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SUMMARY

DDX41 mutations are the most common germline alterations in adult myelodysplastic syndromes (MDSs).
The majority of affected individuals harbor germline monoallelic frameshift DDX41 mutations and subse-
quently acquire somatic mutations in their other DDX41 allele, typically missense R525H. Hematopoietic pro-
genitor cells (HPCs) with biallelic frameshift and R525H mutations undergo cell cycle arrest and apoptosis,
causing bone marrow failure in mice. Mechanistically, DDX41 is essential for small nucleolar RNA (snoRNA)
processing, ribosome assembly, and protein synthesis. Although monoallelic DDX41 mutations do not affect
hematopoiesis in young mice, a subset of aged mice develops features of MDS. Biallelic mutations in DDX41
are observed at a low frequency in non-dominant hematopoietic stem cell clones in bone marrow (BM) from
individuals with MDS. Mice chimeric for monoallelic DDX41 mutant BM cells and a minor population of bial-
lelic mutant BM cells develop hematopoietic defects at a younger age, suggesting that biallelic DDX41
mutant cells are disease modifying in the context of monoallelic DDX41 mutant BM.

INTRODUCTION

Myelodysplastic syndromes (MDSs) are bone marrow (BM) failure
disorders derived from abnormal hematopoietic stem cells (HSCs)
that give rise to dysplastic myeloid cells and cause multilineage
blood cytopenias (Gangat et al., 2016). MDS can transform to sec-
ondary acute myeloid leukemia (AML), which has a poor prognosis
(Sperling et al., 2017). Germline heterozygous mutations in
DDX41, a DEAD-box RNA helicase gene, cause inherited suscep-
tibility to adult MDS and/or AML with a median age of disease
onset of 69 years (Polprasert et al., 2015; Lewinsohn et al., 2016;
Cardoso et al.,, 2016; Li et al., 2016; Quesada et al., 2019).
DDX41 mutation carriers also have an increased incidence of idio-
pathic cytopenia of undetermined significance (ICUS), suggesting
that germline DDX41 mutations predispose to BM defects prior to
MDS/AML (Choi et al., 2021). MDS in individuals with DDX41 mu-
tations is unique in that the BM is often hypocellular, whereas adult
MDS is typically hypercellular (Choi et al., 2021).

Many functions have been ascribed to DDX41, and, thus, the
role of these mutations in MDS pathogenesis remains unde-
fined. In dendritic cells and macrophages, DDX41 responds

1966 Cell Stem Cell 28, 1966-1981, November 4, 2021 © 2021 Elsevier Inc.

to cytosolic viral ligands, such as dsDNA, and induces innate
immune signaling through STING (Lee et al., 2015; Zhang
et al., 2011; Parvatiyar et al., 2012). DDX41 is also thought to
function in splicing, RNA:DNA hybrid accumulation, and ribo-
somal RNA transcription (Polprasert et al., 2015; Kadono
et al., 2016; Weinreb et al., 2021). The most common germline
mutations in individuals with DDX41 MDS are frameshift muta-
tions at aspartic acid (D) 52 or D140, which likely result in an
inactive protein (Cheah et al., 2017). The majority of these indi-
viduals also acquire a somatic mutation at arginine 525 to his-
tidine (R525H) in their residual DDX41 allele (Polprasert et al.,
2015; Sébert et al., 2019; Qu et al., 2021). The mutation at
R525 diminishes the ATPase function of the helicase domain,
indicating that both DDX41 alleles encode inactive or hypomor-
phic proteins in the somatically acquired biallelic DDX41 mutant
cells (Kadono et al., 2016). These observations suggest that
decreased function of DDX41 promotes hematopoietic cell de-
fects associated with the pathogenesis of MDS. Here we set
out to determine the effect of DDX41 mutations on hematopoi-
etic stem and progenitor cells (HSPCs) to better understand
their role in disease. We show that DDX41 is required for small

Gheck for
Updaies


mailto:daniel.starczynowski@cchmc.org
https://doi.org/10.1016/j.stem.2021.08.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stem.2021.08.004&domain=pdf

Cell Stem Cell ¢? CellP’ress

A Qs2fs D140fs R525H Cc D
bERD e [ | Dax41 +h
1 56 122 181209 409 567 622 / / / K|/ KV G R S
++  +- - + -
Human DDx41 | % 9% - e
mutant protein _— - R525H I— — _n e |Ddx41 "
" A A
Mouse Ddx41 01 Ddx4 1fored (exon7-0) |- — — — — |Actin W (‘\\\‘a \
mutant protein 62222 ° R525H Lin- BM MJ
G
Ddx4 1% (+/- or -/-) Stop WBC
|
A ---6—Pp—7—8—9—Pp—10---17-
loxP loxP
Ddx4 17525 (K1)
R525  Stop R525H  Stop
f | |
—10—11—p—  cDNA12:17 vuTR-}—12—13—14—.—1s—17-
loxP loxP
E
Tam \
o M, @+ BWPB analysi 0
analysis .
Ddxd 11erki 4 ++ 4= <= KI+KI- ++ 4 - KKl +4+ -+ - KI+KI-
H
F 100 ] Kl/+ Kil/-
g 75 - +/+ - -
g - +/- £
2 hd
£ 50 -
g —Kl/+
@ 27 Kl s
Ko}
0 & T T 1 &
0 2 4 6 8
Weeks (post BMT)
|
\ Tam
— & —PBMT —Qn —-—}““l BM/P_B K
Ddx41forki 0 4wk analysis WBC RBC PLT
J 100
5 - +/+
% ey - +/- | :J
> "g B
2 50 Sl = 2
®
] —Kl/+
o3 Kl/-
$ 254 —Kil/-
0 0
0 T T T T 1 +H+ +- - K+ KI- +H+ 4 - Kl+ K- H+ - o= K+ K-
0 5 10 15 20 25 (sick)  (sick) (sick)  (sick) (sick)  (sick)
Weeks (post Tam)
L M N (0]
2
200 N g0 Q75 $ 20.
@ = -
P - w 7 23,
3 26 e” gs
g 8, - £z
3 s = 2% =
S D2 g 85 °
£ o 5=
++ /- 7 K]‘/+ KYII - CI ] ] i go GG,SG, GG,SG, GG,SG. & 0
- - - e .5, G656, GG,SG, GG,SG, GG SC, B S s KUE I

Figure 1. DDX41 function is required for hematopoiesis

(A) Structure of mouse and human DDX41.

(B) Schematic of Ddx41 floxed and Ddx41752%" conditional knockin (KI) alleles.

(C) Protein expression in Lin— BM cells treated with 4-OH-tamoxifen.

(D) Sequencing of cDNA from 4-OH-tamoxifen-treated Lin— BM cells.

(E) Tamoxifen injection schedule prior to BM transplantation.

(F) Kaplan-Meier analysis of mice transplanted with BM cells from the indicated mice (4 mice per group).
(G and H) Blood counts (*p < 0.0001), H&E-stained femur and spleen, and Wright-Giemsa-stained blood smears of mice 15 days after transplantation or at time of
sacrifice. Scale bars, 100 um.

(I) Tamoxifen injection schedule after BM transplantation.

(J) Kaplan-Meier analysis of mice transplanted with BM cells from the indicated mice (5 mice per group).

(legend continued on next page)
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nucleolar RNA (snoRNA) processing and snoRNA-mediated
ribosomal RNA pseudouridylation in HSPCs. We also report
that biallelic DDX41 mutant HSPCs exhibit reduced protein
synthesis and are a disease-modifying minor clone in the
context of monoallelic DDX41 mutant BM. Our findings suggest
that co-existence of monoallelic and biallelic DDX41 mutant
cells contributes to hematopoietic defects in DDX41-mutated
individuals.

RESULTS

DDX41 function is critical for hematopoiesis and HSPC
proliferation and viability

To recapitulate the DDX41 frameshift mutation at D140 that
is present in the germline of the majority of individuals with
inherited susceptibility to MDS, we generated a conditional
knockout mouse where exons 7-9 of Ddx41 are floxed
(Ddx41%°%), resulting in a truncated non-expressed peptide (Fig-
ures 1A and 1B). Because DDX41 individuals often acquire a
second somatic mutation in DDX41 at R525H, we also generated
a conditional Ddx417%2%H knockin (KI) mouse by inserting a
floxed wild-type cDNA cassette coding for exons 12-17 of
Ddx41 into intron 11 of the endogenous gene and then creating
a mutation in exon 15 to code for R525H (Figure 1B). After Cre
expression, the wild-type Ddx41 cassette is excised, allowing
expression of Ddx417%%%" from the endogenous allele (Fig-
ure 1B). To model the genetics of individuals with DDX41, we
crossed Ddx41752%" mice with Ddx411°* and Rosa26-CreERT2
mice, resulting in mice with combined loss-of-function (flox)
and R525H (KI) mutations upon tamoxifen-inducible Cre activa-
tion (hereafter called KI/—). To confirm expression of the Ddx41
alleles, we harvested lineage-negative (Lin—) BM cells from
Ddx41"* or Ddx41<1°*:Rosa26-CreERT2 mice and treated
the cells with 4-OH-tamoxifen in vitro. We confirmed the ex-
pected Ddx41 cDNA sequence in each genotype and protein
expression in Lin— BM cells (Figures 1C and 1D; Figure S1A).
To determine the requirement of Ddx41 for hematopoietic func-
tion, we first assessed hematopoietic reconstitution in lethally
irradiated recipient mice. BM cells isolated from wild-type
(+/+), Ddx41%°% (+/— or —/—=), and Ddx41¥' (KI/+ or KI/—) mice
administered tamoxifen daily for 3 days were transplanted into
lethally irradiated recipient mice (Figure 1E). All mice reconsti-
tuted with BM cells from biallelic mutant Ddx41~/~ or Ddx41"V~
mice died within 20 days from BM failure (BMF) (Figure 1F). In
contrast, mice reconstituted with BM cells from monoallelic
mutant Ddx41*~ or Ddx41X"* mice survived for the duration of
the experiment and were indistinguishable from Ddx41*/*
mice. Mice reconstituted with BM cells from biallelic mutant
Ddx41~'~ or Ddx41X"~ mice exhibited hypocellular BM, extra-
medullary hematopoiesis, and pancytopenia (Figures 1G and
1H). However, mice reconstituted with Ddx41*"*, Ddx41*/~, or
Ddx41K"* BM cells had comparable BM and spleen pathology
and did not exhibit significant changes in PB counts up to
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12 weeks (Figure S1B). These findings indicate that Ddx41 is
required for regeneration of hematopoiesis, whereas a single
copy of Ddx41 is sufficient for maintaining hematopoiesis
without evidence of hematologic disease for up to 12 weeks.
We excluded defective HSPC homing to the BM as a reason
for hematopoietic failure in mice transplanted with DDX41-defi-
cient BM cells (Figure S1C). To determine the requirement of
Ddx41 for hematopoiesis after engraftment of BM cells has
been established, we transplanted recipients with BM cells
from wild-type and monoallelic and biallelic Ddx41 mutant
mice, allowed the BM to engraft for 4 weeks, and then treated
mice with tamoxifen (Figure 11). 10-18 weeks after tamoxifen
treatment, a subset of Ddx41~~ or Ddx41X"~ mice became
moribund because of pancytopenia (Figures 1J and 1K). These
mice also exhibited hypocellular BM and extramedullary hema-
topoiesis in the spleen, suggestive of BMF (Figure S1D). The sur-
viving Ddx47~/~ or Ddx41%~ mice had one unexcised Ddx41
allele, indicating strong selection for cells escaping excision of
both Ddx41 alleles (Figure S1E).

