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Figures and Figure Legends  

Figure 1. Elevated DDX3 expression in Ewing sarcoma is associated with poor prognosis 

(A) Immunohistochemical staining of Ewing sarcoma tissue microarray (TMA). Representative

images of DDX3 protein expression. Mag bar = 50 µm. (B) Pie chart showing the distribution of DDX3 

expression among TMA samples (n = 56. (C) Kaplan-Meier curves demonstrating event-free survival  

(EFS) and overall survival (OS) of EWS patients’ tumors with either low (red) (n = 63) or high (blue) (n 

= 22) levels of DDX3X mRNA transcripts. EFS: raw p = 0.0014 by log rank (Mantel-Cox) test. OS: raw 

p = 0.044 by log rank (Mantel-Cox) test.   
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Figure 3. RK-33 induces radiosensitization in Ewing sarcoma xenograft models expressing 

high levels of DDX3  

(A) Quantitation of DDX3 protein expression in six independent Ewing sarcoma PDX models.

All samples were normalized using the corresponding loading control, β-2M. Fold changes of protein 

abundance were calculated by comparing normalized band densities to EWS6 abundance and are 

noted below each sample for comparison. β-2M = beta 2-microglobulin. (B) Schematic representation 

of treatment schedule and cohorts of two independent EWS patient-derived xenograft (PDX) NSG 

mouse models: EWS4 (DDX3low) and JHH-ESX-3 (DDX3high). Tumor chunks were implanted 

subcutaneously. Upon reaching a tumor diameter of 7-9 mm, mice received every-other day 

intraperitoneal (IP) injections of either DMSO or RK-33 (25 mg/kg) for two weeks with radiation 

cohorts (IR) receiving 10 Gy radiation administered 6 hours following drug treatment on day 5. Mice 

were euthanized and tumors collected after growing to a diameter of 15-20 mm or Day 60, whichever 

came first. Tumors were measured with calipers twice weekly. (C, D) Tumor volumes of DDX3 low (C) 

and DDX3high (D) were measured and calculated over a period of 29 to 60 days, respectively. Inset 

shows changes in DDX3high tumor volume during the first 16 days post-treatment demonstrating 

tumor ablation of RK-33/10 Gy cohort by day 16. Results represent one experiment of 4-10 mice per 

cohort per PDX. Data are mean ± SEM. Statistical significance was determined by Two-Way ANOVA 

followed by Tukey’s multiple comparisons test at Day 21. (E, F) Kaplan-Meier curves demonstrating 

survival of 10 Gy verses RK-33/10 Gy cohorts of DDX3low (E) and DDX3high (F) PDXs. Statistical 

significance was determined by log rank (Mantel-Cox) test.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2023. ; https://doi.org/10.1101/2023.06.10.544474doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.10.544474
http://creativecommons.org/licenses/by-nc-nd/4.0/


  EWS4
(DDX3low)

JHH-ESX-3
(DDX3high)

DMSO DMSO        RK-33      RK-33
   IR IR

Pre-treatment

Days   0      1     3     5      8    10    12

IP  IP    IP    IP     IP     IP7-9 mm

A

B

C

E

Treatment Tumor Growth

End
Experiment

15-20 mm

    IR (10 Gy)

0 10 20 30
0

10

20

30

40

50 EWS-4

Days

Fo
ld

 C
ha

ng
e 

in
Tu

m
or

 V
ol

um
e

Vehicle

10 Gy

RK33

RK33+10 Gy

ns

ns

ns

ns

p=0.0005p=0.0031

0 20 40 60
0

500

1000

1500

2000

2500 JHH-ESX-3

Days

Vehicle

10 Gy

RK33

RK33+10 Gy

ns

ns

ns

ns

p=0.0030
Fo

ld
 C

ha
ng

e 
in

Tu
m

or
 V

ol
um

e

p < 0.0001

10 20 30
Days

1.0

0.5

Pe
rc

en
t S

ur
vi

va
l

EWS-4

p = 0.2802

Figure 3

DDX3

EW
S4

ß-2M

EW
S1

EW
S6

JH
H

-ESX-1

JH
H

-ESX-2

JH
H

-ESX-3

Fold Change:   14.15     2.49      1.00      6.05      1.60     7.97

20 40 50
Days

10 30

1.0

0.5

Pe
rc

en
t S

ur
vi

va
l

JHH-ESX-3

p = 0.0004

Tu
m

or
 V

ol
um

e
Fo

ld
 C

ha
ng

e 
in

200

400

600

0
20151050

D

Days

Initial 16 days

F

19

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2023. ; https://doi.org/10.1101/2023.06.10.544474doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.10.544474
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

Figure 4. DDX3 interacts with components of the homologous DNA damage repair pathway 

(A) Western blots of DR-U2OS and EJ5-U2OS cell lysates following siRNA knockdown of DDX3.

