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INTRODUCTION
Activating innate immunity in cancer cells is a potent means 

by which cold (“immune-desert” or “immune-excluded”) tumors 
can be turned hot (“immune-inflamed,” in which T cells and 
other immune cells are positioned near the tumor cells), enhanc-
ing responsiveness to immune-checkpoint blockade (ICB) thera-
pies (1–5). One promising strategy to trigger an innate immune 

response within tumors and boost cancer immunotherapy is 
by inducing the intracellular accumulation of endogenous 
“virus-mimetic” nucleic acids, including double-stranded RNAs 
(dsRNA) and double-stranded DNAs (dsDNA; refs. 6–9). These 
nucleic acids are sensed by the host innate immune system as 
evidence of viral replication and provoke an immediate and 
robust IFN-driven antiviral response (10, 11). Such an antiviral 
response is potently immunogenic, and viral-mimicry-inducing 
therapies have shown very promising results in preclinical mod-
els (6, 9–13) and in clinical trials (14, 15).

Small cell lung cancer (SCLC), the most lethal type of lung 
cancer, is a classic example of a cold tumor. Despite having 
one of the highest mutational burdens because of its strong 
association with tobacco smoking, SCLC is characterized by a 
reduced antigen presentation and an immunologically desert 
tumor microenvironment (TME; refs. 16–18). Despite the addi-
tion of ICB therapy to standard platinum-based chemotherapy 
in first-line treatment, SCLC remains a devastating disease and 
only a minority of SCLC patients derive lasting benefit from 
these treatments (19–22). Recent studies analyzing murine and 
human SCLC tumors suggest the existence of an “inflamed” 
SCLC subtype characterized by high expression of immune-
related genes and human leukocyte antigens (HLA) and exhibit-
ing the greatest benefit from ICB therapy among all the SCLC 
subtypes (9, 23, 24). This emphasizes the urgent need to identify 
novel therapeutic targets able to enhance antitumor immunity 
and ultimately sensitize these cold tumors to immunotherapies.

Although SCLCs have been uniformly treated with DNA-
damaging platinum-based chemotherapy, recent studies have 
demonstrated the potential of replication stress inducers as 
a therapeutic strategy for SCLC tumors (12, 13, 25), includ-
ing inhibitors of poly (ADP-ribose) polymerase (PARP) and 
checkpoint kinase 1 (CHK1). These inhibitors block the 
DNA damage response (DDR) pathway to induce replica-
tion stress and cell death in cancer cells whose genome is 
unstable because of mutations in DDR pathway genes and/
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or dysregulated cell-cycle progression. Recently, PARP, CHK1, 
and WEE1 inhibitors have been reported to work in synergy 
with PD-1/PD-L1 blockade in SCLC (26, 27) as well as triple-
negative breast cancer (28) and ovarian cancer (29). PARP or 
CHK1 inhibition induces cyclic GMP-AMP synthase (cGAS)–
stimulator of interferon genes (STING) pathway activation, 
which senses cytoplasmic DNA generated by DNA damage, 
activating tumor-intrinsic innate immunity (26).

In the current study, we undertook a discovery effort to 
identify critical regulators of dsRNA in SCLC cells through a 
curated CRISPR-based screen of RNA helicases and identified 
the DExD/H-box helicase 9 (DHX9) as a promising strategy by 
which viral mimicry can be triggered in immunologically cold 
tumors. DHX9 is an abundant RNA/DNA helicase capable 
of unwinding both RNA and DNA duplexes, as well as more 
complex nucleic acid structures (30, 31). Its functions include 
regulation of transcription, RNA processing and transport, 
and maintenance of genomic stability (32). We demonstrate 
that DHX9 suppresses the accumulation of dsRNAs as well as 
R-loops (DNA/RNA hybrids), and its depletion leads not only 
to an antiviral immune response but also to DNA replication 
stress and DNA damage in SCLC cells. DHX9 deletion causes a 
dramatic decrease in cancer cell viability in vitro and promotes 
increased immunogenicity in mouse models of SCLC, signifi-
cantly enhancing ICB responsiveness. These findings provide 
the first description of the role of DHX9 on tumor immunity 
and genomic instability, and the identification of a novel viral 
mimicry-inducing strategy to enhance antitumor immunity 
and boost cancer immunotherapy in immunologically cold 
tumors, such as SCLC.

RESULTS
DHX9 Suppresses dsRNA Accumulation  
in SCLCs

Previous studies have revealed that some RNA helicases 
have the ability to unwind dsRNA structures (31, 33, 34). 
Thus, we hypothesized that targeting RNA helicases would be a 
novel and efficient strategy to induce innate immune response 
through dsRNA accumulation in cold tumors. To identify RNA 
helicases whose functions are critical for dsRNA unwinding 
in SCLC cells, we performed a curated flow cytometry-based 
CRISPR screen that detected levels of intracellular dsRNA in 
SCLC cells (Fig.  1A and B). We included sgRNAs targeting 
32 different genes (Supplementary Table  S1) that have been 
reported to work as RNA helicases and to contribute to RNA-
related functions including splicing, nuclear export, cytoplas-
mic transport, translation regulation, and mRNA degradation 
(35). We used the H446 SCLC cell line because it showed 
the potential to strongly increase endogenous dsRNA after 
treatment with decitabine, a DNA-methyltransferase inhibitor 
reported to induce dsRNA accumulation in cancer cells (ref. 10; 
Supplementary Fig. S1A). Among the top hit candidates of the 
screen (Fig. 1B), sgRNA-mediated depletion of the DExD/H-box 
helicase 9 (DHX9) significantly increased dsRNA. Intriguingly, 
the tumor type with the highest expression of DHX9 levels 
among all the tumor types registered in the Cancer Cell Line 
Encyclopedia (CCLE) database was SCLC (Fig.  1C). Indeed, 
most SCLC cell lines exhibited high expression of DHX9 at 
the protein level (Supplementary Fig. S1B). To investigate the 

relevance of DHX9 in human SCLC and other tumor types, we 
interrogated transcriptomic data from public cancer data sets, 
including The Cancer Genome Atlas (TCGA). Importantly, 
DHX9 overexpression was observed in many human lung can-
cer types compared with normal lung, and SCLC showed the 
strongest DHX9 expression among all the lung cancer subtypes 
(Fig. 1D), consistent with the CCLE analysis (Fig. 1C). Together, 
these results suggest that DHX9 would be a promising target 
in SCLC. Next, we sought to investigate the relevance of DHX9 
expression on patient survival. Kaplan–Meier analysis of lung 
tumor patients, as well as other tumor types including ovarian 
and breast cancers, revealed that high DHX9 expression was 
associated with poor patient prognosis (Fig. 1E; Supplementary 
Fig. S1C), which is consistent with previous reports on prostate 
cancer and hepatocellular carcinoma patients (36, 37).

Recently, DHX9 has been demonstrated to bind directly 
to short interspersed nuclear element (SINE) Alu elements, 
which could be a source of dsRNA and circular RNA (circ RNA;  
ref. 38). This finding may implicate DHX9 as an important 
mediator of cellular dsRNA. To validate the finding of the 
screen, we depleted DHX9 by two different sgRNA sequences 
(sgDHX9 and sgDHX9 #2) in H446 cells (Fig. 1F) and tested 
dsRNA accumulation by immunofluorescence (IF) staining 
using a dsRNA-specific antibody (J2 antibody). Cells lack-
ing DHX9 showed an accumulation of cytoplasmic dsRNA 
when stained with J2 antibody. Furthermore, the J2 signal 
was efficiently diminished by dsRNA-specific RNase III treat-
ment, suggesting that the J2 antibody is specifically recog-
nizing dsRNAs (Fig.  1G). We depleted DHX9 in additional 
SCLC cell lines (H196, H82, and DMS-114) and confirmed 
the accumulation of dsRNA by intracellular flow cytometry 
in all the SCLC cell lines tested (Supplementary Fig.  S1D 
and S1E).

Previous studies reported that the sources of immunogenic 
dsRNAs generated in cancer cells treated with certain epige-
netic inhibitors were various endogenous retroviral element 
(ERE) subtypes, including SINEs, long interspersed nuclear ele-
ments (LINE), and long terminal repeats (LTR; refs. 10, 39, 40).  
To identify the genomic sources of dsRNA accumulated in 
DHX9-depleted cells, we used the J2 antibody to immunopre-
cipitate dsRNAs in DHX9-depleted SCLC cells and performed 
RNA Immunoprecipitation Sequencing (RIP-seq). Sequenc-
ing J2-enriched RNAs showed that the dsRNAs derived from 
LINE and SINE families were strongly increased in sgDHX9 
cells (Fig. 1H), indicating that DHX9 plays an important role 
in unwinding LINE- and SINE-derived dsRNA structures in 
SCLC cells. Also, dsRNAs from LTR families were significantly 
increased in sgDHX9 cells (Fig. 1H; Supplementary Fig. S1F). In 
addition, J2-RIP experiments followed by quantitative RT-PCR 
(qRT-PCR) analysis confirmed that DHX9 depletion increased 
the dsRNAs derived from various ERE subfamilies, including 
SINEs (Alu), LTR-ERVs (HERV-K), and satellite repeats (SAT III), 
as well as LINEs (L1 ORF; Fig. 1I).

We next wanted to understand which nucleic acid sensors 
were involved in the recognition of the dsRNAs accumu-
lated in DHX9-depleted cells, as well as the specific genomic 
sources of dsRNAs recognized by these sensors. Because 
both MDA5 and RIG-I are key cytosolic pattern recogni-
tion receptors that recognize dsRNA (40), we performed 
RIP-seq analysis in DHX9-depleted H446 cells that stably 
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Figure 1. DHX9 suppresses double-stranded RNA (dsRNA) accumulation in SCLCs. A, Schematic of the screen to identify critical regulators of dsRNA. 
Created with BioRender.com. B, Result of the dsRNA regulator screen. Relative mean fluorescence intensity (MFI) of dsRNA level in H446 cells depleted 
of RNA helicase genes was compared. C, DHX9 mRNA expression was profiled in 28 cancer types. The expression data of cancer cell lines (CCLE) were 
downloaded from cBioPortal, and the cell lines were subgrouped based on the information from the Depmap database (sample_info.csv, “Subtype”). In 
case “Subtype” information is not available, “primary_disease” was used for subgrouping. D, Analysis of DHX9 expression in indicated lung cancer (patient 
tumor) subtypes and normal lung. Data were downloaded from the GEO database (GSE30219). Normal lung tissue (N = 14), LUAD (N = 85), LUSC (N = 61), 
LCNE (N = 56), SCLC (N = 20). Bars indicate the min and max values. E, Survival curve analysis of lung tumor patients. Data were downloaded from the GEO 
database (GSE30219). F, Immunoblot (IB) of DHX9 protein in Scramble, sgDHX9, and sgDHX9 #2 H446 cells. G, Immunofluorescence images of dsRNA 
(red) staining of Scramble or sgDHX9 cells (treated w/wo RNase III). Nuclei were counterstained with DAPI. Scale bar = 10 μm. (continued on next page)
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expressed either Flag-tagged MDA5 or RIG-I. Interestingly, 
we found that RNA levels in MDA5 pulldowns were signifi-
cantly higher than RIG-I pulldowns (Fig. 1J). More notably, 
sequencing results showed that dsRNA derived from LINEs 
and SINEs, which were also J2-enriched RNAs from sgDHX9 

cells (Fig.  1H), were mainly bound to MDA5. This suggests 
that MDA5 might be a major contributor of the dsRNA-
sensing pathway in DHX9-depleted cells (Fig. 1K).

