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MYELOID NEOPLASIA

Germ line DDX41 mutations define a unique subtype
of myeloid neoplasms
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Germ line DDX41 variants have been implicated in late-onset myeloid neoplasms (MNs).
Despite an increasing number of publications, many important features of DDX41-mutated
MNs remain to be elucidated. Here we performed a comprehensive characterization of
DDX41-mutated MNs, enrolling a total of 346 patients with DDX41 pathogenic/likely-
pathogenic (P/LP) germ line variants and/or somatic mutations from 9082 MN patients,
together with 525 first-degree relatives of DDX41-mutated and wild-type (WT) patients. P/LP
DDX41 germ line variants explained ~80% of known germ line predisposition to MNs in adults.
These risk variants were 10-fold more enriched in Japanese MN cases (n = 4461) compared with
the general population of Japan (n = 20 238). This enrichment of DDX41 risk alleles was much

® DDX41 germ line
mutations explain
~80% of known germ
line predisposition to
MNs in adults, and the
life-long risk was ~50%.

® DDX41-mutated MDS
patients rapidly
progressed to AML,
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which was however,
confined to those
having truncating

variants.

J

more prominent in male than female (20.7 vs 5.0). P/LP DDX41 variants conferred a large risk of
developing MNs, which was negligible until 40 years of age but rapidly increased to 49% by 90
years of age. Patients with myelodysplastic syndromes (MDS) along with a DDX41-mutation
rapidly progressed to acute myeloid leukemia (AML), which was however, confined to those

having truncating variants. Comutation patterns at diagnosis and at progression to AML were
substantially different between DDX41-mutated and WT cases, in which none of the comutations affected clinical outcomes.
Even TP53 mutations made no exceptions and their dismal effect, including multihit allelic status, on survival was almost
completely mitigated by the presence of DDX41 mutations. Finally, outcomes were not affected by the conventional risk
stratifications including the revised/molecular International Prognostic Scoring System. Our findings establish that MDS with
DDX41-mutation defines a unique subtype of MNs that is distinct from other MNs.
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Introduction

The 2016 revision to the World Health Organization classifica-
tion includes myeloid neoplasms (MNs) with germ line predis-
position.” The addition of this section was justified by the
growing evidence that a substantial proportion of patients with
MNs including myelodysplastic syndromes (MDS), myelodys-
plastic/myeloproliferative neoplasms (MDS/MPNs), and acute
myeloid leukemias (AMLs) have recurrent, inherited pathogenic
traits.”> Recognition of such germ line predisposition alleles
has clinical relevance because it affects cascade testing among
family members, dictates cancer surveillance strategies for
individuals achieving long-term remissions, and donor selection
for allogeneic hematopoietic stem cell transplantation
(HSCT).3,4,6—8

In the recent years, among these alleles with a predisposition to
leukemia, those affecting DDX41 have been of particular
interest.” '® This is because, unlike mutations in other cancer
predisposition genes, those in DDX41 are responsible for late-
onset MNs with a peak in the sixth to seventh decades of life
and explain a much larger etiologic fraction than other variants.
In fact, there have been many follow-up publications after our
original report of DDX41-mutant MNs. Nonetheless, the current
knowledge about DDX41-mutated MNs is still largely
limited."'”"?> The major reason for this being the invariably
small number of DDX41-mutated cases included in these
publications. Thus, several important questions remain to be
answered, including the frequency of both germ line and
somatic DDX41 variants depending on disease subtype and
variant type, their impacts on clinical pictures and outcomes,
the relative incidence of those variants compared with that of
other known germ line risk variants, and among others, the
magnitude of the risk (penetrance) of the development of MNs
conferred by DDX41 pathogenic variants. All these are indis-
pensable information for the management of patients with
DDX41 variants and their relatives.

Here we reveal the spectrum of common pathogenic DDX41
germ line variants across multiple ethnicities, estimate the age-
related risk of MN development ascribed to pathogenic DDX41
germ line variants, and unveil their unique genetic and clinical
features, through a large international collaboration accruing
346 DDX41-mutated MN cases.

