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ABSTRACT

Non-small cell lung cancer (NSCLC) is characterized by stronger metastatic ability and worse prognosis. In
NSCLC, hypoxia is a major cause of invasion and metastasis through promoting angiogenesis. In present study,
NSCLC cell clusters were extracted from single cell-sequencing dataset GSE131907, which were combined with
hypoxia-related genes to group clusters. gRT-PCR and western blot were used to validate the expression of
target gene. Nine NSCLC clusters were extracted, which were divided into two hypoxia-related subgroups, C1
and C2. Totally 101 differentially expressed prognostic genes were identified between subgroups. Of which,
VDAC2 showed excellent prognostic value for NSCLC and was selected for further analysis. VDAC2 was
upregulated in tumor samples in TCGA and was correlated with advanced stages. In vitro experiments validated
this trend. Five crucial immune cells showed differential infiltration proportions between high and low VDAC2
expression groups. VDAC2 knockdown significantly inhibited the proliferation and invasion ability of NSCLC
cells. Integrating single cell and bulk sequencing data as well as wet lab experiments, hypoxia-related VDAC2
exhibited important prognostic value and showed the promise of becoming immune-therapy target in NSCLC.

INTRODUCTION survival (OS) rate of NSCLC is still unsatisfied,

approximately only 23% [5]. On the other hand,
Non-small cell lung cancer (NSCLC), as one of the NSCLC is prone to metastasize at an early stage,
main subtypes of lung cancer, accounts for 85% of all especially lymph node metastasis, thus the prognosis of
diagnosed lung cancer cases [1]. The primary subtypes NSCLC is usually suboptimal [6]. Some markers, like
of NSCLC comprise lung adenocarcinoma (LUAD) and PD-L1 expression and tumor mutation burden (TMB),
lung squamous cell carcinoma (LUSC) [2]. Currently, have been applied in clinical lung cancer cases for
in patients at stages | and Il, the standard treatment of predicting patients’ immunotherapy responses [7],
NSCLC is surgical resection followed by adjuvant whereas tumor heterogeneity is still a great challenge in
systemic therapy [3]. In advanced NSCLC patients, the clinical practice of cancers. Accordingly, great efforts
predominant treatment includes immune checkpoint should be devoted to exploring more details relating to
inhibitor (ICI) monotherapy or its combination with the intratumoral heterogeneity of NSCLC, thereby
chemotherapy [4]. Unfortunately, despite the great indirectly conducive to improve the clinical outcome of
development of therapeutic strategies, the 5-year overall patients.
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Hypoxia is a common micro-environmental trait in most
solid tumors, which is caused by an imbalance between
tumor cell proliferation and blood oxygen supply [8].
Hypoxia in solid tumors has been linked to cancer
patient resistance to chemotherapy and radiation, and it
often promotes a more aggressive tumor phenotype,
which contributes to poor outcomes of patients [9].
Hypoxia related conditions are increasingly regarded as
the critical aspect affecting the malignant progression of
lung cancer [10-12]. In NSCLC, long-term moderate
hypoxia would elevate the expression of FGFR1 and
maintain the MAPK activation, thereby promoting
epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitors (TKI) resistance [13]. Chronic
intermittent hypoxia can promote lung cancer stem cells-
like properties via activating mitochondrial reactive
oxygen species (ROS) [14]. Hypoxia induction mediated
by hypoxia-inducible factor 20, (HIF-2a) increases the
epithelial-mesenchymal transition (EMT) events and
NEATL1 expressions in NSCLC under hypoxic condition
via regulating miR-101-3p/SOX9/Wnt/B-catenin signal
pathway, promoting the progression of NSCLC [15]. In
addition, under hypoxic conditions, cell autophagy
involves in improving NSCLC antiradiation capacity by
regulating the amount of ROS, negatively affecting
radiotherapy efficacy and leading to a poor prognosis of
lung cancer patients [16]. In short, hypoxia can promote
the NSCLC cell progression and chemoresistance.
However, more detailed hypoxia related functions in
heterogeneous NSCLC cells still lack clear clarification
as far as we know.

Herein, in this study, the NSCLC related single-cell
and bulk RNA sequencing data have been
comprehensively analyzed in order to decipher more
details involving the tumor microenvironment (TME)
and intratumoral heterogeneity basing on hypoxia
related genes. Our findings are promising to give more
insights into understanding tumor as well as immune
microenvironment of NSCLC patients.

RESULTS

Identification NSCLC cell

subpopulations

of heterogeneous

To better understand the intratumoral heterogeneity of
NSCLC and hypoxia from distinct levels, our present
work was conducted according to the flow chart in Figure
1. We firstly analyzed the sc-RNA sequencing data to
identify the heterogeneous cell subsets. In GSE131907
dataset, we processed the samples with Seurat R package,
and selected the top 15 principal components among all
clusters (Figure 2A). The cells were annotated into 19 cell
clusters by Umap (Uniform Manifold Approximation and
Projection) method (Figure 2B). Subsequently, the LUAD

marker genes NAPSA, NKX2-1, the LUSC marker genes
TP63, KRT5, as well as EPCAM and MET were adopted
to identify the cancer cell clusters. We found that cluster4,
cluster6, clusterll, clusterl?2 and clusterl6 belonged to
cancer cell populations (Figure 2C). To screen the tumor
cells more accurately, these 5 cancer cell clusters were
analyzed following the above process again, and totally
16 cell clusters were obtained (Figure 2D, 2E). Finally,
clusterO, cluster3, cluster4, cluster6, cluster8, clusterl0,
clusterl3, clusterl4, clusterl5 were identified as the
NSCLC cell populations by further cancer cell annotation
(Figure 2F).

