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Abstract

Stress granules (SGs) are non-membranous cytosolic protein-RNA aggregates that process 

mRNAs through stalled translation initiation in response to cellular stressors and in disease. 

DEAD-Box RNA helicase 3 (DDX3) is an active target of drug development for the treatment of 

viral infections, cancers, and neurodegenerative diseases. DDX3 plays a critical role in RNA 

metabolism, including SGs, but the role of DDX3 enzymatic activity in SG dynamics is not well 

understood. Here, we address this question by determining the effects of DDX3 inhibition on the 

dynamics of SG assembly and disassembly. We use two small molecule inhibitors of DDX3, 

RK33 and 16D, with distinct inhibitory mechanisms that target DDX3’s ATPase activity and RNA 

helicase site, respectively. We find that both DDX3 inhibitors reduce the assembly of SGs, with a 

more pronounced reduction from RK-33. In contrast, both compounds only marginally affect the 

disassembly of SGs. RNA-mediated knockdown of DDX3 caused a similar reduction in SG 

assembly and minimal effect on SG disassembly. Collectively, these results reveal that the 

enzymatic activity of DDX3 is required for the assembly of SGs and pharmacological inhibition of 

DDX3 could be relevant for the treatment of SG-dependent pathologies.
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1. Introduction

Translational arrest is a common stress response in eukaryotic cells that results in the 

cytosolic accumulation of non-membranous, untranslated ribonucleoprotein (RNP) 

aggregates called stress granules (SGs) [1–3]. Their assembly is triggered by various 

intracellular [4] and extracellular stressors such as reactive oxygen species, heat, starvation, 

and viral infection [5]. SGs are highly dynamic structures, which rapidly assemble and 

disassemble in coordination with translational arrest [6, 7]. Alterations in SG dynamics are 

linked to various pathological conditions. For example, stable SGs are believed to be 

associated with the pathogenesis of neurodegenerative diseases and cancers [2, 8–10]. SGs 

also play a dual role in viral infection: they are involved in innate immune response, but can 

also be hijacked by the viruses to switch translational machinery to the production of viral 

proteins [11]. As such, SGs have been suggested as a target for treatments of these wide-

ranging diseases [12, 13].

SGs consist of stalled translation preinitiation complexes such as small 40S ribosomal 

subunits, translation initiation factors, and proteins with intrinsically disordered regions 

(IDRs) [14, 15]. One of the most well-studied and critical proteins for SG assembly is Ras 

GTP-activating protein (G3BP1) [13, 16–19]. The members of the DEAD-Box RNA 

helicase family, eIF4A and DEAD-Box RNA helicase 3 (DDX3) [7], are also defined as 

markers and core components of SGs.

Recent evidence suggests that DDX3 might be a major regulatory component of SGs [20]. 

Moreover, disruption of DDX3 functions has been found to be associated with the formation 

of stable, pathological SGs [21]. In mammals, DDX3 is encoded by two highly homologous 

genes: X chromosomal DDX3X and Y chromosomal DDX3Y. This dsRNA helicase consists 

of two domains connected by a flexible linker, and both domains contribute to DDX3 

ATPase and RNA helicase enzymatic activities [22, 23]. While inhibition of helicase activity 

does not affect ATPase activity of the enzyme, inhibition of ATPase activity by chemical 

inhibitors or point mutations completely abolishes helicase activity [24, 25].

Because DDX3 is involved in gene-specific transcriptional and translational regulation [26–

30], dysregulation of DDX3 activity is not surprisingly associated with many pathological 

processes [31]. For example, DDX3 has been associated with the propagation of human 

viruses including HIV [32, 33], and tumor development and progression [34]. Therefore, 

DDX3 has been proposed as a target for anti-cancer and anti-viral therapy, and several small 

molecule inhibitors have been developed and tested in animal studies. Two of the most 

advanced inhibitors are RK-33 [25] and 16D [33]. RK-33 is a potent small-molecule 

inhibitor of the ATP binding cleft of DDX3 [25]. RK-33 has been shown to strongly inhibit 

the ATPase activity of DDX3, suppress tumor growth, and sensitize cancer to radiation 

therapy. 16D has been shown to competitively occupy the RNA binding site of DDX3, 

suppressing the RNA helicase activity of DDX3 without affecting its ATPase activity, and 
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16D exhibits broad-spectrum antiviral activity in vitro [33]. Both compounds were safely 

tested in animal models and did not induce abnormal clinical chemistry markers or 

histological profiles [25, 33]. Previously we showed that RK-33 protects neurons from 

combined HIV-Tat and cocaine-induced toxicity, and acts through inhibiting microglia 

activation. This result suggests that DDX3 inhibition should be further explored as a 

treatment of HIV-associated neurocognitive disorder, along with other neurodegenerative 

diseases [31].

Here, we address the effects DDX3 enzymatic activities have on the dynamics of SGs by 

using two different pharmacological inhibitors and siRNA-based depletion of DDX3. Our 

results show that inhibition of DDX3 enzymatic activity and knockdown of DDX3 decrease 

the rate of SG assembly without strongly affecting the SG disassembly. Longer term, our 

study points to pharmacological inhibition of DDX3 as a strategy for treatment of SGs-

related diseases.

