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Abstract

RNA-binding Motif Protein39 (RBM39) is identified as a splicing factor and transcrip-
tion coactivator. Despite mounting evidence that RBM39 plays a critical role in the de-
velopment of specific malignancies, no systematic pan-cancer investigation of RBM39
has been conducted. As a result, we set out to investigate RBM39’s prognostic signifi-
cance and putative immunological activities in 33 different cancers. Based on TCGA
and CCLE, GTEXx, cBioportal and HPA, we used a series of bioinformatics approaches
to explore the potential oncogenic role of RBM39, including analysis of the expression
of the pan-cancer species RBM39, the prognostic relationship between RBM39 ex-
pression and overall survival (OS), disease-specific survival (DSS) and progression-free
interval (PFI), the relationship between RBM39 expression and clinical phenotype,
analysis of the relationship between RBM39 expression and tumour mutational bur-
den (TMB), microsatellite instability (MSI), DNA methylation and immune cell infiltra-
tion. Our results showed that RBM39 is overexpressed in most cancers. RBM39 was
positively or negatively correlated with the prognosis of different tumours. RBM39
expression was associated with TMB and MSI in 9 and 12 cancer types. In addition,
RBM39 expression was associated with DNA methylation in almost all tumours. There
are eight tumours were screened for further study, including BRCA, COAD, HNSC,
LIHC, LUSC, SKCM, STAD, UCEC. In the screed tumours, RBM39 was found to be
negatively correlated with the infiltration of most immune cells. In addition, the cor-
relation with RBM39 expression varied by immune cell subtype. Based on RBM39’s
role in tumorigenesis and tumour immunity, we suggest it can serve as a surrogate

prognostic marker.
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1 | INTRODUCTION

Cancer, as a highly complex disease, is the leading cause of death in
every country in the world and an important obstacle to prolonging
life expectancy. By 2020, it is estimated that there will be nearly 10
million cancer deaths and 19.3 million new cancer cases worldwide.!
Recently, tumour immunotherapy has become a prominent cancer
treatment approach. As public databases, like TCGA and CCLE, con-
tinue to develop and improve, new immunotherapeutic targets can
be identified by performing pan-cancer expression analyses of genes
and evaluating their correlation with clinical characteristics.

RNA-binding motif (RBM) proteins are members of the family of
RNA-binding proteins (RBPs), which are present in all organisms and
can bind single- or double-stranded RNA and play important roles
as post-transcriptional regulators in regulating RNA metabolism and
gene expression.2 By binding RNA, RBPs aggregate in ribonucleop-
rotein complexes that determine the destiny and function of almost
every cellular RNA molecule.>* This protein, also known as RBM39,
HCC1, Capera, FSAP59 and RNPC2, was found to be distributed in
a very speckled network within the nucleus and to colocalize with
$C35 and uridine-rich small nuclear RNA.> RBM39 is involved in
transcriptional regulation and RNA splicing. Selective splicing has
been shown to be a widespread phenomenon that promotes the
multiplication of gene productsin a tissue-specific manner.®” Recent
findings reveal diverse ways in which splicing is pathologically
changed to facilitate the initiation and/or retention of cancer.®It con-
tains a trans-activating structural domain, a serine-arginine-rich pair
region and an RNA recognition motif, which consists of two highly
conserved peptide motifs with RNA and single-stranded cDNA bind-
ing activity.” It has been shown that RBM39, a transcriptional co-
activator of activator protein-1 (AP-1/Jun), oestrogen receptor and
NF-kB,*2 is involved in energy and redox homeostasis and cancer
cell proliferation, in addition to its role in vascular endothelial growth
factor splicing.*® Some studies have demonstrated that RBM39 is
a proto-oncogene that plays an important role in the development
of several malignancies. In many preclinical models, loss of RBM39
leads to aberrant splicing events and differential gene expression,
which inhibit cell cycle progression and lead to tumour regression.

So far, most studies on the role of RBM39 in tumours have been
limited to one specific type of cancer. There are no pan-cancer
studies on the relationship between RBM39 and various cancers.
Therefore, we analysed the expression levels of RBM39 in differ-
ent types of malignancies and its relationship with prognosis using
multiple databases, including TCGA, Cancer Cell Line Encyclopedia
(CCLE), Genotype-Tissue Expression (GTEXx), cBioPortal and Human
Protein Atlas (HPA). In addition, we explored the relationship of
RBM39 expression with DNA methylation and immune infiltration.
We introduced co-expression analysis and enrichment analysis
of genes to investigate the biological functions of RBM39 in tu-
mours. Our results suggest that RBM39 may play an important role
in tumours and serve as a prognostic factor. Our study provides a
theoretical basis to gain insight into the role of RBM39 in tumour
immunotherapy.

2 | METHODS

21 |
analysis

Data processing and differential expression

RNA sequencing, somatic mutations and clinical data were gath-
ered from the TCGA and GTEx databases. Each tumour cell line's
CCLE-based expression data was obtained from the Broad Institute's
Portal (https://portals.broadinstitute.org/). EdgeR software was
used to compare RBM39 expression levels in tumour and normal
tissues. Using the Kruskal-Wallis test, we determined the levels of
RBM39 expression in several normal tissues and tumour cell lines.

2.2 | Immunohistochemical staining

IHC results of RBM39 protein expression were collected from the
HPA database (https://www.proteinatlas.org/) to compare differ-
ences in RBM39 protein expression between tumour tissues and
normal tissues, including breast invasive carcinoma (BRCA), liver
hepatocellular cancer (LIHC), lung adenocarcinoma (LUAD), lung

squamous carcinoma (LUSC) and colon adenocarcinoma (COAD).

2.3 | Analysis of the connection between
RBM39 and prognosis and clinical phenotype

TCGA data on each sample's survival and clinical features were ob-
tained. Three indicators, OS, DSS and PFI, were considered when
analysing the correlation between RBM39 and survival. Kaplan-
Meier (p<0.05) survival analysis was used. Age, tumour stage and
clinical phenotypes were analysed to see whether they were associ-
ated with RBM39 expression (p<0.05).

