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Abstract 33 

Non-Hodgkin’s lymphoma (NHL) is a diverse group of malignancies, encompassing the most 34 

common diffuse large B-cell lymphoma (DLBCL) to the rarer T-cell lymphomas. DDX3X is an 35 

RNA helicase and, depending on tumour type, plays tumour suppressive or oncogenic roles in 36 

cancer. However, its role in NHL is not clear. Targeted sequencing of DDX3X hotspots on exons 37 

8-15 in a cohort of 158 unselected DLBCL subjects showed DDX3X mutations in 5 cases; 38 

whereas whole exome sequencing in a cohort of 9 relapsed/refractory DLBCL patients treated 39 

with R-CHOP identified DDX3X mutations in 4 cases. DLBCL patients (n=223) with DDX3X 40 

mutations had worse 5-year overall survival (22%) compared to patients with wild-type DDX3X 41 

(72%, p=0.021). Using DLBCL and cutaneous T-cell lymphoma (CTCL) cell lines, we showed 42 

that the expression of mutant DDX3X-R475C or DDX3X knockdown significantly enhanced cell 43 

migratory/invasive potential and elevated the phosphorylation of STAT3, Akt and p42/44. 44 

DDX3X loss increased resistance to doxorubicin and histone deacetylase targeting drugs in 45 

DLBCL and CTCL cells, respectively. Importantly, B- and T-cell lineage DDX3X-depleted cells 46 

remained sensitive to STAT3 inhibition. We conclude that DDX3X mutations are important 47 

driver lesions in NHL subtypes and are associated with chemoresistance but may be countered 48 

with a STAT3 inhibitor.  49 
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Introduction 50 

Non-Hodgkin’s lymphoma (NHL) represents a clinically diverse group of hematologic diseases 51 

with variable prognosis. NHL accounts for approximately 90% of all new lymphomas in the 52 

United States and 70% worldwide1. Diffuse large B-cell lymphoma (DLBCL) is the most 53 

common NHL subtype with a globally rising incidence while cutaneous T-cell lymphoma 54 

(CTCL) remains the rare diagnosis2. Although novel agents have been developed targeting 55 

frequently dysregulated pathways in these tumour subtypes, traditional chemo-immunotherapy 56 

with R-CHOP (rituximab + cyclophosphamide/doxorubicin/vincristine/ prednisone) remains the 57 

first-line standard of care3. Unfortunately, approximately 40% of DLBCL cases remain refractory 58 

to or relapse (R/R-DLBCL) after R-CHOP4. Recently developed immunotherapeutic approach 59 

utilizing CD19-targeted chimeric antigen receptor (CAR) T-cells has led to a new standard of 60 

care for R/R-DLBCL5; however, unique toxicities associated with anti-CD19 CAR T-cells 61 

remain a major challenge6.  62 

There is a consensus amongst next generation sequencing (NGS) studies that NHL 63 

patients are genetically heterogeneous; large numbers of genes have been found to be mutated in 64 

DLBCL, but the majority of these genes affect only a minority of cases7,8. It is therefore rational 65 

to hypothesise that at least some of the less commonly mutated genes identified in previous 66 

studies, such as the DEAD box helicase 3, X-linked (DDX3X)9-12, play an important role in 67 

lymphoma development and drug resistance. Mutations in the DDX3X gene have been reported in 68 

~3-5% of DLBCL cases9,10. Moreover, patients with natural killer/T-cell lymphoma (NKTCL) 69 

carrying recurrent loss-of-function somatic mutations in DDX3X have a worse prognosis11,12.  70 

DDX3X is an ATP-dependent RNA helicase and plays an integral role in RNA 71 

metabolism13,14. In addition, it has a high level of ATPase activity and is involved in multiple 72 
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cancer-related cellular processes, including transcriptional regulation, messenger 73 

ribonucleoprotein assembly, pre-mRNA splicing, mRNA export, translation, cell cycle control, 74 

cell adhesion and signal transduction13-16. However, the role of DDX3X mutations in NHLs 75 

remains unclear. 76 

Given an involvement of DDX3X in multiple cancer-related cellular processes and 77 

emerging reports about DDX3X mutations in lymphomas, we sought to investigate the role of 78 

DDX3X in NHL. We show for the first time a poor prognosis in DLBCL patients with DDX3X 79 

mutations. We demonstrate that DDX3X mutation or loss in NHL cell lines results in the 80 

development of chemoresistance and increased STAT3/p42/p44 signalling. Intriguingly, NHL 81 

cells with mutated/depleted DDX3X remain sensitive to pharmacological inhibitors of STAT3.  82 

 83 

Results 84 

Recurrent DDX3X mutations in NHL are associated with worse clinical outcomes 85 

To perform a general evaluation of DDX3X mutations across NHL, we searched multiple 86 

repositories containing cancer-associated genomic data. In the cBioPortal database17, navigation 87 

through 12845 samples from a diverse range of haematologic cancers, which included germinal 88 

center B-cell (GCB) and activated B-cell (ABC) DLBCL, Burkitt lymphoma (BL), chronic 89 

lymphocytic leukemia (CLL), acute myeloid leukemia (AML) and NKTCL, revealed 60 missense 90 

and 20 truncating mutations in the DDX3X genomic lesion. Specifically, we identified that 91 

DDX3X was mutated in 49 out of 1343 (3.6%) DLBCL cases. Available database in the 92 

International Cancer Genome Consortium (ICGC)18 and the Catalogue of Somatic Mutations in 93 

Cancer (COSMIC)19 portals showed mutations in DDX3X in 63 out of 1319 (4.7%) and 160 out 94 
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of 5160 (3.1%) DLBCL cases, respectively. In addition, several other reports that were not in the 95 

above databases also demonstrated DDX3X mutations in NHL8-11,20-33. Altogether, we identified 96 

165 missense, 81 truncating, and 3 in-frame indel mutational variants in the DDX3X gene in NHL 97 

(Fig. 1A). 98 

Further annotation using OncoKB predicted a total of 15 somatic mutations in the 99 

“helicase ATP-binding” and the “helicase C-terminal” domains, the two main catalytic domains 100 

of DDX3X. Of these variants, 5 mutations (I214Tfs*7, Q309*, X342_splice, D354G and 101 

T369Nfs*14) were found in the helicase ATP-binding domain and 10 mutations 102 

(S410F/T411Pfs*9, T418Sfs*15, S429Kfs*29, X439_splice, S456Ffs*40, S489*, Y525H, 103 

