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DEAD-box Helicase 41 (DDX41) is a recently identified factor 
mutated in hematologic malignancies whose function in 
hematopoiesis is unknown. Using an in vivo model of Ddx41 defi-

ciency, we unveiled a critical role for this helicase in regulating erythro-
poiesis. We demonstrated that loss of ddx41 leads to anemia caused by 
diminished proliferation and defective differentiation of erythroid pro-
genitors. Mis-expression and alternative splicing of cell cycle genes is 
rampant in ddx41 mutant erythroid progenitors. We delineated that the 
DNA damage response is activated in mutant cells resulting in an Ataxia-
telangiectasia mutated (ATM) and Ataxia-telangiectasia and Rad3-related 
(ATR)-triggered cell cycle arrest. Inhibition of these kinases partially sup-
pressed ddx41 mutant anemia. These findings establish a critical function 
for Ddx41 in promoting healthy erythropoiesis via protection from 
genomic stress and delineate a mechanistic framework to explore a role 
for ATM and ATR signaling in DDX41-mutant hematopoietic patholo-
gies.
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ABSTRACT

Introduction 

Mutations in DEAD-box Helicase 41 (DDX41) were identified recently in hemato-
logic malignancies including myelodysplastic syndrome (MDS), acute myeloid 
leukemia (AML), and acute erythroid leukemia (AEL).1,2 Germline DDX41 frameshift 
mutations are loss-of-function and somatic missense mutations are thought to result 
in hypomorphic helicase activity.1,3 The human genetics thus suggest that diminished 
function of this helicase is detrimental to hematopoiesis, but this has yet to be 
demonstrated in an animal model.  

In particular, a significant number of DDX41-mutated MDS patients experience 
mild cytopenia in the years preceding diagnosis, indicating that anemia may be one 
of the first warning signs of disease.4 Anemia in MDS is attributed to numerous cel-
lular mechanisms including erythroid precursor apoptosis, defective progenitor 
expansion, and ineffective erythrocytic maturation.5-7  The clinical findings suggest 
DDX41 could be important in erythropoiesis, but the cellular and molecular under-
pinnings remain unclear. Roles for DDX41 have been implicated in genomic stability, 
inflammation, and splicing, all processes linked to hematopoietic health, but the cur-
rent lack of DDX41 mutant animal models has slowed exploration of its function in 
the blood system.8-11 

In order to uncover the in vivo role of DDX41 in erythropoiesis, we established a 
zebrafish ddx41 loss-of-function mutant. We demonstrated that ddx41 mutants 
develop anemia due to a decrease in erythroid progenitor expansion and defective 
differentiation. Mechanistically, the erythroid proliferative defect is due in part to 
ATM- and ATR-mediated cell cycle arrest induced by elevated DNA damage as well 
as mis-expression and alternative splicing of cell cycle regulators. Our data demon-
strate that Ddx41 plays a critical role in hematopoiesis and provide a possible mech-
anism by which anemia may arise in DDX41-mutated hematopoietic pathologies. 



Methods 

Zebrafish 
Zebrafish were maintained as described12 and according to 

Institutional Animal Care and Use Committee-approved proto-
cols in accordance with the Albert Einstein College of Medicine 
research guidelines. Genotyping was performed to confirm ani-
mal identity. Mutants for ddx41 (ddx41sa14887) were acquired from 
the Zebrafish International Resource Center.13 The mutation 
results in a premature stop codon at tyrosine 410. For all experi-
ments, sibling controls are a mix of heterozygotes and wild 
types. Tg(gata1:dsred)14 transgenics were used. Genotyping 
details are in the Online Supplementary Appendix and the Online 
Supplementary Table S7.  

Drug treatments 
All drugs were dissolved in dimethyl sulfoxide (DMSO). 

Dilutions were made in E3 embryo water. KU60019 (ATM 
inhibitor) and AZ20 (ATR inhibitor) were used with DMSO as 
the vehicle control. 

Whole-mount in situ hybridization and o-dianisidine 
staining  

In situ hybridization was performed as previously 
described.15,16 After in situ, embryos were scored manually, 
imaged and genotyped. The βe3-globin,17  cmyb,18 and gata119 
probes were used, and in situ levels were quantified using FIJI.20 
O-dianisidine staining was performed as previously described.21  

Flow cytometry 
Mutant and sibling embryos were binned based on morpho-

logical differences. For generation of single-cell suspensions, 10-
20 embryos were processed as previously described15 (also see 
the Online Supplementary Appendix). Quantification for the 
absolute number of cells was performed by acquiring all events 
in a tube on the flow cytometer to determine the total number 
of target cells. This number was then divided by the total num-
ber of embryos analyzed to calculate the number of target cells 
per embryo.  

