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The basis of anti-cancer drug development lies in identification of factors that are essential 
for survival of cancer cells, but are compensated, redundant or absent in normal healthy 
tissues. A common approach is to begin with identifying mutations that drive oncogenesis 
in cancer cells. Subsequently, one would try to develop inhibitors to these oncogenes, which 
cause cancer specific cell death. Albeit logical and specific, this approach has at least two 
major hurdles that need to be overcome. The first issue is that few driver mutations are 
actually targetable. In addition, recent large-scale sequencing studies have shown that there 
are only a few common driver mutations shared among many cancers1. Instead cancers are 
mostly driven by their own unique set of low-frequency genetic alterations, limiting the 
use of potential oncogene inhibitors to a small group of patients. An alternative approach 
to therapeutic target identification is not to look for those factors that initially drive 
oncogenesis, but for the vulnerabilities that arise as a result of the high demands the 
oncogenic phenotype asserts on cells. Cancer cells become addicted to certain cellular 
pathways for execution of oncogenic functions and simultaneous maintenance of sufficient 
cellular homeostasis for survival2. Since these so-called “non-oncogene addiction” pathways 
are often shared among different tumors, they could provide interesting and more widely 
applicable targets for development of therapeutics3. 

Dead box RNA helicases
Recent studies found that protein expression is predominantly controlled at the mRNA 
translation level4-6 and RNA chaperones, like DEAD box RNA helicases, therefore have a 
large influence on the protein expression profiles observed in different cells. These so-called 
DDX proteins belong to superfamily 2, the largest group of eukaryotic RNA helicases. They 
are characterized by 12 conserved motifs involved in RNA and ATP binding7, with one of 
them containing the DEAD amino acid sequence (Asp-Glu-Ala-Asp)8, from which they 
derive their name (Figure 1). This enzymatic core domain facilitates ATPase dependent 
helicase activity, allowing DDX proteins to unwind and restructure RNA molecules with a 
complex secondary structure and to dissociate RNA from bound proteins9. 

Figure 1. Schematic representation of the conserved structural domains of human DDX3. 
Boxes represent the conserved ATP-binding, RNA-binding and linking domains that together form the enzymatic 
helicase core, which is flanked by variable N- and C-terminal domains that are responsible for interactions with other 
proteins7.

N CQ I Ia Ib Ic II III IV IVa V Va VI

Helicase core

RecA-like domain 1

DEAD

RecA-like domain 2

DDX3 (662 AA)

RNA-binding Coordination between RNA- and ATP-binding domainsATP-binding



General Introduction

11

1The flanking N- and C-terminal domains are specific to each DDX protein and determine 
interactions with other protein or RNA molecules and subcellular localization10. Through 
their RNA helicase activity, they play a role in virtually all steps of both endogenous and 
viral RNA metabolism, such as transcription, ribosome biogenesis, nuclear export of 
mRNA, splicing, translation initiation and RNA decay via regulation of small non-coding 
RNAs11, 12.  DEAD box RNA helicases are conserved from human to yeast and have essential 
cellular functions, as knockout of these helicases is often embryonically lethal12.

DDX3, a tumor promoting DEAD box protein 
DDX3, also known as DDX3X, is one of the most studied DEAD box RNA helicase family 
members. The DDX3X gene lies on the X-chromosome in a pseudo-autosomal region and 
is one of the rare genes that is not hypermethylated on the inactivated X-chromosome in 
females13. A DDX3X homologue is present on the Y-chromosome (DDX3Y), but its 
expression is tightly regulated and restricted to the testis14. Although, DDX3Y expression 
is different from DDX3X15, there may be overlap in functionality, as partial rescue of a 
DDX3X mutation is possible by DDX3Y16. In the remainder of this thesis, we will refer only 
to DDX3X with DDX3. The majority of DDX3 in the cell is expressed in the cytoplasm, but 
nuclear expression is occasionally observed as well. Like its RNA helicase family members, 
DDX3 is a multifunctional and evolutionary conserved protein: deletion of Ded1 (the DDX3 
homologue in the yeast Saccharomyces cerevisiae) can be rescued with human DDX317. 
Some of DDX3s functionality is clearly related to its RNA processing capacity, like its role 
in nuclear mRNA export18, 19, splicing20, 21, RNA interference22, 23, ribosomal assembly and 
translation initiation of mRNAs with a complex 5’UTR19, 24, 25. 
DDX3 was first identified by our group as one of the proteins that was upregulated in breast 
cancer cells after exposure to benzo(a)pyrene diolepoxide (BPDE), a carcinogen found in 
cigarette smoke26. Recent functional studies have demonstrated that DDX3 plays an 
oncogenic role in the development of breast26 and several other types of cancer27-29.  DDX3 
was found to have anti-apoptotic properties 30-32 and to facilitate migration26, 33  and invasion 
of cancer cells34, 35. Several studies have linked DDX3 to cell cycle progression36, 37 and DDX3 
inhibition has been reported to result in a G1-arrest27.  In addition, DDX3 was found to be 
a multilevel activator of the Wnt-signaling pathway27, 35, 38. Interestingly, the mechanism by 
which DDX3 regulates these processes is not limited to mRNA translational control. DDX3, 
like other DEAD box RNA helicases, was found to function in a plethora of cellular 
pathways39 and for instance directly regulates the kinase activity of CK1ε38. The tumor-
promoting role of DDX3 was corroborated by studies on DDX3 expression in lung cancer 
patient samples27. DDX3 is also an important factor in cellular innate immunity and viral 
mRNA processing. However, these topics are beyond the scope of this thesis, which will 
focus on the role of DDX3 in cancer biology.
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Development of the DDX3 inhibitor RK-33
To target DDX3 for cancer treatment, a small molecule inhibitor, RK-33, was designed 
using the X-ray crystallographic structure of the core domains of DDX340. RK-33 is the 
lead compound of a series of tricyclic 5:7:5-fused diimidazo[4,5-d:4’,5’-f][1, 3]diazepine 
analogues that fit the ATP-binding cleft of DDX3 and thereby inactivate it41-43. DDX3 has 
a unique insert of 10 amino-acids in its helicase core that distinguishes it from all other 
RNA helicase family members40. With biotin pull-down experiments, we showed that RK-
33 selectively binds DDX3 and not its close relatives DDX5 and DDX1727. In addition 
RK-33 potently inhibits the RNA helicase activity of the DDX3 yeast homologue Ded127.  
Efficacy of RK-33 has been shown in several pre-clinical models of human cancer. RK-33 
showed potent radiosensitizing properties in mouse models of lung27 and prostate cancer29. 
Furthermore, RK-33 was found to have single-agent activity against Ewing sarcoma human 
xenografts with high DDX3 expression28. Toxicity studies in mice did not show toxic effects 
on normal tissues27. While RK-33 treatment was shown to inhibit DNA repair after 
radiation27, 29, exactly how its effect on DDX3 inhibition is linked to DNA repair remained 
unknown. As such, better understanding of the working mechanism behind DDX3 
inhibitors in cancer was required.

Thesis outline: identifying motives, targets and partners in crime of DDX3 in cancer
In this thesis, we evaluate DDX3 as a target in cancer by, as the title implies, a three-step 
approach. The first part of this thesis focuses on the motives that cancer cells have to 
upregulate DDX3 and why inhibiting DDX3 is a feasible anti-cancer strategy. In chapter 2, 
we evaluate the effect of DDX3 inhibition with RK-33 on the metabolic profile of breast 
cancer cells. Chapter 3 shows the effect of DDX3 inhibition on cell cycle progression, by 
using both a single cell tracking and phosphoproteomics approach. The second part of this 
thesis focuses on the selection of cancers that can be targeted by DDX3 inhibitors. In 
chapter 4, we show that DDX3 inhibition reduces constitutively activated Wnt-signaling 
in colorectal cancers. In chapter 5, we observe that while most DDX3 expression is 
cytoplasmic, some cancers express DDX3 in the nucleus, and we evaluate the significance 
of this expression pattern. In chapter 6 we look at DDX3 expression in distant breast cancer 
metastasis. Chapter 7 evaluates the different roles of DDX3 in smoking and non-smoking 
patients with head and neck squamous cell carcinomas. The third and last part of this thesis 
is named partners in crime. In chapter 8 we look at the effect of combination therapy with 
poly ADP-ribose polymerase (PARP) and DDX3 inhibitors in both BRCA1 pro- and 
deficient breast cancers. In chapter 9 we put DDX3 inhibition with RK-33 in a broader 
perspective by reviewing the role of different DEAD box RNA helicases in oncogenic mRNA 
translation. 
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ABSTRACT

DDX3 is a DEAD box RNA helicase with oncogenic properties. RK-33 is developed as a 
small molecule inhibitor of DDX3 and showed potent radiosensitizing activity in preclinical 
tumor models. This study aimed to assess DDX3 as a target in breast cancer and to elucidate 
how RK-33 exerts its anti-neoplastic effects. High DDX3 expression was present in 35% of 
breast cancer patient samples and correlated with markers of aggressiveness and shorter 
survival. With a quantitative proteomics approach, we identified proteins involved in the 
mitochondrial translation and respiratory electron transport pathways to be significantly 
downregulated after RK-33 or DDX3 knockdown. DDX3 localized to the mitochondria 
and DDX3 inhibition with RK-33 reduced mitochondrial translation. As a consequence, 
oxygen consumption rates and intracellular ATP concentrations decreased and reactive 
oxygen species (ROS) increased. RK-33 antagonized the increase in oxygen consumption 
and ATP production observed after exposure to ionizing radiation and reduced DNA repair. 
Overall, we conclude that DDX3 inhibition with RK-33 causes radiosensitization in breast 
cancer through inhibition of mitochondrial translation, which results in reduced oxidative 
phosphorylation capacity and increased ROS levels, culminating in a bioenergetic 
catastrophe.
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INTRODUCTION

DEAD box RNA helicases are a family of proteins with ATPase-dependent helicase activity, 
which allows for the restructuring of complex RNA structures and unwinding of double-
stranded RNA1. DDX3, also known as DDX3X, is an RNA helicase that has been associated 
with several cytosolic steps of mRNA processing2. Recent functional studies have 
demonstrated that DDX3 plays an oncogenic role in the development of breast3 and several 
other types of cancer4-7. DDX3 was found to have anti-apoptotic properties8, 9 and to play 
a role in cell cycle progression4, 5, migration3, 10 and invasion11, 12. However, the oncogenic 
role of DDX3 in breast cancer remains to be validated in patient samples.
To target DDX3 for cancer treatment, a small molecule inhibitor, RK-33, was recently 
developed13. RK-33 is designed to fit into the ATP-binding pocket of DDX3 and thereby 
inactivate it. It was shown to selectively bind DDX3 over other DEAD box RNA helicases 
and to potently inhibit RNA helicase activity4. Furthermore, RK-33 was found to have 
selective anti-cancer activity in mouse models, both as a monotherapy6 and as a 
radiosensitizer4, 7. However, the exact working mechanisms behind the action of RK-33 in 
cancer remain to be elucidated.
Using a quantitative proteomics approach, we here identified mitochondrial translation as 
a potential target of RK-33. Mitochondria have their own ribosomal machinery, responsible 
for translating the thirteen genes that are located on the mitochondrial genome, which all 
play a role in facilitating oxidative phosphorylation (OXPHOS). Increasing evidence 
indicates that cancer cells are dependent on upregulation of OXPHOS when encountering 
cellular stressors, like chemotherapy14, 15, or during metastasis16. Irradiated cells also increase 
oxygen consumption and mitochondrial ATP production17 allowing for more efficient 
repair of radiation induced DNA damage18. Since we have previously shown that RK-33 
has radiosensitizing abilities, we hypothesized that this might be due to RK-33 inhibiting 
mitochondrial translation and thereby limiting the cellular capacity to upregulate OXPHOS. 
In this work, we evaluate DDX3 as a target in breast cancer and investigated the effect of 
DDX3 inhibition on the bioenergetic profile of breast cancer cells. We show that RK-33 
radiosensitizes breast cancer cells through inhibition of mitochondrial translation, resulting 
in reduced OXPHOS and increased production of reactive oxygen species (ROS).

MATERIAL AND METHODS

Patient samples
Tissue microarrays (TMAs) with 540 breast cancers archived in the UMC Utrecht between 
1993 and 2009 were used19.  The patient group consisted out of 422 consecutive breast 
cancer patients, supplemented with a collection of 95 invasive lobular carcinomas and 23 
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distant metastases. Cases were subclassified in molecular subtypes as was described 
before20,21.  We used anonymous archival leftover pathology material. Therefore, no ethical 
approval or informed consent is required according to Dutch legislation22 as use of letover 
material is part of the standard agreement with patients in our hospital. The UMC Utrecht 
Medical Research Ethics Committee confirmed that official approval of this study is not 
required by law (reference number WAG/mb/16/021628). 

Immunohistochemistry
Immunohistochemical staining for DDX3 has been described in detail previously23. Briefly, 
sections were labeled for 1 hour with anti-DDX3 (1:1000, pAb r647)24. Cases with absent 
to moderate DDX3 expression were classified as having low DDX3 expression and evaluated 
against cases with high expression, as before5. 

Statistics
Discrete variables were compared by χ2 or Fisher’s exact test. Student’s t-test and Mann 
Whitney U-tests were calculated for normal and non-normal distributed variables respectively. 
Survival was compared by Kaplan-Meier curves and Breslow tests. Multivariate analysis was 
performed by Cox regression. Effect modifiers were identified by including multiplicative 
interaction terms into the model. Statistical analyses were performed with SPSS 20.0 (IBM 
Inc, Armonk, NY, USA) or R version 3.2.0 regarding p-values smaller than 0.05 as significant.

Cell culture
MCF10A, MCF7, MDA-MB-231 and MDA-MB-435 cells were originally purchased from 
the American Type Culture Collection (ATCC, Manassas, VA, USA) and regularly STR-
profiled and mycoplasma tested. DDX3 knockdown in MDA-MB-435 cells was achieved 
by lentiviral transduction with an shDDX3 construct or empty vector control, as before3. 

Cell viability assays
For cell viability assays 1 x 103 - 3 x 103 cells were plated per well in a 96-well plate and 
allowed to attach overnight. The number of viable cells was estimated after 72 hours of drug 
exposure with an MTS assay (CellTiter 96 Aqueous One Solution, Promega, Madison, WI, 
USA). RK-33 cytotoxicity was assessed in the presence of: 5.5 mM glucose or sodium 
pyruvate, 15-20 mM n-acetyl-L-cysteine (Sigma-Aldrich, St Louis, MO, USA), 25 μM 
chloroquine (Sigma-Aldrich). 
A non-mitochondrial based cell viability assay was performed by exposing cells for 48 hours 
to RK-33 and subsequently labeling the cells with 1.875 μg/mL Calcein AM, and 5 μM 
Ethidium homodimer. Fluorescence was measured using a Cellomics Arrayscan VTI HCS 
Reader (Thermo Fisher Scientific, MA, USA). Calcein AM positive Ethidium homodimer 
negative cells were considered viable.
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Immunoblotting
Whole cellular protein extracts were lysed in SDS-extraction buffer. Mitochondrial and 
cytoplasmic extracts were prepared using a mitochondria isolation kit (ThermoFisher 
Scientific, Waltham, MA, USA) and Dounce homogenizer. The following primary antibodies 
were used: DDX3 (1:1000, mAb AO19624), β-actin (1:10000, A5441, Sigma-Aldrich), 
OXPHOS complexes (1:1000, ab110411, Abcam, Cambridge UK), COX IV (1:5000, #4850, 
Cell Signaling Technology, Danvers, MA, USA), PARP (1:1000, #9542, Cell Signaling 
Technology), Caspase 3 (1:500, #9665, Cell Signaling Technology), and LC3 (1:1000, #1775S, 
Cell Signaling Technology). 

Proteomics 
MDA-MB-435 cells were exposed for 24 hours to 4.5 μM RK-33 or were harvested 72 hours 
after shDDX3 transduction in extraction buffer. Proteins were harvested in extraction buffer 
containing 1% SDS, 1 mM EDTA, 1 mM sodium orthovanadate, 1 mM sodium 
pyrophosphate, 1 mM β-glycerophosphate, 1 mM sodium fluoride and proteinase inhibitor 
cocktail. 50 μg of protein was digested with trypsin. Peptides were labeled with TMT10plex 
isobaric mass tags (ThermoFisher Scientific), fractionated with basic reverse phase 
chromatography and analyzed on a Thermo Scientific Q Exactive Plus mass spectrometer 
interfaced with an Easy-nLC 1000 (Thermo Fisher Scientific).

Bioinformatics
Peptides were identified form isotopically resolved masses in precursor (MS) and 
fragmentation (MS/MS) spectra extracted using 3 nodes (without deconvolution and with 
deconvolution by Xtract or MS2 Processor) in Proteome Discoverer (PD) software (v1.4, 
Thermo-Fisher Scientific, San Jose, CA. USA) and searched with Mascot 5.2.1 (Matrix 
Sciences, Boston, MA, USA) against the RefSeq2015 database. Search criteria included 
sample’s species; trypsin as the enzyme, allowing one missed cleavage; cysteine 
carbamidomethylation and TMT 10-plex labeling of N-termini as fixed modifications; 
methionine oxidation, asparagine and glutamine deamidation, and TMT 10-plex labeling 
of lysine and tyrosine as variable modifications. Only spectra with a false discovery rate 
smaller than 1% and mass isolation interference smaller than 30%, in which all reporter 
ions were detected, were included for downstream analyses. Individual protein relative 
abundances were calculated by (1) log2-transformation of the reporter ion intensities, (2) 
subtracting the spectrum medians of the log2 transformed reporter ion intensities (median-
polishing), and (3) summarizing all reporter ion intensities that belong to the same protein 
by their median value. In a final step (4), the channel medians across all proteins were 
subtracted to correct for potential loading differences, as described previously (1). Only 
proteins quantified by reporter ion spectra from more than one peptide were included for 
statistical downstream analyses. Protein abundances were compared between three RK-33 
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treated vs DMSO treated samples, and between two shDDX3 and control samples. 
Moderated t-test statistics and multiple comparison corrected q-values were calculated25,26. 
Proteins with a q < 0.05 and a fold change larger than 1.15 were considered significantly 
altered. Overlap between the set of proteins changed after RK-33 and shDDX3 was assessed 
by calculating a representation factor and p-value based on an exact hypergeometric 
distribution (http://nemates.org/). Gene set expression analysis was performed by searching 
the Reactome database using the Enrichr web tool (http://amp.pharm.mssm.edu/Enrichr/)27. 
Protein interactions within the group of significantly altered proteins were surveyed by 
searching the STRING database (http://string-db.org/)28 version 9.1, using a confidence 
level of 0.9. 

Immunofluorescence
For mitochondrial colocalization experiments, cells were labeled with 100 nM Mitotracker 
red (CMXRos #9082, Cell Signaling Technology) and fixed in methanol. For DNA damage 
experiments, cells were treated with RK-33 two hours before exposure to 2 Gy ionizing 
radiation (CIDX, XStrahl, Camberley, United Kingdom), followed by fixation in formalin 
and permeabilization with 0.2% Triton-X. The following primary antibodies were used: 
DDX3 (1:50; AO19624), γH2AX (1:1600, DAM1782241, EMD Millipore, Billirica, MA, 
USA). Anti-mouse Alexa488 (1:200; 1 hour, Life Technologies, Carlsbad, CA, USA) was 
used as a secondary antibody. Photographs were taken with Nikon Eclipse 80i fluorescence 
microscope for the DNA damage experiments and with an Olympus FV10MP-LACDS/
BX61W1 multiphoton microscope for colocalization analysis (Olympus, Center Valley, PA, 
USA).

Mitochondrial translation assay
Pulse labeling was performed as described by Leary, et al.29. Briefly, 4 x 105 cells were plated 
in 60 mm dishes and allowed to attach overnight. After 2 hour exposure to RK-33, cells 
were pulse labeled for 60 minutes with [S35]-methionine (150 μCi/ml, Easytag, PerkinElmer, 
Waltham, MA, USA) and 100 μg/ml Emetine. Cells were chased for 10 minutes and 
subsequently harvested. 50 μg whole cellular protein extract was run over a 15-20% gradient 
SDS-PAGE gel. After fixation and Coomassie blue staining the gel was dried and imaged 
by autoradiography. 

Measurements of oxygen consumption
Real time oxygen consumption (OCR) and extracellular acidification (ECAR) rates were 
measured using a Seahorse XF96 Extracellular Flux Analyzer (Agilent Technologies, Santa 
Clara, CA, USA). If applicable, cells were irradiated three hours after the onset of RK-33 
treatment (CIDX, XStrahl). Complex inhibitors were used in the following final 
concentrations in Seahorse media: oligomycin (1 μM), FCCP (0.35 μM), antimycin (4 μM) 
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and rotenone (4 μM). Respiratory measurements were normalized by cell numbers as 
estimated by a DNA assay. For this the wells were lysed in TE lysis buffer containing 0.2% 
Triton-X and proteinase K for 10 minutes on ice and stained with PicoGreen (ThermoFisher 
scientific; 1:200). Fluorescent intensity was measured using a Victor3V plate reader 
(PerkinElmer). The range of fold changes and highest p-value as calculated by student’s 
t-test is reported in the text. 
Alternatively, oxygen consumption rates were measured in 10*106 MCF7 cells by a Clark 
electrode (Oxygraph, Hansatech Instruments, Norfolk, UK) after 12 hours exposure to 
RK-33. Cells were trypsinized and counted. Directly prior to measurements the cells were 
centrifuged at 500 g for 5 minutes at room temperature and resuspended in 1 ml growth 
media.

ATP quantification
7.5-17.5 x 104 cells were plated in a 12 well plate and allowed to attach overnight. Cells were 
treated with RK-33 and three hours later with ionizing radiation (CIDX, XStrahl) if 
applicable. Intracellular ATP concentrations of 2 x 104 cells were measured 12 hours after 
RK-33 addition by CellTiter-Glo (Promega) luminometry.

Mitotracker flow cytometry
For detection of mitochondrial mass and membrane potential cells were treated with RK-
33 and subsequently labeled with 100 nM Mitotracker green FM (#9074 Cell Signaling 
Technology) and 100 nM Mitotracker red (CMXRos #9082, Cell signaling Technology) 
respectively, after which cells were harvested by trypsinization. Fluorescent intensity of 
cells was detected by flow cytometry on a FACSCalibur instrument (BD Biosciences, San 
Jose, CA, USA). Data were analyzed using FlowJo software (Tree Star Inc., Ashland, OR, 
USA). 

Measurement of reactive oxygen species
1.4-6 x 105 cells were plated on collagen coated 35 mm dishes and after 12 hour of RK-33 
treatment labeled with 5 μM DCFDA and 2.5 μM MitoSox for 30 minutes. After a recovery 
time of 30 minutes cells were imaged with Olympus FV10MP-LACDS/BX61W1 
multiphoton microscope. Fluorescent intensity per cell was measured with ImageJ30.

Electron microscopy
Fixation took place in 2% paraformaldehyde, 2.5% glutaraldehyde, 0.1 M cacodylate buffer. 
Cells were post-fixed in 0.1 M cacodylate buffer containing 1% osmium tetroxide and 0.8% 
ferrocyanide, subsequently stained with 2% aqueous uranyl acetate and dehydrated in 
increasing ethanol concentrations, followed by overnight infiltration with equal parts EPON 
8/2 and ethanol. After five hours in 100% EPON 1.5% DMP-30, catalyst was added and the 
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resin was allowed to polymerize overnight at 60 ⁰C and cure for three days at 37 ⁰C. Blocks 
were sectioned at a 65 nm thickness with a diamond knife and imaged with a Hitachi H7600 
transmission electron microscope at 25.000 x magnification. 

Colony forming assay
200 MCF7 cells were plated per well in a 6-well plate and allowed to attach overnight. Cells 
were exposed to RK-33 three hours before irradiation (CIDX, XStrahl). 24 hours after 
radiation treatment the media was refreshed. After 7 days, colonies were stained with 0.5% 
crystal violet in methanol and counted. 

Flow cytometric analysis of apoptotic cells
Cells were exposed for 12 hours to RK-33, harvested by trypsinization and stained with 
Annexin and Propidium Iodide (ThermoFisher Scientific) for detection of early and late 
apoptotic cells respectively. Fluorescent intensity of cells was detected by flow cytometry 
on a FACSCalibur instrument (BD Biosciences, San Jose, CA, USA). Data were analyzed 
using FlowJo software (Tree Star Inc., Ashland, OR, USA).

RESULTS

DDX3 in human breast cancer samples 
To evaluate DDX3 as a target in breast cancer, we assessed DDX3 expression by 
immunohistochemistry in 366 breast cancer patient samples (Figure 1A). As shown in 
Table 1 high cytoplasmic DDX3 expression was present in 127 cases (35%) and correlated 
with slightly higher age at diagnosis (p = 0.042), higher mitotic index (MAI; p = 0.002), 
ductal histological type (p = 0.003), higher grade (p = 0.002) and negative estrogen (p = 
0.005), progesterone (p = 0.007) and HER2 receptor (p = 0.001). In addition, tumors with 
high DDX3 expression more frequently had a basal like (p = 0.032) or HER2 driven (p = 
0.002) molecular subtype. High DDX3 expression was also associated with worse outcome 
in breast cancer patients. The five-year survival rate was 78.9% in patients with high DDX3 
expressing tumors, as compared to 87.4% in those with low DDX3 expression (HR 2.01, p 
= 0.042; Figure 1B). In a Cox regression model including tumor size, lymph node status, 
grade, MAI and DDX3 expression, only lymph node status was an independent prognostic 
factor (Supplementary Table 1). Analysis of multiplicative interaction terms indicated that 
both MAI and lymph node status acted as effect modifiers and the relation between DDX3 
and survival was most strong in tumors with low MAI and positive lymph node status 
(Supplementary Figure 1A & B).  Together, these findings indicate that DDX3 associates 
with markers of aggressive disease in breast cancer patient samples, making it a suitable 
target for further evaluation.
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The efficacy of the DDX3 inhibitor RK-33 in breast cancer cell lines
The efficacy of the DDX3 inhibitor RK-33 was evaluated in several cancer cell lines and the 
normal breast cell line MCF10A by an MTS assay (Figure 1C-D). The sensitivity to RK-33 
was higher in cancer cell lines (IC50 2.8-4.5 μM) when compared to MCF10A (IC50 7.4 
μM), with the latter also expressing lower amounts of DDX3 (Figure 1E). To ensure that 
this difference in potency reflected viable cell numbers and not just alterations in 
metabolism, we confirmed this finding in a calcein green based cytotoxicity assay 
(Supplementary Figure 1C). 

Table 1. Clinicopathological correlations of cytoplasmic DDX3 expression in invasive breast cancer
Cytoplasmic DDX3  

  Low High p-value
N 239 127
Mean age (range) 59.7 (28-88) 62.4 (34-87) 0.042a

Mean tumor size (range) 2.4 (0.6-8.0) 2.6 (0.2-10.0) 0.233a

Mitotic index (mitosis / 2mm²) 15.0 (0-151) 22.6 (0-131) 0.002a

Histological type
ductal 78.2% (187) 89.7% (113) 0.003c

lobular 12.1% (29) 2.4% (3)
other 9.6% (23) 7.9% (10)

Grade
1 23.5% (55) 10.2% (13) 0.002b

2 37.6% (88) 34.6% (44)
3 38.9% (91) 55.1% (70)

Estrogen receptor
Positive 82.4% (197) 69.3% (88) 0.005b

Negative 17.6% (42) 30.7% (39)
Progesterone receptor

Positive 64.3% (153) 49.6% (63) 0.007b

Negative 35.7% (85) 50.4% (64)
HER2

Positive 7.1% (17) 18.9% (24) 0.001b

Negative 92.9% (222) 81.1% (103)
Lymph node status

Positive 51.8% (118) 49.2% (60) 0.646b

Negative 48.2% (110) 50.8% (62)
Molecular subtype

Luminal 84.5% (202) 70.1% (80)
Basal like 13.0% (31) 20.5% (26) 0.032d

HER2 driven 2.5% (6) 9.4% (12) 0.002d

a = t-test. b = chi-square test. c = fisher’s exact test. d = chi-square test as compared to luminal



MOTIVES  |  Chapter 2

28

RK-33

N

N

N

N

N

N

O OMeMeO

C

D

M
C

F10A

M
C

F7

M
D

A
-M

B
-231

M
D

A
-M

B
-468

M
D

A
-M

B
-435

DDX3

1.00 2.46 2.00 4.25 2.89

β-actin

Ratio

E

A
low DDX3 high DDX3

B
low DDX3

high DDX3

0 20 40 60
50

60

70

80

90

100

P = 0.042O
ve

ra
lls

ur
vi

va
l (

%
)

Time in months

1 10

0

50

100

MDA-MB-468

MCF7

MDA-MB-231

MCF10A

MDA-MB-435

RK-33 (µM)

C
el

l v
ia

bi
lit

y 
(%

)

Figure 1A-E. DDX3 is a therapeutic target in breast cancer
A. Example of low and high cytoplasmic DDX3 expression assessed by immunohistochemistry in breast cancer 
patient samples. Scale bar indicates 20 μm. B. Kaplan-Meier curve plot showing worse overall survival for breast 
cancer patients with high DDX3 expression. N = 250. P-value calculated by Breslow test. C. Molecular structure of 
the small molecule inhibitor of DDX3, RK-33 D. MTS assay showing RK-33 cytotoxicity in a normal breast cell line 
(MCF10A) and four cancer cell lines (MCF7, MDA-MB-231, MDA-MB-468 & MDA-MB-435). Graphs represent mean 
± SD of 3 biological replicates. E. Immunoblot showing the relative DDX3 expression in cell lines.
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DDX3 inhibition causes reduced expression of proteins involved in mitochondrial 
translation and OXPHOS
To further evaluate the effect of DDX3 inhibition, changes in protein expression levels were 
assessed after RK-33 or shDDX3 treatment (Figure 2A) in the metastatic cancer cell line 
MDA-MB-435 with quantitative proteomics. 666 identified proteins were significantly 
altered after RK-33 and 770 after shDDX3 (Supplementary Figure 2A). 186 proteins had 
altered protein expression after both treatments, which was 1.7 times more than could be 
expected based on chance (p <0.001; Supplementary Figure 1B). Gene set enrichment 
analysis in the Reactome database 31 identified the “mitochondrial translation” (p < 0.001) 
and “respiratory electron transport” (p <0.001) pathways among the most enriched after 
RK-33 treatment. The proteins significantly altered by shDDX3 were also enriched for these 
pathways (Figure 2B). In addition, network analysis using the STRING database 28 revealed 
tight networks of mitochondrial ribosome proteins and proteins that were part of the 
electron transport chain (ETC) complexes to be downregulated after both RK-33 and 
shDDX3 (Figure 2C). We identified two out of the thirteen proteins that the mitochondrial 
genome encodes for. Of which the complex IV protein MT-COII was among the significantly 
altered proteins (downregulated by -1.285 times, q = 0.001) and MT-NDI had a borderline 
significant fold change (-1.149, q = 0.009). Interestingly, the remainder of the ETC complex 
proteins was encoded on the nuclear genome, but belonged to OXPHOS complex I and IV, 
which are the ETC complexes that contain most mitochondrially encoded proteins. 

DDX3 localizes to the mitochondria
The potential involvement of DDX3 in mitochondrial translation made us evaluate whether 
DDX3 localizes to the mitochondria. DDX3 was identified in a mitochondrial extract, and 
also to a lesser extent in the free cytosolic fraction of MCF7 (Figure 2D). A similar distribution 
was observed in MDA-MB-231 (Supplementary Figure 2C). In addition, we found DDX3 to 
colocalize with mitotracker-red labeled mitochondria by immunofluorescence (Figure 2E).

RK-33 causes mitochondrial translation inhibition
To assess whether treatment with RK-33 resulted in inhibition of mitochondrial translation, 
we performed an S35-methionine pulse-labeling experiment in the presence of the 
cytoplasmic translation inhibitor emetine. As shown in Figure 3A, two hours of RK-33 
treatment resulted in potent inhibition of S35-methionine incorporation, indicating a block 
of mitochondrial translation. A reduction of nascent (newly synthesized) mitochondrial 
proteins was observed to a lesser extent, in the more resistant MCF10A normal breast cell 
line. Equal loading of protein was insured by Coomassie blue staining of the gel 
(Supplementary Figure 3A). In addition, immunoblotting showed that low mitochondrial 
translation rates also significantly reduced total expression levels of the OXPHOS complexes 
in breast cancer cell lines (Figure 3B-C). Specifically, a decrease in COX II expression, which 
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is mitochondrially encoded and translated, was observed in MCF7 (fold change 0.67; p = 
0.017) and MDA-MB-231 (fold change 0.52; p = 0.012). It is not surprising that multiple 
OXPHOS complexes are downregulated as a result of reduced translation of mitochondrially 
encoded components, since the stability of these complexes is highly dependent on single 
components and mutations in one gene affects expression of the whole complex it belongs 
to and even other OXPHOS complexes32.

RK-33 causes a bioenergetic shortage by reducing oxidative phosphorylation 
Next we queried if the reduced expression of OXPHOS complexes resulted in decreased 
OCR. As shown in Figure 3D, basal respiration (fold change range 0.50-0.70; p <0.001) and 
maximum respiration rates (fold change range 0.32-0.44; p <0.001) were markedly reduced 
in MCF7 after 12 hours of RK-33 exposure. This result was confirmed by measuring OCR 
with a Clark’s electrode in both MCF-7 (fold change 0.61; p = 0.077, Supplementary Figure 
3B) and MDA-MB-435 (fold change 0.78; p = 0.008). In MDA-MB-231 no reduction in 
basal OCR was observed, but incomplete decline of OCR after oligomycin indicated an 
increased proton leak (fold change range 2.28-3.26; p = 0.002) and reduced ATP production 
(fold change range 0.90-0.64; p = 0.001). In addition, maximum respiration rates after FCCP 
were also reduced (fold change range 0.79-0.48; p < 0.001). No changes in OCR were 
observed after RK-33 treatment in MCF10A cells. At this time point less than ten percent 
of cells were found to be apoptotic by Annexin-PI flow cytometry (Supplementary Figure 
3C). The effect of RK-33 on OCR did not occur immediately after addition (Supplementary 
Figure 3D). As seen in Figure 2E, a compensatory increase in ECAR, indicative of increased 
glycolysis, could be observed in MCF7 (fold change 2.55, p <0.001) and MDA-MB-231 12 
hours after RK-33 treatment (fold change range 1.25-2.04; p = 0.031). In MCF10A, ECAR 
levels were unaffected. A significant drop in intracellular ATP levels was observed after 
exposure to RK-33 in MCF7 (fold change range 0.74-0.81; p = 0.015; Figure 3F).
Increased glycolysis adequately compensated ATP levels in MDA-MB-231 and no change 
was observed in MCF10A. MCF7 were more sensitive to DDX3 inhibition by RK-33, when 
cells were pushed to derive more of their energy from oxidative phosphorylation, by 
substitution of glucose with pyruvate (IC50 1.9 μM vs 3.2 μM; Supplementary Figure 3E). 
No difference in sensitivity was observed in MDA-MB-231.

t Figure 2A-E. DDX3 inhibition results in reduced expression of proteins involved in mitochondrial translation
A. Immunoblot showing the DDX3 expression before and after transduction with shDDX3 in MDA-MB-435 cells.  
B. Table showing two overrepresented Reactome pathways identified by gene set enrichment analysis of significantly 
altered proteins in MDA-MB-435 cells after 24 hours exposure to 4.5 μM RK-33 or after shDDX3 transduction. C. 
Protein networks identified by string network analysis in the group of significantly altered proteins explained under 
B. D. Immuno blot showing the DDX3 expression in mitochondrial (M) and cytoplasmic (C) fractions of MCF7. E. 
2-foton microscopy image of MCF7 immunofluorescently stained for DDX3 and labeled with mitotracker red. Scale 
bar indicates 5 μm. All experiments have been replicated a minimum of two independent times.



