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DEAD-box helicase 41 (DDX41)-associated myeloid neoplasms represent a distinct hereditary cancer syndrome and have
emerged as the most common form of genetic predisposition to adult-onset hematologic malignancies, accounting for 3-5%
of adults with myelodysplastic syndrome and acute myeloid leukemia. DDX41 is a multifunctional DEAD-box RNA helicase
that plays essential roles in pre-mRNA splicing, ribosome biogenesis, and innate immune regulation. Pathogenic germline
variants predominantly cluster within the N-terminal region, whereas somatic second-hit mutations are concentrated in the
C-terminal helicase domain. The characteristic “two-hit” model involves a germline loss-of-function mutation followed by
a somatic variant—most commonly p.R525H—Ileading to malignant transformation. This process occurs through defective
small nucleolar RNA processing, impaired ribosome assembly, erythropoietic abnormalities, and R-loop—mediated DNA dam-
age. Clinically, the phenotype is consistent and characterized by late-onset disease in the sixth to seventh decades of life, a
strong male predominance, hypocellular bone marrow, and normal cytogenetics. Despite these distinctive features, affected
individuals generally exhibit favorable treatment responses and outcomes compared with sporadic cases. An important clini-
cal consideration in DDX41-associated disease management is the planning of allogeneic hematopoietic cell transplantation,
where genetic screening for DDX41 variants among potential related donors is essential. Future investigations should aim to
elucidate the molecular mechanisms underlying DDX41-driven leukemogenesis, refine surveillance strategies, and develop
targeted therapeutic approaches.
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INTRODUCTION

The understanding of genetic predisposition to cancer has
evolved remarkably over the past century. What began as
clinical observations of familial cancer clustering has trans-
formed into the precise identification of specific germline
pathogenic variants, facilitated by major advances in mo-
lecular biology and next-generation sequencing (NGS) tech-
nologies [1-4]. Hereditary cancer syndromes account for
approximately 5-10% of all cancer cases and up to 17.5%
of advanced cancer cases [5]. This paradigm shift has fun-
damentally reshaped approaches to cancer risk assessment
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and prevention.

Myeloid malignancies with genetic predisposition were
once considered rare. However, recognition of familial clus-
tering in these malignancies has progressed from anecdotal
reports in the mid-20th century to a sophisticated molecular
understanding of hereditary predisposition syndromes [6-9].
In parallel with this progress, germline deleterious variants
in multiple genes are now known to predispose individuals
to hematopoietic malignancies, and recent leukemia classi-
fication systems have been revised to include these entities
[10-12]. For example, the fifth edition of the World Health
Organization Classification of Haematolymphoid Tumors cat-
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egorizes myeloid neoplasms with germline predisposition
into 18 distinct syndromes based on disease phenotype and
causative genes [12]. Current evidence indicates that about
10% of individuals with myeloid malignancies carry patho-
genic germline variants in established predisposition genes
[13], with DEAD-box helicase 41 (DDX41) mutations rep-
resenting the most prevalent subset in adults. Distinct pre-
disposition syndromes display unique epidemiological pat-
terns: classical hereditary bone marrow failure syndromes
and RUNXT1-related disorders often present earlier with syn-
dromic features, whereas DDX4 1-associated disease typical-
ly manifests in adulthood [13,14].

DDX41 is the most common germline predisposition gene
implicated in adult-onset myeloid neoplasms, identified in
approximately 3-5% of adults with myelodysplastic syn-
drome (MDS) and acute myeloid leukemia (AML) [13,15].
About 40-50% of myeloid neoplasms harboring germline
DDX41 variants acquire an additional somatic mutation
on the wild-type DDX41 allele [16-19]. More than 95% of
these somatic mutations are missense, with p.R525H being
the most frequent, accounting for approximately 60-80%
of all somatic DDX41 variants [20]. DDX41 plays an essen-
tial role in hematopoiesis and performs diverse functions,
including nucleic acid sensing [21-23] and nuclear RNA reg-
ulatory processes such as pre-mRNA splicing, R-loop reso-
lution, and ribosome biogenesis [20,24-26]. Experimental
models suggest that impaired R-loop resolution—resulting
in innate immune activation [27-29] and defective ribosome
biogenesis [30-32] contribute to the pathogenesis of my-
eloid neoplasms associated with germline DDX41 variants.
However, the precise mechanisms by which pathogenic ger-
mline DDX41 mutations lead to malignant transformation
remain unclear. This review summarizes current knowledge
on DDX41's molecular functions, germline variant spectrum,
pathogenic mechanisms, clinical phenotype, treatment out-
comes, prognosis, and diagnostic and management consid-
erations.

STRUCTURE AND FUNCTIONS OF DDX41

The DDX41 gene is located on chromosome 5g35.3, a re-
gion frequently implicated in myeloid neoplasms. DDX41
exhibits the canonical structure of DEAD-box RNA helicases,
consisting of several distinct domains that enable nucleic
acid recognition, adenosine triphosphate (ATP) hydrolysis,
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and RNA remodeling. The protein contains an N-terminal seg-
ment that functions as a nuclear localization signal, followed
by two highly conserved domains—the DEAD domain and
the helicase domain—that form the catalytic core, as well
as a C-terminal extension. The core structure of DEAD-box
proteins comprises two primary RecA-like domains. The first
RecA-like domain contains the characteristic DEAD motif
together with Walker A and Walker B sequences essential
for ATP binding and hydrolysis, whereas the second domain
contains helicase motifs that mediate RNA binding and con-
formational rearrangements [24,33].

DDX41 plays critical roles in several aspects of RNA me-
tabolism, particularly in the regulation of pre-mRNA splic-
ing and ribosome biogenesis. RNA helicases, in general,
alter RNA structures and RNA-protein interactions through
ATP-dependent helicase activity. DDX41 is thought to be in-
tegrated into the C complex of the spliceosome [28], which
represents a central component in the two-step transesteri-
fication reactions that mediate RNA splicing [34]. Although
the precise role of DDX41 in splicing remains incompletely
defined, experimental studies have shown that its loss or
mutation results in splicing alterations such as exon skipping
and intron retention, especially in hematopoietic progeni-
tor cells [19,35]. DDX41 also contributes to the processing
of pre-ribosomal RNA (rRNA), a critical step in ribosome
assembly [31]. Small nucleolar RNAs (snoRNAs)}—a class
of noncoding RNAs—are essential for rRNA modification
through 2'-O-methylation and pseudouridylation. Mutations
in DDX41 have been linked to defective snoRNA processing,
which subsequently impairs ribosome function [30]. This ev-
idence highlights a novel role for DDX41 in connecting RNA
splicing with ribosome biogenesis, as SnoRNA processing is
functionally intertwined with splicing regulation.

DDX41 also functions as a sensor of nucleic acids released
from intracellular pathogens, including double-stranded
DNA and cyclic di-guanosine monophosphate [21]. Under
physiological conditions, DDX41 is primarily localized in the
nucleus due to its N-terminal nuclear targeting sequence,
where it participates in RNA splicing and ribosome biogene-
sis. Upon cellular activation or nucleic acid stimulation, how-
ever, DDX41 can translocate to the cytoplasm, where it acts
as a pattern recognition receptor that detects foreign DNA
and cyclic dinucleotides [24,33]. DDX41 interacts with the
adaptor protein stimulator of interferon genes (STING), initi-
ating a STING-dependent innate immune response [23,36].
This interaction is regulated by phosphorylation of DDX41
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at tyrosine residue 414 by Bruton’s tyrosine kinase, which
enhances the DDX41-STING association [37]. Nevertheless,
whether this function contributes to hematologic malignan-
cies remains unclear. Although germline DDX41 variants are
generally loss-of-function and may reduce immune respon-
siveness, some studies suggest that DDX41 deficiency can
paradoxically induce inflammation through R-loop accumu-
lation [29].

In addition, DDX41 is involved in the regulation of R-loop
formation, which consists of structures composed of DNA-
RNA hybrids and displaced single-stranded DNA [38]. Exces-
sive accumulation of R-loops is associated with pathological
conditions, impaired transcriptional elongation, and genom-
ic instability [28]. It has been proposed that DDX41 directly
resolves DNA-RNA hybrids, thereby preventing activation
of DNA damage signaling [26,29]. Loss-of-function variants
of DDX41 lead to increased R-loop accumulation and en-
hanced inflammatory signaling through the STING-TBK1
axis [39]. Although DDX41 exhibits annealing activity, its
helicase unwinding function is crucial for resolving R-loops.
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Mutations such as p.R525H impair this activity, potentially
promoting activation of the STING-TBK1 pathway [36].

In summary, DDX41 is a multifunctional DEAD-box RNA
helicase with essential roles in RNA splicing, ribosome bio-
genesis, innate immune regulation, and R-loop resolution
(Fig. 1). Mutations in DDX41 are linked to myeloid malig-
nancies by disrupting these fundamental cellular processes
and promoting disease pathogenesis.

PATHOGENESIS AND MUTATIONAL
LANDSCAPE OF DDX41-MUTATED MYELOID
NEOPLASMS

The pathogenesis of DDX41-related myeloid neoplasms fol-
lows the classical tumor suppressor model, wherein inherit-
ed loss-of-function germline variants predispose individuals
to malignancy by allowing subsequent acquisition of so-
matic alterations in the remaining functional allele. Clinical
cohort studies consistently demonstrate that a substantial

RNA Pol Il
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cyclic dGMP
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Figure 1. Molecular functions of DDX41 across cellular compartments. Depicted functions include RNA splicing, ribosome biogenesis, in-

nate immune signaling, and R-loop resolution.
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proportion of patients with germline DDX41 variants who
develop myeloid neoplasms harbor somatic second-hit mu-
tations. The p.R525H missense variant within the helicase
domain represents the most frequent somatic second hit,
occurring at the critical ATP-binding site and disrupting es-
sential helicase activity [19].

