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Abstract

DEAD-box RNA helicases comprise a family within helicase superfamily 2 and make up the largest group of RNA heli-
cases. They are a profoundly conserved family of RNA-binding proteins, carrying a generic Asp—Glu—Ala—Asp (D-E-A-D)
motif that gives the family its name. Members of the DEAD-box family of RNA helicases are engaged in all facets of RNA
metabolism from biogenesis to decay. DEAD-box proteins ordinarily function as constituents of enormous multi-protein
complexes and it is believed that interactions with other components in the complexes might be answerable for the various
capacities ascribed to these proteins. Therefore, their exact function is probably impacted by their interacting partners and
to be profoundly context dependent. This may give a clarification to the occasionally inconsistent reports proposing that
DEAD-box proteins have both pro- and anti-proliferative functions in cancer. There is emerging evidence that DEAD-box
family of RNA helicases play pivotal functions in various cellular processes and in numerous cases have been embroiled in
cellular proliferation and/or neoplastic transformation. In various malignancy types, DEAD-box RNA helicases have been
reported to possess pro-proliferation or even oncogenic roles as well as anti-proliferative or tumor suppressor functions.
Clarifying the exact function of DEAD-box helicases in cancer is probably intricate, and relies upon the cellular milieu and
interacting factors. This review aims to summarize the current data on the numerous capacities that have been ascribed to
DEAD-box RNA helicases. It also highlights their diverse actions upon malignant transformation in the various tumor types.
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Introduction

Ribonucleic acid (RNA) helicases are profoundly conserved
enzymes that utilize adenosine triphosphate (ATP) to bind
or remodel RNA or ribonucleoprotein (RNP) complexes [1].
The DEAD-box protein family of RNA helicases belongs
to superfamily 2 (SF2) and is by far the largest family of
nucleic acid helicases [2]. The DEAD-box [a motif named
after its amino acid sequence (Asp—Glu—Ala—Asp)] family
of RNA helicases is characterized by the presence of several
conserved motifs, including the signature DEAD sequence
that gives the family its name. They are found in all three
domains of life [3]. The most widely recognized function
of DEAD-box proteins is to utilize cycles of ATP-binding
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and hydrolysis to catalyze conformational rearrangements
of RNAs during their biogenesis or in the course of their
cellular roles [4]. They have been appeared to play key,
and frequently fundamental, roles in all aspects of cellular
RNA metabolism that involve modulation of complex RNA
structures or dissociation of enormous RNP complexes, e.g.,
transcription, RNA processing, RNA export, RNA degrada-
tion, ribosome biogenesis and translation [5]. Members of
the DEAD-box family of RNA helicases share a profoundly
conserved core containing twelve conserved motifs, includ-
ing the signature DEAD motif; these motifs give the ATP
hydrolysis and RNA-unwinding activities that have estab-
lished them as RNA helicases [6]. How DEAD-box helicases
achieve extraordinarily wide group of functional roles utiliz-
ing a virtually indistinguishable core has been a focal and
longstanding inquiry in RNA biology. Emerging responses
to this inquiry are multifaceted and incredibly influenced by
the cellular milieu for any given DEAD-box helicase. So far,
it is obvious that the molecular basis for the cellular role of
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each enzyme lies in its biochemical capacity. Indeed, numer-
ous DEAD-box proteins are multifunctional and have extra
various functions in a scope of various cellular processes
that are conferred by their distinct, less conserved, N- and
C-terminal domains and dependent on their interactions with
partner proteins [7].

DEAD-box proteins have been appeared to function as
transcriptional co-regulators and regulators of post-transla-
tional modifications and are crucial in modulating numerous
cellular signaling pathways [8]. Moreover, there have been
various reports showing that DEAD-box proteins are impli-
cated in processes that are key to cellular proliferation and/or
malignant transformation; subsequently, it is not astonishing
that dysregulation of expression or function of these pro-
teins have possibly detrimental impacts on ordinary cellular
homeostasis, and has ensnared in cancer development and/
or progression. Indeed, DEAD-box helicases can function
either as oncogenes or tumor suppressor genes in various
cancer types [9-11]. To date, the data presented propose
that the exact role of these proteins in cancer is probably
tumor- and/or context dependent, and may be impacted by
their interacting partners. Amassing evidence demonstrated
that DEAD-box helicases can be viewed as promising tar-
gets for anticancer chemotherapy, but additionally that their
utilization requires a more profound comprehension of the
molecular mechanisms underlying their double function in
cancer [12].

Here, I shall review the various functions that have been
ascribed to the DEAD-box proteins and discuss how these
proteins can act to boost or repress tumor development in
various settings. I shall then portray the diverse DEAD-
box helicase inhibitors accessible, illustrating the potential
merits and possible caveats of their utilization as anticancer
drugs.

The DEAD-box protein family of RNA
helicases

RNA helicases are RNA-binding proteins that catalyze the
ATP-dependent separation of RNA duplexes and the struc-
tural rearrangement of RNAs and RNP complexes in all
aspects of RNA metabolism [13].

DEAD-box proteins constitute the largest family within
the SF2 of helicases. The name “DEAD-box” originates
from the single letter amino acid code Asp (D)-Glu (E)-Ala
(A)-Asp (D) that is present in the profoundly conserved
motif II (or Walker B motif) [14]. They are a ubiquitous
protein family found in all realms of life, with more than
30 family members in humans (Table 1), and embroiled in
nearly all events of RNA metabolism [5]. They participate in
all cellular RNA-mediated processes by boosting RNA struc-
tural rearrangements to encourage folding and remodeling
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transitions of RNAs and RNPs in an ATP-dependent way.
Such dynamic rearrangements are essential for some, if not
all, steps in the life of an RNA molecule [4].

Structural features of DEAD-box RNA
helicases

The general architecture of the DEAD-box helicase family is
very conservative. Members of the DEAD-box family con-
tain a profoundly conserved helicase core that harbors the
binding sites for ATP and RNA. The core is surrounded by
variable auxiliary domains, which are believed to be crucial
for the various functions of these enzymes [15] (Fig. 1).

The helicase core

All DEAD-box helicases share the profoundly conserved
SF2 helicase core that comprises of two recombinase A
(RecA, the bacterial recombination protein)-like domains,
with at least 12 profoundly conserved sequence motifs (Q,
1, Ia, Ib, Ic, II, 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]) dispersed between the two RecA-like
domains, where they line two inter-domain clefts that form
the ATP- and RNA-binding sites, and contribute to ATP
binding and hydrolysis, RNA binding and duplex unwinding
[15]. The ATP interacts with residues from both domains,
including residues from motifs Q, I, IT and VI. Like the ATP-
binding site, single-stranded RNA (ssRNA) binding to the
helicase core includes interactions with residues from both
helicase core domains, primarily from motifs Ia, Ib, Ic, IV,
IVa and V. Obviously, residues in motifs III and Va are piv-
otal for shifting the state of ATP-binding to the RNA-bind-
ing site, and vice versa (Fig. 1). The network of interactions
linking the ATP- and RNA-binding motifs is believed to be
crucial for coupling ATP binding, hydrolysis, and product
(adenosine diphosphate, ADP and inorganic phosphate, Pi)
liberation to alterations in RNA affinity and bound RNA
conformations [16].

The two helicase core domains are connected by an adapt-
able linker and can, thus, change their orientation to each
other. Due to the separation of the helicase core domains
by a comparatively long linker, DEAD-box helicases transit
between the so-called “inactive open” and “active closed”
conformations. In the absence of ATP and RNA, the DEAD-
box helicase core adopts an open form, wherein the two heli-
case domains move freely as for each other and do not form
inter-domain connections. Collaborative binding of ATP
and RNA stimulates a switch from the pliable open confor-
mation to the more inflexible closed form. In this compact
form, a complicated interaction network is formed between
the conserved motifs and the bound ATP and RNA. This



International Journal of Clinical Oncology (2021) 26:795-825

797

Table 1 Human DEAD-box RNA helicases

Symbol Full name Aliases Cytogenetic location
DDX1 DEAD-box helicase 1 DBP-RB, UKVH5d 2p24.3
EIF4A1 Eukaryotic translation initiation factor 4A1  DDX2A, EIF-4A, EIF4A, elF-4A-1, elF4A-1 17p13.1
EIF4A2 Eukaryotic translation initiation factor 4A2  BM-010, DDX2B, EIF4A, EIF4F, elF-4A-I1, eIF4A-11 3q27.3
DDX3X DEAD-box helicase 3 X-linked CAP-Rf, DBX, DDX14, DDX3, HLP2, MRX102, MRXSSB  Xpl1.4
DDX3Y DEAD-box helicase 3 Y-linked DBY Yqll1.221
DDX4 DEAD-box helicase 4 VASA 5ql1.2
DDXS5 DEAD-box helicase 5 G17P1, HLR1, HUMPG68S, p68 17q23.3
DDX6 DEAD-box helicase 6 HLR2, IDDILF, P54, RCK, Rck/p54 11g23.3
DDX10 DEAD-box helicase 10 Dbp4, HRH-J8 11g22.3
DDX17 DEAD-box helicase 17 P72, RH70 22ql3.1
DDX18 DEAD-box helicase 18 Hasl, MrDb 2ql4.1
DDX19A  DEAD-box helicase 19A DDX19-DDX19L, DDX19L 16q22.1
DDX19B  DEAD-box helicase 19B DBPS5, DDX19, RNAh 16q22.1
DDX20 DEAD-box helicase 20 DP103, GEMIN3 1p13.2
DDX21 DExD-box helicase 21 GUA, GURDB, RH-1I/GU, RH-1I/GuA 10q22.1
DDX23 DEAD-box helicase 23 PRPF28, SNRNP100, U5-100 K, U5-100KD, prp28 12q13.12
DDX24 DEAD-box helicase 24 14q32.12
DDX25 DEAD-box helicase 25 GRTH 11q24.2
DDX27 DEAD-box helicase 27 DRS1, Drslp, HSPC259, PP3241, RHLP, dJ686N3.1 20q13.13
DDX28 DEAD-box helicase 28 MDDX28 16q22.1
DDX31 DEAD-box helicase 31 PPP1R25 9q34.13
DDX39A  DExD-box helicase 39A BATI1, BAT1L, DDX39, DDXL, URH49 19p13.12
DDX39B  DExD-box helicase 39B BATI1, D6S81E, UAP56 6p21.33
DDX41 DEAD-box helicase 41 ABS, MPLPF 5q35.3
DDX42 DEAD-box helicase 42 DDX42P, RHELP, RNAHP, SF3B8, SF3b125 17q23.3
DDX43 DEAD-box helicase 43 CT13, HAGE 6q13
DDX46 DEAD-box helicase 46 PRPFS, Prp5 5q31.1
DDX47 DEAD-box helicase 47 E4-DBP, HQ0256, MSTP162, RRP3 12p13.1
EIF4A3 Eukaryotic translation initiation factor 4A3  DDX48, Fall, MUK34, NMP265, NUK34, RCPS, elF-4A-IlI, 17q25.3
elF4A-II1, eIF4AIIL
DDX49 DEAD-box helicase 49 Dbp8, R27090_2 19p13.11
DDX50 DExD-box helicase 50 GU2; GUB; mcdrh; RH-1I/GuB 10g22.1
DDX51 DEAD-box helicase 51 12q24.33
DDX52 DExD-box helicase 52 HUSSY19, ROK1 17q12
DDX53 DEAD-box helicase 53 CAGE, CT26 Xp22.11
DDX54 DEAD-box helicase 54 DP97 12q24.13
DDX55 DEAD-box helicase 55 12q24.31
DDX56 DEAD-box helicase 56 DDX21, DDX26, NOH61 pl3
DDX59 DEAD-box helicase 59 OFDS5, ZNHITS 1932.1

configuration clarifies the robust excitation of ATP hydroly-
sis by RNA binding, the RNA-stimulated ATPase activity.
Opening and closing of the two domains are believed to be
important for the function of these enzymes [17].
DEAD-box proteins are commonly specific for ATPs
for catalyzing duplex unwinding and for RNA-stimulated
hydrolysis of the triphosphate [18]. This particularity is
mainly given by the Q-motif, which sets up particular con-
nections to adenine-specific functional groups; particularity

for adenine nucleotides is given by a conserved glutamine
in the Q-motif that hydrogen bonds with the Watson—Crick
face of the base [19].

The RNA ties opposite the ATP-binding site, over the
two helicase core domains [20]. The RNA-binding site is
made out of a highly positively charged surface cleft, which
can bind an ssRNA with five or more oligonucleotides. This
RNA-binding area is supplemented by many extra positively
charged residues, which can uphold the stabilization of the
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Fig.1 Schematic representation showing domains and motifs com-
mon to the DEAD-box family of RNA helicases. The helicase core
is composed of two RecA-like domains (domain 1 and domain 2),
which contain conserved motifs involved in ATP binding and hydrol-

helicase-RNA complex [21]. The RNA-binding sites in the
helicase core contact solely the sugar phosphate backbone
of the RNA rather than the nucleotide bases, proposing that
DEAD-box proteins bind to RNA substrates in a sequence-
independent way [16]. Therefore, the residues in the helicase
core give no known specificity for particular RNAs [22].
This is a merit for DEAD-box proteins that function as gen-
eral RNA chaperones targeting several different RNAs [23].

