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Abstract  

DDX3 (DEAD-box RNA helicase 3) is a multifunctional protein that has ATPase and RNA helicase activity. DDX3 plays a major role in RNA 
metabolism and several other several indispensable cellular processes. Over the past several decades, many studies demonstrated the role of 
DDX3 in the progression of several diseases including viral infection, and cancer. DDX3’s role in cancer is contradictory and ambiguous. DDX3 
enhances viral replication by increasing the export of viral RNA from nucleus to cytoplasm and viral RNA translation. Oncogenic DDX3 is highly 
expressed in many cancers. Because of its oncogenic, anti-apoptotic and virus replicative potential, DDX3 has emerged as a promising target for 
the development of anticancer and anti-viral agents. A plethora of small molecular inhibitors for DDX3 have been discovered and RK-33 is the 
most investigated DDX3 inhibitor against cancer. This article discusses the complex relationships between DDX3 and its oncogenic signaling 
mechanisms, as well as the possibility of targeting DDX3 for the treatment of cancer and viral infection.
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Introduction

DEAD-box RNA helicase 3 (DDX3), a highly conserved family 
member of DEAD-box proteins plays a crucial role in numerous 
aspects of energy-dependent RNA metabolism including RNA 
splicing, RNA export, transcription and translation initiation in all 
eukaryotes [1,2]. DDX3 is a multifunctional protein involved in a 
variety of physiological functions, including stress response, cell 
death, cell cycle control, and virus infection. Dysregulation of DDX3 
has been linked to diverse disease entities including cancer and 
viral infection [1,2]. The role of DDX3 in cancer progression and 
viral replication has recently ignited a fervent exploration on its 
potential anti-cancer and anti-viral properties. Hundreds of small 
molecules have been developed to target the ATPase and helicase 
activity of DDX3 proteins. In this mini review, we summarize 
and discuss the roles of DDX3 in cancer and viral infection, and 
we discuss the potential antiviral and anticancer effects of drugs 

targeting DDX3.

 
The Role of DDX3 in Viral Infection

DDX3 is involved in the nucleocytoplasmic export of viral 
RNA (vRNA) as well as vRNA translation in the cytoplasm 
during viral infections, promoting viral replication [3-5]. There 
is overwhelming evidence to indicate that the DDX3 helicase is 
involved in the replication of numerous viruses including HCV, 
Dengue virus, HIV, hepatitis B virus (HBV) and several others [3-
6]. DDX3, on the other hand, participates in the antiviral innate 
immune signaling system via type I IFN induction mediated by 
TBK1/IKK. In turn, the viruses try to outsmart the host’s defensive 
system by targeting DDX3 [7]. DDX3 detects abortive HIV-1 RNA 
transcripts in dendritic cells and triggers type I interferon immune 
responses via the mitochondrial antiviral signaling protein [8]. As 
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a result of its critical role in modulating innate immunity and viral 
replication, it was quickly exploited as an antiviral target. 

The Role of DDX3 in Cancer 

DDX3’s role in cancer is contradictory and ambiguous. DDX3 
demonstrates both oncogenic and tumor suppressor properties 
depending on cytoplasmic expression levels and its involvement 
in signaling pathways that involve the proliferation of different 
cancers. It has been reported that DDX3 expression was localized 
to the cytoplasm in various cancers including skin and liver cancer, 
however, nuclear localization was found in paired normal skin and 
liver tissue [1,2,9,10]. Accumulating studies have demonstrated 
the oncogenic function of DDX3 in the development of a variety 
of cancers [1,2]. One of the most important oncogenic functions of 
DDX3 is its involvement in the Wnt/β-catenin signaling pathway, a 
signal transduction cascade involved in developmental processes 
and various cancers [11-13]. A growing body of evidence suggests 
that breast cancer, glioblastoma, medulloblastoma, prostate, 
head and neck, and liver cancer have all been associated to a 
dysregulated or mutated Wnt/β-catenin signaling pathway that 
promotes cancer cell proliferation and growth [13,14]. When 

