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Abstract: Post-transcriptional modifications to coding and non-coding RNAs are unquestionably a
pivotal way in which human mRNA and protein diversity can influence the different phases of a
transcript’s life cycle. CELF (CUGBP Elav-like family) proteins are RBPs (RNA-binding proteins) with
pleiotropic capabilities in RNA processing. Their responsibilities extend from alternative splicing and
transcript editing in the nucleus to mRNA stability, and translation into the cytoplasm. In this way,
CELF family members have been connected to global alterations in cancer proliferation and invasion,
leading to their identification as potential tumor suppressors or even oncogenes. Notably, genetic
variants, alternative splicing, phosphorylation, acetylation, subcellular distribution, competition with
other RBPs, and ultimately lncRNAs, miRNAs, and circRNAs all impact CELF regulation. Discoveries
have emerged about the control of CELF functions, particularly via noncoding RNAs, and CELF
proteins have been identified as competing, antagonizing, and regulating agents of noncoding RNA
biogenesis. On the other hand, CELFs are an intriguing example through which to broaden our
understanding of the RBP/noncoding RNA regulatory axis. Balancing these complex pathways in
cancer is undeniably pivotal and deserves further research. This review outlines some mechanisms
of CELF protein regulation and their functional consequences in cancer physiology.

Keywords: CELF proteins; RNA-binding protein; noncoding RNA; cancer

1. Introduction

RNA-binding proteins (RBPs) orchestrate crucial aspects of RNA biology in many
sets of targets. Global post-transcriptional modifications through RBPs, which are present
in almost all organelles of a cell, can exert rapid cellular effects in response to external
or internal stimuli. The widespread functions of RBPs range from splicing, localization,
modification, stability, and translation of coding and noncoding RNAs [1]. In human cells,
it is expected that approximately 1500 RBPs associate with over 33 million interactions
in 3′UTR binding sites [2]. RBPs’ multifunctionality, their broad number of targets and
subcellular location, as well as their tight interactions with other RBPs and noncoding
RNAs, make them a challenging field to research, especially in cancer, where modifications
in the expression, mutations, and copy number variations of RBPs can have a significant
impact on their performance [3,4].

The CUGBP, ELAV-like family (CELF) of proteins are a kind of RBP that features
cytoplasmic and nucleolar distribution and, like most other RBPs, they have broad and
diverse roles in RNA regulation. The expression of CELF1 and CELF2 is detected in
almost all tissues; however; their patterns can change in different developmental and
differentiation stages. CELF3-6 are mostly present in neurons, and CELF6 can also be
found in the kidneys and the testes [5]. All six members of this family feature three RRMs
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(RNA Recognition Motifs) with unique divergent linker domains, which let them attach
to downstream targets [6]. CELF proteins are involved in RNA splicing through binding
to the upstream or downstream intron of an alternative exon to mediate exon skipping
or inclusion. They are also abundant in the 3′UTR of transcripts associating with mRNA
decay or translation [7,8].

Non-coding RNAs of various kinds can directly or indirectly target CELF proteins;
additionally, these RBPs can significantly alter non-coding RNAs in many ways, forming
the noncoding RNA/CELFs regulatory axis. Long noncoding RNAs (lncRNAs), micro
RNAs (miRNAs), and circular RNAs (circRNAs) are three forms of noncoding RNAs
whose expression may be modified, and that can either promote or prevent carcinogenesis.
LncRNAs with a length of longer than 200 nucleotides are transcribed by RNA polymerase
II and preferentially stay in the nucleus to perform the regulation of gene expression and
splicing [9]. MiRNAs are typically 20–23 nucleotides long, with the seed region for base
pairing to target mRNAs located in seven or eight nucleotides at the 5′ end of the miRNA.
The expression of a target mRNA is expected to bear a modest or strong reduction upon
the binding of one miRNA or multiple miRNAs, respectively [10]. Lastly, circRNAs can be
found broadly in almost all cells and tissues; they are mainly distributed in the cytoplasm
and, rarely, in the nucleus. They can function as RNA sponges, nucleators of multiprotein
complexes, or even transcriptional regulators [9].

The noncoding RNA/RBPs’ regulatory axis has its own complexity, given the many
roles and interactions of both RBPs and noncoding RNAs. Each side of this axis has
regulatory implications for the other and many additional objectives. The various activi-
ties of CELF RBPs, their regulation, and their significance in the noncoding RNA/RBPs’
regulatory axis are highlighted in this review.

2. General Characteristics of the CELF Protein Family

So far, six CELF RBPs have been discovered, with a nomenclature ranging from
CELF1 to CELF6. Based on their phylogenetic structure and expression pattern, these
members may be divided into two subfamilies: CELF1-2 and CELF3-6. CELF1 and CELF2
are extensively expressed in numerous tissues throughout the human body, but CELF3
through 5 are mostly found in the neurological system. CELF6 is most often found in
the nervous system, the kidneys, and the testes [5,11,12]. All six members have a similar
structure that includes three RRMs (RNA Recognition Motifs), two in the N-terminal
and one in the C-terminal, as well as a divergent linker region that can improve RBP
binding affinity through conformational variations. The nuclear localization signal, which
comprises a lysine/arginine-rich region in the C terminal and a region important for nuclear
export in the linker domain, are two other key structures [6,13,14]. A serine/threonine-rich
phosphorylation area within the CELF1 and CELF2 linker domains could change their
affinity for binding to target mRNAs [15,16]. However, there are no reports regarding
the phosphorylation of CELF2 at this site. Apart from phosphorylation, the acetylation
of the lysine436 residue inside the third RRM motif has been shown to influence CELF
protein–protein interactions and mRNA affinity [17,18]. There are few studies in relation to
the evolution of the CELF family members; however, their presence in xenopus, zebrafish,
and mammals is clear evidence of their ontological importance and their conservation.
During embryonic development CELF1 localizes in the vegetal pole of zebrafish and CELF2
in the animal pole [19,20]. This compartmentalization suggests that each protein performs
different functions and, therefore, that they must have separated very early in evolutionary
terms. Future works about the evolution and function of CELF proteins would clarify how
and why these proteins arose.

By generating different isoforms, the alternative splicing process modifies the struc-
ture, expression, cellular location, and functional properties of CELF family members. For
example, CELF2 features three promoters that create three distinct isoforms, each of which
features a unique N-terminal sequence and 5′UTR [21]. CELF2 loses its RNA binding
capacity when exon 14 is skipped; moreover, exon 9 skipping is reported for CELF4 [21,22].
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Alternative splicing on 3′UTRs and C termini of CELF2 and CELF5 may affect their regula-
tion and function [6]. Figure 1 illustrates the structure and conservation of all six proteins
of the CELF family. Reported phosphorylation and acetylation sites are obtained from
PhosphoSitePlus [23].
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share the same domain structure comprising 3 RRMs and a divergent domain. Phosphorylation and acetylation sites are
also shown. (B) Comparisons of the protein sequences suggest three clear branches for the evolution of CELF members.
One branch for CELF1, other for CELF2 and a third for the group 3 to 6.

CELF proteins are found in the cytoplasm and nucleus, but they can also be found
in stress granules, RNA neuronal granules, and on the PNC (peri-nuclear compartment)
under specific circumstances [6,24,25]. As observed most clearly in skeletal muscle loss [26],
CELF action remarkably depends on cellular location. CELF2 appears to be primarily or
entirely nuclear, unlike CELF1, which is expressed in both the nucleus and the cytoplasm.
As a result, despite the fact that they may bind to similar sequences, CELF2 and CELF1 are
predicted to have distinct impacts on RNA processing [7,27].

CELF RBPs are primarily involved in alternative splicing and transcript editing in
the nucleus. Members of this family are all potential global alternative splicing regulators
by generally recognizing CUG and UG-repeat elements [28,29]. According to a genome-
wide interaction analysis between CELF1 and its target RNAs, this RBP’s distribution at
exon-intron borders, 3UTR, and even exonic regions can comprehensively affect alternative
splicing events [8,29]. However, more complex CELF1 binding sites are occasionally
required for more specialized splicing processes. An alternative 3′UTR splicing site with
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two CELF1 binding sites separated by a long intron is required to regulate the mPGES-1
isoforms [30]. Similarly, CELF2 has been identified as an alternative splicing factor for a
high number of genes [31]. As observed for exon 6 of LEF1 (Lymphoid Enhancer Binding
Factor) and exon 2 of MKK7 (Mitogen-Activated Protein kinase 7) transcripts, CELF2
binding to a downstream or upstream region of an alternate exon can result in that exon
being either included or excluded, respectively [7]. CELF2 is additionally a regulator
of 3′ UTR intron retention by competing with the U2-auxiliary factor (U2AF65) subunit.
Notably, CELF2 mediates the 3′ UTR intron retention of its own transcript, as well as many
others [32]. Lastly, CELF2 has been found to be involved in another nuclear function:
blocking the C to U editing of apolipoprotein B (APOB) RNA, a process that may be
stimulated by CELF2 knockdown [33].

In the cytoplasm, CELF proteins are involved in mRNA stability, translation, alter-
native polyadenylation (APA), and pre-miRNA maturation [12,32,34–36]. CELFs regulate
mRNA stability across the genome, although only specific, well-studied events are dis-
cussed in this section. CELF1 controls mRNA stability by identifying “UGUUUGUUUGU”
element (GU-rich element, GRE) or GU-repeat sequences in the 3′UTR, which mechanis-
tically appear to rely on CELF1 interaction with ribonucleases, such as poly(A)-specific
ribonuclease (PARN) [8,26]. PARN 3′-exoribonuclease destabilizes transcripts by removing
poly(A) tails at the 3′ end [37]. On the other hand, CELF2 stabilizes the cytoxygenase-2
(COX2) transcript through a different method, which involves binding to A/U-rich regions
in the 3′UTR of mRNA [5]. CELF6 has been shown to bind predominantly to certain 3′UTR
regions, resulting in a substantial decrease in mRNA levels [12].

CELF proteins have been found to regulate widespread translational activation or
inhibition by binding to target transcripts’ 5′UTR or 3′UTR [38]. For instance, the timed
translation of Elavl4 (Embryonic Lethal, Abnormal Vision, Drosophila-Like 4) isoforms
depends on distinct 5′UTRs controlled by CELF1 during neuronal development [39]. More-
over, CELF1 is able to regulate P21 mRNA stability by binding to its 5′UTR upon protea-
some inhibition [40]. Binding through 3′UTR, CELF2 can inhibit the translation of MCL1
(Apoptosis Regulator, BCL2 Family Member) anti-apoptotic factor [41]. Another example is
the circularization of SHMT1 (Serine Hydroxymethyltransferase 1) mRNA and its internal
ribosome entry site (IRES)- mediated translation, which is provided with CELF1-hnRNPH
(Heterogeneous Nuclear Ribonucleoprotein H1) proteins, implying a 5′/3′ interaction in
the SHMT1 transcript [42]. Interestingly, following CELF2 depletion, hnRNPC (Heteroge-
neous Nuclear Ribonucleoprotein C) translation efficiency is shown to be reduced. This is
mostly due to the hnRNPC mRNA’s lower translation elongation efficiency [34]. Further
pathway study indicates that the knockdown of the CELF1 decreases the expression of
some ribosomal proteins in the 40S and 60S subunits, indicating a broader function of the
CELF1 in translation [29].

CELF proteins are known to regulate alternative polyadenylation (APA) via two
mechanisms. Firstly, CELF1 has been shown to bind to c-FOS (Fos Proto-Oncogene, AP-1
Transcription Factor Subunit) and TNFα (Tumor Necrosis Factor-Alpha) transcripts in a
HeLa cell extract and promote deadenylation by interacting with PARN, indicating that
CELF1 helps both deadenylation and mRNA stability [35]. Secondly, CELF2 prevents
polyadenylation machinery from binding to RNA by competing with CFI (cleavage factor
I) and CstF (cleavage stimulatory factor) components in a cell signal-dependent way [32].

Recently, CELF2 was reported as a potential regulator of pre-miR155 maturation.
CELF2 is reported to be associated with IL10 (Interleukin-10) to inhibit the maturation of
pre-miR155 by blocking KSRP (KH-Type Splicing Regulatory Protein). In this way, it can
be considered as negative regulator of miR155 [36]. Similar results are reported for miR140,
where CELF1/2 binding interferes with DICER binding to miR140 and thus inhibits its
maturation [43].

Finally, CELF RBPs are present in stress granules, neuronal RNA granules, and the peri-
nucleolar compartment (PNC). Stress granules (SGs) are dynamic tiny ribonucleoprotein
condensates playing functional roles in mRNA processing and degradation and are found
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in all eukaryotes during cell stress conditions [44]. CELF1 and CELF2 have been found to
be required for the trafficking, stability, and translation of p21/CDKN1A and COX-2 to
SGs respectively [40,45]. Additionally, CELF4 associates with very large neuronal RNA
granules to mediate neurotransmission by regulating the stability, translation, and/or
localization of many downstream target mRNAs [25].

PNCs are specialized subnuclear organelles located adjacent to the nucleolus. They are
associated with various solid malignant tumors. This region contains transcripts produced
by RNA polymerase III, small nuclear RNAs, and many RBPs, including CELF1 [46,47].
In PNCs, CELF1 associates with the RNA component of RNAse MRP (mitochondrial
RNA processing) and PTBP (polypyrimidine tract binding protein), interacting with newly
synthesized RNA. However, CELF1 enrichment in PNCs may restrict it from performing
its cytoplasmic functions [6,48].

In consequence, CELF members are highly divergent, pleiotropic RBPs that are re-
sponsible for global alterations in numerous cell types and disease situations [5]. However,
CELF proteins are not the only multifunctional RBPs. In two previously published studies,
various RBPs influencing different cancers were described [49,50]. The principal func-
tions of CELF family proteins are depicted in Figure 2. Furthermore, they are controlled
by numerous biological elements that are discussed specifically in relation to cancer in
this article.
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3. CELF Targets in Cancer

The wide-ranging targets and diverse functions of CELF proteins in cancer have
elevated them as prominent players with critical roles in divergent biological pathways.
As a result, they might be regarded as prospective prognostic and therapeutic targets.
However, present studies on the CELF family, particularly members 3–6, are quite sparse,
and it appears that additional studies in this area are required in the future. Notably,
despite the structural resemblance between CELF family members, particularly between
CELF1 and CELF2 (>90% similarity in their RNA-binding domains), their functions are
quite different, notably in cancer [6].

3.1. CELF1

CELF1, also referred to as CUG-binding protein 1 (CUGBP1), is found mostly in the
heart, skeletal muscle, and brain, and has been linked to myotonic dystrophy type 1 [51–53],
muscle wasting [26], and Alzheimer’s disease [54,55], as well as multiple cancers. CELF1
preferentially binds to 3′UTRs and mediates a wide range of mRNA degradation and
alternative splicing events. Interestingly, the binding of CELF1 to the upstream intron of
an alternative exon promotes exon skipping, whereas binding to the downstream intron
enhances exon inclusion. The same mechanism has already been discovered in the proteins
NOVA (NOVA Alternative Splicing Regulator), FOX2 (RNA Binding Fox-1 Homolog 2),
and PTB (Polypyrimidine Tract Binding Protein 1) [56].