Materials and methods

Study subjects

In total, 9082 patients with MNs were enrolled from 56
collaborating institutes or projects across 7 countries (MN
cohort), in which 50 from 42 families were confirmed to have
additional relatives with  MNs. Tumor-derived DNA was
collected from all cases at 1 or more time points. Diagnostic or
treatment-naive tumor samples were obtained in 7698 cases, of
which 2360 had survival data (supplemental Table 1, available
on the Blood website) and were used for survival outcome
analysis. Germ line DNA was available for 1350 patients
selected for the establishment of criteria useful to discriminate
either the germ line or somatic nature of DDX41 variants pre-
sent in the whole MN cohort. Of these, a total of 1039 Japanese
patients aged 220 years were constitutively enrolled at Kyoto

DDX41 MUTATIONS DEFINE A UNIQUE MN SUBTYPE

University and 26 collaborative institutes between 2010 and
2021 who were diagnosed with either of AML (including
therapy-related and secondary AML [sAML]), MDS, MDS/MPN,
or MPN and whose germ line DNA was successfully extracted
from buccal smear for predisposition analysis (Table 1;
supplemental Figures 1-2). Bone marrow (BM)- or blood-
derived tumor DNA was subjected to whole genome and/or
targeted sequencing using different driver gene panels, which
included DDX41 and an additional 36 genes in common
(supplemental Table 2). For population studies as control, we
enrolled 20 238 individuals from 3 large Japanese biobanks,
including the Tohoku Medical Megabank (TOMMO) (https://
www.megabank.tohoku.ac.jp), the Nagahama-cho cohort
(http://hi.med kyoto-u.ac.jp/nagahama.html), ~and  BioBank
Japan (BBJ) (https://biobankjp.org/en/index.html), in which
frequency of individual having germ line DDX41 variants was
available on the basis of whole genome or targeted
sequencing.23’25 For subjects in BBJ, information on sex was
estimated by the analysis of SNP-array data.”*> As general
population control, gnomAD data set (ver.2.1.1) was used for
the analysis of the regional distribution and the minor allele
frequency of each DDX41 variant (https://gnomad.
broadinstitute.org/). All samples were obtained according to
the protocols approved by the ethics board of the participating
institutions or biobanks. Then, we collected information related
to the first-degree relatives of these cases, if available, identi-
fying 525 cases from 169 families (defined as kin cohorts). In this
study, we defined the first-degree relatives as parents, siblings,
and children, who all share risk alleles with probands at 50%
probability. We calculated the penetrance of DDX41 risk alleles
in the kin cohorts whereas all other analyses were performed on
the MN cohort. All the participating institutions in this study
received informed consent under each of their institutional
review boards approval, which follows the Declaration of
Helsinki.

Genetic analysis

Sequencing method 5768 samples were sequenced at
Kyoto University by targeted-capture sequencing using either
of 5 panels as previously described.”?” Genomic DNA was
enriched for target regions by liquid-phase hybridization using
the SureSelect custom kit (Agilent Technologies). The purified
library was subjected to high-throughput sequencing analysis
with HiSeq 2500, NovaSeq 6000 (lllumina), or DNBSEQ-
G400RS (MGI). 1836 samples were sequenced at the Cleve-
land clinic by multiamplicon deep sequencing (TruSeq) for
61 genes with MiSeq (lllumina) as described in our previous
publication.?® 1705 samples were sequenced at King's College
London by multiamplicon deep sequencing (QiaSeq; QIAGEN)
for 44 genes and NextSeq 550 (lllumina). At the University of
Chicago, individuals underwent germ line genetic testing at the
Genetic Services Laboratory (Department of Human Genetics,
The University of Chicago) to identify 35 individuals with dele-
terious germ line DDX41 variants. All healthy controls were
sequenced in Japan. MN samples were independently gath-
ered from different sites and sequenced at each participating
institution.

Detection of genetic variations Single nucleotide vari-
ants, insertions, and deletions were detected using our estab-
lished pipeline (Genomon pipeline for GRCh37/hg19) as
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previously reported.?**"??*! For somatic mutation detection,
germ line polymorphisms and sequencing artifacts were
excluded as previously described,”® followed by visual inspec-
tion on the Integrative Genomics Viewer (http://software.
broadinstitute.org/software/igv/).

Copy-number analysis For evaluation of somatic copy-
number alterations (CNAs), we performed conventional
karyotyping, single nucleotide polymorphism array, or
sequencing-based copy-number analysis. For sequencing-
based copy-number analysis, we included 1158 to 1428
single nucleotide polymorphisms probes in RNA baits allowing
for detection of total copy-number changes (gain or loss)
and copy-neutral allelic imbalances (supplemental Figure 3).
The pipeline for sequencing-based copy-number analysis
(CNACS) is available at https://github.com/papaemmelab/
toil_cnacs.?3? After automated detection of CNAs, manual
inspection was performed to exclude erroneous calls.

Adjustment of variant allele frequencies Variant allele
frequencies of somatic mutations were adjusted to reflect the
actual clone size based on the copy-number state of the locus
of interest. Detailed methods have been described in our pre-
vious publication.?®

Classification of DDX41 variants First, we established the
criteria to classify DDX41 (MN_016222) variants into germ line
and somatic variants in 75 cases as a training set and validated
the criteria using an independent set of 35 patients (validation
set) (supplemental Figure 2). Using the criteria, 557
nonsynonymous/splice-site/indel DDX41 variants were identi-
fied and classified into germ line and somatic variants. We
classified the germ line variants into either P/LP or variants with
unknown significance based on the guidelines from the Amer-
ican College of Medical Genetics.*>.

