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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 
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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).
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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 positive 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 (Hazard ratio 

(HR) 2.01, p = 0.042; Figure 1B). In a Cox regression model including tumor size, lymph 

node status, grade, mitotic activity index (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.

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).

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 and Supplementary 

Table 2). 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 database19 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 database20 revealed tight networks of mitochondrial ribosome proteins and 

proteins that were part of the electron transport chain (ETC) complexes to be downregulated 
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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. Since mutation or downregulation of a single subunit in 

an OXPHOS complex can cause downregulation of the entire supercomplex it belongs21, it 

is not surprising that we observed downregulation of nuclear encoded OXPHOS proteins as 

well.

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). Even higher levels 

of mitochondrial DDX3 were 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 after RK-33 treatment (Figure 3B–C) and shDDX3 

(supplementary Figure 3B). Specifically, a decrease in COX II expression, which 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 complexes22.

RK-33 causes a bioenergetic shortage by reducing oxidative phosphorylation

Next we evaluated whether expression of OXPHOS complexes resulted in decreased oxygen 

consumption rates (OCR), as a measure of oxidative phosphorylation enzymatic activity. 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 
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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 

Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (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). As was previously 

reported4, RK-33 does not cause a reduction in OCR immediately after addition 

(Supplementary Figure 3D). As seen in Figure 2E, a compensatory increase in the 

extracellular acidification rate (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.

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. To evaluate both 

the amount of mitochondria and their respective membrane potential, mitotracker-labeled 

MCF7 and MDA-MB-231 cells, were analyzed with flow cytometry, following RK-33 

treatment (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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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),. Transmission 

electron microscopy was used to confirm that the vesicles were 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), indicating that autophagy is not the primary 

pathway in RK-33 mediated cell death.

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).

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 
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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 deprived23. 

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 

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 

production24. Promotion of mitochondrial ROS production has been recognized as an 

effective strategy to induce cancer cell death and increase chemosensitivity25.

Mitochondrial damage often induces the formation of autophagosomes26. 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 role27, 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 survival28. The 

development of radiosensitizers in breast cancer could benefit this group of 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 
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of oxidative phosphorylation. Although, we do not proof a direct role for DDX3 in 

mitochondrial translation, the fact that we and others29 found DDX3 to localize to the 

mitochondria intuitively supports the idea that RK-33 mediates its effect on mitochondrial 

translation, directly through DDX3 inhibition. In addition, another DEAD/H box RNA 

helicase family members, DDX28 and DHX30, were recently found to be responsible for the 

assembly of mitochondrial ribosomes30, 31. Interestingly, DDX3 was identified by mass 

spectrometry analysis of the mitochondrial DDX28 and DHX30 interactome31, 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 the literature2, 32, 33, with most studies concluding that 

DDX3 inhibition does not result in major changes in general protein synthesis34–37, but 

could play a role in translation of mRNAs with complex features in their 5′UTR37, 3835.39 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. Our finding that 

DDX3 inhibition results in increased ROS production is also in line with a recent study in 

Leishmania, that indicated a central role for DDX3 in regulating the mitochondrial stress 

response of this parasitic protozoan40. In addition, that DDX3 inhibition ultimately reduces 

DNA damage repair, was also supported by a study by Chen. et al., which showed that 

DDX3 knockout resulted in higher levels of genomic damage murine embryonic cells41.

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, 42. Increased aerobic glycolysis is often erroneously interpreted as a sign of 

reduced and damaged oxidative phosphorylation in cancer cells. In fact, accumulating 

evidence now indicates that cancer cells are reliant on the mitochondria for their 

bioenergetic machinery and macromolecule synthesis function15, 43. Consequently, 

mitochondrial respiration is increasingly recognized as a viable target for anti-cancer 

therapy43 and (triple negative) breast cancer treatment in particular44,45. OXPHOS was 

found to be upregulated in cancer stem cells46 and during metastases16. In addition, chemo- 

and radioresistant cells exhibit increased respiration rates17, 47. A recent study showed that 

irradiated cells increase OXPHOS to favor DNA repair and cell survival48 and inhibitors of 

electron transport complexes can enhance radiosensitivity49, 50. In addition, mitochondrial 

translation has previously been identified as a therapeutic target in the treatment of acute 

myeloid leukemia51.

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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Material and methods

Patient samples

Tissue microarrays (TMAs) with 540 breast cancers archived in the UMC Utrecht between 

1993 and 2009 were used52. The patient group consisted out of 422 consecutive breast 

cancer patients, supplemented with a collection of 95 invasive lobular carcinomas and 23 

distant metastases. Cases were subclassified in molecular subtypes as was described 

before53, 54. We used anonymous archival leftover pathology material. Therefore, no ethical 

approval or informed consent is required according to Dutch legislation55 as use of leftover 

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 previously56. Briefly, 

sections were labeled for 1 hour with anti-DDX3 (1:1000, pAb r647)57. 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. As 

there is an ongoing debate over the MDA-MB-435 cell line58, we decided to use MDA-

MB-231 as a triple negative cell line for all our functional experiments. In terms of receptor 

expression, MDA-MB-231 is similar to MDA-MB-435.

Cell viability assays

For cell viability assays 1 × 103 − 3 × 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).
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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 AO19657), 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. More information about protein extraction 

and digestion, TMT-labeling, mass spectrometry, the Mascot search strategy and 

bioinformatics processing is available in the supplementary methods.

Bioinformatics

Protein abundances were compared between three RK-33 treated vs DMSO treated samples, 

and between two shDDX3 and control samples. Moderated t-test statistics and multiple 

comparison corrected q-values were calculated59, 60. Proteins with a q < 0.05 and a fold 

change larger than 1.15 were considered significantly altered. Gene set expression analysis 

was performed by searching the Reactome database using the Enrichr web tool (http://

amp.pharm.mssm.edu/Enrichr/)61. In this analysis enriched pathways are identified by 

comparing the number of significantly altered proteins in each pathway of the reactome 

database to the number that could be expected based the size of each pathway and the total 

amounts of proteins identified. In addition, protein interactions within the group of 

significantly altered proteins were surveyed by searching the STRING database (http://

string-db.org/)20 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; AO19657), 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).

Heerma van Voss et al. Page 10

Oncogene. Author manuscript; available in PMC 2018 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://amp.pharm.mssm.edu/Enrichr/
http://amp.pharm.mssm.edu/Enrichr/
http://string-db.org/
http://string-db.org/


Mitochondrial translation assay

Pulse labeling was performed as described by Leary, et al.62. Briefly, 4 × 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) 

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.

ATP quantification

7.5–17.5 × 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 × 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 × 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 ImageJ63.
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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 

resin was allowed to polymerize overnight at 60 °C and cure for three days at 37 °C. Blocks 

were sectioned at a 65 nm thickness with a diamond knife and imaged with a Hitachi H7600 

transmission electron microscope at 25.000 × 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DDX3 is a therapeutic target in breast cancer
A. Example of low DDX3 cytoplasmic expression in normal breast cells and 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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Figure 2. 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. Immunoblot 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.
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Figure 3. 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. 
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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.
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Figure 4. 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 
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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. 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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Figure 6. 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 
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hours exposure to RK-33. P-values calculated by a Mann-Whitney U test. D. 

Immunofluorescent 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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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 triphosphate, OXPHOS = oxidative phosphorylation, ROS = reactive 

oxygen species.
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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

Abbreviation: HER2, human epidermal growth factor receptor 2.

a
t-test.

b
X2-test.

c
Fisher’s exact test.

d
X2-test as compared to luminal.
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