Cell cycle and apoptosis analyses 
For 5-ethynyl-2′-deoxyuridine (EdU) incorporation experi-

ments, embryos were incubated with 20 mM EdU for 2 hours. 
Single-cell suspensions of embryos were generated. Click-IT EdU 
Flow Cytometry Assay Kit was used according to the manufactur-
er’s instructions. Flow cytometry analysis for active caspase-3 was 
performed as previously described.22 Samples were analyzed with 
a LSRII flow cytometer (BD Biosciences) and FlowJo software. 

RNA sequencing and splicing analysis 
Erythroid progenitors from ddx41 mutants and siblings were 

isolated by fluorescently-activated cell sorting (FACS). RNA 
from these cells was subsequently isolated, DNAse-digested and 
library prepared for sequencing. Details on library preparation, 
sequencing and bioinformatic analyses can be found in the 
Online Supplementary Appendix. All data are deposited under 
GEO accession number GSE160979.  

Reverse transcription quantitative polymerase chain 
reaction 

In order to validate the RNA sequencing (RNA-seq) data, we 
performed reverse transcription quantitative polymerase chain 
reaction (RT-qPCR). RNA was isolated from 40 hpf embryos. 
Details are listed in the Online Supplementary Appendix and 
Online Supplementary Table S7.  

Single-cell immunofluorescence of zebrafish embryonic 
cells 

Single-cell suspensions were prepared, and cell staining was per-
formed as described in Sorrells & Nik et al.22 and detailed in the 
Online Supplementary Appendix. Fluorescence intensity measure-
ments of γH2AX were performed using FIJI. 

May-Grunwald Giemsa staining of primitive erythroid 
cells 

May-Grunwald Giemsa staining was performed as previously 
described15 and as detailed in the Online Supplementary Appendix.  

Statistics 
Experiments were performed with a minimum of three repli-

cates. Statistical analyses were performed as indicated in each fig-
ure using unpaired Student’s t-test or a one-way ANOVA with 
Tukey’s multiple testing correction as appropriate; error bars indi-
cate the standard deviation of mean, unless otherwise indicated. 

 
 

Results 

Ddx41 regulates erythroid development 
In order to explore a function for Ddx41 in 

