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ABSTRACT

Background: Apoptosis Regulator BCL2 Associated X (BAX) is a pro-apoptotic gene. Apoptosis is one of the
important components of immune response and immune regulation. However, there is no systematic pan-
cancer analysis of BAX.

Methods: Original data of this study were downloaded from TCGA databases and GTEX databases. We conducted
the gene expression analysis and survival analysis of BAX in 33 types of cancer via Gene Expression Profiling
Interactive Analysis (GEPIA) database. Real-time PCR and immunohistochemistry (IHC) were further performed to
examine the BAX expression in cancer cells and tissues. Moreover, the relationship between BAX and immune
infiltration and gene alteration was studied by the Tumor Immune Estimation Resource (TIMER) and cBioPortal
tools. Protein—protein interaction analysis was performed in the STRING database. Finally, Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) were utilized to evaluate the enrichment analysis.

Results: BAX was highly expressed in most cancers and was associated with poor prognosis in nine cancer
types. In addition, BAX showed significant clinical relevance, and the mRNA expression of BAX was also strongly
associated with drug sensitivity of many drugs. Furthermore, BAX may participate in proliferation and
metastasis of many cancers and was associated with methylation. Importantly, BAX expression was positively
correlated with most immune infiltrating cells.

Conclusion: Our findings suggested that BAX can function as an oncogene and may be used as a potential
predictive biomarker for prognosis and immunotherapy efficacy of human cancer, which could provide a new
approach for cancer therapy.

INTRODUCTION Although great progress has been made in the
pathogenesis and treatment of cancer, the mortality

In the 21st century, cancer will become the main rate of cancer is still rising [3]. In recent years, with

cause of premature death around the world [1]. It
has been proposed that the incidence rate of all
cancers will double by 2070 compared to 2020 [2].

the improvement of public online resources, genomic
data is becoming more and more readily available.
A pan-cancer analysis of a gene that plays a pivotal
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role in the occurrence and development of cancer
could provide an important theoretical basis for
a better understanding of mechanisms in tumor
progression.

BAX, (also known as BCL2L4 and Bcl-2-associated X
protein) is a pro-apoptotic protein and a member of the
Bcl-2 family. It was demonstrated that its full-length
is 1664 bp, containing an ORF of 579 bp, a 5S'UTR
of 64 bp and a 3'UTR of 1021 bp. It was located
at chromosome 19qg13.33, encoding for a 192 amino
acids length polypeptide. The predicted molecular
weight is 21.55 kDa and the isoelectric point is 6.75
[4]. The Bcl-2 family could regulate the intrinsic
pathways of apoptosis, which is a cell suicide system
that is necessary for tumor development and immunity
[5, 6]. It has been reported that BAX participates
in a critical step of the mitochondria-dependent
apoptosis. Because of the stimulation of apoptosis, it
was activated at the mitochondrial outer membrane, in
order to regulate its permeabilization [7]. It can also be
activated in a p53-dependent way through multifarious
stimuli [8].

A predisposition to apoptotic death among cells
that have acquired a malignant mutation serves to
facilitate one of the body’s primary defenses against
cancer. Induction of apoptosis is a failsafe and occurs
as a result of the tight interweaving of the multiple
genes and signaling pathways regulating survival,
proliferation, and growth. Interestingly, apoptosis is
tightly controlled, and misregulation of apoptosis is a
hallmark of human cancers and autoimmune diseases
[9]. It is also one of the important components of
immune response and immune regulation, which has
special significance for immunology [10]. Immune
regulation refers to the interaction between immune
molecules, immune cells, the immune system and
other systems of the body in the immune response,
forming a regulatory network of mutual coordination
and restriction, so that the body's immune response
is at the appropriate level of strength and quality,
thereby maintaining the stability of the body's internal
environment. Meanwhile, BAX plays a critical role
in the interface between innate immunity control and
apoptotic signaling [11]. Accumulating studies have
indicated that the induction of BAX-regulated apoptosis
has become a pivotal strategy for drug resistance and
cancer treatment [12].

Importantly, BAX was widely reported due to its
remarkable role in tumor progression and therapy. In
lung cancer, the Bcl-2/BAX/caspase-3 signaling path-
way was shown that it can enhance immunogenicity
to inhibit the proliferation of lung cancer cells [13].
Meanwhile, in breast cancer, the degradation of BAX

could contribute to its malignancy [14]. Moreover, in
colon cancer, the pathway of AKT/Bcl-2/BAX
could promote the metastasis of colon cancer cells
[15]. Although BAX has a significant impact on
the development of multiple cancers, its specific
mechanism has not been fully elucidated.

Here, we performed a comprehensive analysis of
the BAX gene based on the TCGA dataset, including
gene expression and survival analysis, co-expression
analysis, gene-set enrichment analysis, immune cell
infiltration analysis, gene mutation analysis and so on
to estimate the relationship between BAX and tumor
progression.

METHODS
Gene expression analysis

The BAX gene expression data for 33 types of tumors
were extracted from The Cancer Genome Atlas
(TCGA) datasets. The online resource of TIMER2.0
was utilized to compare the expression level of BAX
between tumor and adjacent normal tissues from a
total of thirty-three tumor types [16]. The Human
Protein Atlas database (HPA) RNA-seq tissue datasets
revealed the RNA expression of BAX in different
organs (https://www.proteinatlas.org/) [17].

Survival prognosis analysis

We logged into the website of GEPIA2.0, which
provides the time information and survival
information for more than thirty types of cancer
to validate the prognostic value of BAX [18]. The
function of “Survival Map” module visualizes the
prognosis value of BAX, and the cox-PH model
was used to calculate the hazards ratio. Then, we
downloaded the overall survival (OS) and disease-
free survival (DFS) datasets of the gene BAX to
obtain the plots below.

Analysis of BAX expression and clinical relevance

We analyzed the expression of BAX in various
cancer stages using box-plot diagrams. The
complete information could be downloaded through
the GEPIA2.0 datasets. The UALCAN online tool
could also calculate the available clinical information
such as age, race and gender [19]. The Gene Set
Cancer Analysis (GSCA) software suggested a link
between drug sensitivity and BAX expression [20].
The pROC package and ggplot2 package of R were
used for plots of ROC curve. The data are extracted
from TCGA datasets, and expression values were
Log2 transformed.

www.aging-us.com

11290 AGING


https://www.proteinatlas.org/

Genetic alteration analysis

The cBioPortal website (https://www.cbioportal.org)
indicated the features of genetic alteration and
mutation sites across multiple tumors [21]. The
difference can be clearly comprehended by calculating
their percentages. Next, we used the GSCA gene set
to analyze the relationship between BAX and copy
number variation (CNV).

Immune infiltration analysis

We downloaded the pan-cancer datasets from the UCSC
website (http://xenabrower.net) [22], and evaluated the
immune scores of six immune cell types (CD4+T-cells,
CD8+T-cells, B cells, Dendritic cells, Macrophage,
Neutrophil) in each tumor based on BAX expression
using the TIMER function.

In order to further validate the role of BAX
in the above six immune cell types, TIMER2.0
website provides several algorithms, such as EPIC,
QUANTISEQ, MCP-COUNTER and so on. We chose
the algorithm of TIMER to obtain the scatter plots
of the immune infiltration data, and distinguished
the difference between BAX expression in various
immune infiltration cell types. Moreover, we used the
online resource TISIDB (http://cis.hku.hk/TISIDB) to
confirm that these Tumor-infiltrating lymphocytes
(TILs) related to BAX expression are also correlated
with various tumors, using criteria p < 0.05 [23].

Methylation analysis

The GSCA online tool was used to analyze the
relationship between BAX and methylation. The GSCA
database not only analyzed the methylation expression
of BAX in many human cancers, but also indicated the
relationships between BAX methylation and immune
infiltration cells in each cancer. The MEXPRESS online
tool was used to illustrate the relationship between BAX
expression and methylation sites.

Proliferation and metastasis

To explore whether BAX expression was correlated
with the proliferation and metastasis of cancers, we
concluded the epithelial-mesenchymal transition (EMT)
markers [24] and the classic proliferation markers [25]
of these biological processes. Next, we calculated the
relationship between BAX and these markers via the
“Gene_corr” section of TIMER2.0 database.

Enrichment analysis of BAX-related gene

The BAX Protein-protein interaction (PPI) network
was constructed by the STRING platform (Search tool

for the retrieval of interacting genes) [26]. We chose
the “Homo sapiens” section, and then, we obtained
and analyzed over twenty interactions of BAX. In
order to visualize the results, we used version 3.8.2
of the Cytoscape software (http://www.cytoscape.org)
[27].

