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Abstract: RNA-binding proteins (RBPs) act as a key factor in gene regulation by governing
RNA metabolism. They contribute to the expression and functions of most RNAs by binding
to them and forming complexes. RNA-binding motif protein 38 (RBM38), a member of the
RBP family, alters the stability and translation of targeted mRNAs to affect various biolo-
gical processes, such as cell proliferation, cell cycle arrest, and myogenic differentiation.
RBM38 contains a highly conserved RNA recognition motif (RRM) consisting of two
subunits, RNP1 and RNP2, which specifically bind to RNAs. Recent studies have revealed
that RBM38 regulates the mRNA stability of several tumor-related genes, such as p33,
mdm2, p63, p73, p21, and c-Myc, by binding to their 3’ untranslated regions (3’ UTRs); thus,
RBM38 modulates targeted gene expression and affects the biological processes of tumors.
In addition, abnormal RBM38 expression in some malignant tumors and its correlation with
prognosis have been documented in many studies, indicating its value for potential clinical
applications. In this review, we present an overview of RBM38, specifically highlighting its
relationship with tumor manifestation and development. A brief overview of the potential use
of RBM38 in cancer therapy is also included to provide ideas for further research on
RBM38.
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Introduction
Regulation of gene expression, which is the molecular basis of cell differentiation,
morphogenesis, and ontogeny, occurs at the levels of gene expression, namely, tran-
scription,  posttranscriptional — processing, translation, and posttranslational
modifications.'” Recently, posttranscriptional regulation, which includes RNA spli-
cing, transport, stability, translation and so on, has become a hot topic in oncology.**
RNA-binding proteins (RBPs) play a vital role in posttranscriptional events. As an
unstable and easily degraded biological macromolecule, mRNAs bind to a specific
RBP and form a complex to maintain their stability in cells.” RBPs are described as
“RNA clothes”. By binding to and covering different RNA regions, RBPs control the
localization, stability, translation and degradation of RNAs.® The attachment of RBPs
to RNAs contributes to RNA metabolism in different stages and regulates their
subsequent functions. Posttranscriptional modifications and interactions involving
RBPs are a major RNA regulatory mechanism that is crucial for intracellular
homeostasis.” An increasing number of studies indicate that RBPs are dysregulated
in diverse tumors and affect the expression and function of tumor-related proteins by
binding to different receptors, thus engaging in different biological roles in tumor
tissues.®® For example, human antigen R (HuR) is a tumor-promoting gene in breast
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cancer, cervical cancer and colon cancer that promotes
tumor angiogenesis, avoids immune surveillance, evades
apoptosis and so on.”'® HnRNPs are another RNA-binding
protein family that is regarded to have a complicated rela-
tionship with tumors such as breast, liver, and lung cancer.
They participate in tumor promotion or inhibition by dereg-
ulating cellular energetics, epithelial-mesenchymal transi-
tion (EMT), genomic imbalance and so on.'"'? In
conclusion, the RBP family regulates the metabolism of
transcription by combining with RNA domains, thus affect-
ing tumorigenesis, invasion and metastasis.

RNA-binding motif protein 38 (RBM38, also known as
RNPC1), a member of the RBP family, was first discovered
in a study of Xenopus by Fetka et al in 2000. It was found to
be expressed in bone marrow, lymph nodes, blood, brain,
breast, colorectal, lung and other organs in humans.'® Studies
have shown that RBM38 contains the classical RRM domain
and regulates numerous downstream targets in different ways
to play a key role in posttranscriptional regulation. For exam-
ple, RBM38 positively or negatively regulates the mRNA
stability and translation of targeted genes to intensively con-
trol of the cell status.'*'> RBM38 is also intricately related to
p53, p63, and p73 to form several feedback loops.'®'® In
recent years, posttranscriptional regulation has been increas-
ingly regarded as a pivotal regulatory step in tumorigenesis
and development, in which RBPs play an essential role. As
a member of the RBP family, RBM38 has attracted our
attention owing to its abnormal performance in some patho-
logical conditions. It has been reported that abnormal
RBM38 expression is associated with high malignancy and
poor prognosis in several malignant tumors, and its target
genes play an important role in regulating processes that
contribute to the malignant phenotype of tumors, such as
cell growth, invasion and metastasis.'*'®'"?* These data
suggest that targeting RBM38 and related pathways is
a potential strategy for molecular-based cancer therapy.
Therefore, we review the molecular mechanism of RBM38
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in tumors with the aim of providing a theoretical basis for
further research and the clinical application of RBM38.

