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Abstract. DEAD-box RNA helicase 3 (DDX3) is a highly 
conserved family member of DEAD-box proteins in all 
eukaryotes from yeasts to human beings. Accumulating 
studies have confirmed DDX3 has the ability to regulate 
different steps of RNA metabolism, including RNA splicing, 
RNA export, transcription and translation initiation. Moreover, 
DDX3 is involved in many biological processes, such as 
stress response, cell apoptosis, cell cycle regulation and virus 
infection. In recent years, DDX3 is getting increasing atten-
tion due to its essential roles in cancer progression. However, 
DDX3 role in cancer development is rather complicated. This 
review mainly focuses on the dual roles of DDX3 and DDX3-
mediated signaling pathways in multiple cancers. In addition, 
the interplaying causes for the controversial roles of DDX3 in 
cancer are discussed. So far several small molecular chemical 
compounds targeting DDX3 are also summarized from the 
anticancer activity to the clinical trials of DDX3 inhibitors.
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1. Introduction

DEAD-box proteins, named by the amino acid motif D-E-A-D 
(Asp-Glu-Ala-Asp), are members of the largest family of 
RNA helicases  (1). Moreover, the DEAD-box proteins are 
ATP-dependent RNA binding proteins and RNA-dependent 
ATPases, which play essential roles in rearranging RNA-RNA 
and RNA-protein interactions  (2). The DEAD-box RNA 
helicase 3 (DDX3), is one highly conserved family member 
of DEAD-box proteins in all eukaryotes from yeasts to human 
beings (3).

The human genome code for two types of functional 
DDX3 genes, including DDX3X and its homolog DDX3Y (4). 
DDX3Y is located on the Y-chromosome, and plays particular 
roles of spermatogenesis and male fertility (5). While DDX3X 
is located on the X-chromosome and widely expresses in a 
broad range of organisms. In addition, DDX3 is ubiquitously 
reported to control pleiotropic physiological events in a variety 
of tissues  (6). Thus, most research pays more attention to 
DDX3X (refer DDX3 to DDX3X in following text).

As an RNA helicase, DDX3 protein consists of 662 amino 
acids. Its crystal structure has been reported by protein crys-
tallization and X-ray diffraction analysis (7,8). Accumulating 
studies have confirmed that DDX3 has the ability to regulate 
different steps of RNA metabolism (9,10), including RNA 
splicing (11), mRNA export  (12-14), transcription (15) and 
translation initiation  (16,17). DDX3 manipulates RNAs 
that range from rRNAs to mRNAs. However, DDX3 is 
considered to be a nuclear-cytoplasmic shuttling protein 
through CRM1‑mediated export pathway or Tip-associated 
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protein‑dependent export pathway (13,14). After transporting 
from the nucleus to the cytoplasm, DDX3 is prepared for 
translation, and eventually destroyed. The translation of 
DDX3 is controlled by activation of elF3 and cap-dependent 
translation or inhibition of elF4 (16,17). At the same time, 
DDX3 is involved in many biological processes, such as stress 
response (18), cell apoptosis (19), cell cycle regulation (20) and 
embryogenesis (21). A loss of DDX3 induces an early embry-
onic lethality in mice (21).

In recent years, DDX3 is getting increasing attention due 
to its essential roles in cancer progression (22). Accordingly, 
DDX3 may be a new potential target for cancer biotherapy. 
However, the roles of DDX3 in cancer development are rather 
complicated. As a ‘double-edged sword’ gene, DDX3 either 
promotes cancer progression or acts as a tumor suppressor in 
some cancer types. In the present study, we summarize and 
discuss the dual roles of DDX3 and DDX3-mediated signaling 
pathways in multiple cancers. In addition, we also analyze 
the interplaying causes for the controversial roles of DDX3 in 
different types of cancer and sum up the potential anticancer 
drugs targeting DDX3.

2. DDX3 role in cancer: tumor suppressor or oncogene

The biological roles of DDX3 in cancer development are 
conflicting. Its tumor promoting and suppressing effects have 
been broadly reported. Notably, the dual roles of DDX3 are 
reported not only in different types of cancer but also in the 
same type of cancer. The divergent roles of DDX3 in multiple 
cancer progression  (Table  I) are discussed in the specific 
cancer as follows.

