
AWARD NUMBER: W81XWH-19-1-0621
BM180109     

TITLE: Unraveling the Role of DDX41 in Hematopoiesis and MDS  

PRINCIPAL INVESTIGATOR: Teresa Bowman  

CONTRACTING ORGANIZATION: Albert Einstein College of Medicine 

REPORT DATE: October 2021 

TYPE OF REPORT: ANNUAL 

PREPARED FOR:   U.S. Army Medical Research and Development Command 
 Fort Detrick, Maryland  21702-5012 

DISTRIBUTION STATEMENT: Approved for Public Release; 
Distribution Unlimited 

The views, opinions and/or findings contained in this report are those of the author(s) and should 
not be construed as an official Department of the Army position, policy or decision unless so 
designated by other documentation. 



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE
October 2021 

2. REPORT TYPE
ANNUAL

3. DATES COVERED
09/01/2020-08/31/2021

4. TITLE AND SUBTITLE

 

Unraveling the Role of DDX41 in Hematopoiesis and MDS

5a. CONTRACT NUMBER 
W81XWH-19-1-0621 
 Unraveling the Role of DDX41 in Hematopoiesis and MDS 5b. GRANT NUMBER 
BM180109 
5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S)

 

5d. PROJECT NUMBER 

Teresa Bowman 5e. TASK NUMBER 

E-Mail: Teresa.bowman@einsteinmed.org
 

5f. WORK UNIT NUMBER 

 7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

AND ADDRESS(ES)

8. PERFORMING ORGANIZATION REPORT
NUMBER

 
Albert Einstein College of 
Medicine 

 9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Development Command 
 

DOD/BMFRP 
Fort Detrick, Maryland  21702-5012 11. SPONSOR/MONITOR’S REPORT

NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited 

 13. SUPPLEMENTARY NOTES

14. ABSTRACT
Myelodysplastic syndromes (MDS) are bone marrow failure disorders arising from defects in blood-forming stem cells resulting in 
stem cell expansion and decreased production of mature blood cells. MDS in adults is largely thought to be acquired, but the recent 
identification of a familial form of adult-onset MDS linked to germline mutations in the DEAD-box Helicase 41 gene (DDX41) 
challenges this dogma. Although this form of MDS is rare, lessons learned from familial forms of human diseases often provide 
information that is more broadly applicable to acquired forms of a disease that arise from sporadic and/or complex genetic changes. 
Germline mutations in DDX41 disrupt its function such that insufficiency of normal levels of DDX41 is thought to contribute to MDS 
formation. DDX41 plays several roles in cellular homeostasis, thus it is unclear which aspects are aberrant when DDX41 is mutated 
and how dysfunction of these processes contribute to MDS. To address this question, we have established a zebrafish model of 
ddx41 deficiency, which is one of the first animal models for studying the in vivo requirements of Ddx41 in hematopoiesis. Human 
and zebrafish DDX41 are highly conserved, thus we anticipate that our studies in zebrafish will be informative for understanding the 
function of human DDX41 in hematopoiesis. Zebrafish is an easily manipulated vertebrate model system that has been used 
extensively to study the basis of both benign and malignant hematopoiesis including MDS. We aim to utilize the advantages of the 
zebrafish to uncover how Ddx41 regulates hematopoiesis and identify novel therapeutic targets for the treatment of MDS. 
15. SUBJECT TERMS
Myelodysplastic syndrome, DDX41, hematopoiesis, inflammation, DNA damage 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION
OF ABSTRACT

18. NUMBER
OF PAGES

65

19a. NAME OF RESPONSIBLE PERSON 
USAMRMC 

a. REPORT

Unclassified

b. ABSTRACT

Unclassified

c. THIS PAGE

Unclassified
    Unclassified 

19b. TELEPHONE NUMBER (include area 
code) 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18