2. Materials and Methods

2.1. Cell culture

U2OS human osteosarcoma cells (American Type Culture Collection) were grown in high 

glucose Dulbecco’s modified Eagle’s medium (American Type Culture Collection, 

Manassas, VA) supplemented with 10% fetal bovine serum (Mediatech Inc., Manassas, VA) 

and 1% penicillin/streptomycin solution (HyClone reagents from GE Healthcare Life 

Sciences, Pittsburgh, PA). Cells were cultured at 37°C in a humidified atmosphere with 5% 

CO2. During cell passaging, cells were checked for the presence of mycoplasma 

contamination using MycoFluor Mycoplasma detection kit (Thermo Fisher Scientific, 

Waltham, MA). Cell line authentication was performed at the University of Arizona 

Genetics Core (Tucson, AZ).

2.2. Drugs and chemical reagents

RK-33 (Cas No. 1070773–09-9) was purchased from Selleck Chemicals (S8246, Houston, 

Texas). A stock solution of RK-33 was prepared in 5 mM DMSO (Millipore Sigma, D8418) 

and was diluted to final concentration of 6 μM. 16D (CAS No. 1919828–83-3) was kindly 

provided by Drs. Giovanni Maga and Maurizio Botta (Institute of Molecular Genetics IGM-

CNR “Luigi Luca Cavalli-Sforza”, National Research Council, via Abbiategrasso 207, 

I-27100 Pavia (Italy)). A 1 mM stock solution of 16D was prepared in DMSO and was 

diluted to the final concentration of 48 µM. Sodium arsenite, referred to as arsenite for 

simplicity, was purchased from Millipore Signa (S7400). A 0.05 M stock solution of arsenite 

was prepared in water and was diluted to final concentration of 0.5 mM.

2.3. DDX3X plasmid construct

The wild-type DDX3X construct tagged with FLAG was donated by David Sabatini 

(Addgene plasmid# 70648; http://n2t.net/addgene: 70648; RRID:Addgene_70648). The 

plasmid was isolated and collected using ZymoPURE Plasmid Miniprep Kit (Zymo 

Research Cat.# 4210). Mutations were established using Q5® Site-Directed Mutagenesis Kit 
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Protocol (New England Biolabs Cat.# E0554). Site-directed mutation was established via 

whole-plasmid amplification.

The primer sequences for wild-type DDX3X active sites were:

5’-TCGAACAAGATACTATGCCTCCAAAGGGTGTCCGC-3’

5’-CTATTCTACGAATCTGAGGCTCAAACCCCATATCCAACATCCG-3’

The primer sequences to establish mutant DDX3X active sites were:

5’-

TCGAACAAGATACTATGCCTCCAAAGGGTGTCCGCCACACTATGATGTTTGCTGCT 

GCTTTTCCTAAGGA-3’

5’-

CTATTCTACGAATCTGAGGCTCAAACCCCATATCCAACATCCGATCAGCTTGATCTA 

ACACCAA-3’

The primer sequences to establish knockout DDX3X active sites were:

5’-TATGAACACCACTACAAGGG-3’

5’-AGCATGCTTTTGCACTGGAG-3’

Ligation to reestablish a circular plasmid after PCR was performed with kinase, ligase, and 

Dpnl (KLD) enzyme mix and reaction buffer also found in the Q5® Site-Directed 

Mutagenesis Kit from New England Biolabs. Successful mutation of the plasmid was 

verified by Sanger sequencing.

2.4. Experimental designs

For SG assembly experiments (Fig. 1, 3), cells were either vehicle treated or pre-treated with 

6 µM RK-33 or 48µM 16D for 1 h. Cells were then treated with 0.5 mM arsenite in the 37 

degree C incubator for 30 min, 60 min, and 90 min. For siRNA SG assembly experiments 

(Fig. 5), cells were directly treated with 0.5 mM arsenite for 30 min, 60 min, and 90 min. 

For SG disassembly experiments (Fig. 2, 3), cells were pre-treated with 0.5 mM arsenite for 

1 h, then the arsenite-containing media was replaced with DMEM/10% FBS/1% pen-strep 

media lacking or containing 6 µM RK-33 for 30 min, 60 min, and 90 min. For siRNA SG 

disassembly experiments (Fig. 5), cells were treated with 0.5 mM arsenite for 1 h, then the 

arsenite-containing media was replaced with plain media as previously described.

2.5. Image acquisition, processing, and analysis

Images were taken using a Carl Zeiss LSM 700 laser scanning confocal microscope 

controlled by ZEN Black software (Carl Zeiss Meditec, Dublin, CA) and equipped with 20x 

(Plan APO 0.8 air) or 63x (Plan APO 1.4 oil DIC) objectives unless otherwise stated. 

Fluorescence was excited using 405 nm, 488 nm, and 555 nm lasers. Single 16-bit depth 

images were captured using near 1 AU pinhole size and 1.0 scanning zoom with 312-nm 

(20x) or 142-nm (63x) X-Y pixel size. Laser power and gain settings were selected to 
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maximize a signal-to-noise ratio within each individual fluorescence channel and cover the 

potential dynamic range of the correspondeing fluorescence signal. Fluorescence and 

differential interference contrast (DIC) imaging was done using single-frame or tilling 

modes. ImageJ software (National Institutes of Health, USA) was used for manual or 

automatic analysis of microscopy images acquired using a Zeiss 700 confocal microscope. 