To investigate the reason for the rapid BMF following deletion
of DDX41, we next assessed hematopoietic progenitor cell
(HPC) function in vitro by isolating Lin— BM cells. Wild-type,
Ddx41*~, or Ddx41X"* HPCs formed equivalent numbers of col-
onies in methylcellulose (Figure 1L) and grew in liquid culture at
similar rates (Figure 1M). In contrast, Ddx41~/~ and Ddx41K/~
Lin— BM cells were incapable of forming colonies and failed to
expand in liquid culture (Figures 1L and 1M). The impaired func-
tion and proliferation of Ddx41~/~ and Ddx41X"~ HPCs were due
to significant G1 cell cycle arrest (Figure 1N) and increased
apoptosis (Figure 10). To assess whether the requirement for
Ddx41 extends to leukemic cells, we immortalized Lin— cells
from wild-type and Ddx41 mutant mice by retroviral expression
of the KMT2A/MLL1-AF9 fusion gene, which induces a Hox
gene expression program commonly implicated in AML, referred
to here as leukemic stem/progenitor cells (LSPCs ) (Figure S1F).
Consistent with the requirement of Ddx41 in normal HSPCs, we
found that Ddx41 is also required for LSPC proliferation and sur-
vival (Figures S1G-S1l). Upon loss of Ddx41 or expression of
Ddx41752%1 | SPCs underwent significant cell cycle arrest and
apoptosis (Figures STH and S1l). Cell viability observed 48 h af-
ter tamoxifen was comparable between wild-type and Ddx41
mutant LSPCs (Figure S1l), whereas at 72 h, the viability of
Ddx41~’~ and Ddx41%"~ LSPCs decreased significantly (Fig-
ure S1l). These findings suggest that the function of DDX41 is
required for proliferating HSPCs. Ddx41*~ LSPCs were indistin-
guishable from wild-type LSPCs in these assays, indicating that
a single copy of DDX41 is sufficient to maintain the function of
these cells. To confirm these observations, we expressed wild-
type or DDX417%2%H in Ddx41~/~ LSPCs (from Figure S1J). We
found that Ddx41~/~ LSPC growth was rescued by expression
of wild-type DDX41 but not the R525H mutant (Figure S1K).
Last, to evaluate the requirement of DDX41 in human AML,
we expressed short hairpin RNAs (shRNAs) targeting DDX41

(K) Blood counts of transplanted mice 12 weeks after tamoxifen or at time of sacrifice (‘p < 0.0001).

(L) Myeloid colony formation of Lin— BM cells (*p < 0.0001).
(M) Viable cell counts of Lin— BM cells in liquid culture (*p < 0.05).

(N and O) Cell cycle analysis (*p < 0.0001) and Annexin V staining (*p < 0.05) of Lin— BM cells 72 h after tamoxifen (n = 3 per group).
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Figure 2. DDX41 haploinsufficiency confers an HSPC competitive advantage

A) Tamoxifen injection schedule of competitive BM transplants.

C) Percentage of CD45.2+ cells in the blood of competitive transplant recipients over 16 weeks (“p < 0.05, n = 7 mice per group).
D) Percent CD45.2+ in BM mononuclear cells (MNCs) and LSK of competitive transplant recipient mice 16 weeks after tamoxifen (*p < 0.01, n = 7 mice per group).
(E) Percent CD45.2+ in BM LT-HSCs (LSK CD48—CD150+), HPC-1 (LSK CD48+CD150—), HPC-2 (LSK CD48+CD150+), and MPPs (LSK CD48—CD150-) of

(
(B) Representative flow cytometry plots of blood.
(
(

competitive transplant recipient mice 16 weeks after tamoxifen (*p < 0.05).

(F) Percentage of CD45.2+ cells in the blood of secondary transplant recipients over 16 weeks (*p < 0.01, n = 3 mice per group).
(G) Percent CD45.2+ in BM MNCs of secondary competitive transplant recipient mice 16 weeks after tamoxifen (*p < 0.01).
(H) Percent CD45.2+ in the LSK gate of secondary competitive transplant recipient mice 16 weeks after tamoxifen (“p < 0.05).

(shDDX41) in a human AML cell line (THP1) (Figure S1L). We
found that THP1 cells expressing shDDX41 failed to proliferate
and had increased apoptosis compared with non-targeting con-
trol shRNA-expressing cells (Figures S1M and S1N). These find-
ings indicate that DDX41 expression and activity are required for
the viability, proliferation, and function of normal and leukemic
hematopoietic cells.

Monoallelic mutations of DDX41 confer an HSPC
competitive advantage

To determine the consequences of the monoallelic and biallelic
Ddx41 mutations on HSPC function, we performed competitive
BM transplants by engrafting equal numbers of CD45.2+
Ddx41%1* (+/— or —/—) and Ddx41¥' (KI/+ or KI/—);Rosa26-
CreERT2 cells with CD45.1+ competitor BM cells into lethally
irradiated CD45.1+ recipient mice (Figure 2A). Four weeks after
engraftment, chimeric mice were administered tamoxifen to
induce recombination of the floxed alleles and then examined
for 16 weeks (Figure 2A). The chimerism of biallelic Ddx41

mutant (—/— and Kl/—) peripheral blood (PB) cells diminished
from ~50% to 15% after 16 weeks (Figures 2B and 2C). In the
BM, the chimerism of Ddx41~/~ and Ddx41X"~ mononuclear
cells (MNCs) and Lin—cKit+Sca1+ (LSK) HSPCs was reduced
significantly at 16 weeks (Figure 2D). In addition, the proportions
of LT-HSCs, HPC-1, HPC-2, and MPP populations were also
reduced in chimeric mice reconstituted with Ddx41~/~ and
Ddx41%"~ BM cells compared with Ddx41*"* chimeric mice (Fig-
ure 2E). These findings suggest that DDX41 expression and ac-
tivity are required for HSPC function in vivo. In contrast, the
chimerism of monoallelic Ddx41 mutant (+/— and Kl/+) PB cells
increased progressively from ~50% to 70% after 16 weeks (Fig-
ure 2C). Moreover, the BM chimerism of Ddx41*/~ and Ddx41K/*
HSPCs (LSK, HPC-1, and MPP), and HSCs (LT-HSCs) was
increased modestly at 16 weeks (Figures 2D and 2E). In a sec-
ondary BM transplant, the chimerism of Ddx41*/~ and Ddx41K/*
MNCs in the PB and BM and HSPCs (LSK) within the BM re-
mained elevated compared with wild-type cells (Figures 2F
and 2G). These data indicate that Ddx41 is required for HSPC
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function and that loss of a single allele of Ddx41 confers a
competitive HSPC advantage.

Monoallelic mutations of DDX41 causes age-dependent
hematopoietic defects

Individuals with heterozygous germline DDX41 mutations typi-
cally develop disease in adulthood; therefore, we wanted to
find out whether mice with monoallelic-Ddx41 mutant BM cells
develop hematopoietic defects upon aging. BM cells isolated
from wild-type, Ddx41*/f (+/—), and Ddx41%"* (KI/+) mice admin-
istered tamoxifen daily for 3 days were transplanted into lethally
irradiated recipient mice (as in Figure 1L) and then examined for
15 months. Although there was no survival difference between
the groups, characterization of the mice at termination of the
experiment revealed hematopoietic defects in mice engrafted
with Ddx41*~ BM cells. Anemia, thrombocytopenia, and
a myeloid cell bias were observed in Ddx41*/~ recipients
compared with Ddx41*"* recipients (Figures 3A and 3B). The
Ddx41*/~ group also had reduced BM cellularity and enlarged
spleens (Figures 3C and 3D). We did not observe a significant dif-
ference in the relative proportions of HSPCs or mature cells in the
BM between each group (Figures 3E-3G). Mice engrafted with
Ddx41*~ BM cells developed hypocellular BM with evidence
of dysplastic neutrophils (Figure 3H). These mice also exhibited
extramedullary hematopoiesis in the spleen associated with
myeloid expansion compared with mice engrafted with wild-
type or Ddx41<V* BM cells (Figure 3H). We did not observe evi-
dence of leukemic blasts in mice engrafted with Ddx41*/~ or
Ddx41K"* BM cells (Figure 3H). These observations suggest
that mice engrafted with Ddx41*/~ BM cells upon aging exhibit
impaired hematopoiesis with features resembling human ICUS
and MDS but without evidence of overt AML. Interestingly,
mice engrafted with Ddx41%"* BM cells did not have the same
hematopoietic defects as mice engrafted with Ddx41*~ BM
cells, suggesting that the R525H mutation is not functionally
equivalent to the frameshift loss-of-function allele.

To exclude the possibility that the timing of Ddx41 mutant
expression affects hematopoietic defects and disease develop-
ment in mice, we also evaluated mice engrafted with BM cells
in which Cre-mediated recombination of the Ddx41 allele was
induced following BM engraftment. BM cells isolated from
wild-type (+/+) and Ddx41*'" (+/—) mice were transplanted into
lethally irradiated recipient mice and, after 4 weeks, were admin-
istered tamoxifen (Figure S2A). A subset (6 of 16) of Ddx41*/~
mice developed variable hematopoietic abnormalities in the first
150 days, and another group became moribund 1 year after
transplantation (Figure S2B). Examination of all remaining mice
15 months after tamoxifen administration revealed that the
Ddx41*~ group was anemic and thrombocytopenic and ex-
hibited reduced BM cellularity, an enlarged spleen, and variable
expansion of neutrophils compared with Ddx41*/* mice (Figures
S2C-S2E). The spleen showed an increased percentage of
myeloid cells in Ddx41*/~ mice compared with Ddx41** mice
(Figure S2F). Histological examination revealed dysplastic
myeloid cells in the BM and fewer circulating white blood cells
(Figure S2G). These studies indicate that monoallelic DDX41
loss-of-function mutations can contribute to age-dependent
hematopoietic defects, leading to phenotypes that resemble
human disease.
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DDX41 is required for snoRNA processing in HSPCs

To determine the molecular basis of the functional decline of
DDX41 mutant HSPCs, RNA sequencing was performed on
Ddx41** and Ddx41~/~ LSPCs (48 h after treatment with tamox-
ifen). We identified 638 differentially expressed genes between
Ddx41** and Ddx41~/~ LSPCs (2.0-fold, p < 0.05; Table S1).
We found that snoRNAs were overexpressed significantly in
Ddx41~/~ LSPCs (Figure 4A; Figure S3A). snoRNAs are short,
non-polyadenylated, non-coding RNAs that guide small nuclear
ribonucleoprotein complexes (snRNPs) to catalyze chemical
modifications of ribosomal RNA (rRNA) and transfer RNA
(tRNA) (Sloan et al., 2017; Kufel and Grzechnik, 2019). We as-
sessed the expression of all 110 snoRNAs in the mouse genome
and found that nearly all of them had increased expression in
Ddx41~/~ LSPCs compared with Ddx41** LSPCs, with 33 of
them being statistically significant (Figure 4B; Figure S3B). We
also found enrichment of a Reactome snoRNA gene signature
in Ddx41~/~ LSPCs compared with Ddx41** LSPCs (Figure 4C).
We confirmed increased expression of Snora16a, Snora7a, and
Snora70 by gRT-PCR in Lin— BM cells isolated from Ddx41~/~
and Ddx41%~ mice (Figure 4D; Figure S3C). A similar increase
in snoRNA expression was observed in Ddx41~/~ LSPCs and
in human AML cells expressing shRNAs targeting DDX41 (Fig-
ures S3D and S3E). In eukaryotic cells, snoRNAs are encoded
predominantly within introns of host genes. In most cases,
snoRNAs are released from excised, debranched introns by exo-
nucleolytic trimming and/or endonucleolytic cleavage of flanking
intronic RNA (Kufel and Grzechnik, 2019; Figure 4E). We
compared the expression of each snoRNA and its host gene in
Ddx41~~ and Ddx41** HSPCs and found that expression of
the affected snoRNAs in Ddx41~/~ HSPCs was increased rela-
tive to the respective host genes, suggesting that defective
snoRNA processing contributes to the increased abundance of
snoRNAs in DDX41 mutant cells and is not simply due to
increased expression of the respective host genes (Figure 4F).

