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DEAD-box RNA helicase family in
colorectal cancer
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Colorectal cancer (CRC) is the third most commonly diagnosed and the second
cancer-related death worldwide, leading to more than 0.9 million deaths every
year. Unfortunately, this disease is changing rapidly to a younger age, and in a
more advanced stage when diagnosed. The DEAD-box RNA helicase proteins are
the largest family of RNA helicases so far. They regulate almost every aspect of
RNA physiological processes, including RNA transcription, editing, splicing and
transport. Aberrant expression and critical roles of the DEAD-box RNA helicase
proteins have been found in CRC. In this review, we first summarize the protein
structure, cellular distribution, and diverse biological functions of DEAD-box RNA
helicases. Then, we discuss the distinct roles of DEAD-box RNA helicase family in
CRC and describe the cellular mechanism of actions based on recent studies,
with an aim to provide future strategies for the treatment of CRC.
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1 Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide,
accounting for 10% of all cancers, and is the second most frequent cause of cancer deaths. It
is estimated that more than 1.9 million new cases and 0.9 million deaths in 2020 (1). The
incidence of CRC is changing rapidly due to its onset at a younger age, and a delayed diagnosis
in a more advanced stage (2). Recently, the morbidity increases rapidly in some countries like
Spain and countries in east Asia. A transition of dietary habit in these areas may be an
important factor. In contrast, the incidence of some high-income countries exhibits downward
trend, benefiting from the use of sigmoidoscopy and colonoscopy with polypectomy (3). The
risk factors for CRC include smoking, excessive drinking, family history, elder age, male gender,
diabetes, obesity, and others. At present, traditional treatments for CRC remain surgery,
chemotherapy and radiation therapy. Inmunotherapy for CRC has developed fast. Researchers
have investigated many immunotherapy methods including monoclonal antibodies, adoptive
cell transfer, oncolytic virotherapy, cancer vaccines, cytokines, immune checkpoint inhibitors
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and other immunotherapeutic agents. Unfortunately, the efficacy is not
ideal, especially for patients with advanced stage (3-5). Hence, CRC has
become a global public health challenge and it is necessary to seek new
therapeutic strategies.

RNA helicases are highly conserved enzymes that play critical
roles in RNA metabolism by using adenosine triphosphate (ATP) to
bind and modulate RNA structures and ribonucleoprotein (RNP)
complexes (6). RNA helicases are divided into multiple subfamilies
based on their structural features and the conserved amino acid
sequence motifs (6). The DEAD-box RNA helicase family belongs
to the helicase superfamily 2 (SF2) and is the largest family of RNA
helicases so far. This family is named after its distinctive amino acid
sequence [Asp (D)-Glu (E)-Ala (A)-Asp (D)] and contains more
than 38 members in humans (7). They regulate almost every aspect
of RNA physiological processes, including RNA transcription,
editing, splicing and transport (8). In the past several years,
studies have found that a large amount of DEAD-box RNA
helicases are abnormally expressed and play vital roles in the
progression of CRC (Table 1). In this review, we first summarize
the protein structure, cellular distribution, and diverse biological
functions of different DEAD-box RNA helicases. Then, we discuss
the distinct roles of DEAD-box RNA helicase family in CRC and
describe the cellular mechanism of actions based on recent studies,
with an aim to provide future strategies for the treatment of CRC.

2 Structural features of DEAD-box
RNA helicase family proteins

All DEAD-box helicase family members contain a profoundly
conserved helicase core that is flanked by domains of variable
sequences of amino (N)- and carboxy (C)-terminal ends. The

10.3389/fonc.2023.1278282

core element possesses the binding sites for ATP and RNA. The
variable auxiliary domains are responsible for the various functions
of these proteins, because they interact with RNA or protein
components of substrates.

2.1 The conserved helicase core

The conserved helicase core is composed of two recombinase A
(RecA)-like domains named domain 1 and domain 2, which form
the ATP- and RNA-binding clefts and contribute to ATP binding
and hydrolysis, RNA binding and duplex unwinding. These two
domains contain at least 12 profoundly conserved sequence motifs,
with motifs Q, I, Ia, Ib, Ic, II/DEAD, and III in the N-terminal
domain (domain 1, D1) and IV, IVa, V, Va, and VI in the C-
terminal domain (domain 2, D2). Among them, the motifs Q, I, II,
and VI are involved in ATP binding and hydrolysis, the motifs of Ia,
Ib, Ic, IV, IVa, and V are participated in RNA recognition, and the
motifs of IIT and Va are involved in the communication between
RNA and ATP binding (Figure 1) (7, 87).

The two RecA-like domains are connected by flexible central hinge
region that allows changing their orientation to each other. Therefore,
DEAD-box helicases can switch their conformations between “inactive
open”, wherein both domains move freely as for each other in the
absence of ATP and RNA, and “active closed”, wherein a compact
helicase core structure is formed when collaboratively binds with ATP
and RNA. The alteration of conformations plays a vital role for the
functions of DEAD-box helicases (7, 88).

DEAD-box RNA helicase family proteins are specific for ATP to
catalyze RNA duplex unwinding and RNA-induced hydrolysis of
the triphosphate. This effect is mediated by the particular
interaction between the base-pairing face of the adenine

TABLE 1 Cellular distributions, intracellular activities and roles in CRC of the DEAD-box proteins.

