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Introduction: Burkitt Lymphoma (BL), an aggressive B-cell lymphoma driven
by MYC translocations, requires intensive chemotherapy treatments which
deliver high effectiveness yet increase future risks of developing secondary
malignancies.We have previously shown that DDX3X, an RNAhelicase frequently
mutated in BL, is essential for B cell lymphomagenesis in mice.

Methods and results: To assess if DDX3X could therefore represent a promising
therapeutic target for BL, we tested two DDX3X inhibitors, the well characterized
RK-33 and the more potent newly developed C1, in three BL cell lines (CA46,
Raji, Daudi). We found that the 3 cell lines exhibited differential sensitivities to
the drugs in vitro, with Daudi being the most susceptible and Raji the most
resistant. In vivo, RK-33 treatment in a xenograft BL model reduced tumor
progression in all cell lines, albeit with variable efficacy compared to the clinical
drug Pevonedistat, and again with the Daudi cells being the most responsive
to the treatment. Transcriptomic and proteomic analyses indicated that RK-
33-mediated inhibition of DDX3X, and DDX3X ablation through siRNA affects
oxidative phosphorylation among other pathways and leads to an increase of
intracellular reactive oxygen species (ROS). A CRISPR chemogenomic screen
to identify synthetic lethalities linked to RK-33 implicated enzymes of the
glutathione synthesis pathway and the Keap1-Nrf2-ARE pathway. We therefore
tested the inhibition of the glutathione pathway with buthionine sulfoximine and
showed that it reduced the CC50 of RK-33 in BL cells lines.

Conclusion: Our findings not only support DDX3X as a therapeutic target in BL
but also provide evidence for a combinatorial treatment strategy to improve the
efficacy of current treatments.
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Introduction

Burkitt Lymphoma (BL) is a highly aggressive blood cancer
derived from germinal center B cells (Molyneux et al., 2012;
Bouska et al., 2017; Miard et al., 2017). This malignancy is driven
by the c-MYC oncogene, which is transcriptionally activated
by chromosomal translocations to enhancers and promotes
of the immunoglobulin (Ig) µ heavy- or the λ light chain
loci (Gostissa et al., 2009). Treatment options for BL include
standard chemotherapeutic agents (cyclophosphamide, vincristine,
methotrexate, doxorubicin, and cytarabine), although some targeted
therapies have shown success (e.g., Rituximab) (Bouska et al., 2017;
Short et al., 2017; Egan et al., 2019). When caught early (stage I or
II), long-term survival rates in children are 90% or greater. However,
in later stages (III and IV) and in older children, the survival
rates drop to 80%–90% (Short et al., 2017). Of great concern are
reports of secondary cancers arising later in life in previously treated
pediatric BL patients, most likely due to DNA damage caused by the
chemotherapeutic agents used (Abrahão et al., 2020; Zahnreich and
Schmidberger, 2021). There is, therefore, a great need to identify
new therapeutic approaches that would reduce the toxicity in BL
therapies.

DDX3X is an RNA-helicase that unwinds RNA-RNA and RNA-
DNA strands, remodels RNA-protein complexes and regulates
mRNA translation (Song and Ji, 2019; Mo et al., 2021; Lacroix et al.,
2023), but has recently also be identified as a critical factor in the
trafficking of cell surface receptors such as PD-L1 (Chen et al.,
2024). The DDX3X protein is highly conserved between mice
and humans (98%) and contains a helicase and an ATP-binding
domain (Mo et al., 2021). DDX3X is located on the X chromosome
and escapes X-chromosome inactivation in humans and mice
(Berletch et al., 2011). Consequently, females have two active
DDX3X copies, while males carry only one, although the Y
chromosome harbors a homolog called DDX3Y that encodes a
nearly identical protein (>90% homology) (Ditton et al., 2004). The
DDX3Y protein is absent from human B cells (Ramathal et al., 2015)
but is expressed inmurine spleen (Lacroix et al., 2022a). Importantly,
somatic loss of function (LOF) mutations that inactivate the
helicase domain on one allele of the DDX3X gene are frequent
in BL (>30% of cases) (Richter et al., 2012; Bouska et al., 2017;
Kaymaz et al., 2017; Moffitt and Dave, 2017; Grande et al., 2019;
Lopez et al., 2019) and occur preferentially (>90%) in males. It
has been reported that male BL cells with DDX3X LOF mutations
upregulate DDX3Y (Gong et al., 2021), probably because DDX3
activity is required for RNA-dependent cellular processes. It is thus
likely that DDX3Y compensates the loss of DDX3X and suggests that
DDX3 proteins are required for malignant transformation and are
not tumor suppressors.

Recent studies have demonstrated that male human BL cell
lines and male primary BL with somatic LOF DDX3X mutations
upregulate expression of the DDX3Y protein, probably through
post-transcriptional regulation of mRNA stability (Gong et al.,
2021; Rengarajan et al., 2025). In female BL somatic DDX3X LOF
mutations are very rare and occur in only one allele, leaving the other
allele intact (Richter et al., 2012; Schmitz et al., 2012; Lopez et al.,
2019; Gong et al., 2021). In addition, our own studieswith transgenic
mice that are prone to develop B cell lymphomas owing to a MYC

transgene that is under the control of the immunoglobulin heavy
chain or -lambda light chain enhancer and therefore constitutively
expressed in follicular B cells or pre-germinal center B cells,
respectively, confirmed this finding (Lacroix et al., 2022a). B cell
lymphomagenesis was significantly impeded, or even abrogated
in female MYC transgenic mice when the Ddx3x gene was
deleted (Lacroix et al., 2022a). In male mice Ddx3x deletion
led to the upregulation of Ddx3y and rescued partially B cell
lymphomagenesis (Lacroix et al., 2022a). This suggested that DDX3
activity in general is required for a c-MYC-driven BL and would
therefore provide a novel therapeutic target (Lacroix et al., 2022a;
Lacroix et al., 2022b).

RK-33 (diimidazo [4,5-d:4′,5′-f]-[1,3] diazepine) is a first-in-
class small molecule inhibitor of DDX3 that causes G1 cell cycle
arrest, apoptosis, and radiation sensitization (Bol et al., 2015a;
Xie et al., 2016; Heerma van Voss et al., 2018a; Tantravedi et al.,
2019). RK-33 binds specifically to DDX3X and -Y within their
ATP binding regions at low μM concentrations, but not to the
closely related proteins DDX5 and DDX17 (Xie et al., 2016).
RK-33 is not toxic in mice up to 20 mg/kg and accumulates at
therapeutic doses in various organs supporting its relevance as a
chemotherapeutic drug, although it has not yet entered phase I
clinical trials in human, as research to date has been confined
to preclinical studies (Bol et al., 2015a; Bol et al., 2015b). RK-
33 targets the ATPase binding pocket and inhibits the helicase
activity of DDX3 activity. It was tested in animal models for several
human cancers including chronic myeloid leukemia, lung cancer,
breast cancer, prostate cancer, and medulloblastoma (Bol et al.,
2015a; Xie et al., 2016; Tantravedi et al., 2019; Winnard et al.,
2024; Duan et al., 2025). Other DDX3 inhibitors have recently been
identified using high-throughput RNA helicase assays (Nakao et al.,
2020) for the Eukaryotic Translation Initiation Factor 4A3 (eIF4A3),
which is like DDX3 a DEAD box ATP-dependent RNA-helicase
(Asthana et al., 2022). Several eIF4A3 inhibitors showed a positive
correlation between their ATPase inhibitory activity and helicase
inhibitory activity (Nakao et al., 2020). Since the ATP-binding sites
of eIF4A3 and DDX3X are very similar, further screening allowed
to identify a new DDX3X helicase inhibitor, called C1 (Nakao et al.,
2020). This molecule has a stronger helicase inhibitory activity for
DDX3X than for eIF4A3 (Nakao et al., 2020).