Hepatocellular carcinoma. DDX3 has been shown to be 
essential for the replication of hepatitis B virus (HBV) and 
hepatitis C virus (HCV) which are two types of hepatitis virus 
usually linked to hepatocellular carcinoma (HCC) (23,24). 
DDX3 acts as diverse roles in HCC development. DDX3 
overexpression was observed in HCC, and it was identified as 
a cellular transforming gene in hepatocarcinogenesis (25). In 
contrast, Chang et al found that a decreased expression level of 
DDX3 is present in HBV-positive HCC patients, but not in the 
HCV-positive ones (20). Based on the findings, they proposed 
a molecular mechanism of DDX3 where the inhibition of 
DDX3 upregulates cyclin D1 and downregulates p21waf1/cip1, 
and thereby promotes S phase entry to facilitate tumor cell 
growth. Other research demonstrated that DDX3 inhibits cell 
colony formation ability of HCC HuH-7 cells by upregulating 
p21waf1/cip1 in a p53-independent manner (15). A recent study 
supports DDX3 as a tumor suppressor in HCC, since DDX3 
downregulation promotes stem cell-like properties and 
tumorigenesis by silencing the tumor-suppressive miRNAs in 
HepG2 cells (26). In addition, the decrease of DDX3 correlates 
with poor prognosis of HCC patients.

Breast cancer. DDX3 exerts oncogenic roles in breast cancer. 
DDX3 upregulation can increase the ability of cell growth, 
proliferation and epithelial-mesenchymal-like transforma-
tion (EMT) in normal breast epithelial MCF10A cells (27). 
Similarly, HIF-1α induces the transcriptional activation of 
DDX3 via binding to the HIF responsive element located in the 

DDX3 promoter region in MCF10A cells (28). Moreover, DDX3 
is overexpressed in a large series of breast cancer patients (29), 
and DDX3 upregulation is correlated with distant metastases of 
breast cancer (30). While DDX3 knockdown decreases tumor 
volume and metastasis in vivo (31). In addition, a combination 
treatment using DDX3 and PARP inhibitors induces coopera-
tive therapeutic effects in BRCA1-proficient breast cancer (32). 
Thus, DDX3 drives breast cancer carcinogenesis and it can be a 
potential treatment target for breast cancer.

Lung cancer. DDX3 has dual roles, inhibiting or promoting 
carcinogenesis, in lung cancer. DDX3 seems to have antitumor 
activity in human papillomavirus (HPV)-positive lung cancer. 
HPV  E6 decreases DDX3 transcription to synergistically 
suppress p21 expression, thereby low level of DDX3 leads to 
a poor relapse-free survival (RFS) in early-stage lung cancer 
and non-small cell lung cancer patients (33,34). Furthermore, 
loss of DDX3 suppressed E-cadherin by MDM2/Slug axis to 
promote tumor progression and metastasis in HPV-infected 
lung cancer cells (34).

However, DDX3 is also reported to overexpress in lung 
cancer, and DDX3 upregulation is related with shorter survival 
for lung cancer patients (35). While DDX3 downregulation 
decreases colony formation in lung A549 cells. In addition, 
a small molecule inhibitor RK-33 by targeting DDX3 can 
efficiently inhibit lung cancer growth (35).

To date, DDX3 roles are variable in lung cancer. It is still 
likely that DDX3 should be considered as a drug target for 
lung cancer therapy.

Colorectal cancer. DDX3 functions in colorectal cancer are 
controversial. Several studies showed that DDX3 acts as a 
tumor suppressor in colorectal cancer. Knockdown of DDX3 
increases cancer progression through Snail/E-cadherin 
pathway in colon cancer cells  (36). In addition, colorectal 
cancer patients with low DDX3 expression have poor prog-
nosis and more frequent distant metastasis (36).

In contrast, several groups obtain different conclusions of the 
role of DDX3 in colorectal cancer (37-40). In KRAS-mutated 
colon cancer cells, DDX3 promotes cell invasion and the nodule 
formation of xenograft lung tumor due to β-catenin/TCF acti-
vation through the CK1ε/Dvl2 axis (37). In addition, DDX3 
enhances KRAS transcription and activates the following 
β-catenin/ZEB1 signaling to promote KRAS-mediated tumor 
invasion (38). Accordingly, the colorectal tumor growth and 
metastasis mediated by KRAS gene mutations seem to require 
β-catenin/TCF activation by DDX3. While in KRAS-wild-type 
colorectal cancer, DDX3 promotes cell aggressiveness through 
the KRAS/HIF-1α/YAP1/SIX2 cascade  (39). Inhibition of 
DDX3 by a small inhibitor RK-33 reduces cell proliferation and 
causes a G1 arrest in colorectal cancer cells (40). In addition, a 
high DDX3 expression leads to poor clinical overall survival 
(OS) for colorectal cancer patients (37-40).

The conflicting role of DDX3 in colorectal cancer needs 
to be further explored. So far, it is inaccurate to predict 
survival outcomes of colorectal cancer patients only using the 
protein DDX3 due to its multiple functions of DDX3 in cancer 
development. It seems more feasible to jointly analyze several 
proteins, including DDX3 and its associated molecules, with 
colorectal cancer progression and prognosis.
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Oral squamous cell carcinoma. Notably, DDX3 has also been 
found to play divergent roles in oral squamous cell carcinoma 
(OSCC). A low/negative DDX3 expression is correlated with 
a poorer OS, notably in non-smoker patients with OSCC (41). 
This review demonstrates that DDX3 acts as a tumor 
suppressor, and it is probable to be an independent survival 
predictor in non-smoker patients with oral cancer.