Statistical analysis

All the statistical analyses were performed using the R statistical
platform (https://www.r-project.org/) v.4.0.4. All statistical tests
were 2-sided. Benjamini & Hochberg multiple testing correction
was applied when appropriate. Box plots for continuous values
indicate the median, first and third quartiles (Q1 and Q3), and
whiskers extend to the furthest value between Q1 - 1.5 x the
interquartile range and Q3 + 1.5 x interquartile range.

Calculation of odds ratio (OR) for individual DDX41
variants To estimate the risk conferred by DDX41 germ line
variants, we calculated ORs and 95% confidence intervals
(Cls) for individual variants by comparing their frequencies in
Japanese patients of MNs (n = 4461) and those in normal
subjects (n = 20238). As for the normal subjects, we
used whole-genome sequencing data of 1008 subjects
from the Nagahama-cho cohort (http://hi.med.kyoto-u.ac.jp/
nagahama.html), and targeted-sequencing data of 10 850
subjects from BBJ (https://biobankjp.org/en/index.html), and
publicly available summary statistics of 8380 subjects
from Tohoku Medical Megabank (TOMMO) (https://www.
megabank.tohoku.ac.jp). Germ line variants observed in >3
subjects with or without MNs were included in the analysis.
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Calculation of penetrance We collected the information of
first-degree relatives of patients with MNs with or without
DDX41 risk alleles. Cumulative incidence of MNs in first-degree
relatives was estimated by Fine-Gray regression, considering
death from other causes as a competing risk. Based on the
notion that first-degree relatives of carriers inherited the risk
allele with a 50% probability, the penetrance can be calculated
by the following equation as previously described in kin-cohort
retrospective studies.®*>®

S=2R, - R_

In this equation, S indicates the age-dependent function of
penetrance. R, and R_ indicate the cumulative incidence of
MNs in first-degree relatives of DDX41-mutation carriers and
noncarriers, respectively.

Survival analysis We performed an analysis on overall
survival (OS) and the risk of leukemic progression using the
R package, Survival (http://cran.r-project.org/web/packages/
survival/index.html). Scores of the revised/molecular Interna-
tional Prognostic Scoring System (IPSS-R/M) were calculated
according to the previous publications.*”*° OS was estimated
by Kaplan-Maier method, and the differences among patient
groups were examined by log-rank test or Cox proportional
hazard regression. To reduce phenotypic bias between cases
with and without available survival data (supplemental Table 1),
survival analysis was performed among matching disease phe-
notypes. To resolve sample size bias between DDX4 1-wild-type
(WT) and patients with DDX41 mutation, we performed confir-
matory analyses in WT patients randomly selected with sample
numbers adjusted to mutated ones (supplemental Methods).
The cumulative incidence of leukemic progression was esti-
mated by Fine-Gray method with nonleukemic death as a
competing risk.

Results

DDX41 variants in cases with MNs

Among a total of 9082 patients with different MNs of divergent
ethnicity who enrolled in the study (Table 1), we identified 557
nonsynonymous/splice site variants, including small and large
indels, of DDX41 having <1% of minor allele frequency in the
publicly available datasets of general populations (“Materials
and methods”). Their germ line/somatic origins were deter-
mined in 110 cases using germ line DNA, based on which we
established the criteria to infer the origin of the remaining
variants (supplemental Figure 2). Thus, all variants were classi-
fied as either germ line (n = 328) or somatic (n = 229)
(Figure 1A-B). According to the guidelines from the American
College of Medical Genetics and Genomics,** we then classi-
fied 293 germ line variants in 293 patients as pathogenic (P)/
likely pathogenic (LP), whereas the remaining 35 variants were
assigned as variants of uncertain significance. Most (96.8%) of
the P/LP missense variants were within functional domains,
mostly in the DEAD box domain (~70%), sparing the N-terminal
180 amino acids, where most variants of uncertain significance
were located. Of interest, 3 patients had large deletions
encompassing multiple exons, which were confirmed to be of
germ line origin (Figure 1C). Eight amino acid positions (eg,
p.F183 and p.R323), all located in functional domains, were
affected by both germ line and somatic variants. As many as