hematopoiesis, we examined erythrocyte formation and 
differentiation in zebrafish ddx41 homozygous loss-of-
function mutants (ddx41sa14887). Maternally-deposited Ddx41 
(data not shown) helps the mutants develop and survive until 
3 days post fertilization (dpf) (Online Supplementary Figure 
S1A and B). Based on this, we consider the mutants to be 
functionally hypomorphic with greatly diminished but not 
completely absent Ddx41 levels. DDX41 is highly con-
served between humans and zebrafish suggesting that les-
sons learned about the in vivo role of zebrafish Ddx41 func-
tion in hematopoiesis will be relevant to human DDX41. In 
zebrafish, primitive hematopoiesis begins ~12-24 hours 
post fertilization (hpf), producing embryonic erythrocytes 
and myeloid cells that constitute the hematopoietic system 
early on in development.23,24 Cells of the erythrocytic lineage 
first arise from the intermediate cell mass (ICM) within the 
posterior lateral mesoderm (PLM) (Figure 1A). These ery-
throcytes express factors such as the progenitor transcrip-
tion factor c-myb and the erythroid-specific transcription 
factor gata1 starting during somitogenesis.19,25 Using in situ 
hybridization, we determined that these erythroid progen-
itor markers were expressed similarly in ddx41 mutants 
compared to siblings (mix of ddx41 heterozygotes + wild 
types) at 22 hpf, indicating initial erythroid specification is 
unaffected (Figures 1B to E). Oxygenated hemoglobinized 
erythrocytes are detectable beginning around 36 hpf using 
o-dianisidine staining.26 In ddx41 mutants, we observed lit-
tle o-dianisidine-positive erythroid cells at 40 hpf (Figure 
1F). We sorted gata1:dsRed+ erythrocytes at 40 hpf and 
found that the ddx41 mutant cells were larger than those 
from sibling controls (Figure 1G). This size difference could 
be indicative of delayed erythroid differentiation. As 
mutants display some developmental delay that becomes 
more severe as the embryos get older, it is possible that the 
erythroid delay is a side effect of the general developmental 
delay. In order to distinguish between these possibilities, 
we examined erythrocytes in ddx41 mutants and siblings at 
48 hpf. Oxygenated hemoglobin levels remained low in 
mutants at 48 hpf (Figures 1H to I). In order to assess mat-
uration, we also bled ddx41 mutants and sibling control 
embryos at 48 hpf and analyzed the morphology of isolated 
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Figure 1. Loss of ddx41 causes anemia. (A) Schema of primitive erythroid development, PLM: posterior lateral mesoderm; ProE: proerythroblasts; BasoE: basophilic ery-
throblasts; OrthoE: orthochromatophilic erythroblasts; func. Ery: functional erythrocytes. (B and D) In situ hybridization of the erythroid markers cmyb (B) (scale bars =200 
μm) and gata1 (D) (scale bars =250 mm] at 22 hours post fertilization (hpf) in sibling controls (top) and ddx41 mutants (bottom). Arrowheads highlight the intermediate 
cell mass (ICM) region in the embryos. (C and E) Quantification of c-myb (C) and gata1 (E) in situ hybridization levels from (B) and (D), respectively. Quantification was 
done using Fiji. (F and H) Staining for o-dianisidine, marking functional hemoglobin in mature primitive erythrocytes, in sibling controls (left) and ddx41 mutants (right) 
at 40 hpf (F) (scale bars =350 mm) and 48 hpf (H) (scale bars =400 mm). Numbers on bottom left corner indicate the fraction of embryos with the same phenotype as 
the one depicted in the image. (G) Graph depicting size of erythrocytes in sibling controls and ddx41 mutants at 40 hpf. (I) Graph depicting frequency of designated o-
dianisidine staining levels in sibling controls and ddx41 mutants at 48 hpf. (J) Representative images of orthochromatophilic erythroblasts stained with May–Grunwald–
Giemsa from sibling controls (left) and ddx41 mutants (right) at 48 hpf (scale bars =5 mm). Graphs display means ± standard deviations (stds) with P-values calculated 
with unpaired Student’s t-test, ns=not significant (P>0.05), ****P>0.0001. For in situs and o-dianisidine staining n=6-72 embryos per experiment.
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erythrocytes using May-Grunwald-Giemsa staining (Figure 
1J). The ddx41 mutant erythrocytes displayed a megaloblas-
toid-like phenotype, suggesting some abnormalities in ery-
throcyte maturation.  

In order to acquire enough erythrocytes to perform the 
morphological assessment, we needed to bleed four times 
as many ddx41 mutant embryos as compared to sibling 
control embryos, suggesting mutants had fewer erythro-
cytes than siblings. In order to test this hypothesis, we 
assessed the number of gata1:dsred+ erythroid progenitors 
in ddx41 mutants and siblings using flow cytometry quan-
tification. We determined that the absolute number of 
gata1:dsred+ erythrocytes per embryo was significantly 
reduced in ddx41 mutants compared to siblings at both 28 
and 40 hpf (Figures 2A to D). These data indicate that 
decreased erythrocyte number contributes to the develop-
ment of anemia in ddx41 mutants. 

Erythroid progenitors arising from both primitive and 
definitive erythroid-myeloid progenitor (EMP)-derived 
waves are present during the developmental time points 
analyzed. The gene programs for the specification and dif-
ferentiation of primitive and EMP-derived erythropoiesis 
are highly similar, but the developmental timings are dis-
tinct (Figure 2E). EMP specification begins around 26 hpf.27 
In order to determine whether there were defects in EMP-
derived erythropoiesis, we performed in situ hybridization 
for the progenitor marker c-myb at 26 hpf and 36 hpf and 
gata1 at 26 hpf in siblings and ddx41 mutants (Figures 2F 
and G; Online Supplementary Figure S1C to F). Expression of 
both c-myb and gata1 within the posterior blood island (PBI) 
region where EMP form were not decreased and in fact 
were increased in ddx41 mutants as compared to siblings. 
As the gene programs are highly similar between these two 
waves of erythroid development, these data indicate that 
the reduction in erythrocytes in ddx41 mutants is occurring 
at an erythroid progenitor stage after c-myb and gata1 are 
both expressed, which is shortly after erythroid lineage 
specification.  