Conversely, different conclusions claim that DDX3 is 
an oncogene to promote the progression of OSCC (42,43). 
DDX3 expression is not correlative to survival in head and 
neck squamous cell carcinomas on the whole (43). However, 
a high DDX3 expression is associated with poorer survival 
in smokers. There are multiple reasons for explaining the 
different effects of DDX3 in oral cancer. One possible key 
factor is that smoker patients more often have HPV-negative 
tumors and non-smokers more frequently have HPV-positive 
tumors. DDX3 is increased in response to cigarette smoke 
exposure, whereas it has different roles in virus infection. 
Furthermore, DDX3 mutations have been found in head 
and neck cancers (44), which is partially responsible for the 
complexity of DDX3 roles.

Other cancers. DDX3 is also usually increased in the Ewing 
sarcoma (45), prostate cancer (46), glioblastoma (47), pancre-
atic ductal adenocarcinoma (48) and gallbladder cancer (49), 
in which a positive DDX3 expression is linked to a poor 
clinical outcome. However, the molecular mechanism of 
DDX3 exerting oncogenic functions in these cancers requires 
further study and discussion. Inhibition of DDX3 expression 
by inhibitor RK-33 leads to decreased tumorigenic activity 
of Ewing sarcoma cells and xenografts (45). Importantly, an 
in vivo combination treatment of RK-33 and radiation obtain 
synergistic inhibiting effects on prostate tumor growth (46). 
RK-33 alters cellular proteome, particularly proteins related 
to DNA damage repair, protein translation and proteasome 
function.

Exceptionally, the mutant DDX3 has been confirmed to 
have oncogenic functions in medulloblastoma  (18,50,51), 
natural killer/T-cell lymphoma  (52) and chronic lympho-
cytic leukemia (53,54). Mutations of DDX3 are identified in 
majority of medulloblastoma through whole-exome hybrid 
capture and deep sequencing. The mutant helicase domains 
of DDX3, in combination with a mutant β-catenin, strengthen 
transactivation of a TCF promoter and enhance cell viability 
in medulloblastoma  (50). DDX3 mutants exhibit less 
RNA-unwinding activity and loss of depressing effects on 
cell cycle progression in NK cells, while the wild-type DDX3 
inhibited the phosphorylation of ERK and reduced the nuclear 
level of RelB to inhibit cell proliferation  (52). However, 
lymphocytic leukemia patients with DDX3 mutations have 
a poor prognosis and a shorter survival (53). Notably, DDX3 
mutants are more frequently detected in cases relapsed after 
therapy (54). Therefore, the mutation of DDX3 is an essential 
factor leading to tumorigenesis. DDX3 has potential to be a 
new therapeutic target for natural killer/T-cell lymphoma.

3. Multifunctions of DDX3-mediated signaling pathways

The double-edged functions of DDX3 are partially due 
to multiple DDX3-mediated cell signaling pathways in 

different cancers. We summarize several DDX3-involved 
signaling pathways to promote or inhibit carcinogenesis and 
tumor development (Figs. 1-4). Cross-talk between different 
signaling pathways also contributes to the complexity of 
DDX3-modulated cellular activities.

DDX3-mediated signaling pathways to promote cancer 
progression
Wnt/β-catenin pathway. The DDX3/Wnt/β-catenin signaling 
pathway plays a pivotal role in tumor invasion. DDX3 directly 
binds to CK1ε to stimulate its kinase activity, and further 
promotes phosphorylation of the scaffold protein dishevelled 
(Dvl), thus facilitating β-catenin translocation into nucleus 
in a Wnt-dependent manner during the development of 
mammalian cells (55). Similarly, DDX3 acts as a subunit of 
CK1ε and phosphorylates Dvl2 to activate β-catenin/TCF 
signaling, and finally enhances tumor invasion in colorectal 
cancer (37). In addition, DDX3 increases protein levels of both 
Rac1 and β-catenin, and thereby promotes Wnt signaling to 
modulate cell adhesion, migration and metastasis (56). DDX3 
mutations accompanied with mutant β-catenin increase 
transactivation of a TCF promoter and augment cell viability 
in medulloblastoma (50). Overall, these findings provide new 
insight into inhibiting cancer cell migration by targeting 
DDX3/Wnt/β‑catenin pathway.

