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RNA binding motif protein 15 (RBM15) is a key regulatory factor involved in N6-
methyladenosine (m6A) methylation. It has been reported that RBM15 plays an
important role in the progress of laryngeal squamous cell carcinoma (LSCC),
promoting LSCC migration and invasion. However, the role of RBM15 in human
different cancers remains unknown. This study aims to analyze the prognostic value of
RBM15, and to demonstrate the correlation between RBM15 expression and tumor
immunity, as well as to provide clues for further mechanism research. The results showed
that RBM15 was mutated or copy number varied in 25 types of cancer. RBM15 mRNA
was abnormally up-regulated across various cancers. Survival analysis suggested high
expression of RBM15 was associated with poor prognosis in many cancer types. Among
these, it affected patients’ overall survival (OS) in 10 cancer types, disease-free interval (DFI)
in 8 cancer types, progression-free interval (PFI) in 12 cancer types and disease-specific
survival (DSS) in 7 cancer types. Importantly, in pancreatic adenocarcinoma (PAAD),
overexpression of RBM15 is associated with patients’ OS, DFI, PFI, or DSS. In addition,
RBM15 expression was positively correlated with immune infiltrating cells in kidney renal
clear cell carcinoma (KIRC), brain lower grade glioma (LGG), and PAAD. Moreover, RBM15
expression showed a strong correlation with immune checkpoint markers in PAAD. Cell
counting kit-8 (CCK-8) assay showed that knockdown of RBM15 significantly inhibited the
proliferation of pancreatic cancer cells. PPI analysis showed USP10, USP24, SMG1,
NRAS were closely connected with RBM15 alterations. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis showed that many biological
processes (BP), cellular components (CC), molecular functions (MF), cancer related
pathways including “sister chromatid cohesion”, “peptidyl-serine phosphorylation”, “cell
division”, “nucleoplasm”, “nucleus”, “protein binding”, “protein serine/threonine kinase
activity”, “T cell receptor signaling pathway”, “Cell cycle” were regulated by RBM15
alterations. Taken together, pan-cancer analysis of RBM15 suggested it may be
served as a prognostic biomarker and immunotherapeutic target for PAAD.
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INTRODUCTION

N6-methyladenosine (m6A) methylation is the most abundant
and commonmRNAmodification in higher eukaryotic cells (Qin
et al., 2020; Zhang et al., 2020). RNA N6-methyladenosine is

closely associated with cancer development and progression (Sun
et al., 2019; Wang et al., 2020a). RBM15, as an m6A
methyltransferase, is a key regulator in RNA m6A methylation
(Jiang et al., 2021). It is involved in transcriptional inhibition
mediated by XIST RNA (Patil et al., 2016; Brockdorff et al., 2020).

FIGURE 1 |Genomic alterations of RBM15 in human pan-cancer. (A) The alteration frequency of RBM15 across tumors. (B) The types and distributions of RBM15
mutations. X-axis, amino acid; Y-axis, numbers of RBM15 mutations; green/red box, RNA recognition motif (190-248aa, 376-444aa, 471-527aa); blue box, SPOC
domain (788-924aa). (C) Correlation of RBM15 expression with four MMR genes mutation.
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In addition, it also functions as an mRNA export factor,
stimulating export and expression of RTE-containing mRNAs
(Lindtner et al., 2006; Zolotukhin et al., 2009). Study has shown
that RBM15 promoted the progression of laryngeal squamous cell
carcinoma (LSCC) by mediating the m6A modification of
TMBIM6 mRNA (Wang et al., 2021). Although the role of
RBM15 in LSCC is well understood, it’s functions in human
pan-cancer remains largely unknown.

Recently, the research on tumor microenvironment (TME)
has been developing. TME is a complex system formed by the
interaction of tumor cells with surrounding tissues and immune
cells (Anderson and Simon, 2020). The presence of TME
regulated tumor cell proliferation, migration and immune
escape, affecting tumorigenesis and progression (Wu et al.,
2019; Hessmann et al., 2020). Tumor-associated macrophages
(TAM) is one of the most common immune cells in the TME.
TAM is involved in tumor progression (Li et al., 2020a; Lecoultre
et al., 2020). Study has showed that in breast, ovarian and prostate
cancers, increased amounts of TAM were positively correlated
with tumor growth, invasive metastatic processes and poor
treatment efficiency (Larionova et al., 2020). Thus, targeted
TAM is a new strategy for cancer treatment (von Itzstein
et al., 2020; Pathria et al., 2019; Cheng et al., 2021). In
addition, immune escape is a major adverse event in cancer
treatment (Yamamoto et al., 2020). Study has shown that
activation of multiple immune escape mechanisms can drive
the progression of lung cancer precancerous lesions to invasive
lung cancer (Anichini et al., 2020). Therefore, the study of the role
of tumor immune microenvironment in tumor progression is of
great clinical value. However, the role of RBM15 in tumor
immunity has not been elucidated.

In this study, we found that RBM15 is mutated and copy
number varied in 25 cancer types. RBM15 is abnormally up-
regulated and significantly associated with poor prognosis and
immune infiltration in several cancer types, particularly in
PAAD. Knockdown of RBM15 expression significantly
inhibited proliferation of PAAD cell lines. In addition,
functional enrichment analyses were performed using
RBM15 alteration related genes. Our study sheds light on a
possible role of RBM15 in different cancers, suggesting that
RBM15 may be a potential prognostic and immunological
biomarker in PAAD.

MATERIALS AND METHODS

Pan-Cancer Analysis of Genomic
Alterations of RBM15
cBioPortal database (http://www.cbioportal.org/, v3.6.20) was
used to analyze the genomic profile of RBM15 in human
cancers, including mutations and copy number variations.
Four mismatch repair (MMR) genes’ (MLH1, MSH2,
MSH6, PMS2) mutation levels were downloaded through
TCGA database (http://tcga-data.nci.nih.gov, v23.0).
Pearson correlation analysis was used to evaluate the
relationship between RBM15 expression and MMR gene
mutation levels.

Pan-Cancer Analysis of Transcriptional
Levels of RBM15
The difference in RBM15 transcriptional levels between cancers
and normal tissues was analyzed by combining the data for normal
tissues fromGenotype Tissue Expression (GTEx) database (https://
gtexportal.org/, v8) with the data from The Cancer Genome Atlas
(TCGA). RNA sequencing data of 33 cancer types included, ACC:
adrenocortical carcinoma, BLCA: bladder urothelial carcinoma,
BRCA: breast invasive carcinoma, CESC: cervical squamous cell
carcinoma, CHOL: cholangiocarcinoma, COAD: colon
adenocarcinoma, DLBC: lymphoid neoplasm diffuse large B-cell
lymphoma, ESCA: esophageal carcinoma, GBM: glioblastoma
multiforme, LGG: brain lower grade glioma, HNSC: head and
neck squamous cell carcinoma, KICH: kidney chromophobe,
KIRC: kidney renal clear cell carcinoma, KIRP: kidney renal
papillary cell carcinoma, LAML: acute myeloid leukemia, LIHC:
liver hepatocellular carcinoma, LUAD: lung adenocarcinoma,
LUSC: lung squamous cell carcinoma, MESO: mesothelioma,
OV: ovarian serous cystadenocarcinoma, PAAD: pancreatic
adenocarcinoma, PCPG: pheochromocytoma and
paraganglioma, PRAD: prostate adenocarcinoma, READ: rectum
adenocarcinoma, SARC: sarcoma, SKCM: skin cutaneous
melanoma, STAD: stomach adenocarcinoma, TGCT: testicular
germ cell tumors, THCA: thyroid carcinoma, THYM: thymoma,
UCEC: uterine corpus endometrial carcinoma, UCS: uterine
carcinosarcoma, UVM: uveal melanoma were obtained from
TCGA database. All data were normalized as previously
described (Ju et al., 2020a; Ju et al., 2020b).

