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SUMMARY

Upon binding double-stranded DNA (dsDNA), cyclic GMP-AMP synthase (cGAS) is activated
and initiates the cGAS-stimulator of IFN genes (STING)-type | interferon pathway. DEAD-box
helicase 41 (DDX41) is a DEAD-box helicase, and mutations in DDX41 cause myelodysplastic
syndromes (MDSs) and acute myeloid leukemia (AML). Here, we show that DDX41-knockout
(KO) cells have reduced type I interferon production after DNA virus infection. Unexpectedly,
activations of cGAS and STING are affected in DDX41 KO cells, suggesting that DDX41
functions upstream of cGAS. The recombinant DDX41 protein exhibits ATP-dependent DNA-
unwinding activity and ATP-independent strand-annealing activity. The MDS/AML-derived
mutant R525H has reduced unwinding activity but retains normal strand-annealing activity and
stimulates greater cGAS dinucleotide-synthesis activity than wild-type DDX41. Overexpression of
R525H in either DDX41-deficient or -proficient cells results in higher type | interferon production.
Our results have led to the hypothesis that DDX41 utilizes its unwinding and annealing activities
to regulate the homeostasis of dsDNA and single-stranded DNA (ssDNA), which, in turn,
regulates cGAS-STING activation.
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CGAS is activated by dsDNA. Singh et al. find DDX41 regulates cGAS activation through
unwinding and annealing activities on dsDNA and ssDNA, respectively, and MDS/AML patient
mutant R525H causes overactivation of innate immune response due to its unbalanced activities.
This DDX41-cGAS-STING pathway may be related to molecular pathogenesis of MDS/AML.

INTRODUCTION

Innate immunity is a mechanism of host cells that provides the first line of defense

against pathogenic invaders, such as viruses and bacteria. Immune cells utilize a germline-
encoded innate immune sensor, termed pattern-recognition receptors (PRRS), to rapidly
detect pathogenic invaders (Akira et al., 2006; Thompson et al., 2011). After ligand
recognition, PRRs trigger intracellular cascades to elicit early innate immune responses,
namely triggering signaling cascades that regulate gene expression and stimulate the
production of type | interferons (IFNs), chemokines, and proinflammatory cytokines, which
activate a broad anti-pathogenic immune response (Takeuchi and Akira, 2010). Cyclic GMP-
AMP synthase (CGAS) is a PRR that recognizes cytosolic DNA (Ablasser and Chen, 2019).
Binding with double-stranded DNA (dsDNA) (Kranzusch et al., 2013; Zhou et al., 2018;
Xie et al., 2019), cGAS is activated and synthesizes the cyclic dinucleotide 2’3"-cGAMP
that acts as a secondary messenger binding to the signaling adaptor stimulator of IFN

genes (STING). Activated STING leads to the activation of TANK-binding kinase 1 (TBK1)
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that phosphorylates and activates the transcription factor IFN regulatory factor 3 (IRF3),
thus inducing IFN expression (Chen et al., 2016). Therefore, the innate immune response

is an essential defense strategy for host cells; however, the timing and duration of these
responses must be tightly regulated, as excessive production of type | IFNs will lead to
proinflammatory or autoimmune diseases (Theofilopoulos et al., 2017). Very recently, cGAS
was found to be auto-inhibited by nucleosomes through blocking dsDNA binding in the
nucleus (Pathare et al., 2020; Zhao et al., 2020; Michalski et al., 2020; Boyer et al., 2020;
Kujirai et al., 2020; Cao et al., 2020); however, it remains unknown how cGAS is regulated
in the cytoplasm.

DEAD-box helicase 41 (DDX41) is a member of helicase superfamily 2. A DEAD-

box helicase small interfering RNA (siRNA) screening found that DDX41 acted as an
intracellular DNA sensor in myeloid dendritic cells (Zhang et al., 2011). Accumulating
evidence suggests DDX41 plays a critical role in the STING-TBK1-IRF3-type | IFN
signaling pathway (Parvatiyar et al., 2012; Soponpong et al., 2018; Ma et al., 2018;
Stavrou et al., 2018; Zhang et al., 2013; Hu et al., 2020); however, other groups found that
knockdown of DDX41 has little effect on IFN- induction in response to DNA stimulation
or DNA virus infection (Abe et al., 2013; Sun et al., 2013). In addition to its role in innate
immunity, both germline and acquired somatic mutations of DDX41 have been associated
with myelodysplastic syndromes (MDSs) and/or acute myeloid leukemia (AML) (Cardoso
etal., 2016; Ding et al., 2012; Abou Dalle et al., 2019; Hosono, 2019; Kim et al., 2020;

Qu et al., 2020; Bannon et al., 2020; Choi et al., 2021; Fazio et al., 2021; Singhal et

al., 2021; Goyal et al., 2021; Polprasert et al., 2020; Li et al., 2021; Yang et al., 2021,
Alkhateeb et al., 2021; Churpek and Smith-Simmer, 1993; Duployez et al., 2022), chronic
myeloid leukemia (CML) (Goyal et al., 2021), acute erythroid leukemia (AEL) (lacobucci
et al., 2019), and other hematolymphoid malignancies (Goyal et al., 2021; Singhal et al.,
2021; Choi et al., 2021). The most frequently identified somatic mutation is ¢.1574G>A,
p.R525H (Yoneyama-Hirozane et al., 2017; Lewinsohn et al., 2016; Polprasert et al., 2015;
Singhal et al., 2021), which is confined to a highly conserved region of DDX41 and is
thought to contribute to nucleotide coordination (Li et al., 2016). DDX41 mutations also
lead to tumor-suppressor function due to altered pre-mRNA splicing, RNA processing, and
inhibition of cell-cycle progression (Kadono et al., 2016; Lewinsohn et al., 2016; Polprasert
et al., 2015; Tsukamoto et al., 2020). Thus, further studies are required to clarify the role of
DDX41 in the DNA sensing pathway and its molecular pathogenesis leading to diseases.

RESULTS

DDX41 knockout cells have reduced cytokine responses to DNA virus infection

Knockdown of DDX41 in mouse and human cells inhibits the innate immune response

and results in defective activation of STING (Zhang et al., 2011; Parvatiyar et al., 2012;

Ma et al., 2015). To understand its role completely, we designed four guide RNAs for the
CRISPR-Cas9 system to knock out (KO) the DDX41 gene in human cell lines (Figure S1A).
We started with HeLa cells and obtained two cell lines that lack detectable DDX41 protein
(Figures 1A and S1B-S1E). Notably, the expression of cGAS, STING, TBK1, and IRF3
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remained similar in the DDX41 KO compared with the wild-type (WT) cell line (Figure
1A).

To determine whether DDX41 KO cells are hindered in their ability to produce IFN-p

in response to exogenous DNA, we challenged the cells with poly(dA:dT) and examined
IFN production, as well as individual steps in the cGAS-STING-IRF3-type I IFN signaling
cascade, over a period of 24 h. gPCR showed that WT cells generated a robust /FN-8
(Figure 1B) and IFN-stimulated gene 56 (/SG56, Figure 1C) response that peaked at 6 h
post treatment, while their expression was severely blunted in the two DDX417~ clones.
Next, we checked individual proteins and found that the expression of cGAS, as well as the
phosphorylated STING, TBK1, and IRF3, started to increase after poly(dA:dT) stimulation
and peaked in WT cells at 4 h for cGAS, 6 h for p-STING, 6-8 h for p-TBK1, and 8-12 h
for p-IRF3 (Figures 1D and 1F-11). In DDX417/~ cells, the expression of cGAS increased
at 1 h and remained at higher expression up to 12 h then declined at 18-24 h; however, the
phosphorylation of STING, TBK1, and IRF3 consistently declined (Figures 1E-11).

Despite that HeLa cells have been used in many similar studies (Molkman et al., 2019;

Sun et al., 2021; Wang et al., 2017), they are reportedly defective in DNA-induced IFN
responses (Lau et al., 2015). We next conducted the above experiments in a THP-1
monocytic cell line that has a luciferase reporter gene under the control of an ISG54 minimal
promoter in conjunction with five IFN-stimulated response elements (InvivoGen). Using the
SgRNA-1 (Figure S1A) and a lentivirus delivery system, we generated a DDX41 KO THP-1
cell line (Figure 1J). After differentiating to macrophages with PMA, we transfected the
macrophages with poly(dA:dT) and performed luciferase assays, qPCR for IFN-B mRNA
levels, and ELISA for IFN-B proteins over a period of 0—24 h. Our results showed that
poly(dA:dT) induced IFN-B expression at both the mRNA (Figure 1K) and protein (Figure
1L) levels in WT cells, peaking at 6 to 8 and 12 h post transfection, respectively. However,
DDX41-deficient cells exhibited a severely reduced response. A similar difference between
these two cell lines was observed for /SG56 gene expression (Figure 1M) and IFN-induced
luciferase activity (Figure 1N). Furthermore, we evaluated the expression and activation

of cGAS, STING, TBK1, and IRF3. Similar to the patterns found in HeLa cells, cGAS
expression peaked at 2-4 h, and the presence of phosphorylated STING, TBK1, and IRF3
became apparent at 2 to 4 h and peaked at 4 to 6, 6 to 8, and 6 h, respectively, in DDX41*/*
cells (Figures 10 and 1Q-1T). In contrast, the expression of cGAS increased at 1 and 2 h
and diminished substantially at 8-24 h in DDX417/~ cells; however, the phosphorylation of
STING, TBK1, and IRF3 was significantly reduced (Figures 1P-1T).