Symbol  Cellular localization Intracellular activities Roles in CRC Ref
DDX1 Nucleus and cytoplasm 3’-end processing of pre-mRNAs, RNA promote proliferation, migration, (7, 9-12)
transport/clearance, regulation of transcription invasion
and translation, and modulation of NF-xB
transcriptional activity, DNA repair, innate
immunity response
DDX2A Cytoplasm regulating cap-dependent translation initiation promote growth, migration, invasion (13-15)
(EIF4A1) and metastasis
DDX2B Cytoplasm miRNA-mediated translational repression promote tumor growth and lung (16, 17)
(EIF4A2) metastasis, oxaliplatin resistance
DDX5 Cytoplasm, nucleus pre-mRNA splicing/alternative splicing, promote proliferation, survival, (7, 18-21)
biogenesis of miRNA and ribosomes, regulation metastasis, migration, invasion, and
of transcription as a transcription factor chemoresistance
(coactivators or cosuppressors), NMD,
interaction with long noncoding RNAs
DDX17 Cytoplasm, nucleus pre-mRNA splicing/alternative splicing, promote CRC cell proliferation, (7, 18, 22, 23)
biogenesis of miRNA and ribosomes, regulation metastasis and EMT
of transcription as a transcription factor
(coactivators or cosuppressors), NMD,
interaction with long noncoding RNAs
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TABLE 1 Continued
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Symbol  Cellular localization Intracellular activities Roles in CRC Ref
DDX6 P-bodies in somatic, stem and P-body formation, mRNA storage, mRNA decay, | promote proliferation, cell cycle (24-28)
tumor cells; nucleus and stress granule assembly, translational repression, progression, and Warburg effect, inhibit
cytoplasm in oocytes and translational promotion, and miRNA pathways apoptosis
spermatogenic cells
DDX10 Nucleolar, nucleoplasm and ribosome biogenesis, transcription regulation, promote proliferation, migration, (29-32)
cytoplasmic inclusions, nucleus, alternative splicing, related to MAPK and Akt/ invasion, metastasis, might mediate the
NF-kB pathways immune response in CRC
DDX21 Nucleolus, nucleoplasm, ribosome biogenesis, RNA splicing, transcription, | promote proliferation, cell cycle (8, 33-39)
cytoplasm regulation of innate immunity progression, invasion, migration, and
metastasis inhibit apoptosis, induce
genome instability
DDX27 Nucleolus rRNA maturation, the activation of NF-xB and promote proliferation, migration, (40-45)
ERK pathways invasion, EMT, stemness and
chemoresistance, inhibit apoptosis
DDX39B Nucleus, cytoplasm mRNA splicing and nuclear export, translation, promote proliferation, migration, (46-51)
promotion of virus replication, telomere invasion, cell cycle progression,
protection metastasis, and Warburg effect
DDX46 Nucleus pre-mRNA splicing, promotion of virus promote proliferation, inhibit apoptosis (52-54)
replication
EIF4A3 Nucleus and cytoplasm mRNA splicing, RNA trafficking and nonsense- promote proliferation, invasion, (55-61)
mediated mRNA decay, translation initiation migration, angiogenesis, stemness and
oxaliplatin resistance as an RBP
DDX54 Nuclear speckles, cytoplasm transcription co-activator and co-repressor, pre- promote proliferation, migration, (62-67)
mRNA splicing, regulating mRNA stability invasion and EMT
DDX56 Nucleolus, cytoplasm ribosome biogenesis, ribosome assembly, promote proliferation and cell cycle (68-73)
transcription, pre-mRNA splicing, miRNA- progression
mediated post-transcriptional regulation
DDX60 Cytoplasm antiviral, intestinal immune response, cancer positively regulate MHC-I expression (74-77)
immunotherapy and radiosensitivity
DDX3X Cytoplasm, nucleus, organelles pre-mRNA splicing, transcription, mRNA confusing (78-82)
(centrosome, mitochondria), export, translation, innate immunity response,
intracellular RNA/protein bodies embryo development, cellular stress response
DDX58 Cytoplasm antiviral, inflammation, cancer development, confusing (83-86)
autophagy, apoptosis, and classic Singleton—
Merten syndrome
Helicase core
N-terminus I RecA-like domain 1 RecA-like domain 2 I C-terminus
Ql lalblc 1 1 IV IVaV Va Vi
FIGURE 1

Schematic representation of the structural features of DEAD-box RNA helicase family proteins. The DEAD-box RNA helicase family proteins contain
a conserved helicase core and variable N- and C-terminus regions (grey). The conserved helicase core consists of two RecA-like domains (domain 1
and domain 2), which contain 7 and 5 conserved sequence motifs, respectively. Among these motifs, the motifs Q, I, Il, and VI are involved in ATP
binding and hydrolysis (red), the motifs of la, Ib, Ic, IV, IVa, and V are participated in RNA recognition (blue), and the motifs of Ill and Va are involved
in the coordination between RNA and ATP binding (green).

nucleotide and a conserved glutamine of the Q motif. However,  (ssRNA) with five or more nucleotides. The RNA-binding sites only
contact the sugar phosphate backbone of the RNA substrates, which
makes the DEAD-box helicases function as general RNA

chaperones targeting various RNAs (7, 88).

RNA binds over the two helicase core domains opposite the ATP-
binding site. The RNA-binding motif consists of a highly and
positively charged surface cleft that can bind single-stranded RNA
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2.2 The variable auxiliary domains

The helicase core of the DEAD-box helicases is flanked by
variable N- and C- terminal regions. The length varies from a few to
several hundred amino acids. The auxiliary domains can interact
with particular RNAs or protein cofactors, which contribute to the
function variety in this protein family (89). The length and
composition of the variable auxiliary domains have been provided
by Michael et al. (90). However, the specific roles of these auxiliary
domains in most DEAD-box RNA helicases are still
largely unknown.

3 Cellular localization and
physiological role of DEAD-box RNA
helicase family proteins

DEAD-box RNA helicases are multifunctional proteins and
involved in a wide range of cellular processes, including
transcription, translation, pre-mRNA splicing, RNA degradation,
microRNA (miRNA) biogenesis, gene regulation, rRNA processing
and ribosome biogenesis (91). The cellular localization of DEAD-
box RNA helicases is closely related to their functions.

3.1 DDX1

The DDXI1 refers to the Dead-Box 1 protein which is
predominantly located to the nucleus of normal cells, while
relocation of DDX1 from the nucleus to the cytoplasm is
observed in specific situations (92, 93). Importantly, the presence
of DDXI in the cytoplasm is related to tumorigenesis (93). DDX1
has been demonstrated to participate in multiple cellular processes,
such as DNA repair, 3’-end processing of pre-mRNAs, RNA
transport/clearance, regulation of transcription and translation,
and modulation of NF-«B transcriptional activity (7). Moreover,
DDX1 is associated with DNA repair, in which DDX1 promotes the
removal of RNA-DNA structures and homologous recombination
at DNA double-strand breaks (DSBs) (9). Additionally, DDX1
forms complex with DDX21 and DDX36 and binds to the
adaptor protein TRIF to sense dsRNA, leading to the activation of
innate immune signaling [reviewed in (10)].

3.2 EIF4A proteins

In mammals, three EIF4A proteins have been characterized:
EIF4A1 (also known as DDX2A), EIF4A2 (also known as DDX2B)
and EIF4A3 (also known as DDX48). The sequences of these
proteins share high homology. EIF4A1 and EIF4A2 are
cytoplasmic-localized and there is approximately 90% sequence
identity at the amino acid level between them (94). EIF4A3 is a
nucleocytoplasmic shuttling protein that is found both in nucleus
and cytoplasm. It shares 60% similarity with EIF4Al. In some
extent, the three EIF4A proteins can unwind dsRNA in vitro.
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However, they are inefficient helicases and their helicase activities
are largely dependent on the binding partners (94). For example,
when EIF4A interacts with eIF4G and eIF4B, the RNA helicase and
ATPase activities of EIF4A increases more than 100-fold (95).
However, eIF4H is not able to stimulate the RNA helicase activity
of EIF4A (95).

EIF4Al is thought to function primarily as an important
component of elF4F complex, which also contains the mRNA
cap-binding protein eIF4E and the scaffolding protein eIF4G.
EIF4A1 functions in regulating the initiation of cap-dependent
translation that is the most vital step of protein production (13).
The 40S ribosomal subunit is recruited by the interactions among
elF4F complex, elF3, and the 40S subunit before the binding of
elF4E to the 5 cap of the mRNA. Then, this 43S pre-initiation
complex scans the 5-untranslated region (UTR) for the AUG
initiation codon. During scanning, EIF4A1 is able to unwind the
stable secondary structures of mRNA at the 5-UTR in an ATP-
dependent manner. EIF4Al is necessary for the translation
initiation rates of a variety of pro-oncogenic mRNAs, leading to
tumorigenesis and progression (96, 97). EIF4A1 has been
demonstrated to be aberrantly regulated in many types of cancers,
such as CRC, gastric cancer, breast cancer, cervical cancer, and
hepatocellular carcinoma (13).