To assess whether the helicase activity of DHX9 is required for 
suppressing dsRNAs in this model, we stably transduced H446 



Murayama et al.RESEARCH ARTICLE

472 | CANCER DISCOVERY MARCH  2024 AACRJournals.org

cells with Flag-tagged DHX9-WT or DHX9-K417R helicase 
dead mutant (Supplementary Fig. S1G) and performed RIP. Of 
note, we detected a significant increase of RNAs pulled down 
by DHX9-K417R helicase dead mutant, suggesting an impaired 
dsRNA unwinding capacity when compared with DHX9-WT 
(Fig. 1L) and supporting the idea that DHX9 helicase activity 
contributes to the suppression of dsRNA accumulation. Fur-
thermore, sequencing RNAs from DHX9-K417R pulldowns 
demonstrated that SINEs and LINEs, which were enriched in 

sgDHX9 cells (Fig. 1H), can directly bind to DHX9 (Fig. 1M), 
further indicating these are targets of DHX9’s helicase activity. 
Finally, heat map analysis of RIP-seq results showed that the 
enrichment pattern of RNA species bound to DHX9-K417R 
was similar to MDA5 but not to RIG-I, further supporting the 
idea that dsRNAs that are sensed by MDA5 (>100 bp) are the 
main targets of DHX9 (Fig. 1N). Taken together, these results 
demonstrate that DHX9 suppresses ERE-derived dsRNA accu-
mulation by unwinding dsRNA in SCLC cells.
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DHX9 Depletion Induces IFN Response in SCLCs
To investigate the biological impact of dsRNA accumula-

tion in SCLC cells, we performed RNA sequencing (RNA-seq) 
on Scramble versus sgDHX9 SCLC cells. Consistently, gene 
set enrichment analysis (GSEA) revealed that DHX9 deple-
tion induced the upregulation of gene-expression pathways 
associated with immune and inflammatory responses and 
cytokine activity (Fig. 2A and B), and sgDHX9 cells showed 
increased expression of many interferon stimulated genes 
(ISG) by RNA-seq (Supplementary Fig. S2A). We validated by 
qRT-PCR that multiple ISGs (IFNB, CXCL10, CXCL11, and 
CCL2), as well as nuclear factor kappa B (NF-kB)-responsive 
genes (TNFA, IL1B, and RELB) were strongly induced by 
DHX9 loss, indicating the activation of an antiviral transcrip-
tion program in response to DHX9 depletion (Fig. 2C; Sup-
plementary Fig. S2B; Supplementary Table S2). sgDHX9 cells 
also showed increased levels of phospho (p-)IRF3 and p-TBK1 
(Fig.  2D), markers of innate immunity able to activate a 
type I IFN response. Indeed, we were able to readily detect a 
significant increase in the secretion of IFNβ into the culture 

medium after DHX9 depletion (Fig. 2E), as well as the secre-
tion of multiple other cytokines and chemokines detected by 
Luminex multiplex assay (Fig. 2F; Supplementary Fig. S2C).

To further explore the potential impact of DHX9 loss 
on antitumor immunity, we analyzed cell-surface expres-
sion of HLA-A, -B, and -C on SCLC cells by flow cytometry, 
revealing a strong induction of these MHC class I molecules 
after DHX9 depletion (Fig.  2G; Supplementary Fig.  S2D). 
Furthermore, DHX9 loss also induced cell-surface PD-L1 
expression (Fig. 2H; Supplementary Fig. S2E) which has been 
reported to be minimally expressed in more than 80% of 
SCLC tumors (41). Next, to evaluate the immunogenic capac-
ity of dsRNAs produced after DHX9 loss, we pulled down 
dsRNAs from DHX9-depleted cells using the J2 antibody and 
transfected these dsRNAs into recipient cells. Importantly, 
transfection of dsRNA isolated from DHX9 depleted cells 
significantly activated IFNB expression in recipient cells, 
whereas digestion with RNase III (which cleaves dsRNA), 
completely canceled this effect (Fig.  2I), further suggesting 
that dsRNAs are responsible for the IFN response induced by 
DHX9 depletion. Together, these results indicate that DHX9 
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Figure 2. DHX9 depletion induces IFN response. A, Gene sets significantly upregulated and downregulated are shown, based on GSEA result. Immune 
response–related gene sets are in red, DNA damage–related gene sets are in pink, and DNA replication/cell-cycle–related gene sets are in blue. B, GSEA 
with C5 (ontology) gene sets based on RNA-seq results of sgDHX9 vs. Scramble cells. C, qRT-PCR analysis of the immune-related genes comparing 
Scramble and sgDHX9 H196 cells (n = 3). 36B4 was used as a reference. D, Immunoblot (IB) of the indicated proteins in Scramble and sgDHX9 H196 cells. 
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depletion activates dsRNA-sensing pathways and provokes 
the hypothesis that targeting DHX9 may provide unexplored 
strategies to activate antitumor immune pathways in SCLC.

DHX9 Depletion Causes R-loop Accumulation, DNA 
Damage, and CGAS–STING Pathway Activation

Intriguingly, we found that DHX9 depletion led not only 
to an increase in dsRNAs and an IFN response but also to 
an upregulation of DNA damage–associated gene signatures 
and downregulation of cancer-associated pathways when 
examined by analysis of RNA-seq data from DHX9-depleted 
SCLC cells (Figs. 2A and 3A). We validated by qRT-PCR in 
multiple DHX9-depleted cells that genes involved in DNA 
damage were upregulated, whereas cancer-associated genes, 
such as genes related to DNA replication, were downregu-
lated (Fig. 3B; Supplementary Fig. S3A). This finding suggests 
that conflicts in completing DNA replication in sgDHX9 cells 
might result in DNA damage. Indeed, IF and flow cytometry 
analysis showed that the DNA double-stranded breaks (DSB) 
marker p-H2AX was strongly induced in multiple DHX9-
depleted cells (Fig. 3C and D; Supplementary Fig. S3B).

Previous studies reported that DHX9 is involved in unwind-
ing R-loops or DNA/RNA hybrid structures (42, 43), and exces-
sive R-loop formation can trigger genomic instability and 
replication stress by impairing replication fork progression and 
inducing DSBs (44, 45), suggesting that aberrant R-loop accu-
mulation might be a source of DNA damage in DHX9-depleted 
cells. To test this hypothesis, we first compared the distribution 

and strength of R-loops (stained with S9.6 DNA/RNA hybrid 
antibody) in Scramble versus sgDHX9 cells. Consistent with 
previous findings, we observed an increased accumulation 
of R-loop structures in sgDHX9 cells, which were efficiently 
degraded by RNase H treatment (Fig.  3E; Supplementary 
Fig. S3C). As we expected, loss of DHX9 also activated the DNA 
damage checkpoint pathway in H196, H82, and H1048 cells, 
as indicated by increased p-CHK1 and p-CHK2, and apoptosis, 
as indicated by cleaved PARP as well as p-H2AX (Fig. 3F; Sup-
plementary Fig.  S3D). To test whether the accumulation of 
R-loops is directly responsible for genomic instability and DNA 
damage, SCLC cells were transfected with a vector expressing 
RNase H1, which preferentially degrades the RNA portion of 
the R-loops. Exogenous RNase H1 expression suppressed the 
increase of p-CHK2, p-H2AX, and cleaved PARP in sgDHX9 
cells, supporting the idea that genomic instability and DNA 
damage in cells deficient for DHX9 were caused by accumula-
tion of R-loops (Supplementary Fig. S3E). Next, we sought to 
determine the impact of DHX9 depletion on DNA replication 
stress and we performed the DNA fiber assay, which enables 
us to analyze replication fork progression and processivity on 
single DNA molecules visualized by immunofluorescence (42, 
46). We found that the proportion of stalled forks significantly 
increased in DHX9-depleted cells (Fig.  3G), indicating that 
R-loop accumulation in cells deficient for DHX9 triggers rep-
lication stress, which likely contributes to genomic instability.

Next, we asked whether the helicase activity of DHX9 was 
required for the unwinding of DNA/RNA hybrids in our 

Figure 2. (Continued) F, Log2 fold change (FC) of cytokine/chemokine differences of sgDHX9 H196 compared with Scramble. The cytokine/chemokine 
levels were quantified with Proteome Profiler Human Cytokine Array Kit. G and H, Flow cytometry analysis of HLA-A.B.C (G) or PD-L1 (H) expression on 
the cell surface of Scramble and sgDHX9 H196 cells. Data are representative of three independent experiments (left). Mean fluorescence intensity (MFI) 
was quantified by FlowJo (right; n = 3). I, Schematic (top) and result (bottom) of qRT-PCR analysis of IFNB gene in H196 cells treated with cytoplasmic 
dsRNA (n = 3). 36B4 was used as a reference. Data represent mean ± SEM. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by 
unpaired Student t test (C, E, G, and H), one-way ANOVA (I).
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model. Consistent with previous results, the transfection 
of siDHX9-3′UTR decreased the cell growth of H446 cells, 
whereas the expression of DHX9-WT but not K417R helicase 
dead mutant rescued the effects of DHX9 KD on cell viability 
(Supplementary Fig.  S3F and S3G). Of note, we also found 
that DHX9-WT but not K417R mutant rescued the increase 

of DNA/RNA hybrids induced after DHX9 loss, suggesting 
that helicase activity of DHX9 is required to unwind DNA/
RNA hybrid structures (Supplementary Fig. S3H).

The reduced expression of replication factors in sgDHX9 cells 
(Fig. 3B) raised the question of whether stalled replication forks 
might result from insufficient replication proteins. However, we 
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found that exogenous expression of RNase H1, which resolves 
R-loops, decreased the number of stalled forks in sgDHX9 cells 
(Supplementary Fig.  S3I). This further supports the idea that 
the accumulation of R-loops contributes to fork stalling. In 
addition, because key DNA repair genes were not upregulated 
in sgDHX9 cells and to gain more insight into this mechanism, 
we reviewed RNA-seq data comparing sgDHX9 and Scr cells and 
found that senescence-related genes were upregulated in DHX9-
depleted cells (Supplementary Fig. S3J and S3K). Consistent with 
this, secretion of cytokines related to aging/senescence (IL1β, 
IL6, IL10, TNFα, and MCP-1) was strongly increased in sgDHX9 
cells (Fig. 2F). As reported in previous studies (47, 48), DNA dam-
age might result in cellular senescence, and consequently DNA 
replication/repair genes might be downregulated. Based on these 
reports, DHX9-depleted cells might experience a senescence-like 
phenotype because of DNA damage, which can potentially con-
tribute to the suppression of some key DNA repair genes.