Here, we have tested the effect of the DDX3 inhibitors RK-
33 or C1 on three BL lines: CA46, which carries a wt DDX3X
allele, but has lost its Y chromosome and therefore cannot
upregulate the male DDX3X paralogue DDX3Y; Raji, which has a
DDX3X320-342 LOF deletion, but expresses DDX3Y (Gong et al.,
2021); and Daudi, in which DDX3X carries a single amino
acid variations outside its helicase domain but still relies on
DDX3Y since DDX3X expression is below detection levels. We
describe the sensitivity of all cell lines to RK-33 and C1 and
show their effect in vivo on BL xenografts compared to the
clinical drug Pevonedistat. Transcriptomic and proteomic analyses
as well as chemogenomic screens indicated that RK-33 and
DDX3X knockdown affect oxidative phosphorylation and generate
reactive oxygen species (ROS). We identified the inhibition of
the Glutathione synthesis pathway to be synthetically lethal with
the inhibition of DDX3X by RK-33 in BL cells, suggesting novel
strategies for combinatorial therapies.
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Materials and methods

Cell lines, inhibitors and western blot
antibodies

The Raji, DG-75 and Ramos Burkitt lymphoma (BL) cell lines
were authenticated using ATCC’s STR Profiling Authentication
Services. The CA46, Daudi, GA-10, EB1 and ST486 cell lines were
obtained from ATCC, while the BL41 cell line was obtained from
DMSZ. The Namalwa cell line was a generous gift from Dr. Javier Di
Noia at IRCM (Montreal, QC, Canada). Daudi-Fluc-Puro and Raji-
Fluc-Puro cell lines were obtained from Imanis Life Sciences. Data
concerningmutation in the geneDDX3X carried by the different cell
lines was extracted from the Broad depmap portal (https://depmap.
org/portal).

The RK-33 inhibitor was purchased from Focus Biomolecules
and prepared as a 50 mM stock solution in dimethyl sulfoxide
(DMSO) for both in vitro and in vivo experiments. MLN4924
(pevonedistat) was obtained from AdooQ BioScience and prepared
as a 50 mM stock solution in DMSO for in vivo experiments. The
C1 compound was custom synthesized by ChemSpace (Latvia) and
prepared as a 50 mM stock solution in DMSO.

DL-buthionine-sulfoximine (BSO) and inosine were purchased
from Millipore Sigma and prepared as 100 mM stock solutions
in water. TAK-243 and omaveloxolone were obtained from
Selleck Chemicals, while CPUY192018 was obtained from
MedChemExpress Co., Ltd.; all were prepared as 100 mM stock
solutions in DMSO.

For Western blot, The DDX3Y-specific antibody was purified
from rabbits immunized as published (Gong et al., 2021) by
Biomatik. The DDX3X antibody A300-474A was from Bethyl
laboratory.

Mice

NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, Strain #:005557,
RRID:IMSR_JAX:005557) mice were obtained from Jackson
Laboratory and bred in the IRCM SPF+ (free of pathogens and
opportunistic germs) animal facility. Mice were maintained on a
12-h light/dark cycle with ad libitum access to food and water.

All animal experiments were reviewed and approved by the
Animal Care Committee of IRCM (Protocol #2025–1282) in
accordance with the guidelines of the Canadian Council on
Animal Care.

Cell viability and apoptosis assay

Cell viability for all cell lines was determined using anXTT assay
from Biotium following the manufacturer’s instructions. Briefly, 5
× 103 to 1 × 104 cells were seeded in 96-well plates with 100 μL of
RPMI supplemented with 10% FBS, containing serial dilutions of
the compounds from 100 μM down to 1% DMSO (vehicle control).
Cells were cultured at 37°C for 4 days. 50 μL of XTT labeling
reagent was then added to each well, and plates were incubated
for 1 h at 37°C. Absorbance was measured at 490 nm (signal)
and 650 nm (background) using a SpectraMax 190 Microplate

Reader (Molecular Devices) with SoftMax Pro 5.2 software. Cell
viability was calculated by subtracting 650 nm background values
from 490 nm absorbance values and normalizing to the DMSO-
treated control. Nonlinear regression curves and the 50% cytotoxic
concentration (CC50) were determined using GraphPad Prism
version 10.4.2.

The synthetic lethality and/or rescue potential of combinational
treatments was also assessed using the XTT assay. The CC50
values for additional drugs were determined as described above
and were then used at concentrations below their CC50: DL-
buthionine-sulfoximine (10 μM); inosine (500 μM); TAK-243
(4 nM); omaveloxolone (50 nM); CPUY192018 (5 μM). These
compounds were combined with serial dilutions of RK-33
(ranging from 150 μM to 1% DMSO vehicle control) to evaluate
combinatorial effects.

To assess apoptosis induced by DDX3X inhibitors, Raji, CA46,
and Daudi cells were treated for 24 h with RK-33 at concentrations
ranging from 0 to 50 μM and C1 at 0–5 μM. Cells were then stained
with FITC-labeled annexin V (BioLegend) and propidium iodide
(PI), acquired using a Sony SA3800 Spectral Cell Analyzer, and
analyzed with FlowJo (version 10.9.0).

Xenografts

To establish a luciferase-expressing CA46 cell line, parental
CA46 cells were transfected with the pF CAG luc hygro plasmid
(a gift from Brett Stringer; Addgene plasmid #67502; http://n2t.
net/addgene:67502; RRID: Addgene_67502). This plasmid contains
the firefly luciferase gene under the control of the chicken beta-
actin promoter and hygromycin resistance gene (Stringer et al.,
2019). Selection was carried out using hygromycin B (Millipore
Sigma) in a methylcellulose-based semi-solid medium (ClonaCell-
TCS, Stemcell Technologies). The resulting CA46-Fluc-Hygro cell
line was compared to the commercially available Raji-Fluc-Puro
and Daudi-Fluc-Puro cell lines, exhibiting a bioluminescence level
approximately 1/30 of the latter two (data not shown).

To determine the optimal cell number for the lymphoma
dissemination monitoring, five-week-old NSG mice were injected
intravenously (i.v.) with increasing doses (1 × 105, 2 × 105, 3 × 105,
4 × 105, and 5 × 105 cells in 100 µL PBS) of Fluc-expressing BL cell
lines. Dissemination was evaluated using bioluminescence imaging
with the IVIS Imaging System200 (Xenogen). Based on these results,
the following cell numbers were selected: Raji-Fluc-Puro: 1 × 105;
Daudi-Fluc-Puro: 2.5 × 105; CA46-Fluc-Hygro: 5 × 105.

For each cell line, 20 five-week-old NSG mice were injected
i.v. with the optimized number of cells in 100 µL PBS and mice
were randomized into control (vehicle-treated) and treatment
(RK-33 or Pevonedistat) groups. For bioluminescence imaging,
mice were injected intraperitoneally (i.p.) with 150 mg/kg D-
luciferin (15 mg/mL in PBS; 250 µL (∼3.75 mg) per 25 g mouse)
and anesthetized using 2% isoflurane. Imaging was performed with
the Xenogen IVIS Imaging System 200 using exposure times of
1–30 s. A maximum of five mice were imaged simultaneously,
with continuous isoflurane exposure to maintain anesthesia.
Bioluminescence was recorded every other day, and mice reaching
a predefined dissemination threshold, set at an average radiance
of 1 × 106 photons/s/cm2/sr for both Raji and Daudi xenografts,
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and 3 × 105 photons/s/cm2/sr for the CA46 xenograft, were
assigned to treatment. Mice in the RK-33 treatment group received
50 mg/kg RK-33 (5 mg/mL in 20% DMSO/corn oil, 250 µL per
25 g mouse, corresponding to 1.25 mg), administered i.p. every
other day for 2 weeks. For the Pevonedistat treatment group,
mice received subcutaneous injections of 90 mg/kg Pevonedistat
(14.7 mg/mL in 5% DMSO/30% PEG 300/5% Tween 80, 150 µL per
25 g mouse, corresponding to 2.2 mg) every other day for 2 weeks.
Control mice received vehicle injections consisting either of 10 µL
of 20% DMSO in corn oil per gram of body weight or 150 µL
of 5% DMSO/30% PEG 300/5% Tween 80, depending on the
treatment group at the same frequency. Lymphoma progression was
monitored every other day for 3 weeks after treatment initiation or
until mice reached endpoint criteria. Results were reported as the
radiance fold change over the first day of treatment. BL progression
curves were compared by a CGGC permutation test using 10,000
permutations (Elso et al., 2004).