R528H, R534H\C and P568Cfs*5) in the helicase C-terminal domain (Fig. 1A). Among these 15 104 

mutations, 11 were truncating mutations and thus expected to cause loss-of-function of DDX3X. 105 

Further analysis using PolyPhen-2 predicted that D354G, Y525H, R528H and R534H/C missense 106 

mutations would have “probably damaging” consequences on DDX3X functions 107 

(Supplementary Table S1). 108 

We next performed Kaplan-Meier analysis of data from 223 DLBCL cases in cBioPortal 109 

consisting of three DLBCL cohort studies catalogued as “Diffuse Large B cell Lymphoma (DFCI, 110 

Nat Med 2018)”, “Lymphoid Neoplasm Diffuse Large B-cell Lymphoma (TCGA, Firehose 111 

Legacy)” and “Diffuse Large B-Cell Lymphoma (TCGA, PanCancer Atlas)”. Notably, survival 112 

data of only these patient cohorts are available in the repository as of now. Data showed that 113 

patients with mutant DDX3X had significantly worse median overall survival (OS) (41.13 114 

months) compared to WT cases (211.07 months). The 5-year OS of patients with DDX3X 115 

mutations was only 22% compared to 72% (p=0.021) for patients with WT DDX3X (Fig. 1B). 116 

Data availability for disease/progression-free survival of DLBCL cases was insufficient for a 117 
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robust analysis (Supplementary Fig. S1). OS analysis of patients with other NHL subtypes, 118 

including CTCL and NKTCL, carrying DDX3X mutations could not be performed due to lack of 119 

relevant information in the data repositories. 120 

Next, we performed WES analysis of biopsies from 9 patients with R/R-DLBCL treated 121 

with R-CHOP or similar regimens (8 taken at the time of diagnosis and 1 at relapse). Data 122 

showed DDX3X mutations in 4 out of the 9 cases (44%) in this R/R-DLBCL cohort. Five 123 

damaging DDX3X mutations were identified (PolyPhen-2 score = 1) in the catalytic domains; 124 

R296C and V375fs*8 in the “helicase ATP-binding” domain and R475C/H and R534H in the 125 

“helicase C-terminal” domain (Table 1; Fig. 1C). All the identified DDX3X mutations were 126 

confirmed somatic. Of note, R475C/H and R534H mutations have previously been reported in 127 

BL patients29-32 and V375fs*8 mutation in DLBCL33. Further targeted sequencing of DDX3X 128 

hotspots on exons 8-15 of 158 unselected DLBCL patients from the UK revealed damaging 129 

DDX3X variants in 5 subjects (3%, 95% confidence interval 1% - 7%). Two cases had F357V 130 

substitutions and one case had a Q309R substitution in the helicase ATP-binding domain (Table 131 

1; Fig. 1C). F357V has previously been reported in BL32. Although Q309R substitution has not 132 

previously been reported in NHL, nonsense mutant variants of Q309* have been shown in “The 133 

Cancer Genome Atlas (sample number: TCGA-GS-A9TV-01)”34. Two additional variants, P568L 134 

and S470N, were identified in the helicase C-terminal domain (Table 1; Fig. 1C). P568L 135 

substitutions in DDX3X has previously been documented in DLBCL23 while the nonsense variant 136 

P568* has been reported in CLL35. All the identified mutant variants had PolyPhen-2 score 137 

>0.99, strongly suggesting a damaging impact on DDX3X function (Table 1). Overall, these 138 

results suggest that DDX3X mutations are prognostically important in DLBCL and other NHLs 139 

and are thus candidate driver lesions in these malignancies. 140 
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DDX3X is abundantly expressed in cultured NHL cells 141 

We analysed DDX3X protein expression levels in a panel of 14 different cell lines derived from 142 

patients with various NHL subtypes (CTCL, NKTCL, DLBCL, and BL). Western immunoblot 143 

analysis showed variable levels of DDX3X expression in all the cell lines accessed in this study 144 

(Fig. 2A; Supplementary Fig. S2A). Confocal microscopy showed a polarized but punctate 145 

staining pattern of DDX3X protein expression in HuT78 and U2392 cells, mainly localizing in 146 

the cytoplasm (Fig. 2B; Supplementary Fig. S2B).  147 

Transcriptomic analysis of DDX3X-mutated/depleted lymphoma cells 148 

To further investigate the role of DDX3X in NHL and understand the biological consequences of 149 

loss-of-function DDX3X mutations, we stably expressed mutant DDX3X-R475C in U2392 cells 150 

using CRISPR knock-in technique and knocked-down DDX3X in a panel of NHL cell lines – 151 

ABC-DLBCL (U2392, HBL-1), GCB-DLBCL (BJAB)9,36, BL (Raji,), CTCL (HuT78, MJ), and 152 

NKTCL (SNK1, SNK6, NKYS) using either siRNA- or shRNA-mediated gene silencing (Fig. 153 

3A; Supplementary Fig. S3,S4). Molecular and functional analyses were then performed. Of 154 

note, the cellular localization profile of the DDX3X-R475C in U2392 cells was similar to that 155 

observed for wild-type/endogenous DDX3X (Supplementary Fig. S2B). 156 

We performed RNA-seq analysis in mutant DDX3X-R475C U2392, DDX3X-depleted 157 

HuT78 and DDX3X-depleted SNK1 cells in comparison to their wild-type cells and identified 158 

451, 1682 and 441 differentially expressed genes (DEGs), respectively (Fig. 3B; volcano plot, 159 

FDR <0.05; Supplementary Table S2-4). GO classification of the DEGs revealed that majority 160 

of genes are associated with metabolic processes, in addition to their roles in cellular component 161 

organization, response to stimulus and cell communication (Fig. 3B, inserts). Ingenuity Pathway 162 

Analysis (IPA) of the RNA-seq datasets showed enhanced activation of tumorigenic and cytokine 163 
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signalling pathways in mutant DDX3X-R475C and DDX3X-depleted NHL cells, indicative of 164 

increased cell proliferation, survival and invasiveness (Fig. 3C).  165 

Further analysis of DEGs using the Database for Annotation and Visualization Integrated 166 

Discovery (DAVID), IPA and gene set enrichment analysis (GSEA) showed that DDX3X 167 

mutation/loss in NHL cells enriched Akt-mTOR, JAK-STAT3, MAPK and cyclin-D1 pathways, 168 

and cytokine-cytokine receptor interactions (Supplementary Fig. S5, Table S5). Using RT-169 

qPCR, we verified that cyclin-D1 expression was significantly elevated (>4-fold) in DDX3X-170 

