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Post-transcriptional mechanisms are fundamental safeguards of progenitor 
cell identity and are often dysregulated in cancer. Here, we identified regulators 
of P-bodies as crucial vulnerabilities in acute myeloid leukaemia (AML) through 
genome-wide CRISPR screens in normal and malignant haematopoietic 
progenitors. We found that leukaemia cells harbour aberrantly elevated 
numbers of P-bodies and show that P-body assembly is crucial for initiation and 
maintenance of AML. Notably, P-body loss had little effect upon homoeostatic 
haematopoiesis but impacted regenerative haematopoiesis. Molecular 
characterization of P-bodies purified from human AML cells unveiled their 
critical role in sequestering messenger RNAs encoding potent tumour 
suppressors from the translational machinery. P-body dissolution promoted 
translation of these mRNAs, which in turn rewired gene expression and 
chromatin architecture in leukaemia cells. Collectively, our findings highlight 
the contrasting and unique roles of RNA sequestration in P-bodies during 
tissue homoeostasis and oncogenesis. These insights open potential avenues 
for understanding myeloid leukaemia and future therapeutic interventions.

Acute myeloid leukaemia (AML) is a highly aggressive blood cancer 
characterized by the uncontrolled growth of immature myeloblasts 
arrested in differentiation1. Its genetic complexity and diversity have 
made treatment challenging, causing 5-year survival rates to languish 
at ~30%1. Thus, a deeper mechanistic understanding of AML biology  
is required to identify additional molecular vulnerabilities of this  
disease and develop precision therapies.

Leukaemic transformation requires subversion of gene expression 
programmes maintaining haematopoietic cell identity. Cell type-specific 

gene expression is influenced by post-transcriptional mechanisms 
that orchestrate the protein output of the cellular transcriptome. Dys-
regulated protein synthesis has emerged as a hallmark of oncogenic 
transformation, with malignant cells reprogramming the translation of 
messenger RNAs that modulate cell survival and proliferation2. Never-
theless, the precise mechanisms by which leukaemia cells manipulate 
mRNA translation remain poorly understood. Moreover, the crosstalk 
between mRNA translation and the organization of chromatin archi-
tecture in driving leukaemia cell survival remains largely unexplored.
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(CebpaN-mut/C-mut (CNC), modelling AML with biallelic CEBPA mutations) 
and the normal haematopoietic stem and progenitor cell line, HPC7 
(Extended Data Fig. 1a,b and Supplementary Table 1)19,20. We found 
308 genes required for survival in CNC cells but not HPC7 cells (Fig. 1a, 
Extended Data Fig. 1c and Supplementary Table 1). Gene Ontology (GO) 
analysis of these hits revealed enrichment for post-transcriptional regu-
lators linked to translational repression and P-bodies (Fig. 1b and Supple-
mentary Table 1)21. We verified the AML-specific essentiality of several top 
hits through competitive growth assays in CNC and HPC7 cells (Extended 
Data Fig. 1d,e). Overall, our screens raise the intriguing possibility that 
leukaemia cells might rely on P-body-linked translation control.

We next investigated whether P-body-associated genes might 
be dysregulated in human AML. Surveying cancer gene expression 
datasets revealed several of these genes to be upregulated in AML 
cells compared with normal haematopoietic stem and progenitor 
cells (HSPCs) (Fig. 1c and Extended Data Fig. 1f). Analysis of published 
chromatin immunoprecipitation (ChIP)-seq data (GSM1003586)22 
indicated increased levels of H3K27ac, an active chromatin-related 
histone mark, at enhancers and promoters of P-body-associated genes 
in AML cells compared with normal HSPCs (Extended Data Fig. 1g). 
Importantly, elevated expression of DDX6 and EIF4ENIF1, which encode 
two key proteins indispensable for the translational repression and 
sequestration of mRNAs in P-bodies11, was correlated and associated 
with worse survival in patients with AML (Fig. 1c and Extended Data 
Fig. 1h–j). DDX6 was also overexpressed in AML, compared with other 
cancers, and across different cytogenetic subtypes relative to normal 
HSPCs (Extended Data Fig. 1k–m).

Finally, we examined whether differential expression of P-body- 
associated genes might correlate with differences in P-body numbers.  
Indeed, leukaemia cells across patients with AML harboured sig-
nificantly more P-bodies than normal HSPCs, based on immuno-
cytochemistry for the P-body markers DDX6 and EDC4 (ref. 23) 
(Fig. 1d,e and Supplementary Table 3). This is consistent with our  
finding that DDX6 overexpression is sufficient to increase P-body  
numbers in haematopoietic progenitor cells (Extended Data Fig. 2a,b).

Our data reveal dysregulated P-body homoeostasis in AML cells. 
Together with the results of our parallel CRISPR screens, these find-
ings raise the intriguing possibility that RNA sequestration within  
P-bodies might play a key role in myeloid leukaemia.

The subcellular localization of RNA molecules influences their 
post-transcriptional fates, including their translation rate3. RNAs can be 
targeted to membrane-less ribonucleoprotein (RNP) condensates that 
vary in form, function and location4. P-bodies are RNP condensates that 
form when RNAs, RNA-binding proteins (RBPs) and scaffold proteins 
condense together in the cytoplasm. While initially thought to be sites 
for mRNA decay5, recent evidence suggests that P-bodies serve as res-
ervoirs that selectively sequester untranslated mRNAs from the transla-
tion machinery6–11. Congruently, mRNAs stored in P-bodies can re-enter 
translation in response to changing cellular conditions7,9,12. For instance, 
triggering P-body dissolution in Caenorhabditis elegans oocytes releases 
a burst of mRNAs available for translation, dramatically increasing their 
cytosolic concentration (~ninefold)13. In stem and progenitor cells, 
P-bodies sequester mRNAs coding for key fate-instructive regulators 
that influence cellular plasticity8. Furthermore, emerging research 
indicates that P-bodies contribute to human diseases14. In cancer, P-body 
components have been shown to be aberrantly expressed15–18, suggesting 
that altered RNA sequestration may contribute to the destabilization of 
cell identity and modulate oncogenesis across tissue types. However, 
the implications of the interplay between translation suppression, 
RNA sequestration in P-bodies and cancer have not yet been explored.

In this study, we conducted unbiased CRISPR/Cas9 screens in 
both healthy and malignant haematopoietic progenitors, identifying 
post-transcriptional regulators linked to translational suppression 
and P-body formation as specific dependencies in myeloid leukaemia. 
Additionally, we uncovered dysregulated P-body homoeostasis in AML. 
Mechanistically, we discovered that AML cells hijack P-body func-
tion to sequester and translationally repress mRNAs encoding potent 
tumour-suppressive epigenetic and transcriptional regulators, thereby 
promoting the establishment of leukaemic chromatin and transcrip-
tional landscapes. Our findings establish a molecular node between 
mRNA translation, storage in P-bodies and chromatin remodelling  
in the nucleus of leukaemia cells, which could potentially be exploited 
to design precision therapies for AML and other malignancies.

Results
P-body homoeostasis is dysregulated in AML
To uncover genetic vulnerabilities in AML, we performed parallel 
genome-wide CRISPR dropout screens in mouse leukaemia cells 

Fig. 1 | P-body regulators are AML dependencies. a, Comparative analysis of 
genome-wide CRISPR/Cas9 dropout screens in normal haematopoietic progenitor 
cells (HPC7 Cas9) and CebpaN-mutant/C-mutant leukaemia cells (CNC Cas9). Axes show 
enrichment/depletion as log2 FC. Blue dots represent genes that selectively impair 
(log2FC < −0.5) CNC Cas9 cell proliferation. Grey dots represent all other genes.  
b, GO biological processes and cellular components enrichment analyses of genes 
identified as specific dependencies of murine leukaemia cells. Two-tailed Fisher’s 
exact test. c, mRNA expression of P-body-related genes in AML compared with 
healthy tissue, based on data from The Cancer Genome Atlas (TCGA) database. 
Data are presented as mean log2 expression with range. d, Representative 
immunofluorescence (IF) imaging of EDC4 (green) and DDX6 (red) punctae in 
primary CD34+ cells and AML patient cells. Nuclei were counterstained with 
DAPI (blue). Scale bar, 10 µm. e, Quantification of EDC4+DDX6+ punctae in two 
primary CD34+ samples and four AML patient samples by IF. CD34+ #1 (n = 20 
cells), CD34+ #2 (n = 28 cells), AML #1 (n = 50 cells), AML #2 (n = 42 cells), AML #3 
(n = 66 cells), AML #4 (n = 22 cells), one-way analysis of variance (ANOVA) with 
Dunnett’s post-hoc correction, mean ± s.e.m. f, Representative IF imaging of 
EDC4 (green) and DDX6 (red) punctae in control and DDX6 KD MOLM-13 cells. 
Nuclei were counterstained with DAPI (blue). Scale bar, 10 µm. g, Quantification 
of EDC4+DDX6+ punctae in control and DDX6 KD MOLM-13 cells by IF. Unpaired 
two-tailed Student’s t-test, n = 24–30 cells per group, mean ± s.e.m. h, Proliferation 
assay for shCTRL and shDDX6 MOLM-13 cells at the indicated time points after 
transduction. Two-way ANOVA with Dunnett’s post-hoc test, n = 3 biologically 
independent samples, mean ± s.e.m. i, Flow cytometric analysis of myeloid 
differentiation in MOLM-13 cells 7 d after DDX6 silencing (CD68 and CD123 MFI). 
Unpaired two-tailed Student’s t-test, n = 3 biologically independent samples, 

mean ± s.e.m. j, Heatmap of RNA-seq data for shCTRL and shDDX6 MOLM-13 
cells (n = 2 biologically independent samples, FC > 1.5; P < 0.05, Wald test with 
Benjamini–Hochberg correction). Upregulated genes are depicted in red and 
blue depicts downregulated genes. k, GO enrichment analysis of differentially 
expressed genes in control versus DDX6 KD MOLM-13 cells. Two-tailed Fisher’s 
exact test. l, Representative IF imaging of EDC4 (green) and DDX6 (red) punctae in 
control, LSM14A and EIF4ENIF1 KD MOLM-13 cells. Nuclei were counterstained with 
DAPI (blue). Scale bar, 10 µm. m, Quantification of EDC4+DDX6+ punctae in control, 
LSM14A and EIF4ENIF1 KD MOLM-13 cells by IF. Unpaired two-tailed Student’s t-test, 
n = 17–31 cells per group, mean ± s.e.m. n, Cell numbers 9 d after shRNA-mediated 
silencing of LSM14A and EIF4ENIF1 in MOLM-13 cells. Unpaired two-tailed Student’s 
t-test, n = 3 biologically independent samples, mean ± s.e.m. o, Schematic showing 
homozygous insertion of FKBP12F36V-HA-P2A-mCherry sequence into the stop 
codon of the endogenous DDX6 allele of Cas9-expressing MOLM-13 cells (top). 
Representative western blot showing HA-tagged endogenous DDX6 protein levels 
in DDX6-FKBP12F36V MOLM-13 cells at the indicated time points following dTAG-13 
treatment (bottom). n = 3 independent experiments. p, Proliferation of DDX6-
FKBP12F36V MOLM-13 cells cultured in the presence of the indicated concentrations 
of dTAG-13 for 5 d. n = 3 biologically independent samples, mean ± s.e.m.  
q, Schematic of dTAG-13 administration and washout for DDX6-FKBP12F36V MOLM-
13 cells. In brief, DDX6-FKBP12F36V MOLM-13 cells were either vehicle-treated 
(DMSO), continuously treated with 1 µM dTAG-13 or treated with 1 µM dTAG-13 
for 2, 5 or 6 days, followed by washout and culture. r, Proliferation of DDX6-
FKBP12F36V MOLM-13 cells treated as in q, n = 3 biologically independent samples, 
mean ± s.e.m. KD, knockdown; DAPI, 4,6-diamidino-2-phenylindole; DMSO, 
dimethylsulfoxide; MFI, median fluorescence intensity; CTRL, control.
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P-body regulators are crucial for AML cell survival
Given its role in translational suppression and its absolute requirement  
for P-body assembly11,21,24, we next examined the functional role of  
DDX6 in human AML cells. We initially confirmed DDX6’s cytoplasmic 
localization (Extended Data Fig. 2c) and enrichment within P-bodies, 
based on colocalization with the P-body markers EDC4 or LSM14A21, 
in AML cells (Fig. 1f,g and Extended Data Fig. 2d,e). Next, we silenced  
DDX6 in human AML cell lines of varying subtype and mutations  
(MOLM-13, HEL, SKM-1, THP-1, MV411 and HL-60)25,26 (Supplemen-
tary Table 4). shRNA-mediated knockdown, CRISPR/Cas9-mediated 
knockout and CRISPR interference (CRISPRi)-mediated silencing of  

DDX6 triggered P-body dissolution and impaired proliferation across 
AML cell lines (Fig. 1f–h and Extended Data Fig. 2f–n). Furthermore, 
DDX6 suppression triggered myeloid differentiation in the acute  
monocytic leukaemia line MOLM-13 and megakaryocytic differen-
tiation in the erythroleukaemia line HEL and induced apoptosis in 
multiple AML cell lines (Fig. 1i and Extended Data Figs. 2o,p and 3a). 
Together, these data indicate that DDX6 sustains human AML cells.

We next examined gene expression changes induced by DDX6 
silencing in the cytogenetically distinct AML lines MOLM-13 and HL-60 
by RNA-seq (Fig. 1j and Extended Data Fig. 3b–d). We observed mRNAs 
downregulated in DDX6-depleted cells to be enriched for factors 
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Student’s t-test, n = 3 mice per group, mean ± s.d. h, Schematic of the Ddx6fl/fl 
transgenic mice and breeding strategy. i, Representative western blot analysis for 
DDX6 in c-Kit+ haematopoietic progenitor cells. n = 3 independent experiments. 
j, c-Kit+ bone-marrow cells from Mx1-Cre or Mx1-Cre/Ddx6fl/fl mice were 

transduced with MLL-AF9 and transplanted into WT recipient mice, followed 
by poly(I:C) treatment 3 weeks later. k, Percentages of transduced CD45+ cells 
(GFP+) in the indicated organs at 90 d post-transplantation. Unpaired two-tailed 
Student’s t-test, Ddx6WT n = 4 mice, Ddx6KO n = 6 mice, mean ± s.e.m. l, c-Kit+ bone-
marrow cells from Rosa26-Cre or Rosa26-Cre/Ddx6fl/fl mice were transduced with 
AML1-ETO9a and transplanted into WT recipient mice, followed by tamoxifen 
treatment 3 weeks later. m, Percentages of transduced CD45+ cells (mCherry+) in 
the indicated organs at 48 d post-transplantation. Unpaired two-tailed Student’s 
t-test, Ddx6WT n = 5, Ddx6KO n = 5 mice per group, mean ± s.e.m. n, Colony-forming 
assay of Ddx6WT and Ddx6KO (left) normal c-Kit+ HSPCs or (right) AML1-ETO9a+ 
leukaemic cells. Cells were plated 2 d after 4-hydroxytamoxifen treatment and 
colony-forming units were counted 7 d later. Unpaired two-tailed Student’s t-test, 
n = 3 biologically independent samples, mean ± s.e.m.
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important for chromatin organization and cell cycle progression, 
including CHAF1B, UHRF1, MKI67 and AURKB (Fig. 1j,k and Extended 
Data Fig. 3c,e). In contrast, upregulated genes were enriched for 
mediators of myeloid differentiation and function, including CD40, 
CD14, IRF8 and the tumour suppressors CDKN1A and ID2 (Fig. 1j,k  
and Extended Data Fig. 3c,e). Together, these data underscore the 
pivotal role of DDX6 in maintaining AML-associated gene expression 
programmes.

We then evaluated whether depletion of other translation  
repressors necessary for P-body assembly could replicate the pheno-
types observed upon DDX6 suppression. Indeed, suppression of 
EIF4ENIF1 and LSM14A11 resulted in P-body loss and growth arrest 
in MOLM-13 cells to a similar extent as DDX6 knockdown (Fig. 1l–n  
and Extended Data Fig. 3f,g). These results highlight the essential 
contribution of P-body regulators to AML cell survival.

To explore the potential of fine-tuning DDX6 protein levels,  
we established a model for ligand-induced, reversible DDX6 
degra dation via homozygous CRISPR/Cas9-mediated knock-in 
of a FKBP12F36V-HA-P2A-mCherry cassette into the DDX6 locus in  
MOLM-13 and HL-60 cells (Fig. 1o). Using dTAG-13 (ref. 27), we achieved 
rapid, efficient and reversible DDX6 protein degradation in these 
cells within 6 h (Fig. 1o and Extended Data Fig. 3h), with even low con-
centrations of dTAG-13 (62.5 nM) attenuating proliferation (Fig. 1p). 
Continuous dTAG-13 treatment for 6 days irreversibly suppressed 
AML cell prolife ration, as re-expression of DDX6 failed to rescue the 
initial proliferation defect (Fig. 1q,r and Extended Data Fig. 3h–l). These 
data suggest the possibility of leveraging time and dosage windows  
to target RNA sequestration in AML.

Collectively, our results indicate P-body-associated translation 
repressors as crucial dependencies in human AML cells.

DDX6 is essential for leukaemia progression in vivo
We next asked whether DDX6 is essential to maintain AML in vivo. 
To address this question, we transplanted doxycycline-inducible 
CRISPRi HEL cells carrying either a non-targeting control sgRNA or 
a DDX6-targeting sgRNA into immunodeficient NSG mice (Fig. 2a). 
Doxycycline-induced DDX6 silencing in the transplanted cells sig-
nificantly prolonged the median survival of recipient mice (Fig. 2b). 
We obtained comparable results upon transplantation of control or 
DDX6-shRNA-transduced MOLM-13 cells (Fig. 2c,d). Consistent with 

extended lifespan, we initially observed strongly diminished num-
bers of DDX6-depleted MOLM-13 cells in the spleen and bone mar-
row of a separate cohort of recipient mice (Extended Data Fig. 3m). 
Of note, DDX6 shRNA-transduced MOLM-13 cells remaining in mori-
bund recipient mice several weeks later no longer exhibited DDX6 
knockdown (Extended Data Fig. 3n), indicating that they had escaped 
shRNA-mediated DDX6 silencing. We next silenced DDX6 in leukaemia 
cells isolated from two patients with AML with distinct cytogenetic 
abnormalities and transplanted them into NSG mice (Fig. 2e). Critically, 
DDX6 knockdown AML cells were severely reduced in recipient mice, as 
shown by examination of spleen, bone marrow, peripheral blood and 
liver 60 days after transplantation (Fig. 2f,g). Thus, our data indicate 
that DDX6 is crucial for human AML maintenance in vivo.