Because poly(dA:dT) could activate RNA sensor RIG-I and trigger the STING-IRF3-type

I IFN signaling pathway (Ablasser et al., 2009), we then treated cells with short DNA

(a vaccinia virus DNA motif [VACV 70-mer]) (Unterholzner et al., 2010) and long DNA
(salmon-sperm DNA) and found increased cytokine responses post transfection in HeLa and
THP-1 WT cells; however, DDX41-deficient cells exhibited a blunted response (Figures
S2A-S2E). To further confirm that DDX41 acts as a DNA sensor, we infected THP-1 cells
with a DNA virus (herpes simplex virus type 1 [HSV-1]) and found that DDX41-deficient
cells had significantly reduced IFN-B induction compared with WT cells (Figures S2F

and S2G). Similar results were obtained for /SG56 gene expression and luciferase activity
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(Figures S2H and S21). Next, we treated cells with dsSRNA mimic poly(l:C) and found that,
although /FN-B mRNA and protein levels increased in a dose-dependent manner (higher in
100 ng than in 10 ng), DDX41-deficient and WT cells showed no significant difference in
terms of IFN-B expression (Figures S2J and S2K). Similarly, the expression of /SG56and
luciferase in DDX41-deficient cells and WT cells did not differ (Figures S2L and S2M).
We also infected the THP-1 cell lines with influenza A virus (1AV; MOI =0.1, 1, and

10) and found that the RNA sensor RIG-1 was upregulated upon 1AV infection, so was the
phosphorylated TBK1 (Figure S2N) and co-localization of RIG-I1 and MAVS (Figure S20).
However, IFN-B expression increased in both DDX41-deficient and -proficient cells, with
no difference regardless of 1AV dosage (Figures S2P and S2Q). We also discovered similar
expression patterns of /SG56 and luciferase in both cell lines infected by the RNA virus
(Figures S2R and S2S), suggesting that DDX41 is a sensor for DNA but not RNA.

DDX41 is required for the activation of cGAS and STING

To explore the reasons that cause reduced type | IFN production in DDX41 KO cells,

we tested whether DDX41 deficiency affects the activation of cGAS and STING, the two
key molecules in the innate immunity pathway. Using cGAS™" as a negative control, we
transfected WT and DDX417/~ THP-1 macrophages with poly(dA:dT) and salmon-sperm
DNA, followed by measuring cGAMP in cell lysates using an ELISA kit (Cayman).
Interestingly, DDX417/~ cells had significantly reduced cGAMP compared with WT cells in
both DNA treatments, whereas cGAMP was completely abolished in cGAS™" cells (Figure
2A). cGAS oligomerization is important for its activation after binding to dsDNA (Zhang et
al., 2014); indeed, we found DDX41 deficiency significantly inhibited the self association
of cGAS in THP-1 cells (Figure 2B) and HelLa cells (Figure S3A) after poly(dA:dT)
stimulation.

Because DDX41 KO results in reduced STING activation, as indicated by S366
phosphorylation (Figures 1E, 1G, 1P, and 1R), we next asked whether DDX41 KO would
affect STING’s dimerization and subcellular localization, which are also essential for its
function in innate immunity (Ouyang et al., 2012). To this end, we first examined the
dimerization status of STING and found it migrated as an ~37 kDa monomer and an ~75
kDa dimer under non-reducing conditions (Figure 2C). Notably, DDX41 KO cells had
reduced STING dimerization, particularly at 4-6 h post transfection, in both THP-1 and
Hel a cells (Figures 2C and S3B). Next, we investigated the subcellular localization of
STING and found it localized in the ER-Golgi intermediate compartment (ERGIC) after
poly(dA:dT) stimulation (Figure 2D) and trafficked to the Golgi and perinuclear microsome
(marked by the phosphorylated TBK1) in WT cells (Figures 2E and 2F); however, DDX41
deficiency markedly inhibited the transportation of STING to the ERGIC, Golgi, and
perinuclear microsome. Collectively, our results suggest that DDX41 is required for the
activation of cGAS and STING.

To extend our findings to primary cells of Ddx41 KO mice (Stavrou et al., 2018; Ma et

al., 2022), we isolated bone marrow and differentiated it into macrophages (bone-marrow-

derived macrophages [BMDMs]) and dendritic cells (bone-marrow-derived dendritic cells

[BMDCs]) (Figure S4A), and Western blot confirmed the cell-type-specific loss of DDX41
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(Figure S4B). Similar to the response to murine leukemia virus (MLV) and human
immunodeficiency virus (HIV) (Stavrou et al., 2018), both BMDMSs and BMDCs had
reduced INF-P expression in response to HSV-1 infection (Figure S4C). Moreover, we
found that the key molecules (phosphorylated STING, TBKZ1, and IRF3) were reduced or
completely abolished in Ddx41 KO cells (Figure 2G). In addition, cGAMP (Figure 2H),
cGAS oligomerization (Figure 21), and STING dimerization (Figure 2J) were reduced in
Ddx41 KO BMDMs and BMDCs after HSV-1 infection. Ddx41 deficiency also markedly
inhibited the trafficking of Sting to the ERGIC (Figure 2K) and Golgi (Figure 2L) in
BMDMs infected by HSV-1, further confirming that DDX41 is required for the activation of
CGAS and STING.

DDX41 protein has ATP-dependent DNA-unwinding activity and ATP-independent strand-
annealing activity

According to its primary protein sequence, DDX41 is a DEAD-box RNA helicase
(Lewinsohn et al., 2016; Omura et al., 2016); however, the literature and our results suggest
that DDX41 is not involved in IFN production in response to RNA transfection or RNA
virus infection (Zhang et al., 2011). To investigate its biochemical properties, we expressed
recombinant DDX41 protein in bacteria (DE3), purified it by chromatographic methods, and
verified it by western blotting (Figure 3A and S5A-S5E). DDX41 exists as a monomer with
amass of 67.97 kDa. Using a 3"~ and 5’-tailed 13-bp duplex RNA commonly used with
DEAD-box proteins (Tanu et al., 2017), we found DDX41 could not unwind these substrates
(Figures 3B and 3C). In contrast, another DEAD-box helicase, DDX43, displayed a strong
unwinding activity (last lane), as we previously reported (Tanu et al., 2017; Yadav et al.,
2020).

Our results suggest that DDX41 is required for IFN production in response to DNA or

DNA viruses (Figures 1 and S2). Many helicases possess dual unwinding activity, acting on
both DNA and RNA substrates (Pyle, 2008). Thus, we asked whether DDX41 can unwind
DNA substrates. We found that DDX41 can efficiently unwind a 20-bp forked duplex DNA
substrate (Figure 3D). Interestingly, it preferred to act on a 3’- versus 5”-tailed duplex DNA
substrate (Figures 3E and 3F) and was inactive on a blunt-end duplex DNA substrate (Figure
3G). Efficient unwinding activity was observed with ATP and dATP (to a lesser extent;
Figure 3H) but not with non-hydrolyzable ATP analogs ATP -y S or AMP-PNP (Figure 3lI).
Collectively, our data indicate that DDX41 unwinds duplex DNA in the 3’ to 5” direction
and in an ATP-dependent manner. Electrophoretic mobility shift assay (EMSA) revealed that
DDX41 exhibited binding affinity in the order DNA > DNA:RNA hybrid > RNA (Figures
S5F-S5H). We also examined its unwinding activity on longer duplex DNA substrates to
further assess its processivity and found that DDX41 could unwind 30-, 40-, and 50-bp
forked duplex substrates but noted less unwinding with increasing duplex length (Figures
S51-S5L). During the unwinding assays, we constantly observed that the DDX41 protein
could rewind the DNA substrates at a high concentration (Figures 3D and S51-S5L). To
confirm that the unwinding activity detected was truly dependent on DDX41 and was not
due to contaminants in the preparation of the DDX41 protein, we changed the conserved
glutamic acid 345 to alanine (E345A) in motif 11 (DEAD-box), which is essential for the
binding of cations for enzyme activity (Tanu et al., 2017). Using identical methods, WT and
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mutant DDX41 proteins were purified to near homogeneity (Figure S6A). E345A showed no
ATP hydrolysis activity (Figure S6B) and no unwinding activity on the 20-bp duplex DNA
substrate (Figure S6C).

Because many helicases have strand annealing activity (Wu, 2012), using two
complementary single-stranded DNAs (ssDNAs) of 20-, 30-, 40-, and 50-bp forked DNA

in the presence or absence of ATP, we found that the DDX41 protein exhibited strong
annealing activity in the absence of ATP, particularly on the 30-bp DNA substrate (Figures
3J-3L, S5M, and S5N). Furthermore, in terms of the directionality of annealing activity, we
found that DDX41 preferred the 5’ -tailed substrate for annealing rather than the 3’-tailed or
blunt-end substrates (Figures S50-S5Q).