MAKISHIMA et al

202 Aey €0 uo 3sanb Aq ypd-utew-12z810-z20g-PId POOIA/9E8YL0T/YES/S/L YL /HPd-8jo1e/poo|geusuoyeolqndyse//:diy woly papeojumoq


http://software.broadinstitute.org/software/igv/
http://software.broadinstitute.org/software/igv/
https://github.com/papaemmelab/toil_cnacs
https://github.com/papaemmelab/toil_cnacs
https://www.r-project.org/
http://hi.med.kyoto-u.ac.jp/nagahama.html
http://hi.med.kyoto-u.ac.jp/nagahama.html
https://biobankjp.org/en/index.html
https://www.megabank.tohoku.ac.jp
https://www.megabank.tohoku.ac.jp
http://cran.r-project.org/web/packages/survival/index.html
http://cran.r-project.org/web/packages/survival/index.html

Table 1. Patient characteristics

Variables DDX41-WT DDX41-mutated Total
n (%) 8736 (96.2%) 346 (3.8%) 9082 (100%)
Sporadic 8730 302 9032
Familial (proband) 6 (6) 44 (36) 50 (42)
Age (median, range) 65, 1-94 68, 15-94 65, 1-94
Sex (male/female/unknown) 3666/2324/2746 274/72/0 3940/2396/2746
oS
n of informative cases 2159 201 2360
Median observation, range 1.2y, 0-40.4 1.3y, 0-22.7 1.2y, 0-40.4
Leukemic progression
n of informative cases 2128 174 2302
Median observation, range 1.6y, 0.01-32.3 1.7 y, 0.03-22.7 1.6y, 0.01-32.3
Diagnosis
MDS 4146 201 4347
AML 2704 136 2840
MDS/MPN 658 8 666
MPN 1228 1 1229
Country
Japan 4289 172 4461
United States 1767 105 1872
United Kingdom 1669 36 1705
Italy 240 13 253
Thailand 67 6 73
The Netherlands 36 2 38
Germany 668 12 680
Status at sampling
At diagnosis 6961 275 7236
Before treatment 430 32 462
After treatment 877 39 916
Unknown 468 0 468
Germ line DNA (%)*
Available 1003 (20.4%) 36 (20.9%) 1039 (23.3%)
Not available 3286 (79.6%) 136 (79.1%) 3422 (76.7%)
Treatment
Hypomethylating agents (HMA) 771 108 879
Transplantation 1424 94 1518
Chemotherapy 927 73 1000

*Number of Japanese cases.

54% of the cases with P/LP germ line DDX41 variants carried a
second, somatic DDX41 mutation of which 64% were p.R525H.
A minority (n = 53) of cases had somatic mutations alone.
Among these, half of the informative cases had a single somatic
mutation and the remaining half had either biallelic alterations,
(Figure 1A; supplemental Table 3) caused by loss of heterozy-
gosity at chromosome band 5g35.3 (n = 9) where DDX41 is
located (supplemental Figure 3) or multiple mutations (n = 10).

DDX41 MUTATIONS DEFINE A UNIQUE MN SUBTYPE

Most somatic variants (223/229) were nontruncating (Figure 1A),
and all truncating somatic variants were heterozygous and not
accompanied by an additional germ line truncating alteration,
suggesting that homozygous/compound truncating alleles are
not compatible with cell viability. Conversely, as many as two-
thirds of germ line variants were truncating (Figure 1A).
Furthermore, nontruncating germ line hits were enriched in the
DEAD box and Q domains, whereas nontruncating somatic
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Figure 1. P/LP germ line variants and somatic mutations in DDX41 found in 346 cases with MNs. (A) Frequency of truncating and nontruncating variants within P/LP germ
line variants and somatic mutations (left), cases with P/LP germ line and/or somatic variants of DDX41 (middle left), nontruncating variants involving known functional domains
(middle right), and cases with somatic DDX41 mutations alone with mono and biallelic involvement (right). (B) Distribution of 325 germ line variants (top) and 229 somatic
mutations (bottom). Truncating (red) and nontruncating (blue) P/LP germ line variants were defined based on the American College of Medical Genetics and Genomics
criteria. Gray color indicates those classified as germ line variants with undetermined significance. Amino acid locations of relevant functional domains are indicated at the
bottom. (C) Germ line variants with deletions including multiple exons identified in 3 cases. Genomic positions of DDX41 (NM_016222) and affected regions were shown
according to the GRCh37/hg19 reference. (D) Distributions of age at disease onset in 1039 patients with MN in whom germ line samples were examined. (E) The number of
cases with P/LP alleles of DDX41 and other 22 known leukemia predisposing genes in 1039 Japanese cases with MN. The germ line origin of each variant was confirmed in
buccal smear samples. (F) Distributions of age at disease onset in those with P/LP germ line variants in DDX41 and the other genes. Statistical significance was tested by
2-sided Wilcoxon test.
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Figure 1 (continued)

mutations were mostly mapped within the helicase domain
(Figure TA-B). Overall, 346 out of 9082 (3.8%) enrolled patients
were positive for P/LP DDX41 mutations in either fashion of
germ line alone, germ line plus somatic, or somatic alone.