Multiple mechanistic studies have elucidated how DDX41
mutations impair hematopoiesis, providing insights into
their contribution to age-related hematopoietic dysfunction
and myelodysplasia. Reported mechanisms include defec-
tive snoRNA processing and impaired ribosome assembly
leading to reduced protein synthesis [30]; erythropoietic de-
fects associated with cell cycle arrest and activation of DNA
damage responses [39]; and R-loop-mediated DNA damage
driven by dysregulated Né-methyladenosine methylation
complexes [27]. Pathogenesis may be further accelerated by
synergistic interactions with TP53 mutations, which partially
compensate for DDX41 haploinsufficiency while promoting
highly penetrant hematologic malignancies resembling MDS
and AML [40]. These findings emphasize the intricate inter-
play between DDX41 dysfunction and hematopoietic regu-
lation, underscoring the need for continued investigation to
clarify the molecular mechanisms underlying DDX41-mutat-
ed myeloid neoplasms.

The defining features of germline DDX41 variants include
their distinctive clustering patterns and their frequent coex-
istence with somatic DDX41 mutations. Most germline vari-
ants manifest as loss-of-function alterations in the N-termi-
nal region, whereas recurrent somatic missense variants are
predominantly localized within the C-terminal region. Com-
monly reported germline alterations include p.M1? (loss of
start codon), p.D140fs, and p.A500fs (frameshift variants).
In a cohort of 346 patients of diverse ethnic origins carrying
germline DDX41 variants, the most prevalent alteration was
p.A500fs (23.1%), followed by p.D140fs (11.3%), p.M1?
(5.5%), p.S363del (4.3%), and p.Y259C (3.8%) [41]. Nont-
runcating germline variants were largely concentrated in the
DEAD-box domain, whereas nontruncating somatic variants
occurred primarily in the helicase domain. Recent analyses
from four large cohorts (each including more than 100 pa-
tients) investigating germline DDX41 variants are summa-
rized in Table 1[18,41-43].

Significant ethnic variation in the distribution of germ-
line DDX41 variants has been demonstrated in multiple
studies, reflecting founder effects and population-specific
genetic backgrounds [2,4]. In Asian populations, the vari-
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ants p.A500fs and p.Y259C, together with the splice-site
alteration c.935+4A>T, account for more than 50% of
pathogenic germline DDX41 variants. Cohorts from Europe
and North America exhibit distinct mutational spectra,
with p.M1? and several frameshift variants—particularly
p.D140fs—being more prevalent. Notably, p.A500fs, which
is most common in Japan, is absent in Western populations,
whereas p.D140fs, the predominant germline variant in the
United Kingdom, United States, and France, is not observed
in Asian populations. Focusing on East Asian populations,
four reports have described germline DDX41 variants as-
sociated with myeloid neoplasms from Japan, China, and
Korea. The predominant variants differ among these coun-
tries: p.A500fs is common in Japan, p.Y259C in Korea, and
the splicing variant c.935+4A>T in China [27,41,43,44]. In-
terestingly, while p.V152G and c.935+4A>T are frequent
in Korea and China, they have not been identified in the
Japanese population. The E7* variant occurs in a subset of
patients in Korea and Japan but has not been reported in
China (Fig. 2). These population-specific variant distributions
have important implications for genetic testing strategies.
Targeted screening panels may require population-tailored
optimization to enhance diagnostic sensitivity. Moreover,
the founder effects observed in certain populations suggest
that cascade testing within families and communities could
be particularly valuable for identifying at-risk carriers in re-
gions with high-frequency founder variants.

It is noteworthy that recent evidence indicates DDX41 vari-
ants are relatively common in the general population and
are strongly associated with an increased risk of MDS and
AML [45]. Analysis of 454,792 participants in the UK Bio-
bank identified 452 distinct nonsynonymous DDX41 vari-
ants among 3,538 individuals, corresponding to an overall
carrier frequency of approximately 1 in 129 individuals for
any nonsynonymous variant. Within the subgroup of carriers
harboring pathogenic variants (1,059 individuals), 34 devel-
oped myeloid malignancies, yielding an odds ratio of 12.3
for MDS/AML compared with noncarriers. Consistent with
observations from clinical cohorts, European populations
demonstrated a higher prevalence of specific variants—such
as p.M1? and p.D140fs—that were absent in individuals of
non-European ancestry. Moreover, population-based analy-
ses indicate that DDX41 carriers do not exhibit an increased
frequency of clonal hematopoiesis relative to noncarriers,
suggesting that DDX41-related leukemogenesis may pro-
ceed through distinct evolutionary pathways that culminate
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Table 1. Summary of large cohort studies involving patients with myeloid neoplasms carrying germline DDX41 variants

Source Study patients

Main findings

Key clinical characteristics

Genetic features

Makishima et 9,082 MN
al (2023) [41] (4,347 MDS,
2,840 AML,
666 MDS/
MPN, 1,229
MPN)

Maierhofer
et al (2023)
(18]

5,737 MN
(2,865 MDS,
2,157 AML,
715 MPN)

Duployez et al 1,795 AML
(2022) [42]

Lietal (2022) 9,821 HM
[43] (2,161 MDsS,
3,538 AML,
1,029 MPN,

3,048 others)

293 germline DDX41 variants
in 293 patients classified as
P/LP (3.2% frequency)
Penetrance is negligible until
age 40, increased to 49.3% by
age 90

Higher prevalence in Japanese
vs. Caucasian patients

Better OS than DDX471-WT HR-
MDS/sAML patients

152 different DDX41 variants
in 294 patients (5.1% overall)
61.6% had multiple DDX41
variants (germline + somatic
pattern)

Bayesian probability 0.998 for
pathogenicity when a somatic
variant is observed

Significant enrichment vs.
gnomAD database

191 AML patients with causal
DDX41 germline variant
Higher CR/CRi rates vs.
DDX41-WT groups

Prolonged OS-HCT (13.6 mo
at5yr)

HCT associated with
prolonged RFS (HR 0.43, p =
0.02)

176 patients (1.8%) with
putative germline DDX41
variant

116 patients (1.2%) had P/LP
variants, 60 (0.7%) had VUS
Ethnic differences in variant
distribution

Different mutational profiles
between CV and VUS groups

¢ Male predominance (79.4%)

e Higher risk in males (OR, 20.7
vs. 5.00 in females)

e Male penetrance: 52.5% vs.
28.7% in females by age 85

¢ Lower WBC counts and
reduced BM cellularity

¢ Male predominance (75.8%)

e Late-onset disease (median 72
yr)

o MDS: MDS-EB-2 (40.7%),
MDS-EB-1 (25.0%)

o AML: 41.5% with maturation,
18.9% with minimal
differentiation

¢ Male predominance (74% vs.
54% DDX41-WT)

e QOlder age (median 66 vs. 64
yn)

e Lower WBC counts (2.0 vs. 7.9
x 109/L)

¢ Reduced BM blast infiltration
(37% vs. 58%)

e CV group: median age 69
years, male predominance
(74%)

¢ VUS group: median age 62
years, less male predominance
(62%)

e Sporadic AML: median age 64
years, equal gender (50%)

Normal karyotype (66.9%)
85% had somatic driver
mutations or CNA
Common co-mutations:
ASXL1, TP53, CUXT, SRSF2,
TET2, DNMT3A

CUXT enriched in biallelic
DDX41 cases

Normal karyotype: 81.4%
(MDS), 75.3% (AML)

MDS co-mutations: ASXLT
(20.2%), SRSF2 (17.6%),
DNMT3A (15.7%)

AML: fewer NPM1, RUNXT,
FLT3 mutations; more CUXT
4 synonymous variants
affecting splicing identified

Normal karyotype (77% vs.
57%)

Intermediate risk by ELN-2017
criteria

Higher DDX41 somatic
mutation frequency

Fewer other somatic mutations
vs. DDX41-WT

DDX41 somatic mutations as
primary drivers

CV cases: 80% normal
karyotype

VUS enriched in recurrent
cytogenetic abnormalities
Tyrosine kinase/RAS/MAPK
mutations are more frequent
in VUS

MPN: JAK2 V617F and CALR
absent in CV, present in 72%
VUS

MN, myeloid neoplasm; MDS, myelodysplastic syndrome; AML, acute myeloid leukemia; MDS/MPN, myelodysplastic/
myeloproliferative neoplasm; P, pathogenic; LP, likely pathogenic; OS, overall survival; WT, wild type; HR-MDS, higher-risk MDS;
SAML, secondary AML; OR, odds ratio; WBC, white blood cell; BM, bone marrow; CNA, copy number alteration; EB, excess blasts;
CR, complete remission; CRi, complete remission with incomplete count recovery; HCT, hematopoietic cell transplantation; RFS,
relapse-free survival; HR, hazard ratio; ELN, European LeukemiaNet; HM, hematologic malignancy; VUS, variant of unknown
significance; CV, causal variant.

of the most common cancer predisposition genes in the
general population, underscoring its relevance to popula-

directly in overt malignancy rather than gradual clonal ex-
pansion. Collectively, these findings identify DDX41 as one
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Figure 2. Distribution of germline DDX41 variants in East Asian populations. (A) Frequency plot of recurrent germline DDX41 variants
identified in Korean, Chinese, and Japanese cohorts. (B) Distribution of germline DDX41 variants in Korean (upper panel, n = 65) and

Japanese (lower panel, n = 147) populations.

tion screening and genetic counseling strategies.

