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Abstract 
Background: T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive 
hematological malignancy with aberrant T-cell developmental arrest. Indi-
viduals with relapsed T-ALL have limited therapeutic alternatives and poor 
prognosis. The mitochondrial function is critical for the T-cell viability. The 
voltage-dependent anion channel 2 (VDAC2) in the mitochondrial outer mem-
brane, interacts with pro-apoptotic BCL-2 proteins and mediates the apopto-
sis of several cancer cell lines. Objective: The aim of the current study is to 
explore the role of VDAC2 in T-ALL cell survival and proliferation. Me-
thods: Publicly available datasets of RNA-seq results were analyzed for ex-
pression of VDAC isoforms and T-ALL cell lines were treated with a VDAC2 
small molecular inhibitor erastin. A VDAC2 RNA interference (siRNA) was 
delivered to T-ALL cell lines using a retroviral vector. Functional assays were 
performed to investigate the VDAC2 siRNA impacts on cell proliferation, 
apoptosis and survival of T-ALL cells. Results: Our analysis found a high ex-
pression of VDAC2 mRNA in various T-ALL cell lines. Public datasets of 
T-ALL RNA-seq also showed that VDAC2 is highly expressed in T-ALL (116.2 
± 36.7), compared to control groups. Only two T-ALL cell lines showed sen-
sitivity to erastin (20 µM) after 48 hours of incubation, including Jurkat (IC50 
= 3.943 µM) and Molt4 (IC50 = 3.286 µM), while another two T-ALL cells 
(CUTLL1 and RPMI 8402) had unstable IC50. However, five T-ALL cell lines 
(LOUCY, CCRF-CEM, P12-ICHI, HPB-ALL, and PEER cells) showed resis-
tance to erastin. On the contrary, all T-ALL cell lines genetically inhibited 
with VDAC2 siRNA led to more than 80% decrease in VDAC2 mRNA levels, 
and a < 80% decrease in viability of cells transfected. The siRNA specific to 
VDAC2, also led to suppressed proliferation and induced a sub-G1 cell cycle 
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arrest of T-ALL cells. Conclusion: VDAC2 is highly expressed in T-ALL cells. 
The inhibition of VDAC2 significantly decreased cell viability, increased apop-
tosis, reduced cell proliferation and caused cell cycle sub-G1 arrest of T-ALL 
cells. 
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1. Introduction 

T-cell acute lymphoblastic leukemia (T-ALL) is a complex heterogeneous malig-
nancy, with an aberrant T-cell developmental arrest. Acute lymphoblastic leuke-
mia (ALL) is divided according to two lymphocyte linages: B-ALL (B cell-derived 
ALL) and T-ALL (T cell-derived ALL) [1]. ALL is generally predominant in child-
ren than adults as 80% of ALL cases are found in children [2] [3]. 

T-ALL only represents about 12% - 15% of cases of all newly diagnosed ALL 
pediatric patients [4]. However, it represents a problematic, high-risk type of leu-
kemia. Firstly, a significant number of cases suffer from primary resistance [5], 
following an intensified multi-agent chemotherapy regimen. Secondly, patients 
who respond to initial treatment eventually suffer from a relapse accompanied 
by a poor prognosis [2] [4]. Therefore, the key to improving the prognosis of 
T-ALL is to reveal possible new therapeutic targets. 

The function of mitochondria is critical in T-cell development [6]. In cancer 
cells, the mitochondrion, is the “powerhouse” of cancer cells, as it generates energy 
for cells through its flexible bioenergetic profile of being able to switch malig-
nant cells between aerobic glycolysis and oxidative phosphorylation (OXPHOS), 
thereby ensuring a rapid anabolism [3] [7]. The mitochondria also participate in 
cellular fate decisions. In this way, the mitochondria maintain the viability of ma-
lignant cells, and promote the oncogenic transformation of malignant cells [3]. 
Cancerous cells employ mechanisms to protect malignant cells from activation 
of apoptosis signals [8] [9]. Mitochondrial outer membrane permeabilization 
(MOMP) is involved in the influx of calcium (Ca2+) and consequent cell death 
during normal T-cell development [6]. MOMP causes the release of cytochrome C 
and SMAC/DIABLO, which then activates the caspase cascade and cell death. A 
lot of genes affect the normal function of mitochondria. 