The total number of G3BP1 and DDX3 granules were estimated using automatic 

segmentation of the corresponding fluorescence channels. Both channels were subjected to 

bandpass filtration, background subtraction, thresholding, and particle analysis using lower 

(4 pixels) cutoff size. The sequence of operations and the parameter values used were 

verified using randomly selected subsets of images. The G3BP1 and DDX3 intensity 

thresholds were selected manually to ensure detection of bright SG and minimization of 

random noise contribution. The number of cells within the field of view was estimated using 

automatic segmentation of a denoised DNA channel (DAPI) followed by “Analyze 

Particles” ImageJ command. High frequency noise was attenuated by a low-pass filter 

(“Gaussian Blur” with a parameter sigma set to 3). The cutoff size (1000 pixels) was 

selected by visual examination of the microscopy images to exclude from consideration cell 

debris. Data were aggregated, analyzed, and visualized using MatLab (MathWorks) and R 

ggplot2 tools.

Numbers of G3BP1- and DDX3-positive SGs were defined by direct counts obtained using 

the “Analyze Particles” ImageJ tool. Amounts of G3BP1 and DDX3 proteins accumulated 

within a single granule were estimated by a total intensity of the corresponding fluorescence 

channel (Area of SG x Mean Intensity of SG). Here, we assumed that the fluorescence 

intensity of an SG is proportional to the amount of protein accumulated, therefore, we refer 

to this area multiplied by fluorescence intensity as “integrated intensity” throughout the 

paper. These values were used as a convenient marker of SG assembly and disassembly. The 

corresponding distributions and statistical measures were obtained using R programming 

language

2.6. Immunofluorescence staining

The Immunofluorescence staining of U2OS cells was performed as previously described 

[31]. Briefly, cells were plated on glass coverslips that were placed inside 12-well plates. 

After the experimental treatments, cells were fixed with 4% paraformaldehyde and 

permeabilized with 0.1% Triton X-100. The fixed cultures were blocked with 10% fetal 

bovine serum for 1 h and then co-labeled overnight with different primary antibodies: rabbit 

polyclonal anti-DDX3 (1:300) (A300–474A, Bethyl, Montgomery, TX), mouse monoclonal 

anti-DDX3 (1:300) (sc-365768, Santa Cruz Biotechnology, Dallas, TX), rabbit polyclonal 

anti-G3BP1 (1:500) (A302–033A, Bethyl, Montgomery, TX), or mouse monoclonal anti-

FLAG M2 (1:2000) (F1804, Sigma-Aldrich, St. Louis, MO). The fixed cultures were then 

incubated for 1 h with following secondary antibodies all from Thermo Fisher Scientific: 

donkey anti-rabbit IgG conjugated with AlexaFluor 488 (1:500) (A-21206), goat anti-mouse 

IgG conjugated with AlexaFluor 594 (1:500) (A-11005), donkey anti-rabbit IgG conjugated 

with AlexaFluor 594 (1:500) (A-21207), or donkey anti-mouse IgG conjugated with 

AlexaFluor 488 (1:500) (A-21202). To identify cell nuclei, DAPI was added with the final 
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PBS wash, and coverslips were mounted on glass slides using VECTASHIELD Vibrance 

mounting medium (Vector Laboratories, Burlingame, CA).

2.7 siRNA transfection

siRNA transfection was performed using a reverse transfection method as previously [35]. 

According to the manufacture specifications, Opti-MEM media (ThermoFisher Scientific, 

Waltham, MA) was premixed with siLentFect (Bio-Rad, Hercules, CA). siRNAs were added 

at the protocol recommended final concentration and the siLentFect/Opti-MEM/siRNA 

mixture was incubated at room temperature for 20–30 min. The premixed siRNA/siLentFect 

complexes were added to cells at a seeding density of 106 cells per well in 6 well plate. 

siRNA treated cells were grown for 3–4 days at 37 °C and 5% CO2.

2.8. Statistics and data analysis

Statistical analyses were carried out using R version 3.6.1 and RStudio version 1.2.5001.

Experiments were performed with independent triplicates.

The density plot was created using ggplot2 package, in particular, the geom_density() 

function.

The box-and-wisker plot was created using the geom_boxplot() function from the ggplot2 

package and the geom_signif() function from the ggsignif package. The boxes cover 50% of 

data, and lines within boxes indicate median values.

Normally distributed samples were calculated using parametric analysis method. If there was 

a deviation from a normal distribution, non-parametric analysis methods were used. 

Statistical differences between two groups in each time group were evaluated by Wilcoxon 

Signed-Rank Test using geom_signif(test=“wilcox.text”). P < 0.05 was considered 

significant. All relevant data were expressed as mean ± SEM.

Statistical plots and figures were generated using Inkscape version 0.92 and the following R 

packages: dplyr version 0.8.3 (for initial data organization and individual statistical tests), 

data.table version 1.12.2 (for eventual data organization and dataframe construction), 

ggplot2 version 3.2.1 (for data visualization), ggsignif version 0.6.0 (for eventual statistical 

evaluations).