Genome-wide interactions of CELF1 proteins were previously detected in HeLa cells
utilizing RIP-seq (RNA immunoprecipitation sequencing) and CLIP-seq (cross-linking
and immunoprecipitation sequencing). In HeLa cells, global alternative splicing events
with a substantial increase in exon inclusion under the regulation of CELF1 have been
identified by mapping the RIP-seq reads [8]. By combining CLIP and high throughput
sequencing, a large number of CELF1 target clusters were reported, most notably LMO4
(LIM Domain Only 4), BAG1 (BAG Cochaperone 1), PKM (Pyruvate Kinase M1/2), SIX5
(SIX Homeobox 5), and DMPK (DM1 Protein Kinase) transcripts in human HeLa cells [57].
Previously, CELF1-bound melanoma-enriched transcripts, including the oncogene DEK,
were discovered using systems analysis, and CELF1 has been described as a risk factor for
overall patient survival [58]. More than 1000 mRNAs associated with cell proliferation,
angiogenesis, and signal transduction are differently regulated by CELF1 in oral squamous
carcinoma cell lines. The depletion of CELF1 reduces proliferation and increases apoptosis
in oral squamous cell carcinoma where CELF1 associates directly with the 3′UTR of BAD
(BCL2 Associated Agonist Of Cell Death), BAX (BCL2 Associated X, Apoptosis Regulator)
and JunD mRNAs and mediates their rapid decay [59,60]. The results are the same in
non-small-cell lung cancer, where the downregulation of CELF1 induces an increase in the
protein levels of cyclin D1, BAD, BAX, Jun D, and E-cadherin, indicating a function for
CELF1 in the EMT (epithelial to mesenchymal transition). EMT is one of the critical stages
involved in cell progression, invasion, and metastasis [61]. CELF1 is a key component of
the EMT’s post-transcriptional regulatory networks. Thus, CELF1 overexpression is linked
to disease stage, differentiation, and a poor prognosis in individuals with non-small-cell
lung cancer [38,62–64].

Importantly, phosphorylation makes substantial changes to CELF1 functions. Akt
kinase (also known as protein kinase B or PKB) phosphorylates CELF1 at Ser28, whereas
Cyclin D/cdk4/6 phosphorylates Ser302 residue. This post-translational alteration can im-
prove the protein’s affinity with specific mRNA substrates and influence CELF1’s capacity
to interact with translation factors [15,65]. Notably, both Akt and CDK4/6 protein kinases
are considered important targets for cancer treatment [66,67]. CELF1 target transcripts
change substantially across malignant T-cell lines and primary human T cells. This is mostly
due to CELF1 phosphorylation in malignant T cells, which inhibits it from binding to mR-
NAs, resulting in the rapid degradation of different cell proliferation suppressors [16,68].
In hepatoblastoma, phosphorylation converts CELF1 in its oncogenic form. It has been
suggested that CELF1 is a tumor suppressor protein when it is dephosphorylated at Ser302,
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but that it is an oncogene when it is phosphorylated at this residue; the upregulation of its
phosphorylated form has been reported in mouse models [69,70].

In glioma, the increased expression of CELF1 is positively correlated with glioma
grading and inversely correlated with patient survival, making it a novel prognostic
predictor for glioma patients. SiRNA (small-interfering RNA)-mediated knockdown of
CELF1 inhibits the glioma cell cycle progression and proliferation. In glioma cells, the
tumor suppressor CDKN1B (Cyclin Dependent Kinase Inhibitor 1B) has been identified as
a CELF1 target. CELF1 interaction with CDKN1B protein, but not with mRNA, causes this
cyclin-dependent kinase inhibitor to be suppressed, but the mechanism of this inhibition is
unknown [71].

In breast cancer, CELF1 promotes exon 11 exclusion of the INSR (insulin receptor
gene), promoting the production of the pro-tumorigenic IR-A splicing isoform [72]. CELF1
that is induced by TGF-β (Transforming Growth Factor Beta) can directly bind and trigger
a set of translationally controlled EMT drivers, promoting breast cancer tumor growth [38].

CELF1 and ETS2 are both upregulated in colorectal cancer cells and can promote
tumorigenesis. Luciferase reporter and ribonucleoprotein immunoprecipitation assays
show that CELF1 contributes to ETS2 overexpression by binding to its 3′UTR. ETS2 overex-
pression has been found in a number of human malignancies [73].

Lastly, the CELF1-mediated stability of p21 mRNA in stress granules and after borte-
zomib chemotherapeutic drug therapy results in apoptotic resistance [40]. Moreover,
lowering CELF1 is the main mechanism of tumor suppression of breast cancer cells with a
combination of glycyrrhetinic acid and doxorubicin [74].

3.2. CELF2

CELF2, a pleiotropic member that regulates many cancer-related genes, is primarily
downregulated in tumors [75]. A pan-cancer analysis in 2021 demonstrated strong evidence
of a correlation between CELF2 upregulation with better prognosis in multiple tumors,
particularly in breast and lung cancers, where it was markedly associated with many
immune checkpoint molecules. In this study, CELF2 was presented as a more promising
biomarker than five prevalent biomarkers, including PD-1, PD-L1, CTLA-4, CD8, for
selecting immunotherapy-sensitive patients [76].

In breast cancer, CELF2 overexpression suppresses proliferation and invasion, and
inhibits tumor growth and angiogenesis. It probably achieves this by decreasing the
expression of N-cadherin (N-cad), CD34, and NFATc1 (the nuclear factor of activated T cells,
also known as NFAT2). The NFAT family of proteins are a group of transcription factors
found in the cytoplasm of T lymphocytes and their activation stimulates the progression of
hematological malignancies, as well as that of solid tumors [77]. Previously, it was revealed
that CELF2 suppression by promoter hypermethylation in breast cancer cells induces
modulations of intron retention patterns and isoform imbalance in many target genes.
These modifications are mainly evident in genes involved in cancer critical pathways,
such as autophagy, apoptosis, EGFR (Epidermal Growth Factor Receptor) signaling, and
metastasis [78]. These findings may imply the critical role of CELF2 as a tumor suppressor
in breast cancer.

Further evidence can be found in non-small-cell lung cancer, where CELF2 is capable
of inhibiting tumor development by antagonizing PREX2 (Phosphatidylinositol-3,4,5-
Trisphosphate Dependent Rac Exchange Factor 2)’s oncogenic impact and regulates PI3-K
signaling [79]. The overexpression of CELF2 is associated with better overall survival-
related alternative splicing events in lung adenocarcinoma [80]. CELF2 increases the
stability of the tumor suppressor FAM198B in ovarian cancer by binding to AU/U-rich
elements in the 3′UTR regions. CELF2 can also influence ovarian cancer cell proliferation,
migration, and invasion, making it more susceptible to cisplatin [81]. Interestingly, the
mRNA stability and trafficking of the COX-2 (Cyclooxygenase-2) tumor promoting agent
to cytoplasmic SGs depends significantly on CELF2 RBP [45].
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CELF2 expression is a potential prognostic biomarker of multiple cancers. Three
splicing factors, CELF2, ESRP2 (epithelial splicing regulatory protein 2), and SRSF5 (serine-
and arginine-rich splicing factor 5), which are substantially downregulated in hepato-
cellular carcinoma samples, were found to be responsible for splicing dysregulation in
hepatocellular carcinoma [82]. In this carcinoma, STYXL1 (Serine/Threonine/Tyrosine
Interacting Like 1) promotes malignant progression via the downregulation of CELF2 and
the activation of the PI3K/Akt pathway [83]. In addition, CELF2 has been identified as
one of the hub splicing factors of prognostic splicing events, suggesting that these splicing
factors might be used to treat glioma [84]. Moreover, in oral squamous cell carcinoma,
CELF2 is identified as a promising prognostic biomarker [85].

Conversely, in gastric cancer, the expression of CELF2, along with BAG2 (BAG Cochap-
erone 2), RBFOX2 (RNA Binding Fox-1 Homolog 20), and PTBP2 (Polypyrimidine Tract
Binding Protein 2) splicing factors are associated with poor prognosis and alternative
splicing events [86].

CELF2 plays a critical role during T cell activation. CELF2 and hnRNPC (Heteroge-
neous Nuclear Ribonucleoprotein C) are trans-acting factors in T cells that can positively
regulate each other. This regulation occurs when HNRNPC promotes CELF2 mRNA
transcription and CELF2 regulates hnRNPC mRNA translation. This has a significant
impact on downstream targets, particularly overlapping sets of splicing events, especially
in the TRAF3 (TNF Receptor Associated Factor 3), LEF1 (Lymphoid Enhancer Binding
Factor 1), and MKK7 genes [34,87]. Many splicing processes during T-cell stimulation
and human thymic T-cell development have previously been shown to be correlated to
CELF2 expression [88]. The near-collaboration of CELF2 with the JNK signaling pathway
controls splicing during T-cell activation [89]. Notably, the presence of T cells in cancer
lesions correlates with a better patient prognosis in a variety of human malignancies [90],
highlighting CELF2 as a potential tumor progression inhibitor.

Ultimately, CELF2 may be beneficial in cancer therapy. Curcumin suppresses pan-
creatic tumor development by raising the expression of CELF2, which prevents COX-2
and VEGFA (Vascular Endothelial Growth Factor A) mRNAs from being translated [91].
Similarly, the upregulation of CELF2 increases the response of pancreatic cancer cells to
chemotherapy [92]. The activation of apoptosis and autophagy by ionizing radiation (IR)
causes cancer cells to die. The upregulation of CELF2 enhances IR-induced autophagy in
colorectal cancer, which has been revealed to be a significant role in this process [93].

3.3. Other CELF Members

Members 3-6 of the CELF family are also key players in global RNA processing
modification; however, little is known about their impact in cancer [5]. Two studies have
shown that CELF3 may play a role in cancer. The upregulation of CELF3 is reported to be
induced by HPV16 E6 and is thought to be crucial for downstream RNA splicing changes,
such as exon skipping [94]. Furthermore, in patients with colorectal cancer metastasis,
different patterns of expression and copy number variations are observed for CELF3. As a
result, this RBP, along with three others, APOBEC3G (Apolipoprotein B MRNA Editing
Enzyme Catalytic Subunit 3G), EEF1A2 (Eukaryotic Translation Elongation Factor 1 Alpha
2), and EIF5AL1 (Eukaryotic Translation Initiation Factor 5A Like 1), are reported as
potential metastasis-associated factors in colorectal cancer [95].

CELF4 is a broadly expressed gene. However, reports on its expression are con-
flicting [5]. The first evidence of an association between CELF4 and cancer comes from
two studies on the genetic variant rs1786814, according to which the SNP contributes to
chemotherapy-related cardiac dysfunction as a significant side effect of anticancer therapy.
This variant can probably cause the loss of a donor splice site in CELF4 [96,97]. CELF4
as later shown to be hypermethylated in endometrial cancer, making it a viable target for
cancer screening in cervical smears [98]. Recently, an analysis of sequencing data from the
two related hypothesized colorectal cancer predisposition haplotype carriers on the 18q12.2
locus revealed a rare intronic variant of the CELF4 gene, rs568643870, that is significantly
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associated with colorectal cancer and segregates with this malignancy in other members of
the linked pedigree [99].

Apart from this study, colorectal cancer is the most studied malignancy in relation to
the CELF4 expression level and mutations. In this context, CELF4 has been identified as
one of the reproducible prognostic RBPs in multiple investigations; however, the results are
controversial [100–103]. CELF4 downregulation in colorectal cancer samples is detected
through analysis of the Cancer Genome Atlas database (TCGA). This gene, along with
other RBP genes, has created a survival-related network with remarkable prognostic
value [100–102]. On the other hand, the predictive study of the characteristics of RBPs in
colorectal cancer highlights the significant role of CELF4 as an overexpressed transcript in
highly metastatic SW620 cell lines [103].

CELF5 is another member of the developmentally expressed CELF family that is
present primarily in the fore, middle, and hind brain and performs specific functions in
mRNA splicing and translation [104,105]. CELF5 was previously described as a modifying
factor of motor-neuron disease-relevant pathways [106]. In 2018, researchers revealed
that CELF5 overexpression is connected to enhanced HCMV (Human Cytomegalovirus)
DNA synthesis via a direct interaction with viral UL141, a protein that increases the intra-
cellular retention of death receptors to shield virus-infected cells from NK cell-mediated
killing [107]. HCMV is a prevalent virus with onco-modulatory properties that can be
associated with malignant tumors [108]. CELF5 is the most significant splicing factor
associated with overall survival splicing events, regulating germ cell-specific gene 1-like
(GSG1L) isoform diversity, according to a recent study of RNA sequence and alternative
splicing events from glioblastoma multiforme samples. Nonetheless, it is unclear whether
CELF5 has a positive or negative regulatory connection with carcinogenesis, although this
network may have a major impact on prognosis [109].

CELF6, first detected in 2004 as a new member of the CELF family, has a widespread
expression in the brain from fetuses to adults. Furthermore, its expression is identified in
the nervous system, kidneys, testes, and, to a lesser extent, in most other tissues. Like other
members of the CELF family, CELF6 shuttles between the cytoplasm and the nucleus, but is
predominantly located in the cytoplasm [104,110]. CELF6 is involved in post-transcriptional
control rather than alternative splicing, according to CLIP-seq and large parallel functional
analyses in the brain. Changes in CELF6 levels have been linked to protein abundance
and localization, particularly in the FOS (Fos Proto-Oncogene, AP-1 Transcription Fac-
tor Subunit) and FGF13 (Fibroblast Growth Factor 13) targets examined [12]. CELF6 is
capable of regulating U2 Auxiliary Factor 2 (U2AF2) by improving its binding and thus
modulating the splicing process in the U2AF2 target genes [111]. The binding of U2AF2
to a uridine/cytidine-rich sequence element upstream of the 3′ splice site is an important
regulatory step and is essential to recruit the small nuclear ribonucleoprotein (snRNP) U2, a
subunit of the spliceosome [112,113]. Mutations in U2AF2 have direct effects on neoplastic
transformation, and its stabilization and overexpression are significantly associated with
worse prognosis for cancer patients [114–116].

The first observations on the association of CELF6 with cancer came in a study on
susceptibility to cervical cancer, in which the minor allele “C” of rs4777498 in the CELF6
gene accounted for an increased risk of this malignancy [117]. Interestingly, by binding to
the 3′UTR of the p21 and FBP1 (Fructose Bisphosphatase 1) transcripts, CELF6 is able to
stabilize their mRNAs. In colorectal cancer, depending on the p53 and/or p21, CELF6 can
induce the arrest of the G1 phase. The multifunctional p21 protein plays a significant part
in cell cycle progression, cell senescence, apoptosis, and transcriptional regulation [118,119].
Moreover, the stabilization of FBP1 mRNA by CELF6 leads to suppressed cell proliferation,
cell migration, and cell invasion in triple-negative breast cancer [120]. FBP1 performs a
tumor suppressor function by limiting glucose uptake and glycolysis [121].

Lastly, exposure to cadmium through smoking is implicated in the DNA methylation
modifications of oncogenes, tumor suppressor genes, and genes related to inflammation,
making it one of the important risk factors for cancer [122,123]. A recent study in 2020
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showed that elevated cadmium concentrations in the blood are involved in the overmethy-
lation of the cg11314779 site within the CELF6 gene, which is probably associated with
its silencing [124,125]. CELF6 appears to play an essential role in tumor suppression via
global post-transcriptional changes.

4. CELF Regulation by Noncoding RNAs

Three types of noncoding RNA, including miRNAs, lncRNA, and circRNAs with
protein-coding genes, can construct complicated networks regulating the expression of
many downstream pathways [9]. Many noncoding RNAs that target CELF members
have recently been discovered, and they appear to have a significant influence on the
development of cancer. The regulatory networks for CELF1 and CELF2 are illustrated in
Figure 3A,B.
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MicroRNAs are 21- to 24-nucleotide RNAs, tiny molecules that influence the stability
and translation of over 18,000 potential mRNA targets favorably or negatively [126,127].
Mir-330-3p has been shown in certain studies to be an inhibitor of carcinogenesis [128]. This
tumor suppressor is reported to have low expression in glioma tissues and cells, and it is
able to prevent proliferation and migration by directly binding to CELF1 and suppressing
its expression [129]. In human lung tumors, miR-574-5p upregulation promotes tumor
development in vivo and increases mPGES-1 expression by preventing CUGBP1 binding to
the mPGES-1 3′UTR (decoy mechanism), which leads to an enhanced alternative splicing
mPGES-1 and the generation of a novel 3′UTR isoform [130]. The specificity of miR-574-
5p/CELF1 regulation on mPGES-1 expression in human lung cancer cells is discovered in
a recent proteomic analysis. Patients with lung cancer who have high miR-574-5p levels
may benefit significantly from the pharmacological inhibition of PGE2 (Prostaglandin E
Synthase 2) formation [30]. It is likely that miRNA-mediated CELF1 inhibition has tumor
suppressor effects; however, additional research is needed for different malignancies.

