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ARTICLE INFO ABSTRACT

Keywords: The DEAD-box RNA helicase DDX5 is a member of a family of highly conserved proteins involved in gene-

DDX5 expression regulation and ATP-dependent RNA helicase activities. Recently, it has been reported to be aberrantly

tumorigenesis expressed in many tumors, and is linked to the regulation of many cancer-related pathways. It co-activates many

:“gligsilahg“andes transcription factors, with profound implications for cancer development, and the de-regulation of its functions
pop

is ultimately associated with tumor formation and progression. Moreover, it is strongly implicated in the tu-

morigenesis, invasiveness and metastasis, as well as the proliferation of several cancer types. In this review, we
seek to elucidate the role of DDX5 in the development and progression of human malignancies and put forward
its prospective applications in future cancer research.

1. Introduction

DDX5 is an important helicase which is implicated in many stages of
the gene expression pathway including RNA processing (splicing,
transport and translation) [1,2], DNA replication [3,4], ribosome and
miRNA biogenesis [5-7], and transcription regulation [8-11]. In
human malignancies, many studies have detected the overexpression of
DDX5 and confirmed its involvement in tumorigenesis, progression,
invasion, proliferation, differentiation and metastasis. Its expression
also correlates with the regulation of pathways that are critical in
cancer development and progression. Thus, DDX5 is a potentially va-
luable diagnostic and prognostic marker, and its value as a therapeutic
target for many tumors has been sufficiently established. Illuminating

its role in different tumors, therefore, will give insight into possible
intervention points and better management of human malignancies.
This review aims at improving the understanding of the exact role
played by DDX5 in different stages of human malignancies and the
pathways involved, while highlighting advancements in current re-
search that might illuminate the path to achieving early diagnosis, ef-
fective therapeutic options, and prediction of response to treatment of
human tumors.

1.1. Background of DEAD/H box helicases

The earliest account of RNA helicases was a report by Ray et al. [12]
which described the susceptibility of mRNA to nucleases, following the
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incubation of globin mRNA with translation initiation factor (eIF4A)
and ATP. RNA helicases are ubiquitously expressed in almost all or-
ganisms and are largely found in differentiated cells [13-16]. The he-
licases utilize energy from nucleotide triphosphate (NTP) hydrolysis to
perform biological functions like ribosome biogenesis, pre-mRNA spli-
cing, transcription and translation [17,18]. The expression pattern,
sequence, interacting molecules and subcellular localization of the he-
licases determine their specificity to the target molecules they bind and
regulate [17]. RNA helicases are divided into 6 super-families (SF) with
the largest being SF2 comprising of highly conserved proteins with
seven domains including the ‘DEAD/H' sequence [19]. They are further
classified into DEAD, DEAH, and DExH depending on their motifs and
specific amino acid sequences [9,20]. The DEAD-box family, char-
acterized by the Asp-Glu-Ala-Asp motif, is the largest of all helicase
families with 37 members in humans [21]. Several RNA helicases have
been implicated in cancer development due to their altered expression,
mutations in tumors, and their regulation of pathways concerned with
oncogenesis and progression [22]. Recently, some reviews on DEAD/H-
Box helicases and their functions that link them to cancer have been
published [23,24]. In this review, we will narrow our focus on DDX5
and its role in human cancers.

1.2. Sequence, structure and functions of DDX5 and other DEAD-box
helicases

DEAD-box helicases are eukaryotic RNA helicases that do not form
ring structures [21,25]. They have a helicase core that comprises of two
conserved recombinase A (RecA)-like domains; an N-terminal RecA-like
domain (NTD) and a C-terminal RecA-like domain (CTD) joined to-
gether by a short flexible linker [26]. The NTD/DEAD domain is re-
sponsible for ATP binding, while the CTD/helicase domain contains the
binding site for RNA substrates [27,28]. DEAD-box proteins have 13
characteristic sequence motifs, 9 of which are conserved [19,29]. The
NTD harbors motifs Q, I (Walker A), Ia, Ib, II (Walker B), and III
whereas the CTD contains motifs IV, V and VI [30]. Motifs I, II and Q
form the nucleotide-binding site while motif III links ATP binding,
hydrolysis and helical activity [31]. As much as the structures of DEAD-
box proteins have similar conserved NTD and CTD folds, the loop
conformation within the domain structures and the inter-domain or-
ientations differ from each other [32,33]. Analysis of the crystal
structures of the domains of members of the DEAD-box family reveals
some differences presented in Table 1 [34]. The domain structure of
DDXS5 is well described in a review by Cheng et al. [28]. The CTD of
DDX5 contains motifs IV, V, and VI common to other DEAD-box
members, and additional RGS-RGG (Arg-Gly-Ser-Arg-Gly-Gly) and Ile-
Gln (IQ) motifs which form the RNA binding site [1,35]. The NTD has
been successfully crystallized and is made up of 305 amino acid re-
sidues, 8 3 strands, 9 a helicases and is structurally similar to DDX3X
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[30,36]. It also contains the N terminal region (57-78 residues) which
forms the extensive loop and adds an extra a helix to the helicase core.
All the other features of DDX5 are similar to the other members of the
DEAD-box family.

DDX5 was first reported to be a nuclear antigen that was im-
munologically cross-reactive to the T-antigen of the Simian Virus 40
[16]. The ATPase and RNA unwinding activities of DDX5 were first
reported in protein from human cells and recombinant proteins ex-
pressed in E. coli [13,16,39]. The molecular weight of DDX5 is 69 kDa
with 614 amino acids and it is located on chromosome 17q23. Fol-
lowing transcription, the DDX5 gene yields an mRNA precursor which
is spliced to form two 2.3kb and 4.4 kb mRNA transcripts. While the
2.3 kb transcript codes for full-length DDX5, the 4.4 kb transcript does
not code for any viable product [40]. Originally, DDX5 was thought to
be an exclusively nuclear protein [16]. However, transient cytoplasmic
localization and staining in ovarian, colon and breast cancer cell lines
have challenged this paradigm [41]. Eventually, Wang et al. [42] af-
firmed the conclusion that DDX5 is actually a nucleocytoplasmic
shuttling protein. The main mutation of DDX5 (S480A mutation) has
been reported by Guo et al. [43] in hepatic stellate cells. Other nu-
merous mutations have recently been observed on the DDX5 gene in
different malignancies as reported by Cai et al. [23] Several post-
translational modifications of DDX5 are reported including ubiquiti-
nation, sumorylation and phosphorylation [7,44,45]. A summary of
DDX5 functions and the significant roles in cancer is presented in
Table 2.

2. Emerging roles of DDX5 in viral infections associated with
cancer

Recent studies have linked approximately 12% of human malig-
nancies to oncoviral infections [70]. Besides interfering with the func-
tion of critical cellular proteins, some oncoviruses cause malignancies
by maintaining viral latency and producing latently expressed onco-
proteins [71]. DEAD-box helicases interact with viruses and help them
complete their life cycles by ATP hydrolysis and assembly of big ribo-
nucleoprotein complexes [72]. DDX5 is reported to regulate the re-
plication of several oncogenic viruses like HCV, HIV-1, EBV and HPV
[28] as summarized in Table 3. As much as HIV is not by direct me-
chanism an oncogenic virus, the immunodeficient state caused by the
infection is a possible oncogenic mechanism [73]. DDX5 regulates the
HIV-1 Rev. factor which induces late-phase replication. Experimental
inhibition of the DDX5-Rev interaction significantly reduces HIV-1 re-
plication. Thus, since HIV-1 does not encode its own RNA helicase, host
DDX5 is therefore a potential anti-HIV 1 therapeutic agent [28,74]. A
recent study has shown that DDX5 controls viral transcription at dif-
ferent phases of the HIV-1 life cycle [75]. Moreover, DDX5 has been
largely implicated in the replication of hepatitis C virus (HCV) which in

Table 1
Differences in the domain structure of DEAD-box helicases.
Distinguishing features Differences DEAD-Box helicase Reference
1. Flexible P-loop Wide-open conformation DDX19, DDX20, DDX3X [34]
Closed conformation DDX2B, DDX5 [30,34]
DDX3X P-loop is in complex with AMP [36]
DDXS5 P-loop is in APO form [30]
2. ATP co-ordination Phenylalanine® DDX5 [34]
Tyrosine® DDX10
Tryptophan® DDX47
Isoleucine” DDX53 [34]
3.Helicase domain variation Flexible helicase domain DDX25, DDX41 [34]
Phenylalanine stacks with the adenosine ring DDX19
4.RNA binding site Conserved motif Ib forms part of the RNA binding site DDXS5, DDX47, DDX19 [34,37]
5.Auxilliary domains Insertion of other domains into the amino-terminal helicase domain DDX24, DDX1 [38]

@ Describes the Side-chain of the 6th aromatic residue.
b Describes the alternative of the aromatic residue.
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Table 2
Summary of DDX5 functions.
DDX5 function Factors associated Significance and role in cancer References
miRNA biogenesis DROSHA/DGCR8 complex Deregulation of miRNA biogenesis leads to tumor [5-7,46-48]
(growth suppressive and oncogenic development
miRNAs)
Splicing (Pre-mRNA/Pre-/rRNA/alternative ~ Part of DROSHA complex Required for pre-mRNA splicing, alternative splicing [49-55]
splicing) and exon skipping
Co-activator/Co-regulator of transcription AR, ER a, B-catenin Activate transcription of pro- and anti-proliferative [2,8,11,24,41,56-61]
genes

MyoD, SMAD, Runx2,
Vitamin D receptor,

Notch, NFAT5,c-myc, P53
Mediates DNA damage response: Co-activation of p53

Regulates promoter switching

Co-activates transcription factors associated with

tumor development

Transcription of genes required for DNA replication

Influences cell cycle arrest/apoptosis decision [3,62,63]

Mediate EMT, cell migration and metastasis  Association with SMAD and MYOD, PDGF, Regulates PDGF-induced EMT [64-66]

NFATS5, Calmodulin

Phosphorylation by c-Abl
Mediates Oxiplatin induced Apoptosis P38 MAP Kinase
Chromatin re-modelling SNAIL 1

DNA methylation and de-methylation -

Regulates cell migration

Causes increased motility through ATPase activity

Induces apoptosis [671
Mediates gene transcription by modulating chromatin  [68]
remodeling complex

Plays a role in development and differentiation [69]

its chronic form causes hepatocellular carcinoma [76]. It regulates HCV
replication by interacting with the HCV NS5B protein [77]. Recently,
DDX5 has been reported to influence the translation of HCV viral in-
ternal ribosome entry site (IRES), which is responsible for the initiation
of viral protein synthesis [78]. The expression level of DDX5 in HCC is
of significant research interest, since downregulation is only recorded
in HBV positive, HBV negative, and non-HCV HCC but not in HCV-
positive HCC [48,76]. As much as DDX5 has been implicated in the
development of HCC, there is insufficient evidence to link its dereg-
ulation to its interaction with HCV and/or HBV.

3. Role of DDX5 in tumorigenesis

DDX5 is over-expressed in several tumors except hepatocellular
carcinoma (HCC) in comparison with matched normal tissue (Fig. 1). It
has been implicated in several tumors either through aberrant expres-
sion or through its role in the regulation of pathways that directly in-
fluence oncogenesis, proliferation, invasion, and metastasis. Post-
translational modifications like phosphorylation, sumorylation and
polyubiquitylation have been cited as reasons for overexpression of
DDX5 and are associated with cellular transformation and survival of
tumor cells [85]. Table 4 presents a summary of experimental evidence
on the expression level of DDX5 in human malignancies and the cor-
responding cell fate.

The role of DDX5 in tumorigenesis has long been established. There
is compelling evidence linking DDX5 and tumorigenesis in different
tumors like; breast [86-88], colorectal [89,90], colon [67,91,92],
multiple myeloma [93-95], non-small cell lung cancer [96], cutaneous
squamous cell carcinoma [97] and head and neck squamous cell

Table 3
Summary of the role of DDXS5 in oncoviral infections.

carcinoma [98]. The exact mechanisms by which DDX5 causes tumor-
igenesis differ from one tumor type to the other, and in some tumors,
are yet to be fully elucidated.