Prognosis Analysis
The relationship between RBM15 expression and OS, DFI, PFI
and DSS in 33 types of cancer were analyzed by forest plots and
Kaplan-Meier curves. The hazard ratio (HR) and log-rank p
values were acquired by univariate survival analysis.

Correlation Between RBM15 Expression
and Immune Characteristics
Immune infiltrating cell scores for 33 cancer types were
downloaded from the Tumor Immune Evaluation Resource
(TIMER) database (https://cistrome.shinyapps.io/timer/, v2.0).
The correlation between RBM15 expression and six immune
infiltrating cells (B cell, CD4 + T cell, CD8 + T cell, neutrophil
cell, macrophage cell, and dendritic cell) were analyzed by
Spearman correlation. In addition, we selected 47 common
immune checkpoint markers for our study. Pearson
correlation analysis was used to assess the correlation between
RBM15 expression and immune checkpoint markers level.

Cell Culture
The pancreatic cancer cell lines SW1990 and PANC-1 were
obtained from Laboratory of Department of Health
Toxicology, Qingdao University (Qingdao, China). All cells
were cultured in DMEM medium (BasalMedia, Shanghai)
containing 10% fetal bovine serum (FBS; BioInd, Israel) and
1% penicillin–streptomycin with 5% CO2 at 37°C in a humidified
incubator.
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siRNA Transfection
Pancreatic cancer cells were seeded on 12-well plates 1 day before
the experiment. siRNA was transfected (called si-RBM15) and
negative control (called NC) when the density confluence reached
60–80%. siRNA for transfection was purchased from
GenePharma (China Shanghai). Transfection was performed
using Lipofectamine RNAiMAX reagent (Invitrogen, INC,
United States) according to manufacturer’s instructions.

RNA Extraction, Reverse Transcription and
Real-Time Quantitative PCR (qRT-PCR)
Total RNA was extracted from SW1990 and PANC-1 cells using
Invitrogen TRIzol reagent (Invitrogen, United States). Total RNA
was reversed into cDNA using the PrimeScript™ RT kit (Takara,
Dalian, China) for qRT-PCRdetection of the RBM15 gene, according
to the manufacturer’s protocol. qRT-PCR analysis was performed
using the SYBR Premix Ex Tap Kit (Takara, Dalian, China) based on
the LightCycler® 480 system (Roche, Basel, Switzerland). In this
study, relative mRNA expression was normalized to GAPDH, both
based on 2−ΔΔCq method. All experiments were conducted at least
3 times.

Cell Proliferation Assay
For cell proliferation assay, the transfected cells were seeded into
96-well plates at a density of 3000 cells per well. At 24, 48, 72,96
and 120h after seeding, cell viability was measured by the CCK-8
system (Dojindo, Japan) according to the manufacturer’s
instructions. Briefly, each well was added with 10 μl CCK- 8
solution and the plate was incubated at 37°C with 5% CO2 for 2 h
in dark. The absorbance was measured at 450 nm with a
microplate reader (Thermo Fisher, China, Shanghai).

Functional and Pathway Enrichment
Analysis
First, the correlation between co-expressed genes and RBM15
expression which in 175 TCGA samples with mutations or CNA

variation was analyzed by Spearman correlation analysis. p < 0.05,
R ≥ 0.4 and R ≤ -0.4 were considered to be significant. The
association of co-expressed genes was analyzed by PPI network
through the STRING database (https://www.string-db.org, v11.
0). GO and KEGG analysis were performed by DAVID database
(https://david.ncifcrf.gov, v6.8) as previously described (Ju et al.,
2020c; Zhao et al., 2021). GO analysis focuses on biological
process (BP), cellular component (CC) and molecular function
(MF). KEGG was used to analyze the pathways associated with
82 co-expressed genes associated with RBM15 mutations.

Statistical Analysis
The t test was used to evaluate the expression difference of
RBM15 in tumor tissues and normal tissues. Univariate
survival analysis and Kaplan-Meier survival analysis were used
to analyze the correlation between RBM15 expression and
patients’ survival. For correlation analysis, p < 0.05 and R >
0.20 were considered to be relevant. p < 0.05 were considered to
be significance for all statistical analysis.

RESULTS

Genomic Alterations of RBM15 in Human
Pan-Cancer
Genomic alterations including mutations and copy number
variations often occur in cancer (Futreal et al., 2004; Van
Bockstal et al., 2020). Firstly, we analyzed genomic alterations of
RBM15 gene in 32 cancers by cBioPortal database. Interestingly, as
shown in Figure 1A, we found that RBM15 was mutated or copy
number varied in 25 cancer types, including UCEC, SKCM, BLCA,
COAD, STAD, PCPG, ACC, LUSC, LUAD, OV, SARC, CESC,
ESCA, HNSC, KICH, BRCA, PAAD, KIRP, PRAD, GBM, LGG,
LIHC, LAML, THCA, KIRC. Among these, there were 18 types of
cancer including UCEC, SKCM, BLCA, COAD, STAD, LUSC,
LUAD, CESC, ESCA, KICH, BRCA, PAAD, KIRP, GBM, LGG,
LAML, THCA, KIRC, which’s genomic alteration were mainly
mutation. However, copy number deletion is the main type of

FIGURE 2 | RBM15 is aberrantly expressed in human pan-cancer. (A) Abnormal expression of RBM15 in tumor and normal tissues from TCGA database. (B)
RBM15 is aberrantly overexpressed in 25 tumor types from TCGA and GTEx database. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 3 | RBM15 expression is correlated with patient’ OS. (A) Forest plots of HR for RBM15 expression in 33 tumor types. (B–K) Kaplan-Meier curves of
significant correlation between RBM15 expression levels and patient’ OS in ACC, KICH, KIRC, LGG, LIHC, PAAD, READ, STAD, THCA and THYM.

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 8428335

Zhao et al. Roles of RBM15B in PAAD

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


genomic alteration in PCPG and SARC. Additionally, in ACC, OV,
HNSC, PRAD and LIHC, mutation and copy number variation
coexisted. Furthermore, 175 RBM15 mutations were identified

across various cancers, 146 (83.4%) were missense, 28 (16%)
were truncating and 1 (0.6%) was SV/Fusion (Figure 1B,
Supplementary Table S1).

FIGURE 4 | RBM15 expression is correlated with patient’ DFI. (A) Forest plots of HR for RBM15 expression in 33 tumor types. (B–I) Kaplan-Meier curves of
significant correlation between RBM15 expression levels and patient’ DFI in ACC, BLCA, CESC, CHOL, KIRP, LIHC, PAAD and UCEC.
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FIGURE 5 | RBM15 expression is correlated with patient’ PFI. (A) Forest plots of HR for RBM15 expression in 33 tumor types. (B–M) Kaplan-Meier curves of
significant correlation between RBM15 expression levels and patient’ PFI in ACC, CHOL, GBM, KICH, KIRC, KIRP, LGG, LIHC, PAAD, READ, UCEC and UVM.
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DNA mismatch repair (MMR) maintains genomic stability
(Ijsselsteijn et al., 2020). Mutations in MMR gene might cause
defective mismatch repair, leading to genomic alterations of some

genes (Peña-Diaz and Rasmussen, 2016). Next, we investigated
the correlation of four MMR genes’ mutation and RBM15.
Results showed RBM15 expression was significantly correlated

FIGURE 6 | RBM15 expression were related to patient’ DSS. (A) Forest plots of HR for RBM15 expression in 33 tumor types. (B–H) Kaplan-Meier curves of
significant correlation between RBM15 expression levels and patient’ DSS in ACC, KICH, KIRC KIRP, LGG, PAAD and PRAD.
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FIGURE 7 | Correlation of RBM15 expression with immune infiltration level of 6 types of immune cells in HNSC, KIRC, LGG, PAAD.
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with the mutation levels of MMR genes in most tumor types
(Figure 1C). All these results indicate RBM15 exists genomic
alterations in many cancers.