Due to differences in bioluminescence intensity among cell lines,
sample imaging was standardized for visual comparison. Imaging
of mice injected with Raji-Fluc-Puro or Daudi-Fluc-Puro cells was
conducted with an exposure time of one second, while imaging
of mice injected with CA46-Fluc-Hygro cells required an exposure
time of 30 seconds due to the lower signal intensity.

siRNA-mediated knockdown of DDX3X and
DDX3Y

To target the human DDX3X and DDX3Y genes, Small
interfering RNAs (siRNAs) were obtained from Origene. The
siRNAs used were the Trilencer-27 siRNA oligo duplex kits
SR319906BL for DDX3X, SR305689BL for DDX3Y, and the
universal scrambled negative control siRNA duplex (SR30004).
For the RNA-seq experiments, 2.5 × 105 Raji and CA46 cells
were electroporated with 10 pmol of either the scrambled control,
DDX3X, DDX3Y, or a combination of DDX3X and DDX3Y siRNAs
using the Neon Transfection System (Thermo Fisher Scientific) and
the 10 μL Neon Transfection kit with Buffer T. The parameters
were as follow: for Raji cells, a pulse voltage (PV) of 1,100 V,
pulse width (PW) of 30 ms, and pulse number (PN) of 2; for
CA46 cells, a PV of 1,150 V, PW of 20 ms, and PN of 2. For the
mass spectrometry experiments, 2.5 × 106 cells were electroporated
with 100 pmol of siRNA using the 100 μL Neon kit with the same
electroporation parameters. After the electroporation, cells were
seeded into 24-well culture plates and incubated for 24 h in RPMI
medium supplemented with 10% fetal bovine serum (FBS), then
harvested for RNA or protein extraction. All these conditions were
done in duplicate.

Primary human B cell isolation and culture

This research involves human participants who gave informed
consent to participate in the study under the approbation of the
research ethics committees of Héma-Québec (Project # 2021–016)
and received approval from the Research ethics committee (CÉR)
of the IRCM (protocol # 2022–1138). Three healthy male donors
provided primary human B cells which were derived from

leukapheresis products. Héma-Québec supplied patient samples
that were stored in Leukoreduction System (LRS) Chambers
(Excellos). The leukocyte/red blood cell mixture collected from
the chambers was separated by density gradient centrifugation
using Lympholyte® -H (Cedarlane) to isolate peripheral blood
mononuclear cells (PBMCs). Untouched B cells were then purified
from the PBMC fraction using the MojoSort™ Human Pan B Cell
Isolation Kit (BioLegend). Isolated B cells were resuspended in
RPMI medium supplemented with 20% charcoal-stripped FBS,
10 mM HEPES and 55 nM β-Mercapthoethanol and a total of 1
× 106 purified B cells were seeded into 12-well plates pre-coated
with an irradiated feeder cell layer (YK6-CD40L-IL21), which were
provided as a generous gift by Dr. Daniel Hodson (Wellcome-
MRC Cambridge Stem Cell Institute, Cambridge, UK), and express
CD40 ligand and secrete interleukin-21 to support B cell activation
and proliferation (Caeser et al., 2019). Cells were cultured under
these conditions for a 48 h activation period, and then treated with
either 5 µM RK-33 or 0.4% DMSO (vehicle control) for 24 h. After
treatment, B cells were carefully collected to prevent feeder cell
contamination. Total RNA was then extracted for RNA sequencing.

Transcriptome profiling

To assess the impact of DDX3X inhibition on the global
transcriptome, total RNA was extracted from 2.5 × 105 Raji and
CA46 cells after 24-h treatments with either RK-33 (50 μM for Raji
and 10 μM for CA46) or siRNAs targeting DDX3X, DDX3Y, or both
DDX3X/DDX3Y and their respective controls (DMSO or Scramble
siRNA). Similarly, total RNA was extracted from primary human B
cells treated with RK-33 or DMSO for 24 h. In all cases, RNA was
extracted using the RNeasy Mini Kit (Qiagen). RNA integrity and
quality were verified using the RNA 6000 Pico Kit on an Agilent
Bioanalyzer system.

RNA-seq libraries were prepared using the Illumina TruSeq
Stranded mRNA Library Prep Kit, following the manufacturer’s
protocol. Sequencing was conducted on an Illumina HiSeq 2000
system using the TruSeq PE Cluster Kit v3-cBot-HS. Quality control
of the raw sequencing reads was performed with FASTQC v0.12.1.
Reads were aligned to the human reference genome GRCh38 using
STAR v2.7.11b, with an average of 87% of reads uniquely mapped.
Raw read counts were obtained using FeatureCounts v2.0.6, based
on the GRCh38 (release 110) genome annotation. Differential gene
expression analysis was performed using the DESeq2 package in
R. KEGG pathway enrichment analysis was performed using the
GSEA (Gene Set Enrichment Analysis) tool with 1,000 gene set
permutations (Joshi et al., 2013) or using ShinyGO v0.82, based on
significantly deregulated genes (adjusted P < 0.05) (Ge et al., 2020).
Expression heatmaps were created using the Heatmapper online
tool, applying hierarchical clustering to both rows and columns
using theAverage Linkagemethod andKendall’s Tau distancemetric
(Babicki et al., 2016). Principal component analysis (PCA) was done
using the Statistics Kingdom platform (https://www.statskingdom.
com). Additional functional enrichment analysis, including gene
ontology and pathway analysis, was performed using the gprofiler2
package in R. All RNA-seq data are available through GEO under
accession number GSE294862. A summary of RNA-seq data are
available in Supplementary Tables S1–S3.
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Proteome profiling

To evaluate the impact of DDX3X inhibition on the
chemogenomic interactions from nonglobal proteome, total protein
was extracted from 2.5 × 106 Raji and CA46 cells following 24-
h treatments with RK-33, DMSO, or siRNAs targeting DDX3X,
DDX3Y, or both. Cells were lysed in RIPA buffer supplemented
with EDTA-free protease inhibitors (Roche) and disrupted by
brief sonication (3 s) using a Branson 250 Digital Sonifier.
Lysates were centrifuged, and supernatants were collected for
downstream analysis.

Protein concentration was determined using the BCA Protein
Assay Kit (Thermo Scientific). For each condition, approximately
100 µg of total protein was digested, isobarically labeled with TMT
6-plex reagents (Thermo Fisher Scientific) and fractionated into
five parts. Mass spectrometry analysis was done on an Orbitrap
Fusion mass spectrometer (Thermo Scientific). To control for
labeling bias, samples were organized into four independent TMT
6-plex sets. Two sets (TMT-1 and TMT-2) each contained one
replicate of CA46 cells (for a total of two biological replicates
for each condition) treated with DMSO, RK-33, scramble siRNA,
DDX3X siRNA, DDX3Y siRNA, and combined DDX3X/DDX3Y
siRNAs. The remaining two sets (TMT-3 and TMT-4) included one
replicate each of Raji cells similarly treated. Peptide identification
and quantification were performed using Proteome Discoverer v2.1
(Thermo Scientific) against the UniProt human protein database
(downloadedOctober 2024).Within each TMT experiment, relative
protein abundances were normalized to total protein abundance
per sample and corrected for TMT batch effects by first averaging
the expression values for each gene across all samples within each
TMT set. For each gene, a normalization ratio was then calculated
between paired TMT sets (e.g., TMT-1/TMT-2 and TMT-3/TMT-
4). This gene-specific ratio was used to scale the corresponding
values in one TMT set (e.g., TMT-2), thereby minimizing inter-
set variation and effectively correcting for batch effects. Proteins
exhibiting a fold change ≥1.4 relative to their corresponding controls
(DMSO for RK-33 treatment, scramble siRNA for siRNA-treated
samples) were considered differentially expressed and selected for
pathway enrichment analysis. Enrichment analysis of biological
pathways was performed using GSEA and ShinyGO v0.82, following
the same procedures applied to the transcriptomic dataset. Both
upregulated and downregulated proteins were analyzed based
on the 1.4-fold change threshold to identify significantly altered
functional categories and pathways. Heatmaps and PCA were
performed as described for the transcriptome profiling, using
the same tools and parameters. Proteomic data are available in
Supplementary Table S4.

CRISPR/Cas9 screen for modulators of
RK-33 sensitivity

To identify genetic alterations that either sensitize or
confer resistance to DDX3X inhibition, a genome-wide pooled
CRISPR/Cas9 knockout screen in the human pre-B acute
lymphoblastic leukemia cell line NALM-6 was performed by the
ChemoGenix platform at the Université de Montréal (Montreal,
QC, Canada), as described previously (Bertomeu et al., 2018).

Briefly, a NALM-6 clone stably expressing a doxycycline-inducible
Cas9 made from pCW-Cas9 (Addgene #50661) was transduced
with the EKO library, a genome-wide sgRNA targeting protein-
coding genes (278,754 different sgRNAs). sgRNA-mediated gene
disruption was then initiated by adding doxycycline (2 μg/mL) for
a period of 7 days to allow for robust gene knockout across the
population. Post-induction, the pooled library was then split into
different T-75 flasks (28 × 106 cells per flask; a representation of
100 cells/sgRNA) in 70 mL at 4 × 105 cells/mL. One set was treated
with 7 µM RK-33 and the other with DMSO as vehicle control. Cells
were cultured under these conditions for 8 days, with monitoring of
growth every 2 days, diluting back to 4 × 105 cells/mL and adding
more compound tomaintain the same final concentration whenever
cells reached 8 × 105 cells/mL. Viable cells were harvested at the end
of the treatment window.