To explore the function of DDX41 that contributes to increased
abundance of snoRNAs, we assessed global DDX41 binding to
RNAs by employing HyperTRIBE (targets of RNA-binding pro-
teins identified by editing) (Rahman et al., 2018). Expression of
DDX41 fused to the catalytic domain (CD) of ADAR results in
modification of DDX41-bound RNAs from adenosine (A) to iosine
() (Figure 4G). DDX41-ADAR(CD) fusion or just ADAR(CD) alone
(control) was stably expressed in THP1 cells, and then A-I mod-
ifications were identified by RNA sequencing (Rahman et al.,
2018). We identified 1,196 unique edited sites after eliminating
modified sites in control cells and repeat genomic sequences
(Table S2). An analysis of all uniquely modified RNAs in
DDX41-ADAR(CD)-expressing cells revealed that snoRNAs
were the most significantly enriched class of DDX41-bound
RNAs (p = 3.9 x 1074 (Figure 4G). SNORA7A, SNORAT74A,
and SNORD55 were the top snoRNAs modified in DDX41-
ADAR-expressing cells (Table S2). The A-I modification occurred
within the mature snoRNA, suggesting that DDX41 preferentially
binds to snoRNA-containing RNAs (Figure 4G).

To determine the basis of increased snoRNA abundance
observed in Ddx41~~ LSPCs, we examined the read density
at snoRNA loci and found that the flanking intronic regions
were also increased in Ddx41~/~ LSPCs compared with
Ddx41** LSPCs (Figures 4H and 4l). Because the RNA
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Figure 3. Monoallelic Ddx41 mutations causes age-dependent hematopoietic defects

(A) Blood counts 15 months after transplantation (**p < 0.01, *p < 0.05).

(B) Proportion of myeloid and lymphoid MNCs in blood of transplant recipient mice.

(C) Cell counts of 2 tibiae and 1 femur 15 months after transplantation (“p < 0.05).

(D) Spleen weight 15 months after transplantation (*p < 0.05).

(E) Number of LSK cells in the BM of mice 15 months after transplantation.

(F) Number of HSPCs in the BM of mice 15 months after transplantation.

(G) Percent of CD45.2+ mature BM cells 15 months after transplantation.

(H) Histology of mice 15 months after transplantation. BM and spleen sections were H&E stained. Blood and cytospins were stained with Wright-Giemsa. Scale
bars, 100 um.

sequencing samples were selected for polyadenylated mRNAs in DDX41 mutant HSPCs. To determine whether increased
but mature snoRNAs are non-polyadenylated, we posited snoRNA expression in DDX41 mutant HSPCs can be explained
that unprocessed snoRNAs containing intronic reads resulted by incomplete snoRNA processing in the host gene RNA, we
from inefficient processing of the snoRNA-containing introns  performed targeted qPCR ampilification of sequences flanking
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Figure 4. DDX41 is required for snoRNA processing

SNORA70 Ex4

Host gene expression (Log2 FC)

(A) Differentially expressed genes in Ddx41~/~ LSPCs (Ddx41"f + TAM) compared with Ddx41%",

(B) Venn diagram of upregulated genes in Ddx41~/~ LSPCs and the 110 snoRNAs in the mouse genome.

(C) Gene set enrichment analysis for SNORA/D genes in Ddx41~/~ LSPCs versus Ddx41"".

(D) Expression of snoRNAs in Lin— BM cells (“p < 0.05, n = 3 per group from independent biological replicates).

(E) Schematic of snoRNA processing from host gene introns by splicing and exonuclease digestion to form mature snoRNA.

(F) Differential expression of snoRNAs compared with their host genes in Ddx41~/~ and Ddx41** LSPCs.

(G) Schematic of HyperTRIBE analysis for protein-RNA interactions. Enrichment of each RNA ontology in DDX41 HyperTRIBE analysis is shown.

(H and |) Integrative Genomics Viewer (IGV) plots of RNA sequencing (RNA-seq) reads for Snora7a and Snora70 in LSPCs.

(J and K) Relative expression of exon-snoRNA, intron-snoRNA, and exon-exon transcripts at snoRNA host genes in Lin— BM cells as determined by gRT-PCR.

Red arrows indicate the primer locations (*p < 0.05).
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Snora7a within the host gene Rpl32 and Snora70 within the host
gene Rpl10. Based on this analysis, we found that Ddx41~/~
and Ddx41X"~ exhibited increased “snoRNA-exon” and
“snoRNA-intron” amplicons (Figures 4J and 4K). There was
no observed increase in the exon-exon host gene amplicon,
indicating that changes in host gene expression are not respon-
sible for changes in expression of the snoRNA. Importantly, the
host gene PCR products were significantly more abundant than
the snoRNA and snoRNA-exon products. This observation sug-
gests that any defect in snoRNA processing at these genes
does not affect overall host gene expression. Because DDX41
has been implicated in RNA splicing, we explored whether the
snoRNA processing defect is the result of global changes in
RNA splicing upon loss of DDX41. We found negligible changes
in the number of exon exclusion and inclusion events in
Ddx41~'~ or Ddx41*~ LSPCs compared with Ddx41** LSPCs.
However, Ddx41~/~ LSPCs did exhibit an increase in retention
events at 295 introns (Figure S3F). This finding suggests that
intron excision is perturbed at select sites in DDX41-deficient
cells, but the changes are not indicative of genome-wide
splicing defects upon loss of DDX41. We conclude that reduced
function of DDX41 results in a defect in processing of snoRNAs,
likely because of incomplete removal of the intron from the
downstream host gene exon.

To determine whether a defect in processing of intronic
snoRNAs also occurs in human disease, we compared RNA
sequencing data from individuals with MDS with DDX41-
R525H mutations with individuals without alterations in DDX41.
We found significantly increased expression of snoRNA-contain-
ing RNAs in DDX41-R525H mutant MDS cells compared with
MDS cells without alterations in DDX41 (Figure 4L). This increase
in snoRNA expression was independent of host gene expression
(Figure 4M). Examination of the sequencing reads surrounding
the upregulated snoRNA genes showed that flanking intron
sequence reads were increased for select snoRNAs in DDX41-
R525H mutant MDS cells compared with healthy hematopoietic
cells (Figure 4N). For example, aberrant SNORA70 processing in
DDX41-R525H mutant MDS was similar to that observed in
biallelic DDX41-deficient mouse LSPCs (Figure 4l). These data
suggest that snoRNA processing is dysregulated in BM cells of
individuals with DDX41 mutant MDS.

Loss of DDX41-mediated snoRNA processing leads to
ribosome defects and reduced protein synthesis

We next determined whether the snoRNA processing defects
in DDX41-deficient cells results in impaired mature snoRNA
expression and function. In the small RNA fraction, we found
that abundance of mature snoRNAs was decreased in Ddx41~/~
and Ddx41%V~ Lin— BM cells, as determined by qRT-PCR for
Snora7a, Snoral6a, and Snora70 (Figure 5A) and by northern
blot analysis of mature Snora7a (Figure 5B). These findings indi-
cate that loss of DDX41 contributes to impaired mature snoRNA
processing. We next sought to determine whether decreased

¢ CellP’ress

mature snoRNA processing is sufficient to contribute to the func-
tional defects observed in Ddx41-deficient HSPCs. We ex-
pressed shRNAs targeting five independent snoRNAs in wild-
type mouse Lin— BM cells. Knockdown of individual snoRNAs
was sufficient to impair cell proliferation (Figure 5C; Figure S4A),
induce G1 cell cycle arrest (Figure 5D; Figure S4B), decrease cell
viability (Figure 5E; Figure S4C), and reduce hematopoietic dif-
ferentiation of HSPCs (Figure S4D). These defects upon loss of
individual mature snoRNAs in HSPCs are similar to the pheno-
type observed following loss of DDX41 (Figures 1M-10). These
data suggest that decreased expression of mature snoRNAs,
as in Ddx41-deficient cells, likely cause cell cycle arrest and
apoptosis of proliferative HSPCs.

snoRNAs can catalyze sequence-specific chemical modifica-
tions in rRNAs that are essential for ribosome biogenesis and pro-
tein synthesis (Sloan et al., 2017; Taoka et al., 2018). The majority
of the dysregulated snoRNAs identified in DDX41-deficient
HSPCs were from the H/ACA family of snoRNAs (SNORA), which
catalyze rRNA pseudouridylation (Zhao and He, 2015). To deter-
mine whether the abnormal processing of SNORA genes
in DDX41-deficient HSPCs correlates with decreased pseu-
douridine modification in rRNA, we utilized a semiquantitative
approach that measures the abundance of pseudouridine after
treatment of RNA with the chemical N-cyclohexyl-N'-(2-morpho-
linoethyl)carbodiimide methyl-p-toluenesulfonate (CMC). CMC
binds covalently to pseudouridine, which is then detected by a
decrease in the melting curve of the gPCR product (Lei and Yi,
2017; Figure 5F). We examined pseudouridinylation at uridines or-
thologous to human rRNA positions U1779 of 28S rRNA modified
by Snora7a, position U3741 of 28S rRNA modified by Snora74a,
and U406 of 18S rRNAs modified by Snora71. In wild-type cells,
we observed a significant shift in the melting curve of the ampli-
cons targeting U1779 upon treatment with CMC, indicating the
presence of pseudouridine at position U1779 of 28S rRNA (Fig-
ures 5G and 5H). In contrast, the CMC-induced melting curve
shift in Ddx47~~ and Ddx41X"~ LSPCs was less pronounced
compared with control cells (ethanol treated), suggesting that po-
sition U1779 of 28S rRNA does not undergo efficient pseudouridi-
nylation in the absence of wild-type DDX41 (Figures 5G and 5J).
Similarly, we found reduced pseudouridinylation at position
U406 of 18S rRNA and U3741 of 28S rRNA in DDX41-deficient
LSPCs (Figures S4E-S4G). We also conducted primer extension
assays on CMC-treated RNA from Ddx41*"* and Ddx41X"fLSPCs
using fluorescently tagged primers that initiate transcription near
U406 and U3741. The CMC adduct causes transcriptional
pausing, resulting in accumulation of reverse transcription prod-
ucts. The abundance of primer pausing at that position indicates
the relative abundance of pseudouridine at that location. As ex-
pected, we found that Ddx41%V~ cells had less pseudouridine at
these sites as compared with wild-type cells (Figure S4H). These
data suggest that the function of Snora7A and Snora71 is
impaired in biallelic Ddx41 mutant cells, as evidenced by reduced
rRNA pseudouridine modifications.

(L) Expression of snoRNA genes in samples from individuals with MDS with DDX417%2%" (n = 4) or without DDX41 mutations (n = 482) compared with healthy
donors (n = 63). Linear regression lines for DDX41-R525H samples (red line) and MDS samples without DDX41 mutations (black line) are shown (p = 0.002).
(M) Differential expression of snoRNA genes relative to their host genes in samples from individuals with MDS with DDX41752%H (n = 4) compared with healthy
donors (n = 63). The p value represents the likelihood that the slope of the linear regression is equal to 1.

(N) IGV plots of RNA-seq reads at loci for SNORA70 in R525H mutant individuals and healthy controls.
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Figure 5. Loss of DDX41-mediated snoRNA processing leads to ribosomal RNA processing defects
(A) Expression of mature snoRNAs in Lin— BM cells (*p < 0.05).

(B) Northern blot for expression of Snora7a in LSPC (+TAM versus —TAM).

(C) Relative counts of mCherry+ cells in mouse Lin— BM cultures transduced with shRNAs targeting snoRNAs.

(D and E) Cell cycle and Annexin V on mCherry+ cells in mouse Lin— BM cultures transduced with shRNAs targeting snoRNAs (*p < 0.05, n = 3 independent
biological replicates).

(F) gRT-PCR assay to quantitate abundance of pseudouridine in rRNA. CMC covalently binds pseudouridine in RNA and induces a mutation during cDNA
synthesis, which alters the melting temperature of the gPCR product.
(G-1) Melting curves for pseudouridine analysis of U1779 in 28S rRNA in LSPCs (+TAM versus —TAM).