GEPIA2.0 was used for the analysis of the top
200 genes most related to the similar expression
of BAX. Then, TIMER2.0 was utilized to evaluate
their correlation. By combining the above data, the
enrichment analysis of KEGG and GO were plotted
by the ggplot2 package and clusterProfiler package
of R [28]. FDR < 0.05 was used for the enriched
analysis.

Cell lines

We cultured human liver hepatocellular carcinoma cell
lines (HepG2, MHCC97H, and Huh-7), LUAD cell
lines (PC9, H1975, and A549), COAD cell lines
(HT29 and SW480) and corresponding normal cell
lines (LO2, HBE16 and NCM-460). These cell lines
were derived in our laboratory. Various cells lines
were cultured in DMEM or RPMI 1640 containing
10% FBS in an incubator at 37°C, with 5% CO; and
relative humidity of 90%. Medium was replaced every
2-3 days.

RT-gPCR and validation of expression level

The real time quantitative polymerase chain reaction
(RT-gPCR) was utilized to compare gene expression
in different LIHC, LUAD and COAD cell lines. These
cells were collected and added with Trizol reagent.
We extracted the corresponding RNA and reverse
transcribed into cDNA. The primers for BAX were
displayed as follows: “Forward: TTTGCTTCAGGG
TTTCATCC; Reverse: CA GTTGAAGTTGCCGTCA
GA”. The primers for GAPDH were displayed as
follows: Forward: 5'-GAAGGTGAAGG TCGGAGTC-
3'. Reverse: 5-GAAGATGGTGATGGGA TTTC-3".
Subsequently, immunohistochemistry (IHC) images
were utilized to illustrate the difference of BAX
expression between normal tissues and tumor tissues.
Then, we proved the protein expression via Clinical
Proteomic Tumor Analysis Consortium (CPTCA)
database.

Availability of data and materials

The datasets generated and/or analyzed during the
current study are available in the (TCGA) repository
(https://portal.gdc.cancer.gov/). These datasets used
and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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TIMER2.0. Compared with normal tissues, the result

RESULTS

revealed that the expression level of BAX was highly
expressed in eighteen of the twenty-one cancer types for

which complete data were available (Figure 1A). In

Gene expression analysis

order to supplement the incompleteness of some tumor
data, we downloaded more complete gene expression

To explore the expression of BAX across thirty-three
tumors, we downloaded relevant data from website
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Figure 1. BAX expression levels in human cancers. (A) The expression of BAX from TIMER2.0 database in different cancer types or

cancer subtypes. ("p < 0.05; “p < 0.01; ***p < 0.001). (B) The BAX expression was showed by R package based on TCGA database. (“p < 0.05;

*p<0.01; *p <0.001). (C) The RNA expression of BAX in different organs based on HPA dataset.
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data from TCGA and make a plot using the R package.
We found that except for the down-regulated expression
of BAX in Esophageal carcinoma (ESCA), BAX
was highly expressed in multiple cancer types (Figure
1B and Supplementary Table 1), including Liver
hepatocellular carcinoma (LIHC), Brain lower grade
glioma (LGG), Glioblastoma multiforme (GBM),
Adrenocortical carcinoma (ACC), Kidney renal clear
cell carcinoma (KIRC), Kidney renal papillary
cell carcinoma (KIRP), Breast invasive carcinoma
(BRCA), Bladder urothelial carcinoma (BLCA),
Cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC), Cholangiocarcinoma (CHOL),
Colon adenocarcinoma (COAD), Lymphoid neoplasm
diffuse large B-cell lymphoma (DLBC), Head and
Neck squamous cell carcinoma (HNSC), Ovarian serous
cystadenocarcinoma (OV), Pancreatic adenocarcinoma
(PAAD), Prostate adenocarcinoma (PRAD), Rectum
adenocarcinoma (READ), Lung squamous cell
carcinoma (LUSC), Skin cutaneous melanoma (SKCM),
Stomach adenocarcinoma (STAD), Thyroid carcinoma
(THCA), Testicular germ cell tumors (TGCT), Thymoma
(THYM), Uterine corpus endometrial carcinoma
(UCEC), Uterine carcinosarcoma (UCS) (P < 0.001).
In addition, the HPA dataset corresponded to mean
values of the different individual samples from each
tissue, and color-coding is based on each tissue
group (Figure 1C and Supplementary Figure 1A-1C).
According to the RNA expression level of BAX,
we found that BAX was expressed highest in thymus,
colon and duodenum tissues.

Validation of BAX expression

Through previous analysis, we found that BAX was
highly expressed in LIHC cells and tissues. Therefore,
we verified the expression of BAX in LIHC cell lines
by RT-gPCR. The expression of BAX was significantly
elevated in liver hepatocellular carcinoma cell lines
(HepG2, MHCC97H and Huh-7) compared to the
normal cell line (L02). We also verified the expression
of BAX in LUAD cell lines (PC9, H1975 and A549)
and COAD cell lines (HT29 and SW480), compared to
the corresponding normal cell lines (HBE16 and NCM-
460) (Figure 2A). Moreover, we validated the protein
expression of BAX by HPA database (Figure 2B).
Deeper staining indicated that BAX expression was
higher in tumor tissues than in normal tissues at the
protein level. The IHC staining for BAX showed strong
staining in GBM, LIHC, COAD and LUAD but weak
staining in corresponding normal tissue samples. We
analyzed the IHC results provided by the HPA database
and compared them with the BAX gene expression data
from the CPTAC dataset. As shown in Figure 2C, the
results of analysis of data from these two databases
were consistent with one another. The CPTAC data also

showed that BAX protein expression was higher in some
other cancer tissues than in adjacent normal tissues,
such as PAAD, OV, KIRC and BRCA (Supplementary
Figure 1D).

Survival prognosis analysis

To reveal the association between BAX expression
levels and prognosis in multiple cancer types, we set
cut-off high value and cut-off low value to be 50% to
distinguish the high-expression group and low-
expression group, and axis units was set to months. OS
analysis data demonstrated that higher expression of
BAX in LGG, SKCM, LIHC, GBM, MESO and UVM
(P < 0.05) is associated with poorer OS, while lower
expression of BAX is associated with COAD and
UCEC (p < 0.05) (Figure 3A). The data of DFS showed
that higher expression in LGG, SKCM, ACC, LUSC,
PRAD (P < 0.05) is linked with poorer DFS (Figure
3B). However, with higher BAX expression, UCEC
patients had longer survival time (P < 0.05). In sum,
high level of BAX was correlated with poor prognosis
in many cancers, and it was a significant high-risk
gene in LGG and SKCM because of their poor OS and
DFS. Besides, it also suggested that UCEC has a better
prognosis.

Analysis of BAX expression and clinical relevance

Subsequently, we examined whether there were
relationships between the level of BAX expression
and phenotypes. We downloaded the clinical tumor
stage data of 33 TCGA tumors from GEPIA2.0 data
platform (Figure 4A). The box plot showed that BAX
expression was notably correlated with different tumor
stages in these cancers (P < 0.05). We also found the
highest expression of BAX in LGG through tumor
grading data in the TISIDB resource library (Figure
4B). We also evaluated the differential expression of
BAX in patients with different tumor types of different
ages, races and genders (Supplementary Figure 2).
We found that BAX expression was significantly
associated with age, gender and race in great majority
of tumors. Moreover, we established a nomogram
model that may predict patients’ survival through
R package (Figure 4C). Next, to reveal the clinical
sensitivity and specificity, we used the data from
TCGA dataset plotting the diagnostic receiver operating
characteristic (ROC) for pan-cancer analysis (Figure
5A and Supplementary Figure 3). The results showed
that there were many types of cancer whose area under
the curve (AUC) value of BAX diagnostic was greater
than 0.9, among which GBM was 0.993, TGCT was
0.981, CESC was 0.979, LGG was 0.975, ESCA was
0.942, LIHC was 0.930, THCA was 0.926 and READ
was 0.903. In UCEC and SKCM, AUC values were
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0.855 and 0.721, respectively. AUC values from
0.8 to 0.9 refer to high performance, and from 0.7
to 0.8 refer to fair performance. In terms of drug
sensitivity, we found research showed that drug
sensitivity could be associated with mRNA [29]. We
sought to find relationships between the mMRNA
expression of BAX and drug sensitivity by using
Genomics of Drug Sensitivity in Cancer (GDSC)
and Cancer Therapeutics Response Portal (CTRP)
independent drug response datasets (Figure 5B, 5C).
In GDSC database, we figured out that the mRNA
expression of BAX is strongly associated with (52)-7-
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Genetic alteration analysis

Next, we evaluated the mutation status of BAX in
various cancer types. The plot proved that the top five
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cancers with alteration frequency are UCS, UCEC,
ACC, LIHC and LGG (Figure 6A). The alteration rate
in UCS patients with “amplification” as the primary
type was the highest (3.51%, 57 cases). The ‘‘mutation”’
type of copy number alteration was the primary type in

A

Overall Survival

UCEC and LIHC patients. And the alteration of copy
number in LGG cases was mainly “deep deletion”.
In addition, as shown in Figure 6B, the distribution of
BAX genetic mutation was evaluated, the main type
was missense mutation, and the frequency of R89Q
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mutation was highest. Subsequently, we found the
potential relationship between BAX gene alteration and
clinical survival in diverse cancer types. For example, in
breast cancer, patients with BAX alteration showed
poor prognosis in OS (Overall survival), DSS (Disease-
specific survival) and PFS (Progress free survival)
(p < 0.05) (Figure 6C).