2.4 | Correlation analysis of RBM39 with the
tumour mutational burden (TMB) and microsatellite
instability (MSI)

For the purpose of calculating TMB for each tumour specimen inde-
pendently, Spearman rank correlation coefficient was utilized. TMB
is a biomarker that reflects mutations of tumour cells. A microsatel-
lite instability (MSI) occurs when an insertion or deletion of repeti-
tive units results in a change in microsatellite length as compared
with normal tissues. Spearman rank correlation coefficient was used

to analyse the correlation between RBM39 expression and MSI.
2.5 | Correlation analysis of RBM39 with DNA
Mismatch Repair Genes and Methyltransferases

Mismatch repair is an intracellular process that allows mismatches to be
repaired. DNA replication errors are not repaired when this mechanism
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fails, resulting in an increase in somatic mutations. The relationship be-
tween five of the MMRS genes (MLH1, MSH2, MSH6, PMS2, EPCAM)
and RBM39 expression was studied using the TCGA data. The chemi-
cal modification of DNA known as DNA methylation can affect epige-
netics and can influence gene expression without changing the DNA
sequence. We used this study to examine whether RBM39 expression

correlated with that of the four methyltransferases.

2.6 | Correlation analysis of RBM39 with the
immune microenvironment

Tumour-infiltrating lymphocytes are independently correlated with
the status of primary lymph nodes and survival, and tumour immune
cell scores are determined using immune scores and interstitial
scores. We used software estimation to analyse the correlation be-
tween gene expression and immune cell score.

2.7 | Correlation analysis of RBM39 with immune
characteristics

A neoantigen is encoded by a modified gene in tumour cells as a
result of biological processes like point mutations, removal muta-
tions and mutation fusions. Scanner calculates its binding affinity
score based on antigenic epitopes with a length of 8-11 amino acids,
whereas neoantigens have a score less than 500nm. The Scanner
software was used to quantify the number of neoantigens in each
tumour specimen independently, as well as to examine RBM39
expression in relation to the number of antigens. In addition, 47
frequently studied immune checkpoint genes were isolated inde-
pendently from RBM39 expression, and correlations with RBM39
expression were calculated.

We used CIBERSORT, a metagene tool that predicts immune cell
phenotypes, to assess the correlations between RBM39 levels and
immune cell infiltration in cancer in 33 tumours. (p <0.05 was con-
sidered significant).

Furthermore, we looked at the co-expression of RBM39 and
immune-related genes, such as those encoding major histocom-
patibility complex (MHC), immune activation, immunosuppres-
sion, chemokine and chemokine receptor proteins. Gene Set
Enrichment Analysis of RBM39 across cancers. The biological ac-
tivities of RBM39 in malignancies were investigated using Gene Set
Enrichment Analysis (GSEA).

3 | RESULTS

3.1 | Expression of RBM39 in pan-cancer

We analysed the expression levels of the physiological RBM39 gene
across tissues through the GTEx database (Figure 1A). RBM39 was
expressed at the highest and lowest levels in the oviductal and heart,

respectively. Figure 1B depicts the relative RBM39 expression lev-
els across various cell lines based on CCLE data. Then, we used the
TCGA database to obtain the differential expression patterns of
RBM39 in cancer and paraneoplastic tissue samples (Figure 1C).
It can be noted that most tumour tissues have greater RBM39 ex-
pression than surrounding normal tissues. We investigated changes
in RBM39 expression in 27 tumour tissues by merging data from
GTEx normal tissues and TCGA tumour tissues (Figure 1D). From
the analysis of RBM39 expression in pan-cancer, it was found that
RBM39 showed high expression in six tumours, including cholangio-
carcinoma (CHOL), rectum adenocarcinoma (READ), head and neck
squamous cell carcinoma (HNSC), lung squamous cell carcinoma
(LUSC), kidney clear cell carcinoma (KIRC) and kidney papillary cell
carcinoma (KIRP). While in the remaining 19 tumours, the expression
level of RBM39 in tumours was generally lower than that in normal
tissues.

Furthermore, to assess RBM39 protein expression, we matched
IHC results from the HPA database to RBM39 gene expression data
from the TCGA database. The results showed that normal breast,
lung, liver and colon tissues showed low levels of RBM39 staining,
whereas the corresponding breast, lung squamous, liver and colon
malignancies had moderate to high expression, which was consistent
with the expression pattern of RBM39 in the TCGA database for the
five tumours (Figure S1A-E).

3.2 | Prognostic value of RBM39 across cancers

To assess the link between RBM39 expression levels and progno-
sis, we ran a survival association study for each cancer, including
QOS, DSS and PFI. As shown in Figure 2A, COX proportional hazards
risk model analysis showed that RBM39 expression levels were as-
sociated with OS in LIHC (HR = 1.48, p = 0.029), ACC (HR = 2.25,
p = 0.039), SARC (HR = 1.62, p = 0.02), UCS (HR = 0.47, p = 0.037),
PRAD (HR = 4.82, p = 0.048), PCPG (HR = 9.24, p = 0.042). These
results suggested that RBM39 was a high-risk gene in LIHC, ACC,
SARC, PRAD and PCPG, while it was a low-risk gene in UCS. A
Kaplan-Meier survival study revealed that patients with low RBM39
expression in LIHC, ACC, SARC, PRAD and PCPG had a longer OS,
whereas UCS patients with low RBM39 expression had a shorter
overall survival (Figure 2B-F).