Definition of different hypoxia related NSCLC
subpopulations - C1 and C2 groups

Next, we analyzed the marker genes’ functional
information of the above 9 cell subsets to better
understand the potential functional ways. The marker
genes of cluster0, cluster4 and clusterl0 were
significantly enriched in 9, 7 and 6 KEGG pathways,
respectively, and the marker genes of other clusters
were enriched in 20 KEGG pathways (Supplementary
Figures 1, 2). In addition, the marker genes of these 9
clusters were significantly enriched in 20 GO terms,
respectively (Supplementary Figures 3, 4). We noticed
that most of the functional terms involved in multiple
critical processes and aspects in tumorigenesis, such as
MAPK signaling pathway and HIF-1 signaling
pathway, which implied the distinct function of hetero-
geneous cell subsets in NSCLC.

Hypoxic conditions in TME are considered as a driver
of tumor malignancy in NSCLC [10]. To better
decipher hypoxic impacts on tumor cells in TME, we
performed the cross-over analysis between hypoxia
related genes (HRGs) and marker genes of these cluster.
The significantly differential HRG expression pattern
was observed between clusterO, cluster3 and cluster4,
cluster6, cluster8, clusterl0, clusterl3, clusterl4
(Figure 3). Therefore, according to the HRG expression,
the cluster0 and cluster3 were then defined as C1 group,
and cluster4, cluster6, cluster8, clusterl0, clusterl3,
cluster14 were classified as C2 group. The samples in
C1 and C2 groups were considered distinct hypoxia
related heterogeneous NSCLC subpopulations.

Hypoxia heterogeneous NSCLC subpopulation
related VDAC?2 showed important prognostic value
in NSCLC

Among the marker genes in the hypoxia-related
heterogeneous NSCLC subpopulations, C1 and C2, 101
genes were identified to be associated with prognosis
of patients by univariate Cox regression analysis
(Supplementary Table 1). Of these 101 genes, there
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were 11 genes with HR greater than 1, as risk factors for
NSCLC (Figure 4A and Supplementary Table 1).
Except for ASPH, MT2A (Supplementary Figure 5A,
5B), the other 9 genes’ high expressions were
significantly correlated with a poor prognosis of
NSCLC patients (Figure 4B-4J). Basing on the KM
plotter (http://kmplot.com/) database, the VDAC2 high
expression was significantly associated with inferior
prognosis of 2437 NSCLC patients among these 9 genes

(Figure 4K). VDAC?2 expression exhibited significantly
positive correlation with HIF-1a (Supplementary Figure
5C). Moreover, the time dependent receiver operating
characteristic (ROC) indicated that area under the curve
(AUC) values of VDAC2 in 3 years and 5 years were
over 0.70, and the AUC value of VDAC2 in 7 years was
0.629 (Figure 4L), indicating VDAC2 had better
diagnostic value for NSCLC. Therefore, VDAC2 was
selected for our subsequent analysis.

=-
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Figure 1. The flow chart of this study.
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VDAC2 was highly expressed in NSCLC

In the TCGA-LUAD dataset, we found that the
VDAC2 was significantly highly expressed in cancer
samples comparing to adjacent samples (Figure 5A,
cancer vs. normal). A similar high expression of
VDAC?2 protein was also observed in tumor tissue
samples of NSCLC from Human Protein Atlas (HPA,
https://www.proteinatlas.org/) database (Figure 5B).
Furthermore, the expression of VDAC2 was
significantly increased in stage IV patients comparing
to stage | and stage Il patients (Figure 5C).

To validate the VDAC2 expression in NSCLC using wet
lab tools, we analyzed the expression of VDAC2 in
NSCLC clinical samples and cell lines. The levels of
VDAC2 mRNA and protein were increased in NSCLC
tissue comparing to normal tissue (Figure 5D, 5E).
Immunofluorescence results showed that VDAC2
protein expression was significantly increased in lung
cancer tissues compared to adjacent noncancerous
tissues (Figure 5F). Moreover, VDAC2 mRNA and
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protein were also highly expressed in A549 and NCI-
H1299 cells compared to HBE cells (Figure 5G, 5H).
Collectively, the aberrant expression of VDAC2 might
show tumor promoting role in NSCLC.

The correlation between VDAC2 and immune
landscape in NSCLC

The samples in TCGA-LUAD dataset were spilt into
high and low VDAC2 expression groups according to
the median value of VDAC2 expression. Firstly, the
immune score and stromal score were decreased in high
VDAC?2 expression group (Figure 6A, 6B). In addition,
comparing to low VDAC2 expression group, the relative
infiltrating proportions of B cells naive, T cells CD4
memory resting, Mast cells resting were reduced in high
VDAC2 expression group, and the Macrophages MO,
Dendritic cells activated were increased (Figure 6C,
6D). Among all differentially infiltrated immune cells,
the correlation analysis indicated that the T cells CD8
had strong negative correlation with T cells CD4
memory resting in NSCLC (Figure 6E).
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Figure 2. Identification of heterogeneous NSCLC cell subpopulations. (A) First principal component score, (B) The cells were
annotated into 19 cell clusters by Umap in NSCLC. (C) Identified NSCLC clusters using marker genes of cancer. (D) Second principal component
score. (E) The NSCLC cell populations were annotated into 16 cell clusters by Umap. (F) Identification of NSCLC cluster by cancer cell marker

gene.
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NSCLC patients’ clinical responses with distinct
VDAC?2 expression