Analysis of BAX CNV

A Spearman correlation between BAX CNV and
mRNA was also explored in pan-cancer. There is a
remarkable positive correlation between BAX CNV and
mRNA expression in LUSC, OV, LGG and LUAD
(FDR < 0.0001). It is also positively correlated with
LIHC, CESC, GBM, STAD, ESCA, HNSC, BRCA,
BLCA, READ, SARC (FDR < 0.01), and UCS, COAD,
UCEC, SKCM, PAAD (FDR < 0.05). However, this
connection was not notable in MESO, KIRC, ACC,
THCA, DLBC, PRAD, CHOL, KICH, PCPG, LAML,

UVM, KIRP, THYM and TGCT (Figure 7A). In order
to further study the effect of BAX CNV on prognosis,
we mainly evaluated LGG, which has a significant
positive correlation with it (FDR < 0.0001). The
alteration type of LGG is mainly “deep deletion”
alteration. Interestingly, cases with “deep deletion”
alteration showed better prognosis in OS, DSS and PFS
(P < 0.05) (Figure 7B).

Immune infiltration analysis

Immune cells play important roles in regulating tumor
development [31]. To reveal the role of BAX in the
pan-cancer immune microenvironment, we evaluated
the correlation between BAX expression and six types
of immune cells by TISIDB, aided by six other
algorithms (Figure 8A and Supplementary Figure 4).
We observed that BAX expression was positively
correlated with the degree of immune infiltration in a
variety of cancers. And there is a significant positive
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Figure 4. The correlation between BAX expression and cancer stages. (A) The correlation between BAX expression and
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correlation in KIRC, KIPAN, LGG, LIHC and
THYM nparticularly (r > 0, p < 0.05). Three
tumors associated with prognosis, KIRC, LGG and
LIHC were screened out for further verification via
TIMER algorithm (r > 0, P < 0.05), and the results

A GBM PAAD

were consistent across two algorithms (Figure 8B).
Furthermore, we assessed the correlation between
BAX expression and 28 types of TILs in human
cancers. The heat map showed that THCA, LGG and
SARC were positively correlated with almost all TILs
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(P < 0.05) (Figure 9A). As shown in Supplementary
Figure 5, we showed scatter plots of these three
cancers. We also explored the tumor immune score of
BAX (Figure 9B). Moreover, in defensive response,
the tumor could quickly evolve by upregulating
immune checkpoint ligands to educate immune cells
[32]. Given the large number of reported associations

A

3%

2%

Alteration Frequency

1%

between genes and immune response checkpoint, our
studies showed that the immune infiltration-related
cancers (THYM, LGG, GBMLGG, LIHC, KIRC,
SARC and THCA) were highly positively correlated
with many immune checkpoints. The stimulatory
checkpoints are ENTPD1, TNFRSF9, CD80, IL2RA,
CD27, CD28, CX3CL1, TNFSF9, ITGB2, TNFRSF4,

Mutation
Structural Variant
Amplification
Deep Deletion

Multiple Alterations

Structural variant data -+ - -+~ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ + -+ -+
Mutation data -+ -+ - -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+
CNA data -+ - - - - - - - - - -+ + - - - - - - - - - - -
NO0LEOLALCLO0I=A500500000
Q8828330020205 22880280
SYTI oD 0IFEOFE s aOTnXX
B o Missense
. s @ Truncating
% _— @ 'nframe
g El ®© L _J B e o
g
@ o o @ L ] [ ] o o ® { ] [ ] L ] ® @ >00
+*+
0
0 100 192aa
C Overall Overall Overall
B Altered group \ B Altered group W Attered group
| St B Unaltered group Yo—ves i B Unaltered group b B Unaltered group
| P:0.0285 Tl P:5.845e-4 N, Fiearles

Orsease-specitc

§ ¥ % %% %5335 3§

% %8353 43538

Progression Froe

% % 8 58533838 §

3

2

° 2 0 © ® 0

Months of disease-specific survival

M 2 10 %0 W A0 20 20 %0 A0 ) 2

Overall survival

Months of disease-specific survival

Disease-specific survival

oF

PEEEEEEX.S]

M EEEEEREEEEEREX]

Months of disease-specific survival

Progress free survival

Figure 6. BAX mutation in different cancer types of TCGA. (A) The alteration frequency with mutation type was performed. (B) The
mutation sites were performed. (C) The potential relationship between mutation status and OS, DSS and PFS of breast cancer. (p < 0.05).

www.aging-us.com

11298

AGING



CD70, ICAMI and ICOSLG (r > 0, p < 0.05). And
inhibitory checkpoints are CD276, TGFB1, LAGS3,
HAVCR2 and SLAMF7 (r> 0, p < 0.05) (Figure 10
and Supplementary Table 2).

Analysis of BAX methylation

GSCA online tool provides an opportunity to analyze
the BAX methylation. We figured out that BAX
methylation showed a strong link with BAX mRNA
expression in most cancer types, such as UCEC, LGG
(FDR < 0.0001), UVM, HNSC, PRAD, LUAD (FDR <
0.001), oV, TGCT, MESO, GBM, KICH, BLCA,
BRCA, READ, PCPG, USC, CESC, COAD, PAAD,
ESCA, SARC and SKCM (FDR < 0.05) (Figure 11A).
Especially in OV, the relevance is particularly evident.
In addition, we investigated the relationship between
BAX methylation and immune infiltration. Figure
11B showed the top three with the highest correlation
scores, which were READ, ESCA and ACC.
Interestingly, ESCA showed the highest and significant
correlation value of TILs (Figure 11C). Besides, we
found five methylation sites (cg20095680, cg05513979,
cg00803419, ¢g13804854, cg26673286) in the DNA
sequences of BAX is significantly correlated with the
expression of BAX (Figure 11D).

Proliferation and metastasis

Various biological processes such as proliferation
and metastasis could play key roles on the occurrence

and development of cancers. We focused on
the potential associations between BAX and the
epithelial-mesenchymal transition (EMT) markers,
CDH2 (N-cadherin), FN1 (Fibronectin 1), SNAIl
(Snaill), SNAI2 (Snail2), TWIST1 (Twist Family
BHLH Transcription Factor 1) and Vimentin (VIM).
The corresponding figure showed that BAX was
positively correlated with the expression of these EMT
markers of LGG and KIRC (r > 0, p < 0.05) (Figure
12A, 12B). Moreover, we revealed the correlation
between BAX and the classic proliferation markers,
MKI167 (Marker of Proliferation Ki-67) and PCNA
(Proliferating Cell Nuclear Antigen). Results proved
that BAX was positively correlated with the expression
of these proliferation markers across multifarious
types of cancer, such as LGG, KIRC, LICH, ACC,
BLCA, ESCA, HNSC, LUAD, LUSC, MESO, 0V,
PAAD, PCPG, READ, STAD, THCA, THYM, UCEC
and UVM (r > 0, P < 0.05) (Figure 12C). These results
suggested that BAX may participate in proliferation
and metastasis of many cancers, especially in LGG
and KIRC (Figure 12D).