The History of RBM38

In the study of Fetka et al in 2000, a novel gene SEB-4 with
a RRM domain was found in Xenopus firstly, which is the
homologous gene of RBM38 in human.? In the later Human
Genome Project (2001), Deloukas et al sequenced human
chromosome 20 and identified RBM38 in human genome for
the first time.?® Soon after, Krackhardt et al*” and Scanlan
et al*® found that there was an obvious binding reaction
between RBM38 antigen and the serum from patients with
leukemia and colon cancer. In the following study of Chen
et al, RBM38 was found to be induced by p53 family and acted
as a potential common target of the p53 family,” which was
later verified by Shu et al.* Due to its regulatory role in the
stability of various mRNAs and the correlation between p53
family and tumors, RBM38 was speculated to be a tumor-
related gene, which was confirmed in subsequent studies.

The Structure of RBM38

The RBM38 gene is located on chromosome 20q13.31 and
contains 6 exons. It encodes two alternatively spliced iso-
forms, as shown in Figure 1: RBM38a (239 amino acids)
and RBM38b (121 amino acids), both of which contain an
intact RRM. Both forms are expressed in the nucleus and
cytoplasm, and the N-terminal sequences are identical. The
RBM38 protein contains a highly conserved RRM (amino
acids 35-107)*" and four introns (amino acids 79, 120, 138
and 239). In the human RBM38 gene, 34 functional single
nucleotide polymorphisms (SNPs) have been identified, 14 of
which cause missense mutations, 12 of which cause nonsense
mutations, and 8 of which cause exon splicing enhanced
mutations.'?

Physiological Functions of RBM38

Current studies have shown that RBM38 is widely involved
in biological processes, including proliferation, cell cycle
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Figure | Schematic diagram of RBM38 protein. RBM38 contains an RRM domain comprising two submotifs, RNP| and RNP2, which are capable of binding to a single RNA

strand.
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arrest, myogenic differentiation, invasion, migration and
senescence.'®!”*! RBM38 mainly participates in the post-
transcriptional regulation of genes, namely, RNA processing
and metabolism. RBM38 can positively or negatively affect
the stability of the mRNA of a target gene by binding to its
3'UTR. In addition, various studies have also found abnor-
mal RBM38 expression in different tumors, which suggests
that RBM38 plays an important role in human tumors and is
a target for the treatment of malignant tumors.

The Regulatory Mechanism of
RBM38

As research on RBM38 continues to deepen, an increasing
number of molecular mechanisms have been explored and
confirmed. As shown in Figure 2, RBM38 participates in
RNA metabolism by regulating its transport, stability and
competitive binding to other macromolecules. RBM38
binds to AU-rich elements (AREs) of the 3'UTR of the
following transcribed genes: p21, p53, p63, HuR, GDF1I5,
c-Myc, p73 and mdm2. However, RBM38 has specific reg-
ulatory mechanisms and produces different results for each
gene. RBM38 binds to and stabilizes the RNA of p21, p73,

3032 while

and HuR, thus increasing their protein expression,
its interaction with macrophage inhibitory cytokine-1 (MIC-

1) mRNA inhibits cell growth.*> RBM38 can also decrease
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the protein levels of p53 and p60 by reducing translation
levels,'® and it can reduce the expression levels of p63 and
double minute-2 (mdm2) by destabilizing their mRNA.'>!7-3

As shown in Table 1, the mechanisms of RBM38 on
different target genes are extremely complicated, and each
pathway related to RBM38 may be an effective target for
tumor gene therapy. Therefore, the differential regulatory
mechanisms of RBM38 targets need to be further explored.
Very likely, the specific biological functions will provide
a theoretical basis for targeting RBM38 in clinical practice.

Feedback Loops of RBM38-P53 Family
The p53 family, which includes p73, p63, pS3CP, p53 and
other members, is closely related to the occurrence and
development of a considerable number of tumors. As
shown in Figure 3, RBM38 is involved in the posttran-
scriptional regulation of the p53 family; RBM38 inhibits
the translation of p53 and destabilizes the p63 mRNA yet
stabilizes the p73 transcript.

