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RNA-binding proteins (RBPs) are key regulators of transcription and translation, with highly dynamic spatio-
temporal regulation. They are usually involved in the regulation of RNA splicing, polyadenylation, and mRNA
stability and mediate processes such as mRNA localization and translation, thereby affecting the RNA life cycle and
causing the production of abnormal protein phenotypes that lead to tumorigenesis and development. Accumulating
evidence supports that RBPs play critical roles in vital life processes, such as bladder cancer initiation,

progression, metastasis, and drug resistance.
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| 1. Introduction

Tumor formation in humans is an extremely complex and multi-stage process that typically occurs over years or
decades. The histiocytes of normal individuals gradually develop into tumors with malignant phenotypes through
evolution, through a process called tumor progression. Tumors can occur in various tissues of the human body,
and the incidence increases with age. Only in very rare cases do cancerous cells progress to clinically visible tumor
tissue with occupying lesions. Tumor progression is closely related to epigenetics, RNA post-transcriptional
modification, protein post-translational modification, and other life processes. Tumors are not only regulated by
these life processes but are also affected by normal biochemical reactions, reshaping cellular life activities and

ultimately giving cells the ability to proliferate indefinitely.

Bladder cancer is the commonest malignant tumor in the urinary system. According to cancer statistics released in
2023, the estimated incidence of bladder cancer in the United States is 82,290 cases, and the mortality rate is
16,170 cases . The incidence is higher than that in 2022, while the mortality is slightly lower than that in 2022 [2,
According to the report published by China, the incidence of bladder cancer in 2020 was 91,893 cases, with
mortality in 42,973 cases [2l. Bladder cancer is a broad concept that encompasses everything from low-risk non-
muscle-invasive bladder cancer to high-risk primary invasive bladder cancer. Low- and intermediate-risk non-
muscle invasive bladder cancer (NMIBC) patients face high recurrence rates, with 5-year event-free survival rates
reaching 43% and 33% 4. Metastasis of bladder cancer is a catastrophe that 50-70% of muscle invasive bladder
cancer (MIBC) patients have to face, and given the extremely high metastasis rate, the 5-year overall survival rate
for advanced MIBC is 4.8% [,
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RBPs play crucial roles in the regulation of cellular life processes, especially RNA splicing, modification, transport,
localization, stabilization, degradation, and translation. Certain RBPs are expressed in a variety of cells to maintain
essential cellular functions. Altered structure or disturbed expression of RBPs may cause different diseases, and
this concept is reflected in tumorigenesis 8. Given that RBPs can regulate post-transcriptional RNA, they can
rapidly and efficiently alter gene expression in response to changes in the microenvironment. A single RBP can
bind multiple targets, and different combinations of several RNP interactions contribute to enhanced cellular
recognition and responses to stress . In addition, RBP can promote mRNA translation by recruiting specific
translation signaling molecules 8. By contrast, RBPs involved in the RNA-induced silencing complex can inhibit

target mRNA translation while inducing its degradation 210,

| 2. RNA Binding Motif 3 (RBM3)

RBM3 is a glycine-rich cold shock protein whose expression can be stimulated by hypothermia, ischemia, or
hypoxia 1122131 RBM3 has two highly conserved RRMs, namely RNP1 and RNP2, at the N terminus and an
arginine-glycine-rich domain (RGG) at the C terminus 24!, The RGG structural domain mainly regulates the process
of RNA cleavage and polyadenylate cyclization 13, The RGG structural domain, especially the part with arginine
residues, is essential for mMRNA export, because the absence of a single arginine residue in the RGG structural
domain can interrupt the shuttling process of RBM3 between the nucleus and cytoplasm 1326l RBM3 performs

four main functions in tumors.

RBM3 can bind and affect the translation of mRNA. It influences mRNA stability and the translation of COX-2,
interleukin (IL)-8, and vascular endothelial growth factor (VEGF) 2. In general, RBM3 facilitates the translation of
various mRNAs into proteins LEIIX7I18] This promotion includes the following mechanisms: (1) binding to the 60S
ribosomal subunit in an RNA-independent manner [£&: (2) increased formation of active polyribosomes 17; (3)

dephosphorylation of eukaryotic initiation factor (elF2a); (4) promotion of elF4E phosphorylation 28],

Under low-temperature conditions, RBM3 can alter miRNA levels and thus promote protein translation. RBM3
binds to a precursor miRNA and facilitates its processing by the Dicer complex to form a mature double-stranded
miRNA 19, The regulation of miRNAs by RBM3 is two-sided: it can positively regulate most miRNAs, but reducing
the level of RBM3 can promote the expression of a small number of temperature-sensitive miRNAs, thereby
preventing pathological hyperthermia 2%, These results suggest that RBM3 is essential for the mitotic process of

cells.