Enrichment analysis of BAX

We profiled twenty proteins interacting with BAX
through STRING database and constructed the protein—
protein interaction (PPI) network (Figure 13A).
Subsequently, to explore this relationship in depth,
we concluded 100 proteins on the Cytoscape software.
The visual diagram proved that it has the strongest
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correlation with TP53 (Tumor Protein P53), followed
by MDM2 (MDM2 Proto-Oncogene), AKT1 (AKT
Serine/Threonine Kinase 1) and ATM (ATM Serine/
Threonine Kinase) (Figure 13B). Furthermore, we used
GEPIA2 tool to collect the expression data across all

TCGA cancers and got the top 200 genes that most
correlated with BAX expression, and the top 5 genes are
PRPF31 (Pre-MRNA Processing Factor 31, R = 0.52),
BBC3 (BCL2 Binding Component 3, R = 0.5), PIH1D1
(PIH1 Domain Containing 1, R = 0.49), LIG1 (DNA
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Figure 8. Correlation analysis between BAX expression and the expression degree of immune cells obtained from TCGA.
(A) The correlation of BAX expression with six types of immune cells (B cell, CD4+ T cell, CD8+ T cell, neutrophil, macrophage, and myeloid
dendritic cell) in pan-cancer. (B) The top three tumors with the highest correlation between the degree of immune infiltration and BAX
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Ligase 1, R = 0.49) and PRMT1 (Protein Arginine The enrichment of KEGG correlated with BAX is

Methyltransferase 1, R = 0.47). We used the the spliceosome, amyotrophic lateral sclerosis and
TIMER2.0 tool to create heat maps and found a RNA transport (P < 0.05) (Figure 13E). Besides,
strong positive correlation between BAX and the first we divide the enrichment of GO into three subjects,
five genes in most cancer types (Figure 13C, 13D CC (cellular component), BP (biological process) and
and Supplementary Table 3). Interestingly, many MF (molecular function). The analysis of BP mainly
literatures have reported that these five genes are involved in ncRNA processing, rRNA processing and
associated with a variety of cancers, such as ovarian ribosome biogenesis (Figure 13F). The analysis of
cancer, gastric cancer and pancreatic cancer. And MF was related to catalytic activity, acting on
lower-grade glioma and liver cancer are related to RNA, helicase activity and snRNA binding (Figure
the prognosis of BAX as well [33-38]. To further 13G). And the analysis of CC refers to spliceosomal
investigate the possible function of BAX, we complex, catalytic step 2 spliceosome and preribosome
perforr_ned GO and KEGG pathway enrichment (Figure 13H). Th_ese results _suggested the possi_ble
analysis of the top 200 correlated genes of BAX. molecular mechanism of BAX in cancer pathogenesis.
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DISCUSSION

At present, the prognosis and immune infiltration of
BAX is largely unexplored and lacks systemic assessment
among 33 human cancers. Herein, we performed a
comprehensive analysis to explore that BAX gene plays
an important role in the development of many cancers.
Apoptosis is a hallmark of multifarious human cancers

and often correlated with worse prognosis [39]. And
BAX participates in a critical step of the mitochondria-
dependent apoptosis, which is frequently dysregulated
in cancers [40]. Unexpectedly, accumulating evidence
suggested that apoptosis is one of the important
components of human immunity. The expression of BAX
also regulates the sensitivity of cancer cells toward the
immune system [41]. Therefore, we aim to reveal the

z
=

RAA AN Ay [y S Ay | [P correlation coefficient
B ‘ A 444 -4 -4-44 44+ 444444 + +  + + s o« 4‘0'70‘50"0 05 10
z A AL L 44 d4dd 444 4dad-. palue
Sy I YV Sy eI WL .
AR - 4.4 ‘e -‘.“‘ “‘... 0-0 0.5 1.0
s v eMerc-M. 4 .A “.. ..... .lnhlb“on
solsis oMM+ +dd yrye .v‘o FERPIE @ Stimulaotry
4 Addd - -44 -4 AAAAAAAAAA AA A A 4
+ e+ ddid -d-d 4dd4 4 Ry :
o dddds -d-dddidd uuu‘ & it
YRR Ad-44: -4+ Ad - YV EEE
...... 4++-4+-4 Ad -4 -44 .......‘ 2 e
SSAS S WBASTVVYYYYEYY Ad AR
Y | ......‘ ‘u‘ VYRV EE » oM s
* = t-t“tta “-“:‘-ttt
oo A A AAM dAAAMMMdMLddd~ -4 -
SRR LAVl Add-d - 4d ddd - Ad A -4 -
Y Y Ry v YYYY Al 44+ 4+
44 RSy VVEY d44 Y VY R
..oo.oc.ocntoo‘ = .u“' 'u‘..-.nu ADORA2A
SRR B FREY FERY V) e e
P iR Y T R e A-.......‘... -
.. . cresind MMM ALMd < -« i e
. «-d dd- -dd--dd4 ~'A Ad A‘A'A -4 -
ce--dd 4 -- -4 idd4 - AAAAA AA 'AA‘--
e Mdid 4 - -‘A‘. ‘.‘ .. .o
. Ad- 4 --4d -didd AAAAAAAAA Addd AA .
~AAdddd dd diddddd- Adid -d. Ad
» A+ -Add4 -4 4 -4 dd 4 6 -4 AAAAAAAAA
Ad-- Adddd ddd Al -dddd-4-- - Adddid
vy EE ~+dd - 444 -4d - - 444 ‘ M-
relsis s d-dd cddi < LAd - MM -4 -
N - ~ - dd - A4 - - Y EEEEEE
Y E Y Y | A4+ 4444 -4/ -+ +4
sess e 4 <M 4. 4.4 Y .o
secocMd -d-dd -ddidd . d4d -44 4 - - -
L * = ‘. '."“‘ “ - » * ® % ® % %
Y Py VY VYRV VR VR B
* = * = ** * x % x = ‘a * \"u“‘ o *
v esir e +a Ad-4d4 el A+ + 2 ed s
e e e + +~+-Add44 - ddd .‘A .‘. * e on
EERE R RY 0. 4 ddd- 444" didd-
e e e srere M 4+ Addd4d ....‘.....,
EREEY - 4 R 4 “““‘.
R srero-d -dd 4 dd " e e
K el e VM AAAAAAAAAAAA
coccdd oo « M4 ‘ 4. 4 4 44
veesodd -Ldd Md44d - 444 “u“... .....
ER Y APV A dd - 4 e dds
* * s * » c":c“ é]." ‘."'t" A ** 2 x5
N R R Ty ‘..‘.......‘.4.....
Y L Al =+ cr v e e ..
SRRV - VTV 4 A - A~ -4 T TR
Y T e P Y b NFRSF14
N ver s sorofilMe - v err s s e 3
.. .." “"l‘.“"‘ * % * s 3 * * * & % & 3"
e 4 croM « AdMd-Md L4 e Ry B FRSF18
e .- = ..“'.Aﬂ“‘ . * * » - * ® 3 % = »
..... FEEFEIEERLEY)V XYYV EETEEREY IR Ee
R U A RS AN R T A U D R T e A TS
SIS S| \é\‘o‘g@e“'\, RESNSSESNS

Figure 10. Correlation analysis of BAX gene expression in immune checkpoint.
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impact of this potential prognostic biomarker on
cancer progression and immunotherapy efficacy.

Thus, in this study we have evaluated the relationship
between BAX gene and protein expression, survival
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enrichment analysis across 33 TCGA cancer types. We

found that BAX expression is up-regulated in most
cancers. Previous studies have indicated that BAX is a
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proto-oncogene [42, 43]. The same proto-oncogene
showed different expression in different cancers, which
is related to the complex interaction between Bcl-2
family members. BAX interacted with other molecules
and maintain balance, so as to play their biological
function better [44, 45]. We further investigated the
expression differences of BAX protein in multifarious
cancer types, and BAX expression was significantly
elevated in many tissues, including GBM, LIHC,
LUAD and COAD. The analysis results of RNA and

protein expression levels were inconsistent, this
discrepancy may be due to the RNA post-translational
modifications, such as ubiquitination, phosphorylation
and methylation. In order to further verify the
expression of BAX in tumor tissues, we downloaded
immunohistochemical staining of these cancers.

In LGG, SKCM, LIHC, GBM, MESO and UVM,
higher expression of BAX was associated with poorer
0OS. And high BAX expression was linked with poor
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DFS in LGG, SKCM, ACC, LUSC and PRAD. In
the above-mentioned 9 cancer types, the expression
of BAX is associated with poor prognosis. Combined
with clinical assessments, BAX might act as a prognosis
biomarker. These results go along with many previous
studies [46, 47]. Interestingly, in COAD and UCEC,

D  Prerat

BAX expression was slightly correlated with better
prognosis.

In terms of more clinical relevance, we indicated that

the expression of BAX has significant difference in
cancer stages. Moreover, the ROC curve showed an
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Figure 13. Enrichment analysis of BAX-related gene. (A) Analysis of twenty proteins interacting with BAX through STRING database.
(B) Protein—protein interaction network of BAX was performed via the STRING database. (C) The heat map of correlation between BAX and
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excellent performance that there are 16 cancers with an
AUC value greater than 0.8. Importantly, by studying
the EMT markers and classic proliferation markers, we
figured out that BAX may participate in proliferation
and metastasis of many cancers, especially in LGG and
KIRC. It is worth noting that the mRNA expression
of BAX is strongly associated with drug sensitivity
of many drugs, especially nutlin-3. In addition, Kale
et al. also confirmed that phosphorylation switches the
BAX function from pro- to anti-apoptotic, and thereby
increasing drug resistance [48].