Next, we examined whether DDX6 plays an important role in leu-
kaemia onset and progression in vivo. To this end, we generated Ddx6 
conditional knockout mice carrying two LoxP sites flanking exon 3 of the 
Ddx6 locus (Ddx6fl/fl) (Fig. 2h). Crossing these mice with Mx1-Cre mice 
enabled us to delete Ddx6 in the haematopoietic compartment upon 
treatment with polyinosinic:polycytidylic acid (poly (I:C)). Western 
blot and genomic PCR confirmed poly (I:C)-induced Ddx6 knockout in 
haematopoietic cells of Mx1-Cre/Ddx6fl/fl mice, while immunocytochem-
istry confirmed loss of P-bodies (Fig. 2i and Extended Data Fig. 3o–q). 
To induce leukemogenesis, we retrovirally transformed HSPCs from 
Mx1-Cre (Ddx6WT) or Mx1-Cre/Ddx6fl/fl (Ddx6KO) mice with the MLL-AF9 
fusion oncogene, modelling human AML driven by mixed lineage leuke-
mia (MLL) rearrangement, and transplanted them into wild-type (WT) 
recipient mice (Fig. 2j). We then ablated Ddx6 by poly(I:C) adminis-
tration in vivo 3 weeks after transplantation. Mice transplanted with 
MLL-AF9-transduced Ddx6WT cells exhibited enlarged spleens and nearly 
complete takeover of the haematopoietic compartment by leukaemia 
cells 90 days post-transplant (Fig. 2k and Extended Data Fig. 4a–c). In 
contrast, MLL-AF9-transduced cells were virtually undetectable in recip-
ient mice following Ddx6 deletion (Fig. 2k and Extended Data Fig. 4c).

Similar results were obtained using a transplantation-based 
model of human AML driven by the (t8;21) chromosomal transloca-
tion, which gives rise to the RUNX1::RUNX1T1 (AML1-ETO9a) fusion 
gene28. We crossed Ddx6fl/fl mice with Rosa26-ERT2-Cre mice to enable  
Ddx6 ablation upon tamoxifen treatment. We expressed the AML1- 
ETO9a oncogene in HSPCs from Rosa26-ERT2-Cre or Rosa26-ERT2-Cre/
Ddx6fl/fl mice and transplanted them into recipient animals 

Fig. 3 | DDX6 plays a minor role during homoeostatic haematopoiesis but is 
important for regenerative haematopoiesis. a, Proliferation assay for shCTRL 
and shDDX6 human CD34+ primary HSPCs at the indicated time points after 
transduction. Unpaired two-tailed Student’s t-test, n = 3 biologically independent 
samples per group, mean ± s.d. b, Colony-forming assay of shCTRL and shDDX6 
human bone marrow-derived CD34+ cells. Colony-forming units were counted 
13 d after seeding. Unpaired two-tailed Student’s t-test, n = 3 biologically 
independent samples per group, mean ± s.e.m. c,d, Proliferation assay for 
shCTRL, shLSM14A (c) and shEIF4ENIF1 (d) human CD34+ primary HSPCs at the 
indicated time points after transduction. Unpaired two-tailed Student’s t-test, 
n = 3 biologically independent samples per group, mean ± s.d. e,f, Absolute 
numbers of nucleated cells in the spleen (e) and bone marrow (f) of Mx1-Cre and 
Mx1-Cre/Ddx6fl/fl mice 110 d after Ddx6 deletion. Unpaired two-tailed Student’s 
t-test, Ddx6WT n = 5 mice, Ddx6KO n = 5 mice, mean ± s.e.m. g, Representative flow 
cytometry plots showing percentages of Lin−c-Kit+Sca-1+ (LSK) cells and Lin−c-Kit+ 
Sca-1− (LK) cells in the bone marrow of Mx1-Cre and Mx1-Cre/Ddx6fl/fl mice 110 d 
after Ddx6 deletion. h, Frequency of LSK cells in the bone marrow. Unpaired 
two-tailed Student’s t-test, Ddx6WT n = 5 mice, Ddx6KO n = 5 mice, mean ± s.e.m. 
i, Representative flow cytometry plots showing percentages of HSC, MPP1, 
MPP2 and MPP4 populations, gated on LSK cells, in the bone marrow of Mx1-Cre 
and Mx1-Cre/Ddx6fl/fl mice 110 d after Ddx6 deletion. j, Quantification of HSC, 
MPP1, MPP2 and MPP4 populations, as a percentage of LSK cells, in the bone 
marrow of Mx1-Cre and Mx1-Cre/Ddx6fl/fl mice 110 d after Ddx6 deletion. Unpaired 
two-tailed Student’s t-test, Ddx6WT n = 5 mice, Ddx6KO n = 5 mice, mean ± s.e.m. 
k, Quantification of B cells (CD19+), T cells (CD3+) and myeloid cells (CD11b+) 

as a percentage of CD45+ cells in the peripheral blood of Mx1-Cre and Mx1-Cre/
Ddx6fl/fl mice at the indicated time points after Ddx6 deletion. Ddx6WT n = 5 mice, 
Ddx6KO n = 5 mice, two-way ANOVA with Bonferroni’s multiple comparisons test, 
mean ± s.d. l, Ddx6WT and Ddx6KO HSC, MPP1, MPP2 and MPP4 populations were 
sorted 24 d after Ddx6 deletion and subjected to RNA-seq. PCA of all replicates of 
all populations is shown. m, GO analysis showing enrichment of indicated gene 
categories in genes upregulated in each Ddx6KO population, relative to its Ddx6WT 
counterpart. Two-tailed Fisher’s exact test. n, Representative flow cytometry 
plots and quantification of percentages of Ki-67+ cells in Ddx6WT and Ddx6KO 
HSCs, 24 d after Ddx6 deletion. Unpaired two-tailed Student’s t-test, n = 3 mice 
per group, mean ± s.e.m. o, MFI quantification of MitoTracker Green FM and 
TMRM staining in Ddx6WT and Ddx6KO HSCs, 24 d after Ddx6 deletion. Unpaired 
two-tailed Student’s t-test, n = 3 mice per group, mean ± s.e.m. p, Quantification 
of Ddx6WT and Ddx6KO chimerism within donor LSKs and LSK subpopulations 
in the bone marrow, 187 d after primary competitive transplantation. Unpaired 
two-tailed Student’s t-test, n = 5 mice per group, mean ± s.e.m. q, Quantification 
of Ddx6WT and Ddx6KO chimerism within donor myeloid, T cell and B cell 
populations in the peripheral blood, at the indicated timepoints after primary 
competitive transplantation. Unpaired two-tailed Student’s t-test, n = 5 mice 
per group, mean ± s.e.m. r, Quantification of Ddx6WT and Ddx6KO chimerism 
within the donor haematopoietic compartment (CD45+) in peripheral blood, 
bone marrow and spleen, 63 d after secondary competitive transplantation. 
Unpaired two-tailed Student’s t-test, n = 5 mice per group, mean ± s.e.m. TMRM, 
tetramethylrhodamine, methyl ester.
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(Fig. 2l). Tamoxifen-induced Ddx6 deletion in WT recipients ablated 
AML1-ETO9a-transformed cells in the haematopoietic compartment, 
consistent with our findings using the MLL-AF9 model (Fig. 2m). These 
data show that DDX6 is indispensable for leukemogenesis induced by 
different driver oncogenes.

In conclusion, these comprehensive in vivo experiments under-
score the pivotal role of DDX6 in sustaining AML driven by distinct 
oncogenic mutations.

Loss of DDX6 does not derail homoeostatic haematopoiesis
While DDX6’s broad role in embryonic development is well estab-
lished29, its function in adult tissue homoeostasis remains elusive. As our 
CRISPR screens suggested that DDX6 loss might have distinct effects 
in AML cells compared with their normal counterparts, we set out to 
determine its consequences on normal HSPCs. To this end, we induced 
Rosa-Cre-ERT2-mediated deletion of Ddx6 in murine AML1-ETO9a leu-
kaemia cells and normal c-Kit+ progenitors. Notably, while Ddx6 dele-
tion markedly diminished colony formation by AML1-ETO9a leukaemia 
cells, it did not affect the colony-forming ability of their normal coun-
terparts (Fig. 2n). Reinforcing these data, DDX6 silencing did not impair 
survival, proliferation, or differentiation in primary human HSPCs  
or in an induced pluripotent stem (iPS) cell-derived human HSPC  
line30 (Fig. 3a,b and Extended Data Fig. 4d–i). Congruently, silencing 
LSM14A or EIF4ENIF1 also did not impair proliferation of primary human 
HSPCs (Fig. 3c,d and Extended Data Fig. 4j,k). These findings corrobo-
rate and extend the results of our CRISPR screens to human HSPCs.

Next, we examined the requirement for DDX6 in normal, homoeo-
static haematopoiesis in vivo using our Mx1-Cre/Ddx6fl/fl mice. Four 
months after Ddx6 deletion, we observed no significant changes in 
spleen and bone-marrow cellularity or overall frequency of HSPCs 
(Lin−Sca-1+c-Kit+ (LSK)) (Fig. 3e–h). However, among LSK cells, Ddx6 
deletion resulted in a nearly threefold expansion of the haematopoietic 
stem cell (HSC) fraction (LSK CD150+CD48−), with concomitant reduc-
tion of the multipotent MPP1 population, whereas the lineage-biased 
MPP2 and MPP4 subsets remained unchanged (Fig. 3i,j). However, 
apart from a moderate decrease in the common myeloid progenitor 
(CMP) fraction, loss of Ddx6 did not markedly impact the populations of 
committed progenitors or differentiated progeny (lymphoid, myeloid 
and erythroid cells) over a 4-month period (Fig. 3k and Extended Data 
Fig. 4l–p). Similar results were obtained using Rosa26-Cre-ERT2 to 

globally delete Ddx6 in adult mice, with HSC expansion but normal 
mature blood cell production and organismal survival over a 4-month 
period (Extended Data Fig. 4q–v).

Collectively, these data reveal that Ddx6 deletion expands HSCs 
but has little downstream effect upon steady-state haematopoiesis.

DDX6 controls HSC function in regenerative haematopoiesis
To gain mechanistic insights into the role of DDX6 in LSK cells, we 
examined the transcriptomes of the HSC and MPP populations three 
weeks after inducing Ddx6 deletion. Principal-component analysis 
(PCA) and unsupervised hierarchical clustering segregated each Ddx6−/− 
population from its WT counterpart, indicating widespread transcrip-
tional changes in LSK cells upon loss of Ddx6 (Fig. 3l and Extended 
Data Fig. 5a). Given the observed preferential expansion of HSCs in the 
absence of Ddx6, we focused on the transcriptional changes between 
Ddx6WT and Ddx6KO HSCs. Notably and in contrast to MPPs, upregulated 
transcripts in HSCs following Ddx6 deletion were linked to cell cycle 
progression and increased metabolic activity, hallmarks of exit from 
quiescence and increased proliferation (Fig. 3m). Congruently, we 
observed a significant increase in dividing cells within the HSC fraction 
following Ddx6 deletion (Fig. 3n). Moreover, Ddx6KO HSCs harboured 
increased numbers of both total and active mitochondria, relative  
to Ddx6WT controls (Fig. 3o and Extended Data Fig. 5b), corroborating 
our gene expression data. Together, these data led us to hypothesize 
that DDX6 regulates HSC function during stress haematopoiesis.

To test this hypothesis, we performed serial, competitive trans-
plantation of Ddx6WT or Ddx6KO bone-marrow cells into lethally 
irradiated, congenic CD45.1 recipients. Loss of Ddx6 profoundly 
impaired the ability of transplanted cells to engraft and contribute 
to donor-derived haematopoietic stem, progenitor and differen-
tiated populations in recipient mice (Fig. 3p–r and Extended Data 
Fig. 5c), suggesting that DDX6 is crucial for HSC function upon stress. 
To exclude potential effects of Ddx6 loss upon homing, we also per-
formed competitive transplantation of sorted Ddx6WT and Ddx6fl/fl 
HSCs, inducing Ddx6 deletion 34 days later, after confirming success-
ful engraftment by both populations (Extended Data Fig. 5d). Loss of 
Ddx6 resulted in rapid and sustained loss of donor chimerism in the 
haematopoietic compartment, independent of homing (Extended 
Data Fig. 5d). These data highlight DDX6 as an important regulator of 
emergency HSC function.

Fig. 4 | P-bodies sequester translationally repressed mRNAs encoding key 
tumour suppressors. a, DDX6 KD MOLM-13 cell numbers after rescue with 
DDX6 WT or DDX6 EQ. One-way ANOVA with Dunnett’s post-hoc test, n = 3 
biologically independent samples per group, mean ± s.e.m. b, Representative IF 
imaging of EDC4 punctae (green) and DDX6 punctae (red) in DDX6 KD MOLM-
13 cells after rescue with DDX6 WT or DDX6 EQ. Nuclei were counterstained 
with DAPI (blue). Scale: 5 µm. c, Quantification of EDC4+DDX6+ punctae in the 
indicated cells by IF. One-way ANOVA with Dunnett’s post-hoc test, n = 29–40 
cells per group, mean ± s.e.m. d, LSM14A KD HEL cell numbers after rescue with 
LSM14A WT, LSM14A ∆TFG or LSM14A ∆FFD. One-way ANOVA with Dunnett’s 
post-hoc test, n = 3 biologically independent samples per groups, mean ± s.e.m. 
e, Quantification of EDC4+DDX6+ punctae in the indicated cells by IF. One-way 
ANOVA with Dunnett’s post-hoc test, n = 15–36 cells per group, mean ± s.e.m. 
f, Representative IF imaging of EDC4 punctae (green) and DDX6 punctae (red) 
in LSM14A KD HEL cells after rescue with LSM14A WT, LSM14A ∆TFG or LSM14A 
∆FFD. Nuclei were counterstained with DAPI (blue). Scale bar, 5 µm. g, MOLM-13 
cell numbers 13 d after forced expression of NBDY. Unpaired two-tailed Student’s 
t-test, n = 3 biologically independent samples per group, mean ± s.e.m.  
h, Representative IF imaging of EDC4 punctae (red) and FLAG (green) in control 
and NBDY-expressing MOLM-13 cells. Nuclei were counterstained with DAPI 
(blue). Scale bar, 5 µm. i, Quantification of EDC4+ punctae in the indicated cells by 
IF. Unpaired two-tailed Student’s t-test, n = 59-129 cells per group, mean ± s.e.m. 
j, Schematic for the purification and transcriptomic profiling of P-bodies from 
MOLM-13 cells based on the expression of GFP-LSM14A+. k, Representative flow 
cytometry plots showing gating for GFP-LSM14A+ P-bodies in MOLM-13 cells.  

l, Heatmap showing expression levels of differentially enriched mRNAs between 
purified P-body and cytoplasmic fractions in MOLM-13 cells (n = 2 biologically 
independent samples per group), FC > 1.5, P < 0.05, Wald test with Benjamini–
Hochberg correction. Highlighted in green, putative tumour suppressors, 
transcription factors and chromatin factors. m, GSEA plot showing enrichment 
of a tumour-suppressor gene signature75 in P-bodies versus cytoplasmic fractions 
of MOLM-13 cells. Normalized enrichment score (NES) = 1.26, P = 0.0038.  
n, Gene tracks of RNA-seq data showing individual mRNAs enriched in P-bodies 
or cytoplasm of MOLM-13 cells. o, Representative smFISH images of KDM5B 
mRNA molecules (red) and GFP-LSM14A+ punctae (green). Nuclei were 
counterstained with DAPI (blue). Scale bar, 5 µm. p, Quantification of the fraction 
of KDM5B mRNA transcripts colocalizing with GFP-LSM14A+ punctae in individual 
cells (n = 33, mean 48.98%). q, Ribosome density negatively correlates with 
mRNA enrichment in P-bodies in MOLM-13 cells. Polysome profiling data from 
GSE202227 (ref. 76). r, Translation rate fold changes following P-body dissolution 
(shDDX6) positively correlated with mRNA enrichment in P-bodies. s, Balloon 
plot showing TargetScan miRNA enrichment analysis for miRNA binding within 
P-body enriched mRNAs that change translation level (left). Heatmap showing 
expression levels of miRNAs (small RNA-seq) identified by TargetScan in control 
versus DDX6 KD MOLM-13 cells (n = 2 biologically independent samples per 
group) (right). t, Heatmap of protein expression for tumour suppressors in 
CTRL and DDX6 KD MOLM-13 cells that increase in both translation and protein 
levels upon DDX6 silencing (n = 3). u, Cell numbers 6 d after lentivirus-mediated 
overexpression of the indicated genes in MOLM-13 cells. Unpaired two-tailed 
Student’s t-test, n = 3 biologically independent samples per group, mean ± s.e.m.
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Collectively, our data show that DDX6-mediated RNA sequestra-
tion is not essential for homoeostatic haematopoiesis, but protects 
HSPCs undergoing severe stress, such as regeneration and leukaemic 
transformation.

AML cell survival is coupled to P-body assembly
Given the critical role of DDX6 in leukaemia, we next investigated  
the molecular mechanisms by which loss of DDX6 abrogates AML 
cell survival. Considering that the depletion of the other proteins 
essential for P-body assembly, EIF4ENIF1 and LSM14A, also dimin-
ishes AML cell survival, we asked whether the loss of P-bodies could 
underlie this phenotype. To explore this, we examined if treatment  
with differentiation-inducing compounds31,32 could trigger the disso-
lution of P-bodies. Treatment of HEL cells with phorbol 12-myristate 
13-acetate (PMA) resulted in differentiation32 and P-body loss (Extended 
Data Fig. 5e– i). Similarly, treatment of MOLM-13 cells with the 
clinical-stage DOT1L inhibitor EPZ-5676 (ref. 33) induced differentia-
tion and P-body dissolution (Extended Data Fig. 5j,k). These findings 
suggest that P-body loss might be a shared characteristic of multiple 
distinct anti-leukaemic pathways.

Subsequently, we investigated whether the ability of DDX6 and 
LSM14A to mediate P-body assembly is required to sustain AML cells. 
Initially, we expressed shRNA-resistant forms of either WT DDX6 or a 
catalytically inactive point mutant (DDX6 E247Q)8,34 in DDX6 knock-
down MOLM-13 cells (Extended Data Fig. 5l). DDX6-depleted cells 
expressing DDX6 WT maintained proliferation and P-bodies, similar  
to control cells, while the expression of the DDX6 E247Q mutant  
failed to restore P-bodies and rescue the proliferation defect (Fig. 4a–c 
and Extended Data Fig. 5m–q).

We then assessed whether disrupting LSM14A’s capacity to 
mediate P-body formation would yield similar results. To this end, 
we utilized two LSM14A mutants, ∆TFG and ∆FFD, both incapable of 
mediating P-body formation due to defective interaction with DDX6 
or EDC4, respectively35,36. We expressed shRNA-resistant forms of 
either WT LSM14A (LSM14A WT), LSM14A ∆TFG, or LSM14A ∆FFD in 
LSM14A-depleted HEL cells (Extended Data Fig. 6a). Similar to our 
observations with helicase-deficient DDX6, the LSM14A mutants 
failed to rescue the P-body formation and proliferation defect of 
LSM14A-knockdown HEL cells (Fig. 4d–f and Extended Data Fig. 6b–e).  
These data suggest a connection between the roles of DDX6 and 
LSM14A in P-body assembly and AML cell proliferation.

We further probed the requirement for P-bodies in leukaemia  
cells by modulating P-body numbers using the human microprotein 
NBDY, which localizes to and destabilizes P-bodies through its inter-
action with EDC4 (refs. 36–39). Overexpression of NBDY in MOLM-13  
and HEL cells decreased P-bodies by nearly twofold, accompanied 
by a proportional decrease in cell numbers (Fig. 4g–i and Extended 
Data Fig. 6f–h). These data suggest that proliferation and viability of 
leukaemia cells is correlated with the numbers of P-bodies.

Taken together, these results, using multiple orthogonal 
approaches to modulate P-body homoeostasis in different AML 
cell lines, strengthen our conclusion that AML cells rely upon 
post-transcriptional mechanisms associated with P-body assembly 
for their survival.