Its aberrant expression in many malignancies strongly points to an
oncoprotein. Research by Wei and Hu, [99] asserts that the DDX5 gene
is an oncogene with the capacity to induce tumor formation in nude
mice. Knock-out mouse models also confirm that DDX5 is an important
transcriptional factor that regulates growth and is essential for tumor
development [100]. Its overexpression both in cell lines and in primary
tumors, points to an indisputable role in tumorigenesis, cancer pro-
gression and drug resistance [101].

In human colon and breast cancer cells, deregulated activation of -
catenin/TCF4 is associated with tumorigenesis and cancer progression
through activation of the Wnt/f signaling pathway [45]. Both [3-catenin
and DDXS5 are important transcriptional regulators that are required for
cell growth, development, and proliferation as well as organ differ-
entiation and maturation [45,102]. However, their dysregulation is
potentially disastrous, and is considered to lead to oncogenesis. Reports
of tumorigenesis in breast and non-small cell lung cancer, suggest that
the malignancy originates at the cell surface receptor level through
aberrant activation of the Wnt/f-catenin signaling pathway [96,103].
Additionally, Prosperi and Goss [104] affirm that over-expression of
Wnt/B-catenin pathway activators and its subsequent dysregulation
results in breast cancer tumorigenesis in mouse models.

Direct evidence of the role of DDX5 in the tumorigenesis of colon
cancer is presented by recent studies reporting that the overexpression
of DDX5 positively regulates the AKT signaling pathway. An increase in
the expression level of DDX5 causes a corresponding increase in the
expression levels of AKT protein and mRNA, which stimulates DDXS5, [3-

Virus type Viral binding Outcome/role of DDX5 Associated oncogenic pathways that are regulated Malignancy caused Ref
protein by DDX5
HCV NS5B Increased viral replication P53; Wnt/[-catenin HCC [77-79]
CRE Transcription of viral RNA
HIV-1 REV Enhanced viral replication mTOR; NF-xB Kaposi's sarcoma [74,75,80,81]
HBV SUZ12 Inhibits viral replication Wnt/B-catenin; P53; NF-xB HCC [82]
PRC2 Inhibit transcription from the HBV
chromosome
EBV EBNA2 Splicing, Tumorigenesis Transcriptional NF-Kb; mTOR Burkitt's lymphoma  [83]
activation
HHV8/KSSV - - NF-Kb; mTOR Kaposi's sarcoma [71]
HPV - Potential biomarker for cervical cancer P53; mTOR Cervical cancer [84]
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Fig. 1. Expression level of DDX5 in different malignancies.

DDX5 is overexpressed in in 92.8% of the human cancer reported except in hepatocellular carcinoma. Experimental knock-down of DDX5 in cancer cell lines and
animal models results in induced apoptosis, blocking of tumorigenesis, EMT and metastasis as well as inhibition of proliferation.

catenin and NF-kB to occupy the AKT promoter, potentiating tran-
scription of AKT genes [24,105]. By mediating an increase in AKT
transcription and in turn depleting tumor suppressor FOXO3a (a
downstream gene), DDX5 promotes tumorigenesis in colon cancer.

In colorectal cancer, DDX5 is poly-ubiquitylated and expressed both
in pre-invasive as well as invasive lesions [44] which strongly suggests
that the deregulation of DDX5 happens early in the development of
colorectal neoplasms and hence, could play a leading role in tumor-
igenesis. Similarly, in cervical squamous cell carcinoma, the over-
expression of DDX5 has been linked to tumorigenesis and human pa-
pilloma virus infection [84].

Elsewhere, the involvement of DDX5 in the regulation of Notch-
mediated transcription in T-ALL leukemia cells implicates it in NOTCH
1-mediated T-ALL pathogenesis [101]. DDX5 interacts with the NOTCH
transcriptional coactivator MAML, initiating pathogenesis while pro-
moting the growth and survival of T-ALL leukemic cells. Oncogenic
NOTCH signaling is deeply correlated with transcriptional regulation of
cell growth and metabolism [106]. Moreover, Zhan et al. [95] and
Mattioli et al. [94] report an overexpression of DDX5 in multiple

88

myeloma cells as compared to normal bone marrow cells. Serial ana-
lysis of gene expression (SAGE) has identified DDX5 as one of the genes
implicated in the tumorigenesis of Multiple Myeloma [93] further af-
firming that DDX5 contributes to tumorigenesis.

Another significant contributor to cancer development and pro-
gression is decontrolled miRNA expression. DDX5 plays a substantial
role in miRNA biogenesis by being part of the DROSHA micro-processor
complex [107,108], and thus, tumor development is attributable to its
deregulation. In hepatocellular carcinoma (HCC), decreased miRNA
biogenesis is linked to hepatocarcinogenesis: It is attributed to histone
modification and the under-expression of DDX5, a component of
DROSHA [48]. Besides being associated with increased risk of liver
carcinogenesis and tumor recurrence, this deregulation gives an overall
verdict of poor prognosis. Put together, these reports assert that the
contextual role of DDXS5 in tumorigenesis is tied to its functions and the
pathways it regulates, however, its involvement in other cancers and
the detailed mechanisms are yet to be explored.
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4. Role of DDX5 in tumor proliferation

Proliferation, a hallmark of disease progression, is marked by an
increase in the number of malignant cells and growth of tumor xeno-
grafts in experimental mouse models. The specific role played by DDX5
in promoting proliferation largely depends on the upstream or down-
stream factors and pathways that it regulates [10]. While most of the
factors differ from one tumor type to another, some are common and/or
activate more than one tumor-related pathway resulting in disease
progression. Downregulation of DDX5 in several human cancer cell
lines and animal models abrogates proliferation (Table 4)
[66,91,96,109,110].

One of the mechanisms by which DDX5 promotes proliferation is
through activation of the Wnt/p-catenin signaling pathway [86,103].
For instance, proliferation in NSCLC cells is amplified by the interaction
of DDX5 with B-catenin which promotes its nuclear translocation and
co-activates the expression of downstream genes c-jun, c-Myc and cy-
clin D1 that directly increase proliferation [96]. Further, Fuetal. [111]
reports that a complex formed by DDX5, B-catenin and HDGF mod-
ulates a miR-296-3p-PRKCA-FAK-Ras-c-Myc feedback loop that reg-
ulates proliferation, metastasis and resistance to chemotherapy in Lung
adenocarcinoma. Additionally, DDX5 is reported to regulate the ex-
pression of H-Ras protein and a signal transduction pathway associated
with proliferation [54].

According to Mazurek et al. [112], tumor cell proliferation in breast
cancer depends largely on amplification of the DDX5 locus, and upre-
gulation of the transcription of genes that express DNA replication
proteins. These authors also suggest that DDX5 directly regulates the
expression of DNA replication factors by recruiting RNAP II to the E2F-
regulated gene promoter, causing progression from G1 to S phase. It is
noteworthy that breast cancer cells that are dependent on DDX5 for
proliferation have higher expression profiles of DDX5 when compared
to those that do not, implying a strong positive correlation.

A previous study asserts that acute myeloid leukemia (AML) is
DDX5 dependent and that inhibition of its expression significantly re-
duces AML proliferation in vitro, and progression in vivo [113]. Con-
sistent with these findings, Lin et al. [101] also confirmed the depen-
dence of T-ALL cells on DDX5 for proliferation, while its depletion
induces apoptosis through stimulation of NOTCH-regulated genes.

Phosphorylation is the most common form of post-translational
modification reported in over 90% of human malignancies. Cell pro-
liferation and cancer development are also attributed to phosphoryla-
tion of DDX5 at Y593 and Y595 (tyrosine) residues [45]. A subsequent
report by Yang et al. [66] provided an analogous result that phos-
phorylation of DDX5 at Y593 and Y595 residues mediates cell pro-
liferation, EMT and metastasis, as well as blocking TRAIL induced
apoptosis and promoting disease progression [110,114,115]. On the
other hand, phosphorylation at T564 and T446 (threonine/serine) re-
sidues is associated with an increase in apoptosis and mediates the
function of anti-cancer drugs like oxaliplatin [67].

A recent report has documented the role of DDXS5 in proliferation,
metastasis and invasion of esophageal cancer both in vitro and in vivo,
through activation of the Wnt/p-catenin signaling pathway [116]. Al-
together, the anomalous expression of DDX5 in many tumor types and
its regulatory role both in the wild type and modified forms impart a
weighty role in cell proliferation, transformation and viability
[10,55,117]. Taken together, these findings illustrate an essential role
played by DDX5 in promoting cancer cell proliferation.

5. Role of DDX5 in cancer metastasis

Metastasis is the movement of malignant cells from the primary
tumor into circulation, invasion of another (distant) site and eventual
proliferation. Tumor cells acquire the capacity to migrate, invade, and
metastasize when they undergo epithelial to mesenchymal transition
(EMT). This is after they have developed the hallmark properties of
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invasiveness which are decreased cell-cell adhesion and increased
motility [66,118]. Besides normal developmental functions like orga-
nogenesis, morphogenesis and homeostasis, EMT is also responsible for
tumor initiation, chemotherapy and immunotherapy resistance [64].
Some metastasis suppressor genes have been identified, but the exact
mechanisms for their actions have not been entirely understood [119].
Numerous studies have linked DDX5 to EMT and metastasis
[50,64,66,120].

DDXS5 can induce metastasis by two possible means: TGF- induced
EMT and PDGF-induced EMT. TGF-f cytokine is key in promoting EMT
by phenotype-switching in tumor-infiltrating immune cells and by
crosstalk with other stem cell pathways [121,122]. To initiate tran-
scription programs responsible for TGF-B-induced EMT and myogen-
esis, over-expression of DDX5 and its subsequent co-regulation of SMAD
is necessary [8,50]. PDGF-induced EMT is also dependent on phos-
phorylation of DDX5 on the Y593 tyrosine residue [123]. Yang et al.
[66] report that elevated levels of tyrosine phosphorylation are re-
ported in metastatic cancer tissues samples as compared to samples
from primary sites. Tyrosine phosphorylation causes dissociation of f3-
catenin from the Axin destruction complex and its subsequent translo-
cation to the nucleus, stimulating EMT [66,123]. Knockdown of DDX5
has been confirmed to block EMT and metastasis and thus, inhibitors of
pathways (c-Abl-DDX5-f-catenin) that promote EMT are novel targets
in the prevention of metastasis.

The interaction of DDX5 and Ca-calmodulin also explicates the role
of DDX5 in metastasis. Cell migration and metastasis have successfully
been blocked in two experimental animal models by use of a peptide
fragment spanning the IQ motif of DDX5 [65]. The fragment blocks the
interaction of DDX5 and Cal, inhibiting the transport of CaM to
leading edges of migrating cells, hence preventing metastasis. Likewise,
the DDX5-CaM interaction is crucial for DDX5 ATPase activity, and the
formation of filopodia and lamellipodia in migratory cells [124]. Since
cell migration is an imperative facet of metastasis [125], curbing cell
migration is a viable strategy for metastasis inhibition [119,126]. Ad-
ditionally, a study using a mouse model of tumor progression reported
that DDX5 regulates alternative splicing of numerous DNA and chro-
matin binding factors, thus contributing to tumor cell migration and
invasion [49]. The depletion of DDX5 inhibited migration and invasion
of tumor cells, and the results are in tandem with those of Wang et al.
[97] where metastatic tissue expresses a significantly higher level of
DDXS5 as compared to corresponding normal tissue.

DDX5 interacts with long non-coding RNAs (IncRNAs) to regulate
gene expression. Recently, Sha et al. [127] have identified a IncRNA
known as myocardial infarction associated transcript (MIAT) which
plays a role in oncogenesis and metastasis of gastric cancer. Re-
markably, MIAT positively regulates miR-144 and DDX5. Knock-down
of MIAT led to a negative feedback loop resulting in the decreased
expression of miR-144 and DDX5, and an eventual decrease in cell
proliferation, invasion and migration. DDX5 also interacts with
LOC284454, an IncRNA that contributes to the modulation of cancer-
related pathways and pathology of breast cancer [128]. All these re-
ports confirm the well-established role played by DDX5 in metastasis.