According to numerous studies, CELF2, a tumor suppressor, is also downregulated by
a number of miRNAs. In gastric cancer, the inhibition of CELF2 by miR-615-3p enhances
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proliferation and migration while blocking apoptosis [131]. However, depending on its
expression levels, mir-615-3p can have tumor suppressive or carcinogenic effects in some
other malignancies. [132]. In glioma cells, CELF2 is a potential target of miR-20a and miR-
95-3p, in which the overexpression of these two miRNAs is positively correlated with cell
proliferation and invasion [133,134]. In spinal cord glioma tissues, the overexpression of
miR-106a-5p exerts its oncogenic function by decreasing CELF2 expression [135]. Exosomes
are extracellular vesicles that transport information between healthy cells as well as in
tumor microenvironments, allowing cell-to-cell communication. Exosomes from hypoxia
colorectal cancer cells transport miR-210-3p to normoxic tumor cells, promoting G1-S
cycle transition and proliferation while inhibiting apoptosis by downregulating CELF2
expression [136]. Brucein-D, a drug that targets miR-95, reduces hepatocellular carcinoma
(HCC) cell proliferation in vitro and tumor growth in vivo. CELF2 has also been discovered
to be a miR-95 downstream target [137].

The miRNA miR-375, which can regulate CELF6, is thought to be associated with
pancreatic cancer and breast cancer [138–141]. In breast cancer, higher levels of miR-
375 were expressed in ER-α-positive, where it was a critical factor in cell proliferation
and an early event in tumorigenesis [142]. A single nucleotide variation, rs4777498, in
CELF6, regulated by miR-375, was previously found to be associated with cervical cancer
susceptibility [117]. The upregulation of miR-375 is a key driver of cell proliferation and
patients with miR-375 overexpression have a higher probability of local relapse in early
breast cancer [140].

LncRNAs are a class of RNA transcripts with more than 200 nucleotides, with sec-
ondary and three-dimensional structures that enable them to regulate their targets as cis
or trans-acting elements. They are mainly present in the nucleus; however, they can also
be found in cytoplasm. By regulating epigenetic, transcriptional, and post-transcriptional
modifications, lncRNAs play a key role in a variety of cancers [143]. In hepatocellular
carcinoma, the LncRNA BACE1-AS, which plays a crucial role in carcinogenesis, is overex-
pressed. BACE1-AS inhibits miR-377-3p, and CELF1 is a downstream target of miR-377-3p
that serves as an oncogene [144]. In nasopharyngeal carcinoma, LncRNA AFAP1-AS1 can
enhance cancer growth by affecting the miR-497-5p/CELF1 axis [145].

The RNA network also has CELF2 as a target. In acute lymphoblastic leukemia (ALL)
and acute myeloid leukemia (AML) patients and cell lines, the lncRNA small nucleolar
RNA host gene 16 (SNHG16) overexpresses, and by lowering CELF2 mRNA stability,
this lncRNA enhances proliferation and migration [146]. In hepatocellular carcinoma, the
lncRNA CRNDE (differentially expressed colorectal neoplasia) is considerably overex-
pressed and is associated with poor clinical outcomes. Mechanically, CRNDE is implied
in the inhibition of tumor suppressor genes, including CELF2 and LATS2 (large tumor
suppressor 2) [147]. Overexpression of the lncRNA RHPN1-AS1 is associated with en-
hanced cell viability, proliferation, migration, and invasion in nasopharyngeal carcinoma
by targeting CELF2, resulting in an increased mTORC1 signaling pathway [148]. Finally,
the LncRNA CCDC26 binds to CELF2, upregulating the expression of circRNA ANKIB1.
By sponging miR-195-5p, the overexpression of circRNA ANKIB1 increases PRR11 (Proline
Rich 11) protein production, activating the PI3K/AKT and NF-B pathways. The overex-
pression of the LncRNA CCDC26 in myeloid leukemia enhances cancer development in
this way [149].

In summary, CELF proteins play a key role in the noncoding RNA/RBP regulatory
axis as they transform noncoding RNA instructions into a variety of downstream signals.

5. Noncoding RNA Regulation by CELF

The flip side of the noncoding RNA/RBP coin is RBPs’ ability to influence noncoding
RNA expression and functionality. This is summarized in Figure 3C. The 3′UTR elements
play a regulatory role as the primary site of miRNA binding and function, as well as influ-
encing mRNA destiny in terms of translation, stability, and subcellular localization [32].
Meanwhile, the global distribution of CELF members can be found in 3′UTR regions. In
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addition, intergenic regions that are involved in the process of non-coding RNA biogenesis
are also enriched for CELF proteins [7,8,12]. RBPs have recently been found to improve
miRNA targeting (MT) by opening mRNA secondary structures [2]. Notably, the “UU-
UGUUU” motifs, which are similar to CELF binding sites, are enriched adjacent to miRNA
binding sites, and their presence tends to potentiate miRNA activity [150].

Cooperative or antagonistic RBP–RBP interactions should not be overlooked in this
axis, especially in the case of miRNA regulation. CELF2 appears to play an important
function in the pre-miRNA maturation process as it can potentially repress RBFOX2 (RNA
Binding Fox-1 Homolog 2) mRNA and protein levels in human cells. These two RBPs
have an evolutionary conserved antagonistic relationship that regulates splicing processes
in a variety of signaling pathways and transcription factors [31]. The Rbfox proteins’
binding site is assumed to be the conserved GCAUG sequence, which allows them to
attach to the terminal loops of miR-20b and miR-107 precursors and inhibit their nuclear
processing. MiR-107, in turn, targets Dicer mRNA’s 3′UTR and downregulates it in a
way that correlates to the invasiveness of breast cancer cell lines [151]. Rbfox RBPs can
influence the expression of downstream targets in cancer by regulating mature miRNA
levels. Additionally, RBFOX2 was shown to be one of the specific miRNA hairpin binding
proteins binding at multiple targets [43,152].

CELF2 was recently discovered to be a possible regulator of pre-miR155 maturation,
with CELF2 knockdown reducing IL10’s ability to block pre-miR155 processing. CELF2
binding to pre-miR155 may hamper DICER’s capacity to bind to and cleave pre-miR155 [36].
Other proteins required for pre-miR155 processing, such as KH-type splicing regulatory
protein (KSRP), may also be blocked by CELF2 binding to pre-miR155 [153]. Similar
findings have been reported for pre-miR140, in which CELF1/2 binding inhibits pre-
miR140 processing by interfering with DICER binding [43]. Another RBP, HuR (also
known as ELAV Like RNA Binding Protein 1), is thought to enhance miRNA targeting
by attracting AGO (Argonaute) or opening the secondary structure to make AGO more
accessible. This RBP can also prevent miRNA targeting by competing against AGO [154].
Competition between CELF1 and HuR for binding to 3′UTR is possible, although this
association has only been observed in Myc mRNA translation [155].

The nuclear aggregates of CELF1 and the tumorigenic lincRNAs (long intergenic non-
coding RNAs) NEAT1 and NEAT2/MALAT1 may also help to explain how CELF members
interact with noncoding RNAs. These aggregates might indicate a function for CELF1
in lincRNA biology, although lincRNAs could also operate as “CELF1 sponges” [57,156].
CELF1/lncRNA combinations with strong affinity have also been seen in colorectal cancer,
where CELF1-TNBL aggregates occur in non-perinucleolar areas upon demethylation
events [157].

As a result, evaluating all the methods through which CELF members can widely
control noncoding RNAs makes it impossible to determine who has the upper hand in
this game.

6. Pharmacological Insights of CELF/Noncoding RNA Axis

In a novel cancer therapy approach, small molecules have shown pharmacological
potential as anticancer drugs to inhibit particular targets in cancer cells [158]. Dephospho-
rylated CELF1 was shown to be degraded by Gank (Gankyrin oncogene). The Cjoc42, a
tiny Gank-inhibiting compound, stimulates CELF1 expression, improves chemo-sensitivity,
and reduces liver cancer cell proliferation in vitro [70,159]. Another natural product, Frax-
inellone, notably inhibits the mRNA expression of CELF1 in models of kidney and liver
fibrosis [160]. Remarkably, cancer-associated fibrosis is linked to modifications in the
tumor microenvironment impacting cancer behavior [161]. Another compound that down-
regulates the expression of CELF1 is the piperazine derivative BK10007S, which induces
apoptosis through this inhibition in hepatocellular carcinoma cells [162]. To our knowl-
edge, there are no reports regarding other CELF family members. In the same context, the
involvement of noncoding RNA biology in the cancer background has become a source of
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new diagnostic and therapeutic tools and has been widely studied. Some examples are
listed in Table 1.

Table 1. Therapeutic drugs targeting CELF-regulated miRNAs.

miRNA Molecule/Drug Effect on miRNA Expression Cancer Cell Line

mir-20b
5-Fluorouracil Downregulated Breast cancer cells [163]

5-aza-2′-deoxycytidine Upregulated Human pancreatic cancer cell lines [164]

miR-106a

Cisplatin Downregulated Ovarian cancer cell lines [165]

Suberoylanilide hydroxamic
acid Downregulated Human lung carcinoma cell line [166]

5-Fluorouracil Downregulated Colon cancer cell line [167]

Bicalutamide Downregulated Prostate cancer cell line [168]

miR-107

5-Fluorouracil Upregulated Breast cancer cells [163]

Anthranilamide-pyrazolo
[1,5-a] pyrimidine Upregulated Neuroblastoma cell [169]

miR-140 5-Fluorouracil Upregulated Breast cancer cells [163]

miR-140-5p Suberoylanilide hydroxamic
acid Upregulated Human lung carcinoma cell line [166]

mir-155
Suberoylanilide hydroxamic

acid Downregulated Human lung carcinoma cell line [166]

Ginsenoside Rh2 Downregulated Human glioma cells [170]

miR-195
5-Fluorouracil Downregulated Breast cancer cells [163]

Trastuzumab Upregulated Breast cancer cells [171]

miR-210

5-Fluorouracil Upregulated Breast cancer cell line [163]

Vincristine Upregulated Human laryngeal cancer Hep-2 cells [172]

Ginsenoside Rh2 Downregulated Human glioma cells [170]

5-aza-2′-deoxycytidine Downregulated Human breast cancer cell line [173]

miR-330 Gemcitabine Downregulated Ovarian cancer cell lines [165]

miR-375

5-Fluorouracil Downregulated Breast cancer cells [163]

Suberoylanilide hydroxamic
acid Upregulated Non-small cell lung cancer cell line [174]

Trichostatin A Downregulated Non-small cell lung cancer cell line [174]

miR-497
5-Fluorouracil

Diferentially expressed on
breast cancer cells in

treatment group and not in
control group

Breast cancer cells [163]

Bufalin Upregulated Human colorectal cancer cell line [175]

miR-574-3p Suberoylanilide hydroxamic
acid (SAHA) Upregulated Human lung carcinoma cell line [166]

miR-574-5p
5-Fluorouracil Upregulated Breast cancer cells [163]

Ginsenoside Rh2 Upregulated Non-small-cell lung cancer cell line [176]

miR-615-3p Mistletoe lectin-I Downregulated CRC cell line CLY (established from liver
metastases of a CRC patient) [177]

It is notable that some miRNAs regulating CELF have the same profile of expression in
different cancer types in response to different drugs, as in the case of miR-106, others vary
according to the tested drug in the same cancer type (miR-210), and, in a third scenario,
there are miRNAs that are differentially expressed in the treated group and not in the
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control group. CELF2 has been shown to be a miR-95 downstream target and Brucein-D, a
drug that targets miR-95 and reduces hepatocellular carcinoma (HCC) cell proliferation
in vitro and tumor growth in vivo [137]. Drugs that target miRNA might be used with
other chemotherapeutic drugs in the future, potentially altering drug resistance concerns
in cancer therapy.

Apart from BACE1 inhibitors, which have been widely studied due to their role in
pathologies such as Alzheimer disease and some malignancies [178], there is a lack of
information regarding pharmacological inhibitors of lncRNA. Because a substantial body
of data suggests that lncRNAs play a role in the pathogenesis of several cancer types,
lncRNAs can be used as prognostic biomarkers and therapeutic agents for malignancies.
For example, SNHG16 binds to endogenous miRNAs, resulting in the aberrant expression
of downstream genes or affecting signaling transductions. This lncRNA is upregulated in
various tumor types and it is associated with indicators of poor prognosis [179]. Finally,
RNA-PROTACs are a novel type of chimeric oligonucleotide that directly dock into an
RBP’s RNA binding site and guide the RBP towards proteasomal destruction through a
conjugated E3-recruiting peptide [180]. This newly proven drug therapy in cancer cells can
be considered as promising for the pharmacological targeting of CELF proteins.

7. Concluding Remarks and Future Perspectives

The misregulation of CELF members and their targets in cancer is a good illustration
of how RBPs may regulate a variety of pathways while performing various tasks. Non-
coding RNAs can also be thought of as direct regulators of numerous targets, including
CELF proteins. The determination of the significance of the CELF/noncoding RNA axis,
particularly in cancer, has many obscure aspects due to the scarcity of studies on the role of
CELF proteins in regulating noncoding RNA metabolism and function.

CELF proteins are considered to play oncogenic and gene suppressor roles in cancer
development. Putative binding sites for these proteins are distributed throughout the
genome: the presence of CELF1 has been found to be abundant in the 3′UTR region, the
intronic region, and the coding DNA sequences of HeLa cells. Surprisingly, 14.8% of CELF1
binding sites were identified in the intergenic region of the genome, which mainly contains
non-coding RNAs, such as miRNA, highlighting the importance of studying this region
in much greater detail. Moreover, the presence of CELF1 at exon-intron borders suggests
that CELF1 plays an important role in RNA splicing, as has been observed in HeLa cells,
whose direct binding to CELF1 can influence 451 splicing events in HeLa cells [8]. Through
the regulation of splicing events, CELF proteins could regulate the activity of a plethora of
genes and their biological functions.

The subcellular localization of CELF proteins, as discussed above, is another essential
consideration, since the kind of CELF proteins functions, as well as the target molecules,
are affected by distribution in different cellular compartments. CELF1 aggregation in PNC,
which is more common in cancer cells, can limit the protein’s cytoplasmic activities [6,24].
Furthermore, CELF1 expression in the nucleus has a substantial influence on alternative
splicing events, whereas its expression in the cytoplasm has only a little impact. This shift in
subcellular expression pattern could have a dramatic impact on the disease condition [26].
With this background, third-level drug targeting, which can directly deliver and target
within specific intracellular sites, is recommended for specifically targeting CELF proteins
accumulating in certain organelles. In this recent discovery, different organelle-specific
targeting ligands, in conjugation with drugs or drug carriers, can be loaded in varied types
of nanoparticles [181].

The collaborative or antagonistic interaction of CELF with other RBPs is another
fascinating and complex feature of this family. CELF2 represses RBFOX2 mRNA and
protein levels, resulting in antagonism between CELF and the RBFOX family. This relation
might play an important regulatory role in the microRNA’s maturation process [31,43,152].
CELF2 and hnRNPC are trans-acting factors that can positively control each other’s trans-
lation, which has a significant impact on downstream target gene splicing [34,87]. Lastly,
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the circularization of SHMT1 mRNA and its internal ribosome entry site (IRES)- mediated
translation is supplied by the collaborative interaction between CELF1 and hnRNPH in the
SHMT1 transcript [42]. To discover all RBP–RBP interactions between two or more proteins
across the genome, more in-depth RBP–RBP network analysis appears to be required.

