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Abstract

Detection of microbial products by multiprotein complexes known as inflammasomes is pivotal 

to host defense against pathogens. Nucleotide-binding domain leucine-rich repeat (NLR) CARD 

domain containing 4 (NLRC4) forms an inflammasome in response to bacterial products; this 

requires their detection by NLR family apoptosis inhibitory proteins (NAIPs), with which NLRC4 

physically associates. However, the mechanisms underlying sterile NLRC4 inflammasome 

activation, which is implicated in chronic non-infectious diseases, remain unknown. Here, 

we report that endogenous short interspersed nuclear element (SINE) RNAs, which promote 

atrophic macular degeneration (AMD) and systemic lupus erythematosus (SLE), induce NLRC4 

inflammasome activation independent of NAIPs. We identify DDX17, a DExD/H box RNA 

helicase, as the sensor of SINE RNAs that licenses assembly of an inflammasome comprising 

NLRC4, NLR pyrin domain-containing protein 3 (NLRP3), and apoptosis-associated speck-like 

protein containing CARD (ASC), and induces caspase-1 activation and cytokine release. Inhibiting 

DDX17-mediated NLRC4 inflammasome activation decreased interleukin-18 (IL-18) release 

in SLE patient peripheral blood mononuclear cells and prevented retinal degeneration in an 

animal model of AMD. Our findings uncover a previously unrecognized noncanonical NLRC4 

inflammasome activated by endogenous retrotransposons and provide potential therapeutic targets 

for SINE RNA-driven diseases.

One Sentence Summary:

DDX17 senses retrotransposon RNA and activates a noncanonical NLRC4 inflammasome.

INTRODUCTION

Short interspersed nuclear element (SINE) elements are relatively short (< 700 nt) non-

coding retrotransposons that account for more than 10% of the mass of mammalian genomes 

(1). Evolutionarily, SINEs originate from ancient pseudogenes of tRNAs, 7SL RNA, or 5S 

rRNA, and diverged into Alu elements in primates and B elements (B1 and B2) in rodents 

(2, 3). The genomic expansion of SINE elements requires two steps: RNA polymerase 

III-mediated transcription and L1-mediated reverse transcription and genomic integration 

(4). In somatic cells, almost all SINE elements are insertionally inactive; they become 
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transcriptionally active under conditions of cell stress such as virus infection, genome 

instability, or aging (5–7). Abnormal accumulation of SINE transcripts is increasingly 

recognized as a culprit in human diseases such as AMD (8), Alzheimer’s disease (9, 

10), multiple sclerosis (11), type 2 diabetes (12), and SLE (13). SINE RNAs induce 

inflammasome activation and degeneration of the retinal pigmented epithelium (RPE) in 

an NLRP3-dependent manner, but do not require a gamut of cytoplasmic RNA sensors 

including toll-like receptors, MDA5 and RIG-I (14), thereby leaving the question of the 

inflammasome-triggering sensor responsible for SINE RNA recognition unanswered.

The NBD-LRR (NLR)-containing proteins are a family of heterogeneous proteins that 

detect the presence of pathogen-associated molecular patterns (PAMPs) or endogenous 

danger-associated molecular patterns (DAMPs) (15). They typically comprise an N-terminal 

protein interaction domain, a central NBD and a C-terminal LRR domain (16). Of these 

inflammasomes, NLRP3 and NLRC4 inflammasomes are the best characterized and play 

important roles in the front-line of innate immunity to protect the host from various 

pathogenic infection (17, 18). Typically, the recognition of microbial stimuli by NLRP3 and 

NLRC4 is considered indirect, i.e., accessory sensor proteins are thought to be required for 

ligand recognition and licensing of NLRs activation. For example, assembly of the classical 

NLRC4 inflammasome requires NLR family, apoptosis inhibitory proteins (NAIPs), which 

sense the bacterial type III secretion apparatus and interact with NLRC4 in an oligomeric 

state and sequentially recruit ASC or procaspase-1, leading to its proteolytic cleavage and 

cytokine maturation (18, 19). Potassium efflux is a common step that is essential for 

NLRP3 inflammasome activation induced by various stimuli. In response to potassium 

efflux, the NIMA related kinase 7 (NEK7) acts as an essential partner that interacts with 

NLRP3 and licenses its activation (20, 21). In addition, crosstalk between NLRP3 and 

NLRC4 was revealed by studies in E. coli- and S. typhimurium-induced inflammation (22–

24) and in sterile inflammation induced by lysophosphatidylcholine (LPC), hyperosmotic 

stress, or diacylglycerol (25–28). During S. typhimurium infection, NLRP3 and NLRC4 

can be recruited to same macromolecular complex through ASC (29, 30). Interestingly, 

both NLRP3 and NLRC4 inflammasomes have been implicated independently in the 

pathogenesis of multiple sclerosis (26), a chronic inflammatory disease in which SINE 

RNA is upregulated (11), though the mechanisms regulating the assembly and activation 

of NLRC4 or NLRP3 inflammasome complexes remain to be elucidated in the context 

of sterile inflammation. Although the PAMPs-induced NLRC4 inflammasome has been 

extensively studied (31, 32), the mechanism of sterile NLRC4 inflammasome activation, 

which has been identified in many inflammatory disorders (33, 34), is relatively poorly 

understood. The roles of NAIPs in the sterile NLRC4 inflammasome are also largely 

unknown.

Here, we report that DDX17, a DExD/H box RNA family helicase without an established 

role in inflammasome activation, recognizes cytosolic SINE RNAs and licenses the 

assembly of an NLRC4 inflammasome complex that includes NLRP3, ASC, and caspase-1. 

This inflammasome platform facilitates the maturation of caspase-1, secretion of IL-1β and 

IL-18, and induction of cell death. Targeting this DDX17-mediated NLRC4 inflammasome 

inhibits RPE degeneration in a model of AMD and IL-18 release by SLE patient-derived 
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cells. These findings identify DDX17, NLRC4, and NLRP3 as potential drug targets in these 

and potentially other sterile inflammatory disorders.

RESULTS

SINE RNAs induce sterile NLRC4 inflammasome activation

To determine whether NLRC4 participates in SINE RNAs-induced inflammasome 

activation, we transfected primary mouse bone marrow-derived macrophages (BMDMs) 

isolated from wild-type or Nlrc4−/− mice with B2 or Alu RNA and monitored caspase-1 

processing (p20), LDH release and IL-1β secretion. Notably, SINE RNA transfection in 

wild-type BMDMs induced caspase-1 p20 cleavage, LDH release and IL-1β secretion 

in a dose-dependent manner, which were greatly impaired in Nlrc4−/− BMDMs (Fig. 1, 

A and B, and fig. S1, A and B), suggesting that NLRC4 is essential for SINE RNA-

induced inflammasome activation. Next, we sought to evaluate the activation of NLRC4 

by measuring the phosphorylation of NLRC4 at serine 533 (S533), which contributes to 

PAMP-induced NLRC4 inflammasome activation (35–37). SINE RNA transfection induced 

NLRC4 S533 phosphorylation and caspase-1 cleavage in wild-type mouse BMDMs (Fig. 1C 

and fig. S1C).

Oligomerization of NLRC4 is important in initiating assembly and subsequent activation 

of the NLRC4 inflammasome (38). Using native polyacrylamide gel electrophoresis, we 

observed the formation of large oligomeric NLRC4 complexes induced by Alu RNA (Fig. 

1D). ASC, which undergoes condensation into a massive insoluble oligomer known as 

the apoptotic speck during inflammasome activation (32, 38), enhances NLRC4-induced 

caspase-1 activation (24). We observed formation of ASC and NLRC4 double-positive 

specks as well as ASC oligomers in SINE RNA-transfected mouse BMDMs (Fig. 1, E 

and F and fig. S1, D to F). In the PAMP-induced NLRC4 inflammasome, NLRC4 can 

interact directly with caspase-1 in the absence of ASC (39). To evaluate the roles of 

NLRC4 and ASC in SINE-RNA inflammasome activation, we studied the requirement 

of ASC (encoded by Pycard) in bacterial flagellin- and SINE RNAs-induced NLRC4 

inflammasome. Consistent with previous studies, NLRC4-dependent caspase-1 activation 

and IL-1β secretion induced by cytosolic flagellin (S. typhimurium) were partially inhibited 

in BMDMs isolated from Pycard−/− mice (Fig. 1G and fig. S1, G and H), suggesting an 

alternative ASC-independent signaling in canonical NLRC4 inflammasome formation. In 

contrast, low-grade caspase-1 activation and IL-1β secretion induced by SINE RNAs were 

largely inhibited in Pycard−/− and Nlrc4−/− BMDMs.

