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to DDX41 mutation and highlights how each of these sug-
gest potential therapeutic opportunities through the use of 
pathway-specific inhibitors.
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Familial predisposition to myeloid neoplasms

Myeloid neoplasms are a heterogeneous group of dis-
eases encompassing myeloproliferative neoplasms 
(MPN), myelodysplastic syndromes (MDS) and acute 
myeloid leukemia (AML), all of which are character-
ized by abnormal growth and development of cells of the 
myeloid blood lineage. These disease groups can be fur-
ther sub-categorized by a number of different morpho-
logical and molecular approaches which may correlate 
with responses to specific treatments [1]. AML and MDS 

Abstract  Recently, DDX41 mutations have been identi-
fied both as germline and acquired somatic mutations in 
families with multiple cases of late-onset myelodysplas-
tic syndrome (MDS) and/or acute myeloid leukemia. The 
majority of germline mutations are frameshift mutations 
suggesting loss of function with DDX41 acting as a tumor 
suppressor, and there is a common somatic missense muta-
tion found in a majority of germline mutated tumors. Clini-
cally, DDX41 mutations lead to development of high-risk 
MDS at an age similar to that observed in sporadic cohorts, 
presenting a unique challenge to hematologists in recog-
nizing the familial context. Functionally, DDX41 has been 
shown to contribute to multiple pathways and processes 
including mRNA splicing, innate immunity and rRNA pro-
cessing. Mutations in DDX41 result in aberrations to each 
of these in ways that could potentially impact on tumo-
rigenesis—initiation, maintenance or progression. This 
review discusses the various molecular, clinical and bio-
logical aspects of myeloid malignancy predisposition due 
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are generally diseases of advanced age with a median 
age at diagnosis of 70  years [2, 3]. Familial clustering 
of myeloid malignancies with autosomal dominant (AD) 
inheritance has been recognized phenotypically for over 
100  years (reviewed in [4]), with the first molecular 
basis discovered through the identification of germline 
RUNX1 mutations associated with familial platelet dis-
order with predisposition to myeloid malignancy in 
1999 (FPD-MM, OMIM #601399) [5]. Since that time, 
and recently accelerated by the advent of next-genera-
tion sequencing, a growing number of genes have been 
associated with AD germline predisposition to myeloid 
malignancies, including mutations in GATA2 [6] as 
described by us and others [7], as well as ANKRD26 [8], 
ETV6 [9], CEBPA [10], RBBP6 [11], TERT, TERC [12], 
DDX41 [13] and most recently mutations in SAMD9 
[14] and SAMD9L [15, 16]. This growing recognition 
and molecular identification of the germline predisposi-
tion to a subset of myeloid malignancies has been for-
malized in the most recent revision to the World Health 
Organisation guidelines [1]. The initial identification of 
genetic predisposition factors for myeloid malignancies 
(e.g., RUNX1 [17], CEBPA [10] and GATA2 [6]) were 
characteristic as hematopoietic transcription factors, 
often associated with younger age of malignancy onset. 
In contrast, the recent identification of germline muta-
tions in DDX41 in familial myeloid malignancies has 
caused a paradigm shift in the way we view hematologi-
cal malignancy (HM) predisposition, related both to age 
of onset and potential function, and this is discussed in 
more detail below.

Mutation of DDX41 in familial hematological 
malignancies (FHM)

DDX41 is composed of 17 exons and is encoded on the 
distal end of the long arm of chromosome 5 (5q35.3). It 
belongs to the DEAD-box helicase family of genes that 
have been characterized in multiple cellular roles [18]. 
DDX41 was first identified as a predisposition gene for 
myeloid malignancy in a family with 4 family members 
affected by AML or MDS, where a germline frameshift 
mutation in DDX41 D140Gfs*2 was found to segregate in 
all tested affected individuals [19]. AML samples from 2 
of the affected individuals had acquired an identical R525H 
mutation also in DDX41. In the same study cohort, further 
screening of both familial and sporadic myeloid malignan-
cies identified a further 10 families or singleton cases car-
rying the germline D140Gfs*2 mutation, as well as identi-
fying additional germline mutations such as I1396T, F183I, 
Q52fs and M155I mutations (Fig. 1) [19]. Somatic DDX41 
mutations were frequently observed in myeloid tumors of 
germline DDX41 mutated individuals. The most common 
was the DDX41 R525H mutation seen in the index family 
and confirmed as present in trans, relative to the germline 
lesion in one case (i.e., biallelic). Other somatic DDX41 
mutations including A225D, E247K, P321L and a splice 
donor site mutation were identified in tumors from other 
individuals, collectively identifying somatic DDX41 muta-
tions in 50% of tumors from germline DDX41 mutated 
individuals (see Table 1) [19].