In addition, analysis of DSS data (Figure S2A) showed that low
expression of RBM39 was associated with poor prognosis in pa-
tients with LIHC (HR = 1.718, p = 0.019) and SARC (HR = 1.636,
p = 0.032). Kaplan-Meier survival analysis showed that patients
with low RBM39 expression in both tumours had longer disease-
specific survival (Figure S2B,C). In terms of the relationship be-
tween RBM39 expression and PFI, forest plots revealed a link
between high expression and low PFlin LIHC (HR = 1.34, p = 0.046),
ACC (HR = 2.03, p = 0.028), UCEC (HR = 1.61, p = 0.008), PRAD
(HR = 1.84, p = 0.004). However, high expression of RBM39 was as-
sociated with high PFl in SKCM (HR = 0.75, p = 0.011) (Figure S3A).
KM survival analysis showed that LIHC, ACC, UCEC, PRAD and
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FIGURE 1 RBMS39 expression across cancers. (A) RBM39 expression levels in a sample of 31 tissues collected from the GTEx. (B) RBM39
expression levels in a dataset produced from the CCLE including 21 tissues in tumour cell lines. (C) RBM39 expression levels in tumour and
matched neighbouring noncancerous tissues from the TCGA, *p 0.05, **p 0.01, ***p 0.001. (D) RBM39 expression differential in 27 cancers

combining GTEx normal tissue data and TCGA tumour tissue data, *p <0.05, **p<0.01, ***p<0.001

SKCM patients with high RBM39 expression had lower survival,
while SKCM patients with high RBM39 expression had longer sur-
vival (Figure S3B-F).

3.3 | Relationship between RBM39 expression and
clinical phenotypes

Next, we investigated how RBM39 expression differed by age
in patients with different tumour types. We found that patients
aged >60years with HNSC (p<0.01), KIRP (p<0.01) and SARC
(p = 0.01) had lower RBM39 expression, while UCEC (p = 0.02)
patients <60years had higher RBM39 expression (Figure S4A-D).
We also looked at the association between RBM39 expression and
tumour stage. RBM39 expression was shown to be substantially
linked with tumour stage in four malignancies studied (Figure S4E-
H), including LIHC, KICH, THCA and KIRC. Significant differences
in RBM39 expression occurred between stage | and Il tumours in
KICH and THCA were observed. Interestingly, in contrast to LIHC
and KIRC, whose RBM39 expression increased significantly with
increasing tumour stage between stage | and Ill, most other types
of cancer did not show a statistically significant difference in terms

of tumour stage.

3.4 | Expression of RBM39 in pan-cancerous
tissues correlates with TMB and MSI

Tumour mutational burden is typically defined as the total amount
of nonsynonymous mutations occurring on an average of 1 M bases
in the tumour cell genome's coding region, and the mutation types
primarily comprise single nucleotide variants (SNVs) and minor in-
sertions/deletions (INDELs). TMB is a quantifiable biomarker that
indicates the number of mutations discovered in tumour cells. As
shown in Figure 3A, the association between TMB and RBM39 ex-
pression was statistically examined using Spearman rank correlation
coefficients for each tumour type independently. Notably, RBM39
expression was positively correlated with TMB in ESCA, LAML,
LGG, SKCM and STAD, and negatively correlated with UCS, UVM,
UCEC, BRCA, THCA and COAD. MSI is a term that describes any
change in microsatellite length caused by the insertion or deletion of
repeat units in tumours compared with normal tissue, as well as the
introduction of novel microsatellite alleles. As shown in Figure 3B,
the correlation between RBM39 and MSI was analysed using the
Spearman rank correlation coefficient. The results showed that
RBM39 was positively correlated with MSI in HNSC, LGG, LUAD,
LUSC, PRAD, READ, STAD, THCA, UCEC and BLCA, and negatively
correlated with DLBC and COAD.



ZHANG ET AL. 4863
WILEY
(A) (B) e (C) -

Characterisics  Total(N) HR(95% C1) Univariate analysis P value Univariate analysis . 109 1.0 RBM39
BRCA 1082 1200 (0872-1.652) ] 0264 £ 081 - S
LUAD 526 0,815 (0610-1.068) ¢ 0166 g o6l g
BLCA 3 0801 (0.599-1.072) + 0136 £" g 061 '

ACC 79 2,245 (1.042-4.838) P 0039 3 049 F 041
LIHC 3 1478 (1.041-2009) 0 009 € 0.2 Overal Surviva 2 0.2 overai surviva
Luse 49 0904 (0689-1.187) b 0469 © o] Pt 8 5] Eaanea
CESC 306 1070 (0672-1.703) 4 (Nl T R S T pa —
CHOL % 0.854 (0.328:2.221) ] 0746 Time (months) Time (months)
COAD an 1121 (0761-1652) 0 0562 B S A A oI i ] ]
DLBC 48 1295 (0313-5.363) * 0722 A anlr ! ! |
ESCA 162 1294 0769-2.12) b 0307
GBM 168 0.943(0671-1.324) ¢ 0733 (D) S e
HNSC 501 0.998 (0.763-1.305) ] 0967 104 e et ————Felis
KICH o4 2106 (0526:8.434) - 0263 o = — Hgn
KRC 5% 1134 (0841-15%0) ] 0408 3 g
KIRP 2 1420 (0.779-2591) ) 0253 054 i3
LAML 140 0.919 (0602-1.403) ¢ 0695 g 04 £
166 57 1345 (0.957-1889) P 0088 2 0.2 Overa Survial S 0.2 Ovrall Sunival
NESO % 1012(06334616) 0 0962 B ] e N [
ov an 1270 (0.980-1.644) b 007 B S 5 o a0 o9
PCPG 183 9.236 (1.087-78.468) — 0042 Time (months) Time (months)
PRAD 49 4821 (1014-22909) — 0048 O S S Low gt " ] p
READ 166 0510 (0231-1.127) 0 0.0% Gl L L1 B Hon -l o ) s s
SARC 2 1624 (1.081-2441) " 002
SKOM 456 0.788 (0602-1.032) ; 0083 (I s
STAD 3 0.971 (0700-1.346) 0858 U e
T6CT 139 1278 (0.170-0589) (S 0811 Z 081 —+ Hign
THCA 510 0.908 (0.337-2.446) 0 0848 3 06
THYM 118 0.243(0.00-1.477) [ 0079 Sl
UCEC 551 1166 (0771-4.734) ¢ 0483 0
VM 8 1138 (0.485-2666) ' 0767 @ 027 iz oar mzsose—s
ucs 56 0470 (0231-0.955) ] 0037 00 P00 .