RBM38-P53 Feedback Loop

Under normal conditions in humans, p53, as a regulator of
cell proliferation, maintains genomic stability by inducing
cell cycle arrest, promoting apoptosis and regulating cell
senescence, which avoids the accumulation of damaged

A‘é mdm2,p63,c-Myc

degradation

Figure 2 The regulatory mechanism of RBM38. (A) Through its RRM domain, RBM38 specifically binds to the AREs in the 3'UTR of the target mRNAs, forms complexes
with mRNAs, and then positively or negatively regulate the stability of the target mRNAs to affect the expression of the target genes. For example, RBM38 upregulates the
expression of p73, p21 and MIC-1 by maintaining the stability of their mMRNAs. (B) RBM38 downregulates the expression of mdm2, p63 and c-Myc by reducing the stability of
their mRNA:s. (C) Translation initiation of p53 mRNA requires the combination of elF4E and the promoter start codon (AUG), while RBM38 competitively interacts with
elF4E and prevents it from binding to the AUG on p53 mRNAs, thus blocking the translation of p53.
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Table | The Target Genes of RBM38

Target Genes Regulation Mechanism References
p53 RBM38 inhibits translation of p53. [39]

mdm2 RBM38 disrupts transcript stability and decreases its expression. [15,16]

pé3 RBM38 disrupts transcript stability and decreases its expression. [34]

c-Myc RBM38 disrupts transcript stability and decreases its expression. [14]

p73 RBM38 maintains the stability of the transcript and increases its expression. [32]

p21 RBM38 maintains the stability of the transcript and increases its expression. [30]

MIC-1 RBM38 maintains the stability of the transcript and increases its expression. [33]

DNA.*® However, p53 inactivation has been reported in
more than 50% of human cancers, and this is widely believed
to be closely related to the development of tumors.*”*®
RBM38 plays an important regulatory role in the negative
feedback loop of p53-mdm2. The study by Xu et al' in
HCT116 and SW480 cells found that RBM38 independently
inhibited mdm?2 expression by decreasing its mRNA stability:
overexpression of RBM38 shortened the half-life of the mdm?2
transcript in a p53-independent manner. In addition, they also
reported that RBM38 can destabilize mdm?2 transcripts by
binding to multiple AU-/U-rich elements in its 3'UTR, result-
ing in decreased levels of mdm?2 transcripts and subsequently

reduced protein expression. Similarly, Ye et al'® confirmed
that RBM38 destabilizes mdm?2 transcripts by binding to

multiple AU-/U-rich elements in the mdm2 3'UTR in

mam2
T

71N\

—) m =) decay

hepatocellular carcinoma (HCC). At the same time, they also
found that upregulation of RBM38 not only inhibits mdm?2 but
also restores wild-type p53 expression, thereby inducing apop-
tosis and senescence of cancer cells and inhibiting cell prolif-
eration, colony growth, migration and invasion.

RBM38 also suppresses p53 translation via the PEP8
pathway. PEP8 is a peptide derived from RBM38; it con-
tains 8 amino acids and is part of the binding interface
between RBM38 and the translation initiation factor
elF4E.When p53 is activated, RBM38 binds to eIF4E on
p53 mRNA, thereby inhibiting p53 translation.>® Lucchesi
et al*® found that when serine 195 (Ser195) of RBM38
was phosphorylated, Ser6 in PEP8 can form a hydrogen
bond with Asp202 in elF4E, thus inhibiting the interaction
between RBM38 and eIF4E; this interaction prevents the

Figure 3 Schematic diagram of the regulatory network of the RBM38-p53 family. The p53 family consists of the p53, p63 and p73 genes. As a common target of the p53
family, RBM38 suppresses the activity of p53 and inhibits its expression, decreases the expression of p63 by reducing the stability of pé3 transcripts, and increases the
expression of p73 by improving the stability of p73 transcripts. A negative feedback loop between p53 and mdm2 is essential in tumor development: the activation of p53
induces mdm?2 expression, while the binding of mdm2 to p53 inactivates p53, which inhibits p53 overexpression. RBM38 stabilizes the negative feedback loop of p53-mdm2
by inhibiting mdm2 and restoring p53 expression. In addition, RBM38 increases the expression of p21, another common target of the p53 family, by improving the stability of

p2l transcripts and slowing their decay.
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RMB38-mediated inhibition of p53 mRNA translation,
resulting in increased expression of p53.