A hallmark of bacterial induced NLRC4 inflammasome is pyroptosis, which is driven in 

part by caspase-1-mediated cleavage of the pore-forming protein gasdermin D (GSDMD, 

encoded by Gsdmd) (40, 41). Interestingly, we previously demonstrated that although 

GSDMD is required for Alu RNA-induced RPE degeneration, Alu RNA does not induce 

the canonical cleavage of GSDMD that occurs in response to intracellular LPS and drives 

pyroptosis (42). We also showed that a mutant GSDMD incapable of canonical cleavage 

supported Alu RNA-induced cell death, suggesting a non-pyroptotic role for GSDMD in 

this context. This non-canonical role of GSDMD in Alu RNA-mediated RPE degeneration 

is consistent with our observation that Alu RNA promotes cell death primarily via apoptosis 
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and not pyroptosis (42). Here, we studied the role of GSDMD in the setting of B2 RNA and 

found that, whereas cytosolic LPS and flagellin triggered canonical GSDMD p30 cleavage, 

B2 RNA did not do so (fig. S1I). However, B2 RNA-induced IL-1β secretion was largely 

reduced in Gsdmd−/− BMDMs (fig. S1J), implicating a potential nonlytic role of GSDMD 

in the SINE RNA-induced sterile NLRC4 inflammasome activation (43), consistent with our 

earlier observations on the role of GSDMD in the setting of Alu RNA (42). Together, these 

results suggest that SINE RNAs induce an ASC-dependent sterile NLRC4 inflammasome 

activation. The LDH release we observed is compatible with our earlier finding that cells 

transfected with Alu RNA eventually display characteristics of late apoptosis or secondary 

necrosis (42). Importantly, LDH release was also NLRC4-dependent.

Sterile NLRC4 inflammasome requires PKCδ but not NAIPs

The above results suggested that phosphorylation of NLRC4 at serine 533 (S533) occurs 

in response to SINE RNA stimulation. To study the role of NLRC4 phosphorylation in 

SINE RNA-induced inflammasome activation, we tested inflammasome activation induced 

by SINE RNAs in BMDMs isolated from homozygous non-phosphorylatable NLRC4 

(S533A) mutant mice (44). We found that SINE RNA-induced caspase-1 cleavage and 

IL-1β secretion were largely impaired in S533A mutant BMDMs, despite having intact 

NLRC4 expression (Fig. 2, A and B, and fig. S2A). To identify the mechanisms governing 

NLRC4 phosphorylation, we studied two kinases reported to phosphorylate NLRC4 at S533: 

protein kinase C delta (PKCδ, encoded by PRKCD) (35) and leucine rich repeat-containing 

kinase-2 (LRRK2) (37). We treated wild-type BMDMs with GSK2578215A, an inhibitor of 

LRRK2, or with rottlerin, an inhibitor of PKCδ. Rottlerin, but not GSK2578215A, inhibited 

Alu RNA-induced phosphorylation of NLRC4 and caspase-1 activation in BMDMs in a 

dose-dependent manner (fig. S2B), providing pharmacological evidence that PKCδ might 

be involved in SINE RNA-induced NLRC4 phosphorylation. Next, we investigated the 

requirement of PKCδ in BMDMs isolated from Prkcd+/+, Prkcd+/−, and Prkcd−/− mice. We 

found a gene dosage-dependent reduction in Alu RNA-induced NLRC4 phosphorylation 

and IL-1β release in Prkcd mutant BMDMs (Fig. 2, C and D and fig. S2C). In addition, 

depletion of the PKCδ protein via PRKCD siRNA transfection into human monocytic 

THP-1 cells impaired caspase-1 cleavage and release of IL-1β and IL-18 (fig. S2, D to 

F). Collectively, these pharmacological and genetic data demonstrate that PKCδ-dependent 

NLRC4 phosphorylation is important for sterile NLRC4 inflammasome activation.

NAIPs are essential for NLRC4 inflammasome activation induced by bacterial PAMPs (45, 

46). Mouse NAIP5 and NAIP2 form complexes with NLRC4 upon binding flagellin or 

T3SS components of Salmonella species, respectively (19). In humans, the sole full-length 

NAIP senses both flagellin and T3SS components (47, 48). Thus, we sought to determine 

whether NAIPs are required for SINE RNA-induced NLRC4 inflammasome activation. In 

accord with previous reports (19, 49), we found that cytosolic flagellin-induced caspase-1 

cleavage and IL-1β release, which are mediated by NAIP5 and NLRC4, were largely 

impaired in BMDMs isolated from mice deficient for all NAIP paralogs (Naip1-6Δ/Δ) (Fig. 

2, E and F). Surprisingly, Alu RNA-induced caspase-1 activation, which also is mediated by 

NLRC4 (Fig. 1C and fig. S1A), was unimpaired in Naip1-6Δ/Δ BMDMs (Fig. 2G). Alu RNA 

and B2 RNA also induced comparable release of IL-1β in both wild-type and Naip1-6Δ/Δ 
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BMDMs (Fig. 2H). In addition, Alu RNA-induced IL-1β release in THP-1 cells was reduced 

by NLRC4 siRNA but not NAIP siRNA (fig. S2G). Together, these findings demonstrate 

that NAIPs, the conventional PAMP-sensing proteins, are dispensable for sterile NLRC4 

inflammasome activation induced by SINE RNAs, identifying a previously unidentified 

NAIP-independent mechanism of NLRC4 activation.

DDX17 recognizes SINE RNAs for sterile inflammasome activation

To date, the cytosolic sensors of SINE RNAs necessary for noncanonical NLRC4 

inflammasome activation are unknown. To identify proteins that interact with SINE RNAs, 

we transfected human THP-1 monocytic cells with biotinylated Alu RNA or free biotin, and 

purified Alu RNA-associated complexes using streptavidin affinity pulldown. Using liquid 

chromatography–mass spectrometry (LC-MS), we identified twelve proteins significantly 

enriched in biotinylated Alu RNA-treated samples, of which five – 2’-5’-oligoadenylate 

synthetase 2 (OAS2), eukaryotic translation initiation factor 2 alpha kinase 2 (EIF2AK2 or 

PRKR), DExH-Box Helicase 58 (DHX58), DEAD-Box Helicase 5 (DDX5) and DEAD-Box 

Helicase 17 (DDX17) – were known RNA binding proteins (fig. S3A). To determine which 

of these five proteins were required for SINE RNA-induced inflammasome activation, we 

targeted each of these five candidates individually using siRNAs; only DDX17 siRNA 

reduced IL-1β release in Alu RNA-transfected THP-1 cells (fig. S3, B and C), suggesting 

that DDX17 could be the sensor of SINE RNAs that licenses inflammasome activation. 

Of note, EIF2AK2 was previously reported to bind Alu RNA and repress inflammasome 

activity by inhibiting protein translation of inflammasome constituents (50, 51). Consistent 

with those observations, we found that EIF2AK2 knockdown increased IL-1β release in 

THP-1 cells (fig. S3B).

To confirm the interaction between DDX17 and SINE RNAs, we performed competitive 

binding assays in human embryonic kidney (HEK293T) cells with biotinylated Alu RNA or 

biotinylated B2 RNA. Following exogenous expression of Myc-tagged DDX17, we detected 

specific interactions with both biotinylated Alu RNA and biotinylated B2 RNA that were 

competitively inhibited by unlabeled SINE RNAs, but not by 7SL RNA, a structurally 

related non-SINE RNA (Fig. 3A and fig. S3D). We next sought to visualize the interaction 

of DDX17 and SINE RNAs in situ via immunofluorescence. In THP-1 cells, Alu RNA 

transfection induced translocation of DDX17 from the nucleus to the cytoplasm (Fig. 3B), 

akin to the response in U2OS epithelial cells following viral infection (52), and increased 

formation of cytosolic puncta wherein DDX17 was colocalized with Alu RNA in human 

RPE cells (fig. S4A).