DDX3/Snail/E-cadherin pathway. The EMT process, along 
with E-cadherin downregulation and Snail upregulation, 
accelerates the invasion and metastasis of cancer cells (57,58). 
Although DDX3 is related to the Snail regulator GSK3β (59,60), 
DDX3 has the opposite effect on EMT in breast cancer and 
colorectal cancer cells. DDX3 knockdown downregulates 
Snail levels and decreases cell proliferation and migration 
in breast cancer MCF-7 cells (47). However, the inhibition of 
DDX3 induces the EMT process, with upregulation of Snail 
and decrease of E-cadherin in colorectal cancer DLD-1 and 
HCT116 cells (36).

HIF-1α/DDX3/E-cadherin pathway. DDX3 promotes onco-
genesis in breast cancers through HIF-1α/DDX3/E-cadherin 
pathway (28,29). Under hypoxic conditions, HIF-1α binds to 
the HRE located in the DDX3 promoter region to induce the 
transcriptional activation of DDX3. Subsequently, upregula-
tion of DDX3 represses E-cadherin expression, thus inducing 
the EMT process to facilitate breast cancer invasion.

KRAS/HIF-1α/YAP1/SIX2 cascade. In KRAS wild-type 
colorectal cancer, DDX3 increases cell aggressiveness via a 
DDX3/KRAS/ROS/HIF-1α/DDX3 cascade feedback loop. 
ROS generation by DDX3-mediated KRAS expression 
promotes YAP1 transcription through increasing HIF-1α 
bound to YAP1 promoter. Finally the YAP1/SIX2 axis results 
in the DDX3-induced cell invasiveness (39).

DDX3-modulates signaling pathway to inhibit tumorigenesis
MDM2/Slug/E-cadherin pathway. DDX3 plays a tumor 
suppressor role in non-small cell lung cancer cells through the 
MDM2/Slug/E-cadherin pathway (34). DDX3 loss is induced 
by p53 knockdown and HPV E6 overexpression in lung cancer 
A549 cells. DDX3 loss inhibits MDM2 transcription via 
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reducing SP1 binding to MDM2 promoter. A previous study 
has demonstrated MDM2 improves E-cadherin expression 
via mediating degradation of Slug in lung cancer cells. While 
knockdown of MDM2 upregulates Slug and downregulates 
E-cadherin to promote tumor malignancy (61). In conclusion, 
in low DDX3-expressing cancer cells, DDX3 loss may 
enhance the tumor progression and metastasis through the 
MDM2/Slug/E-cadherin signaling axis.

p53/DDX3/p21 pathway. DDX3 interacts with Sp1 to upregu-
late the promoter activity of p21 regardless of p53 status in 
Huh-7 human hepatocellular cell line (15). DDX3 overexpres-
sion elevates p21 and decreases cyclin D1, leading to S phase 
arrest  (20). In addition, DDX3 is regulated by p53, which 
enhances p21 transcription (33). Overall, DDX3 has functions 
as a tumor suppressor through the p53/DDX3/p21 signaling 
pathway.

DDX3/tumor-suppressive miRNA pathway. Accumulating 
research has demonstrated that microRNAs (miRNAs) 

Figure  1. DDX3 acts as an oncogene through Wnt/β-catenin pathway 
in colorectal cancer cells. DDX3 interacts with CK1ε to form a complex, 
which phosphorylates dishevelled (Dvl). Dvl phosphorylation inhibits the 
generation of a complex of axin, GSK3β, APC and β-catenin. The complex 
induces β-catenin degradation. In contrast, Dvl phosphorylation increases 
free β-catenin, which translocates from cytoplasm to nucleus. The nucleus 
β-catenin could interact with two major transcription factors, the T-cell 
factor (TCF) and lymphocyte enhancer factor (LEF), and regulate multiple 
gene transcription, such as cyclin D1, c-MYC, AXIN2, CCND1 and BIRC5A. 
In contrast, DDX3 elevates Rac1 expression and thereby increase β-catenin 
stability and its signaling. Rac1 and/or β-catenin can regulate cell adhesion, 
migration and metastasis.

Figure 3. DDX3-mediates signaling pathways to suppress hepatocellular 
cancer cell growth. DDX3 interacts with Sp1 to increase the promoter activity 
of p21 regardless of p53 status, thus leading to S phase arrest. DDX3 also 
downregulated cyclin D1 to inhibit tumor growth. In addition, DDX3 could 
interact with transcription factors on promoter regions of tumor‑suppressive 
miRNAs, such as miR-200b, miR-200c, miR-122 and miR-145, and activate 
the expression of miRNAs, thus suppressing tumorigenesis in liver cells.