Subsequently, we analyzed the somatic mutation status
in high and low VDAC2 expression groups, and
calculated the TMB. The TP53 and TTN were more
frequently mutated in high VDAC2 expression
group than in low expression group (Figure 7A). In
addition, the TMB was significantly increased in
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high VDAC2 expression group (Figure 7B, 7C).
Critical immune checkpoints PD-1 (PDCD1),

PD-L1 (CD274), PD-L2 (PDCD1LG2), CD80, CD86
were significantly upregulated in high VDAC2
expression group (Figure 7D). The immune checkpoints
CCL2, IL1A, LAP3 and TGFB1 expressions were
significantly increased in high VDAC2 group, whereas
KLRB1 expression was decreased (Figure 7E, high
vs. low).
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Figure 3. The heatmap of differential expression of hypoxia related marker genes in all cell clusters.
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Figure 4. Hypoxia heterogeneous NSCLC subpopulation related genes’ prognostic value in NSCLC. (A) The 11 prognosis related
genes with HR greater than 1. (B—J) The Kaplan Meier survival curves of 9 genes expression (high and low) in the TCGA-LUAD dataset. (K) The
results of Kaplan Meier survival analysis of VDAC2 in the 2437 NSCLC patients. (L) Time dependent ROC curves of VDAC2 in NSCLC.
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Suppression of VDAC2 expression might inhibit
proliferation and invasion of NSCLC cells in vitro

To further decipher the effects of VDAC2 on progression
of NSCLC, we constructed the VDAC2 knockdown
(si-VDAC2) A549 cells, and investigated the effects
of VDAC2 underexpression on proliferation and invasion
of NSCLC cells. The levels of VDAC2 mRNA and
protein expressions were significantly decreased in
Ab49-si-VDAC2 group compared to A549-si-NC group
(Figure 8A, 8B). The CCK-8 assay showed that
knockdown of VDAC2 significantly inhibited the
viability of A549 cells compared to empty vector group
(si-NC) (Figure 8C). The results from the clonogenic
assay were consistent with the CKK-8 assay data,
suggesting that suppression of VDAC2 expression
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inhibited proliferation of A549 cells (Figure 8D). In
addition, the result of the transwell assay showed that
knockdown of VDAC2 could attenuate the invasion
ability of A549 cells (Figure 8E). These results indicated
that VDAC2 knockdown could inhibit proliferation and
invasion ability of NSCLC cells in vitro.

DISCUSSION

In this study, we identified nine clusters as NSCLC cell
populations by cancer cell identification and signature
analysis. Moreover, according to the hypoxia related
genes’ expression, these clusters were divided into two
subgroups (C1 and C2). Totally 101 marker genes of C1
and C2 groups were significantly associated with
prognosis of NSCLC patients. Of these 101 genes, high
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Figure 8. Suppression of VDAC2 expression might inhibit proliferation and invasion of NSCLC in vitro. The levels of VDAC2 mRNA
expression (A) and protein expression (B) in A549-si-VDAC2 group detected via qPT-RCR and western blot. (C) Cell viability was measured by
CCK8 assay. (D) Cell proliferation was detected by clonogenic assay. (E) Invasion ability of cells was detected via transwell assay. ** p<0.01;

%% n<0.001, **** p<0.0001.
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VDAC2 expression was significantly associated with
inferior prognosis of 2437 NSCLC patients, meanwhile
VDAC?2 exhibited tumor promoting potential in
NSCLC. VDAC2 is one of the isoforms of Voltage
Dependent Anion Channel (VDAC), and it has been
proved to be ubiquitously expressing in mammalian
[17]. VDAC exists in three isoforms, VDACL1, VDAC2
and VDACS3 [18]. It has been demonstrated that VDAC
plays important role in regulating mitochondrial
metabolism and energy functions, and it is involved
in apoptotic machinery [16, 19]. Jozwiak at al. have
revealed that the high level of VDAC?2 protein indicated
a poor prognosis of endometrial cancer patients [20],
which was consistent with our findings that NSCLC
patients with overexpression of VDAC2 had worse
prognosis. We also found that higher VDAC2
expression was correlated with advanced NSCLC
stages. However, Zhou et al. have demonstrated that the
patients with VDAC2 overexpression had better
prognosis in glioma, and the VDAC2 expression was
inversely correlated with grades [21]. The above
evidences showed that VDAC2 probably exhibited
distinct functions in different cancer types. In addition,
VDAC?2 plays a critical role in regulating BAX mediated
apoptosis [22]. Wang et al. have reported that the
knockdown of VDAC2 increased the mitochondrial
membrane potential and total ROS levels in pancreatic
ductal adenocarcinoma cells, and VDAC2 knockdown
potentiated the apoptosis induced by chemotherapy
[23]. In melanoma cells, the FOXM1 could inhibit
ferroptosis via regulating the expression of Nedd4 and
the degradation of VDACZ2/3 [24]. In this study, we
found that VDAC2 knockdown significantly inhibited
the proliferation and invasion ability of NSCLC cells
in vitro. However, more details involving how VDAC2
regulated the malignant cell events in NSCLC deserved
further illustration in our future work.