In order to further characterize the maturation state of 
the erythrocytes at 40 hpf in ddx41 mutants and siblings, 
we performed RT-qPCR for embryonic and larval globins. 
Expression of the embryonic globins αε1, αε3, βε1, and βε3 
begins during somitogenesis with expression of all of these 
globins except βε3 persisting in primitive and EMP-derived 
erythrocytes throughout larval development.28 In contrast, 
levels of βε3 globin diminish dramatically from 24-48 hpf, 
somewhat concomitant with the increasing expression of 
the larval βε2 globin. The other larval globin αε5 is not 
expressed significantly until 14 dpf. In ddx41 mutants, we 
determined that while the levels of the embryonic/larval 
globins αε1 and βε1 were diminished, the levels of the 
embryonic-restricted βε3 globin remained high, consistent 
with a maturational defect in primitive erythrocytes. 
Additionally, expression of the larval βε2 globin was lower 
in mutants compared to sibling controls. Although ddx41 
mutants die before there are expansive numbers of matur-
ing erythrocytes derived from EMP, these data indicate that 
mutants have fewer definitive erythrocytes compared to 
siblings. This finding suggests that similar to primitive ery-
throid progenitors, EMP are specified normally, but there is 
a later stage defect, although the underlying cause (e.g., 
diminished expansion, maturation or differentiation) can-
not be deciphered. Together, our findings establish that 
Ddx41 is critical for erythrocyte expansion and maturation.   

Cell cycle genes are mis-expressed and alternatively 
spliced in ddx41 mutant erythroid progenitors 

In order to mechanistically assess the underlying cause of 
the erythrocytic defect in ddx41 mutants, we conducted 
RNA-seq on gata1:dsred+ erythrocytes isolated from ddx41 
mutants and siblings at 40 hpf. Over 1,800 genes were 
downregulated and more than 1,900 were upregulated in 
ddx41 mutants compared to siblings (Figure 3A; Online 
Supplementary Table S1, log2 fold-change ≥1, adjusted P-
value <0.05). In order to understand if particular pathways 
were enriched in the differentially expressed genes, we per-
formed gene set level analysis on the upregulated and 
downregulated gene lists by comparing each to the 
Molecular Signature Database (MSigDb), a platform that 
computes overlaps between classes of genes that are over- 
or underrepresented in lists of genes in known pathways.29,30 
In the downregulated gene list, mRNA splicing was the top 
gene set with DNA replication, cell cycle, and DNA repair 
also enriched (Figure 3B; Online Supplementary Table S2). In 
the upregulated gene list, genes associated with adaptive 
immunity, posttranslational modifications, innate immune 
system, and cell cycle were enriched (Figure 3C; Online 
Supplementary Table S3). We validated the expression 
changes in several cell cycle and DNA-damage-associated 
genes using RT-qPCR (Figure 3D). 

Ddx41 interacts with components of the spliceosome.1  
Additionally, the top downregulated pathway in our gene 
set was pre-mRNA splicing, thus we examined how ddx41 
loss affected mRNA splicing in erythrocytes. When com-
paring splicing between ddx41 mutants and siblings, a total 
of 370 alternative splicing events were observed (Figures 3E; 
Online Supplementary Table S4). The specific splicing defects 
detected included exon skipping (SE), which was the most 
frequently altered splicing event, intron retention (RI), alter-
native 5’-splice site usage, alternative 3’-splice site usage, 
and changes in mutually exclusive exon usage. Alternative 
splicing within protein coding regions of a transcript can 
result in the introduction of premature termination codon 
(PTC) or generation of a novel peptide. For all SE and RI 
events (comprising nearly 85% of all splicing changes), we 
determined how the alternative splicing event might alter 
the protein sequence (Figure 3F; Online Supplementary Table 
S5). More than 50% of SE events altered the protein 
sequence and are predicted to generate novel peptides. 
Approximately 43% of SE and 90% of RI events are pre-
dicted to target the alternatively spliced transcript for non-
sense-mediated decay (NMD) due to the introduction of a 
PTC. For example, the retained intron variant for homolo-
gous repair-associated factor structural maintenance of 
chromosome 5 (smc5) identified in ddx41 mutants is predict-
ed to result in NMD that could result in elevated DNA dam-
age (Figure 3G). Another example of an NMD isoform 
expressed in ddx41 mutant is the exon 3 skipped isoform of 
signal transducer and activator of transcription 1a (stat1a) 
that would diminish signaling by numerous cytokine path-
ways. Pathway analysis of these alternatively spliced fac-
tors revealed that those resulting in novel peptide 
sequences are enriched in mRNA metabolism, morphogen-
esis, and cell cycle, and those predicted to result in NMD 
are enriched for mRNA processing, DNA replication, and 
gene expression (Figure 3H; Online Supplementary Table S6). 
These results depict that Ddx41 influences the expression 
and splicing of cell cycle, DNA repair, and mRNA process-
ing genes in erythrocytes. 

