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Identification of m6A suppressor
EIF4A3 as a novel cancer prognostic
and immunotherapy biomarker
through bladder cancer clinical

data validation and pan-cancer
analysis

Huaging Yan3, Liqi Zhang?? & Rubing Li**

EIF4A3 represents a novel m6A suppressor that exerts control over the global m6A mRNA
modification level, therefore influencing gene destiny. Despite increasing evidence that highlights a
pivotal role of EIF4A3 in tumor progression and immunity, a comprehensive pan-cancer analysis of
EIF4A3 has yet to be conducted, in order to ascertain whether EIF4A3 could be a viable biomarker

for cancer screening, prediction of prognosis, and to facilitate accurate therapy design in various
human malignancies. We analyzed the expression levels of EIF4A3 in bladder cancer compared

to para-cancer tissue. Subsequently survival analysis was conducted to ascertain the potential
association between EIF4A3 expression and patient prognosis. To further corroborate this evidence,
we conducted an extensive data mining process of several publicly available databases, including
UCSC Xena database, TCGA, and GTEx. Raw data from the UCSC Xena database was processed

using online tools to obtain results that could be subjected to further analysis. Our study unveiled a
considerable increase in the expression levels of EIF4A3 in bladder cancer compared to para-cancer
tissue. Subsequent validation experiments confirmed that bladder cancer patients exhibiting higher
levels of EIF4A3 expression have significantly worse prognostic outcomes. Next, our pan-cancer
analysis found that the expression level of EIF4A3 is significantly higher in most cancers. Notably, high
expression levels of EIF4A3 were negatively associated with patient prognosis across various cancer
types. Furthermore, as a novel m6A suppressor, EIF4A3 was found to be correlated with numerous
RNA modification genes in multiple cancer types. Meanwhile, analysis of publicly available databases
revealed that EIF4A3 expression was significantly related to immune score and immune cell levels in
most cancer types. Interestingly, EIF4A3 was also identified as a superiorimmunotherapy biomarker
when compared to several traditional immunotherapy biomarkers. Lastly, genetic alterations analysis
revealed that amplification was the most frequently occurring abnormality in the EIF4A3 gene. EIF4A3
emerges as a promising biomarker with the potential to significantly enhance tumor screening,
prognostic evaluation, and the design of individualized treatment strategies across a diverse array of
malignancies.

Globally, cancer continues to be the leading cause of morbidity and mortality, resulting in a significant burden
on public health and economics. Approximately 5365 new cases of cancer are expected to be diagnosed each
day in the United States, with a total of 1,958,310 new cases estimated for 2023!. Bladder cancer is one of the
most common malignant tumors in the urinary system and remains the second most frequent cause of urinary
cancer death. While nonmuscle-invasive bladder cancer (NMIBC) account for almost 70% of new bladder cancer
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diagnoses, approximately 15-20% patients progress to muscle-invasive bladder cancer with a poor prognosis®.
Within a year, 40-80% of newly diagnosed NMIBC patients undergoing treatment will encounter recurrence’.
Eventually, around half of patients experience disease in distant areas due to the spread of micrometastases*. As
a result, systemic treatment is crucial in combination with local therapy to decrease the likelihood of recurrence®.
Apart from platinum-based chemotherapy as the first-line option, novel therapies including immunotherapy and
targeting therapy are providing new hope for advanced bladder cancer patients. So it is important to expand on
recent accomplishments by advancing new treatments to earlier stages of disease, refining the use of approved
therapies in combination, enhancing patient selection, and discovering new therapeutic targets.

The tumor immune microenvironment (TIME) and tumor cells have a close relationship and influence
each other. As the tumor progresses, tumor cells shape an immunosuppressive TIME, which allows them to
escape immune surveillance. Meanwhile, an immunosuppressive TIME promotes tumor growth through various
mechanisms, such as depleting tumor-infiltrating T cells, the inhibitory role of immune checkpoint genes like
VISTA, TIM-3, and LAG-3, and inhibitory immune cells like Tregs, TAMs, and MDSCs®. In order to develop
more effective cancer treatment strategies, it is essential to study both tumor cells and the tumor immune
microenvironment.

Eukaryotic translation initiation factor 4A3 (EIF4A3), as a protein coding gene, is located on chromosome
17q25.3 with 12 exons. The protein encoded by this gene is a member of the DEAD box protein family, which are
putative RNA helicases characterized by the conserved motif Asp-Glu-Ala-Asp (DEAD). Meanwhile as the main
component of exon junction complex (EJC), EIF4A3 is essential for controlling gene expression through various
mechanisms including alternative splicing, translation, mRNA localization, and nonsense-mediated decay. To
be of interest, EJCs act as suppressors of m6A specificity, preventing methylation in unmethylated regions of
transcripts. This regulation is global and protects exon junction-proximal RNA within coding sequences from
methylation, ultimately regulating mRNA stability through m6A suppression’. Thus a strong negative correlation
between global mRNA m6A modification level and EIF4A3 expression level was identified in 25 human tissues’.
Finally, loss of EIF4A3 accounts for m6A hypermethylation and modulate gene fate”®. Based on the critical role
of EIF4A3 in epigenetics, EIF4A3 was found to regulate cancer progression in different types of human cancer.
In ovarian cancer, EIF4A3 was determined to promote the cell viability by cell counting kit-8 and colony forma-
tion assays through stabilizing PDK4 mRNA”. In Glioblastoma, EIF4A3 can enhance the stability of LINC00680
and TTNASI, facilitate the cyclization of circMMP9, and upregulate its expression, thereby promoting tumor
proliferation, migration, and invasion'®'". Similarly, in bladder cancer EIF4A3 was significantly upregulated
and related to poor prognosis; knockdown of EIF4A3 significantly inhibited bladder cancer cell proliferation
and promoted cell apoptosis'2.

In addition to its oncogenic function in cancer, EIF4A3 also impacts the immune microenvironment.
Recently Hu et al. reported that EIF4A3 promoted the biogenesis of circCCAR1 which was taken in by CD8+T
cells and caused dysfunction of CD8+T cells by stabilizing the PD-1 protein, resulting resistance to anti-PD1
immunotherapy’. In this study, we validated that EIF4A3 is upregulated in bladder cancer and higher expression
of ETIF4A3 was significantly associated with a poorer outcome in bladder cancer patients. Although EIF4A3 has
been shown to be upregulated in bladder cancer and associated with poor outcomes in patients, its prognostic
value and role in immunity across various human cancers remains unclear. Therefore, a systematic pan-cancer
analysis of EIF4A3 is urgently needed to determine its potential as a biomarker for cancer screening, prognosis
prediction, and therapy design. Our team aims to investigate the association between EIF4A3 and tumor progres-
sion and immune microenvironments to determine its potential as a biomarker for human cancers, particularly
bladder cancer.