To further test whether DDX17 is required for SINE RNA-induced inflammasome 

activation, we generated tetracycline-inducible (iDDX17 shRNA) DDX17 shRNA-

expressing THP-1 cells (fig. S4B). In these cells, depletion of DDX17 protein induced by 

doxycycline (Dox) treatment blocked SINE RNA-induced caspase-1 activation and IL-1β 
release (fig. S4C). Inflammasome regulation can differ between human and mouse systems 

(53). Therefore, to test whether the role of DDX17 in inflammasome regulation is conserved 

in mouse cells, we measured caspase-1 cleavage and IL-1β release in immortalized 

Ddx17+/+ and Ddx17−/− bone marrow-derived macrophages (iBMDMs). Alu RNA induced 
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caspase-1 activation and IL-1β release in Ddx17+/+ but not Ddx17−/− iBMDMs (Fig. 3, C 

and D). B2 RNA-induced caspase-1 activation was abrogated in Ddx17−/− iBMDMs; this 

was rescued by lentivirus-mediated constitutive overexpression of DDX17 (fig. S4D). These 

data suggest a conserved role of DDX17 in regulating inflammasome activity in both mouse 

and human cells.

Since DDX5 shares high sequence identity and marked functional similarity with DDX17, 

we sought to distinguish the roles of these close paralogues. We studied caspase-1 cleavage 

and IL-1β release, hallmarks of inflammasome activation in siRNA-transfected THP-1 cells. 

An siRNA targeting a sequence common to DDX5 and DDX17 blocked Alu RNA-induced 

caspase-1 activation and IL-1β levels in either the supernatant or cell lysates of THP-1 cells 

(Fig. 3, E and F). Next, we tested knockdown of these genes individually. Whereas DDX17 

siRNA inhibited Alu RNA-induced inflammasome activation, DDX5 siRNA did not do so 

(Fig. 3, E and F). DDX17 is also involved in nuclear miRNA processing as components 

of the DROSHA microprocessor complex. However, Alu RNA induced comparable levels 

of IL-1β release in DROSHA siRNA- and control siRNA-treated THP-1 cells (fig. S4, 

E and F). Together, these observations suggest that DDX17, but not DDX5, acts as a 

cytoplasmic SINE RNAs sensor that mediates inflammasome activation independent of its 

nuclear microprocessor-associated function.

NLRC4 cooperates with NLRP3 in the SINE RNA-induced sterile inflammasome

Previously, we demonstrated that NLRP3 is required for Alu RNA-induced inflammasome 

activation (14). Recent studies suggest that NLRP3 and ASC can be recruited by NLRC4 

during canonical NLRC4 inflammasome activation by bacterial infection (29, 30). We 

therefore investigated the role of NLRP3 in SINE RNA-induced NLRC4 inflammasome 

activation. Firstly, caspase-1 cleavage and IL-1β release induced by Alu RNA or B2 RNA 

were inhibited in Nlrp3−/− BMDMs (Fig. 4, A and B). Likewise, ASC oligomerization was 

reduced in Nlrp3−/− BMDMs (Fig. 4C). In addition, inhibitors targeting NLRP3 (MCC950) 

or PKC-δ (Rottlerin) significantly dampened B2 RNA-induced IL-1β release (fig. S5A). 

To test whether this sterile inflammasome is involved in the setting of endogenous 

SINE RNA accumulation, we used a model of DICER1 deficiency, which induces SINE 

RNA accumulation (fig. S5B) and inflammasome activation (14, 54, 55). We found that 

Dicer1 knockdown-induced caspase-1 cleavage was inhibited in Nlrp3−/− and Nlrc4−/− 

BMDMs when compared to wild-type BMDMs (fig. S5C). These findings suggest that both 

endogenous and exogenous SINE RNAs induce sterile inflammasome activation in a manner 

requiring NLRP3 and NLRC4.

Redundant roles of NLRP3 and NLRC4 have been reported in both PAMP- and DAMP-

induced inflammasomes (23, 24). To explore the redundancy of NLRP3 and NLRC4 in the 

SINE RNAs-induced inflammasome, we assessed B2 RNA-induced inflammasome activity 

in BMDMs isolated from wild-type (WT), Nlrp3−/−, Nlrc4−/−, and Nlrp3−/− Nlrc4−/− double 

knockout mice. We observed that B2 RNA-induced caspase-1 cleavage and IL-1β release 

were similarly reduced in Nlrp3−/−, Nlrc4−/− and Nlrp3−/− Nlrc4−/− BMDMs (Fig. 4D and 

fig. S5D), suggesting non-redundant, and perhaps mutually dependent, roles of NLRP3 and 

NLRC4 in the SINE RNA-induced inflammasome.
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Intriguingly, we observed assembly of NLRC4-NLRP3 complexes after B2 RNA 

transfection by co-immunoprecipitation assay (fig. S5E). This interaction prompted us 

to dissect the order of recruitment of the various proteins involved in this sterile 

inflammasome. We observed that Alu RNA induced interaction of NLRP3 and ASC 

(encoded by Pycard) in wild-type but not Nlrc4−/− BMDMs (Fig. 4E). In contrast, SINE 

RNA induced NLRC4 phosphorylation in wild-type as well as Nlrp3−/− and Pycard−/− 

BMDMs (fig. S5F). Together, these results suggest that NLRC4 phosphorylation precedes 

ASC recruitment in the SINE RNA-induced sterile inflammasome. Consistent with this 

model, we observed reduced Alu RNA-induced ASC oligomerization in Nlrc4−/− BMDMs 

(fig. S1D).

DDX17 licenses sterile NLRC4 inflammasome assembly

Since DDX17 is required for inflammasome activation, we next investigated the role 

of DDX17-SINE RNA interaction in NLRC4-NLRP3-ASC complex assembly. We 

transfected THP-1 cells with Alu RNA and purified the DDX17-associated complexes for 

liquid chromatography–mass spectrometry (LC–MS) analysis. We found that Alu RNA 

transfection enhanced the formation of DDX17-NLRC4 and DDX17-NLRP3 complexes 

(Fig. 4F and table S1). SINE RNA-induced interaction between DDX17 and NLRC4 in 

wild-type BMDMs was confirmed by co-immunoprecipitation and immunofluorescence 

assays (fig. S5, G to I). Interestingly, SINE RNA-induced DDX17-NLRC4 and DDX17-

NLRP3 complexes were observed in wild-type as well as Pycard−/− BMDMs (fig. S5I). 

Notably, SINE RNAs-induced NLRC4-NLRP3 interaction was diminished in Ddx17–/– 

BMDMs (Fig. 4G), and ASC oligomerization induced by SINE RNAs was reduced by 

DDX17 siRNA (Fig. 4H). Collectively, these data are compatible with a model that DDX17 

is essential for NLRC4-NLRP3-ASC inflammasome assembly.

To determine the regions within NLRC4 that associate with DDX17, we expressed Flag-

tagged full-length NLRC4 or various GFP-tagged domains of NLRC4 in HEK293T cells. 

DDX17 interacted with full-length NLRC4 and with the NACHT domain of NLRC4, but 

not with its LRR or CARD domains when co-expressed in HEK293T cells (fig. S6A). 

Conversely, NLRC4 interacted with full-length DDX17 and the helicase domain of DDX17, 

but not with its N-terminal or C-terminal domains (fig. S6B).

Since DDX17 is essential for NLRC4-NLRP3 inflammasome assembly, we sought to 

test whether DDX17 is required in other classical models of inflammasome activation. 