Various miRNAs and lncRNAs have been shown to inhibit CELF members, including
CELF1, CELF2, and CELF6, in a variety of malignancies. MicroRNAs and RBPs can
work together to destabilize mRNA and stop it from being translated. They can also
compete with one another, causing opposite effects on target mRNAs [182]. It is well
known that microRNAs normally have more than one target in cells, but the induction of
CELF proteins can reverse the situation, indicating the important role of CELFs in cancer
progression [9,131,146]. Sometimes, more than one noncoding RNA is implicated in this
axis, with an upstream lncRNA influencing a miRNA or circRNA, and widespread and
drastic alterations occurring after targeting CELF proteins [144,149]. This might indicate
that the number of actors on this axis will increase in the future.

In a study looking for RBPs that control microRNA levels by binding at identified pre-
miR loci, researchers revealed that up to 92% of RBPs interact directly with at least one mir
locus, with some interactions being cell-line-specific, which may indicate a role for RBP in
miRNA metabolism [152]. According to a new discovery, the RNA structure becomes more
open as the number of bound RBPs rises. When the RNA becomes less organized, miRNA-
bound AGO may easily reach the MT sites by replacing the RBPs that were previously
bound, resulting in productive MT [2]. However, to address the complex relation between
RBPs and noncoding RNA production more conclusively, future efforts should be made to
generate and analyze large-scale transcriptomic and proteomics datasets.

CELF proteins are also prone to regulation by phosphorylation mechanisms. A de-
crease of CELF1’s binding capacity due to phosphorylation has been observed in cancerous
T cells. CELF1 targets in malignant T cells involve cell cycle regulators, including those that
regulate cell cycle progression throughout the G1, S, G2, and M phases, and components of
cyclin-driven pathways that play important roles in cell development, differentiation, and
tumorigenesis [68]. This sort of CELF1 alteration appears to be something that should be
addressed in future target prediction research. The phosphorylation of CELF proteins adds
more complexity to the CELFs’ regulatory network. This is a field that could provide a
great opportunity to develop modulators of CELF protein activity, and should be addressed
in the near future.

The cyclin-dependent kinase inhibitor p21CDKN1A induces cell cycle arrest fol-
lowing DNA damage by repressing the transcription of a group of cell cycle-regulatory
genes; however, the expression of p21 is tightly controlled at the transcriptional and post-
transcriptional levels [183]. In this context, several RBPs with crucial roles in p21 regulation
have recently been extensively characterized [184]. However, CELF1 and CELF6 also play
important roles in p21 regulation: CELF1 promotes p21 upregulation upon proteasome
inhibition and CELF6 is required for p21 mRNA stabilization [40,118]. The different mech-
anisms of action of each CELF protein on the same target is also an important issue, not
only for future drug design discoveries for cancer therapy, but also to determine the direct
role of CELF family proteins in DNA damage.

Consequently, this review attempted to gather information about the pleiotropic
functions of members of CELF family of RBPs, with a focus on the noncoding RNA/CELF
axis, in order to highlight the relevance of CELF balancing in cancer and, most importantly,
to progress toward a better understanding of RNA processing alterations associated with
cancer. This could provide a broad source of molecular tools that could be used to optimize
the clinical care of cancer patients.

Author Contributions: Conceptualization, M.N.-A. and L.F.J.-S.; writing—original draft preparation,
M.N.-A. and T.C.G.-G.; review and editing, M.N.-A., T.C.G.-G. and L.F.J.-S.; visualization; M.N.-A.
and T.C.G.-G.; supervision, L.F.J.-S.; project administration, L.F.J.-S.; funding acquisition; L.F.J.-S. All
authors have read and agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2021, 22, 11056 16 of 23

Funding: This research was granted by Universidad de Guadalajara.

Acknowledgments: M.N.-A. expresses her gratitude to the Mexican National Council for Technology
(CONACYT) for financing her postgraduate study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Sternburg, E.L.; Karginov, F.V. Global Approaches in Studying RNA-Binding Protein Interaction Networks. Trends Biochem. Sci.

2020, 45, 593–603. [CrossRef] [PubMed]
2. Kim, S.; Kim, S.; Chang, H.R.; Kim, D.; Park, J.; Son, N.; Park, J.; Yoon, M.; Chae, G.; Kim, Y.-K.; et al. The regulatory impact of

RNA-binding proteins on microRNA targeting. Nat. Commun. 2021, 12, 1–15. [CrossRef] [PubMed]
3. Sebestyén, E.; Singh, B.; Miñana, B.; Pagès, A.; Mateo, F.; Pujana, M.A.; Valcárcel, J.; Eyras, E. Large-scale analysis of genome and

transcriptome alterations in multiple tumors unveils novel cancer-relevant splicing networks. Genome Res. 2016, 26, 732–744.
[CrossRef] [PubMed]

4. Kechavarzi, B.; Janga, S.C. Dissecting the expression landscape of RNA-binding proteins in human cancers. Genome Biol. 2014, 15,
R14. [CrossRef] [PubMed]

5. Dasgupta, T.; Ladd, A.N. The importance of CELF control: Molecular and biological roles of the CUG-BP, Elav-like family of
RNA-binding proteins. Wiley Interdiscip. Rev. RNA 2011, 3, 104–121. [CrossRef]

6. Louis, I.V.-S.; Dickson, A.M.; Bohjanen, P.; Wilusz, C.J. CELFish ways to modulate mRNA decay. Biochim. Biophys. Acta Bioenerg.
2013, 1829, 695–707. [CrossRef]

7. Ajith, S.; Gazzara, M.R.; Cole, B.S.; Shankarling, G.; Martinez, N.; Mallory, M.J.; Lynch, K.W. Position-dependent activity of CELF2
in the regulation of splicing and implications for signal-responsive regulation in T cells. RNA Biol. 2016, 13, 569–581. [CrossRef]

8. Xia, H.; Chen, D.; Wu, Q.; Wu, G.; Zhou, Y.; Zhang, Y.; Zhang, L. CELF1 preferentially binds to exon-intron boundary and
regulates alternative splicing in HeLa cells. Biochim. Biophys. Acta Bioenerg. 2017, 1860, 911–921. [CrossRef]

9. Goodall, G.J.; Wickramasinghe, V.O. RNA in cancer. Nat. Rev. Cancer 2020, 21, 22–36. [CrossRef]
10. Cursons, J.; Pillman, K.A.; Scheer, K.G.; Gregory, P.A.; Foroutan, M.; Hediyeh-Zadeh, S.; Toubia, J.; Crampin, E.J.; Goodall, G.J.;

Bracken, C.P.; et al. Combinatorial Targeting by MicroRNAs Co-ordinates Post-transcriptional Control of EMT. Cell Syst. 2018, 7,
77–91.e7. [CrossRef]

11. Maloney, S.E.; Khangura, E.; Dougherty, J.D. The RNA-binding protein Celf6 is highly expressed in diencephalic nuclei and
neuromodulatory cell populations of the mouse brain. Brain Struct. Funct. 2015, 221, 1809–1831. [CrossRef]

12. Rieger, M.A.; King, D.M.; Crosby, H.; Liu, Y.; Cohen, B.A.; Dougherty, J.D. CLIP and Massively Parallel Functional Analysis
of CELF6 Reveal a Role in Destabilizing Synaptic Gene mRNAs through Interaction with 3′ UTR Elements. Cell Rep. 2020, 33,
108531. [CrossRef]

13. Ladd, A.; Cooper, T.A. Multiple domains control the subcellular localization and activity of ETR-3, a regulator of nuclear and
cytoplasmic RNA processing events. J. Cell Sci. 2004, 117, 3519–3529. [CrossRef] [PubMed]

14. Itai, T.; Hamanaka, K.; Sasaki, K.; Wagner, M.; Kotzaeridou, U.; Brösse, I.; Ries, M.; Kobayashi, Y.; Tohyama, J.; Kato, M.; et al. De
novo variants in CELF2 that disrupt the nuclear localization signal cause developmental and epileptic encephalopathy. Hum.
Mutat. 2020, 42, 66–76. [CrossRef] [PubMed]

15. Salisbury, E.; Sakai, K.; Schoser, B.; Huichalaf, C.; Schneider-Gold, C.; Nguyen, H.; Wang, G.-L.; Albrecht, J.H.; Timchenko, L.T.
Ectopic expression of cyclin D3 corrects differentiation of DM1 myoblasts through activation of RNA CUG-binding protein,
CUGBP. Exp. Cell Res. 2008, 314, 2266–2278. [CrossRef] [PubMed]

16. Beisang, D.; Rattenbacher, B.; Louis, I.A.V.-S.; Bohjanen, P.R. Regulation of CUG-binding Protein 1 (CUGBP1) Binding to Target
Transcripts upon T Cell Activation. J. Biol. Chem. 2012, 287, 950–960. [CrossRef]

17. Choudhary, C.; Kumar, C.; Gnad, F.; Nielsen, M.L.; Rehman, M.; Walther, T.C.; Olsen, J.V.; Mann, M. Lysine Acetylation Targets
Protein Complexes and Co-Regulates Major Cellular Functions. Science 2009, 325, 834–840. [CrossRef]

18. Gnad, F.; Gunawardena, J.; Mann, M. PHOSIDA 2011: The posttranslational modification database. Nucleic Acids Res. 2010, 39,
D253–D260. [CrossRef]

19. Suzuki, H.; Maegawa, S.; Nishibu, T.; Sugiyama, T.; Yasuda, K.; Inoue, K. Vegetal localization of the maternal mRNA encoding an
EDEN-BP/Bruno-like protein in zebrafish. Mech. Dev. 2000, 93, 205–209. [CrossRef]

20. Choi, D.-K.; Yoo, K.-W.; Hong, S.-K.; Rhee, M.; Sakaki, Y.; Kim, C.-H. Isolation and expression of Napor/CUG-BP2 in embryo
development. Biochem. Biophys. Res. Commun. 2003, 305, 448–454. [CrossRef]

21. Ramalingam, S.; Natarajan, G.; Schafer, C.; Subramaniam, D.; May, R.; Ramachandran, I.; Queimado, L.; Houchen, C.W.; Anant, S.
Novel intestinal splice variants of RNA-binding protein CUGBP2: Isoform-specific effects on mitotic catastrophe. Am. J. Physiol.
Liver Physiol. 2008, 294, G971–G981. [CrossRef]

22. Suzuki, H.; Takeuchi, M.; Sugiyama, A.; Alam, A.K.; Vu, L.T.; Sekiyama, Y.; Dam, H.C.; Ohki, S.-Y.; Tsukahara, T. Alternative
splicing produces structural and functional changes in CUGBP. BMC Biochem. 2012, 13, 6. [CrossRef]

http://doi.org/10.1016/j.tibs.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32531229
http://doi.org/10.1038/s41467-021-25078-5
http://www.ncbi.nlm.nih.gov/pubmed/34417449
http://doi.org/10.1101/gr.199935.115
http://www.ncbi.nlm.nih.gov/pubmed/27197215
http://doi.org/10.1186/gb-2014-15-1-r14
http://www.ncbi.nlm.nih.gov/pubmed/24410894
http://doi.org/10.1002/wrna.107
http://doi.org/10.1016/j.bbagrm.2013.01.001
http://doi.org/10.1080/15476286.2016.1176663
http://doi.org/10.1016/j.bbagrm.2017.07.004
http://doi.org/10.1038/s41568-020-00306-0
http://doi.org/10.1016/j.cels.2018.05.019
http://doi.org/10.1007/s00429-015-1005-z
http://doi.org/10.1016/j.celrep.2020.108531
http://doi.org/10.1242/jcs.01194
http://www.ncbi.nlm.nih.gov/pubmed/15226369
http://doi.org/10.1002/humu.24130
http://www.ncbi.nlm.nih.gov/pubmed/33131106
http://doi.org/10.1016/j.yexcr.2008.04.018
http://www.ncbi.nlm.nih.gov/pubmed/18570922
http://doi.org/10.1074/jbc.M111.291658
http://doi.org/10.1126/science.1175371
http://doi.org/10.1093/nar/gkq1159
http://doi.org/10.1016/S0925-4773(00)00270-7
http://doi.org/10.1016/S0006-291X(03)00789-7
http://doi.org/10.1152/ajpgi.00540.2007
http://doi.org/10.1186/1471-2091-13-6


Int. J. Mol. Sci. 2021, 22, 11056 17 of 23

23. Hornbeck, P.V.; Zhang, B.; Murray, B.; Kornhauser, J.M.; Latham, V.; Skrzypek, E. PhosphoSitePlus, 2014: Mutations, PTMs and
recalibrations. Nucleic Acids Res. 2014, 43, D512–D520. [CrossRef]

24. Fujimura, K.; Kano, F.; Murata, M. Dual localization of the RNA binding protein CUGBP-1 to stress granule and perinucleolar
compartment. Exp. Cell Res. 2008, 314, 543–553. [CrossRef]

25. Wagnon, J.L.; Briese, M.; Sun, W.; Mahaffey, C.L.; Curk, T.; Rot, G.; Ule, J.; Frankel, W.N. CELF4 Regulates Translation and Local
Abundance of a Vast Set of mRNAs, Including Genes Associated with Regulation of Synaptic Function. PLoS Genet. 2012, 8,
e1003067. [CrossRef]

26. Cox, D.C.; Guan, X.; Xia, Z.; Cooper, T.A. Increased nuclear but not cytoplasmic activities of CELF1 protein leads to muscle
wasting. Hum. Mol. Genet. 2020, 29, 1729–1744. [CrossRef] [PubMed]

27. Mallory, M.J.; Jackson, J.; Weber, B.; Chi, A.; Heyd, F.; Lynch, K.W. Signal- and Development-Dependent Alternative Splicing of
LEF1 in T Cells Is Controlled by CELF. Mol. Cell. Biol. 2011, 31, 2184–2195. [CrossRef] [PubMed]

28. Nikonova, E.; Kao, S.-Y.; Ravichandran, K.; Wittner, A.; Spletter, M.L. Conserved functions of RNA-binding proteins in muscle.
Int. J. Biochem. Cell Biol. 2019, 110, 29–49. [CrossRef] [PubMed]

29. Blech-Hermoni, Y.; Dasgupta, T.; Coram, R.J.; Ladd, A.N. Identification of Targets of CUG-BP, Elav-Like Family Member 1
(CELF1) Regulation in Embryonic Heart Muscle. PLoS ONE 2016, 11, e0149061. [CrossRef] [PubMed]

30. Emmerich, A.C.; Wellstein, J.; Ossipova, E.; Baumann, I.; Lengqvist, J.; Kultima, K.; Jakobsson, P.-J.; Steinhilber, D.; Saul, M.J.
Proteomics-Based Characterization of miR-574-5p Decoy to CUGBP1 Suggests Specificity for mPGES-1 Regulation in Human
Lung Cancer Cells. Front. Pharmacol. 2020, 11, 196. [CrossRef]

31. Gazzara, M.R.; Mallory, M.J.; Roytenberg, R.; Lindberg, J.P.; Jha, A.; Lynch, K.W.; Barash, Y. Ancient antagonism between CELF
and RBFOX families tunes mRNA splicing outcomes. Genome Res. 2017, 27, 1360–1370. [CrossRef]

32. Chatrikhi, R.; Mallory, M.J.; Gazzara, M.R.; Agosto, L.M.; Zhu, W.S.; Litterman, A.J.; Ansel, K.M.; Lynch, K.W. RNA Binding
Protein CELF2 Regulates Signal-Induced Alternative Polyadenylation by Competing with Enhancers of the Polyadenylation
Machinery. Cell Rep. 2019, 28, 2795–2806.e3. [CrossRef] [PubMed]

33. Chen, Z.; Eggerman, T.L.; Patterson, A.P. ApoB mRNA editing is mediated by a coordinated modulation of multiple apoB mRNA
editing enzyme components. Am. J. Physiol. Liver Physiol. 2007, 292, G53–G65. [CrossRef] [PubMed]