Genomic DNA was isolated from cell pellets using the Gentra
Puregene Cell Kit (Qiagen), following themanufacturer’s guidelines.
The sgRNA cassette integrated into each genomewas PCR-amplified
as described (Bertomeu et al., 2018) and prepared for next-
generation sequencing (NGS). Sequencing was performed using the
Illumina NextSeq 2000 platform to determine sgRNA abundance
in each treatment condition. Reads were aligned using Bowtie
2.4.4 in forward-strand only mode (using the norc parameter)
with otherwise default parameters and total read counts per gRNA
were tabulated. Context-dependent chemogenomic interaction
scores were calculated using a modified version of the RANKS
algorithm (Bertomeu et al., 2018) that uses guides targeting
similarly essential genes as controls to distinguish condition-specific
chemogenomic interactions from non-specific fitness/essentiality
phenotypes. The chemogenomic screen data are available in
Supplementary Table S5.

Total reactive oxygen species measurement

Intracellular total reactive oxygen species (tROS) levels were
measured using the Total ROS Assay Kit 520 nm from Thermo
Fisher Scientific. Raji cells were treated with 12.5 μM RK-33 or
DMSO, and CA46 cells were treated with 10 μM RK-33 or DMSO
for 24 h prior to analysis. Cells were analyzed on a BD LSRFortessa™
Cell Analyzer (BD Biosciences) using the 488 nm excitation laser
and FITC emission filter (530/30 nm).The extent of ROSproduction
was quantified by comparing the mean fluorescence intensity (MFI)
between RK-33-treated and vehicle-treated control cells.

Results

DDX3X inhibitors induce apoptosis in
human Burkitt lymphoma cells

The sensitivity of Burkitt lymphoma (BL) cell lines to DDX3X
inhibition was evaluated by treating BL cell lines with two different
DDX3X inhibitors: RK-33 (Bol et al., 2015a; Xie et al., 2016;
Yang et al., 2020) and the recently developed, more potent inhibitor
C1 (Abate et al., 2015; Nakao et al., 2020). Nine BL cell lines
were analyzed, six derived from male patients and three from
female patients. Of the six male lines, two carried a wild-type (wt)
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FIGURE 1
DDX3X inhibitors induce dose-dependent apoptosis in BL cell lines CA46, Raji and Daudi. (A,B) The dose-dependent effect of RK-33 (A) and C1 (B) on
cell viability was assessed by XTT assay following 4 days of treatment with increasing concentrations of drugs. The calculated CC50 values for each cell
line are indicated in the graphs. (C,D) Apoptosis was measured by flow cytometry of Annexin V staining and PI exclusion after 24 h of treatment with
increasing concentrations of RK-33 (C) or C1 (D). Results are expressed as the percentage of Annexin V+ cells. Bars represent mean ± SD from three
independent experiments.

DDX3X allele (CA46, BL41), while four harbored a mutant DDX3X
allele (Raji, DG75, Daudi, GA10) (Supplementary Figure S1A).
Most of these cell lines have upregulated DDX3Y possibly
as a compensatory mechanism to counteract the loss of
DDX3X function (Supplementary Figure S1B). Additionally, of
the three female cell lines, one carried a wild-type DDX3X
allele (Namalwa) and two carried a single mutant allele
(EB1, ST486) (Supplementary Figure S1).

All BL cell lines exhibited varying degrees of sensitivity
to DDX3X inhibition, including those that lack functional
DDX3X and rely on DDX3Y for survival (Figures 1A,B;
Supplementary Figure S2). Among them, Daudi, in which
DDX3X was undetectable but DDX3Y was present at high levels
(Supplementary Figure S1B), was highly sensitive to inhibition
(Figure 1A). In contrast, Raji, which expresses a mutated DDX3X
protein lacking helicase activity and relies on DDX3Y expression
for survival (Wang et al., 2015) (Supplementary Figure S1B), was
the most resistant (Supplementary Figure S1A). The CA46 cell line,
which expresses wild-type DDX3X but no DDX3Y due to loss of the
Y chromosome, displayed intermediate sensitivity to the inhibitors
(Figure 1A; Supplementary Figure S1B).

Notably, the effects of DDX3X inhibition in Daudi, Raji, and
CA46 BL cell lines were rapid, with detectable apoptosis occurring
within 24 h at concentrations near the CC50 (Figures 1C,D). In

these experiments, C1 demonstrated an order of magnitude higher
cytotoxicity than RK-33, highlighting that more potent DDX3X
inhibitors can effectively kill BL cell lines in vitro.

RK-33 impedes progression of human
Burkitt lymphoma in xenografts

DDX3X inhibition effectiveness in vivo was evaluated through
a dissemination model which emulates human Burkitt lymphoma
(BL) (Figure 2A) (Matis et al., 2009). Immunodeficient NSG mice
received intravenous injections with luciferase-expressing CA46
(Fluc-CA46-Hygro), Daudi (Fluc-Daudi-Puro), or Raji (Fluc-Raji-
Puro) BL cells and were then monitored for tumor progression
using an IVIS 200 Xenogen device to detect bioluminescence. Mice
received RK-33 treatment after their tumor burden reached defined
threshold values of 6 × 106 photons/s/cm2/sr for Fluc-Raji-Puro and
Fluc-Daudi-Puro cells and 3 × 105 photons/s/cm2/sr for Fluc-CA46-
Hygro cells before being monitored for 2 weeks (Figures 2A–D). We
chose RK-33 instead of C1 because RK-33 had previously been used
in cancer xenograft models (Wilky et al., 2016; Tantravedi et al.,
2019) and C1 displayed poor bioavailability (data not shown). For
comparison, an independent cohort ofmice received Pevonedistat as
a reference drug because it represents a potent new B-cell lymphoma

Frontiers in Cell and Developmental Biology 06 frontiersin.org

https://doi.org/10.3389/fcell.2025.1642006
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Beauchemin et al. 10.3389/fcell.2025.1642006

treatment undergoing clinical trials that targets Neddylation, a
protein modification similar to ubiquitination (Czuczman et al.,
2016; Paiva et al., 2017; Torka et al., 2020) (Figures 2B–D).

Mice injected with the mildly aggressive wild-type DDX3X-
expressing Fluc-CA46-Hygro cells demonstrated substantial
responsiveness to Pevonedistat treatment and a moderate sensitivity
to RK-33 compared to the vehicle-treated group (Figure 2B) even
at near-maximal tolerated dose. Mice injected with the highly
aggressive Fluc-Raji-Puro cells, which express mutated DDX3X
and functional DDX3Y showed only a modest response to both
Pevonedistat and RK-33 treatments. As seen with the CA46 model,
Pevonedistat demonstrated superior effectiveness in impeding
tumor progression than RK-33 (Figure 2C). However, the overall
reduction in tumor burden for both treatments was marginal,
resulting in only 2–3 days of extended survival time. This suggested
that the mutant DDX3X in Raji cells may still contribute to
tumorigenicity while remaining unaffected by RK-33 since its
catalytic activity is already inactive, or that DDX3Y retains some
residual activity in the presence of the inhibitor.

Interestingly, the RK-33 treatment of mice injected with
Fluc-Daudi-Puro cells, which exhibit an intermediate level of
aggressiveness compared to the CA46 and Raji cell lines, resulted
in tumor suppression similar to Pevonedistat (Figure 2D). Since
the survival of Daudi cells depends on DDX3Y overexpression
because DDX3X expression is undetectable, these results suggest
RK-33 is also effective in blocking DDX3Y to slow down tumor
progression and that inhibition of both DDX3 paralogues can
contribute to tumor suppression. The results also show that RK-
33 slowed down tumor progression across all three BL models,
but that Pevonedistat proved more effective which suggests the cell
lines developed alternative survival mechanisms against DDX3X
inhibition in vivo.