Materials and methods

Clinical sample acquisition and immunohistochemical stainning

We purchased 62 bladder cancer tissues and 12 adjacent para-cancer tissues with clinical data from Xinchao
Biotech, Shanghai, China. Rabbit polyclonal EIF4A3 antibody was bought from Proteintech, China (Catalog
Number 17504-1-AP). The immunohistochemical stainning process was conducted as following: Insert the
tissue slide into the oven and set the temperature to 63 °C for 1 h. After the slides are baked, remove them from
the oven and place them into an automated staining machine (Dako North America, Autostainer Link 48) for
dewaxing. Utilize the DAKO automated immunohistochemistry pre-treatment system (Dako North America,
PT Link) for instrument repair. After repair, remove the slides and rinse them three times with PBST buffer, each
time for 1 min. Retrieve the primary antibody from the refrigerator and place it into a centrifuge at a speed of
7200 rpm for 30 s. Remove the primary antibody and dilute it with antibody dilution solution in a 1:500 ratio.
Add the primary antibody to the slides, incubate at room temperature, and store overnight in a refrigerator at
4 °C. Rinse the slides three times with PBST buffer, each time for 1 min. Retrieve the DAB reagent kit (Dako,
Catalog Number K8002) from the refrigerator and prepare it by mixing 1 ml of DAB dilution solution with 1
drop of DAB chromogen. Add the diluted DAB solution to the slides and observe the staining intensity. Allow
the staining process for 10 min, then rinse with tap water for 5 min. Add hematoxylin (Sigma aldrich, Catalog
Number SLBT4555) to the slides for 1 min, then immerse them in 0.25% hydrochloric acid alcohol (400 ml of
70% alcohol + 1 ml of concentrated hydrochloric acid) for at least 2 s. Rinse with tap water for more than 2 min,
air dry at room temperature, and seal the slides. The DAB staining was analyzed using Aperio XT Scanner
(LEICA) and ImageScope 12.4 software. To stratify the study cohort into EIF4A3 high and low expression groups,
we implemented a standardized approach for processing the original data, as follows:

(1) The staining intensity index was categorized into four levels: 0 points (negative), 1 point (1+), 2 points
(2+), and 3 points (3 +).
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(2) The positive rate of staining was classified into five levels: 0 points (negative), 1 point (1-25%), 2 points
(26-50%), 3 points (51-75%), and 4 points (76-100%).

(3) The total score was calculated by multiplying the scores of staining intensity and positive rate. Participants
with a total score less than 8 were assigned to the low expression group, while those with a score greater
than or equal to 8 were assigned to the high expression group.

In line with the aforementioned approach, the expression levels of CD8 and PDL1 were stratified based on the
rates of positive staining. A CD8-positive staining rate of > =3% was assigned to the high-expression group, and
likewise, a PDL1-positive staining rate of > =5% was designated as the high-expression group. The assignment
of groups was determined upon the distribution of the data.

Statistical analysis

Prism 7 (GraphPad Software, Inc., La Jolla, CA) was used for statistical analysis. Significance was determined
using a two-tailed unpaired Student’s t-test with a threshold of P<0.05. For multivariate analysis of bladder
cancer overall survival, we firstly conducted univariate analysis, and then the significant variables identified
were included in the multivariate analysis.

Data source

To analyze EIF4A3 in human pan-cancer, we obtained gene expression, clinical phenotype, and mutation data
from UCSC Xena database (https://xena.ucsc.edu/) and TCGA/GTEx databases. The transcriptomic data for
tumors and normal samples were processed using SangerBox (http://vip.sangerbox.com/tool.html) and converted
from FPKM to TPM format through log2 conversion.

Topology, localization and protein interaction network of EIF4A3 proteins

The human protein atlas database (http://www.proteinatlas.org) provides open-access analysis of protein expres-
sion in various subcellular levels, including tissues, single cells, immune cells, and cell lines. EIF4A3 protein sub-
cellular localization was analyzed in A-431, U-251MG and U-2 OS cell lines and its association with endoplasmic
reticulum, microtubules and nucleus was investigated. PROTTER (http://wlab.ethz.ch/protter/start/) is a tool
for predicting sequence features and protein-form visualization based on experimental proteomics evidence.
String (cn.string-db.org/) is an open-source database used to predict protein—protein interaction (PPI) networks
with a confidence score cutoff of 0.7.

Expression and prognostic value of EIF4A3 in pan-cancer

We utilized TIMER (https://cistrome.shinyapps.io/timer/) and UCSC Xena databases to compare EIF4A3 expres-
sion in human cancers and paired normal tissue. Additionally, we analyzed EIF4A3 expression profiles in vari-
ous cancer and normal cell lines using the BioGPS database (http://biogps.org). To assess the impact of EIF4A3
expression on patient survival, we employed the Kaplan-Meier method and univariate Cox regression analysis,
utilizing UCSC Xena database and SangerBox tools.

Genes involved in RNA modification and its relationship to EIF4A3 expression

Gene expression data was downloaded from UCSC Xena database and we obtained data of 3 types of RNA modi-
fication genes (10 m1A genes, 13 m5C genes and 21m6A genes) in various human cancer types. The pearson-
relationship was calculated between EIF4A3 expression and RNA modification genes. A statistical significance
level of P<0.05 was applied.

Examining EIF4A3 expression’s correlation with immune and molecular subtypes

TISIDB is a database that combines various data types to study the interaction between tumors and the immu-
nology (http://cis.hku.hk/TISIDB/index.php). It was utilized to investigate the relationship between EIF4A3
expression and the immune or molecular subtypes of various cancers. A statistical significance level of P<0.05
was applied.

Examining the EIF4A3 expression’s correlation with immune checkpoint genes
Using the UCSC Xena database, we analyzed the correlation between EIF4A3 expression and immune checkpoint
genes. These genes were previously classified into inhibitory and stimulatory categories in a published study*?.

Examining the EIF4A3 expression’s correlation with tumor immune microenvironment in
pan-cancer

The SangerBox tool was used to calculate stromal, immune, and ESTIMATE scores in human cancers. Only
results with a significance level of P<0.05 were analyzed. Additionally, the IOBR package’s Timer method was
utilized to re-evaluate the B cell, T cell CD4, T cell CD8, Neutrophil, Macrophage, and DC invasion scores of
each patient in each tumor based on EIF4A3 gene expression'*!°,

Examining the relationship between EIF4A3 gene alteration and tumor immunity

By utilizing the tumor immune dysfunction and exclusion database (TIDE), the effectiveness of immune check-
point blockade treatment can be predicted (http://tide.dfci.harvard.edu/). The predictive value of EIF4A3 was
compared to other previously published markers in immune checkpoint blockade cohorts within TIDE, and
its relationship with responses to immune checkpoint blockade treatments and T cell dysfunction levels were
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evaluated in various cohorts. Additionally, the cBioportal database was used to analyze EIF4A3 copy number
alterations and genetic alterations in different cancers (http://www.cbioportal.org/).

Ethics approval and consent to participate

The acquisition of bladder cancer and adjacent tissue samples was authorized by the local committee, following
patient consent. Other data and analyses were based on previous published studies; thus, no ethical approval
and patient consent are required.