CLINICAL MANIFESTATIONS OF DDX41-
ASSOCIATED MYELOID NEOPLASMS

DDX41-associated myeloid neoplasms exhibit a character-
istic late-onset presentation with marked male predomi-
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nance, distinguishing them from other hereditary predis-
position syndromes. Clinical cohorts consistently report
median ages at diagnosis clustering between the late sixth
and early seventh decades of life. Two Korean cohorts com-
prising 39 and 28 patients showed median ages of 63 and
66 years, respectively [27,44]; an international cohort of 431
patients reported a median age of 69 years [46]; and mul-
tiple other referral-based studies confirmed median ages
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of 69-70 years [47]. The penetrance of myeloid neoplasms
associated with germline DDX41 variants has not yet been
fully determined [10]. Among carriers of germline DDX41
variants, the penetrance of any myeloid neoplasm is mini-
mal before age 40 but rises sharply to 49-54% by age 90
[41,48]. The development of MDS and AML occurs more
frequently in males than in females, with an approximate
3:1 ratio [19,47,49].

Germline DDX41 variants are associated with a broad
spectrum of myeloid neoplasms, with MDS and AML be-
ing the most common manifestations. In a Korean study of
457 patients with AML, MDS, and idiopathic cytopenia of
undetermined significance (ICUS), germline DDX41 variants
were identified in 4 (2.3%) of 172 patients with AML, 19
(9.0%) of 210 with MDS, and 5 (6.7%) of 75 with ICUS
[44]. Similarly, a large international cohort of 9,082 patients
revealed DDX41 variants in 346 patients (3.8%), including
201 (4.6%) of 4,347 patients with MDS, 136 (4.8%) of
2,840 with AML, 1 (0.08%) of 1,229 with myeloprolifera-
tive neoplasms (MPN), and 8 (1.2%) of 666 with MDS/MPN
overlap syndromes [41].

The acquisition of somatic second hits—most commonly
the p.R525H variant—represents a key molecular event in-
fluencing disease subtype and progression [19,42]. Studies
have shown that somatic DDX41 variants occur in approxi-
mately 60-80% of AML or MDS cases with germline DDX41
variants, and more than 95% of these somatic variants are
missense [20,50]. Somatic mutations in genes other than
DDX41 occur at lower frequencies compared with patients
lacking germline DDX41 variants, with commonly mutat-
ed genes including ASXLT, TP53, CUX1, SRSF2, TET2, and
DNMT3A [17,20,41,42,47]. Variant interpretation generally
follows the guidelines of the American College of Medical
Genetics and Genomics (ACMG) [51], which can result in
overclassification of DDX41 variants as variants of uncertain
significance (VUS). However, recent studies have adopted a
modified classification approach in which the presence of
somatic DDX41 variants serves as supportive evidence for
germline pathogenicity [17,18,52].

DDX41-associated myeloid neoplasms often present with
hypocellular bone marrow and lower leukocyte counts
at diagnosis, in contrast to the hypercellular marrow and
elevated leukocyte counts typically observed in sporad-
ic MDS and AML [17,41,44,52]. Furthermore, many pa-
tients harboring DDX41 variants experience a subacute
clinical course marked by persistent cytopenia that fulfills
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the criteria for ICUS or clonal cytopenia of undetermined
significance (CCUS) before overt myeloid neoplasm devel-
opment [17,20,44,52-54]. Cytogenetic analyses frequently
reveal normal karyotypes in DDX4 1-associated disease, with
60-80% of patients exhibiting normal cytogenetics—a sub-
stantially higher rate than in sporadic myeloid neoplasms
[20,27,41,44,52].

TREATMENT AND PROGNOSIS

MDS and AML harboring DDX41 variants are generally man-
aged with the same disease-directed approaches used for
sporadic cases, with multiple retrospective studies report-
ing high response rates to standard regimens and notable
benefit from lower-intensity venetoclax-based combinations
in older or unfit patients (Table 2). Treatment selection is
guided by disease subtype (MDS versus AML), patient fit-
ness, donor availability, and the presence of co-mutations
or adverse cytogenetic features. The high prevalence of
normal cytogenetics, together with the distinctive molec-
ular signature of DDX41 variants, has led to recognition
that conventional cytogenetic risk stratification models may
not accurately predict outcomes in these patients [20,42].
Current prognostic scoring systems—specifically, the Inter-
national Prognostic Scoring System-Molecular for MDS [55]
and the European LeukemiaNet (ELN) 2022 classification for
AML [10}—do not include DDX41 status. However, the re-
cently introduced ELN 2024 Less-Intensive model for AML,
which incorporates venetoclax-based regimens, categoriz-
es DDX41-mutated AML as favorable risk [56,57]. Despite
these favorable outcomes with non-transplant regimens,
patients with DDX41-mutated MDS or AML remain at risk
of relapse or disease progression without allogeneic hema-
topoietic cell transplantation (HCT) [42,58].

High response rates to intensive chemotherapy have been
observed in DDX41-mutated patients. In a large single-cen-
ter cohort, complete remission (CR) rates following intensive
chemotherapy were 89% in newly diagnosed and 67% in
relapsed or refractory DDX41-mutated AML patients [59].
Another study compared outcomes of 191 newly diagnosed
patients with DDX471-mutated AML to those of similarly
treated patients without DDX41 variants [42]. All patients
received intensive chemotherapy; those with DDX41-mu-
tated AML achieved higher CR rates (94% vs. 69%, p <
0.0001) and longer overall survival (p < 0.001) than ELN
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Table 2. Treatment responses and survival outcomes in patients with DDX47-mutated myeloid neoplasms

Investigator No_DDX41 mutated

Treatment

Treatment response

Survival data

e CR94% (vs. 69% in

wt pts)

* ORR: 87% (for new

AML), 84% (for

ALFA-FILO [42] 191 (AML): 86 (trial Intensive therapy
cohort), 105 (real-life Allogeneic HCT
cohort)

MDACC [60] 151 (4%): AML 96, MDS  Intensive or low-
52, CMML 3 intensity therapy

with or without
venetoclax

Mayo Clinic 12 (AML 9, MDS 3) HMA +

series [64] venetoclax

ALLG MDS4 [61]

5 MDS/LB-AML

(n=1)

Three cohorts 27 (MDS, LB-AML) (*total AZA
for AZA No of pts, 449)

(Japan,
Sweden) [62]

AZA-EPO & 22 (MDS, CMML, LB-AML) AZA-based
AZA-PLUS regimens
trials [58]

A multicenter 83 Allogeneic HCT
French
retrospective
study [67]

Mayo Clinic 13 (AML 7, MDS 6) among Allogeneic HCT
series [84] 29 pts with DDX41

mutations

Univ. of Chicago 21 (AML 14, MDS 6, MPN  Allogeneic HCT
[66] 1)

Mayo Clinic [59] 68 (AML 23, MDS 30,

MPN 4, carrier 6, other 5)

AZA (n = 4), AZA
+ lenalidomide

MDS)

Intensive therapy,
CR/CRi: AML 89%
(16/18)
Low-intensity
therapy, ORR: AML
89% (32/36), MDS
84% (26/31)

ORR 100%

MRD-negative in 4/5

(80%)

CR1, mCR 1, HI'T,

stable disease 2

Post-AZA clone size of

DDX41 did not predict

treatment response.

ORR 77%, CR 46%

e Median OS after HCT: 36.6 mo (vs. 26.8
mo in wt pts)

e Median RFS after HCT: 19.6 mo (vs. 18.4
mo in wt pts)

e ELN-2017 risk scheme poorly discriminated
outcomes in DDX41 mutated AML pts.

e Median OS: 49 mo (AML), 71 mo (MDS).

e 2-yr OS after HCT: 80% (AML, n = 27),
85% (MDS, n = 15)

e Low-intensity therapy for AML, with vs.
without venetoclax: 2-yr OS, 91% vs.
60% (p = 0.02), CIR, 10% vs. 56% (p =
0.03)

e Low-intensity therapy for MDS with vs.
without venetoclax: 2-yr OS, 100% vs.
86% (p = 0.34)

Median OS 29 mo

All remained alive at the last follow-up
median 53 mo (range, 47-58), and none
underwent HCT.

The DDX41 mutation independently
predicted superior OS.