NLS acetylation regulates DDX41 trafficking from the nucleus to cytoplasm, where it
anneals ssDNA to dsDNA and interacts with cGAS

The subcellular localization of DDX41 is debatable. DDX41 was initially found as a
cytosolic protein (Parvatiyar et al., 2012; Zhang et al., 2011), which fits with the idea that
DDX41 is a cytoplasmic DNA sensor. However, several subsequent investigations showed
that DDX41 was located in the nucleus (Lewinsohn et al., 2016; Kadono et al., 2016).

A recent zebrafish model suggests that Ddx41 traffics from the nucleus to the cytoplasm
after DNA stimuli (Ma et al., 2018). To address this more carefully, we examined the
subcellular localization of endogenous and exogenous DDX41 protein in human cells. Using
a DDX41-specific antibody, we found that endogenous DDX41 is predominantly present in
the nucleus and traffics to the cytoplasm, specifically in the perinuclear region, after DNA
stimulation (Figure S7A).

Nuclear localization signal (NLS) programs predict that DDX41 contains three potential
lysine/arginine-rich NLSs in its N termini—6-PERKRART-13, 97-KAEARK-102, and 162-
RVRKKY-167—with the first having the highest possibility (Figure 4A). Also, abstrakt,
DDX41’s homolog in Drosophila, has an NLS in its N termini (1-194 aa) (Abdul-Ghani et
al., 2005). Therefore, we generated GFP-tagged full-length DDX41 and truncated DDX41
that lacked the first two NLSs (DNLS, 127-622 aa). In addition, a natural splicing variant
of DDX41, starting from M127, may exist in cells and has reduced nuclear localization and
increased cytoplasmic localization (Lewinsohn et al., 2016). Transiently expressed in HelLa
cells, we found that DDX41 was predominately localized in the nucleus and trafficked to the
cytoplasm 4-6 h after DNA transfection; however, the DDX41-ANLS was predominantly
localized in the cytoplasm regardless of DNA transfection (Figure 4B). Thus, our data
suggest that the NLS located at the extreme N terminus plays a critical role in DDX41’s
nuclear localization.

The acetylation of NLS modulates the subcellular distribution of IFI16 (Li et al., 2012).
DDX41 has a similar NLS in terms of its localization and sequence. After treating cells
with trichostatin A (TSA), a broad-spectrum histone deacetylase (HDAC) inhibitor, we
noted a significant accumulation of cytoplasmic GFP-DDX41 (Figure 4C), suggesting that
acetylation is critical for DDX41’s cellular distribution. Next, we changed the lysine at
position 9 (K9) to arginine (R) or glutamine (Q) to mimic the nonacetylated or acetylated
state, respectively, and to nonfunctional alanine (A). The relative nuclear abundances of Q
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and A mutants were significantly reduced compared with the R mutant after DNA stimuli
(Figures 4D and S7B), indicating that acetylation of K9 regulates the nuclear/cytoplasmic
localization of DDX41.

Because DDX41 contains ATP-independent strand-annealing activity, we next investigated
its biological importance to cGAS-STING activation. We transfected WT and DDX417/~
THP-1 cells with ssDNA dT7g, or two complementary strands or annealed dsDNA of
VACV70 and scrambled sequence random70 (Table S1), then collected media 6 h post
transfection and detected /FN-Band /SG56 gene expression by gPCR, IFN-f expression
by ELISA assays, and luciferase activity. Compared with a no DNA control, we found

that dSDNA had the highest and dT7q the lowest IFN-B, /SG56, and luciferase expressions.
Strikingly, co-transfection of two complementary oligonucleotides (VACV and scrambled
sequences) also induced cytokine responses, with WT cells having much higher responses
than DDX417=~ cells (Figures 4E-4H). Because DDX41 protein binds ssDNA (Figures
S5G and S5R) and anneals two complementary strands (Figures 3K, S5M-S5P, and S5T),
we asked whether adding exogenous HSV-1 DNA, such as HSV-1 genome-derived ssDNA,
would trigger increased innate response in the presence of DDX41. To this end, we co-
infected WT and DDX41~/~ THP-1 cells with HSV-1 and three doses of HSV-1 30-mer
derived from the HSV-1 genome (Table S1) and found increased luciferase production with
increasing amounts of HSV-1 30-mer (Figure 41). Collectively, our findings suggest that
DDX41 can anneal the complementary oligonucleotides and form a stable dsDNA that
activates cGAS.

To visualize the strand-annealing activity of DDX41, we transfected WT and DDX41~/~
cells with two complementary oligonucleotides—Cy5-labeled sense (45-mer) and Cy3-
labeled antisense (30-mer)—that are, respectively, derived from the VACV 70-mer and

its complementary strand (Table S1), which can be bound, unwound, and rewound by the
DDX41 protein in vitro (Figures S5R-S5T). Interestingly, we observed the co-localization
of sense and antisense oligonucleotides in the cytosol after 4 h transfection in WT cells

but less in DDX417/~ cells (Figure 4J). However, reduced co-localization and extreme
instability occurred for the two non-complementary oligonucleotides, random sequence
strand (Cy5) and the Cy3-labeled antisense (Table S1), in WT and DDX417/~ cells (Figure
4K). Notably, no signal for the two non-complementary oligonucleotides was observed at 4
h post transfection, indicating that non-complementary ssDNAS are unstable due to nuclease
attack inside cells. Furthermore, we transfected THP-1 cells with FAM-labeled VACV-70-
mer ssSDNA and dsDNA. Surprisingly, we found that DDX41 transported from the nucleus
to the cytosol and co-localized with VACV-70-mer dsDNA, but not with VACV-70-mer
ssDNA (limited signal due to instability), after 4 h of stimulation (Figure 4L). Similar results
were obtained using BMDMs and BMDCs (Figure S8).

Furthermore, subcellular fractionation revealed that DDX41 levels increased in the cytosol
after 4 h of VACV-70-mer dsDNA or ssDNA stimulation (Figure 4M). Notably, higher
DDX41 was observed in dsDNA-stimulated cells than in ssDNA-stimulated cells. Next, we
asked whether DDX41 and cGAS have mutual interactions after stimulating with DNA.

To this end, we immunoprecipitated the endogenous DDX41 with a cGAS antibody from
THP-1 macrophages that were challenged with and without VACV-70-mer dsDNA and
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ssDNA. We found a significant pull down of DDX41 by cGAS in dsDNA-stimulated

cells compared with ssDNA- or non-stimulated cells (Figure 4N). Visually, we also

found that DDX41 co-localized with cGAS after dsDNA transfection, but less after

ssDNA transfection, in THP-1 macrophages and mouse primary cells (Figures 40).

To determine whether DDX41 interacts with DNA directly, we performed proximity
ligation assays (PLAS) in THP-1 cells. We found that DDX41 interacted with dsSDNA

(21 PLA signals/cell on average; Figure 4P), ssDNA (7 PLA signals/cell on average;
Figure 4Q), and a DNA:RNA hybrid (12 PLA signal/cell on average; Figure 4R). In
addition, we labeled HSV-1 genomic DNA with 5-bromo-2’-deoxyuridine (BrdU) during its
propagation, and confocal microscopy revealed that DDX41 colocalized with BrdU-labeled
viral DNA following HSV-1 infection in HeLa cells (Figure 4S). Moreover, to confirm

that DDX41 interacts with invading DNA in the cytoplasm, we performed cross-linking
immunoprecipitation (CLIP), for which the DDX41 antibody was used to pull down its
associated complex from the cytosolic fractions of THP-1 macrophages; dot blot and PCR
assays revealed that the DDX41 antibody, but not the immunoglobulin G (IgG) control,

can pull down DNA, including dsDNA, ssDNA, DNA:RNA hybrid, HSV-1 DNA, and
oligonucleotides (Figure S9). Since formaldehyde was used in this CLIP experiment, we
could not exclude the possibility that DDX41 contacts the tested DNAs through one or
more intermediary proteins. However, these findings are consistent with previous reports
that DDX41 directly binds DNA (Zhang et al., 2011; Lee et al., 2015).