Following the initial description of germline DDX41 
mutations [19], we reported an additional eight families 

Fig. 1   Germline and somatic DDX41 mutations in hemato-
logical malignancies. Two isoforms of DDX41 were identified, 
with the shorter p55 isoform initiating at methionine 127. Black 
bars  conserved motifs, SA splice acceptor, SD splice donor, under-

lined somatic cases that are biallelic germline mutations, triangle 
frameshift/premature stop site mutation, square missense mutation, U 
ubiquitination, P phosphorylation site, # 12 biallelic cases



165Myeloid neoplasms with germline DDX41 mutation

1 3

with myeloid malignancies [20]. Of the eight, three har-
bored the germline D140Gfs*2 variant, confirming its 
status as the most common site of mutation in Caucasian 
populations (Fig. 1, 14 families) [19–21]. Two families car-
ried a novel germline M1I mutation which was also seen 
in subsequent studies, making it the second most frequent 
germline DDX41 mutation in Caucasian populations (5 
families) [20, 22–24]. Interestingly, in one family, a ger-
mline variant identical to the commonly acquired R525H 
mutation was identified (confirmed germline in hair). In a 
second family, a germline G530D mutation was identified, 
which was subsequently also seen as an acquired mutation 
in AML (COSMIC ID 5424276), as well as acquired in a 
familial MDS tumor with a novel germline DDX41 muta-
tion (our unpublished data). This indicates that missense 
mutations in the helicase C domain may present as either 
germline or somatic, and care should be taken to ensure 
that both tumor and normal sources of DNA are used 
for screening to differentiate between these alternatives. 
Shared sites of germline and acquired mutation have prece-
dence in other FHM, where several RUNX1 mutations (e.g., 
R204*, R204Q, R320*) are found both as germline muta-
tions in families with FPD-MM and acquired in sporadic 
myeloid malignancy cohorts [25, 26].

In the 2 years since the initial identification of germline 
and somatic DDX41 mutations in myeloid malignancies, 
the total number of DDX41 mutant families worldwide 
has risen to over 70 (Fig.  1), making it one of the most 
frequently mutated myeloid malignancy predisposition 
genes, with similar numbers of reported RUNX1 mutated 
families [13]. Reports of germline DDX41 mutations have 

consistently indicated distinct ethnically associated recur-
rent germline mutations; currently all reports of the ger-
mline D140Gfs*2 mutations are exclusive to Caucasian 
populations [19, 20, 27], and the germline A500Cfs*9 
has been reported in multiple families solely of Asian 
descent [27]. Population-based sequencing data for both 
D140Gfs*2 and A500Cfs*9 mutations imply the alleles 
are very rare (22/277,196 and 1/246,236 alleles, respec-
tively; gnomAD database) [13, 28]. Both populations show 
acquisition of the DDX41 R525H mutation as the most 
frequent somatic event in tumors, consistent with a com-
mon germline-derived selective pressure for somatic muta-
tions. This restriction of D140Gfs*2 and A500Cfs*9 ger-
mline mutations to different ethnic populations and their 
recurrence suggest that they likely derive from individual 
founder mutations that have spread through inheritance 
across generations, rather than representing different sites 
of de novo recurrent mutations, although this remains to be 
investigated.

Phenotypic, clinical and biological consequences 
of DDX41 mutations/loss of function 
in hematological malignancies

The most common phenotypes of individuals with ger-
mline DDX41 mutations are myeloid malignancy sub-
types. There are some exceptions to this, including one 
family reported by us with lymphoma and sarcoidosis 
development (DDX41 R164W) [20], as well as a broader 
range of phenotypes associated with the M1I mutation 

Table 1   Somatic mutations 
in individuals with myeloid 
malignancy carrying 
predisposing germline DDX41 
variants

Somatic mutations

Germline
DDX41
variant D

D
X4

1

A
SX

L1
C

D
H

26
D

N
M

T3
A

JA
K

2
LU

C
7L

2
K

R
A

S
N

O
TC

H
1

N
R

A
S

PH
F6

R
U

N
X1

SE
TB

P1

SM
A

D
1

TP
53 Reference

M1I
R525H 24

24
24

Q52fs A225D 19

D140Gfs*2

R525H 20
R525H 19
R525H 19

19
19

R525H 19
R525H 19
R525H 19

F183I R525H 19
L237F/P238T R525H 21

I396T
R525H 19
R525H 19

A500Cfs*9 R525H 33

A500Cfs*9 (reported as F498fs* in [33])
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families in addition to MDS/AML (e.g., CML, lymphoma, 
sarcoidosis).

Within the myeloid neoplasms, germline DDX41 
mutations are associated with hypocellular bone mar-
row, erythroid dysplasia and higher-risk MDS (19% in 
higher risk vs. 6% in lower risk) and AML. Similarly, 
DDX41 expression level was lower in higher-risk MDS 
cases. Despite detection of DDX41 mutations in higher-
risk MDS and associated with significantly poor survival, 
70% have normal karyotype (NK). From a therapeu-
tic point of view, response to lenalidomide, commonly 
used for MDS-5q− syndrome, was significantly higher 
in patients harboring mutations or lower expression of 
DDX41 [19, 20].