Although the protein sequences of EIF4Al and EIF4A2 are
highly similar, they are functionally distinct. EIF4A1 is essential for
translation initiation, while EIF4A2 is not necessary for this process.
The binding partners of both proteins are divergent. EIF4A1
predominantly binds to eIF4G, whereas EIF4A2 preferentially
binds to cNOT7, a member of CCR4-NOT complex, which plays
an important role in miRNA-mediated translational repression
(16, 94).

EIF4A3 is a core component of the exon junction complex
(EJC) (i.e., the Y14/Magoh heterodimer and MLN51) (13).
Physiologically, EIF4A3 is involved in post-transcriptional gene
regulation by facilitating EJC control of pre-mRNA splicing and
monitor mRNA quality before translation to influence nonsense-
mediated mRNA decay (NMD), mRNA localization, and
translation (13, 55, 56). EIF4A3 can be recruited by long non-
coding RNAs (IncRNAs) to decrease its aggregation around RNAs,
which influences the translation of target genes (55). In addition,
EIF4A3 serves as a specific translation initiation factor for nuclear
cap-binding complex-dependent translation (57).

3.3 DDX3

DDX3 contains two genes DDX3X and DDX3Y, which locate
on the X- and Y-chromosome, respectively (98). Because DDX3X
escapes X-chromosome inactivation, females carry two active alleles
and males only have one. DDX3Y is the Y chromosome-linked
homolog only carried by males. The sequences of their nucleic acid
and amino acid share 88% and 91% homology in human. The
differences between them are largely distributed in their N-terminal
domains. Both proteins possess nuclear export sequence (NES) and
nuclear localization sequence (NLS), which makes DDX3 can
shuttle from the nucleus to the cytoplasm by binding to CRMI
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and TAP (98, 99). If the leucine residues in this region mutate,
DDX3 will accumulate in the nucleus. In the nucleus, DDX3X can
be recruited to E-cadherin promoter, leading to the repression of its
expression and tumorigenesis (100). DDX3X can also localize to the
centrosome and mitochondria, intracellular RNA/protein bodies
(such as stress granules) (98). DDX3X functions largely
dependent on their binding partners and intracellular localization
(98). A recent comprehensive review has summarized the biological
functions of DDX3X. These functions include pre-mRNA splicing,
transcription, mRNA export, translation, innate immunity response,
and embryo development (78). In addition, DDX3X participates in
cellular stress response, in which DDX3X is recruited by stress
granules that suppress the NLRP3 inflammasome activation (101).

Although DDX3Y protein is ubiquitously expressed in mouse, it
is widely expressed in many tissue types but not translated, except in
testis in human. Human DDX3Y is also found in leukemia and
lymphoma cells, but not in normal B lymphocytes (98, 102). Studies
have demonstrated that DDX3X and DDX3Y are functionally
redundant (98).

3.4 DDXS5 (also known as p68) and DDX17
(also known as p72)

DDX5 (p68) and DDX17 (p72) share the greatest homology
among the members of DEAD-box RNA helicase family, sharing
approximately 90% homology across the conserved helicase core.
However, the N- and C-terminal regions of both proteins are highly
divergent (about 60% and 30% sequence similarity respectively).
DDX5 and DDXI17 can interact with each other to form
heterodimers. It appears that they have several partially redundant
functions although they also have distinct roles (103). Both proteins
are nuclear and cytoplasmic shuttle proteins and expressed in most
tissues and cells (18). DDX5 and DDX17 performs nucleocytoplasmic
shuttling by the classic Ran GTPase-dependent pathway and an
exportin/importin-dependent pathway, respectively. They help other
proteins carry out nucleocytoplasmic shuttling (18).

They exhibit RNA-dependent ATP hydrolase activity and RNA
helicase activity as well as RNA annealing activity. Both proteins are
involved in multiple cellular processes, including pre-mRNA splicing/
alternative splicing, biogenesis of miRNA and ribosomes, regulation of
transcription as a transcription factor (coactivators or cosuppressors),
NMD and interaction with long noncoding RNAs [reviewed in (7, 18)].
DDX5 and DDXI17 are subject to multiple post-translational
modifications, which play vital roles in regulating protein
interactions and functions. They can undergo acetylation,
ubiquitination, and sumoylaton. Moreover, DDX5 can also be
modified by phosphorylation, methylation, and O-GlcNAcylation.
Different post-translational modifications endow them with diverse
biological functions, and the same modification at different sites causes
disparate functional outcomes. Diverse post-translational
modifications have been found in many tumors and they are
involved in tumorigenesis and tumor progression (18). In most
instances, DDX5 phosphorylation facilitates cell proliferation and
invasion; the acetylation of DDX5/DDX17 enhances their
transcriptional coactivation abilities; K48 ubiquitination is responsible
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for DDX5 degradation; K63-polyubiquitination of DDX17 regulates
miRNA biogenesis and histone modification, leading to the increase of
cancer stem-like features; sumoylation elevates the stability of DDX5/
DDX17 and promotes their inhibitory transcriptional activity. O-
GlcNAcylation of DDX5 facilitates tumor development; and
methylation of DDXG5 is related to R-loop resolution (18, 104).

3.5 DDX6

DDXG6 is located to the processing bodies (P-bodies) in somatic,
stem and tumor cells (24). It is essential for the assembly and
maintenance of P-bodies, which are membrane-less cytoplasmic
organelles generated by phase-separation when mRNAs and
neighboring RNA binding proteins (RBPs) assemble into ribonuclear
particle (RNP) as granules and are thought to be the place to store and
decay the translationally inactive mRNAs (105, 106). A variety of
translational repression and decapping-related proteins, miRNA-
induced silencing complex (RISC) components, and translationally
repressed mRNAs are accumulated in P-bodies. P-bodies are associated
with the control of post-transcriptional processes. Stefano et al. (105)
found that once DDX6 lost its activity, P-bodies would disassemble and
release their contents to impact cell fate. DDX6 exhibits multiple
functions in regulating RNA metabolism, including P-body
formation, mRNA storage, mRNA decay, stress granule assembly,
translational repression, translational promotion, and miRNA
pathways (106). The divergent functions of DDX6 may be involved
in its associated complexes (107). In addition, DDX6 localizes to both
the nucleus and cytoplasm in oocytes and spermatogenic cells and may
participate in diverse functions in these cells (25, 26).