Genetic and epigenetic alterations have been found
in every region of the protein virtually in cancer
progression but only a handful of the mutation sites
have been studied in depth. The mutation of BAX
gene was mainly missense mutation, and the mutation
frequency of R89Q was the highest. Besides, R89Q
mutations have also been reported in several mild
patients with mucopolysaccharidosis type 1 (MPS 1I).
The relationship between BAX and CNV was also
studied in depth. We observed that in LGG, BAX
CNV has a significant positive correlation with clinical
survival.

The tumor microenvironment (TME) is highly
associated to the cancer development, which including
abundant infiltrating immune cells. We suggested that
BAX expression was positively correlated with six
types of immune cells in LGG, LIHC and KIRC. TILs
in the TME have been proven as potential prognostic
and therapeutic biomarkers in clinical practice [49].
Our study investigated that BAX expression was
positively correlated with almost all TILs in LGG,
THCA and SARC. Immune checkpoint therapy has
shown considerable promise in treatment of cancers
currently, many immune checkpoints are highly
positively correlated with BAX, such as ENTPD1,
CD80, and CD28. ENTPD1, otherwise known as
CD39, which is distributes on various cells in the
TME. It could also be the main extracellular enzyme
catabolizing ATP in TME [50, 51]. Due to the broad
immune regulatory effects on the tumor immunity
cycle, targeting CD39 is one of the most promising
approaches in immuno-oncology [52]. Subsequently,
CD80 is an additional binding partner of PD-L1. There
is an inhibitory bidirectional interaction between
CD80 and PD-L1, and the CD80 family may regulate
T cell activation and tolerance [53]. Meanwhile,
CD28 is also a primary target for PD-1-mediated
inhibition. It plays a key role in regulating effector
T cell function and responses to anti-PD-L1/PD-1
therapy [54]. The above findings proved the potential
immune function of BAX in LGG by combining with
immune scores. For the first time, we revealed the
remarkable relationship between BAX methylation and

cancers, and BAX methylation level could be used as a
biomarker for the prognosis.

By summarizing more than 100 interacting proteins,
PPl network showed a demonstration that BAX has
the strongest correlation with TP53, and the gene is
the most commonly mutated gene across 33 TCGA
cancer types [55]. Next, the results of GO and KEGG
enrichment analysis predicted the vital role of BAX in
RNA processing and RNA transport. These results
displayed that BAX may be involved in a variety of
biological processes.

Interestingly, we found that BAX was associated with
poor prognosis of LGG, and was also involved in its
proliferation and migration. BAX not only showed
significant clinical relevance, but also has potential
immune function in LGG. Our study undoubtedly
provided a new guidance for the treatment of LGG.
However, even though our research is based on several
databases, there were still some inevitable limitations.
The study highlights the importance of investigating the
immune response of the BAX gene to tumors in pan-
cancer to improve the understanding of the tumor
microenvironment. Meanwhile, we predict that BAX is
a pan-cancer prognostic biomarker, and targeting BAX
may be a viable therapeutic strategy for many cancers to
enhance the efficacy of immunotherapy. In the future,
we will further study the complex interaction between
BAX gene and BCL-2 family members, as well as
its potential mechanism in the process of immune
infiltration, so as to provide a theoretical basis for the
development of immunotherapy. Although our study is
based on a large amount of publicly available data in
several databases, we are limited by the inevitable
limitation that the specific role of BAX in various
tumors needs to be confirmed in more extensive clinical
cases.

CONCLUSION

In summary, we provide a comprehensive analysis of
BAX for the first time. Our findings demonstrate that
BAX was highly expressed in most cancers and the high
expression is mostly associated with poor prognosis.
In addition, BAX showed significant clinical relevance,
meanwhile its expression was positively correlated with
most immune infiltrating cells. Importantly, BAX is also
known as a pro-apoptotic protein, participated in the
process of immune regulation. Meanwhile, the mis-
regulation of apoptosis is a hallmark of human cancers
and autoimmune disease. These studies indicated that
BAX may promote the cancer initiation and progression.
It can function as an oncogene and a potential biomarker
for prognosis and immunotherapy efficacy of human
cancer.
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Proliferation Ki-67; PCNA: Proliferating Cell Nuclear
Antigen; TP53: Tumor Protein P53; MDM2: MDM2
Proto-Oncogene; AKT1: AKT Serine/Threonine Kinase
1; ATM: ATM Serine/Threonine Kinase; PRPF31: Pre-
MRNA Processing Factor 31; BBC3: BCL2 Binding
Component 3, R = 0.5; PIH1D1: PIH1 Domain
Containing 1; LIG1: DNA Ligase 1; PRMTL1: Protein
Arginine Methyltransferase 1; CC: Cellular component;
BP: Biological process; MF: Molecular function; ESAC:
Esophageal carcinoma; MPS I: Mucopolysaccharidosis

type I.
AUTHOR CONTRIBUTIONS
All of the authors worked collaboratively on the work

presented here. WZ, JL, XC and SW designed the
experiments and supervised the study. SW, KW and XC

performed experiments. SW, XZ and XC searched the
articles and made figures; SW and XC wrote this
manuscript. All authors read and approved the final
manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest related to
this study.

FUNDING

This work was supported by grants from Key
Research and Development Plan (Social development) of
Science and Technology Department of Jiangsu Province
(No. BE2019760), “123” advantageous disciplines, core
technologies of the Second Affiliated Hospital of Nanjing
Medical University.

REFERENCES

1. Cao B, Bray F, Illbawi A, Soerjomataram I. Effect on
longevity of one-third reduction in premature
mortality from non-communicable diseases by 2030:
a global analysis of the Sustainable Development Goal
health target. Lancet Glob Health. 2018; 6:€1288-96.
https://doi.org/10.1016/52214-109X(18)30411-X
PMID:30420032

2. Soerjomataram |, Bray F. Planning for tomorrow:
global cancer incidence and the role of prevention
2020-2070. Nat Rev Clin Oncol. 2021; 18:663-72.
https://doi.org/10.1038/s41571-021-00514-2
PMID:34079102

3. Mollaei H, Safaralizadeh R, Rostami Z. MicroRNA
replacement therapy in cancer. J Cell Physiol. 2019;
234:12369-84.
https://doi.org/10.1002/jcp.28058
PMID:30605237

4. Luo SW, Wang WN, Sun ZM, Xie FX, Kong JR, Liu Y,
Cheng CH. Molecular cloning, characterization and
expression analysis of (B-cell lymphoma-2 associated
X protein) Bax in the orange-spotted grouper
(Epinephelus coioides) after the Vibrio alginolyticus
challenge. Dev Comp Immunol. 2016; 60:66—79.
https://doi.org/10.1016/.dci.2016.02.017
PMID:26905633

5. Reed JC. Balancing cell life and death: bax, apoptosis,
and breast cancer. J Clin Invest. 1996; 97:2403-4.
https://doi.org/10.1172/JCI118684
PMID:8647929

6. Suzuki K, Yanagihara T, Yokoyama T, Maeyama T,
Ogata-Suetsugu S, Arimura-Omori M, Mikumo H,
Hamada N, Harada E, Kuwano K, Harada T, Nakanishi Y.

www.aging-us.com

11307 AGING


https://doi.org/10.1016/S2214-109X(18)30411-X
https://pubmed.ncbi.nlm.nih.gov/30420032
https://doi.org/10.1038/s41571-021-00514-z
https://pubmed.ncbi.nlm.nih.gov/34079102
https://doi.org/10.1002/jcp.28058
https://pubmed.ncbi.nlm.nih.gov/30605237
https://doi.org/10.1016/j.dci.2016.02.017
https://pubmed.ncbi.nlm.nih.gov/26905633
https://doi.org/10.1172/JCI118684
https://pubmed.ncbi.nlm.nih.gov/8647929

10.

11.

12.

13.

14.

15.