Patient mutant R525H has reduced unwinding activity, retains normal strand-annealing
activity, and leads to higher cGAS activity than WT in vitro

The ¢.G1574A (p.R525H) mutation is the most frequent germline and somatic mutation

in DDX41 in MDS/AML (Kadono et al., 2016; Polprasert et al., 2015; Quesada et al.,
2019; Yoneyama-Hirozane et al., 2017). The residue arginine is highly conserved in
DDX41 proteins across species (Figure S10A). To determine its molecular pathogenesis,
we generated an R525H mutation and purified the proteins (Figure 5A). The secondary
structure prediction by circular dichroism (CD) spectroscopy (Figure 5B) revealed that both
WT and R525H proteins feature 39% a-helix, 20% B-sheet, and 41% unordered structures.
After establishing that the mutant R525H protein folded properly, we characterized its
DNA-unwinding activity. Using a 30-bp fork-duplex DNA substrate, we observed that
R525H had reduced unwinding activity compared with WT DDX41 (Figures 5C and 5D).
By increasing the length of the dsDNA from 30 to 40 and 50 bp, we found that the

mutant R525H could not unwind the duplex DNA efficiently compared with WT (Figures
S10B and S10C). Notably, the R525H protein had a strong band shift, even treated with
proteinase K, suggesting that the R525H bound and multimerized on DNA substrates.
Because DDX41 has ATP-independent strand-annealing activity (Figures 3J-3L, S6H-L,
and S60), we next performed annealing assays for the R525H protein. We found that
R525H could efficiently rewind ssDNA to form dsDNA in the absence of ATP (Figure 5E).
However, multimerization again occurred for the R525H protein in the presence of ATP
(Figure 5F), which was also observed in gel shift assays using an ATP analog (Figures

5G and S10D). We then examined ATP-hydrolysis activity, where both WT and R525H
displayed ATPase activity with stimulator M13 ssDNA (Figure 5H) and dT3q but not

with tRNA and rUszq (Figures S10E-S10G). Unlike the WT, the R525H mutant displayed
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significantly lower ATPase activity (Figures 5H and 51). As expected, the E345A mutant
exhibited no ATP-hydrolysis activity. Using M13 ssDNA as the effector molecule and
ATP concentrations ranging from 0 to 4 mM, we determined that the Michaelis constant
(Km) value for DDX41-WT was 200 pM. We also determined that the kcat (catalytic rate
constants) values for WT and R525H proteins were 953.6 + 45.5 and 292.8 + 23.6/s,
respectively. These results suggest that the mutant R525H compromises the ability of
DDX41 to hydrolyze ATP.

Because R525H has reduced ATP-hydrolysis activity, we next asked whether R525H could
bind ATP. We performed filter-binding assays of DDX41 proteins with [y -32P] ATP;
unexpectedly, we found that R525H had a higher affinity for ATP than WT protein,
particularly at a concentration of 150 nM (Figure 5J). Furthermore, we used an ATP

AffiPur kit (AK-102, Jena Bioscience), in which we incubated the same amount of WT or
R525H proteins with ATP agarose. R525H proteins bound ATP-agarose beads more strongly
compared with WT (Figure 5K). Hence, this strong affinity of R525H toward ATP could be
a reason for the inefficient/compromised hydrolysis of ATP.

To further assess the consequence of R525H on cGAS activation, we purified human

cGAS protein (Figures S11A-S11G). We observed robust cGAS catalytic activity in the
presence of dSDNA, particularly tailed dSDNA, but not sSRNA or dT 45 (Figure S11H). In
the presence of vaccinia virus dsDNA, cGAS activity increased with increasing DDX41
protein used (Figure 5L). Moreover, cGAMP formation was increased in the presence of the
DDX41-R525H or the DDX41-E345A protein and was completely abolished in the presence
of the DDX43-WT but not the DDX43-D396A protein (Figure 5M). We believe that cGAS
activity was modulated by the dsSDNA substrates, which are formed by the DDX41-R525H
protein, because of its solo annealing activity and was reduced by the DDX43-WT protein
that contains unwinding activity and no strand-annealing activity (Tanu et al., 2017; Yadav et
al., 2020).

Cells expressing R525H have higher type | IFN production

Because R525H has reduced ATP hydrolysis and unwinding activity /n vitro, we next asked
whether overexpression of the DDX41 R525H protein in DDX41-KO cells would rescue
the type | IFN production in DDX41 KO cells. Thus, we overexpressed the FLAG-tagged
DDX41 proteins (WT or R525H mutant) in DDX41-depleted THP-1 cells (Figure 6A).

As expected, overexpression of WT DDX41 rescued type | IFN production in DDX41

KO cells. Unexpectedly, the R525H mutant had higher IFN-B production than WT (Figure
6B). Moreover, cGAS oligomerization (Figure 6C), higher cGAMP production (Figure 6D),
STING dimerization (Figure 6E), and higher luciferase activity (Figure 6F) occurred in
R525H-expressing cells compared with WT-expressing cells. Similar results were obtained
in a DDX41 KO HeLa cell line that was reconstituted with DDX41-WT or -R525H (Figure
512).

Given that R525H is the most frequent somatic heterozygous mutation in MDS and AML
syndromes (Yoneyama-Hirozane et al., 2017; Lewinsohn et al., 2016; Polprasert et al.,
2015), we asked whether it exerts a dominant-negative effect to cause the diseases. To
address this, we overexpressed DDX41 (WT or R525H) in THP-1 WT cells (Figure 6G). In
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addition, we overexpressed the DDX43 that has only unwinding activity and no annealing
activity (Tanu et al., 2017; Yadav et al., 2020), including WT and its helicase-dead mutant
D396A (Figure 6H). Unexpectedly, the DDX41-R525H-expressed cells had greater type |
IFN production than DDX41-WT- or vector-expressed cells (Figures 61 and 6J). We also
observed that both DDX43-WT and DDX43-D396A failed to trigger type | IFN production
after DNA stimulus compared with DDX41 (WT and R525H). Moreover, we examined

the expression of several type | IFN-related genes in CD34+ cells from three patients with
AML that harbored the R525H mutation and 20 patients with DDX41 WT and found that
one patient had significantly higher IFN expression and that all three patients had higher
STING expression (Table S3). Gene set enrichment analysis (GSEA) revealed an enrichment
of the IFN-response genes in three patients (Figure 6K). To explore the dominant-negative
mechanism caused by the R525H mutant, we performed helicase assays with WT, R525H,
or WT and R525H mixed and found that R525H affected the WT protein’s unwinding
activity (Figure 6L) but not its annealing activity (Figure 6M). Thus, we concluded that

the annealing activity of DDX41 is required to form dsDNA to activate cGAS, while the
unwinding activity of DDX41 is required to separate dsDNA to inactivate cGAS (Figure
6N).

DISCUSSION

We attempted to generate Ddx41 KO mice; however, no complete KO pups were generated,
suggesting that germline loss of Ddx41 causes embryonic lethality (Stavrou et al., 2018).
This is consistent with DDX41’s homolog in Drosophila, abstrakt, which is essential for
survival at all stages of the fly (Irion and Leptin, 1999). On the other hand, a cGas complete
KO mouse was generated and did not display any overt developmental abnormality.
However, cells from cGas-deficient mice, including fibroblasts, macrophages, and dendritic
cells, failed to produce type | IFNs and other cytokines in response to DNA transfection

or DNA virus infection (Li et al., 2013). Sting complete KO mice were also successfully
generated (Jin et al., 2011), yet Sting is essential for IRF3 activation and type | IFN
production in the response of cultured phagocytes to bacterial second messengers c-di-AMP
and c-di-GMP. Collectively, the mouse models suggest that Ddx41 might be more crucial
than cGas and Sting for both mouse survival and cytokine response to viral and bacterial
infections.

Many cytosolic DNA sensors, including cGAS, IFI16, AIM2, LRRFIP1, Ku70, and DDX41,
have been identified so far; however, whether they act redundantly or nonredundantly, or
upstream or downstream, is not known. DDX41 might act as an initial cytosolic sensor

and control the expression of cGAS (Ma et al., 2015). Several reports demonstrate that
DDX41 functions upstream of STING, TBK1, and IRF3 (Zhang et al., 2011; Parvatiyar et
al., 2012; Benmerzoug et al., 2018; Stavrou et al., 2018). Our results suggest that DDX41
acts upstream of cGAS (Figure 6N). We propose that DDX41 is acetylated at lysine 9
upon DNA virus infection, and then it translocases from the nucleus to the cytosol. Histone
acetyltransferase p300 is involved in the acetylation of the NLS domain in IFI16 after
DNA virus infection (Li et al., 2012), but it remains unknown whether p300 initiates the
DDX41-protein acetylation and triggers the nucleo-cytoplasmic translocation. Further, in
the cytosol, DDX41 utilizes its strand-annealing activity to form dsDNA, which binds and
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activates cGAS and turns on the cGAS-STING-TBK1-IRF3-type | IFN pathway. On the
other hand, DDX41 uses its unwinding activity to separate dsDNA into ssDNA, which

turns off the cGAS-STING-TBK1-IRF3-type | IFN pathway. Consistent with our model, a
very recent work suggests that DDX41 resolves R loops that regulates the cGAS-STING
inflammatory pathway (Weinreb et al., 2021; Mosler et al., 2021). IFI16 negatively regulates
cGAS activation through competitive binding agonist DNA (Zheng et al., 2020); therefore, it
remains to be determined how DDX41 and IFI16 co-regulate cGAS activation.