Replication stress inducers including PARP and CHK1 
inhibitors have been reported to activate innate immune 
responses through the cGAS–STING pathway in SCLC cells 
(26). Thus, we next interrogated whether DHX9 loss-induced 
replication stress can contribute to the activation of the cGAS–
STING pathway and found that DHX9 depletion increased 
the number of cells with micronuclei that stained positive for 
cGAS and dsDNA compared with Scramble cells (Fig. 3H). To 
measure cGAS activation, we then quantified by ELISA the 
levels of the second messenger, 2′3′-cyclic GMP-AMP (cGAMP). 
This assay revealed that DHX9 depletion also elicited a sub-
stantial increase in cGAMP production (Fig.  3I), suggesting 
an activation of the cGAS–STING pathway. Next, to examine 
the immunogenic capacity of cytosolic DNAs produced after 
DHX9 loss, we transfected cytoplasmic DNAs extracted from 
DHX9-depleted cells into recipient cells. Notably, transfection 
of cytoplasmic DNA isolated from DHX9-depleted cells sig-
nificantly activated IFNB expression in recipient cells (Fig. 3J). 
Intriguingly, RNase H, which selectively degrades RNA strands 

in DNA/RNA hybrids, partially rescued IFNB induction 
caused by DNA transfection, whereas DNase I, which degrades 
DNA in the forms of dsDNA, ssDNA, and DNA/RNA hybrids, 
almost completely canceled this effect. This suggests that cyto-
plasmic DNA/RNA hybrids as well as dsDNAs accumulated 
after DHX9 depletion contribute to the induction of an IFN 
response in SCLC cells (Fig. 3J). Altogether, these data indicate 
that the R-loops generated after DHX9 loss in SCLC cells pro-
mote DNA replication stress and DSBs, which likely contribute 
to the activation of an innate immune response.

DHX9 Loss Triggers IFN Signaling through dsRNA 
and dsDNA Antiviral Sensing Pathways in SCLC Cells

Based on the data above and that both innate immune 
responses and genomic instability can promote growth arrest 
and cell death, we next evaluated the effects of DHX9 depletion 
on SCLC cell proliferation and viability. We found a dramatic 
decrease in cell proliferation in all SCLC cells tested, includ-
ing chemoresistant SCLC cells as well as increased apoptosis 
(Fig.  4A and B; Supplementary Fig.  S4A and S4B). Notably, 
DHX9 depletion had minimal effects on the proliferation and 
apoptosis of normal cells (Fig. 4C and D) and did not induce 
R-loop accumulation nor increase the expression of p-CHK2, 
p-H2AX, or cleaved PARP, supporting cancer cell–specific effects 
(Supplementary Fig.  S4C and S4D). Most SCLCs lack func-
tional TP53 and RB1, which are known to be drivers of genomic 
instability and replication stress (49–51), positioning DHX9 as a 
promising target and vulnerability to selectively accelerate repli-
cation stress-induced DNA damage in those tumors.

DHX9 depletion caused dsRNA and dsDNA accumulation 
in SCLC cells (Fig. 1G; Supplementary Fig. S1E; Fig. 3H), which 
could induce activation of dsRNA- or dsDNA-sensing path-
ways. Thus, to determine whether dsRNA- or dsDNA-sensing 
pathways are responsible for inducing antiviral innate immu-
nity after DHX9 depletion, we performed CRISPR-mediated 
depletion of MAVS and STING combined with transfection 
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of siCtrl or siDHX9. Notably, double-KO (dKO) of MAVS and 
STING was able to abrogate the induction of multiple ISGs 
(Fig.  4E) and IFNβ protein secretion (Fig.  4F) observed after 
DHX9 depletion as well as completely abrogate the phospho-
rylation of TBK1 and IRF3 induced by DHX9 loss (Fig.  4G). 
To systematically investigate which specific cytosolic nucleic 
acid sensing pathways are activated by DHX9 loss, we depleted 
multiple nucleic acid sensors/mediators (cGAS, STING, MDA5, 
RIG-I, MAVS, PKR, TLR3, and TLR9) and tested IFNB and 
CXCL10 expression after DHX9 loss (Supplementary Fig. S4E). 
Depletion of cGAS or STING strongly suppressed IFNB and 
CXCL10 induction upon DHX9 loss, and depletion of MDA5 
or MAVS also partially rescued this phenotype, whereas deple-
tion of other sensors had no significant effects. These results 
indicate that although the cGAS–STING pathway might have 
a major contribution to the IFN response, the dsRNA-sensing 

pathway (MDA5-MAVS) also plays a significant role. This fur-
ther suggests that both cytoplasmic dsRNA and dsDNA gen-
erated upon DHX9 depletion contribute to the downstream 
induction of antiviral and interferon pathways in SCLC cells.

To evaluate the contribution of cytoplasmic dsRNA-/ 
dsDNA-sensing pathways to cell proliferation upon DHX9 
loss, we depleted MAVS and STING individually and as dKO 
and tested the effects of DHX9 loss on cell proliferation 
(Fig.  4H; Supplementary Fig.  S4F). Codepletion of MAVS 
and STING partially rescued cell growth defect as well as 
depletion of each gene individually. Consistent with this, 
the depletion of type I interferon signaling through IFNAR1 
also partially rescued the growth defect caused by DHX9 loss 
(Supplementary Fig.  S4G and S4H). Together, these data 
suggest a role of dsRNA- and dsDNA-sensing pathways on 
the antiviral immune response and cell death induced by 
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DHX9 depletion. However, the observed partial rescue of cell 
proliferation also suggests that there may be redundancy in 
dsRNA/dsDNA-recognition pathways or that other pathways 
might contribute to DHX9 depletion-induced cell death.

CRISPR Screen Identifies Modulators of 
Sensitivity and Resistance to DHX9 Loss

To interrogate the mechanisms by which DHX9 loss induces 
cell death in SCLC, we next performed a genome-wide, in vitro 
pooled CRISPR screen in SCLC cells to identify the genes 
whose deletion would rescue or increase the lethality observed 
following DHX9 depletion. Briefly, cells were transduced with 
the Brunello Human CRISPR Knockout Pooled Library (52) 

and selected in the presence of puromycin for efficient lenti-
virus transduction. Then, cells were transduced with either 
Scramble control or sgDHX9 vectors. Cells were further propa-
gated, and genomic DNA was extracted to identify sgRNAs 
enriched and depleted in DHX9-depleted cells compared with 
control (Fig. 5A). This CRISPR screen identified multiple genes 
whose ablation resulted in resistance or sensitivity to DHX9 
loss-induced lethality, and consequent enriched or depleted 
sgRNA representation in sgDHX9 cells (Fig. 5B).

As expected, gene ontology (GO) analysis of the list of 
genes targeted by sgRNAs depleted in sgDHX9 cells revealed 
gene signatures related to cellular stress, DNA damage, and 
DNA repair, indicating that loss of these genes increased 
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Figure 5. CRISPR screen identifies modulators of sensitivity and resistance to DHX9 loss. A, Schematic of the genome-wide CRISPR screening method 
to reveal regulators of DHX9 loss-related cell death. Created with BioRender.com. B, Top-rated enriched and depleted sgRNAs from the genome-wide 
CRISPR screening are summarized. C and D, Gene ontology analysis of sgRNA targeted depleted (C) and enriched (D) genes in sgDHX9 population. E, Rela-
tive cell number of Scramble and sgDHX9 H82 cells treated with DMSO or 0.5 μmol/L BAY-1143572. Luminescence of CellTiter-Glo was detected on day 
5 after seeding (n = 3). F, Immunoblot (IB) of the indicated proteins in Scramble and sgDHX9 H82 cells treated with DMSO or 0.5 μmol/L BAY-1143572.  
G, DNA fiber assay of Scramble and sgDHX9 H82 cells treated with DMSO or 0.5 μmol/L BAY-1143572. The percentage of stalled forks over the total 
number of different replication structures was measured (>150 labeled forks were counted per group, n = 3). H, Schematic model of growth rescue  
effect by CDK9 inhibition in DHX9-depleted cells. Created with BioRender.com. Data represent mean ± SEM. ns, not significant; *, P < 0.05; **, P < 0.01;  
***, P < 0.001; ****, P < 0.0001 by two-way ANOVA followed by Tukey multiple comparisons test (E and G).
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the sensitivity of SCLC cells to DHX9 loss-dependent cell 
death (Fig.  5C). Indeed, siRNA knockdown (KD) of AURKA, 
NMT1, and RHOQ genes included in the top hits acceler-
ated cell death caused by siDHX9 (Supplementary Fig. S5A). 
Conversely, the screen also identified genes whose ablation 
resulted in resistance to DHX9 loss-induced lethality (sgRNAs 
enriched in DHX9-depleted population). Functional annota-
tion of these genes revealed a striking enrichment for factors 
that are involved in the RNA metabolic process, transcrip-
tion, ribosome biogenesis, and cell-cycle checkpoint signaling 
(Fig. 5D). One of the top sgRNAs enriched in DHX9-depleted 
cells were sgRNAs targeting CDK9 (Fig. 5B), a kinase essential 
for transcriptional elongation (53). sgRNAs targeting CDK7 
also involved in transcription elongation by phosphorylating 
CDK9 were also enriched in the DHX9-depleted population 
(Fig.  5B). Importantly, conflicts between transcription and 
DNA replication represent a significant cause of replication 
stress (45). These conflicts may result from the cotranscrip-
tional occurrence of R-loops, which could impede the progres-
sion of DNA replication forks (42, 54). Interestingly, it has been 
previously reported that inhibition of CDK9 decreased replica-
tion stress and DNA damage caused by R-loops, enabling DNA 
replication in cells treated with inhibitors or siRNAs against 
certain chromatin modifiers (55). Similarly, another study 
showed that RNA transcription is altered in the absence of p53, 
inducing increased replication stress and genomic instability 
that can be rescued by pharmacologic inhibition of transcrip-
tion through CDK inhibitors (56). This raises the possibility 
that conflicts with transcription might cause replication stress 
when DHX9 is depleted. This may also explain why sgRNAs 
targeting CDK9 were able to rescue DHX9 depletion-induced 
lethality in our screen. Thus, ongoing transcription and per-
haps the resulting R-loop formation might represent a pre-
requisite for impaired DNA replication upon DHX9 depletion 
leading to replication stress, DNA damage, and ultimately 
cell death. Importantly, this might also explain why SCLC 
cells are particularly vulnerable to DHX9 deletion, as almost 
all SCLC tumors have loss-of-function mutations in TP53 
and RB1 genes, which are linked with replication stress and 
genomic instability (49–51). We propose that a major source 
of replication stress in SCLC cells might arise from conflicts in 
transcription, as has been shown to occur in p53-deficient cells 
(56). Thus, therapeutic strategies that exacerbate this stress 
could selectively kill SCLC cells by replicative damage.

To validate the CRISPR screen results, we initially examined 
the protein levels of CDK9 and CDK7 in H82 cells using the 
same sgRNAs used in the screen. We observed a reduction in 
both proteins, although these sgRNAs did not achieve complete 
elimination of CDK9 and CDK7 protein levels (Supplementary 
Fig. S5B). Given the essential nature of CDK9 and CDK7, this 
partial reduction in their protein levels provides an explanation 
for the enrichment of sgRNAs targeting these essential genes in 
our screen. We also evaluated the impact of DHX9 depletion on 
cell viability in sgCDK9 and sgCDK7 cells and confirmed that 
the depletion of CDK9 and CDK7 partially rescued the effects 
of DHX9 loss (Supplementary Fig. S5C). These findings align 
with the results of the CRISPR screen, in which we observed 
an enrichment of sgRNAs targeting CDK9 and CDK7. Consist-
ent with this, siRNAs targeting CDK9 as well as CDK7 also 
recovered cell growth of DHX9 KD H82 cells (Supplementary 

Fig.  S5D). Importantly, we found that CDK9 inhibition with 
a potent and highly selective CDK9 inhibitor (BAY-1143572) 
rescued the decrease in cell proliferation and diminished the 
induction of p-CHK2, p-H2AX, and cleaved PARP observed 
after DHX9 depletion (Fig. 5E and F), although CDK9 inhibi-
tion decreased cell growth of FC1010 normal fibroblast cells 
(Supplementary Fig.  S5E). A higher concentration of BAY-
1143572 inhibited the SCLC cell growth as well (Supplementary 
Fig. S5F), consistent with previous reports (57). By performing 
the DNA fiber assay, we found that the proportion of stalled 
forks significantly increased in DHX9-depleted cells and that 
CDK9 inhibition greatly reduced the proportion of stalled forks 
both in sgDHX9 and control cells (Fig. 5G).