Bax-inhibiting peptide attenuates bleomycin-induced
lung injury in mice. Biol Open. 2017; 6:1869-75.
https://doi.org/10.1242/bio.026005

PMID:29138212

Plataki M, Koutsopoulos AV, Darivianaki K, Delides G,
Siafakas NM, Bouros D. Expression of apoptotic and
antiapoptotic markers in epithelial cells in idiopathic
pulmonary fibrosis. Chest. 2005; 127:266—74.
https://doi.org/10.1378/chest.127.1.266
PMID:15653994

Qi ZH, Liu YF, Luo SW, Chen CX, Liu Y, Wang WN.
Molecular cloning, characterization and expression
analysis of tumor suppressor protein p53 from
orange-spotted grouper, Epinephelus coioides in
response to temperature stress. Fish Shellfish
Immunol. 2013; 35:1466-76.
https://doi.org/10.1016/].fsi.2013.08.011
PMID:24012751

. Bai L, Smith DC, Wang S. Small-molecule SMAC

mimetics as new cancer therapeutics. Pharmacol
Ther. 2014; 144:82-95.
https://doi.org/10.1016/j.pharmthera.2014.05.007
PMID:24841289

Dudek J. Role of Cardiolipin in Mitochondrial Signaling
Pathways. Front Cell Dev Biol. 2017; 5:90.
https://doi.org/10.3389/fcell.2017.00090
PMID:29034233

Galluzzi L, Vanpouille-Box C. BAX and BAK at the
Gates of Innate Immunity. Trends Cell Biol. 2018;
28:343-5.

https://doi.org/10.1016/].tcb.2018.02.010
PMID:29555208

Carneiro BA, El-Deiry WS. Targeting apoptosis in cancer
therapy. Nat Rev Clin Oncol. 2020; 17:395-417.
https://doi.org/10.1038/s41571-020-0341-y
PMID:32203277

Zhang S, Liu N, Ma M, Huang H, Handley M, Bai X,
Shan F. Methionine enkephalin (MENK) suppresses
lung cancer by regulating the Bcl-2/Bax/caspase-3
signaling pathway and enhancing natural killer cell-
driven tumor immunity. Int Immunopharmacol. 2021;
98:107837.
https://doi.org/10.1016/}.intimp.2021.107837
PMID:34116288

Manne RK, Agrawal Y, Malonia SK, Banday S,
Edachery S, Patel A, Kumar A, Shetty P, Santra MK.
FBXL20 promotes breast cancer malignancy by
inhibiting apoptosis through degradation of PUMA
and BAX. J Biol Chem. 2021; 297:101253.
https://doi.org/10.1016/.jbc.2021.101253
PMID:34587475

Zheng Q, Wang B, Gao J, Xin N, Wang W, Song X, Shao

16.

17.

18.

19.

20.

21.

22.

23.

Y, Zhao C. CD155 knockdown promotes apoptosis via
AKT/Bcl-2/Bax in colon cancer cells. J Cell Mol Med.
2018; 22:131-40.
https://doi.org/10.1111/jcmm.13301
PMID:28816021

Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, Li B, Liu XS.
TIMER2.0 for analysis of tumor-infiltrating immune
cells. Nucleic Acids Res. 2020; 48:W509-14.
https://doi.org/10.1093/nar/gkaa407
PMID:32442275

Asplund A, Edqvist PH, Schwenk JM, Pontén F.
Antibodies for profiling the human proteome-The
Human Protein Atlas as a resource for cancer
research. Proteomics. 2012; 12:2067-77.
https://doi.org/10.1002/pmic.201100504
PMID:22623277

Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a
web server for cancer and normal gene expression
profiling and interactive analyses. Nucleic Acids Res.
2017; 45:wW98-102.
https://doi.org/10.1093/nar/gkx247

PMID:28407145

Chandrashekar DS, Bashel B, Balasubramanya SAH,
Creighton CJ, Ponce-Rodriguez |, Chakravarthi BVS,
Varambally S. UALCAN: A Portal for Facilitating Tumor
Subgroup Gene Expression and Survival Analyses.
Neoplasia. 2017; 19:649-58.
https://doi.org/10.1016/j.ne0.2017.05.002
PMID:28732212

Ji Z, Vokes SA, Dang CV, Ji H. Turning publicly available
gene expression data into discoveries using gene set
context analysis. Nucleic Acids Res. 2016; 44:e8.
https://doi.org/10.1093/nar/gkv873

PMID:26350211

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B,
Sumer SO, Sun Y, Jacobsen A, Sinha R, Larsson E,
Cerami E, Sander C, Schultz N. Integrative analysis of
complex cancer genomics and clinical profiles using
the cBioPortal. Sci Signal. 2013; 6:pl1.
https://doi.org/10.1126/scisignal.2004088
PMID:23550210

Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS,
Ou Yang TH, Porta-Pardo E, Gao GF, Plaisier CL, Eddy
JA, Ziv E, Culhane AC, Paull EO, et al, and Cancer
Genome Atlas Research Network. The Immune
Landscape of Cancer. Immunity. 2018; 48:812—-30.e14.
https://doi.org/10.1016/j.immuni.2018.03.023
PMID:29628290

Ru B, Wong CN, Tong Y, Zhong JY, Zhong SSW, Wu
WC, Chu KC, Wong CY, Lau CY, Chen I, Chan NW,
Zhang J. TISIDB: an integrated repository portal for
tumor-immune system interactions. Bioinformatics.

www.aging-us.com

11308

AGING


https://doi.org/10.1242/bio.026005
https://pubmed.ncbi.nlm.nih.gov/29138212
https://doi.org/10.1378/chest.127.1.266
https://pubmed.ncbi.nlm.nih.gov/15653994
https://doi.org/10.1016/j.fsi.2013.08.011
https://pubmed.ncbi.nlm.nih.gov/24012751
https://doi.org/10.1016/j.pharmthera.2014.05.007
https://pubmed.ncbi.nlm.nih.gov/24841289
https://doi.org/10.3389/fcell.2017.00090
https://pubmed.ncbi.nlm.nih.gov/29034233
https://doi.org/10.1016/j.tcb.2018.02.010
https://pubmed.ncbi.nlm.nih.gov/29555208
https://doi.org/10.1038/s41571-020-0341-y
https://pubmed.ncbi.nlm.nih.gov/32203277
https://doi.org/10.1016/j.intimp.2021.107837
https://pubmed.ncbi.nlm.nih.gov/34116288
https://doi.org/10.1016/j.jbc.2021.101253
https://pubmed.ncbi.nlm.nih.gov/34587475
https://doi.org/10.1111/jcmm.13301
https://pubmed.ncbi.nlm.nih.gov/28816021
https://doi.org/10.1093/nar/gkaa407
https://pubmed.ncbi.nlm.nih.gov/32442275
https://doi.org/10.1002/pmic.201100504
https://pubmed.ncbi.nlm.nih.gov/22623277
https://doi.org/10.1093/nar/gkx247
https://pubmed.ncbi.nlm.nih.gov/28407145
https://doi.org/10.1016/j.neo.2017.05.002
https://pubmed.ncbi.nlm.nih.gov/28732212
https://doi.org/10.1093/nar/gkv873
https://pubmed.ncbi.nlm.nih.gov/26350211
https://doi.org/10.1126/scisignal.2004088
https://pubmed.ncbi.nlm.nih.gov/23550210
https://doi.org/10.1016/j.immuni.2018.03.023
https://pubmed.ncbi.nlm.nih.gov/29628290

24,

25.

26.

27.

28.

29.

30.

31.

32.

2019; 35:4200-2.
https://doi.org/10.1093/biocinformatics/btz210
PMID:30903160

Saitoh M. Involvement of partial EMT in cancer
progression. J Biochem. 2018; 164:257-64.
https://doi.org/10.1093/jb/mvy047

PMID:29726955

Jurikovd M, Danihel L, Polak S, Varga I. Ki67, PCNA,
and MCM proteins: Markers of proliferation in the
diagnosis of breast cancer. Acta Histochem. 2016;
118:544-52.
https://doi.org/10.1016/j.acthis.2016.05.002
PMID:27246286

Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY.
cytoHubba: identifying hub objects and sub-networks
from complex interactome. BMC Syst Biol. 2014
(Suppl 4); 8:511.
https://doi.org/10.1186/1752-0509-8-54-511
PMID:25521941

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT,
Ramage D, Amin N, Schwikowski B, Ideker T.
Cytoscape: a software environment for integrated
models of biomolecular interaction networks.
Genome Res. 2003; 13:2498-504.
https://doi.org/10.1101/gr.1239303

PMID:14597658

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF,
Duan Q, Wang Z, Koplev S, Jenkins SL, Jagodnik KM,
Lachmann A, McDermott MG, Monteiro CD,
Gundersen GW, Ma'ayan A. Enrichr: a comprehensive
gene set enrichment analysis web server 2016
update. Nucleic Acids Res. 2016; 44:W90-7.
https://doi.org/10.1093/nar/gkw377

PMID:27141961

Li J, Zhao W, Akbani R, Liu W, Ju Z, Ling S, Vellano CP,
Roebuck P, Yu Q, Eterovic AK, Byers LA, Davies MA,
Deng W, et al. Characterization of Human Cancer Cell
Lines by Reverse-phase Protein Arrays. Cancer Cell.
2017; 31:225-39.
https://doi.org/10.1016/j.ccell.2017.01.005
PMID:28196595

Secchiero P, Bosco R, Celeghini C, Zauli G. Recent
advances in the therapeutic perspectives of Nutlin-3.
Curr Pharm Des. 2011; 17:569-77.
https://doi.org/10.2174/138161211795222586
PMID:21391907

Pulendran B, Davis MM. The science and medicine of
human immunology. Science. 2020; 369:eaay4014.
https://doi.org/10.1126/science.aay4014
PMID:32973003

Zhao Y, Shuen TWH, Toh TB, Chan XY, Liu M, Tan SY,

33.