DDX41 is a multifunctional protein. The best-known function of DDX41 is mRNA splicing.
DDX41 was found in the spliceosomal C complex of HeLa nuclear extract (Jurica et al.,
2002; Bessonov et al., 2008). Spliceosomal proteins (e.g., PRPF8 and SF3B1) are top
candidates that are pulled down by the V5-tagged DDX41 protein overexpressed in HEK293
cells. Indeed, RNA sequencing (RNA-seq) of DDX41-mutated patient samples show global
splicing defects, such as exon skipping and retention (Polprasert et al., 2015). Similar results
are found in DDX41’s ortholog, sacy-1, in C. elegans (Tsukamoto et al., 2020). We found
that DDX41 takes part in pre-rRNA processing (Kadono et al., 2016). A very recent work
on the DDX41 mouse model shows that DDX41 regulates small nucleolar RNA (snoRNA)
processing and that DDX41 mutations or loss cause ribosome defects and reduced protein
synthesis (Chlon et al., 2021). Notably, DEAD-box proteins are traditionally known for
their roles in RNA metabolism (Linder and Jankowsky, 2011); however, several DEAD-box
proteins are involved in DNA metabolism, for example, DDX3 (Garbelli et al., 2011), p68
(DDX5) (Tuteja et al., 2014), DDX43 (Tanu et al., 2017), and Dbp9p (DDX56) (Kikuma

et al., 2004). Recently, DDX41 in zebrafish was reported to be a crucial gatekeeper of
over-producing hematopoietic stem and progenitor cells by inhibiting excessive R loops and
thus preventing an inflammatory cascade (Weinreb et al., 2021), suggesting that the DDX41/
R-loop/cGAS-STING axis might be driving human hematopoietic malignancy. Notably,
DDX41 being an R-loop resolver was confirmed by the R-loop proximity proteomics
approach very recently (Mosler et al., 2021). Although DDX41’s role as a DNA sensor

in innate immunity is well established (Jiang et al., 2017; Andreou, 2021; Omura et al.,
2016), we could not exclude the possibility that the impaired innate immune responses we
observed in DDX41 KO cells might be a combined consequence of dysregulated mRNA
splicing, the cGAS-STING pathway, and/or other factors.

A fundamental question remains unanswered: how are the unwinding and rewinding
activities of DDX41 regulated in host cells? We supposed that molecules such as ATP,
GTP, and cGAMP would affect DDX41’s dual activities. However, no significant effect
was observed in our biochemical assays (Figures S5U-S5W). In addition, we obtained
K9R and K9Q proteins that mimic the nonacetylated and acetylated states of DDX41,
respectively (Figure S6D). Again, no significant effect was observed in our biochemical
assays (Figures S6E and S6F). Importantly, separating unwinding and annealing activity is
almost impossible when these two activities reside on the same polypeptide (Wu, 2012).
We observed that the expression of DDX41 changes throughout DNA infection, specifically
increasing 2 h post DNA infection and decreasing 6-12 h after DNA infection (Figures
1D and 10); however, the strand-annealing activity of DDX41 only occurs at high protein
concentrations (Figures 3D, S5M-S5P, and S5T), indicating that it might dominate over
unwinding activity when the DDX41 protein reaches high concentrations following viral
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infection, then unwinding activity dominates over annealing activity at low concentrations
once the virus is cleared. Consistent with DDX41, several helicases, including BLM (Cheok
et al., 2005), RECQ5p (Garcia et al., 2004), and LAF-1(DDX3X) (Kim and Myong, 2016),
promote strand-annealing activity at high protein concentrations. The DDX41 protein is
reported to be degraded through ubiquitination (Zhang et al., 2013), and HSV-1-encoded
miR-H2-3p inhibits the expression of DDX41 (Duan et al., 2019), suggesting that the
expression of DDX41 might be regulated and therefore, consequently, so is the activity of
cGAS (Figure 6N). Intriguingly, patients with MDS who have lower DDX41 expression
levels have a significantly increased percentage of bone marrow blasts and a significantly
reduced expected survival (Weinreb et al., 2021), suggesting that DDX41 expression levels
correlate with clinical outcomes. Therefore, further study is required to determine how

the expression of DDX41 is regulated and how the unwinding and rewinding activities of
DDX41 are fine-tuned by host cells and/or invading DNA viruses.

Targeting cGAS and/or STING for drug development has been and will continue to be
attempted (Haag et al., 2018; Lama et al., 2019). Because it functions upstream of cGAS and
STING, DDX41 becomes an important drug target for autoimmune diseases and cancers.
Intriguingly, patients with MDS/AML harboring R525H commonly exhibit peripheral blood
cytopenias and low blast counts (Yoneyama-Hirozane et al., 2017; Lewinsohn et al., 2016;
Polprasert et al., 2015), suggesting that the mutation inhibits the growth and differentiation
of hematopoietic cells. Whether higher cytokine responses cause these phenotypes remains
unknown; however, chronic innate immune-pathway activation is known to increase the risk
of developing myeloid malignancies (Kristinsson et al., 2011), including MDS and AML
(Ganan-Gomez et al., 2015; Smith et al., 2019). Thus, DDX41 might play an important role
in tumorigenesis and, therefore, developing DDX41 inhibitors will potentially serve as an
anticancer strategy.

Limitations of the study

First, we attempted to monitor the dynamics of dsDNA and ssDNA in WT and DDX41-
KO cells. We found that the stability of dSDNA was prolonged in DDX41-KO cells
compared with WT cells when we transfected HeLa cells with annealed dsDNA (Figures
S13A and S13B). Unfortunately, we barely observed an ssDNA signal when transfecting
cells with ssDNA (Figures S13C-S1E), even when using oligonucleotides incorporated
with phosphorothioate bonds to prevent nuclease degradation (Table S1). To visualize that
DDX41 directly unwinds/anneals DNA in cells, single-molecule-based super-resolution
microscopy (Kaniecki et al., 2018) would be used, where DNA will be labeled with
fluorescent dyes and DDX41 tagged with GFP or detected by antibody. Second, we
attempted to determine which domain of DDX41 controls its strand-annealing activity

in vitro; however, we have not succeeded. Despite that it has been reported that strand-
annealing activity is located or controlled by the C terminus in RecQ5 (Garcia et al., 2004),
the N-terminal region in BLM (Chen and Brill, 2010), and the winged-helix domain in
RECQ1 (Mukhopadhyay et al., 2021). In addition, we tested c-di-AMP, ¢c-di-GMP, and the
cGAS product cGAMP in unwinding and annealing reactions. However, we found that they
neither stimulate nor inhibit DDX41’s unwinding or annealing activity. Third, we found
that DDX41 interacted directly with DNA, including dsDNA and ssDNA; however, we
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do not know how DDX41 distinguishes between host cells’ own DNA and the DNA of
invading pathogens. Despite these limitations, our results identify that DDX41 is required
for cGAS-STING activation upon DNA virus infection, probably through modulating the
homeostasis of dsSDNA and ssDNA.

STARXMETHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to the lead contact, Yuliang Wu (yuliang.wu@usask.ca).

Materials availability—Plasmids generated in this study will be been deposited to
Addgene.

DDX41-flp mice (C57BL/6N) were constructed by TaconicArtemis GmbH and obtained
from Baylor Research Institute (Baylor Scott & White Research Institute).

Data and code availability

. Original Western blot images have been deposited at Mendeley Data (https://
doi.org/10.17632/4m9d4xs83j.1). Microscopy data reported in this paper will be
shared by 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 available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—HelLa, HEK293T, and Vero cells were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Sigma) and penicillin/
streptomycin (100 U/mL each, Sigma). THP-1 cells were cultured in RPMI containing

5% FBS (Sigma), 0.2 mg/mL glutamine (Sigma), 100 U/mL penicillin (Thermo Fisher),

100 pg/mL streptomycin (Thermo Fisher), 10 ug/mL gentamicin sulfate (Lonza), 50 pM
B-mercaptoethanol (EMD Biosciences), and 20 mM HEPES (Thermo Fisher). THP-1 WT
(thpdnfis) and THP-1 cGAS™~ cells (thpd-kocgas) were obtained from InvivoGen. THP-1
cells were differentiated to macrophages with PMA (phorbol 12-myristate 13-acetate,
P8139, Sigma, 125 nM for 24 h)

Mice—CD11cCre and LyCre Ddx41 conditional KO mice have been previously described
(Stavrou et al., 2018; Ma et al., 2022). Both male and female mice were used for
experiments. All mice were housed according to the policies of the Animal Care Committee
(ACC) of the University of Illinois at Chicago (UIC); all studies were performed following
the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The experiments performed with mice in this study were
approved by the UIC ACC (protocol no. 15-222).
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Bone marrow (BM) was isolated from hind limbs of 10- to 12-week-old LyCre-DDX41,
CD11cCre-DDX41, and C57BL/6 mice as described (Stavrou et al., 2018). BMs were
cultured in DMEM supplemented with 10% FBS, 10 ng/mL macrophage colony stimulating
factor (Invitrogen), 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL
streptomycin, and were harvested 7 d after plating and seeded in 6-well plates for infection
assays. BMDCs were cultured in RPMI supplemented with 5% FBS and differentiated

with recombinant murine granulocyte-macrophage colony-stimulating factor (20 ng/mL,
Invitrogen). Both procedures result in cultures that are ~80-85% pure.

Patient samples—Bone marrow aspirates were collected from 23 patients with AML
or MDS who participated in the study according to the protocol approved by the ethics
committee on human genome research at Hiroshima University. The protocol included
the use of pooled samples at initial diagnosis. RNA-seq and gene set enrichment analysis
(GSEA) were performed as described previously (Kadono et al., 2016).