Results
EIF4A3 is upregulated in bladder cancer and associated with prognosis
To verify the expression level of EIF4A3 and its prognostic value, we collected 62 bladder cancer tissue sam-
ples and 12 adjacent para-cancer tissues along with clinical data. An immunohistochemical staining assay was
conducted. Overall, the expression level of nucleus EIF4A3 was significantly higher in bladder cancer tissues
compared to adjacent para-tumor tissues. Additionally, Kaplan-Meier survival analysis demonstrated that the
upregulation of both nucleus and cytoplasmic EIF4A3 expression levels was significantly correlated with a poorer
overall survival rate in bladder cancer (Fig. 1). Then we analysed the correlation between ELF4A3 expression
and clinicopathological characteristics including patient sex, age, tumor grade, tumor size, TNM stage, CD8
expression and PDLI expression. However, no significant association was observed between both nucleus and
cytoplasmic EIF4A3 expression levels and clinicopathological characteristics (Supplementary Tables 1 and 2).
Finally, we performed univariate and multivariate analyses to assess the factors associated with overall survival in
patients with bladder cancer. We firstly conducted univariate analysis, and then the significant variables identified
were included in the multivariate analysis.

The results revealed a significant correlation that expression of EIF4A3 in the cytoplasm (HR=17.829, 95%
CI 2.300-138.173, P=0.006) and TNM stage (HR=2.190, 95% CI 1.002-4.786, P=0.049) was significantly
related with the risk of death from bladder cancer (Supplementary Table 3). Additionally, we found that EIF4A3
expression in the nucleus was significantly associated with overall survival (HR =4.848, 95% CI 1.080-21.760,
P=0.039, Supplementary Table 4).
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Figure 1. EIF4A3 is upregulated in bladder cancer and associated with prognosis. (A, B) Representative images
of immunohistochemical staining showed the expression level of EIF4A3 in bladder cancer tissues and adjacent
para-cancer tissues. (C, D) The expression level of cytoplasmic EIF4A3 is similar in bladder cancer tissues
compared to adjacent para-tumor tissues. Kaplan-Meier survival analysis demonstrated that the upregulation
of cytoplasmic EIF4A3 expression levels was significantly correlated with a poorer overall survival rate in
bladder cancer. (E-F) The expression level of nucleus EIF4A3 was significantly higher in bladder cancer tissues
compared to adjacent para-tumor tissues. Kaplan-Meier survival analysis demonstrated that the upregulation
of nucleus EIF4A3 expression levels was significantly correlated with a poorer overall survival rate in bladder
cancer.
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Topology, localization and protein interaction network of EIF4A3 proteins

To investigate the role of EIF4A3 in human cancers, we performed a pan-cancer analysis and examined its
topology, localization, and protein interaction network. The intracellular membrane localization of EIF4A3
was observed physiologically (Fig. 2A). We also analyzed the intracellular protein localization of EIF4A3 using
data from The Human Protein Atlas database. The results showed that EIF4A3 was distributed heterogeneously
at nucleus, microtubes, and ER in A-431, U-251MG, and U-2 OS cell lines (Fig. 2B). The EIF4A3 protein was
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Figure 2. Topology, localization and protein interaction network of EIF4A3 proteins. (A) The topology

of EIF4A3 proteins is depicted, which indicates that this protein predominantly localizes to intracellular
membranes. (B) The intracellular localization pattern of EIF4A3 protein was determined using
immunofluorescence staining, revealing nuclear, microtubular, and endoplasmic reticulum staining in HEL,
REH, and U-2 OS cell lines, as extracted from the Human Protein Atlas database. (C) The distribution of
EIF4A3 expression, which was mainly detected in the nucleoplasm and cytosol. (D) The protein interaction
network of EIF4A3 proteins, highlighting the various protein—protein interactions and associations gleaned
from the String database.
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mainly detected in nucleoplasm based on the cell sketch (Fig. 2C). Protein-protein interaction analysis revealed
that EIF4A3 was associated with PRPF19, ALYREEF, CWC22, RBM8A, CASC3, MAGOHB, UPF3B, MAGOH,
SMG1, and UPF1 (Fig. 2D).

Expression of EIF4A3 in pan-cancer

To investigate the correlation between EIF4A3 and cancers, we analyzed its mRNA expression levels in various
tissues using multiple databases. TCGA database was utilized to obtain EIF4A3 expression patterns in cancers
and paraneoplastic tissues (Fig. 3A). Our findings indicate that EIF4A3 expression is significantly higher in 18
cancers, including GBM, GBMLGG, LGG, CESC, LUAD, COAD, COADREAD, BRCA, ESCA, STES, STAD,
UCEC, HNSC, LUSC, LIHC, READ, BLCA and CHOL (P <0.05, cancer type abbreviations are shown in sup-
plementary Table 5). Conversely, EIF4A3 expression is lower in 5 cancers, such as KIPAN, KIRC, THCA, PCPG
and KICH. Additionally, we verified the expression of EIF4A3 in different cancers using TIMER 2.0 database,
which is based on TCGA database (Fig. 3B). Furthermore, we combined the data from TCGA and GTEx data-
base (Fig. 3C) and found that EIF4A3 expression is upregulated in 27 cancers, including GBM, GBMLGG, LGG,
UCEC, BRCA, CESC, LUAD, ESCA, STES, KIRP, COAD, COADREAD, PRAD, STAD, HNSC, KIRC, LUSC,
LIHC, WT, BLCA, READ, PAAD, TGCT, UCS, ALL, LAML and CHOL. Conversely, EIF4A3 expression is sig-
nificantly lower in only 3 cancers, including PCPG, ACC and KICH. Overall, our analysis of TCGA and GTEx
data suggests that EIF4A3 is overexpressed in most cancer types.

We used the BioGPS database to determine the expression level of EIF4A3 in both normal tissues and cancer
cell lines. Figure 3D shows the top 10 normal tissues with the highest expression level of EIF4A3, while Fig. 3E
displays the top 10 cancer cell lines with the highest expression level of EIF4A3. Our findings indicate that ETF4A3
expression is generally higher in cancer cell lines compared to normal tissues.

Prognostic value of EIF4A3 in pan-cancer

We assessed the effect of EIF4A3 expression on the clinical prognosis of patients with multiple cancers from
UCSC Xena database. Cox regression model was used to analyze the Overall survival of each cancer (Fig. 4A).
Higher expression of EIF4A3 was significantly associated with a poorer outcome in ten cancers including TCGA-
GBMLGG, TARGET-LAML, TCGA-LUAD, TCGA-KIRP, TCGA-KIPAN, TCGA-LIHC, TCGA-BLCA, TCGA-
UVM, TCGA-ACC and TCGA-KICH. Conversely, lower expression of EIF4A3 was significantly associated with
a poorer outcome in two cancers including TCGA-THYM and TCGA-DLBC. We also conducted Kaplan-Meier
analysis to verify the impact of EIF4A3 expression on patient prognosis in several cancers (Fig. 4B-G). Therefore,
EIF4A3 may mainly act as a cancer-promoting gene in different cancer types.