RBM15 mRNA Is Aberrantly Up-Regulated
in Human Pan-Cancer
In order to elucidate the difference of RBM15 expression between
tumor and normal, the expression data of RBM15 in 20 types of

cancers including BLCA (N = 19, T = 408), BRCA (N = 113, T =
1098), CHOL (N = 9, T = 36), COAD (N = 41, T = 458), ESCA (N =
11, T = 162), GBM (N= 5, T = 167), HNSC (N= 44, T = 502), KICH
(N = 24, T = 65), KIRC (N = 72, T = 531), KIRP (N = 32, T = 289),
LGG (N = 5, T = 525), LIHC (N = 50, T = 373), LUAD (N = 59, T =
515), LUSC (N = 49, T = 501), PAAD (N = 4, T = 178), PRAD (N =
52, T = 496), READ (N = 10, T = 167), STAD (N = 32, T = 375),
THCA (N = 58, T = 510), UCEC (N = 35, T = 544) were analyzed
using the TCGA database. As shown in Figure 2A, RBM15

FIGURE 8 | Correlation analysis of RBM15 expression levels with 47 immune checkpoints in human pan-cancer. *p < 0.05, **p < 0.01, ***p < 0.001.
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transcriptional levels were significantly higher in BRCA, CHOL,
COAD, ESCA, GBM, HNSC, KIRC, LGG, LIHC, LUAD, LUSC,
PRAD, READ, STAD and UCEC than in normal tissues.
Considering that the sample size of normal tissues in the TCGA
database was relatively small, we then integrated the GTEx data and
the TCGAdata to analyze the expression differences of RBM15 in 27
tumor types including ACC (N = 128, T = 79), BLCA (N = 28, T =
408), BRCA (N= 292, T = 1098), CESC (N= 13, T = 306), CHOL (N
= 9, T = 36), COAD (N = 349, T = 458), ESCA (N = 664, T = 162),
GBM (N = 1157, T = 167), HNSC (N = 44, T = 502), KICH (N = 52,
T = 65), KIRC (N = 72, T = 531), KIRP (N = 32, T = 289), LAML (N
= 70, T = 151), LGG (N = 1157, T = 525), LIHC (N = 160, T = 373),
LUAD (N= 347, T = 515), LUSC (N= 49, T = 501), OV (N= 88, T =
379), PAAD (N = 171, T = 178), PRAD (N = 152, T = 496), READ
(N = 10, T = 167), SKCM (N = 813, T = 471), STAD (N = 206, T =
375), TGCT (N = 165, T = 156), THCA (N = 337, T = 510), UCEC
(N = 35, T = 544), UCS (N = 78, T = 56). Results showed that

RBM15 mRNA levels in 25 tumor types including ACC, BLCA,
BRCA, CESC, CHOL, COAD, ESCA, GBM, HNSC, KIRC, LAML,
LGG, LIHC, LUAD, LUSC, OV, PAAD, PRAD, READ, SKCM,
STAD, TGCT, THCA, UCEC and UCS were significantly higher
than in normal tissues (Figure 2B). These results suggest that
RBM15 is abnormally up-regulated in various cancers.

Prognostic Value Analysis of RBM15 in
Human Pan-Cancer
Next, we investigated whether abnormal expression of RBM15 affect
patients’ prognosis. By univariate survival analysis, we found that
RBM15 expression was associated with patients’ OS in 10 cancer
types, including ACC, KICH, KIRC, LGG, LIHC, PAAD, READ,
STAD, THCA and THYM (Figure 3A).In addition, Kaplan-Meier
OS curves showed that increased RBM15 expression was correlated
with poor prognosis in 6 cancer types including ACC (p = 0.00039,

FIGURE 9 | Knockdown of RBM15 inhibited proliferation of pancreatic cancer cells. (A) The knockdown efficiency of siRNA was detected by qRT-PCR in SW
1990. (B) CCK-8 showed that knockdown of RBM15 inhibited proliferation of SW 1990. (C) The knockdown efficiency of siRNA was detected by qRT-PCR in PANC-1.
(D) CCK-8 showed that knockdown of RBM15 inhibited proliferation of PANC-1.
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HR = 1.23), KICH (p = 0.0065, HR = 1.37), LGG (p < 0.0001, HR =
1.15), LIHC (p = 0.00011, HR = 1.1), PAAD (p = 0.019, HR = 1.09)
and THCA (p = 0.0057, HR = 1.35). However, KIRC (p = 0.00028,
HR = 0.93), READ (p = 0.0067, HR = 0.81), STAD (p = 0.0084, HR=
0.97) and THYM (p = 0.0013, HR = 0.71) were exceptions where
RBM15 overexpression indicated a better prognosis (Figures 3B–K).

In addition, we examined the effect of RBM15 expression on
patient’ DFI. As shown in Figure 4A, RBM15 expression was
associated with patients’ DFI in 8 cancer types, including ACC,
BLCA, CESC, CHOL, KIRP, LIHC, PAAD and UCEC. Kaplan-
Meier DFI curves showed that increased RBM15 expression was
associated with poor prognosis in ACC (p = 0.00037, HR = 1.35),
BLCA (p = 0.073, HR = 1.04), CESC (p = 0.00099, HR = 1.07),
KIRP (p = 0.00031, HR = 1.31), LIHC (p = 0.0045, HR = 1.08),
PAAD (p = 0.0028, HR = 1.18), UCEC (p = 0.0012, HR= 1.04), and
reversely in CHOL (p = 0.00013, HR = 0.65) (Figures 4B–I).
Moreover, we also analyzed the correlation between RBM15
expression and patient’ PFI, and found that abnormal RBM15
expression affected patients’ PFI in 12 cancer types, includingACC,
CHOL, GBM, KICH, KIRC, KIRP, LGG, LIHC, PAAD, READ,

UCEC and UVM (Figure 5A). Kaplan-Meier PFI curves showed
that increased RBM15 expression was associated with poor
prognosis in ACC (p < 0.0001, HR = 1.19), KICH (p = 0.0016,
HR= 1.35), KIRP (p = 0.00017, HR = 1.17), LGG (p < 0.0001, HR=
1.12), LIHC (p = 0.00043, HR = 1.1), RAAD (p = 0.023, HR = 1.09),
UCEC (p = 0.0022, HR = 1.03) andUVM (p = 0.00024, HR = 1.19).
However, in CHOL (P = 7e-04, HR = 0.76), GBM (p = 0.006, HR =
0.92), KIRC (p = 0.00015, HR = 0.91) and READ (p = 0.0013, HR =
0.89), high expression of RBM15 showed a good prognosis
(Figures 5B–M). Additionally, we also evaluate effect of RBM15
overexpression on patients’ DSS. Forest plot showed that high
expression of RBM15 was associated with DSS in patients with 7
types of cancer, including ACC, KICH, KIRC KIRP, LGG, PAAD
and PRAD (Figure 6A). Kaplan-Meier DSS survival analysis
revealed that high RBM15 expression induced short DSS in
ACC (p = 0.00064, HR = 1.26), KICH (p = 0.00039, HR =
1.47), KIRP (p = 0.0013, HR = 1.19), LGG (p < 0.0001, HR =
1.17), PAAD (p = 0.0039, HR = 1.11) and PRAD (p = 0.00039, HR
= 1.38), but inversely in KIRC (p < 0.0001, HR = 0.89) (Figures
6B–H). These results suggest that RBM15 expression is strongly

FIGURE 10 | The PPI network of RBM15 and its 82 co-expression genes from STRING database.
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associated with patients’ prognosis in many cancers, especially in
PAAD, whether OS, DFI, PFI or DSS.

High Expression of RBM15 Is Related to
Immunity
The immune cells in TME can affect patients’ survival (Qin et al.,
2021). To explore the mechanism of RBM15 affecting patients’
prognosis, the correlation between RBM15 expression and
immune infiltration in pan-cancer was further investigated.
First, we analyzed the scores of 6 types of immune cells

(B cell, CD4 + T cell, CD8 + T cell, neutrophil cell,
macrophage cell, and dendritic cell) from 33 cancer types
through the TIMER database. Results showed that the
expression of RBM15 was significantly correlated with 6 or 5
types of immune cells in HNSC, KIRC, LGG. PAAD (Figure 7).