The auxiliary domains

Even though DEAD-box helicases share a conserved core
domain, variable N- and C-terminal regions contribute to the
functional variety of this protein family. In the majority of
DEAD-box helicases, the core is flanked by non-conserved
C- and N-terminal extensions (Fig. 1), varying in length
from a few to several hundred amino acids. These ancillary
domains target the helicases to specific RNAs or proteins;
the variety of these areas accounts for the vastness of func-
tion noted in this protein family. It is accordingly thought
that these ancillary domains are crucial for the particular
functions of a given DEAD-box helicase [1].

Cellular functions of DEAD-box proteins

DEAD-box proteins function throughout the lifetime of
cellular RNAs from synthesis to unavoidable decay [1].
Because of their variety of binding and function, DEAD-box
helicases possess focal and, in several cases, fundamental
physiological roles in all facets of cellular RNA metabolism,
including transcription, pre-mRNA splicing, microRNA
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biogenesis, ribosomal RNA processing, ribosome biogen-
esis, RNA export, translation, and decay [24] (Fig. 2 and
Table 2).

DDX1

DDX1 has been demonstrated to be implicated in diverse
cellular processes, including mRNA processing, regulation
of transcription and translation, RNA transport/clearance,
and regulation of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) transcriptional activity.

3'-end processing of pre-mRNAs

In addition to its widespread dotted nucleoplasmic distribu-
tion, DDX1 is also found in discrete nuclear foci and is asso-
ciated with the cleavage stimulation factor 64 kDa (CstF-64),
proposing a role in 3’-end polyadenylation and cleavage of
pre-mRNAs [25].

Regulation of transcription and translation

DDX1 has been shown to interact with poly(A) RNA and
with the heterogeneous nuclear ribonucleoprotein K (hnRNP
K), a multifunctional protein known to be embroiled in the
regulation of transcription, translation, nuclear transport,
and signal transduction [26].

RNA transport/clearance

DDX1, along with DDX3 and DDXS5, has been recognized
as a protein associated with kinesin family member 5 (KIFS5)
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Fig.2 Cellular processes involving DEAD-box proteins. RNA heli-
cases of the DEAD-box family are involved in various different steps
in RNA metabolism. In the nucleus, these include ribosome biogen-
esis, transcription and pre-mRNA splicing. In the cytoplasm, these
include processes like miRNA processing, nonsense-mediated decay

in an RNA-transporting granule in neuronal dendrites, pro-
posing a possible role in RNA transport [27].

An investigation demonstrating the re-distribution of
DDXI1 to ionizing radiation-induced foci and its co-locali-
zation with y-H2AX (a phosphorylated variant of the H2A
histone protein family) and phosphorylated ataxia telan-
giectasia mutated (ATM), combined with its capability to
unwind RNA-DNA structures, propose a potential role for
DDXI1 in RNA clearance from DNA double-strand break
locations, thereby facilitating the template-guided repair of
transcriptionally active areas of the genome [28].

NF-kB-dependent transcription

DDX1 has been appeared to interact with the p65 subunit of
NF-kB, thereby boosting NF-kB-dependent transcription,
suggesting that DDX1 might function as a co-activator to
promote NF-kB-mediated transcription activation [29].

DDX3

Various investigations have demonstrated that DDX3 func-
tions in numerous cellular processes implicated in the regu-
lation of gene expression. These include pre-mRNA splic-
ing, mRNA export, transcription and translation [30].

Cytoplasm
Pre-mRNA splicing
DDX3X, DDX3Y, DDX23,
DDX39B, DDX42, DDX46
Nucleus

and translation, as well as organelle-specific RNA metabolism. At the
interface between the nucleus and the cytoplasm, these enzymes are
required for the directional transport of mRNA molecules. Human
DEAD-box proteins that are involved in these processes are listed;
many have been shown to be involved in several processes

Pre-mRNA splicing

DDX3 has been discovered to be associated with splice-
osomes [31] and messenger ribonucleoproteins (mRNPs)
[32], but whether DDX3 is effectively embroiled in splicing
remains to be completely clarified.

mRNA export

DDX3 has been discovered to be associated with the major
nuclear mRNA export receptor, Tip-associated protein
(TAP), with mRNPs [33] and with RNA-transporting gran-
ules [27], shuttling from the nucleus to the cytoplasm. These
reports propose that DDX3 is unlikely to be implicated in
general mRNA export; rather it may be embroiled in the
export of particular subclasses of cellular mRNAs and may,
therefore, also be critical in regulating the translation of
these mRNAs. Interestingly, DDX3 has been appeared to
interact with another DEAD-box helicase, DDXJ5, and to
affect its shuttling during mRNP export [34].

Transcription

Numerous investigations from various groups have revealed
that DDX3 can regulate genes transcription. These include
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Table 2 The multiple functions attributed to the DEAD-box proteins

DEAD-box protein Function Targets/context References
DDX1 3'-end processing of pre-mRNAs Associated with the cleavage stimulation factor CstF-64  [25]
Regulation of transcription and translation Interacts with poly(A) RNA and hnRNP K [26]
RNA transport/RNA clearance Associated with kinesin KIF5 in RNA-transporting gran-  [27]
ules in neuronal dendrites [28]
Involved in RNA clearance from DNA double-strand
break sites
NF-xB-dependent transcription Interacts with the p65 subunit of NF-xB [29]
DDX3 Pre-mRNA splicing Associated with mRNPs and spliceosomes [31,32]
RNA export Associated with the mRNP export receptor TAP [33]
Associated with RNA-transporting granules in neuronal ~ [27]
dendrites [34]
Interacts with DDXS5, thereby affecting its shuttling dur-
ing mRNP export
Transcription Activation of IFNf, p21waf1/cipl and Snail transcrip- 35-37]
tion; inhibition of E-cadherin transcription 38]
Translation Can both promote and repress translation initiation 39, 40]
DDX5 and DDX17 Transcription DDXS5 co-activates AR, Runx2, NF-xB, MyoD, p53 and 43-45, 50, 51, 53]

DDX6

DDX21

Pre-mRNA splicing/alternative splicing

miRNA biogenesis

Translation repression/RNA degradation

Cell cycle progression/proliferation

Transcription

rRNA processing

vitamin D receptor
DDXS5 up-regulates the expression of cyclin D1, c-Myc

and genes required for DNA replication 51, 52]
DDXS activates the transcription of the Snaill 57]
DDXS5 is required for p53 DNA damage response and 58]

activation of selective p53 target genes 59]
DDX5/DDX17 can act as transcriptional repressors 60]
DDX5 and DDX17 can both enhance NFATS transcrip-

tional activity and, by regulating its splicing, reduce its

protein expression level
DDXS5 is involved in transcriptional insulation through

interaction with CTCF
DDX5/DDX17 regulate promoter switching to modulate

ERa-mediated transcription
DDX5/DDX17 associate with spliceosomes, required for  [61, 62]

pre-mRNA splicing [63-65]
DDX5/DDX17 regulate alternative splicing and exon

skipping
DDXS5 /DDX17 implicated in miRNA processing of [66-70]

subsets of miRNAs
Required for P-body formation and translational repres-  [71]

sion [72]
Interact with Agol and Ago2; associated with RISC; [73]

important for miRNA-induced translation repression [74]
Associated with decapping and deadenylase complexes
Can promote mRNA degradation
Required for S-phase progression and cell viability [75,76]

in vitro [76]
Required for proliferation in xenograft models
Interacts with c-Jun and acts as a co-factor for c-Jun- [77]

activated transcription
Implicated in 18 and 28 S rRNA production [78]

activation of the interferon-f (IFNf) [35], the cell cycle
arrest gene p21lwafl/cipl [36] and the transcription factor
Snail [37] promoters, and inhibition of the E-cadherin pro-
moter [38]. It has been shown that DDX3 is recruited to
the IFNf, E-cadherin and the p21wafl/cipl promoters [35,
36, 38], proposing that DDX3 functions in transcriptional
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initiation. Likewise, the DDX3-dependent impact on Snail
transcription in the presence of histone deacetylase (HDAC)
inhibitors [37] is consistent with DDX3 being implicated in
initiation of Snail transcription. Interestingly, DDX3 seems
to work in subtly various manners in regulating transcription
of these genes. For instance, activation of the IFN promoter
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seems to be independent of ATPase or RNA helicase activ-
ity [35]; whereas, activation of the p21wafl/cipl promoter
requires ATPase, but not RNA helicase activity [36], propos-
ing promoter- or context-dependent impacts.

Translation

Many studies have reported interactions between DDX3 and
proteins implicated in translation initiation. Nevertheless,
there have been other inconsistent data: for instance, one
investigation revealed that DDX3 inhibits cap-dependent
translation by binding and repressing eukaryotic translation
initiation factor 4E (eIF4E) [39]; another one proposed that
DDX3 boosts translation of particular mRNAs that contain
secondary structures in their 5'-untranslated region (5’-UTR)
via interaction with eukaryotic translation initiation factor
4F (elF4F) [40]. Consequently, the exact function of DDX3
in translation might be modulated by other factors or condi-
tions in the cell.

DDX5 and DDX17

DDXS5 and the profoundly related DDX17 have been
appeared to function in various processes in the cell, includ-
ing transcription regulation, pre-mRNA splicing/alternative
splicing, and miRNA biogenesis [41].

Regulation of transcription

There is currently an enormous body of evidence showing
that DDX5 and DDX17 function as coactivators of transcrip-
tion factors. To date, a significant proportion of the work in
this area has been conducted on DDXS5; nonetheless, plainly,
DDX17 also functions as a regulator of transcription, with
certain functions that are distinguished from those of DDXS.
It has been shown that DDXS5 and DDX17 are recruited to
responsive promoters and function, partially, by modulating
transcriptional initiation. Strikingly, DDX5/DDX17 RNA
helicase activity seems to be required for transcriptional reg-
ulation in some, but not all, cases, proposing that the exact
role of DDX5/DDX17 in transcription may be reliant on the
promoter context and/or on other interacting factors [42].
DDXS5 has been demonstrated to coactivate androgen recep-
tor (AR) [43], Runt-related transcription factor 2 (RUNX2)
[44], the NF-kB transcription factor p50 [45], and to up-
regulate expression of cyclin D1, c-Myc consistent with
B-catenin activation [46, 47] as well as genes required for
DNA replication [48]. Furthermore, DDXS5 has been shown
to activate transcription of the Snaill gene by displacing
HDAC from the Snaill promoter [49]. A pro-differentia-
tion role has been proposed by the finding that DDXS5 and
DDX17 coactivate the myogenic regulatory factor myoblast
determination protein 1 (MyoD) and are required for skeletal

muscle cell differentiation [50]. DDXS5 has also been found
to coactivate the p53 tumor suppressor and to be required
for the p53-dependent DNA damage response [51]. None-
theless, such a function is most probably context-dependent
since an earlier report showed that whilst DDXS5 is needed
for p53-dependent p21wafl/cipl induction and cell-cycle
arrest, it is not needed for apoptosis induction [52], propos-
ing that, in specific cases, DDX5 could have a pro-survival
role. Besides, the finding that DDX5 actuates expression
of the cell cycle arrest gene p21wafl/cipl [52], and on the
contrary cyclin D1 in a different context [47], proposes that
DDXS3, under various conditions, could have opposing influ-
ences on cell cycle progression. These discoveries affirm the
notion that DDXS5 function is profoundly reliant on context
and probably, post-translational modification. Moreover, a
previous report demonstrated that DDXS5 co-activates the
vitamin D receptor and boosts its response to the activated
vitamin D ligand, calcitriol, again proposing an anti-prolif-
erative role for DDX5 and suggesting a potential p53-inde-
pendent manner of stimulating p21wafl/cipl expression
[53]. Sumoylation and acetylation have additionally been
demonstrated to modulate DDX5/DDX17 function as tran-
scriptional regulators [54-56]. It is additionally obvious
that both DDXS5 and DDX17 can function as transcriptional
repressors [57], with sumoylation promoting their repressor
activity in some, but not all, contexts [54, 55], suggesting
further context- and potentially tumor-dependent regulation
of their function. A further intricacy is given by the find-
ing that DDX5/DDX17 have double and contradicting roles
in regulating the pro-migration transcription factor nuclear
factor of activated T-cells 5 (NFATS): they boost NFATS
transcriptional activity and increase cell migration but they
additionally modulate alternative splicing of NFATS, result-
ing in the inclusion of exon 5, which includes a transla-
tion termination codon and results in nonsense-mediated
decay [58]. Consequently, DDX5/DDX17 can both boost
NFATS transcriptional activity and, by regulating its splic-
ing, decrease its protein expression level. Different roles for
DDX5 and DDX17 in more global modulation of transcrip-
tion have been reported. These include: (1) transcriptional
“insulation” by DDXS5 via interaction with CCCTC-binding
factor (CTCF), a DNA-binding protein implicated in chro-
matin organization, to avert improper activation or inhibition
of genes [59]; and (2) estrogen-regulated promoter switching
by DDXS5 and DDX17 to modulate estrogen receptor alpha
(ERa)-mediated transcription [60].

pre-mRNA splicing/alternative splicing
DDXS5 and DDX17 have been demonstrated to be associated
with the spliceosome and to function in pre-mRNA splicing