RNA modification related genes and its relationship to EIF4A3 expression

We assessed the relationship between EIF4A3 expression and RNA modification genes with multiple cancers from
UCSC Xena database. Expression data of three types of RNA modification genes including 10 m1A genes, 13
m5C genes and 21m6A genes were extracted and pearson’s correlation analysis were conducted. As a novel m6A
suppressor, EIF4A3 was correlated with most RNA modification genes in multiple cancers (Fig. 5). Particularly
in bladder cancer, EIF4A3 was correlated with all m6A related genes, suggesting its potentially comprehensive
role to regulate gene fate as m6A suppressor.

The immune and molecular subtypes related to EIF4A3 expression in pan-cancer

We used TISIDB database to investigate the correlation between immune and molecular subtypes and EIF4A3
expression in various cancers'®. We found a significant association between molecular subtype and EIF4A3
expression in ACC, BRCA, COAD, ESCA, HNSC, KIRP, LGG, LIHC, LUSC, OV, PCPG, PRAD, SKCM, STAD
and UCEC (Fig. 6). Additionally, we observed a significant connection between EIF4A3 expression and the six
immune subtypes (C1-wound healing, C2-IFN-gamma dominant, C3-inflammatory, C4-lymphocyte depleted,
C5-immunologically quiet and C6-TGF-b dominant) in 17 types of cancer including ACC, BLCA, BRCA, COAD,
HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, MESO, OV, PRAD, SARC, STAD and UCEC (Fig. 7). Notably,
EIF4A3 expression was significantly related to both immune and molecular subtypes in several cancer types
such as ACC, BRCA, COAD, HNSC, KIRP, LIHC, LUSC, OV, PRAD, STAD and UCEC, indicating that EIF4A3
may be a crucial factor in these cancers and further research is required to confirm its potential as a precise
treatment target.

Immune check point genes related to EIF4A3 expression in pan-cancer

We investigated the potential of EIF4A3 in immunotherapy by studying its relationship with immune checkpoint
genes in human cancers. Data from UCSC Xena database was used to explore the expression of EIF4A3 and 24
inhibitory genes and 36 stimulatory genes in 40 human cancers. The correlation between EIF4A3 and immune
checkpoint genes was calculated and displayed in Fig. 8. A significant relationship was found between EIF4A3
and most immune checkpoint genes in several cancers such as OV, KICH, UVM, LIHC, BLCA, etc. In BLCA,
43 out of 60 immune checkpoint genes showed significant correlation with EIF4A3 expression. This suggests
that EIF4A3 may regulate the expression of these immune checkpoint genes in different pathways, and thus have
potential effect on immunotherapy. Our analysis indicates that EIF4A3 may act as a potential biomarker for
predicting the outcome of immunotherapy or as a new target to improve the effect of immunotherapy.
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Figure 3. The expression profile of EIF4A3 in pan-cancer. (A) The expression levels of EIF4A3 in human
cancers, as extracted from the cancer genome atlas (TCGA) database. (B) The expression levels of EIF4A3 in
human cancers, as determined by the TIMER 2.0 database, which is also based on the TCGA database. (C) The
expression levels of EIF4A3 in human cancers as well as normal tissues, based on data from both the TCGA and
Genotype-Tissue Expression (GTEx) databases. (D) The expression levels of EIF4A3 in normal and cancer cell
lines, providing insight into the tissue-specific expression patterns of this protein across multiple cancer types.
*p<0.05;p<0.01; **p<0.001.
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ACnncchode pvalue Hazard Ratlo(95%CI1)
TCGA-GBMLGG(N=619) 2.6e-14 3.58(2.58.4.96)
TCGA-LIHC(N=341) 3.6e-5 1.80(1.37.2.38)
TCGA-KIRP(N=276) 6.9e-4 2.91(1.58,5.36)
TCGA-ACC(N=77) 7.7e-4 2.00(1.34,3.00)
TCGA-LUAD(N=490) 22e3 1.44(1.14,1.81)
TCGA-KIPAN(N=855) 223 1.41(1.13,1.75)
TCGA-BLCA(N=398) 3.2e-3 1.54(1.16.2.05)
TCGA-KICH(N=64) 5.0e-3 5.15(1.64,16.23)
TARGET-LAML(N=142) 0.04 1.33(1.01,1.76)
TCGA-UVM(N=74) 0.04 2.69(1.06,6.83)
TCGA-HNSC(N=509) 0.08 1.30(0.97.1.73)
TCGA-GBM(N=144) 0.09 1.58(0.93.2.69)
TCGA-STES(N=547) 0.10 1.20(0.97.1.50)
TCGA-PRAD(N=492) 0.11 5.41(0.73.40.30)
TARGET-NB(N=151) 0.11 1.43(0.93.2.22)
TCGA-ESCA(N=175) 0.13 1.38(0.91.2.10)
TCGA-MESO(N=84) 0.15 1.58(0.84.2.96)
TCGA-LGG(N=474) 0.23 1.34(0.83.2.18)
TCGA-PAAD(N=172) 0.27 1.33(0.81.2.18)
TCGA-SKCM-M(N=347) 0.28 1.14(0.90.1.44)
TCGA-SKCM(N=444) 0.32 1.12(0.90.1.39)
TCGA-BRCA(N=1044) 043 1.12(0.85,1.49)
TARGET-WT(N=80) 045 1.36(0.60.3.07)
TCGA-STAD(N=372) 0.46 1.11(0.84,1.48)
TCGA-CHOL(N=33) 0.46 2.09(0.30.14.63)
TCGA-SARC(N=254) 0.50 1.15(0.77,1.72)
TCGA-LAML(N=209) 0.60 1.05(0.87.1.29)
TCGA-PCPG(N=170) 0.82 1.12(0.42,2.95)
TCGA-SKCM-P(N=97) 0.83 1.07(0.58,1.95)
TCGA-THCA(N=501) 0.84 1.15(0.30.4.39)
TARGET-ALL(N=86) 0.96 1.01(0.80.1.26)
TARGET-ALL-R(N=99) 0.98 1.00(0.79.1.27)
TCGA-THYM(N=117) 5.5e-4 0.07(0.02.0.36)
TCGA-DLBC(N=44) 6.5e-4 0.03(3.2¢-3,0.23)
TCGA-READ(N=90) 0.07 0.37(0.13.1.09)
TCGA-COADREAD(N=368) 0.15 0.75(0.50.1.11)
TCGA-OV(N=407) 0.28 0.92(0.80.1.06)
TCGA-COAD(N=278) 0.42 0.84(0.54.1.29)
TCGA-CESC(N=273) 047 0.82(0.48.1.40)
TCGA-LUSC(N=468) 0.51 0.93(0.74.1.16)
TCGA-KIRC(N=515) 0.59 0.92(0.67,1.25)
TCGA-TGCT(N=128) 0.78 0.76(0.11,5.39)
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Figure 4. The prognostic value of EIF4A3 in pan-cancer. (A) The relationship between EIF4A3 expression
levels and tumor overall survival across multiple cancer types. (B-G) Kaplan—Meier survival curves for various
cancer types, showing the association between EIF4A3 expression levels and OS. These cancer types include
GBMLGG, LGG, KIRP, KIPAN, LTHC and TCGA-MESO.