Figure  2. DDX3 plays oncogenic roles to improve the EMT process in 
colorectal and breast cancer cells. In breast cancer cells, DDX3 increases 
Snail expression, which decreases E-cadherin levels, and thereby promotes 
the EMT process. In contrast, in breast cancer cells, HIF-1α binds to the HIF 
responsive element located in the DDX3 promoter region to induce the tran-
scriptional activation of DDX3. Subsequently, upregulation of DDX3 represses 
E-cadherin expression, thus inducing the EMT process to facilitate cell inva-
sion. In addition, in KRAS wild-type colorectal cancer, DDX3 increases cell 
aggressiveness via a DDX3/KRAS/ROS/HIF-1α/DDX3 cascade feedback 
loop. ROS generation by DDX3-mediated KRAS expression promotes YAP1 
transcription through increasing HIF-1α bound to YAP1 promoter. Finally the 
YAP1/SIX2 axis induces DDX3-induced the EMT process.

Figure 4. DDX3-mediated signaling pathways to suppress lung cancer cell 
growth. DDX3 increases MDM2 transcription by inducing SP1 binding to 
the MDM2 promoter, and MDM2 activation inhibits Slug expression. Then, 
MDM2 improves E-cadherin expression to inhibit tumor malignancy via 
mediating degradation of Slug in lung cancer cells. DDX3 could interact with 
Sp1 to enhance the promoter activity of p21 to function as a tumor suppressor.
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exhibited tumor suppressive activity in cancer progres-
sion (62,63). DEAD-box RNA helicase can involve in miRNA 
biogenesis (64). DDX3 is hypothesized to interact with tran-
scription factors on promoter regions of tumor‑suppressive 
miRNAs, such as miR-200b, miR-200c, miR-122 and miR-145, 
which possibly activates the expression of these miRNAs, thus, 
suppressing cancer stem cell properties and tumorigenesis in 
liver cells (26). Moreover, DDX3 interacts with Drosha/DGCR8 
complex (miRNA microprocessor) as a novel RNA binding 
protein and affects pri-miRNA processing activity, and eventu-
ally promotes mature miRNA expression level to control cancer 
development (65). The DDX3-mediated miRNA regulation is 
promising to pave new strategy to explore its multiple functions.

4. Factors contributing to functional divergence of DDX3

Briefly, as an oncogene or tumor suppressor, DDX3 has a 
double-edged function in cancer occurrence and progression. 
Notably, even though in the same type of cancer, DDX3 roles 
are controversial. We discuss below the possible factors to 
confer many-sided abilities for DDX3.

Viral infection. DDX3 has been demonstrated to be an important 
component of the innate immune response against viral infec-
tions (66). DDX3 has a central place in virus-associated cancers 
for its proverbial function in viral replication. For instance, 
DDX3 expression level is decreased in HBV-positive, but not in 
the HCV-positive HCC patients (20). More importantly, DDX3 
has been shown to promote HCV virus replication through its 
interaction with HCV core protein, but it interferes with HBV 
replication by binding to the HBV polymerase and inducing 
IFN-β production (66). Therefore, DDX3 exerts specific func-
tions on different types of virus infection in HCC development.

Although DDX3 has some relation with HPV infection, the 
molecular mechanism of HPV interaction with DDX3 is little 
known in HPV-infected cervical cancer, lung cancer (33,34) 
and OSCC (41,43). However, the interaction of DDX3 with 
virus protein was discovered to involve innate immune 
response against virus infection by targeting with TBK1 to 
induce IFN-β production (67,68). Moreover, DDX3 has been 
demonstrated to regulate NF-κB signal pathway  (69,70). 
DDX3-modulated immune response signaling still needs to be 
clarified in the virus infection-associated cancers.

Gender differences. DDX3 is located on chromosome  X, 
and it is preferentially mutated in males. DDX3 can escape 
X-inactivation, which may protect females from complete 
functional loss by a single gene mutation (20,71). Moreover, 
DDX3 expression is closely associated with living habits (41), 
including smoking, alcohol consumption and other habits, 
which are more frequent in males than in females. For instance, 
a lower DDX3 level is more frequently present in male patients 
with HCC or OSCC than that in females (20,41).

Other protein interactions. DDX3 interacts with variable 
proteins to involve in different signaling pathways, which also 
determines its function as tumor suppression or oncogenic 
role in cancer progression. For example, DDX3 exerts tumor 
suppression potentials by downregulating Snail in colorectal 
cancer DLD-1 and HCT116 cells, while it interacts with CK1ε 

to activate β-catenin/TCF signaling to promote cancer progress 
in colorectal cancer cells (37,47). It is likely more reasonable to 
jointly consider multiple DDX3-associated proteins to analyze 
their influences on tumors and the patients OS.