Wnt/β-catenin signaling is activated, β-catenin is localized in 
the nucleus, and many target genes involved in cell proliferation, 
cell adhesion, cell invasion, metastasis, and angiogenesis, such as 
Snail1, MMP7, PAI1, RAS, and Fibronectin, are dysregulated. It has 
been reported that mutation in DDX3 activates β-catenin signaling 
pathways in medulloblastoma by binding to the TCF/LEF promotor 
[13]. DDX3 also enhances cell proliferation, adhesion, motility 
and metastasis through Rac1- β-catenin signaling pathways 
[11]. In addition, DDX3 enhances KRAS-mediated β-catenin/
ZEB1 signaling to promote KRAS-mediated tumor invasion [15]. 
DDX3 promotes the epithelial-mesenchymal-like transformation 
(EMT) process in various cancers through several mechanisms. 
The mechanism includes 1. Activation of β-catenin signaling 
pathways 2. HIF-1α-transcriptionally increases the expression 
of DDX3, which decreases E-cadherin levels either directly or 
increasing Snail expression. 3. DDX3 increases cell aggressiveness 
via a DDX3/KRAS/ROS/HIF-1α/DDX3 cascade feedback loop or 
the KRAS/HIF-1α/YAP1/SIX2 cascade (Figure 1) [10-12,16-18]. 
Figure 1 depicts the DDX3 mediate oncogenic signaling pathways. 
These findings collectively demonstrate that DDX3 performs an 
oncogenic role in cancer cells, enhancing the EMT process. 

Figure 1: DDX3-mediated oncogenic signaling pathways.

DDX3 was discovered to be involved in apoptosis evasion, a key 
hallmark of cancer cells. Li et al found that the tumor cell resistance 
to apoptosis against TRA-8, an anti-TRAILR2 antibody was due to 
blockade of TRAIL-R2 (a novel apoptosis-mediating receptor for 
TRAIL) by DDX3 [19]. DDX3 suppresses apoptosis by reducing 
caspase 3 activation in cells expressing mutant or non-functional 
p53 [20]. DDX3 inhibits apoptosis by forming a death antagonizing 

signaling complex with GSK3 and cIAP-1 at each of the four 
major death receptors (Fas, TNF-R1, TRAIL-R1, and TRAIL-R2) 
[21]. Inhibition of DDX3 caused G1 cell cycle arrest and induced 
apoptosis suggesting its oncogenic role in cancer progression 
[22,23]. However, the role of DDX3 remains controversial, as few 
studies suggested that loss of DDX3 promotes tumor growth and 
proliferation. DDX3 exerts its tumor suppressive roles on the 

http://dx.doi.org/10.19080/OMCIJ.2022.11.555822


Organic and Medicinal Chemistry International Journal 

How to cite this article:  DDX3 Inhibitors: A Review of their Potential as an Anticancer and Antiviral Agents. Organic & Medicinal Chem IJ. 2022; 11(5): 
555822. DOI: 10.19080/OMCIJ.2022.11.555822

003

cell cycle and apoptosis by p53-DDX3 mediated transcriptional 
activation of p21 [9]. Furthermore, DDX3 functions as a tumor 
suppressor by increasing the tumor suppressor E-cadherin and 
impeding the EMT progression through sp1-MDM2 mediated 
suppression of Slug, which negatively regulates the expression 
of E-cadherin [24,25]. Given its diametrically opposed functions, 
more research is needed to figure out what the mechanisms are 
behind DDX3’s dual role in cancer biogenesis.

DDX3 Inhibitors as Potential Antiviral and Anticancer 
Drugs 

Because of its oncogenic function in cancer proliferation, 
invasion, and metastasis, DDX3 could be a promising target for 
cancer treatment. Hundreds of small compounds targeting the 
ATPase/helicase of the DDX3 helicase have been developed over 
the last two decades. FE-15 was the first small molecule developed 
to suppress the HIV-1 replication by inhibiting the ATPase activity 
of human DDX3. Even though these small compounds have been 
shown to reduce viral replication and cancer cell growth by 
inhibiting DDX3, they have low activity and selectivity for DDX3 
[26,27]. Yedavalli et al developed a series of ring expanded 
nucleoside (REN) analogues that demonstrated to inhibit human 
immunodeficiency virus type 1 (HIV-1) replication via inhibiting 
RNA-Helicase activity of DDX3 [28]. Subsequently, second-
generation inhibitors of the cellular ATPase DDX3 including FE87, 
FE98, FE109, triazine, and pyrazolo-analogs were developed with 
improved anti-viral activity [27]. Notably, Radi et al. discovered a 
series of diarylurea analogs utilizing homology model of hDDX3 
crystalized with AMP that block the helicase activity of DDX3 
and hence the replication of HIV-1 [29]. Using this homology 
model, a series of diarylurea derivatives were docked within 
the hDDX3 pre-RNA binding pocket and found that NH groups 
of urea functionality of the molecules acted as a hydrogen bond 
donor for the backbone carbonyl oxygen of Pro274 and Gln360 
[29]. Brai and coworkers developed a series of triazole containing 
diarylurea derivatives that inhibits broad range of viral replication 
in infected cells. Interestingly, the lead compound had complete 
effectiveness against drug-resistant HIV-1 strains while causing 
less cellular damage, implying that DDX3 inhibitors could be a 
promising antiviral treatment for treating individuals with drug-
resistant viruses [30]. Following that, the same research group 
developed diarylurea-containing trazole compounds, with BA-103 
being the most active with an IC50 of 0.4 micromolar, targeting 
DDX3X helicase activity [31,32]. FHP01 (BA103) also suppresses 
the growth of various breast and glioblastoma cells and in vivo 
breast cancer and glioblastoma xenograft and orthotopic models 
via inhibiting DDX3- β-catenin signaling pathways [31,32]. 