(J) Quantification of the relative difference in the dF/dT for CMC-treated and untreated RNA at 47°C for PCR products encompassing U1779 (*p < 0.05, n =3
independent biological replicates).

rRNA modifications are necessary for efficient processing of we assessed the multi-step processing of rRNAs in Ddx41
the full-length rRNA transcript into its processed forms (Atzorn  mutant LSPCs by performing a northern blot analysis with
et al., 2004; Sloan et al., 2017; Kiss et al., 2004). To determine  probes that recognize the transcribed spacer regions upstream
whether the observed processing defect of snoRNAs and aber-  of and between the mature rRNA sequences (Srivastava et al.,
rant rRNA modification results in impaired formation of rRNAs,  2010; Henras et al., 2015; Figure S4l). We found that Ddx41~/~
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Figure 6. DDX41 loss causes ribosome defects, reduced protein synthesis, and impaired HSPCs

(A and B) Click-IT HPG analysis of protein synthesis rates in Lin— BM cells (“p < 0.05, n = 3 independent biological replicates).
(C) Polysome analysis of LSPCs (+TAM versus —TAM) for 48 h.
(D) Click-IT HPG analysis of protein synthesis rates in Lin— BM cells transduced with shRNAs targeting snoRNAs (*p < 0.05, n = 3 independent biological

replicates).

Un-excised

Ddx41 allele Ddx41 allele

Excised

(E) Relative viability of LSPC (+TAM versus —TAM) treated with puromycin determined by CellTiter-Glo (“p < 0.05, n = 3 independent biological replicates).
(F) CRISPR knockout screen for gRNAs that promote survival of DDX41-deficient Lin— BM cells.
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LSPCs exhibited increased abundance of full-length 45S rRNA
and decreased abundance of 19S and 12S intermediate rRNAs,
indicating a defect of rRNA processing in DDX41 mutant HSPCs
(Figures S4J and S4K). These findings establish a role for DDX41
in rRNA processing, which likely explains its essentiality in prolif-
erating HPCs.

Because rRNA processing is essential for efficient ribosome
formation and mRNA translation, we posited that protein synthe-
sis would be impaired in DDX41-deficient HSPCs. Biallelic
Ddx41 mutant Lin— BM cells had reduced protein synthesis
rates, as indicated by decreased incorporation of the methionine
analog L-homopropargylglycine (HPG), compared with wild-
type cells (Figures 6A and 6B). In contrast, we did not observe
a significant decrease in HPG incorporation in monoallelic
Ddx41 mutant Lin— BM cells (Figures 6A and 6B). Biallelic
Ddx41 mutant LSPCs and human AML cells expressing shRNAs
targeting DDX41 also exhibited a reduction in protein synthesis
(Figures S5A and S5B). The observed reduced protein synthesis
rates in biallelic DDX41 mutant HSPCs is not merely caused by a
non-specific deficit in metabolic function because mitochondrial
function was similar in DDX41-proficient and -deficient HSPCs
(Figures S5C and S5D). Because snoRNA-mediated processing
of rRNA is critical for ribosome genesis, we next assessed the
assembly and function of ribosomes in DDX41-deficient HSPCs.
Ddx41~/~ and Ddx41K"~ LSPCs exhibited a reduction in poly-
somes and an accompanying increase in monosomes (Fig-
ure 6C), which is indicative of a ribosomal defect (Chassé
etal., 2017). Although Ddx41X"~ LSPCs develop a defect in poly-
some formation, the accumulation of the monosomal peak was
not as profound compared with Ddx41~/~ LSPCs (Figure 5C).
This may be indicative of a hypomorphic function of the R525H
mutation rather than complete loss of function. We confirmed
that loss of snoRNA function causes a similar decrease in protein
synthesis by inhibiting individual snoRNAs with shRNAs (Fig-
ure 6D; Figure S5E). To determine whether the reduced transla-
tion rate in biallelic DDX41 mutant cells is responsible for the sus-
ceptibility of the cells to death, we treated LSPCs with low levels
of the translation inhibitor puromycin. Indeed, Ddx41~~ and
Ddx41%~ LSPCs are more sensitive to puromycin compared
with control LSPCs (Figure 6E). In contrast, these DDX41 mutant
cells were not more sensitive to the chemotherapy agent meth-
otrexate and even displayed relative protection at higher doses
(Figure S5F).

To determine the pathways and processes involved in the
cellular defect of DDX41-deficient HSPCs, we conducted a
genome-wide CRISPR-Cas9 rescue screen. Lin— BM cells
from Ddx417:;Rosa26-CreERT2;Rosa26-Cas9 mice were trans-
duced with the lentiviral Brie sgRNA library, which contains
80,000 guides targeting 20,000 murine genes with 4 independent
guides per gene (Doench et al., 2016). Lin— BM cells transduced
with the CRISPR library were grown for 5 days in the presence of
tamoxifen and then harvested for DNA sequencing to identify en-
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riched sgRNAs by next-generation sequencing from three inde-
pendent biological replicates . After normalizing the read counts
to cells harvested 24 h after transduction, we identified 3,823
sgRNAs with significantly increased read counts (p < 0.1) in
Ddx41~/~ compared with Ddx41** Lin— BM cells (Figure 6G).
To identify genes that were significantly enriched based on anal-
ysis of all four sgRNAs, we utilized MAgeCK (Li et al., 2014). Us-
ing a cutoff of beta > 0.5 and p < 0.05, we identified 499 genes
that were significantly enriched in Ddx41~'~ cells compared
with Ddx41*/* Lin— BM cells (Table S3). Pathway analysis of
these genes revealed significant enrichment for ribosome and
protein synthesis pathways as well as pathways required for
HSPC proliferation, such as Toll-like receptor signaling (Fig-
ure 6H). This result suggests that reduction in protein synthesis
demands, directly or through reduced cell proliferation, is the
prevailing mode of survival upon complete loss of Ddx41. For
example, Diexf encodes an RNA helicase that is involved in
rRNA processing, and its loss is expected to slow cell growth
(Charette and Baserga, 2010). These findings support the theory
that complete loss of DDX41 is tolerated when protein synthesis
and proliferative demands of a cell are low, such as in quies-
cent cells.

Acquisition of biallelic DDX41 mutant BM subclones is a
frequent event in individuals with a DDX41 mutant germline;
therefore, we sought to determine whether HSCs, which have
lower protein synthesis and cell cycle demands, survive in vivo
without functional DDX41 alleles. Competitive BM transplant
experiments were established by engrafting equal numbers
of CD45.2+ Ddx41"* (+/— or —/-) and Ddx41<' (KI/+ or
Kl/—);Rosa26-CreERT2 cells with CD45.1+ competitor BM cells
into lethally irradiated CD45.1+ recipient mice (as in Figure 2A).
We waited 8 weeks after engraftment to allow HSC to re-enter
quiescence before inducing recombination of the floxed alleles
(Nakagawa et al., 2018). As expected, the chimerism of biallelic
Ddx41 mutant (—/— and KlI/—) BM progenitor cells (LK) was
significantly diminished at 16 weeks (Figure 6J). However, the
chimerism of biallelic Ddx41 mutant BM HSCs (CD48—CD150+
LSK) was significantly higher compared with the BM LK popula-
tions and only modestly reduced compared with wild-type and
monoallelic Ddx41 mutant HSCs (Figure 6J), suggesting that
HSCs can persist with biallelic Ddx41 mutations. Moreover,
we assessed the presence of unexcised Ddx41 alleles to
confirm efficient recombination of the floxed alleles in HSCs
and LK progenitors. As expected, the Ddx41 allele was excised
in monoallelic Ddx41 mutant LK and HSCs (Figure 6K). Howev-
er, we observed that all of the Ddx41~/~ and Ddx41%"~ LK cells
had an unexcised Ddx41 allele (Figure 6K), indicating that bial-
lelic DDX41 loss-of-function mutations are not compatible with
progenitor cells. In contrast, the Ddx41 allele was efficiently
excised in Ddx41~/~ and Ddx41"~ HSCs of 67% (2 of 3) of
mice examined (Figure 6K). These findings indicate that HSCs
with biallelic DDX41 mutations can survive and that DDX41 is

(G) Guide RNAs that were enriched in Ddx41~/~ Lin— BM cells relative to control-transduced cells. Color coding of highlighted genes corresponds to (H).
(H) Pathway enrichment for gRNAs that are enriched in Ddx41~/~ Lin— cultures compared with Ddx41*/*.

(I) Tamoxifen injection schedule after BM transplantation.

(J) Percent of CD45.2+ LK cells and LT-HSCs (LSK, CD150+, CD48— 4 weeks after tamoxifen (“p < 0.05, n = 3 mice per group).
(K) Relative amount of unexcised Ddx41 allele remaining in LK and LT-HSCs in the BM 4 weeks after tamoxifen. The dotted line is equivalent to one unexcised

allele.
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required divergently for proliferative versus quiescent hemato-
poietic cell populations.

Ineffective hematopoiesis occurs in younger mice upon
co-transplantation of biallelic and monoallelic DDX41
mutant BM cells

Although a somatic DDX41 mutation is typically acquired in indi-
viduals with a DDX41 mutant germline, our mouse model data
suggest that a biallelic DDX41 mutant BM subclone will have a
competitive disadvantage. To explore the role of the acquired
R525H mutation in individuals with MDS/AML, we performed a
meta-analysis of publicly available data and found that the
variant allele frequency (VAF) of the acquired R525H mutation
is ~10% (median frequency) at diagnosis, indicating that less
than 20% of the BM cells possess biallelic DDX41 mutations in
individuals with objective disease (Quesada et al., 2019; Qu
etal., 2021; Polprasert et al., 2015; Sébert et al., 2019; Figure 7A).
Analysis of independent validation cohorts revealed a similarly
low VAF for the R525H mutation (Figures 7B and 7C). There
was no significant difference in the complete blood counts of
DDX41 mutant individuals with a low VAF compared with a
higher VAF, indicating that a low abundance of the biallelic
DDX41 mutant cells (low VAF) has a similar effect on disease
severity as in individuals with a higher proportion of the biallelic
DDX41 mutant cells (high VAF) (Figure S6A). These findings point
to a model of disease development in which a minor biallelic
DDX41 mutant BM clone contributes to ineffective hematopoie-
sis in the BM of germline DDX41 mutant individuals. Therefore,
we set out to model the low VAF of the biallelic DDX41 mutant
cells by establishing mice in which 80% of the donor BM cells
are Ddx41*/~, representing the monoallelic germline mutation
in affected individuals, and 20% of the BM cells are Ddx41%"",
representing cells with the acquired R525H mutation (Fig-
ure 7D). To establish 80:20 chimeric mice, lethally irradiated
CD45.1+ recipient mice were engrafted with CD45.2+ 8 x 10°
Ddx417*;Rosa26-CreERT2 cells with 2 x 10° BM cells from
Ddx417¥;Rosa26-CreERT2 mice (Figure 7D). As negative con-
trols, mice were also engrafted with 80:20 ratios of BM cells
from  Ddx41**;Rosa26-CreERT2 and Ddx41";Rosa26-
CreERT2 mice or Ddx417+;Rosa26-CreERT2 and Ddx41*'*;
Rosa26-CreERT2 mice (Figure 7E). Four weeks after engraft-
ment, the mice were administered tamoxifen and then examined
for hematopoietic chimerism for 8 weeks. Mice engrafted with an
80:20 ratio of Ddx41*/~ and Ddx41%”~ BM cells exhibited signif-
icantly reduced white blood cells (WBCs), red blood cells
(RBCs), and hematocrit (HCT) compared with control mice
engrafted with 80:20 ratios of Ddx41** and Ddx41X'~ or
Ddx41*/~ and Ddx41*"* BM cells (Figure 7F; Figure S6B). The
reduction in WBC populations was primarily due to lower levels
of lymphocytes, whereas the neutrophil and monocyte counts
were variable between the three groups (Figure S6B). It is impor-
tant to note that mice engrafted with monoallelic DDX41 mutant
BM cells (Ddx41*/~) do not exhibit changes in PB at these time
points (Figure S1B). These findings suggest that cytopenias
are exacerbated and occur earlier in mice containing biallelic
Ddx41¥”~ BM cells when co-transplanted with monoallelic
Ddx41*/~ mutant BM cells. In contrast, we did not observe
cytopenias in mice co-transplanted with biallelic Ddx41%V~ and
wild-type BM cells (Figure 7F). The observed cytopenias in
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mice engrafted with Ddx41*~ and Ddx41X~ BM cells were
not accompanied by a significant change in abundance of BM
HSPC populations (Figures S6C and S6D). Given that prolifer-
ating hematopoietic cells with biallelic DDX41 mutations un-
dergo apoptosis, we reasoned that Ddx41%Y~ BM cells would
undergo premature cell death, which would contribute to he-
matopoietic defects in mice co-transplanted with monoallelic
DDX41 mutant BM cells. Indeed, we detected an increase in
cleaved-caspase-positive cells in mice co-transplanted with
the 80:20 chimeric mixture of monoallelic and biallelic DDX41
mutant BM cells (Figures 7G and 7H). We also observed
increased percentages of myeloid cells in the BM and spleen
of these mice (Figure 71; Figures S6E and S6F) and evidence of
neutrophil dysplasia (Figure 7G). These findings suggest that
the biallelic DDX41 mutant cells are a disease-modifying minor
clone in the context of monoallelic DDX41 mutant BM cells.