Herpes simplex virus and influenza A virus—HSV-1 stock (KOS strain) was
propagated in Vero cells. For infection of THP-1 cells, the HSV-1 stock was diluted in
RPMI and cells were infected at a multiplicity of infection (MOI) of 10 PFU/cell. Titration
of serially diluted HSV-1 was performed in Vero cells overlaid with anti-HSV serum. After
incubation for 48 h following infection, cells were stained with 0.5% crystal violet in

80% methanol and plaques were counted. Influenza A/PR/8/34 (H1N1) was propagated in
11-day-old embryonated chicken eggs, and virus titers were determined by plaque assays on
MDCK cells. The WT and DDX41~/~ THP-1 cells were mock-infected or infected with 1AV
at MOl values of 0.1, 1, and 10.

Co-localization of DDX41 and BrdU-labelled HSV-1 DNA—To generate BrdU-
labeled infectious HSV-1, HSV-1 virus was propagated in Vero cells in media containing
BrdU (10 uM, B5002, Sigma). At 24 hpi, BrdU (10 uM) was added once again. To avoid
photolysis of BrdU residues, plates were maintained in the dark during the incubation.

After 3—4 days, when complete cytopathic effect is reached, the viruses were harvested

and purified as following. Dead cells were removed from cell culture supernatant by
centrifugation at 1200 rpm for 5 min at 4°C, virus was isolated by centrifuging the
supernatant at 17,000xg for 2 h at 4°C, and pellets were resuspended in serum free
DMEM/20% glycerol and stored in —80°C. The viral titration was determined by plaque
assays. HelL a cells were seeded one day before the infection, and were washed with PBS and
then incubated with BrdU labeled HSV-1 (MOI = 10) for 1 h in serum free DMEM at 37°C.
After that, cells were incubated in DMEM complete medium until 6 hpi. The cells were
fixed with 4% paraformaldehyde for 10 min, washed with PBS, and treated with 4 N HCI for
10 min at room temperature (to expose the BrdU residues for staining). Cells were washed
three times with PBS, permeabilized with 0.1% Triton X-100 for 20 min and blocked with
5% BSA in PBS for 1 h at 37°C. Cells were then stained with mouse DDX41 antibody
(1:250, Santa Cruz) and rabbit BrdU antibody (1:250, Abcam), followed by detection with
fluorescent dye-conjugated secondary antibodies.
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Proximity ligation assay (PLA)—DDX41-DNA interaction was assessed via proximity
ligation assay (PLA) using the Duolink In Situ Red Starter Kit Mouse/Rabbit (DU092101,
Sigma) according to manufacturer’s instructions. In brief, THP-1 macrophages were fixed
with 100% methanol at —20°C for 20 min and permeabilized with 100% acetone for 10 min.
After washing with Wash Buffer A followed by blocking with Duolink Blocking Buffer for
1 h at 37°C in a humidified chamber, cells were incubated with primary antibodies (DDX41,
1:250, NEB; and dsDNA, 1:250, Abcam or ssDNA, 1:250, US Biological) overnight at
4°C. The next day, cells were washed with Wash Buffer A, followed by incubation with
appropriate Duolink secondary antibodies (Sigma) for 1 h in humidity at 37°C. After
washing with Wash Buffer A at room temperature, ligation and amplification steps of

the PLA were performed according to the manufacturer’s protocol. After final washes

with Wash Buffer B at room temperature, slides were mounted with Prolong Diamond
antifade reagent containing DAPI (Invitrogen). The slides were analyzed and imaged under
a confocal microscope; here, red fluorescent dots indicate the close proximity of DNA and
DDX41 protein.

IRF luciferase activity assays—THP-1-dual reporter cells (InvivoGen) were stably
integrated with two inducible reporter constructs, allowing the activation of the NF-kB or
IRF pathways to be detected via measurement of secreted alkaline phosphatase or luciferase
activity, respectively. At different time points post poly (dA:dT), poly I:C (4 ug/mL), or
virus stimulation, 20 pL aliquots of media were sampled into 96-well plates. One hundred
uL of Quanti-Luc luciferase substrate (InvivoGen) were added to each well, and plates
were read immediately for luciferase activity using a GloMax 96 Microplate Luminometer
(Promega).

Cross-linking immunoprecipitation (CLIP)—Formaldehyde was added to the media
in dropwise to a final concentration of 0.75% (400 uL of 37.7% formaldehyde for 20

mL media) and rotated gently at room temperature for 10 min. Glycine was added to the
media to a final concentration of 125 mM (2 mL of 1.25 M glycine for 20 mL media) and
incubated with shaking for 5 min at room temperature. Cells were washed with PBS and
proceeded to the steps as regular IP.

RT-qPCR—Total RNA was extracted from cells using Trizol reagent (Invitrogen) and
reverse-transcribed to cDNA using Superscript Il Reverse Transcriptase and oligo-dT
primer (Invitrogen). The expression of various mMRNAs was measured by quantitative
real-time PCR using gene-specific primers and SYBR green master mix (A25742,

Applied Biosciences). Relative expression was calculated using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a reference gene. Samples were analyzed in triplicate per
reaction using the StepOnePlus Real-Time PCR System (Applied Biosystems).

Biochemical assays of DDX41 protein—Helicase assays, strand annealing assays,
electrophoretic mobility shift assays (EMSA), and ATP hydrolysis assays for DDX41
protein were performed as described for DDX43 helicase and other helicases (Tanu et al.,
2017; Yadav et al., 2020; Guo et al., 2016; Singh et al., 2022).
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In vitro cGAMP synthesis assays—cGAMP synthesis assays were performed in buffer
containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM DTT, and 10 mM MgCl,. Reactions
(20 pL) were initiated with 2.5 uM of DDX41 or DDX43 protein, nucleic acids (1 pM), and
cGAS protein (2.5 uM) in the presence of cold ATP and GTP (250 uM each) and [a.-32P]
ATP (10 pCi, PerkinElmer). The reactions were incubated at 37°C for 1.5 h and terminated
with the addition of 5 U of shrimp alkaline phosphatase (NEB) at 37°C for 30 min to digest
the remaining labeled nucleoside triphosphates, followed by heating at 65°C for 20 min. One
UL of each reaction was spotted onto a PEI-cellulose TLC plate (J.T. Baker) and separated
with 1.5 M KH,PO4 (pH 3.8) as the solvent. Radiolabeled products were detected with a
phosphor screen using a Typhoon FLA 7000.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in GraphPad Prism 8 or Microsoft Excel. Analyses
of relative gene expression were determined using the 22ACt method with GAPDH as the
internal reference gene. Results are reported as mean + SEM of at least three independent
experiments. Comparisons were analyzed using an unpaired Student’s t-test or one-way
analysis of variance (ANOVA) with multiple comparison were performed with Tukey’s
multiple comparison test (NS: p = 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001), as indicated in the individual figures.
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Highlights
DDX41 is required for cGAS-STING activation

DDX41 modulates the homeostasis of dSDNA through its unwinding and
annealing activities

Patient mutant R525H has reduced unwinding activity but retains annealing
activity

R525H causes excessive activation of innate immune response that might lead
to MDS/AML
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Figure 1. DDX41 knockout cells have reduced cytokine response to DNA stimulation
(A) Western blot assays of WT and DDX41 KO HeLa cell lines with the indicated

antibodies. B-actin serves as a loading control.

(B and C) gPCR analysis of the gene expression of /FN-8(B) and /SG56 (C) in WT and
DDX41 KO HelLa cell lines after poly(dA:dT) treatment. GAPDH serves as an internal
control, and time O was set as 1.

(D and E) Western blot assays of proteins in the cGAS-STING pathway after poly(dA:dT)
treatment in WT (D) and DDX41 KO (E) HeLa cell lines.

(F=1) Quantification of the relative expression of cGAS (F), p-STING (G), p-TBK1 (H), and
p-IRF3 (1).

(J) Western blot assays of WT and DDX41 KO THP-1 cell lines with the indicated
antibodies.

(K) qPCR analysis of /FN-£ gene expression in WT and DDX41 KO THP-1 macrophages
after poly(dA:dT) treatment.

(L) IFN-B protein detected by an ELISA kit (414,101, R&D Systems) in WT and DDX41
KO THP-1 macrophages after poly(dA:dT) treatment.
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(M) gPCR analysis of /SG56 gene expression in WT and DDX41 KO THP-1 macrophages
after poly(dA:dT) treatment.

(N) IRF-induced luciferase activity measured in WT and DDX41 KO THP-1 macrophages
after poly(dA:dT) treatment.

(O and P) Western blot assays of proteins in the cGAS-STING pathway in WT (O) and
DDX41 KO (P) THP-1 macrophages after poly(dA:dT) treatment.

(Q-T) Quantification of the relative expression of cGAS (Q), p-STING (R), p-TBKL1 (S),
and p-IRF3 (T).

For (B), (C), (F)—(I), (K)=(N), and (Q)—(T): data represent the mean + SEM of three
independent experiments.