[61, 62]. Probably, more striking are the reports showing
that they can regulate alternative splicing. Exceptionally
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compelling are the observations indicating that DDX5 and
DDX17 can modulate alternative splicing that is regulated
by steroid hormone receptors, with DDXS5 enhancing AR-
mediated exon skipping [43] and DDX17 (but not DDX5)
repressing ERo/ER p-mediated exon skipping [63]. Besides,
DDXS5 has been found to modulate alternative splicing of the
H-Ras proto-oncogene, promoting skipping of the alterna-
tive intron-D-exon (IDX) exon, thereby omitting this exon
from the H-Ras mRNA, and hence changing the balance in
favor of the more oncogenic p21 H-ras isoform [64]. For-
merly, DDXS and DDX17 have been shown to contribute to
tumor cell migration and invasion by regulating alternative
splicing of multiple DNA-binding factors, including the epi-
genetic chromatin regulator macroH2A 1 histone (mH2A1).
Strikingly, either DDXS5 or DDX17 depletion hindered cell
migration/invasion, with synchronous depletion of both pro-
teins possessing a boosted impact. This investigation addi-
tionally showed that the mH2A1.1 and mH2A1.2 isoforms
of mH2A have opposing influences on the transcription of
the redox metabolism gene, superoxide dismutase 3 (SOD3),
which represses cell migration. DDX5 and DDX17 favored
expression of mH2A1.2, which hinders expression of SOD3.
Accordingly, via modulation of mH2A1 alternative splicing,
DDX5/DDX17 could regulate redox metabolism and cell
migration/invasion [65].

miRNA biogenesis

DDXS5 has been appeared to unwind the Let-7 miRNA pre-
cursor duplex and to be critical for Let-7-mediated silenc-
ing [66], giving a mechanism by which it can modulate
miRNA biogenesis. It has been confirmed that dysregulated
miRNA expression can contribute to cancer development
and progression [67]. Strikingly, DDX5 and DDX17 have
been reported to modulate the association of p53 [68], trans-
forming growth factor beta (TGF-f) and bone morphoge-
netic protein (BMP)-specific SMAD signal transducers
[69] to the Drosha complex, and to regulate the processing
of subclasses of miRNAs that play indispensable roles in
cancer progression. Nonetheless, DDX5 and DDX17 have
been embroiled in enhancing the processing of both onco-
genic and tumor/growth suppressor miRNAs: DDX5 has
been found to boost processing of the oncogenic miR-21
via TGF-B/BMP [69] but additionally of numerous growth-
suppressing miRNAs that are modulated by p53 (includ-
ing miR16-1, miR-143 and miR-145) [68]. Such obviously
contradicting functions emphasize the context reliance of
DDX5/DDX17 function. Moreover, in basal breast cancer
cells, DDX5 has been shown to regulate the expression of
many miRNAs, including miR-21, miR-182 and Let-7 fam-
ily miRNAs; strikingly, small interfering RNA (siRNA)
knockdown of DDX5 or miR-182 repression led to actin
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cytoskeleton reorganization, proposing a function for DDX5
in cellular invasion through miR-182 regulation [70].

DDX6
Translational repression and RNA degradation

It has been shown that DDX6 helicase activity is required for
translation inhibition. Nevertheless, whilst DDX6 helicase
activity has been demonstrated to be required for P-body
assembly, the C-terminal domain has been discovered to be
adequate for translational suppression, proposing that ATP-
dependent conformational alterations in DDX6 and modulation
of its binding to protein partners may be critical in regulating
translation [71]. This suggests that DDX6 is multifunctional
and has helicase-dependent and -independent roles that rely
upon interaction with other partners. Strikingly, DDX6 has
additionally been shown to interact with the Argonaute pro-
teins Agol and Ago2, associate with the RNA-induced silenc-
ing complex (RISC), and to be pivotal for miRNA-induced,
but not siRNA-induced, translational inhibition, proposing a
further mechanism by which DDX6 may suppress translation
[72]. It has been demonstrated that DDX6 roles in mRNA
decapping, giving a mechanism by which it can regulate trans-
lation of mMRINAs via RNA degradation [73]. This observation
is upheld by prior findings, which demonstrate that the human
DDX6 is bound to inhibited mRNAs at numerous points and
suggests that this binding helps their localization to P-bodies
and the recruitment of decapping complexes [74].

Regulation of cell cycle progression and proliferation

Multiple investigations have suggested that DDX6 functions
as a positive regulator of cell cycle progression: two independ-
ent reports exhibited that siRNA knockdown of DDX6 led to
S-phase cell-cycle arrest [75, 76]. Besides, these investigations
indicated that siRNA knockdown of DDX6 brought about a
decrease in cell viability [75], as well as an augmentation in
cell apoptosis and a decrease in their ability to form tumors in
xenograft models [76].

DDX21

DDX21 has been appeared to interact straightforwardly with
the transcription factor c-Jun, and to partake in c-jun-mediated
transcriptional activation of target genes [77]. DDX21 has
additionally been recognized as a nucleolar protein regulating
rRNA processing. Undoubtedly, knockdown of DDX21 has
been shown to hinder 18S and 28S rRNA creation, and slowed
down cell proliferation [78].
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Relationships of DEAD-box RNA helicases
with carcinogenesis

The DEAD-box RNA helicases play critical roles in vari-
ous cellular processes that are ordinarily deregulated in
cancers, including transcription, pre-mRNA processing/
alternative splicing and miRNA processing [11]. Moreo-
ver, their capability to interact with a wide range of fac-
tors and function as multifunctional proteins can possibly
affect numerous different processes [10]. There is compel-
ling evidence to demonstrate that altered regulatory sign-
aling pathways contribute to tumorigenesis, proliferation,
invasion and metastasis of malignant cells. DEAD-box
RNA helicases have been found to function as transcrip-
tional co-regulators and regulators of post-translational
modifications, and are important in modulating various
cellular signaling pathways [8]. Accordingly, dysregula-
tion of functionally various DEAD-box helicases can have
injurious consequences on normal cellular homeostasis,
and could have significant involvements in cancer devel-
opment and progression [79]. Numerous DEAD-box RNA
helicases have been discovered to be embroiled in cancer
development because of their noted genomic amplification
or deregulated expression. Also, a mounting number of
these proteins have been demonstrated to be implicated in
the regulation of, or the molecular interaction with, mol-
ecules involved in cellular proliferation or transformation.
Additionally, other DEAD-box helicases participate in
fusion transcripts resulting from cancer-associated chro-
mosomal translocations. These observations bring up the
inquiry of whether DEAD-box helicases can contribute to
cancer development/progression [9].

DDX1

One of the primary signs that DDX1 might be implicated
in tumor development originated from studies that it is
overexpressed and co-amplified with the MYCN gene in
neuroblastoma and retinoblastoma [80—-83]. The observa-
tion that co-amplification of DDX1 and MYCN was more
recurrent in higher stages of neuroblastoma and was asso-
ciated with a considerable decrease in disease-free sur-
vival compared with those with only MYCN amplifica-
tion [84] proposed that DDX1 has oncogenic properties.
This thought has been upheld by a later investigation of
testicular tumorigenesis, which indicated that DDXI is a
pivotal factor required for testicular tumorigenesis, slightly
through the transcriptional activation of stem cell-associ-
ated genes localized on chromosome 12p [85]. Consist-
ently, in an investigation of breast cancer gene expression
and tissue microarrays, DDX1 RNA overexpression and

increased cytoplasmic DDX1 protein have been shown to
be correlated with early recurrence, proposing that DDX1
might be an independent prognostic marker for early recur-
rence in breast cancer [86]. Nonetheless, there have been
several contradicting studies regarding the role of DDX1
in tumor development. For instance, in one investigation,
high DDX1 expression in neuroblastoma has been demon-
strated to be correlated with better survival [87]; whereas,
another report found that DDX1 expression was correlated
with improved local relapse-free , distant metastasis-free
and overall survival in patients diagnosed with early-stage
node-negative breast cancer [88], proposing a potential
tumor suppressor role for DDX1. Nevertheless, a former
study found no evidence of any impact of DDX1 ampli-
fication on prognosis of patients with MYCN-amplified
neuroblastomas [89], whilst other studies proposed that
the prognostic effect of DDX1 amplification/overexpres-
sion on MYCN is diverse among various subgroups [90,
91], giving a potential clarification for the conflicting find-
ings acquired from the different reports. Consistent with a
possible tumor suppressor role, DDX1 has been shown to
repress ovarian tumor progression, with low DDX1 levels
have been demonstrated to be correlated with poor clini-
cal outcome in patients with serous ovarian cancer [92].
Even though the majority of studies show an oncogenic
role for DDX1 in tumor development, a significant part of
the evidence is occasional instead of mechanistic. Hence,
its exact role might rely both upon the cancer type (or
even subtype), therapeutic regimens, as well as context:
i.e., the expression of other factors that might affect both
DDXI1 role and, independently, the therapy selected for the
particular cancer (Table 3).

DDX2

There are three paralogs of eukaryotic initiation factor 4A
(elF4A), elF4A1 (DDX2A), eI[F4A2 (DDX2B), and elF4A3.
In spite of the fact that eIF4A1 and eIF4A2 share nearly
90% homology, they are functionally distinguished, with
contradicting roles in cancers. The primary indication that
DDX2A might be involved in cancer development came
from an in vitro investigation, which showed consistent
overexpression of DDX2A mRNA in human melanoma cells
[93]. Undoubtedly, anti-sense-mediated down-regulation of
DDX2A in melanoma cell lines brought about suppression
of proliferation, proposing that DDX2A may play a role in
melanoma carcinogenesis [94]. Deregulation of DDX2A is
not limited to melanoma; it has additionally been shown to
be up-regulated in hepatocellular carcinoma (HCC) [95].
Also, as the malignant phenotype is hugely the result of
deregulated gene expression, transformed cells rely upon an
altered translational milieu wherein pro-oncogenic mRNAs
are translationally up-regulated. Such mRNAs have been
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Table 3 Dual role of DEAD-box helicases as oncogenes or oncosuppressors in various cancer types

DEAD-box helicase Cancer type Role(s) Possible pathways and mechanisms References
DDX1 Neuroblastoma Oncogene/TSG  Oncogene: overexpressed and co-ampli-  [81-84]
fied with MYCN gene [87]

TSG: DDX1 overexpression is associated
with better survival

Retinoblastoma Oncogene Overexpressed and co-amplified with [80, 83]
MYCN gene
Testicular carcinoma Oncogene Required for testicular tumorigenesis, [85]

partially through the transcriptional
activation of stem cell-associated genes

Breast cancer Oncogene/TSG Oncogene: DDX1 overexpression is [86]

associated with early recurrence [88]
TSG: DDX1 overexpression is associ-

ated with improved local relapse-free-,
distant metastasis-free- and overall
survival

Ovarian cancer TSG Inhibits ovarian tumor progression; low  [92]
DDX1 expression is associated with
poor clinical outcome

DDX2 Melanoma Oncogene DDX2A overexpression [93, 94]
Hepatocellular carcinoma Oncogene DDX?2A up-regulation [95]
Breast cancer Oncogene Preferential DDX2A-mediated transla- [97]
tion of genes involved in pro-oncogenic
signaling
Endometrial cancer Oncogene DDX2A overexpression [98]
Cervical cancer Oncogene DDX2A is overexpression [99]
DDX3 Hepatocellular carcinoma Oncogene/TSG  Oncogene: acts as a cellular transforming [106]
gene in hepatocarcinogenesis [130]
TSG: down-regulates cyclinD1 and [134]
up-regulates p21 impeding cell cycle
progression

TSG: activates the expression of tumor-
suppressive miRNAs

Colorectal cancer Oncogene/TSG  Oncogene: increases KRAS transcrip- [109]
tion via the B-catenin/ZEB1 signaling [107]

pathway [108]

Oncogene: Wnt/B-catenin pathway [129]

Oncogene: activates p-catenin/TCF sign- [132]
aling via the CK1¢/DvI2 axis
Oncogene: increases cell aggressiveness
via the KRAS/HIF-10/YAP1/SIX2
cascade
TSG: DDX3 down-regulation causes
Snail up-regulation with decreased
E-cadherin expression and reduced cell

aggregation
Lung cancer Oncogene/TSG Oncogene: Wnt/B-catenin axis [112]
TSG: p53/p21 pathway [131]

TSG: MDM2/Slug/E-cadherin pathway ~ [133]

Breast cancer Oncogene Promotes oncogenesis through HIF-1a/ [38, 110, 127, 128]
DDX3/E-cadherin signaling pathway

Ewing sarcoma Oncogene DDX3 knockdown resulted in decreased  [115]
survival and tumorigenicity of Ewing
sarcoma cells

Gallbladder carcinoma Oncogene Positive DDX3 expression is associated ~ [113]
with poor prognosis
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Table 3 (continued)

DEAD-box helicase Cancer type

Role(s)