R475C mutant as well as in DDX3X-depleted cells relative to control (Fig. 3D). Western-171 

immunoblot analysis further confirmed the upregulation of cyclin-D1 in DDX3X-172 

mutant/depleted U2392 and Raji cells (Supplementary Fig. S6). Previous studies have shown 173 

that a small subset of NHL patients, including 2.1% of DLBCL cases, overexpress cyclin-D137,38, 174 

and cyclin-D1 upregulation has been associated with doxorubicin resistance in gastric cancer39. 175 

Moreover, the levels of IL-2, IL-4 and IL-10 mRNA were significantly higher in DDX3X-176 

depleted HuT78 cells in comparison to the control (Fig. 3E). DDX3X-R475C mutant U2392 and 177 

DDX3X-depleted BJAB cells had significantly higher levels of IL-10 mRNA (>4-fold) then their 178 

wild-type controls (Supplementary Fig. S7A). DDX3X-depleted HuT78, but not SNK1 and 179 

U2392 cells, showed significantly increased amounts of secreted IL-10 (Supplementary Fig. 180 

S7B). Intriguingly, blocking IL-10 signalling completely blocked the expression and 181 

phosphorylation of STAT3 in both control and DDX3X-depleted HuT78 cells (Supplementary 182 

Fig. S8). 183 

Because DDX3X levels have been linked to levels of the well-known tumor suppressors 184 

p5340 and p2141, which may also impact β-catenin42,43, we sought to explore these relationships in 185 

NHL cells. However, we did not detect any significant change in the expression levels of either 186 
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p21, p53 or nuclear β-catenin associated with DDX3X loss in U2392, BJAB, HBL-1 and Raji 187 

cells (Supplementary Fig. S4). These results indicated that DDX3X mutations may promote 188 

lymphoma growth by impinging upon important biological processes in ways not previously 189 

reported. 190 

DDX3X mutation/depletion enhances proliferation and migratory potential of NHL cells  191 

While DDX3X loss (mutation or depletion) neither induced cell death/apoptosis in NHL cells 192 

(Fig. 4A) nor inferred with the cell cycle (Supplementary Fig. S9), the rate of proliferation of 193 

DDX3X-R475C mutant U2932 and DDX3X-depleted U2932, HuT78 and SNK1 cells was 194 

significantly increased in comparison to their wild-type control (Fig. 4B). BrdU (5-bromo-2´-195 

deoxyuridine)-staining based flow-cytometry analysis further confirmed that DDX3X-R475C 196 

mutant U2392 cells had significantly higher (>50%) proliferative potential than wild-type cells 197 

(Fig. 4C). Surprisingly, we detected significantly increased migratory (>2-fold) and invasive 198 

potentials of DDX3X-R475C mutant U2392 and DDX3X-depleted HuT78 and SNK1 cells (Fig. 199 

5A,B; Supplementary Fig. S10A,B); although we did not observe significant change in 200 

migratory phenotypes of U2932 and BJAB cell lines (Supplementary Fig. S10C,D), suggesting 201 

that the effect is cell-type specific. 202 

Vimentin is a major cytoskeletal protein component of the intermediate filament and its 203 

overexpression is associated with aggressive histological transformation in lymphoma44. We 204 

detected that vimentin expression was significantly upregulated in DDX3X-R475C mutant 205 

U2392 as well as in DDX3X-depleted HuT78 cells but not in SNK1 (Fig. 5C). Moreover, 206 

microRNA-150 (miR-150, a known anti-metastatic molecule in advanced lymphomas45) was 207 

significantly downregulated in DDX3X-depleted HuT78 cells (Supplementary Fig. S11). These 208 
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data show that DDX3X loss promotes proliferation and invasiveness of lymphoma cells 209 

depending upon biological milieu. 210 

DDX3X mutation/loss in NHL cells enhances STAT3/MAPK activation  211 

STAT3 and MAPK are well-studied oncogenes known to be involved in the progression and 212 

severity of several haematological malignancies, including NHL46-48. We observed that DDX3X 213 

mutation or depletion resulted in significantly enhanced expression of the phosphorylated (Y705) 214 

form of STAT3 in NHL cell lines U2932, Raji, SNK1, SNK6, HuT78, MJ and MyLa, (Fig. 6). 215 

Notably, STAT3 phosphorylation remained unchanged in NKYS cells (Fig. 6), probably because 216 

this cell line expresses mutant STAT3 with high levels of baseline activity. STAT3 knockdown 217 

did not affect DDX3X expression levels (Supplementary Fig. S12A) nor did STAT3 directly 218 

interact with DDX3X (Supplementary Fig. S12B), suggesting that STAT3 219 

hyperphosphorylation is a downstream effect of DDX3X lesions. Moreover, DDX3X depletion 220 

significantly increased the phosphorylation of Akt and p44/42 MAPK in DLBL and CTCL cells 221 

(Fig. 6). These data suggest that DDX3X mutations promote lymphoma development through the 222 

activation of STAT3 and MAPK signaling. 223 

DDX3X mutation/loss increases drug resistance 224 

To test whether the poor prognosis of NHL patients with DDX3X loss-of-function 225 

mutations may be due to increased drug resistance, we treated DDX3X-R475C U2392 and 226 

DDX3X-depleted U2932, BJAB, HuT78 and SNK1 cells with a panel of commonly used 227 

chemotherapeutic agents - histone deacetylase (HDAC) inhibitors (vorinostat, panobinostat, 228 

trichostatin and romidepsin), STAT3 inhibitors (stattic and WP1066) and doxorubicin. DDX3X 229 

loss caused significant resistance to doxorubicin in DDX3X-mutant/depleted U2932 and BJAB 230 

cells and to HDAC inhibitors in HuT78 and SNK1 cells (Fig. 7A-E). Vorinostat-induced 231 
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apoptosis was significantly less in DDX3X-depleted HuT78 cells in comparison to wild-type 232 

HuT78 (Supplementary Fig. S13). Most importantly, DDX3X-mutant/depleted NHL cells 233 

remained sensitive to pharmacological STAT3 inhibition (Fig. 7A-E). Both, vorinostat and 234 

WP1066, impacted the viability of wild-type and DDX3X-mutated/depleted NHL cells 235 

independently, as we did not find any synergism as determined by analysing their “combination 236 

index” (Fig. 7F). Furthermore, xenografted mutant DDX3X-R475C U2392 cells showed 237 

comparable sensitivity to the STAT3 inhibitor WP1066 in vivo in comparison to wild-type 238 