Ddx41 function in erythropoiesis
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Ddx41 deficiency triggers cell cycle arrest in erythroid 
progenitors 

The diminished number of erythroid progenitors and 
dysregulated expression of cell cycle genes suggest that 
defects in erythrocyte proliferation could contribute to 

the anemia in ddx41 mutants. In order to examine prolif-
eration, we analyzed cell cycle status of 30 hpf 
gata1:dsred+ erythroid progenitors by flow cytometry 
quantification of DNA synthesis via EdU incorporation 
and DNA content via DAPI incorporation. The ddx41 
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Figure 2. Ddx41 regulates erythroid progenitor numbers. (A and C) Flow cytometry plots of gata1:dsred+ erythroid cells from sibling controls (left) and ddx41 mutants 
(right) at 28 days post fertilization (dpf) (A) and 40 hpf (C). (B and D) Graphs depicting the absolute number of gata1:dsred+ erythroid cells per embryo from (A) and 
(C), respectively. n=5 pools of ~5-20 embryos per pool. (E) Schema of erythroid-myeloid progenitor (EMP) development. ProE: proerythroblasts; BasoE: basophilic ery-
throblasts; OrthoE: orthochromatophilic erythroblasts; func. Ery: functional erythrocytes. (F) In situ hybridization of cmyb at 26 hpf in sibling controls (left) and ddx41 
mutants (right) (scale bars=150 μm). (G) Quantification of cmyb PBI in situ hybridization levels from (F). Quantification was done using Fiji; n=10-12 embryos. Graphs 
display means ± standard deviations (stds). (H) Graph of reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis of the expression of globin 
genes between sibling controls and ddx41 mutants. Expression levels were normalized to slc4a1 levels. Graph displays means ± standard error mean. The P-values 
were calculated with an unpaired t-test, *P<0.05, **P≤0.01, ***P≤0.001; n=3 replicates per genotype.
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Figure 3. Cell cycle genes are mis-expressed and alternatively spliced in ddx41 mutant erythroid progenitors. (A) Volcano plot displaying differentially expressed genes 
between gata1:dsred+ erythrocytes from ddx41 mutants and siblings. Significant differences are defined as false discovery rate (FDR) <0.05 and log2 fold-change ≥1. Black 
vertical lines denote the fold-change threshold and the black horizontal line denotes the FDR threshold. Five biological replicates for both ddx41 mutants and siblings were 
used to generate RNA sequencing data. (B and C). Representative charts of pathways significantly enriched in genes downregulated (B) or upregulated (C) in ddx41 mutant 
erythroid progenitors compared to sibling controls as determined by MSigDB analysis. (D) Graph of reverse transcription quantitative polymerase chain reaction (RT-qPCR) 
analysis of the expression of cell cycle and DNA damage-associated genes between sibling controls and ddx41 mutants. Expression levels were normalized to β-actin levels. 
Graph displays means ± standard error mean. The P-values were calculated with an unpaired t-test, *P<0.05, ****P≤0.0001; n=3 replicates per experiment. (E) Graph 
depicting the Dψ of individual splicing events between sibling controls and ddx41 mutants as detected by analysis with rMATS. Significant differences are defined as FDR 
≤0.01 and  Dψ ≥0.1. SE: skipped exons; RI: retained introns; A5SS: alternative 5’ splice site; A3SS: alternative 3’ splice site; MXE: mutually exclusive exons. (F) Graph depict-
ing the frequency of alternatively spliced isoforms in ddx41 mutants that are predicted to result in nonsense-mediated (NMD) decay, protein sequence alterations (non-
NMD), or changes in untranslated regions (UTR). (G) Sashimi plot for smc5 (exons 18-19) and stat1a (exons 2-4) in ddx41 mutant erythrocytes compared to sibling controls. 
RPKM: reads per kilobase of transcript per million mapped reads; Inc: inclusion. (H) Representative charts of pathways significantly enriched in alternatively spliced genes 
in ddx41 mutant erythrocytes compared to sibling controls as determined by pathway analysis. 
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mutant gata1:dsred+ progenitors showed a reduction of 
cells in S phase and an accumulation of cells in the 
G0/G1 and G2/M phases compared to sibling controls 
(Figures 4A and B). These results are in-line with a 
decrease in proliferation in ddx41 mutant erythrocytes 
caused by cell cycle arrests at the G0/G1-to-S phase and 
G2-to-M transitions. Prolonged cell cycle arrest can lead 
to apoptosis,31 thus we also assessed apoptosis in ddx41 
mutants. We measured levels of active caspase-3, an 
essential executor of apoptosis, in ddx41 mutant and sib-
ling gata1:dsred+ erythrocytes by flow cytometry. We 
observed a significant increase in active caspase-3 in 
ddx41 mutant gata1:dsred+ erythrocytes at 30 hpf 
(Figures 4C-D). These data indicate that both cell cycle 