DISCUSSION

Here we report that DDX41 is critical for ribosome biogenesis
through snoRNA processing and essential for hematopoiesis.
Biallelic DDX41 mutant BM cells exhibit impaired snoRNA pro-
cessing and ribosome function, which leads to cell death of
proliferating hematopoietic cells but not LT-HSCs. Furthermore,
we describe a mechanism whereby minor HSPC clones
harboring biallelic DDX41 mutations contribute to disease path-
ogenesis by exacerbating hematopoietic defects in heterozy-
gous DDX41 mutant BM cells. We posit that the increased cell
death of the proliferating and differentiating BM cells derived
from the minor biallelic DDX41 mutant clone creates an environ-
ment that contributes to hematopoietic defects. We propose that
crosstalk between heterozygous DDX41 mutant HSPCs and
minor biallelic DDX41 mutant BM cells contributes to MDS in
DDX41-mutated individuals. Previous studies have identified
increased inflammation in MDS HSPCs with deficient ribosome
function (Schneider et al., 2016; Bibikova et al., 2014). In addi-
tion, cell death can result in secretion of inflammatory signals
into the BM milieu (Bergsbaken et al., 2009). Thus, dysregulation
of innate immune pathways and inflammatory signals may also
play a role in DDX41 mutant MDS (Barreyro et al., 2018; Trow-
bridge and Starczynowski, 2021). Nevertheless, the mechanism
by which minor biallelic DDX41 mutant BM cells contribute
to ineffective hematopoiesis in the context of heterozygous
DDX41 mutant BM cells remains unknown. One can speculate
that the activity of DDX41 as an innate immune sensor might
play a role in the altered response of monoallelic DDX41 mutant
HSPCs to damage-associated molecular patterns (DAMPs) in
the BM (Jiang et al., 2017; Maciejewski et al., 2017). Thus, one
potential mechanism is that increased DAMPs from apoptotic
biallelic DDX41 mutant BM cells can preferentially induce innate
immune signaling in heterozygous DDX41 mutant BM cells
compared with wild-type BM cells.

It is also conceivable that MDS arises through the combined
effect of age-related dyshematopoiesis of monoallelic DDX41
mutant BM and reduced hematopoietic output from the HSC
pool because of the persistence of biallelic mutant LT-HSCs.

Defects in ribosome biogenesis are known to contribute to
MDS, as evidenced by recurrent mutations in ribosome-related
genes. Germline mutations in genes involved in ribosome
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Figure 7. Minor biallelic DDX41 mutant cells contribute to an MDS-like phenotype in DDX41-heterogyzgous mice
(A) Variant allele frequency for R525H in germline DDX41 mutant individuals from public datasets.

(B) Variant allele frequency for R525H in germline DDX41 mutant individuals.

(C) Sample variant allele proportions in germline DDX41 mutant individuals.

(D) Schematic of mixed transplantation to model minor clones with biallelic DDX41 mutations.

(E) Tamoxifen injection schedule for mixed BM transplants.

(F) Blood counts of transplant recipients 8 weeks after tamoxifen (*p < 0.05, **p < 0.01, ***p < 0.0001).

(G) BM sections from transplant recipients 8 weeks after tamoxifen, stained with H&E and IHC for cleaved caspase. Arrows indicate abnormal/dysplastic
neutrophils, identified by segmented nuclei. Scale bars, 100 um.

(H) Quantification of cleaved caspase staining in (G) (“p < 0.05, n = 3 independent mice).

(I) Percentage of myeloid and lymphoid BM MNCs 8 weeks after tamoxifen.
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structure, translation initiation, and rRNA pseudouridylation
cause congenital disorders associated with BMF and MDS (Ban-
non and DiNardo, 2016). In addition, haploinsufficiency of the
small ribosomal subunit protein RPS14 plays an important role
in acquired del(5g) MDS pathogenesis (Nakhoul et al., 2014;
Ebert et al., 2008). Our data suggest that DDX41 mutations
also promote MDS through ribosome translation defects but
through aberrant snoRNA processing. snoRNAs have been
implicated in hematopoiesis and cancer, including AML (Su
et al., 2014; Liang et al., 2019; Zhou et al., 2017; Pauli et al.,
2020). Moreover, loss of snoRNA function causes cell cycle
impairment by several mechanisms, including p53 activation or
decreased phosphatidylinositol 3-kinase (PI3K)/AKT and Wnt/
B-catenin signaling (Su et al., 2014; Liang et al., 2019).

HSCs have low protein synthesis and, therefore, reduced pro-
tein translation demands (Signer et al., 2014). In contrast, rapidly
proliferating HPCs have high levels of protein synthesis, espe-
cially erythroid progenitors, which are particularly sensitive to
translation deficits (Magee and Signer, 2021; Schneider et al.,
2016; Dutt et al., 2011). Thus, HSC are relatively protected
from ribosome defects, whereas proliferating progenitors are
sensitive to such defects. Because the second-hit DDX41 muta-
tion is not selected against in the HSC compartment because of
low protein synthesis, it is likely that these biallelic DDX41 mutant
HSCs can persist and contribute to cell-intrinsic and -extrinsic
defects during hematopoiesis. The low VAF of second-hit
DDX41 mutations observed in affected individuals supports
this model. The specific preference for acquired missense muta-
tions in the helicase domain (i.e., R525H) rather than frameshift
mutations might indicate that complete loss of DDX41 function
is not compatible with HSC survival and that R525H is hypomor-
phic for the critical DDX41 function. The residual DDX41 activity
in the R525H mutant protein may allow HSC to survive and even
be selected for because of low translation rates. In support of this
idea, we observed that biallelic Ddx41"~ HSPCs have milder
phenotypes compared with Ddx41~'~ HSPCs.

Recent clinical reports suggest that many individuals with
germline DDX41 MDS initially present with ICUS (Choi et al.,
2021). This is consistent with the progressive age-dependent
anemia and thrombocytopenia we observed in Ddx41*/~ mouse
models. The interaction between the aged BM and defective
HSCs bearing the acquired DDX41 mutation is one potential
mechanism that promotes overt MDS. It is possible that the
non-hematopoietic BM microenvironment cells, which are also
heterozygous for DDX41 in germline individuals, play a role in
the disease. We monitored full-body Ddx41*~ mice up to
18 months of age and did not observe significant hematopoietic
defects, suggesting that stress on the BM, such as from BM
transplantation or from crosstalk with biallelic DDX41 mutant
BM cells, might be required for hematopoietic defects to arise
during the short murine lifespan.

The age-dependent defects in Ddx4 BM cells were espe-
cially pronounced in the erythroid compartment. The erythroid
cell lineage is particularly sensitive to ribosome defects (Da
Costa et al., 2020). Although we did not observe significant de-
fects in protein synthesis or snoRNA processing in Ddx41*/~
HSPCs, we speculate that subtle defects in this pathway
contribute to age-dependent erythroid defects. Perhaps this
snoRNA/ribosome defect in heterozygous DDX41 mutant cells

1+/—
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only arises after aging or is below the level of detection of our as-
says. Alternatively, loss of a single copy of DDX41 could affect
other cellular pathways. Nonetheless, modest defects associ-
ated with loss of a single copy of DDX41 is sufficient to contribute
to hematopoietic defects upon aging. Association of TP53
mutations in DDX41 mutant individuals also supports a role of
ribosome defects because p53 activation plays a central role in
anemia caused by ribosome stress (Fok et al., 2017; Danilova
et al., 2008; Dutt et al., 2011; Quesada et al., 2019). Further
experimentation in this area is necessary to determine the pre-
cise mechanism of age-dependent hematopoietic inefficiency
in heterozygous DDX41 individuals.

LIMITATIONS OF THE STUDIES

Individuals with DDX41 germline mutations exhibit loss of one
DDX41 allele in all cells, but our studies focused primarily on
the hematopoietic system. Future studies will be necessary to
explore the contribution of a DDX41 mutant BM niche to hema-
topoiesis. Monoallelic DDX41 mutations result in a competitive
advantage upon serial transplantation, but the physiological
conditions under which this advantage occurs in affected
individuals is unclear. Moreover, the mechanistic basis of the
competitive advantage of monoallelic DDX41 mutant cells
remains unknown. We also demonstrated that rare biallelic
DDX41 mutant HSPCs contribute to disease by exacerbating he-
matopoietic defects in heterozygous DDX41 mutant BM cells,
which may occur through cell-extrinsic factors. However, the
signal(s) from the rare biallelic DDX41 mutant BM cells that
impair(s) heterozygous DDX41 mutant BM cells but not WT BM
cells requires further investigation. Last, the variant allele fre-
quency of the acquired DDX41 R525H mutation is uniformly
low at diagnosis. Because the allele frequency was determined
at a single time point, we are unable to comment on the stability
of the biallelic mutant clone during the course of disease.
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KEY RESOURCES TABLE
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit polyclonal anti-DDX41 antibody Abcam RRID:AB_2892599

Rabbit monoclonal anti-Vinculin antibody (E1E9V)
Rabbit polyclonal Pan-Actin Antibody
Rabbit monoclonal anti-GAPDH antibody (D16H11)

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

RRID: AB_2728768
RRID: AB_2313904
RRID: AB_10622025

Anti-B220 APC eBioscience RRID: AB_469395
Anti-CD11b PE-Cy7 eBioscience RRID: AB_469587
Anti-CD45.1 BV510 BioLegend RRID: AB_2563378
Anti-CD45.2 APC-eFluor780 eBioscience RRID: AB_1272175
Anti-CD48 FITC eBiosceince RRID: AB_465078
Anti-CD117 APC eBioscience RRID: AB_469429
Anti-CD150 PE-Cy7 BiolLegend RRID: AB_439797
Anti- Ly-6G (Gr-1) eFluor 450 eBioscience RRID: AB_1548788
Anti-Ly-6A/E (Sca-1) PE eBioscience RRID: AB_466086
Streptavidin eFluor® 450 eBioscience RRID: AB_10359737
Mouse Hematopoietic Lineage Biotin Panel eBioscience RRID: AB_476399
Anti-CD3e FITC eBioscience RRID: AB_464882
Anti-Cleaved Caspase 3 RRID:AB_2341188
AnnexinV APC eBioscience RRID: AB_2575166
Bacterial and virus strains

OneShot TOP10 Competent Cells ThermoFisher C404010
Chemicals, peptides, and recombinant proteins