COADREAD 643 0.986 (0698-1.392) " 0935 0 50 100

GBMLGG 695 1,016 (0.799-1.291) ¢ 09 Time (months)

LUADLUSC 1022 0.887 (0.726-1.080) 4 0232 Low 128 5 0 °
PAAD 178 0.845 (0.59-1.276) [} 0422 igh 428 7 2 0

T T T T T
0 2 4 6 8

FIGURE 2 RBM39 expression and total survival time in days are related (OS). (A) Tumour OS association forest plot. (B-F) A Kaplan-
Meier analysis of the relationship between RBM39 expression and OS is shown

(A) UVMP-0022 BLCAP-041 BRCA P-19e-11
UCS P-0.022 CESCP-085
UCECP-0026 0.31 CHOLP-0.48
THYMP-069 COAD.P-52¢-07
THCA P-0.0033 DLBCP-072
TGCTP-067 ESCAP-0033
STADP-0.011 GBMP-0.18
SKCMP-0029 HNSCP-037
SARCP-024 KICHP-067
READP-098 KIRC.P-0052
PRADP-093 KIRPP-064
PCPG P-095 LAML P-0.0022
PAAD,P-0.99 LGG P-550-06

QVP-024
MESOP-028 | ygcp-0.091 LUADP-0093

LIHC P-027

(B) UVM,P=0.86 BLCA.P=0.043 greA p=0.22
0.52

UCS,P=0.81
UCEC,P=0.015

CESC,P=0.35
CHOL,P=0.23

THYM,P=0.59 COAD,P=2.3e-07

THCA,P=1.9e-05 DLBC,P=0.00017

TGCT,P=0.73 ESCA,P=0.16

STAD,P=0.014 GBM,P=0.99

SKCM,P=0.11 HNSC,P=0.00022
SARC,P=0.0021 KICH,P=0.31

READ,P=0.021 KIRC,P=0.58
PRAD,P=0.0049 KIRP,P=0.14
PCPG,P=0.95 LAML,P=0.55
PAAD,P=0.47 LGG,P=0.0061
OV,P=0.21 LIHC,P=0.8

MESO,P=0.69 \)5¢ p=6 7e-24-UAD,P=9e10

FIGURE 3 Correlation investigation of RBM39 expression in pan-cancer, TMB, and MSI. (A) Correlation study of RBM39 expression in
pan-cancer and TMB. (B) Explained are the findings of a correlation analysis between RBM39 expression in pan-cancer and MSI

3.5 | Correlation of RBM39 expression with DNA
mismatch repair genes and methyltransferases in pan-
cancer

With the exception of CHOL, practically all MMRs genes were
related with RBM39 expression across cancers, suggesting that

RBM39 may protect tumour cell survival by promoting DNA mis-
match repair-related genes expression (Figure S5A). DNA methyla-
tion is the action of DNA methyltransferases that covalently attach
a methyl group to the 5’ carbon position of cytosine in genomic CpG
dinucleotides. We discovered that the expression levels of RBM39
in all tumours were positively correlated with the expression levels
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of methyltransferases, as shown in Figure S5B, implying that RBM39
may play a role in carcinogenesis and progression by modulating the

epigenetic status of human pan-cancer.

3.6 | Relationship between RBM39 and tumour
microenvironment

We calculated the immunological score and interstitial score of in-
dividual tumour samples to see how RBM39 affects the tumour im-
mune microenvironment throughout tumour progression. Among
the 33 tumours, the top two tumours with the most significant cor-
relation between RBM39 expression and immune score were UCEC
(R=-0.253,p<0.001) and LUSC (R = -0.371, p<0.001), and the top
three tumours whose RBM39 expression was most significantly cor-
related with mesenchymal scores were LUSC (R =-0.371,p<0.001),
BLCA (R=-0.335,p<0.001) and SARC (R = -0.4, p<0.001); the top
three tumours with the highest correlation with the assessed im-
mune scores were LUSC (R = -0.371, p<0.001), UCEC (R = -0.253,
p<0.001) and SARC (R =-0.4, p<0.001) (Figure 4A-C). The findings
revealed that RBM39 expression levels in UCEC, BRCA and LUSC
were substantially and adversely connected with the immunologi-
cal score in the tumour immune microenvironment, and that RBM39
expression levels in LUSC, UCEC and SARC were also negatively cor-
related with the interstitial score.

3.7 | Expression of RBM39 in pan-cancer is
correlated with immune neoantigens and immune
checkpoint genes

We next examined the correlation between RBM39 with more than
40 immune checkpoint genes across cancers. RBM39 expression
was shown to be favourably linked with immune checkpoint gene
expression levels in a variety of tumour types, including KICH, LIHC,
PAAD and UVM (Figure 5A). The findings imply that RBM39 may
modulate the pattern of tumour immunity in some cancers by chang-
ing the expression levels of these immune checkpoint genes. We tal-
lied the number of neoantigens in each tumour type and looked at
the relationship between RBM39 expression and the number of ne-
oantigens (Figure 5B). The expression of RBM39 in LGG was shown
to be positively linked with the count of neoantigens (R = 0.158,
p = 0.027), and in BRCA, the expression of RBM39 was negatively
correlated with the number of neoantigens (R = -0.147, p <0.001).