Median OS 36.2m

e 2-yr RFS 68.6%

* 2-yr NRM 21.1%

e A pair match analysis: no difference in
OS, LFS, NRM, relapse, or GVHD between
DDX41-mutated vs. wt pts, late relapse
pattern in DDX41-mutated pts

e 7 cases of DDX41 mutated donor cell
leukemia

e Median OS 3.2 yr (11.4 yrs in non-HCT
group)

e 1-yr NRM 44.8%

¢ Higher incidence of severe acute GVHD
(38%)

e No severe acute GVHD in 5 pts receiving
PTCY (0% vs. 53%, p = 0.03)

¢ Median OS 21.5 mo

e 2-yr 0S: 83% (M1l), 75% (R525H), 71%
(D140fs)
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Table 2. Continued
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Investigator No_DDX41 mutated Treatment Treatment response Survival data
Mayo Clinic 107 HMA based 27, e MDS (n=21;CR6, Pathogenic variants vs. VUS
series [16] e AML 24, MDS 46, MPN intensive 8, HI 3) e Median OS among HR MDS/AML: 63.4
4, CCUS 4, carrier 8, other 10, HCT ¢ AML(n=8,CR7) mo vs. 55.7 mo (p = 0.93)
cytopenia with VUS 20 19 e AML progression: 14% vs. 11% (p = 0.68)

e Pathogenic variants vs.
VUS (44 vs. 63)

No, number; AML, acute myeloid leukemia; HCT, hematopoietic cell transplantation; CR, complete remission; wt, wild-type; pts,
patients; OS, overall survival; RFS, relapse-free survival; ELN, European LeukemiaNet; MDACC, MD Anderson Cancer Center; MDS,
myelodysplastic syndrome; CMML, chronic myelomonocytic leukemia; ORR, overall response rate; CRi, CR with incomplete count
recovery; CIR, cumulative incidence of relapse; HMA, hypomethylating agent; MRD, minimal residual disease; LB, low blasts;
AZA, azacytidine; mCR, marrow CR; HI, hematological improvement; NRM, non-relapse mortality; LFS, leukemia-free survival;
GVHD, graft-versus-host disease; MPN, myeloproliferative neoplasm; PTCY, post-transplantation cyclophosphamide; CCUS, clonal
cytopenia with undetermined significance; VUS, variant of uncertain significance.

intermediate/adverse-risk patients lacking DDX41 variants.
The ELN 2017 risk classification failed to effectively discrimi-
nate long-term outcomes among DDX41-mutated AML pa-
tients in this analysis [42].

Favorable outcomes have also been reported follow-
ing low-intensity therapy with hypomethylating agents in
patients with DDX41-mutated AML or MDS. The overall
response rates after low-intensity therapy, with or with-
out venetoclax, were 89%, 46%, and 84% for previously
untreated AML, relapsed/refractory AML, and MDS with
DDX41 variants, respectively [60]. In a small cohort, three
of five patients treated with azacitidine, with or without
lenalidomide, achieved responses—CR in one, marrow CR
in one, and hematologic improvement in one. All five pa-
tients remained alive at the last follow-up (median, 53 mo;
range, 47-58 mo) without allogeneic HCT [61]. A post hoc
analysis of two clinical trials demonstrated favorable and
durable responses to azacitidine-based regimens in 22 pa-
tients with DDX41-mutated higher-risk MDS and low-blast
AML, with an overall response rate of 77%, CR of 46%,
and median overall survival of 36.2 months [58]. In a sep-
arate study of three independent cohorts of patients with
MDS and related myeloid neoplasms treated with azaciti-
dine, the presence of DDX41 variants independently pre-
dicted superior overall survival [62]. DDX41-mutated AML
and MDS are known to exhibit a relatively low mutational
burden compared with unselected cohorts [41,52], and this
reduced mutational complexity may contribute to improved
responses to hypomethylating therapy [63]. Among AML
and MDS patients treated with low-intensity regimens, the
addition of venetoclax was associated with improved sur-
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vival and lower relapse rates [60]. In a small series of 12
patients with DDX41-mutated AML (n = 9) or MDS (n = 3)
treated with a hypomethylating agent plus venetoclax, all
patients responded, with four of five evaluable cases achiev-
ing minimal residual disease negativity [64]. Several molec-
ular and clinical studies have reported higher-than-expect-
ed responses to lenalidomide in patients harboring DDX41
variants, although these findings are limited by small sample
sizes and retrospective design [19,65].

In a single-institution retrospective analysis, DDX41 vari-
ants were associated with a 38% incidence of severe (grade
IIHV) acute graft-versus-host disease (GVHD) after alloge-
neic HCT among 21 patients with myeloid neoplasms. No-
tably, none of the five patients receiving post-transplant
cyclophosphamide developed severe acute GVHD [66]. A
multicenter French retrospective study including 83 AML
and MDS patients with DDX41 variants found no higher in-
cidence of severe acute GVHD and no significant differences
in post-transplant outcomes compared with patients with-
out DDX41 variants [67]. This study also reported seven cas-
es of donor cell leukemia with DDX41 mutations, consistent
with earlier case reports [68,69]. Approximately 0.1-0.5%
of post-transplant malignancies originate from transplant-
ed donor cells, and such donor-derived leukemias may arise
from germline predisposition alleles or donor clonal hema-
topoiesis [70]. For patients undergoing allogeneic HCT who
harbor deleterious germline DDX41 variants, related donors
should undergo targeted genetic testing before donation
[70,71].

The presence of DDX41 variants is associated with a gen-
erally favorable prognosis in multiple studies; however,
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clinical outcomes are influenced by disease subtype, vari-
ant type, and classification. A recent meta-analysis pooling
available data showed that DDX41 variants correlate with
improved overall survival compared with DDX41 wild type in
AML (pooled hazard ratio, 0.60; p = 0.008) but not in MDS
(pooled hazard ratio, 0.97; p = 0.95) [72]. In a single-cen-
ter cohort of 68 patients with DDX41 variants, three major
hotspots—p.M1, p.R525H, and p.D140fs—were associated
with 2-year overall survival rates of 83%, 75%, and 71%,
respectively [59]. Molecular hematology laboratories gener-
ally apply ACMG criteria, leading to classification of many
DDX41 variants as VUS. In one study, patients with VUS had
similar molecular and clinical characteristics to those with
pathogenic DDX41 variants [16], underscoring the challeng-
es of interpretation and the need for careful germline as-
sessment [17,18,52].

DDX41VARIANTS IN NON-MYELOID
NEOPLASMS

Studies involving individuals with germline DDX41 predispo-
sition indicate that non-myeloid neoplasms do occur but re-
main uncommon. In a cohort of 195 patients with germline
DDX41 variants, clinical diagnoses included asymptomatic
carriers (n = 20, 10.2%), CCUS (n = 12, 6.1%), clonal he-
matopoiesis (n = 10, 5.1%), MPN (n = 13, 6.7%), MDS (n =
79, 40.5%), AML (n = 40, 20.5%), chronic myelomonocytic
leukemia (n = 2, 1.0%), mast cell leukemia (n = 1, 0.5%),
lymphoid neoplasms (9.2%), plasma cell dyscrasias (6.1%),
and solid tumors (22.5%) [17]. Some studies of myeloid
neoplasms with DDX4 1 variants have also reported a subset
of patients with personal or family histories of lymphoid or
solid malignancies [73,74]. In a comprehensive investigation
involving 93 individuals from 43 families carrying germline
DDX41 variants, both solid cancers and hematologic malig-
nancies were observed. The estimated penetrance among
individuals with germline DDX41 variants was 54% (n =
50) for hematologic malignancies by age 90 years and 24%
(n = 22) for solid tumors by age 75 years [48].

GENETIC COUNSELING AND CLINICAL
APPLICATION

Healthy carriers of pathogenic germline DDX41 variants
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pose unique challenges for genetic counseling due to in-
complete penetrance, late disease onset, and variant het-
erogeneity. This highlights the importance of structured
surveillance with age-stratified monitoring, functional as-
sessment of uncertain variants, and cascade testing of at-
risk relatives [75-77]. Current evidence indicates that while
NGS-based panels may incidentally detect such variants,
comprehensive germline testing and individualized coun-
seling remain essential for optimizing risk communication,
clinical management, and long-term outcomes in carriers
of DDX41-associated predisposition [78,79]. Healthcare
professionals should explain that the disease typically mani-
fests after age 50 years, with many patients presenting with
preceding cytopenias or leukopenia before overt malignan-
cy develops [16,59]. Genetic counseling sessions should
also address the psychological impact of a positive result,
including anxiety about cancer risk, implications for family
members, and concerns regarding insurance coverage or
employment discrimination.

The clinical management of DDX41 germline variant
carriers involves baseline complete blood count evaluation
upon confirmation of carrier status, followed by individual-
ized periodic hematologic monitoring with a low threshold
for hematology referral when new cytopenias or abnormal
blood count trends emerge [9,80]. Family cascade testing is
crucial given the autosomal dominant inheritance pattern,
as first-degree relatives have a 50% probability of carrying
the variant and should be offered predictive genetic testing
[16,80].

A critical component of DDX41 genetic counseling involves
addressing the implications for allogeneic HCT, both for af-
fected individuals requiring treatment and for potential re-
lated donors. For patients with DDX41-associated myeloid
neoplasms who are candidates for allogeneic HCT, rapid
predictive testing of potential related donors is essential to
exclude carriers, as use of a DDX41-positive donor carries
a measurable risk of donor-derived malignancy [68-70].
Counseling should emphasize early donor screening, con-
sideration of alternative donor sources when family mem-
bers are carriers, and ongoing communication regarding ge-
netic test results and surveillance recommendations within
the family.
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FUTURE DIRECTIONS

The field of DDX41 variant research is advancing rapid-
ly through large-scale genomic sequencing initiatives and
sophisticated functional studies that continue to clarify the
pathogenic mechanisms driving myeloid neoplasms. These
discoveries are being incorporated into improved variant
classification frameworks that enhance diagnostic precision
and clinical interpretation. Mechanistic insights into the role
of DDX41 in both its functional and dysfunctional states
are identifying novel therapeutic targets and opportunities
for precision medicine, although most strategies remain in
the preclinical phase. Direct modulation of RNA helicases
represents a particularly promising therapeutic avenue, as
DEAD-box helicases possess druggable surfaces and exhibit
synthetic lethal interactions with other helicases that may be
exploited for therapeutic benefit [81]. The marked splicing
abnormalities resulting from DDX41 dysfunction suggest
that splicing-directed therapies—such as small molecules
that modulate spliceosome activity or correct specific splic-
ing defects—may offer targeted treatment strategies for
DDX41-associated malignancies [35,82]. Furthermore, the
accumulation of R-loops and subsequent genomic instabil-
ity in DDX41-deficient cells indicate that agents enhancing
R-loop resolution or preventing their formation could repre-
sent viable therapeutic options [26]. Modulation of the DNA
damage response constitutes another potential therapeutic
strategy, as DDX41-deficient cells display altered dependen-
cies in DNA repair pathways that can be exploited through
synthetic lethality. Poly (ADP-ribose) polymerase inhibitors
and other DNA damage response modulators may demon-
strate increased efficacy in DDX41-associated malignancies
due to persistent replication stress and defective DNA repair
[83]. The development of therapeutic strategies specifical-
ly targeting DDX41 will require close collaboration among
basic researchers, translational scientists, and clinicians to
effectively translate promising preclinical discoveries into
clinical applications.