The mitochondrial VDAC2-BAK axis has been shown to influence the nega-
tive selection of thymocytes and thymocyte survival in the thymus during T-cell 
thymopoiesis [6]. This axis eventually evokes mitochondrial-mediated apop-
tosis by triggering a calcium flux upon TCR engagement. This in turn initiates 
the deletion of self-directed thymocytes [6]. Most tumor cells capitalize on their 
ability to protect themselves against cell death [8] [10]. However, the role of 
VDAC2-BAK axis in propagating of malignant transformation and protecting of 
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tumors from cell death in T-cell acute lymphoblastic leukemia remains elusive 
[6]. 

All three VDAC isoforms have redundant and substitutable roles in the meta-
bolic and ion flux [11]. However, VDAC1 and VDAC2 have isoform-specific roles, 
and diametrically opposed functions in mitochondrial-mediated apoptosis. VDAC1 
isoform has pro-apoptotic roles while VDAC2 has anti-apoptotic/pro-survival roles 
[6] [7] [10] [12] [13]. The non-redundant roles of VDAC2 in either mediating or 
preventing apoptosis are not yet fully understood and still remain controversial 
[7] [10]. Mice embryos with homozygous VDAC2 allele deletion died during de-
velopment, whereas embryos with deletion of the other two isoforms, VDAC1 and 
VDAC3, survived [11]. The VDAC2 binds BAK/BAX complex, and keeps it in 
an inactive form. When released, it leads to homodimerization of BAK and inte-
ractions that culminate in MOMP and cell death [6] [10] [12] [14] [15] [16]. 
Therefore, it is very important to analyze the expression patterns of VDAC iso-
forms in T-ALL as well as the T-cell developmental stages. And still, no published 
study is available that has looked at the pro-survival VDAC2 role [16] [17] in 
T-cell acute lymphoblastic leukemia. 

The main goal of the study was to analyze the expression patterns of VDAC 
isoforms in T-ALL when compared to control cells, explore whether inhibition 
of VDAC2 in T-ALL is pro-apoptotic or pro-survival (anti-apoptotic), and ex-
plore the inhibition of VDAC2 using RNA interference (RNAi) as a therapeutic 
strategy in the treatment of T-cell acute lymphoblastic leukemia (T-ALL). 

Using RNA-seq data and VDAC2 inhibitors, it was found that VDAC2 is highly 
expressed in T-ALL cells. Inhibiting VDAC2 led to a significant reduction in cell 
viability, increased apoptosis, decreased cell proliferation, and induced cell cycle 
sub-G1 arrest in T-ALL cells. 

2. Materials and Methods 
2.1. RNA-Seq Datasets 

To compare the global expression of different VDAC isoforms in different phy-
siological T lymphoid tissues to the malignant T-ALL, we used publicly available 
GEO datasets (GSE141140, GSE33470) extracted from the website  
https://www.ncbi.nlm.nih.gov/gds and analyzed in GraphPad prism 9.0. The da-
taset GSE141140 was modified in our lab, in a different study, to add more con-
trol groups, namely the thymocytes and hematopoietic pluripotent stem cells 
(HPSCs) respectively. For differential gene analysis and protein-to-protein inte-
raction, we used Cytoscape and R software respectively. 

2.2. Cell Culture 

T-ALL cell lines: Jurkat, Molt4, Loucy, CUTLL1, RPMI 8402, CCRF-CEM, 
P12-Ichikawa (P12 or P12-Ich), HPB-ALL, Peer and Molt3 cells, kindly provided 
by the Center of Molecular Medicine, Children’s Hospital of Chongqing Medical 
University, were cultured in RPMI 1640 (Gibco, USA) supplemented with 10% 
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FBS, 1% penicillin/streptomycin combo (Gibco, USA), and 2 mmol/l L-glutamine. 
T-ALL cell lines were treated with inhibitors of VDAC2. 

HEK-293PA (Human embryonic kidney) cells kindly provided by the Center 
of Molecular Medicine, Children’s Hospital of Chongqing Medical University, 
were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA), which 
included 10% FBS, 1% penicillin/streptomycin combination, and 2 mmol/l L- 
glutamine, were used to produce the retrovirus expression vector. All cells were 
cultured in a humidified atmosphere at 37˚C in 5% CO2. This cell line was used 
to assemble retroviral vector particles, containing siRNA. 