34. Mallory, M.J.; McClory, S.P.; Chatrikhi, R.; Gazzara, M.R.; Ontiveros, R.J.; Lynch, K.W. Reciprocal regulation of hnRNP C and
CELF2 through translation and transcription tunes splicing activity in T cells. Nucleic Acids Res. 2020, 48, 5710–5719. [CrossRef]
[PubMed]

35. Moraes, K.C.; Wilusz, C.J.; Wilusz, J. CUG-BP binds to RNA substrates and recruits PARN deadenylase. RNA 2006, 12, 1084–1091.
[CrossRef]

36. Yoon, J.S.J.; Wu, M.K.; Zhu, T.H.; Zhao, H.; Cheung, S.T.; Chamberlain, T.; Mui, A.L.-F. Interleukin-10 control of pre-miR155
maturation involves CELF. PLoS ONE 2020, 15, e0231639. [CrossRef]

37. Dejene, E.A.; Li, Y.; Showkatian, Z.; Ling, H.; Seto, E. Regulation of poly(a)-specific ribonuclease activity by reversible lysine
acetylation. J. Biol. Chem. 2020, 295, 10255–10270. [CrossRef]

38. Chaudhury, A.; Cheema, S.; Fachini, J.M.; Kongchan, N.; Lu, G.; Simon, L.M.; Wang, T.; Mao, S.; Rosen, D.G.; Ittmann, M.M.; et al.
CELF1 is a central node in post-transcriptional regulatory programmes underlying EMT. Nat. Commun. 2016, 7, 13362. [CrossRef]

39. Popovitchenko, T.; Park, Y.; Page, N.F.; Luo, X.; Krsnik, Z.; Liu, Y.; Salamon, I.; Stephenson, J.D.; Kraushar, M.L.; Volk, N.L.; et al.
Translational derepression of Elavl4 isoforms at their alternative 5′ UTRs determines neuronal development. Nat. Commun. 2020,
11, 1674. [CrossRef]

40. Gareau, C.; Fournier, M.-J.; Filion, C.; Coudert, L.; Martel, D.; Labelle, Y.; Mazroui, R. p21WAF1/CIP1 Upregulation through the
Stress Granule-Associated Protein CUGBP1 Confers Resistance to Bortezomib-Mediated Apoptosis. PLoS ONE 2011, 6, e20254.
[CrossRef]

41. Subramaniam, D.; Natarajan, G.; Ramalingam, S.; Ramachandran, I.; May, R.; Queimado, L.; Houchen, C.W.; Anant, S. Translation
inhibition during cell cycle arrest and apoptosis: Mcl-1 is a novel target for RNA binding protein CUGBP. Am. J. Physiol. Liver
Physiol. 2008, 294, G1025–G1032. [CrossRef] [PubMed]

42. Fox, J.T.; Stover, P.J. Mechanism of the Internal Ribosome Entry Site-mediated Translation of Serine Hydroxymethyltransferase 1.
J. Biol. Chem. 2009, 284, 31085–31096. [CrossRef] [PubMed]

43. Treiber, T.; Treiber, N.; Plessmann, U.; Harlander, S.; Daiß, J.-L.; Eichner, N.; Lehmann, G.; Schall, K.; Urlaub, H.; Meister, G.
A Compendium of RNA-Binding Proteins that Regulate MicroRNA Biogenesis. Mol. Cell 2017, 66, 270–284.e13. [CrossRef]
[PubMed]

44. Amen, T.; Guihur, A.; Zelent, C.; Ursache, R.; Wilting, J.; Kaganovich, D. Resveratrol and related stilbene-derivatives induce
Stress Granules with distinct clearance kinetics. Mol. Biol. Cell 2021. mbc.E21–02. [CrossRef]

45. Moraes, K.C.M.; Monteiro, C.J.; Pacheco-Soares, C. A novel function for CUGBP2 in controlling the pro-inflammatory stimulus in
H9c2 cells: Subcellular trafficking of messenger molecules. Cell Biol. Int. 2013, 37, 1129–1138. [CrossRef]

46. Qian, Y.; Lv, S.; Dong, X. Detection and Significance of PNC in Breast Cancer Tissues. Clin. Lab. 2021, 67. [CrossRef]
47. Vilimas, T.; Wang, A.Q.; Patnaik, S.; Hughes, E.A.; Singleton, M.D.; Knotts, Z.; Li, D.; Frankowski, K.; Schlomer, J.J.;

Guerin, T.M.; et al. Pharmacokinetic evaluation of the PNC disassembler metarrestin in wild-type and Pdx1-Cre;LSL-
KrasG12D/+;Tp53R172H/+ (KPC) mice, a genetically engineered model of pancreatic cancer. Cancer Chemother. Pharmacol. 2018,
82, 1067–1080. [CrossRef]

http://doi.org/10.1093/nar/gku1267
http://doi.org/10.1016/j.yexcr.2007.10.024
http://doi.org/10.1371/journal.pgen.1003067
http://doi.org/10.1093/hmg/ddaa095
http://www.ncbi.nlm.nih.gov/pubmed/32412585
http://doi.org/10.1128/MCB.05170-11
http://www.ncbi.nlm.nih.gov/pubmed/21444716
http://doi.org/10.1016/j.biocel.2019.02.008
http://www.ncbi.nlm.nih.gov/pubmed/30818081
http://doi.org/10.1371/journal.pone.0149061
http://www.ncbi.nlm.nih.gov/pubmed/26866591
http://doi.org/10.3389/fphar.2020.00196
http://doi.org/10.1101/gr.220517.117
http://doi.org/10.1016/j.celrep.2019.08.022
http://www.ncbi.nlm.nih.gov/pubmed/31509743
http://doi.org/10.1152/ajpgi.00118.2006
http://www.ncbi.nlm.nih.gov/pubmed/16920700
http://doi.org/10.1093/nar/gkaa295
http://www.ncbi.nlm.nih.gov/pubmed/32338744
http://doi.org/10.1261/rna.59606
http://doi.org/10.1371/journal.pone.0231639
http://doi.org/10.1074/jbc.RA120.012552
http://doi.org/10.1038/ncomms13362
http://doi.org/10.1038/s41467-020-15412-8
http://doi.org/10.1371/journal.pone.0020254
http://doi.org/10.1152/ajpgi.00602.2007
http://www.ncbi.nlm.nih.gov/pubmed/18292181
http://doi.org/10.1074/jbc.M109.035576
http://www.ncbi.nlm.nih.gov/pubmed/19734143
http://doi.org/10.1016/j.molcel.2017.03.014
http://www.ncbi.nlm.nih.gov/pubmed/28431233
http://doi.org/10.1091/mbc.E21-02-0066
http://doi.org/10.1002/cbin.10127
http://doi.org/10.7754/Clin.Lab.2020.201134
http://doi.org/10.1007/s00280-018-3699-0


Int. J. Mol. Sci. 2021, 22, 11056 18 of 23

48. Pollock, C.; Daily, K.; Nguyen, V.T.; Wang, C.; Lewandowska, M.A.; Bensaude, O.; Huang, S. Characterization of MRP RNA–
protein interactions within the perinucleolar compartment. Mol. Biol. Cell 2011, 22, 858–866. [CrossRef]

49. Pereira, B.; Billaud, M.; Almeida, R. RNA-Binding Proteins in Cancer: Old Players and New Actors. Trends Cancer 2017, 3, 506–528.
[CrossRef]

50. Schuschel, K.; Helwig, M.; Hüttelmaier, S.; Heckl, D.; Klusmann, J.-H.; Hoell, J.I. RNA-Binding Proteins in Acute Leukemias. Int.
J. Mol. Sci. 2020, 21, 3409. [CrossRef]

51. Philips, A.V.; Timchenko, L.T.; Cooper, T.A. Disruption of Splicing Regulated by a CUG-Binding Protein in Myotonic Dystrophy.
Science 1998, 280, 737–741. [CrossRef] [PubMed]

52. Timchenko, L.T.; Miller, J.W.; Timchenko, N.A.; Devore, D.R.; Datar, K.V.; Lin, L.; Roberts, R.; Caskey, C.T.; Swanson, M.S.
Identification of a (CUG)n Triplet Repeat RNA-Binding Protein and Its Expression in Myotonic Dystrophy. Nucleic Acids Res.
1996, 24, 4407–4414. [CrossRef]

53. Chau, A.; Kalsotra, A. Developmental insights into the pathology of and therapeutic strategies for DM1: Back to the basics. Dev.
Dyn. 2015, 244, 377–390. [CrossRef] [PubMed]

54. Shulman, J.M.; Imboywa, S.; Giagtzoglou, N.; Powers, M.P.; Hu, Y.; Devenport, D.; Chipendo, P.; Chibnik, L.B.; Diamond,
A.; Perrimon, N.; et al. Functional screening in Drosophila identifies Alzheimer’s disease susceptibility genes and implicates
Tau-mediated mechanisms. Hum. Mol. Genet. 2013, 23, 870–877. [CrossRef]

55. Lambert, J.C.; Ibrahim-Verbaas, C.A.; Harold, D.; Naj, A.C.; Sims, R.; Bellenguez, C.; Jun, G.; DeStefano, A.L.; Bis, J.C.; Beecham,
G.W.; et al. Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nat. Genet. 2013, 45,
1452–1458. [CrossRef]

56. Masuda, A.; Andersen, H.S.; Doktor, T.; Okamoto, T.; Ito, M.; Andresen, B.S.; Ohno, K. CUGBP1 and MBNL1 preferentially bind
to 3′ UTRs and facilitate mRNA decay. Sci. Rep. 2012, 2, 1–10. [CrossRef] [PubMed]

57. Le Tonquèze, O.; Gschloessl, B.; Legagneux, V.; Paillard, L.; Audic, Y. Identification of CELF1 RNA targets by CLIP-seq in human
HeLa cells. Genom. Data 2016, 8, 97–103. [CrossRef] [PubMed]

58. Cifdaloz, M.; Osterloh, L.; Graña, O.; Riveiro-Falkenbach, E.; Ximénez-Embún, P.; Muñoz, J.; Tejedo, C.; Calvo, T.G.; Karras,
P.; Olmeda, D.; et al. Systems analysis identifies melanoma-enriched pro-oncogenic networks controlled by the RNA binding
protein CELF. Nat. Commun. 2017, 8, 2249. [CrossRef]

59. House, R.P.; Talwar, S.; Hazard, E.S.; Hill, E.G.; Palanisamy, V. RNA-binding protein CELF1 promotes tumor growth and alters
gene expression in oral squamous cell carcinoma. Oncotarget 2015, 6, 43620–43634. [CrossRef] [PubMed]

60. Talwar, S.; Balasubramanian, S.; Sundaramurthy, S.; House, R.; Wilusz, C.J.; Kuppuswamy, D.; D’Silva, N.; Gillespie, M.B.; Hill,
E.G.; Palanisamy, V. Overexpression of RNA-binding protein CELF1 prevents apoptosis and destabilizes pro-apoptotic mRNAs
in oral cancer cells. RNA Biol. 2013, 10, 277–286. [CrossRef]

61. Buyuk, B.; Jin, S.; Ye, K. Epithelial-to-Mesenchymal Transition Signaling Pathways Responsible for Breast Cancer Metastasis. Cell.
Mol. Bioeng. 2021, 1–13. [CrossRef]

62. Jiao, W.; Zhao, J.; Wang, M.; Wang, Y.; Luo, Y.; Zhao, Y.; Tang, D.; Shen, Y. CUG-binding protein 1 (CUGBP1) expression and
prognosis of non-small cell lung cancer. Clin. Transl. Oncol. 2013, 15, 789–795. [CrossRef]

63. Wu, L.-N.; Xue, Y.-J.; Zhang, L.-J.; Ma, X.-M.; Chen, J.-F. Si-RNA mediated knockdown of CELF1 gene suppressed the proliferation
of human lung cancer cells. Cancer Cell Int. 2013, 13, 115. [CrossRef]

64. Gao, C.; Yu, Z.; Liu, S.; Xin, H.; Li, X. Overexpression of CUGBP1 is associated with the progression of non-small cell lung cancer.
Tumor Biol. 2015, 36, 4583–4589. [CrossRef] [PubMed]

65. Huichalaf, C.; Sakai, K.; Jin, B.; Jones, K.; Wang, G.; Schoser, B.; Schneider-Gold, C.; Sarkar, P.; Pereira-Smith, O.M.;
Timchenko, N.; et al. Expansion of CUG RNA repeats causes stress and inhibition of translation in myotonic dystrophy 1 (DM1)
cells. FASEB J. 2010, 24, 3706–3719. [CrossRef] [PubMed]

66. Song, M.; Bode, A.M.; Dong, Z.; Lee, M.-H. AKT as a Therapeutic Target for Cancer. Cancer Res. 2019, 79, 1019–1031. [CrossRef]
67. Gao, X.; Leone, G.W.; Wang, H. Cyclin D-CDK4/6 functions in cancer. Adv. Cancer Res. 2020, 148, 147–169. [CrossRef] [PubMed]
68. Bohjanen, P.R.; Moua, M.L.; Guo, L.; Taye, A.; Louis, I.V.-S. Altered CELF1 binding to target transcripts in malignant T cells. RNA

2015, 21, 1757–1769. [CrossRef]
69. Valanejad, L.; Cast, A.; Wright, M.; Bissig, K.-D.; Karns, R.; Weirauch, M.T.; Timchenko, N. PARP1 activation increases expression

of modified tumor suppressors and pathways underlying development of aggressive hepatoblastoma. Commun. Biol. 2018, 1, 67.
[CrossRef]

70. Lewis, K.; Valanejad, L.; Cast, A.; Wright, M.; Wei, C.; Iakova, P.; Stock, L.; Karns, R.; Timchenko, L.; Timchenko, N. RNA Binding
Protein CUGBP1 Inhibits Liver Cancer in a Phosphorylation-Dependent Manner. Mol. Cell. Biol. 2017, 37. [CrossRef]

71. Xia, L.; Sun, C.; Li, Q.; Feng, F.; Qiao, E.; Jiang, L.; Wu, B.; Ge, M. CELF1 is Up-Regulated in Glioma and Promotes Glioma Cell
Proliferation by Suppression of CDKN1B. Int. J. Biol. Sci. 2015, 11, 1314–1324. [CrossRef]

72. Huang, G.; Song, C.; Wang, N.; Qin, T.; Sui, S.; Obr, A.; Zeng, L.; Wood, T.L.; Leroith, D.; Li, M.; et al. RNA-binding protein
CUGBP1 controls the differential INSR splicing in molecular subtypes of breast cancer cells and affects cell aggressiveness.
Carcinogenesis 2019, 41, 1294–1305. [CrossRef]

73. Wang, H.; Huang, R.; Guo, W.; Qin, X.; Yang, Z.; Yuan, Z.; Wei, Y.; Mo, C.; Zeng, Z.; Luo, J.; et al. RNA-binding protein CELF1
enhances cell migration, invasion, and chemoresistance by targeting ETS2 in colorectal cancer. Clin. Sci. 2020, 134, 1973–1990.
[CrossRef]

http://doi.org/10.1091/mbc.e10-09-0768
http://doi.org/10.1016/j.trecan.2017.05.003
http://doi.org/10.3390/ijms21103409
http://doi.org/10.1126/science.280.5364.737
http://www.ncbi.nlm.nih.gov/pubmed/9563950
http://doi.org/10.1093/nar/24.22.4407
http://doi.org/10.1002/dvdy.24240
http://www.ncbi.nlm.nih.gov/pubmed/25504326
http://doi.org/10.1093/hmg/ddt478
http://doi.org/10.1038/ng.2802
http://doi.org/10.1038/srep00209
http://www.ncbi.nlm.nih.gov/pubmed/22355723
http://doi.org/10.1016/j.gdata.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27222809
http://doi.org/10.1038/s41467-017-02353-y
http://doi.org/10.18632/oncotarget.6204
http://www.ncbi.nlm.nih.gov/pubmed/26498364
http://doi.org/10.4161/rna.23315
http://doi.org/10.1007/s12195-021-00694-9
http://doi.org/10.1007/s12094-013-1005-5
http://doi.org/10.1186/1475-2867-13-115
http://doi.org/10.1007/s13277-015-3103-1
http://www.ncbi.nlm.nih.gov/pubmed/25619475
http://doi.org/10.1096/fj.09-151159
http://www.ncbi.nlm.nih.gov/pubmed/20479119
http://doi.org/10.1158/0008-5472.CAN-18-2738
http://doi.org/10.1016/bs.acr.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32723562
http://doi.org/10.1261/rna.049940.115
http://doi.org/10.1038/s42003-018-0077-8
http://doi.org/10.1128/MCB.00128-17
http://doi.org/10.7150/ijbs.11344
http://doi.org/10.1093/carcin/bgz141
http://doi.org/10.1042/CS20191174