3.6 DDX10

Nucleolar DDX10 is involved in early stages of ribosome
biogenesis as a component of the small subunit processome and it
is essential for 18S ribosomal RNA (rRNA) production (29, 30).
However, o-synuclein (0-Syn) interacts with DDX10 and sequesters
it to the nucleoplasm and cytoplasmic inclusions to increase
cytotoxicity via facilitating o-Syn oligomerization and decreasing
o-Syn fibril formation (30). DDX10 can fuse with NUP98 to form
NUP98-DDX10. NUP98-DDX10 protein mainly localizes to distinct
punctate structures within the nucleus. This fusion protein
deregulates gene expression, in which the helicase motif VI of
DDXI10 plays a crucial role, at the transcriptional level (31). Zhou
and coworkers have found that DDX10 can also regulate alternative
mRNA splicing of RPL35 (32). Downregulation of DDX10 inhibits
MAPK signaling pathway to reduce the proliferation, invasion and
migration of osteosarcoma cells (108), but facilitates ovarian cancer
cell proliferation through Akt/NF-xB pathway (109).

3.7 DDX21 and DDX50

DDX21 is predominantly localized to nucleolus. In the
nucleolus, DDX21 is associated with ribosome biogenesis, which
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is largely through regulation of rDNA transcription by interacting
with small nucleolar RNAs (snoRNAs) to regulate rRNA processing
and modification. This process is dependent on its ADP-
ribosylation (33). Interestingly, DDX21 re-localizes from the
nucleolus to the nucleoplasm under specific conditions, such as
the treatment with PARP inhibitor or glucose elevation (33, 34). In
the nucleoplasm, DDX21 interacts with RNA splicing factors to
assemble into larger protein complexes to regulate the splicing of
some genes (34). After virus infection, DDX21 is cleaved by
Caspase-3/6 at D126 and then translocates from the nucleus to
the cytoplasm. Cytoplasmic DDX21 negatively regulates the IFN-f3
signaling pathway via inhibiting the formation of the DDXI1-
DDX21-DHX36 complex (35, 36).

DDX50 (also known as RHII/Guf) is a paralogue of DDX21,
sharing 55.6% amino acid identity (110). Similarly, DDX50 shows a
predominant nucleolar localization, while it can translocate from
the nucleolus to nucleoplasm by cytotoxic drug treatment (111).
DDX5 and DDX21 have non-redundant roles. It is likely that in the
nucleoplasm, DDX50 is a co-factor for c-Jun-activated transcription
(111). DDX50 can inhibit the replication and dissemination of virus
by activating the transcription of IFN genes (110, 112). However,
the exact role of nucleolar DDX50 remains unknown.

3.8 DDX27

DDX27 is a nucleolar protein and it regulates the maturation of
rRNA, which is required for ribosome biogenesis and the
translation of genes (40, 41). DDX27 is also related to the
activation of NF-xB and ERK pathways (42).

3.9 DDX39A and DDX39B

DDX39A (also known as URH49 and DDX39) and DDX39B
(also known as UAP56) show a high degree of homology, with 90% in
amino acid identity in humans (46). Both proteins can shuttle
between the nucleus and the cytoplasm (46), and exhibit similar or
redundant functions in mammalian cells. They participate in various
cellular processes, including mRNA splicing, nuclear export, and
translation (47, 48). Moreover, DDX39A and DDX39B are required
for some virus replication and are involved in nuclear export of virus
mRNAs and prevention of dsRNA accumulation in infected cells
(49). What’s more, sumoylation of DDX39A alters the binding and
export of antiviral transcripts to facilitate virus escape from innate
immunity (113). Additionally, DDX39A is also required for telomere
protection to maintain global genome integrity (47).

3.10 DDX42 and DDX46

DDX42 (also known as SF3b125) and DDX46 (also known as
PRPF5) are enriched in nucleus especially Cajal bodies and associated
with human U2 snRNP, which participates in early spliceosome
assembly (114). The 17S U2 is the functional form of human U2
snRNP and its core components contain the SF3b complex, SF3a
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complex, 128 U2 core (U2 snRNA, Sm ring, U2-A’ and U2-B”), the
splicing factor TAT-SF1 and DDX46 (115). DDX42, which has RNA
chaperone activity, binds to the SF3b complex, but it is released after
accomplishing its role in U2 snRNP assembly. DDX46 is a
component of 17S U2 snRNP and it plays an important role in
pre-mRNA splicing, functions during assembly of pre-spliceosome
and proofreading of the branch site (52, 114). Moreover, DDX42 and
DDX46 play different roles in antiviral innate immunity. Endogenous
DDX42 inhibits HIV-1 replication independently of the interferon
response (116). Whereas, nuclear DDX46 promotes VSV replication
by inhibiting the production of type I interferons (53).

3.11 DDX54

DDX54 is distributed in nuclear speckles (62). It interacts with
estrogen receptors and suppresses their transcriptional activity (63).
DDX54 is a constitutive androstane receptor (CAR)-binding
protein and it is a gene (or promoter)-selective co-activator for
CAR (62). During DNA damage response, DDX54 is required for
the splicing efficacy of its target pre-mRNAs (64). Additionally,
DDX54 also functions in cytoplasm. It can regulate mRNA stability
by directly binding or acting as an RBP of IncRNAs (65, 66).

3.12 DDX56

DDX56 is a nucleolar protein and participates in ribosome
biogenesis and ribosome assembly (68, 69). Furthermore, DDX56 is
involved in transcription (70), pre-mRNA splicing (71), as well as
miRNA-mediated post-transcriptional regulation by degradation of
primary miRNA (72). Additionally, DDX56 is related to antiviral
innate immunity. It performs different roles under different virus
infections, which are associated with its cellular localization. During
some virus (eg chikungunya virus, pseudorabies virus) infection, DDX56
re-localizes from the nucleus to the cytoplasm. In the cytoplasm, DDX56
acts as an antiviral factor by binding and destabilizing the incoming viral
genomic RNA to control the earliest step of viral replication or by
regulating the IFN-f3 signaling pathway to inhibit virus replication (68,
73). It seems that in the nucleus, DDX56 directly interacts with viral
proteins or indirectly with host proteins to promote the replication of
some viruses (e.g. alphavirus, West Nile virus) (117).

3.13 DDX58/RIG-I

DDX58 encodes RIG-I, which is mainly localized to cytoplasm.
DDX58 is firstly identified as a pattern recognition receptor in host
innate immunity that recognizes cytosolic viral nucleic acids to
activate the IFN signaling and proinflammatory cytokines, resulting
in the promotion of host antiviral immune response (83). DDX58
can also act as an RBP to activate NF-«B signaling by stabilizing p65
mRNA (83, 118). Recent studies have demonstrated that DDX58 is
involved in multiple physiological processes, including viral
infection, inflammation, cancer development, autophagy,
apoptosis, and classic Singleton-Merten syndrome (83, 84).
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3.14 DDX60

DDX60 is an IFN-inducible cytoplasmic helicase and plays an
important role in human antiviral activity. As an upstream factor of
RIG-I, DDX60 not only activates RIG-I signaling in a ligand-
specific manner but also is involved in RIG-I-independent viral
RNA degradation. This indicates that DDX60 is a sentinel for
cytoplasmic antiviral response (74). Additionally, DDX60
selectively reduces translation of viral type II internal ribosome
entry sites (75). Recent studies have shown that DDX60 is involved
in intestinal immune response and modulates cancer
immunotherapy and radiosensitivity (76).