Additionally, the relative proportions of B cells naive, T
cells CD4 memory resting, Mast cells resting were
reduced in high VDAC2 expression group, and the
Macrophages MO, Dendritic cells activated were
increased. These results indicated that the B cells naive,
T cells CD4 memory resting and Mast cells resting were
associated with better prognosis of NSCLC patients,
and Macrophages MO, Dendritic cells activated were
correlated with poor prognosis. B cells and T cells were
integral part of tumor infiltrating lymphocytes. In
addition, the T cells predominated in lung cancer
immune landscape, and CD4+ T cells and CD8+ T cells
were the common prevalent T cell subtypes [25]. The
high levels of CD3+ and CD8+T cells have been
implied to correlate with longer survival rate of NSCLC
patients [26], and the NSCLC patients with higher
CD8(+) counts had longer OS rate [27]. These
evidences suggested that the higher CD8(+) infiltration

had better prognostic value in lung cancer, while it was
not observed in our present analysis. In addition,
Gentles et al. have found that the inactivated mast cells
and inactivated CD4 memory T cells were strongly
correlated with better prognosis of LUAD patients [28],
which indirectly supported our results. In addition,
dendritic cells belong to a heterogeneous population of
leukocytes that present tumor antigens to antigen-
specific helper and cytotoxic T cells [29]. Got et al.
have revealed that the mature dendritic cells high
density exhibited a strong T cell infiltration in NSCLC
patients, and the density of mature dendritic cells
was associated with the expression of T-cell activation
related genes [30]. They also found that the elevated
density of dendritic cells was associated with longer
survival rate of NSCLC patients. Accordingly, we
hypothesized that the high VDAC2 expression
might be involved in the immune cell infiltration,
whereby contributing to the worse prognosis of NSCLC
patients.

We also found that the TMB was significantly increased
in high VDAC?2 expression group. TMB is a measure of
the total number of mutations per coding area of tumor
genome, which has been reported to be correlated with
the objective response rate to immunotherapy (PD-1
inhibitors) [31]. Previous studies have documented that
the high TMB and PD-L1 expression were correlated
with better benefit from immune checkpoint blockade
treatment in NSCLC patients [32, 33]. Of note, we
found that the PD-1, PD-L1, PD-L2, CD80, CD86 were
upregulated in high VDAC2 expression group. Above
data suggested that the VDAC2 expression was
indirectly associated with TMB status and immune
checkpoint expressions in NSCLC patients, which
provided important reference for immunotherapy of
NSCLC.

Although our study identified different hypoxia related
NSCLC subpopulations - C1 and C2 groups, and
obtained a prognosis-related gene VDAC2 in NSCLC,
certain limitations should be noted. On the one hand,
the correlation of VDAC2 expression and cell hypoxia
in NSCLC needs further investigations via hypoxia
related cell experiments. On the other hand, the NSCLC
patients’ clinical responses with distinct VDAC2
expression should be validated in clinical trial cohort,
which would further strengthen the clinical predictive
value of VDAC2 in NSCLC.

In summary, basing on hypoxia related heterogeneous
NSCLC subpopulations, the prognostic value of VDAC2
in NSCLC was demonstrated in our work for the first
time, integrating single cell sequencing data, bulk
sequencing data, and wet lab experiments. High VDAC?2
expression was an unfavorable prognostic indicator for

WWWw.aging-us.com

3170

AGING



NSCLC patients, which was profoundly correlated with
TMB and immune checkpoints in NSCLC patients. Our
findings are expected to provide more reference for the
clinical management of patients.

MATERIALS AND METHODS
Data collection

The single-cell RNA sequencing (sc-RNA seq)
GSE131907 dataset was collected from Gene Expression
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/)
database. This dataset included 58 clinical samples
(comprising 15 lung tumor samples, 5 pleural fluid
samples, normal samples and other tissue samples) of 44
LUAD patients. The mRNA expression profiles and
somatic mutation data of 513 samples were downloaded
from The Cancer Genome Atlas (TCGA, https://tcga-
data.nci.nih.gov/tcga/) database. Of these 513 samples,
totally 500 samples had complete survival information. In
addition, the immunohistochemical data of target gene in
NSCLC were obtained from the Human Protein Atlas
(HPA, https://www.proteinatlas.org/) database.

Sample source

Totally 15 NSCLC tissues and 15 normal tissues were
obtained from the Affiliated People’s Hospital of Inner
Mongolia Medical University. All experiments were
approved by the ethics committee of the Affiliated
People’s Hospital of Inner Mongolia Medical
University (ethic code: No. WZ202307), conformed to
the declaration of Helsinki, and informed consent was
obtained from all subjects. The information of patients
was shown in Supplementary Table 2.

Identification of heterogeneous subpopulations in
NSCLC

The R package “Seurat” was used for filtering out
low-quality cells, data normalization, data dimension
reduction and other processing of sc-RNA sequencing
data in GSE131907 dataset. Then, the cancer cell
populations were extracted and further processed again,
and all tumor cells were divided into distinct cell clusters.
of NSCLC

Identification related

subpopulation

hypoxia

All of the obtained tumor cell subsets underwent the
marker gene annotation, with p < 0.05 as a screening
criterion. The marker genes were subjected to Gene
ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis by R (version
4.2.0, the same below) package “clusterProfiler”. The
enriched pathways were selected using p < 0.05.

Moreover, we had also downloaded 32 HRG from
gene set enrichment analysis (GSEA) database
(https://www.gsea-msigdb.org/gsea/index.jsp). A cross
analysis was then conducted between the marker genes
and the HRGs to obtain the candidate genes.

Screening of prognostic candidate genes

Based on the expressions of marker genes and HRGs, the
cell clusters were split into C1 and C2 groups. The
differentially expressed genes (DEGS) between these two
groups were screened using R language package limma,
based on |Log.FC[>0.5 and FDR<0.05. The obtained
DEGs were subjected to univariate Cox regression and
survival analysis, to further optimize the candidate genes.
The survival analysis was conducted using Kaplan-Meier
method. Time dependent receiver operating characteristic
(ROC) analysis was used to predict the prognostic value
of hub gene, in timeROC package of R language.

Gene expression analysis

Gene expression matrix of LUAD samples (TCGA-
LUAD.htseg_counts.tsv.gz) were downloaded from the
GDC TCGA-LUAD cohort. This matrix included the
expression values of VDAC2. Subsequently, the
Wilcoxon rank sum test was used to compare the
expression of VDAC?2 in different groups. P < 0.05 is
considered statistically significant.