Biologically, shRNA-mediated knockdown of DDX41 
leads to enhanced proliferation and colony-forming ability, 
including enhanced replating ability and hyper-responsive-
ness to GM-CSF [19]. Knockdown of DDX41 also impairs 
erythroid differentiation of K562 cells, correlating with our 
clinical observation that DDX41 mutant individuals often dis-
play MDS with erythroid dysplasia and progress to myeloid 
leukemia of an erythroblastic subtype (M6) [19, 20]. Striking 
findings about DDX41 in FHM, differentiating it from other 
known HM predisposition genes, have come through sev-
eral observations. Firstly, the age of MDS onset in carriers of 
germline DDX41 mutations is similar to the diagnosis age of 
sporadic MDS, (median age of myeloid HM diagnosis of all 
published germline DDX41 cases to date is 65 years (range 
41–88). This is unlike other predisposition syndromes which 
often have an early age of onset [29] (reviewed in [30]). How-
ever, we have observed that families with point mutations in 
the helicase C domain of DDX41 (R525H and G530D) have 
a significantly younger age of onset of HM than frameshift 
mutations, suggesting a different mechanism of action of 
these mutations [20]. Secondly, although the numbers are cur-
rently still small, most individuals have normal blood counts 
up until the point of HM development, unlike other FHM that 
are often characterized by extended pre-leukemic cytopenic 
phases. However, red cell macrocytosis, peripheral blood 
monocytosis and cytopenias have been observed in some car-
riers prior to development of malignancy [19, 20].

These above aspects are problematic for the detection 
of familial leukemia with germline mutation of DDX41 
in several respects, as the typically advanced age of diag-
nosis often may not prompt a discussion by treating clini-
cians of family history in the way that early-onset myeloid 
malignancy would. Similarly, without a clear pre-malignant 
phenotype combined with the late age of onset, the fam-
ily history is easily overlooked by individuals even when 
questioned about family history. Therefore the expectation 
is, and our unpublished data and that of Polprasert et  al. 
[19] suggest, that many more cases of germline DDX41 
mutated myeloid malignancies will be identified through 

retrospective screening of ‘sporadic’ cohorts, making this a 
significant clinical entity for hematology practitioners.

Acquired co‑operating mutations and clonal 
evolution in germline DDX41 mutated cells

Along with the potential difficulties in the ascertainment 
of family history in DDX41 germline mutation carriers, 
due to relatively late age of onset, a predictable outcome 
of predisposition to high-risk MDS is the retrospective 
finding of asymptomatic germline DDX41 carriers being 
selected as stem cell transplant (SCT) donors for family 
members affected with malignancy. This is a treatment 
issue problematic for all familial leukemia syndromes; for 
example we and others have documented multiple cases 
where this has occurred for germline RUNX1 mutated 
families (our unpublished data and [31, 32]). Two recent 
studies in the literature document the outcomes of using 
germline DDX41 mutated donor cells for transplanta-
tion. The first described a 62-year-old asymptomatic male 
sibling who was used as an SCT donor for his 58-year 
brother diagnosed with AML, who subsequently relapsed 
with donor cell leukemia (DCL) 4  years post-transplant 
[24]. Molecular analysis identified a previously described 
germline M1I missense mutation in both brothers. Simi-
larly in the second study, a 49-year-old individual who 
developed MDS received a bone marrow transplant from 
his unaffected sibling and later relapsed with DCL, where 
both individuals were found to be carriers of a novel 
DDX41 A500Cfs*9 mutation (Table  1) [33]. Of note, 
the donors described in both studies were not reported 
to have developed HM and this suggests that HSC stress 
(i.e., reconstitution of recipient hematopoiesis) may be a 
potential trigger for HM development [34]. Also impor-
tantly, in the first study, both the initial AML tumor and 
the relapse MDS tumor acquired independent DNMT3A 
mutations, suggesting that this is an important co-oper-
ating factor. Further, the T cells of the patient at the time 
of AML diagnosis carried the same acquired DNMT3A 
mutation, indicating that this individual may have had 
pre-existing clonal hematopoiesis. Clonal hematopoiesis 
is observed in individuals of advanced age without ger-
mline predisposition and is associated with increased risk 
of myeloid HM development [35]. Early clonal hemat-
opoiesis may be a common feature of FHM, as it is also 
found at an early age in FHM individuals with germline 
RUNX1 mutations [29].