(B) DR-U2OS, EJ5-U2OS, and SSA-U2OS cell lines were treated with either scramble or siDDX3 and

then transfected with the ISceI-pCAGGS vector or an empty vector to induce DNA damage. Effective 

DNA damage repair was visualized by induction of GFP expression and quantified using flow 

cytometry. Results represent three independent experiments per cell line. Data represent frequency 

of DNA recombination events  SEM. ***p<0.001 determined by multiple unpaired t-tests followed by 

Šídák's multiple comparisons test. I = induction of DNA damage with ISceI-pCAGGS; UI = non-

induction with empty pCAGGS vector; HR = homologous recombination; NHEJ = nonhomologous 

end joining; SSA = single-strand annealing. (C) Immunoprecipitation (IP) of TC71 EWS cell lysates 

using anti-DDX3 antibodies conjugated to magnetic beads. Western blots demonstrate co-

immunoprecipitation of various DNA damage repair proteins with endogenous DDX3. Iso IgG = 

immunoprecipitation of TC71 cell lysates using control isotype antibodies. Results are representative 

of 3 independent experiments. See also Figure S2. (D) Subcellular fractionations of TC71 cells 

demonstrate the presence of DDX3, RAD51, RECQL1, RPA32 and XRCC2 in both cytoplasmic and 

nuclear compartments. Results are representative of 3 independent experiments. See also Figure S2. 

(E) Immunofluorescent images of TC71 EWS cells 6 hours after treatment with 5 µM RK-33 and 2 Gy

irradiation. Green = γ-H2A.X staining of double-stranded DNA breaks (DSB); Red = DDX3; Blue = 

DAPI stain. Mag bar = 20 µm.  
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Figure 5. DDX3 interacts with and modulates cytoplasmic oligonucleotide substrates in Ewing 

sarcoma  

(A, B, C) DAPI staining of dsDNA in 3 independent Ewing sarcoma cell lines (A), 3independent 

patient-derived xenografts (B), and 3 independent patient samples (C). White arrows show examples 

of extra-nuclear dsDNA substrates. Mag bars = 10 µm. (D) Immunofluorescent images of TC71 EWS 

cells. Data are representative of two independent experiments. Green = singlestranded DNA 

(ssDNA); Red = RNA:DNA hybrid structures; Blue = DAPI stain. Mag bar = 24 µm. (E) 

Representative images of S9.6 staining of umbilical chord-derived human mesenchymal stem cells  

(MSC), TC71, and A4573 EWS cell lines. Mag bar = 10 µm. (F, G) Three independent EWS cell lines, 

TC71, A4573, and MHH-ES-1, were transduced with lentivirus overexpressing either RNaseH1WT or 

enzymatically-dead RNaseH1D210N for 48 hours. Cells were then stained and immunofluorescent (IF) 

confocal images were obtained (F) and basal RNA:DNA hybrid abundance quantified (G). Results are 

representative of four to five hpf per condition from two independent experiments per cell line. Data 

represent mean fluorescent intensity per cell per hpf +/- SEM. *p<0.05, **p<0.01 and ***p<0.001 

determined by unpaired t-tests. Red = HA-tag; Green = RNA:DNA hybrids (S9.6 staining); Blue = 

DAPI stain. Mag bar = 10 µm. (H) TC71 and A4573 EWS cell lines were transduced with either 

RNaseH1WT or enzymatically-dead RNaseH1D210N for 48 hours. Cells were then stained with J2 to 

visualize dsRNA. Representative IF confocal images are shown. Mag bar = 10 µm. (I, J)  

Representative IF images of TC71 cells at 1 and 3 hours post-2 Gy irradiation (I). Colocalization of  

DDX3 and RNA:DNA hybrid fluorescence was analyzed and quantified using Pearson’s coefficient. 