Given that CDK9 inhibition could affect transcription glob-
ally, which may indirectly contribute to the rescuing effects, 
we performed dot-blot experiments using the S9.6 antibody 
to directly evaluate R-loop accumulation in DHX9-depleted 
cells after CDK9 inhibition. Consistent with previous results, 
we observed a significant increase of R-loops in sgDHX9 cells, 
which was partially rescued by CDK9 inhibition (Supplemen-
tary Fig. S5G). Furthermore, we directly measured the gene-spe-
cific R-loop level using qDRIP (quantitative differential DNA/
RNA immunoprecipitation; Supplementary Figs. S5H–S5P; 
ref. 58). Of note, CDK9 inhibitor treatment alleviated R-loop 
build-up at multiple promoter regions, including GADD45B, 
RHOB (direct DHX9-targeted genes; ref.  59), and THUMPD2 
(Supplementary Figs. S5N–S5P). Additionally, we confirmed 
that CDK9 inhibition had no significant effects on the expres-
sion levels of key nucleic acid sensors or mediators, excluding 
any potential impact of CDK9 inhibition in pathways involved 
in dsRNA/dsDNA sensing (Supplementary Fig.  S5Q). These 
findings indicate that a major source of replication stress in 
SCLC cells arises from transcription-associated damage, which 
is further induced by DHX9 depletion (Fig. 5H).

Together, these results illuminate a novel mechanism of 
DHX9 loss-induced cell death in cancer cells and position 
DHX9 as a promising therapeutic target for SCLC and other 
tumor types, whereas genomic instability and replication stress 
contribute to pathology.

DHX9 Depletion Decreases Tumor Growth, Induces 
Immune Cell Infiltration, and Enhances Response 
to ICB Therapy

The induction of immune transcriptional programs by 
DHX9 loss (Fig.  2A–C) suggests the hypothesis that such 
immune signaling may also impact the tumor microenviron-
ment and provoke antitumor immune responses. To test this 
hypothesis, we generated RPP cells (a murine SCLC cell line 
generated by triple knockout of Tp53, Rb1, and Rbl2 genes; 
refs. 24, 60) stably expressing shRNA targeting either control 
(shCtrl) or DHX9 (shDhx9) under control of a Tet-inducible 
promoter, into the flanks of C57BL/6 mice (Fig.  6A). When 
tumors became palpable, the mice were fed with doxycy-
cline water to induce DHX9 KD (Fig.  6B and C). We found 
that DHX9 KD significantly decreased tumor volume and 
weight (Fig. 6D; Supplementary Fig. S6A), whereas the body 
weight of mice was not affected by the treatment (Supple-
mentary Fig. S6B). To better understand the in vivo immune 
consequences of DHX9 depletion in SCLC, we evaluated 
tumor infiltration of immune cells by flow cytometry analysis 
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Figure 6. DHX9 depletion decreases tumor growth, induces immune cell infiltration, and enhances response to ICB therapy. A, Schematic of in vivo 
tumor growth assay. RPP cells, which were transduced with DOX-inducible shCtrl or shDhx9 vector, were transplanted into C57BL/6 mice. Created with 
BioRender.com. B and C, Immunoblot (IB; B) and qRT-PCR analysis (C) of DHX9 expression in shCtrl and shDhx9 RPP cells treated w/wo DOX. D, Tumor 
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RPP tumors. Each population was analyzed by FlowJo (n = 4). F, Flow cytometry quantification of infiltrating CD8+ T cells and CD4+ T cells of CD45+CD3+ 
cells in shCtrl and shDhx9 RPP tumors (n = 6). (continued on next page)

and observed a striking increase of immune cells expressing 
NK-1.1, CD11b, and F4/80 (Fig. 6E). In addition, intratumoral 
cytotoxic CD8+ T cells were significantly increased in shDhx9 
tumors, indicating a functional immune response, whereas 
CD4+ T cells did not change significantly (Fig. 6F; Supplemen-
tary Fig. S6C; Supplementary Table S6). IHC analysis also con-
firmed enhanced infiltration of CD8+ T cells as well as F4/80+ 
macrophages in DHX9-depleted tumors (Fig. 6G). Thus, these 
data demonstrate that DHX9 KD enhances immunogenicity 
in vivo potentially bypassing a major pathway of cancer cell 
immune evasion. To further assess whether immune cells are 
responsible for the reduced growth of DHX9-depleted tumors, 
we first evaluated the effects of DHX9 depletion in immuno-
deficient (NSG) mice using the same murine SCLC cell line 
(RPP cells) to replicate the same experimental conditions. We 
found that whereas DHX9 depletion decreased tumor volume 
in NSG mice (Supplementary Fig. S6D), this effect on tumor 
growth was smaller when compared with the effects of DHX9 
depletion observed in immunocompetent mice (Fig.  6D). 
These results further suggest that both DNA damage and 

immune infiltration induced by DHX9 depletion contribute 
to the reduced tumor growth. Furthermore, given that CD8+ 
T cells and NK cells were significantly increased in DHX9-
depleted tumors (Fig. 6E and F), we then performed the same 
in vivo experiment as in Fig. 6D and tested the effects of CD8+ 
T-cell depletion and NK-cell depletion using CD8a antibody 
and NK1.1 antibody, respectively. Although we found that 
CD8+ T-cell depletion slightly rescued the decrease in tumor 
growth observed after DHX9 loss, the observed partial rescue 
also suggests that other immune cell types might contribute 
to the reduced tumor growth observed in DHX9-depleted 
tumors (Supplementary Fig.  S6E). Together, these results 
suggest that immune cells as well as intracellular replication 
stress contribute to the reduced growth of DHX9 KD tumors.

As DHX9 loss induced IFN response and increased intratu-
moral infiltration of cytotoxic CD8+ T cells in SCLC tumors, 
we next sought to determine whether DHX9 depletion potenti-
ates ICB-based immunotherapy in the SCLC syngeneic model. 
To accomplish this, we treated immunocompetent C57BL/6-
bearing RPP cells expressing DOX-inducible shCtrl or shDhx9 
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with either anti–PD-1 or isotype IgG control antibodies. We 
excluded anti–CTLA-4 antibodies because based on multiple 
clinical trials there is currently no role for anti–CTLA-4 anti-
bodies in the treatment of SCLC (61–63). Notably, although 
control RPP tumors were not very sensitive to PD-1/PD-L1 
blockade, consistent with a previous report (26), DHX9 deple-
tion dramatically enhanced the sensitivity of RPP tumors 
to anti–PD-1 therapy, resulting in increased mouse survival 
(Fig.  6H and I). To validate our findings in a second in vivo 
model, we generated KP3 cells (mouse SCLC cell line derived 
from the RP GEMM model; refs. 64, 65) stably expressing 
DOX-inducible shCtrl or shDhx9 and engrafted them into the 
flanks of immunocompetent recipient mice (Supplementary 
Fig. S6F). Similarly, DHX9 loss also enhanced the sensitivity 
of RP tumors to anti–PD-1 therapy, resulting in increased 
mouse survival (Supplementary Fig. S6G and S6H). Again, we 
observed a striking increase of CD8+ T cells in shDhx9 tumors 

(Supplementary Fig. S6I and S6J). Taken together, these data 
suggest that DHX9 loss in SCLC tumors induces a robust 
antitumor immunity, which may ultimately lead to improved 
ICB treatment outcomes in immunologically cold tumors.

DHX9 Is Negatively Correlated with Immune 
Signatures and Associated with Poor Clinical 
Outcomes in Cancer Patient Data Sets

To investigate whether DHX9 is associated with human 
tumorigenesis, we tested DHX9 protein expression by IHC in 
a human SCLC tissue microarray (TMA), including 40 SCLC 
tumor samples and normal lung controls (Fig. 7A). Consistent 
with the public transcriptomic data (Fig.  1D), SCLC tumors 
exhibited higher staining intensity of DHX9 than normal 
counterparts (Fig. 7B). Notably, DHX9 expression increased in 
higher tumor stages, supporting the association of high DHX9 
expression and poor patient prognosis in SCLC patients.

Figure 7. DHX9 is associated with poor clinical outcomes in cancer patient data sets. A, Representative IHC images of DHX9 expression in SCLC 
tumors and normal lung tissue. B, Quantification of IHC images of DHX9 in A. Normal lung tissue (N = 10), stage I (N = 9), stage II (N = 23), stage III (N = 8). 
C, GSEA with H (hallmark) gene sets, based on RNA-seq results of 81 SCLC patient tumors (N = 40 DHX9low vs. N = 41 DHX9high). Data were downloaded 
from cBioPortal (U Cologne, Nature 2015; ref. 51). D, Gene ontology analysis of genes upregulated in DHX9low lung patient tumors. Data were down-
loaded from TCGA. E, Correlation analysis between DHX9 expression level and z-scores of the indicated gene sets in different tumor types of TCGA 
(patient tumors). F, Boxplots of DHX9-depleted signature z-scores in nonresponder and responder of patients treated with ICB therapy to anticipate the 
potential clinical relevance of targeting DHX9 in immunotherapy settings. The DHX9-depleted gene signature was prepared based on genes upregulated 
in sgDHX9 SCLC cells when compared with Scramble and includes the two most prominent features of DHX9-depleted cells: DDR and immune response. 
G, Schematic model of antitumor effects caused by DHX9 inhibition. Created with BioRender.com. Data represent mean ± SEM. ns, not significant; *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by one-way ANOVA (B) and unpaired Student t test (F).

Figure 6. (Continued) G, Representative IHC images of indicated infiltrating immune cells in shCtrl and shDhx9 RPP tumors (left) and quantification 
(n = 6; right). Scale bar = 100 μm. H, Tumor growth curves of shCtrl and shDhx9 RPP tumors treated with isotype control or anti–PD-1 antibody (n = 9). 
I, Survival curves for mice in H. Data represent mean ± SEM. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by unpaired Student 
t test (C, D, E, F, and G), two-way ANOVA followed by Tukey multiple comparisons test (H) and log-rank test (I).
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We next interrogated transcriptomic data from a human 
SCLC data set (51) to determine whether DHX9 expression is 
associated with the tumor immune microenvironment. GSEA 
revealed that DHX9 expression inversely correlated with gene 
signatures involved in IFN-alpha response as well as inflamma-
tory response (Fig. 7C), confirming our results from in vitro and 
in vivo models. Indeed, many of the IFN-stimulated genes and 
NF-kB–responsive genes were tended to be highly expressed 
in the DHX9low group (Supplementary Fig.  S7A). We also 
interrogated TCGA to explore the broader relevance of DHX9 
across human lung cancers and GO analysis revealed that gene 
signatures involved in IFN-related pathways were strongly 
upregulated in DHX9 low-expressing lung cancer tumors 
when compared with DHX9 high-expressing tumors (Fig. 7D), 
suggesting that DHX9 is a crucial repressor of tumor-intrinsic 
innate immunity in human lung tumors. DHX9 expression 
was also inversely correlated with DDR, consistent with activa-
tion of apoptosis and DNA damage checkpoint pathway in 
sgDHX9 cells in vitro (Fig. 3F). In addition, pan-cancer analysis 
exhibited a strong negative correlation between DHX9 expres-
sion and gene signatures of inflammatory response and innate 
immune response in a variety of tumor types (Fig. 7E). Consist-
ent with this, GSEA of pan-cancer RNA-seq data also showed 
an upregulation of interferon-alpha response and inflamma-
tory response in DHX9low tumors (Supplementary Fig. S7B).