Possible pathways and mechanisms

References

DDXS5

Pancreatic ductal adenocarcinoma

Medulloblastoma

Chronic lymphocytic leukemia

Natural killer (NK)/T-cell lymphoma

Colorectal cancer

Gastric cancer

Esophageal cancer

Breast cancer

Ovarian cancer

Prostate cancer

Non-small-cell lung cancer

Head and neck squamous cell carcinoma

Cutaneous squamous cell carcinoma

Glioma

Multiple myeloma

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Positive DDX3 expression is associated
with poor clinical outcome
Mutant DDX3 in combination with

mutant B-catenin strengthen transactiva-
tion of a TCF promoter and enhance

cell viability

Patients with mutated DDX3 exhibited a
poor prognosis and a shorter survival

DDX3 mutants exhibited loss of suppres-
sive effects on cell cycle progression
and transcriptional activation of NF-kB
and MAPK pathways

DDXS5 is overexpressed and poly-ubig-

uitylated

DDXS5 induces gastric cancer cell prolif-
eration via mTOR signaling pathway

Knockdown of DDXS5 suppresses esopha-
geal cancer cells proliferation and
invasion through inhibiting the Wnt/f-
catenin signaling pathway

DDXS5 regulates a subset of microRNAs
including miR-21 and miR-182; knock-
down of DDXS5 results in reorganization
of actin cytoskeleton and reduction of

cellular proliferation

DDXS5 is regulated by B-catenin/TCF4
to maintain a positive-feedback loop in
control of breast cancer progression
DDXS5 stimulates the expression of the
oncogenic protein kinase Polo-like

kinase-1 (PLK1)

DDX35 is overexpressed

DDXS5 acts as androgen receptor
transcriptional co-activator; DDXS is
overexpressed in prostate cancer

DDXS supports p-catenin and RNA poly-
merase II during androgen receptor-
mediated gene transcription

DDXS5 induces proliferation and tumori-
genesis of non-small-cell lung cancer
cells by activating p-catenin signaling

pathway

DDXS5 is overexpressed; DDX5 is
involved in the malignant transforma-
tion or progression of HNSCC

DDXS is overexpressed; DDX5 is
involved in the development and pro-

gression of CSCC

DDXS5 induces glioma tumor growth
through binding with NF-kB p50, regu-
lating NF-xB p50 nucleus accumulation
and transcription activity

DDXS5 is overexpressed; DDX5 is
involved in myeloma tumorigenesis

[114]

[116]

[117, 118]

[119]

[137]

[138]

[139]

[70]
[140]
[141]

[142]

[43]
[143]

[144]

[145]

[146]

[45]

[147]
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Table 3 (continued)

DEAD-box helicase Cancer type Role(s) Possible pathways and mechanisms References

T-cell acute lymphoblastic leukemia Oncogene DDXS5 induces efficient Notch-mediated ~ [148]
transcription in leukemic cells

Acute myeloid leukemia Oncogene Inhibition of DDXS5 expression slows [149]
AML cell proliferation in vitro and
AML progression in vivo; Inhibition
of DDXS5 expression induces apoptosis
of AML cells via induction of reactive
oxygen species

Hepatocellular carcinoma TSG DDXS is down-regulated; low DDX5 [150]
expression is associated with poor
prognosis
DDXS5/DDX17 Colon cancer Oncogene DDX5 and DDX17 are overexpressed; [166]

DDXS5 and DDX17 contribute to

colon cancer by directly up-regulating
fB-catenin-regulated genes and indirectly
by down-regulating the growth suppres-

sor p21(WAF1/CIP1)
Breast cancer Oncogene DDX5 and DDX17 are overexpressed [55, 167]
DDX5 and DDX17 act as transcriptional ~ [167]
co-activators of ERax [168]

DDXS5 and DDX17 act as transcriptional
co-regulators of ER

Prostate cancer Oncogene DDXS5 and DDX17 act as transcriptional ~ [168]
co-regulators of AR
DDX6 Neuroblastoma, glioblastoma, rhabdo- ~ Oncogene DDX6 is overexpressed [171]
myosarcoma and lung cancer
Colorectal cancer Oncogene DDX6 is overexpressed; DDX6 facilitates [172, 173]

c-Myc translation, thereby increasing
the synthesis of c-Myc protein
Hepatocellular carcinoma Oncogene DDXG6 is overexpressed [174]
Nodal marginal zone lymphoma Oncogene A t(11;14) involving IGH and DDX6 [181]
provides an evidence for a contribu-
tion of DDX6 to lymphomagenesis by

deregulation of BCL6
DDX10 Breast cancer Oncogene RNAi-mediated suppression of DDX10  [183]
leads to inhibition of breast cancer cell
growth
Myeloid malignancies Oncogene NUP98-DDX10 fusion interferes with [184]

the normal functions of NUP98 in the
synthesis and/or transport of proteins
involved in myelopoiesis

DDX20 Breast cancer Oncogene DDX?20 expression is up-regulated [189, 190]
and correlated with patient survival;
DDX?20 plays a critical role in driving
metastasis in breast cancer cells through
DDX20-NF-kB-MMP9 axis

Prostate cancer Oncogene DDX?20 is overexpressed and high [191]
DDX?20 expression induces the pro-
liferation and metastatic potential of
prostate cancer cells through the NF-kB
pathway

Hepatocellular carcinoma TSG DDX?20 expression is down-regulated; [192-194]
DDX?20 inhibits NF-xB activity by
regulating the function of the NF-«xB-
suppressing miRNA-140 in order to
inhibit liver cancer progression
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Table 3 (continued)

DEAD-box helicase Cancer type Role(s)

Possible pathways and mechanisms References

DDX21 Breast cancer

DDX41 Myeloid neoplasms TSG

DDX43 Breast cancer

Acute myeloid leukemia TSG

DDX53 Gastric cancer

Oncogene

Oncogene

Oncogene

DDX21 promotes tumorigenesis by
inducing activator protein 1 (AP-1)
transcriptional activity and rRNA
processing

[195]

DDX41 mutations cause altered pre-
mRNA splicing and RNA processing

[196-200]

DDX43 is overexpressed; DDX43 [202]
expression is associated with aggressive
clinico-pathological features and poor

prognosis

DDX43 promoter hypomethylation cor-
relates with DDX43 expression, and
predicts favorable clinical outcome

DDX353 is overexpressed; DDX53
promoter hypomethylation is associ-
ated with DDX53 overexpression, and
contributes to carcinogenesis

[203]

[205]

demonstrated to have longer and more structured 5'-UTRs
requiring high levels of eIF4A helicase activity for effec-
tive translation [96]. Strikingly, deregulation of mRNA
unwinding has been shown to contribute to the malignant
phenotype in breast cancer through preferential DDX2A-
mediated translation of a group of genes implicated in pro-
oncogenic signaling, with DDX2A has been recognized as
an independent predictor of poor outcome in breast cancer
[97]. Moreover, DDX2A overexpression has additionally
been demonstrated in endometrial and cervical cancers [98,
99]. Dissimilar to DDX2A, DDX2B has been shown to have
tumor suppressor-like roles with elevated expression linked
to improved survival outcome, potentially through DDX2B-
dependent anti-proliferative impacts via miRNA-mediated
gene regulation [100] (Table 3).

DDX3

Lately, DDX3 is getting growing interest because of its
fundamental roles in cancer progression. As a ‘dual-edged
sword’ gene, DDX3 either induces cancer progression or
functions as a tumor suppressor [101, 102]. Indeed, DDX3
has been demonstrated to have double functions and can be
an oncogene or a tumor suppressor in various cancer types,
enhancing or inhibiting cancer progression [103] (Table 3).
The exact function of DDX3 in cancer might be tumor and/
or context dependent and is also likely to be reliant on the
availability of other factors that regulate transcription [104,
105].

DDX3 as an oncogene

The primary proposition that DDX3 can function as an
oncogene originated from an investigation of HCC, which
revealed overexpression of DDX3 mRNA in a panel of HCC
tissues, and indicated that ectopic expression of DDX3
invigorated anchorage-independent growth of HCC cells, a
sign of cell transformation [106]. These observations have
been upheld by findings from a previous report demon-
strating that overexpression of DDX3 inhibited E-cadherin
expression and stimulated an epithelial-mesenchymal-like
transformation, increased motility and invasive properties
in breast cancer cell lines [38]. In colorectal tumors, high
cytoplasmic DDX3 expression has been shown to be associ-
ated with nuclear p-catenin expression, a marker of activated
Wnht signaling. Indeed, DDX3 knockdown in colorectal can-
cer cell lines brought about decreased proliferation and led
to a G1 arrest, confirming a possible oncogenic function
of DDX3 in colorectal cancer [107]. In addition, DDX3
has been appeared to induce tumor invasion in colorectal
cancer by fB-catenin/T-cell factor (TCF) activation through
the casein kinase le/dishevelled segment polarity protein
2 (CKl1e/Dvl2) axis [108]. Moreover, DDX3 has been
shown to enhance KRAS-mediated tumor growth and inva-
sion in colon cancer cells by elevating KRAS transcription
through the p-catenin/zinc finger E-box-binding homeobox 1
(ZEB1) axis [109]. More recently, DDX3 expression has
been demonstrated to be up-regulated in distant breast can-
cer metastases, and to associate with worse survival [110].
Likewise, nuclear DDX3 expression has been shown to be
associated with worse overall survival in both colorectal
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and breast cancer [111]. Also, DDX3 has been found to be
overexpressed in lung cancer, and DDX3 up-regulation has
been demonstrated to be correlated with poor survival in
lung cancer patients [112]. Additionally, positive DDX3
expression has been demonstrated to be correlated with
bad prognosis in gallbladder cancer [113] and pancreatic
ductal adenocarcinoma [114]. In the majority of sarcomas,
increased DDX3 expression is common and silencing DDX3
expression has been demonstrated to decrease survival and
carcinogenesis of Ewing sarcoma cells. Furthermore, DDX3
suppression changed the Ewing sarcoma cellular proteome,
particularly proteins implicated in DNA replication, mRNA
translation and proteasome function [115]. Notably, the
mutant DDX3 has been affirmed to possess oncogenic roles
in medulloblastoma [116], chronic lymphocytic leukemia
(CLL) [117, 118] and natural killer (NK)/T-cell lymphoma
[119]. In medulloblastomas, frequent somatic mutations
have been detected in DDX3, with the mutant DDX3, in
conjunction with mutant, but not wild-type, f-catenin, has
been demonstrated to potentiate transactivation of TCF pro-
moter and enhance cell viability [116]. DDX3 mutants have
additionally been identified in CLL, with patients harboring
the mutations exhibited a bad prognosis and a lower survival
[117]. In a later report, frequent truncated DDX3 mutations
have additionally been detected in CLL, with DDX3 mutants
have been considerably identified in relapsed cases [118].
In NK/T-cell lymphoma patients, somatic DDX3 mutations
have been identified, with DDX3 mutants showed dimin-
ished RNA-unwinding activity, loss of suppressive impacts
on cell cycle progression in NK cells and transcriptional
activation of NF-kB and mitogen-activated protein kinase
(MAPK) pathways. Interestingly, patients with DDX3 muta-
tions exhibited a bad prognosis [119]. DDX3 has addition-
ally been detected as a myeloid/lymphoid or mixed-lineage
leukemia translocated to 10 (MLLT10) fusion partner in
pediatric T-cell acute lymphoblastic leukemia (T-ALL)
[120].

DDX3-mediated signaling pathways to promote cancer pro-
gression DDX3 has been found to induce translation ini-
tiation of cyclin E1, consequently facilitating G1/S transi-
tion and promoting cell growth [121]. Other reports have
proposed that DDX3 possesses an anti-apoptotic role. It
has been shown to be critical in preventing tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-medi-
ated apoptosis by associating with the TRAIL receptor 2
(TRAILR2, also known as death receptor 5 [DRS5]) and pre-
venting apoptotic signaling [122]; this observation has been
upheld by findings revealing that DDX3 siRNA knockdown
increased TRAILR2-mediated apoptosis [123]. Indeed,
DDX3 has been demonstrated to partake in multiple path-
ways, whose dysregulation is frequently linked to malignant
transformation.
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Whnt/p-catenin pathway The DDX3/Wnt/B-catenin sign-
aling pathway has been shown to play a crucial function
in tumor invasion. DDX3 straightforwardly binds to CKle
to invigorate its kinase activity, and further enhance phos-
phorylation of the scaffold protein Dvl, hence, facilitating
[B-catenin translocation into the nucleus in a Wnt-dependent
way, showing a function of DDX3 as a regulator of Wnt-
B-catenin network [124]. In addition, DDX3 has been
demonstrated to increase protein levels of both Racl and
B-catenin, thereby induces Wnt signaling to modulate cell
adhesion, motility and metastasis, showing a function of the
DDX3-Rac1—p-catenin regulatory axis in modulating the
expression of Wnt/p-catenin target genes [125] (Fig. 3a).

DDX3/Snail/E-cadherin pathway The transcription factor
Snail has been demonstrated to interact with diverse core-
pressors and epigenetic remodeling complexes to inhibit
particular target genes, such as the E-cadherin gene. An inte-
grated and complex signaling network, including the recep-
tor tyrosine kinases (RTKs), TGF-p, Notch, Wnt, tumor
necrosis factor alpha (TNFa), and BMPs pathways, activates
Snail, thereby enhancing epithelial-mesenchymal transition
(EMT); Snail inhibits expression of cellular adhesion pro-
teins, resulting in increased cell migration and metastasis
of numerous types of tumors. The EMT process, alongside
E-cadherin down-regulation and Snail up-regulation, quick-
ens the invasion and metastasis of tumor cells [126]. DDX3
has been shown to be required for Snail expression. Indeed,
DDX3 has been shown to help tumor progression by boost-
ing elevated levels of Snail [37] (Fig. 3b).