Data are representative of five high power fields (hpf) per cohort from one of three independent 

experiments (J). Data are mean  SEM. ****p<0.0001 determined by One-Way ANOVA followed by 

Dunnett's multiple comparisons test. Green = DDX3; Red = RNA:DNA hybrid structures; Blue = DAPI 

stain. Mag bar = 24 µm. (K, L) TC71 and A4573 cells were treated with either vehicle control (DMSO) 

or 2 µM RK-33. Immunofluorescent Z-stack confocal images were obtained (K). TC71 images were 

measured for volume of RNA:DNA hybrid structures per cell (L). Results are representative of five hpf 

per condition from two independent experiments. Data represent mean fluorescent intensity per cell 

+/- SEM. ***p<0.001 determined by unpaired t-test. Mag bar = 10 µm. (M) Representative 

doublestained IF images analyzing RNA:DNA hybrid and double-stranded RNA (dsRNA) distribution 

with a rabbit-S9.6 and J2 antibodies, respectively, in TC71 and A4573 EWS cell lines treated with 

either DMSO or 2 µM RK-33. Mag bar = 10 µm.   
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Figure 6. Inhibition of DDX3 helicase activity sequesters RAD51 in the cytoplasm in an 

RNA:DNA hybrid dependent manner following irradiation   

(A) Representative immunofluorescent images of two EWS cell lines, TC71 and A4573,

demonstrating cytoplasmic colocalization of endogenous RAD51 (green) and DDX3 (red) at basal 

levels. Data are representative of three independent experiments. Blue = DAPI stain. Mag bar = 10 

µm. (B) Representative immunofluorescent images of TC71 cells demonstrating colocalization of  

RAD51 (green) with DSBs, evidenced by γ-H2A.X (purple) staining, 3 hours following 2 Gy RT. Data 

are representative of two independent experiments. Red = DDX3; Blue = DAPI stain. Mag bar = 10 

µm. (C) Immunofluorescent images of TC71 cells at 3 hours following treatment with either DMSO 

(top), 2 µm RK-33 (second row), DMSO + 2 Gy irradiation (third row), or 2 µM RK-33 + 2 Gy (bottom). 

Data are representative of three independent experiments. Green = DDX3; Red = RAD51; Cyan =  

RNA:DNA hybrids; Blue = DAPI stain. Mag bar = 20 µm. (D) Three independent EWS cell lines, 

TC71, A4573, and MHH-ES-1, were transduced with lentivirus overexpressing either RNaseH1WT or 

enzymatically-dead RNaseH1D210N for 48 hours prior to performing radiosensitization assays. Cells 

were stained and immunofluorescent, Z-stacked confocal images were obtained. RAD51 foci were 

quantified for each experimental cohort. Results represent nuclear RAD51 foci as a percentage of 

total RAD51 foci from all Z-planes of 4-5 representative hpf from each experimental cohort of each 

cell line. Data represent one of three independent experiments. Data are mean ± SEM. *p<0.05 and 

***p<0.001 determined by Two-Way ANOVA followed by Šídák's multiple comparisons test.  
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Figure 7. Mechanistic model of Ewing sarcoma radisosensatization following DDX3 RNA 

helicase inhibition  

Ewing sarcoma’s genomic instability is evidenced by basal levels of double-stranded DNA 

breaks (DSBs) and cytoplasmic RNA:DNA hybrid structures. Endogenous DDX3 associates with both 

cytoplasmic RNA:DNA hybrids and RAD51. When ES is subjected to radiation, RAD51 foci form at 

sites of radiation-induced DSBs within 3 hours. Within 24 hours, the majority of DSBs are resolved 

back to basal levels resulting in cell survival. In contrast, inhibition of DDX3 RNA helicase activity, 

with RK-33, impairs resolution and increases the abundance of cytoplasmic RNA:DNA hybrid 

structures. RAD51 is sequestered in the cytoplasm in an RNA:DNA hybrid-dependent manner and 

results in decreased nuclear foci formation, thereby impairing homology directed repair of 

radiationinduced DSBs. The resultant radiosensitization significantly impairs cell survival over 

radiation therapy alone.  
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STAR Methods  