P-bodies sequester untranslated mRNAs encoding tumour 
suppressors
We next sought to examine the identity and fate of the mRNAs seques-
tered in P-bodies of AML cells. To this end, we adapted a method for 
the isolation of intact P-bodies9 (Fig. 4j). In brief, P-bodies are fluo-
rescently labelled in cells engineered to express a green fluorescent 
protein (GFP)-tagged form of the P-body marker LSM14A9. We initially 
validated this system in MOLM-13 cells, showing that DDX6 silencing 
in LSM14A-GFP-transduced cells abolished GFP+ particles, consist-
ent with P-body dissolution and confirming that this method labels 

bona fide P-bodies (Extended Data Fig. 6i). Subsequently, we isolated 
LSM14A-GFP+ P-bodies from MOLM-13 and HEL cellular lysates by 
fluorescence-activated particle sorting and performed RNA-seq, using 
total cytoplasmic fractions as a control (Fig. 4k). We detected similar 
numbers of transcripts (~12,000) between P-bodies and cytoplasm 
in both MOLM-13 and HEL cells, with the majority corresponding to 
protein-coding RNAs (Extended Data Fig. 6j). Of the cytoplasmic tran-
scripts, 3,390 were enriched in P-bodies of MOLM-13 cells and 2,972 
were enriched in P-bodies of HEL cells (fold change (FC) > 1.5, P < 0.05) 
(Fig. 4l). The distribution of P-body-targeted RNAs was comparable 
across expression level quartiles, indicating that their enrichment in 
P-bodies is independent of their overall expression (Extended Data 
Fig. 6k).

Next, we examined the identity of the mRNAs targeted to 
P-bodies in AML cells. Notably, gene set enrichment analysis (GSEA) 
revealed enrichment for a tumour-suppressor gene signature among 
P-body-targeted mRNAs (Fig. 4m). For example, P-bodies sequestered 
transcripts encoding the tumour suppressors KDM5B and TRAF6 (refs. 
40–42), whereas transcripts encoding genes important for leukaemia 
cell function (for example PRNT3, ELANE and YBX1)43–45 were enriched  
in the cytoplasm (Fig. 4n). These data led us to hypothesize that  
AML cells might sequester tumour-suppressive mRNAs in P-bodies 
to regulate their post-transcriptional fate. We corroborated our 
P-body-seq using single-molecule fluorescence in situ hybridization 
(smFISH) for the P-body-enriched transcripts KDM5B, POLK and RSRC2, 
showing that P-bodies harbour substantial fractions (~50–70%) of 
P-body-enriched mRNAs, consistent with recent data in C. elegans13 
(Fig. 4o,p and Extended Data Fig. 6l–n). Of note, compared with RNAs 
enriched in the cytoplasm, P-body-enriched RNAs exhibited a stronger 
overlap between MOLM-13 and HEL cells (Extended Data Fig. 7a,b), 
highlighting RNA condensation as a mechanism for depleting the 
cytoplasm of specific mRNAs across AML subtypes. Collectively, these 
data indicate that a substantial fraction of cytoplasmic RNAs localize 
to P-bodies in AML cells.

To corroborate the involvement of DDX6 in targeting mRNAs 
to P-bodies, we performed enhanced UV crosslinking and immuno-
precipitation sequencing (eCLIP-seq)46 to identify direct DDX6 tar-
gets in MOLM-13 cells. Analysis of DDX6 binding patterns revealed a  
preferential association with exons over introns, consistent with previ-
ous reports8,47 and a significant correlation among biological replicates 
(Extended Data Fig. 7c,d). As expected, intersection of P-body-targeted 
and DDX6-targeted mRNAs revealed a large overlap (54%), with enrich-
ment for biological processes related to transcription, chromatin 
regulation, cell cycle and cell death (Extended Data Fig. 7e,f).

Last, we sought to investigate the fate of mRNAs sequestered in 
P-bodies of AML cells. Loss of RNA sequestration did not alter the levels 
of P-body-associated mRNAs (Extended Data Fig. 7g,h), leading us to 
hypothesize that they might be preferentially subjected to translational 
repression rather than degradation. Indeed, analysis of polysome pro-
filing in MOLM-13 cells revealed that enrichment in P-bodies strongly 
correlated with reduced ribosomal association (Fig. 4q), indicative of 
translational repression. Congruently, transcripts targeted to P-bodies 
in MOLM-13 cells exhibited features associated with inefficient transla-
tion, including increased length and adenylate/uridylate (AU) content6,8 
(Extended Data Fig. 7i).

Taken together, our data suggest that AML cells sequester trans-
lationally repressed mRNAs encoding tumour-suppressive chromatin  
and transcription factors in P-bodies. These findings raise the possi-
bility that P-body dissolution might translationally de-repress 
P-body-targeted tumour-suppressive mRNAs in AML cells.

Loss of RNA sequestration de-represses tumour-suppressor 
mRNAs
To investigate how loss of RNA sequestration impacts the fate of 
P-body-associated mRNAs, we conducted polysome profiling of AML 
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cells following DDX6 silencing. In line with our hypothesis, the trans-
lation rate of P-body-associated mRNAs significantly increased after 
DDX6 suppression compared with total cytoplasmic RNAs (P = 22 × 10−16) 
(Fig. 4r and Extended Data Fig. 7j). Given the known involvement of 

DDX6 and P-bodies in miRNA-mediated translational suppression48–50, 
we explored the potential contribution of miRNAs to the translational 
repression of sequestered mRNAs. To this end, we performed small 
RNA-seq, detecting expression changes in miRNAs as well as other 
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small noncoding RNAs (for example, tRNA and rRNA-derived small 
RNAs (tsRNAs and rsRNAs)) following DDX6 silencing in MOLM-13 
cells (Extended Data Fig. 7k,l). Of note, we found that P-body-targeted 
mRNAs that underwent increased translation in DDX6 knockdown AML 
cells were enriched for binding sites of miRNAs that became down-
regulated upon DDX6 silencing (Fig. 4s). Among the target mRNAs 
translationally upregulated upon P-body dissolution, we observed 
tumour suppressors with known anti-leukaemic function (for example, 
IDH1, TRAF6 and KDM5B40,42,51,52), as well as those with unknown roles 
in leukaemia (for example, FBXO30, ZNF131 and BACH1), paralleling 
our P-body sequencing data. We next asked whether these tumour 
suppressors also became upregulated at the protein level following 
DDX6 depletion. To this end, we performed proteomics in MOLM-13 
cells, first establishing the quality of these data by confirming the 
expected downregulation of P-body components upon loss of DDX6 
(ref. 8) (Extended Data Fig. 8a–e). Further analyses revealed increased 
protein levels of P-body-targeted tumour suppressors in DDX6-depleted 
AML cells (Fig. 4t). We therefore hypothesized that an important func-
tion of RNA sequestration in AML is to sustain translational repression 
of tumour-suppressor genes. Congruently, forced expression of IDH1, 
FBXO30, BACH1, ZNF131, TRAF6 and KDM5B significantly impaired the 
proliferation of MOLM-13 cells (Fig. 4u and Extended Data Fig. 8f,g).

Together, these data indicate that loss of RNA sequestration in 
AML cells promotes the translation of mRNAs encoding potent tumour 
suppressors.

RNA sequestration maintains leukaemic chromatin 
architecture
Our discovery that AML cells sequester untranslated mRNAs encod-
ing tumour-suppressive chromatin regulators (for example, KDM5B, 
IDH1, KMT2C and KDM7A) suggests a potentially critical, albeit indirect, 
connection between P-body function and the aberrant chromatin 
state characteristic of AML cells. To explore this hypothesis, we per-
formed an assay for transposase-accessible chromatin with sequencing 
(ATAC-seq) to assess changes in chromatin accessibility after DDX6 
knockdown in MOLM-13 and HEL cells (Extended Data Fig. 8h,i). 
We observed an overall increase in accessible chromatin regions in 
DDX6-silenced AML cells relative to controls (Fig. 5a and Extended Data 
Fig. 8j). Of note, we observed multiple putative tumour-suppressor 
genes among the regions that gained accessibility upon DDX6 deple-
tion (for example, PCDH8, TUSC3, GATA2, PRDM11 and ARID1B53–57) 
(Fig. 5a and Extended Data Fig. 8j). Conversely, multiple pro-leukaemic 
genes were among the sites that lost accessibility upon DDX6 depletion  

(for example, BCL2, SIRT7, MEIS2, BRD4 and IKZF2 (refs. 58–62); Fig. 5a 
and Extended Data Fig. 8j). Moreover, TF motif analysis revealed enrich-
ment for potential tumour-suppressive TFs such as SPIB, PU.1, AP-1, 
BACH1 and IRF8 (refs. 63–67) in regions that gained accessibility  
upon DDX6 knockdown (Fig. 5b and Extended Data Fig. 8k).

To gain further insights, we measured the active chromatin marks 
H3K27ac and H3K4me1 by cleavage under targets & release using nucle-
ase (CUT&RUN) and analysed changes in the three-dimensional (3D) 
genome structure by low-input promoter capture Hi-C (liCHi-C) in 
control and DDX6-depleted MOLM-13 cells. Our findings revealed con-
comitant changes in both histone marks at regions undergoing changes 
in chromatin accessibility (Fig. 5c and Extended Data Fig. 8l). Addition-
ally, at loci of genes that became less accessible and downregulated 
after DDX6 depletion, we observed decreased frequency and distance 
of promoter interactions, consistent with reduced transcriptional 
output (Fig. 5d and Extended Data Fig. 8m). Thus, DDX6 depletion in 
AML cells rewires chromatin organization, as illustrated at the ZNF785 
and AGO4 loci (Fig. 5e and Extended Data Fig. 8n).

To investigate whether our observations extend to another 
AML subtype, we assessed the genome-wide distribution of histone 
marks commonly associated with transcriptional activation (that is, 
H3K4me3 and H3K27ac) and repression (H3K27me3 and H3K9me3) 
using cleavage under targets and tagmentation (CUT&Tag). Similar to 
MOLM-13 cells, HL-60 cells exhibited widespread changes in histone 
mark deposition following DDX6 knockdown, compared with controls 
(Fig. 5f). By analysing the dynamics of the aforementioned histone 
marks profiled, we observed changes in H3K27ac and H3K4me3 to be 
positively correlated and changes in H3K27ac and H3K27me3 to be 
negatively correlated (Fig. 5g,h and Extended Data Fig. 8n). Notably, 
we also noticed significant correlations at regulatory regions of genes 
that are differentially expressed upon DDX6 knockdown, indicating that 
these modules of epigenome reshaping might be operating to regulate 
gene expression (Fig. 5h).

These findings provide a direct perspective on the epigenetic 
changes underlying the transcriptional programme switching taking  
place after P-body dissolution. While chromatin remodelling is 
expected during differentiation, the sequestration of chromatin  
regulator mRNAs and their increased translation upon P-body dissolu-
tion led us to examine a direct contribution of implicated candidates 
to the observed epigenetic rewiring.

Among DDX6-bound P-body-targeted genes in AML cells, the 
H3K4 demethylase KDM5B68 emerged as a potential candidate, due  
to its increased translation rate and protein expression following  

Fig. 5 | Loss of DDX6 impacts the chromatin architecture of AML cells.  
a, Scatter-plot showing ATAC-seq analysis of chromatin accessibility for shCTRL 
(n = 2) and shDDX6 (n = 2) MOLM-13 cells. Blue dots indicate genomic regions 
showing significantly decreased chromatin accessibility in DDX6-depleted 
cells (FC > 1.5, P < 0.05, n = 1,222); red dots indicate genomic regions showing 
significantly increased chromatin accessibility in DDX6-depleted cells (FC > 1.5, 
P < 0.05, n = 2,345). b, TF motif enrichment on shDDX6 gained and lost ATAC-seq 
peaks. c, Boxplots showing H3K27ac levels (RPKM) at loci of genes that gained 
or lost chromatin accessibility after DDX6 KD. Wilcoxon rank-sum test, shCTRL 
open (n = 1,974), shDDX6 open (n = 2,039), shCTRL closed (n = 1,041) and shDDX6 
closed (n = 1,075). Box centre line indicates median, box limits indicate upper 
(Q3) and lower quartiles (Q1), lower whisker indicates Q1 − 1.5 × interquartile 
range (IQR) and upper whisker indicates Q3 + 1.5 × IQR. d, Low-input promoter 
capture Hi-C (liCHi-C) results showing loss of looping interactions (left) and 
average distance of interactions at promoters of genes (right) with significantly 
decreased chromatin accessibility and expression following DDX6 knockdown. 
Unpaired two-tailed Student’s t-test, n = 28 per group. Box centre line indicates 
median, box limits indicate upper (Q3) and lower quartiles (Q1), lower whisker 
indicates Q1 − 1.5 × IQR and upper whisker indicates Q3 + 1.5 × IQR. e, Gene tracks 
of ATAC-seq, RNA-seq, H3K27ac CUT&RUN and liCHi-C data for the genomic 
region surrounding ZNF785. Blue shadow highlights the gene promoter. Arcs 

represent significant promoter interactions (CHiCAGO score > 5). f, Genomic 
heatmaps (CUT&Tag) showing gain and loss of peaks for the indicated histone 
modifications in control versus DDX6 KD HL-60 cells (bottom). Average plot 
showing CUT&Tag signal at the genomic heatmaps (bottom) in control versus 
DDX6 KD HL-60 cells (top). g, Gene tracks of RNA-seq and CUT&Tag data for the 
indicated histone modifications for the genomic regions surrounding (top) 
ZNF770 and (bottom) IRF8. Blue shadow highlights the gene promoter. h, Scatter-
plots showing correlations in histone marks dynamics for all regions (grey dots 
and lines), regions associated with upregulated genes (red dots and lines) or 
regions associated with downregulated genes (blue dots and lines) in DDX6 KD 
MOLM-13 cells. Correlation coefficients and the corresponding P values are 
shown. i, Average plot showing KDM5B enrichment at differentially accessible 
regions (DARs) as defined by ATAC-seq in a. KDM5B ChIP-seq data were taken 
from GSM1003586 (ref. 22). j, Competition-based proliferation assays upon 
DDX6 and KDM5B double knockout in AML cells. Unpaired two-tailed Student’s 
t-test, n = 3 biologically independent samples per group, mean ± s.e.m. k, Model 
summarizing the phenotypic consequences of losing P-body-targeted RNA 
sequestration in AML cells. l, A mechanistic model proposing how the interplay 
between RNA sequestration in P-bodies and chromatin architecture impacts 
AML. DKO, double knockout.
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DDX6 depletion as well as its potent suppression of MOLM-13 cell 
survival (Fig. 4r,t,u). Indeed, analysis of ChIP-seq data in leukaemia 
cells22 revealed enrichment of KDM5B at regions that lost accessibility 
in DDX6-depleted MOLM-13 cells (Fig. 5i). To assess the role of KDM5B 
in our observed phenotype, we knocked it out in both DDX6 WT and 
DDX6 knockout MOLM-13 cells. Notably, while knockout of KDM5B in 
the WT background did not affect cell proliferation, double knockout 
of DDX6 and KDM5B abrogated the effect of P-body dissolution and 
restored proliferation to levels close to WT cells. Mechanistically, these 
data place KDM5B directly downstream of P-body dissolution, provid-
ing a molecular link to the resultant chromatin remodelling (Fig. 5j and 
Extended Data Fig. 8o).

In summary, our findings unveil an indirect crosstalk between 
cytoplasmic RNA processing and genome architecture, highlighting 
the intricate role of DDX6 in AML pathogenesis.

Discussion
Corrupted translation control sustains cancer cells, though the under-
lying mechanisms remain unclear. Here, our results indicate a crucial 
coupling between dysregulated translation and RNA sequestration 
in P-bodies in AML. We find that disrupting RNA sequestration in 
P-bodies abrogated leukaemia cell survival and disease progression 
in vivo (Fig. 5k). We further show that P-bodies in AML cells harbour 
translationally repressed mRNAs encoding critical tumour suppressors 
with roles in epigenetic and transcriptional regulation. Loss of RNA 
sequestration led to increased translation rates and protein levels of 
these tumour suppressors and dismantling of leukaemic transcriptional 
and chromatin architecture (Fig. 5l).

In contrast to AML, loss of RNA sequestration did not derail 
steady-state haematopoiesis, instead promoting HSC cycling and 
mitochondrial activity. HSCs are particularly sensitive to perturbations 
in translation and mitochondrial metabolism, which can impair their 
long-term capacity to tolerate stress and self-renew69–73. Indeed, we 
observed that RNA sequestration was crucial to preserve HSC regen-
erative capacity. HSCs rely upon conserved pathways to resist the 
profound stresses associated with both. We speculate that RNA seques-
tration is crucial to safeguard HSC longevity and function during emer-
gency conditions, such as regenerative and malignant haematopoiesis.

A key question that remains is how AML cells select transcripts for 
sequestration in P-bodies. Our data hint at P-body-enriched mRNAs being 
longer and more AU-rich on average than their cytosolic counterparts, 
in line with previous work6. AU-rich mRNAs are inefficiently translated6 
and as mRNA translation and sequestration are competing processes, 
we speculate that increasing the RNA sequestration machinery tilts the 
balance in favour of translational repression of these transcripts. If onco-
genic mRNAs are more favourably translated than tumour-suppressor 
mRNAs, they may preferentially escape sequestration. P-bodies have 
also been studied as possible sites for miRNA-mediated translational 
repression74. Accordingly, we discovered that mRNAs that experienced 
increased translation in DDX6-depleted AML cells were enriched for bind-
ing sites of miRNAs that become downregulated upon DDX6 silencing. 
Thus, differential miRNA expression adds another layer of selectivity to 
mRNA translation control and storage in P-bodies. Indeed, this principle 
could be hijacked in other tissues as well, as P-body-associated genes are 
dysregulated in various cancer types15–18.

In summary, we have uncovered a previously unrecognized link 
between dysregulated translation control and P-body formation in 
myeloid leukaemia. These findings deepen our understanding of the 
interplay between post-transcriptional regulation and oncogenesis 
and point to innovative avenues for reprogramming RNA processing 
in cancer treatment.
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Methods
The research conducted in this study complies with all relevant ethical 
regulations. Experiments using mice were approved and overseen by 
the Institutional Animal Care and Use Committee of Baylor College 
of Medicine (IACUC AN-8464) or the Animal Care Committee of the 
Barcelona Biomedical Research Park (AMM2-17-0030/Daam 9667 and 
AMM2-22-0031/Daam11883). Experiments using primary human AML 
cells obtained from patients were approved by the Institutional Ethical 
Review Board of the Hospital Clinic of Barcelona (HCB/2018/0020) 
or the Institutional Review Board of Baylor College of Medicine 
(H-7122/H-3343/H-18245).

Mouse breeding and maintenance
Dd x6fl/fl mice were generated using CRISPR/Cas9-initiated 
homology-directed repair (HDR) in C57BL/6J background mouse 
embryos. LoxP sequences were inserted in introns 2 and 3 of the  
Ddx6 locus using single-stranded oligodeoxynucleotides. The follow-
ing sgRNAs were used for targeting: sgRNA intron2: GGGTACTGCGCC 
AAACTAGA and sgRNA intron3: TAAGGTTATGATATGCAGCT. Ddx6fl/fl  
mice were crossed with Mx1-Cre mice ( Jackson Laboratory strain 
003556, a kind gift of the M. Goodell laboratory) or Rosa26-ERT2-Cre 
mice ( Jackson Laboratory strain 008463) to generate mice with induc-
ible knockout of Ddx6 in haematopoietic cells (Mx1-Cre/Ddx6fl/fl)  
or in all tissues (Rosa26-ERT2-Cre/Ddx6fl/fl), respectively. To induce 
Mx1-Cre-mediated Ddx6 deletion in vivo, 250 µg of poly (I:C) 
(Sigma-Aldrich, cat. no. P1530-100MG) was administered to mice via 
intraperitoneal (i.p.) injection, every other day for 6 days. To induce 
Rosa26-ERT2-Cre-mediated Ddx6 deletion, 2 mg of tamoxifen was 
administered to mice via i.p. injection, every day for 5 days. C57BL/6J 
( Jackson strain 000664), CD45.1 ( Jackson strain 002014) and NSG 
( Jackson strain 005557, a kind gift of the J. Yustein laboratory and 
Maksim Mamonkin laboratory) mice were used as recipients for trans-
plantation experiments. Experiments were performed using sex and 
age-matched mice, ranging from 6–12 weeks old. All mice were main-
tained in specific-pathogen-free animal facilities.