Studies of acquired mutations in DDX41 germline 
mutated tumors or individuals prior to development of 
malignancy are limited at this time. Aside from the obser-
vation that acquired mutation of R525H on the second 
DDX41 allele is the most frequent mutation observed in 
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tumors, few recurrent co-operating mutations in other 
genes have been identified (Table 1). It is quite common 
for somatic DDX41 mutations to be seen at low variant 
allele frequencies (VAF) (e.g., 5–25%) in MDS and AML, 
which may be missed using some screening technologies. 
Kadono et  al. showed in one patient with AML that the 
VAF for acquired R525H was approaching 50% in CD34+ 
hematopoietic stem cells (HSC), but was not seen in 
CD3+ T lymphocytes [36] which can constitute 40–50% 
peripheral leukocytes. They demonstrated growth inhibi-
tion of HSC over-expressing R525H and implied that this 
mutation predominantly affects myeloid differentiation.

Which co-operating gene mutations are important to 
trigger the clonal evolution and development of HM in 
DDX41 predisposed individuals is currently an open ques-
tion and one of great importance. How the mutations that 
have been identified in DDX41 to date affect function and 
the mechanisms by which they could cause HM are dis-
cussed below.

DDX41 protein structure

The structure of the DDX41 protein has recently been 
evaluated and modeled to characterize its domains and 
predicted binding conformations. As denoted in Fig.  1, 
both germline and somatic mutations in DDX41 have been 
reported throughout the protein in myeloid malignancies, 
suggestive that DDX41 acts as a tumor suppressor gene 
and/or that different mutations can impact on different 
domains or moieties with oncogenic consequences.

DDX41 can be divided into four main structural regions; 
N-terminal domain, DEAD-box domain, helicase C domain 
and C-terminal domain (Fig.  1). Specific motifs have been 
distinguished within each domain. The N-terminal domain 
contains a putative nuclear localization sequence, while the 
C-terminus possesses a conserved zinc finger. The DEAD-
box domain consists of seven conserved motifs (Q, I, IA, IB, 
IC, II (DEAD), and III) [37–39], while the RecA-like heli-
case C domain comprises four motifs (IV, IVA, V and VI), 
as demarcated by vertical gray lines in Fig. 1 [37]. DDX41, 
like other DEAD-box helicases, has been shown to interact 
with and bind to nucleic acids and ATP for activation [37]. 
Specifically, by its DNA binding activity, DDX41 acts as a 
sensor of dsDNA and bacterial-derived cyclic di-nucleotides 
(CDN) (c-di-AMP, c-di-GMP) [40]. It also binds directly to 
numerous proteins within the interferon response pathway 
in the cytoplasm, including Stimulator of interferon genes 
(STING) [41]. Although a member of the RNA helicase fam-
ily, the majority of reported nucleic interactions of DDX41 
to date involve DNA; however, it does bind to spliceosomal 
components in the nucleus (e.g., SF3B1 and PRPF8) imply-
ing a functional role in RNA processing (discussed further 

below) [19], and a recent study identified DDX41 as binding 
to the 3′UTR of the CDKN1A (p21) mRNA [42].

DDX41 binding interactions have been demonstrated, 
or proposed from structural modeling, to utilize one or a 
combination of motifs. DNA binding occurs via motifs Q, 
I and II within the DEAD-box domain [37]. 3D modeling 
predicts that the helicase C domain can sterically inhibit 
DNA or CDN binding to the DEAD-box domain. BTK 
phosphorylation of DDX41 per se does not alter nucleo-
tide binding [43], but does in the cellular context [41].

Many DEAD-box helicases bind RNA via motifs Ia, 
Ib in the DEAD-box domain and motifs IV and V in the 
helicase domain [37]. However, despite conservation of 
these domains, DDX41 has not been shown to bind RNA 
directly and is dispensable for the interferon response 
induced by poly(I:C) in mouse dendritic cells [44]. ATP 
binding has been associated with activation of DDX41, 
where motifs Q and I are crucial for binding [43] and 
motifs III and VI for hydrolysis of ATP [37] in helicase 
activity [43]. Nucleic acids, ATP and STING binding sites 
as well as BTK phosphorylation sites overlap, consistent 
with a complex interplay between components in induc-
ing interferon signaling via activated STING (Fig.  2b). 
This pathway is also regulated by ubiquitination of the 
N-terminus of DDX41 on K9 and K115 by TRIM21, an 
E3 ligase that negatively regulates the abundance of the 
DDX41 protein through proteosomal degradation [45].

Numerous studies have demonstrated other post-trans-
lational modifications (e.g., sumoylation, phosphorylation, 
ubiquitination, methylation) on the DDX41 protein [46], 
but their roles in normal processes or oncogenesis remain 
unclear. Interestingly, missense mutations in myeloid malig-
nancies have been identified on or near several of these (e.g., 
germline Y259C on BTK phosphorylation site, germline 
S363del adjacent to Y364 BTK phosphorylation site).