U2392 cells into the NOD.Cg-PrkdcscidIl2rgtm1Wjll (NSG) mice (Supplementary Fig. S14). These 239 

results strongly suggest that DDX3X mutations cause true chemoresistance and worse survival, 240 

rather than simply being surrogate markers in NHLs. 241 

 242 

Discussion 243 

In the current study, we provide several lines of evidence that DDX3X loss in NHL cells 244 

exacerbates malignant phenotypes. First, we demonstrate the presence of DDX3X mutations in 245 

two patient cohorts with R/R-DLBCL and unselected DLBCL and that such mutations are 246 

associated with a worse OS in DLBCL. Second, DDX3X-mutated/depleted cells exhibit 247 

enhanced migratory and chemotactic phenotypes. Third, DDX3X mutation/loss enhances the 248 

phosphorylation of STAT3 and p44/42 MAPK and upregulates the expression of cyclin-D1. 249 

Finally, DDX3X-depleted CTCL and DLBCL cells are refractory to HDAC inhibitors and 250 

doxorubicin, respectively, and yet remain sensitive to STAT3 targeting agents. These findings 251 

highlight a critical role of DDX3X loss in the progression and chemoresistance in several NHL 252 

subtypes.  253 
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Genomic lesions in DDX3X have been detected by our group and others in various 254 

haematologic malignancies, including NKTCL11,24, DLBCL9,25,26, hairy cell leukaemia27, CLL28, 255 

acute lymphoblastic leukaemia (ALL)49 and BL50. For example, a multiplatform genomic 256 

analysis of 574 unclassified DLBCL biopsy samples identifying 19 missense, 7 truncating and 1 257 

in-frame mutations8. Additionally, an earlier study using tissue samples from 25 Japanese 258 

NKTCL patients identified that 3 cases had mutations in the DDX3X gene by conventional 259 

Sanger sequencing21, while another study in China showed recurrent loss-of-function mutations 260 

in DDX3X in 21 out of 105 NKTCL subjects by NGS11. In a UK cohort of 78 sporadic BL cases, 261 

15 DDX3X mutations (6 nonsense and 9 missense) were detected, and all but 1 DDX3X mutations 262 

were localized in either the DEAD box helicase domain or the helicase C terminus22. However, 263 

the clinical significance of these lesions remains unclear in most cases. Our observation of a 264 

worse OS in DLBCL patients with mutant DDX3X is consistent with the considerably higher 265 

prevalence of these lesions observed in our R/R-DLBCL cohort (44%) compared to that of 266 

published unselected cohorts (5-7%)9,28. Moreover, our observations are consistent with the 267 

adverse prognostic impact of DDX3X mutations reported in NKTCL11 as well as the association 268 

with chemoresistance observed in CLL28.  269 

One of the main limitations of our survival analysis is the retrospective nature of the 270 

cBioPortal cohort and our consequent inability to perform a multivariable analysis to confirm if 271 

DDX3X mutations are independent predictors of poor survival. Indeed, data are emerging that 272 

DDX3X loss-of-function may synergize with MYC overexpression during early 273 

lymphomagenesis50. Our demonstration of increased resistance to doxorubicin and retained 274 

sensitivity to STAT3 inhibition in DDX3X-mutated/depleted cells argues for an independent 275 

influence of DDX3X on cancer drug response. Identification of novel, simple, and reproducible 276 
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biomarkers has proved very challenging in DLBCL, and we therefore propose that the prognostic 277 

significance of DDX3X mutations be validated in a large prospective cohort. 278 

Following on from our clinical findings, we sought to elucidate how DDX3X mutations 279 

may contribute to the malignant lymphoma phenotype. The DDX3 gene has two variants, DDX3X 280 

and DDX3Y, which share more than 90% sequence similarity. Mutational analysis using 281 

cBioPortal and OncoKB showed a critical functional importance of the DDX3X variant 282 

compared to DDX3Y, as the X variant is frequently mutated, whereas the Y variant is not. This is 283 

consistent with the observation that DDX3X expression is ubiquitous whereas DDX3Y 284 

expression is restricted to the testis51. In cervical, breast and hepatocellular carcinoma models, 285 

DDX3X has been consistently implicated in cell proliferation and cell cycle regulation52. In 286 

NKTCL, mutated DDX3X resulted in premature entry into S phase as the inhibitory control by 287 

DDX3X was lost11. This has been attributed to DDX3X participation in the translational control 288 

of cell cycle regulatory factors53. 289 

We have demonstrated an upregulation of IL-2, IL-4 and IL-10 cytokines in DDX3X-290 

depleted HuT78 cells, which may mediate NHL aggressiveness. High expression of IL-10 has 291 

been associated with worse prognosis and noted in several studies to play crucial roles in the 292 

proliferation and migration in haematologic cancers54. Moreover, a high level of IL-4 expressed 293 

by follicular helper T cells acts as a tumorigenic factor in follicular lymphoma55.  294 

Micro-RNAs (miRNAs) are a class of small RNA molecules that play crucial regulatory 295 

roles in tumour development by binding with the 3′-untranslated region of target mRNAs and 296 

repressing their translation. For example, low expression of miR-150 has been reported in 297 

DLBCL56 and other NHL45. We extended these observations by noting a reduction of miR-150 in 298 
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DDX3X-depleted CTCL cells. Downregulation of miR-150 by DDX3X loss may be another 299 

mechanism by which DDX3X mutations promote a malignant phenotype in lymphoma.  300 

Chemoresistance is a critical problem in the treatment of NHL, and studies have shown an 301 

association between DDX3X loss-of-function and adverse prognosis of NKTCL and CLL10-12. In 302 

our study, DDX3X loss was sufficient to induce resistance to multiple chemotherapeutics 303 

including the commonly used topoisomerase II inhibitor doxorubicin in DLBCL cells, as well as 304 

HDAC inhibitors in CTCL cells. Moreover, DDX3X loss had a profound influence on the 305 

transcript pool and induced pro-tumorigenic pathways in NHL cells, reaffirming its role as 306 

tumour suppressor in this cancer type. We showed that DDX3X loss resulted in up-regulation of 307 

the STAT3 and MAPK pathways, which are known to inhibit apoptosis and decrease response to 308 

cytotoxic agents57. These pathways are thus likely to be key mediators of the tumorigenic effects 309 

of DDX3X mutations in NHLs.  310 

Increased WNT signalling has been associated with DDX3X mutations in 311 

medulloblastoma58. However, we did not observe increased WNT signalling upon DDX3X 312 

depletion in β-catenin motility assays (Supplementary Fig. S4C), suggesting that DDX3X 313 

mutations can promote lymphoma development through increased activation of the 314 