We examined activation of the NLRP3, caspase-11, and NLRC4 inflammasomes using 

their respective canonical agonists in THP-1 cells. Whereas DDX17 knockdown blunted 

caspase-1 activation due to SINE RNA, it did not affect caspase-1 activation when 

treated with LPS and ATP (triggers of the canonical NLRP3 inflammasome), intracellular 

LPS (caspase-11 inflammasome activator), or flagellin (trigger of canonical NLRC4 

inflammasome) (fig. S7A). Similarly, DDX17 knockdown inhibited IL-1β and IL-18 release 

in response to SINE RNA but not to other inflammasome-activating stimuli (fig. S7, B and 

C). These results identify a specific role for DDX17 in mediating inflammasome activation 

triggered by SINE RNA but not microbial PAMPs.
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DDX17-mediated sterile NLRC4 inflammasome activation in vivo

Alu RNA accumulation has been reported in several human diseases including AMD and 

SLE (8, 13). To gain insights into the role of the DDX17-NLRC4 inflammasome in a human 

disease context, we studied primary peripheral blood mononuclear cells (PBMCs) isolated 

from patients with active SLE (table S2), in which increased Alu RNA levels have been 

reported (13). Consistent with those earlier findings, we observed, via northern blotting, 

a robust increase in the abundance of ~300-nt long full-length Alu RNA in SLE PBMCs 

compared to PBMCs from healthy controls (Fig. 5A). The abundance of DDX17 mRNA 

and protein, but not of NLRC4, was increased in SLE PBMCs (Fig. 5, B to D). In addition, 

increased levels of phosphorylated PKCδ (Tyr311), which accompany NLRC4 activation 

(27), and of cleaved caspase-1 (p20) were observed in SLE PBMCs (Fig. 5, C and E), 

supportive of DDX17-NLRC4 inflammasome activation in SLE.

Next, we studied assembly of the DDX17-NLRC4 inflammasome in the setting of SLE. 

First, we performed fluorescence in situ hybridization (FISH) and proximity ligation assay 

(PLA) to detect the existence of Alu RNA-DDX17 complexes. In SLE PBMCs, we observed 

cytosolic DDX17 puncta colocalized with Alu RNA, which was visualized by digoxigenin 

(DIG)-labeled RNA probes (Fig. 5, F and G and fig. S8A). PLA also provided evidence of 

Alu RNA-DDX17 proximity in the cytoplasm of SLE PBMCs (fig. S8, B and C). Second, 

the assembly of NLRC4-ASC complexes was visualized by immunofluorescence. We found 

that ASC and NLRC4 double-positive specks were increased in SLE PBMCs compared to 

healthy control cells (fig. S8, D and E). Together these findings suggest that Alu RNA in 

SLE PBMCs interacts with cytosolic DDX17 and induces assembly of a sterile NLRC4 

inflammasome.

Elevated serum levels of interleukin-18 (IL-18) and IL-1β are hallmarks of SLE, and IL-18 

inhibition alleviates disease pathology in models of SLE (56). However, serum IL-1β was 

undetectable in the majority of SLE samples (57). In our SLE PBMC cultures, only IL-18 

was detectable with LPS priming, and inhibition of NLRC4 phosphorylation by a PKCδ 
inhibitor or treatment with siRNAs targeting DDX17, NLRP3 or NLRC4 reduced IL-18 

levels in SLE cells (Fig. 5H and fig. S8, F to K), suggesting the existence of a functional 

DDX17-NLRC4/NLRP3 inflammasome in SLE PBMCs.

SINE RNAs induce RPE degeneration in geographic atrophy, a late stage of AMD that has 

no approved treatment (8). NLRP3 is required for SINE RNA-induced RPE degeneration 

(14), as well as for sterile NLRC4 inflammasome activation in BMDMs, as shown above. 

To elucidate the hierarchy of NLRC4 and NLRP3 in the RPE, we evaluated interactions 

between NLRC4 and NLRP3, NLRP3 and ASC, and NLRC4 and ASC in primary human 

RPE cells using PLA. Alu RNA treatment induced a striking increase in the number of 

NLRC4-NLRP3 puncta and NLRP3-ASC puncta, but a less robust increase in NLRC4-ASC 

puncta (Fig. 6, A and B), suggesting that NLRP3 might bridge NLRC4-NLRP3-ASC 

complexes induced by SINE RNAs in the RPE. In addition, NLRC4 siRNA, but not NAIP 
siRNA, reduced ASC oligomerization in Alu RNA-treated human RPE cells (Fig. 6C).

Next, we investigated NLRC4 inflammasome activation in a mouse model of RPE 

degeneration. Subretinal injection of SINE RNA induced RPE degeneration in wild-type 
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but not Nlrc4−/− mice (Fig. 6D). Furthermore, knockdown of Ddx17 blocked SINE RNA-

induced RPE degeneration in wild-type mice (Fig. 6, E and F). In contrast, Naip1-6Δ/Δ mice 

were not protected (fig. S9A). Consistent with our observation that PKCδ is required for 

SINE RNAs-induced NLRC4 inflammasome, we found that Nlrc4S533A/S533A and Prkcd−/− 

mice were protected against Alu RNA-induced RPE degeneration (fig. S9, B and C). These 

data provide in vivo evidence that DDX17 and NLRC4, but not NAIPs, are critical for SINE 

RNA-induced RPE degeneration.

DISCUSSION

Our studies reveal endogenous SINE RNAs as previously undescribed inducers of NLRC4 

inflammasome activation and also identify the existence of a NAIP-independent, DDX17-

dependent noncanonical NLRC4 inflammasome (fig. S10). In accord with prior studies 

on NLRC4 inflammasomes in sterile inflammation (27, 33), this noncanonical NLRC4 

inflammasome was characterized by low-grade caspase-1 activation and cytokine release 

compared to microbial PAMP-induced NLRC4 inflammasome activation. Interestingly, 

SINE RNA-induced NLRC4 inflammasome activation does not requires NAIPs, the 

conventional sensors essential for bacterial PAMP-induced NLRC4 inflammasome 

activation. Instead, we demonstrate its dependence on the RNA helicase, DDX17, 

suggesting the existence of several potentially stimulus-specific sensors capable of inducing 

diverse modes of NLRC4 activation. Indeed, previous reports have indirectly inferred the 

possibility of NAIP-independent NLRC4 inflammasome activation in response to both 

sterile stimuli such as diacylglycerol (DAG) and LPC, and microbial stimuli such as Candida 
albicans and Anaplasma phagocytophilum (58, 59). We now provide direct genetic evidence 

of a sterile NAIP-independent NLRC4 inflammasome that is activated by retrotransposon 

RNAs.

It is worth noting that the requirement of PKCδ-mediated NLRC4 phosphorylation we 

identified in SINE RNAs-induced inflammasome activation is not incompatible with the 

recent finding that PKCδ and NLRC4 phosphorylation are dispensable for PAMP-induced 

NLRC4 inflammasome (44, 60), as these studies reported that NLRC4 phosphorylation 

was indeed important for low-level ligand stimulation of NLRC4, which may actually 

reflect the NLRC4 inflammasome response to endogenous, non-infectious stimuli (44). 

These observations also shed light on the potential differences in the mechanisms 

regulating NLRC4 inflammasome activation in non-infectious settings compared to bacterial 

infections. These differences may arise from the variation in the kinetics, magnitude 

and characteristics of the inflammatory response to “danger” (PAMPs/infectious) versus 

“damage” (DAMPs/sterile) stimuli, as the latter is a critical component of the immune 

system in maintaining tissue homeostasis. Such differences in responses have been 

previously observed in variable NLRP3 inflammasome responses (61). Although our 

data suggest a non-redundant role of NLRC4 and NLRP3 in the SINE RNA-induced 

inflammasome, it is conceivable that the lower magnitude of sterile NLRC4 inflammasome 

activation induced by SINE RNA could mask the redundancy of NLRC4 and NLRP3 present 

in other contexts. Indeed, NLRC4-independent caspase-1 activation and cytokine release 

were observed with high dose SINE RNA stimulation. Thus, the precise mechanism of how 

NLRC4 collaborates with NLRP3 requires further investigation.
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In this study, we provide several lines of evidence to support DDX17 as a previously 

unidentified inflammasome sensor for SINE RNAs. Recently, DExD/H box RNA helicases 

have been implicated in the activation of various inflammasomes: DHX33 or DDX19A for 

viral RNA-induced NLRP3 inflammasome (62, 63); DDX3X for stress granule-mediated 

NLRP3 inflammasome (64); DHX9 for rotavirus-induced NLRP9b inflammasome (65); and 

DHX15 for NLRP6-mediated antiviral immunity (66). However, DDX17 has not previously 

been implicated in inflammasome activation. Instead, DDX17 is best known for its roles 

in normal miRNA processing and regulating RNA splicing and export along with its close 

homolog DDX5 as well as in the context of antiviral defense (52).