arrest and elevated apoptosis in ddx41 mutant erythro-
cytes may drive anemia.  

Ddx41 regulation of ATM and ATR signaling contributes 
to proper erythropoiesis 

These molecular and cellular phenotypes in ddx41 
mutants imply that loss of ddx41 could promote DNA dam-
age. In order to address this question, we analyzed the 
DNA damage response (DDR) by performing immunofluo-
rescence (IF) for γH2AX in ddx41 mutants and siblings. We 
showed that γH2AX levels were increased nearly two-fold 
in ddx41 mutants compared to sibling cells (Figures 4E and 
F). These data demonstrate that ddx41 deficiency triggers 
DDR in vivo. 
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Figure 4. Ddx41 deficiency triggers cell cycle arrest and DNA damage response in erythroid progenitors. (A) Cell cycle analysis of gata1:dsred+ erythroid cells from 
sibling controls (left) and ddx41 mutants (right) after a 2-hour pulse of  5-ethynyl-2′-deoxyuridine (EdU) at 28 hpf. EdU incorporation (y-axis) and DAPI content (x-axis) 
were measured by flow cytometry at 30 hours post fertilization (hpf). (B) Quantification of the percentage of cells in each cell cycle phase from (A). (C) Flow cytometry 
analysis of active-caspase 3 in gata1:dsred+ erythroid cells from sibling controls (left) and ddx41 mutants (right). (D) Quantification of the percentage of gata1:dsred+ 
erythroid cells that are active caspase-3-positive from (C). (E) Confocal images showing immunofluorescence of nuclei (DAPI) and γH2AX in cells isolated from 28 hpf 
siblings (top) and ddx41 mutants (bottom). scale bars =5 mm. (F) Quantification of γH2AX levels from (E). Graphs display means ± standard deviations (stds) with P-
values calculated with unpaired Student’s t-test, *P<0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001. For flow cytometry, n=3-5 pools of ~5-20 embryos per pool. For 
immunofluorescence imaging, n=100-300 cells per genotype.
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Our model is that loss of Ddx41 contributes to excessive 
DDR signaling and subsequent cell cycle arrest in erythro-
cytes, leading to anemia in ddx41 mutants. If correct, then 
inhibiting components of the DDR pathway would i) 
reverse cell cycle defects and ii) increase erythrocyte levels. 
In order to test this model, we examined how the two pri-
mary mediators of DDR, Ataxia-telengiectasia-mutated 
(ATM) and Ataxia-telengiectasia and Rad3-related (ATR), 
affected erythrocytic cell cycle kinetics in ddx41 mutants. 
We assessed cell cycle status of 30 hpf ddx41-mutant 
gata1:dsred+ erythroid progenitors in embryos treated with 
DMSO vehicle control, the ATM inhibitor KU60019, or the 
ATR inhibitor AZ20. There was a significant increase of 
gata1:dsred+ ddx41-mutant cells in S phase when treated 
with either ATM or ATR inhibitors as compared to DMSO 
vehicle control (Figures 5A and B). Additionally, pharmaco-
logical inhibition of ATM or ATR increased erythropoietic 
output in ddx41 mutants, as measured by quantification of 
gata1:dsred+ erythrocyte numbers per embryo using flow 
cytometry (Figures 5C to F). Although there was a trend 
towards an increase in erythrocyte numbers in control sib-
lings treated with ATM or ATR inhibitors these changes 
were not statistically significant. Taken together, these data 
indicate that DDR signaling triggers a G0/G1 cell cycle 
arrest in ddx41-mutant erythrocytes that results in a reduc-
tion of erythroid progenitor cell number. 