Germline mutations in DDX41 are also able to alter pro-
tein isoform usage of DDX41, as the germline mutation M1I 
[20] leads to a reduction in the full length 70 kDa isoform 
(p70) and a concomitant increased expression of a 55 kDa 
isoform (p55) initiating at M127 (our unpublished data and 
[36]) (Fig. 1). This shorter p55 isoform lacks the N-termi-
nal nuclear localization signal (NLS) and is localized pre-
dominantly in the cytoplasm, unlike p70 which is mainly 
nuclear [20, 36]. Additionally, isoform p55 lacks both sites 
of TRIM21 ubiquitination and may be expected to have a 
longer half-life than the full-length protein. To date, DDX41 
missense mutants tested (e.g., R525H and R164W), like WT 
DDX41, localize predominantly to the nucleus and, aside 
from M1I, express both p55 and p70 isoforms at similar 
levels to WT [20]. All reported premature termination muta-
tions occur prior to the last exon. This would be predicted 
to reduce transcript levels via nonsense-mediated decay 
and hence levels of protein initiated from both p70- and 
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p55-associated start codons derived from the mutant allele, 
although this is yet to be directly demonstrated.

Role of DDX41 in processes involved in the 
development of myeloid malignancies

DDX41 has been implicated by functional studies to be 
involved in at least 3 processes within the cell—mRNA 
splicing, innate immunity and ribosome biogenesis. These 
processes and how they could potentially contribute to 
DDX41-associated leukemogenesis are discussed below.

DDX41 in mRNA splicing

The family of DEAD-box helicases are key proteins in 
multiple diverse cellular pathways and processes [47]. In 

particular, DDX41 interacts with core splicing proteins. 
Binding studies in wild-type DDX41 over-expressing 
cells identified spliceosomal proteins as the most abun-
dant group of interactors [19]. Of the spliceosomal pro-
teins, numerous components of the spliceosome were 
found in complex with DDX41 including SF3B (SF3B1, 
SF3B2, SF3B3) and U2AF complexes (U2 complex), 
and the highly conserved PRPF8 scaffold protein and 
SNRNP200 (U5 complex) (Fig.  2a) [19]. The recurrent 
somatic DDX41 R525H mutant showed reduced binding 
to SF3B1 and PRPF8. Mutations in SF3B1 and PRPF8 
have been seen in numerous studies of myeloid malig-
nancies, particularly MDS [48, 49]. Somatic mutations 
in SF3B1 are frequently found in MDS and chronic lym-
phocytic leukemia (CLL) patients [50, 51]. Studies sug-
gest that mutations in SF3B1 induce malignancy through 
aberrant transcription, altered pre-mRNA recognition 
and alternative splicing [50, 52]. Similarly, mutations in 
PRPF8 have been identified in MDS and AML patients 
where decreased PRPF8 expression is associated with 
increased exon skipping [53], possibly due to a splic-
ing proofreading defect [53]. While DDX41 R525H is 
associated with reduced binding to SF3B1 and PRPF8, 
DDX41 mutations have not been reported in association 
with MDS with ring sideroblasts that is often characteris-
tic of mutations in SF3B1 [50] and PRPF8 [53].

The identification of mutations in spliceosomal pro-
teins is common in the development of myeloid malig-
nancies [48, 54]. Analysis of mutations in 1043 sporadic 
myeloid malignancies identified 25 cases with DDX41 
mutation—none of these had acquired mutations in com-
monly mutated spliceosomal proteins such as SF3B1, 
U2AF1,  SRSF2, PRPF8 or ZRSR2, while only 2 cases 
harbored an LUC7L2 mutation [19]. As DDX41 muta-
tions are largely mutually exclusive to splice factor muta-
tions, and since splice factor mutations are relatively 
common in myeloid malignancies (2.4–11% for each 
gene in this cohort), it has been postulated that this points 
to an oncogenic role for mutant DDX41 via aberrant 
mRNA splicing [19] with the assumption that mutations 
in these splice factors impact on common downstream 
oncogenes, TSG and/or pathways.

Analysis of the influence of R525H on mRNA splic-
ing revealed more avid exon skipping (smaller transcripts) 
and exon retention (larger transcripts) (Fig.  2a) within 
functionally relevant genes such as IKZF1, a transcrip-
tion factor associated with lymphoid differentiation [55] 
and ZMYM2, a component of a histone deacetylase com-
plex. Interestingly, low ZMYM2 mRNA levels are corre-
lated with reduced expression of genes commonly mutated 
in myeloid malignancies such as RUNX1 and cohesins 
(SMC3, RAD21), as well as with low DDX41 mRNA levels 
[19]. Altered exon splicing may lead to decreased mRNA 