Tumor immune microenvironment and EIF4A3 in pan-cancer

Recent evidence suggests that the tumor immune microenvironment plays a crucial role in the development and
progression of human cancers. To investigate the relationship between EIF4A3 expression and immune signa-
tures, we calculated the stromal score, immune score, and ESTIMATE score. Our analysis of 44 types of cancer
revealed that LUSC, STES, and LUAD had the strongest association between EIF4A3 expression and immune
score (Fig. 9A). Similarly, LUSC, STES, and BRCA had the strongest association between EIF4A3 expression
and stromal score (Fig. 9B). Surprisingly, the top three tumors with the most significant association between
EIF4A3 expression and ESTIMATE score were the same as stromal score, including LUSC, STES, and BRCA
(Fig. 9C). These findings suggest that EIF4A3 expression levels in LUSC, STES, LUAD and BRCA were posi-
tively correlated with the infiltration of immune cells and stromal cells. Additionally, we analyzed the potential
relationship between EIF4A3 expression and infiltration of several important types of immune cells (Fig. 10A).
Our analysis of 38 types of human cancer revealed that EIF4A3 expression had a significant relationship with
cell infiltration in 31 types of human cancer, with a strong correlation with B cell in 19 cancer types, CD4 T cell
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Figure 5. EIF4A3 demonstrated a significant correlation with the majority of RNA modification genes across
several types of cancer.

in 15 cancer types, CD8 T cell in 16 cancer types, neutrophil in 19 cancer types, macrophage in 17 cancer types,
and DC in 23 cancer types.

EIF4A3 gene alteration and relationship with tumor immunity

We evaluated EIF4A3 as a potential biomarker for immunotherapy by comparing it with traditional biomarkers
in TIDE dataset. Our findings showed that EIF4A3 had an AUC greater than 0.5 in 13 out of 25 immunotherapy
cohorts (Fig. 10B), indicating its potential as an immunotherapy biomarker. Interestingly, EIF4A3 demonstrated
similar predictive ability to MSI.Score and may even outperform TMB, T. Clonality, and B. Clonality.

We evaluated the correlation between EIF4A3 expression and immunotherapy response in multiple cohorts
(Fig. 10C). High EIF4A3 expression was associated with poor outcomes of anti-PD-1 treatment in melanoma
and glioblastoma, but showed positive outcomes of adoptive T cell therapy and anti-PD-1 treatment in mela-
noma. Notably, two studies received totally opposite outcome while predicting anti-PD-1 treatment outcome
according to EIF4A3 expression in melanoma'!”!8. This discrepancy may be due to study heterogeneity, as Liu’s
study included 144 melanoma patients (60 with prior exposure to ipilimumab) treated with nivolumab or pem-
brolizumab, while Rias’s study included 68 melanoma patients (35 with prior progression on ipilimumab) treated
with nivolumab. The TIDE dataset showed a strong negative correlation between T cell dysfunction and EIF4A3
expression in breast cancer and melanoma. Additionally, microarray analysis detected high EIF4A3 expression
in FAP (+) tumor-associated fibroblasts.

We next assessed the genomic changes in EIF4A3 using cBioPortal database. Amplification was the most
prevalent type of gene alteration, followed by mutation and deep deletion (Fig. 10E). We also analyzed the copy-
number alterations of EIF4A3 (Fig. 10D), with amplification being the most frequent type, followed by gene gain,
diploid, shallow deletion, and deep deletion.
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Figure 6. The correlation between EIF4A3 and molecular subtypes across various human cancers. (A) Analysis
of its association in ACC; (B) analysis of its association in BRCA; (C) analysis of its association in COAD;

(D) analysis of its association in ESCA; (E) analysis of its association in HNSC; (F) analysis of its association

in KIRP; (G) analysis of its association in LGG; (H) analysis of its association in LTHC; (I) analysis of its
association in LUSG; (J) analysis of its association in OV; (K) analysis of its association in PCPG; (L) analysis of

its association in PRAD; (M) analysis of its association in SKCM; (N) analysis of its association in STAD; (O)
analysis of its association in UCEC.
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Figure 7. The correlation between EIF4A3 and and immune subtypes across various human cancers. (A)
Analysis of its association in ACC; (B) analysis of its association in BLCA; (C) analysis of its association in
BRCA; (D) analysis of its association in COAD; (E) analysis of its association in HNSC; (F) analysis of its
association in KICH; (G) analysis of its association in KIRC; (H) analysis of its association in KIRP; (I) analysis
of its association in LIHC; (J) analysis of its association in LUAD; (K) analysis of its association in LUSC;

(L) analysis of its association in MESO; (M) analysis of its association in OV; (N) analysis of its association

in PRAD; (O) analysis of its association in SARC; (P) analysis of its association in STAD; (Q) analysis of its
association in UCEC.
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Figure 8. The potential correlation between EIF4A3 and immune checkpoint genes, comprising of 24
inhibitory genes and 36 stimulatory genes, across forty human cancers *p <0.05; **p <0.01; ***p <0.001.

Discussion

A growing body of evidence indicates a significant association between EIF4A3 and the progression of a broad
spectrum of malignancies. The research conducted by Huang et al. has revealed that EIF4A3 promotes over-
expression of circZFANDG by specifically binding to the upstream regions of its pre-mRNA in breast cancer
and additionally, the suppression of EIF4A3 expression has been shown to impede tumor proliferation and
metastasis'®. In liver cancer, EIF4A3 has been found to induce dysfunction of CD8+T cells by promoting the
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Figure 9. The potential associations between EIF4A3 expression and immune infiltration scores across
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between EIF4A3 expression and stromal score was presented; (C) the top 3 cancer types with the most
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formation of circCCARI, leading to the development of resistance mechanisms against PD-1 inhibitors in tumor
cells?. Recently a significant achievement has been made in the field of epigenetics that m6A specificity is glob-
ally regulated by “suppressors” that prevent m6A deposition in unmethylated regions of the transcriptome and
exon junction complexes, with EIF4A3 as the core factor, have been identified as m6A suppressors that protect
exon junction-proximal RNA within coding sequences from methylation and regulate mRNA stability through
m6A suppression’. This discovery reveals the important role of EIF4A3 as a m6A regulator which could exten-
sively modulate gene expression outcome, providing new hope for gene therapies. To explore the prognostic and
immune significance of EIF4A3 in human cancers, a pan-cancer analysis was urgently needed, and our findings
were further validated in bladder cancer tissues.