MOTIVES  |  Chapter 2

32

MCF7 MDA-MB-231

RK-33 (μM) 0 3 0 4.5

B

C

MDA-MB-231

0 5 0 1 0 0
0 .0

0 .5

1 .0

1 .5

2 .0 Oligomycin FCCP
Antimycin 
& Rotenone

MCF7

0 5 0 1 0 0
0 .0

0 .5

1 .0

1 .5 Oligomycin FCCP
Antimycin 
& Rotenone

D

RK-33 (μM) 0 3 4.5

A

ND5
CO 1
ND4

CO III

ND2
ND1

CO II

ND6
ND3

cyt b

ATP6

ND4L
ATP8

0 3 4.5

MCF7 MCF10A

MCF7

V III II IV I
0.0

0.5

1.0

1.5 DMSO
3 μM RK-33

OXPHOS complex

 

MDA-MB-231

V III I I IV I
0.0

0.5

1.0

1.5 DMSO
4.5 μM RK-33

OXPHOS complex

* ** * ***** * * *

MCF10A

0 50 1000.0

0.5

1.0

1.5

2.0 Oligomycin FCCP
Antimycin 
& Rotenone

ATP5A (V)
UQCRC2 (III)

SDHB (II)
COX II (IV)

NDUFB8 (I)

β-actin

N
or

m
al

iz
ed

 b
an

d 
in

te
ns

ity

N
or

m
al

iz
ed

 b
an

d 
in

te
ns

ity

no
rm

al
iz

ed
 O

C
R

 (p
m

ol
/m

in
/c

el
l)

no
rm

al
iz

ed
 O

C
R

 (p
m

ol
/m

in
/c

el
l)

no
rm

al
iz

ed
 O

C
R

 (p
m

ol
/m

in
/c

el
l)

Time (min) Time (min)

Time (min)

DMSO

1.5 μM RK-33

3 μM RK-33

4.5 μM RK-33



DDX3 inhibition affects mitochondrial translation

33

2

MDA-MB-231

DMSO

1.5 μM RK-33

3 μM RK-33

4.5 μM RK-33

MCF10A

Baseline Stressed
0
1
2
3
4
5

E MCF7

Baseline Stressed
0

1

2

3

4

*
***
***

F MCF7

DMSO 3 μM

RK-33

4.5 μM

RK-33

0

5

10

15

20 *
*

AT
P 

(fe
m

to
m

ol
es

/c
el

l)

MDA-MB-231

0

5

10

15

AT
P 

(fe
m

to
m

ol
es

/c
el

l)

DMSO 3 μM

RK-33

4.5 μM

RK-33

MCF10A

0

5

10

15

20

25

AT
P 

(fe
m

to
m

ol
es

/c
el

l)

DMSO 3 μM
RK-33

4.5 μM
RK-33

Baseline Stressed
0

1

2

3

4

***
***
***

N
or

m
al

iz
ed

 E
C

A
R

(p
m

ol
/m

in
/c

el
l)

N
or

m
al

iz
ed

 E
C

A
R

(p
m

ol
/m

in
/c

el
l)

N
or

m
al

iz
ed

 E
C

A
R

(p
m

ol
/m

in
/c

el
l)

t Figure 3A-F. RK-33 reduces oxidative phosphorylation by blocking mitochondrial translation
A. Autoradiograph showing the effect of two hours RK-33 exposure on mitochondrial translation, measured by a S35-
methionine pulse labeling experiment. B. Immunoblot showing the expression of OXPHOS complexes after twelve 
hours of RK-33 exposure. C. Bar graphs showing the OXPHOS complex band intensities normalized for β-actin after 
twelve hours exposure to RK-33. Graphs represent mean ± SD of 3 biological replicates. D. Normalized oxygen 
consumption rates (OCR) per cell measured by a Seahorse assay after twelve hours exposure to RK-33. Graphs 
represent mean ± SD of 6 biological replicates. E. Extracellular acidification rates (ECAR) as measured by a Seahorse 
assay after twelve hours exposure to RK-33 at baseline and stressed (after oligomycin and FCCP) conditions. Graphs 
represent mean ± SD of 6 biological replicates. F. Intracellular ATP concentrations after twelve hours exposure to RK-33. 
Graphs represent mean ± SD of 2 biological replicates.  *p < 0.05, ** p < 0.01, *** p < 0.001. P-values were calculated 
by a Student’s t-test. All experiments have been replicated a minimum of two independent times. 



MOTIVES  |  Chapter 2

34

MDA-MB-231

DMSO 3 μM RK-33 4.5 μM RK-33
0

50

100

150

D
C

FD
A

 in
te

ns
ity

/c
el

l
(n

or
m

al
iz

ed
 m

ea
n)

MDA-MB-231

DMSO 3 μM RK-33 4.5 μM RK-33
0

20

40

60

M
ito

So
x 

in
te

ns
ity

/c
el

l
(n

or
m

al
iz

ed
 m

ea
n)

MCF7

DMSO 3 μM RK-33 4.5 μM RK-33
0

5

10

15

D
C

FD
A

 in
te

ns
ity

/c
el

l
(n

or
m

al
iz

ed
 m

ea
n)

C

A MCF7

DMSO 3 μM RK-33 4.5 μM RK-33
0.0

0.5

1.0

1.5
Mitotracker Green
Mitotracker Red

**
*

A
ve

ra
ge

 in
te

ns
ity

(F
ra

ct
io

n 
of

 c
on

tro
l)

MDA-MB-231

DMSO 3 μM RK-33 4.5 μM RK-33
0.0

0.5

1.0

1.5
Mitotracker Green
Mitotracker Red

*

A
ve

ra
ge

 in
te

ns
ity

(F
ra

ct
io

n 
of

 c
on

tro
l)

B MCF7

DMSO 3 μM RK-33 4.5 μM RK-33
0

2

4

6

M
ito

S
ox

 in
te

ns
ity

/c
el

l
(n

or
m

al
iz

ed
 m

ea
n)

 



DDX3 inhibition affects mitochondrial translation

35

2

RK-33 causes a collapse in mitochondrial membrane potential 
A reduction in mitochondrial translation can both reduce mitochondrial biogenesis and 
cause defective ETC complexes resulting in a reduced H+ membrane potential. Mitotracker 
labeled MCF7 and MDA-MB-231 cells, following RK-33 treatment, were analyzed with 
flow cytometry (Figure 4A, Supplementary Figure 4A). DDX3 inhibition with RK-33 did 
not affect the total amount of mitochondria as measured by mitotracker green, but a 
significant reduction in mitotracker red staining was observed in MCF7 (fold change range 
0.39-0.45, p = 0.012) and MDA-MB-231 (fold change range 0.39-0.58, p = 0.051), indicative 
of a collapsed membrane potential.

RK-33 acts through generation of reactive oxygen species
Malfunctioning of the ETC complexes can elevate the extent to which electrons leak out of the 
chain prematurely and are being accepted by oxygen, resulting in elevated superoxide formation. 
RK-33 treatment resulted in increased mitochondrial superoxide and cytosolic reactive oxygen 
species (ROS) levels in MCF7 and MDA-MB-231 (Figure 4B & C; Supplementary Figure 4B). 
No change in ROS levels was observed in MCF10A (Supplementary Figure 4C). To evaluate 
whether ROS formation played a causative role in RK-33 induced cytotoxicity, cells were treated 
with the antioxidant n-acetylcysteine (NAC) and RK-33 simultaneously. Addition of 20 mM 
NAC significantly reduced the sensitivity to RK-33 in both MCF7 (IC50 9.05 μM vs. 2.93 μM) 
and MDA-MB-231 (IC50 12.91 μM vs. 3.66 μM; Figure 4D).
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t Figure 4A-D. RK-33 treatment causes reduced mitochondrial potential and increased production of reactive oxygen 
species 
A. Bar graphs showing the mean mitochondrial mass (mitotracker green) and membrane potential (mitotracker red) 
per cell after twelve hours exposure to RK-33 as measured by flow cytometry. Graphs represent mean ± SD of two 
biological controls. B. Dot plots showing the amount of mitochondrial superoxide production after twelve hours 
exposure to RK-33 as measured by the MitoSox intensity per cell. Graphs represent mean ± SD. C. Dot plots showing 
the amount of ROS production per cell as measured by the DCFDA intensity per cell. Graphs represent mean ± SD. 
D. MTS assays showing the cytotoxicity of RK-33 in the absence and presence of 15-20 mM n-acetylcysteine (NAC). 
Graphs represent mean ± SD of two biological replicates. *p < 0.05, **p < 0.01. P-values were calculated by a 
Student’s t-test. All experiments have been replicated a minimum of two independent times.
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Figure 5 A-D. RK-33 induces autophagosome formation
A. Immunoblot showing PARP and caspase 3 cleavage in RK-33 treated MDA-MB-231, indicating induction of 
apoptosis after 24 hours of exposure. B. Transmission electron microscopy images showing the presence of 
autophagosomes in MCF7 cells, as indicated by arrows, after 12 hours treatment with 3 μM RK-33. C. Immunoblot 
showing accumulation of autophagosome specific LC3-II after twelve hours exposure to 3 μM RK-33 or one hour 
exposure to 50 μM Chloroquine (CQ). D. Bar graph showing the LC3-II band intensities after twelve hours RK-33 
exposure normalized for β-actin. Graphs represent mean ± SD of 2 (MDA-MB-231) or 3 (MCF7) biological replicates. 
*p < 0.05, **p < 0.01, ***P < 0.001. P-values were calculated by a Student’s t-test. All experiments have been replicated 
a minimum of two independent times.
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RK-33 induces apoptosis and autophagosome formation
Damaged mitochondria can ultimately trigger apoptosis and cause cell death. 
Immunoblotting for cleaved PARP and caspase 3 as shown in Figure 5A indicated apoptosis 
occurred 24-48 hours after RK-33 exposure. Consistent with Annexin-PI flow cytometry 
(Supplementary Figure 3C), no apoptosis was observed at 12 hours at which time the 
changes in mitochondrial respiratory function were observed. Interestingly, acidic vesicular 
organelles were observed from 12 hours onward (Supplementary Figure 5), indicating that 
the damaged mitochondria may trigger an autophagy response. Transmission electron 
microscopy was used to confirm that the vesicles were indeed autophagosomes (Figure 
5B). Immunoblotting for LC3-II revealed an induction after RK-33 treatment of 9.4 fold 
(p < 0.001) and 4.6 fold (p = 0.023) in MCF7 and MDA-MB-231 respectively, confirming 
an increase in the number of autophagosomes. However, inhibition of the breakdown of 
autophagosomes by the lysosomal inhibitor chloroquine, resulted only in limited further 
elevation of LC3-II levels in MCF7 (to 11.4 fold; p = 0.371) and MDA-MB-231 (to 7.0 fold; 
p = 0.101). Addition of 25 μM chloroquine did not affect the RK-33 sensitivity in MCF7 
or MDA-MB-231 (Supplementary Figure 5B).  

Combination of RK-33 and radiation therapy results in a bioenergetic catastrophe
As RK-33 was previously demonstrated to have radiosensitizing abilities4, we explored whether 
these were attributable to reduced mitochondrial functions. In MCF7 basal respiration levels 
increased after radiation (fold change 1.21, p = 0.002; Figure 6A). Interestingly, RK-33 
antagonized the radiation-induced increase in OCR (fold change 0.40; p < 0.001). In MDA-
MB-231 a small reduction was observed after radiation (fold change 0.89, p = 0.022). Addition 
of RK-33 resulted in further reduction of respiration rates (fold change 0.58, p <0.001). 
Intracellular ATP levels increased after exposure to radiation in MCF7 (fold change 1.28, p 
= 0.036) and MDA-MB-231 radiation (fold change 1.37, p = 0.016), and this increase was 
blocked by RK-33 addition in both cell lines (Figure 6B). Evaluation of γH2AX foci showed 
that RK-33 significantly slows down DNA double strand break repair at 6 (fold change range 
1.7-2.9; p = 0.003) and 24 hours (fold change range 3.2-5.1; p < 0.001) after radiation (Figure 
6C-D). Furthermore, we showed that treatment with 3 μM (p = 0.009) and 4.5 μM RK-33 (p 
= 0.006) synergized with radiation therapy in these cells and this effect can be reversed by 
addition of the antioxidant NAC (Figure 6E).
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DISCUSSION

This study aimed to elucidate the working mechanism of the DDX3 inhibitor RK-33 by 
studying its effect on the metabolic profile of breast cancer cells. High DDX3 expression is 
present in 35% of breast cancers and is associated with an aggressive phenotype and worse 
overall survival, making it an attractive target in breast cancer patients. We showed that 
RK-33 functions as a potent inhibitor of mitochondrial translation and thereby reduced 
the mitochondrial OXPHOS capacity and increased ROS production in cancers cells. Our 
results explain the selective anti-cancer activity observed after RK-33 treatment, especially 
in combination with radiation (Figure 7). Since normal cells have a relatively low baseline 
ATP demand as compared to cancer cells, the effect of RK-33 on non-transformed cells is 
limited. However, in cancer cells, energy use is higher and a larger OXPHOS reserve 
capacity is required to deal with sudden increases in ATP demand as a result of exposure 
to cellular stressors like ionizing radiation14-17, especially in tumor areas that are glucose 
deprived33. The cytotoxic effect of RK-33 in these cells is therefore much larger. In addition, 
both ionizing radiation and RK-33 increase the intracellular ROS levels. Together these 
treatments result in metabolic catastrophe.
We found that the effect of RK-33 treatment on mitochondrial respiration was greater in 
MCF7, when compared to MDA-MB-231. However, ROS levels were increased to a similar 

t Figure 6A-E. RK-33 radiosensitizes through reduced OXPHOS and increased ROS production
A. Bar graphs showing basal respiration rates (OCR) as measured by the Seahorse XF96 Extracellular Flux Analyzer 
15 hours after exposure to 3 μM RK-33 and twelve hours after exposure to 3 Gy ionizing radiation. Graphs represent 
mean ± SD of 6 biological replicates. P-values were calculated by a student’s t-test. B. Intracellular ATP levels 15 
hours after exposure to RK-33 and twelve hours after 3 Gy ionizing radiation. Graphs represent mean ± SD of 2 
biological replicates. P-values were calculated by a student’s t-test. C. Dot plot showing the number of γH2AX foci 
after exposure to 2 Gy radiation, preceded by three hours exposure to RK-33. P-values calculated by a Mann-Whitney 
U test. D. Immunofluores cent image of γH2AX foci (green) as a measure of DNA double strand breaks at different 
timepoints after exposure to 2 Gy ionizing radiation preceded by three hours exposure to RK-33. Nuclei are labeled 
with DAPI. E. Colony forming assay showing the surviving fraction after ionizing radiation preceded by three hours 
exposure to RK-33. Values are normalized to the response to RK-33 alone. Graphs represent mean ± SD of 2 
biological replicates. P-values calculated with a Student’s t-test.  *p < 0.05; ** p < 0.01 *** p < 0.001. All experiments 
have been replicated a minimum of two independent times.
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extent in both cell lines. Addition of the antioxidant NAC was especially protective in 
MDA-MB-231, indicating that the effect of RK-33 might be more ROS-mediated in this 
cell line. This finding is also in line with MCF7 being relatively more reliant on OXPHOS 
for ATP production34. Promotion of mitochondrial ROS production has been recognized 
as an effective strategy to induce cancer cell death and increase chemosensitivity35. 
Mitochondrial damage often induces the formation of autophagosomes (“mitophagy”)36. We 
indeed observed an accumulation of autophagosomes after RK-33. Only a minor further 
increase was observed after addition of the autophagy inhibitor chloroquine, implying that 
the increased number of autophagosomes after RK-33 is the result of both increased 
production and decreased breakdown of autophagosomes. Although, autophagy has also 
been reported to have a chemoprotective role37, we did not find that inhibiting autophagy 
with chloroquine altered the response to RK-33.  This indicates that accumulation of 
autophagosomes following RK-33 exposure may not be a major determinant of RK-33 
mediated cell death.
Although concurrent chemoradiation strategies are not mainstay treatments in breast 
cancer, certain breast cancer subtypes, like triple negative breast cancer, are relatively 
radioresistant and have higher local recurrence rates corresponding with worse overall 
survival38. The development of radiosensitizers in breast cancer could benefit this group of 
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Figure 7. DDX3 inhibition with RK-33 causes metabolic synthetic lethality
Schematic overview of the mechanism behind RK-33 cytotoxicity in breast cancer cells. ATP = adenosine tri-
phosphate, OXPHOS = oxidative phosphorylation, ROS = reactive oxygen species.
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patients that we found to have particularly high DDX3 expression levels. In addition, 
radiosensitizers could allow for reduced radiation dose and consequently reduce normal 
tissue toxicity, commonly occurring after axillary and internal mammary nodal radiation 
for breast cancer treatment. We previously showed that the DDX3 inhibitor RK-33 is a 
potent radiosensitizer in cancer types where local control is particularly challenging, like 
lung4 and prostate cancer7. Although our study focuses on breast cancer cells, it is likely 
that inhibition of mitochondrial translation is also part of the working mechanism of RK-
33 radiosensitization in these cancers. One study in Ewing sarcoma showed RK-33 can be 
used as a monotherapy as well6. More research focusing on the use of DDX3 inhibitors as 
a single agent or in combination with chemotherapeutics is warranted.
Importantly, normal cell toxicity can be a concern with treatments targeting mitochondrial 
function. However, no toxicity was observed after RK-33 treatment in extensive toxicology 
studies performed in mice4. This is in line with the fact that normal cells have lower energy 
demands in general, encounter less stressors causing sudden increases in ATP demand (eg. 
DNA damage), have lower ROS levels and express lower amounts of DDX3. 
This is the first study suggesting that DDX3 is involved in mitochondrial translation and 
could therefore be of paramount importance for maintenance of the bioenergetics 
machinery of oxidative phosphorylation. The fact that we and others39 found DDX3 to 
localize to the mitochondria supports a role for DDX3 in mitochondrial translation. In 
addition, another DEAD/H box RNA helicase family members, DDX28 and DHX30, were 
recently found to be responsible for the assembly of mitochondrial ribosomes40, 41. 
Interestingly, DDX3 was identified by mass spectrometry analysis of the mitochondrial 
DDX28 and DHX30 interactome41, implying that DDX3 might also be involved in 
mitochondrial ribosome assembly. This potentially explains why we observed a reduction 
in mitoribosomal proteins that are encoded on the nuclear genome as well, since disassembly 
of the mitoribosome could reduce its stability and therefore protein expression levels. 
Geissler, et al. previously showed that DDX3 has a role in the assembly of functional 80S 
ribosomes2. The role of DDX3 in cap-dependent cytosolic translation is disputed in 
literature2, 42, 43, with most studies concluding that DDX3 inhibition does not result in major 
changes in general protein synthesis44-47, but could play a role in translation of mRNAs with 
complex features in their 5’UTR47, 4845. It is possible that DDX3 functions in both cytoplasmic 
and mitochondrial translation. However, the timeline of events with a profound decrease 
in mitochondrial translation as early as two hours after treatment onset and apoptosis 
occurring only after 24 hours, does suggest that the effect of RK-33 on mitochondrial 
translation is direct.
Decades after Otto Warburg’s initial observation that tumor cells upregulate glycolysis in 
the presence of oxygen, so-called aerobic glycolysis, cancer metabolism is an area of renewed 
attention15, 49. Increased aerobic glycolysis is often erroneously interpreted as a sign of reduced 
and damaged oxidative phosphorylation in cancer cells. In fact, accumulating evidence now 
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indicates that cancer cells are reliant on the mitochondria for their bioenergetic machinery 
and macromolecule synthesis function15, 50. Consequently, mitochondrial respiration is 
increasingly recognized as a viable target for anti-cancer therapy50 and (triple negative) breast 
cancer treatment in particular51, 52. OXPHOS was found to be upregulated in cancer stem 
cells53 and during metastases16. In addition, chemo- and radioresistant cells exhibit increased 
respiration rates17, 54. A recent study showed that irradiated cells increase OXPHOS to favor 
DNA repair and cell survival18 and inhibitors of electron transport complexes can enhance 
radiosensitivity55, 56. In addition, mitochondrial translation has previously been identified as 
a therapeutic target in the treatment of acute myeloid leukemia57. 
We conclude that DDX3 is involved in mitochondrial translation and could therefore be 
of paramount importance for maintenance of the bioenergetics machinery of oxidative 
phosphorylation. The DDX3 inhibitor RK-33 causes radiosensitization in breast cancer 
cells through direct inhibition of mitochondrial translation, which results in reduced 
OXPHOS capacity and increased intracellular ROS levels, culminating in a bioenergetic 
catastrophe and eventual apoptosis.
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SUPPLEMENTARY

Supplementary Figure 1. DDX3 is a therapeutic target in breast cancer
A. Kaplan-Meier plot showing overall survival in low vs. high DDX3 expression in 112 lymph node negative and 123 
lymph node positive breast cancer patients. P-values calculated by Breslow test. B. Kaplan-Meier plot showing overall 
survival in low vs. high DDX3 expression in 123 patients with low proliferating breast cancer (MAI < 12) and in 127 
patients with high proliferating breast cancer (MAI ≥ 12). P-values calculated by Breslow test. C. Sensitivity of cell 
lines to RK-33 as measured by a calcein green based cell viability assay. Graphs represent mean ± SD of 3 biological 
replicates.
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Supplementary Figure 2. Proteomic analysis of RK-33 and shDDX3 treated cells
A. Flow chart showing bioinformatic processing of the proteomics results. B. Venn diagram showing the overlap of 
proteins significantly altered after RK-33 treatment and knockdown of DDX3 with shDDX3. C. Immunoblot showing 
DDX3 expression in cytoplasmic and mitochondrial protein extraction of MDA-MB-231 cells. All experiments have 
been replicated a minimum of two independent times.

Supplementary table 1. Multivariate survival analysis (Cox regression)

Feature Hazard ratio P-value

Tumor size 1.096 0.486

Lymph node status 2.245 0.039

Grade 1.134 0.857

Mitotic index (mitosis / 2mm²) 1.865 0.161

DDX3 1.697 0.154
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Supplementary Figure 3. RK-33 inhibits mitochondrial translation and OXPHOS in breast cancer cells
A. Coomassie staining of SDS-PAGE gel loaded with protein extracts of the mitochondrial translation S35-methionine 
pulse labeling experiment, showing equal amounts of protein loaded for all samples. B. Bar graph representing OCR 
as measured by a Clark’s electrode in MCF7 and MDA-MB-435 after 12 hours RK-33 exposure. Graphs represent 
mean ± SD of 2 biological replicates. C. Bar graphs representing percentage of early and late apoptotic cells as 
measured by annexin and PI flow cytometry respectively. Graphs represent mean ± SD of 2 biological replicates.  
See next page for D and E u
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t Supplementary Figure 3. RK-33 inhibits mitochondrial translation and OXPHOS in breast cancer cells
D. Oxygen consumption rates do not change directly after RK-33 injection as measured by a Seahorse XF96 
extracellular flux analyzer. Graphs represent mean ± SD of 6 biological replicates. E. MTS assays showing the 
cytotoxicity of RK-33 in the presence of glucose or pyruvate. Graphs represent mean ± SD of 2 biological replicates.
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t Supplementary Figure 4. DDX3 inhibition with RK-33 results in a collapses mitochondrial membrane potential 
A. Fluorescent images showing MCF7 cells after 12 hours exposure to RK-33, labeled with mitotracker red to detect 
membrane potential and mitotracker green as a measure of mitochondrial mass. B. Examples of fluorescent images 
showing DCFDA and MitoSox labeling in MCF7 treated for twelve hours with RK-33. C. Dot plots showing the amount 
of mitochondrial superoxide production as measured by MitoSox intensity per cell and the amount of ROS production 
per cell as measured by the DCFDA intensity per cell in MCF10A cells. Graphs represent mean ± SD.
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Supplementary Figure 5. RK-33 causes accumulation of acidic vesicular organelles in breast cancer cells
A. Fluorescent images showing MCF7 after 12 hours exposure to RK-33 labeled with acridine orange to detect acidic 
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of RK-33 in the absence or presence of 25 μM chloroquine. Graphs represent mean ± SD of biological replicates. 
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ABSTRACT

DDX3 is an RNA helicase with oncogenic properties. The small molecule inhibitor RK-33 
is designed to fit into the ATP binding cleft of DDX3 and hereby block its activity. RK-33 
has shown potent activity in preclinical cancer models. However, the mechanism behind 
the antineoplastic activity of RK-33 remains largely unknown. In this study we used a dual 
phosphoproteomic and single cell tracking approach to evaluate the effect of RK-33 on 
cancer cells. 
MDA-MB-435 cells were treated for 24 hours with RK-33 or vehicle control. Changes in 
tandem mass tag labeled (phospho)peptide abundance were analyzed with quantitative 
mass spectrometry. At the proteome level we mainly observed changes in mitochondrial 
translation, cell division pathways and proteins related to cell cycle progression. Analysis 
of the phosphoproteome indicated decreased CDK1 activity after RK-33 treatment. To 
further evaluate the effect of DDX3 inhibition on cell cycle progression over time we 
performed timelapse microscopy of Fluorescent Ubiquitin Cell Cycle Indicators labeled 
cells after RK-33 or siDDX3 exposure. DDX3 inhibition resulted in a global delay in cell 
cycle progression in all interphases and mitosis. In addition, we observed an increase in 
endoreduplication. 
Overall we conclude that DDX3 inhibition affects cells in all phases and causes a global cell 
cycle progression delay. Both single cell tracking and (phospho)proteomic data indicated 
a central role for CDK1. 
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INTRODUCTION

DEAD box RNA helicases form a large protein family with ATPase dependent helicase 
activity and are characterized by the presence of a highly conserved D-E-A-D motif. Due 
to their ability to unwind complex RNA structures, they have been linked to virtually all 
steps of RNA processing: from transcription and translation to the regulation of small 
non-coding RNA’s1. DDX3, also known as DDX3X, is a family member which has an 
oncogenic role in the development of breast2 and several other types of cancer3-5. DDX3 
was demonstrated to have anti-apoptotic properties6-8 and to play a role in migration2, 9 and 
invasion10-12. In addition, several studies have linked DDX3 to cell cycle progression13, 14 and 
DDX3 inhibition has been reported to result in a G1-arrest3, 4. Interestingly, the mechanism 
by which DDX3 regulates these processes is not limited to mRNA translational control. 
DDX3, like other DEAD box RNA helicases, was found to be multifunctional15 and for 
instance directly regulates the kinase activity of CK1ε16.
A small molecule inhibitor, RK-33, was recently developed to target DDX3 for cancer 
treatment17. RK-33 is designed to inactivate DDX3 by binding to its ATP pocket and was 
found to block the in vitro helicase activity of the yeast homologue of DDX3, Ded1p. Pull 
down experiments showed that RK-33 selectively binds DDX3 over other DEAD box RNA 
helicase family members4. Several preclinical models demonstrated RK-33 to have potent 
anti-cancer activity, both as a monotherapy18 and as a radiosensitizer4, 5. However, better 
understanding of the mechanism through which RK-33 exerts its effect is needed. 
This study aims to further elucidate the working mechanism of DDX3 inhibition with RK-
33 by using a dual approach. Given the known role of DDX3 in translation and regulation 
of kinase activity we performed a phosphoproteomics experiment, to monitor the changes 
after RK-33 treatment on the protein expression level, as well as the protein phosphorylation 
status. In addition, since DDX3 has been linked to cell cycle progression, and cell cycle 
status has a strong influence on the phosphoproteomic landscape of the cell, we tracked 
the cell cycle status of single cells after RK-33 exposure, to shed further light on the influence 
of DDX3 inhibition on cell cycle progression over time. 

METHODS

Cell culture 
MCF7 and MDA-MB-435 cells were originally purchased from the American Type Culture 
Collection (ATCC, Manassas, VA, USA). Cell lines were STR-profiled (Geneprint 10, 
Promega, Madison, WI, USA, last in November 2015) and mycoplasma tested (Universal 
Mycoplasma Detection Kit, ATCC, last in January 2016) on a regular basis. For proteomics 
experiments MDA-MB-435 cells were plated in 100 mm dishes and allowed to attach 
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overnight. Three replicates were exposed to 4.5 μM RK-33 or DMSO for 24 hours and 
harvested in extraction buffer, containing 1% SDS, 1 mM EDTA, 1 mM sodium 
orthovanadate, 1 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM sodium 
fluoride and proteinase inhibitor cocktail. 500 μg of protein was digested with trypsin. 

Proteomics
Peptides were labeled with 10plex isobaric tandem mass tags (TMT) (ThermoFisher 
Scientific) and mixed. 500 μg of peptides was fractionated with basic reverse phase 
chromatography into 24 fractions.  10% of each fraction, or approximately 50 μg of 24 
fractions, was used directly for overall protein abundance analysis. The remaining 450 μg 
of peptides in 24 fraction was enriched with TiO2

 for analysis of the phosphorylation at 
Serine and Threonine residues. Not enriched and phosphor-enriched peptides were 
analyzed on a Thermo Scientific Q Exactive Plus mass spectrometer interfaced with an 
Easy-nLC 1000 (Thermo Fisher Scientific). Peptides were identified from isotopically 
resolved masses in precursor (MS) and fragmentation (MS/MS) spectra extracted using 3 
nodes (without deconvolution and with deconvolution by Xtract or MS2 Processor) in 
Proteome Discoverer (PD) software (v1.4, Thermo-Fisher Scientific, San Jose, CA. USA) 
and searched with Mascot 5.2.1 (Matrix Sciences, Boston, MA, USA) against the RefSeq2015 
database. Search criteria included sample species; trypsin as the enzyme, allowing one 
missed cleavage; cysteine carbamidomethylation and TMT 10-plex labeling of N-termini 
as fixed modifications; methionine oxidation, asparagine and glutamine deamination, and 
TMT 10-plex labeling of lysine and phosphorylation of serine and threonine as variable 
modifications.

Bioinformatics and Statistics; Proteomics
Only spectra with a false discovery rate smaller than 1% and mass isolation interference 
smaller than 30%, in which all reporter ions were detected, were included for downstream 
analyses. Individual protein relative abundances were calculated by: (1) log2-transformation 
of the reporter ion intensities, (2) subtracting the spectrum medians of the log2 transformed 
reporter ion intensities (median-polishing), and (3) summarizing all reporter ion intensities 
that belong to the same protein by their median value. In a final step (4), the channel 
medians across all proteins were subtracted to correct for potential loading differences, as 
described previously19. Only proteins quantified by reporter ion spectra from more than 
one peptide were included for statistical downstream analyses. Protein abundances were 
compared between three RK-33 treated vs DMSO treated samples. Statistical inference 
between two groups of interest was assessed by moderated t-test statistics20, 21. For multiple 
comparison correction, q-values were calculated from the observed moderated p-values. 
Proteins with a q < 0.05 and a fold change larger than 1.15 were considered significantly 
altered. 
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Gene set expression analysis and network analysis
Gene set expression analysis was performed by searching Geneontology Biological Processes 
database using the Gorilla web tool, with all identified proteins (significantly altered and 
unaltered) as the background dataset22. FDR q-values were calculated using the Benjamini 
and Hochberg method from unadjusted p-values of hypergeometric enrichment tests. 
GOterms with a q-value < 0.05 were considered significant. Only the most specific GOterm 
in a family is shown, ignoring less-specific parent terms. Interactions within the group of 
significantly altered proteins were surveyed by searching the STRING database23, 24 version 
9.1, using a confidence level of 0.9. 

Bioinformatics and Statistics; Phosphoproteomics
Phosphopeptide abundances were normalized to the abundance of the corresponding 
protein in the unenriched analysis and were than compared between three RK-33 treated 
vs DMSO treated samples. Only unique phosphopeptides with an isolation interference < 
30% and a PhosphoRS score >70%, that corresponded to a single protein and for which all 
reporter ions could be detected, were included in the final analysis. 

Motif analysis
The surrounding sequence (7 amino acids up- and downstream) of all identified 
phosphorylation sites was downloaded from the RefSeq database. This was not possible for 
phosphosites in close proximity of the C- or N-terminus, which were therefore excluded 
from the motif analysis. The motif-x algorithm was used to identify motifs that were 
enriched among the significantly up- or downregulated phosphopeptides25. Only motifs 
with a p < 0.01 and a minimum occurrence of 9 times were selected. Enrichment of motifs 
was calculated against a background dataset with all identified phosphosites. Kinases known 
to phosphorylate the phosphopeptides of the identified motifs were looked up in the 
Networkin database26. 

Kinase enrichment analysis
Kinase enrichment analysis  (KEA) was performed with the KEA2 webtool27, using both 
significantly altered individual phosphopeptide sites and phosphorylated proteins as input. 
Only kinases with a Benjamini-Hochberg corrected p-value smaller than 0.05 were 
considered statistically significant.

FUCCI timelapse microscopy
MDA-MB-435 and MCF7 cells were lentivirally transduced with constructs encoding the 
Fluorescent Ubiquitin Cell Cycle Indicators (FUCCI) sensors mCherry-hCdt1 (Genbank 
accession nr: AB512478) and mVenus-hGeminin (Genbank accession nr: AB512479) in 
the pCSII-EF vector28. Double positive cells were selected by fluorescence activated cell 
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sorting. For DDX3 knockdown in MCF7 FUCCI cells, cells were transfected with jetPrime 
transfection reagent (Polyplus, New York, NY, USA) and 80 nM sicontrol (non-targeting 
pool) or siDDX3 sequences (ON-TARGETplus, Dharmacon, Lafayette, CO, USA). For 
tracking of single cells after DDX3 inhibition, FUCCI transduced cells were grown on 
collagen-coated, four chamber, glass bottom, 35 mm dishes (Greiner) and allowed to attach 
overnight. Timelapse imaging was started directly after RK-33 addition or 48 hours after 
siDDX3 transfection.  Seven by three µm z-sections were acquired with five minute intervals 
during 24 hours in the FITC and TRITC channel and by differential interference contrast, 
using a Deltavision Elite system (GE Healthcare) controlling a Scientific CMOS camera 
(pco.edge 5.5.) and an Olympus 20× 0.75 NA air objective. After projection, the movies 
were assembled and analyzed in FIJI29. The duration of each cell cycle of single cells was 
monitored and compared between treatment conditions. Cell cycle analysis was halted 
when a cell underwent extensive vacuolization, apoptosis or necrosis. Cells were declared 
arrested when no progression to the next cell cycle phase occurred within 24 hours. Mitotic 
duration was calculated as the time taken from nuclear envelope breakdown until 
cytokinesis was completed. Median time in mitosis was compared by a Mann-Whitney U 
test. Time to vacuolization or death was compared per cell cycle phase at onset of RK-33 
treatment by plotting Kaplan-Meijer curves and performing log-rank tests.

Immunoblotting
All cells were harvested at 50-70 % confluency. Cells were lysed in SDS-extraction buffer 
and sonicated on ice. 30 μg protein was loaded on SDS-PAGE gels for gel-electrophoresis. 
The blots were probed overnight with primary antibodies against DDX3 (1:1000, mAb 
AO196)30, β-actin (1:10000, A5441, Sigma-Aldrich), CDK1 (1:1000, #9116, Cell Signaling 
Technology) and p-CDK1 (Tyr15, #9111, Cell Signaling Technology)  followed by 
appropriate secondary antibodies, development with ECL (Bio-Rad, Hercules, CA, USA) 
and imaging with a G:BOX Chemi XR5 (Syngene, Frederick, MD, USA). 

RESULTS

Proteomic analysis after treatment with the DDX3 inhibitor, RK-33
In order to evaluate changes in the protein landscape after RK-33 treatment we performed 
quantitative proteomics in the metastatic cancer cell line MDA-MB-435 treated with either 
DMSO as a vehicle control or 4.5 μM RK-33 for 24 hours. 152.039 unique peptide spectra 
were identified, corresponding to 4580 proteins that could be used for downstream analysis.  
Of these, 666 were significantly altered with a fold change of larger than 15% and a 
moderated q-value smaller than 0.05 after exposure to RK-33 (Figure 1A). Gene set 
enrichment analysis was performed in the Gene Ontology Biological Processes database 
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using the full dataset with 4580 proteins as a background.As shown in Figure 1B, the 
strongest enrichment was observed for the mitochondrial translation termination (6.2 fold 
enriched, q = 6.27 x 10-38) and elongation GOterms (6.1 fold enriched, q = 2.25 x 10-37).  
In addition, proteins involved in mitotic nuclear division (fold enrichment 2.24, q = 5.64 
x 10-4) and cell division (fold enrichment 1.96, q = 1.39 x 10-3) were commonly altered. 

Network analysis of significantly altered proteins
Network analysis using the STRING database23 revealed several tight networks among the 
significantly altered proteins (Figure 1C). A clear cluster of downregulated mitochondrial 
ribosomal proteins was observed. Correspondingly, clusters of respiratory electron transport 
proteins, which are translated in part by the mitochondrial ribosome, were downregulated 
as well. We more elaborately investigated the effect of DDX3 inhibition on mitochondrial 
translation and reported about our findings in a dedicated paper (chapter 2).
In addition to a clear effect on mitochondrial translation, several other more closely 
interrelated protein clusters were identified. With regard to nuclear and cell division a large 
cluster of proteins involved in chromosome segregation and the mitotic cell cycle was 
observed (Figure 1C). 

Figure 1. The proteomic landscape after DDX3 inhibition with RK-33
A. Flowchart showing bioinformatical processing and analysis of peptide spectra identified by quantitative proteomics 
after 24 hours DMSO or 4.5 μM RK-33 exposure in MDA-MB-435 cells. B. Bar graph showing significantly enriched 
GOterms identified by gene-set enrichment analysis among proteins significantly altered after DDX3 inhibition with 
RK-33 treatment. Q-values are calculated are Benjamini and adjusted p-values generated by hypergeometric 
enrichment test. C. STRING network analysis showing clusters of is interrelated proteins among the significantly 
altered proteins after RK-33 treatment. Each circle corresponds to a protein and is labeled with the gene symbol. 
The color fills indicate groups of proteins with a particular function (see labels). Direction of the fold change is indicated 
by the border color for each protein: green indicates downregulation, red indicates upregulation. (See next page for 
Figure 1C u)
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The expression level of most of these proteins was also decreased after RK-33 exposure. In 
close relation to this cluster, a cluster of several ubiquitin-conjugating enzymes went down, 
whereas regulatory subunits of the proteasome mainly increased. With regard to cell cycle 
progression, proteins involved in DNA damage response and DNA replication both went 
down. Very central among all these clusters was a cluster with downregulated cell cycle 
regulation proteins, including CDK1 (fold change 0.81, q = 0.0009) and CDK2 (fold change 
0.73, q = 0.0004). Several proteins that play a role in apoptosis clustered together as well, 
with an increase in pro-apoptotic and a decrease in anti-apoptotic proteins. Given the 
known role of DDX3 in lipogenesis30 and RNA processing translation31, it was also 
interesting to see clusters that contained proteins involved in lipid metabolism and tRNA 
aminocylation.