Fig. 2   Proposed mechanisms for DDX41 involvement in the devel-
opment of myeloid malignancies. a DDX41 mutation causes aberrant 
mRNA splicing. U1 snRNP (U1) recognizes and binds to the splice 
donor region of the upstream exon, and U2 snRNP (U2) binds to the 
branch point within the intron adjacent to the downstream exon. This 
recruits the U4/U6–U5 tri-snRNP complex. U1 is displaced by U4/
U6–U5 tri-snRNP complex and both U1 and U4 snRNP dissociate. 
DDX41 interacts with proteins associated in the spliceosomal com-
plex, but its direct contacts and role remain to be determined. The 
spliceosome excises introns and ligates exons to generate mature 
mRNAs, and the splicing factors dissociate for recycling. DDX41 
R525H promotes aberrant splicing via exon retention and exon 
skipping. E7107 (pladienolide B derivative) blocks U2 from bind-
ing the branch point. Sudemycins directly interact with SF3B pro-
teins to inhibit binding of U2 to the hnRNA. b DDX41 mutation 
impacts STING pathway and type I interferon response against for-
eign nucleic acids. Entry of dsDNA or c-di-nucleotides (CDN) into 
the cytoplasm of the cell activates Bruton’s tyrosine kinase (BTK). 
Phosphorylation of DDX41 by BTK allows it to bind nucleic acids 
and to bind to STING. This triggers the STING pathway where 
STING binds TBK1, which stimulates phosphorylation of IRF3 and 
entry into the nucleus to initiate a type I interferon response. Ibruti-
nib inhibits BTK phosphorylation. STING agonists such as DMXAA 
(specific for mice) show nucleic acid-independent activation of the 
STING pathway. c DDX41 causes aberrant pre-rRNA trimming in 
the generation of 5.8S, 18S and 28S rRNA transcripts impacting on 
ribosome biogenesis. RNA Polymerase I transcribes the 47S pre-
rRNA transcript with 5′ and 3′ external transcribed spacers (ETS) 
and internal transcribed spacers (ITS1 and ITS2). Through sequen-
tial trimming of the spacers by either Pathway A (major) or Pathway 
B (minor), transient  intermediate pre-rRNAs 41S, 30S and 21S, and 
then mature rRNA transcripts 5.8S, 18S and 28S are formed. DDX41 
is predominantly associated with removal of 5′ETS and ITS2. 
DDX41 R525H causes changes to the efficiency of this process. 
rRNA transcripts subsequently migrate to the cytoplasm, to be assem-
bled into ribosomal subunits. The 18S transcript is incorporated into 
the smaller 40S subunit, while 5.8S, 28S and a separately generated 
5S transcript (chaperoned by RPL5 and RPL11) contribute to the 60S 
subunit. Together, they form the completed 80S ribosome. 5S RNP 
(5S, RPL5, RPL11 complex) regulates the activity of MDM2, a key 
E3-ligase that suppresses p53 by ubiquitination, and also negatively 
regulates Rb. Dotted red line mechanism unknown

◂
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expression via frameshift-associated premature termination 
and nonsense-mediated decay or altered protein function 
by competition between isoforms or generation of defective 
proteins.

Exactly how DDX41 mutation-altered splicing drives 
leukemogenesis and the crucial target myeloid malignancy 
driver genes remains to be determined. Of interest also is 
whether different mutations (e.g., missense and premature 
termination) in different domains result in unique splicing 
patterns impacting on a different set of genes [54].

DDX41 in the STING–interferon pathway

Prior to its identification as a predisposition gene for HM, 
DDX41 was identified as a key component in the activation 
of the STING pathway against foreign exogenous DNA 
and invaders. DDX41 has been characterized as a pattern 
recognition receptor (PRR) against an array of dsDNA and 
cyclic nucleotides (CDN) produced from external patho-
gens or cellular sources (Fig.  2b). Some of these include 
bacteria [produce c-di-GMP and c-di-AMP (CDN)], and 
poly(dA; dT) [40], invading dsDNA viruses (e.g., adeno-
virus, herpes virus and papillomavirus), and nearby cells 
that have released dsDNA fragments by necrosis [44]. The 
introduction of dsDNA and CDN into the cytoplasm occurs 
through pathogen-specific infection mechanisms, exosomes 
or receptor-mediated endocytosis [56]. DDX41, in the con-
text of binding foreign DNA (including cancer cell DNA 
fragments) and activation of the STING pathway and a type 
I interferon response, requires the binding of numerous 
factors via the DEAD-box domain extensively and other 
residues including those within the helicase C domain. 
Interestingly, some of the amino acids mutated in the pre-
disposition to MDS and AML impact on several of these 
crucial residues or domains, implicating innate immunity in 
the oncogenic process.

The activation of DDX41 first requires the phosphoryla-
tion by Bruton’s tyrosine kinase (BTK). BTK phosphoryl-
ates DDX41 at the critical residue site, Y414 in the linker 
region between the DEAD-box domain and helicase C 
domain [37, 41] (Fig. 1), priming it for DNA sensing. The 
phosphorylated DDX41 then is able to bind to cytoplasmic 
foreign dsDNA via the DEAD-box domain [41]. The com-
bination of phosphorylation by BTK and binding of dsDNA 
enables DDX41 to then bind to STING. Binding to STING 
occurs via the DEAD-box domain at Y364. DDX41 Y259 
is another site of BTK phosphorylation, but its role remains 
unknown. This site has been identified in the Asian cohort 
as a residue of germline missense mutation (Y259C) in 7 
families [27] (Fig. 1). Binding studies using tagged DDX41 
and STING suggest that this site does not affect their affin-
ity for each other [41]. Conversely, Y364 and Y414 are both 
crucial for efficient binding to STING and dsDNA.