2.9. Western blot

Cells were lysed using RIPA lysis buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCL; 5 mM 

EDTA; 0.5 mM EGTA; 1% Igepal CA-630; 0.5% sodium deoxycholate; and 0.1% SDS) and 

sonicated. Protein concentration was measured using Bio-Rad DC protein assay (Bio-Rad). 

20 µg of proteins were separated in precast 4–12% polyacrylamide gels (M00654, 

GeneScript) and transferred onto PVDF membranes (88518, Thermo Fisher Scientific). The 

membranes were then stained with Ponceau Red, blocked for 1 h in 1X TBS-T buffer (20 

mM Tris-HCl, pH 7.6; 140 mM NaCl; 0.1% Tween-20) with 5% non-fat dry milk, and 

incubated with primary antibodies overnight at 4 °C. The primary antibodies were rabbit 

polyclonal anti-DDX3 (1:3000) (A300–474A, Bethyl, Montgomery, TX), mouse 
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monoclonal anti-DDX3 (1:3000) (sc-365768, Santa Cruz Biotechnology, Dallas, Texas), 

rabbit monoclonal anti-B-actin (1:10,000) (D6A8, Cell Signaling Technology, Danvers, 

MA), and rabbit monoclonal anti-GAPDH (1:10,000) (14C10, Cell Signaling Technology, 

Danvers, MA). The secondary antibodies were HRP-conjugated anti-mouse IgG (1:8000) 

(7076S) and HRP-conjugated anti-rabbit IgG (1:8000) (7074S), both from Cell Signaling. 

Membranes were processed with SuperSignal West Femto Maximum Sensitivity Substrate 

(Thermo Scientific).

3. Results

3.1. RK-33 significantly modulates SG assembly

To evaluate the importance of DDX3 enzymatic activity on SG assembly, we used RK-33, 

an inhibitor of DDX3 ATPase activity, and quantified the dynamics of canonical G3BP1-

positive SGs by employing a well-established SG induction model: the induction of 

oxidative stress in U2OS osteosarcoma human cell line using 0.5 mM sodium arsenite, 

hereafter referred to as arsenite for simplicity, treatment [9, 17, 36]. U2OS cells are well-

established as a cell model to explore subcellular localization of SGs [16, 37]. U2OS cells 

are widely used because their large and flat morphology facilitate immunofluorescence 

studies of SGs. Additionally, SG dynamics observed in U2OS cells have been entirely 

consistent with SG dynamics extensively investigated in many other cell lines [38]. 

Accordingly, to determine the effect of RK-33 on SG assembly, U2OS cells were pre-treated 

with 6 µM RK-33 or vehicle control for 1 h followed by arsenite treatment and the resulting 

SGs were visualized using G3BP1 or DDX3 antibodies at three different stress time points 

(Fig. 1A–B). The measurement of G3BP1 localization was chosen because of its established 

connection with SG dynamics [13, 17, 19, 39]. The concentration of RK-33, 6 µM, was 

selected based on our previous and other relevant studies [25, 31].

Fig. 1A–B illustrate formation of SGs during the first 90 min of arsenite treatment. Pre-

treatment of 1 h RK-33 did not cause any distinct accumulations of GRBP1 (red) and DDX3 

(green) (Fig. 1A–B, 00 min). The graphical distribution of SG assembly for the starting time 

point (00 min) is not shown as there were no detectable SGs in the absence of arsenite. After 

30 min of arsenite stress, however, cells began to demonstrate bright G3BP1 and DDX3 

granules characteristic of SGs (arrowheads, Fig. 1A–B, 30 min). Prolonged arsenite 

exposures led to a significant increase in the number, size, and brightness of SGs (Fig. 1A–

B, 60–90 min). We quantified these condensates using total G3BP1 or DDX3 fluorescence 

signals of individual granules; we refer to this value as “SG integrated intensity” hereafter 

(detailed in Materials and Methods) (Fig. 1C–F) [40, 41]. The integrated-intensity values are 

presented in log10 scale units, indicated as “lg”, and graphically visualized in the form of 

density plots on the right (Fig. 1C and E) and box-and-whisker plots with corresponding 

statistical parameters on the left (Fig. 1D and F).

G3BP1-positive granules induced by arsenite were markedly reduced in U2OS cells that 

were pre-treated with 6 µM RK-33 1 h (Fig. 1A–B). G3BP1 density plots of SG integrated 

intensities showed peaks in RK-33 pre-treatment groups, represented by the dark red shade, 

all shifted leftward compared to those of vehicle control groups, represented by the light red 

shade (Fig. 1C). The difference between the drug pre-treated and vehicle pre-treated groups 
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was particularly noticeable by 90 min, in which the log10 of SG integrated intensity for 

RK-33 pre-treated group predominantly fell within the 0–9 range, whereas the SG integrated 

intensity of the vehicle pre-treated group fell within the 9–12 range (Fig. 1A–B, 90 min). 

Consequently, the median integrated intensity shown in 90 min box plots for the RK-33 pre-

treatment group was significantly lower than that of the control group, and the same 

statistical significance was observed for all other time points (p<0.001) (Fig. 1D).