The late-onset and frequently indolent nature of DDX41-
associated myeloid neoplasms presents distinct opportuni-
ties for preventive measures and early intervention strate-
gies aimed at delaying or preventing malignant transforma-
tion in at-risk individuals [13,45,53]. Integrating genetic risk
assessments, family history data, and molecular biomarkers
could enable personalized surveillance programs that bal-
ance the benefits of early detection against the financial,
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psychological, and clinical burdens of intensive monitoring.
Prospective registries and longitudinal cohort studies remain
essential to validate these preventive and early intervention
approaches, as they will provide natural history data critical
for designing and powering interventional trials. The rela-
tively high prevalence of DDX41 variants in the general pop-
ulation, combined with their typically late-onset phenotype,
offers a compelling rationale for population-based screen-
ing initiatives and preventive trials with potential public
health benefits. Future research priorities should include the
development of standardized biomarker panels, validation
of early intervention approaches in prospective cohorts, and
the establishment of international collaborative networks
to accelerate scientific progress and facilitate rapid clinical
translation of emerging discoveries.

CONCLUSION

The identification of DDX41 as a key hereditary cancer
predisposition gene has profoundly transformed the un-
derstanding of adult-onset myeloid malignancies and re-
defined the framework for hereditary hematopoietic dis-
orders. The distinct clinical and molecular characteristics of
DDX41-associated neoplasms—including late-onset presen-
tation, relatively favorable prognosis, and unique pathogen-
ic mechanisms—demand tailored management strategies
integrating genetic counseling, structured surveillance, and
personalized treatment approaches. As comprehensive ge-
nomic sequencing efforts continue to expand insight into
DDX41 variant pathogenicity and functional impact, the
field is increasingly positioned to design targeted therapeu-
tic and preventive interventions for at-risk individuals and
their families. Future investigations should aim to elucidate
the molecular pathways of DDX471-mediated malignant
transformation, optimize surveillance protocols, and devel-
op precision therapies to improve patient outcomes.

REFERENCES

1. Cho YU. The role of next-generation sequencing in hemato-
logic malignancies. Blood Res 2024;59:11.

2. Fernandez Acefiero MJ, Diaz Del Arco C. Hereditary gastroin-
testinal tumor syndromes: when risk comes with your genes.
Curr Issues Mol Biol 2024;46:6440-6471.

https://doi.org/10.3904/kjim.2025.356


www.kjim.org
https://doi.org/10.1007/s44313-024-00010-0
https://doi.org/10.1007/s44313-024-00010-0
https://doi.org/10.3390/cimb46070385
https://doi.org/10.3390/cimb46070385
https://doi.org/10.3390/cimb46070385

Lee JH, et al. DDX41 mutations in myeloid neoplasms

10.

1.

12.

13.

14.

15.

16.

Garber JE, Offit K. Hereditary cancer predisposition syn-
dromes. J Clin Oncol 2005;23:276-292.

Weitzel JN, Blazer KR, MacDonald DJ, Culver JO, Offit K. Ge-
netics, genomics, and cancer risk assessment: State of the Art
and Future Directions in the Era of Personalized Medicine. CA
Cancer J Clin 2011;61:327-359.

Mandelker D, Zhang L, Kemel Y, et al. Mutation detection
in patients with advanced cancer by universal sequencing
of cancer-related genes in tumor and normal DNA vs guide-
line-based germline testing. JAMA 2017;318:825-835.
Hwang SM. Genomic testing for germline predisposition to
hematologic malignancies. Blood Res 2024;59:12.

Owen C, Barnett M, Fitzgibbon J. Familial myelodyspla-
sia and acute myeloid leukaemia--a review. Br J Haematol
2008;140:123-132.

Segel GB, Lichtman MA. Familial (inherited) leukemia, lym-
phoma, and myeloma: an overview. Blood Cells Mol Dis
2004,32:246-261.

Trottier AM, Cunningham L, Godley LA. Hereditary hemato-
poietic malignancies: considerations for optimizing diagnosis
and management. Curr Oncol Rep 2025;27:1019-1030.
Arber DA, Orazi A, Hasserjian RP, et al. International Con-
sensus Classification of Myeloid Neoplasms and Acute Leu-
kemias: integrating morphologic, clinical, and genomic data.
Blood 2022;140:1200-1228.

Dohner H, Wei AH, Appelbaum FR, et al. Diagnosis and
management of AML in adults: 2022 recommendations from
an international expert panel on behalf of the ELN. Blood
2022;140:1345-1377.

Khoury JD, Solary E, Abla O, et al. The 5th edition of the
World Health Organization Classification of Haematolym-
phoid Tumours: Myeloid and Histiocytic/Dendritic Neoplasms.
Leukemia 2022;36:1703-1719.

Hendricks RM, Kim J, Haley JS, et al. Genome-first determi-
nation of the prevalence and penetrance of eight germline
myeloid malignancy predisposition genes: a study of two pop-
ulation-based cohorts. Leukemia 2025;39:400-411.

Klco JM, Mullighan CG. Advances in germline predisposition
to acute leukaemias and myeloid neoplasms. Nat Rev Cancer
2021;21:122-137.

Chlon TM, Patnaik MM. Germline DDX41 mutant predisposi-
tion syndromes: slow driver states to hematological malignan-
cies. Am J Hematol 2023;98:1673-1676.

Badar T, Nanaa A, Foran JM, et al. Clinical and molecular
correlates of somatic and germline DDX41 variants in pa-
tients and families with myeloid neoplasms. Haematologica

https://doi.org/10.3904/kjim.2025.356

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

KJIM™

2023;108:3033-3043.

Kusne Y, Badar T, Lasho T, et al. Prevalence of cytopenia(s) and
somatic variants in patients with DDX41 mutant germline pre-
disposition syndrome. Br J Haematol 2025;206:1109-1120.
Maierhofer A, Mehta N, Chisholm RA, et al. The clinical and
genomic landscape of patients with DDX41 variants identified
during diagnostic sequencing. Blood Adv 2023;7:7346-7357.
Polprasert C, Schulze I, Sekeres MA, et al. Inherited and so-
matic defects in DDX41 in myeloid neoplasms. Cancer Cell
2015;27:658-670.

Kida J, Chlon TM. Germline DDX41 mutations in myeloid
neoplasms: the current clinical and molecular understanding.
Curr Opin Hematol 2025;32:67-76.

Parvatiyar K, Zhang Z, Teles RM, et al. The helicase DDX41
recognizes the bacterial secondary messengers cyclic di-GMP
and cyclic di-AMP to activate a type | interferon immune re-
sponse. Nat Immunol 2012;13:1155-1161.

Stein SC, Falck-Pedersen E. Sensing adenovirus infection: ac-
tivation of interferon regulatory factor 3 in RAW 264.7 cells. J
Virol 2012;86:4527-4537.

Zhang Z, Yuan B, Bao M, Lu N, Kim T, Liu YJ. The helicase
DDX41 senses intracellular DNA mediated by the adaptor
STING in dendritic cells. Nat Immunol 2011;12:959-965.
Jiang Y, Zhu Y, Liu ZJ, Ouyang S. The emerging roles of the
DDX41 protein in immunity and diseases. Protein Cell 2017;8:
83-89.

Ma J, Ross SR. Multifunctional role of DEAD-box helicase 41
in innate immunity, hematopoiesis and disease. Front Immu-
nol 2024;15:1451705.

Mosler T, Conte F, Longo GMC, et al. R-loop proximity pro-
teomics identifies a role of DDX41 in transcription-associated
genomic instability. Nat Commun 2021;12:7314.

Hwang WC, Park K, Park S, et al. Impaired binding affinity of
YTHDC1 with METTL3/METTL14 results in R-loop accumu-
lation in myelodysplastic neoplasms with DDX41 mutation.
Leukemia 2024;38:1353-1364.

Shinriki S, Hirayama M, Nagamachi A, et al. DDX41 coordi-
nates RNA splicing and transcriptional elongation to prevent
DNA replication stress in hematopoietic cells. Leukemia
2022;36:2605-2620.

Weinreb JT, Ghazale N, Pradhan K, et al. Excessive R-loops
trigger an inflammatory cascade leading to increased HSPC
production. Dev Cell 2021;56:627-640.e5.