The binding of DDX41 to STING activates and stimu-
lates the STING pathway where host type I interferon 
response (IFNα and IFNβ) is initiated and drives multiple 
downstream pathways (Fig.  2b). These pathways include 
the activation of IRF3 and NF-κB, interferon regulators that 
trigger the inflammatory cytokine response within the cell 
[57]. Negative regulation of DDX41 occurs via ubiquitina-
tion by the E3-ubiquitin ligase, TRIM21, which after the 
STING pathway has been triggered, ubiquitinates DDX41 
K9 and K115, targeting it for proteosomal degradation, ter-
minating the innate immune response [45] (Fig. 2b).

DDX41 in post‑transcriptional regulation of translation 
and ribosome biogenesis

A third proposed role for DDX41 lies in recent studies 
describing roles for post-transcriptional regulation of pro-
tein translation. Most recently, DDX41 was identified as a 
negative regulator of the CDKN1A (p21) protein transla-
tion via association with the 3′UTR of its mRNA. Knock-
down or a helicase-dead mutation of DDX41 (G521S) led 
to loss of this activity and increased translation of tran-
scripts linked to the 3′UTR. While it is not immediately 
clear how increased p21 protein levels in the scenario 
of DDX41 loss of activity fits with its proposed role as a 
myeloid tumor suppressor, data indicated that p53 mutation 
status of cells might also influence this regulation by an yet 
undefined mechanism, a detail that requires further investi-
gation [42].

DDX41 has also been proposed to contribute to process-
ing of precursor ribosomal RNA (pre-rRNA) to mature 
rRNAs in ribosome biogenesis [58] (Fig. 2c). Overexpres-
sion of the DDX41 R525H mutant led to decreased HSC 
(CD34+) growth in culture compared to WT, suggesting a 
possible mechanism for cytopenias seen in 3 patients with 
AML with this mutation [36]. Hypocellular bone mar-
row, consistent with perturbed HSC growth, is common in 
DDX41 mutant malignancies [19, 20]. Gene set enrichment 
analysis on DDX41 R525H-positive patient samples and 
R525H retroviral transduced cord blood implicated per-
turbation to ribosome biogenesis and pre-rRNA process-
ing. Levels of pre-rRNAs 47S, 41S and 30S were increased 
and 21S decreased with increases of pre-rRNAs containing 
the 5′ external transcribed spacer (5′ETS) or internal tran-
scribed spacer 2 (ITS2) compared to ITS1 containing pre-
rRNAs [36] (Fig.  2c). Hence, DDX41 was implicated in 
the regulation of trimming of 5′ETS and ITS2, and R525H 
perturbed this. Trimmed pre-rRNAs are further processed 
into mature rRNAs 18S (small subunit) and 5.8S and 28S 
(large subunit) [36, 59]. Reduced assembly of ribosomal 
60S subunits due to R525H resulted in increased levels of 
free unincorporated 5S RNP (complex of RPL5, RPL11, 
5S rRNA that delivers 5S to the 60S subunit). Free 5S RNP 



171Myeloid neoplasms with germline DDX41 mutation

1 3

preferentially binds to and sequesters the E3-ligase MDM2 
[36], compromising its ability to ubiquitinate and nega-
tively regulate the key tumor suppressor p53. However, the 
effect of DDX41 R525H on inhibition of the cell cycle was 
unexpectedly shown to be MDM2 and Rb dependent and 
not via classical p53 dependence. The mechanism by which 
MDM2 negatively regulates the tumor suppressor retino-
blastoma protein (Rb) and its suppression of E2F, a tran-
scription factor driver of cell cycle progression, is unclear. 
This complex set of interactions results in a decrease 
in expression of E2F, Rb and Myc target genes and cell 
cycling genes. DDX41 R525H acts in a dominant negative 
fashion where its loss of ATPase activity is crucial to the 
inhibitory effect on the cell cycle [36].

The overall outcome of DDX41 R525H presents as a 
ribosomopathy with inhibition of cell growth. Several other 
ribosomopathies predispose, albeit with weak penetrance, 
to MDS and AML including Shwachman–Diamond Syn-
drome [60], dyskeratosis congenita [61] and Diamond–
Blackfan anemia [62]. The importance of the effect of 
DDX41 mutation via ribosome biogenesis on cell growth 
in the leukemogenic process remains to be determined.