Next, we explored how RBM15 affected immune cells
infiltration. The correlation between RBM15 expression and
immune checkpoint gene expression was investigated.
Interestingly, we found that in BRCA, HNSC, KIRC, PAAD,
PRAD and UVM, RBM15 expression was significantly associated
with more than 30 immune checkpoint markers, such as

FIGURE 11 | GO and KEGG analysis of 82 co-expression genes of RBM15 alterations in PAAD. (A) GO: BP. (B) GO: CC. (C) GO: MF. (D) KEGG.
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TNFRSF9, CD86, TIGIT, CD80, etc. (Figure 8). Taken together,
these results suggest that in KIRC and PAAD, RBM15 plays an
important role in immunity.

Knockdown of RBM15 Inhibited the
Proliferation of Pancreatic Cancer Cells
All of the above results indicated that RBM15 had genomic
alterations and was up-regulated in PAAD. It may affect the
survival of patients by regulating the immune microenvironment.
Next, we detected the biological phenotype caused by RBM15 in
PAAD cell lines. Firstly, we transfected siRNA of RBM15 in
SW1990 and PANC-1 cells and found that RBM15 mRNA were
significantly decreased in these cells (Figures 9A,C). CCK-8 assay
results showed that knockdown of RBM15 significantly inhibited
the proliferation of PAAD cells. (Figures 9B,D).

Functional Enrichment Analysis of RBM15
and 82 Co-Expressed Genes in PAAD
Then we investigated the signal pathway RBM15 regulated in
PAAD. By cBioPortal database, we obtained 82 co-expressed
genes that were significantly associated with RBM15 alteration
(Supplementary Table S2). Then PPI network was constructed
through the STRING database. As shown in Figure 10, we obtained
USP10, USP24, SMG1, NRAS were closely related to RBM15
alterations. In addition, GO analysis indicated these co-expressed
genes were significantly enriched in many BP, CC, MF, including
“sister chromatid cohesion”, “peptidyl-serine phosphorylation”, “cell
division”, “nucleoplasm”, “nucleus”, “protein binding”, “protein
serine/threonine kinase activity” (Figures 11A–C). The significant
pathway enriched by KEGG included “T cell receptor signaling
pathway”, “Cell cycle” (Figure 11D).

DISCUSSION

Pan-cancer analysis focuses on studying alterations in DNA, RNA
and protein levels in different human tumor types to reveal genes
associated with tumor development, which is important for cancer
prevention and improving patient survival (Chen et al., 2021; Lu
et al., 2021). As an epigenetic regulatory molecular, RNA N6-
methyladenosine plays a crucial role in the development and
progression of cancer (Wang et al., 2018a). m6A modification
was reversibly regulated by “Writers”, “Erasers” and “Readers”. The
methyltransferase complex, known as “Writers”, consists of
METTL3, METTL14, METTL16, WTAP, KIAA1429, ZC3H13
and RBM15/15B (Shi et al., 2019). The demethylases are
classified as “Erasers” and included FTO and ALKBH5 (Jia
et al., 2011; Zheng et al., 2013). “Readers” are m6A binding
proteins, including YTHDC1/2, YTHDF1/2/3, IGF2BP1/2/3,
HNRNPG, HNRNPC, and HNRNPA2B1 (Bi et al., 2019).
RBM15, as a “Writer” of m6A, has been shown to play an
important role in the progression of LSCC in previous study
(Wang et al., 2021). Although RBM15 has been extensively
studied in LSCC, its roles in pan-cancer and whether it can be
used as a biomarker remains unclear. In this study, we first

analyzed genomic alterations of RBM15 in human pan-cancer
and found that there were mutations or copy number variations in
RBM15 genome. Additionally, RBM15 was abnormally high
expressed in 25 cancers and correlated with patients’ poor
prognosis and immunity in PAAD. GO and KEGG analysis
showed RBM15 alteration was significantly associated with
cancer and immune related signaling pathways, such as “cell
division”, “T cell receptor signaling pathway” and “Cell cycle”.
Taken together, these results suggest that RBM15 may be a
potential and immunological biomarker.

Genomic instability is an important feature of cancer
development (Ben-David et al., 2019). Genomic instability
mainly consists of two forms: mutations and copy number
variants (Negrini et al., 2010; Keefe, 2020). Study showed
genetic mutations can drive tumor development (Martínez-
Jiménez et al., 2020). Mutations in the human gene on
chromosome 22 could cause bladder cancer (Zhang and
Zhang, 2015). In addition, copy number variation inhibits or
promotes cancer progression (Shao et al., 2019). Study has
showed that RAS amplification should as a predictor of anti-
EGFR therapy in metastatic colorectal cancer (Schrock et al.,
2021). All of these indicate that there are mutations or copy
number variations in genes related to the occurrence and
development of cancer. In this study, we found that RBM15 is
mutated or has copy number variation and significantly
correlated with MMR gene mutations across many cancer types.

Previous study has shown that RBM15 could promote
invasion and accelerate the malignant progression of LSCC
(Wang et al., 2021). In addition, high expression of RBM15
affects the prognosis of HBV-associated hepatocellular
carcinoma patients (Fang and Chen, 2020). The previous
studies all suggest RBM15 may be abnormally expressed in
cancers and affect cancer development and progression. In this
study, we found that RBM15 mRNA levels were higher in 25
tumor types than in normal tissues. These results suggest that
RBM15 may be an important cancer-related gene.

Studies have shown that abnormal gene expression is associated
with poor prognosis of cancer (Liu et al., 2019; Song et al., 2020;
Zhou et al., 2020; Han et al., 2021). In the current study, we analyzed
the effect of abnormal RBM15 expression on patients’ survival.
Results showed that high expression of RBM15 was associated with
poor prognosis in several cancer types, particularly in PAAD.
Regardless of OS, DFI, PFI or DSS, PAAD patients with high
RBM15 expression had shorter survival times than PAAD
patients with low RBM15 expression. These results suggest that
RBM15 may be a potential prognostic marker for PAAD.

Tumor immune microenvironment plays a dual role in cancer:
on the one hand, it acts as a cancer suppressor by destroying
cancer cells or inhibiting their growth; on the other hand, it
promotes tumor development by providing tumor cells with the
suitable conditions for tumor growth (Schreiber et al., 2011).
Tumor-infiltrating immune cells, as an important part of tumor
immune microenvironment, includes B cells, T cells neutrophils,
macrophages and dendritic cells (Wang et al., 2019). Studies have
shown that regulatory B cells promote tumor progression by
cross-regulating with tumor cells (Shang et al., 2020). B cells
selectively promotes breast cancer lymph node metastasis

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 84283314

Zhao et al. Roles of RBM15B in PAAD

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


through HSPA4-targeted IgG (Gu et al., 2019). IL35-producing
B cells promote pancreatic cancer tumor development (Pylayeva-
Gupta et al., 2016). Lactate regulates CD4+ T cell polarization and
induces immunosuppression to promote prostate cancer
progression through the TLR8/miR21 axis (Comito et al.,
2019). Activated CD8 T cells stimulate the EMT process in
breast epithelial tumor cells and increase the tumorigenic
capacity of breast cancer cells (Reiman et al., 2010).
Neutrophils play an important role in promoting liver
metastasis for colon cancer (Mizuno et al., 2019).
Macrophages can contribute to the malignant progression of
cancer by promoting tumor cell invasion and suppressing anti-
tumor immunity (Cassetta and Pollard, 2018). Dendritic cells in
the tumor microenvironment support angiogenesis, block anti-
tumor immune responses and stimulate cancer cell growth and
spread (Ma et al., 2012). All these studies indicate that tumor
infiltrating immune cells play an important role in the
development of tumor. In this study, we found RBM15
expression was significantly associated with immune
infiltrating cells including B cell, CD4 + T cell, CD8 + T cell,
neutrophil cell, macrophage cell, and dendritic cell in KIRC, LGG
and PAAD. Immune checkpoints are frequently upregulated in a
variety of malignancies to facilitate tumor growth and are highly
expressed in dysfunctional CD8+T cells (Toor et al., 2020).
Furthermore, the correlation between RBM15 and immune
checkpoint markers implies an important role of RBM15 in
regulating tumor immunity, especially in PAAD. Next, we
knocked down the expression of RBM15 mRNA in pancreatic
cancer cell lines SW1990 and PANC-1, which significantly
inhibited cell proliferation. These results further suggest an
important role of RBM15 in tumor immunity and proliferation.