Cell Rep. Author manuscript; available in PMC 2022 June 17.
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Figure 2. DDX41 is required for the activation of cGAS and STING
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(A) cGAMP production detected by an ELISA kit (Cayman Chemical) in WT and DDX41

KO THP-1 macrophages 6 h post mock or indicated DNA stimulation. Mock (no DNA) was
set as 1. cGAS KO cells serve as a negative control.
(B and C) cGAS oligomerization (B) and STING dimerization (C) status in WT and DDX41
KO THP-1 macrophages after mock or poly(dA:dT) stimulation (top). Denaturing condition
and pB-actin were used as loading controls (bottom).
(D-F) Co-localization of STING with ERGIC (D), Golgi (E), and p-TBK1 (F) in WT and
DDX41 KO THP-1 macrophages after mock or poly(dA:dT) stimulation (6 h).
(G) Western blot assays of proteins in the cGAS-STING pathway after HSV-1 infection

(MOI
genotype.
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(H-J) cGAMP production (H), cGAS oligomerization (1), and STING dimerization (J) in
BMDMs and BMDCs from the indicated mouse genotype after HSV-1 infection (MOI = 10,
6 h.p.i.).

(K and L) Co-localization of STING with ERGIC (K) and Golgi (L) in BMDMs from the
indicated mouse genotype after HSV-1 infection (MOI = 10, 6 h.p.i.).

For (A) and (H): data represent the mean + SEM of three independent experiments. ****p <
0.0001, ***p < 0.001, and **p < 0.01.
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Figure 3. Unwinding and annealing activities of DDX41 protein
(A) SDS-PAGE analysis of recombinant DDX41 proteins eluting from a Sephacryl S-300

HR column. DDX43 protein was loaded and used as a control.

(B and C) Representative images of helicase reactions performed by incubating 0.5 nM

of 3’- (B) or 5’-tailed (C) 13-bp duplex RNA substrate with increasing DDX41 protein
concentration (0-300 nM) at 37°C for 15 min. NE, no enzyme; filled triangle, heat-
denatured RNA substrate control; DDX43 protein (300 nM) was used as a control.

(D-G) Representative images of helicase reactions performed by incubating 0.5 nM of
forked (D), 5’-tailed (E), 3’-tailed (F), or blunt-ended (G) 20-bp duplex DNA substrate with
increasing DDX41 protein concentration (0-300 nM) at 37°C for 15 min.

(H and 1) Representative images of helicase reactions performed by incubating 0.5 nM

of forked 20-bp duplex DNA substrate at 37°C for 15 min with 150 nM DDX41 protein
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and different nucleoside-triphosphates (H) or with increasing concentration of ATP or ATP
analogs (1).

(J and K) Representative images of strand-annealing reactions performed by incubating 0.5
nM of two ssDNAs (one of them 32P labeled) for 20- (J) and 30-bp

(K) forked DNA substrate at room temperature for 30 min with increasing DDX41 protein
(0-150 nM) with or without ATP (2 uM). NE + Com, no enzyme with complementary
strand.

(L) Quantitative analysis of DNA annealing by DDX41 protein in (K).

Data represent the mean + SEM of three independent experiments.
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Figure 4. DDX41 translocates from the nucleus to cytoplasm and interacts with cGAS after DNA
stimuli

(A) Schematic representation of DDX41 constructs. Three nuclear localization signals
(NLSs) are indicated in red (first one solid, second and third patterned), helicase core
domain in yellow, and zinc finger domain (ZnF) in purple. The sequence of the first NLS is
shown, and lysine 9 is underlined.

(B) Subcellular localization of GFP-tagged DDX41 (top: full-length DDX41; bottom: NLS
deletion) after poly(dA:dT) treatment in HeLa cells.
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(C) Subcellular localization of GFP-tagged DDX41 (full-length) after TSA treatment or
mock in HeLa cells.

(D) Subcellular localization of GFP-tagged DDX41 point mutants, K9A, K9Q, and K9R, in
HelLa cells at 6 h post poly(dA:dT) treatment.

(E-H) /FN-B (E) and /SG56 (F) gene expression, IFN-B protein (G), and luciferase activity
(H) detected in WT and DDX41 KO THP-1 macrophages after the indicated DNA treatment.
Mock, no DNA; dT7q; two random complementary strands: random 70-mer-T and random
70-mer-B; annealed random dsDNA: random-70mer-T and random-70mer-B annealed /in
vitro, two VACV complementary strands: VACV-70mer-T and VACV-70mer-B; annealed
VACV dsDNA: VACV-70mer-T and VACV-70mer-B annealed /7 vitro. Mock was set as 1.
(1) Luciferase activity detected in WT and DDX41 KO THP-1 macrophages 4 h after
infection with HSV-1 and/or HSV-1 30-mer DNA. Mock (no DNA or virus) was set as 1.
(J) Co-localization of two complementary DNA strands (VACV) in WT was greater than in
DDX41 KO THP-1 macrophages at 4 h post transfection. Ten pg/mL DNA was used.

(K) Co-localization of two non-complementary DNA strands in WT and DDX41 KO THP-1
macrophages at 1 h post transfection. Note: no signal was observed at 4 h post DNA
transfection.

(L) DDX41 co-localizes with FAM-labeled dsDNA (VACV) and less with ssSDNA in THP-1
macrophages. Note: images of ssSDNA were taken at 1 h post transfection; images of no
DNA and dsDNA were taken at 4 h post transfection. FAM-ssDNA is VACV-70mer-T with
F, and FAM-dsDNA is VACV-70mer-T with F and VACV-70mer-B annealed.

(M) Western blot assays of DDX41 in the nuclear and cytosol fractions after THP-1 WT
macrophages transfected with ssSDNA or dsDNA. ssDNA is VACV-70mer-T, dsDNA is
VACV-70mer-T and VACV-70mer-B annealed (the same for N and O).

(N) Co-immunoprecipitation of DDX41 protein by cGAS antibody in THP-1 WT
macrophages that were transfected with ssDNA or dsDNA and blotted with DDX41 (top) or
cGAS antibody (bottom). Normal 1gG was used as a control.

(O) DDX41 co-localizes with cGAS after dsDNA transfection, but not ssDNA transfection,
in THP-1 macrophages.

(P-R) Representative images of PLA between DDX41 and dsDNA (P), ssDNA (Q), or
DNA:RNA hybrid (R) in THP-1 macrophages, and their quantitative assays of PLA signal.
30 cells were counted in each PLA.

(S) Co-localization of DDX41 (green) and BrdU (red, incorporated into HSV-1 genome
DNA) in HeLa cells (top). Non-infection cells were used as a control (bottom).

For (E)—(I) and (P)-(R): data represent the mean £ SEM of three independent experiments.
****p < 0.0001, ***p < 0.001, **p < 0.01. See Table S1 for related sequence.
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Figure 5. Biochemical characterization of DDX41 patient mutant R525H protein
(A) SDS-PAGE analysis of recombinant DDX41 proteins (WT and R525H) eluting from a

Sephacryl S-300 HR column.

(B) Circular-dichroism spectrum of DDX41-WT and mutant R525H proteins. The CD
spectra for these proteins (1 mg/mL) were acquired using Chirascan plus (Applied
Photophysics) in 1-mm cuvettes and recorded from 190 to 260 nm. The secondary-structure
content was analyzed using DichroWeb (Miles et al., 2022) with the respective spectrum
input.

(C) A representative image of helicase reactions performed by incubating 0.5 nM of 30-bp
forked duplex DNA substrate with increasing DDX41 protein concentration (0-300 nM) of
WT and R525H. NE, no enzyme; filled triangle, heat-denatured DNA substrate control.
(D) Quantitative analysis of helicase assays of DDX41 proteins in (C).

(E and F) Representative images of strand-annealing reactions using 0.5 nM two ssDNAs
(one of them 32P labeled) for 30-bp DNA substrates and increasing DDX41 protein (0—150
nM) without (E) or with ATP (2 mM, F). NE + Com, no enzyme with complementary
strand.
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(G) A representative EMSA image with increasing R525H or WT DDX41 protein (0-1.5
uUM) binding with 0.5 nM 30-bp forked DNA substrate without (left) or with (right) ATP
analog ATPAS (2 mM).

(H) A representative image of ATP hydrolysis detected by TLC with DDX41 proteins (WT,
R525H, and ATPase-dead E345A, 300 nM each) with M13 ssDNA effector (50 uM).

(I) Quantitative assay for the results shown in (H).

(J) A representative dot blot image of ATP bound by DDX41 proteins.

(K) ATP binding by DDX41 proteins was determined by ATP agarose (AK-102, Jena
Bioscience) and followed by western blot with an anti-DDX41 antibody (SC-166225, Santa
Cruz).

(L and M) TLC analysis of cGAS cyclic-dinucleotide synthesis under indicated conditions.
Purified full-length human cGAS protein (2.5 uM), ATP (250 uM), GTP (250 uM), [a-32P]-
ATP (10 uCi), VACV tailed dsDNA (1 uM; Table S2), and increasing DDX41 protein (1.25,
2.5, 5,and 10 uM) (L). cGAS protein (2.5 uM) was incubated with substrate nucleotides
(250 pM each), stimulatory DNA (VACYV tailed dsDNA, 1 pM), and DDX41 or DDX43
protein (2.5 pM) as indicated (M). Reactions were terminated by treatment with alkaline
phosphatase to remove free nucleotide triphosphate.