Mouse Flt3-ligand cytokine PeproTech Cat# 250-31
Mouse IL-3 cytokine PeproTech Cat# 213-13
Human IL-6 cytokine PeproTech Cat# 200-06
Mouse SCF cytokine PeproTech Cat# 250-03
Human TPO cytokine PeproTech Cat# 300-18
Methocult GF M3434 Stem Cell Technologies Cat# 03434

Dulbecco’s PBS without Ca and Mg

A/G Protein PLUS-Agarose

RPMI

RPMI, no methionine

IMDM

DMEM

TransIT-LT1 transfection reagent

Fetal Bovine Serum

Penicillin/Steptomycin

Superscript Il

RnaseOUT RecombinantRibonuclease Inhibitor
N-Cyclohexyl-N'-(2-morpholinoethyl)carbodiimide
methyl-p-toluenesulfonate (CMC)

MnCl,

Bicine

Tamoxifen

4-Hydroxytamoxifen

VWR

Santa Cruz
Fisher
ThermoFisher
Corning
Fisher

Mirus

Atlanta Biologicals
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher

Sigma
Sigma
Sigma
Sigma

Cat# 45000-446
Cat# sc-2003
Cat# SH30027.01
Cat# A1451701
Cat# 10-016-CV
Cat# SH30022FS
Cat# MIR2306
Cat# S11550
Cat# SV30010
Cat# 18064014
Cat# 10777019
Cat# C106402-1G

Cat# M1787
Cat# B3876

Cat# T-5648
Cat# H-7904
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

CellTiterGlo kit Promega Cat# G7570. As in Melgar et al. (2019)

Mouse hematopoietic progenitor cell enrichment kit
Pierce Biotin 3' End DNA Labeling Kit

NEBNext Magnesium RNA Fragmentation Module
POWRUP SYBR green Master Mix

Click-IT L-Homopropargylglycine

NorthernMAX Kit

mirVana miRNA Isolation Kit

GeneAmp Fast PCR master mix 2x

Click-IT Edu Alexa Fluor 647

Chemiluminescent Nucleic Acid Detection Module Kit
Zymo Quick-RNA Miniprep Kit

Stem Cell Technologies
ThermoFisher
ThermoFIsher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
Zymo Research

Cat# 19856
Cat# 89818
Cat# E6150S
Cat# A25776
Cat# C10186
Cat# AM1940
Cat# AM1561
Cat# 4359187
Cat# C10424
Cat# 89880
Cat# R1050

Deposited data

LSPC RNA-Seq This study GEO: GSE178895
HyperTRIBE This study GEO: GSE178895

CRISPR Screen This study GEO: GSE178895
Experimental models: Cell lines

Mouse MLL-AF9 immortalized Rosa-CreERT+ This paper N/A

lineage-negative cells (LSPC). Gentoypes: Ddx41*/*,

Ddx41*/f, Ddx41", Ddx41%*, Ddx41""f

THP-1 cells ATCC TIB-202

HEK293T cells ATCC ATC CRL-3216
Experimental models: Organisms/strains

Mouse: C57BL/6N Ddx41'™'2 KOMP MMRRC_047340-UCD
Mouse: C57BL/6N Ddx41ccnditionalR525H Ozgene N/A

Mouse: Rosa26-CreERT2 Jackson RRID:IMSR_JAX:008463
(B6.129-Gt(ROSA)26Sortm1(cre/ERT2) Tyj/J)

Mouse: Rosa26-Cas9 Jackson RRID:IMSR_JAX:026179
(B6J.129(Cg)-Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/J)

Mouse: Rosa26::Flpe Jackson RRID:IMSR_JAX:009086
(B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ)

Oligonucleotides

Primers listed in Table S4 This study N/A

Recombinant DNA

MSCV MLL-AF9 pGK-GFP Gift from Ashish Kumar laboratory N/A

pCDLN packaging vector Gift from Gang Huang laboratory N/A

pMD.2 VSV-G envelope vector Gift from Gang Huang laboratory N/A

M57 retroviral gag/pol plasmid Gift from Gang Huang laboratory N/A

pLKO.1 scrambled control mCherry This study Cloned from TRCN SHC202
pLKO.1 shSnora7a-1 mCherry This study N/A

pLKO.1 shSnora7a-2 mCherry This study N/A

pLKO.1 shSnora16a-1 mCherry This study N/A

pLKO.1 shSnora70-1 mCherry This study N/A

pLKO.1 shSnora70-2 mCherry This study N/A

pLKO.1 shSnora71-1 mCherry This study N/A

pLKO.1 shSnora74a-1 mCherry This study N/A

pLKO GFP shDDX41 #1 This study Cloned from TRCN0000001268
pLKO GFP shDDX41 #2 This study Cloned from TRCN0000001270
pLKO scrambled shRNA GFP This study Cloned from TRCN SHC202

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pGK-GFP DDX41-ADARcd This study N/A
pGK-GFP ADARcd Rahman et al. Nat Protoc. 2018 N/A
MSCV-HA-DDX41-mCherry This study N/A
MSCV-HA-DDX41(R525H)-mCherry This study N/A
MSCV-IRES-mCherry This study Addgene, Cat# 52114
Software and algorithms

iGeak Choi and Ratner, 2019 N/A
AltAnalyze Emig et al. (2010) N/A
HyperTRIBE Rahman et al. (2018) N/A
MAGeCK Li et al. (2014) N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel
Starczynowski (Daniel.Starczynowski@cchmec.org).

Materials availability
Plasmids and mouse lines generated for this study are available upon request and will be fulfilled by the lead contact, Daniel Starc-
zynowski (Daniel.Starczynowski@cchmc.org).

Data and code availability
Next Generation Sequencing data, including data for mouse RNA-Seq, HyperTRIBE, and CRISPR knockout screen, have been
deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.
Patient sequencing data is available by request to Torsten Haferlach, Munich Leukemia Laboratory, Munich, Germany
(torsten.haferlach@mll.com). Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is avail-
able from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Animals were bred and housed in the Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal
facility of Cincinnati Children’s Hospital Medical Center. All mouse strains were kept on C57BL/6N background. Ddx41%°* mice
were derived from Ddx41"™'? mice purchased from the UC Davis KOMP Repository by breeding to Rosa26::Flpe mice to remove
lacz-Neo cassette bracketed by Frt sites. Ddx41752%" mice were produced by Ozgene (Australia) by targeting of the endogenous
Ddx41 locus in ES cells, which were transmitted through the germline in chimeric mice. These mice were bred to Rosa26-CreERT2
(Jackson) mice to allow tamoxifen-inducible excision of floxed regions. For CRISPR screen, Ddx41%°%;Rosa26-CreERT2 mice were
bred to Rosa26-Cas9 C57BL/6 mice (Jackson). For bone marrow transplant experiments, aged and gender matched mice between 8
and 12 weeks of age were used as donors. For competitive transplant experiments (Figure 2), the donor mice were female. For all
other transplants, the donors were male. 1e6 bone marrow mononuclear cells (BMNC) suspended in 200uL PBS were injected
into the tail vein of lethally-irradiated recipient mice. 2e6 total bone marrow cells (1e6 of each strain) were injected for competitive
transplants. All recipient mice were age-matched female C57BL/6 BoyJ mice between 6 and 12 weeks of age. All mice were housed
in identical conditions in the Rodent Barrier Facility, four mice per cage. The time of analysis as it relates to time post-transplant and
post-tamoxifen treatment are included in the figures and figure legends for each experiment.

For tamoxifen injections, 1mg of tamoxifen dissolved in 50ul corn oil was injected intraperitoneal daily for 5 consecutive days. In-
jections were repeated one week later. Mice were bled monthly by submandibular puncture to obtain 50-100ul of blood for CBC and
flow cytometry analysis. When mice were moribund, they were sacrificed by CO, asphyxiation, and bones and spleen were harvested
immediately for analysis.

To isolate BMNC, bone marrow cells were isolated from mice by crushing with mortar and pestle, and red blood cells were lysed in
BD Pharm Lyse (BD Biosciences, 555899). Lineage-negative cells were isolated with EasySep Mouse Hematopoietic Progenitor
Isolation Kit (StemCell Technologies). Lineage negative cells were cultured in IMDM with 10% FBS, 1% penicillin-streptomycin,
and 50ng/mL of hIL-6, mSCF, mIL-3, TPO and FLT3 ligand.

e3 Cell Stem Cell 28, 1966-1981.e1-e6, November 4, 2021


mailto:Daniel.Starczynowski@cchmc.org

Cell Stem Cell ¢ CelPress

Cell lines

Mouse LSPC were derived from Ddx41"°* and Ddx41752%":Rosa26-CreERT2 lineage-negative bone marrow cells. Lineage-negative
cells were purified as above and then they were cultured overnight in in IMDM with 10% FBS, 1% penicillin-streptomycin, and
50ng/mL of hIL-6, mSCF, and mIL-3. The following day, they were transduced with MSCV-MLL-AF9-GFP virus to achieve
10%—-20% transduction (Niederkorn et al., 2020). The cells were plated in methycellulose colony assays (M3434, StemCell Technol-
ogies) and transferred to a new plate every 7 days for a total of 3 platings. The third plating was then transferred to liquid culture and
the cells were passaged as cell lines. LSPC lines were cultured in IMDM with 10% FBS, 1% penicillin-streptomycin, and 10ng/mL of
hiL-6, mSCF, and mIL-3 with passaging every 2-3 days. To induce Cre activity, cells were treated for 24h with 1uM 4-OH-tamoxifen
(Sigma, H-7904) followed by a media change to remove the tamoxifen. THP-1 cell lines were cultured in RPMI 1640 medium with 10%
FBS and 1% Penicillin-streptomycin. HEK293T cell lines used for virus production were cultured in DMEM with 10% FBS and 1%
Penicillin-streptomycin.

METHOD DETAILS

RNA-Sequencing of mouse LSPC

For RNA-sequencing, RNA was isolated from triplicate samples of wild-type, Ddx41*/, and Ddx41"f LSPC 48h post- treatment with
4-hydroxytamoxifen or ethanol (1:1000) using Quick RNA MiniPrep Kit (Zymo Research, R1055). RNA libraries were prepared with
polyA selection using the TruSeq RNA Library Prep Kit v2 (lllumina) and then sequenced on a HiSeq2500. We obtained 30-40M
75bp paired-end reads for each sample. Reads were mapped to the mouse genome (mm10), and then analyzed for differential
gene expression by iGeak (Choi and Ratner, 2019). For splicing analysis of the RNA-Seq data, alternative splicing events were pre-
dicted using AltAnalyze (http://www.altanalyze.org; v2.1.3) with mouse mm10 Ensembl database (v72) (Emig et al., 2010). Briefly,
alternative gene/exon statistics were calculated using a unpaired moderated t test option and default cutoffs (dabg_p (P value
corresponds to the detection above background (DABG)): 1.0, junction expression threshold: 5.0, exon_exp_threshold: 5.0,
gene_exp_threshold: 200.0, exon_rpkm_threshold: 0.5, gene_rpkm_threshold: 1.0). To identify differential alternative exon usages
and alternative splicing events, the MultiPath-PSI splicing algorithm was chosen with p value cutoff < 0.05 (alt_exon_fold_variable:
0.1, gene_expression_cutoff: 10.0.

HyperTRIBE

For HyperTRIBE (https://github.com/rosbashlab/HyperTRIBE/; v1.0.0), a single RNA sample was isolated from THP-1 cells transduced
with ADARcd or DDX41-ADARcd constructs and control (non-transduced) cells (Rahman et al., 2018). RNA was depleted of ribosomal
RNA and then libraries were prepared by TruSeq Stranded Total RNA Kit (lllumina) and sequenced on a NovaSeq. 20-30M 100bp
paired-end reads were obtained. The reads trimmed using trimmomatic (https://github.com/timflutre/trimmomatic/; v0.33) were map-
ped to human hg38 genome using bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/; v2.2.6) and to the transcriptome using STAR
(https://github.com/alexdobin/STAR/; v2.7.1a). Aligned reads were processed to remove PCR duplicates using Picard (https://
broadinstitute.github.io/picard/; v2.18.22), sorted by SAMtools (http://samtools.sourceforge.net/; v1.3), then analyzed with a 1% cutoff.