4 Roles of DEAD-box proteins in
colorectal cancer

The majority of DEAD-box proteins play tumor-promoting
roles in CRC. DDX60 seems to have the tumor-suppressing role in
CRC. However, we observed that DDX3X and DDX58 exert both
tumor-promoting and tumor-suppressing roles in CRC.

4.1 Members with tumor-promoting effects

4.1.1 DDX1

DDXI1 protein was highly expressed in human CRC specimens.
However, its level was not correlated with patients’ pathological
grade and clinical stage (11). Consistently, DDX1 mRNA
expression was elevated in CRC cell lines. Using CRISPR/Cas9-
mediated genome editing to disrupt DDX1 gene led to decrease of
cell proliferation, suppression of sphere-forming capacity and
expression of cancer stem cell marker genes (LGR5, CD133,
ALDHI and SOX2) in CRC cells as well as smaller solid tumor
size and lower proliferative marker PCNA expression in xenograft
tumor in nude mice (11). DDXI functioned via directly promoting
the transcription of LGR5 by interacting with the -1837 to -1662
region of the enhancer/promoter region of LGR5 (11). Likewise,
overexpression of DDX1 promoted, while its knockdown decreased
migration and invasion ability of CRC cells (12). What’s more,
DDXI1 was essential for circLONP2-enhanced migration and
invasion ability of CRC cells through directly interaction (12).

4.1.2 DDX2

DDX2 contains two subtypes, including DDX2A (EIF4A1) and
DDX2B (EIF4A2). Li et al. (14) found that EIF4A1 mRNA was
significantly increased in primary CRC tissues compared to the
adjacent normal tissues, and EIF4A1 protein was overexpressed in
86% (44/51) of tumor samples. Overexpression of EIF4A1 could abort
miR-133a-suppressed CRC cell growth (14). Soylemez and his
coworkers (119) showed that compared with non-cancer subjects,
EIF4A1 mRNA expression was decreased in the tumor tissues from
CRC patients of stage I, ITI, and IV, but increased in stage II. However,
the mRNA level of EIF4A1 was increased in peripheral blood of
patients in stages I, II, and III, but reduced in stage IV (119). Long
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noncoding RNA MK5-AS1, which promoted the migration, invasion
and metastasis of CRC, functioned partially through recruitment
RBM4 and EIF4Al to facilitate MK5 translation. MK5 further
phosphorylated c-Jun, leading to the activation of SNAI1
transcription by directly binding to its promoter (15).

Both mRNA and protein levels of EIF4A2 was upregulated in
CRC tumors. High EIF4A2 predicted patients’ poor survival.
Knock-down or small-molecule inhibitor of EIF4A2 inhibited the
invasion, migration and stemness, and elevated oxaliplatin
sensitivity in CRC cells (17). What’s more, genetic knockdown of
EIF4A2 suppressed tumor growth and lung metastasis in cell-
derived xenograft mouse model. Silvestrol, an inhibitor of
EIF4A2, improved oxaliplatin sensitivity in patient-derived
xenograft mouse model (17). Mechanically, EIF4A2 as a
transcriptional target of ZNF143 might function via mediating the
translation of c-Myc, an oncoprotein that is deregulated in more
than 50% human cancers and is related to cancer cell aggressive
phenotypes, and drug resistance (17, 120).

4.1.3 DDX5 (p68) and DDX17 (p72)

DDXG5 (p68) protein was overexpressed and post-translationally
modified (predominantly by sumoylation modification) mainly by
the small ubiquitin-like modifier-2 (SUMO-2) on a single site (K53)
in CRC (121, 122). During this process, PIAS1 acted as an E3 ligase
interacting with DDXS5 and enhanced its sumoylation by SUMO-2.
SUMO modification of DDX5 increased the transcriptional
repression activity of DDX5 and suppressed its ability to function
as a coactivator of p53, which was mediated by the interaction
between sumoylated DDX5 and histone deacetylase 1 (HDACI)
(122). Additionally, DDX5 protein can be modified by O-
GlcNAcylation to maintain its protein stability in CRC, leading to
the activation of the AKT/mTOR pathway (Figure 2) (123).

The high expression of DDX5 was associated with poor
prognosis (124). Interestingly, the combination of DDX5 and
fructose-bisphosphate aldolase A (ALDOA), which played a key
role in glycolysis and gluconeogenesis, had more significant
prognostic values in CRC patients (124). DDX5 enhanced cancer
cell proliferation and survival as well as metastasis in CRC (19).
DDX5 not only acted as a transcriptional co-activator of 3-catenin
(125), it also occupied AKT promoter with B-catenin as well as
nuclear factor-«B (NF-xB) and cooperated with them to potentiate
AKT transcription, leading to the increases of AKT mRNA and
protein levels and consequent higher nuclear exclusion and
degradation of FOXO3a. The decrease of tumor suppressor
FOXO3a led to changes of its target genes, like downregulation of
p27Kipl, upregulation of vascular endothelial growth factor
(VEGF) and Cyclin D1 (19). Moreover, DDX5 along with B-
catenin occupied transcription factor 4 (TCF4)/LEF binding sites
on the promoter of endogenous CHIP (STUB1) and FOXMI1 and
modulated their transcription, leading to enhanced cell
proliferation and migration in CRC (20, 126). A recent study
demonstrated that DDX5 could mediate the mRNA stabilization
of PHGDH, a key enzyme in the serine synthesis pathway, leading
to nucleotide metabolic reprogramming to promote CRC
progression and chemoresistance (21) (Figure 2).
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Pumilio RNA-binding family member 1 (PUMI) interacted
with DDX5 in 3’-UTR and positively regulated its mRNA
expression in CRC cells (127). DDX5 expression could also be
regulated by non-coding RNAs. For example, IncRNA nuclear-
enriched abundant transcript 1 (NEATI) directly bound to the
DDX5 protein, enhanced its stability in CRC (125). LncRNA
SNHG14 promoted CRC cell proliferation and invasion as a
sponge for miR-519b-3p to regulate its target gene DDX5 (128).
Circular RNA EGFR enhanced DDX5 expression via sponging
miR-106a-5p to fulfill its oncogenic functions in CRC
(129) (Figure 2).

DDX17 and DDX5 share the greatest homology among the
DDX family members and they can form heterodimers to modulate
various physiological and pathological processes (18). Similar to
DDX5, DDX17 levels were upregulated in CRC tissues (22, 23).
Higher DDX17 protein expression was positively related to larger
tumor size, lymph node invasion, distant organ metastasis and
advanced AJCC stage, as well as liver metastasis (23). Patients with
higher DDX17 expression exhibited shorter overall survival, and it
was an independent prognostic factor for patients” overall survival
(23). In CRC, DDX5 and DDX17 formed complexes with 3-catenin
and augmented B-catenin to activate the transcription of proto-
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oncogenes, including c-Myc, cyclin D1, c-jun, and fra-1, and
suppress the transcription of the cell cycle inhibitor p21(WAF1/
CIP1), which is mediated via c-Myc, resulted in the promotion of
CRC cell proliferation and tumor formation (22). DDX17 can also
function independent of DDX5 in CRC. DDX17 contributed to the
metastasis and epithelial to mesenchymal transition (EMT) of CRC
cells by downregulating miR-149-3p expression, leading to the
upregulation of its target CYBRD1 expression (23) (Figure 2).