Phosphoproteomic changes indicate decreased CDK1 activity after RK-33 treatment
After TiO2 enrichment 5274 phosphopeptides could be reliably identified. Of 1501 
phosphopeptides the corresponding protein was also identified in the unenriched analysis, 
allowing the abundance of the phosphopeptide to be normalized for the abundance of the 
whole protein (Figure 2A). This normalization ensured that changes in the phosphopeptide 
abundance reflected changes in phosphorylation status and not changes in relative 
abundance of the whole protein. 122 phosphopeptides with 134 unique phosphosites were 
significantly altered after RK-33 treatment.
As shown in Figure 2B, motif analysis of the surrounding amino acids of the 
downregulated phosphosites found enrichment for the S……t (3.72 fold), s..K (2.98 
Fold) and the S…..s motif (1.83 Fold). Phosphopeptides with these motifs are known 
to be phosphorylated by kinases from the CDK1/2/3/5 and CK1 kinases, among others 
(Figure 2B). Upregulated phosphosites were enriched for the s….E motif (2.81 fold), 
commonly phosphorylated by ATM/ATR kinases and again for the S……s motif (2.5 
fold). KEA at the phosphosite level also indicated enrichment for sites phosphorylated 
by CDK1 (p = 5.5 x 10-5). Total CDK1 and abundance of phosphorylated CDK1 (pCDK1) 
was also found to be decreased by immunoblotting in MDA-MB-435 cells 12 hours after 
RK-33 exposure (Figure 2D). Since not all identified phosphosites were associated with 
known kinases and the same kinases often phosphorylate proteins at more than one 
position, we performed KEA at the phosphorylated protein level as well. This analysis 
indicated that proteins that are known to be phosphorylated by CDC2 (p = 0.023) or 
CDK2 (p = 0.025) were overrepresented among the proteins with an altered 
phosphorylation status. 
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RK-33 causes a delay in all cell cycle phases
Both the proteomic and phosphoproteomic changes after 24 hours of RK-33 treatment 
indicated global changes in proteins directly or indirectly involved in cell cycle progression 
and cell division, with a central role for CDK1. However, since it is hard to separate cause 
from effect when analyzing at a static 24 hour time point, we decided to monitor the changes 
in cell cycle progression and cell division in single cells over time using the FUCCI system 
and timelapse microscopy (Figure 3A). Interestingly, a delay in all cell cycle phases was 
seen in both MDA-MB-435 and MCF7 cells (Figure 3B and 3C). The median time spent 

Figure 2. Changes in the phosphoproteome after RK-33 treatment indicate altered CDK1 activity
A. Flowchart showing bioinformatical processing and analysis of phospopeptide spectra identified by quantitative 
phospoproteomics after 24 hours DMSO or 4.5 μM RK-33 exposure in MDA-MB-435 cells. B. Motif-x analysis showing 
enriched motifs among the significantly up- or downregulated phosphopeptides and their associated kinase groups 
in the Networkin database. C. Bar graphs showing kinase enrichment analysis (KEA) among kinases known to 
phosphorylate the phosphopeptides and phosphoproteins significantly altered after RK-33 treatment. Benjamini and 
Hochberg corrected p-values of hypergeometric enrichment tests. D. Immunoblot showing a decrease in CDK1 and 
pCDK1 expression after 12 hours 4.5 μM RK-33 exposure in MDA-MB-435 cells. 
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in mitosis could be properly estimated, since the relatively short duration of this cell cycle 
phase allowed for observation of both the beginning and end of this phase. As shown in 
Figure 3D, mitosis was significantly longer after 1.5 μM (0.96 hr, p = 0.048), 3 μM (2.0 hr, 
p = 0.003) and 4.5 μM RK-33 (1.17 hr, p = 0.002) in MDA-MB-435 cells, when compared 
to DMSO treated cells (0.83 hr). A similar delay was observed in MCF7 cells, but this was 
only significantly different after 3 μM RK-33 (1.41 hr vs. 0.83 hr, p <0.001). A delay was 
also observed for all interphases, but was hard to quantify, since it was uncommon to 
observe both the beginning and end of these phases. 

Vacuolization and endoreduplication are frequent after RK-33 treatment
Morphological changes were also more commonly observed after RK-33 treatment. 
Especially in MCF7 extensive vacuolization was frequent (Figure 3E). In MDA-MB-435 
vacuolization was less common, but apoptosis (nuclear membrane blebbing) and necrosis 
(disintegration of the cells) were observed here as well. Since it was hard to determine 
whether and at what exact point cells died after vacuolization, we lumped vacuolization 
and cell death when scoring cellular fate. As shown in Figure 3F, both the amount of arrested 
cells and of cells undergoing vacuolization and/or cell death increased after RK-33 exposure 
in a dose-dependent manner. The time to vacuolization or cell death in MCF7 was slightly 
shorter for cells first exposed to 3 μM RK-33 in S-phase, when compared to those first 
exposed in the G1- or G2 phase (Figure 3G), but this difference was not statistically 
significant (log rank test p = 0.229). Another aberrancy that was more frequent in both cell 
lines after RK-33 treatment was endoreduplication. Endoreduplication is a phenomenon 
where the cell does not undergo mitosis after replicating its DNA content, but returns to 
the biochemical state of the G1 phase32 (Figure 3E & 3F). In MCF7 6.3-12.8% of cells 
underwent endoreduplication after 1.5-4.5 μM RK-33, as compared to 1% in of control 
cells. In MDA-MB-435 the phenotype was less clear, but endoreduplication was also more 
common after 3-4.5 μM RK-33 (4.0-4.5%), when compared to DMSO treated cells (2.1%).

DDX3 knockdown slows down cell cycle progression and induces endoreduplication
To evaluate whether a similar effect on the cell cycle could be observed after knockdown 
of DDX3, we treated MCF7-FUCCI cells with siDDX3 and compared them to sicontrol 
treated cells with timelapse microscopy (Figure 4A). As shown in Figure 4B, a similar global 
delay or arrest in all was observed after DDX3 knockdown. This was again best quantifiable 
for the median duration of mitosis, which was longer after siDDX3 (1.38 hr), when 
compared to sicontrol (0.92 hr), but this difference was not statistically significant (p = 
0.080; Figure 4C). A clear increase in arrested cells (35.2% vs 6.7%) and cells undergoing 
endoreduplication (11.1% vs 2.9%) was observed after siDDX3, as well. The amount of cells 
undergoing vacuolization and/or cell death in this timeframe was comparable after sicontrol 
or siDDX3  treatment (Figure 4D).
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t Figure 3. Single cell tracking shows RK-33 causes a delay in all cell cycle phases
A. Schematic overview of cell cycle progression with fluorescent changes of the FUCCI constructs mCherry-hCdt1 
and mVenus-hGeminin. B. Example merged DIC and fluorescent images showing the color change in a single DMSO 
and RK-33 treated MDA-MB-435-FUCCI cell over 24 hours. C. Graphs showing delayed cell cycle progression in 
single FUCCI labeled MDA-MB-435 and MCF7 cells after RK-33 treatment over 24 hours. Each line on the y-axis 
represents a single cell. D. Dot plot showing the median duration of mitosis after RK-33 treatment in FUCCI labeled 
MDA-MB-435 and MCF7 cells. Graphs represent median with interquartile range. P-values were calculated by a 
Mann-Whitney U Test. * p < 0.05, ** p < 0.01, *** p < 0.001. E. Example of endoreduplication and vacuolization 
occurring after RK-33 treatment in FUCCI-labeled MCF7 cells. F. Bar graphs showing the cell fate of RK-33 treated, 
FUCCI-labeled MCF7 and MDA-MB-435 cells. G. Kaplan Meijer plots showing the time to vacuolization or cell death 
for each phase during which the cell was first exposed to RK-33. 
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Figure 4. DDX3 knockdown results in a global cell cycle delay and endoreduplication
A. Immunoblot showing DDX3 expression 48 hours after sicontrol or siDDX3 transfection in MCF7 cells. B. Graphs 
showing delayed cell cycle progression in single MCF7-FUCCI cells 48 hours to 72 hours after sicontrol or siDDX3 
transfection. Each line on the y-axis represents a single cell. C. Dot plot showing the median duration of mitosis after 
siDDX3 transfection in FUCCI labeled MCF7 cells. Graphs represent median with interquartile range. P-values were 
calculated by a Mann-Whitney U Test. D. Bar graphs showing the cell fate of MCF7-FUCCI cells 48 to 72 hours after 
siDDX3 transfection.
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DISCUSSION

In this paper we evaluated the effect of DDX3 inhibition with RK-33. At the protein level 
RK-33 treatment mainly resulted in altered expression of proteins involved in mitochondrial 
translation, cell division and cell cycle progression. Reduced CDK1 and CDK2 expression 
seemed to have a central role in the network of affected cell cycle related proteins. We 
identified motifs among the phosphopeptides with changed expression levels after RK-33 
treatment, of which several were associated with the CDK1 kinase family. KEA also 
indicated a significant enrichment for phosphopeptides that are phosphorylated by CDK1. 
Cell cycle evaluation by tracking single FUCCI labeled cells with timelapse microscopy 
showed a global delay in all cell cycle interphases and mitosis after both RK-33 treatment 
and DDX3 knockdown. In addition, endoreduplication was more frequently observed after 
DDX3 inhibition. 
Downregulation of CDK1 has been linked to a global delay in cell cycle progression33 and 
endoreduplication34, by other studies as well. There are multiple pathways by which DDX3 
inhibition with RK-33 could affect CDK1. Wang, et al showed that the DEAD box RNA 
helicase family member DDX6 mediates CDK1 expression through interaction with stem-
loop structures in its 3’UTR35. Furthermore, a functional internal ribosome entry site (IRES) 
was identified in the CDK1 5’UTR36. DDX3 is known to be involved in translation of both 
mRNAs with a complex 5’UTR region37, as well as cap-independent translation of proteins 
with an IRES31. We identified a reduction in CDK1 protein levels after RK-33 treatment 
with both proteomics and immunoblotting. It is therefore possible that DDX3 is involved 
in cap- dependent or independent translation of CDK1. Another possibility is that DDX3 
directly affects the kinase activity of CDK1, as was observed previously for CK1 family 
members16. Further validation of the decrease in either abundance or activity of CDK1 and 
the mechanism behind this decrease after DDX3 inhibition is required. 
Interestingly, DDX3 inhibition was previously associated with an increased proportion of 
cells in G1 as measured by flow cytometry, suggestive of a specific G1 arrest3, 4, 38. This can 
be explained cells dying faster in other cell phases than in G1 (Figure 3C & 3G) and by the 
possibility that cells are relatively more delayed in G1 than in other phases. It is hard to 
estimate the relative delay in each cell cycle phase, because the beginning and end of the 
interphases are frequently not observed in our 24 hour time window, especially not after 
RK-33 treatment. However, our data clearly indicate a delay in all phases and not one that 
is limited to the G1 cell cycle phase.
We identified changes after RK-33 treatment in several cellular pathways that were previously 
linked to functions of DDX3. Proteins involved in nuclear/cell division and chromosome 
segregation were prominent among the altered proteins. Pek, et al. previously identified DDX3 
to be responsible for chromosomal localization of hCAP-H, a condensin 1 component, and 
found that inhibition of DDX3 resulted in lagging chromosomes39. 
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This is in line with our observation that the duration of mitosis is increased after RK-33 
treatment. In addition, a network of altered proteins involved in lipid metabolism was also 
identified after RK-33 treatment. DDX3 regulates an IKK-α mediated induction of lipogenesis 
after Hepatitis C infection30. Furthermore, we found lower expression of several DNA damage 
response proteins after DDX3 inhibition with RK-33. RK-33 was previously found to impede 
DNA repair4, 30. An interesting group of proteins that was upregulated after RK-33 treatment, 
was the group of tRNA ligases and other proteins involved in tRNA aminocylation. tRNA 
ligases function in maturation of tRNAs to facilitate protein translation 40. DDX1, another 
DEAD box RNA helicase family member, was recently found regulate the tRNA ligase 
complex40. Further research on the involvement of DDX3 in this context is warranted. 
DDX3 was previously shown to play a regulatory role both in the intrinsic41 and extrinsic6, 

7 pathways of apoptosis. RK-33 treatment resulted in upregulation of pro-apoptotic proteins 
(e.g. BAX, BCL2L1) and downregulation of anti-apoptotic proteins (e.g. XIAP), confirming 
the previously described anti-apoptotic role of DDX37. However, since we evaluated the 
proteomic landscape only at a static and late time point (24 hours), it is not possible to say 
whether the effects on apoptosis, and several other pathways, are a result of direct 
involvement of DDX3 or occurring as a downstream effect of other cellular perturbations. 
Vacuolization, ultimately resulting in cell death, was more frequent in MCF7 than MDA-
MB-435 cells and is most likely part of an autophagy response we previously observed after 
DDX3 inhibition with RK-33 in this cell line (chapter 2). 
The most prominent change in the proteome landscape after RK-33 treatment was 
mitochondrial translation. We dedicated a full paper to explore the effect of DDX3 inhibition 
on mitochondrial ribosomes, oxidative phosphorylation and the relation to radiosensitizing 
capacities of RK-33 (chapter 2). We confirmed that DDX3 inhibition with RK-33 indeed 
results in reduced mitochondrial translation, causing a decrease in oxidative phosphorylation 
capacity and an increase in reactive oxygen species production, culminating in a 
bioenergetics catastrophe. It is possible that the effect observed on cell cycle regulation 
described in the present paper, is partly a result of reduced bioenergetic capacity to fuel 
cell cycle progression. Further studies will need to confirm whether the effect of RK-33 on 
cell cycle progression through CDK1 regulation is a separate direct phenomenon, or 
secondary to the previously described metabolic changes. 

CONCLUSION

Overall we conclude that DDX3 inhibition with RK-33 results in a global delay in cell cycle 
progression, at the proteome level characterized by altered expression of proteins involved 
in mitochondrial translation, cell division and cell cycle progression and at the 
phosphoproteomic level by changes indicative of reduced CDK1 activity. 
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ABSTRACT

Identifying druggable targets in the Wnt-signaling pathway can optimize colorectal cancer 
treatment. Recent studies have identified a member of the RNA helicase family DDX3 
(DDX3X) as a multilevel activator of Wnt signaling in cells without activating mutations 
in the Wnt-signaling pathway. In this study, we evaluated whether DDX3 plays a role in the 
constitutively active Wnt pathway that drives colorectal cancer.
We determined DDX3 expression levels in 303 colorectal cancers by immunohistochemistry. 
39% of tumors overexpressed DDX3. High cytoplasmic DDX3 expression correlated with 
nuclear β-catenin expression, a marker of activated Wnt signaling. Functionally, we 
validated this finding in vitro and found that inhibition of DDX3 with siRNA resulted in 
reduced TCF4-reporter activity and lowered the mRNA expression levels of downstream 
TCF4-regulated genes. In addition, DDX3 knockdown in colorectal cancer cell lines reduced 
proliferation and caused a G1 arrest, supporting a potential oncogenic role of DDX3 in 
colorectal cancer. 
RK-33 is a small molecule inhibitor designed to bind to the ATP-binding site of DDX3. 
Treatment of colorectal cancer cell lines and patient-derived 3D cultures with RK-33 
inhibited growth and promoted cell death with IC50 values ranging from 2.5 to 8 μM. The 
highest RK-33 sensitivity was observed in tumors with wild-type APC-status and a mutation 
in CTNNB1.
Based on these results, we conclude that DDX3 has an oncogenic role in colorectal cancer. 
Inhibition of DDX3 with the small molecule inhibitor RK-33 causes inhibition of Wnt 
signaling and may therefore be a promising future treatment strategy for a subset of 
colorectal cancers. 
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INTRODUCTION

Although significant advancements have been made in the prevention and treatment of 
colorectal cancer, this disease still ranks third on the list of causes of cancer related deaths 
in the United States, which underlines the need for development of new targeted therapies 
in this field.1 On a genomic level colorectal cancer is frequently characterized by loss of the 
tumor suppressor gene p53 and activation of the RAS-RAF signaling pathway, alterations 
that are common in a multitude of solid tumors. In addition, activation of the Wnt/β-catenin 
signaling pathway is prevailing and more specific to the colorectal cancer setting, where 
genetic aberrations in this pathway are found in over 90 percent of cases. The most common 
alteration is inactivation of the APC gene (>70%). Activating mutations in CTNNB1, the 
gene encoding for β-catenin, are less prevalent (5-10%).2 Thus, identifying druggable targets 
in this pathway would be beneficial for optimizing colorectal cancer treatment.
Within this context, we identified a member of the RNA helicase gene family, DDX3, which 
exhibits oncogenic properties in breast and lung carcinomas.3, 4 In order to therapeutically 
exploit the benefits of abrogating DDX3 activity in these cancers, we developed a small 
molecule inhibitor, RK-33, designed to bind to the ATP-binding domain of DDX3 and 
inhibit its RNA-helicase activity.4 Potent anti-cancer activity was observed in lung cancer 
mouse models after DDX3 inhibition by RK-33.
Recent studies indicate that DDX3 is a multilevel activator of the Wnt-signaling pathway. 
DDX3 was identified as an allosteric activator of CK1ɛ and hereby promotes phosphorylation 
of the scaffold protein dishevelled, which activates Wnt signaling during Caenorhabditis 
elegans and Xenopus development and in mammalian HEK293t cells. This function of 
DDX3 was independent of its RNA-helicase activity.5 In addition, DDX3 was found to 
regulate the stability of β-catenin protein expression in a helicase-dependent manner 
through translational regulation of Rac1.6 In addition, our group identified a direct 
interaction between DDX3 and β-catenin and its functional role in regulating TCF-4 
mediated transcriptional activity in lung cancer cell lines.4 Notably, DDX3 activity has also 
been linked to Wnt-signaling activity by the identification of coinciding CTNNB1 and 
DDX3X activating mutations in Wnt-type medulloblastomas.7-9

These mechanistic studies all indicate an important role of DDX3 in Wnt signaling in both 
normal and transformed cells, but focus on a situation without activating mutations in the 
Wnt-signaling pathway.  It remains to be determined whether colorectal cancer cells, which 
usually harbor activating mutations in the Wnt-signaling pathway, are dependent on DDX3 
as well. In this study, we aimed to evaluate DDX3 as a potential player in the constitutionally 
activated Wnt signaling that drives colorectal cancer and to assess whether DDX3 inhibition 
by the small molecule RK-33 is a suitable therapeutic strategy in this cancer type.
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METHODS

Cell lines
HCT116, HT29, Colo205, SW480 and DLD-1 were a kind gift of Professor Fred Bunz (Johns 
Hopkins University, Baltimore, MD, USA). The HCT116 p5310 and β-catenin11 knockout 
cell lines were kindly provided by Professor Bert Vogelstein (Johns Hopkins University). 
All adherent colorectal cancer cell lines were grown in McCoy’s 5A supplemented with 10% 
fetal bovine serum. All cell lines were routinely tested for mycoplasma contamination by 
a PCR kit (30-1012K, ATCC, Manassas, VA, USA).
The colosphere cultures CR9, CRC29, CRC47 and L145 were a kind gift from Professor 
Onno Kranenburg (University Medical Center Utrecht, Utrecht, The Netherlands). These 
cell lines were established from tumor specimens of primary colorectal cancers (CR9, 
CRC29, CRC47) and colorectal cancer liver metastases (L145). A detailed description of 
how these colospheres were isolated and maintained has been provided previously.12 These 
specimens were obtained in accordance with the ethical committee on human 
experimentation and informed consent was obtained from all patients.12 Next generation 
sequencing was performed to assess the mutation status of 50 commonly mutated genes 
in these spheroids using the AmpliSeq Cancer Hotpot Panel v2 (LifeTechnologies, Carlsbad, 
CA, USA) on an Ion PGM platform. Publicly available mutation data of the adherent 
colorectal cancer cell lines were accessed through the canSAR platform.13 Clinical 
information of these cell lines is summarized in Supplementary Table 2. 
DDX3 knockdown cell lines were generated by transfecting cells with jetPrime transfection 
reagent (Polyplus, New York, NY, USA) and 50 nM sicontrol (non-targeting pool) or 
siDDX3 sequences (ON-TARGETplus, Dharmacon, Lafayette, CO, USA).

Immunoblotting
All cells were harvested at 50-70% confluency. For DDX3 knockdown experiments cells 
were harvested 72 hours after transfection. For RK-33 experiments cells were harvested 
after 24 hours exposure to the drug or vehicle control. For whole cellular protein extracts 
cells were lysed in SDS-extraction buffer (100nM Tris-HCl, 2% SDS, 12% glycerol, 10mM 
EDTA, pH6.7) and sonicated on ice. 30 μg protein was loaded on 10% SDS-PAGE gels. 
After gel-electrophoresis proteins were transferred onto PVDF membranes, blocked with 
5% milk and probed overnight with primary antibodies against DDX3 (1:1000, mAb 
AO196)14, Actin (1:10000, A5441, Sigma-Aldrich, St Louis, MO, USA), DDX5 (1:1000, 
pab204, EMD Millipore, Billarica, MA, USA), DDX17 (1:1000, Bethyl, Montgomery, TX, 
USA) and p53 (1:1000, DO-1, Santa-Cruz Biotechnology, Dallas, TX, USA)  and followed 
by appropriate secondary antibodies. The blots were developed with clarity western ECL 
(Bio-Rad, Hercules, CA, USA) and imaged with G:BOX Chemi XR5 (Syngene, Frederick, 
MD, USA).
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Proliferation assay and cytotoxicity assays
For the proliferation assays 4-10 x 104 cells were plated in a 24-well plate. The following day 
the cells were transfected with siDDX3 or sicontrol as described earlier. 48 hours after 
transfection 2-5 x 103 cells were plated per well in a 96-well plate. The amount of viable 
cells per well was estimated every 24 hours by an MTS-assay (CellTiter 96 Aqueous One 
Solution, Promega, Madison, WI, USA). For this, the cells were incubated with MTS reagent 
for 2 hours, after which absorbance was measured at 490 nm with a Victor3V plate reader 
(PerkinElmer, Waltham, MA, USA). 
For the cytotoxicity assays with adherent colorectal cancer cell lines 2-5 x 103 cells were 
plated per well in a 96-well plate. The following day RK-33 was added. DMSO was added 
as a vehicle control. Read out occurred after 72 hours of drug exposure with an MTS assay.
The cytotoxicity assays on colosphere cultures have been described extensively elsewhere.15 
Briefly, 80-100 spheroids were plated per well in a 96-well plate with RK-33 or DMSO. After 
72 hours of drug exposure the total cell population was labelled with DRAQ5™ (Abcam, 
Cambridge, UK) and live cells were labelled with Calcein Green AM (LifeTechnologies, 
Carlsbad, CA, USA). Fluorescence was measured using a Cellomics Arrayscan VTI HCS  
Reader (Thermo Fisher Scientific, MA, USA).The percentage of dead cells was calculated 
by normalizing the levels of intensity to and expressed as a relative percentage of the plate-
averaged vehicle treated control.

Cell cycle analysis
Cell cycle analysis was performed as was described previously.16 In short, for siDDX3 
experiments 5-15 x 104 cells were plated per well in a 6-well plate. The following day cells 
were transfected with sicontrol or siDDX3 and incubated for 72 hours. For experiments 
with RK-33 4-7.5 x 105 cells were plated in a 6-well plate. The following day cells were 
incubated for 24 hours with RK-33. Subsequently, cells were harvested and fixed in 70% 
ethanol overnight at -20⁰C. Fixed cells were incubated in DNA staining solution (5µg/ml 
propidium iodide, 0.5mg/ml RNAse A) for 1 hour. Cell cycle acquisition was performed 
on a FACScan I or FACSCalibur instrument (BD Biosciences, San Jose, CA, USA). Data 
was analyzed using FlowJo software (Tree Star Inc., Ashland, OR, USA). Statistical 
significance was assessed with a student’s t-test.

TCF-reporter assays
Transcriptional activity of TCF4 was measured using the dual luciferase assay (Promega, 
Madison, WI, USA) according to the manufacturer’s instructions. For this, cells were 
transfected with 500 ng TOP-FLASH or FOP-FLASH constructs17 and 50 ng phRL Renilla 
constructs as transfection controls, using jetPrime transfection reagent (Polyplus, New 
York, NY, USA). Luminescence was measured using a luminometer (Berthold Sirius, Oak 
Ridge, TN, USA).
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For the experiments with RK-33 3-4 x 104 HCT116 and HT29 cells were plated in a 24-well 
plate. After 24 hours the cells were transfected with the TOP/FOP constructs. 7 hours after 
transfection 2.5 μM RK-33 or DMSO was added for 12-24 hours after which the cells were 
lysed. For the DDX3 knockdown experiments 12.5-15 x 103 HCT116 and HT29 cells were 
plated in a 24-well plate. In the evening of the following day the cells were transfected with 
50 nM siDDX3 as described earlier. The following morning the cells were transfected with 
the TOP/FOP constructs and incubated for another 48 hours after which the cells were 
lysed for the luciferase assay. Relative TCF4-promotor activity was calculated by normalizing 
TOP-FLASH and FOP-FLASH readings for Renilla luciferase readings and dividing 
normalized TOP-FLASH readings by normalized FOP-FLASH readings. Statistical 
significance was evaluated by a paired t-test. 

Quantitative reverse transcriptase polymerase chain reaction
HCT116 and HT29 cells were harvested after 12-24 hour exposure to RK-33 or 72 hours 
after transfection with 50 nM siDDX3. RNA was extracted with an RNeasy kit (Qiagen, 
Valencia, CA, USA) and cDNA was manufactured using an iScript cDNA synthesis kit 
(Bio-Rad, Hercules, CA, USA), followed by qPCR using SYBR green (Bio-Rad, Hercules, 
CA, USA) on an CFX96 Real-Time PCR detection System (Bio-Rad, Hercules, CA, 
USA). Amplification of 36B4, a housekeeping gene, was used for normalizing gene 
expression values. Primer sequences: 
DDX3 F 5’-GGAGGAAGTACAGCCAGCAAAG-3’, DDX3 R 
5’-CTGCCAATGCCATCGTAATCACTC-3’, AXIN2 F 
5‘-TCAAGTGCAAACTTTCGCCAACC-3’, AXIN2 R 
5’-TAGCCAGAACCTATGTGATAAGG-3’, c-MYC F 
5’-CGTCTCCACACATCAGCACAA-3’, c-MYC R 
5’-CACTGTCCAACTTGACCCTCTTG-3’, CCND1 F 
5’-GGCGGAGGAGAACAAACAGA-3’ CCND1 R 5’-TGGCACAGAGGGCAACGA-3’, 
BIRC5A F 5’-CCACCGCATCTCTACATTCA-3’, BIRC5A R 
5’-TATGTTCCTCTATGGGGTCG-3’. 
Fold changes in mRNA expression were calculated using the 2-ΔΔCT method. Statistical 
significance was calculated by performing a paired student’s t-test on the ΔCT values.18 

Patient samples
A tissue microarray (TMA’s) with samples from 72 colorectal cancer patients from the 
Academic Medical Center, Amsterdam was kindly provided by professor Johan Offerhaus 
(University Medical Center Utrecht). This TMA also included one punch of surrounding 
normal mucosa per patient. The construction of this TMA has been reported in detail 
elsewhere.19 An additional TMA with 292 colorectal cancer samples from Paderborn, 
Germany was provided by prof. Horst Bürger. 
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As we used archival leftover pathology material and our study does not affect the included 
patients, no ethical approval is required according to Dutch legislation.20 Anonymous or 
coded use of redundant tissue for research purposes is part of the standard treatment 
agreement with patients in our hospitals.21 

Immunohistochemistry
4µm sections were cut, mounted on SuperFrost slides (Menzel&Glaeser, Brunswick, 
Germany), deparaffinized in xylene and rehydrated in decreasing ethanol dilutions. For 
DDX3 staining, endogenous peroxidase activity was blocked with 1.5% hydrogen peroxide 
buffer for 15 minutes and was followed by antigen retrieval by boiling for 20 minutes in 
10mM citrate buffer (pH 6.0). Slides were subsequently incubated in a humidified chamber 
for 1 hour with anti-DDX3 (1:1000, pAb r647).14 After washing with PBS, slides were 
incubated with poly-HRP-anti-mouse/rabbit/rat IgG (Brightvision, Immunologic, Duiven, 
The Netherlands) as a secondary antibody for 30 minutes at room temperature. Peroxidase 
activity was developed with diaminobenzidine and hydrogen peroxide substrate solution 
for 10 minutes. The slides were lightly counterstained with haematoxylin and mounted. 
Positive controls (tonsil) were used throughout. Negative controls were obtained by 
omission of the primary antibodies from the staining procedure.
β-catenin staining was performed automatically with the Leica BOND RX (Leica 
Microsystems, Rijswijk, The Netherlands). Antigens were retrieved with Epitope Retrieval 
Solution 2. The primary antibody against β-catenin (clone 17C2, Novocastra, Eindhoven, 
The Netherlands) was used in a 1:20 concentration. 
Scoring was performed by consensus of two observers (M.H.v.V., P.v.D.). Intensity of 
cytoplasmic DDX3 expression was scored semi-quantitatively as being absent, low, moderate 
or strong. The TMAs included multiple cores per patient; the highest score was used for 
further analysis. Cases with absent to moderate scores were classified as having low DDX3 
expression and evaluated against cases with strong expression. Intratumoral DDX3 
expression was compared to that of the surrounding normal tissue in case the latter was 
available for comparison. 
β-catenin expression was scored separately for each subcellular compartment. Membrane 
expression was scored as complete, partial or lost. Cytoplasmic expression was scored as 
normal or overexpressed. The percentage of positive nuclei was scored. A cut-off of lower 
or higher than 10% was used for analysis. 
Clinicopathological characteristics were compared between DDX3 low and high expressing 
tumors. Discrete variables were compared by χ2 or Fisher’s exact test and odds ratios (OR) 
were calculated with 95% confidence intervals (95% CI). Statistical analyses were performed 
using SPSS version 20.0.
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RESULTS

DDX3 inhibition results in growth inhibition in colorectal cancer cell lines
To assess DDX3 dependency, we used siRNA to knock down DDX3 expression in the 
colorectal cell lines HCT116 and HT29 (Figure 1A). DDX3 knockdown resulted in a 
reduction of cell proliferation in both cell lines (Figure 1B). To evaluate whether the 
reduction of viable cells was the result of reduced proliferation or increased cell death, we 
performed cell cycle analysis by flow cytometry on these cell lines after treatment with 
siDDX3. As seen in Figure 1C, cell cycle analysis indicated a clear G1 arrest in HCT116 
cells with a 15.8% increase in G1-phase (p = 0.02) and a 17.0% decrease of cells in S-phase 
(p = 0.01). In addition, a slight decrease in S-phase was observed in HT29 (3.4%; p = 0.05). 
These results indicate that these colorectal cell lines are dependent on DDX3 for cell cycle 
progression. 

DDX3 expression in colorectal cancer patient samples
To evaluate whether DDX3 is also expressed in colorectal cancers, we immunohistochemically 
stained 303 colorectal cancer specimens for DDX3 (Figure 2). High cytoplasmic DDX3 
expression was present in 124 samples (40.9%). Corresponding normal mucosa was 
available for 59 cases. Intratumoral expression was higher in 23 patients (39.0%; Figure 
2A-D), similar in 32 patients (54.2%; Figure 2E-F) and lower in 4 patients (6.8%; Figure 
2G-H), when compared to the surrounding morphologically normal mucosa. 
Next, we compared DDX3 expression to other known clinicopathological characteristics 
(Table 1). Within this cohort of samples, DDX3 expression did not correlate with any of 
the other clinicopathological variables. 

High DDX3 expression correlates with nuclear β-catenin
Given the activating role of DDX3 in Wnt signaling in other settings,4 we wanted to 
determine whether high DDX3 expression is associated with activated Wnt signaling in 
colorectal cancer patient samples as reflected by an increased cytoplasmic and nuclear 
β-catenin pool (Figure 3). We separately scored the membranous, cytoplasmic and nuclear 
localization of β-catenin in tumors with low and high DDX3 expression, which is shown 
in Table 2. Nuclear β-catenin expression was significantly more prevalent in the DDX3 high 
group (59.3%) when compared to the DDX3 low group (33.5%; RR = 1.77; 95% CI = 1.36-
2.31; p =2.47 x 10-5), indicating a connection between DDX3 levels and nuclear β-catenin 
accumulation. In addition, a trend was observed for more frequent overexpression of 
cytoplasmic β-catenin in DDX3 high tumors (73% vs 63%; RR = 1.16; 95% CI = 0.99-1.36; 
p =0.08), which often coincides with nuclear β-catenin expression as shown in Figure 3D. 
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Sensitivity of colorectal cancers to RK-33, a small molecule inhibitor of DDX3
Considering the fact that DDX3 is overexpressed in colorectal cancers, we evaluated the in 
vitro sensitivity of colorectal cancer cells to DDX3 inhibition by RK-33, a small molecule 
inhibitor of DDX3. Five colorectal cancer cell lines (HCT116, HT29, DLD-1, SW480 and 
Colo205) were treated with RK-33 and cell viability was assessed by an MTS assay (Figure 
4A-B). All cell lines had an IC50 value in the low micromolar range (3-7 µM). To assess 
whether RK-33 also showed cytotoxicity in 3D cultures, we expanded our panel with four 
patient-derived colorectal cancer spheroid cell lines. Spheroid viability after RK-33 exposure 
was evaluated with an arrayscan (Figure 4C-E). The spheroids displayed comparable 

Figure 1. DDX3 dependency in colorectal cancer cell lines
A. Immunoblots of DDX3 expression in colorectal cancer cell lines HCT116 and HT29 before and after inhibition of 
DDX3 with 50 nM siDDX3. B. Proliferation of Colorectal cancer cell lines after knockdown of DDX3, measured by 
daily MTS assays. C. Cell cycle analysis after knockdown of DDX3. All experiments were performed three independent 
times, graphs represent mean ± SD, * p < 0.05
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Similar DDX3 expression

DDX3 underexpression

Figure 2. DDX3 is overexpressed in patients with colorectal cancer
DDX3 is overexpressed in 39% of patients. Low DDX3 expression in normal colon epithelium (A. & C.). High DDX3 
expression in colorectal adenocarcinoma cells of the same patients (B. & D.) 54.2% of patients have similar levels 
of DDX3 expression in the normal mucosa (E.) and corresponding invasive cancer (F.).  Only 6.8% of patients have 
decreased DDX3 in the invasive tumor (H.), when compared to adjacent normal mucosa (G.). 40 x magnification, 
scale bar indicates 25 μm 
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sensitivity to RK-33 as the adherent cell lines (IC50 value range 3-9 µM). Treatment with 
RK-33 resulted in a G1 arrest in a dose-dependent manner in both HCT116 and HT29 
(Figure 4F). An increase in the percentage of apoptotic cells could also be observed in 
HCT116 after DDX3 inhibition, but not in HT29 (supplementary Figure 1). The differences 
in cell cycle distribution were more profound than the increase in apoptotic cells, indicating 
that the primary effect of DDX3 inhibition is a G1 arrest, which ultimately can result in 
apoptosis.