Cancer subtypes. DDX3 has dissimilar expression and 
biological function in the specific histological subtypes of lung 
cancer (34,35). DDX3 is overexpressed in some histopathologic 
subtypes of lung cancer, including small cell carcinoma, 
adenocarcinoma and squamous cell carcinoma, in which DDX3 
functions as an oncogene (35). In contrast, DDX3 is considered 
to be a tumor suppressor in non-small cell lung cancer (34). 
However, the reason for this diversity needs further study. A 
different subtype of colorectal cancer cells has different sensi-
tivity to the DDX3 inhibitor RK-33 (40). Thus, it is necessary to 
develop precision medicine and therapy for various subtypes of 
cancer patients based on the specific functions of DDX3.

Subcellular localization. The subcellular localization of 
DDX3 may shed light on controversial roles of DDX3 in 
different cancers. As a nuclear-cytoplasmic shuttling protein, 
DDX3 may have multifunctional roles in transcript regulation 
and protein synthesis to regulate various cellular processes. 
The nuclear localization of DDX3 is altered in cutaneous squa-
mous cell carcinoma when compared with normal skin (15). 
In addition, DDX3 shows a less nuclear expression and more 
obvious cytoplasmic expression in OSCC tissues compared 
with the tissues adjacent to OSCC (41). Alteration of subcel-
lular localization from nuclear to cytoplasm perhaps leads to 
complete loss of function of DDX3.

DDX3 mutation. DDX3 mutation is detected in several cancers, 
including medulloblastoma, natural killer/T-cell lymphoma and 
chronic lymphocytic leukemia (50-54). Obviously, the wild-type 
and mutant DDX3 may exhibit different functions in normal 
and cancer cells. The loss of DDX3 function by gene mutations 
results in tumor pathogenesis through altered RNA unwinding. 
Not only the expression level but also the gene mutation of 
DDX3 determines its functional divergence of DDX3.

5. Potential anticancer drugs targeting DDX3

DDX3 possesses several functional domains with kinase 
activities, which is designed as drug targets by docking small 
molecular inhibitors  (72). In recent years, more and more 
novel small molecular inhibitors targeting DDX3 are devel-
oped as potential target chemical drugs for cancer therapy. 
We illustrated several chemical compounds by inhibiting 
DDX3 kinase activity, and their advantages and disadvantages 
are compared. Up to now, at least five types of compounds, 
including FE-15, NZ51, ketorolac salt, doxorubicin and RK-33, 
have been designed to inhibit DDX3 activity (Table II).

FE-15, the first small molecule by inhibiting ATPase activity 
of DDX3, was specifically designed to inhibit HIV-1 replication 
by targeting the RNA binding site of DDX3 (73). However, the 
main drawbacks of FE-15 are low activity and selectivity. It is 
difficult for FE-15 to selectively recognize DDX3 due to the 
high homology between other similar RNA helicases.

NZ51, one of ring-expanded nucleosides (REN), has been 
identified as a potential DDX3 inhibitor by abrogating the 



ONCOLOGY REPORTS  39:  883-892,  2018 889

Ta
bl

e 
II

. S
um

m
ar

y 
of

 p
ot

en
tia

l a
nt

ic
an

ce
r d

ru
gs

 in
hi

bi
tin

g 
D

D
X

3.

		


M
ol

ec
ul

ar
	

B
in

di
ng

 si
te

s
In

hi
bi

to
r	

C
he

m
ic

al
 st

ru
ct

ur
e	

w
ei

gh
t	

an
d 

in
hi

bi
to

ry
 e

ffe
ct

s	
A

dv
an

ta
ge

s	
D

is
ad

va
nt

ag
es

	
(R

ef
s.)

FE
-1

5	
	

40
2.

46
	

Ta
rg

et
 th

e 
D

D
X

3 
R

N
A

 b
in

di
ng

	
Th

e 
fir

st
 sm

al
l m

ol
ec

ul
e 

de
si

gn
ed

	
Lo

w
 a

ct
iv

ity
 a

nd
 se

le
ct

iv
ity

	
(7

3)
			




si
te

 a
nd

 in
hi

bi
t i

ts
 A

TP
as

e	
to

 in
hi

bi
t D

D
X

3
			




ac
tiv

ity
N

Z5
1	

	
54

7.
73

	
Fi

t i
nt

o 
th

e A
TP

 b
in

di
ng

 p
oc

ke
t o

f	
N

Z5
1 

ca
n 

ki
ll 

br
ea

st
 c

an
ce

r c
el

ls
	

D
ru

g 
de

gr
ad

at
io

n 
an

d 
th

e 
la

ck
	

(3
1,

74
)

			