TABLE OF CONTENTS 

Page 

1. Introduction 4 

2. Keywords 4 

3. Accomplishments 4-6

4. Impact 6-7

5. Changes/Problems 7 

6. Products 7 

7. Participants & Other Collaborating Organizations 7-8

8. Special Reporting Requirements 8 

9. Appendices 9-65



4 

1. Introduction
Myelodysplastic syndromes (MDS) are a spectrum of disorders arising from hematopoietic stem and progenitor
cell (HSPC) dysfunction resulting in ineffective hematopoiesis and cytopenias. MDS in adults is largely thought
to be an acquired disorder, but the recent identification of an inherited form of adult-onset MDS linked to germline
mutations in the DEAD-box Helicase 41 gene (DDX41) challenges this dogma. Germline mutations in DDX41
primarily occur in the N-terminal domain leading to an early stop codon, suggesting that diminished function of
DDX41 contributes to MDS initiation. DDX41 is a nucleic acid-activated ATPase linked to immunity, splicing, and
R-loop regulation. All three of these processes have been implicated in MDS, thus the underlying mechanism
for how DDX41 mutations contribute to hematologic malfunctioning is unclear. Our central premise is that the
varied functions of DDX41 are connected and necessary for hematopoietic homeostasis. To discover how
DDX41 insufficiency could lead to MDS, we established a zebrafish model of ddx41 deficiency, which is one of
the first animal models for studying the in vivo requirements of Ddx41 in hematopoiesis. Human and zebrafish
DDX41 are highly conserved sharing >85% amino acid identity, thus we anticipate that our studies in zebrafish
will be informative for understanding the function of human DDX41 in hematopoiesis. Zebrafish is a genetically
malleable vertebrate model system that has been used extensively to study the basis of both benign and
malignant hematopoiesis including MDS. Zebrafish mutants for ddx41 display HSPC expansion as well as
neutropenia and anemia, phenotypes reminiscent of human MDS. We aim to utilize the advantages of the
zebrafish to uncover how Ddx41 regulates hematopoiesis and identify novel therapeutic targets for the treatment
of MDS.

2. Keywords
Myelodysplastic syndrome, DDX41, hematopoiesis, inflammation, DNA damage

3. Accomplishments
Major goals: 

Goals as outlined in the approved Statement of Work: 
Timeline 
Months 

Site 1 

Task: Seek regulatory approval for the use of animals 1-3 Local IACUC and DoD 
ACURO 

Aim 1: To determine R-loop involvement in Ddx41 regulation of 
hematopoiesis formation 

1.1 To determine if DDX41 regulates R-loop levels. 1-6 Bowman lab 
1.2 To determine if R-loops contribute to hematopoietic defects in 
ddx41 mutants. 1-18 Bowman lab 

1.3 To determine how R-loops regulate hematopoietic gene 
expression. 1-24 Bowman lab 

Milestone Achieved: Delineate how DDX41-mediated R-loop 
regulation contributes to blood defects. 24 

Aim 2: To Determine R-loop-triggered DNA damage responses 
during development. 

2.1 To determine if inflammatory signaling is perturbed in ddx41 
mutants. 1-12 Bowman lab 

2.2 To determine if STING-mediated inflammatory signaling plays a 
role in hematopoietic defects in ddx41 mutants. 6-24 Bowman lab 

2.3 To determine if elevated levels of R-loops alter inflammatory 
signaling in ddx41 mutants. 12-18 Bowman lab 

   Milestone Achieved: Define how DDX41 insufficiency alters the 
inflammatory milieu and the impact of this on hematopoiesis 24 

Progress towards year 2 goals: 
Task: Seek regulatory approval for the use of animals: The project was approved by both the IACUC at Albert 
Einstein College of Medicine (12/18/19) and the DOD ACURO (2/24/20). 

Aim 1.2: To determine if R-loops contribute to hematopoietic defects in ddx41 mutants. Using the M27RNASEH1-
GFP transgene, we explored the impact of excess R-loops on hematopoietic phenotypes in ddx41 mutants. In 
our preliminary studies, we demonstrated that ddx41 mutants have excessive HSPCs, but diminished 
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erythrocytes, macrophages and neutrophils compared to control siblings. As quantified by assessment of both 
absolute number of runx1:mcherry+ HSPCs per embryo and runx1 in situ hybridization staining at 40 hpf, HSPC 
levels were significantly reduced in ddx41 mutants after transient global RNASEH1-GFP expression. To 
elucdiate if the impact of excess R-loops on HSPC expansion was cell-intrinsic, we injected ddx41 mutants with 
either ubi:gfp (control) or fli1:M27RNASEH1-GFP which would deplete R-loops only in fli1+ endothelial cells 
including those that give rise to HSPCs. As quantified by assessment of runx1:mcherry+ HSPCs per embryo at 
40 hpf, HSPC levels were significantly reduced in ddx41 mutants injected with fli1:M27RNASEH1-GFP 
compared to control. These data show that aberrant R-loop accumulation can intrinsically promote HSPC 
expansion in vivo. These findings are included in our published study (Weinreb et al. Developmental Cell, 2021). 