In this study, we screened 82 co-expressed genes associated with
RBM15 alterations and performed PPI analysis. The results of PPI
demonstrated significant co-expression of genes associated with
RBM15 alterations, include USP10, USP24, SMG1 and NRAS.
USP10 appears to be particularly important in the network.
Previous studies showed USP10 inhibited tumor cell growth in
wild-type P53 cells and as amodulator of the tumor suppressor P53
(Yuan et al., 2010). USP10 also promoted hepatocellular carcinoma
proliferation by deubiquitylation and stabilization of YAP/TAZ
(Zhu et al., 2020). USP10 inhibited lung tumorigenesis by
activating the KLF4-TIMP3 pathway (Wang et al., 2020b).
Moreover, studies have shown that USP24 promoted cancer
malignant progression by stabilizing p300 and β-TrCP-induced
IL-6 in the tumor microenvironment (Wang et al., 2018b). In
addition, USP24 promoted lung cancer malignancy by stabilizing
proteins containing bromodomains (Wang et al., 2020c). MiR-18a
exerted its oncogenic effects by inhibiting SMG1 and activating the
mTOR pathway in nasopharyngeal carcinoma (NPC) cells (Mai
et al., 2019). NRAS mutations drive melanoma progression (Qian
et al., 2020). These results strongly suggest that RBM15 alteration
associated co-expressed genes are closely associated with the
development of cancer.

The GO and KEGG pathway analysis showed RBM15 alteration
was associated with immune and cancer related signaling pathways.
GO analysis analyzed the BP, CC andMF parts. During the BP, CC
and MF process, “sister chromatid cohesion”, “peptidyl-serine

phosphorylation”, “cell division”, “nucleoplasm”, “nucleus” and
“protein binding” were significantly enriched. In KEGG analysis,
the most important signaling pathway was “T cell receptor
signaling pathway”, which was closely related to cancer. Studies
have showed that Chimeric antigen receptor T cells (CAR T)
inhibited the malignant progression of glioblastoma, non-small
cell lung cancer, and breast cancer (Li et al., 2020b; Qu et al., 2021;
Toulouie et al., 2021). There are other pathways involved in cancer,
such as the “cell cycle”. Cell cycle is closely related to the fate of cells
(Dalton, 2015). Cell cycle dysregulation is themain factor leading to
abnormal proliferation of tumor cells (Ahmad et al., 2020). EGR1
has been reported to promote gastric cancer cell cycle progression
and tumorigenesis through the mediated linc01503 (Ma et al.,
2021). Together, these results provide clues for further investigation
of the mechanism of RBM15 in cancer.

CONCLUSION

This study shows that RBM15 has mutations and copy number
variations in human pan-cancer. High expression of RBM15 is
associated with poor prognosis and tumor immunity in many
cancers, especially in PAAD. These results suggest that in PAAD,
RBM15 might be an immunotherapeutic target and a promising
prognostic biomarker.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

ZZ and YZ designed and supervised the study. ZZ analyzed the
data and wrote the original draft. QJ, JJ, and YL edited the draft.
All authors have read and approved the final manuscript.

FUNDING

This study was supported by The National Natural Science
Foundation of China (Grant No. 8217121619 to YZ).

ACKNOWLEDGMENTS

The authors sincerely thank all participants involved in this study.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.842833/
full#supplementary-material

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 84283315

Zhao et al. Roles of RBM15B in PAAD

https://www.frontiersin.org/articles/10.3389/fmolb.2022.842833/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.842833/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


REFERENCES

Ahmad, I., Fakhri, S., Khan, H., Jeandet, P., Aschner, M., and Yu, Z.-L. (2020).
Targeting Cell Cycle by β-carboline Alkaloids In Vitro: Novel Therapeutic
Prospects for the Treatment of Cancer. Chemico-Biological Interactions 330,
109229. doi:10.1016/j.cbi.2020.109229

Anderson, N. M., and Simon, M. C. (2020). The Tumor Microenvironment. Curr.
Biol. 30, R921–r925. doi:10.1016/j.cub.2020.06.081

Anichini, A., Perotti, V. E., Sgambelluri, F., and Mortarini, R. (2020). Immune
Escape Mechanisms in Non Small Cell Lung Cancer. Cancers 12, 3605. doi:10.
3390/cancers12123605

Ben-David, U., Beroukhim, R., and Golub, T. R. (2019). Genomic Evolution of
Cancer Models: Perils and Opportunities. Nat. Rev. Cancer 19, 97–109. doi:10.
1038/s41568-018-0095-3

Bi, Z., Liu, Y., Zhao, Y., Yao, Y., Wu, R., Liu, Q., et al. (2019). A Dynamic Reversible
RNA N 6 -methyladenosine Modification: Current Status and Perspectives.
J. Cel Physiol 234, 7948–7956. doi:10.1002/jcp.28014

Brockdorff, N., Bowness, J. S., and Wei, G. (2020). Progress toward Understanding
Chromosome Silencing by Xist RNA. Genes Dev. 34, 733–744. doi:10.1101/gad.
337196.120

Cassetta, L., and Pollard, J. W. (2018). Targeting Macrophages: Therapeutic
Approaches in Cancer. Nat. Rev. Drug Discov. 17, 887–904. doi:10.1038/nrd.
2018.169

Chen, Y., Zhao, H., Xiao, Y., Shen, P., Tan, L., Zhang, S., et al. (2021). Pan-cancer
Analysis Reveals an Immunological Role and Prognostic Potential of PXN in
Human Cancer. Aging 13, 16248–16266. doi:10.18632/aging.203154

Cheng, N., Bai, X., Shu, Y., Ahmad, O., and Shen, P. (2021). Targeting Tumor-
Associated Macrophages as an Antitumor Strategy. Biochem. Pharmacol. 183,
114354. doi:10.1016/j.bcp.2020.114354

Comito, G., Iscaro, A., Bacci, M., Morandi, A., Ippolito, L., Parri, M., et al. (2019).
Lactate Modulates CD4+ T-Cell Polarization and Induces an
Immunosuppressive Environment, Which Sustains Prostate Carcinoma
Progression via TLR8/miR21 axis. Oncogene 38, 3681–3695. doi:10.1038/
s41388-019-0688-7

Dalton, S. (2015). Linking the Cell Cycle to Cell Fate Decisions. Trends Cel Biol. 25,
592–600. doi:10.1016/j.tcb.2015.07.007

Fang, Q., and Chen, H. (2020). The Significance of m6A RNA Methylation
Regulators in Predicting the Prognosis and Clinical Course of HBV-Related
Hepatocellular Carcinoma. Mol. Med. 26, 60. doi:10.1186/s10020-020-00185-z

Futreal, P. A., Coin, L., Marshall, M., Down, T., Hubbard, T., Wooster, R., et al.
(2004). A Census of Human Cancer Genes.Nat. Rev. Cancer 4, 177–183. doi:10.
1038/nrc1299

Gu, Y., Liu, Y., Fu, L., Zhai, L., Zhu, J., Han, Y., et al. (2019). Tumor-educated
B Cells Selectively Promote Breast Cancer Lymph Node Metastasis by HSPA4-
Targeting IgG. Nat. Med. 25, 312–322. doi:10.1038/s41591-018-0309-y