3.8 | Relationship between the RBM39
expression and tumour immune cell infiltration

Next, we investigated the association of RBM39 expression with
the level of infiltration of 24 immune-related cells. Our data showed
that the level of immune cell infiltration was substantially linked with
RBM39 expression in the majority of malignancies (Table S1). We

screened eight tumours for further analysis, including BRCA, COAD,
HNSC, LIHC, LUSC, SKCM, STAD and UCEC, for which the correla-
tion between RBM39 expression and the level of immune cell infiltra-
tion was high (Table 1). In the eight tumours analysed, the expression
level of RBM39 correlated with B cells, Dendritic cells(DC) and their
subpopulations aDC, iDC, pDC; Eosinophils, Macrophages, Mast
cells, Neutrophils, Natural killer cells (NK cells) and their subpopula-
tions: CD56+ NK cells, CD56 NK cells; T lymphocytes (T cells), CD8+
T cells, T helper cells(Th cells) and their subpopulations: Th1 cells,
Th2 cells, Th17 cells; T cell regulatory(Tregs) and their subpopula-
tions of fractionated cells: Tcm, Tem, TFH, Tgd, and Cytotoxic cells.
As seen from the table, the correlation of RBM39 expression with
B cells, DC and their subpopulations iDC and pDC, macrophages,
neutrophils, CD56 NK cells, T cells, Th cells, and cytotoxic cells was
negative consistently. In contrast, the expression of RBM39 in these
eight tumours showed a positive correlation with both Th cells and
the subpopulation Tcm of Tregs. In other immune-infiltrating cells,
these eight cells showed different correlations. For example, RBM39
positively correlates with aDC in LIHC, while it negatively correlates
with aDC in the other seven tumours.

In addition, there was a differential relationship between
RBM39 expression and different subpopulations of T cells. The re-
sults showed that RBM39 was negatively correlated with T cells and
Tregs, whereas positively correlated with Th cells and Tcm. Tumours
with the strongest correlation coefficients between the degree of
infiltration of each immune cell and RBM39 expression was shown
in Figure Sé6.

We investigated the relationship between RBM39 expression and
immune-related genes in 33 malignancies using gene co-expression
analysis. Genes encoded MHC, immune activation, immune suppres-
sion, chemokine and chemokine receptor proteins were analysed.
Heat maps showed positive correlations of RBM39 with immune-
related genes in KIRC, LIHC, PRAD and UVM (Figure 6).

3.9 | GSEA enrichment analysis

We used GSEA enrichment analysis to investigate the biological im-
portance of RBM39 expression in various tumour tissues. The data
showed that in nine tumours, including BRCA, GBM, CHOL, OV,
SKCM, THCA, THYM, UCEC and UVM, RBM39 expression nega-
tively correlates with immune-related functions such as neutrophil
degranulation and chemokine transduction (Figure 7A-1). While in
LAML, ACC, TGCT and STAD, RBM39 expression negatively regu-
lates anti-infection responses, including leishmaniasis, common cold

and so on (Figure 7J-M).

4 | DISCUSSION

An increasing amount of evidence reveals that RBM39 is substan-
tially linked to cancer growth in a range of malignancies. As an RNA-
binding protein, RBM39 is extensively involved in selective splicing
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of RNA. It has been demonstrated that RBM39 is essential for RNA
splicing in neuroblastoma cells.'> Of the 27 tumours we studied in
the GTEx and TCGA databases, the RBM39 gene was highly ex-
pressed in six cancers and lowly expressed in 19 tumours. Until now,
there have been some studies on the relationship between RBM39
and tumours. For example, Mercier | et al.*® showed that RBM39 was
not detected or expressed at low levels in normal breast tissue with
a cytoplasmic localization. In contrast, it was expressed at high levels
in breast ductal carcinoma in situ specimens and was mainly distrib-
uted in the nucleus. RBM39 is a coactivator of ER, ER, and Activator
Protein-1 (AP-1) component c-Jun, which binds transcription and
mRNA precursor processing together and effectively boosts their

transcriptional activity, hence encouraging breast cancer growth.'
Another study reported that RBM39 acts as a major transcriptional
regulator and interacts with the MLL1 complex to promote breast
cancer cell proliferation.18 In patients with hepatocellular carcinoma,
RBM39 was first identified as an autoantigen whose overexpres-
sion reduced tumour angiogenesis and growth and inhibited v-Rel-
mediated lymphocyte transformation.’”"?* Previous studies have
shown that RBM39 is involved in biological processes in colorectal
adenocarcinoma development, such as cell survival and anchoring
non-dependent growth.22

Using TCGA data, we performed a Kaplan-Meier survival anal-
ysis and discovered that greater RBM39 expression was associated
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FIGURE 5 RBM39 expression, immunological checkpoint genes, and immune neoantigens in pan-cancer correlation analysis. (A) Analysis
of the relationship between RBM39 expression and immune checkpoint gene expression in pan-cancer patients. (B) A correlation study of
RBM39 expression in pan-cancer and the amount of tumour neoantigens in 19 different tumour types was performed

with a poor prognosis for OS, DSS, and PFl in LIHC. RBM39 was dis-
covered as an autoantigen in a cirrhotic patient who later acquired
hepatocellular cancer.?® These findings suggest that RBM39 may be
an oncogene during liver carcinogenesis. We also found that RBM39
expression was associated with age in certain types of cancer. Our
study showed that RBM39 expression was lower in older patients in
HNSC, KIRP and SARC, while in UCEC patients, reduced expression
of RBM39 was associated with younger age. These results may have
important implications for guiding the selection of immunotherapy
regimens for patients of different ages. Our study also found that
the expression of RBM39 in most cancers correlated with tumour
stage, and the difference in expression was particularly significant
in stage | and Il tumours. For example, RBM39 expression was sig-
nificantly lower in stages | and Il of KICH. These findings imply that
RBM39 might be employed as a biomarker to predict the prognosis
of different malignancies.