Paradoxically, when we transiently overexpressed RNASEH1-GFP, rather than suppressing the erythrocyte 
defect in ddx41 mutants it exacerbated the anemia as measured by a decrease in the amount of hemoglobinized 
erythrocytes. Through these studies, we uncovered that ddx41 mutants display a strong DNA damage response 
that induces a cell cycle arrest in erythrocyte precursors and suppresses maturation. These findings are now 
published (Weinreb et al. Haematologica, 2021). 

Aim 1.3: To determine how R-loops regulate hematopoietic gene expression. R-loops are known to regulate 
gene expression via modulation of transcriptional elongation and epigenetic modifiers. Based on this, we 
hypothesized that DDX41-mediated R-loop regulation controls expression of critical genes for hematopoiesis, 
and that disruption of this regulation contributes to hematopoietic dysfunction in ddx41 mutants. As our initial 
results regarding R-loop regulation of hematopoiesis were in erythrocytes, we first explored R-loop regulation of 
erythroid gene expression. This hypothesis was supported by a recent study that mapped the genomic locations 
of R-loops in human K562 erythroleukemia cells and identified an R-loop near the promoter of the GATA1 gene. 
To identify R-loop-regulated gene expression in ddx41 mutant erythrocytes, we performed RNA-seq on cells 
isolated from ddx41 mutants and siblings either with or without R-loop depletion via RNASEH1-GFP 
overexpression. From our initial analysis, we observed few changes in transcript expression levels, but significant 
alterations in splicing. There were more than 600 RNASEH1-sensitive alternative splicing events in ddx41 mutant 
cells.  

Aim 2.1: To determine if inflammatory signaling is perturbed in ddx41 mutants. Growing evidence suggests that 
perturbed inflammatory signaling is a common feature of MDS that contributes to disease pathophysiology. In 
addition to a role in RNA:DNA hybrid resolution, DDX41 is implicated in inflammatory signaling. DDX41 acts as 
an intracellular DNA sensor that activates the STING (Stimulator of Interferon Genes) pathway in both mammals 
and zebrafish. When activated, STING triggers a signaling cascade leading to activation of TBK1 (Tank Binding 
Kinase 1), the transcription factors NFκB (Nuclear Factor κ-B) and IRF3 (Interferon Response Factor 3), and 
production of Type I Interferon. Activation of the STING pathway in mice can induce HSPC cell cycle entry and 
mobilization, and thus could be involved in HSPC expansion. STING is activated by a number of cytosolic 
sensors in addition to DDX41. A recent study found that RNA:DNA hybrids can activate cGAS (cyclic GMP-AMP 
synthase), another cytosolic nucleic-acid sensor that triggers STING activation. To assess pathway activation in 
ddx41 mutants and sibling controls, we measured phosphorylation of TBK1-Ser172 and NFκB transcriptional 
activity.  We found elevated phospho-TBK1 and NFκB transcriptional reporter activity in ddx41 mutants 
compared to siblings. Pathway activation was diminished upon cGAS/STING knockdown and R-loop depletion. 
Studies examining interferon-responsive gene expression using the interferon-phi:mcherry transgenic zebrafish 
are still underway, but using RT-qPCR we did demonstrate a decrease in Type I IFN responsive genes in ddx41 
mutants upon R-loop depletion. To assess the cell types with elevated inflammation, we examined nfkb:gfp levels 
in HSPCs and found that levels are higher in ddx41 mutant HSPCs compared to sibling controls. The data 
strongly indicate that excessive R-loops resulting from ddx41 loss trigger a cGAS/STING-mediated inflammatory 
response. These findings are included in our published study (Weinreb et al. Developmental Cell, 2021). 