Finally, we wanted to assess if increasing the number of 
erythroid progenitors via ATM or ATR inhibition would 
increase the number of oxygenated erythrocytes in ddx41 
mutants. Surprisingly, we only observed a significant 
increase in o-dianisidine-positive erythrocytes in ddx41 
mutants treated with ATM inhibitor, but not ATR inhibitor 
(Figures 6A and B). These data indicate that Ddx41 regula-
tion of ATM might have a broader impact on erythropoiesis 
than ATR signaling.  

 
 

Discussion 

Although DDX41 mutations are found in numerous 
human hematologic diseases, its function in 
hematopoiesis is unknown. Our work is the first to estab-
lish Ddx41 as a critical mediator of erythropoiesis with 
ddx41 loss suppressing the expansion and maturation of 
erythrocytes. We showed a profound effect on the expres-
sion of cell cycle and DNA damage-associated genes in 
ddx41 mutant erythroid progenitors consistent with the 
observed cell cycle arrest. The DNA damage response is 
elevated in ddx41 mutant cells and triggers an ATM and 
ATR-triggered cell cycle arrest. Inhibition of ATM and 
ATR partially suppressed anemia in ddx41 mutants. These 
findings establish Ddx41 as a positive regulator of erythro-
poiesis in part by preventing genomic stress and promot-
ing proper erythroid progenitor expansion.  

Patients with germline mutations in DDX41 do not 
develop hematologic symptoms until later in life,1 yet 
zebrafish ddx41 mutants show anemia within 40 hpf. We 
posit that the difference has to do with the extent of 
Ddx41 deficiency. Zebrafish homozygous mutants have 
maternally deposited Ddx41 that is naturally depleted 
over the first few days of life. When the levels drop below 
a certain threshold, the mutants die, demonstrating it is an 
essential factor. In contrast, zebrafish ddx41 heterozygous 
animals are phenotypically indistinguishable from wild-
type animals during embryogenesis and in adulthood, sug-

gesting a 50% decrease of Ddx41 alone is insufficient to 
alter hematopoiesis. This is in agreement with the clinical 
observation that patients with germline DDX41 muta-
tions who develop hematologic malignancies often 
acquire somatic missense mutations in the second allele 
that are thought to diminish DDX41 ATPase activity.1 
Combined, the data indicate that when DDX41 levels 
decrease to less than 50%, this leads to hematologic 
defects, but when critically too low, it leads to lethality.  

DDX41 was previously identified as a mediator of 
genomic stability in a cell line-based genome-wide siRNA 
screen.11 However, a role for DDX41 in genomic integrity 
as well as the downstream consequences of its loss were 
never demonstrated in vivo. Our current work revealed 
that Ddx41 regulates genomic integrity in vivo, and that 
loss of ddx41 leads to both cell cycle arrest and apoptosis 
in erythrocytes that contributes to anemia in ddx41 
mutants. We established that ATM and ATR signaling 
contribute to these attributes, but only ATM inhibition 
significantly increased o-dianisidine-positive erythrocytes 
in ddx41 mutants. The differential impact on oxygenated 
erythrocyte output by inhibition of ATM and ATR might 
indicate that Ddx41-regulated ATM signaling is more crit-
ical for proper erythropoiesis. ATM has an additional role 
in apoptosis, especially during development that might 
explain some of the phenotypic differences when compar-
ing ATM and ATR inhibition effects on erythropoiesis. 
However, it should be noted that although the ATM and 
ATR kinases respond uniquely, there exists an extensive 
‘cross-talk’ between them, which can make determining 
which precise pathway is involved in a phenotype confus-
ing.32 Further dissection of the role of DDX41 in ATM and 
ATR pathway regulation will need to be investigated.  