Tumour mutational burden is an intriguing predictive biomarker
with the potential to usher immuno-oncology into the era of pre-
cision medicine.?* Previous studies have shown that in melanoma,
whole-exome sequencing (WES) of TMB is a predictor of increased
survival in patients treated with ipilimumab or tremelimumab.?’
Another study used TMB as a biomarker in non-small cell lung can-
cer patients receiving pembrolizumab and WES and found an overall
response rate (ORR), progression-free survival (PFS) and long-term
therapeutic benefit in patients with a high somatic nonsynonymous
mutation burden.?® Thus, tumours with higher TMB are assumed to

have more neoantigens that can be recognized by the immune sys-
tem in response to immune checkpoint inhibition. MSl is also a use-
ful biomarker for immune checkpoint inhibitors (ICI). MSI in tumour
DNA is defined as the presence of alternate-sized repetitive DNA
sequences that are not seen in the corresponding germline DNA.
Depending on the type and the number of microsatellites analysed,
widely variable results on the frequency of MSI in different tumour
types have been published.?”-?8 It has been shown that MSI is the
first DNA marker that can be used to identify hereditary colorectal
cancer.?’ Our study showed that RBM39 expression correlated with
TMB in 9 cancer types and with MSl in 12 cancer types. This might
imply that RBM39 expression levels influence tumour TMB and MSI,
and consequently the patient's response to immune checkpoint in-
hibition medication. This would give a new basis for immunotherapy
prognosis. In addition, we also investigated the correlation of RBM39
expression with five MMRs and four DNA methyltransferases.

Our results suggest that RBM39 plays an important role in cancer
immunity. The tumour microenvironment (TME) not only influences
tumorigenesis, development and metastasis, but also has a profound
impact on therapeutic results.*° According to the assessment scores,
RBM39 expression in TME of lung squamous cell carcinoma only
was negatively correlated with both mesenchymal and immune cell
content. Furthermore, previous studies have shown that RBM39 is
a proto-oncogene that plays an important role in the development
and progression of several types of malignancies. Changes in RNA
splicing inside cancer cells produce neoepitopes, which are used
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FIGURE 6 Co-expression of RBM39 and immune-related genes

as neoantigens in immunodetection site-blocking investigations.>!

RBM39 is considered as a novel human tumour-associated antigen,
and its specificimmunity has been reported in a variety of tumours.%?
We analysed the relationship between RBM39 expression and the
number of neoantigens in 19 tumours. We found that RBM39 was
positively correlated with the number of neoantigens in LGG, and
negatively correlated with the number of neoantigens in BRCA. A
major advance in cancer treatment is the development of immune
checkpoint inhibitors (ICIs)33. Our results also showed that RBM39
expression was positively correlated with the expression levels of
immune checkpoint genes in four types of cancer, suggesting that
RBM39 may regulate tumour immune patterns through the number
of tumours neoantigens and by regulating the expression levels of
immune checkpoint genes. It has been demonstrated that when the
interaction between checkpoint ligands and their cognate receptors
on effector cells is blocked, a robust and long-lasting antitumor re-

sponse can be observed.3*%°

Tumour-infiltrating immune cells have an important impact on
tumorigenesis and progression and can antagonize or promote tu-
morigenesis and progression.36 The presence of certain immune
subgroups usually exhibits a favourable prognostic effect in a ma-
Iignancy.37 Recent studies have found that T lymphocyte subsets
predict response to existing and emerging immunotherapies, high-
lighting the importance of studying tumour-associated immune
cells as potential predictive biomarkers.3®%? Previous studies have
reported that immunomodulatory drugs, such as sulfonamides, can
recruit the splicing factor RBM39 to the E3 ligase substrate recep-
tor DCAF15, leading to ubiquitination and degradation of RBM39,
which resulted in altered RNA splicing and death in some cancer cell
lines.**~*% Moreover, RBM39 expression plays a role in intracellular
immunosuppression. It has been shown that RBM39 orchestrates a
splicing program that is essential for the survival of AML cells ac-
cording to CRISPR/Cas9 screens.***> Thomas R et al.*® have demon-
strated that RBM39 is a critical RBP required for AML survival and
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FIGURE 7 Results of GSEA

that RBM39 deficiency causes leukaemia progression to be slowed
and overall survival to be improved. Jia Tong et al.*’ have found that
RBM39 was overexpressed in myeloma cells and associated with
poor prognosis of patients, and they demonstrated that the a-DARS-
AS1-RBM39 axis of HIF-1 is a potential target for the treatment of
multiple myeloma.

Our study further elucidates the broader tumorigenic appli-
cability of RBM39 and confirms that RBM39 expression is closely
associated with the biological processes of immune cells and
immune-related molecules in most tumours. In addition, our study
revealed that RBM39 is co-expressed with genes encoding MHC,
immune activation, immune suppression, chemokine and chemokine
receptor proteins. These results suggest that RBM39 expression is
closely associated with immune infiltration of tumour cells, affecting
patient prognosis and providing a new target for immunosuppres-
sant development. Furthermore, our enrichment analysis suggests
that RBM39 may influence the aetiology or pathogenesis of cancer
by acting in immune cell infiltration, immune chemokine transduc-
tion and immune anti-infection pathways.

In conclusion, our first pan-cancer RBM39 analysis revealed that
it is differentially expressed in tumour and normal tissues and that
thereis alink between RBM39 expression and clinical prognosis. Our
findings imply that RBM39 can function as an independent prog-
nostic biomarker in a wide range of malignancies. RBM39 expres-
sion leads to different prognostic outcomes for different tumours,
which requires further investigation of the specific role of RBM39 in
each tumour. In addition, RBM39 expression is associated with the

10000 20000 30000
Rank in Ordered Dataset

tumour microenvironment and immune cell infiltration in different
cancer types. Its effect on tumour immunity also varies by tumour
type. These findings may help to elucidate the role of RBM39 in tu-
mour development and provide a reference for achieving more pre-

cise and personalized immunotherapy in the future.

AUTHOR CONTRIBUTIONS

Rui Zhang: Conceptualization (equal); data curation (equal); formal
analysis (equal); investigation (equal); methodology (equal); writing -
original draft (equal); writing - review and editing (equal). Wei Wang:
Data curation (equal); investigation (equal); writing - review and
editing (equal). Xueting Chen: Formal analysis (supporting); writing
- review and editing (supporting). Nie Zhang: Formal analysis (sup-
porting); writing - review and editing (supporting). Wanming Liu:
Formal analysis (supporting); writing - review and editing (support-
ing). Longzhen Zhang: Funding acquisition (supporting); project ad-
ministration (supporting); writing - review and editing (lead). Nianli
Liu: Conceptualization (equal); funding acquisition (lead); project ad-
ministration (lead); supervision (lead); writing - review and editing
(lead).