To anticipate the clinical relevance of targeting DHX9 for 
immunotherapy, we created a DHX9-depleted gene signature 
(Supplementary Table  S3), including genes that were upregu-
lated in sgDHX9 cells based on RNA-seq analysis and related to 
the two most prominent features of DHX9-depleted cells: DDR 
and immune response. Given that this signature is expected 
to be upregulated when DHX9 is inhibited in cancer cells, we 
wanted to evaluate its clinical relevance in immunotherapy 
settings. Thus, we assessed the potential predictive value of 
DHX9 inhibition across public data sets of patients treated with 
anti–PD-1-based or anti–CTLA-4-based ICB therapy (66–68). 
Notably, we found that high levels of the DHX9-depleted gene 
signature were positively associated with ICB response across 
most of the data sets, suggesting that DHX9 inhibition may 
sensitize cancers to immunotherapy (Fig. 7F). In addition, the 
estimated immune-score of the tumor microenvironment in 
DHX9low tumors tended to be higher than DHX9high tumors 
(Supplementary Fig.  S7C). Thus, these data provide evidence 
that DHX9 inhibition could sensitize tumors to ICB therapies, 
including immunologically cold tumors such as SCLC (Fig. 7G).

DISCUSSION
Induction of innate immune responses in tumor cells has 

been gathering attention as a promising strategy to enhance 
ICB therapy response (10, 11, 26), especially in immuno-
logically cold tumors. Here, we demonstrate that the RNA 
helicase DHX9 functions as a repressor of innate immune 
signaling and replication stress in cancer cells through the 
unwinding of dsRNA and R-loop structures.

Our study revealed that depletion of DHX9 induces immu-
nogenic dsRNAs, causing tumor cell–intrinsic antiviral signal-
ing, and alters transcription and DNA replication in cancer cells 
to induce the formation of R-loops, compromising genome sta-
bility and cell viability. Notably, triggering these tumor-intrinsic 

events greatly improves ICB treatment outcomes in immuno-
logically cold tumors, such as SCLC. Although prior studies 
have shown the potential of DHX9 to unwind dsRNA (38, 69), 
DNA/RNA hybrids (31, 70), and other more complex nucleic 
acid structures (32), our findings strongly suggest that dsRNAs 
and R-loops derived from DHX9 depletion directly contrib-
ute to induction of innate immune responses and replication 
stress in cancer cells, highlighting its potential as novel target 
to enhance antitumor immunity and boost cancer immuno-
therapy. Recently, a study reported by Crossley and colleagues 
demonstrated that DNA/RNA hybrids derived from R-loops 
are sensed by cGAS and TLR3 and activate an innate immune 
response and apoptosis (71), which is further supported by the 
data presented here, suggesting that R-loop–inducing therapies 
might be a therapeutic strategy to effectively enhance antitu-
mor immunity while concurrently inducing DNA damage and 
compromising cell viability in cancer cells.

Almost all SCLCs exhibit inactivation of TP53 and RB1, both 
of which are key regulators of DNA damage and cell-cycle check-
point (49–51). Intriguingly, although genomic instability in SCLC 
is among the highest in all the cancer types (72), the tumor 
microenvironment tends to be immune desert (16), which might 
explain the reason why SCLCs are relatively unresponsive to ICB 
therapies and remain as a recalcitrant disease (20). Thus, an urgent 
need exists to identify novel targets to improve outcomes of SCLC 
patients, who have what is considered the most lethal type of 
lung cancer. Increasing evidence has now emerged indicating that 
targeting components of the DDR pathway, including PARP, 
CHK1, or WEE1, might be an effective strategy with significant 
antitumor effects in SCLC preclinical models (12, 13, 25). Impor-
tantly, recent studies showed that DDR inhibitors potentiate ICB 
therapies in SCLC preclinical models by evoking beneficial IFN 
responses in the tumor microenvironment through accumulating 
cytosolic DNA and activating cGAS–STING and STAT1 pathways 
(26, 27). Intriguingly, we found that DHX9 depletion in SCLC 
cells triggers innate immune signaling and DNA damage through 
dsRNA and R-loop production, at least partially generated from 
various EREs and genomic instability, representing a more robust 
viral mimicry-inducing factor and a vulnerability preferentially in 
cancer cells under replication stress.

A major reason explaining the poor response of cold tumors 
to immunotherapy is the lack of an immunogenic tumor 
microenvironment, often linked to decreased CD8+ T-cell 
abundance and defective IFN signaling (73). Our data in 
immunocompetent SCLC mouse models indicate that the 
tumor-intrinsic effects of DHX9 depletion not only induced a 
significant decrease in tumor growth but also led to the recruit-
ment of multiple immune cells into the TMA, including CD8+ 
T cells, dramatically sensitizing SCLC tumors to anti–PD-1 
immunotherapy. These findings strongly suggest that target-
ing DHX9 could potentially convert immunologically cold 
tumors to hot while concurrently promoting cancer cell death.

Results from this study support efforts aimed at designing 
DHX9 inhibitors to exploit its therapeutic potential as antican-
cer therapy and to improve responsiveness to immunotherapy 
in immunologically cold tumors. Although DHX9 is reported 
to be essential during embryonic development, additional stud-
ies using conditional knockdown systems showed that reduced 
levels of DHX9 in adult mice did not cause any deleterious 
effects at the organismal level, although DHX9 loss was lethal 
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to tumor cells (74). Consistent with these data, our findings 
indicate that DHX9 depletion has minimal or no effects on the 
proliferation of normal cells, which also emphasizes the contri-
bution of intrinsic replication stress to DHX9 loss-related cell 
death in SCLC cells and suggests that targeting DHX9 might 
be an effective and realistic therapeutic strategy to treat cancers.

Given that DHX9 is broadly expressed and plays a central role 
in diverse cell homeostasis processes, potential consequences 
of direct DHX9 inhibition need to be carefully evaluated in 
future studies. A recent study reported that DHX9 is required 
for a productive CD8+ T-cell response against viral infection, 
protecting T cells from apoptosis and regulating genes that are 
necessary for effector T-cell differentiation independent of its 
nuclear sensor role (75). Based on these observations, it might 
be argued that systemic treatment with DHX9 inhibitors could 
restrict the antitumor activity of certain immune cells. How-
ever, we and others have shown that DHX9 is overexpressed in 
certain cancers, including SCLC (Fig. 1D; refs. 76–78), and that 
rapidly dividing tumor cells that are under replication stress 
are heavily vulnerable to DHX9 depletion compared with nor-
mal cells, highlighting the potential for a therapeutic window 
in which tumor growth control could be achieved with limited 
toxicity. Importantly, the fact that DHX9 depletion not only 
impacts cancer cell survival but also potentiates antitumor 
immune responses to ICB therapy in SCLC models might open 
a new range of therapeutic possibilities that will expand the 
breadth and depth of response to cancer immunotherapies. 
Nevertheless, further research should be conducted to fully 
evaluate the systemic consequences of DHX9 inhibition.

In summary, our study identified DHX9 as a novel vulnerabil-
ity in immunologically cold tumors, especially in those whose 
genome is unstable, such as SCLC. We show that DHX9 is a 
crucial suppressor of dsRNA and R-loop accumulation, and the 
genetic perturbation of DHX9 leads to innate immune response 
activation as well as DNA replication stress and DNA damage. 
Moreover, we found that these tumor-intrinsic effects can turn 
cold tumors into hot, dramatically enhancing ICB responsive-
ness and highlighting DHX9 as a potential novel target to boost 
cancer immunotherapy in immunologically cold tumors.

METHODS
Cell Lines and Cell Culture

The human SCLC cell lines NCI-H69, NCI-H69AR, NCI-H841, 
SHP-77, NCI-H187, NCI-H345, NCI-H524, NCI-H1048, and NCI-
H82 were obtained from the laboratory of Dr. Joan Albanell and 
were authenticated following short tandem repeat (STR) genotyping. 
The RPP SCLC mouse cell line was obtained from the laboratory of 
Dr. Matthew Oser. The KP3 (RP) SCLC mouse cell line was obtained 
from the laboratory of Dr. Julien Sage. RPE cells were obtained from 
the laboratory of Dr. Johnathan R. Whetstine, and FC1010 primary 
fibroblast cells were isolated in the FCCC tissue culture facility (from 
Dr. Hossein Borghaei) and were authenticated following STR geno-
typing. NCI-H196, NCI-H446, NCI-H1436, NCI-H2081, Colo668, 
NCI-H1694, NCI-H841, DMS-114, and HEK293T cells were obtained 
from the American Type Culture Collection and used for all experi-
ments before reaching 10 passages. NCI-H69M was established from 
NCI-H69, as previously reported (79). All cells were routinely tested 
for Mycoplasma and found to be free of contamination.

H69, H69M, H69AR, H82, H446, H196, SHP-77, H187, H345, 
H524, H1436, H2081, Colo668, H1694, H841, H1048, and DMS-114 

were cultured in RPMI-1640 containing 10% fetal bovine serum (FBS, 
HyClone), 2.5 g/L glucose, and 1× penicillin/streptomycin (10,000 
U/mL; Thermo Fisher Scientific). HEK293T was maintained in Dul-
becco’s Modified Eagles Medium (DMEM) containing 10% FBS and 
1× penicillin/streptomycin. RPP and KP3 mouse cell lines were cul-
tured in RPMI-1640 containing 10% FBS, 1× penicillin/streptomycin, 
and HITES (1× insulin–transferrin–selenium, 10 nmol/L β-estradiol, 
and 10 nmol/L hydrocortisone). RPE was cultured in DMEM/F-12, 
10% FBS, 2.5 mmol/L L-glutamine, 15 mmol/L HEPES, 0.5 mmol/L 
sodium pyruvate, and 0.01 mg/mL hygromycin. FC1010 was cultured 
in RPMI-1640 with 15% FBS, 2 mmol/L L-glutamine, 1 mmol/L 
sodium pyruvate, and 1× penicillin/streptomycin. All cells were main-
tained in a humidified incubator with 5% CO2 at 37°C. Subtypes of 
SCLC cell lines are summarized in Supplementary Table S4.

CRISPR-Cas9 Gene-Editing Vectors
Target sequences of DHX9, MAVS, STING, IFNAR1, and DNA/

RNA sensors and RNA helicases (for screen) for CRISPR interference 
were designed using the single-guide RNA (sgRNA) designer (http://
portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design).  
Sequences of sgRNA for human DHX9 were 5′-GGGGTAGAATCT 
GATACCGA-3′  (sgDHX9) and 5′-CAAAACATTATACTGGCATG-3′   
(sgDHX9 #2). sgRNA sequences of human MAVS and STING were 
5′-ACTGGAGCAGATGATAGGCT-3′ and 5′-GGTACCGGGGCAGCT 
ACTGG-3′, respectively. sgRNA sequence of human IFNAR1 was 5′-GTA 
CATTGTATAAAGACCAC-3′. sgRNA sequences of RNA helicase genes 
and DNA/RNA sensor genes are listed in Supplementary Table  S1. 
sgRNA from the Gecko library v2 was used as a dummy sgRNA 
(5′-ATCGTTTCCGCTTAACGGCG-3′) for Scramble control (Scr). 
LentiCRISPR v2 vectors were cloned as previously described (80, 81). 
Lentiviral plasmids were transduced into HEK293T cells along with 
pMD2.G and psPAX2 using X-treme Gene 9 DNA Transfection Rea-
gent (Roche; no. XTG9-RO) according to the manufacturer’s instruc-
tions. The 48-hour supernatant of transduced HEK293T cells was 
collected and filtered with a 0.45 μm filter.