DDX3 granules at 60 min and 90 min showed significant reductions of SG integrated 

intensities in the RK-33 pre-treatment group compared to those of the control (Fig. 1F). 

Interestingly, DDX3-positive granules showed distinct populations of small and large 

particles (i.e., bimodality) (Fig. 1E). Small granules were enriched at 30 min data point, and 

larger granules began to accumulate at 60 min and became prevalent by 90 min (Fig. 1E). 

Taken together, our comparison of the SGs assembled between RK-33 pre-treated and 

vehicle control pre-treated groups reveal that pharmacological inhibition of DDX3’s 

catalytic ATPase site suppresses canonical G3BP1-SG assembly.

3.2. RK-33 marginally modulate SG disassembly

The results above prompted investigation for the pharmacological intervention of DDX3 on 

SG disassembly, therefore, the effect of RK-33 on the rate of G3BP1-dependent SG 

disassembly using arsenite pre-treatment was evaluated. In a normal SG process, removal of 

the stressor leads to a disassembly of the SGs. Therefore, after 1 h of arsenite pre-treatment, 

we replaced arsenite-containing media with media containing 6 µM RK-33 or vehicle 

control and left to recover for 30 min, 60 min, and 90 min. The resulting G3BP1 

immunofluorescence images did not show a noticeable difference between RK-33 treated 

and vehicle control treated cells (Fig. 2A–B). The G3BP1 density plots showed a general 

overlap between these two experimental groups (Fig. 2C). The boxplots of G3BP1 granules 

did not show any statistically significant difference for the groups treated with RK-33 at 30 

min and 60 min time points, whereas a minor difference was noted in the 90 min group (Fig. 

2D). More specifically, the median integrated intensity was significantly lower in the RK-33 

treated group relative to the control in 90 min group (p<0.05) (Fig. 2D, 90 min). DDX3 

granules continued to display their bimodal distribution in (Fig. 2E) and showed similar 

granule dissociation trends in the presence of RK-33 similar to those of the G3BP1 granules, 

with 90 min showing statistical significance (Fig. 2D and F). These results indicate that 

RK-33 suppresses the assembly of SGs, but only marginally affects disassembly.

3.3. 16D moderately modulates SG assembly and marginally modulates SG disassembly

The inhibition of the ATPase activity of DDX3 affects not only coupled dsRNA helicase 

activity, but also interactions with dsRNAs and other proteins [24, 42]. Here, we explored 

the effects of inhibition of DDX3’s helicase activity on SG assembly and disassembly. We 

tested 16D, a DDX3 inhibitor that specifically inhibits the DDX3 helicase enzymatic activity 

but not its ATPase activity [33], on SG dynamics utilizing the same conditions as above. 

Accordingly, U2OS cells were pre-treated with 1 h 48 µM 16D or vehicle control, followed 

by the treatment to 0.5 mM arsenite for 30 min, 60 min, and 90 min.
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Although not as striking, the effects of 16D on SG assembly echoed that of RK-33. After 30 

min of arsenite, no significant difference in SG assembly between the cultures lacking or 

containing 16D were detected (Fig. 3A–B). After 60 min, the median integrated intensity of 

16D group was significantly less than that of the control group (Fig. 3B, 60 min). A similar 

trend was observed after 90 min (Fig. 3B, 90 min). Here too, we observed a bimodal 

distribution of DDX3 in the density plot (Fig. 3C), which was distinct from the single peak 

dominant G3BP1 (Fig. 3A). The statistical significance of the difference between the 

distribution of DDX3 in the absence or presence of 16D was not as evident, with only 60 

min arsenite treatment samples deemed statistically significant with p<0.05 (Fig. 3C–D). As 

such, inhibition of DDX3 helicase activity with 16D provides a similar but less pronounced 

effect on SG assembly in comparison with RK-33 inhibition of ATPase activity and DDX3 

protein depletion by siRNA.

Consistent with the results from RK-33 inhibitor, 16D treated cells did not show an 

increased rate for SG disassembly. The cultures pre-treated with arsenite and left to recover 

in an increasing time duration in the absence or presence of 16D showed minor differences 

for 30 min of recovery but not for 60 min and 90 min in both G3BP1 and DDX3 granule 

distributions (Fig. 3E–H). Therefore, targeting the RNA helicase activity with 16D dampens 

the formation of SG, with marginal effects on SG disassembly.

3.4. DDX3 siRNA knockdown significantly affected SG assembly and not SG disassembly

To further confirm the role of DDX3 in SG assembly, we analyzed the effect of the DDX3 

knockdown on the dynamics of SGs in U2OS cells. Because the U2OS cell line is a female 

derived osteosarcoma cell line, it expresses only the X-chromosome encoded DDX3X 

isoform. To biochemically recapitulate the effect of DDX3 functional attenuation, DDX3X 

specific siRNAs, labeled as siDDX3, were compared with the effects of the scrambled 

siRNA control, labeled as siCont. The siRNA-specific downregulation of DDX3 expression 

was verified by western blot analysis (Fig. 4). To determine the effects of DDX3 depletion 

on SG formation, 48 h post-transfected U2OS cells were treated with 0.5 mM of arsenite as 

above, and the efficiency of SG assembly was quantified.