Cell lines and maintenance
Human AML cells (HEL (DSMZ, ACC 11), SKM-1 (DSMZ, ACC 547), MOLM-13  
(DSMZ, ACC 554), HL-60 (DSMZ, ACC 3), MV411 (DSMZ, ACC 102) and 
THP-1 (ATCC, TIB-202)) were cultured in RPMI 1640 (Sigma-Aldrich) 
supplemented with 10% FBS (for HEL, HL-60, MV411, THP-1) or 20% FBS 
(for SKM-1 and MOLM-13), 100 U ml−1 penicillin, 100 µg ml−1 strepto-
mycin, 2 mM l-glutamine and 50 µM β-mercaptoethanol. HPC7 cells77 
were cultured in IMDM (Sigma-Aldrich) supplemented with 10% FBS, 
100 U ml−1 penicillin, 100 µg ml−1 streptomycin, 2 mM l-glutamine, 
1 mM sodium pyruvate, 75 µM monothioglycerol and 100 µg ml−1 SCF. 
Murine CNC cells stably expressing Cas9 (ref. 19) were cultured in RPMI 
1640 supplemented with 10% FBS, 100 U ml−1 penicillin, 100 µg ml−1 
streptomycin, 2 mM l-glutamine and 5 ng ml−1 IL-3. HEK293T (DSMZ, 
ACC 635) and Platinum-E (Cell Biolabs, RV-101) cells were cultured 
in DMEM (Sigma-Aldrich) supplemented with 10% FBS, 100 U ml−1 
penicillin, 100 µg ml−1 streptomycin and 2 mM l-glutamine. Lenti-X cells 
(Takara Bio, 632180) were cultured in DMEM (Gibco) supplemented 
with 10% FBS, 100 U ml−1 penicillin, 100 µg ml−1 streptomycin and 4 mM 
l-glutamine. All cells were maintained in a humidified incubator at 
37 °C and 5% CO2. Cells were confirmed negative for Mycoplasma con-
tamination weekly using a Mycoplasma PCR Detection kit (Applied 
Biological Materials).

Patient AML samples
Primary AML samples were obtained during routine diagnostic proce-
dures from the Hospital Clinic of Barcelona or Baylor College of Medi-
cine, after informed consent from patients. Primary AML cells were 
cultured in RPMI 1640 supplemented with 20% FBS, 5% l-glutamine, 
1% gentamycin, 1% penicillin/streptomycin, 0.6% insulin/transferrin/

sodium selenite (ITS) solution (Life Technologies, cat. no. 41400045), 
1 mM sodium pyruvate and 0.1× β-mercaptoethanol.

Genome-wide CRISPR/Cas9 dropout screens
The experimental workflow for loss-of-function screening has been 
previously described78–80. In brief, murine CNC and HPC7 cells stably 
expressing Cas9 were infected with the lentivirally packaged murine 
Vienna sgRNA library (U6-sgRNA-IT-EIF1as-Thy1.1-P2A-Neo) at a low 
multiplicity of infection to achieve 500- to 1,000-fold library representa-
tions20. Transduction efficiency was assessed 3 d after transduction by 
flow cytometry for Thy1.1. Library-transduced cells were selected using 
G418 (0.5 mg ml−1) and cell pellets corresponding to at least 500-fold 
library representations were collected after 14 population doublings. 
Preparation of next-generation sequencing libraries of screen end 
point samples and sgRNA plasmid pool was performed as previously 
described80 and sequenced on a HiSeqV4 Illumina platform using  
SR50 mode.

Virus production for transduction of human cells
HEK293T cells were co-transfected with transfer plasmid and pack-
aging plasmids (VSV-G and D8.9 for lentiviral production, VSV-G  
and Gag-pol for retroviral production), using calcium phosphate 
transfection. Viral supernatants were collected 24–32 h later and 
concentrated by ultracentrifugation at 21,000g for 2 h at 4 °C. Con-
centrated viruses were resuspended in Opti-MEM (Gibco) and stored 
at −80 °C if not used immediately. Cells were transduced by spinfec-
tion with virus at 800g for 1 h at 32 °C, in the presence of 8 µg ml−1 
Polybrene.

Alternatively for lentiviral production, Lenti-X cells were 
co-transfected with 1 µg pMD2.G (Addgene, #12259), 2 µg psPAX2 
(Addgene, #12260) and 4 µg transfer vector using polyethyleneimine. 
Viral supernatants were collected 48 h after transfection, filtered with 
0.45-µm filters and stored at 4 °C. Target cells were infected using 
virus dilutions (1:3–1:10) in the presence of Polybrene (10 µg ml−1) and 
spinoculated for 90 min at 900g at room temperature.

shRNA-mediated gene silencing
For constitutive shRNA-mediated gene silencing, oligonucleotide 
pairs encoding shRNAs were annealed and cloned into pSICOR- 
mCherry-puro (Addgene, #31845) or pSICOR-GFP. Knockdowns were 
confirmed by qRT–PCR.

The following shRNAs were used:
DDX6 shRNA #1: GATCTGTTTACCCGAGGTA
DDX6 shRNA #2: GTATGACCACCACTATTAA
EIF4ENIF1 shRNA: GAAAGAAGATGACTTAGAT
The LSM14A shRNA was obtained from the Molecular Profiling 

Laboratory of the MGH Cancer Center8. The shERWOOD UltramiR 
Lentiviral shRNAs targeting the mouse Ddx6 gene8 were purchased 
from Transomic technologies.

For inducible shRNA-mediated gene silencing, oligonucleotide 
pairs encoding shRNAs targeting DDX6, RPL17 (positive control) 
and a non-targeting control were cloned into EcoRI/XhoI-digested 
pRRL-TRE3G-iRFP670-miR-PGK-Neo backbone (Supplementary 
Table 2). Human AML cells expressing rtTA3-Puro were transduced 
with viruses and selected with puromycin (1 µg ml−1) and G418  
(0.5 mg ml−1). DDX6 knockdown was induced with doxycycline 
(1 µg ml−1) for 72 h and confirmed by qRT–qPCR.

CRISPR/Cas9 knockout in AML cells
An oligonucleotide pair encoding a DDX6-targeting gRNA (GTATAA 
CAGGGTTCTCTGTTC)81 was annealed and cloned into BsmBI-digested 
lentiCRISPRv2-puro with FE modification82. AML cells were transduced 
with lentiCRISPRv2-puro viruses and subjected to puromycin selection 
2 d later. DDX6 knockout was confirmed by measuring DDX6 mRNA 
and protein.
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Oligonucleotide pairs encoding KDM5B-targeted gRNAs  
(sgKDM5B #1: GCAGTGGGCTCACATATCAG, sgKDM5B #2: GAAGGGG-
GAGTGCAAATATG) were annealed and cloned into BsmBI-digested  
lentiCRISPRv2-puro. HL-60 cells were transduced with lentiCRIS-
PRv2-puro viruses and subjected to puromycin selection 2 d later. 
KDM5B knockout was confirmed by measuring KDM5B protein.

Inducible CRISPRi-mediated DDX6 silencing in HEL cells
Oligonucleotide pairs encoding a non-targeting gRNA (TCGATC 
GAGGTTGCATTCGG) or a DDX6-silencing gRNA (CAGCCAGGCGGC 
GACTTCGG)8 were annealed and cloned into BsmBI-digested PB_rtTA_
BsmBI (Addgene, #126028).

HEL cells were co-transfected with PB-rtTA-BsmBI, PB_tre_dCas9_
KRAB (#126030) and PBase (VectorBuilder) using the Neon Transfec-
tion System (Life Technologies). Electroporation parameters used were 
1,440 V, 20 ms, two pulses. Cells that stably expressed gRNA, rtTA and 
dCas9-KRAB were selected with hygromycin B (0.2 mg ml−1) and G418 
(0.5 mg ml−1) and were sorted by FACs to generate single-cell clones. 
DDX6 silencing was induced by doxycycline (2 µg ml−1) and confirmed 
by measuring DDX6 mRNA and protein.

Generation of DDX6 degron AML cells
To replace the endogenous DDX6 stop codon with a sequence encoding 
FKBP12F36V-HA-2A-mCherry, a donor plasmid was assembled by clon-
ing two 500 bp homology arms of the DDX6 gene (Twist Biosciences) 
into pNQL004-SOX2-FKBPV-HA2-P2A-mCherry targeting construct 
(Addgene, #175552). The donor plasmid and a DDX6-targeting sgRNA 
(AGGGACGUACAUGCUUGUUA, Synthego) were electroporated into 
Cas9-expressing MOLM-13 and HL-60 cells using the Neon Transfec-
tion System. Electroporation parameters used were 1,350 V, 35 ms, 
one pulse. Cells that stably expressed mCherry were sorted by FACS to 
generate single-cell clones. Homozygous insertion was confirmed by 
genotyping PCR using a forward (GGTGGTATGTTCTGTGACTGTTG) and 
a reverse primer (ATTACCCGGGAAGCTGCATT) in the DDX6 homology 
arms and a reverse primer within the mCherry sequence (GCCGTCCT 
CGAAGTTCATCA). Loss of endogenous DDX6 after dTAG-13 treatment 
was verified by western blot.

Reversibility of DDX6 loss in AML cells
DDX6-FKBP12F36V MOLM-13 or HL-60 cells were pre-cultured with 
vehicle (DMSO) or with dTAG-13 (1 µM). These cells were then washed 
to remove dTAG-13 or were maintained under dTAG-13, while being 
monitored at the indicated time points for proliferation, DDX6 levels 
and P-bodies.

Generation of LSM14A-GFP cells
MOLM-13 or HEL cells were co-transfected with PB-rtTA-LSM14A- 
GFP-BsmBI and PBase using the Neon Transfection System (Life 
Technologies). Electroporation parameters used were 1,350 V, 35 ms,  
one pulse (MOLM-13 cells) or 1,400 V, 20 ms, two pulses (HEL cells). 
Stably transfected cells were selected with puromycin. GFP-labelling 
of P-bodies was induced by doxycycline (2 µg ml−1) for 6 h.

Rescue of DDX6 KD AML cells by DDX6 overexpression
shRNA-resistant WT and mutant (E247Q) DDX6 cDNAs were synthesized 
as gBlock Gene Fragments (Integrated DNA Technologies) and cloned 
into pLV-EF1α-IRES-puro (Addgene, #85132) for lentiviral transduction 
of MOLM-13 cells. After puromycin selection (2 d post-transduction) 
and recovery, the cells were transduced with control or DDX6-targeting 
shRNA to silence endogenous DDX6.

Rescue of LSM14A KD AML cells by LSM14A overexpression
WT and mutant FLAG-LSM14A cDNAs (∆TFG and ∆FFD)35 were cloned 
into pMYs-IRES-GFP (Cell Biolabs) for retroviral transduction of HEL 
cells. shRNA-resistant isoforms were generated by PCR amplification 

(F-GGATCCCAGTGTGGTGGTAC; R-CAAGaGGGTCCTCTTCATCGG). 
After sorting for GFP+ cells (2 d post-transduction) and recovery, the 
cells were transduced with control or LSM14A-targeting shRNA to 
silence endogenous LSM14A.

Disruption of P-bodies using NBDY microprotein
FLAG-NBDY cDNA was cloned into pLV-EF1α-IRES-puro (Addgene, 
#85132) from FLAG LOC550643 pFCPGW (Addgene, #86853). MOLM-13  
and HEL cells were transduced with pLV-EF1α-NBDY-IRES-puro, with 
pLV-EF1α-IRES-puro empty vector used as a control. After puromycin 
selection (2 d post-transduction) and recovery, the cells were seeded 
(3 d post-transduction) for proliferation assays and measurement of 
P-bodies.

Overexpression of tumour-suppressor genes in AML cells
IDH1, BACH1, TRAF6, FBXO30, KDM5B and ZNF131 cDNAs were 
PCR-amplified from total MOLM-13 cDNA and cloned into pLV- 
EF1α-IRES-puro (Addgene, #85132) for lentiviral transduction of  
MOLM-13 cells, with pLV-EF1α-IRES-puro empty vector used as a  
control. After puromycin selection (2 d post-transduction) and  
recovery, the cells were seeded (3 d post-transduction) for prolifera-
tion assays.

Rescue of DDX6 KO AML cells by KDM5B knockout
HL-60 cells were subjected to CRISPR/Cas9-mediated double knockout 
of KDM5B and DDX6. To measure the effect of the double knockout on 
cell fitness, we performed a competition-based proliferation assay by 
infecting HL-60 KDM5B knockout cells (KO #1 and KO #2) with sgDDX6 
and sgCTRL linked to an iRFP670 reporter to achieve between 40% 
and 60% iRFP670-positive cells. The percentage of iRFP670-positive 
cells was assessed 3 days after lentiviral infection and then measured 
at regular intervals by flow cytometry. Values were normalized to day 
3 after transduction.

Proliferation assays
Cells were plated at 0.5–1 × 105 cells per ml, depending on the cell line 
and counted at the indicated time points via flow cytometry (DAPI or 
DRAQ7 used as a viability dye) or a haemocytometer (Trypan blue used 
as a viability dye).

Competition-based proliferation assay
sgRNAs (Supplementary Table 2) were designed using VBC score 
(vbc-score.org) and cloned into a lentiviral expression vector cou-
pled to iRFP670 (pLenti-hU6-sgRNA-iRFP670). shRNAs (Supplemen-
tary Table 2) were designed using SplashRNA (splashrna.mskcc.org) 
and cloned into either pRRL-SFFV-iRFP670-miR-PGK-Neo (constitu-
tive) or pRRL-TRE3G-iRFP670-miR-PGK-Neo (inducible) backbone. In 
assays using CRISPR/Cas9 and constitutive shRNA systems, murine 
and human cell lines stably expressing Cas9 were infected with len-
tiviral vectors resulting in sgRNA/shRNA-iRFP670 expression. The 
ratio of iRFP670-positive cells was assessed 3 d after infection and 
monitored in regular intervals by flow cytometry. Values were normal-
ized to day 3 or day 5 post-transduction. In assays using TRE3G-driven 
shRNA-iRFP670 expression, human cells expressing rtTA3 were treated 
with doxycycline (1 µg ml−1) and the fraction of iRFP670-positive cells 
was determined at 72 h after induction and monitored over time using 
flow cytometry. Values were normalized to day 3 post-induction. Cyto-
metric measurements were performed using IntelliCyt IQue Screener 
Plus (BioScience, Sartorius Group).

In vitro chemical treatment
HEL cells were cultured in the presence of 10 nM PMA for 4 d to induce 
megakaryocytic differentiation. To induce myeloid differentiation, 
MOLM-13 cells were treated with the anti-leukaemic drug EPZ-5676 
(1 µM) for 5 d.
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Overexpression of DDX6 in HPC7 cells
WT DDX6 cDNA was synthesized as a gBlock Gene Fragment  
(Integrated DNA Technologies) and cloned into pLV-EF1α-IRES-puro 
(Addgene, #85132) for lentiviral transduction of HPC7 cells, with 
pLV-EF1α-IRES-puro empty vector used as a control. After puromycin 
selection (2 d post-transduction) and recovery, the cells were used for 
measurement of P-body numbers (10 d post-transduction).

Primary human CD34+ cell transduction and colony-forming 
unit assay
Primary human bone-marrow CD34+ cells (STEMCELL Technologies,  
cat. no. 70002.3) were cultured in StemSpan SFEM (STEMCELL  
Technologies, cat. no 9600) supplemented with StemSpan TM CC100 
(STEMCELL Technologies, cat. no 2690). Control or DDX6 shRNA- 
expressing viruses were centrifuged onto RetroNectin-coated plates 
prepared according to manufacturer’s instructions. Cells were  
transduced in virus-coated plates by spinfection in the presence  
of 8 µg ml−1 Polybrene at 800g for 1 h at 32 °C. After 3 d, GFP+ cells  
were sorted for use in experiments.

To assess colony formation, 1,000 cells were plated on MethoCult 
(STEMCELL Technologies, cat. no. H4434) according to manufacturer´s 
instructions. Colonies (BFU-E, CFU-M, CFU-G, CFU-GM and CFU-GEMM) 
were counted and scored at day 13 using standard morphological 
criteria.

Murine colony-forming assay
Rosa26/Cre-ERT2 or Rosa26-Cre-ERT2/Ddx6fl/fl c-Kit+ HSPCs or 
AML1-ETO9a+ leukaemic cells were plated in StemSpan SFEM (STEM-
CELL Technologies cat. no. 09600) supplemented with SCF (50 ng ml−1), 
TPO (10 ng ml−1), Flt-3 (20 ng ml−1), IL-3 (10 ng ml−1) and IL-6 (10 ng ml−1) 
and treated with 4-hydroxytamoxifen (200 nM) for 2 d. Cells were then 
plated in MethoCult M3434 (STEMCELL Technologies cat. no. 03434) 
and colonies were counted at 7 d post-plating.

Xenotransplantation of human AML cell lines and primary 
AML
MOLM-13 cells transduced with control or DDX6 shRNA-expressing 
viruses were selected 30 h later with puromycin (1 µg ml−1). After 2 d of 
selection, 2.5–5 × 105 transduced cells were injected into NSG mice that 
had been sublethally irradiated (250 cGy) the previous day.

CRISPRi HEL cells (2.5 × 106) were injected into NSG mice that 
had been sublethally irradiated (250 cGy) the previous day. Mice  
were placed on doxycycline feed 7 d after transplantation to induce 
DDX6 silencing.

GFP-expressing primary AML patient cells (1–2 × 105) were sorted 
2 d after transduction with control or DDX6 shRNA-expressing viruses 
and injected directly into the bone marrow of sublethally irradiated 
(200 cGy) NSG mice. Engraftment was assessed by monitoring the 
peripheral blood. Mice were closely monitored and killed according 
to clinical signs of sickness became apparent.

Analysis of steady-state haematopoiesis in vivo
Mx1-Cre or Mx1-Cre/Ddx6fl/fl mice were injected with 250 µg of poly 
(I:C) via i.p. injection (every other day for 6 d) to delete Ddx6. After 
110 d, mice were killed and peripheral blood, spleen and bone marrow 
were collected for analysis of haematopoietic stem cells and multi-
potent progenitors (CD11b−Gr-1−CD3−CD19− (Lin−)Sca-1+c-Kit+ (LSK)), 
committed progenitors (Lin−Sca-1−c-Kit+ (LK)), erythroid progenitors 
(CD71+Ter119+), erythrocytes (CD71−Ter119+), myeloid cells (CD11b+), 
T cells (CD11b−CD3+) and B cells (CD11b−CD19+).