Patient sample sequencing

The cohort comprised bone marrow from 565 AML, 486 MDS cases and 63 healthy bone marrow samples. Cases were diagnosed by
the Munich Leukemia Laboratory between 09/2005 and 04/2017. The diagnoses were established by a combination of cytomorphol-
ogy, immunophenotyping, cytogenetics, and molecular genetics techniques adhering to WHO 2016 guidelines. All patients provided
their written informed consent for scientific evaluations in accordance with the Internal Review Board-approve protocol and this
study adhered to the tenets of the Declaration of Helsinki. To identify samples with R525H mutations, DNA was extracted from whole
bone marrow and prepared for sequencing using the lllumina Truseq PCR free library prep kit. The libraries were sequenced on the
NovaSeq 6000 or the HiSegX with a median of 100x coverage. Paired-end reads were mapped to the hg19 genome using Isaac3.
Streka2 was used for variant calling to identify R525H mutations. Two MDS and two AML patients harboring the R525H mutations
were identified. For RNA-Sequencing, 250ng of total RNA was extracted and prepared for high throughput sequencing using the II-
lumina TruSeq Total Stranded RNA library preparation kit. The samples were sequenced on the NovaSeq 6000 producing paired-end
reads of 100bp with a median sequencing depth of 50 million reads per sample. Samples were separated by bcl2fastq 1.8.4 and
aligned with STAR 2.5.0 to the hg19 reference genome. Gene counts for mRNAs and snoRNAs were generated using Cufflinks
2.2.1 and normalized using trimmed mean of M-values (TMM) normalization (Robinson and Oshlack, 2010) to produce log, CPM
for each sample. DNA and RNA sequences are available by request to Torsten Haferlach, Munich Leukemia Laboratory, Munich,
Germany.

Polysome analysis

LSPC were treated with 4-Hydroxytamoxifen (1uM) or ethanol (1:1000) for 48hrs. 15-20M live cells were treated for 5min at 37°C and
5% CO2 with cycloheximide (100ug/mL). Cells were washed twice with 1xPBS containing cycloheximide (100ug/mL). Cells were re-
suspended in Hypotonic buffer (5mM Tris-HCI (pH 7.5), 2.5mM MgCl2, 1.5mM KCI, 1x protease inhibitor cocktail (EDTA-Free)) with
80U of RNase inhibitor and vortexed for 5sec, then incubated on ice for 5min. Hypotonic lysis buffer (3 parts hypotonic buffer, 1 part
10% Sodium deoxycholate, 1 part 10% Triton X-100) containing 2.5mM DTT and 100ug/mL cycloheximide was added 1:1 to the cells
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in hypotonic buffer. Samples were vortexed for 1min in 5min pulses and then centrifuged at 16,000xg for 7min at 4°C. OD was
measured at 254nm using a Nanodrop One and samples were adjusted to the same OD in a final volume of 200ul. A Gradient Master
and Piston Fractionator Combo Unit (BioComp Instruments, New Brunswick, Canada) was used to both make gradients and frac-
tionate. Sucrose gradients made from vacuum filtered 5% and 50% sucrose in DEPC treated water were formed with the Gradient
Master. Samples were layered onto each gradient and spun at 35,000rpms for 3hrs in an SW41 ultracentrifuge rotor (Beckman
Coulter). Gradients were fractionated with the Piston Fractionator and measured with a UV detector at 254nm. Gradient Profiler Soft-
ware (BioComp Instruments) was used to capture and export all measurements.

Plasmids and transduction

Short hairpin RNAs (shRNAs) were obtained from the Open Biosystems TRC lentiviral shRNA library in the pLKO.1 vector. The pu-
romycin resistance cassette was replaced with GFP or mCherry by subcloning using BamHI and Kpnl sites. ShRNA clones were as
follows: shDDX41 #1 (TRCN0O000001268), shDDX41 #2 (TRCN0000001270), and control shRNA (TRCN SHC202). pLKO.1 vectors
with anti-snoRNA shRNAs were generated following the addgene pLKO.1 cloning protocol (https://www.addgene.org/protocols/
plko/). Briefly, complementary oligos containing the desired hairpin sequence were annealed together and then cloned into the EcoRlI
and Agel sites of the pLKO.1-TRC cloning vector (Addgene), which had been modified as above to express mCherry in place of the
puromycin resistance gene. Oligo sequences are listed in Table S4. For the MSCV-HA-DDX41 plasmids, wild-type DDX41 was PCR
cloned using primers containing an N-terminal HA-tag sequence and restriction enzyme sites, and then the cDNA was cloned into the
MSCV-IRES-mCherry vector (Addgene, #52114) at the EcoRl and BamHl sites. For the HyperTRIBE plasmids, the DDX41-ADARcd
or ADARcd alone cDNA sequences were generated as plasmid inserts by Genewiz and then were cloned into a pMSCK-PGK-GFP
retroviral vector using EcoRl and Bglll sites. Lentiviral supernatants (pLKO) were made by transfecting HEK293T cells using Trans-LT
(Mirus) transfection reagent with lentiviral plasmid, pCDLN packaging vector, and pMD.2 VSV-G envelope vector and harvesting the
culture medium 48hrs post-transfection. Retroviral supernatants were made by the same process using M57 (packaging) and RD114
(envelope) helper plasmids. Cells were transduced with viral supernatant containing 0.8 pg/ml polybrene for 24hrs. Expression of
GFP/mCherry was determined using flow cytometry.

Proliferation assay

THP-1 shDDX41 cell lines were plated 72hrs after transduction and counted daily for four days with Typan blue using a Countess Il FL
(Fisher). LSPCs were plated at 1e5 cells/ml, treated with 4-Hydroxy tamoxifen (1uM) or ethanol (1:1000), and counted daily for four
days with trypan blue using a Countess Il FL (Fisher).

Colony assay
Lineage-negative cells were treated with 4-Hydroxytamoxifen (1uM) or ethanol (1:1000) for 48 hr and were then plated in triplicate in
MethoCult GF M3434 and incubated for 12 days. Colonies were counted using Stemvision (StemCell Technologies).

Immunoblotting

Whole cell lysates were made with RIPA buffer (20 mM Tris HCL pH 7.4, 37 mM NaCL, 2mM EDTA, 1% Triton X-100, 10% glycerol, 0.1%
SDS, 0.5% NaDeoxycholate) in the presence of PMSF (10 mM final), complete Mini Protease Inhibitor Cocktail (Roche), and Phospha-
tase Inhibitor Cocktail 2 and 3 (Sigma Aldrich). Lysates were separated by SDS-PAGE, transferred to nitrocellulose membranes, and
immunoblotted. Immunoblotting was performed with the following antibodies: DDX41 (Abcam, ab210809), Vinculin (E1E9V) XP® Rabbit
mADb (Cell Signaling, 13901), Pan-Actin (Cell Signaling, 4968) and GAPDH (D16H11) XP Rabbit mAb (Cell Signaling, 5174).

CellTiter-Glo luminescent cell viability assay

LSPC cells were treated with 4-Hydroxytamoxifen (1uM) or ethanol (1:1000) for 24hrs. Cells were collected and plated in a 96 well
plate with or without puromycin (0.1ug, 0.3ug, and 0.5ug). CellTiter-Glo® Luminescent Cell Viability Assay (Promega) analysis
was performed at 24hrs and 48hrs post puromycin treatment as previously described (Melgar et al., 2019).

Flow cytometry

THP-1 shDDX41 cells were collected six days after transduction and stained for Annexin V (1:100) (eBiosciences 88-8007-74), TMRE
(Abcam, ab113852), and HPG (Life Technologies, C10186). LSPC and Lineage negative cells were treated with 4-OHT Hydroxy-
tamoxifen (1uM) or ethanol (1:1000) for 48hr or 72hr and then were stained for Annexin V, EdU (Click-IT EdU flow kit, Life Technol-
ogies, C10634), TMRE (Molecular Probes, T669), and HPG (Click-IT HPG kit, Life Technologies, C10429). Mouse bone marrow and
blood mononuclear cells were stained for cell surface markers in PBS containing 2% FCS at recommended dilutions. Antibodies are
contained in the Key resources table. All flow analyses were performed on LSRII (BD Biosiences) and data were analyzed using
FlowdJo (Muto et al., 2020).

Pseudouridine analysis

RNA was isolated using the Quick RNA MiniPrep (Zymo Research). 10ug of RNA was fragmented using the NEBNext Magnesium
RNA Fragmentation Module (New England Biolabs). Fragmented RNA was precipitated by adding 3M Sodium Acetate followed
by 100% ice cold Ethanol. Samples were incubated for 30 minutes at —20°C then pelleted for 30min at 4°C. Pellets were washed
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once with ice cold 75% ethanol and centrifuged for 10min at 4°C. Pellets were air-dried at room temperature for 10 mins then
resuspended in 5mM EDTA and incubated for 5 minutes at 80°C. Denatured RNA (9uL) was added to 91l BEU buffer (500mM Bicine
pH 8.5, 0.5M EDTA, 8M Urea) with or without 0.2M N-Cyclohexyl-N’-(2-morpholinoethyl)carbodiimide methyl-p-toluenesulfonate
(CMC) (Sigma) and incubated for 20 minutes at 37°C. RNA was precipitated as above and resuspended in 50uL of sodium carbonate
solution (50mM Sodium Bicarbonate pH 10.4, 0.5M EDTA) then incubated for 6 hours at 37°C. RNA was precipitated as above and
dried pellets were dissolved in 10ul RNase free water. For cDNA synthesis, each sample was added with 1uL of 100 uM Random
Hexamer primer (TaKaRa) and incubated for 5min at 65°C, and then on ice for 1min. 8uL of freshly prepared RT buffer(125mM
Tris pH 8.0, 15mM MnCI2, 187.5mM KCI, 1.25mM dNTPs, 25mM DTT) was added and incubated for 2min at 25°C. 1uL of Superscript
Il reverse transcriptase (200U/uL) (Life Technologies) was added and samples were loaded into a thermocycler (25°C for 10 min, 42°C
for 3h and heat-inactivated at 70°C for 15 min). cDNA was diluted 1:10 for gPCR analysis. The primer extension assay for quantifi-
cation of pseudouridine was conducted as described previously (McCann et al., 2020).

Genotyping

DNA was isolated from mouse tails with 50mM NaOH for 1hr at 95°C. 100mM Tris HCL was added and samples were vortexed
until tails dissolved. Tail debris was pelleted by centrifuging samples for 2min at 15,000xg. 1-2uL of DNA was genotyped for
DDX41 (CSD-Ddx41-ttR2, CSD-Ddx41-F2), Rosa26-CreERT2 (CreER, Rosa26-R, Rosa26-F2) using GeneAmp Fast PCR master
mix 2x (ThermoFisher). Genotyping for DDX41 R525H was performed using Primetime gene expression master mix (IDT) and IDT
primer probes (Lo5WT, GoConK, GoK, and TERT). DNA from blood or bone marrow mononuclear cells (BMNC) was genotyped
for DDX41 excision (CSD-Ddx41-R, CSD-Ddx41-F2) using GeneAmp Fast PCR master mix 2x (ThermoFisher). POWERUP SYBR
green Master mix was used for quantitative DDX41 excision (Ddx41 ex9 F and LoxP R) in DNA from blood or BMNC.

Quantitative PCR

RNA was isolated from cells with the Quick RNA MiniPrep Kit (Zymo Research, R1055). 1 ug of RNA was used for cDNA synthesis
using the High Capacity RNA to cDNA Kit (ThermoFisher, 4387406). cDNA was diluted 1:10 and samples were run on a 96-well Fast
Thermal Cycling plate (Invitrogen, 4346907) in triplicate using PowerUp SYBR Green Master Mix (ThermoFisher, A25776). Small RNA
fractions were isolated using the mirVana miRNA isolation kit (ThermoFisher, AM1560) according to manufacturer’s instructions. List
of primers is included in Table S4.