6. Role of DDXS5 in cancer cell differentiation

The functional role of DDX5 in regulating RNA processing is re-
sponsible for the expression of proteins that contribute to differentia-
tion. Murine DDX5 expression is correlated with the onset of organ
differentiation [102] and is supported by the abundant expression of
DDX5 in differentiating embryonic tissue [129]. DDX5 is associated
with the differentiation of monocytic leukemia cells (U937) to macro-
phages [130], and its knockdown blocks differentiation of C2C12, a
multipotent cell line [8]. A recent study reported that DDX5 plays an
active role in proliferation (U-937 cell line) and G1 to S/G2 phase
differentiation with an increase in DDX5 expression early in the dif-
ferentiation process as compared to later in the process [109].
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Moreover, it is required in the differentiation of fibroblasts to adipo-
cytes and is involved in the initiation and regulation of adipogenesis
[131,132].

DDX5 regulates the transcription of downstream genes that directly
influence differentiation. One of the mechanisms by which it regulates
differentiation is through co-regulation of the transcription of MyoD
and SMAD which mediate TGF B-induced EMT and myogenesis,
[8,59,60] resulting in the production of critical secondary differentia-
tion regulators [50]. On the other hand, DDX5 is co-regulated by SRA,
an RNA co-regulator responsible for nuclear receptor signaling. The co-
regulation causes overexpression of DDX5 [133], and actuates a sy-
nergistic relationship with MyoD which induces myogenic differentia-
tion of mouse fibroblasts, linking DDX5 with skeleto-muscular differ-
entiation [8,134]. Osteoblast differentiation and maturation at different
stages of the life cycle is dependent on Runx2, [11] a transcription
factor that is co-activated by DDXS5. Tissue differentiation is also at-
tributed to the modulatory role of DDX5 on the structure of RNA and
the subsequent protein expression [17]. Farther, the expression of
DDX5 is upregulated by calcitriol. Conversely, Nuclear vitamin D re-
ceptor (VDR), which is involved in cell processes like proliferation and
differentiation, is naturally activated by calcitriol [135,136]. Thus there
exists a positive feedback loop between DDX5 and calcitriol which
implicates DDX5 in the differentiation of SiHa cells [2].

The lack of hematopoietic progenitor cell differentiation leads to an
increase in leukemic osteoblasts in circulation, causing AML. Zuber
et al. [137], reiterates that the pathogenesis of AML is mostly con-
tributed to by mutations that block the expression of genes responsible
for differentiation. The differentiation of AML cells is induced by high
production of reactive oxygen species and apoptosis [138] thus, de-
pletion of DDX5 promotes apoptosis, inhibits cell proliferation, and
prevents differentiation both in AML and T-ALL cells [101,113].

Emerging research has identified a novel role of DDX5 in the reg-
ulation of reprogramming of somatic cells into pluripotent stem cells. A
unique observation has been put forth on how the interaction of DDX5,
miR-125b and RYBP functions to control cell fate. Knockdown of DDX5
is required for reprogramming in the direction of pluripotency
[139,140]. This new angle is significant in the exploration of nuclear
programming and malignant transformation and could give useful in-
sights into early events leading to oncogenesis.

7. Cancer-related pathways regulated by DDX5

Intracellular and extracellular signaling pathways form the link
between cellular genome and the extracellular environment. A cell's
phenotype can be influenced by the effects of post-translational mod-
ifications and aberrant expression of significant regulatory molecules
on its signaling networks. Malignant tumors hijack such signaling
pathways and deploy them to maximize proliferation and metastasis. As
such, to come up with better management strategies for cancer, it is
imperative to clearly understand the genetic aberrations that augment
pro-tumor signaling pathways. The pathways are novel diagnostic,
prognostic and therapeutic targets.

There is sufficient evidence to prove that altered regulatory path-
ways contribute to tumorigenesis, proliferation, invasion and metastasis
of human malignant cells [22]. The most significant cancer-related
pathways regulated by DDX5 are; Wnt/[} catenin signaling [103,104],
Notch signaling [101], Estrogen signaling [86], Androgen signaling
[56,141], NF-KB signaling [142], mTOR signaling [143,144] and
NFATS5 signaling [51]. The most deregulated pathways, the specific
factors involved, and the regulatory role of DDX5 are illustrated in
Figs. 2, 3, 4 and 5.

One of the major pathways associated with cancer and regulated by
DDXS5 is the Wnt/[3 catenin pathway. It is largely associated with tu-
morigenesis, proliferation and EMT in breast, esophageal, colon/col-
orectal and non-small cell lung cancer (Fig. 2). Accumulation of B-ca-
tenin in the nucleus is responsible for tumor development and thus, the
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interaction of (-catenin with phosphorylated DDX5 leads to its nuclear
translocation which causes the co-activation of transcription factors
associated with EMT and proliferation [66,110]. The role of DDX5 in
the regulation of Wnt/} catenin signaling that leads to tumorigenesis
has been largely explored in breast cancer [103,104]. As such, DDX5 is
a valuable target for breast cancer chemoprevention.

The NOTCH signaling pathway is based on cell-cell communication
and its dysregulation accounts for over 60% of T-ALL cases [101]. It is
also reported in several other tumors like breast, colorectal, prostate,
central nervous system and lung cancers [145]. Activation by binding of
the NOTCH receptor releases the NOTCH intracellular domain (NICD)
which translocates to the nucleus forming a complex with RBP-J
[146,147]. The NICD/RBP-J complex binds to MAML, DDX5, or SRA
which then co-activates the transcription of NOTCH signaling genes
[148,149]. DDX5 is implicated in the co-activation of oncogenic
NOTCH signaling [106] and production of genes responsible for cell
proliferation, differentiation and survival of breast cancer cells, and
lymphomas [150,151]. Considering that strict regulation of NOTCH
induces tumor growth arrest and promotes apoptosis, it follows that
development of NOTCH inhibitors is a potential stride in targeted
therapy. Moreover, the use of combination therapy including notch
inhibitors, radiotherapy and chemotherapy could substantially improve
patient response to chemotherapy [152].

The androgen signaling pathway is also regulated by DDXS5.
Aberrant androgen signaling is linked with prostate cancer tumor-
igenesis via co-activation of androgen receptor (AR) by tyrosine phos-
phorylated DDX5 [141]. By regulating [3-catenin and RNA polymerase II
(RNAP 1II), DDX5 regulates the expression levels of AR-mediated genes
[53,56].

Estrogen signaling pathway is another significant pathway regu-
lated by DDX5. Most human breast tumors are estrogen receptor alpha
(ER-a) positive, which makes estrogen signaling a key player in breast
cancer research [153]. DDX5 and its homolog DDX17 are co-activators
of ER-a [154]. Samaan et al. [53] report that DDX5 controls splicing
and transcription of both upstream and downstream estrogen-related
genes, and co-activates ER-a dependent gene transcription [136,155].
Aberrant estrogen signaling is responsible for oncogenesis, progression,
and metastasis of a majority of human breast cancers [156,157].

Aberrant NF-kB signaling is associated with brain tumors. NF-kB is a
p68 binding protein that plays a vital role in neural stem cell pro-
liferation and inflammation in parts of the brain [158,159]. NF-kB ac-
tivity levels are higher in glioma tissue as compared to normal tissue,
and correspond with higher grade astrocyte tumors, and reduced
overall survival [142]. The N terminal domain of DDX5 binds the p50
subunit; the most active NF-kB dimer in cancer, inducing its tran-
scription and accumulation in the nucleus, thus promoting the tran-
scription of NF-xB target genes [160] (Fig. 4). In human malignancies,
this pathway is concerned with tumor initiation, cell growth and pro-
liferation, cell migration and invasion, angiogenesis, as well as apop-
tosis and drug resistance which inherently promotes the proliferation of
glioma cells and development of glioma tumors [161]. NF-kB also plays
a role in the immune activation against cancer and therefore its in-
hibition may prove counter-productive. Therefore, combination of
specific inhibitors with conventional chemotherapeutic drugs could
result in better synergy.

There is evidence indicating that nuclear factor of activated T cells 5
(NFATS5) signaling pathway is involved in differentiation, invasive mi-
gration, and survival of tumor cells. DDX5 has been implicated in the
co-activation of NFAT5, which induces the expression of NFAT5 target
genes that are responsible for tumor cell migration and invasion [51].
DDX5 also induces alternative splicing of the NFAT5 mRNA transcript,
subsequently causing its down-regulation by nonsense-mediated decay
[51], while increasing tumor invasiveness and redox gene expression by
controlling alternative splicing of DNA and chromatin binding factors
like micro H2A 1 histone (MH2A 1) [49].

Recently, DDX5 has been reported to regulate the mTOR signaling
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Fig. 2. Wnt/p catenin pathway associated to DDX5.

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
B-catenin. Phosphorylated DDX5 dissociates B-catenin from the complex causing its nuclear accumulation. (1) Increase in DDX5 gene expression increases the gene
expression of TCF4 forming a positive feedback loop enhancing tumorigenesis of breast cancer. (2) B-catenin binds TCF/LEF transcription factors and promotes
transcription of c-myc, c-jun, and cyclin D1 which cause tumorigenesis and proliferation. (3) Phosphorylated DDX5 dissociates HDAC from the snail I promoter
leading to accumulation of EMT Promoting SMAD Complexes and recruits HDAC to the E-cadherin promoter leading to EMT.

pathway that is responsible for cell proliferation, metastasis, colony
formation and growth of xenografts as confirmed by in vitro and in vivo
experiments in gastric cancer [143]. Activation of the mTOR pathway
leads to proliferation and is an indicator of poor prognosis in gastric,
ovarian, breast, colon, and liver cancers [162-164]. Interestingly, de-
pletion of DDX5 causes activation of an mTOR/MDM2 cell survival
mechanism that inhibits apoptosis by blocking the action of pro-apop-
totic factor, p53 [144]. Inhibition of the mTOR pathway by targeting
down-regulation of DDX5 has proven to be of therapeutic value in
prostate cancer [165]. These findings affirm that DDX5 is a noteworthy
regulator of the mTOR pathway which is a promising therapeutic target
for many human malignancies.

8. Perspectives on potential role of DDX5 in diagnosis, prognosis,
and targeted therapy

A considerable amount of research has been conducted on the po-
tential use of DDX5 in diagnosis. In ovarian cancer, DDXS5 is identified
as a biomarker for serous ovarian cancer [166]. Besides, Hammoudi
et al. [167] report that it is a potentially novel biomarker of colorectal
cancer. Since DNA replication, one of the major functions of DDX5, is a
hallmark of cancer, understanding the regulation of DNA replication
can give insights into cancer development which can be explored in
diagnostics and therapy. Recently, Qing et al. [84] have identified
DDXS5 as one of the potential diagnostic biomarkers of cervical squa-
mous cell carcinoma. Similarly, DDX5 has been identified as a reference
gene for esophageal squamous cell carcinoma [168], further firming up
its great potential in the diagnosis of human malignancies.

The correlation between DDX5 expression and survival (prognosis)
has been explored in several malignancies. Experimental evidence
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affirms that high expression levels of DDX5 correlate with advanced
clinical stage and decreased survival rate in NSCLC [96], colorectal
cancer [89,169] and cutaneous squamous cell carcinoma [97]. Con-
versely, decreased expression of DDX5 depicts poor prognosis in some
subsets of hepatocellular carcinoma [48,82]. Similarly, in breast tumors
increased DDX5 expression correlates with the expression of Ki67, a
nuclear marker for tumor cell proliferation which indicates poor
prognosis and high invasiveness [47]. For glioma patients, over-
expression of DDX5 is associated with decreased overall survival and
increased resistance to treatment with temozolomide (RT-TMZ) and
radiotherapy [142,170]. A recent report by Zheng et al. [164] depicts
regulation of proteins in the mTOR signaling pathway, one of the on-
cogenic pathways regulated by DDX5, as a novel prognostic target in
gastric cancer. DDX5 can therefore be used to determine choice of
therapy and act as a prognosis indicator in several human malignancies.

