under normal 
oxygen circumstances, known as the Warburg effect  (79). 
The phenomenon of these changes in cancer cells is called 
metabolic reprogramming, which is considered a hallmark of 
cancer (80). The Warburg effect has been widely accepted as 
a common feature of metabolic reprogramming. It has been 
further postulated that this altered metabolism in cancer cells 
is due to mitochondrial defects that inhibit the ability of cells 
to oxidize glucose carbon to CO2 (81). However, in contrast 
to Warburg's original hypothesis, increasing evidence (82,83) 
obtained over the last decades has revealed that most cancer 
cells exhibit unchanged mitochondrial activity to generate 
the energy required for tumor growth and depend on mito‑
chondrial metabolism as well as glycolysis (84). Instead of 
the Warburg effect, other studies have proposed two models 
as new theories regarding the metabolic reprogramming in 
cancer cells. First, tumor‑associated genes may directly cause 
metabolic alterations. For example, the major oncogenes 
c‑Myc and HIF‑1α are known to promote the expression 
levels of glycolytic enzymes in tumors and thus serve as 
master inducers of cancer glycolysis (85), whereas the tumor 
suppressor p53 directly inhibits the transcription of glucose 
transporters Glut1 and Glut4, resulting in the downregulation 
of glucose uptake (86). Based on all these findings, enhanced 
transcriptional activity of c‑Myc and HIF‑1α and decreased 
p53‑mediated control in cancer cells cause upregulation of 
numerous glycolytic enzymes, such as hexokinase II, phos‑
phofructokinase 1, triosephosphate isomerase 1 and lactate 
dehydrogenase A (87). Second, mutations or changes in the 
expression levels of metabolic genes, such as SDH, IDH and 
FH, also induce metabolic alterations followed by epigenetic 
reprogramming, as aforementioned (61). In contrast to the 
first model, the second model states that tumor‑associated 
gene mutations are a consequence of epigenetic reprogram‑
ming (61), and the results of the present study are consistent 
with the second model. In other words, the alteration in the 
expression levels of SDHD and IDH1 due to downregulation 
of the tumor suppressor Bcl2l10 may broadly activate the 
expression levels of other tumor‑associated genes through the 
regulation of transcription factors independent of the Warburg 
effect.

In conclusion, the current findings demonstrated that 
Bcl2l10 exhibited tumor suppressive roles in ovarian cancer 
cells via regulating numerous transcription factors and meta‑
bolic genes. Functional analysis of these Bcl2l10‑associated 
transcription factors and their downstream genes may facilitate 
obtaining insights into diverse functions of Bcl2l10 in various 
cancer cells. To the best of our knowledge, the present study is 
the first to report that Bcl2l10 may be involved in the regula‑
tion of the TCA cycle in ovarian cancer cells. The schematic 
workflow of the current study is shown in Fig. 5.

However, as aforementioned, Bcl2l10 is well known to have 
different functions in different types of cancer. Therefore, it is 
necessary to further observe the association between Bcl2l10 
and the TCA cycle in other cancer cells to clarify the metabolic 
regulation of Bcl2l10 in various tissues. Metabolic alteration is 
one of the hallmarks of cancer and is an important part of cancer 
research. Further investigation of the contribution of Bcl2l10 to 
cancer metabolism, particularly the regulation of the TCA cycle, 
may improve the future development of novel cancer treatments.
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