Chlon TM, Stepanchick E, Hershberger CE, et al. Germline
DDX41 mutations cause ineffective hematopoiesis and myelo-
dysplasia. Cell Stem Cell 2021;28:1966-1981 6.

www.kjim.org 407


www.kjim.org
https://doi.org/10.1200/jco.2005.10.042
https://doi.org/10.1200/jco.2005.10.042
https://doi.org/10.3322/caac.20128
https://doi.org/10.3322/caac.20128
https://doi.org/10.3322/caac.20128
https://doi.org/10.3322/caac.20128
https://doi.org/10.1001/jama.2017.11137
https://doi.org/10.1001/jama.2017.11137
https://doi.org/10.1001/jama.2017.11137
https://doi.org/10.1001/jama.2017.11137
https://doi.org/10.1007/s44313-024-00012-y
https://doi.org/10.1007/s44313-024-00012-y
https://doi.org/10.1111/j.1365-2141.2007.06909.x
https://doi.org/10.1111/j.1365-2141.2007.06909.x
https://doi.org/10.1111/j.1365-2141.2007.06909.x
https://doi.org/10.1016/j.bcmd.2003.10.005
https://doi.org/10.1016/j.bcmd.2003.10.005
https://doi.org/10.1016/j.bcmd.2003.10.005
https://doi.org/10.1007/s11912-025-01699-7
https://doi.org/10.1007/s11912-025-01699-7
https://doi.org/10.1007/s11912-025-01699-7
https://doi.org/10.1182/blood.2022015850
https://doi.org/10.1182/blood.2022015850
https://doi.org/10.1182/blood.2022015850
https://doi.org/10.1182/blood.2022015850
https://doi.org/10.1182/blood.2022016867
https://doi.org/10.1182/blood.2022016867
https://doi.org/10.1182/blood.2022016867
https://doi.org/10.1182/blood.2022016867
https://doi.org/10.1038/s41375-022-01613-1
https://doi.org/10.1038/s41375-022-01613-1
https://doi.org/10.1038/s41375-022-01613-1
https://doi.org/10.1038/s41375-022-01613-1
https://doi.org/10.1038/s41375-024-02436-y
https://doi.org/10.1038/s41375-024-02436-y
https://doi.org/10.1038/s41375-024-02436-y
https://doi.org/10.1038/s41375-024-02436-y
https://doi.org/10.1038/s41568-020-00315-z
https://doi.org/10.1038/s41568-020-00315-z
https://doi.org/10.1038/s41568-020-00315-z
https://doi.org/10.1002/ajh.27091
https://doi.org/10.1002/ajh.27091
https://doi.org/10.1002/ajh.27091
https://doi.org/10.3324/haematol.2023.282867
https://doi.org/10.3324/haematol.2023.282867
https://doi.org/10.3324/haematol.2023.282867
https://doi.org/10.3324/haematol.2023.282867
https://doi.org/10.1111/bjh.20018
https://doi.org/10.1111/bjh.20018
https://doi.org/10.1111/bjh.20018
https://doi.org/10.1182/bloodadvances.2023011389
https://doi.org/10.1182/bloodadvances.2023011389
https://doi.org/10.1182/bloodadvances.2023011389
https://doi.org/10.1016/j.ccell.2015.03.017
https://doi.org/10.1016/j.ccell.2015.03.017
https://doi.org/10.1016/j.ccell.2015.03.017
https://doi.org/10.1097/moh.0000000000000854
https://doi.org/10.1097/moh.0000000000000854
https://doi.org/10.1097/moh.0000000000000854
https://doi.org/10.1038/ni.2460
https://doi.org/10.1038/ni.2460
https://doi.org/10.1038/ni.2460
https://doi.org/10.1038/ni.2460
https://doi.org/10.1128/jvi.07071-11
https://doi.org/10.1128/jvi.07071-11
https://doi.org/10.1128/jvi.07071-11
https://doi.org/10.1038/ni.2091
https://doi.org/10.1038/ni.2091
https://doi.org/10.1038/ni.2091
https://doi.org/10.1007/s13238-016-0303-4
https://doi.org/10.1007/s13238-016-0303-4
https://doi.org/10.1007/s13238-016-0303-4
https://doi.org/10.3389/fimmu.2024.1451705
https://doi.org/10.3389/fimmu.2024.1451705
https://doi.org/10.3389/fimmu.2024.1451705
https://doi.org/10.1038/s41467-021-27530-y
https://doi.org/10.1038/s41467-021-27530-y
https://doi.org/10.1038/s41467-021-27530-y
https://doi.org/10.1038/s41375-024-02228-4
https://doi.org/10.1038/s41375-024-02228-4
https://doi.org/10.1038/s41375-024-02228-4
https://doi.org/10.1038/s41375-024-02228-4
https://doi.org/10.1038/s41375-022-01708-9
https://doi.org/10.1038/s41375-022-01708-9
https://doi.org/10.1038/s41375-022-01708-9
https://doi.org/10.1038/s41375-022-01708-9
https://doi.org/10.1016/j.devcel.2021.02.006
https://doi.org/10.1016/j.devcel.2021.02.006
https://doi.org/10.1016/j.devcel.2021.02.006
https://doi.org/10.1016/j.stem.2021.08.004
https://doi.org/10.1016/j.stem.2021.08.004
https://doi.org/10.1016/j.stem.2021.08.004

K)

32.

33.
34.

35.
36.

37.

38.

39.
40.

41.

42.

43.

45.

408

IM™

Kadono M, Kanai A, Nagamachi A, et al. Biological implica-
tions of somatic DDX41 p.R525H mutation in acute myeloid
leukemia. Exp Hematol 2016;44:745-754.e4.

Tungalag S, Shinriki S, Hirayama M, et al. Ribosome profiling
analysis reveals the roles of DDX41 in translational regulation.
Int J Hematol 2023;117:876-888.

Jiang Y, Zhu'Y, Qiu W, et al. Structural and functional analyses
of human DDX41 DEAD domain. Protein Cell 2017;8:72-76.
Wilkinson ME, Charenton C, Nagai K. RNA splicing by the
splicecosome. Annu Rev Biochem 2020,89:359-388.

Ma J, Mahmud N, Bosland MC, Ross SR. DDX41 is needed for
pre- and postnatal hematopoietic stem cell differentiation in
mice. Stem Cell Reports 2022;17:879-893.

Singh RS, Vidhyasagar V, Yang S, et al. DDX41 is required for
cGAS-STING activation against DNA virus infection. Cell Rep
2022;39:110856.

Lee KG, Kim SS, Kui L, et al. Bruton’s tyrosine kinase phos-
phorylates DDX41 and activates its binding of dsDNA
and STING to initiate type 1 interferon response. Cell Rep
2015;10:1055-1065.

Garcia-Muse T, Aguilera A. R loops: from physiological to
pathological roles. Cell 2019;179:604-618.

Weinreb JT, Gupta V, Sharvit E, Weil R, Bowman TV. DDX41
inhibition of DNA damage signaling permits erythroid progen-
itor expansion in zebrafish. Haematologica 2022;107:644-
654.

Stepanchick E, Wilson A, Sulentic AM, et al. DDX41 haploin-
sufficiency causes inefficient hematopoiesis under stress and
cooperates with p53 mutations to cause hematologic malig-
nancy. Leukemia 2024;38:1787-1798.

Makishima H, Saiki R, Nannya Y, et al. Germ line DDX41 mu-
tations define a unique subtype of myeloid neoplasms. Blood
2023;141:534-549.

Duployez N, Largeaud L, Duchmann M, et al. Prognostic
impact of DDX41 germline mutations in intensively treated
acute myeloid leukemia patients: an ALFA-FILO study. Blood
2022;140:756-768.

Li P, Brown S, Williams M, et al. The genetic landscape of
germline DDX41 variants predisposing to myeloid neoplasms.
Blood 2022;140:716-755.

Choi EJ, Cho YU, Hur EH, et al. Unique ethnic features of
DDX41 mutations in patients with idiopathic cytopenia of un-
determined significance, myelodysplastic syndrome, or acute
myeloid leukemia. Haematologica 2022;107:510-518.
Cheloor Kovilakam S, Gu M, Dunn WG, et al. Prevalence and
significance of DDX41 gene variants in the general popula-

www.kjim.org

The Korean Journal of Internal Medicine Vol. 41, No. 3, May 2026

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

tion. Blood 2023;142:1185-1192.

Gurnari C, Makishima H, Durmaz A, et al. A dedicated system
accounting for specific germline/somatic genomic constella-
tions is essential to predict outcomes in DDX41-mutant my-
eloid neoplasia. Blood 2024;144(Supplement 1):1332.
Quesada AE, Routbort MJ, DiNardo CD, et al. DDX41 mu-
tations in myeloid neoplasms are associated with male gen-
der, TP53 mutations and high-risk disease. Am J Hematol
2019;94:757-766.

Korotev SC, Cheng JX, Haribabu Y, et al. Overall cancer risk in
people with deleterious germline DDX41 variants. Haemato-
logica 2025;110:2076-2090.

Sébert M, Passet M, Raimbault A, et al. Germline DDX41
mutations define a significant entity within adult MDS/AML
patients. Blood 2019;134:1441-1444.

PDQ Cancer Genetics Editorial Board. DDX41-associated
myeloid malignancies (PDQ®). Health professional version. In:
National Cancer Institute (NCl), ed. PDQ Cancer Information
Summaries. Bethesda (MD): NCI, 2002.

Richards S, Aziz N, Bale S, et al. Standards and guidelines for
the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology.
Genet Med 2015;17:405-424.