Cell lines and Xenografts 

Established EWS cell lines TC71 (RRID:CVCL_2213) and TC32 (RRID:CVCL_7151) were 

acquired from Children’s Cancer Respository (https://cccells.org), A4573 (RRID:CVCL_6245) was a 

kind gift from the laboratory of Katia Scotlandi, and MHH-ES-1 (ACC-167; RRID:CVCL_1411) was 

purchased from German Collection of Microorganisms and Cell Cultures  (dsmz.de, Braunschweig, 

Germany). Cell lines were validated using short-tandem repeat (STR) profiling at Albert Einstein  

College of Medicine’s (AECOM) Department of Genetics Genomic Core. HEK293T cells (CRL-157; 

RRID:CVCL_0063) were purchased from American Type Culture Collection (ATCC, Manassas, VA, 

USA). U2OS cells containing an integrated copy of each reporter and the homing endonuclease ISceI 

in pCAGGS vectors with control were kind gifts from Dr. Maria Jasin (Memorial Sloan Kettering 

Cancer Center, New York, USA) and Dr. Jeremy Stark (City of Hope, California, USA). DDX3 shRNA 

knockdown cell lines were generated as previously described by Wilky et al. (2016). EWS-4 PDX was 

a gift from Chand Khanna (National Cancer Institute, Bethesda, MD) while the JHH-ESX-1, JHHESX-

2, and JHH-ESX-3 xenografts were generated in our laboratory on a tumor banking protocol 

approved by Johns Hopkins University School of Medicine IRB. EWS xenografts were coated with 

Matrigel basement membrane (BD Biosciences, Bedford, MA, USA) and implanted subcutaneously 

into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG, Strain #:005557; RRID:IMSR_JAX:005557) mice 

purchased from The Jackson Laboratory (Bar Harbor, ME, USA). All PDXs were passaged 

subcutaneously in NSG mice at least 3 times prior to experimental usage.   

Cell Culture 

Cell lines were cultured in RPMI 1640 medium (Gibco-ThermoFisher Scientific, Waltham, MA, 

USA) containing 10% heat-inactivated fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA,  

USA) at 37°C in 5% CO2. Cell lines were passaged between 6 to 10 times using 0.25% trypsin-EDTA  

(Gibco-ThermoFisher Scientific) between thawing and experimental collection. ATTC Universal 

Mycoplasma Detection Kit (ATCC 301012K, Fischer Scientific, Waltham, MA) was used per 

manufacturer’s instructions to screen cultures every 3 to 6 months to confirm absence of mycoplasma 

infection.   

Radiosensitization Assay 

EWS cells were either grown in 4 well chamber slides (Nunc Lab-Tek II Chamber  

Slide™ system, Thermo Scientific, Hudson, NH, USA) at a density of 140,000 cells/well or in 6 well 

plates at densities ranging from 2.5 to 5 x 105 cells on coverslips coated with bovine collagen type I 

(Gibco-Thermo Fisher Scientific) and incubated for 24 hours at 37oC and 5% CO2. RK-33 (CAS# 
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1070773-09-9) was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) and added to the cultured 

cells 45-60 minutes prior to IR (2 Gy). The cells were maintained at 37°C and 5% CO2 until the 

desired timepoint.   

Clonogenic Assays 

Clonogenic assays were performed as previously described 77. Briefly, radiosensitization 

assays were performed using EWS cells as described above. Six hours following IR, cells were 

detached from the plate using 0.25% trypsin-EDTA (Gibco-ThermoFisher Scientific). Clonal densities 

of 400 or 800 cells/well in 6 well plates containing conditioned media were then plated in triplicate. 

Cells were then grown at 37°C and 5% CO2 for 5 days undisturbed. Clones were then fixed with 4% 

paraformaldehyde (Thermo Scientific) at room temperature for 30 minutes and stained with 0.5% 

crystal violet in methanol. Clones were imaged using the ChemiDoc  Touch Imaging System 

(RRID:SCR_021693, Bio-Rad Laboratories) and numbers of clones were quantified using ImageJ2, 

version 2.3.0/1.53f software (RRID:SCR_003070, NIH, Bethesda, MD). The analysis of clone 

numbers was performed blinded.  