Moreover, p53 can regulate the production of
miRNA, and RBM38 is essential for this regulation.
First, p53 induces the expression of RBM38.*° There
are miRNA-binding sites on the 3'UTR of the p53 target
gene transcript. p53-induced protein expression of
RBM38 can relieve the repression of miRNA by block-
ing this binding site, thereby influencing the expression
of p53 target genes. Moreover, RBM38 is selective in
terms of which miRNAs it restricts, and this selective
antagonism of miRNAs provides favorable conditions
for the differential regulation of gene expression and of
the cell cycle, thereby enhancing p53 function. In addi-
tion, this target selectivity is related to the uracil-rich
region surrounding the miRNA target site. For example,
RBM38 can effectively counteract the repression of
miR-17 on the p21-3'UTR, miR-125b on the RBM38-3'
UTR, and miR-153 on the DDIT4-3'UTR. However, the
SIRT1-3'UTR, which is a downstream target of miR-34a,
is not significantly affected by RBM38.*'

RBM38-P63 Feedback Loop

p63 is a tumor suppressor gene in the p53 family that has high
homology with p53 in its DNA binding, activation and tetra-
merization domains.* It not only participates in the induction
of cell cycle arrest, apoptosis, differentiation and other pro-
cesses but also plays a key role in skin development, aging,
metabolism and tumorigenesis.** p63 is expressed as two iso-
forms via the P1 and P2 promoters: TAp63 and ANp63,
respectively. Initiation at both promoters produces multiple
isoforms via alternative splicing at the C-terminus. The
TAp63 isoform is transcribed from the upstream promoter,
whereas the ANp63 isoform is transcribed from an alternate
promoter in intron,**43

Mice deficient in the ANp63 isoforms die due to devel-
opmental defects shortly after birth. Mice lacking TAp63
can survive after birth experience accelerated aging and
increased susceptibility to spontaneous tumors. They are
also present defective lipid metabolism and glucose toler-
ance and are prone to liver steatosis.*®*’

Related experiments have found that RBM38 affect the
activity of p63 by regulating the stability of its mRNA.
Zhang et al** conducted experiments showing that RBM38
overexpression reduced transcription and protein expres-
sion of p63, whereas knockdown of RBM38 increased p63
expression by changing the half-life of the p63 transcript.
In addition, they also found that RBM38 binds to AU-/

U-rich elements in the p63 3'UTR in vitro and in vivo, and
the RRM domain in RBM38 is required for binding to the
p63 transcript and regulating its stability.

Recently, Jiang et al'” established RBM38- and
TAp63-deficient mouse models and monitored their life-
spans. Mice deficient in either RBM38 or TAp63 alone
died mostly from spontaneous tumors, and they had
shorter lifespans and more aging-related phenotypes than
their wild-type counterparts. Furthermore, the levels of
inflammatory cytokines were also increased in the models.
However, in mice with simultaneous knockout of RBM38
and TAp63, the loss of RBM38 increased TAp63 expres-
sion, thereby delaying premature aging, inhibiting tumor-
igenesis and hepatic steatosis, reducing aging-related
phenotypes and the levels of inflammatory cytokines
(IL17D and Tnfsfl5) in mouse embryonic fibroblasts
(MEFs) and the liver, and prolonging the lifespan of mice.

RBM38-P73 Feedback Loop

p73 shares homology with the p53 gene, and the structure and
function of the two proteins are not much different. They
participate in the activation of target genes, regulation of the
cell cycle, and induction of apoptosis.*® Similar to the p63
gene, the p73 gene also has two isoforms that exist due to
differences in promoters: TAp73 and ANp73. TAp73 is
expressed via the P1 promoter located upstream of the first
exon, whereas ANp73 is expressed via the P2 promoter in
intron 3.>> TAp73 contains an N-terminal activation domain
that is homologous to the N-terminal activation domain in p53,
but ANp73 lacks this activation domain yet carries a unique
activation domain in its N-terminus. Therefore, TAp73 has
activity similar to that of p53, but ANp73 has activity in
opposition of that of TAp73.%°

A number of studies have shown that p73 gene expres-
sion correlates with the formation, occurrence and prog-
nosis of various tumor diseases, such as colorectal, gastric,
breast and cervical cancer.*”° It has also been found that
mice deficient in TAp73 are prone to developing sponta-
neous tumors, while mice deficient in Np73 are susceptible
to neurological defects.'-?