2.3. Total RNA Extraction 

About 2 × 106 cells were centrifuged at 800 G/min, 4˚C; supernatant was com-
pletely removed, and 1 ml of Trizol RNAiso (Takara, Japan) was added, mixed 
well then 200 µl Trichloromethane was added, mixed well again and centrifuged 
at 4˚C for 13,000 G for 15 minutes. The tRNA will be found in the supernatant. 
After centrifugation, 400 µl of supernatant is carefully aspirated into a new vial 
after which same volume of isopropanol is added and mixed homogenously; 
centrifuged at 4˚C for 13,000 G for 10 minutes. The supernatant is discarded and 
do the wash step twice with freshly prepared 70% ethanol, by centrifuging at 4˚C, 
12,000 rpm for 5 minutes; completely discard supernatant by spinning down on 
the mini-centrifuge for 5 seconds and aspirate with pipet and dry at room tem-
perature for 5 minutes. 10 µL of ddH2O is added to dissolve tRNA; then detect 
extracted RNA by agarose gel electrophoresis. 

2.4. Detection of VDAC2 mRNA by Real-Time Quantitative PCR 
(RT qPCR) 

The cDNAs were treated to SYBR Green-based real-time PCR method, and 
GAPDH was used as reference gene. The following primer sequences for gene 
expression RT qPCR assays were used: Human VDAC2, forward: CTTTGCAGT 
GGGCTACAGGA, reverse: ACGAGTGCAGTTGGTACCTG; GAPDH forward: 
CAGCGACACCCACTCCTCCACCTT, reverse:  
ATGAGGTCCACCACCCTGTTGCT. 

2.5. Inhibition of VDAC2 by Erastin and Cell Viability Testing 

The T-ALL cell lines were cultured in presence of erastin at increasing concen-
tration (from 0 µM to 20 µM), at 37 ˚C in 5% CO2 for 48 hours, then tested using 
PE Annexin V method, as described by manufacturer provided protocol. 

2.6. Small Interfering RNA (siRNA) and Molecular Cloning 

The siRNA construct of human VDAC2 was designed and procedure was per-
formed as reported elsewhere [18]. The hVDAC2-siRNAs were synthesized by 
Huada Biology (Beijing, China) and then used in molecular cloning step. The 
following sequences were used: 
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Sense: GGCAAAAAA GCTTGGACATCAGGTACCAACTGCA TTTTT, 
Antisense: GCCA AAAAATGCAGTTGGTACCTGATGTCCAAGC TTTTT. 
An in-house plasmid, pSEIB-361-GFP, was cut using a single point restriction 

endonuclease enzyme (NEB, USA), linked to siRNA construct with T4 DNA li-
gase (NEB, USA) to form a recombinant DNA sequence. 50 µl E. coli DH5α 
(Tiangen, CAT: CB101) competent cells were transformed with recombinant 
DNA sequence, by heat shock at 42˚C for 90 seconds, to allow penetration of ex-
pression vector containing target sequence, placed on ice for 3 - 5 minutes; then 
mixed with 800 µl liquid broth and shaken in a water bath at 37˚C for 30 - 60 
minutes. Transformed cells are then centrifuge at 2000 rpm for 3min, and sediment 
of competent cells is evenly spread on Muller-Hinton plate coated with Ampicil-
lin (concentration of 100 mg/ml) and incubates it at 37˚C for 12 - 14 hours. 
Plasmid is extracted from single colonies bacteria by alkaline lysis method, fol-
lowed by agarose gel electrophoresis, plasmid PCR, and RNA depletion by mag-
netic beads, using manufacturer provided protocol. 

2.7. Production of Retrovirus 

The HEK-293PA cell was cultured in T7 flasks until it reaches 60% - 80% con-
fluence. Transfection was done for each of the three plasmids: 8 µg of recombi-
nant p-SEIB-361-GFP-hVDAC2-siRNA; packaging plasmids: 8 µg of p-Ampho 
and 2 µg of p-VSV-g. 144 µg of polyethylenimine (PEI) reagent (Polysciences, 
Warrington, USA), was used to enhance transfection efficiency. The first four 
hours, FBS-free DMEM was used, followed by DMEM supplemented by 10% 
FBS for 24 h, then replaced with fresh media. Supernatants with retrovirus were 
collected at 48 h, 72 h and 96 h from HEK-293PA cells, post-transfection for har-
vesting of retrovirus vectors. 