Int. J. Mol. Sci. 2021, 22, 11056 19 of 23

74. Tang, M.; Yang, M.; He, K.; Li, R.; Chen, X.; Wang, Y.; Zhang, X.; Qiu, T. Glycyrrhetinic acid remodels the tumor microenvironment
and synergizes with doxorubicin for breast cancer treatment in a murine model. Nanotechnology 2021, 32, 185702. [CrossRef]

75. Wang, Z.-L.; Li, B.; Luo, Y.-X.; Lin, Q.; Liu, S.-R.; Zhang, X.-Q.; Zhou, H.; Yang, J.-H.; Qu, L.-H. Comprehensive Genomic
Characterization of RNA-Binding Proteins across Human Cancers. Cell Rep. 2018, 22, 286–298. [CrossRef]

76. Wang, L.; Liu, Z.; Liu, L.; Guo, C.; Jiao, D.; Li, L.; Zhao, J.; Han, X.; Sun, Y. CELF2 is a candidate prognostic and immunotherapy
biomarker in triple-negative breast cancer and lung squamous cell carcinoma: A pan-cancer analysis. J. Cell. Mol. Med. 2021, 25,
7559–7574. [CrossRef] [PubMed]

77. Zhou, L.; Xie, X. RNA-binding protein CELF2 inhibits breast cancer cell invasion and angiogenesis by downregulating NFATc.
Exp. Ther. Med. 2021, 22, 1–7. [CrossRef] [PubMed]

78. Piqué, L.; de Paz, A.M.; Piñeyro, D.; Martínez-Cardús, A.; de Moura, M.C.; Llinàs-Arias, P.; Setien, F.; Gomez-Miragaya, J.;
Gonzalez-Suarez, E.; Sigurdsson, S.; et al. Epigenetic inactivation of the splicing RNA-binding protein CELF2 in human breast
cancer. Oncogene 2019, 38, 7106–7112. [CrossRef] [PubMed]

79. Yeung, Y.T.; Fan, S.; Lu, B.; Yin, S.; Yang, S.; Nie, W.; Wang, M.; Zhou, L.; Li, T.; Li, X.; et al. CELF2 suppresses non-small cell lung
carcinoma growth by inhibiting the PREX2-PTEN interaction. Carcinogenesis 2019, 41, 377–389. [CrossRef] [PubMed]

80. Chang, Y.-S.; Tu, S.-J.; Chiang, H.-S.; Yen, J.-C.; Lee, Y.-T.; Fang, H.-Y.; Chang, J.-G. Genome-Wide Analysis of Prognostic
Alternative Splicing Signature and Splicing Factors in Lung Adenocarcinoma. Genes 2020, 11, 1300. [CrossRef]

81. Guo, Q.; Wu, Y.; Guo, X.; Cao, L.; Xu, F.; Zhao, H.; Zhu, J.; Wen, H.; Ju, X.; Wu, X. The RNA-Binding Protein CELF2 Inhibits
Ovarian Cancer Progression by Stabilizing FAM198B. Mol. Ther.-Nucleic Acids 2020, 23, 169–184. [CrossRef]

82. Zhang, L.; Liu, X.; Zhang, X.; Chen, R. Identification of important long non-coding RNAs and highly recurrent aberrant alternative
splicing events in hepatocellular carcinoma through integrative analysis of multiple RNA-Seq datasets. Mol. Genet. Genom. 2015,
291, 1035–1051. [CrossRef]

83. Wu, J.-Z.; Jiang, N.; Lin, J.-M.; Liu, X. STYXL1 promotes malignant progression of hepatocellular carcinoma via downregulating
CELF2 through the PI3K/Akt pathway. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 2977–2985.

84. Li, Y.; Ren, Z.; Peng, Y.; Li, K.; Wang, X.; Huang, G.; Qi, S.; Liu, Y. Classification of glioma based on prognostic alternative splicing.
BMC Med Genom. 2019, 12, 165. [CrossRef] [PubMed]

85. Cao, R.; Zhang, J.; Jiang, L.; Wang, Y.; Ren, X.; Cheng, B.; Xia, J. Comprehensive Analysis of Prognostic Alternative Splicing
Signatures in Oral Squamous Cell Carcinoma. Front. Oncol. 2020, 10, 1740. [CrossRef] [PubMed]

86. Zhang, S.; Hu, Z.; Lan, Y.; Long, J.; Wang, Y.; Chen, X.; Xu, X.; Zeng, Z.; Ouyang, Y. Prognostic significance of survival-associated
alternative splicing events in gastric cancer. Aging 2020, 12, 21923–21941. [CrossRef] [PubMed]

87. Schultz, A.-S.; Preussner, M.; Bunse, M.; Karni, R.; Heyd, F. Activation-Dependent TRAF3 Exon 8 Alternative Splicing Is
Controlled by CELF2 and hnRNP C Binding to an Upstream Intronic Element. Mol. Cell. Biol. 2017, 37. [CrossRef]

88. Mallory, M.J.; Allon, S.J.; Qiu, J.; Gazzara, M.R.; Tapescu, I.; Martinez, N.M.; Fu, X.-D.; Lynch, K.W. Induced transcription and
stability of CELF2 mRNA drives widespread alternative splicing during T-cell signaling. Proc. Natl. Acad. Sci. USA 2015, 112,
E2139–E2148. [CrossRef]

89. Martinez, N.; Agosto, L.; Qiu, J.; Mallory, M.J.; Gazzara, M.R.; Barash, Y.; Fu, X.-D.; Lynch, K.W. Widespread JNK-dependent
alternative splicing induces a positive feedback loop through CELF2-mediated regulation of MKK7 during T-cell activation.
Genes Dev. 2015, 29, 2054–2066. [CrossRef]

90. Van Der Leun, A.M.; Thommen, D.S.; Schumacher, T.N. CD8+ T cell states in human cancer: Insights from single-cell analysis.
Nat. Rev. Cancer 2020, 20, 218–232. [CrossRef]

91. Subramaniam, D.; Ramalingam, S.; Linehan, D.C.; Dieckgraefe, B.K.; Postier, R.G.; Houchen, C.W.; Jensen, R.A.; Anant, S. RNA
Binding Protein CUGBP2/CELF2 Mediates Curcumin-Induced Mitotic Catastrophe of Pancreatic Cancer Cells. PLoS ONE 2011, 6,
e16958. [CrossRef]

92. Jakstaite, A.; Maziukiene, A.; Silkuniene, G.; Kmieliute, K.; Dauksa, A.; Paskauskas, S.; Gulbinas, A.; Dambrauskas, Z. Upreg-
ulation of cugbp2 increases response of pancreatic cancer cells to chemotherapy. Langenbeck’s Arch. Surg. 2015, 401, 99–111.
[CrossRef]

93. New, J.; Subramaniam, D.; Ramalingam, S.; Enders, J.; Sayed, A.A.A.; Ponnurangam, S.; Standing, D.; Ramamoorthy, P.; O’Neil,
M.; Dixon, D.A.; et al. Pleotropic role of RNA binding protein CELF2 in autophagy induction. Mol. Carcinog. 2019, 58, 1400–1409.
[CrossRef]

94. Xu, J.; Fang, Y.; Qin, J.; Chen, X.; Liang, X.; Xie, X.; Lu, W. A transcriptomic landscape of human papillomavirus 16 E6-regulated
gene expression and splicing events. FEBS Lett. 2016, 590, 4594–4605. [CrossRef]

95. Zhou, B.; Guo, R. Integrative analysis of significant RNA-binding proteins in colorectal cancer metastasis. J. Cell. Biochem. 2018,
119, 9730–9741. [CrossRef]

96. Wang, X.; Sun, C.-L.; Lombraña, A.Q.; Singh, P.; Landier, W.; Hageman, L.; Mather, M.; Rotter, J.I.; Taylor, K.D.; Chen, Y.-D.I.; et al.
CELF4 Variant and Anthracycline-Related Cardiomyopathy: A Children’s Oncology Group Genome-Wide Association Study. J.
Clin. Oncol. 2016, 34, 863–870. [CrossRef]

97. Linschoten, M.; Teske, A.J.; Cramer, M.J.; Van Der Wall, E.; Asselbergs, F.W. Chemotherapy-Related Cardiac Dysfunction. Circ.
Genom. Precis. Med. 2018, 11, e001753. [CrossRef] [PubMed]

http://doi.org/10.1088/1361-6528/abe076
http://doi.org/10.1016/j.celrep.2017.12.035
http://doi.org/10.1111/jcmm.16791
http://www.ncbi.nlm.nih.gov/pubmed/34288370
http://doi.org/10.3892/etm.2021.10330
http://www.ncbi.nlm.nih.gov/pubmed/34257711
http://doi.org/10.1038/s41388-019-0936-x
http://www.ncbi.nlm.nih.gov/pubmed/31409895
http://doi.org/10.1093/carcin/bgz113
http://www.ncbi.nlm.nih.gov/pubmed/31241130
http://doi.org/10.3390/genes11111300
http://doi.org/10.1016/j.omtn.2020.10.011
http://doi.org/10.1007/s00438-015-1163-y
http://doi.org/10.1186/s12920-019-0603-7
http://www.ncbi.nlm.nih.gov/pubmed/31729991
http://doi.org/10.3389/fonc.2020.01740
http://www.ncbi.nlm.nih.gov/pubmed/32984057
http://doi.org/10.18632/aging.104013
http://www.ncbi.nlm.nih.gov/pubmed/33186122
http://doi.org/10.1128/MCB.00488-16
http://doi.org/10.1073/pnas.1423695112
http://doi.org/10.1101/gad.267245.115
http://doi.org/10.1038/s41568-019-0235-4
http://doi.org/10.1371/journal.pone.0016958
http://doi.org/10.1007/s00423-015-1364-1
http://doi.org/10.1002/mc.23023
http://doi.org/10.1002/1873-3468.12486
http://doi.org/10.1002/jcb.27290
http://doi.org/10.1200/JCO.2015.63.4550
http://doi.org/10.1161/CIRCGEN.117.001753
http://www.ncbi.nlm.nih.gov/pubmed/29557343


Int. J. Mol. Sci. 2021, 22, 11056 20 of 23

98. Huang, R.L.; Su, P.-H.; Liao, Y.-P.; Wu, T.-I.; Hsu, Y.-T.; Lin, W.-Y.; Wang, H.-C.; Weng, Y.-C.; Ou, Y.-C.; Huang, T.H.-M.; et al.
Integrated Epigenomics Analysis Reveals a DNA Methylation Panel for Endometrial Cancer Detection Using Cervical Scrapings.
Clin. Cancer Res. 2016, 23, 263–272. [CrossRef]

99. Teerlink, C.C.; Stevens, J.; Hernandez, R.; Facelli, J.C.; Cannon-Albright, L.A. An intronic variant in the CELF4 gene is associated
with risk for colorectal cancer. Cancer Epidemiol. 2021, 72, 101941. [CrossRef] [PubMed]

100. Fan, X.; Liu, L.; Shi, Y.; Guo, F.; Wang, H.; Zhao, X.; Zhong, D.; Li, G. Integrated analysis of RNA-binding proteins in human
colorectal cancer. World J. Surg. Oncol. 2020, 18, 1–14. [CrossRef] [PubMed]

101. Chang, K.; Yuan, C.; Liu, X. A New RBPs-Related Signature Predicts the Prognosis of Colon Adenocarcinoma Patients. Front.
Oncol. 2021, 11. [CrossRef]

102. Miao, Y.; Zhang, H.; Su, B.; Wang, J.; Quan, W.; Li, Q.; Mi, D. Construction and validation of an RNA-binding protein-associated
prognostic model for colorectal cancer. PeerJ 2021, 9, e11219. [CrossRef] [PubMed]

103. Li, T.; Hui, W.; Halike, H.; Gao, F. RNA Binding Protein-Based Model for Prognostic Prediction of Colorectal Cancer. Technol.
Cancer Res. Treat. 2021, 20. [CrossRef] [PubMed]

104. Ladd, A.N.; Charlet, N.; Cooper, T.A. The CELF Family of RNA Binding Proteins Is Implicated in Cell-Specific and Developmen-
tally Regulated Alternative Splicing. Mol. Cell. Biol. 2001, 21, 1285–1296. [CrossRef] [PubMed]

105. Loria, P.M.; Duke, A.; Rand, J.B.; Hobert, O. Two Neuronal, Nuclear-Localized RNA Binding Proteins Involved in Synaptic
Transmission. Curr. Biol. 2003, 13, 1317–1323. [CrossRef]

106. Kline, R.A.; Kaifer, K.A.; Osman, E.; Carella, F.; Tiberi, A.; Ross, J.; Pennetta, G.; Lorson, C.L.; Murray, L.M. Comparison of
independent screens on differentially vulnerable motor neurons reveals alpha-synuclein as a common modifier in motor neuron
diseases. PLoS Genet. 2017, 13, e1006680. [CrossRef] [PubMed]

107. Zou, F.; Lu, Z.; Wang, S.; Wu, S.; Wu, Y.; Sun, Z. Human cytomegalovirus UL141 protein interacts with CELF5 and affects viral
DNA replication. Mol. Med. Rep. 2018, 17, 4657–4664. [CrossRef]

108. Manicklal, S.; Emery, V.; Lazzarotto, T.; Boppana, S.B.; Gupta, R. The “Silent” Global Burden of Congenital Cytomegalovirus. Clin.
Microbiol. Rev. 2013, 26, 86–102. [CrossRef]

109. Huang, R.; Li, Z.; Li, C.; Wang, G.; Yan, P.; Peng, L.; Wang, J.; Zhu, X.; Hu, P.; Zhang, J.; et al. Germ Cell-Specific Gene 1-Like
Protein Regulated by Splicing Factor CUGBP Elav-Like Family Member 5 and Primary Bile Acid Biosynthesis are Prognostic in
Glioblastoma Multiforme. Front. Genet. 2020, 10, 1380. [CrossRef]

110. Ladd, A.; Nguyen, N.H.; Malhotra, K.; Cooper, T.A. CELF6, a Member of the CELF Family of RNA-binding Proteins, Regulates
Muscle-specific Splicing Enhancer-dependent Alternative Splicing. J. Biol. Chem. 2004, 279, 17756–17764. [CrossRef]

111. Sutandy, F.R.; Ebersberger, S.; Huang, L.; Busch, A.; Bach, M.; Kang, H.-S.; Fallmann, J.; Maticzka, D.; Backofen, R.;
Stadler, P.F.; et al. In vitro iCLIP-based modeling uncovers how the splicing factor U2AF2 relies on regulation by cofactors.
Genome Res. 2018, 28, 699–713. [CrossRef]

112. Mackereth, C.; Madl, T.; Bonnal, S.; Simon, B.; Zanier, K.; Gasch, A.; Rybin, V.; Valcarcel, J.; Sattler, M. Multi-domain conformational
selection underlies pre-mRNA splicing regulation by U2AF. Nature 2011, 475, 408–411. [CrossRef] [PubMed]