Similar to p53 and p63, Yan et al*? found that RBM38
affects p73 expression by regulating the stability of p73
mRNA in SW480 and HCT116 cells. Knocking down or
knocking out RBM38 decreased p73 expression, while
overexpression of RBM38 elicited the opposite effect.
Moreover, qRT-PCR analysis indicated that RBM38a
increased p73 expression by prolonging the half-life of
p73 mRNA. The integrity of the RNA-binding domain
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and the 118 C-terminal residues in RBM38 are essential
for the regulation of p73 mRNA stability. Studies have
also found that knocking down TAp73 and p2l either
alone or in combination can block the ability of RBM38
to inhibit growth and induce senescence. p73 is also
a member of the p53 family of RBM38-target genes. Yan
and colleagues proposed a new feedback loop based on the
mutual regulation between p73 and RBM38: under certain
stress signals, p73 was induced to transcribe and then
activate the expression of target genes, such as p2/ and
RBM38. In turn, RBM38 binds to and stabilizes the p73
and p2l transcripts. This positive feedback loop is
expected to be an effective target for overcoming tumor
defects in the p53 pathway.

RBM38 Induces Cell Cycle Arrest by
Stabilizing the P21 Transcript

p21 is a cyclin-dependent kinase inhibitor that is transcrip-
tionally regulated by the p53 family to induce cell cycle
arrest. It plays a key role in regulating the transition of
cells from G1 to S phase and from G2 to M phase.”

In the study by Shu et al’® of RKO and MCF7 cells,
RBM38 was required to maintain the stability of the p53-
induced expression of p21 transcript. After DNA
damage, p53 first mediates the elevation of RBM38§
expression, which can then induce high levels of p21
expression. This process is necessary for p21-mediated
cell cycle arrest. Conversely, the lack of RBM38 expres-
sion inhibits p21 accumulation caused by DNA damage.
RBM38 is also able to induce cell cycle arrest in Gl
phase by inhibiting miRNA activity and stabilizing the
p21 transcript. Both RBM38a and RBM38b can bind
directly to the 3'UTR of p21 mRNA, but only RBM38a
is capable of stabilizing the basal and stress-induced
expression of p21 transcript. RBM38a both promotes
the transport of p21 transcripts from the nucleus to the
cytoplasm and protects transcripts from cytosolic RNase
degradation. RBM38b is thought to help with this pro-
cess. In addition, the unique 108 residues in RBM38a
may interact with other proteins to regulate the stability
of p21 mRNA.

RBM38 and c-Myc Mutually Antagonize
Each Other in Breast Cancer

c-Myc is an oncogenic transcription factor involved in
many cellular processes, such as cell growth, cell cycle

control, metabolism, adhesion, differentiation and

apoptosis, and it plays an important role in the develop-
ment of cancer.>*

Studies have shown that RBM38 and c-Myc form
a mutually antagonistic RBM38-c-Myc feedback loop in
breast cancer. RBM38 contributes to the direct inhibition
of c-Myc expression, and inhibition of c-Myc in turn
inhibits RBM38 expression. RBM38 inhibits the protein
expression of c-Myc by directly targeting AREs in the 3’
UTR of c-Myc mRNA, thereby disrupting the stability of
the c-Myc transcript. Conversely, c-Myc regulates RBM38
expression in breast cancer cells by directly binding to the
E-box in the promoter region of the RBM38 gene.'*

RBM38, a Target of E2FI, Restricts

E2F[-Induced Proliferation
In higher eukaryotes, the E2F family of transcription fac-
tors plays a pivotal role in regulating cell proliferation.
These factors modulate cell cycle progression by modulat-
ing the expression of S phase-associated genes, which
have the ability to induce exit from G1 phase and entry
into S phase.*® The dysregulation of E2F activity caused
by pathway mutations is common in human tumors and
leads to uncontrolled cell proliferation, which is one of the
hallmarks of cancer.’>°

Feldstein et al®’ studied the complex regulatory rela-
tionship between RBM38 and E2F1. RBM38 is a direct
transcriptional target of E2F1, which regulates RBM38
expression by binding to its promoter. However, RBM38
is an E2F1-regulated transcriptional target that limits
E2F1-induced proliferation. RBM38 restricts the activity
of E2F1 by arresting cell cycle progression at the GI1-S
transition. These results showed that there is a negative
feedback loop between E2F1 and RBM38 that modulates
E2F1 activity: E2F1 directly activates RBM38 expression,
which in turn limits the proliferative function of E2F1.
This feedback loop was supported in subsequent experi-
ments in which inhibiting RBM38 expression increased
E2F1-mediated cell cycle progression, whereas activating
E2F1 resulted in an increase in RBM38 expression. In
addition, an analysis of patients with ovarian cancer
showed that this negative feedback cycle can restrict
tumor aggressiveness and promote the survival of patients.