Immune cell infiltration analysis

Estimation of STromal and immune cells in MAlignant
Tumour tissues using Expression data (ESTIMATE)
(https://R-Forge.R-project.org/projects/estimate/) function
package inferred the proportion or abundance of tumor
cells, infiltrating immune cells and stromal cells using
transcriptional profiles of cancer samples to calculate the
stromal score and immune score of the tumor tissues [34].
The TMB was calculated using R package “maftools”.
The infiltration proportions of 22 kinds of immune cells
between two groups were analyzed using CIBERSORT
[35]. CIBERSORT investigators first designed and
validated a leukocyte gene signature set LM22 comprising
574 genes that could distinguish 22 hematopoietic
phenotypes, including 7 types of T cell, Naive and
memory B cell, plasma cell, NK cell, and myeloid
subsets. The relative proportions corresponding to the 22
immune cells were calculated by deconvolution algorithm
based on LM22 pair tissue RNA sequencing data.

Cell culture

The cell lines used in this study included human bronchial
epithelial like HBE cells, human NSCLC cells A549 and
NCI-H1299. All cells were purchased from Hunan
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Fenghui Biological Co., Ltd. (Hunan, China). The HBE,
A549 and NCI-H1299 cells were cultured in DMEM
medium (Gibco, C11995500BT), Ham’s F-12K medium
(Gibco, 21127030) and RPMI Medium 1640 medium
(GIBCO, C11875500BT), respectively. All mediums were
supplemented with 10% fetal bovine serum (GIBCO,
10270-106) and penicillin streptomycin mix (Solarbio,
p1400), and placed in 37° C incubator with 5% CO,.

gRT-PCR assay

The total RNA was extracted with Redzol Reagent
(SBS, FTR-50). Reverse transcription was performed
with a reverse transcription Kit (GeneCopeia, QP056).
The PCR amplification was performed with 2 x SYBR
Green gPCR Master Mix (None Rox) (Servicebio,
Mpc2203026) in an iQ5 Real-Time PCR amplicon
(Applied Biosystems). The primer sequences were
displayed in Table 1. The program was as follows: 40
cycles at 95° C for 30 s, 95° C for 15 s, 60° C for 30 s.
The internal reference was g-actin. mMRNA expression
levels were determined with 2-24€T formula.

Western blot assay

The protein was extracted using RIPA lysis solution
(Beijing Solarbio Technology Co., Cat # R002) and
PMSF solution. The western blot was consistent with
previous methods [36]. The first antibodies included
VDAC2 (9412, 1: 1000, Cell signaling technology), B-
actin (ab8226, 1: 1000, Abcam). The second antibody
was HRP-labeled Goat anti-rabbit IgG (ab7090, 1.
8000, Abcam). The gray values of the bands were
analyzed using ImageJ software.

Immunofluorescence assay

The lung cancer tissues and adjacent normal tissues
were collected to make paraffin sections. The paraffin
sections were put into sodium citrate antigen retrieval
solution and placed in a microwave oven for 2 h
at a temperature of 67° C. After recovery to room
temperature, the sections were washed three times with
PBS (pH7.4) for 5 min each time. Then, 50 pL 3%
H,O, was added and incubated at the room
temperature for 30 minutes, and rinsed three times
with PBS for 5 min each time. The sections were
subsequently incubated with 0.5%Trition X-100 for 8
min at the room temperature, and rinsed three times
with PBS for 5 min each time. Moreover, the sections
were blocked with 5% goat serum for 60 min at room
temperature, and then incubated with VDAC2
antibody (ab155803, 1:500, Abcam) overnight at
4° C, and rinsed three times with PBS for 5 min
each time. Then, HRP-labeled Goat anti-rabbit 1gG
(ab7090, 1:8000, Abcam) was used to incubated

sections for 2 h, and rinsed three times with PBS.
Finally, the sections were blocked with an anti-
fluorescence quencher, and observed under a fluorescence
microscope.

Transfection assay

Specific siRNAs targeting VDAC2 (si-VDAC2) and
control siRNA (si-NC) were purchased from Guangzhou
RiboBio Co., Ltd. (Guangzhou, China). The Ab549
cells were inoculated in six-well plates and cultured
at 37° C for 24 h with 5% CO2. Subsequently,
the cells were transfected with si-VDAC2 and si-NC
using Lipofectamine® 3000 (2343152, Invitrogen)
at 37° C for 48 h according to the manufacturer’s
protocol. After 48 h transfection, gRT-PCR and
western blotting were used to detect transfection
efficiency.

Cell proliferation

The cell counting kit-8 (CCK-8) assay kit (AR1160-
100, Boster Biological Technology., LTD, Wuhan,
China) was used to analyze the cell proliferation
capacity. Log phase cells were collected and the
concentration of cell suspension was adjusted, and 100
uL cell suspensions were added into 96-well plates
(2x10° cells/well). Then the plates were pre-incubated
in an incubator at 37° C with 5% CO,. After 24 h, the
10 pL CCK-8 solution was added to each well and
incubated for 1 h. The absorbance was measured with
Microplate Reader (DNM-9602, Beijing Perlong
Technology Co., Ltd, Beijing, China) at 450 nm.