113. Berglund, J.A.; Abovich, N.; Rosbash, M. A cooperative interaction between U2AF65 and mBBP/SF1 facilitates branchpoint
region recognition. Genes Dev. 1998, 12, 858–867. [CrossRef] [PubMed]

114. Maji, D.; Glasser, E.; Henderson, S.; Galardi, J.; Pulvino, M.J.; Jenkins, J.L.; Kielkopf, C.L. Representative cancer-associated U2AF2
mutations alter RNA interactions and splicing. J. Biol. Chem. 2020, 295, 17148–17157. [CrossRef] [PubMed]

115. Li, J.; Cheng, D.; Zhu, M.; Yu, H.; Pan, Z.; Liu, L.; Geng, Q.; Pan, H.; Yan, M.; Yao, M. OTUB2 stabilizes U2AF2 to promote the
Warburg effect and tumorigenesis via the AKT/mTOR signaling pathway in non-small cell lung cancer. Theranostics 2019, 9,
179–195. [CrossRef] [PubMed]

116. Jiang, Y.; Zhou, J.; Zhao, J.; Zhang, H.; Li, L.; Li, H.; Chen, L.; Hu, J.; Zheng, W.; Jing, Z. The U2AF2 /circRNA ARF1/miR-342–
3p/ISL2 feedback loop regulates angiogenesis in glioma stem cells. J. Exp. Clin. Cancer Res. 2020, 39, 1–22. [CrossRef]

117. Fang, J.; Li, Y.; Zhang, J.; Yan, M.; Li, J.; Bao, S.; Jin, T. Correlation between polymorphisms in microRNA-regulated genes and
cervical cancer susceptibility in a Xinjiang Uygur population. Oncotarget 2017, 8, 31758–31764. [CrossRef]

118. Liu, G.; Zhang, Q.; Xia, L.; Shi, M.; Cai, J.; Zhang, H.; Li, J.; Lin, G.; Xie, W.; Zhang, Y.; et al. RNA-binding protein CELF6 is cell
cycle regulated and controls cancer cell proliferation by stabilizing p21. Cell Death Dis. 2019, 10, 688–714. [CrossRef]

119. Karimian, A.; Ahmadi, Y.; Yousefi, B. Multiple functions of p21 in cell cycle, apoptosis and transcriptional regulation after DNA
damage. DNA Repair 2016, 42, 63–71. [CrossRef]

120. Yang, X.; Zhao, L.; Pei, J.; Wang, Z.; Zhang, J.; Wang, B. CELF6 modulates triple-negative breast cancer progression by regulating
the stability of FBP1 mRNA. Breast Cancer Res. Treat. 2020, 183, 71–82. [CrossRef]

121. Dong, C.; Yuan, T.; Wu, Y.; Wang, Y.; Fan, T.W.; Miriyala, S.; Lin, Y.; Yao, J.; Shi, J.; Kang, T.; et al. Loss of FBP1 by Snail-Mediated
Repression Provides Metabolic Advantages in Basal-like Breast Cancer. Cancer Cell 2013, 23, 316–331. [CrossRef]

122. Sundar, I.K.; Mullapudi, N.; Yao, H.; Spivack, S.D.; Rahman, I. Lung cancer and its association with chronic obstructive pulmonary
disease: Update on nexus of epigenetics. Curr. Opin. Pulm. Med. 2011, 17, 279–285. [CrossRef]

123. Wang, X.; Amitay, E.; Harrison, T.A.; Banbury, B.L.; Berndt, S.I.; Brenner, H.; Buchanan, D.D.; Campbell, P.T.; Cao, Y.;
Chan, A.T.; et al. Association between Smoking and Molecular Subtypes of Colorectal Cancer. JNCI Cancer Spectr. 2021, 5.
[CrossRef]

http://doi.org/10.1158/1078-0432.CCR-16-0863
http://doi.org/10.1016/j.canep.2021.101941
http://www.ncbi.nlm.nih.gov/pubmed/33930674
http://doi.org/10.1186/s12957-020-01995-5
http://www.ncbi.nlm.nih.gov/pubmed/32828126
http://doi.org/10.3389/fonc.2021.627504
http://doi.org/10.7717/peerj.11219
http://www.ncbi.nlm.nih.gov/pubmed/33868829
http://doi.org/10.1177/15330338211019504
http://www.ncbi.nlm.nih.gov/pubmed/34080453
http://doi.org/10.1128/MCB.21.4.1285-1296.2001
http://www.ncbi.nlm.nih.gov/pubmed/11158314
http://doi.org/10.1016/S0960-9822(03)00532-3
http://doi.org/10.1371/journal.pgen.1006680
http://www.ncbi.nlm.nih.gov/pubmed/28362802
http://doi.org/10.3892/mmr.2018.8419
http://doi.org/10.1128/CMR.00062-12
http://doi.org/10.3389/fgene.2019.01380
http://doi.org/10.1074/jbc.M310687200
http://doi.org/10.1101/gr.229757.117
http://doi.org/10.1038/nature10171
http://www.ncbi.nlm.nih.gov/pubmed/21753750
http://doi.org/10.1101/gad.12.6.858
http://www.ncbi.nlm.nih.gov/pubmed/9512519
http://doi.org/10.1074/jbc.RA120.015339
http://www.ncbi.nlm.nih.gov/pubmed/33020180
http://doi.org/10.7150/thno.29545
http://www.ncbi.nlm.nih.gov/pubmed/30662561
http://doi.org/10.1186/s13046-020-01691-y
http://doi.org/10.18632/oncotarget.15970
http://doi.org/10.1038/s41419-019-1927-0
http://doi.org/10.1016/j.dnarep.2016.04.008
http://doi.org/10.1007/s10549-020-05753-9
http://doi.org/10.1016/j.ccr.2013.01.022
http://doi.org/10.1097/MCP.0b013e3283477533
http://doi.org/10.1093/jncics/pkab056


Int. J. Mol. Sci. 2021, 22, 11056 21 of 23

124. Lee, J.-E.; Kim, H.-R.; Lee, M.-H.; Kim, N.-H.; Wang, K.-M.; Lee, S.-H.; Park, O.; Hong, E.-J.; Youn, J.-W.; Kim, Y.-Y. Smoking-
Related DNA Methylation is Differentially Associated with Cadmium Concentration in Blood. Biochem. Genet. 2020, 58, 617–630.
[CrossRef]

125. Yang, I.V.; Schwartz, D.A. Epigenetic Control of Gene Expression in the Lung. Am. J. Respir. Crit. Care Med. 2011, 183, 1295–1301.
[CrossRef] [PubMed]

126. Kozomara, A.; Griffiths-Jones, S. miRBase: Annotating high confidence microRNAs using deep sequencing data. Nucleic Acids
Res. 2013, 42, D68–D73. [CrossRef] [PubMed]

127. Matsuyama, H.; Suzuki, H.I. Systems and Synthetic microRNA Biology: From Biogenesis to Disease Pathogenesis. Int. J. Mol. Sci.
2019, 21, 132. [CrossRef] [PubMed]

128. Qin, G.; Wu, X. Hsa_circ_0032463 acts as the tumor promoter in osteosarcoma by regulating the miR-330-3p/PNN axis. Int. J.
Mol. Med. 2021, 47, 1–14. [CrossRef] [PubMed]

129. Wang, H.; Liu, G.; Li, T.; Wang, N.; Wu, J.; Zhi, H. MiR-330-3p functions as a tumor suppressor that regulates glioma cell
proliferation and migration by targeting CELF. Arch. Med Sci. 2020, 16, 1166–1175. [CrossRef]

130. Saul, M.J.; Baumann, I.; Bruno, A.; Emmerich, A.C.; Wellstein, J.; Ottinger, S.M.; Contursi, A.; Dovizio, M.; Donnini, S.; Tacconelli,
S.; et al. miR-574-5p as RNA decoy for CUGBP1 stimulates human lung tumor growth by mPGES-1 induction. FASEB J. 2019, 33,
6933–6947. [CrossRef] [PubMed]

131. Wang, J.; Liu, L.; Sun, Y.; Xue, Y.; Qu, J.; Pan, S.; Li, H.; Qu, H.; Wang, J.; Zhang, J. miR-615-3p promotes proliferation and
migration and inhibits apoptosis through its potential target CELF2 in gastric cancer. Biomed. Pharmacother. 2018, 101, 406–413.
[CrossRef] [PubMed]

132. Wu, H.; Wei, H.; Chen, Q. Long noncoding RNA HOTTIP promotes the metastatic potential of ovarian cancer through the
regulation of the miR -615-3p/ SMARCE1 pathway. Kaohsiung J. Med Sci. 2020, 36, 973–982. [CrossRef]

133. Liao, C.; Chen, W.; Wang, J. MicroRNA-20a Regulates Glioma Cell Proliferation, Invasion, and Apoptosis by Targeting CUGBP
Elav-Like Family Member. World Neurosurg. 2019, 121, e519–e527. [CrossRef] [PubMed]

134. Fan, B.; Jiao, B.-H.; Fan, F.-S.; Lu, S.-K.; Song, J.; Guo, C.-Y.; Yang, J.-K.; Yang, L. Downregulation of miR-95-3p inhibits proliferation,
and invasion promoting apoptosis of glioma cells by targeting CELF. Int. J. Oncol. 2015, 47, 1025–1033. [CrossRef]

135. Xu, H.; Wang, F.; Wang, L. Suppression of miR-106a-5p expression inhibits tumorigenesis via increasing CELF-2 expression in
spinal cord glioma. Oncol. Lett. 2021, 22, 1–9. [CrossRef] [PubMed]

136. Ge, L.; Zhou, F.; Nie, J.; Wang, X.; Zhao, Q. Hypoxic colorectal cancer-secreted exosomes deliver miR-210-3p to normoxic tumor
cells to elicit a protumoral effect. Exp. Biol. Med. 2021. [CrossRef]

137. Xiao, Z.; Chow, S.C.; Li, C.H.; Tang, S.C.; Tsui, S.K.; Lin, Z.; Chen, Y. Role of microRNA-95 in the anticancer activity of Brucein D
in hepatocellular carcinoma. Eur. J. Pharmacol. 2014, 728, 141–150. [CrossRef]

138. Lee, K.H.; Lee, J.K.; Choi, D.W.; Do, I.-G.; Sohn, I.; Jang, K.-T.; Jung, S.-H.; Heo, J.S.; Choi, S.H.; Lee, K.T. Postoperative Prognosis
Prediction of Pancreatic Cancer With Seven MicroRNAs. Pancreas 2015, 44, 764–768. [CrossRef]

139. Zehentmayr, F.; Hauser-Kronberger, C.; Zellinger, B.; Hlubek, F.; Schuster, C.; Bodenhofer, U.; Fastner, G.; Deutschmann, H.;
Steininger, P.; Reitsamer, R.; et al. Hsa-miR-375 is a predictor of local control in early stage breast cancer. Clin. Epigenetics 2016, 8,
28. [CrossRef]

140. Zellinger, B.; Bodenhofer, U.; Engländer, I.A.; Kronberger, C.; Strasser, P.; Grambozov, B.; Fastner, G.; Stana, M.; Reitsamer, R.;
Sotlar, K.; et al. Hsa-miR-375/RASD1 Signaling May Predict Local Control in Early Breast Cancer. Genes 2020, 11, 1404. [CrossRef]

141. Tang, W.; Li, G.-S.; Li, J.-D.; Pan, W.-Y.; Shi, Q.; Xiong, D.-D.; Mo, C.-H.; Zeng, J.-J.; Chen, G.; Feng, Z.-B.; et al. The role of
upregulated miR-375 expression in breast cancer: An in vitro and in silico study. Pathol.-Res. Pr. 2019, 216, 152754. [CrossRef]

142. Jonsdottir, K.; Janssen, S.R.; Da Rosa, F.C.; Gudlaugsson, E.; Skaland, I.; Baak, J.P.A.; Janssen, E.A.M. Validation of Expression
Patterns for Nine miRNAs in 204 Lymph-Node Negative Breast Cancers. PLoS ONE 2012, 7, e48692. [CrossRef] [PubMed]

143. Chi, Y.; Wang, J.; Yu, W.; Yang, J. Long Non-Coding RNA in the Pathogenesis of Cancers. Cells 2019, 8, 1015. [CrossRef] [PubMed]
144. Liu, C.; Wang, H.; Tang, L.; Huang, H.; Xu, M.; Lin, Y.; Zhou, L.; Ho, L.; Lu, J.; Ai, X. LncRNA BACE1-AS enhances the invasive

and metastatic capacity of hepatocellular carcinoma cells through mediating miR-377-3p/CELF1 axis. Life Sci. 2021, 275, 119288.
[CrossRef] [PubMed]

145. Jin, H.; Liang, G.; Yang, L.; Liu, L.; Wang, B.; Yan, F. SP1-induced AFAP1-AS1 contributes to proliferation and invasion by
regulating miR-497-5p/CELF1 pathway in nasopharyngeal carcinoma. Hum. Cell 2021, 34, 491–501. [CrossRef]

146. Shi, M.; Yang, R.; Lin, J.; Wei, Q.; Chen, L.; Gong, W.; Guo, X. LncRNA-SNHG16 promotes proliferation and migration of acute
myeloid leukemia cells via PTEN/PI3K/AKT axis through suppressing CELF2 protein. J. Biosci. 2021, 46, 1–13. [CrossRef]

147. Xie, S.-C.; Zhang, J.-Q.; Jiang, X.-L.; Hua, Y.-Y.; Xie, S.-W.; Qin, Y.-A.; Yang, Y.-J. LncRNA CRNDE facilitates epigenetic suppression
of CELF2 and LATS2 to promote proliferation, migration and chemoresistance in hepatocellular carcinoma. Cell Death Dis. 2020,
11, 1–17. [CrossRef] [PubMed]

148. Zhao, Y.; Zhou, H.; Dong, W. LncRNA RHPN1-AS1 promotes the progression of nasopharyngeal carcinoma by targeting CELF2
expression. Exp. Mol. Pathol. 2021, 122, 104671. [CrossRef]

149. Li, C.; Mu, J.; Shi, Y.; Xin, H. LncRNA CCDC26 Interacts with CELF2 Protein to Enhance Myeloid Leukemia Cell Proliferation
and Invasion via the circRNA_ANKIB1/miR-195-5p/PRR11 Axis. Cell Transplant. 2021, 30. [CrossRef]

150. Jacobsen, A.; Wen, J.; Marks, D.S.; Krogh, A. Signatures of RNA binding proteins globally coupled to effective microRNA target
sites. Genome Res. 2010, 20, 1010–1019. [CrossRef]

http://doi.org/10.1007/s10528-020-09965-y
http://doi.org/10.1164/rccm.201010-1579PP
http://www.ncbi.nlm.nih.gov/pubmed/21596832
http://doi.org/10.1093/nar/gkt1181
http://www.ncbi.nlm.nih.gov/pubmed/24275495
http://doi.org/10.3390/ijms21010132
http://www.ncbi.nlm.nih.gov/pubmed/31878193
http://doi.org/10.3892/ijmm.2021.4925
http://www.ncbi.nlm.nih.gov/pubmed/33786605
http://doi.org/10.5114/aoms.2020.95027
http://doi.org/10.1096/fj.201802547R
http://www.ncbi.nlm.nih.gov/pubmed/30922080
http://doi.org/10.1016/j.biopha.2018.02.104
http://www.ncbi.nlm.nih.gov/pubmed/29501762
http://doi.org/10.1002/kjm2.12282
http://doi.org/10.1016/j.wneu.2018.09.155
http://www.ncbi.nlm.nih.gov/pubmed/30268547
http://doi.org/10.3892/ijo.2015.3080
http://doi.org/10.3892/ol.2021.12888
http://www.ncbi.nlm.nih.gov/pubmed/34267819
http://doi.org/10.1177/15353702211011576
http://doi.org/10.1016/j.ejphar.2014.02.002
http://doi.org/10.1097/MPA.0000000000000346
http://doi.org/10.1186/s13148-016-0198-1
http://doi.org/10.3390/genes11121404
http://doi.org/10.1016/j.prp.2019.152754
http://doi.org/10.1371/journal.pone.0048692
http://www.ncbi.nlm.nih.gov/pubmed/23144930
http://doi.org/10.3390/cells8091015
http://www.ncbi.nlm.nih.gov/pubmed/31480503
http://doi.org/10.1016/j.lfs.2021.119288
http://www.ncbi.nlm.nih.gov/pubmed/33667514
http://doi.org/10.1007/s13577-020-00475-y
http://doi.org/10.1007/s12038-020-00127-1
http://doi.org/10.1038/s41419-020-02853-8
http://www.ncbi.nlm.nih.gov/pubmed/32826865
http://doi.org/10.1016/j.yexmp.2021.104671
http://doi.org/10.1177/0963689720986080
http://doi.org/10.1101/gr.103259.109