STAT3/MAPK pathway rather than through increased WNT signalling. Importantly, frameshift 315 

and nonsense mutations were not reported in the aforementioned medulloblastoma studies, but 316 

were frequently observed in DLBCL, suggesting different mechanisms of action of DDX3X 317 

lesions between the two cancer types. WNT inhibitors would therefore probably not be a 318 

reasonable therapeutic choice for NHL patients with these mutations. However, we showed that 319 

DDX3X-depleted CTCL, NKTCL and DLBCL cells retain sensitivity to STAT3 inhibition. The 320 

STAT3 inhibitor AZD9150 is currently in phase 1b clinical trial in a subset of patients with 321 



15 

 

heavily pre-treated lymphoma59 and would therefore be a rational novel drug class to trial in NHL 322 

with DDX3X mutations. 323 

The relative rarity of DDX3X mutations in NHL prevents us from validating our in vitro 324 

findings on clinical samples, so the precise role of these lesions in lymphoma patients remains in 325 

question. Nevertheless, the current study provides important clues to many aspects of the role of 326 

DDX3X in NHL and strongly suggests that these uncommon lesions should be evaluated 327 

thoroughly, particularly with regard to their prognostic significance. It would also be important to 328 

screen a larger panel of novel and traditional antineoplastic agents to get a comprehensive view 329 

of chemoresistance in the current therapeutic landscape. Such analyses may help to identify more 330 

classes of drugs that can be used to treat patients with DDX3X loss-of-function mutations.  331 

In conclusion, our data suggest that loss-of-function mutations in DDX3X are important 332 

molecular determinants of disease aggressiveness and treatment response in NHL. Moreover, the 333 

downstream effects of these lesions are likely complex, varying amongst different tumour types, 334 

and not limited to a single process or pathway. Further studies are needed in order to gain a more 335 

complete understanding of the consequences of DDX3X loss in NHL. These data will help 336 

improve risk stratification of NHL may identify new therapeutic options for a subgroup of 337 

patients with poor prognosis. 338 

 339 

Materials and methods 340 

Cells and cell culture 341 

DLBCL, CTCL, NKTCL and BL cell lines used in the current study and their culture conditions 342 

are provided as Supplementary Table S6. Human peripheral blood lymphocyte T-cells were 343 
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isolated from blood samples obtained from healthy volunteers and the Health Science Authority 344 

Singapore, as described earlier60. All cell lines were free of mycoplasma (MycoGuardTM 345 

Mycoplasma PCR Detection Kit, Genecopoeia). Experiments were approved by the Nanyang 346 

Technological University Singapore Institutional Review Board (IRB-2018-05-034 and IRB-347 

2014-09-007) and the SingHealth Central Institutional Review Board (201506-0069). 348 

DLBCL patients 349 

DNA samples from 158 confirmed DLBCL cases were kindly provided by Professor Andrew 350 

Jack, Leeds Haematological Malignancy Diagnostic Service (HMDS), Leeds Cancer Centre, UK, 351 

and the selection was based solely on tissue availability. Nine de novo R/R-DLBCL patients 352 

included in the study were treated with curative intent using R-CHOP or a similar regimen and 353 

had one of the following: i) primary progressive disease, ii) partial response to chemotherapy 354 

followed by disease progression within two years of diagnosis, or iii) disease relapse within 2 355 

years following a complete response. They were identified using the Addenbrooke’s Hospital 356 

lymphoma database and their fulfilment of inclusion criteria was confirmed by reviewing case 357 

records and pathology slides. Patient selection was based solely on tissue availability and verbal 358 

telephonic consents were sought from either the patients or their surviving relatives and 359 

documented in the hospital notes before retrieving archived materials. The study was approved 360 

by the ethics review board of Cambridge University Hospitals NHS Foundation Trust 361 

(05/Q1604/10) and conducted in accordance with the Declaration of Helsinki.  362 

Whole exome sequencing (WES) and in silico analysis 363 

Details about WES and analysis of tissue sections prepared from formalin-fixed paraffin-364 

embedded tissue blocks and in silico analysis are provided in Supplementary Methods.  365 
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RNAi-mediated depletion of DDX3X and R475C CRISPR knock-in in cultured cells 366 

Cells were depleted for DDX3X expression using either siRNA or shRNA-induced knockdown. 367 

Briefly, for siRNA-mediated knockdown, a total of 1.0×106 cells were nucleofected with 1 μM 368 

Human ON-TARGETplus™ SMARTpool siRNA against DDX3X or Non-Targeting control 369 

siRNA (GE Healthcare Dharmacon™) using the Amaxa Nucleofector™ system, as per 370 

manufacturers’ instructions, and analysed after 72 h. For shRNA-mediated knockdown, cell lines 371 

(U2932, BJAB, Raji) stably expressing the shRNA constructs (about 4-5% of successfully 372 

transfected cells) were maintained and expanded under puromycin selection pressure (1 µg/mL) 373 

for more than 4 weeks (Supplementary Methods and Supplementary Table S7). These cells 374 

were subsequently serum starved for 48 h and then treated with doxycycline (100 ng/mL) for 375 

additional 48 h to induce knockdown and then analysed. Methodologies for the CRISPR knock-in 376 

of the R475C DDX3X variant have been described earlier50. Briefly, sgRNAs for R475C and a 377 

silent mutation were spliced into the Cas9 plasmid pSpCas9(BB)-2A-GFP (PX458, Addgene, 378 

RRID: Addgene_48138) and electroporated into U2932 cells using the Amaxa Nucleofector 379 

platform.  Cells expressing GFP were sorted at 48 h post-electroporation. Single cells were 380 

seeded on a 96-well plate and the clones expanded. Mutations were verified using Sanger 381 

sequencing. 382 

RNA-seq analysis 383 

RNA samples were isolated from wild-type, mutant and DDX3X-depleted U2392, HuT78 and 384 

SNK1 cells using RNeasy® Mini Kit (QIAGEN). RNA integrity was assessed by 2100 385 

Bioanalyzer system (Agilent). RNA-seq was performed by NovogeneAIT Genomics 386 

Singapore Pte Ltd. on Illumina HiSeq platform. Detailed steps and procedures applied in the 387 