Unlike many other inflammasome sensors that are generally controlled by separate priming 

and activation steps, DDX17 does not undergo translational priming in response to 

SINE RNAs stimulation. Instead, DDX17 translocates from the nucleus to the cytoplasm 

and forms cytoplasmic puncta containing SINE RNAs and NLRC4. We speculate this 

translocation allows DDX17 to access and orchestrate other inflammasome adaptors such 

as NLRC4. However, the mechanism of how SINE RNA induces DDX17 translocation 

is unknown. In cancer cells, DDX17 undergoes nucleocytoplasmic shuttling during drug 

resistance through an exportin/importin-dependent pathway (67). How DDX17 specifically 

binds SINE RNAs also remains to be elucidated. To date, there are two reported 

characteristics defining the specificity of DDX17 in recognizing RNA molecules: the 

secondary structure of the RNA stem-loop and the unique RCAYCH motif of an RNA 

sequence (52, 68). Of note, SINE RNAs contain both a stem-loop structure and a RCAYCH 

motif, which may underlie recognition by DDX17 (69).

DDX17 recognizes a spectrum of RNA species, including viral RNA, host miRNA or 

lncRNA. Whether the homeostatic dysregulation of these RNAs can trigger the activation 

of sterile NLRC4 inflammasome requires further investigation. In summary, we identify 

DDX17 as the cytoplasmic sensor of SINE RNAs and that it is required for sterile 

NLRC4 inflammasome activation in this context. Our observation that DDX17 and NLRC4 

are required for inflammasome activation and IL-18 release in SLE and also for RPE 

degeneration in a model of AMD suggests that DDX17 and NLRC4 could represent 

attractive targets for diseases in which SINE RNA dysregulation has been implicated.

MATERIALS AND METHODS

Study design

The goal of this study was to determine the intracellular sensor that recognizes SINE 

RNA and licenses downstream inflammasome activation. Initially, we profiled SINE RNA 

interactors by pulldown and mass spectrometry analysis, and we identified DDX17 as 

the sensor that is required for SINE RNA-induced inflammasome activation. We explored 

the composition of DDX17-containing complexes by co-immunoprecipitation and mass 

spectrometry and found that they contain NLRP3 and NLRC4 inflammasome components. 

Validation of NLRP3 and NLRC4 inflammasome activation was performed by functional 

assessment of inflammasome activity by using in vitro transduction experiments in primary 

BMDM cells isolated from various KO mice. To better understand the in vivo roles of this 

DDX17-dependent inflammasome, we tested the requirement of DDX17-NLRC4/NLRP3 
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signaling in two SINE RNA-associated models: endogenous Alu RNA-related SLE and 

SINE RNA-induced RPE degeneration. For in vitro studies, as least three independent 

experiments were performed. For in vivo studies, all mice were housed in the same room, 

and were randomly assigned for experiments. The RPE degeneration graders were blind to 

mouse genotype and treatment identity. The sample size is specified in each figure legend.

Mice

Wild-type (WT) C57BL/6J mice were purchased from The Jackson Laboratory. Nlrc4−/− 

(70), Nlrc4S533A/S533A (44), Nlrp3−/− (71), Pycard (also known as Asc)−/− (71), and 

Naip1-6Δ/Δ (19)mice have been previously described. Prkcd+/− (72) mice were a generous 

gift from Dr. Bo Liu (University of Wisconsin), and used to generate Prkcd+/+ and Prkcd−/− 

mice. Nlrp3−/− mice were interbred with Nlrc4−/− mice to generate Nlrp3−/− Nlrc4−/− 

“double knockout” mice. All mice were bred and housed in a pathogen-free laminar 

flow facility at the University of Virginia. For all procedures, anesthesia was achieved by 

intraperitoneal injection of 100 mg/kg ketamine hydrochloride (Ft. Dodge Animal Health) 

and 10 mg/kg xylazine (Phoenix Scientific), and pupils were dilated with topical 1% 

tropicamide and 2.5% phenylephrine hydrochloride (Alcon Laboratories). Mice were treated 

in accordance with the guidelines of the University of Virginia’s Institutional Animal Care & 

Use Committee and the Association for Research in Vision and Ophthalmology. Both male 

and female mice between 6 and 10 weeks of age were used.

Cell culture

Primary WT or mutant mouse bone marrow derived macrophages (BMDMs) were isolated 

as previously described (73). DDX17-deficient and wildtype immortalized bone marrow-

derived macrophages (iBMDMs) were a generous gift from T.I. Sallam (UCLA) (74). 

BMDMs or iBMDMs were cultured in IMDM (Gibco) basal medium with 10% fetal bovine 

serum (FBS) and 30% L929 supernatants, non-essential amino acids, sodium pyruvate, 

2-mercaptoethanol and antibiotics. THP-1 cells and primary PBMCs (Precision Medicine 

Group, US) were cultured in RPMI-1640 medium with 10% FBS and antibiotics. Human 

RPE cells were isolated as previously described (75), and cultured in DMEM with 10% FBS 

and antibiotics. All cells were maintained at 37 °C in a 5% CO2 environment.

In vitro synthesis of SINE RNAs

Alu, B2, B1, and 7SL RNAs, and biotinylated RNAs were synthesized from a linearized 

plasmid containing a consensus SINE sequences with an adjacent 5′ T7 promoter, 

subjected to AmpliScribe T7 Flash Transcription kit according to the manufacturer’s 

instructions. DNase-treated RNAs were purified using MEGAclear (Ambion) and integrity 

was confirmed by agarose gel electrophoresis.

Cell transfection and stimulation

Flagellin (3 μg/ml) and LPS (5 μg/ml) transfections were performed according to the 

manufacturer’s instructions (DOTAP Liposomal Transfection Reagent). In addition to LPS 

priming, pre-seeded or pre-treated THP-1 cells or BMDMs were stimulated with ATP 

(5 mM) for 30 min. For ELISA measurements of IL-18 and IL-1β, BMDM cells or 
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THP-1 cells were primed by LPS (125 ng/ml) for 4 h, and then washed with serum-free 

medium for subsequent treatment. HEK293 cells were transfected using Lipofectamine 

3000 (Invitrogen) was used. siRNA (25 nM for BMDMs; 100 nM for THP-1 cells) 

transfection was performed using Viromer® BLUE (VB-01LB-00, Lipocalyx) according 

to the manufacturer’s instructions. Serum free media was collected for ELISA or TCA 

precipitation. Cell pellets were collected for RNA extraction or immunoblotting. “Mock” 

denotes the use of transfection reagents alone in all experiments.

Immunoprecipitation and streptavidin affinity pull down

Prior to lysis, pre-stimulated cells were detached with a cell scraper and transferred into 

a microcentrifuge tube on ice. After centrifugation for 7 min at 400 g at 4 °C, the cell 

pellet was washed twice with ice-cold PBS (without Ca2+ and Mg2+; pH 7.1). The washed 

cell pellet was resuspended in lysis buffer (50 mM Tris, 2 mM EDTA, 150 mM NaCl, 

0.5% Nonidet P-40) complemented with protease inhibitors. After centrifugation for 10 

min at 12,000 rpm at 4 °C, the supernatant was washed using protein A/G magnetic beads 

(Invitrogen) to prevent any non-specific binding. The samples were incubated with primary 

antibodies and were pulled down using protein A/G beads at 4 °C overnight.

For streptavidin bead pull down, THP-1 cells were treated with biotin-conjugated SINE 

RNAs or competitive molecules. After centrifugation for 10 min at 400g at 4 °C, the 

cell pellet was washed twice with ice-cold PBS and subjected to cross-linking with UV 

irradiation (150 mJ/cm2, Stratalinker). Cells were harvested and lysed with ice-cold lysis 

buffer (150 mM NaCl, 25 mM Tris pH 7.4, 5 mM EDTA, 0.5 mM DTT, 0.5% NP40) 

and then subjected to streptavidin binding with Dynabeads® M-280 streptavidin at 4 °C 

overnight. Purified RNA-protein or protein-protein complexes were eluted with elution 

buffer (100 mM glycine-HCl, pH 2.8 for protein-protein and 50 mM Tris HCl pH 7.4 with 

25 nM biotin for RNA-protein) and analyzed by immunoblotting or LC-MS/MS.