RBM38 Inhibits Cell Growth by Enhancing

MIC-1 Stability

MIC-1 is a secreted cytokine directly regulated by p53,
and it plays an important role in cell proliferation,
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apoptosis, metastasis and angiogenesis via autocrine and
paracrine processes.”® MIC-1 exhibits two opposing
effects in tumors: tumor suppression and tumor promotion.
In the early stages of tumor development, MIC-1 inhibits
tumor growth, whereas in more advanced disease stages,
MIC-1 tends to promote tumor development.>

Studies by Yin et al®> showed that RBM38 is a positive
regulator of MIC-1 posttranscriptional expression. They found
that RBM38 overexpression increased MIC-1 transcript and
protein levels, while knockdown or knockout of RBM38
decreased MIC-1 transcript and protein expression in RKO
and MCF7 cells. In addition, overexpression and knockdown
of RBM38 had no effect on MIC-1 pre-mRNA levels, suggest-
ing that RBM38 regulates MIC-1 at the posttranscriptional
level. In addition, they discovered that RBM38 enhances the
stability of MIC-1 mRNA and inhibits cell proliferation by
binding to the ARE region within the 3'UTR of MIC-1 mRNA.
However, knockdown of MIC-1 reduced RBM38-induced
inhibition of cell proliferation, and this process was at least
partially mediated by p21.

The Role of RBM38 in Malignant

Tumors

RBM38 participates in the expression of genes involved in
biological processes in tumors through the above molecu-
lar mechanisms and thus participates extensively in the
development and metastasis of various tumors by playing
a role in tumor progression. Moreover, RBM38 expression
is distinct in different types of cancer, suggesting that the
role of RBM38 in tumors is multidimensional. As shown
in Table 2, exhaustive research on RBM38 in recent years
has revealed an important link between aberrant RBM38
expression and the development of cancer, resulting in
clarification of cancer formation mechanisms and provid-
ing a theoretical basis for treatment, suggesting that
RBM38 contributes to the assessment of disease develop-
ment. Thus, RBM38 has potential value in clinical appli-
cations as a therapeutic target and provides a new
developmental direction for cancer research.

RBM38 and Breast Cancer

Prior to the discovery of RBM38, Ginestier et al®
observed amplification of 20ql13 in a large number of
breast cancer tissues. Subsequent studies have confirmed
that the RBM38 gene is located at 20q13.31.%¢

Recently, many studies have reported that RBM38 acts

119

as a tumor suppressor in breast cancer. Xue et al ~ found

that RBM38 expression is silenced in breast cancer and is
associated with poor prognosis. Their study also showed
that knockdown of RBM38 promoted the proliferation and
invasion of breast cancer cells in vivo and in vitro. When
RBM38 is overexpressed, it inhibits the migration and
invasion of breast cancer cells by inducing cell cycle arrest
and inhibiting mutant p53-induced EMT. The analysis of
clinical breast cancer tissue samples showed that low
mRNA expression of RBM38 was associated with a late
clinical stage and high p53 mutation level, while low
protein expression of RBM38 corresponded to a large
number of lymph node metastases, a high level of p53
mutation and negative progesterone receptor (PR)
expression.

It is currently believed that RBM38 exerts anticancer
effects through the regulation of its downstream targets in

1?2 conducted in vivo and in vitro

breast cancer. Zhou et a
experiments showing that RBM38 can stabilize the expres-
sion of the estrogen receptor (ER) and PR, thereby regu-
lating the proliferation of breast cancer. There was
a significant correlation between RBM38 and ERa expres-
sion in breast cancer tissues, and there existed a regulatory
feedback loop between them: ectopic RBM38 expression
increased ERa transcription and expression in breast can-
cer cells, while ERa overexpression reduced RBM38 tran-
scription and protein levels. This feedback loop suggests
that RBM38 plays an important role in the regulation of
ERa in ER-positive breast cancer.