Size of DDX41-variant-associated risk of MN
development

We then wanted to evaluate the relative impact of DDX41
compared with other germ line predisposition genes in MNs>.
To do so, we investigated P/LP germ line variants in 23 genes
implicated in MNs among 1039 Japanese patients with MN
aged >20 years using targeted or whole-genome sequencing of
paired tumor/germ line DNA (Figure 1D and supplemental
Figure 4). Overall, we identified 45 P/LP germ line variants
based on the American College of Medical Genetics and
Genomics criteria, in which the vast majority (80%) were
explained by DDX41 (n = 36) with only minor contributions from
other variants (Figure 1E), confirming that DDX41 is the most
common target of germ line predisposition variants among
adult MNs cases. Notably, individuals with germ line DDX41
mutations were diagnosed at older ages (median age, 69 years)
compared with those with other deleterious germ line variants
(median age, 51 years) (P = 9.0 x 1079 (Figure 1F).

Next, to estimate the size of the risk of developing MNs asso-
ciated with P/LP DDX41 germ line variants, we calculated the
enrichment of different DDX41 germ line variants within 4461
Japanese patients with MN compared with an ethnicity-
matched control population (n = 20 238). Among 10 variants
found in >3 cases in the combined cohort, 5 (encoding
p.E256K, p.A500fs, p.Y259C, p.E7*, and p.S363del) were

DDX41 MUTATIONS DEFINE A UNIQUE MN SUBTYPE

significantly enriched in MNs with a median OR of 10.6
(4.5-22.8) and therefore likely to be pathogenic, whereas
3 nonsynonymous (encoding p. E3K, p.K187R, and p.P35R) and
2 synonymous (encoding p.S493S and p.A555A) variants
showed no significant enrichment (Figure 2A; supplemental
Table 4). We also estimated the cumulative incidence (pene-
trance) of MN development among DDX41 variant carriers
by calculating the cumulative incidence of MNs among
first-degree relatives of DDX41-mutated MN (R,) and
randomly selected DDX41-WT (R_) probands (Figure 2B and
supplemental Figure 5).***® For 3 major variants, p.D140fs,
p-M1l, and p.A500fs, R, remains negligible under 40 years of
age but increases with age to reach 28.6% (95% Cl, 11.4-48.5),
23.7% (95% Cl, 8.8-42.6), and 37.9% (95% Cl, 6.3-71.1) by the
age of 90, respectively (Figure 2C). Combining all other P/LP
variants, P/LP germ line variants showed a similar R, profile
(Figure 2C). No significant difference in R, was observed
between truncating and nontruncating variants (Figure 2D).
Finally, subtracting R_ (<3.3%), which was estimated from first-
degree relatives of DDX41-WT patients and therefore over-
estimated actual R_, we projected the expected average
penetrance (S = 2R, — R_) for P/LP DDX41 germ line variants as
10.7% (95% Cl, 1.8-20.3) and 49.3% (95% Cl, 29.8-68.2) by the
age of 60 and 90 years, respectively (Figure 2E). The pene-
trance in carriers of major variants, including p.D140fs, p.M1l,
and p.A500fs, reached as high as 53.9% (95% Cl, 15.4-95.8),
44.1% (95% Cl, 10.2-84.0), and 72.5% (95% Cl, 5.2-141) by the
age of 90, respectively (Figure 2F). Combining all other P/LP
variants, P/LP germ line variants showed a comparable pene-
trance of 47.3% (95% Cl, 21.6-74.0) (Figure 2F). Notably, no
significant difference was observed between truncating and
nontruncating variants (Figure 2G).
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Figure 2. DDX41-variant-associated risk of MN development. (A) Enrichment of 10 major germ line DDX41 alleles in 4461 Japanese cases with MNs compared with 20 238
cases from ethnicity-matched controls. ORs are plotted with 95% Cls for each allele. (B-D) Cumulative incidence of MNs calculated by Fine-Gray test of ages at disease onset
and death in the first-degree relatives of MN cases with (red) or without (blue) germ line DDX41 mutations are shown in the whole kin cohorts (B), in each P/LP variant (C), and
truncating vs nontruncating variants (D). (E-G) Cumulative incidences of MNs in carriers of DDX41 risk alleles estimated by kin-cohort analysis are demonstrated in the whole
kin cohorts (E), in each P/LP variant (F), and truncating vs nontruncating variants (G).