Mass spectrometry

LC-MS/MS experiments were performed at the Biomolecular Analysis Facility of UVA 

using a Thermo Electron Q Exactive HF-X mass spectrometer system with an Easy Spray 

ion source connected to a Thermo 75 μm × 15 cm C18 Easy Spray column (through 

pre-column). Briefly, purified RNA-protein or protein-protein complexes were boiled with 

SDS sample buffer and concentrated with 7.5% Mini-PROTEAN® TGX™ Precast Protein 

Gels (4561023, Bio-Rad). The gel pieces were subsequently washed with 50% methanol. 

Samples were alkylated and then digested overnight at 37 °C. The digest was analyzed 

using the rapid switching capability of the instrument acquiring a full scan mass spectrum 

to determine peptide molecular weights followed by product ion spectra (10 HCD) to 

determine amino acid sequence in sequential scans. These data were analyzed using the 

Sequest search algorithm against Uniprot and SwissProt.

Lentivirus production and transduction

The lentivirus plasmid coding human DDX17 protein, pLenti-GIII-CMV-DDX17-GFP-2A-

Puro, was constructed by Abmgood (LV134653), pLenti-CMV-GFP-Zeo was obtained from 

Addgene (#17449). Lentiviral particles were produced with packaging mix (Abm, LV003) 
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and Lenti-X 293T cells as per the manufacturer’s instructions. Lentiviruses were collected 

48h and 96h post transfection, purified and concentrated with Amicon Ultra centrifugal 

filters (mwco 100 kDa) and stored at −80 °C. Ddx17−/− iBMDM cells were transduced with 

lentivirus particles mixed with 3 μg/ml polybrene, and positive cell clones were selected by 

GFP signal.

Enzyme-linked immunosorbent assay (ELISA) and LDH release assay

Secreted human and mouse IL-1β and IL18 in the medium were detected by ELISA (Human 

IL-1β/IL-1F2 DuoSet, R&D Systems, DY201; Mouse IL-1β/IL-1F2 DuoSet, R&D Systems, 

DY401, Human Total IL-18/IL-1F4) according to the manufacturer’s instructions. LDH 

release was measured by using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) 

by following the manufacturer’s instructions.

ASC oligomerization assay

BMDMs, THP-1 or human RPE cells were seeded at 1×106/ml in 6-well plates. 24 h later, 

cells were washed twice with ice-cold PBS prior to their collection. The washed cells were 

resuspended in pre-chilled lysis buffer (NaCl 150 mM, HEPES 50 mM, 1% NP40) for 30 

min. Lysates were centrifuged for 10 min at 1000g at 4 °C, supernatants were transferred 

into new tubes (as soluble fractions). The pellets were washed twice in 1 ml ice-cold 

PBS and resuspended in 500 μl PBS, 2 mM disuccinimydyl suberate and incubated for 

30 min at room temperature with rotation. The cross-linked pellets were spin down and 

then boiled with NuPAGE LDS Sample Buffer (Thermo Fisher Scientific) and analyzed by 

immunoblotting.

TCA/Acetone Precipitation

Stimulated BMDMs or THP-1 cells were detached with a cell scraper and transferred into 

a microcentrifuge tube on ice. After centrifugation for 10 min at 12,000 rpm at 4 °C, 1 ml 

of serum free medium was transferred into fresh tubes. 15 μl of 10% sodium deoxycholate 

was added to the supernatants, vortexed and keep on ice. 100 μl Trichloroacetic acid was 

subsequently added and the tubes were kept on ice overnight. After centrifugation for 30 min 

at 12,000 rpm at 4 °C pellet was washed with 500 μl ice-cold acetone. The pellet was dried 

and boiled with LDS Sample Buffer and Sample Reducing Agent. The precipitated protein 

was analyzed by immunoblotting.

Immunofluorescence staining and PLA assay

Stimulated BMDMs or human RPE cells were plated in an 8-well chamber slide (154941, 

Thermo scientific) overnight. Cells were then fixed in 2% paraformaldehyde (PFA), 

permeabilized with 0.1% Triton X-100, and blocked with 3% normal donkey serum (NDS) 

in PBS. Cells were stained with primary antibodies and washed twice with PBST and 

visualized with fluorescent-dye conjugated secondary antibodies.

PLA assay was performed as previously described to detect NLRC4-NLRP3 proximity (76). 

Human RPE cells were plated in an 8-well chamber slide overnight. Cells were stimulated 

and then fixed in 2% PFA, permeabilized with 0.1% Triton X-100, and blocked with 3% 

NDS. Slides were incubated overnight with primary antibodies prepared in antibody diluent. 

Wang et al. Page 14

Sci Immunol. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Signals were visualized with fluorescent red detection reagent kit. Fluorescence images were 

captured by Nikon A1R laser scanning confocal microscope, and bright field images by 

Olympus slide scanning microscope.

Fluorescence in situ hybridization and Immunofluorescence staining

To prepare the Digoxigenin (DIG) labelled Alu RNA probes, the DNA templates were 

amplified with T7 promoter containing primers and DIG-labelled RNA probes were 

transcribed using the DIG RNA Labeling Kit (11175025910, Sigma) from DNA templates. 

RNA probes were purified using MEGAclear (Ambion) and validated using anti-DIG dot 

blotting.

Primary PBMCs were plated in an 8-well chamber slide (154941, Thermo scientific) 

overnight. The attached cells were raised with pre-chilled PBS and fixed in 4% 

paraformaldehyde (PFA). Permeabilize PBMCs with 0.2 % Triton X-100, and then wash 

with 1xSSC and blocked with hybridization buffer (50% formamide, 5x SSC, 0.1% 

Tween-20, 0.5% SDS, 500 μg/ml tRNA, 500 μg/ml salmon sperm DNA, 50 μg/ml heparin 

salt) at 60 °C. The PBMCs were hybridized with 200 ng of DIG-labeled Alu RNA probes 

in hybridization buffer at 60 °C for 16 h. After hybridization, the cells were washed twice 

(5x SSC, 0.1% Tween-20) at 60 °C, and then blocked with blocking buffer (1x PBS, 5% 

NGS, 0.2% Triton X-100) and incubated with primary antibodies (Anti-DIG, MAB7520, 

R&D Systems; Anti-DDX17, A300-509A, Bethyl Laboratories) at 4 °C overnight. Next 

day, PBMCs were washed twice with PBST and visualized with fluorescent dye conjugated 

secondary antibodies.

Nuclear and cytoplasmic fractionation

Cytoplasmic and nuclear protein separation were performed using the NE-PER™ Nuclear 

and Cytoplasmic Extraction Kit. Briefly, THP-1 cells were stimulated with Alu RNA for 

12 h, and cells were collected and lysed with ice cold CER I for 15 min on ice. Lysates 

were vortexed and centrifuged at 1,000g for 10 min at 4 °C. Lysates were resuspended in 

ice-cold CER II, vortexed and centrifuged to collect the supernatant as cytoplasmic extract. 

The pellet was resuspended with ice-cold NER vortexed and further centrifuged for 10 min 

at 13,000g at room temperature. Lysate supernatant was used as the nuclear fraction.

Real-time PCR

Total RNA was extracted from cells using the TRIzol reagent (15596026, Invitrogen) 

according to the manufacturer’s instructions. cDNA was synthesized using a QuantiTect 

Reverse Transcription kit (205313, QIAGEN). Target genes were amplified by real-time 

quantitative PCR (Applied Biosystems 7900 HT Fast Real-Time PCR system) with Power 

SYBR green Master Mix. Relative gene expression was determined by the 2−ΔΔCt method, 

and 18S rRNA or GAPDH was used as an internal control.