The consideration of DDX5 as a novel therapeutic target in human
malignancies is due to its modulatory role in oncogenesis, proliferation
and metastasis. Experimental depletion of DDX5 has been shown to
sensitize breast cancer cells to proliferation inhibition by trastuzumab
[112]. In AML, DDX5 knockdown induces apoptosis but the effect is
countered by the overexpression of B-cell lymphoma 2 (BCL2). Conse-
quently, when DDXS5 depletion is coupled with the use of BCL2 family
inhibitor, apoptosis is induced in AML cells [113]. Similarly, in lung
carcinoma, the depletion of DDX5 increases the apoptotic activity of
camptothecin [171]. A Tumor suppressor drug targeting DDX5, Zinc
finger protein (ZNF331) is reported by Yu et al. [124]. ZNF 331 acts by
suppressing growth and invasiveness of gastric cancer cells by repres-
sing many genes including DDX5 which are responsible for proliferation
and metastasis. Moreover, recent in vitro and in vivo studies affirm that
depletion of DDX5 inhibits proliferation and colony formation in gastric
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with acetyltransferase p300 and MAML 1. DDX5 binds to MAML 1 and activates the transcription of notch-related genes which promote oncogenesis, proliferation,
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Fig. 4. NF-xB signaling associated to DDX5.
Receptor activation by Toll-like receptor ligands, antigens or cytokines i.e. TNF causes activation of the IKK complex which in turn phosphorylates Ik then activates

the P50 subunit of NF-xB. The phosphorylated Ik( then undergoes proteasomal degradation (1) while the active transcription subunits (P50 and P65/Rel A)
translocate to the nucleus and induce the transcription of target genes responsible for inflammation, survival and proliferation. (2) DDX5 binds the NF-kB P50 subunit
in the cytoplasm and causes its nuclear accumulation and transcription of target genes which promote growth and proliferation, metastasis, and apoptosis inhibition.
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Fig. 5. mTOR signaling associated to DDX5.

Growth factor (EGF) binds to RTK on the cell surface and that causes activation of P13K. P13K then activates AKT which inhibits TSC 1 and TSC 2 molecules, which in
a normal cell block RHEB. By blocking TSC 1 and TSC 2, RHEB is left free and thus activates mTOR. In many malignant tumors, DDX5 phosphorylates mTOR which in
turn activates S6 K1 which directs the synthesis of proteins responsible for proliferation, metastasis, angiogenesis and anti-apoptotic activity.

cancer cells as well as the growth of xenografts in mice [143]. Dysre-
gulated expression of DDX5 has been shown to confer resistance to
existing anticancer drugs [170].

Modulation of post-translational modification of DDX5 has also
been proven to be invaluable in improving the response of tumors to
anticancer drugs, and pharmacological drug development. It is also
vital in curbing the anti-apoptotic features conferred to tumor cells by
the overexpression of DDX5 and the mutation of the DDX5 gene [110].
Since phosphorylation of DDX5 at the tyrosine residue is related to
cancer development and cell proliferation, anticancer agents like pi-
ceatannol, etoposide, and taxol, combined with treatment of cells with
anti-apoptotic agents like TNF-a reduces tyrosyl phosphorylation hence
offer better treatment outcome [45]. Tyrosyl phosphorylation of DDX5
is of significant prognostic and diagnostic value [115,172]. Therefore,
strict regulation of post-translational modifications of DDX5 can im-
prove the potency of anticancer drugs. Targeting rational design of
specific and potent inhibitors against phospho-p68 is of great promise
in developing anticancer agents.

Targeting DDX5 in the context of the roles it plays in pathway
regulation has also proven successful in chemotherapeutic drug re-
search. Cencic and Pettelier [173] confirm that the activity of DEAD-
Box helicases can be selectively targeted by small molecule inhibitors in
therapeutic research. DDX5 has been confirmed to be the cellular target
of RX-5902, a small molecule inhibitor that exhibits strong growth in-
hibition in several human cancer cell lines [174], with great success in
clinical trials in many solid tumors [175-178]. The mechanism of ac-
tion of RX-5902 is blocking of the B-catenin pathway and its down-
stream genes like c-Myc, c-Jun and cyclin-D1 by inhibiting the inter-
action of Y593 phosphorylated DDX5 and f(3-catenin [174,176]. This
affirms the great potential of focusing drug development on DDX5 and
the oncogenic pathways it regulates. Besides, since RX-5902 targets
phosphorylated DDX5, recent advances in proteomic technologies can
be beneficial in studying post-translational modifications and protein
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interactions. This will improve the understanding of the molecular
dynamics of DDX5 leading to the development of small molecule in-
hibitors which are indispensable in pharmacological drug discovery.

Recent advances in high throughput sequencing methods like whole
exome and whole genome sequencing have enhanced the precision of
studying gene mutations. The DDX5 gene has numerous mutations
across malignancies like stomach, colorectal, lung and melanoma with
a high-frequency hot-spot mutation at the X147 splice (refer to a recent
review by Cai et al. [23]. An in-depth analysis of the genome of cancer
tumors using next-generation sequencing is an invaluable tool that can
be applied in the development of targeted therapy and identification of
genes associated with drug resistance [179].

The DDX5 locus is usually amplified in many cancers. Considering
the significance of DDX5 in the oncogenesis, disease progression and
drug resistance in tumor cells, development of DDX5 inhibitors holds
great potential in targeted therapy. It can also be applied in improving
drug sensitivity of tumors that overexpress DDX5. Also, DDX5 and its
related pathways hold great potential for prognostic and diagnostic
value in human malignancies.

9. Conclusion

This review highlights remarkable progress in our understanding of
RNA helicase DDX5 and the multifaceted role it plays in the regulation
of gene expression in different cancer-related pathways, as well as its
central role in determining cell fate. Considering the frequency of am-
plification of the DDX5 locus in several tumors, it qualifies to be a
promising candidate for cutting edge research in diagnosis, prognosis,
and targeted therapy. Despite the remarkable knowledge on the roles
played by DDX5 in cancer development and progression, the most no-
table area of unmet need is the potential use of DDX5 in diagnosis.
DDX5 holds great promise in molecular diagnostics and therapy. The
available knowledge of its role in prognosis is limited to just a few
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cancer types and can therefore be further explored. This review affirms
that DDX5 plays an indisputable role in human malignancies. In view of
its role in anticancer drug resistance and its potential role in targeted
therapy of many tumors, DDX5 is a novel target for cancer treatment.
Further research targeting prevention of dysregulation in the expression
of DDX5 and its down-stream genes could limit oncogenesis and disease
progression. Therefore, more focus should be placed on elucidating the
pathway regulation mechanisms of DDX5 and the potential for mod-
ulation of post-translational modifications in the development of small
molecule inhibitors.

Funding

This work is partly supported by the National Natural Science
Foundation of China (No. 81773267; No0.81601428), Heilongjiang
Province R & D project for Applied Technology (No.PS13H14), Natural
Science Foundation of Heilongjiang Province, China (No.QC2017092),
the Fundamental Research Funds for the Provincial Universities (No.
2017JCZX40), Heilongjiang Province Medical Academy project for
Chinese-Russian Medical Translational Research (No.CR201205), and
University Nursing Program for Young Scholars with Creative Talents in
Heilongjiang Province (No. UNPYSCT-2017055). The CSC scholarship
and the Government of Kenya under Kenyatta University financially
supported NMR. The funders had no role in the decision to publish, or
any stages of preparation of this manuscript.

Competing interests statement
The authors declare no competing interests.
Author contributions

RN and WJ were responsible for the first draft, which was critically
reviewed, further developed and approved by all authors. RN and WJ
prepared the pictures. YL and XX performed the literature search, col-
lected and extracted the data. RN performed the quality assessment of
included published papers. ZFM edited and revised the manuscript. All
authors contributed to data interpretation, critically reviewed all
manuscript versions and approved the final version.

References

[1] O. Cordin, J. Banroques, N.K. Tanner, P. Linder, The DEAD-box protein family of
RNA helicases, Gene 367 (2006) 17-37.

R.J. Gonzalez-Duarte, V. Cazares-Ordofiez, L. Diaz, V. Ortiz, F. Larrea, E. Avila,
The expression of RNA helicase DDXS5 is transcriptionally upregulated by calcitriol
through a vitamin D response element in the proximal promoter in SiHa cervical
cells, Mol. Cell. Biochem. 410 (2015) 65-73.

S.M. Nicol, S.E. Bray, H.D. Black, S.A. Lorimore, E.G. Wright, D.P. Lane,

D.W. Meek, P.J. Coates, F.V. Fuller-Pace, The RNA helicase p68 (DDX5) is selec-
tively required for the induction of p53-dependent p21 expression and cell-cycle
arrest after DNA damage, Oncogene 32 (2013) 3461.

S.M. Nicol, F.V. Fuller-Pace, Analysis of the RNA helicase p68 (Ddx5) as a tran-
scriptional regulator, Helicases (2009) 265-279.

A. Alisoltani, H. Fallahi, M. Ebrahimi, M. Ebrahimi, E. Ebrahimie, Prediction of
potential cancer-risk regions based on transcriptome data: towards a compre-
hensive view, PLoS One 9 (2014) €96320.

R.I. Gregory, K.-P. Yan, G. Amuthan, T. Chendrimada, B. Doratotaj, N. Cooch,

R. Shiekhattar, The Microprocessor complex mediates the genesis of microRNAs,
Nature 432 (2004) 235.

A.-M. Jacobs, S. Nicol, R. Hislop, E. Jaffray, R. Hay, F. Fuller-Pace, SUMO mod-
ification of the DEAD box protein p68 modulates its transcriptional activity and
promotes its interaction with HDAC1, Oncogene 26 (2007) 5866.

G. Caretti, R.L. Schiltz, F.J. Dilworth, M. Di Padova, P. Zhao, V. Ogryzko,

F.V. Fuller-Pace, E.P. Hoffman, S.J. Tapscott, V. Sartorelli, The RNA helicases p68/
p72 and the noncoding RNA SRA are coregulators of MyoD and skeletal muscle
differentiation, Dev. Cell (11) (2006) 547-560.

F.V. Fuller-Pace, DExD/H box RNA helicases: multifunctional proteins with im-
portant roles in transcriptional regulation, Nucleic Acids Res. 34 (2006)
4206-4215.

F.V. Fuller-Pace, H.C. Moore, RNA helicases p68 and p72: multifunctional proteins
with important implications for cancer development, Future Oncol. 7 (2011)
239-251.

[2]

[3]

[4]

[5

=

(6]

[71

[8

—

[91

[10]

95

[11]

[12]

[13]

[14]

[15]

[16]
[17]
[18]
[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]
[39]

[40]

[41]

[42]

BBA - Reviews on Cancer 1871 (2019) 85-98

E.D. Jensen, L. Niu, G. Caretti, S.M. Nicol, N. Teplyuk, G.S. Stein, V. Sartorelli,
A.J. Van Wijnen, F.V. Fuller-Pace, J.J. Westendorf, (Ddx5) interacts with Runx2
and regulates osteoblast differentiation, J. Cell. Biochem. 103 (2008) 1438-1451.
B.K. Ray, T.G. Lawson, J. Kramer, M. Cladaras, J. Grifo, R. Abramson, W. Merrick,
R.E. Thach, ATP-dependent unwinding of messenger RNA structure by eukaryotic
initiation factors, J. Biol. Chem. 260 (1985) 7651-7658.

M. Ford, I. Anton, D. Lane, Nuclear protein with sequence homology to translation
initiation factor eIF-4A, Nature 332 (1988) 736.

G.K. Haines, S. Becker, G. Ghadge, M. Kies, H. Pelzer, J.A. Radosevich, Expression
of the double-stranded RNA-dependent protein kinase (p68) in squamous cell
carcinoma of the head and neck region, Arch. Otolaryngol. Head Neck Surgery 119
(1993) 1142-1147.

G.K. Haines, R. Cajulis, R. Hayden, R. Duda, M. Talamonti, J. Radosevich,
Expression of the double-stranded RNA-dependent protein kinase (p68) in human
breast tissues, Tumor Biol. 17 (1996) 5-12.