RK-33 induces cellular stress responses
with variable effects across cell lines

To identify changes in cellular pathways caused by DDX3X
inhibition, we treated Raji cells and CA46 cells with the DDX3X
inhibitor RK-33. The Raji cell line, which carries a catalytically
inactive DDX3X and relies on wild-type DDX3Y was chosen
because it represents a typical case of Burkitt lymphoma, in which
a mutant DDX3X is present alongside DDX3Y, both potentially
contributing to the malignancy. The CA46 cell line was selected
because it expresses only wild-type DDX3X and lacks DDX3Y,
therefore providing a simplified model and a control. These cell
lines represent a range of situations found in human BL. Cells were
treated for 24 h and then total RNA and protein were extracted
for next-generation RNA sequencing (RNA-seq, Figures 3A,B) and
Tandem Mass Tag mass spectrometry (TMT-MS, Figures 3C,D)
respectively. Because the TMT-MS data produced a strong batch
effect between the different TMT sets, as highlighted by the
strong clustering between TMTs (Supplementary Figure S3A), data
were normalized to account for this effect, allowing to assess the
treatment-specific effects by minimizing the influence of TMT-
specific variation (Figure 3C).

The results revealed cell line-specific responses to RK-33
treatment at both the transcriptional and proteomic levels. The

CA46 cells showed a very limited number of differentially
expressed transcripts after RK-33 treatment, indicating that the
transcriptional changes were relatively small (Figure 3E). Similar
to the transcriptomic data, proteomic profiling revealed very little
disruption with only a small number of proteins having altered
abundance (Figure 3E). In contrast, Raji cells, which were more
resistant to RK-33 at the viability level, had a much broader
response RK-33 treatment affected thousands of genes as shown
by RNA-seq, and mass spectrometry also revealed widespread
proteomic changes (Figure 3F).

To obtain further understanding of the biological pathways
affected by RK-33, we used Gene Set Enrichment Analysis (GSEA)
and ShinyGO for pathway enrichment analysis. These analyses
identified different patterns of pathway regulation between the
2 cell lines. CA46 cells showed minimal pathway enrichment
with only a few categories showing some marginal dysregulation
(Figures 3B,D,E). On the other hand, Raji cells had robust
enrichment in awide range of biological pathways at both themRNA
and protein levels (Figures 3B,D,F).

Although there was little overlap of the differentially
expressed genes or proteins between the 2 cell lines and between
transcriptomic and proteomic datasets within the same cell line,
several biological functions were repeatedly identified between
the different conditions. Of those, protein metabolism (protein
export, ribosome function, unfolded protein response), oxidative
stress (oxidative phosphorylation, mTORC1 signaling, ROS related
pathways), RNA processing and degradation, and cell cycle
regulation (G2/M checkpoint, mitotic spindle) were some of the
pathways commonly affected (Figures 3E,F).This indicated that RK-
33-inducedDDX3X inhibition disrupts general cellular homeostasis
rather than disrupting specific molecular pathways.

These results confirmed that RK-33 likely acts, at least in
part, through the induction of cellular stress responses that may
eventually result in apoptosis. Furthermore, the data suggested
that transcriptional dysregulation precedes proteomic alterations,
suggesting that transcriptional reprogramming is among the
earliest detectable cellular responses to DDX3X inhibition. This is
consistent with the observation that despite the high transcriptional
effects observed in Raji cells, the proteomic variability was
important, even between biological replicates, which might suggest
a stochastic and dynamic nature of the downstream responses to
cellular stress (Figure 3C).

Taken together these results indicated that RK-33 has biological
effects that are highly context dependent. The observed differential
sensitivity and variability in pathway responses among BL cell lines
suggested a complex, multifaceted role of DDX3X in maintaining
cellular function and the importance of cellular context in
determining therapeutic efficacy.

siRNA knockdown of DDX3X/DDX3Y
increases cellular stress, particularly
through reactive oxygen species (ROS)

To determine whether any of the effects described above could
be attributed to non-specific effects of RK-33, we conducted siRNA
to knockdown DDX3X, DDX3Y, or both genes at the same time.
This strategy not only allowed us to compare the results of specific
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FIGURE 2
RK-33 decreases tumor growth rate in a disseminated Burkitt lymphoma xenograft model. (A) Dissemination model. To assess effect of DDX3X
inhibition in a dissemination model that mimicks Burkitt lymphoma, NSG mice were i.v. injected with 5 × 105 Fluc-CA46-Hygro, 2.5 × 105

Fluc-Daudi-Puro or 1 × 105 Fluc-Raji-Puro cells. Tumor progression was monitored every other day using an IVIS 200 Xenogen device to detect
bioluminescence. Once the average radiance reached the indicated thresholds, mice received six doses of RK-33 over a 2-week period (arrows) while
bioluminescent monitoring continued throughout. (B–D) Tumor dissemination progression over time following the initiation of the RK-33 treatment
(Day 0 = first injection) in xenografts derived from CA46-Fluc-Hygro (B), Raji-Fluc-Puro (C) and Daudi-Fluc-Puro (D) cells. Representative RAW
bioluminescence images are shown with exposure times of 30 s for Fluc-CA46-Hygro and 1 s exposition for Raji-Fluc-Puro and Daudi-Fluc-Puro
xenografts. are shown. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗∗P < 0.0001.
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FIGURE 3
Effect of DDX3X inhibition by RK-33 on transcriptome and proteome of CA46 and Raji cell lines. (A) Hierarchical clustering heatmaps of RNA-seq data
showing differential gene expression in CA46 (279 genes) and Raji (1000 top genes) cells treated with RK-33 and DMSO control (n = 2 per group). (B)
Hallmark pathways identified through ShinyGO analysis (False discovery rate, FDR <0.05) on RNA-seq data: CA46 (17 genes) and Top 10 of 42 enriched
pathways in Raji (13,958 genes). (C) Hierarchical clustering heatmaps of proteomic data that were normalized to account for the batch effect of the
tandem mass tag (TMT) sets from CA46 (1137 peptides, average abundance >50) and Raji (1010 peptides, average abundance >50) following RK-33 or
DMSO treatment. Samples were grouped into TMT sets as follows: CA46 is TMT-1 (DMSO-1 and RK33-1) and TMT-2 (DMSO-2 and RK33-2); Raji is
TMT-3 (DMSO-3 and RK33-3) and TMT-4 (DMSO-4 and RK33-4)]. The clustering dendrograms of normalized data shows that samples cluster based
on their treatment. (D) Hallmark pathways identified through ShinyGO analysis (FDR <0.05) based on peptides with fold change >1.4 in RK-33-treated
cells relative to DMSO-treated controls: CA46 (8 peptides) and Raji (166 peptides). (E–F) Correlation plots of RNA expression and protein abundance in
CA46 (E) and Raji (F) cells. KEGG gene set enrichment analysis (GSEA, left panel in each boxed section) and ShinyGO pathways (right panel) for
RNA-seq (top box) and proteomic (MS) (botom box) datasets.
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gene silencing to those observed with pharmacological inhibition,
but also to explore the contribution of wild-type DDX3X (in
CA46) and the catalytically inactive DDX3X variant (in Raji). This
was important because, some studies had shown that DDX3X
may exhibit some cellular functions that do not depend on its
RNA-helicase activity (Soulat et al., 2008; Geissler et al., 2012;
He et al., 2024; Owens et al., 2024). Therefore, we conducted
knockdown experiments to help distinguish between phenotypes
that arise primarily from helicase inhibition and those caused by the
loss of the protein.

Since CA46 cells lack a Y chromosome, we only knocked
down DDX3X in this line. However, Raji cells carry both a
catalytically inactive DDX3X and the wild-type DDX3Y, thus
enabling us to determine the functional significance of each variant
by depleting them separately or in combination. The cells were
transfected with siRNAs for 24 h before RNA-seq and TMT-based
mass spectrometry analyses (Figure 4; Supplementary Figure S4).
Importantly, both RNA-seq and mass spectrometry confirmed the
successful knockdown of target genes on the RNA and protein
levels but showed that siDDX3X was more efficient than siDDX3Y
(Supplementary Figure S4). RNA-seq data showed that siRNA-
mediated knockdown resulted in gene expression changes that were
generally less pronounced than those seen with RK-33 treatment
(Figures 4A,C). In both CA46 (Figure 4B) and Raji (Figure 4C)
cells, only a small number of hallmark pathways were altered,
and the changes in proteomics were even smaller (Figures 4F,G).
Nonetheless, in Raji cells, PCA analysis of the transcription
profiles showed that cells treated with siDDX3X alone or with
both siDDX3X/DDX3Y were more similar to each other than to
the scramble control or siDDX3Y alone (Figure 4D). Suggesting
that the catalytically inactive DDX3X in Raji makes a substantial
contribution to the transcriptome, pointing to a non-helicase-
dependent functional role in these cells.