Effect of DDX41 variants on hematological
phenotype

Overall, 3.8% of MN cases had P/LP germ line and/or somatic
DDX41 variants (Table 1 and supplemental Table 3). The esti-
mated frequency of DDX41 mutations was highest in sSAML and
higher-risk MDS (HR-MDS), followed by lower-risk MDS
(LR-MDS), primary AML, and MDS/MPN. Mutations were rarely
found in MPN cases (Figure 3A). After disease subtypes were
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stratified, DDX41 mutations were found to be more frequent
among Japanese than in Caucasian cases (Figure 4A-C and
supplemental Figure 6A), likely explained by a higher preva-
lence of P/LP DDX41 alleles in the former population
(Figure 4D). The distribution of germ line DDX41 variants also
showed geographical/ethnic
example, p.A500fs was most prevalent in Japan and Korea but
not found in Western countries. The p.D140fs was the major

substantial variations.  For
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Figure 2 (continued)

germ line variant in United Kingdom, United States, and France,
but was rarely encountered in other European countries and
was not detected at all in Asians, whereas p.M1l was more
widely observed across multiple Western countries, suggesting
an older ancestral history (Figure 4E; supplemental Table 5). No
significant geographical variations were observed in somatic
DDX41 variants (Figure 4E).

The elevated mutation frequency in sAML and HR-MDS was in
large part explained by truncating variants (Figure 3A and
supplemental Figure 6B). DDX41-mutated cases had lower
white blood cell counts than WT counterparts, and except in LR-
MDS cases, had reduced BM cellularity, nucleated cell, and
megakaryocyte counts (Figure 3B-C). In HR-MDS and sAML,
DDX41-mutants had higher erythroblast counts than WT cases
(Figure 3C and supplemental Figure 7A). Although BM blasts
were slightly increased in DDX41-mutated than unmutated
cases among HR-MDS, a lower percentage was registered
among sAML cases (Figure 3C), which was more conspicuous in
cases with truncating than nontruncating variants (supplemental
Figure 7A). Moreover, DDX41-mutated MDS cases were more
likely classified into higher IPSS-R risk groups than DDX41-WT
cases (supplemental Figure 7B).

DDX41 MUTATIONS DEFINE A UNIQUE MN SUBTYPE

Gender distributions in DDX41-mutated MNs

We noticed a strong male predominance in both DDX41-
mutated (79.4%) and WT (61.2%) cohorts, which however,
was more remarkable among DDX471-mutated cases
(P =193 x 107'%; OR, 2.45; 95% Cl, 1.87-3.24) (Figure 3D).
Remarkably, no difference in gender distribution was found
between healthy individuals with and without DDX41 risk alleles
(supplemental Table 6). A male dominance was observed across
all disease subtypes including LR-MDS (P = 3.53 x 107%; OR,
2.42; 95% Cl, 1.28-4.89), HR-MDS (P = 5.53 x 1077, OR, 3.15;
95% Cl, 1.92-5.43), sSAML (P = 4.26 x 107%; OR, 1.71; 95% ClI,
1.01-2.97), and primary AML (P = 2.60 x 1072, OR, 2.58: 95% Cl,
1.07-7.18) (supplemental Figure 8A). Accordingly, looking at the
risk of developing MNs in terms of enrichment of P/LP variants in
MN vs general population, an increase was observed in males
(OR, 20.7; 95% Cl, 10.9-41.0) as opposed to females (OR, 5.00;
95% Cl, 2.27-10.9), although the enrichment was still highly
significant in females (Figure 3E). Similarly, the penetrance
associated with DDX41 risk alleles was significantly higher in
male than female (P=8.05 x 1073), achieving 52.5% vs 28.7% by
the age of 85 years, respectively (Figure 3F). Notably, the fre-
quency of each DDX4 1 risk allele was not different between male
and female in the general population (supplemental Table 6).
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Figure 3. Demographic features of DDX41-mutated patients. (A) Frequency of DDX41-mutated patients in different subtypes of MNs including LR- and HR-MDS, sAML,
PAML, MDS/MPN, and MPN with DDX41-mutation status in terms of mono vs biallelic and truncating vs nontruncating variants. (B-C) Comparison of WBC counts, BM NCC,
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test. NCC, nucleated cell counts; pAML, primary AML.