R. Iggo, D. Lane, Nuclear protein p68 is an RNA-dependent ATPase, EMBO J. 8
(1989) 1827-1831.

M. Abdelhaleem, RNA helicases: regulators of differentiation, Clin. Biochem. 38
(2005) 499-503.

E. Jankowsky, RNA helicases at work: binding and rearranging, Trends Biochem.
Sci. 36 (2011) 19-29.

E. Jankowsky, A. Putnam, Duplex unwinding with DEAD-box proteins, Helicases
(2009) 245-264.

J. Hamm, A.L. Lamond, Spliceosome assembly: the unwinding role of DEAD-box
proteins, Curr. Biol. 8 (1998) R532-R534.

M.E. Fairman-Williams, U.-P. Guenther, E. Jankowsky, SF1 and SF2 Helicases:
Family Matters, Current Opinion in Structural Biology, Vol. 20 (2010), pp.
313-324.

F. Robert, J. Pelletier, Perturbations of RNA helicases in cancer, Wiley Interdiscip.
Rev. 4 (2013) 333-349.

W. Cai, Z. Xiong Chen, G. Rane, S. Satendra Singh, Z.E. Choo, C. Wang, Y. Yuan,
T. Zea Tan, F. Arfuso, C.T. Yap, Wanted DEAD/H or alive: helicases winding up in
cancers, JNCI, J. Natl. Cancer Inst. 109 (2017).

M. Sarkar, M.K. Ghosh, DEAD box RNA helicases: Crucial regulators of gene ex-
pression and oncogenesis, Frontiers in Bioscience, Vol. 21 2016, pp. 225-250
Landmark edition.

M.R. Singleton, M.S. Dillingham, D.B. Wigley, Structure and mechanism of heli-
cases and nucleic acid translocases, Annu. Rev. Biochem. 76 (2007) 23-50.

J.M. Caruthers, E.R. Johnson, D.B. McKay, Crystal structure of yeast initiation
factor 4A, a DEAD-box RNA helicase, Proc. Natl. Acad. Sci. 97 (2000)
13080-13085.

A.L. Mallam, M. Del Campo, B. Gilman, D.J. Sidote, A.M. Lambowitz, Structural
basis for RNA-duplex recognition and unwinding by the DEAD-box helicase
Mss116p, Nature 490 (2012) 121.

W. Cheng, G. Chen, H. Jia, X. He, Z. Jing, R.N.A. Helicases DDX5, Emerging roles
in viral infection, Int. J. Mol. Sci. 19 (2018) 1122.

N.K. Tanner, O. Cordin, J. Banroques, M. Doere, P. Linder, The Q motif: a newly
identified motif in DEAD box helicases may regulate ATP binding and hydrolysis,
Mol. Cell 11 (2003) 127-138.

S. Dutta, G. Gupta, Y.-W. Choi, M. Kotaka, B.C. Fielding, J. Song, Y.-J. Tan, The
variable N-terminal region of DDX5 contains structural elements and auto-inhibits
its interaction with NS5B of hepatitis C virus, Biochem. J. 446 (2012) 37-46.

P. Linder, F.V. Fuller-Pace, Looking back on the birth of DEAD-box RNA helicases,
Biochim. et Biophys. Acta (BBA) 1829 (2013) 750-755.

T. Sengoku, O. Nureki, A. Nakamura, S. Kobayashi, S. Yokoyama, Structural basis
for RNA unwinding by the DEAD-box protein Drosophila Vasa, Cell (125) (2006)
287-300.

S.Y. Lee, H.Y. Jung, T.-O. Kim, D.-W. Im, K.-Y. You, J.-M. Back, Y. Kim, H.J. Kim,
W. Shin, Y.-S. Heo, Cloning, purification, crystallization and preliminary X-ray
crystallographic analysis of the N-terminal domain of DEAD-box RNA helicase
from Staphylococcus aureus strain Mu50, Acta Crystallogr. Sect. F: Struct. Biol.
Cryst. Commun. 66 (2010) 1674-1676.

P. Schiitz, T. Karlberg, S. Van Den Berg, R. Collins, L. Lehtio, M. Hogbom,

L. Holmberg-Schiavone, W. Tempel, H.-W. Park, M. Hammarstrom, Comparative
structural analysis of human DEAD-box RNA helicases, PLoS One 5 (2010)
el2791.

Y.J. Choi, S.G. Lee, The DEAD-box RNA helicase DDX3 interacts with DDX5, co-
localizes with it in the cytoplasm during the G2/M phase of the cycle, and affects
its shuttling during mRNP export, J. Cell. Biochem. 113 (2012) 985-996.

M. Hégbom, R. Collins, S. van den Berg, R.-M. Jenvert, T. Karlberg, T. Kotenyova,
A. Flores, G.B.K. Hedestam, L.H. Schiavone, Crystal structure of conserved do-
mains 1 and 2 of the human DEAD-box helicase DDX3X in complex with the
mononucleotide AMP, J. Mol. Biol. 372 (2007) 150-159.

A. Henn, M.J. Bradley, E.M. De La Cruz, ATP utilization and RNA conformational
rearrangement by DEAD-box proteins, Annu. Rev. Biophys. 41 (2012) 247-267.
P. Linder, E. Jankowsky, From unwinding to clamping—the DEAD box RNA he-
licase family, Nat. Rev. Mol. Cell Biol. 12 (2011) 505.

Y. Huang, Z.-R. Liu, The ATPase, RNA unwinding, and RNA binding activities of
recombinant p68 RNA helicase, J. Biol. Chem. 277 (2002) 12810-12815.

O.G. Rossler, P. Hloch, N. Schiitz, T. Weitzenegger, H. Stahl, Structure and ex-
pression of the human p68 RNA helicase gene, Nucleic Acids Res. 28 (2000)
932-939.

K.L. Rossow, R. Janknecht, Synergism between p68 RNA helicase and the tran-
scriptional coactivators CBP and p300, Oncogene 22 (2003) 151.

H. Wang, X. Gao, Y. Huang, J. Yang, Z.-R. Liu, P68 RNA helicase is a nucleocy-
toplasmic shuttling protein, Cell Res. 19 (2009) 1388.


http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0005
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0005
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0010
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0010
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0010
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0010
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0015
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0015
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0015
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0015
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0020
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0020
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0025
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0025
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0025
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0030
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0030
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0030
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0035
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0035
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0035
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0040
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0040
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0040
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0040
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0045
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0045
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0045
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0050
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0050
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0050
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0055
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0055
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0055
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0060
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0060
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0060
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0065
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0065
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0070
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0070
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0070
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0070
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0075
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0075
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0075
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0080
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0080
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0085
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0085
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0090
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0090
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0095
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0095
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0100
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0100
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0105
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0105
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0105
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0110
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0110
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0115
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0115
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0115
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0120
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0120
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0120
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0125
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0125
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0130
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0130
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0130
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0135
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0135
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0135
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0140
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0140
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0145
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0145
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0145
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0150
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0150
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0150
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0155
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0155
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0160
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0160
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0160
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0165
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0165
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0165
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0165
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0165
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0170
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0170
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0170
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0170
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0175
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0175
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0175
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0180
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0180
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0180
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0180
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0185
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0185
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0190
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0190
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0195
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0195
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0200
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0200
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0200
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0205
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0205
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0210
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0210

R.M. Nyamao et al.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[591]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

J. Guo, F. Hong, J. Loke, S. Yea, C.L. Lim, U. Lee, D.A. Mann, M.J. Walsh,

J.J. Sninsky, S.L. Friedman, A DDX5 S480A polymorphism is associated with in-
creased transcription of fibrogenic genes in hepatic stellate cells, J. Biol. Chem.
285 (2010) 5428-5437.

M. Causevic, R.G. Hislop, N.M. Kernohan, F.A. Carey, R.A. Kay, R.J. Steele,

F.V. Fuller-Pace, Overexpression and poly-ubiquitylation of the DEAD-box RNA
helicase p68 in colorectal tumours, Oncogene 20 (2001) 7734.

L. Yang, C. Lin, Z.-R. Liu, Phosphorylations of DEAD box p68 RNA helicase are
associated with cancer development and cell proliferation, Mol. Cancer Res. 3
(2005) 355-363.

B. Kumar, S.E. Lupold, MicroRNA expression and function in prostate cancer: a
review of current knowledge and opportunities for discovery, Asian J. Androl. 18
(2016) 559.

D. Wang, J. Huang, Z. Hu, RNA helicase DDX5 regulates microRNA expression and
contributes to cytoskeletal reorganization in basal breast cancer cells, Mol. Cell.
Proteomics 11 (2) (2011) (mcp. M111. 011932).

N. Kitagawa, H. Ojima, T. Shirakihara, H. Shimizu, A. Kokubu, T. Urushidate,

Y. Totoki, T. Kosuge, S. Miyagawa, T. Shibata, Downregulation of the micro RNA
biogenesis components and its association with poor prognosis in hepatocellular
carcinoma, Cancer Sci. 104 (2013) 543-551.

E. Dardenne, S. Pierredon, K. Driouch, L. Gratadou, M. Lacroix-Triki,

M.P. Espinoza, E. Zonta, S. Germann, H. Mortada, J.-P. Villemin, Splicing switch of
an epigenetic regulator by RNA helicases promotes tumor-cell invasiveness, Nat.
Struct. Mol. Biol. 19 (2012) 1139.

E. Dardenne, M.P. Espinoza, L. Fattet, S. Germann, M.-P. Lambert, H. Neil,

E. Zonta, H. Mortada, L. Gratadou, M. Deygas, RNA helicases DDX5 and DDX17
dynamically orchestrate transcription, miRNA, and splicing programs in cell dif-
ferentiation, Cell Rep. 7 (2014) 1900-1913.

S. Germann, L. Gratadou, E. Zonta, E. Dardenne, B. Gaudineau, M. Fougere,

S. Samaan, M. Dutertre, S. Jauliac, D. Auboeuf, Dual role of the ddx5/ddx17 RNA
helicases in the control of the pro-migratory NFAT5 transcription factor, Oncogene
31 (2012) 4536.

C. Lin, L. Yang, J.J. Yang, Y. Huang, Z.-R. Liu, ATPase/helicase activities of p68
RNA helicase are required for pre-mRNA splicing but not for assembly of the
spliceosome, Mol. Cell. Biol. 25 (2005) 7484-7493.

S. Samaan, L.-C. Tranchevent, E. Dardenne, M. Polay Espinoza, E. Zonta,

S. Germann, L. Gratadou, M. Dutertre, D. Auboeuf, The Ddx5 and Ddx17 RNA
helicases are cornerstones in the complex regulatory array of steroid hormone-
signaling pathways, Nucleic Acids Res. 42 (2013) 2197-2207.

M. Camats, S. Guil, M. Kokolo, M. Bach-Elias, P68 RNA helicase (DDX5) alters
activity of cis-and trans-acting factors of the alternative splicing of H-Ras, PLoS
One 3 (2008) e2926.

C. Jalal, H. Uhlmann-Schiffler, H. Stahl, Redundant role of DEAD box proteins p68
(Ddx5) and p72/p82 (Ddx17) in ribosome biogenesis and cell proliferation,
Nucleic Acids Res. 35 (2007) 3590-3601.

E.L. Clark, C. Hadjimichael, R. Temperley, A. Barnard, F.V. Fuller-Pace,

C.N. Robson, p68/DdX5 supports B-catenin & RNAP II during androgen receptor
mediated transcription in prostate cancer, PLoS One 8 (2013) e54150.

H.C. Moore, L.B. Jordan, S.E. Bray, L. Baker, P.R. Quinlan, C.A. Purdie,

A.M. Thompson, J.-C. Bourdon, F.V. Fuller-Pace, The RNA helicase p68 modulates
expression and function of the A133 isoform (s) of p53, and is inversely associated
with A133p53 expression in breast cancer, Oncogene 29 (2010) 6475.

H. Endoh, K. Maruyama, Y. Masuhiro, Y. Kobayashi, M. Goto, H. Tai,

J. Yanagisawa, D. Metzger, S. Hashimoto, S. Kato, Purification and identification
of p68 RNA helicase acting as a transcriptional coactivator specific for the acti-
vation function 1 of human estrogen receptor a, Mol. Cell. Biol. 19 (1999)
5363-5372.

D.R. Warner, V. Bhattacherjee, X. Yin, S. Singh, P. Mukhopadhyay, M.M. Pisano,
R.M. Greene, Functional interaction between Smad, CREB binding protein, and
P68 RNA helicase, Biochem. Biophys. Res. Commun. 324 (2004) 70-76.