Although transcriptional changes were not massive, there
was little overlap in differentially expressed genes between the
different knockdowns in Raji cells (Figure 4E). However, using
ShinyGO for gene set enrichment analysis, we observed a consistent
enrichment in stress-related pathways, especially those related to
the generation of reactive oxygen species and oxidative stress
such as the MTORC1 Signaling hallmark (Figure 4E) which
was also enriched in RK-33-treated cells along the oxydative
phosphorylation hallmark.Moreover, ShinyGO analysis of the genes
overlapping between the three knockdowns and RK-33-treated
cells identified the same oxydative stress-related hallmarks with
the reactive oxygen species pathway being the most enriched
(Supplementary Figure S5). Broader pathway enrichment analyses
across datasets also identified stress as a common theme, especially
with respect to oxidative phosphorylation, protein metabolism, and
cell cycle regulation (Supplementary Figure S4). These observations
suggest that the knockdown of DDX3X or DDX3Y by siRNA
causes a disruption of cellular homeostasis and activates a general
stress response.

As observed in the proteomic data of RK-33-treated cells, the
TMT-MS data produced a strong batch effect between the different
TMT sets of siRNA-treated cells (Supplementary Figure S3B,C), and
data were thus normalized to account for this effect (Figures 4F,G).
At the proteomic level, siRNA knockdown had an even milder
effect. Only a handful of proteins were differentially expressed across

multiple knockdowns (Figures 4F–I). Importantly, PCA confirmed
the heatmap clustering indicating that the main source of variance
between proteomic datasets was not due to biological effects of
knockdowns but rather due to technical aspects such as separating
biological replicates into different TMT batches (Figure 4H). In both
heatmap clustering of normalized data and PCA after removing
the TMT batch effect by analyzing the components PC2 and PC3,
the DDX3Y knockdown alone appeared to cluster closer to the
dual knockdown than to the DDX3X knockdown alone, which
shows a larger variation between two replicates than the other
sets (Figures 4G,H). ShinyGO analysis of dysregulated peptides that
are shared by different knockdowns did not identify any specific
pathway enrichment, suggesting that the few observed alterations
in protein levels may be random rather than specific biological
responses (Figure 4I).

Despite proteomic changes that were very small and
limited replicate clustering, the most marked effects observed
when using broader gene set enrichment analyses were seen
in Raji cells following the knockdown of the catalytically
inactive DDX3X (Supplementary Figure S4B). This implies that
despite the fact that the mutant DDX3X is inactive enzymatically,
it still has a regulatory role in this particular case, possibly even
more so than the wild-type DDX3Y. However, it is also possible that
the greater impact of DDX3X knockdown may be due to the more
efficient silencing of DDX3X than of DDX3Y.

In summary, depleting DDX3X and DDX3Y using siRNA
recapitulated partially the transcriptional changes caused by
inhibition of DDX3 by RK-33 with the induction of stress-related
gene expression signatures. These data further support a model in
which a catalytically inactive mutant forms of DDX3X may have
non-canonical roles in Burkitt lymphoma.

RK-33-mediated inhibition of DDX3X
increases ROS and sensitizes cells to
oxidative stress

To identify modulators of sensitivity or resistance to DDX3X
inhibition by RK-33, a genome-wide CRISPR/Cas9 chemogenomic
screen was conducted in NALM-6 cells, a human pre-B acute
lymphoblastic leukemia cell line for which the screening protocol
had been previously established (Bertomeu et al., 2018). This
screen revealed a range of genes whose knockout either rescued
cells from the effects of RK-33 or rendered them more sensitive
to it (Figure 5A). Notably, DDX3X itself emerged as a “rescuer”
hit, suggesting that complete loss of the gene can mitigate the
cytotoxic impact of its pharmacological inhibition. This finding
further supported our hypothesis that catalytically inactive DDX3X
may retain abnormal functions within the cell, the loss of which
reduces the detrimental effects induced by RK-33. Among the
most significant rescue hits were several genes involved in the
glutathione metabolic pathway, including GCLM, GSTO1, GCLC,
GSS, and GSR (Figures 5A,B) and an ontology analysis of the top
hits from the rescue group confirmed the enrichment of glutathione-
related pathways (Figure 5B), which are central to the regulation of
intracellular reactive oxygen species (ROS).

To further explore whether glutathione metabolism is altered
upon RK-33 treatment, we re-examined RNA sequencing data from
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FIGURE 4
Effect of DDX3X and DDX3Y siRNA-mediated knockdown on transcriptome and proteome of CA46 and Raji cell lines. (A) Hierarchical clustering
heatmap showing gene expression profiles (top 359 genes) from RNA-seq analysis of CA46 cells treated with siRNA targeting DDX3X (siDDX3X) or
scrambled control (SCRBL) (n = 2 per group). (B) Hallmark pathways enriched in CA46 cells (524 differentially expressed genes, adjusted P < 0.05)
following DDX3X knockdown, as identified by ShinyGO analysis (FDR <0.05). (C) Hierarchical clustering heatmap of RNA-seq data from Raji cells (top
782 genes) treated with siRNA targeting DDX3X (siDDX3X), DDX3Y (siDDX3Y), both (siDDX3XY), or scrambled control (SCRBL) (n = 2 per group). (D)
Principal component analysis (PCA) of the full transcriptome in Raji cell treated with siRNAs as in (C). PCA Component 1 (PC1) and 2 (PC2) show that all
knockdown conditions cluster distinctly from scrambled controls along PC1, with siDDX3X clustering more closely with siDDX3XY than with siDDX3Y
alone. (E) Hallmark pathways enriched in Raji cells following siRNA treatment, identified using ShinyGO (FDR <0.05). The number of differentially
expressed genes per condition is indicated in the Venn diagram. (F,G) Hierarchical clustering heatmaps showing the distribution profiles of proteomic
data that were normalized to account for the batch effect of the tandem mass tag (TMT) sets in CA46 (F) (961 peptides, average abundance >50) and

(Continued)
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FIGURE 4 (Continued)

Raji (G) (887 peptides, average abundance >50) cells treated with siRNAs as in (A,C). TMT groups were assigned as follows: CA46 is TMT-1 (SCRBL-1
and siDDX3X-1) and TMT-2 (SCRBL-2 and siDDX3X-2); Raji is TMT-3 (SCRBL-3, siDDX3X-3, siDDX3Y-3 and siDDX3XY-3) and TMT-4 (SCRBL-4,
siDDX3X-4, siDDX3Y-4 and siDDX3XY-4). The clustering dendrograms of normalized data shows that samples cluster based on their respective
treatment. (H) PCA of the full proteome in Raji cell. PCA component 1 (PC1) and 2 (PC2) revealed a strict clustering effect along PC1 due to TMT
grouping. Component 2 (PC2) and 3 (PC3) reveals limited clustering between knockdowns and between replicates. (I) Venn diagram showing the
number of peptides changed in the different conditions. No hallmark pathways could be identified from the overlapping sets.

RK-33-treated Raji and CA46 BL cell lines. Gene set enrichment
analysis using the KEGG glutathione metabolism pathway, revealed
that this gene set was negatively correlated with the RK-33
treatment compared to DMSO controls (Figure 5C). This effect
was particularly pronounced in Raji cells, which showed a greater
sensitivity to RK-33 than the CA46 cells. These observations
suggested that RK-33 may increase oxidative stress in BL cells
through disruption of glutathione metabolism.

To investigate whether RK-33 directly induces ROS
accumulation, we treated Raji and CA46 cells with RK-33
for 24 h at concentrations near their respective CC50 values
and quantified intracellular ROS levels using flow cytometry.
Both cell lines displayed a significant increase in total ROS
following treatment, confirming that RK-33 induces oxidative
stress in BL cells (Figure 5D). This increase in ROS is consistent
with the involvement of redox imbalances in the cytotoxic
mechanism of RK-33.

Given these findings, we next asked whether small molecule
inhibitors targeting top screen hits could modulate the cellular
response to RK-33. From the sensitizer group, we selected KEAP1
and UBA6, two genes for which pharmacological inhibitors are
available. KEAP1, a central component of the Keap1-Nrf2-ARE
pathway that regulates oxidative stress responses (Tu et al., 2019),
was inhibited using CPUY192018 (5 µM)(Lu et al., 2019) and
Omaveloxolone (50 nM)(Reisman et al., 2019). Despite its strong
representation among synthetic lethal hits, co-treatment with either
inhibitor and RK-33 did not result in a measurable synergy
(Figure 5F; Supplementary Figure S6B,C). Similarly, inhibition of
UBA6, an E1 ubiquitin-activating enzyme, using inosine (500 µM)
(Zhang et al., 2022) and TAK-243 (4 nM) (Barghout et al., 2019),
failed to produce any notable enhancement of RK-33 cytotoxicity in
either cell line (Figure 5F; Supplementary Figure S6A,D).