We initially investigated the expression and prognostic impact of EIF4A3 in bladder cancer. Our results
confirmed that the upregulation of EIF4A3 occurs in bladder cancer, and that patients with increased expression
levels of EIF4A3 exhibit a poorer prognosis. We were thus prompted to consider that EIF4A3 might function as
an oncogene in human cancer. In order to verify its role in human cancers, we conducted a pan-cancer analysis.
Of the 34 tumors we examined in GTEx and TCGA databases, EIF4A3 gene expression level was significantly
higher than normal tissues in 27 kinds of tumors and lower in only 3 kinds of tumors. Simultaneously, our find-
ings on the relationship between EIF4A3 and tumors were supported by several previous studies. Zheng et al.
reported that EIF4A3 facilitates the carcinogenesis and development of triple-negative breast cancer by promot-
ing biogenesis of circSEPT9?'. Moreover, a study in recent years unveiled the oncogenic function of EIF4A3 in
epithelial ovarian cancer??. Apart from the oncogenic role of EIF4A3 in hunman cancers, it is also reported to
modulate neurodevelopmental disorders and embryonic stem cell identity**?!. The comprehensive regulation
role of EIF4A3 may be caused by its wide range of effects on gene fate such as m6A suppression, mRNA splicing
and RNA-binding protein, implying that spatiotemporal specificity of EIF4A3 RNA may play a critical role in
determining and influencing diverse cell fates in disease progression. In our analysis, we also found a significant
association between EIF4A3 and nearly all m6A regulators in the majority of human cancers studied. These
findings suggested that EIF4A3 may be a potential biomarker to predict the prognosis of different malignancies
while more studies are necessary to further determine the exact role of EIF4A3 in human cancers. While our
study offers valuable insights into the role of EIF4A3 in human cancers, another study endeavors to provide a
comprehensive perspective on kinase expression patterns across a diverse spectrum of cancer types, and both
sets of findings possess substantial scientific merit®.

To investigate the putative contribution of EIF4A3 to tumor progression and immune response, we probed
the expression of EIF4A3 in diverse molecular and immune subtypes in human cancers. Our findings indicate
significant difference in EIF4A3 expression levels across several molecular and immune subtypes in most cancer
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Figure 10. The potential correlation between EIF4A3 gene alteration and tumor immunity. (A) The potential
association between infiltration of immune cells and EIF4A3 expression. (B) The effectiveness of EIF4A3

as a biomarker compared to traditional immunotherapy biomarkers. (C) The relationship between EIF4A3
expression with T cell dysfunction, immunotherapy outcome, natural killer cell anti-tumor activity in CRISPR
screen dataset and expression value from immune-suppressive cell types. (D) The copy-number alterations

of EIF4A3, where amplification was the most common type of copy-number alteration in EIF4A3. (E) The
genomic alteration of EIF4A3, where amplification was the most frequent alteration type.
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types, suggesting that EIF4A3 could represent a reliable pan-cancer diagnostic biomarker while also playing a
crucial role in the regulation of the tumor immune microenvironment. To further elucidate the relationship
between EIF4A3 and the tumor immune microenvironment, we calculated immune infiltration scores and
explored immune cell infiltration. Our analysis revealed a significant correlation between EIF4A3 expression
levels and immune scores in 23 out of 44 cancer types, indicating that EIF4A3 is closely associated with the
tumor immune microenvironment in human cancers. We then conducted an in-depth analysis of immune cell
infiltration in the tumor microenvironment, revealing a strong correlation between EIF4A3 expression levels
and B cell, neutrophil and DC infiltration in most cancer types. Tumor-infiltrating B cells have been shown to
promote antitumor immunity by aiding in the maturation of tumor-associated tertiary lymphoid structures,
which have been identified as important predictors of immunotherapy response?. Given the diverse nature of
the relationship between immune cells and EIF4A3 expression in human cancers, we hypothesize that there is a
complex correlation between the antitumor or pro-tumor response of immune cells and EIF4A3 expression. In
our analysis of the intricate relationship between bladder cancer and immune cells, a remarkable augmentation
of CD8-positive T cells was observed in bladder cancer patients (Fig. 10A). Building upon the seminal work
conducted by Chen et al,, an influential association was unveiled between the infiltration of CD8-positive T cells
in bladder cancer tissue and the prognostic outlook for patients?”-*®. These findings harmonize seamlessly with
our own results, thereby extending the horizons and emphasizing the paramount significance of CD8-positive T
cells in the comprehensive prognostic assessment of bladder cancer. Further studies are necessary to illuminate
the underlying mechanisms. Meanwhile, our analysis of the correlation between EIF4A3 and immune check-
point genes indicates that EIF4A3 may play a pivotal role in the regulation of tumor immunity within complex
molecular pathways. Moreover, our study suggests that EIF4A3 has potential as a superior immunotherapy
biomarker compared to traditional biomarkers such as TMB, T. Clonality, and B. Clonality in approximately half
of the immunotherapy cohorts examined. A strong negative correlation between T cell dysfunction and EIF4A3
expression was observed in breast cancer and melanoma, suggesting the potential of EIF4A3 as an immune
regulator. We also detected higher expression levels of EIF4A3 in FAP (+) tumor-associated fibroblasts, indicat-
ing a potential link between the tumor microenvironment and EIF4A3. In conclusion, our findings reveal that
EIF4A3 is strongly correlated with tumor immunity across varying types of human cancers and may serve as a
novel predictor of immunotherapy response. Further studies are necessary to elucidate the underlying molecular
mechanisms of EIF4A3 in tumor progression and immunity.

We also performed a gene alteration analysis of EIF4A3, revealing that amplification was the most frequent
alteration type of EIF4A3, followed by mutation and deep deletion. In addition to gene alteration analysis, we
also analyzed copy-number alterations of EIF4A3. Amplification was found to be the most common type of
copy-number alteration, followed by gene gain, diploid, shallow deletion, and deep deletion in varying degrees.

Despite our comprehensive analysis of the prognostic and immunological roles of EIF4A3 in pan-cancer, we
acknowledge that there are still some limitations to our study. Firstly, we only analyzed open-source data and
could not include all data published, resulting in the possibility of publication bias and selection bias. Secondly,
there is heterogeneity between various databases, and the results need further validation and confirmation.
Third, it is important to note that we were unable to confirm the role of EIF4A3 in bladder cancer through
experiments, as this has recently been investigated by Hu et al.!? They found that EIF4A3 may facilitate bladder
cancer progression by promoting cell proliferation and inhibiting apoptosis and conducted a bioimformatic
analysis in bladder cancer. In contrast to previous research, our study utilized bladder cancer and para-cancer
tissues with clinical data analysis to validate the prognostic role of EIF4A3 in bladder cancer. Furthermore, we
performed a pan-cancer analysis to unveil the role of EIF4A3 in determining and influencing diverse cell fates
in human pan-cancer progression.

Conclusion

We confirmed that the expression level of EIF4A3 is significantly higher in bladder cancer than para-cancer
tissaue. Further experiments validated that patients with increased expression levels of EIF4A3 exhibit a poorer
prognosis. Based on our pan-cancer analysis of EIF4A3, we identified differential expression between tumor
and normal tissues, and a significant correlation between EIF4A3 expression and prognosis. Therefore, we con-
clude that EIF4A3 may serve as a powerful biomarker for tumor screening, prognosis, and individualized gene
strategies in a broad range of malignancies. Furthermore, our analysis also revealed that EIF4A3 expression is
notably associated with the tumor microenvironment and immune cell infiltration in different cancer types.
Additionally, different tumor types have varying levels of response to EIF4A3’s effects on tumor immunity. As
such, by elucidating the precise role of EIF4A3 in tumor development, it may enable more personalized and
precise immunotherapy in the future.