RNA-seq analysis are provided in Supplementary Methods. 388 
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Quantification of cellular mRNA, miRNA, and proteins 389 

The levels of target mRNA in the cell were quantified using real-time quantitative polymerase 390 

chain reaction (RT-qPCR) as described earlier61. Primers used in the RT-qPCR analysis are 391 

provided as Supplementary Table S7. Cellular levels of miR-150 in control and DDX3X-392 

depleted cells were quantified using miRCURY LNA™ Universal RT MicroRNA PCR and 393 

miRCURY LNA SYBR green PCR kits (Exiqon) as per manufacturer’s instructions. Protein 394 

expression levels were analysed by Western immunoblotting as described previously62. Details 395 

about the antibodies used in the current study are provided as Supplementary Table S8. 396 

Assessment of cell viability, apoptosis, and cell cycle 397 

Cell viability was determined using CellTiter 96® Aqueous One Solution cell proliferation assay 398 

kit as per the manufacturer’s instruction (Promega). Cell proliferation, cells undergoing apoptosis 399 

and cells at specific cell cycle stages were quantified by cellular staining using BrdU, FITC-400 

conjugated annexin-V Dead Cell Apoptosis Kit and propidium iodide (PI), respectively, as per 401 

the manufacturer’s recommendations (Thermo Fisher) and subsequent analysis using BD LSR 402 

Fortessa X-20 flow-cytometer and FlowJo® software. Detailed methodologies for the 403 

determination of “Combination Index” of drugs are provided in Supplementary Methods. 404 

Confocal microscopy 405 

Cells (3.0×104 cells in 100 µL medium) were mounted on poly-L-lysine-coated glass slides, fixed 406 

in 4% paraformaldehyde and then permeabilized using 0.3% Triton X-100. Subsequently, cells 407 

were immuno-stained for DDX3X, actin and nuclei. Images were acquired using Zeiss confocal 408 

workstation attached to Zeiss LSM 800 Airyscan, with Plan-Apochromat 63X oil immersion lens 409 

and processed using ZEN software (Carl Zeiss) as described previously59. 410 
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Cell migration and invasion assays 411 

Trans-well cell migration assays were carried out using the Corning™ 5.0 µm pore polycarbonate 412 

membrane insert (Corning) in a 24-well plate, without or with BD Matrigel™ Basement 413 

Membrane (8-μm pore; BD Falcon). Briefly, 1.5×105 cells were serum starved for 2 h and then 414 

seeded in 200 µl serum free medium in the upper chamber. The corresponding lower chamber 415 

was filled with 500 µl medium containing 10% human serum and cells were allowed to migrate 416 

for 24 h. Cells that migrated in the lower chamber were stained with Hoechst-33342 and then 417 

automatically counted using an automated microscope IN Cell Analyzer 2200, equipped with IN 418 

Cell Investigator software (GE Healthcare Life Sciences). Impedance-based quantification of cell 419 

migration in real-time was performed by xCELLigence Real Time Cell Analyzer (RTCA) system 420 

as per manufacturer’s instructions (ACEA Biosciences). Briefly, serum starved cells (2.5×105 421 

cell/well in 100 µl serum-free medium) were added in triplicate in the BD Matrigel™ loaded 422 

upper chambers of CIM-plate 16 wells (5 μm pore; ACEA Biosciences). Cells were allowed to 423 

migrate towards serum-rich medium (10% human serum) in the lower wells at 37°C. Cell 424 

migration was monitored continuously in real-time over a 4-hour period, automatically plotted in 425 

graph format and presented. 426 

Statistical analysis 427 

Statistical analysis was performed as described in the figure legends with either t-tests (for 428 

comparison between two groups) or one-way ANOVA (for comparison among multiple 429 

experimental groups) using GraphPad Prism 4.0 software. The log rank test was used to analyse 430 

survival data. P values < 0.05 were considered significant. 431 

 432 
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Data availability 433 

The RNA-seq data generated in this study have been deposited in the GEO/NCBI database under 434 

accession code GSE163817. The remaining data are available within the article, Supplementary 435 

information, or available from the authors upon request. 436 
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 608 

Figure 1. Mutational landscape of DDX3X and its clinical impact. (A) Using cancer-609 

associated genomic databases from multiple repositories (cBioPortal, ICGC, COSMIC), 610 

published literature and OncoKB, mutations in the DDX3X gene in NHL were collated. The 611 

mutational lollipop depicts 165 missense, 81 truncating, and 3 in-frame indel mutational variants 612 

in the DDX3X gene in NHL. (B) Kaplan-Meier survival analysis of DLBCL patients with 613 

mutations in the DDX3X gene showing overall survival. (C) The mutational lollipop depicts 6 614 

different mutations identified in R/R-DLBCL patients (n=9) and 4 different mutations identified 615 

in unselected DLBCL patients (UK cohort, n=158).  616 
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 617 

Figure 2. DDX3X expression and localization in human NHL cells. (A) Cellular lysates from 618 

lymphoma cell lines HuT78, HH, MJ, MyLa, Jurkat, K562, NKYS, SNK6, BJAB, U2932 and 619 

Raji were subjected to Western immunoblot analysis for DDX3X expression. Cell lysates from 620 

human primary T- and B-cells were used as a comparative control. GAPDH was used as a 621 

loading control and relative densitometry graphs of DDX3X expression are presented (mean ± 622 

S.E.M.; *, p<0.05) (B) HuT78 cells were immunostained for DDX3X (magenta), actin (red) and 623 

nuclei (blue), and imaged by confocal microscopy, 40X oil objective. Cellular localization 624 

intensities of DDX3X, actin and nuclei were analysed using ZEN lite software and representative 625 

data from at least three independent experiments are presented. 626 
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 627 

Figure 3. RNA-seq and protein network analysis of DDX3X depleted NHL cells. Point 628 

mutation in DDX3X (DDX3X-R475C) in U2392 cells was created using CRISRP knock-in 629 

technique. HuT78 and SNK1 cells were nucleofected with DDX3X targeting siRNA or non-630 

specific (Mock) siRNA. (A) The expression of DDX3X in the above cells was analysed by 631 

Western immunoblotting and relative densitometric quantification of DDX3X protein against 632 