Li P White T, Xie W, et al. AML with germline DDX41 variants
is a clinicopathologically distinct entity with an indolent clinical
course and favorable outcome. Leukemia 2022;36:664-674.
Baliakas P, Tesi B, Cammenga J, et al. How to manage patients
with germline DDX41 variants: recommendations from the
Nordic working group on germline predisposition for myeloid
neoplasms. Hemasphere 2024;8:e145.

Goyal T, Tu ZJ, Wang Z, Cook JR. Clinical and pathologic spec-
trum of DDX41-mutated hematolymphoid neoplasms. Am J
Clin Pathol 2021;156:829-838.

Bernard E, Tuechler H, Greenberg PL, et al. Molecular Inter-
national Prognostic Scoring System for myelodysplastic syn-
dromes. NEJM Evid 2022;1:EVID0oa2200008.

Doéhner H, DiNardo CD, Appelbaum FR, et al. Genetic
risk classification for adults with AML receiving less-in-
tensive therapies: the 2024 ELN recommendations. Blood
2024;144:2169-2173.

Lachowiez CA, Ravikumar VI, Othman J, et al. Refined
ELN 2024 risk stratification improves survival prognosti-
cation following venetoclax-based therapy in AML. Blood
2024;144:2788-2792.

Sébert M, Freiman L, Chaffaut C, et al. Clinical impact of ge-

https://doi.org/10.3904/kjim.2025.356


www.kjim.org
https://doi.org/10.1016/j.exphem.2016.04.017
https://doi.org/10.1016/j.exphem.2016.04.017
https://doi.org/10.1016/j.exphem.2016.04.017
https://doi.org/10.1007/s12185-023-03558-2
https://doi.org/10.1007/s12185-023-03558-2
https://doi.org/10.1007/s12185-023-03558-2
https://doi.org/10.1007/s13238-016-0351-9
https://doi.org/10.1007/s13238-016-0351-9
https://doi.org/10.1146/annurev-biochem-091719-064225
https://doi.org/10.1146/annurev-biochem-091719-064225
https://doi.org/10.1016/j.stemcr.2022.02.010
https://doi.org/10.1016/j.stemcr.2022.02.010
https://doi.org/10.1016/j.stemcr.2022.02.010
https://doi.org/10.1016/j.celrep.2022.110856
https://doi.org/10.1016/j.celrep.2022.110856
https://doi.org/10.1016/j.celrep.2022.110856
https://doi.org/10.1016/j.celrep.2015.01.039
https://doi.org/10.1016/j.celrep.2015.01.039
https://doi.org/10.1016/j.celrep.2015.01.039
https://doi.org/10.1016/j.celrep.2015.01.039
https://doi.org/10.1016/j.cell.2019.08.055
https://doi.org/10.1016/j.cell.2019.08.055
https://doi.org/10.3324/haematol.2020.257246
https://doi.org/10.3324/haematol.2020.257246
https://doi.org/10.3324/haematol.2020.257246
https://doi.org/10.3324/haematol.2020.257246
https://doi.org/10.1038/s41375-024-02304-9
https://doi.org/10.1038/s41375-024-02304-9
https://doi.org/10.1038/s41375-024-02304-9
https://doi.org/10.1038/s41375-024-02304-9
https://doi.org/10.1182/blood.2022018221
https://doi.org/10.1182/blood.2022018221
https://doi.org/10.1182/blood.2022018221
https://doi.org/10.1182/blood.2021015328
https://doi.org/10.1182/blood.2021015328
https://doi.org/10.1182/blood.2021015328
https://doi.org/10.1182/blood.2021015328
https://doi.org/10.1182/blood.2021015135
https://doi.org/10.1182/blood.2021015135
https://doi.org/10.1182/blood.2021015135
https://doi.org/10.3324/haematol.2020.270553
https://doi.org/10.3324/haematol.2020.270553
https://doi.org/10.3324/haematol.2020.270553
https://doi.org/10.3324/haematol.2020.270553
https://doi.org/10.1182/blood.2023020209
https://doi.org/10.1182/blood.2023020209
https://doi.org/10.1182/blood.2023020209
https://ash.confex.com/ash/2024/webprogram/Paper194024.html
https://ash.confex.com/ash/2024/webprogram/Paper194024.html
https://ash.confex.com/ash/2024/webprogram/Paper194024.html
https://ash.confex.com/ash/2024/webprogram/Paper194024.html
https://doi.org/10.1002/ajh.25486
https://doi.org/10.1002/ajh.25486
https://doi.org/10.1002/ajh.25486
https://doi.org/10.1002/ajh.25486
https://doi.org/10.3324/haematol.2024.286887
https://doi.org/10.3324/haematol.2024.286887
https://doi.org/10.3324/haematol.2024.286887
https://doi.org/10.1182/blood.2019000909
https://doi.org/10.1182/blood.2019000909
https://doi.org/10.1182/blood.2019000909
https://www.ncbi.nlm.nih.gov/books/NBK598346/
https://www.ncbi.nlm.nih.gov/books/NBK598346/
https://www.ncbi.nlm.nih.gov/books/NBK598346/
https://www.ncbi.nlm.nih.gov/books/NBK598346/
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/s41375-021-01404-0
https://doi.org/10.1038/s41375-021-01404-0
https://doi.org/10.1038/s41375-021-01404-0
https://doi.org/10.1002/hem3.145
https://doi.org/10.1002/hem3.145
https://doi.org/10.1002/hem3.145
https://doi.org/10.1002/hem3.145
https://doi.org/10.1093/ajcp/aqab027
https://doi.org/10.1093/ajcp/aqab027
https://doi.org/10.1093/ajcp/aqab027
https://doi.org/10.1056/evidoa2200008
https://doi.org/10.1056/evidoa2200008
https://doi.org/10.1056/evidoa2200008
https://doi.org/10.1182/blood.2024025409
https://doi.org/10.1182/blood.2024025409
https://doi.org/10.1182/blood.2024025409
https://doi.org/10.1182/blood.2024025409
https://doi.org/10.1182/blood.2024026925
https://doi.org/10.1182/blood.2024026925
https://doi.org/10.1182/blood.2024026925
https://doi.org/10.1182/blood.2024026925
https://doi.org/10.1038/s41375-024-02180-3

Lee JH, et al. DDX41 mutations in myeloid neoplasms

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

netic alterations including germline DDX4 1 mutations in MDS/
low-blast count AML patients treated with azacitidine-based
regimens. Leukemia 2024;38:918-922.

Toumeh N, Jabban Y, Nanaa A, et al. Clinical outcome and
molecular profile in patients with DDX417 mutation hot-spots.
Hematol Rep 2025;17:26.

Bataller A, Loghavi S, Gerstein YV, et al. Characteristics and
clinical outcomes of patients with myeloid malignancies and
DDX41 variants. Am J Hematol 2023;98:1780-1790.

Tiong IS, Stevenson WS, Wall M, et al. Favorable outcomes
of DDX41-mutated myelodysplastic syndrome and low blast
count acute myeloid leukemia treated with azacitidine + lena-
lidomide. EJHaem 2023;4:1212-1215.

Nannya Y, Tobiasson M, Sato S, et al. Postazacitidine clone
size predicts long-term outcome of patients with myelodys-
plastic syndromes and related myeloid neoplasms. Blood Adv
2023;7:3624-3636.

Cedena MT, Rapado |, Santos-Lozano A, et al. Mutations in
the DNA methylation pathway and number of driver muta-
tions predict response to azacitidine in myelodysplastic syn-
dromes. Oncotarget 2017;8:106948-106961.

Nanaa A, He R, Foran JM, et al. Venetoclax plus hypomethyl-
ating agents in DDX41-mutated acute myeloid leukaemia and
myelodysplastic syndrome: Mayo Clinic series on 12 patients.
Br J Haematol 2024;204:171-176.

Negoro E, Radivoyevitch T, Polprasert C, et al. Molecular pre-
dictors of response in patients with myeloid neoplasms treat-
ed with lenalidomide. Leukemia 2016;30:2405-2409.

Saygin C, Roloff G, Hahn CN, et al. Allogeneic hematopoietic
stem cell transplant outcomes in adults with inherited myeloid
malignancies. Blood Adv 2023;7:549-554.

Loschi M, Villy MC, Galimard JE, et al. Allogeneic hema-
topoietic stem cell transplantation in patients with germ
line DDX41 mutated myeloid malignancies. Blood Adv
2025;9:6314-6325.

Berger G, van den Berg E, Sikkema-Raddatz B, et al. Re-emer-
gence of acute myeloid leukemia in donor cells following
allogeneic transplantation in a family with a germline DDX41
mutation. Leukemia 2017;31:520-522.

Kobayashi S, Kobayashi A, Osawa Y, et al. Donor cell leukemia
arising from preleukemic clones with a novel germline DDX41
mutation after allogenic hematopoietic stem cell transplanta-
tion. Leukemia 2017;31:1020-1022.

Williams LS, Williams KM, Gillis N, et al. Donor-derived ma-
lignancy and transplantation morbidity: risks of patient and
donor genetics in allogeneic hematopoietic stem cell trans-

https://doi.org/10.3904/kjim.2025.356

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

KJIM™

plantation. Transplant Cell Ther 2024;30:255-267.

Clark A, Thomas S, Hamblin A, et al. Management of patients
with germline predisposition to haematological malignancies
considered for allogeneic blood and marrow transplanta-
tion: best practice consensus guidelines from the UK Cancer
Genetics Group (UKCGG), CanGene-CanVar, NHS England
Genomic Laboratory Hub (GLH) Haematological Malignancies
Working Group and the British Society of Blood and Marrow
Transplantation and cellular therapy (BSBMTCT). Br J Haema-
tol 2023;201:35-44.