For (D) and (l): data represent the mean + SEM of three independent experiments.
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Figure 6. Patient mutant R525H has excessive cytokine response to DNA stimulation
(A) Western blot analysis of overexpression of vector, DDX41-WT, or DDX41-R525H in

DDX41 KO THP-1 cells with the indicated antibodies. B-actin serves as a loading control.
(B-F) gPCR analysis of the expression of /FN-Ggene (B), cGAS oligomerization (C),
cGAMP production (D), STING dimerization (E), and luciferase activity (F) in vector,
DDX41-WT, or DDX41-R525H expressed in DDX41 KO THP-1 macrophages after
poly(dA:dT) treatment. For (B), GAPDH serves as an internal control, and time 0 was

set as 1; for C and E, denaturing condition and pB-actin were used as loading controls; for D,
mock was set as 1; for F, time O was set as 1.

(G and H) Western blot analysis of WT THP-1 cells expressing vector (G and H), FLAG-
tagged DDX41-WT or DDX41-R525H (G), and FLAG-tagged DDX43-WT or DDX43-
D396A (H), with indicated antibodies. B-actin serves as a loading control.

(I'and J) gPCR analysis of the expression of /FN-g gene (1) and luciferase activity (J) in
WT THP-1 macrophages expressing vector, DDX41-WT, DDX43-WT, DDX41-R525H, or
DDX43-D396A after poly (dA:dT) treatment. GAPDH serves as an internal control and time
O was setas 1.

(K) Increased IFN-responsible genes occurring in R525H-expressing patient cells
determined by GSEA (three patients with the R525H mutation were compared with 20
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patients without the mutation). Normalized enrichment score, nominal p value, and false
discovery rate (FDR) q value are indicated at the bottom.

(L) A representative image of helicase analysis on a 30-bp forked duplex DNA using
indicated DDX41 proteins. Helicase reactions were performed by incubating with increasing
protein (0-300 nM) and 0.5 nM duplex DNA substrate at 37°C for 15 min. NE, no enzyme.
The triangle indicates heat-denatured DNA substrate control.

(M) A representative image of strand-annealing reactions using 0.5 nM two ssDNA (one
labeled with 32P) for forked 30-bp dsDNA substrates and DDX41 proteins (0-150 nM)
without ATP. NE + Com, no enzyme with complementary strand added.

(N) A model of DDX41’s role in the activation and inactivation of the cGAS-STING-type

I IFN pathway. Upon DNA virus infection, DDX41 protein expression increases, and its
strand-annealing activity dominates over its unwinding activity, and the produced dsDNA
activates the cGAS-STING-IFN pathway. Once the virus is cleared, DDX41 expression
reduces, and its unwinding activity dominates over its annealing activity, and the produced
ssDNA inactivates the cGAS-STING-IFN pathway. Ac, acetylation. For simplicity, only
cytosolic cGAS is shown.

For (B), (D), (F), (I), and (J): data represent the mean + SEM of three independent
experiments. ns, not significant (p = 0.05). ****p < 0.0001, ***p < 0.001, **p < 0.01,

and *p < 0.05.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

DDX41 Santa Cruz SC-166225; RRID: AB_2093024
DDX41 NEB 15076S; RRID: AB_2798698
cGAS Santa Cruz SC-515777; RRID: AB_2734736
PCNA Santa Cruz SC-56; RRID: AB_628110
STING NEB 13647S; RRID: AB_2732796
phospho-STING NEB 19781S; RRID: AB_2737062
IRF-3 NEB 11904S; RRID: AB_2722521
phospho-IRF-3 NEB 4947S; RRID: AB_823547
TBK1/NAK NEB 3504S; RRID: AB_225566
phospho-TBK1/NAK NEB 5483S; RRID: AB_10693472
MAVS NEB 3993S; RRID: AB_823565
FLAG Sigma F1804; RRID: AB_262044
B-actin Sigma Ab441; RRID: AB_476744
F4/80 Abcam abh6640; RRID: AB_1140040
dsDNA Abcam ab27156; RRID: AB_470907
BrduU Abcam ah152095; RRID: AB_2813902
sSDNA US Biological D3878-16B

DNA:RNA hybrid S9.6 Kerafast ENHO001; RRID: AB_2687463
CDl1lc Thermo Fisher 25-0114-82; RRID: AB_469590

Goat anti-Mouse 1gG (H + L) Secondary Antibody, HRP
Goat anti-Rabbit 1gG (H + L) Secondary Antibody, HRP
Alexa Fluor 488 goat anti-rabbit 19G

Alexa Fluor 594 goat anti-mouse 1gG

Thermo Fisher
Thermo Fisher
Thermo Fisher

Thermo Fisher

31430; RRID: AB_228307
31460; RRID: AB_228341
A32731; RRID: AB_2633280
A-11032; RRID: AB_2534091

Bacterial and virus strains

DH5a Competent E. coli NEB C2987H
Stable Competent £. coli NEB C3040H
Rosetta 2 cells (DE3) Sigma 71400
HSV-1 (KOS strain) ATCC VR-1493
Influenza A/PR/8/34 (H1N1) ATCC VR-1469
Chemicals, peptides, and recombinant proteins

Lipofectamine 3000 Thermo Fisher L3000008
Puromycin Sigma P9620
Polybrene Sigma TR-1003
Doxycycline Thermo Fisher BP26535
PMA (phorbol 12-myristate 13-acetate) Sigma P8139
Nickel Affinity beads Sigma P6611
dA:dT InvivoGen tirl-patn-1
poly I:.C InvivoGen tirl-picw-250
QUANTI-Luc InvivoGen rep-qlc2
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REAGENT or RESOURCE SOURCE IDENTIFIER
protein A/G agarose Santa Cruz SC-2003
ProLong Diamond Antifade Mountant with DAPI Thermo Fisher P36962
BrdU Sigma B5002
[a-32P] ATP Perkin Elmer BLUOO3H
[y-32P] ATP Perkin Elmer BLUS502A
Clarity Western ECL Substrate Bio-Rad 1705061
Mouse M-CSF Recombinant Protein Thermo Fisher RP-8615
T4 polynucleotide kinase NEB M0201S
Shrimp alkaline phosphatase NEB MO0371S
DDX43 protein PMID: 28468824, 33199368; 35257897 N/A
DDX41 protein In this study N/A
SUMO protease PMID: 23209681 and in this study N/A

CGAS protein PMID: 31113940 and in this study N/A
Critical commercial assays

2’3’-cGAMP ELISA Kit Cayman Chemical 501700
Duolink In Situ Red Starter Kit Mouse/Rabbit Sigma DU092101
PowerUp SYBR Green Master Mix (QPCR) Applied Biosciences A25742

Deposited Data

Raw Western blot data

Mendeley Data

https://doi.org/10.17632/4m9d4xs83j.1

Experimental models: Cell lines

HelLa

HEK293T

Vero

MDCK
THP-1WT
THP-1 cGAS-/-

ATCC
ATCC
ATCC
ATCC
InvivoGen

InvivoGen

CRM-CCL-2; RRID: CVCL_0030
ACS-4500; RRID: CVCL_4V93
CCL-81; RRID: CVCL_0059
CCL-34; RRID: CVCL_0422
thpd-nfis

thpd-kocgas

Experimental models: Organisms/Strains

Mouse: C57BL/6J WT The Jackson Laboratory JAX: 000664

CD11cCre and LyCre Ddx41 conditional KO mice PMID: 29871919; 35303436, and in this N/A
study

Oligonucleotides

Please see Table S1 and S2 for details, all oligos were purchased from IDT.

Recombinant DNA

pDEST17-DDX41 The SPARC BioCentre, the Hospital for N/A
Sick Children, Toronto, Canada

pPACGFP1-N2 Clontech 632483

pSpCas9(BB)-2A-Puro (pX459) Addgene 62988

LentiCRISPR v2 Addgene 52961

pMD2.G Addgene 12259

psPAX2 Addgene 12260

pRSFDuet-sumo-h-cGAS Addgene 127161

pPEN_TTmcs Addgene 25755
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REAGENT or RESOURCE SOURCE IDENTIFIER
pSLIK-Hygro Addgene 25737
TOPO-TA vector Thermo Fisher K4575J10
pET-His-SUMO-protease PMID: 23209681 N/A

Software and algorithms

LSM Browser software ZEN

Prism 8

ImageQuant 5.2 software

Quantity One 1-D analysis software

DICHROWEB

Zeiss

GraphPad Software, Inc

GE Healthcare (Cytiva)

Bio-Rad

B.A. Wallace (PMID: 34216059)

https://www.zeiss.com
https://www.graphpad.com
https://www.cytivalifesciences.com
https://www.bio-rad.com

http://dichroweb.cryst.bbk.ac.uk

Other

DNeasy Blood & Tissue Kit

Superscript |1 Reverse Transcriptase
QuikChange Site-Directed Mutagenesis Kit
PEIl-cellulose TLC plate

Qiagen

Thermo Fisher
Agilent Technologies
J.T. Baker

69506
18064014
200523
JT-4473-04
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