HIF-1a/DDX3/E-cadherin pathway DDX3 has been dis-
tinguished as a direct downstream target of hypoxia-induci-
ble factor-1 alpha (HIF-1a, a transcriptional factor inducible
by hypoxia) in breast cancer cell lines, and DDX3 has been
demonstrated to stimulate tumorigenesis in breast cancers
via HIF-10/DDX3/E-cadherin pathway. Under hypoxic con-
ditions, HIF-1a binds to the HIF-1a responsive elements
located in the DDX3 promoter region to promote the tran-
scriptional activation of DDX3. Therefore, up-regulation of
DDX3 inhibits E-cadherin expression, accordingly prompt-
ing the EMT process to facilitate breast cancer invasion
[127, 128] (Fig. 3b).

KRAS/HIF-1a/YAPI1/SIX2 cascade In KRAS wild-type
colorectal malignancy, DDX3 has been demonstrated to
increase cell aggressiveness by means of a KRAS/reactive
oxygen species (ROS)/HIF-1a cascade feedback loop. ROS
creation by DDX3-mediated KRAS expression induces yes-
associated protein 1 (YAP1) transcription via increasing
HIF-1a bound to YAP1 promoter. Ultimately, the YAP1/
SIX2 axis leads to the DDX3-induced cell invasiveness
[129] (Fig. 3b).

Collectively, the above findings uphold the idea that
DDX3 can promote cell proliferation via cell cycle regula-
tion, repressing apoptosis, and inducing cell transformation
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and migration. These are all in agreement with DDX3 pos-
sessing a tumor-promoting or oncogenic function in the cell.

DDX3 as a tumor suppressor

There is additionally evidence that, at least in certain con-
texts, DDX3 possesses a tumor suppressor role. As opposed
to the primary study of DDX3 overexpression in HCC [106],
a subsequent report revealed a decrease of DDX3 expression
in HCC from HBV-positive but not HCV-positive patients,
proposing that this discrepancy in HCC might be related to
the virus predisposing to cancer, HBV- versus HCV-related
HCC, the former possess the more conspicuous connections
with down-regulation [130]. In addition, the latter study
additionally demonstrated that siRNA knockdown of DDX3
in a non-transformed mouse fibroblast cell line, NIH-3T3,
led to enhanced cell proliferation and premature entry into
S-phase, concomitant with down-regulation of p21waf1/cipl
and up-regulation of cyclin D1; these results obviously differ
from those showing that DDX3 can induce G1/S transition
and cell growth [121]. Moreover, constitutive DDX3 siRNA
knockdown in NIH-3T3 cells brought about an increase in
Ras-induced anchorage-independent growth and resistance
to apoptosis [130]; these findings again contrast with those
from prior studies [106, 123]. In another report, DDX3 has
been shown to suppress cell growth in a scope of cancer
cells, in a p21wafl/cipl-dependent way via transcriptional
activation of the p21wafl/cipl, a cyclin-dependent kinase
inhibitor, promoter. Indeed, DDX3 has been demonstrated
to interact and collaborate with Sp1 to up-regulate the pro-
moter activity of p21wafl/cipl in a way independent of p53
status [36]. Similarly, in a separate study, DDX3 has been
demonstrated to synergistically invigorate p53-dependent
transcription of p21wafl/cipl; furthermore, in early-stage
human papillomavirus (HPV)-associated lung cancer, HPV
E6 protein has been shown to inhibit DDX3 expression in
a p53-dependent way, consequently lessening p21wafl/
cipl levels. Indeed, DDX3 has been shown to be positively
correlated with p21wafl/cipl expression, and diminished
expression of p21wafl/cipl by the alteration of the p53-
DDX3 pathway has been shown to play a fundamental role
in early-stage HPV-associated lung carcinogenesis, and to
associate with inferior relapse-free survival of lung cancer
patients [131]. Both these investigations uphold a tumor sup-
pressor function for DDX3, via activation of p21wafl/cipl
expression (Fig. 4). These findings conflict with those from a
previous report [38], which demonstrated that DDX3 has no
influence on p21wafl/cipl expression in breast cancer cells,
and high DDX3 levels have been shown to be correlated with
low p21wafl/cipl levels in aggressive breast cancers. In con-
trast to the previous study of DDX3 up-regulation in colo-
rectal cancers [107], a later report showed that DDX3 down-
regulation caused up-regulation of Snail and diminished

E-cadherin expression, with ensuing decreased cell aggre-
gation, proposing that diminished DDX3 expression induces
Snail/E-cadherin pathway-mediated cancer metastasis. Con-
sistently, low DDX3 expression in colorectal cancer patients
has been found to be associated with unfavorable clinical
outcome [132]. It has been shown that DDX3 plays a tumor
suppressor function in non-small cell lung cancer (NSCLC)
cells via the mouse double minute 2 homolog (MDM?2)/
Slug/E-cadherin pathway. Indeed, loss of DDX3 by p53
inactivation resulted in increased MDM?2/Slug/E-cadherin
pathway signaling, inducing tumor malignancy and adverse
treatment outcome in NSCLC [133] (Fig. 4). Interestingly,
in HCC, DDX3 has been demonstrated to block the creation
of cancer stem cells via epigenetically regulating a subclass
of tumor-suppressive miRNAs expressions. Undoubtedly,
DDX3 has been proposed to interact with transcription fac-
tors on promoter regions of tumor-suppressive miR-200b,
miR-200c, miR-122 and miR-145, which likely activates
the expression of these miRNAs, hence, inhibiting cancer
stem cell properties and carcinogenesis in HCC, reinforc-
ing the tumor suppressor function of DDX3 [134] (Fig. 4).
To further confuse the image, DDX3 has been shown to
prevent cell growth in the human HCC cells via suppress-
ing cap-dependent translation by binding and repressing
the translation initiation factor eIF4E [39]. This contrasts
with the observations from a previous report [121] and is in
agreement with the findings that DDX3 can both invigorate
and repress translation in a context-dependent way.

It stays obscure, nonetheless, whether the malignant con-
nections with DDX3 are straightforwardly linked to its heli-
case activity or probably some alternative pathway and even
whether the alteration in DDX3 levels are an active or sec-
ondary process. Additionally, it is not obvious why changes
in DDX3 levels yield such contradicting tumor-suppressing
and proliferation- or tumor-promoting influences in various
cell lines, in spite of the fact that the impact may rely upon
the expression of other cellular factors in the various sys-
tems and/or the model systems/genes under investigation.
In this regard, changes in nucleo-cytoplasmic shuttling and
subsequently the cellular localization of DDX3 might be
critical since it could possess deep influences on its role,
based upon context. The explanations for the disparities
regarding DDX3 localization in the different studies stay
ambiguous [30], albeit one investigation demonstrated a
change of DDX3 subcellular localization from the nucleus to
the cytoplasm in a high percentage of cutaneous squamous
cell carcinoma [36]. This may probably clarify the contrast-
ing studies indicating an elevation in DDX3 expression in
some cases, and a reduction in others, being linked to cancer
development and/or progression.
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Fig.3 DDX3 acts as an oncogene a through the Wnt/p-catenin path-
way and b by promoting the EMT process. a Activated Wnt binds to
frizzled receptors on the cell membrane forming a complex with LRP
5/6 and binds to the Axin, APC and GSK-3p complex which also
binds to p-catenin. DDX3 interacts with CKle to form a complex,
which phosphorylates Dvl. In turn, phosphorylated Dvl inhibits the
generation of a destruction complex that includes axin, GSK3f, APC
and fB-catenin, thereby increasing free f-catenin, which translocates
from the cytoplasm to the nucleus. Nuclear p-catenin could interact
with two major transcription factors, TCF and LEF, regulating multi-
ple gene transcription, such as AXIN2, BIRC5A, CCND1 and c-Myc.
In addition, DDX3 elevates Racl expression, thereby increasing
fB-catenin stability and its signaling. Racl and/or B-catenin can regu-
late cell adhesion, migration and metastasis. APC, adenomatous poly-
posis coli; AXIN2, axis inhibition protein 2; BIRCSA, birc5a bacu-
loviral IAP repeat containing 5a; CCNDI, cyclin D1; CKle, casein
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kinase le; Dvl, disheveled; GSK3, glycogen synthase kinase 3 beta;
LEF, lymphocyte enhancer factor; LRP 5/6, low density lipoprotein
receptor-related protein 5/6; TCF, T-cell factor. b DDX3 increases
Snail expression, which decreases E-cadherin levels, thereby inducing
the EMT process. In breast cancer cells, HIF-1a binds to the HIF-1a
responsive element located in the DDX3 promoter region to induce
the transcriptional activation of DDX3. Subsequently, up-regulation
of DDX3 represses E-cadherin expression, thereby inducing the EMT
process to facilitate cell invasion. In KRAS wild-type colorectal can-
cer, DDX3 increases cell aggressiveness via a DDX3/KRAS/ROS/
HIF-10/DDX3 cascade feedback loop. ROS generation by DDX3-
mediated KRAS expression promotes YAP1 transcription through
increasing HIF-1a bound to YAP1 promoter. Finally, the YAP1/SIX2
axis results in the DDX3-mediated tumor aggressiveness. EMT, epi-
thelial-mesenchymal transition; HIF-1a, hypoxia-inducible factor-1
alpha; ROS, reactive oxygen species; YAPI, yes-associated protein 1
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Fig.4 DDX3-mediated signaling pathways to suppress tumor growth.
DDX3 interacts with the transcription factor Spl to increase the
promoter activity of p21, thus leading to S-phase arrest. DDX3 also
down-regulates cyclin D1 to inhibit tumor growth in hepatitis virus-
associated hepatocellular carcinoma. In addition, DDX3 increases
MDM?2 transcription by inducing binding of the transcription factor
SP1 to the MDM2 promoter, thereby activating MDM2, which in turn

DDX5 and its paralog, DDX17

DDXS5 has been involved in diverse cancers either via aber-
rant expression or through its role in the regulation of path-
ways that straightforwardly affect tumorigenesis, prolifera-
tion, invasion, and metastasis. The mechanisms by which
DDXS5 causes oncogenesis vary from one cancer type to the
other. It has additionally been shown that the particular role
played by DDXS5 in inducing cancer proliferation could rely
upon the upstream or downstream factors and pathways it
interacts with. While the vast majority of the factors vary
from one cancer type to another, some are common to more
than one cancer or activate more than one cancer-related
pathway leading to disease progression [135]. In the first
report characterizing the discovery of DDXS, its expression
has been demonstrated to be developmentally regulated
and associated with organ differentiation/maturation [136].
The primary investigation of aberrant DDXS5 expression in
cancer originated from a report which indicated that DDXS5
was overexpressed and unusually modified (by polyubiquit-
ination) in colorectal cancer, proposing a cancer-associated
post-translational modification [137]. This was followed by
various studies revealing DDXS5 overexpression in a scope

\

?21, —————— | G1/S arrest
Tumor growth

Slug

}

E-cadherin

Tumorigenesis

inhibits the expression of the transcription factor Slug. MDM2 acti-
vation promotes E-cadherin expression, which in turn inhibits tumor
malignancy via mediating proteasomal degradation of Slug in lung
cancer cells. Moreover, DDX3 interacts with transcription factors on
promoter regions of tumor-suppressive miR-200b, miR-200c, miR-
122 and miR-145, thereby activating their expression, thus suppress-
ing tumorigenesis in HCC. MDM2, mouse double minute 2 homolog

of tumors, including gastric [138], esophageal [139], breast
[70, 140, 141], ovarian [142], prostate, [43, 143], NSCLC
[144], head and neck squamous cell carcinoma [145], cuta-
neous squamous cell carcinoma [146], glioma [45] and mul-
tiple myeloma [147], as well as several leukemias, including
T-ALL [148] and acute myeloid leukemia (AML) [149], pro-
posing that DDXS5 is oncogenic in specific tumors. Indeed,
experimental knockdown of DDX5 in different cancer cell
lines and animal models has been demonstrated to impede
carcinogenesis, repress cell proliferation, EMT and metas-
tasis, while promoting apoptosis [135]. Conversely, DDX5
expression has been shown to be remarkably diminished in
primary HCC, particularly in non-viral HCC subtypes, com-
pared to the non-cancerous liver. Furthermore, decreased
DDXS5 expression in HCC has been found to be correlated
with bad prognosis [150] (Table 3).

DDX5-modulated oncogenic signaling pathways
There is growing evidence indicating that DDXS5 plays a
crucial role in carcinogenesis, and tumor progression via

regulation of oncogenic pathways. Indeed, it has been
shown that DDXS5 might contribute to tumor development
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by modulating several signaling pathways. The most impor-
tant tumor-related pathways regulated by DDXS5 are Wnt/f§
catenin signaling, Notch signaling, NF-kB signaling, mam-
malian target of rapamycin (mTOR) signaling and AKT/
forkhead box O3 (FOXO3a) signaling [135].