34.

35.

36.

37.

38.

39.

Fan Y, Yang H, Lyer SG, Bonney GK, Loh E, Chang
KTE, Tan TC, et al. Development of a new patient-
derived xenograft humanised mouse model to study
human-specific tumour microenvironment and
immunotherapy. Gut. 2018; 67:1845-54.
https://doi.org/10.1136/gutjnl-2017-315201
PMID:29602780

Liu Z, Sun J, Liu B, Zhao M, Xing E, Dang C. miRNA-222
promotes liver cancer cell proliferation, migration
and invasion and inhibits apoptosis by targeting
BBC3. Int J Mol Med. 2018; 42:141-8.
https://doi.org/10.3892/ijmm.2018.3637
PMID:29693134

Moisseev A, Albert E, Lubarsky D, Schroeder D, Clark
J. Transcriptomic and Genomic Testing to Guide
Individualized Treatment in Chemoresistant Gastric
Cancer Case. Biomedicines. 2020; 8:67.
https://doi.org/10.3390/biomedicines8030067
PMID:32210001

Peedicayil A, Vierkant RA, Hartmann LC, Fridley BL,
Fredericksen ZS, White KL, Elliott EA, Phelan CM, Tsai
YY, Berchuck A, Iversen ES IJr, Couch FJ,
Peethamabaran P, et al. Risk of ovarian cancer and
inherited variants in relapse-associated genes. PLoS
One. 2010; 5:e8884.
https://doi.org/10.1371/journal.pone.0008884
PMID:20111712

Song C, Chen T, He L, Ma N, Li JA, Rong YF, Fang Y, Liu
M, Xie D, Lou W. PRMT1 promotes pancreatic cancer
growth and predicts poor prognosis. Cell Oncol
(Dordr). 2020; 43:51-62.
https://doi.org/10.1007/s13402-019-00435-1
PMID:31520395

Sun L, Liu X, Song S, Feng L, Shi C, Sun Z, Chen B, Hou
H. Identification of LIG1 and LIG3 as prognostic
biomarkers in breast cancer. Open Med (Wars). 2021;
16:1705-17.

https://doi.org/10.1515/med-2021-0388
PMID:34825062

Tang L, Deng L, Bai HX, Sun J, Neale N, Wu J, Wang Y,
Chang K, Huang RY, Zhang PJ, Li X, Xiao B, Cao Y, et al.
Reduced expression of DNA repair genes and
chemosensitivity in 1p19q codeleted lower-grade
gliomas. J Neurooncol. 2018; 139:563-71.
https://doi.org/10.1007/s11060-018-2915-4
PMID:29923053

Enomoto M, Vaughen J, Igaki T. Non-autonomous
overgrowth by oncogenic niche cells: Cellular
cooperation and competition in tumorigenesis.
Cancer Sci. 2015; 106:1651-8.
https://doi.org/10.1111/cas.12816

PMID:26362609

www.aging-us.com

AGING


https://doi.org/10.1093/bioinformatics/btz210
https://pubmed.ncbi.nlm.nih.gov/30903160
https://doi.org/10.1093/jb/mvy047
https://pubmed.ncbi.nlm.nih.gov/29726955
https://doi.org/10.1016/j.acthis.2016.05.002
https://pubmed.ncbi.nlm.nih.gov/27246286
https://doi.org/10.1186/1752-0509-8-S4-S11
https://pubmed.ncbi.nlm.nih.gov/25521941
https://doi.org/10.1101/gr.1239303
https://pubmed.ncbi.nlm.nih.gov/14597658
https://doi.org/10.1093/nar/gkw377
https://pubmed.ncbi.nlm.nih.gov/27141961
https://doi.org/10.1016/j.ccell.2017.01.005
https://pubmed.ncbi.nlm.nih.gov/28196595
https://doi.org/10.2174/138161211795222586
https://pubmed.ncbi.nlm.nih.gov/21391907
https://doi.org/10.1126/science.aay4014
https://pubmed.ncbi.nlm.nih.gov/32973003
https://doi.org/10.1136/gutjnl-2017-315201
https://pubmed.ncbi.nlm.nih.gov/29602780
https://doi.org/10.3892/ijmm.2018.3637
https://pubmed.ncbi.nlm.nih.gov/29693134
https://doi.org/10.3390/biomedicines8030067
https://pubmed.ncbi.nlm.nih.gov/32210001
https://doi.org/10.1371/journal.pone.0008884
https://pubmed.ncbi.nlm.nih.gov/20111712
https://doi.org/10.1007/s13402-019-00435-1
https://pubmed.ncbi.nlm.nih.gov/31520395
https://doi.org/10.1515/med-2021-0388
https://pubmed.ncbi.nlm.nih.gov/34825062
https://doi.org/10.1007/s11060-018-2915-4
https://pubmed.ncbi.nlm.nih.gov/29923053
https://doi.org/10.1111/cas.12816
https://pubmed.ncbi.nlm.nih.gov/26362609

40.

41.

42.

43.

Carter JL, Hege K, Yang J, Kalpage HA, Su Y, Edwards
H, Hittemann M, Taub JW, Ge Y. Targeting multiple
signaling pathways: the new approach to acute
myeloid leukemia therapy. Signal Transduct Target
Ther. 2020; 5:288.
https://doi.org/10.1038/s41392-020-00361-x
PMID:33335095

Bougras G, Cartron PF, Gautier F, Martin S, LeCabellec
M, Meflah K, Gregoire M, Vallette FM. Opposite role
of Bax and BCL-2 in the anti-tumoral responses of the
immune system. BMC Cancer. 2004; 4:54.
https://doi.org/10.1186/1471-2407-4-54
PMID:15331018

Erdal ME, Gorlici Yilmaz S, Ay ME, Giler Kara H, Avci
Ozge A, Tasdelen B. A Study Investigating the Role of 2
Candidate SNPs in Bax and Bcl-2 Genes in Alzheimer's
Disease. P R Health Sci J. 2020; 39:264-9.
PMID:33031695

Rodger FE, Fraser HM, Krajewski S, Illingworth PJ.
Production of the proto-oncogene BAX does not vary
with changing in luteal function in women. Mol Hum
Reprod. 1998; 4:27-32.
https://doi.org/10.1093/molehr/4.1.27

48.

49.

50.

51.

Kale J, Kutuk O, Brito GC, Andrews TS, Leber B, Letai
A, Andrews DW. Phosphorylation switches Bax from
promoting to inhibiting apoptosis thereby increasing
drug resistance. EMBO Rep. 2018; 19:e45235.
https://doi.org/10.15252/embr.201745235
PMID:29987135

Paijens ST, Vledder A, de Bruyn M, Nijman HW. Tumor-
infiltrating lymphocytes in the immunotherapy era. Cell
Mol Immunol. 2021; 18:842-59.
https://doi.org/10.1038/s41423-020-00565-9
PMID:33139907

Di Virgilio F, Adinolfi E. Extracellular purines, purinergic
receptors and tumor growth. Oncogene. 2017; 36:293—
303.

https://doi.org/10.1038/0nc.2016.206
PMID:27321181

Zebisch M, Krauss M, Schafer P, Strater N.
Crystallographic evidence for a domain motion in rat
nucleoside triphosphate diphosphohydrolase
(NTPDase) 1. J Mol Biol. 2012; 415:288-306.
https://doi.org/10.1016/j.imb.2011.10.050
PMID:22100451