ACKNOWLEDGEMENT
This work was supported by grants from the National Natural
Science Foundation of China (No. 81972165, No. 81972845).

CONFLICT OF INTEREST
The authors report no conflicts of interest in this work.



4870
—I—WI LEY

ZHANG ET AL.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the

supplementary material of this article.

ORCID

Nianli Liu

https://orcid.org/0000-0002-0602-6709

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer J Clin. 2021;71(3):209-249.
Song Y, Guo Y, Li X, et al. RBM39 alters phosphorylation of c-Jun
and binds to viral RNA to promote PRRSV proliferation. Front
Immunol. 2021;12:664417.

Pagliuso A, Tham TN, Allemand E, et al. An RNA-binding protein se-
creted by a bacterial pathogen modulates RIG-I signaling. Cell Host
Microbe. 2019;26(6):823-835.e11.

Grifone R, Shao M, Saquet A, Shi DL. RNA-binding protein
Rbm24 as a multifaceted post-transcriptional regulator of em-
bryonic lineage differentiation and cellular homeostasis. Cells.
2020;9(8):1891.

Mai S, Qu X, Li P, Ma Q, Liu X, Cao C. Functional interaction be-
tween nonreceptor tyrosine kinase c-Abl and SR-rich protein
RBM39. Biochem Biophys Res Commun. 2016;473(1):355-360.
Olesnicky EC, Bono JM, Bell L, Schachtner LT, Lybecker MC. The
RNA-binding protein caper is required for sensory neuron develop-
ment in Drosophila melanogaster. Dev Dyn. 2017;246(8):610-624.
Wang E, Aifantis I. RNA splicing and cancer. Trends Cancer.
2020;6(8):631-644.

Lee SC, Abdel-Wahab O. Therapeutic targeting of splicing in can-
cer. Nat Med. 2016;22(9):976-986.

Xu YW, Nijhuis A, Keun HC. RNA-binding motif protein 39 (RBM39):
anemerging cancer target. BrJ Pharmacol. 2022;179(12):2795-2812.
Xu CP, Chen XH, Zhang XT, et al. RNA-binding protein 39: a promis-
ing therapeutic target for cancer. Cell Death Discov. 2021;7(1):214.
Stepanyuk GA, Serrano P, Peralta E, et al. UHM-ULM interactions
in the RBM39-U2AF65 splicing-factor complex. Acta Crystallogr D
Struct Biol. 2016;72(Pt 4):497-511.

Chilewski SD, Bhosale D, Dees S, et al. Development of CAPER
peptides for the treatment of triple negative breast cancer. Cell
Cycle. 2020;19(4):432-447.

Faherty N, Benson M, Sharma E, et al. Negative autoregulation of
BMP dependent transcription by SIN3B splicing reveals a role for
RBM39. Sci Rep. 2016;6:28210.

Mai S, Qu X, Li P, Ma Q, Cao C, Liu X. Global regulation of alterna-
tive RNA splicing by the SR-rich protein RBM39. Biochim Biophys
Acta. 2016;1859(8):1014-1024.

Singh S, Quarni W, Goralski M, et al. Targeting the spliceosome
through RBM39 degradation results in exceptional responses in
high-risk neuroblastoma models. Sci Adv. 2021;7(47):eabj5405.
Mercier |, Gonzales DM, Quann K, et al. CAPER, a novel regulator of
human breast cancer progression. Cell Cycle. 2014;13(8):1256-1264.
Jung DJ, Na SY, Na DS, Lee JW. Molecular cloning and character-
ization of CAPER, a novel coactivator of activating protein-1 and
estrogen receptors. J Biol Chem. 2002;277(2):1229-1234.

Puvvula PK, Yu Y, Sullivan KR, et al. Inhibiting an RBM39/MLL1
epigenomic regulatory complex with dominant-negative pep-
tides disrupts cancer cell transcription and proliferation. Cell Rep.
2021;35(9):109156.

Loerch S, Maucuer A, Manceau V, Green MR, Kielkopf CL. Cancer-
relevant splicing factor CAPERalpha engages the essential splic-
ing factor SF3b155 in a specific ternary complex. J Biol Chem.
2014;289(25):17325-17337.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

DuttaJ, Fan G, Gélinas C. CAPERalphaisanovel Rel-TAD-interacting
factor that inhibits lymphocyte transformation by the potent Rel/
NF-kappaB oncoprotein v-Rel. J Virol. 2008;82(21):10792-10802.
Huang G, Zhou Z, Wang H, Kleinerman ES. CAPER-«a alternative
splicing regulates the expression of vascular endothelial growth
factoryes in Ewing sarcoma cells. Cancer. 2012;118(8):2106-2116.
Sillars-Hardebol AH, Carvalho B, Belien JA, et al. CSE1L, DIDO1
and RBM39 in colorectal adenoma to carcinoma progression. Cell
Oncol (Dordr). 2012;35(4):293-300.

Imai H, Chan EK, Kiyosawa K, Fu XD, Tan EM. Novel nuclear auto-
antigen with splicing factor motifs identified with antibody from
hepatocellular carcinoma. J Clin Invest. 1993;92(5):2419-2426.
Steuer CE, Ramalingam SS. Tumor mutation burden: leading
immunotherapy to the era of precision medicine? J Clin Oncol.
2018;36(7):631-632.

Snyder A, Makarov V, Merghoub T, et al. Genetic basis for clini-
cal response to CTLA-4 blockade in melanoma. N Engl J Med.
2014;371(23):2189-2199.

Rizvi NA, Hellmann MD, Snyder A, et al. Cancer immunology.
Mutational landscape determines sensitivity to PD-1 blockade in
non-small cell lung cancer. Science. 2015;348(6230):124-128.
Ashktorab H, Ahuja S, Kannan L, et al. A meta-analysis of
MSI  frequency and race in colorectal Oncotarget.
2016;7(23):34546-34557.