Without arsenite stress, the control and DDX3-depleted cultures show a similar G3BP1-

positive aggregation density plot (Fig. 5C, 0 min). At 0 min, both the density plots and the 

median integrated intensities within the boxplots showed overlap between siCont and 

siDDX3 (Fig. 5C, 0 min). However, upon arsenite stress, the difference in G3BP1-positive 

aggregation behavior became distinct between the two siRNA treatment groups (Fig. 5C–D, 

30–90 min). Compared with siCont SG assembly in light red, siDDX3 SG assembly in dark 

red showed a leftward shift for both density plots and boxplot profiles, indicating reductions 

in SG assembly (Fig. 5C–D). For all experimental time points, the peaks of siDDX3 in the 

density plot as well as the median integrated intensities for siDDX3 were lower than those of 

siCont (Fig. 5C–D, 30–90 min). This difference of SG integrated intensities between siCont 

and siDDX3 siRNA conditions indicates attenuation of SG assembly when DDX3 was 

depleted. Throughout three different time durations of arsenite treatment, DDX3-silenced 

cells formed significantly fewer G3BP1 positive SGs compared with the control scrambled 

siRNA, recapitulating the previously observed pharmacological effect of inhibiting DDX3.
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Similar to the effects of RK-33, the SG quantification data showed DDX3 knockdown had 

no obvious effect on SG disassembly; the size and intensity of aggregated G3BP1 SG 

nucleations were comparable between siCont and siDDX3 (Fig. 5A–B). In this case, 

siDDX3 cultures showed greater median integrated intensities in 30 and 90 min conditions 

compared to those of siCont values, however, the differences were modest when compared 

to changes in SG assembly observed (Fig. 5F). In conclusion, the reduction of DDX3 mRNA 

attenuates DDX3-sequestered SG assembly but does not affect its disassembly.

3.5. Effects of the overexpression of DDX3 variants on SG assembly

We have determined that the SG assembly can be attenuated by depleting DDX3 with 

siRNA or pharmacologically inhibiting DDX3 ATPase and helicase activity. Next, we tested 

whether exogenously expressing wild-type or enzymatically inactive DDX3 variants affect 

SG assembly. U2OS cells were transiently transfected with the constructs expressing DDX3 

wild-type and the DDX3 variants with abrogated ATPase and helicase site sequences. This 

was accomplished by targeting the DEAD motif with an E348Q mutation and targeting 

helicase activity with S382A and T384A substitutions [43]. All variants were fused with an 

N-terminal FLAG-tag. 48 h post-transfection cells were treated with arsenite for 90 min 

(Fig. 6). Interestingly, SG assembly was not affected by the overexpression of enzymatic-site 

mutant DDX3 variants (full arrows); rather, these cells formed SGs that were comparable to 

their un-transfected counterparts (arrowheads) (Fig. 6C–D). This observation was also true 

with DDX3 wild-type overexpression (Fig. 6B). The quantification of SGs and the analysis 

of these results did not reveal any significant differences in between wild-type and mutant 

DDX3 variants (data not shown). The vector control sample showed clear G3BP1-positive 

SGs, but not FLAG-positive granules, as expected (arrowheads, Fig. 6A). Taken together, we 

have observed that pharmacological inhibition or siRNA depletion decrease SG assembly, 

whereas overexpression of wild-type or DDX3 mutants did not produce observable effects in 

this experimental system.

4. Discussion

Our study constitutes the analysis of the impact of DEAD-Box RNA Helicase 3 (DDX3) 

enzymatic activity on the dynamics of SG assembly and disassembly utilizing the DDX3 

inhibitors RK-33 and 16D. Here, we find that pharmacological inhibition or siRNA 

knockdown of DDX3 suppresses SG assembly, but has only a marginal effect on SG 

disassembly.

We used a well-established SG induction system, and triggered oxidative stress in U2OS 

cells via arsenite. Time-course analyses of SG intensity in control and drug pre-treated cells 

subjected to arsenite determined that RK-33 and 16D inhibit SG assembly, which was 

mirrored by the effects of DDX3 knockdown. The magnitude of the reduction of SG 

formation by RK-33, which inhibits the ATPase activity of DDX3 was much more 

pronounced than the reduction in SG formation caused by D16, which only inhibits the 

helicase activity. The DDX3 protein dimerizes and binds dsRNA in its ATP-associated form, 

and the resulting conformational change triggers its helicase activity and dsRNA unwinding 

[24]. RK-33 might more effectively prevent DDX3-RNA interactions and therefore could 
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confer a more pronounced effect on SG assembly than inhibiting DDX3 helicase activity 

with 16D. Additionally, inhibition of the ATPase activity may perturb ATP-dependent 

interactions of DDX3 with other proteins, which may not be affected by the helicase 

inhibitor [42].

Our results show that the enzymatic activities of DDX3 are much less involved in the SG 

disassembly. The time-course analyses of SG decondensation upon withdrawal from arsenite 

shows only minor differences between the control and the drug-treated or DDX3-depleted 

cells.

This finding better defines the role that DDX3’s enzymatic activity plays in SG initiation. 