Retroviral infection of T-ALL cells for siRNA gene delivery 
Healthy T-ALL cell lines with at least 70% confluence were centrifuged and 

resuspended in fresh, serum-free RPMI 1640 medium. The supernatant con-
taining retrovirus was infected together with 4 µg/ml Polybrene (Polysciences, 
Warrington, USA) to cells in 3 cycles at 4 h intervals, virus was reinfected into 
cells three times, and replacing the media with each round. The infected cells 
were screened at 48 h post-infection according to the different tolerance concen-
tration of blasticidin (Polysciences, Warrington, USA). 

2.8. Cell Viability and Apoptosis Measurement by PE Annexin V 

About 5 × 105 cells were centrifuged at 2000 rpm for 5 minutes, and the super-
natant was removed. Pre-cooled PBS was added to the cells, and they were spun 
at 2000 rpm for 5 minutes to wash them. PE Annexin V method was performed 
according to manufacturer provided protocol. 

2.9. Cell Proliferation Measurement by CCK-8 

To test cell viability and deduce cell proliferation rate, T-ALL cells in logarithmic 
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growth phase after exposure to various treatment factors were inoculated on 96 
well plates at rate of 5000 cells per well, with 3 wells per group. After 12 h, 24 h, 
48 h, 72 h respectively, 10 µl CCK-8 solution is added to each well, mix before 
continuing to culture. After 4 h, absorbance at wavelength of 450 nm was detected 
by an enzyme marker. A cell proliferation curve based on absorbance values was 
drawn. 

2.10. Cell Cycle Detection by Propidium Iodide (PI) Staining 

Cell cycle was tested 48 h and 72 h after exposure to treatment factors. T-ALL 
cells were isolated and rinsed in PBS; fixed with 70% ethanol and PI staining was 
performed according to manufacturer protocol. 

2.11. Statistical Analysis 

To unless otherwise stated, all experiments performed in triplicates. Statistical 
details of the experiments including statistical tests used can be found in the fig-
ure legends. Statistical significance was defined as p < 0.05. We used GraphPad 
9.0 software to analyse our experimental and public dataset data. All experiments, 
when n not indicated, were carried out in triplicates and a mean value was taken 
as a final value. Experimental data were analyzed using the statistical methods: 
Student’s t-test or repeated-measures one-way or two-way analysis of variance 
(ANOVA) as indicated in the figure legends. 

3. Results 
3.1. Expression of VDAC Isoforms in Normal Lymphoid Tissues vs. 

in T-ALL 

Our observations were that the global expression levels (mean ± SD) of VDAC2 
were highest expressed isoform in T-ALL cells (116.2 ± 36.7) when compared to 
the control group cells, which are: the thymocytes, HPSC and normal T lym-
phocytes (peripheral T lymphocytes). VDAC1 was the highest expressed isoform 
in the control group, HPSC (90.7 ± 42.9) and thymocytes (150.1 ± 33.9). On the 
other hand, VDAC3 showed no statistically-significant difference in the mean 
value across all cell types (Figure 1(A) & Figure 1(B)). 

VDAC2 expression in T-ALL patients’ cells was significantly high, compared 
to VDAC2 expression in normal peripheral T cells (p < 0.0027). There was no 
significant difference in levels of VDAC2 between T-ALL cells when compared 
to HPSC (p < 0.2159), and thymocytes (p < 0.3713). Interestingly, VDAC1 iso-
form expressed the same pattern, with comparable means between T-ALL cells 
against HPSCs (p < 0.4067) and thymocytes (p < 0.0879) and a significantly 
lower VDAC1 expression in peripheral T lymphocytes (p < 0.0008) (Figure 1(A) 
& Figure 1(B)). 