RBM3 can play a regulatory role in the cell cycle of G2/M transition. In colorectal cancer cells, RBM3 induces stem
cell proliferation through a mechanism that increases -catenin signaling by inhibiting glycogen synthase kinase-3
beta kinase activity [21l. By contrast, knockdown of RBM3 expression in the human HCT116 colon cancer cell line
caused increases in caspase-dependent apoptosis, nuclear cyclin B1 expression, and Cdc25c, Chkl, and Chk2
phosphorylation levels, which are a series of alterations suggesting that downregulation of RBM3 will prevent cell

mitosis 2. In vivo, embryonic fibroblasts from RBM3-deficient mice showed a significant increase in the number of
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cells in the G2 phase [22. These conclusions can also explain the higher sensitivity of tumors with a high RBM3

expression to chemotherapy than those with low or negative expression 23],

When cells receive various external stimuli, unfolded proteins accumulate in the lumen of the endoplasmic
reticulum and activate the unfolded protein response (UPR) to rescue cells. Sustained and/or intense endoplasmic
reticulum stress (ERS) induces apoptosis 24, The protein kinase R-like endoplasmic reticulum kinase (PERK)-
elF2a-C/EBP-homologous protein (CHOP) signaling pathway plays an important role in UPR-induced apoptosis
(23] Under sustained ERS, RBM3 can inhibit the phosphorylation of PERK and elF2a, causing a decrease in the
expression of CHOP and inhibiting UPR to avoid apoptosis 28, This condition may be the reason why the UPR
does not induce apoptosis despite its low-temperature activation; low-temperature-induced RBM3 may play an

important role in this process [27. Hypothermia can also alleviate ischemia-induced apoptosis by inhibiting the UPR
28],

In bladder cancer, the role of RBM3 is similar to that in other tumors. A clinical retrospective study including 259
bladder cancer patients showed that the low expression of RBM3 was an independent factor for poor prognosis of
bladder cancer 22; this finding is closely related to the progression of bladder cancer and decreased overall
survival of patients 2. A similar study revealed that patients with a high expression of RBM3 were associated not
only with a low tumor grade but also with a low risk of lymphovascular invasion (lymph node invasion) 1. The
effect of RBM3 on bladder cancer may depend on several factors: (1) the expression level of RBM3 is closely
related to tumor stage; (2) RBM3 silencing can increase the number of G2/M stage cells and eventually lead to

apoptosis [23: (3) RBM3 directly binds to a variety of mRNAs, thus regulating the activity of multiple kinases in
tumors [821[33],

| 3. LIN28

LIN28 is a highly conserved RNA-binding protein in eukaryotes 4. In a variety of mammals, including humans,
LIN28 is divided into LIN28A and its homologous molecule, LIN28B 22!, Human LIN28A is encoded by the Lin28a
gene, which is located on chromosome 1p36.11 and is mainly expressed in embryonic stem cells and embryonic
carcinoma cells B8E7 | IN28B is encoded by the Lin28b gene on chromosome 6¢21 and is mainly expressed in
the testis, placenta, and other tissues 2228l | IN28A and LIN28B have highly similar protein structures: both have
two functional domains, namely a cold shock protein domain (CSD) and a retroviral zinc finger (cys-cys-his-cys,
CCHC) domain 361 After mutation of either domain, the other domain still has the function of binding RNA,
suggesting that CSD and CCHC can participate in the RNA binding of LIN28 B2, LIN28 protein is mainly localized
in the cytoplasm B4, However, it can also be present in RNPs, polyribosomes (polysome), P vesicles, and stress
granules 49, Meanwhile, LIN28B is mainly located in the nucleus, and it may exert its biological function through
the cytoplasmic microprocessor 2. However, the expressions of LIN28A and LIN28B are mutually exclusive, and

tumor cells expressing LIN28A do not express LIN28B, and vice versa 41,

The miRNA let-7 family contains 12 miRNA members, which act as tumor suppressors and inhibit the expression of