Table 1. Clinicopathological characteristics of DDX3 low and DDX3 high colorectal cancers

Total Low DDX3 High DDX3

 n % n % n % P-value RR 95% CI

Total 303 100.0 179 59.1% 124 40.9%

Sex

Male 169 55.8% 102 57.0% 67 54.0% 0.61 1.08 0.84-1.39

Female 134 44.2% 77 43.0% 57 46.0%

TNM stage

1 22 9.6% 13 9.7% 9 9.4% 0.73

2 98 42.6% 54 40.3% 44 45.8%

3 80 34.8% 47 35.1% 33 34.4%

4 30 13.0% 20 14.9% 10 10.4%

Differentiation grade

well 16 5.3% 8 4.5% 8 6.5% 0.62

moderate 228 75.7% 134 75.3% 94 76.4%

poor 57 18.9% 36 20.2% 21 17.1%

Site of origin

Rectum 95 31.4% 56 31.3% 39 31.5% 0.98 1.00 0.85-1.16

Colon 208 68.6% 123 68.7% 85 68.5%

Tumor size

<40 mm 49 22.0% 24 19.0% 25 25.8% 0.44

40-60 mm 120 53.8% 69 54.8% 51 52.6%

>60 mm 54 24.2% 33 26.2% 21 21.6%

Age at time of diagnosis

< 65 years 82 27.1% 54 30.2% 28 22.6% 0.25

65-80 years 167 55.1% 92 51.4% 75 60.5%

>80 years 54 17.8% 33 18.4% 21 16.9%

Surgical margins

negative 230 99.1% 135 100.0% 95 97.9% 0.17

positive 2 0.9% 0 0.0% 2 2.1%

P-values are determined by a chi-square test unless otherwise indicated: * Fisher’s exact test.
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Figure 3. High DDX3 expression is associated with nuclear β-catenin in colorectal cancer samples
Low DDX3 expression (A.) is associated with strong expression of β-catenin on the membranes and absence of 
β-catenin in the nuclei (B.) High DDX3 expression (C.) is associated with increased β-catenin expression in the 
cytoplasm and the nucleus (D.). 40 x magnification, scale bar indicates 25 μm

A B

C D

DDX3 β-catenin

Table 2. β-catenin expression in DDX3 low and DDX3 high colorectal cancers

Total Low DDX3 High DDX3

n % n % n % P-value RR 95% CI

Membranous 
β-catenin

complete expression 231 83.4% 136 83.4% 95 83.3% 0.82   

partial expression 29 10.5% 16 9.8% 13 11.4%

loss of expression 17 6.1% 11 6.7% 6 5.3%    

Cytoplasmic 
β-catenin

normal expression 91 32.9% 60 37.0% 31 27.0% 0.08 1.16 0.99-1.36

overexpression 186 67.1% 102 63.0% 84 73.0%    

Nuclear
β-catenin

<10% 153 55.8% 107 66.5% 46 40.7% 2.47 x 10-5 1.77 1.36-2.31 

>10% 121 44.2% 54 33.5% 67 59.3%    

P-values calculated by a chi-square test.
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Both adherent cell lines and spheroids could be separated into two groups; a sensitive group 
of cell lines with an IC50 value <3 µM (HCT116, CRC29, HT29) and a group with a 2-3 
fold higher IC50 value ranging from 5-9 μM (CR9, DLD-1, CRC47, SW480, Colo205, L145).  
Next, we assessed the functional role of DDX3 in the cell lines that were less sensitive to 
RK-33, by knocking down DDX3 with siDDX3 (Figure 4G). Unlike the RK-33 sensitive 
cell lines HCT116 and HT29, proliferation in DLD-1 and SW480 was not affected by DDX3 
knockdown (Figure 4H) and only a moderate drop in S-phase was observed in SW480 
(3.7%; p = 0.02). No effect on cell cycle was seen in DLD-1 (Figure 4I).  

Molecular predictors of DDX3 dependency
Centered on our finding of differential sensitivity to RK-33, we hypothesized that sensitivity 
to RK-33 in colorectal cancer cells may also be associated with other genomic drivers of 
cellular transformation. Almost all colorectal cell lines and spheroids expressed DDX3 
protein (Figure 4A&C), but no direct correlation between RK-33 sensitivity and DDX3 
expression levels was observed. Next, we assessed the most commonly occurring mutations 
in our cell line panel by next generation sequencing (Table 3). Interestingly, we found that 
two of the three RK-33 sensitive cell lines had wild-type APC and TP53, whereas the less 
sensitive group had mutations in these genes. 
To further determine if TP53 mutations in cell lines alters sensitivity to RK-33, we compared 
RK-33 sensitivity in isogenic cell lines with wild-type TP53 (HCT116-p53+/+) and without 
TP53 (HCT116-p53-/-; Figure 5A). Both cell lines were equally sensitive to DDX3 inhibition 
with RK-33 (IC50 2.52 vs 2.58 μM; Figure 5B). In addition, similar to the parental cell line 
that expresses p53 (Figure 1C), knockdown of DDX3 resulted in a G1 arrest (13.9% increase; 
p = 0.04) and a decrease of cells in S-phase (4.8%; p = 0.11; Figure 5C-D). This indicates 
that within our experimental setting the sensitivity of RK-33 is independent of p53 status.

Table 3. Correlation between RK-33 sensitivity and mutation status in colorectal cancer cell lines
RK-33 Sensitivity Mutations

Cell line IC50 (uM) 95% CI APC Truncation TP53 RAS/RAF Others MSI status

HCT116* 2.71 2.64-2.80 - - KRAS PIK3CA, CTNNB1 MSI

CRC29† 2.89 2.66-3.14 - - KRAS, BRAF SMAD4, STK11 MSI

HT29* 2.96 2.84-3.08 E853X, T1556fsX3 R273H BRAF PIK3CA, SMAD4 MSS

CR9† 4.97 4.51-5.48 R1114X, S1503E R213X, V157A - SMAD4, FBXW7, ERBB2

DLD-1* 5.36 5.15-5.59 I1417X S241F KRAS MSI

CRC47† 5.54 5.07-6.05 R1450X P75LfsX48 - PIK3CA MSI

SW480* 6.32 5.60-7.15 Q1338X R273H, P309S KRAS SMAD4 MSS

Colo205* 6.65 6.00-7.37 T1556fsX3 Y103fsX8 BRAF MSS

L145† 8.77 7.63-10.08 S1436LfsX34 R110P KRAS  MSS

Mutational status was derived from:*publicly available data in the CanSAR database †next-generation sequencing. - no mutation 
detected
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t Figure 4. RK-33 sensitivity in colorectal cancer cell lines
A. Immunoblot showing the relative DDX3 expression in adherent colorectal cancer cell lines. B. MTS assay showing 
cytoxicity of RK-33 in different colorectal cancer cell lines. C. Immunoblot showing the relative DDX3 expression in 
patient-derived 3D cultures. D. Cytotoxicity assay showing the sensitivity of patient-derived 3D cultures of colorectal 
cancer. E. Example of cytotoxicity assay with RK-33 in CRC29 3D cultures. The DRAQ5 positive (red) areas are 
used to determine the outline of the spheroids. The Calcein AM (green) intensity within this area is used as a measure 
for living cells. F. Cell cycle analysis after DDX3 inhibition with increasing concentrations RK-33 in HCT116 and HT29
G. Immunoblots of DDX3 expression in colorectal cancer cell lines SW480 and DLD-1 before and after inhibition of 
DDX3 with 50 nM siDDX3. H. Proliferation of Colorectal cancer cell lines SW480 and DLD-1 after knockdown of 
DDX3, measured by daily MTS assays. I. Cell cycle analysis after knockdown of DDX3 in SW480 and DLD-1.  
All experiments were performed three independent times, graphs represent mean ± SD, * p < 0.05, ** p < 0.01
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Figure 5. DDX3 dependency in different colorectal cancer genetic subtypes
A. Immunoblot showing p53 and DDX3 expression in HCT116 with and without p53. B. MTS assay showing the 
relative cytotoxicity after RK-33 treatment in HCT116 with and without p53. C. Cell Cycle analysis of HCT116-p53-/- 
cells after DDX3 knockdown with 50 nM siDDX3. D. Immunoblots of DDX3 expression in HCT116 p53-/-  before and 
after inhibition of DDX3 with 50 nM siDDX3. E. Relative sensitivity to RK-33 in parental HCT116 (CTNNB1Δ45/wt) 
and HCT116 with either the mutant CTNNB1 allele (CTNNB1-/wt) or the wild-type allele deleted (CTNNB1Δ45/-). 
F. Immunoblot showing the DDX3 expression in HCT116 with different β-catenin variants. All experiments were 
performed three independent times, graphs represent mean ± SD, *p < 0.05
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RK-33 sensitivity in relation to different mutations in the Wnt-signaling pathway
Although DDX3 is thought to play a role in Wnt signaling, cells that harbor an APC 
mutation were less sensitive to RK-33 than cells with wild-type APC. Since CTNNB1 and 
DDX3X mutations co-occur in Wnt-type medulloblastomas7-9, we hypothesized that DDX3 
dependency may be higher in cells with other genetic aberrations in the Wnt-signaling 
pathway, like mutations in the gene encoding β-catenin. We used HCT116 cells with either 
the wild-type allele deleted (HCT116 CTNNB1Δ45/-) or the mutant β-catenin allele deleted 
(HCT116 CTNNB1-/wt) to study the contribution of each allele to RK-33 sensitivity. 
Interestingly, we found that cells with mutant β-catenin were slightly more sensitive (IC50 
2.68 μM) than those with only a wild-type allele (IC50 3.71 μM) and that DDX3 expression 
is slightly higher in HCT116 β-cateninΔ45/- cells (Figure 5D-E). These results indicate that 
APC wild-type colorectal cancers harboring an activating CTNNB1 mutation may be more 
sensitive to RK-33 treatment. 

Inhibition of DDX3 results in reduced Wnt signaling
To evaluate whether the observed proliferation inhibition is the result of interference with 
oncogenic Wnt signaling, we tested whether DDX3 inhibition causes a reduction in TCF4-
promoter activity with a reporter assay. Knockdown of DDX3 resulted in a significant 
decrease in Wnt signaling in HCT116 (42%, p = 0.001) and a small decrease in HT29 (17%, 
p = 0.23; Figure 6A). RK-33 treatment resulted in an even greater inhibition of TCF4-
reporter activity of 74% in HCT116 (p = 0.0008) and of 44% in HT29 (p = 0.03; Figure 6B). 
To validate whether the reduced TCF4-reporter activity also resulted in reduced mRNA 
expression of TCF4-regulated genes, we quantified transcript expression for c-MYC, AXIN2, 
CCND1 and BIRC5A. As seen in Figure 6C and Supplementary Table 1, DDX3 knockdown 
resulted in reduced expression of AXIN2, CCND1 and BIRC5A in HCT116. Similarly, a 
decrease was observed in CCND1, c-MYC  and BIRC5A expression in HT29. RK-33 
treatment also significantly reduced the amount of transcripts of c-MYC, AXIN2, CCND1 
and BIRC5A in HCT116 (Figure 6D). Again this result was slightly less profound in HT29, 
where RK-33 caused a reduction in AXIN2, CCND1 and BIRC5A. Overall, inhibition of 
DDX3 results in decreased Wnt signaling in HCT116 and to a lesser extent in HT29, which 
corresponds to their relative dependence on DDX3 for cell cycle progression. 

RK-33 treatment reduces DDX5 protein levels
Since DDX5 and DDX17 are known mediators of Wnt signaling in colorectal cancer22, 23 
and DDX3 and DDX5 have been found to interact24, we evaluated whether RK-33 treatment 
also influences DDX5 and DDX17 protein levels. Although we found earlier that RK-33 
does not bind directly to DDX54, exposure to RK-33 resulted in decreased DDX5 protein 
levels, but did not affect DDX17 expression (Figure 7). This indicates that the observed 
reduction in Wnt signaling could be either as a direct result of decreased DDX3 levels, of 
the consequentially lowered DDX5 expression, or of a combination of both mechanisms.
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Figure 6. DDX3 inhibition results in reduced Wnt signaling activity
A. and B. TCF4-reporter assays after knockdown of DDX3 with 50 nM siDDX3 (A.) and inhibition of DDX3 with  
RK-33 (B.) in DDX3-dependent colorectal cancer cell lines HCT116 and HT29. C. and D. Relative mRNA expression 
of TCF4-target genes after knockdown of DDX3 with 50 nM siDDX3 (C.) or DDX3 inhibition with RK-33 (D.)  
All experiments were performed three independent times, graphs represent mean ± SD, * p < 0.05, ** p <  0.01.
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DISCUSSION

Previously, we demonstrated that DDX3 is overexpressed in breast and lung cancers and 
that targeting DDX3 by RK-33 promotes cell death.3, 4 This requirement for DDX3 can in 
part be explained by its involvement in Wnt signaling, as was shown previously by our 
group and others.4-6 As the majority of colorectal cancers is driven by mutations in the 
Wnt-signaling pathway, we explored the possible contribution of DDX3 to Wnt-associated 
colorectal cancer oncogenesis. In the present study, we showed that DDX3 is overexpressed 
in 39% of colorectal cancers and that inhibition of DDX3 results in reduced Wnt signaling 
and a G1 arrest, making DDX3 an attractive therapeutic target in these cancers.
The clinical relevance of the development of Wnt signaling inhibitors which work in a 
constitutively activated setting is tremendous, since mutations in the Wnt-signaling pathway 
are not only the first genetic alterations in the adenoma-carcinoma sequence, but advanced 
colorectal cancers with mutations in APC or CTNNB1 remain dependent on upstream Wnt 
signaling activity.25, 26 Especially colorectal cancer stem cells rely on Wnt signaling, and 
potent inhibition may therefore specifically inhibit the resistant tumor initiating cell 
population.27 This potential is also reflected by the cytotoxic effect of RK-33 on 3D cultures 
of colorectal cancer stem cells in our study. Colorectal cancer drug development is currently 
limited by a lack of pathway specific targets, potential redundancy of pathway components 
and toxicity.28 In this study we show that DDX3 is an integral component of Wnt signaling, 
and targeting DDX3 by RK-33 is a potential therapeutic option. Although previous mouse 
studies showed no RK-33-related toxicity4, future studies will need to validate the anti-
cancer activity of DDX3 inhibition in in vivo models of colorectal cancer.
Apart from several studies finding an oncogenic role of DDX3 in cancer3, 4, 6, 29-34, others 
have suggested that DDX3 may also have a tumor suppressive role in certain cancers.35-38 
Although it is difficult to explain these discrepancies by the molecular backgrounds of 
different cancer types, it is possible that DDX3 levels can differ between different subsets 
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Figure 7. DDX5 and DDX17 expression after treatment with RK-33
A. DDX5 expression before and after DDX3 inhibition with RK-33. B. DDX17 expression before and after DDX3 
inhibition with RK-33.
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of patients within a particular cancer. For example, we found high DDX3 expression to be 
associated with worse prognosis in smoking patients with head and neck squamous cell 
carcinomas,39 whereas the opposite was observed in non-smoking patients.40  DDX3 
inhibition resulted in a reduction of proliferation in several colorectal cell lines and all of 
the colorectal cancer cell lines used in this study were susceptible to RK-33, pleading for 
reliance of colorectal cancer cells on DDX3 for their survival and arguing against a tumor 
suppressive role in this particular setting. Interestingly, within our cohort of colorectal 
cancer cell lines, we observed differential sensitivity to RK-33, indicating that other genetic 
factors may contribute to oncogenic addiction to DDX3 in neoplastic cells.
Personalized cancer therapy, in which the treatment is adjusted to specific molecular 
characteristics of a tumor, is of great promise for future cancer treatment. The sensitivity 
to DDX3 inhibition with both RK-33 and siDDX3 was greatest in HCT116, closely followed 
by HT29. SW480 and DLD-1 were less sensitive to RK-33 and not affected by siDDX3 
treatment.  Within our experimental setting, DDX3 dependency was not necessarily 
reflected by absolute DDX3 protein expression levels. This could be due to the fact that the 
levels of DDX3 essential to maintain cellular homeostasis are variable in different colorectal 
cancer cells. Another possibility is that in conjunction with DDX3, there could be an 
association with other specific genetic alterations that promotes RK-33 sensitivity. DDX3 
dependency seemed to be greater in the presence of wild-type APC-status and activating 
mutations in CTNNB1. This finding is in line with the co-occurrence of DDX3X and 
CTNNB1 mutations in medulloblastomas7-9 and provides a potential explanation for the 
fact that HT29, which harbors a mutation in APC,  does not show a clear G1 arrest upon 
DDX3 knockdown. However, both our sample size and the differences in RK-33 sensitivity 
were too small to be able to make any definite claims with regard to predictors of DDX3 
dependency. 
Different levels of interference have been suggested for DDX3 in the Wnt-signaling pathway. 
In contrast with our findings, Cruciat, et al. found that DDX3 inhibition had no effect on 
Wnt signaling activity after induction with β-catenin overexpression and that the 
involvement of DDX3 in this pathway was independent of its helicase activity.5 It is possible 
that other mechanisms by which DDX3 is involved in Wnt signaling, like stabilization of 
β-catenin indirectly through Rac1-signaling6 or DDX5, or through a direct interaction with 
DDX34 are more prominent in colorectal cancers. Unfortunately, only a minority of 
colorectal cancers (23%) falls into the wild-type APC group. However, mutations in 
CTNNB1 are highly prevalent in hepatocellular carcinoma (24%), sarcoma (44%) and 
testicular cancer(24%)41, suggesting that these cancers may potentially have increased 
sensitivity to RK-33. In contrast to Sun et al. who found DDX3 to be pro-apoptotic in a 
p53-wildtype breast cancer cell line and anti-apoptotic in cell lines harboring a p53-
mutation42, we found DDX3 dependency not to differ in the presence or absence of p53.  
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Overall, we conclude that a subset of colorectal cancers is addicted to DDX3 expression. 
In these more often APC-wild-type cancers, inhibition of DDX3 causes a potent reduction 
of Wnt signaling and a G1 arrest. DDX3 inhibition with the small molecule inhibitor RK-
33 is therefore a promising future treatment strategy in colorectal cancer. 
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SUPPLEMENTARY

Supplementary table 1. Clinical characteristics of the patients from which the cell lines in this study where derived

Patient Organ Stage Derived from Reference

HCT116 48-year old male Colon ascendens Dukes’ D Primary tumor Brattain, et al.,43 Eshleman, et al.44

CRC29 81-year old female Colon T2N0Mx Primary tumor

HT29 44-year old female Colon Dukes’ C Primary tumor Fogh, et al. 45

CR9 73-year old male Colon T3N0M1 Primary tumor

DLD-1 Male Colon Primary tumor Chen, et al.46, Dexter, et al.47

CRC47 Colon (Sigmoid) T3N1Mx Primary tumor

SW480 50-year old male Colon Dukes’ B Primary tumor Leibovitz, et al.48

Colo205 70-year old male Colon cancer Ascites Semple, et al.49

L145 72-year old male Colon cancer liver 
metastasis

Liver 
metastasis

 

Supplementary table 2. mRNA expression of TCF4-target genes after DDX3 inhibition

DDX3 c-MYC AXIN2 CCND1 BIRC5A

fold 
change

p-value fold 
change

p-value fold 
change

p-value fold 
change

p-value fold 
change

p-value

HCT116 siDDX3 23.7 0.005 1.07 0.58 1.86 0.05 3.10 0.005 2.27 0.01

RK-33 3.76 0.01 7.37 0.01 4.68 0.01 7.41 0.001

HT29 siDDX3 7.81 0.00003 1.40 0.09 1.08 0.30 1.79 0.007 1.47 0.07

RK-33 1.11 0.17 1.73 0.09 1.38 0.03 2.31 0.04

Red = upregulated, green = downregulated. P-values calculated by a paired student’s T-test.
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Supplementary Figure 1. Cells undergoing apoptosis after DDX3 inhibition
Histograms depicting the percentage of cells undergoing early apoptosis (Annexin V positive) or late apoptosis 
(Propidium Iodide labeled) as a result of DDX3 inhibition by RK-33 (A. & B.) or siDDX3 (C. & D.), analyzed by flow 
cytometry. Graph represents mean ± SD.
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ABSTRACT
 
DDX3 is an RNA helicase with oncogenic properties that shuttles between the cytoplasm 
and nucleus. The majority of DDX3 is found in the cytoplasm, but a subset of tumors has 
distinct nuclear DDX3 localization of yet unknown biological significance. This study aimed 
to evaluate the significance of and mechanisms behind nuclear DDX3 expression in 
colorectal and breast cancer. 
Expression of nuclear DDX3 and the nuclear exporter CRM1 was evaluated by 
immunohistochemistry in 304 colorectal and 292 breast cancer patient samples. Correlations 
between the subcellular localization of DDX3 and CRM1 and the difference in overall 
survival between patients with and without nuclear DDX3 were studied. In addition, DDX3 
mutants were created for in vitro evaluation of the mechanism behind nuclear retention of 
DDX3.
DDX3 was present in the nucleus of 35% of colorectal and 48% of breast cancer patient 
samples and was particularly strong in the nucleolus. Nuclear DDX3 correlated with worse 
overall survival in both colorectal (HR 2.34, p < 0.001) and breast cancer (HR 2.39, p = 
0.004). Colorectal cancers with nuclear DDX3 expression more often had cytoplasmic 
expression of the nuclear exporter CRM1 (RR 1.67, p 0.04). In vitro analysis of DDX3 
deletion mutants demonstrated that CRM1-mediated export was most dependent on the 
N-terminal nuclear export signal. 
Overall, we conclude that nuclear DDX3 is partially CRM1-mediated and predicts worse 
survival in colorectal and breast cancers, putting it forward as a target for therapeutic 
intervention with DDX3 inhibitors under development in these cancer types.
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INTRODUCTION

DDX3, also known as DDX3X, is a member of the DEAD box RNA helicase family of proteins. 
Like other family members it has ATPase dependent helicase activity, which allows for the 
unwinding of double-stranded RNA and restructuring of complex secondary RNA structures1.  
DDX3 has thus been associated with several steps of endogenous RNA metabolism, such as 
splicing2, 3, nuclear mRNA export4, 5, RNA interference6, 7, ribosomal assembly and translation 
initiation5, 8. Recent studies have also indicated a role for DDX3 in neoplastic transformation. 
Functional studies have shown that DDX3 has anti-apoptotic properties9-11 and is necessary 
for cell cycle progression12, 13 and invasion14, 15. The tumor enhancing role of cytoplasmic DDX3 
was corroborated by studies on DDX3 expression in patient cancer samples6, 13. 
DDX3 is known to shuttle between cytoplasm and nucleus4, but in most human tissues and 
cell lines it is localized predominantly in the cytoplasm. We noticed that in a subgroup of 
colorectal and breast cancers, DDX3 can also be observed in the nucleus. It remains to be 
elucidated what exact role DDX3 plays in the nucleus of cancer cells and how the subcellular 
localization of DDX3 is regulated in these cells. It is known that DDX3 is exported out of 
the nucleus as part of mRNP complexes associated both with the tip-associated protein 
(TAP) dependent bulk mRNA export pathway5, 16 and the alternative chromosome region 
maintenance 1 (CRM1) dependent pathway4. However, the exact nature of the relation 
between DDX3 expression and expression of the nuclear exporter CRM1 requires further 
mechanistic exploration and validation in patient samples.  
Apart from the biological relevance of understanding the nuclear role of DDX3 in cancer 
cells, identification of nuclear DDX3 as a prognostic and therapeutic biomarker could 
facilitate selection of patients who would benefit from adjuvant treatment, specifically with 
DDX3 inhibitors that are under development12, 17, 18. In this study we therefore evaluated 
the correlation between nuclear DDX3 expression and survival in cohorts of breast and 
colorectal cancer patient samples. Because DDX3 is known to bind the nuclear exporter 
CRM14, we sought to determine whether nuclear retention of DDX3 can be explained by 
aberrant CRM1 expression. Finally, we carried out in vitro experiments to functionally 
validate mechanisms of nuclear DDX3 retention. 

MATERIAL AND METHODS

Patient samples
Tissue microarrays (TMAs) with samples from 72 colorectal cancer patients from the 
Academic Medical Center, Amsterdam19, 292 colorectal cancers from Paderborn Germany13 
and 315 breast cancers from the UMC Utrecht were used20. All TMAs included multiple 
cores per patient. Missing cases were due to damaged or detached cores during cutting or 
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staining, or due to cores not containing invasive carcinoma. Clinicopathological data were 
retrieved from the pathology report and patient files. The breast cancer cases in this cohort 
were classified into molecular subtypes as was described before21, 22. We used anonymous 
archival leftover pathology material. Therefore no ethical approval or informed consent is 
required according to Dutch legislation23, as this use of redundant tissue for research 
purposes is part of the standard treatment agreement with patients in our hospitals24. 

Immunohistochemistry
Four µm thick sections were cut, mounted on SuperFrost slides (Menzel&Glaeser, Brunswick, 
Germany), deparaffinized in xylene and rehydrated in decreasing ethanol dilutions. 
Endogenous peroxidase activity was blocked with 1.5% hydrogen peroxide buffer for 15 
minutes and was followed by antigen retrieval by boiling for 20 minutes in 10mM citrate 
buffer (pH 6.0) for DDX3 and EDTA buffer (pH 9.0) for CRM1. Slides were subsequently 
incubated in a humidified chamber for 1 hour with anti-DDX3 (1:1000, pAb r647)25 or anti-
CRM1 (1:500, ab84375, Abcam, Cambridge, UK). After washing with PBS, slides were 
incubated with poly-HRP-anti-mouse/rabbit/rat IgG (Brightvision, Immunologic, Duiven, 
The Netherlands) as a secondary antibody for 30 minutes at room temperature. Peroxidase 
activity was developed with diaminobenzidine and hydrogen peroxide substrate solution for 
10 minutes. The slides were lightly counterstained with haematoxylin and mounted. 
Appropriate positive and negative controls were used throughout.
Scoring was performed by consensus of two observers (P.v.D. and M.H.v.V. or G.B.). 
Although the intensity of nuclear DDX3 in cells was similar, the fraction of positive cells 
varied. Therefore, the percentage of DDX3 positive nuclei was scored.  The optimal cut-off 
point was selected using the online tool cut-off finder, which helps to select a cut-off that 
maximizes the difference in survival between groups26. Samples with ≥1% DDX3 staining 
were regarded positive. Almost all cells expressed cytoplasmic DDX3, but the intensity 
varied and was therefore scored semi-quantitatively as absent (0), low (1), moderate (2) or 
strong (3). Cases with score 0 to 2 were classified as having low DDX3 expression and 
evaluated against cases with strong expression as before13. Nuclear CRM1 was scored using 
a semiquantitative score that was previously described by Noske, et al.27. The percentage of 
positive cells was scored as 0 (0%), 1 (<10%), 2 (10-50%), 3 (51-80%) or 4 (>80%). The 
intensity of positive nuclei was scored on the same scale as cytoplasmic DDX3. An overall 
score was calculated by multiplying the two scores. Cases with a score of 9 and higher were 
considered to have high nuclear CRM1. Cytoplasmic CRM1 was scored as absent or present.

Statistics

Clinicopathological characteristics were compared between tumors with and without 
nuclear DDX3. Discrete variables were compared by χ2 or Fisher’s exact test and relative 
risks (RR) were calculated with 95% confidence intervals (95% CI). The distribution of 
continuous variables was assessed graphically. Transformation was performed where 
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indicated. Student’s t-test and Mann Whitney U-tests were calculated for normal and non- 
normal distributed variables respectively. Survival in patients with and without nuclear 
DDX3 was compared by plotting Kaplan-Meier curves and log-rank tests. Multivariate 
analysis was performed by including all factors that were found predictive (p < 0.1) in 
univariate analysis in a Cox-proportional hazard model. Stepwise backward selection based 
on AIC was used to select the final model. Effect modifiers were identified by including 
multiplicative interaction terms into the model. P-values smaller than 0.05 were considered 
statistically significant. All statistical analyses were performed with R version 3.2.0.

Cloning and transfections
A pEGFP-C1 vector containing a parental DDX3 construct (GenBank Accession: AF061337) 
N-terminally fused to a 6-HIS and EGFP sequence was used. An oligo containing three 
times the SV40 NLS sequence (5’-gatccaaaaaagaagagaaaggta-3’, AA: DPKKKRKV) with 
flanking restriction sites was annealed and subcloned into the parental vector to create an 
NLS-EGFP-6HIS-DDX3 and an EGFP-NLS-6HIS-DDX3 construct. The DDX3 deletion 
constructs were created by selective amplification of the parental DDX3 construct lacking 
the deleted area with Phusion High-Fidelity Polymerase (New England Biosciences, Ipswich, 
MA, USA), followed by Dpn1 digestion of the bacterial backbone, gel-purification, 
phosphorylation and religation. All constructs were verified by sequencing before usage.
HeLa cells were chosen for DDX3 localization as before4. The cell line was purchased from 
ATCC and last STR-profiled in November 2015. 2 x 104 HeLa cells were plated in a 24-well 
plate. After 24 hours the cells were transfected with 250 ng DDX3 construct, 50 ng H2B-
mCherry construct and 1μl TransIT-LT1 transfection reagent. After 12-16 hours the cells 
were treated with 10 nM Leptomycin B (Sigma, St louis, MO, USA) for four hours after 
which the number of DDX3 positive nuclei per high power field was counted and the cells 
were imaged with a confocal Zeiss 780FCS system.

RESULTS

Colorectal cancer patients with nuclear DDX3 have worse overall survival
DDX3 expression could be scored in 304 out of 364 colorectal cancers, of which 34.9% had 
>1% nuclear DDX3. As shown in Figure 1A, the percentage of cells with nuclear DDX3 
varied. Some tumors expressed nuclear DDX3 in all cells, sometimes cells with nuclear 
DDX3 lay dispersed among negative cells. Heterogeneity between different areas of a tumor 
(different cores) was also observed.  DDX3 was sometimes expressed in the nucleus of 
plasma cells and fibroblasts as well. Only DDX3 in the nuclei of cancer cells was considered 
for this analysis. As shown in Table 1, tumors with nuclear DDX3 more often had a larger 
tumor size (p = 0.006). Some tumors expressed DDX3 both in the cytoplasm and the 
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nucleus. The presence of nuclear DDX3 correlated negatively with cytoplasmic DDX3 (RR 
0.62, p = 0.005), which was seen in 125/304 (41%) of cases (Figure 1B).  
Patients with nuclear DDX3 expression had a significantly decreased 5-year overall survival 
rate of 51.2%, as compared to 73.7% in those without nuclear DDX3 (HR 2.34, p = 0.0005; 
Figure 1E). Other usual predictors of survival were TNM-stage (p <0.001), differentiation 
grade (p = 0.040) and tumor size (p = 0.004). Nuclear DDX3 expression was retained in a 
Cox-proportional hazards model with TNM-stage (HRadjusted 1.69; p = 0.057; S1 Table). No 
significant association between high cytoplasmic DDX3 and survival was observed in 
colorectal cancer patients (HR 0.69, p = 0.160; S1 Figure). 
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Figure 1 Nuclear DDX3 correlates with worse survival in colorectal and breast cancer patients
Example of (A) nuclear and (B) high cytoplasmic DDX3 expression in colorectal cancer samples. (C) Kaplan-Meier 
curve showing overall survival in colorectal cancer patients with and without DDX3 expression in ≥1% of the nuclei
Example of (D) nuclear and (E) high cytoplasmic DDX3 expression in breast cancer samples. (F) Kaplan-Meier curve 
showing overall survival in breast cancer patients with and without DDX3 expression in ≥1% of the nuclei 40 x 
magnification, scale bar indicates 25 μm P-values calculated by log-rank test
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Nuclear DDX3 is associated with worse overall survival in breast cancer patients
To assess whether our finding that nuclear DDX3 correlates with survival was also applicable 
to other tumors, we analyzed a cohort of 315 consecutive breast cancer cases. DDX3 
expression could be evaluated in 292 breast cancer patients, of which 141 (48.3%) had 
nuclear DDX3 (Figure 1C). As shown in Table 2, these patients more often exhibited ductal 
histology (p = 0.006), higher grade (p = 0.025), larger tumor size (p = 0.046) and positive 
lymph nodes (p = 0.003). In addition, a trend was observed for higher MAI (p = 0.058). 
Nuclear localization of DDX3 did not correlate with cytoplasmic DDX3 expression in breast 
cancer patients (RR 0.91, p = 0.493; Figure 1D). Cytoplasmic DDX3 expression in this 
breast cancer cohort will be discussed more elaborately in a separate report.  
As seen in Figure 1F, similarly to colon cancer patients, breast cancer patients with nuclear 
DDX3 had a worse five year survival rate (75%) than those without (90%; HR 2.39, p = 
0.004). Other variables that were significant predictors of poor survival were basal-like 
subtype (p = 0.024), positive lymph node status (p = 0.027), negative estrogen receptor 
status (ER; p = 0.019, negative progesterone receptor (PR) status (p = 0.013) and age over 
50 (p = 0.017). Nuclear DDX3 remained a significant predictor (HRadjusted 2.63; p = 0.010) 
in a multivariate Cox-proportional hazards model with basal-like subtype, lymph node 
status and age (S2 Table). 

The subcellular localization of the nuclear exporter CRM1 correlates with DDX3 
localization
Because DDX3 is known to bind the nuclear exporter CRM1 we ascertained whether 
nuclear retention of DDX3 could be explained by aberrant CRM1 expression (Figure 2). 
CRM1 expression was mainly observed in the nucleus. High nuclear CRM1 expression was 
observed in 18% of colorectal cancer and 27% of breast cancer cases. Cytoplasmic expression 
was observed as well, more commonly in breast (36%) than colorectal cancer (8%). As 
shown in Figure 2A-B and Table 3, nuclear DDX3 was significantly associated with the 
presence of cytoplasmic CRM1 in colorectal cancers (RR 1.67, p = 0.040). In breast cancer, 
no significant correlation between nuclear DDX3 and CRM1 expression was observed, 
suggesting that aberrant CRM1 expression could only partly explain nuclear DDX3 
retention. However, a strong correlation between the intensity of cytoplasmic DDX3 and 
CRM1 expression (Figure 2C-D) was observed: nuclear CRM1 was higher in tumors with 
high cytoplasmic DDX3 in both colorectal cancer (RR 1.77, p < 0.001) and breast cancer 
cases (RR 1.75, p = 0.003). Contrary to what was observed in colorectal cancer, a significant 
correlation between cytoplasmic CRM1 and high cytoplasmic DDX3 was observed in breast 
cancer (RR 2.45, p < 0.001). 
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Nuclear DDX3 localization is due to decreased CRM1-mediated export and increased import
To characterize the functional role of DDX3 in the nucleus, we made an attempt to 
mimick the nuclear DDX3 expression observed in patients in an in vitro setting. We 
generated a GFP-DDX3 fusion protein to study nucleocytoplasmic shuttling properties 
of DDX3 (Figure 3A). DDX3 is expressed primarily in the cytoplasm of HeLa cells (Figure 
3B-C). Leptomycin B specifically inhibits CRM1 by covalent modification of Cys-52928,29. 
When export of DDX3 by CRM1 was inhibited with leptomycin B, an increase in nuclear 
DDX3 was observed in 46% of cells, but the majority of DDX3 remained in the cytoplasm 
(Figure 3B-C). 

Table 1.  Correlation between nuclear DDX3 and other clinicopathological variables in colorectal cancer patients
   Nuclear DDX3   
  Total <1% ≥ 1% RR (95% CI) P-value
Total, n (%) 304 (100) 198 (65) 106 (35)   
Sex, n (%)     0.478
 Male 169 (56) 113  (57) 56 (53) 1  
 Female 135 (44) 85 (43) 50 (47) 1.12 (0.82-1.52)  
Age, median (IQR) 71 (15.3) 71 (15.8) 72 (14)  0.476†
TNM-Stage, n (%)     0.100
 1 22 (10) 18 (12) 4 (5) 1  
 2 98 (43) 67 (44) 31 (40) 1.74 (0.68-4.42)  
 3 80 (35) 51 (34) 29 (37) 1.99 (0.78-5.07)  
 4 30 (13) 15 (10) 15 (19) 2.75 (1.06-7.15)  
 Missing 74 47 27   
Differentiation grade, n (%)     0.913
 Well 16 (5) 11 (6) 5 (5) 1  
 Moderate 229 (76) 149 (76) 80 (76) 1.12 (0.53-2.36)  
 Poor 57  (19) 36 (18) 21 (20) 1.18 (0.53-2.63)  
 Missing 2 2 0   
Tumor size (mm)

mean (SD) 52 (23) 50 (23) 56 (22)  0.006‡
 Missing 17 12 5   
Site of origin, n (%)     0.064
 Rectum 95 (31) 69 (35) 26 (25) 1  
 Colon 209 (69) 129 (65) 80 (76) 1.4 (0.97-2.02)  
Histology     0.880§
 Adenocarcinoma 276 (93) 179 (93) 97 (93) 1  
 Mucinous 21 (7) 13 (7) 8 (8) 1.08 (0.61-1.91)  
 Undifferentiated 1 (0) 1 (1) 0 (0) NA  
 Missing 6 5 1   
Cytoplasmic DDX3     0.005
 Low 179 (59) 105 (53) 74 (70) 1  
 High 125 (41) 93 (47) 32 (30) 0.62 (0.44-0.88)  
P-value calculated by chi-square test unless otherwise indicated. RR, relative risk; 95% CI, 95% confidence interval; 
IQR, interquartile range; SD, standard deviation; NA,  not applicable. † Mann-Whitney U-test; ‡ students t-test; § 
Fisher exact test
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Next we determined whether high nuclear DDX3 levels could potentially be explained by 
increased nuclear import of DDX3. We fused three tandem repeats of the SV40 NLS to the 
GFP-DDX3 construct (Figure 3A). Only a minor increase of nuclear DDX3 was observed in 
20% of cells with the SV40 NLS, indicating that nuclear export of DDX3 is very efficient and 
not saturated. However, when export of the GFP-NLS-DDX3 construct was inhibited by 
leptomycin B, DDX3 localized strongly to the nucleus in 100% of cells, whereas cytoplasmic 
DDX3 was reduced to 25% of cells (Figure 3B-C). These data show that an increase in DDX3 
import in combination with reduced CRM1-mediated export can result in high nuclear DDX3 
expression. Experiments with an NLS-GFP-DDX3 construct yielded similar results. 
Unfortunately, it was not possible to create a DDX3 construct that localized to the nucleus 
spontaneously without inhibition of CRM1. We were therefore unable to study functional 
effects of nuclear DDX3 in an isolated fashion. However, the created constructs can be used 
for proof of principle studies on regulation of the subcellular DDX3 localization. 