Serial competitive transplantation
For primary competitive transplants, 1 × 106 bone-marrow cells 
(CD45.2+), isolated from either Mx1-Cre or Mx1-Cre/Ddx6fl/fl mice 110 d 
after poly(I:C) treatment, were co-transplanted with 1 × 106 CD45.1 

competitor bone-marrow cells into lethally irradiated (two doses of 
600 cGy, 3 h apart) WT recipient mice (6–8 weeks old).

For secondary competitive transplants, 1 × 105 Ddx6WT or Ddx6KO 
bone-marrow cells, isolated from primary recipients 122 days 
post-transplant, were co-transplanted with 1 × 105 CD45.1 competitor 
bone-marrow cells into lethally irradiated WT recipient mice.

Competitive transplantation of HSCs
A total of 200 CD45.1 HS cells and 200 Mx1-Cre/Ddx6fl/fl HS cells were 
co-transplanted with 1 × 106 bone marrow filler cells into lethally irra-
diated WT recipient mice. Recipient mice were treated with poly(I:C) 
34 d later to induce Ddx6 deletion.

Generation and transplantation of pre-leukaemia cells
FLAG-MLL-AF9 was cloned from pMIG-FLAG-MLL-AF9 (Addgene, 
#71443) into pMYs-IRES-GFP (Cell Biolabs). AML1-ETO9a was cloned 
from MigR1-AE9a (Addgene, #12433) into IRES-mCherry (Addgene, 
#80139). For virus production, Platinum-E (PLAT-E) cells (Cell Bio-
labs) were transfected with pMYs-FLAG-MLL-AF9-IRES-GFP or 
AML1-ETO9a-IRES-mCherry by calcium phosphate transfection. 
Viral supernatants were collected 48 h later and centrifuged onto 
RetroNectin-coated plates prepared according to the manufacturer’s 
instructions (Takara Bio).

HSPCs were enriched from the bone marrow of mice using 
anti-mouse CD117 magnetic beads (BD Biosciences cat. no. 558620) 
and cultured for 24 h in StemSpan SFEM (STEMCELL Technologies) 
supplemented with 10 ng ml−1 IL-3, 10 ng ml−1 IL-6, 50 µg ml−1 SCF, 
50 µg ml−1 TPO (all from PeproTech) and 50 µg ml−1 gentamicin. Cells 
were transduced in virus-coated plates by spinfection at 800g for 1 h 
at 32 °C and transplanted the following day into sublethally irradiated 
C57BL/6J mice (600 cGy). Three weeks after transplant, when GFP+ or 
mCherry+ cells could be detected in the peripheral blood, mice were 
either injected with 250 µg poly (I:C) via i.p. injection, every other day 
for 6 days, or 2 mg of tamoxifen, via i.p. injection, every day for 5 days, 
to delete Ddx6. Mice were monitored and killed as soon as clinical signs 
of sickness became apparent.

Flow cytometry
To detect surface markers, cells were first incubated with Fc blocker 
(anti-CD16/CD32) for 10 min on ice to prevent background staining. 
Cells were then stained with appropriate fluorophore-conjugated 
antibodies on ice, protected from light, for 15 min. After staining, DAPI 
or DRAQ7 was added where appropriate to mark dead cells.

The following antibodies were used for staining of cell surface 
markers: APC anti-human CD123 (1:300 dilution) (BioLegend, cat. no. 
306011), APC anti-human CD61 (1:300 dilution) (BioLegend, cat. no. 
336411), APC anti-rat CD90/mouse CD90.1 (1:200 dilution) (BioLegend, 
cat. no. 202526), FITC-anti-human CD41 (1:300 dilution) (BioLegend, 
cat. no. 303703), APC anti-human HLA-ABC (1:300 dilution) (BD Bio-
sciences, cat. no. 555555), FITC-anti-human HLA-ABC (1:300 dilution) 
(BD Biosciences, cat. no. 560965), PE-anti-human CD33 (1:300 dilu-
tion) (BD Biosciences, cat. no. 555333), APC anti-mouse CD45 (1:300 
dilution) (BD Biosciences, cat. no. 559864), APC anti-mouse Gr-1 
(1:300 dilution) (BioLegend, cat. no. 108411), Pacific Blue anti-mouse 
CD45.2 (1:300 dilution) (BioLegend, cat. no. 109819), Pacific Blue 
anti-mouse CD3 (1:300 dilution) (BioLegend, cat. no. 100213), Pacific 
Blue anti-Gr-1 (1:300 dilution) (BioLegend, cat. no. 108429), Pacific 
Blue anti-CD19 (1:300 dilution) (BioLegend, cat. no. 115526), Pacific 
Blue anti-CD11b (1:300 dilution) (BioLegend, cat. no. 101223), Brilliant  
Violet 711-anti-mouse Sca-1 (1:300 dilution) (BioLegend, cat. no. 
108131), APC anti-mouse Ter119 (1:300 dilution) (BioLegend, cat. no. 
116211), FITC-anti-mouse CD45.1 (1:300 dilution) (BioLegend, cat.  
no. 110705), FITC-anti-mouse CD71 (1:300 dilution) (Invitrogen, cat. no.  
110711), FITC-anti-CD48 (1:300 dilution) (BioLegend, cat. no. 103403), 
PE/Cy7-anti-mouse CD11b (1:300 dilution) (BioLegend, cat. no. 101216), 
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PerCP/Cy5.5-anti-mouse CD19 (1:300 dilution) (BioLegend, cat. no. 
1155335), PerCP/Cy5.5-anti-mouse/human CD11b (1:300 dilution) 
(BioLegend, cat. no. 101227), PerCP/Cy5.5-anti-mouse Gr-1 (1:300 
dilution) (BioLegend, cat. no. 108427), PerCP/Cy5.5-anti-mouse CD3 
(1:300 dilution) (BioLegend, cat. no. 100217), PE-anti-mouse CD150 
(1:300 dilution) (BioLegend, cat. no. 115903), PE-anti-mouse CD3 
(1:300 dilution) (BioLegend, cat. no. 100205), APC anti-mouse c-Kit 
(1:300 dilution) (BioLegend, cat. no. 105811), APC/Fire-750-anti-mouse 
CD16/32 (1:300 dilution) (BioLegend, cat. no. 101317), Alexa Fluor 
700-anti-mouse CD48 (1:300 dilution) (BioLegend, cat. no. 103425) and 
PE/Cy7-anti-mouse CD34 (1:300 dilution) (BioLegend, cat. no. 152217).

To measure apoptosis, cells were incubated at room tempera-
ture and protected from light for 15–30 min with APC anti-annexin V  
(BioLegend, cat. no. 640920) or Pacific Blue anti-annexin V (Thermo 
Fisher, cat. no. A35136) (1:300 dilution), according to the manufac-
turer’s instructions and DAPI or SYTOX AADvanced Dead Cell Stain 
(Thermo Fisher, cat. no. S10349).

For intracellular staining of cytoplasmic proteins, cells were 
fixed with 4% methanol-free formaldehyde for 15 min at room 
temperature, then permeabilized and blocked with 0.1% Triton-X 
containing 2% donkey serum. Cells were labelled with primary anti-
bodies against the desired intracellular markers and then stained with 
fluorophore-conjugated secondary antibodies if needed. The following 
antibodies were used for intracellular flow cytometry: APC anti-FLAG 
(1:300 dilution) (BioLegend, cat. no. 637307), FITC-anti-human CD68 
(1:200 dilution) (BioLegend, cat. no. 333805), rabbit anti-human 
DDX6 (1:400 dilution) (Novus Biologicals, cat. no. NB-200-192), rabbit  
anti-human KDM5B (1:300 dilution) (Abcam, cat.no. ab181089), Alexa 
Fluor 488-donkey anti-rabbit IgG (H+L) (1:400 dilution) (Invitrogen,  
cat. no. A21206), Alexa Fluor 594-donkey anti-rabbit IgG (H+L) (1:400 
dilution) (Invitrogen, cat. no. A21207), Alexa Fluor 647-donkey 
anti-rabbit IgG (H+L) (1:400 dilution) (Invitrogen cat. no. A31573), 
Alexa Fluor 647-goat anti-rabbit IgG (1:200 dilution) (Invitrogen, cat. 
no. A21244), Alexa Fluor 594-donkey anti-mouse IgG (1:400 dilution) 
(Invitrogen, cat. No. A21203). For intracellular staining of Ki-67, cells 
were fixed and permeabilized using Transcription Factor Buffer Set 
(BD Biosciences, cat. no. 562574), according to manufacturer’s instruc-
tions, followed by staining with FITC-anti-mouse/human Ki-67 (1:300 
dilution) (BioLegend, cat. no.151211).

Samples were acquired through FACSDiva software on an LSR-II, 
LSR-Fortessa or FACSCanto II (BD Biosciences), or through CytExpert 
software on a CytoFLEX S (Beckman Coulter). Samples were sorted on 
a FACSAria or Influx (BD Biosciences). All flow cytometry data were 
analysed on FlowJo v.10.8.2 (BD Biosciences) or CytExpert (Beckman 
Coulter).

Measurement of mitochondrial mass and activity
Ddx6WT and Ddx6KO HSCs were incubated in StemSpan SFEM supple-
mented with SCF (50 ng ml−1), TPO (10 ng ml−1), Flt-3 (20 ng ml−1), IL-3 
(10 ng ml−1) and IL-6 (10 ng ml−1), in the presence of 100 nM MitoTracker 
Green FM (Invitrogen) or 25 nM TMRM (Invitrogen), for 15 min at 37 °C 
and 5% CO2. Cells were then analysed by flow cytometry.

Western blot
Samples were lysed in RIPA buffer (50 mM Tris-HCl (pH 8.0), 150 mM 
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton-X-100, 1 mM 
EDTA, protease inhibitors and Benzonase). Lysates were subjected 
to standard western blotting using the following antibodies: rabbit 
anti-human/mouse DDX6 (1:2,000 dilution) (Novus Biologicals, cat. no. 
NB-200-192), rabbit anti-human/mouse 4E-T (1:500 dilution) (Thermo 
Fisher, cat. no. A300-706A), rabbit anti-human LSM14B (1:250 dilution) 
(Atlas Antibodies, cat. no. HPA061189), rabbit anti-human LSM14A 
(1:500 dilution) (Proteintech, cat. no. 18336-1-AP), mouse anti-HA 
(1:24,000 dilution) (BioLegend, cat. no. 901516), rabbit anti-human 
ATXN2L (1:1,000 dilution) (Bethyl Laboratories, cat. no. A201-370), 

rabbit anti-human DCP1B (1:1,000 dilution) (Cell Signaling, cat. no. 
13233), rabbit anti-human/mouse histone H3 (132000) (Cell Sign-
aling, cat. no. 4499S), rabbit anti-human/mouse vinculin (1:2,000 
dilution) (Cell Signaling, cat. no. 13901S), HRP-rabbit anti-human/
mouse β-actin (1:3,000 dilution) (Cell Signaling, cat. no. 5125), HRP 
donkey anti-rabbit IgG (1:3,000 dilution) (BioLegend, cat. no. 406401), 
HRP-horse anti-mouse IgG (1:3,000 dilution) (Cell Signaling, cat. no. 
7076P2).

Subcellular fractionation
Cells were lysed in nuclear isolation buffer (50 mM Tris-HCl (pH 8.0), 
60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 1 mM CaCl2, 250 mM sucrose, 
0.6% IGEPAL, 1 mM dithiothreitol (DTT), 1× protease inhibitors, 1× 
phosphatase inhibitors) and subjected to centrifugation (960g for 
5 min) to separate nuclear and cytoplasmic fractions. Nuclei and cyto-
plasm were then lysed in RIPA buffer (50 mM Tris-HCl (pH 8.0), 150 mM 
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton-X-100, 1 mM 
EDTA, protease inhibitors and Benzonase), sonicated and centrifuged 
(21,000g for 5 min). Enrichment for nuclear and cytoplasmic frac-
tions was confirmed by immunoblotting for histone H3 and vinculin, 
respectively.

Immunocytochemistry and microscopy for P-bodies
Cells were cytospun onto glass slides, fixed with 4% methanol-free 
formaldehyde for 15 min at room temperature. Cells were then permea-
bilized and blocked with 0.1% Triton-X containing 2% donkey serum. 
Cells were labelled with mouse anti-mouse/human DDX6 (1:200 dilu-
tion) (Sigma-Aldrich, cat. no. SAB4200837) and rabbit anti-mouse/
human EDC4 (1:200 dilution) (Abcam, cat. no. ab72408) or LSM14A 
(1:200 dilution) (GeneTex, cat. no. GTX120902) at 4 °C overnight and 
then stained with Alexa Fluor 594-donkey-anti-mouse IgG (H+L) (1:300 
dilution) and Alexa Fluor 488-donkey anti-rabbit IgG (H+L) (1:300 
dilution) for 1 h at room temperature. Nuclei were counterstained with 
DAPI. Slides were mounted with ProLong Diamond (Life Technologies) 
and allowed to cure at room temperature. Images were acquired by 
confocal microscopy, via ZEN Blue software (Zeiss), using a ×40 or 
×63 objective lens on an LSM 900 with Airyscan 2 (Zeiss) and analysed 
using ImageJ software.

Single-molecule FISH
For POLK smFISH, commercially designed probes were purchased 
from Stellaris. For KDM5B and RSRC2 smFISH, primary (unconjugated) 
and secondary probes (Cy5-conjugated) were designed according 
to the method of Tsanov et al.83 and purchased from Sigma-Aldrich. 
GFP-LSM14A+-expressing cells were subjected to smFISH for POLK, 
KDM5B and RSRC2 as previously described83. Slides were imaged by 
epifluorescence microscopy using an Olympus IX83 inverted micro-
scope equipped with a ×60 oil immersion objective lens.

Image quantification was performed by running FISH-Quant84 
in MATLAB R2023a. In brief, cytoplasmic and nuclear boundaries  
for individual cells were defined through automatic ImageJ-based  
segmentation, based on diffuse Cy5 and DAPI fluorescence, respec-
tively. Single mRNA molecules and P-bodies were automatically 
identified as Cy5+ punctae and GFP+ punctae, respectively, within the 
cytoplasm. The fraction of mRNA molecules colocalizing with P-bodies 
was automatically calculated.

Quantification of P-bodies
Following immunocytochemistry and confocal microscopy, images 
were processed using ImageJ to quantify P-bodies. Specifically, 
P-bodies were identified as punctae exhibiting colocalization between 
DDX6 and EDC4 or DDX6 and LSM14A (EDC4+DDX6+ or LSM14A+DDX6+ 
punctae). P-bodies were automatically counted using FISH- 
Quant, combined with manual, blinded counting for corroboration 
of results.
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Quantitative RT–PCR
RNA was prepared from cells using a Monarch Total RNA Miniprep 
kit (NEB) and reverse transcribed to cDNA using a High-Capacity 
RNA-to-cDNA kit (Applied Biosystems) or RevertAid first-strand cDNA 
Synthesis kit (Thermo Fisher Scientific), according to manufactur-
er’s instructions. A master mix consisting of Luna Universal qPCR 
Master Mix (NEB) or SsoAdvanced Universal SYBR Green Supermix 
(Bio-Rad) and pre-designed primers (0.5 µM) against target genes 
(Sigma-Aldrich) was prepared. Each reaction consisted of 5.5 µl 
master mix and 4.5 µl cDNA diluted ninefold in nuclease-free water. 
Real-time PCR was performed in 96-well PCR plates (Bio-Rad) on a 
CFX96 Real-Time PCR Detection System (Bio-Rad). Cycling conditions 
were as follows: 95 °C for 1 min, then 40 cycles of 95 °C for 15 s and 60 °C 
for 30 s. ACTB or GAPDH was used as an internal control. Primers are 
available upon request.

DNA preparation
DNA was extracted using the DNeasy Blood & Tissue kit (QIAGEN) 
and quantified using the Qubit dsDNA High Sensitivity kit (Life 
Technologies).

P-body purification
P-body purification was performed as previously described9. In brief, 
LSM14A-GFP-expressing cells were lysed for 20 min on ice in lysis buffer 
(50 mM Tris, pH 7.4, 1 mM EDTA, 150 mM NaCl, 0.2% Triton-X-100) sup-
plemented with 65 U ml−1 RNaseOut ribonuclease inhibitor (Promega) 
and EDTA-free protease inhibitor cocktail (Roche Diagnostics). Lysates 
were centrifuged at 200g for 5 min at 4 °C to remove nuclei. Residual 
DNA was removed by incubation in the presence of 10 mM MgSO4, 1 mM 
CaCl2 and 4 U ml−1 of RQ1 DNase (Promega) for 30 min at room tempera-
ture. Following centrifugation at 10,000g for 7 min at 4 °C, pellets were 
resuspended in 40 µl lysis buffer containing 80 U RNaseOut (Promega) 
to generate the cytoplasmic fraction. From this fraction, P-bodies were 
sorted on a FACSAria, pelleted by centrifugation at 10,000g for 7 min at 
4 °C and stored at −80 °C, along with an aliquot of matching, pre-sort 
cytoplasmic fraction.

RNA-seq
Total RNA was isolated from cells using the miRNeasy Micro kit (QIAGEN),  
according to the manufacturer’s instructions. Polyadenylated  
RNAs were enriched and cDNA libraries were constructed using  
the NEBNext Ultra II Directional RNA Library Prep kit for Illumina  
(New England BioLabs). Libraries were sequenced on a NextSeq 550 
(Illumina) with paired-end 75-bp reads or a HiSeq 4000 (Illumina)  
with paired-end 150 bp reads.

For P-body-seq, RNA was isolated from P-body and cytoplasmic 
fractions using the miRNeasy Micro kit (QIAGEN). cDNA libraries were 
constructed using the SMART-Seq V4 ultra+ Nextera XT kit for Illumina 
(Takara Bio). Libraries were sequenced with paired-end 150-bp reads.

Small RNA-seq
Purified total RNA from CTRL and DDX6 KD HEL and MOLM-13 cells 
was mixed with RNA loading dye (New England Biolabs, B0363S) by 
equal volume and then it was incubated at 75 °C for 5 min. The mixture 
was loaded into 15% (wt/vol) urea polyacrylamide gel and ran in a 1× 
TBE running buffer at 200 V until the bromophenol blue reached the 
bottom of the gel. After staining with SYBR Gold solution (Invitrogen, 
S11494), the gel that contained 15–50 nucleotides RNAs was excised 
based on small RNA ladders (New England Biolabs (N0364S) and Takara 
(3416)) and eluted in 0.3 M sodium acetate (Invitrogen, AM9740) and 
100 U ml−1 RNase inhibitor (New England Biolabs; M0314L) overnight at 
4 °C. The sample was then centrifuged for 10 min at 12,000g (4 °C). The 
aqueous phase was mixed with pure ethanol, 3 M sodium acetate and 
linear acrylamide (Invitrogen, AM9520) at a ratio of 3:9:0.3:0.01. Then, 
the sample was incubated at −20 °C for 2 h and centrifuged for 25 min at 

12,000g (4 °C). After removing the supernatant, the precipitation was 
resuspended in nuclease-free water, quantified and stored at −80 °C or 
used for further processing. The size-separated RNAs were incubated in 
a 50-µl reaction mixture containing 5 µl 10× PNK buffer (New England  
Biolabs, B0201S), 1 mM ATP (New England Biolabs, P0756S), 10 U T4PNK 
(New England Biolabs, M0201L) and RNA at 37 °C for 20 min. Then, 
the mixture was added to 500 µl TRIzol reagent to perform the RNA 
isolation procedure. After purification, the RNAs were incubated in 
a 50-µl reaction mixture containing 50 mM HEPES (pH 8.0), 75 µM 
ferrous ammonium sulfate (pH 5.0), 1 mM α-ketoglutaric acid, 2 mM 
sodium ascorbate, 50 mg l−1 bovine serum albumin (Sigma-Aldrich, 
A7906-500G), 2,000 U ml−1 RNase inhibitor and equal concentrations 
of AlkB and RNA at 37 °C for 30 min. Then, the mixture was added to 
500 µl TRIzol reagent to perform the RNA isolation. Small RNA libraries  
were constructed using the NEBNext Small RNA Library Prep Set for 
Illumina (New England Biolabs, E7330S). Libraries were amplified 
and sequenced using the SE100 strategy on the Illumina system by the 
University of California, San Diego IGM Genomics Center.