a variety of important oncogenes (including Ras, Myc, and so on) by binding to their 3' untranslated regions [£2143]
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(441 This function of let-7 is regulated by the RNA-binding protein LIN28 43, Overexpression of LIN28A or LIN28B
is associated with a variety of tumors, leading to increased tumor aggressiveness and poorer prognosis (48],
LIN28B has also attracted considerable attention as one of the downstream genes of nuclear factor (NF)-kB [,
LIN28A and LIN28B can inhibit the expression of oncogenes, such as Ras and Myc, by inhibiting let-7-miRNA 48]
(49 MiRNA let-7 acts as the main effector molecule of LIN28A and LIN28B, with which they form multiple feedback
loops: (1) LIN28BA/B can inhibit the maturation of let-7 through various mechanisms, whereas let-7 can inhibit the
translation of LIN28A/B at the post-transcriptional level, reducing the protein expression level BY: (2) after
LIN28A/B inhibits the maturation of let-7, the inhibition of c-Myc by let-7 is relieved, and c-Myc can promote the
transcription of LIN28A/B, forming a positive feedback loop 2152: (3) NF-kB can induce the expression of LIN28B,
and LIN28B inhibits the maturation of let-7, thus releasing the inhibitory effect of let-7 on the expression of IL-6,
which can activate the expression of NF-kB, forming a positive feedback loop. Thus, linking inflammation and

tumor further reveals the role played by inflammatory factors in the malignant transformation of cells (Figure 1) 531,

c-Myc |
/\ ()
( — MiR-let-7 /\
NF-«B |

Figure 1. Transcriptional networks that regulate LIN28B expression. LIN28B expression is lost. In adult mammals,
only a small subset of somatic cells exist where LIN28B expression occurs. Several transcription factors, such as
MYC and NF-kB, promote LIN28B transcription, while REST and ESE3/EHF are transcriptional repressors. IL-6:

interleukin-6, RAS: Resistance to audiogenic seizures, NF-kB: nuclear factor kappa-B, MYC: MYC protooncogene.

| 4. HUR
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HuR is an embryonic lethal abnormal vision gene that includes four family members: HuB, HuC, HuD, and HuR.
The first three are expressed mainly in neural tissues and germ cells and are associated with neurodevelopment,
whereas HuR is commonly expressed in all human cells B4, The human HuR gene (hHuR) is located on
chromosome 19p13.2, which is closely related to chromosomal translocations and tumor carcinogenesis in human
tumors B2, HUR contains three RRMs and a hinge region in which RRM1 and RRM2 bind to adenine- and uracil-
rich elements (AU-rich elements, ARES) in the target mMRNA. By contrast, RRM3 can bind to the polyadenylate tail
of the target mMRNA. In normal conditions, AREs can accelerate the poly-A tail of mMRNA to undergo deadenylation
to destabilize mRNA 28 Therefore, when HUR protein binds to these AREs, it can inhibit its own deadenylation and
help mRNA to be protected from nuclease degradation during mRNA transport from nucleus to cytoplasm, thereby
increasing MRNA stability and promoting mRNA translation; thus, HUR plays a role in post-transcriptional regulation
[B6I571 The hinge region between RRM2 and RRM3 contains a 52-amino-acid HuR nucleoplasmic shuttling
sequence, which is the main motif for post-translational modification of HUR and a key region for nucleoplasmic
transport (Figure 2) 28159,
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Figure 2. Nucleoplasmic transport of HUR. HuR is mainly distributed in the nucleus, but when stimulated by factors
such as microenvironmental changes, HuUR can bind to target mRNA to form a HUR-mRNA complex, which protects
the target mRNA from degradation by nucleic acid exonucleases and transfers it from the nucleus to the cytoplasm
via HNS. Subsequently, HUR dissociates from the target mRNA and rapidly returns to the nucleus with the
assistance of transporter proteins such as importin al. Nucleoplasmic translocation of HUR increases the stability

of the target mRNA, promotes mRNA translation, and causes a variety of inflammatory phenotypes, ultimately
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promoting tumor formation and progression. RRM: RNA recognition motif, HUR: human antigen R, HNS: HuR

nucleoplasmic shuttling sequence.

| 5. Heterogeneous Nuclear RNPs (hnRNPs)