Wnt/B-catenin pathway Wnt/f-catenin signaling has been
demonstrated to play a vital role in breast cancer progression
via DDX5 up-regulation. Indeed, B-catenin can straightfor-
wardly stimulate transcription of DDX5 promoter or indi-
rectly via regulation of c-Myc in breast cancer cells. Fur-
thermore, both f-catenin and transcription factor 4 (TCF4)
have been shown to occupy the endogenous DDXS5 pro-
moter, which is further promoted by Wnt signaling [140].

DDXS5 promotes EMT via two essential pathways both
connected to the nuclear translocation of pB-catenin via
Wnt/B-catenin signaling. First, tyrosine phosphorylation
of DDXS5 at Y593 has been demonstrated to mediate plate-
let-derived growth factor (PDGF)-induced EMT by disso-
ciating pB-catenin from the axin destruction complex and
its subsequent translocation to the nucleus and eventual
activation of T-cell factor/lymphoid enhancer factor (TCF/
LEF) transcription factors associated with EMT, which
initiates invasion and metastasis [46, 151]. Second, phos-
phorylation of DDXS5 at Y593 has been demonstrated to
mediate PDGF-induced cell proliferation by activating the
transcription of cyclin D1 and c-Myc genes [47]. Further-
more, phosphorylated DDX5 has been shown to activate
transcription of the Snaill gene by inducing HDACI dis-
sociation from the Snaill promoter, thereby down-regulat-
ing E-cadherin, resulting in EMT [49] (Fig. 5a).

Notably, DDX5 has been demonstrated to induce pro-
liferation and tumorigenesis of NSCLC cells by acti-
vating P-catenin signaling pathway. Indeed, DDXS5 has
been shown to straightforwardly interact with p-catenin,
induced its nuclear translocation, and co-activated the
expression of cyclin D1 and c-Myc [144].

It has been shown that post-translational modifications
of DDXS5 hugely control its regulation of pathways, as well
as its transcription regulation role [152]. DDX5 phospho-
rylation, specifically on tyrosine residue(s), has been indi-
cated to be associated with cellular transformation and
tumor development. On the other hand, phosphorylation of
DDXS5 at threonine residues has been demonstrated to be
associated with cancer cell apoptosis under the treatments
with apoptosis agents, such as TNF-o and TRAIL [153].
Also, DDX5 phosphorylation at threonine residues (T446
and/or T564) by MAPK has been found to contribute to
colon cancer cells apoptosis induced by oxaliplatin [154].
Besides, a dual phosphorylation on Y593 and Y595 of
DDXS5 has been reported to confer resistance to apoptosis
in glioblastoma cells treated with TRAIL [155].
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NOTCH pathway Activation of the NOTCH signaling
pathway by binding of a NOTCH ligand to the NOTCH
receptor liberates the NOTCH intracellular domain
(NICD), which translocates to the nucleus forming a com-
plex with the recombination signal-binding protein for
immunoglobulin kappa J region (RBPJ) [156, 157]. The
NICD/RBPJ complex binds to either mastermind-like 1
(MAML1), DDXS5, or the long non-coding RNA steroid
receptor RNA activator (SRA), which then co-activates
the transcription of NOTCH signaling target genes [158].
Indeed, DDX5 has been demonstrated to interact with
MAMLI, and is associated with the NOTCHI1 transcrip-
tion activation complex in human T-ALL cells, uncov-
ering an important role of DDX5 in inducing effective
Notch-mediated transcription in leukemic cells, and pro-
posing that DDX5 may be vital for NOTCHI1-mediated
T-ALL pathogenesis [148] (Fig. 5b).

NF-kB pathway The N terminal of DDX5 has been dem-
onstrated to binds the NF-kB p50 subunit in the cytoplasm,
promoting its amassing in the nucleus, and activating the
transcription of NF-kB target genes, thereby inducing can-
cer inception, cell growth and proliferation, cell migration
and invasion, angiogenesis, while repressing apoptosis
[159] (Fig. 5C).

mTOR pathway DDXS5 has been found to invigorate mTOR/
ribosomal protein S6 kinase B1 (RPS6KB1) activation,
leading to enhanced cell growth, proliferation and metas-
tasis (Fig. 5D). Indeed, DDX5 has been shown to induce
gastric cancer cell proliferation via mTOR signaling path-
way [138]. Furthermore, DDX5 depletion has been dem-
onstrated to reduce cell growth, and to activate the mTOR/
MDM?2 cell survival mechanism, leading to suppression
of the pro-apoptotic factor p53, which eventually brought
about repression of the pro-apoptotic activity [160].

AKT/FOXO03a pathway In colon oncogenesis, a novel mech-
anism of carcinogenesis has been ascribed to DDXS5 by up-
regulation of AKT and ensuing nuclear exclusion and deg-
radation of the tumor suppressor FOXO3a, the downstream
target of AKT. Indeed, DDX5 has been demonstrated to
occupy AKT promoter with B-catenin as well as NF-xB, and
to collaborate with these in potentiating AKT transcription,
proposing that DDXS5 lessens FOXO3a level in an AKT-
dependent way [161] (Fig. 5e).

Another considerable involvement of DDXS in carcino-
genesis, particularly gastric cancer, has been evidenced by
the observations from two prior studies [162, 163]. One
study identified DDX5 as a target of miR-141, indicating
that DDX5 expression is negatively regulated by miR-141.
In addition, the long non-coding RNA myocardial infarc-
tion-associated transcript (MIAT) has been shown to directly
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bind to miR-141 and to serve as miR-141 sponge in gastric
cancer cells. Since miR-141 could inhibit proliferation and
metastasis of gastric cancer, MIAT exerted oncogenic influ-
ence on gastric cancer by negatively regulating miR-141
expression. Consistent with these results, in gastric cancer
tissues, MIAT has been found to be up-regulated; whereas,
miR-141 has been shown to be down-regulated. More impor-
tantly, by acting as miR-141 sponge, MIAT appeared to posi-
tively regulate DDX5 expression. These findings suggested
that MIAT promotes gastric cancer growth and metasta-
sis through regulation of miR-141/DDXS5 pathway [162].
A more recent study identified DDXS5 as a direct target of
miR-5590-3p, whose expression has been found to be down-
regulated in gastric cancer tissues. Indeed, miR-5590-3p has
been demonstrated to translationally repress DDX5 by tar-
geting specific sequences in the 3' UTR of DDXS5. Impor-
tantly, miR-5590-3p has been shown to inhibit cell prolifera-
tion and tumor growth in gastric cancer by targeting DDX5/
AKT/mTOR pathway [163].

The DDX5 and DDX17 genes share a noteworthy level
of homology [164]. DDXS5 and its homolog DDX17 role in
numerous cellular processes; nonetheless, despite the fact
that they seem to share some functional overlap in some
contexts, many studies have indicated that they addition-
ally possess particular non-repetitive roles. There have
been multiple investigations reporting that the expression
of DDXS5 and DDX17 is dysregulated in a scope of tumors.
Also, both DDX5 and DDX17 have been functionally
embroiled in cancer development: numerous studies have
proposed oncogenic or pro-proliferation roles for these
proteins, while some have suggested possible tumor sup-
pressor roles, proposing that the role of DDX5 and DDX17
in tumor development and progression is intricate and is
probably context dependent [42] (Table 3).

Along with their capability to invigorate cell prolifera-
tion and inhibit apoptosis, the reported overexpression of
DDX5/DDX17 in numerous human malignancies robustly
proposed that DDX5/DDX17 induce carcinogenesis and may
even represent proto-oncoproteins [165]. In a former study,
DDX5/DDX17 has been found to contribute to colon car-
cinogenesis by straightforwardly up-regulating proto-onco-
genes (B-catenin-regulated genes: c-Myc, cyclin D1, c-jun
and fra-1) and indirectly by down-regulating the growth
suppressor p2lwafl/cipl, proposing that DDX5/DDX17
overexpression may be a possible marker of colon cancer
[166]. In a later investigation of ERa-positive breast cancers,
DDXS5 and DDX17 have been demonstrated to function as
transcriptional co-activators for a wide scope of transcrip-
tion factors, including ERa. DDX17 expression has been
shown to be correlated with superior relapse-free and overall
survival, and to be inversely correlated with human epider-
mal growth factor receptor 2 (Her2) expression, conversely,
DDXS5 exhibited no correlation with relapse-free, or overall

survival; however, it has been associated with an increased
expression of Her2, amplified in breast cancer 1 (AIB1) and
higher tumor grade, affirming a pivotal role for both DDX5
and DDX17 in ERa co-activation, and giving evidence in
support of distinguished but crucial roles for both DDXS5 and
DDX17 in regulating ERa activity in breast cancer [167].

Obviously, post-translational modification of DDX5 and
DDX17 has great influences on DDX5/DDX17 role and
this might be vital to their function in cancer. For instance,
both DDXS5 and DDX17 contain one consensus sumoyla-
tion site, and both have been shown to be overexpressed in
breast cancers, in which the SUMO pathway is up-regulated.
These observations proposed that sumoylation of DDXS5 and
DDX17 increases during breast carcinogenesis and probably
contributes to their overexpression, and that sumoylation
exerts pleiotropic impacts on DDX5/DDX17 [55]. Moreover,
in another investigation, acetylation has been demonstrated
to increase the stability of DDXS5 and DDX17, and to invig-
orate their capability to coactivate the ER, thereby possi-
bly contributing to its aberrant activation in breast cancers
[56]. Collectively, these results propose that post-translation
modification of DDX5 and DDX17 might play critical roles
in tumor development/progression and that DDX5/DDX17
possess pro-proliferation/-transformation roles that can be
modulated by post-translational modification.

Notably, DDX5 and DDX17 have been shown to con-
tribute to cancer-cell invasiveness by regulating alternative
splicing of numerous DNA- and chromatin-binding factors
[65].

ER and AR play key roles in breast and prostate tumors,
respectively, where they regulate the transcription of huge
varieties of genes. The activities of ER and AR are con-
trolled by huge networks of protein kinases and transcrip-
tional co-regulators, including DDXS5 and its profoundly
related paralog DDX17. Indeed, DDX5 and DDX17 have
been recognized as prime regulators of the estrogen- and
androgen-signaling pathways by controlling transcription
and splicing both upstream and downstream of the recep-
tors. First, DDX5 and DDX17 are needed downstream of
ER and AR for the transcriptional and splicing regulation of
countless steroid hormone target genes. Second, DDX5 and
DDX17 function upstream of ER and AR by controlling the
expression, at the splicing level, of multiple key regulators
of ER and AR activities [168].

DDX5 and DDX17 have additionally been demonstrated
to possess a double function in the control of the pro-migra-
tory NFATS transcription factor. First, DDXS5 and DDX17
function as transcriptional co-activators of NFATS and are
required for activating NFATS target genes implicated in
tumor cell migration. Second, at the splicing level, DDX5
and DDX17 increase the inclusion of NFATS exon 5. As
exon 5 contains a premature translation termination codon,
its inclusion results in the regulation of NFAT5 mRNAs
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by the nonsense-mediated mRNA decay pathway and to a
reduction in NFATS protein level. This double regulation,
where DDX5 and DDX17 promote the transcriptional activ-
ity of NFATS albeit diminishing its protein expression level,
proposes an important role for DDX5 and DDX17 in cancer
cell migration via the accurate regulation of NFATS pathway
[58].

DDXé6

DDX6 has been recognized as a putative RNA helicase
involved in t(11;14)(q23;932) present in a cell line derived
from a diffuse large B-cell lymphoma. The breakpoint in the
DDX6 gene happened in the 5’ non-coding region bringing
about its fusion to the immunoglobulin heavy chain (IgH)
gene. Despite the fact that DDX6 mRNA and protein sizes
were not changed because of the translocation, the expres-
sion of DDX6 has been shown to be increased compared to
normal lymphocytes, proposing that might be implicated in
cancer development [169, 170].