We then focused on genes from the rescue group, particularly
those involved in glutathionemetabolism. Since several glutathione-
related enzymes were identified as the most frequent rescuer hits
in the screen, we tested whether inhibition of glutathione synthesis
would affect RK-33 sensitivity. Cells were treated with Buthionine
Sulfoximine (BSO, 7.5 µM), an inhibitor of glutamate-cysteine ligase
(GCL), the first enzyme in glutathione biosynthesis (Griffith and
Meister, 1979). Interestingly, whereas the chemogenomic screen
in NALM-6 cells suggested that loss of glutathione pathway
components would rescue RK-33 toxicity, treatment of Raji and
CA46 cells with BSO resulted in a marked synthetic lethality when
combined with RK-33 (Figures 5E,F). This discrepancy may be
due to lineage-specific differences in redox buffering capacity and
suggests that BL cells are dependent on the glutathione synthesis
pathway to counterbalance RK-33-induced oxidative stress, whereas
the NALM-6 cells might be relying more on the Keap1-Nrf2-ARE
pathway to achieve the same results.

RK-33 treatment induces cellular stress
signatures in human primary B cells

To assess if DDX3X inhibition would affect normal B cells
differently than BL cell lines, we used primary human B cells
from peripheral blood of healthy donors who had undergone
leukapheresis (Figure 6A).TheRK-33 treatmentproducedwidespread
transcriptional alterations inprimaryBcellswhich showedsimilarities
to Raji cell changes, but at reduced intensity (Figures 6B,C).

Hallmark analysis using ShinyGO showed that RK-33 treatment
caused significant enrichment of stress-related hallmarks including
oxidative stress responses together with cell cycle regulation and
general protein metabolism, which showed substantial overlap with
Raji cell results (Figure 6D). In addition, the KEGG pathways
identified by GSEA and ShinyGO further supported an effect
of general cellular stress programs (Figures 6E,F) with affected
pathways appearing to be deregulated in a stochastic manner with
no clear indication of selective targeting. This strongly suggested
that the transcriptional changes may result from a general cellular
destabilization rather than specific pathway inhibition.

Interestingly, although ROS-related pathways showed modest
enrichment following RK-33 treatment, the glutathione metabolism
pathway exhibited an opposite and much milder trend in
primary B cells (Figure 6G) compared to BL cell lines.This suggested
that the mechanisms leading to ROS accumulation in normal B cells
upon RK-33 treatment might differ from those in malignant B
cells despite oxidative stress being a common outcome of DDX3X
inhibition in normal and malignant cells.

Discussion

Although the current Burkitt lymphoma (BL) therapies can reach
high remission rates, they are highly toxic and cause severe side effects
including secondary cancers later in life, a significant burden for
children (Sandlund andMartin, 2016; Egan et al., 2019; Abraha ̃o et al.,
2020). The findings of this study provide experimental evidence
from mouse xenograft models that inhibitors of the RNA helicase
DDX3X could represent promising avenues for the development of
new treatments for BL. We have used both in vitro and in vivomodels
and have revealed some of themechanistic underpinnings of DDX3X
inhibition, which allow to suggest possible combinatorial approaches
for treatment such as the combination of RK-33 with inhibitors of
the glutathione synthesis pathway. Our study also provides insight
into the cellular consequences of DDX3X inhibition by RK-33 in BL
and normal B cells. Importantly, the differential responses observed
between BL cells that carry DDX3X LOF alleles, express theWT form
and that either express or lack themale paralogueDDX3Yunderscore
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FIGURE 5
CRISPR chemogenomic screen identifies modulators of sensitivity and resistance to DDX3X inhibition by RK-33. (A) unranked CRANKS scores for all
sgRNA (left) and ranked CRANKS score (right) from highest to lowest, showing sgRNA enrichment (rescues, green) and depleted (sensitizers, red) in
RK-33-treated NALM-6 cells. sgRNAs targeting genes known to be involved in oxidative stress response are identified. (B) top 5 enriched (green) and
top 5 depleted (pink) sgRNAs are shown, alongside Gene Ontology (GO) analysis for all significantly enriched (top chart) and depleted (bottom chart)
sgRNAs. (C) Gene set enrichment analysis (GSEA) for the KEGG Gluthatione Metabolism (left) and KEAP1-NRF2 signaling pathway (right) using RNA-seq
data from CA46 and Raji cells treated with RK-33 (as presented in Figure 3). (D) Total Reactive Oxygen Species (ROS) in CA46 and Raji cells after 24 h of
treatment with DMSO or RK-33, measured by flow cytometry using the FITC channel and reported as mean fluorescence intensity (MFI). Statistical
significance was calculated using unpaired t-tests. (E,F) Dose-dependent effects of combinatorial treatments using RK-33 and inhibitors of key hits
from (B), assessed by XTT viability assay after 4 days. CPUY192018 (CPUY) and omaveloxolone (Omav) are KEAP1 inhibitors; inosine and TAK243 are
UBA6 inhibitors; and buthionine sulfoximine (BSO) is a GCL inhibitor. (E) Viability curves of cells treated with BSO in combination with RK-33. (F)
Calculated CC50 values for each cell line and treatment combination, shown as box-and-whisker plots. P values were evaluated using a Kruskal–Wallis
H test followed by Dunn’s multiple comparisons test comparing each combination treatment to vehicle + RK-33. In all graphs, ∗∗P < 0.01; ∗∗∗P <
0.001; ∗∗∗∗P < 0.0001.

the complexity of the role of DDX3 helicases in cellular homeostasis
and stress regulation in BL.

The evaluation of two DDX3 inhibitors (RK-33 and C1) showed
their capacity to induce apoptosis in BL cell lines. Notably Daudi

cells, with low DDX3X levels, were the most sensitive to inhibition,
while Raji cells, which carry amutated non-functionalDDX3X,were
more resistant, possible because they are relying on DDX3Y instead.
This reinforces the importance of DDX3X in maintaining BL cell
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FIGURE 6
Effect of DDX3X inhibition by RK-33 on transcriptome of human primary B cells. (A) Scematic of primary B cell purification from periphera blood fom
healty donors and subsequent treatment with RK-33 or DMSO control. (B) Hierarchical clustering heatmaps and principal component analysis (PCA) of
the full transcriptome of RNA-seq data, showing differential gene expression in primary B cells (top 1000 most expressed genes) treated with RK-33
versus DMSO control (n = 3 per group). (C) Volcano plot of differentially expressed genes. With adjusted P < 0.05 and fold change >2 as thresholds, 522
genes were upregulated and 826 downregulated in RK-33-treated B cells compared to controls. (D) Venn diagram illustrating overlap of Hallmark
pathways identified through ShinyGO analysis (FDR <0.05) of the 1,348 differentially expressed genes in RK-33-treated B cells and those identified in
RK-33-treated Raji cells (Figure 3). (E,F) KEGG pathways enriched in RK-33-treated primary B cells relative to DMSO controls, as identified by GSEA (E)
and a ShinyGO analysis (F). (G) GSEA results for the KEGG Gluthatione Metabolism (left) and KEAP1-NRF2 signaling pathway (right) in primary B cells
treated with RK-33.

survival, thus making patients with functional DDX3X the most
likely to benefit from targeted treatments. Additionally, the study
confirms that C1 possesses higher cytotoxicity than RK-33 but is
less promising because of a poorer bioavailability, indicating both
the potential and importance of developing more potent DDX3X
inhibitors that could be used at lower dosage in clinical applications.

RK-33 was less potent than Pevonedistat in CA46 and Raji cells,
but had similar effects on Daudi cells, which underlined again the

differential sensitivity of BL cells lines according to their mutational
status of DDX3 alleles to pharmacological inhibition. Pevonedistat
targets NEDD8 to disrupt protein homeostasis which blocks DNA
repair pathways, thereby causing DNA strand break accumulation
and cell death (Zhou et al., 2016; Torka et al., 2020). In contrast,
RK-33 likely targets RNA-related functions of DDX3X to trigger
G1 cell cycle arrest and apoptosis (Lai et al., 2010; Soto-Rifo and
Ohlmann, 2013; Chen et al., 2015; Gong et al., 2021). Based on
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these distinct mechanisms, it was conceivable that combining RK-
33 with Pevonedistat could have a synergistic effect against B-
cell lymphoma. However, administration of both drugs, even at
significantly reduced doses proved to be highly toxic, with all treated
mice succumbing within 24 h. This unexpected lethality curtailed
subsequent experimentation with drug combination.