Future handling and treatment 
of DDX41‑associated myeloid malignancies

There are very few targeted treatment options available for 
AML and MDS. Induction chemotherapy, the mainstay of 
AML treatment, has changed very little for over 30 years, 
and in MDS, methyltransferase inhibitors and lenalido-
mide are approved in some cases [2, 3]. For both diseases, 
hematopoietic stem cell transplantation (HSCT) remains 
the treatment with the most curative potential; however, 
there are often contraindications that prevent implementa-
tion of this treatment option. For example, due to advanced 
age, many patients will not tolerate the rigorous condition-
ing required for HSCT, and additionally as many HSCT 
donors are sourced from within families, as discussed ear-
lier, this approach presents a clear and present danger for 
individuals with germline predisposition and the risk of 
donor cell leukemia. For individuals with germline muta-
tions in DDX41, understanding the different functional 
roles described in the previous section may lead to the 
application of targeted, better and less toxic treatments, and 
some current possibilities are discussed below.

Lenalidomide has become a recognized therapeutic mol-
ecule for treatment for MDS and multiple myeloma. The 
molecule was originally associated with its responsive-
ness against MDS patients with a chromosomal aberration 
of −5q [63], where 50% of patients showed cytogenetic 
remission [64]. DDX41 does not lie within the commonly 
deleted region of 5q [65]; however, recently it was shown 

that MDS patients with DDX41 mutations or low gene 
expression respond better to treatment with lenalidomide 
than MDS patients without DDX41 alteration [19]. The 
mechanism of this benefit is currently unknown. Several 
modes of action for lenalidomide have been proposed in 
MDS and it will be important to determine which if any 
of these are important for the response of DDX41 mutated 
malignancies [66].

Identification of a leukemogenic effect of mutant 
DDX41 via the STING–interferon pathway would open the 
way for the assessment of existing inhibitors and agonists 
in this pathway, as well as providing new targets for thera-
peutic development. There are already a number of mol-
ecules that interact with components of this pathway. For 
example, BTK, which phosphorylates and primes DDX41, 
interacts within multiple other signaling pathways includ-
ing TOLL like receptor signaling, pre-B cell proliferation 
and signaling of chemokine receptors in B cell malignan-
cies [67]. Accordingly, the use of a BTK inhibitor, ibruti-
nib, has been trialed for various lymphoid malignancies, 
dramatically changing management and outcome for indi-
viduals with chronic lymphocytic leukemia in particular 
[67, 68]. STING agonists are currently in the development 
phase. A STING agonist (DMXAA) potently activates the 
STING pathway demonstrating anti-tumor activity in mice 
[69]. However, due to a difference in one amino acid in the 
binding site between human and mouse, this molecule does 
not interact with human STING. The development of a 
human compatible DMXAA analog and other STING ago-
nists are of great interest and in development [69, 70].

Although the exact mechanism by which DDX41 may 
alter mRNA splicing is still undefined, its interaction with 
spliceosomal proteins, including SF3B1, suggests that 
mutations in DDX41 may induce a deregulation of mRNA 
splicing. Mutations leading to deregulation of splicing are 
common in MDS and can lead to alterative splicing of par-
ticular genes, forming transcripts with modified domains 
and transcripts promoting neoplastic transformation [71]. 
Subsequently, potential treatment options for the deregula-
tion of the spliceosome mechanism by DDX41 are those 
already associated with spliceosomal protein mutations. 
This includes pladienolide B, a polyketide suspected to 
target the binding of U2 snRNP/SF3B complex to the 3′ 
pre-mRNA branch point [71], preventing further formation 
of the spliceosome complex. Analysis of splicing in CLL 
cells treated with pladienolide B identified an increase in 
intron retention and expression of pro-apoptotic isoforms 
of apoptosis-related genes. Importantly, this was only 
observed in CLL cells and not normal blood [72]. Unfor-
tunately, first in man, clinical trials of E7107, a deriva-
tive of pladienolide B, in solid tumors were halted due to 
bilateral optic neuritis and gastrointestinal toxicity [71]. A 
second splicing modulator of interest is H3B-8800, which 
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selectively targets SF3B1 and leads to preferential apop-
tosis in SF3B1 mutant cells is currently in clinical trials 
for MDS (NCT02841540) [71]. Given the characterized 
interaction of DDX41 and SF3B1, it will be of interest 
to determine if DDX41 mutant cells are also sensitive to 
H3B-8800 activity.

Conclusions

The identification of germline DDX41 mutations in pre-
disposition to myeloid malignancies has altered our under-
standing of FHM predisposition in terms of both the con-
text in which it is found, and the potential mechanisms by 
which this may occur. Further research is required to deter-
mine the pathways or processes by which DDX41 mutation 
contributes to the oncogenic process leading to myeloid 
malignancies to ensure that efficacious treatments, moni-
toring and prevention methods can be employed for the 
hundreds of families affected worldwide.
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