4.1.4 DDX6

DDX6 was overexpressed in tumor tissues of CRC (130, 131).
Downregulation of DDX6 reduced the viability, caused cell cycle
arrest in S phase, induced apoptosis, and decreased the Warburg
effect in CRC cells and suppressed tumor growth in nude mice (27,
28). The growth inhibition and induction of apoptosis by DDX6
knockdown were through the downregulation of PKM1 and the
suppression of canonical Wnt/B-catenin pathway (27, 28). On the
other hand, DDX6 possessed RNA unwinding activity toward c-
Myc RNA and facilitated c-Myc translation via unfolding the
structure of internal ribosomal entry site (IRES) of c-Myc (28,
131). DDX6 contributed to the Warburg effect through the DDX6/
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c-Myc/PTB1 positive-feedback circuit. DDX6 was a target of miR-
124. miR-124 also targeted PTBI1, which is a splicer of the PKM
gene, and regulated the Warburg effect by switching the expression
of PKM isoform from PKM2 to PKMI1 (28) (Figure 3).

4.1.5 DDX10

The mRNA and protein expression levels of DDX10 were both
highly expressed in tumor tissues of CRC. High expression of
DDX10 was associated with the poor prognosis of patients.
Downregulation of DDX10 not only suppressed cell growth and
colony formation, inhibited migration and invasion of CRC cells in
vitro, but also prevented tumor growth and lung metastasis in nude
mice (32). GO/KEGG enrichment analysis revealed that DDX10
was positively related to microtubule binding, the cell cycle and
RNA splicing. Zhou et al. (32) demonstrated that DDX10 might
modulate the occurrence and metastasis of CRC via regulating the
E2F pathway after alternatively splicing RPL35 mRNA.
Unfortunately, they did not clearly clarify the mechanism of
DDXI10 by wet-experiments but only analyzed by bioinformatics
(32). Interestingly, there was a strong correlation between DDX10
expression and the number of infiltrating immune cells, including
CD4" T cells, CD8" T cells and macrophages, in colon
adenocarcinoma (COAD), which was analyzed by the TIMER
database (32). This indicated that DDX10 might mediate the
immune response in CRC. The exact mechanism of DDXI0 in
CRC needs further study.

4.1.6 DDX21
DDX21 was highly expressed in human CRC (37-39, 132-134).
Its expression was associated with CRC cancer stages (133).

10.3389/fonc.2023.1278282

Upregulation of DDX21 was related to shorter overall survival and
disease-free survival in stage III and IV CRC patients (8), but was
correlated with the longer survival in early stage of CRC patients with
microsatellite instability (134). Xie et al. (37) revealed that DDX21
possessed an oncogenic activity, as indicated by the decreases of
colony formation and cell proliferation abilities in CRC cells with
DDX21 knockdown. Aberrantly high expression of DDX21 caused
genome fragility by impairing double-strand repair and delaying
homologous recombination repair. Most importantly, DDX21-
induced genome instability led to high sensitivity to some
chemotherapeutic drugs, such as irinotecan, oxaliplatin, etoposide
and hydroxyurea, providing a new precision treatment strategy for
CRC with high DDX21 expression (37).

Inhibition of DDX21 not only inhibited CRC cell proliferation and
tumor growth, but also arrested cell cycle at G2/M phase (38, 39). On
one hand, DDX21 functioned via interacting with cell division cycle 5-
like (CDC5L) to regulate cyclin B and CDC2, G2/M phase marker
(38). On the other hand, DDX21 directly recruited WDRS5, the core
component of the MLL/SET1 methyltransferase complex, to enhance
trimethylation of histone H3 on Lys 4 (H3K4me3) on the CDKI
promoter to activate CDK1 gene expression (39) (Figure 4).

Recently, Gao and co-workers found that DDX21 promoted
CRC cell migration and invasion in vitro, and facilitated CRC to
liver metastasis and lung metastasis in vivo (8). DDX21 has a strong
intrinsically disordered region (IDR) at its N-terminal that includes
182 amino acids, which makes it form phase-separated condensates
with liquid-like behavior in CRC cells. Phase separation of DDX21
facilitated CRC metastasis via directly targeting on MCM5 to
induce its expression and subsequently leading to the activation
of EMT pathway (8) (Figure 4).
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DDX21 protein can be regulated by IncRNA in CRC. For
example, IncRNA ZFAS1 directly recruited DDX21 protein
through the specific motif (AAGA or CAGA) and positively
regulated its expression, and then affected their downstream
target gene POLRIB, the critical components of Pol I RNA
polymerase complex, resulting in promotion of CRC cell
proliferation, invasion, migration, and suppression of cell
apoptosis in vitro and in vivo (135) (Figure 4).

4.1.7 DDX27

DDX27 mRNA and protein levels were upregulated in CRC,
which was mainly resulted from the DNA copy number gain (43, 44).
DDX27 overexpression was an adverse prognostic factor for CRC
patients. DDX27 promoted the proliferation, migration, invasion and
EMT, but inhibited apoptosis in vitro. Silencing of DDX27 suppressed
tumor growth and lung metastasis in subcutaneous CRC xenograft
mouse models (43). Mechanistically, DDX27 directly interacted with
nucleophosmin (NPM1) in the nucleus, without any influence on the
expression and nuclear translocation of NPMI1. Their binding
promoted the interaction between nuclear NPM1 and NF-«B p65 to
increase the binding activity of p65 to promoters of NF-xB target
genes (such as BIRC3, CCL20, CXCL3, NFKBIA, TNF, and
TNFAIP3), leading to increases of their transcription (43)
(Figure 5). Moreover, downregulation of DDX27 could weaken the
self-renewal ability of cancer stem cells and elevated the differentiation
potential as well as promoted chemosensitivity in CRC both in vitro
and in vivo (44, 45). During these processes, DDX27 expression was
positively regulated by circ_RNF13 via TRIM24-mediated
transcriptional regulation. Circ_RNF13 stabilized TRIM24 via
suppressing FBXW7-mediated TRIM24 degradation (45) (Figure 5).
However, the mechanism DDX27 in stemness and chemoresistance of
CRC needs to be further explored (44).
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4.1.8 DDX39B

DDX39B expression was abnormally upregulated in CRC
tissues and cells (50). Elevated DDX39B protein expression was
correlated with aggressive progression and poor prognosis of CRC
patients (51). In vitro experiments demonstrated that DDX39B
enhanced the proliferation, migration and invasion capacities as
well as EMT of CRC cells (50, 51). Also, DDX39B drove the cell
cycle from GO/GI phase to the S phase. Consistently, DDX39B
deficiency not only inhibited tumor growth in subcutaneous tumor
models in nude mice (51), but also suppressed spleen metastases in
an orthotopic transplantation model of CRC and lung metastasis in
a CRC model via tail-vein injection (50, 51).