B.N. Davis, A.C. Hilyard, G. Lagna, A. Hata, SMAD proteins control DROSHA-
mediated microRNA maturation, Nature 454 (2008) 56.

K. Tago, M. Funakoshi-Tago, H. Itoh, Y. Furukawa, J. Kikuchi, T. Kato, K. Suzuki,
K. Yanagisawa, Arf tumor suppressor disrupts the oncogenic positive feedback
loop including c-Myc and DDX5, Oncogene 34 (2015) 314.

G.J. Bates, S.M. Nicol, B.J. Wilson, A.M.F. Jacobs, J.C. Bourdon, J. Wardrop,
D.J. Gregory, D.P. Lane, N.D. Perkins, F.V. Fuller-Pace, The DEAD box protein p68:
a novel transcriptional coactivator of the p53 tumour suppressor, EMBO J. 24
(2005) 543-553.

K.T. Bieging, S.S. Mello, L.D. Attardi, Unravelling mechanisms of p53-mediated
tumour suppression, Nat. Rev. Cancer 14 (2014) 359.

J.P. Thiery, H. Acloque, R.Y. Huang, M.A. Nieto, Epithelial-mesenchymal transi-
tions in development and disease, Cell 139 (2009) 871-890.

H. Wang, X. Gao, J.J. Yang, Z.-R. Liu, Interaction between p68 RNA helicase and
ca 2+ —calmodulin promotes cell migration and metastasis, Nat. Commun. 4
(2013) 1354.

L. Yang, C. Lin, Z.-R. Liu, P68 RNA helicase mediates PDGF-induced epithelial
mesenchymal transition by displacing Axin from B-catenin, Cell 127 (2006)
139-155.

H. Dey, Z.-R. Liu, Phosphorylation of p68 RNA helicase by p38 MAP kinase con-
tributes to colon cancer cells apoptosis induced by oxaliplatin, BMC Cell Biol. 13
(2012) 27.

C.L. Carter, C. Lin, C. Liu, L. Yang, Z.-R. Liu, Phosphorylated p68 RNA helicase
activates Snaill transcription by promoting HDAC1 dissociation from the Snaill
promoter, Oncogene 29 (2010) 5427.

J.-P. Jost, S. Schwarz, D. Hess, H. Angliker, F.V. Fuller-Pace, H. Stahl, S. Thiry,

96

[70]
[71]
[72]
[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

BBA - Reviews on Cancer 1871 (2019) 85-98

M. Siegmann, A chicken embryo protein related to the mammalian DEAD box
protein p68 is tightly associated with the highly purified protein-RNA complex of
5-MeC-DNA glycosylase, Nucleic Acids Res. 27 (1999) 3245-3252.

E.A. Mesri, M.A. Feitelson, K. Munger, Human viral oncogenesis: a cancer hall-
marks analysis, Cell Host Microbe 15 (2014) 266-282.

S.R. da Silva, D.E. de Oliveira, HIV, EBV and KSHV: viral cooperation in the pa-
thogenesis of human malignancies, Cancer Lett. 305 (2011) 175-185.

Y. Ariumi, Multiple functions of DDX3 RNA helicase in gene regulation, tumor-
igenesis, and viral infection, Front. Genet. 5 (2014) 423.

A. Pierangeli, G. Antonelli, G. Gentile, Immunodeficiency-associated viral onco-
genesis, Clin. Microbiol. Infect. 21 (2015) 975-983.

X. Zhou, J. Luo, L. Mills, S. Wu, T. Pan, G. Geng, J. Zhang, H. Luo, C. Liu, H. Zhang,
DDXS5 facilitates HIV-1 replication as a cellular co-factor of Rev, PLoS One 8
(2013) e65040.

N. Sithole, C. Williams, A. Vaughan, A. Lever, The roles of DEAD box helicases in
the life cycle of HIV-1, Lancet 385 (2015) S89.

M.H. Upadya, J.J. Aweya, Y.-J. Tan, Understanding the interaction of hepatitis C
virus with host DEAD-box RNA helicases, World J Gastroenterol: WJG 20 (2014)
2913.

P.-Y. Goh, Y.-J. Tan, S.P. Lim, Y. Tan, S.G. Lim, F. Fuller-Pace, W. Hong, Cellular
RNA helicase p68 relocalization and interaction with the hepatitis C virus (HCV)
NS5B protein and the potential role of p68 in HCV RNA replication, J. Virol. 78
(2004) 5288-5298.

P. Rios-Marco, C. Romero-Lépez, A. Berzal-Herranz, The cis-acting replication
element of the Hepatitis C virus genome recruits host factors that influence viral
replication and translation, Sci. Rep. 6 (2016) 25729.

M. Kuroki, Y. Ariumi, M. Hijikata, M. Ikeda, H. Dansako, T. Wakita,

K. Shimotohno, N. Kato, PML tumor suppressor protein is required for HCV pro-
duction, Biochem. Biophys. Res. Commun. 430 (2013) 592-597.

J. Fang, S. Kubota, B. Yang, N. Zhou, H. Zhang, R. Godbout, R.J. Pomerantz, A
DEAD box protein facilitates HIV-1 replication as a cellular co-factor of Rev,
Virology 330 (2004) 471-480.

C.A. Williams, T.E. Abbink, K.-T. Jeang, A.M. Lever, Identification of RNA heli-
cases in human immunodeficiency virus 1 (HIV-1) replication-a targeted small
interfering RNA library screen using pseudotyped and WT HIV-1, J. Gen. Virol. 96
(2015) 1484-1489.

H. Zhang, Z. Xing, S.K.K. Mani, B. Bancel, D. Durantel, F. Zoulim, E. Tran,

P. Merle, O. Andrisani, RNA helicase DDX5 regulates PRC2/HOTAIR function in
Hepatitis B Virus infection and hepatocarcinogenesis, Hepatology (Baltimore MD)
64 (2016) 1033.

H. Ayoubian, T. Frohlich, D. Pogodski, A. Flatley, E. Kremmer, A. Schepers,

R. Feederle, G.J. Arnold, F.A. Grésser, Antibodies against the mono-methylated
arginine-glycine repeat (MMA-RG) of the Epstein-Barr virus nuclear antigen 2
(EBNAZ2) identify potential cellular proteins targeted in viral transformation, J.
Gen. Virol. 98 (2017) 2128-2142.

S. Qing, W. Tulake, M. Ru, X. Li, R. Yuemaier, D. Lidifu, A. Rouzibilali, A. Hasimu,
Y. Yang, R. Rouziahong, Proteomic identification of potential biomarkers for
cervical squamous cell carcinoma and human papillomavirus infection, Tumor
Biol. 39 (2017).

S.M. Mooney, J.P. Grande, J.L. Salisbury, R. Janknecht, Sumoylation of p68 and
P72 RNA helicases affects protein stability and transactivation potential,
Biochemistry 49 (2009) 1-10.

K.K.N. Guturi, M. Sarkar, A. Bhowmik, N. Das, M.K. Ghosh, DEAD-box protein p68
is regulated by B-catenin/transcription factor 4 to maintain a positive feedback
loop in control of breast cancer progression, Breast Cancer Res. 16 (2014) 496.
R.S. Iyer, S.M. Nicol, P.R. Quinlan, A.M. Thompson, D.W. Meek, F.V. Fuller-Pace,
The RNA helicase/transcriptional co-regulator, p68 (DDX5), stimulates expression
of oncogenic protein kinase, Polo-like kinase-1 (PLK1), and is associated with
elevated PLK1 levels in human breast cancers, Cell Cycle 13 (2014) 1413-1423.
1. Schulte, E.M. Batty, J.C. Pole, K.A. Blood, S. Mo, S.L. Cooke, C. Ng, K.L. Howe,
S.-F. Chin, J.D. Brenton, Structural analysis of the genome of breast cancer cell line
ZR-75-30 identifies twelve expressed fusion genes, BMC Genomics 13 (2012) 719.
H. Lee, P. Flaherty, H.P. Ji, Systematic genomic identification of colorectal cancer
genes delineating advanced from early clinical stage and metastasis, BMC Med.
Genet. 6 (2013) 54.

M.R.H. van Voss, F. Vesuna, K. Trumpi, J. Brilliant, L.L. Kodach, F.H. Morsink,
G.J.A. Offerhaus, H. Buerger, E. van der Wall, P.J. van Diest, Identification of the
DEAD Box RNA Helicase DDX3 as a Therapeutic Target in Colorectal Cancer,
AACR, 2015.

S. Shin, K.L. Rossow, J.P. Grande, R. Janknecht, Involvement of RNA helicases p68
and p72 in colon cancer, Cancer Res. 67 (2007) 7572-7578.

C. Singh, G. Haines, M. Talamonti, J. Radosevich, Expression of p68 in human
colon cancer, Tumor Biology, Vol. 16 1995, pp. 281-289.

R.S. Felix, G.W. Colleoni, O.L. Caballero, M. Yamamoto, M.S. Almeida,

V.C. Andrade, L. Maria de Lourdes, W.A. da Silva Jr, M.D. Begnami, F.A. Soares,
SAGE analysis highlights the importance of p53csv, ddx5, mapkapk2 and ranbp2
to multiple myeloma tumorigenesis, Cancer Lett. 278 (2009) 41-48.

M. Mattioli, L. Agnelli, S. Fabris, L. Baldini, F. Morabito, S. Bicciato, D. Verdelli,
D. Intini, L. Nobili, L. Cro, Gene expression profiling of plasma cell dyscrasias
reveals molecular patterns associated with distinct IGH translocations in multiple
myeloma, Oncogene 24 (2005) 2461.

F. Zhan, J. Hardin, B. Kordsmeier, K. Bumm, M. Zheng, E. Tian, R. Sanderson,
Y. Yang, C. Wilson, M. Zangari, Global gene expression profiling of multiple
myeloma, monoclonal gammopathy of undetermined significance, and normal
bone marrow plasma cells, Blood 99 (2002) 1745-1757.

Z. Wang, Z. Luo, L. Zhou, X. Li, T. Jiang, E. Fu, DDX 5 promotes proliferation and


http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0215
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0215
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0215
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0215
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0220
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0220
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0220
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0225
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0225
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0225
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0230
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0230
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0230
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0235
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0235
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0235
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0240
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0240
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0240
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0240
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0245
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0245
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0245
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0245
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0250
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0250
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0250
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0250
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0255
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0255
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0255
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0255
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0260
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0260
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0260
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0265
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0265
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0265
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0265
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0270
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0270
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0270
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0275
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0275
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0275
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0280
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0280
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0280
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0285
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0285
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0285
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0285
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0290
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0290
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0290
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0290
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0290
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0295
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0295
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0295
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0300
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0300
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0305
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0305
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0305
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0310
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0310
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0310
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0310
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0315
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0315
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0320
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0320
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0325
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0325
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0325
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0330
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0330
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0330
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0335
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0335
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0335
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0340
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0340
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0340
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0345
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0345
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0345
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0345
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0350
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0350
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0355
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0355
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0360
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0360
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0365
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0365
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0370
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0370
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0370
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0375
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0375
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0380
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0380
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0380
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0385
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0385
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0385
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0385
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0390
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0390
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0390
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0395
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0395
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0395
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0400
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0400
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0400
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0405
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0405
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0405
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0405
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0410
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0410
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0410
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0410
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0415
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0415
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0415
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0415
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0415
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0420
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0420
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0420
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0420
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0425
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0425
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0425
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0430
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0430
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0430
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0435
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0435
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0435
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0435
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0440
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0440
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0440
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0445
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0445
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0445
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0450
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0450
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0450
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0450
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0455
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0455
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0460
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0460
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0465
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0465
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0465
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0465
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0470
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0470
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0470
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0470
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0475
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0475
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0475
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0475
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0480

R.M. Nyamao et al.

[971
[98]
[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]
[108]
[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]
[119]
[120]

[121]

[122]

[123]
[124]

[125]

[126]

[127]

[128]

tumorigenesis of non-small-cell lung cancer cells by activating B-catenin signaling
pathway, Cancer Sci. 106 (2015) 1303-1312.