ATAC-seq
ATAC-seq was performed as previously described85, using MOLM-13 and 
HEL cells 7 d after transduction with control or DDX6 shRNA-expressing 
viruses. Then, 1 × 105 cells were washed once with 100 ml PBS and resus-
pended in 50 ml lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM 
MgCl2 and 0.2 % IGEPAL CA-630). The suspension of nuclei was then 
centrifuged for 10 min at 500g at 4 °C, followed by the addition of 50 ml 
transposition reaction mix (25 ml TD buffer, 2.5 ml Tn5 Transposase and 
22.5 ml nuclease-free water) and incubation at 37 °C for 30 min. DNA 
was isolated using MiniElute kit (QIAGEN). Libraries were amplified by 
PCR (13 cycles). After the PCR reaction, the library was size-selected 
for fragments between 100 bp and 1,000 bp using AmpureXP beads 
(Beckman Coulter). Before sequencing, libraries were purified with 
QiaQuick PCR (QIAGEN) and integrity-checked on a Bioanalyzer.

CUT&RUN
To analyse each histone mark, 100,000 cells were collected in 
low-binding 1.5-ml tubes. The cells were washed thrice with 1 ml wash 
buffer consisting of 20 mM HEPES, pH 7.5, 150 mM NaCl, 0.5 mM sper-
midine (Merck, S0266) and 1× protease inhibitor cocktail (Merck, 
11873580001) and then centrifuged at 600g. Subsequently, the 
cells were suspended in 1 ml wash buffer and 10 µl per histone mark  
of activated concanavalin A-conjugated paramagnetic beads  
(EpiCypher, 21-1401) were added. To activate the beads, they were 
previously washed twice with binding buffer consisting of 20 mM 
HEPES, pH 7.5, 10 mM KCl, 1 mM CaCl2 and 1 mM MnCl2. Finally, they 
were resuspended in a volume of binding buffer equal to the starting 
volume. Cells were incubated in rotation at room temperature for 
10 min and then were divided into equivalent aliquots in low-binding 
1.5-ml tubes. The supernatant was removed and the bead-bound cells 
were resuspended in 150 µl antibody buffer containing the wash 
buffer supplemented with 2 mM EDTA and 0.1% digitonin (Merck, 
300410). After adding the desired antibody, samples were incubated 
overnight at 4 °C while rotating. The antibodies used were α-H3K27ac 
at 1:300 dilution (Diagenode, C15410196), α-H3K4me1 at 1:200 dilu-
tion (Diagenode, C15410194) and anti-IgG as a negative control at 
1:100 dilution (Diagenode, C15410206). To remove excess antibody, 
the bead-bound cells were washed twice in digitonin-wash buffer. 
After that, the cells were suspended in 150 µl digitonin-wash buffer, 
which was supplemented with 700 ng ml−1 pAG-MNase (synthesized 
in-house) and left to incubate for 1 h at 4 °C while rotating. To remove 
excess pAG-MNase, the cells bound by beads were washed twice in 
digitonin-wash buffer. Afterwards, 100 µl digitonin-wash buffer sup-
plemented with 2 mM CaCl2 was used to activate the MNase. This 
mixture was left to incubate on ice for 30 min, allowing for chroma-
tin cleavage. To stop the enzymatic reaction, 100 µl 2× STOP buffer 
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(340 mM NaCl, 20 mM EDTA, 4 mM EGTA, 0.05% digitonin, 50 µg m−1 
RNase A (Thermo Fisher Scientific, EN0531) and 50 µg ml−1 glycogen 
(Sigma, 10901393001)) was added and samples were incubated at 
37 °C for 30 min. The supernatants were retrieved and proteins were 
removed from the DNA by incubating the samples with SDS 10% and 
proteinase K 10 mg ml−1 for 1 h at 50 °C. Then, DNA was purified using 
phenol:chloroform:isoamyl alcohol 25:24:1 extraction, followed by a 
chloroform extraction according to the manufacturer’s instructions in 
phase-lock gel tubes to minimize material loss. The purified DNA was 
ethanol-precipitated, centrifuged at >20,000g 4 °C and the dried pel-
let was resuspended in 50 µl buffer containing 10 mM Tris-HCl, pH 8.0 
and 0.1 mM EDTA. Library construction was performed using the Kapa 
HyperPrep kit (Roche, 07962363001) and Illumina’s TruSeq adaptor 
system. Quantity and quality of the CUT&RUN libraries were assessed 
by automated electrophoresis using a high-sensitivity DNA ScreenTape 
Analysis (Agilent, 5067-5584) on an Agilent 2200 TapeStation.

CUT&Tag
CUT&Tag experiments were performed using the iDeal CUT&Tag kit 
for Histones (Diagenode, cat. no. C01070020) following manufac-
turer’s instructions. In brief, HL-60 cells were treated with doxycycline 
(1 µg ml−1) for 5 d to induce shRNA expression. Next, HL-60 shDDX6 
and shCTRL samples (300,000 cells for each biological replicate) were 
collected for CUT&Tag. Samples were washed with complete CT Wash 
Buffer and subsequently incubated with ConA beads on a rotator. Cells 
were permeabilized with Complete CT Antibody Buffer and incubated 
with 1 µg of either anti-H3K27ac (ab4729) (Abcam), anti-H3K4me3 
(C1541003) (Diagenode), anti-H3K9me3 (C15410193) (Diagenode), 
anti-H3K27me3 (C15410195) (Diagenode) or anti-rabbit IgG (Antibody 
Package for CUT&Tag anti-rabbit, Diagenode) antibodies overnight at 
4 °C on a rotator. After removing supernatant, anti-rabbit secondary 
antibody (Antibody Package for CUT&Tag anti-rabbit, Diagenode) 
was added to samples and incubated for 45 min at room temperature, 
followed by washing with complete CT Wash Buffer 2. pA-Tn5 trans-
posase was diluted 1:250 in complete CT Wash Buffer 3 and added 
to samples, followed by 1 h incubation at room temperature. After 
washing with complete CT Wash Buffer 3, CT Tagmentation Buffer 
was added to the samples to activate tagmentation and incubated at 
37 °C for 1 h at 800 rpm. To stop tagmentation, CT Buffer E, CT Buffer 
S and proteinase K were added and samples were incubated at 55 °C for 
1 h at 800 rpm. DNA isolation was performed using the provided spin 
columns. For library amplification, isolated DNA was mixed with primer 
index pairs (24 UDI for Tagmented libraries Set II, Diagenode) and 2× 
High-Fidelity Mastermix, according to manufacturer’s PCR protocol. 
Library isolation was performed using AMPure XP beads (Beckman 
Coulter) and measured with an Agilent TapeStation (Agilent Tech-
nologies) to assess the quality, size and concentration of the library. 
Libraries were sequenced on the Illumina NextSeq2000 instrument 
(Illumina) in PE50 mode.

eCLIP-seq for DDX6
A total of 2 × 107 MOLM-13 cells per replicate were UV-crosslinked  
(400 mJ cm−2) to stabilize RBP–RNA interactions, then lysed. The 
whole cell lysates were sonicated and subjected to limited digestion 
with RNase I (40 U ml−1 of lysate), followed by immunoprecipitation 
for DDX6–RNA complexes using anti-DDX6 antibody (NB-200-192, 
Novus). Before immunoprecipitation, an aliquot of each extract was 
set aside and stored at 4 °C to prepare the size-matched input control. 
Complexes were collected using anti-rabbit magnetic beads, washed, 
dephosphorylated and 3′-ligated on-bead to custom oligonucleotides. 
All samples were run on 4–12% polyacrylamide gradient gels and com-
plexes transferred to nitrocellulose membranes. Successful immu-
noprecipitation was confirmed by parallel western blotting using the 
same anti-DDX6 antibody as described above. DDX6–RNA complexes 
were excised from the membrane and RNAs released with proteinase 

K. Size-matched input samples were dephosphorylated and 3′-ligated. 
All samples were reverse transcribed and cDNAs 5′-ligated on-bead, 
quantified by qPCR and PCR-amplified (<18 cycles), followed by size 
selection (175–350 bp) on agarose gels and sequencing of libraries. 
Remaining steps of eCLIP, including read processing and peak call-
ing, were performed as previously described86 for two replicates of 
DDX6 and one paired size-matched input. Region-level analysis was 
performed as previously described87.

Polysome profiling
Doxycycline (1 µg ml−1) was added for 72 h to HL-60 cells to induce 
shRNA expression. Next, HL-60 shDDX6 and shCTRL cells (10–20 
million for each biological replicate) were treated with 100 µg ml−1 
cycloheximide (CHX) (Sigma-Aldrich) for 5 min at 37 °C. Cells were col-
lected, washed with ice-cold PBS supplemented with 100 µg ml−1 CHX 
and centrifuged. After centrifugation, cell pellets were resuspended in 
500 µl lysis buffer (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM MgCl2, 
1% Triton-X and 10 mM DTT) supplemented with 100 µg ml−1 CHX, 1 
RNase inhibitor (Thermo Fisher Scientific) and 1× protease inhibitor 
cocktail (Complete, EDTA-free, Roche), incubated for 5 min on ice and 
centrifuged for 5 min at 2,000 rpm. Then, 100 µl lysate was reserved 
for inputs and 400 µl lysate was used for fractionation. For fraction-
ation, a 15–50% sucrose gradient was prepared in polysome buffer 
(10 mM Tris-HCl, pH 7.4, 100 mM NaCl and 10 mM MgCl2). Samples  
were loaded on the sucrose gradient and centrifuged at 37,000 rpm 
with a SW41 rotor (Beckman) for 2 h at 4 °C. Fractions were collected 
from the bottom and UV absorbance was monitored using Bio-logic 
LP low-pressure chromatography system (Bio-Rad). Fractions con-
taining monosomes and polysomes were identified based on their 
UV absorbance and pooled. Total RNA from the inputs and each pool 
were extracted using TRIzol LS (Thermo Fisher) and validated using 
TapeStation System and High Sensitivity RNA ScreenTape kit (Agilent 
Technologies). Eukaryotic strand-specific mRNA sequencing libraries 
were prepared and validated using Agilent 2100 Bioanalyzer (Agilent 
Technologies). Libraries were sequenced on the HiSeq 4000 Illumina 
platform in PE100 mode, resulting in approximately 24 million reads 
per sample.

LC–MS/MS proteomics
MOLM-13 cells were collected 7 d after transduction with control or 
DDX6 shRNA. Cells were resuspended in 100 µl 5.4 M guanidine hydro-
chloride in 100 mM Tris-HCl, pH 8.0, then gently vortexed at ambient 
temperature for at least 20 min. A bicinchoninic acid (BCA) protein 
assay (Pierce) was performed according to the manufacturer’s instruc-
tions, then sufficient guanidine hydrochloride in 100 mM Tris-HCl, pH 
8.0 was added to bring the protein concentration of each resuspended 
cell pellet to 1 mg ml−1. Then, 50 µg protein from each cell pellet was 
transferred into separate 1.5-ml microcentrifuge polypropylene tubes. 
Samples were incubated in a sand bath at 110 °C for 5 min, cooled at 
room temperature for 5 min, then incubated once more in a sand bath at 
110 °C for 5 min. Then, 450 µl liquid chromatography–mass spectrom-
etry (LC–MS)-grade methanol was added to each sample and vortexed 
for 10 s. Each sample was then centrifuged at 14,000g for 2 min at 4 °C to 
pellet the protein. After the supernatants were carefully discarded, each 
pellet was resuspended in 50 µl lysis buffer (8 M urea, 100 mM Tris-HCl, 
pH 8.0, 10 mM TCEP and 40 mM 2-chloroacetamide) and vortexed 
for 10 min at room temperature to resolubilize the protein. Then, 1 µl 
1 mg ml−1 LysC prepared as per the manufacturer’s instructions (VWR) 
was added to each sample, then allowed to incubate at room tempera-
ture for 4 h while gently rocking. Samples were then diluted with freshly 
prepared 100 mM Tris-HCl, pH 8.0 to reach a final urea concentration 
of 2 M, after which 2.5 µl 0.4 mg ml−1 trypsin (Promega) was added to 
each sample. Samples were incubated at room temperature overnight 
while gently rocking. To stop digestion, 40 µl 10% TFA in water was 
added to each sample, after which samples were centrifuged at 14,000g 
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for 2 min to pellet insoluble material. The resulting supernatant was 
desalted using Strata-X 33 µm polymeric reversed phase SPE cartridges  
(Phenomonex). The desalted peptides were dried in a vacuum centri-
fuge (Thermo Fisher Scientific). Samples were resuspended in 0.2%  
formic acid in water, then peptide concentrations were determined 
with a NanoDrop One Microvolume UV-Vis spectrophotometer  
(Thermo Fisher Scientific), before being vialed and placed into a  
5 °C autosampler for mass spectrometry analysis.

Low-input capture Hi-C
Low-input capture Hi-C (liCHi-C) was performed as described88 on 
MOLM-13 cells. One million cells were incubated in lysis buffer (10 mM 
Tris-HCl, pH 8.0, 10 mM NaCl, 0.2% IGEPAL CA-630 and 1× cOmplete 
EDTA-free protease inhibitor cocktail (Merck, cat. no. 11873580001)) 
for 30 min on ice to extract nuclei. Nuclei were centrifuged at 1,000g 
for 10 min at 4 °C and washed with ice-cold NEBuffer 2 (New England 
Biolabs) twice. Nuclei were then incubated in 10% SDS for 30 min at 
37 °C, followed by addition of 10 % Triton-X-100 and further incuba-
tion for 30 min at 37 °C. Chromatin was digested overnight at 37 °C 
with HindIII. Cohesive restriction fragment ends were filled in with 
Klenow polymerase. Ligation of DNA fragments with T4 DNA ligase was 
performed for 4 h at 16 °C. DNA ligation products were de-crosslinked 
overnight at 65 °C using Proteinase K. To purify DNA ligation products, 
phenol-chloroform-isoamyl alcohol (25:24:1 v/v) purification, followed 
by ethanol precipitation in the presence of Glycoblue (Thermo Fisher 
Scientific, cat. no. AM9515) as a co-precipitant were performed. DNA 
ligation products were resuspended in nuclease-free water and con-
centration was measured using a Qubit dsDNA HS Assay kit (Thermo 
Fisher Scientific, cat. no. Q32851). A Covaris M220 focused ultrasoni-
cator was used to sonicate DNA ligation products (20% duty factor, 
50 peak incident power, 200 cycles per burst for 65 s). After shearing, 
DNA ends were repaired and biotinylated informative DNA ligation 
products were pulled down using Dynabeads MyOne streptavidin C1 
magnetic beads (Thermo Fisher Scientific). After washing the ligation 
products-beads complexes, blunt DNA fragments on the beads were 
adenine-tailed, washed and resuspended in ligation buffer. PE Illumina 
adaptors were ligated to the adenine-tailed DNA fragments and ampli-
fied over nine cycles of PCR using Phusion high-fidelity PCR master mix 
with HF buffer (New England Biolabs, cat. no. M0531L). The amplified 
library was size-selected (300–800 bp) using CleanNGS SPRI beads 
(CleanNA, cat. no. CNGS-0050). DNA was quantified on an Agilent 
TapeStation platform using high-sensitivity D1000 ScreenTape system. 
Enrichment of promoter-containing ligation products was performed 
using SureSelectXT Target Enrichment System for the Illumina Platform 
(Agilent Technologies) according to the manufacturer’s instructions 
and the library was amplified over four cycles of PCR using Phusion 
high-fidelity PCR master mix with HF buffer. The products were puri-
fied using CleanNGS SPRI beads and libraries were sequenced using 
the HiSeq X 150 + 150PE platform.

Genome-wide CRISPR/Cas9 screen analysis
CRISPR/Cas9 screen reads were processed as previously described20. 
In brief, we applied a publicly available Nextflow pipeline89 availa-
ble at https://github.com/ZuberLab/crispr-process-nf for trimming 
(fastx_trimmer from the fastx-toolkit, v.0.0.14), demultiplexing 
(fastx_barcode_splitter), alignment (Bowtie2, v.2.3.0) and quantifi-
cation (featureCounts) of the sequenced reads90,91. The results were 
processed with the second Nextflow pipeline applying MAGeCK 
(v.0.5.9)92 available at https://github.com/ZuberLab/crispr-mageck-nf. 
The data were then normalized to a list of proposed essential and 
non-essential genes93. The final steps included subtracting the median 
of all non-essential genes per log2 fold change (LFC) and dividing this 
by the difference between the median of all essential genes and the 
median of all non-essential genes. To scale the values between 0 and 
−1, we multiplied the outcome by −1. To identify leukaemia-specific 

genetic dependencies, genes negatively affecting the fitness of CNC 
cells (defined by log2FC ≤ −0.5, n = 2,487) were intersected with genes 
dispensable for HPC7 cells survival (log2FC > 0, n = 8,924). This analysis 
led to the identification of 308 genes whose CRISPR inactivation caused 
a proliferative disadvantage selectively in leukaemia cells.

ATAC-seq analysis
For ATAC-seq, sequenced reads were aligned against the GRCh38 human 
reference genome using Bowtie2 v.2.2.6. Alignments were filtered 
for uniquely mapped non-mitochondrial reads and duplicates were 
removed. Peak calling was carried out using MACS2 v.2.1.0 (ref. 94).  
We identified ~110,000–180,000 peaks, which showed high consist-
ency between biological duplicates. The union of these peak sets95 
was used to calculate the ATAC-seq coverage over each peak region 
across all samples. Differentially accessible peaks were identified using 
DESeq2 (ref. 96) with at least 1.5-fold difference and P < 0.05. Peaks were 
annotated with the R package ChIPseeker97 and enrichment analysis 
was performed using the R package rGreat. Sequence motifs for dif-
ferentially accessible peaks were identified with the MEME Suite98 and 
the JASPAR 2022 database99.

CUT&RUN analysis
ENCODE standards were followed to process sequencing reads with 
slight modifications for CUT&RUN. Sequencing adaptors were trimmed 
using Trim Galore! (v.0.6.6). Reads were mapped to the reference 
genome (GRCh38.p13) using bowtie2 (v.2.3.2) in the–very-sensitive 
mode and using the argument–dovetail. Low-quality reads, reads 
overlapping the ENCODE blacklist and duplicate reads were filtered out 
using SAMtools (v.1.9). Genome-wide coverage was computed using the 
function bamCoverage from deepTools (v.3.2.1) to obtain BigWig files 
for visualization purposes. MACS2 (v.2.2.7.1) was used for peak calling 
in the narrow mode for H3K27ac and broad mode for H3K4me1, using 
an IgG sample as control, with default parameters. Consensus peaks 
were computed for each condition using MACS2 with all replicates and 
their respective IgG samples as control.