Transduction of SCLC Cells with Lentiviral Vectors
Culture supernatant from HEK293T cells containing virus parti-

cles was applied to SCLC cell lines, with 8 μg/mL polybrene (Santa 
Cruz Biotechnology; no. sc-134220). Cells were centrifuged with 
virus at 2,000 rpm at 37°C for 2 hours. The cells were incubated at 
37°C in 5% CO2 for 24 hours, and then the media were replaced with 
complete RPMI-1640. Virus-infected cells were selected for 48 hours 
using 1.0 μg/mL puromycin (Gibco) or 5.0 μg/mL blasticidin (Gibco), 
from 48 hours after infection.

siRNA Transfection
DHX9 siRNAs (no. s4020, s4021) were purchased from Thermo Fisher 

Scientific, with s4021 used in most experiments. The siRNA targeting 
the 3′UTR of DHX9 was purchased from Horizon (no. A-009950-16-
0005). A nonspecific control siRNA duplex (siCtrl) was purchased from 
Thermo Fisher Scientific (Silencer Select Negative Control No. 1 siRNA, 
no. 4390844). Other siRNAs used in this study included AURKA (no. 
s197), NMT1 (no. s9602), RHOQ (no. s23825), CDK9 (no. s2835), and 
CDK7 (no. s2829; Thermo Fisher Scientific). siRNAs were transfected 
using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher 
Scientific; no. 13778500) according to the manufacturer’s instructions.

IHC Staining
Mouse tumor tissues were collected and fixed in 10% neutral buffered 

formalin for 24 hours, dehydrated, and embedded in paraffin. Hema-
toxylin and eosin (H&E)-stained sections were used for morphologic 
evaluation purposes and 5-μm unstained sections for IHC studies.

IHC staining was carried out on a VENTANA Discovery XT automated 
staining instrument (Ventana Medical Systems) using VENTANA 

http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
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reagents according to the manufacturer’s instructions. Briefly, slides 
were deparaffinized using EZ Prep solution (no. 950-102) for 16 min-
utes at 72°C. Epitope retrieval was accomplished with CC1 solution 
(EDTA, pH 9.0.; no. 950-224) at high temperature (e.g., 95–100°C) for 
32 minutes. Rabbit primary antibodies: anti-mouse CD8 (1:50, Cell 
Signaling Technology; no. 98941), anti-mouse CD45 (1:50, Cell Signal-
ing Technology; no. 70257), and F4/80 (1:800, Cell Signaling Technol-
ogy; no. 70076) tittered with a TBS antibody diluent into user fillable 
dispensers for use on the automated stainer. The immune complex was 
detected using the Ventana OmniMap anti-Rabbit detection kit (no. 
760-4311) and developed using the VENTANA ChromMap DAB detec-
tion kit (no. 760-159) according to the manufacturer’s instructions. 
Slides were then counterstained with hematoxylin II (no. 790-2208) 
for 8 minutes, followed by Bluing reagent (no. 760-2037) for 4 minutes.

The slides were then dehydrated with ethanol series, cleared in xylene, 
and mounted. As a negative control, the primary antibody was replaced 
with normal rabbit IgG to confirm the absence of specific staining.

Quantitative Image Analysis
Immunostained slides were scanned using an Aperio ScanScope 

CS 5 slide scanner (Aperio). Scanned images were then viewed with 
Aperio’s image viewer software (ImageScope, version 11.1.2.760, 
Aperio). Selected regions of interest were outlined manually by a 
pathologist. The positive percentage score for CD8, CD45, and F4/80 
was quantified using the Aperio V9 algorithm.

Immunoblotting
Protein was extracted from cell lines with Pierce RIPA Buffer 

(Thermo Fisher Scientific; no. 89900) and quantified by Pierce BCA 
Protein Assay Kit (Thermo Fisher Scientific; no. 23225). Protein 
extracts were subjected to polyacrylamide gel electrophoresis using 
the 4%–12% NuPAGE gel system (Invitrogen) and transferred to 
PVDF membranes (Millipore). Transferred protein was immunoblot-
ted using antibodies against TBK1 (no. 3013), S172 pTBK1 (no. 5483), 
IRF3 (no. 4302), S396 pIRF3 (no. 4947), S345 pCHK1 (no. 2348), T68 
pCHK2 (no. 2197), S139 pH2AX (no. 9718), cleaved PARP (no. 5625), 
STING (no. 13647), MAVS (no. 3993), CDK9 (no. 2316), CDK7 (no. 
2090), β-actin (no. 3700; Cell Signaling Technology), mouse DHX9 
(no. ab26271), IFNAR1 (no. ab124764), V5 tag (no. ab27671; Abcam), 
and human DHX9 (no. sc-137232; Santa Cruz Biotechnology) after 
blocking with LICOR Blocking Buffer (LICOR; no. 927-60001).

Secondary antibodies were purchased from LICOR Biosciences: 
IRDye 800CW Goat anti-Mouse IgG (H+L) (no. 926-32210), IRDye 
680RD anti-Rabbit IgG (H+L) (no. 926-68071), and IRDye 800CW 
Goat anti-Rabbit IgG (H+L) (no. 926-32211). LICOR Antibody Dilu-
ent (LICOR; no. 927-65001) was used to dilute primary and second-
ary antibodies. Phospho-specific antibodies were diluted in CanGet 
Signal Immunoreaction Enhancer Solutions (TOYOBO; no. NKB-
101) 1 (for primary) and 2 (for secondary). Imaging of blots was 
performed using the LICOR Odyssey system.

Immunocytochemistry
Cells were plated on BioCoat Culture Slide (Corning; no. 354630) 

after trypsinization and incubated overnight. To detect expression of 
proteins in nuclei and micronuclei, cells were fixed with 4% paraform-
aldehyde (PFA) for 10 minutes and permeabilized with 0.5% Triton 
X-100 for 15 minutes. After blocking with MAXblock Blocking Medium 
(Active Motif; no. 15252) for 1 hour at 37°C, cells were stained overnight 
at 4°C with primary antibodies and for 1 hour at room temperature 
with secondary antibodies. Coverslips were mounted with ProLong 
Gold Antifade reagent with DAPI (Invitrogen; no. P36935), and immu-
nofluorescent visualization of nuclei was counterstained with DAPI in 
the reagent. Immunofluorescence was detected using a Leica SP8 confo-
cal microscope and analyzed with ImageJ software. Antibody against 
dsRNA (J2; 1:200, no. 10010200) was purchased from SCICONS, and 

S139 pH2AX (1:1,000, no. 9718) and cGAS (1:100, no. 79978) were pur-
chased from Cell Signaling Technology, and dsDNA antibody (1:100, no. 
ab27156) was from Abcam. For RNase III treatment, cells were treated 
with 20 U/mL of RNase III for 30 minutes at 37°C before fixation.

To detect DNA/RNA hybrid, cells were fixed with ice-cold, 100% 
methanol for 20 minutes at −20°C and permeabilized with 0.5% Tri-
ton X-100 for 15 minutes. Cells were incubated with antibody against 
DNA/RNA hybrid (Sigma-Aldrich; no. MABE1095, clone S9.6) at 1:50 
dilution overnight at 4°C, followed by secondary donkey anti-mouse 
IgG (H+L) conjugated with Alexa Fluor 594 at 1:500 dilution for 1 hour 
at room temperature. For RNase H treatment, cells were incubated with 
120 U RNase H (Takara Bio; no. 2150A) for 4 hours in RNase H buffer 
(40 mmol/L Tris-HCl pH8.0, 4 mmol/L MgCl2, 1 mmol/L dithiothrei-
tol, 4% glycerol, and 0.003% BSA) before immunocytochemistry assay.

ELISA
IFNβ ELISA (R&D Systems; no. DIFNB0) and 2′,3′-Cyclic GAMP 

(cGAMP) ELISA (Arbor Assays; no. K067-H1) kits were used accord-
ing to the manufacturer’s instructions. Conditioned media from cells 
cultured for 72 hours after seeding (for IFNβ) and cell lysates (for 
cGAMP) were collected and analyzed. For cells treated with siRNAs, 
72-hour-culture conditioned media from the cells were collected at 
day 6 after transfection.

For cytokine array assay, the Proteome Profiler Human Cytokine 
Array Kit (R&D Systems; no. ARY005B) was used according to the 
manufacturer’s instructions. Conditioned media were collected 72 
hours after seeding the cells.

Flow Cytometry Analysis
For detecting proteins on the cell membrane, collected cells were 

washed with PBS and stained with anti–PD-L1 (BioLegend; no. 
329718, isotype control: no. 400232) and anti–HLA-A, B, C (BioLegend; 
no. 311410, isotype control: no. 400220) antibodies diluted with PBS 
containing 2% FBS at 2 μg/mL. Stained cells were analyzed on a BD 
LSR II Flow Cytometer, and fluorescence levels were compared with 
isotype control antibodies. Data were analyzed using the FlowJo 
software (TreeStar). Dead cells were excluded by staining with PI or 
Zombie NIR Fixable Viability Kit (BioLegend; no. 423106).

For intracellular flow cytometry, collected cells were fixed with 4% 
formaldehyde in PBS and permeabilized with 0.1% Triton X-100 in PBS. 
The cells were then incubated with primary antibodies, followed by sec-
ondary antibodies. The primary antibody against dsRNA (J2; 1:200, no. 
10010200) was purchased from SCICONS, and S139 pH2AX (1:1,000, 
no. 9718) was from Cell Signaling Technology. Isotype controls, nor-
mal mouse IgG2a (no. ab18413), and rabbit IgG (no. ab172730) were 
purchased from Abcam. Secondary donkey anti-mouse IgG (H+L) con-
jugated with Alexa Fluor 488 (no. A32766) and donkey anti-rabbit IgG 
(H+L) conjugated with Alexa Fluor 488 (no. A32790) were purchased 
from Thermo Fisher Scientific. Dead cells were excluded by prefixation 
staining with Zombie NIR Fixable Viability Kit.

Murine SCLC GEMM, Cell Line Derivation, and Tumor 
Implantation Studies

The RPP-631 (RPP) SCLC mouse cell lines were established in the 
laboratory of Dr. Matthew G. Oser (Dana-Farber Cancer Institute, Bos-
ton, MA, USA), which were originally derived from SCLC tumors that 
were generated in LSL-Cas9 C57BL/6 mice that were intratracheally 
injected with AAV that encode Cre-recombinase and sgRNAs targeting 
Trp53, Rb1, and Rbl2 (RPP) genes (60). Histopathology of the tumor 
from which the cell lines were derived showed small cell lung cancer.