DDX3 localizes to the nucleolus
High expression levels of DDX3 in the nucleus allowed for closer examination of the 
subnuclear expression pattern of DDX3. As can be observed in Figure 3C, DDX3 is 
expressed diffusely within the nucleus, but is often most intense in nucleoli. Nucleolar 
DDX3 was seen in 2-6% of cells after addition of either an NLS or leptomycin B. When 
import was increased and export was inhibited simultaneously, 30% of cells had clear 
localization to the nucleolus. This expression pattern resembled that observed in patient 
samples, although DDX3 expression also was strong at the nuclear membrane in those 
(Figure 1A&C). 

DC

A CRM1 B DDX3

Figure 2. The subcellular localization 
of CRM1 correlates with the subcellular 
location of DDX3
Example of how (A) cytoplasmic CRM1 
expression in a colorectal cancer 
correlates with (B) nuclear DDX3 
expression in the same tumor. Example 
of how (C) high nuclear CRM1 
expression correlates with (D) high 
cytoplasmic DDX3 expression 40 x 
magnification Scale bar indicates 25 μm
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Table 2. Correlations between nuclear DDX3 and other clinicopathological variables in breast cancer patients.
   Nuclear DDX3   
  Total <1% ≥1% RR (95% CI) P-value
Total, n (%) 292 (100) 151 (52) 141 (48)   
Age, median (IQR) 58 (17) 60 (18) 56 (18)  0.252†
Histology, n (%)     0.006
 Ductal 231 (81) 109 (74) 122 (88) 1  
 Lobular 24 (8) 19 (13) 5 (4) 0.39 (0.18-0.87)  
 Medullary 31 (11) 19 (13) 12 (9) 0.73 (0.46-1.16)  
 Missing 6 4 2   
Grade, n (%)      
 1 46 (17) 31 (22) 15 (11) 1 0.025
 2 100 (36) 54 (38) 46 (34) 1.41 (0.88-2.25)  
 3 132 (48) 59 (41) 73 (55) 1.7 (1.09-2.64)  
 Missing 14 7 7   
MAI

median (IQR) 13 (19) 11 (18) 15 (18)  0.058†
 Missing 15 8 7   
Tumor size (mm)

mean (SD) 24 (15) 23 (13) 26 (16)  0.046‡
 Missing      
Molecular subtype     0.904§
 Luminal A 224 (77) 117 (79) 107 (76) 1  
 Luminal B 12 (4) 5 (3) 7 (5) 1.22  (0.74-2.00)  
 HER2 10 (3) 5 (3) 5 (4) 1.05 (0.55-1.97)  
 Basal-like 44 (15) 22 (15) 22 (16) 1.05 (0.76-1.45)  
 Missing 2 2 0   
Lymph node status     0.003
 Negative 124 (47) 73 (56) 50 (38) 1  
 Positive 140 (53) 57 (44) 83 (62) 1.46 (1.13-1.88)  
 Missing 29 21 8   
ER     0.927
 Negative 59 (20) 30 (20) 29 (21) 1  
 Positive 231 (80) 119 (80) 112 (79) 0.99 (0.74-1.32)  
 Missing 2 2 0   
PR     0.840
 Negative 98 (34) 51 (35) 47 (33) 1  
 Positive 191 (66) 97 (66) 94 (67) 1.03 (0.80-1.32)  
 Missing 3 3 0   
HER2     0.552
 Negative 269 (92) 140 (93) 129 (92) 1  
 Positive 22 (8) 10 (7) 12 (9) 1.14 (0.76-1.70)  
 Missing 1 1 0   
Cytoplasmic DDX3     0.493
 Low 194 (68) 98 (66) 96 (70) 1  
 High 93 (32) 51 (34) 42 (30) 0.91 (0.70-1.19)  
 Missing 5 2 3   
P-value calculated by chi-square test, unless otherwise indicated. RR, relative risk; 95% CI, 95% confidence 
interval; Grade, Bloom and Richardson grading; MAI, mitotic activity index; IQR, interquartile range; SD, standard 
deviation; † Mann-Whitney U-test, ‡ student’s t-test on log-transformed data; § Fisher exact test
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Influence of CRM1 inhibition on subcellular localization of DDX3 mutants 
CRM1 is known to export cargo from the nucleus by binding to a Leucine-rich nuclear 
export signal30, which is conserved in the first 21 amino acids of the Ded1/DDX3 subfamily 
of DEAD box RNA helicases31. However, binding studies indicated that CRM1 binding 
occurs between amino acid 260 and 517 of DDX34. We evaluated whether deletion of either 
the N-terminal NES domain or the 260-517 region of DDX3 results in increased retention 
of DDX3 in the nucleus, and whether these proteins were still responsive to CRM1 
inhibition. As shown in Figure 3, deletion of the first 21 amino acids containing the NES 
resulted in 46% of cells having DDX3 in the nucleus. No further increase was observed 
after leptomycin B treatment and the expression pattern was comparable to that of wildtype 
DDX3 after CRM1 inhibition, indicating that deletion of the N-terminal NES largely 
abrogates nuclear export by CRM1.
Deletion of amino acids 260 to 517 resulted in a speckled DDX3 nuclear expression pattern 
in almost all cells, but the intensity of DDX3 remained strongest in the cytoplasm. When 
CRM1 was inhibited this pattern shifted to all cells having intense nuclear DDX3 expression, 
whereas only 7% of cells showed cytoplasmic DDX3 (Figure 3C). This indicates that 
although the 260-517 region has influence on the subcellular localization of DDX3, DDX3 
localization is still responsive to CRM1 inhibition after deletion of this region.

Table 3. Correlation between CRM1 and nuclear DDX3 in colorectal and breast cancers.

   Nuclear DDX3  Cytoplasmic DDX3  

   <1% ≥1% P-value low high P-value

Colorectal 
cancer
 
 

Cytoplasmic 
CRM1
 
 

absent 180 (95%) 87 (88%) 0.037 157 (2%) 110 (93%) 0.657

present 10 (5%) 12 (12%)  14 (8%) 8 (7%)  

missing 8 7  8 7  

 Nuclear 
CRM1
 
 

low 156 (82%) 81 (82%) 0.952 152 (89%) 85 (72%) <0.001

 high 34 (18%) 18 (18%)  19 (11%) 33 (28%)  

 missing 8 7  8 7  

Breast cancer Cytoplasmic 
CRM1
 
 

absent 80 (67%) 70 (61%)  116 (75%) 33 (42%) <0.001

 present 40 (33%) 44 (39%) 0.402 38 (25%) 45 (58%)  

 missing 31 27  40 15  

 Nuclear 
CRM1
 
 

low 90 (75%) 82 (72%)  123 (80%) 48 (62%) 0.003

 high 30 (25%) 32 (28%) 0.595 31 (20%) 30 (38%)  

 missing 31 27  40 15  

P-value calculated by chi-square test. 
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Figure 3. Influence of CRM1 inhibition on subcellular localization of DDX3 mutants
(A) Schematic overview of the DDX3 constructs. (B) Bar graphs showing the percentage of cells with DDX3 expression 
in the nucleus and cytoplasm in untreated and Leptomycin B treated HeLa cells ( N.B. cells can have both nuclear 
and cytoplasmic DDX3). Error bars represent SD. Absence of error bars indicates that there was no variation, because 
100% of transfected cells had DDX3 expression in that compartment. (C) Confocal fluorescent images showing the 
subcellular localization of GFP-DDX3, GFP-NLS-DDX3, GFP-DDX3∆1-21 and GFP-DDX3∆260-517 (green) before 
and after CRM1 inhibition with 10 nM Leptomycin B in HeLa cells. Nuclei are visualized by co-transfection of a 
Histone2B-mCherry construct (red) Nucleoli can be identified in the merged brightfield image 40 x magnification. 
Bars represent mean percentage of positive cells of multiple microscopic fields with SD. Arrows indicate nucleoli 
NLS = nuclear localization signal. NES = nuclear export signal. GFP = green fluorescent protein.
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DISCUSSION

In this study we evaluated the relationship between nuclear DDX3 expression and survival 
in breast and colorectal cancer. We found the presence of nuclear DDX3 to be an 
independent predictor of worse survival in both colorectal and breast cancer. Mechanistically, 
in colorectal cancer nuclear DDX3 retention could in part be explained by dysregulation 
of the nuclear exporter CRM1, but no correlation between nuclear DDX3 and altered CRM1 
expression could be observed in breast cancer. We functionally validated this finding in 
vitro by showing that inhibition of CRM1 with leptomycin B resulted in an increase in 
nuclear DDX3 levels. Analysis of the subcellular localization of DDX3 deletion mutants 
before and after CRM1 inhibition indicated that the N-terminal NES sequence of DDX3 
is most important for this interaction. A much stronger increase in nuclear DDX3 retention 
was observed after addition of an NLS in combination with CRM1 inhibition, suggesting 
that nuclear DDX3 localization can also be regulated through nuclear import, by unknown 
mechanisms. Interestingly, we found DDX3 to strongly localize to the nucleolus in vitro, 
which resembled the expression pattern in patient samples.  
DDX3 is an actively investigated molecule in cancer biology, but previous studies have 
focused on its cytoplasmic expression pattern in cancer cells32. Understanding the role of 
nuclear DDX3 expression in tumors is relevant given DDX3’s function in RNA processing 
and its known nucleocytoplasmic shuttling capacities. DDX3 has been found to promote 
oncogenesis and DDX3 inhibitors are being developed for colorectal13 and breast cancers17 
among other malignancies12, 18, 33, 34. In addition, DDX3 is essential for the nuclear export 
of the human immunodeficiency virus 1 (HIV-1) protein Rev and is therefore also a 
potential therapeutic target in the treatment of HIV infections35, 36. Understanding the 
cellular mechanisms behind increased nuclear retention of DDX3 may facilitate the 
development of therapies specifically targeting the export function of DDX337. In addition, 
nuclear DDX3 could serve as a prognostic and potentially therapeutic biomarker for 
selecting cancer patients that may benefit from treatment with DDX3 inhibitors. 
This is the first study to describe prognostic value of DDX3 expression specifically in the 
nucleus. Several other studies have reported a correlation between cytoplasmic DDX3 and 
survival in breast and colorectal cancers32.  A study by Su et al. found no significant 
difference in breast cancer patients with high and low cytoplasmic DDX3 expression38 and 
reported a correlation between low cytoplasmic DDX3 expression and worse survival in 
colorectal cancer patients. In our larger colorectal cancer cohort patients with high 
cytoplasmic DDX3 also did slightly better (HR 0.69), but this was not statistically significant. 
Potential explanations for the observed differences are the use of different cut-offs for 
positivity and different antibodies. We previously found cytoplasmic DDX3 to be associated 
with nuclear Beta-catenin expression in patient samples and to promote oncogenic Wnt-
signaling. Although most colorectal cancers are driven by genetic alterations in the Wnt-
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signaling pathway, only a subset of cancers shows strong nuclear Beta-catenin expression. 
Interestingly, this subgroup of colorectal cancer patients has a relatively favorable 
prognosis39, explaining how cytoplasmic DDX3 can be driving Wnt-signaling, without 
being associated with worse overall survival. Since DDX3 spontaneously localizes to the 
nucleus only in a very small percentage of cells in vitro and we were unable to create a stable 
cell line overexpressing full length DDX3 in the nucleus, it is very hard to decipher the 
exact role of DDX3 in the nucleus on oncogenesis. However, the fact that the presence of 
DDX3 in the nucleus was associated with worse survival in two different cancer types, 
indicates that cancers may benefit from high nuclear DDX3 levels as well.
When trying to understand a protein’s nuclear function, it is useful to know its location in 
the nucleus. High DDX3 expression was specifically seen in the nucleolus. This was 
previously observed after HIV-1 Tat and Rev overexpression40, 41 and DDX3 was also 
identified in nucleolar extracts by proteomics42.  The nucleolus is the structural-functional 
domain of the cell in which ribosomal biogenesis occurs. Prominent nucleoli have been 
recognized as a cytological hallmark of cancer as early as the 19th century43, but recently 
received renewed attention as evidence accumulates that several onco- and tumor suppressor 
genes are directly involved in the regulation of ribosome production to meet the altered 
metabolic needs of cancer cells44. Interestingly, DDX3 is known to play a role in ribosomal 
assembly and translation initiation in the cytoplasm45. Our observation that DDX3 localizes 
specifically to the nucleolus, and that this feature corresponds with worse prognosis, 
indicates that DDX3 may also play a role in (pre-)ribosomal assembly in the nucleolus. The 
presence of high nuclear DDX3 could reflect increased protein synthesis demands in 
cancers. A recent study identified essential genes in hematological malignancies and found 
this group to be enriched in RNA processing genes including DDX3X. Many of these 
essential genes localized to the nucleolus46. Interestingly, the nucleolus is also increasingly 
recognized as a target for cancer therapy47. Further research is required to fully understand 
and characterize the function of DDX3 in this subcellular compartment.
With regard to the mechanism behind nuclear DDX3 retention, we observed a correlation 
between cytoplasmic expression of CRM1 and nuclear DDX3 expression in colorectal 
cancer. This suggests that dysregulation of CRM1 is one of the mechanisms of nuclear 
DDX3 expression. The binding site of DDX3 to CRM1 is a matter of debate. DDX3 has a 
classical N-terminal NES sequence that is conserved and required for CRM1-binding in 
the Saccharomyces cerevisiae homologue Ded1p48, 49 and the Xenopus laevis homologue 
An331. However, Yedavalli, et al. observed binding between CRM1 and amino acids 260-517 
of DDX34. Our analysis of DDX3 deletion mutants showed that deletion of both areas 
resulted in an increase in nuclear DDX3, but only the construct that lacked the NES lost 
its sensitivity to CRM1 inhibition, indicating that this is the essential domain for CRM1-
mediated export. A similar conclusion was recently made by Fröhlich, et al., who found 
the N-terminal to be essential for DDX3 transportation out of the nucleus into cytoplasmic 
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unspliced HIV-1 mRNA ribonucleoprotein complexes50. It is possible that the 260-517 
region of DDX3 is necessary for binding other exporters of DDX3 like TAP5.  
Since cytoplasmic CRM1 expression was infrequent in colorectal cancer and did not 
correlate with nuclear DDX3 in breast cancer, dysregulation of CRM1 is not likely the sole 
mechanism behind nuclear DDX3.  When, in addition to nuclear export inhibition, we 
stimulated nuclear import by addition of an NLS, we observed a complete shift of all DDX3 
in the cell to the nucleus, showing that increased import can also contribute to increased 
nuclear DDX3 levels. However, the mechanism behind nuclear import of DDX3 remains 
unknown. DDX3 has a classical NLS sequence at amino acid 21251, but it is also possible 
that DDX3 enters the nucleus as part of a complex. Future research on this topic is 
warranted. 

CONCLUSION

Nuclear DDX3 expression predicts worse survival in breast and colorectal cancer and 
mechanistically can in part be explained by altered expression of the nuclear exporter 
CRM1. 
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Supplementary Figure 1. Correlation between cytoplasmic DDX3 and survival in colorectal cancer
Kaplan-Meier curve showing the fraction overall survival in colorectal cancer patients with low and high cytoplasmic 
DDX3 expression. P-value calculated by log-rank test.

Supplementary Table 1. Univariate and multivariate cox proportional hazard model of survival in colorectal 
cancer patients

  Univariate Multivariate

  HR (95% CI) P-value† HR (95% CI) P-value‡

Nuclear DDX3 <1% 1  1  

 ≥1% 2.34 (1.43-3.85) <0.001 1.69 (0.98-2.90) 0.057

TNM stage 1 1  1  

 2 2.9 (0.38-21.98)  2.56 (0.34-19.48) 0.364

 3 7.82 (1.06-57.70)  7.15 (0.97-52.86) 0.054

 4 44.34 (5.89-333.74) <0.001 34.01 (4.45-260.15) <0.001

Differentiation grade Well 1   n.s. 

 Moderate 1.24 (0.38-4.00)    

 Poor 2.38 (0.71-8.00) 0.041  

Tumor size <40 mm 1   n.s.

 40-60 mm 2.68 (1.28-5.63)    

 >60 mm 3.57 (1.61-7.89) 0.004  

All variables significantly associated (p<0.1) in univariate analysis were entered into the multivariate cox-proportional 
hazards model.  † P-value calculated by log-rank test. ‡ P-value of coefficient. HR = hazard ratio; 95% CI = 95% 
confidence interval; n.s. = no significant change in AIC observed by stepwise backward selection and therefore 
not included in the final multivariate model.
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Supplementary Table 2. Univariate and multivariate cox proportional hazard model of survival in breast 
cancer patients.

  Univariate Multivariate

  HR (95% CI) p-value† HR (95% CI) p-value‡

Nuclear DDX3 <1% 1 0.004 1 0.01

 ≥1% 2.39 (1.29-4.43)  2.63 (1.26-5.51)  

MAI <12 1 0.071  n.s.

 ≥12 1.78 (0.94-3.34)    

Molecular subtype non basal-like 1 0.024 1 0.045

 basal-like 2.27 (1.18-4.40)  2.17 (1.02-4.61)  

Lymphnode status negative 1 0.027 1 0.048

 positive 2.17 (1.08-4.39)  2.06 (1.01-4.23)  

ER negative 1 0.019   

 positive 0.48 (0.26-0.90)    

PR negative 1 0.013   

 positive 0.49 (0.27-0.87)    

Age <50 1 0.017 1 0.017

 ≥50 2.94 (1.16-7.45)  3.55 (1.26-10.06)  

All variables significantly associated (p<0.1) in univariate analysis were entered into the cox-proportional hazards 
model, except for ER and PR receptor status, because these are included in the molecular subtype algorithm. † 
P-value calculated by log-rank test. ‡ P-value of coefficient. HR = hazard ratio; 95% CI = 95% confidence interval; 
B&R = Bloom and Richardson; MAI = mitotic activity index; n.s. = no significant change in AIC observed by 
stepwise backward selection and therefore not included in the final multivariate model.
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ABSTRACT

Metastatic breast cancer remains one of the leading causes of death in women and 
identification of novel treatment targets is therefore warranted. Functional studies showed 
that the RNA helicase DDX3 promotes metastasis, but DDX3 expression was never studied 
in patient samples of metastatic cancer. In order to validate previous functional studies and 
to evaluate DDX3 as a potential therapeutic target, we investigated DDX3 expression in 
paired samples of primary and metastatic breast cancer. 
Samples from 79 breast cancer patients with distant metastases at various anatomical sites 
were immunohistochemically stained for DDX3. Both cytoplasmic and nuclear DDX3 
expression were compared between primary and metastatic tumors. In addition, the 
correlation between DDX3 expression and overall survival was assessed.
Upregulation of cytoplasmic (28%; OR 3.7; p = 0.002) was common in breast cancer 
metastases, especially in triple negative (TN) and high grade cases. High cytoplasmic DDX3 
levels were most frequent in brain lesions (65%) and significantly correlated with high 
mitotic activity and triple negative subtype. In addition, worse overall survival was observed 
for patients with high DDX3 expression in the metastasis (HR 1.79, p = 0.039).
DDX3 expression is upregulated in distant breast cancer metastases, especially in the brain 
and in TN cases. In addition, high metastatic DDX3 expression correlates with worse 
survival, implying that DDX3 is a potential therapeutic target in metastatic breast cancer, 
in particular in the clinically important group of TN patients.
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BACKGROUND

DDX3 (encoded by DDX3X) is a DEAD box RNA helicase with ATPase dependent helicase 
activity, which is involved in several steps of endogenous RNA metabolism and translation 
initiation1-4. DDX3 has been implicated in neoplastic transformation due to its role in cell 
cycle progression5, 6 and its anti-apoptotic properties7-9. In addition, DDX3 has been shown 
to promote several steps of tumor metastasis. Overexpression of DDX3 resulted in increased 
motility and migration by induction of an epithelial-to-mesenchymal (EMT) phenotype 
with loss of E-cadherin10, 11 and upregulation of Snail expression12. Furthermore, DDX3 was 
found to promote anchorage independent growth and invasive capacities of cancer cells 
through regulation of mRNA translation13, 14. DDX3 knockdown has also been shown to 
result in reduced breast cancer metastases in mice15. These findings have led to the 
development of DDX3 inhibitors for the treatment of breast cancer15 among other 
malignancies5, 6, 16, 17. The tumor-enhancing role of DDX3 was corroborated by studies on 
DDX3 expression in patient samples of primary tumors5, 6, but DDX3 expression was never 
studied in metastatic cancer samples. 
Although therapeutic options for patients with metastatic breast cancer have increased, the 
vast majority of patients still develops resistance to treatment and eventually succumbs to 
the disease18. With 5-year survival rates of 25%19 and approximately 40.000 deaths on a 
yearly basis in the United States, metastatic breast cancer still ranks second on the list of 
causes of cancer deaths in women, accounting for 15% of all cancer deaths20. Therefore the 
identification of novel therapeutic targets that inhibit the development and outgrowth of 
breast cancer metastases remains urgently wanted. 
Upregulation of DDX3 in metastases would confirm the role of DDX3 in metastatic tumor 
progression that has been suggested in functional studies. In addition, high DDX3 
expression levels in metastatic lesions could indicate that breast cancer metastases are reliant 
on high DDX3 expression, and that patients with advanced disease could benefit from 
treatment with DDX3 inhibitors under development. Therefore, this study aimed to evaluate 
DDX3 expression in distant breast cancer metastases as compared to their primary tumor. 

METHODS

Patient samples
Tissue microarrays (TMAs) containing paired samples from 97 primary breast cancer and 
their distant metastases were previously assembled21, 22. All TMAs included multiple cores 
per patient. 18 pairs were incomplete due to damaged or detached cores during cutting or 
staining, or due to cores no longer containing invasive carcinoma. The TMA included 
metastases from various anatomical sites, including brain, skin, lung, liver, bone, ovaries, 
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uterus and the gastro-intestinal tract. Clinicopathological data and follow up data were 
retrieved from the pathology reports and patient files. Overall survival was calculated from 
the time of diagnosis of the metastatic lesion. For this study only anonymous archival 
leftover pathology material was used. Therefore no informed consent is required according 
to Dutch legislation23, as this use of redundant tissue for research purposes is part of the 
standard treatment agreement with patients in the UMC Utrecht24. 

Immunohistochemistry
Four µm thick sections were cut, mounted on Surgipathe X-tra adhesive slides (Leica 
Biosystems, Milton Keynes, UK), deparaffinized in xylene and rehydrated in decreasing 
ethanol dilutions. Endogenous peroxidase activity was blocked with 1.5% hydrogen 
peroxide buffer for 15 minutes and was followed by antigen retrieval by boiling for 20 
minutes in EDTA buffer (pH 9.0). Slides were blocked with protein block from Novolink 
Polymer Detection System (Leica Microsystems, Eindhoven, The Netherlands) and 
subsequently incubated in a humidified chamber for 1 hour with anti-DDX3 (1:50, mAb 
AO196)25. Post primary block, secondary antibodies and diaminobenzidine treatment were 
performed with the same Novolink Polymer Detection System according to the 
manufacturer’s instructions. The slides were lightly counterstained with hematoxylin and 
mounted. Appropriate positive and negative controls were used throughout.
Scoring was performed by consensus of two observers (PvD. and MHvV.). DDX3 shuttles 
between the nucleus and cytoplasm26. Since we previously observed distinct cytoplasmic 
and nuclear expression patterns, we allocated separate scores to cytoplasmic and nuclear 
DDX3 expression, as before5. Almost all cells expressed cytoplasmic DDX3, but the intensity 
varied and was therefore scored semi-quantitatively as absent (0), weak (1), moderate (2) 
or strong (3).  The optimal cut-off point was selected using the online tool cut-off finder, 
which helps to select a cut-off that maximizes the difference in survival between groups27. 
Cases with score 0 to 2 were classified as having low DDX3 expression and evaluated against 
cases with high (score 3) expression, as before6. Cytoplasmic DDX3 was considered 
upregulated when DDX3 expression was low in the primary tumor (0-2) and high in the 
metastasis (3). Although the intensity of nuclear DDX3 in cells was similar, the fraction of 
positive cells varied. Therefore, the percentage of DDX3 positive nuclei was scored, 
regarding samples with ≥ 1% DDX3 staining as positive. When nuclear DDX3 was absent 
from the primary tumor and present in the metastasis, nuclear DDX3 was considered 
upregulated.

Statistics
Dichotomized cytoplasmic and nuclear DDX3 scores in primaries and metastases of the 
same patient were compared. Paired odds ratios were calculated by taking the ratio of 
discrepant pairs. P-values were calculated by McNemar’s test. Correlations between high 
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DDX3 in metastases and other clinicopathological variables were studied. Discrete variables 
were compared by χ2 or Fisher’s exact test. The distribution of continuous variables was 
assessed graphically and Student’s t-tests or Mann Whitney U-tests were used for normally 
and non-normally distributed variables, respectively. Overall survival data from the time 
of biopsy of metastatic lesions onward was available for 58 patients and compared between 
patients with low versus high metastatic DDX3 expression by plotting Kaplan-Meier curves 
and performing modified Wilcoxon tests. Potential confounders were analyzed by including 
variables associated with both DDX3 expression and survival in a multivariate cox-
proportional hazards model. Effect measure modification was explored by including 
multiplicative interaction terms in a Cox proportional-hazards model. If sample size allowed 
stratified analysis was performed in the case of significant interaction. P-values smaller 
than 0.05 were considered statistically significant. All statistical analyses were performed 
with R version 3.2.0.

RESULTS

DDX3 is overexpressed in breast cancer metastases
DDX3 could be assessed in 79 paired primary breast cancers and corresponding metastases. 
High cytoplasmic DDX3 expression was observed in 19% of primary breast cancers and 
39% of metastases. Pairwise analysis of primary tumors and metastasis in the same patient 
showed that 28% of metastases had upregulated DDX3 expression, whereas DDX3 was 
downregulated in only 8% of patients (table 1). This difference was highly statistically 
significant with an OR of 3.7 (95% CI 1.58-8.51; p = 0.002). Figure 1 shows examples of 
increased cytoplasmic DDX3 expression at different metastatic sites. DDX3 expression was 
especially prominent in breast cancer brain metastases, with 65% of metastases having high 
DDX3 expression and 48% of patients having an increase as compared to their primary 
tumor (OR 15.0, 95% CI 3.29-68.34, p < 0.001, Table 1). 

Table 1. Changes in cytoplasmic DDX3 expression in breast cancers from primary to metastatic tumors at different sites.

Cytoplasmic DDX3

 N High to Low Low to High OR (95% CI) P-value

Total 79 6 (8%) 22 (28%) 3.7 (1.58-8.51) 0.002

Brain 31 1 (3%) 15 (48%) 15.0 (3.29-68.34) <0.001

Lung 15 0 (0%) 3 (20%) . 0.083

Skin 20 1 (5%) 4 (20%) 4.0 (0.53-30.31) 0.180

Other 13 4 (31%) 0 (0%) . 0.046

Paired odds ratio (OR) is calculated by taking the ratio of discrepant pairs. Paired P-values are calculated by 
McNemar’s test.
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Upregulation of cytoplasmic DDX3 expression was also common in lung (20%) and skin 
(20%) metastases. The low number of available liver (n=3) and bone (n=3) metastases did 
not allow subgroup analysis for these specific anatomical sites.
Nuclear DDX3 expression was observed in 22% of primary breast cancers and 13% of 
metastases. As shown in Table 2, conversion from nuclear DDX3 from absent in the primary 
tumor to present in the metastasis occurred in 9% of pairs, whereas the opposite occurred 
in 18% of patients (OR 0.5; 95% CI 0.21-1.22; p = 0.127). 

Primary Breast Cancer Corresponding Metastasis

Lung

Brain

Figure 1. Cytoplasmic DDX3 
expression is upregulated in breast 
cancer metastases
Examples of upregulation of  
cytoplasmic DDX3 expression in breast 
cancer metastases at different 
anatomical locations as compared to the 
originating primary breast cancer in the 
same patient. Analysis was performed 
in 79 pairs, 40 x magnification, scale bar 
indicates 25 μm.

Table 2. Changes in nuclear DDX3 expression in breast cancers from primary to metastatic tumors at different sites.

 Nuclear DDX3   

 N Present to Absent Absent to Present OR (95% CI) P-value

Total 79 14 (18%) 7 (9%) 0.5 (0.21-1.22) 0.127

Brain 31 5 (16%) 3 (10%) 0.6 (0.15-2.47) 0.480

Lung 15 3 (20%) 0 (0%) . 0.083

Skin 20 5 (25%) 2 (10%) 0.4 (0.08-1.95) 0.257

Other 13 1 (8%) 2 (15%) 2.0 (0.19-21.04) 0.564

Paired odds ratio (OR) is calculated by taking the ratio of discrepant pairs. Paired P-values are calculated by 
McNemar’s test.
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Metastatic cytoplasmic DDX3 overexpression correlates with triple-negative receptor 
status and high mitotic activity
In order to catalogue what characterized patients with high metastatic DDX3, we explored 
correlations with other clinicopathological characteristics (table 3). High cytoplasmic DDX3 
in metastasis was associated with a higher mitotic activity index (MAI) (30.3 vs. 21.3; p = 
0.033) and triple-negative 
molecular subtype (43% vs. 24%; p = 0.019) in the primary tumor and negative estrogen 
receptor (ER) status in the metastasis (72% vs. 45%; p = 0.043). Since DDX3 in metastases 
was associated with ER-negativity and possible negative selection pressure occurred on ER 
expression when patients were treated with hormonal treatment, we assessed whether 
adjuvant treatment of the primary tumor correlated with metastatic DDX3 expression. No 
correlation was found between high DDX3 in metastases and chemotherapy (47% vs. 54%; 
p = 0.795), hormonal therapy (21% vs 27%; p = 0.790) or treatment with trastuzamab (3% 
vs. 0%; p = 1). Nuclear DDX3 in metastases was associated with negative HER2 receptor 
status in the metastasis, but did not correlate with other clinicopathological variables 
(Supplementary Table 1). 

Metastatic DDX3 expression correlates with worse survival
We performed survival analysis to see whether DDX3 expression correlated with clinical 
outcome in metastatic breast cancer patients (Figure 2). Median overall survival after the 
metastatic lesion was biopsied was shorter in patients with high cytoplasmic DDX3 (11.18 
months) when compared to patients with low cytoplasmic DDX3 (20.14 months; HR 1.79; 
95% CI 0.97-3.33; p = 0.039). Because the molecular subtype of the primary tumor and the 
location and ER-status of the metastasis were associated with both high cytoplasmic DDX3 
and survival, potential confounding by these factors was explored in a multivariate model 
as much as sample size permitted. The association between cytoplasmic DDX3 and survival 
weakened after adjustment for individual covariates by Cox-regression analysis. This 
indicates that molecular subtype (HRadjusted 1.38; 95% CI 0.73-2.63; p = 0.324), ER status 
(HRadjusted 1.51; 95% CI 0.81-2.82; p = 0.200) and location of the metastasis (HRadjusted 1.52; 
95% CI 0.9-2.94; p = 0.210) are confounding the relation between cytoplasmic DDX3 and 
survival.
In addition, a significant correlation between the presence of nuclear DDX3 in metastases 
and overall survival was observed. Patients with nuclear DDX3 had a shorter median 
survival of 8.8 versus 19.4 months (HR 3.28; 95% CI 1.23-8.75; p = 0.034). Unfortunately 
multivariate analysis was not possible due to the low number of patients with nuclear DDX3 
in the metastasis. Overall we conclude that there is a relation between metastatic DDX3 
expression and survival, which for cytoplasmic DDX3 can in part be attributed to the 
molecular subtype and location of these tumors. 
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DISCUSSION 

DDX3 is an RNA helicase with oncogenic properties, which has been found to promote 
metastasis in functional studies. However, DDX3 expression had never been specifically 
evaluated in metastatic cancer patient samples. In this study, we therefore compared DDX3 
expression in primary breast cancers to that in corresponding distant metastatic lesions. 
Cytoplasmic DDX3 expression was significantly higher in metastatic cancer samples, especially 
in brain metastases and triple negative cases. In addition, there is a correlation between DDX3 
expression in the metastasis and worse overall survival in patients with metastatic breast cancer. 
Previous studies have indicated that DDX3 overexpression facilitates dissemination of 
cancer cells through induction of an EMT phenotype10-12. Increased motility and anchorage 
independent growth have also been linked to the role DDX3 has in mRNA translation. 
Chen, et al. found DDX3 to increase invasive properties through a direct role in Rac1 
translation, which in its turn stabilizes β-catenin expression resulting in activated Wnt-
signaling14. Furthermore, Hagerstrand, et al. found that DDX3 mediates IRES-dependent 
translation, resulting in increased anchorage independent growth in cancers with 3q26 
amplification. In addition to promoting the dissemination process, our finding that among 
patients with established metastases, those with DDX3 expression have worse overall 
survival is suggestive of DDX3 also providing a survival benefit to cancer cells after 
colonization of the metastatic niche. However, this difference can also be partly attributed 
to the frequent triple negative phenotype and brain localization of metastases with high 
cytoplasmic DDX3 expression. Notably, there are some contradictory reports in literature 
pointing towards DDX3 functioning as a tumor suppressor28, 29. It is possible that the role 
of DDX3 in oncogenesis differs between genetic backgrounds and cancer types30. 
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Figure 2. Metastatic DDX3 is associated with shorter survival in distant breast cancer metastases 
(A) Kaplan-Meier curves showing overall survival after biopsy of the metastasis in breast cancer patients with high 
cytoplasmic (n = 26) as compared to those with low cytoplasmic (n = 32) DDX3 expression in the metastatic lesion
(B) Kaplan-Meier curves showing overall survival after biopsy of the metastasis in breast cancer patients with nuclear 
DDX3 (n = 53) as compared to those without nuclear DDX3 (n = 5) in the metastatic lesion. P-values calculated by 
a modified Wilcoxon test



DDX3 in breast cancer metastases

129

6

Table 3. Correlation between cytoplasmic DDX3 expression and clinicopathological variables in breast cancer 
metastases.