Aim 2.2: To determine if STING-mediated inflammatory signaling plays a role in hematopoietic defects in ddx41 
mutants. We tested the role of the cGAS/STING signaling components on the HSPC expansion in ddx41 
mutants. Lowering cGAS or STING activation using numerous genetic approaches significantly reduced HSPC 
numbers in ddx41 mutants, as measured by quantification of cd41:gfp+ HSPC numbers per embryo using flow 
cytometry and runx1 in situ hybridization. These results indicate that the cGAS-STING inflammatory cascade 
mediates HSPC accumulation in ddx41 mutants. These findings are included in our published study (Weinreb et 
al. Developmental Cell, 2021). Studies on the impact of inflammatory signaling in ddx41 mutant erythrocyte, 
macrophage, and neutrophil defects is still underway. 
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Aim 2.3: To determine if elevated levels of R-loops alter inflammatory signaling in ddx41 mutants. We deciphered 
that the elevated phospho-TBK1 levels were dampened following cGAS morpholino-mediated knockdown and 
following RNA:DNA hybrid depletion via RNASEH1-GFP overexpression. Additionally, we demonstrated a 
decrease in some interferon-stimulated genes (ISGs) following R-loop depletion strengthening the model that R-
loops activate a cGAS/STING inflammatory cascade leading to aberrant HSPC expansion. These findings are 
included in our published study (Weinreb et al. Developmental Cell, 2021). 

Professional development: 
As part of my professional development, I attended several virtual conferences including the 2020 MDS Summit, 
2020 American Society of Hematology Conference, 2021 Keystone Hematopoiesis Symposium, and 2021 
International Society of Experimental Hematology Conference. 

Dissemination of results: 
We have presented some of the data from this project at National and International Conferences (ASH and ISEH) 
as well invited seminar series at US-based research institutes. 

Plans for next reporting period within the No-Cost Extension: 
Experimental 
Aim 1.1: To determine if DDX41 regulates R-loop levels- We have completed all the proposed experiments for 
this goal. 
Aim 1.2: To determine if R-loops contribute to hematopoietic defects in ddx41 mutants- We have completed all 
the proposed experiments for this goal. 
Aim 1.3: To determine how R-loops regulate hematopoietic gene expression- We performed RNA-sequencing 
analysis of gata1:gfp+ erythroid progenitors from ddx41 mutants and siblings with or without RNASEH1-GFP 
overexpression to deplete R-loops. We will analyze the data to define how R-loops affect transcript levels and 
splice isoform selection in both mutants and siblings. We strive to identify signatures of R-loop regulated gene 
expression under normal (siblings) and defective (mutant) conditions. Additionally, as R-loops are known to 
impact chromatin, we will perform ATAC-sequencing in the same cell populations as the RNA-seq to decipher if 
R-loops alter chromatin accessibility in control or ddx41 mutant erythroid progenitors. These data will provide
insight into how homeostatic R-loops and excessive R-loops impact hematopoietic gene expression.

Aim 2.1: To determine if inflammatory signaling is perturbed in ddx41 mutants- We have completed all the 
proposed experiments for this goal. 
Aim 2.2: To determine if STING-mediated inflammatory signaling plays a role in hematopoietic defects in ddx41 
mutants- We will focus on deciphering if cGAS/STING activity contributes to the diminished levels of ddx41 
mutant erythrocytes and myeloid cells.  
Aim 2.3: To determine if elevated levels of R-loops alter inflammatory signaling in ddx41 mutants- Our data 
indicate that depletion of RNA:DNA hybrids in ddx41 mutants lowers phospho-TBK1 levels. We will examine R-
loop regulation of inflammatory gene expression. We will examine our RNA-seq and ATAC-seq data specifically 
for inflammatory genes as well as R-loop-regulated splicing alterations in ddx41 mutant gata1:gfp+ erythroid 
progenitors.  

Publications 
1. Weinreb JT, Ghazale N, Pradhan K, Gupta V, Potts KS, Tricomi B, Daniels NJ, Padgett RA, De Oliveira
S, Verma AK, and Bowman TV. Excessive R-loops Trigger an Inflammatory Cascade Leading to Aberrant HSPC
Expansion. Developmental Cell, 2021; 56(5):627-640 e5. PMID: 33651979.