Transwell migration assay

The transwell chamber was placed into a 24-well plate
and coated with 100 puL. Matrigel (300ug/mL) onto the
compartment membrane, and the gel was placed in an
incubator at 37° C for 3 h. The 200 pL cell suspensions
(1~5x10° cells/mL) were added to the upper chamber and
500 mL of complete medium was added to the lower
chamber at 37° C and 5% COs- in the incubator for 24 h.
Next, transwell chamber was washed twice with PBS and
fixed with 4% paraformaldehyde for 30 min and stained
with dye crystal violet solution for 30 min. The cells were
washed with PBS and photographed using an inverted
microscope (Olympus Corporation).

Clonogenic assay

The cells were seeded into 12 well microtiter plates at a
density of 500 cells/well to a total volume of 200 pL per
well, and incubated at 37° C in for 1 week. Then, the
cells were washed with PBS (pH7.4), and were fixed
with 1 mL 4% paraformaldehyde for 30 min, and washed
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Table 1. Primer sequences for qPCR.

Target gene

Primer sequence

VDAC2-F
VDAC2-R
B-actin-F
B-actin-R

CGGAATTCATGGCGACCCACGGACAG
CTAGCTAGCAGCCTCCAACTCCAGGGCG
CCACGAAACTACCTTCAACTCC
GTGATCTCCTTCTGCATCCTGT

with PBS. Next, the cells were stained with 1 mL of
0.1% crystal violet for 30 min, and rinsed with PBS. The
plate was allowed to dry naturally and photographed. The
number of colonies was obtained by analyzing the digital
photographs of the plates, using the program ImageJ.

Statistical analysis

All bioinformatics data were analyzed using R software
(Version 4.2.1). All experimental data were presented as
mean * standard deviation (SD). Data were analyzed
using GraphPad Prism 6. Comparisons between multiple
groups were made with one-way ANOVA, comparisons
between two groups were performed by Independent-
samples t test. The p < 0.05 was considered statistically
significant.

Availability of data and materials

The datasets generated and analyzed during the current
study are available from the Gene Expression Omnibus
(GEO) datasets (http://www.ncbi.nlm.nih.gov/geo) and
The Cancer Genome Atlas (TCGA, https://tcga-
data.nci.nih.gov/tcga/) database.
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Supplementary Figure 1. The results of KEGG enriched analysis in cluster0 (A), cluster3 (B), cluster4 (C), cluster6 (D) and cluster8 (E).

3177 AGING

WWWw.aging-us.com



Statistics of KEGG Enrichment in cluster13

A Statistics of KEGG Enrichment in cluster10 B
Viral myocarditis ®
Type | diabetes mellitus
Ribosome ° .
Toxoplasmosis L]
Th17 cell differentiation
Th1 and Th2 cell differentiation
Mineral absorption . Count Phagosome
: ;g Leishmaniasis Count
° Intestinal immune network . .01ul|)'|
30 g for IgA production 5
Hematopoietic cell lineage . ® 40 B Human T-cell leukemi: ) ®
@ 050 [ virus 1 infection
E > Human immunodeficiency ° @25
2 g virus 1 infection
z Loggo(P value) £ Human cytomegalovirus infection [} Log10(p value)
E Ferroptosis | - | 40 = Hematopoietic cell lineage 15
4 l 20 Graft-versus-host disease 8
Epstein-Barr virus infection PY l 6
) Endocytosis °
Coronavirus disease - COVID-19 ] & i P
ell adhesion molecules ®
Autoimmune thyroid disease
Asthma .
Arachidonic acid metabolism " Antigen processing and presentation ]
Allograft rejection
00 01 02 03 04 05 000 005 0.10 0.15 0.20
Rich Factor Rich Factor
Statistics of KEGG Enrichment in cluster14 Statistics of KEGG Enrichment in cluster15
C Viral myocarditis . D Vibrio cholerae infection .
Tight junction Thermogenesis ®
TGF-beta signaling pathway . Shigellosis ®
Shigellosis Salmonella infection °
Salmonella infection ® Ribosome -
Regulation of actin cytoskeleton ® Protein export
Rap1 signaling pathway [ ] s Briondiseass
> Rerusss b e 10 Pathways of neurodegeneration Lo?aﬁ(p value}
E Pathogenic Escherichia coli infection ] @15 - rnul.hple dls_eases . 8
k] ® 20 Parkinson disease @ e
Oxytocin signaling pathwa; ) 2
§ ¥ gnaingp Y Log10(p value) g Oxidative phosphorylation . 4
£ Leukocyte transendothelial migration . 8 =
E ) . 7 & Non-alcohalic fatty liver disease
Kaposi ﬁgrrcoma—asst%clz{ted ° 6 g c
pesvirus intection £ - - ount
Human immunodeficiency ° 5 & Hntington discase - 4
virus 1 infection I4 : 3 e 3
e Glycolysis / Gluconeogenesis . ®12
‘ocal adhesion ®
X X Glutathione metabolism . 16
Fluid shear stress and atherosclerosis 20
- Diabetic cardiomyopathy
Endocytosis ®
ECM-receptor interaction > g ’,‘2;2‘1?@ %?&cgiré%gsepr;siless
Bacterial invasion of epithelial cells . Cardiac muscle contraction e
Axon guidance 18 Carbon metabolism .
Amoebiasis o Amyotrophic lateral sclerosis
0.00 0.05 0.10 0.15 0.20 Alzheimer disease
Rich Factor

0.0 0.1 0.2 0.3
Rich Factor

Supplementary Figure 2. The results of KEGG enriched analysis in cluster10 (A), cluster13 (B), cluster14 (C) and cluster15 (D).
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Supplementary Figure 3. The results of GO enriched analysis in cluster0 (A), cluster3 (B), cluster4 (C), cluster6 (D) and cluster8 (E).
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Supplementary Figure 4. The results of GO enriched analysis in cluster10 (A), cluster13 (B), cluster14 (C) and cluster15 (D).
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Supplementary Figure 5. The overall survival rate of patients with high or low ASPH (A) and MT2A (B) expression. (C) The correlation
between VDAC2 expression and hypoxia-inducible factor 1-a (HIF-1a).
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Supplementary Tables

Supplementary Table 1. Prognosis associated genes between C1 and C2 groups.