We then tested mRNA expression of VDAC2 by quantitative RT-PCR, amongst 
seven T-ALL cell lines, namely Jurkat, Molt4, CUTLL1, RPMI 8402, CCRF-CEM, 
HPB-ALL, and P12-ICH cells, and found that VDAC2 was heterogeneously  
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Figure 1. Global expression of VDAC isoforms in lymphoid cells compared to T-ALL cells. ((A), (B)) RNA-seq expression levels 
of VDAC isoforms in T-ALL cells compared to control groups. (C) An RT qPCR expression of VDAC2 in different T-ALL cell 
lines. CQMU-CH: Chongqing Medical University-Children’s Hospital; T-ALL: T-cell acute lymphoblastic leukemia; HPSCs: 
hematopoietic progenitor stem cells; P12: P12-Ichikawa. *p < 0.05; **p < 0.001; ***p < 0.0001; ns: p-value non-significant. 
 

expressed in T-ALL cell lines. 

3.2. VDAC2 Expression at Different Stages of T-Cell Development 

In Figure 2, we investigated how VDAC2 is expressed in developing T cells,  
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Figure 2. Expression of VDAC2 at different T-cell development stages (dataset GSE33470). ((A), (B)) Graphical expression of 
VDAC2 in normal thymocytes, at different stages of thymopoiesis, shows higher expression of VDAC2 in undifferentiated or 
poorly differentiated double negative thymocytes (CD34+CD1a− to CD4ISP) than when compared to more differentiated thymo-
cytes. T-ALL: T-cell acute lymphoblastic leukemia; HPSCs: hematopoietic progenitor stem cells. 
 

from the bone marrow, through thymus into the peripheral blood. Using pub-
licly available dataset (GSE33470) RNA-seq results, we found that VDAC2 expres-
sion levels were the highest at the intermediate single positive stage (ISP), which 
is a transitioning stage between double negative (DN) and double positive (DP) 
stages. Comparing the expression of VDAC2 in a poorly differentiated and im-
mature double negative thymocytes stage (CD34+CD1a− to CD4ISP) to the more 
differentiated, DP and single positive cells (DPCD3− to CD3+CD8+), we found a 
significant difference in expression (p < 0.0040). 

3.3. VDAC2 Interacts with Genes Associated with Mitochondria 
Mediated Apoptosis 

Using the RNA-seq dataset results (GSE141140), we found that protein to pro-
tein interactions of VDAC2 existed with other genes associated with mitochon-
dria-mediated apoptosis pathway. Figure 3 shows that VDAC2 is associated to 5 
genes, namely BAK, BAX, BCL2-L1, CASP3 and DIABLO. Further differential 
genomic analysis of the dataset revealed that different gene expression existed in 
the three different controls when compared to T-ALL, indicating that the type of 
control is very important when comparing the gene expression of different co-
horts. 

3.4. Inhibition of VDAC2 by a Small Molecular Inhibitor Erastin 

We tested the effects of inhibiting VDAC2 in T-ALL cell lines, using a small 
molecular inhibitor erastin, at increasing concentration（0, 0.1, 1.0, 5.0,10, 20 
µM), after incubation for 48 hours at 37˚C in CO2. The cell survival rates as 
measured by PE Annexin V flow cytometry method, as demonstrated in Fig-
ure 4, shows that two cell lines (Jurkat with IC50 = 3.943 µM, Molt4 with IC50 =  
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Figure 3. Differential genomic analysis of modified dataset GSE141140. (A) Volcano plots 
comparing T-ALL cells to control groups: thymocytes, HPSC and peripheral T lymphocytes. 
Different genes different gene expression existed in the three different controls. (B) Pro-
tein-to-protein interaction analysis found 5 genes involved in mitochondrial-mediated 
apoptosis directly interact with VDAC2. 

 

 
Figure 4. Cell survival rates 48 h after treatment with erastin. Only two cell lines (Jurkat 
with IC50 = 3.943 µM, Molt4 with IC50 = 3.286 µM) showed sensitivity to erastin. Two more 
cell lines showed unstable IC50 (CUTLL1 and RPMI 8402) and five showed resistances to 
erastin (Loucy, CCRF-CEM, P12-ICHIKAWA, HPB-ALL, and PEER cells). 

 
3.286 µM) were sensitive to erastin and the rest cell lines either had unstable IC50 
(CUTLL1 and RPMI 8402) or showed resistance to erastin (Loucy, CCRF-CEM, 
P12-ICHI, HPB-ALL, and PEER cells). 