Immunofluorescence 

For immunofluorescent staining, cells were fixed with 4% paraformaldehyde (Thermo  

Scientific) for 10 mins, washed 1x with phosphate buffered saline (PBS), permeabilized using 0.2% 

Triton-X in PBS for 15 mins, then blocked for 30 minutes using 5% goat serum, 1% bovine serum 

albumin (BSA), 0.2% Triton-X PBS blocking buffer. Slides were then incubated with primary 

antibodies (Supplemental Table 1) diluted in blocking buffer overnight at 4oC. Slides were washed 3 

times with 0.1% Tween™ 20 (Thermo Fisher Scientific) PBS the next day followed by 1 hour 

incubation at room temperature with fluorophore labeled secondary antibodies (Supplemental Table 

1) diluted in blocking buffer. Slides were then washed 3x with PBS and mounted the coverslips to

slides using ProLong™ Diamond Antifade Mountant with diamidino-2-phenylindole (DAPI) (Thermo  

Fisher Scientific). Slides were imaged using AECOM’s Analytical Imaging Facility’s Leica SP5  

Acousto-Optical Beam Splitter (Leica Microcystems, Wetzlar, Germany) confocal microscope. Adobe 

Photoshop 2021 (RRID:SCR_014199, Adobe, San Jose, CA, USA) was used to globally process 

images for contrast, size, and brightness. Images were quantified using either ImageJ2 software 

(RRID:SCR_003070, NIH) or Volocity® software (RRID:SCR_002668, Quorum Technologies, 

Puslinch, Ontario, Canada).  
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Tissue Microarray Immunohistochemistry 

The EWS tissue microarrays were provided by the Children’s Oncology Group through project 

ABTR14B2-Q. Following deparaffination in xylene and the samples were rehydrated in decreasing 

ethanol dilutions. Endogenous peroxidase activity was blocked by endogenous peroxidase from 

Novolink Polymer Detection System (Leica Microsystems, Eindhoven, The Netherlands) 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 and subsequently incubated in a 

humidified chamber for 1 hour with anti-DDX3 (1:50, mAb AO196, RRID:AB_2936197, Sigma Aldrich) 

78. 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. Images were scored for staining 

intensity using a scale of 0 to +3 by Dr. Paul J. van Diest, University Medical Center Utrecht, The 

Netherlands. The slides were scanned using a Hamamatsu, NanoZoomer XR C12000-21/-22.  

DNA Damage Repair Assays 

The well-established DR-GFP, EJ5-GFP, and SSA-GFP reporter assays 19,20 were used to 

evaluate the impact of DDX3X loss on homologous recombination, non-homologous end joining 

repair, and single-strand annealing repair, respectively, of induced double strand breaks. U2OS cells, 

containing an integrated copy of each reporter, were transfected with either scrambled control or  

DDX3X siRNA and seeded in 24-well plates using FuGENE® HD Transfection Reagent (Promega,  

Madison, WI, USA) as per manufacturer’s instructions. Twenty-four hours later, media was refreshed 

and cells were transfected with the ISceI-pCAGGS vector or empty vector. Media was again 

refreshed after 12 hours and cells were allowed to grow for three more days. Samples were 

harvested and evaluated for percentage of GFP-positive cells using BD FACSCanto flow cytometer 

(BD Biosciences, Bedford, MA, USA). The experiment was conducted with triplicate independent 

transfections and analyzed using GraphPad Prism 9.3.1 (RRID:SCR_002798, San Diego, CA, USA).  

Western Blotting 

Total cellular protein was extracted from cells and tumor tissue using the RIPA Lysis Buffer 

System (Santa Cruz Biotechnology, Dallas, TX, USA) as per manufacturer’s instructions. Protein 

concentration was determined utilizing the RC DC™ Protein Assay (Bio-Rad Laboratories, Hercules, 

California, USA) as per the manufacturer’s instructions. Serial dilutions of bovine serum albumin 

(BSA, Invitrogen-Thermo Fisher Scientific) were used to generate standard curves for protein 

quantification of experimental lysates. Samples were run on NuPAGE™ 4–12% Bis-Tris Protein gels 
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