DDX3, a ubiquitous RNA-binding protein, forms phase-separated droplets in vitro [44], and 

has been shown to promote phase separation when bound by ATP. Ribonucleoproteins 

(RNPs), protein-protein, and trans-RNA-RNA interactions all contribute to the assembly of 

the SGs [45, 46]. Since DDX3 preferentially functions in the unwinding of longer 5’ 

Untranslated Regions (UTRs) of mRNAs [47–50], mRNAs sequestered in SGs with long 

unwound 5’ UTRs could kinematically increase possible interfacing sites and surfaces for 

trans-RNA-RNA and RNA-protein interactions within the SGs, which may boost the 

kinetics of SG assembly (Fig. 7). A recent study has shown the involvement of mRNAs, 

freed from polysomes due to stress, contributing to phase-separation through binding to 

G3BP as well as the preferential recruitment of unstructured RNAs to the SGs through their 

enhanced associations with G3BP [19]. Although a functional DDX3 will unwind RNA 

secondary structures, a pharmacologically inhibited DDX3 will leave the long and complex 

5’ UTRs intact. This could decrease the number of docking sites available for SG assembly 

kinematic interactions, leading to comparative attenuation of phase-separation and SG 

assembly. Contrary to the results with the ATPase inactive Ded1p helicase [51], the 

pharmacological inhibition of DDX3 ATPase activity does not increase the condensation of 

DDX3 positive structures, DDX3 localization in SGs, or SGs disassembly. Therefore, our 

results summarized in Fig. 7, suggest that the enzymatic activity of DDX3 regulates stress-

induced assembly of SG. Our experimental data and the model (Fig. 7) corroborate with the 

recent finding that the stress-induced phase separation modulated by the DDX3 yeast 

homolog, Ded1p, results in the accumulation of mRNAs that contain complex 5’ UTRs in 

the SGs, while stress-induced transcripts with shorter 5’ UTRs escape the SGs and 

translational suppression [45, 52].

Our results showing that the enzymatic activities of DDX3 contribute to SG assembly, rather 

than disassembly, fit the recent data suggesting a greater presence of promiscuous trans-

RNA-RNA interactions in the SGs, which not only involves canonical Watson-Crick base 

pairing, but also involves a significant amount of non-canonical base pairing such as G 

quadraplex and Hoogstein base pairing [53, 54]. Moreover, interactions of RNA-binding 

proteins such as G3BP through homo and hetero oligomerization drive the condensation and 

stabilization of SGs [16, 19, 52]. These data support our findings that DDX3 enzymatic 

activity inhibition and siRNA knockdown have limited effects on the SG disassembly, since 

DDX3 may affect neither non-Watson-Crick interactions of RNAs nor RNP-based 

interactions.
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Our study uncovers a new avenue for clinical implementation and development of DDX3-

specific therapy targeting SG assembly. However, many questions remain prior to successful 

applications of such therapy. For example, DDX3 activity is involved in the development of 

Amyotrophic Lateral Sclerosis [55] and HIV-Associated Neurocognitive Disorders [31], 

while the inhibition of DDX3 is linked to Fragile X-Associated Tremor/Ataxia Syndrome 

[47], whereas mutations or deletions of DDX3X accounts for unexplained intellectual 

disabilities [21]. Moreover, DDX3 inhibitors have shown a strong promise in cancer 

treatments [25, 56, 57], yet, properly functional DDX3X is found to be a suppressor of 

medulloblastoma [58].

SGs hold a great impact on cell survival against a spectrum of ailments, from viral infection 

to tumor resilience and neurodegeneration. A concerted effort has been made to elucidate 

SG biochemical pathways and molecular processes. However, pharmacological intervention 

of SG dynamics has not yet been extensively assessed, and the effect of drug treatment on 

SG dynamics remains unclear. Identification of specific molecules that can mediate SG 

assembly could facilitate the development of novel therapeutics and may enhance responses 

to current therapies [13]. The effects of DDX3 enzymatic activities on the formation of 

pathological SGs need to be tested along with the applicability of the DDX3 inhibition for 

the treatment of SG-associated pathological states. Furthermore, proteomic approaches can 

be used to examine the effects of pharmacological interference on the composition of SGs.

To conclude, both DDX3 and SGs are implicated in many of the same diseases; therefore, 

modulating SG assembly through pharmacological inhibition of DDX3, and comparing 

inhibitors of DDX3 in vitro, could provide valuable screening tools for the evaluation of the 

developing DDX3 inhibitors [59]. Collectively, the results of this study reveal a crucial first 

glimpse into how pharmacological compounds could influence SG dynamics, and that SGs 

can be modulated by specific enzymatic inhibitors of DDX3.
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Fig. 1. 
Effects of RK-33 treatment on SG assembly. (A–B) SG assembly was examined by 

Immunofluorescence with anti-G3BP1 (red) and anti-DDX3 (green). Scale bar, 10 µm. Cells 

were subjected to 00 min, 30 min, 60 min, and 90 min of 0.5 mM arsenite stress either in the 

(A) absence or (B) presence of 6 µM RK-33 pre-treatment for 1 h. The results of the 

integrated intensity are presented in log10 scale units, and graphically visualized in the form 

of density plots on the right and box-and-whisker plots with corresponding statistical 

parameters on the left. (C and D) Time course distribution of G3BP1 granules either in 

absence (lighter red) or presence (darker red) of RK-33 pre-treatment. (E and F) Time course 

distribution of DDX3 granules either in absence (lighter green) or presence (darker green) of 