GAPDH is shown (mean ± S.E.M.). (B) Total RNA was extracted from wild-type (WT) and 633 

mutant DDX3X-R475C U2392 and DDX3X-depleted HuT78 and SNK1 cells (n=3 each) and 634 

mRNA expression of genes was analysed using RNA-seq. Volcano plots showing differentially 635 

expressed genes (DEGs) in DDX3X-mutant/depleted U2392, HuT78 and SNK1 cells 636 

(FDR<0.05 and p<0.05). Gene Ontology (GO) mapping of DEGs are shown in the corresponding 637 

insets. (C) IPA analysis of DEGs to predict protein networks in the above three cell lines. (D) 638 

The mRNA levels of cyclin-D1 (CCND1) in U2392 cells expressing mutant DDX3X-R475C (left 639 

panel) or transfected with DDX3X shRNA (left panel) were quantified by RT-qPCR (mean ± 640 

S.E.M.). (E) The mRNA levels of IL-2, IL-4, and IL-10 in HuT78 cells transfected with DDX3X 641 

siRNA or mock siRNA (control) were quantified by RT-qPCR (mean ± S.E.M.). Representative 642 

data from at least three independent experiments are presented. ***, p<0.001; **, p<0.01; *, 643 

p<0.05. 644 
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 645 

Figure 4. Effect of DDX3X mutation/loss on the proliferation of NHL cells. (A) U2392, 646 

HuT78, MJ, Raji, SKN1, SNK6, NKYS and primary T-cells were transfected with DDX3X-647 

targeted shRNA or siRNA to knock-down DDX3X expression. Control (CTL) shRNA or non-648 

specific (Mock) siRNA was used as transfection controls. Point mutation in DDX3X (DDX3X-649 

R475C) in U2392 cells was created using CRISRP knock-in technique. The effect of DDX3X 650 

knockdown/mutation on the viability of cells/apoptosis induction was determined by Annexin-651 

V/PI labelling and flow-cytometry. (B) The effect of DDX3X mutation/knockdown on the rates 652 

of cell proliferation in U2392, HuT78 and SNK1 cells were determined by performing MTS-653 

based assay at multiple time-points up to 1 week. (C) The effect of DDX3X mutation/knockdown 654 

on cell proliferation was determined by BrdU-staining and flow-cytometry. Data represent the 655 

mean ± SEM of at least 3 independent experiments. ns, non-significant, **, p<0.01 *, p<0.05 as 656 

compared to the respective control. 657 
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 659 

 660 

 661 

 662 

Figure 5. Effect of DDX3X mutation/loss on migration and invasiveness of NHL cells. (A,B) 663 

Control or DDX3X-mutant/depleted U2392, HuT78 and SNK1 cells were serum starved and 664 

allowed to transmigrate through Matrigel towards 10% human serum-enriched medium in the 665 

trans-well plates for up to 4 h. Cell migration was automatically quantified using impedance-666 

based measurements in real-time. (B) Following migration for 24 h, cells in the lower chamber 667 

were counted automatically using HCA. (C) Control or DDX3X-mutant/depleted U2392, HuT78 668 

and SNK1 cells were analysed for the expression of vimentin using Western immunoblot. Data 669 

represent the mean ± SEM of 3 independent experiments. ns, non-significant, **, p<0.01 *, 670 

p<0.05 as compared to the respective control. 671 

  672 



34 

 

 673 

Figure 6. Effect of DDX3X mutation/loss on STAT3/MAPK phosphorylation in NHL cells. 674 

Control or DDX3X-mutant/depleted U2392, Raji, SNK1, SNK6, NKYS, HuT78, MJ and MyLa 675 

cells were lysed. Cellular lysates were analysed to determine the phosphorylation levels of 676 

STAT3, Akt and p42/44 by Western immunoblotting. Values in densitometry graphs are mean ± 677 

SEM from at least three experiments. ns, not significant; ***, p<0.001; **, p<0.01; *, p<0.05. 678 

  679 
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 680 

Figure 7. DDX3X mutation/loss induces resistance to chemotherapeutic agents in NHL 681 

cells. Wild-type (WT, control) or DDX3X-mutant/depleted U2392 (A,B), BJAB (C), HuT78 (D) 682 

and SNK1 (E) cells were incubated with IC50 concentrations (of WT cells) of vorinostat, 683 

panobinostat, trichostatin, romidepsin, stattic, WP1066, or doxorubicin for 48 h. Cell viability 684 

was analysed by the MTS-based assay. (F) All the above cells were treated with a varying 685 

combination of vorinostat and WP1066 for 24 h and their effects were determined and tabulated 686 

in terms of “Combination Index”. Representative data from at least three independent 687 

experiments are presented. *, p<0.05; ns, non-significant.  688 



36 

 

 Table 1. Details of somatic mutations identified in 9/167 patients with DBCL.  689 

Note: Data is from 4/9 patients with R/R-DLBCL subjected to whole genome sequencing (WES) 690 

and 5/158 unselected patients with DLBCL sequenced with a targeted gene panel. 691 

Case 
ID 

Age/Sex MYC/BCL2/BCL6 
translocation 

status 

TP53 
mutatio
n status 

DDX3X mutations in DLBCL 

Nucleotide 
change 

AAF Amino 
acid 

change 

Domain 
affected 

PolyPhen 
score 

WES1 53/F MYC trans +ve, 
BCL2 trans +ve, 
BCL6 trans -ve 

WT c.1423C>T 0.49 R475C Helicase C -
terminal 
domain 

1 

c.598T>C 0.14 Y200H -- 1 

WES3 59/M MYC trans -ve, 
BCL2 trans +ve, 
BCL6 trans -ve 

WT c.1424G>A 0.69 R475H Helicase C -
terminal 
domain 

1 

WES4 52/M MYC trans +ve, 
BCL2 trans +ve, 
BCL6 trans -ve 

R273C c.1118_1119insG 0.3 V375fs*8 Helicase 
ATP binding 
domain 

Frameshift 

WES7 55/F MYC trans -ve, 
BCL2 trans -ve, 
BCL6 trans -ve 

WT c.886C>T 0.26 R296C Helicase 
ATP binding 
domain 

1 

c.1601G>A 0.31 R534H Helicase C -
terminal 
domain 

1 

L0022 -- 
BCL6 translocation 

BCL6 amplification 

WT c.1924T>G 0.45 F357V Helicase C -
terminal 
domain 

0.996 

L0062 -- 
BCL6 translocation 

 

WT c.1924T>G 0.40 F357V Helicase C -
terminal 
domain 

0.996 

L0080 -- 
BCL2 gain WT c.2264G>A 0.11 S470N Helicase 

ATP binding 
domain 

0.999 

L0110 -- 
Normal S241T c.1781A>G 

 

0.61 Q309R Helicase 
ATP binding 
domain 

1 

L0145 -- 
Myc and BCL2 
double hit 

WT c.2558C>T 0.70 P568L -- 1 



Figures

Figure 1

Mutational landscape of DDX3X and its clinical impact. (A) Using cancer-associated genomic databases
from multiple repositories (cBioPortal, ICGC, COSMIC), published literature and OncoKB, mutations in the
DDX3X gene in NHL were collated. The mutational lollipop depicts 165 missense, 81 truncating, and 3 in-
frame indel mutational variants in the DDX3X gene in NHL. (B) Kaplan-Meier survival analysis of DLBCL
patients with mutations in the DDX3X gene showing overall survival. (C) The mutational lollipop depicts 6



different mutations identi�ed in R/R-DLBCL patients (n=9) and 4 different mutations identi�ed in
unselected DLBCL patients (UK cohort, n=158).