Mechanistically, DDX39B upregulated the expression of FUT3,
a type of fucosyltransferases, by regulating mRNA splicing and
export, followed by the fucosylation of TGFBR-I, which
subsequently enhanced activation of the TGF-B/SMAD signaling
pathway to facilitate the invasion and metastasis of CRC (50).
Moreover, DDX39B directly bound to PKM2 relying on the
arginine residue 319 of DDX39B and increased the stability of
PKM2 by competitively suppressing STUBI-mediated PKM2
ubiquitination and degradation, and then accelerated the nuclear
translocation of PKM2 by recruiting importin o5 in an ERK1/2-
mediated phosphorylation-independent manner. Nuclear PKM2
functions as a protein kinase and transcriptional coactivator to
regulate the expression of oncogenes and glycolytic genes that
trigger the Warburg effect (such as c-Myc, GLUT1, LDHA, Cyclin
D1, and MEKS5), leading to CRC cell proliferation and metastasis
(51). Additionally, Zhang et al. (136) found that DDX39B bound
directly to the first exon of the CDK6/CCND1 pre-mRNA and
subsequently promoted CDK6/CCNDI1 pre-mRNA splicing and
export, leading to the increases of their expression levels, which
contributed to CRC cell proliferation. Spl transcription factor
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induced DDX39B transcription by directly binding to the GCbox of  not only suppressed cell proliferation but also induced apoptosis

the DDX39B promoter in CRC cells (51) (Figure 6). via increasing the expression of cleaved caspase-3 and PARP in
CRC cells. However, the mechanism of DDX46 in CRC remains
4.1.9 DDX46 unclear (54).

Although DDX46 protein expression was observed both in
human CRC tissues and adjacent tissues, its level was significantly ~ 4.1.10 EIF4A3
increased in CRC tissues compared with adjacent tissues (54). EIF4A3 acts as an RBP to promote the progression of CRC. The
Downregulation of DDX46 using RNAIi lentivirus significantly  binding of EIF4A3 and IncRNA H19 obstructed the recruitment of
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The mechanism of DDX39B in CRC. DDX39B upregulated the expression of FUT3 by regulating mRNA splicing and export, followed by the
fucosylation of TGFBR-I and activation of the TGF-B/SMAD signaling pathway to facilitate the metastasis of CRC. Moreover, DDX39B bound directly
to CDK6/CCND1 pre-mRNA and subsequently promoted the pre-mRNA splicing and export, leading to the increases of their expression levels,
which contributed to CRC cell proliferation. Additionally, DDX39B directly bound to PKM2 to increased its stability by competitively suppressing
STUB1-mediated PKM2 ubiquitination and degradation, and then accelerated the nuclear translocation of PKM2 by recruiting importin a5 in an ERK1/
2-mediated phosphorylation-independent manner. Nuclear PKM2 promoted the expression of oncogenes and glycolytic genes (such as c-Myc,
GLUT1, LDHA, Cyclin D1, and MEK5) to induce CRC cell proliferation and metastasis. DDX39B expression could be induced by Spl transcription
factor through direct binding.
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EIF4A3 to the mRNA of cyclin E1, cyclin D1, and CDK4, resulted in
the upregulation of these genes (137). EIF4A3 could bind to circ-
SIRT1, and circ-SIRT1 overexpression did not affect EIF4A3
expression, but decreased the abundance of EIF4A3 at the mRNAs
of the EMT marker proteins N-cadherin and Vimentin, thereby
blocking the inhibitory effect of EIF4A3 on EMT and promoting the
proliferation and invasion of CRC cells (58) (Figure 7).

EIF4A3 could bind to intronic sequences surrounding
circularized exons to facilitate or suppress circularization, leading to
the changes of circRNAs expression. For example, EIF4A3 could bind
to the flanking sequences of circ_0084615, a circRNA derived from
aspartate beta-hydroxylase (ASPH), through the potential binding
sites, and positively regulated circ_0084615 expression. Circ_0084615
promoted CRC cell proliferation, migration, invasion and
angiogenesis as well as tumor growth in murine xenograft model
via miR-599/ONECUT?2 pathway, which increased the expression of
ZEB2, Vimentin and VEGFA, but decreased E-cadherin expression
(59). By binding to flanking sequences, EIF4A3 suppressed the
cyclization of circPTEN1 and caused the decrease of circPTENI
expression. CircPTEN1 was frequently downregulated in CRC and
low expression of circPTENI1 predicted poor survival. And
circPTEN1 suppressed CRC metastasis via inhibition of TGF-f/
Smad-mediated EMT (60) (Figure 7).

In addition, cancer-associated fibroblasts (CAF) secreted
exosomes cricN4BP2L2 could bind to EIF4A3 and positively
regulate its expression, and subsequently caused the activation of

@
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PI3K/AKT/mTOR axis in CRC cells, which promoted CRC cells
stemness and oxaliplatin resistance (61) (Figure 7).

4.1.11 DDX54

DDX54 was overexpressed in CRC tissues, and high level of
DDX54 was associated with tumor stage and distant metastasis as
well as shorter overall survival in patients with CRC. DDX54
knockdown significantly inhibited tumor growth in subcutaneously
injected nude mice (67). In vitro, DDX54 was demonstrated to
promote the proliferation, migration, invasion and EMT of CRC
cells through activating p65 and AKT pathway (67).

4.1.12 DDX56

DDXG56 expression was upregulated in CRC tumor cells and
mainly localized to their cytoplasm. Its upregulation was positively
correlated with the amplification of DDX56. High DDX56
expression was correlated with lymphatic invasion and distant
metastasis and was an independent poor prognostic factor in
CRC patients (71). Knockdown of DDX56 inhibited CRC cell
proliferation and suspended cell cycle progression from G2/M to
Gl phase. Consistently, downregulation of DDX56 suppressed
tumor growth in a xenograft model (71). Mechanismly, DDX56
promoted CRC cell proliferation by inducing alternative splicing of
WEEL, which was a crucial component of the G2/M cell cycle
checkpoint and played a tumor-suppressing role in CRC, leading to
the reduced expression of WEEL (71).
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4.2 DDX60 seems to function as a tumor-
suppressing factor and is a potential target
for CRC immunotherapy

DDX60 expression was downregulated in CRC cancerous
tissues compared with normal tissues. And DDX60 expression
was positively related to better survival probability of CRC
patients. CRC tumors with increased DDX60 showed more
proinflammatory phenotypes, such as increased infiltration of
dendritic cells, CD4", and CD8" T cells than that with low
DDX60 tumors (77). In CRC cells, DDX60 could positively
regulate MHC-I expression, which was associated with responders
in anti-PD1 immunotherapy and was required for T cell
surveillance in CRC (77). This suggested that DDX60 might have
an important clinical significance in CRC and could serve as a
potential immune therapeutic target. However, the exact molecular
mechanism of DDX60 regulating MHC-I was dimness.