RK-33 pre-treatment. (C and E) shows density plots and (D and F) shows box-and-whisker 

plots. The boxes cover 50% of data, and lines within boxes indicate median values. The 
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Wilcoxon Signed-Rank Test was used to calculate statistical significance (* p < 0.05; ** p < 

0.01; *** p < 0.001). The arrowheads represent endogenous G3BP1-dependent SGs.
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Fig. 2. 
Effects of RK-33 treatment on SG disassembly. (A–B) SG disassembly was examined by 

Immunofluorescence with anti-G3BP1 (red) and anti-DDX3 (green). Scale bar, 10 µm. Cells 

were subjected to 1 h of 0.5 mM arsenite pre-treatment followed by media replacement to 

recover for 30 min, 60 min, and 90 min in the (A) absence or (B) presence of 6 µM RK-33. 

(C and D) Time course distributions of G3BP1 granules either in absence (lighter red) or 

presence (darker red) of RK-33. (E and F) Time course distributions of DDX3 granules 

either in absence (lighter green) or presence (darker green) of RK-33. (C and E) shows 

density plots and (D and F) shows box-and-whisker plots. The boxes cover 50% of data, and 

lines within boxes indicate median values. The Wilcoxon Signed-Rank Test was used to 

calculate statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Fig. 3. 
Effects of 16D on SG assembly and disassembly. (A–D) 16D on SG assembly was examined 

by subjecting U2OS cells to 30 min, 60 min, and 90 min of 0.5 mM arsenite stress either in 

the absence or presence of 48 µM 16D pre-treatment for 1 h. (E–H) 16D on SG disassembly 

was examined subjecting cells to 1 h of 0.5 mM arsenite pre-treatment followed by media 

replacement to recover for 30 min, 60 min, and 90 min in absence or presence of 48 µM 

16D. (A–B, E–F) Time course distribution of G3BP1 granules either in absence (lighter red) 

or presence (darker red) of 16D treatment. (C–D, G–H) Time course distributions of DDX3 

granules either in absence (lighter green) or presence (darker green) of 16D treatment. The 

boxes cover 50% of data, and lines within boxes indicate median values. The Wilcoxon 

Signed-Rank Test was used to calculate statistical significance (* p < 0.05; ** p < 0.01; *** 

p < 0.001).
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Fig. 4. 
Quantification of DDX3 siRNA knockdown. (A) Western blot test using DDX3 antibody 

was quantified (B) by normalizing against GAPDH antibody. The T-Test was used to 

calculate statistical significance (* p < 0.05).
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Fig. 5. 
Effects of DDX3 siRNA knockdown on SG assembly and disassembly. (A–B) SG assembly 

was examined by Immunofluorescence with anti-G3BP1 (red) and anti-DDX3 (green). Scale 

bar, 10 µm. Cells subjected to 00 min, 30 min, 60 min, and 90 min of 0.5 mM arsenite stress 

either (A) without or (B) with DDX3 siRNA knockdown are quantified in (C and D). Cells 

were subjected to 60 min of 0.5 mM arsenite treatment followed by replaceing with fresh 

media to recover for 30 min, 60 min, and 90 min without or with DDX3 siRNA knockdown 

and are quantified in (E and F). (C–F) Time course distributions of G3BP1 granules either 

without (lighter red) or with (darker red) DDX3 siRNA knockdown. (C and E) shows 

density plots and (D and F) shows box-and-whisker plots. The boxes cover 50% of data, and 
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lines within boxes indicate median values. The Wilcoxon Signed-Rank Test was used to 

calculate statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Fig. 6. 
Transient expression of FLAG-DDX3 proteins. (A–D) Characterization of exogenous 

DDX3-FLAG on G3BP1-dependent SG assembly upon 90 min of 0.5 mM arsenite in U2OS 

cells with anti-G3BP1 (red) and anti-FLAG (green). Scale bar, 10 µm. (A) Vector control 

with G3BP1 and FLAG. Overexpressed (B) wild-type, (C) ATPase-site mutant, and (D) 

Helicase-site mutant with G3BP1 and FLAG. The full arrows represent localization of 

G3BP1 with overexpressed DDX3-FLAG; the arrowheads represent endogenous G3BP1-

dependent SGs.
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Fig. 7. 
A schematic showing the effect of DDX3 inhibition on SG assembly. (A) DDX3 in its 

physiological state. Upon stress, mRNAs along with active DDX3s colocalize to SGs. These 

active DDX3s will unwind mRNAs with complex secondary structures of 5' UTR. This 

increases interactive surfaces for trans-RNA-RNA and RNA-protein intermolecular 

interactions, facilitating SG maturation. (B) DDX3 subjected to a pharmacological 

inhibition. Upon stress, mRNAs along with inactive DDX3s colocalize to SGs. However, the 

complex 5' UTRs of mRNAs will not be resolved by inactive DDX3s, resulting in less 

interactive surfaces for trans-RNA-RNA and RNA-protein intermolecular interactions, 

attenuating SG assembly.
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