Cytoplasmic DDX3
 Total Low High P-value 
Characteristics primary tumor
Tumor size in cm, median (IQR) 7 (2) 7 (2.75) 7 (2) 0.657#
Histology, n (%)

Ductal 67 (86) 39 (81) 28 (90) 0.857**
Lobular 8 (10) 6 (13) 2 (6)
Metaplastic 3 (4) 2 (4) 1 (3)
Apocrine 1 (1) 1 (2) 0

Grade, n (%)
I 1 (1) 1 (2) 0 0.670**
II 21 (27) 14 (30) 7 (23)
III 55 (71) 31 (67) 24 (77)
missing 2 2 0

MAI, mean (SD) 24.8 (19.7) 21.3 (18.6) 30.3 (20.5) 0.033$
Lympnodes, n (%)

negative 39 (49) 28 (58) 11 (35) 0.080*
positive 40 (51) 20 (42) 20 (65)

Age, mean (SD) 52.2 (11.0) 54.0 (11.0) 49.5 (10.4) 0.074$
missing 1 1 0

Molecular subtype, n (%)
HER2-enriched 11 (15) 5 (12) 6 (20) 0.019**
luminal A 29 (41) 23 (56) 6 (20)
luminal B 8 (11) 3 (7) 5 (17)
triple negative 23 (32) 10 (24) 13 (43)
missing 8 7 1

Characteristics metastasis
Location, n (%)

brain 31 (39) 11 (23) 20 (65) 0.001*
skin 20 (25) 15 (31) 5 (16)
lung 15 (19) 10 (20) 5 (16)
other 13 (16) 12 (25) 1 (3)

Estrogen receptor, n (%)
negative 39 (57) 18 (45) 21 (72) 0.043*
positive 30 (43) 22 (55) 8 (28)
missing 10 8 2

Progesterone receptor, n (%)
negative 39 (57) 26 (67) 22 (81) 0.295*
positive 30 (43) 13 (33) 5 (19)
missing 13 9 4

HER2 receptor, n (%)
negative 48 (73) 31 (82) 20 (69) 0.363*
positive 18 (27) 7 (18) 9 (31)
missing 12 10 2

Nuclear DDX3, n (%)
Absent 69 (87) 42 (79) 27 (26) 1**
Present 10 (13) 6 (21) 4 (74)  

P-value calculated by * chi-square test, ** Fisher exact test, # Mann-Whitney U test, $ student’s t-test.
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The mechanisms behind cytoplasmic overexpression and nuclear retention of DDX3 remain 
largely to be elucidated. Mutations in DDX3 have been detected in medulloblastomas31, 
head and neck cancers32 and hematological malignancies33, 34, but were not identified in 
breast cancers35. In addition, there is no amplification of the DDX3 locus in DDX3 
overexpressing breast cancer cell lines10. With regard to nuclear retention of DDX3, we 
know that DDX3 is exported out of the nucleus as part of messenger ribonucleoprotein 
complexes2, 26, 36. In the nucleus, DDX3 was previously found to localize to the nucleolus37 
where ribosomal assembly takes place, suggesting that nuclear DDX3 retention in metastases 
possibly reflects increased demands in protein synthesis. More research to further clarify 
the mechanisms of DDX3 overexpression and nuclear retention is needed.  
We found a particularly large increase in cytoplasmic DDX3 expression rates in brain 
metastases. Brain metastases are more common in patients with triple negative or HER2 
amplified primary breast cancers38, which have relatively high DDX3 expression. However, 
discordance rates for DDX3 were much higher (48% upregulation) than for HER2 (2%) 
and estrogen receptor (13%)21. It is therefore hard to explain the DDX3 upregulation in 
brain metastases rates solely by an association with these molecular subtypes. Several other 
biological signatures have been found to characterize brain metastases. Wnt signaling 
mediates metastasis to the brain in both lung39 and breast cancer40. DDX3 is a multilevel 
activator of the Wnt-signaling pathway5, 6, 14, 41 and therefore potentially facilitates brain 
colonization in a Wnt-mediated fashion. Another feature of brain metastases is the 
expression of DNA repair genes42, 43. Inhibition of DDX3 reduced non-homologous end 
joining, a double strand break repair mechanism5, implying that the high DDX3 levels in 
brain metastases could reflect a DNA damage response. Furthermore, overexpression of 
hypoxia-inducible factor 1α is common in brain metastases44 and also associated with DDX3 
expression in breast cancer45. However, metastatic DDX3 expression did not correlate with 
expression of the HIF-1α target genes carbonic anhydrase IX (CAIX) and Glucose 
transporter 1 (GLUT-1; data not shown), making it unlikely that high DDX3 expression in 
brain metastases is hypoxia-mediated. Last, metastatic niches differ also by the bioenergetic 
profile they impose on cells46. Brain metastases were demonstrated to upregulate glycolysis 
and oxidative phosphorylation capacity47 and to have increased hexokinase 2 expression48. 
An additional reason for brain metastases to elevate DDX3 expression could be that DDX3 
supports metabolic adaptation of cancer cells to the microenvironment of the brain. 
Although liver and bone metastases are also common in breast cancer patients, limited 
availability of tissue from these sites did not allow for subgroup analysis.
Besides biological relevance, high DDX3 expression in breast cancer metastases has 
potential clinical applications. Metastatic breast cancer, especially localized in the brain, is 
associated with short patient survival and severely impaired quality of life. Cerebral 
metastases occur early in triple negative cases49, where the systemic therapeutic arsenal is 
particularly lacking. High DDX3 expression could serve as a therapeutic target in these 
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patients. There are several small molecule inhibitors of DDX3 currently under development50. 
Although diffusion of these compounds over an intact blood brain barrier is limited5, the 
small size of the inhibitors and the compromised blood brain barrier in brain metastases51 
potentially do allow for therapeutic levels to be reached. The DDX3 inhibitor RK-33 has 
potent radiosensitizing abilities10, which could enhance the effect of whole brain radiation 
to treat brain metastases. Furthermore, given the role of DDX3 early in the metastatic 
process, DDX3 inhibitors could potentially also be used to prevent the emergence of 
metastases. At last, evaluation of DDX3 expression in patient samples could serve both as 
a prognostic biomarker and facilitate selection of those patients benefiting most from DDX3 
inhibitors.

CONCLUSIONS

Cytoplasmic DDX3 expression is increased in breast cancer metastases, especially those 
located in the brain and occurring in triple negative cases. In addition, patients with high 
DDX3 levels in the metastatic lesion have shorter overall survival, implying that DDX3 is 
a potential therapeutic target in metastatic breast cancer.
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SUPPLEMENTARY

Supplementary table 1. Correlation between nuclear DDX3 expression and clinicopathological variables in 
breast cancer metastases.

Nuclear DDX3
 Total Absent Present P-value 
Characteristics primary tumor
Tumor size in cm, median (IQR) 7 (2) 7 (2) 7 (1.75) 0.868#
Histology, n (%)

Ductal 67 (85) 57 (83) 10 (100) 0.763**
Lobular 8 (10) 8 (12) 0
Metaplastic 3 (4) 3 (4) 0
Apocrine 1 (1) 1 (1) 0

Grade, n (%)
I 1 (1) 1 (1) 0 0.754**
II 21 (27) 19 (28) 2 (20)
III 55 (70) 47 (70) 8 (80)
missing 2 2 0

MAI, mean (SD) 24.8 (19.7) 24.7 (20.0) 25.5 (18.8) 0.973$
Lympnodes, n (%)

negative 39 (49) 35 (51) 4 (40) 0.737**
positive 40 (51) 34 (49) 6 (60)

Age, mean (SD) 52.2 (11.0) 52.3 (10.9) 52.0 (11.8) 0.951$
missing 1 1 0

Molecular subtype, n (%)
HER2-enriched 11 (15) 7 (11) 4 (44) 0.070**
luminal A 29 (41) 26 (42) 3 (33)
luminal B 8 (11) 7 (11) 1 (11)
triple negative 23 (32) 22 (35) 1 (11)
missing 8 7 1

Characteristics metastasis
Location, n (%)

brain 31 (39) 27 (39) 4 (40) 1**
skin 20 (25) 18 (26) 2 (20)
lung 15 (19) 13 (19) 2 (20)
other 13 (16) 11 (16) 2 (20)

Estrogen receptor, n (%)
negative 39 (57) 34 (56) 5 (63) 1**
positive 30 (43) 27 (44) 3 (38)
missing 10 8 2

Progesterone receptor, n (%)
negative 39 (57) 43 (74) 5 (63) 0.673**
positive 30 (43) 15 (26) 3 (38)
missing 13 11 2

HER2 receptor, n (%)
negative 48 (73) 47 (81) 4 (44) 0.030**
positive 18 (27) 11 (19) 5 (55)
missing 12 11 1

P-value calculated by * chi-square test, ** Fisher exact test, # Mann-Whitney U test, $ student’s t-test.
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With great interest we have read the study of C-H Lee, et al1, in which the authors find that 
low/negative DDX3 expression might predict poor prognosis in non-smoker patients with 
oral cancer. With respect to DDX3 functions in cellular biogenesis, there is conflicting data 
in the literature on whether DDX3 is a driver or suppressor of oncogenic transformation. 
For example, in medulloblastomas, non-synonymous substitution mutations in the helicase 
domain of DDX3X seem to have an activating role2, but the nature of genomic alterations 
found in head and neck squamous cell carcinomas (HNSCC), for a large part homozygous 
deletions and frame shift and nonsense mutations, is more supportive of loss of function3-5. 
A recent study found DDX3X to be exclusively mutated in HPV-positive HNSCC.  These 
results invoke the question of how to interpret DDX3 function in specific subgroups of 
HNSCC, like tumors occurring in smokers, which are more often HPV-negative and non-
smokers which are more often HPV-positive. 
To address this point, we recently evaluated DDX3 protein expression levels in 423 Dutch 
HNSCC. Tissue microarrays containing multiple cores per tumour of both oral (n=206) 
and oropharynx (n=217) squamous cell carcinomas were immunohistochemically stained 
with anti-DDX3 antibodies (r647, 1:1000, 60 min). Cytoplasmic expression was scored as 
being absent, weak, moderate or strong. Moderate to strong DDX3 expression was 
identified in 217 cases (51.3%). Overall, DDX3 expression did not correlate with survival 
in HNSCC. A stratified analysis in smokers and non-smokers, however, yielded an inversed 
relation between DDX3 expression and survival in both groups (Figure 1). As Lee et al. 
reported earlier, non-smokers with moderate to strong DDX3 expressing tumors had 
longer median overall survival1, although this was not significant in our cohort (HR 0.88, 
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Figure 1. Moderate to strong DDX3 expression correlates with shorter overall survival in smoking HNSCC patients
P-value is calculated by log-rank test.
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95% CI 0.53-1.45, p = 0.61). However, in smokers we observed an inversed trend with a 
median survival of 40 months for cases with moderate to strong DDX3 expression as 
compared to 64 months for cases with absent or weak DDX3 expression (HR 1.34; 95% 
CI 1.00-1.81; p = 0.05). We therefore conclude that in smokers high DDX3 expression 
might be predictive of poor prognosis.  
There are several other differences to be noted between our recent study and that of C-H 
Lee, et al. which can explain our divergent conclusions. Most strikingly, in the study of C-H 
lee, et al. only a small proportion of tumors have moderate to high DDX3 expression 
(10.5%). This might be due to the use of a different antibody isotype and scoring methods 
as well as differences between the study populations. The Dutch cohort we used has a higher 
percentage of smoking and female patients, whereas in the Taiwanese population betel quid 
chewing is far more common. These factors were also individually found to be associated 
with DDX3 expression. Another major difference is the inclusion of not just oral, but also 
oropharynx SCC in our study. However, since stratification based on anatomical site had 
no major influence on our findings, this probably does not explain the divergent findings 
between the two studies. 
Our finding that high DDX3 expression is associated with poorer survival specifically in 
smokers, is in line with our earlier finding that exposure of breast cell lines to Benzo[a]
pyrene diol epoxide, a carcinogen found in cigarette smoke, increased DDX3 expression 
resulting in malignant transformation6. Moreover, DDX3 has been shown to be an integral 
component of viral RNA propagation7, 8 and to have a role in the modulation of the innate 
immune response9. It is therefore plausible that virally transformed cells benefit from 
lowering DDX3 levels, in order to increase their oncogenic potential. This hypothesis is 
also supported by the fact that E6 expression as a result of HPV infection in non-small cell 
lung cancer is associated with lower DDX3 expression10. Taken together, these findings 
project a model in which DDX3, when upregulated in response to cigarette smoke exposure, 
drives oncogenesis, whereas it might have alternative roles in virally induced transformation. 
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ABSTRACT

Triple negative breast cancers have unfavorable outcomes due to their inherent aggressive 
behavior and lack of targeted therapies. Breast cancers occurring in BRCA1 mutation 
carriers are mostly triple negative and harbor homologous recombination deficiency, 
sensitizing them to inhibition of a second DNA damage repair pathway by e.g., PARP 
inhibitors. Unfortunately, resistance against PARP inhibitors in BRCA1 deficient cancers 
is common and sensitivity is limited in BRCA1 proficient breast cancers. RK-33, an inhibitor 
of the RNA helicase DDX3, was previously demonstrated to impede non-homologous 
end-joining repair of DNA breaks. Consequently, we evaluated DDX3 as a therapeutic 
target in BRCA pro- and deficient breast cancers and assessed whether DDX3 inhibition 
could sensitize cells to PARP inhibition. 
High DDX3 expression was identified by immunohistochemistry in breast cancer samples 
of 24% of BRCA1 (p =0.337) and 21% of BRCA2 mutation carriers (p = 0.624), as compared 
to 30% of sporadic breast cancer samples. The sensitivity to the DDX3 inhibitor RK-33 was 
similar in BRCA1 pro- and deficient breast cancer cell lines, with IC50 values in the low 
micromolar range (2.8-6.6 μM). A synergistic interaction was observed for combination 
treatment with RK-33 and the PARP inhibitor olaparib in BRCA1 proficient breast cancer, 
with the mean combination index ranging from 0.59-0.62. 
Overall, we conclude that BRCA pro- and deficient breast cancers have a similar dependency 
upon DDX3. Moreover, DDX3 inhibition by RK-33 synergizes with PARP inhibitor 
treatment, especially in breast cancers with a BRCA1- proficient background. 
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INTRODUCTION

Increased genomic instability is one of the underlying hallmarks of cancer1. Cancer cells 
often acquire a deficiency in one of the DNA damage repair (DDR) pathways, to allow 
continued proliferation in the presence of genetic aberrations. This leads to a greater 
dependency on the remaining pathways to deal with endogenous and exogenous DNA 
damage2, 3, which is the principle behind synthetic lethality of pharmacologic PARP 
inhibition in cancers with a BRCA1/BRCA2 mutation. 
Women harboring a germline mutation in the BRCA1 or BRCA2 genes are at high risk of 
developing breast cancer, due to a deficiency in a DNA double strand break (DSB) repair 
mechanism, homologous recombination (HR)4. BRCA1 related breast cancers are mostly 
estrogen receptor, progesterone receptor and HER2/neu negative (triple negative; TN)5. 
Patients with TN breast cancer (TNBC) have an unfavorable prognosis, due to the inherent 
aggressive behavior of this molecular subtype and the lack of targeted therapies6. PARP 
inhibitors, like olaparib, inhibit base excision repair (BER), a single strand break (SSB) 
repair mechanism, and have shown great promise in the treatment of tumors with a BRCA1 
or BRCA2 mutation. However, a significant proportion of these patients show primary 
resistance7. Although only 5-10% of TNBC occurs in patients with a germline BRCA1 
mutation, BRCA proficient TNBCs are also characterized by impairments of DDR pathways. 
However, the effect of PARP inhibitors as a monotherapy in this group of patients is limited8. 
Therefore, development of new treatment strategies, specifically targeting BRCA1 related 
- and TNBC is urgently required. 
DDX3, also known as DDX3X, is DEAD box RNA helicase that has been associated with 
several cytosolic steps of mRNA processing9 and plays an oncogenic role in the development 
of breast10 and several other types of cancer11-14. DDX3 was found to have anti-apoptotic 
properties15 and to stimulate cell cycle progression11, 12, migration10 and invasion16. In 
addition, DDX3 was shown to be upregulated in triple negative breast cancer17. RK-33 was 
developed as a small molecule inhibitor of DDX3 and showed promising preclinical activity 
as a radiosensitizer in models of lung11 and prostate cancer14. Interestingly, the 
radiosensitizing capacities of RK-33 were attributed to inhibition of non-homologous end-
joining (NHEJ), a second DNA DSB repair mechanism. Inhibition of NHEJ makes RK-33 
an interesting candidate for the treatment of BRCA1-related breast cancer and TNBC. Given 
their pre-existing DDR deficiency, we hypothesized that BRCA deficient breast cancers 
might be dependent on DDX3 and therefore sensitive to DDX3 inhibition with RK-33. In 
addition, DDX3 inhibition could potentially sensitize cells to PARP inhibition. This study 
therefore focused on evaluating DDX3 as a therapeutic target in BRCA pro- and deficient 
breast cancer and assesses whether there is a potential synergistic interaction between 
DDX3 inhibition and PARP inhibition.



PARTNERS IN CRIME  |  Chapter 8

148

MATERIAL AND METHODS

Patient samples
Archived formalin fixed paraffin embedded breast cancer samples from 103 germline 
BRCA1 mutation carriers and 29 germline BRCA2 mutation carriers were previously 
processed into a tissue microarray (TMA) and compared against a TMA with 265 
consecutive breast cancer cases not known to bear mutations in these genes (further 
denoted “sporadic”)18. All patients in the hereditary group had been referred to the clinical 
genetics department of one of three academic hospitals in The Netherlands (VUMC, UMC 
Utrecht and UMC Groningen) and tissue was retrieved from the pathology departments 
of these hospitals or of local surrounding hospitals. All TMAs included multiple cores per 
patient. As we used anonymous archival leftover pathology material, no ethical approval 
or informed consent is required according to Dutch legislation19, as this use of redundant 
tissue for research purposes is part of the standard treatment agreement with patients in 
our hospitals20.

Immunohistochemistry
Four µm thick sections were deparaffinized in xylene and rehydrated in decreasing ethanol 
dilutions. Endogenous peroxidase activity was blocked with 1.5 % hydrogen peroxide buffer 
for 15 minutes and was followed by antigen retrieval by boiling for 20 minutes in 10 mM 
citrate buffer (pH 6.0). Slides were subsequently incubated for 1 hour with anti-DDX3 (1:1000, 
pAb r647 21), followed by poly-HRP-anti-mouse/rabbit/rat IgG (Brightvision, Immunologic, 
Duiven, The Netherlands) as a secondary antibody for 30 minutes. Peroxidase activity was 
developed with diaminobenzidine. The slides were lightly counterstained with hematoxylin 
and mounted. Appropriate positive and negative controls were used throughout. 
Scoring was performed by consensus of two observers. Cytoplasmic DDX3 expression was 
fairly homogeneous, but the intensity varied and was therefore scored semi-quantitatively 
as absent (0), low (1), moderate (2) or strong (3). Cases with score 0 to 2 were classified as 
having low DDX3 expression and evaluated against cases with strong expression as before17. 

Statistics
DDX3 expression and other clinicopathological characteristics were compared between 
tumors in patients with a germline mutation in BRCA1 or BRCA2 versus sporadic breast 
cancers. Discrete variables were compared by χ2 or Fisher’s exact test. Student’s t-test and 
Mann Whitney U-tests were calculated for normally and non-normally distributed 
variables, respectively. Multivariate analysis was performed by including all factors 
significantly associated with both DDX3 expression and BRCA-mutation status in a logistic 
regression model. Effect modifiers were identified by including multiplicative interaction 
terms into the model. P-values smaller than 0.05 were considered statistically significant. 
All statistical analyses were performed with R version 3.2.0.
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Immunoblotting
All cells were harvested at 50-70 % confluency. Cells were lysed in SDS-extraction buffer 
and sonicated on ice. 30 μg protein was loaded on SDS-PAGE gels for gel-electrophoresis. 
The blots were probed overnight with primary antibodies against DDX3 (1:1000, mAb 
AO196)21, β-actin (1:10000, A5441, Sigma-Aldrich), followed by appropriate secondary 
antibodies, development with ECL (Bio-Rad, Hercules, CA, USA) and imaging with a 
G:BOX Chemi XR5 (Syngene, Frederick, MD, USA). 

Cell viability assay
MCF7 and MDA-MB-231 were purchased from ATCC (ATCC, Manassas, VA, USA). 
MDA-MB-468, MDA-MB-435, SUM149-PT and HCC1937 were a kind gift of Shyam 
Sharan (NCI, Frederick, MD, USA). For cell viability assays 1 x 103 – 3 x 103 cells were 
plated per well in a 96-well plate. The following day RK-33 or DMSO (vehicle control) was 
added. The number of viable cells was estimated after 72 hours of drug exposure with an 
MTS assay. For this, the cells were incubated with MTS reagent (CellTiter 96 Aqueous One 
Solution, Promega, Madison, WI, USA) for 2 hours, after which absorbance was measured 
at 490 nm with a Victor3V plate reader (PerkinElmer, Waltham, MA, USA). 

Colony forming assay
Synergy between RK-33 and olaparib was evaluated by colony forming assays, as this is the 
most used assay to evaluate PARP inhibitor efficacy22. For HCC1937, 2500 cells were plated 
in 60 mm dishes. For all other cell lines 200-600 cells were plated in 6-well plates and 
allowed to attach overnight. Cells were treated with either RK-33, olaparib, or a combination 
of both, in the IC50 ratio for 24 hours, followed by either fresh media or fresh media 
containing olaparib addition every 4 days. When colonies reached a size of more than 50 
cells, they were fixed in methanol with 0.5 % crystal violet. Colonies were counted and 
survival fractions were calculated.

Synergy analysis
Monotherapy and combination therapy curves of multiple independent experiments were 
modeled with nonlinear mixed-effects modeling, using the mixlow R package23. To evaluate 
dose-response interactions combination indices with 95% confidence intervals were 
calculated for every fraction affected (Fa) according to the Loewe additivity principle24, as 
formulated in equation A. 

(A) CI= 
CA,x

ICx,A
+

CB,x

ICx,B
 

CA,x and CB,x are the concentrations of olaparib and RK-33 in combination to achieve fraction 
affected x.  ICx,A and ICx,B are the concentrations of the olaparib and RK-33 alone to achieve 
the same effect. Synergy was defined as a combination index significantly lower than one. 
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Table 1. DDX3 expression and other clinicopathological characteristics in breast cancer in BRCA1 or 
BRCA2 germline mutation carriers as compared to sporadic breast cancers.

Sporadic BRCA1 p-value BRCA2 p-value

DDX3 expression, n (%)   0.337†  0.624†
absent 3 (1) 0 0
weak 34 (13) 19 (18) 5 (17)
moderate 148 (56) 59 (57) 18 (62)
strong 80 (30) 25 (24) 6 (21)

Age, median (IQR) 58 (18) 40 (11.5) <0.001‡ 50 (11) <0.001‡
B&R Grade, n (%)   <0.001  0.014†

1 45 (17) 2 (2) 0

2 99 (37) 15 (16) 8 (31)
3 121 (46) 78 (82) 18 (69)
missing 0 0 1

MAI, median (IQR) 12 (18) 25 (25) <0.001‡ 17 (13) 0.110†
missing 0 13  3  

Histological type, n (%) 0.064 0.667†
invasive ductal carcinoma 225 (85) 80 (84) 25 (93)
invasive lobular carcinoma 24 (9) 4 (4) 2 (7)
other 15 (6) 11 (12) 0
missing 1 8 2

Tumor size (cm), median (IQR) 2 (2) 2 (2) 0.924‡ 1 (1) 0.029‡
missing 22 26  6  

ER, n (%)   <0.001  1
negative 50 (19) 76 (77) 5 (19)
positive 215 (81) 23 (23) 22 (81)
missing 0 4  2  

PR, n (%)   <0.001  0.171
negative 87 (33) 81 (83) 13 (48)
positive 177 (67) 17 (17) 14 (52)
missing 1 5  2  

HER2, n (%)   0.828  1†
negative 243 (92) 94 (93) 26 (93)
positive 22 (8) 7 (7) 2 (7)
missing 0 2  1  

Molecular classification, n (%)   <0.001†  0.897†
luminal A 208 (78) 20 (21) 21 (81)
luminal B 12 (5) 4 (4) 1 (4)
HER2-overexpressing 10 (4) 4 (4) 0
basal-like 35 (13) 67 (71) 4 (15)
unclassified 0 0 0

P-value calculated by chi-square test unless otherwise indicated.  
n = number; B&R = Bloom and Richardson; MAI = mitotic activity index; IQR, interquartile range  
† Fisher exact test 
‡ Mann-Whitney U-test
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DDX3 expression in BRCA1 deficient breast cancer patient samples
To assess the dependence on DDX3 in cancer with a DDR deficiency, we evaluated DDX3 
expression by immunohistochemistry in breast cancer samples of 103 germline BRCA1 
mutation carriers, 29 germline BRCA2 mutation carriers and 265 women with sporadic 
breast cancer (Figure and Table 1). Strong cytoplasmic DDX3 expression was observed in 
30% of sporadic cases, as compared to 24% of BRCA1 (p = 0.337) and 21% of BRCA2 related 
cases (p = 0.624), indicating that these mutations do not cause an increase in DDX3 
expression levels. We did observe the usual known differences between our sporadic and 
BRCA deficient study populations, like lower age (p < 0.001) and higher grade (p = 0.014) 
in both BRCA1 and BRCA2 related cases and higher MAI (p < 0.001), negative ER status 
(p < 0.001), negative PR status (p < 0.001) and more frequent basal-like molecular 
classification (p < 0.001) in BRCA1 mutation carriers. 
To exclude that we were not observing a correlation between BRCA1/2 mutation status and 
DDX3 expression levels due to incidental cancellation bias by another confounding factor, 
we performed logistic regression with all covariates that were associated both with mutation 
status and DDX3 expression. The presence of a germline BRCA1 mutation became a 
borderline significant predictor of DDX3 expression (ORadjusted 0.53, p = 0.053) after 
correction for MAI, histological type and PR status, implying that DDX3 expression may 

A

B

Figure 1. DDX3 expression in BRCA1 related breast 
cancer
Example of low (A.) and high (B.) immunohistochemical 
DDX3 expression in breast cancer occurring in patients 
with a germline BRCA1 mutation. Scale bar is 20 μm.
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even be lower in BRCA1 related breast cancers of equal MAI, histological type and PR 
status. No factors were significantly associated with both BRCA2 mutation status and DDX3 
expression. No effect modifiers were identified.

Equal sensitivity to the DDX3 inhibitor RK-33 in BRCA1 pro- and deficient breast 
cancer cell lines
In addition, DDX3 levels were evaluated in two cell lines with a BRCA1 mutation (HCC1937 
and SUM149-PT) and four BRCA1 proficient cell lines (MCF7, MDA-MB-231, MDA-
MB-435 and MDA-MB-468, Figure 2A). DDX3 expression was highest in the BRCA1 
proficient cell line MDA-MB-468 and lowest in the BRCA1 deficient cell line HCC1937. 
All other cell lines had similar DDX3 expression levels. Sensitivity to DDX3 inhibition with 
the small molecule inhibitor RK-33 was evaluated with MTS assays (Figure 2B). 
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Figure 2. Sensitivity of BRCA1 pro- and deficient cell lines to the DDX3 inhibitor RK-33
A. Immunoblot showing DDX3 and β-actin expression in BRCA1 proficient cell lines (BRCA1+) and cell lines with 
mutated BRCA1 (BRCA1-).  B. MTS assay showing RK-33 cytotoxicity in BRCA1 proficient cell lines and cell lines 
with mutated BRCA1. Graphs represent mean of independent experiments ± SD.
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All IC50 values were in the low micromolar range (2.8-6.6 μM). Of the cell lines with a 
BRCA1 mutation, an IC50 on the lower end of the spectrum (2.9 μM) was observed for 
SUM149-PT, whereas HCC1937 had the highest IC50 of all cell lines (6.6 μM). Overall, the 
DDX3 inhibitor RK-33 had a similar in vitro efficacy in BRCA1 pro- and deficient cell lines. 

Synergy between DDX3 inhibition with RK-33 and PARP inhibition with olaparib
Given the effect of RK-33 on DNA repair, we explored whether any synergy could be 
observed between the DDX3 inhibitor RK-33 and the PARP inhibitor olaparib. Figure 3 
shows the effect of combined RK-33 and olaparib treatment as measured by colony forming 
assays. The fraction of cells surviving combination therapy was lower than the surviving 
fraction of monotherapy in all cell lines, except HCC1937 (Figure 3A). In order to evaluate 
whether the cytotoxicity of combined RK-33 and olaparib was more than additive, 
combination indices were calculated (Figure 3B). The mean combination index over the 
20-95% fraction affected interval was lower than 1 for MCF7 (CI20-95 0.59) and MDA-
MB-468 (CI20-95 0.62), indicating synergy in the BRCA1 proficient cell lines. In SUM149-PT 
synergy was observed only in case of a high Fa. Although the mean CI20-95 was 1.42, the CI 
of the actual measured data points (Fa 60-100%) was significantly lower than 1, indicative 
of synergy in this area. No synergy was observed for HCC1937 (CI20-95  1.71).
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DISCUSSION

This study evaluated the efficacy of DDX3 inhibition, by the small molecule inhibitor RK-
33, in BRCA deficient breast cancer, with inherent impaired HR DNA repair pathway, in 
comparison with BRCA proficient breast cancer. RK-33 was previously found to inhibit 
NHEJ, an additional DSB repair mechanism 11. Therefore, we hypothesized that BRCA 
deficient breast cancer might have an increased dependency on DDX3. However, DDX3 
expression levels were similar in breast cancers in BRCA1/BRCA2 germline mutation 
carriers and sporadic breast cancers and BRCA1 pro- and deficient breast cancer cell lines 
were equally sensitive to RK-33 treatment. We therefore concluded that high DDX3 

Figure 3. Synergy between RK-33 and the PARP inhibitor olaparib
A. Bar graphs representing the surviving fraction in a colony formation assay after RK-33, olaparib or combination 
treatment in BRCA1 proficient (MCF7 & MDA-MB-468) and BRCA1 deficient breast cancer cell lines (HCC1937 & 
SUM149-PT). (see next page for Figure 3B) u
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expression is present in BRCA-mutated breast cancers and they are sensitive to DDX3 
inhibition. However, there was no clear indication of increased DDX3 dependency in BRCA 
deficient, when compared to BRCA proficient breast cancers. In addition, we evaluated 
whether DDX3 inhibition with RK-33 could sensitize BRCA pro- and deficient breast cancer 
cells to PARP inhibition with olaparib. We found a synergistic interaction mainly in BRCA1 
proficient cell lines and to a certain extent in BRCA1 deficient cancers.
The mechanism behind the increased sensitivity of BRCA deficient cancers to PARP 
inhibition is an area of active investigation and several explanations have been proposed25. 
The most accepted mechanism is that PARP inhibitors impair BER, an SSB repair 

t Figure 3. Synergy between RK-33 and the PARP inhibitor olaparib
B. CI-Fa plots showing the combination index (CI) and 95% confidence intervals of RK-33 olaparib combination 
therapy for different fractions affected (Fa) in BRCA1 pro- and deficient cell lines. Lines represent modeled CI curves. 
Points represent CI values calculated from measured data points. Dashed red lines represent 95% confidence 
intervals.  Blue lines represent additivity reference line. Graphs represent mean of independent experiments ± SD.
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mechanism. Persistent SSBs are converted to DSBs, which are normally repaired by HR, 
but remain unrepaired in HR deficient BRCA1/BRCA2 mutant cells25. Our observation that 
PARP inhibitors synergize with NHEJ inhibition by RK-33 fits a variant of this model. Since 
HR is restricted to the S- and G2-phase of the cell cycle26, accumulation of DSBs is likely 
to also require NHEJ for repair. This could explain the synthetic lethality observed after 
combination therapy with the PARP inhibitor olaparib and the DDX3 inhibitor RK-33 and 
previously reported radiosensitizing capacities of RK-3311, since ionizing radiation causes 
DSB formation as well. Also, it may explain why the dependency on DDX3 is not increased 
in cells with a BRCA1 mutation. In the absence of an agent that stimulates persistence of 
SSBs, the DSB production rate may not be high enough to increase the demand for NHEJ 
as an alternative repair strategy. In addition, the sensitivity of BRCA1 deficient cell lines to 
PARP inhibition is already very high, making it hard observe synergy with RK-33 in these 
cells. A second explanation for PARP inhibitor efficacy in BRCA deficient tumors is that 
PARP inhibitors have an activating effect on NHEJ, which is a more error-prone repair 
pathway than HR27. More research on the exact role of DDX3 in different DNA repair 
pathways is necessary to fully understand the mechanism behind the observed interactions 
between PARP inhibition and DDX3 inhibition in a BRCA1 pro- or deficient background. 
Sensitization of primary resistant BRCA proficient breast cancers to PARP inhibition by 
RK-33 could be of specific use in the treatment of TNBC, given their aggressive biology 
and the lack of specific therapeutic targets 6. Secondary resistance in BRCA1 mutant cancers 
is mainly due to restoration of HR defects, often by partially restoring BRCA1 functionality28. 
Since RK-33 sensitizes BRCA1 proficient breast cancer cells to PARP inhibition, DDX3 
inhibition could also have an application overcoming secondary resistance against PARP 
inhibitors. There is a risk of causing normal cell toxicity by enhancing the sensitivity of 
cancer cells to PARP inhibition29. Because cancer cells have higher endogenous DNA 
damage rates and greater DDR deficiency compared to normal cells, there is a potential 
therapeutic window for combination therapy with RK-33 and a PARP-inhibitor. In previous 
studies, no toxicity was observed after RK-33 used as a monotherapy or in combination 
with radiotherapy11. Future studies are needed to further evaluate the safety and efficacy of 
this combination regimen. 
Overall, DDX3 expression levels are similar in breast cancers in BRCA1/BRCA2 germline 
mutation carriers and sporadic breast cancers. BRCA1 pro- and deficient breast cancer cell 
lines were equally sensitive to RK-33 treatment and therefore show similar DDX3 
dependency. Interestingly, DDX3 inhibition with RK-33 synergizes with PARP inhibitor 
treatment in breast cancer cells, especially in a BRCA1 proficient background. 
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ABSTRACT

Cancer cells are reliant on the cellular translational machinery for both global elevation of 
protein synthesis and the translation of specific mRNAs that promote tumor cell survival. 
Targeting translational control in cancer is therefore increasingly recognized as a promising 
therapeutic strategy. In this regard, DEAD/H box RNA helicases are a very interesting 
group of proteins, with several family members regulating mRNA translation in cancer 
cells. In this review, we delineate the mechanisms by which DEAD/H box proteins modulate 
oncogenic translation and how inhibition of these RNA helicases can be exploited for anti-
cancer therapeutics. 
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INTRODUCTION

The crux of anti-cancer drug development is walking the fine line between efficacy in cancer 
cells and normal cell toxicity. In the current era of targeted therapy a common approach is 
to try to develop inhibitors for oncogenes that are driving a specific cancer, but are absent, 
(temporarily) redundant or compensated for in normal cells. Although this approach is 
logical and specific, it has the inherent problem that few driver mutations are actually 
targetable. In addition, in the last decade large-scale sequencing studies have shown that 
there are only a handful of oncogenes frequently mutated, whereas cancers are mostly 
driven by their own unique set of low-frequency genetic alterations1, limiting the use of 
potential inhibitors to a small subset of patients. An alternative approach is not to target 
the genetic factors directly driving oncogenesis, but the vulnerabilities that arise as a result 
of stress phenotypes that allow cancers to thrive. Cancer cells are dependent on specific 
cellular pathways for execution of oncogenic functions and simultaneous maintenance of 
cellular homeostasis. Since these pathways are often shared among tumors with different 
genetic alterations, these so-called non-oncogene addiction factors could be the Achilles’ 
heel of cancer and potentially provide more widely applicable targets for therapeutic 
development2.
Specific stressors in cancer cells cause non-oncogene addiction to different potentially 
targetable cellular pathways. A well-known example is the dependence of certain cancer 
types on DNA damage repair pathways as a result of genomic instability3. Another example 
of non-oncogene addiction is the reliance on translation factors. Cancer cells are dependent 
on the translational machinery for both global elevation of protein synthesis, as well as the 
translation of specific mRNAs that promote tumor survival4, 5. The first observation 
indicating that regulators of mRNA translation are key facilitators of cancer cells is more 
than a decade old, when prominent nucleoli, reflecting increased ribosome production to 
meet enhanced protein synthesis demands6, were recognized as a morphological hallmark 
of cancer7. Energetically translation is the most demanding and rate-limiting step of the 
gene expression process8. In addition, we now know that variation in protein abundance 
is only partially (~40%) determined by transcript abundance9, 10, and instead was found to 
be predominantly controlled at the mRNA translation level11. It is therefore not surprising 
that translation is a prime target of several signaling pathways driving oncogenesis (e.g., 
mTORC1, MYC and MAPK signaling)12-14. In addition, both enhanced expression or activity 
of proteins involved in translation and uncoupling of translation inhibition from tumor 
cell stressors (e.g., hypoxia, nutrient deprivation) are commonly observed in cancer4, 15, 16. 
In the past years, we have gained a vast body of knowledge on what specific changes occur 
in the translational machinery in cancer cells15, 17 and, although still in its infancy, the 
field of targeting translational control beholds great promise for anti-cancer drug 
development5, 18-20.
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DEAD/H box RNA helicases are an interesting group of proteins serving as potential 
translational targets in cancer. These proteins belong to superfamily 2, the largest group of 
eukaryotic RNA helicases, are named after a conserved amino sequence (Asp-Glu-Ala-Asp/
His)21 and have the ability to unwind and restructure RNA molecules with complex 
secondary structures in an ATPase dependent fashion. Unlike other helicases, DEAD/H 
box family members are not able to processively unwind long duplexes of more than two 
helical turns.  However, by employing different mechanisms such as local strand separation22,  
they nonetheless remodel complex RNA structures like hairpins and mRNP complexes23-25. 
They have been reported to play a pivotal role in virtually all steps of mRNA processing 
and translation26. Interestingly, cancer cells seem to rely heavily on RNA helicases to meet 
not only the increased general protein synthesis demand, but also for translation of specific 
pro-oncogenic mRNAs to enhance survival5, 27, 28. In this review, our main objective is to 
evaluate DEAD/H box RNA helicases as potential targets in cancer translation. We will 
focus specifically on the mechanisms by which DEAD/H box proteins modulate translation 
of oncogenes and how inhibition of these RNA helicases can be exploited for anti-cancer 
therapeutics.

ROLE OF DEAD/H BOX PROTEINS IN TRANSLATING THE CANCER GENOME

Human cells have multiple mechanisms to translate mRNAs into proteins. The most 
abundant translation mechanism in eukaryotes is cap-dependent translation. However, 
under stressed conditions, translation initiation can also occur in a cap-independent 
fashion, where the ribosomes are directly recruited to the start codon by binding a so-called 
internal ribosomal entry site (IRES). In addition, mitochondria have their own genome 
and independent translational machinery. In the following paragraphs we will explain how 
these three translational mechanisms are reliant on DEAD/H box RNA helicase activity, 
specifically for translating the cancer genome. 