Northern blotting

Total RNA was extracted with primary PMBCs or BMDMs using the TRIzol reagent 

(15596026, Invitrogen) according to the manufacturer’s instructions. Equal amounts of 

total RNA from different groups were mixed with 2x TBE-Urea Sample Buffer, heated at 
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50 °C for 5 min, and kept on ice. Then, RNA samples and Biotinylated sRNA Ladder 

were electrophoresed on 10% Novex™ TBE-Urea Gels and transferred on to Hybond-N 

membrane. The loaded membrane was crosslinked using ultraviolet light and prehybridized 

with hybridization buffer (50% Formamide, 5x SSC, 0.1% SDS, 200 μg/ml Herring sperm 

DNA, 5 mM EDTA) at 60 °C for 30 min, and then hybridized with Alu, B2 RNA and 

5S rRNA probes at 42 °C overnight. The next day, the membrane was washed with 

washing buffer (1xSSC, 1% SDS) at 42 °C three times, and then developed with the 

Chemiluminescent Nucleic Acid Detection Module Kit.

Immunoblotting

Cells and tissue were homogenized in RIPA buffer (R0278, Sigma) with protease and 

phosphatase inhibitors (A32959, Thermo Scientific). Protein concentration was determined 

with a Pierce BCA Protein Assay Kit (23225, Thermo Scientific). Equal quantities of protein 

boiled in LDS Sample Buffer (NP0007, Thermo Scientific) were resolved by Novex Tris-

glycine gels (Invitrogen) and transferred onto LF PVDF membranes (1704274, Bio-Rad).

For NATIVE PAGE, Cells were washed once with pre-chilled PBS and then lysed in 

ice-cold native lysis buffer (20 mM Tris-HCL, 20 mM NaCl, 10% (w/v) glycerol, 0.5% 

digitonin, 0.5 mM Na3VO4, 1 mM PMSF, 0.5 mM NaF, 1×Roche protease inhibitor cocktail, 

pH 7.5) for 30 min on ice. Cell lysates were centrifuged for 30 min at 12,000 rpm at 4 °C. 

Protein concentration was determined by Pierce BCA Protein Assay Kit. Equal quantities of 

protein were prepared in Native Sample Buffer (LC2673, Thermo Scientific) and resolved 

by 4–12% Native Tris-glycine gels. Native gels were incubated in 10% SDS solution for 5 

min and transferred on to LF PVDF membranes. The transferred membranes were blocked 

with Blocking Buffer (927–40000, LI-COR) and incubated with the following primary 

antibodies. The signal was visualized with species-specific secondary antibodies conjugated 

with IRDye and Odyssey® CLx Imaging System.

Subretinal injection and fundus photography

Subretinal injections of SINE RNAs in mice were performed as previously described (14). 1 

μl of cholesterol-conjugated siRNA (2 μg/μl) targeting mouse Ddx17 or Luc were delivered 

as intravitreous injections three days prior to Alu RNA administration. The eye used for 

active versus control injection was chosen randomly. 7 days after SINE RNA injection, 

fundus photographs of dilated mouse eyes were captured by TRC-50 IX camera (Topcon) 

linked to a digital imaging system (Sony).

Assessment of RPE degeneration

RPE health was assessed by fundus photography and immunofluorescence staining of 

zonula occludens-1 (ZO-1) on RPE flat mounts as previously described (14). Quantification 

of RPE degeneration was performed as previously described (14) by using two methods 

(binary assignment and cellular morphometry). Binary assignment (healthy versus 

unhealthy) was independently performed by two masked observers (inter-rater agreement 

= 100%; Pearson r2 = 1.0, P < 0.0001; Fleiss κ = 1.0, P < 0.0001). Quantifying cellular 

morphometry for tessellated cells was performed in semi-automated fashion with Konan 

Cell Check software (Ver. 4.0.1) by two masked graders.
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Quantification and statistical analysis

The binary readouts of RPE degeneration (i.e., the presence or absence of RPE degeneration 

on fundus and ZO-1-stained flat-mount images) were analyzed with Fisher’s exact test. 

Cell-morphometry data were assessed with two-tailed Mann-Whitney U test. Sample sizes 

were selected on the basis of power analysis with α = 5% and 1 – β = 80%, such that we 

were able to detect a minimum of 50% change, assuming a sample s.d. based on Bayesian 

inference. Outliers were assessed with Grubbs’ test. Based on this analysis, no outliers 

were detected, and no data were excluded. Fewer than 5% of subretinal-injection recipient 

tissues were excluded based on predetermined exclusion criteria (including hemorrhage 

and animal death due to anesthesia complications) relating to the technical challenges of 

this delicate procedure. All other data were expressed as mean ± SEM and were analyzed 

with unpaired two-sided t test, one-way ANOVA with Dunnett’s multiple comparisons, or 

two-way ANOVA with Sidak’s multiple comparisons test. P values < 0.05 were deemed 

statistically significant.
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Fig. 1. SINE RNAs activate NLRC4 inflammasome.
(A) Immunoblot analysis of indicated proteins in cell lysates and supernatant of Nlrc4+/+, 

Nlrc4−/− BMDMs transfected with various doses (25, 100, 250, 400 pmol) of B2 RNA or 

mock for 12 hours. “Mock” denotes the use of transfection reagents alone in all experiments. 

(B) ELISA quantification of IL-1β release from LPS-primed Nlrc4+/+, Nlrc4−/− BMDMs 

transfected with various doses of B2 RNA or mock for 12 hours. “Lipo” represents 

lipofectamine 3000. (C) Immunoblot analysis of indicated proteins in BMDMs transfected 

with 100 pmol Alu RNA or mock at the indicated time points. (D) Immunoblot analysis 

of NLRC4 and actin, under native PAGE or SDS PAGE conditions, in BMDMs transfected 

with 100 pmol Alu RNA or mock at the indicated time points. (E) Confocal images of ASC 

specks and NLRC4 aggregates in 100pmol Alu RNA- or mock-transfected BMDMs. Scale 

bars, 20 μm. (F) Immunoblot analysis of ASC, NLRC4, and actin in cell lysates (soluble) 

and of ASC in DSS-crosslinked pellets (insoluble) with BMDM cells treated with LPS/ATP 

or transfected with Alu RNA (100 pmol) or flagellin (3 μg/ml, Fla). o, oligomers; d, dimers; 

m, monomers. (G) Measurement of IL-1β in LPS-primed wild-type (WT), Pycard−/− and 

Nlrc4−/− BMDMs transfected with 100 pmol Alu RNA for 12 hours or 3 μg/ml of flagellin 

(Fla) for 6 hours. Shown is the mean ± SEM for independent experiments. ****P < 0.0001; 

two-way ANOVA with Sidak’s multiple comparisons. ns, not significant.
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Fig. 2. NLRC4 phosphorylation (S533A) is important for SINE RNAs induced inflammasome 
activation.
(A) Primary BMDMs were isolated from Nlrc4+/+, Nlrc4S533A/S533A and Nlrc4−/− mice, 

and transfected with 100 pmol Alu RNA or mock for 12 hours. The cell lysates were used 

for detecting phosphorylated NLRC4 (p-NLRC4) and actin; supernatant for pro-CASP1 

(p45), cleaved CASP1 (p20) by immunoblotting. L+S, lysates and supernatant. (B) ELISA 

measurement of IL-1β release in LPS-primed Nlrc4+/+, Nlrc4S533A/S533A and Nlrc4−/− 

BMDMs transfected with 100 pmol Alu RNA or mock for 12 hours. (C) Immunoblot 

analysis of indicated proteins in wild-type (Prkcd+/+), Prkcd+/−, and Prkcd−/− BMDMs 

transfected with 100 pmol of Alu RNA or mock. Sup (supernatant); WCL (whole cell 

lysates). (D) Measurement of IL-1β in LPS-primed wild-type (Prkcd+/+), Prkcd+/−, and 

Prkcd−/− BMDMs transfected with 100 pmol of Alu RNA or mock for 12 hours. (E) 

Immunoblot analysis of indicated proteins in wild-type (WT), Nlrc4−/−, or Naip1-6Δ/Δ 

BMDMs transfected with flagellin (3 μg/ml) using DOTAP or the transfection reagent 

DOTAP alone. Sup (supernatant). (F) ELISA measurement of IL-1β in LPS-primed wild-

type (WT), Nlrc4−/−, or Naip1-6Δ/Δ BMDMs transfected with flagellin (3 μg/ml) using 