Unique comutation patterns of DDX41 mutations

In the current study, patients were enrolled from multiple
institutes and hospitals and therefore, they were analyzed for
gene mutations using different targeted gene panels. These
included DDX41 and additional 36 common genes, which are
most frequently mutated in MNs (supplemental Table 2).
Overall, 85% of DDX41-mutated cases had 1 or more somatic
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driver mutations or CNAs implicated in MNs (supplemental
Figures 9-10), with somatic DDX41 mutations representing the
only detectable acquired driver mutations in 15% of such cases
(supplemental Figure 9B). No known alterations in myeloid
drivers or CNAs other than the germ line DDX41 mutation were
detected instead in the remaining 15%. Including somatic
DDX41 mutations, patients with DDX41 mutation had a higher
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Figure 3 (continued)

number of somatic mutations than DDX41-WT patients
(supplemental Figure 9C). Looking at cytogenetics, the majority
of the patients with DDX41 mutation harbored a normal kar-
yotype (66.9% vs 48.2% in WT cases; OR, 2.17; 95% Cl, 1.65-
2.87; P =7.08 x 107°) overall and in each disease phenotype
(supplemental Figure 10). Excluding DDX41, the most frequent
targets of somatic mutations associated with germ line DDX41
lesions included ASXL1, TP53, CUX1, SRSF2, TET2, and
DNMT3A, of which CUXT mutations were more enriched in
cases with biallelic DDX41 configurations (supplemental
Figure 9D). Compared with WT cases, DDX41-mutants
showed an over-representation of GNAS and CUXT mutations
and under-representation of STAG2, NRAS, NPM1, SF3B1, and
TET2 mutations, and the trend was largely similar across
different MN subtypes (Figure 5A and supplemental Figure 11).
Previously, we reported unique sets of driver mutations impli-
cated in leukemic progression of MDS, designated as “Type-1"
and "Type-2,” which were found to be enriched in sAML and
HR-MDS compared with HR- and LR-MDS, respectively.””
Intriguingly, none of these mutations was enriched in SAML or
HR-MDS in respective comparisons (Figure 5B and
supplemental Figure 12). In line with this, in an analysis of
longitudinal samples during progression to sAML (n = 48),
DDX41-WT patients with MDS were more likely to acquire than
lose driver mutations, particularly of the Type-1, whereas none
of the DDX41-mutated patients with MDS acquired new driver
alterations (Figure 5C and supplemental Figure 13). These

DDX41 MUTATIONS DEFINE A UNIQUE MN SUBTYPE

observations imply the presence of a distinct mechanism of
disease progression in DDX4 1-mutated MDS. The size of tumor
clones as inferred from the largest variant allele frequency of
somatic mutations was substantially smaller in patients with
biallelic DDX41 mutations or somatic mutations alone,
compared with that in those with monoallelic mutations or
DDX41-WT cases (supplemental Figure 14). Notably, the size of
the somatic DDX41-mutant clones tended to be larger than that
of other driver mutations (Figure 5D), suggesting that the
acquisition of the second, somatic DDX41 mutation preceded
phenomena of clonal evolution.

Clinical effects of DDX41 mutations

As a whole, DDX41-mutated cases progressed to sAML faster
than DDX41-WT (supplemental Figure 15A). However, the
effect was confined to P/LP germ line truncating variants. In
sharp contrast to such faster AML progression, the leukemic
evolution in patients carrying P/LP germ line nontruncating
variants or with somatic mutation alone was no faster than that
in DDX41-WT cases (Figure 6A). This is in accordance with a
significant enrichment of truncating variants in HR-MDS and
sAML compared with LR-MDS (supplemental Figure 6B).
However, in multivariable analysis including all MDS cases, the
effect of truncating variants on leukemia progression was
independent of the effects of disease subtype and IPSS-R. By
contrast, within DDX47-mutated MDS cases alone, the
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Figure 4. Geographic distribution of P/LP germ line variants and somatic mutations in DDX41. (A-C) Disease-specific frequencies of DDX41 variants in different
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presence of truncating variants remained the only significant
predictor of AML progression (supplemental Table 7). Despite
such a large difference in the effect on leukemia progression,
OS was similar between P/LP germ line truncating and non-
truncating variants (Figure 6B). Analogous results were found
when looking at OS in different disease subtypes and IPSS-R/
M subgroups with, if ever, a much less conspicuous difference
among DDX41-mutated than among DDX41-WT cases
(Figure 6C and supplemental Figure 15B-E). Overall, OS of
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patients with DDX41 mutation was better than that of patients
with DDX41-WT HR-MDS/sAML and comparable to that of
patients with DDX41-WT LR-MDS (Figure 6C and
supplemental Figure 15F), regardless of treatments including
hypomethylating agent (HMA), chemotherapy, and HSCT
(supplemental Figures 16-19). Although 63.8% of cases in our
cohort received both chemotherapy and HMA treatments,
such a better prognostic impact of receiving HMA treatments
was observed in patients with DDX41-mutation (supplemental
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Figure 19), even when studying patients underwent HSCT
(supplemental Figure 18B). These results suggest that the
better prognosis in patients with DDX41-mutation might be
associated with effectiveness of HMA treatment. With regard

DDX41 MUTATIONS DEFINE A UNIQUE MN SUBTYPE

to other prognostic factors, the impact of other well-known
predictors of OS in unselected MDS cases was not recapitu-
lated in our DDX41-mutated study cohort. For instance,
even multihit TP53 status did not negatively affect OS of
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DDX41-mutants (Figure 6D and supplemental Figure 20A).
Similarly, no other mutation influenced patients’ outcomes
(supplemental Figure 20B).