DEAD/H box RNA helicases mediate cap-dependent translation initiation of oncogenic 
mRNAs with a complex 5’UTR structure
In contrast to bacteria, where ribosomes are directly recruited to the initiation codon by 
binding the Shine-Dalgarno mRNA sequence, cap-dependent translation in eukaryotes is 
a more intricate process29 (Figure 1A). The translation initation complex eIF4F recruits the 
40S ribosomal unit to the 5’ m7G-cap structure of the mRNA. eIF4F consists of three 
subunits: (1) eIF4E binds the complex to the m7G-cap, (2) eIF4A is a DEAD box RNA 
helicase that unwinds local RNA structures, and (3) eIF4G has scaffolding function and 
recruits the complex to mRNA through interaction with eIF330. Oncogenic PI3K/Akt/
mTOR signaling influences eIF4F formation in several ways. eIF4E is sequestered from the 
eIF4F complex by eIF4E binding proteins (4E-BPs). mTOR signaling results in 4E-BP 
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phosphorylation and inactivation, hereby liberating eIF4E31. In addition, it stimulates its 
downstream target S6K1, which phosphorylates and hereby causes degradation of PDCD4, 
an inhibitor of eIF4A31. A complex of translation initiation factors, among which eIF4F, 
eIF3, the initiator tRNA (Met- tRNA) and the 40S ribosomal unit together form the 43S 
ribosomal pre-initiation complex, which starts scanning the mRNA sequence in a 5’ to 3’ 
direction until it encounters the start codon. After base pairing of the Met-tRNA and the 
start codon, the 48S ribosomal complex is formed. Subsequently the 60S ribosomal unit 
gets recruited and after release of the initiation factors, the 48S and 60S complexes together 
form the mature 80S ribosomal complex that is competent for translation elongation32. 
Secondary structures, high GC content and bound proteins in the 5’UTR area impede 
ribosomal scanning for initiation sites and binding of the translation initiation machinery33, 

34. Several DEAD/H box proteins facilitate translation initiation in the presence of a complex 
5’UTR, which can be resolved by their helicase activity29, 35. Interestingly, among the proteins 
that have mRNAs with structured or long 5’UTRs, are many regulatory proteins involved 
in growth, proliferation and apoptosis36-38. Several oncogenes therefore require RNA helicase 
activity to be expressed to their fullest extent.

eIF4A and DHX29 are general unwinders of moderately complex 5’UTR
The most extensive evidence for requirement of RNA helicase activity for complex 5’UTR 
unwinding exists in the case of elongation initiation factor 4A (eIF4A). There are three 
human eIF4A isoforms that are encoded by separate genes. eIF4AI (DDX2A) and eIF4AII 
(DDX2B) have a 91% sequence identity39 and although some differences with regard to 
their function in translation have been reported40, most studies do not differentiate between 
the two. We will refer to both isoforms by eIF4A, unless one isoform is specifically indicated. 
eIF4III (DDX48) has distinct functions as a translational repressor41. eIF4A is the prototype 
DEAD box RNA helicase consisting only of a helicase core, while lacking the prominent 
N- and C-terminal domain present in most other family members. The activity of eIF4A 
is highest when it is incorporated into the eIF4F complex and is stimulated by its interacting 
partners eIF4B and eIF4H. For a more detailed description of the interactions between 
several RNA helicases and other translation initiation factors we refer to an excellent recent 
review23. Although general translation initiation is impaired after eIF4A inhibition23, 42, the 
requirement for eIF4A for translation initiation was found to be directly proportion to the 
complexity of the mRNA 5’UTR region43 (Figure 1B). Polysome profiling and ribosome 
footprinting experiments confirmed that the eIF4AI dependent translatome is enriched 
for mRNAs with a complex 5’UTR44, in particular those characterized by long length, GGC 
repeats and the presence of G-quadruplexes45, 46 (Figure 1B). Among the genes reliant on 
eIF4AI for efficient translation is a long list of oncogenes (e.g. MYC, NOTCH1, MYB, 
CDK6, MDM2, CCND3, BCL2, ETS1, ADAM10, LEF1, CARD11, BCL10, MALT1, ARF6, 
CCND1, ROCK1, MUC1-C)45, 47-49. 
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Another DEAD/H box family member involved in translation initiation in general and 
especially of mRNAs with a complex 5’UTR is DHX29. Unlike DEAD box proteins, DEAH 
proteins lack the Q-motif that is responsible for binding specifically to adenosine and have 
the ability to hydrolyze several NTPs26. In addition, DEAH proteins seem to have more 
RNP remodeling than continuous RNA unwinding activity50. It is therefore not surprising 
that, unlike eIF4A, DHX29 does not seem to directly unwind secondary mRNA structures, 
but instead most likely modifies the 40S ribosomal unit to facilitate mRNA entry51 and 
enhance its processing activity52 (Figure 1B). Thus, DHX29 ensures correct mRNA position 
in the 43S ribosome and stimulates assembly of the 80S ribosomal complex53, especially on 
mRNAs with a complex 5’UTR.

A specific role for DDX3 in unwinding very long and complex 5’UTRs in close vicinity 
to the 5’ cap structure? 
Although eIF4A has the ability to resolve most 5’UTR regions with secondary RNA 
structures, it has also been reported that very long 5’UTRs with multiple stem loops are 
resistant to eIF4A and that additional RNA helicases are needed to support cap-dependent 
translation29. Ded1, the yeast homologue of DDX3, was found to have more potent 
unwinding activity54, 55. Whether DDX3, like Ded1, is essential for general translation 
initiation in human cells is an ongoing investigation56-58, with most studies inferring that 
DDX3 inhibition does not result in major changes in general protein synthesis51, 59-61. 

t Figure 1. DEAD/H box RNA helicases mediate cap-dependent translation initiation of oncogenic mRNAs with a 
complex 5’UTR structure.
A. Schematic representation of cap-dependent translation. The three subunits of the eIF4F translation initiation 
complex recruit the 40S ribosomal unit to the 5’ m7G-cap mRNA structure and together with several initiation factors 
and the initiator tRNA form the 43S pre-initiation complex, which scans the 5’UTR until it encounters the AUG start 
codon. Subsequently, the 60S ribosomal unit is recruited and together with the now 48S small subunit forms the 
mature 80S ribosomal complex that is competent for translation elongation. Cap-dependent translation is stimulated 
by oncogenic PI3K/Akt/mTOR signaling through phosphorylation and hereby inactivation of eIF4E-binding protein 
(4E-BP), which sequesters eIF4E from eIF4F, and via activation of S6K1, which inactivates PCDA, an eIF4A inhibitor.
B. Schematic representations of how RNA helicases facilitate cap-dependent translation of mRNAs with a complex 
5’UTR region. eIF4A (DDX2) unwinds secondary structures in the 5’UTR and is essential for translation of mRNAs 
with G-quadruplexes44, 45. DHX29 modifies the 40S ribosomal subunit and hereby enhances its processing activity52. 
DDX3 was found to facilitate both translation of general complex secondary structures61, 62, as well as mRNAs with 
secondary structure in immediate vicinity to their m7GTP cap59.  RHA (DHX9) promotes translation of mRNAs with 
a specific RNA sequence containing two stemloop structures known as the post-transcriptional control element (PCE) 
in their 5’ UTR86, 87. C. Alternative roles for DDX3 as a translational repressor through binding and sequestration of 
eIF4E have also been reported56.
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However, there is evidence that DDX3 plays a role in translation initiation of mRNAs with 
specific 5’ UTR features. DDX3 facilitates local strand separation to allow loading of the 
pre-initiation complex and is required for translation initiation of mRNAs with a long 5’ 
UTR61, 62 or high GC content62 and mRNAs with complex structures (e.g. stem loops) in 
immediate vicinity to their m7GTP cap, which inhibit binding of the eIF4F complex59 
(Figure 1B). DDX3 was implied to allow RNA binding of the eIF4F complex by direct 
interaction with eIF4G59 and eIF4A61. In addition, binding with the translation initiation 
promoting factor eIF3 was reported57, 58. Contradictory reports however found DDX3 to 
bind and sequester eIF4E, disabling proper formation of the eIF4F initiation complex56 
(Figure 1C). In addition, it was reported that human recombinant DDX3 has no effect on 
48S formation in the presence of stem loops51 and even that DDX3 inhibits translation of 
a reporter with a stem loop containing 5’UTR63. Potential explanations for these 
discrepancies are differences in cell lines or reporter types used, or the fact that an inhibitory 
role was mainly observed after overexpression of recombinant DDX356, 61. Expression of 
RNA helicases has been suggested to maintain a ‘Goldilocks zone’ like equilibrium, where 
too little is harmful, but very high expression can have a disturbing effect on cellular 
functions as well19. In addition, production of full length human recombinant DDX3 for 
in vitro studies has been proven problematic64 and studies on its enzymatic function are 
hampered by it being a constituent of several multiprotein complexes and having a dynamic 
nature with multiple conformations23. In support of a translation initiation promoting role 
for DDX3, it was found to be required for translation of several oncogenes with a complex 
or long 5’UTR, among which are cell cycle regulators like cyclin E162 and Rac165. The 
combined evidence from literature is more supportive for a stimulatory role of DDX3 on 
translation initiation29, but the exact role of DDX3 on cap-dependent translation initiation 
remains ambiguous and deserves further investigation.
DDX3 mutations were identified in several cancer types66, among which 
medulloblastomas67-70, head and neck squamous cell carcinomas (HNSCC)71-73, and 
hematological malignancies74-79 . In medulloblastomas, 50% of the Wnt subtype and 11% 
of the SHH subgroup tumors have a DDX3 mutation. All mutations in medulloblastomas 
are non-synonymous missense mutations in the helicase core domain. The mutations were 
primarily thought to be gain-of-function, since a stimulatory effect on oncogenic Wnt-
signaling has been reported67. However, more recent reports have found that the mutations 
have inhibitory effects on mRNA translation. Specific mutations occurring in 
medulloblastoma were found to result in reduced RNA unwinding activity80, defects in 
RNA-stimulated ATP hydrolysis81 and hyper-assembly of RNA stress granules, which have 
a general inhibitory effect on translation82. It was proposed that inhibition of translation 
potentially provides a survival advantage to medulloblastoma cells during progression. 
Unlike medulloblastoma, where all mutations where single nucleotide variations, deleterious 
frameshift mutations were detected in HNSCC71-73 and cancers of hematological origin74-79. 
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Whether the functionality of these mutations is similar to those occurring in 
medulloblastoma remains to be evaluated. Genetic alterations in DDX3X are in stark 
contrast with the reports on overexpression of DDX3 in several cancers as compared to the 
normal tissue of origin83. High DDX3 expression correlated with high grade and worse 
overall survival in breast (chapter 2) and lung cancer84. DDX3 mutations were not frequently 
detected in genome wide mutation analyses in these cancer types. It is unclear why some 
cancers appear to benefit from low DDX3 activity, whereas others benefit from high DDX3 
expression levels. 

RNA helicase A and YTHDC2 facilitate translation by binding specific RNA sequences 
Another example of a DEAD/H box family member that is not involved in general 
translation, but has a role in translation of specific mRNAs with a complex 5’UTR is the 
DEAH box protein, RNA Helicase A (RHA/DHX9). RHA was found to promote translation 
initiation of retroviral RNAs by interaction of its N-terminal double strand RNA binding 
motives (dsRBD)85 with a specific RNA sequence containing two stemloop structures known 
as the post-transcriptional control element (PCE) in their 5’ UTR86, 87 (Figure 1B). 
Interestingly there are also mammalian mRNAs with 5’UTR containing a similar sequence, 
among which is the oncogene JUND86. 
YTHDC2 is another DEAH box RNA helicase with a conserved domain binding specific 
RNA sequences. The YTH domain binds to N6 methylated adenosines (m6A)88, a post-
transcriptional RNA modification enriched in stop codons and the 3’UTR89, which has 
been associated with modulation of translation efficiency through recruitment of  translation 
initiation factors90. However, YTHDC2 has recently also been associated with translation 
initiation in the presence of a complex 5’UTR. Knockdown of YTHDC2 resulted in 
accumulation of several mRNAs in the 40S ribosomal fraction, indicating translation was 
stalled at the initiation phase. Overall this group of mRNAs was not characterized by long 
or complex mRNAs. However, reporter assays indicated YTHDC2 was required for 
translation of the proto-oncogenes TWIST1 and HIF1α that both do have long a particularly 
long and structured 5’UTR91. Further studies are required to better characterize the 
YTHDC2 and RHA translatome.
It is interesting to note that some DEAD/H box family members are also involved in 
repression of mRNA translation through interaction with the 3’UTR. YBX1 and eIF4E 
recruit the general translation repressor DDX6 (RCK/p54) to the 3’UTR of mRNAs involved 
with self-renewal (e.g. CDK1, EZH2) and destabilizes them in a miRNA dependent 
manner92. DDX6 also interacts with A-rich elements (ARE) in the 3’UTR to negatively 
regulate translation93. Although interesting, negative regulation of translation by RNA 
helicases through miRNA involvement is beyond the scope of this review.
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Specific DEAD/H box proteins are required for IRES-dependent translation due to 
oncogenic stress
Cellular stress conditions, like growth arrest, nutrient starvation, hypoxia, DNA damage, 
mitosis and apoptosis, occur frequently in cancer cells. In response to these stressors, cap-
dependent translation is downregulated in order to preserve nutrients and energy94, 95. Many 
genes that are upregulated by cells to cope with stress conditions are translated in an IRES 
dependent fashion96, which does not require a 5’ cap structure, the cap-binding protein 
eIF4E or a free 5’ end. Cellular IRES often have a strong secondary structure97, 98 that recruits 
the 40S ribosomes to the translation initiation site, either by binding directly to the ribosome 
or indirectly by binding canonical translation initiation factors like eIF3 and eIF4G or 
specific IRES transacting factors (ITAFs)52, 96(Figure 2). Because tumor cells are dependent 
on factors to maintain cellular homeostasis and survive under stressed conditions99, IRES 
mediated translation has been put forward as a therapeutic target in cancer100, 101. 
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Figure 2. Specific DEAD/H box proteins are required for IRES-dependent translation due to oncogenic stress
Schematic representation of how cellular stress conditions that occur frequently in cancer cells inhibit global cap-
dependent translation and activate IRES-dependent of selected mRNAs. 40S ribosomes are recruited to the secondary 
structure of the IRES, either directly or by binding canonical translation initiation factors like eIF3 and eIF4G or specific 
IRES transacting factors (ITAFs)52, 96. Both eIF4A and DDX3 facilitate IRES dependent translation of specific  
mRNAs55, 57, 107, 108, 116, whereas the conformational changes imposed by DHX29 on the 40S ribosome, impede ribosomal 
binding to certain IRES52.
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Among the IRES mediated proteins are anti-apoptotic proteins like BCL-2102, c-IAP1103 and 
XIAP95, 104, growth promoting proteins like MYC 105-107, EGFR108, c-jun109 and p120110, cell 
cycle regulators CDK1111 and regulators of angiogenesis like HIF-1A112 and VEGF113. 
However, several IRES mediated transcripts have opposing functions and not all promote 
oncogenesis (e.g., p53114). In addition, not all cellular mRNA’s that contain IRES elements 
function as such, and there is need for proper functional validation5, 99.
Different IRES require different auxiliary translation initiation factors to facilitate ribosomal 
recruitment and translation onset23, 42, 115. DEAD/H box family members have been found 
to facilitate IRES dependent translation of certain oncogenic mRNAs. Inhibition of eIF4A 
was found to block IRES dependent translation of EGFR108 and c-MYC107, 116 under hypoxia 
and IRES dependent translation of the transcription factor LEF1117 (Figure 2). DDX3 was 
found to have a stimulatory role on translation of the Hepatitis C Virus IRES56, 58, potentially 
through its interaction with eIF4E, which is reported to function as a switch between cap-
dependent and independent translation118. However, it remains to be seen whether DDX3 
also mediates IRES dependent translation of cellular mRNAs.
Not all effects of DEAD/H box family members on IRES dependent translation are 
stimulatory or pro-oncogenic. The conformational changes imposed by DHX29 on the 40S 
ribosome, impede ribosomal binding to certain IRES52. In addition, DHX9 (RHA) mediates 
IRES dependent translation of p53 under genotoxic stress119 and through this mechanism 
has more of a tumor suppressive role. Furthermore, DDX6 reduces IRES translation of 
VEGF in hypoxic cells120.

Involvement of RNA helicases in mitochondrial translation
Mitochondria function as the ATP-generators of eukaryotic cells and most likely are derived 
from an incorporated bacterial ancestor. Although most of its genes have been transferred 
to the nuclear genome, mitochondria still have their own circular genome encoding 13 
proteins, 2 rRNAs and 22 tRNAs121. These 13 genes all translate into subunits of four out 
of the five oxidative phosphorylation (OXPHOS) complexes (Figure 3). The remainder of 
the proteins in these complexes is encoded on the nuclear genome, translated in the 
cytoplasm and imported into the mitochondria. Together the OXPHOS complexes are 
responsible for generating an H+-gradient over the mitochondrial inner membrane that 
fuels ATP-synthase (complex V). Mitochondria have maintained their own (nuclear 
encoded) transcriptional and translational machinery, which is uniquely different from 
general protein synthesis in both eukaryotes and bacteria. Excellent reviews that explain 
what is known about mitochondrial translation are already published122, 123. Briefly, the 
mitochondrial genome yields two poly-cistronic mtDNA transcripts that get cleaved into 
9 mono-cistronic and 2 bi-cistronic mt-mRNAs. Mammalian mt-mRNAs lack a significant 
5’UTR124 (Figure 3). The mitoribosome consists out of a 28S small subunit and a 39S large 
subunit, which with the help of the mitochondrial initiation factors mtIF2 and mtIF3 bind 
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directly to the start codon of the mt-mRNA, hereby initiating translation125. The large 
subunit is anchored to the inner mitochondrial membrane and is believed to facilitate 
incorporation of the newly synthesized OXPHOS proteins122.
Cancer metabolism is an area of renewed attention126, 127. One of the best known 
metabolic alterations in cancer cells is the upregulation of glycolysis in the presence of 
oxygen, the so-called Warburg effect. This aerobic glycolysis phenomenon is often 
erroneously interpreted as a sign of impaired OXPHOS in cancer. In fact, increasing 
evidence indicates that cancer cells are reliant on mitochondria for their bioenergetic 
machinery and macromolecule synthesis function127-129, especially when encountering 
cellular stressors, like chemotherapy127, 130, radiation therapy131 or during metastasis132. 

Figure 3. The involvement of RNA helicases in mitochondrial translation promotes cancer through synthesis of 
OXPHOS proteins
Schematic representation of how exposure to stressors in the cancer cell environment (e.g., radiotherapy) can cause 
a sudden increase in the need for ATP, which is met by mitochondrial upregulation of oxidative phosphorylation, 
hereby supporting cancer cell survival. Oxidative phosphorylation (OXPHOS) occurs on the inner mitochondrial 
membrane. Complexes I-IV of the electron transport chain create a H+-gradient that fuels ATP-synthase (complex 
V), which converts ADP into ATP. The mitochondrial genome (mtDNA) contains genes encoding 13 proteins that 
are all part of OXPHOS complexes. Mitochondrial mRNAs (mt-mRNA) are translated by the mitochondrial translation 
complex called the mitoribosome. Assembly of the 28S small and 39S large mitoribosome subunits occurs in a 
distinct mitochondrial area called the mitochondriolus134, and is facilitated by DDX28134, DHX30135 and possibly DDX3 
(chapter 2).
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It is therefore not surprising that mitochondrial respiration is being recognized as viable 
target for cancer therapy128. Given the involvement of mitochondrial translation products 
in OXPHOS, targeting mitochondrial translation is an approach to selectively inhibit 
mitochondrial translation functions and has been identified as a therapeutic target in 
the treatment of acute myeloid leukemia133. 
Although mt-mRNA seems to lack a complex 5’UTR in need of unwinding, there is evidence 
for the (indirect) involvement of DEAD/H box RNA helicases in mitochondrial translation. 
The RNA helicases DDX28134 and DHX30135 facilitate mitoribosome assembly in the an 
area that serves as the mitochondrial equivalent of the nucleolus, called mitochondriolus134 
or  processing body136 (Figure 3). DDX28 interacts mainly with the 16S rRNA and large 
mitoribosomal unit, and DHX30 was identified in all mitoribosomal fractions135. The 
mitoribosome assembly process has only recently started being uncovered, and it is likely 
that other RNA helicases are involved in this process as well137. Interestingly, DDX3, DDX5 
and RHA were detected by mass spectrometry in the immunoprecipitate of mitochondriolus’ 
proteins GRSF1 and DDX28 after crosslinking134, 135. DDX3 does localize to the 
mitochondria138 (chapter 2) and inhibition of DDX3 with the small molecule inhibitor 
RK-33 resulted in decreased mitochondrial translation, and hereby decreased synthesis of 
OXPHOS complexes. As a result, decreased OXPHOS capacity and increased ROS 
production were observed, culminating in bioenergetic catastrophe in cancer cells (chapter 
2). Future studies are needed to further evaluate the specific role of DDX3 in mitochondrial 
translation facilitation. 

DEAD/H box RNA helicases mediate oncogenesis through other cellular processes
DEAD/H box RNA helicase family members are involved in almost all steps of RNA 
metabolism and our knowledge of their involvement in oncogenesis remains growing. How 
RNA helicases mediate oncogenesis by other means than regulating translation lies beyond 
the scope of this review. However, it is worth mentioning that RNA helicases have additional 
roles in cancer biology through regulation of transcription and alternative splicing (e.g., 
DDX5, DDX17, RHA and DDX53), ribosomal biogenesis (e.g., DDX5, DDX21, DDX43 
and DHX33), mRNA export (e.g., DDX5, DDX3), miRNA regulation (e.g., DDX3, DDX5, 
DDX6, DDX17, DDX23) and apoptosis (e.g., DDX3, RHA), among other processes. For a 
more elaborate and systematic overview of the additional roles of DEAD/H box RNA 
helicases in cancer, we refer to several more general recent reviews 27, 28, 139.



PARTNERS IN CRIME  |  Chapter 9

174

TARGETING ONCOGENIC TRANSLATION WITH DEAD/H BOX RNA HELICASE 
INHIBITORS

Development of eIF4A inhibitors
Knockdown experiments of eIF4A reduced proliferation and induced cell death in cancer 
cell lines40, 140, 141. In addition, in murine models overexpression of eIF4A accelerated 
leukemia development45 and overexpression of PDCD4, an eIF4A inhibitor, reduced 
malignant epidermal progression142. Several eIF4A inhibitors are currently under 
development and are thought to exert their effect by translational inhibition of key 
oncogenes (e.g., c-MYC)44, 45, 49, 141 (Table 1). 
The polyoxugenated steroid Hippurastinol was isolated from the coral Isis hippuris and 
identified in a screen to inhibit protein synthesis143. Hippurastinol binds to the c-terminal 
domain of eIF4A144 and was found to specifically inhibit its ATPase, helicase and mRNA 
binding activity42, by keeping eIF4A in a closed confirmation145 (Figure 4). Translation 
initiation could be rescued with recombinant eIF4A after Hippuristanol treatment, showing 
that Hippuristanol specifically mediates it effect through eIF4A inhibition42. mRNAs with 
a long or complex 5’UTR are most affected by Hippurastinol treatment146.
The natural product Pateamine A (PatA) was derived from the marine sponge Mycale sp. 
and stimulates RNA binding activity of free eIF4A (eIF4AF)

147. Inhibition of eIF4AF was 
found to inhibit cap-dependent translation, most likely by a conformational change 
increasing the RNA affinity148, hereby sequestering it and perturbing the interactions of 
eIF4AF with other translation initiation factors149 (Figure 4). Surprisingly, PatA also increases 
the Helicase and ATPase activity of eIF4A150, 151. Both PatA and the PatA analogue des-
methyl des-amino Pateamine A (DMDA-PatA) affect DNA and RNA synthesis, as well150, 

152 and PatA does not inhibit eIF4A incorporated in eIF4F (eIF4Ac), which has about 20-fold 
higher enzymatic activity147. Second generation DMDA-PatA derivatives are currently under 
development153, however whether PatA analogues are directly exerting their working 
mechanism through eIF4A inhibition requires further evaluation. 
Derivatives of the Aglaia foveolata plant (rocaglates/flavaglines), which are characterized 
by a common cyclopenta[b]benzofuran skeleton, were also found to inhibit protein 
synthesis through increasing the mRNA affinity of eIF4A143, but unlike PatA affect both 
eIF4Af and eIF4C

49, 154. The specificity of Rocaglates for inhibition of eIF4AI was confirmed 
by genetic complementation and crispr/cas9 gene editing, using an eIF4A mutant with 
impaired rocaglate binding, while retaining its functionality155. Silvestrol, one of the most 
studied rocaglates, reduces translation initiation, especially of mRNAs with a complex 
5’UTR45 47 , and was originally thought to sequester eIF4A from the eIF4F complex by its 
increased RNA affinity49, 154.  However, the sensitivity of translation of specific mRNAs to 
Silvestrol could only partially be explained by complex features in the 5’UTR44, and a recent 
study by Iwasaki et al. indicated that in contrast to Hippurastinol, a complex 5’UTR was 
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only a minor determinant of Rocaglamide A (RocA) efficacy. Instead they found RocA to 
clamp eIF4A on mRNAs that have short polypurine sequences in their 5’UTR, hereby 
putting up a roadblock for ribosomal scanning146 (Figure 4). Unfortunately, RocA was not 
compared directly to Silvestrol in this study, and it remains to be determined whether the 
specificity for polypurine mRNA sequences is a feature of all rocaglates. Silvestrol was found 
to have suboptimal pharmacokinetic properties and to be sensitive to P-glycoprotein 

Table 1. Inhibitors currently under development for RNA helicases involved in regulation of translation

Target Compound Mechanism Developmental status Results

eIF4A Hippurastinol Inhibits eIF4A RNA 
binding and 
helicase activity 

Preclinical animal 
studies

Anticancer activity in several 
hematological cancer mouse 
models161, 162, 171 

eIF4A (DMDA)Pateamine A Increase RNA 
binding affinity of 
eIF4AF 

Preclinical animal 
studies

Potent anticancer activity in 
multiple human cancer xenograft 
models152 and  activity against 
cachexia-induced muscle 
wasting in mice168

eIF4A Rocaglates/
Flavaglines 
(Silvestrol, 
episilvestrol, FL-3, 
Rocaglamide, 
CR-1-31-B, 
(-)-SDS-/-021)

Increase RNA 
binding affinity of 
eIF4A

Preclinical animal 
studies

Potent anticancer activity in 
mouse models of both solid and 
hematoligical malignancies45, 49, 

154, 157, 163-166, 169, 170

eIF4A RNA aptamers 
against eIF4A

Inhibit ATP 
hydrolysis activity 
of eIF4A

Tissue Culture anti-cancer activity not tested160

DDX3 REN analogs (NZ51) Target ATP-binding 
domain of DDX3

Tissue Culture reduces cancer cell viability and 
motility176

DDX3 RK-33 (PLGA210-
RK-33)

Targets ATP-
binding domain of 
DDX3 

Preclinical animal 
studies

Causes radiosensitization in 
several mouse models84, 177 and 
has single agent activity in a 
Ewing Sarcoma mouse model188

DDX3 NSC305787 Inhibitor of the 
DDX3-Ezrin 
interaction

Tissue Culture anti-cancer activity not tested63

DDX3 Ketorolac salt 
(ZINC00011012)

Targets ATP-
binding domain of 
DDX3 

Preclinical animal 
studies

anticancer activity in a mouse 
oral squamous cell carcinoma 
model189

DDX3 Rhodanine and 
Triazine derivatives

Target DDX3 
ATP-binding 
domain

Tissue Culture In vitro anti-viral activity, 
anti-cancer efficacy not tested190, 

191

DDX3 16d Inhibitor of RNA 
helicase activity

Tissue Culture in vitro anti-viral activity, 
anti-cancer efficacy not tested192

RHA YK-4-279 Inhibitor of the 
EWS-FLI 
interaction with 
RHA

Preclinical animal 
studies

Efficacy in several murine Ewing 
sarcoma models194-196
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multidrug resistance transporters156. Synthetic rocaglates with potent in vivo activity and 
reduced sensitivity to multidrug resistance were developed, of which FL-3157, 158, CR-1-31-B48 
and (-)-SDS-/-021159 are promising candidates. In addition to natural products, RNA 
aptamers selectively binding eIF4A and interfering with cap-dependent translation by 
inhibiting its ATPase activity have also been developed160.

Efficacy of eIF4A inhibitors in preclinical studies
Single agent activity has been identified in human xenograft models of hematological and 
solid malignancies for Hippurastinol161, 162, DMDA-PatA152 and several rocaglates163-165, such 
as Silvestrol45, 49, 166, 167 and FL-3157. Interestingly DMDA-PatA was found to have a potential 
role in prevention of cachexia as well168. eIF4A inhibitors are also promising candidates for 
combination regimens. For instance, resistance to the BRAF-V600E inhibitor vemurafenib 
is mediated through upregulation of the MAPK and PI3K/AKT/mTOR signaling pathways, 
both of which induce translation initiation through eIF4F. Vemurafenib resistant melanoma 
cells had increased eIF4F formation. In line with these observations, the Silvestrol analogues 
CR-1-31-B and FL-3 synergize with vemurafenib in melanoma xenografts157. In addition, 
Silvestrol was found to synergize with Doxorubicin154, Daunarubicin169, rapamycin170 and 
Dexamethason141. In a similar way, Hippurastinol overcomes resistance in PI3K/Akt/mTOR 
driven tumors and synergizes with the Bcl-2 family inhibitor ABT-373171. Overexpression 
of eIF4F was also found to mediate resistance against tyrosine kinase inhibitors of the 
human epidermal growth factor receptor (HER) family172. 
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Figure 4. Working mechanism of eIF4A inhibitors
Schematic representation of how eIF4A inhibitors affect cap-dependent translation of mRNAs with specific 5’UTR 
features. Hippurastinol (Hipp) binds to the c-terminal domain of eIF4A144 and was found to specifically inhibit its 
ATPase, helicase and mRNA binding activity42. Pateamine A (PatA) stimulates RNA binding activity of free eIF4A 
(eIF4AF)147, most likely hereby sequestering it and perturbing the interactions with other translation initiation factors149. 
Of the family of Rocaglates, Rocaglamide A (RocA) clamps eIF4A on mRNAs that have short polypurine sequences 
in their 5’UTR, hereby putting up a roadblock for ribosomal scanning146. Silvestrol, one of the most studied rocaglates 
is thought to sequester eIF4A from the eIF4F complex by its increased RNA affinity49, 154, whether it also has a 
polypurine specificity remains to be determined. 
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The effect of DDX3 knockdown on oncogenic properties of cancer cells
DDX3 was found to have anti-apoptotic properties173, 174 and knockdown reduces in vitro 
cancer cell proliferation84, 175-177, cell cycle progression84, 175, invasion178, motility65, 179 and 
survival under stressed conditions180. In addition, DDX3 knockdown resulted in reduced 
outgrowth and metastases in human xenograft models173, 175. However, similar to the 
controversy that exists on the role of DDX3 in translation initiation, there are also 
contradictory reports that argue that DDX3 has a tumor suppressing role. The group of YH 
Lee found that DDX3 reduces cell cycle progression via the p53-DDX3-p21 axis181 182-184. A 
potential explanation for the opposite roles of DDX3 described by this group is the fact 
that they mainly use DDX3 overexpression models, which can be problematic as explained 
earlier, and HPV, HBV or HCV driven cancer models. DDX3 is known to play a role in the 
anti-viral immune response138. It is plausible that virally transformed cells benefit from 
lowering DDX3 levels, whereas cancers with different carcinogenetic backgrounds (e.g. 
cigarette smoke179, 185) are dependent on high DDX3 expression. 

Development and efficacy of DDX3 inhibitors
Several DDX3 inhibitors have been developed (Table 1). Ring expanded nucleoside (REN) 
analogues structurally mimic adenosine nucleosides and can be rationally designed to 
specifically target the ATP-binding cleft of DDX3, hereby inhibiting its helicase activity186. 
NZ-51 is a REN analogue that was found to inhibit in vitro viability and motility of breast 
cancer cells, but did not show any in vivo activity176. By using the X-ray crystallographic 
structure of the core domains of DDX364, REN analogues were structurally modified into 
a series of tricyclic 5:7:5-fused diimidazo[4,5-d:4’,5’-f][1, 3]diazepine analogues187. Of these, 
RK-33 is the lead compound and the most studied DDX3 inhibitor in the cancer field. 
Biotin pull down experiments showed that RK-33 specifically binds DDX3 and not the 
closely related DEAD box RNA helicases DDX5 and DDX17 and reduces the helicase 
activity of the Ded1p, the yeast homologue of DDX384. Interestingly, RK-33 has potent in 
vitro radiosensitizing activity84, 177 (chapter 2), most likely by inhibiting double strand break 
repair84 via blockage of the required increase in OXPHOS by inhibiting mitochondrial 
translation (chapter 2). RK-33 also acted like a radiosensitizer in mouse models of lung84 
and prostate cancer177. In addition, single agent activity was observed against Ewing sarcoma 
human xenografts with high DDX3 expression188. No normal tissue toxicity was observed 
after RK-33 treatment in mice84.
Although less studied in the cancer field, there are several other DDX3 inhibitors under 
development. In silico screening of DDX3 inhibitors led to identification of Ketorolac salt 
as a potential DDX3 inhibitor. Ketorolac salt inhibited ATPase activity and tumor growth 
in a 4-NQO induced tongue oral squamous cell carcinoma mouse model189. In addition, 
due to the role of DDX3 in viral mRNA translation, an effort has been made to develop 
DDX3 inhibitors for anti-viral (e.g., HCV, HIV-1, West-Nile virus and dengue virus) therapy 
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as well186, 190. Rhodanine analogues and triazine derivatives were identified from databases 
of commercially available compounds to bind the ATP-binding site of DDX3190, 191. The 
small molecule inhibitor 16d was recently designed to bind the RNA-binding site of DDX3. 
16D inhibited helicase activity of DDX3 and showed broad spectrum anti-viral activity in 
vitro192. It will be interesting to see further in vivo evaluation of these DDX3 inhibitors as 
potential anti-cancer drugs.

Other DDX/DHX family members as targets for cancer therapy
Besides eIF4A and DDX3, several other DEAD box RNA helicases have been designated 
as potential targets for anti-cancer therapy. EWS-FLI is a fusion oncogene occurring in 
Ewing sarcoma. RHA was found to augment the effect of EWS-FLI in modulating 
oncogenesis193 and genetic knockdown of RHA reduced cell viability in Ewing sarcoma cell 
lines. YK-4-279 is a small molecule inhibitor of the EWS-FLI RHA interaction and was 
found to inhibit tumor growth in several murine Ewing sarcoma models194-196. The oncogenic 
effect of EWS-FLI and RHA in these models seemed to be mediated through regulation of 
alternative splicing197 and so far no studies indicated an effect on translation of mRNAs 
with a complex 5’UTR containing PCEs. A recent study shows that RHA knockdown also 
reduces oncogenesis in the absence of the EWS-FLI translocation, without causing normal 
tissue toxicity198.  Whether this effect is mediated through regulation of translation initiation 
of specific target mRNAs or through other functions of RHA remains to be determined.  
Knockdown of DHX29 was found to reduce in vitro proliferation, anchorage independent 
growth and colony forming ability of cancer cells and resulted in outgrowth of HeLa cells 
in nude mice through regulation of translation initiation53. Furthermore, knockdown of 
YTHDC2, another DEAD/H box family member that functions as a translation initiation 
regulator, reduced proliferation and motility in liver199 and colorectal cancer cell lines91 and 
reduced liver metastases after splenic injection of colorectal cancer cells91. Both DHX29 
and YTHDC2 are potential candidates for targeting oncogenic translation as a therapeutic 
strategy.

Therapeutic window of DEAD/H box protein inhibitors 
Since translation is a process occurring not only in fast proliferating cancer cells, but also 
in normal tissues, there are concerns about normal cell toxicity of translation inhibitors. 
The question is whether the dependence of cancer cells on translation initiation of oncogenic 
mRNAs is large enough to facilitate a therapeutic window. None of the DEAD/H box 
inhibitors currently under development have reached the stage of clinical assessment of 
toxicity in a human phase I trial. However, preclinical studies indicated that rocaglate 
inhibitors of eIF4A, like Silvestrol49 and the DDX3 inhibitor RK-3384 do not cause toxicity 
in mice at effective dose levels. Interestingly, inhibition of eIF4A with rocaglates has even 
been reported to have a chemoprotective role in normal cells, while simultaneously blocking 
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proliferation in cancer cells200-202. In addition, there are other inhibitors of translation 
initiation that have been clinically evaluated. Haploinsufficiency of eIF4E, and therefore 
the eIF4F complex, did not affect normal development, but did impair cellular 
transformation, indicating a differential requirement for eIF4E in normal and cancer cells203. 
Phase 1 trials with antisense oligo of eIF4E (4E-ASOs) found few adverse effects, but 
unfortunately also no significant anti-tumor response with single agent treatment204. Phase 
II trials with the combination of 4E-ASOs and chemotherapeutics are currently ongoing 
[NCT1234038; NCT0124025]. Furthermore, several drugs currently used in clinic were 
found to inhibit translation initiation. The anti-viral guanosine analogue ribavirin was 
found to inhibit eIF4E binding to the 7-methyl guanosine 5’UTR mRNA cap205 and for this 
reason has been clinically evaluated as a potential treatment for acute myeloid leukemia206. 
In addition, PI3K/Akt/mTOR signaling is an upstream regulator of translation initiation207 
and mTOR inhibitors result in reduced translation of oncogenic mRNAs208. These examples 
show proof of principle that translation inhibitors can be used to selectively target cancer 
cells, without unacceptable normal cell toxicity. However, clinical trials in humans will need 
to determine whether there is a sufficient therapeutic window for the use of specific 
DEAD/H box inhibitors as anti-cancer drugs. 