3.5. Genetic Silencing of VDAC2 with siRNA Reduced Cell Survival 
Rate and Proliferation 

To investigate the cell viability and proliferation of T-ALL cells when cells are ex-
posed to transient silencing of the VDAC2 gene, thereby creating stably expressing 
VDAC2-siRNA cells (see Figure 5). We measured the functional effects such as 
survival, apoptosis and proliferation rate of T-ALL cells transfected with siRNA 
over a period of 96 hours. 

Using the CCK-8 assay, we found that T-ALL cells showed a gradual increase 
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Note: ns: not significant p-value; **p < 0.001; ***p < 0.0001. 

Figure 5. Creating a stable VDAC2 siRNA-expressing retrovirus T-ALL cells. (A) Expe-
rimental workflow for creating a stable VDAC2 siRNA-expressing retrovirus T-ALL cells. 
(B) HEK-293PA cells for producing retrovirus vector, 48 hours post-transfection with 
plasmids; and Jurkat, Molt4 cells 48 hours post-VDAC2-siRNA delivery. (C) RT qPCR 
quantification of VDAC2 mRNA before and 72 hours after VDAC2-siRNA transfection 
showing successful knockdown of VDAC2. 

 
in proliferation for the first 48 hours post-transfection, followed by an abrupt 
abrogated proliferation which was pronounced at 96 hours post-siRNA transfec-
tion (see Figure 6(A)). A decreased cell survival rate and increased apoptosis 
was also confirmed by PE Annexin V method, 96 h post-transfection (Figure 
6(B) & Figure 6(D)). The results indicated that VDAC2 siRNA took effect at 48 
hours after transfection. When comparing the proliferation rates as measured in 
absorbance of cells at 72 hours and 96 hours post-transfection, there is an inhi-
bited proliferation (p < 0.0016). 

We further went to confirm the survival and apoptosis rate of T-ALL cells 
post-transient silencing of VDAC2 with siRNA by means of PE Annexin V assays. 
Six VDAC2 siRNA transfected cells showed a decreased cell viability to an aver-
age of <20%, 72 hours after retrovirus was introduced. When we compared the 
mean survival rate of all cell lines at zero hours before transfection (mean 94.4%, 
±1.90) and 72 hours after transfection (mean 12.0%, ±4.67) by ANOVA, the dif-
ference was very statistically significant (p < 0.0001). 

3.6. VDAC2 siRNA Treated Cells Show a Sub-G Cell Cycle Arrest 

We stained T-ALL cells with Propidium Iodide, to determine the cell cycle status 
of cells with genetic downregulated of VDAC2. Surprisingly, treatment of T-ALL 
cells with VDAC2 siRNA arrested cell cycle in Sub-G1 phase, for all the six cell 
lines tested. When comparing cell cycle of untreated to VDAC2-siRNA treated 
T-ALL cells, there is a decrease in the proportion of cell cycle division, namely 
the G1-phase, S-phase and G2-phase (Table 1(A) & Table 1(B); Figure 7). Most  
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Figure 6. VDAC2 siRNA-expressing T-ALL cells show dramatic decreased in survival and proliferation rate and increased apoptosis 
rate. (A) CCK-8 assays, and (B) Annexin V assay showing the dramatic decrease in proliferation from 42 hours post-knockdown. (C) 
Comparison of cell viability by ANOVA at 0, 72 and 96 hours post-knockdown was statistically significant (p < 0.0001). (D) Esti-
mation plot comparing cell viability at 0 and 72 hours post-VDAC2 knockdown (student’s t-test p <0.0001). * = p < 0.05; ** = p < 
0.001; *** p < 0.0001; ns: p-value non-significant. 
 
Table 1. (A) Cell cycle progression in T-ALL cell lines (CUTTL1, RPMI 8402, HPB-ALL) with VDAC2 knockdown; (B) Cell cycle 
progression in T-ALL cell lines (Jurkat, Molt4, CCRF-CEM) with VDAC2 knockdown. 