Splicing mutations are commonly found in hematologic 
malignancies.33,34 DDX41 interacts with multiple compo-
nents of the spliceosome.1 Our work aligns with prior 
studies showing DDX41 insufficiency associates with 
numerous deleterious splicing outcomes. If and how these 
splicing events contribute to hematopoietic pathogenesis 
is unclear. We showed that components related to cell 
cycle and DNA repair are commonly mis-spliced in ddx41 
mutants. Therefore, it is possible that loss of ddx41 may 
be mediating cell cycle arrest and activation of DDR via 
mis-splicing of crucial regulators of these pathways. The 
contribution of DDR pathway component mis-splicing in 
human cytopenias remains to be addressed. 

In addition to the effect on cell cycle, we delineated 
maturation defects in ddx41 erythrocytes marked by aber-
rant globin expression and a megaloblastoid-like morphol-
ogy of mutant erythrocytes. Although we could not per-
form a complete analysis of definitive erythropoiesis as 
ddx41 mutants die before EMP-derived or HSC-derived 
erythrocytes fully mature, the diminished expression of 
the larval βe2 globin suggests a decrease in EMP-derived 
definitive erythrocytes. This finding combined with the 
elevated cmyb and gata1 levels in EMP cells suggests that 
this defect could be caused in part by maturation defects. 
As the treatment with the ATM inhibitor KU60019 only 
partially increased hemoglobinized erythrocytes in ddx41 
mutants, it suggests that deregulation of another pathway 
underlies additional maturational defects in ddx41 
mutants.  

In summary, our study unveils a critical role for Ddx41 
as a key gatekeeper to maintain cell cycle progression, a 
necessary component for erythrocytic development. We 
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Figure 5. Ddx41 regulation of ATM/ATR signaling contributes to proper erythroid progenitor proliferation. (A) Cell cycle analysis of gata1:dsred+ erythroid cells from 
sibling controls (top) and ddx41 mutants (bottom) treated with dimethyl sulfoxide (DMSO) (left), 30 nM KU60019 (Ataxia-telengiectasia-mutated [ATMi] inhibitor, mid-
dle), and 30 nM AZ20 (Ataxia-telengiectasia and Rad3-related [ATRi] inhibitor, right) after a 2-hour pulse of 5-ethynyl-2′-deoxyuridine (EdU) at 28 hours post fertiliza-
tion (hpf). EdU incorporation (y-axis) and DAPI content (x-axis) were measured by flow cytometry at 30 hpf. (B) Quantification of the percentage of cells in each cell 
cycle phase from (A). (C and E) Flow cytometry plots of gata1:dsred+ erythroid cells from sibling controls (C) and ddx41 mutants (E) treated with DMSO (left), 30 nM 
KU60019 (ATM inhibitor, middle), and 30 nM AZ20 (ATR inhibitor, right). (D and F). Graphs depicting the absolute number of gata1:dsred+ erythroid cells per embryo 
from (C) and (E). Graphs display means ± standard deviations (stds) with P-values calculated with a one-way ANOVA with Tukey’s multiple testing correction, *P<0.05, 
***P≤0.001, ****P≤0.0001. For flow cytometry, n=3-5 pools of ~5-20 embryos per pool.
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demonstrated that deficiency of ddx41 triggers cell cycle 
arrest via activation of ATM and ATR, which ultimately 
mediates a decrease in proliferation and maturation of 
erythrocytic progenitors in ddx41 mutants. These findings 
establish a critical function for Ddx41 in promoting 
healthy erythropoiesis by suppressing genomic stress and 
present a potential role for ATM and ATR signaling in 
DDX41-mutant pathologies. 
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Figure 6. ATM inhibition partially suppresses ddx41 mutant anemia. (A) Representative images of o-dianisidine staining and corresponding levels of staining from 
sibling controls (left) and ddx41 mutants (right) treated with dimethyl sulfoxide (DMSO) (top), 30 nM KU60019 (Ataxia-telengiectasia-mutated inhibitor [ATMi], mid-
dle), and 30 nM AZ20 (Ataxia-telengiectasia and Rad3-related inhibitor[ATRi], bottom). Numbers on bottom left corner indicate the fraction of embryos with the same 
phenotype as the one depicted in the image. scale bars =100 μm. (B) Graph depicting frequency of designated o-dianisidine staining levels in sibling controls and 
ddx41 mutants at 40 hours post fertilization (hpf) treated with DMSO vehicle control, 30 nM KU60019 (ATMi), and 30 nM AZ20 (ATRi). Graphs display frequency of 
embryos with each phenotype with P-values calculated with Chi-squared test, *P<0.05, ****P≤0.0001. For o-dianisidine staining, n=36-67 embryos per experiment.
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