D

D
X

3 
an

d 
ab

ro
ga

te
 it

s u
nw

in
di

ng
	

re
ga

rd
le

ss
 o

f t
he

 o
xy

ge
na

tio
n	

of
 e

ffe
ct

iv
e 

dr
ug

 d
el

iv
er

y
			




ac
tiv

ity
	

st
at

us
 o

f c
el

ls
K

et
or

ol
ac

 sa
lt	

	
37

6.
4	

In
te

ra
ct

 w
ith

 P
-lo

op
 re

gi
on

 (G
ly

 2
27

, 	
Fe

w
 si

de
 e

ffe
ct

s a
nd

 b
io

lo
gi

ca
lly

	
Its

 in
hi

bi
tio

n 
ef

fe
ct

 o
n 

ot
he

r	
(4

2)
			




G
ly

 2
29

 a
nd

 T
hr

 2
31

) o
f D

D
X

3 
by

	
m

or
e 

st
ab

ili
ty

	
ca

nc
er

 ty
pe

s n
ee

ds
 fu

rth
er

			



fo

rm
in

g 
st

ab
le

 h
yd

ro
ge

n 
bo

nd
 to

		


re
se

ar
ch

			



in

hi
bi

t i
ts

 A
TP

as
e 

ac
tiv

ity
D

ox
or

ub
ic

in
 sa

lt	
	

57
9.

98
	

Fo
rm

 st
ro

ng
 h

yd
ro

ge
n 

bo
nd

	
Ea

si
ly

 a
va

ila
bl

e	
In

 v
iv

o 
ex

pe
rim

en
ts

 n
ee

d 
to

 b
e	

(7
5)

			



in

te
ra

ct
io

ns
 w

ith
 D

D
X

3;
 re

gu
la

te
		


co

nd
uc

te
d

			



AT

Pa
se

 a
ct

iv
ity

			



in

 a
 d

os
e-

de
pe

nd
en

t m
an

ne
r

R
K

-3
3	

	
42

8.
44

	
B

in
d 

to
 th

e A
TP

-b
in

di
ng

 d
om

ai
n 

of
	

Sp
ec

ifi
ca

lly
 b

in
d 

to
 D

D
X

3;
 	

N
o 

st
ru

ct
ur

al
 a

na
ly

si
s p

er
fo

rm
ed

	
(3

2,
35

) 
			




D
D

X
3 

an
d 

bl
oc

k 
its

 h
el

ic
as

e 
ac

tiv
ity

	
pr

ef
er

en
tia

lly
 c

yt
ot

ox
ic

 to
 	

to
 il

lu
st

ra
te

 th
e 

di
re

ct
 in

te
ra

ct
io

n	
(4

0,
45

) 
				





ca

nc
er

 c
el

ls
; a

ct
 a

s a
 ra

di
o-

	
of

 R
K

-3
3 

w
ith

 D
D

X
3	

(4
6,

79
)

				





se
ns

iti
ze

r; 
hi

gh
ly

 fe
as

ib
le



HE et al:  A DOUBLE-EDGED FUNCTION OF DDX3, AS AN ONCOGENE OR TUMOR suppressor890

unwinding activity of DDX3 helicase (74). NZ51 significantly 
inhibits cell motility and viability of breast cancer cells by 
targeting the ATP binding pocket domain of DDX3 (31). The 
compound NZ51 stays active in normoxic and hypoxic cell 
environments, so NZ51 can kill breast cancer cells regardless 
of cellular oxygenation status. Unfortunately, NZ51 has no 
significant tumor suppression efficiency on tumor-bearing 
mice  (31). This is due to compound degradation of NZ51, 
which leads to lack of effective drug delivery in nude mice.

Ketorolac salt is a newly discovered bioactive compound 
against DDX3, which can be used as a candidate drug to 
treat oral cancer (42). Ketorolac salt interacts with the P-loop 
region (Gly 227, Gly 229 and Thr 231) of DDX3 by forming 
stable hydrogen bonds. It reduces cell viability by inhibiting 
the ATPase activity of DDX3 in a dose-dependent manner in 
OSCC cells. Compared with other chemical inhibitor mole-
cules, ketorolac salt is a type of natural bioactive compound, 
which has few side effects with better biological stability. So 
far, the novel ketorolac salt-derived chemical compounds need 
to be further optimized to efficiently inhibit cancer cells.

A well-known antitumor drug, doxorubicin, has shown 
in vitro anticancer activity on OSCC cells by inhibiting cellular 
DDX3 ATPase activity (75). In addition, doxorubicin can form 
strong hydrogen bonds with DDX3. Although doxorubicin 
is easily available for treating cancer, the in vivo anticancer 
effects are accompanied by cardiotoxicity. A key issue is 
wheather DDX3 ATPase domain is the only drug target of 
doxorubicin in cancer cells.