Gene HR z P-value Lower Upper
LDHA 1.360890939 3.707311499 0.000209471 1.156309886 1.601667659
GAPDH 1.311404491 3.57007769 0.000356875 1.130054847 1.521856875
TPI1 1.230060274 2.335626069 0.019510739 1.033864827 1.463487527
VDAC2 1.214727042 1.977002413 0.048041357 1.001677835 1.473090183
ALDOA 1.209959033 2.281359892 0.022527159 1.027213353 1.425215957
CTSL 1.178130335 2.811213704 0.004935499 1.050891073 1.320775409
MIF 1.174266645 2.177645446 0.029432443 1.01618788 1.356936234
PLAUR 1.145686306 2.284546906 0.022339409 1.019510999 1.287477147
ERRFI1 1.144607836 2.30380039 0.021233851 1.020362213 1.283982375
ASPH 1.134771595 2312315735 0.02076029 1.019452455 1.263135487
MT2A 1.11485957 2.044269965 0.040926885 1.004494045 1.23735115
SCGBI1ALl 0.957232918 -2.496704198 0.012535347 0.924945346 0.99064757
SFTPC 0.951924195 -3.082844116 0.002050325 0.922568243 0.982214248
AQPS 0.950860677 -2.394798961 0.01662948 0.912446049 0.990892588
SCGB3A2 0.948836286 -2.632648622 0.008472195 0.912453137 0.986670177
PIGR 0.943784359 -2.540433142 0.011071526 0.902582536 0.986866996
SCGB3Al 0.933044378 -3.340134876 0.000837377 0.895862206 0.971769772
CCL19 0.93144917 -2.037018444 0.041648194 0.869931265 0.997317365
IGHA1 0.925143464 -2.027833339 0.04257726 0.858122155 0.997399291
FOLRI 0.923837419 -2.665116957 0.007696155 0.871553474 0.979257845
IGKC 0.923072168 -2.202464509 0.027632513 0.859605156 0.991225123
SLC22A31 0.919273438 -2.949283292 0.003185119 0.86926396 0.972160002
C4BPA 0.917551185 -3.465879222 0.000528501 0.873972233 0.963303117
SFTA1P 0.914684476 -2.882207165 0.003949 0.860864799 0.971868859
Cc7 0.913936967 -2.854753547 0.004307024 0.859177392 0.972186638
SFTPB 0.911886553 -4.239856378 2.24E-05 0.873821241 0.951610061
SFTPD 0.909237414 -3.544634867 0.000393157 0.862637628 0.958354526
Cl160rf89 0.907997902 -3.837446851 0.00012432 0.864324474 0.953878103
NAPSA 0.906894162 -4.10130205 4.11E-05 0.865512626 0.950254215
AQP3 0.906421516 -2.681734804 0.00732415 0.843615789 0.973903021
IGLC3 0.903923499 -2.777570168 0.005476701 0.841737049 0.970704204
RGS1 0.902500596 -2.008603703 0.044579178 0.816533231 0.997518894
DCN 0.898596825 -2.026246759 0.042739504 0.810305431 0.996508506
HLA-DQBI 0.892443129 -2.699060479 0.006953554 0.821663248 0.969320144
GDF15 0.887924503 -2.8459562 0.004427828 0.818132143 0.963670637
IL7R 0.887066616 -2.420111186 0.015515762 0.805022091 0.977472781
TRAC 0.885218608 -2.124717296 0.033610209 0.79105529 0.990590664
TRBC2 0.885124367 -2.171268029 0.029910918 0.792804386 0.988194767
HLA-DRB5 0.884982441 -3.061262949 0.002204054 0.818388905 0.956994793
HLA-DPA1 0.884854804 -2.594201323 0.009481095 0.806738717 0.970534832
LTB 0.883876998 -2.522370393 0.01165669 0.803038818 0.972852782
SPARCLI 0.882290731 -2.183385667 0.029007421 0.788476734 0.987266841
CXCL17 0.879437443 -4.576053762 4.74E-06 0.832352798 0.929185579
LSTI 0.87873819 -2.369291868 0.017822183 0.789619834 0.977914653
MS4A7 0.878056597 -2.39953259 0.016416018 0.78957082 0.976458815
CYB5A 0.877396939 -2.253662039 0.024217437 0.783059806 0.983099097
A2M 0.876367584 -2.350669233 0.018739684 0.785052556 0.97830411
MFAP4 0.875952513 -3.015423202 0.002566209 0.803700233 0.95470024
CD79A 0.875236415 -3.363419537 0.000769833 0.809841682 0.945911774
HLA-DRBI1 0.874978348 -2.7879849 0.005303702 0.796564948 0.961110718
SFTA3 0.874968709 -4.957668635 7.13E-07 0.829965145 0.922412521
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SOD3 0.873822967 -2.512205712 0.011997913 0.786544699 0.970785994
ACP5 0.873398978 -2.059267081 0.03946866 0.767821436 0.993493719
TSTDI1 0.872882353 -1.979854526 0.047719877 0.762964996 0.99863507
HLA-DQA1 0.872548687 -3.01019349 0.002610813 0.798430819 0.953546874
CD74 0.871151342 -2.760652055 0.00576861 0.789882007 0.960782312
HLA-DRA 0.870665571 -2.854035064 0.004316777 0.791671919 0.957541272
CD3D 0.869754364 -2.535314672 0.011234636 0.780811569 0.968828696
CD48 0.869151053 -2.609124888 0.009077411 0.782246932 0.965709831
TSC22D3 0.868276687 -2.231458122 0.025650799 0.766972058 0.982962022
WFDC2 0.865746406 -3.525547716 0.000422608 0.799068842 0.937987817
HLA-DPB1 0.865639757 -2.931664764 0.003371505 0.786038805 0.953301777
IFT57 0.864129833 -2.397057713 0.01652732 0.766871432 0.973723022
CD37 0.864018055 -2.565435951 0.010304624 0.772728572 0.9660924