HnRNPs act as RBPs by binding to pre-mRNA to form the hnRNP—-RNA complex. Subsequently, they become
involved in the processes of mMRNA splicing, translation, transport, and biodegradation 4. HhnRNPs can be further
subdivided into several subgroups, named in order from A to U, with relative molecular weights ranging from
34,000 kD to 120,000 kD 81162 HnRNPs have four unique RBDs: RRMs, quasi-RRM, the arginine glycine cluster
(RGG box), and the nuclear protein KH structural domain 318465 Two highly similar RRMs form a Bofpaf
structure in eukaryotic cells, and they contain two highly conserved shared RNP sequences 8. Although these
RRMs are highly similar, a significant difference exists in their affinity for RNA binding. In most cases, the RRMs
preferentially bind RNA and can recognize longer motifs, whereas quasi-RRMs bind weakly and mainly assist in
the binding of proteins to RNA. However, the disruption of RRM interactions or loss of either binding capacity can
affect the function of hnRNPs &7, The RGG region is the main auxiliary region of hnRNPs and mainly mediates the
interaction of homologous or heterologous proteins with hnRNPs 3, The KH domain forms the structure of
BaapPa, whose function is related to the splicing of target mRNAs 88l In addition, several hnRNAs have a
nucleoplasmic shuttle function, and they can form complexes with pre-mRNAs to assist mRNAs in the
nucleoplasmic transport process (Figure 3) 2. The M9 sequence is a special class of nucleoplasmic shuttle
sequence that is distinct from the traditional NLS and is responsible for the bidirectional regulation of the transport
of hnRNPs with shuttle function from the nucleus to the cytoplasm 9. The nucleocytoplasmic shuttling function of
hnRNPs relies on the complete M9 sequence. Single-amino-acid site mutations can disrupt normal protein input
and output processes L. A part of the hnRNP also has several auxiliary sequences, such as Gly- and Pro-rich
domains, which mediate protein—protein interactions, subcellular localization, and other functions 61, Table 1

shows the structural and functional characteristics of the main members of the hnRNP family.
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Figure 3. The way in which LncRNA interacts with hnRNP to regulate gene expression. LncRNA interacts with
hnRNP to induce or inhibit gene expression; LncRNA regulates genome structure through interaction with hnRNP
and indirectly affects gene expression; the interaction between INncRNA and hnRNP controls the stability and

translation of mRNA.

| 6. Others

Although four types of RBPs have been listed for their roles and functions in bladder cancer, more RBPs have
been identified and reported in bladder cancer, including insulin-like growth factor messenger RNA binding protein
3 (IGF2BP3), nucleolin (NCL), and quaking (QKI). Moreover, it is reported that Fragile X-related gene 1 (FXR1)
was identified as a novel cancer driver gene in urothelial carcinoma of the bladder (UCB) [72): circ-SLC38A1

promotes BC cells invasion in vitro and lung metastasis in vivo in mice (23],

6.1. IGF2BP3

IGF2BP3 is a member of the IGF2BP family, and its members all contain 2 RRM and 4 KH domains in their
structure; these 4 KH domains are all binding GGC sequences (74 under normal or stress conditions, members of
the IGF2BP family can act on target mMRNAs in an N6-methyladenosine-dependent manner, promote their stability,
and increase their intracellular content, thereby affecting gene expression [5I76] - However, currently, only IGF2BP3
has been reported in bladder cancer. The chromosomal localization of IGF2BP3 is 7p15.3.IGF2BP3, which is a
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typical multi-domain RNA-binding protein with specificity and diversity in recognizing targets and provides a good

paradigm for the multivalent interactions of multi-domain RNA-binding proteins 2.

Compared with IGF2BP3, which has been widely reported in a variety of tumors such as breast, liver, and
gastrointestinal tract tumors, pancreatic cancer, and lung cancer 8 knowledge on its role in bladder cancer is
limited. Regardless, IGF2BP3 is highly expressed in bladder cancer patients and independently associated with
bladder cancer recurrence, cancer-specific mortality, and all-cause mortality /2. Knocking down the expression of
IGF2BP3 in bladder cancer can increase apoptosis and induce cell cycle arrest, implying that it originally promoted