To generate the syngeneic mouse tumor model, 8.0 × 106 RPP cells, 
which stably express SMARTvector Tet-inducible Dhx9 shRNA (hori-
zon; no. V3SM11253) or control shRNA (horizon; no. VSC11652), 
were subcutaneously implanted into the flank of C57BL/6 mice or 
NSG mice after mixing with Matrigel (Corning; no. 354234) at 1:1 
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ratio. To generate RP tumors, 1.0 × 106 KP3 cells (a kind gift from 
Dr. Julien Sage) were subcutaneously implanted into the flank of 
B6129SF1 mice after mixing with Matrigel at a 1:1 ratio. Doxycy-
cline water (5% sucrose with 2 mg/mL of doxycycline; Sigma) was 
provided to all the groups to induce knockdown of the Dhx9 gene 
once palpable tumor formation was confirmed. The doxycycline 
water was changed every other day. Tumor size was measured every 
2–3 days by digital caliper. Tumor volumes were calculated using 
the formula: volume =  (length ×  width2)/2. Both female and male 
C57BL/6 mice (Jackson Laboratories) of 6–8 weeks old were used for 
the transplantation studies.

Antibody Treatment, Tumor Collection, and Survival Analysis
Mice were euthanized with CO2 and their tumors were quickly 

extracted, washed in PBS, and minced using a sterilized razor blade. 
For tumor IHC staining of CD8, CD45, and F4/80 and flow cytom-
etry analysis of infiltrated immune cells, all mice were euthanized on 
day 32 after inoculation of RPP cells. Collected tumor tissues were 
fixed in 10% phosphate-buffered formaldehyde for IHC and were 
processed for flow cytometry analysis using the Tumor Dissociation 
Kit, mouse (Miltenyi; no. 130-096-730) and gentleMACS Dissociator 
(Miltenyi; no. 130-093-235) according to the manufacturer’s instruc-
tions, followed by washing and filtering with a 70-μm cell strainer.

For combination treatments, mice were administered 200 μg rat 
IgG2a isotype control (Bio X Cell; no. BP0089) or anti–PD-1 antibody 
(Bio X Cell; no. BP0146) via i.p. injection on days 17, 19, 21, 23, and 
25 after inoculation of RPP cells. Doxycycline water was provided 
once palpable tumor formation was confirmed to induce knockdown 
of the Dhx9 gene. Tumor size was measured every 2–3 days by digi-
tal caliper, and mouse survival was monitored with tumor volume 
exceeding 1,000 mm3, weight loss >15%, and decreasing behavioral 
conditions considered as endpoints.

For depletion of CD8 T cells or NK cells, C57BL/6 mice were 
treated with 10 mg/kg anti-CD8a antibody (Bio X Cell; no. BP0061) 
or anti-NK1.1 antibody (Bio X Cell; no. BP0036) twice per week.

Quantitative PCR with Reverse Transcription
Total RNAs were extracted using the RNeasy Mini Kit (Qiagen; no. 

74106) according to the manufacturer’s instructions. A total 1 μg of 
extracted RNA was used to generate cDNA with the SuperScript III 
First-Strand Synthesis SuperMix for RT-qPCR kit (Thermo Fisher 
Scientific; no. 18080-044). qRT-PCR of the indicated genes (Sup-
plementary Table S2) was performed using Power SYBR Green PCR 
Master Mix (Applied Biosystems; no. 4367659) and the Applied 
Biosystems QuantStudio 6 Pro Real-Time PCR System and software. 
The relative expression was normalized with the expression of the 
housekeeping genes 36B4 (for human cells) or Actb (for mouse cells) 
and analyzed with the –ΔΔCt relative quantification method.

RNA-seq
Total RNAs were extracted and purified using the RNeasy Mini 

Kit (Qiagen; no. 74106) from NCI-H196, NCI-H446, and NCI-H82 
cells, which were infected with lentivirus containing Scramble or 
sgDHX9 vector at day 7 after selection. Using a 2100 Bioanalyzer 
RNA 6000 Nano assay (Agilent), the quality of RNA was assessed. 
RNA concentration was measured using a Qubit 2.0 Fluorometer 
(Life Technologies). Illumina sequencing libraries were constructed 
using the NEBNext Ultra II Directional RNA Library Prep Kit for Illu-
mina (NEB) and sequenced on Illumina NovaSeq 6000 by pair-end 
sequencing with a read length of 2 × 150 bp by Novogene.

Expression levels for each gene were quantified from the sequenc-
ing data using Kallisto (82). The data were then summarized using the 
tximport package (ver. 1.18.0) of R software (ver. 4.0.3) and RStudio 
(RStudio), and scaledTPM counts were used for further analysis as 
expression values. GSEA was performed to identify gene signatures 
that are upregulated and downregulated in sgDHX9 cells compared 

with Scramble or DHX9low tumors compared with DHX9high tumors 
(for data from database).

RIP-seq
Scramble or sgDHX9 H446 cells (2.0 × 107) were harvested, and RNA 

immunoprecipitation (RIP) was conducted using a Magna RIP RNA-
Binding Protein Immunoprecipitation kit (Sigma-Aldrich; no. 17-700) 
according to the manufacturer’s instructions. Briefly, cell pellets were 
lysed in RIP lysis buffer, followed by incubation with RIP buffer contain-
ing magnetic beads conjugated with J2 (SCICONS; no. 10010200) or iso-
type control (Abcam; no. ab18413) antibody at 4°C overnight. Samples 
were then incubated with proteinase K, and immunoprecipitated RNAs 
were recovered by phenol:chloroform:isoamyl alcohol purification. RNA 
was quantified using a QuantiFluor RNA System (Promega; no. E3310) 
and assessed for quality with the 2100 Bioanalyzer RNA 6000 Nano assay 
(Agilent) before library generation. Ribosomal RNA (rRNA) was removed 
using NEBNext rRNA Depletion Kit v2 (NEB; no. E7400L) according to 
the manufacturer’s instructions. For pulling down of MDA5 and RIG-I 
bound RNA, we transfected pcDNA3-Flag-MDA5 and pcDNA3-Flag-
RIG-I expression vector, respectively, to DHX9-depleted cells 2 days 
before collecting RNA. Anti-Flag (DYKDDDDK)-tag antibody (Invitro-
gen; no. MA1-91878) was used for IP. For pulling down of DHX9-bound  
RNA, we prepared pCDH-3xFlag-DHX9-K417R–expressing H446 cells  
and performed IP using anti-Flag (DYKDDDDK)-tag antibody.

Illumina sequencing libraries were prepared by Novogene, with the 
NEBNext Ultra II RNA Library Prep Kit for Illumina (NEB) according 
to the manufacturer’s instructions. Libraries were analyzed for insert 
size distribution using the 2100 Bioanalyzer RNA 6000 Nano assay 
(Agilent). Libraries were quantified using the Qubit 2.0 Fluorometer 
(Life Technologies) and sequenced on Illumina NovaSeq 6000 by pair-
end sequencing with a read length of 2 × 150 bp, by Novogene.

For analysis of RE expression from RIP-seq data, the trimmed FASTQ 
reads by TrimGalore (version 0.6.4) were mapped against H. sapiens UCSC 
hg19 using the Bowtie 2 (version 2.3.5) alignment software (83). The 
counts of RE were calculated by RepEnrich2 (84) using default settings 
and were normalized by one million reads as CPM (counts per million). 
In this software, reads mapping uniquely to the genome are assigned 
to subfamilies of repetitive elements based on their degree of overlap to 
“RepeatMasker” annotated genomic instances of each repetitive element 
subfamily. On the other hand, reads mapping to multiple locations are 
separately mapped to repetitive element assemblies—referred to as repeti-
tive element psuedogenomes. By combining the counts from uniquely 
mapping reads and multimapping reads, “RepEnrich2” keeps track of all 
repetitive elements that every read aligns to and systematically estimates 
enrichment from all mapping reads. The heat map was visualized using 
the “ggplot2” package of R software (version 4.0.5).

RIP-qRT-PCR
Scramble or sgDHX9 H446 cells (5.0  ×  106) were harvested, and 

cytoplasmic fractions were extracted using the Nuclear Extract Kit 
(Active Motif; no. 40010) according to the manufacturer’s instructions. 
To isolate RNA, an equal volume of 70% ethanol was added to the cyto-
plasmic fractions, and then, according to the manufacturer’s instruc-
tions, purification was performed using the RNeasy Plus Mini Kit 
(Qiagen; no. 74106). The total RNA was dissolved with 38 μL RNase-
free H2O. Then 2 μL total RNA was used as input and the remainder 
was divided into 2 tubes. In all, 2 μg of J2 antibody (SCICONS;  
no. 10010200) and mouse control IgG2a (Abcam; no. ab18413) were 
conjugated to 20 μL protein G agarose (Millipore; no. 16-266) per 
pulldown by rotation overnight at 4°C. To digest single-stranded RNA, 
1 μL of RNase A (Sigma-Aldrich; no. R6513) was added to each tube 
and then mixed with 1 mL IP buffer (50 mmol/L Tris-HCl [pH 7.4], 
125 mmol/L NaCl, 1 mmol/L EDTA, 0.1% Triton X-100). The RNA 
samples were incubated with antibody-conjugated protein G agarose 
beads overnight at 4°C. Beads were washed with IP buffer three times 
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and then incubated in 50 μL proteinase K digestion solution [1× TE, 
100 mmol/L NaCl, 1% SDS, and 1 μL of 20 mg/mL Proteinase K solu-
tion (Thermo Fisher Scientific; no. AM2546)] for 20 minutes at 45°C to 
isolate RNA. After centrifugation, 50 μL of the supernatant was added 
to 300 μL Buffer RLT Plus from the RNeasy Plus Mini Kit (QIAGEN; 
no. 74106) to purify RNA. The final product containing dsRNA was 
denatured for 5 minutes at 95°C, followed by reverse transcription 
using qScript cDNA SuperMix (Quantabio; no. 95048), which con-
tains both random primers and oligo(dT) primers. qRT-PCR was per-
formed using the primers listed in Supplementary Table S2 by Applied 
Biosystems QuantStudio 6 Pro Real-Time PCR System and software.

DNA Fiber Assay
Cells were pulse-labeled with 25 μmol/L ldU (Sigma-Aldrich; no. 

I7125) for the first 30 minutes, followed by 250 μmol/L CIdU (Sigma-
Aldrich; no. C6891) for 30 minutes. The cells were trypsinized and 
resuspended in PBS then diluted to the concentration of 1.0 × 105 to 
1.0 × 106 cells/mL. At the end of an APS-coated glass slide (Matsunami; 
no. SUAPS1190), 2 μL of cell suspension was placed. After air-drying for 
8 minutes, 7 μL of fiber lysis solution (200 mmol/L Tris-HCl [pH 7.5], 50 
mmol/L EDTA, 0.5% SDS) was pipetted on top of the cell suspension 
and mixed gently. Cell lysis proceeded for 5 minutes. The slides were 
tilted at 15° to allow the DNA to spread down to the bottom of the slide. 
Slides were air-dried for 15 minutes and fixed in methanol/acetic acid 
(3:1). After washing with distilled water, DNA was denatured in 2.5 M 
HCl for 80 minutes. The slides were washed with PBS three times and 
blocked in 5% BSA in PBS for 1 hour. After blocking, the slides were 
incubated with primary antibodies, anti-IdU (BD; no. 347580), and 
anti-CldU (Abcam; no. ab6326) and followed by secondary antibod-
ies, donkey anti-mouse IgG (H+L) conjugated with Alexa Fluor 488 
(Thermo Fisher Scientific; no. A32766), and donkey anti-rat IgG (H+L) 
conjugated with Alexa Fluor 594 (Thermo Fisher Scientific; no. A21209).