Northern Blot

RNA was isolated from cells with the Quick RNA MiniPrep Kit (Zymo Research, R1055). The NorthernMax Kit (ThermoFisher,
AM1940) was utilized following manufacturer’s instructions. 10 ug of RNA was loaded per sample into agarose gel. Pierce Biotin
3’ End DNA Kabeling Kit (ThermoFisher, 89818) was used to label probes. Probes were diluted 1:100 for blotting. The Chemilumines-
cent Nucleic Acid Detection Module Kit (ThermoFisher, 89880) was utilized for detection. Pictures of the developed blots were taken
using BioRad Chemidoc.

CRISPR-Cas9 screen

Lin- BM cells were harvested from three Ddx41*/+:Rosa26-Cas9 and three Ddx41":Rosa26-Cas9 mice and cultured as above for
24h. They were transduced with the Brie sgRNA library on retronectin coated plates for 24hr (Doench et al., 2016). One quarter of
each wild-type culture was harvested as a pool for the control sample DNA at this time. The remaining cells were then washed
and replated in culture medium containing 1uM Tamoxifen for 4 days. The cells were then harvested for DNA, and the sgRNA
sequence was amplified and attached to lllumnina sequencing adaptors as described previously (Doench et al., 2016). Samples
were sequenced on a NextSeqg5000 for 75bp paired-end reads. We used the MAGeCK pipeline for data processing and
analysis ((v0.5.9; https://sourceforge.net/p/summary/). First, original paired-end reads were trimmed using cutadapt (v1.9.1;
https://cutadapt.readthedocs.io/en/stable/) using the following parameter sets: “-g GGACGAAACACCG -a TtttagagctaG -A
CGGTGTTTCGTCC -G CTAGCTCTAAAA -e 0.1 -m 20 -1 20.” Next, MAGeCK-count was used to calculate sgRNA read counts using
trimmed reads and mouse CRISPR knockout pooled library (Brie; https://www.addgene.org/pooled-library/broadgpp-mouse-
knockout-brie/). Finally, MAGeCK-MLE was used to predict gene essentiality from the resulting count matrix after considering a con-
trol sample (Li et al., 2014). This method reports beta-scores to call gene essentialities (> 0: positive selected genes, < 0: negatively
selected genes) and we chose genes passing two cutoffs: beta-score > 0.5 and p < 0.05. Enrichment analyses using resulting 499
target genes were performed using Enrichr (https://maayanlab.cloud/Enrichr) using default options.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise specified, results are depicted as the mean + standard deviation. Statistical details for each experiment are pro-
vided in the figure legends. Statistical analyses were performed using Student’s t test for direct comparisons or one-way ANOVA
test for multiple-groups comparisons. For correlation analysis, Pearson correlation coefficient (r) was calculated. To determine if
the slopes or intercepts were different between two correlative comparisons, simple linear regression analysis was conducted. All
graphs and analysis were generated using GraphPad Prism software.
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Supplemental Figure 1 (continued)

Supplementary Figure 1, related to Figure 1. DDX41 function is required for hematopoiesis. (A) DDX41
protein expression in Lin- BM cells isolated from the indicated mice. Lin- BM cells were treated with 4-OH-tamoxi-
fen (Tam) to induce Cre recombination. (B) Complete blood counts for recipeint mice 12-weeks post-transplant of
pre-excised BM cells. (C) Homing assay for BM cells from the indicated mice. BM cells were transplanted into
lethally-irradiated recipients, and then a colony assay was performed on BM cells from two femurs. The relative
number of colonies compared to colonies formed from 10,000 pre-transplant BM cells is reported. (D) H&E stained
femur and spleen from wild-type recipient mice (12 weeks post-transplant) and Ddx41--and Ddx41X"- recipients at
time of sacrifice due to morbidity. Scale bars represent 100um. (E) Quantitative PCR for the relative amount of
unexcised Ddx41 allele compared to untreated Ddx417BM. (F) Ddx41 protein expression in LSPC with indicated
genotypes treated with vehicle (ethanol) or 1 uM 4-OH-tamoxifen for 48hrs. (G) Viable cell counts of LSPC treated
with vehicle (ethanol) or 1 uM 4-OH-tamoxifen over 4 days were determined by Trypan Blue exclusion. (H) Cell
cycle analysis by EdU incorporation (45 min pulse) and DAPI staining on LSPC treated with vehicle (ethanol) or 1
MM 4-OH-tamoxifen for 48 hrs. (***P<0.001; *P<0.05) (I) Annexin V staining on LSPC treated with vehicle (ethanol)
or 1 uM 4-OH-tamoxifen for 48 hrs and 72 hrs (***P<0.001; *P<0.05). (J) Ddx41 protein expression in Ddx41"
LSPC transduced with retroviral vectors encoding Ddx41"T or Ddx41R52*" and treated with vehicle (ethanol) or 1
MM 4-OH-tamoxifen for 48 hrs. (K) Viable cell counts on LSPC from (e) treated with vehicle (ethanol) or 1 uM
4-OH-tamoxifen. Cells were counted daily by Trypan Blue exclusion. (L) DDX41 protein expression in THP-1 cells
expressing shRNAs targeting DDX41 (shDDX41) or a non-targeting shRNA (shControl). (M) Viable cell counts on
THP-1 cells expressing shRNAs targeting DDX41 (shDDX41) or a non-targeting shRNA (shControl). Counts were
started 4 days post-transduction and were conducted by Trypan Blue exclusion (*P<0.05). (N) Annexin V staining
on THP-1 cells expressing shRNAs targeting DDX41 (shDDX41) or a non-targeting shRNA (shControl) 6 days
after transduction.
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Supplementary Figure 2, related to Figure 3. Analysis of hematologic disease in DDX41 heterozygous
mutant mice. (A) Tamoxifen (Tam) injection schedule for BM transplants to determine requirement of Ddx41
on hematopoiesis post-engraftment. (B) Kaplan-Meier plot for survival of mice transplanted with BM cells prior
to Cre-mediated excision of the indicated conditional alleles (n = 20). (C) Complete blood count analysis on
all wild-type transplant recipient mice at 15 months post-tamoxifen treatment and Ddx41+- transplant recipi-
ents that were sacrificed due to morbidity (“sick”) (*P < 0.001). (D-E) BM cellularity and spleen size in wild-type
transplant recipient mice at 15 months post-tamoxifen treatment and Ddx41+*-transplant recipients that were
sacrificed due to morbidity (*P < 0.05). (F) FACS analysis for mature blood lineages on splenic mononuclear
cells in wild-type transplant recipient mice at 15 months post-tamoxifen and Ddx41*-transplant recipients that
were sacrificed due to morbidity. (G) H&E staining of BM cytospins, PB smears, and femur sections from
representative sick mice. Arrows indicate dysplastic myeloid cells, identified by segmented nuclei. Scale bars
represent 100um.
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Supplementary Figure 3, related to Figure 4. DDX41 is required for snoRNA processing. (A) Volcano
plot of genes differentially expressed in Ddx41” (Ddx417 + Tamoxifen) LSPC compared to Ddx41" (ethanol
treated) LSPC. (B) Expression of 110 snoRNA genes in Ddx417 and Ddx41” LSPC. (C) Expression of snoR-
NAs in Lin- BM cells isolated from Ddx41**, Ddx41*", Ddx417, Ddx41%"*, and Ddx41X"- mice as determined by
gRT-PCR (P<0.05) (D) Expression of snoRNA genes in Ddx41"- (Ddx41" +/- Tamoxifen) and Ddx41** (Ddx-
41*"* +/- Tamoxifen) LSPC as determined by qRT-PCR (P<0.05) (E) Expression of snoRNA genes in THP-1
cells expressing expressing shRNAs targeting DDX41 (shDDX41) or a non-targeting shRNA (shControl) as
determined by qRT-PCR. RNA was collected 4 days after transduction. (F) Analysis of differential splicing
events in Ddx41** (Ddx41** +/- Tamoxifen) LSPC, Ddx41*-(Ddx41" +/- Tamoxifen) LSPC, and Ddx41--(Ddx-

41" +/- Tamoxifen).
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Supplementary Figure 4, related to Figure 5. Ddx41 is required for efficient rRNA processing. (A) Flow
cytometry for relative counts of mCherry+ cells in mouse Lin- BM cultures transduced with shRNAs targeting
SnoRNAs. (B-C) Flow cytometry for cell cycle and AnnexinV on mCherry+ cells in mouse Lin- BM cultures
transduced with shRNAs targeting snoRNAs (*P < 0.05; n = 3 independent biological replicates). (D) Myeloid
and erythroid colony formation of Lin- BM cells transduced with shRNAs targeting snoRNAs. (E) Melting
curves for pseudouridine analysis of U406 in 18S rRNA in Ddx41** (control vs tamoxifen-treated) and Ddx41"
(control vs. tamoxifen-treated) LSPC. (F) Quantification of the relative dF/dT (meltcurve) of CMC-treated vs
control-treated RNA at 67°C for PCR products containing U406. (G) Quantification of the relative dF/dT (melt-
curve) of CMC-treated vs control-treated RNA at 56°C for PCR products containing U3741. (H) Primer exten-
sion assay on CMC-treated RNA reveals the relative abundance of pseudouridine at the indication postition
in rRNA. (I) Schematic depiction of rRNA processing from full length, unprocessed 45S transcript, through
progressively smaller intermediates (19S, 21S, 12S), to mature rRNA products (28S, 18S, 5.8S). The loca-
tions of complementary probe sequences used for northern blotting are depicted. (J) Analysis of rRNA
processing by northern blotting on RNA isolated from LSPC of the indicated genotypes treated with vehicle
(ethanol) or 1 yM 4-OH-tamoxifen for 72 hrs. (K) Quantification of the relative abundance of each northern
blot band in vehicle vs. 4-OH-tamoxifen-treated Ddx41% LSPC (from panel J).
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Supplementary Figure 5, related to Figure 6. Ddx41 is required for protein translation. (A) Click-IT
HPG analysis of protein translation rates in LSPC treated with vehicle (ethanol) or 1 yM 4-OH-tamoxifen for
48 hours. (B) Click-IT HPG analysis of protein translation rates in THP1 expressing shRNAs targeting
DDX41 (shDDX41) or a non-targeting shRNA (shControl) 6 days post-transduction. (C) TMRE staining for
mitochondrial membrane potential in LSPC treated with vehicle or 4-OH-tamoxifen for 48 hours. (D) TMRE
staining for mitochondrial membrane potential in THP1 expressing shRNAs targeting DDX41 (shDDX41) or
a non-targeting shRNA (shControl) 6 days post-transduction. (E) Click-IT HPG analysis of protein transla-
tion rates in Lin- BM cells transduced with shRNAs targeting various snoRNAs. (F) Relative viability of
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Supplementary Figure 6, related to Figure 7. The minor double mutant DDX41 clone contrib-
utes to ineffective hematopoiesis in DDX41-heterogyzgous mouse. (A) Complete blood count
data for patients with somatic DDX41-R525H mutations in the bottom (low VAF%) and top (high
VAF%) quartile of varient allele frequency (VAF) for the R525H mutation. (B) Complete blood count
analysis on the peripheral blood of mixed transplant recipients 8-weeks post-tamoxifen treatment
(*P<0.05;**P<0.01; ***P<0.0001). (C-D) Flow cytometry for the abundance of LSK cells and hema-
topoietic stem/progentior populations in the BM of mice from the indicated groups. Mice were
co-transplanted with the indicated proportions of BM cells (E) H&E staining of spleen sections from
recipient mice. Scale bars represent 100um. (F) Flow cytometry for the percentage of granulocytes

in the spleen of recipient mice.
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