S. Wang, C. Zhang, Y. You, C. Shi, Overexpression of RNA helicase p68 protein in
cutaneous squamous cell carcinoma, Clin. Exp. Dermatol. 37 (2012) 882-888.
U.H. Beier, S. Maune, J.E. Meyer, T. Gorogh, Overexpression of p68 mRNA in head
and neck squamous cell carcinoma cells, Anticancer Res. 26 (2006) 1941-1946.
Y. Wei, M. Hu, The study of P68 RNA helicase on cell transformation, Yi chuan xue
bao= Acta genetica Sinica 28 (2001) 991-996.

R. Janknecht, Multi-talented DEAD-box proteins and potential tumor promoters:
p68 RNA helicase (DDX5) and its paralog, p72 RNA helicase (DDX17), Am. J.
Transl. Res. 2 (2010) 223.

S. Lin, L. Tian, H. Shen, Y. Gu, J.-L. Li, Z. Chen, X. Sun, M.J. You, L. Wu, DDX5 is a
positive regulator of oncogenic NOTCH1 signaling in T cell acute lymphoblastic
leukemia, Oncogene 32 (2013) 4845.

R.J. Stevenson, S.J. Hamilton, D.E. MacCallum, P.A. Hall, F.V. Fuller-Pace,
Expression of the ‘dead box'RNA helicase p68 is developmentally and growth
regulated and correlates with organ differentiation/maturation in the fetus, J.
Pathol. 184 (1998) 351-359.

J. Zhang, Y. Li, Q. Liu, W. Lu, G. Bu, Wnt signaling activation and mammary gland
hyperplasia in MMTV-LRP6 transgenic mice: implication for breast cancer tu-
morigenesis, Oncogene 29 (2010) 539.

J.R. Prosperi, K.H. Goss, A Wnt-ow of opportunity: targeting the Wnt/f-catenin
pathway in breast cancer, Curr. Drug Targets 11 (2010) 1074-1088.

M. Sarkar, V. Khare, K. Guturi, N. Das, M.K. Ghosh, The DEAD box protein p68: a
crucial regulator of AKT/FOXO3a signaling axis in oncogenesis, Oncogene 34
(2015) 5843.

V. Tosello, A.A. Ferrando, The NOTCH signaling pathway: Role in the pathogen-
esis of T-cell acute lymphoblastic leukemia and implication for therapy,
Therapeutic Advances in Hematology, Vol. 4 2013, pp. 199-210.

C.M. Croce, Causes and consequences of microRNA dysregulation in cancer, Nat.
Rev. Genet. 10 (2009) 704.

F.V. Fuller-Pace, DEAD box RNA helicase functions in cancer, RNA Biol. 10 (2013)
121-132.

N. Ponomartsev, N. Enukashvily, The DDX5 protein is involved in proliferation
and differentiation of human cultured cells, Cell Tissue Biol. 9 (2015) 310-317.
L. Yang, C. Lin, S. Sun, S. Zhao, Z. Liu, A double tyrosine phosphorylation of P68
RNA helicase confers resistance to TRAIL-induced apoptosis, Oncogene 26 (2007)
6082.

Q. Fu, X. Song, Z. Liu, X. Deng, R. Luo, C. Ge, R. Li, Z. Li, Y. Chen, X. Lin, miRomics
and proteomics reveal a miR-296-3p/PRKCA/FAK/Ras/c-Myc feedback loop
modulated by HDGF/DDX5/B-catenin complex in lung adenocarcinoma, Clin.
Cancer Res. (2016) 2813.

A. Mazurek, W. Luo, A. Krasnitz, J. Hicks, R.S. Powers, B. Stillman, DDX5 regulates
DNA replication and is required for cell proliferation in a subset of breast cancer
cells, Cancer Dis. (2012) 12-0116.

A. Mazurek, Y. Park, C. Miething, J.E. Wilkinson, J. Gillis, S.W. Lowe, C.R. Vakoc,
B. Stillman, Acquired dependence of acute myeloid leukemia on the DEAD-box
RNA helicase DDX5, Cell Rep. 7 (2014) 1887-1899.

Z.-R. Liu, DDX5 (DEAD (Asp-Glu-Ala-Asp) Box Polypeptide 5), (2012).

C.Y. Liu, Tyrosine Phosphorylation of p68 RNA Helicase Promotes Metastasis in
Colon Cancer Progression, (2012).

Z. Ma, J. Feng, Y. Guo, R. Kong, Y. Ma, L. Sun, X. Yang, B. Zhou, S. Li, W. Zhang,
Knockdown of DDXS5 Inhibits the Proliferation and Tumorigenesis in Esophageal
Cancer, Oncol. Res. Featuring Preclin. Clin. Cancer Ther. 25 (2017) 887-895.
T.-Y. Dai, L. Cao, Z.-C. Yang, Y.-S. Li, L. Tan, X.-Z. Ran, C.-M. Shi, P68 RNA he-
licase as a molecular target for cancer therapy, J. Exp. Clin. Cancer Res. 33
(2014) 64.

J.P. Thiery, J.P. Sleeman, Complex networks orchestrate epithelial-mesenchymal
transitions, Nat. Rev. Mol. Cell Biol. (7) (2006) 131.

Y.C. Tsai, A.M. Weissman, Dissecting the diverse functions of the metastasis sup-
pressor CD82/KAI1, FEBS Lett. 585 (2011) 3166-3173.

Y. Kang, J. Massagué, Epithelial-mesenchymal transitions: twist in development
and metastasis, Cell 118 (2004) 277-279.

J. Fuxe, M.C. Karlsson, TGF-B-Induced Epithelial-Mesenchymal Transition: A Link
between Cancer and Inflammation, Seminars in Cancer Biology, Elsevier, 2012,
pp. 455-461.

J. Fuxe, T. Vincent, A. Garcia de Herreros, Transcriptional crosstalk between TGFf3
and stem cell pathways in tumor cell invasion: role of EMT promoting Smad
complexes, Cell Cycle 9 (2010) 2363-2374.

X. He, Unwinding a path to nuclear B-catenin, Cell 127 (2006) 40-42.

J. Yu, Q. Liang, J. Wang, Y. Cheng, S. Wang, T. Poon, M. Go, Q. Tao, Z. Chang,
J. Sung, Zinc-finger protein 331, a novel putative tumor suppressor, suppresses
growth and invasiveness of gastric cancer, Oncogene 32 (2013) 307.

E.T. Roussos, M. Balsamo, S.K. Alford, J.B. Wyckoff, B. Gligorijevic, Y. Wang,

M. Pozzuto, R. Stobezki, S. Goswami, J.E. Segall, Mena invasive (MenaINV) pro-
motes multicellular streaming motility and transendothelial migration in a mouse
model of breast cancer, J. Cell Sci. 124 (2011) 2120-2131.

T.D. Palmer, W.J. Ashby, J.D. Lewis, A. Zijlstra, Targeting tumor cell motility to
prevent metastasis, Advanced Drug Delivery Reviews, Vol. 63 2011, pp. 568-581.
M. Sha, M. Lin, J. Wang, J. Ye, J. Xu, N. Xu, J. Huang, Long non-coding RNA MIAT
promotes gastric cancer growth and metastasis through regulation of miR-141/
DDX5 pathway, J. Exp. Clin. Cancer Res. 37 (2018) 58.

M. Das, A. Renganathan, S.N. Dighe, U. Bhaduri, A. Shettar, G. Mukherjee,

P. Kondaiah, M.R. Satyanarayana Rao, DDX5/p68 associated IncRNA LOC284454
is differentially expressed in human cancers and modulates gene expression, RNA
Biol. 15 (2018) 214-230.

97

[129]

[130]

[131]

[132]

[133]

[134]
[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]
[151]

[152]

[153]

[154]

[155]

[156]
[157]

[158]

[159]

BBA - Reviews on Cancer 1871 (2019) 85-98

D.W. Seufert, R. Kos, C.A. Erickson, B.J. Swalla, p68, a DEAD-box RNA helicase, is
expressed in chordate embryo neural and mesodermal tissues, J. Exp. Zool. 288
(2000) 193-204.

M.-C. Gingras, J.F. Margolin, Differential expression of multiple unexpected genes
during U937 cell and macrophage differentiation detected by suppressive sub-
tractive hybridization, Exp. Hematol. 28 (2000) 65-76.

A. Kitamura, M. Nishizuka, K. Tominaga, T. Tsuchiya, T. Nishihara, M. Imagawa,
Expression of p68 RNA helicase is closely related to the early stage of adipocyte
differentiation of mouse 3T3-L1 cells, Biochem. Biophys. Res. Commun. 287
(2001) 435-439.

N. Ramanathan, N. Lim, C.L. Stewart, DDX5/p68 RNA helicase expression is es-
sential for initiating adipogenesis, Lipids Health Dis. 14 (2015) 160.

S.M. Colley, P.J. Leedman, SRA and its binding partners: an expanding role for
RNA-binding coregulators in nuclear receptor-mediated gene regulation, Crit. Rev.
Biochem. Mol. Biol. 44 (2009) 25-33.

F.V. Fuller-Pace, S. Ali, The DEAD Box RNA Helicases p68 (Ddx5) and p72
(Ddx17): Novel Transcriptional Co-Regulators, Portland Press Limited, 2008.

C. Carlberg, M.J. Campbell, Vitamin D receptor signaling mechanisms: integrated
actions of a well-defined transcription factor, Steroids 78 (2013) 127-136.

M. Wagner, R. Rid, C.J. Maier, R.H. Maier, M. Laimer, H. Hintner, J.W. Bauer,
K. Onder, DDX5 is a multifunctional co-activator of steroid hormone receptors,
Mol. Cell. Endocrinol. 361 (2012) 80-91.

J. Zuber, A.R. Rappaport, W. Luo, E. Wang, C. Chen, A.V. Vaseva, J. Shi,

S. Weissmueller, C. Fellman, M.J. Taylor, An integrated approach to dissecting
oncogene addiction implicates a Myb-coordinated self-renewal program as es-
sential for leukemia maintenance, Genes Dev. 25 (2011) 1628-1640.

C. Callens, S. Coulon, J. Naudin, I. Radford-Weiss, N. Boissel, E. Raffoux,

P.H.M. Wang, S. Agarwal, H. Tamouza, E. Paubelle, Targeting iron homeostasis
induces cellular differentiation and synergizes with differentiating agents in acute
myeloid leukemia, J. Exp. Med. 207 (2010) 731-750.

H. Li, P. Lai, J. Jia, Y. Song, Q. Xia, K. Huang, N. He, W. Ping, J. Chen, Z. Yang,
RNA Helicase DDX5 Inhibits Reprogramming to Pluripotency by miRNA-based
repression of RYBP and its PRC1-dependent and-independent functions, Cell Stem
Cell 20 (2017) 462-477 (e466).

C.M. Nefzger, J.M. Polo, DEAD-Box RNA binding protein DDX5: not a black-box
during reprogramming, Cell Stem Cell 20 (2017) 419-420.

E.L. Clark, A. Coulson, C. Dalgliesh, P. Rajan, S.M. Nicol, S. Fleming, R. Heer,

L. Gaughan, H.Y. Leung, D.J. Elliott, The RNA helicase p68 is a novel androgen
receptor coactivator involved in splicing and is overexpressed in prostate cancer,
Cancer Res. 68 (2008) 7938-7946.

R. Wang, Z. Jiao, R. Li, H. Yue, L. Chen, p68 RNA helicase promotes glioma cell
proliferation in vitro and in vivo via direct regulation of NF-kB transcription factor
p50, Neuro-Oncology 14 (2012) 1116-1124.

C. Du, D.-q. Li, N. Li, L. Chen, S.-s. Li, Y. Yang, M.-x. Hou, M.-j. Xie, Z.-d. Zheng,
DDX5 promotes gastric cancer cell proliferation in vitro and in vivo through mTOR
signaling pathway, Sci. Rep. 7 (2017) 42876.

M. Kokolo, M. Bach-Elias, Downregulation of p68 RNA Helicase (DDX5) Activates
a Survival Pathway Involving mTOR and MDM2 Signals, Folia Biol. 63 (2017) 52.
X. Yuan, H. Wu, N. Han, H. Xu, Q. Chu, S. Yu, Y. Chen, K. Wu, Notch signaling and
EMT in non-small cell lung cancer: biological significance and therapeutic appli-
cation, J. Hematol. Oncol. 7 (2014) 87.