(A) 

 
CUTLL1 WT CUTLL1 48 h CUTLL1 72 h 8402 WT 8402-48 h 8402-72 h HPB-ALL WT HPB-ALL 48 h HPB-ALL 72 h 

G1-phase 21.2 13.9 2.34 2.49 4.35 2.44 24.7 9.07 1.03 

S-phase 25.1 22.9 8.24 70.1 41.9 16.7 39.2 31.9 5.45 

Sub-G1 28 39.1 86.6 5.27 34 74.6 14.4 36.1 91.7 

(B) 

 
Jurkat WT Jurkat 48 h Jurkat 72 h Molt4 WT Molt4 48 h Molt4 72 h CEM WT CEM 48 h CEM 72 h 

G1-phase 12.6 15 1.54 13.2 1.22 2.73 7.46 4.75 2.38 

S-phase 20.3 24.5 6.31 58.4 68.3 39.3 27 22.5 20.9 

Sub-G1 50.8 32.2 89.3 −0.87 12.1 43.3 59.5 63.4 68.4 
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Figure 7. Cell cycle progression after genetic knockdown of VDAC2. ((A), (B)) A summary of cell cycle status in four different cell 
lines measured when untreated, at 48 hours and 72 hours after transfection with VDAC2-siRNA. All cells show accumulation of 
cells in sub-G1 phase and dramatic decrease in the S-phase 72 hours post-transfection, indicating a cell cycle arrest in sub-G1 
phase. (C)-(E) Paired student’s t-test comparison in cell cycle progression in Jurkat (C), CCRF-CEM (D) and CUTLL1 (E) cells, 
respectively. *p < 0.05; ns: not significant p-value. 
 

of the cells were confined to the sub-G1 phase of cell cycle and facing an im-
minent cell death. Transfection of T-ALL cells with VDAC2-siRNA induced a 
G0/G1 cell cycle arrest (Figure 7; Table 1(A) & Table 1(B)). We then used 
student’s t-test to compare of flow cytometry counts (G1 phase compared to 
sub-G1 phase) of all six tested cell lines when untreated with VDAC2-siRNA 
to 72 hours post-treatment we found that statistically significant values in Jurkat 
(p < 0.05) and CCRF-CEM cells (p < 0.05), and a non-significant p-value but 
elevated sub-G1 cell population in Molt4, HPB-ALL, RPMI 8402 and CUTTL1 
cells. 
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4. Discussion and Conclusions 

The function of mitochondrial porin VDAC as a passage for metabolites and 
ions has been extensively studied; however, just how VDAC2 interacts with 
BCL-2 proteins to mediate apoptosis is poorly understood in leukemia. Here, we 
used both GEO public datasets and our own data to analyze the expression pat-
terns of VDAC2 and other isoforms in normal lymphoid T cells as compared to 
T-ALL cells. We applied two approaches to inhibit and study the function of 
VDAC2 gene in the survival and proliferation of T-ALL cells, namely: by using a 
small molecule inhibitor of VDAC2 and secondly using a small interfering RNA 
(siRNA) method. 

VDAC2 function is distinct among VDAC isoforms in that it dynamically in-
teracts with pro-apoptotic BAK molecule, keeping it in check, and when disso-
ciated from BAK, results in activation of caspase cascade and cell death [6] [15]. 
In this study, we explored a distinct physiological role for VDAC2 in modulating 
the survival and proliferation of T-cell acute lymphoblastic leukemia, thereby 
enhancing the leukemogenic of T-ALL cells. 

Our study showed that VDAC2 is highly expressed in T-ALL cells and con-
firmed that protein-to-protein interactions exist between VDAC2 and BAK as 
well as other proteins such as BAX, BCL2-L1, CASP3 and DIABLO, associated 
with mitochondrial-mediated apoptosis pathway (Figure 3(B)). In contrast to 
previous studies involving non-malignant cells in which VDAC1 was the most 
expressed VDAC isoform [7] [12] [14] [17] [19] [20] [21], our results showed that 
VDAC2 expression levels were higher than VDAC1 in T-ALL and normal peri-
pheral T lymphocytes, but VDAC1 remained the highest expressed isoform in 
haemopoietic stem cells (HPSCs) and thymocytes. 

We showed that inhibiting VDAC2 in T-ALL cells either by small molecular 
VDAC2 inhibitor erastin or by VDAC2 siRNA resulted in a decreased prolifera-
tion rate and an increased vulnerability of T-ALL cells, to cell death. Our study 
demonstrated the critical role of mitochondrial VDAC2 in supporting the sur-
vival of T-ALL cells to escape apoptosis and thereby promoting proliferation. 
When VDAC2 protein is inhibited, this protective role is removed and results in 
decreased cell viability and a high apoptosis rate (Figure 6). Overall, T-ALL cells 
whether they were sensitive to erastin or not, suffered a dramatic < 80% decrease 
in viability, decreased proliferation rate and increased apoptosis rate, 72 hours 
post-transfection with a retrovirus vector containing VDAC2 siRNA (Figures 
6(A)-(D)). 