Han, H., Fan, G., Song, S., Jiang, Y., Qian, C. a., Zhang, W., et al. (2021). piRNA-
30473 Contributes to Tumorigenesis and Poor Prognosis by Regulating m6A
RNA Methylation in DLBCL. Blood 137, 1603–1614. doi:10.1182/blood.
2019003764

Hessmann, E., Buchholz, S. M., Demir, I. E., Singh, S. K., Gress, T. M., Ellenrieder,
V., et al. (2020). Microenvironmental Determinants of Pancreatic Cancer.
Physiol. Rev. 100, 1707–1751. doi:10.1152/physrev.00042.2019

Ijsselsteijn, R., Jansen, J. G., and de Wind, N. (2020). DNA Mismatch Repair-
dependent DNA Damage Responses and Cancer. DNA Repair 93, 102923.
doi:10.1016/j.dnarep.2020.102923

Jia, G., Fu, Y., Zhao, X., Dai, Q., Zheng, G., Yang, Y., et al. (2011). N6-
methyladenosine in Nuclear RNA Is a Major Substrate of the Obesity-
Associated FTO. Nat. Chem. Biol. 7, 885–887. doi:10.1038/nchembio.687

Jiang, X., Liu, B., Nie, Z., Duan, L., Xiong, Q., Jin, Z., et al. (2021). The Role of m6A
Modification in the Biological Functions and Diseases. Sig Transduct Target.
Ther. 6, 74. doi:10.1038/s41392-020-00450-x

Ju, Q., Li, X.-m., Zhang, H., and Zhao, Y.-j. (2020). BRCA1-Associated Protein Is a
Potential Prognostic Biomarker and Is Correlated with Immune Infiltration in
Liver Hepatocellular Carcinoma: A Pan-Cancer Analysis. Front. Mol. Biosci. 7,
573619. doi:10.3389/fmolb.2020.573619

Ju, Q., Li, X., Zhang, H., Yan, S., Li, Y., and Zhao, Y. (2020). NFE2L2 Is a Potential
Prognostic Biomarker and Is Correlated with Immune Infiltration in Brain

Lower Grade Glioma: A Pan-Cancer Analysis. Oxidative Med. Cell Longevity
2020, 1–26. doi:10.1155/2020/3580719

Ju, Q., Zhao, Y.-j., Ma, S., Li, X.-m., Zhang, H., Zhang, S.-q., et al. (2020).
Genome-wide Analysis of Prognostic-Related lncRNAs, miRNAs and
mRNAs Forming a Competing Endogenous RNA Network in Lung
Squamous Cell Carcinoma. J. Cancer Res. Clin. Oncol. 146, 1711–1723.
doi:10.1007/s00432-020-03224-8

Keefe, D. L. (2020). Telomeres and Genomic Instability during Early Development.
Eur. J. Med. Genet. 63, 103638. doi:10.1016/j.ejmg.2019.03.002

Larionova, I., Tuguzbaeva, G., Ponomaryova, A., Stakheyeva, M., Cherdyntseva, N.,
Pavlov, V., et al. (2020). Tumor-Associated Macrophages in Human Breast,
Colorectal, Lung, Ovarian and Prostate Cancers. Front. Oncol. 10, 566511.
doi:10.3389/fonc.2020.566511

Lecoultre, M., Dutoit, V., andWalker, P. R. (2020). Phagocytic Function of Tumor-
Associated Macrophages as a Key Determinant of Tumor Progression Control:
a Review. J. Immunother. Cancer 8, e001408. doi:10.1136/jitc-2020-001408

Li, C., Xue, V. W., Wang, Q.-M., Lian, G.-Y., Huang, X.-R., Lee, T.-L., et al. (2020).
The Mincle/Syk/NF-Κb Signaling Circuit Is Essential for Maintaining the
Protumoral Activities of Tumor-Associated Macrophages. Cancer Immunol.
Res. 8, 1004–1017. doi:10.1158/2326-6066.Cir-19-0782

Li, L., Zhu, X., Qian, Y., Yuan, X., Ding, Y., Hu, D., et al. (2020). Chimeric Antigen
Receptor T-Cell Therapy in Glioblastoma: Current and Future. Front.
Immunol. 11, 594271. doi:10.3389/fimmu.2020.594271

Lindtner, S., Zolotukhin, A. S., Uranishi, H., Bear, J., Kulkarni, V., Smulevitch, S.,
et al. (2006). RNA-binding Motif Protein 15 Binds to the RNA Transport
Element RTE and Provides a Direct Link to the NXF1 export Pathway. J. Biol.
Chem. 281, 36915–36928. doi:10.1074/jbc.M608745200

Liu, L., Liu, X., Dong, Z., Li, J., Yu, Y., Chen, X., et al. (2019). N6-methyladenosine-
related Genomic Targets Are Altered in Breast Cancer Tissue and Associated
with Poor Survival. J. Cancer 10, 5447–5459. doi:10.7150/jca.35053

Lu, M., Zhao, B., Liu, M., Wu, L., Li, Y., Zhai, Y., et al. (2021). Pan-cancer Analysis
of SETD2 Mutation and its Association with the Efficacy of Immunotherapy.
Npj Precis. Onc. 5, 51. doi:10.1038/s41698-021-00193-0

Ma, Y., Shurin, G. V., Gutkin, D. W., and Shurin, M. R. (2012). Tumor Associated
Regulatory Dendritic Cells. Semin. Cancer Biol. 22, 298–306. doi:10.1016/j.
semcancer.2012.02.010

Ma, Z., Gao, X., Shuai, Y., Wu, X., Yan, Y., Xing, X., et al. (2021). EGR1-mediated
Linc01503 Promotes Cell Cycle Progression and Tumorigenesis in Gastric
Cancer. Cell Prolif 54, e12922. doi:10.1111/cpr.12922

Mai, S., Xiao, R., Shi, L., Zhou, X., Yang, T., Zhang, M., et al. (2019). MicroRNA-18a
Promotes Cancer Progression through SMG1 Suppression and mTOR Pathway
Activation in Nasopharyngeal Carcinoma. Cell Death Dis 10, 819. doi:10.1038/
s41419-019-2060-9

Martínez-Jiménez, F., Muiños, F., Sentís, I., Deu-Pons, J., Reyes-Salazar, I., Arnedo-
Pac, C., et al. (2020). A Compendium of Mutational Cancer Driver Genes. Nat.
Rev. Cancer 20, 555–572. doi:10.1038/s41568-020-0290-x

Mizuno, R., Kawada, K., Itatani, Y., Ogawa, R., Kiyasu, Y., and Sakai, Y. (2019). The
Role of Tumor-Associated Neutrophils in Colorectal Cancer. Ijms 20, 529.
doi:10.3390/ijms20030529

Negrini, S., Gorgoulis, V. G., and Halazonetis, T. D. (2010). Genomic Instability -
an Evolving Hallmark of Cancer. Nat. Rev. Mol. Cel Biol 11, 220–228. doi:10.
1038/nrm2858

Pathria, P., Louis, T. L., and Varner, J. A. (2019). Targeting Tumor-Associated
Macrophages in Cancer. Trends Immunol. 40, 310–327. doi:10.1016/j.it.2019.
02.003

Patil, D. P., Chen, C.-K., Pickering, B. F., Chow, A., Jackson, C., Guttman, M., et al.
(2016). m6A RNA Methylation Promotes XIST-Mediated Transcriptional
Repression. Nature 537, 369–373. doi:10.1038/nature19342

Peña-Diaz, J., and Rasmussen, L. J. (2016). Approaches to Diagnose DNA
Mismatch Repair Gene Defects in Cancer. DNA Repair 38, 147–154. doi:10.
1016/j.dnarep.2015.11.022

Pylayeva-Gupta, Y., Das, S., Handler, J. S., Hajdu, C. H., Coffre, M., Koralov, S.
B., et al. (2016). IL35-Producing B Cells Promote the Development of
Pancreatic Neoplasia. Cancer Discov. 6, 247–255. doi:10.1158/2159-8290.
Cd-15-0843