Data availability

Some database that support the findings of this study are openly available described in ‘Materials and methods,
including UCSC Xena database?”, UALCAN?®*’, TCGA*, GTEx*, human protein atlas (www.proteinatlas.org),
PROTTER?, String*, TIMERY, BioGPS*, TISIDB'®, TIDE* and cBioportal database’®*. Other data are avail-
able from corresponding author.

Received: 13 July 2023; Accepted: 25 September 2023
Published online: 30 September 2023

Scientific Reports |

(2023) 13:16457 | https://doi.org/10.1038/s41598-023-43500-4 nature portfolio


http://www.proteinatlas.org

www.nature.com/scientificreports/

References

1.

2.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

23.
24.
25.

26.
. Chen, J. Q. et al. Genome-scale methylation analysis identifies immune profiles and age acceleration associations with bladder

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.

Siegel, R. L., Miller, K. D., Wagle, N. S. & Jemal, A. Cancer statistics. CA Cancer J. Clin. 73(1), 17-48. https://doi.org/10.3322/caac.
21763 (2023).

Patel, V. G., Oh, W. K. & Galsky, M. D. Treatment of muscle-invasive and advanced bladder cancer in 2020. CA Cancer J. Clin.
70(5), 404-423. https://doi.org/10.3322/caac.21631 (2020).

. Gill, J. & Prasad, V. Pembrolizumab for non-muscle-invasive bladder cancer-a costly therapy in search of evidence. JAMA Oncol.

7(4), 501-502. https://doi.org/10.1001/jamaoncol.2020.6142 (2021).

. Yafi, E A. et al. Contemporary outcomes of 2287 patients with bladder cancer who were treated with radical cystectomy: A Canadian

multicentre experience. BJU Int. 108(4), 539-545. https://doi.org/10.1111/j.1464-410X.2010.09912.x (2011).

. Lenis, A. T, Lec, P. M., Chamie, K. & Mshs, M. D. Bladder cancer: A Review. Jama. 324(19), 1980-1991. https://doi.org/10.1001/

jama.2020.17598 (2020).

. Lv, B. et al. Immunotherapy: Reshape the tumor immune microenvironment. Front Immunol. 13, 844142. https://doi.org/10.3389/

fimmu.2022.844142 (2022).

. He, P. C. et al. Exon architecture controls mRNA m(6)A suppression and gene expression. Science 379(6633), 677-682. https://

doi.org/10.1126/science.abj9090 (2023).

. Yang, X,, Triboulet, R., Liu, Q,, Sendinc, E. & Gregory, R. I. Exon junction complex shapes the m(6)A epitranscriptome. Nat Com-

mun. 13(1), 7904. https://doi.org/10.1038/s41467-022-35643-1 (2022).

. Bai, S. S, Yan, L. W. & Liu, C. H. Promotive role of eukaryotic translation initiation factor 4A isoform 3 in ovarian cancer cell

growth and aerobic glycolysis through the pyruvate dehydrogenase kinase 4 signaling. Kaohsiung J. Med. Sci. 39(5), 478-488.
https://doi.org/10.1002/kjm2.12690 (2023).

Tang, W. et al. LINC00680 and TTN-ASI stabilized by EIF4A3 promoted Malignant biological behaviors of glioblastoma cells.
Mol. Ther. Nucleic Acids 19, 905-921. https://doi.org/10.1016/j.0mtn.2019.10.043 (2020).

Wang, R. et al. EIF4A3-induced circular RNA MMP9 (circMMP9) acts as a sponge of miR-124 and promotes glioblastoma mul-
tiforme cell tumorigenesis. Mol. Cancer 17(1), 166. https://doi.org/10.1186/s12943-018-0911-0 (2018).

Hu, B. et al. EIF4A3 serves as a prognostic and immunosuppressive microenvironment factor and inhibits cell apoptosis in bladder
cancer. Peer J. 11, e15309. https://doi.org/10.7717/peerj.15309 (2023).

Thorsson, V. et al. The immune landscape of cancer. Immunity 48(4), 812-30.e14. https://doi.org/10.1016/j.immuni.2018.03.023
(2018).

Zeng, D. et al. IOBR: Multi-omics immuno-oncology biological research to decode tumor microenvironment and signatures. Front
Immunol. 12, 687975. https://doi.org/10.3389/fimmu.2021.687975 (2021).

Yoshihara, K. et al. Inferring tumour purity and stromal and immune cell admixture from expression data. Nat. Commun. 4, 2612.
https://doi.org/10.1038/ncomms3612 (2013).

Ru, B. et al. TISIDB: An integrated repository portal for tumor-immune system interactions. Bioinformatics 35(20), 4200-4202.
https://doi.org/10.1093/bioinformatics/btz210 (2019).

Liu, D. et al. Integrative molecular and clinical modeling of clinical outcomes to PD1 blockade in patients with metastatic mela-
noma. Nat. Med. 25(12), 1916-1927. https://doi.org/10.1038/541591-019-0654-5 (2019).

Riaz, N. et al. Tumor and microenvironment evolution during immunotherapy with Nivolumab. Cell 171(4), 934-49.e16. https://
doi.org/10.1016/j.cell.2017.09.028 (2017).

Huang, X. et al. EIF4A3-induced circZFANDG6 promotes breast cancer proliferation and metastasis through the miR-647/FASN
axis. Life Sci. https://doi.org/10.1016/j.1fs.2023.121745 (2023).

Hu, Z. et al. Exosome-derived circCCAR1 promotes CD8 + T-cell dysfunction and anti-PD1 resistance in hepatocellular carcinoma.
Mol. Cancer. 22(1), 55. https://doi.org/10.1186/s12943-023-01759-1 (2023).

Zheng, X. et al. The circRNA circSEPT9 mediated by E2F1 and EIF4A3 facilitates the carcinogenesis and development of triple-
negative breast cancer. Mol. Cancer. 19(1), 73. https://doi.org/10.1186/s12943-020-01183-9 (2020).

Zhang, S. et al. Sanguinarine inhibits epithelial ovarian cancer development via regulating long non-coding RNA CASC2-EIF4A3
axis and/or inhibiting NF-«B signaling or PI3K/AKT/mTOR pathway. Biomed. Pharmacother. 102, 302-308. https://doi.org/10.
1016/j.biopha.2018.03.071 (2018).

Li, D. et al. An RNAi screen of RNA helicases identifies e[F4A3 as a regulator of embryonic stem cell identity. Nucleic Acids Res.
50(21), 12462-12479. https://doi.org/10.1093/nar/gkac1084 (2022).

Martin, H. et al. Diverse roles of the exon junction complex factors in the cell cycle, Cancer, and neurodevelopmental disorders-
potential for therapeutic targeting. Int. J. Mol. Sci. https://doi.org/10.3390/ijms231810375 (2022).

Essegian, D., Khurana, R., Stathias, V. & Schiirer, S. C. The clinical kinase index: A method to prioritize understudied kinases as
drug targets for the treatment of cancer. Cell Rep. Med. 1(7), 100128. https://doi.org/10.1016/j.xcrm.2020.100128 (2020).
Engelhard, V. et al. B cells and cancer. Cancer Cell 39(10), 1293-1296. https://doi.org/10.1016/j.ccell.2021.09.007 (2021).

cancer outcomes. Cancer Epidemiol. Biomark. Prev. https://doi.org/10.1158/1055-9965.Epi-23-0331 (2023).