S.J. Bray, Notch signalling in context, Nat. Rev. Mol. Cell Biol. 17 (2016) 722.
R. Kopan, M.X.G. Ilagan, The canonical Notch signaling pathway: unfolding the
activation mechanism, Cell 137 (2009) 216-233.

T. Borggrefe, M. Lauth, A. Zwijsen, D. Huylebroeck, F. Oswald, B.D. Giaimo, The
Notch intracellular domain integrates signals from Wnt, Hedgehog, TGFf3/BMP
and hypoxia pathways, Biochim. et Biophys. Acta 1863 (2016) 303-313.

C. Jung, G. Mittler, F. Oswald, T. Borggrefe, RNA helicase Ddx5 and the noncoding
RNA SRA act as coactivators in the Notch signaling pathway, Biochim. et Biophys.
Acta 1833 (2013) 1180-1189.

F. Jundt, R. Schwarzer, B. Dorken, Notch Signaling in Leukemias and Lymphomas,
Current Molecular Medicine, Vol. 8 (2008), pp. 51-59.

P. Ranganathan, K.L. Weaver, A.J. Capobianco, Notch signalling in solid tumours:
a little bit of everything but not all the time, Nat. Rev. Cancer 11 (2011) 338.

X. Yuan, H. Wu, H. Xu, H. Xiong, Q. Chu, S. Yu, G.S. Wu, K. Wu, Notch signaling:
an emerging therapeutic target for cancer treatment, Cancer Lett. 369 (2015)
20-27.

J.-M. Renoir, V. Marsaud, G. Lazennec, Estrogen receptor signaling as a target for
novel breast cancer therapeutics, Biochem. Pharmacol. 85 (2013) 449-465.

M. Dutertre, L. Gratadou, E. Dardenne, S. Germann, S. Samaan, R. Lidereau,

K. Driouch, P. de la Grange, D. Auboeuf, Estrogen regulation and physiopathologic
significance of alternative promoters in breast cancer, Cancer Res. 70 (2010)
3760-3770.

T. Fyjita, Y. Kobayashi, O. Wada, Y. Tateishi, L. Kitada, Y. Yamamoto,

H. Takashima, A. Murayama, T. Yano, T. Baba, Full activation of estrogen receptor
a activation function-1 induces proliferation of breast cancer cells, J. Biol. Chem.
278 (2003) 26704-26714.

M. Mann, S. Krishnan, R. Vadlamudi, Emerging significance of estrogen cancer
coregulator signaling in breast cancer, Minerva Ginecol. 64 (2012) 75-88.

S. Saha Roy, R.K. Vadlamudi, Role of estrogen receptor signaling in breast cancer
metastasis, Int. J. Breast Cancer (2012) 2012.

E.A. Duckworth, T. Butler, L. Collier, S. Collier, K.R. Pennypacker, NF-xB protects
neurons from ischemic injury after middle cerebral artery occlusion in mice, Brain
Res. 1088 (2006) 167-175.

B. Kaltschmidt, C. Kaltschmidt, NF-kB in the nervous system, Nuclear Factor kB:
Regulation and Role in Disease, 2003, p. 373.


http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0480
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0480
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0485
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0485
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0490
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0490
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0495
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0495
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0500
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0500
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0500
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0505
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0505
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0505
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0510
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0510
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0510
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0510
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0515
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0515
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0515
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0520
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0520
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0525
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0525
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0525
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0530
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0530
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0530
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0535
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0535
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0540
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0540
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0545
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0545
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0550
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0550
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0550
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0555
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0555
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0555
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0555
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0560
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0560
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0560
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0565
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0565
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0565
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0570
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0575
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0575
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0580
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0580
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0580
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0585
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0585
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0585
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0590
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0590
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0595
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0595
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0600
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0600
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0605
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0605
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0605
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0610
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0610
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0610
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0615
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0620
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0620
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0620
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0625
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0625
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0625
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0625
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0630
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0630
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0635
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0635
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0635
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0640
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0640
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0640
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0640
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0645
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0645
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0645
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0650
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0650
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0650
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0655
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0655
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0655
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0655
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0660
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0660
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0665
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0665
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0665
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0670
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0670
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0675
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0675
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0680
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0680
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0680
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0685
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0685
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0685
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0685
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0690
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0690
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0690
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0690
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0695
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0695
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0695
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0695
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0700
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0700
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0705
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0705
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0705
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0705
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0710
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0710
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0710
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0715
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0715
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0715
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0720
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0720
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0725
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0725
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0725
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0730
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0735
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0735
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0740
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0740
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0740
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0745
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0745
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0745
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0750
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0750
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0755
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0755
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0760
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0760
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0760
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0765
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0765
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0770
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0770
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0770
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0770
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0775
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0775
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0775
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0775
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0780
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0780
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0785
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0785
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0790
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0790
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0790
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0795
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0795

R.M. Nyamao et al.

[160]
[161]
[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

G.P. Atkinson, S.E. Nozell, E.N. Benveniste, NF-kB and STAT3 signaling in glioma:
targets for future therapies, Expert. Rev. Neurother. 10 (2010) 575-586.

B. Hoesel, J.A. Schmid, The complexity of NF-kB signaling in inflammation and
cancer, Mol. Cancer 12 (2013) 86.

S.E. Al-Batran, M. Ducreux, A. Ohtsu, mTOR as a therapeutic target in patients
with gastric cancer, Int. J. Cancer 130 (2012) 491-496.

H. Chen, H. Yu, W. Cho, W. Tarn, DDX3 modulates cell adhesion and motility and
cancer cell metastasis via Racl-mediated signaling pathway, Oncogene 34 (2015)
2790.

Z.Zheng, Y. Zheng, M. Zhang, J. Wang, G. Yu, W. Fang, Reciprocal expression of p-
AMPKa and p-S6 is strongly associated with the prognosis of gastric cancer, Tumor
Biol. 37 (2016) 4803-4811.

T. Taniguchi, Y. lizumi, M. Watanabe, M. Masuda, M. Morita, Y. Aono,

S. Toriyama, M. Oishi, W. Goi, T. Sakai, Resveratrol directly targets DDX5 re-
sulting in suppression of the mTORC1 pathway in prostate cancer, Cell Death Dis.
7 (2017) e2211.

B. Stone, M. Schummer, P.J. Paley, L. Thompson, J. Stewart, M. Ford,

M. Crawford, N. Urban, K. O'Briant, B.H. Nelson, Serologic analysis of ovarian
tumor antigens reveals a bias toward antigens encoded on 17q, Int. J. Cancer 104
(2003) 73-84.

A. Hammoudi, F. Song, K.R. Reed, R.E. Jenkins, V.S. Meniel, A.J. Watson,

D.M. Pritchard, A.R. Clarke, J.R. Jenkins, Proteomic Profiling of a Mouse Model of
Acute Intestinal Apc Deletion Leads to Identification of Potential Novel Biomarkers
of Human Colorectal Cancer (CRC), Biochemical and Biophysical Research
Communications, Vol. 440 (2013), pp. 364-370.

L. Chen, Y. Jin, L. Wang, F. Sun, X. Yang, M. Shi, C. Zhan, Y. Shi, Q. Wang,
Identification of reference genes and miRNAs for qRT-PCR in human esophageal
squamous cell carcinoma, Med. Oncol. 34 (2017) 2.

L. Dai, G. Pan, X. Liu, J. Huang, Z. Jiang, X. Zhu, X. Gan, Q. Xu, N. Tan, High
expression of ALDOA and DDXS5 are associated with poor prognosis in human
colorectal cancer, Cancer Manag. Res. 10 (2018) 1799.

98

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]
[178]

[179]

BBA - Reviews on Cancer 1871 (2019) 85-98

G.-z. Yi, W. Xiang, W.-y. Feng, Z.-y. Chen, Y.-m. Li, S.-z. Deng, M.-l. Guo, L. Zhao,
X.-g. Sun, M.-y. He, Identification of Key Candidate Proteins and Pathways
Associated with Temozolomide Resistance in Glioblastoma Based on Subcellular
Proteomics and Bioinformatical Analysis, BioMed Research International, (2018).
A.A. Cohen, N. Geva-Zatorsky, E. Eden, M. Frenkel-Morgenstern, 1. Issaeva,

A. Sigal, R. Milo, C. Cohen-Saidon, Y. Liron, Z. Kam, Dynamic proteomics of in-
dividual cancer cells in response to a drug, Science 322 (2008) 1511-1516.

W. Ali, S. Shafique, S. Rashid, Structural characterization of -catenin and RX-
5902 binding to phospho-p68 RNA helicase by molecular dynamics simulation,
Prog. Biophys. Mol. Biol. (2018).

R. Cencic, J. Pelletier, Throwing a monkey wrench in the motor: targeting DExH/D
box proteins with small molecule inhibitors, Biochim. et Biophys. Acta 1829
(2013) 894-903.

G.C. Kost, M.Y. Yang, L. Li, Y. Zhang, C.y. Liu, D.J. Kim, C.H. Ahn, Y.B. Lee,
Z.R. Liu, A Novel Anti-Cancer Agent, 1-(3, 5-Dimethoxyphenyl)-4-[(6-Fluoro-2-
Methoxyquinoxalin-3-yl) Aminocarbonyl] Piperazine (RX-5902), Interferes with
B-Catenin Function through Y593 Phospho-p68 RNA Helicase, J. Cell. Biochem.
116 (2015) 1595-1601.

J. Diamond, G. Eckhardt, L. Gluck, M. Gutierrez, C. Peterson, R. Pila, E. Benaim,
258PPhase 1 Study of RX-5902, a Novel Orally Bioavailable Inhibitor of
Phosphorylated P68, which Prevents -Catenin Translocation in Advanced Solid
Tumors, Annals of Oncology, 28, (2017).

S.G. Eckhardt, W.L. Gluck, M. Gutierrez, C. Peterson, E. Benaim, A Phase 1 Study
of RX-5902, an Oral Agent Targeting Phosphorylated p68, to Treat Subjects with
Advanced Solid Tumors, American Society of Clinical Oncology, 2015.

Y. Lee, R. Mazhari, D.J. Kim, The Anticancer Effects of Supinoxin (RX-5902) in
Renal Cell Cancer, American Society of Clinical Oncology, 2016.

Y. Lee, R. Mazhari, D.J. Kim, The Anticancer Effects of Supinoxin (RX-5902) in
Pancreatic Carcinoma, American Society of Clinical Oncology, 2016.

X. Ye, Confluence analysis of multiple omics on platinum resistance of ovarian
cancer, Eur. J. Gynaecol. Oncol. 36 (2015) 514-519.


http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0800
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0800
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0805
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0805
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0810
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0810
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0815
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0815
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0815
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0820
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0820
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0820
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0825
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0825
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0825
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0825
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0830
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0830
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0830
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0830
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0835
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0835
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0835
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0835
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0835
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0840
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0840
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0840
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0845
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0845
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0845
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0850
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0850
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0850
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0850
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0855
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0855
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0855
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0860
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0860
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0860
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0865
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0865
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0865
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0870
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0870
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0870
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0870
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0870
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0875
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0875
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0875
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0875
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0880
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0880
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0880
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0885
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0885
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0890
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0890
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0895
http://refhub.elsevier.com/S0304-419X(18)30138-0/rf0895

	Roles of DDX5 in the tumorigenesis, proliferation, differentiation, metastasis and pathway regulation of human malignancies
	Introduction
	Background of DEAD/H box helicases
	Sequence, structure and functions of DDX5 and other DEAD-box helicases

	Emerging roles of DDX5 in viral infections associated with cancer
	Role of DDX5 in tumorigenesis
	Role of DDX5 in tumor proliferation
	Role of DDX5 in cancer metastasis
	Role of DDX5 in cancer cell differentiation
	Cancer-related pathways regulated by DDX5
	Perspectives on potential role of DDX5 in diagnosis, prognosis, and targeted therapy
	Conclusion
	Funding
	Competing interests statement
	Author contributions
	References