Proliferation Assay
Cells were seeded in 12-well plates at low density (2,500–10,000 

cells/well) and cultured in complete RPMI-1640 medium in a humid-
ified incubator with 5% CO2 at 37°C. After 2, 4, 6, and 8 days, cells 
were harvested and counted.

Transfection of Cytoplasmic dsRNA/DNA
Cytoplasmic fraction was extracted from DHX9-depleted cells 

(4.0 ×  106) using the Nuclear Extract Kit (Active Motif; no. 40010) 
according to the manufacturer’s instructions. Cytoplasmic DNA 
was extracted using the Gel Extraction Kit (QIAGEN; no. 28704) 
after treatment of RNase A/T1 Mix (Thermo Fisher Scientific; no. 
EN0551). To isolate RNA, an equal volume of 70% ethanol was added 
to the cytoplasmic fractions, and purification was performed using 
the RNeasy Plus Mini Kit (QIAGEN; no. 74106). Pulldown of dsRNA 
was performed as detailed in the “RIP-qRT-PCR” section.

For the cytoplasmic DNA retransfection assay, extracted cytoplas-
mic DNA was digested with 1 μL DNase I (Thermo Fisher Scientific; 
no. EN0521), 1 μL RNase H (NEB; no. M0523S), or 1 μL H2O (mock) 
in 10 μL reaction mixture for 60 minutes at 37°C prior to retransfec-
tion into H196 cells with Lipofectamine 3000 (Thermo Fisher Scien-
tific; no. L3000001). For cytoplasmic dsRNA retransfection, purified 
dsRNA was digested with 1 μL RNase III (Thermo Fisher Scientific; 
no. AM2290) or 1 μL H2O (mock) in 5 μL reaction mixture for 60 
minutes at 37°C prior to retransfection. After 24 hours, RNA was 
isolated using the RNeasy Plus Mini Kit.

DHX9 Expression Vectors
The wild-type and helicase dead mutant (K417R) human DHX9 

cDNAs were cloned into pCDH-3xFLAG-GFP-puroR vector (a kind gift 
from Dr. Lu Chen) with the AscI/PacI sites, generating pCDH-3xFLAG-
DHX9 (WT/K417R)-puroR. For rescue experiments, siRNA targeting 
DHX9-3′UTR was transfected to knockdown-only endogenous DHX9.

R-loop Detection by Dot Blot
For R-loop (DNA/RNA hybrid) detection by dot blot, DNA sam-

ples were prepared using the DRIP protocol, as previously reported 
(85). Briefly, cells were lysed in 1.6 mL TE buffer containing 50 μL 
of 20% SDS and 5 μL of 20 mg/mL proteinase K at 37°C overnight. 
Extracted DNA was phase separated using phenol/chloroform/isoa-
myl alcohol (25:24:1), precipitated with ethanol, and resuspended 
in TE buffer. Then, purified DNA was digested using a cocktail of 
restriction enzymes (HindIII, SspI, EcoRI, BsrGI, and XbaI; 30 U 
each), treated with RNase A (10 μg/mL) and RNase III (2U), and again 
purified by phenol/chloroform/isoamyl alcohol (25:24:1). DNA was 
spotted on a nitrocellulose membrane, blocked with LICOR Block-
ing Buffer, and incubated with antibody against DNA/RNA hybrid 
(Sigma-Aldrich; no. MABE1095, clone S9.6) dsDNA (Abcam; no. 
ab27156). Secondary antibody IRDye 800CW Goat anti-Mouse IgG 
(H+L) (LICOR; no. 926-32210) was used to detect the signal. Imag-
ing of blots was performed using the LICOR Odyssey system.

Generation and Characterization of Synthetic Spike-in R-loop
Synthetic R-loop spike-in was generated according to (86). Briefly, 

E. coli genomic DNA was isolated by phenol-chloroform extraction. A 
320 bp of DNA was PCR amplified with L286F (T7-promoter bearing) 
and L286R (Supplementary Table  S2) and purified using DNA Clean 
and Concentrator-5 (Zymo Research; no. D4014). In vitro transcription 
reactions were carried out at 37°C for 1 hour with the HiScribe T7 High 
Yield RNA Synthesis Kit (NEB; no. E2040S) with 200 ng of template 
DNA. RNA was purified using the Direct-zol RNA Miniprep kit (Zymo 
Research; no. R2052). RNA was checked by running a 7% UREA-PAGE 
gel. Complementary L286 ssDNA was synthesized by IDT (Supplemen-
tary Table S2), and the DNA/RNA hybrid was reconstituted with a molar 
ratio of 1:5 in the NEB Buffer 2.1. The reconstituted hybrid is fraction-
ated in 1.8% agarose gel, from which the RNase H sensitive species was 
excised and eluted following a gel-crushing method (87). The purified 
R-loop was quantitated by agarose gel electrophoresis followed by SYBR 
green II staining. R-loop is further characterized by an R-loop EMSA 
assay containing 0.55 nmol/L of R-loop and S9.6 antibody (0.11 and 
0.55 nmol/L). The reaction was incubated at 37°C for 30 minutes and 
fractioned in a 5% native PAGE gel visualized by SYBR green II staining.

Quantitative DNA-RNA Immunoprecipitation-qPCR with 
Spike-Ins

qDRIP was performed as per the method detailed by (86). Briefly, 
H82 cells were pelleted at 500 × g for 5 minutes, followed by resus-
pension in 4 mL of DPBS and a gently layered 3 mL of Ficoll Paque 
Plus (Cytiva; no. 17144003). This was centrifuged at 400 × g for 40 
minutes at room temperature to separate live cells. In total, 750,000 
trypan-blue-negative cells per experimental condition were resus-
pended in 1.6 mL of TE buffer, to which 5 μL of a 16.7 fM of synthetic 
E. coli DNA/RNA hybrid L286 was added as spike-in control (see 
below). Cells were incubated in 50 μL of 20% SDS and 5 μL of Pro-
teinase K (20 mg/mL, Thermo Fisher Scientific; no. EO0491) at 37°C 
for 3 hours, followed by phenol-chloroform extraction and ethanol 
precipitation. The DNA was then sonicated to an average fragment 
length of 300 bp using the QSonica 800R3 (no. Q800R3-110) at 
40% Amplitude, 15 seconds ON or OFF alternating for a total of 7 
minutes ON time. The resulting fragment distribution was analyzed 
using High Sensitivity Tapestation D1000 screentape (Agilent; no. 
5067-5584). Immunoprecipitation was performed with the S9.6 anti-
body (Kerafast; no. Kf-Ab01137-23.0) and DynaGreen Protein A/G 
Magnetic Beads (Thermo Fisher Scientific; no. 80106G). RNase H 
treatment (NEB; no. M0297S) was carried out at 37°C overnight. The 
qPCR reactions were then conducted using 2× qRT-PCR Brilliant III 
SYBR Master Mix (Agilent; no. 600886) on the QuantStudio 6 Flex 
Real-Time PCR System (Thermo Fisher Scientific; 4485691). The 
results of these reactions were analyzed using R version 4.3.1.
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Viability Assay
Cells were plated in 96-well plates at low density (2,000–8,000 cells/

well) and cultured in complete RPMI-1640 medium in a humidified 
incubator with 5% CO2 at 37°C for 96 hours. Luminescent values of 
CellTiter-Glo Cell Viability assay (Promega; no. G7571) were obtained by 
the CLARIOstar Plus Microplate Reader and software (BMG Labtech).

CRISPR Screen and Analysis
On day 0 (day of infection), ∼7.0 ×  107 (∼1,000 cells/sgRNA) H82 

cells, which stably express Cas9, were resuspended in complete media 
with 10% FBS, 8 μg/mL polybrene at a concentration of 1.0 × 106 cells/
mL in 50 mL conical tubes, and the Human Brunello CRISPR knock-
out pooled library was added at an MOI of 0.3. The cells were then dis-
tributed onto low-adherence 6-well plates at a density of 2.0 × 106 cells 
per well, and the plates were centrifuged at 2,000 rpm for 2 hours. The 
following day (day 1), the virus was removed by changing media, and 
the cells were transferred to low-adherence 10-cm plates at a concentra-
tion of 0.4 × 106 cells/mL. On day 4, the cells were plated in fresh media 
in the presence of 1 μg/mL puromycin and were selected for 72 hours.

Following completion of puromycin selection (day 7), resistant cells 
were cultured with fresh media and grown in complete media until 
day 13. On day 13, 2.5 × 107 cells were mixed with lentivirus contain-
ing Scramble or sgDHX9, with 8 μg/mL polybrene. The cells were then 
distributed onto low-adherence 6-well plates at a density of 2.0 × 106 
cells per well, and the plates were centrifuged at 2,000 rpm for 2 hours. 
The following day (day 14), the virus was washed away, and the cells 
were transferred to low-adherence 10-cm plates. Until day 23, the cells 
were grown in complete media, keeping a minimum of 2.5 × 107 cells 
per group. The screen was performed in 3 biological replicates.

After completion of the screen, genomic DNA (gDNA) was isolated 
using Blood and Cell Culture DNA Midi Kit (Qiagen; no. 13343) 
according to the manufacturer’s protocol. To attach sequencing 
adaptors and barcode samples, PCR of gDNA was performed using 
Ex Taq DNA Polymerase (TaKara; no. RR001) as previously described 
(52). Samples were purified with Agencourt AMPure XP SPRI beads 
according to the manufacturer’s instructions (Beckman Coulter; no. 
A63880). Purified DNA samples were sequenced on a Nextseq2000 
(Illumina). The sgRNA read count and hits calling were analyzed 
by MAGeCK v0.5.7 algorithm (88). Each gene symbol of enriched 
or depleted sgRNAs in DHX9-loss population was mapped to GO 
resources (http://www.geneontology.org/) to rank GO terms.

Human Brunello CRISPR knockout pooled library (52) was a gift 
from Drs. David Root and John Doench (Addgene; no. 73178).

Pan-cancer Analysis of TCGA Data Set
TCGA pan-cancer gene expression with patient annotation data 

sets were retrieved from the Genomic Data Commons of the National 
Cancer Institute (https://gdc.cancer.gov/about-data/publications/
pancanatlas). Signature scores of different tumor types were calcu-
lated in GSVA using the “z-score” method (89). Spearman correlation 
and multiple testing corrections were done in R software (ver. 4.0.3).

Data Availability
The RNA-seq data are deposited in the GEO repository (Acces-

sion Number: GSE244103). We also registered raw data of RIP-seq 
experiments in the GEO repository [Accession Number: GSE244104 
(J2), GSE247217 (Flag)]. Data generated from the CRISPR screen are 
provided in Supplementary Table  S5. All other data and materials 
can be requested from the corresponding author.

Statistical Analyses
All graphs depict mean ±  SEM unless otherwise indicated. Tests 

for differences between two groups were performed using two-tailed 
unpaired Student t test or Mann–Whitney test. Two-way analysis of 
variance (ANOVA) was performed where applicable using the Tukey 

multiple comparison test. Values of P < 0.01–0.05 (*), P < 0.001–0.01 
(**), P <  0.001–0.0001 (***), or P <  0.0001 (****) were considered 
significant. GraphPad Prism7 was used for statistical analysis of 
experiments, data processing, and presentation.

Study Approval
All animal experiments were performed under protocols approved 

by the Institutional Animal Care and Use Committee at FCCC.
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