In addition, studies by Nicloas et al*' suggested that
RBM38 expression on adjacent CpG islands is silenced by
DNA methylation, which subsequently inhibits the ability
of p53 to activate its target genes and promotes tumor
development in wild-type p53 breast cancer.

PTEN is a tumor suppressor located on chromosome 10
and is a key regulator of the phosphatidylinositol-3-kinase
(PI3K)/AKT pathway. Its expression is closely related to
the phenotype, prognosis and drug selection in breast
cancer.’"** Zhou et al** suggested that PTEN expression
was positively correlated with RBM38 expression in
breast cancer tissues. RBM38 stabilizes PTEN transcripts
by binding to multiple AREs in their 3'UTRs. The
increased expression of PTEN, in turn, impairs RBM38-
mediated growth inhibition, suggesting that RBM38 may
exert tumor suppressive effects by upregulating PTEN
expression.

The above studies show that RBM38 is a functional
tumor suppressor in breast tumorigenesis and metastasis
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Table 2 RBM38 and Tumors

Expression | Tumor Function References

Low Breast RBM38 acts as a tumor suppressor by reducing c-Myc and enhancing PTEN expression. It participates | [14,19,22]
cancer in the tumorigenesis process by decreasing the ability of p53 to activate its target genes and regulate

the expression of ER and PR.

Low HCC RBM38 restores the stability of the p53-mdm2 loop. [16,64]

High Lung RBM38 promotes lung cancer by inhibiting the translation of p53. [65]
cancer

Low Gastric The details need further research. [23]
cancer

Low AML RBM38 stabilizes P21CIP| to suppress AML. [20]

High Lymph RBM38 plays a role in lymphomagenesis by inactivating p53. [24]
cancer

Low Renal RBM38 binds to and stabilizes p21 mRNA, thereby inducing cell cycle arrest in the G| phase. [21]
carcinoma

and may be a potential target for breast cancer treatment or

prognosis.

RBM38 and Liver Cancer

In recent years, studies have also shown that RBM38 plays
a tumor suppressor role in liver cancer development.

The mdm2-p53 pathway is frequently dysregulated in
HCC. A number of studies have reported that mutations in
the mdm2 and p53 genes usually lead to mdm?2 stabiliza-
tion and p53 degradation, thereby destroying the mdm2-
p53 balance and promoting HCC.'>%® Ye et al'® found that
RBM38 was a core molecule stabilizing p53-mdm2 loop
function; in HCC samples, RBM38 was inactivated, mdm2
expression was increased, and wild-type p53 expression
was decreased, all of which eventually disrupted the bal-
ance of the p53-mdm2 feedback loop. Conversely,
increased RBM38 expression inhibits mdm2 expression
and restores wild-type p53 expression in hepatoma cells.
RBM38 also directly suppresses the proliferation, migra-
tion and invasion of liver cancer cells in vitro. In vivo
experiments showed that RBM38 exerts a certain inhibi-
tory effect on the tumorigenicity of liver cancer in nude
mice. The above in vitro and in vivo studies show that
upregulation of RBM38 expression may alter the biologi-
cal activities and progression of liver cancer in part by
inhibiting mdm2 expression and rescuing wild-type p53
levels.

In a study of liver cancer by Ding et al®* the expression
level of RBM38 in liver cancer tissues was significantly

lower than that in paired adjacent tissues and was nega-
tively correlated with serum alpha fetoprotein (AFP)
levels, further confirming that RBM38 plays a tumor sup-
pressive role in liver cancer. The authors also thought that
RBM38 was a target of inhibition by HORAIR. HORAIR
is a long noncoding RNA (IncRNA) that can promote the
migration and invasion of liver cancer by inhibiting
RBM38. This indicates that RBM38 exerts a tumor-
suppressive effect through various mechanisms in the pro-
gression of liver cancer.