Fig.5 Association of DDX5 with the Wnt/p catenin pathway (a),
the NOTCH signaling (b), the NF-«xB signaling (c), the mTOR sign-
aling (d) and AKT/FOXO3a pathway (e). a Activated Wnt binds
to frizzled receptors on the cell membrane forming a complex with
LRP 5/6 and binds to the Axin, APC and GSK-3f complex which
also binds to p-catenin. Phosphorylated DDX5 dissociates p-catenin
from the complex causing its nuclear accumulation. DDXS5 is regu-
lated by p-catenin/TCF4 to maintain a positive-feedback loop in con-
trolling tumorigenesis. In addition, p-catenin binds TCF/LEF tran-
scription factors and promotes transcription of CCNDI, c-Jun and
c-Myc, thereby resulting in tumorigenesis and proliferation. Moreo-
ver, phosphorylated DDX5 dissociates HDAC from the snaill pro-
moter, resulting in accumulation of EPSC, and recruits HDAC to the
E-cadherin promoter leading to EMT. APC, adenomatous polyposis
coli; CCNDI, cyclin D1; EPSC, EMT promoting SMAD complexes;
GSK-3p, glycogen synthase kinase 3 beta; HDAC, histone deacety-
lase; LEF, lymphocyte enhancer factor; LRP 5/6, low density lipo-
protein receptor-related protein 5/6; TCF, T-cell factor; TCF4, tran-
scription factor 4. b The notch receptor binds a ligand and releases
NICD through proteolytic cleavage. The NICD then translocates to
the nucleus and binds RBPJ, then forms a complex with the histone
acetyltransferase p300 and the transcriptional coactivator MAMLI1.
DDX5 binds to MAMLI, thereby activating the transcription of
notch-related genes, which in turn, promote oncogenesis, prolifera-
tion, EMT/metastasis and reduce apoptosis. MAMLI1, mastermind-
like 1; NICD, notch intracellular domain; RBPJ, recombination
signal-binding protein for immunoglobulin kappa J region. ¢ Recep-
tor activation by Toll-like receptor ligands, antigens or cytokines,
i.e., tumor necrosis factor leads to the activation of the transform-
ing growth factor beta-activated kinase-1(TAK1) kinase, which in
turn phosphorylates and activates the IKKs (IKK complex). Acti-
vated IKKs eventually phosphorylate the IkBa inhibitory subunit of
NF-xB. IkBa is then polyubiquitinated, leading to its degradation by
the proteasome, and to nuclear translocation of free NF-kB dimers,
ultimately ending in activation of NF-kB target genes. DDXS5 binds
the NF-kB P50 subunit in the cytoplasm and causes its nuclear accu-
mulation, thereby activating the transcription of target genes, which
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DDX6 as an oncogene

Previous findings propose that DDX6 plays a critical, evo-
lutionarily conserved, positive role in cell cycle progres-
sion and proliferation, probably via regulating translation
of particular mRNAs that play key roles in cell cycle pro-
gression. This would be in agreement with the notion that
DDX6 can function as an oncogene and is upheld by the
numerous studies indicating that it is overexpressed in a
broad scope of tumors [171-174] (Table 3). Earlier stud-
ies showed that the DDX6 protein is overexpressed in neu-
roblastoma, glioblastoma, rhabdomyosarcoma and lung
cancer cell lines as compared with normal tissue [171], in
colorectal tumors [172, 173] and in cases of HCV-related
chronic hepatitis and HCC [174]. In a subsequent study, in
cancer cells, DDX6 has been shown to post-transcriptionally
down-regulate mature miR-143/145, their expression has
been demonstrated to be down-regulated in several human
cancer cells, suggesting that they act as tumor suppres-
sors. DDX6 exerts its effect on miR-143 and -145 not only
by down-regulating their host gene, the non-coding RNA

in turn promotes proliferation, metastasis, and apoptosis inhibition.
Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma-extra-large;
C-IAP 1, cellular inhibitor of apoptosis protein 1; C-IAP 2, cel-
lular inhibitor of apoptosis protein 2; Cox-2, cyclooxygenase-2;
ICAM-1, intercellular adhesion molecule 1; IKK, inhibitory kappa-
B kinase; IKKa, inhibitor of nuclear factor kappa-B kinase subunit
alpha; IKKp, inhibitor of nuclear factor kappa-B kinase subunit beta;
IKKY, inhibitor of nuclear factor kappa-B kinase subunit gamma; Ikf,
inhibitor of nuclear factor kappa-B; VCAM-1, vascular cell adhesion
molecule 1; VEGF, vascular endothelial growth factor. d Growth fac-
tor (epidermal growth factor) binds to RTK on the cell surface, caus-
ing the activation of PI3K, which in turn activates the protein kinase
AKT, which inhibits the tumor suppressor TSC1 and TSC2 proteins,
which normally block the small GTPase RHEB. By blocking TSC1
and TSC2, RHEB is left free and, thus, activates mTOR. DDXS pro-
motes mTOR/RPS6KB1 activation, which directs the synthesis of
proteins responsible for proliferation, metastasis, angiogenesis and
anti-apoptotic activity. Bcl-2, B-cell lymphoma 2; CCNDI, cyclin
D1; CDK2, cyclin-dependent kinase 2; HPSE, heparanase; MMP-9,
matrix metallopeptidase 9; mTOR, mammalian target of rapamycin;
PI3K, phosphoinositide 3-kinase; RHEB, Ras homolog enriched in
brain; RPS6KB1, ribosomal protein S6 kinase B1; RTK, receptor
tyrosine kinase; TSC1, tuberous sclerosis complex 1; TSC2, tuber-
ous sclerosis complex 2. e DDXS triggers the initial event, it coop-
erates with f-catenin as well as NF-xB in significantly up-regulating
the protein kinase AKT transcription. Increased AKT activity leads to
the phosphorylation of the tumor suppressor FOXO3a and results in
its nuclear exclusion, eventually leading to its proteasomal degrada-
tion. The resultant decrease of FOXO3a is manifested upon its target
genes, like down-regulation of CDKNI1B. Also, the repressive effect
imposed on CCND1 and VEGF by FOXO3a is released, resulting
in their up-regulation. These sequences of events cumulatively con-
tribute to the process of oncogenesis. CCND1, cyclin D1; CDKNI1B,
cyclin-dependent kinase inhibitor 1B; FOXO3a, forkhead box O3;
NF-kB, nuclear factor kappa-light-chain-enhancer of activated B
cells; VEGF, vascular endothelial growth factor
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143/145 (NCR143/145), which encodes both miR-143 and
-145, but also by promoting NCR143/145 degradation in
the P-bodies [175]. Mechanistically, DDX6 has been shown
to contribute to cell proliferation and oncogenesis in the
development of colorectal cancers at the translational level
[172], by increasing the synthesis of c-Myc protein [173].
Similarly, DDX6 has been demonstrated to act as an onco-
gene in gastric cancer cells through promotion of c-Myc
expression by association with the mRNA of c-Myc [176].
Indeed, in vitro investigations demonstrated nonspecific
unwinding activity of DDX6 towards c-Myc mRNAs, pro-
posing that DDX6 may play a role at the translation level by
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modulating mRNA structure to facilitate c-Myc translation
[177]. In colon cancer cells, DDX6 has been identified as
a direct target of miR-124, which has been shown to play
a tumor suppressor role against various cancers, including
colorectal cancer, suggesting that DDX6 expression is partly
regulated by miR-124. Moreover, miR-124 has been found
to target polypyrimidine tract-binding protein 1 (PTB1)
and to modulate energy metabolism in colon cancer cells
through the regulation of pyruvate kinase muscle (PKM)
isoforms. More importantly, DDX6 has been demonstrated
to affect the Warburg effect through the DDX6/c-Myc/
PTBI1 positive-feedback circuit regulated partly by miR-124
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[178]. In gastric cancer cells, DDX6 has been demonstrated
to serve as an RNA-binding protein for human epidermal
growth factor receptor 2 (HER2) and fibroblast growth factor
receptor 2 (FGFR2) mRNAs, thereby acting as an upstream
molecule that positively regulates the expression of HER2
and FGFR2 at the post-transcriptional level [179]. Interest-
ingly, in a more recent study, a synthetic miR-143 has been
shown to indirectly down-regulate the expression of HER2,
an upstream molecule of KRAS, through silencing of DDX6,
which enhanced HER?2 protein expression at the translational
step in HER2-positive gastric cancer cells. These findings
suggest a novel therapeutic strategy against HER2-positive
gastric cancer involving perturbation of KRAS networks
including the DDX6 mediated by the tumor suppressor miR-
143 [180]. A chromosomal translocation t(11;14)(q23;q32)
involving the IgH gene and DDX6 has been detected in nodal
marginal zone lymphoma. DDX6 has been suggested to con-
tribute to lymphomagenesis by dysregulating the expression
of B-cell lymphoma 6 (BCL6) [181]. All these observations
affirmed an embroilment of DDX6 in tumor development.

Growth inhibitory/tumor suppressor role of DDX6

There has been one study that overexpression of DDX6
brings about a prevention of cell growth and a decrease in
anchorage-independent growth, a sign of malignant transfor-
mation [182] (Table 3). While these findings propose that
DDXG6 in these contexts have a negative role on cell prolif-
eration, the inconsistency could be because of the fact that
the vast majority of the investigations indicating a positive
impact of DDX6 on cell proliferation utilized siRNA deple-
tion of endogenous DDX6 whereas those demonstrating
a negative influence on proliferation depended on ectopic
overexpression. Probably, possessing the correct physiologi-
cal quantity of DDX6 in cells is crucial and the exact role of
DDX6 will rely upon the levels of the protein in the cell as
well as the availability of interacting partners.

DDX10

DDX10 has been recognized as one of the new genes that
has undergone aberrant genomic rearrangements in hormone
receptor-negative breast tumors, where RNAi-mediated inhi-
bition of DDX10 resulted in suppression of breast tumor cell
growth. Additionally, down-regulation of DDX10 in breast
tumor cells results in an increased frequency of apoptotic
nuclear morphology [183].

DDX10 has been shown to be involved in a frequent chro-
mosomal aberration associated with de novo and therapy-
related myeloid malignancies, the inv(11)(p15g22), which
leads to the in-frame fusion of DDX10 to the N-terminus
of the nucleoporin 98 (NUP98) [184], a gene encoding a
member of the nucleoporin complex, which is involved
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in the active transport of proteins and RNA between the
nucleus and cytoplasm [185]. It has been proposed that the
NUP98-DDX10 fusion interferes with the normal func-
tions of NUP98 in the synthesis and/or transport of pro-
teins involved in myelopoiesis. Also, the NUP98-DDX10
fusion leads to the loss of the ATPase function of DDX10
[184]. Furthermore, NUP98-DDX10 has been shown to
significantly increase proliferation and self-renewal of pri-
mary human CD34" cells, and deactivates their erythroid
and myeloid differentiation, demonstrating that it possesses
a role in leukemogenesis [186]. In a chronic myeloid leu-
kemia (CML) patient undergoing treatment with imatinib,
the inv(11)(p15q22) with NUP98/DDX10 fusion gene has
been detected as a clonal evolution, augmenting the like-
lihood that the NUP98/DDX10 fusion may be implicated
in imatinib resistance as well as in acute transformation of
CML [187] (Table 3).

DDX20

DDX?20 has been shown to be embroiled in anomalous cell
signal transduction pathway activity, which is a key factor
in tumor pathogenesis [188].

DDX?20 levels have been demonstrated to be up-regu-
lated in metastatic human breast tumors and they associate
with patient survival. Remarkably, depletion of DDX20 in
an invasive breast tumor cell line has been found to hinder
cell migration and invasion. Conversely, forced overexpres-
sion of DDX?20 increased the invasive potential of a normal
human breast epithelial cell line. Also, mice injected with
DDX20-transfected breast cancer cells had a higher occur-
rence of lung and liver metastases compared with controls.
DDX20 has been demonstrated to function as an important
co-factor of TGF-f-activated kinase-1 (TAK1)-mediated
activation of the IkB kinase 2 (IKK2), which, in turn, is a
key for activating the oncogenic transcription factor NF-xB.
Elevated NF-kB activation, in turn, brought about boosted
metastasis and the acquisition of chemotherapy resistance
by means of elevated expression of matrix metallopro-
teinase 9 (MMP9), an NF-xB target which degrades the
extracellular matrix, a main step in metastasis. Increased
expression of active NF-kB and MMP9, mirrors the
expression of DDX20, thereby setting up a function for the
DDX20-NF-kB-MMP9 axis in breast cancer metastasis.
Noteworthy, the helicase activity of DDX20 is not needed
for its function in driving metastasis in breast cancer cells
[189]. These results confirmed that DDX20 is not only a
prognostic biomarker for breast cancer oncogenesis and
progression, but also a novel predictive marker for cancer
metastasis [190]. Interestingly, DDX20 levels have addi-
tionally been demonstrated to be up-regulated in tissue sam-
ples derived from prostate cancer patients, with DDX20
high expression has been found to promote the proliferation
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and metastatic capability of prostate cancer cells via the
NF-xB pathway [191], an observation that reinforces the
function of DDX20 in metastasis. The function of DDX20
in tumorigenesis, nevertheless, has been demonstrated to
vary among various tumor types. Hence, in contrast with
its role as a tumor promoter in breast and prostate cancer,
DDX?20 functions as a tumor suppressor in HCC. In this
respect, DDX20 has been recognized as a liver tumor sup-
pressor candidate in an oncogenomics-based in vivo RNAi
screen [192]. Also, diminished expression of DDX?20 has
recurrently been seen in human HCC. DDX20 has been
shown to normally repress NF-kB activity, an important
intracellular signaling pathway firmly connected with hepa-
tocarcinogenesis, by regulating the function of the NF-kB-
inhibiting miRNA-140 to suppress liver cancer progression
[193, 194] (Table 3).

DDX21

Elevated DDX21 expression has been detected in breast can-
cer tissues and cell lines, where it has been demonstrated to
enhance activator protein 1 (AP-1) transcriptional activity
and rRNA processing, and consequently, induce carcinogen-
esis by two independent mechanisms [195] (Table 3).

DDX41

Frequent mutations in DDX41 have been detected in famil-
ial and acquired cases of myelodysplastic syndrome (MDS)
and AML. These DDX41 germline and acquired somatic
mutations resulted in changed pre-mRNA splicing and RNA
processing, revealing the possible tumor-suppressive role of
DDX41 in myeloid neoplasms [196, 197]. In a subsequent
study, five new mutations including missense mutations
within critical functional domains and splicing mutations
anticipated to bring about truncated proteins, have been
detected in families with MDS or AML and lymphoid malig-
nancies [198]. In later investigations, new germline DDX41
mutations and heterozygous variations have been identified
in families with MDS/AML [199, 200] (Table 3).