Discussion

By taking advantage of a large multinational cohort, our study
significantly advances our understanding of DDX4 1-mutated MNss.

We estimated for the size of the leukemia predisposition
ascribed to major DDX41 germ line variants through the ana-
lyses of large case-control cohorts and first-degree relatives of
DDX41-mutated and unmutated probands, providing instru-
mental information for the precise management of patients with
DDX41-mutation and relatives. Accounting for ~80% of known
leukemia predisposition variants in Japanese cases, P/LP
DDX41 variants were 10 times more enriched in MN cases
compared with controls and conferred an ~50% life-time risk of
leukemia development. The risk is almost negligible up to the
age of 40 but rapidly increases to 25% and 49% by the age of
70 and 90, respectively, when many carriers may die of non-
leukemic causes. Together with the significantly older age of
onset compared with other leukemia predisposition genes, this
further highlights the unique association of DDX41 with late-
onset MNs.”">'® Therefore, it is paramount to routinely
screen for germ line variants of DDX41, which should be
included in molecular profiling panels for elderly patients with
MNs, particularly those with higher-risk diseases. It should also
be kept in mind that only 44 out of our 292 patients with MN
with germ line DDX41 variants had confirmed family history,
further emphasizing how the late-onset phenomenon may
affect the recognition of this inherited trait.

Furthermore, the large difference in leukemia progression
between truncating and nontruncating variants is another major
finding. Curiously, despite this large difference in leukemia
progression, OS of both variant types did not differ substantially.
This indicates that leukemia progression may not necessarily
predict a poor OS among patients with DDX41-truncating vari-
ants and/or that nonleukemic mortality contributes more to OS
than leukemia progression. Moreover, we noted that DDX41-
mutant SAML cases have lower blast counts than DDX41-WT
sAML cases, suggesting that disease progression of patients with
DDX41-truncating variants tends to be stable, keeping relatively
low blast counts, even after leukemia progression.

As previously reported,”'#"*"¢?? we noticed a strong male
predominance in both DDX41-mutated and WT cohorts, which
was more remarkable among DDX41-mutated cases. Accord-
ingly, when considering the enrichment of P/LP variants in MN
vs general population as a surrogate for the risk of developing
MNs, an increase was observed in males as opposed to
females. Similarly, the penetrance associated with DDX41 risk
alleles was significantly higher in male than in female subjects.
Nevertheless, the frequency of each major DDX41 risk allele did
not differ between genders in the general population.
Furthermore, no difference in gender distribution was found
between healthy individuals with and without DDX41 risk
alleles. Taken together, these results suggest that DDX41 P/LP
variants have a larger effect on predisposition to MNs in males
than in females.

DDX41 MUTATIONS DEFINE A UNIQUE MN SUBTYPE

Finally, we elucidated many previously unknown features
germane to DDX41-mutated MNs. These tumors show unique
hematological phenotypes, including higher degrees of
peripheral cytopenia, BM hypocellularity, and erythroid skew-
ing. In addition, they have better OS, which unlike in DDX41-
WT cases, does not seem to be substantially affected by IPSS-R/
M disease subtype, or even the state of TP53 mutations,
although it is important for these findings to be confirmed in
independent cohorts in future studies. DDX41-mutated cases
have a distinct comutation pattern, compared with DDX41-WT
cases, characterized by a higher frequency of CUXT mutations
and lower frequencies of many of other mutations commonly
seen in WT cases, regardless of disease subtype. For example,
the enrichment of AML-associated Type-1 mutations typically
observed in progression from HR-MDS to sAML?® was not
recapitulated in DDX41-mutants, suggesting a distinct mecha-
nism of leukemia transformation. In this scenario, AML pro-
gression is not associated with mutations in RAS pathway and
other signaling molecules (NPM1/IDH1/2), almost a rule in
patients with DDX41-WT MDS. Taken together, apart from the
impact of heritability, these findings highlight the relevance of
correctly recognizing DDX41-mutation status in the manage-
ment of patients with MN.

Although we acknowledge that the retrospective study design
is one of the major caveats of the current study, we believe that
the findings presented here are of extreme clinical importance.
Our data emphasize the need for recognition of the importance
of germ line predisposition to MNs, now feasible thanks to the
more widespread adaptation of germ line genetic testing in
individuals with MNs and their family members.
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