Qian, L., Chen, K., Wang, C., Chen, Z., Meng, Z., and Wang, P. (2020). Targeting
NRAS-Mutant Cancers with the Selective STK19 Kinase Inhibitor Chelidonine.
Clin. Cancer Res. 26, 3408–3419. doi:10.1158/1078-0432.Ccr-19-2604

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 84283316

Zhao et al. Roles of RBM15B in PAAD

https://doi.org/10.1016/j.cbi.2020.109229
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.3390/cancers12123605
https://doi.org/10.3390/cancers12123605
https://doi.org/10.1038/s41568-018-0095-3
https://doi.org/10.1038/s41568-018-0095-3
https://doi.org/10.1002/jcp.28014
https://doi.org/10.1101/gad.337196.120
https://doi.org/10.1101/gad.337196.120
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.18632/aging.203154
https://doi.org/10.1016/j.bcp.2020.114354
https://doi.org/10.1038/s41388-019-0688-7
https://doi.org/10.1038/s41388-019-0688-7
https://doi.org/10.1016/j.tcb.2015.07.007
https://doi.org/10.1186/s10020-020-00185-z
https://doi.org/10.1038/nrc1299
https://doi.org/10.1038/nrc1299
https://doi.org/10.1038/s41591-018-0309-y
https://doi.org/10.1182/blood.2019003764
https://doi.org/10.1182/blood.2019003764
https://doi.org/10.1152/physrev.00042.2019
https://doi.org/10.1016/j.dnarep.2020.102923
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1038/s41392-020-00450-x
https://doi.org/10.3389/fmolb.2020.573619
https://doi.org/10.1155/2020/3580719
https://doi.org/10.1007/s00432-020-03224-8
https://doi.org/10.1016/j.ejmg.2019.03.002
https://doi.org/10.3389/fonc.2020.566511
https://doi.org/10.1136/jitc-2020-001408
https://doi.org/10.1158/2326-6066.Cir-19-0782
https://doi.org/10.3389/fimmu.2020.594271
https://doi.org/10.1074/jbc.M608745200
https://doi.org/10.7150/jca.35053
https://doi.org/10.1038/s41698-021-00193-0
https://doi.org/10.1016/j.semcancer.2012.02.010
https://doi.org/10.1016/j.semcancer.2012.02.010
https://doi.org/10.1111/cpr.12922
https://doi.org/10.1038/s41419-019-2060-9
https://doi.org/10.1038/s41419-019-2060-9
https://doi.org/10.1038/s41568-020-0290-x
https://doi.org/10.3390/ijms20030529
https://doi.org/10.1038/nrm2858
https://doi.org/10.1038/nrm2858
https://doi.org/10.1016/j.it.2019.02.003
https://doi.org/10.1016/j.it.2019.02.003
https://doi.org/10.1038/nature19342
https://doi.org/10.1016/j.dnarep.2015.11.022
https://doi.org/10.1016/j.dnarep.2015.11.022
https://doi.org/10.1158/2159-8290.Cd-15-0843
https://doi.org/10.1158/2159-8290.Cd-15-0843
https://doi.org/10.1158/1078-0432.Ccr-19-2604
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Qin, Y., Li, L., Luo, E., Hou, J., Yan, G., Wang, D., et al. (2020). Role of m6A RNA
Methylation in Cardiovascular Disease (Review). Int. J. Mol. Med. 46,
1958–1972. doi:10.3892/ijmm.2020.4746

Qin, Y., Zheng, X., Gao, W., Wang, B., and Wu, Y. (2021). Tumor
Microenvironment and Immune-Related Therapies of Head and Neck
Squamous Cell Carcinoma. Mol. Ther. - Oncolytics 20, 342–351. doi:10.
1016/j.omto.2021.01.011

Qu, J., Mei, Q., Chen, L., and Zhou, J. (2021). Chimeric Antigen Receptor (CAR)-
T-cell Therapy in Non-small-cell Lung Cancer (NSCLC): Current Status and
Future Perspectives. Cancer Immunol. Immunother. 70, 619–631. doi:10.1007/
s00262-020-02735-0

Reiman, J. M., Knutson, K. L., and Radisky, D. C. (2010). Immune Promotion of
Epithelial-Mesenchymal Transition and Generation of Breast Cancer Stem
Cells: Figure 1. Cancer Res. 70, 3005–3008. doi:10.1158/0008-5472.Can-09-
4041

Schreiber, R. D., Old, L. J., and Smyth, M. J. (2011). Cancer Immunoediting:
Integrating Immunity’s Roles in Cancer Suppression and Promotion. Science
331, 1565–1570. doi:10.1126/science.1203486

Schrock, A. B., Lee, J. K., Sandhu, J., Madison, R., Cho-Phan, C., Snider, J. W., et al.
(2021). RAS Amplification as a Negative Predictor of Benefit from Anti-EGFR
-Containing Therapy Regimens in Metastatic Colorectal Cancer. Oncol. 26,
469–475. doi:10.1002/onco.13679

Shang, J., Zha, H., and Sun, Y. (2020). Phenotypes, Functions, and Clinical
Relevance of Regulatory B Cells in Cancer. Front. Immunol. 11, 582657.
doi:10.3389/fimmu.2020.582657

Shao, X., Lv, N., Liao, J., Long, J., Xue, R., Ai, N., et al. (2019). Copy Number
Variation Is Highly Correlated with Differential Gene Expression: a Pan-
Cancer Study. BMC Med. Genet. 20, 175. doi:10.1186/s12881-019-0909-5

Shi, H., Wei, J., and He, C. (2019). Where, when, and How: Context-dependent
Functions of RNA Methylation Writers, Readers, and Erasers. Mol. Cel 74,
640–650. doi:10.1016/j.molcel.2019.04.025

Song, C., Chen, T., He, L., Ma, N., Li, J.-a., Rong, Y.-F., et al. (2020). PRMT1
Promotes Pancreatic Cancer Growth and Predicts Poor Prognosis. Cell Oncol.
43, 51–62. doi:10.1007/s13402-019-00435-1

Sun, T., Wu, R., and Ming, L. (2019). The Role of m6A RNA Methylation in
Cancer. Biomed. Pharmacother. 112, 108613. doi:10.1016/j.biopha.2019.108613

Toor, S. M., Sasidharan Nair, V., Decock, J., and Elkord, E. (2020). Immune
Checkpoints in the Tumor Microenvironment. Semin. Cancer Biol. 65, 1–12.
doi:10.1016/j.semcancer.2019.06.021

Toulouie, S., Johanning, G., and Shi, Y. (2021). Chimeric Antigen Receptor T-Cell
Immunotherapy in Breast Cancer: Development and Challenges. J. Cancer 12,
1212–1219. doi:10.7150/jca.54095

Van Bockstal, M. R., Agahozo, M. C., van Marion, R., Atmodimedjo, P. N.,
Sleddens, H. F. B. M., Dinjens, W. N. M., et al. (2020). Somatic Mutations and
Copy Number Variations in Breast Cancers with
heterogeneousHER2amplification. Mol. Oncol. 14, 671–685. doi:10.1002/
1878-0261.12650

von Itzstein, M. S., Burke, M. C., Brekken, R. A., Aguilera, T. A., Zeh, H. J., and Beg,
M. S. (2020). Targeting TAM to Tame Pancreatic Cancer. Targ Oncol. 15,
579–588. doi:10.1007/s11523-020-00751-9

Wang, S.-A., Young, M.-J., Jeng, W.-Y., Liu, C.-Y., and Hung, J.-J. (2020). USP24
Stabilizes Bromodomain Containing Proteins to Promote Lung Cancer
Malignancy. Sci. Rep. 10, 20870. doi:10.1038/s41598-020-78000-2

Wang, S.-s., Liu, W., Ly, D., Xu, H., Qu, L., and Zhang, L. (2019). Tumor-
infiltrating B Cells: Their Role and Application in Anti-tumor Immunity in
Lung Cancer. Cell Mol Immunol 16, 6–18. doi:10.1038/s41423-018-0027-x