Inhibiting VDAC2 with a small inhibitor erastin reduced the viability of T-ALL 
cells, although only two out of nine (2/9) cell lines tested were sensitive. This re-
sult signifies a poor chemosensitivity of T-ALL cells to erastin. This is similar to 
the poor erastin chemosensitivity that was reported elsewhere, such as in ova-
rian cancer [22] and pancreatic cancer [23]. 

There are many advantages to using siRNA over small molecule inhibitors. 
Small interfering RNA (siRNA) is an RNA interference (RNAi) method for the 
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knocking down of endogenous genes through post-transcriptional gene silencing 
(PTGS). It is a specific method that interferes with the expression of specific genes 
with complementary nucleotide sequences by degrading mRNA after transcrip-
tion, thereby preventing translation [24] [25]. It has so many advantages in study-
ing the function of specific genes. Firstly, siRNA is specific in that it only de-
stroys mRNA from homologous genes, and a single nucleotide change can have 
a significant impact on targeting and inhibition. Secondly, siRNA results in very 
low levels of expression of a target gene even when the concentration of siRNA 
given is smaller than that of antisense nucleic acids [26]. RNAi is a unique gene 
disruption approach that silences or inhibits the expression of the target gene 
and is frequently used for new gene screening, gene function identification, and 
gene therapy [24] [25] [26]. Therefore, it does not come as a surprise that inhibi-
tion of VDAC2 with small molecular inhibitor erastin showed poor potency in 
causing effects on all T-ALL cell lines than siRNA did. 

However, when VDAC2 was genetically downregulated using a more sensitive 
and specific method of siRNA, this contrasting result from erastin-treated cells in-
dicates that the poor chemosensitivity produced by erastin may be a result of other 
factors related to the pharmacodynamics and pharmacokinetics such as potency, 
selectivity and water solubilities of erastin as reported elsewhere [27], and not nec-
essarily the inefficiency of VDAC2 gene deletion to decrease cell viability. 

Indeed, our study further highlights the benefits of using siRNA-based thera-
pies to limit cancer cell growth and proliferation both in vitro and in vivo, which 
can benefit the treatment of T-ALL, similar as reported in liver diseases siR-
NA-based therapeutics [28] [29]. Furthermore, siRNA-based therapies have 
demonstrated significant promise in sensitizing cancer cells to chemotherapy by 
genetically blocking genes that contribute to drug resistance during chemothe-
rapy [28]. 

In addition, when T-ALL cells were transiently silenced for VDAC2 and were 
stained with PI method, they showed the sub-G1 stage of cell cycle (Figure 7), 
which indicates the initial stages of cell death. The inhibition of VDAC2 led to 
the induction of G0/G1 cell cycle arrest, with similar flow cytometry histograms 
as reported elsewhere [30] [31]. Previously, studies on leukemia only used a small 
inhibitor erastin to inhibit VDAV2 and no other studies directly inhibited VDAC2 
gene to test its role in supporting survival and proliferation. 

The decrease in T-ALL cell viability following inhibition of VDAC2 as explained 
in literature owes to VDAC2 binding and inactivating a pro-apoptotic BCL-2 mo-
lecule, BAK and in VDAC2 absence thereof leads to BAK homo-dimerization [16] 
[20] [32]. Therefore, inhibiting VDAC2 releases BAX/BAK and leads to activa-
tion of apoptosis [6] [33]. Also, Chin et al.’s (2018) research group demonstrated 
that deletion of VDAC2 accelerated tumor development by disengaging BAX in 
impairing both the killing of tumor cells by anti-cancer agents and also in the 
ability to suppress tumor formation [16]. Altogether, this, therefore, highlights the 
protection ability of VDC2 on tumor development [16]. 
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In conclusion, our study found that VDAC2 is highly expressed in T-ALL cells. 
Inhibiting VDAC2 led to a significant reduction in cell viability, increased apopto-
sis, decreased cell proliferation, and induced cell cycle sub-G1 arrest in T-ALL 
cells. Further studies are required to determine the exact mechanisms and con-
firm the presence of MOMP in inhibited cells. 
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