Int. J. Mol. Sci. 2021, 22, 11056 22 of 23

151. Chen, Y.; Zubovic, L.; Yang, F.; Godin, K.; Pavelitz, T.; Castellanos, J.; Macchi, P.; Varani, G. Rbfox proteins regulate microRNA
biogenesis by sequence-specific binding to their precursors and target downstream Dicer. Nucleic Acids Res. 2016, 44, 4381–4395.
[CrossRef] [PubMed]

152. Nussbacher, J.K.; Yeo, G.W. Systematic Discovery of RNA Binding Proteins that Regulate MicroRNA Levels. Mol. Cell 2018, 69,
1005–1016.e7. [CrossRef]

153. Ruggiero, T.; Trabucchi, M.; De Santa, F.; Zupo, S.; Harfe, B.D.; McManus, M.T.; Rosenfeld, M.G.; Briata, P.; Gherzi, R. LPS induces
KH-type splicing regulatory protein-dependent processing of microRNA-155 precursors in macrophages. FASEB J. 2009, 23,
2898–2908. [CrossRef] [PubMed]

154. Ahuja, D.; Goyal, A.; Ray, P.S. Interplay between RNA-binding protein HuR and microRNA-125b regulates p53 mRNA translation
in response to genotoxic stress. RNA Biol. 2016, 13, 1152–1165. [CrossRef]

155. Liu, L.; Ouyang, M.; Rao, J.N.; Zou, T.; Xiao, L.; Chung, H.K.; Wu, J.; Donahue, J.M.; Gorospe, M.; Wang, J.-Y. Competition
between RNA-binding proteins CELF1 and HuR modulates MYC translation and intestinal epithelium renewal. Mol. Biol. Cell
2015, 26, 1797–1810. [CrossRef] [PubMed]

156. Ebert, M.S.; Sharp, P.A. Emerging Roles for Natural MicroRNA Sponges. Curr. Biol. 2010, 20, R858–R861. [CrossRef] [PubMed]
157. Dumbovic, G.; Biayna, J.; Banús, J.; Samuelsson, J.; Roth, A.; Diederichs, S.; Alonso, S.; Buschbeck, M.; Perucho, M.; Forcales, S.-V.

A novel long non-coding RNA from NBL2 pericentromeric macrosatellite forms a perinucleolar aggregate structure in colon
cancer. Nucleic Acids Res. 2018, 46, 5504–5524. [CrossRef]

158. Govardhanagiri, S.; Bethi, S.; Nagaraju, G.P. Small Molecules and Pancreatic Cancer Trials and Troubles. In Breaking Tolerance to
Pancreatic Cancer Unresponsiveness to Chemotherapy; Academic Press: Cambridge, MA, USA, 2019; pp. 117–131. [CrossRef]

159. D’Souza, A.M.; Cast, A.; Kumbaji, M.; Rivas, M.; Gulati, R.; Johnston, M.; Smithrud, D.; Geller, J.; Timchenko, N. Small Molecule
Cjoc42 Improves Chemo-Sensitivity and Increases Levels of Tumor Suppressor Proteins in Hepatoblastoma Cells and in Mice by
Inhibiting Oncogene Gankyrin. Front. Pharmacol. 2021, 12, 146. [CrossRef]

160. Zheng, B.; Yuan, M.; Wang, S.; Tan, Y.; Xu, Y.; Ye, J.; Gao, Y.; Sun, X.; Wang, T.; Kong, L.; et al. Fraxinellone alleviates kidney
fibrosis by inhibiting CUG-binding protein 1-mediated fibroblast activation. Toxicol. Appl. Pharmacol. 2021, 420, 115530. [CrossRef]

161. Chandler, C.; Liu, T.; Buckanovich, R.; Coffman, L.G. The double edge sword of fibrosis in cancer. Transl. Res. 2019, 209, 55–67.
[CrossRef] [PubMed]

162. Kim, J.-H.; Kwon, H.Y.; Ryu, D.H.; Nam, M.-H.; Shim, B.S.; Kim, J.H.; Lee, J.Y.; Kim, S.-H. Inhibition of CUG-binding protein 1 and
activation of caspases are critically involved in piperazine derivative BK10007S induced apoptosis in hepatocellular carcinoma
cells. PLoS ONE 2017, 12, e0186490. [CrossRef] [PubMed]

163. Shah, M.Y.; Pan, X.; Fix, L.N.; Farwell, M.A.; Zhang, B. 5-fluorouracil drug alters the microrna expression profiles in MCF-7 breast
cancer cells. J. Cell. Physiol. 2010, 226, 1868–1878. [CrossRef] [PubMed]

164. Lee, K.-H.; Lotterman, C.; Karikari, C.; Omura, N.; Feldmann, G.; Habbe, N.; Goggins, M.G.; Mendell, J.T.; Maitra, A. Epigenetic
Silencing of MicroRNA miR-107 Regulates Cyclin-Dependent Kinase 6 Expression in Pancreatic Cancer. Pancreatology 2009, 9,
293–301. [CrossRef]

165. Boren, T.; Xiong, Y.; Hakam, A.; Wenham, R.; Apte, S.; Chan, G.; Kamath, S.G.; Chen, D.-T.; Dressman, H.; Lancaster, J.M.
MicroRNAs and their target messenger RNAs associated with ovarian cancer response to chemotherapy. Gynecol. Oncol. 2009,
113, 249–255. [CrossRef] [PubMed]

166. An, S.; Lee, E.-M.; Shin, S.; Cha, H.J.; Yoon, Y.; Bae, S.; Jung, J.H.; Lee, S.-M.; Lee, S.-J.; Park, I.-C.; et al. Suberoylanilide hydroxamic
acid (SAHA) changes microRNA expression profiles in A549 human non-small cell lung cancer cells. Int. J. Mol. Med. 2009, 24,
45–50. [CrossRef]

167. Zhou, J.; Zhou, Y.; Yin, B.; Hao, W.; Zhao, L.; Ju, W.; Bai, C. 5-Fluorouracil and oxaliplatin modify the expression profiles of
microRNAs in human colon cancer cells in vitro. Oncol. Rep. 2009, 23, 121–128. [CrossRef]

168. Lehmusvaara, S.; Erkkilä, T.; Urbanucci, A.; Jalava, S.; Seppälä, J.; Kaipia, A.; Kujala, P.; Lähdesmäki, H.; Tammela, T.L.; Visakorpi,
T. Goserelin and bicalutamide treatments alter the expression of microRNAs in the prostate. Prostate 2012, 73, 101–112. [CrossRef]

169. Ramaiah, J.; Pushpavalli, S.N.; Lavanya, A.; Bhadra, K.; Haritha, V.; Patel, N.; Tamboli, J.R.; Kamal, A.; Bhadra, U.; Pal-Bhadra, M.
Novel anthranilamide-pyrazolo[1,5-a]pyrimidine conjugates modulate the expression of p53-MYCN associated micro RNAs in
neuroblastoma cells and cause cell cycle arrest and apoptosis. Bioorganic Med. Chem. Lett. 2013, 23, 5699–5706. [CrossRef]

170. Wu, N.; Wu, G.-C.; Hu, R.; Li, M.; Feng, H. Ginsenoside Rh2 inhibits glioma cell proliferation by targeting microRNA-128. Acta
Pharmacol. Sin. 2011, 32, 345–353. [CrossRef]

171. Ichikawa, T.; Sato, F.; Terasawa, K.; Tsuchiya, S.; Toi, M.; Tsujimoto, G.; Shimizu, K. Trastuzumab Produces Therapeutic Actions
by Upregulating miR-26a and miR-30b in Breast Cancer Cells. PLoS ONE 2012, 7, e31422. [CrossRef]

172. Yin, W.; Wang, P.; Wang, X.; Song, W.; Cui, X.; Yu, H.; Zhu, W. Identification of microRNAs and mRNAs associated with multidrug
resistance of human laryngeal cancer Hep-2 cells. Braz. J. Med Biol. Res. 2013, 46, 546–554. [CrossRef] [PubMed]

173. Radpour, R.; Barekati, Z.; Kohler, C.; Schumacher, M.M.; Grussenmeyer, T.; Jenoe, P.; Hartmann, N.; Moes, S.; Letzkus, M.; Bitzer,
J.; et al. Integrated Epigenetics of Human Breast Cancer: Synoptic Investigation of Targeted Genes, MicroRNAs and Proteins
upon Demethylation Treatment. PLoS ONE 2011, 6, e27355. [CrossRef]

174. Seol, H.S.; Akiyama, Y.; Shimada, S.; Lee, H.J.; Kim, T.I.; Chun, S.M.; Singh, S.R.; Jang, S.J. Epigenetic silencing of microRNA-373
to epithelial-mesenchymal transition in non-small cell lung cancer through IRAK2 and LAMP1 axes. Cancer Lett. 2014, 353,
232–241. [CrossRef]

http://doi.org/10.1093/nar/gkw177
http://www.ncbi.nlm.nih.gov/pubmed/27001519
http://doi.org/10.1016/j.molcel.2018.02.012
http://doi.org/10.1096/fj.09-131342
http://www.ncbi.nlm.nih.gov/pubmed/19423639
http://doi.org/10.1080/15476286.2016.1229734
http://doi.org/10.1091/mbc.E14-11-1500
http://www.ncbi.nlm.nih.gov/pubmed/25808495
http://doi.org/10.1016/j.cub.2010.08.052
http://www.ncbi.nlm.nih.gov/pubmed/20937476
http://doi.org/10.1093/nar/gky263
http://doi.org/10.1016/b978-0-12-817661-0.00008-1
http://doi.org/10.3389/fphar.2021.580722
http://doi.org/10.1016/j.taap.2021.115530
http://doi.org/10.1016/j.trsl.2019.02.006
http://www.ncbi.nlm.nih.gov/pubmed/30871956
http://doi.org/10.1371/journal.pone.0186490
http://www.ncbi.nlm.nih.gov/pubmed/29036189
http://doi.org/10.1002/jcp.22517
http://www.ncbi.nlm.nih.gov/pubmed/21506117
http://doi.org/10.1159/000186051
http://doi.org/10.1016/j.ygyno.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19237188
http://doi.org/10.3892/ijmm_00000204
http://doi.org/10.3892/or_00000613
http://doi.org/10.1002/pros.22545
http://doi.org/10.1016/j.bmcl.2013.08.018
http://doi.org/10.1038/aps.2010.220
http://doi.org/10.1371/journal.pone.0031422
http://doi.org/10.1590/1414-431X20131662
http://www.ncbi.nlm.nih.gov/pubmed/23780424
http://doi.org/10.1371/journal.pone.0027355
http://doi.org/10.1016/j.canlet.2014.07.019


Int. J. Mol. Sci. 2021, 22, 11056 23 of 23

175. Qiu, Y.-Y.; Hu, Q.; Tang, Q.-F.; Feng, W.; Hu, S.-J.; Liang, B.; Peng, W.; Yin, P.-H. MicroRNA-497 and bufalin act synergistically to
inhibit colorectal cancer metastasis. Tumor Biol. 2013, 35, 2599–2606. [CrossRef] [PubMed]

176. An, I.-S.; An, S.; Kwon, K.J.; Kim, Y.J.; Bae, S. Ginsenoside Rh2 mediates changes in the microRNA expression profile of human
non-small cell lung cancer A549 cells. Oncol. Rep. 2012, 29, 523–528. [CrossRef] [PubMed]

177. Li, L.-N.; Zhang, H.-D.; Zhi, R.; Yuan, S.-J. Down-regulation of some miRNAs by degrading their precursors contributes to
anti-cancer effect of mistletoe lectin-I. Br. J. Pharmacol. 2010, 162, 349–364. [CrossRef] [PubMed]

178. Yaghoobi, H.; Azizi, M.; Banitalebi-Dehkordi, F.; Mohammad Rezaei, S.; Arsang-Jnag, M.; Taheri, S. Ghafouri-Fard, Be-ta-Secretase
1 (BACE1) Is Down-Regulated in Invasive Ductal Carcinoma of Breast. Rep. Biochem. Mol. Biol. 2019, 8, 200–207.

179. Yang, M.; Wei, W. SNHG16: A Novel Long-Non Coding RNA in Human Cancers. OncoTargets Ther. 2019, 12, 11679–11690.
[CrossRef]

180. Ghidini, A.; Cléry, A.; Halloy, F.; Allain, F.H.T.; Hall, J. RNA-PROTACs: Degraders of RNA-Binding Proteins. Angew. Chem. Int.
Ed. 2020, 60, 3163–3169. [CrossRef]

181. Khan, A.A.; Allemailem, K.S.; Almatroudi, A.; Almatroodi, S.A.; Alsahli, M.A.; Rahmani, A.H. Novel strategies of third level
(Organelle-specific) drug targeting: An innovative approach of modern therapeutics. J. Drug Deliv. Sci. Technol. 2020, 61, 102315.
[CrossRef]

182. Ho, J.J.D.; Marsden, P.A. Competition and collaboration between RNA-binding proteins and microRNAs. Wiley Interdiscip. Rev.
RNA 2013, 5, 69–86. [CrossRef]

183. Cazzalini, O.; Scovassi, A.I.; Savio, M.; Stivala, L.A.; Prosperi, E. Multiple roles of the cell cycle inhibitor p21CDKN1A in the DNA
damage response. Mutat. Res. Mutat. Res. 2010, 704, 12–20. [CrossRef] [PubMed]

184. Cai, J.; Wang, N.; Lin, G.; Zhang, H.; Xie, W.; Zhang, Y.; Xu, N. MBNL2 Regulates DNA Damage Response via Stabilizing p21. Int.
J. Mol. Sci. 2021, 22, 783. [CrossRef] [PubMed]

http://doi.org/10.1007/s13277-013-1342-6
http://www.ncbi.nlm.nih.gov/pubmed/24375248
http://doi.org/10.3892/or.2012.2136
http://www.ncbi.nlm.nih.gov/pubmed/23152132
http://doi.org/10.1111/j.1476-5381.2010.01042.x
http://www.ncbi.nlm.nih.gov/pubmed/20955366
http://doi.org/10.2147/OTT.S231630
http://doi.org/10.1002/anie.202012330
http://doi.org/10.1016/j.jddst.2020.102315
http://doi.org/10.1002/wrna.1197
http://doi.org/10.1016/j.mrrev.2010.01.009
http://www.ncbi.nlm.nih.gov/pubmed/20096807
http://doi.org/10.3390/ijms22020783
http://www.ncbi.nlm.nih.gov/pubmed/33466733

	Introduction 
	General Characteristics of the CELF Protein Family 
	CELF Targets in Cancer 
	CELF1 
	CELF2 
	Other CELF Members 

	CELF Regulation by Noncoding RNAs 
	Noncoding RNA Regulation by CELF 
	Pharmacological Insights of CELF/Noncoding RNA Axis 
	Concluding Remarks and Future Perspectives 
	References