cell proliferation via inhibiting apoptosis and regulating cell cycle 89,

6.2. NCL

NCL is one of the abundant proteins in the nucleolus, and it is widely distributed in the nucleolus, nucleoplasm,
cytoplasm, and cell membrane of eukaryotic cells, participating in a variety of biological processes B, NCL is
mainly distributed in the nucleus, is responsible for the transcription of rDNA, and has various roles in the
biogenesis of ribosomes, including RNA polymerase | transcription, pre-rRNA processing, and ribosome assembly
(82 The human NCL gene is a haploid genome located on 2q12-qter, consisting of 14 exons and 13 introns 3],
The N-terminal domain of the NCL is majorly involved in DNA regulation and protein-to-protein reactions, and this
region also contains a variety of highly phosphorylated sites that can be involved in cell cycle regulation 2l The
central domain holds four RRMs that bind to and regulate the transcription of specific mMRNAs 4. The C-terminal
sequence and arrangement of NCL is not conserved, and its length is variable, usually interspersed with a large
number of glycine, arginine, and phenylalanine residues; its main function is to help NCL interact during larger or
more complex RNA localization 2. NCL is highly expressed in a variety of tumors [88: besides promoting tumor
proliferation (78I it js an important anti-apoptotic protein that maintains tumor cell survival B3RP NCL

has also been reported to be involved in various processes, such as angiogenesis [24I351196] jnfiltration, and
metastasis 27E8I9100] of tymors.

In bladder cancer, increased expression of NCL boosts its aggressiveness and promotes its pulmonary metastasis
[101] ' \hereas blocking NCL expression in bladder cancer can inhibit bladder cancer proliferation and invasion (202
(203][104] 'However, the target MRNAs of NCL in bladder cancer, such as Rho factor 1912021 and/or MMP-2 193] gre
also diverse. In addition, NCL has the potential to promote tumor proliferation by promoting the function of
epidermal growth factor receptor 2241951 The role played by NCL in bladder cancer is far less clearly explained
than other tumors, and this area needs more research input. Regardless, the treatment targeting NCL has great

potential in bladder cancer.

6.3. QKI

QKI protein is a subfamily of the signal transduction and activation of RNA (STAR) family (2281, The STAR protein
family plays an important role in embryogenesis, tissue, and organ development 1971081 The human Qki gene is

localized on chromosome 6 and has nine exons, which can produce at least five transcripts by different splicing
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methods (229, Three of the main transcripts are the most important, as they are named Qki-6, Qki-6, and Qkil-7 due
to their sizes (5, 6, and 7 kb, respectively). The structure of QKI proteins is highly homologous to other members of
the STAR family, with similar domains: an RRM (KH domain) flanked by QUA1 and QUA2 domains 199, The QKI-5
protein is mainly localized in the nucleus, where it can bind to target mMRNAs and retain them in the nucleus. This
condition is possible because QKI-5 contains a nuclear localization signal peptide at its C-terminus, whereas QKI-6
and QKI-7, which lack this signal peptide, are mainly localized in the cytoplasm and are involved in target mMRNA
transport and regulate its stability 119, The reason why QKI proteins can bind to target mRNAs is that these
MRNASs have a sequence that can be specifically bound by QKI, namely 5-A(C/A)UAA-3'; hence, this sequence is
also called a quaking response element (QRE) 22, Bjoinformatic analysis showed that QKI can interact with more
than 1000 mRNAs with QRE, and most of these are important molecules in cell-directed differentiation,
proliferation, metastasis, and apoptosis L1112 QK| has a low expression in a variety of malignancies, and
overexpression of QKI inhibits the proliferative, invasive, and migratory capacities of these tumors and promotes
their apoptosis SIS Thys, QKI may play an important role as an oncogenic factor in the

development of malignant tumors.

In bladder cancer, the low expression of QKI is associated with advanced tumor TNM staging and poor overall
survival, whereas its overexpression inhibits the ability of bladder cancer cells to grow and invade (18 The
oncogenic mechanism of miRNA-362-5p in bladder cancer is also related to QKI, which can promote the
proliferative and invasive effects of bladder cancer via targeting binding and reducing QKI 129, Cancer-associated
fibroblasts (CAFs) are also an important component of the tumor microenvironment, secreting microfibrillar-
associated protein 5 (MFAP5), a component of elastic microfibers, which is also an oncogenic factor in a variety of
tumors 229 promoting tumor cell proliferation, invasion 121 and recruiting new blood vessels 1221, |n bladder
cancer, QKI can directly target binding to MFAP5 in CAFs and downregulate its expression, thus limiting
tumorigenesis and progression 1231, The expression level of QKI in malignant tumors can be used as an important
indicator to predict the occurrence and development of cancer, and it is expected to become a new target for tumor
therapy, including that of bladder cancer. However, how to apply it effectively and precisely in clinical diagnosis and
treatment needs further research. In particular, the functional differences between the subtypes of QKI in

tumorigenesis development are rarely reported.
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