Biomarkers
Biomarkers can be of great aid to the development of new therapeutics. Markers associated 
with sensitivity can help selecting those patients that benefit most from a drug. 
Immunohistochemical assessment of DDX3 protein expression has been suggested to 
facilitate patient selection for DDX3 inhibitor treatment84 (chapter 2). However, DDX3 
expression did not correlate with DDX3 dependence in all cancer types175 and further 
characterization of the factors predicting response to RK-33 and other DEAD/H box RNA 
helicase inhibitors is needed. Another type of biomarker is a marker that gives a 
measurement of in vivo target inhibition after drug administration. These so-called target 
engagement biomarkers209 are particularly useful in the absence of a significant response 
in clinical trials, where they can differentiate between lack of inhibition of the target, due 
to potency or delivery issues, and lack of efficacy even though the drug target is sufficiently 
inhibited. Identification of target engagement markers is especially important for the 
inhibition of non-oncogene addiction genes, like DEAD/H box RNA helicases, since it 
remains to be determined in clinical trials whether there is a sufficiently large therapeutic 
window for them to be suitable targets for cancer therapy.

Concluding remarks
Overall there is strong evidence for the non-oncogene addiction of cancer cells to DEAD/H 
box RNA helicases due to their role in facilitation of translation initiation of mRNAs with 
specific 5’UTR features. DEAD/H box dependent translation facilitates both primary 
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oncogenic signaling and resistance to several therapies. However,  more research is needed 
to further define the role in both translation initiation and oncogenesis of DDX3 and other 
RNA helicases. Efficacy has been shown for both eIF4A and DDX3 inhibitors in pre-clinical 
models, especially as an adjuvans to chemo- or radiotherapy, warranting the evaluation of 
this novel class of drugs in clinical trials.
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A good therapeutic target in cancer is a factor that cancer cells are heavily dependent on 
for their survival, but is not essential, or needed to a lesser extent in normal cells. In 
addition, it needs to be targetable and ideally we would also like to be able to predict which 
cancers are most dependent on this specific target. Lastly, it is important to know how 
different therapeutic targetable pathways relate to each other, in order to make smart 
combination therapy choices. In this thesis, we evaluated several aspects of DDX3 as a 
therapeutic target in cancer.

MOTIVES: WHY INHIBITING DDX3 HURTS CANCER

The DDX3 inhibitor RK-33 has shown potent activity in preclinical cancer models. However, 
the mechanism behind the antineoplastic activity of RK-33 remains largely unknown. In 
chapters 2 and 3 we describe how we used (phospho)proteomics to further elucidate the 
RK-33 working mechanism.
In chapter 2 we evaluated the effect of DDX3 inhibition by RK-33 on the metabolic profile 
of breast cancer cells. Using a quantitative proteomics approach, we identified mitochondrial 
translation as a potential target of RK-33 therapy. We showed that DDX3 localizes to the 
mitochondria and that mitochondrial translation is reduced after DDX3 inhibition with 
RK-33, resulting in decreased oxygen consumption rates and intracellular ATP 
concentrations and increased reactive oxygen species (ROS). Mitochondrial respiration is 
increasingly recognized as a viable target for anti-cancer therapy1-4. Interestingly, a recent 
study showed that irradiated cells increase oxidative phosphorylation (OXPHOS) to 
facilitate DNA repair and hereby induce resistance to radiation therapy5. We found RK-33 
to antagonize the increase in oxygen consumption and ATP production observed after 
exposure to ionizing radiation, and to reduce DNA repair. In addition, both ionizing 
radiation and RK-33 increase the intracellular ROS levels. Together, these treatments result 
in a bioenergetic catastrophe. Our results explain the selective anti-cancer activity observed 
after RK-33 treatment, especially in combination with radiation therapy, and put inhibition 
of mitochondrial translation forward as a novel radiosensitization strategy.
Although RK-33 is designed to inhibit DDX3 and we found RK-33 to reduce mitochondrial 
translation, we have yet to completely decode the role for DDX3 in mitochondrial 
translation. However, that RK-33 exerts its effects through DDX3 is highly likely, because 
it binds RK-33 specifically over other DEAD box RNA helicase members and it inhibits 
the helicase activity of the yeast DDX3 homologue, ded16.  In addition, the fact that we and 
others7 found DDX3 to localize to the mitochondria further supports a role for DDX3 in 
mitochondrial translation. In addition, the RNA helicases DDX28 and DHX30 were recently 
found to be responsible for the assembly of mitochondrial ribosomes, and DDX3 was 
identified by mass spectrometry analysis of the mitochondrial DDX28 and DHX30 
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interactome8, 9, implying that DDX3 might also be involved in mitochondrial ribosome 
assembly. The role of DDX3 in general mRNA translation initiation is still under 
investigation10, but it is possible that RK-33 treatment also has an effect on cytoplasmic 
translation. In line with this, nuclear DDX3 expression (chapters 5 and 6) could reflect a 
need for increased nuclear-encoded protein synthesis in cancers. However, the timeline of 
events with decreased mitochondrial translation as early as two hours after treatment onset, 
does suggest that the effect of RK-33 on mitochondrial translation is direct.
Since not only cancer, but also normal cells are dependent on mitochondrial translation, 
toxicity of RK-33 treatment can be a concern. However, no toxicity was observed after 
RK-33 treatment in extensive toxicology studies performed in mice6. The limited effect of 
DDX3 inhibition on normal cells is in line with the fact that normal cells have a relatively 
low baseline ATP demand, encounter less stressors (e.g., DNA damage) that cause sudden 
increases in energy demand, have low ROS levels, and express low amounts of DDX3. 
In chapter 3, we used a dual strategy to further elucidate the working mechanism of DDX3 
inhibition with RK-33. DEAD box RNA helicases are multifunctional proteins and regulate 
cellular processes beyond their role in mRNA processing. DDX3 has for instance been 
shown to directly modulate the kinase activity of CK1ε11. To monitor the changes after 
RK-33 treatment on protein abundance, as well as phosphorylation status, we performed 
a quantitative phosphoproteomics experiment. At the proteome level, we mainly observed 
changes in proteins involved in mitochondrial translation (see chapter 2), cell division 
pathways and cell cycle progression. Analysis of the phosphoproteome indicated decreased 
CDK1 activity after RK-33 treatment. In addition, since previous studies also found a role 
for DDX3 in cell cycle progression 12, 13, and cell cycle status strongly influences the 
phosphoproteomic landscape of the cell, we used a single cell tracking approach to monitor 
cell cycle progression of cells. DDX3 inhibition resulted in a global delay in cell cycle 
progression in all interphases and mitosis and increased endoreduplication. Both single 
cell tracking and (phospho)proteomic data indicated a central role for CDK1, which 
deserves further validation in the future. It is likely that the dependence of cancer cells on 
DDX3 is related to not one but several processes. Additional roles for DDX3 in oncogenesis 
have been described in literature and involve the regulation of Wnt-signaling (as discussed 
in chapter 4)6, 14, migration 15, 16, invasion 14, 17, 18 and apoptosis 19-21. 

TARGETS: DDX3 DEPENDENCE IN DIFFERENT CANCER TYPES

Targeting DDX3 has previously been recognized as a suitable therapeutic strategy for 
breast15, 18, lung6 and prostate cancer22. In chapter 4, we evaluated whether DDX3 plays a 
role in the constitutively active Wnt-signaling pathway that drives colorectal cancer. We 
found that 39% of tumors overexpress DDX3 and that high cytoplasmic DDX3 expression 
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correlates with nuclear β-catenin expression, a marker of activated Wnt signaling. We 
proceeded to functionally validate these findings in vitro and showed that inhibition of 
DDX3 with siRNA or RK-33 resulted in reduced TCF4-reporter activity and downstream 
gene expression and hereby reduced proliferation and cell cycle progression, supporting a 
potential oncogenic role of DDX3 in colorectal cancer. Treatment of colorectal cancer cell 
lines and patient-derived 3D cultures with RK-33 inhibited growth and promoted cell death. 
The clinical relevance of the development of Wnt signaling inhibitors which work in a 
constitutively activated setting is tremendous, since mutations in the Wnt-signaling pathway 
are not only the first and most frequent genetic alterations in the adenoma-carcinoma 
sequence, but advanced colorectal cancers with mutations in APC or CTNNB1 remain 
dependent on upstream Wnt signaling activity23, 24. 
Within our experimental setting, DDX3 expression levels in colorectal cancer cells did not 
correlate with the sensitivity to RK-33. This could be due to the fact that the levels of DDX3 
essential to maintain cellular homeostasis are variable in different colorectal cancer cells. 
Another possibility is that DDX3 dependence is related to other genetic alterations. The 
highest RK-33 sensitivity was observed in the absence of an APC mutation and the presence 
of a mutation in CTNNB1. However, a larger sample size with bigger differences in RK-33 
sensitivity is needed to make any definite claims on this regard.
Although the majority of DDX3 protein in human cancers is found in the cytoplasm, a 
subset of tumors also has distinct nuclear DDX3 localization. In chapter 5, we aimed to 
evaluate the significance of and mechanisms behind nuclear DDX3 expression in colorectal 
and breast cancer. Nuclear DDX3 was present in 35% of colorectal and 48% of breast cancer 
patient samples and expression was particularly strong in the nucleolus. The nucleolus is 
the cellular compartment where ribosomal biogenesis takes place and high nucleolar DDX3 
levels in cancers therefore potentially reflect the high protein synthesis demands in cancers. 
The presence of nuclear DDX3 was identified as an independent predictor of worse survival 
in both colorectal and breast cancer. This correlation with worse survival indicates that 
nuclear DDX3 might have an oncogenic role in these cancer types. Unfortunately, we were 
not able to overexpress functional DDX3 specifically in the nucleus, and therefore could 
not evaluate the functionality of nuclear DDX3 directly. With regard to the mechanism 
behind nuclear DDX3 retention, we found a correlation with dysregulated expression of 
the nuclear exporter CRM1 in colorectal cancer, but not in breast cancer. In addition, 
inhibition of CRM1 with leptomycin B resulted in an increase in nuclear DDX3 levels. 
Experiments with (deletion) mutants indicated the N-terminal nuclear export signal (NES) 
sequence of DDX3 is most important for this interaction. In addition, our data show that 
DDX3 is possibly also regulated at the import level by unknown mechanisms. Knowledge 
on the cellular mechanisms behind nuclear DDX3 retention may facilitate the development 
of therapies specifically targeting the mRNA export function of DDX325. In addition, nuclear 
DDX3 could serve as a prognostic and potentially therapeutic biomarker for selecting cancer 
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patients that may benefit from treatment with DDX3 inhibitors. Whether it is most relevant 
to look at cytoplasmic DDX3 expression, which could represent both the free cytosolic and 
mitochondrial DDX3 fraction, or nuclear DDX3 for this purpose remains to be determined 
in clinical studies of DDX3 inhibitors.
In order to validate functional studies that showed that DDX3 facilitates invasion and 
migration of cancer cells 14, 15, 17, 18, we investigated DDX3 expression in paired samples of 
primary and metastatic breast cancer in chapter 6. We found cytoplasmic DDX3 expression 
to be increased in metastases, especially in triple negative cases and brain lesions. DDX3 
upregulation in 48% of brain metastases was particularly striking and cannot be solely 
explained by the association with triple negative (TN) and HER2-enriched subtypes, which 
were less frequently upregulated (13% and 2% of paired cases respectively).  High expression 
of both cytoplasmic and nuclear DDX3 in the metastases correlated with worse overall 
survival, implying that DDX3 is a potential therapeutic target in metastatic breast cancer, 
in particular in the clinically important group of TN patients and patients with brain 
metastases. Several functional studies support a pro-metastatic role of DDX315, 16, 26 14, 17. 
However, the survival difference between metastases with low and high cytoplasmic DDX3 
expression is partly attributable to their frequent triple negative phenotype and brain 
localization. Although diffusion of the DDX3 inhibitor RK-33 over an intact blood brain 
barrier is limited6, its small size and the compromised blood brain barrier in brain 
metastases27 potentially do allow for therapeutic levels to be reached.  RK-33 has potent 
radiosensitizing abilities15, which could enhance the effect of whole brain radiation to treat 
brain metastases. Further evaluation of effective drug concentrations in vivo and diffusion 
of RK-33 over leaky blood-brain barriers in metastases is warranted.
Besides the role of DDX3 as an non-oncogene addiction gene, there are some contradictory 
studies reporting that DDX3 functions as a tumor suppressor28, 29. The role of DDX3 in 
oncogenesis potentially differs between genetic backgrounds and cancer types.  Inactivating 
DDX3X mutations were for instance an exclusive feature of HPV-positive head and neck 
squamous cell carcinomas (HNSCCs), whereas we described in chapter 7 that the relation 
between DDX3 expression and survival differs for smoking and non-smoking patients with 
HNSCC. Overall, DDX3 expression did not correlate with survival in this cancer type. 
However, a trend was observed for worse survival in smoking HNSCC patients, whereas 
Lee et al reported an opposite correlation in non-smoking, mainly HPV positive, patients30. 
These findings indicate a model in which DDX3, when upregulated in response to cigarette 
smoke exposure, drives oncogenesis, whereas it might have alternative roles in virally 
induced transformation. However, expression levels of a protein and associations with 
survival do not always directly reflect dependence of cancer cells on that particular protein. 
Future functional studies should address the potential different roles of DDX3 expression 
levels and DDX3X mutations in different genetic backgrounds and how this relates to RK-
33 sensitivity. 
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PARTNERS IN CRIME: DDX3 INHIBITORS IN COMBINATION WITH PARP INHIBITORS

In order to exploit DDX3 inhibition in cancer to the furthest extent, it is essential to know 
how DDX3 inhibitors interact with other anti-cancer therapeutics. Breast cancers with a 
BRCA1 mutation are homologous recombination deficient, sensitizing them to inhibition 
of another DNA damage repair pathway by PARP inhibitors. Since RK-33 was previously 
demonstrated to impede non-homologous end-joining repair of DNA breaks, we evaluated 
DDX3 as a therapeutic target in BRCA pro- and deficient breast cancers in chapter 8 and 
assessed whether DDX3 inhibition could sensitize cells to PARP inhibition. We found 
sporadic breast cancers and breast cancers occurring in BRCA1 and BRCA2 germline 
mutation carriers to have similar DDX3 expression levels and RK-33 sensitivity. However, 
a synergetic interaction was observed for combination treatment with RK-33 and the PARP 
inhibitor olaparib in BRCA1 proficient breast cancer. 

PARTNERS IN CRIME: TARGETING OTHER RNA HELICASES IN CANCER

DDX3 is part of a large family of DEAD and DEAH box RNA helicases that play a role in 
virtually all steps of mRNA metabolism. Recent studies have indicated that targeting the 
mRNA translation machinery holds great promise for anti-cancer drug development31-33 
and several DDX/DHX family members have therefore been put forward as viable 
therapeutic targets. In chapter 9 we review DEAD/H box RNA helicases as potential targets 
in oncogenic mRNA translation, to put DDX3 inhibition with RK-33 in a broader context. 
Several RNA helicases (eIF4A, DDX3, DHX9, DHX29, YTHDC2) facilitate translation of 
the cancer genome by unwinding different types of complex 5’UTR regions, which are 
common in mRNAs that promote oncogenesis. The DEAD box proteins eIF4A and DDX3 
play an additional role in internal ribosome entry site (IRES) dependent translation that 
supports tumor cell survival in response to oncogenic stress. Mitochondria have their own 
translational machinery, which recent studies also recognize as a therapeutic target34. 
DHX30 and DDX28 facilitate mitochondrial ribosome assembly, and as previously 
mentioned in chapter 3, DDX3 inhibition with RK-33 reduces mitochondrial translation. 
Studies evaluating the effect of several RNA helicase inhibitors targeting eIF4A and DDX3 
are showing promising pre-clinical anti-cancer activity, making RNA helicase inhibitors a 
highly anticipated novel class of drugs for clinical development.
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FUTURE PERSPECTIVES

In this thesis, we further elucidated the working mechanism behind the DDX3 inhibitor 
RK-33. We also identified several subgroups of cancer patients that could benefit from 
DDX3 inhibitors and evaluated potential combination treatment strategies. However, the 
road from potential target identification to clinical use of an inhibitor is long and several 
steps need to be taken in order to proceed to investigational new drug approval and clinical 
evaluation of DDX3 inhibitors. Formulation and drug delivery are specific issues requiring 
attention, given the relative hydrophobicity of RK-33. Ultimately, efficacy and toxicity of 
DDX3 inhibitors can only be evaluated in clinical trials. However, large scale in vitro efficacy 
studies on patient-derived 3D cultures of human cancers can be used to further evaluate 
biomarkers of RK-33 sensitivity in tumors. Good biomarkers of DDX3 dependence can 
facilitate optimal patient selection in clinical trials. In addition, biomarkers that give a 
measurement of in vivo DDX3 inhibition after drug administration, so-called target 
engagement biomarkers, could make the drug development process more efficient. In the 
absence of an effect they can differentiate between lack of inhibition of DDX3, due to 
potency or delivery issues, and lack of efficacy even though DDX3 is sufficiently inhibited. 
Currently, there are no target engagement biomarkers of DDX3 that could be used in a 
clinical setting. Novel ribosome profiling techniques could help us to further elucidate our 
understanding of the specific changes in the cancer translatome after DDX3 inhibition35. 
In addition, since RNA helicase assays on clinical samples are technically challenging, 
identification of the DDX3 translational signature could serve as an alternative biomarker 
for evaluation of target engagement in clinical trials.

CONCLUDING REMARKS

The last decade has witnessed huge advances in our knowledge on DEAD box RNA 
helicases. Several  DDX family members, among which DDX3, have been added to the list 
of potential therapeutic targets in cancer. In this thesis, we have evaluated several aspects 
of DDX3 expression and inhibition with the small molecule inhibitor RK-33 in cancer cells. 
Future studies on formulation, delivery and target engagement markers should further pave 
the way for clinical development of DDX3 inhibitors.
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NEDERLANDSE SAMENVATTING

Hoe ontwikkel je medicijnen tegen kanker? Door factoren te identificeren die essentieel 
zijn voor kankercellen om te overleven, maar normale, gezonde weefsels kunnen missen. 
Een veel gebruikte strategie voor medicijnontwikkeling is proberen de factoren te herkennen 
die de verandering van een normale cel in een kankercel veroorzaken. We kijken dan 
bijvoorbeeld naar zogenaamde mutaties, veranderingen die hebben plaatsgevonden in de 
genen van de kankercellen. Vervolgens proberen we medicijnen te ontwikkelen tegen deze 
mutaties, ook wel oncogenen genoemd. Hoewel deze gerichte strategie logisch is 
beredeneerd, kent ze ook een aantal problemen. Zo zijn er maar heel weinig kanker 
veroorzakende mutaties waartegen remmers te ontwikkelen zijn. Daarnaast blijkt uit 
grootschalige studies naar het genetische profiel van kankercellen dat verschillende vormen 
van kanker meestal maar een paar gemeenschappelijke mutaties hebben: de meeste kankers 
worden aangedreven door hun eigen, unieke set van zeldzame genetische veranderingen1. 
Als het al mogelijk is een remmer voor zo’n oncogen te ontwikkelen, kan deze daardoor 
vaak maar bij een kleine groep patiënten worden ingezet.
Een alternatieve aanpak bij het ontwikkelen van medicijnen is kijken naar de zwakke 
plekken van kankercellen die ontstaan doordat maligne veranderingen hoge eisen stellen 
aan de cel. Kankercellen raken verslaafd aan bepaalde cellulaire processen waarmee ze 
maligne taken uitvoeren en tegelijkertijd de cel voldoende in balans houden om te kunnen 
overleven2. Interessant genoeg lijken deze cascades, die de cel in evenwicht houden, wel 
vaak te worden gedeeld door verschillende vormen van kanker, ook al worden die 
aangedreven door een heel verschillende genetische achtergrond. Remmers die op de 
secundaire verslavingen van kankercellen zijn gericht, zouden daardoor geschikt kunnen 
zijn voor grotere groepen patiënten3. Het eiwit DDX3 is speelt mogelijk een rol in dergelijke 
processen waaraan kankercellen verslaafd zijn. In dit proefschrift wordt DDX3 onder de 
loep genomen als mogelijk therapeutisch doelwit. 

De DEAD box familie van RNA-helicasen
Eiwitten zijn de bouwstenen van de cel. Of een cel zich als een kankercel kan gedragen, 
hangt af van de hoeveelheden van bepaalde eiwitten waarover ze beschikt. De genetische 
informatie van een cel ligt opgeslagen in het DNA. Het DNA codeert voor het RNA in de 
cel, en RNA-moleculen coderen op hun beurt voor de eiwitten in de cel. De RNA-moleculen 
worden via een proces, dat RNA-translatie wordt genoemd, afgelezen, met eiwit synthese 
als gevolg. Recente studies hebben laten zien dat de hoeveelheid van eiwitten die aanwezig 
zijn in de cel (eiwit expressie), hoofdzakelijk gecontroleerd wordt op het niveau van RNA-
translatie4-6. DEAD box RNA-helicasen, ook wel DDX-eiwitten genoemd, kunnen de 
structuur van  het RNA bewerken. Ze hebben een gemeenschappelijke aminozuursequentie 
(D-E-A-D) en karakteristieke domeinen die RNA-structuren kunnen veranderen en 
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ontwinden (helicase activiteit) en ATP kunnen binden (ATPase activiteit)7. Door het 
vermogen om structuren in het RNA te veranderen, spelen zogenoemde DEAD box RNA-
helicasen een rol in vrijwel alle processen waarbij RNA betrokken is 8, 9 en hebben ze grote 
invloed op het totale eiwit expressie profiel  van cellen.

DDX3 is een factor die kankercellen stimuleert
DDX3, ook wel bekend als DDX3X, is een van de meest bestudeerde DEAD box RNA-
helicasen. DDX3 kwam voor het eerst op de radar als een eiwit dat mogelijk een rol speelt 
in kankercellen, toen het geïdentificeerd werd als een factor, waarvan cellen meer gingen 
maken na blootstelling aan BPDE, een carcinogeen bestanddeel van sigarettenrook10. 
Sindsdien zijn er een aantal studies verschenen die lieten zien dat DDX3 een rol speelt in 
de ontwikkeling van verschillende vormen van kanker11-13, waaronder borstkanker10. Zo is 
aangetoond dat DDX3 een remmende werking heeft op apoptosis, een een proces dat het 
afsterven van cellen in gang zet en beschermt tegen de ontwikkeling van kanker 14-16. 
Daarnaast stimuleert DDX3 het vermogen van cellen om zich te delen36, 37, te verplaatsen26, 

33 en andere weefsels binnen te dringen34, 35. 

Ontwikkeling van de DDX3-remmer RK-33
Om DDX3 te kunnen remmen in kankercellen hebben wij een moleculaire remmer, RK-33, 
ontwikkeld. In een voorafgaande studie hebben we laten zien dat RK-33 specifiek aan DDX3 
bindt en niet aan andere DEAD box RNA-helicasen11. Daarnaast lieten we zien dat RK-33 
de RNA-helicase activiteit remt11. De effectiviteit van RK-33 is aangetoond in verschillende 
preklinische modellen van kanker. RK-33 maakt onder andere longkanker-11 en 
prostaatkankercellen13 gevoeliger voor radiotherapie. Daarnaast werd RK-33 als 
monotherapie effectief bevonden in Ewing-sarcoommodellen met een hoge DDX3-
expressie12. Studies in muizen naar de toxiciteit van RK-33 lieten geen grote bijwerkingen 
zien11. Hoewel het duidelijk is dat RK-33 het herstelmechanisme van DNA na bestraling 
kan beïnvloeden, is het nog onbekend via welk mechanisme dit gebeurd.Om het 
werkingsmechanisme achter DDX3-remmers beter te kunnen begrijpen, onderzoekt dit 
proefschrift verschillende aspecten van DDX3 als therapeutisch doelwit bij kanker.  

MOTIEVEN:  WAARDOOR ZIJN KANKERCELLEN AFHANKELIJK VAN DDX3?

Het mechanisme achter de anti-kankerwerking van de DDX3-remmer RK-33 blijft 
grotendeels onbekend. Om dit te verhelderen hebben we gebruikgemaakt van een techniek 
die proteomics heet. Hiermee kunnende breedschalige veranderingen die op eiwitniveau 
in de cel plaatsvinden in kaart gebracht worden.  
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In hoofdstuk 2 hebben we het effect van DDX3-remming door RK-33 op de stofwisseling 
van kankercellen in kaart gebracht. Een groep eiwitten die minder tot expressie kwam na 
DDX3-remming speelt een rol in de zogenoemde mitochondriale translatie, een proces dat 
mogelijk een rol speelt in de anti-kanker werking van RK-33. De mitochondriën zijn de 
celorganellen die verantwoordelijk zijn voor de energieproductie van de cel. Als enige van 
alle celorganellen bezitten de mitochondriën hun eigen DNA en ook de machinerie om dit 
eigen DNA, via RNA, in eiwitten te vertalen, met behulp van mitochondriale translatie. We 
hebben laten zien dat DDX3 in de mitochondriën aanwezig is en dat na RK-33-behandeling 
mitochondriale translatie geremd is. Dit leidt ertoe dat de mitochondriën minder actief 
zijn en minder energie in de vorm van ATPmoleculen produceren. Daarnaast neemt het 
aantal zuurstofradicalen in de cel toe, doordat de mitochondriën niet goed kunnen 
functioneren. Mitochondriale energieproductie wordt steeds meer herkend als een 
therapeutisch doelwit in kankercellen17-20. In een recente studie is aangetoond dat in 
bestraalde cellen de mitochondriale activiteit toeneemt, om energie te produceren voor de 
reparatie van DNA-schade, en dat hierdoor de gevoeligheid van kankercellen voor 
radiotherapie afneemt21. We laten zien dat RK-33 de mitochondriale energieproductie na 
bestraling remt en hierdoor ook de reparatie van DNA in bestraalde kankercellen remt. 
Daarnaast doen zowel RK-33-behandeling als bestraling het aantal zuurstofradicalen in de 
cel toenemen. Deze effecten samen leiden tot een bio-energetische catastrofe in de kankercel, 
waardoor zij uiteindelijk doodgaat. Onze bevindingen verklaren een deel van de anti-
kankeractiviteit van RK-33, met name in combinatie met bestraling, en suggeren dat het 
remmen van mitochondriale translatie een nieuwe manier is om kankercellen gevoeliger 
te maken voor radiotherapie. 

Naast kankercellen zijn ook de normale cellen afhankelijk van mitochondriale translatie. 
Zijn er dus bijwerkingen van RK-33? In eerdere muisstudies werden geen bijwerkingen in 
normale cellen geobserveerd11. Dit kan mogelijk worden verklaard door hun relatief lage 
energiebehoefte, het feit dat ze minder worden blootgesteld aan stressoren die de 
energiebehoefte plotseling doen stijgen (zoals DNA-schade), hun relatieve lage 
zuurstafradicaalspiegels en de lage expressie van DDX3 in deze cellen. 
In hoofdstuk 3 gebruiken we twee strategieën om het effect van DDX3-remming met RK-
33 op de celcyclus verder in kaart te brengen. Eiwitten kunnen van een inactieve naar een 
actieve vorm switchen, doordat zogenaamde kinases en fosfatases een fosfaatgroep kunnen 
aan- of afkoppelen. Dit proces wordt (de)fosforylering genoemd en wordt veelvuldig 
gebruikt in onder andere de celcyclus. Door middel van een tweede proteomicsexperiment 
hebben we gekeken naar de verandering in fosforylering die optreedt na RK-33-behandeling. 
Onze data suggereren vooral een afname in activiteit van de kinase CDK1, die een 
belangrijke rol speelt in regulatie van de celcyclus. Om het effect van DDX3-remming op 
de celcyclus verder in kaart te brengen, hebben we gebruikgemaakt van time-
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lapsemicroscopie, waarbij individuele cellen over een periode van 24 uur kunnen worden 
gevolgd. Door deze cellen bepaalde markers mee te geven, konden we de progressie van 
een enkele cel door de verschillende fasen van de celcyclus na DDX3-remming bestuderen. 
Remming van DDX3 leidde tot een globale afremming in alle fasen van de celcyclus, en 
niet tot een blokkade in een bepaalde fase, zoals eerder vaak werd gedacht. 

DOELWITTEN: DDX3-AFHANKELIJKHEID IN VERSCHILLENDE VORMEN VAN KANKER

Eerdere studies hebben al laten zien dat DDX3 een potentieel therapeutisch doelwit is in 
borst-15, 18, long-11 en prostaatkanker22. In hoofdstuk 4 hebben we onderzocht of DDX3 ook 
in de ontwikkeling van darmkanker een rol speelt. Recente studies hebben laten zien dat 
DDX3 de Wnt-signaleringscascade activeert11, 23. In de meeste darmkankers zijn mutaties 
in deze signaleringscascade aanwezig, waardoor zij continu is geactiveerd. Omdat 
darmkankers zo afhankelijk lijken te zijn van Wnt-signalering, is het interessant om te zien 
of ze ook afhankelijk zijn van DDX3. We vonden dan 39% van de darmkankers DDX3 tot 
overexpressie brengt. Daarnaast bleek DDX3-expressie samen te hangen met expressie van 
β-catenine in de celkern, een marker van geactiveerde Wnt-signalering. We vonden dat 
remming van DDX3 in darmkankercellen een verminderde Wnt-signaleringsactiviteit tot 
gevolg had. Daarnaast leidde RK-33-behandeling in 3D-kweken van darmkanker tot 
verminderde groei en toename van celdood. Concluderend lijkt DDX3-remming met RK-
33 Wnt-signalering in darmkankercellen te verminderen en lijkt DDX3 dus een nieuw 
therapeutisch doelwit voor darmkanker te zijn. 
Hoewel het grootste deel van de DDX3-expressie in de cel zich in het cytoplasma lijkt te 
bevinden, viel het ons op dat er in sommige tumoren ook veel DDX3 in de celkern te vinden 
was. In hoofdstuk 5 zijn we op zoek gegaan naar de betekenis van deze zogenoemde 
nucleaire DDX3-expressie. Nucleaire DDX3 werd gevonden in 35% van de darmkankers 
en in 48% van de borstkankers. De aanwezigheid van DDX3 in de celkern werd geassocieerd 
met een slechtere prognose in zowel darm- als borstkankerpatiënten. Deze correlatie met 
overleving suggereert dat nucleaire DDX3-expressie mogelijk de ontwikkeling en progressie 
van kanker bevordert. We laten verder zien dat DDX3-expressie in de celkern samenhangt 
met de expressie van het nucleaire exporteiwit CRM1 in darmkanker, en welk deel van het 
DDX3-eiwit het belangrijkste is voor lokalisatie in de celkern. Toekomstige studies moeten 
laten zien of DDX3 in de kern of in het cytoplasma het meest belangrijk is voor de rol van 
DDX3 in kanker, en welke van de twee lokalisaties het best gebruikt kan worden om te 
voorspellen of een kanker gevoelig is voor DDX3-remmers. 
Eerdere functionele studies hebben laten zien dat DDX3 invasie en motiliteit van 
kankercellen faciliteert10, 23-25. Om deze bevindingen te valideren hebben we in hoofdstuk 
6 DDX3-expressie onderzocht in het weefsel van primaire borsttumoren en uitzaaiingen 
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in dezelfde patiënt. We vonden dat cytoplasmatische DDX3-expressie toeneemt in 
uitzaaiingen. Dit effect was het grootst in tumoren met een zogenaamd triple-negatief 
receptorprofiel en in hersenmetastasen. Zowel hoge cytoplasmatische als nucleaire DDX3-
expressie in uitzaaiingen correleerde met een slechtere overleving, wat suggereert dat 
DDX3-remmers mogelijk ook in uitgezaaide borstkanker een therapeutische toepassing 
kunnen hebben. 
Naast de studies die laten zien dat DDX3 een eiwit is waarvan kankercellen in hoge mate 
afhankelijk zijn, zijn er ook tegenstrijdige studies, die suggereren dat DDX3 de maligne 
ontwikkeling van kankercellen kan onderdrukken28, 29. Het is mogelijk dat de rol van DDX3 
in kankercellen afhankelijk is van het type kanker en de bijbehorende genetische 
achtergrond. In hoofdstuk 7 beschrijven we dat de relatie tussen DDX3-expressie en 
overleving verschilt tussen rokers en niet-rokers met hoofd-halskanker. Als we alle hoofd-
halskankers samennemen, vinden we geen correlatie tussen overleving en DDX3-expressie. 
Als we echter alleen naar rokers met hoofd-halskanker kijken, zien we wel een relatie tussen 
DDX3-expressie en lagere overleving. Een recente studie van Lee et al. bij niet-rokende 
hoofd-halskankerpatiënten uit Taiwan liet het omgekeerde verband zien, namelijk dat 
DDX3-expressie juist correleerde met een hogere overleving26. Deze bevindingen suggereren 
een model waarin DDX3-opregulatie als reactie op blootstelling aan sigarettenrook de 
ontwikkeling van kanker stimuleert, terwijl de rol van DDX3 in de ontwikkeling van hoofd-
halskanker bij niet-rokers mogelijk anders is. In de toekomst zullen functionele studies 
zich moeten ontfermen over de rol van DDX3-expressielevels en mutaties in kankers met 
een verschillende genetische achtergrond, en over de vraag wat dit betekent voor de 
gevoeligheid voor DDX3-remmers. 

HANDLANGERS:  COMBINATIETHERAPIE MET PARP EN DDX3-REMMERS

Voor de optimale ontwikkeling van DDX3-remmers als kankertherapie is het essentieel te 
weten welke interacties er zijn tussen DDX3-remmers en andere anti-kankermedicijnen. 
Borstkanker cellen met een afwijking in het BRCA1 gen hebben een verminderde DNA 
herstelcapaciteit. Hierdoor zijn ze zeer gevoelig voor remming van een ander DNA 
herstelmechanisme door PARP remmers. Omdat het in eerdere studies is aangetoond dat 
RK-33 een derde DNA herstelmechanisme remt11, hebben we in hoofdstuk 8 DDX3 als 
doelwit in borstkanker met en zonder BRCA1 mutatie bestudeerd. Daarnaast hebben we 
gekeken of RK-33 borstkanker cellen gevoeliger kon maken voor PARP remmers. We 
vonden dat er vergelijkbare hoeveelheden DDX3 tot expressie komen in borstkankers in 
BRCA1/2 mutatiedraagsters en sporadische borstkankers en dat de gevoeligheid voor RK-
33 niet afhankelijk was van BRCA1 expressie. RK-33 vergroot echter wel de gevoeligheid 
van borstkanker waarin BRCA1 niet gemuteerd is voor PARP remmers. 
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HANDLANGERS:  VERSCHILLENDE RNA HELICASES ALS DOELWIT IN DE 
BEHANDELING VAN KANKER

DDX3 maakt onderdeel uit van een grote familie van DEAD/H box RNA-helicasen, die een 
rol spelen in vrijwel alle cellulaire processen waar RNA bij betrokken is. In hoofdstuk 9 
geven we een overzicht van de literatuur op het gebied van RNA-helicasen als mogelijke 
therapeutische doelwitten, voor de bestrijding van kanker bevorderende RNA-translatie. Zo 
plaatsen we de DDX3-remmer RK-33 in een bredere context. Verschillende RNA-helicasen 
(eIF4A, DDX3, DHX9, DHX29 en YTHDC2) faciliteren de vertaling van het kankergenoom 
in eiwitten, door complexe structuren in mRNA te ontwinden. Deze complexe structuren 
komen vaker voor bij genen die kankercellen stimuleren. RNA-helicasen stimuleren 
kankercellen  stimuleren van zogenoemde IRES-afhankelijke translatie, die een rol speelt in 
de stressrespons, en de mitochondriale translatie te bevorderen. Remmers van zowel DDX3 
als eIF4A bleken zeer effectief in preklinische modellen van kanker. 
In het afgelopen decennium is onze kennis over DEAD box RNA-helicasen sterk gegroeid. 
Verscheidene DEAD box RNA-helicasen, waaronder DDX3, zijn toegevoegd aan de lijst 
van mogelijke doelwitten voor kankertherapie. Toekomstige studies moeten zich richten 
op formulering van DDX3-remmers, de optimale toedieningsvorm en biomarkers voor de 
optimale selectie van patiënten, om zo DDX3-remmers klaar te stomen voor verdere 
klinische ontwikkeling.
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