2. Weinreb JT, Gupta V, Sharvit E, Weil R, and Bowman TV. Ddx41 inhibition of DNA damage signaling
permits erythroid progenitor expansion in zebrafish. Haematologica, 2021; doi:10.3324/haematol.2020.257246.
PMID: 33763998.

4. Impact

Impact on the principal discipline: Mutations in DDX41 in MDS were identified over 6 years ago, but 
how defects in this factor might contribute to hematopoietic dysfunction remains unknown. Our studies have 
revealed that in vivo DDX41 acts as a R-loop repressor and that loss of this function results in elevated R-loop 
levels, cGAS/STING pathway activation, and subsequent aberrant HSPC expansion. These mechanistic 
discoveries pave the way towards future biochemical studies on DDX41-RNA:DNA hybrid interactions, R-loop 
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activation of cGAS, and the function of the cGAS/STING signaling in hematopoietic homeostasis. Moreover, 
these findings strongly suggest that inhibitors of the cGAS/STING pathway could be novel therapeutics for the 
treatment of MDS. Indeed, several STING antagonist are currently in pre-clinical and clinical develop for other 
diseases which could allow for more streamlined testing of these molecules for MDS.  

Impact on other disciplines: Nothing to Report 

Impact on society beyond science and technology: Nothing to Report 

5. Changes/Problems
Nothing to Report

6. Products
Journal publications: 
Weinreb JT, Ghazale N, Pradhan K, Gupta V, Potts KS, Tricomi B, Daniels NJ, Padgett RA, De Oliveira 
S, Verma AK, and Bowman TV. Excessive R-loops Trigger an Inflammatory Cascade Leading to 
Aberrant HSPC Expansion. Developmental Cell, 2021; 56(5):627-640 e5. PMID: 33651979.  

Weinreb JT, Gupta V, Sharvit E, Weil R, and Bowman TV. Ddx41 inhibition of DNA damage signaling 
permits erythroid progenitor expansion in zebrafish. Haematologica, 2021; 
doi:10.3324/haematol.2020.257246. PMID: 33763998. 

Conference papers and presentations: 
Nov 2020 Department of Genetics, Cell Biology, and Anatomy, University of Nebraska Medical 

Center, Omaha, NE (Virtual) 
Dec 2020 ASH Myeloid Workshop, 2020 ASH Annual Meeting (Virtual) 
Nov 2021 NIH Workshop: Biological Functions of DEAD/H-box Helicase in Health and Diseases 

7. Participants
Name: Teresa V. Bowman, PhD 
Project Role: Principal Investigator 
Research Identifier (e.g. ORCID ID): 
Nearest person month worked: 3 
Contribution to project: Dr. Bowman oversaw all of the work performed for the project, 

mentored and managed all participants, helped with data analysis, 
and wrote/edited all manuscripts.  

Funding Support: 

Name: Kathryn Potts, PhD 
Project Role: Postdoctoral Researcher 
Research Identifier (e.g. ORCID ID): 
Nearest person month worked: 12 
Contribution to project: Dr. Potts performed the experiments in the project along with Joshua 

Weinreb. 
Funding Support: 

Name: Joshua Weinreb 
Project Role: Graduate Student 
Research Identifier (e.g. ORCID ID): 
Nearest person month worked: 12 
Contribution to project: Joshua Weinreb performed all the experiments in the project along 

with Dr. Potts. 
Funding Support: Mr. Weinreb is supported by an F30 NIH predoctoral fellowship 

(1F30HL142161) 

Name: Varun Gupta 
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Project Role: Bioinformatician 
Research Identifier (e.g. ORCID ID): 
Nearest person month worked: 0.6 
Contribution to project: Varun Gupta performed all the computational analysis of the RNA-

sequencing data.  
Funding Support: 

Changes in active other support to Principal Investigator: 
New Active Grants: 
Edward P. Evans Foundation MDS Discovery Research Grant:  2021-2024 
“Delineating mechanisms of DDX41 insufficiency in MDS” 
Principal Investigator: Teresa Bowman 

NIH/NIDDK: 1R01DK131445: 2021-2024 
“Identification of novel regulators of HSC specification and maturation” 
Principal Investigator: Teresa Bowman 

Completed Grants:  

Other organizations:  Nothing to Report 

8. Special Reporting Requirements: Nothing to Report

9. Appendices:
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