4.3 Dual role of DEAD-box proteins in
colorectal cancer

Strikingly, a portion of the DEAD-box proteins have
controversial roles in CRC. For instance, DDX3X and DDX58
could function as both tumor-promoting and tumor-suppressing
roles based on different molecular pathways. Hence, elucidating the
dual role of these DEAD-box proteins can better understand their
functions in CRC.

4.3.1 DDX3X

Most papers indicated that DDX3X acted as a tumor promoter
in CRC (Figure 8). DDX3X knockdown or inhibition of DDX3X
with the small molecule inhibitor RK-33 in CRC cell lines reduced
proliferation and caused a Gl arrest via inhibition of the Wnt
signaling (79). He et al. (80) revealed that DDX3X promoted the
invasion capability of CRC cells and xenograft lung tumor nodules

Tumor suppressor

E-cadherin

B-catenin

\

STAT3/CSE signaling |——

FIGURE 8
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formation via the CK1e/DvI2 axis due to activation of the Wnt/f3-
catenin signaling. Moreover, DDX3X enhanced oncogenic KRAS
transcription via an increase in SP1 binding to its promoter and
subsequently activated the B-catenin/zinc finger E-box binding
homeobox 1 (ZEB1) axis via the ERK/PTEN/AKT signaling
pathway (138). DDX3 not only promoted cell invasion in KRAS-
mutated CRC cells (138), but also increased tumor aggressiveness
and cetuximab resistance in KRAS-wild-type CRC, which was
regulated by the YAP1/SIX2 axis (139). Nuclear DDX3X that was
partially mediated by nuclear exporter chromosome region
maintenance 1 (CRM1) depending on the N-terminal nuclear
export signal predicted worse survival in CRC patients (99).
Avenanthramide A, the effective ingredient in avenanthramides,
exhibited anti-cancer activities in CRC cells with DDX3X highly
expressed via directly binding to ATP-binding domain of oncogenic
protein DDX3X to block the ATPase activity of DDX3X and induce
its degradation (140). USP7, a deubiquitinase, maintained the EMT
state in CRC via stabilizing DDX3X and augmenting Wnt/f-
catenin signaling (141).

However, Su et al. (81) and Shen et al. (82) argued that CRC
patients with low DDX3X expression had poor prognosis and
metastasis. Downregulation of DDX3X enhanced proliferation,
migration and invasion of CRC cells in vitro and enhanced tumor
metastasis in vivo by inhibiting E-cadherin and activating B-catenin
signaling via suppressing the MAPK pathway (81, 82) (Figure 8).

4.3.2 DDX58/RIG-I

DDX58 is an important immune-related gene that is closely
associated with immune cell infiltration and tumor prognosis (142).
Liu et al. (85) demonstrated that RIG-I promoted CRC cell
proliferation and glucose metabolism, and suppressed apoptosis
by activation of the NF-xB signaling pathway. Frameshift germline
mutations of RIG-I was found in CRC patients. Mutant RIG-I could
enhance inflammatory response that contributed to CRC
development through activation of circRIG-I signaling (143).
Jiang and his coworkers found that intrinsic RIG-I antagonized

Tumor promoter

_ Wnt/B-catenin —— CK1¢/DvI2 axis
MAPK +—— w —* KRAS — ERK/ PTEN/AKT signaling —» B-catenin/ZEB1

YAP1/SIX2 axis

NF-kB pathwa
/ P y
— circRIG-I signaling

STAT5 — CD8+ T cell survival and cytotoxicity

Dual role of DDX3X and DDX58 in CRC. Studies demonstrated that DDX3X acted as a tumor promoter in CRC through activating the Wnt/B-catenin/
CK1e/DvI2 pathway and YAP1/SIX2 axis, or enhancing KRAS transcription and subsequently activating the B-catenin/ZEB1 axis via the ERK/PTEN/AKT
signaling pathway. Other studies revealed that DDX3X acted as a tumor suppressor by inhibiting E-cadherin and activating B-catenin signaling via
suppressing the MAPK pathway. About DDX58, some studies showed that it acted as a tumor promoter in CRC through activation of the NF-xB
pathway and circRIG-1 signaling, or through restraining CD8" T cell survival and cytotoxicity by restricting STAT5 activation. Other study found that
DDX58 functioned as a tumor suppressor by interacting with STAT3 and inhibiting the STAT3/CSE signaling. ZEB1, zinc finger E-box binding

homeobox 1.
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CD8" T cell survival and effector function in tumor
microenvironment and attenuated CD8" T cell-mediated
antitumor immunity (86). Mechanistically, RIG-I restrained CD8"
T cell survival and cytotoxicity by restricting STAT5 activation via
competitive sequestering of HSP90 (86). The frequency of RIG-I*
tumor-infiltrating CD8" T cells was positively correlated with
compromised CD8" T cells’ survival and cytotoxicity as well as
poor prognosis in CRC patients (86) (Figure 8).

In contrast, Deng et al. (84) demonstrated that CRC patients
with a low expression of DDX58 had a lower 5-year survival rate.
Overexpression of DDX58 or its agonist SB9200 suppressed the
migration and invasion of CRC cells as well as tumor growth in a
nude mouse xenograft model. Mechanistically, the anti-cancer
effects of DDX58 were achieved by interacting with STAT3 and
inhibiting the STAT3/CSE signaling (84) (Figure 8).

5 Conclusions and future perspectives

Although the DEAD-box helicases have conserved helicase
core, they perform different cellular functions and act via diverse
mechanisms, which may be related to their variable auxiliary
domains, cellular localization, and binding partners. Growing
evidence has found that the DEAD-box helicases perform an
crucial role in CRC. Current studies have demonstrated that most
of these proteins, such as DDX1, DDX2, DDX5, DDX17, DDXe,
DDX10, DDX21, DDX27, DDX39B, DDX46, EIF4A3, DDX54,
DDXS56, are upregulated and have tumor-promoting roles in
CRC. DDX60 is downregulated in CRC tissues and lower levels of
DDX60 are associated with poor prognosis in patients. DDX60
seems to play tumor-suppressing role in CRC via modulating tumor
microenvironment; however, its exact function and mechanism
need further study. It’s interesting that some DEAD-box
helicases, including DDX3X and DDX58, exhibit opposite effects
on CRC. Current studies revealed that they employ different
mechanism during the divergent function, however, it is still
confusing whether the controversial roles result from
experimental limitations or other undiscovered mechanisms.

What’s more, the DEAD-box helicases also play vital roles in
CRC treatment. For example, EIF4A2 inhibitor improved
oxaliplatin sensitivity (17). DDX27 knockdown promoted
chemosensitivity in CRC (44, 45). The upregulation of EIF4A3
promoted oxaliplatin resistance in CRC (61). Currently, some
compounds targeting the DEAD-box helicases have been
developed (reviewed in (87)). For example, RX-5902 is a first-in-
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