Wang, S., Chai, P., Jia, R., and Jia, R. (2018). Novel Insights on m6A RNA
Methylation in Tumorigenesis: a Double-Edged Sword. Mol. Cancer 17, 101.
doi:10.1186/s12943-018-0847-4

Wang, T., Kong, S., Tao, M., and Ju, S. (2020). The Potential Role of RNA N6-
Methyladenosine in Cancer Progression. Mol. Cancer 19, 88. doi:10.1186/
s12943-020-01204-7

Wang, X., Tian, L., Li, Y., Wang, J., Yan, B., Yang, L., et al. (2021). RBM15
Facilitates Laryngeal Squamous Cell Carcinoma Progression by Regulating
TMBIM6 Stability through IGF2BP3 Dependent. J. Exp. Clin. Cancer Res. 40,
80. doi:10.1186/s13046-021-01871-4

Wang, X., Xia, S., Li, H., Wang, X., Li, C., Chao, Y., et al. (2020). The Deubiquitinase
USP10 Regulates KLF4 Stability and Suppresses Lung Tumorigenesis. Cell
Death Differ 27, 1747–1764. doi:10.1038/s41418-019-0458-7

Wang, Y.-C., Wu, Y.-S., Hung, C.-Y., Wang, S.-A., Young, M.-J., Hsu, T.-I., et al.
(2018). USP24 Induces IL-6 in Tumor-Associated Microenvironment by
Stabilizing P300 and β-TrCP and Promotes Cancer Malignancy. Nat.
Commun. 9, 3996. doi:10.1038/s41467-018-06178-1

Wu, Q., Zhou, L., Lv, D., Zhu, X., and Tang, H. (2019). Exosome-mediated
Communication in the Tumor Microenvironment Contributes to
Hepatocellular Carcinoma Development and Progression. J. Hematol. Oncol.
12, 53. doi:10.1186/s13045-019-0739-0

Yamamoto, K., Venida, A., Yano, J., Biancur, D. E., Kakiuchi, M., Gupta, S.,
et al. (2020). Autophagy Promotes Immune Evasion of Pancreatic Cancer
by Degrading MHC-I. Nature 581, 100–105. doi:10.1038/s41586-020-
2229-5

Yuan, J., Luo, K., Zhang, L., Cheville, J. C., and Lou, Z. (2010). USP10 Regulates P53
Localization and Stability by Deubiquitinating P53. Cell 140, 384–396. doi:10.
1016/j.cell.2009.12.032

Zhang, H., Shi, X., Huang, T., Zhao, X., Chen, W., Gu, N., et al. (2020). Dynamic
Landscape and Evolution of m6AMethylation in Human.Nucleic Acids Res. 48,
6251–6264. doi:10.1093/nar/gkaa347

Zhang, X., and Zhang, Y. (2015). Bladder Cancer and Genetic Mutations. Cell
Biochem Biophys 73, 65–69. doi:10.1007/s12013-015-0574-z

Zhao, Y., Zhang, H., Ju, Q., Li, X., and Zheng, Y. (2021). Comprehensive Analysis of
Survival-Related lncRNAs, miRNAs, and mRNAs Forming a Competing
Endogenous RNA Network in Gastric Cancer. Front. Genet. 12, 610501.
doi:10.3389/fgene.2021.610501

Zheng, G., Dahl, J. A., Niu, Y., Fedorcsak, P., Huang, C.-M., Li, C. J., et al.
(2013). ALKBH5 Is a Mammalian RNA Demethylase that Impacts RNA
Metabolism and Mouse Fertility. Mol. Cel 49, 18–29. doi:10.1016/j.molcel.
2012.10.015

Zhou, S., Yan, Y., Chen, X., Zeng, S., Wei, J., Wang, X., et al. (2020). A Two-Gene-
Based Prognostic Signature for Pancreatic Cancer. Aging 12, 18322–18342.
doi:10.18632/aging.103698

Zhu, H., Yan, F., Yuan, T., Qian, M., Zhou, T., Dai, X., et al. (2020). USP10
Promotes Proliferation of Hepatocellular Carcinoma by Deubiquitinating and
Stabilizing YAP/TAZ. Cancer Res. 80, 2204–2216. doi:10.1158/0008-5472.Can-
19-2388

Zolotukhin, A. S., Uranishi, H., Lindtner, S., Bear, J., Pavlakis, G. N., and Felber, B.
K. (2009). Nuclear export Factor RBM15 Facilitates the Access of DBP5 to
mRNA. Nucleic Acids Res. 37, 7151–7162. doi:10.1093/nar/gkp782

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhao, Ju, Ji, Li and Zhao. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 84283317

Zhao et al. Roles of RBM15B in PAAD

https://doi.org/10.3892/ijmm.2020.4746
https://doi.org/10.1016/j.omto.2021.01.011
https://doi.org/10.1016/j.omto.2021.01.011
https://doi.org/10.1007/s00262-020-02735-0
https://doi.org/10.1007/s00262-020-02735-0
https://doi.org/10.1158/0008-5472.Can-09-4041
https://doi.org/10.1158/0008-5472.Can-09-4041
https://doi.org/10.1126/science.1203486
https://doi.org/10.1002/onco.13679
https://doi.org/10.3389/fimmu.2020.582657
https://doi.org/10.1186/s12881-019-0909-5
https://doi.org/10.1016/j.molcel.2019.04.025
https://doi.org/10.1007/s13402-019-00435-1
https://doi.org/10.1016/j.biopha.2019.108613
https://doi.org/10.1016/j.semcancer.2019.06.021
https://doi.org/10.7150/jca.54095
https://doi.org/10.1002/1878-0261.12650
https://doi.org/10.1002/1878-0261.12650
https://doi.org/10.1007/s11523-020-00751-9
https://doi.org/10.1038/s41598-020-78000-2
https://doi.org/10.1038/s41423-018-0027-x
https://doi.org/10.1186/s12943-018-0847-4
https://doi.org/10.1186/s12943-020-01204-7
https://doi.org/10.1186/s12943-020-01204-7
https://doi.org/10.1186/s13046-021-01871-4
https://doi.org/10.1038/s41418-019-0458-7
https://doi.org/10.1038/s41467-018-06178-1
https://doi.org/10.1186/s13045-019-0739-0
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1016/j.cell.2009.12.032
https://doi.org/10.1016/j.cell.2009.12.032
https://doi.org/10.1093/nar/gkaa347
https://doi.org/10.1007/s12013-015-0574-z
https://doi.org/10.3389/fgene.2021.610501
https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.18632/aging.103698
https://doi.org/10.1158/0008-5472.Can-19-2388
https://doi.org/10.1158/0008-5472.Can-19-2388
https://doi.org/10.1093/nar/gkp782
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	N6-Methyladenosine Methylation Regulator RBM15 is a Potential Prognostic Biomarker and Promotes Cell Proliferation in Pancr ...
	Introduction
	Materials and Methods
	Pan-Cancer Analysis of Genomic Alterations of RBM15
	Pan-Cancer Analysis of Transcriptional Levels of RBM15
	Prognosis Analysis
	Correlation Between RBM15 Expression and Immune Characteristics
	Cell Culture
	siRNA Transfection
	RNA Extraction, Reverse Transcription and Real-Time Quantitative PCR (qRT-PCR)
	Cell Proliferation Assay
	Functional and Pathway Enrichment Analysis
	Statistical Analysis

	Results
	Genomic Alterations of RBM15 in Human Pan-Cancer
	RBM15 mRNA Is Aberrantly Up-Regulated in Human Pan-Cancer
	Prognostic Value Analysis of RBM15 in Human Pan-Cancer
	High Expression of RBM15 Is Related to Immunity
	Knockdown of RBM15 Inhibited the Proliferation of Pancreatic Cancer Cells
	Functional Enrichment Analysis of RBM15 and 82 Co-Expressed Genes in PAAD

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