RBM38 and Lung Cancer

Shang et al®® found that the mRNA and protein expression
levels of RBM38 and p53 in lung adenocarcinoma tissues
were higher than those in adjacent noncancerous tissues,
and the expression of both genes showed a correlation
with TNM staging. With increasing RBM38 protein
expression, p53 protein expression decreases. It is specu-
lated that RBM38 promotes the development of lung can-
cer by inhibiting the translation of p53 mRNA, suggesting
that RBM38 has
a therapeutic target for lung adenocarcinoma.

potential application value as

RBM38 and Gastric Cancer

In a study of gastric cancer, Wang et al*> found that the
proportion of gastric cancer tissues with high RBM38
protein expression was significantly lower than that of
adjacent tissues, and the protein expression of RBM38§
was related to tumor size, depth of invasion, lymph node
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metastasis and TNM stage. In addition, low RBM38
expression was associated with poor prognosis in patients
with gastric cancer. The results of this experiment suggest
that RBM38, as a tumor suppressor gene, plays a vital role
in the development of gastric cancer and is a potential
marker in the diagnosis and prognosis of gastric cancer.

RBM38 and Hematological Malignancies
In recent studies, abnormal RBM38 expression was observed
in acute myeloid leukemia (AML), acute promyelocytic leu-
kemia (APL), chronic lymphocytic leukemia (CLL), lym-
phoma and other malignant hematological diseases,
suggesting that RBM38 likely plays a critical regulatory
role in the pathogenesis of these diseases. AML is
a myelopoietic stem cell disease that causes differentiation
disorders at different stages of myelopoiesis. Wampfler et al*
found that RBM38 mRNA levels were significantly lower in
AML blasts than in healthy mature neutrophils, suggesting
that RBM38 has a potential role in the pathogenesis of AML.
However, knockdown of RBM38 attenuated NB4 neutrophil
differentiation, suggesting that RBM38 is required for neu-
trophil differentiation. At the same time, knockdown of
RBM38 also decreased the mRNA expression of p21CIP1,
a cell cycle inhibitor that is stabilized by RBM38 and is
capable of inducing normal differentiation of APL cells.®®
RBM38 may antagonize the activity of AML tumor cells by
protecting p21CIP1 and also act as an essential factor in the
normal differentiation of neutrophils.*’

RBM38 is presumed to play a role in the progression of
lymphoma. Canine lymphoma is clinically and morphologi-
cally similar to human lymphoma and has been used as
a clinical research model for studying cancer treatment and
prevention. Zhang et al** found that RBM38 was frequently
overexpressed in canine lymphomas and was associated with
a decrease in p53 expression. Their study demonstrated that
the RBM38-p53 regulatory loop is conserved in dogs and
that RBM38 may play a procancer role in the development of
lymphoma by contributing to p53 inactivation. Overall,
RBM38 may play a central role in hematological malignan-
cies and has potential as a target of future treatment.

RBM38 and Kidney Cancer

Similarly, RBM38 has also been found to act as
a suppressor of kidney cancer. Huang et al*' observed
that RBM38 is decreased in renal cell carcinoma tissues
and cell lines. Overexpression of RBM38 can reduce the
growth rate of renal cell carcinoma and the number of
colonies formed by renal cell carcinoma cell lines,

whereas knockout of RBM38 can elicit opposing effects.
In vivo experiments showed that the incidence of tumors
in the RBM38-positive group was lower than that in the
control group, and the anticancer effect was induced by
RBM38 binding to p21 in renal cell carcinoma cells to
induce cell cycle arrest at G1 phase.

In addition, the same research group found that RBM38
inhibited EMT by upregulating E-cadherin expression and
downregulating B-catenin expression, thereby suppressing
the migration and invasion of renal cancer cells. Moreover,
patients with low RBM38 expression had a shorter survival
time than those with higher expression, suggesting that
RBM38 can be used as an independent prognostic indicator
for the survival of patients with renal cancer.”'

Conclusions

In summary, RBM38 is an RBP that plays an important role
in the posttranscriptional translation of multiple RNAs. At
present, RBM38 is known to bind to the ARE on the 3'UTR
of various mRNAs, thereby regulating the expression of
related genes and thus providing an important influence on
the occurrence and development of malignant tumors.
Therefore, RBM38 is expected to become a potential target
for cancer diagnosis and treatment in the clinic as well as
a specific biomarker for estimating prognosis. In recent
years, some progress has been made in RBM38 research;
however, due to the complexity of the RBM38 regulatory
mechanisms and tumor development, there are still many
issues that require attention. It is believed that the in-depth
study of RBM38 in the future will further clarify its mole-
cular mechanisms, which could be applied to the develop-
ment and clinical use of targeted drugs.
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