DOTAP. (G) Immunoblot analysis of pro-CASP1 (p45) and cleaved CASP1 (p20) in WT 

and Naip1-6Δ/Δ BMDMs transfected with 100 pmol of Alu RNA or mock. L+S, lysates and 

supernatant. (H) ELISA measurement of IL-1β in LPS-primed WT and Naip1-6Δ/Δ BMDMs 

transfected with 100 pmol Alu RNA, B2 RNA, or mock for 12 hours. Shown is the mean 

± SEM for independent experiments. *P < 0.05; **P < 0.01; ****P < 0.0001; two-way 

ANOVA with Sidak’s multiple comparisons (B, D, H); or one-way ANOVA with Dunnett’s 

multiple comparisons (F). ns, not significant.
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Fig. 3. DDX17 acts as the sensor of SINE RNA-induced NLRC4 inflammasome activation.
(A) Streptavidin affinity pull down of lysates of Myc-tagged DDX17-expressing HEK293T 

cells treated with biotin-labeled Alu RNA or label-free competitor RNAs as indicated, 

followed by immunoblot analysis of Myc, DDX17, and actin. (B) Immunoblot analysis 

of DDX17, histone H3, GAPDH and actin in cell fractions (N, nuclear; C, cytosol) and 

total lysates of THP-1 cells transfected with Alu RNA. WCL, whole cell lysate. (C) 

Immunoblot analysis of pro-CASP1 (p45), cleaved CASP1 (p20), DDX17, and actin in 

Alu RNA- or Mock-transfected Ddx17+/+ and Ddx17−/− iBMDMs. (D) ELISA measurement 

of IL-1β secreted from LPS primed Ddx17+/+ and Ddx17−/− iBMDMs transfected with 

100 pmol of Alu RNA or mock for 12 hours. (E) Immunoblot analysis of pro-CASP1 

(p45), cleaved CASP1 (p20), DDX17, DDX5, and actin in cell lysates from Alu RNA- or 

mock-transfected THP-1 cells pre-transfected with siRNA. Sup (supernatant). (F) ELISA 

measurement of IL-1β secreted from LPS primed THP-1 cells pre-transfected with siRNAs 

targeting DDX17, DDX5, or both, and then transfected with 100 pmol of Alu RNA or mock. 

Shown is the mean ± SEM for independent experiments. ****P < 0.0001; two-way ANOVA 

with Sidak’s multiple comparisons.
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Fig. 4. DDX17 is required for sterile NLRC4/NLRP3 inflammasome assembly.
(A) Immunoblot analysis of indicated proteins in WT and Nlrp3−/− BMDMs transfected 

with 100 pmol of Alu RNA, B2 RNA, or mock. L+S, lysates and supernatant. (B). 

Measurement of IL-1β in LPS primed WT and Nlrp3−/− BMDMs transfected with 100 

pmol of Alu RNA or mock. Shown is the mean ± SEM for independent experiments. ****P 
< 0.0001; two-way ANOVA with Sidak’s multiple comparisons. (C) Immunoblot analysis of 

ASC and NLRP3 in cell lysates (soluble) and of ASC in DSS-crosslinked pellets (insoluble) 

in WT, Nlrp3−/−, and Pycard−/− BMDMs transfected with 100 pmol of Alu RNA or mock. 

o, oligomers; d, dimers; m, monomers. (D) Immunoblot analysis of cleaved CASP1 (p20), 

NLRC4, NLRP3 and actin in cell lysates or supernatant of wild-type (WT), Nlrc4−/−, 

Nlrp3−/−, and Nlrc4−/− Nlrp3−/− primary BMDMs transfected with 100 pmol of B2 RNA 

or mock for 12 hours. (E) Co-immunoprecipitation (IP) of ASC and NLRP3 in WT and 

Nlrc4−/− BMDMs transfected with 100 pmol of Alu RNA or mock. * denotes the NLRC4 

protein bands. (F) Mass spectrometry analysis of NLRC4 and NLRP3 peptides in purified 

DDX17-associated proteins. M, mock; Alu, Alu RNA. (G) Co-immunoprecipitation (IP) 

of NLRC4 and NLRP3 in Ddx17+/+ and Ddx17−/− iBMDMs transfected with B2 RNA or 

Mock. (H) Immunoblot analysis of ASC, DDX5, DDX17, and actin in cell lysates (soluble) 

and of ASC in DSS-crosslinked pellets (insoluble) in THP-1 cells transfected with siRNAs 

Wang et al. Page 26

Sci Immunol. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



targeting DDX17, DDX5, or both and followed with transfection of 100 pmol of Alu RNA 

or mock for 12 hours.
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Fig. 5. Endogenous Alu RNA accumulation and sterile NLRC4 inflammasome activation in SLE 
PBMCs.
(A) Northern blot analysis of Alu RNA and 5S rRNA in primary PBMCs isolated from 

healthy control (Ctrl) and SLE patients. (B) Quantification of DDX17 and NLRC4 mRNA 

levels in primary PBMCs by RT-qPCR. (C to E) Immunoblot analysis of DDX17, NLRC4, 

p-PKCδ (Tyr311), total PKCδ (t-PKCδ), cleaved CASP1 (p20), and actin in primary 

PBMCs isolated from healthy control and SLE patients. Quantification of increased DDX17 

expression (D) and PKCδ phosphorylation (E). (F and G) Immunofluorescence analysis and 

quantification of DDX17 and Alu RNA co-localization puncta in SLE PBMCs. Scale bars, 

10 μm. (H) ELISA measurement of IL-18 secreted by primary PBMCs pre-treated with the 

PKC-δ inhibitor Rottlerin (5.0 μM) or vehicle, with or without LPS (250 ng/ml) priming. 

Shown is the mean ± SEM for independent experiments. *P < 0.05; **P < 0.01; ***P < 

0.001, two-way ANOVA with Sidak’s multiple comparisons (B and H) or Unpaired t test (D, 

E, G). ns, not significant.
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Fig. 6. SINE RNAs-induced RPE degeneration requires NLRC4.
(A) Confocal microscopy of RPE cells transfected with 100 pmol of Alu RNA or mock for 

12 hours following proximity ligation assay (PLA) between NLRC4-NLRP3; NLRP3-ASC; 

NLRC4-ASC. The PLA labeled protein interaction sites (gray puncta); F-actin is labeled 

with Alexa Fluor™ 488 Phalloidin to visualize cell morphology. Scale bars, 20 μm. (B) 

Quantification of PLA puncta in human RPE cells transfected with 100 pmol of Alu RNA or 

mock. Shown is the mean ± SEM for independent experiments. **P < 0.01; ***P < 0.001, 

two-way ANOVA with Sidak’s multiple comparisons. (C) Immunoblot analysis of ASC 

and NLRC4 in cell lysates (soluble) and of ASC in DSS-crosslinked pellets (insoluble) in 

human RPE cells transfected with siRNAs (48 h) targeting NLRC4 or NAIP and transfected 

with 100 pmol of Alu RNA or mock. o, oligomers; d, dimers; m, monomers. (D) Fundus 
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photographs (top) and ZO-1–stained RPE flat mounts (bottom) of Nlrc4+/+ and Nlrc4−/− 

mice treated with subretinal injection of vehicle (Ctrl), Alu RNA, or B2 RNA. Scale bars, 

10 μm. Loss of regular hexagonal cellular boundaries represents degenerated RPE (outlined 

by white arrowheads). n = 5–6 (Nlrc4+/+), n = 4–6 (Nlrc4−/−) mice. (E) Immunoblot analysis 

of DDX17 and actin in primary mouse retinal pigment epithelium (mRPE) cells isolated 

from wild-type (WT) mice, transfected with Ddx17 siRNA or control siRNA, followed 

by transfection with Alu RNA or mock. (F) Fundus photographs (top) and ZO-1-stained 

RPE flat mounts (bottom) of WT mice treated with subretinal injection of Alu RNA and 

intravitreous administration of Ddx17 siRNA or control siRNA. Scale bars, 10 μm. Binary 

and morphometric quantification of RPE degeneration is shown (*P < 0.05; **P < 0.005). 

PM, polymegethism (mean (SEM)).
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