CUT&Tag analysis
Raw files underwent preprocessing using prinseq-lite for quality con-
trol and filtering. Alignment against the human reference genome 
(hg38) was conducted using BWA100 (v.0.7.17-r1188). Post-processing 
and sorting of aligned reads were performed using SAMtools (v.1.13). 
The function bamCoverage from deepTools101 (v.3.5.1) was utilized to 
generate BigWig files with a binSize of ten, employing counts per million  
(CPM) for normalization. Peaks were called using macs2 (ref. 94) 
(v.2.1.0) with the –broad option. Differential ChIP-seq regions were 
identified using the R package DiffBind, applying DESeq2. Tornado 
and profile plots were created using deepTools. Read counts per genes 
were obtained using featureCounts from the subread package. All 
scatter-plots were generated using ggplot2 in R. Coverage plots were 
generated with IGV102.

RNA-seq analysis
Raw sequencing files (FASTQ format) were aligned to the human refer-
ence genome (GRCh38) using STAR (v.2.5.1b or 2.7.9a)103 with default 
settings. Duplicates were removed using SAMtools v.1.12 (ref. 104).  
Differential expression analysis was performed using R package DESeq2 
(ref. 96). Differentially expressed genes were defined by 1.5 × FC, 
P < 0.05. Analysis of enriched functional categories among detected 
genes was performed using EnrichR105, KEGG and the Gene Ontology 
Consortium (http://www.geneontology.org).

Analysis of P-body-related gene expression
Expression levels of P-body genes (log2 mRNA) in AML, normal HSPCs 
and MDS samples were downloaded from Bloodspot (http://www.
bloodspot.eu/). The selected probes were DCP1A (218508_at); DCP2 
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(212919_at); DDX6 (204909_at); EIF4ENIF1 (242291_at), NUFIP2 (224956_
at); TNRC6B (213254_at); XRN2 (233878_s_at); and ZFP36L1 (211965_at). 
The boxplot was generated using the R package ggplot2 (v.3.3.5).

Transcript length and GC content of P-body-enriched genes
We translated the gene Ensembl-IDs to Entrez-Gene IDs with Biocon-
ductor’s106 TxDb.Hsapiens.UCSC.hg38.knownGene and received  
the respective transcript length via the transcripts function from 
GenomicFeatures107. The GC content per transcript was calculated 
using the extractTranscriptSeq function from GenomicFeatures and 
the alphabetFrequency function from Biostrings.

Small RNA-seq analysis
The raw reads were trimmed and annotated by performing SPORTS1.1.2 
(parameters, sports.pl -M 1 -a -x GUUCAGAGUUCUACAGUCCGACGAUC 
-y AAGATCGGAAGAGCACACGTCT -l 15 -L 45 -s) with the pre-compiled 
human annotation database (hg38).

Pairwise comparison of differentially expressed sncRNAs among 
different groups was performed using the R package DEseq2 with a 
threshold of FC > 2 and adjusted P < 0.05.

Proteomics analysis
Sample analysis was performed using an UltiMate 3000 RSLCnano 
LC system (Dionex) coupled to an Orbitrap Eclipse Tribrid mass spec-
trometer (Thermo Fisher Scientific). Mobile phase A was water with 
0.2% formic acid and mobile phase B was 80:20 v/v ACN:H2O with 
0.2% formic acid. The gradient elution was carried out with a flow rate 
of 0.300 µl min−1. Then, 1.5 µg peptides were loaded onto a 75-µm i.d. 
column with 1.7-µm, 130 Å pore size, Bridged Ethylene Hybrid (BEH) C18 
particles (Waters Corp.), packed in-house108 to a length of 30 cm. The 
column was heated to 50 °C during analysis. For MS analysis, positive 
mode ionization was used. MS1 scans were acquired from 0 to 90 min 
every second at a scan range of 300–1,350 m/z, with a resolution of 
240,000 in the Orbitrap and maximum injection time of 50 ms; normal-
ized AGC target (%) was set to 200, equivalent to 8 × 105 ions and RF lens 
(%) set to 30. Precursor ions were isolated from a 0.50-Da window in 
the quadrupole; data-dependent HCD MS2 scans with 25% normalized 
collision energy and a normalized AGC target (%) of 300, equivalent to 
3 × 104 ions, were collected in the ion trap from 150–1,350 m/z, with a 
maximum injection time of 14 ms and dynamic exclusion period set 
to 10 s.

Raw proteomic data files were processed by MaxQuant v.2.1.2.02 
(ref. 109). The UniProt database of reviewed proteins and isoforms from 
Homo sapiens was retrieved on 17 June 2022. Default MaxQuant param-
eters were used for processing, along with the following parameters: 
label-free quantification calculated with a minimum ratio of 1; match 
between runs enabled; MS/MS not required for label-free quantifica-
tion comparisons. In the generated MaxQuant data output, protein 
identifications were removed that were indicated to be identified 
by site only, corresponded to reverse sequences and/or to potential 
contaminants by MaxQuant. Protein identifications that generated 
an intensity value of zero in 50% or more of the analysed samples were 
also removed. Missing quantitative values among the remaining pro-
tein groups were imputed, log2-transformed and statistically analysed 
using Argonaut3 (ref. 110). Analysis of enriched functional categories 
among detected genes was performed using EnrichR105 and the Gene 
Ontology Consortium (http://www.geneontology.org).

Polysome profiling analysis
The raw sequence reads were evaluated for quality with FastQC 
(v.0.11.8) and aligned against the human reference genome (GRCh38) 
with STAR (v.2.7.9a). The alignments were processed with SAMtools 
(v.1.13) and reads per gene were counted with featureCounts (v.2.0.3). 
The normalization and differential gene expression analysis (input 
shDDX6 versus input shCTRL) was performed with DESeq2 (v.1.22.2). 

For the differential translation analysis, Xtail (v.1.2.0)111 was applied 
with parameters bins = 10,000 and minMeanCount = 20.

For visual representation, logFC values of P-body enriched RNAs 
were used, as well as log CPM of polysome counts. The function plot, 
from the graphics package (v.4.1.3), was used for data visualization and 
the linear model function was used to include the regression line. The 
cumulative distribution function and the scatter-plot were created 
using ggplot2 and sm_statCorr from the smplot2 package was used to 
include the regression line and the Spearman correlation.

ChIP-seq analysis
For the ChIP-seq analysis of KDM5B (GSM1003586)22, single-end reads 
were aligned against the hg38 human reference genome using bowtie2 
(v.2.4.4-GCC-11.2.0). The aligned reads were filtered using SAMtools 
(v.1.13-foss-2021b) to remove low-quality and unmapped reads. Dupli-
cates were marked and removed using Picard (v.2.26.3). Peak calling was 
performed with MACS2 (v.2.2.7.1). Mitochondrial reads and blacklisted 
regions were also removed.

For the analysis of enhancer and promoter activity in P-body- 
related genes (H3K27ac levels), a previously published list of P-body 
genes was obtained11. P-body enhancer regions in MOLM-13 cells 
and normal HSPCs were defined using promoter capture Hi-C data 
generated from MOLM-13 cells (this study, GSE224858) and CMPs 
(EGAD00001008828)88. Enhancer and promoter activity in AML cells 
and normal haematopoietic progenitors at P-body genes was deter-
mined by quantifying H3K27ac ChIP-seq signal. In brief, paired-end 
reads for H3K27ac ChIP-seq in MOLM-13 cells (GSM4685439 and 
GSM4685440) were aligned against the hg38 human reference genome 
using bowtie2 (v.2.4.4-GCC-11.2.0). The aligned reads were filtered using 
SAMtools (v.1.13-foss-2021b) to remove low-quality and unmapped 
reads. Duplicates were marked and removed using Picard (v.2.26.3). 
BigWig files for H3K27ac ChIP-seq data in CD34+ HSPCs (GSM772885 
and GSM772894) were generated from the provided bam files using 
deepTools (v.3.5.1-foss-2021b) with the option –normalize using  
RPKM. RPKM signal was obtained with the R package rtracklayer (v.1.54.0)  
and represented as boxplots with the R package ggplot2 (v.3.3.5).

Low-input capture Hi-C analysis
Raw data were processed using HiCUP and the reference human 
genome (GRCh38.p13). This pipeline removes all experimental arti-
facts and PCR duplicates and retains only the captured fragments 
based on the capture design. Interaction scores were calculated using 
the CHiCAGO R package (v.1.14.0). In brief, this algorithm implements 
a two-component (biological and technical noise) statistical model, a 
normalization and multiple-testing correction. The analysis was per-
formed on merged samples after confirming reproducibility between 
biological replicates using PCA and hierarchical clustering. Significant 
interactions (CHiCAGO score ≥5) were used for downstream analysis 
and visualization. The intersection between the significant interactions 
and ATAC chromatin state (open and closed chromatin) for each condi-
tion (shControl and shDDX6) was carried out with the function intersect 
from the bedtools package (v.2.30.0). The boxplots were conducted 
with the geom_boxplot function from the ggplot2 package (v.3.3.5).

Statistics and reproducibility
Details for statistical analyses, including replicate numbers, are pro-
vided in the figure legends. Statistical analyses were performed using 
Prism v.9.3.0 software (GraphPad) or R, unless otherwise indicated. 
Data distribution was assumed to be normal, but this was not for-
mally tested. Mice were allocated randomly into experimental groups. 
Rando mization was not applicable to experiments involving cultured 
cells. No statistical method was used to pre-determine sample size and 
no data were excluded from the analyses. The investigators were not 
blinded to allocation during experiments and outcome assessment 
unless otherwise specified.
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Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
RNA-seq, ATAC-seq, eCLIP-seq, polysome profiling, CUT&RUN and 
CUT&Tag data that support the findings of this study have been 
deposited in the Gene Expression Omnibus under accession codes 
GSE260919, GSE224858, GSE261265 and GSE224643. Raw data and 
the MaxQuant output for the proteomics have been deposited to the 
MassIVE database under the accession number MSV000090973. Previ-
ously published ChIP-seq data and polysome profiling data that were 
re-analysed here are available under accession code GSM1003586 
(ref. 22) and GSE202227 (ref. 76). The human AML data were derived 
from the TCGA Research Network at http://cancergenome.nih.gov/. 
All other data supporting the findings of this study are available from 
the corresponding author on reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | CRISPR screens identify P-body regulators as a 
selective dependency in AML. (a) Cytospins of HPC7 and CebpaN-mutant/C-mutant 
(CNC) cells. n = 3 independent experiments. (b) Schematic illustration of pooled 
genome-wide CRISPR/Cas9 dropout screening strategy. (c) Venn diagram 
showing filtering strategy for the identification of 308 leukaemia-specific  
genetic dependencies shown in Fig. 1a. (d, e) Competition-based proliferation 
assay in (d) CNC Cas9 cells or (e) HPC7 Cas9 cells, illustrated as colour-coded 
percentage of iRFP670+ cells transduced with indicated sgRNAs over 19 d. 
The non-targeting sgCTRL is used as a negative control, sgRpa3, targeting 
essential gene Rpa3, is used as a positive control. Results are normalized to day 
5 post-infection. Two-way ANOVA with Dunnett’s post-hoc test, n = 3 biological 
replicates per group, mean ± s.e.m. (f ) Boxplots showing the expression levels 
(log2 mRNA) of P-body related genes (displayed in Fig. 1c) in AML, normal HSPCs, 
and MDS samples. AML normal karyotype (n = 28), AML t(15;17) (n = 28), AML 
t(8;21) (n = 28), AML t(11q23)/MLL (n = 28), HSC (haematopoietic stem cell) 
(n = 6), GMP (granulocyte monocyte progenitor) (n = 7), MDS (myelodysplastic 
syndromes) (n = 28). Box centre line indicates median, box limits indicate upper 
(Q3) and lower quartiles (Q1), lower whisker is Q1 – 1.5 × interquartile range (IQR) 
and upper whisker is Q3 + 1.5 × IQR. Two-tailed t-test with Welch’s correction. 
(g) Boxplots showing normalized H3K27ac ChIP-seq signal (RPKM) in MOLM-13 
cells (GSM4685439 and GSM4685440) and CD34+ HSPCs at enhancers (n = 26 

per group) (left panel) and promoter (n = 214 per group) (right panel) regions 
(GSM772885 and GSM772894) of P-body genes. Box centre line indicates 
median, box limits indicate upper (Q3) and lower quartiles (Q1), lower whisker is 
Q1 – 1.5 × IQR and upper whisker is Q3 + 1.5 × IQR. Two-tailed t-test with Welch’s 
correction. (h) Significant correlation between the expression of DDX6 and 
EIF4ENIF1 in the TCGA-LAML dataset. Pearson’s correlation coefficients and 
corresponding p-values (two-tailed one-sample Student’s t-test) are indicated. 
(i, j) Kaplan–Meier survival analysis plots of TCGA data for AML patients with 
low vs high expression of (i) EIF4ENIF1 (n = 27 patients per group) or ( j) DDX6 
(n = 53 patients per group). (k) DDX6 mRNA expression in AML (red) compared 
to other cancers, based on data from TCGA database. Data are presented as 
mean log2 expression with range. Black dots: expression levels in normal cells; 
Blue dots: expression levels in cancer cells. (l) DDX6 expression in AML patient 
samples compared to normal HSPCs. AML: n = 48, AML t(15;17): n = 54, AML 
inv(16)/t(16;16): n = 47, AML t(8;21): n = 60, AML t(11q23)/MLL: n = 43 patients. 
HSC (haematopoietic stem cell): n = 6, GMP (granulocyte monocyte progenitor): 
n = 7 healthy individuals (BloodSpot data of DDX6 probe 204909_at). Unpaired 
two-tailed Student’s t-test. (m) qRT–PCR for DDX6 in human primary CD34+ cells 
(n = 7 healthy individuals) and AML patient cells (n = 10 patients). Unpaired two-
tailed Student’s t-test, mean.
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Extended Data Fig. 2 | DDX6 is essential for AML cell proliferation and 
survival in vitro. (a) Representative IF imaging of EDC4 punctae (green) in 
control and DDX6 overexpressing HPC7 cells. Nuclei were counterstained 
with DAPI (blue). Scale: 2.5 µm. (b) Quantification of EDC4 punctae in HPC7 
cells overexpressing DDX6 by IF. n = 45-55 cells per group, unpaired two-tailed 
Student’s t-test, mean ± s.e.m. (c) Representative Western blot image of DDX6 
in the nuclear and cytoplasmic fractions of MOLM-13 cells. n = 3 independent 
experiments. (d) Representative IF imaging of LSM14A (green) and DDX6 (red) 
punctae in control and DDX6 KD MOLM-13 cells. Nuclei were counterstained with 
DAPI. Scale: 10 µm. (e) Quantification of LSM14A+DDX6+ punctae in control and 
DDX6 KD MOLM-13 cells by IF. Unpaired two-tailed Student’s t-test, n = 24–30 
cells per group, mean ± s.e.m. (f ) Representative intracellular flow cytometry 
plots showing DDX6 levels in shCTRL and shDDX6 MOLM-13 cells. (g) qRT–PCR 
validation of DDX6 KD in MOLM-13 cells. Unpaired two-tailed Student’s t-test, 
n = 3 biologically independent samples per group, mean ± s.e.m. (h) Proliferation 
assay for shCTRL and shDDX6 AML cell lines at the indicated time points after 
transduction. Two-way ANOVA with Dunnett’s post-hoc test, n = 3 biological 
replicates per group, mean ± s.e.m. (i) Competition-based proliferation assays 
upon DDX6 knockdown performed in indicated cell lines. shRPL17, targeting the 
essential gene RPL17, is used as a positive control. Two-way ANOVA with Dunnett’s 
post-hoc test, n = 3 biologically independent samples per group, mean ± s.e.m. ( j) 

Heatmap summarizing the competition-based proliferation assays upon DDX6 
knockout in indicated Cas9-expressing cell lines. Data are illustrated as colour-
coded percentage of iRFP670+ cells transduced with indicated sgRNAs over 17 d. 
sgAAVS1 is used as negative control, sgRPL17 is used as positive control. Results 
are normalized to day 3 post-infection, (n = 3 biologically independent samples 
per group, mean). (k) Proliferation assay for CTRL and DDX6 KO human AML 
cell lines at the indicated time points after transduction. Unpaired two-tailed 
Student’s t-test, n = 3 biologically independent samples per group, mean ± s.e.m. 
(l) Schematic of dCas9-KRAB and sgRNA vectors (upper panel). Representative 
intracellular flow cytometry plots for DDX6 in CRISPRi HEL cells, either untreated 
(UT) or treated with doxycycline (DOX) for 7 d (lower panel). (m) Representative 
IF imaging of EDC4 punctae (green) in CRISPRi HEL cells, either untreated (UT) 
or treated with doxycycline (DOX) for 4 d. Nuclei were counterstained with 
DAPI (blue). Scale: 2.5 µm. (n) Proliferation assay for UT or DOX-treated CRISPRi 
HEL cells at the indicated time points after transduction. Unpaired two-tailed 
Student’s t-test, n = 3 biologically independent samples per group, mean ± s.e.m. 
(o) Representative images of UT or DOX-treated CRISPRi HEL cells. Scale: 10 µm. 
(p) Megakaryocytic differentiation in CRISPRi HEL cells 7 d after DDX6 silencing 
was quantified by flow cytometry, using CD41 and CD61 as markers. Unpaired 
two-tailed Student’s t-test, n = 3 biologically independent samples per group, 
mean ± s.e.m.
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Extended Data Fig. 3 | DDX6 is essential for the proliferation and gene 
expression programme of AML cells. (a) Flow cytometric analysis of cell 
death (Annexin V+) in shCTRL and shDDX6 AML cell lines. Unpaired two-tailed 
Student’s t-test, n = 3 biologically independent samples per group, mean ± s.e.m. 
(b) Correlation heatmap showing the correlation (r) values between MOLM-13 
RNA-seq samples. Scale bar represents the range of the correlation coefficients 
(r) displayed. (c) Heatmap of RNA-seq data for shCTRL and shDDX6 HL-60 cells 
(n = 2, FC > 1.5; p < 0.05). Upregulated genes are depicted in red, while in blue 
are downregulated genes. (d) Correlation heatmap showing the correlation (r) 
values between HL-60 RNA-seq samples. Scale bar represents the range of the 
correlation coefficients (r) displayed. (e) GO enrichment analysis of differentially 
expressed genes in control vs. DDX6 KD HL-60 cells. (f ) qRT–PCR validation of 
(left) EIF4ENIF1 KD and (right) LSM14A KD in MOLM-13 cells. Unpaired two-tailed 
Student’s t-test, n = 3 biologically independent samples per group, mean ± s.e.m. 
(g) Quantification of LSM14A+DDX6+ punctae in control and (left) EIF4ENIF1 KD 
or (right) LSM14A KD MOLM-13 cells by IF. Unpaired two-tailed Student’s t-test, 
n = 17-31 cells per group, mean ± s.e.m. (h) Representative Western blot showing 
HA-tagged endogenous DDX6 protein levels in DDX6-FKBP12F36V MOLM-13 cells 
after 2 d of dTAG-13 treatment, followed by washout and culture for 5 d. n = 3 
independent experiments. (i) Representative IF imaging of EDC4 punctae (green) 
and DDX6 punctae (red) in DDX6-FKBP12F36V MOLM-13 cells after 2 d of dTAG-13 
treatment, followed by washout and culture for 5 d. Nuclei were counterstained 
with DAPI (blue). Scale: 10 µm. ( j) Quantification of EDC4+DDX6+ punctae in the 
indicated cells by IF (n = 47-87 cells per group, mean ± s.e.m.). (k) Representative 