Figure 2

DDX3X expression and localization in human NHL cells. (A) Cellular lysates from lymphoma cell lines
HuT78, HH, MJ, MyLa, Jurkat, K562, NKYS, SNK6, BJAB, U2932 and Raji were subjected to Western
immunoblot analysis for DDX3X expression. Cell lysates from human primary T- and B-cells were used as



a comparative control. GAPDH was used as a loading control and relative densitometry graphs of DDX3X
expression are presented (mean ± S.E.M.; *, p<0.05) (B) HuT78 cells were immunostained for DDX3X
(magenta), actin (red) and nuclei (blue), and imaged by confocal microscopy, 40X oil objective. Cellular
localization intensities of DDX3X, actin and nuclei were analysed using ZEN lite software and
representative data from at least three independent experiments are presented.

Figure 3



RNA-seq and protein network analysis of DDX3X depleted NHL cells. Point mutation in DDX3X (DDX3X-
R475C) in U2392 cells was created using CRISRP knock-in technique. HuT78 and SNK1 cells were
nucleofected with DDX3X targeting siRNA or non-speci�c (Mock) siRNA. (A) The expression of DDX3X in
the above cells was analysed by Western immunoblotting and relative densitometric quanti�cation of
DDX3X protein against GAPDH is shown (mean ± S.E.M.). (B) Total RNA was extracted from wild-type
(WT) and mutant DDX3X-R475C U2392 and DDX3X-depleted HuT78 and SNK1 cells (n=3 each) and
mRNA expression of genes was analysed using RNA-seq. Volcano plots showing differentially expressed
genes (DEGs) in DDX3X-mutant/depleted U2392, HuT78 and SNK1 cells (FDR<0.05 and p<0.05). Gene
Ontology (GO) mapping of DEGs are shown in the corresponding insets. (C) IPA analysis of DEGs to
predict protein networks in the above three cell lines. (D) The mRNA levels of cyclin-D1 (CCND1) in U2392
cells expressing mutant DDX3X-R475C (left panel) or transfected with DDX3X shRNA (left panel) were
quanti�ed by RT-qPCR (mean ± S.E.M.). (E) The mRNA levels of IL-2, IL-4, and IL-10 in HuT78 cells
transfected with DDX3X siRNA or mock siRNA (control) were quanti�ed by RT-qPCR (mean ± S.E.M.).
Representative data from at least three independent experiments are presented. ***, p<0.001; **, p<0.01; *,
p<0.05.



Figure 4

Effect of DDX3X mutation/loss on the proliferation of NHL cells. (A) U2392, HuT78, MJ, Raji, SKN1,
SNK6, NKYS and primary T-cells were transfected with DDX3X-targeted shRNA or siRNA to knock-down
DDX3X expression. Control (CTL) shRNA or non-speci�c (Mock) siRNA was used as transfection controls.
Point mutation in DDX3X (DDX3X-R475C) in U2392 cells was created using CRISRP knock-in technique.
The effect of DDX3X knockdown/mutation on the viability of cells/apoptosis induction was determined



by Annexin-V/PI labelling and �ow-cytometry. (B) The effect of DDX3X mutation/knockdown on the rates
of cell proliferation in U2392, HuT78 and SNK1 cells were determined by performing MTS-based assay at
multiple time-points up to 1 week. (C) The effect of DDX3X mutation/knockdown on cell proliferation was
determined by BrdU-staining and �ow-cytometry. Data represent the mean ± SEM of at least 3
independent experiments. ns, non-signi�cant, **, p<0.01 *, p<0.05 as compared to the respective control.

Figure 5

Effect of DDX3X mutation/loss on migration and invasiveness of NHL cells. (A,B) Control or DDX3X-
mutant/depleted U2392, HuT78 and SNK1 cells were serum starved and allowed to transmigrate through
Matrigel towards 10% human serum-enriched medium in the trans-well plates for up to 4 h. Cell migration



was automatically quanti�ed using impedance-based measurements in real-time. (B) Following migration
for 24 h, cells in the lower chamber were counted automatically using HCA. (C) Control or DDX3X-
mutant/depleted U2392, HuT78 and SNK1 cells were analysed for the expression of vimentin using
Western immunoblot. Data represent the mean ± SEM of 3 independent experiments. ns, non-signi�cant,
**, p<0.01 *, p<0.05 as compared to the respective control.

Figure 6



Effect of DDX3X mutation/loss on STAT3/MAPK phosphorylation in NHL cells. Control or DDX3X-
mutant/depleted U2392, Raji, SNK1, SNK6, NKYS, HuT78, MJ and MyLa cells were lysed. Cellular lysates
were analysed to determine the phosphorylation levels of STAT3, Akt and p42/44 by Western
immunoblotting. Values in densitometry graphs are mean ± SEM from at least three experiments. ns, not
signi�cant; ***, p<0.001; **, p<0.01; *, p<0.05.

Figure 7



DDX3X mutation/loss induces resistance to chemotherapeutic agents in NHL cells. Wild-type (WT,
control) or DDX3X-mutant/depleted U2392 (A,B), BJAB (C), HuT78 (D) and SNK1 (E) cells were incubated
with IC50 concentrations (of WT cells) of vorinostat, panobinostat, trichostatin, romidepsin, stattic,
WP1066, or doxorubicin for 48 h. Cell viability was analysed by the MTS-based assay. (F) All the above
cells were treated with a varying combination of vorinostat and WP1066 for 24 h and their effects were
determined and tabulated in terms of “Combination Index”. Representative data from at least three
independent experiments are presented. *, p<0.05; ns, non-signi�cant.
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