Chen, J. Q. et al. Immune profiles and DNA methylation alterations related with non-muscle-invasive bladder cancer outcomes.
Clin. Epigenet. 14(1), 14. https://doi.org/10.1186/s13148-022-01234-6 (2022).

Goldman, M. J. et al. Visualizing and interpreting cancer genomics data via the Xena platform. Nat. Biotechnol. 38(6), 675-678.
https://doi.org/10.1038/s41587-020-0546-8 (2020).

Chandrashekar, D. S. et al. UALCAN: An update to the integrated cancer data analysis platform. Neoplasia 25, 18-27. https://doi.
org/10.1016/j.ne0.2022.01.001 (2022).

Blum, A., Wang, P. & Zenklusen, J. C. SnapShot: TCGA-analyzed tumors. Cell 173(2), 530. https://doi.org/10.1016/j.cell.2018.03.
059 (2018).

Carithers, L. J. & Moore, H. M. The Genotype-tissue expression (GTEx) project. Biopreserv. Biobank. 13(5), 307-308. https://doi.
0rg/10.1089/bi0.2015.29031.hmm (2015).

Omasits, U., Ahrens, C. H., Miiller, S. & Wollscheid, B. Protter: Interactive protein feature visualization and integration with
experimental proteomic data. Bioinformatics 30(6), 884-886. https://doi.org/10.1093/bioinformatics/btt607 (2014).

Szklarczyk, D. et al. The STRING database in 2021: customizable protein-protein networks, and functional characterization of
user-uploaded gene/measurement sets. Nucleic Acids Res. 49(D1), D605-D612. https://doi.org/10.1093/nar/gkaal074 (2021).
Li, T. et al. TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic Acids Res. 48(W1), W509-w14. https://doi.org/10.
1093/nar/gkaa407 (2020).

Wu, C,, Jin, X., Tsueng, G., Afrasiabi, C. & Su, A. I. BioGPS: building your own mash-up of gene annotations and expression
profiles. Nucleic Acids Res. 44(D1), D313-D316. https://doi.org/10.1093/nar/gkv1104 (2016).

Fu, J. et al. Large-scale public data reuse to model immunotherapy response and resistance. Genome Med. 12(1), 21. https://doi.
0rg/10.1186/s13073-020-0721-z (2020).

Cerami, E. et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer
Discov. 2(5), 401-404. https://doi.org/10.1158/2159-8290.Cd-12-0095 (2012).

Gao, J. et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Sig. 6(269), 11. https://
doi.org/10.1126/scisignal 2004088 (2013).

Scientific Reports |

(2023) 13:16457 | https://doi.org/10.1038/s41598-023-43500-4 nature portfolio


https://doi.org/10.3322/caac.21763
https://doi.org/10.3322/caac.21763
https://doi.org/10.3322/caac.21631
https://doi.org/10.1001/jamaoncol.2020.6142
https://doi.org/10.1111/j.1464-410X.2010.09912.x
https://doi.org/10.1001/jama.2020.17598
https://doi.org/10.1001/jama.2020.17598
https://doi.org/10.3389/fimmu.2022.844142
https://doi.org/10.3389/fimmu.2022.844142
https://doi.org/10.1126/science.abj9090
https://doi.org/10.1126/science.abj9090
https://doi.org/10.1038/s41467-022-35643-1
https://doi.org/10.1002/kjm2.12690
https://doi.org/10.1016/j.omtn.2019.10.043
https://doi.org/10.1186/s12943-018-0911-0
https://doi.org/10.7717/peerj.15309
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.3389/fimmu.2021.687975
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1038/s41591-019-0654-5
https://doi.org/10.1016/j.cell.2017.09.028
https://doi.org/10.1016/j.cell.2017.09.028
https://doi.org/10.1016/j.lfs.2023.121745
https://doi.org/10.1186/s12943-023-01759-1
https://doi.org/10.1186/s12943-020-01183-9
https://doi.org/10.1016/j.biopha.2018.03.071
https://doi.org/10.1016/j.biopha.2018.03.071
https://doi.org/10.1093/nar/gkac1084
https://doi.org/10.3390/ijms231810375
https://doi.org/10.1016/j.xcrm.2020.100128
https://doi.org/10.1016/j.ccell.2021.09.007
https://doi.org/10.1158/1055-9965.Epi-23-0331
https://doi.org/10.1186/s13148-022-01234-6
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1016/j.neo.2022.01.001
https://doi.org/10.1016/j.neo.2022.01.001
https://doi.org/10.1016/j.cell.2018.03.059
https://doi.org/10.1016/j.cell.2018.03.059
https://doi.org/10.1089/bio.2015.29031.hmm
https://doi.org/10.1089/bio.2015.29031.hmm
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkv1104
https://doi.org/10.1186/s13073-020-0721-z
https://doi.org/10.1186/s13073-020-0721-z
https://doi.org/10.1158/2159-8290.Cd-12-0095
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scisignal.2004088

www.nature.com/scientificreports/

Author contributions
Y.H. and Z.L. designed this study. Y.H. drafted the manuscript. R.L. provided critical comments, suggestions,
and revised the manuscript. All authors gave their consent for publication.

Funding
This work was supported by The Natural Science Foundation of Ningbo (2022]J259, 2023]145).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-43500-4.

Correspondence and requests for materials should be addressed to R.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:16457 | https://doi.org/10.1038/s41598-023-43500-4 nature portfolio


https://doi.org/10.1038/s41598-023-43500-4
https://doi.org/10.1038/s41598-023-43500-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification of m6A suppressor EIF4A3 as a novel cancer prognostic and immunotherapy biomarker through bladder cancer clinical data validation and pan-cancer analysis
	Materials and methods
	Clinical sample acquisition and immunohistochemical stainning
	Statistical analysis
	Data source
	Topology, localization and protein interaction network of EIF4A3 proteins
	Expression and prognostic value of EIF4A3 in pan-cancer
	Genes involved in RNA modification and its relationship to EIF4A3 expression
	Examining EIF4A3 expression’s correlation with immune and molecular subtypes
	Examining the EIF4A3 expression’s correlation with immune checkpoint genes
	Examining the EIF4A3 expression’s correlation with tumor immune microenvironment in pan-cancer
	Examining the relationship between EIF4A3 gene alteration and tumor immunity
	Ethics approval and consent to participate

	Results
	EIF4A3 is upregulated in bladder cancer and associated with prognosis
	Topology, localization and protein interaction network of EIF4A3 proteins
	Expression of EIF4A3 in pan-cancer
	Prognostic value of EIF4A3 in pan-cancer
	RNA modification related genes and its relationship to EIF4A3 expression
	The immune and molecular subtypes related to EIF4A3 expression in pan-cancer
	Immune check point genes related to EIF4A3 expression in pan-cancer
	Tumor immune microenvironment and EIF4A3 in pan-cancer
	EIF4A3 gene alteration and relationship with tumor immunity

	Discussion
	Conclusion
	References