Another small molecular inhibitor RK-33 has been demon-
strated to bind with the ATP-binding domain of DDX3 to block 
its helicase activity in Ewing sarcoma, breast, colorectal, pros-
tate and lung cancer cells (32,35,40,45,46,79). RK-33 causes 
cell cycle G1 arrest and cell apoptosis in DDX3-overexpressing 
cancer cells. In addition, RK-33 suppresses DDX3 function by 
impairing Wnt signaling and inhibiting the non-homologous 
end joining (NHEJ) activity. RK-33 has a great many advan-
tages as follows. Firstly, RK-33 specifically binds to DDX3, 
rather than the closely related DEAD-box proteins DDX5 and 
DDX17. Secondly, cell sensitivity to RK-33 is correlated with 
DDX3 protein expression levels. Therefore, RK-33 is preferen-
tially cytotoxic to DDX3-overexpressing cancer cells. Thirdly, 
RK-33 has been reported to act as a radiosensitizer, which may 
reduce normal tissue toxicity by decreasing the radiation dose. 
However, no structural analysis exists to support the direct 
interaction of RK-33 with DDX3 to date. However, further 
studies are needed to optimize drug formulation, dose and 
delivery.

Among the inhibitors targeting DDX3, the most widely 
studied anticancer agent is RK-33, which has favorable 
preclinical anticancer activity. Women harboring breast cancer 
1 (BRCA1) gene mutation are at high risk of suffering from 
breast cancer, due to a deficiency in homologous recombina-
tion to deal with DNA damage (76). This leads cancer cells to 
a greater dependency on the remaining repair pathways to deal 
with DNA damage. So BRCA1 mutation carriers are particularly 
sensitive to poly(ADP-ribose) polymerase (PARP) inhibitors, 
which inhibit the base excision repair (BER), a single-strand 
break repair pathway for DNA damage (32,77). However, cell 
resistance against PARP inhibitors is widespread (32). RK-33 
has been demonstrated to impair radiation-induced DNA 

damage repair by inhibiting NHEJ, a predominant mechanism 
for double-strand break repair (35,78). Therefore, the combina-
tion treatment using RK-33 and PARP inhibitors has potential 
synergistic anticancer action and induces synthetic lethality in 
BRCA1 pro- and deficient cells (32). However, further human 
clinical trials are needed to evaluate the safety and efficacy of 
this combined treatment.

In contrast, DDX3 inhibitor RK-33 has been tried to be 
modify into a novel nanoparticle reagent for cancer. The poly 
(lactic‑co-glycolic acid) (PLGA) encapsulated RK-33 nanopar-
ticles are suitable for intravenous injection (79), which is a 
systemic delivery and controlled-release drug delivery (80). 
PLGA nanoparticles loading with RK-33 may facilitate to 
overcome chemical hydrophobicity of RK-33. RK-33-PLGA 
nanoparticles exhibit cytotoxicity to human breast carcinoma 
MCF-7 cells in vitro, and a systemic retention of RK-33 is 
markedly improved in mice (79).

Reports on chemical molecules designed to increase DDX3 
expression to exert tumor suppression activity are still rare. 
Some p53 protein-stabilizing drugs including nutlin and bort-
ezomib may benefit recovery of DDX3 expression to improve 
the clinical outcome of cancer patients (34).

6. Future perspectives

DDX3 has been confirmed to regulate the occurrence and 
development of cancers and viral infection. DDX3 is one of 
the inflammatory markers, which is correlated with tumori-
genesis. Multiple factors interplay with DDX3 to confer its 
versatile functions.

Studies have shown that the intracellular mRNA and 
protein expression of DDX3 are inconsistent in some cancer 
cells. These findings suggest that post-translational modifica-
tion may be quite important in DDX3 activity. Up to now, 
few studies have directly addressed the relationship between 
DDX3 modification and cancer progress. So it deserves great 
research attention in the future.

DDX3 shows its multiple enzyme activity including ATPase 
and RNA helicase. We should distinguish which activity or 
which functional domain is required for DDX3 functions to 
regulate cancer. Inducing mutation at the target enzyme site 
by CRISPR-Cas9 and constructing a truncated DDX3 protein 
may help us achieve this goal.

DDX3 is involved in multiple tumor-related signaling path-
ways. Recently, a combination treatment of DDX3 and PARP 
inhibitors induced cooperative effects in breast cancer. This 
is an indication that multi-target therapy based on DDX3 may 
achieve greater efficacy.

Several compounds have been developed to potentially 
decrease DDX3 activity to inhibit tumor growth. However, 
these compounds have their shortcomings. Nowadays, 
ligand‑receptor interaction can be simulated with computer 
modeling and theoretical calculation methods. Moreover, 3D 
structures of DDX3 can provide useful information for learning 
its molecular function mechanism and designing drugs. The 
novel small molecule inhibitors targeting DDX3 can be devel-
oped and optimized according to the previous compounds. 
Nevertheless, the successful development of biomedical tech-
nologies could ultimately translate our understanding of DDX3 
functions in cancer into strategies for the inhibition of cancer.
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