DDX43

DDX43 has been shown to be up-regulated in various can-
cers of several histological types [201]. DDX43 expression
has been demonstrated to be up-regulated in breast cancer,
and its expression has been found to be remarkably cor-
related with aggressive clinico-pathological characteristics
and bad prognosis in breast cancer patients [202]. In AML,
DDX43 promoter has been demonstrated to be recurrently
hypomethylated, and DDX43 hypomethylation has been rec-
ognized as a favorable prognostic marker [203] (Table 3).

DDX53

DDX53 has been demonstrated to be up-regulated in several
tumor tissues and tumor cell lines [204]. It has been shown
that the methylation status of the CpG sites of DDX53
determines its expression, proposing a firm connection
between the methylation status of the DDX53 promoter and
the expression of DDX53. Indeed, hypomethylation of the
DDX53 promoter has been shown associated with DDXS53
overexpression. The presence of hypomethylated DDX53
promoter in pre-cancerous conditions such as chronic gastri-
tis proposed that overexpression of DDX53 may contribute
to tumorigenesis [205] (Table 3).

DEAD-box helicases as anticancer drugs

The embroilment of DEAD-box helicases in numerous
tumors has prompted the discovery of small molecules tar-
geting this family of proteins for the development of anti-
cancer medications. Various therapeutic strategies targeting
DEAD-box helicases have demonstrated to have antineoplas-
tic abilities such as inhibitors against nucleoside-triphos-
phatase (NTPase) activity, small molecules influencing RNA
binding and helicase activity, and compounds that disrupt
specific protein—protein interactions [79] (Table 4).

DDX3

The embroilment of DDX3 in numerous malignancies makes
it a worthy target for the development of DDX3-specific
therapeutics for efficient cancer therapy. Lately, new small
molecule inhibitors targeting DDX3 are created as potential
target chemical medications for cancer treatment [101, 102,
206]. While targeting DDX3 has shown promise in treat-
ing tumors, the conflicting double functions of DDX3 as an
oncogene and tumor suppressor, observed in some tumors,
should be considered when treating tumors with DDX3
inhibitors [103].

Ring-expanded nucleosides (RENs) are a class of purine
nucleosides analogs containing imidazodiazepine or imida-
zotriazepine ring system of natural/synthetic origin. Most of
the natural RENs are synergistic antitumor and/or antiviral
agents which potentiate the influences of other antitumor or
antiviral agents via repression of key enzymes. Nonethe-
less, they have not been confirmed as efficacious clinically
as expected due to the tremendously high toxicity associated
with their utilization. A significant number of the synthetic
RENS, on the other hand, have biological activities of their
own, specifically against a broad range of tumors and viruses
with little toxicity to the host cells, and consequently hold
enormous promise as chemotherapeutic agents. The prom-
ising preliminary in vitro findings regarding the influences
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Table 4 DEAD-box helicase inhibitors with anticancer activity

Drug Chemical structure Target Mode of action Reference(s)
DEAD-box
helicase
NZ51 o} DDX3 The 5:7-fused imidazodiazepine ring of NZ51 was incorporated  [208]
NH CigHaz into the ATP-binding pocket of DDX3
N / gPp
¢ | />—NH Inhibits the ATP-dependent helicase activity of DDX3
HO N N Inhibits motility and viability of breast cancer cells by targeting
(o)
(¢} DDX3
HO'
RK-33 0 Ol DDX3 Fits into the ATP-binding cleft of DDX3 and impedes its heli- [105]
V. N N\( ¢ case activit [209]
2 y
r ! Causes a global delay in cell cycle progression [107, 112,
N / N Exhibits antineoplastic activity against several cancers 115,
| 210-212]
NN
Ketorolac salt DDX3 Inhibits the DDX3 ATPase activity through direct interaction [213]
o N with the P-loop region of DDX3
oo Inhibits the growth of OSCC cells through down-regulation of
\ / +HNCICHOH), DDX3 expression
RX-5902 /@EN\]:O\ DDX5 Binds to Y593 phospho-DDX5, inhibiting its B-catenin- [214]
F NTNH dependent ATPase activity
OFTNTTY

of RENs on human tumors, specifically prostate and breast
cancer cells, uphold their further pursuit in animal and clini-
cal investigations [207]. Among the RENs, NZ51 (an analog
containing a 5:7-fused imidazodiazepine ring system with
a C18 alkyl chain tail) has been distinguished as a possible
DDX3 inhibitor by revoking the ATP-dependent unwind-
ing activity of DDX3. It has been shown that NZ51 treat-
ment diminished cell viability and cellular motility of breast
cancer cell lines with ICs, values in the low micromolar
range. Regrettably, NZ51 treatment had no impact on pri-
mary tumor growth rates in a mouse model system, although
in vivo investigations showed that DDX3 knockdown by
short hairpin RNA brought about diminished tumor volume
and metastasis [208].

The small molecule inhibitor RK-33 (3,7-Bis(4-
methoxybenzyl)-3,7-dihydro-1,3,4,6,7,9-hexaaza-
2H-cyclopenta[e]azulene-2-one, also known as
3,7-Dihydro-3,7-bis[(4-methoxyphenyl)methyl]-2H-
diimidazo[4,5-d:4',5'-f][1,3]diazepin-2-one) has been
designed to fit into the ATP-binding cleft of DDX3 and
hereby disrupt its helicase activity. Consequently, RK-33
has been suggested as a potential candidate for cancer
therapy [105]. DDX6 role in mRNA decapping has been
demonstrated to give a mechanism by which it can regulate
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translation of mRNAs via RNA degradation [209]. RK-33
has been shown to exhibit anti-proliferative activity against
various tumors. Suppression of DDX3 by RK-33 has been
demonstrated to induce tumor regression in numerous
mouse models of lung cancer. Mechanistically, loss of
DDX3 function by RK-33 destroyed Wnt signaling via per-
turbation of the DDX3—-catenin axis [112]. Treatment of
colorectal cancer cell lines and patient-derived 3D cultures
with RK-33 has been demonstrated to suppress growth,
and to stimulate cell death. Indeed, suppression of DDX3
with RK-33 led to repression of Wnt signaling and might
accordingly be a promising treatment strategy for a sub-
set of colorectal cancers [107]. Treatment with RK-33 has
additionally been shown to be cytotoxic to Ewing sarcoma
cells [115]. Also, RK-33 has been found to radiosensitize
prostate cancer cells by blocking DDX3, showing that
obstructing DDX3 by RK-33 in combination with radiation
therapy is a feasible choice for treating locally advanced
prostate cancer [210]. Additionally, DDX3 suppression
with RK-33 has been demonstrated to cause radiosensiti-
zation in breast cancer cell lines via blocking of mitochon-
drial translation [211]. Recently, RK-33 has been shown to
radiosensitize medulloblastoma cells by hindering DDX3
activity via down-regulation of Wnt/p-catenin signaling,
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proposing that RK-33 may be utilized as a frontline treat-
ment strategy for DDX3-expressing medulloblastomas in
combination with radiation [212].

Another DDX3 inhibitor that demonstrated to have inter-
esting anticancer activity is the Ketorolac salt (( +)-5-ben-
zoyl-2,3-dihydro-1H-pyrrolizine-1-carboxylic acid, tris
(hydroxymethyl) amino methane salt). This bioactive com-
pound can block the DDX3 ATPase activity via direct inter-
action within the P-loop region (Gly 227, Gly 229 and Thr
231) of DDX3 by forming stable hydrogen bonds. Ketorolac
salt has been shown to successfully repress the growth of
H357, a human oral squamous cell carcinoma (OSCC) cell
line, in a dose-dependent way where it down-regulated
DDX3 expression and up-regulated the expression levels of
E-cadherin [213].

DDX5

DDXS5 has additionally been distinguished as a possible can-
didate for anticancer drugs. Targeting DDXS5 in the context
of the functions it plays in tumor development and pathway
regulation has been effectively investigated both in vivo and
in vitro [135]. The accumulated information on the func-
tions played by DDXS in tumor progression has promoted
the recent development of a new, DDX5-specific anticancer
molecule RX-5902. DDXS5 has been affirmed to be a cellular
target of RX-5902, 4-(3,5-dimethoxyphenyl)-N-(7-fluoro-
3-methoxy-quinoxalin-2-yl)piperazine-1-carboxamide, a
drug that displays robust growth suppression in numerous
human tumor cell lines. RX-5902 has been demonstrated to
bind straightforwardly and specifically to Y593 phospho-
DDXS5, blocking the p-catenin-dependent ATPase activity
of DDXS5. Treatment of tumor cells with RX-5902 led to the
down-regulation of the expression of specific genes, which
are known to be regulated by the B-catenin pathway, such
as c-Myc, cyclin D1 and p-c-Jun. The blocking of Y593
phospho-DDXS5-B-catenin interaction by direct binding of
RX-5902 to Y593 phospho-DDXS5 has been shown to con-
tribute to the anti-cancer activity of this compound [214].

Concluding remarks and future perspectives

Most DEAD-box proteins have currently been assigned roles
in one or more biological processes, including ribosome
biogenesis, pre-mRNA splicing, mRNA export, translation
and RNA decay. Nonetheless, understanding the molecular
basis for how DEAD-box proteins function in these biologi-
cal processes has proven challenging. In spite of the amazing
advancement made in our understanding of the structures,
functions and biological roles of DEAD-box helicases,
numerous significant inquiries stay unresolved. We totally
lack data about where precisely these proteins bind to their

RNA or RNP targets. To innovate physical models for how
DEAD-box helicases function, it is critical to characterize
where a given protein binds its RNA target, whether and
how the RNA structure is altered, and in which way ATP is
used for this reaction. Also, it is crucial to clarify how bio-
chemical functions of the DEAD-box proteins are modified
by other factors, which constantly surround the helicase in
huge multicomponent complexes. The various biochemical
characteristics of DEAD-box RNA helicases would permit
them to integrate various processes in RNA metabolism: for
instance they could couple transcription, RNA processing
and RNA export by means of arranged and controlled inter-
actions with various protein partners. Such multi-function-
ality would, nonetheless, be profoundly context dependent
and would rely upon the availability of interacting partners.
There are numerous central questions that required to be
addressed with respect to the exact mechanism(s) of action
of DEAD-box proteins. For instance, it has been affirmed
that many of these proteins function as transcriptional co-
regulators, modulating transcriptional initiation via their
interactions with components of the transcription machin-
ery at responsive promoters, in spite of the fact that there
is no evidence that they straightforwardly bind chromatin.
Nonetheless, it is indistinct what determines whether they
function as co-activators or corepressors. Moreover, the
mechanisms by which they may couple transcriptional ini-
tiation to post-transcriptional processes stay to be clarified:
it is unknown whether these proteins bind the nascent RNAs
and then function as ‘adaptor’ molecules to recruit splicing
or export factors to facilitate these processes. In this regard,
it would additionally be intriguing to test the significance of
helicase activity in these events since it seems to be required
for some but not all the identified roles. Likewise, the exact
functions of DEAD-box proteins in other processes, e.g.,
regulation of translation or miRNA biogenesis, are not com-
pletely understood and a significant proportion of the evi-
dence depends on their association with the respective pro-
tein complexes and the impacts of overexpression or siRNA
knockdown investigations.

Numerous DEAD-box proteins are aberrantly expressed
in cancer tissues as compared with matched normal tis-
sue and in some cases, they additionally seem to be dif-
ferentially post-translationally modified, supporting the
notion that changes in protein levels or modification can
affect their role in cell proliferation and/or transforma-
tion. Nonetheless, the exact function of DEAD-box pro-
teins will obviously rely upon their interacting partners,
the expression and/or role of which might additionally
be independently changed during tumor development. In
this regard, alterations in post-translational modification
of DEAD-box proteins will additionally affect their inter-
actions with partners and their influence on various cel-
lular processes, adding further intricacy. Consequently, a
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given DEAD-box protein could have a growth promoting
or pro-proliferation role in some contexts and a growth-
or tumor-suppressing role in others. This context reliance
would obviously have deep implications for the considera-
tion of DEAD-box proteins as potential markers or thera-
peutic targets in cancer. Accordingly, before deciding to
therapeutically target a particular DEAD-box protein, it
will be critical to consider the type, or indeed subtype, of
malignancy and the expression of other interacting part-
ners, since the treatment could have contradicting impacts
in various contexts. Another issue to be taken into con-
sideration, is the fact that, not all the roles of DEAD-box
proteins rely upon their catalytic activities. Many, actually,
are mediated by direct protein—protein interactions. Oth-
ers rely upon the ATPase, but not on the helicase activity.
Hence, by cautiously choosing chemical compounds able
to target a particular function, either a catalytic activity or
a protein—protein interaction, it is additionally possible to
imagine of accomplishing the desired selectivity against
the diseased cells, leaving the normal ones unaffected.
Undoubtedly, at this point we cannot rule out the risk of
long-term toxicity issues following continuous inhibition
of a DEAD-box protein. This needs to be more cautiously
investigated in preclinical models. For a DEAD-box pro-
tein to become a feasible therapeutic target in cancer, we
need to develop an improved comprehension of its numer-
ous functions to target them selectively and with negligible
perturbation to cell homoeostasis.
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