Western blot showing HA-tagged endogenous DDX6 protein levels in DDX6-
FKBP12F36V HL-60 cells after 2 d of dTAG-13 treatment, followed by washout 
and culture for 5 d. n = 3 independent experiments. (l) Proliferation of DDX6-
FKBP12F36V HL-60 cells, either untreated (UT), continuously treated with dTAG-13, 
or treated with dTAG-13 for 2, 5, or 6 days, followed by washout and culture 
(n = 3 biological replicates per group, mean ± s.e.m.). (m) Percentages of control 
or DDX6 KD MOLM-13 cells in the bone marrow and spleens of NSG mice (25 d 
post-transplant) quantified by flow cytometry. Unpaired two-tailed Student’s 
t-test, n = 3 mice per group, mean ± s.e.m. (n) Representative intracellular flow 
cytometry plot for DDX6 in shCTRL and shDDX6 MOLM-13 cells in the bone 
marrow of NSG mice (45 d post-transplant). (o) Genotyping PCR demonstrating 
poly(I:C)-induced Ddx6 deletion in c-Kit+ haematopoietic progenitor cells 
isolated from the bone marrow of Mx1-Cre/Ddx6fl/fl mice. n = 3 independent 
experiments. (p) Left: Representative IF imaging of EDC4 punctae (green) and 
DDX6 punctae (red) in Ddx6WT and Ddx6KO c-Kit+ haematopoietic progenitor cells. 
Nuclei were counterstained with DAPI (blue), scale: 10 µm. Right: Quantification 
of EDC4+DDX6+ punctae by IF in Ddx6WT and Ddx6KO c-Kit+ haematopoietic 
progenitor cells. Unpaired two-tailed Student’s t-test, n = 60-63 cells per group, 
mean ± s.e.m. (q) Left: Representative IF imaging of LSM14A punctae (green) and 
DDX6 punctae (red) in Ddx6WT and Ddx6KO c-Kit+ haematopoietic progenitor cells. 
Nuclei were counterstained with DAPI (blue), scale: 10 µm. Right: Quantification 
of LSM14A+DDX6+ punctae by IF in Ddx6WT and Ddx6KO c-Kit+ haematopoietic 
progenitor cells. Unpaired two-tailed Student’s t-test, n = 32-33 cells per group, 
mean ± s.e.m.
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Extended Data Fig. 4 | DDX6 loss has little effect on steady-state 
haematopoiesis. (a) Representative image of spleens from mice 90 d after 
transplantation with MLL-AF9-transduced Ddx6WT and Ddx6KO c-Kit+ cells. (b) 
Weights of spleens isolated from mice 90 days after transplantation with MLL-
AF9-transduced Ddx6WT and Ddx6KO c-Kit+ cells. Unpaired two-tailed Student’s 
t-test, Ddx6WT n = 4 mice, Ddx6KO n = 6 mice, mean ± s.e.m. (c) Representative 
flow cytometry plots of leukaemia (GFP+) cells in bone marrow from mice 90 
d after transplantation with MLL-AF9-transduced Ddx6WT and Ddx6KO c-Kit+ 
cells. (d) Representative intracellular flow cytometry plot for DDX6 in shCTRL 
and shDDX6 primary bone marrow human CD34+ cells. (e) Representative flow 
cytometry plots showing cell death (Annexin V+/Sytox AAD+) in shCTRL and 
shDDX6 primary human CD34+ cells. (f ) qRT–PCR analysis to validate DDX6 KD 
in human iPSC-derived CD34+ HSPCs. Unpaired two-tailed t-test with Welch’s 
correction, n = 3 biologically independent samples per group, mean ± s.e.m. 
(g) Proliferation assay for shCTRL and shDDX6 human iPSC-derived HSPCs at 
the indicated timepoints after transduction. Unpaired two-tailed Student’s 
t-test, n = 3 biologically independent samples per group, mean ± s.e.m. (h) Flow 
cytometric analysis for myeloid differentiation (CD11b median fluorescence 
intensity (MFI)) in shCTRL vs shDDX6 human iPSC-derived HSPCs. Unpaired 
two-tailed Student’s t-test, n = 3 biologically independent samples per group. (i) 
Flow cytometric analysis of cell death (Annexin V+) in human iPSC-derived HPCs. 
Unpaired two-tailed Student’s t-test, n = 3 biologically independent samples per 
group, mean ± s.e.m. ( j, k) Representative Western blots validating ( j) LSM14A 
KD and (k) EIF4ENIF1 KD in primary human CD34+ cells. n = 3 independent 
experiments. (l) Representative flow cytometry plots and quantification for CMP, 
GMP, and MEP populations (gated on LK cells) in the bone marrow of Mx1-Cre and 

Mx1-Cre/Ddx6fl/fl mice 110 d after Ddx6 deletion. Unpaired two-tailed Student’s 
t-test, Ddx6WT n = 5 mice, Ddx6KO n = 5 mice, mean ± s.e.m. (m, n) Quantification 
of myeloid cells, T cells, and B cells as a percentage of CD45+ cells in the (m) bone 
marrow and (n) spleens of Mx1-Cre and Mx1-Cre/Ddx6fl/fl mice 110 d after Ddx6 
deletion. Unpaired two-tailed Student’s t-test, Ddx6WT n = 5 mice, Ddx6KO n = 5 
mice, mean ± s.e.m. (o, p) Frequency of erythroid cells in the (o) bone marrow and 
(p) peripheral blood Mx1-Cre and Mx1-Cre/Ddx6fl/fl mice 110 d after Ddx6 deletion. 
Unpaired two-tailed Student’s t-test, Ddx6WT n = 5 mice, Ddx6KO n = 5 mice, mean 
± s.e.m. (q) Representative Western blot analysis for DDX6 in bone marrow cells 
of Rosa26-Cre and Rosa26-Cre/Ddx6fl/fl mice. n = 3 independent experiments. (r) 
Quantification of myeloid cells, T cells, and B cells as a percentage of CD45+ cells 
in the peripheral blood of Rosa26-Cre-ERT2 and Rosa26-Cre-ERT2/Ddx6fl/fl mice 
80 d after tamoxifen treatment. Unpaired two-tailed Student’s t-test, Ddx6WT 
n = 3 mice, Ddx6KO n = 3 mice, mean ± s.e.m. (s) Frequency of erythroid cells in 
the peripheral blood of Rosa26-Cre-ERT2 and Rosa26-Cre-ERT2/Ddx6fl/fl mice 80 
d after tamoxifen treatment. Unpaired two-tailed Student’s t-test, Ddx6WT n = 3 
mice, Ddx6KO n = 3 mice, mean ± s.e.m. (t) Representative flow cytometry plots 
showing percentages of HSC, MPP1, MPP2, and MPP4 populations, gated on LSK 
cells, in the bone marrow of Rosa26-Cre-ERT2 and Rosa26-Cre-ERT2/Ddx6fl/fl  
mice after Ddx6 deletion. (u) Quantification of HSC, MPP1, MPP2, and MPP4 
populations, as a percentage of LSK cells, in the bone marrow of Rosa26-Cre-ERT2 
and Rosa26-Cre-ERT2/Ddx6fl/fl mice after Ddx6 deletion. Unpaired two-tailed 
Student’s t-test, Ddx6WT n = 5 mice, Ddx6KO n = 5 mice, mean ± s.e.m. (v) Kaplan–
Meier survival curves of Rosa26-Cre-ERT2 and Rosa26-Cre-ERT2/Ddx6fl/fl mice 4 
months after tamoxifen treatment. Mantel–Cox test, Ddx6WT n = 3 mice, Ddx6KO 
n = 3 mice.
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Extended Data Fig. 5 | DDX6 regulates HSC quiescence and response to stress. 
(a) Unsupervised clustering of Ddx6WT and Ddx6KO HSC, MPP1, MPP2, and MPP4 
populations subjected to RNA-seq. (b) Representative flow cytometry plots of 
(left) MitoTracker Green FM and (right) TMRM staining in Ddx6WT and Ddx6KO 
HSCs, 24 d after Ddx6 deletion. (c) Representative flow cytometry plots of Ddx6WT 
and Ddx6KO chimerism within the donor haematopoietic compartment (CD45+) 
in the bone marrow 187 d after primary competitive transplantation. (d) HSCs 
sorted from CD45.1 and Mx1-Cre/Ddx6fl/fl mice were competitively transplanted 
into lethally irradiated WT recipient mice, followed by poly(I:C) treatment 34 d 
later. Quantification is shown of Ddx6WT and Ddx6KO chimerism within the donor 
haematopoietic compartment (CD45+) in peripheral blood, spleen, or bone 
marrow, at the indicated timepoints after Ddx6 deletion. Ddx6WT n = 8 mice, 
Ddx6KO n = 8 mice, two-way ANOVA with Bonferroni’s multiple comparisons test, 
mean ± s.e.m. (e) Flow cytometric analysis for the megakaryocytic differentiation 
markers CD41 and CD61 in HEL cells 4 d after vehicle (DMSO) or PMA treatment. 
Unpaired two-tailed Student’s t-test, n = 3 biologically independent samples per 
group, mean ± s.e.m. (f ) Representative IF imaging of EDC4 punctae (green) and 
DDX6 punctae (red) in vehicle-treated and PMA-treated HEL cells. Nuclei were 
counterstained with DAPI (blue). Scale: 10 µm. (g) Quantification of EDC4+DDX6+ 
punctae in vehicle-treated and PMA-treated HEL cells by IF. Unpaired two-tailed 
Student’s t-test, n = 24-26 cells per group, mean ± s.e.m. (h) Representative IF 
imaging of LSM14A punctae (green) and DDX6 punctae (red) in vehicle-treated 
and PMA-treated HEL cells. Nuclei were counterstained with DAPI (blue). Scale: 

10 µm. (i) Quantification of LSM14A+DDX6+ punctae in vehicle-treated and 
PMA-treated HEL cells by IF. Unpaired two-tailed Student’s t-test, n = 25-33 cells 
per group, mean ± s.e.m. ( j) Flow cytometric analysis for myeloid differentiation 
(% CD11b+) in MOLM-13 cells 5 d after treatment with the anti-leukaemic drug 
EPZ-5676. Unpaired two-tailed Student’s t-test, n = 3 biologically independent 
samples per group, mean ± s.e.m. (k) P-body numbers (EDC4+DDX6+ punctae) 
in MOLM-13 cells treated with EPZ-5676. Unpaired two-tailed Student’s t-test, 
n = 26-30 cells per group. (l) qRT–PCR analysis of DDX6 expression in DDX6 
KD MOLM-13 cells rescued with DDX6 WT or DDX6 EQ. n = 3 biologically 
independent samples per group, mean ± s.e.m. (m) Representative IF imaging 
of EDC4 punctae (green) and DDX6 punctae (red) in shCTRL MOLM-13 cells with 
exogenous DDX6 WT and EQ expression. Nuclei were counterstained with DAPI 
(blue). Scale: 10 µm. (n) Representative IF imaging of LSM14A punctae (green) 
and DDX6 punctae (red) in shCTRL MOLM-13 cells with exogenous DDX6 WT and 
EQ expression. Nuclei were counterstained with DAPI (blue). (o) Quantification 
of LSM14A+DDX6+ punctae in shCTRL MOLM-13 cells by IF. Unpaired two-tailed 
Student’s t-test, n = 12-13 cells per group, mean ± s.e.m. (p) Representative IF 
imaging of LSM14A punctae (green) and DDX6 punctae (red) in shDDX6 MOLM-
13 cells with exogenous DDX6 WT and EQ expression. Nuclei were counterstained 
with DAPI (blue). Scale: 10 µm. (q) Quantification of LSM14A+DDX6+ punctae in 
shCTRL MOLM-13 cells by IF. Unpaired two-tailed Student’s t-test, n = 13-33 cells 
per group, mean ± s.e.m.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01489-6

Extended Data Fig. 6 | See next page for caption.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01489-6

Extended Data Fig. 6 | Disrupting P-body assembly abrogates AML cell 
proliferation. (a) Representative intracellular flow cytometry plots showing 
expression of FLAG-LSM14A WT, FLAG-LSM14A ∆TFG, or FLAG-LSM14A ∆FFD in 
control and LSM14A KD HEL cells. (b) Representative IF imaging of EDC4 punctae 
(green) and DDX6 punctae (red) in control HEL cells expressing LSM14A WT, 
LSM14A ∆TFG, or LSM14A ∆FFD. Nuclei were counterstained with DAPI (blue).  
(c, d) Representative IF imaging of LSM14A punctae (green) and DDX6 punctae 
(red) in (c) LSM14A KD and (d) control HEL cells expressing LSM14A WT, LSM14A 
∆TFG, or LSM14A ∆FFD. Nuclei were counterstained with DAPI (blue). Scale: 
10 µm. (e) Quantification of LSM14A+DDX6+ punctae in the indicated cells by 
IF. One-way ANOVA with Dunnett’s post-hoc test, n = 16-29 cells per group, 
mean ± s.e.m. (f ) Representative intracellular flow cytometry plot showing 
NBDY expression (FLAG) in MOLM-13 cells. (g) Left: Representative IF imaging 
of LSM14A punctae (green) and FLAG (red) in control and NBDY-expressing 
MOLM-13 cells, scale: 10 µm. Right: quantification of LSM14A+DDX6+ punctae in 
control and NBDY-expressing MOLM-13 cells by IF. Unpaired two-tailed Student’s 

t-test, n = 24 cells per group, mean ± s.e.m. (h) HEL cell numbers 13 d after forced 
expression of NBDY. Unpaired two-tailed Student’s t-test, n = 3 biologically 
independent samples per group, mean ± s.e.m. (i) Representative flow cytometry 
plots showing loss of GFP-LSM14A+ P-bodies after DDX6 silencing. ( j) Distribution 
of RNA biotypes within the P-bodies and cytoplasm of HEL and MOLM-13 cells.  
(k) Distribution of P-body-enriched, cytoplasm-enriched, and non-enriched 
genes within each expression quartile, which range from Q1 (low expression) to 
Q4 (high expression). (l) RNA-seq analysis showing counts per million (CPM)  
values for the indicated transcripts in the cytoplasm and P-bodies of MOLM-13  
cells (n = 2 biologically independent samples per group, mean). (m) Represen-
tative smFISH images of (left) POLK or (right) RSRC2 mRNA molecules (red) and 
GFP-LSM14A+ punctae (green). Nuclei were counterstained with DAPI (blue). 
Scale: 5 µm (n) Quantification of the fraction of POLK or RSCR2 transcripts 
colocalizing with GFP-LSM14A+ punctae in individual cells (KDM5B: n = 30 cells, 
mean = 69.53%, RSRC2: n = 31 cells, mean = 55.05%).
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Extended Data Fig. 7 | DDX6 sequesters translationally repressed mRNAs in 
P-bodies. (a) Venn diagrams showing overlap between (left) cytoplasmic mRNAs 
or (right) P-body-associated mRNAs (FC > 1.5, p < 0.05) in MOLM-13 cells and HEL 
cells. Shared P-body-enriched transcripts encoding genes with potential tumour-
suppressive activity are listed. (b) GO enrichment analysis for shared P-body-
enriched RNAs in MOLM-13 and HEL cells (n = 2042). Two-sided Fisher’s exact 
test. (c) Histogram of region-based FC for DDX6 eCLIP-seq read density over 
size-matched input (FC > 2, padj < 0.05). (d) Scatter-plot indicating correlation 
between region-based fold enrichment of DDX6 eCLIP-seq datasets across 
biological replicates (n = 2 biologically independent samples per group). (e) Venn 
diagram showing the overlap between DDX6 eCLIP-seq targets and P-body-
enriched RNAs (n = 2 biologically independent samples per group, FC > 2,  

padj < 0.05, Wald test with Benjamini–Hochberg correction) in MOLM-13 cells. 
(f) GO pathway enrichment analysis of DDX6-bound, P-body-enriched RNAs 
(n = 589) identified in (e). Two-tailed Fisher’s exact test. (g, h) Scatter-plots showing 
lack of correlation between P-body enrichment and expression for transcripts 
upregulated in DDX6 KD (g) MOLM-13 or (h) HEL cells. (i) GC content and length 
distribution for P-body-enriched vs cytosolic mRNAs. ( j) Cumulative distribution 
function (CDF) plot showing translation rate (log2 FC) of P-body enriched and 
P-body-depleted mRNAs for shDDX6 vs. shCTRL cells. Two-sided Mann–Whitney 
U test. (k) Dynamic changes in small RNA distribution in MOLM-13 cells following 
DDX6 suppression (n = 2 biologically independent samples per group). (l) 
Heatmap showing expression levels of selected tsRNAs in control vs DDX6 depleted 
MOLM-13 cells (n = 2 biologically independent samples per group).
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Extended Data Fig. 8 | Genome topology rewiring following DDX6 depletion. 
(a) Correlation heatmap showing the correlation (r) values between proteomic 
samples (n = 3). Scale bar represents the range of the correlation coefficients (r) 
displayed. (b) Heatmap for differentially expressed proteins exhibiting a 1.5-fold 
or greater difference between control and DDX6 KD MOLM-13 cells (n = 3). (c) 
Gene ontology analysis of upregulated and downregulated proteins (FC > 1.5; 
p < 0.05, Wald test with Benjamini–Hochberg correction) in shDDX6 compared 
to shCTRL MOLM-13 cells. (d) Heatmap showing downregulation of P-body-
related proteins in DDX6 KD MOLM-13 cells (n = 3 biologically independent 
samples per group). (e) Representative Western blots showing loss of P-body-
related proteins upon DDX6 loss in DDX6-FKBP12F36V MOLM-13 cells. n = 3 
independent experiments. (f, g) qRT–PCR validation of tumour suppressor gene 
overexpression in MOLM-13 cells. (n = 3). (h) Total number of ATAC-seq peaks 
detected in control and DDX6 KD (left) MOLM-13 or (right) HEL cells. (i) Genomic 
distribution of ATAC-seq peaks in control and DDX6 KD HEL and MOLM-13 cells. 
( j) Scatter-plot showing ATAC-seq data for shCTRL and shDDX6 HEL cells (n = 2 
biologically independent samples per group). Blue dots indicate genomic 

regions showing significantly decreased chromatin accessibility in DDX6-
depleted cells (FC > 1.5, p < 0.05, Wald test with Benjamini–Hochberg correction; 
n = 570); red dots indicate genomic regions showing significantly increased 
chromatin accessibility in DDX6-depleted cells (FC > 1.5, p < 0.05; n = 1044). (k) 
TF motif enrichment analysis on shDDX6 gained and lost ATAC-seq peaks in 
HEL cells. (l) Increased H3K4me1 levels at loci of genes that gained chromatin 
accessibility and became upregulated after DDX6 KD. Wilcoxon rank-sum test, 
shCTRL open (n = 2026), shDDX6 open (n = 2045), shCTRL closed (n = 1024), 
shDDX6 closed (n = 1035). Box centre line indicates median, box limits indicate 
upper (Q3) and lower quartiles (Q1), lower whisker is Q1 – 1.5 × IQR and upper 
whisker is Q3 + 1.5 × IQR. (m) Total number of promoter interactions detected by 
liCHi-C in control (n = 2) and DDX6 KD (n = 2) MOLM-13 cells. (n) Gene tracks of 
ATAC-seq, RNA-seq, H3K27ac CUT&Tag, and liCHi-C data for the genomic region 
surrounding AGO4. Blue shadow highlights the gene promoter. Arcs represent 
significant promoter interactions (CHiCAGO score > 5). (o) Representative 
intracellular flow cytometry plot for KDM5B in control and KDM5B knockout 
MOLM-13 cells.
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