The treatment of BL cells lines with RK-33 elicited distinct
transcriptional and proteomic responses in CA46 and Raji cells. The
transcriptional changes in Raji cells indicated that the presence of a
catalytically inactive DDX3Xmutant and the upregulation of DDX3Y
results in heightened sensitivity to cellular stress signals. This would
suggest that the male homologue DDX3Y, which is upregulated in
Raji cells can only partially restore the function ofDDX3X confirming
previous findings (Lacroix et al., 2022a). The comparatively milder
transcriptional response in CA46 cells, which expresses a functional
DDX3Xbut lacksDDX3Ysupports thisview. It isalsopossible thatRK-
33-mediated inhibition of DDX3Y in the presence of the catalytically
inactive formofDDX3XinRaji exacerbates thedeleteriouseffectof the
mutantprotein.Indeed, inhibitingevenafractionofDDX3Ycouldlead
to an accumulation of inactive DDX3 proteins (mutant DDX3X and
inhibited DDX3Y), resulting in a more pronounced functional deficit
thanwhat isobserved inCA46cells,whereonlya fractionof functional
DDX3X is inhibited. This idea that a non-functional DDX3X can
have particularly severe consequences is further supported by the
chemogenomic screening results that identified DDX3X loss as a
genetic rescuer of RK-33-mediated inhibition. However, because Raji
cells can tolerate higher doses of RK-33 than CA46 cells, and because
cellswere treatedatdosesbelowtheir respectiveCC50, it is alsopossible
that the stronger effect observed in Raji could be due to the higher
dose of inhibitor used. This possibility, indeed, raises the likelihood
that at least some of the effects seen in Raji could be caused by some
unspecific action of RK-33 that only come into effect at higher doses.
Yet, the strong effects that RK-33 had in primary B cells, even at
concentration comparable to that observed in CA46 cells, support the
idea that most of the effect of RK-33 is due to specific inhibition of
DDX3X rather than to potential unspecific targets.

Our proteomic analysis showed more modest changes than the
transcriptomic analysis, suggesting that the impact of RK-33, at
least during the first 24 h, is most effective at the level of mRNA
transcription or stability, since both depend on DDX3. In addition,
this difference aligns with previous reports indicating that DDX3
helicases influence both transcription and translation, potentially
modulating stress responses via multiple pathways (Lee et al., 2008;
Ko et al., 2014; Calviello et al., 2021; Rengarajan et al., 2025).

The siRNA knockdown experiments further highlighted the
functional relevance of the catalytically inactive DDX3X mutant. In
Raji cells, the knockdown of the DDX3X mutant alone produced
stronger stress-related transcriptomic changes compared to DDX3Y
knockdown. This supports other findings that even in its inactive
form, DDX3X may either retain functions critical for stress response
regulationorgainnon-canonical functions (Valentin-Vega et al., 2016;
Gong et al., 2021; Owens et al., 2024). These results also support
the idea that the stronger response to RK-33 treatment in Raji cells
than in CA46 cells is due to an accumulation of catalytically inactive
DDX3. The inability of DDX3Y to fully compensate for DDX3X loss
points tonon-redundantrolesof thesehelicases inmaintainingcellular
homeostasis, which is in accordance with other studies that have
shown that the two paralogues exhibit differential activity through

regulatory nanoscale RNA-protein clusters, and to distinctive liquid-
liquid phase separation capacity (Shen et al., 2022; Yanas et al., 2024).
Additionally, the observation from our chemogenomics screen that
DDX3X loss can rescue RK-33-induced cell lethality supports the
notion that the presence of a dysfunctional DDX3X mutant may
in some cases exacerbate cellular stress through defects in protein
synthesis (Brown et al., 2021; Mosti et al., 2025). This finding implies
that therapeutic strategies targeting DDX3X should account for the
specific mutational landscape of the tumor cells.

It has been shown before that inhibition of DDX3X can either
lead to an increase or a decrease of oxidative stress such as ROS level
depending on cellular or metabolic context (Heerma van Voss et al.,
2018b; Liu et al., 2023; Luo et al., 2023). A significant outcome of
the present study is the clear association between RK-33 treatment
and oxidative stress in BL, as evidenced by increased ROS levels. The
increased oxidative stress, particularly in Raji cells, suggested that
DDX3 inhibition compromises the cellular antioxidantdefense system
through glutathione regulation, which is supported by other studies
thathavelinkedinhibitionofDDX3Xtoferroptosis,aniron-dependent
cell death mechanism known to affect glutathione peroxidase and
mitochondrial function (Mao et al., 2024; Dai et al., 2025). The
observation that glutathione metabolism components modulate RK-
33 sensitivity further emphasizes the role of ROS in the cytotoxic
effects of DDX3X inhibition.

Intriguingly, the observation that closely related ROS-regulating
pathways such as Keap1-Nrf2-ARE and glutathione metabolism were
identified as both rescuer or sensitizer in the chemogenomic screen
in the NALM-6 cells, and that inhibition of these modulators in
BL output the opposite outcome in BL cell lines, seem to suggest
that the cellular reaction to DDX3X-inhibition-induced ROS levels
may be dependent on cellular context rather than a specific effect of
DDX3X inhibition (Kannan et al., 2014). Importantly, the observation
that inhibition of the glutathione synthesis pathway enhances RK-
33-mediated cytotoxicity in BL cells, despite genes of this pathway
being identified as rescuers in NALM-6 cells, may be explained
by the particular sensitivity of BL cells to elevated ROS levels, a
known characteristic of Burkitt lymphomas (Cerimele et al., 2005;
Kawada et al., 2009). In addition, the Keap1-N rf2-ARE pathway is
known to respond to ROS through regulation of the glutathione, but
the inhibition of its main sensor Keap1 did not result in an increase
of RK-33 potency. This was achieved only when glutathione synthesis
was directly inhibited.This could suggest that either in BL glutathione
is regulated by a pathway independent ofKeap1-Nrf2-ARE such as the
p38MAPKpathway(Husebyetal., 2016),or that it is regulatedthrough
a Keap1-independent regulation of Nrf2 as it has been suggested
before (Miao et al., 2005; Li et al., 2012). A possible explanation
for this difference could lie in distinct regulatory mechanisms of the
Warburg effect, where preferentially cells rely on aerobic glycolysis
over oxidative phosphorylation, between BL cells and the pre-B ALL
NALM-6 cell line (Mushtaq et al., 2015).

The observation that co-treatment with BSO, which depletes
glutathione, significantly enhanced RK-33 cytotoxicity suggests
a potential therapeutic strategy that exploits oxidative stress to
maximize the impact of DDX3X inhibition in B-cell lymphoma.
Importantly, BSO has already been shown to act synergistically
with other drugs to enhance their efficacy in various cancers
(Li et al., 2016; Zhao et al., 2019; Pereira et al., 2025). Altogether,
our results indicate that oxidative stress is a key mediator of RK-33
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cytotoxicity in BL cell lines and that this effect can be significantly
amplified by targeting the glutathione antioxidant pathway. The
differential outcomes observed across cell types also underscore the
importance of cellular context when interpreting chemogenomic
screening results (de Sa Junior et al., 2017).

The consistent induction of oxidative stress pathways in primary
human B cells treated with RK-33 reinforces the universality of
DDX3X’s role in the stress response regulation (Shih et al., 2012;
Valentin-Vega et al., 2016; Gong et al., 2021; Luo et al., 2023). Because
the extent of the responsewas lower in primaryB cells compared toBL
cells, our findings suggest that DDX3X inhibition could have broader
applications in cancer therapy. Indeed, although potential cytotoxic
effects on normal cells should be carefully considered, the higher
oxidative stress response in BL could be exploited to target specifically
cancercells.Overall,ourdataprovidesacomprehensiveunderstanding
of the cellular consequencesofDDX3Xinhibition.Theyemphasize the
therapeutic potential of targetingDDX3, also andperhaps particularly
in tumors with DDX3X mutations and upregulation of DDX3Y and
suggest that a combination of drugs targeting DDX3 with those that
enhance oxidative stressmay represent promising therapeutic avenues
for human BL. However, further investigations into the downstream
pathways regulated by DDX3X, will be necessary to refine such
therapeutic strategies andminimizeoff-target effects. In summary, our
findings indicate that DDX3X inhibition by RK-33 triggers a global
stress response in both normal and malignant B cells, with oxidative
stress emerging as a common consequence. However, the more
pronounced transcriptional changes and involvement of antioxidant
pathways in lymphoma cells suggest a differential sensitivity, which
mayunderlie their increasedvulnerability toDDX3X-targetedtherapy.
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