Suraweera N, Duval A, Reperant M, et al. Evaluation of tumor
microsatellite instability using five quasimonomorphic mono-
nucleotide repeats and pentaplex PCR. Gastroenterology.
2002;123(6):1804-1811.

Boland CR, Goel A. Microsatellite instability in colorectal cancer.
Gastroenterology. 2010;138(6):2073-2087.e3.

Wu T, Dai Y. Tumor microenvironment and therapeutic response.
Cancer Lett. 2017;387:61-68.

Lu SX, De Neef E, Thomas JD, et al. Pharmacologic modu-
lation of RNA splicing enhances anti-tumor immunity. Cell.
2021;184(15):4032-4047.e31.

Chai Y, Liu X, Dai L, et al. Overexpression of HCC1/CAPER«
may play a role in lung cancer carcinogenesis. Tumour Biol.
2014;35(7):6311-6317.

Kao C, Powers E, Datto MB, et al. Tumor mutational burden (TMB)
as a predictive biomarker of immune checkpoint blockade (ICB) in
metastatic solid tumors. J Clin Oncol. 2020;38(5):80.

Le DT, Durham JN, Smith KN, et al. Mismatch repair deficiency
predicts response of solid tumors to PD-1 blockade. Science.
2017;357(6349):409-413.

Taube JM, Klein A, Brahmer JR, et al. Association of PD-1, PD-1
ligands, and other features of the tumor immune microenvi-
ronment with response to anti-PD-1 therapy. Clin Cancer Res.
2014;20(19):5064-5074.

Lei X, Lei Y, Li JK, et al. Immune cells within the tumor microenvi-
ronment: biological functions and roles in cancer immunotherapy.
Cancer Lett. 2020;470:126-133.

Chen B, Khodadoust MS, Liu CL, et al. Profiling tumor infiltrating im-
mune cells with CIBERSORT. Methods Mol Biol. 2018;1711:243-259.
Tumeh PC, Harview CL, Yearley JH, Newman AM, Alizadeh AA.
PD-1 blockade induces responses by inhibiting adaptive immune
resistance. Nature. 2014;515(7528):568-571.

Ji RR, Chasalow SD, Wang L, et al. An immune-active tumor mi-
croenvironment favors clinical response to ipilimumab. Cancer
Immunol Immunother. 2012;61(7):1019-1031.

Ting TC, Goralski M, Klein K, et al. Aryl sulfonamides degrade
RBM39 and RBM23 by recruitment to CRL4-DCAF15. Cell Rep.
2019;29(6):1499-1510.€96.

Bussiere DE, Xie L, Srinivas H, et al. Structural basis of indisulam-
mediated RBM39 recruitment to DCAF15 E3 ligase complex. Nat
Chem Biol. 2020;16(1):15-23.

cancer.


https://orcid.org/0000-0002-0602-6709
https://orcid.org/0000-0002-0602-6709

ZHANG ET AL.

Wi LEYM

42.

43.

44,

45.

46.

47.

Du X, Volkov OA, Czerwinski RM, et al. Structural basis and kinetic
pathway of RBM39 recruitment to DCAF15 by a sulfonamide mo-
lecular glue E7820. Structure. 2019;27(11):1625-1633.e3.

Han T, Goralski M, Gaskill N, et al. Anticancer sulfonamides tar-
get splicing by inducing RBM39 degradation via recruitment to
DCAF15. Science. 2017;356(6336):eaal3755.

Hsiehchen D, Goralski M, Kim J, et al. Biomarkers for RBM39 degra-
dation in acute myeloid leukemia. Leukemia. 2020;34(7):1924-1928.
Wang E, Lu SX, Pastore A, et al. Targeting an RNA-binding protein net-
work in acute myeloid leukemia. Cancer Cell. 2019;35(3):369-384.e7.
Thomas R, Majeti R. No matter how you splice it, RBM39 inhibition
targets spliceosome mutant AML. Cancer Cell. 2019;35(3):337-339.
Tong J, Xu XG, Zhang ZL, et al. Hypoxia-induced long non-coding
RNA DARS-AS1 regulates RBM39 stability to promote myeloma
malignancy. Haematologica. 2020;105(6):1630-1640.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Zhang R, Wang W, Zhang N, et al.
Systematic pan-cancer analysis identifies RBM39 as an
immunological and prognostic biomarker. J Cell Mol Med.
2022;26:4859-4871. doi: 10.1111/jcmm.17517



https://doi.org/10.1111/jcmm.17517

	Systematic pan-­cancer analysis identifies RBM39 as an immunological and prognostic biomarker
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Data processing and differential expression analysis
	2.2|Immunohistochemical staining
	2.3|Analysis of the connection between RBM39 and prognosis and clinical phenotype
	2.4|Correlation analysis of RBM39 with the tumour mutational burden (TMB) and microsatellite instability (MSI)
	2.5|Correlation analysis of RBM39 with DNA Mismatch Repair Genes and Methyltransferases
	2.6|Correlation analysis of RBM39 with the immune microenvironment
	2.7|Correlation analysis of RBM39 with immune characteristics

	3|RESULTS
	3.1|Expression of RBM39 in pan-­cancer
	3.2|Prognostic value of RBM39 across cancers
	3.3|Relationship between RBM39 expression and clinical phenotypes
	3.4|Expression of RBM39 in pan-­cancerous tissues correlates with TMB and MSI
	3.5|Correlation of RBM39 expression with DNA mismatch repair genes and methyltransferases in pan-­cancer
	3.6|Relationship between RBM39 and tumour microenvironment
	3.7|Expression of RBM39 in pan-­cancer is correlated with immune neoantigens and immune checkpoint genes
	3.8|Relationship between the RBM39 expression and tumour immune cell infiltration
	3.9|GSEA enrichment analysis

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENT
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