Miao L, Wang X, Yao M, Tao Y, Han Y. Clinicopathological
and prognostic significance of DDX41 mutation in myeloid
neoplasms: a systematic review and meta-analysis. Ann He-
matol 2025;104:2581-2591.

Alkhateeb HB, Nanaa A, Viswanatha D, et al. Genetic features
and clinical outcomes of patients with isolated and comutated
DDX41-mutated myeloid neoplasms. Blood Adv 2022;6:528-
532.

Bannon SA, Routbort MJ, Montalban-Bravo G, et al. Next-
generation sequencing of DDX41 in myeloid neoplasms leads
to increased detection of germline alterations. Front Oncol
2021;10:582213.

Bannon SA, DiNardo CD. Hereditary predispositions to myelo-
dysplastic syndrome. Int J Mol Sci 2016;17:838.

Godley LA, Shimamura A. Genetic predisposition to hema-
tologic malignancies: management and surveillance. Blood
2017;130:424-432.

Zhang MY, Keel SB, Walsh T, et al. Genomic analysis of bone
marrow failure and myelodysplastic syndromes reveals pheno-
typic and diagnostic complexity. Haematologica 2015;100:42-
48.

Drazer MW, Kadri S, Sukhanova M, et al. Prognostic tumor
sequencing panels frequently identify germ line variants asso-
ciated with hereditary hematopoietic malignancies. Blood Adv
2018;2:146-150.

Holme H, Hossain U, Kirwan M, Walne A, Vulliamy T, Dokal I.
Marked genetic heterogeneity in familial myelodysplasia/acute
myeloid leukaemia. Br J Haematol 2012;158:242-248.

Huo L, Zhang Z, Zhou H, et al. Causative germline variant
p.Y259C of DDX41 recurrently identified in acute lymphoblas-
tic leukaemia. Br J Haematol 2023;202:199-203.

Arna AB, Patel H, Singh RS, et al. Synthetic lethal interactions
of DEAD/H-box helicases as targets for cancer therapy. Front
Oncol 2023;12:1087989.

Shinriki S, Matsui H. Unique role of DDX41, a DEAD-box type
RNA helicase, in hematopoiesis and leukemogenesis. Front

www.kjim.org 409


www.kjim.org
https://doi.org/10.1038/s41375-024-02180-3
https://doi.org/10.1038/s41375-024-02180-3
https://doi.org/10.1038/s41375-024-02180-3
https://doi.org/10.3390/hematolrep17030026
https://doi.org/10.3390/hematolrep17030026
https://doi.org/10.3390/hematolrep17030026
https://doi.org/10.1002/ajh.27070
https://doi.org/10.1002/ajh.27070
https://doi.org/10.1002/ajh.27070
https://doi.org/10.1002/jha2.767
https://doi.org/10.1002/jha2.767
https://doi.org/10.1002/jha2.767
https://doi.org/10.1002/jha2.767
https://doi.org/10.1182/bloodadvances.2022009564
https://doi.org/10.1182/bloodadvances.2022009564
https://doi.org/10.1182/bloodadvances.2022009564
https://doi.org/10.1182/bloodadvances.2022009564
https://doi.org/10.18632/oncotarget.22157
https://doi.org/10.18632/oncotarget.22157
https://doi.org/10.18632/oncotarget.22157
https://doi.org/10.18632/oncotarget.22157
https://doi.org/10.1111/bjh.19105
https://doi.org/10.1111/bjh.19105
https://doi.org/10.1111/bjh.19105
https://doi.org/10.1111/bjh.19105
https://doi.org/10.1038/leu.2016.228
https://doi.org/10.1038/leu.2016.228
https://doi.org/10.1038/leu.2016.228
https://doi.org/10.1182/bloodadvances.2022008172
https://doi.org/10.1182/bloodadvances.2022008172
https://doi.org/10.1182/bloodadvances.2022008172
https://doi.org/10.1182/bloodadvances.2025017084
https://doi.org/10.1182/bloodadvances.2025017084
https://doi.org/10.1182/bloodadvances.2025017084
https://doi.org/10.1182/bloodadvances.2025017084
https://doi.org/10.1038/leu.2016.310
https://doi.org/10.1038/leu.2016.310
https://doi.org/10.1038/leu.2016.310
https://doi.org/10.1038/leu.2016.310
https://doi.org/10.1038/leu.2017.44
https://doi.org/10.1038/leu.2017.44
https://doi.org/10.1038/leu.2017.44
https://doi.org/10.1038/leu.2017.44
https://doi.org/10.1016/j.jtct.2023.10.018
https://doi.org/10.1016/j.jtct.2023.10.018
https://doi.org/10.1016/j.jtct.2023.10.018
https://doi.org/10.1016/j.jtct.2023.10.018
https://doi.org/10.1111/bjh.18682
https://doi.org/10.1111/bjh.18682
https://doi.org/10.1111/bjh.18682
https://doi.org/10.1111/bjh.18682
https://doi.org/10.1111/bjh.18682
https://doi.org/10.1111/bjh.18682
https://doi.org/10.1111/bjh.18682
https://doi.org/10.1111/bjh.18682
https://doi.org/10.1111/bjh.18682
https://doi.org/10.1007/s00277-025-06278-1
https://doi.org/10.1007/s00277-025-06278-1
https://doi.org/10.1007/s00277-025-06278-1
https://doi.org/10.1007/s00277-025-06278-1
https://doi.org/10.1182/bloodadvances.2021005738
https://doi.org/10.1182/bloodadvances.2021005738
https://doi.org/10.1182/bloodadvances.2021005738
https://doi.org/10.1182/bloodadvances.2021005738
https://doi.org/10.3389/fonc.2020.582213
https://doi.org/10.3389/fonc.2020.582213
https://doi.org/10.3389/fonc.2020.582213
https://doi.org/10.3389/fonc.2020.582213
https://doi.org/10.3390/ijms17060838
https://doi.org/10.3390/ijms17060838
https://doi.org/10.1182/blood-2017-02-735290
https://doi.org/10.1182/blood-2017-02-735290
https://doi.org/10.1182/blood-2017-02-735290
https://doi.org/10.3324/haematol.2014.113456
https://doi.org/10.3324/haematol.2014.113456
https://doi.org/10.3324/haematol.2014.113456
https://doi.org/10.3324/haematol.2014.113456
https://doi.org/10.1182/bloodadvances.2017013037
https://doi.org/10.1182/bloodadvances.2017013037
https://doi.org/10.1182/bloodadvances.2017013037
https://doi.org/10.1182/bloodadvances.2017013037
https://doi.org/10.1111/j.1365-2141.2012.09136.x
https://doi.org/10.1111/j.1365-2141.2012.09136.x
https://doi.org/10.1111/j.1365-2141.2012.09136.x
https://doi.org/10.1111/bjh.18848
https://doi.org/10.1111/bjh.18848
https://doi.org/10.1111/bjh.18848
https://doi.org/10.3389/fonc.2022.1087989
https://doi.org/10.3389/fonc.2022.1087989
https://doi.org/10.3389/fonc.2022.1087989
https://doi.org/10.3389/fonc.2022.992340
https://doi.org/10.3389/fonc.2022.992340

KJIM™

Oncol 2022;12:992340.

83. Zeng Y, Arisa O, Peer CJ, Fojo A, Figg WD. PARP inhibitors: a
review of the pharmacology, pharmacokinetics, and pharma-
cogenetics. Semin Oncol 2024;51:19-24.

84. Baranwal A, Nanaa A, Viswanatha D, et al. Outcomes of allo-
geneic transplant in patients with DDX41 mutated myelodys-
plastic syndrome and acute myeloid leukemia. Bone Marrow
Transplant 2022;57:1716-1718.

Received : October 14, 2025
Revised : December 15, 2025
Accepted: January 17, 2026

Correspondence to

Je-Hwan Lee, M.D., Ph.D.

Department of Hematology, Asan Medical Center, University of Ulsan
College of Medicine, 88 Olympic-ro 43-gil, Songpa-gu, Seoul 05505,
Korea

410  www.kjim.org

The Korean Journal of Internal Medicine Vol. 41, No. 3, May 2026

Tel: +82-2-3010-3218, Fax: +82-2-3010-6885
E-mail: jhlee3@amc.seoul.kr
https://orcid.org/0000-0002-7060-1675

Acknowledgments

We got some assistance from an Al program (SciSpace) in English ed-
iting of our manuscript and drafting in the section of “FUTURE DIREC-
TIONS.”

CRedit authorship contributions

Je-Hwan Lee: conceptualization, methodology, resources, investiga-
tion, writing - original draft, writing - review & editing, supervision;
Eun-Hye Hur: conceptualization, methodology, resources, investiga-
tion, writing - original draft, writing - review & editing; Young-Uk Cho:
conceptualization, methodology, resources, investigation, writing -
original draft, writing - review & editing

Conflicts of interest
The authors disclose no conflicts.

Funding
None

https://doi.org/10.3904/kjim.2025.356


www.kjim.org
https://doi.org/10.3389/fonc.2022.992340
https://doi.org/10.1053/j.seminoncol.2023.09.005
https://doi.org/10.1053/j.seminoncol.2023.09.005
https://doi.org/10.1053/j.seminoncol.2023.09.005
https://doi.org/10.1038/s41409-022-01776-6
https://doi.org/10.1038/s41409-022-01776-6
https://doi.org/10.1038/s41409-022-01776-6
https://doi.org/10.1038/s41409-022-01776-6