52. Bastid J, Cottalorda-Regairaz A, Alberici G, Bonnefoy
PMID:9510008 N, Eliaou JF, Bensussan A. ENTPD1/CD39 is a
44. Krishna S, Kumar SB, Murthy TPK, Murahari M. promising therapeutic target in oncology. Oncogene.
Structure-based design approach of potential BCL-2 2013; 32:1743-51.
inhibitors for cancer chemotherapy. Comput Biol https://doi.org/10.1038/0nc.2012.269
Med. 2021; 134:104455. PMID:22751118
https://doi.org/10.1016/j.compbiomed.2021.104455 53. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and
PMID:33962088 its ligands in tolerance and immunity. Annu Rev
45. Yip KW, Reed JC. Bcl-2 family proteins and cancer. Immunol. 2008; 26:677-704.
Oncogene. 2008; 27:6398-406. https://doi.org/10.1146/annurev.immunol.26.021607
https://doi.org/10.1038/0nc.2008.307 .090331
PMID:18955968 PMID:18173375
46. Friess H, Lu Z, Graber HU, Zimmermann A, Adler G, 54. Hui E, CheungJ, Zhu J, Su X, Taylor MJ, Wallweber HA,
Korc M, Schmid RM, Biichler MW. bax, but not bcl-2, Sasmal DK, Huang J, Kim JM, Mellman I, Vale RD. T
influences the prognosis of human pancreatic cancer. cell costimulatory receptor CD28 is a primary target
Gut. 1998; 43:414-21. for PD-1-mediated inhibition. Science. 2017;
https://doi.org/10.1136/gut.43.3.414 355:1428-33.
PMID:9863489 https://doi.org/10.1126/science.aaf1292
47. Zhao W, Zhang B, Guo X, Zhang X, Hu J, Hu X, Lu Y. PMID:28280247
Expression of Ki-67, Bax and p73 in patients with hilar 55. Hainaut P, Pfeifer GP. Somatic TP53 Mutations in the
cholangiocarcinoma. Cancer Biomark. 2014; 14:197—- Era of Genome Sequencing. Cold Spring Harb
202. Perspect Med. 2016; 6:a026179.
https://doi.org/10.3233/CBM-140393 https://doi.org/10.1101/cshperspect.a026179
PMID:24934361 PMID:27503997
www.aging-us.com 11310 AGING


https://doi.org/10.1038/s41392-020-00361-x
https://pubmed.ncbi.nlm.nih.gov/33335095
https://doi.org/10.1186/1471-2407-4-54
https://pubmed.ncbi.nlm.nih.gov/15331018
https://pubmed.ncbi.nlm.nih.gov/33031695
https://doi.org/10.1093/molehr/4.1.27
https://pubmed.ncbi.nlm.nih.gov/9510008
https://doi.org/10.1016/j.compbiomed.2021.104455
https://pubmed.ncbi.nlm.nih.gov/33962088
https://doi.org/10.1038/onc.2008.307
https://pubmed.ncbi.nlm.nih.gov/18955968
https://doi.org/10.1136/gut.43.3.414
https://pubmed.ncbi.nlm.nih.gov/9863489
https://doi.org/10.3233/CBM-140393
https://pubmed.ncbi.nlm.nih.gov/24934361
https://doi.org/10.15252/embr.201745235
https://pubmed.ncbi.nlm.nih.gov/29987135
https://doi.org/10.1038/s41423-020-00565-9
https://pubmed.ncbi.nlm.nih.gov/33139907
https://doi.org/10.1038/onc.2016.206
https://pubmed.ncbi.nlm.nih.gov/27321181
https://doi.org/10.1016/j.jmb.2011.10.050
https://pubmed.ncbi.nlm.nih.gov/22100451
https://doi.org/10.1038/onc.2012.269
https://pubmed.ncbi.nlm.nih.gov/22751118
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://pubmed.ncbi.nlm.nih.gov/18173375
https://doi.org/10.1126/science.aaf1292
https://pubmed.ncbi.nlm.nih.gov/28280247
https://doi.org/10.1101/cshperspect.a026179
https://pubmed.ncbi.nlm.nih.gov/27503997

P=5.03E-04

Protein expression of BAX in Breast cancer

=5.76E-51

P=

Protein expression of BAX in Clear cell RCC

1.37E-05

Protein expression of BAX in Ovarian cancer

AGING

BRCA

KIRC

11311

ov

"

3.13E-18

Score

High

f BAX in Pancreatic

Low

30+
Medium

nTPM
70—
60
50 -
40

704

40 -
30 -
20—
10 —

50—

=

B Scaled Tags Per Million

A

SUPPLEMENTARY MATERIALS
D

Supplementary Figures

Supplementary Figure 1. (A-D) Expression level of BAX in different tissues and the protein expression of BAX were greater in some other

tumor tissues than in adjacent normal tissues, such as PAAD, OV, KIRC and BRCA.
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Supplementary Figure 2. BAX expression
tumors. ("P<0.05, P < 0.01, P < 0.001).

was significantly associated with age, gender and race

in great majority of
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Supplementary Figure 4. The six algorithms suggested that BAX was closely related to immune infiltration of various
cancers. (P < 0.05).
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Supplementary Figure 5. The scatter plots of THCA, LGG and SARC were positively correlated with almost all TILs. (P < 0.05).
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Supplementary Tables
Please browse Full Text version to see the data of Supplementary Tables 2 and 3.

Supplementary Table 1. Box plot representation of BAX expression level comparison in pan-cancer (TCGA project)
relative to the corresponding normal tissues (GTEx database).

Groupl Group2  Number Min Max Median IQR Mean SD SE

ACC Normal 128 0 6.963 6.088 0.562 5.95 0.794 0.07
ACC Tumor 77 3.252 8.108 6.536 0.909 6.519 0.818 0.093
BLCA Normal 28 5.423 7.604 6.271 0.697 6.291 0.528 0.1

BLCA Tumor 407 4.535 8.917 7.293 0.742 7.292 0.591 0.029
BRCA Normal 292 3.291 6.649 5.639 0.607 5.576 0.526 0.031
BRCA Tumor 1099 3.892 8.203 6.532 0.68 6.507 0.563 0.017
CESC Normal 13 5.851 6.425 6.061 0.278 6.104 0.182 0.05
CESC Tumor 306 4,782 8.421 7.342 0.582 7.271 0.471 0.027
CHOL Normal 9 4.72 5.529 5.022 0.086 5.069 0.231 0.077
CHOL Tumor 36 5.177 9.011 7.43 0.801 7.418 0.696 0.116
COAD Normal 349 0 7.804 6.087 0.99 6.097 0.919 0.049
COAD Tumor 290 3.392 8.879 7.354 0.681 7.275 0.715 0.042
DLBC Normal 444 1.978 9.138 6.061 2.068 6.175 1.389 0.066
DLBC Tumor 47 6.135 9.338 8.174 0.687 8.104 0.575 0.084
ESCA Normal 666 0 7.138 5.746 0.644 5.713 0.698 0.027
ESCA Tumor 182 4.323 7.134 5.65 0.723 5.671 0.511 0.038
GBM Normal 1157 0 7.38 4.821 0.903 4.72 0.838 0.025
GBM Tumor 166 4.848 8.501 7.32 0.74 7.303 0.586 0.045
HNSC Normal 44 2.807 7.176 5.855 0.554 5.794 0.757 0.114
HNSC Tumor 520 5.07 8.387 6.786 0.619 6.78 0.496 0.022
KICH Normal 53 0 7.401 5.954 0.824 5.683 1.118 0.154
KICH Tumor 66 3.573 7.781 5.663 1.011 5.693 0.71 0.087
KIRC Normal 100 0 7.143 5.66 0.661 5.561 0.844 0.084
KIRC Tumor 531 3.599 8.14 6.718 0.703 6.635 0.626 0.027
KIRP Normal 60 0 6.887 5.692 0.831 5.589 1.019 0.131
KIRP Tumor 289 5.403 8.506 7.262 0.747 7.188 0.595 0.035
LAML Normal 70 5.204 6.363 5.971 0.323 5.97 0.246 0.029
LAML Tumor 173 4.544 8.205 6.032 0.936 6.067 0.639 0.049
LGG Normal 1152 0 7.38 4.816 0.903 4716 0.836 0.025
LGG Tumor 523 4.592 8.423 6.402 0.748 6.474 0.606 0.026
LIHC Normal 160 2.795 7.344 4.658 0.881 4.753 0.742 0.059
LIHC Tumor 371 3.638 8.747 6.318 0.987 6.341 0.759 0.039
LUAD Normal 347 0 8.085 6.654 0.594 6.605 0.632 0.034
LUAD Tumor 515 3.561 8.247 6.661 0.696 6.623 0.565 0.025
LUSC Normal 338 0 8.085 6.681 0.588 6.63 0.639 0.035
LUSC Tumor 498 4.489 8.215 6.846 0.703 6.811 0.506 0.023
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Supplementary Table 2. The relationship between BAX expression and pan-cancer immune checkpoint genes.

Supplementary Table 3. BAX co-expression genes in pan-cancer analyzed by the GEPIA database.
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