RNASE1 0.86325175 -3.302698273 0.000957594 0.791113288 0.941968231
BCAM 0.862131242 -2.664016675 0.007721374 0.772989487 0.961552895
PTGDS 0.861585425 -3.315587512 0.000914507 0.788952486 0.940905135
CD69 0.861299386 -2.906354643 0.003656667 0.778796352 0.952542511
HNMT 0.856921261 -2.304196835 0.021211597 0.751449934 0.977196235
HLA-DMB 0.854469141 -3.03274766 0.002423382 0.771887532 0.945885874
WSB1 0.852954777 -2.600305038 0.009314093 0.756592281 0.961590371
SNHG7 0.849665238 -2.273041308 0.023023691 0.738313395 0.977811078
NUPRI1 0.848438019 -2.911106298 0.003601515 0.759560035 0.947715834
1D2 0.84258859 -2.347495228 0.018900115 0.730315876 0.972121181
CXCR4 0.842309652 -2.607587163 0.009118285 0.740377932 0.958274849
MGP 0.841554756 -3.26310677 0.00110198 0.758723601 0.933428729
LTA4H 0.840710894 -2.086643419 0.036920379 0.714279236 0.989521704
TRBCI1 0.837212032 -3.285221497 0.001019022 0.753007112 0.930833157
TMSB4X 0.833258015 -2.299083481 0.021500199 0.713253948 0.973452612
CD47 0.830496348 -2.424255386 0.015339814 0.714700073 0.965054028
EPHX1 0.828418415 -3.51881723 0.000433475 0.745959504 0.919992394
ALDH2 0.826400318 -2.974475226 0.002934902 0.728827901 0.93703532
ASAHI1 0.823374798 -2.436539778 0.014828538 0.704212712 0.962700681
HLA-DMA 0.823143292 -3.491285992 0.000480701 0.737945727 0918177117
ATP6V0ODI1 0.822638322 -2.070159278 0.038437431 0.683803519 0.989661197
CTSZ 0.822143977 -2.46294847 0.013779972 0.703501686 0.960794739
SSR4 0.820126991 -2.39091454 0.016806464 0.697083361 0.964889308
NPC2 0.818435795 -3.507431274 0.000452455 0.731745627 0.915396178
VAMPS 0.816019376 -2.364851588 0.018037298 0.689475368 0.965788849
CTSH 0.815403585 -3.791665484 0.00014964 0.733769919 0.906119191
COX14 0.814171368 -2.16454563 0.030422499 0.675881142 0.980756787
Cl4orf28 0.811471679 -1.99542611 0.045996426 0.660935533 0.996294271
KLRBI1 0.811261893 -3.496017517 0.000472258 0.721496564 0912195417
FBP1 0.809136416 -3.522662073 0.000427236 0.719194285 0.910326671
SMDTI1 0.80182364 -2.328189804 0.019902027 0.66577667 0.96567089
FCGRT 0.783363551 -3.180936097 0.001468 0.673950311 0.91053961

HMGN3 0.782802046 -3.044670394 0.002329354 0.668639276 0.916456848
CIRBP 0.7817752 -2.967341056 0.003003875 0.664448321 0.919819411
ISCU 0.755610674 -2.501133314 0.012379657 0.606636824 0.941168535
AKR1A1 0.749640083 -2.631956588 0.008489471 0.604864718 0.929067671
PEBPI 0.745189336 -3.066893752 0.002162957 0.61749848 0.899285043
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Supplementary Table 2. The clinical features of NSCLC patients.

Sex Age Tumor size (cm*cmXxcm) T N M Differentiation grade
Male 45 2.5%2*%1.5 4 2 la medium-low differentiated adenocarcinoma
Female 56 3.5%3%3 2a 2 0 medium-low differentiated adenocarcinoma
Male 62 5*4.5%4 3 1 0 medium-differentiated adenocarcinoma
Female 66 3.1%2.6*2.2 3 0 0 medium-differentiated adenocarcinoma
Female 57 4.5%3.5*3 2b 2 0 medium-differentiated adenocarcinoma
Male 56 6.5%4*4 3 0 0 poorly differentiated adenocarcinoma
Male 50 1*1*0.3+1.5*¥1*0.5 3 1 la poorly differentiated adenocarcinoma
Female 48 1.1¥0.9%0.3 1b 0 0 highly differentiated adenocarcinoma
Female 68 1*¥1*0.7 2a 0 0 medium-differentiated adenocarcinoma
Female 59 4.2%4.5%2.6 2b 0 0 medium-differentiated adenocarcinoma
Female 55 2*%1.5%1 2a 0 0 medium-differentiated adenocarcinoma
Male 59 3.7*3.3*1.7 2a 2 0 medium-low differentiated adenocarcinoma
Male 68 5*3.5%2 2b 0 0 medium-low differentiated adenocarcinoma
Female 60 2.6%1.8*1.5 2a 0 0 medium-differentiated adenocarcinoma
Male 58 1.3*¥0.6*0.6 1b 0 0 highly differentiated adenocarcinoma
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