Although REN analogs were investigated for their antiviral 
properties, NZ51, the most active of the REN analogs and one of 

the first molecules tested against cancer, did not cause DDX3 to 
degrade, but it did significantly reduce its functionality, inhibiting 
breast cancer cell motility and viability. However, this compound 
had no effect on primary tumor growth in mouse model suggesting 
a lack of effective drug delivery in the animals [33]. Following 
that, REN analogues were chemically altered, and a series of 
compounds were synthesized, with RK-33 being the most active 
and well-studied DDX3 helicase activity inhibitor against various 
cancers and viruses. In vitro and in vivo studies have shown 
that RK-33 inhibits the growth of many cancers including Ewing 
sarcoma, breast cancer, medulloblastoma, colorectal, prostate, 
and lung cancer [22,23,34-38]. RK-33 inhibition of DDX3 inhibited 
the cell cycle in the G1 phase and caused apoptosis in cancer cells. 
Inhibition of DDX3 functions by RK-33 disrupt the DDX3-β-catenin 
complex and modulates various β-catenin target genes involved in 
cell differentiation, cell proliferation, apoptosis, inhibiting tumor 
growth [22,23]. RK-33 shows significant in vivo radiosensitizing 
effect against various cancers including lung, human xenograft 
model of prostate and breast cancer by inhibiting double 
strand break repair (non-homologous end joining) pathways 
and mitochondrial translation [22,34,38]. RK-33 increases the 
susceptibility of BRCA1-positive breast cancer cells to PARP 
inhibitors [35]. The mechanism of anticancer effects of RK33 is 
represented in Figure 2. RK-33 had no adverse effects on mice, 
indicating that more preclinical study is needed to enhance drug 
formulation, dose, and delivery. In effort to improve its delivery and 
to overcome chemical hydrophobicity of RK-33, the poly (lactic-
co-glycolic acid) (PLGA) encapsulated RK-33 nanoparticles were 
developed with potent cytotoxicity to human breast carcinoma 
MCF-7 cells in vitro [39]. Despite its anti-cancer effects, RK-33 
inhibits various viral replication including Dengue, West Nile, 
Zika, Respiratory Syncytial, human Parainfluenza Type-3, HIV and 
SARS-CoV-2 viral infections via targeting DDX3 [6,40]. However, 
further clinical trials in human are needed to evaluate the safety 
and efficacy of RK-33 against various cancers and viruses. 

Ketorolac salt, a newly discovered bioactive compound 
against the ATPase activity of DDX3 has been demonstrated to 
inhibit the growth of oral squamous cell carcinoma (OSCC) cell 
lines by increasing tumor suppressor E-cadherin. Ketorolac 
salt also reduces tongue lesions in in-vivo mice models of oral 
cancer [41]. Since Ketorolac salt is less studied in the cancer field, 
further in vivo evaluation of this bioactive compound is needed. 
Doxorubicin, an FDA approved antitumor drug, has inhibited the 
growth of OSCC cells by reducing cellular DDX3 ATPase activity 
[42]. However, doxorubicin caused cardiotoxicity, which was a 
primary cause of death. Thus, although the advent of potential 
small molecule inhibitors of DDX3 have proven to be successful, 
there are still many potential analogs or small molecules yet to be 
discovered in the field of cancer treatment.
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Figure 2: RK-33 inhibits DDX3 to prevent oncogenic mechanisms and viral replication.

Conclusion

DDX3 plays a crucial role in various physiological functions 
including RNA metabolism and stress responses. Dysregulation 
of DDX3 results in the development of cancer and viral infection. 
The crystal structure of human DDX3 will help in the development 
of novel DDX3 inhibitors, as well as the understanding of DDX3’s 
molecular mechanism in cancer. Several small molecule inhibitors 
that target ATPase and helicase activity of DDX3 have showed 
promising therapeutic effects in several cancer cell lines and 
animal tumor models. Currently, the most studied DDX3 inhibitor 
RK-33  is expected to arrive in upcoming clinical trials. Notably, 
further research and evaluation of some unexplored DDX3 
inhibitors such as Ketorolac salts are warranted in preclinical 
models of aggressive cancer types. 
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